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Abstract

Let £ be a Frobenius category. Let £ denote its stable cate-
gory. The shift functor on £ induces, by pointwise application,
an inner shift functor on the category of acyclic complexes
with entries in £. Shifting a complex by 3 positions yields an
outer shift functor on this category. Passing to quotient mod-
ulo split acyclic complexes, HELLER remarked that inner and
outer shift become isomorphic, via an isomorphism satisfying
yet a further compatibility. Moreover, HELLER remarked that
a choice of such an isomorphism determines a Verdier triangu-
lation on &, except for the octahedral axiom. We generalise the
notion of acyclic complexes such that the accordingly enlarged
version of Heller’s construction includes octahedra.
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0. Introduction

0.1. Heller’s idea'
0.1.1 STABLE FROBENIUS CATEGORIES AND AN ISOMORPHISM BETWEEN OUTER
AND INNER SHIFT

Let € be a Frobenius category, i.e. an exact category with enough bijective objects.
For instance, the category of complexes with values in an additive category, equipped
with pointwise split exact sequences, is a Frobenius category.

Let £ denote the stable category of £; see §0.3. Assume that £ has split idempo-
tents.

!Heller formulated his idea using Freyd categories. We will rephrase it using complexes, for this is
the language we will use below. See §§0.2.2, 0.2.4.
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A complex with entries in £ is acyclic if any Hom functor turns it into an
acyclic complex of abelian groups. Let §+(A§E) denote? the category of acyclic
complexes with entries in £. Let §+(Af) denote the homotopy category of the
category §+(A§E) of acyclic complexes; that is, the quotient category of acyclic
complexes modulo split acyclic complexes.

There is a shift automorphism T on £. It induces a first, inner shift automor-
phism T (AZ) on £T(A¥) by pointwise application.

There is also a shift automorphism T, on the diagram Af. It induces a sec-
ond, outer shift automorphism £t (Ty) on £F(A¥), shifting a complex by three
positions.

Both outer and inner shift induce automorphisms

ET(Ty) resp. TH(AF) on £F(AT).

HELLER remarked that these functors are isomorphic. But there is no a priori given
isomorphism. So he chose an isomorphism
EH(Ty) 2= THAY),

satisfying, for technical reasons, still a further compatibility.

Then he remarked that the choice of such an isomorphism 5 determines a trian-
gulation on £ in the sense of PUPPE [26, Sec. 2]; that is, it satisfies all the axioms
of VERDIER [29, Def. 1-1] except possibly for the octahedral axiom. Namely, as
distinguished triangles we take acyclic complexes on which outer and inner shift
coincide (i.e., which are “3-periodic up to shift”) and on which 5 is the identity.

Whether this observation now fathoms Puppe triangulations remains to be dis-
cussed. Whenever two objects are isomorphic but lack a nature-given isomorphism,
it is at any rate not unusual to pick an isomorphism. Once a suitable isomorphism
between our shift functors is chosen, a Puppe triangulation ensues. In nontechnical
terms, we may let the relation between the two shifts govern the Puppe triangula-
tions. This is a possible point of view, which we shall adopt and put into a larger
framework (see §0.2.2).

HELLER used this construction to parametrise Puppe triangulations on £. The
non-uniqueness of such a Puppe triangulation on £, and hence the impossibility of
an intrinsic definition of distinguished triangles thus can be regarded as rooted in the
possible nontriviality of the automorphism group of the inner shift functor T+(A§),
or, by choice, of the outer shift functor £+ (T5). This is to be seen in contrast to the
intrinsic characterisation of short exact sequences in an abelian category.

0.1.2 THE STABLE FROBENIUS CASE MODELS A GENERAL DEFINITION OF PUPPE
TRIANGULATIONS

A weak kernel in an additive category is defined by the universal property of a

kernel, except for the uniqueness of the induced morphism (dually a weak coker-

nel).

2The notation using the diagram Ajﬁ is chosen to fit into a larger framework; see §0.2.2 for more
details.
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A weakly abelian category is an additive category in which each morphism
has a weak kernel and a weak cokernel, and in which each morphism is a weak
kernel and a weak cokernel. For instance, the stable category £ appearing in §0.1.1
is a weakly abelian category.

Let C be a weakly abelian category with split idempotents carrying a shift auto-
morphism T. Now Heller’s construction yields an alternative, equivalent definition
of a Puppe triangulation on (C, T) as being an isomorphism

C*(Ty) 2~ TH(AF)

satisfying still a further compatibility. In other words, a Puppe triangulated category
can be defined to be such a triple (C, T, 9s).

0.1.3 FroM PUPPE TO VERDIER AND BEYOND

In a Puppe triangulated category, the octahedral axiom of VERDIER [29, Def. 1-1]
does not seem to hold in general.?

In a Verdier triangulated category, in turn, it seems to be impossible to derive
the existence of the two extra triangles in a particular octahedron described in [3,
1.1.13], or to distinguish crosses as in [16, App.].

Moreover, to define a K-theory simplicial set of a triangulated category, one
is inclined to take objects as 1-simplices, distinguished triangles as 2-simplices,
distinguished octahedra as 3-simplices, etc.

So we enlarge the framework, generalising from C*(A¥) to C*(A#), as described
next in §0.2.

0.2. Definition of Heller triangulated categories
0.2.1 A DIAGRAM SHAPE

Given n > 0, we let A,, :={i € Z: 0 < i < n}, considered as a linearly ordered set.
Let A, be the periodic prolongation of A, consisting of Z copies of A, put
in a row. This is a periodic linearly ordered set; that is, a linearly ordered set
equipped with a shift automorphism i — i+1. For instance, Ay = {...,271,0,1,2,
0t1,...}, equipped with i+ i*1. Let A be the category consisting of periodic
linearly ordered sets of the form A,, as objects, and of monotone shift-compatible
maps as morphisms.

Let A, (A1) denote the category of morphisms in A, i.e. the category of A,,-
valued diagrams of shape A;. Given «,8 € A, such that o <3, the object
(a — B) in A, (Aq) is abbreviated by 8/a.

Let A¥ be the full subcategory of A, (A1) that consists of objects 3/a within a

3The author lacks an example of a category that is Puppe but not Verdier triangulated, but
strongly suspects that such an example exists, i.e. that the octahedral axiom is not a consequence
of Puppe’s axioms; cf. Question 1.7. In any case, the truth of such a deduction is unknown.
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single period, i.e. such that 37! < a < 3 < ot!. For instance,

0+1/0+1 ...

2/2 —— 0t /2 —— -

AY =
1/1 2/1 0F /1 —>
0/0 1/0 2/0 0+1/0.

]

0.2.2 HELLER TRIANGULATIONS

Let C be a weakly abelian category; see §0.1.2. A sequence X oy 4 zmc
is called exact at Y if f is a weak kernel of g, or, equivalently, if g is a weak
cokernel of f. A commutative quadrangle in C whose diagonal sequence is exact at
the middle object is called a weak square.

Let C*(A¥) be the category of C-valued diagrams of shape A# with a zero at ./«
and at a™!/a for each a € A,,, and such that the quadrangle on (v/«, 8/, v/ 3,6/ 0)

is a weak square whenever 6 ' < a < <y <6 <atl. Let C*(Aﬁ) be the quotient
of CT(A#) modulo the full subcategory of diagrams therein that consist entirely of
split morphisms.

For instance, C*(Af) is the category of C-valued acyclic complexes and CT (Afﬁ )
is its quotient modulo split acyclic complexes, i.e. the homotopy category of C-valued
acyclic complexes.

Furthermore, suppose given an automorphism T on C. We obtain two shift func-
tors on C*(A¥), the inner shift given by pointwise application of T, and the outer

shift induced by a diagram shift j /i — it1/j.

A Heller triangulation on (C, T) is a tuple of isomorphisms ¢ = (9,)5, >0, where
¥p is an isomorphism from the outer to the inner shift on C*(A%¥). This tuple is
required to be compatible with the functors induced by periodic monotone maps
between A,, and A,,, where m,n > 0. Moreover, it is required to be compatible
with an operation called folding, which emerges from the fact that a weak square
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entails a folded weak square

0—Y

R

!/ !/
X (Tf/)> XaY'.
A Heller triangulated category is a triple (C, T, ) as just described, often just
denoted by C.

An n-triangle in a Heller triangulated category C is an object X of Ct(A¥)
that is periodic in the sense that outer shift and inner shift coincide on X, and
that satisfies X1J,, = 1. The usual properties of 2-triangles generalise to n-triangles.

If C is a Heller triangulated category in which idempotents split, then, taking
the 2-triangles as the distinguished triangles, it is also triangulated in the sense of
VERDIER [29, Def. 1-1]; see Proposition 3.6.

0.2.3 STRICTLY EXACT FUNCTORS

An additive functor C —— C’ between Heller triangulated categories (C,T,d) and
(C',T',9) is called strictly exact if, firstly, it respects weak kernels, or, equiva-
lently, weak cokernels; if, secondly, F' T’ = T F; and if, thirdly, the functor

F(AY)

cr(Af) C(AY),

induced by pointwise application of F, satisfies F*(A#) 19! =1, « F+(A#) for
n > 0. —

0.2.4 ENLARGE TO SIMPLIFY
Let A,, := {i€Z:1<i<n}. We have an embedding A, A¥ via a— /0.

Let C be a weakly abelian category. Let C (A,) denote the category of C-valued dia-
grams of shape A,,. Let C(A,,) be the quotient of C(A,,) modulo the full subcategory
of split diagrams. Restriction induces an equivalence

() cHar) v e,

which is also a useful technical tool; see Proposition 2.6. -
At first sight, one might be inclined to prefer C(A,) over CT(A¥). It contains

smaller diagrams and has a less elaborate definition. By transport of structure along
(%), one obtains an outer shift on C(A,) as well. By pointwise application of the

shift functor on C, we also obtain an inner shift on C(A,,). These could be compared
in order to write down a definition of Heller triangulated categories.
So why then did we prefer to use C*(A#) in our definition of Heller triangulated

categories in §0.2.27 Working with C (An), the indirect definition of the outer shift
would cause problems. In practice, one would have to pass the equivalence (*) back
and forth. The “blown-up variant” C*(A#) of C(A,,) carries a directly defined outer
shift functor and is thus easier to work with.
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There is a further equivalence C(A,) = C(A,_1), where C denotes the Freyd

category of C, i.e. the universal abelian category containing C, and where C (An,l)

is the quotient of ¢ (An_l) modulo split diagrams with entries in C; see Proposi-
tion 2.10. Originally HELLER worked with C(A,,_;) for n = 2, i.e. with C/C.

0.3. A result to begin with

Let £ be a Frobenius category. We define its stable category £ to be the
quotient category of the category of purely acyclic complexes with values in the
bijective objects of £, modulo the subcategory of split acyclic such complexes.

Then & is equivalent to the classical stable category £ of &, defined as the
quotient category of £ modulo bijective objects. But £ carries a shift automorphism
T (invertible), whereas £ carries, in general, only a shift autoequivalence (invertible
up to isomorphism). In this sense, £ is a “strictified version” of £.

Theorem (Corollary 4.7, Corollary 4.9). Given a Frobenius category £, there exists
a Heller triangulation 9 on (£, T). An ezact functor € —2—+ &' between Frobenius
categories that sends all bijective objects of € to bijective objects of £ induces a

E
strictly exact functor £ —=— &'.

The Verdier triangulated version of this theorem is due to HAPPEL [11,
Thm. 2.6].

0.4. A quasicyclic category

Let C be a Heller triangulated category.

A quasicyclic category is a contravariant functor from A’ to the (1-)category
of categories. Letting qcyc, C be the subcategory of isomorphisms in CT(A%#) for
n > 0, we obtain a quasicyclic category qcyc, C. There is a quasicyclic subcategory
qcyc?='C that consists only of n-triangles and their isomorphisms instead of all
objects in C*(A#) and their isomorphisms.*

Restricting qcyc?=! C along the functor A° C» A’ of “periodic prolongation”,
this yields a simplicial category, hence a topological space, depending functorially
on C. This space is the author’s tentative proposal for the definition of the K-theory
of C; cf. [25, Rem. 63]. Of course, this definition still needs to be justified by results
one expects of such a K-theory, which has not yet been attempted.

0.5. Some remarks

A comparison of our theory to the dérivateur approach and related constructions
in [4], [14, chap. V.1], [13], [10], [18], [7] and [22] would be interesting. One
might ask whether the base category of a triangulated dérivateur in the sense of
[22] carries a Heller triangulation; and if so, whether morphisms of triangulated
dérivateurs give rise to strictly exact functors.

Our approach differs from the dérivateur approach in that we consider a single
category C with shift and an “exactness structure”, i.e. a Heller triangulation, on it.

4Here7 “19 = 17 is a mere symbol that should evoke the definition of n-triangles via 9.
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The categories C*(A#) needed to define this “exactness structure” on C consist of
veritable C-valued diagrams; see §0.2. In particular, a “structure preserving map”
between two such categories C and C’, i.e. a strictly exact functor, is a single additive

functor ¢ —» C’ compatible with the “exactness structures” imposed on C and
on C’. In contrast, a “structure preserving map” of triangulated dérivateurs is a
compatible family of additive functors.

The generalised triangles in [3, 1.1.14] are, in our language, n-pretriangles for
which the 2-pretriangle obtained by restriction along any periodic monotone map
Ay — A, is a 2-triangle. An n-triangle is such a generalised triangle, but the
converse does not hold in general, as pointed out to me by A. NEEMAN. For an
example, see [20, §2].

Concerning the motivation to consider triangulated categories at all, and in par-
ticular derived categories, conceived by GROTHENDIECK, we refer the reader to the
introduction of the thesis of VERDIER [28]; see also [15] and [31, p. 26].
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0.6. Notations and conventions
(i) The disjoint union of sets X and Y is written X LY.

(ii) Given a,b,c € Z, the assertion a =, b is defined to hold if there exists a z € Z
such that a — b = cz.

(iii) For a,b € Z, we denote by [a,b] :=={z € Z: a < z < b} the integral interval.
Similarly, we let [a,b[:={z € Z: a <z <b}, Ja,b]:={z€Z: a<z<b},
Zyo:={2€Z: 220} and Z¢y:={z € Z: 2 <0}

(iv) All categories are supposed to be small with respect to a sufficiently large
universe.

(v) Given a category C, and objects X, Y in C, we denote the set of morphisms
from X to Y by «(X,Y), or simply by (X,Y), if unambiguous.
(vi) Given a poset P, we frequently consider it as a category, letting p(x, y) contain

one element y/x if z < y, and letting it be empty if x € y, where z,y € Ob P =
P.

(vii) Given n > 0, we denote by A, := [0,n] the linearly ordered set with ordering
induced by the standard ordering on Z. Let A,, := A,, ~ {0} = [1,n], consid-
ered as a linearly ordered set.
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(viii) Maps act on the right. Composition of maps, and of more general morphisms,

o . : b b
is written on the right, i.e. —%» —» = 25|

(ix) Functors act on the right. Composition of functors is written on the right,

fe. 1o 9 = FG Accordingly, the entry of a transformation a between

functors at an object X will be written Xa. (The reason for this convention
is that we will mainly consider functors of type “restriction to a subdiagram”
or “shift”, and such operations are usually written on the right.)

(x) A functor is called strictly dense if its map on the objects is surjective. It is
called dense if its induced map on the isoclasses is surjective.

F F’
(xi) Given transformations C 7 \Ja_C’ _{a’_C", we write a  a’ for the transfor-
~Y = ~Y
G el

mation from FF' to GG’ given at X € ObC by X(axd') := (XFa')(XaG') =
(XaF")(XGd'). In this context, we also write the object F' for the identity 1p
on this object, i.e. for example X (F xa') = X(1pxa') = (X F)d'.

(xii) The inverse of an isomorphism f is denoted by f~. Note that if we denote an
iterated shift automorphism f —» f*! by f— T for z € Z, then we have
to distinguish between f~ (inverse isomorphism if f is an isomorphism) and
£~ (inverse of the shift functor applied to f).

(xiii)) In an exact category, pure monomorphy is indicated by X —— Y, pure epi-
morphy by X —+—Y.

(xiv) A morphism in an additive category A is split if it is isomorphic, in A(A1),

00
to a morphism of the form X &Y (1—02 Y & Z. A morphism being split is
indicated by X >—=7Y (not to be confused with monomorphy). Accordingly, a

morphism being a split monomorphism is indicated by X >e> Y, a morphism
being a split epimorphism by X >+=Y. See §A.2.1.

(xv) We say that idempotents split in an additive category A if every endomor-
phism e in A that satisfies e? = e is split.

(xvi) The category of functors and transformations from a category D to a cate-
gory C is denoted by [D,CI or by C(D). We also refer to objects in C(D) as
diagrams on D with values or entries in C.

(xvii) If C and D are categories, and X € ObC(D), we usually write (d —» €)X =:
(X4 Xe, X.) for a morphism d —%» e in D. If the morphism a is unambigu-
ously given by the context, we also use small letters to write (Xg — X,) :=
(X4 o X,) (similarly X, %> X!, Yy 20 ¥, ...)

(xviil) Let Add denote the 2-category of additive categories.

(xix) Given an additive category A and a full additive subcategory B C A, we
denote by A/B the quotient of A by B, having as objects the objects of A and
as morphisms equivalence classes of morphisms of A. Two morphisms f and
f! are equivalent in this sense, written f =g f’, if their difference factors over
an object of B.
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(xx) In an exact category, an object P is called projective if (P,—) turns pure
epimorphisms into epimorphisms. An object I is called injective if (—,I)
turns pure monomorphisms into epimorphisms. It is called bijective if it is
injective and projective. See §A.2 for details.

(xxi) In an additive category, a morphism K —— X is called a weak kernel of a
morphism X oy if for every morphism T’ —'s X with ¢ f =0 there exists

a morphism T s K with #i = t. A weak cokernel is defined dually. An
additive category is called weakly abelian if every morphism has a weak
kernel and a weak cokernel, and is a weak kernel and a weak cokernel.

(xxii) The Freyd category of a weakly abelian category C is written C. See §A.6.3
for details.

(xxiil) In an abelian category, a commutative quadrangle

f/
is called a square if its diagonal sequence X &I x oY @ Y’ is

short exact. Being a square is indicated by a box sign “0” in the quadrangle.
The quadrangle (X,Y, X', Y’) is called a weak square if its diagonal sequence
is exact in the middle; see Definition A.9. Being a weak square is indicated by
a “+”-sign in the quadrangle.

In an exact category, (X,Y, X’ Y’) is a pure square if it has a pure short
exact diagonal sequence. Being a pure square is indicated by a box sign “0O”
in the quadrangle.

In a weakly abelian category, (X,Y, X', Y’) is a weak square if it is a weak
square in the Freyd category of that weakly abelian category.

(xxiv) In an abelian category, given a morphism X £, Y, we sometimes denote
its kernel by Ky, and its cokernel by Cy.

1. Definition of a Heller triangulated category

1.1. Periodic linearly ordered sets and their strips

Without further comment, we consider a poset D as a category, whose set of
objects is given by D, and for which # p(a,3) =1 if o < S, and # p(a,5) =0
otherwise. If existent, i.e. if & < 3, the morphism from « to g is denoted by §/c.
A full subposet of a category is a full subcategory that is a poset. In particular, a
full subposet of a poset is just a full subcategory of that poset.

A periodic poset is a poset P together with an automorphism T: P ~» P,
ar—aT =:at!. Likewise, we denote aT™ =:a™™ resp. aT " =:a™™ for
m € Zso. By abuse of notation, we denote a periodic poset (P, T) simply by P.
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A morphism of periodic posets P «<2— P’ is a monotone map p of the underlying
posets such that (a'T1)p = ((o/)p) ™ for all o’ € P’. The category of periodic posets
shall be denoted by pp.

A periodic linearly ordered set is a periodic poset, the underlying poset of
which is linearly ordered, i.e. such that #(D(a,ﬁ) U p(8, a)) =1 for all o, € D.

To any linearly ordered set D we can attach a periodic linearly ordered set D by
letting D := D x Z, and (a, 2) < (3, w) if z < w, or if (z = w and a < B in D). We
let (o, 2)*!:= (o, 2+ 1). Sending D — D, a — (a,0), and identifying D with
its image, we obtain («,2) = a™*, and the latter is the notation we will usually
use. The periodic linearly ordered set D is called the periodic repetition of D.
Likewise the functor D +—— D from the category of linearly ordered sets to the
category of periodic linearly ordered sets is called periodic repetition.

