Flags and tangles

Fabian Haiden

Abstract
We show that two constructions yield equivalent braided monoidal categories. The first
is topological, based on Legendrian tangles and skein relations, while the second is algebraic,
in terms of chain complexes with complete flag and convolution-type products. The category

contains Iwahori—-Hecke algebras of type A, as endomorphism algebras of certain objects.
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1 Introduction

Braided monoidal categories [JS93] provide a unifying framework for low-dimensional topology and

representation theory. Categories of tangles play a fundamental role, being freely generated among



braided monoidal categories with certain extra properties [F'YR9]. Linearizations of the category of
tangles, the passage from classical topology to “quantum topology”, come from HOMFLY-PT skein
theory. The novelty of this work is to consider legendrian tangles and skein relations to obtain an
analog of Turaev’s Hecke category [Tur90]. Our main result provides a very different description of

this category in terms of complete flags on chain complexes and convolution-type products.

Prelude: Iwahori—Hecke algebras of type A,.

To motivate our later considerations we begin by recalling several points of view (algebraic and
topological) on Iwahori-Hecke algebras of type A,,, denoted by H,,. More details may be found in
several places, e.g. the textbook [KTO0S].

Suppose we want to find a g-deformation of (the group algebra of) the symmetric group Sy+1.
The g-analog of a set X with n+ 1 elements is a vector space V' of dimension n + 1 over a finite field
[y, and the g-analog of a total order on X is a complete flag on V. Let QFI(V') be the Q-vector
space with basis the set of complete flags on V. The g-analog of the transposition (i,i + 1) € S, 41
is the linear operator 7; on QFI(V'), i =1,...,n, which takes a complete flag

0=VwcWc..cV,c...cVy1=V
to the sum of the ¢ flags
O=VocWcC...cV/ic...CVyp1 =V

where V}/ is a subspace with V;_1 C V' C Vi3 and V/ # V;. Thus, T; is a sort of random modification
at the i-th step. It is easy to see that the relations

(1.1) T T = T TiTiv1,  i=1,...,n—1
(1.2) T.T; = TiT;, i—j|> 1

hold, and these turn out to be a complete set of relations for the subalgebra of End(QFI(V))
generated by the 7;. Since the relations are polynomial in ¢, we can also treat ¢ as a formal
parameter and define H,, over Z[g™!], as is usually done. Setting ¢ = 1 gives the group algebra
of the symmetric group Sy, and the definition by generators and relations generalizes to arbitrary
Coxeter groups.

The fact that and are the defining relations of the braid group suggests that we
represent elements of H,, by braid diagrams with n + 1 strands, where T; corresponds to the braid
with a single positive crossing of the i-th and ¢ + 1-st strand. The relation is then equivalent,

modulo the second Reidemeister move, to the skein relation
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which explains the relevance of H,, to knot theory, c.f. Jones |[Jon87].

The purpose of this work is to extend the above from vector spaces to Z-graded chain complexes
of vector spaces. Instead of defining a single algebra, it is natural to construct a braided monoidal
category H, see below. It turns out that this category has a topological interpretation, though
somewhat surprisingly we need to use Legendrian tangles instead of ordinary (topological) tangles.
The use of Legendrian tangles was suggested by the work by the author, where homomorphisms are
constructed from Legendrian skein algebras to Hall algebras of Fukaya categories [Hai]. This text
is, for the most part, logically independent from [Hai]. We anticipate that the braided monoidal
categories defined here will be useful in gluing “frozen” variants of the skein algebras and Hall

algebras from [Hail.

The monoidal category H

Let us first describe the construction in terms of flags on chain complexes. Fix a finite ground field

k = I, then the monoidal category H is defined as follows.

e Objects: Finite-dimensional Z-graded vector spaces V = @,., Vi over k together with a
complete flag of graded subspaces F;V CV,i=0,...,dimV, dim F;V = i.

e Monoidal product of objects: (V,F,V) ® (W, F,JW) has underlying graded vector space
V & W and complete flag

(1.4) O=FRVCRHRVC---CFlFimvyVWCVaeRWC...CV®FimwW=VaeW

e Morphisms: Homy (V, W) is the Q-vector space with basis the set B(V, W) of equivalence
classes of triples (dvy, f, dw ) where dy is a differential (of degree 1) on V with dy (F;V) C F;_,V,
dy is a differential on W with dy (F;W) C F;_1W, and f: V — W is a quasi-isomorphism.
Two triples (dy, f,dw) and (dy,, f’,dy;,) are equivalent if there are isomorphisms of graded
vector spaces ¢ : V — V' 4 : W — W' which preserve the flags and differentials, and such

that ¥ o f and f’ o ¢ are homotopic (equivalently: induce the same map on cohomology).

e Composition: If U,V,IW € Ob(#H) and (dy, f,dy) represents a morphism U — V and
(di;, g, dw) represents a morphism V' — W then their composition is defined as

oo .
o —1)¢

(15)  (dy.g.dw) o (du, frdy) = (H!Hom<a<v, V)| )>Z(dU,gbf,dw)

i=1 b
where Hong(V, V') denotes homogeneous maps of degree —i sending F;V to Fj;_1V, and the
sum runs over all isomorphisms of chain complexes with complete flag, b : (V,dy) — (V,dy,),
i.e. preserving the grading, the differential, and the flag. Extend this product bilinearly to all
morphisms. The origin of this formula is discussed in Subsection



e Monoidal product of morphisms: This is essentially the Hall algebra product for dg-
categories, see Subsection If U,V,X,Y € Ob(H), (du, f,dy) represents a morphism
U — V, and (dx,g,dy) represents a morphism X — Y then

[y, f,dv) @ (dx, g,dv) = (H (|Hom™ (X, U)| [Hom™*(Y, V)| [Hom™"" (X, v)‘)H)M)
=0
f 512 dV (522
o g0 dy

. Z dy o1
0 dx
§ = (611,012, 022) € Hom' (X, U) ® Hom®(X, V) @ Hom! (Y, V)

)

where the sum is over

with

(1.6) dydi1 + 611dx =0, dy 622 + d22dy = 0, d12dx + fo11 = dyd12 + d22g.

To relate this to the Iwahori—Hecke algebra of type A,, we note that for the object of H given by

a vector space V = k™*! concentrated in degree zero and with the standard complete flag we have
B(V,V)=B\GL(n+1,k)/B = 5,41

where B is the subgroup of upper triangular matrices and the second equality is the Bruhat

decomposition. Moreover, the algebra Homy (V, V) is just H,,, specialized to a prime power q.
Proposition 1.1. H as defined above is a monoidal category.

The proof of this proposition is completed in Subsection The equivalence with the category
S|4 (see below) shows that H has a natural braiding.

The monoidal category S

The braided monoidal category S is defined in terms of graded Legendrian tangles. Before giving
the definition we recall some basic terminology from Legendrian knot theory. A Legendrian curve L
in R? is an embedded curve which is everywhere tangent to the contact distribution Ker(dz — ydz).
The front projection of L is the image under the projection to the (z, z)-plane. For generic compact
Legendrian curve the front projection is locally the graph of a smooth function z(z) except near a
finite set of singular points which are either simple crossings (x), left cusps (<), or right cusps (>).
A graded Legendrian tangle in J'[0,1] = [0,1] x R? € R3 is a compact graded Legendrian curve L in
[0,1] x R? with boundary in {0,1} x R x {0}. A grading or Maslov potential for a Legendrian curve
is given, in terms of the front projection, by a labeling of the strands connecting cusps by integers
such that at each cusp the number assigned to the lower strand is one greater than the number
assigned to the upper strand.

We now come to the definition of S.



e Objects: Finite Z-graded subsets X of R up to isotopy (A Z-grading is simply a function
deg: X — Z.)

e Monoidal product of objects: X ® Y is obtained by stacking Y on top of X, which is well
defined up to isotopy.

e Morphisms: Homgs(X,Y) is the module over Z[g*, (¢ — 1)~!] generated by isotopy classes of
tangles L with 9gL =Y and 01L = X modulo the following skein relations, where d,, , is the
Kronecker delta. These are relations between tangles which are identical except inside a small

ball where they differ as shown.

-
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(The vertically flipped variant of already follows from and legendrian isotopy.)
e Composition: Horizontal composition (concatenation) of tangles
e Monoidal product of morphisms: Vertical composition (stacking) of tangles

e Braiding: The braiding morphism X ® Y — Y ® X is given by the following tangle (with
grading determined by X and Y'). We note that this is not an isomorphism in general, so gives
a braiding only in a weak sense, i.e. representing the positive braid monoid only instead of the

full braid group.

The following proposition is automatic.

Proposition 1.2. S as defined above is a braided monoidal category.



The local description of front projections of Legendrian curves immediately implies that morphisms

in § are generated by the following elementary tangles under horizontal and vertical composition.

(1.7) - <. > >,
1, An Pn Om,n

A remark about conventions: In Legendrian knot theory tangles are drawn horizontally, with
left and right boundary, as opposed to vertically. The composition of morphisms f: X — Y and
g:Y — Z is usually written in the order g o f. Given tangles f, g, if we want g o f to be the tangle
with g on the left and f on the right, then the source of the tangle must be on the right and the

target on the left, which is the convention adopted here.

