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ODD STRUCTURES ARE ODD

MARTIN MARKL

ABSTRACT. By an odd structure we mean an algebraic structure in the category of graded
vector spaces whose structure operations have odd degrees. Particularly important are odd
modular operads which appear as Feynman transforms of modular operads and, as such,
describe some structures of string field theory.

We will explain how odd structures are affected by the choice of the monoidal structure
of the underlying category. We will then present two ‘natural’ and ‘canonical’ constructions
of an odd modular endomorphism operad leading to different results, only one being correct.
This contradicts the generally accepted belief that the systematic use of the Koszul sign rule
leads to correct signs.
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INTRODUCTION

As noticed in the seminal paper [B], the category of modular operads is not Koszul self-
dual. Consequently, the bar construction of a modular operad (called in this context the
Feynman transform) is not an ordinary modular operad, but an odd modular operad ]| It was
shown in ] and in the forthcoming work [[ll, B, [] that some algebraic structures relevant
for string field theory are algebras over the Feynman transform of a modular operad. This
explains the interest in explicit understanding odd modular operads and their algebras.

Odd modular operads live in the category Vect of graded vector spaces and their linear
homogeneous maps of arbitrary degrees. This category is enriched over the category Vect
of graded vector spaces and linear maps of degree 0 and admits two different yet ‘natural’
and ‘canonical’ symmetric closed monoidal structures.

Structural operations of odd modular operads have degrees +1, so they are examples of an
‘odd’ structure having operations of odd degrees. We use odd associative algebras as a simple
example which shows that concrete ‘models’ of such structures might depend on the choice
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of a monoidal structure of Vect. The same is very crucially true also for odd modular
operads, the main subject of this note. The ‘oddness’ of operad- and PROP-like structures
was discussed in great detail in [J]; we refer to it for other examples of odd structures.

The concept of algebras over odd modular operads requires odd endomorphism operads;
and algebra over an odd modular operad J2 is a morphism % — Endy from 9 to the odd
endomorphism operad Endy . The structure of the odd endomorphism operad is extremely
sign-sensitive. We will present two ‘natural’ and ‘canonical’ constructions of this operad,
leading quite unexpectedly to different results. This phenomenon is explained by the pres-
ence of two different monoidal structures of Vect. Proposition [ of the last section specifies
which one gives the correct result.

The moral is that even the systematic and careful use of the Koszul sign rule might lead
to wrong results if one is unlucky. We hope that this note would warn the reader that this
may indeed happen if ‘odd’ structures are present.

Conventions. All algebraic objects will be considered over a fixed field k of characteristic
zero. The symbol ® will be reserved for the tensor product over k. We will denote by 1x or
simply by 1 when X is understood, the identity endomorphism of an object X (set, vector
space, &c.).

By a grading we mean a Z-grading, though everything in this note can easily be modified
to the Zy-graded case. The degree of a graded object will be denoted by |w|. We will use
the Koszul sign rule meaning that whenever we commute two “things” of degrees p and g,
respectively, we multiply the sign by (—1)P9.

We assume basic knowledge of operads with the emphasis on modular ones as it can be
gained for example from [[f, Chapter 5] complemented by the original source [].

Notation. For n > 1 we denote by ¥, the symmetric group of n elements realized as the

group of automorphism of the set {1,...,n}. For graded indeterminates z1,...,z, and a
permutation o € ¥,, we define the Koszul sign €(o) = €(o; 21, ...,x,) by

(1) Ty Ty = €(03 T, Tn)  To(t) " Ton)s

which has to be satisfied in the free graded commutative associative algebra S(z1,...,z,)
generated by x1,...,x,.

