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MOTIVIC REALIZATIONS OF
SINGULARITY CATEGORIES AND VANISHING CYCLES

By Antony Branc, Marco Rosaro, BErtranp ToEN

& GABRIELE VEZZOST

Asstract. — In this article we establish a precise comparison between vanishing cycles and the
singularity category of Landau-Ginzburg models over an excellent Henselian discrete valuation
ring. By using noncommutative motives, we first construct a motivic ¢-adic realization functor
for dg-categories. Our main result, then asserts that, given a Landau—Ginzburg model over a
complete discrete valuation ring with potential induced by a uniformizer, the ¢-adic realization
of its singularity category is given by the inertia-invariant part of vanishing cohomology. We
also prove a functorial and oco-categorical lax symmetric monoidal version of Orlov’s compari-
son theorem between the derived category of singularities and the derived category of matrix
factorizations for a Landau—Ginzburg model over a Noetherian regular local ring.

Risumic (Réalisations motiviques des catégories de singularités et cycles évanescents)

Dans cet article, on démontre un théoréme de comparaison entre la théorie des cycles éva-
nescents a la SGA7 et la catégorie des singularités d’un modele de Landau-Ginzburg définie
sur un anneau de valuation discréte, complet. Dans une premiére partie, nous étendons au
cadre infini-catégorique le théoréme de comparaison d’Orlov entre catégories de singularités et
catégories de factorisations matricielles. Dans une seconde partie nous démontrons I’énoncé de
comparaison, & l'aide d’une notion de réalisations motiviques de catégories.
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1. INnTRODUCTION

The main objective of this paper is to use both derived and non-commutative
geometry in order to establish a precise and fairly general relation between singularity
categories and vanishing cycles. In a first section we work with S = Spec A with A
a commutative Noetherian regular local ring (e.g. a discrete valuation ring). We will
consider LG-pairs or LG-models over S (LG for Landau-Ginzburg), i.e., pairs (X/S, f)
where X is a scheme flat of finite type over S, and f : X — A} is an arbitrary
map. One can associate to an LG-pair (X/S, f) two, a priori different, triangulated
categories: the derived category of matrix factorization MF(X/S, f), and the derived
category of singularities Sing(X/S, f) ([Orl04], [EP15]). A fundamental insight of
Orlov ([Orl04]) is that, whenever X is regular, and f is not a zero-divisor, then there
is an equivalence!) of triangulated categories between MF(X/S, f) and Sing(X/S, f).

Now, both MF(X/S, f) and Sing(X/S, f) can be naturally enhanced to dg-
categories over A whose associated homotopy categories are the given triangulated
categories of matrix factorizations and of singularities. Moreover, Orlov’s functor
can be enhanced (using derived geometry) to a functor of A-dg-categories, which
is furthermore natural in the pair (X/S, f), and shown to be an equivalence under
appropriate hypotheses. This is the content of Theorem 2.49, below, where we also
discuss a lax monoidal strengthening.

Once we have the A-dg-category Sing(X/S, f) at our disposal, following [Rob15],
we may look at it as an object in the oo-category SHncg of non-commutative mo-
tives over S. By [Robl15], we have an oco-functor .#s : SHncg — SHg, from non-
commutative motives to the (co-categorical version of) Morel and Voevodsky stable
category SHg of commutative motives over S. The functor .#g is the lax monoidal
right adjoint to the functor SHg — SHncg canonically induced by the rule ¥
Perf(Y'), where Perf(Y') denotes the A-dg-category of perfect complexes on a smooth
S-scheme Y. By [Robl5, Th. 1.8], .#s sends the image of the tensor unit A € SHncg
to the object BUg, representing homotopy algebraic K-theory, i.e., to the commu-
tative motive identified by the fact that BUg(Y") is the spectrum of non-connective
homotopy invariant algebraic K-theory of Y, for any smooth S-scheme Y. As a conse-
quence, BUg is endowed with the structure of a commutative algebra in the symmetric
monoidal co-category SHg. Therefore, .#g actually factors, as a lax monoidal functor,
M3 : SHncg — Modpy, (SHg) via the category of BUg-modules in SHg.

The first main idea in this paper (see Section 3.2) is to modify the functor .#s in
order to obtain different informations, better suited to our goal. Instead of .Zg, we
consider a somewhat dual version

A SHnecg — Modpy, (SHg)

(DOrlov works with pairs (X/S, f) defined over S the spectrum of a field, and where f is actually
flat. This is not enough for out purposes, and we refer the reader to Section 2 of this paper for a
discussion of this point.
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which is, roughly speaking, defined by sending an A-dg-category T to the commutative
motive . (T) that sends a smooth S-scheme Y to the spectrum KH(Perf(Y) @4 T)
of (non-connective) homotopy invariant algebraic K-theory of the A-dg-category
Perf(Y) ®4 T (see Section 3.2 for details). In particular, for p : X — S, with X
quasi-compact and quasi-separated, we get (Proposition 3.13) an equivalence

MY (Perf(X)) ~ p.(BUx) in Modpy,(SHg),

where BUx denotes a relative version homotopy invariant algebraic K-theory, and
(Proposition 3.30) an equivalence

A& (Sing(S,05)) ~ BUs @ BUg[1] in Modpyg(SHg).

As consequence of this, the motive .Z¢ (Sing(X, f)) is a module over BUg @ BUg/[1],
for any LG-pair (X, f) over S.

The second main idea in this paper (see Section 3.7) is to compose the functor
MY : SHncg — Modgy, (SHg) with the (-adic realization functor Rg : SHg —
Shg, (S) with values in the co-categorical version of Ind-constructible ¢-adic sheaves
on S with Qg-coefficients of [Eke90].

Building on results of Cisinski-Deglise and Riou, we prove (see Section 4.2) that
one can refine Rg to a functor, still denoted by the same symbol,

RZS : Modpu, (SHs) — Modg, () (Shg, (5)),

where (8 denotes the algebraic Bott element. We then denote by ,%’fg the composite

MY R
R - SHncs —2— Modpy, (SHs) —2- Modg, (5)(Shg, (S5)).

We are now in a position to state our main theorem comparing singularity cate-
gories and vanishing cycles (see Section 4). Let us take S = Spec A to be a Henselian
trait with A excellent®) and with algebraically closed residue field k, quotient field K,
and let us fix a uniformizer 7 in A, so that A/7m=k. We denote by i, : o := Speck — S
the canonical closed immersion, and by 7 the generic point of S.

Given now a regular scheme X, together with a morphism p : X — S which is
proper and flat, we consider the LG-pair (X/S, 7), where 7 is defined as the composite

7w X £—> s - A}Q.
For a prime /¢ different from the characteristic of k, we may consider the following two
objects inside Shg,(0) = Shg, (k):
— the homotopy invariants He; (Xy, 7 (8)[—1])", where Hg, denotes f-adic étale
hypercohomology (i.e., derived global sections), ¥ is the complex of vanishing cy-

cles relative to the map p, ¥(B8)[-1] := ¥[-1] ® Q¢(B) (see Remark 4.28) and
I = Gal(K*¢P/K) is the inertia group;

()1 practice we will be working with complete discrete valuation rings. In this case excellence
conditions is always satisfied.
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654 A. Branc, M. Rosaro, B. Toiin & G. Vezzosi

— the derived pullback i (%5(Sing(X,7))) of the f-adic realization of the commu-
tative motive given by the image under .Z¢ of the dg-category of singularities for the
LG-pair (X/S,x).

One way to state our main result is then

MamN Taeorem (Theorem 4.39). — There is a canonical equivalence
iy (%25 (Sing(X, m))) = Het (Xi, 7 (8)[-1)"

inside Shg, (k).
Moreover, this equivalence is compatible with the actions of ij.4J (Sing(S,0s)) on
the L.h.s and BU, & BU,[1] on the r.h.s.

What this theorem tells us is that one can recover vanishing cohomology through
the dg-category of singularities, i.e., in a purely non-commutative (and derived) geo-
metrical setting. We think of this result as both an evidence and a first step in the
application of non-commutative derived geometry to problems in arithmetic geome-
try, that we expect to be very fruitful. It is crucial, especially for future applications,
to remark that our result holds over an arbitrary base Henselian trait S (with perfect
residue field), so that it holds both in pure and mixed characteristics. In particular, we
do not need to work over a base field. The main theorem above is also at the basis of
the research announcement [TV16], where a trace formula for dg-categories is estab-
lished, and then used to propose a strategy of proof of Bloch’s conductor conjecture
([Blo85, KS05]). Full details will appear in [TV17].

Remark 1.1. — The result of Theorem 4.39 is stated for the f-adic realization but can
also be given a motivic interpretation. Indeed, one can use the formalism of motivic
vanishing cycles of [Ayo07b, Ayol4] to produce a motivic statement that realizes to our
formula. We thank an anonymous referee for his comments and suggestions regarding
this motivic presentation. The proof is mutatis mudantis the one presented here for
the f-adic realization and we will leave it for further works.

Related works. — The research conducted in the second part of this work has its
origins in Kashiwara’s computation of vanishing cycles in terms of D-modules via
the Riemann-Hilbert correspondence [Kas83]. A further deep and pioneering work is
undoubtedly Kapranov’s influential paper [Kap91] which starts with the identifica-
tion of D-modules with modules over the de Rham algebra. This relation between
vanishing cycle cohomology and twisted de Rham cohomology as been fully under-
stood by Sabbah and Saito in [SS14, Sab10] establishing proofs for the conjectures of
Kontsevich-Soibelman in [KS11]. In parallel, the works of [CT13, Dyc11, Segl3, Shk14]
established the first link between twisted de Rham cohomology and the Hochschild
cohomology of matrix factorizations and more recently, the situation has been clar-
ified with Efimov’s results [Efil8]. The combination of these results express a link
between the theory of matrix factorizations and the formalism of vanishing cycles.
The recent works of Lunts and Schniirer’s [LS16, Th. 1.2] built upon Efimov’s work,
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combined with those of [IS13], show that this connection between the two theories
can be expressed as an equivalence of classes in a certain Grothendieck group of mo-
tives. The main result (Theorem 4.39) of this paper might, in some sense, be seen as
categorification of Lunts and Schniirer’s results.

Acknowledgements. We warmly thank the anonymous referee for her/his excep-
tionally insightful and useful corrections and suggestions that led, as we hope, to a
more readable paper. MR wishes to thank Mauro Porta for very useful discussions
on the subject matter of this paper. GV wishes to thank A. Efimov for an helpful
exchange about his joint work with L. Positselski. GV would like to thank the Lab-
oratoire IMJ-PRG, Paris 6, for a very fruitful visit in May 2016, when a part of our
collaboration took place. We would also like to thank the anonymous referees for their
comments.

2. MATRIX FACTORIZATIONS AND DERIVED CATEGORIES OF SINGULARITIES

Contixr 2.1. — Throughout this section A will be a commutative Noetherian regular
local ring, S := Spec A and Schg the category of schemes of finite type over S.

DeriNtrion 2.2, We introduce the category of Landau-Ginzburg models over S as
the subcategory of (Schg) /s spanned by those pairs

(p:X—)S,f:X%A}g),

where p is a flat morphism. We will denote it by LGg. We will denote by LG%ff its
full subcategory spanned by those LG-models where X is affine over S.

Derinirion 2.3. — We also introduce the category of flat Landau-Ginzburg models
over S as the full subcategory of LGg consisting of (S,0: S — AL) (where 0 denotes
the zero section of the canonical projection Al — S) together with those pairs

(p: X =S, f: X = AL),

where both p and f are flat morphisms. We will denote it by LG%. We will denote by
LGHS’aLlcf its full subcategory spanned by those LG-models where X is affine over S.

Construction 2.4. — The category LGg (resp. LGE) has a natural symmetric
3)

monoidal structure B given by the fact that the additive group structure on Ak (
defines a monoidal structure on the category (Schs)/a1,
B : (Schs),a1 x (Schs) a1 — (Schs) /a1
given by
(20.1) (X, 1), (YV,9) — (X, /)B(Y,9) := (X x5 Y, fHyg),

where fH g :=p%(f) +p3-(g) for px : X xgY — X and py : X xgY — Y the two
projections. Notice that as the maps to S are flat, the fiber product X x gV is also flat
over S, and thus it belongs to LGg. Moreover, if f and g are flat, then fHg is also flat

(3)Given, on functions, by A[T] — AX] @4 AlY], T—» X®14+1QY.
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(since flatness is stable by arbitrary base-change, and the sum map A} xg AL — AL
is flat), and if g =0: S — AL, then f B g = f, which is again flat. In particular, the
unit for this monoidal structure is (5, 0).

We will denote this monoidal structure on LG g (resp. LGE) by LGZ (resp. LG1E).
Obviously LG%EE is a full symmetric monoidal subcategory of LG?. We use similar
notations for the symmetric monoidal subcategories of (flat) affine LG-pairs (recall
that S is affine, so that also the affine versions have (5,0) as the unit).

Remark 2.5. — Orlov works inside LG in [Orl04], while Efimov and Positselski work
in the whole LGg in [EP15].

In this section we discuss two well known constructions, namely matrix factoriza-
tions and categories of singularities. For us, these will be defined as co-functors with
values in dg-categories

MF, Sing : LG — dgcati{e™,

from the category of LG-models to the oco-category of (small) A-linear idempotent
complete dg-categories. Our MF will be in fact a lax symmetric monoidal co-functor
MF : LG?’Op — dgcat'{*™. The first construction we want to describe sends (X, f) to
the dg-category MF (X, f) of matrix factorizations of f. The second one sends (X, f)
to Sing (X, f), the dg-category of (relative) singularities of the scheme X of zeros of f.
We compare these two constructions by means of the so-called Orlov’s equivalence,
which for us will be stated as the existence of a natural transformation of co-functors.

Sing —+ MF

which is an equivalence when restricted to pairs (X, f) with X regular.
The results of this section consist mainly in co-categorical enhancements of well
known results in the world of triangulated categories.

2.1. REViEW OF DG-CATEGORIES. — For the discussion in this section A can be any
commutative ring. In this paragraph we fix our notations for the theory of dg-cat-
egories, by recalling the main definitions and constructions used in the rest of the
paper. Our references for dg-categories will be [Toéll] and [Robl14, §§6.1.1& 6.1.2].

As an oo-category, dgcatifxJlem is a Bousfield localization of the co-category of (small)
A-linear dg-categories with respect to Morita equivalences, namely dg-functors in-
ducing equivalences on the the respective derived categories of perfect dg-modules.
The oo-category dgcatfem is naturally identified with the full sub-oco-category of
dgcat 4 consisting of triangulated dg-categories™ in the sense of Kontsevich. Recall
that these are small dg-categories T' such that the Yoneda embedding T — fpc =
{Perfect T°P-dg-modules}, is an equivalence (i.e., any perfect T°P-dg-module is quasi-

isomorphic to a representable dg-module). With this identification the localization

() This terminology is not standard, as for us triangulated also includes being idempotent
complete.
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oo-functor

(2.1.1) dgcat , — dgcat'{™
simply sends T to fpe.

The oo-category dgcat, can be obtained as a localization of the 1-category
dgcatifri‘:t of small strict A-dg-categories with respect to Dwyer-Kan equivalences.
This localization is enhanced by the existence of a model structure on dgcautffriCt
[Tab05].

Moreover, both dgca and dgcat 4, come canonically equipped with symmet-
ric monoidal structures induced by the tensor product of locally flat dg-categories

dgcatjrm’loc'ﬂat C dgcats{"™® —namely, those strict dg-categories whose enriching

idem
ta

hom-complexes are flat in the category of chain complexes. The localization functor
(2.1.2) dgcatiirictloefiat __ qgcat ,

is monoidal with respect to these monoidal structures. We address the reader to
[Toé11] for a complete account of the dg-categories, to [CT12, Prop.2.22] for the
monoidal structure and [Rob14, §6.1.1 & 6.1.2] for an oo-categorical narrative of these
facts.(®)

Notrarion 2.6. — For a dg-category T, we will denote as [T] its homotopy category.

