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ABSTRACT. This is a compendium of Simpson’s theory about shapes of schemes and stacks.
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CHAPTER 2
The derived stack of perfect complexes

2.1. Overview

Let X be a derived stack. We are often interested in knowing when the derived stack
Perf(X) := Map(X, Perf)

is representable by a geometric derived stack locally almost of finite presentation. This can be
achieved by checking the assumptions of Artin-Lurie’s representability theorem, which we recall
below:

THEOREM 2.1.1 (Artin-Lurie Theorem, [Lur18, Theorem 18.3.0.1]). A derived stack F € dSt is
geometric and locally almost of finite presentation if and only if it satisfies the following conditions:

(1) (Truncatedness) There exists n > 0 such that for every affine underived scheme S, F(S) is n-
truncated.

(2) (Locally almost finitely presented) The functor F is locally almost of finite presentation, that is for
every n > 0 and every cofiltered diagram S: I — dAffS" of n-truncated affine derived schemes,
the canonical map

c?é1lrn F(S;)) — F ( lzlél’ll Si)
is an equivalence.

(3) (Deformation theory) The functor F is infinitesimally cohesive, nilcomplete and admits an even-
tually connective global cotangent complex.

(4) (Integrability) The functor F is integrable, that is for every underived local ring A which is
complete with respect to its maximal ideal m, the canonical map

F(Spec(A)) — F(Spf(A))

is an equivalence.

Our goal in this section is to spell out some useful criteria intrinsic on X that guarantee the
assumptions of Artin-Lurie’s theorem are satisfied for Perf(X). The most well known and well
documented example is the case where X is a smooth and proper scheme. For our purposes, this
is not enough, as we are often interested in the case of Simpson’s shapes Xg, X4r, Xpo and Xpe|-

A number of these conditions are easily checked:
e infinitesimal cohesiveness and nilcompleteness are essentially always satisfied;

e integrability enjoys some stability properties that make it easy to check it in the examples
of our interests;

e truncatedness is relatively easy to verify in terms of flat presentations.

The hardest work is required to check that Perf(X) is locally almost finitely presented and
admits a global cotangent complex. Combining ideas from [HLP14] and [PTVV13] we relate the
problem of the existence of a global cotangent complex to two properties that are easily verified
in practice: categorical quasi-compactness and finite cohomological dimension. We refer to a slight
strengthening of the combination of these two properties as categorical properness.

2
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2.2. Deformation theory I. Infinitesimal cohesiveness and nilcompleteness

We start discussing the easiest deformation theoretic properties of derived stacks. For later
use, we consider things in the more general setting of derived stacks with values in Catc.

DEFINITION 2.2.1. A categorical derived stack is a functor F: dAff°? — Cate, which is a hyper-
complete sheaf for the étale topology. We let dSt“®* denote the co-category of categorical derived
stacks. ©

The natural inclusion i: 8§ < Cats of spaces inside co-categories is fully faithful and com-
mutes with both limits and colimits. In particular, there is an induced fully faithful inclusion

i: dSt < dSteet.

If X € dStis a derived stack, we typically abuse of notation and see it, if needed, as a Cate-valued
derived stack implicitly using the above embedding. The functor i admits both a left adjoint L
and a right adjoint R, which can be characterized as follows. If F € dSt“" is a categorical derived
stack, then L(F) is the sheafification of the presheaf defined by

L(F)(S) == Env(F(S)),
where Env: Cate, — 8 denotes the enveloping groupoid. The right adjoint instead satisfies the
relation

R(F)(S) = F($)~,

where (—)~: Cateo — 8 denotes the maximal co-groupoid functor. Observe that R(F) is automati-
cally a sheaf, with no need to sheafify. We refer to R(F) as the underlying derived stack of F.

Since Catc is cartesian closed, the same goes for dS5t**. In particular, given two categorical
derived stacks F, G we have an internal hom Map(F,G) € dSt®*. For every S € dAff we have,
tautologically:

Map(F,G)(S) = Mapygcat (F X S, G) .

2.2.1. Infinitesimal cohesiveness. We start by discussing the notion of infinitesimal cohe-
siveness for categorical derived stacks.

Recall that for any S = Spec(A) € dAff an affine derived scheme and any M € QCoh=!(S)
be a quasi-coherent complex, we set S[M] := Spec(A & M) and we denote by d the derivation
S[M[—1]] — S. Finally, let S;[M] be the pushout

SM] — 4 s

J !

fo
s — Sy M[-1]

7

where d denotes the zero derivation.

DEFINITION 2.2.2. We say that a categorical derived stack F € dSt" is infinitesimal cohesive
if for every S € dAff, every M € QCoh=!(S) and every derivation d: S[M] — S, the canonical
square

F(SaM[-1]]) —— F(S)

l l (2.2.1)

F($) ———— F(S[M])
is a pullback. @

Infinitesimally cohesive categorical derived stacks are closed under a certain number of op-
erations:
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PROPOSITION 2.2.3.

(1) If a categorical derived stack F is infinitesimally cohesive, then its underlying derived stack R (F)
is infinitesimally cohesive.

(2) The class of infinitesimally cohesive categorical derived stacks is closed under limits.

(3) Let F € dSt be a derived stack and let G € dSt®®" be a categorical derived stack. If G is
infinitesimal cohesive, the same goes for Map(F, G).

PROOF. The first statement follows from the fact that (—)~ commutes with limits. Moreover,
since limits in dSt®®* are computed objectwise, the second statement is obvious. For (3), we first
observe that since F is a derived stack, we can write

F~ colim S.
SCAAfF ¢

The inclusion i: dSt — dSt“®t commutes with both limits and colimits. Therefore, we have
Map(F,G) ~ 1l Map(S,G) .
ap(F,G) seim. | ap(5,G)
Thanks to point (2), we can therefore reduce to the case where F itself is an affine derived scheme.
Let S € dAff and choose M € QCoh”!(S) and a derivation d: S[M] — S. Then F x § is again

an affine derived scheme. Let p: F x S — S be the natural projection. Then there is a canonical
equivalence

Fx S[M] ~ (FxS)[p*M],
which induces a derivation p*(d): (F x S)[p*M] — F x S and another equivalence
F x Sg[M[=1]] == (F X S) e (ay[p"M[-1]] .

We can therefore rewrite the diagram (2.2.1) for Map(F, G) as the square

G((F X 8) (@) [p*M[~1]]) ——— G(F x S)

! J '

G(F % 5) ——————— G((F x $)[pM[-1]])
which is a pullback by the assumption on G. g
The following is a simple consequence of infinitesimal cohesiveness, which nevertheless is
very often useful in practice:

PROPOSITION 2.2.4. Let F € dSt be an infinitesimally cohesive derived stack. Let S € dAff be an
affine derived scheme and let x: S — F be a morphism. Let QxF := S Xp S be the loop stack at x and let
Ox: S = QU F the diagonal morphism. Then the following statements are equivalent:

(1) the derived stack F admits a cotangent complex x*ILp at the point x;

(2) the derived stack Q) F admits a cotangent complex dy1Lr at the point Jy.
Furthermore, if these conditions are met, there is a canonical equivalence
x*ILp ~ 6yILp[—1]
in QCoh(S).

PROOF. To be written. O
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2.2.2. Nilcompleteness. We now turn to nilcompleteness.

DEFINITION 2.2.5. Let n € N U {co} be a possibly infinite integer. We say that an affine
derived scheme X = Spec(A) is n-truncated (or n-coconnective) if:

(1) when n < oo, the groups 71,,(A) are zero form > n+1;
(2) when n = oo, there exists ng such that 7, (A) = 0 for m > ny.

We refer to co-truncated affine derived schemes as eventually coconnective affine derived schemes.
%)

For n € N U {co} we let <"dAff be the full subcategory of dAff spanned by (1 — 1)-truncated
affine derived schemes. The étale topology on dAff induces a topology on <"dAff. We write

<"dSt = Sh(<"dAff, 7¢;)"
for the category of hypercomplete étale sheaves on <""dAff. The natural inclusion functor
in: “"dAff — dAff

is both continuous and cocontinuous, and therefore restriction along i,, induces a functor
<"(—):dSt — <"dSt,

which has both a left adjoint i,y and a right adjoint 7.

DEFINITION 2.2.6. Let F € dSt* be a categorical derived stack.
(1) The n-truncation of F is the derived stack

t<nF = ipyn(<"TUF)

(2) The associated convergent derived stack of F is the derived stack

CONVE = foou (°F) .

%)
EXAMPLE 2.2.7. If F = Spec(A) is an affine derived scheme, then t<,F ~ Spec(7<,A), while
the associated convergent derived stack is F itself, ©°"VF ~ F. A

The terminology “associated convergent derived stack” is clarified by the following defini-
tion:

DEFINITION 2.2.8. We say that a categorical derived stack F € dSt" is convergent (or nilcom-
plete) if for every S € dAff the canonical map

F(S) — lim F(t<,(S))
n>0 -
is an equivalence. %)

We summarize the basic properties of convergent derived stacks as follows:
PROPOSITION 2.2.9.
(1) A categorical derived stack F is nilcomplete if and only if the canonical map
F — convp

is an equivalence.

(2) If a categorical derived stack F is nilcomplete, then its underlying derived stack R(F) is nilcom-
plete as well.

(3) The class of nilcomplete categorical derived stacks is closed under limits.

(4) Let F € dSt be a derived stack and let G € dSt=" be a categorical derived stack. If G is
nilcomplete, the same goes for Map (F, G).
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PROOF. We start by point (1). Consider the commutative triangle

F COnVF

N 7

limn in* (<nF)

The transitivity of right Kan extensions shows that the diagonal map on the right is an equiv-
alence. Unraveling the definitions, we see that F is convergent if and only if the diagonal map
on the left is an equivalence. Therefore, the conclusion follows from the 2-out-of-3 property of
equivalences.

The second statement follows from the fact that (—)~ commutes with limits. Moreover, since
limits in dSt®t are computed objectwise, the statement (3) is obvious. For (4), we first observe
that since F is a derived stack, we can write

F~ colim S.
SedAff ¢

The inclusion i: dSt — dSt®t commutes with both limits and colimits. Therefore, we have
Map(F,G) ~ 1 Map(S,G) .
ap(F,G) =~ im ap(S,G)

Thanks to point (3), we can therefore reduce to the case where F itself is an affine derived scheme.
Consider the square

G(lim, F X t<yS) —— lim,, G(F X t<,S)

l l

G(limy, limy, t<y (F X t<,S)) —— limy, limy, G(t< (F X t<,S))

The left vertical map is obviously an equivalence. Since G is nilcomplete, the right vertical map
and the bottom horizontal one are both equivalences. Therefore, the top horizontal map is an
equivalence as well. This completes the proof. O

The following is the example of fundamental interest for us:
THEOREM 2.2.10 (Lurie). The categorical stack
QCoh<"%: dAffP — Cate

of eventually connective quasi-coherent sheaves is infinitesimally cohesive and nilcomplete. The same goes
for the categorical substacks APerf and Perf of almost perfect complexes and perfect complexes, as well as
for the underlying derived stacks APerf := R(APerf) and Perf := R(Perf).

