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INVARIANTS FOR TAME PARAMETRISED CHAIN COMPLEXES

WOJCIECH CHACHOLSKI, BARBARA GIUNTI AND CLAUDIA LANDI
(communicated by Peter Bubenik)

Abstract

We set the foundations for a new approach to Topological Data
Analysis (TDA) based on homotopical methods at the chain com-
plex level. We present the category of tame parametrised chain
complexes as a comprehensive environment that includes several
cases that usually TDA handles separately, such as persistence
modules, zigzag modules, and commutative ladders. We extract
new invariants in this category using a model structure and vari-
ous minimal cofibrant approximations. Such approximations and
their invariants retain some of the topological, and not just homo-
logical, aspects of the objects they approximate.

Introduction

Data analysis is often about simplifying, ignoring most of the information available
and extracting what might be meaningful for the task at hand. The same strategy
of extracting summaries is also at the core of topology. In recent years, these two
branches have merged, giving rise to Topological Data Analysis (TDA) [7].

TDA can benefit from a broad spectrum of existing homotopical tools for extract-
ing such summaries. Currently, the most popular is persistent homology. The first
step in persistence theory is to transform data into spatial information via, for exam-
ple, the Vietoris—Rips construction. The second step is typically the extraction of
the homology of the obtained spaces, resulting in a so-called persistence module,
effectively studied by enumerating its indecomposables [20].

Despite its success, TDA based on persistent homology has some limitations.
Firstly, one is limited to objects for which it is possible to list their indecompos-
able summands [20], and whose decompositions can be computed algorithmically.
For example, the class of commutative ladders cannot be analysed using its inde-
composables because it is of wild representation type [6,12]. On the other hand, the
indecomposables of the class of zigzag modules are fully described, but so far there
is no efficient software to analyse them [8,9]. Secondly, applying homology might be
too drastic, disregarding a large amount of geometric information.

The main goal of this paper is to show how to use homotopy theory not only to
overcome the previous issues but also to open the way towards new invariants. The
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same strategy of disregarding some information and focusing on aspects that might be
relevant is also at the core of homotopy theory, with colocalization being an example
of such a process. In colocalization, the simplification is achieved by approximating
arbitrary objects by other objects that are simpler and more manageable, such as the
class of cofibrant objects in a model category. Our work is based on the realisation
that the category tame([(), 00), ch) of tame [0, co)-parametrised chain complexes over
a field admits a model structure for which there is a surprisingly simple decomposition
theorem describing all indecomposable cofibrant objects (see Theorem 4.2). This is so
even though the entire category tame([O7 00), ch) is of wild representation type. The
structure Theorem 4.2 identifies cofibrant objects in tame( [0, 00), ch) with sequences
of persistence diagrams augmented with points on the diagonal (see Section 5) which
we call Betti diagrams.

The cofibrant objects can be then used to approximate arbitrary objects in
tame([O, 00), Ch). Proving that such minimal approximations exist (see Theorem 2.4)
has been essential in this work.

Model categories are convenient for ensuring the existence of certain morphisms or
approximations. A common difficulty in working with model categories, however, is
the lack of algorithmic constructions producing such morphisms and approximations.
Approximations in model categories are often constructed using universal proper-
ties and require performing large limits. Extracting calculable invariants from such
approximations, which is essential in TDA, is often not feasible. In this article, we
make a great effort to describe all the constructions, factorisations, and approxi-
mations explicitly. All the steps we perform for the tame [0, co)-parametrised chain
complexes in perspective can be implemented.

Considering tame [0, oo)-parametrised chain complexes instead of vector spaces has
another advantage. Persistence modules, zigzag modules, and commutative ladders
are special objects in tame([()7 00), ch). Thus, this category allows for a comprehensive
theory in which different objects that are handled separately by standard persistence
theory can be studied and compared together. Furthermore, for persistence modules,
cofibrant minimal approximations provide complete invariants (see Section 5.1).

In conclusion, we propose a refined approach to the persistence pipeline: first, con-
vert the input into a parametrised simplicial complex. Second, extract a parametrised
chain complex. Third, form a minimal cofibrant approximation of the extracted
parametrised chain complex. Finally, represent the minimal cofibrant approximation
by its Betti diagrams.

Related works

The model structure described in Section 2 is a special case of a projective model
structures on a tame subcategory of functor categories [15,16].

The structure Theorem 4.2 describing cofibrant objects in tame([O, 00), ch) appears
also in, for example, [4,19, 23], although the language of model categories is not
used there. An interpretation from the point of view of Morse theory was given
in [4]. In [19], Meehan, Pavlichenko and Segert show that the category of filtered
chain complexes is a Krull-Schmidt category. In [23], Usher and Zhang generalise
the theory of barcodes to filtered Floer-type complexes, considering chain complexes
of infinite dimension whose parametrisation is not tame. They prove a singular value
decomposition theorem for such complexes and identify two types of barcodes of them:
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the verbose and the concise. In the finite case, such barcodes correspond respectively
to the Betti diagrams and the minimal Betti diagrams of cofibrant objects in our
setting (see Section 5).

The point of view of homotopy theory is entering the TDA subject also for purposes
different from ours. For example, [5,13,14,17] are about lifting the stability theorem
of persistence to homotopy stability theorems, to make it applicable to a wider class
of datasets.
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1. Minimality

Let M be a model category [10,21]. This means that three classes of morphisms
in M are chosen: weak equivalences (—), fibrations (—), and cofibrations (<).
These classes and M are required to satisfy the following axioms:

MC1. Finite limits and colimits exist in M.

MC2. If f and g are morphisms in M such that gf is defined and if two of the three
morphisms f, g, gf are weak equivalences, then so is the third.

MC3. If f is a retract of g and g is a fibration, a cofibration, or a weak equivalence,
then so is f.

MC4. Consider a commutative square in M consisting of the solid morphisms:

X — F

1L

Y — B
Then a morphism, depicted by the dotted arrow and making this diagram
commutative, exists under either of the following two assumptions: (i) a is a
cofibration and a weak equivalence and £ is a fibration, or (ii) « is a cofibration
and [ is a fibration and a weak equivalence.

MC5. Any morphism ¢ can be factored in two ways: (i) g = SBa, where a is a cofi-
bration and g is both a fibration and a weak equivalence, and (ii) g = Sa,
where « is both a cofibration and a weak equivalence and (5 is a fibration.

In particular, MC1 guarantees the existence of the initial object, denoted by 0,
and of the terminal object, denoted by *. An object X in a model category M is
called cofibrant if the morphism ) — X is a cofibration. If the morphism X — * is
a fibration, then X is called fibrant.
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Axiom MC5 above guarantees existence of certain factorisations of morphisms. It
does not specify any uniqueness. Typically, a morphism in a model category admits
many such factorisations. There are however model categories in which among all
these factorisations there is a canonical one called minimal [3, 22]:

Definition 1.1. Let g: X — Y be a morphism in M. A factorisation g = Sa, where
« is cofibration and [ is a fibration and a weak equivalence, is called minimal if every
morphism ¢ which makes the following diagram commutative is an isomorphism:

a A B
Xégl);\\ﬂy

Q\»A%

A minimal factorisation of ) — X is called a minimal cover of X.

According to the above definition, we can think about a minimal cover of X as a
morphism S: cov(X) — X such that: (i) cov(X) is cofibrant, (ii) 5 is both a fibration
and a weak equivalence, and (iii) any morphism ¢ which makes the following diagram
commutative is an isomorphism:

cov(X)
?
ST
cov(X) ;

Minimal factorisations are unique:

Proposition 1.2. Let g: X — Y be a morphism in M. Assume Ba =g = f'a’ are
minimal factorisations. Then there is an isomorphism ¢ making the following diagram
commutative:

’

o ¢/ Y

A Y

\

B

Proof. Let ¢ and 1 be any morphisms making the following diagram commute, which
exist by the lifting axiom MC4:

’

X(LH;A’

¢> /
|
A 3 Y

Then by the definition of minimal factorisations, the compositions ¢ and ¢ are
isomorphisms. Consequently, so are ¢ and . O

Two objects X and Y in M are called weakly equivalent if there is a sequence
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of weak equivalences of the form:

X A)—— A <« - <& A, =Y

Similarly to factorisations of morphisms in a model category, the collection of
objects weakly equivalent to a given object is large. There are model categories, how-
ever, where this collection contains a canonical object called a minimal representative:

Definition 1.3. An object X in M is called minimal if it is cofibrant, fibrant, and
any weak equivalence ¢: X — X is an isomorphism. A minimal representative of
an object X in M is a minimal object in M which is weakly equivalent to X.

Minimal representatives are unique up to isomorphisms:

Proposition 1.4. Let X’ and Y’ be minimal representatives of respectively X andY .
Then X and Y are weakly equivalent if and only if X' and Y’ are isomorphic.

