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0 Welcome

0.1 Introduction

This document contains an assortment of lecture notes prepared initially for use in lectures of 2-3
hours, focused at a listener with a decent amount of mathematical maturity and some experience
with category theory, algebra, topology, and so on. There is no overarching goal, other than to
cover interesting topics in and around category theory, homological algebra, geometry, higher
category theory, and higher algebra.

Very often, the notes have been prepared without too much care, and so one should expect
mistakes, occasional hand-waving, and sub-optimal approaches. Hopefully, all the essential
ideas remain correct. On a related note, while there has been some effort put into making the
exposition clear, we are sometimes rather terse as it makes it easier to use the notes for lectures,
where the exposition may be expanded upon in any case.

References are not always carefully tracked. If in doubt, assume no originality.

0.2 Foundations

In this preliminary section, we spell out the general foundational framework we adopt in these
notes. Since foundations will never play a huge role in what we do, or at least it won'’t affect
how we do things generally, we will not be too careful. However, the crux of it is as follows: we
adopt your favourite common axiomatics for set theory, such as ZFC, along with Grothendieck’s
universe axiom. A (Grothendieck) universe is essentially a model for ZF set theory within ZFC
set theory itself, so it is a set wherein one can do all basic expected operations (and contains IN).
The universe axiom postulates that every set is contained in a universe. In particular, we may
pick some universe U; > @, the elements of which we call the small sets. Iterating this, the axiom
also implies the existence of a hierarchy of universes

U eUy;elUse--€U,eE -

and we call elements of U, large, elements of Uz very large, and so on. If we have picked some
universe U, we may also refer to a set X as U-small to mean that X € U, or that Xis in bijection
with a set in U. Note that we will essentially never need to use this nor think about it in any
detail. To be noted as well is that in this framework, the notion of a class is subsumed by the
notion of a set, in the sense that we may think of elements of U;\U; as analogous to “proper
classes” If one wishes, type theory can play a similar role, where one demands a hierarchy of
type universes instead.

0.3 Planned contents

Some planned contents already have a rough lecture section assigned to them, but some others
are a lot looser and so are hard to pin down enough for that to be reasonable, and may span
many lectures. Here is a list to which I aspire.

(1) The theory of (oo, 1)-categories, blending the standard approaches (say, [Lur09] and [[Cis19])
with the synthetic approach of [RV22].

(2) Sheaves on sites, probably following [KS06||. Relating sheaves between sites will be a focus.
Maybe something from [Lur09, §6.2.2] and [Lur18, §1.3.1] to include oco-categorical aspects.

(3) Approximable triangulated categories.
(4) Perverse sheaves, as an application of the gluing of t-structures.

(5) Brown representability.



(6) Topics surrounding model categories: Bousfield localizations, stable model categories,
algebraic small object argument?

(7) Operads, due to their importance in understanding e.g. E,-rings and their modules.
(8) Huber’s adic spaces, as a “reasonably elementary” formalism for rigid analytic geometry.

(9) Condensed sets, with a focus on eventually building up to condensed analytic geometry
(via Clausen & Scholze’s analytic stacks).

(10) K-theory, particularly of stable co-categories or Waldhausen co-categories. Perhaps recent
research extending the K-theory machine to certain large categories (dualizable ones), a la
Efimov.

(11) Waldhausen categories, i.e. categories with cofibrations and weak equivalences.

(12) “Lower” higher category theory, so 2-categories and bicategories. (Virtual) double cate-
gories, for their applications to co-cosmoi.

(13) Topoi and co-topoi.

(14) The theorem of Hoshino-Kato-Miyachi on t-structures generated by silting objects. Also
requires the computation of Ext! in the heart of a t-structure in terms of the Hom-sets in
the ambient triangulated category.

(15) Witt vectors.

(16) Tensor triangular geometry.



1 Abelian categories
1.1 (Pre-)additive categories & additive functors

Definition 1.1. A pre-additive category is a category enriched in Abelian groups. In particular, a
pre-additive category C consists of

(1) a set of objects Ob(C),
(2) for each pair of objects (x, y) € Ob(C) x Ob(C), an Abelian group Home(x, y) = C(x, y), and
(3) for each triple of objects (x, y, z) € Ob(C) x Ob(C) x Ob(C) a composition law
°: C(y,2) ® C(x,y) = C(x,2)
which is associative and unital.

That is, it’s just a category where each Hom-set has the structure of an Abelian group and
composition is bilinear.

Remark 1.2. This implies that for each x,y € C, the set C(x, y) has a distinguished element 0
which is absorbative. This is a simple computation:

0o f=(0+0)of=00f+0cf = 0=00f.

The other direction for composition is dual. Categories with this property (or more general ones)
are sometimes called pointed, though this terminology is also used for the stricter notion of a
category with a zero object.

Exercise 1. Let C be a pre-additive category, and suppose that there is an initial object @ € C.
Show that @ is terminal. Dually, show that any terminal object * € € is also initial.

Our first goal is to show that the above exercise generalizes to arbitrary finite (co)products;
note that initial/terminal objects are exactly empty (co)products.

Construction 1.3. Let C be a pointed category (i.e. one that admits zero morphisms), let
x1,x2 € C, and suppose that the product x; x x; exists. Denote by

Pr:xiXxp—>x, k=12
the canonical projection maps. We can construct maps
kx> x1xx2, k=1,2
by applying the universal property of the product to id, and 0.
Proposition 1.4. Let x, py, and iy be as above. Then
idy;xx, = (i1 © p1) + (iz ° p2).
Proof. By universal property, the following computation suffices:
pre (1o pr)+(iz° p2)) = Proik° P = Pk

where we use that py o i, = id. |



Remark 1.5. Intuitively, this is the statement that
(a,b) = (a,0) + (0,b).
Proposition 1.6. Let C be a pre-additive category, and let x1,x2,y € C. Suppose we have maps
Pty ™ X Bt XY

such that
. 5 g g 1dx lf‘J = k’
d = o —+ o s ) = k
idy = (@10 p1) +G2°p2), pjeix 0 if k.
Then

(1) (y, p1, p2) defines a product x; x xz, and

(2) (y,i1,i2) defines a coproduct x; 11 x,.

Proof sketch. To prove (1), we must show that the provided data makes y represent the functor
C(—, x1) x C(—, x2). Let z € C. Then we see that

Prx: Clz,y) = Clz, %),  ixs t Clz, %) — Cz,y)

are maps of Abelian groups satisfying the assumptions in the proposition. It is then a simple
computation that this induces a functorial isomorphism

C(z,y) — C(z,x1) x C(z, x2).

Similarly, to prove (2), the same argument applies but after applying C(—, z) instead. O

Remark 1.7. Objects in pre-additive categories equipped with maps as above are sometimes called
direct sums, and are denoted x; @ x2. The proposition shows that any a product of two objects
and a coproduct of two objects define the direct sum of those objects.

Corollary 1.8. Let C be a pre-additive category and let x1,x2 € C. The product x; x xy exists if and
only if the coproduct x; 11 x; exists if and only if the direct sum x; @ xy exists. Furthermore, in the
case that these exist, the canonical map

x1 Oxp ----- > X1 X X
[ [
X =——— Xk

is an isomorphism, where iy, are the maps in Construction[1.3

Proof. Proposition [1.6|handles the first statement by a clear induction argument. For the second
statement, note that the maps iy exhibit x; x x; as a direct sum by Proposition [1.6] and therefore
the induced map is an isomorphism. |

We conclude that in an appropriate sense, finite products and finite coproducts agree in
any pre-additive category. It turns out, rather profoundly, that the pre-additive structure on a
category is detected by these (co)products whenever they exist.

Proposition 1.9. Let C be a pre-additive category, and let f,g: x — y be morphisms in C. If x ® x



and y @ y exist, then the morphism f + g is equal to the composition

Ay & v
x—>x€9x£>ye9y—y>y.

Proof sketch. One can check by a computation that
K+ =0 7 +m =V,
and deduce that
Vye(f@geif=f Vye(f@®goiz=g
Therefore
Vyo(f@g)eAx=f+g
as desired. O

Definition 1.10. An additive category is a pre-additive category which admits finite products.

Remark 1.11. An additive category therefore admits all finite direct sums, and the pre-additive
structure is entirely determined by the properties of the underlying unenriched category. In fact,
there is a characterization of additive categories in terms of purely ordinary category theory.
Specifically, a category C is additive if and only if

(1) it admits a zero object 0 € C,
(2) for any x,y € C, the product x x y and coproduct x I y exist,

(3) the canonical map r: xII y — x x y induced by the maps from Construction [1.3[is an
isomorphism, and

(4) for all x € C, there is some a € C(x, x) such that

Ay (a,idy) r! Vx
XxX—o>xXxx—>xxx— xlIx— x

is zero.
Here, (4) is what guarantees the existence of additive inverses.

Definition 1.12. A functor F: € — D between pre-additive categories is additive if for all
x,y € C, the induced maps
C(x,y) = D(Fx, Fy)

are group homomorphisms.

Proposition 1.13. A functor between additive categories is additive if and only if it preserves finite
products.

Proof. See [KS06, Prop. 8.2.15]. [ |

1.2 Abelian categories

The category Ab of Abelian groups has certain special properties. First of all, it is additive; this is
clear. However, on top of that, given any morphism of Abelian groups, we can form a kernel,
cokernel, image, etc., and these behave well (e.g. in that they detect interesting properties of the
morphism). We wish to capture these properties in a general form.



Definition 1.14. Let C be a category with a zero object, and let f: x — ybe a morphism in C.
The kernel of fis the pullback

ker f ----- > X
L

; f
00—y

|

X
[
0----- » coker f

in C.

Exercise 2. Express ker fand coker fin terms of an equalizer and coequalizer, respectively.

Exercise 3. Let C be a pre-additive category with a zero object.

(1) Show that a morphism f: x — yis a monomorphism if and only if for any a : z — x,
fea=0impliesa = 0.

(2) Show that whenever ker fexists, the canonical map ker f — x is a monomorphism.

Furthermore, dualize these statements to obtain the corresponding results for epimorphisms and
coker f.

Proposition 1.15. Let C be a pre-additive category with a zero object, and let f: x — y be a
morphism with a kernel and cokernel.

(1) The morphism f is monic if and only ifker f = 0.
(2) The morphism fis epic if and only if coker f = 0.

Proof. Statement (2) is just the dual of (1). To prove (1), consider the diagram

P Jx
2 3
o
f

kerf——x——y

for some a : z — xsatisfying f o a = 0. If ker f = 0, then a factors through the zero object so
a =0 and fis monic. Conversely, if fis monic, then a = 0 and we see that 0 satisfies the universal
property of ker f. |

Definition 1.16. Let C be a category with a zero object. The image of a morphism f: x — yis
im f :=ker(y - coker f)

and the coimage of fis

coim f := coker(ker f — x).
Remark 1.17. By Exercise 3| the canonical maps

imf—y and x — coim f

are a monomorphism and epimorphism, respectively.



Remark 1.18. The intuition for the definition comes from viewing the cokernel operation as
taking the quotient.

Remark 1.19. Concretely, the universal property of the image of f: x — yis given by the diagram

im f —— y —» coker f
while, dually, the universal property of the coimage is given by the diagram

ker f ——— x —» coim f
N J{ ,\,//3!
z

Construction 1.20. Observe that since the composition ker f — x — y1is zero (and by the dual
statement), we can build the diagram

ker f - x\f >y » coker f
LT A
coim f im f

and easily see that the compositions
coim f — y —» coker f ker f - x — im f
are zero. In particular, we have an induced map
coim f — im f
fitting in the square

X —)

Lo

coim f —— im f
and is unique.

Definition 1.21. Let A be an additive category. We say A is Abelian if for every x,y € A and
f E ‘A‘(x’ y):

(1) the kernel and cokernel of fexist, and

(2) the canonical map
coim f — im f

from Construction is an isomorphism.

Remark 1.22. Condition (2) above is effectively demanding that the first isomorphism theorem
holds in A. Indeed, we can think of coim fas the quotient x/ ker f, and (2) thus says we have a
canonical isomorphism x/ ker f — im f.

10



Remark 1.23. Limits can be built from products and equalizers. Furthermore, in an additive
category, any equalizer can be phrased as a kernel, namely eq(f, g) will be ker(f — g). In
particular, since any Abelian category thus admits both equalizers and finite products, it admits
all finite limits. The dual argument shows that Abelian categories also admit all finite colimits.

Exercise 4. Let f: x — ybe a morphism in an Abelian category.

(1) Show that if fis monic, then ~
x— im f.

(2) Dually, show that if fis epic, then ~
im f— y.

(3) Conclude that fis an isomorphism if and only if it is monic and epic.

1.3 Appendix: Enriched category theory

Pre-additive categories are a special case of a more general paradigm, enriched categories. There
are many different formalisms for this at many different levels of generality; we present only
one, roughly following [Riel4]. The general idea is that an enriched category is like a category,
but where the set of morphisms between two objects is replaced by an object in some category,
called the enrichment base. The first order of business is to specify what kind of category we
wish to have as base for enrichments.

Definition 1.24. A symmetric monoidal category is triple (V, ®, 1) where V is a category, ® :
VxV — Vis a functor, and 1 € V is an object, together with the data of specified natural
isomorphisms

vOwW=wev, u®(vew) =uUev)®w, 1I®v=v=vQlL

These natural isomorphisms are required to satisfy various coherences which ensure that any
two bracketings of ®-products are naturally isomorphic.

Example 1.25. By considering the tensor product over Z, the category Ab can be promoted to a
symmetric monoidal category (Ab, ®7, Z). More generally, for any ring R, the category Modpg
forms a symmetric monoidal category (Modg, ®g, R).

Example 1.26. Any category C admitting finite products yields a symmetric monoidal category
(G, x,*) where * € C is the terminal object. In particular, Set provides a symmetric monoidal
category (Set, x, ).

Example 1.27. Let R be a commutative ring. The tensor product on Modg can be lifted to
the category Ch(R) of chain complexes in R, to be defined in Section to give a functor
®g : Ch(R) x Ch(R) — Ch(R). This provides a symmetric monoidal category (Ch(R), ®g, R).

Definition 1.28. Let (V,®,1) be a symmetric monoidal category. A V-category C consists of
(1) a set of objects Ob(C),
(2) for every pair of objects (x, y) in C, an object C(x,y) € V,
(3) for every x € C, a morphism 1, : 1 — C(x, x), and

(4) for each triple (x, y, z) of objects in V, a morphism

o: C(y,2) ® C(x,y) = C(x,2)

11



such that for all x, y,z, w € C, the diagrams

Cz,w) ® €(3,2) ® C(x,y) —> C(z,w) ® C(x, 2)

o@ll l

Cy.w)® Elx,y) ———— Clx,w)

id®1, 1,®id
Clx,y)®1 —— C(x,y) ® C(x, x) C(y,y)®Cx,y) +—— 18 C(x,y)

Clx, y) Clx,y)

expressing associativity and unitality commute. One also says that C is a category enriched over
V,®,1).

Example 1.29. An ordinary category is a category enriched over (Set, x, ).
Example 1.30. A 2-category is a category enriched over (Cat, x, [0]).
Example 1.31. A pre-additive category is a category enriched over (Ab, ®z, Z).

Example 1.32. A dg-category over a commutative ring R is a category enriched over
(Ch(R), ®R, R). These play a particularly important role in homological algebra, as they are
a computationally convenient presentation for R-linear stable co-categories.

Example 1.33. A simplicial category is a category enriched over (sSet, x, A?).

Remark 1.34. Any V-category C induces an ordinary category C whose objects are just the objects
of C, and whose morphisms are given by

Clx,y) :=V(,C(x, ).

Definition 1.35. Let (V,®,1) be a symmetric monoidal category. A V-enriched functor, or
V-functor F: C — D between V-categories consists of

(1) amap Ob(C) - Ob(D), x — Fx,
(2) for each pair of objects (x, y) in C, a morphism

F: C(x,y) = D(Fx,Fy),

such that for all triples (x, y, z) of objects in C, the diagrams

D) ®Exy) —— Cx.z2) 1 —" C(xx)
F®Fl lF k lF
D(Fy,Fz) ® D(Fx,Fy) —— D(Fx, Fz) D(Fx, Fx)

commute.

Much of category theory can be developed in the enriched setting, including the Yoneda
lemma, (co)limits of various sorts, and so on. This turns out to be very useful in higher category
theory, as many models of higher categories can be “strictified” by working in an enriched context.
An example of this mentioned before is given by dg-categories.

Categories enriched in Kan complexes give a model for (co, 1)-categories, and categories
enriched in weak Kan complexes (a.k.a. quasicategories, or co-categories) give a model for (co, 2)-

12



categories. In practice, this means that doing higher category theory, homotopy theory, etc. can
be simplified by knowing some enriched category theory. Indeed, this is the topic of [Rie14]] and
partly [RV22].

1.4 Appendix: (Co)limits in terms of (co)products & (co)equalizers

Consider a small diagram D : I — Set in the category of sets. It is a standard result that one can
compute the limit and colimit of D as
limD = {(doiez e [I1D0G |[¥(: i—j)e L Dip)d) = d;

i€l

and
lim D = (gD(i))/ ~
1

where ~ is the equivalence relation generated by (!) (i,d) ~ (i’,d”) if there exists ¢ : i — i’ such
that D(p)(d) = d’. Notably, these are compute in terms of the easier-to-understand products and
coproducts in Set.

We wish to generalize this to any category in order to deduce that a category admitting
(co)products and (co)equalizers admits all small (co)limits.

Construction 1.36. Let D: I — C be a small diagram in a category € which admits products,
and consider a map ¢ : i — jin L From this, we obtain two maps

. . D((p)°7l'1 .
D)% DG) =3 DG)
and these allow us to produce two maps

D(cod ¢9) =———= D(cod ¢)

ncodJ %
|§ 20 S [ D(cody)

i€l pEAT(])

Tdom (pl J/ﬂ(p

D(dom ¢) & D(cod ¢)

defined on the ¢th component by the indicated morphisms. Furthermore, there is a canonical
map
c:limD — | | DG
lim g )
induced by the projections liLnD — D(i), i € I One notes that a o ¢ = b - ¢ since this equality
comes down to verifying it on components, where it holds by the commutativity of

&n D —— D(dom )

\ JD(@

D(cod ¢).
In particular, we have an induced map liLnD — eq(a,b).
Proposition 1.37. Let C be a category admitting products and equalizers, and let D: I — C be a

small diagram. Consider the maps

13



[1p® ::; [ Dlcody)

il pEAT(D)
of Construction Then lim D exists and the canonical map satisfies
lﬂl D — eq(a,b).

Proof. In C = Set, this is a triviality: indeed, it is just the statement we made at the start. To lift it
to an arbitrary category C, pick x € C and apply C(x, —). We then have, by the Set case, that

€(x.eq(@. 1) —> €(x.[TerD0) = €0x Tlyear) Dlcod )
| ! |
lim €(x, D) —— eq(ax,bx) — [ic;C(x. D() b:*; ITyearr C(x, D(cod ¢))
and thus that we have an isomorphism
£iLn C(x, D) = C(x, eq(a, b))

which is natural in x. We conclude that yLnD exists and is isomorphic to eq(a, b). |

Corollary 1.38. Let C be a category. Then the following statements are equivalent.
(1) © admits all small (resp. finite) limits.
(2) C admits equalizers and all small (resp. finite) products.

Let F: C — D be a functor. Then the following are equivalent.
(1°) F preserves all small (resp. finite) limits.

(2°) F preserves equalizers and all small (resp. finite) products.

Proof. Clearly, (1) implies (2) and (1°) implies (2’). On the other hand, (2) implies (1) by Proposition
(noting that the products are finite whenever I is finite), so only (2’) implies (1’) remains.
However, if F preserves products and equalizers then

Flim D) —— F(TTie DO) = FlLyenrn Dicod )

| b |
Fleq(a b)) —— F(TTier D®) —= FTLyearn Dlcod )
| | |
F

eq(Fa, Fb) — [T  F(D(G)) ? T enrr) F(D(cod ¢))

and since yLn(F o D) = eq(Fa, Fb), we are done. |

14



2 Basics of homological algebra
2.1 Chain complexes & exact sequences

Definition 2.1. Let C be a pre-additive category. A chain complex x* in C is a sequence of
morphisms

. A
i-1 @ i 4 i

- — X ___)xl_)xl —> ...

such that d"! o d = 0 for all i € Z. We denote this by either x* or (x*,dy).

Remark 2.2. Let C be some category, and regard the set Z as a discrete category. A graded object

in € is a functor
7 — C.

Consider the functor s: Z — Z given by sending n to n + 1. This induces a shift functor
(1) : Fun(Z,C) —» Fun(Z,€), x"+ x"os,

which concretely sends a graded object x* in € to the graded object given by x(1)' = x*™L.
Now, suppose C is pre-additive. A chain complex in C can be regarded as a graded object
x*: Z — C together with a morphism

de: x* > x(1)

satisfying dy(1) e dy = 0.

Our first goal is to define the cohomology of a chain complex. There are two obvious ways of
doing this (accepting that one is aware of the “classical” hands-on definition), and we want to
ensure the two are the same in our formalism.

Construction 2.3. Consider a chain complex x°, and in particular zoom in around a fixed index
ieZ,
- di—l X di X
X 1 x = xl+1‘

Forming kernels, cokernels, and images, we can produce the diagram

where the induced maps imd"~! — kerd' and cokerd~! — imd’ come from d? = 0 and various
arrows being monic/epic.

Proposition 2.4. Let ¢’ and ' be as in Construction Then
(1) ¢ is monic, and
(2) V' is epic.

Proof. Statement (2) is dual to (1). To prove (1), note that

(z » imd! s, kerd) =0



if and only if A
(z » imd! ﬂ kerd' = x') =0

if and only if
(z—>imd ! o x) =0

if and only if z — im d"~! is zero. |

Exercise 5. Spell out the proof of (2) in Proposition [2.4]

Construction 2.5. Let «' be the composition ker d’ = x* - coker d’~!. Forming the kernel and
cokernel of ', we can enlarge our previous diagram to

i
o ker u \
imdi—1 & ¢ ker d
Xl_l / di_l \ xl Xi+1
P /

coker v/
where the dashed maps are induced by the universal properties of the image, kernel, and cokernel.

Exercise 6. Show that the dashed arrows in Construction [2.5|define isomorphisms

kerv' — imd"™! and imd' — coker'.

Thus, in particular, we finally have the diagram

ker v

kerd'

\‘
d i1

imd'

coker v

and using this, we define cohomology. In particular, we compute the image

imu' = ker(coker d~! - coker u')
= ker(cokerd~! - imd"1)
and the coimage
coimu = coker(keru' < kerd?)
= coker(imd"~! < kerd')
= ker(cokerd'~! — x'*1)

= coker(x'~! — kerd'™1).

R

R

16



Definition 2.6. Let (x°,d) be a chain complex in an Abelian category. The cohomology of x* at
i€eZis _
H'(x*) := coker(imd~! < kerd')

or any one of the other canonically isomorphic choices from above. We say x" is exact ati € Z if
H'(x*) = 0.

Remark 2.7. Explicitly, H/(x") = 0 is the same as
U =0 < cokerd ! - imd < imd~! - kerd
which are the conditions one expect from exactness.

Definition 2.8. Let A be an Abelian category. A short exact sequence is an exact sequence of the
form

0>x—>y—>z—-0

Lemma 2.9. A sequence 0 — x i y is exact if and only if f is a monomorphism.

Proof. The sequence is exact if and only if ker f = 0, since the image of 0 — xis 0. Since ker f = 0
if and only if fis monic, this completes the proof. [ |

Remark 2.10. 1t follows that in any short exact sequence
0—>x I> y £ z—>0
the morphism fis monic and the morphism g is epic (by the dual of Lemma|2.9).

Theorem 2.11: First isomorphism theorem. Consider a short exact sequence

0—>x ‘i y 5 z—>0
in an Abelian category. Then
x—imf and coker f—> z.

Proof. Lemma tells us that fis a monomorphism, in which case Exercise 4] tells us that
x — im f. For the second isomorphism, we use that Exercise |4 provides im g = z, and that
exactness provides us a canonical isomorphism ker g = im f. Thus, compute

z=img

IR

coker(ker g = y)

IR

coker(im f — y) = coker f

which completes the proof. |

2.2 Exactness properties of functors

Definition 2.12. Let F: A — B be an additive functor between Abelian categories. We say Fis
left exact if for any short exact sequence

0>x—>y—>z—-0

17



in A, the sequence
0—>Fx—>Fy—Fz

in B is exact. We say Fis right exact if F°P : A°P — BOP js left exact. We say Fis exact if it is
both left exact and right exact.

Theorem 2.13. Let A be an Abelian category, and let a € A. Then
Ala,-) and A(—,a)
are left exact.
Proof. Consider an exact sequence
0—x —l> y £> z—>0
in A. Applying A(a, —), we must show that
0 — Aa, x) Lt Ala, y) i Ala, 2)

is exact. Since i is a monomorphism, it follows (by definition!) that i, is a monomorphism. For
exactness in the middle, consider a morphism f € ker p.. Since x = imi = ker p, we then have
the diagram

a
PN
Y
0 x — y i z 0
so that f =i f’ and imi, = ker p.. The other functor is dual, since A(—,a) = A°P(a, -). [ |

Exercise 7. Prove that A(—,a) is left exact explicitly.

Theorem 2.14. A functor F: A — B between Abelian categories is left exact if and only if it
preserves finite limits.

Proof. If Fis left exact, then it is additive and preserves left exact sequences. In particular, it
preserves finite products and kernels, and therefore equalizers. Since finite limits are built out of
these, it preserves finite limits. Conversely, if it preserves finite limits, then it is additive since it
preserves finite products, and left exact because it preserves kernels. In particular, we use that

0—>Fx—>Fy—Fz
is exact if and only if Fx — Fyis the kernel of Fy — Fz. |

Corollary 2.15. A functor F: A — B is right exact if and only if it preserves finite colimits, and it
is exact if and only if it preserves both finite limits and finite colimits.

Example 2.16. Let X be a topological space, and let x € X. The stalk functor
(=)x : Sh(X, Ab) —» Ab

is exact. In particular, (—)y is a left adjoint and hence commutes with all colimits. Furthermore,
it is defined by a filtered colimit, and since the forgetful functor Ab — Set preserves filtered
colimits, this means (—), commutes with finite limits (since filtered colimits commute with finite
limits in Set).

18



In fact, more is true: a sequence of sheaves
0>F >G> -0
is exact if and only if for all x € X,
0> F > E>H—0
is exact.
Example 2.17. Let X be a topological space. The global sections functor

I['(X,-): Sh(X,Ab) — Ab

is left exact. This is because it is right adjoint to the constant sheaf functor, hence commutes
with all limits.
More generally, given a continuous map f: X — Y, the functor

f« = Sh(X, Ab) — Sh(Y, Ab)

is left exact since it has a right adjoint given by f~!. This specializes to the previous case when one
sets Y = ». The observation that these functors are only left exact is the start of the cohomology
theory of sheaves, wherein one studies e.g. the right derived functor

Rf. : D(X) — D(Y).
Sheaf cohomology is defined by the right derived functor RI'(X, —).

Example 2.18. Sheafification is an exact functor. This is because on one hand, it is a left adjoint
functor, and on the other hand, it is actually defined by a filtered colimit (if handled appropriately).

Remark 2.19. We saw that A(x,—) and A(—, x) are left exact. One says x € A is projective if
A(x,—) is exact, and dually, that x is injective if A(—, x) is exact.

Exercise 8. Let X be a topological space, let x € X, and consider the stalk functor
(-)x: Sh(X, D) —» D.

Using these, we will show, by hand, that under certain conditions, the sheafification functor is
exact.

(1) Suppose we have a functor F: D — Set which preserves finite limits. Show that the functor
F.: Sh(X,D) > Sh(X), F —>Fo%F
preserves finite limits.

(2) Suppose that Fin addition preserves filtered colimits and reflects isomorphisms. Show that
the stalk functor commutes with finite limits.

(3) Show that the sheafification functor (=)t : PSh(X, D) — Sh(X, D) preserves finite limits.
Hint: it suffices to show that it commutes with kernels and binary products; show this by
checking it on stalks.

(4) Check that Modg, satisfies the above conditions.
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2.3 Appendix: Quillen exact categories

There are interesting additive categories, particularly in areas like functional analysis, where
only some kernels and cokernels make sense, but not all of them. In situations like this, one
would still like access to some kind of theory. One possible approach to situations of this type
is given by Quillen’s exact categories. Roughly speaking, they are additive categories wherein
certain distinguished maps lie in kernel/cokernel pairs.

Definition 2.20. Let A be an additive category. A kernel/cokernel pair in A is a pair of morphisms
x>y 52
such that fdefines a kernel of g and g a cokernel of f.
Example 2.21. In an Abelian category A, the short exact sequences
0>x—>y—>z—-0

define all kernel/cokernel pairs.

Definition 2.22. An exact category is a pair (C, £) where C is additive and € is a class of admissible
kernel/cokernel pairs in C; we call f(resp. g) in an admissible kernel/cokernel pair

8
xX>y—>z

an admissible monomorphism (resp. admissible epimorphism) or an inflation (resp. deflation). The
pair (C, €) is required to satisfy the following conditions:

(1) The class € is closed under isomorphism, meaning that if we have a diagram

x y z
ool
x ’ y ’ z ’

where one row is in € then the other row is in €.
(2) For each x € X, the identity map idy is an inflation and a deflation.

(3) The class of inflations is closed under composition. Dually, the class of deflations is closed
under composition.

(4) The class of inflations is stable under pushouts. Dually, the class of deflations is closed
under pullbacks.

We provide a few arguments to give a taste of the kinds of proofs that are involved when
working with exact categories.

Remark 2.23. The axioms imply that all isomorphisms f: x — x are both inflations and deflations.
In particular, we have isomorphisms

x*f>*>

—

and
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f

0 — x — x

LT

0 —— x

and by the closure of € under isomorphism, we conclude.

Remark 2.24. 1t also follows that the zero map 0 — x is an inflation, and the zero map x - 0 isa
deflation.

Remark 2.25. The data of the inflations or the deflations both determine the class £. Indeed,
supposing we have

i p
X—=>y—>z

where i is an inflation and p is a cokernel of i, we may find a deflation p” : y — z” so that we have
an isomorphism

where the bottom row is in €, and so the original pair of maps was already in . Notably, a
morphism is a deflation if and only if it appears as the cokernel of an inflation. A dual argument
shows that a morphism is an inflation if and only if it appears as the kernel of a deflation.

Proposition 2.26. Let (C, €) be an exact category, and let x,y € C. Then
x——x® y 7 y
is an admissible kernel/cokernel pair.

Proof. We have a pushout square
0 —y

[l

x ——= x®y

and since 0 — yis an inflation, it follows that : is an inflation. Since r is the cokernel of 4, it is a
deflation and

X—— x®y —"—y
is an admissible kernel/cokernel pair, as desired. |

Corollary 2.27. Let (C, £) be an exact category. Then E contains all split exact sequences.

One can prove various additional results, but since we do not aim to give an actual introduction
here, we leave it for the references. A possible resource is [FS10].

2.4 Appendix: An aside on stable co-categories

Abelian categories form a convenient setting to formalize the properties of categories like Ab,
and with which to develop homological algebra. However, it has certain deficiencies. The most
natural way to formalize homological algebra is through the use of derived categories D(A)
of Abelian categories A. The way to understand these is as follows: in homological algebra,
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one studies properties of chain complexes that only depend on the cohomologies of the chain
complexes. In particular, we would like to think of maps between chain complexes which induce
isomorphisms on the level of cohomology as being “genuine” isomorphisms; we call such maps
quasi-isomorphisms. The derived category D(A) is obtained by taking the category of chain
complexes Ch(A) and formally inverting the quasi-isomorphisms; the process of doing this is
called localization.

Localizations of categories, which we will study later, are very hard to control. For example,
given a small category € and some class of morphisms § in €, the localization C[§~!] need not be
locally small. This is already a sign that localizations are badly behaved in general. The issue that
comes up in homological algebra is that while the localization of an additive category does turn
out to be additive, the localization of an Abelian category, such as Ch(A), need not be Abelian.
This is bad! After all, we would like to understand their behaviour in terms of things we already
know.

Historically, a proposed solution came in the development of triangulated categories, which we
will also study. Triangulated categories were the invention of Alexander Grothendieck together
with his PhD student Jean-Louis Verdier, and they capture the notion of “homotopy” Abelian
categories. They can be thought of as an analogue of Quillen exact categories, in that one specifies
as part of additional structure a collection of distinguished sequences of maps to be considered
the “homotopy short exact sequences.”

A more systematic proposal came later in the form of stable model categories. However, the
most recent and sophisticated upgrade to the concept is provided by stable co-categories. We give
a heuristic explanation of these now.

Definition 2.28. A pointed co-category is an co-category which admits a zero element, namely
an element which is both initial and terminal.

Remark 2.29. As an aside, any pointed co-category A which admits finite limits and finite colimits
also admits two functors X : A - Aand Q: A — A given on objects by the diagrams

X —— % Qx — *

oL
LT

* —— XX * —— X

and furthermore, it turns out that ¥ ~ Q. These functors themselves can be used, along with
some other things, to define stability. This is how it is handled in the context of stable model
categories.

Definition 2.30. Let A be a pointed co-category, and let f: x — ybe a morphism in A. The fiber
and cofiber of fare defined by the diagrams

fib(f) —— x X—f>y
RS,
X ———— Y x* —— cofib(f)

in A whenever they exist. The square above left is called a fiber sequence, and the square above
right is called a cofiber sequence.

With the above definition available, we can make a very simple definition.

Definition 2.31. Let A be a pointed co-category. We say A is stable if
(1) every morphism in A has a fiber and a cofiber, and

(2) every fiber sequence is a cofiber sequence, and vice versa.
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To any co-category X, one can associate a 1-category ho(X), called its homotopy category. The
functor X — ho(X) is left adjoint to the inclusion of 1-categories into co-categories. Stable co-
categories A have the property that their homotopy categories ho(A) have a canonical triangulated
structure, induced by the functor X : A — A and with distinguished triangles

X—>y—>z—>2x

in ho(A) defined by being those sequences of morphisms which fit into

where both squares are (co)fiber sequences in A. In this way, stable co-categories are a natural
enrichment of triangulated categories.

Triangulated categories have a deficiency in that their distinguished triangles do not yield
any universal properties, so there is no good way to characterize the “homotopy (co)kernels”
that arise from them. Stable co-categories fix this as the co-categorical framework allows a
genuine “homotopy-theoretic” universal property. Due to the framework being so well-behaved,
they come along with a number of other theoretical benefits, such as cofibers of exact functors
between stable co-categories being stable. Furthermore, there is a natural way to promote derived
categories into stable co-categories in a way which recovers the classical ones after applying

ho(-).
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3 Monadicity

Having built up the formalism of Abelian categories a bit, we would like to produce examples. In
order to do this, we will take a detour into the topic of monads, because they will allow us to
easily deduce properties of certain nice subcategories, namely those whose inclusions admit a
left adjoint, and this will be of interest to us when we want to construct new Abelian categories
from old ones. For this lecture, we follow [Riel7].

3.1 Monads

Definition 3.1. Let C be a category. A monad on C is a monoid in the category of endofunctors
on C. This means it is a triple (T, n, u) consisting of a functor T: € — C, a natural transformation
n: 1= Tcalled the unit, and a natural transformation y: T? — T called the multiplication, such
that the diagrams

T
T 2 1 g T3 —£ T2
\ﬂ#/ PTﬂ ﬂl‘
T T2 L o 7T

expressing unitality and associativity commute.

The way to think of monads is as the “shadow” an adjunction on the codomain of the right
adjoint (i.e. the domain of the left adjoint). In particular, we have the following

Proposition 3.2. Consider an adjunction

L
DKJ_\G, n:1=RL, e:LR=1
~_ 7
R

Let y = ReL and T = RL. Then (T,n, i) is a monad on C.

Proof. Expanding the diagrams we need to check, we get

RL RL
RL === RLRL <— RL RLRLRL 2EREK pIRL

N el [

RLRL =L RL

and one now sees that the diagram on the left commutes by the triangle identities, and the
diagram on the right commutes by applying the following lemma to the natural transformation
Re: RLR — R. |

Lemma 3.3. Consider a natural transformation t: F = F’ between functors C — D. This defines a
natural transformation (t) as below

(F)
/\
Fun(D’, ©) ﬂ(r) Fun(D’, D)
~_ v

(F)
where (F) : Fun(C, D) — Fun(D’, D) is the functor G — FG, similarly for (F’), and the natural
transformation () is defined on components by

(’Z')G :=1G.
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Proof. Given a natural transformation o : G = H, we have to verify that the diagram

FG =55 F'G

W |

FH =L, g

commutes. For this, we may reduce to checking on the components for some generic x € C,
which requires us to check that the diagram

FGx —* 5 F'Gx

F le lF "oy

FHx — F'Hx
commutes, but this follows by the naturality of 7: F = F’. |

Remark 3.4. The above lemma can be seen as a special case of pasting diagrams producing a
single, well-defined composite in a 2-category. Indeed, the two composites in the square of
natural transformations above are the two possible ways of composing the pasting diagram

G F
> b re” o
Y F

and it is a general theorem that such diagrams always yield a unique composite. In the case of
Proposition [3.2] applying this to the diagram

BANW AN

gives another way to obtain the result.

i)e

e L.

Example 3.5. Let C be a category admitting finite coproducts, and let xp € C. There is an
adjunction

F

/T e
~

U
where U is the forgetful functor, and Fis given by x — (xp = xo Il x). It is immediate that F - U.
The induced monad (—)+ : € — € sends x to xp I x; the unit n, : x — x4 is just the canonical map

x — xp I x, and the multiplication py : (x4)+ — xis the map xp I xp Il x — xp II x induced by the
identities id, 11, and idy,.

Example 3.6. There is a free-forgetful adjunction

F
RN
Mon T Set
\/
U

and the induced monad T: Set — Set is the free monoid monad, also known as the list monad. For
a set X, the unit ny: X — TXis x — (x). The multiplication is given by concatenation.
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Example 3.7. Similarly, for a ring R, there is a free-forgetful functor

F
RN
Modg T Set
\_/
U

which induces a monad R[—] : Set — Set, the free R-module monad. It sends a set X to the set
R[X] of formal sums of elements of X with coefficients in R. The unit nx: X — R[X] is given by
x — 1-x, and the multiplication is given by distributing sums.

Example 3.8. Consider the two adjunctions

p disc.
RN
CHaus T Top T Set.
S~_ 7 \E/r
U

Composing them, we get a monad f : Set — Set, which sends a set X to the Stone-Cech
compactification of the discrete space X, i.e. to the set of ultrafilters on X.

Example 3.9. The (covariant) power set functor P : Set — Set, sending a set X to its power
set PXand a map f: X — Yto the image map f, : PX — PY, A~ f(A), can be equipped with
the structure of a monad. The unit nx : X — PXis the map x — {x}, and the multiplication
ix: P2X — PX sends a collection of subsets A to the union UA.

Example 3.10. The contravariant power set functor P : Set — Set°P, sending amap f: X - Y
to the inverse image map f~!: PY — PX, is its own adjoint. Indeed,

Set(X, PY) = Set(X, 2¥) = Set(X x Y, 2) = Set(Y, 2X) = Set(Y, PX).
In particular, we get the double power set monad P? : Set — Set.

Example 3.11. Let (M, ,e) € Mon be a monoid. Then there is a monad (—) x M : Set — Set,
where the monad structure is given by nx: X - X x M, x — (x,e), and ux: X x M x M — X x M,
(x,m,m’) = (x,m-m’). In particular, one gets a monad (—) xIN, which corresponds to considering
“discrete time variables””

Example 3.12. Let Meas be the category of measurable spaces, with morphisms measurable
functions. There is a monad Prob : Meas — Meas, which sends a measurable space X to the
measurable space Prob(X) of probability measures on X, where the o-algebra is the smallest one
for which the evaluation maps ev4 : Prob(X) — [0, 1] are measurable. The unit X — Prob(X)
is given by x — Jy, where the latter is the Dirac measure at x. The multiplication is given by
integration: uy : Prob(Prob(X)) — Prob(X) is given by sending a measure v € Prob(Prob(X)) to
the measure
ux(v): A J evy dv.
Prob(X)

Example 3.13. Let k be a field. There is an affine monad, Affy : Set — Set, which is very similar
to the free R-module monad, with a small modification. It is given by

Affy (X) = iformal sums Z Axx such that Z Ay =17,

xeX xeX

The unit nx : X — Affy(X) is given by x — 1 x, while the multiplication distributes sums.
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3.2 Algebras over monads

We saw in Proposition [3.2] that an adjunction induces a monad. One may wonder about the
converse question: does every monad come from an adjunction?

Terminology 3.14. We say a monad (T, ) on a category C is induced from an adjunction if
there is an adjunction

D 1 G n:1=RL, ¢e:LR=1.
R

such that (T, n, p) = (RL,n, ReL). In this case, we say Tis induced from L + R.

It turns out that the answer is yes, and showing this can be done by introducing an indepen-
dently very interesting category of objects given by the algebras over a monad.

Definition 3.15. Let (T, n, u) be a monad on a category C. A T-algebra is a pair (x, a) of an object
x € C and a morphism a: Tx — x, such that the diagrams

xL)Tx szL Tx

Tx —2 5 x

commute. A morphism of T-algebras f: (x,a) — (y,b) is a morphism f: x — ysuch that the
diagram

Tf
Tx —— Ty

| b

x—)y

commutes. This organizes into a category €T called the Eilenberg—Moore category for T, or the
category of T-algebras.

Construction 3.16. Let (T, 7, 1) be a monad on €. We can construct two functors
Fl.esel, vl:efse

as follows. The functor U7 is the obvious forgetful functor which sends (x,a) to x. The free
functor FT sends x € € to the free T-algebra

FI(x) := (Tx, px : T?x = Tx)

and a morphism f: x — yin C to the morphism of T-algebras

T rf
F'f o= (Tx, p) — (T, py).
This is a morphism of T-algebras since the diagram

2
T?x Lf) T?y

u{ I

Tf
Tx —— Ty

commutes by the naturality of . Note that the functors FT and U7 trivially satisfy U o FT = T.
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Proposition 3.17. Let (T, n, 1) be a monad on C. Then we have an adjunction

inducing T involving the functors from Construction[3.16, In particular, every monad is induced from
an adjunction.

Proof. We have to produce unit and counit natural transformations
n:1 =>UTFT=T, e: FIuT = 1.

In the first case, we use the existing unit  : 1 = T. For the counit, we first note that given a
T-algebra (x,a) € €7, the morphism a: Tx — x defines a morphism of T-algebras

FTUT(x,a) = (Tx, i) = (x,a)

since the diagram

T2x — L4, Ty

W

Tx —*— x
commutes. Thus, we let ¢ be given on components by
E(xq) = a* FIUT(x,a) - (x,q).

Thus we have the data of a unit and counit; it remains to check that they satisfy the triangle
identities, which are

UTFIyT FIUTFT

UT - ® UT FT - ¥ FT
and so, applying these to some (x,a) € €T and x € €, we get

Tx (T%x, pirx)
M 7 Tnx Hx
x /:\l x  (Tx, Hx)/:\(Tx, Hx)

which trially commute by definition of T-algebras and monads, respectively. Thus we have
our adjunction. Now note that UTeFT = y, since UTSFTx = UTyy = piy, so we see that (T,n, p) =
(UTFT, 3, UTeFT) as desired. [ |

Remark 3.18. In particular, we see that monads can, in some sense, be thought of as structures
formalizing free-forgetful adjunctions. Indeed, since any adjunction induces a monad, and any
monad induces a free-forgetful adjunction, we see that we can in some sense identify monads
with those adjunctions which are of this form. Of course, a “free-forgetful adjunction” is not
really well-defined on its own, so perhaps it is better to see monads as the way in which one
makes them precise.
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Remark 3.19. There is another adjunction one can extract from a monad, formed with respect to
a category called the Kleisli category of the monad. However, since we will not need it, we will
neglect looking into it in these notes.

Example 3.20. Let k be a field, and consider the affine monad Affy. An affine space over k (in
the sense of linear algebra, not algebraic geometry) is an Affy-algebra.

Example 3.21. Let C be a category admitting finite coproducts, let xp € C, and let (=) : € = C
be the associated monad x — xp II x. An algebra for this monad is an object x € C together with
a structure map a: xp Ll x — x, so that some diagrams commute. The square says nothing, but
the triangle tells us that the component x — x of a is the identity, so the only new data is a map
xo — x. One sees by inspection that the category of algebras is given by xy/C itself, and the
adjunction inducing the monad is recovered by the category of algebras.

Example 3.22. Consider the free monoid monad T on Set. Then the category of algebras Set! is
equivalent to the category Mon of monoids.

Example 3.23. Let R be a ring, and consider the free R-module monad R[] : Set — Set. Then
R[—]-algebras are just left R-modules, i.e. SetRl~] ~ Modgop. An R[—]-module consists of a set A
and a morphism a: R[A] - A suchthataony =idy and a° py = a ° R[a]. The former condition
just means that a(1 - x) = x for all x € A. Now, define

+: AxA—> A, -t RxA— A,
(e,y)~a(l-x+1-y), (r,x) - a(r-x).

This turns A into a left R-module. In particular, the commutativity and associativity of + come
from the commutativity of addition of formal sums, as well as the commutative square in the
definition of an algebra. The R-multiplication will give a linear action on A for similar reasons.
To see that A has a zero element, let 0 € A be the image of the empty formal sum; one easily sees
that 0 + x = x for all x € A. The existence of additive inverses is not hard either.