Main result

Fix a finite field k = F, and consider Q as an algebra over R := Z[t*, (t—1)~!] via the homomorphism
R — Q which sends the formal variable ¢ to the prime power g. Let S|, be the category obtained from
S by base change to Q. Thus, Ob(S],;) = Ob(S) and morphisms in S|, are Q-linear combinations of
tangles modulo skein relations in which ¢ is a prime power. A Q-linear functor of monoidal categories
from S|, is determined by its value on objects and elementary tangles. We claim that there is a
functor ® : S|; — H defined on objects by mapping a graded subset X C R to the graded vector
space V' with basis the elements of X, and filtration F;V := Span(x,...,x;) where z; is the i-th

(smallest) element of X, and on elementary tangles as follows:

- = () = (¢ —1)71(0,1,0) € Homy (k[-n], k[-n])

<Z+1 = (q—1)" ([ ] ) € Homy (k[—n — 1] @ k[—n],0)
n+I11> — (q— 1) <0, 0, [O 0]) € Homy (0, k[—n — 1] @ k[—n])

Xj — (¢ — 1)—2 (0, [(1) (1)] ,O) € Homy (k[—n] & k[—m], k[—m] & k[—n])

Note that the shift of a graded vector space is by definition/convention given by (V[n])¥ := VF+7,

so k[—n] is concentrated in degree n. The following theorem is the main result of this paper.

Theorem 1.3. The above rules define a monoidal functor ® : S|, — H which is an equivalence of

categories.

As a consequence of this theorem we get positive bases on the Hom-spaces in S, since Hom-spaces
in H have natural positive bases. It would be interesting to have a version of this theorem for Z/2-

graded tangles/chain complexes, since in this case the Legendrian skein relations are specializations



of the framed HOMFLY-PT skein relations. The definition of S is completely analogous, but the
definition of H is not clear in this case. This is related to the problem of defining the Hall algebra

for 7Z/2-periodic categories.

Outline

In section [2| we check that H is a monoidal category and study some of its properties. The goal of
Section [3]is to obtain a more explicit description of the Hom-spaces in S using ideas from Legendrian
knot theory. The heart of the paper is Section 4] in which we check that ® is well-defined, i.e.
invariant under Reidemeister moves and skein moves, and provides an equivalence S|, — #. Finally,
Section [A] describes a dg-model for the category of complexes of quiver representations, while
Section |B| provides a more conceptual derivation of the formulas used in the definition of H in terms

of homotopy cardinality.
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2 The category H

This section is devoted to the category H. We begin with some remarks on chain complexes with
complete flag in Subsection Subsection [2.2] contains the proof that H is a monoidal category. The
most involved step is to show that the monoidal product of morphisms is bifunctorial. Two dualities
for H, corresponding to rotation in the category of tangles, are investigated in Subsection The

Hom-spaces of H are studied in more detail in Subsection [2.4

2.1 Chain complexes with complete flag

Fix a base field k throughout. Let V' be a Z-graded vector space with complete flag FoV of graded
subspaces, i.e. on object of H. We are interested in the classification of differentials d : V' — V1],
d?> = 0, up to automorphisms of V' which preserve the grading and the flag. This follows essentially
the Bruhat decomposition and is contained in work of Barannikov [Bar94]. To state the result we

introduce some terminology.

Definition 2.1. Let X be a finite, totally ordered, Z-graded set. A partial ruling on X is given by
a subset D C X and an injective function § : D — X \ D such that §(i) < ¢ and degd(i) = degi + 1



for all i € D. A partial ruling is a ruling if X = D U (D).

A Z-graded vector space V with complete flag F,V is classified by the set =1V := {1,...,n},
n := dim V, with the usual total order and grading such that ¢ € X has the same degree as the
one-dimensional space F;V/F;_1V. Choose a homogeneous basis by, ..., b, of V such that by,...,b;
span F;V. A partial ruling (D,d) on @~V determines a differential d(D,d) on V with d(b;) = bs (i)
if i € D and d(b;) = 0 otherwise. For different choices of bases as above the resulting differentials
are conjugate by an automorphism of V preserving the grading and the flag. The following is an

easy consequence of the classical Bruhat decomposition, see [Bar94] for details.

Proposition 2.2. Let V be a Z-graded vector space with complete flag FoV, then the assignment
(D, ) + d(D,d) determines a one-to-one correspondence between partial rulings on ®1V on the
one hand, and flag-preserving differentials on V up to conjugation by automorphism preserving the

grading and the flag on the other.

Fix a Z-graded vector space V with complete flag, n = dim V, and a ruling (D, §) on ®~'V. An
automorphism of V' which preserves the grading, the flag, and the differential d = d(D, d) is given

by an n x n upper-triangular matrix A with entries a;; where a;; = 0 if degi # deg j, a; # 0, and
Z aijdjk = Z dijajk
J J

for all i, k. The left-hand side above is a; 5) if ¥ € D and 7 < §(k) and vanishes otherwise, and
similarly the right-hand side is as-1(;); if i € 6(D) and §~1(i) < k and vanishes otherwise. It follows
that Ad = dA is equivalent to the following list of relations.

1) a5y =0if k€ D, i <d(k), degi = degk + 1, and i ¢ 6(D) or (i € 6(D) and 6~ (i) > k).
2) ag-1(, =0if i € §(D), 61(i) < k, degi = degk + 1, and k ¢ D or (k € D and i > §(k)).
3) aisk) = as—1(5)k if k€ D, i €6(D), i <4(k), 8 (i) < k, and degi = degk + 1.

4) asysk) = akk if k € D.

Picture pairs (i, k) as positions in an n X n-matrix, then the first three types of relations correspond
to those pairs (i, k) which are above or to the right of a pair of the form (4(j),j). Thus, as an
abstract algebraic variety, the group Aut(V,d) of automorphisms of V' preserving the grading, the
flag, and the differential d is

(AL 0)" " x AP

where
r=r(D,0) :=|D|,
s = s(D,0) :=|{(i,7) | deg(i) = deg(j) + 1,j € D,6(j) > i or i € 6(D),6 (i) < j}|,
m = [{(¢,7) | i < j,deg(i) = deg(j)}].



2.2 The proof of Proposition

The composition ([1.5) is easily seen to be well-defined and associative.

Lemma 2.3. The identity 1y of V € H is given by

o0

(2.1) ly = (¢ — 1)~ 9mV <H [Hom_{,(V, V)| W ) > (d,1,4d)
d

i=0
where the sum is over all d € Hom(V, V) with d* = 0.

Proof. Let (dy, f,dw) represent a morphism V. — W. We will show that (dy, f,dw) o 1ly =
(dy, f,dw), the proof that 1y o (dv, f,dw) = (dv, f,dw) being similar. The set of pairs (b, d)
where d € Homl,(V, V) is a differential and b : (V,d) — (V,dy) is an isomorphism of filtered chain
complexes is in bijection, via projection to the first factor, with the subgroup of invertible elements
in Hom%O(V, V), since d = b~'dyb. This subgroup has size (¢ — 1)@V |Hom%,(V,V)|. Moreover,
all triples (b~1dy b, fb,dy ) are equivalent to (dy, f,dy ) in B(V, W), so

(dy, f.dw) o > (d,1,d) = (g — )=V (H [HomZj(V, V)!“)i) (dv, f.dw)

d =0

thus (dv, f,dw) o 1y = (dv, f,dw) in H. O

Recall the definition of the monoidal product from the introduction. The condition on § =
(011, 012, d22) can be stated more conceptually as the requirement of being a closed morphism of
degree 1 from ((X,dx),g,(Y,dy)) to (U,dy), f,(V,dy)) in the derived dg-category of the Ay quiver,
D(Aj3), as defined in Subsection in the appendix. In fact, the monoidal product is the Hall algebra
product for this dg-category (or rather its full subcategory of perfect objects), hence well-definedness
and associativity are general facts. Another consequence is the following cohomological formula for

the monoidal product.

Lemma 2.4. With the notation as in the definition of the monoidal product, the morphism

() = du  on dv 022
' 0 dx|’ 10 dy

depends only on the class of § in Ext%,(AQ)(X =Y, U—=V) and

f 512
0 g

(defa dV) (angadY (H |EXt X dX (U7 dU Z+1> ZT

where the sum is over [0] € Extlp(AQ)(X =Y, U = V) 2Ext!((X,dx), (U, dy)).



Proof. A morphism h € Hom’D(A45)(X — Y,U — V) is given by a triple (hi1, hi2, hae) with
hi1: X = U and hay : Y — V of degree 0 and hio : X — V of degree -1. Then

(0 4+ dh)11 = 011 + dyhir — hidx
(6 + dh)12 = 612 + gh11 — haaf + dyhia + hiadx
(0 4 dh)ag = 022 + dy haa — hoady

and T'( + dh) is equivalent to T'(0) via

1h11 1h22 Oh12
0 11|’ 0 11|’ 0 0

where the first and second block matrices are grading and filtration preserving automorphisms
of U ® X and V @Y, respectively, and the third is a homotopy between the quasi-equivalences
U X —->VaY.

For the second claim note that the projection
Hom'D(A2)(X =Y, U - V)= Hom*((X,dx), (U,dy))

is a quasi-isomorphism since f and g are quasi-isomorphism and thus the two representation are
contained in a full subcategory of D(As) which is quasi-equivalent to the category of chain complexes.

