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Persistence K -theory
Paul Biran, Octav Cornea, and Jun Zhang

Abstract. This paper studies the basic K-theoretic properties of a triangulated persistence cat-
egory (TPC). This notion was introduced in the preprint by Biran, Cornea, and Zhang (2024)
and it is a type of category that can be viewed as a refinement of a triangulated category in the
sense that the morphisms sets of a TPC are persistence modules. We calculate the K-groups
in some basic examples and discuss an application to Fukaya categories and to the topology of
exact Lagrangian submanifolds.
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1. Introduction

The main aim of the paper is to study K-theoretic properties of triangulated per-
sistence categories (TPCs) and provide some applications of these properties in the
setting of symplectic topology. We recall from [12] (or its earlier version [10]) that a
TPC is, roughly, a persistence category €, that is, a category with morphisms that are
persistence modules home (A4, B) = {hom§ (A, B)}4er, With composition compati-
ble with the persistence structure—such that the 0-level category €, with the same
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objects as € but with only the 0-level morphisms home, (—, —) = homoc (—,—), is tri-
angulated. The full definition and all relevant notions are recalled in Section 2.4. The
fundamental property of such a TPC € is that the co-level category, €, again with
the same objects as € but with morphisms the co-limit of hom¢ (—, —) is also trian-
gulated and that its exact triangles each carry a weight r > 0. Using this weight, one
can define a family of fragmentation pseudo-distances on the objects of €, by taking
into account the weights required to decompose objects by means of exact triangles.

The basic K -theoretic constructions associated with a TPC € appear in Section 3.
Recall that the Grothendieck group K (D) of a triangulated category & is defined as
the abelian group freely generated by the objects of the category modulo the rela-
tions B = A + C for each exact triangle A - B — C — TA in D, where T is the
translation functor of O.

Returning to the triangulated persistence category €, we define its K-group by

K(€) := K(E).

This is a linearization of € that transforms iterated cones involving only 0-weight tri-
angles in linear relations. Thus, the K-class [X] € K(€) of an object X € Obj(€) can
be viewed as an algebraic invariant of X in the rough sense that it is invariant under
the O-isomorphisms (see Lemma 3.2.2). At the same time, because higher weight
triangles are not used in the quotient giving K(€), this K-group continues to carry
relevant metric information.

The more precise aim of the paper is to understand more of the structure of this
group, in particular, the interplay between the algebraic and metric aspects.

A first structural result relates K(€) to K-group of the co-level of €, Koo (€) :=
K(€). We notice in Section 3 that there exists a long exact sequence of A p-modules

0 — Tor K(€) -> K(A€) - K(€) - Koo(€) — 0. (1)

Here, Ap is the universal Novikov polynomial ring with integral coefficients (we
recall its definition in Section 2.1), and the K-groups of TPC’s are naturally Ap-
modules. The category AT is the full subcategory of € whose objects are the objects
of € that are isomorphic to 0 in €, this is called the acyclic subcategory of €.
This A€ is also a TPC; thus, the K-group, K(A€) := K(AEy), is defined as above.
The term Tor K(—) is a torsion type functor. To put this in some perspective, recall
from [12] that €4, is the Verdier localization €y/AC.

In Section 4, we compute the relevant K-groups for categories of filtered chain
complexes. We will focus in this introduction on just one example, € = Hy(FCh'?),
the homotopy category of finitely generated, filtered chain complexes. Filtered chain
complexes (of different types) provide the most common examples of TPCs. Addi-
tionally, these examples are also universal in certain ways. For instance, we show that
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for € = €2 the exact sequence (1) can be identified with the following one:

0—>O—>A§§))—>AP—>Z—>O,

where AE,O) C A p is the ideal consisting of the Novikov polynomials P (¢) that vanish
att = 1,i.e., P(1) = 0. The most interesting part of the identification of (1) with the
latter sequence is the isomorphism

Ke®) S Ap, )

which shows that, in this case, the A p-module K(€) coincides with A p itself. We
will denote this isomorphism by A and outline its definition soon. The isomorphism

Koo (€®) = 7 is induced by the Euler characteristic.

The isomorphism A : K(€') ZA p is induced by the following way to associate
a polynomial to a filtered, finitely generated chain complex C. First, associate to C
its (graded) persistence homology H.(C) (see Section 2.2 for a rapid review of the
definitions). Then, associate to H4(C) its graded barcode 8By, (c). This consists of
a finite collection of intervals (a.k.a. bars) of the form [a, b) and [c, 0c0), where each
interval has a certain degree in Z. To an interval [a, b) of degree k we associate the
polynomial (—1)¥(t% — %) € Ap, and to an interval [c, o0) of degree k we associate
(—1)¥z¢. Finally, we sum up the previously defined polynomials over each interval
in the graded barcode Bp, (c) and obtain a Novikov polynomial A, (cy. The map
C — A, (c) € Ap induces the isomorphism A. An additional point to note here is that
K(®) is a A p-algebra in case € has a monoidal structure (as defined in Section 3.3).
This is the case for €', the monoidal operation being the tensor product, and the
isomorphism A is a ring isomorphism.

In Section 5, we investigate a natural way to associate to a graded persistence mod-
ule, or to a barcode, a real function. As a byproduct we reinterpret the map C — [C] €
K (€'®) that associates to a filtered chain complex its K-class as a filtered Euler char-
acteristic. Given a persistence module M = {M*}4cR, consider the integral-valued
function o (o) = dim(M ). With the definition of persistence modules considered
in this paper (see Section 2.2), and assuming some finite type constraints, op7 : R — R
is a bounded step function belonging to a group of such functions, denoted by LCp
and defined in Section 5.1. If M, is a graded persistence module consisting of persis-
tence modules M; for each degree i, it is natural to consider the Euler characteristic
function yp, € LCg, M, = D i (—1)kaMk. We show that LCp admits a remark-
able ring structure based on convolution of functions and, with this ring structure, it
is isomorphic to the ring A p. Moreover, under this ring isomorphism LCp = Ap,
the map Moe — xp, € LCp is another expression of A from (2). This chapter also
contains—in Proposition 5.3.1—a persistence version of the Morse inequalities as
well as an application to counting bars in Corollary 5.3.4.
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In Section 6, we return to the general setting and consider a triangulated persis-
tence category €. Under some finite type constraints, we show that there exists a
bilinear pairing

k: K(€) ®a, K(€) > Ap. 3)

Here, K(€) is the same abelian group as K(€) but with the A p-module structure
“such that x = ¢! - x, where - is the module structure on K(€). The pairing
is induced by the map that associates to a pair of objects X, Y the Novikov poly-
nomial Anome (x,7*(v)) Where home (X, T*(Y)) is the graded persistence module
having home (X, T'Y) in degree i (recall that T is the translation functor in €p).
In view of the discussion above, notice that x can be viewed as an Euler pairing.
The pairing is particularly simple in the case of the category €'2. Using the identifi-
cation K(€') = Ap, we have k(P, Q)(t) = P(t~')Q(t) for any two polynomials
P, Q € Ap. There are conditions—of Calabi—Yau duality type—implying that the
pairing k is skew symmetric in the sense that « (x, y)(¢) = (¥, x)(t"!). These con-
ditions are satisfied for the category €'¢.

Section 7 is dedicated to analyzing “measurements” on K-groups. We see that
fragmentation pseudo-distances on the objects of a TPC € can be used to define non-
trivial group semi-norms on K (€). We then discuss other ways to extract quantitative
information from barcodes by using their representation in LCp.

Section 8 deals with applications to symplectic topology. We discuss some results
indicating that the pairing « defined on the K-group of the triangulated persistence
Fukaya category introduced in [12, Chapter 3] distinguishes, in a quantitative way,
embedded from immersed Lagrangians. The main results are in Corollary 8.1.2 and
Theorem 8.1.4. The corollary shows that the pairing (A, A), where A is the K-class
of an embedded Lagrangian, is a constant Novikov polynomial equal to the Euler
characteristic of the Lagrangian (up to sign). The theorem provides a way to esti-
mate the minimal “energy” required to transform certain immersed Lagrangians into
embedded ones. The estimate is somewhat subtle as it involves also estimates on the
number of bars in certain associated barcodes that are deduced from the persistence
Morse inequalities in Section 5.

2. Prerequisites
We list here some of the conventions used further in the paper and we recall some of
the notions required to make the reading of this paper more accessible.

2.1. Novikov rings

We will use the following versions of the Novikov ring. We denote by

00
A= {anlak

k=0

nig € Z,ar € R, lim a; = oo} 4
k—o00
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the Novikov ring with coefficients in Z (and formal variable ¢), endowed with the
standard multiplication. Denote also by Ap C A the subring of Novikov polynomials,
whose elements consist of finite sums Y nyt% € A.

2.2. Persistence modules

The bibliography on persistence modules contains a large number of variants of the
definition. We fix here the setting that we will use in this paper.

A persistence module M is a family of vector spaces over the field k, indexed by
the reals M = {M*}seR, together with maps i, : M* — M’ for all s < ¢ satisfying
itrois; =1Is,foralls <t <r eRandi;; =1 forany s € R. We will always assume
that the following three conditions apply to the persistence modules M considered
here.

(i)  (Lower semi-continuity) For any s € R and any ¢ > s sufficiently close to
s, the map is; : M* — M" is an isomorphism.
(ii) (Lower bounded) For s sufficiently small, we have M* = 0.

(iii) (Tame) For every s € R, we have
dlmk(MS) < Q. )

We will often use graded persistence modules. Namely, M, is a graded persistence
module if Me = {M,};cz is a sequence of persistence modules indexed by Z with the
index indicating the degree. The tameness condition in this case becomes

forevery s € R, dimy (@ Mis) < 00. (6)
i€Z

The homology of filtered chain complexes provides some of the most typical

examples of persistence modules. For our purposes here, a filtered chain complex

is a triple (Cx, 0, £) where (Cy, 0) is a chain complex and £ : @; C; — R U {—o0} is

a filtration function (see [35, Definition 2.2]). In particular, d and £ are compatible in
the sense that

£(0x) < £(x) forany x € Ck.

It follows that, for any r € R, the truncation (C;", d), where C5" = {x € C | £(x) <7}
is a well-defined chain complex. The same holds also for the “strict” truncations C=".
We will consider mainly two types of filtered chain complexes:

(i)  finitely generated—chain complexes for which the total space Py 5 Ck is
finite dimensional, and moreover, C=" = 0 for r sufficiently small,

(ii) tame—chain complexes such that P ., C ksr is finite dimensional for all
r € R, and moreover, Cf’ = 0 for r sufficiently small.
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If a filtered chain complex C is tame, then {Cfr }rer forms a graded persistence
module in the class discussed above. Moreover, the homology of these truncations,
{H+(C=")},cR, also forms a graded persistence module in the same class. We will
denote this persistence module by H,(C).

2.3. Barcodes

In this paper, we will use the version of barcodes. A barcode B = {(I;,m;)},eg is
a collection of pairs consisting of intervals /; C R and positive integers m; € Zy,
indexed by a set ¢, and satisfying the following admissibility conditions:

(1) & is assumed to be either finite or § = Z>o,
(ii) eachinterval /; is of the type I; = [a;,b;), with —oco < aj < b; < o0,
(iii) incase § = Zxo, we assume that a; — oo as j — oo.

The intervals /; are called bars and for each j, m; is called the multiplicity of the bar
I;.

To every barcode B we can associate a persistence module in the following way.
For an interval I = [a, b) as above, denote by V(/) the persistence module defined
by

{k ifs el
Ve(I) = (N
0 ifs¢l,
and with persistence maps i, : V*(I) — V*(I) being the identity map idx whenever
s,t € 1. We call V(I) the interval module corresponding to /.

By taking direct sums, we associate to every barcode 8 = {(/;,n;)};cg a persis-

tence module, as follows:

V(B) =P V)®m. ®)

jed

It is easy to see that V' (B) satisfies the conditions in Section 2.2. Conversely, it is well
known that this construction can be reversed. More precisely, with the conventions
from Section 2.2, we have that for every persistence module M there exists a unique
barcode B as above and such that M =~ V(8B). In other words, barcodes classify
isomorphism types of persistence modules. See [28, 35] for more details. We will
denote the barcode corresponding to a persistence module M by By .

We will need also the notion of graded barcodes. By this we mean a sequence of
barcodes B = {B; }; ez indexed by the integers and satisfying the following additional
assumption. Denote by B the union of all the intervals in all the B;’s, together
with their multiplicities and adding up multiplicities whenever bars from different
B;’s coincide. We assume that B! is an admissible barcode, in the sense that all the



Persistence K-theory 805

multiplicities appearing in it are finite, and moreover that it satisfies the admissibility
conditions (1), (2), and (3) above.

We will often regard a single (ungraded) barcode B as a graded one, simply by
placing it in degree O.

Let 8 = {(Ij,mj)};eg be an ungraded barcode. We associate to B an element
Ag € A of the Novikov ring as follows:

Ag =) mjhr, 9)
Jj€F
where
1% — i if I, = [a;, b)),
if I; = [aj, b)) (10)
t% if I; = [aj,oo).

Let M be a persistence module with barcode 8Bjs. Applying the construction above,
we obtain an element of the Novikov ring

Ar = Ag,, € A. (11)

The definition of Ajs can be extended to the graded case. Namely, let M, =
{M;}iez be a graded persistence module. Assume further the tameness condition in
(6), then define

Ame =Y (=D'An; € A. (12)
i€Z

A similar definition is available for graded barcodes.

2.4. Triangulated persistence categories

Triangulated persistence categories were introduced in [10, 12]. We will only roughly
review here some of the basics to make the current paper more accessible.

A TPC is a category € with four properties summarized below (we refer to [12]
for the full definitions).

(i) € isapersistence category. This means that for each two objects A, B of €,
the morphisms home (4, B) form a persistence module {homg (A4, B)}ser
and that composition of morphisms is compatible with the persistence struc-
ture in the obvious way. In the current paper, we will assume that these per-
sistence modules are always lower-bounded and lower-semicontinuous—
see Section 2.2.

(i) € carries a “shift functor” X. This is a structure composed of shift functors
ST € — € where X 0o X5 = XFTS forall r,s € R and 3% = 1 that
are compatible with the persistence structure, and of natural isomorphisms
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Nrs - X7 — X° satisfying some natural compatibility relations and with
Nrr = id, nys € hom* ™" (—, —).

To keep an example in mind, the simplest TPC is the (homotopy) category
of filtered chain complexes. In that case X" C is obtained from the filtered
chain complex C by shifting the filtration up by r and the natural trans-

formation " C = $5C is the identity at the vector space level, when the
filtration is forgotten.

(iii) The category €y with the same objects as € and whose morphisms are the
0-level morphisms of €, hom% (—, —), is triangulated, X" is a triangulated
functor (on €), and 7, ¢ are compatible with the additive structure on €.
Note that being triangulated, €y has a translation functor 7'. This functor
should not be confused with the shift functor 3 which has to do with shift-
ing the persistence level. (Unfortunately, the names “shift” and “translation”
functor are both used for the same thing in the context of triangulated cat-
egories, often related to a shift or translation in grading. However, in our
framework, these two notions are absolutely different from each other.)

(iv) To formulate the last property that characterizes a TPC, we need a cou-
ple more notions that will also be useful later in the paper. We say that
/. & € homy (A, B) are r-equivalent if is sy, (f —g) = 0. Here, i o4, :
hom?® (—, —) — hom* ™" (—, —) are the persistence structural maps. We write

~, g. An object K is called r-acyclic for some r > 0 if 1x ~, 0.

For all r > 0, the natural transformation 7,9 : " — 0 =1, special-
ized to X € Obj(€) belongs to hom™" (X" X, X), so we can apply to it
i—ro :hom™ (2" X, X) — hom®(Z" X, X). The result is denoted by 1, =
i—r,0(nr,0), and thus, n, € home,.

Then, the fourth property that defines a TPC is the following: For each r > 0
and object X of €, there is an exact triangle in €,

X B X S K TYX

with K being r-acyclic.

Definition 2.4.1. (a) A triangulated persistence category € is called tame if for any
two objects A, B € Obj(€) the persistence module home (A, B) satisfies condition (5)
and is called of finite type if the barcode of the persistence module home (A, B) has
only finitely many bars.

(b) The triangulated persistence category € is called bounded if for every two
objects X, Y € Obj(€) there exists I € N with the property that home (X, T'Y) = 0
for every |i| > [. Here, T is the translation functor of the triangulated category €.
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Obviously, if a TPC is tame and X, Y € Obj(€), then Anome(x,v) € A is well-
defined. Further, given X, Y € Obj(€), consider the graded persistence module hom (X,
T°Y) defined by

hom(X,T°Y); = home(X,T'Y), i€Z. (13)
If € is tame and bounded, then the element
Ahome (X,T*Y) € A (14)

is well defined. This element belongs to A p in case € is of finite type and bounded.
A useful notion in a TPC is that of an r-isomorphism. By definition this is a

map f € hom%(A, B) that fits into an exact triangle A i) B — K — TA in €
with K r-acyclic. An r-isomorphism f admits a right r-inverse, which is a map
g€ hom%(E’ B, A) with f o g = n,. There are also left r-inverses with a similar
definition. But left and right inverses do not generally agree.

The key structure that is available in a TPC is that of strict exact triangle of weight
r > 0. This is a pair A = (A, r), where r € [0,00) and A is a triangle in Cp,

Aas b ol srra,
which can be completed to a commutative diagram in €y

zrC s5)

Xw

<

with ¥ = u and such that the following holds: the triangle A SB35 5 T4
exact in €y and ¢ is an r-isomorphism with an r-right inverse 1. The weight of the
triangle A is denoted by w(A) = r.

The category €4, associated to € has the same objects as € but its morphisms are

home_, (A, B) = limhom¢ (A4, B),
—

where the direct limit (or colimit) is taken along o € R with respect to the standard
order on R (see [12, Definition 2.9 (ii)]).

The set of all r-acylic objects in €, r > 0, are the objects of a full subcategory AC
of €. It is easy to see that AT is itself a TPC and that its O-level, A€y, is simply the
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full subcategory of €, with the same objects as A€. It is shown in [12, Proposition
2.38] that €, is the Verdier localization of €y with respect to A€y. This implies that
Cwo 18 triangulated.

The exact triangles of €, are related to the strict exact triangles of € as follows.
First, given any diagram in €

A:ASBSCS D,
we denote by X1-52:53:54 A the diagram
SIS253:54 A 351 4 u—/> ¥ B v—/> »%C i; %D,

where the maps u’, v/, w’ are obtained from u, v, w by composing with the appropriate
Nr.s’S.

With this convention, a triangle A : A 5B5cS T4in € is called exact if

there exists a diagram A : A 5 B35 C5 T4in€ that represents A (in the sense that
u is the co-image of u and similarly for the other morphisms), such that the shifted
triangle

N (16)

is strict exact (of weight s3) in € and 0 < 57 < s, < s3. The unstable weight of A,
Woo(A), is the infimum of the strict weights w(A) of all the strict exact triangles A
as above. Finally, the weight of A, w(A), is given by

W(A) = inf {weo (Z5%°A) | s > 0}.

If there does not exist A as in the definition, then we put Wee(A) = o0.
The two notions of weight that are of most interest are w for strict exact triangles
in € and we := w for exact triangles in €.

2.5. Triangular weights and fragmentation pseudo-metrics

Here, we discuss the definition of triangular weights and their application to the defini-
tion of a family of pseudo-metrics on the objects of a triangulated category. Our main
example of interest is the persistence weight we that was recalled in Section 2.4.

