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We equip the basic local crossing bimodules in Ozsvath—Szabé’s theory
of bordered knot Floer homology with the structure of 1-morphisms of 2-
representations, categorifying the U, (gl(1|1)")-intertwining property of the
corresponding maps between ordinary representations. Besides yielding a
new connection between bordered knot Floer homology and higher repre-
sentation theory in line with work of Rouquier and Manion, this structure
gives an algebraic reformulation of a ‘“compatibility between summands”
property for Ozsvath and Szab6’s bimodules that is important when building
their theory up from local crossings to more global tangles and knots.
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1. Introduction

Ozsvith and Szabd’s theory [2018; 2019a; 2019b; 2020] of bordered knot Floer
homology, or bordered HFK, has proven to be highly efficient for computations
(see [Ozsvath and Szabd 2023] for a fast computer program based on the theory).
It works by assigning certain dg algebras to sets of n tangle endpoints (oriented up
or down) and certain A, bimodules to tangles; one recovers HFK for closed knots
by taking appropriate tensor products of these bimodules.

Manion [2019] showed that the dg algebras of bordered HFK categorify repre-
sentations of the quantum supergroup U, (gl(1]1)) and that the tangle bimodules
categorify intertwining maps between these representations. While Manion [2019]
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did not consider a categorified action of the quantum group on the bordered HFK
algebras, such an action (for Khovanov’s categorification ¢/ [2014] of the positive
half U, (gl(1|)*") = C(¢q)[E1/(E?)) was defined in [Lauda and Manion 2021],
compatibly (via [Lekili and Polishchuk 2020; Manion et al. 2020]) with a more
general family of higher actions defined in [Manion and Rouquier 2020].

Since Ozsvédth and Szabd’s tangle bimodules categorify intertwining maps
between representations, it is natural to ask whether the bimodules themselves
intertwine the higher actions of &/ on the bordered HFK algebras. Since a higher
action of U/ on a dg algebra .A amounts to a dg bimodule £ over A together with some
extra data, one (roughly) asks whether tangle bimodules X satisfy X @4 =E® 4 X.
A structured way to require such commutativity is to equip X with the data of a
1-morphism between 2-representations of U{.

The main result of this paper is that one can naturally equip Ozsvéth and Szabd’s
local crossing bimodules with this 1-morphism structure.

Theorem 1.1. Ozsvdth and Szabd’s local bimodules P and N, for a positive and
negative crossing between two strands, can be equipped with the structure of 1-
morphisms of 2-representations over U, encoding the commutativity of P and N
with the 2-action bimodule E.

In fact, the algebra over which P and N are defined has two natural 2-actions
of U, and we prove Theorem 1.1 for both 2-actions. Below we comment a bit more
on the motivation and potential applications for Theorem 1.1, as well as future
directions for study.

Remark 1.2. Theorem 1.1 is an algebraic expression of an important “compat-
ibility between summands” property of the bordered HFK bimodules. Indeed,
like the general strands algebras A(Z) of bordered Heegaard Floer homology,
Ozsvith—Szabd’s bordered HFK algebras have a direct sum decomposition indexed
by Z (in Heegaard diagram terms this index describes occupancy number, while
representation-theoretically it encodes a gl(1|1) weight space decomposition). The
A~ bimodules for tangles respect this decomposition, and there is a certain com-
patibility between the bimodule summands for different k. In [Ozsvath and Szab6
2018], this compatibility is encoded in a graph from which one can define all
summands of the bimodules. Because of how the 2-action bimodules £ interact
with the index of the direct sum decomposition, Theorem 1.1 is a more algebraic
way to formulate this compatibility.

In [Ozsvéth and Szabd 2018], this compatibility is the key ingredient in the
“global extension” of the two-strand crossing bimodules to bimodules, over larger
algebras, for n strands with one crossing between two adjacent strands (this extension
is necessary when using the theory of Ozsvéth and Szabé [2018] to compute HFK
for knots). The global extension is one of the most technical parts of [Ozsvath and
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Szabd 2018]; the main hoped-for application of the results of this paper is a more
algebraic treatment of the global extension, based on higher representation theory.

Remark 1.3. The 1-morphism structure of Theorem 1.1 can be interpreted as an
instance of an extra layer of the connection between higher representation theory
and cornered Heegaard Floer homology, beyond what was explored in [Manion
and Rouquier 2020]. This extra layer involves 3-manifolds, not just 1- and 2-
manifolds, and begins to relate to the parts of cornered Heegaard Floer homology
that use holomorphic disk counts and domains in Heegaard diagrams with corners.
Generalizing from Theorem 1.1, there should be a general family of Heegaard
diagrams (with the diagrams underlying the bordered HFK bimodules as special
cases) whose bimodules can be upgraded to 1-morphisms of 2-representations, and
the data needed for this upgrade should come from counting holomorphic disks
whose domains have positive multiplicities at the corners of the Heegaard diagram.

Remark 1.4. This paper is focused on the local two-strand aspects of bordered
HFK, since these are the elementary building blocks to which one wants to apply a
global extension procedure to obtain n-strand tangle invariants. One could also ask
whether the globally extended n-strand tangle bimodules of bordered HFK give
1-morphisms of 2-representations of U{; we expect this to be true. Furthermore,
the local bimodules considered here are adapted to two strands pointing in the
same direction (downwards, in the conventions of [Ozsvath and Szab6 2018]). For
strands with other orientations, one has a choice of more elaborate theories from
[Ozsvéth and Szabd6 2018; 2019b; 2019a], some involving curved dg algebras. We
expect that the bimodules of these more elaborate theories also give 1-morphisms
of 2-representations of U, once, e.g., 2-representations are appropriately defined on
the curved dg algebras.

Remark 1.5. Since it follows from [Lekili and Polishchuk 2020; Manion et al. 2020]
that the local Ozsvath—Szab6 algebras appearing in this paper are quasiisomorphic
to certain (larger) dg strands algebras A(Z), it is natural to ask whether there are
bimodules corresponding to P and N over the larger algebras, and if so, whether
these bimodules give 1-morphisms between the 2-representation structures on A(Z2)
defined directly in [Manion and Rouquier 2020]. The answer in both cases appears
to be “yes;” the authors of [Manion et al. 2020] hope to address this question in
work in preparation.