In general, if C' is a finite-dimensional chain complex over k with cohomology H(C') then
0 —; -1 i+1 O —; -1 i+1

(2.2) WLl |1 =T (o)
i=0 i=0

for any class w € H'(C). Combining these two fact we get

[T ([Hom (X, U)| [Hom (v, V)| [Hom =1 (x, v)|) """
=0
_q)it1

= [T [Hompis, (X = V.U = V)
1=0

_ i —7 (_1)i+1
— |dHom ., | ] ‘ExtD(AQ)(X LY U V)‘
1=0

= |[dHom{, 4, [ [ [Ext (X, dx), (Y, dy))]
=0

(-1

and

> T(5) = |dHom, s, | > T(5)
5

(4]
where the first sum is over cocycles and the second over cohomology classes, which together show

the claimed formula. O

10



Lemma 2.5. The monoidal product defined above is bifunctorial, i.e.
(2.3) (B®d)eo(a®y)=(Boa)®(d07)
fora:U—=>V,8: VW, v: X->Y,0:Y—Z, and
Iy @ 1w = lygw.
Proof. The product on the left-hand side of is a weighted sum over certain 9-tuples of maps
(a1,a2,b11, b12, bag, baz, b33, b3, bas)
with |a;| = [bii+1| = 0, |bi;| = 1, fitting into in a diagram

X gl‘Y al‘Y fl‘Z

(2.4) lh&i lm&’ lb:swj bag

where horizontal and vertical arrows are chain maps and squares commute up to homotopies given

by diagonal arrows. Here, the differentials on U and the first copy of V and go come from «, and
similarly the other differentials and f2, g1, f1 from 3, ~, § respectively. The product on the right-hand
side of (2.3) is a weighted sum over certain 5-tuples of maps

((117 a2, C11, C12, 022)

with |a;] = |c12] = 0, |c;i| = 1, fitting into in a diagram
X 2.y Y Z
(2.5) lm\ l
U—>V Vv

where horizontal and vertical arrows are chain maps and the square commute up to homotopy given
by ci2. The condition on the ¢;;, given a1, ao, is precisely that they give a closed morphism of degree
one

(611,612,622) S HomD( )(X — 2, U — W)
in the dg-category of representations of the As quiver (e — o) defined in Appendix [A]l Similar, the

condition on the b;;, given a1, ag, is that they given a closed morphism of degree one
(bij)ij € Homp oy (X =Y =Y 5 Z,U 5V 5V = W)

in the dg-category of representations of the A4 quiver (e — e — e — o). Furthermore, let
[ee] .
—i —i (=1
T = H (‘H0m<O(V, V)} ‘H0m<O(Y, Y)‘)
i=1
i , (—1)itt
ryi= [ [Hompy (X Y 5 Y 5 ZU 5V =V = W)
i=0
(1)t
ry = mmm)M%ZU%Wﬂ
=0

11



then the left-hand side of (2.3)) is

(2.6) T1T2ZZ dy bnn ’ faa2ga  faazbia + fabazgr + baaar g1 7 dw b
0 dX 0 0 dZ

ai,az b fiaig

dy 011] [f2a292 C12 ] [dW 022]>
0 dx|’ | 0 fiargr| | 0 dg|)

We claim that the equivalence classes of the morphisms (triples) which appear as summands in
and (2.7), which we denote by T'(b) and T'(c), depend only on the classes of [b] € Ext%)( ay(X —

Y=Y >2ZU—-V >V > W)and [ € Ext%)(Az)(X — Z,U — W), respectively (as well as

other maps and differentials involved). This is very similar to what was proven in Lemma in

and the right-hand side is

(2.7) rirs > Y (

ai,az ¢

particular in the case of ¢. In the case of b one has to use the homotopy given by

faaghia + fahosgr + hzsa1 91
instead of just his.
Next, note that all horizontal arrows in (2.4) (which are the same as those in (2.5))) are quasi-

isomorphisms, and thus there are quasi-isomorphisms of Hom-complexes

Homp4,)(X = Z,U — W) =~ Hom(X,U)

~ Homp (X =Y =Y = ZU -V =V > W).

providing an isomorphism

¢:Extp 4 (X =Y =Y 5 ZU =V =V = W) = Extp 4, (X = Z,U = W).

We claim that T'(¢([b])) = T'([b]) as morphisms U ® X — V ® Y. Indeed, let b € HomID(A4)(X —
Y—>Y—>2ZU—-V—V—W)be closed, then

(c11, c12, c22) = (b11, faagbia + fabazgr + b3aa191, baa)

is a closed in HomID(Az)(X — Z,U — W), ¢([b]) = [¢] since b11 = c11, and T'([¢]) = T'([b]) is clear.
Finally, note that ra|[b]| = r3|[c]| using the quasi-isomorphism above and (2.2). Putting everything

together, we have

(B@d)o(a@y)=rira Y > T(b)

ai,a2 b

frlrgz:Z] 1| T([b

ai,a2

:rlzZT2| 11T (6([b]))

ai,az [b]

=7 Z ZT3|[C]|T([C])

a1,a2 [c|

=rirs Y > T(c)=(Boa)® (507).

aij,a2 ¢

12



The second part, lygw = 1y ® 1y, is proven using the quasi-isomorphism
Hom (W, V) =~ Homp4p) (W % W,V 2% V)

where the complex on the left appears in the definition of 1y gy and the complex on the right
appears in the product 1y ® 1y. The identity also follows from (4.1)) or (4.2) below. O

2.3 Dualities

Given a triple (dy, f, dw) there are two natural duals to take:

(2.8) D(dy, f,dw) := (dw, f',dy), f’ inverts f up to homotopy
and
(2.9) (dv, f.dw)" == (diy, ', dy)

induced by vector space duality. In this subsection we show that these two operations induce
contravariant autoequivalences from H to itself which are compatible with the monoidal product.
We first discuss the functor D : H — H which is the identity on objects and acts on morphisms
by . Contravariance with respect to composition in H uses only the fact that b — b~! is a
bijection from filtration preserving isomorphisms of chain complexes (V,dyv) — (V,dj,) to filtration
preserving isomorphisms of chain complexes (V,dy,) — (V,dy). It is also clear that D preserves

identities.
Proposition 2.6. The functor D is covariant with respect to the monoidal product.

Proof. Let X,Y,U,V,dx,dy,dy,dy, f,g,011, 12, d22 be as in the definition of the monoidal product,

thus forming a diagram of chain maps

xS,y

commuting up homotopy given by d12. We can interpret the triple (g, d12, f) as a closed morphism
in Hom%(A2)((X — U),(Y — V)) and it has an inverse up to homotopy denoted (¢, d}5, f') €
HomOD(AQ)((Y — V), (X — U)) and forming a diagram

/
y 2. Xx
1) 6/1

v

|

011
U

| /%

f/
with the properties of the previous one. Moreover, the map which sends (411, d12, d22) to (922, 815, d11)

induces an isomorphism

Ext%)(AQ)((X —=Y),(U—=V)) = ExtID(AQ)((Y = X), (V= 1U))
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compatible with the identification of both spaces with Ext!((X,dx), (U,dy)). Setting

a i _1)i+1 i i )it
"= (H [Ext™*((X, dx), (U dy))| " ) = (H [Ext (Y, dy), (V.dy))| ™" )
i=0 i=0
and using Lemma and the notation T'(9) in its proof we compute

D((du, f,dv) ® (dx,g,dy)) =r > _ D(T(6))
(4]

= D(dU7fadV) ®D(angadY)
where the sums are over [d] € Extlp(Ag)((X —Y),(U—=V))and [§'] € Extlp(AQ)((Y — X),(V—=U0))
respectively. ]

We turn to the second duality, (2.9). The functor acts on objects by V' — V'V sending a graded

vector space to its dual in the graded sense and with the dual complete flag given by
FiV\/ = Ann(FdimV_iV)

where Ann(W) C V'V denotes the annihilator of W C V. We also write this as Anny (W) if the
choice of ambient space needs to be emphasized.
The assignment V +— V'V on objects in H is contravariant with respect to the monoidal product
of objects, i.e.
Veow)V=zwYevVY

~

as graded spaces with flag, where the identification comes from the usual isomorphism (V & W)Y
WY @ VV. Indeed, on the left hand side we get the flag

... C AnnV@W(V D FdimwfjW) C...C AnnV@W(FdimeiV) C...
which under the identification above is the same as
... C AnnW(FdimW_jW) cC...C AnnV(FdimV_iV) eWYc...

which we get on the right hand side.

We note that taking the dual of a map of graded vector spaces gives an isomorphism
Hom'(V, W) = Hom'(W", V")

which moreover send flags-preserving morphisms to flag-preserving ones if V and W are equipped
with flags and VV and WV with the dual ones. Using this fact it is straightforward to see that the
functor (2.9) is contravariant with respect to both the composition and the monoidal product of

morphisms.
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2.4 Cones

There is an identification
—dw f
(2.10) HOHI’H<V, W) — HOIH’H(W[—H RV, 0), (dv,f, dw) — 0 d ,0,0 .
Vv

using the fact that the cone over a quasi-isomorphism is an acyclic complex. The isomorphism ([2.10))

can alternatively be written in terms of horizontal and vertical composition as follows. Let
oo
_ dim . _1)i+1 —d 1
Bw = (g—1)"1 W<H|H0m<6(W,W)\( ) >Z<[0 d],o,o)
i=0 d

where d ranges over flag preserving differentials on W. Note the similarity with ({2.1]).

