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Abstract. — 1 verify the existence of left Bousfield localizations and of enriched left Bousfield
localizations, and I prove a collection of useful technical results characterizing certain fibrations
of (enriched) left Bousfield localizations. I also use such Bousfield localizations to construct
a number of new model categories, including models for the homotopy limit of right Quillen
presheaves, for Postnikov towers in model categories, and for presheaves valued in a symmetric
monoidal model category satisfying a homotopy-coherent descent condition.

A class of maps H in a model category M specifies a class of H-local objects, which are
those objects X with the property that the morphism RMory (f, X) is a weak equivalence
of simplicial sets for any f € H. The left Bousfield localization of M with respect to H is a
model for the homotopy theory of H-local objects. Similarly, if M is enriched over a sym-
metric monoidal model category V, the class H specifies a class of (H/V)-local objects,
which are those objects X with the property that the morphism RMoer (f, X) of derived
mapping objects is a weak equivalence of V for any f € H. The V-enriched left Bousfield
localization of M is a model for the homotopy theory of (H/V)-local objects.

The (enriched) left Bousfield localization is described as a new “H-local” model cate-
gory structure on the underlying category of M. The H-local cofibrations of the (enriched)
left Bousfield localization are precisely those of M, the H-local fibrant objects are the (en-
riched) H-local objects that are fibrant in M, and the H-local weak equivalences are those
morphisms f of M such that RMory (f, X) (resp., RMor}\’,I (f, X)) is aweak equivalence. This
is enough to specify H-local fibrations, but it can be difficult to get explicit control over
them. Luckily, is frequently possible to characterize some of the H-local fibrations as fi-
brations that are in addition homotopy pullbacks of fibrations between H-local fibrant
objects.

The (enriched) Bousfield localization gives an effective way of constructing new model
categories from old. In particular, one can use this to construct models for the homo-
topy limit of a right Quillen presheaf, for Postnikov towers in model categories, and for
presheaves valued in a symmetric monoidal model category satisfying a homotopy-
coherent descent condition.
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2 CLARK BARWICK

The aim of this short note is to demonstrate the existence of (enriched) left Bousfield
localizations, to give some useful technical results concerning the fibrations thereof, and
to use this machinery to provide a number of interesting examples of model categories,
including those described in the previous paragraph.

Plan. — Inthefirstsection, I give a brief review of the general theory of combinatorial and
tractable model categories. This material is all well-known. There one may find two famil-
iar but important examples: model structures on diagram categories and model structures
on section categories.

In the second section, I define the left Bousfield localization and give the well-known
existence theorem due to Smith. Following this, I continue with a small collection of results
that permit one to cope with the fact that left Bousfield localization ruins right properness,
as well as a characterization of a certain class of H-local fibrations. I finish the section with
five simple applications of the technique of left Bousfield localization: Dugger’s presenta-
tion theorem, the existence of homotopy images, the existence of resolutions of model
categories, the construction of homotopy limits of diagrams of model categories, and the
existence of Postnikov towers for simplicial model categories.

In the final section, I review the notions of symmetric monoidal and enriched model
categories. I describe the enriched left Bousfield localization and prove an existence theo-
rem. I then give two applications: first, the existence of enriched Postnikov towers, and sec-
ond, the existence of local model structures on presheaves valued in symmetric monoidal
model categories.

Thanks to J. Bergner, P. A. @stveer, and B. Toén for persistent encouragement and hours
of interesting discussion. Thanks also to J. Rosicky for pointing out a careless omission.
Thanks especially to M. Spitzweck for a profound and lasting impact on my work; were it
not for his insights and questions, there would be nothing for me to report here or any-
where else.
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1. Tractable model categories

Combinatorial and tractable model categories. — Combinatorial model categories are
those whose homotopy theory is controlled by the homotopy theory of a small subcat-
egory of presentable objects. A variety of algebraic applications require that the sets of
(trivial) cofibrations can be generated (as a saturated set) by a given small set of (trivial)
cofibrations with cofibrant domain. This leads to the notion of tractable model categories.
Many of the results have satisfactory proofs in print; the first section of [1] in particular is
a very nice reference.!

1.1. — Suppose here X a universe.

Notation 1.2. — Suppose C a model X-category.

(1.2.1) Write wC (respectively, cofC, fibC) for the lluf subcategories comprised of weak
equivalences (resp., cofibrations, fibrations).

(1.2.2) Write C (respectively, C 1) for the full subcategories of cofibrant (resp., fibrant) ob-
jects.

(1.2.3) ForanyX-small regular cardinal A, write C for the full subcategory of C comprised
of A-presentable objects.

Definition 1.3. — Suppose C a model X-category. Suppose, in addition, that A is a regular
X-small cardinal.

(1.3.1) One says that C is A-combinatorial (respectively, A-tractable) if its underlying X-
category is locally A-presentable, and if there exist X-small sets I and J of mor-
phisms of Cy (resp., of Cy N C,) such that the following hold.

(1.3.1.1) A morphism satisfies the right lifting property with respect to I if and only
if it is a trivial fibration.

(1.3.1.2) Amorphism satisfies the right lifting property with respect to J if and only
if it is a fibration.

(1.3.2) AnX-small full subcategory Cy of C is homotopy A-generating if every object of C is
weakly equivalent to a A-filtered homotopy colimit of objects of Cy.

(1.3.3) One says that C is X-combinatorial (respectively, X-tractable) just in case there ex-
ists a regular X-small cardinal x for which it is k-combinatorial (resp., k-tractable).

(1.3.4) Likewise, an X-small full subcategory Cgy of C is homotopy X-generating if and only
if for some regular X-small cardinal x, Cy is homotopy x-generating.

M1 would like to thank M. Spitzweck for suggesting this paper; this exposition has benefitted greatly from his
recommendation.
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Notation 1.4. — Suppose C an X-category, and suppose [ an X-small set of morphisms of
C. Denote by inj I the set of all morphisms with the right lifting property with respect to I,
denote by cof the set of all morphisms with the left lifting property with respect to inj I,
and denote by cell I the set of all transfinite compositions of pushouts of morphisms of I.

Lemma 1.5 (Transfinite small object argument, [1, Proposition 1.3])
Suppose A a regular X-small cardinal, C a locally A-presentable X-category, and I an
X-small set of morphisms of C,.

(1.5.1) There is an accessible functorial factorization of every morphism f as p o i, wherein
peinjl,andiecelll.

(1.5.2) A morphism q € inj I if and only if it has the right lifting property with respect to all
retracts of morphisms of cell I.

(1.5.3) A morphism j is a retract of morphisms of cell I ifand only j € cofI.

Proof. — Suppose « a regular cardinal strictly greater than A. For any morphism
f: X—=Y, consider the set (I/ f) of squares

K—X

i\L %

L%Y)

where i € I, and let K/ 5)—=L/f) be the coproduct ;e f)i. Define a section P of d :
C?—=C! by
Pf:=[X—XuMD Ky p—>Y]

for any morphism f: X——Y . For any regular cardinal a, set P* := colimg<, PP This
provides a functorial factorization P* with the required properties.

The remaining parts follow from the existence of this factorization and the retract ar-
gument. O

1.6. — J. Smith’s insight is that the transfinite small object argument and the solution set
condition on weak equivalences together provide a good recognition principle for com-
binatorial model categories. In effect, one requires only two-thirds of the data normally
required to produce cofibrantly generated model structures.

Proposition 1.7 (Smith, [1, Theorem 1.7 and Propositions 1.15 and 1.19])

Suppose C a locallyX-presentableX-category, W an accessibly embedded, accessible sub-
category of C', and I anX-small set of morphisms of C. Suppose in addition that the follow-
ing conditions are satisfied.

(1.7.1) W satisfies the two-out-of-three axiom.

(1.7.2) The setinjI is containedin W.

(1.7.3) The intersection W N cofI is closed under pushouts and transfinite composition.
Then C is a combinatorial model category with weak equivalences W, cofibrations cof1,
and fibrations inj(W n cofI).

Proof. — The usual small object and retract arguments apply once one constructs an X-
small set J such that cof /] = WncofI. The following pair of lemmas complete the proof. O
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Lemma 1.8 (Smith, [1, Lemma 1.8]). — Under the hypotheses of proposition 1.7, suppose
J € Wncofl aset such that any commutative square

K—M
L—N
inwhich [K——L] €I and [ M——N] e W can be factored as a commutative diagram
K—M—M
LHN, HN;
inwhich [M'—==N'1€ J. Thencof ] = Wncofl.

Proof. — To prove this, one need only factor any element of W as an element of cell /
followed by an element of inj I. The result then follows from the retract argument.

Suppose « an X-small regular cardinal such that every codomain of I is x-presentable.
For any morphism [f : X——=Y | € W, consider the set (I/ f) of squares

K—X
|k
L—Y,
where i € [; for each such square choose an element j;, r) € J and a factorization

K— M) — X

il J/j(i, N l/ f

L— N@i) — Y,
and let M/ p—=Nu/f) be the coproduct ;e p)ji 5. Define an endofunctor Q of
(W1Y) by

Qf :=[xuNup My p—=Y]
for any morphism [f : X——=Y] € W. For any regular cardinal a, set Q% := colimgq QF.
This provides, for any morphism [f : X——Y] € W, a functorial factorization
X—Q¥f—>Y

with the desired properties. O

Lemma 1.9 (Smith, [1, Lemma 1.9]). — Under the hypotheses of proposition 1.7, an
X-small set ] satisfying the conditions of lemma 1.8 can be found.

Proof. — Since W is an accessibly embedded accessible subcategory of C!, it follows that
for any morphism [i : K——=L] € I, there exists an X-small subset W (i) € W such that for
any commutative square

K—M

U

L— N
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in which [M——N] € W, there exist a morphism [P—Q] € W (i) and a commutative
diagram
K—P—M

b

L—Q—N.
It thus suffices to find, for every square of the type on the left, an element of W n cofI

factoring it.
Forevery[i: K—=L] € I, every [w: P—=Q] € W (i), and every commutative square

K—P

b

LHQY

factor the morphism [, X p—=Q as an element of [ [, X p——R] € cell I followed by an
element of [R—Q] € inj [; this yields a commutative diagram

K—P——=P

R

L—=R—=Q
factoring the original square, in which [P—=R] € W ncof1. O

Proposition 1.10 (Smith, [3, Propositions 7.1-3]). — Suppose C an X-combinatorial left
model X-category. For any sufficient large X-small regular cardinal x, the following hold.

(1.10.1) There exists a x-accessible functorial factorization C'—C2 of each morphism
into a cofibration followed by a trivial fibration.