Remark 1.6. Along with E, there is another odd generator F of U, (gl(1]1)); since
we are discussing actions of E here, it is natural to ask about F' as well. While
the framework of [Manion and Rouquier 2020] is based on a categorification of
U, (gl(1]1)™) and fundamentally gives us E but not F, one can categorify at least a
relative F’ of F by taking homomorphisms of left .A-modules from the £ bimodule
into A (as discussed e.g., in [Lauda and Manion 2021, Theorem 1.3] with slightly
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different conventions, as well as in [Manion and Rouquier 2020]). If we take
£ to be projective on the left (“type DA™) as in this paper, then the bimodule
F':=Hom4 on et (€, A) will be projective on the right (“type AD”), so since X is
type DA and has higher A, actions on the right, it’s more natural to look at the
bimodules £ ® 4 X and X ® 4 £ than the bimodules 7' ® 4 X and X ® 4 F'.

If we did define 7/ ® 4 — and — ® 4 F' appropriately, then we would expect
adjunctions in the homotopy category (€ ® 4 —) = (F' ® 4 —) and (— ® 4 F')
(— ®4 E). Specifying maps X @4 € > EQ@4 X and X Q4 F' — F Q4 X
would be equivalent, up to homotopy, to specifying maps X ® 4 £ — £ ® 4 X and
EQAX —>XQ®4E.

In our case, we will show that £ ® 4 X and X ® 4 £ are literally the same up to
a renaming of basis elements, so that neither direction is singled out and we have
maps both ways giving an isomorphism. Based on the above, after making the right
definitions one would get a map X ® 4 F' — F' ® 4 X up to homotopy; since we
only have an adjunction one way, it’s not immediate that this map would be an
isomorphism in the homotopy category, although it seems likely that X ® 4 F' =
F'® 4 X is still true here. We will not investigate further, though; work in preparation
of the second author at the decategorified level suggests that in some settings, but
not the one under consideration, one should legitimately have actions of both odd
generators E and F of gl(1|1), whereas here we only have E along with whatever
modifications we want to do to it algebraically.

Organization. In Section 2 we review algebraic definitions from bordered Heegaard
Floer homology, including a matrix-based notation from [Manion 2020] that will
be useful here. In Section 3 we review what we need from Ozsvéth and Szabd’s
theory of bordered HFK. In Section 4 we review the relevant input from higher
representation theory and define 2-actions of I/ on the local bordered HFK algebras.
In Section 5 we show that Theorem 1.1 holds for Ozsvath—Szabd’s local positive-
crossing bimodule P, and in Section 6 we do the same for the local negative-crossing
bimodule N.

2. Bordered algebra

2A. DA bimodules. We will work with DA bimodules, as defined by Lipshitz,
Ozsvath and Thurston [Lipshitz et al. 2015, Section 2.2.4], over associative algebras
with no differentials. We will assume that these associative algebras A are defined
over a field k of characteristic 2 and come equipped with a finite collection of
orthogonal idempotents {/y, ..., I,} such that I} +-- -+ I, = 1. We will refer to
the /; as distinguished idempotents.

Remark 2.1. An equivalent perspective is to view .A as a k-linear category with
objects {Iy, ..., I,,}.
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For such an algebra A, we will let Z4 denote the ring of idempotents of A, i.e.,
a finite direct product of copies of k (one for each idempotent /;), viewed as a
subalgebra of A.

We will also assume that A is equipped with two Z-gradings which we will
call the intrinsic and homological gradings; we let [1] denote an upward shift by 1
in the homological grading (we use upward rather than downward shifts because,
following the conventions of [Lipshitz et al. 2015; Ozsvath and Szab6 2018], we
use differentials that decrease the homological grading by 1).

Definition 2.2. Let .4 and 5 be graded associative algebras over a field k of charac-
teristic 2. A DA bimodule over (A, B) is given by the data (X, (Sil)?il) where X
is a Z @ Z-graded bimodule over (Z 4, Zg) and, fori > 1,

8 X®@B[11%D - A[]® X

(tensor products are over Z 4 or Zp as appropriate) is a bidegree-preserving morphism
of bimodules over (Z 4, Zg) such that the DA bimodule relations are satisfied, i.e.,
such that

Y (na®idx) o (ida®)) 0 (8], ®idgeu-1)
Jitja=i+l

i—2
+ Z 51-1_1 o (idge-n @up ® idgei-j-») =0
=1

for all i > 1, where 4 and pup are the multiplication operations on .4 and B.

We will often refer to (X, (8})?2 1) simply as X. We say that X is strictly unital
if 81(x,1)=1®x forall x € X and 8! (x, by, ..., b;_1) =0if i > 2 and any b; is
in the idempotent ring Z3.

If we have a k-basis for X and x, x" are basis elements with a ® x” appearing
as a nonzero term of 8}(x ®b1Q---®b;_1) (Wherea € Aand by, ...,b;_1 € B),
we will sometimes depict the situation using a “D A module operation graph” as
in [Lipshitz et al. 2015, Definition 2.2.45]. See Figure 1 for an example. In this
notation, the DA bimodule relations are shown in Figure 2.

Remark 2.3. For all DA bimodules (X, (81.1)?21) considered in this paper, X will be
finite-dimensional over k, as well as left and right bounded in the sense of [Lipshitz
et al. 2015, Definition 2.2.46].

Remark 2.4. If X is a D A bimodule over (A, B), then A®z, X is an A, bimodule
over (A, B) such that the left action of .4 has no higher A, terms and such that, as
a left A-module, X is a direct sum of projective modules A - I for distinguished
idempotents / of A (disregarding the differential). One can think of the definition
of DA bimodule as a convenient way of specifying and reasoning about such A
bimodules.
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T by -+ biq

a z’

Figure 1. A DA module operation graph showing a term a ® x” of
the action of 8} on x®b; ®---® b;_1; this notation allows i = 1
in which case there are no edges to the right of the vertical line
from x to x'.