PROOF. Infinitesimally cohesiveness follows from [Lurl8, Theorem 16.2.0.1 and Proposi-
tion 16.2.3.1-(6)]. Nilcompleteness follows from [Lur18, Propositions 19.2.1.5 and 2.7.3.2-(c)]. The
last statement is a direct consequence of Propositions 2.2.3-(1) and 2.2.9-(2). O

2.3. Deformation theory II. Categorical properness and cotangent complex

Let f: X — S € dSt be a morphism of derived stacks. When the map is not representable by
geometric stacks, it is not obvious to formulate a notion of properness for f. The following are
some of the possible requirements one can put on f:

(1) the functor f,: QCoh(X) — QCoh(S) preserves filtered colimits, universally in S;
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(2) for every pullback diagram

where g is representable by affine derived schemes, the Beck-Chevalley transformation
g ofe—fiog"
is an equivalence.
(3) the functor f.: QCoh(X) — QCoh(S) preserves almost perfect complexes, universally
inS.
Typically, each of these conditions requires non-trivial arguments to be verified, as the following
example shows:

EXAMPLE 2.3.1.

(1) Let S be an affine scheme and let f: X — S be a quasi-compact morphism of schemes. Then
the functor

f«: QCoh(X) — QCoh(S)

commutes with filtered colimits, universally in S. Indeed, if T — S is a map in dAff, it is
in particular quasi-compact, and therefore the base-change Xr — T is again quasi-compact.
Thus, it is enough to deal with the case S = T. Denote by Xz,, the small Zariski site of X.
There is a canonical commutative diagram

QCoh(X) —*= PShyiodc (Xzar)

o

QCOh(S) L PShModog (SZar)

The functors ix and ig are conservative. Since S and f are quasi-compact, the same goes for X.
Hence the small Zariski sites Sz,, and Xz,, are quasi-compact. This implies that the functors
isg and ix commutes with filtered colimits (see for example [PY18, Lemma 5.5]).

(2) Assume now that f: X — S is a quasi-compact and quasi-separated morphism of schemes.
Then [Toé12, Proposition 1.4] implies that for any pullback diagram

the Beck-Chevalley transformation
§ fo(F) — fi8" (F)

is an equivalence for every F € QCoh(X). When X is itself affine, the statement is trivial.
In general, one needs quasi-compactness and quasi-separatedness of f to write X as a finite
colimit of affine schemes and open immersions between them. This allows to compute f. as
a finite limit (using for example [PY16, §8.2]). The conclusion follows because g* commutes
with finite limits, being a functor between stable co-categories.

(3) Finally, assume that f: X — S is a proper morphism of schemes. Using [Lurl8, Theo-
rem 5.6.0.2], we see that the functor f,: QCoh(X) — QCoh(S) restricts to a functor

f«: APerf(X) — APerf(S) .
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In the case of schemes, one can see this as a combination of Grothendieck direct image the-
orem plus the fact that f has finite cohomological dimension. Assume furthermore that f
has finite tor-amplitude (see [Lur18, Definition 6.1.1.1]). Then f. preserves objects of finite
tor-amplitude (see [Lur18, Proposition 6.1.3.1]), and therefore the characterization of perfect
complexes via tor-amplitude provided in [Lurl7, Proposition 7.2.4.23] shows that f, restricts
to

fu: Perf(X) — Perf(S) .
See also [Lur18, Theorem 6.1.3.2].
AN

In the above example, we used in a significant way the fact that X was a derived scheme. It is
not difficult to relax this condition a little, for example to derived algebraic spaces. Nevertheless,
to remove altogether every geometricity condition on X is challenging.

2.3.1. Categorical quasi-compactness. We start by exploring the formal consequences of
commuting with filtered colimits. The following definition is motivated by Example (1):

DEFINITION 2.3.2. Let f: X — S € dSt be a morphism of derived stacks. We say that f is
categorically quasi-compact if the functor

fi: QCoh(X) — QCoh(S)
commutes with filtered colimits. Q@

REMARK 2.3.3. In [PTVV13, Definition 2.1], the authors introduce the notion of (strict) O-
compact morphism. A morphism of derived stacks f: X — S is said to be strictly O-compact if

fo: QCoh(X) —» QCoh(S)

commutes with filtered colimits and it preserves perfect complexes. As Example (3) shows, in the
geometric case preservation of perfect complexes is a consequence of properness (which guar-
antees that almost perfect complexes are preserved) and of finite tor-amplitude (which further
guarantees that perfectness is preserved). A

PROPOSITION 2.3.4. Let

!
X £, x

[/
Yy £y

be a pullback square in dSt. Assume that f is representable by affine derived schemes. Then:
(1) the functor
f«: QCoh(X) — QCoh(Y)
is conservative and commutes with filtered colimits.
(2) For every F € QCoh(X) the Beck-Cheuvalley transformation
8 fu(F) — fig"(F)
is an equivalence.

REMARK 2.3.5. One can deduce the above Proposition as a special case of [HLP14, Proposi-
tion A.1.5]. In our setting, the proof can be simplified, so we include it for the convenience of the
reader. A
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PROOF. We start by proving (1). Since f is representable by affine derived schemes, pullback
along f induces a morphism
— Xy X: dAfF/y — dAfF/X .
Since dSt is an co-topos, colimits are universal and therefore we see that the canonical map

coim Uxy X — X
UEdAFf

is an equivalence. Let now
v —u
N
Y
be a morphism in dAff y. It gives rise to a pullback square

VxyX v
e ]
UxyX —1s U

in dAff. In particular, the induced diagram

QCoh(U) —T— QCoh(Ul xy X)
lg* * lg/*
QCoh(V) —— QCoh(V xy X)
is horizontally right adjointable. This implies that for every pullback diagram

UxyX L u

|
X —I sy
where U € dAff and for every F € QCoh(X), the canonical map
w(fo(F)) — fiu™(F)) (23.1)

is an equivalence. Since f’ is a map between affine derived schemes, f is conservative and com-
mutes with filtered colimits. Since the functors u*: QCoh(Y) — QCoh(U) are jointly conservative
for u: U — Y in dAff ;y and they commute with colimits, the conclusion follows.

As for statement (2), we first observe that we can replace Y’ by a affine derived scheme. In
this case, the conclusion follows directly from the fact that (2.3.1) is an equivalence. g

We can now collect the fundamental properties of categorically quasi-compact morphisms:

PROPOSITION 2.3.6. Let

be a pullback square in dSt. Assume that f is categorically quasi-compact and g is representable by affine
derived schemes. Then:

(1) the map f' is categorically quasi-compact.

Assume furthermore that S is an affine derived scheme. Then:
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(2) for every F € QCoh(X) and G € QCoh(S), the canonical map
f+(F)®G — f(FRf(G)) (2.3.2)

is an equivalence.

(3) For every F € QCoh(X) the Beck-Chevalley transformation
§ fo(F) — fi8"(F)

is an equivalence.

PROOF. We start proving (1). Let F: I — QCoh(Xr) be a filtered diagram. For every a € I,
set F, := F(a) and let

F = colim F, .
ael

Consider the natural map
colim £ (F2) — fL(F)
€

Thanks to Proposition 2.3.4-(1) the functor g, is conservative. It is therefore enough to check that
the above map is an equivalence after applying g.. Since by the same result g, commutes with
filtered colimits, we reduce ourselves to check that the map

colim g. (fi(Fa)) — g« (fi(Fa))

is an equivalence. Using the natural equivalence g, o f, ~ f, o ¢, plus the fact that ¢/, commutes
with filtered colimits (since it is again representable by affine derived schemes), we finally reduce
ourselves to the assumption that f. commutes with filtered colimits. This proves (1).

We now turn to statement (2). Let C be the full subcategory of QCoh(S) spanned by the objects
G for which the morphism (2.3.2) is an equivalence. Since f is strictly categorically quasi-compact,
f+« commutes with filtered colimits. Since QCoh(X) and QCoh(S) are stable co-categories, it fol-
lows that f, commutes with arbitrary colimits. As tensor products and the functor f* commute
with arbitrary colimits as well, it follows C is closed under arbitrary colimits. Since S is affine, it
is therefore enough to observe that Og belongs to C.

We finally prove point (3). Since g is representable by affine derived schemes, Proposi-
tion 2.3.4-(1) guarantees that g, is conservative. It is therefore enough to prove that the induced
map

§+(8"(f+(F))) — 8(fe(8"(F))) ~ ful(82 (8" (F)))

is an equivalence. Combining Proposition 2.3.4-(1) and statement (2), we have a canonical equiv-
alences

8+ (& (fu(F))) =~ fu( F) @ 8+(01) , .8 (F) ~ g4(Ox,) © F .

On the other hand, since g is representable by affine derived schemes. Proposition 2.3.4-(2) shows
that the canonical map

£ (8+(01)) — gL(f"(01)) = 8L(0x;)

is an equivalence. Applying statement (2) once more, we obtain the equivalence

fe(8L(0x;) @ F) = fu(F) ® g(Or) .

The conclusion follows. O
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2.3.2. Finite cohomological dimension. In practice, it is useful to have a criterion allowing
to check whether a morphism f: X — S is categorically quasi-compact. If one has a bound on
its cohomological dimension, the verification is often simpler, as we are going to discuss in this
section.

DEFINITION 2.3.7. Let f: X — S be a morphism in dSt and let n > 0 be an integer. We say
that f has cohomological dimension < n if for every F € QCoh"(X), the quasi-coherent sheaf f. (F)
belongs to QCoh” " (S). We say that f has finite cohomological dimension if there exists an integer
n > 0 such that f has cohomological dimension < #. %)

PROPOSITION 2.3.8. Let

be a pullback square in dSt. Assume that f has cohomological dimension < n and g is representable by
affine derived schemes. Then f' has cohomological dimension < n.

PROOF. Letnow F € QCoh"(Xr). Proposition 2.3.4-(1) implies that the functor g, is conser-
vative, while point (2) implies that g, is t-exact. It follows that f!(F) belongs to QCoh="(T) if
and only if

8§+ (fi(F)) ~ fu(84(F))

belongs to QCoh”"(S). Since g is representable by affine derived schemes, the same goes for g’
Using once again the fact that ¢/, is t-exact, the conclusion follows. O

PROPOSITION 2.3.9. Let S € dAff be an affine derived scheme and let f: X — S be a morphism in
dSt. If f has finite cohomological dimension, the following statements are equivalent:

(1) The morphism f is categorically quasi-compact.
(2) The functor
fi: QCoh¥(X) — QCoh(S)
commutes with filtered colimits.
PROOF. Since the t-structure on QCoh(X) is compatible with filtered colimits, etc. O
The following two propositions relate the property of having finite cohomological dimension
to categorical quasi-compactness.