At several occasions we will need to take dg-quotients: if Ty — T is a map in

dgcat'{°™, one considers its cofiber as a pushout

To———T

L

{0} —T ]_[TO{O} =T

in dgcatﬁem. By a result of Drinfeld [Dri04] the homotopy category of T can be
canonically identified with the classical Verdier quotient of 7" by the image of Tj.
This pushout is equivalent to the idempotent completion of the pushout taken in the
dgcat 4, thus given by i“\’pe and its homotopy category can be identified with the
idempotent completion of the Verdier quotient of T' by Tj.

To conclude this review, let us mention that for any ring A, dgcatijem can also
be identified with the oo-category of small stable idempotent complete A-linear oo-
categories. The proof of [Cohl3] adapts to any characteristic. We address the reader

to the discussion [Rob14, §6.2] for more helpful comments.

(®)where we use locally cofibrant dg-categories instead of locally flat. The two strategies are equiv-
alent as every locally cofibrant dg-category is locally flat [Toé07, 2.3(3)] and a cofibrant replacement
functor is an inverse. See also the discussion in [Rob14, p. 222].
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2.2. MATRIX FACTORIZATIONS. In this section we again work under Context 2.1. We
now deal with the construction of the symmetric lax monoidal co-functor

(2.2.1) MF : LG¥"P — dgcat'de™.

To define this lax monoidal co-functor we will first construct an auxiliary strict
version and explain its lax structure.

2.2.1. Let (X, f) € LG%lcf and let us write X := Spec B, for B flat of finite type
over A. The function f is thus identified with an element f € B. We associate to the
pair (B, f) a strict Z/2-graded A-dg-category MF(B, f) as follows.

ConstrucTioN 2.7. — First we construct MF(B, f) as an object in the theory of
small strict Z/2-graded B-dg-categories, meaning, small strict dg-categories enriched
in Z/2-graded complexes of B-modules. Its objects are pairs (F,d), consisting of the
following data.

(1) A Z/2-graded B-module E = Ey @ Ey, with Ey and E; projective and of finite
rank over B.

(2) A B-linear endomorphism 6 : E — E of odd degree, and satisfying 6% =
multiplication by f.

In a more explicit manner, objects in MF(X, f) can be written as 4-tuples,
(Fo, E1,d0,01), consisting of B-modules projective and of finite type E;, together
with B-linear morphisms

Ey —>50 E, Ey —>§1 Ey

such that dgod; =d1 009 = -f.

For two objects E = (F,d) and F = (F,d), we define a Z/2-graded complex
of B-modules of morphisms Hom(FE,F) in the usual manner. As a Z/2-graded
B-module, Hom(E, F) simply is the usual decomposition of B-linear morphisms
E — F into odd and even parts. The differential is itself given by the usual
commutator formula: for t € Hom(E, F') homogenous of odd or even degree, we set

d(t) :=[t,0] =t od — (—1)%eW5 ot
Even though § does not square to zero, we do have d?> = 0. This defines Z/2-
graded complexes of B-modules Hom(F,F) and sets MF(B, f) as a Z/2-graded
B-dg-category.

Composing with the structure map Spec B — Spec A = S, one can now understand
MF(B, f) as Z/2-graded A-linear dg-category. Notice that as A is by hypothesis a
local ring, and B is flat over A, being projective of finite rank over B implies being
projective of finite rank over A, as flat and projective become equivalent notions as
soon as the modules are finitely generated.

Construction 2.8. — The assignment (X, f) — MF(X, f) acquires a pseudo-
functorial structure

(2.2.2) LGEP — dgeaty3y

JE.P — M., 2018, tome 5
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as any morphism of A-algebras ¢ : B — B’ with ¢(f) = f’, defines by base change
from B to B’ a Z/2-graded A-linear dg-functor

B'®p — : MF(B, f) — MF(B’, f').

Norarion 2.9. Throughout this work we will always allow ourselves to freely inter-
change the notions of Z/2-graded complexes and 2-periodic Z-graded complexes via
an equivalence of strict categories

zj2 0
A

(2.2.3) dgMod ')/ © ——— Afu, u~]- dgMod,

where A[u,u~?'] is the free strictly commutative differential graded algebra over A
with an invertible generator w sitting in cohomological degree 2. The functor 6 sends
a Z/2-graded complex complex (Ey, E1, 0o, d1) to the Afu, u~1]-dg-module

[—)El —)E)()—>E‘1—>E0—>"'}7

where u acts via the identity. The inverse equivalence to 6 sends an Afu,u']-dg-
module F' to the 2-periodic complex with Fp in degree 0 and Fj in degree 1, together
with the differential F — F} of F' and the new differential Fy; — F5 ~ Fj using the
action of u~!. Moreover, # is symmetric monoidal: the tensor product of 2-periodic
complex identifies with the tensor product over A[u,u~!]. In particular, this induces
an equivalence of 1-categories between the theory of Z/2-graded A-dg-categories and
that of Afu,u~!]-dg-categories:

o 0 .
(2.2.4) dgcatbzt/r;z@ — dgcatj[r;fzg}.

Applying 6 to the enriching 2-periodic hom-complexes on the lLh.s of (2.2.3), the
equivalence (2.2.3) becomes an equivalence of strict Afu, u~!]-dg-categories.

This discussion descends to a monoidal equivalence of between the (Morita) ho-
motopy theories dg-categories, as explained in [Dycll, §5.1]. Moreover, the results of
[Toé07] describing internal-homs in the Morita theory remains valid.

For our purposes we will work with the version of MF obtained by the composition
of (2.2.2) with (2.2.4).

2.2.2. — We will now give a strict version of the symmetric lax monoidal structure
on MF:

Construcrion 2.10. — Let (X, f) and (Y, g) be two objects in LG, with X = Spec B
andY = SpecC (so f € Band g € C'). We consider the pair (D, h), where D = B 4C
and h=f®1+1®g e D. We have a natural A-linear dg-functor

(2.2.5) X : MF(B, f) ®4 MF(C, g) — MF(D, h),

obtained by the external tensor product as follows. For two objects E = (E,J) €
MF(B, f) and F = (F,0) € MF(C, g), we define a projective D-module of finite type

ERF :=FE®4F,

JE.P.— M., 2018, tome 5
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with the usual induced Z/2-graduation: the even part of E X F is (Ey ®4 Fp) ®
(FE1 ®a F1), and its odd part is (F1 ®4 Fo) ® (Ep ®4 F1). The odd endomorphism
6: EX F — EX F is given by the usual formula on homogeneous generators

(2.2.6) S(z@y) =d(z) @y + (—1)48%2 @ d(y).
All together, this defines an object E X F € MF(D, h), and with a bit more work
strict

a morphism in dgcaty)y 4 giving shape to (2.2.5). These are clearly symmetric and
associative. Finally, the construction MF is also lax unital with unity given by the
natural Z/2-graded A-linear dg-functor

(2.2.7) A — MF(4,0),

sending the unique point of A to (A[0],0) where A[0] is A considered as a Z/2-graded
A-module pure of even degree (and A is considered as an Z/2-graded A-linear dg-
category with a unique object with A as endomorphism algebra). This finishes the
description of the lax symmetric structure on

. aff,op,H trict,® strict,®
(2.2.8) MF : LGP — dgcatsz/zc’A ~ dgcatz[ufu,l].
Construction 2.11. — We must now explain how to use the strict lax structure of the

Construction 2.10 to produce a lax structure in the homotopy theory of dg-categories.
Following the discussion in the Section 2.1, it will be enough to show that MF has
values in locally-flat dg-categories. But this is indeed the case as by definition the
objects of MF (B, f) are pairs of B-modules that are finitely generated and projective,
hence in particular flat over B, and therefore also over A (as B is assumed flat over A).
Therefore, the enriching hom-complexes are flat over A. Following this discussion, the
lax symmetric monoidal functor (2.2.2) factors as

(229) LGaﬂ?}OD,EE N dgcatszt/r;czloc-ﬁat,(g»

and by composition with (2.2.4) and the restriction along A — A[u,u~!] we obtain a
lax symmetric monoidal functor

ff,op,H strict,loc-flat,® strict,loc-flat/A,®
(2.2.10) LG™P% — dgCaty), s ° % = dgCaty, ) "
(2.2.4) _)dgcatjrict,loc—ﬂat/A,@) .
1

rest.
Finally, we compose this with the monoidal localization oo-functor (2.1.2) followed by
(2.1.1), to obtain a new lax monoidal co-functor

(2.2.11) MF : Lgaffor B dgcatfemﬂg.

Remark 2.12. — The restriction of scalars along A — Afu, u~?] forgets the 2-periodic
structure. However, it is a consequence of the construction that we can recover this
2-periodic structure from the lax monoidal structure (2.2.11).

Indeed, the lax monoidal structure endows MF(.S,0) with a structure of object in
CAlg(dgcat'{®™). At the same time, as MF(S, 0) admits a compact generator given by
A in degree 0, it follows that in dgcatﬁem7 MF (S, 0) is equivalent to perfect complexes
over the dg-algebra 0(Endyip(s,0y(A)). But an explicit computation shows that this is
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a strict-dg-algebra given by Afu,u~!] with u a generator in cohomological degree 2.
In addition to this, the symmetric monoidal structure on MF(S,0), which by con-
struction of the lax structure in fact exists in the strict theory of strict dg-categories,
produces a structure of strict commutative differential graded algebra on Afu,u™}]
which corresponds to the standard one. It follows that in CAlg(dgcat'{®™), we have
a monoidal equivalence

(2.2.12) MF(S,0)® ~ Perf(Afu, u™!])®amu1,

where the r.h.s is equipped with the relative tensor product of Alu,u~1]. It follows
from the lax structure and the monoidal equivalence (2.2.12) that MF extends to a
lax monoidal functor

(2:2.13) MF : LG*Teor® Modperf(A[u,ufl])(dgCatfem)@).

We observe that this is precisely the 2-periodic structure of (2.2.9) before restricting
scalars along A — A[u, u™}]. Indeed, this follows from the commutativity of the square
of lax monoidal co-functors

N(dgcatstrict7loc-ﬂat/A,®) N(dgcatztricmloc—ﬂat/A7®)

Alu,u—1]
(2.2.14) l J
dgcatfﬁtmfl] dgcatijf‘iem’®

and the monadic equivalence

dom® MOdPerf(A[u,ufl]) (dgcati:ljem)(8

dgcatA[u’u,l] ~

The construction of MF as a lax monoidal functor from affine LG-pairs to
A-dg-categories, can be extended to all LG-pairs: one way is to interpret MF as a
functor LG — dgcatijem’Op and take its monoidal left Kan extension Kan MF to
presheaves of spaces 2 (LG*") [Lurl7, 4.8.1.10]. Now LG g embeds fully faithfully by
Yoneda inside 2(LG*) in a monoidal way with respect to the Day product. The
restriction to this full subcategory defines an oo-functor

(2.2.15) Kan MF : LG — dgcat{™

of matrix factorizations over S, naturally equipped with a lax symmetric monoidal
enhancement

(2.2.16) Kan MF® : LGP — dgcat'd™™® .

Alternatively, there is a definition of matrix factorizations on non-affine LG-pairs
(X, f) under the assumption that X has enough vector bundles. Indeed, one should
work with matrix factorizations (Fy, E1, dp,d1) where Ey and F; are vector bundles
on X. See [Orl04, Orl12, LP11]. Under this assumption, this second definition agrees
with the Kan extension. See [LP11, 2.11], [Efi18, §5] or [BW12, §3].
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2.3. DG-CATEGORIES OF SINGULARITIES

2.3.1. — Let (X, f) be an LG-model. In this section we will study an invariant that
captures the singularities of Xy C X, the closed subscheme of zeros of f. As we
will not impose any condition on f, for instance f can be a zero divisor, we have to
allow X to be eventually a derived scheme. More precisely, we consider the derived
fiber product

Xo:=8xh X s X
S

(2.3.1) l Jf

s— Y AL

where the canonical map i is an lci closed immersion,(®) as it is the base change of the
lci closed immersion Og : S — AL.

Remarxk 2.13. Note that if (X, f) € LGS (i.e., f is flat), then Xj is just the scheme
theoretic zero locus of f. In particular it coincides with the X consider by Orlov in
[Orl04]. Therefore, in this case, the derived categories of singularities considered in
this paper (see Definition 2.23 and Remark 2.26 below) is (an oo- or dg-categorical
version of) the derived category of singularities of [Orl04].

For an LG-model (X, f), with associated derived scheme Xg of zeros of f, we
consider Qcoh(Xy) the A-linear dg-category of quasi-coherent complexes on X
(see [Toél4, §3.1] for a survey). We consider the following full sub-dg-categories of
Qcoh(Xp):

— Perf(Xy): perfect objects over X, meaning, objects E € Qcoh(Xp) such that
locally it belong to the thick sub-category of Qcoh(Xy) generated by the structure
sheaf of Xy. These are exactly the ®-dualizable objects in Qcoh(Xjp). In our case,
as X is a fiber product of quasi-compact and quasi-separated schemes it has the
same property, and therefore by the results in [BZFN10, 3.6] (see also [Toé12a]) perfect
complexes agree with compact objects in Qcoh(Xp).

— CohP(Xj): cohomologically bounded objects E € Qcoh(X,) whose cohomology
H*(E) is a coherent H%(Ox,)-module,

— Coh™ (Xp): cohomologically bounded above objects E € Qcoh(Xy) whose coho-
mology H*(E) is a coherent H°(Ox,)-module,™

(6)In this paper we will use the terminology “lci closed immersion” to mean a quasi-smooth
closed immersion, namely, a map of derived schemes whose truncation is a closed immersion and
whose relative cotangent complex is perfect and of Tor-amplitude [—1,0]. See for instance [Toél2b,
AG15, Khal§)

() These are also known as pseudo-perfect complexes ([SGA6]) or almost perfect complexes
([Lurl?)).
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- Cohb(XO)Perf( x): cohomologically bounded objects £ € Qcoh(Xy) whose coho-
mology H*(E) is a coherent H°(Ox,)-module and such that the direct image of E
under i, is perfect over X,

where we always have inclusions(®)

Perf(Xy) C Coh(X,) € Coh™ (Xy) C Qeoh(Xj)
COhb(Xo)perf(X) - COhb<X0)

and the fact the map Xy — X is a lci closed immersion (of derived schemes), thus
preserving perfect complexes under pushforward (see Remark 2.15 below), gives us
another inclusion

Perf(Xo) g COhb(XO)Perf(X) .

Remark 2.14. — All Coh®(Xy), Perf(Xy) and Coh”(Xg)pert(x) are idempotent
complete A-dg-categories. This is well-known for CohP(X,) and Perf(X,). For
Coh”(Xo)per(x) this follows because both Coh®(Xy) and Perf(X) are idempotent
complete and the pushforward along Xg — X is an exact functor thus preserving all
retracts that exist.

Remark 2.15. The constructions of CohP, Perf and Coh™ possess different oo-
functorial properties for maps of derived schemes, summarized in the following table:

Pullbacks Pushforwards
CohP Finite Tor-amplitude Proper locally almost finite type
[GR17, Chap. 4, Lem. 3.1.3] [GR17, Chap. 4, Lem. 5.1.4]
Perf All (dualizable objects) Proper lci [Toé12b]
Coh- All [Lurl8, 2.7.3.1] Proper loc. almost of finite type
[Lurl8, 5.6.0.2]

We will use this table to deduce the functorialities for the construction
(Xa f) — COhb(XO)Perf(X)-

This requires some observations. We thank the anonymous referee for suggesting the
following arguments, simplifying the discussion we had in previous versions of the
paper:

Levmva 2.16. — Let (X, f) be be an LG-pair over S. Then the functori. : Qcoh(Xy) —
Qcoh(X) preserves perfect complexes, is t-exact and conservative.