Let D be a (small) triangulated category and denote by Tgp its class of exact
triangles. A triangular weight w on D is a function

w: Tp — [0,00)

with two properties, one is a weighted form of the octahedral axiom (we refer to [12,
Definition 2.1 (i)] for the precise formulation) and the other is a normalization axiom
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requiring that all exact triangles have weight at least equal to some wg € [0, o0) and
this wy is attained for all exact triangles of the form 0 — X 2, X — 0, X € Obj(D),
and their rotations.

An additional property one may require from a triangular weight is subadditivity.
This means that taking direct sums with triangles of the type 0 — X Il—X> X — 0 does
not increase the weight. See [12, Chapter 2, Section 2.1] for the precise definitions.

The weight we recalled in Section 2.4 is a triangular weight on €, called the
persistence weight (induced from €). It is subadditive with (we)o = 0.

Fix a triangulated category O together with a triangular weight w on D. Let
X be an object of D. An iterated cone decomposition D of X with linearization
£(D) = (X1, X2, ..., Xp) consists of a family of exact triangles in D:

A11X1—>0—>Y1—>TX1,
A21X2—>Y1—>Y2—>TX2,
A3:X3—>Y2—>Y3—>TX3, (17)

Ny Xy > Y, —>Y, >TX,

with X = ¥}, (to include the case n = 1 we set Yy = 0). The weight of such a cone
decomposition is defined by

n

w(D) = Zw(Ai)—wo. (18)

i=1
Let £ C Obj(D). For two objects X, X’ of D, define

§¥(X,X') = inf {w(D) | D is an iterated cone decomposition of X with  (19)
linearization (Fy,..., T 'X', ..., Fy),
where F; € ¥,k ZO}

and symmetrize
d¥ (X, X') = max {7 (X, X), 6% (X', X)}. (20)

The weighted octahedral axiom implies that §¥ satisfies the triangle inequality;
hence, d¥ is a pseudo-metric, called the fragmentation pseudo-metric associated to
w and ¥ . See [12].

For a TPC €, as defined in Section 2.4, we will be interested in the fragmentation
pseudo-metrics on Obj(€) = Obj(Cs) that are associated to the persistence weight
we defined on €.
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In addition, there are some simpler decompositions that are often useful, which
we call reduced decompositions. Let X € Obj(€). A reduced cone-decomposition of
X in € of weight r is a pair D = (D, ¢) where D is a cone-decomposition in €, as
in (17), with all triangles A; of weight 0, and with

¢:Y,— X

an r-isomorphism in €. The linearization of such a decomposition is by definition the
linearization of D. We denote by w(D) := r the weight of D.

It is easy to see that A, combined with the r-isomorphism ¢ can be used to define
an exact triangle in €, of the form

X, =Y, 1—->X->TX,

of weight r. Thus, if X admits a reduced cone-decomposition of weight r in €, then
it also admits a cone-decomposition D’ in €4 with we(D’) = r.

Reduced decompositions are much easier to handle in applications compared to
general ones. Moreover, it is shown in the proof of Corollary 2.86 in [12] that given
any decomposition D of X as in (17) there exists a reduced decomposition D’ of X,
of weight no more than 4w (D), and with linearization

LD = (X""X,,22X,,...,X™"X,) forsomer; €R.

Note that for reduced decomposition the analogous measurement to (19) does not
satisfy the triangle inequality; hence, such decompositions do not seem to lead to
pseudo-metrics. However, as we will see in Section 8.1, reduced decompositions turn
out to be useful for estimates involving K-theoretic invariants, weights and barcodes.

2.6. Fukaya triangulated persistence categories

The notion of triangulated persistence category is inspired, in part, by natural filtra-
tions in Floer theory. Indeed, it is shown in [12, Chapter 3] that the usual derived
Fukaya category generated by exact, closed Lagrangians admits a TPC refinement. In
this subsection we review enough of the constructions from [12] as is necessary for
the applications in Section 8. We refer to this work for more details.

2.6.1. Filtered A, categories. Before we get to the filtered framework, let us briefly
describe our general conventions regarding (unfiltered) Ao-categories.

For coherence with the rest of the algebraic parts of the paper, as well as with some
of our previous work (e.g., [5,6,8] and, in part, in [12]), we use here homological con-
ventions for A.-categories. More specifically, this means that in our A-categories
A, the pg-operation has degree d — 2 (rather than 2 — d) for all d > 1. In par-
ticular, the hom’s homy (X, Y) between any two objects X, Y, endowed with w1,
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are chain complexes (rather than cochain complexes). Moreover, whenever relevant,
we assume the homology units (or sometimes even strict units) ex to be in degree
0, ex € homy (X, X)o. Turning to the homological category H(+A) of A, its hom’s
are the homologies of the chain complexes (hom(—, —), ;t1) and the p,-operation
induces products

H;i(homy(X,Y)) ® Hj(homy(Y, Z)) — H;j(homy (X, Z)):

hence, we obtain a graded category (which is unital in case + is homologically unital).
Sometimes, we will restrict to the degree 0 homological category Ho(+4). In case 4
is homology unital, Hy(+) becomes a unital category since we have assumed our
homology units ey to be in degree 0. Later on, in Section 2.6.2, when dealing with
Fukaya categories, we will explain how to adjust the standard grading setting in Floer
theory to fit the conventions above.

We now turn to the filtered case. A filtered Aoo-category + is an Aso-category
(with the conventions described above) over a given base field k such that the hom
spaces homy (X, Y) between every two objects X, Y are filtered (with increasing
filtrations) and a/l the composition maps (g4, d > 1, respect the filtrations. We endow
homy (X, Y') with the differential ©; and view it as a filtered chain complex. We
denote by homSA (X,Y), s € R, the level-s filtration subcomplex of hom 4 (X, Y). We
make three further assumptions on our filtered A,-categories:

(i) A is strictly unital with the units lying in persistence level 0,

(ii) forevery two objects X,Y € Obj(+A), the space hom4 (X, Y) is finite dimen-
sional over K,

(iii) A is complete with respect to persistence shifts in the sense that we have a
shift “functor” which consists of a family of As-functors ¥ = {X" : A —
A, r € R} whose members satisfy the following conditions:

(1) X7 is strictly unital and the higher components (X")4, d > 2, of X" all
vanish,

(2) EO =1, S8 o3t = Es+t,

(3) we are given prescribed identifications hom?, (X" X, V) homsxr(X ,Y)
that are compatible with the inclusions hom% (X,Y) C homi (X,Y) for
a < B. These identifications are considered as part of the structure of
the shift functor 3.

Given a filtered Axo-category A, let TwA be the category of (filtered) twisted com-
plexes over . This is itself a filtered Aso-category. The category +A embeds into
T w<A in an obvious way, the embedding being a filtered Aoo-functor which is full and
faithful. Further, 7w is pre-triangulated in the filtered sense (which, in particular,
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means that it is closed under formation of filtered mapping cones). As a result, the
homological category
€' A= Hy(TwA)

is a TPC that contains the homological persistence category Hg(A) of +A.

Another TPC associated to Ao-category + is provided by the category Fmod(-4)
of filtered Aoo-modules over 4. We will only consider strictly unital modules here.
There is an obvious shift functor on this category X : (R, +) — End(Fmod(+)) and
Fmod(+) is in fact a filtered dg-category in the sense of [12, Chapter 2] and it is pre-
triangulated. Thus, Ho(Fmod(#)) is a TPC. A certain subcategory of Fmod(+) will
be of particular interest for us. Because our assumption of strict unitality the Yoneda
embedding is filtered

Y : A — Fmod(A),

and, thus, there exists a filtered quasi-isomorphism
M(X) - homFmod(:y(X)» M)

for all objects X of + and M € Obj(Fmod(+)). Let A" be the triangulated closure
of the Yoneda modules and their shifts. This is a full subcategory of Fmod(+4) that
has as objects all the iterated cones, over filtration preserving morphisms, of shifts of
Yoneda modules (thus of modules of the form X" Y (X)).

Finally, let 4V, the smallest full sub dg-category of Fmod(+) that contains A"
and all the modules (and all their shifts and translates) that are r-quasi-isomorphic to
objects in A", r € [0, 00). A module M is r-quasi-isomorphic to N if, in HoFmod(+A),
there is an r-isomorphism M — N

It is easy to see A" remains pre-triangulated, carrying the shift functor induced
from Fmod(+), and thus, the homological category € := Hy(A") is a TPC.

There are filtered functors

O : Tw(A) = Fmod[T w(+4A)] — Fmod(+4),

where the first arrow is the Yoneda embedding and the second is pullback over the
natural inclusion 4 — Tw(). The composition ® is a homologically full and faith-
ful embedding, and it induces a full and faithful embedding of TPCs. The image of ®
lands inside #4" (actually inside the category denoted by A*), and thus, we have an
inclusion of TPCs:

O:C A CA,

which, in general, is not a TPC-equivalence (by contrast to the non-filtered case). In
particular, the category €+ contains many more objects than €’#. Each object in
€ s is r-isomorphic to an object in €+ but possibly only for some r > 0 (to have a
TPC equivalence, we would need to be able to take r = 0).
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2.6.2. Filtered Fukaya categories. We work in the following setting: (X, w = dA)
is a Liouville manifold, i.e., an exact symplectic manifold with a prescribed primitive
A of the symplectic structure @, and such that X is symplectically convex at infinity
with respect to these structures. The Lagrangians used here are triples L = (L, hy,6z)
consisting of a closed oriented exact Lagrangian submanifolds L C X equipped with
aprimitive iy : L — R of A| 7 and a grading 607,. We refer to such a pair L as a marked
Lagrangian submanifold and to L as its underlying Lagrangian.

Before we go on, let us describe our algebraic conventions regarding Floer theory
and Fukaya categories. First of all, unless otherwise stated, all Fukaya categories will
be assumed from now on to be over the base field k = Z,.

The standard cohomology grading convention in Floer theory is that the pg-
operation has degree 2 — d, which is compatible with standard cohomology conven-
tions of Aso-categories. The standard homology grading convention is that the ;-
operation has degree d — 2 + n — dn, where n = % dim X is the complex dimension
of the ambient symplectic manifold X . In particular, this means that the pu,-products
have degree —n, namely, u, : CF;(Lo,L1) ® CF;(L1,L) = CFi1j_n(Lo,L>) and
the (chain level) units are in degree n, e;, € CF, (L, L). This is also the case in Morse
homology theory (where the units are maxima of Morse functions, hence of degree
n, and represent the fundamental class of the manifold L). Obviously, this is incom-
patible with the conventions described in Section 2.6.1. In order to adjust the Floer
homology setting to the one from Section 2.6.1, we perform a simple shift in grading
as follows. We define

CF'j(Lo,L1):= CFy4j(Lo.L1), HF'j(Lo.L1):=HF,4j(Lo.L1) Vj€L.
We now redefine the hom’s in the Fukaya category & uk(X) such that
homgk(x) (Lo, L1); = CF'j(Lo, L1),

and similarly, for Floer the homologies HF’. With these conventions, the Fukaya
category fits the conventions described in Section 2.6.1; namely, the 1z operation has
degree d — 2 and the (homological) units are in degree 0. The only apparent downside
of this grading adjustment (which is purely aesthetic) is that with the standard grading,
CF.(L, L) (when endowed with suitable auxiliary structures) is the Morse complex
of L and HF.(L, L) = H«(L; Z,) (recall that we work with exact Lagrangians).
However, with the new grading CF'; (L, L) and HF'j(L, L) are concentrated in the
negative degrees —n < j < 0, and we have HF';(L, L) =~ Hy,4;(L;Z>). Another
thing to note is that with the new grading conventions Poincaré duality takes the fol-
lowing form: HF';(L,L") = HF'_,_;(L’, L)*, where the asterisk in the superscript
stands for the dual.

We now proceed to the case of filtered Fukaya categories. Fix a collection of
marked Lagrangians X in X. We assume that X is closed under grading translations
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and shifts of the primitives in the sense that if L = (L, hz) is in X, then for every
r € R, and k € Z, the marked Lagrangian

Y'L[k] := (L, hy + 1,0, —k) (1)
is also in X. We denote by X the family of underlying Lagrangians
X={L|LeX}

We will assume that the family X is finite and that its elements are in generic position
in the sense that any two distinct Lagrangians L', L” € X intersect transversely and
for every three distinct Lagrangians l_,o, Li,L, e X we have ZO NLiNLy,=9.

Notice that we have implicitly introduced here the shift functor X", and the trans-
lation functors T¥ L := L[—k] that act on the objects of X as in (21).

In [12, Chapter 3] are constructed, in the setting above, filtered A-categories,
Fuk(X;P), of Fukaya type, with objects the elements of X. Here, P is a choice of
perturbation data, picked roughly by the scheme in [32], but with special care, such
that the output is indeed filtered and not only weakly filtered. This construction is
delicate and the constraint that X be finite and in generic position is used repeatedly
there. The resulting category F uk(X; P) is strictly unital, with a unit in filtration 0,
and has also the property that homg,x(x.p)(L, L) is concentrated in filtration 0 for
all L € X. This happens because the moduli spaces used to define the A, opera-
tions appeal to “cluster” type configurations mixing Morse flow lines and Floer type
polygons such that, as a chain complex, (homg k(.9 (L, L), i1) coincides with the
Morse complex of a Morse function f7 : L — R whose choice is part of the data
P. Moreover, for two transverse Lagrangians L, L’ the Floer data has 0-Hamiltonian
term (in other works, it satisfies the homogeneous Floer equation).

It is also shown that any two such categories, defined for two different allowable
choices of perturbation data P and P are filtered quasi-equivalent in the sense that
there are filtered Aoo-functors Fuk(X; P) — Fuk(X;P’) that are the identity on
objects and induce a (filtered) equivalence of the homological persistence categories.

One can then apply the discussion in Section 2.6.1, resulting in two associated
TPC’s.

The first is € F uk(X), the homological category

CFuk(X) = Ho[ Fuk(X;P)V],

where Fuk(X;P)V is the smallest triangulated—with respect to weight-0 triangles—
full subcategory of Fmod(F uk (X; P)) that contains the Yoneda modules ¥ (L) with
L € X and is closed to r-isomorphism for all r in the sense that if j : M — M’
is an r-isomorphism of modules, and M € Fuk(X; ‘.P)V, then M’ € Fuk(X; iP)V.
Possibly more concretely, each object in this category is r-isomorphic, for some r,
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to a weight-0 iterated cone of Yoneda modules. Two such triangulated persistence
categories, defined for different choices of perturbation data are equivalent (as TPCs)
and thus we drop the reference to the perturbation data from the notation.

The second type of TPC, €' F uk(X), is defined by

€' Fuk(X) = Ho[Tw(Fuk(X;P))],

where Tw(F uk(X; P)) is the category of filtered twisted complexes constructed
from Fuk(X;P). Any two choices of perturbation data produce equivalent TPCs,
and we again drop P from the notation. There are filtered functors

O : Tw(Fuk(X:P)) — Fmod|Tw(F uk(X:P))] — Fmod(F uk(X;P))
and a comparison functor
O : €' Fuk(X) — €Fuk(X).

Of course, there are also unfiltered categories here as the marked Lagrangians
in X are the objects of an Ao-category, the Fukaya category ¥ uk(X) of X, con-
structed as in Seidel’s book [32]. In case of risk of confusion, we denote this category
by Fuky,,(X) to indicate that filtrations are neglected in this case, and we use this
convention for the other structures in use, such as Ao, modules and so forth. Similarly,
we have the category ¥ uk,,(X) that has as objects only the elements of X, as well
as the respective derived versions D F uk(X), and D F uky, (X).

The basic relation between the filtered and unfiltered versions is that there are
equivalences of triangulated categories

[€'Fuk(X)],, = [€Fuk(X)], = DF kun(X).

Given that €' Fuk(X), and €F uk(X) are TPC’s, their sets of objects can be
endowed with fragmentation pseudo-metrics of the type d¥ , as in Section 2.5, for
any choice of objects ¥ .

3. General properties of the K -group of a TPC

The purpose of this section is to describe several basic properties of the K-group of
a TPC. In the whole section, we fix a TPC denoted by €. Its 0-level category €,
has the same objects as € but has as morphisms only the O-level morphisms in €,
home, (A, B) = hom% (A, B). The group we are most interested in is K(Cp), the
Grothendieck group of the category €y which, by the definition of a TPC, is triangu-
lated. We refer to this group as the K-group of € and denote it by K(€). Note that
K(€) has a natural structure of a A p-module by defining t” - [A] = [X" A] for every
r eR.
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We start in Section 3.1 with some remarks on acyclics. Section 3.2 shows how
TPC functors—properly defined—induce morphisms at the K-group level. In Sec-
tion 3.3, we discuss a ring structure on the K-group which is defined in case the TPC
admits a tensor structure—we call such a TPC monoidal. In Section 3.4, we discuss
the opposite category of a TPC and its K-group. In Section 3.5, we consider the co-
level of a TPC and the associated K-group. We package most of these properties in
Theorem 3.6.1 in Section 3.6.

3.1. The acyclic category of a TPC

Let € be a TPC. An important feature of a TPC is that there is a class of objects that
are “close to 0” in a quantifiable way. Explicitly, recall that an object X € Obj(€) is
r-acyclic for r > 0, denoted by X ~, 0, if 1y ~;, 0 (see Section 2.4, and for more
details [12]).

As mentioned in Section 2.4, there are two (sub)categories:

(i)  the full subcategory of €, denoted by A€, whose objects are r-acyclic for
any r > 0,

(i)  the full subcategory of €, denoted by A€, whose objects are r-acyclic
for any r > 0.

The subcategory AT is obviously a persistence category, since homy4e = home
which admits a persistence module structure. Moreover, for X, Y € Obj((A€)y) =
Obj(AE) = Obj(AEy), we have

hom(ue), (X, Y) = hom%e (X, Y) = hom e, (X, Y).

This yields (A€)o = A€ . Moreover, the subcategory AT is a TPC and the category
Coo 18 the Verdier localization of €y with respect to A€ (for more details, see [12]).
Thus, the K- group K(AT€) of A€ is well-defined. Note that similarly to K(€) the
group K(+A€) also has the structure of a A p-module by defining " - [4] = [Z" A].
The two K-groups K(€) and K(AT€) are closely related. First, there is an obvious
homomorphism,
Jj i K(A€) —> K(€) defined by X — X. (22)

This is well-defined since an exact triangle in A€ is also an exact triangle in €.

Additionally (and non-trivially), we also have morphisms in the opposite direc-
tion, called acyclic truncations, defined as follows. For any fixed r > 0 and for any
X € 0bj(€), by (iv) in Section 2.4, we have an exact triangle

X
X s X = Q,x — TS'X (23)
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in €y for some r-acyclic object O, x € Obj(A€). Consider the following map:
0, : K(€) - K(ATC) definedby X — Q,(X) := Orx- (24)

Note that since Q, x is r-acyclic and defined up to isomorphism in €, we know that
Q. x (or more precisely the class [Q, x]) is a well-defined element in K(AT).

Lemma 3.1.1. The map Q, defined in (24) is well-defined, and it is a homomorphism.

