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Rectification of interleavings and a
persistent Whitehead theorem
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Luis ScoccoLA

The homotopy interleaving distance, a distance between persistent spaces, was in-
troduced by Blumberg and Lesnick and shown to be universal, in the sense that it is
the largest homotopy-invariant distance for which sublevel-set filtrations of close-by
real-valued functions are close-by. There are other ways of constructing homotopy-
invariant distances, but not much is known about the relationships between these
choices. We show that other natural distances differ from the homotopy interleaving
distance in at most a multiplicative constant, and prove versions of the persistent
Whitehead theorem, a conjecture of Blumberg and Lesnick that relates morphisms that
induce interleavings in persistent homotopy groups to stronger homotopy-invariant
notions of interleaving.

55N31, 62R40; 18N40, 18N50, 55U10, 55U35

1 Introduction

Context Many of the main theoretical tools of topological data analysis (TDA) come
in the form of stability theorems. One of the best known stability theorems, due to
Cohen-Steiner, Edelsbrunner and Harer [7], implies that if f, g: X — R are sufficiently
tame functions, such as piecewise linear functions on the geometric realization of a
finite simplicial complex, then

dB(Dn(f). Dn(8)) = |I.f = &lloo-

Here, Dy, (f) denotes the n—dimensional persistence diagram of f. This consists of
a multiset of points of the extended plane R? that captures the isomorphism type of
the n™ persistent homology of the sublevel sets of f, that is, of the functor R — Vec
obtained by composing the sublevel-set filtration 7 — f~!(—o0, r]: R — Top with the
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n'™ homology functor H,,: Top — Vec, where R denotes the poset of real numbers and
Vec denotes the category of vector spaces over some fixed field. The distance dp is the
bottleneck distance, a combinatorial way of comparing persistence diagrams.

This result was later refined by Chazal, Cohen-Steiner, Glisse, Guibas and Oudot in [4]
to the algebraic stability theorem, which says that for F, G: R — Vec sufficiently tame

functors, one has
dg(D(F), D(G)) = d[(F,G),

where, as before, D(F) denotes the persistence diagram of F, which describes the
isomorphism type of F, and dj denotes the interleaving distance, a distance between
functors R — C for any fixed category C, which we recall below.

Stability theorems imply that pipelines like the following, popular in TDA, are robust
to perturbations of the input data and can be used for inference purposes:

‘ data ‘ — ‘ persistent spaces ‘ ﬂ

persistent vector spaces ‘ N ‘ persistence diagrams

For example, the algebraic stability theorem tells us that the last step is stable, if we
endow persistent vector spaces (Vec®) with the interleaving distance and persistence
diagrams with the bottleneck distance, while functoriality implies that the second step
is stable, if we also endow persistent spaces (TopR) with the interleaving distance; see
Bubenik and Scott [3].

Problem statement Although useful in some applications, the interleaving distance
on TopR is often too fine; for instance, it is easy to see that Vietoris—Rips and other
functors S : Met — TopIR are not stable with respect to the Gromov—Hausdorff distance
on metric spaces and the interleaving distance on TopR. However, when one composes
these functors with a homotopy-invariant functor, such as homology H,: TopR — VecR,
the composite H, o S': Met — Vec® turns out to be stable; see Chazal, Cohen-Steiner,
Guibas, Mémoli and Oudot [5]. So, in these cases, one way to make the first step in
the pipeline above stable is to force the interleaving distance on TopR to be homotopy-
invariant [2, Section 1.2]. For this reason, many homotopy-invariant adaptations of
the interleaving distance on Top]R and related categories have been proposed; see
eg Blumberg and Lesnick [2], Frosini, Landi and Mémoli [8] and Lesnick [15]. In
order to describe some of these adaptations, we recall the definition of the interleaving
distance dj.

Let C be a category. Given § > 0 e R and F: R — C, let FS:R— Cbe given by
FS(r):=F (r +8), with the obvious structure morphisms. One says that F, G € C® are
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Rectification of interleavings and a persistent Whitehead theorem 805

d—interleaved if there exist natural transformations f: F — G% and g: G — F9% such
that g%o f:F—>F 26 equals the natural transformation F' — F 26 given by the structure
morphisms of F, and such that f 8o g:G— G equals the natural transformation
G —> G2 given by the structure morphisms of G. Then

dr(F,G) :=inf({6 > 0 : F and G are é—interleaved} U {o0}).

Blumberg and Lesnick [2] define X, Y € Top]R to be §—homotopy interleaved if there
exist weakly equivalent persistent spaces X’ ~ X and Y’ ~ Y such that X" and Y’
are §—interleaved, and use homotopy interleavings to define the homotopy interleaving
distance, denoted dy;. The homotopy interleaving distance is the (metric) quotient of
the interleaving distance by the equivalence relation given by weak equivalence, in the
sense that dyy is the largest homotopy-invariant distance that is bounded above by the
interleaving distance.

Instead of taking a metric quotient, one can take the categorical quotient of Top]R by
weak equivalences, and define interleavings directly in the homotopy category, similar
to what is done in eg Frosini, Landi and Mémoli [8] Kashiwara and Schapira [14] and
Lesnick [15]. In order to do this, one notes that the shift functors (—): Top]R — TopR
preserve weak equivalences and thus induce functors (—)3: Ho(TopR) — Ho(TopR).
This lets one copy the definition of interleaving, but in the homotopy category, which
gives the notions of interleaving in the homotopy category and of interleaving distance

in the homotopy category, denoted by digc.

A third option, also introduced in [2], is to compare objects of TopR using interleav-
ings in Ho(Top)R, called homotopy commutative interleavings, which give rise to the
homotopy commutative interleaving distance, denoted by dyc.

We have described three homotopy-invariant notions of interleaving in decreasing order
of coherence. On one end, homotopy interleavings can be equivalently described as
homotopy coherent diagrams of spaces [2, Section 7]. On the other end, homotopy
commutative interleavings correspond to diagrams in the homotopy category of spaces.
It is clear that dy; > dac > duc, and that any of the homotopy-invariant interleavings
induce interleavings in homotopy groups.

Two questions arise: Are the three distances in some sense equivalent or are they
fundamentally different? If a map induces interleavings in homotopy groups, does it
follow that the map is part of one of the homotopy-invariant notions of interleaving?
A conjectural answer to the second question is given in [2, Conjecture 8.6], where
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it is conjectured that when X and Y are a kind of persistent CW—complex of finite
dimension d € N, if there exists a morphism between them inducing a §—interleaving
in homotopy groups, then X and Y are c¢d—homotopy interleaved for a constant ¢ that
only depends on d.

Contributions Homotopy interleavings compose in any functor category of the form
MR for M a cofibrantly generated model category (Proposition 2.3). This allows us
to state some of our results for any cofibrantly generated model category M, or for
a category of spaces S, which can be instantiated to be any of the Quillen equivalent
model categories of topological spaces or simplicial sets (Remark 2.1). Our first
theorem is the following rectification result.

Theorem A Let M be a cofibrantly generated model category, let X, Y € MR, and
let 5 >0 €eR. If X and Y are §—homotopy commutative interleaved, then they are
c¢S—homotopy interleaved for every ¢ > 2.

It follows that we have 2dyc > dur > dinc > duc. The above rectification result is
different from many such results in homotopy theory, where a diagram of a certain shape,
in the homotopy category, is lifted to a strict diagram of the same shape. The difference
lies in the fact that the shape of the strict diagram we construct is different from the
shape of the diagram in the homotopy category. In fact, building on the suggestion
in [2] of using Toda brackets to give a lower bound for the above rectification, we show
(Proposition 3.12) that for M = Top, if cdyc > dyj then ¢ > 3 so that, in particular,
dyc # dyr. This means that rectification in the usual sense is not possible in general,
and thus standard results are not directly applicable. We also show that Theorem A has
no analogue for multipersistent spaces (Section 3.3).

Our second theorem relates morphisms inducing interleavings in homotopy groups to
interleavings in the homotopy category. See Definition 5.7 for the notion of persistent
CW-complex and Definition 5.2 for the notion of interleaving induced in persistent
homotopy groups.

Theorem B Fixm >1eN and d € N. Let X,Y € SR” be (multi)persistent spaces
that are assumed to be projective cofibrant and d—skeletal if S = sSet, or persistent
CW-complexes of dimension d if S = Top. Let § > 0 € R™. If there exists a morphism
in the homotopy category X — Y% € Ho(SR™) that induces §—interleavings in all
homotopy groups, then X and Y are (4(d+1)8)—interleaved in the homotopy category.
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Together, Theorems A and B give a positive answer to a version of the persistent
Whitehead conjecture [2, Conjecture 8.6] (see Remark 5.14 for a discussion and
Conjecture 5.15 for a statement of the conjecture).