PROPOSITION 2.3.10. Let S € dAff be an affine derived scheme and let f: X — S be a morphism in
dSt. Assume that there exists a simplicial stack

Ue: A — dStx
such that:
(1) the canonical morphism |Us| — X is an equivalence;
(2) for every [n] € A, the canonical morphism u,: U, — X is flat;

(3) there exists an integer m > 0 such that for every [n] € A", the canonical morphism f,: U, — S
has cohomological dimension < n and is categorically quasi-compact.

Then f is categorically quasi-compact. If furthermore the maps u,: U, — X are universally flat relative
to S and the maps f,: U, — S have universal finite cohomological dimension < m and are categorically
quasi-compact, then f is categorically quasi-compact as well.
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REMARK 2.3.11. Observe that we do not require the U, to be geometric stacks. Moreover, X
is not required to have finite cohomological dimension in itself. A

PROOF. Let I be a filtered category and let F: I — QCoh(X) be a diagram. Write F, = F(«)
fora € I and set

F := colim F, .

wel
Using [PY16, §8.2], we have a natural identification

fo(F) =~ lim fpuy(F), (2.3.3)
[n]eA

and similarly for f,(F,). Consider the canonical comparison map

¢: co&imf*(fa) — fo(F).

Since S is affine, it is enough to check that 77;(¢) is an isomorphism for every i € Z. Replacing the
diagram F by F|[i], we see it is enough to prove that 7y(¢) is an equivalence. Since the t-structure
on QCoh(S) is compatible with filtered colimits, we see that the canonical map

co%‘im o (fe (Fu)) — ﬂO(CO}Emf*(-Fa))

is an equivalence. Using (2.3.3) and the fact that each f, has cohomological dimension < m,
we can replace the diagram F by 7<,,F. In other words, we can assume that each F, and F are
m-coconnective. Since each uy, is flat, fu.u};(F) and fu.u},(Fy) are again m-coconnective. Using
[PY18, Corollary 9.4], we see that

Mo (hm fn*u,’;(}")> — T im  fuup(F)
[n]ea [n€A<mt2

is an equivalence, and similarly for F, in place of F. As each f,, commutes with filtered colimits,
the conclusion follows because A<;,;» is a finite category and filtered colimits commute with
finite limits. O

2.3.3. Morphisms of finite tor-amplitude. We start by defining the notion of finite tor-ampli-
tude for quasi-coherent sheaves on derived stacks:

DEFINITION 2.3.12. Let S € dSt be a derived stack and let 2 < b be integers. We say that a
quasi-coherent sheaf 7 € QCoh(S) has tor-amplitude contained in [a, b] if for every map f: T — S
where T € dAff is an affine derived scheme, f*(G) has tor-amplitude' contained in [a,b]. We
say that a quasi-coherent sheaf 7 € QCoh(S) has globally finite tor-amplitude if there exist integers
a < b such that F has tor-amplitude contained in [a, b]. @

Obviously, we have:

LEMMA 2.3.13. Let f: X — S be a morphism of derived stacks. The functor

f*: QCoh(S) — QCoh(X)
preserves objects of tor-amplitude contained in [a, b].

PROOF. Let g: T — X be a morphism where T € dAff is an affine derived scheme. Then
g% o f* >~ (f og)*, whence the conclusion. O

Our goal is to formulate the notion of finite tor-amplitude for a morphism of derived stacks,
not necessarily representable. We start by considering the following example:

EXAMPLE 2.3.14. Let X = Spec(B) and S = Spec(A) be two affine derived schemes and let
f: X — S be amorphism of derived schemes. The following statements are equivalent:

1We refer to [Lur17, Definition 7.2.4.21] for the notion of tor-amplitude of A-modules, where T = Spec(A).



2.3. DEFORMATION THEORY II. CATEGORICAL PROPERNESS AND COTANGENT COMPLEX 13

(1) For every discrete A-module N € A-Mod", the pullback f*(N) has cohomological am-
plitude contained in [a, b].

(2) The A-module f.(B) has tor-amplitude [a, b].
(3) If M € A-Mod has tor-amplitude [a’, V'], then f.(M) has tor-amplitude [a + a’,b + b'].
The projection formula
N @ fu(M) =~ f.(f*(N) @ M)

plus the fact that f; is f-exact and conservative immediately implies the equivalence (1) < (3).
The same formula applied with M = B shows that (1) < (2) holds as well. A

When moving to the non-affine setting, the equivalence between (1) and (3) no longer holds.
This produces two different ways of generalizing the notion of finite tor-amplitude for a non-
representable morphism. We will refer to the one corresponding to point formulation (1) as local
tor-amplitude, and the one corresponding to the formulation (3) as global tor-amplitude. We will see
that under suitable finiteness assumptions, these two notions still agree.

2.3.3.1. Local tor-amplitude. The following is the immediate generalization of statement (1) in
Example 2.3.14:

DEFINITION 2.3.15. Let a < b be integers. We say that a morphism f: X — S of derived
stacks has local tor-amplitude contained in [a,b] if for every F € QCoh”(S), the pullback f*(F)
belongs to QCoh<*">?(X). We say that a morphism f: X — S has finite local tor-amplitude if there
exist integers a < b such that f has local tor-amplitude contained in [a, b]. %)

PROPOSITION 2.3.16.
(1) Morphisms of finite local tor-amplitude are stable under compositions.
(2) Let

be a pullback square in dSt. If g is representable by affine derived schemes and f has local tor-
amplitude contained in [a, ], then the same Qoes for f.

(3) A morphism f: X — S has local tor-amplitude contained in [0,0] if and only if it is flat. In
other words, if and only if the pullback functor
f*: QCoh(S) — QCoh(X)

is t-exact.

PROOF. Points (1) and (3) just follow from the definitions. As for point (2), let 7 € QCoh" (T).
We have to check that f/*(F) belongs to QCoh<*">(Xr). Since g is representable by affine de-
rived schemes, Proposition 2.3.4 shows that the canonical map

f18:(F) — gif"(F)
is an equivalence. Applying the same proposition again, we see that ¢, and g/, are both t-exact.

Therefore g.(F) € QCoh"(S) and so f*g.(F) € QCohS">?(X). As g/ is also conservative, the
conclusion follows. O

The property of finite local tor-amplitude comes in handy to check the truncatedness as-
sumption of Artin-Lurie representability theorem (cf. (1)):

PROPOSITION 2.3.17. Let S € Aff be an affine underived scheme and let f: X — S be a morphism
in dSt. Assume that:
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(1) the morphism f has finite local tor-amplitude;

(2) there exists a flat effective epimorphism® u: U — X, where U is a quasi-compact derived scheme.

Then for every pair of integers a < b, there exist integers a’ < b’ such that if F € Perf(X) has tor-
amplitude contained in [a,b), then F is contained in cohomological amplitude [a',V']. In particular,

Perfl*l(X) isa (b —d’ )-category’.

PROOF. Using Proposition 2.3.16-(1), we deduce that the composition U — S has finite tor-
amplitude. In particular, the structure sheaf of U is locally bounded, and therefore every perfect
complex on U is locally bounded. Since U is quasi-compact, we deduce that every perfect com-
plex on U is bounded, uniformly in its tor-amplitude. Since u is a flat effective epimorphism, the
pullback functor

u*: QCoh(U) — QCoh(X)

is conservative and t-exact. This implies that every perfect complex on X is bounded, uniformly
in its tor-amplitude. The second statement is a trivial consequence of the first one. O

2.3.3.2. Global tor-amplitude. We now consider the natural generalization of statement (3) in
Example 2.3.14:

DEFINITION 2.3.18. We say that a morphism f: X — S in dSt has finite global tor-amplitude if
the pushforward functor

fi: QCoh(X) — QCoh(S)

preserves objects of globally finite tor-amplitude. We say that f has universally finite global tor-
amplitude if for every map T — S representable by affine derived schemes, the map X xg T — T
has finite global tor-amplitude.

We saw in Example 2.3.14 that for a map of affine derived schemes f: X — S, being of finite
local tor-amplitude is equivalent to being finite global tor-amplitude. In the non-affine setting
the equivalence typically does not hold. Nevertheless, under suitable finiteness conditions, local
finite tor-amplitude still implies

PROPOSITION 2.3.19. Let S be an affine derived scheme and let f: X — S be a morphism in dSt.
Assume that f is categorically quasi-compact, of finite cohomological dimension and of finite local tor-
amplitude. Then f has universally finite global tor-amplitude.

PROOF. LetT — S be a morphism in dAff. Combining Propositions 2.3.6-(1), 2.3.8 and 2.3.16-
(2), we deduce that the projection X xg T — T is again categorically quasi-compact, of finite
cohomological dimension and of finite local tor-amplitude. It is therefore enough to prove the
proposition when T = S.

Let 7 € QCoh(X) be an object of globally finite tor-amplitude. We have to prove that there
are integers a < b such that for every G € QCoh" (S), the tensor product fi(F) ® G is contained
in cohomological amplitude [a,b]. Since f is categorically proper, Proposition 2.3.6-(2) implies
that the canonical map

f(F)®G — fu(F® f(G))

is an equivalence. Since f has finite local tor-amplitude, we see that f*(G) is contained in coho-
mological amplitude [ag, by] (Where ap and by are independent of G). Say that F has tor-amplitude
contained in [a1, by]. Then F ® f*(G) is contained in cohomological amplitude [ag — a1, by + b1 ].
Let n be an upper bound for the cohomological dimension of f. Then f,(F ® f*(G)) is contained
in cohomological amplitude [ag — a1, by + by + n]. The conclusion follows. (|

2Gee [Lur09, § 6.2.3] for the definition of the effective epimorphism and [Lur09, Proposition 7.2.1.14] for a character-
ization of it that we use freely in the paper.

3Cf. [Lur09, §2.3.4] for the notion of n-categories. The relation between mapping spaces and truncatedness of cate-
gories is addressed in [Lur09, Proposition 2.3.4.18].
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2.3.4. Categorical properness. We start by introducing the following definition which re-
sembles [HLP14, Definition 2.4.1]:

DEFINITION 2.3.20. Let f: X — S be a morphism in dSt. We say that f has the strict coherent
pushforward property if the functor

fi: QCoh(X) — QCoh(S)

takes APerf(X) to APerf(S). We say that f has the coherent pushforward property if for every mor-
phism T — S representable by affine derived schemes, the morphism f’: X xg T — T has the
strictly coherent pushforward property. Here, f': X xg T — T is the base change of f. @

We are finally ready to introduce the notion of categorical properness:

DEFINITION 2.3.21. Let f: X — S be a morphism in dSt. We say that f is strictly categorically
proper if it is categorically quasi-compact, has finite cohomological dimension and the strictly
coherent pushforward property. We say that f is categorically proper if for every morphism T — S
representable by affine derived schemes, the morphism f': X xg T — T is strictly categorically
proper. %)

REMARK 2.3.22.

(1) Combining Propositions 2.3.6-(1) and 2.3.8 we see that f: X — S is categorically proper
if and only if it is strictly categorically proper and for every morphism T — S rep-
resentable by affine derived schemes, pushforward along f': X xs T — T preserves
almost perfect complexes.