(1.10.2) There exists a x-accessible functorial factorization C'—=C2 of each morphism
into a trivial cofibration followed by a fibration.

(1.10.3) There exists a x -accessible cofibrant replacement functor.

(1.10.4) There exists a x -accessible fibrant replacement functor.

(1.10.5) Arbitraryx -filtered colimits preserve weak equivalences.

(1.10.6) Arbitraryx -filtered colimits in C are homotopy colimits.

(1.10.7) The set of weak equivalences wC form a k -accessibly embedded, « -accessible sub-
category of C'.

Proof. — Observe that (1.10.1) and (1.10.2) (and therefore (1.10.3) and (1.10.4) as well)
follow directly from the transfinite small object argument 1.5.

To verify (1.10.5) — and therefore (1.10.6) —, fix x, an X-small regular cardinal for
which: (a) there are kx-accessible functorial factorizations of each kind, (b) there is an
X-small set I of generating cofibrations with x-presentable domains and codomains, and
(c) the full subcategory of I-tuples of surjective morphisms is a x-access9ibly embedded,
k-accessible subcategory of Setg 1. Suppose A an X-small x-filtered category, and suppose
F—=G an objectwise weak equivalence in C*. The x-accessible functorial factorizations
in C permit one to give a x-accessible factorization of F—=G into an objectwise trivial
cofibration F— H followed by an objectwise fibration (which is therefore an objectwise
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trivial fibration) H——G. Hence the morphism colim H—> colim G is a fibration, and it
remains only to show that it is also a trivial fibration; for this one need only show that for
any morphism f: K——L and element of I and any diagram

K — colimF

Voo

L — colimG,

alift L——colim F exists. This follows from the x-presentability of K and L.

To verify (1.10.7), let us note that it follows from the existence of a x-accessible func-
torial factorization that it suffices to verify that the full subcategory of C! comprised of
trivial fibrations is a x-accessibly embedded, k-accessible subcategory. For this, consider
the functor

Morco: C! Set| "V
[Y — X]——([Mor¢(L, Y) — Morc(L, X) XMorc(k,x) Morg(K, Y)) k—rLjer-

Since the domains and codomains of I are x-presentable, this is a x-accessible functor.
The trivial fibrations are by definition the inverse image of the full subcategory of I-tuples
of surjective morphisms under Morc . O

Corollary 1.11. — AnyX-combinatorial model X-category satisfies the hypotheses of 1.7.

Corollary 1.12. — AnX-combinatorial modelX-category C is X-tractable if and only if the
X-small set I of generating cofibrations can be chosen with cofibrant domains.

Proof. — Suppose I is an X-small set of generating cofibrations with cofibrant domains,
and suppose J an X-small set of trivial cofibrations satisfying the conditions of 1.8. To give
another such X-small set of trivial cofibrations with cofibrant domains, it suffices to show
that any commutative square

K—M

]
in which [K——L] e I and [M—N] € J can be factored as a a commutative diagram

K—M—M

.

LHN,HNr

in which M’ is cofibrant and [ M'— N'] € W n cofI. To construct this factorization, fac-
tor the morphism K——M as a cofibration K— M’ followed by a weak equivalence
M'— M. Then factor the morphism [, /X p'—— N as a cofibration /X py/— N’ fol-
lowed by a weak equivalence N'—— N. Then the composite M’'—s N’ is a trivial cofibra-
tion providing the desired factorization. O

1.13. — Suppose C an X-combinatorial model X-category and D a locally X-presentable
category equipped with an adjunction

F:C_—D:U.
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I now discuss circumstances under which the model structure on C may be lifted to D.

Definition 1.14. — (1.14.1) A morphism f: X——Y of D is said to be a projective weak
equivalence (respectively, a projective fibration, a projective trivial fibration) if
Uf: UX—UY is aweak equivalence (resp., fibration, trivial fibration).

(1.14.2) Amorphism f: X——Y of D is said to be a projective cofibration if it satisfies the
left lifting property with respect to any projective trivial fibration; f is said to be a
projective trivial cofibration if it is, in addition, a projective weak equivalence.

(1.14.3) If the projective weak equivalences, projective cofibrations, and projective fibra-
tions define a model structure on D, then I call this model structure the projective
model structure.

Lemma 1.15. — Suppose that in D, transfinite compositions and pushouts of projective
trivial cofibrations of D are projective weak equivalences. Then the projective model struc-
ture on D exists; it is X-combinatorial, and it is X-tractable if C is. Furthermore the adjunc-
tion (F, U) is a Quillen adjunction.

Proof. — The full accessible inverse image of an accessibly embedded accessible full sub-
category is again an accessibly embedded accessible full subcategory; hence the projective
weak equivalences are an accessibly embedded accessible subcategory of D'. Choose now
an X-small set I of C (respectively, C.) of generating cofibrations.

One now applies the recognition lemma 1.7 to the set W of projective weak equiva-
lences and the X-small set FI. It is clear that inj I € W, and by assumption it follows that
W ncof[ is closed under pushouts and transfinite compositions. One now verifies easily
that the fibrations are the projective ones and that the adjunction (F,U) is a Quillen ad-

junction.
Since F is left Quillen, the set FI has cofibrant domains if I does. O
Application I: Model structures on diagram categories. — Suppose X a universe, K

an X-small category, and C an X-combinatorial (respectively, X-tractable) model X-
category. The category C(K) of C-valued presheaves on K has two X-combinatorial (resp.
X-tractable) model structures, to which we now turn.

Definition 1.16. — A morphism X——Y of C-valued presheaves on K is a projective
weak equivalence or projective fibration if, for any object k of K, the morphism X;,—Y}
is a weak equivalence or fibration of C.

Theorem 1.17. — The category C(K) of C-valued presheaves on K has anX-combinatorial
(resp., X-tractable) model structure — the projective model structure C(K)proj —, in which
the weak equivalences and fibrations are the projective weak equivalences and fibrations.

Proof. — Consider the functor e : Obj K——K, which induces an adjunction

e : C(Obj K)=—==C(K) : e*.
The condition of 1.15 follows from the observation that e* preserves all colimits. O
Definition 1.18. — A morphism X——Y of C-valued presheaves on K is an injective

weak equivalence or injective cofibration if, for any object k of K, the morphism X —Y}
is a weak equivalence or cofibration of C.
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Theorem 1.19. — The category C(K) of C-valued presheaves on K has anX-combinatorial
model structure — the injective model structure C(K)inj —, in which the weak equivalences
and cofibrations are the injective weak equivalences and cofibrations.

Proof. — Suppose x an X-small regular cardinal such that K is x-small, C is locally x-
presentable, and a set of generating cofibrations I¢ for C can be chosen from Cy (resp.,
from Cx N Cy); without loss of generality, we may assume that I¢ is the X-small set of all
cofibrations in Ci (resp., in Cx N Cy). Denote by Ig) the set of injective cofibrations be-
tween k-presentable objects of C(K) (resp., between k-presentable objects of C(K) that are
in addition objectwise cofibrant). This set contains a generating set of cofibrations for the
projective model structure, so it follows that inj Igx) < W.

The claim is now that any injective cofibration can be written as a retract of transfi-
nite composition of pushouts of elements of I¢x). This point follows from a cardinality
argument, which proceeds almost exactly as for sSet-functors from an sSet-category to
a simplicial model category. For this cardinality argument I refer to [11, A.3.3.12-14] of .
Lurie, whose proofs and exposition I am unable to improve upon.

Since colimits are formed objectwise, it follows that the injective trivial cofibrations are

closed under pushouts and transfinite composition. O
Proposition 1.20. — The identity functor is a Quillen equivalence

C(K)proj.:C(K)inj .
Proof. — Projective cofibrations are in particular objectwise cofibrations, and weak
equivalences are identical sets. O

Proposition 1.21. — IfC is left or right proper, then so are C(K)proj and C(K)ip;.

Proof. — Pullbacks and pushouts are defined objectwise; hence it suffices to note that in
both model structures, weak equivalences are defined objectwise, and any cofibration or
fibration is in particular an objectwise cofibration or fibration. O

Proposition 1.22. — A functor f : K—L induces Quillen adjunctions
fi: CERproj=—=CLproj : f* and  f*:CLinj=—=CK; : fx,

which are of course equivalences of categories if [ is an equivalence of categories.

Proof. — Clearly f* preserves objectwise weak equivalences, objectwise cofibrations,
and objectwise fibrations. O
Application II: Model structures on section categories. — Left and right Quillen

presheaves are diagrams of model categories. Here I give model structures on their
categories of sections, analogous to the injective and projective model structures on
diagram categories above.

1.23. — Suppose here X a universe.

Definition 1.24. — Suppose K an X-small category.
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(1.24.1) A left (respectively, right) Quillen presheaf on K is a functor® F: K°P —=Caty
for some universe Y with X € Y such that for every k € Obj K, the category Fy. is a
model X-category, and for every morphism f: £—k of K, the induced functor
f*: Fr—>F, isleft (resp., right) Quillen.

(1.24.2) A left or right Quillen presheaf F on K is said to be X-combinatorial (respec-
tively, X-tractable, left proper, right proper, ...) if for every k € ObjK, the model
X-category Fy is so.

(1.24.3) A left (respectively, right) morphism © : F—=G of left (resp., right) Quillen
presheaves is a pseudomorphism of functors K°P——Caty such that for any
k € Obj K, the functor O : Fx—Gy is left (resp., right) Quillen.

(1.24.4) A left (respectively, right) section X of a left (resp., right) Quillen presheaf F is a
tuple (X, ) = (Xi)keobjk, (Pf) feopjkt)) comprised of an object X = (Xi) keobjx
of [Tkeobjx Fx and a morphism ¢ : f* X, —=X; (resp., ¢ : Xp—=f*X;), one
for each morphism [f : #——=k] € K, such that for any composable pair

[mi>€i>k] €K,
one has the identity
bgo (8 Pp)=Prog: (fog)* Xp—>Xm
(resp.,
(8" Pr)odg=drog: Xm—=(fo )" Xi ).
(1.24.5) A morphism of left (respectively, right) sectionsr : (X, $)—=(Y,y) is a morphism

r: X—>Y of [Ixeobj x Fx such that the diagram

f*ngf*Yk

"’fi iw

Xy T> Yy
in F, (resp., the diagram

Xk%Yk

o |

[*Xe —— Y,
frre
in F;) commutes for any morphism f : /——k of K. These morphisms clearly
compose, to give a category Sect!F (resp., SectF) of left (resp., right) sections of
F.

