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CHIRAL VS CLASSICAL OPERAD

BOJKO BAKALOV, ALBERTO DE SOLE, REIMUNDO HELUANI, AND VICTOR G. KAC

ABsTRACT. We establish an explicit isomorphism between the associated graded
of the filtered chiral operad and the classical operad, which is important for
computing the cohomology of vertex algebras.

1. INTRODUCTION

This is the second in a series of papers aimed at computing the cohomology of
vertex algebras. In our first paper [BDSHK18|, for a vector superspace V with
an even endomorphism 0, we introduced the chiral operad P°"(V). This is an
explicit description in local coordinates of the chiral operad of Beilinson and Drin-
feld [BD04], associated to a D-module on a smooth algebraic curve X, where the
geometric language of D-modules is replaced by the linear algebraic language of (in-
tegrals of) lambda-brackets. We are taking X = A! and the D-module translation
equivariant.

The operad P(V) “governs” vertex algebra cohomology in the following sense.
To each vector superspace V over a field F of characteristic zero, with an even
endomorphism 0, it canonically associates a Z-graded Lie superalgebra

wew) = @ witwv), where  WH(V) = PR(V)(k+ 1)+, (1.1)
k=—1
such that
WEV)=V/ov,  WV)=Endgy V. (1.2)
This Lie superalgebra is an explicit description in local coordinates of the Lie super-
algebra constructed by Tamarkin in [Tam02] in his study of deformations of chiral
algebras, in the particular case of translation equivariant chiral algebras on A!.

The space WP (V) consists of all elements from PM(V)(k+1) that are invariant
under the action of the symmetric group Sjy1, and the Lie bracket on W< (V)
is defined via the o;-products of the operad P"(V'). For the construction of the
Z-graded Lie superalgebra associated to an arbitrary linear operad, see [Tam02,
LV12, BDSHK1S].

An odd element X € W (IIV) satisfying [X, X| = 0, where IV stands for V'
with the reversed parity, defines on V the structure a non-unital vertex algebra.
Consequently, (W (IIV), ad X) is a differential graded Lie superalgebra whose co-
homology is the cohomology of the vertex algebra V' defined by X, with coefficients
in the adjoint module. Alternatively, a non-unital vertex algebra structure on V' is
equivalent to a morphism of operads Lie — P"(V') [BD04, Sec. 3.3.3]. The image
of the binary operation [,] € Lie(2) is given by the (parity shifted) operation X.
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Let us recall the definition of the operad P°" (V) associated to a vector superspace
V with an even endomorphism 0. For a non-negative integer n, let

OZT:F[(Zi—Zj)i1|1Si<j§n]’

the algebra of Laurent polynomials in z; — z;. Denote by 0; the endomorphism of
V®n acting as d on the i-th factor. Introduce the superspace

Vo=V, ., ]/ O+ M+ -+ ),
where all variables \; have even parity and (®) stands for the image of the endo-
morphism ®. The superspace of n-ary chiral operations P (n) := P(V)(n) is
defined as the set of all linear maps [BDSHK18, Eq. (6.11)]
X: VRO Ve, 0@ f— X0 f)), (1.3)
satisfying the following two sesquilinearity axioms (i,j7 =1,...,n):
Xanan (V@02 f) = Xy (0 + Xi)v @ f),
Xniean (0@ (20 = 25)f) = (Ox; = )X, L, (0@ ).
Note that P°"(n) = W<, (V) is given by (1.2) for n = 0, 1. In [BDSHK 18], we also
introduced the action of S,, on P"(n) and the o;-products to make P"(V) into an

operad.
Now suppose that V' is equipped with an increasing filtration of F[0]-submodules

F'Vv={0 cFVCcF'VCFVC---CV. (1.5)

(1.4)

Taking the increasing filtration of O%T by the number of divisors, the filtration (1.5)
induces an increasing filtration on V" @ OT. The latter induces a decreasing
filtration on P"(n). The associated graded pieces gr” P"(n), r > 0, form a graded
operad denoted by gr P".

On the other hand, in [BDSHK 18| we introduced the operad P!(V'), which “gov-
erns” the Poisson vertex algebra cohomology in a similar way. Moreover, assuming
that V' is Z-graded by F[0]-submodules, we have the associated Z-grading on the
space of n-ary operations P (n) := P (V)(n)

P(n) = @ gr” P(n).

rEZ

Next, assuming that V' is endowed with the filtration (1.5), we have the linear map
gr” PY(V)(n) — gr" P (grV)(n), r>0. (1.6)

These constructions are recalled in Section 3. We proved in [BDSHK18] that the
map (1.6) is an injective morphism of operads. The surjectivity of this map was
proposed as a conjecture.

The main result of the present paper is that the map (1.6) is an isomorphism,
provided that the filtration (1.5) is induced by a grading by F[0]-modules (Theorem
5.1). In fact, we construct explicitly a map, inverse to (1.6), using the notions of
I'-residue and I'-Fourier transform introduced in Section 4.

Theorem 5.1 is important since it allows to compare the vertex algebra and
Poisson vertex algebra cohomology. For example, using the obvious fact that this
theorem holds (without any assumptions) for n = 0,1 and the results of [DSK12,
DSK13] on variational Poisson cohomology, we calculated in [BDSHK18] the 0-th
and 1-st cohomology of the vertex algebra of free bosons, computing thereby its
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Casimirs and derivations. The connection between the classical and variational
Poisson cohomology is discussed in the forthcoming paper [BDSHKV19].

Our operad P (V') was shown to be related to Beilinson and Drinfeld’s operad
of classical operations in [BDSHK18, Appendix|. The isomorphism of Theorem 5.1
is stated in [BD04, Sec. 3.2.5] for the trivial filtration of V' in the geometric context
under the assumption that the corresponding D-module is projective.