Proof. For the first conclusion, we need to prove that if X is replaced by ¥ — Z
in K(€), thatis, X =Y — Z, then Q,(X) = Q,(Y) — 0,(Z) in K(AT). By the
defining relations in the corresponding K-groups, this means that the existence of the

exact triangle X i) Y — Z — TX in €, implies that the triangle defined as follows:

Qr,X - Qr,Y - Qr,Z — TQr,X (25)

is also exact in A€y, where O, x, O, y, and Q, 7z are the r-acyclic objects from the
exact triangles in the form of (23). In fact, by (iii) in Section 2.4, we have an exact

Zr
triangle X" X —f> 3"Y — ¥ Z — TX" X. Then, consider the following diagram:

s f

XX 'Y X'z TX'X
|
nx n¥ |
f <4

X Y y4 TX

|
|
3

Qr,X___'>Qr,Y_ - - _>1:1_ - = _)TQr,X
|
3

TYX ——TX'Y T"Z IEDID.¢

We know that 173’ oX'f=fo nf and the first two rows and first two columns are
all exact triangles. Then, by 3 x 3-lemma (see in [3, Proposition 1.1.11]), there exists
an object A € Obj(€) (in fact, A € Obj(AY€)) and dashed arrows such that all the
rows and columns are exact, as well as the diagram commutes (except the most right-
bottom square is anti-commutative). In particular, we have an exact triangle

Qr,X - Qr,Y — A — TQI‘,X?

as the third row in the diagram. Moreover, since the third column ¥"Z — Z — A —

T X" Z is also exact, we have A = Q, z. Hence, we obtain the exact triangle (25).
To see that O, is a homomorphism, we need to show that Q. (X +Y) = 0,(X) +

Q,(Y). In the K-group, the sum X + Y is represented by an object Z € Obj(€) that
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fits into an exact triangle X — Z — Y — T X. Then, the same argument as in the first
part shows that there is an exact triangle O, x — O,z — O,y — TQ, x. Therefore,

0, X+Y)=0,(2) = Orz=0rx +0Qry = 0,(X)+ 0,(Y)

in K(A€p). Similarly, we have

0r(=X) = Qrrx =T0Qrx =—0Qrx in K(ACo). u

3.2. TPC functors and induced K -morphisms

We formalize here some of the constructions before in a more abstract fashion. We
denote a TPC by a triple (€, Te, X¢) (or (€, T, X)) to emphasize the role of the
shift functor ¥ and that of the translation functor 7" in €. Let us recall the following
definition (see in [12, Definition 2.25]).

Definition 3.2.1. Let (€, Te, X¢) and (D, Tp, Xp) be TPCs. A TPC functor ¥ :
(€, Te, Xe) = (D, Ty, o) is a persistence functor satisfying the following condi-
tions.

(i) Forany r € R, we have X' o ¥ = ¥ o Xi.. Moreover, for any r, s € R,

we have the following commutative diagram:

F ((ir.s
F (s x) 0 s x)

{ k

> Mr,s) 7 (X) -~
EoF (X)) —— EHF(X)
for any X € Obj(€).

(ii)  The restriction ¥ |¢, : € — Dy is a triangulated functor (recall that by def-
inition of a TPC, the 0-level categories €y and Dy are genuine triangulated
categories).

Here are some useful properties of TPC functors.
Lemma 3.2.2. Let ¥ : (€, Te, Xe) = (D, Ty, Zp) be a TPC functor. Then, we
have the following properties.

(i)  Forany X € Obj(€) and r > 0, we have ¥ (nX) = nf:(X).

(i) If X € Obj(€) is r-acyclic, then ¥ (X) is also r-acyclic.

(iii)) If¢ : X — Y is an r-isomorphism, then ¥ (¢) : F(X) - F(Y) isan r-
isomorphism too.
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v) IfA: A 5 B3 C 5 X "TAis a strict exact triangle of weight r > 0,
then

F(u F(v F(w
7 : 74 22 78) T2 7o) T s w4y
is also a strict exact triangle of weight r.

(v) ¥ descends to a group homomorphism g : K(€) — K(D). The same con-
clusion holds for K(AC€) and K(AD) as well as for Ko (€) and Koo (D).

Proof. The proof is rather straightforward, so we only outline the main points. Indeed,
the fact that the restriction of ¥ to € is triangulated and that ¥ is a persistence func-
tor that commutes with the shift functors and the natural transformations 7 implies
easily that ¥ sends r-acyclics to r-acyclics. One then deduces that & transforms r-
isomorphisms into r-isomorphisms and the rest of the properties stated are easy to
check. |

Given any TPC (€, Te, X¢), recall that K(€) and K(AT€) are related by the
group homomorphisms Q, defined in (24) and j defined in (22). It is easy to see that
we also have the following lemma.

Lemma 3.2.3. For any TPC (€, Te, Z¢), we have the following relations:
joFxk =Fgoj and QroFg = FgoQ,
foranyr > 0.

To summarize what we have shown till now, triangulated persistence categories
together with TPC functors form a category denoted by 7 P C. There is an acyclic
functor

A:TPC —-TPC, €~ AE.

The morphisms j and Q, can be viewed as appropriate natural transformations relat-
ing the functor A to the identity.

Recall from the beginning of Section 3 that for a TPC € the K-group K(€) has the
structure of A p-module defined by ¢" - [A] = [X" A]. Consider the category of mod-
ules mod p ,, over A p. With these conventions, we have constructed two Grothendieck
group functors

K:TPC — mody, (26)

that associate with a TPC € its K-group K(€) and to a TPC functor ¥ the induced
morphism Fx and
KA :TPC — mody,

that is defined by KA = K o A and associates to € the module K(A€). We will often
denote this module by KA(€) from now on.
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3.3. Monoidal structures on € and ring structures on K(€)

We start with a natural generalization of the notion of tensor category (or monoidal
category, see [20, Section 1 in Chapter VII]) to the TPC setting.

Definition 3.3.1. Let € be a TPC. A tensor structure on € is an associative symmetric
bi-operator ® : Obj(€) x Obj(€) — Obj(€) together with a unit element e € Obj(€)
(with respect to ®) such that the following axioms are satisfied.
(i) Forany A € Obj(€), we have (—) ® A is a persistence functor on €. Explic-
itly, for any X, Y € Obj(€) and f € homg(X,Y) fora € R,

()A)X)=X®A, (0)®A)(f)=/®Lichome(X®A,YRA).

(ii) Forany A € Obj(€), the restriction of the functor (—) ® A to €y is triangu-
lated, i.e., it maps exact triangles in €y to exact triangles in €. Moreover,
(—) ® A is additive on €.

(iii) For any A € Obj(€), the functor (—) ® A is compatible with the translation
auto-equivalence T and the shift functor X" for any » € R in the following
sense:

TXRQA=T(X® A)(=X ®TA) inC,
and there is a family of isomorphisms {6, : ¥ X @ A - X" (X ® A)}rer

in €y with 6y = L xg4 such that the following diagram commutes:

ErX®A (Mr.s)x ®14 ESX®A

q Jos

Er(X ® A) (nr.‘\‘)X®A ZS(X ® A)

for any r, s € R. A similar conclusion holds for the functor A ® (—) due to
the symmetry of ®.

A monoidal TPC is a category € as before together with a choice of tensor structure.

Remark 3.3.2. The axiom (i) in Definition 3.3.1 translates to the following commu-
tative diagram:

hom (X, ¥) — %M hom& (X ® A, Y ® A)

ia.a+rl J{ia.a+r

hom&H (X, ¥) — %M hom®tr (X @ 4.Y ® A)

forany o € R, r € R>¢. In particular, we have for any f € homg(X,Y), igatr(f) ®
]lA = ioc,oc-i—r(f ® ]lA)-
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Remark 3.3.3. Recall that AT is the subcategory of € whose objects consists of
only acyclic objects. It is a simple exercise to check that any A € Obj(€), the functor
(—) ® A restrict to an endofunctor of AC.

Example 3.3.4. A basic example of a monoidal TPC’s is the persistence homotopy
category €'¢ = Hy(FCh') of finitely generated filtered chain complexes. The tensor
structure is induced by tensor products of (filtered) chain complexes and the unit ele-
ment is given by the chain complex £ = Kk (x) which is concentrated in degree 0, has
dx = 0 and whose filtration function £ is defined by £(x) = 0.

In the same vein, the persistence homotopy category €' = Hy(FCh') of tame
filtered chain complexes is a monoidal TPC too.

Suppose that € is monoidal. For X, Y € Obj(€) with classes [X], [Y] € K(€)
define
(X]-Y]=[X®Y] e K(E). 27

Lemma 3.3.5. If € admits a tensor structure, then the operation in (27) is well-
defined and induces a commutative unital ring structure on K(€) and a non-unital
one on K(A€). The same operation makes K(ATC) into a K(€)-module, and the
map (22) is K(€)-linear.

The proof can be found in the expanded version of the paper [11].

Remark 3.3.6. Recall that K(€) is also a A p-module. This module structure is com-
patible with the preceding ring structure (defined when € is monoidal) and together
these two structures make K(€) into an algebra over A p. A similar statement holds
for KA(E).

3.4. The opposite TPC and its K -group

Recall that every triangulated category € has its opposite category denoted by €°P
which is triangulated as well. The exact triangles in €°P are related to those of € as
follows (we follow the construction given by [21, Remark 10.1.10 (ii)]). Denote by
op : € — €P the canonical (contravariant) functor that (i) is identity on Obj(€)(=
Obj(€°P)) and (ii) reverses the domain and target on the morphisms in €, that is,
op(f) € Homew (Y, X) iff f € Home (X, Y). Assume that T is the translation autoe-
quivalence of €, then define

TP :=opoT loop l:€P — €P (28)
to be the translation autoequivalence in €°. An exact triangle in €°P is defined by

-T~'(h
7 op(g) y op(f) x op( (h) T Z. (29)

S g h . . . . .
whenever X — Y — Z — TX is an exact triangle in €. It is easy to see that €°P is
a triangulated category.



P. Biran, O. Cornea, and J. Zhang 822

Definition 3.4.1. Suppose (€, T, X) be a TPC. Define its opposite by (€°P, TP, X°P)
where TP is defined in (28) and

(ZP) :=opo X" oop ! :EP — €P (30)

for every r € R. Moreover, the persistence module structure on the home’s induces
in an obvious way such a structure on the homeop’s. This makes €°P into a persis-
tence category and the canonical functor op is a (contravariant) persistence functor.
Moreover, as we will see in Lemmas 3.4.3 and 3.4.4 below, (€°P, T°P, ¥°P) defined

as above is a TPC and the functor op is a TPC functor.
A few remarks are in order.

Remark 3.4.2. (i) The collection X°° = {(XZ°P)"},cr forms a shift functor on €°P,
and the natural transformation 7,5 : (Z°P)" — (XZ°P)’ is defined by

Ny = op(N—s,—r) (1)

for any r, s € R, where n_s,_, : ¥7° — X7 is the natural transformation for X.

(ii) Recall that for each object X in €, the morphism nX = i, ¢(n,0(X)) €
homox(f (X" X, X) plays an important role in the definition of a TPC. Similarly in €°P,
the counterpart is

(1) = 10 (M (X)) = i—r,0(0p(710,—r (X))) = 0p(n}") € homEor ((S®)" X, X),

where in the third equality we use the condition that op is a persistence functor, com-
muting with the persistence structure morphisms.

(iii) The O-level category of €°P satisfies (€°P)y = (€)°P, since the canonical
map op is a persistence functor.

Lemma 3.4.3. Suppose (€, T, X) be a TPC, then its opposite (€°P, TP, X°P) is also
a TPC.

We refer the reader to the expanded version of this paper [11] for the proof.
For brevity, denote by ‘C’Sp the O-level category of €°P (there is no ambiguity of
the notation due to (iii) in Remark 3.4.2).

Lemma 3.4.4. The canonical functor op : (€, T, X) — (€%, T, X°P) is a TPC
functor. Moreover, it induces a group isomorphism opg : K(€) — K(€P).

The proof is straightforward and can be found in [11].

3.5. The oo-level of a TPC and an exact sequence

Recall from Section 2.4 that for every TPC € we can associate its co-level category
€ With home_ (A, B) = lim_, hom¢ (A4, B). As mentioned in Section 2.4, this cat-
egory is identified with the Verdier localization of €y/A€ . Thus, € is triangulated



Persistence K-theory 823

(see [12, Proposition 2.38]) and its K-group K(€) is well-defined. The exact trian-
gles of €4 contain those of €y and it is easy to see that many of the properties of
K(€) remain true for K(€o):

(i) K(€x)isa Ap-module. If € is monoidal, then K(€4) is a A p-algebra,

(ii)  thereisafunctor Koo : 7 PC — mody ,, defined by €= Koo (€):=K(Co).
Here, (as in Section 3.2) mod, , denotes the category of modules over Ap.

We will now relate the groups K(€) and K(€) via an exact sequence. Of course,
this relation is to be expected given that €, = €/ A€ . Note that there is a surjective
homomorphism 7 : K(€) - K« (€) of A p-modules which is induced by the identity
on objects. Further, the inclusion Obj(A€) C Obj(€) gives rise to a well defined map
Jj 1 KA(C) EN K(€). Let Tor K(€) :=ker(j) and denote by v : Tor K(€) — KA(E)
the inclusion. Thus, we have the following sequence of A p-modules:

0 — Tor K(€) 5 KA(C) 5 K(€) 5 Koo(€) — 0. 32)
From the general properties of Verdier localization, it is easy to deduce the following
property.
Proposition 3.5.1. The sequence (32) is exact.

Remark 3.5.2. (a) As mentioned before, this follows from the general properties of
Verdier localization, but it is useful to have a more explicit description of Tor K ()
together with the exactness argument and we provide them here. Consider the follow-
ing diagram of A p-modules:

0
0 0 Re
]
0 Ropey ——s Ry —*— R 0
u (33)
0 GAC) —L— GlE) —F— Goy 0
v
KA(E) —1— K(€) — " Koo (€) —— 0
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The diagram is constructed as follows. We denote by G (—) the free abelian group
generated by the objects of the respective categories and by R_ the subgroup of tri-
angular relations associated to the triangular structure of the 0-level of the respective
TPC, as in the definition of the K-group. Thus, by the definition of the K groups in
question, the first two columns are exact. The maps j and j’ are inclusions and j is
induced by them. The groups G, and R, are defined as the obvious quotients mak-
ing the top two rows exact and 7, 7" are the projections. The map u is induced from
the left, top square in the diagram. The group ﬁf is the kernel of u. All the groups
and morphisms discussed here are also A p-modules so ﬁf is also a A p-module.
It is immediate to see that 7 o j = 0 because an acyclic object is, by definition, r-
isomorphic to 0 for some r € R, and thus, it is isomorphic to 0 in €. This means
that the map v is well-defined and induced by the left bottom square in the diagram.
Diagram chasing shows that the exactness in the proposition follows by proving
that v is surjective and, moreover, this implies that the kernel of j is identified to ﬁg,

Tor K(€) = ker(j) = Re.

Given that Koo (€) = G(€)/Re,,, the surjectivity of v comes down to the following
identity:
fR*goo = G(.A\C’) =+ ‘R'C’()’ (34)

which follows from the description of the exact triangles in €.
(b) It is useful to express the group Tor K(€) = Re in yet a different way. Notice
that we have the obvious inclusion

Rae, = G(AC) N Re,.
More diagram chasing shows that
Tor K(€) = [G(AT) N Reyl/Rae,- (35)
(c) It is easy to see that Tor K(€) can be viewed as a functor
TorK : TPC — mody,,

and that i : Tor K(€) — KA(€) from (32) is part of a natural transformation between
Tor K and AK.

3.6. Wrap-up of general properties

We assemble here the properties discussed above in one statement, by expanding on
the discussion in Section 3.2. Recall from Section 3.2 that mody , is the category of
modules over A p. Denote by op : moda , — modf{’P the obvious op functor with the
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particular feature that op(M) = M, where M is the same abelian group as M but
the A p-module structure is t” -@ = t~" - a, where a € M and a is the corresponding
element in M . Recall from Section 3.2 that we denote by 7 P C the category of TPCs
and TPC functors.

Theorem 3.6.1. There are four functors: K, KA, Koo, Tor K : T PC — mody , that
are defined on objects by

K(€):= K(€y),  KAE) = K(AE),
Koo(€) := K(€s0). Tor K(€) := [G(AC) N Re,l/Rae,

(see (35) for Tor K ), and correspondingly on morphisms. There are natural transfor-
mations relating K, KA, K, and Tor K induced by the maps j, Q, from Section 3.1,
and wt and  from Section 3.5 and the four functors fit into exact sequences as in (32):

0> TorK % Kb 5> K5 Koy — 0.

The four functors Tor K, KA, K, K., commute with the op functors in the domain and
target. Moreover, when restricted to the subcategory of T P C consisting of monoidal
TPCs and functors, they take values in the category of algebras over Ap.

4. Filtered chain complexes

In this section, we will carry on explicit computations of the K-group when € =
Hy(FCh), the homotopy category of filtered chain complexes over k, and make
explicit several properties from Section 3 in this setting.

4.1. Main computational result

We refer to [35] for the general background on the algebraic structures related to this
category. We recall below some notation, definitions, and results.

We denote by FCh the category of filtered chain complexes. As explained in [10,
Section 6.2], FCh has the structure of a filtered dg-category which is pre-triangulated,
therefore, its degree-0 homology category denoted by Hy(FCh) is a TPC (see [10,
Proposition 6.1.12]).

Given a filtered chain complex (Cx, 9, £) there exists a decomposition, unique up
to filtered chain isomorphism (see the work of Barannikov [2]; see also [35, Proposi-
tion 7.4]),

Tk Sk
(Cx,0,0) =~ @ C(k)[—k] where C(k) = @ Ei(a) & @ E>(bi,ci). 36)
keZ i=1 i=1
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Here, E1(a) and E, (b, c) denote the following two elementary filtered chain com-
plexes serving as the building blocks of the decomposition:

e EFia)=((+—>0—>kx >0—---),4(x) =a),deg(x) = 0;

o Exb,c)=((-- —>0—>ky£>kx —-0—---),L(x)=b,L(y) =c),deg(x) =0,
deg(y) = 1.

In what follows, we will concentrate on two full subcategories of FCh (see also
Section 2.2).

(fg) (Finitely generated chain complexes). The full subcategory FCh'® ¢ FCh
whose objects are filtered chain complexes (Cx, d, £) for which the total space
@Dy.cz Ck is finite dimensional over k.

(t) (Tame chain complexes). The full subcategory FCh' C FCh whose objects
are filtered chain complexes (Cx, 0, £) such that for every filtration level r €
R, the truncated chain complex (Cf’ , 0) is finite dimensional over k (again,
when taking all degrees together), for sufficiently small 7, we have C5" = 0.

As we will see below, there are significant differences between the computational
results of K(Ho(FCh'®)) and K(Ho(FCh')).

The TPC Hy(FCh) is monoidal in the sense of Definition 3.3.1. The bi-operator
® is defined by the classical tensor product of two chain complexes, that is, for C =
(Cx,0c,fc)and D = (D, dp,£Lp), we have

C®D= ((C ® D)*’8C®D’€C®D)’

where

Ce®Di= P GoD,
p+q=k

and

Bcep)e = Y ((0c)py ® Ip + (=1)?(lc ® (3p)y))-
p+q=k

Moreover, {cep = ¢ + {p. Then, clearly, this ® is associative and symmetric. The
unity e is given by the filtered chain complex,

Ei(0)=(-++—>0—>kx —>0—--,9 =0,deg(x) = 0,£(x) = 0).

