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Abstract

Using the category of finite sets and injections, we construct a
new model for the multilinearization of multifunctors between
spaces that appears in the derivatives of Goodwillie calculus.
We show that this model yields a lax monoidal functor from
the category of symmetric functor sequences to the category
of symmetric sequences of spaces after evaluating at S°. We
also give a construction which extends the result to symmetric
sequences of spectra.

1. Introduction

The chain rule of calculus gives a way of relating the derivative of a composition
to the derivatives of the composite functions; put another way, taking derivatives
preserves composition of functions in some sense. Higher order derivatives satisfy a
similar chain rule, discovered by Faa di Bruno. This relationship between derivatives
is a foundational tool for computations in any setting where derivatives make sense.

In [Go003], a notion of derivative was introduced by Goodwillie for homotopical
functors from spaces to spaces or spectra. He constructed a Taylor tower of polynomial
approximations and identified the layers of this tower as infinite loop spaces, classified
by certain spectra, called the derivatives of the functor. He further identified the
homotopy type of the derivatives, showing that the nth derivative is equivalent to the
multilinearization of the nth cross-effect of the functor evaluated at S°. In [KR02],
Klein and Rognes gave a chain rule for Goodwillie’s first derivatives establishing a
homotopy-theoretic computation of the first derivative of a mapping space functor.
In [Chi05], Ching showed that the higher derivatives of the identity functor of spaces
form an operad by showing that the dual spectra form a cooperad, building on work
of Johnson and Arone-Mahowald [Joh95, AM99]. Working with these models and
using duality, Arone and Ching showed that the derivatives of other functors are
bimodules over the derivatives of the identity [AC11]. From these module structures,
they proved a Faa di Bruno chain rule for the higher derivatives of functors.

One question in [AC11] is whether the derivatives functor is lax monoidal as a
functor from endofunctors of spaces to symmetric sequences, a categorical way of
capturing the preservation of composition. This would account for the operad and

Received September 1, 2018, revised February 10, 2019, June 25, 2019; published on December 11,
2019.

2010 Mathematics Subject Classification: 55P65, 18D50, 55P47.

Key words and phrases: operad, multilinearization.

Article available at http://dx.doi.org/10.4310/HHA.2020.v22.n1.2a18

Copyright © 2019, Sarah Yeakel. Permission to copy for private use granted.


http://intlpress.com/HHA/
http://intlpress.com/HHA/v22/
http://intlpress.com/HHA/v22/n1/

320 SARAH YEAKEL

module structures of derivatives and would extend the results of [AC11] to other
functors. This note seeks to push closer to a positive answer to that question.
Goodwillie’s identification of the infinite loop space associated to the derivatives
as multilinearized cross-effects evaluated at S° can be broken into a composition. Let
T be the category of pointed spaces, let 7" be the cartesian product of n copies
of T, and let Fun(7,7) be the category of endofunctors of 7. The first functor
sends an endofunctor of spaces to its sequence of cross-effects. The second functor is
multilinearization at each level followed by evaluation at S° in each variable.

CTx Dg*)f(so)

Fun(7,7) SymmFun(7) —————= SymmSeq(7T)

The sequence of cross-effects of an endofunctor is an object of the category of
symmetric functor sequences. A symmetric functor sequence F, is an element of
Hn>1 Fun(7™,T), that is, a sequence of multifunctors F: 7% — T, which are sym-
metric in all k& variables. We say a functor is pointed if it preserves the one point
space, and we call a multifunctor multipointed if it is pointed in each variable. The
category of symmetric functor sequences has a monoidal product induced by compo-
sition of functors. The category of symmetric sequences in spaces also has a monoidal
product called the composition product. We prove the following result, which says
that the second functor is lax monoidal on multipointed symmetric functor sequences
which land in well-based spaces.

Theorem 4.2. Given symmetric functor sequences Fy, G, which are pointed in each
variable and take values in well-based spaces, there are natural maps S° — Dyid(S°)
and

Di7G.(5") o DYV Fu(8%) = D (G 0 F)u(S),
where I is the category of finite sets and injections, Dy is defined by

D F(X) = hogolim QUF(ZV X)),
€

and ]D)gn) denotes applying D1 in each of the n variables. Further, for symmetric func-

)

tor sequences satisfying extra connectivity conditions, ]D>§” is equivalent to ordinary

multilinearization.