®)For a general derived scheme Y, the inclusion Perf(Y) C CohP(Y) is not guaranteed. Indeed,
it requires Y to be eventually coconnective—see [GR17, Chap. 1, Def. 1.1.6]. This is automatic for
Y = Xo using the table in Remark 2.15.

JE.P.— M., 2018, tome 5



664 A. Bra~c, M. Rosaro, B. Toin &« G. Vezzost

Proof. The first claim is explained in the table in Remark 2.15 as the map
i:Xo— X is a lci closed immersion. For t-exactness see [Lurl8, 2.5.1.1]. Conserva-
tivity may be check on the hearts by t-exactness, but on the hears, i, induces the
classical pushfoward on the truncations t(Xy) — t(X), which is conservative. O

Proposition 2.17. Let (X, f) be be an LG-pair over S. Then the inclusion
(2.3.2) Coh®(Xo)pert(x) — Coh™ (Xo)pert(x)
s an equivalence.

Proof. — By t-exactness and conservativity of i, cohomological boundedness of an
object E € Qcoh(Xy) can be checked after applying i,. But if i,(E) is a perfect
complex then it is cohomologically bounded. |

Remark 2.18. It follows from 2.17 that the category Cohb(XO)Perf(X) fits in a

pullback square of idempotent complete A-linear dg-categories

Coh™ (Xo) ——— Coh™ (X)

.

COhb (XO)Perf(X) e Perf(X)

Indeed, by the t-exactness and conservativity in 2.16, the diagram

Coh™(Xo) —*— Coh™(X)

o

Coh®(Xy) —— CohP(X)

is cartesian. Combining the equivalence 2.3.2 with the fact the diagram

Coh™ (Xp) ——— Coh™ (X)

-

Coh™ (XO)Perf(X) e Perf(X)
is cartesian, allows us to conclude.

Remark 2.19. — The construction (X, f) — X, can be presented as an co-functor.
We leave this as an easy exercise to the reader. Moreover, for any map of LG-pairs
u: (X, f) = (Y, g) there is a well-defined pullback functor

(236) COhb(}/O)Perf(Y) — COhb(XO)Perf(X)'

Notice that the pullback map CohP(Yy) — CohP(Xp) is not necessarily defined as
one would need the map Xy — Y; to be of finite Tor-amplitude. What is true in
general (following the table above) is that Coh™ (Yy) — Coh™ (X)) is defined and this
is enough to show that the restriction (2.3.6) is always well-defined via the equivalence
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2.3.2. Indeed, the proper base change formula [Lurl8, 6.3.4.1] applied to the cartesian
diagram(®)

Xo—— X

(2.3.7) uol lu

Yo —Y
together with the fact the pullback of perfect complexes is always perfect, tells us that
Coh™ (Yp) — Coh™ (Xp) restricts to a functor Coh™ (Yp)pert(y) — Coh™ (Xo)pert(x)-
The construction (X, f) — Cohb(XO)perf( x) can easily be written as part of an oo-
functor.

Cororrary 2.20. — The assignment (X, f) — Cohb(XO)Perf(X) has descent with re-
spect to h-Cech covers for the h-topology of Voevodsky (see [HLP14]). That is, for any
morphism (Y, g) — (X, f) such that Y — X s an h-covering, the pullback

COhb (XO)Perf(X) — TOt(COhb (1/0)- )Perf(Y. ))

s an equivalence in dgcatfem. Here Y, denotes the Cech nerve of u: Y — X and
(Yy). denotes the Cech nerve of ug : Yo — Xo (both formed in the setting of derived
schemes).

Proof. — This follows from [HLP14, Th.4.12] as both almost perfect complexes and
perfect complexes satisfy h-descent for derived Cech. covers. Alternatively, notice that
Yo — X is an h-cover with X eventually coconnective, then use [Lurl8, 5.6.6.1] O

Revark 2.21. Let us remark that the Ind-completion Ind(Cohb(Xo)perf(X)) em-
beds fully faithfully inside the presentable oo-category IndCoh(Xo)qeon(x) obtained
via the pullback of presentable A-linear dg-categories

IndCoh(Xy) ——— IndCoh(X)

(2.3.8) ej 4

IndCoh(Xo)qeon(x) — Qcoh(X)

and the inclusion Ind(Cohb(Xo)perf(X)) C IndCoh(Xo)qeon(x) is closed under filtered
colimits. Let us remark first that the inclusion Perf(X) C Coh®(X) is fully-faithful,
so is the inclusion ¢ after Ind-completion Qcoh(X) C IndCoh(X) and therefore, so
is the map @ by definition of pullbacks in Pr® [Lur09, 5.5.3.13] and the definition of
mapping spaces in a pullback. Moreover, by the description of colimits in a pullback
[Lur09, 5.4.5.5], 8 preserves filtered colimits because the same is true for ¢.

The natural inclusions of bounded coherent inside Ind-coherent and perfect inside
all quasi-coherent, give us a canonical fully faithful embedding

(2.3.9) Coh"(Xo)pert(x) € IndCoh(Xo)qeon(x)-
(9 The diagram is cartesian by definition of morphism of LG-pairs.
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One can easily check using the fact that CohP(Xj) are precisely the compact object
of IndCoh(Xj), that the image of this embedding lives in the full subcategory of the
r.h.s spanned by compact objects.

We start with an absolute version of the definition of the derived category of sin-
gularities:

Derinirion 2.22. — Let Z be a derived scheme of finite type over S. The (absolute)
derived category of singularities of Z is the dg-quotient Sing(Z) := CohP(Z)/ Perf(Z2)
taken in dgcat'{°™,

We will now consider the derived category of singularities of an LG-pair (X, f).
As the derived closed immersion i, : Xo — X is Ici and in particular, of finite Tor-
dimension, Remark 2.15 guarantees well-defined operations

i, : Perf(X() — Perf(X) and i, : Coh”(Xj) — Coh®(X)
i* : Perf(X) — Perf(X,) and i* : Coh”(X) — Coh®(X,)
and therefore, well-defined induced operations
i, Sing(Xo) — Sing(X) and 1" : Sing(X) — Sing(Xo),
with i* left adjoint to i.. In this paper we will use the following definition:

Derinrrion 2.23. The dg-category of singularities of the pair (X, f) is the homotopy

idem

fiber in dgcat’y
Sing(X, f) := Ker(i, : Sing(Xo) — Sing(X)).
Remark 2.24. — The canonical dg-functor Sing(X, f) — Sing(Xy) is fully faith-

idem

ful. Indeed, being Sing(X, f) a fiber computed in dgcaty
dgcatlf‘,iem C dgcat , commutes with limits (with left adjoint the idempotent comple-
tion), we conclude the statement from the formula of the mapping spaces in the fiber

product in dgcat 4 and the fact that the zero dg-category 0 is a terminal object.

, and as the inclusion

Prorosition 2.25. — For any (X, f) € LGg the canonical functor

COhb(XO)Perf(X)/Perf(XO) = Slng(X7 .f)

is an equivalence. Here the dg-quotient on the L.h.s is taken in dgcatfem.

Proof. — We start with the observation that as X is assumed to be of finite type
over S, it is quasi-compact and quasi-separated and in particular, Perf(X) admits a
compact generator [BvdBO03]. Therefore X is perfect (in the sense of [BZFN10]) and
it is then a consequence of [Rob15, Prop. 1.18] that the exact sequence of idempotent
complete dg-categories

Perf(X) & CohP(X)

(2:3.10) l J

* —— Sing(X)
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is also a pullback in dgcatij\lem. This cartesian diagram together with the cartesian

diagram (2.3.3) fit together in a commutative cube

Sing(Xo)\ Sing(X)
Sing(X., f) T \ 0
(2.3.11) . ‘
CohP(Xo) ad CohP(X)
COhb (XO)Perf(X) Perf(X)

where the right, bottom and upper faces are cartesian. In particular, it follows that the
face on the left is cartesian and again by [Robl15, Prop. 1.18] applied to Perf(Xy) —
CohP(X() — Sing(Xy),(!?) combined with the fact the face on the left is now known
to be cartesian, gives us two cartesian squares

Perf(Xo) C—— Coh" (Xo)perf(X) s Cohb(Xo)

o

* ——— Sing(X, f) ——— Sing(Xo)
where the vertical middle arrow is essentially surjective (being the pullback of

CohP(X() — Sing(X() which is essentially surjective). This shows that the canonical
map induced by the universal property of the quotient

(2.3.13) Coh®(Xo)pert(x)/ Perf(Xo) — Sing(X, f)

is essentially surjective. It remains to check it is fully faithful. For that purpose we
use the commutativity of the diagram

Coh®(X¢)pers(x)/ Perf(Xo) —— Sing(Xo)
(2.3.14) (2.3.13%

Sing(X, f)

and explain that both maps to Sing(Xy) are fully faithful, thus deducing the
fully faithfulness of (2.3.13). The fact that the diagonal arrow is fully faithful
has been explained in Remark 2.24. It remains to show that the quotient map
Cohb<X0)perf(X)/Perf<X0) — Sing(Xy) = Coh”(X)/ Perf(Xy) is fully-faithful. This
is true as the inclusion COhb(XO)Perf( x) — CohP(Xj) is fully faithful and the map
induced in the quotient corresponds to a quotient by a common subcategory Perf(Xj)
with a compact generator.('?) O

(10)Notice again that Xy is also a quasi-compact and quasi-separated derived scheme so Perf(Xj)
has a compact generator - see [Toél2a)

(1D For the reader’s convenience we explain the argument: as both categories are stable and the
functors are exact it is enough to explain fully faithfulness at the level of the classical homotopy
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The description of Sing(X, f) given in Proposition 2.25 will be recurrent in this
paper.

Remark 2.26. — Following [EP15], one could also define the relative derived cate-
gory of singularities with respect to Xy — X, Sing(X,/X), as the dg-quotient of
Sing(X,) by the image of i* taken in dgcat'{®™. This differs from our Definition 2.23
(as explained in [BW12, Rem. 6.9]). Nevertheless, one can understand both choices
of definition as variations of the situation when X is regular, where both agree with
Sing(Xg). Our choice has the advantage of being always equivalent to matrix factor-
izations of projective modules (as it is proven by [EP15, Proof of Th.2.7, p.47] and
we shall revisit it in Section 2.4), contrary to the one of [EP15] where one needs to
use coherent matrix factorizations.

2.3.2. — Throughout this section by default we work under Context 2.1. For some
results we can actually drop the hypothesis that A is local. This hypothesis will only
be necessary in the construction of a strict model for CohPpey . Our goal is now to
exhibit the construction of the derived category of singularities of an LG-model as
lax symmetric monoidal oo-functor

(2.3.15) Sing® : LGP® — dgcat.

In what follows we will first construct Sing as an oo-functor defined on affine LG-
pairs. Our strategy will be to build a strict model for Cohb(XQ)Perf(X) (see below)
and construct the functorialities in this strict setting, transferring them later to the
homotopical setting via the localization functor of Section 2.1.

Remark 2.27. — The reader should be aware that the construction of Sing as an oo-
functor can be done using only co-categorical methods, without any rectification step,
as suggested in Remark 2.19. Note however that the comparison with the construction
of matrix factorizations requires some steps with strict dg-categories, as our initial
definition of MF (Construction 2.7) was indeed given in this setting.

Construction 2.28 (Strict model for the derived intersection Xo)
Let (X = Spec B, f) € LGZH7 corresponding to f € B for B a flat and finitely pre-
sented A-algebra. We consider K (B, f), the Koszul algebra associated to the element

f € B. It is the commutative B-dg-algebra whose underlying complex is B N B,
with the standard multiplicative structure where the elements of degree —1 square
to zero. We have maps B — K(B, f) — B/(f). When f is not a zero divisor, these
maps make K (B, f) into a cofibrant model for B/(f) as a commutative B-dg-algebra
(i.e., the diagram above is a factorization of B — B/(f) as a cofibration followed
by a trivial fibration). More generally, even if f is a zero divisor, K (B, f) is always

categories. This can be done using the description of Hom-sets in terms of zig-zags in the classical
Gabriel-Zisman localization. The reader can check [Kra08, Lem. 4.7.1] using the fact that the class
of morphisms being inverted consists exactly those maps £ — F whose cofiber is perfect.
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a cofibrant commutative B-dg-algebra which is an algebraic model for the derived
scheme X of zeros of f.

Exampere 2.29. — Let B = A and f = 0. Then Sy := S Xgl S is the derived self-
S

intersection of zero inside A}. This is explicitly given by the commutative differential
graded algebra K(A,0) = Ale] with € a generator in cohomological degree —1 with
¢2 = 0, with underlying complex

(2.3.16) 0—A-c-%4 0

Remark 2.30. This explicit model for the derived intersection gives us explicit
models for Perf, CohP, and Qcoh. For instance, there is a canonical equivalence
of A-dg-categories between the dg-category Qcoh(Xy) of quasi-coherent complexes
on Xp, and the A-dg-category of cofibrant K (B, f)-dg-modules, which we will denote

o —

as K(B, f). The full subcategory Coh?(Xy) C Qcoh(Xy) (resp. Perf(Xy)) identifies
with the full dg-subcategory of K(B, f) spanned by those complexes which are of
bounded cohomological amplitude and with coherent cohomology (resp. the full sub

dg-category of K (B, f) spanned by cofibrant dg-modules which are homotopically
finitely presented). A priori, the functor i, can be described as

— i, = F t =
K(B.7) i Qp o Forge B

where Qg is a cofibrant replacement functor in B-dg-modules and Forget is the restric-
tion of scalars along B — K(B, f). But as K (B, f) is already cofibrant over B, any
cofibrant K (B, f)-dg-module will also be cofibrant over B. Thus @ g is not necessary.

We now discuss a strict model for Cohb(XO)Perf(X), for X = Spec B.

Construction 2.31. — We consider the full sub dg-category Coh®(B, f) of the strict
dg-category of (all) K (B, f)-dg-modules, spanned by those whose image along the
restriction of scalars along the structure map B — K (B, f)

K (B, f)-dgMod 4, — B-dgMod

are strictly perfect as complexes of B-modules (i.e., strictly bounded and degreewise
projective B-modules of finite type). Notice that as X = Spec(B) is an affine scheme,
the sub dg-category Perf(X) C B is equivalent to its full sub-dg-category spanned
by strict perfect complexes (see [TT90, 2.4.1]). Note also that we do not make the
assumption that objects in Coh®(B, f) are cofibrant as K (B, f)-dg-modules, so there is
no fully faithful embedding from Coh®*(B, f) to the dg-category K (B, f)-dgMod%! =
Qcoh(Xp) of cofibrant K (B, f)-dg-modules.

Remark 2.32. More explicitly, an object in Coh®(B, f) is the data of a strictly
bounded complex E of projective B-modules of finite type, together with a mor-
phism of graded modules h : E — E[1] of degree 1, with h? = 0 satisfying
[d,h] =dh+ hd = f. In fact, given a B-dg-module E, the datum of a K(B, f)-
dg-module structure on F, restricting to the given B-dg-module structure via
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the canonical map B — K(B, f), amounts to a pair (mg,m;) of morphisms
me : B — E[—a] of graded B-modules, where mg is forced to be the identity by
the fact that the B-dg-module structure is assigned, and h := m; is subject to the
condition dh+ hd = f. Note also that, as a strict A-dg-category, Coh®(B, f) is locally
flat. This follows because by assumption B is flat over A and A is a regular local ring
as required by Context 2.1.