The fact that e is a unit follows from Example 4.1.1 below. Most of the other axioms in
Definition 3.3.1 are readily verified. For instance, the family of isomorphisms {6, },er
in the axiom (iii) are in fact all identities. Indeed, by definition, X" (Cx, 9, £) =
(Cx,0c,Lc + 1), s0

(2'C)® D = X' (C ® D) = ((C ® D). dcen.Lcap + 7).
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The only non-trivial part is the verification that (—) ® C\ is a triangulated functor on
Hy(FCh)y. This follows from [30, Lemma 15.58.2].

Example 4.1.1 ([29, Example 2.8] or [36, Proposition 9.2]). For later use, this exam-
ple computes the tensor product of elementary filtered complexes that appear in the
decomposition (36). There are three cases.

s Ei(a)® E((b) =Ei(a+b).

e FEi(a)® Ez(b,c) = Ex(a+b,a + c).

e Ex(a,b)® Ex(c,d) = Ex(a+c,min{a +d,b+c})®
E>(max{a +d,b+c}, b+ d)[-1].

We emphasize that in the last case, there is a degree shift in the second term.

It is straightforward to verify that the above tensor structure restricts to tensor
structures on Ho(FCh'®) and Hy(FCh'). We denote €' = Ho(FCh') and € =
Ho(FCh'®).

The various computations of K-groups for these two categories are collected in
the next theorem. Recall the Novikov rings A and A p from Section 2.1.

Theorem 4.1.2. The tensor product of filtered chain complexes induces ring struc-
tures on K(€") and K(€®). Moreover, we have the following.

(1) There exists a canonical isomorphism of rings
A K(€Y) — A, 37

uniquely defined by the property that A([E1(a)]) = t? for every a € R, where
E1(a) is as above and [—] € K(€") is the K-class of the relevant filtered chain
complex.

(2) Denote by it : K(€%®) — K(€') the map induced by the inclusion -€(§g C
€4 Then, the composition A 0 i'¢ : K(€') — A has values in Ap and is an
isomorphism of rings K(€%) = Ap.

(3) Denote by A€'® the homotopy category of acyclic finitely generated filtered
chain complexes and by jg : K(A€®) — K(€'%) the map induced by the
inclusion A‘@gg C ‘€(f)g. Then, the composition A o jg has values in the ideal
Ag)) ={P(t)e Ap| P(1) =0} C Ap and gives an isomorphism K (A€?) ~
Ag)) which is compatible with K(A€®) being a K(€%®)-module and Ag))
being a A p-module.

Remark 4.1.3. (1) An older result of Kashiwara [20] establishes a similar isomor-
phism to the ones described at points (1) and (2) of Theorem 4.1.2 but in the frame-
work of the derived category of constructible sheaves on manifolds. The analogy to
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the result of Kashiwara becomes more transparent in view of the identification of
Novikov rings with rings of step functions as described in Section 5.

Another related result appears in [14], where the K-group of the category of multi-
parameter persistence modules is calculated. Note that the framework in that paper is
slightly different than ours—the category of persistence modules is exact while the
homotopy categories Ho(FCh'®), Hy(FCh') of filtered chain complexes are TPC’s.

(2) The morphism A : K(€") — A fits with the map A(_) defined in Section 2.3 for
persistence modules and their barcodes. The relation is that A(C) = Ag(c) for each
filtered chain complex C, where H(C) is the persistence homology of C.

The proof of the theorem will occupy the next two subsections. Explicitly, Sec-
tion 4.2 is concerned with €€ and Section 4.3 with €'. The combination of the results
in these two subsections cover all the claims made in Theorem 4.1.2. In Section 4.4
we discuss some other relations involving the acyclics for these categories. They are
relevant to understand some K -theoretic aspects, as in Remark 4.4.4 (a).

4.2. Computation of the K -groups associated to Hy(FCh'®)

Throughout this section, we write €'¢ := Hy(FCh'®) for the homotopy category of
finitely generated filtered chain complexes over k. By a slight abuse of notation, we
will denote the K-class of a filtered chain complex A sometimes by [A] but occasion-
ally also simply by A.

Lemma 4.2.1. In K(€%), we have E5(a,b) = E\(a) — E1(b) foranya < b € R.

Proof. The mapping cone of the (filtration preserving) map ¢ : E1(b) — E1(a) defined
by ¢(xp) = x4 is Ex(a, b), where xp and x, are the generators with the prescribed
filtrations of E1(b) and Eq(a), respectively. Thus, by the definition of the K-group,
we have E1(a) = E1(b) + Ex(a,b) in K(€%). n

Recall that A p denotes the ring of Novikov polynomials with coefficients in Z,
namely, finite sums of monomials of the form nt?¢ withn € Z, a € R and where ¢ is
a formal variable. More precisely,

N
Ap = {antak

k=0

N € Zso,nx € Z, ay € R}. (38)

We endow A p with the obvious ring structure whose unitis 1 = 1-#°. As explained at
the end of Section 4.1, since € is monoidal, Lemma 3.3.5 implies that the K-group
K (€') admits a well-defined ring structure, where the product is given by

Ey(a)- E1(b) = Ei(a + D), (39)
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due to (27) and Example 4.1.1. Note that by Lemma 4.2.1, we only need to consider
classes in K (€'2) represented by the elementary filtered chain complexes of E1-type.
Moreover, the unit of K(€%) is E£,(0).

=

Proposition 4.2.2. There is a ring isomorphism n: Ap — K(€') that sends t* € A p
to the K-class [E1(a)] € K(€) for every a € R.

Proof. According to (36), any object in E’ég is isomorphic to a chain complex of the
following form:

k1 Tk Sk
C =@ Cwl—k]. where Cory = @ Er(ai) ® @ Ea(bi.ci).  (40)
k=kgo i=1 i=1

Since the objects of €' are all finitely generated chain complexes, we have that ko,
k1, ri., and s are all finite. Therefore, the class [C] € K(€') of such a complex is of
the following form (recall that the degree shift [—1] of a chain complex corresponds
to multiplying by —1 in the K-group):

k1 Tk Sk
[C] = Z (—1)_k(Z[E1(a,-)] + Z[EZ(bi»Ci)])'

k=ko i=1 i=1

By Lemma 4.2.1, and by grouping terms, the expression above can be further simpli-
fied to

k
[C] =) ni[E1(x;)] forsomeyx; €R, n; €Z, (41)
i=1
with k finite and such that each x; only appears once in the sum. We may also assume
that the x;’s are written in increasing filtration order.

In summary, each element in K (€) can be written in the form (41). We claim that
the representation of [C] as written in (41) is unique. This is equivalent to showing
that if for a filtered complex C we have [C] = 0 € K(€?), then the expression (41)
associated to C does not contain any terms on the right-hand side. The argument is
based on the filtered Euler characteristics defined by

xa(C) = x(C=*), aeR. (42)

These Euler characteristics y, descend to morphisms y, : K(€%) — Z due to the
standard behavior of the Euler characteristic on short exact sequences of complexes.
Additionally, it is immediate to see that

k
Ya (Zni[El(xi)]) —0 VaeR,iffn; =0Vi,
i=1

which shows our claim.
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What we have proved so far a priori holds only for K classes of the form [C] with
C < Obj(€'®). However, every element X € K(€') is of that form, i.e., X = [C] for
some finitely generated filtered chain complex C. This is because Obj(€®) is closed
under direct sums (and shifts in grading). Therefore, the preceding statements in fact
hold for all elements of K(€€). In the rest of the proof, we continue to represent
every element of K(€'2) by an object of €2,

Consider the map

n:Ap — K(€%) defined by 1% — E;(a) (43)

and extend it linearly (over Z) to A p. We claim that 7 is surjective. Indeed, for any
g € K(€) written as on the right-hand side of (41), consider the Novikov polynomial
p= Z§=1 n;t* . We then have n(p) = g. Next, we claim that 7 is injective. This is
an immediate consequence of the fact that the writing (41) of an element in K (€') is
unique.

Finally, 7 is a ring homomorphism. Indeed, n(1) = (t°) = E{(0) = e, the unit,
and

n(znkla")'n(katbk)
k k
- (anEl(ak)) . (kaEl(bk))
k 3
= Z Z nimjE(a; + bj) = U(Z Z nimjta,-erj)

k i+j=k k it+j=k

A(2) ()

where the second equality comes from the product structure on K(€) defined in
(39). "

We denote by
Ai=n"1:K(€®) - Ap (44)

the inverse of the isomorphism 7 from Proposition 4.2.2. We have A(E1(a)) = t* for
alla e R.

We turn to the category of acyclics A€ and its associated K-group K.A(€') =
K (A'G(gg) that was introduced in Section 3.1. Note that, unlike for K (€), the genera-
tors of KA(€') are all of the form of E,(a, b) and the relation in Lemma 4.2.1 does
not hold anymore in K.A(€®). Still, we have the following analogous useful result.

Lemma 4.2.3. Foranya <b <c¢ € R, we have E>(a,b) + E>(b,c) = Ez(a,c) in
KA(€™S).
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Proof. Suppose that the generators of E»(a, c) are yg and y; satisfying d(y1) = yo
and filtrations £(y¢) = a, £(y1) = c. Similarly, suppose that the generators of E» (b, ¢)
are x¢ and x; satisfying d(x;) = xo and filtrations £(xg) = b, £(x1) = c. Then, con-
sider a filtration preserving map ¢ : E»(b,c) — Ez(a, c¢) defined by

¢(x0) =yo and ¢(x1) = y1.
We have Cone(¢p) = E»(a, b). In other words, we have an exact triangle
Ex(b.c) S Exa.c) > Ea(a.b) — Ex(b.o)[-1],
and thus, E>(a,c) = Ex>(a,b) + E»(b,c) in KA(€E™). n

Similarly to (38), we introduce the following (non-unital) ring Ap of “double-
exponent” Novikov polynomials (in the formal variable s). Additively, it is defined as

follows:
Ap = {ans“k’bk
k

where the sums above are assumed to be finite. The relation subgroup R is generated

ng € Z,ar < bk < OO}/fR, 45)

by the elements {s%? + s2¢ — §%¢} forany a < b < ¢ € R. The product on A’y goes
as follows:

ab .cd .

Sa+c,a+d _ Sb+c,b+d — Sa-i—c,b-‘rc _ Sa-i—d,b-‘rd (46)

s - S

and extends by linearity over Z. Note that this is well-defined and the second equality
comes from the relation R. It is easy to verify that the product defined in (46) is
associative and distributive.

The tensor structure on € descends to a well-defined (non-unital) tensor struc-
ture on A€, therefore, Lemma 3.3.5 implies that the K-group K.A(€'") admits a
well-defined (non-unital) ring structure, where the product is given by

Es(a,b)- Es(c,d) = Ex(a+c,min{a+d,b+c})—Ey(max{a+d,b+c}, b+d)
= FEx(a+c,a+d)—Ex(b+c,b+d).

Here, the first equality comes from Example 4.1.1 and the second equality comes from
Lemma 4.2.3. Indeed, if b + ¢ < a + d, then

Ey(a+c,b+c)—Exa+d,b+d)=(Ey(a+c,b+c)+ Eyb+c,a+d))
— (Ex(b+c,a+d)+Ex(a+d,b+d))
=FEya+c,a+d)—Ey(b+c,b+d).
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Similarly, one can also write
Ez(a.b)- Ex(c.d) = Ex(a+c¢,b+c)— Ex(a+d.b+d). (47)

The expression in (47) explains the relations in R listed above.

Proposition 4.2.4. There is a multiplicative isomorphism KA(€ fe ) = A'p that sends
the K-class E»(a,b) € KA(E/8) t0 s%P € A}, for every a < b.

For the proof of Proposition 4.2.4, it is useful to relate Ap to A’,. Consider the
following ideal of Ap:

AR = {p@t) e Ap | p(1) =0} (48)

The condition p(1) = 0 is equivalent to the condition that the sum of all coefficients
of the Novikov polynomial p is equal to 0.

Lemma 4.2.5. Consider the map
o Np — A defined by s > 1* — (49)

and extend it to N'p by linearity over Z. Then, o is well-defined and is a non-unital
ring isomorphism.

The proof of the lemma can be found in the expanded version of the paper [11].
We are now ready to prove Proposition 4.2.4.

Proof of Proposition 4.2.4. Consider the following ideal of K (€'#):
K(E€®)© = {4 € K(€®) | x(4) =0}, (50)

where y : K(€%®) — Z is the Euler characteristic. Note that y is well-defined for all
objects of €' since they are assumed to be finitely generated. By the same argument
as in Proposition 4.2.2, the ring isomorphism 7 : Ap — K(€') restricts to a ring
isomorphism 7| AQ Ag’) — K(€')©® Then, consider the following diagram:

o (0)
A}, ——Ap

a2

n'l Elnll\(’@ (51)

KA(E™) L k(e ©
where the top horizontal map o is a ring isomorphism by Lemma 4.2.5. Here,

n: Ap — KA(E™) is defined by ans“k’bk — @nkEz(ak,bk). (52)
k k
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Lemma 4.2.3 and the relations in &R of A’, in (45) yield that ' is well-defined. Also,
it is readily checked that %’ is surjective. Meanwhile, j is the ring homomorphism
defined in (22). We claim that the diagram (51) commutes. Indeed, for any 5P we
have

sa,b g e Zb

n’l ln (53)

Es(a,b) —— Ei(a) — Ev(b)
which verifies the commutativity. Since j o 7" = 7|, ) o o which is an isomorphism,
P

we deduce that 1’ is injective. ]

4.3. Computation of the K -groups associated to Ho(FCh")

We are now interested in the triangulated persistence category €' := Hy(FCh') of
tamed filtered chain complexes over k and its K -theory.

The computations of K(€') and KA(€") partially overlap with the ones for the
homotopy category Ho(FCh'®), but they differ at some points. Instead of Ap and
A'p, we will now need to work with the full Novikov ring

o0
A= {ant“k ny € Z,ay, — oo} (54)
k=0
as well as with
o0
A= {ansak’bk ng € Z,ar < by < o0o,ar — oo}/ﬁ (55)

k=0

where the relation subgroup R is defined as in (45).
Here is the analog of Proposition 4.2.2 in this setting.

Proposition 4.3.1. There is a ring isomorphism K(€") = A that sends the K-class
Ei(a) € K(€Y tot® € A foreverya € R.

The proof follows from arguments almost identical to those in Proposition 4.2.2.
Additional care is required when comparing two elements in A that possibly involve
infinitely many monomials. We can reduce this to the polynomial situation via a trun-
cation at a filtration level, due to the definition of tame chain complexes.

We also have the following result, analogous to Proposition 4.2.4. We omit its
proof which can be found in [11].

Proposition 4.3.2. There is a multiplicative isomorphism KA(€Y) = A’ that sends
the K-class E»(a,b) € KA(EY) to s%b € N, for every a < b. Moreover, there is a
multiplicative isomorphism A =~ A.
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We continue to denote by A the inverses of the maps 1 and n’ before, as in (44).
Remark 4.3.3. The map
Jj: KA(EY) — K(€Y

is an isomorphism. This follows from [11, diagram (63)]. It can also be seen in a more
direct way by first noticing that the unit e = F1(0) of K(€") belongs to KA(E").
Indeed, consider the element

o0
¢’ =Y Ey(k.k+1) € KA(EY.
k=0

This element is a unit in K.A(€") as shown by the next computation. Fix some E;(a, b)
and write

Ex(a,b)-e' = Ex(a,b) - (E2(0,1) ® E2(1,2) & --)
= (Ex(a,b) — Ex(a+ 1,b + 1))
4 (Ex(@+1,b+1)—Ex(a+2.b+2)) +--
= Es(a.b),

where the second equality comes from the product formula in (47) and the last equality
comes from successive cancellations with only the first term left. Ase’ = ¢’ e = ¢

we deduce that £1(0) € image (KA(€") Lk (€")). Now, use the fact that the map j
is linear over A to conclude that j is an isomorphism.

For further use, we summarize two direct consequences of Proposition 4.2.4 and
Proposition 4.3.2 (see also Proposition 3.5.1).

Corollary 4.3.4. We have the ring isomorphisms j : KA(€) — K(€%)© (where
K(€)® s defined as in (50)) and j : KA(EY) — K(€"). In particular, these maps
are injective, and thus, Tor K(€') = 0, Tor K(€") = 0. Further,

Koo(€®) =7, Kq(€Y) =0.

Remark 4.3.5. Corollary 4.3.4 says that in case € = €2 the exact sequence (32)
becomes a short exact sequence of the form

0 — KA(E) > K(e®) 5 Koo (€%) — 0. (56)

Identifying the first two terms, via the isomorphism A, with Ag)) and Ap, respec-
tively, and the third term with Z via the Euler characteristic, we can identify the above
sequence with the following one:

0—>A§?)—>AP—>Z, (57)
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where the first map is the inclusion and the second map is given by Ap > P(¢) —
P(1) € Z. The sequence (56) obviously splits. A preferred splitting seems to come
from the following right and left inverses to 7 and j, respectively:

Koo (€®) — K(€%), [CT = X(O)[EL(0)],

(58)
K(€®) — KA(€®),  [C]r> [C]— x(C)[E1(0)].

In terms of the sequence (57) the first map in (58) is just the inclusion Z — A p and
the second map is P(t) — P(t) — P(1).

4.4. More relations

In this subsection, we investigate the acyclic truncation maps Q, defined in (24).
Notice that @, is only a homomorphism of abelian groups, since

Or(Ev(a)- E1(D)) = Or(Er(a+ b)) = Ex(a+b,a+b+r),
while

Or(E1(a)) - Or(E1(b)) = Ex(a,a+r)- E2(b,b + )
=Ea+ba+b+r)y—Exa+b+ra+b+2r).
The proof of the following result can be found in [11].

Proposition 4.4.1. Foranyr >0, the map Q, : K(€") - KA(C") is an isomorphism
of abelian groups.

Proof. Consider the following diagram:

Ky —2 L kAceY

Alg Alz (59)

A o A A

IR

where the two vertical isomorphisms A are the inverses of the isomorphisms 1 and
n' from Propositions 4.2.2 and 4.3.2, respectively, the right-bottom isomorphism o
is from Proposition 4.2.4, and the map Q, : A — A’ is defined by 74 > s%4*" and
extended to A by linearity over Z. Notice that O, makes the square commutative.
Moreover, the composition

(O' ° Qr)([a) — O_(sa,a+r) — 9 _ la+r

is injective; thus, Qr is injective. Next, we will show that Q r 1s also surjective.
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The surjectivity of Q r 1s proved in detail in [11], and here we only outline the
main idea. First, note that A is a A’-module with structure defined by s*? - ¢ :=
ate —hte Ttis straightforward to check that Qr is A’-linear with respect to this
structure. Now, note that Q,(l + 1"+t 4 o) = s%7 4 727 4 ... = y, the unit
in A’. This shows that O, is surjective. It now follows that O, is an 1somorphlsm
which implies that Q, is an isomorphism too. |

We now investigate the map Q in the case of €€, We have the following commu-
tative diagram that is analogue of diagram (59) (we keep denoting by A the inverses
of the corresponding maps 7, as before):

K(e's) — 2, kAceR)

Alg AF (60)

Ap A AP

IRf<

Again, since o o Qr is injective, Qr and Q, are injective. However, now Q, is not
necessarily surjective, again due to the lack of a unit in K.A(€') (and also in A’ P)-

Proposition 4.4.2. For any r > 0, we have

Im(o 0 0,) = {anl‘“k EA()

Z nj = 0foranyc € R/rZ}

J€Je

where
Jo = {k el |ay = c(modr)}.

