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FUNCTIONAL EQUATIONS AND THEIR RELATED OPERADS

VAHAGN MINASIAN

ABSTRACT. Using functional equations, we define functors that generalize
standard examples from calculus of one variable. Examples of such functors
are discussed, and their Taylor towers are computed. We also show that these
functors factor through objects enriched over the homology of little n-cubes
operads and discuss the relationship between functors defined via functional
equations and operads. In addition, we compute the differentials of the forget-
ful functor from the category of n-Poisson algebras in terms of the homology
of configuration spaces.

INTRODUCTION

In the late eighties, Tom Goodwillie introduced in a series of papers ([6], [7], []])
a construction that plays the role of traditional Taylor series for functors of spaces.
More precisely, for the given functor F', a tower of functors { P,, F'} was constructed
with P, F of degree n. Moreover, this tower (when evaluated at a space X satis-
fying certain connectivity conditions) approximates F' in some appropriate sense.
Since then Goodwillie calculus has been used extensively, and new methods were
developed to provide alternative descriptions in different categories. In particular,
in [9], B. Johnson and R. McCarthy introduce a construction using cotriples that
produces a Taylor tower of functors from any pointed category with coproducts to
the category of chain complexes Ch(K) over a commutative ring K.

Traditionally, after introducing the Taylor series for a function of one variable,
one studies the Taylor series of simple functions, such as the exponential and loga-
rithmic functions or the function 1%, since the derivatives of these functions can
be easily computed. Not unexpectedly, computing Taylor towers of functors is
more complicated. However some of the techniques from traditional real variable
calculus apply. For example, if a one-variable function satisfies a sufficiently simple
functional equation, its Taylor series can often be computed.

In [9], the authors observed that exponential functors are defined as a solution to
a rather elementary functional equation, which allowed them to compute the cross
effects and consequently, the layers (or fibers) of Taylor towers of these functors.

We follow this approach and define new classes of functors via functional equa-
tions. In addition to exponential functors, these are functors of type =, logarith-

X

mic functors and functors of type f,,, which mimic the one-variable functions =,

T

—log(1 — ), and f, = (1 — 2"—,1)*2%1 — 1, respectively.
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A crucial observation is that forgetful functors from the category of (non-unital)
commutative algebras, (non-unital) associative algebras, Lie algebras and n-Poisson
algebras to chain complexes over K are examples of exponential functors, functors
of type %=, logarithmic functors and functors of type f,, respectively. This leads
to some interesting applications of our computations. For example, in [I3] we follow
the approach suggested in [9] and use the Taylor towers of exponential functors to
derive the topological analogue (in the framework of [3]) of the commutative to
associative spectral sequence, also known as the fundamental spectral sequence for
THH.

In a joint work with R. McCarthy ([I1]), functors of type %= are employed to
develop a set up (analogous to that of Quillen in [14] for discrete case) which allows a
discussion on homology and abelianization functors for A, algebras. Furthermore,
specializing the results of ([I1]) to functors of type %= or type f, and their towers
gives us some splitting results for associative and n-Poisson algebras.

On a more curious point, this approach of associating algebraic structures with
real variable functions gives an interesting angle of looking at some classical alge-
braic results. For example, the simple equation

e—log(l—x) 1= Z

1—2z

is at the root of the Poincaré-Birkhoff-Witt Theorem.

In other words, studying these functors of various types aids in understanding
different algebraic structures, which suggests a relationship between such functors
and some of the standard operads. More precisely, we construct a sequence of
functors (defined as solutions to certain functional equations), namely functors of
type 17, f, f3, -+, and exponential functors, which have the same set of algebras
of different types associated with them as the homology of little n-cubes operads
{en}nZy, i.e. the associative algebras (for e; and functors of type %), n-Poisson
algebras (for e, and type f, with n > 2) and commutative algebras (for e,, and
exponential functors).

In addition to understanding the functors of different types defined via functional
equations, the exploration of this relationship with operads is the primary goal of
this work.

The paper is structured as follows.

In Sections 1, 2, and 3 we set up the groundwork, as well as briefly recall some
of the basic constructions from Goodwillie calculus, little n-cubes operads and the
theory of cotriples, triples and algebras associated with them. References for in-
depth study of these objects are provided.

The rest of the paper is built with analytic functions of one variable in mind.
In other words, the real variable function which is to be imitated is introduced.
Then the corresponding functor is defined, followed by a discussion of the algebraic
structures it carries and by examples. Thus, Section 4 focuses on exponential
functors, Section 5 introduces functors of type 1%, and in Section 6 the Taylor
towers of these functors are computed. In Section 7, we discuss logarithmic functors,
as well as compute their Taylor towers. Section 8 deals with functors of type fy,
whose Taylor towers are computed in Section 9. Section 10 considers the set of
different types as a whole. In addition, the relationship with the homology of little
n-cubes operads is explored in this section. In particular, the forgetful functor
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from the category of n-Poisson algebras to chain complexes is considered in light
of F. Cohen’s computations of the homology of configuration spaces.

1. TRIPLES, COTRIPLES AND ALGEBRAS

Triples arise in category theory as an abstraction of the notion of an algebraic
structure on an underlying space. Let C be a pointed category with coproducts.

Definition 1.1. A triple (T, u,n) on C is a functor T : C — C, together with natural
transformations p : 77 — T and n : Id — T, such that the following diagrams
commute:

T Tn nT
1T —L>~TT T—srr <7
S PN
T — T T

An algebra over a triple is a pair (X, p), where X is an object of the category

C and p: TX — X is a morphism such that the composition X X L X s
the identity and the obvious associativity diagram commutes. For more details we
refer to Section 8.6 of [16].

Next we recall the definitions of a few common triples. For these examples,
let C be a symmetric monoidal category, such as the category of modules over a
commutative ring K or more generally, the category of chain complexes C'h(K).
The latter category is where our subsequent work takes place. Consider the triple

T(X) = X"

In the category of modules, the algebras over this triple are precisely the associative
algebras. Consequently, we will refer to algebras over this triple in any symmetric
monoidal category as associative algebras. Similarly, the triple

B(X) = @D(X®") /2.,

where ¥, is the group of permutations, produces the commutative algebras. There
are also triples associated to Lie algebras, n-Poisson algebras, and other structured
objects.

There is a dual notion of cotriples (L, €, d), which consist of a functor L: C — C,
together with a natural comultiplication map € :1—1 1 and a counit § : 1L — Id,
such that the obvious co-associativity and co-unit diagrams commute.

Adjoint pairs of functors (F,U) provide a good source of cotriples, as the com-
posite F'U is always a cotriple.

Remark 1.2. Let (L, ¢,8) be a cotriple in C. Fix an object X in C. Define L**1 X to
be the simplicial object with [n] — 1"+ X =1 ... | X, with face and degeneracy
maps s; =L@ § L) and d; =1 ¢ L™=  We will recall this construction
when presenting the definition of Goodwillie towers.

Chapter 8 of [16] is a good reference for an in-depth discussion of triples and
cotriples.
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2. LITTLE n-CUBES OPERADS

Operads can be defined in any symmetric monoidal category. However, we will
only consider the operads over Ch(K), the chain complexes over the commutative
ring K. An operad is a sequence of objects a(k), £ > 0, carrying an action of
symmetric groups >, with products

a(k)@a(j) @---@a(jr) — aljr + -+ jr)

which are equivariant and associative in an appropriate sense. For a precise defini-
tion along with a detailed discussion of operads we refer to [10] or [5].

Example 2.1. Fix a chain complex V. Define an operad with
Ev(k) = Hom(V®* V).

The symmetric group Xy acts on &y (k) through its action on V¥ and the structure
maps are the obvious ones. More precisely, the morphism

Ev(k)®Ev(j1) ® - @& () — Ev (i + -+ )

maps the point f ® fi ® --- ® f (where f : VEF V. fi . V&I 5V, ...
fr : V®IiE — V) to the function

fo(f1®'~~®fk):V®j1®...®v®jkHv®k*>V'

Definition 2.2. An algebra over an operad a is a chain complex A together with
a morphism of operads p : a — £4. In other words, A is equipped with structure
maps
Pk - a(k) 29> A®k — A

which are compatible in a natural sense. In other words, once again, the obvious
associativity, unital and equivariance diagrams commute. See Chapter 2 of [10] for
details.

Equivalently, an a-algebra can be defined as the algebra over the associated triple
T.(V) = Dalk) @, VO,

Next we briefly recall the definition and properties of some of the most important
operads, the little n-cubes operads. For details, we again refer to [10] and [5].

Denote by Fx (.S) the configuration space of embeddings of the finite set S into
the topological space X,

Fx(S) = {z € X%|x(l) # x(t),] # t}.

Abbreviate Fgn by F,,. Let s be the number of elements of S, and define e, (s) to
be the homology of the configuration space H(F,(S5),K), for s > 0, and e, (0) = 0.
e, (s) has an obvious action of X, and the sequence {e,(s)} assembles into an
operad. We call an algebra for the operad e,(s) an n-algebra and denote the
associated triple by T,.

Observe that the configuration space F;(k) is a disjoint union of contractible
spaces; the components correspond to permutations o € X by the rule

o+ {(xg(l), s ,l‘a(k)) S Rk‘l‘g(l) < e <K xg(k)}.