Structure of the paper In Section 2, we recall and give references for the necessary
background. In Section 3, we prove Theorem A, we provide a lower bound for the
rectification of homotopy commutative interleavings between persistent spaces, and
we show that Theorem A has no analogue for multipersistent spaces. In Section 4, we
characterize projective cofibrant (multi)persistent simplicial sets as filtered simplicial
sets. In Section 5, we prove Theorem B.

Acknowledgements Lanari gratefully acknowledges the support of Praemium Acade-
miae of M Markl and RVO:67985840. Scoccola was partially supported by the National
Science Foundation through grants CCF-2006661 and CAREER award DMS-1943758.
Scoccola thanks Dan Christensen, Rick Jardine, Mike Lesnick and Alex Rolle for
insightful conversations. We thank Alex Rolle for detailed feedback and for suggesting
Proposition 3.14 to us, Mike Lesnick for suggesting improvements to the constant of
Theorem A, and the referee for helpful feedback.

2 Background and conventions

The main purpose of this section is to fix notation and to provide the reader with
references. This section can be referred to as needed, but we do recommend going over
Section 2.2 as it contains the notions of interleaving relevant to us.

We assume that the reader is comfortable with the language of category theory. Through-
out the paper, we will use the term distance to refer to any extended pseudometric on a
(possibly large) set X, that is, to any function dy : X x X — [0, oo] that is symmetric,
satisfies the triangle inequality, and is 0 on the diagonal.

2.1 Spaces and model categories

2.1.1 Spaces We work model-independently whenever possible. This means that
whenever we say space we will mean either topological space or simplicial set. Results
stated for spaces will hold for both possible models. The category of spaces will be
denoted by S.

For a general introduction to simplicial sets, see eg [9] or [12, Chapter 3]. We denote
the geometric realization functor for simplicial sets by |—|: sSet — Top.
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2.1.2 Model categories The theory of model categories was introduced in [18]; for
a modern and thorough development of this theory we recommend [11] and [12].

We recall that two objects x, y € M of a model category M are said to be weakly
equivalent if they are isomorphic in Ho(M), which happens if and only if they are
connected by a zigzag of weak equivalences in M. This is an equivalence relation,
which we denote by x >~ y. When there is risk of confusion, morphisms in Ho(M)
will be surrounded by square brackets [ /], to distinguish them from morphisms in M.

Two of the main model structures of interest to us are the Quillen model structure on Top,
the category of topological spaces [12, Chapter 1, Section 2.4], and the Kan—Quillen
model structure on sSet, the category of simplicial sets [12, Chapter 3]. We recall that
the geometric realization functor |—|: sSet — Top is left adjoint to the singular functor
Sing: Top — sSet, and that, together, they form a Quillen equivalence [12, Chapter 1,
Section 1.3, Theorem 3.6.7]. For completeness, we mention that there is a subcategory
Topcewh € Top, the category of compactly generated weakly Hausdorff topological
spaces (called compactly generated spaces in [12, Definition 2.4.21]), that is often
used instead of Top. The Quillen model structure on Top restricts to a model structure
on Topccwy» and the inclusion Topcgwy — Top is part of a Quillen equivalence [12,
Theorem 2.4.25]. This model structure is, in some respects, better behaved than the
Quillen model structure on topological spaces, and is in fact the model of space used
in [2]. We will not concern ourselves with these subtleties since, by the observations
in Remark 2.1, there is no essential difference between using Top or Topgwy When
studying homotopy-invariant notions of interleaving.

We will make use of the notion of cofibrantly generated model category [12, Chap-
ter 2, Section 2.1]. Recall that the Kan—Quillen model structure on simplicial sets is
cofibrantly generated, where a set of generating cofibrations consists of the boundary
inclusions dA” < A" for n > 0 [12, Theorem 3.6.5]. The Quillen model structure on
topological spaces is also cofibrantly generated, with a set of generating cofibrations
given by {S"~! < D"},~( [12, Theorem 2.4.19].

We conclude by recalling the basic properties of projective model structures. Given
a model category M and a small category I, the projective model structure on the
functor category MU is, when it exists, the model structure whose fibrations (resp. weak
equivalences) are those which are pointwise fibrations (resp. weak equivalences) of M.

The projective model structure on MY exists, and is cofibrantly generated, whenever M
is cofibrantly generated. Moreover, if Z and J are, respectively, generating cofibrations
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and generating trivial cofibration for the model structure of M, then
{IG,—)© f:iel, feZ} and {I(i,—)0g:icl,geTJ}

are, respectively, generating cofibrations and generating trivial cofibrations for the
projective model structure, where, given a functor F: I — Set and an object X € M,
the functor F'© X: 1 — M is defined by i > [[,cpq) X [11, Section 11.6]. For
simplicity, we denote [(i,—) © X by i © X..

We are especially interested in the projective model structure when the indexing category
is a poset (P, <). In this case, if r € P and X € M, then r ® X is the functor that
takes the value X on every s > r, and has as value the initial object of M when s £ r.
The nontrivial structure morphisms of this functor are the identity of X.

Note that we have a functor h: Ho(MT) — Ho(M)! by the universal property of
Ho(MT).

2.2 Interleavings and interleavings up to homotopy

2.2.1 Strict interleavings We denote the poset of real numbers with their standard
order by R, and for m € N, we let R be the set of m—tuples of real numbers with the
product order. We set i = {i : 1 <i <m}, so that (&;)iem < (0;)iem € R™ if and only
if & <§; forall 1 <i <m. We denote the element (0, ...,0) € R” by 0.

Fix a category C and a natural number m > 1. An m-—persistent object of C is
any functor of the form R — C. We often refer to m—persistent objects simply as
persistent objects or as multipersistent objects when we want to stress the fact that m is
not necessarily 1. Fix persistent objects X, Y, Z € CR" . s e R™, and &,§ > 0 € R™.
We use the following conventions.

e For f: X — Y a natural transformation, denote the r—component of f by
fri X(@r)—=>Y(r).

e Assume r < s. The structure morphism X () — X (s) will be denoted by <p;";.

o The 8—shift to the left of X is the functor X®: R” — C defined by X%(r) =
X (r 4 §), with structure morphisms (p;‘;& = (pf{l_ 5.5+ Shifting to the left gives
a functor (—)%: CR”" — CR", Dually, there is a §—shift to the right functor
§-(—): CR" — CR™ defined by mapping X to the persistent object § - X, with
values given by (§- X)(r) = X(r —§).
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e Natural transformations f: X — Y 5 will be referred to as $—morphisms, and
will often be denoted by f: X —5 Y. Since we have natural bijections

Hom(e- X, Y?%) =~ Hom(X, Y**%) =~ Hom((¢ + §) - X, Y),

we can treat a S—morphism f: X —sY as f: X — Y% oras f:§6-X > Y.

e Assume ¢ < § and let f: X —, Y. We can compose the r—component of f
with gorYJrs,rH: Y(r +¢&) = Y(r +6), giving <er+8,r+5 o fr: X(r)—>Y( +9).
Together, these components define the shift from ¢ to § of f, which is a §—

morphism denoted S, s(f): X —5 Y.

e Note that an e—~morphism f: X —, Y can be composed with a §—morphism
g:Y —5 Z, yielding an (¢+§)—morphism g®o f: X —., 5 Y. This composition
is associative and unital, and is natural with respect to shifts of morphisms.

e An (g, §)—interleaving between X and Y consists of an e~morphism f: X —,Y
together with a §—morphism g: Y —s X such that g® o f =S¢ .4 s(idy) and
flog= So,e+5(idy). By d—interleaving we mean a (8, §)—interleaving.

e If f: X >.Y and g: Y —5 X form an (g, §)—interleaving, then we write
S X g«—eY :g.

Letey, &;,81,62 > 0€R™. Note that an (g1, &5 )—interleaving between X and Y can be
composed with any (81, 6, )—interleaving between Y and Z, yielding an (g1 481,62 +87)—
interleaving. The fact that interleavings compose implies that, when m = 1, the formula

di(X,Y)=inf({6 >0 € R: X and Y are §—interleaved} U {oo})

defines an extended pseudometric dy: Obj(C®) x Obj(CR) — [0, 00]. This is the
interleaving distance on the class of objects of the category CR. This notion of
distance can be extended to objects of the functor category C R™ [15], but we will not
make use of this extension.

2.2.2 Interleavings up to homotopy If one is comparing objects of a category of
functors of the form R — M, for M a model category, it makes sense to want
to find a homotopy-invariant notion of interleaving. In this paper, we consider the
following three homotopy-invariant relaxations of the notion of interleaving. Let M be
a cofibrantly generated model category and endow MR with the projective model
structure. Let X, Y € MR” and let &, 8 > 0 € R™.

(1) Following [2], we say that X and Y are (e, §)~homotopy interleaved if there
exist X >~ X’ and Y ~ Y’ such that X’ and Y’ are (¢, §)—interleaved.
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(2) Note that the shift functor (—)%: MR" — pMR™ maps weak equivalences to weak
equivalences. This implies that all the notions in Section 2.2.1 have analogues
in the category Ho(MR™). We say that X and Y are (g, §)—interleaved in the
homotopy category if they are (e, §)—interleaved as objects of Ho(MR™).