Let A be the full subcategory of the category of linearly ordered sets defined by
ObA :={A,:n€Zx}.

Let A be the full subcategory of the category of periodic linearly ordered sets
defined by® Ob A := {A,,: n € Z>0}.

The reason for considering periodic linearly ordered sets is that the functor peri-
odic repetition from A to A is dense and faithful but not full. We will require a
naturality of a certain construction with respect to P € Ob A, which is stronger
than setting P = D and requiring naturality with respect to D € Ob A.

Given n > 0, the underlying linearly ordered set of A, is isomorphic to Z via
a™ = a+ (n+ 1)z. We use this isomorphism to define the operation

ApxZ— A, (a*? 2) —> o™ + 1= (a F z)T et
where we write k = (n + 1)k + k with k € Z and k € [0,n] for k € Z. For instance,
if n =3, then 2t! 47 =173,
To a periodic linearly ordered set P, we attach the poset

P#* .= {B/aeP(A): B <a<B<at}

as a full subposet of P(Ay), called the strip of P. A morphism therein from 3/«
to §/v is written §/v/3/a, which is unique if it exists, i.e. if @ <~ and 8 < 4.
The strip P# carries the automorphism 3/a — (8/a)*! := a1 /3 in pp, where

Blae P# If P=A,, we also write 8/a 2 (3/a)*+!.
This construction defines a functor

— (_\#
AQ»pp
P+ P*

which sends a morphism P <2~ P’ in A to
p# & pr
ﬁ/p/a/pHﬁ//O/

In fact, p* is well defined, since if 37! <o’ < B <o/t then (p)~' <a'p<
B'p < (o/p)+!. Moreover, p* is monotone and compatible with shift.

5The category A is isomorphic to the category L defined by ELMENDORF in [6].
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Ezxample 1.1. The periodic poset Af, i.e. the strip of the periodic repetition of As,
can be displayed as

1+1/1+1 P

f

0+1/0+1 — 1+1/0+1 ..

! !

2/2 0+l/2 1t1/2
f ! !
1/1 2/1 0+1/1 171/1
f f !
0/0 1/0 2/0 01/0

! ! !

2-1/2-1 —>0/271 —1/2-1 —2/271

! ! f

1.2. Heller triangulated categories

Suppose given a weakly abelian category C; cf. Definition A.26. From §1.2.1.3 on,
we assume it to be equipped with an automorphism
c1-cC
+1
(X % V) (XT ey T) = (X 2y,

wtm

Similarly, we denote (X T “T% ¥ T™) =: (X" “5 Y+™) for m € Z.

Recall that its Freyd category C is an abelian Frobenius category, and that the
image of C in C, identified with C, is a sufficiently large subcategory of bijectives;
see §A.6.3.

1.2.1 THE STABLE CATEGORY OF PRETRIANGLES C*(P#)
1.2.1.1. DEFINITION OF C*(P#)

Concerning the Freyd category C of C, see §A.6.3. Concerning the notion of a

weak square in C, see Definition A.9. A weak square in C is a weak square in ¢
that has all four objects in ObC. Applying Remark A.27, we obtain an elementary
way to characterise weak squares as having a diagonal sequence with first morphism
being a weak kernel of the second; or, equivalently, with second morphism being a
weak cokernel of the first.

Given a periodic linearly ordered set P, we let C*t(P#) be the full subcategory
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of C(P#) defined by

1) Xa/a =0 and Xa+1/a =0
for all « € P.

2) Foralld!'<a<p<y<i<atl
in P, the quadrangle
Xyy8 ——Xs/8

T+T

Xy/a —— Xs/a

ObCH(P#):={ X € ObC(P*):

is a weak square (as indicated
by +).

Note that we do not require that (Xa+1/, —> Xg+1/5) = (Xy/q —> X5/5)T" for
v/a, §/B € P¥ with v/a < §/8.

An object of CT(P#) is called a P-pretriangle. Given n > 0, an object of
Ct(A¥), i.e. a A,-pretriangle, is also called an n-pretriangle.

Roughly put, an n-pretriangle is a diagram on the strip A# of the periodic
repetition A,, of A,, consisting of weak squares with zeroes on the boundaries.

Example 1.2. A O-pretriangle consists of zero objects. A 1-pretriangle is just a
sequence ..., Xg/1-1, X1/0, Xot+1/1,... of objects of C, decorated with some zero

objects. A 2-pretriangle is a complex in C which becomes acyclic in C — for short,
which s acyclic — decorated with some zero objects.

A morphism in C is called split if it factors in C into a retraction followed by a
coretraction. Equivalently, its image, taken in C, is bijective as an object of C.
Let C*sPlit(P#) be the full subcategory of CT(P#) defined by

. X’y/a LN X(;/ﬁ is Split
ObCHPiY(P#) := $ X € ObCT(P#):  for all v/a, §/8 € P*
with v/a < 4§/

We denote the quotient category by
CH(PT) = CT(PF)/CHPit(PF),

called the stable category of P-pretriangles.

Ezample 1.3. We have Ct(A}) = CT(A¥) = 0. The category C*(A¥) can be re-

garded as the homotopy category of the category of acyclic complexes with entries

in C.

1.2.1.2. NATURALITY OF Ct(P#) IN P

Suppose given periodic linearly ordered sets P, P, and a morphism P# <% P'#
of periodic posets such that either (P = P’ and ¢ = T, the shift functor on P#) or

q = p* for some morphism P <2— P’ of periodic linearly ordered sets. Recall that
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if P = A, then we alternatively write T,, for the shift functor T on Af. We obtain
an induced functor

.
C*(P#) S o (P
X —— XCT(q) := ¢X,

given by composition of ¢, followed by X. In particular, the shift T on P# induces
a functor

cr(p#) S0L e (p#)
X — [X]T = X(CT(T)),

called the outer shift. Note that if P = A,,, then [X];/la = X(g/ayrr = Xq+1,g for
B/a € A¥.
On the stable category, this functor induces a functor

+
CH(PH) = (P

X — [X]+13

likewise called the outer shift. 4
Given a morphism P <£- P’ in A, we obtain an induced morphism P# <£— P'#
and hence an induced functor usually abbreviated by

p*i=Ct (p*
—_—

Cct(PH) L cr(p#)
X —— > Xp” ::X(C+(p#)).

Likewise on the stable categories; we abbreviate p# := C*(p#).

So altogether, we have defined Xp# :=p#X (Xp”: operation induced by p,
applied to X;p# X : composition of p# and X), which is a bit unfortunate, but con-
venient in practice.

Given a morphism P <2~ P"in A and X € ObC*(P#), we have
[X]Hp* = [Xp*] T,
natural in X. Likewise on the stable categories.
Given P, P’ € Ob A, a functor C+(P#) £+ C*+(P'#) is called strictly periodic
if
[XFI™ = [X]"'F,

natural in X. Likewise on the stable categories.

1.2.1.3.  NATURALITY OF C*(P#) IN C

An additive functor C I, ¢ is called subexact if the induced additive functor

¢ £+ ¢ is an exact functor of abelian categories; see §A.6.3. Alternatively, it is
subexact if and only if it preserves weak kernels, or, equivalently, weak cokernels;
see Remark A.27.
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Suppose given a subexact functor C _F, ¢"and P € Ob A. We obtain an induced
functor
cHpry DL o (p#)

X —— XFT(P#),
where, writing Y := X F*(P#), we let
zF
(Yaja == Yoy) = (Xp/aF == X5/, F)

for B/, 6/ € P# with B/a < 6/.

In particular, the automorphism C T C induces an automorphism

cr(p#) D v (p#

X b [XM] = X(TH(P?)),

called the inner shift. Note that if P = A, then [X ]/, = X;/la for B/a € A¥.
On the stable category, this induces an automorphism

T+ (P#)

likewise called the inner shift.

1.2.2 FoOLDING

The following construction arose from a hint of A. NEEMAN, who showed me a
multitude of 2-triangles in an n-triangle similar to the two 2-triangles explained in
[3, 1.1.13]; cf. Definition 1.5.(ii) below.

1.2.2.1. SOME NOTATION

Given P = (P,T) € Ob A, we denote by 2P the periodic poset (P, T?).

Given a linearly ordered set D, we let p LI D be the linearly ordered set having as
underlying set {p} L D; and as partial order p <, p a for all « € D, and a <,up
ifa,0€ D and a <p .

Roughly put, 2P is P with doubled period, and p U D is D with an added initial
object p.

Let n > 0. We have an isomorphism of periodic linearly ordered sets

2A,, > Aoyt
o {k”/Q for =50
(k+n+1)*t0=D/2 for [ =51
and an isomorphism of linearly ordered sets
pUA, = Apig
k—k+1 forkel[0,n]

pr—0.
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In order to remain inside A resp. inside A, we use these isomorphisms as identifi-
cations.

Then P —— 2P is natural in P and therefore defines an endofunctor of A, and
D+ pU D is natural in D and therefore defines an endofunctor of A.

Given a linearly ordered set D, we will need to consider the periodic posets 2D
and p Ll D, formed using periodic repetition.

1.2.2.2.  THE FOLDING OPERATION
Let n > 0. Let the strictly periodic functor

CH((2A,)*) Lt (pU A, )
X — Xf,

be determined on objects by the following data. Writing ¥ = X¥,,, we let

ot /o — Xﬁ“/ﬂ)

x 0
Xﬁ+1/a+1 &b on+2/,6 (4)> X5+1/,Y+1 D X’Y+2/5)

.’E

)= (x

(Yg/, =~ Yﬁ/a) (Xﬁ+1/,8 C2 X jar @ Xa+2/ﬁ)
)=
)= (%

SH1/y+1 e X yt+2/5 ALY X +2/,Y+1)

for o, 8,v,0 € A, with a < g, with v < ¢ and with §/a < d/7. The remaining
morphisms are given by composition.

Note that X € ObCT((2A,)#), so, for example, Xg+1,5 # 0 is possible, whereas
Xg+2/3 =10 for 5 € A,.

We claim that Xf,, is an object of C*(p U An#).

In fact, by Lemma A.14, applied in the abelian category C, we are reduced
to considering the quadrangles of Y on (v/p, 6/p, v/8, 6/8) for B,~v,6 € A, with
B<y<don (y/a, d/a, v/8, 6/8) for a, B,7,0 € A, with a < 3 <y < ; and on
(v/a, p* /e, /B, p*1/B) for a, B,y € A, with a < B < 7.

The quadrangle of Y on (v/a, d/a, v/3, 6/3) is a weak square as the direct sum
of two weak squares.

For the remaining quadrangles to be treated, Lemma A.17 reduces us to consid-
ering the quadrangles of Y on («/p, B/p, o/, /), on (8/p, p*™*/p, B/cx, p*/a)
and on (8/a, ptt/a, B/B, p™1/B) for a, B € A, with a < 3. These are in fact weak
squares, as follows from Lemma A.18 and its dual assertion. This proves our claim.

This construction of Y = Xf,, is functorial in X.

To prove that the folding operation passes to the stable categories, we have
to show that for an object X of CtsPlit((2A,)#), the folded object Xf, is in
CHsplit(p] An#). Denote Y := Xf,. Since Y,,, 2, Yg/, is split for all o, 8 € A,
with a < 3, it suffices to prove the following lemma.

Lemma 1.4. Suppose given m >0 and Z € ObCt(A%) such that Zajo = Zg/0
is split for all o, B € A, with 0 < a < 3. Then Z € ObCHsPIY (A,
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Proof. Consider the morphism Z.,/, — Zs,5 for v/a < §/3 in A¥,. We have to

show that it is split, i.e. that its image, taken in C, is bijective there. Unless o <
B < v <8< atl, this morphism is zero, hence split. If this condition holds, it is
the diagonal morphism of the weak square (Z /o, Zs/as Z~)3, Zs5/3)-

So by Lemma A.19, applied in the abelian category C, we see that it suffices to
show that the (horizontal) morphism Zg,, —» Z., /4 is split and that the (vertical)
morphism Z,, /., = + 1s split for all o, 3,y in A, withy ' <a<B<y<atl.

The long exact sequence

’ > Loyt = Lajy-t = L/t —

Z8ja = Zyja —> Lyjg —> Latrjg —> -

in C shows that it suffices to show that the morphism Zg/, = /18 split for all
0<a<B<y< 0t In fact, first of all we may assume that 0 < a < 01!, so that
0<a<fB8<y<at <012 Henceeither 0 < a < B <y< 0t or 0Ky ' <ag
B<0tor0<p <y <a<Oth,

Now we may assume that 0 < a and apply Lemma A.19 to the weak square
(2870, Z~05 Z8)as Ly /o), in which Zg o = Z o is split by assumption, in which
Zg/o = Zg/q is split since Z, o = Zg)o is split by assumption, and in which
Zy )0 = Z /o 1s split since Z, /o = Z 0 1s split by assumption. O

So the folding operation passes to an operation

A in, A #
C+((2An)#) - C+(p|—| An )
X — Xjf

on the stable categories.

1.2.2.3. AN EXAMPLE: FOLDING FROM A¥ 10 AF

Let D = A,. Note that 2A5 ~ A5. Let X € ObCT((2A3)#), as depicted in Fig-
ure 1.1.

Note that p L Ay ~ Az. Folding turns X into Xf, € ObCT(p U AQ#), as depicted
in Figure 1.2.

1.2.3 A DEFINITION OF HELLER TRIANGULATED CATEGORIES AND STRICTLY
EXACT FUNCTORS
Recall that C is a weakly abelian category, and that T = (—)*! is an automorphism
of C; cf. Def. A.26. Suppose given n > 0. We have introduced the automorphisms
_ cH(Ty) _
CT(A¥) CH(AH) (outer shift; §1.2.1.2)

X — [X]™

_ TH(A#) _
CT(A¥) CT(AH) (inner shift; §1.2.1.3)

X — X
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(N N

00— Xy+1/0+1 > Xot1/0+1 > Xot2/0+1 N Xi+2/0+1 >

+ TT + T,T + x + Z‘T +

00— Xot1/0 —> Xy+1/5 — — Xot2/0 —> Xit+2/5 >
+ x + x + x + x + T

0 —> Xap —% Xop1); -5 I Xy 5 Xgia, —> 0

T + x + x + x + T +

0 —— X150 I Xa2/0 < s Xi+1/0 I Xot1/g —> 0

T+zT+m+mT+mT+

0> Xp/5-1 ;XI/Q—l ;X2/2—1 ;X0+1/271 ;X1+1/271 —0

[ A A B B

Figure 1.1

x

Q—m> X2+1/1+1 ®X1+2/2 ; X1+2/1+1 —_—

+ (3

x 0 T

2) + @ +
0= —

00— Xy+1)gn1 @ X ez — Xon1 011 @ Xgiz)n e Xorz/gt1 —>

+ (= + (e +

+ (-%) + (=) +

z 0

(zx 0
0 —> X501 ) X2/0D X101 X Xan SX 11 —————>0

+ + +

Figure 1.2
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The outer shift shifts the whole diagram X € ObC*(A%) one step downwards —
the object X,+1/4 is the entry of [X]|*! at position §/c.

The inner shift applies the given shift automorphism (—)*! of C entrywise to a
diagram X € ObC*+(A¥).

Furthermore, we write [XT¢]*0 := X TH(A#)°CH(T,)" = XCH(T,)" TH(A#)"
for a,b € Z>y, X € Ob Ct(A¥); similarly for a,b € Z. Likewise in the stable case.

Definition 1.5.

(i) A Heller triangulation on (C,T) is a tuple of isomorphisms of functors

V= <C+(Tn) &’ T+(A#))n>0 B ([7}“ % [7+1}>n>0

such that

(%) P 0 = 0 5 p*

for all n,m > 0 and all periodic monotone maps A, <2~ A,, in A, and such
that

() f,oxOng1 =ons1 +f
for all n > 0.
(ii) Given a Heller triangulation ¢ on (C, T), we use the following terminology.

(1) The triple (C, T,¥) forms a Heller triangulated category, usually just
denoted by C.

(2) Given n > 0, an n-triangle is an object X of CT(A¥) for which [X+1] =
[X]*! in ObCH(A¥), and for which

X9, = Lixp+r = 1ix+y (equality in C+(A#))
A morphism of n-triangles is a morphism X — Y in C*(A#) between
n-triangles X and Y such that [u]™! = [u™?].

The category of n-triangles and morphisms of n-triangles is denoted by
CHI=L(AH).

(iii) An additive functor C L, ¢’ between Heller triangulated categories (C,T,9)
and (C', T',49') is called strictly exact if the following conditions hold.

(1) FT =TF.
(2) F is subexact; cf. §1.2.1.3.
(3) We have
€E)) O *x FT(AT) = FH(AF) %0,

for all n > 0.

Remark 1.6. Some remarks concerning Definition 1.5 are in order.
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(i) Given n > 0, the isomorphism ¥,, consists of isomorphisms
[+
in the stable category CT(A%) of n-pretriangles, where X runs over the set
ObCt(A¥) of n-pretriangles.

T xt

Condition (*) asserts that the following diagram commutes in Add for all

n,m > 0 and all periodic monotone maps A,, <2~ A, in A.

_ #=ct(p* _
cHap) — 2= cr(ag)
In /ﬁm\\
I = =11 [P =] =11
Vo
B p#:CJr(p#) \ _/
CHAY) —— CHAL)
Condition (xx) asserts that the following diagram commutes in Add for all
n > 0.
_ i,
Ct( ;#Jr ct (Af+1)
) fo.)
7 == 1) -1+ \é}[ﬂ]
Y
( 2n+1) C (An+1)

(ii) In the notation CTV=1(A¥), the index “J =1 is to be read as a symbol,
not as an actual equation. The subcategory of n-triangles CH7=1(A¥) in the
category of n-pretriangles C* (A7) is not full in general.

(iii) A functor F' as in Definition 1.5.(iii) is called strictly exact because of the
equality in loc. cit. (1).
Condition (xxx) asserts that the following diagram commutes in Add for all

n > 0.
_ FT(A#) _
Ct(AY) C'+ CrH(AY)
L) L)
[+ \ / Cai! ]+1 -t
- FH(AH) _/
Ct(AY) C'+ CrH(AF)
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We summarise Definition 1.5 roughly.

(i) A Heller triangulation is an isomorphism ¢ from the outer shift to the inner
shift, varying with A,,, and compatible with folding.

(ii) An n-triangle is a periodic n-pretriangle at which ¢ is an identity.

(iii) A strictly exact functor respects the weakly abelian structure and is compat-
ible with shift and .

Note that if ¥ is a Heller triangulation on (C, T), then so is —1.

Definition 1.5 would make sense for periodic, but not necessarily linearly ordered
posets, generalising A,,. But then it is unknown whether — and it seems to the author
not very probable — the stable category of a Frobenius category is triangulated in
this generalised sense. More specifically, it seems to be impossible to generalise
Proposition 2.5 below accordingly, which is the technical core of our approach.

Question 1.7. Does there exist an additive functor C £, ¢’ between Heller trian-
gulated categories that, in Definition 1.5.(iii), satisfies (1) and (2), but (3) only for
n < 27 If F is an identity, this amounts to asking for the existence of two Heller
triangulations ¥ and ¢’ on (C, T), C weakly abelian, T automorphism of C, such that
9, =9, only for n < 2.

2. Some equivalences

Suppose given n > 0. Suppose given a weakly abelian category C, together with
an automorphism T: C —» C, X — X 1. Concerning the Freyd category C of C,
we refer to §A.6.3.

We shall show in Proposition 2.6 that the functor C(A#) — C(A,,), induced on

the stable categories by restriction from A% to A, = [1,n], is an equivalence.

2.1. Some notation

2.1.1 SOME POSETS

Let An = Ay, N {0} = [1,n], considered as a linearly ordered set. We have an injec-
tion A,, —= A%, i+— /0, and identify A,, with its image in A7.

We define two subposets of A# by

}

A% :={B/ac A¥: 0
a < 0}

o
AY = {B/a € A¥: 0

VAR

Then A, = (A2 N AY)~ {0/0, 07/0}.
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2.1.2 FIXING PARAMETERISATIONS x®, kY
There exists a bijective morphism A% — Z~q of posets (“refining the partial to a
linear order”). We fix such a morphism and denote by Zx LN A% its inverse (as
a map of sets; in general, kK is not monotone). So whenever (1) < k*(1’), then
I <!'. In particular, k(0) = 0/0.