An R[—]-algebra morphism (A, a) — (B,b) provides an R-linear homomorphism A — B, when
A and B are equipped with the left R-module structures described above. In particular, we get a
functor SetXl~] — Modgep, which is clearly faithful. One can check, by explicitly constructing an
R[—]-algebra from a left R-module, that it is also essentially surjective. In the process, one will
also see that the functor is full, hence an equivalence.

Exercise 9. Let R be a ring (commutative, for simplicity). Consider the adjunction given by the
tensor product R ®z —) : Ab — Modpy and the forgeful functor U: Modg — Set. Abusively, let
R ®z —) also denote the associated monad on Ab. Show that the category of (R ® —))-algebras
is equivalent to Modp.

The category of T-algebras is unique in that it is, in a suitable way, terminal amongst categories
with adjunctions that induce T. In order to see this, we will also briefly need to explain a concept
about adjunctions.

Proposition 3.24. Let (T, n, 1) be a monad on C. Then, for any adjunction F - U inducing T, we
have a unique induced functor

for which KF = FT and UK = U.



Proof. Let e: FU = 1 be the counit for the adjunction F - U. Since the adjunction induces T, we
have y = UeF. Furthermore, since the units of F + U and FruT agree, both beingn: 1 =T,
Lemmabelow tells us that if K exists, ¢ is the counit for FT + UT and ¢’ is the counit for F + U,
then K¢’ = ¢K.

We need to define K so that UTK = U, i.e. so that UTKx = Ux, x € D. In other words, we are
forced to design K by putting a T-algebra structure on Ux, i.e. a map TUx — Ux in such a way
that a map f: x — yshould lead to U fbeing a T-algebra morphism.

On the other hand, for any T-algebra (z,a) € €7, the morphism a : Tz — z is given by the
component of the counit ¢ at (z,a). Thus, we are forced to endow Kx with the algebra structure
given by the morphism

txx = Key = Uey.

Therefore, we set Kx := (Ux,Ue¢). One easily checks that given a morphism f: x — yion C, the
morphism U fis a morphism of T-algebras

Kx = (Ux,Uex) - (Uy,Uey) = Ky

so we have our desired functor. Since all choices were forced on us, the choice is unique. Finally,
it is clear that KF = FT since KFx = (UFx,Uepy) = (Tx, j1) = Fx. [ |

In the above, we use a property of certain diagrams involving adjunctions, indicating to
the below lemma, which explains a few equivalent conditions. In general, a diagram as below
satisfying the listed equivalent properties is called a morphism of adjunctions. As witnessed in
the proof above, they have convenient properties.

Lemma 3.25. Consider a diagram

e e

H)e e
D— D

such that KF = HF’ and HG = G’K. Then the following are equivalent.
(1) Hn = n’H, wheren andn’ are the units of the adjunctions.
(2) Ke = ¢’K, where ¢ and ¢’ are the counits of the adjunctions.

(3) The diagram

D(Fx,y) ———— C(x,Gy)

D’(KFx,Ky) C’(He, HGd)

D’(F'Hx,Ky) —— C’(Hx,G’Ky)

commutes.

Proof. We begin by showing that (1) is equivalent to (3). The two composites in the diagram in
(3) are
f H(Gfeony) and fr G'Kfenpy,.
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(1) = (3). For this, we just compute

G'Kf o njyy = HGF o iy @ HG o Hie = H(GF * )

as desired.
(3) = (1). Here, we set y = Fx and track what happens to idr,. On one hand, we have

HGide o Hnyx = iClHGFx o Hnx = Hnx
and on the other
G’Kidpy ° 05y, = G kFx © Mgy = My = (" H)x

so that @)
VxeC, Hn,=WH), = Hn=nH

as desired. Thus, (1) is equivalent to (3).
The equivalence between (2) and (3) is dual. In particular, following the same argument as
above but using the inverses of the adjunction isomorphisms yields the result. |

3.3 Monadic functors
Definition 3.26. Monadic functors are those which are determined by algebras over monads.

L
(1) Consider an adjunction D g C, and let T be the induced monad on €. The adjunction
R
L + R is monadic if the canonical functor € — €T is an equivalence.

(2) A functor F: € — D is monadic if it admits a left adjoint L for which the adjunction L + F
is monadic.

Here is a simple way to see that knowing a functor is monadic may be useful.

Proposition 3.27. LetU: D — C be monadic. Then U reflects isomorphisms.

Proof. Since Uis monadic, we may assume that U = UT and D = €T. An isomorphism f: (x,a) —
(y,b) in €T is merely an isomorphism f: x — yin €, since the commutative diagram for fprovides
one for f~! and vice versa. Since U f = f, we are done. ]

Definition 3.28. Let F: C — D be a functor, and D: I — C be a diagram. We say that F creates
the limit of D in € if

(1) whenever we have a cone over D in C for which the image in D is a limit cone for F « D,
the original cone is a limit cone;

(2) whenever a limit cone for F o D exists in D, it lifts to a cone in € for D (which must be a
limit cone by (1)).

Theorem 3.29. LetU: D — C be a monadic functor. Then U creates all limits that C admits.

Proof. Since U is monadic, there is a monad T on C for which we have a commutative diagram

and furthermore, it is clear that UT creates limits if and only if U does. In particular, we may
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assume that D = €T and U = UT.
Let D: I — T define some diagram of objects (Di,a;) for which UTD: I — € admits a limit
L € C, given by some limit cone

B: L=UTD, (fi:L— Dier

The strategy is simple: we will endow L with the structure of a T-algebra in such a way that the
B; define T-algebra maps to (Di, ). Since D is a diagram in €7, the T-algebra structure maps a;
define a natural transformation a: TU'D = UTD; given ¢: i — jin ],
TDi —*— Di
TUTDd lUTan
TDj —2 Dj
commutes. We can now apply T to the limit cone f and compose to get a cone

T
1L =L TyTp =% yTp

which by univeral property of the limit thus induces a unique map b: TL — L in € for which the
diagrams

commute. This b is our candidate map for making L into a T-algebra. To have (L,b) € €T, we
must check that the left-most faces in the diagrams

2 i
T2L ﬁ

T2Di

Tal-
HDi

L—" . p Y‘
n 1Di Thi .
\ \ ML TL TDi
T
L AN rp J
b Tp .
/ H % TL TDi a
L—?% ., p

X
bi

L Di

with the knowledge that the rest of the faces already do. By universal property, we can do this by
checking that it holds after composing with f; for all i € I, which is the content of the other faces
commuting. We conclude that (L,b: TL — L) is a T-algebra, and the commutativity defining b
from before means we get a cone

a: (L,b) = D.

We have therefore proven that U7 satisfies condition (2) in Definition It remains to check
condition (1).

Using the same notation as before, suppose we have a cone («: (L,d) = D) € Fun(/, e’ such
that UTa: L = UTDis a limit cone, and let y: (L’,b") = Dbe some other cone. Then U'y: L’ = D
factors uniquely through U as

UT)/ T
L’ > U'D

L
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and all we need to do is check that fdefines a T-algebra morphism (L’,b”) — (L, b), i.e. that the
left-most face of the diagram

TL U'D

TUT
! T
k /
b T e

b
UT
L ! u'D

x Ula

L

a

commutes. This follows by the same argument as before since U’a is a limit cone. |

Example 3.30. Let R be a ring (commutative, for sake of simplicity). We have seen that the
forgetful functor Modg — Set is monadic. In particular, we can deduce that Modp is complete,
which we already knew anyway; nonetheless, this gives an “automatic” way to prove the result.
Using the monadicity of the forgetful functor Modg — Ab, one can (using a variant of Theorem
show that Mody admits all colimits that Ab admits. Using some more monadicity results,
one can prove quite abstractly that Ab is cocomplete.

Example 3.31. From knowing that Set is complete, Theorem can prove that Set is also
cocomplete: one shows that the contravariant power set functor Set®® — Set is monadic, and
thus deduce that Set°P is complete.

Example 3.32. The forgetful functor CHaus — Set is monadic, so Proposition tells us that a
continuous bijective map between compact Hausdorff spaces is a homeomorphism.
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4 More about Abelian categories

This lecture is about some ways to obtain Abelian categories from ones we already know of. We
begin with an easy method, and follow it up with an application of the results of the last lecture.

4.1 Functor categories

In general, given an object xp with some property P, the collection of maps x — xj tends to inherit
the property P. For example, for a set X and a group G, the collection of maps of sets X — G
forms a group. If R is a ring, then the collection of maps of sets X — R forms a ring. The same
holds true for categories of functors.

Proposition 4.1. Let C and D be categories, and suppose D admits limits of I-shaped diagrams.
Then Fun(C, D) admits I-shaped limits.

Proof. Given a diagram D : I — Fun(C, D), we consider the evaluation functors
Vx e @, evy: Fun(C,D)—> D, F+ F(x)
and define the functor lim D by
%
(tim D)(x) := lim(ev, =D).
We note that this defines a functor since for any f: x — yin C, we obtain a natural transformation
evy = evy

given, for a natural transformation n : F = G, by

evi(F) =—— F(x) — F(y) evy(F)
evx(ty)l le J’h} leVy(’Y)
evi(G) =—— F(x) 2 G(y) ev,(G)

and so induces a natural transformation evy D — evy°D. One defines the map
(lim D)(f) : (lim D)(x) - (lim D)(y)
as the image of this natural transformation under the functor
lim: Fun(,D) » D
%
which exists since D admits -shaped limits. |
Exercise 10. Let C and D be categories.
(1) Show that (—)°P determines a functor Fun(C, D)°P — Fun(C°P, D°P),
(2) Prove that the functor in (1) is an isomorphism of categories.

(3) Deduce from Proposition [4.1| that if D admits I-shaped colimits, then Fun(C, D) admits
I-shaped colimits.

(4) Prove the result in (3) by hand following the proof of Proposition
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Theorem 4.2. Let A be an additive category, and let C be some arbitrary category. Then Fun(C, A)
is additive. Furthermore, if A is Abelian, then Fun(C, A) is Abelian.

Proof. We promote Fun(C, A) into a pre-additive category by defining n + o, for n,0: F = G, by

(’7 +0)x = Nx + Ox.

This defines a natural transformation, since if (f: x — y) € C then

(n+0)ye F(f) =nye F(f) + 0,2 F(f) = G(f) e nx + G(f) e 0x = G(f) o (1 + 0)x.

It is clear that this makes Fun(C, A) into a pre-additive category. It now follows that Fun(C, A) is
additive by applying Proposition

If we assume that A is Abelian, then Proposition [4.1| and its dual specialize to tell us that
Fun(C, A) admits kernels and cokernels, which for some 1 : F = G are given by

kern: x — kerny, cokern: x — cokernx.
We see in particular that the image and coimage are given by
imp: x —imn,, coimy: x +— coimuy

and therefore the map
coimn — impy

must be an isomorphism, since it is an isomorphism on its components by A being Abelian. W

4.2 Reflective & Giraud subcategories

Consider two categories C and D together with a fully faithful functor P: € — D. One might
wonder what properties of D are inherited by € and vice versa. For example, since Pis fully faithful,
it reflects isomorphisms, and so any objects in € which are isomorphic in D are isomorphic in
C too. On the other hand, P need not preserve epimorphisms nor monomorphisms, except for
split ones, and similarly, need not preserve limits nor colimits. So, we need more data in order to
deduce properties about € from properties of D.

Last lecture, we saw that monadic functors create limits. We will now apply this to a
particularly interesting example, namely that of reflective subcategories. We begin with some
general properties of adjoints, as well as of reflective subcategories.

Lemma 4.3. Consider an adjunction

with unit n and counit ¢.
(1) R is faithful if and only if every component of ¢ is an epimorphism.
(2) R is fully faithful if and only if ¢ is a natural isomorphism.

In the case of (2), L is essentially surjective and the natural transformation Ly : L = LRL is a natural
isomorphism.
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Proof. We have natural transformations
C(x,—) = D(Rx,R-) — C(LRx,-)

the composite of which corresponds to the unit map ¢ : LRx — x under the Yoneda lemma. In
particular, &, is an epimorphism (isomorphism) if and only if the composite C(x, —) - C(LRx, —) is
a monomorphism (isomorphism) if and only if the morphism C(x, —) - D(Rx, R—) is a monomor-
phism (isomorphism), i.e. R is faithful (fully faithful).

For the final claim, suppose that R is fully faithful. We then have x = L(R(x)) so that L is
essentially surjective; the triangle identity

LRL

7N

L L

sandwiches Ly between the natural isomorphisms id and ¢L, so that Ly is a natural isomorphism.
[ |

Exercise 11. Show that R is full if and only if every component of ¢ is a split monomorphism.
Furthermore, dualize the above results.

Lemma 4.4. LetR: C — D be a functor admitting a left adjoint L : D — C. Then R preserves
monomorphisms.

Proof. Suppose fis a monomorphism, and that we have g, g’ : z — Rx such that
g R
z X Rx AN Ry
g/
commutes. Applying L, we transpose this to

Lg LR
Lz — ¢ LRx Y LRy

| -
Ex Eyl
f

Lz ——¢x———y

and now, since fis monic, we have that

&xeLg =¢ecoLg’.
Thus g = g’, since the map
D(z,Rx) — C(Lz,x), h> exoLh

is a bijection. |

Definition 4.5. Let C — D be a fully faithful functor. We say it is reflective if it has a left adjoint,
called the reflection. A reflective subcategory of D is a full subcategory for which the inclusion is
reflective.

Remark 4.6. In other words, 1 : € = D is reflective if it has a left adjoint x for which the counit
¢: 1 = mis an isomorphism. One thinks of ; as an inclusion and of 7 as a projection onto €. The
counit being an isomorphism then says that including then projecting does nothing. When one
regards C as a genuine full subcategory of D, this is somewhat more literal: the counit is then an
isomorphism x — zxin D for all x € C.
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Proposition 4.7. Suppose: C = D is reflective, and let f: x — y be a morphism in C. Then fisa
monomorphism if and only if i(f) is a monomorphism.

Proof. By Lemmal4.4} : preserves monomorphisms since it is a right adjoint, so one direction is
done. Hence, suppose ( f) is a monomorphism, and that we have morphisms g, g’ : z = x such
that

g
z:§x*f>y
g/

commutes. Applying 1, we have

()

i(2) :§ (x) —— «(y)

and since i( f) is monic, we see that «(g) = 1(g’). Since : is fully faithful, the map
C(z, x) = D((z), «(x))
is injective, and therefore g = g’. |

Lemma 4.8. Leti: C = D be a reflective fully faithful functor with reflector x: D — C. An object
y € D is in the essential image of 1 if and only ifn,, : y — 1n(y) is an isomorphism.

Proof. By universal property of the unit, if x € C and we have a morphism f: y — i«(x), then we
have a diagram

y — 1n(y)

N
1(x).

Since 1 is fully faithful, there is some unique g: 7(y) — x such that «(g) = g’. Applying r to the
above diagram, we have

7(y) % mn(y) ——— ) 7(y)

" lﬂ(g ) Jg

(f) m(x) —— x
and from this it is clear that
n(f)iso. < n(g’)iso. < giso. < g’ iso. & fiso.

Now, if 1y, is an isomorphism, there is nothing to do. Conversely, if fis an isomorphism, then by
the above, g’ is also an isomorphism, so 7y, is an isomorphism. [ |

Proposition 4.9. The inclusioni: €’ < C of a reflective subcategory is monadic. That is, leting
L: C — C be the induced monad, there is a canonical equivalence of categories €’ = CL given by the
functor K :=FL o,

Proof. An L-algebra in C consists of an object x € C together with amap a: Lx — x. By definition,
a is a retract of the unit 5, : x — Lx, i.e. a ° 5, = idy. We first show that in this case, we also
have 7y o a = id;,. Note that p is a natural isomorphism since it is built from the counit of the
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adjunction (involving a fully faithful right adjoint) inducing L. Thus, Ly = 5L, since both are right
inverses to u by definition (the unitality condition for a monad). Now, by naturality,

L
Lx L> L2x

| |

x — . Ix

SO

Nxea=Lacnry = LaoLny = L(a°ny) =idLy

as desired. Therefore, if x € C admits an L-algebra structure, the unit component 5, necessarily
must be invertible. However, this is also a sufficient condition: the above naturality diagram
shows that if 7, is invertible, then 73! : Lx — x gives x the structure of an L-algebra.

Now, an object x is in the essential image of ¢’ — C if and only if 5 is an isomorphism. In
particular, K is essentially surjective. That K is fully faithful now follows just by the naturality of
1. |

Theorem 4.10. Let P: C < D be reflective with reflection Q: D — C, and suppose D: I — Cisa
diagram.

(1) If the colimit of P o D exists, then the colimit of D exists and is given by Qli_r)n(P o D).

(2) If the limit of P » D exists, then the limit of D exists and is given by Q@(P o D).
Proof. (1) Since Q is a left adjoint, it preserves colimits. In particular, we have isomorphisms
G(Qli_n}(P o D), x) = C?(li_n}(P o D), Px) = lln C(P - D, Px) = lin C(D, x)

which are functorial in x € C.

(2) By Proposition [4.9] the inclusion € < D is a monadic functor. Thus, by Theorem [3.29} it
creates all limits which D admits. In particular, if liin(P o D) exists, then l&n D exists, and so we
can use that Pis a right adjoint to see that

Qliil(PoD) = QPliiqD = @D

as desired. [ ]

Reflective subcategories are interesting to us because the above property, with a small
modification, allows us to deduce that certain subcategories of Abelian categories are Abelian,
with predictable limits and colimits. This is one of the standard “abstract” ways to show that
e.g. the category of sheaves of Abelian groups Sh(X, Ab) on a space X is an Abelian category, or
more generally, that Mod, is an Abelian category for a ringed space (X, Ox).

Definition 4.11. Let:: D < C be a reflective subcategory. We say it is Giraud if the left adjoint
preserves finite limits.

Theorem 4.12. Leti: B — A be a Giraud subcategory of an Abelian category A. Then B is
Abelian.

Proof. The pre-additive structure on A induces one on A. Since A is Abelian, we see that B is
additive and admits all kernels and cokernels.
Let 7: A — B be the reflector, and let f: x — ybe a morphism in B. We need to check that

coim f— im f.
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However, for this, note that we have canonical isomorphisms

coim f = coker(ker f < x)
ncoker(ker i f) < (x))
= mrcoim(f)

rimi(f)

rwker(i(y) - cokeri(f))
ker(mi(y) - mcokeru(f))
= ker(y - coker f) =im f

IR

I

N

as desired. |

4.3 Generators & resolutions in Abelian categories

Definition 4.13. Let C be a category. A family of generators for C is a set of objects U € Ob(C)
which can separate morphisms in the sense that they satisfy the following condition:

* Let f,g: x —» ybe morphisms in C. If for every morphism h : u — x, u € U, we have
feh=geohthen f=g

In other words, if f # gthen there is some morphism kg : u — xwithu € U such that fehy # geohy.
The following proposition is the motivation for the terminology.

Proposition 4.14. Let C be a locally small category which admits small coproducts, and let U be a
small set of objects in C. Then the following are equivalent.

(1) The set U is a generating family.

(2) For all x € C, the canonical morphism

HHu—>x

uel u—x
is an epimorphism.

(3) For all x € C, there is some family of sets {I,},c1 and an epimorphism

TIIT«~ =~

uel i€l

Proof. (1) = (2). Just observe that having a commutative diagram

[[1[e— =3y

uel u—x

is the same as saying that for allu € U and h € C(u, x) we have feh = goh.

(2) = (3). This is clear.

(3) = (1). Suppose we have f,g: x > ysuchthat fer =gorforallu e U,r: u — x. Lety,; be
the canonical inclusion of u into the coproduct, let i be the epimorphism, and set hy; := ho,;,
so we in particular have a diagram
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5 \ f

h
e Hie[u u » X 5

which commutes. We see that f e h = g o h, so that f = g since h is an epimorphism. |
Definition 4.15. We say that an object u € C is a generator for C if {u} is a family of generators.
Example 4.16. The one-point set {+} is a generator for the category Set of (small) sets.

Example 4.17. Let k be a field. Then k € Vecty is a generator. In particular, if Vis a vector
space over k, then a linear map k — V'is just a choice of a vector v € V, and we clearly have an

epimorphism
H k-v>V

so that the above proposition implies k is a generator. The same statement holds more generally
when k is replaced by a ring R and Vecty by Modg.

Now, generators in the context of an Abelian category let us create resolutions of objects. For
simplicity, we only handle the case with one generator, but of course this restriction is artificial.
These resolutions can be useful when the generator is nice.

Proposition 4.18. Consider a locally small Abelian category A admitting small coproducts, and
suppose u € A is a generator. Let x € A. Then there is an exact sequence of the form

--—>Hu—>Hu—»x—>0
jeh jel
inA.

Proof. The idea for this is simple, and essentially follows by induction. First, we use Proposition
to produce an epimorphism and form an exact sequence

O—>ker7to‘—>Huf?>x—>O.
JED

Now, we pick an epimorphism onto ker fy, and take its kernel to get an exact sequence

O—>kerf1<—>Hu£Hufgx—>O.

JEN JE€J

Continuing like this indefinitely, one obtains the result. [ |

4.4 Appendix: Grothendieck categories

Some Abelian categories are nicer than others, and the nicest of them are typically the module
categories Modg over a ring R. A general Abelian category can be used to phrase many results
of homological algebra, but it turns out that they are usually not enough in applications. For
example, in homological algebra one often needs to take a resolution of one’s objects in order to
calculate, but no such thing is guaranteed to exist in an arbitrary Abelian category. Grothendieck
isolated a few properties that can be used to solve this.

Definition 4.19. Let A be an Abelian category. We say A is a Grothendieck category if it has a
generator, and satisfies the following exactness condition:
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(Ab5) A admits all small colimits, and for any filtered category I the colimit functor
lim(-)
Fun(I, A) —=—— A

preserves finite limits, i.e. is exact.

Remark 4.20. Concretely, if we are given a filtered category I and an I-diagram of exact sequences
{0 x — 3>z > O

then the sequence
0 — limx; - limy — limz — 0
— — —
iel iel iel
is exact.

Remark 4.21. A category Iis filtered if any finite subcategory has a join. That is, if for any finite
category Jwith a functor J — [ there is an extension to a functor J* — I These are the analogues
of directed posets, and a poset is directed if and only if it is filtered as a category.

Proposition 4.22. Leti: B — A be a Giraud subcategory of a Grothendieck category. Then B is a
Grothendieck category.

Proof. We have seen in Theorem[4.12|that B is Abelian. It remains to check that it has a generator,
and that filtered colimits are exact, i.e. (Ab5). Denote by 7: A — B the left adjoint of 1, and let
u € A be a generator for A. Then 7(u) is a generator for B. In particular, by the dual of Lemma
the functor 7 preserves epimorphisms; therefore, for x € B, we can produce epimorphisms

Hu »>ix)in A~ Hﬂ(u) - m(x) — xin B.

iel iel

We now need to check (Ab5). Since colimits commute with colimits, the colimit functor is already
right exact, so we need only check that it preserves monomorphisms. So, let I be a filtered
category, and consider two diagrams D, D’ : [ — B with a monomorphism D — D’ (this means
that each morphism D(i) — D’(i) is a monomorphism). Since A is (Ab5), we know that

lim(:« D) < lim(:» D).

However, colimits in B are calculated by applying 7 to the above diagram, and since B is a Giraud
subcategory, 7 preserves finite limits, hence kernels. Therefore, the induced map

limD = zlim(: o D) — xlim(: > D’) = lim D’
«— — — «—

is a monomorphism. |

The following is the reason to care about Grothendieck categories. We will not prove it for
now.

Theorem 4.23. Let A be a Grothendieck category. Then
(1) A is locally small,
(2) A admits all small limits, and

(3) A has enough injectives.
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4.5 Appendix: Abelian categories with a compact projective generator

Let A be an Abelian category. Recall that an object p € A is projective it A(p,—): A — Ab is an
exact functor. We will prove a theorem which allows us to recognize module categories in terms
of the existence of a compact projective generator. We defined what a generator is in Definition
so we will now say what a compact object is in the context of an additive category.

Construction 4.24. Let C be an additive category, let x € C, and let {x;};c; be some collection of
objects indexed by a small set . Whenever the coproduct exists, consider the maps

ti:xi—>||xi.

iel

H C(x, x;) = C(x, H )

iel iel

We construct a map

by letting it be given on components by the maps

C(x, %) — C(x, Hxi), friuiof

i€l
given by composition with the canonical inclusion ;.

Definition 4.25. Let C be an additive category. We say that an object x € C is compact if for any
small set I and objects {x;};c;, the map

H C(x, x;) = C(x, H )

i€l i€l
from Construction is an isomorphism.

Remark 4.26. Another formulation of this is that for any small set I and objects {x;};c;, any map
from x to the coproduct will factor uniquely through a finite subset. That is, there is some finite
J C Isuch that

xX > e %
ST /
@je]xj

commutes. That is, any map to a coproduct is defined by a “finite amount of data””

Remark 4.27. This notion of compactness is unique to additive categories, and is not really the
“right” notion outside this context. In an arbitrary category C, one is instead interested in the
analogous notion but with coproducts replaced by filtered colimits.

Theorem 4.28. Let A be a locally small Abelian category which admits small coproducts, and let
p € A. Consider the functor
A(p,—) : A = Modgq(p)

from A to the category of right modules over End(p) := A(p, p).
(1) If p is a generator, then A(p, —) is faithful.
(2) If p is a compact projective generator, then A(p, —) is an equivalence.

Proof. We must investigate, for all x, y € A, the homomorphism

ACx, y) = Modgy(p) (A(p, %), A(p, y))-
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(1) To see that it is injective, consider a morphism f: x — ysuch that f, : A(p,x) > A(p,y)
is the zero morphism. We want to use the Yoneda lemma to deduce that f = 0, so pick z € A and,
using the fact that p is a generator, pick an epimorphism 7: [],c; p - z. Then

i

A(z,x) ——— A(z.y)

L
ATigrp: ) —— Aier 22 )
lz () L
[Lici Alp. x) — [Lier Alp, y)

commutes, and the bottom horizontal arrow is the zero map by assumption. We conclude that
the natural transformation f; : A(—, x) — A(—, y) is zero, so that f = 0 by the Yoneda lemma.
(2)(i) To have fullness, suppose we have an End(p)-linear homomorphism

@ Alp,x) = A(p,y).

Using the fact that p is a generator, we can build an exact sequence for x in terms of p,

Oekern‘iﬂp—ﬂ»xﬁo.
iel

Maps x — y can be described in terms of this, through universal property:

0 kerr —~ Hielp*”ﬁxﬁo.
xlk
y

We build the solid vertical arrow. Let f; : p — x be the ith component of #. That is, if 4 : p —
[1c; p is the canonical inclusion, we set f; := 7 4. Using ¢, we get maps g :=@(fi): p =y
which define a map g: [],c;p — y» We need to see that g - k is zero as in the above diagram. For
this, since p is a generator, it suffices to check that for alla: p — ker sz, we have gekeoa = 0.
Using the compactness of p, we factorize:

1 T A

0 — kerm — 5 e p

£

y

and setting hgj : = mj ° hy, we see that it suffices to check that forall j€ J, C I g oo hyj=0. To
check this, we use End(p)-linearity to see that

g°[j°ha,j:gj°ha,j:(P(ﬁ°ha,j):0

as desired. We conclude that A(p, —) is fully faithful, since the above induces a map f: x - y
and one easily checks that it recovers ¢ using the projectivity and compactness of p.
(2)(ii) We show that A(p, -) is essentially surjective. Let M € Modg,q(,), and choose a free
resolution
= HEnd(p) — HEnd(p) »> M — 0.
Jeh j€l
Since p is compact, we have natural isomorphisms
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. —— Tle;, End(p) —— Tl,e;, End(p) M 0
r Lo

making the above diagram commute, and by the fully faithfulness of A(p, —) we obtain an exact

sequence
= [Ie-1]r-11r

JE] J€R €l

Taking the cokernel of the right-most map, we have an exact sequence

~~—>Hp—>Hp—»x—>O

S JE€J

and now, since A(p, —) is exact since p is projective, the uniqueness of cokernels means A(p, x) =
M. We conclude that A(p, —) is both fully faithful and essentially surjective, hence an equivalence.
|

Exercise 12. In the proof of Theorem [4.28| we made two unjustified statements. They are the
following:

(1) In the proof that A(p,—) is full, the constructed function finduces a morphism f; :
A(p, x) = A(p, y), and this agrees with the original map ¢.

(2) Inthe proofthat A(p, —) is essentially surjective, we use that any faithful functor F: A - B
between Abelian categories reflects exact sequences.

Prove these statements.

Remark 4.29. There is a version of Theorem for stable co-categories which is originally due
to Schwede & Shipley in [SS03] in the setting of stable model categories, later generalized to the
aforementioned setting by Lurie in [Lur17, Thm. 7.1.2.1].

Remark 4.30. There is almost a version of Theorem [4.28|for triangulated categories. Hoshino,
Kato, & Miyachi in [HKMO02] prove that a triangulated category 7 with a compact generator
s € T satisfying i > 0, J(s, s[i]) = 0, admits a ¢-structure whose heart is equivalent to Modgpq(s)-
In general, however, this kind of thing is typically the best you can do with just triangulated
categories. We will explain all this terminology in future lectures.
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5 Localizations of categories

Localization is the procedure by which one formally inverts morphisms in a category. It’s a
“categorification” of the analogous process for rings, and various deeply interesting categories in
homological algebra and homotopy theory are formed in this way. We mainly follow [Kra22]
and [KSO06].

5.1 Weak & strict localizations

Definition 5.1. Let C be a category, and let W C Mor € be a set of morphisms in C. A weak
localization of C with respect to Wis a category Cy together with a functor Q: € — Cyy satisfying
the following properties:

(1) For any f € 8, the morphism Q(f) in Cyy is invertible.

(2) For any category &, composition with Q induces an equivalence
(+Q) : Fun(Cyy, &) — Funy(€, £)

where Funy(C, £) denotes the full subcategory of Fun(C, £) spanned by those functors
sending morphisms in 8 to invertible morphisms in €.

We say that the pair (Cy, Q) is a strict localization if the equivalence in (2) is an isomorphism. A
weak localization is unique up to canonical equivalence, while a strict localization is unique up
to canonical isomorphism.

Remark 5.2. The universal property of the localization means that given any functor F: € — &
sending morphisms in W to isomorphisms in &, there is an essentially unique factorization

C

through Q: € — Cy up to natural isomorphism. In the strict case, the difference comes down
to demanding that F” is genuinely unique and that the diagram commutes on the nose, i.e. that
F’ o Q = F. Clearly, any strict localization is also a weak localization.

Lemma 5.3. Let C be a category, and let W be some collection of morphisms in C. Then a pair
(Cw,Q: € — Cy) is a strict localization of C with respect to W if and only if it satisfies the following
a priori weaker property described above: for all categories £ with a functor F: C — & inverting
morphisms in W, there is a unique functor F’ : Cy — € such that F = F’ « Q.

Proof. Condition (2) of being a strict localization, the isomorphism (-Q) : Fun(Cy,&) —
Funy/(C, &), clearly implies the “weaker” condition, since it is just a specialization to the ob-
jects of the aforementioned categories. For the converse, we are given that (-Q) is bijective on
objects, and need to show that it is fully faithful. For this, suppose we have F,G € Funy/(C, £) and
a natural transformation o : F = G. This corresponds uniquely to a functor ¢’ : € — Fun(2, £)
under the isomorphisms of categories

Fun(2, Fun(C, €)) = Fun(2 x G, &) = Fun(C, Fun(2, &)).

Explicitly, ¢’ is given by the assignment C 3 x — (Fx 3 Gx) on objects, and on morphisms
f: x > yis sent to the square
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Fx —Z 5 Gx

k)| =%
Fy AN Gy

and in particular, it is clear that for all f € W, the morphism ¢’(f) in Fun(2, ) is invertible.
Therefore, we obtain a unique functor 7’ : Cy — Fun(Z2, ) such that ¢’ = 7" - Q. Now 7’
corresponds uniquely to a natural transformation 7: FQ = GQ in Fun(Cy, €) for which 7 = Qo.

|

Remark 5.4. The above argument actually has almost nothing to do with the specific situation at
hand. Instead, it is really a statement about particular 2-categories.

Exercise 13. Let C be a category, and W C Mor(C). Let (Cy, Q) be a strict localization of € with
respect to W. Show that Q is bijective on objects. Hint: consider the category €’ whose objects
are those of C, and where all objects are isomorphic by a unique isomorphism.

Exercise 14. Prove the rest of Remark[5.2

Notation 5.5. The localization of a category € with respect to Wis variously denoted Cy, C[W 1],
and W™1C.

Since strict localizations are automatically also weak localizations, it suffices to construct
strict ones in all situations of interest in order to know that all weak localizations also exist. It
turns out that this is possible, through a construction originally due to Gabriel & Zisman. The
idea is that we want morphisms in C[W~!] to represent fractions

fisit fasyt o fasi
where the f; are just “arbitrary” morphisms and s; € W. If there was some commutation relation-
ship, this could be collapsed down to just fs~!, which we’ll look at later, but in general there
is no way around having arbitrarily long chains. This same issue is present when localizing
noncommutative rings.

Construction 5.6. Let C be a category, and let W C Mor(C). We construct a category C[W™!]
and functor Q: € — C[W™!] as suggested in [Kra22]. Consider the quiver C with vertices Ob(C),
and edges given by the disjoint union of Mor(C) where W~ :={s7!': y > x |[W 3 s: x — y}
consists of edges labeled s™! for all s € W, and which are reversed in direction compared to their
corresponding element of W. Let P be the path category of C, and denote the composition (i.e.
concatenation) in P by op. We let C[W 1] be the quotient of P given by the equivalence relation
on the morphisms generated by the following relations:

(1) gop f=go fforall f: x>y, g:y—>zinC.

(2) Let id,ﬂc> denote the identity of x in P. Then we demand id?: = id,.

(3) Forall W 5s: x > y, we have s op s = idy, sop 57! = id,,.
The functor Q: € — C[W 1] is the identity on objects, and on morphisms is the composition
Mor(€) = Mor(€) I W~ — Mor(P) - Mor(C[W™1]).

Explicitly, this means the following: the objects of G[W™!] are just the objects of €, while a
morphism from x to yis an equivalence class of a zigzagging sequence of morphisms, e.g.

ew ew
x—)o(—-—)"‘(—-—)y,

Two such sequences are equivalent if they can be related
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(1’) by composing adjacent arrows going the same direction,
(2’) by removing identities,
(3’) by removing instances of « e cand . <~ « - . whenever s € W, or

(4’) through the existence of a commutative diagram

ew ew

-
\J .l aw J>y

One regards the “empty zigzag” as the identity morphism. The functor Q just sends a morphism
f: x > yto the “trivial zigzag” f: x - y.

X

Note that this category can fail to be locally small: one can imagine non-equivalent morphisms
from xto yin C[W~!] having any object of € as an intermediate at some point, so that C[W~1](x, y)
may have as many morphisms as € does objects.

Theorem 5.7. Let C be a category, and W C Mor(C). Then the pair (C[W~1],Q) from Construction
is a strict localization of C with respect to W.

Proof. Observe that for all s € W, the morphism Q(s) is invertible. Indeed, we have

o Jofl e gm0l o s oo
with the other composition being the same. Let € be a category, and suppose we have a functor
F: C — & which inverts elements of W. We need to produce a unique functor F’ : C[W~1] - €
for which F = F’Q. For each object x € Ob(C[W~1]) = Ob(€), we are thus forced to set F’x := Fx
since Q is the identity on objects. For morphisms, observe that every zigzag can be broken up as

-—)o(—o--«.(—o—)o:(o—)-)0(0(—0)°~~-0(-<—0)0(0—>0)_

In particular, the value of F” at such a zigzag is determined by what it does to morphisms
« > «and « « «. The former are exactly the morphisms in the image of Q, hence we have
F’(+ > ¢) = F(+ — +). For a morphism (s: x — y) € W, as remarked, we have that

Q)™ = (y < x)

and every zigzag of the form « « . arises in this way. In particular, forcibly we must have
F'(Q(s)™") = (F’Q(s))"!. This completely determines the functor F” in a unique way; in particular,
the value is given by

LN S B s SR G LG A C VRS R AR i

By Lemma 5.3 we are done, recognizing that the above is a well-defined functor since the value
is invariant under the operations (1°)-(3’) described in Construction 5.6} [ |

5.2 Calculus of fractions

The construction of an arbitrary localization G[W™!] can be quite hard to control the properties
of. As noted, even when C is locally small, the result may not end up being so. It is therefore
desirable to find conditions on W where the localization is more well-behaved. There are several
ways of doing this; we will consider the calculus of fractions approach, similar to the work of Ore
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on the localization of noncommutative rings: one can get control over localizations by imposing
a “weak” commutation rule, collapsing an arbitrary zigzag

@ —> 0 & s & 0 —> 0

into one of the form
e —> e & o or e o —> 0,

Definition 5.8. Let C be a category, and let W be a collection of morphisms closed under
composition and containing all identity morphisms. We say that C is a right multiplicative system
(or has a left calculus of fractions) if it satisfies the following two conditions:

(M1) For any diagram of solid arrows

f
X—=Y
!
SEW [ tew
<
g
x-S >y

with s € W, there are dashed arrows as displayed.

(M2) For any solid diagram

where s € W, there is a dashed arrow ¢t € W as displayed.

We say that Wis a left multiplicative system (or has a right calculus of fractions) if WP is a right
multiplicative system in C°P.

Remark 5.9. The terminology is very scattered, and most sources tend to pick arbitrarily what
things they call left and right.

Remark 5.10. The way to interpret (M1) is that it allows us to commute a fraction fs~! into t !g.

To any collection of arrows Win a category C, we can associate some categories and functors.

Definition 5.11. Let C be a category, and let Wbe a collection of morphisms in C. We define the
category

Wy i={s: x" > x|se W},

xl f x//
Wil(s: x" = x),(t: x” = x)) := 1 f € C(x",x") \ / commutes ¢,
s t
x

Tre: Wi =€ (s: x> x) > x.

Note that this is a full subcategory of the slice C/x.
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Dually, we define the full subcategory W*/ of x/€ by

w* i={s: x> x' | s € W},
x
WY ((s: x = x'),(t: x > x”)) :=1 f € C(x",x”) % x commutes {,
x/ f x//

WX SR (stx— X)X

Proposition 5.12. Let C be a category, let W be a collection of morphisms in C, and let x € C.
(1) Suppose W is a right multiplicative system. Then W*/ is filtered.

(2) Suppose W is a left multiplicative system. Then W), is cofiltered.

Proof. Statement (2) is formally dual to (1), so we prove only (1). Since W contains the identities,
w*/ is non-empty. To show that W*/ is filtered, it suffices to prove the following:

(a) Any two objects in wx/ map to a common object: lets: x - x” and t: x — x” be objects
of W¥/ By (M1), we obtain a diagram

where t’ € W, sot’ = s € Wby closure under composition, hence we may consider it as
an element of W¥/. By commutativity of the diagram, we have morphisms s — ¢’ » s and
t—>t'os.

(b) Any two parallel arrows in W*/ are equalized by some morphism: If we have parallel
arrows f,g: s — t, we apply (M2) to obtain

X
/N
S
’ f nw Vo
P af—
g

> X

where now t’ ot € W. We obtain a morphism ¢’ : t — ¢’ o t which equalizes f, g.

We conclude that W*/ is filtered. [ |

This category being filtered means we can drastically simplify the morphisms in the local-
ization not only in their form but also in terms of their equivalence relation. To prove this, we
will basically do another construction of the localization exploiting this property, and deduce
by universal property that the aforementioned statement is true. Preliminarily, we make this
definition:

Definition 5.13. Let C be a category, and W be a right multiplicative system. We set
Chy(x, y) := lim €(x, ) = lim  C(x,y").
(y—y)ewr/
That is, the colimit of the (filtered) diagram

/ —_
wy/ 2 @ S0, et
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Dually, if Wis a left multiplicative system, we set

Clyxy) = limClny) = lm ().

(X'—)X)EW/X
That is, the colimit of the (filtered) diagram
T op €Y
(W) — CP —— Set

where we note that this is filtered since W/, is cofiltered.

Remark 5.14. Note that we have a canonical map

Clx,y) = Cylx, y)

and
Clx,y) = Ch(x, )

since idy € W*/ and Wy

Remark 5.15. An element of Cj(x,y) consists of a choice of a morphism s : y — »" and a
morphism f: x — y’, i.e. a zig-zag
x—=y <y

Since WY/ is filtered, we have an explicit description of the equivalence relation. Two such
zig-zags are equivalent if and only if we have a commutative diagram

The idea is to show that this defines a category.

Theorem 5.16. Let C be a category, and W be a right multiplicative system. Then we have a
category Cy,, whose objects are the same as C, and Hom-sets are given by Cy,(—,—). Furthermore,
the functor Q: € — Cy, induced by the canonical maps C(—,—) — Cy,(—, —) exhibits C},, as a strict
localization of C by W.

To prove this, we need a lemma which is how we actually produce the composition law.

Lemma 5.17. Let C be a category, and let W be a right multiplicative system. Suppose we have a
morphism s: x — x’ in W. Then composition with s induces an isomorphism

s* 1 Cplx’, y) = Ciy(x, ).

Proof. The map sends x’ — y’ < yto x — x’ = y’ < y, and that this is well-defined (i.e. respects
the equivalence relation) is clear. We need to check that we get a bijection.

(a) s™ is surjective: given a morphism x — y’ < y, we apply (M1) to get
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and this provides the desired preimage.

(b) s* is injective: Suppose we have

If /t 7 ' Ilt/
X' >y ey >y ey

and that these are sent to the same thing by s*. This means that we have a diagram

Y

z

v’

and so, applying (M2) we get a morphism r: z — z” in W such that

T
~

g

commutes, so that the two morphisms we started with are the same.

\[/

Proof of Theorem|[5.16 We split this into two parts.
(a) Gy, is a category: the composition
Ciy(y, 2) x Cx, y) — CAx, 2)
is given by

Cy(y, 2) x h_r)n Clx,y") = h_r)n ((‘3{,\,(y, z) x C(x, y'))
(y—y")ew?/ =y

since WY/ is filtered,
= h_n)q (G Ay’ 2) x C(x,y"))

y=y
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by the lemma,

= lim lim (€0, 2') % €(x, 7))

yoy 27
: : N ~ (r
— h_r)n h_r)n Clx,z") = CyAx, 2).

yoy 27
It is clear that this composition law has identity morphisms, given simply by

id id
X—> X< X.

One needs to check that it’s associative, but for this, the proof of Lemma and the above
tell us that composing three morphisms can be written in terms of a diagram

v
SN
u u

NN
y/ Zl W/
SN N TN
x y z w
so we conclude that Cj,, is a category.

(b) €y is a strict localization of C by W: consider the functor Q: € — Cj,, given by x — xand

id
(x I> y) > (x —f> y bad y). One easily sees that if s € W, then Q(s) is invertible. Furthermore,
if F: € — D is a functor inverting morphisms in W, then one can without much effort
verify that the rule

o Fx, (x5 y &) e Fe) e F(P)
yields a unique well-defined functor F’ : €}, — D such that F" «Q = F.
This concludes the proof. |
Exercise 15. Verify the details in part (b) of the proof of Theorem 5.16]

Corollary 5.18. Let C be a category, and W be a right multiplicative system. Then there is a
canonical isomorphism of categories C[W '] = €. In particular, for all x,y € €, the induced map

CwW(x,y) — €} (x, y)
is bijective.

Corollary 5.19. Let C be a category, and let W be a collection of morphisms. Consider the functor
Q: C— Cw1].

(1) IfWis a right multiplicative system, then Q preserves finite colimits.

(2) IfWis a left multiplicative system, then Q preserves finite limits.

Proof. Statement (2) is formally dual to (1), and (1) is a consequence of filtered colimits commuting
with finite limits in Set. n
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5.3 Interaction with adjoints

Construction 5.20. Let C and C’ be categories, and consider collections of morphisms W C
L

Mor(€) and W’ C Mor(€’). Consider an adjunction C 3 ©’ and assume that L(W) C W’ and

R
R(W”) C W. By universal property, we obtain a pair of functors

L
e 1L *e

Ce(w1] e’[w’1].
(\‘___,,

R/
Proposition 5.21. Consider the situation in Construction[5.20L Then L’ + R’.

Proof. Letn: 1 = RL and ¢: LR = 1 be the unit and counit, respectively. We obtain natural

transformations
”:1=RL, ¢ LR =1

which are given on components simply by n and ¢, i.e. & = (x % Rix = R’L’x). To see that
this defines natural transformations, note that since L and R send weak equivalences to weak
equivalences, we have a commutative diagram

xL RLx

. " RIL.

£} ew

y L RLy
in €. This shows that
(x5 RLx — RLe < - — RLy) = (x — » < - — y-3 RLy)

so that the induced square commutes in G[W~1]. The same reasoning applies to ¢’. That the unit
and counit n” and ¢’ satisfy the triange identities now follows trivially from the fact that the same
holds of n and &. |

5.4 Localizations of additive categories are additive

Lemma 5.22. Let C and C be categories, along with collections of morphisms W C Mod(C) and
W’ C Mor(C’). Then there is a canonical isomorphism of categories

CxeCHWxw) 1] =zew ] xe w1
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Proof. Observe that we may compute

Fun(C[W1] x €’[W’71], &) = Fun(C[W~1], Fun(C’[W’~1], &))
= Funy(C, Fun(C’[W’~1], &))
= Funy/(C, Funy (¢, £))
= Funyy .y (€ x €/, &) = Fun((C x C)[(W x W’)71], &)

where we use the definition of a (strict) localization, and that Funy(C, Funy/(C’,&)) =
Funy (€ x €, €) can be checked easily. |

Corollary 5.23. Let I be a finite set, and let C be a category admitting I-indexed coproducts.
Suppose that W C Mor(C) is a collection of morphisms containing the coproducts L;crs; of all
I-indexed families of morphisms s; € W. Then C[W 1] admits I-indexed coproducts, and

€ - Cw]
preserves them.