As pointed out by a referee, a more appropriate terminology would have been the
operads of chiral and of classical operations for P°"(V') and P(V'), respectively.
We opted for the shorter names chiral and classical operads.

Throughout the paper the base field F has characteristic 0.

Acknowledgments. This research was partially conducted during the authors’ visits
to RIMS in Kyoto and to the University of Rome La Sapienza. We are grateful
to these institutions for their kind hospitality. We thank the referees for their
valuable comments. The first author is supported in part by a Simons Foundation
grant 584741. The second author was partially supported by the national PRIN
fund n. 2015ZWST2C 001 and the University funds n. RM116154CB35DFD3 and
RM11715C7TFB74D63. The third author is partially supported by the Bert and
Ann Kostant fund.

2. THE CHIRAL OPERAD

In this section, we recall the definition of the chiral operad P*(V') from [BDSHK18,
Sec. 6.

2.1. The spaces O}T. Here and further, we will consider rational functions in the
variables 21, 22, ... and use the shorthand notation z;; = 2;—z;. For a fixed positive
integer n, we denote by O,, = Flz1, ..., z,] the algebra of polynomials, and by

OF =Flzijli<icj<n = Kerz 0,

i=1
the subalgebra of translation invariant polynomials. Let O} be the localization of
O,, with respect to the diagonals z; = z; for ¢ # j, i.e.,

O =Flz1, ..., 2z hi<i<jcn,
and let
O;" =Flzj; h<icj<n.
We also set Oy = OF = Of = 037 = F. Note that 01 = O = F[z] and
OF = 03T = F. At times we will denote OF = OX(z1,...,2,), if we want to

specify the variables z1, ..., z,.
We introduce an increasing filtration of O} given by the number of divisors:

FO;={0}CcF O, =0, CF 0} => 0Oz C
i<j (2.1)
-1 -1 -1
CFTOR =) Onlzl, .z c- CFI O, = 0,
In other words, the elements of F” OF are sums of rational functions with at most r
poles each, not counting multiplicities. The fact that F™ ™ Oy = O}, was proved in
3



[BDSHK18] (it is a consequence of the proof of Lemma 8.4 there). By restriction,
we have the induced increasing filtration

Fror =F ornoit.

2.2. The operad P"(V). Let V = V; @ V; be a vector superspace endowed with
an even endomorphism 9. For every i = 1,...,n, we will denote by 9; the action
of @ on the i-th factor of the tensor power V®":

dv=v1® - Q0 --Qu, for v=v® - Qu, € VO, (2.2)
Consider the space

where here and further, (®) denotes the image of an endomorphim ®.
The space of n-ary chiral operations P (n) := P"(V)(n) is defined as the set
of all linear maps [BDSHKI18, Eq. (6.11)]

X:VEQOT 5 VAL A0+ M+ + ),

V@ Q@ua®f(21,..y2n) = Xn a1 @ @v, @ f) (2.4)

=X (0@ @ ® 2,0, 20))
satisfying the following two sesquilinearity conditions:
Xt (@02, f) = X, (0 + X)) @ f) (2.5)
Xt (W@ zii f) = (Ox;, — On) X, (0® ).
For example, we have:
P™(0) = Homg(F, V/(9)) = V/9V, (2.7)
P (1) = Homg) (V, V[Xo]/(0 + o)) = Endgig (V). (2.8)

The Z/2Z-grading of the superspace P"(n) is induced by that of the vector super-
space V, where O*T and all variables \; are considered even.

Remark 2.1. The spaces V& @ OxT and (2.3) are canonically modules over the
algebra D of translation invariant differential operators in n-variables. Taking the
quotient in (2.3) means that the sum of coordinate vector fields is the diagonal
vector field. Equations (2.5)—(2.6) are equivalent to stating that X is a morphism
of D-modules.

One can also define an action of the symmetric group and compositions of chiral
operations, turning P*(V) into an operad (see [BDSHK18, Eq. (6.25)]). However,
these structures will not be needed in the present paper, hence we do not recall
their definition.

2.3. Filtration of P"(V). Now suppose that V is equipped with an increasing
filtration of F[0]-submodules

F'V={0} cFVCcF'VCFVc. . cV. (2.9)

Since 07 is also filtered by (2.1), we obtain an increasing filtration on the tensor
products

FPVeneo) = Y  F'Ve--eF"VeFroyl,
s1tet+sn+p<s
4



if s >0, and F* (V" ® OxT) = {0} if s < 0. This induces a decreasing filtration of
Pt (n), where F” P®(n) for r € Z is defined as the set of all elements X such that

X(FS(V®" ® O;T)) CETTV)A, - N0+ M+ -+ ), (2.10)
for every s. Then, as usual, the associated graded spaces are defined by
gr” P (n) = F" P"(n)/ F" 1t PR (n). (2.11)

In fact, the composition maps are compatible with the filtration (2.10) and, there-
fore, the associated graded (2.11) is a graded operad (see [BDSHK18, Prop. 8.1]).

3. THE CLASSICAL OPERAD

Here we recall the definition of the classical operad P!(V) from [BDSHK18, Sec.
10].