This theorem reduces the question of [AC11] to: Is there a model for cr,: Fun(T,
T) — SymmFun(7) which is monoidal with respect to composition and takes values
in multipointed symmetric functor sequences? The cross-effects functor satisfies these
conditions in some settings, for example, for functors of abelian categories [JIMO04].

In the second section, we review Goodwillie’s definition of linearization and rele-
vant definitions of operads, including the notion of symmetric functor sequences. In
the third section, we discuss using the category of finite sets and injections to replace
the straight line category as an index for homotopy colimits. We also review the defi-
nition of the sphere operad of [AK14] and a modification which produces useful maps
in linearizations. In the fourth section, we apply the new linearization to symmetric
multifunctors, recovering the main theorem and the corollary that under certain con-
nectivity conditions, the multilinearization of a functor-operad is an operad. In the
final section, the maps from section 4 are lifted to maps of symmetric spectra.
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2. Background and conventions

In this section, we review the notion of linearization in functor calculus and relevant
definitions.

Definition 2.1. Let F': 7 — T be an endofunctor of pointed spaces. We say F' is a
homotopy functor if it preserves weak equivalences. We say F' is reduced if F(x) ~ x*,
and pointed if F(x) = . Finally, F' is continuous if the natural map Hom(X,Y) —
Hom(F(X), F(Y)) is a continuous function.

We note that since Hom(X,Y") is a pointed space, we require Hom(X,Y) —
Hom(F(X),F(Y)) to be a pointed map. That is, X — %« — Y is sent to the base-
point of Hom(F(X), F(Y)), thus a functor F' must be strictly pointed in order to be
continuous.

Assembly maps are incredibly useful to the point of view offered here, so we review
their construction.

Lemma 2.2. If F' is a continuous functor, then F' has assembly, a binatural trans-
formation which is also natural in F given by

ap: ZANF(X) — F(Z NX).
Proof. The assembly map is given by pushing the identity through the following
maps:
Hom(Z A X, Z A X) — Hom(Z,Hom(X, Z A X))
L Hom(Z, Hom(F(X), F(Z A X))
=S Hom(Z A F(X),F(Z A X)). O
For homotopy limits and colimits, we will use the definitions of Bousfield and Kan

in [BK72]. This model for homotopy colimit is sometimes called the uncorrected
homotopy colimit.

Definition 2.3. The homotopy limit of a diagram X': J — T, holim s X, is given by
the totalization of the cosimplicial replacement crep X', which has nth term

(crep X)n = H X(]n)
Jo—=—Jn

Dually, the homotopy colimit of a diagram X: J — T, hocolims X, is given by
the realization of the simplicial replacement srep X, which has nth term

(srep X)p = \/ X (Jo)-

Jo—=r = Jn
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Proposition 2.4. Let Z,J be small categories. The Bousfield—Kan model for homo-
topy colimits satisfies the following properties:

(a) For a functor F: T x J — T, there is a natural homeomorphism
hocolim hocolim F'(4, j) = hocolim F (i, j).
ocolim hocolim (,7) gcolim (i,9)

(b) Given a functor B: T — J on indexing categories and F: J — T, then B induces
a natural map

hocolim F' o 8 — hocolim F.
T J

(¢) If F,G: J — T are functors and n: F — G is a natural transformation, then n
induces a natural map

hocolim F' — hocolim G.
J J

(d) Given F: T — T and a space X, there is a natural map
Qpet (hocglim F)ANX — hocglim(F A X).

This model for homotopy colimit is not homotopy invariant in general, but it is on
well-based spaces [Mal, 2.6]. We assume that all functors take values in well-based
spaces.

2.1. Goodwillie’s linearization

In [G0003], Goodwillie constructs the Taylor tower {P,, F'} of a homotopy functor
F from topological spaces to spaces or spectra, and Kuhn shows that Goodwillie’s
work extends to functors between more general model categories [Kuh07]. We will
concentrate on the linearization of an endofunctor of spaces.