Proof. If X’ and Y’ are isomorphic, then X and Y are weakly equivalent. Assume
X and Y are weakly equivalent. Then X’ and Y’ are also weakly equivalent. Since
they are both cofibrant and fibrant there are weak equivalences ¢: X’ =5 Y’ and
¥:Y' = X', By the definition of the minimality, the compositions ¢ and ¥¢ are
isomorphisms. Consequently, so are ¢ and ¥ and hence X’ and Y’ are isomorphic. [

Proposition 1.2 and Proposition 1.4 ensure the uniqueness of minimal factorisa-
tions, minimal covers and minimal representatives. These propositions however do
not imply their existence, which has to be proven separately and it does depend on
the considered model category.

Definition 1.5. A model category satisfies the minimal factorisation axiom if all
minimal factorisations exist in this category. It satisfies the minimal representative
axiom if all minimal representatives exist in this category.

Many model categories, particularly of combinatorial flavour, satisfy the minimal
factorisation axiom. However the standard model structure on topological spaces [10]
does not.

2. Tame [0, c0)-parametrised objects

Let M be a category. The symbol [0, 00) denotes the poset of non-negative real
numbers. Functors of the form X : [0,00) — M are also referred to as [0, co)-parame-
trised objects. The value of X at t in [0,00) is denoted by X! and X*St: X% — X!
denotes the morphism in M that X assigns to s < t. The morphism X*S? is also
referred to as the transition morphism in X from s to ¢.

Definition 2.1. A sequence 7y < --- < 7} in [0,00) discretises X: [0,00) — M if
XsSt: X* — X! may fail to be an isomorphism only when there is a € {0,...,k}
such that s < 7, < t. A functor X : [0,00) — M is called tame if there is a sequence
that discretises it. The symbol tame([O, 00), /\/l) denotes the category whose objects
are tame functors X : [0,00) — M and whose morphisms are all of the natural trans-
formations.
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If 79 <--- <7 discretises X : [0,00) — M, then the transitions of the restric-

tions of X to the intervals [0,79), ..., [Tk—1,Tk), and [Tk, 00) are isomorphisms. Note
that if 79 < --- < 7 discretises X : [0,00) — M, then so does any of its refinements
(a sequence o < -+ < fip, is a refinement of 79 < -+ < 75 if {79..., 7%} is a subset
of {10+ in}).

2.1. Kan extensions
Consider a sequence of k composable morphisms in M:

XO X0<1 o Xk—1<k Xk'

Such a sequence encodes a functor X : [k] = M, where [k] is the standard poset on
the set {0,...,k}. Consider also a sequence 79 < - -+ < 73 of elements in [0, 00), which
encodes an inclusion of categories 7: [k] C [0,00). The (left) Kan extension of X
along 7 [18, Sect. X.3] is a functor LX : [0,00) — M whose values are given by:

0 ift< 70
LXt = ’
{xmax{a <) it

For morphisms, LX*<! is the identity if max{a | 7, < s} = max{a | 7, < t}, and
otherwise it is the composition of:

Xmax{a | Ta<s}<max{a | Ta<s}+1 Xmax{a | To<t}—1<max{a | To<t}
S

The functor LX : [0,00) — M is tame with 79 < - -+ < 7% as a discretising sequence.

To describe a natural transformation g: LX — Y to any other functor Y': [0, 00) —
M, it is enough to specify a sequence of morphisms {g“' X7 =Y e} ,0.. k for
which the following diagram commutes for every a = 1,... k:

XTa—1<Ta
_—

XTa-1 XTa

oot |~

Yraon YOSy,

If k = 0, for an object X in M (representing a functor X : [0] — M) and an element
7o in [0,00) (representing an inclusion 74: [0] C [0,00)), the induced Kan extension
is a functor LX: [0,00) — M such that LX' =0 if t <79 and LX' = X if 79 < ¢.
In this case, the set of natural transformations LX — Y is in bijection with the
set of morphisms in M from X to Y. If k = 1, for a morphism X0<!: X0 — X!
(representing a functor X : [1] — M) and two elements 79 < 71 in [0, 00) (representing
an inclusion [1] C [0,00)), the induced Kan extension is a functor LX : [0, c0) — M
such that LX? = ift < 7y, LX? = X if 1o <t < 7, and LX? = X' if 7, < t. In this
case, the set of natural transformations LX — Y is in bijection with commutative
squares of the form:

o<1
X0 _X* | x1

|

Yo

yT0o<71
e

Yyn

Let X: [0,00) = M be tame with 0 =79 < --- < 75 as a discretising sequence.
Then X is isomorphic to the Kan extension along 0 = 7y < - -+ < 73 of the following
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sequence of morphisms:

X 0<T) XTh—1<Tk

X0 XTE

2.2. Factorisation

Let M admit all finite colimits. Let g: X — Y be a morphism in tame ([0, 00), M)
and 0 =79 < --- < 7} a sequence discretising both X and Y. By induction on a in
[k], define morphisms g7 : X™ — Q™ and §7: Q™ — Y in M as follows:
For a = 0: G X°-Q%)=(1:X"> X% (§°: Q=YY :=(¢" X = Y0

Ta— Ta_1<Ta

Fora=1...,k: Qe = colim(Y7a-1 &0 xra-r XU xr
gre: XTe — Q7 and §7*: Q7 — X7 are the unique morphisms making the following
diagram commutative, where the inside square is a pushout:

X Ta-1 XTa—1<Ta XTa
o | -
Y‘ra_l QTQ g

\> YTa
YTa—1<Ta
For a =1,...,k, define Q7e—1<"a: Q7e-1 — Q7= to be the composition of the mor-
phism Y7e-1 — Q7= represented by the bottom horizontal arrow in the above diagram
and §g7e=1: Q71 — Y7a-1. Let Q: [0,00) — M be the tame functor given by the Kan
extension of the sequence of morphisms {Q7~1<7«} along 0 = 19 < -+ < 7% (see Sec-
tion 2.1). Finally, denote by g: X — @ and §: @ — Y the natural transformation
given by {g™ }e—o,...x and {¢™ }a—o,...x (see Section 2.1). Note that g = §g.

The isomorphism type of the functor @ and the factorisation g = §g do not depend
on the choice of the sequence that discretises X and Y. If f: X - Pand f: P =Y
are natural transformations constructed with respect to another such a sequence, then
there is a unique isomorphism ¢: @Q — P for which the following diagram commutes:

Theorem 2.2. Let M be a model category. The following choices of weak equiva-
lences, fibrations and cofibrations form a model structure on tame([O, 00), M) A mor-
phism g: X — Y in tame([0,00), M) is a

o weak equivalence if gt: Xt — Y is a weak equivalence for all t,

e fibration if gt: Xt — Y is a fibration for all t,

e cofibration if §': Q' — Y (see Section 2.2) is a cofibration for all t.

Due to tameness, to prove g: X — Y in tame([(), oo),/\/l) is a weak equivalence,
or a fibration, or a cofibration, only finitely many verifications need to be performed.
If0=17 <--- < 7 discretises both X and Y, then g is a weak equivalence (respec-
tively, a fibration) if and only if g™ : X™ — Y7 is a weak equivalence (respectively,
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a fibration) in M for any a =0,...,k. Similarly, ¢ is a cofibration if and only if
g™ Q™ — Y7« is a cofibration in M for any a = 0,..., k. It is important to realise
however that for g to be a cofibration is it not enough for g* to be a cofibration for all ¢.

Proposition 2.3. Let M be a model category.
1. If g: X =Y is a cofibration in tame([0,00), M), then g': X' =Y is a cofi-
bration in M for any t in [0, 00).
2. An object X in tame([O, oo),./\/l) is cofibrant if and only if X° is cofibrant and,
for any s < t in [0, 00), the transition morphism X*<t: X* — X' is a cofibration

in M.

Proof. 1. Assume g: X < Y is a cofibration. Let 0 = 19 < --- < 7 be a sequence
discretising both X and Y. By definition ¢° = g = §™ is a cofibration. Since in
a model category cofibrations are preserved by compositions and taking pushouts
along any morphism, the indicated arrows in the following commutative diagram are
cofibrations for any a = 1,...,k:

XTa—1<Ta

X Ta-1 XTa

re] ] o
= o\
\/} Y Ta

yTa—1<Ta

Thus, for any a in [k], the morphism g™ : X7 — Y7 is a cofibration. Tameness can
be then used to conclude that g* is a cofibration for any ¢ in [0, 00).

2. Let 0: [0,00) — M be the initial object in tame([O, 00), /\/l), which is the con-
stant functor whose value is the initial object in M. Consider a morphism g: ) — X in
tame([0,00), M). Let 0 =79 < --- < 7}, be a sequence discretising X. Then Q° = ()
and Q™ = X"e-1 for a > 0. Furthermore, §° = () — X°) and §7: Q7o = XTa-1 —
X7a is the transition morphism in X for a > 0. The statement is then a direct con-
sequence of the definition of a cofibration in tame([0, o), M). O

Proof of Theorem 2.2. MC1: This is a consequence of the fact that there is a sequence
that discretises all elements in a finite collection of tame functors.