@1n practice, of course, one is usually presented with a pseudofunctor, rather than a functor. Well-known rec-
tification results allow one to replace such a pseudofunctor with a pseudoequivalent functor, and all the model
structures can be lifted along this pseudoequivalence.
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Lemma 1.25. — A left (respectively, right) morphism © : F—=G of left (resp., right)
Quillen presheaves on an X-small category K induces a left adjoint

O, : Sect! F—Sect! G
(resp., a right adjoint
O, : Sect! F—=Sect’G ).
Proof. — 1f © is a left morphism of left Quillen presheaves, then define ©, by the formula
01(X, P) := (O Xi) keobjk, (OP ) 0 0) reopjkty)
for any left section (X, ¢) = ((Xi) keobj k> (P f) reobjk)), in which the morphism
Of: f*OrX—=0,f* X

is the structural isomorphism of the pseudomorphism ©.
Its right adjoint
©* : Sect! G—=Sect"F

is defined by the formula

O™ (Y, y) := (Hx Y1) keobjk> (1 £) feobjk))

for any left section (Y, ) = ((Yx) keobjx, (W F) FeObj( k1)), in which the morphism
ng: [*HeYe—=Hy f* Yy

is the morphism adjoint to the composite

8 *
®[f*HkYk*f>f*®kaYkL>f*Hky

where c: Oy Hy Yy,—— Y} is the counit of the adjunction (O, Hy).
The corresponding statement for right morphisms follows by duality. O

1.26. — The previous lemma suggests that the most natural model structure on the cat-
egory of left (respectively, right) sections of a left (resp., right) Quillen presheaf F is an
injective (resp., projective) one, in which the weak equivalences and cofibrations (resp.,
fibrations) are defined objectwise. This idea is borne out by the observation that these
model categories can be thought of as good models for the (oo, 1)-categorical lax limit
(resp., (0o, 1)-categorical colax limit) of F.

Lemma 1.27. — IfF is a left (respectively, right) X-combinatorial Quillen presheaf on an
X-small category K, then the category Sect!F (resp., Sect® F) is locally X-presentable.

Proof. — It is a simple matter to verify that Sect’ F and Sect® F are complete and cocom-
plete. The category of left sections is the lax limit of F, and the category of right sections
is a colax limit of F; so the result follows from the fact that the 2-category of X-accessible
categories is closed under arbitrary X-small weighted bilimits in which all functors are ac-
cessible [12, Theorem 5.1.6]. O
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Lemma 1.28. — Suppose a: L—=K a functor of X-small categories. IfF is a left (respec-
tively, right) X-combinatorial Quillen presheaf on an X-small category L, then there is a
string (ay, a*, ax) of adjoints

@, ayx: Sectt(Foa)<—Sect“F:a* (resp, a,ax: Sect®(Foa)<— Sect®F:a* ).
Proof. — IfFis aleft Quillen presheaf, then the functor
a” : Sect!(Fo a)— Sect"F
is simply given by the formula

a* (X, ¢) := (Xak) keobj k> (Paf)) reobjk?)-

Since this functor commutes with all limits and colimits, the existence of its left and right
adjoints follows from the usual adjoint functor theorems. O

Definition 1.29. — Suppose K an X-small category, F a right Quillen presheaf on K. A
morphism X——Y of right sections of F is a projective weak equivalence or projective fi-
brationif, for any object k of K, the morphism X —Y}. is a weak equivalence or fibration
of Fy.

Theorem 1.30. — The category Sect®F of right sections of an X-combinatorial (re-
spectively, X-tractable) right Quillen presheaf F on an X-small category K has an X-
combinatorial (resp., X-tractable) model structure — the projective model structure
SectRm. F —, in which the weak equivalences and fibrations are the projective weak equiva-
lences and fibrations.

Proof. — Consider the functor e : Obj K——K, which induces an adjunction
er: keobjx Fk=—SectRF : e*.
The condition of 1.15 follows from the observation that e* preserves all colimits. O

Definition 1.31. — Suppose K an X-small category, F a left Quillen presheaf on K. A mor-
phism X——Y ofleft sections of F is an injective weak equivalence or injective cofibration
if, for any object k of K, the morphism X; — Y} is a weak equivalence or cofibration of
F.

Theorem 1.32. — The category Sect"F of left sections of an X-combinatorial (respectively,
X-tractable) left Quillen presheaf F on anX-small category K has anX-combinatorial (resp.,
X-tractable) model structure — the injective model structure Sectﬁlj F —, in which the weak
equivalences and cofibrations are the injective weak equivalences and cofibrations.

Proof. — Suppose x an X-small regular cardinal such that K is x-small, each Fy. is locally
k-presentable, and a set of generating cofibrations Ig, for each Fy can be chosen from Fy
(resp., from Fy . N Fy .); without loss of generality, we may assume that Ig, is the X-small
set of all cofibrations in Fy , (resp., in Fy x NFy c). Denote by Ig, .. the set of injective cofi-
brations between x-presentable objects of Sect”F (resp., between x-presentable objects
of Sect" F that are in addition objectwise cofibrant). This set contains a generating set of
cofibrations for the projective model structure, so it follows that inj Ig, ..p = W.
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The argument given for the existence of the injective model structure on presheaf cat-
egories applies almost verbatim here to demonstrate that any injective cofibration can be
written as a retract of transfinite composition of pushouts of elements of Ig, L.

Since colimits are formed objectwise, it follows that the injective trivial cofibrations are
closed under pushouts and transfinite composition. O

Proposition 1.33. — Suppose K an X-small category, F an X-combinatorial left (respec-
tively, right) Quillen presheaf on K. If each ¥y, is left or right proper;, then so is Sect’ . F (resp.,

inj
R
Sectproj F).

Proof. — Pullbacks and pushouts are defined objectwise; hence it suffices to note that in
both model structures, weak equivalences are defined objectwise, and any cofibration or
fibration is in particular an objectwise cofibration or fibration. O

Proposition 1.34. — A left (vesp., right) morphism © : F—=G of X-combinatorial left
(resp., right) Quillen presheaves on anX-small category K induces a Quillen adjunction

9!:Sectﬁ]jF‘>ESectﬁle:®* (resp., G)*:Sectgij?SectﬁrojF:@)* ),

which is a Quillen equivalence if each Oy is a Quillen equivalence.

Proof. — Clearly O, (resp., ©,) preserves objectwise weak equivalences and objectwise
cofibrations (resp., fibrations). O

2. Left Bousfield localization

Definition and existence of left Bousfield localizations. — Here I review some highlights
from the general theory ofleft Bousfield localization. Since the published references do not
include a proof of the existence theorem of J. Smith, I include it solely for convenience of
reference, with the caveat that the result should in no way be construed as mine.

2.1. — Suppose X a universe, M a model X-category.

2.2. — Suppose X and Y objects of M. For any odd natural number 7, I define a category
wMorI’\’,[(X ,Y). The objects of wMorI'\‘,I(X ,Y) are strings of morphisms

X=X X X, X1 X,=Y

such that each morphism X»;—X>;; is contained in wM. Morphisms between two
such sequences are simply commutative diagrams of the form

SN

X{ XZ’ X;z 3 )
wherein the vertical maps are in wM. Recall that the hammock localization of M is the
sSet-category L'M whose objects are exactly those of M, with

Mor; iy (X, Y) = colim, v. (wMory (X, Y))

X Y
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for any objects X and Y.
The standard references on the hammock localization are the triple of papers [4], [5],
and [6] of W. G. Dwyer and D. Kan. A more modern treatment can be found in [7].

Scholium 2.3 (Dwyer-Kan). — Suppose Q : M——M_ a cofibrant replacement functor,
R : M——=M¢ a fibrant replacement functor, T* : M—(cM). a cosimplicial resolution

functor, and A. : M—(sM) ¢ a simplicial resolution functor; then there are natural weak
equivalences of the simplicial sets

Morm(I'* X, RY) Morm(QX,A.Y)
diagMory (I X, A.Y)

hocolim(p,q)erp xAop Mory (F”X, Aq Y)

vewMory (X, Y)

MOILHM(X, Y)

Notation 2.4. — Write RMory for the simplicial mapping space functor
HoM°P x HoM — Ho sSetx
(X,Y) ——— Mor;m(X,Y);
the subscript may omitted when the context is sufficiently clear.

Lemma 2.5 ([8, 17.7.7]). — The following are equivalent for a morphism A—B of M.

(2.5.1) The morphism A—B is a weak equivalence.
(2.5.2) For any fibrant object Z of M, the induced morphism

RMory (B, Z)—= RMorpm (4, 2)

is an isomorphism of Ho sSetx.
(2.5.3) For any cofibrant object X of M, the induced morphism

RMory (X, A)— RMorm (X, B)

is an isomorphism of Ho sSetx.

Definition 2.6. — Suppose H a set of homotopy classes of morphisms of M.

(2.6.1) A left Bousfield localization of M with respect to H is a model X-category LyM,
equipped with a left Quillen functor M——LyM that is initial among left Quillen
functors F : M——N to model X-categories N with the property that for any f rep-
resenting a class in H, LF(f) is an isomorphism of HoN.



ON (ENRICHED) LEFT BOUSFIELD LOCALIZATIONS 15

(2.6.2) An object Z of M is H-local if for any morphism A—— B representing an element
of H, the morphism

RMorm (B, Z) —=RMorm (4, Z)

is an isomorphism of Ho sSetx.
(2.6.3) A morphism A——B of M is an H-local equivalence if for any H-local object Z,
the morphism

RMorw (B, Z)—= RMory (4, Z)

is an isomorphism of Ho sSetx.

Lemma 2.7. — When it exists, the left Bousfield localization of M with respect to H is
unique up to a unique isomorphism of model X-categories.

Proof. — Initial objects are essentially unique. O

2.8. — Left Bousfield localizations of left proper, X-combinatorial model X-categories
with respect to X-small sets of homotopy classes of morphisms are guaranteed to exist,
as I shall now demonstrate. For the remainder of this section, suppose H a set of homo-
topy classes of morphisms of M. The uniqueness, characterization, and existence of left
Bousfield localizations are the central objectives of the next few results. Uniqueness is a
simple matter, and it is a familiar fact that if a model structure exists on M with the same
cofibrations whose weak equivalences are the H-local weak equivalences, then this is the
left Bousfield localization. The central point is thus to determine the existence of such a
model structure. Smith’s existence theorem 2.11 hinges on the recognition principle 1.7
and the following pair of technical lemmata.

Lemma 2.9. — IfM isX-combinatorial, and H isX-small, then the set of H-local objects of
M comprise an accessibly embedded, accessible subcategory of M.

