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Odd knot invariants from quantum covering groups

SEAN CLARK

We show that the quantum covering group associated to osp(1|27) has an associated
colored quantum knot invariant a la Reshetikhin—Turaev, which specializes to a
quantum knot invariant for osp(1|2n), and to the usual quantum knot invariant for
50(1 4+ 2n). In particular, this furnishes an “odd” variant of so(1 + 2n) quantum
invariants, even for knots labeled by spin representations. We then show that these
knot invariants are essentially the same, up to a change of variables and a constant
factor depending on the knot and weight.

17B37, 5TM27

1 Introduction

1.1 Background

Quantum enveloping algebras associated to Kac—Moody Lie algebras are central ob-
jects in mathematics which have many remarkable connections to geometry, combina-
torics, mathematical physics, and other areas. One such connection was produced by
Reshetikhin and Turaev [23] and Turaev [27] by relating the representation theory of
these quantum enveloping algebras to Laurent polynomial knot invariants, often referred
to as quantum invariants, such as the (colored) Jones polynomial and the HOMFLYPT
polynomial. The procedure for constructing these quantum invariants is quite general,
and for instance has been generalized to construct quantum invariants from quantum
enveloping superalgebras as well; see Blumen [3], Geer and Patureau-Mirand [12],
Gould, Links and Zhang [13], Queffelec and Sartori [22], Sartori [25] and Zhang [30].
These super invariants are often equivalent to the nonsuper quantum invariants in some
sense, but provide a novel perspective that can reveal additional features.

Many other connections have arisen from the categorification of quantum enveloping
algebras and their representations; see Khovanov and Lauda [17] and Rouquier [24]. It
was recently shown by Webster [28] that in fact, one can categorify all Reshetikhin—
Turaev invariants using the machinery of categorified quantum enveloping algebras.
This procedure generalizes Khovanov’s homological categorification of the Jones
polynomial [16]. We can summarize some of these connections in the picture in

Published: 19 September 2017 DOI: 10.2140/agt.2017.17.2961


http://msp.org
http://www.ams.org/mathscinet/search/mscdoc.html?code=17B37, 57M27
http://dx.doi.org/10.2140/agt.2017.17.2961

2962 Sean Clark
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Figure 1

Figure 1 (left), where “Decat” refers to the appropriate decategorification, “RT” stands
for the Reshetikhin—Turaev procedure for constructing the Jones polynomial from the
standard quantum s[(2) representation, and “Web” stands for Webster’s categorification
of RT which produces Khovanov homology.

This beautiful picture recently developed a twist with the discovery of “odd Khovanov
homology”, an alternate homological categorification of the Jones polynomial; see
Ozsvith, Rasmussen and Szabd [21]. This discovery has spurred a program of “oddifi-
cation”: providing analogues of (categorified) quantum groups for this odd Khovanov
homology by developing “odd” analogues of standard constructions; see Ellis and
Lauda [11], Ellis, Khovanov and Lauda [10] and Mikhaylov and Witten [19]. In
particular, one would like an “odd (categorified) Uy (s(2))” which could produce odd
Khovanov homology in a similar way to that described in Figure 1 (left). In particular,
the decategorified “odd” quantum group should produce the Jones polynomial through
some analogue of the Reshetikhin—Turaev procedure. It has been proposed (see [11]
and Hill and Wang [14]) that such categorifications might naturally arise through
categorifying the quantum covering group Uy (0sp(1/2)), in other words, producing
a diagram such as in Figure 1 (right).

This proposal has some heuristic evidence. Since the work of Zhang [29] connecting
the representation theories of osp(1|2n) and so(1 + 2n), it has been expected that the
associated knot invariants are essentially the same [30]. This expectation was partially
verified by Blumen [2; 3], who showed that there is a link invariant associated to the
two-dimensional quantum representation of osp(1|2) (though no relation to the Jones
polynomial was claimed), and that the osp(1|2n) and so(2n + 1) invariants which
are colored by the standard (2n41)-dimensional representations are related up to
some variable substitution, though the variable substitution has not been made explicit
in general. However, to our knowledge, no proof of any relation between super and
nonsuper colored type B knot invariants exists in the literature. The covering quantum
group is a natural tool for filling this gap, as it has an explicit algebraic bridge between
the super and nonsuper theories.
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On the other hand, Mikhaylov and Witten [19] have produced candidates for “odd link
homologies” categorifying so(1+2n)—invariants via topological quantum field theories
using the orthosymplectic supergroups. This suggests that the conjecture represented
by Figure 1 (right) should be generalized to include colored link invariants associated
to osp(1|2n) forany n > 1.

1.2 Results

A quantum covering group is an algebra U that marries the quantum enveloping
superalgebra of an anisotropic Kac—Moody Lie superalgebra (eg osp(1|2n)) with the
quantum enveloping algebra of its associated Kac—-Moody Lie algebra, which is obtained
by forgetting the parity in the root datum (eg so(1 4 27)). This is done by introducing
a new “half-parameter” 7 satisfying 72 = 1, and substituting 7 everywhere a sign
associated to the superalgebra braiding should appear; such algebras were defined and
studied in detail in the series of papers by Clark, Fan, Hill, Li and Wang [4; 5; 6; 7; 8; 9].

These quantum covering groups retain the many nice properties of usual quantum groups
such as a Hopf structure, a quasi- R—matrix & la Lusztig [18, Chapter 4], a category O,
and even canonical bases. A key feature of a quantum covering group is that by
specializing w =1 (resp. m = —1), we obtain the quantum enveloping (super)algebra
associated to the Kac—-Moody Lie (super)algebra. Moreover, as discovered in [5], the
quantum algebra and quantum superalgebra can be identified by a twistor map; that
is, an automorphism of (an extension of) the covering quantum group which sends
7w+ —m and g — t~ !¢, where t?> = —1. This construction provides an algebraic
realization of the connection between osp(1|2n) and so(1 4 2n) observed in [29].

In this paper, we use the machinery of covering quantum groups to construct “quantum
covering knot invariants”: knot invariants which arise from the representation theory of
the finite type quantum covering groups a la Turaev [27].! To wit, consider the quantum
covering group associated to the Lie superalgebra osp(1]|2n). We first associate a U—
module homomorphism to each elementary tangle (cups, caps, crossings) such that
a straight strand is just the identity map, along with an interpretation of combining
tangles (with joining top-to-bottom being composition of the associated maps, and
placing along-side being tensor products of the maps). An arbitrary tangle can then
be framed and associated with a U —module homomorphism by “slicing” the diagram

I'We do not need, and will not use, the usual additional ribbon structure of [23]. While the category of
representations we consider is certainly rigid, the R-matrix we use does not define a braiding in that the
maps it defines fail to satisfy the hexagon identity in general. This can be fixed (see Remark 2.20), but it
requires additional burdensome notation and analysis that we feel detracts more than it adds, particularly
for the results of Section 4.
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(that is, cutting it into vertical chunks containing at most one elementary diagram
alongside any number of straight strands). Each slice corresponds to a U-module
homomorphism, and the tangle is sent to the composition of these maps. Note that
a priori, this assignment is not unique, as many distinct slice diagrams and framings
exist for an arbitrary tangle.

We then derive some identities with these maps that are versions of Turaev moves on
the associated diagrams. These identities show that the map isn’t dependent on the
choice of slice diagram, but factors of & keep it from being an invariant of oriented
framed tangles. In order to eliminate these factors, we need to expand our base ring to
Q(q., )", where 72 = 7, and renormalize the maps corresponding to certain elementary
diagrams. Finally, a normalization factor (depending on the writhe of the tangle) yields
a oriented tangle invariant; see Theorem 3.7.

In the rank-1 uncolored case, this invariant is simply the (unnormalized) Jones poly-
nomial in the variable t~'¢; see Example 3.10. This suggests that the 7 = —1 (ie
T =t) specialization of the knot invariant, viewed as a function of ¢, should be related
to the w = 1 (ie T = 1) specialization, viewed as a function of ¢t~ '¢. To make this
connection precise, we further develop the theory of twistors (see [4; 5]) to define a
general operator on tensor powers of U and compatible operators on its representations.
In particular, we show that the twistors X on representations t—commute with the
maps S representing slices of tangles; that is, X oS =#*S o X for some x € Z.

Once this is done, we obtain the following theorem (combining Theorems 3.7 and 4.24).

Main Theorem Let K be any oriented knot and A € X T a dominant weight. There is
a functor from the category OTAN of oriented tangles modulo isotopy to the category O
of U -module representations which sends K to a constant J I)é (q.7) € Q(q.t)*, which
we call the covering knot invariant of K. Moreover, let s,J I); g =J I); (g,1) and
ospd I}é (@ =J IA( (g, t) denote the specializations of the covering knot invariant to T = 1
and Tt =t. Then

ospjj)é(Q) = t*(K’k)soJI)é(t_IQ)

for some x(K,\) € Z.

In particular, this shows that, after extending scalars, there is indeed a map RT as in
Figure 1 (right), and in fact such a map exists for all colored link invariants of any rank.
In particular, this proves that the super and nonsuper colored knot invariants of type B
are essentially the same. It remains to develop an analogue of the construction in [28]
to complete the picture, though difficulties abound. For example, it is not necessarily
clear how to extend the categorification to Q(g, ). Moreover, the categorification of
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covering algebra representations is not yet developed enough to produce the analogous
machinery to [28]. We hope that our results will help cast light on these remaining
questions.

1.3 Organization

The paper is organized as follows. In Section 2, we recall the definition of quantum
covering osp(1|2n), denoted by U, and set our conventions. We also develop some
additional facts about representations of U, specifically about dual modules and
(co)evaluation morphisms, and produce a universal-R—-matrix, which we will simply
denote by R, from the quasi-R-matrix defined in [7]. In Section 3, we interpret the
maps in terms of the usual graphical calculus define an associated knot invariant. More
precisely, maps are represented by a finite number of labeled, nonintersecting oriented
strands such that the R—matrix is a positive crossing, the (co)evaluation morphisms are
various cups and caps, and orientation is determined by whether the associated module
in the domain/range is the dual module or not. We show that the maps satisfy identities
such that the associated graphical calculus is almost an framed oriented tangle invariant,
and is indeed an oriented tangle invariant after renormalizing these elementary diagrams
by an integer power of 7 and a factor depending on the writhe. Finally, in Section 4,
we use the twistor maps introduced in [4; 5] to relate the morphisms in the 7 = +1
cases. In particular, we develop some further details about the Hopf structure and
representation theory of the enhanced quantum group U, and construct twistors on
tensor products of simple modules and their duals. We then show that these twistors
almost commute (up to an integer power of ¢) with the cups, caps, and crossings,
allowing us to relate the so and osp knot invariants.

Acknowledgements I would like to thank David Hill for first suggesting to me this
project constructing the quantum covering knot invariants, and Matt Hogancamp for
helping me learn about quantum knot invariants at this project’s inception. I would
also like to thank Aaron Lauda, Weiqiang Wang, and Ben Webster for stimulating
conversations about this project, and Sacha Blumen and several referees for very helpful
comments.