MC2 and MC3: These follows from the fact that M satisfies these axioms, and
from the functoriality of the mediating morphism g.

MC4: Consider a commutative square in tarne([(), 00), ./\/l):

X — F

o b

Y — B

where either « is a cofibration and 3 is a fibration and a weak equivalence, or « is a
cofibration and a weak equivalence and (3 is a fibration. We need to show that there is
a morphism ¢: Y — E which if added to the above square would make the obtained
diagram commutative. Let us choose a sequence 0 = 19 < --- < 73 that discretises all
functors in this square. We are going to define by induction on a in [k] morphisms
@ Y7a — E7e. We then use this sequence to get the desired ¢: Y — F.
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Set ¢°: YY — E° to be any morphism in M that makes the following square
commutative. It exists by the axiom MC4 in M.

X0 — > Eo
A
a0 0 0
| o7 s
YO BO
Assume a > 1 and that we have defined ¢™: Y™ — E™ for b < a. We can then form

the following commutative diagram, where the indicated arrows are cofibrations by
Proposition 2.3.1:

XTa-1 XTa
ETa-1 / W ETa ‘/am}
‘ . <. & )
aTa—1 . ’ QTa a’e
BT B
¢Ta71 / 1
ﬁ’"a—l / — ¢Ta dl”
Y Ta-1 Y 7Ta
BTa-1 / BTa /

All the horizontal arrows represent the transition morphisms, ¢': Q™ — E"= is in-
duced by the universal property of a pushout, and ¢™: Y7 — E7 is any mor-
phism that makes the following diagram commute, whose existence is guaranteed
by axiom MC4:

ETa < ¢’ Qe

Brﬂr l d)‘ra I@Ta

BT« YT

MC5: Consider a morphism g: A — X in tame([0, c0), M). Let us choose a se-
quence 0 = 79 < -+ - < 7} that discretises both A and X. By inductionona =0, ..., k,
we are going to construct the appropriate factorisations g7 = 37 a". Set a®: A® <
Y% and %: Y — X© to be the factorisation of ¢°: A — X, where one of o, 3° is
also a weak equivalence. Such a factorisation exists by MC5 in M. Assume a > 1 and
that we have defined a™: A™ — Y™ and 8™: Y™ — X™ for b < a. We can then
define:

Ta—1<Ta

Q™ = colim( AT <A pras @l YT )

and form the following commutative diagram:

ATafl YTafl XTafl
[ . ‘ ......
ATa—1<Ta LT e > Y’Fa BT“ XTa—1<Ta
l all
,6/ Y
ATa < @ QTa, X7e
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where the left square is pushout and A': Q™ — X7 is induced by the universal
property of the pushout. The morphisms o’’: Q7 —Y ™ and 7 : Y7 — X7« form the
appropriate factorisation of 3’ into the composition of either a cofibration which is a
weak equivalence and a fibration, or a cofibration and a fibration which is a weak equi-
valence. Set o™ : AT — Y e to be the composition a’o/, and Y 7e-1<7a; YTa=1 — Y7a
to be the composition of Y-t — Q7 and o’': Q™ — Y7, Define Y to be the Kan
extension along 0 = 79 < -+ < 73, of the sequence {Y7a-1<Ta} _; (see Section 2.1).
Let a: A—Y and 8: Y — X be the natural transformations induced by the se-
quences of morphisms {a": A7 — Y}, and {f7: Y™ - X"}, k. By
construction, « is a cofibration and (3 is a fibration. Furthermore, depending on the
choice of the factorisations of 8': Q7 — X7« either « or 3 is a weak equivalence. [

2.3. Minimal factorisations

Assume M satisfies the minimality axiom. Consider a morphism ¢g: A — X in
tame ([0, 00), M). Perform the same constructions as in the proof of MC5 but instead
of taking arbitrary factorisations consider the minimal ones. In step zero, we take
morphisms a®: X% <— Y% and 8°: Y% =% X0 that form a minimal factorisation of
¢°: A — X. Analogously, in the a-th step we take morphisms o’: Q7 < Y™ and
BT Y7e 2y X7e which form a minimal factorisation of 8: Q™ — X7«. We claim
that the obtained morphisms a: A < Y and : Y =% X form a minimal factorisation
of g: A — X. We just proved:

Theorem 2.4. If the model category M satisfies the minimal factorisation axiom,
then so does tame([0, 00), M).

Corollary 2.5. If the model category M satisfies the minimal factorisation axiom,
then so does tame([0, 00)*, M) for any k =1,2, .. ..

3. Chain complexes of vector spaces

Let K be a field and N = {0, 1, ...} the set of natural numbers. A (non-negatively
graded) chain complex of K-vector spaces is a sequence of linear functions X =
{0n: Xnt1 = Xnnen of K-vector spaces, called differentials, such that §,0,41 = 0
for all » in N. In the notation of the differentials we often ignore their indexes and
simply denote them by §, or dx to indicate which chain complex is considered.

A chain complex X is called compact if @, .y X, is finite dimensional [1]. This
happens if and only if X, is finite dimensional for all n and X, is trivial for n > 0.

3.1. Homology
The following vector spaces are called respectively the n-th cycles and the n-th
boundaries of X:

Z,X = {XO ifn =0, BpX =1m(0,: Xpi1 — Xn).
ker(6p—1: X, = Xpo1) ifn>1,

Since 0,,6,+1 = 0, the n-th boundaries B, X are vector subspaces of the n-th cycles
Z,X. The quotient Z, X/B,X is called the n-th homology of X and is denoted by
H,X. We write ZX, BX and HX to denote the non-negatively graded vector spaces
{Zn X }nen, {BnX }nen, and {H, X }en (see Section 3.7).
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3.2. Model structure

A morphism of chain complexes g: X — Y is a sequence of linear functions
{gn: Xn = Yo}nen such that ¢,0x = dygns1 for all n. Such a morphism maps
boundaries and cycles in X to boundaries and cycles in Y. The induced map on
homologies is denoted by Hg: HX — HY. If Hg: HX — HY 1is an isomorphism,
then g is a weak equivalence. If g,: X,, = Y}, is an epimorphism for all n > 1 (no
assumption is made for n = 0), then g is a fibration. If g, : X,, — Y}, is a monomor-
phism for all n > 0, then g is a cofibration. This choice of weak equivalences, fibra-
tions and cofibrations defines a model structure on the category of chain complexes,
denoted by Ch (see [10,21]). Consider the full subcategory of Ch given by compact
chain complexes. The same choices of weak equivalences, fibrations, and cofibrations,
as for Ch, define a model structure on such a subcategory, denoted by ch.

3.3. Suspension
The suspension of a chain complex X, denoted by SX is a chain complex such
that:

X0—>0 lfn:();

6n:(SX)n+1—>(SX)n_{_5 1 Xn—> X1 ifn>0

Analogously, the suspension of a morphism g: X — Y of chain complex is a morphism
Sg: SX — SX such that:

0:0—=0 ifn=0,

Sg)n: (SX), SY), =
(Sg)n: (SX)n — (SY) {gnlzanﬁYnl if n > 0.

The assignment g — Sg is a functor denoted by S: Ch — Ch.

Note that HySX =0 and H,SX is isomorphic to H,_1X for all n > 0. Further-
more, if f is a cofibration or a weak equivalence, then so is Sf, and if f is a fibration,
then Sf is a fibration if and only if fy is an epimorphism.

The desuspension of a chain complex X, denoted by S™'X, is a chain complex
such that:

—51:X2—)21X 1fn:0,

(577,1 S_an - S_an:
( i1 ( : {_5n+1: Xnto = Xpp ifn>0.

Analogously, the desuspension of a morphism g: X — Y of chain complex is a
morphism S71g: STt X — S71X such that:

g1:Z1X—)Z1Y lfTL:O,

ST ) (S7TIX), = (7Y, =
( 9 ( ) ( ) Ons1: Xng1 = Yop1  ifn>0.

The assignment g — S~ 'g is a functor denoted by S~': Ch — Ch.

Note that H,S~'X is isomorphic to H, 1 X. If f is a fibration, cofibration or a
weak equivalence, then so is S~!f. Furthermore, S~'SX is isomorphic to X, and
SS~1X is isomorphic to X if and only if Xy = 0.