There exists a bijective morphism AY —» Z < of posets. We fix such a morphism
and denote by Zxg - AY its inverse (as a map of sets). So whenever k" (l) <
kY (l"), then I < I'. In particular, £¥(0) = 0*1/0.

2.1.3 THE CATEGORIES CT*(A%), Ct(AL), ETC.
Let A be an abelian category, and let B C A be a full subcategory. Let E C A¥ be
a full subposet.
For example, for £ we may take the subposets A%, AV or A2 N AT+ of A¥.
Moreover, for example, we may take A = C, and for B either C or C.
Let BT*(E) be the full subcategory of B(E) defined by

Forall 7' <a<f<y<d<al
in A,, such that v/«, v/8, §/a
and §/0 are in E, the quadrangle

X, . X
ObB+*(E) := { X € ObB(E): Tﬁ o8
T =+ Tm

X5/a *I>X5/a

is a weak square (as indicated by +).

The symbol  should remind us of the fact that we still allow X,/ resp. Xo+1/q
to be arbitrary for a € A,, such that a/a € E resp. o™ /a € E.

In turn, let BY(E) be the full subcategory of B™*(F) defined by

Xoja =0for ae A, such that
ObB¥(E):= ¢ X € ObB™*(E): «/a € E, and X,+1/4 =0 for
a € A, such that o™ /a € E.
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2.1.4 REINDEXING
Given a subposet E C A¥, we have a reindexing equivalence

C(E) =~ C(E™)
X XD
XY X
defined by
(X g/a = X(pja)-1 = Xayp-1,
where 3/a € ET1; and inversely by
(X570 = X(pjayr = Xatyp,

where 3/a € E. This equivalence restricts to an equivalence between CT(FE) and
Cct (E+1)'

For instance, if E = A#, then X1 = [X]*!. The outer shift and reindexing
will play different roles, and so we distinguish in notation.

2.2. Density of the restriction functor from A# to A,
2.2.1 UPWARDS AND DOWNWARDS SPREAD
Let the upwards spread S% be defined by

C(A,) =5 CT(AL)

X — XS4,
where X S2 is given by
(XS%)os0:=0
(XS5%)p0 =X for g € A,
(XS5%)g/a = Cokern(X, s Xp) fora,B € A, with a < S
(XSA)B/a =0 for a, B € A,, with 011 < 8 < ot 511,

the diagram being completed with the induced morphisms between the cokernels
and zero morphisms elsewhere.
This construction is functorial in X. The functor S 2 is left adjoint to the restric-
tion functor from C* (A7) to C(A,,), with unit being the identity, i.e. X = XS%|4 .
Dually, let the downwards spread SV be
C(An) S CH(AY)
X—XS5Y,
where X SV is given by
(XSV)0+1/0 =0
(XS5)as0 = Xa for o € A,
(XSY)a)p-1 := Kern(X, —> Xg) for o, € A, with a <
-1

B
(XSv)a/ga =0 for a, € A, witha ! < 87! <a <0,
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the diagram being completed with the induced morphisms between the kernels and
zero morphisms elsewhere.

This construction is functorial in X. The functor SV is right adjoint to the
restriction functor from Ct(AY) to C(A,), with counit being the identity, i.e.
XS5, =X,

2.2.2 RESOLUTIONS
2.2.2.1. A STABILITY UNDER POINTWISE PUSHOUTS AND PULLBACKS

Let E C A} be a full subposet. Moreover, assume that E is a convex subposet,
i.e. that whenever given &,¢ € E and n € A such that £ <7 < ¢, then n € E.

An element §/8 € E is on the left boundary of E if we may conclude from
v/B € E and v < § that v=4. It is on the lower boundary of E if we may
conclude from §/a € E and a < 3 that a = .

An element v/« € E is on the right boundary of FE if we may conclude from
d/a € E and v < § that v =4. It is on the upper boundary of FE if we may
conclude from v/ € E and o < 8 that a = 3.

Let A be an abelian category. Concerning pointwise pullbacks and pointwise
pushouts, we refer to §A.7.

Lemma 2.1. Suppose given € € E and an object X of AT*(E).

(1) Given a monomorphism X. —+ X' in A, the pointwise pushout X1* of X
along z' is an object of AV*(E) again.

(2) Given an epimorphism X <y in A, the pointwise pullback X1, of X
along 2’ is an object of Ob AT*(E) again.

(3) Suppose that € is on the left boundary or on the lower boundary of E. Given
a morphism X, — X' in A, the pointwise pushout X1 of X along z’ is an
object of ATV*(E) again.

(4) Suppose that € is on the right boundary or on the upper boundary of E. Given

a morphism X, S X' in A, the pointwise pullback X1, of X along x’ is an
object of Ob A™*(E) again.

Proof. Ad (1). First we remark that by Lemma A.15, the quadrangle (Xg/q, X5/,
(XTII)ﬁ/a, (XT’“”/)(;/,Y) is a pushout for ¢ < f/a < /v in E.

We have to show that the quadrangle of X1* on (v/a,6/a,v/B3,0/3), where
ST'<ag<pf<y<s<at in A, is a weak square, provided its corners have
indices in F. Using Lemmata A.14, A.16 and convexity of E, we are reduced to
the case € < y/a. In this case, the assertion follows by Lemma A.15.

Ad (3). Here we need only Lemma A.14 and convexity of E to reduce to the
case £ < 7/a; the rest of the argument is as in (1). Hence the morphism 2’ may be
arbitrary. O
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2.2.2.2.  UPWARDS AND DOWNWARDS RESOLUTION

Remark 2.2.
(1) Given a direct system Xo — X; —> Xo — --- in Ct*(AL) such that its
restriction to any finite full subposet E C éﬁ eventually becomes constant,
then the direct limit lim_ X; exists in Ct*(AL).

(2) Given an inverse system Xo <— X; ~— Xp ~— --- in Ct*(AY) such that its
restriction to any finite subposet £ C Aj eventually becomes constant, then
the inverse limit lim X exists in Ct*(AY).

For k£ > 0, we let
ObCT+(A%) i, Onet(AL)
X b X17®),

(Xp2y —0) if k2 (k) € {a/a, aj‘l/a}
for some av € A,, with 0 < «
(Xe () —> Xpel) if &2%(k) = B/a for some a, 3 € A,
with 0 < a < B < ot
Define the upwards resolution map by
ObCH*(AL) v ObCH(AL)
X +—— XR® :=lmXR{ - RS,
—

the direct system being given by the transition morphisms
XRS -+ RS, —w (XB -+ RS)RD, ..

We have X R® = X for X € ObC*H(A2).
Note that we apparently cannot turn the upwards resolution into a functor unless
we are in a particular case in which the map | on objects can be turned into a functor.
Dually, for k£ > 0, we let

ObCH*(AY) i Opét+(AY)
X — XT:L‘”(k)?

(X (k) =—0) if K¥(k) € {a/a, at!/ar}
for some o« € A,, with o« < 0.
(Xyo (k) ~— Xuv(5)P)  if 67 (k) = B/c for some o, B € A,
with a ! < 87! < a < 0.
Define the downwards resolution map by

ObCH*(AY) v obet(AY)
X > XR":=lmXR] - Ry,
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the inverse system being given by the transition morphisms
XRS - RY, ~2= (XR] -+ ES)R .
We have XRY = X for X € ObCH(AY).

Lemma 2.3.

(1) Given a morphism Y —2+ X in CT(AL) with X € ObCt(AL), there exists a
factorisation

Y % X) = (Y — YR® — X).

(2) Given a morphism Y <2 X in Ct(AY) with X € ObCt(AY), there exists a
factorisation

(Y&X)Z(Y%YRV%X).

Proof. Ad (1). Since the entries of X are injective in C and since Xoja = 0fora >0,
we obtain, using the universal property of the pointwise pushout, a factorisation

Y 24 X)=(Y —YRy---R: — X)
for every m > 0, compatible with the transition morphisms, resulting in a factori-

sation over YR® =lim YR§ --- RS,. O
—m

2.2.2.3. BOTH-SIDED RESOLUTIONS
Let the resolution map

ObC(A,) E~ ObCt(A#)
X+——XR
be defined by gluing an upper and a lower part along A, as follows.
XR‘A% = XSARA
XR‘AZ = XSVRV
This is well defined, since XS*R*|;, = X = XSYR"|4 . In particular, we obtain
XR|; =X
We summarise.

Proposition 2.4. The restriction functor

cHar) 2 ca,)
Y p— Y|An

is strictly dense, i.e. it is surjective on objects.
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2.3. Fullness of the restriction functor from A# to A,

Proposition 2.5. The restriction functors
c(Af) B c(a,)

Y — Y|An

and
CHAL) o (A
Y —— Y|4,
are full.

Proof. By duality and gluing along A,,, it suffices to consider the restriction from
A% to A,,. So suppose given X,Y € ObC*t(A2) and a morphism X|An—f> YA -
We have to find a morphism X P, ¥ such that fela, =1

We construct f2, © for £ > 0 by induction on /.

At k2(0), we let anA(o) := 15. Suppose given £ > 1. If k2 (¢) € A,,, we let anA(z) =
foo- I 62(0) € {a/a, o™ /a} for some a > 0, we let fosy = lo. I 62(0) =: B/a
with 0 < o < 3 < a!, then we let o := a — 1 be the predecessor of a in A,,, and

we let 3’ := 8 — 1 be the predecessor of 3 in A,,, using that A, is linearly ordered.
We may complete the diagram

s Yo/ Ys/a
ﬁ///
Xg ”’ X
B/ B/
Yy + y
x + x
fA Yﬁl/a/ y Yﬁ/a/
B /o’
X / X /fﬂA/a’
B’ /o’ z B/o’
to a commutative cuboid, inserting a morphism Xz, M, Ys/a- O
(Dla, ;

Since we need the restriction functor C*(A#) —= C(A,,) to be full, we are not
able to generalise from linearly ordered periodic posets to arbitrary periodic posets.

2.4. The equivalence between C*(A#) and C(A,,)
Let C*Plit(A,) be the full subcategory of C(A,,) defined by

Xo — Xj is split
for all o, € A, witha < |-

ObCsPlit(A,) = {X € ObC(A,):
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We denote the quotient category by
C(A,) :==C(A,)/CP(A,,).
Proposition 2.6. The functor

C+(A#) (_)IA,L

C(An)
X— X|A ,
induced by restriction from A¥ to A, is an equivalence.

Proof. By Propositions 2.4 and 2.5, we may invoke Lemma A.l. Moreover, Lem-
ma 1.4 gives the inverse image of ObCPlit(A,)) under C‘*‘(An#)(w C(A,) as
Qb C+split (A#)

Consider a morphism X —+ X’ in C*(A¥) such that (X . X')| A, 1s zero in
C(A,). We have to prove that it factors over an object of C**Pit(AF).

Let Y'# be the cokernel in C(Ap;) of the counit X[ S* — X|[xs at X[z.. Note

that Y2|4 = 0. By Lemma A.21, we have Y* € Ob Ct(A2). Consider the following
diagram in CT(A2).

X|a,5% Xla» Yy YoRA

Oi fATALl e .
Ly

Xy, 8 — X'l

The indicated factorisation

flas
(X[ap — X'|as) = (X|as —Y* — X"|50)

ensues from the universal property of the cokernel Y. By Lemma 2.3.(1), we can
factorise further to obtain

flas
(%) (X]ag — X'|ag) = (X[ag —= Y R* — X'|5,).
Dually, we obtain a factorisation
flay
(*7) (X|AV — X’ |AV) (X|Az — YVRY HX’\A;{)

for some YV € ObC*(AY) such that YV 4, =0
Since Y2R%|4 =0=Y"R"|4 , there is a unique N € ObC*(A¥) such that

Nla: =Y“R? and N|ay = Y7RY. By Lemma 1.4, we have N € Ob CTsPlit(A#).
Moreover, since both factorisations (x2) and (x¥) restrict to the factorisation

(X]a, == X'[4,) = (X|4, —0— X" )
in C(An), we may glue to a factorisation
(%) (XL x)=(X —N—X)
that restricts to (x2) in CT(A2%) and to (*V) in C*(AY). O
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2.5. Auxiliary equivalences
We shall extend the equivalence C*(A%) =~ C(A,,) to a diagram of equivalences

CHAE) =+ CH(AL) =+ C(Ay) =+ C(Ann).

2.5.1 FACTORISATION INTO TWO EQUIVALENCES
Abbreviate

A= (AB)M C AF, AT = (AT C AF and A}

n

c
Abbreviate A2V := A2NAYH ={8/a: a,3€ A,,0<a< B 0T} CA

I
D.
§_/
s

Let CTsPlit(ALY) be the full subcategory of C*(A2Y) defined by
- _ X, /0 —> X5/ is split
ObCH P (ALY) := ¢ X € ObCH(ALY):  for all v/a, /8 € ALY
with v/a < 46/0.
We denote the quotient category by
CHARY) = CT(ALY)/CHPE(ALTY).
Lemma 2.7.

(1) The restriction functors

(*)|An C+(An)

(Slaav

CH(AY) CH(ARY)
X —m— X|A$v

Y — Y‘An

are full and strictly dense.
(2) The functors

(Slaav

CH(ALY) T (A

CHAL)

X —m— X|ATALV

Y — Y‘An’

induced by restriction, are equivalences.
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Proof. Ad (1). The composition
CHAY) —CH(ALY) —=C(An)
XHX|AﬁV HX|An

is strictly dense by Proposition 2.4 and full by Proposition 2.5. Therefore the restric-
tion functor from C*(ALY) to C*(A,,) is full and strictly dense.
We claim that the restriction functor from C*(A#) to CT(A4Y) is strictly dense.
Let
CATH T (AL
X (X(+1)SA)(*1);

see §2.1.4, and similarly
RO+

ObCH (AT ObCH(ALTY)
X — (XD ReYED),
Given X € ObC*t(A%Y), we may define X’ € ObC*(A¥#) letting
X—/|AAerl = X‘A:;lsA,JrlRA,Jrl
X/lﬁﬁv =X
)(/|A7vl = X‘ATLSVRV.

We claim that the restriction functor from A% to A2V is full. Suppose given
X,Y € ObC*(A¥) and a morphism X|anv . Y|asv. By Proposition 2.6 and a
shift, there exists a morphism X|,a.+1 A Y|as+1 such that f4[5+1 = f[y+1. By
Proposition 2.6 and by duality, there exists a morphism X |av AN Y|av such that

fYlA, = fla, - We may define a morphism X Ly letting

f’|5ﬁ>+1 = fA
f’|A$lv = f
fag = f7.

Ad (2). The composition
CHA) —CH(AY) —C(Ay)

X}—>X|A%v }—>X

A’I‘L
is an equivalence by Proposition 2.6. Therefore the functor induced by restriction
from A# to ALV is faithful. By (1), it is full and dense, and so it is an equivalence.

Therefore the functor induced by restriction from A2V to A, is an equivalence
also. O

2.5.2 CUTTING OFF THE LAST OBJECT
Putting n = 2, the equivalence given in Lemma 2.10, when composed with the equiv-

alence in Proposition 2.6, can be used to retrieve HELLER’s original isomorphism,
called 6(A) in [12, p. 53].
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In this section, we suppose that n > 2. Consider the functor

C(An) 4K' (An—l)
X XK = (X1o)|a. .,

where 0 denotes the morphism 0 —2» X, (see §A.T).

Explicitly, we have (XK); := Kern(X; -2~ X,,) for i € [1,n — 1], taken in C,
equipped with the induced morphisms (XK); — (XK); for i,j € [1,n — 1] with
i < j, fitting into a pullback ((XK);, (XK);, X;, X;).

Let C*Plit(A,) C C(A,,) be the full subcategory defined by
(Xi; — Xj;) is split }

split / A o A .
ObCPH(An) = {X €OPCIAN: g all i, € [1,n] with i < j

and let C(A,) := C(A,)/CP(A,) and C(A,_1) :== C(A,_1)/CP (A, _1).

For Y € ObC(A,) and i € [1,7n], we let YR; := Y1Yi*e ObC(A,).
We have a resolution map

ObC(A,) S ObC(A,)
Y+——=YR,:=YRy - R,.
IfY € Ob é (A,) consists of monomorphisms, then so does Y R, from which Y R/, €
ObCsPlt(A ). -
Given a morphism Y — Y’ in C(A,,) with Y’ having bijective entries, this
morphism factors over Y —— Y R/ by injectivity of the entries of Y’ and by the
universal property of the pointwise pushout.

Lemma 2.8. The functor K is dense.

Proof. Suppose given X € ObC(A,_;). Let X'e ObC(A,) be defined by
X'y, =X and X, :=0. Then X'R], € ObC(A,) has (X'R])K ~ X. O

Lemma 2.9. The functor K is full.

Proof. Suppose given X,Y € Ob C}(An) and a morphism XK L YK. We claim
that there exists a morphism X L+ ¥ such that fK = f. We construct its compo-
nents f; by induction on I. For [ = 1, we obtain a morphism X _h, Y1 such that
((XK)1,(YK)1, X1,Y1) commutes by injectivity of ¥ in C. For [ > 2, we obtain a
morphism X i, Y; such that (XK);, (YK);, X;,Y)) and (X;-1,Y;-1,X;,Y;) com-
mute, by the fact that (XK);—1,(XK);, X;—1,X;) is a weak square and by injec-
tivity of ;. O

Proposition 2.10. The functor K induces an equivalence

C(A,) E-C(A,_))
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Proof. Let C C C denote the full subcategory of bijective objects in C. Every object
in C is a direct summand of an object in C. Let C**(A,,_1) € C(A,,_1) be the full
subcategory defined by

Obésplit(An,l) — {X c é(An71)2 (X; HXj) is split for all }7

i,j € [1,n—1] with i < j

Let Y be an object of CP*(A,, ). Then Y R, | is an object of C*(A,,_,) that
has Y as a direct summand since the identity on Y factors over Y ——~ Y R, 1.

Therefore any morphism that factors over an object of éSplit(An,l) already fac-
tors over an object of CSP*(A,, ;). We infer that

C(An_1) =C(An_1)/CP " (A,_1).

Suppose given X € ObC(A,). Denote X’ := XK € Obé(An_l).

We claim that if X € ObC®!"*(A,)), then X’ € ObC®!"*(A,,_,). First of all, X/
is bijective for i € [1,n — 1], since the image of X; — X, is bijective, and since X/
is the kernel of this morphism. Now suppose given i,j € [1,n — 1] with ¢ < j. Let B
be the image of X; —» X, and form a pullback (B, X;,B,Xj). Then there is an
induced morphism X; — B’ turning (X/, B’, X;, B) into a commutative quadran-
gle, which is a pullback by composition to a pullback (X, X}, X;, X;). We insert
the common kernel Z of X; — X, and X| — Xj’-.

7> X+ B> X

boobo

Hence Z —— X/ is split monomorphic, and therefore X’ — B’ is split epimorphic.
Thus B’ is bijective, and so finally B’ —— X is split monomorphic. This proves
the claim.

We claim that if X’ € ObC*! (A, ), then X € ObC*®'*(A,). Suppose given
i,j € [1,n — 1] with ¢ < j. We have to show that X; — X is split. We insert the
image B of X; — X; and form a pullback (B’, X}, B, X;). Since (X}, B, X;, B) is
a square, and since X! is bijective, its diagonal sequence is split short exact. Hence
B is bijective as a direct summand of X; & B’.

Invoking Lemma A.1 to prove the equivalence, it remains to show that given
X-Levyin C(A,) such that fK =0, there exists an object V in C*'"t(A,,) such
that there exists a factorisation

X -Ly)=(X—V-—Y)

Denote by XK' € ObC(A,,) the object that restricts to XK on A,_; and that
has (XK'),, := 0. Let U be the cokernel of X K’ —— X and consider the following
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diagram.
XK' ——=> X —+>U—~<>UR,
YK~y

The morphism U — Y is induced by the universal property of the cokernel. Its
factorisation (U —»Y) = (U —— UR,, — Y") exists since Y consists of bijective
objects.

Since the morphism X K’ —— X consists of pullbacks, its cokernel U consists of
monomorphisms. Hence so does V := UR,,, which is therefore in ObC*Plit(A,,), as
required. O

2.5.3 NOT QUITE AN EQUIVALENCE
Let CHwperiodic(A#) be the subcategory of CT(A¥) that consists of morphisms
X L+ v for which

(H ) ) = (g s v,

which is in general not a full subcategory. The objects Ct-Periodic(A#) are called

periodic n-pretriangles, the morphisms are called periodic morphisms of periodic
n-pretriangles. Let Ctsplitperiodic(A#) . c+periodic(A#) 0 CHsPlit (A7),
For instance, if (C, T,4) is a Heller triangulated category, then

C+,19:1(A#) C C+,pcriodic(A#)

is a full subcategory.
For Y € ObC(A,), we define Y'S € ObCt(A#) by

YSlAfL = YSA

and similarly on morphisms. If Y € ObC*Pit(A,,), then Y'S € ObCHsPlit(A#) by
Lemma 1.4, since Y'S|; =Y is split.