(2) In [HLP14], the authors developed a theory of formally proper morphisms between geo-
metric derived stacks (cf. Definition 1.1.3 of loc.cit.). It depends on another geometric
notion, which is the completion along closed immersions (cf. Definition 1.1.1 in loc.cit.). In
Theorem 2.4.3 of loc.cit., they prove that formally proper morphisms have the coherent
pushforward property. It is not clear to us how to modify Definition 1.1.1. in loc.cit. in
the non-geometric setting (we see already a problem for the de Rham shape of a derived
stack). Thus, it is not clear to us how to extend the notion of formally properness to the
non-geometric setting.

A

If a morphism is categorically proper and has finite local tor-amplitude, then it automatically
preserves perfect complexes:

PROPOSITION 2.3.23. Let S € dAff be an affine derived scheme and let f: X — S be a morphism
in dSt. Assume that f is categorically proper and has finite local tor-amplitude. If F € Perf(X) has
tor-amplitude contained in [a,b], then f.(F) belongs to Perf(S). In particular, if for every object F &
Perf(X) there are integers a < b such that F is contained in tor-amplitude [a, b], then

fx: QCoh(X) — QCoh(S)
restricts to a functor

fu: Perf(X) — Perf(S) .

PROOF. The second half of the proposition is a trivial consequence of the first one. Let there-
fore F € Perf(X) and assume that there are integers a < b such that F has tor-amplitude con-
tained in [a, b]. Since f is categorically proper, f.(F) belongs to APerf(S) by definition. On the
other hand, Proposition 2.3.19 implies that f.(F) has finite tor-amplitude. Therefore, [Lurl7,
Proposition 7.2.4.23-(4)] shows that f (F) is perfect. The conclusion follows. O

The following lemma helps in checking that every perfect complex on X has globally finite
tor-amplitude:
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LEMMA 2.3.24. Let X € dSt be a derived stack. Assume that there exists an effective epimorphism
u: U — X, where U is a quasi-compact derived scheme. Then every F € Perf(X) has globally finite
tor-amplitude.

PROOF. Since U is quasi-compact, there are integers a < b such that u* (F) has tor-amplitude
contained in [, b]. We claim that F has tor-amplitude contained in [a,b] as well. Let S € dAff
be an affine derived scheme and let f: S — X be a morphism. We have to check that f*(F) has
tor-amplitude contained in [a,b]. This can be checked étale locally on S. Since u is an effective
epimorphism, we can choose an étale cover {s,: Sy — S},es such that for each « € I there is a
factorization

fu u
3
Sp f
Sy — S — X

At this point, isomorphism
sa(f7(F)) = fa (™ (F))
implies that f*(F) has tor-amplitude contained in [a, b]. The conclusion follows. O

REMARK 2.3.25. Let S be an affine derived scheme and let f: X — S be a morphism in dSt.
Assume that f is categorically proper and has finite local tor-amplitude, and that there exists
an effective epimorphism u: U — X, where U is a quasi-compact derived scheme. Then f is
O-compact in the sense of [PTVV13, Definition 2.1]. A

2.3.5. Plus pushforward and cotangent complex. Let S € dAff be an affine derived scheme
and let f: X — S be a morphism in dSt. Throughout this section we make the following assump-
tions:

(1) the morphism f is categorically proper and has finite local tor-amplitude;

(2) there exists an effective epimorphism u: U — X, where U is a quasi-compact derived
scheme.

We start with the following construction:

CONSTRUCTION 2.3.26. Under the above assumptions (1) and (2), Lemma 2.3.24 and Propo-
sition 2.3.23 imply that f,: QCoh(X) — QCoh(S) restricts to a functor

fu: Perf(X) — Perf(S) .

Since perfect complexes are dualizable, we are authorized to set

fe(F) = (F(F))".
The natural morphism

FRFfu(FY) — FQFY — Ox

induces a canonical morphism

nr:F— T fe(F),
which is easily seen to be functorial in F € Perf(X).

PROPOSITION 2.3.27. Under the assumptions (1) and (2) on f: X — S, we have:

(1) For every F € Perf(X) and every G € QCoh(S), the morphism yr: F — f*f1(F) induces
an equivalence

Mapqcoh(s) (f+(F), G) — Mapqcon(x)(F, f7G) - (2.3.4)
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(2) For every pullback diagram

where T is an affine derived scheme, the diagram

1%

Perf(X7) +~— Perf(X)
T - * Tf*
Perf(T) +2— Perf(S)
is vertically left adjointable.

PROOF. Proposition 2.3.6-(2) implies that the canonical map
f(FN©G — fu(F e fG)
is an equivalence. Applying Mapqcon(s)(Os, —) and using the adjunction f* - f,, we see that
Mapqcon(s) (s, f«(F") ® G) — Mapqcon(x) (Ox, F' @ f*G)

is an equivalence. Using the fact that f,(F") is perfect and hence dualizable, we see that the
above morphism coincides with (2.3.4). This proves point (1).

We now turn to point (2). Since f is categorically proper and T — S is a map between affine
derived schemes, we see that f’ is again categorically proper. In particular, the previous point
shows that f* and f"* admit left adjoints when restricted to the co-categories of perfect complexes.
Let F € Perf(X) and consider the induced Beck-Chevalley transformation

fi8"(F) — ¢ f+(F)-
Unraveling the definitions, we reduce to check that the map
g f:(F") — fig" (F)
is an equivalence, which is true thanks to Proposition 2.3.6-(3). g
Combining all the results obtained so far, we obtain the following:

COROLLARY 2.3.28. Let S be an affine derived scheme and let f: X — S be a morphism in dSt.
Assume that:

(1) the morphism f is categorically proper and has finite local tor-amplitude;
(2) there exists an effective epimorphism u: U — X, where U is a quasi-compact derived scheme.
Then the mapping stack
Perfs(X) := Mapg(X, Perf x S)

admits a global cotangent complex.

PROOF. Let T € dAff,g be an affine derived scheme over S and let
x: T — Mapg(X, Perf x S)

be a morphism. Consider the diagram

T x5 X — X x5 Mapg(X, Perf x S) —— Perf

lp iq /

T —~—— Mapg(X, Perf x S)
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where the vertical maps are the canonical projection maps. Let £ € Perf(T xg X) be the perfect
complex classified by x. Write

G = OyMapg (X, Perf x S)

for the loop stack of Mapg (X, Perf x S) at the point x. Combining Theorem 2.2.10 with Proposi-
tion 2.2.3-(3), we see that Map(X, Perf x S) is infinitesimally cohesive. Therefore, Proposition
2.2.4 shows that it is enough to prove that G admits a cotangent complex at the diagonal mor-
phism é,: T — G.

Let F € QCoh(T). Unraveling the definitions, we see that
Derg, s, (T; F) = Mapqcon(rxsx) (€, € @ p*(F)) = Mapqcon(txsx) (€ @ €Y, p*(F)),

where we used the fact that £ is dualizable. Using Proposition 2.3.16-(2), we see that p: T xg X —
T is again categorically proper and has finite tor-amplitude. Furthermore, T xg U — T xg X is
again an effective epirmorphism, and T X U is a quasi-compact derived scheme. In conclusion,
the assumptions of Proposition 2.3.27 are satisfied. This supplies us with a natural equivalence

Mapqcoh(Txsx) (€ @ EY, p*(F)) = Mapqcon(r) (p+(E®EY), F),

which implies that the cotangent complex of G at éx exists and it is given by p4 (€ ® £V). In turn,
this implies that the cotangent complex of Mapg (X, Perf x S) at x exists and it is given by

X Livtapg (X Pertxs) = P+ (€@ EV)[1].
The fact that it is a global cotangent complex simply follows from Proposition 2.3.27-(2). g

We conclude this section stating the following obvious but useful consequence of Proposi-
tion 2.3.27:

COROLLARY 2.3.29. Let f: X — S be a morphism satisfying assumptions (1) and (2). Let

Y — X
s b
F——S
be a pullback square in dSt. Then:
(1) the functor
¢*: Perf(F) — Perf(Y)
has a left adjoint g, : Perf(Y) — Perf(F).
(2) Forevery T € dAff,r, let

Yr Py

b b
T 1 F

be induced pullback square. Then for every F € Perf(Y), the Beck-Chevalley transformation
gr+(p"(F)) — q7(8+(F))

is an equivalence.

PROOF. Let T € dAff,r and let f: S — F be the structural morphism. Then the squares in
the diagram

Y — Y — X

ro o

T—F ——S
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are both pullbacks. Since the map T — S is representable by affine derived schemes, Proposi-
tion 2.3.16-(2) shows that g7 is of finite local tor-amplitude. It is furthermore categorically proper,
and U xg T — Yr is again an effective epimorphism, with U xg T a derived quasi-compact
scheme. Therefore Proposition 2.3.27-(1) shows that the functor

Q7 Perf(T) — Perf(Y7)
admits a left adjoint g7, and point (2) of the same proposition shows that it is compatible with
base change along morphisms T" — T in dAff /p. It therefore induces a well defined functor
g+ : Perf(Y x F) — Perf(F),

which is left adjoint to ¢* and satisfies base-change against maps S — F from an affine derived
scheme S € dAff by construction. O

2.4. Morphisms locally almost of finite presentation

We start by recalling what it classically means for a morphism X — Y of derived stacks to
be locally almost of finite presentation. To simplify later discussions, we introduce it for general
derived prestacks. Recall that dPreSt simply denotes the category of presheaves PSh(dAff). We
have:

DEFINITION 2.4.1 (cf. [Lur18, Definition 17.4.1.1]). A morphism X — Y in dPreSt is said to be
locally almost of finite presentation if for every integer n > 0 and every cofiltered diagram {Sg }sc;
of n-truncated affine derived schemes, the square

colimy X(Sy) —— X(limg Sy)

J !

colim, Y(Sy) —— Y( lim, Sa)

is a pullback. We say that a morphism of derived stacks X — Y & dSt is locally almost of finite
presentation if its image in PSh(dAff) is. We say that a derived stack X is locally almost of finite
presentation if the map X — Spec(k) is locally almost of finite presentation. %)

The following are the basic properties of morphisms locally almost of finite presentation:
LEMMA 2.4.2.
(1) Morphisms locally almost of finite presentation are closed under pullbacks.

(2) If g: Y — Zis locally almost of finite presentation, then a morphism f: X — Y is locally almost
of finite presentation if and only if the composite g o f is.

(3) Morphisms locally almost of finite presentation are closed under finite limits in Fun(A!,dSt)
and under arbitrary colimits in Fun(A', PSh(dAff)).

(4) An affine derived scheme X = Spec(A) is locally almost of finite presentation if and only if
110 (A) is of finite presentation as k-algebra and the homotopy groups 7t;( A) are finitely generated
as 1ty (A)-module.