Proof. — Choose an accessible fibrant replacement functor R for M, a functorial cosim-
plicial resolution functor I'* : M—(cM)., and an X-small set S of representatives for all
and only the homotopy classes of H. Then the functor

M——(sSetx)!
Zt—Lpes i p(2)

is accessible, where fr’i,R(Z) : Morm(I'*Y,RZ)—Morm(I™* X, RZ) is the morphism of
simplicial sets induced by f: X —=Y . Since the full subcategory of (sSetx)! comprised of
weak equivalences is accessibly embedded and accessible, the full subcategory of H-local
objects is also accessibly embedded and accessible. O

Lemma 2.10. — IfM isX-combinatorial, and H isX-small, then the set of H-local equiva-
lences of M comprise an accessibly embedded, accessible subcategory of M.

Proof. — This follows from the previous lemma and the fact that for sufficiently large reg-
ular X-small cardinals «, the H-local equivalences of M are closed under x-filtered colim-
its. To show the latter point, choose x so that x-filtered colimits are homotopy colimits.
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Then for any H-local object Z, a colimit colim A—colim B of a x-filtered diagram of
H-local equivalences is a weak equivalence because the morphism

RMory (colim B, Z) —= RMory (colim A, Z)

is a homotopy limit of weak equivalences in sSetx, hence a weak equivalence. O

Theorem 2.11 (Smith, [14]). — IfM isX-combinatorial, and H is an X-small set of homo-
topy classes of morphisms of M, the left Bousfield localization LM of M along any set rep-
resenting H exists and satisfies the following conditions.

(2.11.1) The model category LyM is left proper and X-combinatorial.
(2.11.2) As a category, LyM is simply M.

(2.11.3) The cofibrations of LyM are exactly those of M.

(2.11.4) The fibrant objects of LM are the fibrant H-local objects Z of M.
(2.11.5) The weak equivalences of LyM are the H-local equivalences.

Proof. — The aim is to guarantee that a cofibrantly generated model structure on M exists
sstisfying conditions (2.11.3)-(2.11.5) using 1.7. The combinatoriality is then automatic,
and the universal property and the left properness are then verified in [8, Theorem 3.3.19
and Proposition 3.4.4].

Fix an X-small set Iy of generating cofibrations of M, and let wLyM denote the set of
the weak equivalences described in (2.11.5). By 2.10, we can now apply 1.7: observe that
since Iy-injectives are trivial fibrations of M, they are in particular weak equivalences of
M, and hence are among the elements of wLyM.

It thus remains only to show that pushouts and transfinite compositions of morphisms
of cofMn wLyM are H-local weak equivalences. Suppose first that K——L a cofibration
in wLyM, and suppose

K—1L

|

K —1Ur
a pushout diagram in M. Note that by the left properness of M, this pushout is in fact a ho-

motopy pushout; thus the statement that K'——1' is an element of wLyM is equivalent
to the assertion that, for any H-local object Z, the diagram

RMory (K', Z) —= RMorm (K', 2)

l l

RMorw(L, Z) — RMory (K, Z)

is a homotopy pullback diagram in sSet, and this follows immediately from the fact that
RMorm(L, Z)—= RMorpm (K, Z) is a weak equivalence. Since x-filtered colimits are homo-
topy colimits for x sufficiently large, it follows that a transfinite composition of elements
of cofM N wLyM is an morphism of wLyM. O

Definition 2.12. — If M is left proper and X-combinatorial, and if H is an X-small set of
homotopy classes of morphisms of M, then an object X of the left Bousfield localization
LyM is quasifibrant if some fibrant replacement Ry X of X in M is fibrant in LyM.
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Lemma 2.13. — IfM is left proper and X-combinatorial, and H is an X-small set of homo-
topy classes of morphisms of M, then an object X of the left Bousfield localization LyM is
quasifibrant if and only if it is H-local.

Proof. — H-locality is closed under weak equivalences in M; hence if X is quasifibrant it
is surely H-local, and the fibrant replacement in M of an H-local object is H-local. O

2.14. — As arule, one has essentially no control in a left Bousfield localization over the
generating trivial cofibrations. The following proposition (originally — with a different
proof — due to M. Hovey) is one of the very few results on the trivial cofibrations of left
Bousfield localizations; it is critical for the forthcoming existence theorem 3.18 for en-
riched left Bousfield localizations.

Proposition 2.15 (Hovey, [10, Proposition 4.3]). — Suppose that M is left proper and X-
combinatorial, and suppose that H is X-small. Then the left Bousfield localization LyM
isX-tractable ifM is.

Proof. — Immediate from 1.12. O

The failure of right properness. — Left Bousfield localizations inherit left properness,
but in general they destroy right properness. This is because there is very little control
over the fibrations.

Nevertheless, there are often full subcategories that are in a sense right proper, and this
form of right properness is inherited by the quasifibrant objects contained in these subcat-
egories in the left Bousfield localization. In this case, there exist functorial factorizations of
morphisms of these quasifibrant objects through quasifibrant objects, so homotopy pull-
backs of these quasifibrant objects can be computed effectively. This also provides a nice
recognition principle for fibrations of LM with a quasifibrant codomain that lies in such
a subcategory.

One can think of this subsection as an enlargement of Reedy’s observation that homo-
topy pullbacks of fibrant objects can be computed by replacing on only one side, or, alter-
natively, one can think of this subsection as a collection of techniques for coping with the
reality that many important combinatorial model categories are simply not right proper.

There are, of course, dual conditions and results to many of those of this section, but
they are not needed here, essentially because left properness is a relatively common con-
dition in practice.

2.16. — Suppose X a universe, M a model X-category.

Definition 2.17. — (2.17.1) If E is any full subcategory of M, an E-placement functor
is a pair (rg,eg) consisting of a functor rg : M——E along with an objectwise
weak equivalence e¢r from the identity functor to the composite i o rg, where
1 : E—=M denotes the inclusion.

(2.17.2) A full subcategory E of M is said to be stable under trivial fibrations if for any
object X of E and any trivial fibration Y —— X, the object Y is an object of E as
well.
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(2.17.3) A pullback diagram
Y —Y

|

X' —X
in M in which Y——X is a fibration is called an admissible pullback diagram,
and the morphism Y'——Y is called the admissible pullback of X'—s X along
Y—X.

(2.17.4) A full subcategory E of M is said to be admissibly left exact if E contains any ad-
missible pullback in E — i.e., if E contains the pullback of any morphism of E
along any fibration of E; more generally, E is said to be partially left exact if E
contains the pullback of any weak equivalence of E along any fibration of E.

(2.17.5) A partially left exact full subcategory E is said to be right proper if in E admissible
pullbacks of weak equivalences are weak equivalences.

(2.17.6) Suppose E a partially left exact full subcategory; then a pair (F,n) consisting of
a functor F : E—M with an objectwise weak equivalence n from the forgetful
functor to F is said to be exceptional on E if F preserves admissible pullback dia-
grams.

Lemma 2.18. — Suppose E and E' partially (respectively, admissibly) left exact full sub-
categories of M and (F,n) an exceptional pair on E. Then the full subcategory F~'(E') of E
consisting of those objects X of E such that FX is an object of E' is partially (resp., admissi-
bly) left exact. Moreover, if E' is right proper, then so is F~1(E').

Proof. — Refer to the diagram

F(Y" FY

AN A

Yy —Y

L

X' —X

e N

F(X") FX.

If the interior square is an admissible pullback diagram in E, then the outer square is so in
M. If X'— X is a weak equivalence, then so is F(X')—FX, and if F(Y')—=FY isa
weak equivalence, thensois Y/—Y. O

Lemma 2.19. — The full subcategoryM ¢ of fibrant objects is admissibly left exact and right
proper.

Proof. — This follows from Reedy’s argument, [13, Theorem B] or [8, Proposition 13.1.2].
O

Corollary 2.20. — A partially left exact full subcategory E of M is right proper if there exists
an exceptional fibrant replacement functor on E.

Corollary 2.21. — The model category sSet of simplicial sets is right proper.
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Proof. — Kan'’s Ex* is an exceptional fibrant replacement functor. O

Lemma 2.22. — Suppose E a right proper, partially left exact full subcategory of M with
My < E. Then there exists a functorial factorization of any morphism in E into a weak equiv-
alence of E followed by a fibration of E. If, in addition, E is stable under trivial fibrations,
then there is a functorial factorization of every morphism of E into a trivial cofibration of E
followed by a fibration of E.

Proof. — Choose a functorial factorization of every morphism into a trivial cofibration
followed by a fibration; this gives in particular a functorial fibrant replacement r. Sup-
pose X—Y a morphism of E; applying the chosen functorial factorization to the verti-
cal morphism on the right in the diagram

X—rX

Lo

Y%rY,

yields r X—Z—rY . Pulling back the resulting fibration Z——rY along Y —rY pro-
duces a diagram

X—rX

Voo

Yx;wZ——7

L

Y ——7r1Y,

in which Y x,y Z——=Y is a fibration of E, and Y x,y Z——=Z — and therefore also
X—Y x,y Z — is a weak equivalence of E. If E is stable under trivial fibrations, then
applying the chosen factorization to the morphism X——Y x,y Z provides the desired
factorization of the second half of the statement. O

Corollary 2.23. — If E is a right proper, admissibly left exact full subcategory of M with
My < E, then admissible pullbacks in E are homotopy pullbacks.

2.24. — Suppose for the remainder of this section that the model category M is left proper
and X-combinatorial, that H is X-small, and that E is a right proper, admissibly left exact
full subcategory of M with My < E. Write locg(H) for the full subcategory of E consisting
of H-local objects, viewed as a full subcategory of the Bousfield localization L M; observe
that (LgM) ¢ < locg(H). The objective is to show that locg(H) is right proper and admis-
sibly left exact, whence the effective computability of homotopy pullbacks of H-local ob-
jects of E.

Lemma 2.25. — The subcategorylocg(H) is a right proper partially left exact full subcate-
gory of LyM, and if E is stable under trivial fibrations, then so islocg(H).

Proof. — Weak equivalences in LyM between H-local objects are weak equivalences of
M, and the trivial fibrations of LyM are exactly those of M. O
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Lemma 2.26. — If E is stable under trivial fibrations, then locg(H) admits a functorial
factorization, withinlocg(H), of every morphism into a trivial cofibration of M followed by
a fibration of LyM.

Proof. — Applying 2.22, there is a functorial factorization of every morphism into a trivial
cofibration of locg(H) followed by a fibration of locg(H). But a trivial cofibration in LyM
between H-local objects is a trivial cofibration in M as well. O

Corollary 2.27. — If E is stable under trivial fibrations, then a morphism oflocg(H) is a
fibration in LyM if and only if it is a fibration of M.