To any X € ObCT(A¥) for which Xz, is zero for all but finitely many 3/a €
A7 we can assign its periodification

X = @[X%»i]fi € Ob C+,periodiC(Aﬁ£)7
=
and similarly for morphisms between such objects. If X is split, so is X.
We have the restriction functor

¢+ split.periodic (A #) la, CPI(A,)
X — XlA,L

which is not faithful in general, as the case n = 2 shows. In the inverse direction,
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we dispose of the functor
CJr,split,periodic(A#) s Csplit (An)
TS =: YS —Y.

Lemma 2.11. For X € ObCtsplitperiodic(A#) “ype hape X ~ X|An5'.

Note that we do not claim that 1~(—)[4 S as endofunctors of
C+,sp1it,periodic(A#)
).

Proof. We have a short exact sequence
X|a, Slase — X|aer — [X[5, ST asv

in C(A2Y), and it suffices to show that it splits. Write C' := XA, Slaav.

It suffices to show that there exists a retraction to C — X| A, which we will
construct by induction. Suppose given 0 < a < 8 < 07!, We may assume that after
restriction of C' — X|zsv to {6/y € ALY: §/v < B/a}, there exists a retraction.
Let o/ := a —1 be the p;édecessor of e, and let 3’ := 3 — 1 be the predecessor of
3, using that A,, is linearly ordered. It suffices to show that the morphism from
the quadrangle (Cgr /o7, Cg/ /0, Cg/ars Cpja) to the quadrangle (Xg /or, Xgr /0, Xg/ar,
X3/a) has a retraction.

Let (Xg//ars X /a» X/ar, T') be the pushout in C. The quadrangle (Cs/ar, Carja;
Cs/a’,C3/q) is a pushout. The induced morphism from (Cg /o7, Cpr /0, Cs/ar, Cg/a)
to (X /ar, Xg'/as Xg/ar, T') has a retraction by functoriality of the pushout. The
morphism 7" — X3/, induced by pushout is a monomorphism in C, since (Xg /0
X5 /0, Xg/ars Xg/a) is a weak square. Note that (Cg/qa, T, X/,) is a commutative
triangle.

The morphism T'— Cg/,, that is part of the retraction of quadrangles factors
as

(T —Cg/a) = (T —> Xg/o — Cp/a),

since Cg/, is injective in C as a summand of Cgjo = Xgjo0- Now Xg,0 —> Cp/0a
completes the three morphisms on the other vertices to a retraction of quadrangles
from (Xﬂ//o/v Xﬁ’/av .Xv,g/o/7 Xﬂ/a) to (Cﬁ//o/v Cﬂ’/aa Cﬁ/a’a Cﬁ/a) as sought. O

3. Verification of Verdier’s axioms
Let (C,T,9) be a Heller triangulated category.
3.1. Restriction from Ct?='(A#) to C(A,) is dense and full
Let n > 1. Let
CALY) S CH(ATHY)
U US" := (UFD§7)(=1)
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be the conjugate by reindexing, i.e. a “shifted version” of SV; see §2.1.4. Note that

(US/v)g/a = Kern(U0+1/a —u> U0+1/ﬁ)
for a, B € A, with 0 < oo < 5 < 0L,

Lemma 3.1. Suppose that idempotents split in C. Given X € Ob C(A,), there ex-
ists an n-triangle X € ObCtY=Y(A#) that restricts to
X[y =X

In other words, the restriction functor CTV=1(A¥) Dlay C(A,) is strictly dense.

Proof. Let Y := XR € ObC*(A¥); see §2.2.2.3. We have an isomorphism [Y]*!
Y94 [Y+1] in C+(A#). Let [Y+1] %+ [Y]*! be a representative in C*(A#) of the

inverse isomorphism (Y49,)~ in C*(A7). Consider the morphism®

[9]71|A;§1

Y] a0 YT g =Yg

We have an induced pointwise epimorphism
Y]ggr =+ Y3187 asv,
which we may use to form the pullback
Z —+—= Y 3087 |age
! i i[e]_llA#S'vA%v

Y|Aﬁv R e Y|A¢15’V|A$v

in the abelian category CA(A,%V), i.e. pointwise. An application of Lemma A.21.(2)
to the diagonal sequence of this pullback shows that Z € Ob (f"“*(Aﬁv). We obtain
Zajo =0 for all 0 <a< 0t!': and we obtain Zo+170 = 0. Hence we have Z €
Ob(CH(ALY).

Suppose given 3/a € A,,. We claim that Z8/a Jose, Y3/, represents an isomor-
phism in é/C By Lemma A.24, it suffices to show that

([9]71\AI13'V)E/¢1

(Y A S)s/a = (Y[3:15")5/a

represents an isomorphism in ¢ /C. Since evaluation at 3 /a induces a functor from
CH(ALY)/CH=Pit(ALY) to C/C, where C**Pit(ALY) denotes the full subcategory of
CT(ALY) consisting of diagrams all of whose morphisms split, it suffices to show
that

-1 IV
(017 14415 |a8v

Y7 408" | asw - Y[pp 87 age

represents an isomorphism in C*(A2Y)/CTsPIt(ALY),

5We recall the convention that the inverse of the outer shift applied to a morphism f is written
[ f]_l, whereas f~ denotes the inverse morphism, if existent.
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Now (—)(_I)S’V\Aﬁv induces a functor from C(A,) to CT(ALY)/CTPlit(ALY),
since it maps CP¢(A,,) to CHPit(A2Y) by Lemma 1.4. Therefore, it suffices to
show that

([0]_1|A#)(+1)

(Y1) ae) Y (V] ae)HY
represents an isomorphism in C(A,,). Since ([f]’1|AI1)(“) = (—)[A,, this means
that it suffices to show that

OlA,

Y4, Y14,

represents an isomorphism in C(A,,). Since (—)|a, induces a functor from C*(A¥)
to C(A,), it suffices to show that

[Y'H] 9, [Y]'H
represents an isomorphism in C*(A#). This, however, follows by choice of §. This
proves the claim.
Since idempotents are assumed to split in C, we can conclude that for all 3/« in
ALY, the entry Zg,, is in C. So Z € ObCT(ALY).
We remark that

) 25, =Yla, =X
Zl gy =Y g = (XTHEY,

where X ™! arises from X by pointwise application of (—)*. Concerning morphisms,
we remark that

1
(Z L5 YV]am)la, =(X 2 X)

(o) N
(z Y|aso)lar = (V]! e Y)|a51-

In fact, on A,, the right hand side column of our pullback vanishes; and on Ai L
the lower row of our pullback is an identity.

Now, (x) allows the periodic prolongation Z € ObC*t(A#) of Z € ObCH(AAY)
to be defined by Z|5sv := Z and by the requirement that [Z]*! = [ZT1].

We claim that Z9, = liz+1 in CH(A¥). Let Z Y be an inverse image of

_ , (Dlaav _
7zt Y|asv under CH(A#) =% CT(ALY); see Lemma 2.7.(1). By (+x), we get

= f 1
() (Z=o¥)ls, =(X 25 X)
(Z Lo V)| g = (V) By 5

We consider the commutative quadrangle

(2] Z9n, (Z+1
[f]“l l[f“]

[YTH 22 [y
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in C*(A¥#). We restrict it to A, to obtain the commutative quadrangle

_ Z9nl4A,, _
21, ——— (214

n

l[f+1]An
= Y|4,

in C(A,), which, using (x«), can be rewritten as

Zﬁn‘A/'L

X+1 X+1

9Ani l1x+1
Yﬁn‘An

Y, —e X,

n

where we have not distinguished in notation between 6|4 and its residue class in
C(A,), etc. ’

~ Since 0(Y D) = Liy+1) in CT(A¥), we have 0|5 (YOn|z ) =1x+ in C(A,).
Thus the last quadrangle shows that Zﬁn|An =lx+1 = 1liz41]a, in M as well.

_ , (Dlaav _ _
Since CT(A#) ——% C+(A2Y) is an equivalence, we conclude that Z4,, = liz+1 in

Ct(A¥); see Proposition 2.6. This proves the claim; i.e. we have shown that Z is

an n-triangle.
Since Z|5 = X by (*), this proves the lemma. O

Note that in the proof of Lemma 3.1, we needed the assumption that idempotents
split in C in the equivalent form that the residue class functor C —» C/C maps
precisely the objects of C to zero — just as HELLER did at that point.

Lemma 3.2. Given n-triangles X and Y and a morphism
f
Xla, == Yla,

in C(A,), there exists a morphism X Ty of n-triangles such that JF|A,L =f.In
other words, the restriction functor CtV=1(A¥) Dlay C(A,) is full.

Proof. Since the restriction functor C*(A%) Dlay ¢ (A,) is full by Proposition 2.5,
we find a morphism X —Z» Y in C*(A#) such that gla, =1

Let g denote the residue class of g in Ct(A%). Since ¥J,, is a transformation,
we have [g]T1(Y9,)) = (X3,,)[g}]. Since X and Y are n-triangles, both X4, and
Y9, are identities, and this equality amounts to [g]! = [g"], i.e. the difference

[9]T" — [g7] factors over an object of CT-5Plit (A#). Restricting to A,,, the difference
([ = [g™']) )Y —

factors over an object of C*Plit(A,,). Therefore, glar — (fTHD factors over an

A, = (glaz
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object Z of CPit(AF1), say, as

gl —(fHED a
<XA# At . YA#) - (X|A:1 ez b Y|A:1).

By periodic continuation, it suffices to find a morphism X|x,v . Y|asv in
C*t(A%Y) such that f|An = f and such that JF|A# = (fTH(D. That is, we have to
find a morphism X |xav — Y[z, such that |5 = 0 and such that |4+ = ab,
for then we may take f := g|zsv — h.

Note that (ZS"V|asv)la, = 0. Note that Z8"|psv is in Ct(A2Y), hence in
CHsPit(ALY) by Lemma 1.4. .

Since S"V|asv is right adjoint to restriction to A}l we have a morphism

X‘Aﬁv L ZSIV|A$LV such that QI|A¢1 = Q.
N G | =
Since Ct(ALY) —=4% C(A;1) is full by the dual and shifted assertion of Lem-
ma 2.7.(1), there is a morphism ZS" |50 b, Y|asv such that b'[y+1 =b.
We may take h := a'd’. O

Note that in Lemmata 3.1 and 3.2, we do not claim the existence of a coretraction
from C(A,) to CT'=1(A#) to restriction. The construction made in the proof of
Lemma 3.2 involves, for example, the choice of a lift ¥ of b. Cf. [28, 11.1.2.13].

The fullness used in the proof of Lemma 3.2 to lift b can also be used to lift a. We
have used the direct argument and thus seen that the lift a’ of a does not involve a
choice.

Remark 8.3. Suppose that idempotents split in C. By Lemmata 3.1 and 3.2, the
restriction functor

C+’ﬁ:1(A#) (ﬂﬁ C(An)
is full and strictly dense. By Proposition 2.6, the restriction functor

ct(A#) 4 c(A,)

is an equivalence. Denoting by C*?=1(A#) the image of CTV=1(A¥) in C*(A¥),
we obtain a full and strictly dense functor C*-?=1(A%#) Olay C(A,). Since it factors
as a faithful embedding C*tY=!(A#) C C*(A¥) followed by an equivalence, it is
also faithful. We end up with equivalences

cto=1 (At D (A,

CHI=HAY) = CT(AY).

)

3.2. An omnibus lemma

Suppose given n,m > 1. Concerning the category CHwperiodic(A#) of periodic
n-pretriangles and its full subcategory C1split,periodic KA#) of periodic split n-pretri-
angles, see §2.5.3; concerning the category CTV=!(A#) of n-triangles, see Defini-
tion 1.5.(ii). Note that

C+’19:1(A#) C C+>pcriodic(A#) C C+(A#),

n
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and that the first inclusion is full.

Lemma 3.4.

(1) Let X be an n-triangle, and let A, <2— A,, be a morphism of periodic linearly
ordered sets. Then Xp#, obtained by “restriction along p”, is an m-triangle.

(2) Let X be a (2n+ 1)-triangle. Then Xf,, obtained by folding, is an (n+ 1)-
triangle.

(3) The category C+’19:1_(A#) of n-triangles is a full additive subcategory of the
category CHPericdic(A#) of periodic n-pretriangles, closed under direct sum-
mands.

(4) Suppose given an isomorphism X ey in CHperiodic(A#) If X is an n-tri-
angle, then'Y 1is an n-triangle.

(5) Let X Y be a morphism in CHwperiodic(A#) sych that fla, is an isomor-
phism. Then f is an isomorphism.

(6) Let X and Y be n-triangles. Suppose given an isomorphism XA, — YA,

in C(A,). Then there exists an isomorphism X ——Y in CT7=Y(A#) such
that lea,) = u-

(7) If X € Obctspliteriodic(A#) “then X is an n-triangle.

Note that Lemma 3.4.(5) applies in particular to n-triangles and a morphism of
n-triangles.

Proof. Ad (1). In CT(A%), we have
(X}z#)’&m = (Xﬂn)lz# = (1[X]+1)B# = 1[XB#]+1'
Ad (2). In C*(Afﬂ), we have
(Xin)ﬁn_u = (XﬁZn-&-l)in = (1[X]+1)in = 1[Xin]+1'
Ad (3). We have to show that
X,Y € ObCcTH=1(A#) «— X @Y € ObCHI=HAH).

But since 1, is a morphism between additive functors, we have (X ¢ Y)d, =
1[X@Y]+1 if and only if X4, = 1[X]+1 and Y1,, = 1[y]+1. In fact, (X (&) Y)’l?n identi-

fies with (Xg" Y%n)'

Ad (4). Since f[4 is an isomorphism in C(A,), so is its image in C(A,,). Hence

the image of f in C*(A#) is an isomorphism by Proposition 2.6. Consider the
commutative quadrangle

+1
X ]

~

in CT(A¥). Since [f]™! = [f*!] by assumption, we conclude from X9, = 1[x+:
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that Y9,, = 1[y]+1.
Ad (5). It suffices to show that given 0 <14 < j <n, the morphism f;/; is an
isomorphism in C. In fact, we have a morphism of exact sequences

(fisos fip0s Figis f;;(l)’ fjJr/é)

in C , whose entries except possibly f;/; are isomorphisms; hence f;/; is isomorphic
also.

Ad (6). This follows by Lemma 3.2 using (5).

Ad (7). We have [X]*! ~ 0 in C*(A¥#), from which

XOn = 1ixpr € gran((XTFHXTHY). O

3.3. Turning n-triangles
Let n > 2.

Lemma 3.5. Suppose given an n-triangle X € Ob CHI=L(A¥). We define the peri-
odic n-pretriangle Y € ObCHperiodic(A#) by [etting
(Vs 2o Yy ) = (Ko g~ Ko )
for0<i<j<nand0< v <j <n such that i <i and j < 7', and by letting
(Yoyi =2+ Yor i) i= (Xjwyp —> Xit1011)
for 0 < i< n. Then [X]fl =Y is an n-triangle.
Proof. Let
2Anfl ﬂ’ An
i i+ 1)H/2 i j =50
0+tE+D/2if =, 1,

where ¢ € [0,n — 1] and j € Z. The map h,, is a morphism of periodic posets. We
claim that

Y = Xhf,_ 1.
Once this claim is shown, we are done, by Lemma 3.4.(1, 2).

Note that (Xh#)l/k = Xih, /kh, for k,l € 2A,,_1 with £ <1I. For 0 <i<n and
1 < j < 07!, we obtain

(Xh#fn-1);/i

(Xh#)(j,l)Jrl/(j,l) fori=0and1<j<n
_ (Xh#)(i_l)u/(i_l)ﬂ for 1 <i<nandj=0""

(Xh#)(j,1)+1/(i,1)+1 S7] (Xh#)(i,1)+2/(j,1) for 1 <4 g] <n

0 fori =0 and j = 01!

Xo+1/; fori=0and1<j<n
Xi+1/0+1 for 1 < ) <n andjz()ﬂ
Xi+1/j for1<i<j<n

0 for i =0 and j = 01!,




Homology, Homotopy and Applications, vol. 9(2), 2007 278

and also the morphisms result as claimed. O

3.4. Application to the axioms of Verdier
Recall that (C, T,¥) is a Heller triangulated category.

Proposition 3.6. Suppose that idempotents split in C. The tuple (C,T), equipped
with the set of 2-triangles as the set of distinguished triangles, is a triangulated
category in the sense of Verdier [29, Def. 1-1].

Proof. We number the axioms of Verdier as in loc. cit.

Ad (TR 1). Stability under isomorphism of the set of distinguished triangles
follows from Lemma 3.4.(4).

The possible extension of a morphism to a distinguished triangle follows by
Lemma 3.1.

The distinguished triangle (X, X,0) on the identity of an object X in C follows
by Lemma 3.4.(7). Alternatively, one can use that each morphism is contained in
a distinguished triangle and the fact that a distinguished triangle is a long exact
sequence in C.

Ad (TR 2). Suppose given a distinguished triangle
Xy 2z - X

By 3.5, we obtain the distinguished triangle
X+ 2y 2 g T e,

By 3.4.(1), applied to the morphism Ay <— A, that sends 0 to 271, 1 to 0 and 2
to 1, we obtain the distinguished triangle

Y ez =% x 2 y

By 3.4.(4), we obtain the distinguished triangle

Y Uz v x ot ey

Ad (TR 3). The possible completion of a morphism in C(As) to a morphism of
distinguished triangles follows from Lemma 3.2.

Ad (TR 4). The octahedral axiom, i.e. the compatibility of “forming cones”
with composition of morphisms, follows from Lemma 3.1 applied to the case n =
3, for by Lemma 3.4.(6), we may arbitrarily choose completions to distinguished
triangles. O

Note that 3-triangles are particular octahedra, in the language of [3, 1.1.6]. Using
3-triangles, we will now verify the axiom proposed in [3, 1.1.13].
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Lemma 3.7. Suppose given a 3-triangle T in ObCTY=1((2A,)#), depicted as fol-

lows.

0
00— z+!
+ vt!
0—— 77—y
T + 2+ ut?
0 y —Ls sy

T + yT + z o+
0 X—=y—>7Z 0
Then N ) (—1211)

Th=(Y — 22—+ Z'¢o X" —Y*

e w' e (yv) (%)

Tstf,=(Z27' —Y %Y ez -4 7

are distinguished triangles, where 2A; <=— 2A; is the morphism of periodic posets
determined by 0s =171, 1s =0, 0*'s =1 and 11's = 0.

Proof. This follows by Lemma 3.4.(1, 2). O

3.5. n-triangles and strictly exact functors
Let C 2+ C’ be a strictly exact functor between Heller triangulated categories
(C,T,9) and (C',T',7). Let n > 0.

Lemma 3.8. Given an n-triangle X € ObCHY=L(A#), the diagram X (F*(A¥)),
obtained by pointwise application of F to X, is an n-triangle, i.e. an object of

CIHY =LA,

Proof. Using FT' =TF as well as [X]T! = [XT!], we obtain

[(XFHADIT = X(FHAF)(CH(Ty)) =X (FH(Ty))
=X(CHT.))(FF(AF)) =X (A))
*[X“}(Fﬂ,z)) =X(TT(AM)(F(A]))
=X((TF)" (A7) =X((FT)*(AT)

4

Moreover,

X(FH (A7)0, = Xon(FH(A))) = 1[X]+1(F+(A#)) = ]‘[XF+(Aff)]+1' 0
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3.6. A remark on spectral sequences
VERDIER calls certain pretriangles objets spectraux (spectral objects); see [28,
Sec. I1.4]. We shall explain the connection to spectral sequences in our language.
Consider the linearly ordered set Z., := {—oco} UZ U {+o00}. Let Z%# be the
subposet of Z7% (A;) consisting of those §/3/~/a for which

Sl<ag<pB<y<s<att
where «,3,7,8 € Zo.. A spectral object, in a slightly different sense from
[28, 11.4.1.2], is an object of C*(Z%). The spectral sequence functor
cH(zk) - C(ZEF)
X —» XE,

is defined by

XE(/B))v/a) = Im(X’y/a - X(S/B)
for 6/8/v/a € Z##, equipped with the induced morphisms.
Lemma 3.9. Given o, 3,7,0,¢ € Zo such that

el'<a<pf<y<i<e<all,

and given X € ObC*t(Z%), the morphisms appearing in XE form a short evact
sequence

XE(e/B)v/o) = XE(e/B/6/a) = XE(e/v/ 5/ ).
Proof. This follows by Lemma A.22, applied to the diagram

(X /as Xs o Xejar X8 Xo 8 Xey5s Xy Xo /70 Xefm)- 8
——
=0
Note that we may apply a shift 3/a — o™ /3 to the indices, i.e. an outer shift
to X, before applying Lemma 3.9 to get another short exact sequence.