The dg-category Coh®(B, f) is a strict model for the dg-category Cohb(XO)Perf(X)7
as stated by the following lemma.

Levmma 2.33. — Let Coh®>*¥ (B, f) C Coh®(B, f) be the full sub-dg-category consist-
ing of K(B, f)-dg-modules which are acyclic as complezes of B-modules. Then, the
cofibrant replacement dg-functor induces an equivalence of dg-categories

(2.3.17)  Coh®(B, f)[q.iso™ ']ag = Coh®(B, f)/ Coh™*¥ (B, f) ~ Coh"(Xo)per(x)
In particular, we have a natural equivalence of dg-categories
Coh®(B, f)/Perf®(B, f) ~ Cohb(Xo)perf(X)/Perf(Xo) = Sing(X, f),

where Perf®(B, f) is by definition the full sub-dg-category of Coh®(B, f) consisting of
objects which are perfect as K (B, f)-dg-modules.

Proof. — The category of K(B, f)-dg-modules admits a combinatorial model struc-
ture inherited by the one from complexes of B-modules. Therefore, it admits a func-
torial cofibrant replacement

Q : K(B, f)-dgMod , — K(B, f)- dgMod%*

which is not a priori a dg-functor. In our case we are interested in applying this
to the inclusion Coh®*(B, f) C K(B, f)-dgMod, and it happens that for objects
E € Coh®(B, f) we can model Q by a dg-functor as follows: as F is strictly perfect
over B, in particular F is cofibrant over B. Therefore, by definition F ®@p K (B, f) is
a cofibrant K (B, f)-dg-module. So are the powers E ®p B™ @ K(B, f). This gives
us a resolution of £ ~ F Qg ) K(B, f) by a simplicial diagram. Extracting its
totalization we obtain a cofibrant resolution of E in a functorial way. This way we
get a strict cofibrant-replacement dg-functor

(2.3.18) Q : Coh*(B, f) — K(B, f)
which by definition, sends weak-equivalences to equivalences. By the universal prop-
erty of the dg-localization we have a factorization in dgcat 4

(2.3.19) Q : Cob®(B, f)[q.iso Jag — K (B, f).

Notice also that by the universal property of the quotient, this dg-localization is
equivalent in dgecat 4 to Coh®*(B, f)/ Coh®>*¥ (B, f) and the map (2.3.19) is the one
induced by the fact that @ sends the full subcategory Coh®** (B, f) to zero.

We show that the dg-functor (2.3.18) is fully faithful with essential image given by
Coh"(K (B, f))pert()- More precisely, we show that:
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(1) The functor (2.3.19) factors through the full-subcategory Coh®(K (B, f))pert(B),
where it is essentially surjective;
(2) (2.3.19) is fully-faithful.

Let us start with (1). Of course, as an object E € Coh®(B, f) is strictly bounded,
any cofibrant replacement will remain cohomologically bounded. The cohomology
groups of E carry a natural structure of 7o(K (B, f)) = B/ f-module. Moreover, be-
ing E levelwise made of projective B-modules of finite type, these same cohomology
groups are coherent when seen as B-modules via composition with the surjective map
B — B/f and therefore are coherent as mo(K (B, f)) = B/ f-modules. Therefore, its
cofibrant replacement Q(F) is in CohP (K (B, f)).(*?) In fact, Q(E) lives in the full sub-
dg-category Coh” (K (B, I))pert(B)- Indeed, notice that by definition of Coh®(B, f) the
image of E under composition with B — K (B, f), which we will denote as Forget(FE),
is a strict perfect complex and therefore, is perfect. As the forgetful functor along
B — K (B, f) preserves all weak-equivalences of dg-modules, Forget(Q(E)) is weak-
equivalent to Forget(E). Finally, by definition of i, := Qg o Forget (see Remark 2.30
for notations) we find that i,(F) is quasi-isomorphic to Forget(E) and therefore is
perfect.

To show that (2.3.19) is essentially surjective on Coh”(K (B, [))peri(B) We notice
first that as X is affine, the inclusion of strictly perfect complexes over B, Perf®(B), in-
side Perf(B) is an equivalence. In this case so is the inclusion Coh? (K (B, f))peres(B) C
COhb(K(B,f))Perf(B). Suppose M € CohP(K(B, f))perts(B) is in cohomological de-
gree 0, a B/ f-module of finite type. In this case, take any simplicial resolution of M
by free K (B, f)-dg-modules E — M. This might be unbounded because M itself is
not strictly perfect over K (B, f). The restriction of scalars of F to B is cofibrant and
is degreewise projective over B as K(B, f) itself is strictly perfect over B and M is
by hypothesis strictly perfect over B. One can now truncate the resolution 7¢p41E
for b the tor-amplitude of M over B. This new resolution is now strictly bounded as
K(B, f)-dg-module and remains quasi-isomorphic to M.

Let us now show (2). As Coh®(B, f) has a canonical triangulated structure (coming
from the strict dg-enrichment) to show that the map (2.3.19) is fully faithful it is
enough to show that it is fully faithful on the homotopy categories because of the
triangulated nature of the dg-localization. In this case it is enough so show that for any
E € Coh®*(B, f) and for any quasi-isomorphism P — F with P a K(B, f)-dg-module,
it is possible to find an object P’ € Coh®(B, f) and a second quasi-isomorphism
P’ — P — FE. But this follows using free resolutions like in (1) above. O

ConstrucTioN 2.34. — The construction (B, f) — Coh®*(B, f) is functorial in the pair
(B, f): if B — B’ is a morphism sending f € B to f’ € B’, the base change along
K(B,f) - K(B',f’) is induced by the base change B’ ® g — given by an A-linear

(12)As A is Noetherian and B is of finite type over A, it is of finite presentation as an A-algebra.
Then it is also Noetherian and therefore coherent modules are the same as finitely generated modules.
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dg-functor

B'®p —: K(B, f)-dgMod , — K(B’, f)-dgMod 4 .
This restricts to an A-dg-functor
(2.3.20) B’ ®@p — : Coh®(B, f) — Coh®(B’, f').

Indeed, the base change of a strictly bounded complex remains strictly bounded and
if Eis a K(B, f)-dg-module whose levels F; are projective B-modules of finite type,
then the base change E; ® g B’ are B’-modules of finite type and again projective.
As explained in Remark 2.32 (working under Context 2.1) we get this way a pseudo-
functor

(2321) Coh® : LGgff,op . dgcatjricmlocfﬂat

which sends (Spec B, f) to Coh®(B, f).
One can now use (2.3.21) combined with Lemma 2.33 to exhibit the assignment
(X, f)— Cohb(XO)Perf(X) as an oo-functor

(2.3.22) Coh®(—)pers(_y : LGYP — dgcat'{™.

For this purpose we remark that the base change maps (2.3.20) preserve quasi-
isomorphisms. Indeed, if E — F is a quasi-isomorphism between objects in Coh®*(B, f)
then £ — F is a quasi-isomorphism between the underlying strictly perfect B-dg-
modules. As strictly perfect B-complexes are cofibrant as B-dg-modules, and ev-
ery B-dg-module is fibrant, £ — F is an homotopy equivalence so that the base
change E ®p B’ — F ®p B’ remains an homotopy equivalence and therefore a quasi-
isomorphism (alternatively, use Brown’s Lemma [Hov99, 1.1.12]). In this case the
functoriality (2.3.21) can be refined

(2323) Coh® : LGZH@P — Pairsdgcatjrict.,loc-t’-lat7

strict

where PairsdgCat’"'" is the 1-category whose objects are pairs (T, W) with T a strict
small A-dg-category and W a class of morphisms in 7. This encodes the fact that
weak-equivalences are stable under base change and sends a pair (B, f) to the pair
(Coh®(B, f), Wq.iso) with W iso the class of quasi-isomorphisms. In the 1-category
PairsdgCatiriCt’loc'ﬂat we have a natural notion of weak-equivalence, namely, those
maps of pairs (T,W) — (T',W') whose underlying strict dg-functor T — T is
a Dwyer-Kan equivalence of dg-categories. This produces a map between the oo-
categorical localizations

(2.3.24) locqg : N(PairsdgCatSretlocftatypy~1
— dgcat 4 ~ N(dgCatjmt’loc_ﬂat)[WB}(]

sending a pair (T, W) to its dg-localization T[W ~1]4 in dgcat 4. To give a concrete
description of this co-functor, we remark the existence of another 1-functor

strict,loc-flat T strict,loc-flat
dgCat’y — PairsdgCat’,
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sending a strict small A-dg-category T to the pair (T, W) where Wr is the class of
equivalences in T'. By definition, this functor sends weak-equivalences of dg-categories
to weak-equivalences of pairs therefore induces a functor between their co-localizations

dgcat = N(dgCat™* )W ]® — N(PairsdgCat{"™" )17, )°.

We now claim that this functor admits a left adjoint, which will be our model of
(2.3.24). By a dual version of [Lur09, Lem. 5.2.4.9] it suffices to check that for every
pair (T, S), the left fibration

. strict,loc-fl _
dgcat 4 X N(PairsdgCatiiHiet loe-laty (=1 N(PairsdgCat®"°"'°¢ at)[WD}(](TS)/,
— dgcat 4

is co-representable. But this follows because of the existence of dg-localizations—see
[Toé07, Cor. 8.7].(1%)

Construction 2.35. — First we construct a lax symmetric monoidal structure on
Coh® (2.3.21). Given two LG-pairs (X := Spec(B), f) and (Y := Spec(C), g) one
must specify a functor

(2.3.25) Coh®(B, f) @4 Coh®(C,g) — Coh*(Bo4 C, f®1+18g)

satisfying the conditions of lax symmetric structure. To construct (2.3.25) let us start
by introducing some notation. For an LG-pair (X, f) we denote by Z"(f) the derived
zero locus of f so that in the affine case, with X = Spec(B), we have Z"(f) =
Spec(K (B, f)). By construction, given two affine LG-pairs as above, one obtains a
commutative diagram

ZM(f) xs Z"(g) &Zh(fﬁﬂg =+o(f.9) 2y xsY

J l l(fv 9)
0 (Id, — Id)

J L'
s 0 Al

where each face is cartesian and all the horizontal maps are Ici closed immersions
(as a consequence of the same property for the zero section S < A}). Moreover, we
remark that the arrows (1) and (2) in the diagram can be given strict models

B®yC
(2) (1)e(2)

KBesC, f1+1®yg) ) K(B,f)®a K(C,g)

(2.3.27)

(13)see also the higher categorical comments in [Rob14, §6.1].
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where (1) is completely determined by an element « of degree —1 in

K(vi) ®A K(Cag)

satisfying

dla)=f®1+1®yg, o® =0.
We set
(2.3.28) a=ho1+10k

where h and k are the canonical element in K (B, f) and K(C, g) respectively, of
degree —1 with

(2.3.29) d(hy=f, dk)=g, h?=k*=0.

To define the lax symmetric structure (2.3.25) one is reduced to explain that the
composition

(2.3.30)  Coh®(B, f) ®4 Cob®(C, g) —s Coh®(K (B, f) @4 K(C, g))

1),
W o (BoaC, fo1+10g)

is well-defined. (1), is given by the forgetful functor and as such it is well-defined the
level of the categories Coh®: indeed, if E is strictly bounded K (B, f) ® 4 K(C, g)-dg-
module whose image under the forgetful functor (1)o(2) is strictly perfect over B 4C,
then by commutativity of the diagram (2.3.27), (1).(F) is in Coh®(B®4 C, f B g).

It remains to provide an argument for the box product X: is defined by sending
a pair (E, F) to n}(E) @ my(F') with 7y and 7, the projections of Z0(f) xs Z"(9)
in each coordinate. Using the projection formulas and base change for affines,('*) the
underlying A-module of F X F' is just the A-tensor product £ ® 4 F. One must show
that if E (resp. F) is strictly perfect over B (resp. C) then F K F is strictly perfect
over B ®4 C. The fact that £ X F is strictly bounded follows immediately from
the definition of the strict tensor product of complexes and the fact both E and F
are strictly bounded. The fact that level of the complex F X F is projective over
B ®4 C follows because each level E* (resp. F¥) is by assumption projective over B
(resp. over C') so that each graded piece of the tensor product E*® 4 F* is projective
over B®4 C: E? (resp. F¥) being projective over B (resp. C) gives us a retract via a
map of B-modules (resp. C-modules) of an inclusion of B-modules (resp. C-modules)
E? C B% for some [ (resp. F* C C'®+). Via base change we obtain the graded piece
Ei®4 FF as a retract of (B ®4 C)®t+s via a map of B ®4 C-modules, for some I, s.
This proves the claim. To conclude, we define the lax unit via the map

(2.3.31) A — Cob®(K(A,0)),

(1)Notice that by definition of LG-pairs, both B and C are flat over A. In particular, the derived
tensor product is the usual one.

JE.P — M., 2018, tome 5



MoOTIVIC REALIZATIONS OF SINGULARITY CATEGORIES AND VANISHING CYCLES 675

sending the unique point to A itself (with its trivial structure of K (A, 0)-dg-module).
The construction (2.3.25) is clearly symmetric and associative and this concludes the
construction of a lax symmetric monoidal enhancement of (2.3.21)

(2.3.32) Coh®® . Laaor B, qeCatirictloc—flat.e

Remark 2.36. — In particular, we obtain a symmetric monoidal structure on
Coh*(A4,0).

Construction 2.37. — One now proceeds as in the Construction 2.34 to obtain a

lax symmetric monoidal structure on (2.3.22): one remarks that the category of pairs
PairsdgCatjriCt introduced in the Construction 2.34 comes naturally equipped with
a tensor structure: if (T, W) and (17, W’) are two pairs, the pair (T, W) ® (T7,W’) is
defined by (T'®@ T7, W ® W’). The lax structure of (2.3.32) can be lifted to pairs

(2.3.33) Coh®® . LGP B __, pairgdgCatsirictlocfiat

Indeed, one checks that the composition (2.3.30) sends the product of quasi-
isomorphisms to a quasi-isomorphism. For (1). this is by definition. For B this
follows because it is explicitly computed as a tensor product over A and strictly
perfect complexes are, as we have seen before, flat over A. To conclude, it fol-
lows from the definition of locally-flat dg-categories that the tensor structure in
PauirsdgCatjriCt’loc'ﬂabt is compatible with weak-equivalences in each variable so
that the localization functor along Dwyer-Kan equivalences of pairs is a monoidal
oo-functor

(2334) N(Pairsdgcatjrict,loc—ﬂat,@)) N N(PairsdgCatjriCt’loc'ﬂat)[W[_,Il(]®.

It remains to check that (2.3.24) is strongly monoidal. This follows from [Lurl7,
7.3.2.12] as the required hypothesis follow from the definition of the tensor structure
on pairs, together with the fact that for any two pairs (T, 5), (7”,5’) the canonical
morphism
(T@T)S® S Nag — TS Nag ® T[S ']ag

is an equivalence in dgcat 4 (this is an immediate consequence of the universal prop-
erty of dg-localizations combined with the existence of internal-homs in dgcat%).

Finally, the composition of the lax monoidal co-functors (2.3.33), (2.3.34), (2.3.24)
and idempotent completion, combined with the result of Lemma 2.33, achieve the
construction of the lax monoidal structure on (2.3.22).