For graded vector spaces V and W we denote by Vect®(V, W) the vector space of degree
k morphisms V' — W and by Vect(V, W) the graded vector space

Vect(V, W) := € Vect*(V, ).
kez
If W is the ground field k, we obtain the graded dual V* := Vect(V, k) of V. Notice that
the degree k component of V* equals the standard linear dual (V=%)* of the degree —k
component of V. A degree k morphism f : V' — W defines a map f*: W* — V* of the same
degree by the formula

(2) fiz) = (=Dl g o f z eV

For V = @pr, let TV be the suspension of V, i.e. the graded vector space defined by
(1V), = V,—1. One has the obvious linear isomorphisms 1 : V — 1tV and | : 1V — V of
degrees +1 and —1, respectively. Given graded vector spaces V; and V5, we denote by 7 the
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symmetry

(3) T Vi@V, = Vi@V, (o ®@v) = (=)l (v, @ vy).
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Batanin and Martin Doubek. Martin pointed to me the potential sign problems in the
construction of the odd endomorphism operad, and Michael substantially contributed to my
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rule, and to Ralph Kaufmann for turning my attention to [f. I enjoyed the wonderful
atmosphere of the Max-Planck Institut fiir Matematik in Bonn in the period when this
paper was completed. I am also indebted to an anonymous referee for many useful remarks
and corrections.

Plan of the paper. In Section [ we show that the 2-category Cat(Vect) of categories
enriched over the category Vect of graded vector spaces and their linear degree 0-maps ad-
mits two monoidal structures, ®g and ®p;, thus one has two types of pseudomonoids in
Cat(Vect). We notice that the category Vect of graded vector spaces and their linear maps
of arbitrary degrees with its standard Vect-enriched monoidal (tensor) structure is a pseu-
domonoid for ®g, while it has yet another monoidal structure which makes it a pseudomonoid
for ®u. Section [l] is complemented with a toy example of an odd structure in Vect.

In Section ] we recall odd modular operads and show how their concrete models depend on
the choice of a monoidal structure of Vect. The last section is devoted to two constructions
of the odd endomorphism operad. We investigate the sensitivity of these constructions to
the monoidal structure of Vect.

1. THE CATEGORY OF GRADED VECTOR SPACES

Let Vect denote the category of graded vector spaces and their linear degree O-maps,
and Cat(Vect) the 2-category of Vect-enriched categories. The 2-category Cat(Vect) bears
the ‘standard’ monoidal structure, denoted ®g, defined as follows. For enriched categories
A,B € Cat(Vect), the objects of the category A®gB are couples (a, b), where a is an object
of A and b an object of B. The enriched hom-spaces are

(A@SB> ((CLl, bl), (CLQ, bg)) = A(al, CLQ) & B(bl, bg),

and the enriched composition og is given by the diagram

(A@SB) ((al, bl), (0,2, b2))®(A®SB) ((ag, bg), (0,3, bg)) i> (A@SB) ((0,1, bl), (ag, bg))

A(al, CL3)®B(b1, bg)

o®oT

(17R1)
A(al, CLQ)@A(CLQ, CL3)®B(b1, bg)@B(bQ, bg)

A(al, CL2)®B(b1, b2)®A(a2, CL3)®B(b2, bg)

In the above displays, ay, as, as are objects of A, by, ba, by objects of B, 7 the symmetry ([)
and o the compositions in A resp. B. The og-composition can also be defined directly by
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4 MARTIN MARKL

the formula
(f1®g1) os (fo® g2) == (=1)W2I(fr 0 fy ® g1 0 o),
where fi, fo are composable morphisms of A and g¢;, go composable morphisms of B.

The 2-category Cat(Vect) has however another monoidal structure which we denote by
Owum and call it, from the reasons explained later, the McGill monoidal structure. The objects
of A®\B are the same as the objects of A®gB, and also the enriched hom-spaces agree, i.e.

(A@MB) ((al, bl), (0,2, bg)) = A(al, ag) & B(bl, bg),

but the composition oy is now given by
(f1 ® 1) om (fa ® g2) := (=1)I(f1 0 fr @ g1 0 ga).