(3) Finally, as also done in [2], we say that X and Y are (&, §)—homotopy commutative
interleaved if their images hX, hY : R™ — Ho(M) are (e, §)—interleaved.

An (g, §)-homotopy interleaving gives rise to an (g, §)—interleaving in the homotopy
category, which, in turn, gives rise to an (g, §)~homotopy commutative interleaving.

For each of the three homotopy-invariant notions of interleaving introduced above,
we have a corresponding extended pseudometric on the collection of objects of the
category MR, Let X, Y € MR, Following [2], we define the homotopy interleaving
distance as

dm(X,Y) =inf({§ >0 € R : X and Y are 5—homotopy interleaved} U {oo}).

The fact that the homotopy interleaving distance satisfies the triangle inequality follows
from Proposition 2.3. The interleaving distance in the homotopy category is

diuc(X,Y)=inf({§ >0 R : X,Y are j—interleaved in the homotopy category}U{oo}).
Again following [2], the homotopy commutative interleaving distance is defined as

dyc(X,Y)=inf({§>0€R: X, Y are S~homotopy commutative interleaved}U{oc}).

Remark 2.1 If M = N is a Quillen equivalence between cofibrantly generated model
categories, then the induced Quillen equivalence [11, Theorem 11.6.5] MR = AR
between the projective model structures respects interleavings, in the sense that shifts
commute with both the left and right adjoints. This implies that, for any of the three
homotopy-invariant notions of interleaving described above, we have that two functors
on one side of the adjunction are (g, §)—interleaved if and only if their images (along
the derived adjunction) on the other side are (&, §)—interleaved. In particular, if m = 1,
the two adjoints give an isometry between MR and AR independently of whether we
use dHI, dIHC or dHC~

2.2.3 Composability of homotopy interleavings In this short section, we give a
simplified proof of a generalization of the fact that homotopy interleavings can be
composed, originally proved in [2, Section 4]. This is generalized further in [20,
Theorem 4.1.4].
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Lemma 2.2 Let C admit pullbacks. Fix m > 1 € N, objects X, Y, B: R" — C,
elements ¢,8 > 0 € R™, an (e, §)~interleaving f: X j«~—.Y :g,andamaph: B —Y.
The pullback of f: X — Y ¢ along h®: B¢ — Y¢, denoted by k: A — B®, is part of an
(¢,8)~interleaving k: A y«—>.B :1.

Proof We start by depicting the pullback square in the statement:

Ak pe

Ll

X%Y‘f

Consider the morphisms i =S¢ .1 s(idp):8- B — B®and go(§-h):5- B — X. Since
fogo(8-h) = h®oi, the universal property of A givesusamap/:§-B — A4, or
equivalently, a map /: B — A%. By construction, k% o/ = So,e+s(idp): B — Bt To
prove that [* ok =Sg ,45(idg): A — AT8_ or equivalently that

[0k =Sqeys(idg):e- A — A5,

apply the functor (=)%: CR" — CR" (o the pullback square above, and use the
uniqueness part of its universal property. a

Proposition 2.3 (cf [2, Section 4]) Let M be cofibrantly generated, fix m > 1,
let X,Y,Z:R™ — M, and let €1,€5,61,6p = 0€ R™. If X and Y are (e1,¢&)—
homotopy interleaved and Y and Z are (81, §;)-homotopy interleaved, then X and Z
are (1461, e5+82)—homotopy interleaved.

Proof Given interleavings X', <—>¢, Y’ and Y” 5, <62 " with
X~X, Y~Y~Y, 7 ~2Z,

we must construct an interleaving X" 452" with X" >~ X and 2" ~ Z.
£2102 1701

+4

Since M is cofibrantly generated, the projective model structure on MR exists, and, by
applying a functorial fibrant replacement M — M pointwise, we get a functorial fibrant
replacement MR 5 pR™ By construction, the fibrant replacement MR 5 pMR™
commutes with (—)%: MR” — MR” 50, in particular, it preserves interleavings. With
this in mind, we can assume that Y’ and Y are fibrant, which implies — and this is
a general fact— that we have C € MR" and trivial fibrations C — Y’ and C — Y”.
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Using Lemma 2.2, we can pull back the interleavings we were given along the trivial
fibrations, as follows:

Since trivial fibrations are stable under pullback, we have that X/ ~ X and Z” ~ Z, and
since interleavings compose, we have that X" and Z” are (g1 +381, £2+8,)—interleaved,
as required. a

We remark that the idea of using pullbacks to prove a triangle inequality appears in [17].

3 Interleavings in MR and in Ho(M)R

This section is concerned with the rectification of homotopy commutative interleavings
into homotopy interleavings. In Section 3.1, we prove Theorem A, which allows one to
construct, for any ¢ > 2, a c6-homotopy interleaving out of a 5—homotopy commutative
interleaving, when working with 1—persistent objects of any cofibrantly generated
model category M. We think of this result as giving a multiplicative upper bound
of 2 for this rectification. In Section 3.2, we give a multiplicative lower bound of %
for the rectification, when M is the category of spaces. In Section 3.3, we show that
Theorem A has no analogue for multipersistent spaces.

3.1 Upper bound

Let Z C R denote the posets of integers and real numbers respectively. The inclusion
i: Z — R induces a restriction functor i*: C® — CZ for any category C. Given
A:7 — C,letix(A):R — C be given by A precomposed with the functor [—|: R — Z,
where |7 | is the largest integer bounded above by r. Note that, given m > 0 € Z, one
has a notion of m—interleaving between functors A, B:Z — C, and that iy: C Z_, R
preserves these interleavings.

We start with a few simplifications. For § > 0, let Ms: R — R be given by Ms(r) = §xr.
The following lemma allows us to work with integer-valued interleavings instead of
d—interleavings, and its proof is immediate.
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Lemma3.1 Let§>0cRand m>1€Z. Then X,Y € CR are §—interleaved if and
only if (Ms;p,)*(X) and (Ms;p,)* (Y') are m—interleaved. O

The following lemma allows us to work with Z—indexed persistent objects instead of
R-indexed ones. Here, by homotopy interleaving between Z—indexed functors we
mean the obvious adaptation of the notion of homotopy interleaving to Z—indexed
functors with values in a model category.

Lemma 3.2 Let M be cofibrantly generated. Let X,Y € MR and let m > 1 € Z.
If i*(X),i*(Y) € MZ are m—homotopy interleaved, then X and Y are (m+2)—
homotopy interleaved.

Proof Note that X is l-interleaved with i, (i*(X)), as, for all » € R, we have
r—1=<|r] <r =<|r]+ 1. Since i preserves interleavings and weak equivalences,
it is enough to show that homotopy interleavings between Z-indexed functors with
values in a cofibrantly generated model category compose, which is a straightforward
adaptation of Proposition 2.3 to Z—indexed functors. O

The next straightforward lemma gives us a special replacement of an object of the
category MZ, with M a model category, that will be useful when lifting structure from
Ho(M)Z to MZ.

Lemma 3.3 Given a model category M and X € M%, there exists X € M% and a
weak equivalence X — X such that

e X (i) is cofibrant in M for everyi € N;
e foreveryi > 0, the structure morphism f;: X (i) — X (i + 1) is a cofibration

in M.

Dually, we can replace Y € MZ by a pointwise fibrant Y whose “negative”” maps are
fibrations.

The following lemma will allow us to lift interleavings in Ho(M)Z to homotopy
interleavings in MZ.

Lemma 3.4 Let M be a model category. The functor h: Ho(M%) — Ho(M)Z is
essentially surjective, conservative and full. In particular, if A, B € M% become
isomorphic in Ho(M)Z, then they are weakly equivalent.
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Proof It is clear that the functor is essentially surjective and full, so we only prove the
last property. Assume we are given X, Y € Ho(M?%) together with a map f:hX —
hY. Thanks to Lemma 3.3, we can assume that X (resp. Y) is pointwise cofibrant
(resp. fibrant) in M, and that all the nonnegative (resp. negative) structural maps in X
(resp. Y) are cofibrations (resp. fibrations). The map f can therefore be represented
as a family {[ fi]};ez of homotopy classes of maps of M. We construct a preimage of
J/ under h inductively, starting with a choice of representatives f; for the homotopy
classes [ f;]. The squares

X(=1) =% x(0) =2 Xx(1)

2 1% %

Y(-1) 5% v0) 2 y(1)

commute up to homotopy, and since xo and y_; are, respectively, a cofibration and
a fibration, we can deform f| and f’  into homotopic maps fi: X; — Y; and
f—1: X—1 — Y_1, which render the above squares commutative. Inductively, we
can iterate this procedure to find the desired preimage of f* under h. |

The next result is the main rectification step involved in lifting interleavings in Ho(M)Z
to homotopy interleavings in MZ.