2 Quantum covering osp(1|2n)

We begin by recalling the definition of the quantum covering algebra associated to
osp(1]2n) and setting our notation. We then elaborate on the representation theory of
this algebra.
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2.1 Root data

Let I = Igu Iy with Ig ={1,...,n—1} and Iy = {n}, and define the parity p(i) of
i€lbyié€ly.Forl<rs<n,wedefine

2 ifr=s=n,
=
5= %r s #n, d =
-2 ifr=s+1, -

0 otherwise,

r-r,

=
N —

and note that p(r) =d, mod 2. Then (/, -) is a bar-consistent anisotropic super Cartan
datum [7]. We extend - to a symmetric bilinear pairing on Z[/] and p to a parity
function p: Z[I]| — Z/27Z. Moreover, for v =iy +---+i; € N[I], we set

(2-1) htv=¢, pW)= Z ply)plis), ()= Z iy -is.
1<r<s=<t 1<r<s=<t
Let @1 C N[I] denote the set of positive roots, and set
(2-2) p= Y a=Y pieN[I]
acdt iel
Note that we have i - p =i -i forall i € I.
Let Y = Z[I] be the root lattice and X = Hom(Z[I], Z) be the weight lattice, and let

(-,): Y x X — Z be the natural pairing. We also identify Z[I] as a subspace of X
sothat (r,s) =2r-s/r-r.If v="> ;. vii € Z[I], we set

2-3) V=Y divi € Z[I],

iel
and note (V, u) = v-u for any v, u € Z[I]; in particular, observe that for any i € I,
(2-4) (p.i)=1i-1.

Then ((Z,-), X, Y, (-,-)) is the root datum associated to osp(1|2n), and forgetting the
parity on the root datum yields the root datum associated to so(1 + 2n). As usual, we
define the dominant weights tobe Xt ={A € X | (i,A) > 0foralli € I}.

Example 2.1 When n = 1, we identify X = Z where (1,k) = k for k € Z. Then
Y = Z1 can be identified with subset 27 C X . We will freely use these identifications

in later examples.

Note that the weight lattice X doesn’t naturally have a parity grading compatible with
that on Z[I]. However, a parity grading on X can be defined as follows. First observe
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that X carries an action of the Weyl group W of type Bj, and that in particular,
A—wA € Z[I] forany A € X . Let wo denote the longest element of B,. If A € X,
then woA = —A hence 2A = A —woA € Z[I]. We write 2A =) ;. ;(2A);i and define

(2-5) P() = p(2h) = (21), mod 2.

This defines a parity grading on X, though it is obviously not compatible with the
grading on Z[I] (indeed, for any i € I we have P(i) = p(2i) =2p(i) =0 mod 2).
In particular, P is constant on cosets X /Z[I]. This parity can be expressed explicitly
in terms of the rank and weight as follows.

Lemma 2.2 Let the notation be as above. Then P(A) = n{n, ) mod 2.

Proof Let 1 <s =<n—1, and for convenience, set the notation (24)g = 0. We have

(s.4) = 5(s.20) = 3 Y " @M)i(s. i) = 2N — (W) g41 + 2A)g—1).
iel

{n,4) = 2M)n — W1

In particular, we see that %((ZA)E +(2A)5—1) = 2A)s— (s, A) e N; thus (2Ah)s—1 =
(2A)s+1 mod 2 for all 1 < s <n — 1. Therefore, (24), = (2A); mod 2 whenever
r =5 mod 2.

In particular, since (21)o = 0, we see that (24); = 0 mod 2 for each s = 0 mod 2.
If n =0 mod2, then P(A) = (2A), = O0mod2. If n = 1 mod 2, then (21), =
(n,A) = (2A\)p—1 = (n, 1) mod 2. O

Example 2.3 When n = 1, recall from Example 2.1 that we identify X = Z. Then
P(k)=(1)(1,k) =k mod 2 for any k € Z; hence our P—grading is just the natural
parity grading on Z.

Throughout, we will consider objects graded by X =Xx (Z)27). 1If M is X —graded
and m € M is homogeneous, we let ||m|| (resp. |m|, p(m)) denote its X —degree (resp.
X—degree, 7 /27Z—degree or parity). Further, for { = (A, ¢€) € X, we will set [C| = A,
p(¢) =€, and P({) = P(A). (Note that P({) is not the same as p({) in general!
They are independent quantities.)

For A€ X,let A = (A,0)e X . The set {(wv, p(V)) |veZ[I]} C X can and will be iden-
tified with Z[I] via v~ (v, p(v)). In particular, if { = (A,€) € X and v € Z[I], then

(2-6) t+v=RA~+v,e+ph)eX.
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With that in mind, the action of W on X generalizes naturally to X by setting
2-7) si(h.€) = (A, €)= (i, A)i = (A= (i, A)i. e — (i, A) p(i)),

where i € I and s; is the corresponding simple reflection.

Lastly, we have the parity swap function II: X — X defined by

(2-8) II((A,€) = (A, 1 —¢).

2.2 Parameters

Let t € C such that 2 = —1. Let ¢ be a formal parameter and let 7 be an indeterminate
such that

=1.
For convenience, we will also define

JT:TZ.

If R is a commutative ring with 1, we let
(2-9) R*=R[t]/(z*=1), R* =R[n]/(x*=1).

Throughout, our base ring will be Q(g,¢)?, though occasionally we will also refer to
the subring generated by Q(¢) and 7, which we identify with Q(g)” .

We denote by ~: Q(gq,1)" — Q(q.t)* the Q(¢)*—algebra automorphism satisfying
g = mg~'. We also define the Q(t)-algebra automorphism X given by X(q) =t~ g
and X(r) = tt. We caution the reader that = and X will be used later to denote
extensions of these algebra automorphisms which are defined on Q(q, t)*—algebras
and Q(g, t)*—modules.

Given an Q(q, t)*—module (or algebra) M and x € {£1, £¢}, the Q(q, t)-module (or
algebra) M [r—x = Q(q,1)x ®q(q,r)* M, where Q(q.1), = Q(q, 1) is viewed as a
Q(g, t)*-module on which T acts as multiplication by x. We call this the specialization
of M at T = x . Moreover, Q(q, t)* has orthogonal idempotents

(2-10) g = LA+ tF o+ (R0 + (R0}, 0=k <3,

such that Q(q.1)* = Q(q,t)e1 ® Q(gq,t)er ® Q(q.t)e_1 ® Q(g,t)e—; . In particular,
since tey = x&x, we see that for any Q(g, #)*~module M ,

M|r=x = ex M.
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For k € Z>( and n € Z, the (g, w)—quantum integers, along with quantum factorial
and quantum binomial coefficients, are defined as follows (see [7]):

(mg)" —q " LT
o =~ [l = E[l]q,m
2-11)

|:n:| _ n?=n—k+1((”9)l —q_l).
Koz Ty (Grgym—g=m)
If v=7 ;c;vii € Z[I], we write

gy = quidi’ T, = l_[.L—Vidi’ T, = l_[nvidi —7P® 4 = Htvidi'

iel iel iel iel

d

In particular, note that ¢; = qd" and 77; = 7% = 7P and set

[n]i = [nlg; ;i [”]i' = [n]ili’”i’ |:Z:| = |:Z:| '
i qi T

2.3 The covering quantum group

The covering quantum group associated to osp(1]|2x) (as well as some variants) was
introduced and studied in the series of papers starting with [7]. We will recall the
necessary definitions and elementary facts now.

Remark 2.4 Note that contrary to [7] and further papers in that series, we will take
coefficients in the larger ring Q(q.1)* D Q(g)” . Nevertheless, all of the results until
Section 3 are essentially statements over Q(g)" which remain true after extending
scalars to Q(q,1)", so the reader may effectively ignore t and ¢ for the present.

Definition 2.5 [7] The half-quantum covering group f associated to the datum
(1,-) is the N[/]-graded Q(q, t)*—algebra on the generators 0; for i € I with |6;| =i,
satisfying the relations

bij
(2-]2) Z(—])kn(g)l’(l)-i—kp(l)P(J) |:b;cji| letl_kejelk =0 (l ?é J)’
k=0 !

where b;j =1—(i, j).

The algebra f carries a nondegenerate bilinear form (-, -) which satisfies
1
(2-13) 1.D=1(6:.6)= PR (bix, y) = (6i. 6:)(x,ir (),

Algebraic € Geometric Topology, Volume 17 (2017)



2970 Sean Clark

where ;jr: f — f isthe Q(q,t)"-linear map satisfying ;r(1) =0, ;r(0;) = §;;, and
ir(xy) = ir(x)y + xP®OPX g x|y ;1 (). (Here, and henceforth, dx,y 18 set to be
8x,y =1 if x = y and 0 otherwise.) We define the Q(#)*—linear bar involution ~

on f by
0; = 6;, c?znq_l.

We also define the Q(q, ¢)*—linear anti-involution o on f by
o)) =06i, olxy)=0(y)o(x),
and the divided powers

6" = 61/ nl;.

Definition 2.6 [7] The quantum covering group U associated to the root datum
((I,-), Y, X, (-,-)) is the Q(v)"—algebra with generators E;, F;, K, , and J
subject to the following relations for i, j € [ and pu,v €Y:

2-14) Judy=Jusv. KuKy=Kuiy, Ko=Jo=J2=1, J K, =K,J,.
(2-15) JuEi=a®0E g, J,F=na"WIFE ],

(2-16) Ky E;i=q""VE;K,, KyFi=q “IFK,,

Ja;iKai — K—d;i

Tidi —q;

(2-17) EiFj —a?OPD B = §;;

9’

1

bi;
(2-18) Z(—l)kn(li)p(i)—irkp(i)p(j)|:b]lcji| £ Bk 0 ),
k=0 qi Ti

bij
N o N A o
(2-19) Z(—l)kn(lﬁ)P(t)+kp(l)p(j)|:;CJ:| FRE R Z0 (4 )
k=0 qi 7

Since Y = Z[I] in this case, we note that U is actually generated by E;, F;, K;, J;
for i € I. For notational convenience, we set J, = Jy and K, = K5 so that (2-17)
becomes o o
Nl JiKi — K-
E;F; _]Tp(l)P(J)Fj E; = 68ij L _11 ]

Tidi —4q;

We also equip U with a bar involution ~: U — U extending that on Q(q,#)* by
setting E; = E;, Fi=F;, Ky =JuK—y,and J, = J.

The algebras U and f are related in the following way. Let U™ be the subalgebra
generated by F; with i € I, U™ the subalgebra generated by E; with i € I, and U°
the subalgebra generated by K,, and J,, for v € Y. There is an isomorphism f — U™
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(resp. f — U™) defined by 6; — 07 = F; (resp. 0; — 9i+ = FE;). As shown in [7],
there is a triangular decomposition

UxU RU@Ut=UTRU'QU".
There is also a root space decomposition
U= @ Uy, Uy={xeU|JyKem= ALY
veZ[I]

The root space decomposition induces a parity grading via p(u) = p(Ju|); hence in
particular, U is X—graded.