Definition 2.5. A functor F' is I-ezcisive if for every homotopy cocartesian square
X, the square F'(X) is homotopy cartesian.

We will often omit the word “homotopy” from our limits and colimits, but it is
always intended, unless noted otherwise.

Goodwillie defines the 1-excisive approximation P F' of a homotopy functor F' as
the homotopy colimit of an infinite iteration of intermediate functors 71 F. For the
purposes of this paper, we only need T7 F for reduced functors F', so we substitute
Goodwillie’s definition with the following equivalent one.

Definition 2.6. For a reduced functor F, define the functor T3 F by Qo F o X.

We see that T1: Fun(7,7) — Fun(7,7T) can be iterated, and thus T{F ~ Qi o
F o XY! for F reduced. There is a natural transformation ¢;: F — T4 F. Then P, F =
hocolim;_s o TfF, and the 1st layer of the Taylor tower is the fiber D1 F =
hofib[P; F' — F(x)]. The functor D;F is reduced and is called the linearization of
the functor F. When F is reduced, P, F is equivalent to the linearization, and
D, F ~ hocolim; Q! F3¢.
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Definition 2.7. Let F': T — 7 be a homotopy functor. F' is stably 1-excisive or
satisfies stable 1st order excision, if the following condition holds for some numbers ¢
and k:

Eq(c,k): I X: P({0,1}) — C is any strongly cocartesian square such that the maps
X(0) — X({s}) are ks-connected for s € {0,1} and ks > &, then the diagram F(X)
is (—c + Xkg)-cartesian.

Ezample 2.8 (][Go092, 4.3, 4.5]). The identity functor of spaces is stably l-excisive
by the Blakers—Massey theorem, and the functor Hom(K, —) is stably 1l-excisive,
satisfying F4(kn, —1) where k = dim(K).

We think of stable 1-excision as being a bound on the failure of a functor to be 1-
excisive; that is, applying the functor to a cocartesian square of sufficiently connected
spaces is predictably cartesian. These connectivity conditions turn out to be precisely
what is necessary to linearize over a different category and retain the same homotopy
type, as indicated in Lemma 3.4.

2.2. Symmetric sequences and symmetric functor sequences
We review the pertinent definitions of symmetric sequences and the related cate-
gory of functors.

Definition 2.9. Let C be a category and let ¥ be the category of finite sets and
bijections. A symmetric sequence in C is a functor A: ¥ — C. This is a sequence
{A(n)}n>1 of objects of C with a ¥,,-action on A(n) for each n > 1. A morphism of
symmetric sequences f: A — B is a natural transformation of functors or, explicitly,
a sequence of ¥,-equivariant morphisms f(n): A(n) — B(n). We denote the category
of symmetric sequences in C by SymmSeq(C).

Definition 2.10. If C is a cocomplete closed symmetric monoidal category with
monoidal product denoted A and if A, B are symmetric sequences in C, then the com-
position product or o-product of A and B is the symmetric sequence A o B defined by

(Ao B)(n) = \ A(k) AB(ny) A--- A B(ng).

unordered partitions of {1,...,n}

The composition product defines a monoidal product on the category of symmetric
sequences in C. If the unit of C is S and zero-object *, the unit object of SymmSeq(C)

is given by
1(n) = {S ifn=1,

* else.

Definition 2.11. An operad in C is a monoid in SymmSeq(C) under the composition
product; that is, an operad is a symmetric sequence O with a composition map v: O o
O — O and a unit map 7: 1 — O satisfying associativity and unitality diagrams.

Definition 2.12. Let C be a symmetric monoidal category and let C* denote the
k-fold cartesian product. Each permutation o € %, yields a map o4 : C¥ — C* which
permutes the coordinates, o4 (X1,...,Xy) = (Xoa), ..., X)) A symmetric func-
tor sequence in C is a sequence of functors Fj: C*¥ — C with natural isomorphisms
ox: Fr, = Fi 0 oy for each o € ¥j. A morphism of symmetric functor sequences is a
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sequence of levelwise natural transformations. We denote the category of symmetric
functor sequences in C by SymmFun(C).