Figure 2. The DA bimodule relations in Definition 2.2.

2B. The box tensor product. Let A, 3, C be associative algebras as in Section 2A
and let X and Y be D A bimodules over (A, B) and (B, C) respectively. Assuming
X is left bounded or Y is right bounded, Lipshitz—Ozsvath—Thurston define a DA
bimodule X X Y in [Lipshitz et al. 2015, Section 2.3.2].

Definition 2.5. As a bimodule over (Z4, Z¢), X X Y is defined to be X ®z, Y.
For i > 1, the DA bimodule operation 8? 'l 'on X XY is defined in terms of the
operations X! on X and §!°! on Y by

BI=3 Y M @idy) o (idy ®idger-n @)
=0 i +etij=i4j—1
o (idy ® idgey-2 ®3l§’}1 ®id yei;-1)
o---o(idy ®5i):’1 (4 idA®<i2+---+i_,~—j+1))-

In terms of DA module operation graphs, the general pattern for the operation
(Slg’l on X XY is shown in Figure 3.

Remark 2.6. By [Lipshitz et al. 2015, Proposition 2.3.10], if X and Y are both left
bounded then so is X X Y.

Remark 2.7. Assuming suitable boundedness, the box tensor product X X Y is a
convenient way of working with the derived tensor product (A®z, X Y®5(B ®z:Y);
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Figure 3. The general pattern for the operation 8? Ton XKVY.

indeed, by [Lipshitz et al. 2015, Proposition 2.3.18] we have
A®7, (XRY) ~ (A®7, X)®5(B Q1Y)

where ~~ denotes homotopy equivalence of D A bimodules; see [Lipshitz et al. 2015,
Section 2.2.4].

2C. Matrix notation. We will describe DA bimodules using the matrix-based
notation of [Manion 2020, Section 2.2]; we recall this notation here. When using
this notation to describe a DA bimodule over (A, B), it is assumed that B comes
equipped with a choice of k-basis such that:

« Distinguished idempotents of 55 are basis elements.

« Each basis element b satisfies I -b- I’ = b for unique distinguished idempotents
I of A and I’ of B (called the left and right idempotents of b respectively)
with I - b-I' = 0 whenever I, I’ are distinguished idempotents of A and B
with I £ Tor I’ #1'.

 Each basis element of B is homogeneous with respect to the bigrading.

Definition 2.8. To specify a DA bimodule (X, (81.1)1?’21) over (A, B) (finite-
dimensional over k), we specify two matrices, a primary matrix and a secondary
matrix:

o The primary matrix is a set-valued matrix (each entry is a finite set witha Z&@Z-
bidegree specified for each element) with columns indexed by the distinguished
idempotents of B and rows indexed by the distinguished idempotents of A.
Given such a matrix, the bimodule X over (Z 4, Zg) is taken to have a k-basis
given by the union of the sets in each entry (with each basis element given its
specified bidegree). More specifically, the left-action of Z 4 and right-action of
I are fixed by saying that, for distinguished idempotents / of A and I’ of B,
the vector space I - X - I’ has a basis given by the set in row / and column [’.
For an element x of this set, we say that [ is the left idempotent of x and I’ is
the right idempotent of x.



260 WILLIAM CHANG AND ANDREW MANION

» The secondary matrix is a matrix whose entries are formal sums of expressions
a (forae A)anda® (b1, ...,b;—1) (for a € A and each b; a basis element
for BB). The sums are allowed to be infinite, but there should be finitely many
terms of the form a (without the ® symbol) and finitely many terms for each
given sequence (by, ..., bj_1). The rows and columns of the secondary matrix
are each indexed by the union of all entries of the primary matrix, in some
fixed order. Given such a matrix, the operations 51.1 on X are defined as follows
for a basis element x of X (a column label of the secondary matrix):

-4 % (x) is the sum of all elements a ® y where a is a term (without the ®
symbol) of a secondary matrix entry in column x and y is the row label of
the entry containing this term.

— Fori > 1 and a sequence (b1, ..., b;_1) of basis elements of B, 81.1 x®
b1 ®---®b;_1) is the sum of all elements a ® y where a ® (by, ..., b;_1)
is a term of a secondary matrix entry in column x and y is the row label
of the entry containing this term.

An example of a DA bimodule specified by primary and secondary matrices can
be found in Definition 3.3 below. We use the following conventions:

Convention 2.9. If indices such as k or [ appear in entries of the secondary matrix,
we take an infinite sum over all k > 0 or / > 0 unless otherwise specified.

Convention 2.10. When using matrix notation to specify a strictly unital DA
bimodule, the above rules would say that in each diagonal entry of the secondary
matrix (corresponding to an entry x of the primary matrix), there is a term [ ® I’
where I and [’ are the left and right idempotents of x respectively (it should also
be the case that no basis element b; appearing in an entry a ® (by, ..., b;_1) is a
distinguished idempotent). However, we will omit the terms / ® I’ when we write
the secondary matrix.

If the primary or secondary matrix has block form, we will often give each block
separately.
Remark 2.11. One advantage of this matrix-based notation is that the D A bimodule
relations can be checked using linear-algebraic manipulations. Indeed, to check the
D A bimodule relations, one forms two new matrices from the secondary matrix.
The first matrix, which we will call the “squared secondary matrix,” is obtained by
multiplying the secondary matrix by itself. When doing so, one will need to take
products of secondary matrix entries; these products are defined by:

ea-a=da.

ca-(@®®),....b_))=da®®b),...,b_,).

c@®®y,....bi-1)-a'=da®(bi, ..., bi-1).

. (a®(b1, ey bi,l))~(a/®(b/, ey b;_l))za/a@)(b’, ey b;’—l’ bl, ey bifl).
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The second matrix, which we will call the “multiplication matrix,” is obtained by,
for each b; in an entry a® (b1, ..., bj_1) and each pair of B-basis elements (b, b")
(neither a distinguished idempotent in the strictly unital case) such that Cb; is a
term of the basis expansion of 5'd” for some nonzero element C € k, adding the
term Ca ® (by,...,bj_1,b',b",bji1,...,bi_y) to the corresponding entry of the
multiplication matrix.