We say an algebra is a “Hopf covering algebra” if it is a Z /27Z—graded algebra over Z”™
with a coproduct, antipode, and counit satisfying the usual axioms of a Hopf superalge-
bra, but with the braiding replaced by x ® y > 7?7 ?P0) ), @ x . Then the algebra U
is a Hopf covering algebra under the coproduct A: U — U ® U satisfying

AE)=Ei®1+K;®E;, A(K))=K,®K,,

ANF)=F K '+1®Fi, A(J)=Jy,®Jy;
the antipode S: U — U satisfying S(xy) = 7?®?0)§(y)S(x) for x, y € U and

S(E)=—-J; 'K 'Ei. S(F)=-FiKi, S(K,)=K,'. SUJ,)=J"
and the counit €: U — Q(q, t)" satisfying
€(Ei) =€e(F;) =0, e(Ky)=¢€(Jy)=1

Moreover, for x € f, we have that

SE (x+) = (_l)htvn,p(v)qv-v/Zq:Fvj’_vlz_va(x)-i-,

(2-20) _
SEN (™) = (D)MW o (x)" K.

2.4 U-modules

In this paper, a weight U-module is a U-module M with a X —grading compatible
with the grading on U, such that

M = @ Myo@® M, Mys={meM]|pm)=s, JuK,m= nw’)‘)q(”’)‘)m},
IND.¢

and each M) ; is a free Q(g.t)"—module of finite rank. For A € X, let M) =
M), o ® M, ;. We also define the parity-swapped module ITM to be M as a vector
space with the same action of U, but with IIM} = M, ;_,. We let O, be the
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category of weight U-modules of finite rank over Q(g,¢)®. Henceforth, we shall
always assume our U-modules are in Ogj,.

We define the (restricted) linear dual of a U -module M :

M* =@M 0)* & (M, )*.  (My0)* =Homgy e (My 5. Q(q.1)°).
reX

This is again a free Q(g, #)*—module, which has a Z/2Z—grading induced by that
of V: namely, p(f) =0 if f(v) =0 for p(v) = 1, and vice-versa. Moreover, the
Hopf superalgebra structure of U induces an action of U: for f € V* and x € U,
we define xf € V* by xf(v) = 7?PX) £(S(x)v). In particular, note that V* is
a U-module with (V*); s = (V_, 5)*. While V;* is therefore ambiguous, we will
always take it to denote (V*); . (In other words, our convention is that taking duals
has precedence over taking weight spaces.)

We can construct the U-module V® W =V Qg g, W, for any U-modules V'
and W, via the coproduct. In particular, we have U-modules V*® V and V ® V*,
both of which contain a copy of the trivial module V' (0) =Q(g, #)* as a direct summand.
As the following lemma shows, there are natural projection and inclusion maps to a
copy of the trivial module. We borrow notation from [26].

Lemma 2.7 Fix a U-module V and recall the definition of p from (2-2).
(1) Letevy: V*®V — Q(q,t)" be the Q(q, t)*-linear map defined by v* @ w —
v*(w). Then evy is a U-module epimorphism.
(2) Letqtry: VRV* —Q(q,t)" be the Q(q, t)*~linear map defined by v @ w*
g P@PW) =100 yy* (v) | Then qtry, is a U-module epimorphism.

(3) Let coevy: Q(q.t)"* — V* ® V be the Q(q,t)*—linear map defined by 1 —
Y beB xP®) (P16 p* b for some homogeneous Q(q, t)*~basis B of V. Then
coevy is a U-module monomorphism.

(4) Let coqtry: Q(q,t)" — V ® V* be the Q(q, t)"~linear map defined by 1 +—
Y pepb ®b* for some homogeneous Q(q, t)*~basis B of V. Then coqtry, is
a U-module monomorphism.

Proof This is elementary to verify. |

2.5 Simple modules and their duals

Let A € X and recall from [7] that V(X) is the simple U~module of highest weight A
such that the highest weight space has even parity. Then V(A) has finite rank and has
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the same character as the so(2n + 1) module of highest weight A. In particular, the
lowest weight vector has weight wgA = —A; hence the parity of the lowest weight
vector of V(1) is P(X). Using standard arguments (for example, analogues of [15,
Sections 5.3 and 5.16]), and considering the above analysis, we obtain the following
lemma.

Lemma 2.8 Foreach A € X1, there is an isomorphism V(A)* = TIPM V(L) and a
natural isomorphism V(1)** — V().

Example 2.9 In the case n = 1, the module V = V(m) for m € Z>o has basis
Uk = F ®)y,, with 0 < k < m, where vy, is a choice of highest weight vector.
Note that by convention, p(vy) = 0, so p(v,,—2x) = k mod 2. The dual module
V(m)* has a dual basis vy .., 0 <k <m, and the actions of £ and F are given by

Ev, ., = —mk(mq)" K n +1 —k]v;_z(k+l),
L A C.) K 13 PP

In particular, this is a simple module generated by the highest weight vector v*,,,

where |[v¥,,| = —|v—u| =m and p(v*,) = p(v—m) = m mod 2; hence we have an
isomorphism V(m)* =~ 1"V (m).

For convenience, we will use the notation

(2-21) V(=) =VR)*, reXx™.

We denote the maps in Lemma 2.7 in the case V' = V(A) with the subscript A instead
of V(A); for instance, ev) = evyq,). Note that

€V) 0 Coevy = Z rank@(q,t)’ (Vk—v)ﬁp(v)q(ﬁ’)‘_v) " qtry_o coqtry, .
veNJ[I]

Example 2.10 For n =1, we have p = p = 1; hence for A =m, {p,A) = m. Then

evim 0coeVy = g™ + g™t 4 4 7"g™™ = n™[m + 1] = 7™ qtr,, o coqtr,,, .

2.6 Further properties of the quasi- R-matrix

Let us recall the quasi-R-matrix from [7, Section 4].
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Theorem 2.11 [7] Let B be any Q(g,t)"—basis of f suchthat B, = BN f, isa
basis of f, for any v € N[I], with By = {1}. Let B* = {b* | b € B} be the basis
of f dualto B under (-,-). Define

Oy = (D" rq, Y bmR®BHT eUS, RU.
beB,
Then if M, M’ are integrable modules of U, then ® = Zv(% is a well-defined
operator on M ® M’ which satisfies A(u)® = ©A(u) as endomorphisms of M @ M,
where A(u) = A(ir). Moreover, © is independent of the choice of basis B and is
invertible with inverse ©.

Example 2.12 When n = 1, the quasi-R—matrix ® can be explicitly given by the
formula

0= 1)) Ol (rg—g " )V'FPQE® =1~ (ng—q Y FRE+---.
n=0

(NB there is a typo in the power of wq in [7, Example 3.1.2].)

While ® can be evaluated easily, it will be more convenient to have the following
alternate description of ® using the properties of the bilinear form on f; see [7,
Section 1.4].

Lemma 2.13 With the same notation as in Theorem 2.11, ® = > ®, is given by

Oy =mq""? > b ®c(*) T eUS, U, .
beB,

Proof Let B = {b | b € B}, with dual basis B*. Then since © _is independent
of the choice of basis, we see that ©, = (—=1)"’7z?Mx g, > beB, b ® (b*)* for
v € N[/]. We have

0, = (_1)htvnp(v)q_v Z (E_—) ® (b_*+),
beB,
and note that (¥)* = (x_i), o) (l;__) =b".

On the other hand, recall from [7, Section 1.4] the variant bilinear form {—, —} defined
by {x, y} = (X, ). Note that by construction, (b*, b’) =8, 5. Then for any b,b" € B,
we apply Lemma 1.4.3(b) of [loc. cit.] to deduce that

Sy = (0. B) = {b* b/} = (1) PO ™20 (5% o (b)),
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(We note that while the power of m appears different from that in [loc. cit.], it is
equivalent.) Therefore, we have

b* = (—l)h“’n”(“)q”'”/znquo(b)*.

Then the lemma follows from the observation that since (o(x),0(y)) = (x, y), we
have o (b)* = o (b*). O

Now we will proceed to use © to define a universal map R: M @ N - N @ M for
any modules M and N . These constructions will be modified versions of the standard
arguments in the nonsuper case; compare [15, Sections 7.3-7.6] or [18, Section 4.2
and Chapter 32].

For 1 <s<t<3,let © € U®U ® U be defined by

®;§‘)l — (_1)htvnp(v)nqu Z bl ®b2 ®b3,
beB,

where by = b~ ,b; = (b*)*, and by, = 1 for m # s,t.

Proposition 2.14 We have the following identities:

A@D®)= Y OJ(1®K ., &0,
v/ 4y =p

ARDO,)= Y 60}1aJ,/K, @107,
v 4+v/=v

1®A)®)= Y 0711, Kre1)0,,
v 4v7=v

1®A)O,)= Y O0J(1’K , @1)e).

v 4+v/=v

Proof These identities are proved exactly as in [18, Section 4.2] using the analogous
results in [7]. O

To construct a universal U—module homomorphism from ®, we will need some
additional maps. The first is the swap map; that is, the algebra U Q U is equipped with
an involution s defined by s(x ® y) = 7?®)?0)y, @ x . This induces involutions on
U®™ by applying s to sequential pairs of tensor factors; specifically, these involutions
are the maps s, ;41 = 1871 @ 5 ® 1”*~1 and it is not hard to see they satisfy the
braid relations $;_1 ;57 s4+15:—1,r = 5¢,:1+15:—1,:5¢,1+1- In particular, we see that to
each element y of the permutation group &, there is an automorphism s, of U™;
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for example, s5(23) = 52,3 and $(123) = 51,252,3. Similarly, to any tensor product of
modules N = QL M; and y € &,,, we can define N, = Q;_; M, () and a map
sy: N — N, given by

s(v) = np(y’“)vy,

where v =V ® - ® Um, Vy = V(1) @+ ® Uy (sm), and

ply.v)= > p)p(vy).

1=<s<t=<n
y(s)>y (@)

These maps are compatible in the sense that for v = Q}_; v, € N and u € U,
5y (A" w)v) = 5y (A" (U))sy (v).
When m = 2, we will just write § =51 5.
The other ingredient is a weight-renormalization operator. This operator is induced by

the weight function defined in the following lemma.

Lemma 2.15 There exists a function f: X x X — (Q(g,t)%)* satisfying
FE+ 1 8+ 8T = (rg) B8 g
for ¢, ¢’ € X and v € Z[I]. Moreover,

(1) the function v(¢,¢") = §(¢, ¢') (¢, —¢) satisfies v(¢ + p, ¢’ +v) =v(L, ¢) for
any u,v € Z[I],

(2) the function (¢, &) = §(¢, &) f(—¢, &) satisfies (& + p, ¢ +v) = (¢, ) for
any u,v € Z[I],

(3) we have §(¢, ¢)f(=¢, =ty "1 = g POPE) - ip particular,
2.8y = nPOPOr. o),

Proof It is easy to verify that such a function § exists by choosing a set of coset
representatives R for Z[I]in X . Then (3) follows easily using (2-5) and Lemma 2.2. O

Example 2.16 Let us consider the case n = 1. Then the function f is determined by
the values §(0,0), §(0, 1), f(1,0), and f(1, 1). Then for any €, €, € {0, 1},

feg + 25, €5 +21) = f(e1, €p) 52 g €1 75€2 7251
By direct computation, one finds the corresponding coset functions to be

t(eg + 25, €5 +21) = f(e1, €2)%q1€2,
(€1 + 25, €5 +21) = f(e1, €2) > w12 g€1€2,
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Given U-modules M and M’, define the Q(q, t)*~linear bijection §: M @ M’ —
M@ M' by §(m@m’') = §f(|m|,|m'))m@m’. For 1 <s <t <3, we define §*
on M{ ® My, ® M3 via ' (m; @ my ® m3) = f(|mg|, |m¢|)m; @ my ® ms. Let
SO = @5 o 3. The following results are then proven entirely analogously to the
classical case; see for instance, the arguments in [15, Chapter 7].