Proof. The functor sending an I-indexed tuple (x;)icr € [ [;c; C to its coproduct [;c;x is the left
adjoint of the constant functor

HiEI_
KI\
¢ — [Lie:©

and so, applying Proposition and Lemma we get
HIEI

¢ —> HleIG

%

ew1] = —> Hla@[W‘l]

which exhibits the existence of Findexed coproducts in C[W™!]. It is clear from the commutativity
of the diagram that € — C[W 1] preserves Findexed coproducts. [ |

Exercise 16. Use the same kind of argument to show that if C admits finite products, then so
does C[W™1] and the localization functor preserves them.

Remark 5.24. When the categories and collections of morphisms are more well-behaved, this can
be extended to larger indexing sets I. For example, when the pair (C, W) comes from a model
category, or more generally a (co)fibration category, arbitrary products of the localizations are
the localizations of the products. See [Rad09, Thm. 7.1.1].

Lemma 5.25. Let C be an additive category, let D be a category admitting finite products and
coproducts, and suppose there is an essentially surjective functor Q: C — D which preserves finite
products and coproducts. Then D is additive, and Q is an additive functor.

Proof. We check the conditions in Remark[1.11] Conditions (1) and (2) are already fulfilled.
First, note that finite products and coproducts agree in D: indeed, for x,y € D, we find
X0, Yo € € such that x = Q(xp), ¥y = O(y). Then

x Iy = Q(xo) HO(w) = Q(xo T y0) = Qx0 x y0) = Qx0) x Q) = x x y
as desired. This shows that (3) is satisfied.
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To prove that (4) holds, let x € D and write x = Q(xp). Since C is additive, we have a morphism

a: xo — xp such that
Axo (a,idxo) Vy
X0 —> X0 Dxp —> x0 D xp — X0

is the zero map. Since Q preserves both products and coproducts, we see that

(Qa.idox,)

AQXO VQXO
Qxo — Oxp & Oxp Qxo & Qxg — Oxo

is zero, so that x = Qxg gf QOxo = x provides (4). [ |

Theorem 5.26. Let C be an additive category, and let W C Mor(C) be a collection of morphisms
containing the identities and closed under direct sums of maps. Then C[W '] is an additive category,
andQ: C — C[W™1] an additive functor.

Proof. Note that Q is an essentially surjective (in fact, bijective-on-objects) functor, and that by
Corollary [5.23|and Exercise 16] the localization admits finite products and finite coproducts which
commute with Q. Hence, by Lemma 5.25, C[W 1] is additive and Q is an additive functor. |

Example 5.27. Recall that we defined chain complexes in an Abelian category A, and that given
a chain complex x* one may form the cohomologies H'(x*) € A. A morphism f: x* — y" of chain
complexes consists of a system of morphisms (f: x' — y') such that

xl+1

xi
ol
xi

xH—l

commutes. In particular, this defines a category Ch(A), and one can check that it is Abelian.
It is also not so hard to check that taking cohomology extends to a collection of functors H' :
Ch(A) — A. One says that a morphism f: x* — y" of chain complexes is a quasi-isomorphism if
H!(f) is an isomorphism for all i € Z.

Let Qis; € Mor(Ch(A)) denote the quasi-isomorphisms. The derived category of A is the
localization

D(A) := Ch(A)[Qis4'].

By the above theorem, this is an additive category. It is very important to note, however, that
it is absolutely not an Abelian category; the structure it carries is instead that of a triangulated
category. Tautologically, the functors H' : Ch(A) — A descend to functors H' : D(A) — A by
universal property.
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6 Homotopical algebra through deformations

In Lecture |5, we covered the basic theory of how to localize categories at certain morphisms;
in other words, we take a category C and a collection of morphisms W € Mor(C) and ask for a
universal choice of category C[W~!] wherein the morphisms in W become invertible. The most
basic functoriality properties of this construction demand that these morphisms are appropriately
preserved: if we have pairs (G, W) and (€’,W’), and a functor F: € — €’ such that F(W) Cc W’,
then we have an induced functor making the diagram

commute. This follows by the universal property, since if F(W) € W’ then Q' F(W) consists of
invertible morphisms.

In practice, it is very rare to have a functor that behaves like this. In most situations, the
functor Fwill fail to preserve weak equivalences, and so there is no immediate way to produce
a functor between the localizations. Of course, one still wants to do this, for example to get
functors between derived categories: if F: A — A’ is a functor between Abelian categories, it
induces a functor F: Ch(A) — Ch(A’), and one would like to obtain from this some kind of
functor D(A) — D(A’). Instinctually, one would look to the universal property for this kind of
thing, but that doesn’t work, so another approach is required. That is the topic of this lecture.

There are various approaches to derived functors, and they may be covered on many different
levels depending on one’s preferences. Here, we follow one which is particularly beautiful,
and also somewhat rare, provided in [Rie14]. It leads to a very clear presentation of the ideas
behind the construction of derived functors, removing many technical aspects, thought with the
downside that it is not entirely practical.

6.1 Homotopical structures & derived functors

Definition 6.1. Let C be a category. A wide subcategory of C is a subcategory containing all
objects of C.

Definition 6.2. A relative category is a pair (C, W) consisting of a category C and a wide subcat-
egory W C C.

(1) We say (C, W) is a pseudo-homotopical category if W contains all isomorphisms and satisfies

the 2-out-of-3 property: for any two morphisms x = y L z, if any two of f, g, or g~ fare in
W then so is the third.

(2) We say (C,W) is a homotopical category if W satisfies the 2-out-of-6 property: for any three

composable morphisms
.
h he

x\gf

gf

og
3

z
if hg € Wand gf € W, all other arrows in the 3-simplex above are in W.

The morphisms in W are called weak equivalences.
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Remark 6.3. The notion of a relative category is almost exactly what was implicitly studied in
Lecture |5} Indeed, the wide subcategory W can be specified by giving a collection of morphisms
containing all identities and which is closed under composition.

Remark 6.4. Any homotopical category is a pseudo-homotopical category; the 2-out-of-3 property
follows by replacing appropriate arrows by identities. Furthermore, if (C, W) is a homotopical
category, applying the 2-out-of-6 property yields that W contains all isomorphisms: if f: x — y,
then one can consider the 3-simplex formed by

f o

X>y—> x>y

and note that the partial compositions are the identities, which are in W.
Any category C can be promoted to a homotopical category in a trivial way by letting W be
the largest groupoid contained in C, i.e. the subcategory given by all the isomorphisms.

Notation 6.5. Let (C, W) be a relative category. The localization W~1€ is sometimes denoted by
ho(C, W) (or ho(C) if Wis left implicit), and is called the homotopy category of (C, W).
We will typically leave the wide subcategory W implicit in the notation.

A functor € — D between (pseudo-)homotopical categories is called homotopical if if sends
weak equivalences to weak equivalences. Trivially, a homotopical functor induces a functor
ho(€) — ho(D). When the functor fails to be homotopical, however, it is not clear what to do in
order to obtain a functor on the level of homotopy categories. Derived functors are an attempt to
formalize the notion of a best approximation of the functor on this level.

There are many technically different definitions of derived functors at our level of generality,
and they are not necessarily equivalent. We take the conventions used [Rie1l4], as they seem
reasonable enough, and also correspond in a straightforward way to e.g. what is used in [KS06].

Definition 6.6. Let F: C — D be a functor between relative categories. A total left derived

functor LF of Fis a right Kan extension

C——— D

| L

ho(€) --Y-5 ho(D)

of the composition C A D — ho(D) along the localization functor € — ho(C). We say that the
total derived functor LF is absolute if the right Kan extension above is absolute.

A left derived functor of Fis a pair (ILF, 1) of a homotopical functor LF: ¢ — D and a natural
transformation A : LF = F such that the induced functor §LF: ho(C) — ho(D) defines a total
left derived functor

c—f o

| A b

ho(€) - ho(D)

of F. We say LFis an absolute left derived functor if the above total left derived functor is absolute.

Exercise 17. Dualize the above notions to define (absolute) (total) right derived functors.

As bare Kan extensions are not particularly well-behaved, nor are derived functors, and
establishing their existence is generally very hard. Absolute derived functors exhibit far more
desirable properties.
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Proposition 6.7. Consider an adjunction

between relative categories, and assume that F admits an absolute total left derived functor and G
admits an absolute total right derived functor. Then the adjunction descends to an adjunction

gy
ho(C) 1L ho(D).

~_
RG

Proof. We have that the diagrams

e—f e+

I
ho(€) —LE ho(D) ho(@) +2%— ho(D)

provide a right and left absolute Kan extensions, respectively. Using the Kan extensions (LF, @)
and (RG, f) are absolute, we see that the pairs

RGa LFRB
(RGLF,RGLFy = RG6SF), (LFRG,LyG = LFRGS)

are left (resp. right) Kan extension along y (resp. §). Now, hitting f with F and « with G, and
combining this with the adjunction F + G (with unit/counit  and ¢), we get composite natural
transformations

12
y 2L yGF L5 RGSF LFyG =S 5FG =25 &
\\\\\ /;;r
EW %’a Lk P
RGLFy LFRGS

producing unique dashed natural transformations by universality. By the universal property of
the localization, these correspond uniquely to natural transformations

n:1=RG-LF, ¢ :LF-RG=1

We must show that the natural transformations " and ¢’ satisfy the triangle identities. Observe
that by universal property of the localization and of right Kan extensions, the commutativity of
the below left diagram

LFRGLF LFRGLFy

Ly “ F - LFV’ Xﬁ/

LF LF LFy LFy =% SF

is equivalent to the two obvious compositions in the above right diagram being equal. Now,
applying LF on the left to the diagram defining n” and F on the right to the diagram defining ¢’,
as well as using the naturality of ¢’ and o, we see that the diagram
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OF :> 0FGF

LFy :> LFyGF :> LFRGSF =225, §F

LFy'y LFRGa /

LFRGLFy ﬁ LFy

commutes. The identity then follows from the triangle identity ¢F o Fn = idp. The other case is
handled similarly. n

Exercise. In the diagram at the end of the above proof there are two squares. It is claimed that
they commute by naturality. Check this.

6.2 Deformations

While a typical functor € — D between (pseudo-)homotopical categories fails to be homotopical,
there are usually subcategories of C on which the functor does preserve weak equivalences.
Restricted to such subcategories, it is straightforward to compute the derived functor, as it is
simply induced by universal property. However, the resulting functor of course need not be
related to the original, due to the restriction step.

In favourable situations, every object in € can be replaced by one from a subcategory on which
a functor acts homotopically. In even more favourable situations, this can be done functorially.
This is captured in the following definition.

Definition 6.8. Let (C, W) be a relative category,

(1) Consider two functors F,G: D — C. A natural transformation n : F = G s a natural weak
equivalence if all components are weak equivalences, i.e. Vx € D, n, € W.

(2) A left deformation of C is a pair (Q, q) consisting of a functor Q: € — C and a natural weak
equivalence q: Q = 1. Dually, a right deformation is a pair (R, r) consisting of a functor
R: C — Cand a natural weak equivalencer: 1 = Q.

(3) Let (Q,q) be a left deformation. A full subcategory Cg of € which contains the image of Q
is called a category of Q-cofibrant objects. This is promoted to a relative category by letting
the weak equivalences be Co N W.

Dually, let (R,r) be a right deformation. A full subcategory Cg of € which contains the
image of R is called a category of R-fibrant objects. This is promoted to a relative category
by letting the weak equivalences be Cg N W.

(4) Consider another relative category (€¢’,W”) and some functor F: C — C’. We say Fis left
deformable if there is a left deformation (Q, q) of € and a category of Q-cofibrant objects
Cg such that Flg, : Cop — D is homotopical, where Cg is endowed with weak equivalences
GQ nw.

Proposition 6.9. Let (C,W) be a pseudo-homotopical category, and let (Q,q) be a left deformation.
Then the following statements hold.

(1) The functor Q is homotopical.
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(2) For any category of Q-cofibrant objects Cg, the induced functor
ho(Cp) — ho(C)
is an equivalence.

Proof. (1) Let f: x —> ybe a weak equivalence. Then we have a diagram

fl ) los

y—— Qy

so by the 2-out-of-3 property, Qfis a weak equivalence. Hence Q is homotopical.
(2) By the definition of the induced relative category structure on Cp, €o < C is homotopical,
giving the induced functor
I: ho(Cp) — ho(C).

On the other hand, by (1), Q is homotopical and so induces a functor
Q’ : ho(€) — ho(Cp).

Now, observe that both the composites
poeSe, eSeyoe

have natural weak equivalences to 1p, and 1g, respectively, formed from the natural weak
equivalence g : Q = 1. On the level of the homotopy categories, these give rise to the desired
natural isomorphisms

Q' = 1Ipo(ey), 1Q" = Ino(e)
which yields the result. |

6.3 Existence of absolute derived functors via deformations

Functors that admit left or right deformations are nice enough that they induce not only a total
derived functor, but an absolute total derived functor; even more, one gets a derived functor
without even passing to the localization.

Theorem 6.10. Let F: C — D be a left deformable functor between pseduo-homotopical categories,
with left deformation (Q, q). Then F admits an absolute left derived functor given by

(LF :=FQ: C— D,Fq: FQ = F).

Proof. Lety: € — ho(C) and §: D — ho(D) denote the localization functors. There are three
steps to this proof.

(1) To check that LFexists and is absolute, it suffices to work with LF (as LF = FQis homotopical
since Q is a deformation of a pseudo-homotopical category), functors H: ho(D) — &, and
to consider homotopical functors G: € — € with natural transformations o : G = HJF.
This is by the universal property of localizations, and in particular, the isomorphism

y* : Fun(ho(€), &) = Funy(€, &),

where W are the weak equivalences on C.
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(2) Factorizations exist. Let o: G = HOF be a natural transformation. Then, by naturality and

G being homotopical,
4
GQ === HSFQ o
Gqﬂ ﬂH(SFq — o=G'Y 6% nero "% HsF)

G =—Z%— H{F

which gives the desired factorization.

(3) Factorizations are unique: given another factorization as in the below left,

oQ

\ /;Fq U'Q\« /H;FqQ
HOFQ HSFQ?

we get the above right diagram by applying Q on the right. Since qQ lives in a category
of Q-cofibrant objects, FqQ is a natural weak equivalence. Therefore, HSFgQ is a natural
isomorphism, so that ¢’Q is uniquely determined. However, ¢’ is determined by ¢’Q, as
demonstrated by the naturality square

6o =% HSFQ?

Gqﬂ ﬂHéFQq

G =%Z— HSFQ

from which we conclude that (FQ, Fq) defines an absolute left derived functor.

This completes the proof. Note that the above specializes to show that (FQ, Fq) is a left derived
functor by setting H = idpo(p). |

Remark 6.11. In the above proof, the assumption that D is pseudo-homotopical can be weaked
to it merely being a relative category. Indeed, the only aspect of the proof that relies on a
pseudo-homotopical assumption is that the deformation functor Q : € — D is homotopical,
which demands the 2-out-of-3 property. Obviously, this does not involve D.

6.4 Pseudofunctoriality

We have seen that left deformable functors F: € — D between pseudo-homotopical categories
admit absolute total left derived functors LF. This suggests that there should be some assignment
L : F — LF, which we may hope is functorial. However, this is not generally true: the composition
of two absolute total left derived functors need not be a total left derived functor. On the other
hand, with some mild assumptions in place, one can arrange for a form of weak functoriality.

Recall that a (strict) 2-category is a category enriched in categories. The prototypical example
of this is Cat, the 2-category of categories (subject to some set-theoretical constraint). As this
case is fairly clear, and all other examples we work with here will essentially be derived from it,
we will not expound upon the definition any further for the moment.

Definition 6.12. We define a 2-category LDef as follows.

* The objects are tuples (C, W, Q, g, Cp) consisting of a pseudo-homotopical category (C, W), a
left deformation (Q, g) for C, and a choice of a distinguished category of Q-cofibrant objects
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Co-

* A 1-morphism (C,W,Q,q, G‘Q) - (¢ W0, ¢, G’Q,) consists of a left deformable functor
F: € — €’ for which a choice of left deformation is Q, and such that F sends distinguished
Q-cofibrant objects to distinguished Q-cofibrant objects, i.e. restricts to a functor € — G”Q,.

* A 2-morphism F = F’ is a natural transformation, with no added compatibility required.
Theorem 6.13. There is a pseudofunctor
L: LDef — Cat

which
(1) sends a tuple (C,W,Q,q,Cp) toho(C),

(2) sends a left deformable functor F: (C,W,Q,q, C?Q) — (C",\W’",Q’,q’, C},) to its total left derived
functor LF: ho(C) — ho(D), and

(3) sends a natural transformation F = F’ to the induced natural transformation LF = LF’.

For the purposes of explaining the above theorem, we include below the definition of a
pseudofunctor between strict 2-categories. In the less strict setting of a bicategory, the definition
is similar but with small variations (since e.g. the associativity of the composition there is up to
natural isomorphism).

Definition 6.14. A pseudofunctor P: C — D between 2-categories consists of the following
data and conditions.

(1) A function P: ObC — ObD.
(2) For each pair of objects (x, y) in C, a functor

Pxy: C(x,y) = D(Px, Py).

(3) For each triple of objects (x, y, z) in C, two natural isomorphisms

€(,2) % C(x,y) ——— C(x,2) [0] —% 5 e(x,x)
PxPl = lp A lp
D(Py, Pz) x D(Px, Py) —— D(Px, Pz) idpx D(Px, Px)

with components
Py s o Bae
PgoePf= P(g- f), idpy = Pidy.

(4) For each 1-morphism f: x — yin C, the diagrams of 2-morphisms

ol |l
P, idx .
Pid, - Pf =25 P(idy - f) Pf o Pidy =225 P(f o idy)

commute.

h
5) For each triple of 1-morphisms x —f> L% win C, the diagram of 2-morphisms
p p y g P
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Pho(PgePf) L phop(ge f) =25 p(he(ge 1))

I o
(PhoPg)e Pf =" P(hog)o Pf === P((h°g)- f)

commutes.

Proof of Theorem|[6.13 The statement of the theorem provides us with (1) and (2) in Definition
For simplicity, let us denote an object of LDef simply by C, leaving all the other data implicit.
We have to give natural isomorphisms

LDef(€’, C”) x LDef(C, ') ——————— LDef(C,C")
LxLl / J/L
Cat(ho(€"), ho(€”)) x Cat(ho(C, ho(€")) —— €’(ho(€), ho(C"))
[0] —— LDef(€, €)
=~
idpx Cat(ho(C),ho(C))
and on components, these will be of the form
LGoLF = L(GF), Ipye = Lie
where F: € - €" and G: C" — €”. Note that we have a natural transformation
LGLF = GQ'FO 222 GFo = L(GF).

This is a natural weak equivalence since F maps Cp to Co which G acts homotopically on;
similarly, this is why GFQ = L(GF). Secondly, note that

Lie =0 i 1e
is a natural weak equivalence. These two natural weak equivalences descend to the components
por: LGoLF = L(G-F), op: ]lho(e) =Lle

that we want. We leave it to the reader to check that these components form natural isomorphisms.
We now prove (4). For the left diagram, it suffices to check that gLLF = 1eqFQ, but this holds

by definition. For the right diagram, we are comparing ILFq and FgleQ. That is, the natural

transformations FQq and FqQ. By naturality, g - qQ = q > Qg, so for all x € €, we have

F(q) ° F(qox) = F(q) > F(Qqx)

which, if x € Cp, implies that F(qpx) = F(Qqx). In ho(C€), g provides an isomorphism between any
object and a Q-cofibrant one, so this extends to everything in ho(C).
To prove (5), it suffices to show that

Hq"”GFQ « HQ" Gq’ FQ = HGq'FQ » Hq" GQ' FQ.
This follows by the naturality square

QNGq/
Q/l GQI : Ql/ G

q// GQ’H{ ﬂ/q//G

GQ G:q,>G

which completes the proof. |
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6.5 Appendix: When functoriality fails

Remark 6.15. In the presence of a model structure, even without functorial (co)fibrant replacement,
absolute derived functors can still be produced. However, it will usually fail to lift to a functor
prior to localizing. See [Pav22] for a brief explanation, or [Cis19] for a more detailed one, of how
one would construct the left derived functor in such a situation.

There is another approach to producing absolute total derived functors, taken in [KS06],
which does not require a functorial deformation. Instead, they exploit the features of having a
nicer collection of weak equivalences, namely a multiplicative system as defined in Lecture

In Proposition we see that categories of Q-cofibrant objects €y induce equivalences
ho(Cp) = ho(€). Similarly, in the situation where you have a potentially non-functorial left
deformation (so, for every object x € € an object Qx € Cp and a weak equivalence Qx — x), but
the weak equivalences W form a right multiplicative system, one can still get such an equivalence
(and use it to compute the total derived functor, and show it is absolute).

We take for granted the following lemma.

Lemma 6.16. Let ¢ : | — I be a functor, and assume that 1 is filtered, ¢ is fully faithful, and for any
i € I there is some j € J with a morphismi — ¢(j). Then ] is filtered, and ¢ is cofinal.

Proof. See [KS06, Prop. 3.2.4]. [ |

We consider the situation of a right multiplicative system (and constructing right derived
functors), leaving the other case implicit by duality.

Proposition 6.17. Let (C, W) be a relative category such that W forms a right multiplicative system.
Let €’ be a full subcategory of C, and set W’ :=C" NW.

(1) Assume that for all f: x — yin W with x € €/, there is some g: y — z such that z € C’ and
geo f €W. Then W’ is a right multiplicative system, and the induced map ho(C") — ho(C) is

fully faithful.

(2) Assume that for all x € C there is some x” € C’ and a weak equivalence x — x’. Then W’ is a
right multiplicative system, and ho(C") — ho(C) is an equivalence.

Proof. (1) First, we show that W’ is a right multiplicative system. For this, both (M1) and (M2)
follow by applying them in C then using the given assumption to move them back to ¢’.

Now, the inclusion ¢’ = € is homotopical, hence induces a functor ho(€”) — ho(C€). On the
level of Hom-sets, this is given by the canonical map

lim  C(x,y)—> lim  C(x,y)
(y-y)ewn/ (y—y)ewy/

coming from the inclusion W’¥/ < W¥/_ The inclusion is seen to be cofinal by applying the above
lemma; indeed, given some y — y’ in WY/, we find some y — y” with y” € € and for which
the composition is in W, i.e. in W’. In particular, the canonical map above is an isomorphism.
(2) The criterion in (1) is clearly satisfied, so W’ is a right multiplicative system and the functor
ho(C”) — ho(C) is fully faithful. However, by assumption it is also essentially surjective, hence
an equivalence. |

We may think of the above proposition as saying that when we can produce non-functorial
replacements in the context of a right multiplicative system, this can be promoted to a functorial
scheme on the level of the homotopy categories. Indeed, by taking a quasi-inverse of the inclusion
ho(€”) = ho(C), which is an equivalence, we get a functor

Q: ho(C) — ho(C")
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and we may even compose this with the canonical localization functor to get a homotopical
functor € — ho(C”), which is very close to a deformation.

Lemma 6.18. Consider functors
G
e e S a

Assume that for any x € €, there is some y € C with a morphism s: x — Qy such that the following
conditions are satisfied.

(a) G(s) is an isomorphism.

(b) For any y’ € C and any morphismt : x — Qy’, there is some y” € C and morphisms

s":y" > y”,t' . y—> y” such that G(s’) is an isomorphism and the diagram
x —> Qy
| e
4 QS, ”
Qyf —— Qy
commutes.

Then G is an absolute right Kan extension of GQ along Q.

Proof. Here, the proposed structural natural transformation exhibiting G as Rangp(GQ) is just the
identity. As a result, what we have to show is that

Qs : Fun(¢’, A)(F,G) — Fun(C, A)(FQ, GQ)
is bijective.
(1) Injectivity: consider two natural transformations 6,6” : F = G for which 60 = 6’Q. For

x € €/, pick some y € € with a morphism s: x — Qy for which Gs is an isomorphism. We
have a diagram

Ox
Fx /¢ Gx
0%
Fsl le
19Qy—‘ng

which commutes, except for knowing that the two arrows at the top are identical. However,
as Gs is invertible and the two arrows at the bottom agree, the arrows on top agree.

(2) Surjectivity: suppose we are given a natural transformation 6: FQ = GQ. For each x € ¢’,
choose a morphism s, : x — Qy satisfying (a) and (b), and set

0 1= (Gsy) Lo 0y Fsy: Fx — Gx.

We want to show this is independent of the choices made for s,, and assembles into a
natural transformation.

Let f: x; = x» be a morphism in €’, and consider any choices s; : x; = Qy; of morphisms
satisfying (a) and (b); following the above, these yield morphisms 6y. Applying (b) to s;
and sp o f, we find morphisms

by, hiy—>)

for which Gt; is an isomorphism, and Qt; = s; = Qtz o sy« f. One then sees that in the diagram
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Fxq Gxy
F. S1 ~
GS]
[2
FOyn = GOy
%ﬁl /
GOt
0.
Ff FQy; —— GQys Gf
Fy \
GOt
0,
FQy; = GQy:
F S2 ~
0 ;’(2 GSz
Fx» Gx2

all the inner diagrams commute, hence the outer diagram commutes. Taking f = id,, we
see that any two choices of sy yield the same 6, and in general, the above diagram shows
we have a natural transformation.

We see that 8’Q = 0 by the independence of choices. In particular, for any Qy, we may
choose the identity Qy — Qy to see that %y = Oy-

We conclude that Gis a right Kan extension of GQ along Q. To see that it is absolute,let H: A — A’

be another functor. Then

e L e S p

satisfies hypotheses (a) and (b), since H preserves isomorphisms. Therefore, HG is the right Kan
extension of HGQ along Q, and we are done. |

Theorem 6.19. Let (C,W) be a relative category for which W forms a right multiplicative system.
Consider a functor F: C — D, where (D, E) is a relative category. Assume that there is a full
subcategory €’ — C satisfying the following conditions, where W’ := €’ N W:

(a) For any x € C, there is a weak equivalence x — x’ where x’ € C’.
(b) For anys € W’, the morphism Fs is a weak equivalence in D, i.e. Fs € E.

Then F has an absolute total right derived functor RF such that
(€ < € > ho(C) = ho(D)) = (€’ > € 5 D — ho(D)).

Proof. Leti: €’ < C be the inclusion. By our assumptions, the functor // : ho(€”) — ho(C) is
an equivalence. Let Q be a quasi-inverse. Since F acts homotopically on ¢/, we have an induced
functor F’ : ho(€’) - ho(D). For any H: ho(D) — &, we then have the diagram

Cgr— c—~f 4
Y Y 1)
R
ho(€’) £—— ho(€) ----- s ho(D) — &.
FI
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Now, for any G: ho(C) — € we have a chain of natural morphisms

Fun(C, £)(HSF, Gy) — Fun(€’, E)(HSF1, Gyr)
= Fun(C®’, E)(F’y’,Gy’)
= Fun(ho(C’), E)(HF’,GI’)
= Fun(ho(C), E)(HF'Q, G).

It thus suffices to check that the first morphism is an isomorphism. This follows by applying
Lemma 6.18} indeed, it clearly applies to

@ 4 e L ho(@)

by our assumptions and property (M1) of being right multiplicative, so that y is an absolute right
Kan extension of y: along 1. By absoluteness, HGy is a right Kan extension of HGy: along 1, which
means precisely that the given morphism is bijective.

Setting H = idpo(p), we see that F’Q = RF is a total right derived functor, and the above
computation shows it is also absolute. |

In this setting, we still get pseudofunctoriality. We sketch how this is done.
Definition 6.20. Define the strict 2-category LMul by the following.

» On objects: tuples (C, W, C") where (C, W) is a relative category with W a left multiplicative
system, and C’ is a subcategory of € such that for all x € C there is a weak equivalence
x’ - xwithx” € ¢’.

*» On 1-morphisms: a morphism (C,w,C’) — (D, E,D’) is a functor F: € — D such that
FC’ € D’ and F|e: is homotopical.

* On 2-morphisms: just take natural transformations.
Dually, define RMul.
Theorem 6.21. We have pseudofunctors

L: LMul - Cat, R: RMul — Cat

which
(1) send objects (C,W,C’) toho(C) = C[W™1],
(2) send 1-morphisms F to LF and RF, respectively, and

(3) send 2-morphisms F = F’ to the induced natural transformations LF = LF’ and RF = RF’,
respectively.

Proof sketch. We examine the case of RMul. There is lots of data to produce, and we only do one
part, which is to give the natural isomorphism

RG-RF =R(G- F).

Let F: € > Dand G: D — & be 1-morphisms in RMul, and let y: € - ho(C), y” : D — ho(D)
andy” : £ — ho(€&) be the localization functors. Then we have canonical natural transformations

Y eG=RGoy’, y oF=RFoy,
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and thus may form the composite
Y/ eGoeF=RGoy’cF=RG-RFoy
which induces a canonical natural transformation
o: R(G+F) = RG - RF.

We must show this is a natural isomorphism, i.e. show that for all x € ho(C), oy is an isomorphism.
Write x = y(xp), and choose a weak equivalence xg — xj with x; € €’. The crux is that then
RFx = Fxg, and since FC’ C D’, we also have RG(Fx;) = GFx;. Thus, oy factors as a composition
of isomorphisms, and as such is an isomorphism. O

6.6 Appendix: Kan extensions

Kan extensions formalize the notion of a universal best approximation of an extension of a functor
along another functor.

Definition 6.22. Let F: C — &, K: C — D be functors. A left Kan extension of F along K is a
functor is given by the data of a functor and natural transformation

ce— I ¢

k‘ iﬂAnKF

universal in the sense that any other functor with this data factors uniquely as below:

e F e
LT \W“;‘f
D

i.e. there is a unique natural transformation ¢’ : Lang F - Gsuch thatoc =¢’K o =o0.
The dual notion of a right Kan extension (Rang F, ¢) of F along K is given by reversing the
directions of the natural transformations.

Note that a functor which has a genuine extension “on the nose” may not have an actual Kan
extension, as the aforementioned extension may not be appropriately universal.

Exercise. Let C be a category, and let x : [0] — € be the functor picking out an object x € C;
accordingly, let = : [0] — Set be the functor picking out a one-point set. Show that the left Kan
extension Lan, * is given by C(x, —).

Left (or right) Kan extensions on their own are not generally very well-behaved. On the other
hand, there are slight variations on the notion which has more desirable properties.

Definition 6.23. Consider functors F: ¢ > Eand K: € —» D. A functor G: &€ — &’ is said to
preserve the left Kan extension (Lang F, ) of Fif (G - Lang F, Gn) is a left Kan extension of G  F
along K,

e F e G ¢

NS
D Lang GF

One says that the left Kan extension (Lang F, n) is pointwise if it is preserved by all corepresentable
functors E(x, —), x € &, and absolute if it preserved by all functors with domain €.
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All concepts in 1-category theory can be expressed in terms of Kan extensions. Notably,
(co)limits and adjoints can be formulated in this language.
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7 Triangulated categories

Homological algebra is essentially concerned with properties of the cohomology of chain com-
plexes, and so is primarily interested in the category of chain complexes Ch(A) in an Abelian
category considered up to quasi-isomorphism. The way this is done, classically, is by passing
from the category of chain complexes Ch(A) to the derived category D(A), which is obtained
from Ch(A) by formally inverting the quasi-isomorphisms (i.e. morphisms which induce an
isomorphism on cohomology) through the machinery of Lecture

In the process of forming the derived category D(A), many properties of A (and Ch(A))
are destroyed: whereas the latter two are Abelian categories, the former is not. However,
one nonetheless sees a shadow of its Abelian origins; for one, D(A) is an additive category.
Furthermore, it sees the remains of kernels and cokernels with nice properties, though they
are no longer canonical. In the 1960s, Grothendieck & Verdier developed the formalism of
triangulated categories to deal with the problem of encapsulating the properties exhibited by
derived categories.

7.1 Pre-triangulated categories & triangulated categories

The basic initial concept of triangulated categories is to mimick the property that Abelian
categories admit exact sequences. In the context of triangulated categories, the analogous concept
is a triangle.

Definition 7.1. Let T be an additive category equipped with an automorphism > : 7 — 7. A
triangle for X is a sequence of maps

f g

X—>y—>z—>23x

in 7. One says that a triangle as above is a candidate triangle if go f =0and ho g = 0.
A morphism of triangles from x > y - z - Zxto x’ —» y' — 2z’ — Ex’ is a triple of maps
(a,b,c) in a commutative diagram

x y z 2X.
N
x’ vy’ z’ >x’

Recall that we briefly discussed Quillen exact categories in Appendix These were additive
categories which admitted some kernels and cokernels, in the form of certain distinguished
exact sequences. Triangulated categories are very similar: one specifies a distinguished class of
triangles to be considered “exact.”

Definition 7.2. A (Neeman) pre-triangulated category is a triple (7,3, £) of an additive category
7, an automorphism X : T — T, and a set € of triangles for 3, called the distinguished triangles
or exact triangles, closed under isomorphisms of triangles. These are required to satisfy the
following axioms:

(TR1) Forany x € 7, x M 505 3x is a distinguished triangle, and for any morphism f: x — y
in T there is a distinguished triangle

x>y >z 23X

(TR2) The triangle

u v w
X—>y—>z—>23x
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is distinguished if any only if the triangle
% w —Zu
y—=>z—>3x —> Xy
is distinguished.

(TR3) For any commutative diagram

x y z zx
o
x’ vy’ z’ >x’

of solid arrows where the rows are distinguished triangles, a dashed arrow exists making
the diagram into a morphism of triangles. It need not be unique!

We often abuse notation by saying that T is a pre-triangulated category, leaving the rest of the
data implicit. We call the functor ¥ the shift functor.

Remark 7.3. One will often see distinguished triangles notated as

+1
xX—>y—>z—>

as shorthand. There is also other common notation used for the shift functor, such as T or [1],
the latter being written as e.g. x[1]. We will likely switch between different notations depending
on the context.

Terminology 7.4. Consider a pre-triangulated category T and a morphism f: x — y. An object
z with a morphism g: y — zas in (TR1), i.e. sitting in a distinguished triangle

x—f>y§>z—>2x

is called a cone of f. Dually, one calls fa cocone of g.

Remark 7.5. One should think of a cone of fas roughly like a cokernel (which we will justify
the dual of in Corollary [7.14), except up to homotopy in some sense. Notably, it is absolutely
not unique! On the other hand, we will see that it certainly is unique up to isomorphism (see
Proposition [7.17), just not a canonical one.

One can constrast this situation with the one for exact categories, which are similar except
that the cokernel actually is canonical.

Exercise 18. Let T be a pre-triangulated category. Show that an analogue of axiom (TR3) holds
for any “partial morphism of distinguished triangles” missing only one arrow.

Definition 7.6. Let Tand J” be triangulated categories. A lax-triangulated functor is a pair (F, o)
of an additive functor F: T — J” and a natural transformation o: F ¥ — X o Fsuch that for all
distinguished triangles

h F F oFh )
xiy§>2—>2xd.t.in‘3' = Fx—f>Fy—g>an—> YFxd.t. in T’

We say a lax-triangulated functor is triangulated (or strict) if o is a natural isomorphism.

Remark 7.7. Triangulated functors are sometimes called exact functors, in analogy with exact
functors between Abelian categories. We will not use this terminology.
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Lemma 7.8. Let T be a pre-triangulated category. Then any distinguished triangle is a candidate
triangle.

Proof. Consider a distinguished triangle

8
xX—>y—>z—> XX

By (TR2), it suffices to show that g - f = 0. To do this, apply (TR1) and (TR3) to see that we have
a morphism of triangles

x x — 0 —— 3x
| b |
b f y £,z xx
from which it follows that g f = 0. |

Definition 7.9. A triangulated category is a pre-triangulated category 7 in which the distin-
guished triangles satisfy the following additional axiom relating the cones of composable mor-
phisms with those of their composition:

(TR4) Let f: x - yand g: y — z be morphisms in T, lying in a commutative diagram of solid
arrows as below

x 7 y 1‘41 Xx
[l
x &/ z w’ xx
: L
y £,z w” Xy
[
wW----- >w - yw’ - > Zw

in which the rows are distinguished triangles. Then there exist dashed arrows as indicated
making the diagram commute and making the bottom row a distinguished triangle.

Remark 7.10. One can think of (TR4) as analogous to the third isomorphism theorem. Heuristically,
cones are like cokernels, so if we set w = y/x, w’ = z/x, and w” = z/y, then (TR4) says that

(2/x)/(y/x) = z/y.

Exercise 19. Let T be a (pre-)triangulated category. Show that T°P can be endowed with the
structure of a (pre-)triangulated category, where the shift is given by the inverse of the shift on 7.

7.2 Cohomological functors & the “triangulated Yoneda lemma”

One of the magical miracles that pre-triangulated categories allow us is a way to formulate what
it means for a functor to be cohomological.

Definition 7.11. Let 7 be a triangulated category, and A an Abelian category. Consider an
additive functor H: T — A. We say H is cohomological if for any distinguished triangle

X—>y—>z—>2x
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in T, the sequence
Hx - Hy — Hz

in A is exact.

Remark 7.12. The mantra is: cohomological functors take short exact sequences to long exact
sequences. The above makes this precise; given a “short homotopy exact sequence”

X =y =z 22X,
we extend this to a long sequence of morphisms
oY ly syl x5y sz 3x o Ty o>
and after applying H, obtain a long exact sequence
-~ — H¥ 'y > H> 'z » Hx - Hy — Hz — H3x — HXy — -
as expected.

Proposition 7.13: “Triangulated Yoneda lemma”. Let T be a pre-triangulated category, and
let x € T. Then the functors

T(x,—): T—> Ab, T(—,x): TP - Ab
are cohomological.

Proof. We prove the proposition for T(x, —); the other case is essentially dual. Fix a distinguished
triangle

x’i;y’iz'ﬁZx’
and consider the sequence
T(x, x") L T(x,y") &, T(x,2).
Since g o f = 0, this is a complex, i.e. im( fi) C ker(g.). For the other inclusion, let v: x — y’ be

such that g e v = 0. We need to find a map u: x — x’ such that u = f - v. Applying Exercise[18]
we have a filling dashed arrow in the solid diagram

X
I
I
I

|
u lv l | Su
< <

x’ f y § z/ >x’

providing the desired map u: x — x’. |

Corollary 7.14. Let T be a pre-triangulated category, and let x e y £ 2> 3xbea distinguished
triangle. Then the morphism f satisfies the following “weak” universal property with respect to g:
for any morphism ug : xp — y such that g - u = 0, there exists a morphism u: xy — x making the
diagram

x y z xx

commute.
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Terminology 7.15. A morphism f : x — y satisfying the property described above for a
morphism g: y — zis called a weak kernel for g. Dually, one defines the notion of a weak cokernel

for f.

Exercise 20. Write out a proof for the unproven part of Proposition|7.13, and deduce the dual of
Corollary That is, show that cones are weak cokernels.

Remark 7.16. The above implies that distinguished triangles form weak kernel/cokernel pairs,
analogous to the observation that the distinguished exact sequences in an exact category form
distinguished kernel/cokernel pairs.

Proposition 7.17: “Triangulated five lemma”. Let T be a pre-triangulated category. Consider
a morphism

x y z xx
Pl bk
x’ vy’ z’ >x’

of distinguished triangles. If any two of a, b, c are isomorphisms, then so is the third.

Proof. By applying (TR2), it suffices to show that if a and b are isomorphisms, then so is c. Let
w € 7. Applying Proposition|7.13] we have a commutative diagram

Tw,x) —— T(w,y) —— T(w,z) —— T(w,2x) — T(w,2y)

l“* [ V l@“’* |on.

Tw,x") —— Tw,y") —— Tw,2") —— T(w,3x’) —— T(w,Zy’)

with exact rows. By assumption, all arrows are isomorphisms except the dashed one, so by the
classical five lemma, the dashed morphism is also an isomorphism. Since this holds for all w, the
Yoneda lemma tells us that c is an isomorphism. |

Corollary 7.18. Let T be a pre-triangulated category, and let f: x — y be a morphism in T. Then
the following are equivalent.

(1) fis an isomorphism.
(2) The triangle x & y — 0 — 3x is distinguished.

Proof. We have a morphism of triangles

x X —— 0 —— 2x
|,
x f y 0 xx

so by the triangulated five lemma, Proposition the morphism fis an isomorphism if and
only if the lower triangle is distinguished. [ |

7.3 Uniqueness issues

In the axioms for a pre-triangulated category, there are many postulates of the existence of some
object. However, as emphasized, there is no guarantee of uniqueness. We explore here some
situations where one can get a unique choice. These have significance because one can use these
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simple criteria in order to build functors in favourable situations.

Lemma 7.19. Let T be a pre-triangulated category, and suppose we have a partial morphism of
distinguished triangles

x y z xx
x’ vy’ LN N 2

If T(Ex,z’) = 0 or T(z,y") = 0, then there exists a unique dashed morphism making the diagram
commute.

Proof. By (TR3), some morphism exists, and we must show it is unique. Let a,b: z — z’ be two
such morphisms. Then the morphism a — b satisfies

g h

x y z xx

l \ JN l
l a—b

x/ yl g ZI h, Exl

so that Corollary (and its dual) yield morphisms ¥x — z” and z — y’ factorizing a — b. Thus,
if either of the assumptions of the lemma are true, a — b factors through the zero morphism, so
a=b. |

Here is a more complex condition, which we can use to produce a useless but neat condition
for a cone to be unique.

Proposition 7.20. Let T be a triangulated category, and suppose we have a partial morphism of
distinguished triangles

b y z xx
v

lZa
) I , & Y

x y z >x’

and assume that T(y,x") = 0 and T(Zx,y’) = 0. Then there exists a unique dashed morphism
making the diagram commute.

Proof. Again, by (TR3), a morphism exists. We may assume that a = 0 and b = 0 by considering
the difference of induced two dashed morphisms. Thus, we must show that given a candidate
dashed morphismc: z — z’, we have ¢ = 0. Expanding these assumptions and applying Corollary
7.14] we have a (non-commuting) diagram

x f y SR N P
J/O lo / l“ / JO
x’ f vy’ LI s >x’

which provides for us, via an application of (TR3), a morphism of distinguished triangles

y

z
| |
\r Jp Jq S
| |

x/ f yl 8 ZI h le
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but since T(y,x”) = 0, we see that r = 0. Applying Corollary again, we see that p factors
through a map ¥x — y’, but since T(Zx, y’) = 0, this means p = 0. Since c factors through p, we
have ¢ = 0. [ |

Corollary 7.21. Let f : x — y be a morphism in a pre-triangulated category T, and assume
T(y,x) = 0 and T(Zx,y) = 0. Then f has a cone unique up to unique isomorphism of distinguished
triangles.

Proof. Suppose we have two distinguished triangles,

f

x y z zx

xfy z’ >x

with the dashed morphism induced by (TR3). By Proposition the assumptions of this
corollary imply that the morphism is unique, and it is an isomorphism by the triangulated five
lemma, Proposition[7.17] [ ]

Given a sequence of maps
xX—>y—z

one may wonder how many ways this occurs as part of a distinguished triangle. In general, there
could be many ways to extend it, but under the assumption of Lemma |[7.19} one can make sure it
is unique.

Lemma 7.22. Let T be a pre-triangulated category, and suppose we have a pair of maps x —f> y 5z
such that g o f = 0. Suppose that T(Zx,z) = 0. Then there is at most one distinguished triangle

x—f>y§>z—>2x.

Proof. Suppose that we have two; let h; : z — Xx be the associated maps completing the sequence
to an exact triangle. Then we have a partial morphism

X z

f o g
y\

ng
y

¥
z

& zx
£ Xx
which induces a unique dashed isomorphism by Lemma In particular, co g = g, hence

(idy —¢) > g = 0, so Corollary says that id, — c factors through a morphism Xx — z. By
assumption, any such morphism is zero, so ¢ = id, and hy = h;. |

X

Conditions of the form J(Zx, z) = 0 turn out to be practical, as such orthogonality properties
show up in other situations.

7.4 Interesting triangles

Proposition 7.23. Let T be a pre-triangulated category, and let I be some indexing set. Suppose
that we have a family of distinguished triangles

fi 8i hi
X = Y >z —> XX
i€l
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in T for which the coproducts

T+ II» Il=

i€l i€l i€l
exist. Then the triangle

Hxi 1T £ Hyi IT; & HZiMHZXi

iel iel iel iel

is a distinguished triangle.