The monoidal 2-categories (Cat(Vect),®s) and (Cat(Vect), ®y) are isomorphic as mo-
noidal categories, via the isomorphism 7 given by the identity on Cat(Vect) and the natural
family of functors

{wyp : A©OsB —> AOyB, A,B € Cat(Vect)}.
The functor w, g is the identity on objects, while on a morphism

f ®g e A(al, ag) ® B(bl, bg) = (A@SB)((CLl, bl), (ag, bg))
1t acts as

ww(f (29 g) = (—l)lng‘(f X g) - A(al, ag) X B(bl, bg) = (A@MB)((al, bl), (ag, bg))

The category Vect of graded vector spaces and their homogeneous linear maps of arbitrary
degrees is naturally enriched over Vect. It turns out that also Vect admits two Vect-
enriched symmetric monoidal structures, the standard one and the McGill monoidal structure
defined below.

The monoidal product of objects is for both structures the usual tensor product of graded
vector spaces, but the products differ by their actions on morphisms. The standard conven-
tion is that, for homogeneous maps f : V' — W’ ¢ : V" — W” and homogeneous vectors
u € V', ve W one defines

(4a) (f @ g)(u@v) = (=1)" f(u) @ g(v),
while some categorists at McGill University in Montreal would prefer
(4b) (fog)uev)= (=) )@ g(v).

The second convention would follow from the Koszul sign rule if we are applying the mor-
phisms from the right. Equation (H) would then read as

(w@)(f ©g) = (=) f(u) ® g(v),
the unexpected sign coming from commuting f over v. We denote, only for the purposes
of this section, the first monoidal structure by ®g and second by ®y; (‘S’ abbreviating
standard and ‘M’ McGill). The corresponding monoidal categories will be denoted by Vectg
and Vect,,, respectively. Notice that both monoidal structures coincide on the subcategory
Vect of graded vector spaces and their linear degree 0 maps.

It can be easily verified that Vectg is a symmetric pseudomonoid in (Cat(Vect), ®s) while
Vect); a symmetric pseudomonoid in (Cat(Vect), @M). The isomorphism

7 : (Cat(Vect), ®g) = (Cat(Vect), Ou)
[August 10, 2016] [odd. tex]



ODD STRUCTURES ARE ODD 5
induces an isomorphism
PsMon(r) : PsMon(Cat(Vect), ®s) = PsMon(Cat(Vect), Ou)
of the corresponding categories of pseudomonoids, and

PsMon(m)(Vecty) = Vecty,.

We finish this section by a kindergarten example of an odd structure in Vect. An odd
associative algebra is a couple A = (A, e) consisting of a graded vector space A and a degree
+1 operation e : A ® A — A which is anti-associative, i.e.

(5) e(l®e)+eo(ex®l)=0.

Since the structure operation has an odd degree, the form of axiom (f]) evaluated at concrete
elements may depend on the chosen monoidal structure of Vect. Let us calculate

(lRe)(zRY®R2)+eo(ex1)(zRY® 2).
for all z,y,z € A. While in Vecty we get
(~1)Flze(yez)+(zey)ez,
in Vect,; we obtain
ze(yez)+(—1)Fl(zey)ez

The categories of odd associative algebras in Vecty and in Vect,,; are however isomorphic.
Indeed, the modification
turns an odd associative algebra in Vectg into one in Vect,; and vice versa. In fact, there
exists an one-to-one correspondence between odd associative algebra structures on A and

usual associative algebra structures on the suspension 1 A. The corresponding associative
product o is given by the commutative diagram

TARTA— 1A
el {T
A® A A.

If not stated otherwise, we will use in the rest of this note the standard monoidal structure
and drop the subscript S.

2. ODD MODULAR OPERADS

Odd modular operads are particular cases of twisted modular operads which were intro-
duced in the classical 1998 paper [B, (4.2)]]] They were originally defined as algebras for
a certain monad of decorated graphs. For practical calculations it is however convenient to
have a biased definition which appeared much later in [[[]. For the convenience of the reader
we repeat it below. The first definition in which Vect denotes the category of graded vector

space and their degree-0 linear maps is however standard.

#More precisely, they are f-twisted operads, where £ is the dualizing cocycle [ﬁ, (4.8)].
[0dd. tex] [August 10, 2016]



6 MARTIN MARKL

Definition 1. A modular module (in Vect) is a covariant functor
E : fSet Xx N — Vect

from the cartesian product of the category fSet of finite sets and their isomorphisms with
the discrete category of natural numbers to Vect.