Remark 4.4.3. The ring Ag)) can be regarded as the set of elements satisfying the
condition in Proposition 4.4.2 for r = co, where ax = ¢ (modr) simply means a; = c.

Proof of Proposition 4.4.2. Denote by Ag))’r the ring obtained from Ag)) by reducing
mod r the exponents that appear in the variable . (Namely, we take the elements
D ekt e Ag)) and reduce mod r all the exponents ay.) The outcome Ag?)’r inherits
from Ag)) the structure of a non-unital ring (recall that Ag)) is itself non-unital). We
have a projection 7 : Ag)) — Ag))’r defined by

Z Nt ant[“k], where [ag] is the projection of a; on R/rZ.
We need to show that Im(o o 0,) = ker(r). If p € Im(o o Q,), then each term 7%

of p is mapped by o 0 O, to t¢ — 197 Applying the map 7, we have 14 — 1477 >
t1al — ¢lal = 0. We get 7r(p) = 0. This shows Im(c o 0,) C ker(r).
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Fixp=)_, , Nt®* € ker (i) and consider the sub-polynomial p. := don , etk
with [ag] = ¢ for each ¢ € R/rZ . We will show that any sub-polynomial p, is in the
image of the map o o Q,—this is enough to show that p is in this image. Write

Pe =ntTMT o 4 ppt€TMLT wheremy < --- <myp € Z, (61)

and ) ,le ny = 0. At this point, the argument is similar to the proof of Lemma 4.2.5,
by induction on L. The first non-trivial case is when L = 2, that is p, = nt¢+t™1" —
nt¢t™2" Then, consider x = n(t¢T™17 4 cHm+Dr 4 4 pet(ma=Dry e A p and
we have

(0o Q’r)(x) — n(lc+m1r _ tc+(m1+l)r + tc+(m1+1)r _ tc+(m1+2)r

NI tc+(m2—1)r _ tc+m2r) = Ppe.

Now, assume that any p. in (61) with L-many non-zero terms is in the image. We
rewrite a p, with (L + 1)-many non-zero terms as follows:

L
Pe = n1[C+m1r 4ot nLlc—l—er + (_ an)lc—l—mL-Hr
k=1
L

-1
— (nltc+m1r 4 -~-I’lL_1tc+mL—]r _ ( nk)lc+er)

=1

x~

L

k=1

Each of the two terms above is in the image by our inductive hypothesis. Therefore,
Pc 1s in the image. |

Remark 4.4.4. (a) Let € be a TPC and fix r € [0, 00). Recall the notations from Sec-
tion 3.5. In particular, denote by G (€) the free abelian group generated by the objects
of €. A natural question is whether there are K-type groups of interest obtained by
dividing G (€) by the subgroup R, generated by the relations of the form B = A — C
for each strict exact triangle

A—-B—>C—XTA

of weight s < r. In general, this does not lead to something useful. For instance, it is
easy to see that if acyclics of any weight belong to the subgroup of K(€) generated
by s-acyclics, then G (€) /R, = €. This is what happens in €, as it follows from
Proposition 4.4.1.
(b) Another natural way to map K (€'¢) to K.A(€") is as explained in Remark 4.3.5.
Namely,
K(€") — KA(€®), [C]+ [C] = x(C)E1(0).
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This definition parallels (via the isomorphisms defined by A) the map Ap — A(O),
defined by P(t) — P(t) — P(1).

5. Barcodes, step functions, and K -theory for persistence modules

It is natural to associate to an ungraded persistence module {M%}ycRr the real func-
tion given by its dimension « +— dimg(M%). By taking into account also graded
modules—as in Section 5.1—this provides a way to associate to each persistence
module M, or graded barcode B, a function Gg belonging to a ring LCg[x, x™']
where x is a formal variable keeping track of the grading and L Cp is a ring of bounded
step functions R — R with a convolution type product. The value of this represen-
tation for x = —1, ¥ = 0|x=_1, is interpreted in Section 5.2 as the application that
associates to a persistence module its K-class, in an appropriately defined K-group.
This is a consequence of the fact that LCp is isomorphic as a ring with the universal
Novikov polynomial ring, Ap, and fits with the description in Section 4 of the K-
group of the homotopy category of filtered chain complexes. Finally, in Section 5.3,
we use the theory developed in Sections 5.1 and 5.2 to formulate a general form of
Morse inequalities for persistence homology.

Before we go on, we remark that some of the material presented in Sections 5.1
and 5.2 below is analogous to older work of Schapira [31] done in the framework of
the category of constructible sheaves on manifolds.

5.1. The rings LCp and LC

It is very natural to represent barcodes in a ring of functions that we now describe.
For a subset S C R denote by 15 : R — R the indicator function on S:

1 ifxeld,

fsv) = {o if x € R\S.

Denote by I the collection of intervals / C R that are left-closed and right-open,
i.e., of the type I = [a,b) witha € R, a < b < oo. Consider the abelian group LCp
generated by the indicator functions o7 on intervals / € I, namely,

LCB={0:]R—>R‘U=Zn1]11,161,n1EZ}. (62)
finite

Note that the functions o7, I € I, are not linear independent. For instance, we have
114,00) = L[p,00) = L[4,p)- If we endow R with the lower limit topology (i.e., the topol-
ogy generated by I), then the elements of LCp are precisely the locally constant
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integer valued functions (with respect to this topology) that are bounded and addi-
tionally vanish at —oo (i.e., at small enough values in R), hence the notation LCp.
In a similar way, we also have

LCp = {Zn,n,

finite

I € I is an interval of finite length, ny € Z} Cc LCp. (63)

Note that, in contrast to L Cp, all the functions in LC é must have bounded support, in
particular, they vanish also at +oc. The relation 1, 00) — L[p,00) = L{4,p) from LCp
does not hold anymore in LCp since 1[4 o) and 13 o) do not exist in LCpg. Still,
we have the relation L[, p) + L[pc) = Lg,¢) forany a < b < ¢ < +o0. There is yet
another variant of the above which we denote by L C. The functions o € LC are those
functions o : R — R that can be written as

o= Znﬂll, (64)

Iely

where the sum is taken only over collections of intervals Iy C I that have the fol-
lowing property: either Iy is finite, or To = {[a;,b;)}jen Witha; — co as j — oo.
Clearly, we have LCI’9 C LCpg C LC.1In Section 5.2 below, we will endow LC, LCp
with ring structures such that LCp will become an ideal of LCp. We remark already
here that these ring structures are not the “standard” ones in the sense that the multipli-
cation of two functions from LC (or LCp) is not the function obtained by pointwise
multiplication of the two functions, but quite a different operation.

We use here the barcode conventions from Section 2.3. Let 8 = {(Ij,m;)};eg
be an ungraded barcode. There is a natural function 0g € LC associated to B by the
formula

og =Y njly. (65)
Jjed
One reason this definition is natural is that if M is an (ungraded) persistence module
with barcode By, then
08, (o) = dimy(M%).

The following are straightforward to verify for every ungraded barcode 8B:
(i) o8=0,
(ii) og € LCp iff B has finitely many bars,

(ili) assume og € LCp (i.e., B has finitely many bars). Then, og € LCy iff all
the bars in B have finite length,

(iv) if B contains only bars of infinite length then 6g : R— R is a non-decreasing
function,
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(v) for every non-negative and non-decreasing function o € LC, there exists a
barcode B all of whose bars are of infinite length such that cg = o.

We now extend the definition of og to graded barcodes. For this we extend the
rings LC and LCp by adding formal polynomial variables x, x~! (that take into
account the degree) thus obtaining rings LC[x,x™!] and LCg[x, x71].

Let B = {B;}iez be a graded barcode, with B; = {(I].(i), mj(.i))}jegm. We define

og = Z(I;g,.xi = Z Z mﬁ-i)]lljgi>xi. (66)

i€Z i€Z jeg W)
We will also need the following expression:
X8 =08l=1=) (-Dog,. (67)
i€Z
Remark 5.1.1. Let M, = {M,},cz be a graded persistence module whose barcode

satisfies the conditions at the beginning of Section 5. Recall that we denote by By,
the graded barcode of M,. Thus, we have

o8y, (@) = Zdimk(Mi")xi( = ZUQMi (oc)xi), (68)

which shows that 6g,,, simply tracks the sum of the dimension of the modules M/
over all i when « varies. Similarly,

)?f(_))M. (Ol) = XDC(MO)’

where yo(M,) is the Euler characteristic of the graded vector space M that we have
already seen in (42).

5.2. Ring structures on LC, LCpg, and K -groups

We will now endow LC and LCp with ring structures. Obviously, LC and LCp
are closed under standard (pointwise) multiplication of functions (because 17 - 17/ =
17n77; though note that 1g ¢ LC). However, the ring structure relevant for our pur-
poses will be completely different. To this end, we need to use the notions of distribu-
tions and convolutions from classical analysis which we briefly recall next.

Given a locally integrable function f on R, we identify it with the regular distri-
bution T}, a linear functional on C*°(R) defined by Ty (¢) = [ f(x)¢(x)dx. There
are two important operations on distributions.

(i)  The derivative D of a distribution, defined by D(Tr)(¢) := —Tr(¢’).

(i)  For any two locally integrable functions f and g on R, define the convolu-
tion Ty * Ty = Tryg, where (f * g)(x) := [ f(x — y)g(y)dy.
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Recall also that we have
D(Ty x Tg) = D(Ty) * Tg = Ty * D(Tg). (69)
We define a product on LC, which we denote by o, as follows:
01003 := D(01 * 03). (70)

Note that by (69), we have 01 0 0, = D(01) * 02 = 01 * D(02). The right-hand side
of (70) is a priori only a distribution, but as we will see below it is a regular distribution
that moreover corresponds to a function in LC. We view this function as the result
of the operation o7 o 0. Furthermore, we will also see that if 07,0, € LCp then
ogy005 € LCp.

The rings LCpg, LC are in fact isomorphic to the Novikov rings that we have
seen earlier in the paper. Before we state this result, let us recall some relevant nota-
tion from Section 2.1 and Section 4: A is the universal Novikov ring and Ap and
Ag)) are, respectively, the Novikov polynomials and the ideal corresponding to those
polynomials that vanish for r = 1.

Proposition 5.2.1. The operation o defined in (70) turns LC and LCpg into com-
mutative unital rings where the unity is given by 19 o). Moreover, the subgroup
LCy C LCg is an ideal with respect to this ring structure. Furthermore, there is a

ring isomorphism 0 : A it LC, uniquely defined by the property that 0(t%) = 14, o0).

The restriction of 0 to Ap C A gives a ring isomorphism A p i LCpg, and 0 sends
the ideal Ag)) to LCp.

The proof of this proposition is quite elementary, based on direct calculations and
identities involving convolutions. A detailed proof can be found in [11].

Remark 5.2.2. In terms of the “convolution product” introduced in [31, Section 4],
the product o on LC defined in (70) is the convolution product inside the space of con-
structible functions. As a concrete example, for finite intervals [a, b) and [c,d) in R,
one computes that 15 p) © Ljc.d) = Ljg+cmin{b+c.a+d}) — Limax{b+c.a+d}.b+d)- Inter-
estingly, this shares certain common features with Example 4.1.1 on the tensor prod-
uct of elementary filtered chain complexes. From a different perspective, if we identify
14,5y with the locally constant sheaf k|, ) over R, then the computational result on
the product 1, ) o 1[¢,4) also coincides with the “sheaf convolution”, denoted by *,
of ki ) and K¢ 4 (see [37, Example 3.6]). The study of the sheaf convolution * was
initiated by Tamarkin in [33, Section 3.1.2] with further applications, for instance,
to persistence module theory (see [22, Section 2.1]). Our Proposition 5.2.1 above
and [31, Theorem 3.4] identify (via the Euler characteristic) the Novikov ring A, the
function space LC, and the K-group of the derived category of constructible sheaves
on R.
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In view of Proposition 5.2.1, we have the following relation for all graded bar-
codes B:

Y8 =0(1s), (71)

where 6 is the ring isomorphism in Proposition 5.2.1, y g appears in (67) and A () is
the map from barcodes to A as defined in Section 2.3, see also Remark 4.1.3. This
identity has a K-theoretic interpretation that we outline before proceeding to the proof
of Proposition 5.2.1. It is best understood through the following diagram:

PM—— Tw(PM) —— Ho(Tw(P M) — — —% — — 5 LCpx,x 1]
TH TE (_)|x=—]l
FCh'® Ho(FCh®) -* — s Ap — % . 1Cp
(72)

Here, & M is the category of persistence modules that have barcodes with only finitely
many bars. This category can be viewed as a filtered dg-category (with trivial differen-
tial) and thus can be completed, by using twisted complexes, to a pre-triangulated fil-
tered dg-category Tw (P M) as in [12, Section 6.1]. Therefore, the associated homo-
topy category Ho(Tw(PM)) is a TPC. The two left top horizontal arrows are the
obvious functors. The category of filtered, finitely generated chain complexes maps
to S’ M through the persistence homology functor, denoted by H. The functor E :
Hy(FCh'®) — Hy(Tw(PM)) is a TPC equivalence defined as a composition

Hy(FCh'®) EN Ho(Tw(FCh'®)) — H'Ho(Tw(PM)),

where H’ is induced by H and j is the obvious inclusion. It is easy to see that they
are both equivalences, in the case of j because Ho(FCh'?) is already pre-triangulated.
The dashed arrows o, A are defined only on the objects of the respective categories
(o from (66) admits an obvious extension to twisted modules). In view of Proposi-
tion 4.2.2, A is the map taking a chain complex C to its class [C] € K(Ho(FCh®))
A p. The two squares in the diagram commute and 6 is a ring isomorphism. In sum-
mary, we have

Ap = K(Ho(FCh'®)) =~ K(Ho(Tw(PM))) = LCg,

and y can be viewed as associating to a persistence module its K-class in LCp =
K(Tw(P M)).

5.3. Persistence Morse inequalities

The representation of persistence modules in the ring LC [x, x~!] leads to a natural
version of the Morse inequalities in this context.
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Let C = (C.,, 0,£) be a tame filtered chain complex—see Section 2.2. Forgetting
the differential, we can regard C as a graded persistence module C, with C¥ = C kS“
and persistence structural maps given by the inclusions Cksa C Cksﬂ , Vao < B. Its
barcode has obviously only infinite bars. We also consider the graded persistence
module H,(C) obtained by taking the persistence homology of C:

Hi(C*) = Hip(C=%).
We put
PC = (_7136 and HC = (_IggH(é),

where & appears in (68). These two functions belong to the ring LC [x, x~!]. They
track the dimensions of the respective persistence modules, in each degree, when o
varies.

Proposition 5.3.1. Assume that the filtered chain complex C is bounded. Then, there
exists a polynomial Q¢ (x) € LCg[x, x™1] such that

Pc(x) —He (x) = (I +x)Qc (x).

and such that each coefficient of Qc (x) is a non-negative and non-decreasing func-
tionin LCp.

Note that when evaluating the coefficients of P¢(x), H¢ (x) and Q¢ (x) at co
(recall that every function in LCp is constant near co), the conclusion in Proposi-
tion 5.3.1 recovers the classical Morse inequalities expressed in terms of the so-called
Poincaré polynomials.

Example 5.3.2. Here is a simple example reflecting the conclusion in Proposition 5.3.1
Assume C = E(a, b) with the generator in filtration a of degree 0 and the generator
in filtration b of degree 1. Then,

Pc(x) = 1i4,00) + L[p,00)x and He(x) = 1i4.0)-
Then, we have

Pe(x) —He (x) = (Lg,00) + Ljp,00)%) — Lia,p)
= Lpoo) + Lip,oo)X = (1 +x) - Ly 00)-
The function 1 ) € LCp is the function Q¢ (x) claimed by Proposition 5.3.1.
Proof of Proposition 5.3.1. We will use the following lemma.

Lemma 5.3.3. Suppose that U, V, and W are ungraded persistence k-modules, and
0—>U — V — W — 0a short exact sequence of persistence k-modules (in partic-
ular, the arrows are all persistence morphisms). Then, we have 6g,, = 0g,, + 0gy,.
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The proof of the lemma is straightforward since we work over afieldand 0 g, (o) =
dimg (V%) and similarly for U and W.

We now get back to the proof of Proposition 5.3.1. For any degree k € N, there
are two persistence k-modules associated to the filtered vector space Cy defined as
follows:

Zr = {(Z,sC i=ker( : CF° = CZ*))) g {ZSZ," = inclusion}sSteR},
By = {(Bk Im(0y : k+1 Ckfs))seR, {if,k = inclusion}sﬁteR}.
We have the following two exact sequences of persistence modules:
0> Zr 5> Ce 25 By >0, 0— B> 2 > H.(C) > 0,
where Hj (C) is the degree k part of H,(C). By Lemma 5.3.3, we have
08s, =08z, t08p_, =08y T08z | +08, &

Summing over all the degrees k, by definition in (68), we get
Pc(x) = Za£6k xk
= Z 08, T08p,_, )x +ZU$H @~ Xt
(2033 ) + (ZO,@Bklxk_l)x + He (x)
k
=(1 +x)(20;33kxk) + He (x).
k

The desired polynomial Q¢ (x) is equal to ) ; 0Bp, xk. Note that only infinite-
length bars appear in each of the persistence k-modules By, therefore, each coefficient
08p, € LCp of the polynomial Q¢ (x) is a non-negative and non-decreasing func-
tion. |

A useful application of Proposition 5.3.1 is given next.

Corollary 5.3.4. Let ¢ : G — G’ be a filtered chain map of two finitely generated
chain complexes and let G = Cone(¢) be the filtered cone of ¢. We have the follow-
ing inequality:

#(Brcr)) < #(Buw)) + #Buc)):

where #(B.) denotes the cardinality of the intervals in the corresponding barcode.
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Proof. The proof is based on a simple interpretation of the polynomial Q¢ from
Proposition 5.3.1. Let C be a filtered chain complex. By rewriting the complex C in
normal form as in (36)

C = P Ei@@)-ki] & @ E2(b;.c))[—k;].

we see that the value of Q¢ (1) € LCp for o = oo, denoted by Q¢ (1)|s0, gives the
number of the terms E(b;, ¢;) in this decomposition. This number satisfies

Qc(D)|oo = #(Bu(c)) + NE — He (1] oo,

where N is the number of terms E5(b;, ¢;) with b; = ¢; (these terms correspond to
so-called ghost bars) and clearly Hc¢ (1)|s is the number of infinite bars in By (c).
From Proposition 5.3.1, we have that Q¢ (1) = w, and thus,

_[Pc(1) = Hce(D]]oo [Pc (1) + He (D]|oo

#(Buc)) + N& = 5 +He (D] = 5

Returning to the statement, assume for a moment, to simplify the argument, that
NQ =0 = NQ,. We then have

20 Br i) < Per(D]eo + Her (1)
=P (D]oo + Pe/ (D)oo + He (1|0
= 2#(Bu()) + 2#(Br 7)) — He (D)oo — Her (1 |oo + Her (1)]oo
< 2#(Br(c)) + 2#(Br(c"))-

We have used here the obvious relations Pg~ (1) = Pg (1) + Pg/(1).