We now provide some explicit constructions of chain complexes used essentially in
Section 3.8 to compute the standard decomposition and the minimal representative
in ch.
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3.4. Cofiber sequences

Let f: X =Y be a morphism of chain complexes. Define a chain complex C'f,
called the cofiber of f, a cofibration i: Y — Cf, and a fibration p: C'f — SX, as
follows:

L e { o Y o Vi —
N [ PN I [ I
cr :"'M’}%@)@MY&@)QMH@XO [y /] Y,
[ P R R
SX — ... —ox X, —ox X sy %, !

The cofibration 7 and the fibration p form an exact sequence, called the cofiber
sequence of f:

0 Yy s Of 25 SX 0

Consider two maps of chain complexes f: X — Y and g: W — Z. Each of them
leads to a cofiber sequence. A natural transformation between these exact sequences
is by definition a triple of morphisms of chain complexes Sa: SX — SW, g: Y — Z
and v: Cf — Cg which make the following diagram commute:

0 Y ' Cf —> SX 0
lﬁ lv lSa
0 Z s Cg —Ls SW 0
Commutativity of this diagram has two consequences. First, ~ is of the form:
Bo: Yo = Zo ifn=0,
%{{50” Ziii} Y, X1 = Z, W,y ifn>0.

Second, the sequence of linear functions h = {h,,: X;, = Z,11}n>0 satisfies the equa-
tion 8f — ga = dzh + hdx, which means that h is a homotopy between Sf and ga. It
follows that the set of natural transformations between the two cofiber sequences is in
bijection with the set of triples consisting of morphisms a: X — W and : Y — Z,
and a homotopy h between 3 f and ga. We illustrate such a triple in form of a diagram:

x .y
%Xlﬁ
W —9-> Z

The symbol C(«, 8,h): Cf — Cg denotes the morphism v: C'f — Cg, corresponding
to this triple («, 3, h).
In the case h = 0, such a diagram corresponds to a commutative square:

x 1.y x 1.y

ANG = e

W —9—> Z w25z
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In this case, the corresponding morphism between the cofibers is denoted simply by
Cla,B): Cf — Cyg.

In the case the differentials §z and dx are trivial (in all degrees), the following
implication holds (homotopy commutative square is commutative):

x 1 Ly o x 1 Ly
al \ lg implies ai \ iﬁ
W —s— 7 W-—¢— 7

3.5. Comparison morphism

Let f: X — Y be a morphism of chain complexes. Consider the quotient morphism
q: Y = Y/f(X) and define the comparison morphism Cf — Y/f(X) to be:

Sy f
0 —8x
—

cf = - YQ@X1MY1EBX0 il Ly,
| o de |
Y/F(X) = - —2 (Y/f(X) —2— (Y/F(X))1 —>— (Y/F(X))o

If f is a monomorphism, then the comparison morphism Cf — Y/f(X) is a weak
equivalence.

3.6. Factorisation
The complex Clx is also denoted by CX and called the cone on X. Explicitly,
the cofibration i: X — CX is given by:

X = ... ,x °x X, °x X, — X X,
I S TR N |
CX = TN X e X, S e Xy N X 6 Xy o X,

Note that HCX = 0.
The complex S~'CX is also denoted by PX and called the path complex on X.

We also use the symbol p: PX — X to denote the fibration given by the desuspension
S7lp: S7IOX — S71SX = X. Explicitly:

[0 5] [ o) [ o) (~ax 1]

PX = .. — X, 0 X3 X3 @ Xo Xo® X1 X1

lp Jon] Jto2] Jto2] Jox
Sx Sx Sx ox

X = ... X3 X2 Xl XO

Note that HPX = 0.
Since HPX = 0= HCX, the fibration p: PX — X and the cofibration i: X —
CX fit into the following factorisations of the morphisms 0 — X — O:

PX ‘ cX
0/ \I’&X/ \0
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These morphisms ¢ and p can be used to construct explicit factorisations of arbi-
trary morphisms in Ch, whose existence is guaranteed by axiom MC5: any g: X — Y
fits into a commutative diagram:

0/’
\

XePrY

g

\
CX@Y/

These factorisations are natural, however in general not minimal (see Definition 1.1).
To obtain minimal factorisations we cannot perform natural constructions and we
will be forced to make some choices.

3.7. Graded vector spaces

A (non-negatively) graded K-vector space is by definition a sequence of K-vector
spaces V = {V,, }nen. Such a graded vector space is concentrated in degree k if V,, = 0
for all n # k. Graded vector spaces concentrated in degree 0 are identified with vector
spaces.

Let V = {V,}nen be a graded K-vector space. The same symbol V is also used
to denote the chain complex {0: Vj,41 — Vi }nen with the trivial differentials. In
this case, HV = V and hence any weak equivalence ¢: V' — V is an isomorphism. In
fact, an arbitrary chain complex X is minimal (see Definition 1.3) if and only if all
its differentials are trivial. More generally, any cofibration a: X < Y for which the
chain complex Y/a(X) has all trivial differentials satisfies the following minimality
condition: any weak equivalence ¢: Y — Y for which ap = « is an isomorphism. To
see this consider a commutative diagram with exact rows:

0 X%y Y/a(X) —— 0
| |
0 X 25y Y/a(X) —— 0

Using the long sequences of homologies for each row, we can conclude the morphism
Y/a(X) — Y/a(X) is a weak equivalence and hence an isomorphism as Y/a(X) is
assumed to have all differentials trivial. We can then use the exactness of the rows to
get that ¢ is also an isomorphism.

To denote the n-fold suspension of K we use the symbol S™. Explicitly, S™ is the
chain complex concentrated in degree n such that (S™), = K. For example, S° = K.
The complex S™ is called the n-th sphere. The cone C'S™ is denoted by D™*! and
called the (n + 1)-st disk. Explicitly:

(D" 1), = K ifk:r.Lork:n—I—l’ 5 = 1 isz?jb '
0 otherwise 0 otherwise
3.8. Standard decomposition and minimal representative
Let X be a chain complex. Consider the morphisms p: CBX —» SBX + X:{x
(see Section 3.4). Axiom MC4 guarantees existence of a morphism ¢: CBX — X
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making the following diagram commutative:

0 - X
Nl /,.¢’/ ig
CBX —p—» SBX

The restriction of any such ¢ to i: BX — C'BX is the standard inclusion BX —
ZX < X. This can be seen by looking at the long exact sequences of homologies
applied to the rows in the following commutative diagram:

0 BX —* > 0BX —2 % SBX — > 0
| o |
0 ZX X —9% »8SBX — 0

The morphism ¢ leads therefore to a pushout square (in particular ¢ is a cofibration):

BX —' - OBX

| ls

ZX — X

Since considered coefficients are in a field and all the differentials in BX, ZX and
HX are trivial, there is a morphism s: HX — ZX, whose composition with the
quotient ZX — H X is 1gx. For any such s, the morphism [z 8] :BX®OHX - 7ZX
is an isomorphism. It follows that so is the morphism [(b s} :CBX®HX — X,
where the symbol s also denotes the composition of s: HX — ZX and the inclusion
ZX — X. We call CBX @& HX the standard decomposition of the chain complex
X. Since CBX has trivial homology, the morphism s: HX — X is a weak equivalence
and hence HX is the minimal representative (see Definition 1.3) of X.

3.9. Minimal factorisations
Let g: X — Y be a morphism of chain complexes. To construct its minimal fac-
torisation (see Definition 1.1) we perform the following steps:

1. Take the kernel j: W — X of g: X —» Y
2. Choose an isomorphism W = CBW & HW (see Section 3.8);

3. Consider the composition:

~

10
CBW & HW (M CBW @ CHW

\a/

4. Use axiom MC4 to construct a morphism ¢: X — CBW & CHW, which fits
into the following commutative diagram:

w

W —%*~ CBW @ CHW

1ok

X = 0

5. The morphism [?] : X — (CBW & CHW) @Y is then a cofibration.
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We are now ready to state:

Proposition 3.1. The following factorisation is minimal:

[4] (CBW & CHW) &Y

g/' \[0:

X g Y

Proof. Tetw = [ {11022 ] : (CBW @ CHW)©Y — (CBW & CHW) @Y be a mor-

phism making the following diagram commutative:

X H (CBW o CHW)®Y
w/ ~i[0 1]

[01]

~

H

(CBW @ CHW) &Y Y

Commutativity of the bottom triangle implies 197 = 0 and 199 = 1. Since W is the
kernel of g, commutativity of the top triangle implies commutativity of:

We—=*——- CBWa®CHW

|

CBW @ CHW

The quotient (CBW @& CHW)/a(W) = SHW has all differentials trivial. The mor-
phism 11 : CBW & CHW — CBW & CHW is therefore an isomorphism (see Sec-
tion 3.7). It follows that so is ¢ = [%1 12 | O

We just proved that ch satisfies the minimal factorisation axiom. By Theorem 2.4,
it follows that tame([O, oo),ch) also satisfies the minimal factorisation axiom, and
thus any tame parametrised chain complex admits a minimal cover. In Section 4, we
provide a characterisation of such minimal covers.