PROOF. The first two statements follow at once unraveling the definitions.For the third one,
we first observe that a derived stack X is locally almost of finite presentation if and only if for
every n > 0 and every cofiltered diagram {S, },c; of n-truncated affine derived schemes, the
natural map

co}xim X(Sa) — X( liurtn Sa)

is an equivalence. As limits in dSt are computed objectwise and the above colimit is filtered, this
shows that the first half of (3) is satisfied. For the second half, it is enough to recall that colimits in
PSh(dAff) are computed objectwise. Finally, since the base ring k is noetherian, the last statement
is a consequence of the derived Hilbert’s basis theorem, see [Lurl7, Proposition 7.2.4.31]. (|
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Let us record the following useful consequence of point (3) of the above lemma:
COROLLARY 2.4.3. Let X,Y € dSt be derived stacks. Assume that:
(1) X can be written as a finite colimit of affine schemes of finite tor-amplitude.
(2) Y is locally almost of finite presentation.
Then Map(X,Y) is locally almost of finite presentation.
PROOF. Thanks to Lemma 2.4.2-(3) it is enough to assume that X itself is an affine scheme lo-

cally almost of finite presentation and of finite tor-amplitude. Let {S, } ,e] be a cofiltered diagram
of n-truncated affine derived schemes and let

S:=1lim§S,
aEl
be its limit. Since X has finite tor-amplitude, there exists m > n such that S, x X is m-truncated
for every a € I. Furthermore,
SxX~1limS, x X.
ael

Since Y is locally almost of finite presentation, we see that the canonical map
Coli}n Map(Sy x X,Y) — Map(S x X, Y)
we

is an equivalence. This completes the proof. U

In virtue of the colimit part of Lemma 2.4.2-(3), it is relatively simple to guarantee that a
derived prestack is locally almost of finite presentation. Combining it with point (4), we see that
the functor

ji: PSh(dAfft) — dPreSt,
given by left Kan extension along the inclusion j: dAff3"t < dAff lands in the (non full) subcat-
egory of locally almost of finite presentation derived prestacks and morphisms pf locally almost
of finite presentation between them. Unfortunately, colimits in dPreSt are not particularly useful
in situations of geometric relevance.* For this reason, we investigate under which conditions the
hypersheafification functor preserves the locally almost of finite presentation condition.
2.4.1. Truncated derived (pre)stacks. Recall from Section 2.2.2 the canonical inclusion
in: “"dAff — dAff .

Equipping both sides with the étale topology, i, becomes both continuous and cocontinuous.
Write

<"dPreSt := PSh(<"dAff) .

Since iy, is continuous, the commutative diagram

<"dPreSt L dPreSt

I T

<ngsy — ", 4St

is vertically left adjointable, see [PY16, Lemma 2.14]. On the other hand, since i, is cocontinuous,
we see that the above diagram is also horizontally right adjointable, see [PY16, Lemma 2.18]. In
particular, if F € dPreSt is a derived prestack and

F — L(F)
exhibit L(F) as the hypersheafification of F, then the induced morphism
"F — <"L(F)

4For instance, the Yoneda embedding dAff — dPreSt does not even respect disjoint unions.



2.4. MORPHISMS LOCALLY ALMOST OF FINITE PRESENTATION 21

exhibit <"L(F) as the associated hypersheafification of <"F.
We give the following definition:

DEFINITION 2.4.4. A collection of derived prestacks {Fy } 47 is said to be uniformly truncated
if for every n > 0 there exists an integer m = m,, such that the derived prestack <"F, € <"dPreSt
takes values in S<,, for every o € I. We say that a derived prestack F € dPreSt is truncated if the
family {F} is uniformly truncated. %)

EXAMPLE 2.4.5. Every geometric derived stack is truncated. A

LEMMA 2.4.6. Let f: X — Y be a morphism locally almost of finite presentation between truncated
derived prestacks. Then the induced morphism f: L(X) — L(Y') between the associated derived stacks is
locally almost of finite presentation.

PROOE. Let {S, }acr be a cofiltered diagram of n-truncated affine derived schemes and let

S:=1limS,

acl
be its limit. We have

Map(Ss, L(X)) ~ li lim Map(U,, X) .
ap(Sa, L(X)) L Soam | ap(Uy, X)

Since X is truncated, we can find an integer m = m,, that only depends on n such that the canon-
ical map

lim Map(U,, X) —s lim Map(U,, X
fim ap(Uy, X) i ap(Uy, X)

is an equivalence (cf. [PY18, Corollary 9.4]). The latter limit being finite, we can therefore com-
mute it with the filtered colimit over the hypercovers of S, and with the filtered colimit over «.
The conclusion follows. O

COROLLARY 2.4.7. Let X € dSt be a derived stack. Assume that:
(1) it can be written as a colimit
X =~ colim X;
1
in dSt, where each X; is a affine derived scheme locally almost of finite presentation.
(2) 1t is truncated.

Then X is locally almost of finite presentation.
PROOF. Combine Lemmas 2.4.2-(3) and 2.4.6. O

We now offer a variation on Corollary 2.4.3:
COROLLARY 2.4.8. Let Xo: AP — dSt be a simplicial derived stack and let
X = |Xa|
be its geometric realization. Let Y € dSt be a derived stack such that:
(1) the family {Map(Xy,Y)}(yjea of derived (pre)stacks is uniformly truncated.
(2) For every [n] € A, the mapping stack Map (X, Y) is locally almost of finite presentation.
Then Map(X,Y) is locally almost of finite presentation.

PROOE. Let n > 0 be an integer and let {S, }4c; be a cofiltered family of n-truncated affine
derived schemes. Let

S:=1lmS§S,
ael
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be its limit. Let m > 0 be an integer such that Map(T x X, Y) € 8<,, for every n-truncated affine
derived scheme T and every [{] € A. Consider the commutative square

COlimaeI lim[Z]EA Map(S,X X Xg, Y) e 1im[g]€A Map(S X Xg, Y)

| |

colimyer limpgeq ., , Map(Sa x Xy, Y) —— limjea,, Map(S x X, Y)

Using [PY18, Corollary 9.4], we see that the vertical maps are equivalences. As the category
A<yy4p is finite and [ is filtered, we can commute the limit and the colimit in the bottom left
vertex of the above diagram. At that point, the conclusion follows from assumption (2). O

2.5. Integrability and formal GAGA

Recall the notion of integrable stack:

DEFINITION 2.5.1 (cf. [Lur18, Definition 17.3.4.1]). We say that a derived stack X € dSt is in-
tegrable if for every local Noetherian derived ring A which is complete with respect to its maximal
ideal m C 7p(A), the inclusion Spf(A) — Spec(A) induces an equivalence

Mapgst (Spec(A), X) — Mapys:(Spf(A), X) .

Here Spf(A) € dSt denotes the formal spectrum of A with respect to m (see [Lur18, Construc-
tion 8.1.1.10 and Theorem 8.1.5.1]). %)

DEFINITION 2.5.2. We say that a derived stack X € dSt satisfies the universal formal GAGA
property if the derived stack

Perf(X) := Map(X, Perf)
is integrable. @
We have the following formal properties:
PROPOSITION 2.5.3.
(1) The full subcategory of dSt spanned by integrable stacks is closed under (small) limits.

(2) The full subcategory of dSt spanned by derived stacks satisfying the universal formal GAGA
property is closed under (small) colimits.

PROOF. Point (2) is a direct consequence of point (1). For point (1), let A be a local Noetherian
derived ring which is complete with respect to its maximal ideal m C 9(A). Let X = lim, X, be
a derived stack and assume that every X, is integrable. Consider the square

Mapys: (Spec(A), X) —— lim, Mapys; (Spec(A), Xy)

| |

Mapgst (Spf(A), X) —— limy Mapgs (Spf(A), Xa)

The horizontal maps are equivalences by the Yoneda lemma and the right vertical map is an
equivalence because every X, is integrable. Therefore the left vertical map is an equivalence as
well. 0

2.6. Representability

Artin-Lurie’s representability theorem implies”:

THEOREM 2.6.1. Let X € dSt be a derived stack. Assume that:

5See also [HLP14, Theorem 5.1.1].
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(1) X is categorically proper;
(2) X is of local finite tor-amplitude;
(3) there exists a flat effective epimorphism U — X, where U is a quasi-compact derived scheme;
(4) X satisfies universal formal GAGA property;
(5) The derived stack Perf(X) is locally almost of finite presentation.
Then Perf(X) is locally geometric.

PROOF. We check that the assumptions of Artin-Lurie’s representability theorem 2.1.1 are
satisfied.

Since Perf is infinitesimally cohesive and nilcomplete by Theorem 2.2.10, Proposition 2.2.3-
(1) and (3), and Proposition 2.2.9-(2) and (4) imply, respectively, that Perf(X) is infinitesimally
cohesive and nilcomplete. Thanks to the assumptions (1), (2) and (3), Corollary 2.3.28 implies
that Perf(X) admits a global cotangent complex. Thus, the point (3) of the Artin-Lurie theorem
is satisfied.

Thanks to the assumptions (2) and (3), Proposition 2.3.17 guarantees that Perf(X) is trun-
cated. Thus, the point (1) of the Artin-Lurie theorem is satisfied. Assumption (4) translates to say
that Perf(X) is integrable, thus (4) of the Artin-Lurie theorem is satisfied. Since by hypothesis,
Perf(X) is locally almost of finite presentation, the conclusion follows. O

REMARK 2.6.2. Using Corollaries 2.4.3 and 2.4.8 one can often verify in practice that Perf(X)
is locally almost of finite presentation. This method works particularly well when X is a geomet-

ric stack. In later chapters, we will need an additional effort to check that this assumption is met
for XdR and XDOI' AN



CHAPTER 3
Betti shape

3.1. Definition and geometrical properties

The Betti shape encodes the theory of local systems, and it can more generally be attached to
any space K € 8. The obvious functor 7r: dAff — * induces an adjunction

% 8§ S dSt: Ty,

where 7, sends F € dSt to F(C) and 7t* takes K € 8 to the (étale) sheafification of the constant
presheaf associated to K. We write

Kg = " (K) € dSt,
and we refer to Kg as the Betti shape of K (or Betti stack of K).
Working over the complex numbers, there is a natural functor

(—)PeP: dScha® —; 8

sending a (derived) C-scheme locally almost of finite presentation to the underlying homotopy
type of its analytification (cf. [Por15, §4] for the analytification in the derived setting). It is in-
sensitive to the derived structure, in the sense that the canonical map (X) — X induces an
equivalence (°/(X))MoP ~ XMoP We commit abuse of notation and define

XB = (XhtOp)B € dSt.

We refer to this stack as the Betti shape of X (or Betti stack of X). It is well known that if X is
quasi-compact and locally almost of finite presentation, then X"°P is a finite space. Therefore, all
the results in what follows apply to this case. As working with Betti stacks arising from schemes
leads to no simplification, we offer a general treatment.

The basic properties of Kg can be summarized as follows:
PROPOSITION 3.1.1.
(1) There is a canonical equivalence xg ~ Spec(C).
(2) Forany Spec(A) € dAff, there is a symmetric monoidal equivalence of stable co-categories
QCoh(Kg x Spec(A)) ~ Fun(K, A-Mod) .
This equivalence restricts to an equivalence
Vect, (Kg X Spec(A)) ~ Fun(K, Vect,(A)) .
(3) Let K € 8 be a homotopy type and let x: * — K be a point. The induced map
Spec(C) ~ xg — Xp
is universally flat. If moreover K is connected, then this map is an effective epimorphism as well.