It follows that e1(k) = K[Xx], and the associated triple is the associative algebra
triple Ty (V) = @ V&*.

The configuration spaces of R> are contractible. Hence the triple associated to
€ is the symmetric algebra triple T (V) = @(V®*)y, .
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3. GOODWILLIE CALCULUS

In this section we give a brief summary of the main constructions of Goodwillie
calculus as developed by B. Johnson and R. McCarthy. For details we refer to [9],
which is an application of [6], [7] and [§].

We begin by recalling the definition of the cross effects of a functor F': C — A,
where C is a pointed category with finite coproducts and A is an Abelian category.

Definition 3.1. The n’th cross effect of F is the functor cr, F : C*"™ — A defined
inductively by
crF(M)® F(x) 2 F(M),
where * is the initial/final object of the category.
CT’QF(Ml, Mz) D CT’lF(Ml) D CTlF(MQ) = CT’lF(Ml V Mg)
and, in general,
C’f’nF(Ml, s Mn) D CT‘nle(Ml, M3 e Mn) D C’f’nle(MQ, M3 s Mn)

is equivalent to
CT‘n_lF(Ml V MQ, Mg s Mn)

Definition 3.2. Given a functor F from C to Ch(A), we say that F' is degree n
if c¢r,41F is acyclic as a functor from C*"*! to Ch(A). That is, er,1F has no
homology when evaluated on a collection of n + 1 objects in C.

In particular we say that F is linear if it is of degree one.

Recall that functor F' : B — A of pointed categories is reduced if it maps the
initial/final object of B to the initial/final object of A.

If in addition the source category C happens to be the symmetric monoidal
category Ch(A), i.e. F is an endofunctor, then in order for F' to be reduced and
linear, in other words to preserve the initial object and coproducts, it has to be
equal to the functor — ® X for some X € Ch(A). For reference purposes, we list
this simple result in a form convenient to us in the following lemma.

Lemma 3.3. Let I be a reduced linear endofunctor of Ch(A). Then for all X €
Ch(A)

FX)2F(X®K)~ X ® F(K),
where K is the monoidal unit of Ch(A).

Denote the category of functors of n+1 variables from C to A that are reduced in
each variable by Func,(C*"*1 A). Let A* be the functor from Func,(C*"*1, A)
to Func,(C,.A) obtained by composing a functor with the diagonal functor from C
to C*"*1. The (n + 1)st cross effect is the right adjoint to A*.

Definition 3.4. Let 1,,.1= A* o cr, 1 be the cotriple on Func,(C,.A) obtained
from the adjoint pair (A*, ¢ry,41). We define P, to be the functor from Func,(C,.A)
to Func.(C,Ch>oA) given by

P, F = hocofiber[N(L;1) 5 id],

where IV is the associated normalized chain complex of the simplicial object, and €
is the map derived from the adjunction unit. Furthermore, let p,, : id — P,, be the
natural transformation obtained from the mapping cone.
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Next we produce a natural transformation ¢, : P, — P,,_1.
Observe that we have the following formula relating the n’th and n + 1’st cross
effects:

(1) crpp1 F(Xq, -, Xng1) = cra(er, F(Xq, -+, Xno1, =) (Xny Xg1).

Fix an object X of C. Let G(Y) = er, F(X, -+, X,Y). Then using the fold map,
we have croG(X,X) — G(X V X) — G(X), which in turn gives us

ero(er, F(X, -, X, =) (X, X) = erp, F(X, -, X, X).

Combine this map with the Equation () to produce a map cr, 1 F(X, -, X) —
crpF(X, -+, X), which induces the desired map ¢,,. By Lemma 2.11 and Theorem
2.12 of [9] these assemble into a tower

qn+1

P, F

Pn—1

F

P, 1 F

such that

1) The functor P, F is degree n.

2) If F is degree n, then p,, : F' — P, F is a quasi-isomorphism.

3) The pair (P, ps,) is universal up to natural quasi-isomorphism with respect
to degree n functors with natural transformations from F'.

Definition 3.5. The n’th layer or the n’th derivative of F' is the functor
D, F(—)(X) := hofiber(gn)(X).

It is worth noting that the above definition is a slight digression from the ter-
minology typically used in Calculus of Functors, as the word ‘derivative’ is usually
reserved for the classifying spectrum of D, F' as opposed to the functor D, F' itself

(e.g. see [§]).

4. EXPONENTIAL FUNCTORS

In this section we define the first class of functors that we are interested in
(exponential functors), and discuss a few of their properties. The definition of
exponential functors goes back to S. Mac Lane. However we have learned it from [9],
where the authors also prove the following structure lemma. Here we present a
(different) proof, which is better aligned with the rest of this work.

Reduced functions of real variables (i.e. functions f(z) with f(0) = 0) will serve
as a motivation for our definitions. Observe that functions of the form f(z) =
exp(ax) — 1 satisfy the functional equation

f@)f(y) + f(x) + fly) = f(z+y).
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Moreover, every reduced analytic function that satisfies the above equation is of
the form

f(x) = exp(az) — 1 = (exp(x) — 1) o (ax).
Thus, we give the following definition.

Definition 4.1. A reduced functor F' from C to Ch(K) is exponential if there is a
natural isomorphism

axy :F(X)®F(Y)® F(X)& F(Y) — F(XVY)

such that for all objects X and Y of C the following diagram naturally commutes:

FX)o FY)@ F(X)® F(Y) =% F(X VY)

: ;

FY)® F(X)@ F(Y)® F(X) —% F(Y v X)

Example 4.2. Let U, be the forgetful functor from the category Nk of non-unital
commutative differential graded K-algebras to the category Ch(K) of chain com-
plexes. Observe that the coproduct of objects X and Y in N is given by

XYoo XaY.
Thus the functor U, is exponential.

In a certain sense U, is the only example of exponential functors. More precisely,
continuing with the analogy with functions of real variables, we prove the following
lemma.

Lemma 4.3. Every exponential functor F from C to Ch(K) can be factored as

F=U.oF, where F is a reduced coproduct-preserving functor from C to Nx.

Note that this lemma is the analogue of the earlier statement that every reduced
analytic function satisfying the exponential equation is of the form (exp(xz) — 1) o
(ax), as the role of exp(x)—1 is played by U,, and the reduced coproduct-preserving
functor F is the appropriate analogue of the term ax.

Proof. Observe that the statement that F can be factored as F = U, o F is equiv-
alent to the claim that F'(X) is equipped with a natural structure of a non-unital
commutative algebra. Thus our strategy will be to produce a natural multiplication
map on F(X) which is both commutative and associative.

Define a product v : F(X) ® F(X) — F(X) by the composite

X, X F(+)

FX)@F(X)—FX)@FX)o F(X)®o F(X)—= F(XVvX)— F(X)

As p is commutative (obvious from the definition of an exponential functor),
we only need to show that that it is associative. By naturality, we have a pair of
commutative diagrams

FXVX) @ FX) "2 p(x) 0 F(X) FX) o FOXVvX) 2 pix) o F(X)

laXvX,X \LOCX,X laX,XvX lax,x
F(1v+)

F(XvX)vX) Y pxvx)  FX V(X VX)) pxvx)
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Thus, it is sufficient to prove that the diagram

ax, xvxo(l®ax, x)

2) F(X)® F(X)® F(X) F(X V(X VX))

lF(Jr)

F(X)

laxvx,x o(ax,x®1)

F((XV X))V X) )

commutes.
To show that Diagram (@) commutes, we produce a diagonal map

F(XVvX)VX)— F(XV((XVX))

(induced by a permutation on X V X V X) that makes both the top left and bottom
right triangles of Diagram (@) commute.

The following series of equivalences, which follow from the defining equation of
exponential functors, provides a description of the top horizontal arrow in Dia-

gram (2):

F(X)® F(X)® F(X)®3F(X v X)

1@22,(@1 FX)®F(X)@ F(X)®2F(X)® F(X)®4F(X)® F(X V X)

YFX)QFX)@ F(X)o F(X)d F(X)|@o4F(X)® F(X VvV X)

lrx)®ax,x®1
=~ P(X) @ F(X VX) @ 4F(X) ® F(X V X)

FXVXVX)®3FX).

This and an analogous series of equivalences which describe the left vertical map
of Diagram (B)) are employed to form the following diagram:

F(X)® F(X)® F(X)®3F(X VvX)—=F(X)® F(X)® F(X)®3F(X V X)
F(X\/X 1L X) ®4F(X) F(X)® F(XV X)&4F(X)
)I X) & F(XVX)
F(XVXVX)®3F(X)- - - -"— -~ - > F(X VXV X) ®3F(X).

The dotted arrow p exists simply because all the other maps in the diagram are
isomorphisms, and by description of the two vertical maps provided above, it is
just the functor F applied to a permutation of X V X vV X. Of course, the maps
XVXVX S Xand XVXVXTE" XV XVX 5 X (where perm is some
permutation) are the same, and observing that the two maps are still equal after
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we apply F to the maps (as F' is a functor), we have a commutative diagram:

F(X)® F(X)® F(X)

|

FX)oFX)@ F(X)®3F(XVX) —F(X) F(X)® F(X)®3F(X V X)

la@l ll@a

F(XVXVX)®3F(X) ? F(XVXVX)®3F(X)

\ |

F(X)

which shows that the Diagram (2) commutes and completes the proof of associa-
tivity of p.