Once these two matrices are formed, the DA bimodule relations amount to
saying that the squared secondary matrix and the multiplication matrix sum to zero.

2D. Box tensor products in matrix notation. Suppose we have DA bimodules
X over (A, B) and Y over (B, C) as in Section 2B. To specify X X Y in matrix
notation, one can do the following manipulations:

o The primary matrix for X XY is the matrix product of the primary matrix for
X (on the left) and the primary matrix for ¥ (on the right). When multiplying
two entries of these primary matrices, one uses the Cartesian product of sets,
and when adding these products together, one uses the disjoint union.

e Let (x, y) and (x/, ¥") be two elements of the primary matrix for X XI'Y. To
obtain the secondary matrix element in row (x’, ¥") and column (x, y), there
are two cases to consider:

— For entries a (with no ® symbol) in row x’ and column x of the secondary
matrix for X, if y = y’ then add an entry a to the secondary matrix for
X XY inrow (x/, y') and column (x, y). If y # y’, do not add such an
entry.

— For entries a ® (by, ..., b;_1) in row x’ and column x of the secondary
matrix for X, look for all sequences (y = y1, y2, ..., yi = y’) of primary
me}trix enpries for Y such that, for 1 < j <i — 1, there is a term b ®
(cl,..., ci”_ ,) in row y; 41 and column y; of the secondary matrix for
Y such that C;b; is a term of the basis expansion of b for some nonzero
C; € k. For all such sequences (yi, ..., y;) and all such choices of terms
b® (c{, R Cr]nj—l)’ add an entry

1 1 i—1 i—1
Ci---Cic1a®(cq,...,c s Cp T, )

my—1° > Umi—1—1

to the secondary matrix of X XY in row (x’, y’) and column (x, y).

3. Bordered HFK
3A. Algebras. We now review Ozsvith and Szabd’s algebra 5(2) = @i:o B2, k)
from [Ozsvéth and Szabd 2018, Section 3.2], which is an algebra over F.

Definition 3.1. The algebra 5(2, 0) is F,. The algebra B(2, 1) is the path algebra
of the quiver shown in Figure 4 modulo the relations [R;, U;] =0, [L;, U;] =0,
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Uy U.

2
e = ol | TeT 5
0,© Ly Lo >U,
Figure 4. The quiver for B(2, 1).
1 Uy
P OOR = o= O
UQC Lo L, :)UQ

Figure 5. The quiver for B(2, 2).

R L;=U;, LiR;, =U;, RiR, =0, L,L{ = 0, U, = 0 at the leftmost node, and
Uy =0 at the rightmost node.

The algebra B(2, 2) is the path algebra of the quiver shown in Figure 5 modulo
the relations [R;U;]1 =0, [L;,U;] =0, R;L; = U;, and L;R; = U;. The algebra
B(2,3) is F2[Uy, Uy]. We set B(2) = @izo B2, k).

Our definition matches Ozsvath and Szabd’s by [Manion et al. 2021, Theo-
rem 1.1]; also see [Ozsvath and Szab6 2018, Figure 10] for B(2, 1), although in this
figure Ozsvath and Szabé leave out some of the relations. We define an intrinsic
grading on B(2) by setting deg(R;) = deg(L;) =1 and deg(U;) = 2; this grading is
twice Ozsvéth and Szabd’s single Alexander grading (the doubling is related to the
expression ¢ = g when obtaining the Alexander polynomial from representations
of U, (gl(1]1))). We define the homological grading to be identically zero on the
generators of 5(2).

The algebras B(2, 1) and B(2, 2) each have three distinguished idempotents given
by the length-zero paths at each node. Ordering the nodes from left to right and
following Ozsvath and Szabd’s notation, for B(2, 1) we can call these idempotents
lo, 11, and I,. For B(2, 2) we can call them Iy, Ioz, and I1>. The unique nonzero
element of B(2, 0) is its distinguished idempotent and we can call it I; for B(2, 3)
the distinguished idempotent is 1 € F,[Uy, U,] and we can call it Iyp,.

To avoid subscripts as much as possible, we will relabel these idempotents as
follows:

=1y,
A=1, B:=I, C:=1Dh,
AB = 101, AC = 102, BC = 112,
ABC = 1012.

To clarify the conventions: in Figure 4 the left and right idempotents of R| are A
and B respectively, while in Figure 5 the left and right idempotents of R; are AC
and BC respectively.
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The following proposition can be deduced from the definition of B(2).
Proposition 3.2. A F,-basis for B(2, 1) is given by
{Uf(A), Uf(B), US(B), U5 (C), RiUf, L\Uf, RyUY, LLUS)
(k runs over all integers > 0). A Fy-basis for B(2, 2) is given by
{UfUS(AB), UfUL(AC), UfUS(BC), R\U UL, LiUUL, RyUSUS, LyUSUS)
(k and [ run over all integers > 0).
The algebra B(2, 0) = [, has a unique [F;-basis, and for 5(2, 3) we use the basis

of monomials Ulk Ué fork,l > 0.

3B. Bimodules. Next we review, in matrix notation, Ozsvath and Szabd’s DA
bimodules P and N over B(2). One thinks of these bimodules as being associated
to two-strand tangles consisting of a single positive crossing and a single negative
crossing respectively and containing the minimal amount of data necessary to
build the bimodules for n-strand single-crossing tangles. They can be obtained by
counting holomorphic disks in the Heegaard diagrams shown in Section 3B3 below.

3B1. The bimodule P. This bimodule is defined in [Ozsvath and Szabé 2018,
Section 5.1]; here we translate Ozsvath and Szabd’s definition into matrix notation.