(4) Let K € 8" be a finite homotopy type. Then Kg is universally categorically proper and univer-
sally of global tor-amplitude < 0.

24
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PROOF. The functor 7t* is part of a geometric morphism of co-topoi and therefore commutes
with finite limits. In particular, it preserves the initial object. This proves (1). To prove point (2),
we first observe that if K = @ there is nothing to say. Otherwise, we write K as colimit of a tower

Ky — Ky — Ky —Kyy1 — -+,

where Kj is discrete and for each n > 0 the map K;, — Kj,41 fits in a pushout square
L, 8" —— 1, *

| L

Ky — Ky

Since 71* commutes with arbitrary colimits and QCoh(—) and Fun(—, A-Mod) commute with col-
imits in their variables (compatibly with symmetric monoidal structures), we are readily reduced
to prove the statement when K = S" is the n-sphere or K = *. In the latter case, the statement
follows from point (1). As for the spheres, using the fact that S ~ X(5"~!) for n > 0, we further
reduce to prove the statement for K = @, in which case it is obvious.

We now prove (3). If K is connected, then [Lur09, Proposition 7.2.1.14] immediately shows
that the induced map Spec(C) — Kp is an effective epimorphism. As for the universal flatness,
first we observe that since the n-sphere S” is connected for n > 0, we can always factor (up to
homotopy) the map x: * — K through the map Ky — K. Denote the induced map xp: * — K.
Since K| is discrete, we identify it to a set and we observe that the map

Fun(Ko, A-Mod) ~ [ ] A-Mod — A-Mod
y€Ko

induced by x( corresponds to the projection on the xp-factor. In particular, it is t-exact. Proceeding
by induction, it is enough to prove that for every n > 1 the map

Fun(K,, 11, A-Mod) — Fun(K},, A-Mod)

is t-exact. Using once again the t-exactness of the projections from the product, we reduce our-
selves to the case where K;, — K,, 11 fits in a pushout

S %

I

Kn —_— K?’l—i—l
This induces to the pullback

Fun(Kj11, A-Mod) —— Fun(K;, A-Mod)

A-Mod —— Fun(S", A-Mod)

Using [HPV16, Lemma 3.20], it is enough to prove that the bottom and the right vertical maps are
t-exact. Choose a map * — S". Asn > 1, this map is an effective epimorphism, and in particular
the induced map

Fun(S", A-Mod) — A-Mod
is conservative. It is therefore enough to prove that it is t-exact as well, for the composite
Fun(K,, A-Mod) — Fun(S", A-Mod) — A-Mod

is flat by inductive hypothesis. Using the relation S" ~ %£(S"~!), we can therefore reduce to the
case of SO, which is a particular case of the discussion for Ko we already gave.
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We finally prove (4). Let A € CAlg be a derived ring and let S = Spec(A). Let p: Kg xS — S
be the natural projection. We have to prove that

p.: QCoh(Kg x S) —+ QCoh(S)

has finite cohomological dimension and tor-amplitude < 0. Since K is finite, we have K = K, and
each map K; — Kj; is obtained by attaching a finite number of cells. We proceed once again by
induction on n. When n = 0, K = Kj is (equivalent to) a finite set. Let m = |K| be its cardinality,
so we have

Fun(Ko, A-Mod) ~ [ [ A-Mod ~ A™-Mod .
Ko
The pushforward coincides with the forgetful functor along the natural ring map A — A™, which
is finite and flat. Therefore, p. has cohomological dimension 0 and tor-amplitude < 0. Assume

now that the statement holds true for K, and that K,,; is obtained by K, by attaching a single
cell:

[

L

Ky — Kpiq

Using [PY16, § 8.2] and the fact that bounded A-modules and A-modules of tor-amplitude < 0
are closed under finite limits, we reduce ourselves to prove the same statement for S”. Using the
relation S¢ ~ ¥(S¢~1), we further reduce ourselves to the case ¢ = 0, where the statement follows
from what we already discussed in the case K = Kj. g

REMARK 3.1.2. Let A be an underived commutative ring and let K € 8 be a space. Then
Proposition 3.1.1-(2) provides a canonical equivalence

Vect, (Kg X Spec(A)) ~ Fun(K, Vect,(A)) .
As A is underived, Vect, (A) is a 1-category. Therefore, we obtain
Vect, (Kg x Spec(A)) ~ Fun(t<1K, Vect, (A)) .

In other words, we can identify rank n vector bundles on Kg x Spec(A) with representations of
the fundamental groupoid of K. A

The above remark shows that Kg encodes the theory of local systems in a rather combinato-
rial way. We now make the link with the theory of locally constant sheaves. For this we suppose
that K is the homotopy type of a topological space X. Let Opens(X) be the poset of open subsets
of X. Consider the functor

(—)tP: Opens(X) — 8
sending U € Opens(X) to the homotopy type UMP. The colimit of this functor is X"tP. Let
htop
X

lax Pe the lax colimit of the same functor. We have a canonical zig-zag

X:’;tXOP 4 Xhtop

L |

Opens(X)°P

where ¢ is an co-categorical localization and 1 is a right fibration'. The following is a simplified
version of [Lurl7, Theorems A.1.15 and A.4.19]:

It is the right fibration classifying the functor (—)"teP.
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PROPOSITION 3.1.3. Let &€ be a presentable co-category. Assume that X is locally contractible. Then
the functor

P 0 ¢*: Fun(X"P,£) — Fun(Opens(X)°P, £)

is fully faithful and its essential image consists of locally constant sheaves. Here ¢p* denotes the precompo-
sition with ¢ and ) denotes the left Kan extension along .

PROOF. We first observe that an object in Xlgtfp corresponds to a pair (U, x), where U is an

openin X and x € U is a point. The space of morphisms from (U, x) to (V,y) isempty if V ¢ U

htop

and it coincides with Pathsy (x, y) otherwise. Every morphism in X} " is ip-cartesian.

Let F: Opens(X)°P — & be a functor. Let U be an open in X and set
Xuy = X|ax X Opens(X)op Opens(X )u/

By definition, Xj;, is the full subcategory of th;p spanned by objects (V, x) such that U C V.
We have
Ppp*(F)(U) ~ colim F(V).

(Vx)eXy,
Assume that U C V is the inclusion of two contractible open subsets of X. Then the induced map
Xuy — Xyy
is final, and in particular the canonical map

Y™ (F)(V) — " (F)(U)
is an equivalence. In other words, 1;1*(F) is locally constant.
This shows that if the map

Py (F) — F
is an equivalence, then F is locally constant. Assume vice-versa that F is locally constant and let
U be a contractible open. Let x € U be a point and consider the diagram

™ (F)(U) —— colimyeyvcu p19p*(F)(V)

| | '

F(U) ——— colimyeycy F(V)

where the colimits are taken over the categories of contractible open neighborhoods of x inside U.
The horizontal arrows are equivalences because F and ¢, (F) are locally constant. Furthermore,
it is easily checked that the right vertical map is an equivalence. It follows that the left vertical
map is an equivalence as well. Since X is locally contractible, it has a basis of contractible open
neighborhoods, and therefore it follows that i,i*(F) — F is an equivalence.

This shows that the functor
*: Fun(Opens(X)°P, £) —» Fun(X"™P ¢)

lax 7

is fully faithful once restricted to the full subcategory of locally constant sheaves. Furthermore,

its essential image consists of those functors F: X|, ht°p — £ that take every morphism in thfp in

equivalences of €. Indeed, if F is locally constant, then for every morphism (U, x) — (V,y) such
that V C U is an inclusion of contractible opens, then the induced morphism

Y (F)(U, x) — ¢*(F)(V,y)

is equivalent to F(U) — F(V), which is an equivalence. As X is locally contractible, every mor-
phism (U, x) — (V,y) can be written as composition of morphisms of the previous form, whence
the conclusion.
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htop
lax

. . . htop . . . .
. Since every morphism in X} °" is cartesian, the proof is achieved. O

On the other hand ¢ is the co-categorical localization of X

htop
Xlax

at cartesian morphisms of

In particular, this allows us to show that coherent cohomology of Kg recovers singular coho-
mology of K:

COROLLARY 3.1.4. Let X be a locally contractible topological space and let K := XM°P be its homo-
topy type. Then:
(1) via the equivalence supplied by Proposition 3.1.3, the structure sheaf
Ok € QCoh(Kpg) ~ Fun(K, Modc¢)

corresponds to the constant sheaf Cx on X.
(2) Let F € QCoh(Kg) and let F be the locally constant sheaf corresponding to JF via Proposition
3.1.3. Then there is a canonical equivalence

RT(Kg; F) ~ RT(X;F) .
In particular, there is a canonical equivalence
RI'(Kg; Okg) ~ RI(X;Cx) -
In other words, the derived global sections of Ok, compute singular cohomology of X.
PROOF. When X is contractible, statement (1) is a consequence of Proposition 3.1.1-(1). The

general case follows by descent along a covering of X made by contractible open subsets. As for
the second statement, let

§ =" (F).
Then Proposition 3.1.3 provides canonical equivalences
W@ =F, ¢ =F.

Consider the canonically commutative diagram

X:’:;P ¢ xhtop

F )
Opens(X)°P —F
Then
RI(Kg, F) ~qi(F), RTU(X;F)=~p(F).

The conclusion therefore follows from the functoriality of left Kan extensions, p1 oy >~ qio¢. [

3.2. Representability of the stack of perfect complexes

PROPOSITION 3.2.1. Let K € 8" be a finite space. Then Perf(Kg) is a locally geometric stack,
locally of finite presentation.

PROOF. When K is discrete, Proposition 3.1.1-(1) shows that Kg =~ Spec(C)"", where n =
|779(K)|. Therefore Perf(Kg) ~ Perf". In the general case, one describes K starting from a finite
discrete set attaching a finite number of cells. Since locally geometric stacks, locally of finite
presentation are closed under finite limits, the conclusion follows. g

REMARK 3.2.2. Remark 3.1.2 implies that if K is connected, then the truncation of the derived
stack Vect, (Kg) coincides with the usual stack of n-dimensional representations of 71 (K). A



CHAPTER 4
De Rham shape

4.1. Definition and geometrical properties

Let i: Aff*d < dAff be the inclusion of the full subcategory of dAff spanned by reduced
affine schemes. This is a cocontinuous morphism of sites (for the étale topology) and therefore it
induces an adjunction

i*: dSt < Sh(Affd 1) : i, ,
where i, denotes the right Kan extension along i. The de Rham functor is the endofunctor

(=)dr = isx 0i": dSt —> dSt.
For a derived stack F, we refer to Fyg as its de Rham shape. Unraveling the definitions, we see that

Far(Spec(A)) ~ F(Spec(mp(A)™?)) .
We denote the unit transformation of the adjunction i* - i, by
Ap: F— Fyr -

We collect in the following proposition the most basic properties of Fyg:

PROPOSITION 4.1.1.