Explicitly, a modular module £ is a collection E(S;g), S € £Set, g € N, of graded vector
spaces together with functorial degree 0 morphisms

E(o): E(S;9) — E(T;g)

specified for any isomorphismf] o : S =5 T and g €N.

Roughly speaking, an odd modular operad is a modular operad whose structure operations
have ‘wrong’ degrees and some axioms acquire ‘wrong’ signs. Let us give a precise:

Definition 2. An odd modular operad is a modular module
R = {R(S;g) € Vect | (S;g) € £Set x N}
together with degree +1 morphisms ( ,®,-operations)
(6) a® (S U{a}; g1) ® R(So U{b}; g2) = R(S1 U S2; 91+ 92)

defined for arbitrary disjoint finite sets Sy, So, symbols a, b, and arbitrary ¢;, g, € N. There
are, moreover, degree 1 morphisms (the contractions)

0, =0, : JZ(SI_I {u,v};g) — R(S;9+1)

given for any finite set S, g € N, and symbols u,v.[] These data are required to satisfy the
following axioms.

(i) For arbitrary isomorphisms p: Sy U{a} — T} and o : Sy U {b} — T3 of finite sets and
g1, g2 € N, one has the equality

R(pls, U0ls,) a® = pa)®eey ((p) ® R(0))
of maps
R(S1U{a}igr) ©R(S2 U {b}ig2) = R(TIUT2\ {p(a), o (b)}: 91 + g2)-
(ii) For an isomorphism p : S U {u,v} — T of finite sets and g € N, one has the equality
R(pls) ®uv = &) 2(p)

of maps R(S U {u,v};9) = (T \ {p(u), p(v)}; g +1).

(iii) For Sy, Se, a, b and g1, g2 as in (f]), one has the equality
a® = 59 T

of maps (S; U {a}; g1) ® R(Ss U {b}; g2) — R(S1 U Sa; 91 + 92) [l

" SIsomorphisms are the only morphisms in £Set by definition.

TWe are using the notation for structure operations of odd modular operads introduced in [E]
IRecall that 7 is the commutativity constraint ) in the category of graded vector spaces.
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(iv) For mutually disjoint sets Si, S, S3, symbols a,b,¢,d and g1, g2, g3 € N, one has the
equality
a®(1® 05) = — .04( 0 ®1)
of maps from 2(S; U {a}; 1) ® (S2 U {b,c}; g2) @ (S5 U {d}; g3) to the space
R (51U Sy U S35 g1+92+93)-
(v) For a finite set S, symbols a, b, c,d and g € N one has the equality
®uh Ocd = — ®cd Oqp
of maps ®(S U{a,b,c,d}; g) = R(S; 9+ 2).
(vi) For finite sets S, Sz, symbols a, b, ¢,d and g;, g2 € N, one has the equality
O c® = — ®d a®
of maps JZ(Sl U {a,c}; gl) ® JZ,(SQ U {b,d}; gg) — R(S1USs91 +92+1).
(vii) For finite sets Sy, Ss, symbols a, b, u, v, and gy, g2 € N, one has the equality
a® (04 @ 1) = — 0y, 40
of maps JZ(SI U{a,u,v}; gl) ® JZ,(SQ L {b};gg) — R(S1USs; 01+ g2+ 1).
As for odd associative algebras discussed in Section [[], the form of some axioms of odd

modular operads evaluated at concrete elements depends on the chosen monoidal structure
of Vect. Let us, for instance, evaluate axiom (iv) at homogeneous elements

x € JZ(SI L {a};gl), y € JZ(SQ LI {b, c};gg) and z € JZ,(Sg L {d};gg)
i.e. expand
®(1® 0)(TRYR2) =—04(® 1) (2 Ry 2).
While in Vecty we get

(7a) (_1)‘w‘xa.b(yc.d z) = —(T .9 Y) 0z,
in Vect,; we obtain

(7b) T a0 (Y 9 2) = —(—1)|Z|(£Ea'b Y) o 2.
Likewise, axiom (vii) in Vectq reads

(8a) o (T) a® Y = — ®uy (Ta®y)
while in Vect,; one would get

(8b) (1) oy (2) a0y = — o (a0 y)

for z, y belonging to the appropriate components of #. The remaining axioms are the same
in both monoidal structures.