4. Cofibrations in tame([0, c0),ch)

In this section we discuss cofibrations in the model category tame([0,00),ch) as
described in Theorem 2.2. According to Proposition 2.3, an object X in tarne([O7 00),
ch) is cofibrant if and only if the transition X*<!: X* — X! is a monomorphism
(a cofibration in ch) for every s < t in [0, 00). This implies that if Y is cofibrant, and
f: X — Y is a monomorphism in tame([O, 00), ch), then X is also cofibrant.

For example, the following objects are cofibrant. They are parametrised by a nat-
ural number n and an element in  := {(s,¢e) € [0,00) x [0,0] | s < e}, where [0, 0]
is the poset of non-negative reals plus co.

Definition 4.1. The Kan extensions (see Section 2.1) given by the data described in
the following table are called interval spheres:
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Index n,s<e=00|n,s=e<o0| ns<e<o0
Name I [s,00) I™[s,s) I [s,e)
k 0 0 1
Functor [k] — ch Sn Dt i: " — D"l
Inclusion [k] C [0, 00) 5 5 s<e

199

For example, 12 [5,00) : [0,00) — ch is a functor whose value at ¢t < 5 is 0, and at
5 < t is S2. Similarly, 12 [5,5) : [0,00) — ch has value 0 if t < 5, and D? if 5 < t. The
functor I%[5,7) : [0,00) — ch has three values: 0 if t <5, S? if 5 <t < 7, and D3 if
7 < t. The transition morphisms in 12 [5,7) are either the identities, or the inclusion
0 < S2 or the inclusion i: $? — D3.

A morphism I" [s,e) — 0 is a weak equivalence if and only if s = e. Thus, interval
spheres of type I™[s,s) are the only interval spheres for which the chain complex
I"[s,5)" has trivial homology for every parameter ¢ in [0, 00).

The main result of this section is the structure theorem (compare with [4,19,23]):

Theorem 4.2.
(1) Any cofibrant object in tame([0,00),ch) is isomorphic to a direct sum
@®L_, 1™ [si,e;), where | could possibly be 0.

(2) If ®L_ I [s;,e;) = @2/:1]”3' [5'4 e’-), then l =1’ and there is a permutation o of

3%
the set {1,...,1} such that n; = n;(i), 8; = 3;(1‘)’ and e; = e;(i) for any 1.

To prove Theorem 4.2, we first need to characterise cofibrations in tame([O, 00), ch)
and explain how to enumerate morphisms out of I™ [s, e). We start with cofibrations:

Proposition 4.3. For every morphism g: X =Y in tame([O, oo),ch), the following
statements are equivalent:

1. g is a cofibration;

2. ¢': X' = Y is a monomorphism for every t in [0,00), and Y/g(X) is cofibrant;

3. gt Xt - Y is a monomorphism for every t in [0,00) and, for all s <t in
[0,00), the following is a pullback square:

s<t
xs X0, xt

AL

s<t
ys XY o, yt

Proof. In the proof, we utilise the following fundamental linear algebra statement.
Consider commutative diagrams of vector spaces:

Vi>Wo

S

w, 2 .U

It leads to two vector spaces:
P=lim( Wy 25U <2 W),  Q:=colim( Wy <2~ V —2%, W, )

and two linear functions a: V' — P and §: Q — U that make the following diagrams
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commutative, where the inside squares are respectively a pullback and a pushout:
14 < V2 W
Q\
P—— W, all l Bo
o Bo Wi —— Q 8
! ; ~— ™

W1 _— U 81 U
Then a: V — P is surjective if and only if 8: @ — U is injective.
1=2: The first part of 2 follows from Proposition 2.3.1, and the second from the
fact that in a model category cofibrations are preserved by pushouts.

2=38: Forall s < tin [0,00), we have the following commutative diagram, where
the indicated arrows are cofibrations in ch:

Xt Y e Y (X

Xml lym [

t

XL Y Y g(X )

The pullback lim(X* Iyt X Y'#) is isomorphic to the kernel of the com-
position Y* — Y*¥/g(X)®* < Y'/g(X)*!. Since the second map is an inclusion, this
pullback coincides with the kernel of Y* — Y% /g(X)*. Consequently, the left square
is a pullback.

3=1: Let0 =1y <--- <7 beasequence that discretises both X and Y. Accord-
ing to Theorem 2.2, we need to show that §7«: P™ — Y7 is a cofibration for all a.
This is a consequence of the linear algebra statement given at the beginning of the
proof. Indeed, the square is a pullback, its mediating morphism is the identity and
thus g7 is a monomorphism, and so a cofibration in ch. O

4.1. Morphisms out of I" [s, )

A morphism g: I"™ [s,00) — X leads to a linear function g5 : I" [s,0)) = K — X3.
Let z := g2 (1) in X7. This element satisfies the equation é(x) = 0, which means that
x belongs to the cycles Z,, X°. Choosing an element in Z, X*® is all what is needed to
describe a morphism out of I" [s, 00). For any x in Z,, X*, there is a unique morphism
I(z): I [s,00) — X such that = I(x)$(1). The association g — g2 (1) describes a
bijection (in fact a linear isomorphism) between the set of morphisms I" [s,00) — X
and the set of cycles Z, X*.

4.2. Morphisms out of I"[s,e)

Let s < e < 0o. A morphism g: I™ [s,e) — X leads to two functions g5 : I" [s,e)’ =
K — X; and g5, I" [s,e), ., = K — X5, . Define two elements z := g5 (1) in X
and y := g%, (1) in X2 . These elements satisfy equations §(z) = 0 and X35¢(z) =
d(y). These equations contain all the information needed to describe a morphism out
of I" [s,e). If x in X and y in X, satisfy these equations, then there is a unique
morphism I(z,y): I™ [s,e) — X such that x = I(x,y); (1) and y = I(z,y)5,1(1). The
association g — (g5 (1), 9%,1(1)) describes therefore a bijection between the set of
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morphisms I™ [s,e) — X and the pullback:

s<e
lim(Z, X5 — X¢ <% xe )

In the case s = e, this pullback can be identified with X ;. Thus, the set of
morphisms I™ [s,s) — X is in bijection with X ;.

For X = I"[s,s), the elements 1 in K = I"[s,s); and 1 in K = I"[s,s), ,, sat-
isfy the required equations. The obtained morphism I"™[s,e) — I"[s,s) is called
the standard inclusion. Since not all of the transition morphisms of the quotient

I™[s,s) /I™[s,e) are monomorphisms, the standard inclusion is not a cofibration.

4.3. Cofibrations out of I"[s,e)

In this paragraph we describe necessary and sufficient conditions for g: I"™[s,e) — X
to be a cofibration. Since I"™ [s,e) is cofibrant, if there is such a cofibration, then X
has to be cofibrant. Let us then make this assumption. The transition morphisms
in X are therefore assumed to be cofibrations (see Proposition 2.3).

Choose 0 =79 < -+ < 75 that discretises X and I"[s,e), and consider the dia-
grams:

I"[s,e)Ta—1<Ta

I"[s,e)™ ! I"[s,e)™
o] Jo~
X Ta—1 XTa-1<Ta XTa
By Proposition 4.3, since X is cofibrant, g: I™ [s,e) — X is a cofibration if and only if
the diagram above is pullback for all a = 1,..., k. These diagrams are pullbacks if in
every homological degree h they are pullbacks of vector spaces. They can fail to be so
only if the transition morphism I™ [s,e)7*~* =™ is not the identity, which happens in

two cases: (i) T4—1 < s =74 and h=n, or (ii) e < 00, T,—1 < e =Ty, and h =n + 1.
In both of these cases, the diagram above becomes:

0 K

Ta
g
l XTa—1<Ta l h

Ta—1 h Ta
—
Xh Xh

and hence it is a pullback if and only if g;*(1) is not in the image of X }TL“’KT“. We
have just proven:

Proposition 4.4. Let X be an object in tame([0, 00), ch).

1. Let n be a natural number, s be in [0,00), and x be in Z,X*. Then the mor-
phism I(x): I™[s,00) — X (see Section 4.1) is a cofibration if and only if X is
cofibrant and x is not in the image of XI<%: Xt — X3 for anyt < s.

2. Let n be a natural number, s < e be in [0,00), and x in Z,X* and y in X,
be such that X:S¢(z) = 6(y). Then I(z,y): I"™ [s,e) — X (see Section /.2) is a
cofibration if and only if X is cofibrant, x is not in the image of X!<5: X! — X3
for any t <'s, and y is not in the image of X!59: XL 1 — X5, foranyt <e.

We are now ready for:
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Proof of Theorem 4.2. (2) This is a consequence the fact that I” [s, e) is indecom-
posable, for all n and s < e (see [2,3]).