This category is related to a 2-category introduced by Day and Street in [DS03].

Proposition 2.13 ([DS03]). IfC has coproducts, SymmFun(C) has a monoidal prod-
uct defined for symmetric functor sequences F, and G, by

GoF)n=D_ Gro(Fy x-xTFj)

Jitetie=n

The unit of this monoidal product is given by the initial object 0 € Fun(C™,C) for
n # 1 and ide for n = 1.

Definition 2.14. A monoid in SymmFun(C) is called a multitensor, a lax monoidal
category (in [DS03]), or a functor-operad (in [MS04]).

Ezample 2.15. In a symmetric monoidal category, @, (X1,...,Xx) = ®f:1 X}, de-
fines a functor-operad. If O is an operad in a category C with products, then
H,?(Xl7 ooy Xg) = 0(k) x X1 x -+ x X}, is a functor-operad.

In [BJY], Bauer, Johnson, and the author show that for a monad F' of R-modules,
the directional derivatives of abelian calculus, V*Fg(X): Mody — Ch(R), form a
functor-operad in an appropriate Kleisli category.

Definition 2.16. A functor F': C — D between monoidal categories (C,®c¢, 1¢) and
(D, ®p, 1p) is lax monoidal if there is a morphism €: 1p — F(1¢) and a natural trans-
formation px,y: F(X)®p F(Y) — F(X ®¢Y) satisfying associativity and unitality
diagrams.

3. A new linearization

In this section, we define a new model for linearization, using the sphere operad
and the category of finite sets with injections.

3.1. The category I

In redefining linearization, we will exploit the properties of a particular indexing
category used by Bokstedt in his definition of topological Hochschild homology. The
use of the category I has found great success in the areas of algebraic K-theory and
representation stability.

Definition 3.1. Let I denote (the skeleton of) the category of finite sets and injective
maps. Let N denote the category of finite sets with only the standard inclusions (those
induced by subset inclusion).

Bokstedt showed that under certain conditions on a functor G: I — 7T, the map
hocolimy G — hocolimy G is an equivalence [Bok85]. Essentially, the condition is that
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maps further in the diagram become more and more connected. For a multifunctor,
there is a criterion for equivalence which reduces to that of Bokstedt’s when ¢ = 1.

Lemma 3.2 ((DGM13, 2.2.2.2]). If G: 19 —» T, x € 14, let x | 19 be the full subcat-
egory of 19 receiving maps from x, then if G sends maps in x | 1?9 to ny-connected
maps and ny — 00 as |x| — oo (where |x| is the sum over the factors of x), then
hocolimys G — hocolimys G is an equivalence.

Using a homotopy colimit over I, we can define a tower {IP,, F'} which is equivalent
to the Taylor tower when F' is analytic. We prove the n = 1 case. For functors F': T —
8p, the Taylor tower defined in this way is investigated further in [Yea)].

Definition 3.3. Let P; F' = hocolimy¢g T{“F.
Lemma 3.4. When F is stably 1-excisive, PLF — P1F is an equivalence.

Proof. We will show that the functor ©: I — Fun(7,T) defined by O(k) = Tllk‘F
satisfies the hypotheses of Bokstedt’s lemma (3.2) when F satisfies Ej(c, k). By
[Goo03, Prop 1.4], if F satisfies Fi(c, k), then T} F satisfies Ej(c — 1,k — 1) and
t1F: F — T1F is (—c + 2{)-connected on objects X which are (¢ — 1)-connected with
¢ > k. By induction on 4, T} F satisfies Ey(c — i,k — i), and T{F(X) — T/ F(X) is
at least (i — ¢ + 2¢)-connected for £ > k. Since (i — ¢ + 2¢) increases as ¢ increases, ©
satisfies the condition of Bokstedt’s lemma. O

3.2. The sphere operad

We will need to be careful with the model of spheres we use in our linearizations,
as we need strict associativity. We will make use of the sphere operad defined in
[AK14], so we recall its definition and salient properties now.