Definition 3.3. The primary matrix for P has rows and columns indexed by the
distinguished idempotents

g,A,B,C,AB, AC, BC, ABC

of B(2). The matrix has block-diagonal form with blocks specified by the following
matrices:

%}
o [oS]
A B c
Al {aSa} © %)
B| {Wa} {BNB} {BEc}
c %] @ A{cSc}
AB AC BC
AB | {aBNag} {aBEac} %)
AC %) {acSac} )
BC %) {BcWac} {BcNac}
ABC

4BC [ {aBcNasc) ]
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Below we will abuse notation slightly and omit the braces {}, writing e.g., 454
instead of {4S4}. The secondary matrix for PP has a corresponding block-diagonal
form; the blocks are:

zSo
o [ 0]
ASa 8Wa BNp sEc cSe _
454 0 L, 0 0 0
#Wa 0 Ukleutt! Ukt'eL, Uk 0 LyUS®(Ly, L1UY)
oNo | RUFR(R, UK USeR UF UST'@UIT'+UT @UST! UFRLUY  LUk®(L, U™
sEc | RIUM®(R1, RaUY) 0 U ®@RyUS Ukl guit! 0
cSe 0 0 0 R 0
ABNAB ABEac AcSac BcWac BcNpe _
ABNAB Ulukeutul Uk L, Uk %1 L LUSQL UM Ly LUlUSQL Ly UNUL
abac | UMUEQRUFUL Uitleuit! % LiLUSQUIT™  LiLUlUf®L UFUL
acSac 0 Ry 0 L, 0
seWac | RRUNUSQRUMUS  RRUFQUET 43 UM'eUIH! vlukterL utul
schse | ReRIUIUS@RRIUNUS RyR\UFQRUST 5y Uk@R Uf vlukeutul
aBcNapc

ABcNagc [ U{Uf@UfUé ]

The entries %; for 1 <i < 4 are specified below; also, in any entry of the form
Ull Ué‘ ® Ulk UL, we disallow (k, 1) = (0, 0) to match Convention 2.10. The entry
in column ACSAC and row ABNAB 18

LyUIUS @ (U, LoUs) O<n<t)
+ LUUY @ (RiUY, LiLyUY) (0<n <1)
+ LyUUS @ (LU, US) O<n<t)
+LUUS @ (LUs, U (1<t<n)
+LUUS @ (Us, LU (1<t <)
+ L UUY @ (R1U, LiLUYY (1<t <n)

+ LUy ® (L, U 0 <n).
The entry *; in column 4¢cS4c and row spEsc is
LUUS @ (U, UD) O<n<t)
+ LULUS ® (R U, L1 US) O<n<rt)
+ LUUS @ (LU, RUS™ (0<n <)
+ LUUS @ (UL, U (1<t<n)
+ L,U{U} ® (R1U5, L1UY) (I<t=<n)

+ LU{U; @ (LaUy~ !, RUTHY) (1<t <.
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The entry %3 in column 4¢cSac and row pcWyc is

RUIUS @ (U, UM (0<t<n)
+ R UIUY ® (LyUS, RyUY) (0O<t<n)
+RUIUF ® (RUST, LU (0<t<n)
+RUIUS @ (U, USTY (I<n<t)
+ RULUY ® (LLUY, RyUS) (I<n<r)

+RUUY® (RUP, LU (1<n<1)
The entry %4 in column 4¢cSac and row pcNpc is

RUIUY @ (UL, RIUT) (0<t<n)
+ RIUUY @ (LyUL, Ry R U (0<1t<n)
+RUIUF ® (RYULT, U (0<t<n)
+RUUF® (RUT, U (d=n<p)
+RUIUy ® (U}, RiUS™ (1<n<it)
+ RU{US @ (L,UY, RyR1U;) (1 <n<1)
+ R U ® (R, UST) 0<1).

3B2. The bimodule N'. The bimodule N is defined in [Ozsvéth and Szabé 2018,

Section 5.5] using a symmetry relationship with P. Explicitly, N has the same
primary matrix as P. The blocks of the secondary matrix of A/ are:

oSo
@Sz [ 0 ]
ASA sWa BNB BEc cSc
k k+1 k k
asa| O 0 LyUi®W, ™, L) LiUi®(LUy, Ly) 0
k1 o k41
Wil R UyT'@UT US®L,Uf 0 0
k+1 k1 o 7k g k1 o k1 k+1
N | 0 Uyt'oriUuf USM'euit'+uitleustt Uuft'eL.uf 0
k1 o rrk+1
sEc| 0 0 Uf®R,UX Uitleust L,
ket 1
csc | 0 RUSMRIUL,R)  RUSU™, Ry) 0 0
ANap asEac AcSac scWac scNpe
AN UlUseUtUj UM USQLUKUS 0 LiLUlUS®LyURUS Ly LUl US®L) LU U,
anEac Uk@R, UK Uktleust! Ly  LiLUfeUS! LiLUf®@L U
acSac *’1 */2 0 *’3 *2
scWac RyR Uf @R, UK RRUSQUS Ry Uktleult! UkeL Uk
sesc | RaR\UIUS@ R R\ USUS RyR\ULUS®RUSUL 0 ULURH' @R\ USUS UlukeUiU}
aBcNapc

ABcNapc [ UfU§®U{<Ué ]
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where in any entry of the specific form U!UX ® UFU! we disallow (k, 1) = (0, 0)
to match Convention 2.10. The entry */1 in column 4N and row AcSac is:

RUIUY @ (RyUS, UMY O<n<t)
+ RUUY @ (RoR US, LUY) (0<n<t)
+ RUIUS ® (US, RyUTM O<n<t)
+RUUS @ (U RUS) (1<t <n)
+RUIU @ (RUIUY)  (1<1<n)
+ RUIUS @ (RyR\UY, LiUY) (1<t <n)
+ RUS ® (UM, Ry) 0 <n).

The entry */2 in column ggEac and row 4cSac 18

RUIUY @ (UL, UM O<n<t)
RUIU ® (R US, LU O<n<t)
RUIUY @ (LU, RUMTY (0<n<1)
RUIUY @ (UM, UD) (I<t<n)
RUIUY @ (R1UY, L1UY) (1<t<n)

RUIUY @ (LU, RUSTY (1<t <n).