3.1. n-graphs. For a positive integer n, we define an n-graph as a graph I' with
n vertices labeled by 1,...,n and an arbitrary collection E(T") of oriented edges.
We denote by G(n) the collection of all n-graphs without tadpoles, and by Gy(n)
the collection of all acyclic n-graphs, i.e., n-graphs that have no cycles (including
tadpoles and multiple edges). For example, Gy(1) consists of the graph with a single
vertex labeled 1 and no edges, and Gy(2) consists of three graphs:

A s .
ET) =0 | EM)={1-2},  ED)={2—1}

By convention, we also let Go(0) = G(0) = {0} be the set consisting of a single
element (the empty graph with 0 vertices).
A graph L will be called a line if its set of edges is of the form {i; — i3, i3 —

13y« n—1 — in} where {i1,...,4,} is a permutation of {1,...,n}:
L= 0—0—---—0 ]
i ia in (3.2)

An oriented cycle C in a graph I' is, by definition, a collection of edges of I" forming
a closed sequence (possibly with self intersections):

C= {il —> 12, 10 —> 13, ..., lg—1 —> 1, Lg —> il} C E(F) (33)

There is a natural (left) action of the symmetric group S, on the set G(n) of
n-graphs, which preserves the subset Gy(n) of acyclic graphs. Given T' € G(n)
and o € S, we define o(I') to be the same graph as I', but with the vertex that
was labeled 1 relabeled as o(1), the vertex 2 relabeled as ¢(2), and so on up to
the vertex n now relabeled as o(n). For example, if Lo is the line with edges
{1-52,2—-3,...,n—1—n}and o € Sy, then o(Lg) = L is the line (3.2) where

3.2. The operad P (V). As before, let V = V; @ V; be a vector superspace en-
dowed with an even endomorphism 9. As a vector superspace, P (n) := P(V)(n)
is defined as the vector superspace (with the pointwise addition and scalar multi-
plication) of all maps

Y Gm) % VI o Vs Al/ 0+ A -+ M), (3.4)
I'xv— Y)\l—; An (U) 5 (35)

yeeey



which depend linearly on v € V®", and satisfy the cycle relations and sesquilinearity
conditions described below. The Z/2Z-grading of the superspace P¢(n) is induced
by that of the vector superspace V', by letting I" and the variables A; be even.

The cycle relations state that if an n-graph I € G(n) contains an oriented cycle
C c E(I"), then:

Yyl =o0, ZY“B:O, (3.6)
ecC

where T'\e € G(n) is the graph obtained from I" by removing the edge e and keeping
the same set of vertices. In particular, applying the second cycle relation (3.6) for
an oriented cycle of length 2, we see that changing the orientation of a single edge
of T' € G(n) amounts to a change of sign of Y.

To write the sesquilinearity conditions, let us first introduce some notation. For
a graph G with a set of vertices labeled by a subset I C {1,...,n}, we let

i€l i€l
where as before 9; denotes the action of d on the i-th factor in V®" (see (2.2)).
Then for every connected component G of I' € G(n) with a set of vertices I, we
have two sesquilinearity conditions:
(Ox, —On)Yx,..a,(v) =0 forall i,jel, (3.8)
Ya oo ((0c+Ac)v) =0,  veVe. (3.9)
The first condition (3.8) means that the polynomial Yy | (v) is a function of the
variables Ar_, where the I',’s are the connected components of I', and not of the
variables A1, ..., A, separately.
In [BDSHK18, Eq. (10.11)], we also defined the action of the symmetric group

and compositions of maps in P(V), turning it into an operad. However, these
structures will not be needed in the present paper.

3.3. Grading of P°(V). Suppose now that V = @, ., gr’ V is graded by F[9]-
submodules, and consider the induced grading of the tensor powers V&m:

grt VO = Z g V@ gV,
byttt =t
Then P°/(V) has a grading defined as follows: Y € gr" P!(n) if
Vi (et VE) C (gt TV AL A0 A+ ) (3.10)
for every graph I' € G(n) with s edges (see [BDSHK18, Rem. 10.2]).

3.4. The map from gr P*"(V) to P(V). For a graph I' € G(n) with a set of
edges F(T"), we introduce the function

pr = pr(zi,...,%n) = H zgl, Zij = Zi — Zj . (3.11)
(i—j)eE(T)
Note that pr € F* OxT if T has s edges.
Lemma 3.1. Let T' € G(n) be a graph with s edges, containing a cycle C C E(T).
Then:
(a) pr € F*HORT;
(b) Zeec Pr\e = 0.



Proof. The proofs of both statements are contained in the proof of [BDSHKI18,
Lem. 8.4]. O

Let V be filtered by F[0]-submodules as in (2.9). Then we have the filtered
operad P°"(V) associated to V and the graded operad P (gr V) associated to the
graded superspace gr V. These two operads are related as follows [BDSHK18, Sec.
8].

Let X € F" P"(V)(n) and T € G(n) be a graph with s edges. Then for every
v € F' VO we have v @ pr € F¥(V®" @ 0*T) and, by (2.10),

_____ A (U @pr) € (FT" V)AL o A/ @+ M+ M) (3.12)
We define Y € gr” P! (gr V)(n) by:
O ! VE) = Xy, (0@ pr)
+ ETTTTIV) AL LA O+ A+ ) (3.13)
€ (@™ V) s A/ @ X A

Clearly, the right-hand side depends only on the image 7 = v+F!~! V&7 ¢ gyt @
and not on the choice of representative v € F* V", We write (3.13) simply as

YAFI ..... A (0) =Xoy o, (v@pr). (3.14)

The fact that Y € gr” P°(gr V)(n) was proved in [BDSHK18, Cor. 8.8].
If X € F""! PM(V)(n), then the right-hand side of (3.13) (or (3.14)) vanishes.
Thus, (3.13) defines a map

gt” PY(V)(n) — gr” P(grV)(n), X=X+FToy. (3.15)

Theorem 3.2 ([BDSHKI18]). The map (3.15) is an injective homomorphism of
graded operads.

We will not need the full statement here (see [BDSHK18, Thm. 10.12]), but let
us observe that (3.13) is compatible with the actions of the symmetric group S,,.
In [BDSHK18, Rem. 10.15], we also posed the question whether the map (3.15)
is an isomorphism. The main result of the present paper is Theorem 5.1 below,
which says, in particular, that this is indeed the case under the assumption that V'
is graded as an F[0]-module.