Proposition 2.17 (Yang—Baxter equation) As operators on M; ® M, ® M3,
912,313,592 =323 ,3@13,3@!12

Proposition 2.18 Define R: M @ M/ — M' @ M by R =0OoFos. Then R is a
U —-module isomorphism.

We thus obtain the following crucial property of R.

Proposition 2.19 For any modules M, M, and M3, let Ry; = S®%? 05(sr). Then
R12R23R12 = Ra3R12Ro3: M1 @ My @ M3 — M3 @ My @ M;.

Remark 2.20 In [18, Section 32], it is shown that for g = s[(2), which we can view
as the m = 1 (ie T = %1) specialization of Example 2.12, we can extend our field
Q(g) to Q(,/q) and normalize so that § is bimultiplicative; that is f(m +a,n +b) =
f(m, n)§(m, b)f(a,n)f(a, b). This is necessary for the maps R to satisfy the Hexagon
Identities and thus define a braiding on the category of finite dimensional modules.

Note that Example 2.12 shows such a renormalization is impossible in general in the
7 = —1 case, so in particular the maps R can not be normalized to define a braiding
on the category of finite dimensional weight modules. It is possible to overcome this
difficulty by restricting the class of modules to those of “even” highest weight. One
could also expand the definition of § to a function on X xX,butasa consequence the
analysis in Section 4 becomes much more complex. Since it is not essential to have the
braiding, we opt to not do this here.

3 Diagrammatic calculus and knot invariants

We will now interpret the U—-module homomorphisms in terms of planar diagrams.
At first, these diagrams should be interpreted as slice diagrams; that is, diagrams
together with vertical slices at various heights such that between consecutive slices is
an elementary diagram corresponding to a U/ ~module homomorphism. However, we
will ultimately see that diagrams which can be identified by planar isotopies yield the
same morphisms.
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3.1 Cups, caps, and crossings

Recall that coqtry , coev,, qtr;, and ev, are the maps defined in Lemma 2.7 where
V =V(A). Likewise, let Ry 1, V(£A) ® V(£pn) — V(£p) ® V(£A) be the map
defined in Proposition 2.18. Furthermore, we will use the notation 14 = lp(4y).

We will now begin to represent our maps via a graphical calculus in anticipation of
constructing tangle invariants. Specifically, we follow [27; 1] and interpret maps
between tensor products of the modules V(4A) for various A € X+ as sliced oriented
tangle diagrams with X T—labeled strands; a concise exposition of this approach is
lain out in [20, Chapter 3]. The elementary oriented tangle diagrams are interpreted as
follows (note that while sideways-oriented crossings aren’t considered elementary, we
include them here for convenience in later arguments):

\4{ = coqtry,, \7{ =13PM coevy ,

ﬁ{ =P® grr, | /ﬁ}\ =ev),
4N \
(3-1) /\ _TP()»)P(M)R A\A’M =T3P(k)P(M)3Q_A,_“
/t
PMP 3P(MP
ﬂﬂ _ POPWR, »AM _ POPWR
A 3PO)P() g % P P() gy
A//\M =7 :R;L,)u )\\z =7 iR_M s
A PGP - '\/ 3P0 P() 1
)\‘h =t R_:u/a )\‘¢ 17s =t :Ru*a_

We construct more general diagrams from these elementary ones by the following
constructions. If is some diagram denoting the morphism ¢ and E is some
diagram denoting the morphism 1, then we can combine them in two ways:

e The first is the horizontal composition, which denotes the tensor product ¢ ® V.

e The second is the vertical composition, which denotes the composition ¢ o i,
or zero if this composition is undefined (which is to say, when the strands on top
of S don’t match the number and labeling of the strands on the bottom of 7).
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We will say two diagrams are equal if the corresponding morphisms agree. Note that,
by construction and by Proposition 2.19, the following diagrams are equal for any
choice of orientation and labeling of strands:

- =19

In (3-2), the symbols and stand for arbitrary subdiagrams with an arbitrary
number of strands protruding from the top and bottom.

(3-3) ) = ‘

!

3.2 Graphical identities
Now we shall prove some more substantial diagrammatic identities.

Lemma 3.1 We have an equality of diagrams

n-|-p

for any choice of orientation or labeling of the strand.

Proof This follows by choosing a homogeneous basis for the module and applying
the definitions. a

Lemma 3.2 Let A € X, and define c; = f(A, M P®g=P:4)  Then we have

(a) AJ’(\(}
(b) A{}l = c;lj = Hﬁ{},

l {y
(C) )\,@ = C)\,)\' = )\ T )
y Ay (T
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Proof This is easy to verify directly by evaluating the maps on either a highest-weight
or lowest-weight vector. |

Lemma 3.3 We have equalities of diagrams

Y

o
@ % = e ) = P »
PR A
k |
b) M\’Z\/ = A PPy 0y = (27! T
o oA

forany A, e Xt.

Proof The proof of (a) and (b) being similar, we shall only prove (a) here. First,
unpacking the graphical representation, we see that (a) is equivalent to

R = v, NP = wP PP, 2y,
where ¢ and y are the compositions
¢ =@ ®1_,®1;)o (1 ®RT; _, ®1x)o (14 ® 1, ®coevy),
Y=, ®1,®qtr,) ol ®R; |, ®1_y) o (coevy @) ® 1-y).

Let B(A) be a homogeneous basis for V(1). Let vg € B(A), and wg € V(u)g for
some k, & € X'. We shall compare the images of our three maps on vo ® w;; .

First, let x = Ry _, (vo ® wg) and note that

(3-4) x= nP(wO)P(Uo)f(_é, K) Z(_l)htVnp(v)”qunp(v)l?(wo)

b x Y bTwg @ (b*) .
beB,
For ¢, first let us note the effect of each map in the composition separately. The
graphical representation tells us which tensor factors are impacted at each step, so we
restrict our view to these tensor factors when computing these maps. First, we have the
coevaluation which adds two tensor factors on the right:

coevy (1) = Z RO
veB(L)
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Next, we apply R:i,_ u =580 F ! 0 ® to the middle tensor factors, and thus setting
y=R7; _M(wz)“ ® v*), we see that

y= Z f(—=E —v, —|v| + v)—lnp(wo)p(v)+p(v)p(v)qv-v/2 Z o) Tv* ® b~ wy.
v beB,

Finally, we apply the quantum trace to the two tensor factors on the left; hence we
need to compute qtr(vo ® o (h*)Tv*). Since x*(y) = 0 unless ||x|| = ||y| (that is,
unless x and y have the same weight and parity), we can assume |v| = k + v and
p() = p(vg) + p(v). Then we have

qtry (vo ® o (b*) Tv*)

— (_1)htvﬂp(v)+17(v0)+17(v)17(v0)+p(v)q—v'v/2—(75sl<) (nq)_(g’K)q_v v ((5*)  vp).

Putting these computations together, we see that

¢ (vo @ wg) = Z Z Z 7P @) +p () 4 (Bukctv)

veB(A) v beB,
X f(—€ — v, =) "L P P(0)+P(wo) p ) +p () p(v0) +p () yv-v/2

x (— l)htvn,p(v)+p(v0)+p(v)p(vo)+p(v)q—v'v/Z—(ﬁ,K) (nq)_(g"c)q

x v*((b*) )b~ wi ® v
= Z(_Uth(_g — v, —k) N rq) ) 1, g PV g PO P W0+ (V)
v
x D artrbTug @ ( 2 v*((b*)+vo)v).
beB, veEB(A)
But note that we have the following identities:
F(—€ = v, =) (rq) ") = (=&, —0).
q(ﬁ,V) =2,
D v () ve)v = (b*) .
veB(A)

Applying these identities to the computation of ¢(vo ® wg), we find

P (vo ® wy) =r(—&,k) " Ry, (vo ® w).

Finally, since —& € u+Z[I] and « € A+ Z[I], we can apply Lemma 2.15(1) to conclude
that ¢ = v(u, A)_IRX,_M. A similar computation shows that v = [(u, )L)_lﬂ%k,_u,
and the result then follows from Lemma 2.15. O
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Note that since the maps in Lemma 3.3(a) and (b) are mutually inverse, we obtain the
following corollary.

Corollary 3.4 We have an equality of diagrams

+/\ AN
T _ _ U

A
MT; o T oA

Finally, we show a somewhat more involved identity, leading us to our final result.

Lemma 3.5 We have an equality of diagrams

@ — 7 PWPQ) m

A M A M

for any choice of orientation.

Proof In order to prove the identity without referring to a particular orientation, it will
be convenient to introduce the following notation. Suppose m € V({) and n € V(=¢)
for some ¢ € X . Let us denote by (1, m) (resp. (m,n)) the evaluation eve(n ® m)

(resp. the quantum trace qtrg(m ® n)). In particular, one may think of (—,—) as a
pairing on V() @ V(—¢) satisfying, for v, w € V({),

Gs W=0NwH=0 (v, w*) = 7P PG BN % ),
(uv, w*) = 7?@PO (y SwW)w*), (ww*,v) = 7?WPW (w* Su)v).

Indeed, all the statements of (3-5) are obvious except (uv, w*) = 7P?@WPW (v, Sw)w*),
which follows from a simple calculation on the generators: for example,

(Eiv, w*) = np(v)p(w)q_(ﬁ’lvl)qi_z(—EiJ~l~_1Izi_lw*)(v) — np(v)p(i)(v’ S(E)w™).
In this proof we will use the notation (—, —) as shorthand for ev¢ and qtr; for both

¢ = A, n with the intended map (and highest weight) being clear from context. Using
this notation, the diagram equality is equivalent to showing that the maps

V=(-—-)o(lsu®(— —)®Il_g)o0 (fRsk,t,u ®1_5 ® 1),
p=(—-)o(In®(—-)®1_n)o(In ®lyu®R_s1,—ru)

are 7 PWPR) myltiples of each other for any choice of 5,7 € {1,—1}.
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Let w € V(sA), x € V(tn), y € V(=sA), and z € V(—tu), where V(=§) = V(§)*
for £ € X . Then on one hand,

Y(wRXxR®yR:z)=

Z Z np(X)P(w)f(lxl’ |w|)(—l)hwnp(v)nqunp(v)p(x)(b_x,Z)((b*)+w,y),
vV beB,

On the other hand, using the representation of ® in the basis o (B),
PWRX®y®z) =

3 2POP@j(1z |y (=DM 2P O,y 7P PPE (x 0 (b)) (w0 (B*) T ).
vV peB,

Thus to see that Yy(w @ x ® y @ z) = L WPMg(w ® x ® y ® z), and hence that
v = PWPM) g since w, x, y, z are arbitrary, it is enough to show that / = 7 WP R}

where
[ = g PNPEFPMP@s(|2 | p))(x, 0(b) " 2)(w, o (b*) T y),

r =g PWPEITPOIPDi( x|, w]) (6™ x. 2)(6") T w. 7).
Using the properties of (—, —) (see (3-5)) and S (see (2-20)), we see that

(x.0(b)"2)(w, o (b") T y)
= g 2P+ W)pO) (=vv+EIxD) (7 ) =Flwl (= (") T w, y).