(1) Let X in tame([0,00),ch) be cofibrant. Choose a sequence 0 =7 < -+ < 7
discretising X. The morphism X7e-1<7a: X7a—1 — X7 js then a cofibration in ch
for every a =1,..., k.

Assume first all the differentials in X are trivial for all £. In this case, X is isomor-
phic to @,,5¢ Xn. Let 19 := dim X° and I7* := dim coker(X;* <7 X]o7! — XTa)
for a=1,...,k. Then X, is isomorphic to @Z:o EBQI I™ [14,00) and consequently
X is isomorphic to:

e

PBPPI (..

n>0 a=0 j=1
Assume now there is a non-trivial differential in X and set:

(a) n to be the smallest natural number for which 6: X/, ; — X! is non trivial for
some t. This assumption implies X! = Z,, X* for any ¢.

(b) e to be the smallest 7, for which §: X%, — X7 is non trivial.

(c) s to be the smallest 7, such that 7, < e and for which the following intersection
contains a non zero element:

im (XS Z, X = X7* < XE) Nim (6: X5 — X5) #0

We claim that these choices imply X is isomorphic to I™ [s,e) & X’. We can then
apply the same strategy to X’. If X’ has a non-trivial differential, we split out of
X' another direct summand of the form I" [/, ¢’) for s’ < ¢ in [0,00). Tameness
guarantees that this process eventually terminates and we end up with an object
with all the differentials being trivial, which we can decompose as described above
and the theorem would be proven.

It remains to show our claim that X is isomorphic to I™ [s,e) @ X'. For that, we
make some choices:

1. Choose a non zero vector v in the intersection from step (c) above.
2. Choose z in X3 = Z,X* and y in X¢ such that: X;5¢(z) = v = §(y).
3. Consider the morphism I(x,y): I" [s,e) — X (see Section 4.2).

The reason why we made all these choices is to ensure I(z,y): I" [s,e) = X is a
cofibration (see Proposition 4.4.2).

Let ¢: X — I™[s,s) be a morphism that fits into the following commutative dia-
gram, where the top horizontal morphism is the standard inclusion (see Section 4.2).
Existence of such a ¢ is guaranteed by axiom MC4:

I"[s,e) —— I"[s,s)
How) o7 i”
X = 0

If t < e, then the differential 6: X!, ; — X! is trivial. Thus, for any s <t < e, the

linear function ¢f ,: X! | — I"[s, e);Jr1 has to be trivial. It follows that ¢: X —
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I™[s, s) factors through the standard inclusion:

X

X 4, n [s,e) is therefore the identity and

consequently X is isomorphic to a direct sum I" [s,e) & X'. O

I(z,
The composition 1™ [s,e) Lo,

5. Betti diagrams of objects

Let X be a cofibrant object in tame([(), 00), ch). According to Theorem 4.2 there
are unique functions {8,X: 2 — {0,1,...}}n=0.1,..., called Betti diagrams of X,
such that X is isomorphic to:

D P s

n (s,e)eN

Betti diagrams have finite support: the set supp(8,X) = {(s,e) € Q| 8, X (s, e) # 0}
is finite for every n. Thus, to describe an isomorphism type of a cofibrant object X
in tame([O, 00), ch), a sequence of functions {3, X : @ — {0,1,.. .} }5=0,1,... with finite
supports needs to be specified. Such functions are also called persistence diagrams (see
[11]). Betti diagrams are complete invariants of cofibrant objects in tame([0, 00), ch)
and they play a fundamental role in persistence and TDA.

In this section, we explain various ways of assigning Betti diagrams to arbitrary
objects (not only cofibrant) in tame([0,00),ch). For such general objects one should
not expect these invariants to be complete. Our strategy is to approximate arbitrary
objects by cofibrant objects and use Theorem 4.2 to extract Betti diagrams from the
obtained approximations.

Minimal representatives (Definition 1.3) and minimal covers (Definition 1.1) are the
most fundamental constructions that convert an arbitrary object in tame([0, c0), ch)
into a cofibrant one. This leads to two invariants of an isomorphism class of X in
tame([O, 00), ch) which are called minimal Betti diagrams and Betti diagrams:

minimal Betti di% X }—ﬂ‘jgrams

{BnX": Q= {0,1,.. .} }n=0.1,... {Bncov(X): @ = {0,1,.. .} }n=01,...

where X’ is a minimal representative of X and cov(X) — X is a minimal cover of X.
We also use the symbols 7" X and 3, X to denote respectively 3, X’ and 3,cov(X).
Moreover, if X and Y are weakly equivalent, then fMPX = gminy’,

To understand relationship between these invariants, we first characterise minimal
objects (see Definition 1.3) in tame ([0, 00), ch). Let X be cofibrant in tame ([0, 00), ch).
Consider its decomposition into a direct sum of interval spheres (Theorem 4.2). If this
decomposition contains a component of the form I"™ [s, s), then by projecting it away,
we obtain a self weak equivalence of X which is not an isomorphism. Thus, if X is
minimal, its decomposition cannot contain such components, which is equivalent to
having 3, X (s,s) =0 for all n and all s. This implication can be reversed:
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Proposition 5.1.

1. An object X in tame([(),oo),ch) is minimal if and only if it is cofibrant and
BnX (s,8) =0 for all natural numbers n and all s in [0, 00).

2. A morphism c: X — Y is a minimal cover if and only if X is cofibrant, ¢ is
a weak equivalence and a fibration, and no direct summand of X of the form
I™[s,s), for some n and s, is in the kernel of ¢ (is mapped via ¢ to 0).

Proof. We start with describing how a self weak equivalence of an object X in
tame([O,oo),ch) leads to its decomposition as a direct sum. Let f: X — X be a
weak equivalence. Since all objects in tame([O, oo),ch) are compact, there is a nat-
ural number [ for which f!' = f'*% for all kK > 0. We can then form the following
commutative diagram where the top horizontal morphism is an isomorphism:

im(f!) im(f")
X f X f X

Commutativity of this diagram, and the facts that the top horizontal morphism is an
isomorphism and f! is a weak equivalence, have two consequences: X is isomorphic
to a direct sum im(f!) @ ker(f'), and the morphisms X — im(f') and ker(f') — 0
are weak equivalences.

1. Assume X is cofibrant and 3,X(s,s) =0 for all n and s. Let f: X — X be
a self weak equivalence and [ be such that X is isomorphic to im(f!) @ ker(f') and
the morphism ker(f!) — 0 is a weak equivalence. According to Theorem 4.2, ker(f!)
is a direct sum of interval spheres of the form I™[s,s). Since by the assumption X
does not have such components, ker(f') =0 and consequently f! and hence f are
isomorphisms. That proves statement 1.

2. Consider a morphism c¢: X — Y such that X is cofibrant, ¢ is a weak equiva-
lence and a fibration. If the kernel of ¢ contains a direct summand of X of the form
I™[s, s), then by projecting it away, we would obtain a weak equivalence f: X — X
such that c¢f = ¢ and which is not an isomorphism, preventing ¢ to be a minimal
cover.

Assume now that the kernel of ¢ does not contain any direct summand of X of the
form I™[s, s). Counsider a weak equivalence f: X — X such that ¢f = ¢. Choose [ for
which X is isomorphic to im(f!) @ ker(f!) and the morphism ker(f!) — 0 is a weak
equivalence. As before, Theorem 4.2 ensures that ker(f') is a direct sum of interval
spheres of the form I" [s, s). Since ker(f!) is in ker(c) and it is a direct summand of
X, the assumption implies ker(f!) is trivial, and as before f is an isomorphism. [

Corollary 5.2. Let X be an object in tame([0,00),ch) (not necessarily cofibrant).

1. A cofibrant object X' in tame([O, 00), ch) s a minimal representative of X if and
only if it is weakly equivalent to X and 5,X'(s,s) =0 for all natural numbers
n and all s in [0,00).

2. Let X' be the minimal representative of X and cov(X) its minimal cover. Then
BrnX'(s,€) = Breov(X)(s,e) for all s < e.

According to the above corollary, the minimal Betti diagrams and the Betti dia-
grams may differ only on the diagonal A := {(s,s) € 2} C Q. The minimal Betti
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diagrams ignore the diagonal by assigning 0 to all its elements (see Proposition 5.1),
reflecting the fact that minimal representative does not contain any component with
trivial homology. The Betti diagrams on the other hand do not ignore the diago-
nal and retain information about components of the cover cov(X) that have trivial
homology.

For certain objects in tame([O, 00), Ch), the minimal Betti diagrams and the Betti
diagrams coincide and provide a complete set of invariants:

Proposition 5.3. Assume X and Y in tame([O7 oo),ch) are such that all the differ-
entials of Xt and Y are trivial for all t in [0,00). Then:

X and Y are isomorphic if and only if they are weakly equivalent.
X and'Y are isomorphic if and only if their minimal Betti diagrams are equal.