The entry */3 in column gc Wy and row 4¢Sac is

LUUS @ (U, UL (0<t<n)
L\U{U} ® (LU RyUS) (0<t<n)
LiUU @ (RU LU (0<t<n)
LUUS @ (U, UM (I<n<r)
L ULUY ® (LUs, RyUD) (l1<n<i)

LUUS @ (RUST, LU (1<n<i).
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The entry % in column gcNpc and row acSac is

L UIUY @ (L U}, UsHY 0<t<n)
LUU} ® (L1LyUT, RyUS)  (0<t <n)
LUIUY @ (U, L USTY 0<t<n)
LiUuf Uyt L) (1<n<t)
LUUS @ (L UST, U7 (I<n<r)
LiUU} @ (L1 LUy, RUY) (1<n<t)
LU{® Ut Ly) O =<1).

The starred terms in row o¢cSac of middle block of the secondary matrix for A,
as well as in the column 4¢ Sac of the middle block of the secondary matrix for P,
encode the Ao, terms of the right algebra actions on (the middle summands of) the
bimodules; see [Lipshitz et al. 2015, Section 2.2.4] for more context on these Ao
structures in general.

The symmetry relationship between P and A described in [Ozsvath and Szab6
2018, Section 5.5] can be summarized by saying the secondary matrix of A\ is
obtained from that of P by performing the following operations:

« Take the transpose of the secondary matrix of P.

« In each entry, replace L; with R; and vice versa, while reversing the order of
multiplication when relevant (so e.g., L1L, becomes R Ry).

 For any entry a ® (by, b»), reverse the order of by and b,.

3B3. Heegaard diagram origins. We comment briefly here on the Heegaard di-
agram origins of the DA bimodules P and N. Roughly, they can be thought of
as DA bimodules associated to the bordered sutured Heegaard diagrams shown
in Figure 6 and Figure 7 respectively. A detailed study of the relationship of the
algebraically defined bimodules P and N to the holomorphic geometry associated
with these diagrams can be found in [Ozsvath and Szabé 2019a], although in that
paper Ozsvith and Szabd do not use the language of bordered sutured Heegaard
Floer homology.

Remark 3.4. The diagrams in Figures 6 and 7 do not satisfy all the hypotheses
necessary to be covered by Lipshitz, Ozsvath and Thurston’s results [2015] or
Zarev’s results [2011]; Ozsvéth and Szabd [2019a] show that they can still be
analyzed using a generalization of the analytic setup of bordered or bordered
sutured Heegaard Floer homology. However, a more literal generalization of these
theories would yield bimodules over the larger dg algebras of [Lekili and Polishchuk
2020; Manion et al. 2020] rather than over the associative algebra 3(2). The second



268 WILLIAM CHANG AND ANDREW MANION

[k

Figure 6. The bordered sutured Heegaard diagram for P.

A\g

\I

7

Figure 7. The bordered sutured Heegaard diagram for A.

‘\I
Uk

author, with Marengon and Willis, hope to address this difference in future work,
defining D A bimodules over the larger dg algebras and relating them to P and V.

4. Higher representations

4A. General setup. We now briefly review how higher representation theory inter-
acts with bordered Heegaard Floer homology, as discussed in more generality in
[Manion and Rouquier 2020].

4A1. Monoidal category. The following differential monoidal category U was
defined in [Khovanov 2014], and 2-actions of ¢/ are a main subject of [Manion and
Rouquier 2020]; see also [Douglas and Manolescu 2014; Douglas et al. 2019].

Definition 4.1. Let U/ denote the strict differential monoidal category with objects
generated under ® by a single object e and with morphisms generated under ® and
composition by an endomorphism 7 of e ® e, subject to the relations 72 = 0 and

(id, ®7) 0o (T ®1id,) 0 (1d, ®7T) = (T ®id,) ® (id, ®T) ® (T @ id,),
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and with differential determined by d(7) = id.ge.

Remark 4.2. A grading on U is defined in [Khovanov 2014], making it into a dg
category. Here we will not need to work with this grading; indeed, in the 2-actions
of U we consider below, T will act as zero.

The endomorphism algebra in U of ¢®™ is the nil-Coxeter dg algebra denoted
by 91, in [Douglas and Manolescu 2014].

4A2. 2-representations. We will be especially concerned with 2-representations
of U on associative algebras in the setting of DA bimodules; we give a concrete
definition of this notion below.

Definition 4.3. Let .4 be an associative algebra (we make the same assumptions on
A as in Section 2A). A (D A bimodule) 2-representation of I/ on A is the data of
a DA bimodule £ over A and a (typically nonclosed) DA bimodule morphism t
from £X & to itself satisfying 72 =0,

(idg K1) o (r Widg) o (idg M7) = (v Widg) o (ide X7) 0 (r Kidg),

and d(t) = 1. We also assume that £ is left bounded in the sense of [Lipshitz et al.
2015, Definition 2.2.46].

We will write the above data as (A, &, 7).

Remark 4.4. The definitions of DA bimodule morphisms, their tensor products,
and their differentials can be found in [Lipshitz et al. 2015, Section 2.2.4 and
Section 2.3.2], but we will refrain from spelling out these definitions here because
in the examples we will consider, £ X £ will be the zero DA bimodule and t will
be the zero morphism.

4A3. I-morphisms of 2-representations. We will also work with a DA bimodule
version of 1-morphisms between 2-representations of U{.

Definition 4.5. Let (A, &, 7) and (A', £, ") be (D A bimodule) 2-representations
of U on associative algebras A and A’. A (DA bimodule) 1-morphism of 2-
representations from (A, &, t) to (A’, &', /) consists of a left bounded DA bimod-
ule X over (A, A) together with a homotopy equivalence

a: XKE— ENXRX,
satisfying

(t'Midy) o (ider M) o (@ Kidg) = (ider M) o (@ K idg) o (idx Xr)

as morphisms from XX EXE to &' KE K X.
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LS

Figure 8. The arc diagram Z such that A(Z) is quasiisomorphic
to B(2); the 2-to-1 matching is indicated by the arcs (red), and by
symmetry one may take any orientation on the circles and intervals.

Remark 4.6. We will not elaborate on the definition of homotopy equivalence of
D A bimodules here (it can be found in [Lipshitz et al. 2015, Section 2.2.4]); in
this paper the homotopy equivalences o will be isomorphisms given by bijections
between primary matrix entries such that the corresponding secondary matrices
agree.