Lemma 2.7.

\4

([_ZW df] ’o,0> = B o (lwoy ® (dv, £, dw))

Proof. Recall from (2.1]) that

[e.e]

Loy = (¢ — 1)~ (H [ Hom_{(W, ) > (d,1,d)
d

1=0

where the sum ranges over differentials d : W — W/[1]. We compute

(dvlvd & dV7f7dW

(H | Hom ™ (V, W[=1])| [Hom™ (W, W[~1])| [Hom ™"~ (V, W[—l])\)(—nm)
=0

d 511 1 612 d 522
25:<0 dv’lo f]’()dw>

where 615 € Hom?(V, W[—1]) is arbitrary, dop € Hom!' (W, W[—1]) satisfies ddas + dodyy = 0, and
011 = dw oo + 522f — d12dy in Homl(V, W[—l]). This simplifies since

1 (|Hom = (v, W[~1])| [Hom= =1 (v, w[-1))|) """ -

1=0

— [Hom®(V, W[~1])

and a change of basis eliminates the d12 term, giving
i1 d ¢ 1 0| [d o
(d,1,d) @ (dy, f,dw) = H | Hom (W, w[—1])| " 3 22f | 7 2.
=0 5 \ [0 dv 0 f| |0 dw

Next we compute the horizontal product with Sy, where we rename the d in By to € to prevent

b1 b12]

a clash of notation. Non-zero terms come from invertible upper-triangular matrices B = 0 b
22

b1 bia| |d 022 _|-E 1| |bir b1z
0 b22 0 dW 0 3 0 b22
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but this implies

cii ciz| |d dnf| |=dw f||cn c
0 1 0 dy 0 dy 0 1
with C11 .= b;;bll and Cl1p = b521b12f. Hence
—dw f i . (—1) —e 1
,0,0 ] = Hom_§{(W[-1le W, W[-1]|e W ,0,0
([ 0 dv] ) (H! HW[=1] 1)@ W) ) .
o Z d (522f ’ 1 0 7 d 522
e\ [0 dv 0 f| |0 dw

HomZ},(W[—1] @ W, W[—1] & W) = HomZ(W, W) & Hom_}(W, W) & Hom ™~} (W, W)

but

so several terms cancel giving the desired formula. O

Using Proposition[2.2] we can describe the sets B(V, W) of equivalence classes of triples (dy, f, dw)
which, by definition, provide a basis for Homy (V, W), more explicitly . First, in the special case
W = 0, there is a one-to-one correspondence between B(V,0) and the set of rulings of V. For
the general case we can use the bijection B(V,W) = B(W[-1] ® V,0) from (2.10]) to obtain:
Proposition 2.8. Suppose V1, Vo € Ob(H) and let X; = ®~1(V;), i = 1,2, be the corresponding
totally ordered graded sets. The set B(Vy,Va) is canonically identified with the set of quintuples
(D1, 01, Da,02,0) where (D;,0;) is a partial ruling of X; and

o: X3 \ (D1 U (51(D1)) — X5 \ (D2 U 52(D2))

1 a grading-preserving bijection.

3 The category S

The goal of this section is to obtain explicit bases of Homg(X,Y). In the first subsection we discuss
how to reduce the problem to the case Y = (). In Subsection we provide a small spanning set for
Homg (X, (). In Subsection we define rulings of tangles with right boundary only, which give a
way to construct a natural basis of Homg (X, (). The final subsection describes two dualities of the

category & which are used to simplify proofs later.

3.1 Bending tangles

Given a graded Legendrian L and n € Z denote by L[n] the same underlying Legendrian curve but
with the grading k on each strand replaced by k£ — n. This induces an autoequivalence of §. There

is a canonical isomorphism (even without imposing skein relations)

(3.1) Homg(X,Y) = Homg(Y[-1] ® X, 0)
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which takes a tangle, L, and reattaches the left end at the right boundary below the right end
of L. This operation looks simpler when viewed under Lagrangian projection and assuming that
the boundary X and Y[—1] are placed at an offset in the y direction. The argument to show this

operation is a bijection on Legendrian isotopy classes is then the usual straightening of a cap-cup.

Y X — X
Y[-1]

Algebraically, we can express (3.1) as L — By o (1y[_y] ® L) where fy € Homs(Y[-1] ® Y,0) is

the tangle in Figure [3.1] and is a union of several left-cusps, their number and grading corresponding

to Y. Given (3.1, we reduce the problem of determining Homg(X,Y") to the special case where
Y =0.

Figure 3.1: The tangle Sy .

3.2 Generating the skein

The following gives an upper bound on Homg(X, ) which will be used in the next subsection to

determine a basis.

Lemma 3.1. The module Homg (X, () is generated by tangles which are horizontal compositions of

tangles as in Figure with n1 = ng = 0.

o
o
o
o

Figure 3.2: A tangle with a single left cusp and no + ng crossings.
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Proof. We will arrive at the statement of the lemma via a route of successively stronger claims.

1. Claim: Homg(X,0) is generated by tangles without right cusps.

This follows from the proof in [Rut06l Section 3]. Roughly, the idea is to consider the left-most
right cusp as part of a tangle mirror to the one in Figure [3.2] and perform a case-by-case
analysis based on the basic tangle immediately to the left. In all cases one can, using planar
isotopy, Reidemeister moves, and skein relations, reduce either the number of crossings or
simplify the part of the tangle to the left of the cusp, and so the claim follows by a nested

induction argument.

2. Claim: Homg (X, 0) is generated by tangles which are compositions of tangles as in Figure .
Moreover, a given tangle L without Tight cusps can be written as a linear combination of such

tangles which have the same number or less crossings than L.

Using the first claim we may restrict to tangles without right cusps. One considers the right-
most left cusp as part of tangle as in Figure [3.2] and the basic tangle, necessarily a crossing,
immediately to the right of it. As before, the case-by-case analysis in [Rut06] shows one can
reduce the number of crossings to the right of the cusp without increasing the total number of

crossings.

3. Claim: Homg(X,0) is generated by tangles which are a composition Ly o ---o Ly of tangles
Li,...,L, as in Figure and if k € {1,...,n} such that Ly contains the left cusp whose

bottom strand connects to the lowest point in X then no =0 for L andng =0 for L1,...Lg_1.

Let L be a tangle without right cusps. We show by induction on the number of crossings
in L that it may be written as a linear combination of tangles as in the statement of the
claim. By the previous claim we may assume that L is a composition L, o --- o Ly of tangles
Ly,...,L, as in Figure Let k € {1,...,n} such that Lj contains the left cusp whose
bottom strand connects to the lowest point in X. The skein relation allows us to decrease
ng for Ly, should it be positive, modulo terms which have less crossings and are thus taken
care of by induction, until no = 0. Similarly we may decrease n3 for Lq,..., Ly_1 using

until reaching a tangle as in the statement of the claim.

Finally, suppose L = L,, o--- 0 L; is as in the third claim, then we can use a Legendrian isotopy
to move the left-cusp in L to the right past all the left cusps in L1, ..., Ly_1 giving a tangle which
factors into a tangle as in Figure [3.2] with n; = ng = 0 and a tangle with two boundary points less.

The lemma follows by induction on | X|. O

3.3 Rulings

Counting rulings of Legendrian links provide a way of extracting invariants under isotopy and

skein moves. The technique, originally due to Chekanov—Pushkar [PC05|] based on earlier ideas of
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Eliashberg [Eli87], may be used to find a basis of the skein of tangles, i.e. of Homg(X,Y") for any
X,Y € Ob(S). This will lead to an alternative definition of ® and the proof of the main theorem.
Rulings of Legendrian tangles where also considered in [Sul§|, which generalized several results from
Legendrian knot theory to tangles.

Let L be a tangle with 9yL = (). Suppose also that the front projection of L is generic in the
sense that all singularities are cusps and simple crossings and project to distinct points on the z-axis.
A (graded, normal) ruling p of L is given by a collection of closed intervals I; C [0, 1] and piecewise

smooth functions «;,8; : I; = R, i =1,...,n such that
1) The graphs of «;, 3; are contained in the front projection of L.
2) For x € 0I;, © # 1, the endpoints (z, a;(x)), (x, fi(x)) are the same cusp of L.
3) ai(x) > fBi(x), x € I;, with equality iff z € 0I;, x # 1.

4) The graphs of ay, ..., an, B1,. .., By together cover all of L and intersect only at crossings and

cusps.

5) At a crossing, a path may switch from one strand to another, but only if the strands have
the same grading degree, and furthermore the following condition is satisfied. Let the paths
meeting at the crossing be one of a;, 5; and one of o, 3;, then for z just to the left (equivalently
right) of the z-coordinate of the crossing, the two intervals [o;(z), 5i(x)], [oj(z), B;(x)] must
either be disjoint or one must entirely contain the other (see top row in Figure . A crossing
where a pair of paths jumps strands is called a switch of the ruling. A ruling is completely

determined by its set of switches.

n

n

n+1

P ><
n
nt] —— — ntl —m—me ———
n—1 n n—1
' X
>< )
n n+1
ntl ——M — ntl ———— n

Figure 3.3: Switches (top row) and departures (bottom row). Returns are departures reflected

on the vertical axis.