Remark 2.38. — The lax symmetric monoidal structure Remark 2.36 and the Con-
struction 2.37 produces a symmetric monoidal structure on Coh”(K (S,0)), which we
shall denote as Coh® (K (S, 0))®. Tts monoidal unit is the K (A,0)-dg-module A in de-
gree 0 with zero e-action. Via the identification of K (S,0) as a strict model for the
derived tensor product S x AL S, this symmetric monoidal structure corresponds to the
convolution product induced by the additive group structure on Ag. This symmetric
monoidal structure has a geometric origin: in fact S x AL S is a derived group scheme
with operation induced by the additive group structure on the affine line. By unfolding
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the definition, given E, F € Coh®(K(S,0)), EB F is given by the underlying tensor
E®4 F equipped with an action of K(S,0) via the map K(5,0) — K(S5,0)®.4 K(S,0)
of (1) in (2.3.27). In the case when A is a field of characteristic zero this recovers the
monoidal structure described in [Prell, Construction 3.1.2].

Moreover, given an LG-pair (X, f), the action of CohP (K (S,0))® on Coh”(Xo)pert(x)
also has a geometric interpretation: indeed, the derived fiber product Xy carries a
canonical action of the derived group scheme S x AL S. This is obtained via the
cartesian cube

XO Xg (S XA}g S)L(:tlon))(o

y ‘pr /
; S,0 i
X, i =0 x<!
(2.3.35) l ;

S XAé S

e i

Let us describe this action more precisely. In the affine case this is given by the
formula (2.3.30). In geometric terms this is explained by the derived fiber product in
the diagram (2.3.35) whose top face is the self-intersection square

[95)

Xo x5 (8 xu1 5) Y5 X,
(2.3.36) pri f
Xo— 4 x

and the action of F' € Coh®(K(A,0)) on M € Coh®(Xo)pers(x) is given by FEHM :=
v« (pr* (M) ® prig o) (F)). In particular, by derived base change, we have

(2.3.37) K(A,0) B M ~ i*i,(M).

Moreover, the action of A (as a K(A,0)-module in degree 0 with a trivial action of ¢)
is given by

(2.3.38) ABM = v (pr"(M) @ prig o (A4) = M.

To show this last formula we remark that A as a trivial K(A,0)-module is given by
t«(A) where t : S = Spec(A) — Spec(K(A,0) = 5 x,1 S is the inclusion of the
classical truncation. Using the pullback diagram

Id xt
Xo~ X x5 (§) ———— Xo x5 (S X AL S)

(2.3.39) l t Jpr

S S xu1 S
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and derived base-change, we get that
AB M ~ v, (pr*(M) @ pr(g o) t+A)) = vi(pr" (M) ® (Idx, xt).Ox,)
which by the projection formula, is equivalent to
(2.3.40) v 0 (Idx, xt).((Idx, xt)* pr*(M)) ~ M.
We conclude that A, as a trivial K(A,0)-module, acts via the identity map on
Coh (Xo)pert(x)-

We now provide an explicit description of CohP (S xKl S)pert(4) With the symmetric
monoidal structure of the previous remark. This is esgentially the observation that
for the computation performed in the proof of [Prell, Prop. 3.1.4] to work we don’t
need A to be a field of characteristic zero. In fact, it works whenever A is regular:

Levma 2.39. Let A be a regular commutative ring. Then we have an equivalence
in CAlg(dgcat'{*™)
(2.3.41) Coh”(S Xgls S)Eerf(s) ~ Perf(Afu])®At,

where on the r.h.s we have the standard tensor product over Alu] (where u has
degree 2) induced by the fact Afu] is naturally a commutative algebra-object in
Modz(sp)®.

Proof. Let us first explain the equivalence between the underlying categories.
Since A is regular, we have Coh”(S xgls S)pert(s) =~ Coh®(S xgls S), where S XXIS S
is the derived zero locus of the zero-section 0 : S — A}g. Now, this derived zero-locus
is the spectrum of the simplicial commutative ring Sym? (A[1]), whose normaliza-
tion is the commutative differential graded ring K(A,0) of Example 2.29. There-
fore CohP(S XXIS S) is equivalent to CohP(K(A4,0)), i.e., to dg-modules over K (A,0)
which are coherent on the truncation H°(K(A,0)) = A. It is easy to verify that
CohP(K (A, 0)) is generated by the A-dg-module A, via the homotopy cofiber-sequence

A—0 4

(2.3.42) l J

0—— K(A,0)

so that Ind(Coh"(K(A4,0))) is equivalent to dg-modules over RHomp (4 ¢y(A, A) and
Coh"(K(A,0)) to perfect dg-modules over RHom (4,0)(4, A). Now, we remark the
existence of an infinite resolution
(2.3.43) U U S R NN C N

(] i i i [

=3 —2 -1 0 0
of A as a K(A,0)-dg-module. This can be obtained as an homotopy colimit in
Qcoh(K (A,0)) induced by the multiplication by e as follows: let K(A,0){1} denote
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the cofiber of € : K(A,0)[1] = K(A,0) and by induction, we construct K(A,0){n+1}
by the cofiber

K(A,0)[2n — 1] —— K(A,0){n}

|

(2.3.44) l

0 ——— K(A,0){n+1}
and obtain the infinite resolution (2.3.43) as the homotopy colimit in Qcoh(K (A4, 0))
(2.3.45) colim(K(A,0) — K(A4,0){1} — K(A,0){2} — ---) = A.

Using this resolution we can directly compute

(2.3.46) RHom g (4,0y(A, A) ~ Alul

with deg(u) = 2. Let us briefly describe this computation. It is clear that as A-
modules, we get an isomorphism of complexes

3. omA---.—> O, 4 ddy — A
2.3.47) RH idog 0, 4 dd 4 0044
[} L [ ] | I iy I |
-3 -2 —1 0 0
0 2 3

. The extra demand for a

~— =

where each degree |‘il| on the r.h.s is a disguise of HomA(él, A

i —i
K (A, 0)-linear compatibility forces every map f to satisfy the relation f(e-(=)) =¢ef
with e corresponding to the unity of A in degree —1 in K(A,0). As the action of €
is zero on the trivial K (A, 0)-module A concentrated in degree 0, the K (A,0)-linear
structure gives f(e-(—)) = 0 imposing that for odd i only the zero map in Homa (A4, A)
is allowed. This shows (2.3.46) as a map of dg-modules, under which u corresponds
to 1 € A~ Exti 4 0)(4, A).

To explain why (2.3.46) is an equivalence of dg-algebras we argue as follows: Since
CohP(S xgls S)Eerf(s) is symmetric monoidal with tensor unit A, RHom g (4,0)(4, A)
is actually a commutative algebra object (endomorphisms of the unit). The element u
then defines (2.3.46) as map of commutative algebra objects, where Afu] is endowed
with its usual algebra structure. This concludes the proof of the equivalence of un-
derlying dg-categories

(2.3.48) Coh”(S xgls S)pert(a) = Perf(Alu]).

We now discuss the symmetric monoidal equivalence. As a preliminary step we
describe the computation of RHom g (4,0)(4, E) for E € Coh®(K(A,0)). One shows
that level n of RHom g (4,0)(4, ) is the level n of the complex E® 4 A[u]. However, the
differential on RHom g (4,0y(A, E) is not the naive tensor product differential. Indeed,
using the same infinite resolution of A as a K(A,0)-module and from the relation
f(e-(=)) = ef one obtains that the elements of odd degree are determined by the
antecedent element even degree under multiplication by e. Therefore, the level n of
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RHom g (4,0)(A, E) is the direct sum @120 E,, _o; and the differential @i>0 E,_9 —
@120 E,t1-9; is given by d + € - (—) where d is the native differential of E. It is
clear now that the resulting level n of RHomg (4 ,0)(4, E) identifies with the resulting
level n of the naive tensor product E ® 4 Alu] but the differential is twisted by the
action of . To encode the result of this computation we will write

(2.3.49) RHom g (4,0)(4, (E,d)) ~ (E®a Alu],d +¢).
This formula is the starting point to show that the equivalence (2.3.48) is monoidal.
We show that the arguments given in [Prell, Prop. 3.1.4] work for a general regular

ring A using our infinite resolution (2.3.43) instead of the Koszul-Tate resolution used
in loc. cit. We start by showing that the strict dg-functor

(2.3.50) & 1 K(A,0)-dgMod"® — A[u]- dgMod}™"
sending
(2.3.51) (E,dp) — &(B,dg) = (E ®4 Alu],dg + )

is symmetric monoidal with respect to the convolution H of Remark 2.35 on the Lh.s
and the usual tensor product over Afu] on the r.h.s. This follows essential from the
definition of B: given two pairs (F,dg) and (F,dr) in K(A,0)-dgMod 4, their box
product is given by the pair that consists of the usual tensor product E ® 4 F over A,
equipped with the action of K(A,0) given by the formula (2.3.29), which in this
case is explicitly given by € ® Id +1d ®e. In this case the natural lax structure is an
equivalence as

E(B,dg) B (F,dp)) = &(E ®4 F,dg © 1d + 1d ®dp)
~(E®aF)®4 Alu)), (dg @ Id+1d®@dp) + (¢ ® Id + Id ®¢))
~(E®aF)®aAlu)),(dg +¢) @ ld+1Id®(dF + €)
~ (E®a Alul,dp +€) @) (F ®a Alu],dr + ¢)
~ &(E,dp) @ap € (F,dr).
As explained in Remark 2.35 this restricts to a symmetric monoidal functor
(2.3.52) Coh®*(K(A,0))® C K(A,0)- dgMod’™® s Afu]- dgMod " |

As a second step we notice that & preserves quasi-isomorphisms: Indeed, it is clear
that if E — F is a quasi-isomorphism of strictly perfect complexes over K (A, 0), then
E®y Alu] = F ®4 Alu] with the standard differentials on both source and target,
is a quasi-isomorphism (again, this is because E, resp. F, being strictly perfect over
K (A,0), it is, in particular, degreewise projective over A, therefore flat). We have to
argue why the induces map

(E@A A[u],dE—i—E) — <F®A A[u],dp+€)

is also a quasi-isomorphism for the differentials perturbed by . To see this we remark
that (E ®4 Alu],dg + €) is obtained as the totalization of the a complex with given
by differentials dp and e. This is obtained from the canonical filtration by degree
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on Afu]. The associated graded pieces are all given by E. Therefore, the convergence
of the associated spectral sequences then tells us that the cohomology of these graded
pieces converges to the cohomology of the total complex. In particular if £ — F is
a quasi-isomorphisms, the associated graded pieces of the two spectral sequences are
quasi-isomorphic and therefore, so are the total complexes. Finally, we use the com-
patibility of & with quasi-isomorphisms to pass to the monoidal localizations. As seen
in the Construction 2.37, the strict lax structure on Coh®(—), Coh®(K (A, 0)) is stable
under the B tensor product on K (A,0)- dgModS{"'*. Therefore, the dg-localization
along quasi-isomorphisms is monoidal. Moreover, as A[u]- dgMod5™* is a symmet-
ric monoidal model category, it follows from [NS17, Th. A.7] that the localization of
Alul- dgModZtriCt along quasi-isomorphisms is also a lax symmetric monoidal functor.
By the universal properties of localizations, combined with the equivalence (2.3.17)

we obtain a lax symmetric monoidal dg-functor in dgcat%g
(2.3.53) & : CohP(K(A,0))® — Qcoh(A[u])®@4r

which one can easily check to be strongly monoidal. Moreover, as seen above in the
proof of the equivalence (2.3.48), every E € CohP(K(A,0)) can be obtained from the
K(A,0)-dg-module A under finite shifts and cones so that &(E) will be a perfect
Alu]-module (as &(A) is free as A[u]-module because the action of € on A is trivial.)
Therefore (2.3.53) factors through Perf(A[u])®4t and this factorization in dgcat'e™
recovers the equivalence (2.3.48). O

Remark 2.40. — Notice that the equivalence (2.3.45) is valid only in Qcoh(K (A4, 0))
and not in IndCoh(K (A, 0)).

Remark 2.41. As seen in the proof, it is a consequence of the symmetric monoidal
equivalence (2.3.41) that the equivalence (2.3.46) identifies the algebra-structure of
composition of endomorphisms with the standard multiplication on Afu].

Remark 2.42. As in Remark 2.12; using the equivalence (2.3.41) we recover the
lax symmetric monoidal structure on the co-functor (2.3.22)

CohP (=) perf(— .
(2.3.54) LGFop.E (Dpert(-) Modperf(A[u])(dgcatfem)®

restricted to affine LG-pair (X, f) and the induced action of the small stable idempo-
tent complete symmetric monoidal (oo, 1)-category Perf(A[u])®4i on the co-category
COhb (XO)Perf(X)-

Prorosition 2.43. Assume A is a regular ring. Under the symmetric monoidal
equivalence (2.3.41):
(1) the full subcategory Perf(S x4, S) C Coh®(S xb, S) is identified with the full
S S
subcategory Perf(Afu])¥-Torsion of u-torsion modules, i.e., those perfect dg-modules M

over Alu] such that there exists an N > 0 such that the multiplication by u®,
M[—2n] — M is null-homotopic.
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(2) the quotient map

(2.3.55) CohP(S,0) — Sing(S, 0)

identifies with the symmetric monoidal base change map

(2.3.56) - ®HA[u]A[u,U_1] : Perf(A[u]) — Perf(Afu,u™']).

yielding

(2.3.57) Sing(S,0) ~ Perf(A[u,u]).

Proof. — Let us start with the first claim. The argument is similar to the one of

[Prell, Lem. 3.1.9 |. Using the formula (2.3.49) one obtains

(2.3.58) RHompg (4,0)(4, K(A,0))
e- =id 0
_ ﬁll —
1

;(é‘&
-1

ol
o
r

and observe that the r.h.s is quasi-isomorphic to A[1]. In this case, the equivalence
(2.3.48) maps the full subcategory Perf(S xgls S) C Coh(S xgls S), by definition,
generated by K(A,0) under finite colimits and retracts, to the full subcategory of
Perf(Afu]) generated by the object A[1]. This is equivalent to the (stable and idem-
potent complete) subcategory generated by A as a trivial A[u]-module. We remark
that as an A[u]-dg-module, A fits in a cofiber-fiber sequence

Alu][-2] = Alu]
(2.3.59) l |
0— A

which can be obtained using the explicit model for the cone of the multiplication by
(given by the identity on each level).

We use this to conclude that the thick subcategory generated by A in Perf(Afu])
is exactly the full subcategory spanned by the u-torsion dg-modules. Indeed, A is by
construction u-torsion, as u acts null-homotopically. Moreover, the full subcategory of
u-torsion modules is by its nature a thick stable and idempotent complete subcategory
of Perf(A[u]). It remains to show that every M € Perf(A[u])“Tori" can be obtained
as a retract of a homotopy finite cellular object built from A under shifts and cones. For
this purpose we use the cofiber/fiber-sequence (2.3.59): given M € Perf(A[u])v-Torsion
using the relative tensor product over Afu] (which as explained in Remark 2.41 carries
its standard structure of Ey.-algebra) we obtain a cofiber-fiber sequence

M[=2n] ~ M @ a0y Alul[~2n] ~29 5 M ~ M @ 4, Alu]

(2.3.60) l J

0 M[-2n+1]®& M

M @ ap) (Bocicn—1 Al—2i])
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The assumption that M is perfect over A[u] means by definition that it is obtained
under finite shits and cones of Afu]. In particular, M ® apu) (Bo<;<,—1 Al—21]) is then
obtained as a finite cell-object from A and has M as a direct factor.