Proof. The strategy is to take a cone of the left morphism and show that one gets the correct
output. We have a distinguished triangle

H X Hi ﬁ yl N ZI SN H in
i€l i€l i€l
by (TR1), and by (TR3) induced morphisms of distinguished triangles

fi 8i h;

X Vi zZi X
Loy, ! |
ierx —— ey z ier2x

which combine into a morphism of triangles

LI, fi

Hi 8i Hi hi
ierx — Liery

> [ier# > Hier 2

| |

1L f:
icis —— ey z e Zx

and after application of J(—, w) for some w € T and unraveling one more step, we have a diagram

T 2y w) — T 2%, w) —— T, zw) —— T v w) —— T ep %, w)

H H | H |

T =2y w) —— T, 2%, w) —— T2, w) —— Ty w) —— T e % w)

where the bottom row is exact. Commuting out the coproducts on the top row and using that
the original triangles are exact yields that the top row is exact, so the five lemma implies that
the middle vertical morphism is an isomorphism. By the Yoneda lemma, we deduce that the

morphism

H zZi —> 2

i€l
is an isomorphism, and since the class of distinguished triangles is closed under isomorphism,
we are done. |

While the above may seem somewhat innocuous, it has the following remarkable corollary
which is actually tremendously useful.

Corollary 7.24. Let T be a triangulated category, and let x,y € T. Then the triangle

0
XoOx®y»y—>3x
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is distinguished. In particular, any distinguished triangle
0
xX—e—>y—>2x
is isomorphic to the first distinguished triangle.

Proof. The first statement follows by taking the direct sum of the two distinguished triangles

id id
x1—>x—>0—>2x, O—>y1—>y—>20,
where we note that 0 = 0. For the second, construct the obvious partial morphism of triangles
and apply (TR3) together with Proposition [ |

The immense value of this corollary is that it allows us to identify an element as a direct
summand of another by exhibiting the existence of a suitable distinguished triangle. This turns
out to be surprisingly doable in many interesting situations.

7.5 Appendix: The five lemma

One of the most frequently used results in homological algebra is the five lemma. We dedicate
this appendix to proving it. The five lemma is primarily useful to us because it allows us to
prove Proposition but it also has relevance when understanding extensions in Abelian
categories. We will aim to prove a generalization of the five lemma found in [KS06]. We begin
with a prerequisite lemma.

Lemma 7.25. [KS06, Lemma 8.3.12] Let A be an Abelian category, and suppose we have morphisms

x’ —f> x > x” in A such that g f = 0. Then the following are equivalent.

(1) The pair of morphisms form an exact sequence, i.e. the canonical map im f — ker f is an
isomorphism.

(2) Foranyh: z — x such that g - h = 0, there is an epimorphism f’ : z’ — z and a commutative

diagram
z/ L» z
0
h
x’ *>f X *>g x”.

Proof. (1) = (2). The maps f: x” - xand h : z — x both factor through ker g = x. Thus, we set
7’ :=x" Xer g 2. By exactness, x” — ker g is an epimorphism, and pullbacks of epimorphisms in
Abelian categories are epimorphisms, so the map z’ — z is an epimorphism.

(2) = (1). Take z = kerg and let h : kerg — x be the canonical inclusion. We find an
epimorphism z” - ker g, but then the composition z” — x” — ker g is also necessarily epic, which

implies that x” — ker g is epic, so im f = ker g. |

Lemma 7.26. [KS06, Lemma 8.3.13] Let A be an Abelian category, and consider a commutative
diagram

XO xl x2 x3
I VA T
e ! Ve v
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where

(i) each row is a complex (i.e. adjacent morphisms compose to zero), and

2

(ii) x! —» x? —» x3 and y° — y! — y? are exact.

Then the following statements hold.
(1) If f° is an epimorphism and f!, f> are monomorphisms, then f? is a monomorphism.
(2) If f3 is a monomorphism and f°, f* are epimorphisms, then f' is an epimorphism.

Proof. The statements of (1) and (2) are dual, so it suffices to prove (1). As we endeavour to prove
f? is a monomorphism, suppose we have a morphism a : z — x? such that f? -a = 0. We must
prove that a = 0. By the commutativity of the diagram, we have

3 2

2 3 ziy2—>y3):0:>(z—a>x2—>x3):()‘

(zix - x ‘f—>y3)=(z—a>x

Using Lemma |[7.25| we find some epimorphism z! —» z sitting in the solid diagram

) o] » zb —— 2
\\\ all la\‘
N ox0 x! x2 x>
\\\\ ifo \[fl le \[f3
¥’ y! Ve y?

where we observe that

2

1 1
(zli)xlg;yl—>y2):(zl—»z—a>x2£>y2):0,

! as indicated by the dashed mor-

Applying Lemma again, we find an epimorphism w —» s
phisms.
Now, here is a slightly tricky bit: let z° : = w x,o x° be the pullback of f° along w — y°. Since

0

Y

pullbacks of epimorphims are epic (since A is Abelian), we have an epimorphism z° - wsuch
0

that (2% » w — y°) = 20 — x° ic» y°. As a result, we have a commutative diagram

z 74 7%

xo xl x2 x3
I
y° v a y’

where we note that the top left square in the diagram commutes since it commutes after compo-
sition with the monomorphism f!. Finally, we now see that

0
(zo—»zl—»z—a>x2)=(zoa—>x0—>x1—>x2)=0

and therefore a = 0. [ |
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Remark 7.27. The above proof is perhaps illuminated by the philosophy of generalized elements.
What we start off with is an element a € x? such that f?(a) = 0. We then lift this to an element
a! € x! which is sent to a, and a! is in turn lifted to an element a®° € x° which is sent to al,
meaning that a is in the image of the composite of two adjacent morphisms, so a = 0. The

repeatedly used Lemma is just a formalization of these lifting steps (or most of them).

Corollary 7.28: Five lemma. Let A be an Abelian category, and consider a commutative diagram
with exact rows

xo xl x2 x3 x4
R N |
y° y! y? ¥ y?

in A, with isomorphisms as indicated. Then the middle vertical morphism is an isomorphism.

Proof. Apply Lemma to the left part of the diagram and then to the right to see that the
middle morphism is both monic and epic, thus an isomorphism. |

7.6 Appendix: Adjoints of triangulated functors are triangulated

There is a somewhat tricky business in triangulated categories coming from the shift functor,
namely that one should really demand compatibility with it at all times, including e.g. with
natural transformations. Consider the following definition, which we hope is obviously a natural
one.

Definition 7.29. Let (F,0),(F’,0’): T — T’ be lax-triangulated functors. A natural transforma-
tion a: F = F’ is triangulated if

F>, =%= >F

o [

F's =2 SF
commutes.

Remark 7.30. These are sometimes called trinatural transformations, but we choose to avoid this
terminology due to its proximity to the completely unrelated notion of a dinatural transformation.

This definition gives rise to a 2-category TCat, the objects of which are triangulated categories,
1-morphisms are triangulated functors, and 2-morphisms are triangulated natural transformations.
Now, any 2-category automatically induces a notion of adjunction between 1-morphisms. In the
case of the 2-category TCat, it yields the following:

Definition 7.31. Let (F,0) : T — 7’ and (G,0”) : 7" — T be triangulated functors between
triangulated categories. We say that they form a triangulated adjunction (F,o) + (G,0’)if F - G
and the unit and counit are triangulated natural transformations.

One would like for ordinary adjunctions between functors which happen to have a triangu-
lated structure to yield a triangulated adjunction, but this is a non-trivial statement. As such, we
prove the following result.

Theorem 7.32. Let(G,0): T’ — T be a triangulated functor between triangulated categories. If
G has a left adjoint F, then there is a canonical triangulated structure on F for which the unit and
counit of the adjunction are triangulated.
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Proof. We have a natural isomorphism o: G X = ¥ o G. This yields a natural isomorphism
3l i3 eG=>GexTh
Let o’ : FoX = X o Fbe the composition

F> =i
Fyx — rsoF LK posF —2E, sF.

One can check that this natural transformation is also implemented using the Yoneda lemma and
the chain of natural isomorphisms

T (F3—,-) = TC-,G-)
= TJ(-,271G-)
=TJ(-,Gz19)
= J'(F-,Xx71-) = J"(SF-, -).

In particular, we conclude that ¢’ is a natural isomorphism. As a trivial remark, note that Fis a
left adjoint and hence commutes with colimits, and so is automatically additive.

Before we check that (F,¢”) is triangulated, let us assume it is the case, and check that the
unit 7 : 1 — GFand counit ¢: FG = 1 are then triangulated. First, note that the compositions GF
and FG are triangulated with shift compatibilities

oF cGo’ : GFX = XGF, o¢’GeFo: FGX = XFG.
To see that €2 = 3¢ o (6”G » Fo), we have the commutative diagram

F>nG =il
FGy =£% Fs6 =5 FsGFG =K rosFG =28 sFG

N o e e

F3G FGZ D
Fo! )

by naturality and one of the triangle identities. Checking that (¢’F - Go) - nX = ¥p is similar, and
uses the other triangle identity.
Now we show that (F,¢”) is triangulated. Consider a distinguished triangle

f g8 h

X—>y—>z—>23x

in 7. We must show that the induced triangle

Ff Fg . otFh
Fx— Fy— Fz — XFx

is distinguished. We will show that it is isomorphic to a distinguished triangle. For this, first take
the cone of Ffto get a distinguished triangle

F C
Fx—]:Fyi z' — 3Fx.

Now, applying G, we have a distinguished triangle

GFf Gg’ OFx°Gh’
GFx — GFy— Gz’ — 3XGFx.

Let n : 1 = GF be the unit of the adjunction F + G. By (TR3), we obtain a morphism of
distinguished triangles
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X y z Xx
b e
GF Gg 7 Gh’
GFx / GFy &, Gz TN sGrx

which now allows us to define, for any w € 77, the map
T'(z",w) = T'(z,Gw), g+ G(q)-0.

In particular, by applying 7’(—, w) to the triangle defining z” and J(—, Gw) to the top row above,
we get a commutative diagram

T(x,Gw) +—— T(y,Gw) +—— T(z,Gw) +—— T(Zx,Gw) +—— TCy,Gw)

! ! ! ! !

T'(Fx,w) «— T (Fy,w) «— T'(z',w) «— T'(w,2Gx) +— T'(w,2Gy)

with exact rows. It follows by the five lemma that T(z, Gw) = T’(z,w), which implies that for
any morphism ¢ : z — Gw, there is a unique morphism ¢’ : z” — wsuch that ¢ = Gq’ - 0. This is
the universal property of the unit, and we deduce that the morphism Fz — z’ corresponding to 6
is an isomorphism. That is, we have an isomorphism of triangles

F F o
e e oy B e, G
|0
F ’ :
Fx f Fy I N )
as desired. [ |

Remark 7.33. Note that by dualizing Theorem [7.32] we get that right adjoints of triangulated
functors are canonically triangulated. Observe that the proof relies on the functor in question
being triangulated and not just lax-triangulated.

Remark 7.34. The above proof is adapted from [Mur07, Thm. 47] (which is based on [Nee01,
Lemma 5.3.6]) and [Vil24].

7.7 Appendix: The most elementary K-theory

Let X be some kind of geometric object. One of the fundamental tools available in all “geometric”
areas (say, differential or algebraic) is to study the vector bundles on X, and one of the standard
ways to do this is to consider invariants like Euler characteristics. In his work on algebraic
geometry, Grothendieck introduced K-theory, which one may see as the universal receptacle of
Euler characteristics.

While K-theory was initially defined in a concrete way, it was realized that many aspects of
K-theory were visible more clearly when one realized it as a purely categorical kind of invariant.
In this appendix, we will describe one way to define the easiest K-group, namely K, in the
context of a triangulated category. Much the same strategy we use here can be used to define Ky
of a Quillen exact category as well. The idea is that the Euler characteristic splits short exact
sequences, sending the middle term to the sum of the adjacent terms.

Definition 7.35. Let 7 be a triangulated category. The zeroth K-group of T, denoted Ky(7), is
the quotient of the free Abelian group generated by isomorphism classes of objects in T, by the
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relation
[y] = [x] + [Z] if 3dt x — y—>z— Sx.

As implied above, we write [x] for the image of x € T in Ky(7).
Remark 7.36. For any x,y € T we have the distinguished triangle

X—>x@y—y 5 2x
which implies that

Vxy €T, [x@yl=[x]+[y] € Ko(7).
Furthermore, by the distinguished triangle

x—>0—->3x—>0
given by shifting the cone of the identity, we see that
VxeT, [Zx]=-[x].

As a result, we could’ve instead defined Ky(7) as the commutative monoid whose elements are
isomorphism classes of objects in T and addition is given by taking direct sums, modulo the
distinguished triangle relations. The above calculation would then show that it is automatically
a group.

While this definition seems perfectly good, it has a “flaw” of sorts which means one has to be
careful when applying it. The below is an example of the famous “Eilenberg swindle”.

Proposition 7.37. Let T be a triangulated category admitting infinite coproducts. Then Ko(T) = 0.
Proof. Let x € T. Simply observe that

[x®N] = [x & x®N] = [x] + [x®N]
and therefore [x] = 0. [ |

Remark 7.38. Because of this result, one often has to jump through some hoops, placing finiteness
conditions on one’s objects, in order to get a non-trivial Ky-group. For the sake of this discussion,
let us assume that we have a sensible understanding of the derived category D(A) of an Abelian
category A. A common fix is to consider the full subcategory of compact objects.

Rather remarkably, the vast majority of Ky-groups of interest can be formed using the above
machinery by choosing an appropriate triangulated category. Some exceptions where it is tricker
are in the world of operator algebras.

To get a small taste for how K-theory works, let’s prove an easy result.

Proposition 7.39. Let F: T — T’ be a triangulated functor of triangulated categories. Then F
induces a group homomorphism

Ko(F) : Ko(T) = Ko(T").
Proof. The recipe for the morphims is simple:
Ko(F): [x] — [Fx].

We must show that this is well-defined and a group homomorphism. However, this is a trivial
matter since F preserves distinguished triangles:

x—>y—>z—>3x ~ Fx—>Fy—>Fz—>3Fx
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means that
[yl =[x]+[z2] ~ [Fy]=[Fx]+[Fz]
|

There is an independent way one can define the Ky-group of an Abelian category. We include
it here so we can prove a similar result as above, except about cohomological functors.

Definition 7.40. Let A be an Abelian category. Then Ky(A) is the quotient of the free Abelian
group on the isomorphism classes of A by the relation

[yl =[x]+[z] if Jses0—x—y—z—0.

Remark 7.41. The Eilenberg swindle works just as well for Abelian categories as it does for
triangulated ones. As a result, one sees that whenever A admits infinite (co)products, one will
have Ky(A) = 0. For example, Ky(Modz) = 0. On the other hand, as mentioned earlier, these
kinds of “issues” can be fixed by considering compact objects. In the case of this example, the
compact objects are exactly the finitely generated Abelian groups.

In a sense, the below will illustrate how Ky(7) acts as a receptacle for Euler characteristics,
supposing the reader is familiar with the latter (and setting aside the fact that it is, in a sense, by
definition).

Lemma 7.42. Consider a long exact sequence of the form

0 dO 1 dl dn—l dn

0w ->w = > W >0

in an Abelian category A. Then
g . .
[w0] = Y (=1)[wi] € Ko(A).
i=1
Proof. At any stage of the exact sequence, we can extract an exact sequence

0> imd~! 5w > imd - 0

and thus have
[W] = [imd~!] + [imd'] = [imd" '] = [w] - [imd'].

At i = 1, this says [w’] = [w!] — [im d']. Continuing inductively, one gets the result. [ |

Proposition 7.43. Let H: T — A be a cohomological functor, and assume that for all x € T, at most
a finite number of the objects HX'x, i € Z, are non-zero. Then H induces a group homomorphism

Ko(T) = Ko(A),  [x] = Y (-1)[Hx].

iEZ
Proof. To see this, just note that if we have a distinguished triangle
X—>y—>z—>2x
then we have a long exact sequence
-~ — H¥"lz » H¥'x - HY'y —» H¥'z - HZ " 1x — -

which by our assumption has only finitely many non-zero terms. For the sake of simplicity, we
assume everything lies in the range [0,n], i.e.

0> Hx > Hy »> Hz > HXx — -+ - HX"y - H¥"z — 0.
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Applying the lemma, we see that
[Hx] = [Hy] - [Hz] + [HEx] — [HZy] + [H2z] — [HZ%x] + -

and upon rearranging terms, one has
n . . n . . n . .
D (—DI[HSY] = Y (-1)[HZx] + Y (-1)[Hz]
i=0 i=0 i=0

as desired. [ ]

Remark 7.44. Just to give some clarity: at the start of the appendix, we mentioned that what we
have done above can be easily modified to give a definition of Ky for Quillen exact categories.
The way to do this is to take the free Abelian group on the isomorphism classes, as always, and
then quotient that by the obvious relations imposed by the admissible exact sequences.
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8 Localizations of triangulated categories

We have discussed the topic of localizing a category at some collection of arrows. In the
Abelian/stable case, one can usually pass from working with an ordinary category to work-
ing with a triangulated category, and in many cases, working with the localization of this other
category is more convenient. Thus, we are compelled to explain what localization looks like in
the context of triangulated categories.

While much of the theory is the same, the additive nature of triangulated categories allows
one to encode the weak equivalences in a system of objects one wishes to equate to zero, making
the theory of localizations of triangulated categories very similar to the theory of quotients
in ordinary algebra. There are more general settings in which one may localize triangulated
categories in a nice way, but we will not discuss them.

8.1 Triangulated subcategories & null systems

Definition 8.1. Let T be a pre-triangulated category with shift denoted X. A pre-triangulated
subcategory of T consists of an additive subcategory 7’ C T such that £J” = 77, along with a
pre-triangulated structure on T with shift given by the restriction of ¥ and for which the inclusion

T =T
is a triangulated functor.

Definition 8.2. Let T be a pre-triangulated category. A replete full subcategory N of T is a null
system if:

(N1) o e N.
(N2) N is closed under shifts: XN = N.
(N3) Nis closed under extensions: for any d.t. x > y - z —» 3xin 7, if x,z € N then y € \.

Exercise 21. Let T be a pre-triangulated category, and let N be a null system in 7. Show that N
satisfies the following stronger version of (N3): for any distinguished triangle

X—>y—>z—>3x

in 7, if any two of x, y, z are in N then so is the third.
In fact, prove that these are both equivalent to the following a priori different statement:

(N3’) Nis closed under cones: for any d.t. x > y - z > 3xin 7, if x,y € N then z € N.

Proposition 8.3. Let T be a pre-triangulated category, and let N be a replete full subcategory.
Then the following statements are equivalent.

1. N is a null system.

2. N is non-empty and can be endowed with the structure of a pre-triangulated category making
it into a pre-triangulated full subcategory of 7.

Furthermore, the same statements hold with “pre-triangulated” replaced by “triangulated”.

Proof. (1) implies (2). First, note that N is an additive subcategory of 7. Indeed, it is clearly
pre-additive, and furthermore, contains 0 by (N1), and is closed under finite direct sums by (N3)
together with Corollary In particular, the inclusion N < T is an additive functor. Since

86



N = N, the shift on T restricts to a functor 2|y : N — N. Now, let a triangle in N be distinguished
if and only if it is distinguished in 7. Then N is pre-triangulated: indeed, (TR1) and (TR2) are
clear, and (TR3) follows from N being a full subcategory. When 7 is in addition triangulated,
(TR4) follows for N similarly.

It is clear that N — T is a triangulated functor, so we are done.

(2) implies (1). Since N < T is triangulated, it is additive, hence 0 € N agrees with 0 € T. That
is, (N1) is satisfied. Since N is a pre-triangulated subcategory, N = N is satisfied by definition,
so (N2) holds. To see that (N3) holds, we use that it is equivalent to (N3’) by Exercise [21] and
note that if we have a diagram of solid arrows

y

2% y

X

>x

X

—-- N

.64

~

N

where the top row is distinguished in N and the bottom row is distinguished in T, then by
Proposition we have an induced isomorphism z = z’. Therefore, z’ € N since N is replete. B

Remark 8.4. As a slogan, we can say that null systems are exactly replete full triangulated
subcategories.

8.2 The Verdier quotient

Let N be a null system in a pre-triangulated category TJ. We want to make sense of what it would
mean to take the quotient J/N. The idea we want to utilize now is based on the following basic
fact about pre-triangulated categories: a morphism f: x — yis an isomorphism if and only if

x—f>y—>0—>2x

is a distinguished triangle. This gives us a way to conceptualize which morphisms should be sent
to isomorphism in T/N. It should be exactly those f: x — yfor which there is a distinguished
triangle

X—>y—>z—>23x
where z € N.
Notation 8.5. Let T be a pre-triangulated category, and let N be a null system. We form the
collection of morphism

SN) :={f: x—>y|Eld.t.xiy—>zQszuchthatzEN}.

Definition 8.6. Let T be a pre-triangulated category, and let N be a null system. Then the Verdier
quotient of T by N is the localization

T/N == T[S(\)1].

The rest of this subsection is dedicated to giving a well-chosen triangulated structure on T/N
whenever 7 is triangulated, and showing it is well-behaved.

Proposition 8.7. Let T be a triangulated category, and let N be a null system in T. Then S(N) is a
multiplicative system.

Proof. Note that N is a null system in T if and only if N°P is a null system in T°P, so it suffices to
check that N is a right multiplicative system.

(1) S(N) contains the identities: since 0 € N, in fact every isomorphism is contained in S(N).
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(2) S(N) is closed under composition: given morphisms x I> y 5 z, let cf (resp. g, cq. 1) be a
cone of f(resp. g, g ° f). Applying (TR4), we have a distinguished triangle

Cf = Cgof = Cg = ZCf.

Since cf and ¢ are in N and N is closed under extension, it follows that Cgof is in N, so
ge f€3MN).
(3) 8(N) satisfies (M1): consider x’ <x I> y, where s € 8(N). Using (N2) and (TR2), we deduce

the existence of a z € N and a distinguished triangle

h s
zox—>x > 2z

Taking the cone of f - h and applying (TR3), we get

z x x >z
e
foh M
B ——— §) o= ry —— 2z

and one notes that t € S(N) since z € N.

(4) S(N) satisfies (M2): it suffices to show that given a solid diagram

where f o s =0, a dashed arrow t exists such thatt o f = 0. Suppose we are given the solid
diagram. Taking a cone g: y — cyof f, weak cokernel property of Corollaryyields a
map h: ¢g — ysuch thathe g = f, and we may take a conet: y — 2z’ of h. Allin all, we

have
z S5 x % cf 2z
x lh
y
|
Z/
suchthatto f =tehog=0.
This completes the proof. |

The above lets us apply the non-functorial derived functor machinery later, which is beneficial
in many cases, as functoriality even on the level of homotopy categories can be slightly tricky to
arrange.

Before we can place a triangulated structure on T/N, we have to find a shift functor on it.
For this, consider the localization functor y : T — T/N and note that the composition y » ¥ is
homotopical: we have that ZS(N) = S(N), so for all f € S(N) the morphism yX fis an isomorphism.
By universal property of the localization, this means we have an induced functor
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g2 L7

a Ir
T/N -- %5 T/N
which is our prospective shift. Note that y> = Xy.
Exercise 22. Show that the above functor X : T/N — T/N is an automorphism, with inverse

induced from the inverse of X : T — 7. Hint: use the uniquenss in the universal property.

Theorem 8.8. Let T be a triangulated category, and let N be a null system. Then the following
statements hold,

(1) T/N is an additive category, and the localization functory: T — T/N is additive.

2) Let a triangle x - y — z — Zx in T/N be distinguished if it is isomorphic to the image under
3 y 8 P 3
y of a distinguished triangle in J. Then this endows T with the structure of a triangulated
category.

(3) With the triangulated structure from (2), the functory: T — T/N is triangulated.

Proof. (1) This is an immediate corollary of Theorem given that S(N) is a multiplicative
system.
(2) We sketch how to show that (TR1)-(TR4) hold. The only non-trivial one is (TR1). Consider

a morphism fs™ : y(x) - y(y), i.e. maps x < x i y in T/N, which we note is the same as
y(f) e y(s)~L. Take a cone cyof fin TJ; we then have an isomorphism of triangles

r) () —— ylep — By
o 1 1|
y(x) 1467, y(ep) — Zy(x’)

where the upper triangle is distinguished, hence so is the lower one. For (TR2), just lift the
required distinguished triangles to ones in T and apply (TR2) there. The strategies for (TR3) and
(TR4) are very similar.

(3) We have that yX = Xy, and by definition, y sends distinguished triangles to distinguished
triangles. |

Exercise 23. Complete the proof of (2) in Theorem 3.8

From now on, we tacitly endow T/N with the triangulated structure provided above. In
this context, one can restate the universal property of the localization in terms of triangulated
categories.

Theorem 8.9. Let T be a triangulated category, let N be a null system, and lety: T — T/N be the
localization functor. Then the following statements hold.

(1) Forall x € N, we have y(x) = 0.

(2) T/N is the universal pre-triangulated category satisfying (1): for any triangulated functor
F: T — D such that Fx = 0 for all x € N, there is a unique triangulated functor F’ : T/N — &
such that F =y F.

(3) T/N is the universal source of cohomological functors out of T sending N to zero: for any
cohomological functor H : T — A such that Hx = 0 for all x € N, there is a unique
cohomological functor H : T/N — A such that H =y - H'.
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Proof sketch. (1) For any x € N, the distinguished triangle 0 - x — x — 20 shows that 0 — xis
in 8(N). In particular, 0 = y(0) = y(x).

(2) If F sends everything in N to zero, then for any s : x — yin 8(N), taking a cone and
applying F yields

E.
Fx —> Fy — 0 —> XFx.

Therefore, Fs is an isomorphism. In particular, the universal property of localizations then
guarantees a unique functor F’ : T/N — D. To see that it is triangulated, one needs two
things: that it commutes with the shift (up to a specified natural isomorphism), and that it sends
distinguished triangles to distinguished triangles. For the former, use the natural commutation
isomorphism for F along with the universal property of localizations. For the latter, use the
defining properties of F” and distinguished triangles in T/N.

(3) The details of this are similar to (2). O

8.3 Thick subcategories

Definition 8.10. Let F: C — D be a functor between categories with zero objects. We define
the kernel of Fto be the full category of € spanned by objects sent to zero by F, i.e.

kerF :={x € G| Fx = 0}.

The kernel of a functor is by definition a replete full subcategory. Consider the localization
functor y: 7 — T/N of a Verdier quotient. As explained, we have N C kery. Is this an equality?
In general, the answer is no, and for a very simple reason: the kernel ker y is closed under taking
direct summands. Indeed, consider the general situation of the definition, and assume that Fis an
additive functor between additive categories. If we have F(x @ y) = 0, then we have Fx @ Fy = 0,
and this can only happen if Fx = Fy = 0.

Definition 8.11. Let T be a pre-triangulated category. A thick (pre-)triangulated subcategory
T’ of T is a full (pre-)triangulated subcategory which is closed under summands. That is, if
x®yeT thenx,yeT.

What we have observed is that kery is a thick triangulated subcategory of J. This is not
necessarily true of N, so clearly it is not necessary that it is equal to kery.

Notation 8.12. Let T be a triangulated category, and let C be a subcategory. We denote by
thick(C) the smallest thick triangulated subcategory of T containing C.

Our goal for this subsection is to prove that ker y = thick(N). As a result, we will also be able
to deduce that there is a canonical isomorphism of triangulated categories T/N = T/ kery. Fix a
triangulated category 7 and a null system N, and denote the localization functor by y: T — T/N.

Exercise 24. Show that (7,8(N)) is a pseudo-homotopical category, i.e. show that S(N) satisfies
the 2-out-of-3 property.

Exercise 25. Let F: T — 7’ be a triangulated functor between triangulated categories. Check
that ker F inherits a triangulated structure from 7.

Lemma 8.13. If a morphism
x <&y i x

in T/N is in the equivalence class of the identity, then f € S(N).

Proof. By assumption, we have a diagram
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5
SN
x L J”. h S x
2
x

where t € S(N). By Exercise |24} ¢,y € S(N). But now ¢y = f - ¢, so the same property yields
f € 8(N). [ |

Lemma 8.14. Consider a morphism

in T/N. Then the following statements are equivalent.
(1) The morphism gs™! is invertible.
(2) There are morphisms f: y" — x’,h: y — 2’ in T such that g f,h g € S(N).

Proof. Assume (2) holds. Then y(g - f) and y(h - g) are invertible, and so see that

v@ey(Hey(ge H=id  yheg)ey(h)oy(g)=id
so that y(g) is invertible. Now, y(s) is invertiblle, and gs™! = y(g) - y(s)™!, so gs~! is invertible.
Assume now that (1) holds. We must find suitable fand h. To this end, note that we have an
inverse y(g)~! = ft~! : y(y) — y(x") displayed by the zigzag
J 4 ’
y<y —oXx
and composing this with y(g), we see that

t ,8f
y<y =2y

is in the equivalence class of idy. By Lemma8.13| g o f € 8(N). Performing a dual computation
produces the morphism h. |

Proposition 8.15. Consider an object x € T. Then the following are equivalent.
(1) The unique morphism x — 0 in T maps to an isomorphism in T/N.
(2) x € kery.
(3) There exists somey € T such that x ® y € N.

In other words, ker y = thick(N).

Proof. The equivalence between (1) and (2) is clear. We show that (1) and (3) are equivalent.
Suppose that y(x) — 0 is an isomorphism. By Lemma|[8.14] we can find some y € T and some
morphism 0 — Xy such that the zero map x — 0 — Xy is in 8(N). On the other hand, we have a
distinguished triangle

0
YyoXx®y->x—>2Xy

0
so that X(x @ y) is a cone of x — Xy, hence is in N. We conclude that x & y € N.
Conversely, assume (3). Given x @ y € N, the same distinguished triangle as above shows
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that x > >yis in S(N). We finally observe that the maps
0—>x—>0 x—>0->23Xy
are thus both in 8(N), so x — 0 is sent to an isomorphism in T/N by Lemma 3.14] [ |

Corollary 8.16. Let f: x — y be a morphism in T. Then f is sent to an isomorphism in T/N if and
only if any cone of fis a direct summand of an object in N.

Corollary 8.17. Let T be a triangulated category, and let N be a null system in T. Then there is a
canonical isomorphism of categories

T/N = T/ thick(N).

Proof. One easily checks that T/ thick(N) satisfies the same universal property as T/N. |

8.4 Derived functors for triangulated categories

We have provided (at least) two bits of machinery for constructing derived functors in the context
of ordinary categories. However, in the context of triangulated categories, one naturally wants a
slightly different context. Ordinarily, one works in the 2-category Cat, but here, we really want
to work in another 2-category consisting just of the triangulated categories.

Definition 8.18. We define a strict 2-category TCat as follows.
» For objects, we have triangulated categories.

» For 1-morphisms, we have triangulated functors (F,o) where F: 7 — T ando: FoX = X’oF
is a specified natural isomorphism.

x For 2-morphisms (F,0) = (F’,0”) we have natural transformations  : F = F’ compatible
with the specified commutation natural isomorphisms, i.e.

FoY =%= 3o F

nzﬂ ﬂz'ry

Floy, =2 3/ o F

commutes.

One then mimicks the definition of an (absolute) Kan extension in Cat to get a definition of
(absolute) (total) derived functors in the context of triangulated categories. This is straightforward
to do, so we do not spell it out. Furthermore, as the proofs involving deformations are in essense
purely formal, they naturally extend very easily to the above context, though we replace the
notion of a relative category (€, W) with that of a “Verdier pair” (T, N) of a triangulated category
T and a null system N in 7.

Definition 8.19. Let F: T — 7’ be a triangulated functor, and let N (resp. N”) be a null system
in T (resp. 7’). Consider a full triangulated subcategory C of 7. We say that C is F-injective (with
respect to N and N”) if the following conditions are satisfied:

(1) FNNG)C N,
(2) For all x € T, there is an object x” € C and a morphism x — x” in S(N).

Dually, we say C is F-projective if it satisfies (1) above, and the following condition:
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(2’) For all x € T, there is an object x” € € and a morphism x” — x in S(N).

We will say T has enough F-injectives (resp. F-projectives) if there exists a full triangulated F-
injective (resp. F-projective) category C.

Theorem 8.20. Let F: T — T’ be a triangulated functor between triangulated functors equipped
with null systems N and N’. Then the following statements hold.

(1) Suppose that there exists enough F-injectives. Then F has an absolute total right derived functor,
and it is a triangulated functor.

(2) Suppose that there exists enough F-projectives. Then F has an absolute total left derived functor,
and it is a triangulated functor.

Furthermore, in both of the above situations, the absolute total right/left derived functors are also
absolute left/right Kan extensions in TCat.

Proof. (1) and (2) are dual, so it suffices to prove only one of them. We prove (1). To this end, we
wish to apply Theorem[6.19] Let € be our promised full triangulated subcategory of F-injectives
with respect to N and N’. We see by assumption that (a) in the theorem is certainly satisfied. To
see that (b) is satisfied, note that the weak equivalences in C are exactly the morphisms which
have a cone in N N €, which is sent to N’ under F. Therefore, we may apply Theorem to see
that an absolute total right derived functor RF: T/N — T’ /N exists, and furthermore, that it is
given by a composition
gnSeonne) g

To see that RF can be made into a triangulated functor, it suffices to see that the above functors Q
and F’ are triangulated. However, F” is induced by the universal property Theorem[3.9] and Q is
a quasi-inverse of the triangulated equivalence C/(N N €) — T/N also induced by this universal
property from the inclusion € — 7. Therefore, both of them are automatically triangulated
functors.

That the resulting functor is also a total left Kan extension in TCat, it suffices to note that the
proof of Theorem (and in partcular Lemmal6.18) can be carried out entirely internally to this
2-category. |

Remark 8.21. Of course, an obvious version of pseudofunctoriality also holds in this setting. In

. . . F G . . .
particular, given triangulated functors T — 7" — J” between triangulated categories with null
systems N, N’, and N”, along with distinguished F-injectives € C T and G-injectives €’ C J”,
there is a canonical natural transformation of triangulated functors

R(Go F) = RG < RF

and this is a natural isomorphism if FC C €’.
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9 Localization sequences & recollements of triangulated cate-
gories

In the theory of localizations of categories, there is something called Bousfield localization.
Essentially, it concerns a way in which one can recognize and recover a localization from certain
other data. In the “stable” setting of triangulated categories, it takes on a particularly simple
form, which is the topic of this lecture. It’s a useful thing to learn about for several reasons:

(1) Localization sequences, or rather recollements, appear often in nature, and give a nice
formalism for explaining “gluing” phenomena in many situations, such as in algebraic
geometry. Often, in topics where one is trying to do geometry abstractly, one will seek
recollements as a form of aid, indicating e.g. what should be considered open and closed.

(2) Understanding the theory in the special case of triangulated categories is useful in motivat-
ing the general theory of Bousfield localizations.

(3) The proofs involved are tremendously helpful in demonstrating how one handles the
machinery of a triangulated category, and give useful intuition for topics like t-structures.

9.1 Orthogonal complements, & adjoints arising from them

Definition 9.1. Let T be a triangulated category, and let C C T be a full subcategory. Define the
full subcategories

Ct:={yeT|VxeC T(x,y) =0},
e:={yeT|VxeC T(y,x) =0}

Proposition 9.2. Let T be a triangulated category, and let T’ be a triangulated subcategory. Then
the following statements hold.

(1) T'* and *T" are thick replete full triangulated subcategories of 7T.
2) T NnTLt={0}=T" n+T".
(3) T/ C (T4 and T’ C (T .

Proof. (1) By definition, T+ is full; that it is furthermore replete is trivial. To see that it is closed
under direct summands, observe that if x, y € 77+, then for all z € T’

0=T(z,x®y)=T(z,x)®T(z,y) = T(z,x)=T(z,y)=0.

It remains to see that 7+ is a triangulated subcategory. By Proposition|[8.3] it suffices to check
that 77+ is a null system. Clearly, 0 € T7’+. Next, if x € T7’*+, then for all z € T7” we have

T(z,2x) = TE z,x) =0

since X'z € 77, on account of I’ being a triangulated subcategory of 7. Finally, we need to
check that 77+ is closed under extensions. For this, consider a distinguished triangle

x—=>x" —>x" -3
where x,x” € T’+. Applying T(z, —), we have the exact sequence
0=T(z,x) > T(z,x’) > T(z,x")=0

so that J(z, x’) = 0 as desired.
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(2) If x € T’ N T4, then for all z € T7” we have
T (z,x)=0=7"(z,0)

so by the Yoneda lemma, x = 0.
(3) Let x € T”. If z € 7'+, then clearly T(x,z) = 0, so x € “(T"4).
The remaining statements are dual. |

Proposition 9.3. Let T be a triangulated category, and suppose we have a replete full subcategory
T’ of T satisfying the following properties.

(a) For all x € T, there is a distinguished triangle
x> x - x" - 3x
where x’ € T’ and x” € (T')*.
(b) 2T CT".

Then the inclusion : T" — T admits a right adjoint v’ : T — T’ given by x — x’, and forallx € T
the distinguished triangle in (a) has the form

(x) > x > x” > 3 (x)
where v’/(x) — x is the counit of the adjunction.

Proof. The idea is that the distinguished triangle in (a) gives us everything.

We produce a right adjoint to //. For x € T, pick a distinguished triangle as in (b) and let
7/(x) := x’. We show that this object represents the functor T(/(-),x) : 7/ — Ab. For this, just
apply T(y’,—) with y” € T’ to the induced distinguished triangle

> Ix” = /(x) 5 x> x”
to get, using Proposition[7.13] the exact sequence
0290/, 27) > TG 7)) B TG x) - TG x) = 0
so that we have a natural isomorphism J(y’, 7’(x)) = J(y’, x), i.e. the natural isomorphism
exs s T(=7'(x)) = TW (=), x).

The rest now follows by abstract nonsense. |

9.2 Short exact sequences of triangulated categories

We introduce the below terminology, which is not entirely standard.

Definition 9.4. A (short) exact sequence of triangulated categories is a pair of functors

A, R

between triangulated categories such that

(1) the functor i is fully faithful, and has essential image a (definitionally replete) thick triangu-
lated subcategory of 7T,

(2) the functor p is essentially surjective, and
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(3) pexhibits T” as the Verdier quotient T/i(T”) in the strict sense, i.e. pinduces an isomorphism
of categories T/i(T") = T”.

We say it is a weak exact sequence if the condition in (3) only holds up to equivalence.

Remark 9.5. We see that, by definition, any null system (i.e. replete full triangulated subcategory)
N in T induces a canonical exact sequence

No T-»T/N.

Furthermore, basically also by definition, all exact sequences can be written in this form up to
equivalence.

Exercise 26. Define a suitable notion of morphism of exact sequences of triangulated categories.
Show that any exact sequence of triangulated functors can be written in the form indicated in
the above remark.

In traditional settings, one has the following intuition: given a short exact sequence of Abelian
groups
0->A—->B—>C—0,

we may think of Bas a “sum” of C and A. Of course, it need not be an actual direct sum: indeed,

such a sequence exhibits B as A @ Cif and only if it splits. On the other hand, it is still useful to

think of extensions as describing some potentially non-trivial way to combine C with A to get B.
In the non-Abelian setting, such as an exact sequence of groups

1> H->G—->K-—>1

one still has this intuition, but one loses the ability to detect that G = H x K using splitting. More
precisely, if it splits on the left, all is as usual; if it splits on the right, however, one cannot know
that G = H x K, as there are examples where this fails. These examples are provided by semidirect
products.

For triangulated categories, the situation most resembles that of the Abelian case. This is no
surprise, as triangulated categories model “homotopy Abelian” or “stable” phenomena, where we
have some form of commutativity. For example, we will see that splitting on the left is the same
as splitting on the right. On the other hand, the setting of triangulated categories is also more
subtle, and in this way has some of the flavour of the non-Abelian case: there are several ways in
which one side can split (given by having a left or right adjoint), and even in the presence of a
splitting, one cannot reconstruct 7 from J” and T”. In a sense, this last subtlety is a deficiency
of triangulated categories specifically, as in enhanced contexts (such as dg-categories, or stable
co-categories) it disappears.

We will be interested in exact sequences with nice properties.

Definition 9.6. An exact sequence

(J'I_i)g"i)g'll

is called a
(1) localization sequence if i and p admit right adjoints;
(2) colocalization sequence if i and p admit left adjoints.

(3) recollement if it is both a localization sequence and a colocalization sequence.
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9.3 A recognition theorem for localizations

L
Theorem 9.7. Suppose we have an adjunction D g C, between categories. Let Wi, (resp. Wg)

R
be the wide subcategory of C (resp. D) spanned by those morphisms sent to isomorphisms by L (resp.

by R). Then the following statements hold.
(1) R is fully faithful if and only if the induced functor L’ : C[W; '] — D is an equivalence.
(2) L is fully faithful if and only if the induced functor R’ : D[Wx'] — C is an equivalence.

Proof. The statements (1) and (2) are dual, so it suffices to prove (1). By Lemma[4.3] we know
that R is fully faithful if and only if the counit ¢: LR = 1, is a natural isomorphism, so we must
show that this occurs if and only if L’ is an equivalence. Let  : 1g = RL be the unit, and let
v C— Clw, 11 be the localization functor.

Assume that ¢is a natural isomorphism. We show that y; R is an inverse to L’. One composition
is easy:

L'yiR=LR=1.

Here, we used the definition of L’, and the counit ¢ : LR = 1. For the other direction, we use
that, by Lemma [4.3] the natural transformation Ly is a natural isomorphism; in particular, every

component of 7 is thus contained in Wy, so n is a weak natural equivalence. One deduces that
yLh : yL = yrRL is a natural isomorphism, so

yLRL')/L =y RL=yr

which by universal property implies that yy RL" = 1.

Conversely, assume that L’ : ¢[W; '] = D. We show that 1y is left adjoint to LR with counit
& in that case, the adjunction map D(x,y) = D(x, LRy) tells us that the counit components
gy LRy — yare isomorphisms. So, to this end, note that for any category D’, composition with
L gives a fully faithful functor L* : Fun(D, D’) — Fun(C, D’), as it is naturally isomorphic to the
composite

Fun(D, ') 7+ Fun(@W; '], D) oy Funy, (€.D") —— Fun(€, D),
. -

Choosing D’ = D, composition with L gives a fully faithful functor Fun(D, D) — Fun(C, D), and
in particular, we may find a natural transformation 5’ : 1pp = LR in the preimage of Ly : L = LRL,
so that Ly = n’L. This n” will be our unit. It remains to check the triangle identities; from the
ones for the adjunction L + R, we have

idp =¢Lelyp=cLon’L=(eon’)L
which provides one of the triangle identities. For the other, note that we have
idg = ReenR = idyg = LRe o LyR = LRe o’ LR.
This completes the proof. n

Remark 9.8. Note that the above theorem necessarily only holds up to equivalence, i.e. in the
“weaker” sense of localization. Inspecting the proof shows that this is essentially unavoidable.
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L
Corollary 9.9. Suppose we have an adjunction T’ i{_j\ T, between triangulated categories. Let

R
Np =ker L and N = ker R. Then the following statements hold.

(1) R is fully faithful if and only if L induces an equivalence of triangulated categories T/Np = T”.
(2) L is fully faithful if and only if R induces an equivalence of triangulated categories T’ /Ng = T.

Proof. (2) is dual to (1), so we prove (1). Let Wi be the morphisms in T sent to isomorphisms
by L. By Theorem R is fully faithful if and only if L induces an equivalence T[W; '] = 7".
Now, simply note that W; = 8(N1). Indeed, Lfis an isomorphism if and only if its cone is zero,
if and only if the cone of fis in ker L = Ny. Furthermore, note that the induced equivalence is
triangulated by universal property. |

9.4 Properties of the adjoints in localization sequences

Lemma 9.10. Let F: C = D be a fully faithful functor. If F has a right adjoint F + R, then R is
essentially surjective.

Proof. By Lemma since F is fully faithful, we know that the unit n : 1 = RF is a natural
isomorphism. In particular, for any x € €, we have x = RFx. |

Theorem 9.11. Suppose we have an exact sequence of solid arrows

ALY, N N, 7
R T N

ir PR
Then the following statements hold.
(1) Ifi has a right adjoint ig, then ig is essentially surjective.
(2) If p has a right adjoint pg, then pg is fully faithful.

(3) In the situation of (2), pg induces an equivalence T” = i(T")* with quasi-inverse given by the
composite
(Tt > T8 97,

Proof. (1) Since i is fully faithful, we are done by the above lemma.

(2) The idea is to explot Theorem or rather, Corollary 9.9 We note that ker p = i(7"),
so the requirement that p induces an equivalence T/ ker p = T” is satisfied, hence py is fully
faithful.

(3) It suffices to check that the essential image of pg is i(T’)*. Let z = i(z9) € i(7”). For any
y = pr(y) € pr(T”), we then have

T(x,y) = T(i(20), pr(30)) = T”(pi(20), o) = 0

since i(T”) = ker p. We deduce that pr(T”) C i(T’)*. Conversely, let x = i(xy) € i(T’)*, and
consider the unit n: 1 = pgp. Taking the cone of ny

Nx P
x = (prp)x = x’ = Z(prp)x,

we note that by (2), py is fully faithful, so pn: p = pprp is a natural isomorphism, and hence
p(x”) = 0. Therefore, x” € i(T”). Now, both x and pgpx are in i(T’)*, which is a full triangulated
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subcategory of T and is thus closed under cones; in particular, x” € i(7”) Ni(T’)* = {0}, so x” = 0.
We conclude that y : x = prpx. |

9.5 Splittings of exact sequences

Lemma 9.12. Consider a fully faithful triangulated functori: T’ — T and assume thati has a
right adjoint ig. Then
i(T)t ={x € T|ip(x) = 0} = kerig.

Proof. 1If x € 7, then for all z = i(zy) € i(7”), we have
T(z,x) = T(i(z9), x) = T’ (29, ig(x)).