(1) For every derived stack F € dSt, the cotangent complex of Fyr exists and it is zero. Moreover, if
F is a derived Artin stack, the canonical map Ap: F — FyR is formally étale.

(2) Let f: X — Y be a morphism of derived schemes locally almost of finite presentation over
C. Then X Xx,, Y4r is canonically equivalent to the derived formal completion of the graph
Lp: X — X X Y. Inparticular, if f is an Ici closed immersion of classical schemes, then X X x g

YqR is equivalent to the usual formal completion of X along Y.

(3) If X is a scheme locally almost of finite presentation over C. Then the map Ax: X — XqyR is an
effective epimorphism if and only if X is smooth.

(4) Let X be a smooth scheme over C. Then the map Ax: X — Xyr is universally flat.

(56) Let X be an underived scheme almost of finite presentation over C. Then there is a canonical
equivalence of QCoh(XyRr) with the derived oo-category of Dx-modules.

(6) Let X be a smooth and proper scheme over C. Then X4R is universally categorically proper and
universally of global tor-amplitude < 0.

PROOF. Statement (1) just follows from the definitions (see [CPT" 17, Lemma 2.1.10]). The
first part of statement (2) is [CPT 17, Proposition 2.1.8]. The second part follows from the fact
that for lci closed embeddings there is no difference between derived completion and the usual
completion. This can be for instance deduced from [Bhal2, Example 4.5 and Proposition 4.16].

IThe lci assumption is necessary.
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Statement (3) is equivalent to say that for every affine derived scheme S € dAff the lifting problem

Sred X

2
-
-
-
-
-
-

-

S

admits a solution étale locally on S. This is equivalent to the infinitesimal lifting property of X,
i.e. to its formal smoothness. The conclusion follows because X is almost of finite presentation.

For statement (4), consider the Cech nerve
S ¥ A
XZ = C(X —X) XdR) .
As the notation suggests, one can identify the components of this Cech nerve with the formal

completions of X" along its main diagonal. Moreover, [GR14, Proposition 3.4.3] guarantees that
for every S € dAff the canonical map

QCoh(Xgg x §) —» lim QCoh (X} x S)

is an equivalence. Since X is noetherian, the transition maps in this limit are flat. Therefore,
[HPV16, Lemma 3.20] shows that QCoh(Xggr x S) inherits a t-structure characterized by the fact
that the pullback to X x S via Ax X idg is t-exact. As X is smooth, point (3) guarantees that this is
the canonical ¢-structure on QCoh(Xyr X S).

Statement (5) follows from [GR17, §4.4.1.4]. Now let S € dAff be an affine derived scheme
andletgs: Xqr X S — S be the canonical projection. Passing to right adjoints in [GR17, Lemma 4.4.1.6]%,
we obtain a canonical equivalence

Gs«(F) = p«((Ax X ids)"F @0y, [DR(X x §/5)]) .

Here [DR(X x S/8S)| is the realization of the mixed de Rham algebra of X x S relative to S. Since
X is smooth, we can simply identify it with the complex

Oxxs e Q%(XS/S L e O xs/s
Since X is of dimension , the spectral sequence for descent implies that Xyr has finite cohomo-
logical dimension. Moreover, since X is proper, we see that p.(F ®¢, Q%XS /) has coherent
cohomology. Therefore, the spectral sequence for descent implies once again that X4g is uni-
versally categorically proper. Observe now that since X is underived, (Ax x idg)*F belongs to
CohP(X x S). This together with the derived base change immediately implies that Xqg has uni-
versally global tor-amplitude < 0. This proves statement (6). g

In the middle of the proof of statement (6), we used the following result, which we extract:
COROLLARY 4.1.2. Let X be a smooth and proper scheme over C. Then RT'(Xgr; Ox,g) is canoni-
cally equivalent to the hypercohomology of the algebraic de Rham complex of X.

4.2. Representability of the stack of perfect complexes

COROLLARY 4.2.1. Let X be a smooth and proper scheme over C. Then Perf(Xyr) is a locally
geometric stack.

PROOF. This is a consequence of Theorem 2.6.1 and Proposition 4.1.1-(6). g

REMARK 4.2.2. An alternative way of proving the geometricity of Perf(X4g) is to combine
Simpson’s proof of the geometricity of the corresponding underived stack [Sim09], Proposi-
tion 4.1.1-(6) which implies the existence of the cotangent complex for Perf(Xyr), and the easier
version of Lurie’s representability theorem [Lur18, Theorem 18.1.0.2].

25ee also [Bha12, Corollary 4.30] and [CPT 17, Proposition 2.2.3].



CHAPTER 5
Dolbeault shape

5.1. Definition

Let X be a geometric derived stack. The Dolbeault stack of X is defined as follows: let
TX = SpecX(Sym@X (Lx))
be the derived tangent bundle to X. It is a linear stack (cf. Definition A.2.1).

Let TX = Xgr X(Tx)4 1X be the formal completion of TX along the zero section. Using
[Lurl?7, 4.2.2.9] we can convert the natural commutative group structure of TX relative to X (seen
as an associative one) into a simplicial diagram T*X: A°? — (dSt),x. Unwinding the definitions,
we see that T*X can be identified with the n-fold product TX X x --- xx TX. The zero section
X — TX allows to promote T*X to a simplicial diagram

T°X: A® — (dSt)x,/x -
Formal completion along the natural maps X — T"X provides us with a new simplicial object
TeX: A% —s (dSt) /x .
The Dolbeault shape of X is the geometric realization
Xpol = ’ﬁ’ € (dSt)/x,
while the nilpotent Dolbeault shape of X is the geometric realization
Xl = [TX] € (dst) .
REMARK 5.1.1. Note that Xp, coincides with the relative classifying stack BxTX, while
xnil ~ BxTX. A
We let
kx: X — Xpoy and «%': X — XH
be the natural maps. In addition, KS‘(” = 1x o Kx, where 1x: Xpo — XBiLI is the canonical map

induced by ToX - T*°X.

PROPOSITION 5.1.2. Let X € dSt be a derived stack for which there exists a cotangent complex L,
which is dualizable, that is Ly € Perf(X). We denote by T the dual of L. Then we have

QCOh(XD0|) ~ MOdSymOX(TX)(QCOh(X)) .
In particular, QCoh(Xpo)¥ is the category of Higgs sheaves on X.

PROOF. Note that by definition, we have

QCOh(XDO|) ~ MOdsﬁx (]LX)V(

QCoh(X)) .

Now, since Sm (Lx) =~ Symg,, (Tx)V , we obtain the assertion. O
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5.2. The BNR correspondence for perfect complexes

In this section, we shall provide a version of the Beauville-Narasimhan-Ramanan correspon-
dence, in the sense of Simpson [Sim94, Lemma 6.8], for perfect complexes.

DEFINITION 5.2.1. Let p: X — Y be a morphism of derived schemes. Let F € Perf(X) be
a perfect complex. We say that F is properly supported with respect to p if there exists a closed
subscheme i: Z — X such that:

(1) the composition Z Lx 5 vis proper;
(2) letj: X\ Z — X be inclusion of open complementary of Z. Then j*F ~ 0.

We let Perf ) prop(X) denote the full subcategory of Perf(X) spanned by perfect complexes prop-
erly supported with respect to p. ©

LEMMA 522, Let p: X — Y be a quasi-compact and quasi-separated morphism of derived schemes
of finite tor-amplitude. Let F € Perf(X) be a perfect complex which is properly supported with respect to
p. Then p.(F) is perfect.

PROOF. Since p has finite tor-amplitude and X and Y are schemes, a Cech cohomology ar-
gument shows that p.(F) has finite tor-amplitude. It is therefore enough to prove that p. (F)
is almost perfect. Since j*F ~ 0, we see that each 71;(F) is set-theoretically supported on Z.
Therefore, the cohomological descent spectral sequence

Rips((F)) = R p.(F)

implies that each Rip, (F) is coherent and that Rip.(F) = 0 for i > 0. The conclusion follows.
0

PROPOSITION 5.2.3. Let X be a smooth and proper scheme. Let T*X := Specx (Symg, (Tx)) and
let p: T*X — X be the natural projection. Then the functor p,: QCoh(T*X) — QCoh(X) restricts to
an equivalence

Perfp prop(T*X) =~ Perf(Xpg) -

PROOE. The functor p,: QCoh(T*X) ~ QCoh(X) induces an equivalence
QCoh(T"X) = Modsym,, () (QCoh(X)) = QCoh(Xpar) -
Lemma 5.2.2 implies that the functor p, restricts to a functor
Perf pprop(T*X) — Perf(Xpg)) -

On the other hand, let F € QCoh(T*X) be such that p.(F) € Perf(Xpo). We want to prove
that it is properly supported with respect to p. Since X is smooth, we have that 7;(F) # 0
for only finitely many integers i. It is therefore enough to check that each 7;(F) is properly
supported with respect to p. This follows from the classical BNR correspondence (cf. [Sim94,
Lemma 6.8]). (]

By using the same arguments as above and [Sim94, Lemma 6.10], one can prove:

COROLLARY 5.2.4. Let X be a smooth and proper scheme. Then the functor p,: QCoh(T*X) —
QCoh(X) restricts to an equivalence

Perfx (T*X) ~ Perf(XR!)),

where Perfx (T*X) is the full subcategory of Perf(T*X) of perfect complexes set-theoretically supported
at X, seen as the zero-section of T*X.
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5.3. Geometrical properties of the Dolbeault shape

LEMMA 5.3.1. Let X be a geometric derived stack over C. The map xx is universally flat and an
effective epimorphism. The same properties hold for k.

PROOF. The map «x is an effective epimorphism by construction. The flatness follows from
the fact that the transition maps in the diagram T*X are flat. By arguing similarly, one proves the
same statement for k. O

LEMMA 5.3.2. The derived stack Xpo, is categorically proper and universally of tor-amplitude < 0.

PROOF. Using the BNR correspondence for perfect complexes proven in Proposition 5.2.3
, we can identify Perf(Xp,) with the co-category Perf, prop(X) of perfect complexes properly
supported with respect to the projection p: T*X — X. Under this equivalence, the functor

G- QCOh(XDO|) — QCOh(X)

is identified with the global section functor on T*X. Since X is smooth, T*X is smooth as well,
and therefore we conclude that Xp. has universally tor-amplitude < 0. Finite cohomological
dimension follows immediately. Finally, categorical properness is consequence of the properness
of X, Lemma 5.2.2 and the BNR correspondence.

By using similar arguments as above and Corollary 5.2.4, one can prove the following.

LEMMA 5.3.3. The derived stack chlﬂ is categorically proper and universally of tor-amplitude < 0.

Let X be a smooth scheme over C. Then the category of (quasi) coherent sheaves on Xp is
canonically equivalent to the category of (quasi) coherent Higgs sheaves on X (cf. [Sim96, Sim97,
Sim02]).