Proposition 3.5 Let M be a model category and let A, B e M%Z. Let m > 1 € Z. If
hA and hB are m—-interleaved in Ho(M)Z, then A and B are 2m—homotopy interleaved
in MZ.

Proof We start by giving the proof for the case m = 1, as in this case the main idea
is more clear. We will use the following constructions. Let e: Z — Z be the functor
that maps even numbers to themselves and an odd number n to n — 1. Similarly, let
o: Z — Z be the functor that maps odd numbers to themselves and an even number n
ton—1.

Note that, for every C € M%, we have that C is (1, 0)—interleaved with e*(C) and
with 0*(C), and that e*(C) and o*(C) are 1-interleaved.

Now assume given a l—interleaving between hA4 and hB in Ho(M)Z, that is, assume
that there are morphisms f;:hA(i) > hB(i +1)and g;:hB(i) > hA(i +1) in Ho(M)
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rendering the following diagram commutative:

i ———— 3 hA(=1) ———— hA(0) > hA(1) y ..
[a—s] [a—1] [eo] [e]
fo / fo / A /
- y V
[B-2] [B-1] [Bo] 811
o S hB(—1) — 3 hB(0) Ly hB(1) — ..

Consider the object C’ € Ho(M)Z given by one of the two diagonal zigzags of the
diagram above; namely, let

C'= - T2 0 B(—1) 25 hA(0) L2 nB(1) 5 hA(2) L2
Using Lemma 3.4, construct C € M% such that hC == C'.
Now, by construction, we have that h(e*(4)) =e*(hA4) =e*(C’) =e*(hC) =h(e*(C)),
so from Lemma 3.4 it follows that e*(A4) >~ e*(C). Similarly, we have o*(B) ~ o*(C).
Since A is (1, 0)—interleaved with e*(A), e*(C) is 1-interleaved with o*(C), and o*(B)

is (0, 1)—interleaved with B, Proposition 2.3 implies that A and B are 2—homotopy
interleaved, concluding the proof for the case m = 1.

The proof for general m > 1 € Z is analogous, replacing the functor e: Z — Z with
em: 7 — 7 given by e, (n) = e(n//m) x m, the functor o: Z — 7Z with oy,: Z — Z
given by oy, (1) = o(n//m) x m, and C’ € Ho(M)% with

C'(n) = h(e},(4))(n) if nj/m is even,
~ \h(e3(B) () if nf/m is odd.
where 7//m denotes the largest integer / such that / x m < n. 0

We are now ready to prove the main result of this section.

Theorem A Let M be a cofibrantly generated model category, let X,Y € MR, and
let 5 >0€R. If X and Y are §—homotopy commutative interleaved, then they are
c¢é—homotopy interleaved for every ¢ > 2.

Proof Letc > 2 and let m > 1 € Z be large enough so that (2m + 2)/m < c¢. By
Lemma 3.1, we may assume that X, ¥ € M® are m—homotopy commutative interleaved
and we must show that they are cm—homotopy interleaved. Since 2m + 2 < mc,
Lemma 3.2 reduces the problem to showing that i *(X) and i *(Y') are 2m—homotopy
interleaved in MZ, knowing that they are m—homotopy commutative interleaved.
Proposition 3.5 now finishes the proof. O
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3.2 Lower bound

Theorem A implies that we have dy; < cdyc as distances on MR for ¢ = 2 and for
every cofibrantly generated model category M. One could wonder if the constant ¢ = 2
can be improved. In this section we show that, when M = S, we have ¢ > % We do
this by characterizing three-object persistent spaces which are 1-homotopy interleaved
with a trivial persistent space in terms of the vanishing of a Toda bracket. The idea of
using Toda brackets to prove that dyy # dyc is suggested in [2, Example 7.3].

The Toda bracket is an operation on composable triples of homotopy classes of pointed
maps, and was originally defined to compute homotopy groups of spheres [21]. We are
interested in the use of Toda brackets as an algebraic obstruction to the rectification of
diagrams. We now describe the fundamental procedure involved in the definition of
Toda brackets, and the few properties that we are interested in; see eg [1].

Let S, denote the category of pointed spaces. For concreteness, in the arguments of
this section we use S = Top. Let [3] denote the category freely generated by the graph

oS>0 >0 >0

A diagram X € Ho(S,)P], which is given by X(0), X(1), X(2), X(3) € Ho(S.) and
homotopy classes of pointed maps [ fo]: X(0) — X (1), [f1]: X(1) — X(2), and
[2]: X(2) = X (3), is a bracket sequence if [ f1] o[ fo] and [ /2] o[ f1] are equal to the
null map, that is, to the homotopy class of the constant pointed map.

Let X’ € Ho(S.)[*! be a bracket sequence and let X € SI3] be such that hX =~ X’, which
exists by Lemma 3.4. We can, and do, assume that X takes values in CW—complexes.
Consider the diagram of pointed spaces and pointed maps

X(0) L% x(1) —— «

[ T

« — x02) -5 x3)
Since X" is a bracket sequence, we know that there exist (pointed) homotopies filling
the squares in the diagram above. For Y a pointed space, let CY denote its reduced

cone. Each pair of such homotopies gives us pointed maps «: CX(0) — X (2) and
B:CX(1) = X(3)such that woi = fjo fo: X(0) = X(2) and Boi = f>0 f, where
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i is the inclusion into the cone. In particular, we have a commutative square

X(0) = cxq)

Lo

Sfaoa

CX(0) 2% x(3)

which, by noticing that the pushout of the top and left morphisms is a model for the
reduced suspension of X(0), gives us an element of [XX’(0), X’ (3)], where [—, —]
denotes homotopy classes of pointed maps.

Definition 3.6 Let X € Ho(S.)!*] be a bracket sequence. Consider the subset of
[XX(0), X(3)] consisting of all elements that can be obtained using the procedure
above. This is the Toda bracket of X. We say that the Toda bracket vanishes if it
contains the null map.

It is well known — see eg [1, Section 1] — that the nonvanishing of a Toda bracket is
an obstruction to the rectification of the bracket sequence, in the following sense.

Proposition 3.7 The Toda bracket of a bracket sequence X’ € Ho(S.)B! vanishes if
and only if there exists X € SI] with hX = X’ and with f, o fy and f o f; equal to
the null map. |

Although Toda brackets are defined for diagrams of pointed spaces, one can extend them
to unpointed spaces, provided the spaces are simply connected. This is what we do now.
A simply connected space is a nonempty, connected space whose fundamental groupoid
is trivial. Let Ssc and Sy o denote the categories of simply connected spaces and of
pointed, simply connected spaces, respectively. We have the following well-known fact
and corollary.

Lemma 3.8 The forgetful functor U: Ho(Ss,.) — Ho(Ssc) is an equivalence of
categories. a

Corollary 3.9 If X € Ho(Ssc,.)B] is such that the composite of consecutive maps of
U« (X) are null-homotopic, then X is a bracket sequence.

Let X, X’ € Ho(Sqc.o)P] be such that Uy (X) = Ux(X"). Then X is a bracket sequence
if and only if X' is; in that case, the Toda bracket of X vanishes if and only if the Toda
bracket of X’ does. ]
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Corollary 3.9 implies that, for X € Ho(Ss )], there is a well-defined notion of X being
a bracket sequence, namely that any lift X’ € Ho(Ssc,.)B] is a bracket sequence; in that
case, we say that the Toda bracket of X vanishes if the Toda bracket of X" does.

Let j: SBI — SZ be given by extending X € S[?! to the right with the singleton space
and to the left with the empty space. Let * € S[3] be the constant singleton space.

Proposition 3.10 Let X € SI. Then
(1) h(j(X)) € Ho(S)Z is 1-interleaved with h(j(x)) if and only if hX is a bracket

sequence;
(2) if h(j(X)) € Ho(S)Z is 1—-interleaved with h(j(x)), then j(X) is 1—-homotopy
interleaved with j(*) if and only if the Toda bracket of hX vanishes.

Proof Statement (1) follows directly from Corollary 3.9. For (2), note that if the
Toda bracket of hX vanishes, then, by Proposition 3.7, there exists X’ € ng’]. such
that hX” = hX and such that the composite of consecutive maps of X’ are null maps.
In particular, j(X”) is 1-interleaved with j(*), and, since h(j(X”)) = h(j(X)), we have

that j(X”) ~ j(X) by Lemma 3.4, so j(X) and j(*) are 1-homotopy interleaved.