Proof. — One implication is obvious; the other is a consequence of the retract argument.
O

Proposition 2.28. — The subcategory locg(H) is a right proper, admissibly left exact full
subcategory of LgM with (LgM) r < locg(H).

Proof. — Suppose Y—=X a fibration of locg(H), and suppose X’— X a morphism of
E. To show that the pullback

Yy —Y
X' —X

exists in E, it suffices by factorization (2.22) to suppose that X' —— X is a fibration as well.
But then the pullback Y’ is a homotopy pullback, and since RMor(A, —) commutes with
homotopy pullbacks, Y’ is also H-local. O

Corollary 2.29. — Admissible pullbacks oflocg (H) are homotopy pullbacks.

Corollary 2.30. — IfM is right proper, then the quasifibrant objects form a right proper,
admissibly left exact full subcategoryloc(H) of Ly M.

2.31. — Lastly, I now turn to a recognition principle for fibrations in LyM with
codomains in E or locg (H).

Proposition 2.32. — Suppose p : Y—=X a fibration of M. For any fibrant replacement
p': Y'—=X' of p (i.e., a morphism p' between fibrant objects such that p is isomorphic to
p' inHo (MY)) consider the diagram

(2.32.1) Y —Y'

Ll

X—X.

(2.32.2) If X € E, then p is a fibration of LyM if there exists a fibrant replacement p' :
Y'—X' of p such that (2.32.1) is a homotopy pullback square.

(2.32.3) If X elocg(H), then p is a fibration of LyM if and only if for any fibrant replace-
mentp': Y'—=X', the diagram (2.32.1) is a homotopy pullback square.
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Proof. — To prove the first assertion, factor p’ as a weak equivalence Y'—=Y” of LyM
followed by a fibration Y”——= X' of LyM; the weak equivalence Y'——=Y" is even a weak
equivalence of M since it is a weak equivalence of local objects. Also factor X—=X' as
a weak equivalence X— X" in E followed by a fibration X”—X in E. Pulling back
Y"”— X', we have the commutative diagram

N

Y
Z > ZN > YH
X

Voo

Since X", X', and Y" are all objects of E, Z" is an object of E as well, and it follows from the
right properness of E that the weak equivalence X — X" is pulled back to a weak equiv-
alence Z—— 7" of M. The statement that (2.32.1) is a homotopy pullback is equivalent to
the assertion that the morphism Y — 7" is a weak equivalence of M. It now follows that
the morphism Y —— 7 is a weak equivalence of M. Factor this map into a trivial cofibra-
tion Y——=2' of LyM followed by a fibration Z'—=Z of LyM; it follows that Y —= 7 is
in fact a trivial cofibration of M, and the retract argument thus completes proof.

The proof of the second statement begins similarly; factor p’ as before, and now factor
the morphism X——X’ as a weak equivalence X—— X" in locg(H) followed by a fibra-
tion X”——X in locg(H) (which is in addition a weak equivalence in LyM). Again pull
back the fibration Y"'—X":

Y —m—Y

I

Z > Z// > Y/I

R

X —=Xx"—=X".

Now it follows from the right properness of locg(H) that the morphism Z”—=Y" is a
weak equivalence of LyM, and it follows from the right properness of E that Z——7" isa
weak equivalence of M. It thus follows that the morphism Y ——Z7 is a weak equivalence
of LyM, and since Z——X and p: Y——X are each fibrations of LyM, it follows that
Y —Z is a weak equivalence of M; hence the composite morphism Y — 2" is a weak
equivalence of M, so that (2.32.1) is a homotopy pullback. O

Application I: Presentations of combinatorial model categories. — A presentation of a
model X-category is a Quillen equivalence with a left Bousfield localization of a category
of simplicial presheaves on an X-small category. A beautiful result of D. Dugger indicates
that presentations exist for all tractable model categories. Hence any tracatable model cat-
egory can (up to Quillen equivalence) be given a representation in terms of generators and
relations. I recall Dugger’s results here.
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Definition 2.33. — An X-presentation (K, H, F) of a model X-category M consists of an X-
small category K, an X-small set H of homotopy classes of morphisms of sSetx(K), and a
left Quillen equivalence F : Ly sSetx(K)proj—M.

Theorem 2.34 (Dugger, [3, Theorem 1.1]). — Every X-combinatorial model X-category
has an X-presentation.

Corollary 2.35. — AnX-combinatorial model X-category has an X-small set of homotopy
generators.

Proof. — By the theorem it is enough to show this for the projective model category of
simplicial presheaves on an X-small category C; in this case, the images under the Yoneda
embedding of the objects of C provide such a set. O

Application II: Homotopy images. — As a quirky demonstration of the usefulness of left
Bousfield localizations, I offer the handy factorization result 2.37.

Definition 2.36. — Suppose f: X—Y a morphism of a model X-category M.

(2.36.1) The morphism f is said to be a homotopy monomorphism if the natural mor-
phism X—X xg X is an isomorphism of HoM.

(2.36.2) Dually, f is a homotopy epimorphism if the natural morphism y | j/»X y—=Y is
an isomorphism of HoM.

(2.36.3) The homotopy image of f is a factorization of f into a cofibration X — f(X) fol-
lowed by a homotopy monomorphism f(X)——=Y such that for any other such
factorization X— X'—7Y, there exists a unique morphism f(X)—X' in HoM.

Theorem 2.37. — SupposeM left proper andX-combinatorial; if Y is a fibrant object of M,
any morphism f : X——Y has a homotopy image.

Proof. — Let G be an X-small set of homotopy generators for M. Write G/ Y for the disjoint
union of the sets Morgom (R, Y) over R € G. Now write

Very :={§ug—=8 1 g€ G/Y},

an X-small set. The M-model category Ly,,, (M/Y) then exists.

It now suffices to show that the fibrant objects of Ly,;,, (M/Y) are precisely the fibrations
X'—Y that are also homotopy monomorphisms, for if so, the homotopy image of a
morphism f: X——Y is simply a fibrant replacement for f in Ly, (M/Y).

Observe that the fibrant objects are precisely those fibrations X’——=Y such that the
natural morphism

RMormw,v)(Z, XN —x
is a homotopy monomorphism of M for any cofibrant object Z of M/Y. Equivalently, a
fibration X'—Y is fibrant in Ly, (M/Y) if and only if, for any object Z, the natural
morphism
RMory (Z, X')—=RMory (Z,Y)
is a homotopy monomorphism, whence the desired characterization of weak equiva-
lences. =
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Application III: Resolutions of combinatorial model categories. — A surprisingly use-
ful little trick is to replace a combinatorial model category M with the category M(K),
equipped with a model structure that is Quillen equivalent to M itself.

2.38. — Suppose X a universe, M an X-combinatorial model category, and K an X-small
category.
Proposition 2.39. — There exists a model structure on M(K) — the colim-resolution

model structure M(K)colim — Such that the adjunction
colim : M(K) colim <—=M : const

is a Quillen equivalence.

Proof. — Suppose G an X-small set of cofibrant homotopy generators of M(K), and let Ry
be a fibrant replacement functor for M. Set

Ug:={X——=constRycolimX | X € G},

and set M(K)colim := LygM(K)proj. Then colim : M(K)—M factors through M(K)¢olim
since it sends elements of Ug to weak equivalences. It is easy to see that the induced func-
tor

Rconst: HoOM— HoM(K) colim

is fully faithful and essentially surjective. O

Application IV: Homotopy limits of right Quillen presheaves. — The category of right
sections of a right Quillen presheaf F with its projective model structure is to be thought
of as the (oo, 1)-categorical lax limit of F. The (oo, 1)-categorical limit — or homotopy limit
— of Fis a left Bousfield localization of the category of right sections.

2.40. — Suppose X a universe. Suppose K and X-small category, and suppose F an X-
combinatorial right Quillen presheaf on K.

Definition 2.41. — A right section (X, ¢) of F is said to be homotopy cartesian if for any
morphism f: /——k of K, the morphism

¢} Xo—>Rf* X
is an isomorphism of HoF,.

Theorem 2.42. — There exists an X-combinatorial model structure on the category Sect® F
— the homotopy limit structure Sectﬁ . F — satisfying the following conditions.
olim

(2.42.1) The cofibrations are exactly the projective cofibrations.

(2.42.2) The fibrant objects are the projective fibrant right sections that are homotopy carte-
sian.

(2.42.3) The weak equivalences between fibrant objects are precisely the objectwise weak
equivalences.
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Proof. — For every k € Obj K, let Gi be an X-small set of cofibrant homotopy generators
of F. For each object k of K, there is a Quillen adjunction

Dy : Fr—=Sect®F : Ex
where Ex (X, ¢) = Xj; one verifies that for any object A of Fy,

ExDeA= ] fA
fil—k

Hence for every f : /{——=k and any object A of F,, there is a canonical morphism
fiA—=EDA, and, by adjunction, a canonical morphism ry, 4 : Di(fiAd)—=D/A.
Now define the X-small set

H:={rja: De(fi)—=D¢A|[f: —>k] € K, A€ Gy}

The claim is that Ly Sectgroj F is the model category of the theorem.

To verify this claim, it suffices to check that the fibrant objects are as described. Indeed,
a right section X is fibrant if and only if it is fibrant in Sectgroj F, and, for any morphism
f:¢—k of Kand any A€ Gy,

RMorgeer (LD A, X) > RMorgeen p(LDLLAiA X),

or equivalently
(2.42.4) RMorg, (A, RE; X)— RMorg, (A, Rf *RE; X)

is an isomorphism of Ho sSetx. Since the elements of G, generate F, by homotopy colim-
its, it follows immediately that (2.42.4) is an isomorphism of Ho sSetx for any object A of
F,, whence it follows that X is homotopy cartesian, as desired. O

Example 2.43. — Denote by N the category whose objects are nonnegative integers, in
which there is a unique morphism m——n if and only if m < n. Consider the right Quillen
presheaf

Q: NP———Caty
n+——-s(x/sSetx)
(n<ml——QM" ",

)Nm=m ) One verifies easily that Sect? | Q is

n. 1
where of course Q" := Mor (x/sser) ((S holim

simply the usual model category of spectra.

2.44. — Note that the results of this section say nothing about the homotopy limits of left
Quillen presheaves. As an (oo, 1)-category, such a homotopy limit should be a corefexive
sub- (oo, 1)-category of the (oo, 1)-categorical lax limit; hence it is more properly modeled
as a right Bousfield localization. This is a somewhat delicate issue, which we will take up
elsewhere.
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Application V: Postnikov towers for simplicial model categories. — Any fibrant simpli-
cial set X has a Postnikov tower

o —= X(n) — X(n-1) X(1) X/0),

inwhich each X(n) is an n-type, and for any 0 < j < n, the morphism f : X(n)—X(n—-1)
induces an isomoprhism

7;(X(n), X) —7mj(X{n-1), f(x))

for any point x of X. An analogous construction can be made in any combinatorial, left
proper, simplicial model category.