The sphere operad S is the one-point compactification of a nonunital simplex
operad, whose nth space is the open (n — 1)-dimensional simplex, so the nth space
of S is homeomorphic to S”~!. The operad composition maps are homeomorphisms

Sk=1 A gin=1 A ... A §ik—1 _y gittetie—1

There is a map of operads S — Coend(S*) such that for each n > 1 the map S,, =
S~ 5 QS™ is adjoint to a homeomorphism S™~! A S — S™. Since the X,-action
on the coendomorphism operad of S permutes the n coordinates of S™, this defines a
¥,-equivariant map S' A’ S,, = S™. Finally, there is a map of operads Com — S such
that the composite Com — S — Coend(S?!) is levelwise the canonical map adjoint to
the diagonal map S' — S™.

Definition 3.5. Let SU denote the operad whose nth space is the smash product of
U copies of S,,.

We use the finite set U to index the spheres because we will be linearizing over the
category I. The operad SY has the diagonal ¥,-action induced by that on S,,, and
composition maps require a shuffling of coordinates before applying the composition
maps of S.
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Proposition 3.6. For a continuous functor F: T — T and j > 1, there is a map

U. nU U U U
Iy Ur(sY) —» ol V(s vy,

Define the map by smashing an element of QU F(SY) with the jth space of SY
then assembling the sphere into F. That is, f in QY F(SY) maps to the composite

sv a
SV 28U A g 20 U s (st 28y p(sU A sU) & p(SIL ),

We will discuss the associativity properties of this map after the main theorem.

4. Linearizing symmetric functor sequences

In [Goo03], Goodwillie identifies the infinite loop space associated to the deriva-
tives of a functor as the multilinearized cross-effects evaluated at S°. The nth cross-
effect is a functor of n variables which satisfies some connectivity hypotheses, namely,
it is stably l-excisive in each variable, even after partial linearization. The collection
of cross-effects form a symmetric functor sequence. In this section, we will consider
multilinearization of more general symmetric functor sequences.

Definition 4.1. Let F,,: 7™ — 7. Then we denote the linearization of F,, in each
variable over I by

Dgn)]:n(Xla ‘e 7Xn) = UhOCO[Eij QUI Tt QU"-FH(EUIXD R EU"XTL)'
15-,Un€

We denote the [™-shaped diagram over which the linearization is taken by
Qo,...,anzo,...,o'

There is a natural map DYL)]-"H — ]D)gn)]-"n7 which is an equivalence when
Q®® F 3% satisfies the condition of Lemma 3.2. We abuse notation by letting
Fo(X) = Fu(X, ..., X), the evaluation of the multifunctor on the diagonal.

Theorem 4.2. The functor ]D)g*) — (89 : SymmPun, (T) — SymmSeq(T) from multi-
pointed symmetric functor sequences of spaces to symmetric sequences is lax monoidal.

Proof. The unit e: S° — D;id(S°) is given by inclusion of the first object in the
homotopy colimit

id(S°) — D1id(S°) = hocolim ( id(S°) —— QidD(S°) —= - - ) .

We note that the symmetric group ,, acts on ]Dg")}"n(SO) by permuting the n
inputs of F,. In the linearization, this also block-permutes the loops.

We now define

s DGO ADYVF (S0 A - ADYHF, (80) — DTG 0 F)s 5, (S0).
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We will start with the definition of the map on level one:
11 D1G1(S%) ADF(S%) — D1 (G o F)1(S?).

Recall that the homotopy colimit and loops functors are both continuous, so by
Lemma 2.2 they have assembly maps «. The first step is to assemble the homotopy
colimits and loops out of the smash product. Next, we use assembly for F; and G;
to nest them then include this summand into the composition G o F. Finally, we use
the map induced by [[: I x I — I to reindex the homotopy colimit.

hocolim QY G, (SY) A hocolim QY F; (SV)
Uel Vel

Qhocolim &XQ

hocolim hocolim QUQY G, (SY) A Fi(SY)
Uel Vel

chl,a}-l

hocolim hocolim QVQY G, (F1(SY A SV))
Uel Vel

incl

hocolim QULIV (G o F);(SYLV)

(U,V)€elxI

L.

hocolim QY (G o F)1(SW)
wel

Remark 4.3. The last step is the key reason for using [; if the homotopy colimit is
defined over N, the map p can be defined, but it will not be strictly associative on
homotopy colimits. This is similar to the reason naive spectra do not have a good
smash product, but symmetric spectra have enough extra structure to encode the
smash product in an associative way.