For the converse of (2), assume that j(X) and j(*) are 1-homotopy interleaved. It
follows that there exists a commutative diagram of pointed spaces and pointed maps

X'(0) L X'(1) ——— B

|
| 7 |
/ fz/ /
A—— X'2) — X'(3)
with A and B contractible and X’ € S£3] such that X’ ~ X, as diagrams of unpointed
spaces. It suffices to show that the Toda bracket of X’ vanishes. For this, note that,
using the diagonal morphism 4 — B, we can find maps «: CX’(0) — X’(2) and
B: CX'(1) - X'(3) such that B o Cf] = f; oa. In particular, in this case, there is
a diagonal filler for the square (3-1) and thus the induced map X X'(0) — X'(3) is
nullhomotopic, as required. |

The following lemma is clear.

Lemma 3.11 Let X,Y € CZ. If ix(X),ix(Y) € CR are r—interleaved for some
0<r< %, then X,Y € CZ are 1-interleaved. O
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We are now ready to prove the lower bound.
Proposition 3.12 Let M = S. If dy; < cdyc thenc¢ > %

Proof By Lemma 3.11 and Proposition 3.10, it suffices to find a bracket sequence
X € Ho(S.)P! valued in simply connected spaces such that its Toda bracket does not
vanish. Examples of this are given in [21]. A classical example, referenced in [2], is
S*  §% - 83 - §3 with the first and last maps degree 2 maps, and the middle map
the suspension of the Hopf map. a

Remark 3.13 Proposition 3.12 implies in particular that dy; # dpc. As mentioned in
the introduction, we know that we have dy; > digc > dyc, so it is natural to wonder
whether we have dyr # diyc or dinc # duc, or both. We leave these as open questions.

3.3 Impossibility of rectification in higher dimensions

In this section, we show that Theorem A has no analogue for multipersistent spaces;
we thank Alex Rolle for pointing this out to us. We prove this for m = 2 and remark
that a similar argument works for m > 2.

Proposition 3.14 If m = 2, there is no constant ¢ > 0 € R such that for all § >0 € R™,
if X,Y € SR are d—homotopy commutative interleaved, then they are c§—homotopy
interleaved.

Let sq denote the subposet of R? spanned by {(0,0), (0, 1), (1,0), (1, 1)}, so that a
functor sq — C from sq to a category C corresponds to a commutative square in C.
We will use the following well-known fact, which says that a homotopy commutative
diagram can have different, nonequivalent lifts. For a specific instance see eg [10].

Lemma 3.15 There exist A, B:sq — S such that hA = hB € Ho(S)% and such that
A #* B. ad

Proof of Proposition 3.14 Given a diagram A4:sq — S, consider the bipersistent space
A’:R? — S such that A’(r, s) = @ whenever r or s are negative, A’(r, s) = A(|r ], |s])
whenever 0 < r,s < 2, and A’(r,s) is the singleton space whenever 0 < r,s and
2 <max(r, s). Let A, B:sq— S. Note that if (0,0) <6 < (% %) eR2and 4’, B’ € SR?
are —homotopy interleaved, then we have A ~ B.
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To prove the result, it is enough to show that there exist bipersistent spaces X, Y € SR?
that are 0—homotopy commutative interleaved, ie such that hX =~ hY, which are not
é-homotopy interleaved for any 0 < § < (%, %) € R2. In order to do this, we can let A
and B be as in Lemma 3.15 and take X = A" and Y = B’. O

4 Projective cofibrant persistent simplicial sets

The purpose of this section is to characterize projective cofibrant persistent simplicial
sets as filtered simplicial sets (Proposition 4.5). We work with simplicial sets indexed
by an arbitrary poset (P, <).

Definition 4.1 A P-filtered simplicial set (filtered simplicial set when there is no risk
of confusion) is a simplicial set X equipped with functions 8, : X;, — P, satisfying
e B,—1(di(0)) < Bn(o) forevery n > 1, 0 € X, and boundary map d; : X, —> Xp—1;

* But+1(5i(0)) < Bu(o) forevery n >0, o € X, and degeneracy map s; : X, = Xy +1.

When there is no risk of ambiguity, we denote the filtered simplicial set (X, §) simply
by X.

Definition 4.2 Given a filtered simplicial set (X, ), define a persistent simplicial set
(X, B) € sSet? such that for r € P we have (X, B)(r), = {0 € Xy : Bn(c) <r}, with
faces and degeneracies given by restricting the ones of X.

By a standard abuse of language, We say that a persistent simplicial set is a filtered
simplicial set if it is isomorphic to Y for Y a filtered simplicial set.

The following result is a characterization of filtered simplicial sets among persistent
simplicial sets by means of easily verified point-set conditions.

Lemma 4.3 A persistent simplicial set X € sSet? is a filtered simplicial set if and
only if the following conditions are satisfied:

(1) The structure morphism X (r) — X (r') is a monomorphism for every r < r’
in P. In particular, up to isomorphism, we may, and do, assume that X (r) is a
subsimplicial set of X (r').

(2) Forevery simplexo €| J,cp X(r), the set{t € P : 0 € X(t)} has a minimum.
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Proof The only nontrivial part is that if X satisfies the two conditions in the statement
then it is filtered. Set ¥ = | J,cp X(r), which makes sense thanks to condition (1).
Given o € Yy, define 8,(0) := min{z € P : 0 € X(¢)}, which is well defined thanks to
condition (2). We then have X =~ Y. The rest of the proof is clear. O

The proof of the following lemma a straightforward application of Lemma 4.3. We
use the term cell attachment to indicate any pushout of a generating cofibration
r@JIA" —r O A",

Lemma4.4 (1) A retract of a filtered simplicial set is filtered.

(2) If the domain of a cell attachment is a filtered simplicial set, then the codomain
is too.

(3) Let¢ be alimit ordinal and let X, : ¢ — sSet? be a diagram of persistent simplicial
sets, where for each y < § we have that the map X, — X, 41 is a cell attachment.
If X, is a filtered simplicial set for every y < {, then X¢ = colim,, .¢ X, is a
filtered simplicial set. O

The recognition principle for projective cofibrant persistent simplicial sets is now a
consequence of Lemma 4.4 and the fact that the cofibrant objects in a cofibrantly
generated model category are precisely the retracts of transfinite compositions of cell
attachments [12, Proposition 2.1.18(b)].

Proposition 4.5 A persistent simplicial set is filtered if and only if it is projective
cofibrant. O

In practice, many of the persistent spaces relevant to topological data analysis are
filtered simplicial sets.

Example 4.6 The Vietoris—Rips complex associated to a metric space (X, dy ), usually
defined to be a persistent simplicial complex, can be turned into a persistent simplicial
set by choosing a total order on X. It follows directly from its definition that this
persistent simplicial set is filtered. Other examples of this form include the Cech
complex and the filtrations of [6].

An example of a filtered multipersistent simplicial set is the following. Given a metric
space (X, dy) together with a real-valued function f: X — R, one can construct a
bifiltered simplicial set as follows. For each s € R, consider X; = f~!(—o0, 5] and let
F , be the Vietoris—Rips complex of X at scale r.
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We remark that persistent simplicial sets whose structure maps are monomorphisms
are not necessarily filtered. This happens in practice when the same simplex “appears
at different times”, that is, when condition (2) in Lemma 4.3 is not satisfied. Examples
of this include the degree-Rips bifiltration [16], and Vietoris—Rips applied to the kernel
density filtration of [19].

5 Interleaving in Ho(S®") and in homotopy groups

In this section, we prove Theorem B. We start by defining the notions of persistent
homotopy groups of a persistent space, and of morphism inducing an interleaving
in persistent homotopy groups. The notion of persistent homotopy group we use is
essentially the same as that of Jardine [13].

We model the n'™ homotopy group 7, (W, w) of a pointed space (W, w) by the set of
pointed homotopy classes of pointed maps from the n—dimensional sphere S” into W'.

Definition 5.1 Let X € SR”. The persistent set 7o(X): R™ — Set is defined by
mooX. Letn>1,r € R™ and x € X(r). The n' persistent homotopy group of X
based at x is the persistent group 7, (X, x): R™ — Grp that is trivial at s 7 r, and that
is (X (s), go;‘:s(x)) eGrpats >r.

Note that 77, is functorial for every n € N.

Definition 5.2 Lete,§ > 0 € R™. Assume given a homotopy class of morphisms
[f]: X — Y6 € Ho(SR™). Let X’ ~ X be a cofibrant replacement, let Y’ ~ ¥ be a
fibrant replacement, and let /: X —, Y be arepresentative of /. We say that [ /] induces
an (g, 8)—interleaving in homotopy groups if the induced map 7o (f): 719 (X) —¢ 7o (Y)
is part of an (&, §)—interleaving of persistent sets, and if for every r e R, every x € X (r),
and every n > 1 € N, the induced map 7, (f): 7, (X, x) =, (Y, f(x)) is part of an
(e, )—interleaving of persistent groups.

It is clear that the definition above is independent of the choices of representatives.