Let us now address the second claim. First notice that since A is regular, we have
Sing(S,0) ~ Sing(S xgls S). Thanks to the half of the proposition already proved,
to establish this identification one is reduced to present the base change — ®H;1[u]
Alu,u™!] as a Verdier quotient with respect to the thick subcategory of u-torsion dg-
modules. For this purpose we remark that at the level of the presentable co-categories
of modules, the base-change in Pr”

— ®a[u] A[u,u_l] : Mod a7, (Sp) — Mod afy,—1)(SP)

admits the restriction of scalars along the map A[u] — Afu,u~"] as a fully faithful
right adjoint, whose image is the full subcategory of Mod 41,;(Sp) spanned by those
dg-modules where the multiplication by u is invertible. In other words, such objects
become the local objects for the presentation of Mod 4,,,-1(Sp) as a Bousfield lo-
calization of Mod4[,(Sp). As a consequence of this fact, — ®HA[U] Alu,u~"] has an
alternative description in terms of a colimit in (the big category of) A[u]-modules in
spectra given by multiplication by wu:

M @5 Alu,u™'] ~ colimy, (- -+ — M — M[2] — M[4] — ---).

This follows from the combination of the universal properties of base change, of col-
imits in AJu]-modules and fully faithfulness along restriction of scalars. The formula
remains valid for perfect complexes because base-change preserves perfect complexes
(the colimit being always taken in spectra). In this case, if an Afu]-module M is
u-torsion the colimit by multiplication by wu is by cofinality equivalent to the colimit
of the zero diagram so that M ® 4, A[u, u™'] ~ 0. Conversely, if M ® 41, Alu, u™'] ~ 0
and M € Perf(Au]), then M is compact and we have

* o Map 4, (M, colim,, M([2n])) =~ colim,, Map 4, (M, M[2n]))
—
~0

in ModA[u](Sp), so that there is an n such that the power u" is the zero map. O

Remark 2.44. — Given T’ € Perf(Afu]) and M € CohP(Xo)perr(x) let us introduce the
notation T'® 4p,,) M for the action of T"on M via the monoidal equivalence (2.3.41). By
definition of (2.3.41), we get that M ~ Afu|® ap) M ~ AXM and that A[1]® ap M ~
K(A,0) X M ~ i*i,M. In particular, as the action by construction commutes with
colimits in each variable, the cofiber sequence (2.3.59) produces a cofiber sequence

M[~2] ~ Alu][~2] ® apg M —— M ~ Alu] @ apg M

(2.3.61) J l
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The following proposition achieves the main goal of this section of exhibiting a lax
symmetric structure on the co-functor Sing (2.3.15). In particular this extends [Prell,
Prop. 3.4.3] to a base ring which we only require to be regular local, instead of a field
of characteristic zero.

Prorosirion 2.45. Assume Context 2.1. There is a natural equivalence between the
composition
CohP (=) perf(— )
(2.3.62) LGTop (partc) Modpest(ap) (dgeat'se™)
- ®A[u] A[’U,, uil] idem ForgEt idem
Modperf(Afu,u-1]) (dgcatlfli y— dgcatﬁ

and the co-functor Sing. By transfer under this equivalence, the functor Sing acquires
a lax symmetric monoidal enhancement. In particular, Sing(S, 0) acquires a symmetric
monoidal structure equivalent to the natural one on 2-periodic complexes.

Proof. — The proof is similar to [Prell, 3.4.1]. As Coh’(K (A, 0)® ~ Perf(A[u])® 4t
is a rigid symmetric monoidal idempotent-complete dg-category and

Perf(Afu])*Torsion C Perf(A[u]) — Perf(Afu,u'])

is an exact sequence of Perf(A[u])-linear dg-categories, one can use exactly the same
arguments as in [Prell, Lem. 3.4.2] to deduce that for any LG-pair (X, f) the base-
change sequence

COhb(XO)Perf(X) ®Perf(A[u]) Perf(A[uDu—Torsion - COhb(Xo)Perf(X)
— COhb(XO)Pcrf(X) ®Pcrf(A[u]) PeI‘f(A[u7 U_l])

remains a cofiber-fiber sequence in Modpeys(afu)) (dgcatfem). It follows from the def-

inition of the tensor product in dgcatij\lem that the localization functor

Coh®(Xo)pert(x) — Coh’(Xo)pert(x) @pert (L)) Perf(Afu, u™])

can be described as in the proof of Proposition 2.45 by the oco-functor sending M €
COhb(XO)Perf(X) to the colimit in Ind(Cohb(Xo)perf(X))(ls) of the sequence given by
the action of u:

M — colim,(--- — M — M[2] — M[4] — ).

Moreover, by definition, COhb(Xo)pcrf( X) ®pert(Afu)) Perf (A[u])wTersion jdentifies with
the full subcategory of Cohb(Xo)perf( x) spanned by those objects M such that there
exists N > 0 such that u’¥ : M — M[2n] is null-homotopic. In this case we are reduced
to show that M is in Perf(Xy) if and only there exists N > 0 such that u™ ~ 0. For
this we follow the steps of [Prell, 3.4.1 (i) < (ii)]. We use the description of the action
of CohP(K(A4,0)) on Cohb(XO)perf(X) given in the remark 2.38, namely the formulas
(2.3.37), (2.3.38).

(15)Notice also that this filtered colimit can also be taken in IndCoh(Xo)Qcoh(X), thanks to
Remark 2.21.
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Combining these formulas with our resolution (2.3.45) for A as a K (A, 0)-module,
we get a diagram of natural transformations

it n] — il n — 1] — - — L[1] — 1ML

induced by the multiplication by . As the resolution works only in Qcoh(K (A4, 0))
(Remark 2.40), the formula (2.3.45) yields a canonical equivalence of oco-functors

(2.3.63) colimy, (i, — i, {1} — i*L.{2} — ) = Idgeon(xo)»

where the colimit is taken in Qcoh(Xy) (by definition of CohPpe, i*i, has values
in the quasi-coherent category). We now remark that M is in Perf(Xj) if and only
if there exists an N > 0 such that M is an homotopy retract of some i*i,{N}(M).
Indeed, suppose that M is perfect. Then it is a compact object in Qcoh(Xy) and
the identity map M — M =~ colim, i*i.{n}(M) factors through some finite stage
i*i,{n}(M). Conversely, suppose that M € CohP (Xo)perf(x) is an homotopy retract
of some i*i,{n}(M). Then because of the definition of Coh®(Xo)pert(x), for any M,
i*1,(M)[n] is always a perfect complex so that the finite colimit i*i,{n}(M) is also
perfect. Being a retract, M will also be perfect.

It remains to identity modules obtained as homotopy retracts of some i*i,{ N }(M)
exactly with those modules where the action of u is torsion.

The cofiber-sequence 2.3.61, tells us that

cofibu ~ i*i,(M)[-1].

Using it one can easily construct a cofiber-fiber sequence

i, M[1]] ——— 0

i*i,M — cofib(u?)|3]

By induction, one shows that

cofibu[—1] ——— 0

cofibu™[—2] — cofibu"*!
are cofiber-diagrams and more generally, using the diagrams (2.3.44) we get

cofib(u¥)[2N — 1] ~ i*i,{N — 1}(M).

In particular, if the action is torsion, we have u’ ~ 0 for some N > 0, and cofib(u”) ~
M[-2N + 1] @ M and cofib(u’N)[2N — 1] ~ M @& M[2N — 1]. In this case we get
M @ M[2N — 1] ~ i*i,{N — 1}(M) so that M is a retract of the finite colimit.
Conversely, if M is a retract of the cofiber of " then this uV is null-homotopic as
the retract gives a splitting of the cofiber sequence M[—2N] — M — cofibu’¥. O

JE.P — M., 2018, tome 5



MoOTIVIC REALIZATIONS OF SINGULARITY CATEGORIES AND VANISHING CYCLES 685

Remark 2.46. Notice that in the previous proof it is never used that (X, f) is an
affine LG-pair. In fact, the proof of the previous proposition can be used to conclude
that the functor (X, f) — Sing(X, f) is lax monoidal on non-affine LG-pairs, inde-
pendently of the strict model for bounded coherent on X, perfect on X of 2.33 in
the affine case. Indeed, the lax monoidal structure on (X, f) — Sing(X, f) can be
obtained using the fact that Qcoh is a lax monoidal co-functor (obtained from the
lax monoidal structure on the construction A — Mod 4 (Sp)—see [Lurl7]), combined
with the cartesian property of the diagram (2.3.3), Proposition 2.43, Lemma 2.39, the
lax monoidality of inverting u and the proof of the proposition 2.45.

Remark 2.47. — The fact that Sing(S,0) is monoidal equivalent to 2-periodic com-
plexes has been proved in the case where A is a field of characteristic zero, see for
instance [Prell, Prop.3.1.9] and [AG15, §5.1]. This is an instance of Koszul duality
for modules.

Remark 2.48. — One should also remark that as for MF, under some hypothesis,
the functor Sing on non-affine LG-pairs matches the result of the Kan extension of
its restriction to affine LG-pairs. This follows from a combination of Cech descent
for Coh%erf of Corollary 2.20, together with the fact that for Noetherian schemes of
finite Krull dimension the Zariski topos is hypercomplete [Lurl8, 3.7.7.3]. Knowing
Zariski descent for Cohb,; it suffices, after Proposition 2.45 and Remark 2.46, to
remark that the base-change — ®per(afu)) Perf(Afu,u~!]) in idempotent complete
A-dg-categories, preserves finite limits because both Perf(A[u]) and Perf(A[u,u™1])
have single compact generators, and the localization A[u,u~!] can be obtained as a
filtered colimit under multiplication by u in Sp, and filtered colimits preserve finite

limits.
2.4. Comparison. — Consider Context 2.1. In this section we prove the following
Turorem 2.49. — There is a lax symmetric natural transformation of co-functors

Orl™"® : Sing — MF : LGY® — dgcat'{e™
with the following properties:

(1) Orl™"® jdentifies the symmetric monoidal structure of Sing(S,0) given in
Proposition 2.45 with the one of MF(S,0) as in Remark 2.12.

(2) Orl™® is an equivalence when restricted to the sub-category of LG-models
(X, f) where f is a non-zero divisor on X (i.e., the induced morphism Ox — Ox is
a monomorphism), X/S is separated, and X has the resolution property (i.e., every
coherent Ox-Module is a quotient of a vector bundle, e.g. X regular).

(3) In particular, from (1) and (2), MF(X, f) and Sing(X, f) are then equivalent
as Alu,u1]-linear idempotent complete dg-categories.

Theorem 2.49 provides a co-functorial, dg-categorical lax symmetric monoidal ver-
sion of the so-called Orlov’s comparison theorem, comparing matrix factorizations
and categories of singularities (see [EP15, Th.2.7] and [Orl12, Th. 3.5]).
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Remark 2.50 (Derived vs classical zero locus). Note however, that our natural
transformation Orl™" is defined also for non-flat LG-models (X, f), and this was made
possible by considering the derived zero locus of f instead of the classical scheme-
theoretic zero locus in the definition of the functor Sing (while MF is defined using
only non-derived ingredients). Note that for flat LG-models (X, f), f is indeed a non-
zero divisor on X. If we restrict the functor Sing to LG-models (X, f) where f is a non-
zero divisor on X, i.e., f|iy is a non-zero divisor for all Zariski open affine subschemes
U C X (this case is of particular interest for us, see Remark 4.2), then the derived
fiber X, coincides with the classical scheme-theoretic fiber X&' (i.e., the truncation
of Xp), and one does not need to use derived algebraic geometry at all in the definition
of Sing (Definition 2.23). Note, however, that if these conditions are not met, there
is no way to avoid taking the derived fiber Xy. In fact, the push-forward along the
closed immersion X§' — X does not necessarily preserve perfect complexes, so that a
purely classical analogue Sing® of our definition of Sing is simply impossible. And this,
regardless, the fact that X may or may not enjoy the resolution property. Moreover,
even when the pushforward along X§' — X does preserve perfect complexes, so that
both our definition of Sing and its purely classical analogue Sing® make sense, then
they might differ. As an important example, one could take (X, f) := (5,0): here
Xg' = X, so that Sing™(S,0) is defined and is trivial, while Sing(S,0) is equivalent
to the dg-category of 2-periodic complexes Perf(A[u,u~']) (Proposition 2.45), and is
therefore equivalent to MF(S,0), as an object in CAlg(dgcat'{®™). In particular there
is no hope for MF to be equivalent to Sing®, when f is allowed to be a zero-divisor.

Remark 2.51. — The considerations of the previous remarks lead us to believe that
the oo-functor Orl™" of Theorem 2.49 is an equivalence even without restricting to
flat or non-zero divisors LG-pairs: we think this generalization of Theorem 2.49 is im-
portant, and will be discussed elsewhere. Granting this fact, we can make a few more
observations. First, note that flat LG-pairs (X, f) where X/S is separated and X
is regular belong to the subcategory for which Orl™! is an equivalence. But unfor-
tunately, the property of being regular is not preserved under base-change, so that
these regular flat LG-pairs do not form a monoidal subcategory of the category of flat
LG-pairs (recall from Section 2 that (X, f)B(Y,g) := (X xgY, fBg)). However, if we
denote by LGg’qpmj the subcategory of flat LG-pairs (X, f) over S where X/S is quasi-
projective (hence separated), then LGHS'CH”roj is a symmetric monoidal subcategory of
LG, and Orl™! will remain an equivalence when restricted to LG%‘qp "ol (granting the
validity of Theorem 2.49 without the flatness hypothesis) since any quasi-projective
scheme over an affine scheme has the resolution property, see e.g. [TT90, 2.1]).

We now address the proof of Theorem 2.49. By Kan extension and descent, it is
enough to perform the construction of Orl : Sing — MF for affine LG-models. For
(Spec B, f) an affine LG-model, we first define a strict A-linear dg-functor

¥ : Coh®(B, f) — MF(B, f)
as follows.
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Construction 2.52. Recall the description of objects of Coh®*(B, f) from Remark
2.32: they are pairs (E, h) consisting of a strictly bounded complex E of projective
B-modules of finite type, together with a morphism of graded modules h : F — E of
degree —1, satisfying the equation [d, h] = dh 4+ hd = f. Given such a pair (E, h), we
define ¥ (F) to be the Z/2-graded B-module associated to E, that is

(2.4.1) Y(E)o = @®nb2n  Y(E)1 = &nEantr.
We endow ¢ (F) with the odd endomorphism
(2.4.2) d:=h+d:Y(E)— p(E).

As h? = 0, we have 62 = f, so this defines an object (¢(E),d) in MF(B, f). Indeed,
as F is strictly bounded and each FE; is a projective B-module, each sum above is
finite and remains projective over B. This defines an A-linear dg-functor
Y(,g) : Coh®(B, f) — MF(B, f).
The 9(p,s) are part of a natural transformation between the pseudo-functors
P (2.3.32) — (2.2.8).