Note that / and r are both zero unless —||x|| = ||z|| —v and —||w]| = ||¥|]| + v. In
particular, / and r are both zero unless p(y) = p(w)+ p(v) and p(z) = p(x)+ p(v),
in which case

P p)+ p)p2) + p(x)p() + p(w) p(v) = p(w) p(x) + p(w) p(v) mod 2.
Likewise, / and r are both zero unless —|y| = |w|+v and —|z| =|x|—v, in which case
izl [yDg @Rl = x|, —fw)).

Finally, note that f(—|x|, —|w|) = nP(_|x|)P(_|w|)f(|x|, |w]|). Putting these observa-
tions together,

| = g PW)pX)+pO)p(x)+P(=|x[) P(~|wl) f(lx|, Jw) (B x, 2)(B*) T w, y)

— g PEIxDP(=wl),.

Since parity in X only depends on the X /Z[I] cosets and we have —|x| € u + Z[I]
and —|w| € A + Z[I], the result follows. a

Lastly, note that Lemmas 3.5 and 3.1 immediately imply the following corollary.
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Corollary 3.6 We have an equality of diagrams

- -

3.3 Defining the tangle invariant

forany A,pe X,

Recall that the writhe wr(T) of an oriented tangle 7 is defined by forgetting the
orientation and setting

WT(H) =1, wr(H) =—1, wr(T)= Zwr(X),

where the sum is over all crossings X in 7.

Theorem 3.7 Let T be an oriented tangle, and A € X ™ be a dominant weight. For any
slice diagram S(T) of T, let S(T');, be the associated map defined by the diagrammatic
calculus with strands colored by A. Then S(T), is independent of the choice of slice
diagram, and T, = S(T),, is an isotopy invariant of oriented framed tangles. Moreover,
if J% = (PMs(x, 1)~ LgPANwi) Ty | then J% is independent of the framing, hence
is an invariant of T .

Proof To prove the theorem, it suffices to show that the maps S(7'); (resp. JT):)
are invariant under the Turaev moves for framed (resp. unframed) oriented tangles
[27, Theorem 3.2; 20, Theorem 3.3, Equations (3.9)—(3.16)]. This is straightforward
to check. |

We note that the proof of Theorem 3.7 actually implies a more general result, though
we first need to recall some notions. The category of X T—colored oriented tangles is
the strict monoidal category whose objects are finite sequences of pairs (A,s) where
A€ Xt and s € {&1}, and whose morphisms from (Ag, Sq)1<a<p 1O (fe»Se)i<c<d
are tangle diagrams where the labeling and orientation of the ™ strand from the left at
the lower (resp. upper) boundary corresponds to (A,, s,) (resp. (i, S¢)); see [27; 1]
for more details. In particular, morphisms in this category (and thus colored tangles)
are generated from the elementary morphisms

+ +
r\’)\,a M}w kj\)w M}w (X)A,M’ (X)}\‘,uﬂ

subject to relations which are simply colored versions of the Turaev moves.
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We can extend Theorem 3.7 to framed multicolored tangles with the same proof. To
obtain the unframed invariant, we must similarly renormalize but now by the factor
[Dex+ (e PM5(A, )\)_lq(ﬁ’)‘>)wr'\(T), where wry, is defined to be the writhe where we
exclude from the sum any crossings where there is a strand not labeled by A. Therefore,
we obtain the following corollary.

Corollary 3.8 There exists a covariant functor J from the category of X *—colored
oriented tangles modulo isotopy to Og, satisfying

AL P@) evy, vk qtry, Py coqiry, Ay - r~P@) coevy,

(X))ﬂiu > (np()‘)f(k,k)_lq<5’)‘))i‘s)"“riPO‘)P(“)fRiM,

(X))ﬂf“ N (np()“)f(k,)»)_lqw’)‘))i‘s’\ﬂI¢P()‘)P(M)3{fk’_u.

In particular, if L is an oriented colored link, then J(L) € Q(q,t)® is the associated
quantum covering osp(1|2n) colored link invariant.

Remark 3.9 Recall from Remark 2.4 that all the module homomorphisms of Section 2
are defined over the subring Q(¢)™ of Q(g,t)*. We observe that whenever P(A) =0,
the maps represented by the diagrams are defined over Q(¢)”". By Lemma 2.2, this
holds whenever A is an even weight (ie (n,A) € 2N) or 7 is even. In particular, this
means that the functor J can be defined to the category O of the quantum group over
Q(g)™ provided all weights are even, or 1 is even.

Example 3.10 Let’s take g = osp(1]2) and A = 1. Fix f(1,1) = 1, and note that
(p,A) =1 and p(A) = 1. We can explicitly compute the maps represented by our
diagrams on V(1) ® V(1). Let vqy,v_; be the basis of V(1) from Example 2.9.
Then with respect to the ordered basis {v{ ® v, v ® v_1,V_1 Q V1, V—1 ® v_1} of
V(1) ® V(1), we have

1 0 00 100 0 1000
o 1 00 _l0g 0 0 0010
O=logt—zgiol° FTlooxgol" *Tlo1o0o0]

0 0 01 00 0 = 000
and thus
T 0 0 0 3 0 0 0
X 10 0 g O V\_ 0 3—1t¢q72 zq7' 0
/\\_ 0 3¢ t—73¢%> 0|’ /N[0 3! 0 0
0 0 0 0 0 0 3
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Note that 77 O‘)q(ﬁ’)‘) = mq. Then it is easy to verify directly that

Now let 7' be an unframed oriented link with all strands colored by A, and fix a
subdiagram which consists of two strands with either no crossing or a single crossing.
Since T* is isotopy invariant and independent of framing, we may assume that the
strands are directed upward. Let 7, Ty and 7— be T with the subdiagram replaced by

52 w52

respectively. Then using the above relation and the definition in Theorem 3.7,

(rq ™7, = (xg*) 7 = (- ¢P) I,
hence

1

(zrqz)_lJ}Jr —nq*J; = (g ' - r3q)J71~0.

1

Moreover, if T is the unknot, then for either orientation we have J. 71~ =t3¢4+1¢7 . In

particular, for any link K, we see that J 11( is simply a multiple of the Jones polynomial
of T in the variable T3¢ = t™!¢. In particular, note that using the specialization t =t
which corresponds to 7 = —1, this shows the uncolored Uy (osp(1]2)) link invariant
is equal to the Uy-1,(sl>) link invariant.

4 Relating so(2n + 1) and osp(1]|2n) invariants

The results of Example 3.10 suggest a connection between the specializations of
the tangle invariants in Theorem 3.7. We now make this precise by extending the
constructions in [5; 4]. We begin by recalling the definition of the twistor maps.

4.1 Definition of twistors

An enhancer ¢ is an function ¢: Z[I]x X — Z satisfying

WA+ p)=¢p,u)+¢(v,A) mod4 forv, ueZ[I],
oW+, A)=¢d(w,A)+¢(u,A) mod4 forv, u € Z[I],
¢, i)=d; and ¢(,j)e2Z fori#jel,

o, j)—¢(j,i)=i-j+2p@)p(j) mod4 fori,jel.

(4-1)
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Note that ¢(i,i) —¢(i,i) =0 =1i-i + 2p@{)p(i) mod4 since i -i = 2d; and
2p(@A)p(i) =2p(i) = 2d;. In particular, note that these congruences imply that
G4: ZII| X Z[I| > Z./4Z, (u,v)+— ¢(u,v) mod4 is Z-bilinear,
¢(u.v) =@, u) + p-v+2p(u)p(v) mod4 for u,v e Z[I].
Note that an enhancer can always be defined on Z[[]x Z[I] by defining it for I and

extending in Z-bilinearly, and then it can be extended to Z[/]x X by translation along
a transversal of X /Z[I].

(4-2)

When [ has a unique odd element, as in the present case, the enhancer is closely related
to the usual pairing.

Lemma 4.1 Let ¢ be an enhancer. Then ¢ (i1, v) + ¢ (v, ) = u-v mod 4.
Proof It is straightforward using the fact that |7;]| = 1. m|

The ¢—enhanced quantum covering group U associated to U and the enhancer ¢ is
the semidirect product of U with the algebra Q(g,¢)*[T,, Yy | 4 € Z[I]] subject to
the relations

(4—3) TILTV:TM+U$ T[,LTV:T[LJFUS T0:T0:Tv4:T5:1, TMTV:TVT[.L’
(4-4) Tou=tW Dy, weU, pezll,
(4-5) Yyu =Wy, welU, pezlll

See [5; 4] for a more formal definition. The enhanced quantum covering group has a
useful Q(¢)-linear automorphism called a twistor. There are several ways to define
such a twistor; we will need the following.

Proposition 4.2 [5, Theorems 4.3, 4.12] Define a product % on f by the following
rule: if x and y are homogeneous elements of f, let x *x y = t¢(|x|’|y|)xy. Let
(f ., *) denote f with this multiplication. Finally, Iet X: Q(q,t)" — Q(q.t)" be the
Q(t)-linear automorphism satisfying X(¢) =t~ 'q and X(v) =t 'r.

(1) There is a Q(t)-linear algebra isomorphism X: f — (f, %) defined by
X)) =6, X@)=1"'q, X()=1""z.

(2) Let B be the canonical basis of f [8]. Then X on f satisfies X(b) = tt®p
for all b € B, where £(b) is some integer depending on b.
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(3) There is a Q(t)—algebra automorphism X: U — U defined by
X(E)=t7'"T,E;, X(F)=FY_i, X(Ky)=T-uKu, X(Jp)=TopJy,
X(Ty) =Ty, X(Yp) ="y, X(q) = t_lq, X(r) = t~ 11,

where TM =[lier Tyja;i for =23 ¢y 1hit -

(4) For x € f[t], we have

@ X(xh) =2t D) Ty T,
(b) .’{(x_)=.’f(x)_T_|x|.

Later on, we will need some alternate versions of the results in Proposition 4.2 which
we shall prove now. First, we note the following analogue of Proposition 4.2(2) for the
dual canonical basis.

Lemma 4.3 Let (—, —) be the bilinear form on f defined in (2-13). Then

XN EE). X)) = (DD, ).
In particular, X(b*) = (=1)?®©¢~t®)p* forany b € B.

Proof Let (x, y)* =(—1)PXDx=1((%(x), X(»))) and observe that this is a Q(g, #)™—
bilinear form on f'[t]. It suffices to show that this bilinear form satisfies the defining
properties of (—, —), which is elementary to verify. m|

Remark 4.4 Though Lemma 4.3 as stated requires |/{| = 1, a version of it also
holds for arbitrary enhanced quantum covering algebras. Indeed, if |/1| > 1, then

(), X)) = 1B (x, ), where x| = v = Yjcp vii and (3) = Yieq (5)i-
It will also be more convenient to have the following variant of Proposition 4.2(4b).