A standard result in classical homotopy theory is that a fibration of Kan complexes in-
ducing an isomorphism in all homotopy groups has the right lifting property with respect
to cofibrations [9, Theorem 1.7.10]. An analogous, persistent, result (Corollary 5.13),
says that, for a fibration of fibrant objects inducing a j—interleaving in homotopy
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groups, the lift exists up to a shift, which depends on both § and on a certain “length”
n € N associated to the cofibration. To make this precise, we introduce the notion of
n—dimensional extension.

Definition 5.3 Let A, B SR” andletn € N. Amap j: A — B is an n—dimensional
extension (of A) if there exists a set 1, a family of tuples of real numbers {r; € R™};¢,
and commutative squares of the form depicted on the left below, that together give rise
to the pushout square on the right:

ap" —y A(ry) Lie; i © @D") —L 4
[ I ! b
D" —5 5 B(ry) [roMd) —5— B

Here, dD" — D" stands for S”"~! < D" if S = Top, and for A" < A" if S = sSet.
A single-dimensional extension is an n—dimensional extension for some n € N.

Definition 5.4 Let :: A — B be a projective cofibration of SR” and let n € N. We say
that ¢ is an n—cofibration if it factors as the composite of n 4+ 1 maps fy, ..., fu, with
fi an n;j—dimensional extension for some n; € N. We say that 4 € SR™ is n—cofibrant
if the map @ — A is an n—cofibration.

The next lemma, which follows directly from Proposition 4.5, gives a rich family
of examples of n—cofibrant persistent simplicial sets. Recall that a simplicial set is
n—skeletal if all its simplices in dimensions above n are degenerate.

Lemma 5.5 Let A € sSet® andletn € N. If A is projective cofibrant and pointwise
n—skeletal, then it is n—cofibrant. a

Example 5.6 The Vietoris—Rips complex VR(X) of a metric space X, as defined in
Example 4.6, is n—cofibrant if the underlying set of X has finite cardinality | X | =n+1.

If one is interested in persistent (co)homology of some bounded degree n, then one
can restrict computations to the (n+1)—skeleton of a Vietoris—Rips complex, which is
(n+1)—cofibrant.

A result analogous to Lemma 5.5, but for persistent topological spaces, does not hold,
as cells are not necessarily attached in order of dimension. This motivates the following
definition.
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Definition 5.7 Let n € N. A persistent topological space A € TopRm is an n—
dimensional persistent CW—complex if the map & — X can be factored as a composite
of maps fy,..., fn, with f; an i—dimensional extension.

Example 5.8 The geometric realization of any n—cofibrant persistent simplicial set is
an n—dimensional persistent CW—complex.

Lemma 5.9 Every n—dimensional persistent CW—-complex is n—cofibrant. a
We now make precise the notion of lifting property up to a shift.

Definition 5.10 Leti: A — B and p: Y — X be morphisms in SR™ and let § > 0.
We say that p has the right é—lifting property with respect to i if for all morphisms
A — Y and B — X making the square on the left below commute, there exists a
diagonal —morphism f: B —g Y rendering the diagram commutative. The diagram
on the left is shorthand for the one on the right:

A

5

We now prove Lemma 5.12, an adaptation of a result of Jardine, which says that

50.3(idY\) 5
Y

y X9
So.5(idx)

~N-

oo——

N<T~<

~N-
-

fibrations inducing interleavings in homotopy groups have a shifted right lifting property,
as defined above. The main difference is that we work in the multipersistent setting.
We use simplicial notation and observe that the corresponding statement for persistent
topological spaces follows from the simplicial one by using the singular complex-
realization adjunction. We recall a standard, technical lemma whose proof is given
within that of eg [9, Theorem 1.7.10].

Lemma 5.11 Consider a commutative square of simplicial sets

A" —% 5 X

(5-1) | ll’

an Py
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where p is a Kan fibration between Kan complexes. If there is commutative diagram
like the one on the left below, for which the lifting problem on the right admits a

solution,
o
JdA"
N wAnX{l})
AT Al h Ly gan TeWoamx O
[ I [ I
AfxAl 8 .y A" M Y
v Ax{l})
An
B

then the initial square (5-1) admits a solution.

Lemma 5.12 (cf [13, Lemma 14]) Let § >0, and let f: X — Y € SR” induce a
(0, §)—interleaving in homotopy groups. If X and Y are projective fibrant and f is a
projective fibration, then f has the right 25-lifting property with respect to boundary
inclusions r © D" — r © D" forevery r € R™ and everyn € N,

Proof Consider a commutative diagram as on the left below, which corresponds to
the one on the right:

rOIA" —4 s X IA" — X (r)
(5-2) | l” l |
roar —b ,y A P yi

We must find a 26-lift for the diagram on the right. The proof strategy is to appeal
to Lemma 5.11 to simplify «, then prove that at the cost of a §—shift we can further
reduce o to a constant map, and then show that the simplified lifting problem can be
solved at the cost of another §—shift. So we end up with a 26-lift, as in the statement.
We proceed by proving the claims in opposite order.

We start by showing that (5-2) can be solved up to a §—shift whenever « is constant. Let
us assume that « is of the form o = % for some * € X (r)q. Since, then, 8 represents
an element [B] € 7, (Y (r), *), there exists a map a’: A" — X (r + §) whose restriction
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to A" is constant on * € X (r)g, and such that there is a homotopy /: f >~ pa’ relative
to dA”™. We can thus consider

(x,)

IA" (DA™ x A1) U (A" x {0}) T X +9)

A" damxily Amy AL h s Y(r +6)

idgan x{1}

where H is a diagonal filler for the right-hand side square, which exists since the middle
vertical map is a trivial cofibration of simplicial sets and p, ;s is a Kan fibration by
assumption. The composite map H oidan x {1} is a lift for (5-2).

We now assume that « is of a specific, simplified form, and prove that, up to a §—shift,
we can reduce the lifting problem (5-2) to the case in which « is constant. Let us assume
that d; (o) = * € X(r)o for every 0 <i <n, and set oy = do(c). Then o represents
an element [og] € m,,—1 (X (), %), with the property that p[ag] = 0 € m,—1 (Y (r), *).
Since p induces a (0, §)—interleaving in homotopy groups,

07 5 ((co]) = 0 € w1 (X(r +8), %),

witnessed by a homotopy /o: A"~! x Al — X (r + §), constant on JA"~!. If we
set b, = x: A" — X(r 4 6) for every 0 <i <n—1and hy = ho, we get a map
h:0A" x A1 — X (r +8). We can now extend

@), 150 B.pI): (A" x {1}) U (A" x A1) > Y (r + )
to a homotopy H': A" x A! — Y (r 4+ §). Now observe that the lifting problem

h,o(idg an x{0
gan iotaanxiod

| =

N H’o(idan x{0} N Y(}" —|—8)

is such that i’ o (idyan x {0}) = *, so, thanks to Lemma 5.11, we have reduced this
case to the case in which « is constant.

To conclude, we must show that we can reduce the original lifting problem (5-2)
to one in which all but the 0™ faces of « are constant on a point * € X (r)o. Let
K:Afx Al - A{ be the homotopy that contracts the simplicial horn onto its vertex 0,
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which determines a diagram

idASX{l} idASX{O}
Al ——— AlX Al «——— AZ

[ [

IA" e s X <

with ky =ao jo K, where j: Afj — dA™ is the inclusion of the horn into the boundary.
We can now extend the map (er,k1): (A" x {1}) U (A X AlY = X(r) to a homotopy
k:dA" x A — X(r). Similarly, we extend the map

(B.pok): (A" x{1)H U @A" x A") - Y(r)
to a homotopy g: A” x Al — Y (r). It now suffices to consider the diagram

o

aA"

) \(idiAnx{l}»)

INTx Al K o x

[ |

APxAl — & Ly

+ %x{l})

An

B

observing that o := kjpanx{o} satisfies d;(a’) = * for 0 < i < n, and appeal to
Lemma 5.11. O

Corollary 5.13 Let 6> 0andlet f: X —5 Y induce a §—interleaving in homotopy
groups. If X and Y are projective fibrant and f is a projective fibration, then f has
the right (4(n+1)4)-lifting property with respect to n—cofibrations for all n € N.

Proof By assumption, f: X — Y induces a (0, 28)—interleaving in all homotopy
groups. Now, an n—cofibration can be written as a composite of 7+ 1 single-dimensional
extensions, and any shift of a single-dimensional extension is again a single-dimensional
extension, so it is enough to show that f has the right 4§-lifting property with respect
to single-dimensional extensions.
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A single-dimensional extension is the pushout of a coproduct

[[rio@p—]]rioD"

iel iel
so it suffices that f has the right 45-lifting property with respect to coproducts of that
form, which follows from Lemma 5.12 and the universal property of coproducts. O

We are ready to prove Theorem B.

Theorem B Let X,Y € SR” be persistent spaces that are assumed to be projective
cofibrant and d—skeletal it S = sSet, or persistent CW—complexes of dimension at
most d if S = Top. Let§ > 0 € R™. If there exists a morphism in the homotopy
category X — Y% € Ho(SR™) that induces §—interleavings in all homotopy groups,
then X and Y are (4(d+1)6)—interleaved in the homotopy category.