Let R(L) denote the set of rulings of L. Any ruling of a tangle induces a ruling of the boundary
of L in the following way. Recall from Subsection that a ruling of a graded subset X C R is
given by a subset D C X and a bijection 6 : D — X \ D such that

(3.2) i(z) < z, deg(d(x)) = deg(x) + 1

for all i € D. The set of such rulings will be denoted by R(X). A ruling p of a tangle L with
0oL = 0 induces a ruling (D,d) = dp of X = 01 L where 6(z) = y if there is an ¢ with a;(1) = x and
Bi(1) = .

In order to get an invariant under skein moves we need to count each ruling, p € R(L), with a
certain weight, ¢, € R := Z[qi, (¢ — 1)*1] which is a product of factors corresponding to cusps and
crossings of L, see the table below. (Recall for the notation of the elementary tangles p,, Ap,

Tmn-)

Type of cusp/crossing | Factor of ¢,

left cusp pn (q—1)7t
right cusp A\, 1
Tmon, M <1 g-ur
Omm, M >N 1
On,n, SWitch qg—1

On,n, departure 1
On,n, return q

Define

v(L):= Y c,d0p€ R*OD)
PER(L)

as the total count of rulings of L.

Lemma 3.2. v(L) is invariant under Legendrian isotopy. Moreover, v is compatible with skein

relations in the sense that it induces a map
vx : Homg(X, ) — R*Y
for any X € Ob(S).

Proof. On needs to check invariance under three types of moves: 1) a cusp/crossing passing over
another cusp/crossing (coinciding z-coordinate), 2) Reidemeister moves (see Figure [3.4)), and 3)
skein moves. This is a lengthy but straightforward case-by-case analysis, c.f. [PC05|, which we omit
since invariance will follow instead from Proposition which gives an alternative definition of

Ux. L]

Our next goal is to show that vx is an isomorphism, and thus Homg (X, () has a basis given by
the set of rulings of X. Since Homg(X,Y) = Homg (Y [—1] ® X, 0), see (3.1]), this yields an explicit

basis of all Hom-spaces in S.
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(R1) L /Q
(R2) >/ — //
7

/ /
VA N
/ /

Figure 3.4: Legendrian Reidemeister moves

Proposition 3.3. The map vx : Homg(X,0) — R®X) is an isomorphism for any X € Ob(S).

Proof. We prove the statement by induction on the size |X| of X € Ob(S). The base case | X| =0
follows from the fact that Homg(0, () is generated by the empty link, a special case of Lemma
Also, if |X| is odd then Homg(X,0) = 0 and R(X) are empty.

In the general case let y € X be the smallest element and
J:={x € X | deg(x) = deg(y) — 1}
then there is a bijection

(3-3) R(X) = || R(X\ {z,y})

zeJ

where a ruling of X \ {z,y}, extended by d(z) = y, gives a ruling of X. Consider the diagram

@,c; Homs (X \ {z,y},0) "8 @, RRE\))

l l

Homgs (X, 0) » RR(X)

vx

where the left vertical arrow is given on Homg (X \ {z,y},0) by composition on the right with a
tangle of the form shown in Figure with n; = ng = 0 and the right vertical arrow is defined so
that the diagram commutes, which is possible since the top horizontal arrow is an isomorphism by
the induction hypothesis. The left vertical map is surjective by Lemma [3.1] Hence, it suffices to
show that the right vertical map is an isomorphism to conclude that vx is an isomorphism.
Choose a total order on each of the sets R (X \ {z,y}), y € J. This, together with the rule that

S y) <8 y) = <

and (3.3) determines a total order of R(X), thus an ordered basis on RR(X), We also have a
corresponding basis of @, ; RRXMzwb) of the same size. The matrix of the right vertical arrow

in the diagram with respect to these bases is block upper triangular with diagonal blocks which
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are scalar multiples of the identity. The scalars on the diagonal are of the form ¢" (¢ — 1), so in
particular units in R. This follows from considering how a ruling of a tangle L with o1 L = X \ {z, y}
extends to a ruling of L composed with a tangle as in Figure The coefficients in the diagonal

blocks come from extensions of rulings without additional switches. O

Remark 3.4. The proof of Proposition[3.3 shows that the tangles from Lemma[3.1] form a basis of
Homg (X, 0), in general different from the basis coming from R(X) which does not have an obvious

geometric interpretation.

Finally, as an example and for later purposes, we compute vy[_jjgy (By) Where By is the tangle
in Figure To state the result, recall that (D, ) is a partial ruling of Y it DCY,6: D — Y \ D
is injective and holds, but we do not require that the image of ¢ is all of Y\ D. Let Rpart(Y')
denote the set of partial rulings. Any partial ruling, (D, ), of Y gives a ruling (D,6) of Y[-1]® Y
as follows. Let n = |Y| and identify Y (resp. Y[-1] ® Y) with {1,...,n} (resp. {1,...,2n}) as

ordered sets then

D:=DU(D+n)U((Y\(DUSD)))+n)

5(i) ieD
6(i):=q8(i—n)+n ie€D+n
i—n ie(Y\(DUSD))+n

where D +n :={y+n |y € Y} is the translated set.

Lemma 3.5. If Y € Ob(S) and By is the tangle in Fz'gure then

vy-1jey (By) = Z (¢ — 1)~V IHIPlgaP9) (D 5)
(D,6)ERpart (Y)

where
a(D,9) :=s(D,A) — Z (_1)deg(i)*deg(j)
1<i<j<|Y]|
deg(i)<deg(j)
and
s(D,6) == |{(i,j) | deg(i) = deg(j) + 1,j € D,8(j) > i ori € §(D),5 (i) < j}|
as before.

Proof. The tangle Sy has n = |Y| left cusps and n(n — 1)/2 crossings where the i-th upper strand
crosses the j-th lower strand, 1 < i < j < n. Given a partial ruling (D, d) of Y define a ruling
p(D,d) of By such that the crossings of the form (4(j),7), j € D are switches. The ruling p(D,¢) of
By restricts to the ruling (D,d) of Y[~1]® Y. The Cusp Lemma of Ng-Rutherford [NR13] implies
that this defines a one-to-one correspondence between partial rulings of Y and rulings of Sy. The
main point is that the two paths of the ruling starting at a given left cusp encounter at most one

switch in total. Thus, for each left cusp one of three things occurs.
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1) Neither of the paths starting at the cusp encounters a switch, so the upper path ends at YV
while the lower path ends at Y [—1].

2) The lower path encounters a switch, so both paths end at Y.
3) The upper path encounters a switch, so both paths end at Y[—1].

To compute c,p s we need to determine the contributions from the cusps and crossings. By
definition, the number of switches of p(D,d) is |D|, so the cusps and switches contribute a factor
(¢ — 1)*|Y‘+‘D |, Let i < j and consider the crossing where the i-th upper strand, which has degree
deg(i), meets the j-th lower strand, which has degree deg(j) + 1. If deg(i) < deg(j), then the
crossing contributes a factor q_(_l)deg(i)_deg(j). If deg(i) = deg(j) + 1, then the crossing is a switch
if i = 0(j), a return if there is a switch on one of the two strands and to the left of the crossing,
i.e. if j € D, §(j) >iori€ (D), 571(i) < j, and a departure otherwise. Thus, in total, we get a

contribution ¢*P) from crossings which are not switches. O

3.4 Dualities

The standard contact form dz — ydz on R? is invariant under (z,vy,2) — (-, —y, ) and switches
sign under (z,y,z) — (z, —y, —z), thus induce maps on legendrian curves denoted by D, and Dy,
respectively. We can upgrade these to maps of graded legendrian curves by the following rule: For
D, keep the same integers on the strands and for Dy, reverse the sign of the integers on the strands.
This rule is essentially forced, up to overall shift, by the condition on the grading near cusps, c.f.
the discussion on grading in the introduction.

We claim that the maps D, and D;, are compatible with the skein relations , , and .
This is fairly easy to see except perhaps for D, and , but obvious for the relation equivalent
to (S1)) (up to legendrian isotopy) found in the proof of Proposition Thus D, and Dy, give
functor from S to itself where D, acts as the identity on objects and is contravariant with respect
to composition and covariant with respect to the monoidal product, and Dj acts on objects by
(X,deg) — (=X, —deg) where X C R, deg: X — Z, is covariant with respect to composition and
contravariant with respect to monoidal product. The functors are involutive and commute. We

summarize the discussion in the table below.

D, Dy,
mapping | (z,y,2) — (—z, -y, 2) | (z,y,2) — (z,—y,—2)
front flip on vertical axis flip on horizontal axis
grading n—n n— —-n
o contravariant covariant
® covariant contravariant
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4 The functor ¢ : S|, > H

To define a monoidal functor ® from the category of tangles S it suffices to fix the value of ® on
objects, elementary tangles oy, n, An, pn (see ), and check invariance under Legendrian isotopy
(planar isotopy and Reidemeister moves) and the skein relations. Fix a prime power ¢ and let S,
be the Q-linear category obtained by base change along the homomorphism Z[t*, (t — 1)7!] — Q

sending the formal variable ¢t to the given prime power ¢. The same remarks about defining functors
apply.