The usual exact sequences of spectral sequence terms can be derived from Lem-
ma 3.9. Cf. [28, 11.4.2.6], [5, App.].

4. The stable category of a Frobenius category is Heller tri-
angulated

Let F = (F,T,l,¢,P,7) be a functorial Frobenius category; see Definition A.5.(3).
Let B C F denote the full subcategory of objects in the image of I, coinciding with
the full subcategory of the objects in the image of P; then B is a sufficiently large
full subcategory of bijectives in F.

We shall prove in Theorem 4.6 below that the classical stable category F carries
a Heller triangulation.

4.1. Definition of F7(A¥), modelling F*(A¥)

We shall model, in the sense of Proposition 4.5 below, the category £ +(A¥) by
a category F"(A%). Morally, we represent weak squares (+) in F by pure squares
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(O) in F. To do so, we have to represent the zeroes on the boundaries by bijective
objects.

Let n > 0. Concerning the notion of a pure square, see §A.4. Let FO(AHF) C
F(A¥) be the full subcategory defined by

Ob F2(AF) =

1) Xajo and Xy41/, are in Ob B for all a € A,
2) Forallé'<a<pf<y<i<atlinA,,
the quadrangle

. X, " X
X € ObF(A#): V ?5
x [m] x

Xyja —5> Xs/a

is a pure square.

Given n,m >0, a morphism A, <2~ A,, induces a morphism F“(p#), which is
usually, and by abuse of notation, denoted by p#.

Given an exact functor F —+ F between functorial Frobenius categories that
sends bijectives to bijectives, we obtain an induced functor

_ N L
FO(A#) RO FOAH)
by pointwise application of F'.
Denote by

the respective residue class functors, well defined by Lemma A.31. In particular,
M=MM".

4.2. Folding for F7(A%)

We model, in the sense of Remark 4.1, the folding operation f introduced in
§1.2.2.

Suppose given n > 0. Let the periodic functor

Fo((280)%) L2 FpUA,T)
X — X,
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be determined by the following data. Writing Y := Xfm we let

(Ya/p v, Yﬁ/p) = (Xa+1/a _r, Xg+1/[3>
Yo/p =

(Ya/p = Yija) = (Xpe1/5 5 X jaa ?Xa“/ﬁ)

xT

0
0
0x
e (Xﬁ+1/a+1 ® Xatayp —> Xgt1/y+1 @ Xv+2/6)
(Yo7 == Yir1)y) = (st“/v+1 S Xyt2/5 — XW“/WI)

for o, 8,7,0 € A, with a < g, with v < ¢ and with §/a < 0/v. The remaining
morphisms are given by composition.

We claim that XF, is an object of F%(p L A,L#).

In fact, by Lemma A.12, we are reduced to considering the quadrangles of Y
inside A2V, i.e. the quadrangles

(i) on (y/a, 8/, v/B, 6/0) for o, B,7,0 € A, with a < 5 < vy
(ii) on (v/p, 8/p, v/B, 6/B) for B,v,0 € Ap with 8 < v < 6;
(iii) on (v/a, ptYa, v/B3, p™/B) for a, 3,7 € A, with a < 8
(iv) and on (8/p, p™Y/p, B/a, pT/a) for a, 8 € A,, with a <

Another application of loc. cit. reduces case (i) to case (ii) (or (iii)). Still another
application of loc. cit. reduces the cases (ii) and (iii) to case (iv). Now the quadrangle
in case (iv) is in fact a pure square, as follows from X € Ob F”(A#) and the
definition of a pure square via its pure short exact diagonal sequence.

N

) 5
)
)
)

SV
0.

~—

The construction of Y is functorial in X.

Remark 4.1. We have f, M’ = M'f,, and thus f,M = Mj forn > 0.

FO((2B.0%) > FOGTE,H)

M/l lM’

FHEA)H) —"> F+(pu A, )

M ‘L i M
f

FHEA)H*) —> F+(pUA,T)

Ezample 4.2. Let n = 2. Note that 2A5 ~ As. Let X € ObF7((2A3)#), depicted
as follows.
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Poe b e b e

Xo+1/0+1 < Xi+1/0+1 = Xo+1/0+1 < Xo+2/0+1 < Xi+2/0+1 >

x o x o J:T o x o :LT

Xojp —> Xo+1/2 I Xi+1/5 = s Xo+2/2 I Xit2/5 —
@ o x o x o x o T o IT

X1 —> Xoy1 —> Xo+1/1 = o Xot1/y s Xo+2/1 I Xi+2/1

IT o x o x o x o x o x

XO/O $ Xl/o $ Xg/o ; $ X1+1/0 $ X2+1/0 $ X0+2/0

IT o IT o x o IT o x o x

> Xo/2—1 = X1/2—1 = X2/2—1 ;X0+1/2—1 < X1+1/2—1 = X2+1/2—1
(R R N

Note that the objects on the boundary of the diagram,

ooy Xo—1y9-1, Xojo, X1/1, Xoj2, Xo+1jo+1, ..
aee 7X2+1/2—1, )(04»2/07 )(14»2/17 X2+2/2, X0+3/0+17. .o

are all supposed to be in Ob B.

Note that p L Ay ~ As. Folding turns X into Xf, € Ob F(p LI AQ#), depicted
as follows.

0——

g e

Xot1/911® Xoe2/9 = X250 —>

a @ o e

Oz —
X1+1/1+1@X1+2/1 —_ X2+1/1+1®X1+2/2 ; X1+2/1+1 —

. | o 591 T A4

0 0w —a
Ko+ D Xge2/9 = X1011B X2/ = Korygr® Xgez/y > Xgr2/041 >

(zx) = (zz) o (zz) o

r T T T
” T o Li)T o L:)T ; <,;>T

2 (32) (52)

— (zx) c x
Ko101D Xy 52 =< Xojo1 — X2/0® X151 Ry KXot @ X151 —= Xo/2 @ Xos1/91
[

4.3. Some l-epimorphic functors
Let n > 0.
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Lemma 4.3. The restriction functor

@i e £ A,

X — XlAn
1s 1-epimorphic.

Proof. We claim that the functor (—)[4 ~satisfies the requirements (i, ii) of Corol-
lary A.36, which then implies that it is 1- epimorphic.

Suppose given Y € Ob F(A,,). We construct an object Y of FZ(A#) such that
}7| A, =Y by the following procedure.

Write A2 := A2~ {0/0} and AY := AY ~ {0+1/0}; cf. §2.1.1.

On A2, we proceed by induction to construct a diagram for which, moreover,
the morphisms }77 Jo —> ~’v /3 are purely monomorphic for all a,3,v € A, with
0 < a<B<y<at!, and, moreover, for which Ya+1/a =0 for all 0 < a.

First of all, let }7|A" =Y.

Assume given [ > 0 such that YRA(Z/), together with all diagram morphisms point-
ing to position k*(1l'), is already constructed for all I’ < [, but such that }7,%([) is
not yet constructed; cf. §2.1.2.

If k2(1) is of the form a/a for some a € A, with 0 < a, then choose a pure
monomorphism Ya /(a—1) = Yoo into an object Ya /a of B. The chosen morphism
is not necessarily equal to Ya /(a—1)t-

If k%(1) = a*1/a for some a € A, with 0 < «, then let ifoﬂ»l/a =0.

If k2(1) is of the form 3/a for some o, 8 € A,, with 0 < a < 3 < at!, then we
let

(Yig=1)/(a—1), Y(-1)/a> Y3/(a—1)> Y5/a)

be a pushout. Recall that by induction assumption, ffw 1)/(a—1) = f’(ﬁ 1)/a 18
purely monomorphic. So Y,B J(a—1) = Yg /a is purely monomorphic as well.
On AY>, we proceed dually, and finally glue along A, to obtain the sought Y.
An

Ad (i). The .restrlctlon map ]_.(A#)(YhYg) —* £(a,)(Y1,Y2) is surjective for
Y1,Y> € Ob F(A,,), as we see by induction, using bijectivity to prolong morphisms
and universal properties of occurring pushouts and pullbacks.

Ad (ii). Suppose given X € Ob F7(A%). Let X" := (X|4 ) € ObF7(A¥). Let
X' € Ob FP(A¥) be defined by X'[5s. = X"|50. and by X'|gv. = X|[zv..

There is a morphism X’ —» X that restricts to the identity of X|5v. on A
and hence to the identity of X|5 on A,.

There is a morphism X’ — X" that restricts to the identity of X”|5s. on A%,
and hence to the identity of X|5 on A,.

Now suppose given X1, Xo € Ob F7(A¥#) such that Xil|a, = Xa|a, - Then there
is a sequence of morphisms

Xy ~— X, — X' = X[ — X, — X,

each of which restricts to the identity of X1|An = X2|An on A, as required. O
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Lemma 4.4. The functors

F(Ay) =22 F(A)
F(h) " F(A)

are 1-epimorphic.

Proof. Since N’ is full and dense, it is 1-epimorphic by Corollary A.37. Therefore,
it suffices to show that N(A,,) is 1-epimorphic.

We will apply Lemma A.35. Choosing representatives of the morphisms Z; —»
Z; 1 occurring in an object Z of F(A,), where i € [1,n — 1], we see that N(A,,) is
dense.

To fulfill condition (C) of loc. cit., we will show that given X, Y € Ob F(A,,) and a

morphlsm (X)(N(A,)) 1, (Y)(N(A,)), there are morphisms X'+ X and
x4y F(A,) such that (R)(N(A,)) is an isomorphism and such that
(M (NA))f = ()N (AL)).

We proceed by induction on k € [1,n]. Suppose given a diagram

X L x XQ T XS x ) T

fll fZi f3l fn I\L fni
Yy Yy Yy

i Yo Ys > Y ——Y,

in F such that iﬁH = fiy for i € [1,k — 1], and such that ifiy1 = fiy for i e
[k,n], and a morphism X Xin F(A,) such that (h)(N(A,)) is an isomorphism
and such that (h)(N(A,))f is the morphism in f(A ) represented by f.

If k < n, we shall construct a morphism X’ "+ X in F (A,) with each hiN
being an isomorphism, and a diagram

"’/ xr / x / xr . x 12 xr "'/
X X X X!, =X/

n—1

ﬂl gl ﬁl ﬂ_w ﬂl
Yy Y Yy

V) ——Y, — > Y, . Yo ——=Y,

in F such that #'f/,, = fly for i € [1, k], such that moreover &' f/,, — fly =5 0 for
i € [k+1,n], and such that ﬁ;fl — f/ =50 for all i € [1,n]. For then we obtain a
commutative diagram in F(A,,)
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in which morphisms are denoted by their representatives.

Let X’k+]>B be a pure monomorphism to an object B in B, and let
Tfgs1 — foy = Jjg. Let
&

- > & g o (ZJ S 0 5 z %
X = (X 5 4’Xk(4J)’Xk+1€BBQ’Xk+2H I X,

and let
fi forie[1,n]~{k+1}
f{ = ~‘ .
(_Zl) fori =k+1,
1g for i € [1,n] ~ {k+ 1}

~ i

(IXS“) fori=k+1.

O

Proposition 4.5. The residue class functor F2 (A7 ) .7-"*‘(5 ) is 1-epimorph-
ic.

Proof. Consider the commutative quadrangle

~ (a4,
Therein, the functor FZ(A¥) A

functor F(A,,) _N@AONT

Fra) e

]—'(An) is 1-epimorphic by Lemma 4.3. The

F(A,) is l-epimorphic by Lemma 4.4. The functor
F(A,) is an equivalence by Proposition 2.6. Hence by Remark A.34,

the functor F~ (A#) — F*(A¥) is 1-epimorphic. O

Note that we do not claim that the residue class functor F=(A#) — F+(A¥)
is 1-epimorphic.

4.4. Construction of 9

Let » > 0. In the notation of Lemma A.32, we let C := ;#7 the role of the
category called £ there is played by F here, we let G := F B(A¥#), and finally, we
let H := F+(A¥). Note that F+(A¥) is a characteristic subcategory of F(A%#).
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The tuples

100 = (7o) ueat)
(n) (X;B/ )ﬁ/aEAﬁ X€0b Fo(A¥)

<(Xﬂ/a S Xp/p ® Xottjo —> Xa+1/ﬂ> #>
Bla€AT ) xcob Fo (AF)
J(n) = <(‘]X’ ﬁ/a)ﬂ/aeﬁﬁ)xeowﬂ’ (A7)

Xg/a Xﬂ/a
(o xS )
Blaedl ) xcob Fa(af)

are A% -resolving systems, inducing an isomorphism T, Rl ICICONG, J(n) by

Lemma A.32.(2). Recall that F+(A¥) ML p+ (A7) denotes the residue class func-
tor. We have

Ty M =MFH(T,) = M[-]™
Ty M"=MT (A,) = M[-*1].

Since M is 1-epimorphic by Proposition 4.5, we obtain

Tl(n)
e -
FO(AY) (e aw FH(AH)

\__-____ﬁ

n
Tin)
1"
M 2 ]+1 M

FrAH T T EYAD,

i

="
where ¥, is characterised by this commutative diagram, i.e. by
1(n), g M" = M.

Since a(n),s(n) is an isomorphism, so is ¥,,. Varying n, this defines ¥ = (5, )n>o0-
Theorem 4.6. The tuple ¥ = (¥y)n>0 is a Heller triangulation on F.

Proof. According to Definition 1.5, we have to show that the following conditions
() and (**) hold.

(x¥) For m,n > 0, for a morphism A,, <2~ A,, and for an object Y € Ob F+(A%),
we have

(YB#)ﬂm = (Yﬂn)g#
(#%) For n > 0 and for an object Y € Ob F*((2A,)#), we have

(Yin)§n+1 = (Y192n+1 )jn
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Ad (). Recall that p# stands for Z*(p#), and that p# stands for 77 (p#). By
Proposition 4.5, we may assume Y = XM for some X € ObF”(A#). Then

(X Mp#)dpm = (Xp# M)y, = (Xp*arm),sm)M"
(XM, )p# = (Xaymy,smyM")p* = (Xarmy, syp? ) M",

so that it suffices to show that Xp#oq(m)“](m) = Xal(n)’J(n)p#.

Starting with Xp#, the object Xp# Trm) is calculated by means of
(IXP#’[;/Q)B/&EA# whereas X Ty, is calculated by means of (IXﬁ/W)é/weAﬁ’ SO
X Tim) p# can be regarded as being calculated by means of (IXﬁp/ap)ﬁ/aeAﬁ' But

IXﬂp/ocp = <Xﬁp/ap —— Xgp/pp @ X(ap)“/ap - X(Ocl))“/ﬁﬁ) = IXp#,ﬁ/om

from which Xp# Trm)y = X Trn) P#-
Next, starting with Xp#, the object Xp# Tj(m) is calculated by means of
Jxp# ~#, whereas X T, p* can be regarded as being calculated by
p#.,B8/a)3/ac AT, (n) & g
means of (JXﬂp/ap)ﬁ/aeAﬁ’ But

X xit T
_ Bp/apt _ +1 P Bp/ap X+1
Ix ppjap = | Xppjap Xgp/apl = Xﬁp/ap Tt “ep/ap
= JXP#,ﬁ/a’
from which Xp# Tim) =X Trm p*.

Now
Xp*Qr(m), J(m
Xp* Ty 20D X p# T 5y

is induced by (Ixp# 6/a)5/0eaz @04 bY (Jxp# 6/a) 5/0eat » Whereas

Xarm n #
X Ty p?t P X T 0 p7

can be regarded as being induced by (IXﬂP/aP)ﬁ/ozGAﬁ, and by (JXﬁp/ap)ﬁ/aeAﬁ'

We have just seen, however, that these pairs of tuples coincide.
Ad (¥+). By Proposition 4.5, we may assume Y= XM for some X €
Ob F7((2A,)¥). By Remark 4.1, we have

(XMf )Ons1 = (XFn M) i1 = (XFnor(nt1),s(ns1)) M”
(XM2p11)f, = (Xar@nr1),s@nr)yM")f = (Xar@nr1),s@nt1)fn) M”

so that it suffices to show that X’fnal(n+1)’J(n+1) = Xar@nt1),7@2n+1)n-

Starting with X}n, the object Xf, Trp41) is calculated by means of
(IX%,B/a)ﬁ/aemn#; whereas X Tr2,41) fn can be regarded as being calculated
by means of the tuple of pure short exact sequences consisting of

0 at (p/p)**, 2z € Z

Ix (at1/a)+ at (a/p)™*, a € Ap, 2 € Z
IX’(ﬁ+1/a+1)+z D IX’(QH/B)H at (ﬂ/a)+z, a, € An, a<p,z€Z.
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We have IXﬁl,(p/p)“ =0 for z € Z. For a € A,,, we have

x
—XT

(zz)
Ian,a/p = (Xa+1/a —— Xa+1/a+1 ©® Xa+2/a — Xa+2/a+1) = IX7a+1/a,
and accordingly at (a/p)T* for 2 € Z. Moreover, for a, 8 € A,, with o < 8, we have

I Xfn,Blo —

(626-2)

Xﬂ+1/3+1 D XB+2/B () Xa+3/a+1 D Xa+2/a+2

z 0
0—x
—x 0
0—x

—t Xa+3/6+1 b X5+2/a+2>

<X,6’+1/a+1 [S3) Xa+2/ﬁ

and
Ixgt1jatt @ Ixat2/p =

(6622

X5+1/5+1 (&) on+3/a+1 (&) Xa+2/a+2 (&) Xﬁ+2/5

z 0
—x 0
0 =z
0—x

—— Xa+3/ﬁ+1 (&) Xﬁ+2/a+2>

<X6+1/a+1 ) X(x+2/ﬁ

Accordingly at (3/a)™ for z € Z.
Since there is an isomorphism from I Xfna/p O Ix g+1ja+1 © Ix ot2/p that has
identities on the first and on the third terms of the short exact sequences, completed

b

Y 10 00
00 01
01 00
00-10

~

Xﬁ+1/[3+1 (&) Xﬁ+2/5 (&) Xa+3/oz+1 b Xa+2/a+2
X5+1/5+1 (&) Xa+3/oz+1 D Xa+2/a+2 (&) Xﬁ+2/ﬁ

on the second terms, the characterisation in Lemma A.32.(1) shows that we end up
with X, Trn+1) = X Tr2n+1) fa-

Starting with an, the object an Tjm41) is calculated by means of
(fomﬁ/a)ﬁ/aEpl_lAn#’ whereas X T j2n41) fn can be regarded as being calculated

by means of the tuple of pure short exact sequences consisting of

0 at (p/p)**, 2 €Z
Jx (at1 ja)+e at (a/p)™*, a €, 2€Z
JX)(ﬂ+1/a+l)+z D JX’(a+2/ﬁ)+z at (,6'/Oz)+z7 a, €A, al P, z€Z.