It remains to prove that the functor F from C to Nk that we just obtained is
coproduct preserving. Observe that it is immediate from the universal property of
coproducts that F(X)® F(Y)® F(X)® F(Y) is the coproduct of F(X) and F(Y)
in Mk and hence F is coproduct preserving. O

5. FUNCTORS OF TYPE 2%

1—x

The next class of functors we consider mimics functions f(z) = 2 — 1. Here,
as before, we subtract 1 to make the functions reduced. These functions are deter-

mined by the functional equation

f@)+ f(y) +2f () f(y) + flx+y) f(x)fly) = flx+y).

Moreover, every reduced analytic function that satisfies the above equation is of
the form f(z) = (2~ — 1) o (ax). This leads us to the following definition.

1—z

Definition 5.1. A reduced functor F' from C to Ch(K) is of type = if there is a
natural isomorphism

OzX’y:F(X)EBF(Y)@
FX)eoFY)]e[FY)e F(X)]|e[F(XVY)e (X)) F(Y)] - F(XVY),

such that the following natural diagram commutes:

FX)eFY)o F(X)o FY)o FY)® F(X)
@

———= F(XVY)
FIXVY)@F(X)® F(Y)

IR
IR

F(Y)s F(X)® F(Y)o F(X)® F(X)o F(Y)

D —— > F{YYVX)
FYVX)®F(Y)® F(X)

Here the left vertical map takes the summand F(X) to F(X), F(Y) to F(Y),
F(X)® F(Y) and F(Y) ® F(X) get mapped to F(X)® F(Y) and F(Y) ® F(X),
respectively, and the map on the last component is the flip map 7.
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Note that using the definition of cross effects (Section[3)), the functional equation

defining functors of type ;% can be rewritten as

FX)@ FY)o FY)® F(X)® F(XVY)® F(X)® F(Y) S ery F(X,Y).

Similar restatements are true for all the other functors to be considered, and we
will refer to both equations as the defining equation of functors of the given type.

Example 5.2. Let Assg be the category of non-unital associative differential
graded K-algebras. (Clearly, Assg is naturally isomorphic to the category of
T, algebras in Ch(K), where Ty is the triple given by Ty = @, ~; X®" for all
X € Ch(K).) Here, and in future, the subscript 1 refers to the fact that the sum-
mation starts at n = 1 as opposed to n = 0, and thus the functor is reduced.)
Let U_=_ be the forgetful functor Assg — Ch(K). We claim that U_=_ is of type

7= Observe, that if X VY is the coproduct of X and Y in Asle, then so is
XY XYY Xd(XVY)® X®Y. Indeed, a pair of maps X — A,
Y — A in Assgk induces a unique map from each component of the sum above into
A in an obvious fashion. Now using the fact that two different coproducts of the
same pair of objects must be isomorphic, we produce the necessary isomorphisms

axy-.

As in the case of exponential functors we have a lemma.

Lemma 5.3. Every functor I of type == from C to Ch(K) can be factored as

F=U_=_oA, where A is a reduced coproduct preserving functor from C to Assk.

Proof. Define p: F(X) ® F(X) — F(X) as the composite
F(X)® F(X) 5 F(X)® F(X) ® [F(X) ® F(X)]

B[F(X) @ F(X)] & [F(X VX))o F(X)o F(X)] "% rx v x) ™D px).

Here the first map ¢ is the obvious inclusion map. Of course we have two choices
for it, and we simply fix one. The two choices reflect the fact that any associative
algebra A admits two not necessarily isomorphic multiplications defining algebras
A and A°P. Naturally, the only thing we need to worry about is being consistent
in our choices. The last map F'(+) is the functor F' applied to the addition map
+:XVX—X.

Our next task is to show that u is associative.

As with exponential functors, we have a pair of commutative diagrams:

F(+)®1 1QF(+)
_—

F(X)® F(X) F(X)® F(XVX)—= F(X)® F(X)

lax,x \Lax,xvx lax,x

F(XVX) F(XV(XVX)) F(XVX)

F(XV X)® F(X)

laxvx,x

F((XVX) v X) &7

F(1v+)

Thus, once again, to prove the associativity, it suffices to show that the diagram

ax, xvxo(l®ax, x)

(3) F(X)® F(X)® F(X) F(X V(X VX))

lF(Jr)

F(X)

laxvx,x o(ax,x®1)
F(+)

F((XVX)VX)

comimutes.
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Our strategy is the same as in the case of exponential functors. More precisely,
we produce a diagonal map

p: F(XVX)VX)—- F(XV(XVX))

that makes both the top left and bottom right triangles of Diagram () commute.
In other words, we produce a map p induced by a permutation on X V XV X, which
makes the following diagram commute:

FX)FX)@F(X)—= F(X)® F(X)® F(X)

| l

F(XVX)®F(X) F(X)® F(XV X)

| |

F(XVX)VX)- -2 -~ F(X V(X VX))

The map p is obtained in a way analogous to the case of exponential functors, i.e.
by analyzing the two vertical maps of the above diagram.

To do so, we have to trace through the following (unfortunately very tedious)
series of equivalences. The point is that, just as in the exponential case, the left
and right vertical composites differ essentially by a permutation of X V X vV X.

BF(XVX)®4F( X))@ F(X)®@ F(X)®2F(XVX)® F(X)® F(X)® F(X)®
FXVXVX)@F(XVX)® F(X) =

F(XVX)®AF(X)®4F (X)@F (X)®2F (XVX)QF (X)oF(X)®4F (X)®F(X)®
FX)o2F(XVX)QF(X)F(2) F(X)a F(XVXVX) F(XVX)® F(X) =
FIXVX)P4F(X)®2F(XVX)QF(X)® F(X)®2F(X)@2F(X)®2F(X)®
FX) o FIXVX) FX) F( X))o FIXVXVX) F(XVX)Q F(X)
FXVX)®4F(X)p2F( X VX)) FX)@ F(X)®2F(X)®@ F(X VX)®
FXVXVX)@F(XVX)® F(X) =

BF(X)®2F(XVX)@F(X) F(X)®a F(X VX VX).

Again it is not hard to see that the map p is the functor F' applied to a permu-
tation of X V X V X, hence the two vertical arrows in the above diagram followed
by F(+4) are equal, which proves that p is associative.

To see that the functor into the category of associative algebras that we just
defined is coproduct preserving, observe that F(X VY) 2 colim C;(X,Y’), where
the C;’s are defined recursively:

Co(X,Y)=F(X)o F(Y) o [F(X) o F(Y)] e [F(Y)® F(X)],
Crp1(X,Y) = Cu(X,Y) @ [Ch(X,Y) @ F(X) © F(Y))].

Furthermore, clearly each pair of maps f: F(X) - Aand g: F(Y) — A in Assg
induces a unique evident map Cj(X,Y) — A for all k. Thus, we obtain a (unique)
map from F(X VY) 2 colim C;(X,Y) to A, which proves by universal property of
coproducts that F/(X VY) is the coproduct of F(X) and F(Y). O

6. TAYLOR TOWERS OF FUNCTORS OF TYPE ﬁ

In calculus, Taylor series of functions cannot always be computed. However,
if the function is a solution to a sufficiently ‘nice’ functional equation, its Taylor

series can often be calculated. In this section, we take advantage of the fact that

functors of type = are defined via functional equations to compute their Taylor
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towers. We follow the approach taken by B. Johnson and R. McCarthy in [9] in
their treatment of exponential functors. First we will recall some of their results,
needed for our computations. For completeness, their results on Taylor towers of
exponential functors will also be presented here.

We begin by observing that by Lemma 6.6 of [9], to understand the Taylor tower
of functors of type 1% we only need to understand the Taylor tower of U_=_, since
if A is a reduced coproduct preserving functor, then

P,(FoA)x(P,F)oA.

We list two results (Proposition 5.9 and Corollary 5.11 from [9]) that are instru-
mental in our computations.

Proposition 6.1. For a functor F : C — Ch(K), there is a natural isomorphism
of (n + 1)-multifunctors

V”F(Xla ,Xn;Y)gD:(ln)[C’f‘n+1F(—,"' 7_7Y)€BCTTLF(_7"' 7_)}(X17"' 7Xn)7

where the symbol Dg") indicates that we are applying D1 to each wvariable of the
n-multifunctor separately, i.e. by holding all but one variable constant at all times.

We do not present the definition of 7" F' in this document, as the description of
V" F provided by this proposition is sufficient for our purposes. The functor 7 F'
plays a role analogous to that of the notion of a differential in classical calculus.
The following corollary explains our interest in this functor.

Corollary 6.2. For any functor F : C — Ch(K),
DnF =~ VnF(—7 Tty TS O)hzn'

Our objective is to describe the layers D;, of the functor U_«_ in terms of D;. For

the exponential functor U, this has been done in [9], where the authors computed
the cross effects of U, and used the two results above to conclude that

(4) D, U, ~ (® DiUe) s, -

Unfortunately, for the case of the functor U_=_, computing the cross effects proved

11—z

impractical. However, we are still able to get a formula analogous to Equation ().
First we demonstrate how to do it for Dy. By Proposition

ViU = (X1, X2;Y)

1—x

> DPlersU = (—,—,Y) @ ergU = (—, —)](X1, X2)

1

> DPerU o (—, =, Y)|(X1, Xo2) ® D [eroU = (—, —))(X1, Xa).