2.45. — Suppose X a universe, M an X-combinatorial, left proper, simplicial model X-
category.

Definition 2.46. — For any integer n = —1, an object X of M is n-truncated if for any ob-
ject Z of M, the simplicial set RMory (Z, X) is an n-type; the object X is truncated if and
only if it is n-truncated for some n.

Proposition 2.47. — For any integer n = —1, there exists a combinatorial, left proper, sim-

plicial model structure on the category M — the n-truncated model structure M<,, — satis-

fying the following conditions.

(2.47.1) The cofibrations of M<,, are precisely the cofibrations of M.

(2.47.2) The fibrant objects of M<,, are precisely the fibrant, n-truncated objects of M.

(2.47.3) The weak equivalences between the fibrant objects are precisely the weak equiva-
lences of M.

Proof. — Let G be an X-small set of cofibrant homotopy generators of M. Then one ver-
ifies easily that the n-truncated model structure is the left Bousfield localization L ;)M
with respect to the set

Hn):={SleX—=X|XeG0<n<j}. O

Proposition 2.48. — There exists a combinatorial, left proper, simplicial model structure
on the presheaf category M(N) — the Postnikov model structure M(N)posi — satisfying the
following conditions.

(2.48.1) The cofibrations of M(N)pos; are precisely the objectwise cofibrations.
(2.48.2) The fibrant objects are those sequences

o —> X(n) — X(n-1) X(1) X(0)

satisfying the following conditions.

(2.48.2.1) The object X(0) is fibrant.

(2.48.2.2) Each morphism X(n)—X(n—1) is a fibration.

(2.48.2.3) Each object X (n) is n-truncated, in the sense that for any object Z of M,
RMorm (Z, X(n)) is an n-type.

(2.48.2.4) For any object Z of M and any integers 0 < j < n, the morphism o :
X(n)—=X(n—-1) induces an isomorphism

7 j(RMorm (Z, X(n)), ) —7 j(RMorm (Z, X(n—1)),00¢).



26 CLARK BARWICK

(2.48.3) The weak equivalences between the fibrant objects are precisely the objectwise weak
equivalences.

Proof. — Let G be anX-small set of cofibrant homotopy generators of M. Then I claim that
the Postnikov model structure is the left Bousfield localization Ly M(N)in; of the injective
model structure with respect to the set

H:={R"(S/® X)—=R"X,RI"1(S"® X)—>RI(S"® X) | X€G,0=n< j},
where R : M—=M(N) is the left adjoint to the evaluation-at-n functor X —— X (n):

" g ifm>n
R"X(m) := .
X ifmsn.

It suffices to verify that the fibrant objects are as described, and this follows directly
from an elementary adjunction exercise. O
Corollary 2.49. — For any integer n = —1, the evaluation-at-n functor

M(N)post—>Mcg,
Ar——A(n)
is left Quillen.
Definition 2.50. — Suppose M a combinatorial, left proper, simplicial model category.

(2.50.1) The Postnikov tower of an object X in M is a fibrant model for

constX:=[--- X X X X1
in M(N)post; it will be denoted

o — X(n) — X(n-1) X{(1) X{0)

(2.50.2) One says that a morphism X——Y of M is co-connected if it induces an equiva-
lence const X——=constY in M(N)post.

(2.50.3) One says that M is hypercomplete if every object is the homotopy limit of its Post-
nikov tower, i.e., if holim oL const is isomorphic to the identity functor on HoM.

Proposition 2.51. — There exists a hypercompletion M——M" of M, which is the ini-
tial object in the category of left Quillen functors M——P under which oco-connected mor-
phisms are sent to weak equivalences.

Proof. — Simply define M" as the left Bousfield localization of M with respect to the set
{lim Rconst X—X | X € G}, where G is again an X-small set of cofibrant homotopy gen-
erators of M, and R is a fibrant replacement functor. O

Lemma 2.52. — The following conditions are equivalent.

(2.52.1) The model categoryM is hypercomplete.

(2.52.2) The hypercompletion functor M—M" is a Quillen equivalence.

(2.52.3) Every oo-connected morphism of M is a weak equivalence.

(2.52.4) A morphism Z—W of M is a weak equivalence if the induced morphism
Morgom (W, X) —Morgom(Z, X) is a bijection for every truncated object X of M.
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Proof. — 1tis readily apparent that (2.52.1) and (2.52.2) are equivalent conditions.

If M is hypercomplete, then every co-connected morphism of M is a homotopy limit
of weak equivalences; hence (2.52.1) implies (2.52.3). Conversely, one sees that the mor-
phism X——slim,en X(n) is automatically co-connected, so in fact (2.52.1) and (2.52.3)
are equivalent conditions.

For any morphism Z——W , if Morgem (W, X) —Morpgom(Z, X) is a bijection for ev-
ery truncated object X, then the induced morphism constZ——s const W in M(N)pgs; is
easily seen to be a weak equivalence, whence it follows that (2.52.3) implies (2.52.4).

Suppose Z an object of M. To show that (2.52.4) implies (2.52.3), it suffices to show that
for any truncated object X of M and any object Z of M,

Morgom (holim enor Z(n), X) — Morgom(Z, X)

is a bijection. For this, one sees that if X is k-truncated, then one may factor the above
morphism as a series of bijections

Morom ((holimyenor Z(n)){k), X)

Moryom (Z(k), X)

=  Morgom(Z, X).

n

Morgom holim;,enor Z{n), X)

13

This completes the proof. O

3. Enriched model categories and enriched left Bousfield localization

Symmetric monoidal model categories and enrichments. — I present a thorough, if
somewhat terse, review of the basic theory of symmetric monoidal and enriched model
categories.

3.1. — Again suppose X a universe.

Definition 3.2. — (3.2.1) Suppose D, E, and F model X-categories. Suppose
®:DxE—F Mor : E°P x F—=D mor: D x F—E

form an adjunction of two variables. Then (®, Mor, mor) is a Quillen adjunction of

two variables if the following axiom holds.

(3.2.1.1) (Pushout-product axiom) For any pair of cofibrations ¢ : Q—R of D
and d: S——T ofE, the pushout-product

cOd: (QeTHuQ®*) (ReS)—=R®T

is a cofibration of F that is trivial if either f or g is.®)

(3.2.2) A symmetric monoidal model X-category is a symmetric monoidal closed X-
category (V, ®y, ly, Mory) [2, Definitions 6.1.1-3], equipped with a model structure
such that the following axioms hold.

(3.2.2.1) The tuple (®y, Mory, Mory) is a Quillen adjunction of two variables.

®)1f S and T are sets of morphisms, it will be convenient to denote by SOT the set of morphisms of the form fOg
forfeSand geT.
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(3.2.2.2) (Unit axiom) For any object A, the canonical morphism
Qvly®yA—=1y®yA—A

is a weak equivalence for some cofibrant replacement Qyly—-1y.

(3.2.3) An internal closed model category is a symmetric monoidal model category V in
which ®vy is the categorical (cartesian) product x.

(3.2.4) If Vis a symmetric monoidal model X-category, then a model V-category is a ten-
sored and cotensored V-category (C,Mor}, ®,morY,) [2, Definitions 6.2.1, 6.5.1],
equipped with a model structure on the underlying X-category of C such that the
following axioms hold.

(3.2.4.1) The tuple (®V,M0r}:’, mor‘é) is a Quillen adjunction of two variables.
(3.2.4.2) (Unit axiom) For any object X of C, the canonical morphism

Quly 8% X—=1y % X—=X

is a weak equivalence for some cofibrant replacement Qyly—1y.
(3.2.5) A simplicial model X-category (M, Mapy;, ®u, mory) is a model sSetx-category.
(3.2.6) Suppose V a symmetric monoidal model category and C and C' model V-
categories.

(3.2.6.1) A left (respectively, right) V-adjoint F : C—C’ [2, Definition 6.7.1]
whose underlying functor Fy is a left (resp., right) Quillen functor will be
called a left (resp., right) Quillen V-functor.

(3.2.6.2) If Fyisin addition a Quillen equivalence, then F will be called a left (resp.,
right) QuillenV-equivalence.

Notation 3.3. — Of course the sub- and superscripts on ®, 1, and Mor will be dropped if
no confusion can result, and by the standard harmless abuse, we will refer to V alone as
the symmetric monoidal model category.

Lemma 3.4 (]9, Lemma 4.2.2]). — The following are equivalent for three model X-
categories D, E, and F and an adjunction of two variables

®:DxE—F Mor : E°’ x F—=D mor: D°P? x F—E.

(3.4.1) The tuple (®, Mor, mor) is a Quillen adjunction of two variables.
(3.4.2) For any cofibration d : S—=T of E and any fibration b : V—=U of F, the mor-
phism

Morg (d, b) : Mor (T, V)—Mor(S, V) xmer(s,uy Mor (T, U)

is a fibration that is trivial if either d or b is.
(3.4.3) For any cofibration ¢ : Qq—R of D and any fibration b: V—U of F, the mor-
phism

morg(c, b) : mor(R, V)—mor(Q, V) xmorQ,u)y mor(R, U)

is a fibration that is trivial if either c or b is.
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Lemma 3.5 ([9, Lemma 4.2.4]). — Suppose D an X-cofibrantly generated model X-
category, with generating cofibrations Ip and generating trivial cofibrations Jp. Sup-
pose E an X-cofibrantly generated model X-category, with generating cofibrations Ig and
generating trivial cofibrations Jg. Suppose F a model X-category, and suppose

®:DxE——F Mor: E°? x F—=D mor: D°P x F——=E
form an adjunction of two variables. Then (®, Mor,mor) is a Quillen adjunction of two
variables if and only if the following conditions hold.

(3.5.A) IpQOIg consists only of cofibrations.
(3.5.B) IpO]Jg consists only of weak equivalences.
(3.5.C) JpUOlIg consists only of weak equivalences.

Lemma 3.6. — Suppose V and C symmetric monoidal model X-categories, wherein the
unit 1¢ is cofibrant. Then a model V-category structure on C is equivalent to a Quillen ad-
junction

real: V=—=C :II

in which the left adjointreal is symmetric monoidal.

Proof. — Suppose (®¢, Mory, mory.,) a model V-category structure on C. Set
real := —®X 1c H::Mor‘C’(lc,—).