We have JX% (p/p)+= = 0 for z € Z. For a € A,,, we have

+1
Xa+1/(lb XO‘+1/0‘ )
_

Xotijol =X P Xtl

atl/a atl/a

X iatp = <X‘X“/a

= JX,a+1/a7
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and accordingly at (a/p)** for z € Z.
Moreover, for a, 8 € A, with a < 3, we have

Jx¥n,5/a
(X1 /0 +1®X 12/ 5)0
= Xﬂ+1/a+1 (&) Xa+2/ﬁ
(Xgt1qr1@X p2 ) i
(X5+1/a+1 EBXaJr?/[j) | = (X5+1/a+1 @Xa+2/ﬁ)+l P —_—t

Xots/gtr @ Xﬁ“/a”)
=Jx pt1/at1 B Ix at2/8,

and accordingly at (3/a)™* for z € Z.
Hence we conclude that XF, Trtn+1) = X Tient1) fa-

Now .
XfnQrng1),J(n+1)

XFn Tr(nsn) Xfn Tynrn)

is induced by (IX]zn,B/a)ﬁ/aeﬁf+l and by (Jan,B/a)B/aeAfH’ whereas

Xar@nt1),72n+1)fn

X Trent1) fn

can be regarded as being induced by the tuple consisting of

Trent1) fn

0 at (p/p)*%, 2z € Z
IX,(oﬁl/onz at (o‘/p)+zv a€ly, z€Z
IX’(ﬂ+1/a+1)+z (&) IX’(Q+2/ﬂ)+z at (ﬂ/a)+z, a,feN,, a< B, z€Z.

and by (JXh,B/aM/aeAfH'

Since the respective former tuples are isomorphic by a tuple of isomorphisms
that has identities on the first and on the third term, and since the respective
latter tuples are equal, the characterisation in Lemma A.32.(3) shows that in fact

XFn@r(ns1),0(n+1) = XQ12011), 5204 1)fn- U

Corollary 4.7. Let € be a Frobenius category. There exists a Heller triangulation
on (€,T).

Proof. Let B C & be the full subcategory of bijectives. The category B¢ is functo-
rially Frobenius by Example A.6. Hence £ = B?°, equipped with the complex shift
T, carries a Heller triangulation by virtue of Theorem 4.6. O

4.5. Exact functors induce strictly exact functors

Proposition 4.8. Suppose given an exact functor

FIF
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between functorial Frobenius categories F = (F,T,l,¢,P, ) and F = (f', T,1,,P, )
that satisfies

FT=TF

Fl=IF

FP =PF.
Then the induced functor

FA-F

is strictly exact with respect to the Heller triangulations introduced in Theorem 4.6.

Proof. Condition (1) of Definition 1.5.(iii) is satisfied. Condition (2) of loc. cit. holds

since each morphism has a weak kernel that is sent to a weak kernel of its image;

and dually. In fact, given a morphism represented by X . Y, the residue class
4 (0)

of the kernel of X &Y P<+>>Y 1n F, composed with X @Y P —+— X is a weak

kernel of the residue class of X —/» Y by Lemma A.31 and Remark A.27. Since
pure short exact sequences and bijectives are preserved by F', this weak kernel is
preserved by F.

Consider condition (3) of loc. cit. Let 9 resp. 9 be the Heller triangulation on F
resp. on F characterised as in Theorem 4.6 by

aI(n),J(n)MN = M7,
af(n),j(n)M” = M’lgn,
where M, M', M", I(n) resp. J(n) is defined over F as M, M', M", I(n

) re
J(n) is over F. To prove (3), i.e. to show that for n >0 and Y € Ob]—‘"‘( #)
have

(YO)FF(AF) = (YEH(A])) 0,

we may assume by Proposition 4.5 that Y = X M for some X € Ob F”(A¥). Since
(XM, FH(AY) = (Xagm), J(n)M,/)F+(A#) (X sy, smFH(AF)M”
(XMET(A)I, = (XF2(AF) M), = (XF2(A]) (), (n)) M

it suffices to show that Xay(n) s F (A7) = XF(AF) () Fn)-
Starting with X F”(A%#), the object XF7(A#)T; (ny is calculated by means of

n

(U A

XFD(Af),ﬁ/a)B/QEA#’ whereas X Ty, F7(A]) can be regarded as being calcu-

lated by means of (IXﬁ/QF)ﬁ/aeA#, where I'x g/ F is defined by an application of
F to all three terms and both morphisms of the pure short exact sequence Ix g/q-
Since F' is additive, we get

(Uxpoa#y.5/a)5/0eat = Ux8/0F) 5/0cat
from which XFD(A#)TH”) X Ty FH(AY).
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Starting with X F”(A%), the object X FZ(A¥) T 7, is calculated by means of
(jXFD (&%) ﬁ/a)ﬁ/aeﬁﬁ’ whereas X T () FY(A#) can be regarded as being cal-
culated by means of (JXﬂ/QF)ﬁ/QEAﬁ, where Jx 5/oF is obtained by entrywise

application of F. Since F' commutes with P and |5, and with | and T, we get

(Txrpo@at)p/alpjacat = (Ix8/aF) g acat
from which X FZ(A¥) T, = X Ty FH(AY).
Moreover, since the defining pairs of tuples coincide, we now get
XF"- (A#)ai(n)7j(n) = Xal(n),J(n)EJr(A#) [
Suppose given an exact functor
e ¢

between Frobenius categories £ andf’ that sends all bijective objects in £ to bijective
objects in €. Let B C &£ resp. B C £ be the respective subcategory of bijectives. We

. . E* 3o o
obtain an induced functor B*® — B2°, inducing in turn a functor

E=FE“ =B +B°=¢

modulo split acyclic complexes; see Example A.6.(2).

Corollary 4.9. The induced functor

ltq
102

&

is strictly exact with respect to the Heller triangulations on £ and on c:‘:’ introduced
in Theorem 4.6 via the functorial Frobenius categories B*¢ and B2°.

Proof. We may apply Proposition 4.8 to (fi» F) = (B z, B2<). O

5. Some quasicyclic categories

In the definition of a Heller triangulated category, the categories C*(A#) occur.
Replacing this classical stable category by its stable counterpart, these turn out to
be Heller triangulated themselves. So we can iterate. Cf. [2, Prop. 8.4].

Let C be a weakly abelian category. Let n > 0.

5.1. The category CT(A¥) is Frobenius

5.1.1 THE CATEGORY A°(A%) 1s FROBENIUS

We proceed in a slightly more general manner than necessary. We generalise the
fact that the category of complexes AO(Af) over an additive category A is a Frobe-
nius category, to a category A°(A¥) for n > 0; see Lemma 5.2 below. Then we

will specialise to our weakly abelian category C and pass to the full subcategory
CH(A¥) C C°(A¥); see Proposition 5.5 below.
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5.1.1.1. NOTATION

Let A be an additive category. Let A°(A%#) be the full subcategory of A(A¥)
defined by

ObA°(A#) == {X € Ob A(A¥): X/q =0 and X,+1/, =0 forall a € A, }.

A sequence X' —» X P+ X" in A°(A¥) is called pointwise split short exact
if the sequence X é e, Xe 5 X é’ is split short exact for all £ € A%. A morphism
is called pointwise split monomorphic (resp. epimorphic) if it appears as a
kernel (resp. cokernel) in a pointwise split short exact sequence.

The category A°(A¥) carries an outer shift functor X — [X]*!, where
[X];/la = X(ﬁ/a)+1 = Xa+1/5 for B/a S A#

Recall that A, together with the set of split short exact sequences, is an exact
category by Example A.3. So the additive category A°(A%), equipped with the set
of pointwise split short exact sequences as pure short exact sequences, is an exact
category by Example A 4.

Given /o, 6/v € A¥, we write 3/a < 6/v if a <y and 3 < 6.

Given A € Ob A and /o € A¥, we denote by Ay, g the object in A°(A#) con-
sisting of identical morphisms wherever possible and having

A if 1§/ <
(Aja.8))5/ = {0 ifa/f7t<d/y<B/a

else

for §/y € A¥. Such an object is called an extended interval. Intuitively, it is a
rectangle with upper right corner at 3/, and as large as possible in A°(A%).

Let A+sPit(A#) be the full subcategory of A°(A#) consisting of objects isomor-
phic to summands of objects of the form

B As/a)am

B/acA¥

where Ag,, € Ob A for §/a € A#. This direct sum exists since it is a finite direct
sum at each §/y € A¥. Concerning the notation A+Pit(A#) see also Remark 5.3
below.

5.1.1.2. THE PERIODIC CASE

Let A’ be an additive category, equipped with a graduation shift automorphism
X +— X[+1]. We write X — X[m)] for its mth iteration, where m € Z.

By entrywise application, there is also a graduation shift on A°(A%), likewise
denoted by X — X[+1].
As in §2.5.3, we define the subcategory A'0-Pericdic(A#) C A'0(A#) to consist of
the morphisms X —+ Y in A0(A#) that satisfy
(K1 B v = (x U

So the subcategory A/0-periodic(A#) C A'0(A#) is not full in general.
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Given A € Ob A" and 0 < i < j < n, we denote by Aj; ;) the object in AP (AF)
consisting only of zero and identical morphisms and having

(A 1)s/n = Alm] if (i/571) T < 6/y < (j/i)T™ for some m € Z
Jnaljofy = 0 else
for §/y € A¥. Intuitively, it is a rectangle with upper right corner at j/i, and as
large as possible in A’0-Periodic(A#) repeated Z-periodically up to the corresponding
graduation shift.

Let A’+split:periodic (A#) he the full subcategory of A'0Periodic(A#) consisting of
objects isomorphic to summands of objects of the form

D A
0<i<i<n

where A;; € Ob A’ for 0 <7 < j < n. Such an object is called a periodic extended
interval.

Lemma 5.1. The category A'OPeriodic(A#) - equipped with the pointwise split short
ezact sequences, is a Frobenius category, having A'+-split-periodic(A#Y) g5 4ts subcat-
egory of bijectives.

Proof. By duality, it suffices to show that the following assertions (1, 2) hold.
(1) The object Aj; ;) is injective in A'0Pericdic(A#) for any A € Ob A" and any
0<i<j<n.
(2) For each object of A'0:Periodic(A#) 'there exists a pure monomorphism into an
object of A/-{—,split,periodic(A#).

Ad (1). Note that we have an adjunction isomorphism
aroperiodic A (X5 Agig1) > al X5, A)
fr— fj/i7

where X € Ob A'0-periedic(A#)  Suppose given a pure monomorphism Ay — X
for some A € Ob A". Let (A —— X;,; &+ A) = 14. Let X — A); ;; correspond to
X;/i =+ A. The composition (A); jj = X — A}; ;)) restricts to 14 at j/i, hence
equals 14, .

Ad (2). Suppose given X € Ob A0-pericdic(A#) Given 0 < i < j < n, we let

Xsjyi

X —— (X))

be the morphism corresponding to 1x, . by adjunction, which is natural in X.
Collecting these morphisms yields a morphism

Xs
X=5 P (X
0<i<j<n

which is pointwise split monomorphic since at j/i, its component X i — X, 1s
an identity.
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5.1.1.3. THE GENERAL CASE

Lemma 5.2. The category A°(A¥), equipped with the pointwise split short evact
sequences, is a Frobenius category, having AT SPU(A#) as its subcategory of bijec-
tives.

Proof. To prove that A°(A%) is a Frobenius category, we more precisely claim that
APt (A7) is a sufficiently large category of bijective objects in the exact category
A(AH).

Abbreviate A% := A(Z), where Z denotes the discrete category with ObZ = Z
and only identical morphisms. The category A% carries the graduation shift auto-
morphism

AZ L»AZ
fl+1] fi
(X Lo ¥V) s (X[H1] = Y[+1]) = (Xis1 =+ Yip)icz.
We have an isomorphism of categories
A+(A#) g» (AZ)—&-,periodiC(A#)
X ((X(ﬁ/a)ﬁ)iez)ﬁ/aeﬁ
((Yﬁ/a)0>@/aegﬁ ~—iY.

Both categories are exact when equipped with pointwise split short exact

sequences, and ® and ®~! are exact functors. We then have ATSPIt(A#)® =
(AZ)+,split,periodic(A#)
).

Putting A’ := A%, the result follows by Lemma 5.1. O

If A= C is a weakly abelian category, we have two definitions of C*-sPlit(A#).

The first one, given in 1.2.1.1, defines this category as a full subcategory of
Ct (A7) containing those diagrams in which all morphisms are split.

The second one, just given, defines this category as a full subcategory of CO(A%#)
containing, up to isomorphism, summands of direct sums of extended intervals.

Remark 5.5. If A=C is a weakly abelian category, then the two aforementioned
definitions of C*sPit(A#) coincide.

Proof. First, we notice that an extended interval lies in C*(A%), and that all its
diagram morphisms are split.

It remains to be shown that an object in C* (A#), all of whose diagram morphisms
are split, is, up to isomorphism, a summand of a direct sum of extended intervals.

Passing to (CZ)T-pericdic(A#)  we have to show that an object X €
Ob(C%)*periodic(A#) all of whose diagram morphisms are split, is, up to isomor-
phism, a summand of a direct sum of periodic extended intervals.

By Lemma A.25, applied to the abelian Frobenius category given by the Freyd
category of CZ%, the object X[z, €0b CZ(An) is isomorphic to a summand of a
finite direct sum of intervals. Hence, by Lemma 2.11, the object X is isomorphic
to a summand of a finite direct sum of images of intervals under S, i.e. of periodic
extended intervals, as required. O
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5.1.2 THE SUBCATEGORY Ct(A¥) C CO(A¥)
Recall that C is a weakly abelian category.

Lemma 5.4. Suppose given a pure short exact sequence
X/ —— X X"

in CO(A¥). If two out of the three objects X', X and X" are in CT(A¥), so is the
third.

Proof. For an object X € ObC%(A,,) to lie in ObC*(A,,), it suffices to know that
the complex

X(a,B,7) =
(> Xppy1t —> Xpgja — Xy o —> X5 —> Xotr/g —> )

is acyclic in C for all a,B,v € A, with a < 8 <y < atl; which is true, as we take
from Lemma A.17; see Remark A.27.

Now the long exact homology sequence, applied in C to the short exact sequence
X' (e, B,7y) = X (a0, 8,7) =+ X" (v, 8,7) of complexes, shows that if two of these
complexes are acyclic, so is the third. O

Proposition 5.5.
(1) The category Ct(A¥), equipped with the pointwise split short exact sequences
as pure short exvact sequences, is a Frobenius category, having CTSPHt(A¥) as
its subcategory of bijectives. Hence its stable category CT (A7) is equivalent to

its classical stable category C*(A#) = CT(A¥)/CHPit(AF). So both CT(A¥)
and CT(AF) are weakly abelian.

(2) Suppose C to be equipped with an automorphism X — X1, The category
cHweriodic(A#) (see §2.5.8), equipped with the pointwise split short evact se-
quences as pure short exact sequences, is an additively functorial Frobenius
category, having Ct-split-periodic (A#Y) g5 jts subcategory of bijectives.

We remark that C*(A%) appears in Definition 1.5.

Proof. Ad (1). To prove that C*(A¥) is an exact category, it remains to be shown,
in view of Lemma 5.2 and of §A.2.2, that a pure short exact sequence in C°(A) that
has the first and the third term in ObC*(A%), has the second term in ObC*+(A¥),
too. This follows by Lemma 5.4.

To prove that CT(A#) is Frobenius, we may use that C°(A#) is Frobenius, with
the bijective objects already lying in C*(A¥), thus being a fortiori bijective with
respect to CT(A¥#). By duality, it remains to be shown that the kernel of a pointwise
split epimorphism of a bijective object to a given object in C*t(A#) is again in
C*t(AF), thus showing that this epimorphism is actually pure in C*(A#). This
follows by Lemma 5.4.

Ad (2). In view of Lemma 5.1, this follows as (1). O
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I do not know whether C*t?=1(A%) is Frobenius. It seems doubtful, since this
question is reminiscent of the example of A. NEEMAN which shows that the mapping
cone of a morphism of distinguished triangles in the sense of Verdier need not be
distinguished [24, p. 234].

5.1.3 TwO EXAMPLES
Suppose C to be equipped with an automorphism X — X1
The category C*-Periodic(A#) heing a Frobenius category by Proposition 5.5.(2),
its classical stable category Ct-Periodic(A#) carries a Heller operator, defined on X €
Ob ¢ t-periodic (A#) a5 the kernel of B —+ X, where B € Qb C+splitperiodic(A#) A
examples, we calculate the Heller operator for n € {2,3} on periodic n-pretriangles.
Suppose n = 2. Let X € Ob C+’peri°di°(ﬁf) be a periodic 2-pretriangle. We ob-

tain the diagram shown in Figure 5.1.

—x
Xojo —— Xa1

—+1
X0

[lfz] [171‘] Y

199] xj/})@x;/{)

[1 -] [1 -] Y (1)()] \

2/0

x
Y Y

X1/0 — Xa/0
Figure 5.1

In particular, if X is a 2-triangle, i.e. an object of C+*‘9:1(A#), then this Heller
shift of X is also a 2-triangle; see Lemma 3.5.

Suppose n = 3. Let X € Ob C+’peri°di°(ﬁ3#) be a periodic 3-pretriangle. We ob-
tain the diagram shown in Figure 5.2.

If X is a 3-triangle, i.e. an object C""ﬁ:l(Af&)7 I do not know whether this Heller
shift of X is again a 3-triangle.
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5.2. A quasicyclic category

The category of quasmycllc categories is defined to be the category of con-
travariant functors from A’ to the (1-)category (Cat) of categories. Recall that we
have a functor A — A, A, — A,, that allows a quasicyclic set to be restricted
to its underlying 51mp11c1al set.

Given a category U, we denote by Iso U C U its subcategory consisting of iso-
morphisms. Given a functor U e U’, we denote by Iso F': Iso Y — Iso U’ the
induced functor.

We define
— 5 qcyc C

A" —— (Cat)

~ I
(A, L Ap)— (Iso CH(A) e TG

Iso C +(Af§))
More intuitively written, qcyc, C := Iso C"‘(A#). Note that qcycy C consists only of
zero-objects.
. F . — FH(AYE)
A strictly exact functor C — C’ induces a functor C*(A¥)
C'*(A#) for n > 0, and thus a morphism

qcyce F
qcyc, C ———— qcye, C’
of quasicyclic categories.

As variants, we mention

qcycperlodlc C = Iso C+,per10d1c( )

qcy(:f*1 C:=1Iso C*”Ll( #)

5.3. A biquasicyclic category

As an attempt in the direction described in [30, p. 330], we define a first step of
an “iteration” of the construction qcyc, C.

By Proposition 5.5, we may form the category C*(A¥)*(A%). Note that a mor-

phism A,, <— A,/ of periodic linearly ordered sets induces a functor CHAD)T(f#)
in the second variable.

By Lemma 4.8, a morphism A,, <2 A,/ of periodic linearly ordered sets induces
a strictly exact functor C*(g#), and so a functor C*(g#)* (A%,) in the first variable
for m > 0.

The functors induced by f and by g commute.

We may define
Geyea, € 1= Iso (CHAH) " (AF)) .

which yields a biquasicyclic category, i.e. a functor from A’ x A’ to the (1-)cat-
egory (Cat) of categories.
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By Lemma 4.8, a strictly exact functor C £, ¢’ induces a functor

_ FHAE) _
CHA) C(AY)
for n > 0, and thus a morphism
deyen, € — 0 qeye, €

of quasicyclic categories.
As variants, we mention

qcycy.)friodic C = Iso (C+(Ai#)+,periodic(51#))

qcycffl C :=1Iso (CJF(AZ#)J“ﬁ:l(Af#)) .

Cf. Remark 3.3.
This procedure can be iterated to obtain triquasicyclic categories etc.

Appendix A. Some general lemmata
This appendix is a tool kit consisting of folklore lemmata (with proof) and known

results (mainly without proof). We do not claim originality.

A.1. An additive lemma

Let A and B be additive categories, and let A 2. B be a full and dense addi-
tive functor. Let N C B be a full additive subcategory. Let M C A be the full
subcategory determined by

ObM :={A € ObA: AF is isomorphic to an object of N'}.

Lemma A.1. Suppose that for each morphism A —"°- A’ in A such that agF =0,
there exists a factorisation

(A 9% A') = (A %0n M,y -9, A"
with My € Ob M. Then the induced functor
A/M £ BIN
(A% A')— (AF 25 A'F)
18 an equivalence.

Proof. We have to show that F is faithful. Suppose given A —» A’ in A such that

"

(AF 25 A'F) = (AF Yo N Y% AR,

where N € Ob V. Since F is dense, we may assume N = MF for some M € Ob M.
Since F' is full, there exist @’ and a” in A with o’ F = V' and a”” F = b"”. Then

(A% A') = (A Y9 AY) 4 (A2 A"

with agF = 0. Since a’a”’ factors over M € Ob M, and since ag factors over an
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object of M by assumption on F', we conclude that a factors over an object of

M. O

A.2. Exact categories
A.2.1 DEFINITION

The concept of exact categories is due to QUILLEN [27], who uses a different, but
equivalent set of axioms. In [17, App. A], KELLER has cut down redundancies in
this set of axioms. We give still another equivalent reformulation.