The functor ® : S, — H is defined on objects as follows. An object of S is represented by a
Z-graded set of reals X C R, and ® sends it to the graded vector space V' over IF, with basis X and
complete flag such that F;V has basis the first (smallest) ¢ elements of X, i =0,...,|X|. To avoid
writing lots of matrices, let e;; denote the matrix with all zeros except for a 1 in the i-th row and

j-th column. @ is defined on elementary tangles by

®(omn) == (¢ —1)7%(0,e12 + €21, 0),
d(\,) == (g —1)"" (e12,0,0),
(pn) == (g —1)7"(0,0,e12).

Since ® should preserve identity morphisms we also have
®(1,) = (¢—1)7'(0,1,0).

Our first task is to compute the value of ® on basic tangles. It will be convenient to introduce

the symbol
Tmmn ‘=

which depends only on the difference m — n.

Lemma 4.1. Let X,Y € Ob(S) be Z-graded subsets of R and let V = ®(X), W = ®(Y) be the

corresponding Z-graded vector spaces with complete flag.
1. The tangle 1x =[0,1] x X x {0} maps to 1y, see (2.1)), under ®.

2. The tangle 1x @ A\, ® 1y maps to

| 0o . _1yi+l
(q — 1)~ dim(Vew)-1 (H [Hom_{(V & W,V & W)‘( 1) ) .
i=0

0 1 1 0 0
SN 0 |
0 0 0 01

where the sum is over all matrices B giving a filtration decreasing differential on V& W.

Bi1 Bio
0 By

Y
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3. Let E :=k[—n — 1] @ k[—n]. The tangle 1x ® p, ® 1y maps to

| . ' )i+l
(g — 1)~ dm(VeEaW) (H [HomZj\(Ve& Ee W, Ve Ee W) " > :
i=0
L0 By By B
Bi1  Big — Bi2B4yBa3 / ' B B
: Z » |0 —BypBas|, | 0 B By
= 0 Bss
0 1 0 0 Bss

where the sum is over all matrices B giving a filtration decreasing differential on V& E & W

0 0
1/b 0]

and such that By # 0, thus By =

b
0] with b # 0 and we set Bhy = [
4. Let myn € Z, E := k[—m] ® k[—n]. The tangle 1x ® opmn ® ly maps to
. > . _1)¢+1
(q — 1)~ dm(Verew), (H HomZi (Ve Eow, Ve Eaw) " ) .
i=0
Bir BieT Big 1 0 0 |Buu Bi2 B
S {0 0o TBy|.[0 T 0,0 0 By
B 0 0 Bg| [0 0 1 0 0 Bs

0
where T = and the sum is over all matrices B giving a filtration decreasing differential
onV & E®W and such that Byy = 0.

Proof. We begin by computing the monoidal product of a general morphism with a morphism of the
form (d,1,d). We claim that

(dy,1,dy) ® (dx,g,dy) =

(4.1) [ » (—1)i+t dy d22g| |1 0] |du 022
ol R Dol Pl N i)

022

where the sum is over 09 € Homl(Y, U) with dydag + d22dy = 0, and
(dU7fadV) ® (anladX) =

(4.2) e » (—1)i+1 dy oul| |f O |dv fou
(o) ([ 20 W)

011
where the sum is over d;; € Hom!' (X, U) with dyd11 + d11dx = 0.
To see (4.1) apply the definition of ® which gives

(dy,1,dy) ® (dx,g,dy) =

} (H (|Hom ™ (X, U)| [Hom ™ (Y, U)| [Hom ™! (X, U)\)(_Dm)

)'

x(

d

dy o1
0 dxl|’

1 d12| |du 922
0 gl |0 dy

25



This becomes ([#.1)) after noting that the Hom*(X,U) and Hom™*~!(X,U) terms in the product
cancel except for ‘HomO(X U )‘_1 and that a shear transformation on X @& U can be applied to
remove 815 € Hom®(X,U). The proof of (#.2) is similar. We continue with the individual basic
tangles.

1. This follows by induction from 1y ® 1y = lygw (with dim W = 1), which in turn follows

directly from ( . or .
2. Using (4.1)) and ( . we get

1y @ ®(\y) @ Ly = (¢ — 1)~ dim(Vew)—1

(ﬁ(}Hom (V. V)| - [HomZh (W, W)| - |Homz (WV@E)])(_l)i+l>
1=0

B1y 0 B2

s 1o [o 1] by [1 0 0] [Bu B
5 00 b | {00 1|0 By
0 0 Byo
where E := k[—m] @ k[—n]. Note that
H‘Homzé(ﬂ/,Eﬂ(il)l = [Hom® (W, k[— }_
i=0

because of the telescoping product and that in the sum above we can choose
by € Hom! (W, k[—n — 1]) = Hom®(W, k[—n])

arbitrary while b = —by Boo. Applying a shear transformation on F @& W we find that there are
|Hom® (W, k[—n])| summands equivalent to ones with by = by = 0, thus showing the claimed formula
for ®(1x @ A\, ® ly).

3. With Bsyy as in the statement of the lemma we can write

®(pn) = (¢—1)" "7 (0,0, Ba).
Ba2

Again we apply (4.1) and (4.2)) which after some rearranging of the products gives

O _1Vi+1
1y ® ®(py) @ Ly = (¢ — 1)~ dim(VeESW) <H|Hom (V@E@WV@E@W)\( 2 )

1=0
B B 1 0 Bi1 Bi2 Bis
- |[Hom® (W, k[~ \Z . Bl?’ 0 0[,|0 By 0
B0 1 0 0 B
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but

10 By Bi2 Big
0 Bi1 Bis

‘HOI’H <W7k[_n])| 0 B ) 00 ) 0 322 0

B 0o 1] |0 0 By
1 0 Bi1 Bio B
Bi1 Bi35— Bi2B)yBas , 13
= Z 7|0 —BgyyBas| | 0 B Bag

B 0 Bs3
23 0 1 0 0 Bss
) " , , . b1 .
with B3 1= Bi3 + B12B5,B23, Bj, as in the statement of the lemma, and B3 = . with

2

by € Hom! (W, k[—n — 1]) arbitrary and by = —b~'b; Bs3.
4. This follows again from (4.1]) and (4.2]) and

H ‘Hong(E,E)\(_l)i = H [Hom ™" (k[—n], k[_mm(—l)" o
=0 i=0

where E = k[—m] @ k[—n] as in the statement of the lemma. O

From this, the value of ® on a tangle which is presented as a horizontal composition of basic

tangles is fixed by the requirement that ® is a functor.

Proposition 4.2. The above rules define a unique functor ® : S|, — H of monoidal categories.
This functor is compatible with the dualities: ® o D, = D o ® and ® o Dy, o D, = D' o ® where D' is
the functor V. — V" induced by vector space duality, see (2.9)).

Proof. Note that the value of ® on elementary tangles is compatible with the dualities, so compatibility
with dualities for general morphisms follows from their covariance/contravariance properties once we
have shown that ® is well-defined.

We first check invariance of ® under planar isotopy. Any planar isotopy is a composition of the
following basic moves: a cusp/crossing passing over another cusp/crossing (i.e. switching the order
of their projection to the z-axis). Invariance of ® thus follows immediately from the fact that # is

monoidal, more specifically that identities of the form

(a®@1)o(l®b)=a®@b=(1®b)o(a®1)

1o (o] o]
al__la,

hold. It remains to show that ® is compatible with the Reidemeister moves R1, R2, R3, and the

skein relations S1, S2, S3. For R1 there are two variants obtained by reflection on the horizontal

or pictorially

axis and for R2 there are four variants obtained by reflection on both the horizontal and vertical

axes. However, once we show one of these variants the others follow by duality in the category H.
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(R1) The first Reidemeister move is the identity

n-1

(1n®)\n—1)(an,n® 1n—1)(1n®pn—1) = @: = = 1,

so we need to show that

(I)(ln ® )\n—l)(b(an,n ® 1n—1>q)(1n X pn—l) = (I)(ln>

holds. By Lemma [4.1] we have

<1n>=<q—1> 1(0,1,0)
(1, @ An1) = (¢ — 1) (23, €11,0)
(1, @ pu-1) = (g —1)72(0, €11, €23)
(onn ®1n-1) =(¢—1)

g—1)73 Z beiz + ae3, T @ 1, ae13 + beas)
a,b

)

=(q=1)7((0,T®1,0) + (¢ — 1)(e23, T & 1, €13)
+(g—1)(e13, T & 1,ea3) + (¢ — 1)*(eas, €11, €3))

where the four summands correspond to the cases a =b=0,a#0,0=0,a=0,b# 0, and a,b# 0
respectively. Note also that we use a homotopy as well as a change of basis to show the equivalence

with (e2s, e11,e23). Only the (ea3, €11, e23) term contributes to the product
DLy, @ A1) ®(0nn @ 15— 1)P(1,, @ pp_1) = (g — 1) "> (ea3, 11, 0) (€23, €11, €23) (0, €11, €23)

which is equal to (¢ —1)7%(0, 1,0) using the fact that the filtered complex k[—n] @ k[—n] © k[—n + 1]
with differential d = es3 has group of automorphisms (k*)? whose size is (¢ — 1)2.