4. I'-RESIDUES AND I'-FOURIER TRANSFORM

4.1. Lines. Given a positive integer n, let £(n) C G(n) be the set of graphs that
are disjoint unions of lines, i.e., graphs of the following form:

= o0—»0—:-+—0 0—50—:-+—0 -+ 0—0—--—0 =L ULyU---UL,
1 -1 i1 2 2 72 D P 14
(SRR [ T 5 Uk (S5 Yk,
(4.1)

where k1,...,k, > 1 are such that k1 + - -- + k, = n, and the set of indices {if} is
a permutation of {1,...,n} such that

it=1<4i <<, dl=min{i,. .. i,}, (=1...,p. (4.2)

In (4.1), L, denotes the r-th connected component of T' (which is a connected

oriented line of length k,). For example, when k. = 1 the line L, consists of the
7



single vertex indexed i]. We also denote by L(n,p) C L£(n) the subset of graphs I"
as in (4.1) with the fixed number p of connected components.
Consider the vector space FG(n) linearly spanned by the set G(n). The cycle

relations in FG(n) are the following elements:

(i) all graphs I" € G(n) containing a cycle;

(ii) all linear combinations of the form ) .~ T'\e, for I' € G(n) and all oriented

cycles C C E(T).

Note that if we reverse an arrow in a graph I' € G(n), we obtain, modulo cycle
relations, the element —T" € FG(n).

Lemma 4.1. The set L(n) spans the space FG(n) modulo the cycle relations.

Proof. Let T € G(n). First, we claim that, modulo cycle relations, we can assume
that the vertex 1 is a leaf, i.e., there is no more than one edge in or out of it. Indeed,
if there are £ > 2 edges in or out of 1, then up to reversing arrows (i.e., up to a sign
modulo cycle relations), we can assume that there are two edges as follows:

O—0—0

1

Then, modulo cycle relations, this is equivalent to

o—0—0 = — O O0—0 — O0—0 O

1 1 1

Hence, I' is equivalent to a linear combination of graphs in which there are £ — 1
edges in or out of the vertex 1. Proceeding by induction, we get the claim.

Next, suppose that 1 is a leaf of T connected with an edge to the vertex 4 (if 1 is
an isolated vertex, let i = 2). Denote by I'" € G(n — 1) the subgraph of T" obtained
by deleting the vertex 1 and any edge attached to it. Notice that, under the natural
embedding of G(n — 1) into G(n), every cycle relation in G(n — 1) corresponds to a
cycle relation in G(n). By induction on n, IV is equivalent, modulo cycle relations,
to a disjoint union of lines, one of which starts at the vertex i and the others satisfy
the conditions (4.2). Then T is also a disjoint union of lines, one of which starts
with 1. This completes the proof. (I

Remark 4.2. In fact, in Theorem 4.7 below we will prove that the set £(n) is a
basis for FG(n)/R(n), where R(n) is the subspace spanned by the cycle relations.

4.2. T-residues. Given i # j € {1,...,n}, we define the residue map

7

Res.;dzi: Oy (z1,...,20) = Op (21,7, 2Zn) (4.3)
where 3 means that the variable z; is skipped. It is defined as the residue of
a function f(z1,...,2,), viewed as a function of z;, at z; = z;, and is given by
Cauchy’s formula. Explicitly, let

f(zl,...,zn)zzif_lg(zl,...,zn) €Oy, (4.4)
where ¢ € 7Z and g has neither a zero nor a pole at z; = z;. Then
19°
Res.;dz; f(z1,...,20) = Ea_z?(zl’ ... ’fi’ ceeyzn) if £>0, (4.5)

i
8



and it is zero for £ < 0.
Next, given a line L = i1 — 49 — - - - — ig, we define the map

1.0

ReswdL: Op(z1,...,20) = O _pi1(21, .70 2z, w), (4.6)

given by
Res, dL f(z1,...,2n) = Res, dz;,_, -+ Res;, dz;, f(z1,...,25) .4

Zik =w

For example, if L is a single vertex ¢ (i.e., k = 1), then the residue map (4.6) is
just the substitution z; = w, while if L =i — j is of length 2, then we recover the
residue map (4.3):

Res.,dL f(z1,...,2n) = Res. dz; f(21,..., 2n) .
Finally, let I' € £(n) be a disjoint union of lines Ly U---U L, as in (4.1). In this

case, we define the I'-residue map

w, Al OF (21, ..+ 5 20) = Op(wr, ..., wp) (4.8)

given by
Res,,

.....

w,dl' = Resy, dLy o - - o Resy,dL, . (4.9)
Note that, by definition, we have
wpdUf if i=1df,, 1<0<p. (4.10)

In the following lemmas we list some elementary properties of the I'-residue maps,
which will be needed later.

..........

Lemma 4.3. For every I’ € L(n), the I'-residue map (4.8) preserves the translation
invariance of functions, i.e.,

Resw, ... w, dl': O;’T(zl, ceeyZn) = O;’T(wl, ce Wp)
Proof. Tt is enough to prove it for the map (4.3), in which case it is obvious. O

Lemma 4.4. Let T' € L£(n) be a graph as in (4.1); in particular, |E(I)| =n — p.
Then

w,dls BT O (21, .., 2) = F7HP77 Op(wi, ..., wp). (4.11)

.....

w,dD(ETO%) =0 for r < |E()|. (4.12)

.....