Proof By Lemmas 5.5 and 5.9, X and Y are d—cofibrant. Let [f]: X — Y% be as
in the statement. Since [ f] is a morphism in the homotopy category, we begin by
choosing a convenient representative of it. We let p: X’ — Y’ be a projective fibration

between projective fibrant objects such that there exist trivial cofibrations i : X — X’
and j:Y — Y/ with [p]o[i] = [j]o[f], in Ho(SR™).

Note that [p] induces a (0, 28)—interleaving in homotopy groups, between X’ and Y’8.
Since Y? is d—cofibrant, Corollary 5.13 guarantees that we can find a (4(d +1)8)-lift
g’ of p against @ — Y. We can then construct the lift

% g , x/(4d+3)8

. R

Y
using the fact that j: Y — Y is a trivial cofibration and X is fibrant. We will show that

Ss.4@d+1s(PD: X" —a@+1)s Y and Sag43)5,4d+1)s(8): Y —aa+1)s X' form a
(4(d+1)8)—interleaving in the homotopy category between X’ and Y”.

On the one hand, note that, by construction, p#4+38 o g o j = pUd+Is o o/ —
50, since [ /] is an isomorphism, it follows that [p](44 38 o [¢] = S4@+1s([idy’]), and
thus that

4(d+1)8

Ss.4d+1)s([p]) 0S(4d+3)5,4(d+1)s([g]) = Sg@+1)s([idy’]).
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On the other hand, since X is cofibrant and Y is fibrant, it follows from the previous

paragraph that

p4(d+1)5 y/(4d+5)8

og8op0i:X—>

is homotopic to p4(d+1)8 0S0,4(d+1)s(i). Let H: I x X — y/(4d+5)8 pe 4 homotopy
between these maps, which gives the commutative diagram

(S0.4(a+1)8(),g%0 poi)
, x4d+1)8

XX
(io il)l lp‘“”’“”
IxX H 5 Y/(4d+5)5

where the left vertical map is the inclusion of into the cylinder. We claim that, since
X is d—cofibrant, the inclusion into the cylinder is a d—cofibration. Indeed, a cell
decomposition of this map is obtained by attaching an (n+1)—cell for each n—cell in
the decomposition of X. Now, by Corollary 5.13, we can find a (4(d+1)§)-lift of the
diagram, which shows that

S4(d+1)8,8(n+1)8([g]8 o[ploli]) = So 8a+1)s([i]): X — Xx/3+15,

Since the left-hand side equals S(44+3)5.4(a+1)s (g])*@ TV 0S5 44+ 1)s((Ploli]), and
[i] is an isomorphism, it follows that [g]*(@+1D? 0Ss 4d+1)s([P]) = Sg@+1s([idx]). O

Remark 5.14 Together, Theorems A and B imply a version of the persistent Whitehead
conjecture, which we recall as Conjecture 5.15. Our result is, in a sense, stronger
than the one conjectured, since Theorem B, which addresses part (i) of the conjecture,
applies to arbitrary multipersistent spaces. In another respect, our result is slightly
weaker, as the conjecture is stated for cofibrant, pointwise CW—complexes, which does
not necessarily imply being a persistent CW—complex in our sense. We believe that
this is not an issue, as many of the cofibrant, pointwise CW—complexes persistent
topological spaces that appear in applications are in fact persistent CW—complexes, as
they are usually the geometric realization of a filtered simplicial complex.

Conjecture 5.15 [2, Conjecture 8.6] Suppose we are given connected, cofibrant
X,Y: R — Top, with each X(r) and Y (r) CW-complexes of dimension at most d,
and f: X — Y8 inducing a §—interleaving in all homotopy groups. Then there is a
constant ¢, depending only on d, such that

() f induces a cS—interleaving in the homotopy category Ho(Top®);

(i) X and Y are c6—homotopy interleaved.

Algebraic € Geometric Topology, Volume 23 (2023)



Rectification of interleavings and a persistent Whitehead theorem 831

References

(1]

(2]

[4]

(5]

[6]

(10]

(11]

[12]

[13]
[14]

[15]

D Blanc, M W Johnson, J M Turner, A constructive approach to higher homotopy
operations, from “Homotopy theory: tools and applications” (D G Davis, H-W Henn,
JF Jardine, M W Johnson, C Rezk, editors), Contemp. Math. 729, Amer. Math. Soc.,
Providence, RI (2019) 21-74 MR Zbl

A J Blumberg, M Lesnick, Universality of the homotopy interleaving distance, preprint
(2017) arXiv 1705.01690

P Bubenik, J A Scott, Categorification of persistent homology, Discrete Comput. Geom.
51 (2014) 600-627 MR Zbl

F Chazal, D Cohen-Steiner, M Glisse, L. J Guibas, S Y Oudot, Proximity of persis-
tence modules and their diagrams, from “Proceedings of the 25th annual symposium
on computational geometry”, Association for Computing Machinery, New York (2009)
237-246 Zbl

F Chazal, D Cohen-Steiner, L J Guibas, F Mémoli, S Y Oudot, Gromov—-Hausdor{f
stable signatures for shapes using persistence, Computer Graphics Forum 28 (2009)
1393-1403

S Chowdhury, N Clause, F Mémoli, J A Sanchez, Z Wellner, New families of stable
simplicial filtration functors, Topology Appl. 279 (2020) art.id. 107254 MR Zbl

D Cohen-Steiner, H Edelsbrunner, J Harer, Stability of persistence diagrams, Dis-
crete Comput. Geom. 37 (2007) 103-120 MR Zbl

P Frosini, C Landi, F Mémoli, The persistent homotopy type distance, Homology
Homotopy Appl. 21 (2019) 231-259 MR Zbl

P G Goerss, JF Jardine, Simplicial homotopy theory, Progr. Math. 174, Birkhauser,
Basel (1999) MR Zbl

T Goodwillie, A homotopy commutative diagram that cannot be strictified, MathOver-
flow post (2011) Available at https://mathoverflow.net/q/81962

P S Hirschhorn, Model categories and their localizations, Mathematical Surveys and
Monographs 99, Amer. Math. Soc., Providence, RI (2003) MR Zbl

M Hovey, Model categories, Mathematical Surveys and Monographs 63, Amer. Math.
Soc., Providence, RI (1999) MR Zbl

JF Jardine, Persistent homotopy theory, preprint (2020) arXiv 2002.10013

M Kashiwara, P Schapira, Persistent homology and microlocal sheaf theory, J. Appl.
Comput. Topol. 2 (2018) 83-113 MR Zbl

MP Lesnick, Multidimensional interleavings and applications to topological in-
ference, PhD thesis, Stanford University (2012) MR Available at https://
www.proquest.com/docview/2455524340

Algebraic € Geometric Topology, Volume 23 (2023)


http://dx.doi.org/10.1090/conm/729/14690
http://dx.doi.org/10.1090/conm/729/14690
http://msp.org/idx/mr/3959595
http://msp.org/idx/zbl/1429.55013
http://msp.org/idx/arx/1705.01690
http://dx.doi.org/10.1007/s00454-014-9573-x
http://msp.org/idx/mr/3201246
http://msp.org/idx/zbl/1295.55005
http://dx.doi.org/10.1145/1542362.1542407
http://dx.doi.org/10.1145/1542362.1542407
http://msp.org/idx/zbl/1380.68387
http://dx.doi.org/10.1111/j.1467-8659.2009.01516.x
http://dx.doi.org/10.1111/j.1467-8659.2009.01516.x
http://dx.doi.org/10.1016/j.topol.2020.107254
http://dx.doi.org/10.1016/j.topol.2020.107254
http://msp.org/idx/mr/4102288
http://msp.org/idx/zbl/07207021
http://dx.doi.org/10.1007/s00454-006-1276-5
http://msp.org/idx/mr/2279866
http://msp.org/idx/zbl/1117.54027
http://dx.doi.org/10.4310/HHA.2019.v21.n2.a13
http://msp.org/idx/mr/3923782
http://msp.org/idx/zbl/07114172
http://dx.doi.org/10.1007/978-3-0348-8707-6
http://msp.org/idx/mr/1711612
http://msp.org/idx/zbl/0949.55001
https://mathoverflow.net/q/81962
http://dx.doi.org/10.1090/surv/099
http://msp.org/idx/mr/1944041
http://msp.org/idx/zbl/1017.55001
https://bookstore.ams.org/surv-63-s
http://msp.org/idx/mr/1650134
http://msp.org/idx/zbl/0909.55001
http://msp.org/idx/arx/2002.10013
http://dx.doi.org/10.1007/s41468-018-0019-z
http://msp.org/idx/mr/3873181
http://msp.org/idx/zbl/1423.55013
http://msp.org/idx/mr/4172343
https://www.proquest.com/docview/2455524340
https://www.proquest.com/docview/2455524340