We will introduce new notation to save some ink in the definition of the general
w. If U, Vi, ...,V are finite sets, let S¥ denote the k-tuple of spheres (S"1,... SV*)
and let SV — (gULIVi " GULIVk) We will restrict to the case

B2 e DYV Ga(80) ADYYF (8%) ADY2 Fj, (80) — DY) (G 0 F) 4, (S0),

and note that the general case follows easily.

The map p is defined as a long composition, with most maps the same as in the
level one case. As before, we assemble the homotopy colimits and loops out of the
smash product first, but then we apply the map constructed in Proposition 3.6 for
both variables of Go, that is, I‘lel and F%"’. Then we use assembly for the F, to nest
them, noting that only one copy of SUi assembles into each variable of Fj;. Finally, as
before, we include into the composition of symmetric functor sequences, and use the
coproduct of T to reindex the homotopy colimit. That is, u is defined by the following
composite.
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hocolim QU1 QV2G, (SUr | SU2) A hocolim QU VZ Fi (SY") A hocolim QUIVZ Fis (S¥%)
U,,Uz€l Vll,...,leleH V12,..‘V_722€]1
\Lahocolinﬂaﬂ
hocolim QU1 QU2QUVIQUVE G, (5U1 | §U2) A F; (SY') A Fj, (SY7)
U1,Us, Vit ..o VA, €l
g1’

ir"l vz
J2

- ocolim__ @Un QUL QUVEQUVE Gy (5T STat) 0 75 (S) A B (SY)
1,U2,Vi Vi,
I

hocolim  QHnUrQIluU2oUIVEQUIVE G, (S A 7, (5V1), sHi2 A F (SV7))
U17U27V11,~-7Vj22€11
|

. 1 2 1 2

hOCOthl,UQ,vll,...,vg o QU LIVH QLW LIV g, (F; (SUr LIV 7, (SU2 LIVRY)

\L]_[* oincl
hOCOthh...,W,-eH QLUW: (g o F)j(SWl, R SW7)

To verify associativity, we must check that for another symmetric functor se-

quence H.,,
(DG o DI F) o D = DIVG o (DY) F o D).

Since the assembly maps are associative and natural as well as the symmetric functor
sequence composition, associativity of the composition above boils down to commu-
tativity of a single square below involving the maps I' described in Proposition 3.6.

To simplify notation, we assume k£ =1 and omit the homotopy colimits and the
terms for the symmetric functor sequence H. (which have indices i1,...,1;).

QUQV ... QYiGy (SU) A Fj(SY, ..., SY)

U
Fj

Assembly into different variables of a multifunctor is commutative, and so the
square commutes because F% = (F?1 ARRRWAN Fg) o F;J by the homeomorphism of the
sphere operad’s composition, S%i >~ SJU A SIU1 Ao A Sg

Note that the assembly maps are equivariant and associative, and the composition
of symmetric functor sequences is also equivariant with respect to permuting the
variables, so the composition above is equivariant and associative. O

Furthermore, if a functor-operad F, is such that Q®~®F,¥®* satisfies the con-
ditions of Lemma 3.2 for each n, then the multilinearization over I is equivalent to
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the usual multilinearization of F,.

Monoidal functors take monoids to monoids, so the multilinearization of a multi-
pointed functor-operad or multitensor of spaces evaluated at S¥ is an operad. Given a
monoidal model for the cross-effects functor cr,, this would give an operad structure
on the symmetric sequence Q0. F(x) of spaces associated to Goodwillie’s deriva-
tives of a monad F' at the one point space. In order to recover and extend the operad
structure of the derivatives of the identity functor of spaces (as a symmetric sequence
of spectra), Theorem 4.2 needs to be modified to land in symmetric sequences of
spectra.