Proof. By the definition (4.7)-(4.9) of the T'-residue map, it is enough to prove that

n—1
This is immediate, by Cauchy’s formula (4.5). Indeed, if f € F" OF is as in (4.4)
with ¢ > 0, then g € F"~' %, and hence the right-hand side of (4.5) lies in
F"~'O%_,. By induction, we get (4.11). Equation (4.12) is an obvious consequence

n—1-

of (4.11). O

Res.;dz;i: F" O (21,...,20) = FtOr (2, E,Zn)

Lemma 4.5. Let I' € L(n) be as in (4.1). For a function f € OF, and i €
{1,...,n}, we have

Ow, Resuw, ., dU fif i=if,, 1<{<p,

0 if Qg ik, ik} (4.13)

Resw,,...w,dl' (02, f) = {



Proof. If f(z1,...,2,) € OF is as in (4.4), then by Taylor expanding g, viewed as
a rational function in z;, at z; = z;, we have

—  m i 1 ogrtitly
f(zlu"'vzn): Z Zijfm(zla'~-7zn)u fm: (m+£+1)lazzn+f+1 Zi:Zj'

m=—~¢—1

Then, by Cauchy’s formula (4.5), we have

Res. dzif = f-1. (4.14)
It follows from (4.14) that
of _ of _ 0 .
Res., dzza—zz_ =0, and Reszjdzla—Zk =2 Res. dzif if k#1i. (4.15)
Equation (4.13) is an immediate consequence of (4.15) and the definition (4.7)-(4.9)
of the I'-residue. O

Proposition 4.6. Let I',TV € L(n) be such that |E(I")| = |E(T')|. Then, for every
q € Oy, we have

Resw,,...ow, dU pro (21, ..., 20)q(21, ..y 20) = 00 1 q(21, - - -, 20)

Zia =Wa Ya,b*

Proof. If |E(T")| = |E(I”)| = 0, the statement trivially holds. Let e =4 — j be the
first edge of the first line of I" that is not a single vertex. In other words, e = 1 — i3
if k; > 2, and, in general, e = i¥ — % for the smallest £ such that k, > 2.

Observe that if neither ¢ — j nor j — 4 is an edge of the graph I, then pr/ has
no pole at z; = z;, and hence

Res.,dz;prrq=0.
If instead e = ¢ — j is an edge of IV, then
1
pbr = Zijpl'"\e .

Hence, by Cauchy’s formula (4.5), we have

7
Res.;dz; priqg = (prie ) =pr (21,7 2n) - q

Zi=Zj )

Zi=Zj

where I' is the graph obtained from I'' by contracting the edge e into a single vertex
labeled j. We then have

wdepF/q = Resy, ..., wy, dfpf’q 2;=2zj

.....

where T is the graph obtained from I' by contracting the edge e into a single vertex
labeled j. - -
Note that both I and I'" have the same number of edges and lie in £L(n — 1) after
the relabeling of the vertices ¢: {1, 3, n} — {1,...,n — 1} given by
m, for m<j,
p(m) =41, for m=j,
m—1, for m>j.

As a consequence, we get by induction that

ReSw17...7def‘pf\/q|zi:zj =0p pq(21,. .05 2n)
10
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If T # I, then T # I". Conversely, if I' = IV, then I' = I" since they both lie in
L(n) and ¢ < j. The claim follows. O

Theorem 4.7. The set L(n) is a basis for the quotient space FG(n)/R(n), where
FG(n) is the vector space with basis the set of graphs G(n), and R(n) is the subspace
spanned by the cycle relations (i) and (i) from Section 4.1.

Proof. We already know by Lemma 4.1 that £(n) spans FG(n) modulo cycle rela-
tions. Hence, we only need to prove linear independence. Let

Z crl’ € R(n), cr €F.
rel(n)
Since the cycle relations are homogeneous in the number of edges, we can assume
that all the graphs I' appearing above have the same number of edges, s. Then,
> rec(n crl is a linear combination of graphs I't € G(n) with s edges and not

acyclic, and of ) .~ T'2\e, where I's € G(n) has s + 1 edges and contains a cycle
C. Tt follows from Lemma 3.1(b) that

Z crpr (4.16)

reL(n)
is a linear combination of pr,, where I'y € G(n) have s edges and are not acyclic.
Let I' € L(n) be as in (4.1) with p = n — s. Applying Resy, ... w,dl" to (4.16),
we get cr by Proposition 4.6. On the other hand, by Lemma 3.1(a) and equation
(4.12), we get cr = 0. O

4.3. I-Fourier transforms. Let I' = Ly U --- U L, € £(n) be a disjoint union of
lines as in (4.1). We define the I'-ezponential function as

.....

p
BN (21, 2) = HEi‘;...)/\il (ziﬁ,...,ziie) € O\, ... N\, (4.17)
=1 ! ke

where, for a line L = i1 — i9 — - -+ — iy, we let
k—1
Ei‘h )m’)\ik (Zl'l, RPN ;Zik) = exp ( — Z Ziaik)\ia) . (418)
a=1
For example, if k = 1 and L consists of the single vertex 7, then Ei (z;) =1. If
k =2 and L has one edge ¢ — 7, then E)i,Aj (2, 25) = e~ =i,

Definition 4.8. For I € L(n,p) and f € O, the I'-Fourier transform of f is
I, (frwi, o wy) = Resw, w, dD f (215, 20) B, a, (21,00 20) . (4.19)

If we do not need to specify the variables wi, ..., w,, we will use the simplified
notation .7-'517___7)\” (f)-

Example 4.9. If p =n and I' = e---e has no edges, the corresponding Fourier
transform is

]:;1. )\n(f;wlu"'uwn) :f(wl7"'7wn)'

.....

Example 4.10. If p=1andI'=L =1 — --- — n is a single line, the correspond-
ing Fourier transform is

.....

11



Note that, by Lemma 4.11 below, if f € O*T, then

n

..........

since 03T =TF. In particular, the Fourier transform is independent of w.