For any objects K and L of V, one verifies easily that the objects (K ®y L) ®‘é 1c and (K ®‘é
1¢) oy (L ®‘é 1¢) corepresent the same functor. Since 1¢ is cofibrant, the pushout-product
axiom implies that real is left Quillen.

On the other hand, suppose

real: V—=C :II

a Quillen adjunction in which the left adjoint real is symmetric monoidal. For K and object
of V, and X and Y objects of C, set

Mor%(X,Y) := IMorg(X,Y),
KolX := real(K)®cX,
mor‘C/(K ,Y) := Morcg(real(K),Y).

The pushout-product axiom for ®¢ implies the pushout-product axiom for ®‘C’.
These two definitions are inverse to one another. O

Lemma 3.7. — Suppose C a simplicial, internal model X-category. Then for any X-small
set S, the object real(S) is canonically isomorphic to the copower S - x.

Proof. — The functor real is a left adjoint and thus respects copowers; it is symmetric
monoidal and thus preserves terminal objects. O
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Proposition 3.8. — SupposeV internal. Then for any object Y of V, the comma category
V/Y is aV-model category with

ZoW X = ZxX
morX,/Y)(Z, X" = Y XMory(z,v) Mory(Z, X")
MO"YV/Y) (X,X") = % XMory(x,v) Mory(X,X")

for any object Z of V and any objects X and X' ofVIY.

Proof. — A morphism of the comma category V/Y is a cofibration, fibration, or weak
equivalence if and only if its image under the forgetful functor (V/Y)——V is so; hence
the pushout-product and unit axioms for (V/Y) follow directly from those for V. O

3.9. — I will be interested in localizing enriched model categories using derived map-
ping objects in lieu of the homotopy function complexes. The result has a universal
property that is rather different from the ordinary left Bousfield localization. Suppose
(V,®v, 1y,Mory) a symmetric monoidal model X-category, and suppose C a model V-
category.

Definition 3.10. — (3.10.1) The left Kan extension (if it exists) of the composite
C°° x C—=V——HoV

along the localization functor C°? x C—Ho(C°P x C) is the derived mapping
object functor, denoted RMor‘C’.

(3.10.2) Suppose Q and R cofibrant and fibrant replacement functors for C; then the
(Q, R)-derived mapping object functor is the functor

RMorc g r:C? x C———HoV
(A, B)—Morc(QA, RB).

Proposition 3.11. — Suppose Q and R cofibrant and fibrant replacement functors for C,
respectively. Then the functor RMorc exists, and, up to isomorphism of functors, RMorc o r
factors through it.

Proof. — This is an immediate consequence of [8, Proposition 8.4.8]. O

Lemma 3.12. — The following are equivalent for a morphism A—B of C.

(3.12.1) The morphism A—B is a weak equivalence.
(3.12.2) For any fibrant object Z of C, the induced morphism

RMorc(B, Z)—> RMorc(A, Z)

is an isomorphism of HoV.
(3.12.3) For any cofibrant object X of C, the induced morphism

RMorc (X, A)—> RMorc(X, B)

is an isomorphism of HoV.
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Proof. — That (3.12.1) implies both (3.12.2) and (3.12.3) follows from the pushout-
product axiom.

To show that (3.12.1) follows from (3.12.2), suppose A—B a morphism of C such that
for any fibrant object Z of C, the induced morphism

RMorc(B, Z)—> RMorc(A, Z)

is an isomorphism of HoV; one may clearly assume that A and B are cofibrant, so that the
morphism
Mor¢(B, Z)—=Morc(A, Z)

is a weak equivalence of V. Applying RMory(ly, —) yields an isomorphism
RMor¢(B, Z)—= RMor¢(A, Z)

of Ho sSetx for any fibrant object Z of C. Now apply [8, 17.7.7].
The very same argument, mutatis mutandis, shows that (3.12.1) follows from (3.12.3).
O

The enriched left Bousfield localization. — Here I define enriched Bousfield localiza-
tions, and I prove an existence theorem.

3.13. — Suppose X a universe, Va symmetric monoidal model X-category, and C a model
V-category.

Definition 3.14. — Suppose H a set of homotopy classes of morphisms of C. A left Bous-
field localization of C with respect to H enriched over V is a model V-category Ly v)C,
equipped with a left Quillen V-functor C——L(g/v)C that is initial among left Quillen V-
functors F : C—=D to model V-categories D such that for any f representing a class in
H, F f is a weak equivalence in D.

Lemma 3.15. — When it exists, an enriched left Bousfield localization is unique up to a
uniqueV-isomorphism of model V-categories under C.

Proof. — Initial objects are essentially unique. O
3.16. — Suppose, for the remainder of this section, H a set of homotopy classes of mor-
phisms of C.

Definition 3.17. — (3.17.1) An object Z of Cis (H/V)-local if for any morphism A—B
representing an element of H, the morphism

RMorc(B, Z)—= RMorc(A, Z)

is an isomorphism of HoV.
(3.17.2) A morphism A—B of Cis an (H/V)-local equivalence if for any fibrant (H/V)-
local object Z, the morphism

RMorc (B, Z)—> RMor¢ (4, Z)
is an isomorphism of HoV.

Theorem 3.18. — Suppose that following conditions are satisfied.
(3.18.A) The modelV-category C is left proper and X-tractable.



32 CLARK BARWICK

(3.18.B) The set H isX-small.
(3.18.C) The modelX-categoryV isX-tractable.

Then the enriched left Bousfield localization Ly v)C exists, and satisfies the following con-
ditions.

(3.18.1) The model category Lyv)C is left proper, X-combinatorial, and right tractable.
(3.18.2) AsaV-category, L v)C is simply C.

(3.18.3) The cofibrations of L(x/v)C are exactly those of C.

(3.18.4) The fibrant object of Ly v)C are those fibrant (H/V)-local objects Z of C.
(3.18.5) The weak equivalences of Ly v)C are the (H/V)-local equivalences.

Proof. — Let S be an X-small set of cofibrations between cofibrant objects representing
all and only the homotopy classes of H. Choose a generating set of cofibrations I for Vwith
cofibrant domains. Set
Lz C:= LiosC,
the left Bousfield localization of C by I00S (2.11). By [8, Proposition 17.4.16], an object Z
that is fibrant in C is (I0S)-local if and only if for any X——Y in I and any A—=B in S,
the diagram
RMory(Y,Morc(B, Z)) — RMory(X,Mor¢ (B, Z))

i l

RMory(Y,Morc(A, Z)) — RMory(X,Morc(A, Z))

is a homotopy pullback. Thus Z is (I0S)-local if and only if for any morphism A—B
of S, the induced morphism Morc(B, Z)—Morc(4, Z) is homotopy right orthogonal
[8, Definition 17.8.1] to every element of I. By [8, Theorem 17.8.18], this is equivalent to
the condition that Morc (B, Z)— Mor¢(4, Z) is a weak equivalence in V. Thus the fi-
brant objects of L(y/v)C are exactly those fibrant objects Z of C such that the morphism
RMor¢ (B, Z)— RMorc(4, Z) is a weak equivalence in V for every A— B representing
an element of H.

The inheritance of left properness and the X-combinatoriality follows from the general
theory of left Bousfield localizations (2.11).

The cofibrations are unchanged; hence the the unit axiom holds, and the pushout-
product iOf of a cofibration i : X——=Y of V with a cofibration f: A—=B of Cis a
cofibration of C that is trivial if i is. To show that Ly /v)C is a model V-category, it thus
suffices to show that if f is a trivial cofibration of L(z/v)C, then iO f is a weak equivalence.
By 3.5, it suffices to verify this for f an element of a generating set of trivial cofibrations of
Lgv)C. By 2.15, Lg/v)C has an X-small set of generating trivial cofibrations with cofibrant
domains; so let J denote such a set, and let f € J. Now by adjunction, one verifies that iO f
is a weak equivalence if, for any fibrant object Z of L(yv,C, the diagram

RMory(Y,Mor¢ (B, Z)) — RMory(X,Mor¢ (B, Z))

i i

RMory(Y,Morc(A4, Z)) — RMory(X,Morc (4, Z))

is a homotopy pullback. Since both of the vertical morphisms are weak equivalences, the
desired result follows.
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The right Quillen functor Lz vyC—=C induces a fully faithful (HoV)-functor
Ho Ly/vyC——=HoC.

The characterization of weak equivalences now follows from 3.12.

Now suppose D a model V-category and F : C—D a left Quillen V-functor such that
forany f € S, Ff is a weak equivalence. Then Ff is a trivial cofibration of D, and for any
i € I, the morphism F(iOf) = iOFf is also a trivial cofibration. Hence any such F factors
uniquely through C—L(g/v)C by the universal property enjoyed by ordinary left Bous-
field localizations. This completes the proof. O

Proposition 3.19. — Suppose that C, V, and H together satisfy each of the conditions
(3.18.A) through (3.18.C), and, in addition, each of the following conditions.

(3.19.A) The tuple (C, ®g, Morg) is a symmetric monoidal model category.

(3.19.B) The model category C is tractable.

(3.19.C) There exists a set (not necessarily X-small) G of cofibrant homotopy generators of
C, with the property that for any element A € G and any fibrant (H/V)-local object
B of C, Mor& (A, B) is (H/V)-local.

Then the enriched Bousfield localization Lv)C is a symmetric monoidal X-tractable

model X-category with the symmetric monoidal structure of C.

Proof. — Since the cofibrations are unchanged, I is an X-small set of generating cofibra-
tions for L(g,v)C with cofibrant domains. It suffices to verify that for any trivial cofibration
i: X—>Y of L(y/v)C and any element f : A—B of I, the pushout-product iDgf isa
weak equivalence. By [8, Proposition 17.4.16], this holds in turn if, for any fibrant object Z
of LG, the diagram

RMorc (Y, MorS (B, Z)) — RMorc (X, MorS(B, 2)

l l

RMorc(Y,Mor& (4, Z)) — RMorc(X,Mor& (4, 2))

is a homotopy pullback of V. The horizontal morphisms are weak equivalences if the ob-
jects Morc(A, Z) and Mor¢(B, Z) are (H/V)-local. This follows from the observation that A
and B are homotopy colimits of objects of G, and that (H/V)-locality is preserved under
homotopy limits. O

Application I: Postnikov towers for spectral model categories. — Spectral model cate-
gories are model categories enriched in the symmetric monoidal model category of sym-
metric spectra.

Notation 3.20. — Suppose X a universe. Write Sp)z( for the stable symmetric monoidal
model category of symmetric spectra in pointed X-small simplicial sets []. For any inte-
ger j and any symmetric spectrum E, write 7 ; E for the j-th stable homotopy group of a
fibrant replacement of E in Sp)Z(.