Lemma 4.5 We have
() =t Tix T X0
Proof This is true if x = 0;. It suffices to show if it is true for x, then it is true
for 6;x. We have
X(OxT) =xOHXT) =7 T Eit ) T X (x) T

=t LD TG T Y En (o)

= t@i1x|t_i'v_‘p(v’i)_d’(i’v)Ti+v YipvX(0;x)".
But then by Lemma 4.1,

—i-v—¢p(,i)—¢(i,v)=4-2i-v=40. O
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4.2 U-modules and Hopf structure

Let M be a U-weight module. Then M is naturally a U-module by defining
(4-6) Tym=tWMm, ezl me My;
(4-7) Yum =ty e Z[I], me My,

To that end, we will call any U-module which restricts to a U —weight module and
satisfies (4-6) a U—weight module. If it additionally satisfies (4-7), we shall call it an
untwisted U—-weight module.

In particular, any tensor product of U-modules can be given an untwisted U —weight
module structure. However, such a procedure forgets the action of the Y elements on
the factors due to the lack of additivity in the second component of ¢.

Example 4.6 Consider the case n = 1. Then U has the untwisted weight module
V(1) = Q(q.1)* vy ® Q(q.1)"v_; which is isomorphic to V(1) as a U-module and
satisfies T;vy =tvy and Yyv; = t#L:Dy, . Then 17(1)® 17(1) is a U-weight module
hence has a untwisted U-module structure, but note that

Tlvl ®v = t¢(l’2)v1 X vy,
and by the definition of ¢, we have ¢(1,2) =¢(1,1) =1#o(1, 1)+ ¢ (1, 1).

In particular, untwisted module structures will be too naive for our purposes. Instead,
we will introduce Hopf structure which will inform our classes of weight modules.

Proposition 4.7 The algebra U hasa Hopf covering algebra structure given by the
following:

(1) A coassociative coproduct A: l7—>l7®Q(q,t)r U extending A: U-URgqg,0'U
such that A(Ty,) =T, ® Ty, and A(Yy,) =Y, @ Yy for u € Z[I]. In particular,
we inductively define AT = (A ® 17" 1) o A™"1: U — U®U+YD for any integer
t>1.

(2) An antipode S U-—U extending S: U — U such that S(T,) = T—, and
S(Yy)=7"_y for peZ[I].

(3) A counitmap e: U — Q(q.1)° extending e: U — Q(q.t)® such that e(Ty) =
e(Yy) =1 for p € Z[I].

Proof To show that these maps define a Hopf structure, we need only check that these
morphisms respect (4-3)—(4-5). This is obvious for (4-3), and can be quickly verified
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for (4-4) and (4-5) by checking it for the generators of U . Finally, the coassociativity
of A on U follows immediately from the coassociativity of A on U and the fact that
T, and Y, are grouplike elements. |

The coproduct gives us another way to define an action of U on tensor products of
untwisted U —weight modules. Henceforth, given U- welght modules M and N, we let
M®N denote the space M ®q(qg,r)~ N with the U —weight module structure induced
by the coproduct on U. (Note that in general, the module M ®N is not untwisted!)

Example 4.8 Continuing the previous example, the action of Y; on 17(1)@)17(1) is
given by
A(Tl)vl ®v = t2¢(l’1)v1 X vq.

Another natural module to consider is the following. Given an untwisted U —weight
module M , we can construct the restricted linear dual M *. This space is naturally
a U—weight module as in Section 2.4, hence has an untwisted U structure. On the
other hand, let MY denote the space M * with the action of U defined by (uf)(x) =
7 PPW £(Su)x). Note that M is not untwisted: if / € (M;,s)*, then | /| = —
but nevertheless,

Y. f = t_d’(“’)‘)f.

Since modules with these unorthodox actions of the Y, will be important, we give the
following definitions.

Definition 4.9 We say thata U —weight module M is x—twisted if Y ym = ARGl
for all m € M, . More generally, we say that M is a mixed weight module if
there exists an integer # > 1 and a sequence ¢ = (cq,...,c;) € {£1} such that

My = Doexn, Ma,), where
(Xt))» ={()"1,--.,)\t)€Xt |)\=)\1 +"'+)\s},
M,y ={me M | Yym = tZ1ss=i 9kl for all e Z[17}.

We say c is the signature of M, and denote it by sig(M) =c.

Remark 4.10 We note that just as any weight U—-module can be given a untwisted
U-module structure, it can also be given an x—twisted U-module structure. In-
deed, suppose M is a weight U—module and define T;m = t&m i and Yym =
t—¢G—=ImD)  Then this defines an action of U , since forany i € [ and u € U,
Yium = ¢~ ¢G—(ml+uD)y py — ¢ Gludy ;.
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In addition to classifying modules by the action of the Y elements, another property of
U —weight modules which will be important to us is their interaction with the twistor
map X: U - U.

Definition 4.11 Let M bea U —weight module. We say M carries a twistor X (or X
is a twistor on M ) if there exists a homogeneous Q(¢)-linear bijection X: M — M
such that X(um) = X(u)X(m).

Modules which carry twistors are not hard to find. Indeed, the simple U-modules
V(M) are themselves examples when given untwisted (or x—twisted) actions of U .

Lemma4.12 [4, Lemma 6.9] Let Le X, andlet V(k) be the space V(M) with the
untwisted action of U . There is a Q(t)-linear map 3 X V(A) — V(k) which satisfies
X(vy) = vy, and Xy (um) = X(u)X(m) for all u € U and m € V(k)

In light of Lemma 2.8, it follows that the U-module V(1)*, viewed as an untwisted
U —module, also carries a twistor. A similar argument to [4, Lemma 6.9] can be used
to construct a twistor on V(A) with a x—twisted action of U ; hence the U -module
17()\)n carries a twistor. However, this construction is not very compatible with the
dual basis, since it relies on an isomorphism V(1) — IIP® V(1) and is defined by
descent from the highest weight vector. To obtain a convenient definition of a twistor
on the dual modules, we will define a map directly on 17()\)”.

Define the dual twistor on U to be the map X%u) = SoX oS !(u). This map is
clearly a bijection, and for any u,v € U we have

X uv) = S(X(S™ ' (uv)))

= ?POPO S (x(S™ ) SE(S ™! (v))

= £20@P® ) X (),
Therefore, it is determined by the images of the generators, which are
XUE) =t4E Y, XNF)="FET, XKy =T_uKu, X"Jy)="Tauly,

xlg) =174, xl(r) =t1.

In particular, note that
(4-8) ) =1xx)"T,.

While X is not an algebra automorphism of U , it shares many properties with X. In
particular, we have a version of Lemma 4.12.
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Lemma4.13 Let A € X+. There is a Q(t)—linear map X V(A) — V(A) which satis-
fies X%(vy) = vy, and XV (um) = 222 X0\ X8(m) for all u € U andm e V()»)

Proof This follows from more or less the same proof as [4, Lemmas 6.8 and 6.9]. To
wit, we can identify the Verma module of highest weight A for U with f (see [loc. cit.]
for details), and in particular this is naturally an untwisted U-module. Then we define
a map Z{” f — f via .’f (x) = ¢TA+60A=V) % (). Then it is straightforward to
verify that %” (ux) = tzl’(”)P(x)%” (u)%u (x)forxe fandu=F;, Ty, Ju, Ku, Y.
From the calculatlons in [loc. cit.] and the definition, we see that

X (Eix) =" E; X0 (x),

where
= (=1, A)—(T, M)+ (v—i, A—v+i)—p (v, A=) —d;+ (T, A—v+i )= (i, v—i).
Now we can simplify » and apply (4-2) to see that
*=¢, )=, v)=¢(@. A—v)+i-v+di =2pW)p(i) —¢(i,A—v) +d; mod 4,
and thus
XL (Eix) = tPOPD ;Y X0 (x) = PP O 3N (B X! (x).

Finally, we note that the kernel of the projection f — 17()\) is trivially preserved
by %i; hence it descends to a map on V(). |

The dual twistor X! is what will allow us to define a convenient twistor map on dual
modules, as follows. Recall that ¥ (—A) denotes the U-module V(1)*. We will adapt
this notation to V (1)".

Lemma 4.14  For reXT, let 17( A) = V(k)n that is, the space V(k)* with the
action of U induced by the ant1pode S: U — U. Define a map X on V( A) by
X(f)(x) = e2PDPOx(f((X%) 71 (x))) for homogeneous x € V() and [ € V(=L).
Then X(uf) =X(w)X(f) forall u € U and fe V( A).

Proof Let f € 17(—A) and x € 17(k) be homogeneous. First, observe that since X"
preserves the X —grading, X( /)(x) =0 unless ||x|| = || f||. Moreover, if a € Q(q.t)*,

X(f)(ax) = 2 DPOx (£ (27 (ax)))
= 2PDPOx(x7 (@) £((X) (%)) = aX(f)(x),

so X(f) is indeed an element of 17(—)\).

Algebraic € Geometric Topology, Volume 17 (2017)



0dd knot invariants from quantum covering groups 2993

Now suppose u € U. We compute that

X(uf)(x) = PP x(uf) (X7 (x)))
= ¢22@pX)+20(NPC) x (PP £S5y (X (x)))

and

X@)X(f)(x)
— t2p(f)17(ux)nP(M)P(f)%(f((%H)—I (S(X(u))x)))
— t2P(f)P(")+2P(f)P(X)+2P(M)P(x)nP(”)P(f):{(f((:{ﬂ)—1(5(:{(”)))%/—1 (x)))
= t2p(f)p(X)+2p(u)p(x)x(ﬂp(u)p(f)f(S(u)(%tl)—l(x)))'

Therefore, X(uf) = X(w)X(f). |

4.3 Twistor on tensor products

Now let us return to the question of relating the osp(1|2) and s[(2) link invariants.
Since the invariants arise from maps between tensor products of simple modules and
their duals, we shall also need variants of the twistor maps on the corresponding U-
modules. In the following, we shall define a number of versions of X in different
settings. However, they will all be compatible in natural ways, so rather than label these
maps differently, we shall treat them en suite as an operator on U and its modules.

The following proposition takes the first step in this direction by showing that there is
a natural extension of the twistor maps to tensor powers of U .
Proposition 4.15 For each positive integer t , there exists a Q(t)—algebra isomorphism
X: U1 5 U+ which satisfies

X(x®y) = X(0)A (T ® A (T N X ()
for any positive integers s, s’ satisfying s +s' =t + 1, x € U®S, and y € I

Moreover, A'(X(x)) = X(A!(x)) forany x € U .