It turns our that the categories of odd modular operads in Vecty and in Vect,; are iso-
morphic; the modification
9) ooy = (D)L 0y, e, () = (<1) 0y, (2),
turns an odd modular operad in Vectg into one in Vect,; and vice versa.

It is however not true that an odd modular operad structure is the same as an ordinary one
on the suspension of the underlying modular module. While the suspended ,e,-operations
are of degree 0 as for the ordinary modular operads, the suspended contractions e, retain
degree 1. The categories of ordinary and odd modular operads are genuinely different.

[0dd. tex] [August 10, 2016]



8 MARTIN MARKL
3. ODD ENDOMORPHISM OPERADS

The classical definition of the (ordinary) modular endomorphism operad Endy given in
[B, (1.7)] requires as the input data a graded vector space V with a non-degenerate symmetric
bilinear form B : V ® V' — k of degree 0. For [n] := {1,...,n} one puts

Endy ([n]) :=V*®", n >0,

with the operadic structure given by ‘contracting indexes’ using B. If B has degree +1, the
same construction leads to an odd modular endomorphism operad [[, Example 5.3].

One easily observes that B need not be non-degenerate — everything makes sense even in
the extreme case when B = (0. Moreover, in mathematical physics, it is more natural to
work in the dual settig with a symmetric degree 41 tensor s € V®V instead of B, and the
components of the odd endomorphism operad given by

Endy ([n]) = (V®")*, n > 0.

The operadic structure is given by ‘expanding indexes’ using s. We will focus to this version
of the odd endomorphism operad.

It turns out that there are two interpretations what expanding indexes means. The first,
seemingly preferable one, is expressed by ([24) and ([3a) below. It does not involve duals
and uses only canonical isomorphisms. The other one, represented by ([2H) and ([[3H), is
much less aesthetically pleasing since it needs duals and inclusions of the form

A*® B — (A® B)*

which from seemingly random reasons go in the desired direction. It is the peculiarity of
the odd case that both constructions lead to different results. If we assume the standard
monoidal structure of Vect, then the correct result is given by the second, ugly one.

We will need the tensor product of a family {V,}.cs of graded vector spaces indexed by
a finite set S € fSet. Since S is not a priory ordered, we want a concept that would not
depend on a chosen order. The idea is to choose an order, then perform the usual tensor
product, and then identify the products over different orders using the Koszul sign rule. Since
an order of a finite set S with n elements is the same as an isomorphism w : {1,...,n} — S,
we are led to the following:

Definition 3. The unordered tensor product ®C€S V. of the collection {V,}.cs is the vector
space of equivalence classes of usual tensor products

o

(10) Vw(1) Q- ®'Uw(n) € Vw(l) K- ® Vw(n)> W {1a cee >n} — S,
modulo the identifications
V(1) @+ @ V() ~ €(0) Vuo(1) @+ ® Vo (n), T € Ly,

where €(0) is the Koszul sign ([l)) of the permutation o.

The need for a subtler version of the tensor product is caused by the fact that the category
Vect of graded vector spaces is a symmetric monoidal category with a non-trivial symmetry.
Similar unordered products can be defined in any symmetric monoidal category with finite
colimits, see e.g. [f, Def. I1.1.58]. Let us formulate two important properties of unordered
tensor products.