4B. Actions on bordered HFK algebras. In [Manion and Rouquier 2020], 2-
representations of I/ are defined on the algebras A(Z) appearing in bordered sutured
Heegaard Floer homology. Here Z denotes an arc diagram, i.e., a finite collection
of oriented intervals and circles equipped with a 2-to-1 matching of finitely many
points in the interiors of the intervals and circles, and there is a 2-representation of
U on A(Z) for each interval in Z.

The algebra B(2) was shown in [Manion et al. 2020; Lekili and Polishchuk 2020]
to be quasiisomorphic to A(Z) where Z is the arc diagram shown in Figure 8. Since
Z has two intervals, we should expect two 2-actions of ¢ on B(2); we define these
2-actions below; see [Lauda and Manion 2021] for a related 2-representation of I/
on an n-strand Ozsvath—Szabé algebra from [Ozsvath and Szabd 2018]. In more
detail, we will define DA bimodules &£ and & over B(2); these bimodules will
satisfy & X & = 0, so that (A4, &;, 0) is a 2-representation of .

Remark 4.7. The arc diagram shown in Figure 8§ can also be seen on the front and
back edges of the Heegaard diagrams in Figure 6 and Figure 7, with the red arcs
in Figure 8 determined by the matching pattern of the red arcs in the Heegaard
diagrams.

Definition 4.8. The primary matrix for £; has block form with the following blocks
(we write e.g., X for the singleton set {X}):

AB AC BC ABC
A BCc Ao @ @ AB[ @
o[Xi90] B| X2 0 © ac| @

c|l 9 X5 @ BC| Xy
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The secondary matrix for & has a corresponding block form with blocks:

X1
X [ 0 ]
X2 X3
X [ U @ Ut + Uk @ UST! LU @ LUk ]
X RUf ® RyUK ustt e ust!
X4

x [UfUSQUTUS |
In the final block we disallow (k, /) = (0, 0) to match Convention 2.10.

Definition 4.9. The primary matrix for £ has block form with the following blocks
(again we write e.g., Y; for the singleton set {Y}):

AB AC BC ABC

A B C Al @ Y, O AB| Yy
sc|lo o] Bl 2 oV ac| @
g g I BC %]

The secondary matrix for & has a corresponding block form with blocks:

Y
n[o]
Y Y3
v, [ Ut e Uit L U@ LUk
vy | RiUF@ RUF U @ U +UST @ UST!

Yy
 [UtUlo U U ]

In the final block we disallow (k, /) = (0, 0) to match Convention 2.10.
By multiplying the primary matrix for &; by itself (i = 1, 2), one can see that
& K & has a primary matrix with each entry the empty set; in other words, &; X &;
is zero as claimed above.
5. 1-morphism structure for P

5A. Commutativity with &;.

5A1. The bimodule £, XX'P. We give a matrix description for £; X P following
Section 2D. To get the primary matrix for £, X P, we multiply the primary matrices
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for £ and P. We can do this block-by-block, so the primary matrix for & X P has
block form with blocks given by

A B C
A B c Al Sqy 9 @7 A B C
o|[X, 2 2] Bl WN E |=0[XiSc @ @],
c| ¥ I Sc_
AB AC BC AB AC BC AB AC BC
Al o o © AB[ Nag E @ | a4 1%} g o
Bl Xo @ O |- AC g § o = B| XpoNap XoE <O |,

c|l 9 X3 < BC @ W Npc | c 1%} X3X <

ABC ABC

AB| @ ABC AB %]

ac| @ |-aBc [ N ]=ac| @

BC| X4 BC| X4N

In these matrices, we indicate idempotents only when necessary to distinguish
primary matrix entries in the same block (so, for example, in the block with rows
and columns A, B, C, we distinguish between two types of S generators, but the
only N generator in this block is g Np so we omit the idempotents and just write N).
The secondary matrix for £ X P also has block form with blocks given by:

X1SC
xise [ 0]
X2Nap XoE X3S
o [ UsT'@UIT + U @ U™ UF @ LoUY  LyUS @ (Lo, U
X:E Ut ® RyUS Uttt @ ust! 0
X3S 0 R, 0
X4N

N [UlUy @ UTUS |

In the final block we disallow (k, /) = (0, 0). An explanation for the terms in the
secondary matrix is given in Figure 9, which uses the operation graph depictions of
Figure 3.
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X2 Nap UT' X, Nap UMY Xo E LUk Xs S Ly UM
kf1 : .
U™ Xo Nag U Xy Nagp UF Xs  Nag LUE Xs  Nap
Xy  Nap RyU¥ Xa E Uk!
U1k+1 U1k+1
UHt'x, E Uftt' X,  E
X, E
/“R/2<
Rz X3 S

Figure 9. Operation graphs for the terms in the secondary matrix
of 51 XP.

5A2. The bimodule P X &;. Similarly, we give a matrix description for P X &;.
The primary matrix has block form with blocks

1%} A B C A B C
o [S]e[XI 2 0]=0[5SX1 2 2],

A B C AB AC BC AB  AC BC
Al S4 © @ Al o @ @7 a[ @ g o
Bl WN E |-B| X, O @ |=8B| NXy» EX3 @ |,
o @Sc| clo Xs @ | c|l 9 ScX; @
AB AC BC ABC ABC
AB| Nap E © AB[ @ 7| 4B 1%}
ac| o S O - AC| D | = AC &
BC @ W Npc BC| X4 | BC| NpcXy
The secondary matrix for P X £ also has block form with blocks:
SX;
sxi [ 0]

NX, EX;3 Sc X3
vo [ U Uit UM @ USTY Uk e LUk LUk e (L, UF)
EX; Ut @ RUS Uttt @ ust! 0
Sc X3 0 R2 0

NpcXy

waexs [ UV @ UMUS ]
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N X5 Ulk-H N X, U2k+1 E X5 L2U2k Se X5 Ly U{c+1
‘ : L

ot Ugt! LoUf 2

(e 2

UF'N X, UF'N X, Uk N X, LUF N X,

N Xy RU} E X3 Uyt

Ull<:+l E X U1k+1 E X
E X
Ry Se  Xs

Figure 10. Operation graphs for the terms in the secondary matrix
of PR E 1.