Proof Define X': U®*T1 — U®+1 a5 follows: for x = ®;J:rll xg € US| et
X(x) = ®§ill X(x)s, where

@-9) X5 = Ty [ty a Tovr [t et 12 O60) Vg oy [t |-

It is elementary to check that

X(x®p) = X(x)A(Ty) ® A Ty T X()
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for any positive 1ntegers s,s" satisfying s +s' =1+ 1, x € U®s and y € I
Moreover, since X on U is a bijection, it is easy to see that so is X on U®tt,

We will prove that 36 is an algebra homomorphism, and hence 1s0m0rphlsm by induc-
tion. Since X on U is an 1som0rph1sm let us assume X on U®’ is an isomorphism.
Then for x,w € U® and y,z€ U,
X(x®»X(w®:z)
= (X() Yy ® T Vg XD X W) Yz @ Lo Voo X(2))
= PPV () Y| X (W) Y1z & Ty Ve X () Tao Voo X (2)
— ﬂp(y)p(w)ttb(\y|,IwI)—¢(|wI,Iyl)—lwl-lylx(xw)lez| ® Thxw| Vixw X(32)
= g PP 2PWIPD 3 (xw @ yz) = X(PPW xy @ yz)
=X((x® y)(w R 2)).

This completes the induction showing X on U® ! is an isomorphism as claimed.
Finally, showing that X commutes with A’ is straightforward using (4-9) and checking
on the generators. O

Now that we have a viable twistor map on tensor powers of U, we need an analogue
on the tensor powers of modules. In particular, suppose we have a collection of U
modules which are untwisted or x—twisted, and which carry twistors. We will produce
a twistor on the tensor product of these modules.

As might be suggested by (4-9), this is not as simple as taking the tensor power of the
twistors. A version of such a twistor is produced in [4, Proposition 6.11] by rescaling
the tensor product of twistors by a power of # given by a function of the weights of
the tensor factors. We will do something similar, but it turns out that we will need
functions which depend not only on the weights of tensor factors but also their parities,
as well as the signature of the tensor product.

Lemma 4.16 Let ¢ = (c¢1,¢3) where ¢y,cy € {l1,—1}. There exists a function
ke: X2 — 7 satistying k((0,0), &) = «(Z, (0,0)) = 0 mod 4 and

Ke(C+ 1, &' +v) = ke (8,8
= (I, [§') + 20 (i, c2[8']) + 2p () p(v) + 1 (v, 1 [E]) + v + (1, v) mod 4
forall £, ¢ € X and p,v € Z[I].

Proof Fix ¢ = (cy, cy) where ¢y, ¢y € {1, —1}. Note that it suffices to show such a
function k = k. exists on each coset of Z[I]x Z[I] (where as in (2-6), we view Z[I]
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as a subset of X ), so fix a set of representatives C of /\?/Z[I]. For ¢y, ¢ € C, set

k(o +p. 81 +v)

= (I, 1811} + 20 (1. 2181 ) + 2p o) p(V) + c19 (v, c1]Sol) + - v + @ (. v).
It is elementary to verify that this has the desired properties. |
We henceforth suppose we have fixed choices of «. for each ¢ € {1,—1}?. We can

extend « naturally to larger powers of X.Lett>1bea positive integer and fix a
sequence ¢ = (cg) € {1}, Let k.: X! — 7Z be the function defined by

ke = Y Kipep@rils). =) eX"

1<r<s=<t

Then if we have ¢ = ({s) and {' = ({}) in X' with $y =105+ 0,50 forsome 1 <r <t,
then

k(@) =k @)= Y (L 1G) Fesplieslish) + Y- @pe) pli) +esdlicolts])

r<s=<t 1<s'<r
modulo 4.

We can observe some convenient properties of the maps « .

Lemma 4.17 Let ¢ = (¢5) € {+1}/, and let ¢ = (¢;) and ¢’ = (¢}) in X" .

(1) Let1<r<t,anddefine c<, =(cy,...,¢r) and ¢, =(¢r+1,--.,¢t). Likewise,
define §2, = (¢{,....¢)) and ¢L, = (¢, ,,.... &) forany " = (¢) € X'.
Then

k(6 8) = Koy Czr 8p) FKen, Cor )+ D Kiegieg) (Ess G0

1<s<r<s’'<t

(2) Suppose that there exists 1 <r <t suchthat {, =¢. 4+ v, {41 =¢
{s =, fors #r,r+ 1 and some v € Z[I]. Then

Ke(§) = ke(§)
=W, G41) t 1900, ¢ 11841) +2p0) p(&r) —crp(v. ¢ 8p) —v v — P (v, v).
(3) Forany ¢ € X and ¢1 = x1, we have
Key, 21,718+, (£4,0), (FA,0)) = k¢, 21,71 (C, (A, 0), (F2,0)),
Kt1,51,e; (X, 0), (FA,0). 8 +V) = kt1,51,¢, (4, 0). (F4,0), ).

/
r+1—v,and

Proof We note that (1) is an immediate consequence of the definition of k.. On the
other hand, (2) and (3) both follow from direct computations and the definition. O
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The functions k. allows us to define a twistor on tensor product modules as follows.

Proposition 4.18 Let M1, M>, ..., M; be untwisted or x—twisted U -modules car-
rying twistors and let M = M, M, ® ---®M; be the U® —module (and hence a
mixed U-module via A'~1) with the natural action. Set ¢ = sig(M) = (ci,...,c;).

Then the automorphism

Xmy @ @my) =t <UmlDxim ) @... @ x(m,)
satisfies

X((x1®-@x)(m1 Q- ®@m;)) =X(x1 Q- ®@x)X(my ®--- Qmy).
In particular, X(um) = X(u)X(m) for u € Uandme M.

Proof First, observe it is enough to show
X x @) (mi @ @my) = X1 @ x; ® ') X(my @ - @ my),

where 1 <s <t and x; is a generator of U . This is trivial when Xsis Ky, Jyu, Ty
and Y, for some p € Z[I] so it suffices to check the case x; = E;, F; fori € I.
To do this, let us make our equations more compact with the following notation: for
me®---Qm; e M, let

Meg =M1 Q- QMg_1, Mss =My Q- @My,
X(m)<s =Xm) @ @X(my—1),  X(m)>s = X(myy1) ® - @ X(my),
lmll<s = (lmrll, .. llms—1 1), Imllss = (lmssrll, . Imel),
¢'mes)= Y crplicrlml),  ¢"(m=g)= D crdlicrlmy)).
1<r<s s<r=t

Using this notation, we compute that
X((PF'®E @15 (mes ® my @ misy))
= :f(JTip(m<s)m<s ® Eimg @ mxy)
— (20D pOn<)+eclml <o lms 14T Iml=0) 7 PO POR<) (1) - @ X(Ejmyg) @ X(mss)
— pelimslLlmsllm=s ) +¢’ Gm <) +¢" (m=s)+Flm=s])
x wPOPI<) X (m) _s @ X(E;)X(my) @ X(msy)
— pelimasLlimsLllm=s 1) . p@) pm<s)
< (YEEVx(m) <5) ® (X(ENE(my)) @ (1 TSI x ()
=X '@ E; @ 1" )X (m<y @ my @ m=y).

The case xg = F; proceeds similarly. O
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We now have defined a family of compatible twistor maps on untwisted modules,
*—twisted modules and their tensor products. Moreover, the twistor maps on tensor
products of modules are compatible with one another in the following sense. Let
My,...,M;, c1,...,cs and M be as in Proposition 4.18. Fix 1 <r <t and set
M<p =M1 Q- Q@m, and M, =m, 41 Q-+ Qm;. Then by Lemma 4.17(1),

4-10) %(m§,®m>,)=( I txcw<||ms||,||ms/||))3€(m§r)®3€(m>r).

1<s<r<s'<t

4.4 Twisting the crossings, caps, and cups

We have now lain the groundwork for studying the atomic maps in our graphical
calculus from Section 3 under the twistor functor. Specifically, we will show that the
twistor almost commutes with cups, caps, and crossings up to a factor of an integral
power of ¢, where the power depends on the map. We begin by considering the cups
and caps on their domains of definition.

Proposition 4.19 Let A € X . Then the map ev; (resp. qtry,, coevy,, and coqtry )
viewed as a function V(—A)®V(k) — Q(q,t) (resp. V(k)®V(—k) — Q(q.1)",
Q(g, 1) — V( k)®V(k) and Q(q,t)" — V()\)®V( A))isa U -module homomor-
phism. Moreover, we have

(3) coevy, % — t_K(—l1)((_A90)5(A'a0))+(59)‘)x coevy ;

(4) cogtry X = t~*0.—n(.0).(=4.0) % coqtr, .
Proof First, observe that since these maps are U—module homomorphisms, they
preserve weight spaces hence preserve the action of 7; for i € I. Therefore, it only

remains to check that they commute with the action of Y; for i € I, As the arguments
are all similar, let us show this for evy . Let f € V(—A) and x € V(4). Then

Tievi(f ®@x) = 1?Vevi(f ®x) = f().
On the other hand, Y;(f ® x) = (Vi /) ® (Y;x) = t~¢E=1/D+oGIXD £ @ x| hence
evy (Yi(f ®x)) = tPGD=8G=11D £y,
However, since f(x) =0 if | | # —|x|, we see that

eV (Yi(f ® x)) = tPEPD=2@IXD £y = £(x) = Tyevi (f @ ).
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In order to verify (1)—(4), it suffices to compute the images X(b~ vy ® (b~ vy )*) and
X((b~vy)*®b7vy) for b € B, =B N f,. We compute directly that

X(b7vy) = te(b)—¢(v,)\)b—v)“
XU(bvy) = (L OFEA @A)y

This implies that for any b,5" € B,,,

(™)) (B "vp) = PO (B v)* (XD B vn))
— 2P —LB— M= Av)g,

and hence X((b~vy)*) = ¢2PW—tO)=(v:A)=(.A=v) (h=y, )*  In particular, for ¢ =
(1,—1), observe that

X((B ) ® (b7 v))
— ¢4 (,0)=9,(=2,0)+D) +£(b) = (v,1) +2p (W) =L (D)= (v,A)—p (v,A—v) (b~ v) ® (b~ vy)*
— tKC(O“’0)’(_}"0))"_21’(”)_”'”(b_vk) ® (b~ vy)*.

It is easy to verify that %v -v = p(v) mod 2 by induction; hence we see that
X((670) ® (b7va)") = <0 GOERD 70, @ (h7wp)".
A similar computation shows that
X((bvp) * ®(b™vy)) = 1.0 (ER0A0 (h= y* @ (p7yyy ).

Note that in either case, the power of ¢ is independent of b € B, and applying
this to the definition of the maps proves (1) and (4). For (2) and (3), also note
that 7P gEPA-v) — nvquqi(ﬁ’)‘), and we compute that f{(nvquqi(ﬁ’)‘)) =
th(ﬁ’}‘)nvquqi(ﬁ’)”) ; the result follows. O

Example 4.20 Consider the case n = 1 and A = m. As noted in Example 2.10,
(p,A) = m and ev,, ocoevy, = n"[m + 1]. Then we have ev,, ocoevy,, oX(1) =
a™[m + 1], and

Xoevpmocoevy (1) =X(x"m+ 1)) =t "7 [m + 1] =t " evy, o coevy, oX(1).
Note that this is consistent with Proposition 4.19, as we see that

1,0),(%,0))+(p,A)

eV 0 COeVyy 0X = ¢ *-1.0((= evy, oX ocoev,, =t"Xoev,, ocoev,, .