Thus, if x € i(T")*, we see that T’(—,ig(x)) = 0, so x € kerig. Conversely, if x € kerig, then the
above right Hom-set is zero, hence the above left is too. |

Lemma 9.13. Consider a fully faithful triangulated functori: T — T and assume that for all
x € T, there is a distinguished triangle

X' - x—->x" - 3x
where x’ € i(T") and x” € i(T’)L. Then “(i(T")*) = thick(i(T")).
Proof. Let x € l(i(‘J”)l). We have a distinguished triangle
x' = x> x" - 3x
by assumption, and by definition of x, we have T(x, x”) = 0. Shifting around, we thus have
Slx” x> xS x”

which by Corollary implies that x” = ¥7!x” @ x. In particular, x is a direct summand of
x’ €i(T"), so x € thick(i(T")). This shows ~(i(T")1) C thick(i(T")).

We already know that i(7’) C “(i(77)*), and since “(i(T7)) is thick, this means that
thick(i(T")) € *G(T")). u

Theorem 9.14. Consider an exact sequence

AN SR,

Then the following statements are equivalent.
(1) The sequence is a localization sequence.
(2) The functori has a right adjoint ig.
(3) The functor p has a right adjoint pg.
(4) For all x € T, there are x’ € i(T"), x” € i(T")* sitting in a distinguished triangle

x> x> x" - 3x.

Furthermore, in the above situation, we have an equivalence of triangulated categories and equality

T/GTYD = T, HETY) = i(T).
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Proof. Clearly, if (2) through (4) are equivalent, then (1) is equivalent to them all. We have already
seen in Proposition [9.3| that (4) implies (2). We will show that (2) = (4) = (3) = (2).
(2) = (4). Let ¢ : iig = 1 be the counit. By taking the cone, we then have a distinguished
triangle
i(igx) > x > x” - Ji(igx)

for all x € T. Since i is fully faithful, ige : igiig = ig is a natural isomorphism, so applying ig
to the above (and noting that adjoints of triangulated functors are triangulated), we have the
distinguished triangle

(igiig)x = ipx — igx” — X(ipiig)x
so that igx” = 0. By Lemma we see that x” € i(T")*.

(4) = (3). Applying the dual of Proposition we see that the inclusion i’ : i(T’)* & T
admits a left adjoint L. Since L has fully faithful right adjoint i’, it induces an equivalence
F: T/ker L = i(T")* by Corollary Now, by the dual of Lemma we have ker L = L(i(‘J”)L),
and since i(7”) is thick, Lemma tells us that ker L = i(7”). Therefore, we get an equivalence
T” = i(7’)* which we abusively also call F. The following computation shows that i’ F is right
adjoint to p:

T7(p—, =) = i(T*(Fp—, F-) = (T (L, F-) = T(~,i'F-),

(3) = (2). Let p have a right adjoint pg. By taking the cocone of the components of the unit
n: 1= prp, we have distinguished triangles

x" = x > prp(x) = Zx’

By Theorem[9.11] pg is fully faithful, hence pn: p = pprp is a natural isomorphism. Therefore,
applying p above yields that x” € ker p = i(T7”). Furthermore, one trivially sees that pr(7”) C
i(T")*, so we may apply Proposition

For the final statements, note that we already showed that (4) implies the equality

i(T7) = (T

in Lemma for the equivalence, since i is fully faithful, by Corollary 9.9 the right adjoint ig
induces an equivalence T/ kerig = J’. Since kerig = i(7’)*, we are done. |

Remark 9.15. Observe that, in fact, the implications (2) & (4) = (3) hold without assuming that
the essential image of 77 in T is thick. Indeed, the only step where thickness appears there is in
(4) = (3), showing that ker L = i(T”); without thickness, however, one has ker L = thick(i(7”)).
However, we know that T/N = T/ thick(N), so this actually does not matter.

The other implications, however, strictly make use of thickness in an essential way, and so
may not be naturally generalized.

9.6 Recollements

Recall that an exact sequence of triangulated categories is a recollement if it both a localization

sequence and a colocalization sequence, i.e. if all adjoints exist. In other words, a recollement
looks like this:

ir pL
TS k>
i— T —p— T”.
‘\;L/ ‘\J_'/

iR PR

(J‘/

The results we have produced (and their duals) tell us that having a recollement is the same
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as having distinguished triangles

pLp(x) = x —> i (x) = Zprp(x),
iig(x) = x = prp(x) — Ziig(x),
telling us about the adjoints. Of course, the above make use of the adjoints, so really we should
say
x o> x—ox” >3, xer((T)), x”ei(T),
X' > x—-x"->3x, x€i(T), x”ei(T)
Perhaps surprisingly, these things do appear in nature, and one may see them as providing a way
to distinguish between open and closed sets. In particular, for any topological space X, let D(X)
denote the derived category of sheaves of Abelian groups on X, and consider a closed set Z C X.

Write U := X\Z and leti: Z < X respectively j: U — X, be the inclusions. Then there is a
recollement of the form

* Jt

N e
D(Z) —i.— D(X) — j* — D).

- t
i Jx
In the above, we have suppressed explicitly writing how the functors are derived, as it is not
important in the context of merely presenting this as an example. The important point is that
this kind of situation arises whenever one considers the complement of a closed subspace, even
in geometric situations such as for schemes. More generally, one can go backwards and use this
to “identify” which kinds of objects should be considered open versus closed, by placing them
within an appropriate recollement.
In a recollement
i pL
TS 1
i— T —p— T”
LS

i R PR

KJ’I

the functor ig ° p; is sometimes referred to as the gluing functor. This can be made sense of using
the above example of sheaves: the functor j is given by “extending by zero” while i' considers
those sections with support in Z.

9.7 Appendix: Verdier quotients of stable co-categories as cofibers

The appropriate co-categorical version of triangulated categories is given by stable co-categories.
A natural question is thus to ask in what form the Verdier quotient construction appears in the
theory of stable co-categories. There is one evident approach: do the same thing as we did for
triangulated categories. That is, given a stable co-category D, we consider a stable subcategory
€ < D, and form a class of morphisms 8(C) :={(f: x > y) € D | cofib f € C}. Then the Verdier
quotient should be the localization D[S(C)~1].

On the other hand, there is a different approach, and one which is a sense more elegant. The
theory of colimits of stable co-categories is very well-behaved, particularly if the co-categories in
question are presentable. This leads to the

Definition 9.16. Let F: C — D be a fully faithful exact functor of presentable stable co-categories.
Then the Verdier quotient D/C is the cofiber of F. That is, it is the pushout
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e—f o

[

* — D/C

in the co-category of presentable stable co-categories.

This is a rather beautiful and simple definition, capturing precisely our intuition for what exact
sequences are. One can show that, in various settings, this agrees with the previously suggested
definition as a localization; this is done in [BGT13]] and [Dre15]. Similarly, they show that the
concept agrees with that on triangulated categories: it is proven that ho(D/C) = ho(D)/ ho(C).
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10 Abstract cohomology through t-structures

An important topic of homological algebra is (co)homology. Indeed, the entire subject is named
after it. Typically, cohomology is handled (one way or another) through derived categories, by
using that the cohomology functors on chain complexes descend to cohomology functors on the
derived category. One can then study various properties in a nice and systematic way. However,
there is also an abstract formulation of cohomology on the level of triangulated categories, given
by the theory of t-structures. These were initially invented in [BBDG18], where they acted as
a way to find Abelian categories living inside triangulated categories (in particular, Abelian
categories of so-called perverse sheaves).

While the formalism of t-structures should really be motivated by seeing the concrete example
of derived categories, we choose to reverse this and instead view t-structures as a formal setting
in which cohomology arises, later showing that this may be employed in the standard cases. As
a result, some of the axioms may at first seem a bit unmotivated, but the hope is that they are
still convincing enough to be considered reasonable. We essentially follow [KS94].

10.1 Truncation functors & t-structures

In essence, the cohomology functors on chain complexes come about due to the natural grading
that chain complexes have: indeed, given a chain complex x* € C(A), we can consider the piece x*
living in degree i. Cohomology comes out of the relation between this piece and its neighbouring
pieces. Accordingly, t-structures start with the perspective that this should be doable in more
generality by specifying this grading as data.

Definition 10.1. Let T be a triangulated category. A t-structure on T is a pair (T<°, 7=9) of replete
full subcategories of T (the aisle and co-aisle, respectively; alternatively, the coconnective piece
and the connective piece) satisfying the below conditions. For any n € Z, we set T<" : = 3~ "J=<0
and T2" := ¥ 71720,

(T1) (T=0)* > T2!. That is, if x € T<0 and y € 72!, then T(x, y) = 0.
(T2) 71 c 70 and 72! c 720,
(T3) For all x € T, there is a distinguished triangle

x' = x—-x" - 2Zx

such that x’ € 750 and x” € T=21.

Remark 10.2. Requiring the subcategories in a t-structure to be replete is not strictly necessary
for all purposes, but it is a nice simplifying assumption, and furthermore, it is harmless to reduce
to this case since one can always just enlarge one’s subcategories to be replete.

Example 10.3. Let T be a triangulated category. There are two trivial t-structures one may put
on T, namely (7,0) and (0, 7).

Example 10.4. When we get around to the derived category in later lectures, we will see that
for an Abelian category A, the pair

(D=(A), D=(A))

given by the subcategories spanned by those complexes concentrated in non-positive or non-
negative cohomological degrees determines a t-structure. This is called the standard t-structure
on D(A).
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Exercise 27. Let (T7<°,72%) be a t-structure. Show that, for all n € Z, the pair (T<",T=") is a
t-structure.

We may employ the results developed in Lecture [9|immediately. In particular, we can make
use of Proposition [9.3| (and its dual); inspection of the assumptions reveal that one demands
almost exactly half the conditions of a t-structure. We deduce that the inclusions

SnL gt g, 2 TG T

admit a right (resp. left) adjoint.

Definition 10.5. Let (T7<°,72°) be a t-structure on 7. The right adjoint of /<", respectively the
left adjoint of =", are denoted

Sn T T resp. r2M: T o TN

and are called the truncation functors.

By construction, the counit ¢ of the adjunction =" <" and the unit 5 of the adjunction
2"t 1 2+ e in distinguished triangles

n
Sy 5 x I p2ntly _ wpsn
Furthermore, any other distinguished triangle

x' = x> x" - 3x,

such that x” € T<" and x” € T=""1, is canonically isomorphic to the first one. The details of this
are in Proposition

Proposition 10.6. For alln € Z and x € T, there is a unique morphism dt : 7="*1x — 3r"x such
that o
& n
TSy = x —> 72y 5 FrShy

is a distinguished triangle. Moreover, the morphisms df assemble into a natural transformation
dr - T2n+1

= X"
Proof. We use Lemma All we have to do is check that

TCEr<x, 12" 1x) = 0

but 2<% € 3T = T<1 € T and (T)+ D T2 50 this is clear.
To see that the (now unique) morphisms d} assemble into a natural transformation d" :
2" = 3 o " suppose we have a map f: x — y. Applying =" to fand using adjointness, we
get a morphism of distinguished triangles

which by uniqueness (see Lemma 7.19) implies that the dashed arrow is r="*! f, |

Exercise 28. Prove that for alln € Z,

TSN =3MorSOoxn 2 =3 oS0 3n
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10.2 Properties of the aisle and co-aisle

The truncation functors can be used to detect if something is in the aisle or the co-aisle.

Proposition 10.7. Let (T<°,72°) be a t-structure. Then x € D" if and only if 7="*1x = 0.

Proof. Since <" is right adjoint to a fully faithful functor, we have that x € D<" if and only if

then the counit component 7<"x — x is an isomorphism. This, in turn, is equivalent to the cone

(which is given by 7="1x) being zero. [ ]

Exercise 29. Let (7=9 729) be a t-structure. Show that 0 € T<0 0 720,

Corollary 10.8. Let (7<°,T2%) be a t-structure. Then the following statements hold.
(1) y € T2V if and only if T(x,y) = 0 for all x € T=0,
2) x € 7=V if and only if T(x,y) = 0 for all y € T=1,

In particular, 2! = (T2%)* and T<0 = l(‘3’21). Furthermore, T<° and T2° are closed under direct

summands.

Proof. We prove (1), since (2) follows dually. Since 72! C (72°)*, one direction is clear. For the
other, let y € T and assume that T(x, y) = 0 for all x € 72°. We now note that

0= T(x,0) = T(x,y) = T(x,7="y)

so that 7<%y = 0, hence y € T=1.
To see that T=0 is closed under direct summands, let x = x’ ® x” € T<0. Then for all y € T=!
we have
0=T0ry) =T, y)@T(x".y) = T(,y)=T(x",y) =0

so that x”, x” € T<0 by (2). The other case is dual. |

We thus see that the aisle and co-aisle in a t-structure are almost thick subcategories, missing
only the property of being closed under a particular shift. We can say more: these subcategories
are also closed under extensions. To prove this, we need a lemma.

Lemma 10.9. Let (T<°,72°) be a t-structure, and let x € T. If T(x,7='x) = 0, then x € T=0.
Proof. By assumption, we have a distinguished triangle

0
0% 5 x> 21y —» 3504,

We recognize that any distinguished triangle involving a zero map induces a direct sum decom-
position by Corollary|7.24} and in particular, we see that

S0 =312l g &,
Since T=0 is closed under direct summands, we see that x € T<0. [ |

Proposition 10.10. Let (T<°,7=%) be a t-structure. Then T<° and T=° are closed under extensions.

Proof. We prove the first statement, as the other follows by duality. Consider a distinguished
triangle
x' = x—-x" - 3x

where x’,x” € T<. We want to show that x € 7). We apply the cohomological functor
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T(—,721x) to see that
0=T(x",r21x) - T(x,21x) - T(x",21x) = 0
is exact, so T(x,72'x) = 0. By the preceding lemma, we conclude that x € T<0. [ |

Exercise 30. Let (7<°,72°) be a t-structure, and let f: x — ybe a morphism in 7. Fix some
n € Z. Prove the following statements.

(1) If x,y € T<", then any cone of fis in 7" and any cocone of fis in T<"*1,

(2) If x, y € T2, then any cone of fis in 7=""! and any cocone of fis in T=".

10.3 The Abelian heart of a t-structure
One of the original motivations for t-structures is the following construction.

Definition 10.11. Let (7% 72%) be a t-structure. The heart of T with respect to (750,729 is

TV .= 0 A 720
The heart consists of objects “concentrated in degree zero” and so, from the example of the

derived category, we expect this to be an Abelian category. Proving that is our next aim. An easy
step towards this is showing that T is additive.

Proposition 10.12. Let (T<°,72°) be a t-structure. Then T is additive.

Proof. By Exercise 0 € TV. Furthermore, it is clearly pre-additive, since it is a full subcategory
of a pre-additive category. Therefore, we need only show it admits finite direct sums. However,
if x,x” € T=0 then for all yE 721 we have

0=T(x®x",y)=T(x,y)®T(x",y)

so x ® x’ € T<0 by Corollary The same statement holds for 72° by a similar argument.
Therefore, TV is also closed under finite direct sums. [ |

To prove that 77 is Abelian, we will make use of the uniqueness properties coming from the
orthogonality assumptions in a t-structure, along with the intuition that cones in triangulated
categories are like “homotopy cokernels”. Actually, the cone is a more subtle construction: the
cocone, which should be a “homotopy kernel”, is just a shift of the cone. In other words, the cone
contains both information about the kernel and cokernel of a morphism. One way in which this
appears in other results is that it suffices to know a morphism has trivial cone to know that it is
an isomorphism, in contrast to an Abelian category where one needs to check both the kernel
and cokernel.

Theorem 10.13. Let (T=°,T2%) be a t-structure. Then T is an Abelian category.

Proof. Since we already know T is additive, what remains is to check that it admits kernels and
cokernels, and that the image coincides with the coimage. Let f: x — ybe a morphism in TV,
and take the cone to get a distinguished triangle

x i y =z — XX,
Inspecting the triangle and using closure under extension, one sees that z € 7<0 0 7271,

(1) The kernel of fis given by <271z — x. To see this, let w € TV. Applying T(w, —), we see
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that we have an exact sequence

0=Tw,27 1) - T(w,2712) - T(w, x) ﬁ T(w, y).

Therefore, we see that T(w, ¥~ !z) is the kernel of f. : T(w,x) — T(w, y). Using the canonical
isomorphism T(w, %7 1z) = T(w, r<°%712), we are done.

(2) The cokernel of fis given by y — 72%z. This is identical to (1).

(3) The image and coimage agree. By (1) and (2), we obtain the image of fby truncating the
cocone of the composition y — z — 72%. Let us consider the distinguished triangle

e—y— 1207 - e,

so that im f = 72%. We observe that e € T<! n 720, Applying (TR4) to the composition

y — z — 2%, we obtain a distinguished triangle

=il

Sx > e o>l 532 s xo e Sl 53k

By closure under extension, we see that e € 7=, so in fact e € 7. Shifting to the left, we
have the distinguished triangle

sl s x5eo ST

1TS—1

where we note that >~ z = 159571z = ker f, so really we have

ker f - x - e — Z(ker f).

Since e = 720, this exhibits e also as the cokernel of the kernel map, i.e. e = coim f. On the
other hand, e = im f, so we are done.

We conclude that TV is Abelian. [ ]

Remarkably, this means that whenever we have a t-structure on 7, we may find an Abelian
subcategory where the kernel and cokernel are, in a sense, given by the triangulated structure on
T.

10.4 Cohomology functors

By truncating to the left and right at position n, we are left with something in T<" N 72" = 37TV,
This indudces the all-important cohomology functors intrinsic to any t-structure.

Definition 10.14. Let (7<%, 720) be a t-structure. The zeroth cohomology functor with respect to

the t-structure is
H: T TV, HO := 720670,

More generally, we define the nth cohomology functor, for any n € Z, by
H*: T—>7Y, H':=H.3"

Exercise 31. Show that H” = 3" o 72" 0 7=,

Now, we made a choice in the above definition of what order to do the truncations. However,
clearly there should be no difference between truncating on the left then the right, or vice versa.
We verify this now, in (3) below.

Proposition 10.15. Let (T, 72°) be a t-structure. Then the following statements hold.
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(1) If m < n, then

TS o pSM = S o oSN = (S gpd 20 o p2M = [2M o ¢ 20 = 21,

(2) If m > n, then

T2M o rSP = () = SN o 72,
(3) For allm,n € Z, there is a unique natural isomorphism : 12 o <" = 1 o 2™ gych that the
diagram of natural transformations

£ n
sn 1 zm

m.gnﬂ ﬂgrzm

’[Zm'[gn :}} T<nT>m

commutes, where ¢ is the counit of IS + t="" and 1) is the unit of 7=™ - =™,

Proof. (1) We prove the leftmost statement, as the other one is dual. Observe that we have
a natural transformation e7=™ : 7" o <M = <M Since 72" is a reflective subcategory and
Mx € T C T for all x € T, we see that this natural transformation must be a natural
isomorphism by Lemma showing that <" o 7™ = 7= For the other isomorphism, note that
we have natural isomorphisms

T, (75 o 15M)(=)) = TEE(-), 757(=)) = TEE"(=), -)

so by uniqueness of adjoints, we get a natural isomorphism 75" o 7" = <™,

(2) The natural transformation r<™ 175" = <" jg a natural isomorphism since n < m, by (1).
In particular, the cone of each component is zero. However, the cone here is canonically given by
2™ o 1M hence we get one of the claimed isomorphisms. The other is dual.

(3) By (2), the claim already holds when m > n. Hence, we may assume that m < n. We have

the distinguished triangles

(’77<")
T<m 1T<nx T ny T>mT<nx ZT<m 1 <n X,
(T )x
7',gnl.>mx z.>mx T>n+1 >mx ZT<n >mx

Applying Exercise [30 E we see that 7<=y, =M<y € TN

properties of the truncations (being adjoints):

N T2™ Now we use the universal

(n ™) (="
<M 5 r2MmrShy TSNy K p2MpSny
gx\L L7 SxJ, :
i |
x 5 ~ x el
w7 el |
My e TSnp2my My e Snp2my
(e72™)y (e72™),

where we use that 72™7<"x € T<". We see that there is a unique natural transformation g :
T2M o 1S = rSM2M making the provided diagram of natural transformations commute. We must
now show it is an isomorphism.

By part (1), we may rewrite the triangles as

(’YT ")x _
Tgm lx Tgnx 7'_>m <nx ZT<m 1x’

(e72™)x
,[.SnT>m

x Z.>m N T2n+1

x —> XrSnp2my
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We apply (TR4) to the composition 7™ !x — r<"x — x. This yields a distinguished triangle

T2MeShy — 72My 5 20y 5 Sp2meSiy

However, we now have a distinguished triangle around 7=™x whose left term is in 7" and right

term is in T=""1, which implies (by construction of the truncation adjunction) that the canonical

map By : 72" <"x — 172"y is an isomorphism. [ ]

Corollary 10.16. Let (7=, T72°) be a t-structure, and consider a morphism f: x — yin T~. Given
a distinguished triangle
X =y -z XX,

we have canonical isomorphisms
ker f =H (z), and coker f = H%(z).
Proof. Recall from the proof of Theorem that we have canonical isomorphisms
ker f =771z, and coker f = 22

and that z € 7271 0 T<0. In particular, we have canonical isomorphisms

27l =z = S0
Thus,
ker f == 17271z = H 1(z), and coker f = 12070z = H'(2)
where, for the left computation, we use Proposition|10.15 [ |

Corollary 10.17. Let (7=, 729) be a t-structure, and consider a short exact sequence
0>x>y—»>z-0
in TV. Then there is a unique morphism z — %x for which
X—=>y—>z—>23x
is a distinguished triangle in 7T.

Proof. If such a morphism exists, it is unique by Lemma 7.22] since there are no non-zero maps
from T<! to 720, To see that one exists, pick a distinguished triangle

x—>y—-z - 3x

We aim to show that z’ = z. We have that z/ € 7<° n 7271, and therefore the distinguished
triangle

IA

-1, ’ 20/

2 57 7 <1/

75 — 2T

turns into
H(z)) » 2z > H'(z)) > SH ().

However, by Corollary[10.16] we have
Hl(z)zker(x > y) =0, H'Z)=zim(y »z)=z

Thus, z’ = H(z) = z. [ |
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10.5 Appendix: Cohomology is cohomological

Of central importance about the cohomology functors induced by a t-structure is the fact that
they are actually genuine cohomological functors, so that a t-structure gives rise to some new
non-trivial and interesting constructions. We now prove this.

Exercise 32. Let A be an Abelian category, and let f: x — ybe a morphism in .A. Suppose that
we have a factorization
g h
f=x>zy).

Show that there is a canonical isomorphism ker f = ker g.

Exercise 33. Let (T<0,729) be a t-structure, and let x € T<". Show that H'(x) = 0 for all i > n.
Prove the dual statement also.

Theorem 10.18. Let (T<°,T2%) be a t-structure. Then the cohomology functorsH" : T — T are
cohomological.

Proof. Note that T is Abelian by Theorem [10.13] so the proposition is a valid one to consider.
The functors are clearly additive, so we must check that they send distinguished triangles to
exact sequences. Consider a distinguished triangle

X—>y—>z—>2x
in 7. It suffices to show that H’ sends this to an exact sequence
H'(x) > H'(») - H'(2).
The proof proceeds in three steps, increasing in generality.
(1) The case when x,y,z € T<0 We show that, in fact,
H'(x) > H'(y) > H'(2) > 0
is exact. To do this, note that for all w € T and u € 7<%, we have natural isomorphisms
TYH (), w) = T(r22r=0u, w) = T(r2%, w) = T(u, w)

since 7<%u — u. Furthermore, J(Zu, w) = 0 since Su € T<~1. Therefore, applying T(—, )

to our original distinguished triangle yields exact sequences

TCEx,w) — T(z,w) ——— T(y,w) ——— T(x, w)

b r L

0 ——— T(H’(2), w) —— TH (), w) —— TH(x), w)
for all w € TV, from which we deduce that the claimed sequence is exact.
(2) The case when x € T<0. We again show that
H(x) - H(y) » H%(2) - 0

is exact, by reduction to (1). Let w € 72!, We see that T(x, w) = T(Zx, w) = 0. In particular,
applying T(—, w) to our distinguished triangle yields an exact sequence

0— T(z,w) > T(y,w) >0
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so that we have a natural isomorphism J(z, w) — T(y,w) when w € T=1. Therefore, we
have natural isomorphisms

T2z, w) = T(z,w) — T(y,w) = T(r=1y, w)
from which we conclude that 2!y — 72!z To finally reduce to (1), we apply (TR4) to the
composition y — z — 72!z, yielding a distinguished triangle

<0

¥x - 3150y 53S0z 5 2% x5 150y 5 S0z 53

where we are now in the situation of (1). We have a natural isomorphism H® = H%or=0, 50
in the end, applying H° to the above yields the desired exact sequence.

(3) The case when x, y, z are all arbitrary. Consider the composition 7<’x — x — y, and take
the cone so we have a distinguished triangle

0x 5>y 5 e - 20

Applying (TR4) to the composition, we have the commutative diagram

0 — s x— 2 — 5 30y

0% y e <0
b y z zx
72l -m - & @ P 73 comoces > Xralx

with rows distinguished triangles. Applying H° to the second row, by (2), gives the exact
sequence
H’(x) - H(y) —» H(e).

By the dual of (2), shifting the bottom row and applying H® yields the exact sequence
0 - H%e) - H(z) » H'(x)

and in particular, H'e) - H(z) is a monomorphism. Noting that Ho(y) — H(2) factors as
H%(y) - H(e) = H’(z) by the commutativity of the big diagram, we deduce by Exercise

that
im(H(x) - H'(») = ker(H(y) - H'(e)) = ker(H(y) » H’(2))
showing that
H’(x) -» H(y) > H'(2)
is exact.
This completes the proof. n

Corollary 10.19. Let (7<°,T2%) be a t-structure, and suppose we have a distinguished triangle
x—>y—>z-3x, xyz€TV.

Then the sequence
0>x—>y—>z—-0
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is exact. In particular, there is a bijection between exact sequences in T~ and distinguished triangles
whose terms lie in T".

Proof. We have a natural isomorphism H° |+ = 15+, since on objects of the heart, the components
of the (co)unit for the truncation at zero are isomorphisms. In particular, Theorem|10.18|specializes
to say that given a distinguished triangle

xX—>y—>z—>2X, x,y,zE‘T@,
applying H° yields exact sequences

0 —— H'(x) —— H%(y) —— H’(3) —— 0

R T

0 x y z 0

as desired. The final assertion follows by combining the above with Corollary [10.17] [ |

10.6 Appendix: Bounded and non-degenerate t-structures

Consider a complex x* in some Abelian category category A:

P~ SRR S 1 S

The t-structure on D(A) is such that x* € D(A)<" if and only if x* € D<0(A), i.e. if H'(x") = 0 for
all i > 0. In other words, one can use the cohomology functors to completely characterize the
aisle (and co-aisle) of the t-structure.

Now consider some arbitrary triangulated category T with a t-structure (7<%, 72°). The above
statement no longer holds, as, in fact, there may be non-zero x € T for which H'(x) = 0 for all
i € Z. Indeed, consider the trivial t-structure (7,0). The left truncation functor does nothing,
while the right truncation functor is the functor sending everything to zero. In this t-structure,
all cohomology functors are just the zero functor 7 — 0, and so in fact every object x € T forms
a counter-example. We would like to find critera which prevent this kind of pathology.

Proposition 10.20. Let (7<°,T72%) be a t-structure, and let x € T. Assume one of the following
conditions hold.

(i) There is somen € Z such that x € T,
(ii) If ='x € T=" foralln > 1, then t=1x = 0.

Then x € T=° if and only if H'(x) = 0 for all i > 0.

Proof. If x € 7=, then H'(x) = 0 for all i > 0; this is Exercise 33| For the converse, we split into
the cases presented.

(i) We proceed by induction. If n < 0, we are done. Thus, suppose n > 0, and that we know
the result for all 0 < m < n. By assumption, H"(x) = 0, so the distinguished triangle

<n—1,<n >n.<n

Sn=1lpSny s pShy s p2NpSy s FpSnTlpsn

X

becomes

Sl x50 37

<n-1 x
showing that 7="1x = x. In particular, x € T=""1, so by the induction hypothesis x € 7=,

(ii) We wish to show that 7<"x — x is an isomorphism, to which it suffices to prove 7=!x = 0.

To this end, let us show that for all n > 1, the morphism 7="x — r="*!x is an isomorphism.
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Consider the distinguished triangle

<n.>n

Tgn >n >n >n+1T2nx — SrS<np2ny

= = 7% > 1%
which we compute as
STPH(x) - 2% - 2" x - ST H(x).

Since n > 0, we see that H*(x) = 0 and therefore r>"x — 2"*1x. We see that r>1x = r>"x
for alln > 1, so that 7='x € ,5; T>". By assumption, 7='x is such that if it satisfies this, it
is zero.

This completes the proof. [ |
This proposition hopefully motivates the following definitions being interesting.
Definition 10.21. Let (7<°,72°) be a t-structure. We say it is left bounded, resp. right bounded,

if
T = U T2, resp. T = U Jsn,

nez nez.

If the t-structure is both left and right bounded, we say is is bounded.
We say the t-structure is left non-degenerate, resp. right non-degenerate if

{0} = ﬂ T<P, resp. {0} = ﬂ TJ=",
nez nez
If the t-structure is both left and right non-degenerate, we say it is non-degenerate.

Proposition 10.22. Let (T7<0,720) be a t-structure. If it is right bounded, then it is right non-
degenerate.

Proof. Suppose that x € ();cz T2*. Since the t-structure is right bounded, we also have that
x € T<" for some n € Z. In particular, x € Jsn A g2tl 5o

by Proposition [10.15 Therefore, the t-structure is non-degenerate. |

Corollary 10.23. Let (T7<°,T2°) be a right non-degenerate t-structure. Then
T<0 = {x e T| Vi> 0, H(x) = 0}.
Proof. Clearly, we have _
T0 C{x e T|Vi>o0, H(x) = 0}.
For the converse, we apply Proposition In applying (ii), note that since T=™ C T=" for all

m > n, we have
ﬂ J2n — ﬂ J=n

nez. n>1

By assumption, the right term is thus zero, which means (ii) in the proposition is satisfied for all
xeT. |

By appropriately dualizing what we have proven, we see that in a non-degenerate t-structure
(for example, one which is bounded) the aisle and co-aisle are completely determined by the
cohomology functors H” : T — TV, In this case, the cohomology functors act nicely as a family.
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Proposition 10.24. Let (T, T72%) be a non-degenerate t-structure. Then {H"},c7 is a conservative
family of functors. That is, a morphsism f: x — y is an isomorphism if and only if the morphisms
H'(f) : H"(x) —» H"(y) are isomorphisms for alln € Z.

Proof. One direction is easy: if fis already an isomorphism, the latter statement is clear. Con-
versely, assume H"(f) is an isomorphism for all n € Z. Taking the cone of f, we have a distin-
guished triangle

xiy—>z—>2x.

From Theorem |(10.18] the functors H" are cohomological, so we have the exact sequence

H'Gx) i H'0) — W) —— H™ ) 5 B 0)

which implies that H*(z) = 0 for all n € Z. In particular, since the t-structure is right non-
degenerate, Corollary [10.23|tells us that

zZ € ﬂ TS,
nez.

However, since the t-structure is also left non-degenerate, this means that z = 0, so fis an
isomorphism. u

In fact, this property completely characterizes non-degenerate t-structures.
Theorem 10.25. Let (T<°,72%) be a t-structure. Then the following are equivalent.
(1) The t-structure is non-degenerate.

(2) The family of cohomological functors {H" : T — T}z is conservative.

Proof. The implication (1) = (2) has already been proven. For the converse, let us first assume

that
x € m Jn,

nez

Then H"(x) = 0 for all n € Z by Exercise In particular, x — 0 is an isomorphism, by
conservativity. This shows that the t-structure is left non-degenerate. Showing that it is right
non-degenerate is dual. n

Remark 10.26. The above characterization of non-degenerate t-structures suggests that perhaps
one ought to be able to go the other way: starting from a cohomological functor H: 7 — A such
that the family {H - X"},c7 is conservative, construct a t-structure on T such that T¥ =~ A and the
cohomology functors are given by H - X"

In general, one cannot hope for this to be possible, but for particular kinds of functors it actually
is. A prominent example is the theorem of Hoshino-Kato—-Miyachi [HKMO02]}, previously discussed
briefly in Appendix which proves that this works for the functor (s, —) : 7 — Modgpq(s) as
long as s € T is a compact generator and satisfies

Vi>0, J(s,s[i])=o0.

Proving the theorem takes some work, but involves many interesting ingredients which we will
cover later.

10.7 Appendix: Stable t-structures

Let T be a triangulated category. The trivial t-structure (7, 0) has a special property.
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Definition 10.27. A t-structure (7<%, 729) is called stable if 3T<0 = T<0,

We dedicate this short appendix to a simple characterization of such t-structures, which also
demonstrates that they are somewhat pathological. Everything is taken from [CLZ22], where a
little more can be found too.

Proposition 10.28. Let (7<%, T72%) be a t-structure. The following statements are equivalent.
(1) The t-structure (T, 720) is stable.
(2) Both <0 and T=° are triangulated subcategories of 7.

(3) The heart of the t-structure (T<°, 720) satisfies T~ = {0}.

Proof. That (1) and (2) are equivalent is pretty easy. In particular, (2) trivially implies (1), while
to see that (1) implies (2), use that by definition of being stable, 7<* = T<! is a triangulated
subcategory and that 720 = (T<"1)L,

To see that (1) = (3), we compute

TV =T0n 720 = 771720 = =1 0 (T 1)L = {o}.

For the converse implication (3) = (1), it suffices to prove that for all x € 7=, we have r="1x — «x.

To this end, consider the distinguished triangle

<-1 >0

7y o5 x5 1205 5 3571y

Since x € T<°, we have 2%x = H(x) = 0 since T = {0}, and therefore the map on the left is an
isomorphism. u

10.8 Appendix: t-structures on stable co-categories (TBD)
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11 Gluing t-structures

In Lecture[9] we framed recollements of triangulated categories as exhibiting how a triangulated
category is glued together from two smaller pieces. The sense in which this could be considered
true was only somewhat hinted at, as in reality it is largely speaking a heuristic, but in this lecture
we will see a concrete way this rears its head in practice.

The theory of t-structures (covered in Lecture |[10) was introduced originally in [BBDG18],
which in fact also introduced the theory of recollements. The concrete application they had in
mind was the construction of a particular Abelian category of perverse sheaves, obtained by gluing
t-structures in a recollement. The theory required to do this is what we cover in this lecture.

11.1 t-Exactness

A triangulated functor between triangulated categories is sometimes referred to as an exact functor.
We’ve avoided the usage of this term, as it may present confusion, but the intuition comes from
the fact that it preserves “homotopy exact sequences” (i.e. distinguished triangles). However,
there are other exactness phenomena that arise naturally, such as some functors preserving
complexes living in particular degrees. The theory of t-structures provides a convenient setting
in which to phrase these properties more generally.

Definition 11.1. Let F: J; — T3 be a triangulated functor of triangulated categories with
t-structures (‘J’fo, 720 i =1,2.

(1) We say Fis left t-exact if F(77°) € T5°.
(2) We say Fis right t-exact if F(T3°) € T5°.
(3) We say Fis t-exact if it is both left t-exact and right t-exact.

Lemma 11.2. Let F: T1 — T3 be a triangulated functor of triangulated categories with t-structures
(770,779, i=1,2.

(1) IfF is left t-exact, then for alln € Z we have F(T7") C T5".

(2) IfFis right t-exact, then for alln € Z we have F(T:") C T3".

Proof. Statements (1) and (2) are dual, so it suffices to prove (1). We have ’J'izn = 2_”3'1-20, and
since F is triangulated, we thus have

F(I7") = FET7%) = 37"F(T7°%) ¢ 37950 = 72"

as desired. [ |

Remark 11.3. The property of being, say, right t-exact can be pictured (and thus related intuitively
to ordinary exactness of functors) in terms of the following:

F(-o> e e020> )= De>e>0—>0—> -

In contexts where a t-structure is present, it is often of central interest, and whether a functor is
t-exact or not can have significant impact. For example, you may have an equivalence T = J” of
triangulated categories, but if both have “natural” t-structures on them and the equivalence does
not preserve them, then that could present difficulties if one is relying on e.g. “boundedness”
assumptions in one’s work.
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11.2 t-Compatible exact sequences

The notion of a functor being t-exact describes a way in which it is compatible with some
specified t-structures. Naturally, in the presence of an exact sequence, this leads us to the
following definition.

Definition 11.4. We say an exact sequence
P A
of triangulated categories with t-structures is t-compatible if i and p are t-exact.
Proposition 11.5. Consider a t-compatible exact sequence
Y
of triangulated categories with t-structures. Then

i(T50) = T<0 ni(Ty), 750 = p(T<0),
i(T7°) = 720 ni(Ty), 750 = p(T29).

Proof. It suffices to show the equalities on one row, as the other is dual. We begin with the equality
on the left. It is clear that i(‘.]'lgo) C T7<0 ni(T,) since i is t-exact. Conversely, let x € T<° N i(Ty),
and write x = i(x;). We show that 72%x; = 0. To this end, consider the distinguished triangle

Tgoxl - x1 Tzlxl — ngoxl.
By t-exactness, we have i(<%x;) € 70 and i(r=!x;) € T=!. Since i is a triangulated functor, we
thus see that the induced triangle

i(t59%1) = x = i(t21x1) = 2i(rS0x)

has left term in T<C and right term in 7=!. By uniqueness, we see that i(r=!x;) = r=!x, but since
x € T=0, we thus have i(r=!x;) = 0. Therefore, 72!x; = 0 on account of i being fully faithful.

We must now show that p(T<°) = T5°. By t-exactness, it is clear that p(T<) C 75, so let us
prove the converse inclusion. Pick x, € T5°. Since p is essentially surjective, write x, = p(x) for
some x € 7J. Consider the distinguished triangle

0% 5 x 5 21y - 30y,

Applying p, we get
p(E=x) = x = p(r='x) - Tp(=%%).

where the left term is in T3 and the right term is in 75", hence, similarly as before, p(r=!x) =

21x, = 0. Finally, we just note that this implies p(rgox) = xy, so we are done. |

Remark 11.6. Oberve that we also prove that i o 7<0 = 7<0

dual versions.

ciand p o700 70 ¢ p along with the

The proposition says that in a t-compatible exact sequence, the t-structures on the left and
right terms are completely determined by the functors i and p, along with the t-structure on the
middle term. The converse is also true.

Proposition 11.7. Consider a t-compatible exact sequence

75787,
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of triangulated categories with t-structures. Then

T = {x € i(TFY) | plx) € T,
T2 = {x € (TF ) | plx) € T2}

To prove this, we need a preparatory lemma.
Lemma 11.8. Consider a t-compatible exact sequence
T, > TS0

of triangulated categories with t-structures, and let y € T. Then p(y) € T3° if and only if t='y €
i(T7h).

Proof. We consider the distinguished triangle
’Z'Soy -y Tzly — ZTSOy
which we note, by the same arguments as before, is sent by p to
=0p(y) = p(y) = = p(y) > Zr=0p(y).
Now we see that
p(») €T’ = Zlp(y)=0 = =y ekerp=i(T)).
Since =1y € 72! and T2 N i(T}) = i(‘J’lzl), we are done. |

Proof of Proposition[11.7 We prove the first equality, since the second is dual.
Let x € 7=°. Since i(lel) C 729 we see that

Vyr e T2 T(x,i(3n)) = 0

so that x € li(‘J'lzl). That p(x) € 72@ follows by t-exactness. This shows the C inclusion.

Conversely, suppose that x € li(‘J’lzl) and p(x) € T3°. Applying Lemma we see that
2ly e i(lel), and therefore
T(x,r21x) =0

by the orthogonality assumption. Therefore, Lemma [10.9says that x € T<" as desired. [ |
Corollary 11.9. Consider an exact sequence

T —>T > T,
where T1 and T, have t-structures on them. Then there is at most one t-structure on T for which the

sequence is t-compatible.

11.3 Gluing in a t-compatible recollement

To collect what we have proven: in a t-compatible exact sequence
71 - T - (Iz,

the t-structures on the left/right terms uniquely determine the one in the middle, and vice versa.
The question we now ask is: what if we drop the t-structure on J?
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More precisely, the problem is as follows. Suppose we have t-structures on the 7;,i = 1,2. Is
it possible to find a t-structure on T such that the exact sequence becomes t-compatible? A priori,
there is no good answer to this, other than “in general, no” Of course, we know that if one exists,
it is unique and given by an explicit formula by Proposition The trouble is in showing that
this formula actually produces a t-structure. The point of this final part of the lecture is that the
situation is considerably different when the exact sequence is a recollement. Throughout, let us
fix a recollement

iL pL
TSk
i— T —p— T
et - =L

iR PR

T1

where 77 and T3 have t-structures on them. Our goal is the following.

Theorem 11.10. Define the full subcategories

T = {x € T|ir(x) € T, p(x) € T3,
T20 = {x € T | ig(x) € T2, p(x) € T2%.

Then (T<°,72%) is a t-structure on T, and is the unique t-structure making the above sequence
t-compatible.

Lemma 11.11. With the notation from Theorem|11.10, we have
pL(T3) T, pr(75%) € T0

and
(T30 c 70, ¥(T7%) c 70

Proof. We focus on the inclusions on the left, as the others are dual; we prove the bottom one
and leave the top as an exercise. If x; € ’J’fo, then i(x;) satisfies

izia) =x €750, and  p(x) =0 T3
Therefore, i(x;) € T=°, so i(‘J'lSO) c J=9, [ |

Exercise 34. Prove the rest of Lemmal[11.11
With the lemma in place, we can prove the gluing theorem.
Proof of Theorem Let us begin by proving (T2). Let x € T<°. We must show that x € T<0.

However,
i (Sx) = Sip(x) € T 1 c TE0

and
p(Ex) =3p(x) € Ty € 750,

Therefore, 3T<0 Cc <0, Showing that 31920 ¢ 320 ig similar.
We now prove (T1). Let x € 7<0 and y € T2, By the remarks of Section we have a
distinguished triangle
pLp(x) = x =i (x) = Zppp(x).
Applying T(—,>7!y) and using adjointness, we get the exact sequences
(i (), 271 y) —— T(x,271y) —— T(prp(x),27'y)
! H I

T(i(0), 2R —— T, =7'y) —— T(p(x), 27" p(»))
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at which point we observe that the left and right terms of the bottom row are zero since ir(y) € T7°
and p(y) € 7220. Therefore, T(x, 27 1y) = 0 as desired.

What remains now is (T3), which is the trickiest and most sophisticated part. Let x € 7.
We must find a distinguished triangle sandwiching x between an object of 7< and an object of
%1720, Let us attempt an approximation first: project down to T using p, extract a distinguished
triangle there, then apply pg to get a distinguished triangle

S0p(x) — prp(x) = prr=' p(x) — Sprr=0p(x).

We now take the cocone of the composition x — prp(x) — prr=!p(x) to get a distinguished
triangle
x' — x — prr=lp(x) — 2x’.

This is almost what we want, as Lemma [11.11| suggests, but we don’t really have control over
the left term and can’t say much about it. So, let’s do basically the same trick to get a map
x’ — ir=li;(x”), and take the cocone to get a distinguished triangle

a—x" — irzlip(x’) - Xa.
Finally, lets take the cone of the composition a — x” — x to get a distinguished triangle
a—>x—b—3a

With these steps done, we may now present the crux of the argument.
Applying (TR4) to the composition a — x” — x yields a distinguished triangle

2l (x") = b — prr=lp(x) — Zir=tip(x").
Hitting this with p yields
0 — p(b) — 7= p(x) = 0.
Hitting it with ig, on the other hand, yields

2L (x") = ig(b) = 0 - =r2tip(x").

We conclude that b € 721, It remains to see that a € 7. To show this, apply i; to the triangle
defining a, to get
ir(a) = ir(x") = 2lig(x") — Zig(a).
By uniqueness of cocones (up to non-canonical isomorphism), this implies that ir(a) =% (x") €
770, Finally, applying p to the triangle defining b, and using that p(b) = 7! p(x), yields
p@@) = p(x) = 72" p(x) - =p(a)

which implies that p(a) = 7<0p(x) € ‘J'< Therefore, a € 7<% and we are done. [ |
Example 11.12. Here is a simple application of Theorem[11.10] Consider any old recollement

ir pr

TN
e T g

P .

iR PR

fJ"/

Recall that we may put certain trivial t-structures on 7’ and J”. For any triangulated category
D, let us write

7(D) :=(D,0), (D) :=(0,D).

120



Gluing #(7”) and t;(T”), or t,(T”) and £(T”), does nothing interesting: we just get ¢1(7) or (7).
On the other hand, gluing #(7”) with £2(7”), we get the t-structure

‘.ng ={xeT|ir(x) e T, p(x) =0}
=ker p =i(T"),
‘3'12,8 ={x e T|ig(x) =0, p(x) € T"}
= kerig = i(T")*.
In other words, we get the t-structure (i(7”),i(7”)*) on 7. In light of our results on t-structures,
in particular Corollary this yields another proof that L(i(‘I’)L) = i(7”) when one is in a

recollement situation. Explicitly, one applies the corollary and uses the fact that X7 1i(T")* =
i(THE.