[August 10, 2016] [odd. tex]



ODD STRUCTURES ARE ODD 9

Lemma 4. Let o : S — D be an isomorphism of finite sets, {V.} cq and {Wa} o collections
of graded vector spaces, and ¢ = {p.: V. = Wy} .cq a family of linear maps. Then the
assignment

® Ve > [%(1) K- & Uw(n)] — [wcrw(l) K- & wow(n):| € ® Wq
ceS deD

With Wew(i) = Pu@) (Vo)) € Wowty, 1 <1 < n, defines a natural map

of unordered products
Proof. A direct verification. O

A particularly important case of the above lemma is when V, = V; = V for all ¢ € S,
de D, and p.: V — V is the identity for all ¢ € S. Lemma [ then gives a natural map

(11) E::W:®V6—>®Vd.

Lemma 5. For disjoint finite sets S’, 5", one has a canonical isomorphism
] ) )

RVeow @ Vo= K V.

ces’ cres ces'u s
Proof. Each ' : {1,...,n} 5 S and w” {1,...,m} = §” determine an isomorphism
WU {1, n+m} — S US"
by the formula
(W Uw")(i) = w:/(i?, %f 1< i- <n, and
W'Ni—n), ifn<i<n+4+m.
The isomorphism of the lemma is then given by the assignment
[r) ® - ® Vur ()] @ [Uorr(1) ® -+ @ Vrmy)] = [Vwrnwr)(1) @+ @ V(wiwyntm) -
This finishes the proof. U

The input data of the odd modular endomorphism operad is a graded vector space V' with
a symmetric tensor s € V®V of degree +1. The symmetry means that 7(s) = s, where 7 is
the interchange (f]). We will interpret as usual s as a linear degree +1 map s: k =V ®@ V.
For a finite set S put

Endy (S) = Vect( Res Ver k) = (Qpes Vo)

where V. := V for each ¢ € S. Given an isomorphism ¢ : S — D of finite sets, we define the
induced map

Endy (o) : Endy(S) — Endy (D)
by Endy (0)(z) == 27! for 2 : @ .cg Ve = k € Endy(S) and 7 as in ([]).
Let S1,.5; be disjoint finite sets and a # b two symbols. Our next task will be to define,
for linear functionals
z € Endy (S) U{a}) and y € Endy (5> L{b}),

[0dd. tex] [August 10, 2016]
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their ,e,-product x e,y € Endy (Sl L 52). The natural choice is obviously the composition

RV =RV QR Ve — RVeake Q) Vo

ceS1US2 c'eSy c"eSy c'esy c’eSy
B @uatate @ @ o @ 1
c'es c’eSs cdeSiU{a} c’eSo{b}

in which the isomorphisms are those of Lemma [. In shorthand,
Ty =(x® y)(lv®51 ®s® 1V®52)
and, denoting 1g, := lyes, and lg, := lyes,, still more concisely
(12a) T.oy = (r®y)(ls ®s® lg,).
Alternatively, one may define x .o,y as the result of the application of the composition
Qo @u)=( @re @ )
deSif{a} ¢ eSa{b} deSiu{a} ¢ €SaLI{b}
* (1esal)*

S(Q@veviene @) — (Qreke @ Vo)

c'es €S cesy €S
S(@ve@v) S ( V)
€S €Sy c€51US>
t0 29y € (Quesifay Vo) © (Quresoupy Ver) - In shorthand,
(12b) T,y = (ls, ®5® 1g,) (z@Y).
We shall keep in mind that ([2H) implicitly involves canonical identifications and inclusions.

An obvious way to define the contraction e,,x € Endy(S;g + 1) of a linear functional
x € Endy (S UA{u,v}; g) is the composition

RQu.2keo@V. —S VeV,e @V = Q V.-Sk

ceS ceS ceS ceSU{u,v}
In shorthand,

(13a) 0w :=1z(s® lg).

The commutativity of the diagram

®1
k®®ceSVCs_"Vu®%®®ceSVC

7« o

®C€S ‘/C ®c65u{u,v} ‘/C :

A

®ces‘/c®kl—®’®ceSVC®Vu®V1}
s

implies that we could replace (s® 1g) in ([34) by (1s ® s) with the same result. We could in
fact place s into an arbitrary position without affecting the result. A similar remark applies

also to ([29) and ([201).
[August 10, 2016] [odd. tex]
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Another possibility is to define e,z as the result of the application

(® v) = Weve@u) 5 (ke @) = (QV)
ceSU{u,v} ces ces ces
tox € (®C€Su{u7v} V.)". In shorthand,
(13Db) 0 = (s® 1g)* ().