The last elementary diagram to consider is the crossing, which is to say the automor-

phism R = OFs of a tensor product of two modules. In order to have a concrete
comparison of RX and X R on tensor products carrying twistors, it will be necessary
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to have a precise description of X(f(¢, n)) for any ¢, n € X . To that end, let us once
and for all fix a transversal 7' of X /Z[I] and note that T = {(¢,0), (¢, 1) |¢ €T} isa
transversal of X /Z[I]. Then for ¢y, ¢y € T, we shall henceforth require that

(4-11) f(Sol. 1811 = 1.

Then we have the following proposition.

Proposition 4.21 Let A, A € Xt U—X". Let {,{' € T be the corresponding coset
representatives of (A, 0) and (A, 0) in X /Z[1], and Iet (cy, c3) = sig(V (M)RV (L))).
Let R: V(k)®V(k’) — V(k )®V(k) be the map described in Propos1t1on 2.18. Then
R is a U-module homomorphism. Moreover, as maps on V(k)@V()J ), we have

XR = tK(cz,cl)(C ,E)—K(cl,cz)(i,i )+2p@)p(E IR,

Proof Recall that R = Ofs by definition. It is easy to see that R is a U-module
homomorphism: indeed, since R preserve weight spaces, it commutes with the action
of the 7; for i € I; moreover, fs obviously commutes with the diagonal action of Yj,
and it is easy to check directly that ®, A(Y;) = A(Y;)®,,. We will prove the remainder
of the proposition in two steps.

First we shall show that X(®,) = ®,, for any v € Zx>¢[/], and thus X0 = OX
as maps on V(L) ® V(1'). This is straightforward: applying Lemmas 4.5, 4.3 and
Proposition 4.15, we compute that

X(©y)
= (=DM ePOgPdm g, Y XBT)T, @ T, T X((0*)T)
beB,
= (=D)MVFPO PO g, Y (XB) Y)Y @ Ty Yoy (8, T, 1 X (0*)T)
beB,,
= (=DM PO gy N @Oy @ (11O (1P (%) T
beB,,
— (_1)htvnP(V)ﬂqu Z b— ® (b*)+ — ®V

beB,

Now it remains to show that we have Xgs = ¢<@2.c) &0 Kep.cp G860 +2P O P 3oy
as maps on V(X)) ® V(A'). Set ¢ = (¢1,¢3), and ¢ = (¢p,¢1). Let m € V(A) and
n € V(A'). Then we see directly that

XFs(m@n) = tZP(m)P(”)+KE(||”||’||m||)%(f(|n|’ |m|))np(m)p(n)%(n) ® X(m),
FsX(m@n) = th»(Ilmllallnll)f(|n|’ |m|)np(m)p(”)%(n) ® X(m).
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The proposition then follows by verifying that
t2p(m)p(n)+lcz(||nII,IImII)%(mn|’ Im|))

_ e @ Dk €8 +20@) @)k (Iml,Inl) Sl 1.
Note that 2: || + n and 2’ = ||n|| + v for some w,v € Z[I]. Let ¢ = |2| € X and
¢’ =|¢'| € X. Then in particular, (4-11) implies
f(|n|’ |m|) = (ﬂq)(a’;')q(ﬂaf/)—uv’

so X(f(|n|, |m])) = t<m§)_<ﬁ’§/)+“'”f(|n|, |m|). Therefore, we are reduced to showing
that £ = r mod 4, where

t=2pm)p(m) +(¥,8) — (L&) + v +wz(nl. [ml]),

r=2p@)pE) + 1, 5) = ke (€. &) + ke(mll, |n)) mod 4.
We compute directly that

kz(nll. llm]) — 1z, ©) + ke (€. T — ke (lm]l. 1nl)
=1z =0, T~ ) —1z(£, ) + ke (€. 8) — ke (C— p, & —v)
=4 —(0.0) —c1¢(v.c1) +2p@Q) p(1) — c2p (i, c28) + v + P (1. v)
(D) + 1 (. 1)) = 2pM) p(v) + $(v, ) — v — (v, 1)

=4 2p(M)p() +2p@Q) p(1) +2p() p(v) — (T, A) + (T, &) + p-v
=4 2p(m)p(n) —2p(M) p(©) — (T, ) + (L. §) + p-v,

where here =4 denotes equivalence modulo 4. This finishes the proof. |

We have seen that the twistor map commutes (up to an integral power of ¢) with the
elementary functions in our graphical calculus. However, note that in Theorem 3.7, the
typical composition factor of a tangle invariant is not just one of these maps, but in
fact is a tensor product of these maps with various identities. It is important to note
that a consequence of Proposition 4.18 is that the twistor maps on tensor products are
not local, since the power of ¢ in the construction depends on the weight and signature
of each tensor factor. Nevertheless, we can extend Propositions 4.19 and 4.21 to this
more general setting.

Proposition 4.22 Let My,..., M; be U —modules such that for each 1 <s <t,
M = I’}(/,Ls) for some s € Xt U—-X*t. Let M = M;®---QM; and let ¢ =
(c1,...,c;)=sig(M). Forany e X Tand 0<r <t, we define M<, = M\Q --- ® M.,
M, :Mr+1®"'®Mt,3ﬂd

M(r, 20) = M<, @V (£N)QV (FA)RM- .
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(1) LetRs=1p, , ®R®1pp.,,: M — M forsome 1 <s <¢—1. Then as
maps on M, we have that XRy and RyX are proportional up to an integral
power of t.

(2) Letev(M,r,A) = 1p_, ®ev) ®lp, forsome | <r <t. Then as maps on
M (r,—A), we have that X ev(M,r,)) and ev(M,r, L)X are proportional up to
an integral power of t .

(3) Letqtr(M,r,A) = 1p., ®qtry ®1ps, for some 1 <r <t. Then as maps on
M (r, L), we have that X qtr(M, r,A) and qtr(M, r, L)X are proportional up to
an integral power of t .

(4) Letcoev(M,r, 1) =1p_, ®coevy @1y, forsome 1 <r =<t. Then as maps
on M , we have that X coev(M, r,A) and coev(M, r, L)X are proportional up to
an integral power of t .

(5) Let coqtr(M,r,A) = lp_, ®coqtry @1, forsome 1 <r =<t. Then as maps
on M , we have that X coqtr(M, r, A) and coqtr(M, r, )X are proportional up
to an integral power of t .

Remark 4.23 The precise constants of proportionality can be determined directly as
in Propositions 4.19 and 4.21 (and can be worked out from the following proof), but
we leave them out of the statement of Proposition 4.22 because they are not particularly
illuminating, and are not necessary for Theorem 4.24

Proof As the proofs of (2)—(5) are similar, we shall only prove (1) and (2) here in detail.

We will begin with the proof of (1), which is essentially the same as the proof of
Proposition 4.21. To wit, we first observe that for any a,b > 0 and v € N[/],

X(1% 80, ®1%%) = (Te,))®* ® X(0,) ® (Yo, Tio,)*°.

and the result follows from the observation that |®,| = v —v = 0. Then XR; =
(1% 1 ® O ® 1"~ 1)XFss. Then we verify directly that

XF,5, = s 1.0 @ D5 ey pEEN+2p@) PE) By, X

where E (resp. E’ ) is the coset representative for (ug,0) (resp. (Us+1,0)).

Now, we shall prove (2). Note that an arbitrary element of M (r,—A) is a linear
combination of simple tensors of the form x = m<, ® (b~ vy)* ® (b’ v)) @ m=,,
where b,b' € B, m<, =m 1 ®---Q@m, € M<, and m=, =m, 11 Q- Qm; € M~,;
hence we need only prove (1) holds when evaluating both sides at such elements. Since
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eva ((b7v))* ® (b'"vy)) = 8p 4, note that (1) is trivially true when b # b’, so let’s
assume b = b’ € B,. Then

ev(M, 1, D)X (x) = MmOt 2y ) @ evy (b7 v3)* @ (b7 vy)) ® X(m=p),
where we set

Omy,..oom) =Y ey (Imsll, llm]),

s<r<s’
8= (K- (Ims]l. (=1, 0) + D) + ke, (Ims . (1, 0) = D))
sS<r
+ ) (1,6 (=2, 0) 4D, g ]]) + 1,09 (b, 0) = D, [l ).
S>r

Now & can be simplified to
&= (K, —1) (15, 0). (=1, 0)) + ke, 1) (125, 0), (A, 0)))
+ Z (K(—l,cs)((_)\’ 0)? (I’LS’ 0)) + K(l,cs)(()" O)’ (/’LS’ 0)))

s>r

Note that & is independent of x. Then

ev(M, r, )X (x) = 1M 22y @ evy X((B7v3)* @ (b7 v1)) ® X(m>)
— t<>(m1 ..... mt)+4-+lc(_1_1)((-)»,0),(X,0))x(m<r) ® %(m>r)

_ t&‘l-K(fl,1)((_}‘30)’(}"0))%(m<r ® m=y).

Since X(m<, ® m=,) = X(ev, (x)) and the exponent of ¢ is independent of x, this
completes the proof of (2). a

Theorem 4.24 Let K be any oriented knot, and let Jl)é(q, 7) € Q(g,t)" be the A—
colored knot invariant defined in Theorem 3.7. Let ¢, JI); (9)= J}é (g.1) and oqp J}é (9)=
Jl}g(q,t). Then N P

o5 (@) = 1" EP 0 T (171 g)

for some x(K,A) € Z.

Proof Let J =J }; (g, 7). First, observe that J can be thought of as a function
Q(gq,t)*—>Q(q,t)", and in that spirit X(J) is XoJ(1). On the other hand, J = Wk oS,
where Wx = (f(A, 1)1 PP gloAywr(K) (interpreted as a function Q(g,1)" —
Q(g,t)%) and S is a slice diagram of K interpreted as a composition of morphisms
as described in Section 3 (with strands colored by A). In particular, observe that
XHF(A, L)) =t¥f(A, L) for some x € Z depending on the coset representative of A in
X/Z[I], and that X (7P M glPpA)y = z PR g(0:A) Then XW = WKWy x.
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Likewise, note that .S’ can be written as a composition of maps of the form ev(M, r, 1),
coev(M,r, L), qtr(M,r, ), coqtr(M,r,A), and Rg: M — M for various r,s € N
with the notation being the same as in Proposition 4.22. In particular, we see that
XoS =tYSoX for some y € Z, and thus

X(J)=XoWgoS(1) =t OtV 0 S ox(1) = ¢ WK+ g,
On the other hand, observe that %(J}{ (q.7)) = J}g (t7'¢,t7'1), and so
P R g ) = TR g 0).

The theorem follows from specializing t =¢. O

Remark 4.25 Note that since 5,J 1)? (q9) € Z|q, g '], Theorem 4.24 implies that (after
a renormalization) UspJ}% (q9) = EUJI)Q (v) € Z[v, v™!] where v = gt~ Furthermore,
note that when n or (n, A) is even, ospJIA((q) € Q(q) (see Remark 2.4); thus in this
case, OSPJI); (q) = 50 JI); (g) mod 2.
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