This is clear from the pseudo-functorial structure on (2.3.33) described in the begin-
ning of the Construction 2.34 and the pseudo-functorial behavior of (2.2.10) described
in the Construction 2.8. Moreover, ¢ has a lax symmetric monoidal enhancement ¥%®
with respect to the lax monoidal enhancements (2.3.32) and (2.2.10). Indeed, given

strict,loc-flat

affine LG-pairs (B, f) and (C, g) the commutativity of the diagram in dgCat’,

WiB,f) DY,
Clobi*(B, ) @4 Cob*(C, 9) — L~ MF(B, f) ©.4 MF(C, g)

(2.4.3) l<2.3.25) l(2-2.5)
Coh*(B@a C, f@1+1®yg) MF(B®4 C,f©14+18g)

V(B AC, fo1+109)
%

comes from the explicit descriptions of each composition: if E € Coh®(B, f) and
F € Coh®(C, g), the composition ¥ (pg ,c, fa1+1049) © (2.3.25)(E, F) gives a 2-periodic
complex

(2.4.4) D FE.®aFs = @ E.®aFs
(a,8) (a,8)
a4+ even a+ odd

If h (resp. k) denotes the element of degree —1 in K (B, f) (resp. K(C,g)) explained
in Remark 2.32, then the formula (2.3.28) and the formula for the differential of the
tensor product of complexes combined, describe the differential 6 of (2.4.4) (defined
by (2.4.2)) as

(2.4.5) O RIdr+1dr RF.
By re-indexing (2.4.4)

( D Ea®AFB> & ( @ Ea@AF,B> <j< @ Ea®AFB> & ( @ Ea@AF,@>
a even o odd a even o odd
B even B odd B odd B even
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we recover the composition (2.2.5) o ¥ r) ® t(c,q)(E, F), as the definition of the
product differential (2.2.6) also gives (2.4.5). To conclude we have to check that 9 is
compatible with the lax units, meaning, that it makes the diagram

(2.3.31) ‘
A" Coh’(A,0)

(2.2.7) Jw(“‘*‘”
MF(A,0)

commute. This is immediate from the definitions.
Lemva 2.53. — The dg-functor defined above

Y(B,f) : Coh®(B, f) — MF(B, f)
sends quasi-isomorphisms to equivalences.

Proof. — We will prove the equivalent statement that 1) sends the full sub-dg-category
Coh®>*¥ (B, f) of acyclic complexes, to zero. Again, recall from Remark 2.32 the
description of objects in Coh®(K (B, f)) as pairs (E,h). Such a pair (E,h) sits in
Coh™>*¥ (K (B, f)) if and only if there exists a degree —1 endomorphism k of E, with
kd + dk = id. The endomorphism k defines an odd degree endomorphism of (FE) as
a Z/2-graded B-module, so an element (k) of degree —1 in the complex of endomor-
phism Endyp g, ) (Y(E)) (e, (k) € Endypg, s (Y (E))-1). By construction this
element is a homotopy between 0 and id + hk + kh. The endomorphism v = hk + hk
is of degree —2 and thus, because E is bounded, we have u" = 0 for some integer n.
We see in particular that the identity of ¥(E) becomes a nilpotent endomorphism
in the homotopy category [MF(B, f)]. This implies that ¢(E) ~ 0 in [MF(B, f)] as
stated. ]

A consequence of Lemma 2.53 is that ¥® has an enhancement as a lax symmetric
monoidal natural transformation between
(2.3.33)
— .
(2.4.6) LGZH’OP’EH J PairsdgCati{"Ct’loc'ﬂat@,
—
MF®

where MF is seen as an object in PairsdgCat®"““1°“ 14 taking the equivalences as the

distinguish class of morphisms. Finally, composing with the (symmetric monoidal)
functors (2.3.34) and (2.3.24) we obtain a lax symmetric monoidal transformation

COh(_)lEEcrf(f)

aff,op,H idem,®
(2.4.7) LG§ P \LdgcatA .
MF®
Remark 2.54. — As part of the lax symmetric monoidal enhancement (2.4.7), we
obtain a symmetric monoidal co-functor
(2.4.8) V) : Coh”(K(4,0)F — MF(A,0).
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It is now immediate to check, by just unraveling the definitions, that under the sym-
metric monoidal equivalences (2.3.41) and (2.2.12), 1/1(@?4 o) identifies with the symmet-
ric monoidal base change functor (2.3.56).

It is a consequence of Remark 2.54 that the lax natural transformation (2.4.7) has
in fact values in Modpef(afu)) (dgcatixffem)‘@. Moreover, as the lax symmetric monoidal
oo-functor MF® has values in Modpe,f( A[uyufl])(dgcatfem)(@ (because of the equiv-
alence (2.2.12), by base-change, (2.4.7) is in fact equivalent to the data of a lax

symmetric monoidal transformation
(2.4.9) Coh(—)Eue(_y ®apu Alu,u™'] — MF®.

Finally, composing with the equivalence of Proposition 2.45 we obtain a lax symmetric
monoidal transformation

(2.4.10) ¢® : Sing® — MFZ.

Proof of Theorem 2.49. — We set Orl™b® := ¢® : Sing® — MFZ. The property (1)
is now a consequence of Remark 2.54. Let us prove (2). The explicit description of
1 given in the Construction 2.52 is all we need to conclude. Indeed, as observed in
[EP15, p.47], for each fixed (B, f), the induced triangulated functor

[Or17"] : [Sing(B, f)] — [MF(B, f)]

(denoted as A in loc. cit.) is an inverse to the functor ¥ described in [EP15, Th. 2.7
(which is an analogue of Orlov’s “Cok” functor in [Orl12, Th.3.5]), and thus is an
equivalence (by [EP15, Th.2.7]) on those LG-pairs (X, f) where f is flat (so that
the derived fiber X coincides with the scheme theoretic fiber considered in [EP15,
Th.2.7]), X/S is separated (hence X is), and X has the resolution property, so that
the standing hypotheses of [EP15]) are met. See also [BW12, Th.6.8.].

As all the categories involved are stable, this implies the equivalence of the dg-
enrichments.

(3) is a consequence of (1) and (2). O

3. MOTIVIC REALIZATIONS OF DG-CATEGORIES

In this section we explain how to associate to every dg-category T a motivic BU-
module, where BU is the motivic ring-object representing algebraic K-theory. At first
we describe some general features of this motivic incarnation of 7" and then we will
study several of its realizations. If R is any realization of motives (e.g. f-adic, étale,
Hodge, de Rham, etc), the realization R(T') will carry a structure of R(BU)-module.

3.1. Morives, BU-MODULES AND NONCOMMUTATIVE MOTIVES
Contexr 3.1. — Throughout this section S := Spec A is any affine scheme

By [Robl5] we have a symmetric monoidal oo-category SH%, which is an
oo-categorical version of Morel-Voevodsky’s stable homotopy category of schemes
over S [MV99]. We let Smg be the category of smooth schemes over S. It is a

JE.P.— M., 2018, tome 5



690 A. Bra~c, M. Rosaro, B. Toin &« G. Vezzost

symmetric monoidal category for the cartesian product. By definition, SHg is a pre-
sentable stable symmetric monoidal co-category together with a symmetric monoidal
oo-functor

¥ :Smg — SH?
universal with respect to the following properties (see [Rob15, Cor. 1.2]):

(1) The image of an elementary Nisnevich square in Smg is a pushout square in
SHg.(16),

(2) (Homotopy invariance) The natural projection AL — S is sent to an equiva-
lence.

(3) (Stability) Let S — P be the point at infinity and consider its image in SHg.
The cofiber of this map in SHg, denoted as (P}, c0), is ®-invertible.

Norarion 3.2. In the following, we will denote by 1g € SHg the unit of the tensor
structure in SH?. As an object in SHg, this is equivalent to the tensor product of
the topological circle S! and the algebraic circle G,, s. We will also be using the
standard notation 15(1) := (P}, 00)[~2] = Q G5, and (=)(d) := (=) ® 15(1)®¢ for
the motivic Tate d-twist, d € Z, where, as usual, we denote by [1] the shift given by
smashing with the topological circle S*.

3.1.1. BUg and non-commutative motives. — There exists an object BUg € SHg rep-
resenting homotopy invariant algebraic K-theory of Weibel [Wei89, Cis13], in the sense
that for any smooth scheme Y over .S, the hom-spectrum

Mapgy, (E°Y, BUg) ~ KH(Y)

is the (non-connective) spectrum of homotopy invariant algebraic K-theory of ¥.(*7)

The relation between the motive BUg and the theory of non-commutative motives
was studied in [Rob15]. Let us briefly recall it. First of all, to every ¥ € Smg we can
assign a dg-category over S, Perf(Y'), of perfect complexes on Y. This dg-category is of
finite type in the sense of [TV07]. This assignment can be organized into a symmetric
monoidal oco-functor

Perf : Sm3 — dgcatisdem’ft"jp@,
where dgcaltigem’ft’Op’® denotes the monoidal full co-subcategory of dgcalti.;em’()p’®
consisting of S-dg-categories of finite type. One can mimic the construction of motives
starting from the theory of dg-categories. More precisely, one constructs a presentable
stable symmetric monoidal co-category San? together with a symmetric monoidal
functor

L dgcatigm’ft’olo’® — SHnc§

satisfying a universal property analogous to (1),(2), (3) above for SH, namely:

(16)One could also start with smooth and affine schemes over S instead of Smg. The Nisnevich
topology defined only for affine schemes agrees with the usual Nisnevich topology. See [AHW18,
2.3.2], [BH17, A.2]

(17)This motive is usually denoted as KGLg but we will denote it here as BUg, inspired by the
topological analogy.
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(1") every Nisnevich square of dg-categories (see [Rob15, §33.1]) is sent to a pushout
diagram;

(2') the pullback along the canonical projection Perf(S) — Perf(A}) is sent to an
equivalence;

(3') the image of the cofiber Perf((P}, 00)) is ®-invertible.
More concretely, the objects of SHncg can be identified with functors

dgcatisdem’ft’@) — Sp

satisfying the conditions (1), (2'), (3'). Moreover, from the universal property of SHY,
one then obtains a symmetric monoidal co-functor

Rpert : SH? — SHnC?
informally defined by sending a motive Y to the motive of its dg-category Perf(Y"). For
formal reasons, this admits a lax monoidal right adjoint .#. 5@ . By [Rob15, Th. 1.8] this
adjoint sends the image of the tensor unit in San%§> to the object BUg, thus endowing

it with a structure of commutative algebra in the co-category SHg.('®) Formal reasons
then imply that .#. gzn factors as a lax monoidal functor via the theory of BU-modules

SHnc§ — Modpy, (SHg)®

which we will again denote as .. ? .

3.1.2. Algebraic Bou periodicity. The object BUg reflects the projective bundle
theorem in algebraic K-theory in the form of a periodicity given by the Bott isomor-
phism

(3.1.1) BUs — RHomg, (P}, 00), BUg) ~ BUg(—1)[-2].

One can find this as a consequence of the fact that the non-commutative motive of
(PL, 00) is a tensor unit (see [Rob15, Lem. 3.25]):

BUg ~ .#s(RHomgppes (15, 15°)) =~ #s(RHomgpne s (Rpert (P, 00), 1))

— RHomgp, ((Pg, 00), #s(1%)) ~ BUg(—1)[-2].
Notice that as all the functors used here are lax monoidal and the tensor unit in non-
commutative motives has a unique structure of commutative algebra object, the map
in the equivalence (3.1.1) is in fact BUg-linear. Therefore, it is completely determined
by a map in SHg
(3.1.2) v:1g(1)[2] — BUg
which, unwinding the argument in the proof of [Rob15, Lem. 3.25] one sees, corre-
sponds to the element v =: [0(1)] — [0] in Ko(PY). Moreover, as (Pk, 00) ~ 1g(1)[2]
is ®-invertible, we can tensor (3.1.1) on both sides by 15(1)[2] and obtain

(3.1.3) BUs(1)[2] — BUs.

(18)gee also [GS09, §5.2]), [BH17], [NS@15] for the discussion on E-algebra structures on BUg.
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The map (3.1.3) corresponds to the composition

BUs(1)[2] 2922, BUs ® BUs —s BUSg,

where the last map is the multiplication map of the commutative algebra structure
on BUg. The element v is invertible with inverse corresponding to a map

(3.1.4) vl =pB:1g(-1)[-2] — BUs.

To conclude, let us remark that the Bott periodicity of 3.1.1 can now be extended to
any BUg-modules M; indeed, we have equivalences of BUg-modules

RHomgy, (P, 00), M) ~ RHompy, (P}, 0c0) ® BUg, M)

(3.1.5)
~ RHOIHBUS (BUs, M) ~ M

or, by duality
(3.1.6) M ~ M(1)[2].

Remark 3.3. — Recall (for instance, from [Rob14, Prop. 5.3.3]) that SHg is compactly
generated by the family of objects (P§,00)™" ® ¥3°(Y) with ¥ smooth over S and
n € N. Furthermore, Modpy, (SHg) is compactly generated by the objects of the form
(P, 00)"" ® £°(Y) @ BUg which by (3.1.3) are equivalent to ¥5°(Y) @ BUs.

3.2. THE REALIZATION OF DG-CATEGORIES As BU-mopuLEs. — Throughout this section
we work under Context 3.1. The construction . é@ gives us a way to assign a mo-
tive to a dg-category of finite type via the composition with the universal map
dgcati;em’ft’or”® — SHnc. We will use it to produce a more interesting assignment.
By construction, San? is a stable presentable symmetric monoidal co-category. As
such, it admits internal-hom objects RHomg,. and in particular, there exists an

oo-functor
RHomsggnc(—, 15°) : SHnc®® — SHnc,

where 1%° is the tensor unit. Of most importance to us is the fact that this functor
can be endowed with a lax monoidal structure [Lurl7, 5.2.2.25, 5.2.5.10, 5.2.5.27 |

RHomgpc(—, 15 : Sangp’® — San?.
The composition

RHomgpinc (_ y lgc)

; L
dgcat?em’ﬁ’® —~ SHnc® SHncg

is lax monoidal. We now recall that dg-categories of finite type generate all the Morita
theory of dg-categories under filtered colimits i.e.,

Ind(dgc:‘;lti;em’ft)® ~ dgcati;em@.(lg)

(19)gee [TVO07] and the co-categorical narrative in [Rob14, 6.1.27]
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As SHncg is presentable, we obtain via the universal property of the convolution
product in Ind-objects [Lurl?7, 4.8.1.10], an induced lax symmetric monoidal functor

(3.2.1) dgcat'{*™"™® — SHnc¥

f P
-
-
-, ®
- IU’S

idem,®
dgcatg

Informally, if T is an S-dg-category of finite type, and we write again T for its
image in SHncg, the object ,u?(T) = RHomgunc (7, 1%°) can be described 2 as the
oo-functor sending a dg-category of finite type T” over S to the mapping spectrum

MapSanS (T/7 RHomSHHC(Tv lgc)) = MapSans (T/ ®s Ta 12(:)

which following [Rob15, Th. 1.8 (ii) and Cor. 4.8] is the spectrum of homotopy invari-
ant K-theory
KH(T' ®s T).
More generally, for T' € dgcatisdem we can write T as a filtered colimit of dg-categories
of finite type and as KH commutes with filtered colimits (this is well known but see
[Bla13, Prop. 2.8]), and the same holds for tensor product of dg-categories, we conclude
that T is sent to the object in SHncg, defined by the oo-functor KH(— ®g T)).
We will denote by .#¢ the composition of the lax monoidal functors

. /~L® %®
(3.2.2) dgcat'y®™™® 54 SHne? —5— Modpy, (SHs)®.
Remark 3.4. — Notice that as .#s commutes with filtered colimits, this composition

is also the functor obtained by the monoidal universal property of the Ind-completion.
To see that .#s commutes with filtered colimits it is enough to test on compact
generators [Rob14, Prop.5.3.3 and 6.4.24] and use the fact Rpeys preserve compact
generators.

By the definition of .#Zg as a right adjoint to Rpe;s and following the previous
discussion, the motive .#Z¢ (T) in SHg represents the oo-functor sending a smooth
scheme X over S to the spectrum KH(Perf(X) ®s T).

CoroLrAry 3.5. J sends exact sequences of dg-categories to cofiber-fiber se-
quences in the stable oco-category of BUg-modules.