While computing cr3U_=_ is not impossible, it is easily seen to produce long and
tedious formulas which are hard to manage. Naturally, the higher cross effects which
will be needed for the general case, are even worse. We make a few observations to
simplify the computations.

Remark 6.3. Recall that our intention is to apply Corollary to describe Ds.

Consequently, we are interested in computing D£2) [crsU = (X1, Xo,Y)] only for

T

the special case Y = 0. crsU_=_ (X1, X2,Y) is defined via the identity

1—x

(Xl,XQ,Y)@CT'QU z (Xl,Y)@CTQUﬁ(XQ,Y)gCTQUﬁ(Xl\/XQ,Y).

1—=x

cr3lU =

1—=x
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It is immediate from the functional equation defining functors of type = that
the second and third terms on the left as well as the term on the right are 0

when Y = 0. Hence, for Y = 0, crsU_ = (X1, Xs,Y) = 0. Thus, for Y = 0,
D fersU = (=, =, Y))(X1, X2) 2 0.

For our next observation, we need yet another result from [9]. It is listed there
as Lemma 3.3.

Lemma 6.4. Let G : C*™ — Ch(K) be an n-multireduced functor, i.e. G is such

that G(My,--- ,M,) = 0 whenever any M; = 0. Then for k < n, P,G* ~ 0,

where G* is G composed with the diagonal C — C*™. Consequently, for k < n,

l)kG'A ~ (.

Remark 6.5. Suppose F : C — Ch(K) is a reduced functor. Consider the functor
H=AFX)®@ B F(X)®C,

where A, B, C are objects in Ch(K). Then H can be viewed as a functor G : CxC —
Ch(K) composed with the diagonal. Since F'is reduced, G is 2-multireduced. Hence
by the above Lemmal6.4, D, H = D;G> ~ 0.

By Remark [63] to understand DoU_=_, it is enough to consider

T—

DPleraU = (—, —)|(X1, Xa).

Recall our formula for croU_=_:

CT2U¢(X1,X2> = U= (X1>®U x (XQ)@UL(Xz)@U x (Xl)

11—z 1—z 11—z 1—z 11—z

QU = (X1 VX2)®U.= (X1)®U. = (X2)

11—z 1—x 1—=x

1—z 11—z T 11—z

OU. = (X1)OU. = (X2)

T—=
OU = (X1) @U_2_(X2) ®U_ = (X2) ® Uz (X1)

—x 1—x

Tz T—=z T—x

QU= (X1) ® U_+_(Xa).

—x 1—x

Il

To get the second equivalence we used the defining equation of functors of type =
again. Thus, all the terms except U_=_(X1)®U_=_(X2) and U_=_(X2)®@U_=_(X1)

have at least two factors of U_=_(X;) or two factors of U_=_(X3). Consequently

1—x

by Remark 6.5, these terms vanish after we apply either Di or D%, where Di is D
applied to the i’th variable with the other variables held constant. Hence,

D [ersU = (=, (X1, X2) & DUz (—1) U= (—3)

1—

OU = (—2) @ Uz (—1)](X1, X2)
= DU (—)(X1) @ DiU = (—)(X>2)
ODIU = (—)(X2) @ DiU-—= (—)(X).

1—=x 1—=x

By Corollary [6:2] we conclude that
DU = (=)(X) = DU =

1—=x

(—)(X) ® DU = (=) (X).

1—x
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For the general case D, first we note that by induction ¢ry, 11U = (X3, X,,,Y)

11—z
can be written as a sum of terms each of which contains at least one factor of
U_=_(Y). Hence, as in Remark for Y =0,

—x

D\ [ery i U s (=, = Y)](Xy,---, X,,) 0.

1—x

Thus, we have to worry only about

D ler U s (=, =)(X1,---, Xn).

1—x

Observe that, analogous to the case n = 2, the only terms of ¢r,U_= (X3, -+, X,)

1—=z

that do not contain at least two factors of U_ = (X;) for some 4 are those of the

1—=z

form U_=_ (Xo1)) ® - @U_=_(Xon)), where o is any element of the permutation

1—=z

group %,,. Hence by Remark [6.5] these are the only (possibly) non-vanishing terms
after we apply Dﬁ”). By Corollary 62, we are entitled to conclude that

n
1—=z 1—z

7. LOGARITHMIC FUNCTORS AND THEIR TAYLOR TOWERS

D, U

From now on we will assume that K is a field of char 0.

In this section, we continue our investigation of functors patterned after elemen-
tary functions of one variable by considering logarithmic functions —log(1 — az).
While it is a good candidate for our purposes, as it has a relatively simple Taylor
series and is easily seen to be related to a common algebraic structure, we have yet
another reason for singling out logarithmic functors.

To explain our interest we refer to the functions of real variables again. Observe
that f(z) = 1= — 1 and f(x) = e — 1 are respectively the first element and the
limit of the sequence of functions

X n—1

fule) = (1= )™

Of course, here any number greater than 1 can be used instead of 2. This is remi-
niscent of the situation with the homology of little n-cubes operads e,,, where e,, for
n > 1 interpolate between e; and e, which produce associative and commutative
algebras respectively, much like the exponential functors and functors of type ;.
Hence the hope that the functors associated with the functions f,, will provide an
insight in the algebras over the homology of little n-cubes operads.

However, before we attempt to pattern a class of functors after the functions f,
above, we note that f,(z) = e~ los(lmgmtr) g, Thus, the function —log(1—=),
in addition to being of interest on its own, is closely related to f,,.

Before proceeding, we pause to observe that the suspension functor ¥ behaves
like multiplication by 1/2 (or any other number less than one) for the following two
reasons. First, both are linear. Second, repeatedly multiplying by 1/2 creates a
sequence converging to 0. Analogously, applying X increases the connectivity, thus
taking us ‘closer’ to a contractible object. We also note that multiplication by 2 is
represented by desuspension X! since it is the inverse operation of 3.

As before, the following definition is inspired by the fact that —log(1 — az) are
the only real variable analytic functions satisfying the functional equation

£ Var — \ay

l—azx 1—ay

-1

)+ fx)+ fly) = flz+y).
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For the simpler (but illustrative) case of the function —log(1 — x) we get the func-

tional equation
T

)+ f@) + fy) = Fle +y),

f(l—x'l—y

and simple arithmetic manipulations illustrate that the term % in the above
equation appears due to the simple identity

() (e® —1)o(~log(l —2)) = ;—.

Definition 7.1. A reduced functor F : Ch(K) — Ch(K) is logarithmic if there is
a natural isomorphism

T

axy : FUXQUY)s F(X)aFY)— F(XVY),
where (motivated by Identity (B)) U = P1F and is a functor of type -2 (here

l1—x
P is the non-unital version of the symmetric algebra triple P), such that for all

X,Y € Ch(K) the natural diagram commutes:

FUX@UY)®F(X)® F(Y) 2% F(X VY)

; :

FUY ®@UX)® F(Y)a F(X) 2% F(Y V X)

Shortly we will make additional comments on our choice of the particular form of
functor U (e.g. see Example [T3]).

Before discussing the logarithmic functors, we digress a little to recall the defi-
nition of a Lie algebra over chain complexes (i.e. in graded context). The reason
for introducing the Lie algebras at this point will be evident from Example [7.3]
In particular, the following definition explains our choice (of —1) of the right-hand
side vertical map in the above diagram.

Definition 7.2. A € Ch(K) is a Lie algebra if it is equipped with a bracket
operation [—, —] : A® A — A, such that the composites (A® A)“? - A® A — A
and (A® A® A) - A® A® A — A are zero. Here Cy and Cj are the cyclic
groups of size 2 and 3 respectively, A denotes the fixed points of the action of G
on A, and the actions of Cy and C5 are defined as follows:

The non-trivial element of C acts on A® A by taking a®b to (—1)1*1!lb@a, and
the two non-trivial elements of C3 act by mapping a®b®c to (—1)l4llct Pl c@a@b
and (—1)lallc+al bl g ¢ @ g.

Example 7.3. Let L be the free Lie algebra functor, i.e. the left adjoint to the
forgetful functor Uleg from the category Lx of Lie algebras to Ch(K). Alternatively,
L(M) can be defined as the Lie subalgebra of the Lie algebra Lie(T(M)) underlying
the tensor algebra T(M), generated by M. We claim that F' = Ujog oLl is a logarith-
mic functor. First observe that, in characteristic 0, by the Poincaré-Birkhoff-Witt
Theorem, Py F' = T, where P; and T; are the non-unital versions of the symmetric
algebra triple P and the tensor algebra triple T, respectively. Now it is not hard to
see that the functor satisfies the equation

raliog 0 L(X,Y) & Upog o L(T, X @ Ty Y).
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Indeed, one simply needs to verify that there is an isomorphism of underlying
modules

LT XeTY)oL(X)eoL(Y)ZL(X VY),
which is easily accomplished by comparison of the generator of the two sides.

As a curious point, it is worth noting that the Poincaré-Birkhoff-Witt Theorem
is a restatement of the simple functional identity
e~ log(l—z) _ 1= € )
1—2
Remark 7.4. Note that Example [[.3] gives rise to an entire family of examples. In
essence, logarithmic functors are defined by describing the action of the functor on
coproducts of objects (or equivalently, by describing the second cross effect of the
functor) in terms of the functor evaluated at the objects themselves.
Consequently, if we precompose a functor which is logarithmic with any coprod-
uct-preserving functor, the resulting functor, once again, will be logarithmic.