An additive category A is a category with zero object, binary products and
binary coproducts such that the natural map from the coproduct to the product is an
isomorphism; which allows a commutative and associative addition (4) to be defined
on 4(X,Y), where X, Y € Ob A; and such that there exists an endomorphism —1x
for each X € Ob A that is characterised by 1x + (—1x) = 0x.

A sequence X Sy 9. Zin Ais called short exact if f is a kernel of g and
g is a cokernel of f.

A short exact sequence isomorphic to a short exact sequence of the form

(%)

x 0 xey 2y,
where X, Y € Ob A, is called split short exact. A morphism appearing as a kernel
in a split short exact sequence is split monomorphic, and a morphism appearing
as a cokernel in a split short exact sequence is called split epimorphic. A split
short exact sequence is isomorphic to a sequence of the form just displayed by an
isomorphism having an identity on the first and on the third term.

An exact category (£, S) consists of an additive category £ and an isomorphism
closed set S of short exact sequences in &, called pure short exact sequences,’
such that the following axioms (Ex 1, 2, 3, 1°, 2°, 3°) are satisfied.

A monomorphism fitting into a pure short exact sequence is called a pure
monomorphism, denoted by —— ; an epimorphism fitting into a pure short exact
sequence is called a pure epimorphism, denoted by —+ . A morphism which can
be written as a composition of a pure epimorphism followed by a pure monomor-
phism is called pure.

"This notion is borrowed from the particular cases of pure short exact sequences of lattices over
orders and of ®-pure short exact sequences of modules. Other frequently used names are admis-
sible short exact sequence, consisting of an admissible monomorphism and an admissible
epimorphism; and conflation, consisting of an inflation and a deflation.
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(Ex 1) Split monomorphisms are pure monomorphisms.

(Ex 1°)  Split epimorphisms are pure epimorphisms.

(Ex 2)  The composite of two pure monomorphisms is purely monomorphic.
(Ex 2°) The composite of two pure epimorphisms is purely epimorphic.

(Ex 3)  Given a commutative diagram

we may insert it into a commutative diagram
A
Y

X———>Z

B

with (X,Y, B) and (A,Y, Z) pure short exact sequences.

(Ex 3°) Given a commutative diagram
Y

X ——Z,
we may insert it into a commutative diagram

SN

X—+———7
with (X,Y, B) and (A,Y, Z) pure short exact sequences.
An exact functor from an exact category (£,S) to an exact category (F,7) is

given by an additive functor £ £, F such that SF C T, where, by abuse of nota-
tion, F' also denotes the functor induced by F' on diagrams of shape ¢ — o — o.
Frequently, the exact category (€,S) is simply referred to by .

Ezxample A.2.

(1) An abelian category, equipped with the set of all short exact sequences as pure
short exact sequences, is an exact category.

(2) If £ is an exact category, so is £°, equipped with the pure short exact sequences
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of £ considered as short exact sequences in £°, with the roles of kernel and
cokernel interchanged.

Example A.3. An additive category A, equipped with the set of split short exact
sequences as pure short exact sequences, is an exact category.

In fact, (Ex 1, 2) are fulfilled, and it remains to prove (Ex 3); then the dual
axioms ensue by duality. Given

XoYaZz (1)(1)
/ 00
(10)
X . XaY,
we get
(01)
Z . Y®Z
0—a
M (5 g)
XeYaZz
o )
00
(10)
X . XY,

where X —%+ Z is the third component of the given morphism X — X @Y @ Z.

Example A.4. Suppose given an exact category £ and a category D. Let a short
exact sequence (X,Y,Z) in £(D) be pure if the sequence (Xg4,Yy, Z4) is a pure
short exact sequence in & for all d € Ob D. Then £(D) is an exact category.

A.2.2 EMBEDDING EXACT CATEGORIES
By a theorem

e stated by QUILLEN [27, p. 100],
e proven by LAuMOoN [21, Th. 1.0.3],
e re-proven by KELLER [17, Prop. A.2],

e where QUILLEN resp. KELLER refer to [9] for a similar resp. an auxiliary
technique,

for any exact category &, there exists an abelian category € containing & as a full
subcategory closed under extensions, the pure short exact sequences in £ being the
short exact sequences in € with all three objects in Ob €.

Conversely, suppose given an exact category £ and a full subcategory & C &
such that whenever (X,Y, Z) is a pure short exact sequence in £ with X, Z € Ob¢&’,
then also Y € Ob&’. Then the subcategory £, equipped with the pure short exact
sequences in £ with all three terms in Ob £’ as pure short exact sequences in £’ is
an exact category.
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A.2.3 FROBENIUS CATEGORIES: DEFINITIONS
Definition A.5.

(1)
(2)
(3)

A bijective object in an exact category £ is an object B for which g(B,—)
and g(—, B) are exact functors from & resp. from £° to Z-Mod.
A Frobenius category is an exact category for which each object X allows
for a diagram B —+» X —— B’ with B and B’ bijective.
Suppose given an exact category F carrying a shift automorphism
T: X+ XT=X" and two additive endofunctors | and P together with
natural transformations 17 —— | and P —=» 1 such that TP = and such
that

X X x1= xrpXrxn

is a pure short exact sequence with bijective middle term for all X € Ob(C.
Then (F,T,l,¢, P,7) is called a functorial Frobenius category. Often we
write just F for (F,T,l,¢, P, ).

Example A.6.

(1)

Let A be an additive category. Let Z denote the discrete category with ObZ =
Z and only identical morphisms. The category A(Z) carries the shift func-
tor X®— X*T1 where (X**1) = X1 An object in the category C(A)
of complexes with entries in 4 is written (X*®,d®), where X is an object of

A(Z) and where X* &, X+ with d*d**+! = 0. The category C(A), equipped
with pointwise split short exact sequences, is an exact category; see Exam-
ples A.3, A.4. Given a complex (X*,d®), we let (X®,d*)T = (X*,d*)"! =
(Xt —d*+1) and

X*,d%) (x°*,d*)*'n
B ——

((X.,d.) ( (X.,d.) | — (X.,d.)+1 P (X.,d.)+1>
(,

= ((x0,an) e (Xt e X, (99)) ), (X*F1, —d*)).

Then (C(A),T,l,¢,P,7) is a functorial Frobenius category.

Suppose € to be a Frobenius category. Let B C £ be a sufficiently large full
subcategory of bijective objects, i.e. each object of B is bijective in &,
and each object X of £ admits B —+ X —— B’ with B, B’ € Ob B. In other
words, each bijective object of £ is isomorphic to a direct summand of an
object of B.

Let B2¢ C C(B) denote the full subcategory of purely acyclic complexes, i.e.

complexes (X*,d*®) such that all differentials X* 4, X+ are pure, factoring
as d = dd with d purely epi- and d purely monomorphic, and such that all
resulting sequences (d, d) are purely short exact. For short, a complex is purely
acyclic if it decomposes into pure short exact sequences.

Then B2¢ is a functorial Frobenius category, equipped with the restricted
functors and transformations of C(B) as defined in (1); cf. [23, Lem. 1.1].
Let B%P2¢ C B2¢ be the full subcategory of split acyclic complexes, i.e. of

complexes isomorphic to a complex of the form (7° @ T*+!, ( ?8)) for some
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T* € Ob B(Z) Then B®P2¢ is a sufficiently large full subcategory of bijective
objects in B?°.

Definition A.7. Suppose given a Frobenius category £, and a sufficiently large full
subcategory B C & of bijectives. Let

E:=E&/B be the classical stable category of £; and
& = B?°/B°P2¢ be the stable category of &.

In other words, the stable category £ of £ is defined to be the classical stable
category B2¢ of B2¢. The shift functor induced by the automorphism T of B¢ on £
is also denoted by T.

Lemma A.8. The functor

I

BaC . 5
(X,d) — Im(X° -4 X1)
induces an equivalence

s=p*_1,.¢

Proof. This is an application of Lemma A.1. Cf. [19, Sec. 4.3]. O

We choose an inverse equivalence R to I. We have the residue class functor
&N &, and, by abuse of notation, a second residue class functor (£ =, &)=
&N Zhg)

Finally, we mention that a morphism X I\ ¥V is zero in £ if and only if for any

monomorphism X — o X’ and any epimorphism Y’ i» Y, there is a factorisation
f =1if'p. This defines £ without mentioning bijective objects in £. So one might
speculate whether the class of Frobenius categories within the class of exact cate-
gories could be extended without losing essential properties of Frobenius categories.

A.3. Kernel-cokernel-criteria

Let A be an abelian category. The circumference lemma states that given a
commutative triangle in A, the induced sequence on kernels and cokernels, with
zeroes attached to the ends, is long exact.

Definition A.9. A weak square in A4 is a commutative quadrangle (A, B,C, D)
in A whose diagonal sequence (A, B® C, D) is exact at B @ C. It is denoted by a
“4+7-gign in the commutative diagram,

C——D
| -]
A——B

A pullback is a weak square with first morphism in the diagonal sequence being
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monomorphic. It is denoted

C—=D
- |
A——B

A pushout is a weak square with second morphism in the diagonal sequence being
epimorphic. It is denoted

C——=D
| "]
A——B

A square is a commutative quadrangle that is a pullback and a pushout, i.e. that
has a short exact diagonal sequence. It is denoted

C——=D

| =]

A——B
Remark A.10. If a commutative quadrangle in A

C——D
|
A T> B
is a square, then the induced morphism from the kernel of A —» C' to the kernel

of B—% D is an isomorphism and the induced morphism from the cokernel of
A —%+ C to the cokernel of B —%~ D is an isomorphism.

Proof. Tt (A, B,C, D) is a square, then the circumference lemma, applied to the
commutative triangle

yields a long exact sequence
0—K, L+ B—%D -1 C, —0,

where K, —’+ A is the kernel of a, and where C -2~ C,, is the cokernel of a. Since
ib = j and ¢b = p, the induced morphisms on the kernels and on the cokernels of a
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and d are isomorphisms. O

Lemma A.11. A commutative quadrangle in A

C—=D

1
AT>B

18 a weak square if and only if the induced morphism K, — Ky from the kernel
of A2+ C to the kernel of B-% D is an epimorphism and the induced mor-

phism C, — Cq from the cokernel of A—"~ C to the cokernel of B 4. Disa
monomorphism.

It is a pullback if and only if K, =+ Ky and C, — Cy.

It is a pushout if and only if K, —+ Ky and C, = Cy.

It is a square if and only if K, =+ K4 and C, =~ Cy.

Proof. Let A’ be the pullback of (C, B, D), and let D" be the pushout of (A’,C, B).
We obtain induced morphisms A — A’ and D’ —— D. The circumference lemma,
applied to (B, D’, D), shows Cp_p/ — Cp_p.

The quadrangle (A, B,C, D) is a weak square if and only if A —+ A’, which in
turn, by the circumference lemma applied to (A, A’,C), is equivalent to
KA—>C %—»KA/_,C and CA—»C — CA’—>07 which, by composition and by Re-
mark A.10, applied to the square (A’, B,C, D'), is equivalent to K4_.c ——Kg_p
and CA*)C —— CBﬁD.

The quadrangle (A, B,C, D) is a pullback if and only if A ~» A’ which in
turn, by the circumference lemma applied to (A4, A’, C), is equivalent to K4_.c =+
Ka.cand Ca_.c = Cu/_ ¢, which, by composition and by Remark A.10, applied
to the square (A, B,C,D’), is equivalent to K4q_c > Kp_p and Cp_c ——
Cp_p.

The quadrangle (A, B,C, D) is a square if and only if A —~» A" and D’ -~» D,
which in turn, by the circumference lemma applied to (A4, A, C), is equivalent to
Kioc—=+Ka_c, Casc =+ Ca_c and Cp_,pr = Cp_,p, which, by compo-
sition and by Remark A.10, applied to the square (A’, B,C, D’), is equivalent to
KA—>C;'KB—>D and CA—>C;'CB—>D' O

A.4. An exact lemma

Let £ be an exact category. A pure square in £ is a commutative quadrangle
(A, B,C, D) in £ that has a pure short exact diagonal sequence (A, B ® C, D). Like
a square in abelian categories, a pure square is denoted by a box “0”.

Lemma A.12. Suppose given a composition
X/ > Y/ > ZI
X—Y——>7

of commutative quadrangles in E. If two out of the three quadrangles (X,Y, X', Y"),
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(Y, 2, Y, 7", (X,Z,X',Z') are pure squares, so is the third.

Proof. In an abelian category, this follows from Lemma A.11.

As explained in §A.2.2, we may embed & fully, faithfully and additively into an
abelian category € such that the pure short exact sequences in € are precisely the
short exact sequences in € with all three objects in Ob&. In particular, the pure
squares in & are precisely the squares in € with all four objects in Ob&, and the
assertion in & follows from the assertion in &. O

A.5. Some abelian lemmata
Let A be an abelian category.

Lemma A.13. Inserting images, a weak square (A, B,C, D) in A decomposes into

C—+—= —=D
be b
—t e
fofed
A—+—> —e=1
Proof. The assertion follows using the characterisation of weak squares, pullbacks
and pushouts given in Lemma A.11. O
Lemma A.14. If, in a commutative diagram
X —Y' —7
|« 1]
X—Y—>7
in A, the quadrangles (X,Y,X")Y") and (Y,Z,Y',Z") are weak squares, then the

composite quadrangle (X, Z, X', Z") is also a weak square.

Proof. The assertion follows using the characterisation of weak squares given in
Lemma A.11. O

Lemma A.15. If, in a commutative diagram

X —Y' —7
Lol
X—Y ——7
in A, the left hand side quadrangle (X,Y, X', Y") is a pushout, as indicated, and the
outer quadrangle (X, Z, X', Z') is a weak square, then the right hand side quadrangle
(Y, Z,Y',Z") is also a weak square.
If the left hand side quadrangle (X, Y, X' )Y") and the outer quadrangle (X, Z, X',
Z") are pushouts, then the right hand side quadrangle (Y, Z,Y', Z') is also a pushout.
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Proof. This follows using Lemma A.11. O

Lemma A.16. If, in a commutative quadrangle in A

X —Y

]

X—Y

the morphism X — Y 1is an epimorphism and the morphism X' —Y" is a mono-
morphism, then the quadrangle is a weak square.

Proof. This follows using Lemma A.11, applied horizontally. O

Lemma A.17. Given a commutative diagram

N

in A such that (X, Z,0,Z") and (Y,0,Y',W') are weak squares, then (Y,Z,Y', Z")
s a weak square.

Proof. This follows using Lemma A.11. O

Lemma A.18. Given a diagram

17
0 >y v A

ool )

1 v
X ——=Yy' —— 7

|

X Y 0

in A consisting of weak squares, as indicated by +, the sequence

XLU/Y/M Y”@Z/(_iz AU

is exact at Y' and at Y © Z'.
Proof. AtY’, we reduce to the case u, ', z and y monomorphic and (X,Y, X' Y”)
being a pullback via Lemma A.13. Suppose given T' —s Y’ with ty’ = 0and tv' = 0.

First of all, there exist 7 —%» X’ and T —%» Y such that au/ =t = by. Thus there

exists T — X such that cx = a and cu = b. In particular, czu’ = au’ = t. Hence
a factorisation of ¢ over zu’ exists. Uniqueness follows by monomorphy of zv'. [

Lemma A.19. The following hold.
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(1) Suppose given a weak square in A
X —=Y
| -]
X—Y

with X' bijective. If the images of X —=Y, of X — X' and of Y — Y’
are bijective, then the images of X' — Y’ and of X — Y are bijective, too.

(2) Suppose given a weak square in A
X —Y
| -]
X—Y

with Y bijective. If the images of X' —=Y', of X — X' and of Y —Y"
are bijective, then the images of X —Y and of X — Y’ are bijective, too.

Proof. Ad (1). We decompose (X,Y, X', Y”') according to Lemma A.13 and denote
the image of X — Y by Imx y, etc.

The diagonal sequence of the square (Imxy,Y,Imyy,Imyy:) shows that
Imx,y+ is bijective.

The diagonal sequence of the square (Imx x/,Imx y+, X', Imy/ y/) shows that
Imx- vy is bijective. O

Lemma A.20. Given a pullback

X — Ylv
f/

in A with Y' injective, the morphism (X', Y") &y) (X,Y) is split monomorphic in
A(A1). More precisely, any retraction for x may be extended to a retraction for
(2,9).

Proof. Let xx’ = 1x/. We form the pushout.

X/?Y/

There is an induced morphism P —Y’ such that (X — P —Y’') =
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(X LN Y") and such that (Y/ —= P —=Y’) = (Y’ 2% V). Since Y” is injective,
we obtain a factorisation (P —Y’) = (P —Y —Y"). O

Lemma A.21. Suppose given a morphism X —Y of commutative quadrangles
in A, i.e. a morphism in A(A1 X Ay).
(1) If X is a pushout and Y is a weak square, then the cokernel of X —Y is a
weak square.
(2) If X is a weak square and Y is a pullback, then the kernel of X —Y is a
weak square.

Proof. Ad (1). A morphism of commutative quadrangles gives rise to a morphism
of the diagonal sequences; namely from a sequence that is exact in the middle and
has an epimorphic second morphism, stemming from X, to a sequence that is exact
in the middle, stemming from Y. In order to prove that the cokernel sequence is
exact in the middle, we reduce by insertion of the image of the first morphism of
the diagonal sequence and by an application of the circumference lemma to the case
in which the sequence stemming from Y has a monomorphic first morphism. Then
the snake lemma yields the result. O

Lemma A.22. Suppose given a diagram
0——Y"——2"
-1
X ——Y —7
RN
X—Y—>7

in A, consisting of weak squares. The induced morphisms furnish a short exact
sequence

Im(X —» Z') —» Im(Y — Z') — Im(Y — Z").

Proof. Abbreviate Im(X — Z’) by Imx 7 etc. The morphism Imy 7+ — Imy, 2/
is monomorphic by composition, and, dually, the morphism Imy, z» — Imy,z~ is
epimorphic. Now since ImX7X/ — ImXVZ/ is epimorphic and Imy7Z// — Imy//7Z//
is monomorphic, it suffices to show that

ImX7XI e ImY,Z’ e ImY”,Z”

is exact at Imy z . This follows from the diagram obtained by Lemma A.13

0 Y ——+Imy» z»
] ]
X' Y’ = Imy 7/

b boe ]

ImX’X/ E—— Imy’yl —t Imy,z/
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since by Lemma A.14, weak squares are stable under composition. O

A.6. On Frobenius categories

A.6.1 SOME FROBENIUS-ABELIAN LEMMATA

Suppose given an abelian Frobenius category A; see Definition A.5. Let B be its
full subcategory of bijective objects. Recall that the classical stable category of A
is defined as A = A/B; see Definition A.7. A morphism in .4 whose residue class
in A is an isomorphism is called a homotopism. A morphism in A whose residue
class in A is a retraction is called a retraction up to homotopy.

Lemma A.23. Given a retraction up to homotopy X oY and an epimorphism

Y Y in A, in the pullback

X —> X

f’l : J{f
y
Y —+—Y,
the morphism X' Ly is a retraction up to homotopy, too. More precisely, if

gf = ly, then we may find a morphism ¢ with ¢'f' =5 1y as a pullback of g
along x.

Proof. Let Y —%+ X be such that gf = 1y + h, where
Y L y)=(v % B2y

for some B € Ob B and some morphisms h; and ho in A. Let B ha, Y’ be a mor-
phism such that

(Bl y' Lo y)y= (B Lo ),

which exists since B is projective and y is epimorphic. The commutative quadrangle

Yy
Y ——Y
1Y/+yh1h12l/ llyﬁ*h
Yy
Y —+—=Y

is a pullback since the induced morphism on the horizontal kernels is an identity;
see Lemma A.11. So we may form the diagram
Yy
Y ——=Y

1

X ——=X

2

Y ——Y,
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in which ¢’ with ¢’z = yg and ¢’ f’ = 1y+ + yh1 k) is induced by the universal prop-
erty of the lower pullback (X', X,Y”)Y), and in which the resulting upper quad-
rangle (Y'Y, X', X) is a pullback by Lemma A.11. O

Yy
Lemma A.24. Given a homotopism X oY and an eptmorphism Y' ——Y in
A, in the pullback

X' > X

2R

Y —+—Y,

the morphism X' L visa homotopism, too.