Example 11.13. If we have a recollement

ir pL
TS x>

i— T —P— Ty
t oL

iR PR

T1

with t-structures on J7 and T», then we can observe that for all n € Z, (‘J’f", iTl-Z”) also defines a
t-structure on T;. As a result, for any pair of integers (n1,n2) € ZxZ, we can produce a t-structure

Titw, = fx € T lig(x) € TP, plx) € T3,

T, = € T | ip(x) € TP, plx) € T3},
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12 Ind-categories & compactness

Recall that, in topology, there is the notion of a compact topological space. This is, by definition, a
topological space X such that any open cover has a finite subcover. In other words, it is a space
whose topology is in some sense “finitary,” and the space itself is not too big. More precisely, we
can always understand some potentially infinite collection of data on X in terms of a finite subset.

Inspired by the topological notion of compactness, we may produce a categorical notion of
compact objects which is similar in terms of intuition.

12.1 Compact objects

Construction 12.1. Let C be a locally small category, let x be an infinite regular cardinal, let I
be a k-filtered category, and suppose C admits I-shaped colimits. For a diagram D: I — C, we
consider the colimit cone
D= limD
F
and note, for x € C, that applying C(x, —) yields a cone
C(x,D) = G(x,liLnD)
which induces a canonical morphism
£iLn C(x,D) — C(x, m D)

which, for clarity, we also write as

lim €(x, D() ~ €(x, lim D(D).

iel iel

Definition 12.2. Let C be a locally small category, let x be an infinite regular cardinal, and let
x € C. We say x is k-compact if, for any diagram D : I — C where Iis k-filtered, the canonical
map
liLn C(x, D(i)) — C(x, lﬁl D(i))
i€l i€l
is an isomorphism. We say x is compact if it is Xo-compact (i.e. w-compact).
We denote by C* the full subcategory of € spanned by the k-compact objects.

Remark 12.3. One can rephrase k-compactness as follows: x € C is k-compact if for any «-filtered
diagram D : I — € and morphism
x — lim D(i)
—
i€l

there is some i’ € I'such that the above morphism factors uniquely as

* lim. D@

g /

D(@")

where the morphism D(") — l'i)nl_el D(i) is the canonical morphism induced by universal property.
Note the similarity to the concept of compactness in additive categories explored in Appendix [4.5]

Example 12.4. The k-compact objects in Set are precisely the x-small sets. Indeed, let A be
some set, and assume it is k-compact. Let S 4 be the poset of k-small subsets of A. Note that

s ’r ’ —
lim A= | ] A=A
A’ESA A’ESA
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This is just the statement that every set is the union of its x-small subsets. Now, since A is
k-compact, we get a factorization through some x-small set A’

and in particular, i e p = id4. The map i, as indicated, is injective, but because it factors the
identity, it must also be surjective, hence a bijection. That is, we geti: A’ —> A, s0 A is k-small.
For the converse, by Proposition [12.§(1)] below the k-compact objects are closed under k-small
colimits, e.g. disjoint unions of < x points.

Example 12.5. The compact objects in Top are the finite discrete spaces. This is a bit harder to
show, but we sketch the argument. First of all, if X € Top is compact, then X is finite: if X” is the
topological space with underlying set X equipped with the indiscrete topology, then one may
check that X’ is the colimit of its finite subsets (with the indiscrete topology). Thus, the same
trick as in Set shows that X is finite.

To see that X is discrete, one constructs a sequence of spaces Y, with underlying set Z>, x {0, 1}
and topology given by the sets Uy, = Z>m x {0} U Z>p, x {1}, for m > n. These have canonical
maps Y, — Y41, and one checks that Yo, = li_n)qn Y, is given by the set {0, 1} with the indiscrete
topology, the canonical map Y, — Yo being the projection onto the second component. For
any (!) subset U C X, one may then consider the trivially continuous map 1y : X — Y and
factor it through some Y, by compactness; projecting onto the first component, one can take an
appropriate inverse image to see that U is open.

IL
Exercise 35. Consider an adjunction D “1ioe
~
R

(1) Assume that C, D admit k-filtered colimits, and R commutes with x-filtered colimits. Show
that L preserves k-compact objects, i.e. that it restricts to a functor € — D¥.

(2) Let k be a field. Show that the forgetful functor U: Vecty — Set preserves filtered colimits.
Deduce using (1) that finite-dimensional vector spaces over k are compact.

(3) Show that, in fact, the compact objects in Vecty are exactly the finite-dimensional spaces.

We now turn to trying to characterize the compact objects in certain nice classes of categories.
To do this, we will need to investigate a closure property that the category C* of k-compact
objects in a category C satisfies.

Definition 12.6. Let C be a category. An object x € C is a retract of y € C if there is a diagram
idy
X—— y —— x

We say that a full subcategory €’ C C is closed under retracts if, whenever y € C” and x is a retract
of y, we have x € €¢’.

Lemma 12.7. Let C be a category, and consider the category Mor(C) of morphisms in C, i.e. the
functor category Fun([1], C). Then the full subcategory of Mor(C) spanned by the isomorphisms is
closed under retracts.

Proof. The claim is that in a diagram
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X X X
1 e
a’ ’ 14
YV 3
id,

wherein the middle vertical arrow g is an isomorphism, all vertical arrows are isomorphisms. We
claim that the inverse of fis given by bo g~! o a’. To see this, we compute

fobog_loa’:b’oa/:idy

and
bogloa o f=boa=1idy

as desired. [ ]

Proposition 12.8. Let C be a locally small category. Recall that Now, let k be an infinite regular
cardinal, and suppose that C admits k-filtered colimits. Then

(1) C* is closed under k-small colimits in C.

(2) C* is closed under retracts, i.e. if ¢’ € C is k-compact and ¢ € C is a retract of ¢, then c is
K-compact.

Proof. [(1)] Suppose we have a k-filtered diagram C: I — € and a k-small diagram ] — €. Then,
by the definition of x-compactness and Theorem we have

lim €(lim C(), D®)) = lim lim €(C()), DG))

iel  jeJ i€l jej
= limlim €(C(), D())
jej i€l
= lim €(C()), lim D()) = €(lim C()), lim D()
jej iel jeJ iel

as desired.
[(2)Let D: I — € be a k-filtered diagram, let y be k-compact, and let x be a retract of y. This
data then induces a retraction

lim _ C(x,D()) —— lim _ €(y, D)) — lim_ C(x, D()
| | |
C(x, h_r)nie[ D(@i)) —— C(y, li)nl_el D(@)) —— C(x, h_r)nie[ D(i))
and thus, by Lemma([12.7] we are done. [ |

Remark 12.9. Though the notion of compactness in this lecture may seem irreconcilably different
from the one in Appendix [4.5] the one here actually implies the one there. The reason for this is
the following trick: one can write small coproducts as filtered colimits of finite coproducts. In
particular, let I be some set, and consider a collection of objects {yi};c; in an additive category C
admitting filtered colimits indexed by I. Then one can consider the (obviously filtered) poset P
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given by all finite subsets of I, and the induced diagram P — € given by

Jcn- Py

jeJ
Taking the colimit of this diagram, one can fairly easily check that
(o=t (@)
iel JcI JjEeJ
J finite

In particular, if x € € is compact in the sense described in this lecture, then we get

X Hie[ Vi

~ N

Diesvi lim (Bjes»)

so x is also compact in the sense given in Appendix [4.5]

12.2 Ind-categories

To give examples of k-compact objects, we will provide a construction which associates to any
category C a category Ind,(C) which contains € as a full subcategory (up to equivalence) and in
which every object of C becomes k-compact. It is based on taking € and formally cocompleting it
with respect to k-filtered colimits. The construction is also of independent interest, as it plays a
role in numerous techniques of category theory. For example, the Freyd-Mitchell embedding
theorem (that any Abelian category may be embedded into a module category) makes use of the
embedding € — Ind(C) (or, in actuality, a small adjustment of it), at which point one applies the
result in Appendix

Definition 12.10. Let C be a locally small category, and let x be an infinite regular cardinal. We
define the category
Ind,.(G) C Fun(C°P, Set)

as the full subcategory of Fun(C°P, Set) spanned by functors isomorphic to a k-filtered small
colimit of representable functors.

Remark 12.11. Observe that, since the point-category [0] is x-filtered for all k, every representable
functor is an object of Ind,(C). In particular, the Yoneda embedding factors as

€ < Ind,(C) € Fun(CP, Set).
In this way, we may identify C with a full subcategory of Ind,(C).

Lemma 12.12. Let C be a locally small category, and let x be an infinite regular cardinal. Then
Ind,(C) admits small x-filtered colimits, and the canonical inclusion

Ind,(€) < Fun(C°P, Set)

preserves with them.

We defer a proof of this lemma for a later lecture, as it combines a few foundational categorical
ingredients that we have not yet introduced, and which are not the focus of our attention at the
moment.
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Proposition 12.13. Let C be a locally small category, and let k be an infinite regular cardinal.
Then an object A € Ind,(C) is k-compact if and only if it is a retract of a representable functor. That
is, Ind,(C)* is the smallest full subcategory of Ind,(C) which contains all representable functors and
which is closed under retracts.

Proof. We begin by showing that for x € C, the functor A, € Ind,(C) is x-compact. This follows
simply by the fact that colimits in functor categories are computed point-wise. First, note that
the inclusion Ind,(€C) € Fun(C°P, Set) preserves k-filtered colimits. Thus, we may compute

PSh(C)(hx, lim D(i)) = (lim D(i))(x) = lim D()(x) = lim PSh(C)(hy, D(7))

1 1 1 1

as desired. It now follows from Proposition that the retract of any representable functor is
k-compact.
Conversely, we must show that any xk-compact A € Ind,(C) is the retract of a representable
functor. By definition,
A =limhy

—

i€l
but, on the other hand, the compactness of A thus means that we may find some j € Iand a
factorization

A A

N

hy

J

so that A is a retract of hy;. [ |

12.3 Idempotent completeness

The above result establishes that the embedding ¢ — Ind,(C) factors through the k-compact

objects
C o Ind,(C)* C Indi(C).

An interesting question to ask is under what circumstances this induces an equivalence between
€ and Ind,(C)*. Since we know that the latter is the “closure” of C with respect to retracts in
Ind,(€), in order for this equivalence to hold, we must know that the retract of a representable is
a representable. In order to find conditions enabling this, we will pass through a slightly different
concept which is closely related to retracts: idempotents.

Definition 12.14. Let C be a category. An endomorphisme: x — xin C is an idempotent if

Example 12.15. Let C be a category, and consider a retraction
y—ox—y.
Then the morphisme :=a-b: ¢ — cis an idempotent. In particular,
e’ =ece=(a°b)o(acb)=acidycb=ec

Definition 12.16. We say that an idempotent e: x — xin a category C splits into a retraction if
there is a retraction
y—=>x—=y
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I such thate=aob.

Lemma 12.17. Let C be a category, and lete: x — x be an idempotent in C. Suppose that e splits
into a retraction in two ways:

a b
y—)x—)y,
’ bl
y’i>x—>y’.

Then the morphismsb’ ca: y — y’ andboa’ : y' — y are inverse to each other, and we have an
isomorphism of retractions

y 2 y

b’oall b’oall

y/ a x b y/

In particular, y = y’. In other words, splittings of idempotents into retractions are unique.

Proof. The first assertion is just a computation: since, by assumption, we havee =a.b=a’ o ',
we may write
b’ eacbea” =b"ceca’ =b"oa’ b’ oa’ =idy.

The other composition is similar (indeed, just swap the roles of the morphisms). That the diagram
commutes is verified in an essentially identical manner. [ |

What we are looking for is a condition which ensures that the retract of a representable
functor is representable. As it turns out, the above uniqueness in splitting an idempotent into a
retraction means that the splitting condition itself can be exploited for precisely this purpose:

Lemma 12.18. Let C be a locally small category, and let F: C°P — Set be a functor. Suppose that
F is the retract of a representable functor

F— h,— F.
If the idempotent e : x — x given by applying the Yoneda lemma to
aob: hy > hy
splits into a retraction, then F is representable.
Proof. 1f the idempotent e: x — x splits into a retraction
y —l> X f) y,
then we get a second splitting of a - b into a retraction
hy — hyx — hy,

which by the uniqueness in Lemma [12.17|means that A = h,,. |

Clearly, in some generic category, not all idempotents split into retractions. However, there
are conditions which ensure that a given idempotent does (in fact, which completely characterize
this). We will need to know one of them in order to justify a definition.

Proposition 12.19. Let C be a category, and lete : x — x be an idempotent in C. Then the
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following are equivalent:
(i) The idempotent e splits into a retraction.

(ii) The equalizer
eq(e,idy) — x :e§ x
id,

exists.
(iii) The coequalizer

e

x ¢ x —» coeq(e, idy)
idy

exists.

Proof. The only case we will care about is (ii) = (i).
Suppose we are given the existence of the equalizer. Then, since e
induced morphism

2 =e=eoid, we get an

X
p
- e

K7 ; e
eq(e,idy) —— x /= x.
id,

The desired retraction is now
eq(e, idy) LIV SN eq(e, idy).

Indeed, by definition, we have p o i = e. Furthermore, by definition of the equalizer and since i is
always a monomorphism, we have

io(poi):eoi:i - polzld
as desired. |
Exercise 36. Prove the rest of Proposition[12.19]
Proposition 12.20. Let C be a locally small category, and let C denote the smallest full subcategory

of Fun(C°P, Set) which is closed under retracts and contains the representable functors. Then every
idempotent in C splits into a retraction, and the Yoneda embedding

CoC
is an equivalence if and only if every idempotent in C splits into a retraction.

Proof. That every idempotent in C splits into a retraction is clear since they split in Fun(C°P, Set)
by Proposition and since the retract of a retract of a representable functor is a retract of a
representable functor. For the second statement: clearly, if the functor is an equivalence, every
idempotent in € splits; conversely, if every idempotent in C splits, then given some retraction

A->hy—> A

we may apply Lemma|[12.18|to see that A is representable. |
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Definition 12.21. Let C be a category. We say C is idempotent complete if every idempotent in C
splits into a retraction. If € is locally small, we call € the idempotent completion (alternatively, the
Cauchy completion) of C, so that C is idempotent complete if and only if it is equivalent to its
idempotent completion.

Together with the intuition from Lemma|12.18] Proposition|12.20|justifies the above definition
as reasonable. Furthermore, they make it clear that this is exactly the condition we were looking
for as a nice way of formulating when retracts of representables are representable.

Proposition 12.22. Let C be a locally small category, and let k be an infinite regular cardinal. If C
is idempotent complete, then the embedding

C < Ind,(C)

induces an equivalence C = Ind(C)* between C and the k-compact objects of Ind,(C). In particular,
one obtains an equivalence
Ind,(C) = Ind,(Ind,(C)").

Proof. By Proposition[12.13} an object A of Ind,(C) is k-compact if and only if it is the retract of a
representable functor. Applying Lemma [12.18] we see that A is representable if and only if A is
k-compact. |

12.4 Appendix: Filtered colimits

Here we give a definition which, in a sense, captures the notion of taking “unions” in a category.

Definition 12.23. Let k be a small infinite regular cardinal. We say a small category Iis x-filtered
if any diagram J — I for which [Mor(J)| < k has a cocone, i.e. admits an extension

J——1

v

]D

We say Iis filtered if it is Ro-filtered. We say that a category C admits k-filtered colimits if every
diagram I — C where Iis x-filtered has a colimit.

Remark 12.24. When k = R, k-filteredness can be phrased as follows:
(a) Iis non-empty.

(b) For all pairs of objects i, j € I, there is an object k € I and morphisms i — k, j — k, as in the
diagram

(c) For any two parallel morphisms f,g : i — j, there is an object k € I and a morphism
h:j— ksuchthathe f = ho g asin the diagram



To prove this, one must simply check that these conditions are enough to build the desired
extensions of any given finite diagram in [, and this is not so hard.

Example 12.25. Any category which has a final object is x-filtered for all «.

Example 12.26. Any category I which admits x-small colimits, i.e. colimits indexed by categories
Jwith |Ob(J)| < k, is k-filtered.

Example 12.27. A partially ordered set (P, <), when regarded as a category, is k-filtered if and
only if Pis k-directed. A partially ordered set is k-directed if any collection {x};cs indexed by
some set S with [S| < x has an upper bound, i.e. there exists an element xe € P such that x; < xeo
foralls e S.

Example 12.28. Let k be an infinite regular cardinal. As special cases of Example we have:
(a) The partially ordered set { | f < k} is k-filtered as a category.

(b) The partially ordered set {S € 2¥ | |S| < k} is k-filtered as a category. In particular, note that
for any collection of x-small subsets of k indexed by a x-small set, taking the union yields
yet another k-small subset by the regularity of .

(c) Let Xbe a topological space. Then the partially ordered set of open subsets of Xis k-filtered.

Example 12.29. Let k be an infinite regular cardinal, let S be a set (as large as we want), and let
{L}cg be an S-indexed collection of k-filtered categories. Then the product

I

se$
is k-filtered.
Remark 12.30. Let ¥’ < k be two infinite regular cardinals. If I is k-filtered, then it is also

x’-filtered.

Proposition 12.31. Consider a k-filtered category I and a diagram D : I — Set in the category of
small sets. We may then compute the colimit as

lim D(i) = (H D(i)) / ~
iel iel

where ~ is the equivalence relation given by (i,d) ~ (i’,d’) if and only if there is some k € I and
fri—>k g: i’ — ksuch that D(f)(d) = D(g)(d’).

Proof. First, a point of emphasis: it is non-trivial that the described relation is an equivalence
relation, and this is really the non-trivial part of the proof. Supposing it is, that this is the colimit
follows quite easily. Thus, we show that ~ is an equivalence relation. Furthermore, by Remark

12.30l it suffices to show this for x = K.

* (Reflexivity) For all (i, d), we have (i,d) ~ (i,d). This follows by noting that id; : i — i does
the job.

* (Symmetry) Suppose that (i,d) ~ (i’,d"). Clearly (i’,d") ~ (i, d) by swapping the roles of the
data showing the former.

* (Transitivity) Suppose that (i,d) ~ (i’,d’) is exhibited by f: i - k, g : i’ - k, and
@’,d") ~ (i”,d”) is exhibited by f’ : i’ - k’, g’ : i” — k’. Extend the data using that I is
filtered:
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i il i/l
and note that

D(he f)(d) = D(heg)(d") = D(h" » f*)(d") = D(h" g’ )(d"”)
so that (i,d) ~ (i”,d”) as desired.
This completes the proof. n

Remark 12.32. For an arbitrary colimit, the above argument fails, since the proof of transitivity
crucially relies on the diagram being filtered. However, one can still compute the colimit by
taking the equivalence relation generated by the given relation.

Construction 12.33. Let C, I and J be categories, and consider a diagram D : I x ] — C. From
this, we can extract two other diagrams. In particular, there are isomorphisms

Fun(J,Fun(I, €)) = Fun(I x J, €) = Fun(I,Fun(J, C))
from which we obtain diagrams
D’ : J—>Fun(I,€), D”:I- Fun(J,C)

corresponding to D. Explicitly, D’ is given on objects by D’(j) = D(—,j), and D” is given by
D”(i) = D(i,—). Suppose C admits I-shaped limits and J-shaped colimits. We may then have
functors

lim: Fun(Z,€) » €, lim: Fun(J,C) — C.

P —

Consider the colimit of D’. We have

D'(j) — lim D’ lim D’ (j) —— lim(lim D")
VG =) e, l / ~ l /
D(}") lim D'(7")
but also
lim D(-. j) === lim D"(j) —— lim(tim D)
JV /,>r

im i, D, ) = lim(m D)

so we get a canonical map
lim(lim D”) — lim(lim D’).
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Definition 12.34. We say that I-shaped limits and J-shaped colimits commute in C if for all
D: I x J — C, the canonical morphism

lim lim D(i, j) — lim lim D(, j)

jej i€l i€l jej
is an isomorphism.

The following is a fundamental result about k-filtered colimits in the category of sets, and it
is one of the major reasons that k-filtered colimits are useful.

Theorem 12.35. Let x be an infinite regular cardinal. Then x-filtered colimits commute with
k-small limits in Set. More precisely, let I be a x-small category, let ] be a x-filtered category, and
consider a diagram D : I x | — Set. Then the canonical map

lim lim D(, j) — lim lim DG, /)
jej i€l i€l jej
is an isomorphism (i.e. a bijection).
Proof. Fundamentally, this is just a computation. One computes the left and right sets, and deduce

from their explicit forms that they are isomorphic. First of all, for a fixed j € J, we can compute
the limit as

lim D(i, ) = {(xi)ia e [InGn ] Vp: i~ i) el Dip, )(x) = xi,}.
iel iel

Now, as Jis filtered, we can therefore compute the colimit as

limlim D@, j) = (H {(xi)ief e[]pGn ‘ V(p: i—1") €l D(p, (%) = xifi)/ ~
jej i€l j€J i€l
where ~ identifies (x;);e; € kiLniE] D(, j) with (3)er € liLnieI D(i, j’) if and only if there are some

Ly

VAN R SR A M
such that
Viel, D(@,y)(x)= DGy ).

This computes one side. For the other side, again since Jis filtered, for a fixed i € I we may
compute the colimit as

lim D(i, /) = (]_[ DG, j)) / =i
j€J jeJ

where the equivalence relation is defined by D(i, j) © x = y € D(j, j’) if and only if there is some
¢:j—j” and ¢’ : j* — j” such that D(i, $)(x) = D@, ¢")(y). Now we can take the limit to get

limlim D j) = gqj,-, sere [ (H D(i,j)) /=[G i = ) i Do i))] = L]
i€l jej i€l \je]
where the canonical map can now be given by
a: h_I)n](.inD(l,]) — linli)nD(l’Jl [Js (xi)iEI] = ([]’ xi])iEI'
jeJ iel iel jeJ

One may wish to sanity-check that this is well-defined (and this is not hard). Now it is just
a matter of checking that « is injective and surjective, which is where one critically uses the
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assumption that I'is k-small and Jis k-filtered (though we have already partly used the latter in
order to compute the colimit).
. . . 0 . . . PR
We construct an inverse ff to a. Hence, consider an element ([ji, x; |)ier € mie[ h—r>nje] D(, ).

By the assumption that I is k-small and Jis k-filtered, the elements j; € J, i € Thave a common
join j € Jwith morphisms ¢; : j; — j. We set x; = D(i, ¢i)(xi0), so we have

Viel, [ji,xio] = [], Xi], ie. xl-o =i Xj.

It follows that ([, xl-O])ie 1= ([, xi])ier. We define g by
B (Ui xDier = ([ xDier = U (aierl.

We need to show that this is well-defined. If we have ([, x])iecr = ([j’, %i])ier, then we find
Vit j— i ¥+ 7 — jg such that D@, y;)(x;) = DG, ¢/ )(3). However, since Jis x-filtered, we may
find a cone for the diagram given by the 14, ¢}/, which will provide a morphism ¢ : j;’ — j” which
equalizes all the ¢; and all the y/. We set y = ¢ ¢, ¥’ = ¢ o ). Then D(,¢)(x;) = D@, 9" )(31) so
that [j, (a)ier] = [, Onierl-

Now we need to ensure that the (x);e; coming from S can be picked to actually form an
element of miel D(i, j). By assumption, we have that

V(p:i—1), [/, D(e, N(x)] = [, x|
v Vs i 1), 345 ), (DG ¢Y) e Dl D)) = DG, ¢) ().
However, again, since Iis xk-small (hence has fewer than k arrows) and Jis k-filtered, we can take

a cone for the diagram given by the ¢,f to get a morphism /: j* — j” for which ¢/ o ¢! = ¢/ o ¢ for
all g. Let ¢ = ¢/ o ¢¥. We see that

([, % Dier = (i, DG, $)(x)Dier
and
V(p:i—1i"), (D(g,j”)° DG $))(x) = (D@, ) o D(e,j”))(x) = D3, ¢) (%)

so that (D(i, $)(%))ier € liLnieI D(i, j). We conclude that f can be made into a well-defined function,
and it is quite clear that it is inverse to . |

We can extend this slightly, using the results we’ve proven about reflective subcategories.
Definition 12.36. A Grothendieck topos is a Giraud subcategory of a presheaf category (with

values in Set).

Corollary 12.37. Let C be a Grothendieck topos. Then C admits all small limits and colimits, and
filtered colimits commute with finite limits in C.

Proof. Let:: € < PSh(Cy) be the inclusion, with reflector 7 : PSh(€y) — €. From Theorem 12.35]
we know that filtered colimits commute with finite limits in Set, and hence this is also true in
PSh(Cy) since (co)limits are computed pointwise. By Theorem [4.10} all limits and colimits that
PSh(Cy) admits, i.e. all small limits and colimits, are also admitted by C, and the diagram

lim
Fun(J,) ———— @€

F g
lim

Fun(J,PSh(Cy)) —— PSh(Cy)

commutes (potentially up to natural isomorphism). By assumption, when Jis filtered, all the
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functors preserve finite limits, so we are done. [ |

Remark 12.38. Of course, if one can arrange for the reflector 7 to commute with larger limits,
then one can deduce that more filtered colimits commute with certain limits.

Remark 12.39. The definition of a Grothendieck topos given above is only one of many possible
definitions. We have chosen the one that fits us best in this situation, but in general one can
characterize them

(1) in another concrete way, as sheaves on sites, or
(2) abstractly, as categories satisfying the Giraud axioms.

We may cover this more thoroughly in another lecture.
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13 More about Ind-categories & compact generation

This lecture has a few goals. Previously, we gave a sort of “extrinsic” definition of Ind-categories,
and relied upon Lemma in our dealings with it without justification. We want to justfy
this lemma, and also provide a more “intrinsic” perspective on Ind-categories. The first thing we
want is a more canonical way to detect if a presheaf A lives in an Ind-category. The definition
we gave required that
A=limD
—

where D is some small (x-)filtered diagram of representable functors. It turns out that there is
always a canonical way to represent a presheaf as a colimit, and that this representation can be
used to characterize when A € Ind,(C).

Another major goal is to explain a phenomenon whereby a category may be generated under
filtered colimits by compact objects. Consider the following motivating sketches.

Example 13.1. Trivially, Set = PSh(x), expressing the fact that the category of (small) sets is
freely generated under (small) colimits by a point. Indeed, one only needs small coproducts.
On the other hand, one also has Set = Ind(Fin), expressing that the category of sets is freely
generated by finite sets under filtered colimits. This was implicitly used in the proof computing
the compact objects of Set; there, we noted that any set is the filtered colimit of its poset of finite
subsets.

Example 13.2. Let k be a field. Then
Vecty = Ind(Vectl&d').

This follows by noting that any k-vector space can be written as the union of its finite-dimensional
subspaces.

In order to justify the above examples, our goal is to prove that any category admitting some
small set of compact objects which generate the category under filtered colimits (in the intuitive
sense) can be written as the Ind-category of those compact objects.

13.1 Category of elements

Definition 13.3. Let C be a locally small category, and let A € PSh(C). The category of elements
C/A of A is given by:

* An object of C/A is a tuple (x,a) where x € C and a € Ax.
* A morphism (x,a) — (x’,a’) is a morphism f: x — x’” such that (Af)(a’) = a,i.e. f*a’ =a.

Remark 13.4. One easily sees that the category of elements C/A can also be described as follows:
an object is a pair (x,a) where x € Cand a: hy — A; a morphism (x,a) — (x’,a’) is a morphism
f: x = x’ such that the diagram

f:

hx—*>hx’
N
A

commutes. This follows by the Yoneda lemma.

Remark 13.5. There is a “projection” functor, which we consider canonical, of type
mp: C/A— C,

given by sending (x, a) to x. Observe that for each x € C, the “fiber of 74 over x” is exactly Ax.

135



More precisely, consider the subcategory of C/A spanned by those objects of the form (x, a), and
those arrows which map to idy. This is a discrete category, whose underlying set of objects is
just Ax.

Notation 13.6. Let C be a category. We denote by
X =&Ke: C=>PSh(C), x+— K(x):=hy
the Yoneda embedding.
Lemma 13.7. Let C be a category, and let A be a presheaf on C. Then
A=lim(&e o 70)

Colloquially,
A= lim h,.
e

Proof. Observe that we trivially have a collection of morphisms {a : hx = A}, sce/4 compatible
with the morphisms in €/A. In other words, we have a cone under K¢ o 74 with tip A. Suppose
we have another such cone {byq : hx = Bl(x g)ce/a- By the Yoneda lemma, this uniquely induces
a morphism a: A — B for which the diagram

hy
A—C B

commutes. In particular, the natural transformation « is given by ax(a) := by 4, where we identify
the morphisms with their corresponding elements under the Yoneda lemma. It follows that A
forms a colimit of K¢ o 714, as desired. [ |

Corollary 13.8. Let C be a category, and let x € C. Then, for all z € C, we have a natural
isomorphism
C(z,x) = h_r)n C(z, y).
(y—x)eC/x

Exercise 37. Let C be a locally small category, and let A € PSh(C). Show that there is an
equivalence PSh(C)/A = PSh(C/A) such that the diagram

C/A — s PSh(C)/A

>,

PSh(C/A)

commutes, where the functor €/A — PSh(C)/A is the canonical inclusion induced by the Yoneda
embedding Xe : € < PSh(C).

Lemma 13.9. Let C be a category, and assume that C admits I-shaped colimits. Consider a presheaf
A € PSh(C). If A commutes with I-shaped limits, so that A(l'i)n D) = yLn(A o D°P) for all diagrams
D: I — C, then C/A admits I-shaped colimits and ny : C/A — C preserves these colimits.

Proof. Consider adiagram D: I — C/A, i~ (D(i),y; € A(D(i))). Since € admits I-shaped colimits,
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the colimit of 74 o D exists. Furthermore, since A commutes with I-shaped limits, we have
A(l'i)n D(i)) = lin A(D()).
iel iel

The elements u; then provide an element of the latter, hence we get an element u € A(li_r)n(ﬂA o D)).
Thus, we can lift the colimit in € to an element

(li_I)l’l(ﬂ'A > D),u) € C/A.
One easily sees that this is a colimit of D. [ |

Proposition 13.10. Let C be a category admitting k-small colimits, and let A € PSh(C). Then the
following are equivalent:

1. C/A is«k-filtered.
2. A preserves k-small limits.

In particular, A is left exact if and only if C/ A is filtered.
Proof. Assume (1), and let D: I — C be a k-small diagram. Then

A(lim D) = lim( & ¢ * 74)(lim D)
= lim €(lim D(), x)
hy—A iel
= li)n liLnC?(D(i), X)
h,—A i€l
= lim lim €(D(), x) = lim A(D())
i€l hy—>A iel

so that (2) holds. Here, we used that x-filtered colimits commute with x-small limits in Set.
Conversely, assume (2). Then C/A admits k-small colimits by Lemma|[13.9] But then C/A is

k-filtered: indeed, given a k-small diagram I — C/ A, the colimit exists and hence gives rise to an

extension I" — C/A. |

13.2 Cofinality & an intrinsic characterization of Ind-categories

Definition 13.11. Let ¢ : I — Jbe a functor. We say ¢ is cofinal (or final) if for any diagram
D: ] — Cin a category C, the canonical comparison map

lim(D ° ¢) - lim D
is an isomorphism. We say Jis cofinally small if there is a cofinal functor I — Jwhere Iis small.

While cofinality is an important concept, and widely used, we do not want to spend too much
time on it here, as it can be rather technical.

Proposition 13.12. Let¢: I — ] be a functor. The following are equivalent:
(1) ¢ is final.
(2) For all diagrams D : ] — Set, the canonical comparison map
Hm(D e ¢) — lim D

is an isomorphism.
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(3) Forallj € ], the comma category j/¢ is connected, i.e. it is non-empty, and every two objects
are connected by a zigzag of morphisms.

(4) Forall j € J, we have li_n}ielj(j, 0(Q)) = *.

Proof. See [KS06, Prop. 2.5.2]. [ |

Remark 13.13. The comma category j/¢ has as objects pairs (i,t) wherei € ITand t: j — ¢(i), and
a morphism (i,t) — (i’,¢’) is a morphism s: i — i’ such that ¢’ = ¢(s) - ¢.

Construction 13.14. Consider a locally small category € and a small diagram D: I — C. We
can form the formal colimit of D by taking the colimit

A :=lim(&e o D)

in the category of presheaves. Let h; : hp;) — A be the canonical morphism. This induces a new
diagram
D:I—>C/A

given by i — (D(i), h;) on objects, and (¢ : i — i’) = Dt on morphisms.

Lemma 13.15. Let C be a locally small category, and let D: I — C be a small diagram. Then the
induced diagram D : I — C/A is a cofinal functor.

Proof. By (the same argument as) Lemma(13.9] the functor & /A : PSh(C)/A — PSh(C) commutes
with small colimits. Observe that we have a commutative diagram

1—D e/a 24, pshe)/a

N

¢ ——— PSh(C)

In particular, the underlying presheaf of lim(& /A - D) is A. One checks, using the equivalence
PSh(C/A) = PSh(C)/A of Exercise that the structure map is just the identity id4 : A — A, so
that h_r)n( & /Ao D) is the terminal object in PSh(C)/A. Using the characterization (4) in Proposition

13.12] one sees that D is cofinal. [ |

Theorem 13.16. Let C be a locally small category, let x be an infinite regular cardinal, and let
A € PSh(C). Then the following are equivalent:

(1) A € Ind(C).
(2) C/A is«-filtered and cofinally small.

(3) A commutes with k-small limits and C/ A is cofinally small.

Proof. (3) implies (2) by Proposition[13.10} That (2) implies (1) is clear, by Lemma(13.7] Finally, (1)
implies (3) by combining Lemma with the same argument as in Proposition [ |

Remark 13.17. If we drop the requirement that an Ind-object should be represented by a small
diagram, then we can drop the cofinal smallness condition. Furthermore, if C is actually a small
category, rather than just locally small, then C/A too is small. Indeed, it is clearly locally small,
and the objects can be realized as a disjoint union of small sets indexed by a small set. Thus,
when C is small, the technicalities presented by cofinal smallness disappear.

138



Proof of Lemmal[12.13 Let D: I — Ind(C) be a small x-filtered diagram. Let A be the colimit of D
in PSh(C). We will use condition (2) in Theorem 13.16]to show that A € Ind,(€); in doing this, we
will neglect showing that €/ A is cofinally small, as it requires a very technical argument about
the interplay between cofinality and «-filteredness. A proof can be found in [KS06, Thm. 6.1.8].

To see that €/ A is k-filtered, consider a diagram K: J — C/A where Jis k-small. We need to
find a cone under K. Let 4 : hp;) — A be the canonical maps, and write € := PSh(€). For any
(x,a) € C/A, we have

iel
= lim lim Cx, y).
i€l (y—D(i))eC/D()

Now, I is k-filtered by assumption, and €/D(i) has a terminal object and in hence k-filtered, and
therefore

.S ' id
{x} = lim(C/A)K()), A > A)
=
= limlim lim C(K(),y)
j€J i€l (y—D(i))eC/D()
= h_r)n h_n)l 121 C(KG),y)
i€l (y—D(i))eC/D() je]

so we find some i € Tand yy — D(i), which define an element y = (yo, hy, = hp(; % A), for which

lim(€/A)(K(). )  ©.
j€J

In other words, we can find a collection of morphisms forming a cone K = y as desired. |

13.3 Functoriality & universal property of Ind

Here, we should really be spelling out 2-categorical data. We will avoid doing this, however,
and pretend that everything holds strictly for simplicity, as otherwise the technical details riks
obscuring the fundamental ideas, which are very simple.

Proposition 13.18. Let C be a small category, D a locally small category, and let k be an infinite
regular cardinal. Consider a functor F: C — D. Then there is a unique functor Ind(F) : Ind,(C) —
Indi(D) commuting with small k-filtered colimits and for which the diagram

c—r—o

W [

nd(€) 2% 1hd (D)

commutes.

Proof. Let A € Ind(C). Then we have

T TA o e
A =1im(€/A — € — Indx(C)).
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Since C is small, €/ A is also small. In particular, for Ind(F) to commute with small x-filtered
colimits and for the diagram to commute, we must have

Ind(F)(A) = im(&p o F o 74)

and for a morphism A — B in Ind,(C), the morphism Ind(F)(A) — Ind(F)(B) must be the
canonical morphism
im(&p o Fomy) > lim(&p o F o 7p).

So we define a unique functor by these requirements. |

The above functoriality statement makes it fairly easy to provide a universal property for
Ind,(C). It expresses that this category is the formal cocompletion of € with respect to x-filtered
colimits.

Lemma 13.19. Let C be a locally small category admitting small k-filtered colimits for some infinite
regular cardinal k.

(1) The functor Xe : € — Indi(C) admits a left adjoint o : Ind(C) — C, taking a “formal”
k-filtered colimit to its actual colimit object in C.

(2) The functors compose to give o o &e = le.

Proof. Given the construction below (2) is clear, so we do not prove it explicitly. For (1), let
A € Indi(C), x € C. Then we have natural isomorphisms

Ind(€)(A, % o(x) = imInd(€)( ke * ma, % () = lim E(ma, x) = E(im 74, )

so we are done, since the colimit li_r)n;rA exists on account of C/A being cofinally small and
k-filtered. [ |

Theorem 13.20. Let C be a small category, and let k be an infinite regular cardinal. Then Ind,(C)
satisfies the following universal property: for any locally small category D admitting k-filtered
colimits, and any functor F: C — D, there is a functor F’ : Indi(C) — D unique up to unique
isomorphism such that the diagram

ce—f 9

1
-
-
-
-
- ’
.~ F
-

Ind,(C)
commutes up to natural isomorphism and F’ commutes with k-filtered colimits.

Proof. The functor F’ is given by the composition

&
nd(©) " md (D) 3 .

One easily sees that this choice is unique from the uniqueness of Ind,(F). |

13.4 Accessibility

Lemma 13.21. Let F: C — D be a functor, where C is small and D is locally small. Assume
further that the following conditions are satisfied:

(1) D admits small k-filtered colimits.
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(2) Fis fully faithful.
(3) For all x € C, the object Fx € D is k-compact.

Then the induced functor F’ : Ind(C) — D is fully faithful.
Proof. This is a computation. Let A, B € Ind,(C). Then

Ind(C)(A, B) = yiqli_n)llndk(e)(i@ ° T4, K@ ° 7B)
= gnh_r)n C(mya, np)
= yLnl'i)n@(F o 7rp, F o 7g)
= lim D(F + w4, lim(F » 25)
= D(Lm(F ° 74 ), lim(F « 7p)) = D(F'(A), F'(B))

as desired. [ ]

Theorem 13.22. Let C be a category, and let k be an infinite regular cardinal. Then the following
are equivalent:

(1) There is a small category Cy such that C = Ind,(Cy).
(2) The category C satisfies the following conditions:

(i) Cis locally small.
(ii) C admits k-filtered colimits.

(iii) There is a small full subcategory Cg of C consisting of k-compact objects for which every
object of C can be written as the colimit of a k-filtered diagram in C.

Proof. 1t is clear that (1) implies (2), effectively by definition. To show that (2) implies (1), the idea
is to show that € = Ind,(Cy) for the chosen full subcategory €y of k-compact objects. To do this,
consider the canonical functor Ind(Cp) — € induced by universal property from the inclusion
€y = €. By assumption, all the conditions of Lemma[13.21]are satisfied, so this functor is fully
faithful. However, it is also essentially surjective by assumption, and therefore an equivalence. ll

Exercise 38. Implicitly, in many places we have used that Ind,(C) is locally small.

(1) Compute the Hom-sets in Ind(C) in terms of those in €, using that representables are
compact.

(2) Deduce that Ind,(C) is locally small.

Definition 13.23. Consider a regular infinite cardinal x. We say a category C is k-accessible if
there is a small category €y such that € = Ind,(Cy). We say that C is accessible if it is xk-accessible
for some k. A functor F: C — D between accessible categories is called accessible if both € and
D are k-accesible for some common k, and F preserves k-filtered colimits.

Accessibility is very nearly a purely set-theoretic condition.

Proposition 13.24. Let C be a small category. Then C is accessible if and only if it is idempotent
complete.

Proof. See [MP89, Prop. 2.2.1 & Thm. 2.2.2]. [ |

| Definition 13.25. An accessible category is presentable if it is cocomplete.

Presentable categories are very useful in the context of adjoint functor theorems, because
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the automatically satisfy all the conditions for them to hold. In co-category theory, this is
often exploited by making use of the co-category Pr’ of presentable co-categories and functors
preserving small colimits. This co-category is particularly nice, because it also has the structure
of a symmetric monoidal co-category under the Lurie tensor product.

Being presentable and k-accessible (that is, xk-accessible and cocomplete) is sometimes refered
to as being k-compactly generated, or k-presentable.
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14 Lifting problems & Quillen’s small object argument

In essence, homotopy theory is the study of localizations of categories. For example, classically
one was interested in the localization of some nice category of topological spaces at the (weak)
homotopy equivalences. Studying these kinds of structures takes many forms, and we have
seen a few already in Lectures[5|&[6] However, modern homotopy theory is, largely speaking,
fundamentally phrased in terms of so-called lifting problems. The crux is that much homotopy
theory can be done in the setting of a model category, which makes use of factorizations of
morphisms into pairs (a trivial fibration and a cofibration, or a fibration and a trivial cofibration)
having some lifting property with respect to each other. Pairs of classes of maps where one can
make such factorizations are called weak factorization systems.

The other topic of this lecture, the small object argument (due to Quillen), is a method
for producing factorization systems out of some specified class of maps whose domains are
sufficiently compact objects. This is the origin of the name, as compact objects have historically
also been referred to as “small” objects.

14.1 Lifting problems

This is our basic notion for study.

Definition 14.1. Let C be a category. We say a morphism f: x — yhas the left lifting property
with respect to a morphism g: x” — y’, or that g has the right lifting property with respect to f,
if for any solid diagram

a dashed arrow exists.

Consider some set of maps S in C. We say f has the left lifting property with respect to S
if it has the left lifting property with respect to all elements of S. The case for the right lifting
property is similar.

Remark 14.2. A diagram of the form

describes a lifting problem. A dashed arrow, if one exists, is called a solution to the lifting problem.
In this way, fhas the left lifting property with respect to g if we can solve any lifting problem
with fon the left and g on the right.

Example 14.3. Let A be an Abelian category. Recall that an object p € A is projective if A(p, —)
is exact. This essentially reduces to asking that for any epimorphism x - yand morphism p — y,
there is a lift factoring this through a morphism p — x. Observe that we can phrase this as a
lifting problem:

— X

0
L]

p—Y

so that p is projective if and only if the unique map 0 — p has the left lifting property with respect
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to the set of epimorphisms in A. Dually, an object g € A is injective if and only if the unique map
0 — g has the right lifting property with respect to the set of monomorphisms.

Remark 14.4. In the situation above, where one of the morphisms is trivial, it is common to omit
it entirely. For example, one might write

R R

/71
p—
for the lifting problem associated to a projective.

Example 14.5. A map of sets f: A — B is surjective if and only if it has the right lifting
property with respect to @ < . This is easy to see; indeed, the diagram is

o —— A

A
| -~ I#

* —— B

which tells us that for any element b € B, there is some element a € A such that f(a) = b, i.e. fis
surjective.

So, many interesting maps and objects arise in terms of lifting problems admitting a solution.
Let us fix some notation for these things, taken from [Rie14].

Notation 14.6. Let C be a category, and let f, g be two morphisms in C. We write f1 g to say
that fhas the left lifting property with respect to g (or, equivalently, that g has the right lifting
property with respect to f).

If Sis a set of morphisms in C, we write S¥ for those morphisms which have the right lifting
property with respect to S, and dually, ©S for those morphisms having the left lifting property with
respect to S. If Tis another set of morphisms, we write S T to say that S € “T, or equivalently
that T C S¥.

Remark 14.7. To spell it out, writing S 1 T means that we can solve any lifting problem with an S
on the left and T on the right.

Example 14.8. We see from Example that
{surjections in Set} = {® < %},

Example 14.9. Any isomorphism has the left and right lifting property with respect to all maps.
Indeed, you just compose with the inverse of the isomorphism to produce the desired lift.

Proposition 14.10. Let C be a category, and let S and T be sets of morphisms in C. Then the
following statements hold.

(1) IfS C T, then 2T C ¥s.
(2) IfSC T, thenTY C S¥.
(3) s 2(s2).

(4) $7 = (“(s9))2.

“(

(5) 25 ="((¥s)?).
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Proof. Statements (1), (2), and (3) are trivial. Statements (4) and (5) are dual, so we prove (3). First,
note that one inclusion follows by (2) and (3), i.e.

scP(s?) = (F(s2)2 ¢ s2.

On the other hand, the other inclusion is also trivial: let g € SY: what we have to check is that

Z(SZ) 1 g, but to test this, we use a lifting problem against a morphism f with the left lifting
property with respect to S9. |

14.2 Saturated classes

Let Sbe a class of morphisms in some category C. The set of morphisms “’S has some special
properties. We will now explain them. One has already been mentioned: S contains all
isomorphisms, which is easy to see.

Most of the properties that ¥'S will satisfy are fairly self-explanatory. One, however, is a bit
trickier to make sense of. It is not too hard to see that it is closed under composition. However,
something much stronger is true: it is closed under transfinite composition. For the purposes
of explaining this, we will need to make use of ordinals. Rest assured, we do not need to know
much about them.

Recall that a totally ordered set is a well order if, in addition, every non-empty subset has a
least element. These can be regarded as categories in an obvious way, and an ordinal is merely
an isomorphism class of well ordered sets. In particular, we can view any ordinal « as a category.
Now, the class of ordinals happens to be well-ordered (intuitively, by inclusion), meaning that for
any two ordinals @ and ff we can also talk about whether § < a. In general, one can identify an
ordinal a with the set {f | f < a}.