5. Extension to symmetric spectra

The multilinearization of a multifunctor from based spaces to spaces is still a space-
valued functor, while Goodwillie’s derivatives are spectra. We show in this section that
the monoidal structure maps from Theorem 4.2 lift to maps of symmetric spectra.
This ensures that a monoidal model for the cross-effects functor will recover the
operad structure for the derivatives of the identity of spaces, giving explicit structure
maps and extending the operad structure for the identity in [Chi05] to all monads
on 7.

Given a morphism a: m — n in I, let n — o denote the complement of «(m) in n
and let S™~* be the one point compactification of R*~*. Let Ig be the topologically
enriched category with the same objects as I, but with morphism spaces

Is(m,n) = \/ SnTe.
a: m—nel
If : m — n and 8: n — p are injections, then the composite is defined by the com-
posite injection in I and the homeomorphism SP~# A S8~ — §P=F« induced by the
linear isometry RP—# @ R*~® — RP—A determined by a and f.
A symmetric spectrum is a based continuous functor Is — 7 ([MMSS01, Sch09]).

Definition 5.1. Given a symmetric functor sequence F, of spaces, we define a spec-
trum for the multilinearization of the kth level by
m - DM (5™ A F)(S0) = hocolim QUYEmF; (ST, 5U).

1,-Uk€
We denote this spectrum by ng)E"o]—"k (S9).

Given an analytic endofunctor of spaces F', this definition is equivalent to Good-
willie’s characterization of the kth derivative of F' as a spectrum (if Fj, is replaced
with the kth cross-effect of F').

The symmetric monoidal structure II of I yields a symmetric monoidal structure
IIg on Ig, which implies that the category of symmetric spectra inherits a symmetric
monoidal (internal) smash product. By [MMSSO01, 21.5], the internal smash product
of two symmetric spectra is the topological left Kan extension of the external smash
product A along Ilg, which is characterized by the universal property

Fun(ls, T(X AY,Z) =2 Fun(lg Alg, T)(XAY, Z o Ilg).

That is, one can check that a map is defined out of a smash product of symmetric
spectra by pulling back Z along I1g to a bispectrum and checking the map on bispectra.
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In the case of the maps iy, j,, we will pull the target spectrum ]D)g")EOO (Fo@),(S%

back to a (k + 1)-fold multispectrum Z: ]Ig(kﬂ) — T, where n =3 j;. The pullback
is defined by

(mo,my,...,my) — D(SE™ A (FoG),)(S0).

More simply, the ¢ + jth level of the target spectrum becomes level (i, j) of the pull-
back bispectrum.
We then define

Hiegi: DYS™ Fi(S°) ADJ'E™G, (%) A --- ADJFE™ G, (S°)
N D?ZmOJF"'erk (]_— o g)n(SO)

in the obvious way from the i, ;, in section 4. To show this is well-defined on the inter-
nal smash product, we check that the maps composing ¢ commute with the structure
. A(k+1) . . .
maps in the category Iq . The maps composing p are easily seen to commute with
the morphisms in the diagram category ]Ig(kﬂ), as they do nothing with the sphere
coordinates indexing the multispectrum levels. Thus py ;, is a well-defined map on
multispectra, and so also on the internal smash product of the symmetric spectra,
giving rise to spectrum maps

D{YE>* F(S9) o DIVE>G(S%) — DV e (F o G)(5Y).

The unit map from Theorem 4.2 also extends to spectra, now as the inclusion of
the sphere spectrum into the first term of the homotopy colimit. Thus we have the
following.

Proposition 5.2. The functor Dg*)ZOO — (8% is lax monoidal as a functor from the
category of symmetric functor sequences of spaces which are pointed in each vari-
able and take values in well-based spaces to the category of symmetric sequences of
symmetric spectra:

]D)Y)EOO — (8% : SymmPFun, (T) — SymmSeq(Sp).