Here comes a surprise. Since |s| = 1, the two definitions of the ,e,-operation, i.e. the one
via ([[2d) and the one via ([2H), lead to different results! The reason is that they are not
dual to each other, since the duality (B]) acquires a nontrivial sign. The resulting x ,e,y’s
differ by (—1)=+l,

Likewise, definitions ([[3d) and ([3H) are not dual to each other and the resulting e, (x)’s
differ by (—1)/l. What happens is described in the following proposition; recall that Vectg
and Vect,; denote the two versions of the category Vect discussed in Section [I.

Proposition 6. The modular collection Endy with operations ,e, and e, defined by ([I23)
and ([[34) is an odd modular operad in Vects while ([[2d) and (L3d) give an odd modular
operad in Vecty.

Proof. Let us show that the ,e,-operations defined by ([2H) satisfy ([[@). In the following
calculations, § and s are two copies of the map s:k — V ® V. One has
T ,0(y c0q2) = (1g, ® 5@ 152u53>* (2@ (ycoq2))
= (15, ® 3 ® Lgyus,) (7@ (Le,upy ® 5 ® 1g,)" (¥ ® 2))
= (-1)" (15, ® 5 ® Layus,) (Lsiufapyus, ® 5 ® 1s,) (2 @y ® 2)
while
(7.9 Y) ®a2 = (131u52 ®5® 153)* ((93 a®Y) ® Z)
= (Ls,us ®5® 1) (15, © 5@ Lgyu00) (2 D y) ® 2)
= (Lsius ®3® 1s,) (15, ® 5 ® Lsyugepuss) (2 @y ® 2).
To finish the proof of ([d), we observe that
(1, ®5® 15, ®5® 1g,) = (Ls, ® 5 ® 1gyusy) (Lsiufapius, ® 5 ® 1s,)"
= —(Lsius, ©5® 1g;) (1sy, © 5 © Loyueapuss)
the minus sign coming from commuting s over s.

Let us also verify explicitly that the ,e,-operations defined by ([29) satisfy ([[H). The
related calculation is of course obtained from the above one by removing duals and inverting
the order of compositions but, very crucially, without inserting Koszul signs. We obtain

T, 0(Y 94 2) = (93 ® (Y 94 Z)) (151 ®s5D 1SQIJS3)
= (2® (y ® 2)(Loupy © 5O 1s;)) (1s, @ 5 @ Lg,ug;)
=(r®y®=2) (lSlu{a,b}uSg ®5® 133) (151 RSX 1S2uS3)
on one hand and
(T, 0pY) @g 2 = ((x a®Y) @ z) (151u52 ® S5 ® 153)
[odd. tex] [August 10, 2016]
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= ((95 QY)(ls, ® 5@ Lg,ufey) ® Z) (131u5‘2 ®5® 153)
D) zey®z2) (1s, ® §® Lgyufedyuss) (Lsius, ® 5@ 1g,)
on the other. Axiom ([/H) now follows from the equality
(151 ®5®15,Q5® 1S3> = (151 ®5® :I-SQH{C,d}lJSg) (15‘1u52 ®S® 15‘3)
= —(Ls,u{apjus: ® S® 1g,) (1, ® 5@ Lgyusy)-

Notice that the sign difference between the results of the above two computations is (—1)!*!
versus (—1)1?! as it should be. The verification of axioms (Bd) resp. (BH) is similar. The
remaining axioms are not affected by the choice of the monoidal structure in Vect so we will
not verify them here. O

We evaluated ([29), ([2H), (I34) and ([[3H) inside the standard monoidal structure of Vect.
If we use the McGill one, then ([24) and ([34) would give an odd modular operad in Vectg
while (T2H) and (I3H) would lead to an odd modular operad in Vect,.
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