We are left to showing the general case, when Ng and N, 8, do not necessarily
vanish. By [35, Theorem B], for these G and G’, there exist filtered chain complexes
G1. G| and filtered chain homotopies ¥, ¥ as follows:

Yv:G~G; and ¥':G;~G),

where G and G| do not have any ghost bars. In particular, 8x ) = BrH(c,) and
Bui,) = iS'H(Gi )- Replace ¢ : G — G’ in our assumption with a filtered chain
map ¢; : G — G, constructed from ¢ by (pre)-compositing the homotopy inverse
of ¥ and map ', then the resulting filtered cone G7 = Cone(¢’) is filtered quasi-
isomorphic to G”. Thus, By = :3H(Gi’)- Therefore, we can conclude the proof
from the previous discussion where no ghost bars exist. ]

Remark 5.3.5. (a) Related, and somewhat more refined, bar counting inequalities
appear in [15] where they are shown by different methods.
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(b) It is easy to see that the Corollary above implies that if
0O—-M-—->N-—->Z—-0

is a short exact sequence of persistence modules with M and Z having barcodes with
finite numbers of bars, then the number of bars in the barcode of N is at most the sum
of the numbers of bars of B, and Bz, a result that again appears in [15].

(¢c) By rotating an exact triangle G — G’ — G” — TG of filtered chain complexes
in the category €2 (see [12, Remark 2.46]), the corollary above also implies that

#(Bu)) < #(Buw.) +# Buir))-

6. A K -theoretic pairing

In this section, we will prove one of the main results in this paper, that is, there exists
a bilinear pairing on the K-group of a TPC € under the assumption that € is tame
and bounded.

6.1. The pairing

We will work here with a tame and bounded triangulated persistence category € as in
Definition 2.4.1, with shift functor X and translation functor 7.

We will construct a group homomorphism gy : K(€) — A for every X € Obj(€)
as follows. Let X € Obj(€). Given N € Obj(€), recall the graded persistence module

home (X, T*N) := {home(X. T'N)}iez
from (13). Define gx : Obj(€) — A by
Gx (N) := Apome (X, T*N)» (73)

where Ay is as in (14) (see also (12)). This is well-defined because € is tame and
bounded. We can extend gx linearly on the free abelian group generated by Obj(€).

Theorem 6.1.1. The linear map Gx defined above descends to a homomorphism
qx : K(€) - A.

Moreover, the map k : Obj(€) x Obj(€) — Ap defined by k(X,Y) = qx(Y)
induces a bi-linear map of A p-modules

k:K(€)®r, K(€) — A.
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Here, K(©) is the same as K(€) as a group but the A p-structure is reversed in
the sense that ¢ acts as X%, as in Section 3.6, where X is the shift functor in €. We
denote the action of Ap on K(€) by - and the action on K(€) by ~.

Remark 6.1.2. (1) Given that « is bilinear with the A p-module m on the first
term, it follows that « is not symmetric. Indeed, assuming (X, Y) = « (Y, X) # O for
two objects X, Y, then, forr 20, wehave k (X" X,Y)=t"x(X,Y)=t""x (Y, X) =
t72"k(Y, 2" X), and thus, k(X7 X,Y) # «(Y, Z" X). We will see that in many cases
of interest the form « is skew-symmetric in the sense that we have

KX, Y)(1) = (=)%Y, X)), (74)

where ¢ = g¢ € Z/2 is a global constant associated to the category €.

(2) The self-pairing « (X, X), applied to objects X € Obj(€), is invariant under
shifts and translations in the sense that x (X" T*X, " T*kX) = k(X, X) for every
r € R, k € Z, where ¥" and T are the shift and translation functors, respectively.
This easily follows from the definitions.

Example 6.1.3. Consider the category €8 = Hy(FCh'®). We will describe « in this
case by using the identification K(€) = Ap as in Proposition 4.2.2. It is enough to
calculate k(E1(a), E1(c)) and extend this by linearity. We claim

k(Ev1(a), E1(c)) = 17 (75)
Indeed, we have home (E;(a), T' E1(c)) = Ei(c —a) when i = 0 and equal to 0
otherwise (here T is the shift of the degree by i), so

K(El (a)’ Ey (C)) =d4dE(a) (El (C)) = Ah0m~(5=(E1 (@),E1(c)) = 17,
Therefore, using the identification of K(€'¢) with A p, k can be rewritten on elements
of A p in the form

k(P,Q)(1) = P(t™HQ(1).

Thus, for €2, the pairing « is non-degenerate and skew-symmetric (with & = 0).

Proof of Theorem 6.1.1. We start with the statement concerning gx . We need to show
that for each exact triangle A — B — C — TA in €, we have

gx(A) —gx(B) + gx (C) = 0. (76)

To prove this relation in A, we first remark that a Novikov polynomial P € A vanishes
if and only if we have P,(1) = O for all @ € R. Here and below, we denote by Py
the a-truncation of P, namely, the sum of the monomials in P having ¢ raised at
exponents < «.
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Given a graded persistence module M, (of finite total rank below each filtration
level), we can define its «-Euler characteristic as

Xa(Me) := X(M?)- (77)
Using the preceding notation, we have
[Ama]a(l) = xa(Me). (78)

This follows directly from formula (12). See also Remark 5.1.1.
In summary, to prove (76), we need to show that, for each «, we have

Xo(home (X, T* A)) — yo(home (X, T°B)) + yo(home(X,T°C)) =0.  (79)

Notice that homg (X, -) is a cohomological functor on €y. We apply it to the exact
triangle A - B — C — TA and get a long exact sequence

-+ — hom® (X, T* A) — hom& (X, T’ B) — hom% (X, T'C) — hom& (X, T'T14) — -...

By the boundedness assumption, this long exact sequence has only finitely many
terms. We view this long exact sequence as a cochain complex S*® (with trivial homol-
ogy) and regrade its terms so that the degree of hom§ (X, T' A) is 3i, the degree of
homg (X, T B) equals 3i + 1 and finally the degree of homg (X, TiC)is 3i + 2. The
Euler characteristic of S* vanishes; hence,

0=x($*) =Y (-1)* dimhom@ (X, T*4) + Y "(~1)**! dimhom$ (X, T’ B)
ieN ieN
+ > (=1)**2dimhom (X, T*C).
ieN
The parities of 3i and 3i + 2 are the same as that of i, while the parities of 3i 4+ 1 and
i are opposite. Therefore,

0=>"(=1) dimhom& (X, T* 4) — > (1)’ dim hom& (X, T* B)
ieN ieN
+ ) (=1)" dimhom (X, T C),
ieN
which shows relation (79) and concludes the proof.

We now turn to the part of the statement concerned with the map «. Given an exact
triangle X — ¥ — Z — TX in €, we need to show that for each N, we have

gx(N) =gy (N)+ 4z(N) = 0. (80)
Given that the functor homg (—, N) is homological on €, and that

home (7' X, N) ~ home (X, T'N) Vi, 81
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the same argument as in the first part shows (80). We deduce that « descends to the
tensor product of groups K(€) ® K(C). The A p-module part of the statement now
follows because

1k (XL [Y]) = w(@* [X][Y]) = «([X]. 27 - [Y]).
This is due to the fact that
hom& (3" X,Y) = hom& (X, X' (Y))
foralla,r € R. -

Remark 6.1.4. The pairing « above is natural from the point of view of a more gen-
eral formalism of a filtered version of derived functors. More details will appear in [9].

6.2. The exact sequence (32) and the pairing «

Assume that € is a TPC and moreover tame and bounded (see Definition 2.4.1). Recall
that we have the exact sequence of A p modules

0 — Tor K(€) > KA(€) »> jJK(€) »> Kxo(€) — 0. (82)

Also, recall from Theorem 6.1.1 that we have a pairing « : K(€) ®a, K(€) - A.
We will discuss here some relations between this pairing and the exact sequence (82).

Corollary 6.2.1. There exists a pairing
k' KA(E) ®p, K(€) = A’

that vanishes on TorK(€) @, K(€), where A’ is defined in (55). The pairings k'’
and k are related by
ook =ko(j®id),

where j : KA(E) — K(€) is the same as j from (82) but viewed here as a map
between modules with the reversed A p-structure. The map o : A’ — A is defined
in (49) and in Section 4.3.

In case € is of finite type, then the pairing k has values in A p and the pairing '
has values in A, ~ Ag)) . The pairing k induces the usual Euler pairing

K" Koo(€) ® Koo(€) — Z

through the formula

K" = Kk|i=1.
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Proof. The construction of «’ is just like that of k but is based on a map g} that
replaces gy for X € Obj(A€). In this case, g5 (N) = )wamf(X,T.N) and )U(_) is
defined for persistence modules with barcodes with only finite bars through the for-
mula A} = 5@ for I = [a,b), extended by linearity. Given that X is acyclic, home (X,
T*N) has a barcode with only finite bars, and thus, this g} (—) is well defined.
Recall from Proposition 4.2.4 that there is a map o : A’ — A defined by o (s%?) =
1% — tb which is an isomorphism. It is clear that 0 o ¥’ = k o (j ® id |ke)) where
j : KA(€) — K(€) is the same map as j, but with domain and target being KA (€)
and K (€) with the reversed A p-module structures.

Out of this, we deduce that g} descends to a map g} defined on the K-group and
that «” is well defined through «’(X,Y) = ¢4 (Y). By using the exact sequence (32)
it also follows that " vanishes on TorK(€) ® A, K(€).

In case € is of finite type, then, by Definition 2.4.1, all the persistence mod-
ules hom(X, 7°Y) have only finitely many bars. Thus, the image of gy is in Ap,
and so is that of k. The classical Euler characteristic of the graded vector space
home_ (X, T*°Y) is well defined as an integer and it is equal to « (X, Y)(1) because
the finite bars have a trivial contribution to this sum. Finally, in this case x’ lands in
A'p which is mapped by o isomorphically to Ag(,)) (see Lemma 4.2.5). |

6.3. Skew-symmetry of the bilinear form «

We discuss here conditions which ensure that the bilinear form « is skew-symmetric
in the sense of (74).

Example 6.3.1. As amotivating example, we return to the category FCh'€. We already
know from Example 6.1.3 that « is skew-symmetric in this case, but regardless, it is
worth noticing that this fact is a reflection of the Calabi—Yau property of FCh'® (see,
e.g., [16-18,23]).

Let C = (Cx, 3, £) € Obj(FCh'®), namely, a finitely generated filtered chain
complex. Following [35, Section 2.4], one can construct an algebraic dual of C (with
degree shifted by a fixed number m¢ € Z): this is a filtered chain complex, denoted
by

CY = (C, := Hom(Cpyy—x,K), 8, L"), (83)

where 8, : C,/ — C,, is defined by ¢ € Hom(Cppy—s,k) > 84(¢) := (—1)* - ¢ o
Omo—x € Hom(Cy,y—x+1,Kk) and the dual filtration function is defined by

0V (x)") = —L(xi) (34)

if {x;}; is a basis for Cx and {x,’}; is the corresponding dual basis for C,’.
We have the following relation:

AMC)() = (=1)ACV) ™). (85)



Persistence K-theory 851

Indeed, Proposition 6.7 in [35] implies that the decompositions (36) for C and CY
are related via the following correspondence:

(i) Eq(a) is a summand of C if and only if E;(—a)[—my] is a summand of
CV.

(i)  Es(a,b) is a summand of C if and only if E»(—b, —a)[—m¢ + 1] is a sum-
mand of CV;

and this implies (85). The category FCh'® satisfies a form of Calabi—Yau duality in
the sense that for each two objects X, Y there is a filtered quasi-isomorphism

ox,y : (hom(¥, X))” — hom(X, Y). (86)

Using now (85) with my = 0 we see that « is skew-symmetric on Ho(FCh'®).

Example 6.3.1 admits obvious generalizations. For instance, suppose + is a pre-
triangulated filtered dg-category such that each filtered vector space hom (X, Y') for
X, Y € Obj(+) is finite dimensional and assume further that 4 satisfies a filtered
form of the Calabi—Yau property such that, in particular, that for each two objects
X, Y there is a filtered quasi-isomorphism as in (86). We then again deduce that « is
skew-symmetric on the K-group of Hy(#). Of course, a similar result remains true
for filtered Aoo-categories as long as the filtered quasi-isomorphisms (86) exist.

It is natural to wonder what is the analogue of the Calabi—Yau property for TPCs.
One possible definition—that will not be developed in full here—is roughly as fol-
lows. As a preliminary, consider a persistence module M that is assumed to have only
finitely many bars. Define a new persistence module M " as follows:

(MV)(I — (M_a)*,

where V* := homg(V, k) is the dual vector space of V. The persistence structural
maps on MV are induced in the obvious way and possible degree shifts are neglected.

Remark 6.3.2. Notice that if M is lower semi-continuous and lower bounded as
in the definition of triangulated persistence categories used in this paper (see Sec-
tion 2.2), then MV is upper semi-continuous and upper bounded. In terms of barcodes,
the bars of M are of the form [a, +00) and [c, d) and the corresponding ones for MY
are (—oo, —a] and (—d, —c], respectively.

Assume now that € is a TPC. We will say that € is Calabi—Yau if the triangu-
lated category C is (strict) Calabi—Yau, and moreover, the following holds: for any
two objects X, Y of € there is an isomorphism ® = &y y : [home_ (¥, X)]* —
home__ (X, Y') and there are persistence morphisms:

¢ = ¢xy : [home(Y, X)]” — home(X,Y)
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such that for each o € R the natural map ker(¢~>°) — ker(¢%) is surjective and the
map coker(¢*) — coker(¢®) is injective. Moreover, the isomorphism & is required
to be tied to ¢ as follows. First, notice that

ker(¢~*°) = [home_ (Y, X)]* and home_ (X,Y) = coker(¢™),
so we can view @ : ker(¢~°°) — coker(¢°°). We now require, for each x € ker(¢~°°),
sup {oz eR|xe ker(go“)} = inf {ﬂ eR|d(x) e coker((pﬂ)}.

These conditions ensure, in particular, that if the barcode in the domain of ¢ contains,
respectively, (—oo, a] and (c, d] then the image of ¢ contains [a, 00) and [c, d). As
a result, if € is Calabi—Yau in this sense, then the bilinear form « is skew-symmetric
on K(€).

Remark 6.3.3. The Poincaré duality property for persistence modules, or more essen-
tially for filtered chain complexes, has been developed in detail in the recent work [34],
where it is called the chain-level Poincaré—Novikov structure (see [34, Section 6]).
This could provide a rigorous foundation for the Calabi—Yau property of our TPCs.

7. Measurements on the K -group and on barcodes

In contrast to usual triangulated categories, triangulated persistence categories are
endowed with exact triangles of arbitrary non-negative weights. As a result, there is
a notion of “energy” required to decompose objects through (iterated) exact triangles
and, in particular, the set of objects of a TPC, €, carries a class of pseudo-metrics
called fragmentation pseudo-metrics as recalled in Section 2.5. In this section, we
first see in Section 7.1 that these metric structures descend to K(€) and they some-
times give non-trivial structures there. On the other hand, in Section 7.2, we discuss
numerical invariants associated to persistence modules and barcodes that are natural
from the point of view of the representation in LC from Section 5.1.

7.1. Group semi-norms on K(€)

Let € be a TPC. Let d be a pseudo-metric on Obj(€) that is subadditive in the sense
that
dXe X, YeY)<dXY)+dX'. Y. 87)

Such pseudo-metrics exist in abundance. Indeed, as shown in [10, Section 5] and
recalled in Section 2.4, the category €, admits a persistence triangular weight w that
is subadditive. As a result, Obj(€) carries a class of pseudo-metrics ¥ (where ¥ is
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an auxiliary family of objects of €), called fragmentation pseudo-metrics, associated
to w. Their construction is recalled in Section 2.5. The subadditivity of w implies (87)
for all such d¥ .

The main result in this section deals with ‘measurements’ induced by these pseudo-
metrics on K(€). There are two natural notions that we will discuss.

First, define amap d : K(€) x K(€) — R as follows:

d(x,y) =inf{d(X,Y) | X,Y € Obj(€) and [X] = x,[Y] = y}.  (88)

We will see below that this definition leads to a pseudo-metric on K(€) that is invari-
ant by translation and, thus, the map x — d (x, 0) provides a so-called group semi-
norm (possibly infinite) on K(€) that determines d. However, we will see that this
pseudo-metric (and the associated semi-norm) is trivial in some of our main examples.

Another possibility is to consider a sub-class § C Obj(€) such that § is closed
with respect to the direct sum and, moreover, each element of K(€) has a representa-
tive in § and define || — ||z,5 : K(€) — Rx¢ by

Ixlla,s =inf{d(X,0) | X € § and [X] = x}. (89)

This definition also gives a group semi-norm on K(€), that we will call the strong
semi-norm induced by d (relative to §). In contrast to d (—,0), there are simple exam-
ples when d is a fragmentation pseudo-metric and || — ||z s is finite and not trivial.
This will be shortly shown in Proposition 7.1.2 below.

Remark 7.1.1. Before, we go on let us explain in more detail the essential differ-
ence between d and || — la,s- By definition d(x,0) is the infimum of the “distances”
d(X,Y) where X and Y go over all elements of Obj(€) whose classes in K(€) are
[X] = x and [Y] = 0. (Thus, the second entry in d (x, 0) stands for 0 € K(€).) By
contrast, in the definition of ||x||z, s we infimize d(X, 0) only over X, so that the sec-
ond entry in d(X, 0) is taken to be the 0 object rather than only a representative of
0 € K(©). In addition, we vary X only over the subset § C Obj(€).

Proposition 7.1.2. Let € be a triangulated persistence category.
(i)  Any pseudo-metric d on Obj(€) that is subadditive as in (87) induces a
pseudo-metric d given by (88) that is translation invariant in the sense that

d_(x+z,y+z):cz(x,y)

forall x,y,z € K(C).
(ii)  The bottleneck metric dypy on the objects of €'¢ = Ho(F Chfg) descends to
a pseudo-metric on K(€'®) = Ap that only takes the values 0 and oc. We

refer the reader to [28] for the definition and more details on the bottleneck
metric.
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(iii) Let d¥ be the fragmentation pseudo-metric on €'¢ associated to the per-
sistence weight W on €' with ¥ = {E1(0)[s]}sez (see Section 2.5 for the
definitions). The induced pseudo-metric d¥ on K(€') = A p vanishes.

(iv) The application || — | a,s from (89) is a group semi-norm on K(€) and,
for'€ = €% d =d¥ as at point (iii), and § the subclass of filtered chain
complexes with trivial differential, | — || 4.5 is finite and we have

I2%lla,s = lal
foralla < 0. Thus, || — ||g,s is not trivial in this case.

A detailed proof of the proposition can be found in [11].

Remark 7.1.3. (1) A similar result to point (iii) of Proposition 7.1.2 has been inde-
pendently established by Berkouk [4] in the more general context of the K-group of
the category of constructible sheaves over vector spaces of arbitrary finite dimension.

(2) If the family ¥ used before is replaced with ¥ = {E1(r)[s]}sez, for some
fixed r > 0, the resulting strong fragmentation semi-norm || — |z s will not vanish
on polynomials with ag < r (here § is as before the class of filtered complexes with
trivial differential). On the other hand, if the family ¥ is as in the proposition but
$ = Obj(€"?), then the resulting pseudo-norm || — || 4.5 is trivial.

(3) The strong fragmentation pseudo-norm associated to the bottleneck metric on
€12 is infinite for all complexes A such that H(A) # 0.