Lemma 4.11. Let T € L(n) be as in (4.1) and f € O}. Then Fy , (f) €
O3y Xl If fe O, then FY () € O3F A, ]

Proof. For the first claim, note that the I'-residue and the I'-exponential are defined
as products over the lines Ly,..., L, in I". Hence, it is enough to consider the case
of a single line L = i1 — i3 — - -+ — 1. We have

k—1 k—1
E ZiginNig = Ziyig iy T E Zigip Nig s
a=1 a=2

where Xia = Aj, + 94,27, . Expanding the exponential e™ %12
at zi,i, of finite order, we obtain that

.....

Ai1 | since f has a pole

Res., dzi, f(z1,... ,zn)Efl_1 i (Zigy ooy 2ip,)

is a polynomial in A;,. Proceeding by induction, we get the first claim. The

second claim follows from Lemma 4.3 and the fact that the I'-exponential (4.17) is
translation invariant. (]

Lemma 4.12. Let T € L(n) with |E(T)| = s. Then Fy  , (F"O}) =0 for all
r <s.

Proof. Tt follows immediately from (4.12). O
Lemma 4.13. Let I',TV € L(n) with |[E(T')| = |E(I")|. Then ‘/—'{17.“))\”([)1“/) =
or, .

Proof. Tt is an obvious consequence of Proposition 4.6. ([

Lemma 4.14. ForT € L(n,p) as in (4.1) and f € OF, we have

ke—1
Oy — )\i)]:F f i=1it , 1<l<p,
Frrronn (0:1) = ( ‘ ; e (4.20)
i Fay o () ifig{illcla'--aizp}'
Proof. It follows from Lemma 4.5 and the definition (4.17)—(4.18) of I'-exponential
functions. O

Lemma 4.15. ForT € L(n,p) as in (4.1) and f € O, we have

Frrveonn (2f) = (we = 03,)FX, ., () (4.21)

forie {if,... ,if;l}, 1 < ¢ <p. Note that 8&]-'51)”.7)\”(]“) =0 fori= if;[.

Proof. Tt follows from the definition (4.17)—(4.18) of the I'-exponential and equation
(4.10). O
12



4.4. Convolution product. In this section, we define a bilinear convolution prod-
uct

Oy xF[Ay, ..., Ap] = FAy, .. Ay, (F,Q)— FxQ(A1,...,Ap), (4.22)

as follows. First, we introduce the map
b, - Op(wr, - wp) = F((wr)) -+ ((wp—1))[[wp] (4.23)
defined as the geometric series expansion in the domain |wq| > |wa| > -+ > |wy].

Then, for F' € O} and Q € F[Ay,...,A,], we let
F*Q(Al,...,Ap):Lwlw,@pF(wl,...,wp)‘we:7aAlQ(A1,...,Ap). (4.24)

Let us explain why the right-hand side of (4.24) is a well-defined polynomial.
We expand the formal Laurent series F' = lwy,...w, I and the polynomial Q as

ﬁ = Z Cal,...,apw(lll .. .wgp and Q — Z db1,...,prgb1) .. .Az()bp) .

P
a€Zpr bEZ+

Here and below we use the divided power notation Al(zb‘) = AZ" /bg! for by > 0 and
Aébe) =0 for by < 0. Then we have

F(wl, ce 7wp)”w[:*8AeQ(Al7 N ,Ap)

_ Z cahm)apdbhm)bp(_1)a1+---+apAgb1*a1) .. .A;(Dbp_%) . (4.25)
We claim that the sum in the right-hand side of (4.25) is finite. Indeed, the sum
over b € Z% is finite. For every fixed b, the sum over a,, is finite; for every a, the
sum over a,_1 is finite, and so on. Hence, (4.25) is a well-defined polynomial.

Note that (4.23) is an algebra homomorphism. However, the convolution product
(4.22) does not define an action of the algebra O, on the space of polynomials. For
example, we have

L ((wr—ws) 1) =0 while

w1 — w2
w1 — w2 w1 — w2

x1=1.

Nevertheless, we have the following lemma.

Lemma 4.16. For every F € Of(wi,...,wp,) and Q € F[Aq,...,Ay], we have
(£=1,...,p):
(weF) Q= —04,(FxQ), (4.26)
A(FxQ) — F*(MQ) = (00, F) % Q. (4.27)
Proof. For simplicity of notation, let £ = 1. By linearity, we can assume that

F=w{ - wp” and Q = Agbl) = Al(jbp), where a; € Z, b; € Z4. Then using (4.25),
we find:

(Wi F) 5 Q — (1)t oy plimen =) gGa—ea) .y Gyar).

Ony (F x Q) = (=)t ter A mDAReme) g o)

Al(F * ) = ( 1)a1+...+ap (b +1-—ay )A(b1+17a1)A(b27a2) . .A;(Dbp—ap) 7
( ) = ( 1)a1+ +ap (b + 1)A(b1+1 al)A(b2 asz) . 'A;(nbp_ap) ,

(8weF) ( 1)1+a1+...+ap 6LlAlthl al)Aglm az) . .Aébp—ap) .

13



The claim follows. O

Note that neither side of (4.26) is necessarily equal to —F x (94,Q). Indeed, in
the same setting as in the proof of Lemma 4.16, we have

F % (8A1Q) — (_1)a1+~'+ap Agblfalfl)Aébzfaz) L Az()bp—ap) :

unless a3 < by = 0, in which case F * (0p, Q) = 0, while the right-hand side above
is not 0.