In the final block we disallow (k, [) = (0, 0). An explanation for the terms in the
secondary matrix is given in Figure 10.

Corollary 5.1. The D A bimodules £, XP and PX &, are isomorphic to each other.

Proof. The primary and secondary matrices for £ XP and P X £ agree up to a
relabeling of primary matrix entries. (]

5B. Commutativity with &,.

5B1. The bimodule £ X P. Next we give a matrix description of & X P. The
primary matrix has block form with blocks

A B C
A B C Al Sqa @ @ 7] A B C
ec|@ @] Bl WNE |=0[2 @ Y5 ]|
cl 9 @ Sc |
AB AC BC AB AC BC AB  AC BC
Al @ Y, © AB[ Nsg E @O | Al @ YhS ©
g g Yy |- AC g S g = B| O Y3W Y3Npc |,
c|l 9 O O BC g W Npc | c|l g o %]
ABC ABC
AB Yy ABC AB | Y4N

ac| @ |-aBc [ N ]=ac| @
BC %] BC %)
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The secondary matrix for & X P also has block form with blocks:

Y1S¢
Y1S¢ [ 0 ]
Y28 YW Y3Npc
YzS 0 L] 0
vaw 0 Ut e Uit Uyt ® L Uf

vvse | RIUF® (R, U™ Uk@RUS UM ous™ + Uyt @ U
YaN
v [ UfU; ® UUy |

In the final block we disallow (k, /) = (0, 0). One can draw operation graphs for
the secondary matrix entries as we did above in Figures 9 and 10, but we will omit
the graphs here.

SB2. The bimodule PX &. The primary matrix for P X & has block form with
blocks

(%] A B C A B C
o[S]le[o oY ]=0][2 2 SY]

A B C AB AC BC AB AC  BC
Al Sy @ @ Al @ Y, @71 a[ @ SaY, @
WNE |-B| @ @ Y3 |=8B| @ WY, NY;3 |,
clo 29S| c|lo9 9 9| clo o o
AB AC BC ABC ABC
AB| Nap E O 7 AB Y4 T AB| NapYa
AC g § o - AC| O = AC 1)
Bc| @ W Npc | BC| @ | BC %}

The secondary matrix for P X &, also has block form with blocks:

ST
svi [ 0]
SaYs WY, NY3
SaYs 0 Ll 0
Wy, 0 Uyt eut! Uyt @ L Uf

Ny | RiUF® (R, UST™Y UF@ RUF UM @UM Uit Uit

NapYs
v, [URUL O U[UE ]
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In the final block we disallow (k, [) = (0, 0). As with & X P, we will omit drawing
the operation graphs.

Corollary 5.2. The D A bimodules £,XP and P X &, are isomorphic to each other:.

Proof. The primary and secondary matrices for & X P and P X &, agree up to a

relabeling of primary matrix entries. ]
6. 1-morphism structure for A/

Here we summarize, with fewer details, the computations for A that are analogous
to those for P in Section 5.

6A. Commutativity with &;.

6A1. The bimodule & XX N. The primary matrix for £ XA has block form with
the same blocks as for £ X P, namely

AB AC BC ABC

A B C A 15} 1%} 1%} AB %]
o2 @ XiSc]|. B| XoNag X2E @ |, 4ac| @
C 1] X3X @ BC | XyN

The secondary matrix for & KN has block form with blocks given by:

X1Sc
X1S¢ [ 0 ]
X2NaB X2E X3S
XoNas [ UsT @ U + UFT @ U Ut @ LU 0
X2E Uk ® RyU¥ U @ Uit L,
X8 RUS® (UM, Ry) 0 0
X4N

xv [U[US @ U4 ]
In the final block we disallow (k, ) = (0, 0).

6A2. The bimodule N'X &;. The primary matrix for "X £ has block form with
the same blocks as for P X £, namely

AB AC  BC ABC
A B C A %} g o AB 1%}
o[SX, @ @], B|NX, EX3 @ |, ac| @

I ScX3 O BC| NpcXa
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The secondary matrix for /"X &; has block form with blocks given by

SX1
sxi [ 0]
NX; EX3 ScX3
NX, Ué<+l ® U{c+l + U{‘“ ® Ué‘“ U{c+1 ®L2U§ 0
EX; Uk ® RUS Ut @ Uit L,
SeXs RUN @ (UF™, Ry) 0 0
NpcXq4

waexs [ UIUE @ ULUS ]
In the final block we disallow (k, ) = (0, 0).

Corollary 6.1. The DA bimodules &, I N and N 'K & are isomorphic to each
other.

6B. Commutativity with &,.

6B1. The bimodule &, K N. The primary matrix for & XA has block form with
the same blocks as for & X P, namely

AB AC BC ABC

A B C Al @ Y»S %] AB | Y4N

@ [@ I Y1Sc ], B| @ YsW Y3Npc |, AC %)
c| g O 6] BC 6]

The secondary matrix for & XN has block form with blocks given by

Y1Sc
Y1S¢ [ 0 ]
Y, S Y3W Y3Npc
s [ 0 0 LU U5t L)
vw | R Uyt @Uit! Uke LUt

viNee L 0 U@ RiUF UfT' @ Us T + UST @ U

Y4N
wv [ Uk @ UIUS |

In the final block we disallow (k, ) = (0, 0).
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6B2. The bimodule N X &,. The primary matrix for /'K &, has block form with
the same blocks as for P X &, namely

AB AC BC ABC

A B C Al O SaY, O AB| NapYy
oo @S], B| @ WY, NYs |, ac| o
clo o o BC %)

The secondary matrix for A" X &, has block form with blocks given by

SY;
svi [ 0]
SAYZ WY, NY3
st [0 0 LUK U5t L)
wr, | Ry Ust'euUtt! UF® LUk

NapYs
v, [URUL© ULUS ]

In the final block we disallow (k, [) = (0, 0).

Corollary 6.2. The DA bimodules & XN and N 'K &, are isomorphic to each
other.
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