Taking an ordinal « and freely adjoining a terminal element, one obtains the succesor a + 1.
An ordinal A is a limit ordinal if it is non-zero and not the successor of any other ordinal. Observe
that this happens if and only if A is the colimit of all ordinals strictly lesser than A. Indeed, if
A = B+ 1, then the colimit would instead be given by p.

Definition 14.11. Let C be a category, let S be a set of morphisms in €, and let a be some
ordinal. An a-composable sequence of morphisms in Sis a diagram x. : « — € with the following
properties.

(1) For any ordinal # < a with a succesor § + 1 < ¢, the corresponding morphism xg — x. is
in S.

(2) x. is “continuous”. That is, for any limit ordinal A < «, the canonical morphism

X, — Ii)nxﬁ
B<)

is an isomorphism.

The composition of an a-composable sequence of morphisms x. is the canonical map
X0 = Xg :=limx..
0 a

Let k be a cardinal. We say that S is closed under x-transfinite compositions if the composition of
any a-composable sequence of morphisms in Sis in S for all ordinals @ with cardinality strictly
less than .

We say that Sis closed under transfinite compositions if it is closed under k-transfinite composi-
tions for all .
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Remark 14.12. The easiest non-trivial picture here is « = . Then we just have a sequence
X0 > X1 = > X >

and we require that each x; — x41 is in S. If S is now closed under transfinite composition, it
means that the map
X0 = Xp = li_gnx,-
1

is in S too.
Proposition 14.13. The set ©S is closed under the following constructs.
(1) Retracts.

(2) Small coproducts, meaning that for any small indexing set I and collection of morphisms
{fi : x5 = yi}ier C S, the morphism

Hfii]:[xi_’]:[yi

i€l i€l iel
is in S whenever it exists.
(3) Pushouts, meaning:
X — z X — 2z
|
Sal 5D Sal €S .

oY

y 3 o=ooe y ylyz

(4) Transfinite compositions.

Proof. The proofs of all of these facts are very similar. We prove (4) by transfinite induction. Let
a be some ordinal, and consider an a-composable sequence of morphisms x. : @ — C in ¥S. The
base case when a = 1 is trivial, so assume we know the result forall f < a. Ifa = a’ +1isa
successor ordinal, then if f € S, we are in the following situation

X) —— X

A
'2159l /! X —— X X! —Z, X
// /Z 4
_ Ey 3 -
Xar / fo= ‘ngl o lf and Zs% o lf
/ 4 3
'Z'Sal // Xa’ Y Xa’+1 "y
/

Xa'+1 —> Y

giving the desired solution. If « is a limit ordinal, note that a map x, — xis given by a compatible
collection of maps x5 — x for all § < . In particular, by the induction hypothesis, we then have

X) —> X
4
3.
'Z]Sal L X — X
.7 4
Vﬁ <a, Xﬁ f ~> l /EI,// Jf
l Xo /*> y
Xg —> )
so we have our lift here too. This completes the argument. [ |
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Exercise 39. Complete the above proof.

Definition 14.14. Let C be a category and let k be a cardinal. A set of morphisms Tin C is said
to be weakly k-saturated if it satisfies the following properties.

(1) Tis closed under retracts.

(2) Tis closed under small coproducts that exist in C.

(3) Tis closed under pushouts that exist in C.

(4) Tis closed under k-transfinite compositions that exist in C.
(5) T contains all isomorphisms.

We say T is weakly saturated if it is weakly x-saturated for all x. Dually, we say T is weakly
(k-)cosaturated if T°P is weakly (x-)saturated in CP.

Corollary 14.15. Let S be a set of morphisms in €. Then V'S is weakly saturated and S© is weakly
cosaturated.

Remark 14.16. In [Cis19, Remark 2.1.3], it is pointed out that the above list has a redundancy. In
fact, being closed under transfinite composition and pushouts implies being closed under small
coproducts.

Notation 14.17. Let Sbe some collection of morphisms in €. We write 3 for the x-saturation of
S, i.e. the smallest weakly k-saturated collection of morphisms containing S. Similarly, we write S
for the smallest weakly saturated collection of morphisms containing S.

Remark 14.18. Observe that since z'(Sz') is saturated and contains S, we have S C ZI(SZ). We will
see that in favourable situations, this inclusion is an equality. This is one of the consequences of
the small object argument.

Additionally, we have that for all cardinals x < k’, S C 3 cs

14.3 Weak factorization systems

We begin with the following motivating example.

Example 14.19. We saw that the set of surjections in Set were characterized by having the right
lifting property with respect to @ = *. One may ask: what are

{surjections}¥ and zl{surjections}?

Curiously, the answer is the same in both cases, namely you recover the collection of injective
maps. Proving this makes use of the axiom of choice, and we will not discuss it. Nonetheless,
it is interesting to us because the following much more trivial fact: any map of sets can be
decomposed into an injective map followed by a surjective map.

Definition 14.20. Let C be a category. A weak factorization system on C is a pair (S,T) of
collections of maps satisfying the following properties.

(a) The collections S and T are closed under retracts.
(b) Forall f: x — yin C, there is a factorization f = peiwithie Sand pe T.

(c) ST
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Lemma 14.21: “The retract lemma”. Suppose we have a factorization

x—f>y

N /b

z

Then the following statements hold.
(1) Ifi @ f then f is a retract of p.
(2) If fQa p, then fis a retract of i.

Proof. Statements (1) and (2) are dual, so we prove (1). The lifting problem below left

x x X — z ----- > X
1
I N
Z—Y y=—7yY—77>Y5
gives rise to the retraction as above right, as desired. [

Proposition 14.22. Suppose we have a pair (S, T) of collections of morphisms satisfying property
(b) in Definition[14.20, Then the following are equivalent.

(1) (S,T) is a weak factorization system.
(2) S2 =TandS =YT.

Proof. 1t is clear that (2) implies (1) (note Corollary|14.15)), so what remains is the other direction.
We are given that S¥ D Tand S C YT (which are equivalent). To get the other inclusions, suppose
f € SP. We may then write f = peifori € Sand p € T, but by Lemma [14.21|and the fact that

i f, we see that fis a retract of p. Since Tis closed under retracts, f € T. The other case is dual.
|

14.4 Quillen’s small object argument

A priori, it is very hard to produce weak factorization systems. In particular, while it is not at
all hard to find nice pairs of collections of morphisms with some lifting properties with respect
to each other, manufacturing factorizations into these morphisms is tricky. Quillen provided a
tool of great ingenuity for tackling this problem, namely the small object argument. There are a
number of versions of it; we choose one which is fairly intelligible.

Proposition 14.23: Small object argument. Let C be a locally small category admitting all
small colimits, let k be an infinite regular cardinal, and let M be some collection of morphisms in C

with k-compact domains. Then (Z(MZ), M9) is a factorization system.

Proof. By construction, conditions (a) and (b) of Definition [14.20|are already satisfied. In other
words, the crux of this proposition is the existence, for all f: x — yin €, of a factorization

f=hegwhere g € z'(M YY) and h € M?. In fact, we will prove something slightly stronger: we
can choose g € M, which implies the former by Remark 14.1Sl
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The strategy of the proof is to approximate fby a morphism in M. To this end, for any map
a: u — v, define the set

z——u
Iy(a) := sl la 1 sE My,
w— v

which consists of all morphisms s = a in Ar(C) = Fun([1], €). We observe that this set is small
since M is small and C is locally small.

For notational simplicity, given a commutative square i € Iy((a), we write z;, w;, and s; for the
corresponding data as above. Note that we leave the horizontal maps unnamed since we will
not need them by name. Now, using I);(a) we can associate to a an object uy; and a pair of maps
g(a) : u > uyand h(a) : up; — vsuch that

a=h(a)egla), and g(a)e M.

In other words, a factorization almost like what we want. The procedure is the following: taking
the coproduct over all i € Iy/(a), we get a diagram

HiEI v(a) i i

Hep@w —— v

by composing horizontally with the codiagonal. Taking the pushout of the morphism on the left,
we get

Hien@a — u
!
!
!
!
!
!
~

11 { gla)
- a
HiEIM(a) W -mme > UM
;&

v

which defines our maps. We have that g(a) € M" since the latter is stable under small coproducts
and pushouts.

If we apply the above to f, we get a factorization f = h(f) - g(f) where g(f) € M". However,
we do not know that h(f) € M, so our approximation isn’t good enough. To remedy this, we
will approximate again and again, inductively, and in fact do it x times.

Set xp = x, hg = f. We obtain go1 := g(ho) : x0 = (x0)ym =: x1 and hy := h(hg). We continue
inductively as follows: for any successor ordinal « + 1, supposing we have defined x4, hy : x4 = )
and gg, © xg = x for all B < a, we define

Xar1 = ()M, 8ha+1 1= glha) o 8. ha+1 = h(hg).

We remark that g, , = idy , and therefore gy 4+1 = g(hy). For a limit ordinal A < k, we define x;

and h) by
hy .
xp — limxg =: x;.

p<Ar

For any f# < A we obtain the canonical morphism gg; : x5 — x;.
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We get an object x, and a pair of maps

80,k hK
X—=> X% —Y

so we set g = go, and h = h,. These satisfy f = ho g, and g € M" since the latter is closed under
k-transfinite compositions. It remains to check that h € MY,
Consider a lifting problem
zZ — X%

2
MBSJ 3;// lh

w—>179

to be solved. By definition, x = h_r)n 5

of z means there is some « < k and a factorization

P which is a k-filtered colimit. Hence, the k-compactness

g
<

Now comes the genius trick: the square defined by the bottom left morphisms

zZ—— Xy

| e

W*>y

is exactly a square used in defining x5+1 = (x¢)m- This means precisely that we can factorize

further into
z
\ 8ok
X
o Boa+1x
ga+1l h
Xa+1

P
1/ y

where we thus obtain our solution to the lifting problem. |

X

“w

Corollary 14.24. Let C be a locally small category admitting all small colimits, and suppose M is a
collection of maps whose domains are all x-compact for some fixed cardinal x. Then M = IZI(Mz').

Proof. The proof of Proposition(14.23[shows that (M, M¥) is a weak factorization system. However,
by Proposition [14.22] one then has
M="2(M?)

as desired. [ |

Remark 14.25. In [Riel4, §12.2], there is a brief discussion of various kinds of assumptions one
can take to get a small object argument. In the above, we’ve chosen a somewhat straightforward
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one, modulo the details imposed by allowing any cardinal x. One can weaken the assumptions
drastically. For example, we do not need the domain of a morphism s : z - win M to be
entirely k-compact, as we only use that C(z, —) commutes with k-filtered colimits of morphisms
in M. Furthermore, we only use one particular kind of x-filtered colimit, namely a transfinite
composition of k-many arrows.

Exercise 40. Show that the factorization produced from the small object argument is in fact
functorial, meaning that there is a functor Fun([1], €) — Fun([2], C) describing it.

14.5 Appendix: Transposing lifting problems along adjunctions

There are a few ways that lifting problems can be moved across adjunctions, and it is very useful
to be aware of them, as a number of techniques in categorical homotopy theory (for example, of
simplicial sets) come down to convering a difficult lifting problem to an easy one through some
adjunction you have available to you.

The following is the easiest possible case. It is taken from [Rie14, Lemma 11.1.5], though the
overall argument is of course standard.

F
Proposition 14.26. LetC S D be an adjunction, and suppose we have collections of morphisms

G
S € Mor(C) and T € Mor(D). Then F(S) @ T if and only if Sta G(T).

Proof. Specializing the below Lemma to the case € = [1], we see that there is an induced

adjunction
F*

T
Fun([1],€) L Fun([1],D)

\_/

G~k

on the arrow categories, where we note that Ar(—) = Fun([1], —). The setup for a lifting problem
is precisely a morphism in an arrow category, so we get a bijection between a squares Fi = fin
D as below left, and solid squares i = G fin € as below right:

Fa —— x a —— Gx
/;‘ 4 />[

Fil }/l// lf > il I le

Fb —— y b —s Gy

Moreover, a solution h as above left is exactly the same as a morphism in Fun([2], D) as below
left, which by the same argument means we have a correspondence with a solution h” as below
right

Fa —— x a — Gx

7| I
h n

Fb —— x <« b —— Gx

R

Fb —— y b —— Gy

which completes the argument. [ |
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F
Lemma 14.27. Let C S D be an adjunction. Then, for any category &, there is an induced

G
adjunction
F,
Y
Fun(é,€6) L Fun(é, D)

T’kc/

Proof. The functors F, and G are defined by postcomposition, so e.g. F, : H+ FH,and (c: H =
H’) — (Fo: FH = FH’). Let n and ¢ be the unit and counit of the adjunction F + G. We then
obtain natural transformations

n:1=GiF, ¢:FG:.=>1

given by

Ny :=nH, & =¢K.
These satisfy the triangle identities. Indeed, it suffices to check at each component, at which
point one is checking the commutativity of the diagrams

FGFH GFGK
FV YH and ’YGK/ \GiK
which follows from the original triangle identities. |

The above is pleasingly simple, but unfortunately also fairly uncommon in practice. Usually,
one is in a somewhat more complex situation, involving a two-variable adjunction instead. Those
are perhaps surprisingly common, so we will take the time to explain them in detail, following
[Rie14]. First, we need the notion of what a two-variable adjunction is to begin with.

Definition 14.28. A two-variable adjunction consists of functors
- ®—:CxD->E {—-}:CPxE-SD, [--]:DPxEC
equipped with natural isomorphisms
E(c®d,e) = D(d,{c,e}) = Clc,[d,e])

of functors C°P x D x € — Set.

Remark 14.29. Here, we should think of the {—, -} and [—, —] functors as “internal Hom’s” of a
sort. Indeed, typical examples of two-variable adjunctions come exactly from such situations, in
which case {—, -} = [—, —]. The easiest example is then when ® = x and

{_’ _} = [_7 _] = Set(_: _)
Before we do anything serious with these, let’s prove a small but useful lemma, which will be
extremely helpful to us very soon.

Lemma 14.30. Consider a two-variable adjunction

—®—:CxD & {—-}:CPxE—>D, [-—]: DPxE—C
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equipped with natural isomorphisms having components
acde + E(c®d,e) = D(d,{c.€}),  frae: Elc®d,e) = Clc,[d,e]).
Suppose we have morphisms
itc—oc, jid-od, h:d®d—e h:c®d —e

Then

. b ;
a(c®d@>c’®di>e)=d0i2{c’,e}{1—6};{c,e}, and

. P W :
,B(c®dc;®]>c®d’ Le)=c/£>) [d’, €] M [d,e].

Proof. We will prove the first statement, as the second is basically dual. Naturality of @ means we
have the commutative diagram

8(6, ® d: e) ﬁ) D(d: {Cla e})

(i@d)*l l{i,e}*

ec®de) —— D(dfceh)

which says exactly that
tege(h o (i ® d)) = {i, e} o aprg.(h)
as desired. |
Construction 14.31: The “Leibniz construction”. Suppose we have a two-variable adjunction
—®—:CxD-oE {—-}:CPxE-D, [--]:DPxE-C,

and that the following properties hold.

(i) €and D have pullbacks.

(ii) € has pushouts.

For simplicity, let us write B4 : = Fun(A, B). Then there is an induced two-variable adjunction
—&—: clllxpll 5 el _v. elthop x gltl o plil (=] (pllyop x g1l 5 el

on the level of arrow categories.
Here’s how they’re defined on objects: the “left adjoint” —®— is given, oni: ¢ — ¢’ in € and
j:d—d inD,by

cod — % L ved

of ]

c®d —— (c®d) I (¢’ ®d)
c®d

' Qj

which one easily verifies is functorial. The other functors are similarly defined, except using
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pullbacks instead. In particular, given f: e — ¢’, we have

{c’, e} fie} [d’,e] [j.el
- 2

{c,e} x {c’,e’} — {c,e}
ce’}

l - J{c,f} [".f]

{,e’} ——— {c,e’}
e’}

{c.f}

which one also easily verifies are functorial.
We must now verify that this is actually a two-variable adjunction, meaning we want to show
that

elll®j, £) = DG, 4, = el [, 1D

We will neglect checking naturality carefully, as it is not particularly insightful. Suppose we are
given a morphism (a,b) : i®j = fas displayed below left; then, by Lemma we have natural
one-to-one correspondences

(c®d’)cgd(c’®d)L>e c®d —— ’®@d —C e
o b~ L L b
b c®d’*>c'®d’i>e’

d —— ¢

d L {c’,e} —— {c,e}

~ ] b

d’ L {c, e’} —— {c,e’'}

d—a {c’, e}

- Jl B l{iﬁf}

LA {c,e} x {c’ e’}
{ce’}
The crux of the calculation for [—: —] is the same.
Proposition 14.32. Consider a two-variable adjunction
—®—:CxD &, {—-}:CPxE->D, [--]:DPxE->C,

where C and D admit pullbacks, and € admits pushouts. Suppose we have collections of morphisms
C C Mor(€), D € Mor(D), and E C Mor(E). Then

C®DME <« DQ{C,E} — Cr[D,E]

Proof. A lifting problem i®j = ftransposes to j = {i,Af} andi = [j,Af], and one easily sees that
solutions also transport across these. |

Remark 14.33. We were inexplicit in the above proof to demonstrate how little is really going on.
However, it is still insightful to show the inner workings of the calculation, so we will be explicit,
instead, in this remark. Take the calculation from Construction|14.31 filling in a diagonal arrow
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for the desired lifts, we see that all that’s happening is

(c®d')cgd(c'®d)%e c®d—>c®d*>e
i(fbjl Jf < l l lf
Ced cod s cad e

d L {c’,e} —— {c,e}

© 7 b

d T> {,e’} —— {c, e’}

d—< {c’, e}

o ’i ? l{i,‘f}

-

d’ % {c,e} x {c’ e’}
b {c,e’}

where the intermediate step is entirely about ordinary “one-variable” adjunctions, and follows
purely by Proposition [14.26

There are two main examples of applications that will eventually come up for us, both of
which are in the homotopy theory of simplicial sets. In particular, in the study of co-categories.
The most easy to understand out of them is the statement that for an co-category € and a simplicial
set K, the simplicial set of “functors” Fun(K, C) is an co-category. This turns out to be a statement
one should deduce from a more general fact, namely that the canonical map

Fun(L, X) — Fun(K, X) xpun(ry) (K, Y),

is a Joyal fibration, where K — L is a monomorphism of simplicial sets and X — Y is a Joyal
fibration.
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15 Homotopy theory in model categories

Model categories are, in short, a systematic framework for doing homotopy theory, meaning it is
a tool for controlling localizations of categories. Previously, when trying to understand relative
categories (C, W), we have made use of the assumption that Wis a (right or left) multiplicative
system, which allows us to understand the morphisms a lot more cleanly due to the calculus of
fractions.

Model categories take a different approach. Essentially, they introduce what one might
describe as phantom structure: the data of fibrations and cofibrations, “meaningless” on their own,
the (imposed) properties of which allow you to describe the localization in terms very similar to
the homotopy theory of topological spaces. Essentially, the (co)fibrations provide distinguished
classes of “nice” objects and morphisms. Model categories also provide a very convenient setting
in which to understand homotopical analogues of limits and colimits, though in a sense this is
hardly unique to them, and is really a consequence of a good theory of derived functors.

For the material here, we mainly follow [Rie14]], [[Cis19], and [MP12].

15.1 Model categories

Definition 15.1. Let C be a category. A model structure on C is a triple (Cof, W, Fib) of sets of
morphisms in € satisfying the following conditions.

(1) The set W has the 2-out-of-3 property.
(2) The pairs (Cof, Fib nW) and (Cof nW, Fib) are weak factorization systems on C.

A category C with a model structure is called a model category if, in addition, € admits finite
limits and finite colimits.

Terminology 15.2. Given a model structure (Cof, W, Fib) on €, one calls a morphism fin C
« a cofibration if f € Cof,
« a fibration if f € Fib,
+ a weak equivalence if f € W, or
« a trivial (co)fibration if fis both a weak equivalence and (co)fibration.
Suppose € is a model category. One says an object x € C is
« fibrant if x — = is a fibration, where * € C is the terminal object, or
« cofibrant if @ — xis a cofibration, where @ € C is the initial object.

Remark 15.3. There are a few different variations on the definition of a model category, and
we use the one in [Cis19]. It is fairly common to assume a model category admits all small
limits and colimits, and further, that the factorization systems are functorial, meaning that the
factorizations can be chosen to determine functors Fun([1], ¢) — Fun([2], C). As many examples
of model categories are produced by using the small object argument, which produces functorial
factorizations, this is often satisfied, but it is also not really necessary for the theory to a large
extent. Note, however, that a big convenience in having functorial factorizations is that choosing a
(co)fibrant replacement (obtained by factorizing either » — x or x — ) determines a deformation
in the sense of Lecture 6] and thus the theory of derived functors becomes very nice.

Notation 15.4. We write C, for the full subcategory of cofibrant objects; dually, € for the full
subcategory of fibrant objects. Combining the two, we write C. for the full subcategory of
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objects which are both fibrant and cofibrant.

Notation 15.5. We adopt the following notation, in situations where no ambiguity is expected:
— denotes a weak equivalence, - denotes a fibration, and > denotes a cofibration.

Remark 15.6. Observe that a model structure has a large amount of redundant information: if
one exists, it is completely determined by its weak equivalences and either the trivial fibrations
or trivial cofibrations. This is a corollary of Proposition suppose we know W and Fib nW.
Then

Cof = Y(FibnW), ~  Fib = (Cof nW)Z,

which recovers the triple (Cof, W, Fib).

This also means that W contains a weakly saturated class of morphisms, namely Fib "W,
and therefore contains all isomorphisms. In particular, all identities, so W determines a wide
subcategory with the 2-out-of-3 property. We conclude that (C, W) is a pseudo-homotopical
category, in the terminology of Lecture[6] In fact, we will see that W necessarily also satisfies
the 2-out-of-6 property, so that (C, W) is moreover a homotopical category. The reader should
therefore not spend any time seeking examples of model categories whose weak equivalences do
not satisty the 2-out-of-6 property.

Remark 15.7. In many cases, model structures are constructed using the small object argument,
such as the one we give in Proposition|14.23| That is, one has some class of basic cofibrations J

from which one forms the factorization systems (Z( J9), J9) using the small object argument.
Choosing some basic class of trivial cofibrations I, one can then form (Z(I ), 19). If Jand I are
chosen such that J¥ € Wand ZI(I Y) C W, then this will yield a model structure given by

(Cof, W, Fib) = (2(J2), w, I2).

In general, model structures for which one can find some collections of maps I and J generating
the (trivial) cofibrations are called cofibrantly generated, and they have a number of benefits. For
example, since the small object argument provides functorial factorizations, any such model
structure of course admits this extra structure.

Construction 15.8: Opposites. Let (C, Cof, W,Fib) be a model category. Then the triple
(Fib°?, WP, Cof°P) is a model structure on C°P, so C°P can be promoted to a model category as
well. Furthermore, this demonstrates that fibrations and cofibrations are dual to each other, such
that any result about cofibrations dualizes to a result about fibrations.

Construction 15.9: Slices. Let C be a model category, and let x € C. Then C/x can be promoted
to a model category. In particular, let a morphism in C/x be a weak equivalence (resp. fibration,
cofibration) if it is a weak equivalence (resp. fibration, cofibration) in €. Dualizing yields that
x/C can be promoted to a model category in a similar way.

Proposition 15.10. Let (C, Cof, W, Fib) be a model category. Then Cof is weakly saturated and
Fib is weakly cosaturated. In particular, whenever it makes sense,

(1) Cof is closed under retracts, compositions, small coproducts, and pushouts, and

(2) Fib is closed under retracts, compositions, small products, and pullbacks.

Proof. Follows by Proposition [14.15|and Proposition [14.22 |
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15.2 Ken Brown’s lemma & some basic techniques

Recall the importance of functors being homotopical in the construction of derived functors; see
Lecture [6] In a model category, the morphisms which are easily controlled are the (co)fibrations,
and the objects with nice properties are the (co)fibrant ones. Consequently, it is often the case
that one can more easily say things about, say, trivial cofibrations between cofibrant objects than
about weak equivalences in general. The below result is useful in these circumstances.

Lemma 15.11: Ken Brown’s lemma. Let C be a model category, and let D be a pseudo-homotopical
category. Suppose we have a functor F: C — D. Then the following are equivalent.

(1) F is homotopical on the full subcategory of cofibrant objects, i.e. F sends weak equivalences
between cofibrant objects to weak equivalences.

(2) F sends trivial cofibrations between cofibrant objects to weak equivalences.

Proof. The implication (1) = (2) is clear. For the converse, the idea is that we may rewrite any
weak equivalence between cofibrant objects in terms of trivial cofibrations. Suppose we have a
morphism f: x — ywhere x,y € C.. Form their coproduct x II y and factor the map x Iy — y
given by f: x — yandidy: y — yinto a cofibration followed by a trivial fibration

x ~
D —x ‘{\

I - llx ~ xOy——z—>y
YLXHJ/ l{_/
y

and, using the left diagram, note that since cofibrations are closed under pushouts, i, and 1, are
cofibrations. In particular, the compositions

L
i:xngsz, j:y>i’>xHy>—>z

are both cofibrations (by composition) and weak equivalences (by 2-out-of-3), hence trivial
cofibrations. By commutativity, we have

Jef=i= F()F(f)=FQ@)
which implies F(f) is a weak equivalence by the 2-out-of-3 property. |

Remark 15.12. The above result is a simple but good example of how (co)fibrations and (co)fibrant
objects can help us despite not being intrinsically meaningful.

Before we move on to showing how homotopy theory may be done in the context of a model
category, let us prove a nice property of the weak equivalences. Recall that isomorphisms are
closed under retracts, as was shown in Lemma This also holds for the weak equivalences in
a model category. The proof is interesting, as it demonstrates a typical approach employed in the
context of a model structure, namely to prove something for the (co)fibrations, and then lift it to
all morphisms by using the factorization properties.

Lemma 15.13. Let C be a model category. If a fibration in C is the retract of a weak equivalence,
then it is a trivial fibration.

Proof. Let f: x -» ybe fibration which is the retract of a weak equivalence w: x” — y’. First,
factor w into a composition v - u using either factorization system, and observe that by the
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2-out-of-3 property, both u and vare weak equivalences (and hence a trivial cofibration and trivial
fibration, respectively), so we have

’

X X X
pe X X
4 uIz
fi le lf o f z’ i
y Y y ”l*
y Y’ y

Composing in the obvious way, we get a morphism s: x — z’, and by considering the lifting
problem as below left (obtained by the other obvious composition), we thus have the diagram
below right:

’

x x x
S ull
X ;A x x I /
ul /// f ~ f z' f
Z' /*> y vlz
y Y’ y

By commutativity, we see that t - s = id, so that fis a retract of v. Since trivial fibrations are
weakly cosaturated (by Proposition [15.10), they are closed under retracts, and hence fis a trivial
fibration. [ |

Proposition 15.14. Let C be a model category. Then the weak equivalences are closed under retracts.

Proof. Let f: x — ybe a retract of a weak equivalence w: x’ — y’,

x x’ T x
fl wlz lf
y——y y

Factor f = h~ gas a trivial cofibration g followed by a fibration hA. Our goal is to show that h is
the retract of a weak equivalence, so that, applying Lemma [15.13] fis a composition of weak
equivalences. To this end, consider the pushout below left

x x’ x
x — x’ gl - i} i g}
gh _ J{i i z— z" ! z
pe ,,,k,,} 2 hl J\i{ lh
y v y

and note that trivial cofibrations, beeing weakly saturated, are closed under pushouts. Hence, i is
a trivial cofibration. The morphism j in the diagram above right is induced by universal property
applied to the morphisms wand s - h; since j - i = wand both i and w are weak equivalences, we
deduce that j is a weak equivalence.

For the final step, observe that the identity id, : z — z together with the composition g o r
induce, by universal property, a map ¢ : z” — z for which £« k = id, and £ o i = g o r. By universal
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property, one can check that the remaining bottom right square in the diagram

’

X X X
g} - ip &
zZ— F s
hl J lh
y v y

commutes (by using that there is a unique map z” — y which after composition with i or k yields
the outer paths of the square), so the entire diagram commutes. In particular, & is a retract of the
weak equivalence j. [ |

15.3 Cylinders, paths, and homotopies

Recall that in standard algebraic topology, one has the notion of a homotopy between two
continuous maps f, g: X — Y. Intuitively, this is some kind of continuous family of maps X — Y
which explains how to “deform” finto g (or vice versa). Formally, this is usually captured by
having a continuous map H: [0,1] x X — Y such that H(0,x) = f(x) and H(1,x) = g(x) for all
xeX

On the other hand, whenever it exists, one can also encode the notion of a homotopy as a
path in the function space YX. The issue with this is that the function space doesn’t always exist,
in the sense that one may fail to have a bijection

Top([0,1] x X,Y) = Top([0, 1], Y%).

Still, when it does happen to make sense, it’s a very intuitive way to define homotopies. Slightly
less intuitive is the expression obtained by considering the other possible adjunction,

Top([0, 1] x X, Y) = Top(X, YI>1]),

passing through the path space, where a homotopy from fto gis a continuous map h: X — yl01]
such that h(x)(0) = f(x) and h(x)(1) = g(x).

These two approaches can be partially employed in any relative category, and especially well
in the context of a model structure.

Definition 15.15. Let (C, W) be a relative category, and let x € C be an object.

(i) A cylinder object for x is an object Ix € C together with maps

(io.i1) p

xIx Ix x

such that pei =idy, k=0,1,and p e W.

(ii) A path object for x is an object x! € C together with maps

i I (posp1)
pe X XXX

such that ppci=1idy, k =0,1,andie W.

Remark 15.16. Note that these are not defined by universal property, and so do not need to be
unique in any way, a priori.

Remark 15.17. If (€, W) is pseudo-homotopical in the sense of Lecture [6] then the 2-out-of-3
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I property shows that the iy and p; are weak equivalences.
Definition 15.18. Let C, W be a relative category, and let f, g: x — ybe morphisms in C.

(i) Consider a cylinder object Ix for x. A left homotopy from fto g (with respect to Ix) is a
morphism h : Ix — ysuch that heiy = fand hoi; = g. We write '}*l'g for the equivalence
relation on C(x, y) generated by the existence of a cylinder object for x together with a left
homotopy from one morphism to another, and set

[, vl == €(x, )/ 2.

(ii) Consider a path object y! for y. A right homotopy from fto g (with respect to y!) is a
morphism A’ : x — y! such that py o h’ = fand p; o h’ = g. We write fir for the equivalence
relation on C(x, y) generated by the existence of a path object for y together with a right
homotopy from one morphism to another, and set

[, y], = €(x,9)/ 2.

Remark 15.19. A warning to observe is that f '}le g (and its dual) does not merely ask that there is
a left homotopy from fto g, since that is not necessarily an equivalence relation. This is why
we must ask for the equivalence relation generated by that simpler relation. In general, f ’}*Z“( g
means that there is some chain of left homotopies starting at fand ending with g. See the proof
of Proposition for an explanation of what properties the relation of left homotopy satisfies,
and when it forms an equivalence relation.

Remark 15.20. We want to emphasize that the relations ’}‘l'e and ﬁr do not require a fixed choice of
cylinder object or path object, and rather allow any choice for defining a homotopy.

At this level of generality, there is not much one can say, but with a small added hypothesis,
one can at least say the following:

Lemma 15.21. Let (C,W) be a pseudo-homotopical category, and suppose we have morphisms
f.g: x = yand a left homotopy h from fto g. Then f is a weak equivalence if and only if g is a
weak equivalence.

Proof. We have the diagram

— T
>\J§/<
<

=

and therefore f € Wif and only if h € Wif and only if g € W, by the 2-out-of-3 property. |

Remark 15.22. By the description of the equivalence relation ﬁg, it follows that if f E[ g then
f eWifandonly if g e W.

The above definitions can be made in any relative category, as we have done, but typically
one will work within a model category, in which case one can add some more conditions to make
the definitions substantially more powerful.

Definition 15.23. Let C be a model category, and let x € € be an object.

(i) Consider a cylinder object (Ix, i, i1, p) for x. We say Ix is a good cylinder object if (ip,i1) :
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x I x — Ixis a cofibration, We say Ix is a very good cylinder object if it is good, and p is
a trivial fibration. A left homotopy is (very) good if the corresponding cylinder object is
(very) good.

(ii) Consider a path object (x’, i, po, p1) for x. We say x”is a good path object if (po, p1) : x' — xxx
is a fibration, We say x! is a very good path object if it is good, and i is a trivial cofibration.
A left homotopy is (very) good if the corresponding path object is (very) good.

Lemma 15.24. Let C be a model category, let x € C. be a cofibrant object, and let (Ix, iy, i1, p) be a
good cylinder object. Then iy and iy are trivial cofibrations.

Proof. We know that iy and i; are weak equivalences by the 2-out-of-3 property, so we need to
show they are cofibrations. However, the canonical inclusions 4 : x — x II x are cofibrations
(being pushouts of the cofibration @ — x), and

iy = (o, i1) ° i
so that iy, k = 0, 1, are cofibrations. |
Proposition 15.25. Let C be a model category. Then the following statements hold.

(1) For any object x € C there exists a very good cylinder object and a very good path object.

(2) For two morphisms f,g: x — y, there exists a left (resp. right) homotopy from f to g if and
only if there exists a good left (resp. right) homotopy from f to g.

Proof. (1) Factorize the codiagonal and diagonal maps
Ve:xOx—>x, Ay:x—>xxx

using the appropriate factorization system.
(2) Obviously, one direction is trivial. For other, let 4 : Ix — ybe a left homotopy from fto g.
The strategy is similar to (1), except that we factorize the map (ip,i1) : x II x — Ix to get

@igi1)

xx I'x —y Ix

which now defines a good cylinder, where the map p” : I’x — x is defined by composing

I’x » Ix — x. One immediately sees that the morphism 4’ given by the composition I’x — Ix =
defines a good homotopy from fto g. The proof for right homotopies is similar. |

We remarked earlier that since the existence of a left homotopy doesn’t form an equivalence

relation, we are forced to consider the equivalence relation generated by the former to get E[.
Naturally, one wonders what the obstruction is, as in standard algebraic topology, homotopy is
easily seen to be an equivalence relation. The below proposition provides an answer.

Proposition 15.26. Let C be a model category, let x,y € C and assume x is cofibrant. Then, for

morphisms f, g € C(x, y), we have fke g if and only if there exists a left homotopy from fto g. That
is, the existence of a left homotopy forms an equivalence relation.

Proof. We have three things to check: reflexivity, symmetry, and transitivity.

(1) Reflexivity: let f: x — ybe a morphism. Note that (x,idy, idy, idyx) forms a (very good)
cylinder object for x, so fitself determines a homotopy from fto f.

(2) Symmetry: let f,g: x — ybe morphisms, and 4 : Ix — ya homotopy from fto g. Note
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that given the cylinder (Ix,io, i1, p), the tuple (Ix,i1,ip, p) also defines a cylinder object for x.
Then the homotopy h, now thought of in terms of the latter cylinder, defines a homotopy
from gto f.

(3) Transitivity: this is the only step where we need to use that x is cofibrant. Assume that we
have f, g,k: x — yand left homotopies h: Ix — yfrom fto gand A’ : I’x — yfrom gto k;
by Proposition we may assume that these left homotopies are good. We form a third
cylinder Jx as the pushout below left

where, to be explicit, we set jo = x 5 Ix > Jxand j1=x 5rx - Jx. The cylinder is
then given by (Jx, jo, j1,q), but we need to check that this is actually a cylinder object for
x, and this is where being cofibrant is essential. The only non-trivial aspect is checking
that ¢ € W. Here, Lemma [15.24tells us that i; and i, are trivial cofibrations, and thus their
pushouts are as well, so by the 2-out-of-3 property, q is a weak equivalence. We now get
an induced left homotopy h” : Jx — yfrom fto k, as displayed above right.

This concludes the proof, as '}‘l'g is the equivalence relation generated by the existence of a left
homotopy. |

In the model categorical setting, we in principle allow any choice of cylinder object (resp. path
object) for a left (resp. right) homotopy. This is in contrast with the classical theory in algebraic
topology, where one uses an explicit choice, namely the product with the interval [0, 1]. However,
much like the above, where everything simplifies significantly with a (co)fibrancy assumption,
the same is true with regards to this. Below, we see that when the domain is cofibrant and the
codomain is fibrant, homotopy theory looks exactly as it does classically.

Proposition-Definition 15.27. Let C be a model category, and let f, g: x — y be morphisms in

C.
(1) Suppose x is cofibrant. If there is a left homotopy from f to g, then there is a right homotopy
from ftog.
(2) Suppose y is fibrant. If there is a right homotopy from f to g, then there is a left homotopy
from ftog.

In particular, if x € C; and y € Cy, then the equivalence relations il*[ and ﬁr on C(x,y) agree, and
give an equivalence relation f = g. Furthermore, for the equivalence relation =, one may use a fixed
good cylinder object for x and a fixed good path object for y.

Proof. Statements (1) and (2) are dual, so it suffices to prove (1). In the process, we will see that
we can translate an arbitrary (good) left homotopy from fto g to a good right homotopy from
fto g with a fixed path object for y. So, assume we have a left homotopy A : Ix — yfrom fto
g, where by Proposition we may assume that Ix is good. Fix a good path object y’ for y,
and note that iy : x — Ixis a trivial cofibration and (po, p1) : y! — y x yis a fibration, we have a
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solution to the lifting problem

x /$y

iol - J(PO p1)

xmxx]xﬁyxy

where we now observe that .
’ L1 k I
W:ix—>Ix—y

is a right homotopy from fto g. Indeed
pooh/:pookoil:fopoilzpoof and ploh’:hoilzg
as desired. The rest of the proposition follows. [ |

Notation 15.28. Let C be a model category. For x cofibrant and y fibrant, we write

[x,y] = Cx,y)/ =

for the set of morphisms up to homotopy.

15.4 The homotopy categories associated to a model category

The major typically advertised feature of model categories is that they allow you good control
over localization. A model category (C, Cof, W, Fib) in particular is also a relative category (C, W),
and so we may reasonably form C[W~!]. Typically, while one has a description of this category,
one has no way to know that it is, for example, locally small, and this presents some subtle
issues in working with localizations. The major input in a model category is that for nice enough
objects, namely those that are both fibrant and cofibrant, the notion of weak equivalence in
fact identifies with the notion of homotopy equivalence, and this paves the way for a homotopy-
theoretic description of G[W~!]. We aim to prove this characterization now, as well as explain
some homotopy-theoretic categories one can associate to C.

We will start with a basic proposition explaining how homotopies interact with composition.
To prove it, we need the following enhancement of Proposition as a lemma.

Lemma 15.29. Let C be a model category, let x,y € C, and assume y is fibrant. Consider maps
f.g: x = y. Then there is a good left homotopy from f to g if and only if there is a very good left
homotopy from fto g.

Proof. Of course, if there is a very good left homotopy, then there is a good left homotopy, so
what remains is the converse. Thus, suppose we have a good left homotopy 4 : Ix — yfrom f
to g. The cylinder comes equipped with a weak equivalence p: Ix — x, which we may (by the
2-out-of-3 property of weak equivalences) factor into a trivial cofibration followed by a trivial
fibration
(Ix > x)=Ix»> x> x)
p q P

and the crux of the first part of the argument is that I’x can be turned into a very good cylinder
object for x. In particular, we use the maps

. Ik q
pix->Ix>I'x, p':I'x—>x

and one easily sees that this makes I’x into a very good cylinder object.
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We have not yet used that y is fibrant, which only becomes essential in now moving the
homotopy h : Ix — yto a homotopy h’ : I’x — y. For this, we apply the covering homotopy
property to the trivial cofibration Ix » I’x and the fibration y —» =, i.e. we solve the lifting
problem

Ix — s y
W,
} l
which yields h’. [ |

Proposition 15.30. Let C be a model category, let x,y € C, and suppose y is fibrant. Consider
maps f,g: x —» yande: w — x. If there is a left homotopy from f to g, then there is a left homotopy

from feetogee.

Proof. The idea is this: one would like to use the strategy one sees in classical homotopy theory,
namely that if we have a homotopy H : [0,1] x X — Y between some f and g, and we have
e: W — X then we get a homotopy from f - e to g - e by composing with the obvious map
[0,1] x W — [0, 1] x X induced by e.

Since yis fibrant, by Lemma [15.29 we may assume that the left homotopy & : Ix — yfrom fto
gis very good. Let Iwbe some good cylinder object for w. Since w Il w — Iwis a cofibration and
Ix — xis a trivial fibration, we may solve the lifting problem

wHw£> xﬂxﬁ Ix

ey

Iw = w x

and now our desired homotopy is /4 - k. |

The above proposition, along with its dual, allow us to now specify the titular homotopy
categories associated to the model category C.

Proposition-Definition 15.31. Let C be a model category. Then the following statements hold.

(1) Ifyis fibrant, then composition in C induces a composition
[x, yle x [w, x]e = [w, y]e.

(2) If wis cofibrant, then composition in C induces a composition
[x, 1 x [w, x]r = [w, 1.

In particular, there are categoriesh C, h Cc, and h .4, the objects of which are the objects of €, C,
and C. respectively, and for which the morphisms are given by

hef(x:J/) = [x,J/]JZ, hec(st’) B [x,J’]r, hecf(x’y) = [x>)’]-

Proof. Statements (1) and (2) are dual to each other, so we prove (1). What we have to show is
that if we have morphisms f, f* : x > yande,e’ : w — x, along with left homotopies from fto
f” and e to ¢/, then we have left homotopies from foeto f’ ceand feeto foe’. The former is
just Proposition [15.30} since all objects are assumed to be fibrant. For the latter, let i : Iw — x be
a left homotopy from e to ¢’. Then f o h is a homotopy from feoeto foe’. |
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Terminology 15.32. Let C be a model category. Objects of C. are called bifibrant. Given
bifibrant objects x, y € €., a morphism f: x — yis a homotopy equivalence if it has an inverse
up to homotopy, i.e. if its image in h €. is an isomorphism.

At the opening of this subsection, we promised a homotopy-theoretic characterization of
some weak equivalences in a model category. We may finally arrive at this. Before we get to it,
we will need the following result.

Theorem 15.33. Let C be a model category, and let x,y € C. Then the following statements hold.

(1) Suppose x is cofibrant and we have a trivial fibration p: z — y. Then

p* : [x> Z]E - [X, y][
is a bijection.
(2) Suppose y is fibrant andi: w — x is a trivial cofibration. Then

.k

i [yl - [wylr
is a bijection.

Proof. Statements (1) and (2) are dual, so we prove (1). Note that the map p. is well-defined,
following the second half of the proof of Proposition We have two properties to check,
namely surjectivity and injectivity. Thus, suppose we have a morphism k : x — y, and morphisms
f,g: x = z for which there is a good left homotopy h from p - fto p - g. For surjectivity, observe
that we can find a preimage of k by means of the below left lifting problem,

(f,
O — z xﬂxi)z{z
M >
I e I il plz
x——Y IXT>y

and for injectivity, we obtain a left homotopy from fto g by means of the above right lifting
problem. |

The strategy for proving our homotopical characterization is similar to what we saw when
showing that weak equivalences are closed under retracts: we prove something first in the case
of a (co)fibration, then lift.

Lemma 15.34. Let C be a model category, and leti : x — z be a cofibration between bifibrant
objects. Ifi is a trivial cofibration, then it is a homotopy equivalence.

Proof. By Theorem [15.33] we have bijections

i [z,x] = [x,x], i [z2] = [x 7]

and may thus find, using the former bijection, j: z — x such that j - i = idy. We also have
(iof)oi=io(joi)=i

and therefore the other bijection implies i - j = id, so i is a homotopy equivalence with homotopy
inverse j. u

Theorem 15.35. Let C be a model category, let x,y € C_s be bifibrant objects, and let f: x — y be
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a morphism. Then the following are equivalent.
(1) fis a homotopy equivalence.

(2) fis a weak equivalence.

Proof. To start off, we do the following: factor f = pei as a trivial cofibrationi : x — z followed by
a fibration p: z — y. Note that z is bifibrant,as (» > z2) =@ - x > zand (z > *) = (z > y — *).
By Lemma([15.34] i is a homotopy equivalence, so it has a homotopy inverse j: z — x.

(1) = (2). Let fhave a homotopy inverse g, i.e. g° f = idy and f o g = id,. It suffices to show
that p is a weak equivalence, as i is a trivial cofibration. Let h : Iy — ybe a good left homotopy
from f o g to id,. Then we solve the lifting problem

iog
y*> z

J 27
[ R p
" h

Iy —y
which provides a good left homotopy h’ fromie gto q := h’ -i;. Now
p°q:P°h,°i1 :h°i1 zldy

and
qop:(iog)op:iogopo(ioj):iogofoj:i:j:idz_
By Lemmal|15.21} q - p is a weak equivalence. Furthermore, we have a retraction

z z z

P
y

p q
y

JQ
Jﬁ 3

z

which means p is a retract of a weak equivalence, hence a weak equivalence.

(2) = (1). If fis a weak equivalence, then by the 2-out-of-3 property p is a weak equivalence,
hence a trivial fibration. Thus, the dual of Lemma|[15.34 shows that p is a homotopy equivalence,
so f = peiis a homotopy equivalence. |

15.5 Appendix: HEP and CHP in model categories

In model categories, there are analogues of the homotopy extension property and covering homotopy
property from classical algebraic topology. They are essentially tautologies arising as corollaries
of the definition of good cylinder objects and good path objects.