832

[16]

[17]

(18]

[19]

[20]

(21]

Edoardo Lanari and Luis Scoccola

M Lesnick, M Wright, Interactive visualization of 2—D persistence modules (2015)
arXiv 1512.00180

F Mémoli, A distance between filtered spaces via tripods, preprint (2017) arXiv
1704.03965

D G Quillen, Homotopical algebra, Lecture Notes in Math. 43, Springer (1967) MR
7Zbl

A Rolle, L Scoccola, Stable and consistent density-based clustering, preprint (2020)
arXiv 2005.09048

L Scoccola, Locally persistent categories and metric properties of interleaving dis-
tances, PhD thesis, University of Western Ontario (2020) Available at https://
ir.lib.uwo.ca/etd/7119

H Toda, Composition methods in homotopy groups of spheres, Annals of Mathematics
Studies 49, Princeton Univ. Press (1962) MR Zbl

Institute of Mathematics, Czech Academy of Sciences
Prague, Czech Republic

Department of Mathematics, Northeastern University
Boston, MA, United States

edoardo.lanari.el@gmail.com, 1.scoccola@northeastern.edu

edolana.github.io, luisscoccola.github.io

Received: 8 February 2021 Revised: 6 July 2021

Geometry & Topology Publications, an imprint of mathematical sciences publishers :.msp


http://msp.org/idx/arx/1512.00180
http://msp.org/idx/arx/1704.03965
http://msp.org/idx/arx/1704.03965
http://dx.doi.org/10.1007/BFb0097438
http://msp.org/idx/mr/0223432
http://msp.org/idx/zbl/0168.20903
http://msp.org/idx/arx/2005.09048
https://ir.lib.uwo.ca/etd/7119
https://ir.lib.uwo.ca/etd/7119
https://www.degruyter.com/viewbooktoc/product/474545
http://msp.org/idx/mr/0143217
http://msp.org/idx/zbl/0101.40703
mailto:edoardo.lanari.el@gmail.com
mailto:l.scoccola@northeastern.edu
edolana.github.io
luisscoccola.github.io
http://msp.org
http://msp.org

ALGEBRAIC & GEOMETRIC TOPOLOGY
msp.org/agt

EDITORS

PRINCIPAL ACADEMIC EDITORS
Kathryn Hess
kathryn.hess@epfl.ch
Ecole Polytechnique Fédérale de Lausanne

John Etnyre
etnyre @math.gatech.edu
Georgia Institute of Technology

BOARD OF EDITORS

Julie Bergner

Steven Boyer

Tara E. Brendle
Indira Chatterji
Alexander Dranishnikov
Corneli Drufu

Tobias Ekholm

Mario Eudave-Muifioz
David Futer

John Greenlees

Ian Hambleton
Hans-Werner Henn
Daniel Isaksen

Christine Lescop

University of Virginia
jeb2md@eservices.virginia.edu
Université du Québec a Montréal
cohf@math.rochester.edu
University of Glasgow
tara.brendle @ glasgow.ac.uk

CNRS & Université Cote d’ Azur (Nice)

indira.chatterji @math.cnrs.fr

University of Florida
dranish@math.ufl.edu
University of Oxford
cornelia.drutu @maths.ox.ac.uk
Uppsala University, Sweden
tobias.ekholm @math.uu.se

Univ. Nacional Auténoma de México
mario @matem.unam.mx

Temple University
dfuter@temple.edu

University of Warwick
john.greenlees @warwick.ac.uk

McMaster University
ian@math.mcmaster.ca

Université Louis Pasteur
henn@math.u-strasbg.fr

Wayne State University
isaksen @math.wayne.edu

Université Joseph Fourier

Robert Lipshitz
Norihiko Minami
Andrés Navas
Thomas Nikolaus
Robert Oliver
Birgit Richter
Jéréme Scherer
Zoltdn Szab6
Ulrike Tillmann
Maggy Tomova
Nathalie Wahl
Chris Wendl

Daniel T. Wise

University of Oregon
lipshitz@uoregon.edu

Nagoya Institute of Technology
nori@nitech.ac.jp

Universidad de Santiago de Chile
andres.navas @usach.cl
University of Miinster

nikolaus @uni-muenster.de
Université Paris 13

bobol @math.univ-paris13.fr
Universitit Hamburg
birgit.richter @uni-hamburg.de
Ecole Polytech. Féd. de Lausanne
jerome.scherer @epfl.ch
Princeton University

szabo @math.princeton.edu
Oxford University

tillmann @maths.ox.ac.uk
University of lowa
maggy-tomova@uiowa.edu
University of Copenhagen
wahl@math.ku.dk
Humboldt-Universitit zu Berlin
wendl @math.hu-berlin.de
McGill University, Canada
daniel.wise@mcgill.ca

lescop @ujf-grenoble.fr

See inside back cover or msp.org/agt for submission instructions.

The subscription price for 2023 is US $650/year for the electronic version, and $940/year (4 $70, if shipping outside the US)
for print and electronic. Subscriptions, requests for back issues and changes of subscriber address should be sent to MSP.
Algebraic & Geometric Topology is indexed by Mathematical Reviews, Zentralblatt MATH, Current Mathematical Publications
and the Science Citation Index.

Algebraic & Geometric Topology (ISSN 1472-2747 printed, 1472-2739 electronic) is published 9 times per year and continu-
ously online, by Mathematical Sciences Publishers, c/o Department of Mathematics, University of California, 798 Evans Hall
#3840, Berkeley, CA 94720-3840. Periodical rate postage paid at Oakland, CA 94615-9651, and additional mailing offices.
POSTMASTER: send address changes to Mathematical Sciences Publishers, c/o Department of Mathematics, University of
California, 798 Evans Hall #3840, Berkeley, CA 94720-3840.

AGT peer review and production are managed by EditFlow® from MSP.
PUBLISHED BY
:l mathematical sciences publishers
nonprofit scientific publishing
http://msp.org/
© 2023 Mathematical Sciences Publishers


http://dx.doi.org/10.2140/agt
mailto:etnyre@math.gatech.edu
mailto:kathryn.hess@epfl.ch
mailto:jeb2md@eservices.virginia.edu
mailto:cohf@math.rochester.edu
mailto:tara.brendle@glasgow.ac.uk
mailto:indira.chatterji@math.cnrs.fr
mailto:dranish@math.ufl.edu
mailto:cornelia.drutu@maths.ox.ac.uk
mailto:tobias.ekholm@math.uu.se
mailto:mario@matem.unam.mx
mailto:dfuter@temple.edu
mailto:john.greenlees@warwick.ac.uk
mailto:ian@math.mcmaster.ca
mailto:henn@math.u-strasbg.fr
mailto:isaksen@math.wayne.edu
mailto:lescop@ujf-grenoble.fr
mailto:lipshitz@uoregon.edu
mailto:nori@nitech.ac.jp
mailto:andres.navas@usach.cl
mailto:nikolaus@uni-muenster.de
mailto:bobol@math.univ-paris13.fr
mailto:birgit.richter@uni-hamburg.de
mailto:jerome.scherer@epfl.ch
mailto:szabo@math.princeton.edu
mailto:tillmann@maths.ox.ac.uk
mailto:maggy-tomova@uiowa.edu
mailto:wahl@math.ku.dk
mailto:wendl@math.hu-berlin.de
mailto:daniel.wise@mcgill.ca
http://dx.doi.org/10.2140/agt
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/
http://msp.org/
http://msp.org/

ALGEBRAIC & GEO

Volume 23 Issue 2 (pag

Parametrized higher category theory

JAY SHAH

Floer theory of disjointly supported
symplectically aspherical manifolds

YANIV GANOR and SHIRA TA
Realization of graded monomial idea

TSELEUNG SO and DONALD ST
Nonslice linear combinations of iterat

ANTHONY CONWAY, MIN HOO
POLITARCZYK

Rectification of interleavings and a pe
theorem

EDOARDO LANARI and LUIS S
Operadic actions on long knots and 2

ETIENNE BATELIER and JULIE
A short proof that the L”—diameter o

MICHAL. MARCINKOWSKI
Extension DGAs and topological Hoc

HALDUN OZGUR BAYINDIR

Bounded cohomology of classifying s
subgroups

KEVIN L1




	1. Introduction
	2. Background and conventions
	2.1. Spaces and model categories
	2.1.1. Spaces
	2.1.2. Model categories

	2.2. Interleavings and interleavings up to homotopy
	2.2.1. Strict interleavings
	2.2.2. Interleavings up to homotopy
	2.2.3. Composability of homotopy interleavings


	3. Interleavings in MR and in Ho(M)R
	3.1. Upper bound
	3.2. Lower bound
	3.3. Impossibility of rectification in higher dimensions

	4. Projective cofibrant persistent simplicial sets
	5. Interleaving in Ho(SRm) and in homotopy groups
	References
	
	