(R2) The second Reidemeister move is the identity

(Jm,n+1 X 1n)(1n+1 X Umn pn ® 1y, ;E ; > =1,® Pn

so we need to show that

(4.3) (I)(Um,n+1 ®1,)0(1p11 ® Um,n)q)(pn ® 1) = @(1y @ pn)

holds. By Lemma [4.1] we have
D(pn ® 1in) = (g —1)72(0, €13, €12)

(I)(ln-i-l @ Um7n) - (q - 1) n—:l m (Z(a6127 1& T7 ael3)

a

+omon Z (ae12 + be13, 1 & T, beys + aeq3)
a,b#0

=(q— 1) (e, 1@ T ers) + ...
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(o1 ® 1n) = (¢ — 1) 37,0, (Z(aelg, T @1, ae3)

a

+om,nt1 Z (ae13 + begs, T @ 1, beq3 + aeas)
a,b#0

= (q — 1)_2’7'77_%1,,1(613,’IY e 1, 623) + ...

where the ellipsis (...) represents terms which do not contribute to the product . Looking at
the sizes of automorphism groups of filtered complexes in the various cases m =n, m = n + 1,
m # n,n + 1 one finds that the product of the first two factors in contributes a scalar factor
(g— 1)27'n+17m7'm7n and the product of the second and third factors in contributes a scalar factor
(¢ — 1)2. Tt follows that the left-hand side of is equal to

(1, @ pn) = (g — 1)72(0, €11, €a3)

as claimed.
(R3) The third Reidemeister move is the identity

n

k m

m k

= S S = 0k 1) (11 © ) 1)

n

so we need to show that
(4.4) (I)(lk X O'n,m)q)(o'k,m X 1n)(1>(1m X Uk,n) = (b(o-k:,n & 1m)q)(1n & O'ka)(I)(O'nym X 1]€)

holds. We claim that both sides are equal to (¢ — 1)73(0, €13 + €22 + €31,0) and will show this for
the left-hand side, the calculation for the right-hand side being similar.

To simplify the calculation, note first that while each factor on the left hand side of
potentially has terms with non-zero differential, these do not contribute to the final product.

Furthermore, a five-term product of matrices of the form
1eT)Bi(T®1)B(187T)

with Bj, By being invertible upper-triangular 3-by-3 matrices, lies in the generic Bruhat-cell, i.e.
becomes e13 + e22 + €31 after multiplying by certain upper-triangular matrices on the left and right.
(This is because (13) = (23) o (12) o (23) is a minimal factorization of the longest element in S5 into
simple transposition, but can be easily checked directly.) It only remains to work out the scalar

factor. The horizontal product of the three factors contributes
(q - 1)GTk,mTk,nTm,nTm,kTmmTk,n
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while from the vertical product used to form each factor (or Lemma 4.1)) we get

—1
(Tk,mTk,nTm,nTm,kTm,nTk,n)

which shows that the end result comes with a factor (¢ — 1)73.

(S1) Modulo Reidemeister moves, the first skein relation can also be written as

- ~ - ~ - ~ - ~

A\ N At N
'~ a0 S bt >

~ < ~ e S 4 ~ <

We verify the cases m =n, m =n+ 1, and m # n,n + 1 separately. For n = m we compute

®(00,0)P(0nn) = (¢ — 1)7%(0,7,0)(0,T,0)
= (q - 1)_2(07 170) + (q - 1)_1(07T7 0)
= qq)(ln &® 1n) + (q - 1)@(071,77,);

for m = n + 1 we have

q)(ln—i-l 02y 1n> = (q - 1)_2<07 170) + (q - 1)_1(6127 1, 612)
= qq)<gn+1,n)(1)<gn,n+l) + (q - 1)(I)<pn)q)()\n)a

while for m # n,n + 1 we have
O(0n)®(0nm) = (4 = 1) *Tm(0,1,0) = ¢V B(1, @ 1)

where we used that 7, , 7 m = q(_l)mw for m # n.
(S2) The claim is that
q)()\n ® 1n—1)q)(1n+1 X ,On—l) =0

which follows from the fact that the filtered complexes (C,d) and (C,d’) with
C:=k[-n—1] @ k[-n] @ k[-n+1], d:= ez, d' = ea3

are not isomorphic.
(S3) To see that

(P(An)q)<pn) = (q - 1)72(6127 07 0)(07 07 612) - (q - 1)71
note that the elementary two-step complex has group of automorphisms k*. O

Proposition 4.3. Let X € Ob(S). Under the identification Homs (®(X),0) = QRX) (see Subsec-
tion[2.1) we have

(4.5) ® = v : Homg) (X, () — Homy (®(X),0)

i.e. the value of ® on a one-sided tangle is equal to a weighted count of rulings.
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Proof. Suppose L is a tangle with 9pL = () and 9;L = X. We prove by induction on the number
of crossings and cusps of L that ®(L) = v(L). Let B be a basic tangle (i.e. with a single cusp or
crossing) such that dpB = X and set X' := 9, B. We get a diagram

Homg), (X,0) —Z+ Homg, (X", 0)
(4.6) l” l”
Homy (®X,0) 25, Homy (®X',0)

which we need to show commutes since this would imply
®(LoB)=®LoPB=v(L)o®PB=v(LoB)

proving the claim for the tangle L o B with one more cusp/crossing than L. The lower arrow in (4.6)
can be described more explicitly with the help of Lemma which gives formulas for ®B. On the
other hand, the map which follows the diagram from the lower-left corner to the lower-right corner
via the upper path is described as follows: Take a ruling (D, d) of X, then it maps to >_ o cp01p where
p ranges over all rulings of B which extend (D, 0) to B. Here we are using a slight generalization of
the notion of a ruling for tangles with possibly both boundaries non-empty. We will describe this
map explicitly in each of the three cases, depending on the type of B.
Suppose first that B has a left cusp, so B =1y ® A, ® 1z where Y ® Z = X. The map

QR(Y@Z) N Q'R(Y@@l)\n@Z)

is given by
(D,8) = (¢ = 1)7H(D', )

where, if dyp, = {y, 2z} with y < z, then (D’,d’) is the extension of the ruling (D,d) of Y ® Z with
D' =DuU{z} and §(z) = y. It follows from Lemma |4.1| that composition with ®B on the right has
the same effect, i.e. maps (d(D,?),0,0) to (g — 1)~*(d(D’,§'),0,0). To see this, note that in the
formula for @B the set of triples which appear is preserved under the action of filtration-preserving
automorphisms on the target V' @ W. Thus in the formula for the composition in H we do not need
to take the sum over all b but just one particular one and add an overall factor counting the number
of filtration preserving isomorphisms. Finally note that if we set B = d(D,d) in the triple in the
formula of ®B from Lemma then the differential on the source is d(D’, ¢").

Suppose that B has a right cusp, so B = 1y ® p,, ® 1z where Y ® 0pp, @ Z = X. Let dppn, = {y, 2}

with y < z. The map
QRY®Ar®Z) _, QRIY®Z)

sends rulings with z € D and 6(z) = y to their restriction to Y ® Z and all other rulings to zero.
From Lemma [4.1| we see by the same argument as in the previous case that composition with ®B on

the right has the same effect.
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Finally, suppose that B has a crossing, so B = 1y ® 0y, ® 17 where X =Y ® dpopp ® Z. Let
O0o0m.n = {y, 2z} with ordering y < z and 010y,,n = {z,y} with ordering z < y. The map

QR(Y®8OUm,n®Z) SN QR(Y@algm,n®Z)

is described as follows. In the case m # n a ruling (D, ) gets sent to zero if z € D and §(z) = y and
to Tmn(D,d) otherwise. In the case m = n a ruling (D, d) gets sent to ¢(D,d) if when extending
the ruling to B without a switch, the crossing becomes a return and to (D,d) + (¢ — 1)(D’',d") if
the crossing becomes a departure, where (D', §’) is obtained from (D, §) by switching the roles of y
and z, i.e. is the same ruling if the two sets are identified via the order preserving bijection. From
Lemma we see that composition with ®B on the right has the same effect. Unlike the previous
cases, the set triples which appear in the formula for ®B is not invariant under flag preserving
automorphism of the target, but this becomes true when instead of using the fixed T" we take the
sum over all elements of the form Tb where b is a two-by-two upper triangular matrix. The same
reasoning as in the previous cases then works. The computation is essentially the same as the one
which verified that the skein relation S1 holds in H in the proof of Proposition [£.2] O

We previously introduced the tangle Sy € Homg(Y, ) and the morphism Sy € Homy (W, 0).

As the notation suggests, these correspond to one another under ®.
Proposition 4.4. Let Y € Ob(S), then ®(fy) = Pay .

Proof. This follows from Lemma where v(fy) was computed, and Proposition Note that it

follows from the discussion in Subsection 2.1l that

—d 1 —d(D,s) 1
,0,0 | = (q — 1)!PlgsP?) ([ ],0,0>
zd: ([ 0 d] ) (D,&)e%;m(y) ! ! 0 d(D, )

where the sum on the left ranges over differentials on @Y. O
Corollary 4.5. Let X, Y € Ob(S) then the diagram
Homg), (X,Y) L Homy (®X, BY')

(4.7) l l
Homg), (Y[~1] ® X, 0) —— Homy (Y [~1] ® ¢X,0)

where the left vertical arrow is the isomorphism (3.1), mapping L to By o (1y[—y) ® L), and the right
vertical arrow is the isomorphism (2.10) mapping (dv, f,dw) to (Cone(f)[—1],0,0), commutes.