Remark 7.5. As it is the case with exponential functors and functors of type 1%,

Example is, in essence, the only example of logarithmic functors, that is, Ex-
ample [[.3] combined with Remark [T.4] produces all the examples of logarithmic
functors. In other words, there is an analogue of Lemma .3land Lemma [5.3] for the
case of logarithmic functors, stating that all logarithmic functors differ from the
above example by a coproduct-preserving functor. However, the proof of this result
is rather tedious, and since the result is not essential for any of the computations
in the remainder of the paper, we forgo both stating the result (in the form of a
lemma) and presenting the proof for the sake of economy and compactness.

It is worth noting that this remark also applies to the future case of functors of
type fn, which are to be treated in Section Once again, the deriving triple of
n-Poisson algebras will be in essence the only example of functors of type f,.

x

As with functors of type 17—, our next goal is to express the higher derivatives
of logarithmic functors in terms of D;. Again, this is an application of the theory
developed by B. Johnson and R. McCarthy in [9].

Let F' be a logarithmic functor. We begin with the computation of Dy F. By
Proposition [6.1]

V2F(X1,X2Y) = DPlersF(—, =, V) ® craF(—, —)|(X1, X2)
D [ersF(—, —, Y)|(X1, X2) @ D [ery F(—, —)](X1, Xo).

1

Recall that

ersF(X1,X2,Y) ® craF(X1,Y) @ eraF(X2,Y) 2 ero F(X1 V X5, Y).
However, D%Q)crgF(Xi,Y) =0 for i = 1,2, since cro F(X;,Y) = 0 is constant with
respect to X7 or Xs. Hence,

DPersF(—,—,Y))(X1,X2) = DP[eryF(—V -, Y)](X1, X5)
D [F(U(=V =) @ UY))(X1, X2).

Of course, our intention is to apply Corollary[6.2], and hence we are interested only
in the case Y = 0. Observe that since the functors A ® —, U and F' are reduced,
D£2) [F(U(-V-)®UY)|(X1,X2) 20 for Y = 0. Thus, we only need to compute
D [ery F(—, =))(X1, Xo).

1%
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To do this we use the result listed as Lemma 5.7 in [9] which establishes a chain
rule for functors analogous to the chain rule for functions of one variable.

Lemma 7.6. Let A and A be Abelian categories, and let functors F and G be
such that G:C — A and F: A" — ChA. Then

D](FOG> = DlFODlG.

We use this lemma to compute the differential DEZ) of craF:
DlCTQF(*,XQ)(Xl) = DlF(U(7)®UX2)(X1) ng[FO(U(*)(gUXQ)](Xl)
DlF o D1 [U(—) X UXQ](Xl)

DlF o [DlU(—>(X1) ® UXQ]
[D1U(—)(X1) ® UX2] ® D1 F(K),

where K is the ground field. The last equivalence holds by Lemma B3l because D1 F'
is linear. Furthermore, note that

(6) D1U(=)(X1) = Di(P1F)U(=)(X1) = D1Py o D1 F(=)(X1) = D1 F(=)(X1).

1R

Il

Combining these calculations we have that
chTQF(—,Xg)(Xl) = DlF(Xl) X U(XQ) X DlF(K)
Consequently, using the linearity of D; again, we get
DPeryF(—,=)(X1,X2) = DYDIF(X)) ©U(=-) ® Dy F(K))(X)

D1 F(X1) @ D1U(=)(X2) ® D1 F(K)
= DlF(Xl) ® DlF(XQ) ® DlF(K)

Il

Here the superscript in D? refers to the fact that the linearization functor Dy is
applied with respect to the second variable of the two-variable functor cra F/(—, —).
Thus, we have completed the computation of 72F(X, X;0):

V2F(X,X;0)= D, F(X,)® D;F(X3) ® D F(K).
Now we consider the general case.
Remark 7.7. Recall that
crp F(X1, Xo, -, X0, Y) & cerpF(Xe, -, X0, Y)®er, F(Xy, X3, , X,,Y)
>~ er, F(X1VXo, X3, , X, Y).
Hence when we apply Dg") to the two sides of the above equation, the second and

the third terms on the left vanish since they are constant with respect to X; and
X5, respectively. Thus,

Dgn)crnHF(*, s V) (X X))
o~ Dgn)crnF(* Vo= = V) (X, X))

x

As with functors of type -, we are interested in the case Y = 0 (see Corol-

lary 5.2]). By the above arguments,

Dgn)crnF(* V=, =, Y) = Dgn)m"n—lF(* V=V, = Y).
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Hence, for Y = 0, by induction on n, we have that

Dgn)crnF(— V=, =, = Y)( Xy, -, X)) 20,
Consequently, for Y =0
D er i F(—, -, = Y)(X1,- -, X,) 20.
Thus, we only need to understand D%n)crnF(f, <o, —=)(Xq, -+, X,). By iterating
the argument in Remark [[7, we get that
D\er, F(—, -+ =)(X1,+, X)) 2 D™ergF(= v v =, =)(X1, -+, X)

> DMVFU(= V-V =) @ U(=))(X1, -, Xn).

Recall that U is a functor of type %—, and thus using the computations performed
in the previous section, by Equation (@), we have that

Dgn_l)U(_ (VAR _)()(17 . ,anl)
~ @ D1U(-)(Xp1)) @+ @ D1U(=)(Xo(n-1))
~ @ DlF(f)(Xg(l)) K- & DlF(f)(Xo(n—l))a

where the sums on the right are taken over all permutations o of the group %, _;.
Combining these calculations with Lemma [7.6] on chain rule, as well as our compu-
tation of the second layer Dy, we get that

D\er, F(Xy, -+, Xy)
~ DD Ver, (=, — =)(X1,+  Xn_1)](Xn)
~ DYD{" VF(U(= V-V =) @U(=))(X1, -+, Xn1)](Xn)
~ [ D1F(—)(Xo(1)) @ -+ ® D1 F(=)(Xg(n-1))] ® DF[D1F(K & U(=))|(X»)
) @

~ [P DiF(-)(X,n

Hence, we are allowed to conclude that

e ® DlF(_>(XU(n71)>] ® DIF(Xn) ® DIF(K)

V'F(X, -, X;0) = @D F(X) @ @ D1F(X)]® Dy F(X) ® D1 F(K),

where there are n — 1 factors in the brackets of the sum on the right, and the sum
is again taken over all permutations of the group 3, _;.

Hence for n > 1, by Corollary D, F is the tensor product over ¥, of the
n’th tensor power of Dy F with an n — 1 dimensional representation of X,,.

We pause here to recall the Lie representation Lie(n) of ¥,,. We refer to [I5]
for details, as this paragraph is almost entirely from there. If we denote by L,
the free Lee algebra on n generators, then Lie(n) is the so-called multilinear part
of L, that is, Lie(n) is the direct summand of £, spanned by all Lee monomial
where each of the generators appears precisely once. Lie(n) is the nth space of
the Lie operad. Note that Lie(n) is a free K-module of rank (n — 1)!. Moreover,
the symmetric group Xy acts on Lie(n) simply by permuting the n generators. In
addition, the left regulated brackets

o [x1, [xz, T, [ﬂfn—hxn] o 'H

for o € ¥, form a basis of Lie(n).
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Returning to our computations of differentials of logarithmic functors, we observe
that by virtue of simple comparison with Lie(n), we are allowed to conclude that

n
Dy, F = Lie(n) @5, Q) D1FU @ D1 F(K),

where Lie(n) is the Lie representation of ¥,,.

8. FUNCTORS OF TYPE f,

Now we get back to functors of type f, for n > 1. The functional equation (for
reduced analytic functions) defining f,(z) is as follows:

m/zn—l y/Qn—l
1—z/2n=1 1—y/27—1

fle+y) = f@)+ fly) + f2) fly) + F(2" -

x/Qn—l y/2n—1
1—g/2n=1 1 —y/27—1

+f(en ) Lf(@) + fly) + fl@) f()l.
Naturally, the more general case f,(az) is defined by a similar, if somewhat more
messy, equation.

To verify this functional equation, first define g(z) = (1— 2"””—,1)_2"71, ie g(z) =
f(z)+1. Note that in terms of g(z)’s and g(y)’s the right-hand side of the functional
equation is

g(x) = 1+g(y) — 1+ g(z)g(y) — g(x) —g(y) + 1

1 x 2n71 2n71
+g(2n7 1 _/x/2n1 1 g/y/2n1) -1
ot Wy (gt~ 1

L—g/on—1 1 —y/onT
117/2”71 y/2n71

: 1
1—g/2n=1 1 —y/27—1

=g(z)gly) —1+g(2""-

ot 2 ) < 1la@ls) - 1
=925 x/j;;l 1 y/;;nl) 9(@)g(y) — 1

T n—1 n—1 on—1
=103 —/:c2/2n—1 1 g/;/271_1) w2 (g2 ]
=[1- Qf—_l — 2ny_1]72n_1 —l=glx+y) —1=f(z+y).

Recalling that multiplication by 2 corresponds to desuspension, we give the fol-
lowing definition.