References

[AC11] G. Arone and M. Ching, Operads and chain rules for the calcu-
lus of functors, Astérisque (2011), no. 338, vi+158. MR 2840569
(2012i:55012)

[AK14] G. Arone and M. Kankaanrinta, The sphere operad, Bull. Lond. Math.
Soc. 46 (2014), no. 1, 126-132. MR 3161768
[AM99] G. Arone and M. Mahowald, The Goodwillie tower of the identity func-

tor and the unstable periodic homotopy of spheres, Invent. Math. 135
(1999), no. 3, 743-788. MR 1669268 (2000e:55012)

[BJY] K. Bauer, B. Johnson, and S. Yeakel, Chain rules and operads for
abelian functor calculus, in preparation.
[BKT72] A K. Bousfield and D.M. Kan, Homotopy limits, completions and local-

izations, Lecture Notes in Math., vol. 304, Springer-Verlag, Berlin, New
York, 1972. MR 0365573 (51 #1825)



[B6k85]

[Chi05]

[DGM13]

[DS03]

[Goo03]
[Go092]

[IMO04]

[Joh95]
[KRO2]

[Kuh07]

[Mal]

[MMSS01]

[MS04]
[Sch09]

[Yea]

Sarah Yeakel

A LAX MONOIDAL MODEL FOR MULTILINEARIZATION 331

M. Bokstedt, Topological Hochschild homology, Preprint, Biele-
feld, 1985.

M. Ching, Bar constructions for topological operads and the Goodwillie
derivatives of the identity, Geom. Topol. 9 (2005), 833-933 (electronic).
MR 2140994 (2006a:55012)

B.I. Dundas, T.G. Goodwillie, and R. McCarthy, The local structure
of algebraic K-theory, Algebr. Appl., vol. 18, Springer-Verlag London,
Ltd., London, 2013. MR 3013261

B. Day and R. Street, Lax monoids, pseudo-operads, and convolution, in
Diagrammatic Morphisms and Applications, Contemp. Math., vol. 318,
2003, pp. 75-96.

T.G. Goodwillie, Calculus. III. Taylor series, Geom. Topol. 7 (2003),
645-711 (electronic). MR 2026544 (2005e:55015)

T.G. Goodwillie, Calculus. II. Analytic functors, K-Theory 5
(1991/92), no. 4, 295-332. MR 1162445 (93i:55015)

B. Johnson and R. McCarthy, Deriving calculus with cotriples, Trans.
Amer. Math. Soc. 356 (2004), no. 2, 757-803 (electronic). MR 2022719
(2005m:18016)

B. Johnson, The derivatives of homotopy theory, Trans. Amer. Math.
Soc. 347 (1995), no. 4, 1295-1321. MR 1297532 (96b:55012)

J. Klein and J. Rognes, A chain rule in the calculus of homotopy func-
tors, Geom. Topol. 6 (2002), 853-887.

N.J. Kuhn, Goodwillie towers and chromatic homotopy: an overview,
in Proceedings of the Nishida Fest (Kinosaki 2003), Geom. Topol.
Monogr., vol. 10, Geom. Topol. Publ., Coventry, 2007, pp. 245-279.
MR 2402789 (2009h:55009)

C. Malkiewich, Homotopy colimits via the bar construction, http://
people.math.binghamton.edu/malkiewich//hocolim_bar.pdf.

M.A. Mandell, J.P. May, S. Schwede, and B. Shipley, Model categories
of diagram spectra, Proc. Lond. Math. Soc. (3) 82 (2001), no. 2, 441—
512. MR 1806878

J.E. McClure and J.H. Smith, Cosimplicial objects and little n-cubes.
I, Amer. J. Math. 126 (2004), no. 5, 1109-1153. MR 2089084

C. Schlichtkrull, Thom spectra that are symmetric spectra, Doc. Math.
14 (2009), 699-748. MR 2578805

S. Yeakel, A classification of n-excisive functors to spectra, Preprint,
in preparation.

syeakel@msri.org

Mathematical Sciences Research Institute, 17 Gauss Way, Berkeley, CA 94720, USA


http://people.math.binghamton.edu/malkiewich//hocolim_bar.pdf
http://people.math.binghamton.edu/malkiewich//hocolim_bar.pdf
mailto:syeakel@msri.org

	Introduction
	Background and conventions
	Goodwillie's linearization
	Symmetric sequences and symmetric functor sequences

	A new linearization
	The category I
	The sphere operad

	Linearizing symmetric functor sequences
	Extension to symmetric spectra