5. RELATION BETWEEN CHIRAL AND CLASSICAL OPERADS

5.1. Preliminary notation. Let V' be a superspace with an even endomorphism
0, which is Z,-graded by F[d]-submodules:

v=_v.. (5.1)
SEZL4

We have the induced increasing filtration by F[9]-submodules

t
F'V =PV, (5.2)
s=0

and the associated graded gr V' is canonically isomorphic to V.
Let Y € gr” P°(n) and let T € L(n,p) be as in (4.1). Recall that, for v € V&7,
by the sesquilinearity axiom (3.8), Y/\F1 ..., (v) is a polynomial in the variables

Al:/\Le:/\i’{"""""'/\iia {=1,...,p. (5.3)
14
By an abuse of notation, we shall then alternatively write

YAFl,....,Ap (U) = Y)\Fl,....)n (U) ) I'e E(n,p) .

Recall also that, for i = 1,...,n, 8;: V" — V" denotes the action of & on the
i-th factor. For a polynomial

,E : ) P E R
P(Ila s ,:Z?n) - Ciryeannin Tl Ty,

we will use the notation

Py, ... z0)(

I»L:(?l 'U) = Z levv"-,jna{l e 81%"1} . (54)

5.2. The inverse map. Given f € O+ and v € V®", we define

X>\1;~~~7)\n (U ® f) = Z Z '7:51—1-11,...,)\”-{-;3”(][) * Y[E,...,AP(

p=1T€L(n,p)

xi:aiv) . (5.5)

Let us explain the meaning of this formula. By Lemma 4.11, the I'-Fourier transform
is a finite sum

]:)1:1+ac1,...,)\n+acn (f) = Z Fa(wlv SRR wp) (/\1 + xl)(al) T ()‘n + xn)(an)

a€l’

with coefficients F,, € O;T. According to the notation (5.4), we apply the z; as 0;
on the vector v in the argument of Y} A,- Then we take the convolution product
14



(4.22) of each F, with Y/\Fh-..,/\p’ which is a polynomial in Ay,...,A,. As a result,
each summand in the right-hand side of (5.5) is

Z Al (a1) (a")F b YAl (a§b1) ... aslbn)v) . (5.6)
a,beZ’;

Finally, we make the substitution (5.3) to get a polynomial in Aq,..., A, with
coeflicients in V.

Theorem 5.1. Let V be a superspace with an even endomorphism 0, endowed
with a Zy-grading (5.1) by F[0]-submodules, and with the associated increasing
filtration (5.2). Then for Y € gr" P(V)(n), formula (5.5) defines an element
X € F" P(V)(n). The obtained linear map gr” P{(V)(n) — F" PX(V)(n) send-
ing Y — X induces a map gr” PY(V)(n) — gr” PR(V)(n), which is the inverse
of the map (3.15). Consequently, the homomorphism of operads gr P**(V)(n) —
gr PY(gr V)(n) defined by (3.15) is an isomorphism.

Proof. First, we prove that for f € OxT the right-hand side of (5.5) is a well-
defined element of the quotient space V[A1,...,An]/(0 + A1 + -+ + A\p), Le., it
does not depend on the choice of the representative of YT in the quotient space
VA1, ..., Ap]/(O+ A1+ -- -+ Ap). Indeed, suppose

Yo A, (000 000) = (04 Ay + -+ Ap)Qp € (D + Ay + -+ A,

.....

for some @, € V[A1,...,Ap]. Then, by Lemma 4.16, we have

Fa+b " YXI)”,J\I) (8 bl) a(b )
— a+b*((a+A1+---+A )Qsb)
= (8+A1 + - +A )( a+b*Qb ( awp)Fa+b) *Qb
= (a—i—)\l-l—"'-i—)\n)(Fa-i-b*Qb)EO

since Fy4p is translation invariant.
Next, we check that the map

X: VOO = VAL ..M/ 0+ M+ + M)

satisfies the sesquilinearity relations (2.5)(2.6), i.e., it is a chiral map X € P%(n).
For i & {if ..., izp}, we have, by Lemma 4.14,

:Z (A + ) Fa v amtan D) ¥ YA (4, 20,0)

=X, An((/\ + o) f).

15



Next, let i = iﬁe, 1 < /¢ < p. By Lemmas 4.14 and 4.16, we have
'7:)1\11"1‘11;“'))\71"1‘3371 (azlf) * Yl{lr'wAp (‘mlzav)

(

ke—1
= ((awe - Z ()‘zf; + xig)>]_—§l+zl ..... An+Tn (f)) * YAFl ..... AP(

= ( Z )\15;>]:>\1+zl ..... At (f) *YAFl ,,,,, Ap(

= /\i‘/—:}:l-i-wh...,)\n—i-wn (f) * }//{1,...,Ap (‘zi:av)

..... An+Tn (f) * Yl{l,...,AP (’mi:&;aiv) .

For the last equality, we used the sesquilinearity (3.9) of Y. This proves (2.5).
Next, let us prove equation (2.6). Let i € {if,. .., iie} and j € {if, ... ,izh}. By
Lemma (4.15) and equation (4.26), we have

]:>I:1+$17~~,>\n+% (Zlﬂf> * Y/{;,...,Ap( 1i:6iv)
= ((wé — Wh — 6)‘1' + akj)ffl"l‘wlwn;)\n"l‘wn (f)) * YAI:‘I)NWAP(
= (_al\e + 8Ah)(f§1+m1 ..... An+Tn (f) * YAFI ..... Ap (|I¢:8¢v )

(( 8)\ +a)‘ ) Ar+xy,.. ;>\n+13n(f)) *YEI;nwAp(’mi:(?iv)

= (_8)\1' + a)xj)(]:)\lerI ..... An+Tn (f) * YAFl ..... AP( mizaiv)) .
For the last equality we used the chain rule and 9, Ay = dg. This proves (2.6).

Hence, X € P"(n).