Proof. Follows from the previous proposition and Lemma, which says that the right vertical arrow
is also given by f — Boy o (lay[—1) ® f)- O
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Proof of Theorem[I.3. @ is essentially surjective, since to any graded vector space with flag V' €
Ob(H) we can assign @71V € Ob(S) where @1V := {1,...,dimV} with grading deg(i) =
deg F;V/F;_1V as before.

For X,Y € Ob(S) we need to show that ® gives an isomorphism from Homg (X,Y) to
Homy (P X, ®Y). By Corollary it suffices to consider the special case Y = {), but then the
claim follows from Proposition [3.3] and Proposition [£.3] O

A Quiver representations

In this section we provide an explicit dg-model for the derived category of representations of a quiver
(. This particular model has the virtue of having small Hom-complexes and comes from computing
Ext®(E, F') by replacing F by its minimal projective resolution. It is well-known to experts, though
we could not find a suitable reference. The dg-category will be used as a starting point for the
categories defined in the following section.

Fix a (finite) quiver @ with set of vertices @y and an arbitrary field k. Define a dg-category
D(Q) of complexes of quiver representations. An object of D(Q) is given by a chain complex (F;, d)
(over k) for each vertex i € Qo and a chain map T, : E; — Ej of degree 0 for each arrow o : i — j.
Given a pair of objects E = ((E;)i, (Sa)a) and F = ((F})i, (Ta)a) let

Hompq)(E, F) == (P Hom(E;, F;) & ) Hom(E;[1], F)
i€Qo i5j

where Hom(E;, F;) = @, Hom*(F;, F;) includes homogeneous maps of all degrees. The differential

is given by
A((fis (g)a) : = ((do fi = (=) fi0d)
((DHIT, 0 fi = (~1) 50 S+ d o ga+ (~1)lgq 0 d) )
where « : ¢ — j. Composition is defined by
((f)is (ga)a) © ()i (90)a) = ((fi o [1)ir (fi© ga+ (=1)ilgs 0 fi)) :
The proof of the following proposition is a straightforward checking of signs and will be omitted.

Proposition A.1. D(Q) is a dg-category.

B Counting in higher categories

A good definition of the cardinality of an essentially finite groupoid G is

1
2 | Aut(X)]

Xelso(9)
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where Iso(G) = Ob(G)/ = is the set of isomorphism classes of objects in G and Aut(X) = Homg (X, X).
This idea was generalized to co-groupoids, aka homotopy types, by Baez—Dolan [BD01] and we will
apply it to dg-categories following Toen [Toe06].

Let C be a dg-category over a finite field F, such that for each X,Y € Ob(C) all Ext'(X,Y) :=
H'(Homg(X,Y)) are finite-dimensional and vanish for i < 0. In this situation one can define the
counting measure, p4, on the set of isomorphism classes Iso(C) by

oo .
() = [0 T [, 200
i=1
The set QIso(C) of finite Q-linear combinations of elements in Iso(C) has two interpretations: one
as finitely supported functions on Iso(C) and another as finite signed measures on Iso(C). We will
adopt the latter here, following Kontsevich—Soibelman [KS|, Section 6.1]. Note that Toen [Toe06]
uses the former convention. The conversion factor between the two is given by pi4.

Suppose F' : C — D is a dg-functor where C and D are Fy-linear and satisfy the finiteness

conditions as in the previous paragraph. Assume furthermore that F' sends only finitely many

distinct X € Iso(C) to a given Y € Iso(D). Define induced linear maps Fi : QIso(C) — QIso(D) and
F': QIso(D) — Qlso(C) by

Xelso(C)
F(X)=Y
(-1)’
, Aut(FX Ext™(FX, FX)
(FNE) =1 <F<X”'|A$<X>|)'H <‘ [Ext (X, X)| ’) |

The maps F,, F' fit with the “measures” interpretation of QIso(C). For the “functions” interpretation
it is more natural to use F* : QIso(D) — QIso(C) and F; : QIso(C) — QIso(D) defined by

o0 (-1’
\Aut (Y) | [Ext (Y, Y)|
|Ext (X, X))|

=1

so that
F'(fug) = (F*fug,  F(fug) = (Bf)psg

There is a simpler formula for F' for a special class of functors which was proven in [Hai]. More

precisely, in addition to the finiteness conditions already imposed, we will assume that:
1) Fis full at the chain level, i.e. the maps Hom3(X,Y) — Hom%,(F X, FY') are surjective.
2) F has the isomorphism lifting property: Given an isomorphism f: FX — Y in D there is an

object Y € Ob(C) with FY =Y and an isomorphism f : X — Y with F(f) =f.
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3) F reflects isomorphisms: If F(f) : FX — FY is an isomorphism then f is an isomorphism.

(Here an isomorphism is a map which is invertible up to homotopy.) By the first assumption on F

we have an exact sequence of cochain complexes
0 — K*(X,Y) — Hom¢(X,Y) — Homp(FX,FY) — 0
for each X,Y € Ob(C), where
K'(X,Y) = Ker (Hom{(X,Y) — Homp(FX, FY))
and thus long exact sequences
(B.1) .. — HKY(X,Y) — Exti(X,Y) — Exth(FX,FY) — ....

Given Y € D let Fy be the set of equivalence classes of objects X € C with X =Y where X ~ X’
if there is an isomorphism f: X — X’ with F(f) = 1y in Hom®(Y,Y) (equivalently: F(f) = 1y in
Ext’(Y,Y)).

Lemma B.1. Let F : C — D be an dg-functor satisfying the above conditions, then

Fiyry= Y ﬁ K= x)| TV x

XeFy i=0

for any Y € QlIso(D).

See [Hai| for the proof in the more general case of Ay -categories.

B.1 Hall algebra

The monoidal product in the category H turns out to be a special case of the Hall algebra product
for dg-categories, which in particular implies its associativity by general results which we recall in
this subsection.

Let C be a dg-category over a finite field IF, satisfying the finiteness conditions as above. Assume
furthermore that C is triangulated, i.e. closed under shifts, cones, and has a zero object. Then we

have a diagram of categories and functors

C.AQ
s Y‘
x C C

where C#2 is the category of exact triangles in C, whose objects can be concretely represented by
twisted complexes C' LN A, § € Hom!(C, A), m1(6) = 0, which F sends to the pair (4,C) and G
sends to Cone(C[—1] LN A). Passing to QIso(C), the pull-push along the diagram gives a product

C

map

QIso(C) ® QIso(C) ", QIso(C*2) SN QIso(C).
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Lemma provides the following explicit formula for the product.

© . —_1)it+1
(B.2) A-C= (H Ext=i(C, 4)| Y ) 3 Cone(Cl-1] & 4)

=0 FEExt(C,A)
The vector space QIso(C) together with this product is called the Hall algebra of C, denoted
Hall(C). This is an associative algebra, see [Toe06] or [Hai] for a short proof, with unit the class of
the zero object 0 € Ob(C).

B.2 Deriving the formula for composition in H

Fix an arbitrary field k. We begin by defining dg-categories JF,, for each integer n > 1, whose
objects are roughly speaking given by an object of Perf(k) with n complete flags, in the sense of
triangulated categories, on it. Formally, an object of F, is given by n chain complexes with complete
flags (C;, d, FoC;), i = 1,...,n and quasi-isomorphisms ¢; : C; — Ci+1, i =1,...,n — 1. Forgetting
the flags, the C; and ¢; given an object in D(A4,,), where A,, is the quiver with underlying graph
the A, Dynkin diagram and all arrows oriented in the same direction. A morphism of degree k in
D(A,,) has components f; : C; — D;, i =1,...,n, of degree k and ¢; : C; — D;, i =1,...,n— 1 of
degree k — 1 fitting into a diagram

- 02 2, .
f1 fg\ w‘1

—D2 27 d}nl

C

TL

were for a closed morphism each square commutes up to chain homotopy given by g¢;. We define
morphisms in F;, to be the subset of those morphisms in D(A,,) such that f;(F;C;) C F;D;. The
differential and composition in F,, are defined as for D(A,,).

Assume from now on that k = F, is a finite field. To make contact with the definition of H
consider for given Vi,...,V,, € Ob(H) the full subcategory F,(Vi,...,V,) C F, of objects with
(Ci, FoC;) =V, then

Iso(F(V,W)) = B(V,W),  QlIso(Fao(V,W)) = Homy (V, W)

essentially by definition. For a triple U, V, W € Ob(H) there is a diagram of functors

S T

]:3(U7‘/7W)
P
]:2(‘/7 W) X ]:2(Ua V) ]:2(U7 W)

where
P(q LINFo NN 03) = (02 P2 04,00 2 c2>

Q<01 LN Cﬂ—%cg) — 0y 220 o
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and the pull-push along the diagram gives a map

QIso(F2(V,W)) ® Qlso(F2 (U, V)) i QIso(F3(U,V,W)) N QIso(F(U,W))

which, by Lemma has the explicit formula (|1.5)) which is the composition in H.
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