The minimal cover and the minimal representative of X are isomorphic.

T o~

The minimal Betti diagrams and Betti diagrams of X coincide.

Proof. Statement 1 is a consequence of the fact that X and Y are isomorphic to their
respective homologies. Statement 2 follows from statement 1. To show statement 3,
choose a minimal representative X’ of X and a weak equivalence f: X’ — X. Since
X is isomorphic to its homology, f is a fibration and hence it is also a minimal cover
of X. Finally statement / is a consequence of statement 1. O

5.1. Tame [0, c0)-parametrised vector spaces

We regard tame [0, oo)-parametrised vector spaces, also known as persistence
modules, as objects in tame([O, 00), ch) whose values are concentrated only in degree 0
for all parameters ¢ in [0, 00) (see Section 3.7). Such objects in tame ([0, 00), ch) satisfy
the assumption of Proposition 5.3 and hence their isomorphism types are uniquely
determined by their Betti diagrams. Furthermore, minimal representatives and min-
imal covers of such objects coincide. It follows that for a tame [0, c0)-parametrised
vector space X, we have 8,X(s,s) =0 for all n and s (see Proposition 5.1). Since
homology in positive degrees of X is trivial, we also get 5,X =0 for all n > 0.
Thus, the isomorphism type of X is uniquely determined by its 0-th Betti diagram
BoX:Q — {0,1,...}. In this case S X coincides with the usual persistence diagram
of X [11].

6. Betti diagrams of morphisms

In this section we explain various ways of assigning Betti diagrams to a morphism
g: X =Y in tame([0, 00), ch).

6.1. Minimal factorisations

If g: X — Y is a cofibration, then the quotient Y/g(X) is cofibrant and we can take
its Betti diagrams S, (Y/g(X)). If g: X — Y is not a cofibration, we can consider its
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minimal factorisation (see Definition 1.1):

a A B
T T
g—Y

X

and assign to g the Betti diagrams £,, (A/a(X)) of the quotient A/a(X). These Betti
diagrams are invariants of the isomorphism type of g, and in the case X = 0 recover
the Betti diagrams of Y discussed in Section 5.

6.2. The cover of the cofiber
Instead of taking the minimal factorisation of g, we can apply the cofiber construc-
tion (see Section 3.4) parameterwise, to obtain an exact sequence in taune([O7 00), ch):

0——Y —5 C0g —2> 8X 0

We can then assign to g the Betti diagrams S,,cov(Cg) of the minimal cover cov(Cyg)
of the cofiber C'g. The diagrams f,cov(Cyg) depend on the isomorphism type of g, and
as before, in the case X = 0, recover the Betti diagrams of Y discussed in Section 5.

6.3. The cofiber of the covers
We can extract a cofibrant object out of g: X — Y yet in another way. Use
axiom MC4 to choose a morphism ¢’ that fits into the following commutative square,
where the vertical morphisms denote the minimal covers:
cov(X) —L— cov(Y)

Cxir\/ Nicy
X g Y

Since cov(X) and cov(Y") are cofibrant, then so is the cofiber C¢’, and hence we can
take its Betti diagrams (3,Cyg’. Although in this construction we made a choice of
g’, the obtained Betti diagrams do not depend on it and hence provide invariants
of the isomorphism type of g. To prove this independence, consider the morphism
C(ex,cy): Cg' — Cg, induced by the commutativity of the square above (see Sec-
tion 3.4). It fits into the following commutative diagram with exact rows, where the
indicated morphisms are weak equivalences, cofibrations, and fibrations:

0 —— cov(Y) —— Cg’ —2» Scov(X) —— 0
CY&’\' NiC(cx,cy) NiScx
0 Y — Cg —2» §X 0

Proposition 6.1. The following factorisation is minimal:

e O oo
cov(Y) icy Cg

Furthermore, if X is cofibrant, then C(cx,cy): Cg' — Cg is a minimal cover.
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Since the morphism icy : cov(Y) — Cg does not depend on ¢’, neither does its
minimal factorisation. Therefore, Proposition 6.1 implies that the isomorphism type
of C'¢’ does not depend on the choice of ¢’ and consequently neither 3,Cg’.

Proof of Proposition 6.1. Consider a self equivalence f: C¢’ — Cg’ of the factorisa-
tion. It fits into the following commutative diagram:

cov(Y) — ; Cyq' b Scov(X)

/
cov(Y) /Z / Cq' / / Scov(X) 7
N VT e Yoo NG S”‘
Yy -~ Cyg

The induced morphism Scov(X) — Scov(X) is then a weak equivalence and hence
an isomorphism as Scx: Scov(X) — SX is the minimal cover. The morphism f is
therefore an isomorphism as well.

Assume X is cofibrant. We are going to use the criteria from Proposition 5.1 to
argue that in this case C'(cx, cy) is a minimal cover. Since cov(X) = X, the following
square is a pullback:

SX

cov(Y) —— C¢'
cyl'\d Nlc(c‘x,cy)
Y : Cyg

It follows that the kernel of C(cx,cy) coincides with the kernel of ¢y. Consider
a direct summand of Cg’ of the form I"[s,s), for some n and s, that belongs to
the kernel of C(cx,cy). Then this summand belongs also to the kernel of ¢y . In
particular, it is included in cov(Y") and hence it is also a direct summand of cov(Y).
That contradicts the criteria from Proposition 5.1 applied to cy. We can conclude
that such summands do not exist and hence, according to the same criteria, C(cx, cy)
is a minimal cover. O

With a morphism g: X — Y in tame([O, 00), ch), we have associated four cofibrant
objects: A/a(X) (see Section 6.1), cov(Cyg) (see Section 6.2), C'g’ (see Section 6.3),
and the minimal representative of cov(Cyg). These cofibrant objects lead to Betti
diagrams f3,, (A/a(X)), Bucov(Cg), BnCyg’, and SR cov(Cyg). Since all these cofibrant
objects are weakly equivalent to each other, all these Betti diagrams agree for all (s, )
in © such that s < e. They may have different values only on the diagonal A C Q.

6.4. Commutative ladders

A commutative ladder is by definition an object in tame([O7 00), ch) whose val-
ues at all parameters are chain complexes which are non trivial only in degrees zero
and one. For example, I [s, s) is a commutative ladder. Similarly, so is the Kan exten-
sion of D! — 0 with respect to a sequence s < e of elements in [0, 00) (see Section 2.1).
A tame [0, 00)-parametrised vector space is also an example of a commutative lad-
der. In general, however, in contrast to tame [0, co)-parametrised vector spaces, the
minimal Betti diagrams of a commutative ladder can fail to be equal to its Betti
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diagrams. For example, the minimal representative of I°[s, s) is trivial, however its
minimal cover is I° [s, s). Furthermore, again in contrast to tame vector spaces, Betti
diagrams are not complete invariants of commutative ladders. For example, I° [s, s)
and the Kan extension of D! — 0 with respect to a sequence s < e of elements in
[0, 00) have isomorphic minimal covers and hence same Betti diagrams.

If f: X — Y is a morphism of tame [0, co)-parametrised vector spaces, then its
cofiber Cf is a commutative ladder. Any commutative ladder Z is the cofiber of
its differential §: Z; — Zj, where we regard Z; and Z; as [0, co)-parametrised vec-
tor spaces. Thus, we can extract from Z various Betti diagrams assigned to the
morphism §: Z; — Z;. For example, we can consider the Betti diagrams of the quo-
tient of the cofibration in the minimal factorisation of the differential §: Z; — Zj
(see Section 6.1). We can also apply to d the procedure described in Section 6.3
to obtain another sequence of Betti diagrams. Thus, a commutative ladder leads
to four sequences of Betti diagrams. These Betti diagrams are not arbitrary. Let
Brn: Q2 —{0,1,...} be any of these Betti diagrams extracted from a commutative
ladder. Since for n > 1, there are no non-trivial morphisms from the interval sphere
I™[s, s) into any commutative ladder, 3,(s,s) = 0for n > 1 and s in [0, 00). As values
of commutative ladders have no homology in degrees strictly bigger than 1, we then
also get B, =0, for n > 1.

7. Zigzags

7.1. Discrete zigzags

Throughout this section, k is assumed to be a positive natural number. Elements of
the set {r, [} are called directions, r stands for right and [ for left. Let ¢ = (c1,...,cg)
be a sequence of directions i.e., elements of {r,l}. Such a sequence determines a
poset structure “—” on {0,1,...,k} where, fora <bin {0,1,...,k}, a < bif co41 =
cwo=¢p=1,and a = b if ¢c441 = -+ = ¢, = r. This poset is denoted by [k]. and the
sequence c is called its profile. A profile ¢ consisting of only r’s is called standard
and the induced poset structure on {0,1,...,k} is denoted by [k]. Here are graphical
illustrations of [4]. for 3 different profiles:

0+ 1+2—3—4, 0—-1—-2—3—4, 0+ 1—-2+3—4

To define a functor X : [k]. — Ch, the following needs to be specified:
e i+ 1 chain complexes X® for every a in {0,1,..., k},

e k chain morphisms: X% !7¢: Xo~! 5 X for every a such that ¢, = r, and
Xxa—a=l, xa 5 xa=1 for every a such that ¢, = .