Proof. Let gf =5 1y and fg = 1x. By Lemma A.23, we may form the diagram

y
Y ——=Y

47 b

X ——X

N

Y ——Y,

in which ¢’ f* =p 1y. Since ¢ is a retraction up to homotopy, so is ¢’ by Lemma A.23.
Therefore ¢’ is a homotopism. Hence also f’ is a homotopism. O

A.6.2 DECOMPOSING SPLIT DIAGRAMS IN INTERVALS
Let A be an abelian Frobenius category, and let B be its full subcategory of bijective
objects. Suppose given n > 1. Write A, := A, ~\ {0}. An object X in A(A,) is
called split if X;, — X is split for all k,1 € [1,n] with k < I.

Given C' € Ob A and k,l € [1,n] with k <[, we denote by Cj; the object of

A(A,,) given by (Cpyp); = 0 for j € [1,n] N [k, ], by (Cp,y); = C for j € [k, 1], and
by ((C[kJ])j < (C[kJ])j/) = (Og C) for j,j/ € [k?,l] with j < j/. An object in

A(A,,) of the form Cj ) for some C'€ Ob.A and some k,1 € [1,n] with k<1 is
called an interval.

Lemma A.25. Any split object in B(A,) is isomorphic to a finite direct sum of
intervals.

Proof. We proceed by induction on n. Suppose given a split object X in B(A,,).

Let X’ := X1( be defined as a pointwise pullback at n, using 0 2 X, (see §A.7
below). We have X’ € ObB(A,) with X! = 0. Hence, by induction, X’ is isomor-
phic to a finite direct sum of intervals. There is a pure monomorphism X’ —— X
whose cokernel is a diagram in Ob B(An) consisting of split monomorphisms; see
Lemma A.11. Moreover, by an iterated application of Lemma A.20, starting at
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position 1, this pure monomorphism X’ —— X is split as a morphism?® of A(An) .
Thus X is isomorphic to the direct sum of X’ and the cokernel of X’ —— X, and
it remains to be shown that this cokernel is isomorphic to a finite direct sum of
intervals.

Therefore, we may assume that X consists of split monomorphisms X;>e> X
for k,1 € [1,n]. We have a monomorphism (X1)p ) X Choosing a retraction to

X,> X,, and composing, we obtain a coretraction to i, so that X is isomorphic
to the direct sum of the interval (X;)p; ) and the cokernel of 7. Since the cokernel
of 7 has a zero term at position 1, we are done, by induction. O

A.6.3 A FREYD CATEGORY REMINDER

The construction of the Freyd category and its properties are due to FREYD
[8, Th. 3.1].

Definition A.26. Suppose given an additive category C and a morphism X Ty
in C.

(1) A morphism K —'+ X is a weak kernel of X —» Y if the sequence of abelian
groups
(1, K) k(1. x) DL (1)
is exact at (T, X) for every T € ObC.

(2) A morphism Y -2+ C is a weak cokernel of X o Y if the sequence of
abelian groups

(x,7) 2 (v.1) $2(0,7)
is exact at (Y, T) for every T € ObC.

(3) The category C is called weakly abelian if every morphism has a weak ker-
nel and a weak cokernel, and if every morphism is a weak kernel (of some
morphism) and a weak cokernel (of some morphism).

Let C be a weakly abelian category. Let C°(A;) be the full subcategory of C(A;)
whose objects are zero morphisms. The Freyd category C of C is defined to be the
quotient category

C:=C(A)/CO(Ay).

We collect some elementary facts and constructions and mention some conventions.

(1) The category C is abelian. The kernel and the cokernel of a morphism X Sy

8 At this point, we use that An is linearly ordered.
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represented by (f/, ") are constructed as

7 r’ 1ys

K X’ Y’ Y’
o 1xn X "’ y p C,

where 7 is a chosen weak kernel and p a chosen weak cokernel of the diagonal
morphism f'y = zf”. If f'y = zf” =0, we choose X' ~X+ X’ as weak kernel
and Y X% Y7 as weak cokernel.

Choosing a kernel and a cokernel for each object in ¢ (A1), we obtain a kernel
and a cokernel functor C(A;) — C, as for any abelian category.

(2) We stipulate that the pullback resp. the pushout of an identity morphism
along a morphism is chosen to be an identity morphism.

(3) We have a full and faithful functor C —» C, X — (X Lx, ). Its image,
identified with C, consists of bijective objects.

(4) For each X = (X’ —Z+ X") € ObC, we may define objects and morphisms

xp 5 x X4 x

by

Txr T
X/ > X’ > X/

1X,l l llx,,
1

b'd =z X X X
As already mentioned in (3), the objects X P and X | are bijective, and thus C

is Frobenius. This construction is not meant to be functorial in (X’ —» X",
however.

Sometimes, we write just ¢ for X¢ and 7 for X7. Note that X7 = 1x and
Xi=1x if X € ObC.

Remark A.27. Suppose given morphisms X Iy 9 ZinC. The following asser-
tions are equivalent.

(i) The morphism f is a weak kernel of g.

(ii) The morphism g is a weak cokernel of f.

(iii) The sequence (f,g) is exact at Y when considered in C.

Proof. Ad (i) = (iii). Suppose that f is a weak kernel of g. Let K —+ Y be the
kernel of ¢ in C. Factor f = f’i. Since f is a weak kernel of g in C, we may factor
(Km)i = uf, from which K7 = uf’. Hence f’ is epimorphic.

Ad (iii) = (i). Suppose (f,g) to be exact at Y. Let T'—-» Y in C be such that

tg = 0. Then ¢ factors over the kernel of g, taken in ¢ , and therefore, by projectivity
of T in C, also over X. O
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Remark A.28. A morphism X e yinCis monomorphic if and only if it is a
coretraction. Dually, it is epimorphic if and only if it is a retraction.”

Proof. Suppose f to be monomorphic in C. It suffices to show that f is monomorphic
in C, for then f is a coretraction since X is injective in C. Let K —+ X be the kernel
of fin C. From (Kn)if = 0, we conclude (Kn)i = 0 since f is monomorphic in C,
and thus K ~ 0 since K is epimorphic and 7 is monomorphic in C. O

Let £ be a Frobenius category; cf. §A.2.3.

Lemma A.29. Suppose given a pure short exact sequence X' e x Pe X" ineg.
In &, the residue class iN is a weak kernel of pN, and the residue class pN is a
weak cokernel of iN.

Proof. By duality, it suffices to show that iN is a weak kernel of pN. So sup-
pose given T '+ X in € with tp =g 0. We have to show that there exists a mor-
phism T ——~ X’ such that ¢'i =g t. Let (T —> X —2» X") = (T -~ B —%» X",

where B is bijective. Let P Js—» B be the pullback of p along q. We have a fac-
torisation (T —» X) = (T —» P —“» X). We have a factorisation (X’ L X)=

(X' =~ P %+ X), moreover, (1,p) is a pure short exact sequence, hence split by
projectivity of B; see Lemma A.11 and §A.2.2. Let ir = 1. Then ri — 1 =g 0, since
it factors over B. We obtain (vr)i = vriw =g vw = t. O

Remark A.30. The stable category £ and the classical stable category £ of the
Frobenius category £ are weakly abelian. The stable category £ carries an automor-
phism T, induced by shifting a purely acyclic complex to the left by one position.

Proof. By Lemma A.8, it remains to prove that £ is weakly abelian. Suppose given
a morphism X Joyine€. By duality, it suffices to show that the residue class of
X vin & is a weak cokernel and has a weak kernel. Substituting isomorphically
in £ by adding a bijective object to X, we may assume f to be a pure epimorphism in
£. So we may complete to a pure short exact sequence and apply Lemma A.29. [

Lemma A.31. A pure short ezact sequence X' —— X L X" in € is mapped via
the residue class functor N to a sequence in £ that is exact at X when considered
in the Freyd category & of £. In particular, a pure square in £ is mapped to a weak
square in &.

Proof. By Remark A.27, we may apply Lemma A.29. O

'In particular, an abelian category is weakly abelian if and only if it is semisimple, i.e. if and only
if every morphism in A splits. Hence the notion “weakly abelian” is slightly abusive.
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A.6.4 HELLER OPERATORS FOR DIAGRAMS

In Definition 1.5, the central role is attributed to the tuple ¥ = (¥,,),>0 of isomor-
phisms. In the case of C being the stable category of a Frobenius category, such an
isomorphism 1,, arises from different choices of pure monomorphisms into bijective
objects. To that end, we provide a comparison lemma, which suitably organises well
known facts.

Let C be a category.

Given a category D and a full subcategory U C D(C), we say that U is charac-
teristic in D(C) if the image of U under A(C) is contained in U for any autoequiv-

alence D —2» D, and if U is closed under isomorphy in D(C), i.e. X ~ X’ in D(C)
and X’ € Ob!/ implies X € ObU/.

Let £ be a Frobenius category. Denote by £ its classical stable category, and

denote by £ N £ the residue class functor. Let G C £(C) be a full additive sub-
category. Let H C £(C) be a full additive characteristic subcategory such that
(G)(N(C)) € H.

g ——=¢£(0)

T

H——=E(C)

A C-resolving system I consists of pure short exact sequences

iX,c PX,c ~
= ( (X =% Iy == X ,
ceOb C XeObg

with bijective objects Ix . in £ as middle terms.

Lemma A.32.

(1) Given a C-resolving system

PX,c ~

1= ((chifx,ca»x

)

c)cEOb C)XeOb g
there exists a functor

G-
that is uniquely characterised by the following properties.

On objects X € ObG C Ob&(C), the image X Ty € ObH C Ob&(C) is char-
acterised as follows.
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() For any (c —» d) € C, there exist
e a representative (X Tr)T in & of the evaluation
XTr)y ‘ )
(X TI)C(—IL (XT1)a in € at c —> d of the diagram
XT;€ObH CObEC), and
o a morphism Ix . — Ixq in &€
such that

Xc lX,-c Ix7c p)i(,c (X TI)C

T e

X,d

Xy 8 Ixa 2 (X T)a

is a morphism of pure short exact sequences.

On morphisms (X—f> Y)e G CEC), the image (X Tg EALN YTr)eHC
E(Q) is characterised as follows.

(#x)  For any c € ObC, there exist
e o representative (fTr)y in &
(X TI)C(@ (Y Tp)e in € at ¢ of the diagram mor-
phism (X T EALN YT;)eHCEW), and
e a morphism Ix . — Iy in &
such that

of the evaluation

X, S Iy 2 (X T)e

fcl \L \L(fTI)cN

Ve e (0T,

is a morphism of pure short exact sequences.

(2) Given C-resolving systems

iX,c PX,c ~
I = (XC%IXJ;%XC) :
c€ObC Jx cong

i . Pxe o
r = (Xc = ‘[3((' Xé) )
¢ c€ObC Jx cong

there exists an isomorphism

O‘I‘I’
T, — Tr

that is uniquely characterised by the following property.
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(xx%)  For any X € ObG C Ob&(C) and for any ¢ € Ob C, there

exist
o a representative (Xay )™ in € of the evaluation
Xog
(XTI)( orre (XTrp)e in € at ¢ of the evaluation

XO(I I’

XT XTI/ Z’I”LHCS( )Ofa[’[/ atX, and
e a morphism Ix . — Iy  in &

such that

X, H—>1Xc —+—= (X Tr1)e

l(XD‘I,I’)N

X —0% IX c X (X TI’)
is a morphism of pure short exact sequences.

Proof. Let us first assume that H = £(C'). Having proven all assertions in this case,
it then finally will remain to be shown that given H C £(C) and a C-resolving
system I, we have X T; € ObH C Ob&(C) for X € Obg.

We remark that starting from a morphism U — U’ in £ and from chosen pure
short exact sequences (U, B,V) and (U’, B’, V') with bijective middle term B resp.

B’, we may define a morphism V —» V' in £ by the existence of a morphism

i

p
U——B——V

|l

U/ '>B/ >V/

of pure short exact sequences in £, where V — V' is the image in £ of the mor-
phism V 2 V' in &.

Ad (1). Given X € Obg, we define X T; € £(C) at the morphism ¢ —» d of
C by the diagram in (x). The characterisation (%) shows that X T; is in fact in
ObE(C).

Given a morphism X S yin G, we define the morphism X T; LS YT, in
£(C) at ¢ € Ob C by the diagram in (xx). Combining (x) and (xx), we see that f T,

is in fact in £(C). From (xx) we conclude that T; is indeed a functor.
Xoy pr

Ad (2). Given X € ObG, we define X T; —> X T at ¢ € ObC by the dia-
gram in (xs%:).

Combining (*#%) and (x), we see that X T Zony X Tp is indeed in £(C). Com-
bining (%) and (*x), we see that s ;v is indeed a transformation.

Suppose given resolving systems I, I’ and I”. The characterisation of ay s etc.
implies that arpap v =ar and that ojr=17,. Hence in particular,
arpap ;= 1t, and ap rarp = 17, and so ay,p is an isomorphism from T; to
Tp.
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Consider the case C = Ay, i.e. the terminal category, letting G = £(Ay) = € and

letting H = £(Ag) = £. For a Ag-resolving system .J, we obtain a functor £ LES £
that factors as

(€= &) = (€=~ € L= €).
In fact, for a morphism b that factors over a bijective object B, we can choose 0 as a
representative of b T, inserting the pure short exact sequence (B, B,0). Moreover
T is an equivalence, for it is full; it is faithful, using the dual of the argument just
given; and dense, since given a morphism of short exact sequences in € with bijective
middle terms and an identity on the kernels, the morphism on the cokernels is a
homotopism.

Now return to the general case H C £(C). Let J’ be a C-resolving system con-
sisting of pure short exact sequences with bijective middle term that already occur in
the chosen Ag-resolving system J. Then, for X € ObG, we have X T, =
X(N(C))(T;(C)). Since X (N(C)) € Ob’H by assumption, and since, moreover, H is
assumed to be a characteristic subcategory of £(C), we conclude that
X(N(C))(T;(C)) = X Ty is in ObH. Finally, let I be an arbitrary C-resolving sys-

Qg g/

tem. We have X Ty —=» X T in £(C), and thus X T € ObH implies X Ty €
ObH, since a characteristic subcategory of £(C) is, by definition, closed under
isomorphy. O

A.7. Pointwise pullback and pushout

Suppose given an abelian category A, a poset E and an element € € E. Let
E¢ := EU{e'} be the poset defined by requiring that € < ¢/, that o € &’ whenever
a € e and that &/ € « for all @ € F; and the remaining relations within F C E°
inherited from E. We define the pushout at ¢

AEH S AE)
X X17,

’ X// £
where X := X'|g, and (X! %~ X/,) = (X! —/% X/,); and a transformation

i=i X' /

X'|p=X X1,

natural in X', by the following construction. Abbreviating X e’ by X, we let

’ ~ ale ~
e = XE Xa

1
m/T Tia
X

a/e

X — Xa

forozEEwitheSa.Ifs%a,weletf(a:Xa and i, = 1x,.
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Given a < fin E, we let

():(a ;L/‘L ):(5) be in(}l{uced by pu‘shou‘c~ ife <a<p,
(Xo 2% Xg) = (X0 2% X5 —L+ Xp)ife £ o, but £ < 3,

(Ko 2% Xpg) = (Xo 22% Xp) if e £ 5.

The morphism X —“+ X172 is the solution to the following universal problem. Sup-

pose given a morphism X e vin A(E) such that at e € E we have a factorisation
(X. L Yo) = (. 2 XL —Y2).

Then there is a unique morphism X1% —Z» Y such that
(X Lo y)=(x L X177 L),

Dually, let E. := EU{e’} be the poset defined by requiring that € > ¢, that
a % & whenever a % ¢ and that ¢/ 2 « for all & € F; the remaining relations within
E C E. being inherited from E. We define the pullback at e

AEND AER)
X — X1or,

’ X’ ’
where X := X'|g, and (X!, %+ X!) = (X!, =5 X!); and a transformation

X|p=X 5 Xt
natural in X’ being the solution to the dual universal problem.

A.8. l-epimorphic functors

Let C -2~ D be a functor between categories C and D.

Definition A.33. The functor C —» D is 1-epimorphic if the induced functor
“restriction along F”

ic,e1¥91p, €1

G
is full and faithful for any category £. In particular, given functors D —% £ with
FG ~ FH, we can conclude that G ~ H; whence the notion of 1-epimorphy.

Remark A.34. Suppose given a diagram of categories and functors
c—=D
slz ZlT
c’ i) D

with equivalences S and T, and with F'T ~ SF’. Then F is l-epimorphic if and
only if F’ is 1-epimorphic.
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Let C,C" € ObC. An F-epizigzag (resp. an F-monozigzag) C' ~5 C’ is a finite
sequence of morphisms
C=Co 0% Zy "0 Cy e 7, o220y Mk 7y, im0y = O
in C of length k > 0 such that w}F is an isomorphism for all ¢ € [0, k], and such that
uF = (uoF)(ugF)” (w1 F) (W F)™ -+ (ugp—1F)(up_ F)": CF — C'F
is a retraction (resp. a coretraction) in D.
Lemma A.35. Suppose the functor
cE.p
to be dense, and to satisfy the following condition (C).

(C) Given objects C,C’" € Ob(C and a morphism CF 4 C'Fin D, there exists an
F-epizigzag Cs ~> C, an F-monozigzag C' 4 C! and a morphism Cy; —» C!
such that

(O, F &5 oF 4 o'F S5 OlF) = (O, F <5 OF).
Then F is 1-epimorphic.
Proof. Since F is dense, Remark A.34 allows the assumption that F' is surjective
on objects, i.e. (ObC)F = ObD.
Let us prove that £(C) e (D) is faithful. Suppose given functors C ——

G /
D :H: £ and morphisms G —» H and G —+ H such that Fy = F+'. Given D €

Ob D, we have to show that Dy = D~'. Writing D = CF for some C € Ob(, this
follows from Dy = CF~y = CF~' = Dv'.
_ a
Let us prove that £(C) e (D) is full. Suppose given functors C ) ? &
and a morphism F'G . FH. Define G -2+ H by (CF)é := C§.
We have to prove that D¢ is a well defined morphism for D € ObD. So suppose
that D = CF = C'F. We have to show that Cd = C’§. By assumption (C), applied

to d=1p = lop = levp, there exist an F-epizigzag Cs ~> C, an F-monozigzag
c’ % C! and a morphism Cy —» C{ such that (c¢sF)(c,F) = cF. We obtain
(s FG)(CO) (et FH) = (Cs0)(cs FH) (¢t FH)
= (Cs0)(cFH)
= (cFG)(C}9)
— (FG)(EFG)(Cl3)
= (sF'G)(C'0) (et FH),
from which C'§ = C'§ by epimorphy of ¢, F'G and by monomorphy of ¢, FH.
We have to prove that 5 is natural. Suppose given C'F 4, O'F in D for some

C,C" € ObC. We have to show that (dG)((C'F)d) = ((CF)d)(dH), i.e. that
(dG)(C'8) = (C¥)(dH). By assumption (C), there exist an F-epizigzag Cs ~ C, an
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F-monozigzag C’ ~5 C! and a morphism Cy —» C/ such that (c,F)d(c|F) = cF.
We obtain
(s FG)(dG)(C'0)(c{ F H) = (s FG)(dG)(c, FG)(Cd)

= (cGF)(C{d)

— (C0)(cFH)

= (Cs0)(cs FH)(dH)(C{FH)

— (.FG)(CO)(dH) (¢,F H),

from which (dG)(C'd) = (C6)(dH) by epimorphy of ¢sFG and by monomorphy of
cFH. O

Corollary A.36. If cEDisa functor such that (i), (ii) hold, then F is 1-
epimorphic.

(i) For all morphisms D D in D, there is a morphism C — C" in C such

that a
(C -~ C"F=(D-5 D).

(ii) For any C,C" € ObC such that CF = C'F, there exists a finite sequence of
morphisms

C=Cp 0 Zg "0 Oy 5w 7y "0 o220y W 7, Yo Oy = O
from C to C" such that w;F = u,F = lep = lovp for all i € [0, k].
Proof. The functor F' is dense, even surjective on objects, because identities have
inverse images under F. To fulfill condition (C) of Lemma A.35, given objects
C,C" € ObC and a morphism CF % C'F in D, we may take some morphism
Cs —5+~ C! in C such that (Cs —~ C))F = (CF—d> C'F), we may take for ¢ a

sequence as given by assumption because of CsF = CF, and we may take for ¢; a
sequence as given by assumption because of C{F = C'F. O

Corollary A.37. IfC L Disa full and dense functor, then F' is 1-epimorphic.

Proof. In fact, in condition (C) of Lemma A.35, we may take an F-monozigzag and
an F-epizigzag of length 0. O
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