3.21. — Suppose M an Spjz(-model category.
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Definition 3.22. — For any integer n, an object X of M is n-truncated if for any object Z
of M and any j > n, the group 7; RMory (Z, X) = 0.

Proposition 3.23. — For any integer n, there exists a combinatorial, left proper, Sp)Z( model
structure on the category M — the n-truncated model structure M<,, — satisfying the fol-
lowing conditions.

(2.47.1) The cofibrations of M<,, are precisely the cofibrations of M.

(2.47.2) The fibrant objects of M<,, are precisely the fibrant, n-truncated objects of M.

(2.47.3) The weak equivalences between the fibrant objects are precisely the weak equiva-
lences of M.

Proof. — Let G be an X-small set of cofibrant homotopy generators of M. One verifies
easily that the n-truncated model structure is the enriched left Bousfield localization
L isppyM with respect to the set

Hn):={SleX—=X|XeG0<n<j}. O

Notation 3.24. — Denote by Z the category whose objects are integers, in which there is
a unique morphism m——sn if and only if m < n.

Proposition 3.25. — There exists a combinatorial, left proper, simplicial model structure
on the presheaf category M(Z) — the stable Postnikov model structure M(Z)g-o post — Sat-
isfying the following consitions.

(3.25.1) The cofibrations are the objectwise cofibrations.

(3.25.2) The fibrant objects are those sequences

X(n) X(1) X(0) X(=1) X(=n) —---

satisfying the following conditions.

(3.25.2.1) Each object X (n) is fibrant.

(3.25.2.2) Each morphism X(n)—X(n—1) is a fibration.

(3.25.2.3) Each object X (n) is n-truncated.

(3.25.2.4) For any object Z of M and any j < n, the morphism X(n)—=X(n—1)
induces an isomorphism

TTj RMory (Z, X(n))‘>nj RMory (Z,X(n—-1)).

(3.25.3) The weak equivalences between the fibrant objects are precisely the objectwise weak
equivalences.

Proof. — Let G be an X-small set of cofibrant homotopy generators of M. As in 2.48, the
stable Postnikov model structure is the enriched left Bousfield localization L ;> M(Z)in;
of the injective model structure with respect to the set

H:={R"(S/ @ X)—=R"X,RI"1(§"® X)—>R/(S"® X) | X€G, n< jl a

Definition 3.26. — (3.26.1) The stable Postnikov tower of an object X in M is a fibrant
model for

constX:=[--- X X X -]



ON (ENRICHED) LEFT BOUSFIELD LOCALIZATIONS 35

in M(Z) - post; it will be denoted

X(n) X(1) X(0) X(-1) X{(—n) —---

(3.26.2) One says that a morphism X——=Y of M is co-connected if it induces an equiva-
lence const X—— constY in M(Z)q-post.

(3.26.3) One says that M is stably hypercomplete if every object is the homotopy limit of its
stable Postnikov tower, i.e., if holim oLconst is isomorphic to the identity functor
on HoM.

Proposition 3.27. — There exists a stable hypercompletion M—M" of M, which is
the initial object in the category of left Quillen (Sp)Z() -functors M—N under which
oo-connected morphisms are sent to weak equivalences.

Proof. — Simply define M” as the enriched left Bousfield localization of M with respect to
the set {lim Rconst X— X | X € G}, where G is again an X-small set of cofibrant homo-
topy generators of M, and R is a fibrant replacement functor. O

Application II: Local model structures. — As a final application, I describe the local
model structures on categories of presheaves valued in a symmetric monoidal model
category.

3.28. — Suppose X a universe, suppose (C,7) an X-small site, and suppose V an X-
tractable symmetric monoidal model category with cofibrant unit 1y.

Notation 3.29. — Write y : C——Setx(C) for the usual Yoneda embedding, and write yy :
C—V(C) for the V-enriched Yoneda embedding, defined by copowers:

wX:=yX-1ly: Y——Morc (Y, X) -1y

Proposition 3.30. — The category V(C), with either its injective or projective model struc-
ture, is aV-model category.

Proof. — Suppose i : K——L a (trivial) cofibration of V; then for any objectwise (trivial)
cofibration (respectively, any objectwise (trivial) fibration) f : X——Y of V(C), the mor-
phism iOf (resp., morg(i, f)) is an objectwise (trivial) cofibration (resp., an objectwise
(trivial) fibration). O

Proposition 3.31. — The injective model category V(C)in; is symmetric monoidal.

Proof. — Since both cofibrations and weak equivalences are defined objectwise, the
pushout-product axiom is immediate. O

Proposition 3.32. — The projective model category V(C)proj is symmetric monoidal if and
only if there exists a set I of generating cofibrations and a set ] of generating trivial cofibra-
tions for V satisfying the following condition: for any element [ X—Y | € I (respectively,
any element | X—Y'] € ]J), and any objects K, L € ObjC, the morphism

(Morc (=, K) x Morc(—, L)) - X —>(Mor¢(—, K) x Morc(—, L)) - Y

is a cofibration (resp. trivial cofibration) of V(C).
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Proof. — Clearly if the projective model structure is symmetric monoidal, any cofibration
(resp., trivial cofibration) must satisfy the condition demanded of I (resp., J).
Conversely, suppose I and J have been chosen to meet this condition. Then set

Kobjoy = U ux l_[ idg);
KeObjC  L#K
Novjo = U Ux[]ide).

KeObjC  L#K

Thus Iyopjc) (resp., Jvobjc)) is a set of generating cofibrations (resp., trivial cofibrations)
for V(Obj C), and thus

Ky :=elyobjc) (esp., Jve) :=eJvobjc) )

is a set of generating cofibrations (resp., trivial cofibrations) for V(C)prj. One now easily
verifies that the set Iyc) (resp., Jv(c)) is the set

e = {Morc(—K) X—=Morc(—,K)-Y | K€ObjC,[X—=Y]€ I};
e = {Morc(—,K)-X—Morc(—,K)-Y | KeObjC,[X—=Y]€ J}L

One thus verifies that the condition of the proposition is precisely the statement that for
any element [i : S—=T] € Iy(c) (resp., any morphism [S——T] € Jy(c)) and any object
L€ ObjC, the morphism S® yy(L)—T ® yy(L) is a cofibration (resp., trivial cofibration),
whence it follows from the pushout-product axiom for the V enrichment of V(C)yj that
for any fibration p: V——U, the morphism

Moro (i, p) : Mory(c) (T, V)——= Mory(c) (S, V) XMoryq (s,0) Mory(c) (T, U)

is a fibration (resp., trivial fibration) that is trivial if p is. O

Corollary 3.33. — IfC has all products, then V(C)prj is a symmetric monoidal model cat-
egory.

Definition 3.34. — An V-valued presheaf F : C°P——V is said to satisfy 7-descent if for
any 7-covering sieve [R—y X € 7(X), the morphism

FX— hOlimye(C/R)op FY

is an isomorphism of HoV. In this case, F will be called an V-valued sheaf,”

3.35. — Itshould be noted that the V-valued sheaves do not satisfy hyperdescent in gen-
eral; the condition above is only the requirement that a V-valued sheaf satisfy so-called
Cech descent. Ensuring that the V-valued sheaves satisfy descent with respect to all 7-
hypercoverings usually requires a further localization, which I leave for interested read-
ers to formulate in general. In the case of simplicial presheaves, this further localization
is simply the hypercompletion, and in the case of spectral presheaves it is the spectral hy-
percompletion.

@1t may be the case that some mathematicians would prefer that I call these “stacks.” My insistence on calling
them sheaves is meant to be a reflection of the principle that descent for a presheaf is really always relative to a
homotopy theory on the category in which it takes values.
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Theorem 3.36. — There exist two X-tractable V-model structures on the V-category V(C)
— the t-local projective model structure V(C,T)pro; and (respectively) the T-local injective
model structureV(C, T)inj — satisfying the following conditions.

(3.36.1) The cofibrations are exactly the projective (resp., injective) cofibrations.

(3.36.2) The fibrant objects are the projective (resp., injective) fibrant sheaves.
(3.36.3) The weak equivalences between fibrant objects are precisely the objectwise weak

equivalences.
Proof. — Set
H:={R-ly—>=wX | [R—=yX] e T(X)}.
Then set
V(C;T)proj = L(H/V)V(C)proj;
V(IC,Dinj = LuwV(Cinj.

It now suffices to show that the fibrant objects are as described, and it suffices to do this
for the 7-local projective model category V(C, T)proj. For any 7-covering sieve [R—yX] €
7(X), write R = colimy¢(c/r) yY; one verifies easily that the corresponding colimit R- 1y =
colimye(c/r) yvY is ahomotopy colimit. Thus a fibrant object of V(C, T)proj is an objectwise
fibrant V-valued presheaf F such that

FX =~ RMoryf(C)pmj (YVX, F)—s RMOI’g(C)pmj (R-1y, F) ~ hOhmye(C/R)op FY
for any 7-covering sieve [R—y X ] € 7(X). O

Proposition 3.37. — Suppose nt : (C,7)—=(D,v) a morphism of sites (hence a functor
77l D—=C). Then thereisa Quillen adjunction

JT* = (Jl'_l)! . V(D;U)proj V(C; T)proj . (T[_l)* =TT x.

Proof. — This follows immediately from the universal property of the enriched left Bous-
field localization. O

Theorem 3.38. — The local injective model categoryV(C, T)inj is symmetric monoidal, and
if the projective model category V(C)proj is symmetric monoidal, then so is V(C, T)proj.

Proof. — The proofs of the statements are identical, since by 3.19, it suffices to show that
there exists a set G of cofibrant homotopy generators of V such that for any element Z € G,
any object W € C, and any local injective fibrant object Y € V(C), the presheaf Moryc)(Z ®
wW,Y) satisfies 7-descent.

To verify this, suppose X an object of C, and suppose [R—yX] € 7(X); then one ver-
ifies easily that the morphism

lim 1ly-(yW lyv- (YW x yX
Ug%/l%lopv(y x yU)—1y- (YW x yX)

is a weak equivalence between cofibrant objects. Hence

Vv .
Z®y USE)CI}Q}OPIV’ YWxyU)—sZ oy, Av-(yW x yX)),
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and therefore

are

[1

(3]

(6]

[7

€3

[9

(10]

(11]

(12]

(13]

(14]

. \Y \"
Mory(, (Z ® ¢, wW) ® X, Y)— holim Mory,((Z &y, wW)® wU,Y),

weak equivalences of V, whence the desired descent statement. O
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