5.4. The stack of perfect complexes

5.4.1. Relation with linear stacks. Let X be a smooth proper connected complex scheme.
Define

g =gy (q}}"l[‘x ® ev*é'nd(guniv>) ’
where the maps are

Perf

evT
X x Perf(X) —X5 X .
f’
Perf(X)

PROPOSITION 5.4.1. Let X be a smooth proper connected complex scheme of dimension n. Then there
exists a map

Perf(Xpol) — Vpers(x)(€) s

which is an equivalence when n = 1.

PROOF. Let us start by giving an explicit description of the points of Vpe(x) (€).
Fix A € dAff and let x: Spec(A) — Perf(X) be a point. By Formula A.2, a point Spec(A) —

Vperf(x)(€) corresponds to a morphism as A-Mod:

€= A. (5.4.1)
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Consider the diagram

X4 —X 0 X x Perf(X)

lPA l’i ’
Spec(A) —*— Perf(X)
where X4 = X x Spec(A) and p4: X4 — Spec(A) is the projection to the second factor. We have
X'y =2 pas(idxx)”.
Thus
XEpas (P%Tx ® 5”d(]:A)) ,

where F4 = (id x x)*ev*(Eyniv) and px: X4 — X is the projection to the first factor. Therefore,
the morphism (5.4.1) is equivalent, by adjunction, to the morphism of Oy ,-modules:

pxTx ® End(Fa) — Ox, - (5.4.2)
Since F 4 is perfect, we get a morphism p§Tx — End(F,), which induces a morphism
Tox, (PxTx) — End(Fy) (5.4.3)

from the tensor algebra 7o, (pxTx) of pxTx.

Recall now that

Perf(Xpol x Spec(A)) ~ Perf(Bx, Vyx, (pxLx)) ~ ModsymOX (p»)}qrx)(Perf(XA)) .
A
By arguing in a way similar to above, a point Spec(A) — Perf(Xp, X Spec(A)) corresponds to a
morphism
SymOXA (p}‘(TX) — gﬂd(fA) .

By composing the natural projection 7o, (pxTx) — Symg 9 (pxTx) with the above morphism,
we get a morphism of the form (5.4.3). Thus, we have a canonical morphism
Perf(XDol) — VPerf(X) (g) : (54.4)

Moreover, the canonical projection TOXA (rxTx) — SymOXA (pxTx) is an isomorphism when
n = 1. Hence, the map (5.4.4) is an equivalence when n = 1. g

We now give a characterization of Vpe,¢(x)(€) when n = 1. Recall that, by Corollary 2.3.28,
the global tangent complex of Perf(X) is

TPerf(X) =4+ (eV*gnd(guniv)[l]) :

PROPOSITION 5.4.2. Let X be a smooth proper connected complex scheme of dimension one. Then

WPerf(X)(g) ~T" [O]Perf(X) = VPerf(X) (TPerf(X)) :

PROOF. Let us start by giving an explicit description of the points of Vpey(x) (Tperf(x))-

Fix A € dAff and let x: Spec(A) — Perf(X) be a point. By Formula A.2, a point Spec(A) —
Vpert(x)(Tpert(x)) corresponds to a morphism as A-Mod:

X*TPerf(X) — A.

By using arguments similar to those in the proof of Proposition 5.4.1, the above morphism corre-
sponds to the morphism of Ox,-modules:

8nd(]~"A) [1} — OXA . (5.4.5)
By Grothendieck-Serre duality, we have
End(Fa)[1] ~ pxTx @ End(Fa) -
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Thus morphism (5.4.5) is equivalent to (5.4.2). This proves the assertion.

By combining the above two propositions, we obtain:
COROLLARY 5.4.3. Let X be a smooth proper connected complex scheme of dimension one. Then
Perf(Xp,) =~ T*[0]Perf(X) .

REMARK 5.4.4. A version of the above corollary for Bun(Xp,)) has been proved in [GR18,
Lemma 4.3]. A

5.4.2. Representability. To be written.



CHAPTER 6
Deligne shape

6.1. Definition and geometrical properties
Following ideas of Deligne and Simpson,' we consider the cosimplicial affine scheme
Del®: A — dAff a1,
given by
Del” := Spec(C[X, Y]/ (X" = Y")),

where the structural map to A! := Spec(C|[T]) is given by T + Y. Moreover G, naturally acts
on Del” in an equivariant way with respect to A'. This gives rise to a cosimplicial stack

DeIG [Del /Gm} AN — dSt/[Al/Gm] .
Let now X be a smooth scheme over C. Then
Map a1, (Del,, X x [A'/Gy))

is a simplicial object over [A!/G,]. Pulling back along the atlas A! — [Al/G,,] (that is, forget-
ting the G,-action) we obtain the A!-cosimplicial object

Map 51 (Del®, X x A'),

which can explicitly be described as follows: over the open A \ {0}, it is canonically equivalent
to the simplicial object

[n] = X" x (AT {0}),
while over the point 0 € Al it becomes the simplicial object
[n] — T"'X
described in the previous section. The canonical map
Delg, — [A!,Gy]
gives rise to a map
5: X x [A!,Gp] — Map a1/, (Delg,, X x [A'/Gy]) .

Given [n] € A, the induced family of morphisms

X x A ———— Map,51(Del”, X x Al)

N ,

IThe reader might want to compare with the general construction performed in [GR17, §9.1.6].
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coincides with the deformation to the normal cone of the diagonal embedding X < X". We now
define the simpicial object Xp ¢ ~as the fiber product

XBel,c,, — Map 1,6, (Delg;, , X x [A'/G)])

| |

5
(X x [AY/Gu])gr —= Map,(a1/6,(Delg;,, X x [A'/Gu])dr

In other words, Xp,, ¢ ~is the formal completion of Map /a1,6,,] (Delg, , X x [A!,G]) along the
diagonal morphism 4. Finally, we let

€ dSt/[Al/Gm] .
We also let Xpe| be the pullback of Xpe| g, along the atlas Al — [Al/G,,].

Let X be a smooth scheme over C. Then for any (quasi)-coherent sheaf E on Xpy, its fiber
E[yatA € Alisa (quasi) coherent A-connection on X (see e.g. [Sim09, §7]).

XDel,G,y = | XDel,Gny

6.1.1. Representability. To be written.



APPENDIX A
Linear stacks

A.1. Picard stacks

We follow and generalize [SGA73, Exposé XVIII, §1.4]. Recalling the (homotopy) equivalence
between groupoids and 1-homotopy types, we can rephrase Definition 1.4.5 in loc.cit. as follows:
DEFINITION A.1.1. Let X be an co-topos. A Picard stack over X is a sheaf
F: X% — sAbST,

where sAbS! denotes the co-category of simplicial abelian groups whose underlying space is a
1-homotopy type. We let Pic(X') denote the co-category of Picard stacks on X @

The main result of [SGA73, Exposé XVIII, §1.4] can then be summarized as follows:

PROPOSITION A.1.2 (Proposition 1.4.15 & Corollary 1.4.17 in loc.cit.). Let X be an oo-topos.
There is an equivalence of co-categories

PIC(.X) ~ ShD[fl'O](Alﬂ (X) ,
where DI=101(Ab) denotes the full co-subcategory of D(Ab) (the co-derived category of abelian groups)
spanned by objects in cohomological amplitude [—1,0].
From a modern point of view, the proof is a direct consequence of the Dold-Kan equivalence
sAb ~ D<O(Ab)

combined with the remark that objects in cohomological degree [—1,0] in DS?(Ab) correspond to
1-homotopy types. The language of higher stacks, allows us to generalize the above proposition:

PROPOSITION A.1.3. Let X be an co-topos. There is an equivalence of co-categories
Shsap (X) 2 Shp<o(ap) (X) -

We will call the elements of Shp<o(ap) (X') higher Picard stacks.

We now consider a special case of interest: namely, we will suppose that " is the smooth-
étale site of some geometric derived stack X. In this case, we have a forgetful functor

U: QCoh(X) — Shp(ap) (X) .
Composing with the truncation functor
7<% D(Ab) — DS (Ab)
we obtain a functor
U=<’: QCoh(X) — Shp(ap) (&) = Shp<o(ap) (X)
that allows to see a quasi-coherent sheaf 7 on X as a higher Picard stack on X.

REMARK A.1.4. Let F € QCoh(X). Then the canonical map T<°F — F induces an equiva-
lence

UsO(r<%(r)) ~ us¥(F).
For this reason, we will more often consider the restriction of USY to QCoh (X ><0_ A
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A.2. Definition of a linear stack

We now introduce an example of higher Picard stack.

DEFINITION A.2.1. Let F € dSt be a derived stack. Let £ € QCoh(F). The linear stack over F
associated to € is the derived stack V(&) € dSt p:

V(&) == Specx(Symp, (£)) .
When F is clear from the context, we will simply write V(&) instead of V¢ (&). @

Unraveling this definition, we see that for any x: Spec(A) — F, one has
Map,r(Spec(A), V(E)) =~ Mapo, /(Symp, (£),x:04)
>~ Mapqcon(x) (€, %:04) = Mapsmod ("€, A) .

REMARK A.2.2. As A-Mod is naturally enriched in D(Ab) and since for any F,G € A-Mod
we have
D(Ab
Map .yroa (7, G) = T°Map; {104(F, G),

it is then clear that V(E) defines a higher Picard stack on F. VAN

Note that, by definition, V(&) € dStr is a derived stack equipped with a canonical map
m: V(&)= F.
The following result is evident:

PROPOSITION A.2.3. Let F be a geometric derived stack and let £ € QCoh(F)<Y. Then the map
m: V(&) — F is representable by affine derived schemes. In particular, V(&) is a geometric derived stack.

Let now F be a geometric derived stack X.

PROPOSITION A.2.4. Let Perf(X)>" be the category of perfect complexes on X that are in positive
cohomological amplitude. Let (—)V: Perf(X)>0 — A-Mod<? be the duality functor:

&Y :=Homp, (£,0x),
for & € Perf(X)>°. Then the diagram

eemTTTTTIITOS ? QCoh(X)<0

////
. u
.
.

Perf(X)>0 —— QCoh(X) 5 Shpeo(ap) (X)

commuites.

PROOF. Let x: Spec(A) — X be a fixed map and let £ € Perf(X)>". Since £ is perfect, we
have:

Map, x(Spec(A), V(£)) = Mapsmod (¥*E, A) = Mapspmod (A, x"(£)) -
Observe now that we can identify Map 4_pod (A, x*(€Y)) with the underlying complex of abelian
groups of x*(£V). In other words, it coincides by definition with U(EY)(Spec(A)). O

Let now F € Perfl=19(X) be a perfect complex in tor-amplitude [—1,0]. Then F[-1] €
Perf>%(X) and therefore the above proposition supplies us with an equivalence

V(F[-1]) = u(F'[1]).

PROPOSITION A.2.5. The stack U (F " [1]) coincides with the so-called vector bundle stack (h* /h°) (F")
of [BF97].
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PROOF. This follows tautologically if one believes to the claim at the beginning of [BF97, §2]
that (h'/h%)(F") coincides with the construction ch(—) performed in [SGA73, Exposé XVIII,
§1.4]. O
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