A discrete zigzag is by definition a functor of the form X : [k]. — Ch for some k
and some profile c.

7.2. Straightening zigzags

Choose a profile ¢ = (c1,...,¢x). For a in {0,1,...,k}, define its weight w, to be
the size of the set {k | kK < a and ¢ = l}. The weight of a is the number of [ directions
in ¢ whose indexes are not bigger than a. Thus, wg =0, and w; = 1 if and only if
c1 = l.
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In this paragraph we are going to explain how to convert a zigzag X : [k]c — Ch,
indexed by the poset [k]., into a functor X : [k] — Ch indexed by the standard poset
[k]. For a in {0,1,...,k} define:

SWa X @ ifa<kandcyrq=r,
Ya _ SwaOXa—O—l—m if a < k and Catl = l,
Swr Xk ifa==k.

Thus, for a < k, the value X depends on the direction cqy1. If ¢opq = r, then X°
is the w, suspension of X“. If ¢,11 = [, then X% is the w, suspension of the cofiber
CXaot1=a (see Section 3.4).

Next we are going to define morphisms XX S X for every a in {1,...,
k}. These morphisms depend on the directions ¢, and ¢,41 for a < k, and ¢, for a = k,
and are defined as follows, using the morphisms ¢ and p as described in Section 3.4:

e Assume either a < k, ¢, =7 and c441 =1, or a = k and ¢, = r. Then:

— Wq = Wg-1,
~a—1
_ QWg— a—1 _ Qw, ya—1
SR L G G
— X =S% X,
—a—1<a ——a—

The morphism X X" 5 X% s set to be:

~va—1<a
—a—1 X —
X SE——. ¢

Swu,Xafl Sw,,,Xaflﬂa S’waXa
o If ¢, =r and c4y1 =1, then:
- Wq = Wg-1,
_ ya—l — Qwa—1xa-1 — Sw“Xafl,
_ ya — SwaCXa-‘rl—)a-
. —a—1<a —==a-—1 —a . o,
The morphism X : X — X is set to be the composition:

Ya—1<a

Xafl - Ya

Swa Y a—1 _SwexeTiTe Swa xa 5" qua (y xatla
e Assume either a < k, ¢, =1 and ¢,41 =7, or a = k and ¢ = [. Then:

— Wq = Wg-1+ ]-v

_ ya—l — Swa,cha—)a—17
— X% = Qwaxa— Qwa—19X0
—a71<a. ~a—1

The morphism X X — X" is set to be:

~a—1<a
a—1 X

X - X

SWa—1 (1 xa—ra—1 SWa-lp SWa-1G X0 — GWwa Xa

a
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o Ifc, =1 and c4q1 =1, then:

— Wq = Wq—1 + 17
—a—1

- X — Swa,cha—m—l’
— X" = §ueCXotlze = guasi GO Xtz

—a—1<a . ——a—1

The morphism X X — X" is set to be the composition:

Swa—1(y X a—a—1 SWa—lp GWa—1§Xa — GWa Xa « SWaq Swa (o xatloa

For example, consider the following discrete zigzags of chain complexes:

X — ( X, f1 X, f2 X, f3 Xs fa X, )

Y = ( YO g1 Yl 92 Y2 g3 Y3 g4 Y;L )

Then:
X = ( Ch SCfy —L> 52X, AN S2X5 e [N 57Xy )
- p Si
\ SXl z/
1 S
v (% "y Cys 505~ 57 )

g2 i p Si
\Yz/ \”S}{o,‘/

7.3. Morphisms between straightened zigzags
Consider a natural transformation f: X — Y between two discrete zigzags
X,Y: [k] — Ch. It is a sequence of morphisms f = {f%: X* — Y *}o<.<k for which

the following squares commute for all @ in {1,...,k}:
ife, =71 | if e, =1
a1 X717 | xa ya-1 X°7"7'  xa
f”*ll lf“ f‘“l lf”’
yao-1 _ Y7 ya ya—1 Y°7°' ya

The following morphisms form a natural transformation denoted by f: X — Y

SWa fa ifa <m and ¢c4q41 =,
XY = 5wC(fY) ifa<mand copq =1,
Swk fk ifa=k.

The association f — f defines an additive functor. This functor is faithful i.e.,
it is injective on the set of morphisms. Furthermore, it commutes with direct sums,
since taking suspensions and cofiber sequences commute with direct sums. In general,
however, this functor fails to be full i.e., surjective on the set of morphisms. To
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understand this failure we enumerate all natural transformations of the form X — Y,
using the followmg algorithm. Choose an arbitrary natural transformation g: X — Y.

o Let g¥: S» X* — SWrY* be the k-th component of g. Define g*: X* — Y* to

be S~wk gk (see Section 3.3).
Forl<a<k-1,

e Assume ¢4 = 7. Let g*: S X* — SW=Y® be the a-th component of g. Define
g%: X* =Y to be S™"ag®. Since g is a natural transformation, the following
square commutes:

xa—ratl

Xa XaJrl
'g\al lfg\a+l
Ya Yn,—>a+1 Yll*‘rl

e Assume c,q1 =1[. Let g%: SWeCXT170 5 GWaCya+1=a he the a-th compo-
nent of g. Recall the arguments in Section 3.4. Since g is a natural transforma-
tion, we have the following commutative diagram with exact rows:

0 —> Xa AN CXxotl-a _Pr. Sxetl

| sl [

0 — Y@ ot Cyotl—a P Syetl L

Define g%: X* — Y® to be the left vertical morphism in this diagram. This
diagram leads to a homotopy commutative square with a choice of a homotopy:

Xa+1~>a

Xe Xa+1

+1
V¢~ v
By applying this algorithm, we obtain a bijection between the set of natural
transformations X — Y and the set of pairs consisting of a sequence of morphisms
{g%: X = Y°}h<a<k and a sequence of homotopies {h%: X* - Y* ! | 1<a<
k and ¢, = I} such that, for all @ in {1,...,k}:

ife,=r | ifeg, =1
a—1 Xa—l—»a X(l Xa—l Xa%a—l XCL
_—

ha N
l/q\afli iga §a—1l / lga
Ya—laa Ya

ye-1 ya—1 ye
Ya%afl

Here is a consequence of this enumeration:

Corollary 7.1. Let X: [k]. — ch be a discrete zigzag of compact chain complezes.
Assume that X* has trivial differentials for all a in {0,...,k}. Then X is indecom-
posable if and only if X is indecomposable.

Proof. Since the functor X — X commutes with the direct sum and is faithful, if X
is decomposable, then so is X. If X is decomposable, then there is an idempotent
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morphism ¢g: X — X which is not an isomorphism. As the differentials of X’s are
trivial, the morphisms {g, }1<a<k form an idempotent natural transformation X — X
(see Section 3.4), which is not an isomorphism. Consequently, X is also decompos-
able. O

Definition 7.2. An object in tame([O7 oo),ch) is called a zigzag if it is isomorphic
to the Kan extension, along some sequence 79 < --- < 7, in [0, 00), of a functor of the
form X for some discrete zigzag X : [k]. — vectx C ch whose values are concentrated
in degree 0. Such a zigzag in tame([0,00), ch) is called an incarnation of X.

We think about tame([0, 00), ch) as an ambient category containing various incar-
nations of discrete zigzags of the form X: [k]. — vectx C ch indexed by posets [k].
for different k’s and different profiles c. Important properties of discrete zigzags are
reflected well by their incarnations. For example, according to Corollary 7.1, a dis-
crete zigzag X : [k]. — vectx C ch is indecomposable if and only if all (equivalently
any) of its incarnations are indecomposable in tame([O, 00), ch). We can also use the
category tame([O7 00), ch) and its morphisms to compare discrete zigzags indexed by
different posets. Furthermore, the model structure on tame([0, 00), ch) can be utilised
to extract invariants of discrete zigzags through taking minimal representatives and
minimal covers of their incarnations. However, the minimal cover is not a complete
invariant for zigzags. Consider the following non-isomorphic discrete zigzags:

(o] (o]

[10] ]

X: K K? <L R K Y. K K2 < g2 oY g

)

The minimal covers of their Elcarnationi LX and LY along a sequence 79 < T < Ty <
73 in [0, 00) coincide: cov(LX) 2 cov(LY) = 1% [rg, 71)> @ I' [r2, 73) & I' [12,00). As a
consequence, neither the minimal representative is a complete invariant for zigzags.
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