Definition 8.1. A reduced functor F' : Ch(K) — Ch(K) is of type f, if there is a
natural isomorphism

QF(E"MUX @UY)

PR(ET"MUX@UY)@ [F(X)e F(Y)® F(X)® F(Y) — F(XVY),
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where U = P; X" "1 F is a functor of type 1=, such that the following two diagrams
commute:

F(X)® F(Y) 22X F(X VY)

ok

F(Y)® F(X) 2% P(Y V X)

F(E"UX @ UY) —% F(X VY)

L

F(E"1UY @ UX) —% F(Y v X)

Here we are abusing the notation, as the ax y’s and ay x’s in the above diagrams
are actually inclusions followed by the original ax y’s and ay, x’s.

Note that the ingredients of the functional equation defining the functors of type
fn are familiar. In particular, the term F(X™"T1UX @ UY) resembles the defining
equation of logarithmic functors with a shift, while the term F(X)® F(Y") is the key
component of exponential functors. Hence it is reasonable to expect that examples
of functors of type f, evaluated at an object X are equipped with both a Lie bracket
and a commutative multiplication.

We make a few observations before we can produce examples of functors of type

-

Remark 8.2. The purpose of this remark is to observe that if L is a logarithmic
functor, then PX~"+t'LX"~1X is equipped with a Lie bracket of degree n — 1. In
particular, we produce a map

(7)
[ ~|n_1 : PETLETTIX) @ P(ETL(ETTIX)) — SRR L(ELX)).

A typical summand on the left is of the form

(8) (S L(E X)) @ (S LS X)) /S

So to describe (), it is enough to produce the maps

(9) [ErLETIX)I/D @ (B LET X)) /S,
— S Er LX) O S

First, since L is logarithmic, we have the bracket [—, ] : L(X" 71 X) ® L(X" "1 X)
— L(X""1X), which (by desuspending 2(n — 1) times) produces a map

SIPL(ETTIX) @ B L(ETIX) - B (ST L(E X))

(see Remark[TH]). As stated, our objective is to extend this map to terms described
by Equation (B)). This will be done in two steps. First we consider the case | = 1.
To begin, we make a general observation.

Fix a chain complex C. Consider the map

k
o®k _, @[C ® C®(k71)/2k_1] X C® C®(k71)/2k—1,
1
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where the second map is the obvious addition map, and the first map is defined on
an element a1 @ - - ® a € C®* by

al®...®akl—>20ao—(1)®"'®ao(k)a

with the sum on the right ranging over k cyclic permutations of k letters. Note
that this map factors through C®*/%;, thus producing a map v¢ : C®*/%;, —
CeCc®k-D /v .

Returning to our case, observe that we have a sequence of maps

ElfnL(Enle) ® [ElfnL(Enle)]@)k/Ek
— I L(er-lX) @ S LS LX) @ (S L(ST LX) RS,y

10 _
(10) [ !}‘81 Elfn(zlfnL(anlX)) ® [ZlfnL(Enle)]@c—l/Ek_l

N El_n[zl_nL(Zn_lX)]®k/Ek,

where the first map is the map ys1-np(gn-1x) defined above. The general case
follows by induction:

[ElfnL(anlX”@l/El ® [ElfnL(Enle)](@k/Ek

’Ygl [Zl_nL(En_lX)]®l_l/El_1 ® El_nL(En_l)() ® [El_nL(En_lX)]®k/Ek
1®h)_] [(El_nL(Zn_lX))}®l_1/21_1 ® El_n[zl_nL(En_lX)]®k/Ek

N Zl—n[Zl—nL(zn—1X)]®k+l—1/zk+l71.

The map [—, —],—1 we just defined is a Lie bracket, as it is essentially the n — 1
suspension of the Lie bracket [—, —]r.

This prompts us to recall the definition of n-Poisson algebras (see [A]).

Definition 8.3. P € Ch(K) is an (n + 1)-Poisson algebra if it is equipped with a
commutative multiplication 4 : P ® P — P and a bracket [-,—]: P® P — X~ "P
such that, as with Lie algebras, the composites (P ® P)¢? — P® P — Y~ "P and
(P PeP) - PRP®P — PR "P — Y72"P are 0 and the following
diagram commutes:

PePeP) - 2E pg(PoP) > —>P@(P®P)—=(PRP)® P

1u YT"P®P
5
[_1_] _
PP >""P

where N is the Norm map of the action by Cs. The group actions are as before.
Clearly, this diagram produces the usual Poisson relation.

Example 8.4. Here we produce examples of functors of type f,,. As it was men-
tioned earlier, the real-valued exponential and logarithmic functions are related to
the functions f, via the formula f,(x) = ¢~2"Mlos(l=551) 1 The functorial
analogue of the right-hand side is, of course, F,,(X) := E(S!7"L(X"1X)), where
E is an exponential functor and L logarithmic. Applying Definitions [7.1] and E1]
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successively we get a series of isomorphisms:

F (X VY)=EZ""L(E" (X VY))]
~ EEYLETIX) @ LE"TY) @ LU 1 X @ U R 1Y)
~ PR L(E X)) @ B[R L(ETY)
CEX LU X @ U™ Y) | @ ERV M L(ETTIX)| @ B[S LR TY)]
GEX""LE"'X)| @ E[E"L{ULE T X @ UL S 1Y)
QES' TLE"TY)] @ B[S LU X @ UL R YY)
QEELEIX)| @ BB LS YY) @ B[S LULE T X @ U ST Y)]
2 F(X)0E,(Y)O F (S U I X U S YY) @ Fu (X)) @ Fu(Y)
OF,(X) @ F,(S' U 2" X @ U R 1Y)
F,(Y)® F, (2 "U s ' X @ U B 1Y)
Fo(X) @ Fu(Y) @ Fp (B "ULE" ' X @ UL X" 1Y),
Here by U we denote the functor of type == associated with the logarithmic
functor L. In the section on logarithmic functors, this functor is denoted simply by
U. Here and in what follows we use the subscripts to avoid confusion.

Now we specialize to the case E = P and L = L. As before, we are omit-
ting the forgetful functors Uy, and U, to ease the notation. Thus, everywhere
in this paragraph when we write PX or LX we mean the underlying modules of
the algebras at hand. To see that Fj, satisfies the defining equation of functors
of type f, for this case, we need to show that Ur, X = U,X""1X. Observe that
Up, X 2P X IPYILY" 71X and U X" 1 X 2 PL(E" LX), hence the desired
identity follows from the Poincaré-Birkhoff-Witt theorem and the fact that the Lie
algebras X" IPYI LY X and L(X"~!X) have isomorphic universal enveloping
algebras (see also Propositions 3.8 and 3.9 of [12]).

We note that these functors F;, take values in the category of n-Poisson algebras.
An explicit description of the bracket multiplication [—, —],—1 of F, was given in
Remark[B2l As for the Poisson condition, it is evident from the process that we used
to extend the map L1 L(X" 1 X)@XI " L(E"1X) — S (X" L(E"1 X)) to
P L(EIX)) @ P(ETL(E"LX)).

9. TAYLOR TOWERS OF FUNCTORS OF TYPE f,

Now we turn to computing the Taylor tower of the functor F' of type f,. As
before, we are going to use induction to compute the layers Dj;. Hence we be-
gin with Ds. The approach is the same: we start by analyzing the differential
V2F (X1, X2;Y). Recall that by Proposition [6.1]

V2F(X1, X0;Y) = DP[ers F(—, —, Y)|(X1, Xo) @ D [era F(—, —)](X1, X2).
By the argument employed when discussing the logarithmic functors, we have that
DP[ergF(—, =, Y)|(X1, X3) 2 DP[ery F(— V =, Y)] (X1, Xa)

DPF(-v )@ F(Y)® F(E"'U(- Vv -) @ U(Y))

OF(E"MU(-V )@ U(Y))
SF(=V-)aFY)eF(-V-)eF(Y)))(X:, Xs).
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Recall that we are interested in this object only for the case Y = 0 (see Corol-
lary [6:2). Observe that

DP[F(~V =) ® F(Y)[(X1,X2) = DP[F(— v )] (X1, X2) @ F(Y) 20

for Y 2 0. The term DgZ)[F(E’”“U(f V-)®U(Y))](X1, X2) also vanishes when
evaluated at Y 2 0 by chain rule (Lemma [T.0) and since the functors F, U, ¥ and
A ® — (for all A) are reduced. Finally, the term

DPF(EU(-V-)@UY))®(F(-V-)®F(Y)® F(-V-)® F(Y))|(X1, X2)
is also equivalent to 0, by chain rule (Lemma [7.0). Thus, for Y =0,
D [ersF(—, =, Y)](X1, X2) 0.
Hence it remains to compute Dgz) [eroF(—, —)](X1, X2).
Observe that each summand of the term
FET"MUX, @UX,) @ [F(X1) @ F(Xs) @ F(X1) ® F(X2))
(2)

is 2-reduced in either X;, Xo or both. Consequently, D’ applied to this term is
equivalent to 0. Hence,

DPlersF(—, -)|(X1,X2) 2 DP[F(—) @ F(=) @ F(E "0 (-) @ U(-)))(X1, Xa).
First, observe that
D\U(=)(X) = Dy (P,£" " F)(=)(X) = £""'D, F(X).