Lemma 15.36: Homotopy extension property. Let C be a model category,1: a — x a cofibration,
and y a fibrant object. Let y' be a good path object. Then the lifting problem

*>y1

a

A
II /// Po
X

)
has a solution.

Proof. Since y! is good, py is a trivial fibration, so we conclude by the factorization system
(Cof, W N Fib). [ ]
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Similarly, one proves

Lemma 15.37: Covering homotopy property. Let C be a model category, =: e — b a fibration,
and x a cofibrant object. Let Ix be a good cylinder object. Then the lifting problem

X
;
-
-
-
-
-
-

e
io
Ix —— b

|

T

has a solution.

Remark 15.38. We note that the choice of using iy and py is somewhat arbitrary, as the same
argument applies to i; and p;, or even (ip,i1) : x I x — Ixand (po, p1) : y' = y x y. In this way,
one can see that the definition of a good cylinder/path object is exactly such that the above
properties hold.
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16 Model categories & homotopy (co)limits (WIP)

In Lecture |15} we laid out the basic theory of model categories, and indicated that their structure
can be used to understand localizations in a very convenient way. As part of the road to
formalizing this, we showed that weak equivalences between bifibrant objects are exactly given
by homotopy equivalences, defined in terms of mapping cylinders (or path spaces, equivalently).

The purpose of this lecture is to continue down the path started in the last lecture. We will
show that the localization ho(€) = C[W™!] of a model category € at its weak equivalences W is
equivalent to the homotopy category of bifibrant objects h €. s, whose objects are the bifibrant
objects, and whose morphisms are given by homotopy-equivalence classes of maps in €.

After doing the above, we will move to explaining some features of derived categories in the
setting of model categories, and one particularly interesting example, namely homotopy (co)limits.
In Lectures [7|through to 11} we explored topics in triangulated categories, and frequently made
use of the intuition of cones as “homotopy cokernels.” Homotopy colimits in model categories
provide a refinement of this notion.

We will use the same notation as in Lecture [15| The sources for the contents are primarily
the same also, namely [Cis19; Rie14; MP12].

16.1 The homotopy category of a model category (WIP)

We start with a construction which is integral to our interests of localization, and which are a big
part of the reason model categories are useful.

Construction 16.1: (Co)fibrant replacement. Consider a model category €, and some object
x € C. There are two operations afforded to us for free by the factorization systems on €, namely:

« We can produce a fibrant replacement of x. That is, a trivial cofibration x — Rx where Rx is
fibrant. To do this, factor x — * into a trivial cofibration followed by a fibration. Note that
if x is cofibrant, then Rx is cofibrant.

« We can produce a cofibrant replacement of x. That is, a trivial fibration Qx — x, where Qx
is cofibrant. To do this, factor  — x into a cofibration followed by a trivial fibration. Note
that if x is fibrant, then Qx is fibrant.

When C has functorial factorizations, the above operations organize into deformations Q = 1
and 1 = R. As we do not assume we have functorial factorizations, we will not make use of this
fact. On the other hand, one can still get some amount of naturality for free.

Suppose we have a morphism f: x — x’, and that we fix cofibrant replacements

q:Qx;x, q’:Qx’;x'

and fibrant replacements

r:x—Rx, r:x"— Rx’.

By solving the below lifting problems

@ Q¥ x—t e 2 Rx’
[ 2"gp T
Ox //q X — x’ Rx *

we obtain morphisms Qf: Qx — Qx” and Rf: Rx — Rx’. Observe that these satisfy ¢’ < Qf = foq
and Rfer=r"of.
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Proposition 16.2. Let C be a model category, and let f: x — x’ be a morphism in C. Consider the
morphism Qf: Qx — Qx’ of Construction[16.1, Then the following statements hold.

(1) The morphism f is a weak equivalence if and only if Qf is a weak equivalence.
(2) The left and right homotopy classes of Q f depends only on the left homotopy class of f - q.

(3) Ifx’ is fibrant, then the right homotopy class of Q f depends only on the right homotopy class
of f

Proof. (1) Apply the 2-out-of-3 property to the defining diagram of Qf.
(2) By Theorem|15.33] we have a bijection

¢i : [0x,0x']e = [Qx, %],

Furthermore, by Proposition anything in the left homotopy class of Qfis also in the right
homotopy class of Qf.
(3) Note that Qx’ is bifibrant. Applying Theorem once again, along with Proposition

Proposition |15.30|and Proposition |15.27, we have
[, x'], = [x,x"Je = [Qx, x'] <= [Qx,Qx']

which implements Q, where we note that since Qx is cofibrant and x” is fibrant, all homotopy
mapping spaces agree, hence why we discard the subscript. |

Construction 16.3: Replacement functors. With the help of Proposition|16.2} we can construct
replacement functors up to homotopy. In particular, we can construct functors

Q:¢—>hC, R:C—-hCy

We handle the former, since the latter is suitably dual. For all x € €, choose cofibrant replacements
gx : Qx — x, and define Q on objects by x — Qx. Using these cofibrant replacements, apply
Construction[16.1]on morphisms to define Qffor all f: x — y. On morphisms, define Q by

C(x, y) = €(Qx,Qy) — [Qx,Qy]r = h C(Qx, Qy).

We need to show that this is a functor. First of all, when x = yand f = idy, one observes that
Qid, only depends on the left homotopy class of gy, which corresponds to idy, so that Qidy = idg,.

Suppose we have morphisms x i y £ 2 We need to see that O(gef) =0(g)-0(f), but for this,

we note that Q(ge f) depends only on the left homotopy class of go foqyx = g°g,°Q(f) = q.°0(g)-Q(f)
and this is uniquely determined by the left homotopy class of Q(g) - O(f).

Thus, we see that we have a functor Q: € — h C,, and dually, a functor R: € - hC f When
we restrict the former to consider only fibrant objects, we can use the construction in Proposition
[16.2(3) to see that it induces a functor

hQ: hCr—hC,
on morphisms given by the composition
hCy(x, y) =[x, yle = [Qx,y] = [Qx,Qy] = h € (x, y).
Similarly, one induces a functor hR: hC. —» hC, £ and thus two functors

hR.QhQeR: € > hC.r
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Exercise 41. Given an object x € C in a model category C with chosen fibrant replacement
Rx, cofibrant replacement Qx, and furthermore additional replacements QRx and RQx, show that
there is a weak equivalence & : RQx — QRx which assembles into a natural isomorphism

&:hR-Q=hQ-R
in the homotopy category.

Proposition 16.4. Let C be a model category, and write RQ for the functorh R~ Q constructed above.
Then the following statements hold.

(1) A morphism f: x — yin C is a weak equivalence if and only if RQf: RQx — RQy is an
isomorphism.

(2) Any map inh Cy is a composite of morphisms in RQ(C) and inverses of morphisms in RQ(W).

Proof. (1) The morphism fis a weak equivalence if and only if the corresponding map RQx — RQy
in € is a weak equivalence, if and only if it is a homotopy equivalence, if and only if it is an
isomorphism in h €. .
(2) |
Theorem 16.5. Let C be a model category. Write RQ for the functor h R Q constructed above. Then
RQ: € —>hCy

exhibits h C.r as a localization of € at the weak equivalences. In particular, there is a canonical
equivalence of categories h C.r = ho(C).

Proof. Let F: C — D be a functor inverting the weak equivalences. |

16.2 Derived functors for model categories (TBD)
16.3 Homotopy (co)limits (TBD)
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17 Grothendieck categories & the Freyd-Mitchell embedding the-
orem

This lecture concerns properties of Grothendieck categories, with the motivating goal of sketching
the famous result that any small Abelian category may be embedded inside a module category
(over some typically noncommmutative ring). The fundamental strategy is to apply a result of
the kind found in Appendix [4.5] which we begin with below, and show that a suitable situation
can be constructed for any small Abelian category through the use of Pro-categories (which are
the duals of Ind-categories). In particular, one considers a composition

A = Pro(A) > Mody4

for a suitable ring A.

17.1 A criterion for embedding into a module category

In Appendix [4.5| we provided a criterion for being equivalent to a particular module category.
However, with some care, one can change the assumptions by dropping compactness to give a
mere embedding, at least for small subcategories, which is good enough.

The underlying reason we can drop a compactness condition is the following lemma, telling
us that as long as we are only working with a small set of objects, we can get by with a finite
amount of data.

Lemma 17.1. Let A be a locally small Abelian category with a projective generator, and let
A’ C Ob(A) be a small set. Then there is a projective generator p’ of A such that each object in A’
is a quotient of p’.

Proof. For any x € A, there is an epimorphism

[[r~x

pox

p=1]11Ir

xeA’ p—x

We thus set

which exists, as A’ is small. From this, we can componentwise define an epimorphism of the form
p’ = xfor any x € A’, so that p’ is a generator. Since coproducts of projectives are projective, p’
is a projective generator. |

With this in place, we can basically run through a simplified version of the proof of Theorem

Theorem 17.2. Let A be a locally small Abelian category with a projective generator, and let
A’ C A be a small Abelian subcategory. Then there is a ring A and a fully faithful exact embedding

A’ = Mod 4
of A’ into the category of right modules over A.

Proof. By Lemma [17.1] we have a projective generator p € A for which every x € A’ has a
surjection
P> x.

We let A = End(p). By (1) in Theorem[4.28] the functors

A(p,—): A—> Mody, ~ A(p,—): A" > Mody
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are faithful. We need to show that the latter functor, i.e. the restriction of A(p, —) to A’, is full.
For this, we can essentially apply the same proof as (2) in Theorem [4.28| except that we no longer
need compactness. Consider an A-linear homomorphism

¢: Alp,x) = A(p,y), x,yeA.

Consider an exact sequence
K Y
0> kerr— p—»x—0.

We get a morphism ¢() : p — y, and so we consider the situation

p
/
l}coh
0 —— kerk —— p "% x 0
ot
y

where we need to check that for all A: p — ker x, the composition satisfies ¢(r) e k e h = 0. For
this,
o(m)ekoh=@p(reokoh)=@0h)=0

so that ¢(rr) - k = 0. Thus, we get an induced map f: x — ysuch that f - 7 = ¢(rr). To see that
f« = ¢, applying A(p, —) to our starting exact sequence yields that

Ap, p) 5 A(p,x)

since p is projective, so it suffices to see that ¢ o 7. = fi o m.. However, for any a: p — p, we have

(fx o m)a) = (f o m)x(a) = @(7) e a = ¢(7 > a) = (¢ ° w:)(@).

We conclude that A(p,-) : A" > Modgyq(,) is fully faithful. It is, in addition, exact since p is
projective. |

Remark 17.3. Note that in the above, by an Abelian subcategory, we mean a subcategory which is
Abelian and for which the inclusion functor is exact.

17.2 Grothendieck categories

Definition 17.4. A Grothendieck category is a locally small Abelian category admitting a gener-
ator and small colimits, for which small filtered colimits are exact.

Definition 17.5. Let C be a category, and let x € C. A subobject of x is an equivalence class of
monomorphisms y < x, under the equivalence relation (y = x) ~ (y” = x) if and only if there is
a commutative triangle

y % y’
X.
We write y C x to say that y is a subobject of x, choosing a particular representative of the
equivalence class. Dually, a quotient of x is an equivalence class of epimorphisms x —» y.

Lemma 17.6. Let F: C — D be a faithful functor. Then F reflects monomorphisms and epimor-
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phisms.

Proof. We prove that it reflects monomorphisms, as the other case is dual. Let f: x - ybea
morphism in €, and suppose that F(f) is monic. Note that

a f Fa Ff
z3x—>y ~ Fz33Fx—>Fy
b Fb

so that Fa = Fb, hence a = b since Fis faithful. [ |

Lemma 17.7. Let C be a balanced category, and let U be a small set of objects. Consider the
following conditions.

(1) U generate C.
(2) Suppose we have a morphism f: x — yin C. If
Vuel, fi: A(u,x) = Ay, y)
then f is an isomorphism.
Then (1) implies (2), and if C admits equalizers then (2) implies (1).

Proof. (1) implies (2): the statement that U is a small set of generators is the same as saying that
the functor

H Clu,—): C — Set

uel
is faithful. By Lemma[17.6] it therefore reflects epimorphisms and monomorphisms; since € and
Set are balanced, this means it is conservative. The condition (2) is exactly that fis sent to an
isomorphism under the above functor.

(2) implies (1): by assumption [, C(u, —) is a convervative functor; let f,g: x — ybe a
pair of parallel arrows, and consider k : eq(f, g) < x. Since [ [,c; €(u, —) commutes with limits,
we have

[T €t eqf. ) = eq(fluers (gucro).

uel
If we assume that foh = gehforall h: u — x, then the latter set is just ], C(u, x), so by
conservativity we get that eq(f, g) — x, hence f = g. |

Proposition 17.8. Let A be a Grothendieck category, and let x € A. Then the set of subobjects of x
and the set of quotients of x are small.

Proof. Note that any Abelian category admits finite limits, since they admit finite products and
equalizers. Now, denote by S(x) the set of subobjects of x, and let u € A be a generator. The
functor C(u, —) provides a map

p: S(x) = P(C(u,x)), (x < x) - 1(Clu, x7)) C C(u, x)

where we note that 1, is injective since 1 is a monomorphism. By assumption, A is locally small,
hence P(C(u, x)) is small, so it suffices to see that the above map of sets p is injective.

First of all, we have that p(x”) = C(u, x”) for any x” C x. Let x” C x and x” C x. The pullback
x" xx x” is then also a subobject of x, and if p(x’) = p(x”) then

Clu, x” xx x”) = C(u, x") Xe(ux) Cu, x”) = p(x") N p(x") = p(x") = p(x”).

Applying Lemma [17.7 we see that x’ < x” x, x” — x” and in particular x’ = x”.
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To see that the set of quotients is small, note that f: x — yis an epimorphism if and only if

0—>kerf<—>x—f>y—>0

is exact, which uniquely identifies y as the cokernel of ker f = x. In other words, quotients of x
correspond to subobjects, which form a small set. |

Proposition 17.9. Let A be a Grothendieck category, and let U be some small set of generators.
Let z € A. Then the following are equivalent:

(1) z is injective.
(2) For allu € U and all subobjects v C u, the restriction map
Alu, z) »> A, z)
is surjective.

Proof. Certainly (1) implies (2). Conversely, assume (2). We want to show that z is injective, so
consider the situation

f
x' —— x

Z
-
hl .
=,
-

z

where we want to find the dashed arrow. We consider the category A(h) whose objects are
diagrams D of the form

f
~% T

X — y—>x
hl%
z

which we denote D = (y,k, g,£), and a morphism D — D" = (y’,k’, g’,¢’) isa morphismt: y — y’
making the diagram

4

7 v~

y Ty e x
gl /
g

z
commute. Note that ¢ is automatically a monomorphism, and that since ¢’ is a monomorphism, if
a morphism D — D’ exists, then it is unique. Now, let 3(h) be the set of isomorphism classes in
A(h); this is a small set by Proposition We turn it into a poset by letting D < D’ if and only
if there exists a morphism D — D’. One sees that A(h) = 2(h).

There is a functor A(h) — A given by sending (y, k, g, £) to y, which induces a functor X(h) — A.
We can use this to see that any chain in (k) has an upper bound: given a chain

a: I —3(h),

since small filtered colimits are exact in A, we may take the colimit of the induced diagram
a’ : I - A, which is filtered, and hence the induced map li_rr)la’ — x is injective by exactness.
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Then h_r)n a’ together with its canonically induced maps to x and z is an upper bound for the chain

a.
By Zorn’s lemma, 3(h) has a maximal element, say (3. ko, g0, %). By Lemma to check
that yp — x, it suffices to check that the injective maps

Vuel, & : C(u, )< Cux)

are also surjective. Thus, consider a morphism ¢ : u — x, and define an object y € A by the
pullback

y——%
[
/] o===0 > V1.

Expressing pullbacks in terms of equalizers, and that in terms of kernels, we have an exact
sequence
0—>y—>)ywe@u 5 X

but doing the same for the definition of y;, one sees that y; = imr C x, and we deduce that
the canonical map y; — x is monic. Now, y is also a subobject of u, so by (2), the composite
y = Y — zfactors as in the diagram

which induces the dashed arrow y; — z by universal property. This endows y; with the structure
of an object in A(x), so by maximality of yy, we have that yp = y; so that ¢ factors through yy as
desired. |

The below theorem is the fruit of our labour, and it crucially relies essentially on the above
proposition.

Theorem 17.10. Let A be a Grothendieck category. Then the following statements hold.
(1) A has enough injectives.

(2) A has an injective cogenerator, i.e. A°P has a projective generator.

Proof. Let ube a generator of A.
(1) Let x € A. For any ordinal o, we define an object M,(x) € A, and we will do this in such a
way that we can check condition (2) in Proposition We do this inductively; consider the set

I(x) :={v,f)|vCu, f: v—>x}.

We define M;(x) by the pushout
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Heperv — x

J i

e pereou - > Mi(x)

so that M; is the cokernel of the map

Hv—>x€B H u

(v.fEl(x) (v.f)el

induced by the maps f: v — x and the inclusions v C u. If f: v — xis a morphism from
a subobject of u to x, then it extends to a map u — M;j(x) in the obvious way. We have thus
embedded x in some object M;(x), but it is not good enough as it is not injective.
We now define M,(x) for an ordinal a through transfinite induction in such a way that there
are monomorphisms
My (x) < Mi(x)

whenever ¥ < k < @, such that these are compatible with the ordering on ordinals. Assume
that Mg and the above monomorphisms are defined for all < a. If « = § + 1, then set My(x) :=
Mi(Mp(x)); we get a monomorphism Mg(x) = My(x) by the above. If a is a limit ordinal, then
{Mg(x) | B < a} defines a directed system and we let M,(x) be its colimit. For any f < «, the
canonical map Mg(x) — My(x) is then a monomorphism.

Now let Q be the smallest infinite ordinal whose cardinality is strictly greater than the
cardinality of the set of subobjects of u. We claim that Mq(x) is injective. Let v C u be a subobject,
and let f: v — Mq(x) be a morphism. One obtains a system of subobjects v C u, given by the
pullback

Ve —---- > Mi(x)
= j
t E— MQ(X)

and one sees that

lim v = Hm(v X0 ) M(x)) = v Xpg () BM(Mi(x)) = v xp10(x) Ma(x) = v
K<Q Kk<Q Kk<Q

since filtered colimits in A commute with finite limits. In particular, vo = v. However, since Q is
strictly larger than the number of subobjects of u, there must be some x < Q for which v = v, so
f: v > Mqg(x) factors through some map v — M,(x), which we can then extend:

v Mi(x)
7
Mic+1(x)
S —— » Mg(x)

so we conclude that Mqo(x) is injective by Proposition[17.9]

(2) By Proposition[17.8] the generator u has a small set of quotients; hence there is a set Q of
objects such that any quotient of u is isomorphic to an object in Q. Let qo = €D, 2 and consider
an embedding gy < ¢ into an injective g € A, which exists by (1). We aim to show that g is a
cogenerator. We begin by showing that

Alx,q) =0 = x=0.
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Suppose the left condition holds. For any map h : u — x, the below right map
imhox ~ A(x,q) » A(imh,q)

is surjective since q is injective. Therefore, if A(x, q) = 0, we see that A(im h, q) = 0. Now, im h is
a quotient of u, hence isomorphic to some z € Q and there is a monomorphism

imh —z < qy > q.

Therefore,imh = 0, so h = 0 and A(u, x) = 0 = A(u, 0). We conclud~e that x = 0.
Finally, consider a morphism f: x — y for which f* : A(y,q) — A(x, q); it suffices to show
that fis an isomorphism. Since A(—, q) is exact, we have an exact sequence

0 — A(coker f,q) —» A(y,q) — A(x,q) — A(ker f,q) - 0

which shows that A(coker f,q) = A(ker f,q) = 0, so by what we have shown, coker f = ker f = 0,
so fis an isomorphism. |

Exercise 42.

(1) Prove that in an Abelian category, the pushout of a monomorphism is a monomorphism

X —Y
j r
!

ro~

x' ----- >y

by proving that the above diagram is also a pullback diagram, and that in a pullback diagram
the kernels of the vertical arrows agree.

(2) Prove that in a Grothendieck category, the canonical maps to the colimit of a directed
system whose transition maps are monic, are monic:

-~‘—>Xi(\>w( Xy —
lim x
—kel k

17.3 Closure properties of Ind-categories & the Embedding Theorem (WIP)

Theorem 17.11. Let A be a small Abelian category. Then Ind(A) is a Grothendieck category, and
the inclusion A — Ind(A) is exact.

Proving this is done by studying the closure properties of Ind(A) under (co)limit constructions.

Proposition 17.12. Let C be a locally small category, and assume that C admits finite limits. Then
the following statements hold.

(1) Ind(C) admits finite limits.
(2) Ind(C) — PSh(C) preserves finite limits.
(3) € < Ind(C) preserves finite limits.

(4) Filtered colimits in Ind(C) are exact, i.e. commute with finite limits.
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Proof. We prove (1) and (2) simultaneously, afterwhich (3) follows by noting that the Yoneda
embedding C — PSh(C) preserves all small limits, and (4) follows by filtered colimits in PSh(C)
being exact (inheriting this property from Set).
We show that Ind(C) admits binary products and equalizers. Thus, consider A, B € Ind(C),
and write
iel jeJ
for some filtered diagrams D: I — €, D’ : J — C. Then, in PSh(C),

AxB= h_r)n hD(i)xD’(j) S Ind((‘?)
@L)Ex]

so Ind(C) admits binary products, computed in PSh(C).

To see that we have equalizers, fix some x € C, and consider the full subcategory €’ of all
A € PSh(C) for which the equalizer in PSh(C) of any pairs of maps hy = A is in Ind(C). Then
C — €’ since C admits finite limits, and €’ is closed under filtered colimits. However, by universal
property, we must then have that ¢’ = Ind(C). Now we reverse the roles, and consider |

Theorem 17.13: Freyd-Mitchell embedding theorem. Let A be a small Abelian category.
Then there is a ring A and a fully faithful exact functor

A = Mody.
Proof. Note that A°P is a small Abelian category, hence we can consider the embedding
A°P < Ind(A°P).
Taking the opposite, we get the embedding
A < Pro(A).

Now, Ind(A°P) is a Grothendieck category, hence has an injective cogenerator, so Pro(A) :=
Ind(A°P)°P is a locally small Abelian category with a projective generator. Applying Theorem
17.2, we are done. n

Remark 17.14. While the embedding theorem itself only applies to small Abelian categories,
it may still be utilized when working with potentially large ones. In practice, one applies the
theorem when diagram-chasing; thus, given a small diagram D: I — A, one may consider the
smallest subcategory A’ of A which

(1) is small,

(2) is Abelian,

(3) contains the image of D, and for which
(4) the inclusion A’ — A is exact.

Thus, one factors Das I - A’ — A, and embeds A’ in a module category wherein one can do as
much chasing as one wants.
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18 Graded modules & algebras

In areas incorporating homological algebra, including homological algebra itself, one is commonly
concerned with chain complexes of modules over a ring. However, often these chain complexes
admit a bit more structure than merely being chain complexes: they can in many cases admit a
kind of multiplication. Forgetting the differential, one has merely graded modules.

18.1 Graded objects

Let us fix a commutative ring k. Here, we use k to denote a ring instead of a field for histor-
ical reasons. Commonly, a (Z-)graded k-module is said to be a k-module M together with a

decomposition
M=]]Mm
i€Z
of M as a Z-indexed coproduct of k-modules—the grading on M. It is not hard to see that this
datum is really equivalent to M, and in particular, it makes sense to make the following definition.

Definition 18.1. Let C be a category. The category of Z-graded objects in C is the functor
category

Fun(Z, @) = H C,
Z

where Z is regarded as a discrete category. In particular, we obtain the category gMody, of graded
k-modules

gMOd]k = H MOd]k.
Z

For x € Fun(Z, @), we call x' the degree i piece of x. For M € gMody,, we say that an element of
M' is homogeneous of degree i.

Remark 18.2. We will essentially always be working with Z-graded objects, so henceforth we
will drop bothering to specify that.

Remark 18.3. One could have defined graded k-modules as being pairs (M, (M");cz), with mor-
phisms being the k-linear maps which preserve the grading. It is easily seen that this results in
an equivalent category.

Terminology 18.4. Let M, N € gMody. A morphism M — N in gMody, is said to be a graded
morphism of degree 0, or otherwise a strict morphism.

Let us translate some of the terminology standard to graded objects to our setting. In particular,
let us detail how one encodes morphisms of non-zero degree in this formalism.

Definition 18.5. Let C be a category. The automorphism k — k+1 of Z induces the automorphism
(1): Fun(Z, €) —» Fun(z,€), x = (x)iez = (x"*)iez = x(1).

of categories of graded objects in C. We denote by (—1) the inverse of this functor, and thus
produce functors (i) for all i € Z by repeated application of either (1) or (—1).

Terminology 18.6. Let M, N € gMody, and let i € Z. A morphism of degreei from Mto Nis a
strict morphism M — N(i).

Remark 18.7. This definition makes sense: a morphism of degree i should send a degree n
homogeneous element of M to a degree n + i homogeneous element of N, and indeed, the above
definition yields

M = N”H.
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Given a morphism M — N(i) and a morphism N — L(j), one can “compose” these by forming
M — N(i) - L@+ )),
thus obtaining a morphism from M to L of degree i + j.

Remark 18.8. Note that since (i) is an automorphism for all i € Z, we have that
gMody (M, N) = gMod (M(i), N(i)).

In particular, we get no value from considering maps of the form M(i) - N(j), as we can always
assume i = 0.

18.2 Tensor products and Hom in the graded world

We will now turn to discussing a little bit of actual algebra, in contrast to the above entirely pure
definitions. We will define the tensor product of two graded modules in such a way that it is a
graded module itself, and similarly produce a graded version of Hom. For the purposes of the
former, it is useful to introduce bigraded modules. These are just modules graded over Z x Z,
defined just as one does for Z.

Definition 18.9. Let C be a category. The category of bigraded objects in C is the functor category
Fun(Z x Z, €) = H e.
ZxZ.
In particular, we obtain the category
bgMody := [ | Mody.
ZxZ.

The reason we introduce this is because given two graded modules M, N, the most natural
way to form a tensor product is to form the bigraded module

(M@ N, (i,j)) e ZxZ.
A problem with this, of course, is that we are interested in the world of graded modules, not
bigraded modules. The solution is:

Definition 18.10. Let C be a category. We define the functor

Tot: Fun(Zx Z,€) - Fun(Z,©), (x")jezxz - (H xi,j) .
nez

i+j=n

The way to visualize this functor is by picturing the bigraded object as lying in a grid, then
taking the coproduct of the diagonal lines:

512 0.2 1.2 522
L1 0.1 b1 521
510 0.0 510 520
11 0.1 PRES K21
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Proposition 18.11. Let C be a category admitting countable coproducts. Consider the functor
G: Fun(Z,€) » Fun(Zx Z,0), (x)iez = (x") i jyezxz-
Then Tot + G.

Proof. For x € Fun(Z x Z,C) and y € Fun(Z, C), we have

Hom(Tot(x),y) = H Hom(Tot(x)", y")

nez.

= H Hom( H x4, ™)

neZ i+j=n

= H H Hom(x™/, y)

neZi+j=n

=[] I'T HomG, 6(»)¥)

neZi+j=n

= H Hom(x™/, G(y)*) = Hom(x, G(y))
(i)ezxz

as desired. m
Definition 18.12. Let M,N € gMody. Temporarily, let us denote the bigraded k-module
(M @y Nj)(i’ ezxz by M ®ﬁ’< N. We define the graded modules

M ®y N:= Tot(M ®} N),
gMod, (M, N) := (gMody (M, N(D)))iez-

We will also write Hom(M, N) := gMod]k(M ,N) if the context makes it clear what this means.
These clearly organize into functors.

Proposition 18.13. Let M, N, L € gMody. There is a natural isomorphism
gMody (M @ N, L) = gMod; (M, gMod, (N, L)).

In particular, we have an adjunction — ® N + M]k(N, -).

Proof. Recall the adjunction Tot + G from Proposition [18.11} Then

gMod (M ® N, L) = gMody (Tot(M &% N), L)
= bgMod; (M &> N,G(L))
= H Mody (M! ®y N/, L))

(i,))eZxZ.
= J] Mody (M, Mody (N, L'*))
(i.)ezxZ
= ] ] ] Mods (M, Mody (N7, LI*))
i€Z jeZ
= [ [ Mody (M, ] | Mody (N, Li*))
i€Z JEZ
= [ I Mody (M, gMody (N, L())) = gMody (M, gMod, (N, L))
ieZ
as desired. |
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Remark 18.14. Note that the foregoing proof and definition goes through in the generality of
a closed symmetric monoidal Abelian category. That is, an Abelian category A admitting a
symmetric monoidal structure ® such that — ® x has a right adjoint for all x € A.

Remark 18.15. 1t is perhaps useful, for purposes of intuition, to observe that the elements homo-
geneous of degree i in gMod, (M, N) are exactly the degree i maps from Mto N.

Remark 18.16. By Proposition [18.11} to describe a map f: M ® N — L, it suffices to say how f
acts on elementary tensors
x®y, xeM,yeN,

where one must ensure that f(x ® y) € L'/,

Remark 18.17. The isomorphism gMod (M ®x N, L) = gMody (M, gMod, (N, L)) is given explicitly
by currying. That is, given a map f: M ® N — L, the corresponding map M — gMod, (N, L) is
defined by the formula

x> f(x®-).

Note that if x € M’ and y € N/, then x ® y € (M ® N)'/, so f(x ® y) € L'/, so the morphism
f(x ® —) does indeed have the expected type N — L(i).

The tensor product —®j — : gMody xgMody, — gMody endows gMody, with the structure of a
(closed) symmetric monoidal category. In particular, it is clear that one has natural isomorphisms
M ®y k = M, and that one has associativity isomorphisms

MK N)®LKL=M® (N QL).

It is maybe a little less clear that these satisfy the various coherences required of a monoidal
category, but the idea is that they are inherited from the ones on Mody. This justifies the assertion
that we have a monoidal structure.
There is a slight complication in how we make the monoidal structure symmetric. In particular,
the natural isomorphisms
Nt M®cN— N®M

are chosen to act by the Koszul sign rule,
x®y)=(-1)Vy®x, x€M, yeN.

This sign convention is the fundamental reason that graded commutativity is different from
ordinary commutativity. The reason one is interested in this form of commutativity is that
one would like objects like the exterior algebra /\" M of a module M to be examples of graded
(commutative) algebras, since these arise often in e.g. algebraic geometry and topology. These
exterior algebras satisfy x A y = (=1)Yy A x.

Exercise 43. Show that there is a natural isomorphism

gMod]k(M ® N, L) = gMod, (M, gMod, (N, L)).

Hint: this is purely formal, and holds in any closed monoidal category.

Exercise 44. Check that gMody, is an Abelian category.

18.3 Tensor products of morphisms

We finish our present discussion of the tensor product by explaining how the Koszul sign rule
affects evaluation of tensor products of morphisms. The adjunction from Proposition [18.13
induces a counit, and it is the evaluation map

ev: gMod]k(M, N)® M — N, ev(f®x)=f(x).
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Note that the formula on the right is slightly more subtle than it may first appear: the evaluation
map is a map of graded modules, and so applies to morphisms of non-zero degree as well. More
precisely, if f € gMod, (M, N) and x € M/, then ev(f ® x) = f(x) € N'"/, as expected, since fis
the same as a degree zero map M — N(i).

When we have two strict morphisms f: M — L, g: N — K, the morphism f ® g we obtain is
simply given by

(fegkx®y) = fx)®gl).

However, what we would like is a way to take tensor products of morphisms of non-zero degree—
this does not come for free. Sure, we can regard a degree i morphism M — L as a strict morphism
M — L(i) and take the tensor product that way, but this produces something of the wrong type
(at least visually). What we want is a morphism

gMod]k(M, L) ®y gMod]k(N, K)— gMod]k(M ®i N,L®y K)

taking the “formal” tensor product of two arbitrary degree maps to its “realization” as an actual
morphism. Furthermore, we want this to be suitably compatible with the evaluation; to be more
precise, using the associativity and symmetry isomorphisms together with the evaluation, we
can produce the composite

(gMod, (M, L) @ gMod, (N, K)) &y (M @ N)

gMOd]k(M, L) ®y (gMOd]k(N, K) @i M) ®, N
181 (=

gMOd]k(M, L) ® (M ®y gMod]k(N, K)) ®x N

(gMOd]k(M, L) ® M) ® (gMod]k(N, K)®y, N)

evR®ev

Leyr K

>

and we would like for this to be the map which transposes, via currying, to the “realization’
morphism
gMod, (M, L) ® gMod, (N, K) — gMod, (M & N, L &y K).

In the end, this means that we are forced to make the following definition:

Definition 18.18. Let f € gMod, (M,L) and let g € gMod, (N, K)'. We define their tensor
product f ® g to be the degree deg(f) + i morphism M ® N — L ® K given by

(fexey) =)ifx)®gly), xeM.

Remark 18.19. The sign depending on the degrees of g and x appearing in the definition comes
directly from the Koszul sign rule, since we apply the isomorphism 7 in the above composite.

18.4 Graded algebras

In the context of any symmetric monoidal category, one can define monoid objects. Applying
that to our situation, we end up with
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Definition 18.20. A gradedk-algebra is a pair (A, p) of a graded k-module A and a multiplication
map
pH: AQ A—> A

which is associative and unital. That is, there is an element 1 = 14 € A° such that for all x € A’,
we have p(1® x) = x = p(x ® 1), and one should have p(u(x ® y) ® z) = p(x ® u(y ® z)). We write
xy = p(x ® 7).

Remark 18.21. As before, it is helpful to note that a map A ®, A — A consists of the data of maps
Al@p Al —» AT Vi jeZ.
The conditions we require on y are just such that
l-x=x=x-1, (xy)z=x(yz).
That is, the expected axioms.

Definition 18.22. We say that a graded algebra A is (graded) commutative if the diagram

AQA 4 A

R

ARA — A
commutes. Concretely, this means that
xy=(1Vyx, xe€A,yeAl.

Remark 18.23. Note that the Koszul sign rule means that commutativity, in characteristic not
equal to 2, necessarily means that
2
y =0

whenever y is homogeneous of odd degree. Indeed,

yz = (—1)deg(Y)deg(Y)y2 = —y2 — 2y2 =0.

For this reason, one often requires that this holds as part of the definition in the even characteristic
case. We will not make this distinction here, because we will often implicitly assume we are not
working in a context where there will be problems.

Example 18.24. We now make precise the example from earlier. Let M be a k-module. We
define M A M to be the k-module quotient

M A M = M (29" M)/(x Yy+y® x)x,yEM-

We denote the image of x ® yin M A M by x A y. The definition is such that x Ay = —y A x.
Now, for all k > 0, we define

k
J\M =M Ay A M,
—_—

k copies

and set /\0 M := k. We then have a graded k-module defined by

i M ifi>o,
(AM) =)

o ifi < 0.
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This graded module can be endowed with the structure of a graded k-algebra, which is furthermore
commutative. In particular, given elementary generators x = x; A=+ Ax;and y = y1 A -~ A yj, one
defines

XANY=XI A AG5AP N ANYj

and one easily sees that this extends to maps
n (A e (\ ) = (A )™
A\Mer \M— \ M.

It is left as an exercise to check that this is associative and unital. That it is graded commutative
comes from the definition of the wedge.

and thus to yields a map

Example 18.25. Standard examples of commutative k-algebras are polynomial rings over k,
i.e. the free commutative algebras over k. In the graded world, there are similar equivalents, but
with the grading comes the freedom to choose what cohomological degree—i.e. what degree in
the grading—the generators have.

Let us first consider the case of a single generator x, yielding a commutative graded k-algebra
k[x]. If we decide that x is to be of degree zero, then this is just the ordinary polynomial ring
in one variable over k. Otherwise, the description of k[x] splits into two cases depending on
whether the degree ¢ of x is even or odd, and positive or negative. Since the difference between
negative and positive isn’t very interesting, let us consider the case when ¢ < 0.

If ¢ is even, then k[x] as a graded k-module looks like this:

k- xk 0 k-x 0 k 0

where a copy of k is placed in positions k¢ for all k < 0, and everything else is zero. The
multiplication is such that x'x/ = x'*/. In particular, k[x] has an infinite number of copies of k in
it.

If ¢ is odd, then k[x] is considerably simpler. It has the following form:

0 k-x 0 0 k 0

where there is a copy of k placed in degree 0 and degree ¢. This is because we necessarily have
x? =0, so all other copies of k die.

Exercise 45. Investigate the commutative graded algebra k[x, y], where we set deg(x) = 0 and
deg(y) = —1. More precisely, consider the following approaches:

(1) Describe k[x, y] by hand first, as is done in the above example.

(2) Show that if Mis a graded module concentrated in degree zero (i.e. just an ordinary module)
and Nis a graded module, then M ®j Nis the graded module (M° ® N');cz.

(3) Reason that k[x, y] = k[x] ® k[y] in order to describe k[x, y].

(4) Reason that k[x, y] = k[x][y] in order to describe k[x, y].

18.5 Appendix: Modules over graded algebras (TBD)

See [[Yek19, Lemma 3.1.30].
Recall that we have fixed a commutative ring k. Now, let us fix a graded k-algebra A. What
does it mean to have a graded A-module?

186



Definition 18.26. A graded left A-module is a graded k-module M together with a left action of
A
AQM—> M, a®m—am,

which is unital and associative. Dually, a graded right A-module is a graded k-module M together
with a right action of A
MRA—->M, m®ar ma

Let M, N be graded left A-modules. A morphism f: M — N of graded k-modules is A-linear if

1®f
AM —— AN

I

M——— N

commutes. The definition for graded right A-modules is similar. We obtain the categories ,gMod
and gMod 4.

Remark 18.27. Let M be a graded left A-module. Note that, by definition, we have
ae A meM = ame Mt/

since the action A ® M — M restricts to A’ ®, M/ — M'*/. A similar statement is true for right
A-modules.

Remark 18.28. Note that the definition of A-linearity makes sense for a morphism of any degree.
However, there is a perhaps odd technical detail here: if fisa graded k-module morphism of degree
i between graded A-modules, then the concrete equations required for fto be A-linear depends
on whether we are working with left or right modules. The reason is the Koszul sign rule. If we
are in the case of right graded A-modules, then everything is easy since (f ® 1)(x ® a) = f(x) Q@ a,
so we require that f(xa) = f(x)a. On the other hand, for left graded A-modules, we are working
with 1 ® f, and therefore we require that

flax) = (~1)Vaf(x), a€ A
Remark 18.29. A graded k-algebra A induces a related graded k-algebra A°P, whose multiplication

is “opposite” to the one in A. In particular, one applies the symmetry isomorphism to define a
new algebra structure by

mult.

w: AQRA DS A®KA S A e x*y=(-1yx, xeA, yeA.
There is an equivalence of categories ,gMod = gModop; a graded left A-module M can be
endowed with a right A°P action induced by the morphism

act.

M®]1<A—T>A®]1(M—> M.
Notably, we need only ever consider graded right A-modules. Observe that if A is graded
commutative then A = A°P.

Remark 18.30. For a graded left A-module M, the action A ® M — M transposes by adjunction
to a morphism
A— gMod]k(M, M) =: Endy (M).

This yields an equivalent way of thinking about graded left A-modules. Similarly, a graded right
A-module structure can be encoded by a map A°? — End; (M).
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What we would like to do is to extend the tensor-Hom adjunction for graded k-modules to
the setting of graded A-modules. For this, we need to adapt both the inner Hom gMod, (-, -)
and the tensor product — ®y — to their respective A-linear variants. The easiest is the former, as
we already know what it means for a morphism to be A-linear:

Definition 18.31. Let A be a graded k-algebra, and let M, N € gMod 4. We let

gMod ,(M,N)' € gMod, (M, NY

consist of those morphisms of degree i which are A-linear. This defines a graded A-module
gMod A(M ,N), which we may also sometimes denote Hom , (M, N).

The tensor product is a little bit trickier, but in the end, we would basically just like to take
the tensor product — ®j — we know about and impose some further equations on it. We may
observe that if M is a right graded A-module and N is a left graded A-module, we have two maps

Lr: MR A®K N > M N

namely
t=(act)y®1n, and r=1y® (act)n.

Now, gModj, is an Abelian category, as all functor categories with codomain an Abelian category
are, so we can take the difference of these two maps. Concretely,

-r(x®a®y)=xa®y—x®ay.
With this in mind, it makes sense to make the following definition.

Definition 18.32. Let M be a right graded A-module and let N be a left graded A-module. We
define their tensor product M ® 4 N over A to be

M ®4 N = coker(M Q) A Qj Ni M ®y N).

We will abusively still write x ® y for the equivalence class in the cokernel. This becomes a graded
A-bimodule with the action

ax®y)=xQay=xa®y=(x®ya.

Remark 18.33. It might help to make the grading explicit. To this end, let us investigate the tensor
products of the form
M@ A® N.

Arbitrarily, let us pick the bracketing (M ® A) ® N, and compute

(M@ A) @ NY' = [ [ (M @ A) @ N/

i+j=n

= H (H Mp®]kAq)®1kNj
i+j=n \p+q=i

= H (H Mp®]kAq®]kNj) = H Mi®]kAt®]kNj.
i+j=n \p+q=i i+i+j=n

so that the nth graded piece of M ®; A ® Nis obtained by taking the coproduct of objects

M @ Al N/, i+t+j=n.
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In particular, we see that
(M®y N)* = coker< [ Mera e N - [ MPey Nq>
i+t+j=n prq=n
where the map has exactly the same formula as before.

For simplicity, we will now restrict to the case where A is graded commutative. This is to
avoid spending time talking about bimodules.

Proposition 18.34. We have

gModA(M ®4 N, L) = gMod o(M, gModA(N, L)).

189



19 Differential graded modules & algebras (WIP)

In Lecture |18} we discussed algebra in the world of graded objects. The motivation is that if we
forget the differential on a chain complex of modules, the structure you have is that of a graded
module. In this lecture, we will reintroduce the differential to talk about differential graded
modules and algebras.

19.1 Differential graded modules

As in Lecture [18] we will fix a commutative ring k. Recall that a graded k-module is an object of
the category

gMOd]k = H MOd]k.
zZ
We may picture some M € gMody, as a sequence
Mi—l Mi Mi+1

and this makes it fairly clear where to go next. The category gMody, is equipped with a shift
functor

(1) : (MYiez = (M iz

Composing this with itself (or the inverse) iteratively allowed us to define morphisms of degree i
between graded modules. For simplicity, we now introduce some notation.

Notation 19.1. Writing “a morphism M — N of degree i” will mean a morphism M — N(i).
Given a morphism f: M — N of degree i and a morphism g: N — L of degree j, we let the
composite g o fbe the morphism M — L of degree i + j given by

M NG L6+ ).

The same thing can be done for graded objects in any category C, and we adopt the same
convention there.

Remark 19.2. The above notational convention makes it clear that gMod, (M, M) is a graded
k-algebra for any M € gMody.

Definition 19.3. Let C be a category with a zero object. A differential graded object, or dg-object,
in C is a pair (x,d) consisting of a graded object x in € and a morphism d : x — x of degree
one such that d? = 0. A morphism (x,dy) — (¥, dy) of dg-objects is a morphism x — y of the
underlying graded objects such that

e

dx
—
dy
—

e

commutes. Letting C = Mody, we obtain the category dgMody, of dg-modules over k. If the
context is clear, we will omit the differential in a dg-object.

Remark 19.4. The category of dg-objects in an Abelian category A is either definitionally the
same as, or in any case easily isomorphic to, the category of chain complexes Ch(A). In particular,
dgMody, = Ch(k). Thus, we can view dg-objects/dg-modules as just another way to encode the
same data we are used to. As a consequence, we also see that dgMody, is a k-linear (i.e. enriched
in k-modules) Abelian category admitting small products and coproducts, though this is also
very easy to check independently.
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Remark 19.5. We may identify gMody with a full subcategory of dgMody, namely as those
dg-modules with zero differential.

The shift (1) on gMody, induces a shift [1] on dgMody,. It is given as follows:
Definition 19.6. We define the shift functor
[1] : dgMody — dgMody, (M, dyp) — (M(1), —dp(1)).

That is, dyqy) = —dm(1), so that dj\/][l] = —dj;; 1. As with the functor (1), this is an automorphism
of dgMody, and we iteratively define [i] for any i € Z.

19.2 Tensor products and Hom in the differential graded world

We know how to take tensor products of graded modules, namely: apply the functor Tot to the
obvious bigraded object. If we now have dg-modules, all we are missing is a differential.

Remark 19.7. Before jumping into defining a differential on the tensor product of two dg-modules,
let us briefly discuss the Koszul sign rule and its effect on tensor products of graded modules.

Definition 19.8. Let (M, dy), (N, dn) € dgMody,. We define
(M, dprp) ® (N, dn) == (M ® N, drigyN)s
where dyg, N = dyv ® 1n + 1p ® dy. By the Koszul sign rule, this acts on elementary tensors by
dug N(x ® y) = dy(x) ® y + (-1)'x ® dn(y),  x € M.
Exercise 46. Verify that djo y = 0.

Remark 19.9. There is a notion of differential bigraded objects, or more commonly double complexes.
Just as we did with the Tot-construction from Lecture [18| one can take the total complex of a
double complex and obtain a dg-object. There is an obvious way to form a "bigraded” version of
the tensor product of two dg-modules, and the above-defined dg-module tensor product can be
recovered through applying the total complex construction to this bigraded version.
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