7.2. K -theoretic numerical invariants

In this section, we will construct several numerical invariants of filtered chain com-
plexes that can be defined at the level of the K-theories of Ho(FCh'®), A Hy(FCh'®)
and Ho(FCh'). This means that the values of our invariants on a given object C (i.e.,
a filtered chain complex) depend only on its K-class.

Since (graded) barcodes are in 1 — 1 correspondence with isomorphism types of
filtered chain complexes in the categories Ho(FCh'®) and Hy(FCh'), we will view
the numerical invariants constructed below as invariants associated to barcodes.

Before we begin, recall that we have the following isomorphisms:

KA(Ho(FCh®) = AQ | K(Ho(FCh'®) = Ap, K(Ho(FChY) = A,
90)
which assign to the K-class [C] of a filtered chain complex C the Novikov polynomial
(resp., series) A([C]) = Ag(H,(c)), Where Ho(C) is the persistence homology of C,
B(H.(C)) is its (graded) barcode and A g(—) is defined in Section 2.3. By abuse of
notation, we denote all three isomorphisms above by A since they are compatible one
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with the other with respect to the following maps:
K A(Hy(FCh'®)) - K(Ho(FCh'®)) - K(Hy(FCh'))

induced from the inclusions AFCh' c FCh'® ¢ FCh' (see Theorem 4.1.2).

Recall also from Proposition 5.2.1 that we have an isomorphism of rings 6 : A 5
LC that also sends Ag)) C Ap C A isomorphically to LCp C LCp C LC. Thus, by
composing A with 8, we obtain an LCp-function (resp., L C-function) y([C]) asso-
ciated to every class [C] in K(Ho(FCh')) and K(Hy(FCh')), respectively, namely,
X([C]) := 0 o A([CD).

As mentioned above, one can define the functions y directly on the level of bar-
codes. Recall from Section 5.1 that given a graded barcode B = {B; };cz we define

X8 =) (-1)iog, € LC. (91)
i€Z

If B™" contains only a finite number of bars, then yg € LCpg and if moreover each
of these bars is of finite-length then yg € LCp. Below we will construct several
numerical invariants of barcodes (or K-classes of filtered chain complexes) using the
functions Y.

Some of the material in Sections 7.2.1-7.2.3 bears similarity with older work
of Schapira [31] done in the framework of the category of constructible sheaves on
manifolds. Other related, more recent, work can be found in [13, 19, 25].

7.2.1. Euler characteristic. The classical Euler characteristic of finitely generated
chain complexes induces a well defined homomorphism y : K(Ho(FCh')) — Z that
factors through the obvious map K(Ho(FCh')) — K(Hy(Ch')) and the classical
Euler characteristic. Here, we have denoted by K(Ho(Ch')) the K-group of the
homotopy category of finitely generated chain complexes (endowed with no filtra-
tions).

In terms of barcodes, this has the following description. Suppose B is stable at
infinity, that is, the associated graded persistence module has its persistence structure
maps being isomorphisms when the filtration parameter is sufficiently large. Assume
in addition that B'" has only finitely many bars of infinite length. Then, the Euler
characteristic of 8, denoted by x(8), is equal to yg(c0).

If we use the A p-model for K(Hy(FCh'®)) then y(8B) = A g|;=1. This coincides
also with the total Euler characteristic of the underlying chain complex of a filtered
chain complex C in the sense that y(C) = ¥([C])(c0) = A([C])|¢=1-

7.2.2. Length. Here, we define a homomorphism £ : K(Ho(FCh®)) — R which we
call length as follows. Identify K(Ho(FCh™)) =~ LCp (using 6 o A as explained at
the beginning of Section 7.2. Recall that all functions ¢ € LCp are bounded and
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moreover constant at infinity. We define
(o) = / (0 —0(00)L[p,00))dpt Yo € LCp, (92)
R

where d 1 is the Lebesgue measure on R. Note that the function o — 0(00)1[g,0) has
compact support; hence, its integral over R is finite.
If we restrict £ to KA(H(TCh'®)) =~ LCpg, then

E(o)z/odu Vo € LCpg,
R

since all functions o € LCp, satisfy o(c0) = 0.

The analogous definition of length for barcodes goes as follows. Let B be a graded
barcode with B' consisting of finitely many bars. Let g € LCp be its associated
L C-function as defined in (91). We define the length of 8B to be £(B) := £(xg),
where the latter is defined using (92). More explicitly,

°8) = /R (75 — 78(00) 0,00 1. 93)

Remark 7.2.1. (a) The reason for the name “length” is the following. In case B =
{(Ij.m;)};eq is an ungraded barcode with finitely many bars all of which of finite
length then £(8) is the sum of the lengths of the bars in B (taking multiplicities into
account). This is so because y g(0co) = 0; hence,

UB) = / Asdu = ij/ 1y,dp = Zm‘,' length(;).
R , R ,
jed Jjed
Note that in this case £(8) > 0 with equality if and only if 8 = @.
In case B = {B;}icz is a graded barcode (with B having only finitely many
bars and all of finite length) then

UB) =) (-D'U(B)
i€Z
is just the signed sum of the lengths of the $B;’s. In contrast to the case of ungraded
bars, here £(8) can assume also negative values and it may also happen that £(8) =0
even if 8 # 0.
(b) The integrand in the definition of length in (92) is very much related to the
K-group of the acyclics in # Ch'¢. Indeed, the map

LCp — LCg, 0+ 0 —0(00)1[g,00)
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corresponds under the isomorphisms K(Ho(FCh'®)) = LCp, KA(Hy(FCh'®))
LCp, defined by 6 o A, to the map

K(Ho(FCh'®)) > KA(Ho(FCh'®)), [C]+ [C]— x(C)[E1(0)]
from (58) in Remark 4.3.5. [ ]

Next, we give an alternative expression for £ which is useful when working with
the identification K(Ho(FCh™®)) = Ap (via the isomorphisms A as in (90)). More
precisely, we consider here £ 0 6 : Ap — R, where 8 : Ap — LCp is the isomor-
phisms from Proposition 5.2.1. By abuse of notation, we denote £ o 6 by £.

Let P(t) € Ap be a Novikov polynomial. A simple calculation shows that

L(P(1) =—=P'(1), 94)

where P’(1) stands for the derivative of P(¢) with respect to the formal variable ¢,
calculated atr = 1.

The last formula has the following consequence. Recall that K (Ho(FCh'®)) has
a product induced from tensor products of filtered chain complexes [C]-[D] = [C ®
D].

Corollary 7.2.2. Forevery X,Y € K(Ho(FCh'®)) and n > 1, we have

LX) = LX) x(Y) + x(X)E(Y),

0X™) = ny(X)"H(X). ©>)

This follows easily from (94), the fact that A is an isomorphism of rings and the
chain rule for derivative of products of functions.

Recall that K(Ho(FCh')) and KA(Hy(FCh'®)) are both A p-modules. With
respect to these structures, we have the following corollary.

Corollary 7.2.3. Forall X € K(Ho(FCh'®)), P(t) € Ap, we have
LPMHX) = PLX)+ P (D)x(X).
In particular, if X € KA(Ho(FCh™®)), we have £(P(t)X) = P(1){(X).

The very last identity means the restriction £| g 4 (g, (Fcntey) : KAHo(F Ch'®)) —
R is a map of A p-modules, if we endow its target R with the A p-module structure
P(i)-x=P()x,Vx e R.

7.2.3. Generalized length. For simplicity, we assume here that the graded barcodes
B under consideration satisfy that 8" has only finitely many bars of infinite length.
Given a functional 7T : LCp — R, we can define an associated functional ZT on

graded barcodes by
£r(B) =T(x3) (96)
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Similarly, given a functional 7 : LCp — R, we can define an associated functional
{1 on graded barcodes by

Lr(B) =T (x3 — x8(00)1[0,00))- 97)

If 7 : R — R is locally integrable function, we can apply the above to the func-
tional Tp, i.e., the distribution associated to 4. We denote by

h(B) = /R h- (T3 — T8 (00)Lo.00)d 98)

the corresponding functional on barcodes. In case / satisfies in addition faoo |hldu <
oo for every a € R, then £}, := {7, is also well defined.

Both the Euler characteristic and the length considered in Sections 7.2.1 and 7.2.2
are special cases of {7 and {7 for different 7”s. More precisely, y(8B) = 57500 (B)
where 6o is the Dirac delta function at co. Similarly, the length £(8) coincides with
£5,(8) for the function & = 1.

7.3. Other measurements

Here, we briefly describe some other numerical invariants of barcodes that are not K-
theoretic (in the sense that the value of the invariants on a barcode B does not depend
solely on yg). For simplicity, we assume below that our barcodes B are such that
B contains only a finite number of bars.

Given a graded barcode B = {8, };cz as above, consider the following L Cp func-
tion:

lo]g = 0go = » 08, € LCp. (99)
i€Z

The difference between yg and |o|g is that in the latter we take an unsigned sum
of the functions og;; hence, we always have |o|g > 0 with equality if and only if
B = 0.

One can now apply different functionals, as in Section 7.2.3 above to the functions
|o| g to obtain various measurements on barcodes.

For example, in case B'" has only bars of finite length, we can define its absolute
total length:

10](B) = [R o] sdp.

When 8B comes from the filtered Morse persistent homology, |£|(8) has been studied
and applied in analysis and spectral theory [28, Chapter 6].
Another measurement is the following (here we do not assume that 8 has no bars
of infinite length):
U(B) = U(Brinite) + x(B), (100)
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where By 8 the subset of B consisting of all its finite-length bars, and y(8) is the
Euler characteristic of 8 defined in Section 7.2.1.

The preceding invariant £ behaves nicely with respect to tensor products. For any
two graded barcodes B’ and B”, one can define a product B’ ® B” which is the
barcode of the tensor product of the corresponding persistence modules or filtered
chain complexes (cf. Example 4.1.1). We have the following identity (see [11] for the
proof):

UB' ® B") = UB") 1(B") + 1(BVUB") — (B x(B"). (101)

8. Symplectic applications

The purpose of this section is to consider the persistence K-theory developed earlier
in the paper for the triangulated persistence category € = €F uk(X) associated to
a filtered Fukaya category, ¥ uk (X, P), as in Section 2.6, and deduce a couple of
symplectic applications.

Both applications identify algebraic properties that differentiate embedded La-
grangians from immersed ones. The first one, in Section 8.1, Corollary 8.1.2 (which
is a direct consequence of the K-theoretic constructions in the paper) shows that the
Euler-type pairing « from Section 6 has a special behavior on classes A € K(€)
that admit embedded representatives in the sense that x(A, A) is a constant poly-
nomial, equal to the Euler characteristic of the representative. As it turns out this
fails for some classes that represent Lagrangian immersions. The second application,
in Theorem 8.1.4, provides a lower bound on the “energy” required to resolve the
singularities of Lagrangian immersions that represent classes A with k(A4, A) € Ap
non-constant. In Section 8.2, we discuss some relations between the constructions
above and immersed Floer theory. In particular, how the expression of k (A4, A) is
expected to provide a lower bound for the number of self-intersection points of an
immersed representative of A. This subsection is somewhat speculative in the sense
that we do not fully develop in this paper the theory of filtered Fukaya category in the
immersed case. In Section 8.3, we provide an example to illustrate our results.

8.1. The pairing « and Lagrangian submanifolds

We assume here the setting and notation from Section 2.6.2. In particular, we work
over the base field Z,, and we use the homological and grading conventions for
Fukaya categories as described at the beginning of Section 2.6.2. Thus, our ambi-
ent manifold (X2, w = d) is a Liouville manifold. The objects of the category
Fuk(X,P) are a family X of marked exact Lagrangians in X —these are triples
(L, hz, 0r) where L C X is a closed (embedded) Lagrangian submanifold, 4y, is a
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primitive of A, 6 is a choice of grading. We assume X to be closed under shifts
of primitives and translation of grading. Finally, P is a choice of perturbation data
such that the resulting Aoo-category F uk (X, P) is filtered. The triangulated persis-
tence category € F uk(X) is associated to Fuk(X; P) by an algebraic construction
described in Section 2.6.1 and Section 2.6.2. In brief, this TPC is the homological
category

CFuk(X) = Ho[Fuk(X;P)V].

where

Fuk(%:P)Y € Fmod(Fuk(X;P))

is closure inside the filtered dg-category Fmod(F uk (X; P)) of filtered F uk (X; P)-
modules of the (filtered) Yoneda modules ¥(L), L € X, with respect to iterated cones
of weight 0 and with respect to r-isomorphism, for all » > 0. More details appear in
Section 2.6 and we refer to [12] for the full construction.

Before we go on, let us mention the following two points that will be useful later.
Firstly, if C, C' are two general objects in € % uk(X), then it might be difficult to
explicitly write out hom(C, C’) in this category. However, when C = L and C' = L’
are two objects from X (i.e., two marked Lagrangians from the family X'), then we
have

home gy () (L, L") = HF 'o(L, L") (102)

as persistence modules. More generally, again as persistence modules, we have
home zyk(x) (L, L'[k]) = HF'i (L, L").

Recall that, by definition, T¥ L' = L'[—k] = (L', hy, 0y — k).

Recall from Section 2.6.2 the second TPC, €' F uk(X) = Ho[T w(F uk(X);P)],
which is the homological category of the filtered twisted complexes over ¥ uk (X; P)
as well as the embedding

O €' Fuk(X) — €Fuk(X).

The second remark is that for any C, C’ € Obj(€’'F uk (X)) there exists kg € N
such that
home’ gk (x)(C, T'C') = 0, whenever |i| > ko. (103)

Finally, we denote by ¥ uk (X)) the (unfiltered) Fukaya category of all exact marked
Lagrangians in X and by D% uk(X) the associated derived category. In both cases
these notions neglect filtrations and if this aspect needs to be emphasized, we write
instead F uky,(X), DF uk,,(X) and similarly for other relevant algebraic struc-
tures.
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A last notation to be recalled here is the Novikov polynomial Ay € Ap associ-
ated to a persistence module M (whose barcode has finitely many bars) as defined in
Section 2.3, see formula (11) there.

Lemma 8.1.1. Let L, L’ € X, viewed as objects of € = €F uk(X). Then,
Abome (L, L) (1) = Abome (1, LI=n)) ¢ ") (104)

in Ap. Moreover, for every i € Z, the Novikov polynomial (104) for L' = Ll[i] is
constant and equals

Abome (L,L[-i)) (1) = dimz, Hy_;(L: Z5).
Proof. The first formula follows from duality in Floer homology, namely,
HF(L,L")y =~ HF, (L', L)*

as persistence modules, which with our grading conventions from Section 2.6.2 reads
HF';(L,L") = HF'_,_;(L’, L)*. This together with the discussion in Section 6.3
relates the barcodes of a persistence module and its dual implies (104).

The second statement follows from the way we defined the filtrations on the
Floer complexes in the category ¥ uk(X; P), as recalled in Section 2.6.2, namely,
CF«(L, L) coincides with the Morse complex CM«( fr) of a Morse function f7, :
L — R, with all generators in action level 0. With our grading conventions, we now
have

CF';(L,L[~i]) = CFyyj-i(L.L) = CMpyj—i(fL):

hence, HF'o(L, L[—i]) = Hy—i(L;Z>). [
Denote €' := €' Fuk(X). Recall from Section 6 that we have two pairings:
K K(€) @, K(€') — Ap.
K:K(€) @, K(€) — A,

and «’ is compatible with « via the map K(€’) — K(€), induced by the inclusion
€’ — €. Therefore, we will denote below both pairings by «.

Due to the boundedness property (103) of the category €’ the values of the pairing
k are in A p and not just A. Although « is defined on the tensor product K(€’) ®4
K(€’) we will often write k(—, —) viewing it as a bilinear map. This pairing can be
explicitly written out as follows:

k([CLICD) =D (=D Aome e,y () (105)

1

for any two elements [C], [C’] € K(€’). Notice also that, according to our conven-
tions, T*C’ = C’[—i]. We now have the following corollary.
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Corollary 8.1.2. For every two objects C,C' of €' Fuk(X), we have
k([CL.ICD(@) = (=D)"k([CL.[CHE™H).

In particular,
k([C],ICD() = (=D« ([CL[CDH).

Moreover, if A € K[€F uk(X)] can be represented by an embedded Lagrangian L €

X then
K(4, A) = (=1)"x(L),

where (L) is the Euler characteristic of the underlying Lagrangian L of L.

Proof. Recall that the objects of €’ F uk(X) can be viewed as (filtered) twisted com-
plexes of the Lagrangians in X . Equivalently, they are iterated cones of weight O of the
Yoneda modules ¥(L), L € X. The proof now follows by linearity from Lemma 8.1.1
and (105). [ ]

Remark 8.1.3. (i) It is not expected for the relation in Corollary 8.1.2 to hold for all
the objects in € F uk (X). Each such object is 7-isomorphic to an object of €' F uk (X)
for some r > 0 but if r > O this is insufficient to deduce the relation in the statement.

(i1) Since the Euler characteristic of closed odd-dimensional manifolds vanishes,
the last formula in Corollary 8.1.2 could just as well be written as k (A4, A) = y(L).

(iii) The self k-pairing «([C], [C]) of an element [C] € K(€), where C belongs
to Obj (€’ F uk (X)), is invariant both under action shifts as well as translations of C,
in the sense that

k([T TkC), [27T*C]) = k([C].[C]) forallr € R, k € Z,

where X" and T are the shift and translation functors, respectively.

The core of Corollary 8.1.2 is that if a class A € K(€) can be represented by an
embedded Lagrangian, then the Euler-type Novikov polynomial « (A4, A) is constant.
An interesting question is to consider cases when k (A4, A) is not constant and try to
estimate how far from embeddings are representatives of A.

We will discuss below two answers to this question, the first interprets “how far”
in the sense of the measurements introduced in relation to the fragmentation pseudo-
metrics discussed in Section 2.5. The second is concerned with lower bounds for the
minimal number of self-intersection points of possible immersed representatives of
A, and is only briefly covered in Remark 8.2.1.

To formulate the first result, we need some further notation. The first is the notion
of gap, gap(Q), of a polynomial Q € A p. Assuming that Q = Zle a;t®, o <ot
and a; # 0 for all i, we define

gap(Q) = min {41 —max{e;,0} | 1 <i <k — 1,041 > 0} € Ry,

while if a; < O for all j, we simply set gap(Q) := 0.
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The second notation applies to any persistence category € with the property that
the persistence modules homc (A, B) have barcodes with finitely many bars, for all
objects A, B. In this case, assume that X C Obj(€) is a finite family of objects. We
let

b*(K) = max {#(Brome (4,8)) | 4. B € X}.

Here, #(8Bjy) is the number of bars of the barcode Bjs associated to the persistence
module M. We call this the max bar count of K.

In case € is a TPC, we have the graded persistence modules hom(X, 7°Y’) defined
in (13) by hom(X, T*Y); = home(X, T'Y),i € Z. We define the corresponding
graded max bar count of J by

bt (X) = max {#(Bromearip) | A.B € K.i €Z}.

We need now a measurement related to reduced decompositions. Recall from Sec-
tion 2.5 that such decompositions D = (D, ¢) have a linearization £(D) and a weight
which we denote here by w(D). Let ¥ C Obj(€) invariant under shift and translation.
Assume that D is a reduced decomposition in € of N € Obj(€), with linearization
£(D) = (X1, X3,..., X,), where each X; € ¥. We fix a bit more notation that only
depends on £(D).

* [Dl=[X1]+ -+ [Xn] € K(O).
o (D)} ={X1,X2,..., Xy}, this is the ser of objects in the linearization of D.