The following computations are analogous to those performed for logarithmic func-
tors, so we omit explanations and refer to the logarithmic case for details:

DYF(E"MU(X,) ® U(X,))
= DDy F(E7" DU (=)(X1) @ U(=))](X2)
~ Y "HDIUX,) @ DD F(K® U(-))(X2)
>~y nHlyn=ip F(X)) @ DD F(R @ U(-))](Xs)
= D1F(X1) ® D1U(—)(X2) ® D1 F(K)
o 2"71D1F(X1) ® D1F(X3) ® D1 F(K).

Using these computations along with Equation (@) of Section 6 which describes

the layers of exponential functors (and thus illustrates that D§2) applied to the
summand F(—) ® F(—) of croF(—, —) equals D1 F(X) ® D1 F (X)), we are allowed
to conclude that

V2F(X, X;0) = Dy F(X) ® DiF(X) @ ¥" ' D F(X) ® Dy F(X) @ Dy F(K).
For the general case of the k’th layer, observe that by Remark [Z.7]
DM erp  F(—, - = Y) (X1, , Xg)
>~ W F(—v — = o = V) (X, Xp)
&L D§k)cr2F(— Ve V= Y)( Xy, -, Xk).

Hence for Y 22 0, by the above argument for the second differential /2F, we
have that

ng)crzF(* Ve V= Y)(X, e, Xg) 20,
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Consequently, for Y =0,

ng)crk-i-lF(_a e 7_7Y)(X17 e an) =0.
Thus, by Proposition [6.1}
VEF(Xy, -, X50) 2 D er P(—, e, )](X0, - X

>~ DWleroaF(= V-V — (X1, X1, X),
where the second equivalence is by Remark [[71 To ease the notation, we define
Ap(Xy, -+, X) for k > 1 to be
(A1) Ap(Xy, -, Xe) D DPeryP(= vV = (X0, X1, Xa).

To compute Ay, we expand the above second cross effect:
croF( X1V VX1, X)) & F(XqV--VXp1)®F(Xk)
o FE"UX V- VX)) @U (X))
o FET"TUXI V-V X ) @U(X))
QEF(X1V---VXi_1) ®F(Xy)
BF(X1V--VXp_1)® F(Xg)].
We compute ng) of the three summands above.
Lemma 9.1. For k > 3,
DWMP(X1 V-V Xl1) @ F(Xp) = Ap_1 (X1, , Xp_1) @ D1F(Xy),
with Ay = D1 F(X1)®@D1 F(X2)®X" D F(X1)®D1 F(X2)®D1 F(K), as computed
above.

Proof. The proof of this lemma follows from the following straightforward sequence
of identities:

DM F(X, V-V X)) @ F(Xk)
~ DF VR v v ) (X, e, Xt) © Dy F(X5)
~ DF Doy F(X V-V Xpo9, Xio1) ® Dy F(X5)
~ Ay (X1, Xno1) ® D1F(X).

Lemma 9.2. For all k > 2,
DM FET U (= v V=) @ U(=))(X1, -+, Xp)

=~ (B DiF(X,0)®- @ DiF(Xy4-1) ® D1F(Xy) @ S¢- D0 D P(K).
c€EX -1

Proof. Since it does not matter in which order we apply D;’s, we begin by com-
puting D¥, i.e. the derivative with respect to the variable X}:

DYF(S™"PU(X V-V X 1) @ U(-)(X4)
>~ D F(S"MU(X VeV X)) @ DiU(—)(X%))
>N HU(X VeV X ) @ S"TID F(XG) @ Dy F(K)
2UXyV- -V Xgo1) @ D1 F(Xy) ® D1 F(K).
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Hence, recalling that U is a functor of type == and using our computations for
these functors, we get

DM P (X, V-V Xl1) ® U(Xy))
~ DX, VeV Xp1) ® Dy F(Xg) @ D F(K)
@ DU(Xo1)) @+ @ U(Xo—1)) @ D1F(X}) ® D1 F(K)

oc€EX k-1

@ D1 F(Xo1) - ® F(Xy(k-1)) ® D1F(Xy) @ 200D D, F(K).

oEXK_1

1%

1%

O
The final piece in which we are interested is

DM PEU(X VeV X)) @ U(XR))
QRF(X1V- - VX 1) F(Xp) @ F(X1 V-V Xi_1) ® F(Xy).
In other words we need to compute ng) of the three summands above. Observe
that the second and and the third summands are at least 2-reduced in the vari-

able Xj. Hence, D¥ applied to these summands produces objects equivalent to 0.
Consequently, it remains to compute only

DWIF(EU(X, V-V Xeo1) @U(X3) @ F(X1 V-V Xio1)).
We begin by applying D¥ to get
SH(X V-V X)) ® DyU(XE) @ Dy F(K) @ F(Xy V-V Xj_1)
2UX1V-- VX)) @ F(X1 V-V Xi1) @ D1 F(Xy) ® D1 F(K).
Thus, we need to understand
DE V(X Ve VX)) @ F(XL V-V Xpo1)]

Recall that U is a functor of type == and hence U(X;V---VXj_1) can be expanded
as a sum. Note that the only terms of U(X; V -+ V Xj;_1) which are not at least
2-reduced in at least one of the variables are

UX)e - oU(Xp_, @@U NRUX)® & @ X)) OU(Xo(h-1))-
it TESK_1
A typical summand in the above sum is of the form
U(Xiy) ®@--- @ U(X,),
with s < k — 1 and 4; # i; for [ # t. Consequently, it is enough to understand
D VU(X,)® - @UX:) @ F(X1 V-V Xp_1)].

To simplify the indexing, let us assume that in the above term i; = j. In other
words, we compute

D V(X))@ @UX) @ F(X1 V-V X4_1)]
~ pFIU(X)) ® - @UX,) @ (F(X1) @ F(Xa V-V X51)
QRS MU(X) @ F(Xo V-V Xi_1)
GF(ET"MU(X) @ F(X2 V-V Xp1)) © ()]
~ pFIU(X)® - @UX) @ F(Xa V-V Xi1)]
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since all the other terms are at least 2-reduced in X;. Iterating this process for
X5, -+, X, we get that
DV U(X) @ @UXs) @ F(X1 V-V Xp_1)]
=~ DFVU(X) @ QUX) @ F(Xgy1 V-V Xio1)]
= DUXy) @ @ D1UXs) @ Ap—s—1(Xyr, o+, Xpo1)
= 5D F(X)) @@ D1 F(Xs) @ Ap—s 1 (Xop1, - > Xp—1),

where Aj_,_1 is as it is defined in Equation ().
We combine these computations in the following lemma by first agreeing to

augment Equation () by defining A;(X) = D, F(X).

Lemma 9.3. For all k > 2 and X1 = - = X = X, and by abbreviating
Ap—s—1(X, -+, X) by Ag—s—1, we have

DWRE"U(X V-V X)®UX))
QFXV---VX)a FX)a F(XV---VX)® F(X)]

e

—2 s

=@ P QRDiF(X)® Ay 1] ® D1 F(X) @ D1F(K),

1 c€P(k—1,s) 1

where P(k — 1,s) is the set of s different ordered letters from a collection of k — 1
letters.

S

The above Lemmas [@0.1],[3.2] and give a complete description of the differen-
tials V¥ F(X, -+, X;0), which are of course the essential ingredients for computing
the layers by Corollary .21 We agree to augment Equation (IT) further by setting
Ap = K and combining these lemmas to obtain the following proposition.

Proposition 9.4. The differentials of functors of type f, are as follows.
For k=2,
V2F(X, X;0) 2 Ay
=~ D\F(X)® D1F(X)® X" 'DF(X) ® D1F(X) @ D1F(K).
For k > 2,
VEF(X,- -, X;0) 2= A
>~ A1 ® D1F(X)

k—1 s
@I P IR DiF(X)| @ Ar—e—1] ® D1 F(X) ® D1F(K),
s=1 o€P(k—1,5) 1

where, as before, P(k—1,s) is the set of s different ordered letters from a collection
of k — 1 letters, while Ay =K and Ay = D1F(X).

10. FUNCTIONAL EQUATIONS AND OPERADS

We have already commented on the connection between functors of type f,, and
the homology of little n-cubes operads, which was suggested by the fact that they
have the same set of associated algebras. In fact, it is in part with this relationship
in mind that we considered these functors. The following discussion is intended to
explore this relationship further.
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As an easy consequence of the defining equation of functors of type f, (Defini-
tion BI), we note that with an additional hypothesis that F' preserves connectivity
(this happens for example when F' is a continuous functor, e.g. see [8]) as n in-
creases, so does the connectivity of the term

FEUX @UY) 2 F(S P 1F(X) @ P8 L F(Y)).

Thus, the equation degenerates to the defining equation of exponential functors.
This, of course, is in agreement with the fact that as a function of real variables
e® — 1 is the limit of the sequence of functions {f,,}. Moreover, by analyzing the
differentials D,, of functors of type f, that we just computed, it is evident that the
connectivity of the terms

k—1 s
D=V P IR DFX) @ A1) © DiF(X) ® DiF(K)
s=1 oceP(k—1,s) 1

of D,, increases with n, and hence in the limit case the layers are the same as the
layers of exponential functors.