Next, we prove that X lies in the r-th filtered space F” P°"(n), provided that
Y € gi” PYY(n). Let f € F* O and v € F*(V®"). By Lemma 4.12, ]-')\1 VVVVV

0 unless |E(T")| = n — p < s. In this case, by the definition (3.10) of the gradmg of
P we have

Yoo, (0) € @ PV A/ O+ M M)
C (P V)AL, A/ @F A+ ).

The claim follows from the facts that the filtration of V is invariant under the
action of 9 and the convolution product does not act on the coefficients (in V') of
the polynomials.

To complete the proof of the theorem, we are left to check that, for X asin (5.5),
the image of X under the map (3.15) coincides with Y. Indeed, by definition (3.13),
the image of X under (3.15) maps IV € G(n) with s edges and 7 = v + F'"1 V@" ¢
grt Ven to

X)‘lv A U ®pr, Z Z >\1+:El ..... An+Tn (pr,) * YAl ..... A (
p=1TeL(n,p) (57)

+ (FFTTIV) A A O A )
Since pr» € F* OxT, by Lemma 4.12 the sum over p in (5.7) can be restricted by

the inequality n —p = |E([')| < s = |E(I")]. On the other hand, if n —p < s, by
16
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(3.10) we have
Yy,

a0 € FF IV A0+ M+ 4 M)
hence the corresponding terms vanish in (5.7). We can thus restrict the sum over

pin (5.7) to |[E(T)| = |[E(I”)|. In this case, by Lemma 4.13, we have
Fiyon, (prv) = 6r1 .

Therefore, the right-hand side of (5.7) becomes Y/\FI)W)W (v), completing the proof.
O

5.3. Examples. In this section, we write down explicitly formula (5.5) in some
special cases. First, assume that Y € P/(V)(n) is such that YT = 0 unless |E(T)| =
0. For example, this happens for Y € gr® P°!(V)(n), provided that V = V{ has
trivial grading (5.1). Under the above assumption, only the summand with p = n
and the n-graph with no edges I' = e---e is non-vanishing in (5.5). Thus, by
Example 4.9, we get

Xt (’U ® f) = f(wl, . ,wn) * Y)\.ly.)\n (1)) . (58)

Next, assume that Y € P¢(n) is such that, for T € £(n), YT = 0 unless T is the
single line 1 — .- — n. In this case, by Example 4.10, we obtain

A, (V® f) = Respdz,—1 Res,,,_,dzn—o- - Res,,dz;
X f(21, .y 2ne1, 0)Y I (o7 B s 00,)

In the case n = 1, formulas (5.8) and (5.9) reduce to X)(v®c) = cY*(v), where
c € 03T =F. Finally, we consider the case n = 2. In this case, £(2) consists only
of the two graphs ¢ e and 1 — 2. Hence, by (5.8) and (5.9), we get

Xaa (0@ f) = flwr,wz) * Yy %\, (v) + Resodzy f (21, O)Y,\ll_’2 (e_zl()‘ﬁal)v) .

Note that Y* ® has values in VA1, A2]/(0 + A1 + A2) ~ V[A], where we set Ay = A
and A2 = —A— 0. Hence, we denote its values as Y? *(v). Recall also that YAll_)2(v)
is independent of A1, so we omit the subscript A;. Moreover, since 037 = F[zlizl],
we may take f(z1,22) = 273, m € Z. Under this setting, the previous formula can

be rewritten as follows:

Xa(01 @02 ®@273) = (=1)™ITYy *(v1 ®@va) + (—1)™ Y122 (A +9) ™ Doy @0s)
(5.10)
As before, we are using the divided power notation: A\="~1 = 0 for m > 0
and \(=m=1) = X\=m=1/(—m — 1)! for m < 0. Equation (5.10) agrees with the
corresponding formulas in the proof of Theorem 10.10 of [BDSHK18].

.....

(5.9)

5.4. Relation to the operad Lie. Let V' = F be the 1-dimensional vector space
considered as an F[0]-module with @ = 0. We see from (1.3)-(1.4) that P"(2) is
a 1-dimensional vector space. Indeed any operation is determined by the image
of 215 € OxT. In fact, it follows from [BDSHKI18, Eq. (6.25)] that P"(2) is the
non-trivial representation of the symmetric group Se on two elements. Let us call
u € P(2) the operation such that (zle) = 1. Consider the operad Lie of Lie
algebras, in which the vector space Lie(n) of n-ary operations has as a basis the
set

{['ra'(l)v [IO'(Q)’ [ o 7$a(n)] o ]] | oc Sn, U(l) = 1} : (511)
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In particular, Lie(2) is the non-trivial 1-dimensional representation of Sy, with a
basis [z1,z2]. As an application of Theorem 5.1, we obtain the following.

Theorem 5.2 (|[BD04, Sec. 3.1.5]). There is a unique isomorphism of operads
PNF) ~ Lie, such that P(2) 3y [, 0] € Lie(2).

Proof. By Theorem 5.1, it is enough to prove the isomorphism of graded operads
PYF) ~ Lie. Let Y € P(n) and I € G(n). We see from (3.9) that Y vanishes
unless T is connected, in which case Y': F — F. It follows that P¢(n) is the quo-
tient of FG.(n) by the cycle relations (3.6), where G.(n) is the subset of connected
graphs.

The vector space Lie(n) has dimension (n — 1)! and has a basis given by (5.11).
On the other hand, we see from Theorem 4.7 that a basis for P°!(n) is given by
connected lines in £(n). It follows that dim P (n) = dim Lie(n) = (n — 1)!. The
line

I =

o

1 o(2) h a(n)

is associated to the operation (5.11). One sees readily that this assignment is
compatible with operations; therefore, the map Lie(n) — P°(n) is an isomorphism.

Uniqueness follows since any operation in Lie is a composition of binary operations.
O
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