* np = n, the number of terms in the linearization of D.

We then let

w(D) bt ({£(D)}) | D is areduced decomposition of N

gap(k([D].[D])) | such that gap(k([D],[D])) # 0
(106)

RF(N) = inf {nf,

In case no reduced decompositions D as above exist, we put R¥ (N) = oc.

This measurement can be defined for any TPC € but we will apply it to the trian-
gulated persistence category € = €F uk(X) and for ¥ C X.

We first state and prove the result and we will discuss its meaning in Section 8.2.

Theorem 8.1.4. Let € = €Fuk(X) and F C X be as above. If N € Obj(€) is the
Yoneda module of an embedded Lagrangian € X, then

1
7 Z
R (N) = R

We will give an example illustrating the theorem in Section 8.3. This result should
be interpreted in the sense that, if N admits a reduced decomposition D = (D, ¢), as
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in the definition of R, then the s-isomorphism ¢ is required to satisfy

_ L gap((D]. [D])
~anh bk (ED))

for N to represent an embedded Lagrangian. The reason why this is of use is that

the right-hand side of this inequality only depends on the linearization of D. It can
be computed easily from knowledge of HF (F, F’) as a persistence module for each
F, F’ € ¥. In this case the max bar count is obvious and the gap term is given by
easy linear algebra calculations in K(€¥ uk(X)). In many examples, ¥ forms a set
of generators of [€F uk(X)]e and the groups HF (F, F’) are understood.

Proof of Theorem 8.1.4. Assume that r > R¥ (N). By inspecting the definition of
reduced decompositions in Section 2.5, we deduce that there are exact triangles A; in
Co, 1 <i <k:

A Fp =YY —->TF (107)

with Yo = 0, and an r’-isomorphism ¢ : Y — N such that

2, /bﬁmx({e(D)})
gap(x([D],[D]))’

where [D] = Y ,[F;] and b¥_ ({£(D)}) = b¥, . ({F1, F2, ..., F}). We denote b =

bt {€(D)} and g = gap(x([D], [D])). We intend to show that, because N is embed-
ded, we have

1
k2br' > % (108)

which implies the statement.
The first step is to consider the two graded persistence modules

HF'«(N,N) = home(N,T*N) and home(Yy, T°Yy)

and notice that they are 2r'-interleaved. This is because, by [12, Lemma 2.83], the
two modules N and Yj are r’-interleaved as objects of the triangulated persistence
category € and this implies that home (N, T*Y}) is r’-interleaved with respect to both
HF'4(N, N) and home (Y, T*Y:) (as persistence modules) which implies our claim.
This means, by the isometry Theorem in [28], that the bottleneck distance between the
two barcodes B := Byr/,(v,N) and B := Bhome (v, T*Y;) IS at most 2r’. Recall
from Lemma 8.1.1 that 8; consists of only infinite intervals of the form [0, co). This
implies that all the finite intervals in B, are of length at most r’ and all the infinite
intervals in B, are of the form [x, o) with x € [-2r/,2r'].
The second step is to notice that —[Yx] = [F1] + ... + [Fx] = [D]. Thus,

«([D]. [D]) = Anome (vi,T*¥5)-
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In particular, gap(« ([D], [D])) = gap(Anome (v;,T*Y;))- For further use, let

m
P = A'hom\g(Yk,T‘Yk) = Zaitai

i=1

and fix o < ;41 such that gap(P) = ;41 — ] with ;1 > 0 and o] = max{e;,0}.

The third step is an application of the persistence Morse inequalities from Sec-
tion 5.3 and, in particular, the bar counting estimate from Corollary 5.3.4. That esti-
mate implies the following lemma.

Lemma 8.1.5. We have
#(B,) < kb
(where, as above, By = Brome (v,,T*Yi))-
Proof of Lemma 8.1.5. Recall that b = b* ({Fy, F», ..., Fi}). By the definition of
b#

max>

we have that b is the maximal number of bars in the barcodes of the graded per-
sistence modules H Fyx(F;, Fj) for 1 <i, j <k and * € Z. To prove the statement, we
will use Corollary 5.3.4 and apply it repeatedly to the exact sequences from (107). To
simplify notation, we will put b(M, N') = #Bhome (M, 7 N) Where M, N € Obj(€). For
each sequence from (107), and additional module M, we deduce from Corollary 5.3.4

b(M9 Yl) =< b(M5 Yi—l) +b(M’ Fi)? b(Yl’M) =< b(Yi—l’M) +b(Fl’M),

where the second inequality can be deduced from the first one after applying the
duality as in (81) in Section 6.1. It is clear that, by taking M = Fj, we obtain

b(Fs,Y;) <ib, b(Y;, Fs) <ib.
Now, suppose that b(Y,, Y,) < g*b. We want to show that
b(Ygt1.Yq41) < (¢ +1)%b
as this concludes the proof of the lemma, by induction. We have
b(Yy, Yg+1) < b(Yg, Yg) + b(Yy, Fy1) < ¢°b +gb
and further

b(Yg+1,Yg+1) < b(Yq, Yg41) + D(Fgy1. Yg41)
<q(g+1b+ (g + )b = (q+1)°b.

This concludes the proof of the lemma. |
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We now return to the proof of the theorem for the final part of the argument.
Assume that
4k%br' < g,

and we will show that this leads to a contradiction. Here, k is at least 1 and b is at least
2. This is because the max bar count of a family of exact Lagrangians is at least the
number of bars in By F(r,1) for some L € X and this contains at least 2 bars. Thus,

g > 8r'.

Recall that there is a total of k2h-many bars in 8B, = Bhome (Y4, T*Y;)> and each finite
one is of length at most r’. We will call the values of the ends of the intervals in B,
the spectral values of B5.

We focus on the spectral values that belong to Hs = [oj+1 — 6, aj+1 + 8] with
0<é< %. We have oj 41 — 8 —r' > g /2 —r’ > 3r’. As aresult, only the ends of finite
intervals can be in Hy ., (recall that the infinite intervals [x, c0) have x € [-277,2r']).
Also, if a finite interval J € B, has an end in Hg, then J C Hg, . For each Hg we
consider the polynomial Ps’ defined as in formula (12) but taking into account only the
intervals that have at least one end in Hs. This means that if B, = ; I; ® Dy, Jn,
where /; are finite intervals /; = [u;,v;) and Jj, are the infinite intervals, then

Pi =) (=¥ es(I)(" —1%).
J

Here, g; is the degree of I; in the graded barcode 85 and ¢5(/;) = 1 if at least one of
u,visin Hs and 5(1;) = 0 otherwise. Because only finite intervals contribute to P/,
we have be (1) = 0. Notice that if we truncate be to a polynomial Pg consisting of
only the terms of PSI of the form at®, a € Z and with o € Hg, then Py = a;t%+1. 1Itis
clear that the number of terms in PS’ is at least that of Pg. The fact that Ps(1) = a;41
and Pg(1) = 0 implies that P{ has strictly more terms than Pj, where within these
extra terms, there is at least one term in the form of az* with o € [o; + 8,05 + 8 + 1)
ora € (aj — 6 —r',a; — §]. Since Psi,/(1) = a1, this extra term at* has to be

cancelled in P,

S which implies that

#Bo(Hsiyr) > #8,(Hs), (109)

where #8, (Hg) denotes the number of the intervals in B, that have at least one end in
Hj. Given that k2br’ < % we apply (109) to deduce the sequence of strict inequalities

#BZ(szbr/—‘rr’) > #£Z(Hk2br/) >0 > #i))z(Hr/) > #fBz(H()) > 1.

The existence of this sequence contradicts the fact that the total number of intervals
in B, is at most k2b. ]
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8.2. Immersed Lagrangians

We will explain here how the statement of Theorem 8.1.4 provides an estimate on how
much energy is needed to resolve the singularities of certain immersed Lagrangians.

The immersed Lagrangians in question are (unobstructed) marked immersed La-
grangians that geometrlcally coincide with a union of elements in . To be more
precise, let Fy, ..., Fx C #. Recall that X are the elements of X with the prim-
itives and gradings forgotten, and the same for . For L € X we denote by L
the corresponding element of X. By hypothesis the family X is in general posi-
tion. Thus, geometrically, the union £ = U; F; has only double points (to simplify
the discussion we assume that there are no repetitions among the F;’s). A marked
immersed Lagrangian—in the sense of [7]—with underlying geometric Lagrangian
£-isa quadruple £ = (£, hg,0g, I¢) where hg, Oy are a primitive and a grad-
ing, as in the embedded case, and I¢ is a subset of the self-intersection points of L.
Under certain conditions imposed on /¢—see again [7] where this class of immersed
Lagrangians is discussed in detail—such a Lagrangian represents a twisted complex
Te € €' Fuk(X) of the form

k

Ty = (EBE“!‘FZ-[ki],S)

i=1
for some differential §. The «; and k; here are determined by the choice of /¢ and the
initial primitives and gradings on the F;’s.
A resolution of the singularities of £ is a choice of a set I of points of self-
intersection of £ (as well as of primitive and grading) and an embedded Lagrangian
N C X together with an r-isomorphism in € F uk(X):

¢ZT$—>N.

By unwrapping the various definitions, the statement of the corollary implies that

r> 1 e (D (2% Bl i (X F
max({Fl""’Fk})

~ 4k2
As mentioned before, the right side of this inequality is often approachable.

Of course, neglecting any reference to immersed Lagrangians, we can talk directly
about resolving the singularities of a twisted complex T € €' F uk(X) of the form
T = (@le 3% F;[k;], §) and the estimate above applies. This fits very well with the
notion of reduced decomposition that was used before in the definition of the number
R

Remark 8.2.1. (i) One geometric source for a resolution of the singularities of £ in
the sense above is a surgery of £ at the points in /¢, followed by a Hamiltonian homo-
topy. This is not quite so immediate to show because once the surgery at only some of
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the self intersection points of &£ is performed, one is left with an immersed Lagrangian
that may be unobstructed but no longer a union of embedded components and, thus, no
longer approachable with the Fukaya-type machinery discussed till now. It is expected
that marked immersed Lagrangians that are unobstructed can be included in a fam-
ily like X above and used as objects of a filtered Fukaya category & uk™™(X; P).
The construction of this & ukimm(X ; P), such as to allow in X marked, immersed,
unobstructed Lagrangians that are not unions of embedded components, is somewhat
delicate. The non-filtered version appears in [7] but the adjustment of the filtered con-
struction from [12, Chapter 3] requires some additional effort that will not be pursued
here.

(ii) Assuming F uk™™ (X ; P) defined, we briefly mention a couple of properties
of the pairing « for the resulting TPC, € F uk'™™(X). If aclass A € K(€F uk™™ (X))
is represented by an immersed Lagrangian L (with only transverse double points),
then (compare with Corollary 8.1.2):

@ «(A. @) = (D" (4. ™)

(b) the number of self intersection points of L has as lower bound N T [k (4, A)]
where for a polynomial P =) k;t% € Ap,k;€Z,o; € R, wehave NT[P] =
2a;>0 lKil-

Both properties follow from the cluster, or pearly, model of Floer homology for
immersed, unobstructed Lagrangians &£. In this model the generators of the Floer
complex CF (£, £) are of two types: critical points of a Morse function on the domain
of the immersion and self-intersection points of the immersion. Each self-intersection
point appears twice, with opposite action levels (see [1,7]).

8.3. An example

The aim here is to illustrate how Corollary 8.1.2 and Theorem §.1.4 can be applied.

Consider the exact symplectic manifold X obtained from the plumbing of two
cotangent bundles of S' as in Figure 1, where Z, (in blue) is the zero-section of
one (horizontal) 7*S! and Y (in green) is a Lagrangian in the other (vertical) T*S!,
perturbed from its zero-section. We orient Zj in the counterclockwise orientation and
Y in the clockwise orientation (with respect to how these two Lagrangian are depicted
in Figure 1), so that the intersection index of Z¢, Y at y’ is +1. Next, we fix a Liouville
form A on X for which both Zg and Y are exact.

In what follows, we will view Zo and Y as marked Lagrangians and denote by Z
and Y their underlying Lagrangians. We will shortly be a bit more specific regarding
the marking of Z( and Y, namely, the grading and the choice of primitives for the
Liouville form on these Lagrangians. Let X be any collection of exact Lagrangians in
X that contains Zy and Y and such that X satisfies the conditions from Section 2.6.2.
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Area(shade) = a

_J

Figure 1. A plumbing of two T*S! where Zg and Y are two embedded Lagrangians.

For the family X we take, as before, the Lagrangians in X together with all their
possible markings (i.e., we endow each Lagrangian L € X with all possible primitives
of A7 and all possible grading).

Recall from Section 2.6 that in our realization of the Fukaya category we take
Floer data with 0 Hamiltonians for pairs of Lagrangians that intersect transversely.
This applies in particular to Zy and Y; hence, the Floer complex CF«(Zy,Y) is
generated by the intersection points between Zo and Y, which are y’, x, y”.

We endow Z and Y with gradings such that

YI=1"=0 and |x]=1,

where | - | stands for homological grading. It follows that the Floer complex (with
Z,-coefticients) has the following form:

CFO(ZO, Y) = Zzy/ (<3} Zzy//, dy, = dy” = O’

110
CF(Zy,Y) = Z>x, dx =y +y". (110)

We now turn to the action filtration on the Floer complex. We choose primitives
for A|z, and A|y such that the actions of the intersection points of Zo N Y are given
by

A = AY") =0, Alx)=a, (111)

where a is the area depicted in Figure 1.
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Figure 2. An immersed Lagrangian from a surgery at y’.

It follows that the persistence Floer homology H F«(Zg, Y) is concentrated in
degree 0 and moreover the persistence module H Fy(Zy, Y) has the following bar-
code:

BHFy(zo,v) = {[0.a),[0,00)}. (112)

We denote the resulting filtered Fukaya category by ¥ uk (X ; P)—see Section 2.6.2.

Consider a surgery of Zo U Y at y’, so that the outcome Lagrangian is rep-
resented by the immersed Lagrangian S, (depicted in red) in Figure 2, with two
self-intersection points x, y”. Here, ¢ is the area of the surgery handle used in the
surgery at y’ (see [5,24,27] for a detailed description of surgery.) Note that S, is an
exact immersed Lagrangian (this is always the case when we perform surgery of two
exact Lagrangians at a single point). Since the choices of the primitives of A| Z, and
Aly coincide at y’ (recall that A(y’) = 0) we can endow S, with a primitive induced
by those of Zy and Y (more precisely, one needs to parametrize S, by an immersion
j: S — X with j(§ ) = S such that j *A is exact and define the primitive of the latter
1-form on § ). We also perturb slightly this S, by a small Hamiltonian perturbation
of Hofer norm at most &' thus getting S = S, . that intersects transversely all the
elements in X.

It can easily be seen that S is unobstructed (in the sense that it carries no pseudo-
holomorphic teardrops (see also [7])). Therefore, S gives rise to a filtered As-module
over ¥ uk(X), which we denote by 8. The existence of this module requires elements
of the theory of immersed Fukaya category mentioned in Remark 8.2.1 (ii), however,
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only the most elementary part of this theory is needed here. In essence, because S is
unobstructed we can include S in a larger family X’ that contains X and S. We may
still define a Fukaya filtered category associated to X', Fuk(X’; P"). The immersed
Lagrangian S gives a (filtered) Yoneda module ¥(S) over Fuk(X’; P'). The per-
turbation data P’ can be picked to be admissible also for the set X and there is an
embedding Fuk (X;P) — Fuk(X’;P’) such that Y(S) pulls back to a module over
Fuk(X;P"). Finally, using that Fuk(X) is independent of the perturbation data
up to filtered quasi-equivalence, we can pull-back this module to the module 8 over
Fuk(X;P). The details of this process appear in [12, Chapter 3, Theorem 3.12], but
only in the case when S is embedded. The modifications needed for our S here are
easy to implement as in [7] (where is covered the construction of non-filtered, Fukaya-
type categories with immersed objects in much larger generality), and noting that the
construction there of the Floer complexes of the type CF (S, S), CF(S,X),CF(X,S)
(for X € X)) produces filtered structures, and similarly for the higher A..-operations.

Next, consider the twisted complex (over ¥ uk (X)) defined as the mapping cone:

C:= Cone(Zo > Y) (113)

of the morphism y" € homgyx(x)(Zo.Y) = CFo(Zy,Y). (Recall that y’ is a cycle).
Since y’ has filtration level 0 and both Zy, Y are filtered twisted complexes, € can be
endowed with the structure of a filtered twisted complex € €' Fuk(X) C €F uk(X)
in the standard way.

We claim that § € €F uk(X) and that there exists an r-isomorphism

¢:C—38

such that r = r(e, ¢’) tends to 0 when both ¢ and &’ go to 0.
To prove this, we compare ¥(S) and C over the category F uk(X’; ), and we
notice the existence of an r-isomorphism

é:C—Y(S)

of the form w; (o, —) for an appropriate intersection point o between S and Zo U Y.
To see this we can interpret € = Y (S’) where S’ is a marked immersed Lagrangian,
in the sense discussed in Section 8.2, with obvious primitive and grading, and with a
marked point /e = {y’}. At this point, it is also useful to use the ¢’-small Hamiltonian
perturbation to be a bit special, in essence associated to a Morse function with two
critical points on S and in this case « is the intersection point between S, - and S’
that corresponds to the maximum of this function. By pulling back ¢ over Fuk(X),
we get ¢.
We now pass to calculations in the K-group K(€F uk(X)). We have

[€] = —[Zo] + [Y] € K(EFuk(X)). (114)
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Next, we compute the pairing x ([C], [C]). By linearity, and by Theorem 8.1.2, we
obtain

k([CL, [C]) = «([YL,[Y] + «([Zo]. [Zo]) — «([Y ], [Zo]) — k([Zo]. [Y])
=—x(Y) — x(Zo) = AuF.zo.1) (1) + AHF.(Zo ) ()
=0+0—(1—t+ 1)+ (1 —t+1)
=—t"% 417,

(115)

where the third equality comes from the barcode data (112) and the identities in The-
orem 8.1.2.
Since «([C], [€]) is not a constant, by Corollary 8.1.2, the class

8] = [€] € K(EFuk(X))

cannot be represented by any Lagrangian in X.

Further, we now want apply Theorem 8.1.4. First, the data before provide a reduced
resolution D of weight r of § with linearization £(D) = (T ™'Y, Zj).

Clearly, [D] = —[C] so gap(k ([D],[D])) = a. Obviously, np = 2. It is also imme-
diate to calculate b¥ ({T7'Y, Zy}) = 2. We fix F = {T 'Y, Z,}. Thus, we obtain

R¥(8) < 8.
a

Theorem 8.1.4 implies that if r = r(e, &') < %, then € can not represent an embed-
ded Lagrangian (in the sense that it is not the Yoneda module of an element in X).
Moreover, this result is independent of the set X as long as X contains Zg, Y.
Another way to apply Theorem 8.1.4 is to deduce by an argument very similar to
the above that, assuming that both ¢ and &’ are very small, then the Hofer norm of a

Hamiltonian homotopy needed to deform S into an embedding is at least {%.

Remark 8.3.1. As noted in relation to the constant 4 in Theorem 8.1.4, the constant
16 here is not optimal. In essence, the argument we discussed is very general but it
produces constants that can be easily improved in our example. In this example, it is
possible to use a Hamiltonian homotopy of energy a to deform S into an embedding
and it is likely that this is sharp.
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