However, if we set n = 1 in the equation of Definition [81] (we will call such func-
tors functors of type f1), we get functors that factor through the category of usual
Poisson algebras, while the functors of type ;%= (Definition () factor through
the category of associative algebras, and of course, the associative and Poisson al-
gebras are quite different. A similar situation occurs in [5] where E. Getzler and
J.D.S. Jones prove that the homology little n-cubes operads e, are isomorphic to
the Poisson operads py for n > 1 (Theorem 1.6 of [5]), while e1 is not isomorphic
to p1. However, ey is naturally a filtered operad, and the associated graded op-
erad is the Poisson operad p; (Section 5.3 of [5]). We have a similar result. To
make this statement precise, let us consider the functors into Ch(K) of type 2=
again. We already showed that if F' is such a functor, then F(X) is naturally an
associative algebra. In fact, it is equipped with an even richer algebraic structure
if we restrict ourselves to functors whose domain is Ch(K). Using the fact that
finite coproducts are also products in Ch(K), we define a comultiplication map

Apix) : F(X) — F(X) ® F(X) for such functors:

FX)3F(XVX)—FX)®F(X)® F(X)® F(X) 5 F(X)e F(X).

Combined with the associative multiplication defined earlier, Ap(x) makes F(X)
into a Hopf algebra. In addition, from the symmetry of the definition of Ap(x) it is
immediate that F'(X) is cocommutative. Thus, F factors through the category C Hg
of cocommutative Hopf algebras. Hence, by the structure theorem of Milnor and
Moor [12], F(X) is isomorphic to the universal enveloping algebra U(L) of some
Lie algebra L. In fact, this can be done functorially to produce a commutative
diagram

Ch(K) P, Assk
P
CHy — P >,

where F' exists by Lemma [5:3, F by the argument above, and P is the inverse
functor of the universal enveloping algebra functor U considered as a functor into



4440 VAHAGN MINASTAN

CHyg (Theorem 5.18 of [12]). Here, as before, Lk is the category of Lie algebras
over the field K of characteristic 0.

Now we define a filtration on F'(X) which is a essentially the Lie filtration of [12]
(see Definition 5.12 of [12]). In other words, roughly speaking, it is the filtration
of F(X) given by powers of P o F(X), thought of as a subobject of F(X) via
the universal enveloping algebra functor, i.e. Fy(X) = > _ [Po F(X))9. More
precisely,

Fi(X)=Im[K® Po F(X) — F(X)],
Fp1(X) = Im[F,(X) & (Po F(X))® Fy(X)) — F(X)].

The associated graded object is defined to be A(X) = FA1®Fy/Fi®- - Fp/Fp_ 18- --.
Now we state the promised result.

Proposition 10.1. If F' : Ch(K) — Ch(K) is a functor of type 1%, then the
correspondence X — A(X) defines a functor of type fi1, i.e. it defines a functor
that satisfies the conditions of Definition B for the case n = 1.

Proof. Throughout this proof we omit the forgetful functors where no confusion
may arise to ease the notation. Thus, for example, when we refer to a functor F
into Lie algebras as a logarithmic functor, naturally we mean F' composed with the
forgetful functor U, from Lie algebras to chain complexes, as by definition, all our
functors of different types have the category Ch(K) as their target.

First observe that A(X) is a functor, i.e. that any map f: X — Y in Ch(K)
induces a morphism of filtered algebras. Indeed, as F' and P are functors, we have
amap Ty o Po F(X) — Ty o Po F(Y), which takes components of degree < g
to components of degree < g. Recall that the universal enveloping functor U on a
Lie algebra g can be constructed as a quotient of Tyg by the ideal generated by
relations i([x, y]) = i(z)i(y) —i(y)i(x), where i : g — T, g is the obvious embedding,
and x,y € g. Hence we have that f*(F,(X)) C F,(Y), where f* is the map induced
by f. Thus, f produces a morphism of filtered algebras which in its turn induces a
map of corresponding graded objects A(X) — A(Y) making A into a functor.

It is a well-known fact about Lie algebras that the graded algebra associated to
the Lie filtration (that we just presented) is graded commutative (see Section 7.3
of [L6] for example). Moreover, if we denote by S the functor that takes the module
underlying the Lie algebra g to the chain complex underlying the graded algebra
associated with the Lie filtration of U(g), then it satisfies the equation S(g @ h) =
S(g)®S(h)®S(g)®S(h), where gdh is the coproduct of g and h in Ch(K), with
the Lie bracket defined in the obvious way: [(a,b), (@,b)] = ([a,ag, [b,b]n). This is
the case since in characteristic 0, the graded commutative algebra associated to the
Lie filtration of U(g) is isomorphic to the free symmetric algebra on g. Thus, S is
an exponential functor.

To complete the proof of the proposition we simply observe that the functor
A is the composition of S with P o F, and since P o F' is a coproduct preserving
functor into Lie algebras (P is coproduct preserving by Theorem 5.9 of [12]), and
thus logarithmic (see Remark[7Z4]), the computations done in Example B4lfor n = 1
imply that A = S o P o F satisfies the defining equation of functors of type f1, i.e
the defining equation of Definition Bl for the case n = 1. O

We conclude by considering the example of the forgetful functor from the cat-
egory of n-Poisson algebras in greater detail. Its relevance to the algebras over
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the homology of little n-cubes operads, as well as to the homology of configuration
spaces, is the main reason for our interest.

Recall that the triple associated with the category of n-Poisson algebras is of the
form

(12) T,(X) = P palk) @5, X,
k

where py, is the n-Poisson operad. The algebras over this triple are precisely the
n-Poisson algebras. Of course, for n > 2 the operads p, are equivalent to the
homology of little n-cubes operads e, (e.g. see [A]). Note that we can read the
operad off the triple (I2) by computing the differentials evaluated at the ground
field K viewed as a chain complex concentrated in degree 0:

VFE(K, - K;0).

Recalling that by Example functors T, are of type f,, and observing that
DT, (K) 2 K, we can rewrite the Proposition as follows:

For k = 2,
(13) VAT (K K;0) = Ay = Ko X" 'K.
For k > 2,
k—1
(14) Van(K, e aK; O) = Ak = Ak—l D @ Zs(nil)[ @ Ak—s—l]y
s=1 c€P(k—1,s)

where A; and P(k—1, s) are as before. In fact, we can provide a better description.

Lemma 10.2. For k > 2,

k—1
(15) VK, - K;0) 2= Q) H(\/ "),

J

where on the right-hand side we have the tensor product of cohomologies of the
wedge of j copies of the sphere S"~1. Here and in what follows the homologies are
taken with coefficients in the field K.

Proof. We prove by induction on k. Since we intend to use the formulas (I3) and
([4), we have to consider both k =2 and k = 3 for the base case.

For k = 2, we need to show that 7?7, (K, K;0) = H*(S"~1). This is immediate
from Equation ([3)).

For k = 3, note that ®§:1 H*(\V; 8" 1) = H*(S" " )@H*(S"~'vS"~). Hence
by Mayer-Vietoris (e.g. see [1]), the right-hand side of Equation (I3) has a copy
of K in degree 0, three copies of K in degree n — 1 and two copies of K in degree
2(n —1). On the other hand by Equations (I3]) and (I4),

V(KKK 2Kae Y 'Ke " {(Kae K)o 22 D(K oK),

which proves the case k = 3.
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Suppose the lemma holds for k =1 — 1. For k = [, by Mayer-Vietoris, on the
right-hand side of Equation (IB) we have

-1
@w(y/s
i=1 :
~ ® \/Sn 1 ®H* \/ qn— 1 ®H* \/Sn 1 [K@En_lK@l_l]

-1 j
= Al—l ® [K IR 24, ® K ® A1 @ ZPTIK®
1-2
A 1 B[A 2D @Es(n_l)( @ A o) @ ZnTIK®!
s=1 P(1-2,s)
1-2
A 1 DA_R yrolRel-1 g @Z(SJrl)(n—l)[ @ A s 9® KEBI*I].
s=1 P(1-2,s)

We renumber the sum in the last equation by setting s + 1 = ¢ to get

-1
®H*(\/ Sn—l)

-1
A e AL e K e @ @ A ex)
t=2 P(1-2,t—1)

We abuse the notation to denote by P(I — 2,t — 1) the number of elements in
P(l—2,t—1). Then

(- 1)

Pl-2t—1)(1—1) = (-2 i

(I—t—1)! (==

= P(—1,1).

These identities allow us to simplify our equations further:

-1
®H*(\/ Snfl)
Jj=1 J
-1
A DA ,@E KT g @ ytn=D| @ A_1]
t=2 P(l-1,t)
-1

= A e@S I P A=A =YK, K;0),
t=1 P(l—-1,t)

thus completing the proof of the lemma. ([l

Recall that one of the descriptions of the homology of little n-cubes operads is
via configuration spaces (see Section ), which is the reason why our Lemma
is reminiscent of results of F. Cohen (see [2]), who applied a theorem by Fadell and
Neuwirth (see [H]) to describe the homology of configuration spaces of embedding
into R™.
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Lemma 10.3 (Cohen). Additively,

k—1
H* (F, (1) = @ H"(\/ 57,

J

where F, (k) is the configuration space of embedding into R™ as it is defined in
Section

Consequently, these computations of homology of configuration spaces can be
recovered from Lemma [I0.21 Similarly, our techniques can be used to reproduce
the description of the action of symmetric groups on H*(F,,(k)) (Section 7 of [2]).
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