Proof. — Indeed, this follows because cofiber sequences of dg-categories are stable
under tensor products and because homotopy K-theory sends exact sequences of dg-
categories (see the discussion in [Rob15, §1.5.4]) to cofiber-fiber sequences in spectra
(see the details in [Rob15, Prop. 417 & Prop. 3.19)). O

(20)1¢ i5 helpful to remind the reader that SHncg can be constructed as a localization of the of
presheaves on (dgcatifem’ft)Op with values in the oco-category of spectra Sp, by forcing Nisnevich

descent and Perf(A})-invariance—see [Rob15, §33]
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Remark 3.6. — In [CT11, Tab08, CT12] Cisinski and Tabuada introduced an alterna-
tive category of non-commutative motives ///%fg '® which is dual to the one used here.
Indeed, there is a duality blocking a direct comparison between %{::g ® and SH®.
The category SHnc® was designed to avoid this obstruction (see [Rob15, App. A] for
the comparison between the two approaches). It is exactly this duality that we encode
in our construction of motivic realizations of dg-categories via the functor u®. As in
[Rob15, App. A], let %11:22’® be the Nisnevich version of the construction of Tabuada-
Cisinski. Then, by definition of ///g:z@, the functor u® of the diagram (3.2.1) factors

in a unique way as a lax monoidal functor

®
i Hs
dgcatlgem’&’@ —— SHncy

P
(3.2.3) J -

. I Nis . .. . . .
This exhibits .#q 5 ® as a universal motivic realization of dg-categories (see next
section for more on realizations).

3.3. Tue six oreEraTIONS IN BU-MODULES AND REALIZATIONS

Contexr 3.7. — Throughout this section S := Spec A is an Henselian trait and Sch g
denotes the category of Noetherian S-schemes of finite Krull dimension. See [CD12,
2.0] and [CD12, 2.0, ftn. 35].

Before continuing towards our main goals we will need to discuss some functorial
aspects. In the last two section we worked with motives over a fixed base S. It is
possible to work in a relative setting. For every X € Sch/g we can construct a stable
presentable symmetric monoidal co-category SH?} encoding the motivic homotopy
theory of Morel-Voevodsky over X. Moreover, we can make the assignment X SH?}
functorial in X, given by an co-functor

SH® : Schjt — CAlg(Prgy, ),

where Prlgtb denotes the oco.category of stable presentable co-categories with colimit
preserving functors, and CAlg(Pr,,) is the co-category of [Lurl?7, 4.8] symmetric
monoidal stable presentable co-categories such that the tensor product preserves col-
imits in each argument. This is done in [Rob14, §9.1]. The oo-functor SHS comes
together with a more complex system of functorialities encoding the six operations of
Grothendieck (see Appendix).

We will be interested in several motivic realizations. For us, a motivic realization
consists of an oo-functor

D : Sch9% — CAlg(Prg,,)
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enriched with a system of six operations, plus the data of a monoidal natural trans-
formation

SH® — D®
and a system of compatibilities between the systems of six operations on SH?} and D®
(see Proposition A.4). Of major importance to us are the étale and the ¢-adic real-
izations which we will explore later in this section.

Construction 3.8 (Operations f*, f. on SHnc). — In [Robl4, Chap.9] it is shown
that the theory of non-commutative motives admits relative versions encoded by an
oo-functor
SHnc® : Schc/)ls) — CAlg(Prg,,).
In the affine case, given a map f : Spec(R) — Spec(R’), f* is induced by the map
fH(T) =T ®g Perf(R') from R to R’-dg-categories. In the general non-affine case,
it is obtained by Kan extension from SHnc® defined for (underived) affine schemes,
namely by the formula
SHnc®(X):= lim SHnc®(A).
Spec(A)—X
This way, for any map of schemes f : X — Y we get functorialities (f*, fi), where f*
is obtained by by Kan extension, and f, by the Adjoint functor theorem. Moreover,
(SHnc®, (—)*) is known to be a Zariski sheaf [Rob14, Chap. 9]. Also by Kan extension,
we get a natural transformation

Rpeys : SH® — SHnc®

compatible with pullbacks. See also [BH17].(2V)

Another important example is that of BU-modules. For each X € Sch g there exists
a commutative algebra object BUx € CAlg(SHy) representing a relative version of
homotopy invariant algebraic K-theory. This commutative algebra structure can also
be obtained from a relative version of the results in [Rob15] which the reader can
consult in [Rob14, Chap. 9]. For this, it is crucial that these relative versions BU_ are
compatible under pullbacks (see [Cis13, 3.8]). This allows us to construct an co-functor

Modgy(SH)® : Schf% — CAlg(Prgy,) : (X/S) — Modgu, (SHx)
together with a natural transformation
— ®BU: SH® — Modpy(SH)®

which for each X € Sch/g admits a conservative right adjoint Modpy, (SHx) — SHxy
that forgets the module structure. As explained in [CD12, 13.3.3] (see also the dis-
cussion in [Robl14, p.260, 9.4.38, 9.4.39]), the conservativity of the forgetful functor
and the fact it commutes with the functorialities (—),, (—)* and (—)j, and satisfies

(2DNotice however that it is not known if the necessary localization and proper base change
properties hold for SHnc® and therefore it is not known if it admits the six operations. In any case
this won’t be necessary in this paper.
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the projections formulas, are enough to deduce the conditions endowing Modgy(SH)®
with a system of six operations (see Proposition A.2), to make the natural transfor-
mation —®BU compatible with the operations in the sense of Proposition A.4, and to
make the forgetful functor Modgy — SH compatible with all the operations (mean-
ing that the natural transformations at the end of A.4 are natural isomorphisms; see
[CD12, §7.2]).

Remark 3.9. — Notice that the algebraic Bott isomorphism of 3.1.2 forces the func-
torialities (—)y and (—) to be the same for smooth maps (see equation (A.0.5) in the
appendix).

To conclude this preliminary section, we must also remark that if R® : SH® — D®
is a motivic realization, being monoidal, it preserves algebra-objects and thus sends
BU to an algebra object R(BU). Therefore, it produces a new realization

R%Iod : MOdBU(SH)® — MOdR(BU)(D)®.
Throughout the next sections we will analyse several realizations of dg-categories, all
obtained by pre-composition with .#. g @

V,® ®

idem, RM0d75

dgcat'{™™® 5 Modgy, (SHg)® Modg pus)(Ds)®.

Remark 3.10. By Corollary 3.5, every realization of dg-categories sends exact se-
quences to exact sequences.

Exavrre 3.11. — When the base ring is C, we have a Betti realization SHE — Sp®.
In [Blal5, §4.6] it is shown that the realization of BUg¢ is the spectrum representing
topological K-theory BU'"P. The composite realization

dgcat'd™ — Modgy, (SHg) — Modpyees (Sp)
recovers what in [Blal5] is called the topological K-theory of dg-categories.
3.4. T BU-morives or Perf, CohP axp Sing.

3.4.1. Motive of Perf

Context 3.12. — Throughout this section S := Spec A is an affine scheme and

X
(3.4.1) lp
S

is a quasi-compact quasi-separated S-scheme.

The dg-category Perf(X) is an object in dgcat? and via the construction explained
in Section 3.2 it produces a BUg-module .Z§ (Perf(X)). At the same time, BUx is
an object in SHy and, as in the previous section, we can consider its direct image
p*(BUx) € MOdBUS (SHS)
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Prorosirion 3.13. Assume p : X — S as in Context 3.12. Then the two objects
MY (Perf(X)) and p,(BUx) are canonically equivalent as BUg-modules.

Proof. — The first ingredient is the fact that by [Rob15, Th. 1.8] and its extension to
general basis in [Rob14, Cor. 9.3.4], we have canonical equivalences

p«(BUx) ~ p.(Ax (1%)).

By formal adjunction reasons, .# and (—). are compatible, so that p.(.#x(15%))
is canonically equivalent to .#s(p.(1%)), where now p, denotes the direct image
functoriality in SHnc. By definition of .#¢ (3.2.2), we are reduced to show that
p«(15¢) is equivalent to the object in SHncg given by pg(Perf(X)) (where pg is
defined in diagram (3.2.1)). Unwinding the adjunctions, the first corresponds to the co-
functor sending an S-dg-category of finite type T to the homotopy K-theory spectrum
KHx (p*(T')) where p*(T') is the pullback of T seen as object of SHncg. The second
corresponds to the co-functor sending a dg-category of finite type T to the spectrum
KHg(T ®g Perf(X)).

The case where X = Spec B is an affine scheme over S = Spec A, the equivalence
between the two follows from the argument in the proof of [Rob14, Prop. 10.1.4](22)
which exhibit a natural equivalence between the underlying Waldhausen’s S-construc-
tions via the projection formula

KHg (T ®s Perf(X)) ~ KHy (p*(T)).

We now deduce the general case from the affine case using the Zariski descent
property for X — SHncx of [Robl14, 9.21] and Zariski descent for homotopy K-theory.
Indeed, the constructions

X = Spec(B) — p.(1F) and X = Spec(B) — pug(Perf(B))

are Zariski sheaves on the category of affine schemes over S with values in SHncg and
by the argument above we just constructed a natural isomorphism between them.
Now any Zariski sheaf on Sch/S is the right Kan extension of its restriction to affines
affSch/S. Therefore, for non-affine X’s the result follows by Kan extension using
the Zariski descent property for SHnc and for homotopy K-theory of dg-categories,
implying that

X — p(1%) and X — pg(Perf(X))

are Zariski sheaves. O

Remark 3.14. As a consequence of the six operations for BU-modules, if p is
a smooth map, then p,BUy is also equivalent to BUF := RHomgu, (pslx, BUs)
(by the projection formula).

(22)Notice that the arguments in [Robl4, Prop. 10.1.4] are written for p a closed immersion but
in fact work in the general map between affines.
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Remark 3.15. For X as in Proposition 3.13, Perf(X) carries a symmetric monoidal
structure given by the tensor product of perfect complexes. This can be understood as
a commutative algebra object Perf(X)® € CAlg(dgcat{®™). As .#y is lax monoidal,
M (Perf(X)) is an object in CAlg(Modgy, (SHg)).

3.4.2. Motive of Coh® and K-theory with support

Contexr 3.16. — We now extend Context 3.12 by considering

U=Xx -zl xt oy
(3.4.2) lp
S

with X a regular scheme, quasi-compact quasi-separated, ¢ a closed immersion and j
its open complementary. S is again any affine scheme.

It follows also from Proposition 3.13 that (poj).BUy is equivalent to .Zy (Perf(U))
where Perf(U) is seen as an S-dg-category via the composition po j. In the same way
we have that (poi),BUy ~ #¢ (Perf(Z)). Moreover, pullback along j produces a map
of BUg-modules ¢ (j*) : M (Perf(X)) — 4 (Perf(U)) which via the equivalence
of Proposition 3.13 is identified with the map induced by the unit of the adjunction

(3.4.3) p«(BUx) — p.Jj«j BUx.
This morphism fits into an exact sequence in Modgy, SHg
(3.4.4) puini'BUx — p.BUx —> p.j.j*BUx

consequence of the localization property of [MV99] (see Propositions A.2 and A.3
in the appendix for references of this localization property and the six operations
for SH).

As X is assumed to be regular, and U is open, U is also regular and we have

Perf(X) = Coh”(X) and Perf(U) = Coh®(U)

and by Proposition 3.13,
p.BUx ~ A (Perf(X))
P+jsj BUx ~ Mg (Perf(U))

In this case one can write (3.4.4) as

12

M (Coh®(X)),
M (CohP(1)).

1

paisi' BUy ——— p,BUx ———— p,j.j*BUx

(3.4.5) J e zT

MY (CohP(X) T =25 ¥ (CohP(U))
Finally, regarding the dg-category CohP(Z) of bounded coherent complexes on Z as
a S-dg-category via the composition p o i, the composition of dg-functors

CohP(Z) —— Coh(X) —— Coh?(U)
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is the zero functor. In this case we find a canonical factorization in BUg-modules

p*i*i!BUx ——p.BUx ————— p.j.5"BUx

(3.4.6) 1 zT zT

MY (Coh®(Z)) —— Y (CohP (X)) —— .4 (Cohb(U))

Prorosition 3.17. — Assume the conditions and notations as in Context 3.16. Then
the canonical map of BUg-modules

(3.4.7) MY (CohP(Z)) — — + p.i,i'BUx
18 an equivalence

Proof. — Following Remark 3.3, the collection of objects of the form ¥°(Y) ® BUg
with Y smooth over S, forms a family of compact generators for Modpy,(SHg).
Therefore, to show that (3.4.7) is an equivalence in BUg-modules, it is enough to
show that the composition map

Mapgy, (ST(Y) @ BUs, .44 (Coh®(Z))) — Mapgy, (ST(Y) @ BUs, p.i.i'BUx)
is an equivalence for every Y smooth over S. By definition of .Y (Coh”(X)) and
M (CohP(U)), we have an identification of mapping spectra
(3.4.8)  Mappy, (22°(Y) ® BUs, 44 (Coh"(X))) ~ KH(Perf(Y) ®s Coh"(X)),
(3.4.9)  Mapgy, (X7°(Y) ® BUs, M (CohP(U))) ~ KH(Perf(Y) ®g Coh®(U)).

Let now X be an S-scheme of finite type and let Y be smooth over S. We have an
equivalence of S-dg-categories
(3.4.10) Coh”(X) ®g Perf(Y) ~ Coh®(X xgY).

This is [Prell, Prop. B.4.1] together with the fact that as Y is smooth over S and S is
assumed to be regular, Y is regular and therefore Perf(Y) = CohP(Y"). The equivalence
(3.4.10) holds for X and also for both U and Z.(**) Using (3.4.10), (3.4.8) is equivalent
to KH(CohP(X xg Y)) which is equivalent to the G-theory spectrum of X xg Y by
Al-invariance of G-theory. Mutatis mutandis for U and (3.4.9). Therefore, the map
3.4.3 can be identified with the G-theory pullback along j

G(X X5 —) — G(U Xs —)
whose fiber is well-known from Quillen’s localization theorem for G-theory [Qui73,
§7 Prop. 3.2] to be the homotopy invariant K-theory of the dg-category of bounded

coherent sheaves in Z, Coh®(Z x5 Y) which again by the lemma is equivalent to
Perf(Y) ® CohP(Z) from which the propositions follows. O

Remark 3.18. — Combining the result of Proposition 3.17 with the discussion in
[CD12, §13.4.1] one finds that .Zy (CohP(Z)) can also be described as K-theory with
support in Z.

(23)Notice that this works without any hypothesis on the regularity of Z.
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Cororrary 3.19. Assume Context 3.16. Then we have a cofiber-fiber sequence of
BUg-modules

(3.4.11) peinBUyz — p.ini'BUx — 4 (Sing(2)).

Proof. — Following 3.5, the exact sequence of S-dg-categories

Perf(Z) — Coh®(Z) — Sing(Z)
creates a cofiber-fiber sequence of BUg-modules
MY (Perf(Z)) — M (Coh®(Z)) — M (Sing(Z))

which, thanks to Proposition 3.13 and Proposition 3.17 (applied to p o), can now be
identified with the cofiber-fiber sequence (3.4.11). O

Remark 3.20. — Following Remark 3.15,
Perf(Z) € CAlg(dgcatd®™)

and therefore

M (Perf(Z)) € CAlg(Modpy, (SHg)).
Now, since the tensor product of coherent by perfect is coherent, the inclusion
Perf(Z) C CohP(Z) makes Coh”(Z) an object in Modperf(z)eg(dgcatigcm’@). In this
case ./ (CohP(Z)) defines an object in Mod_ 7y (Pert(2)) (Modpu, (SHs)). Moreover,
as the inclusion Perf(Z) C CohP(Z) is a map of Perf(Z)-modules, the induced map

(3.4.12) w: painBUy ~ MY (Perf(Z)) —s MY (Coh®(Z)) ~ p,i.i'BUx

is defined in Modﬁg(Perf(Z))(MOdB[Us (SHg)). By adjunction, this is the same as a
map lg — 4 (CohP(Z)) in SHg. Whenever X is regular, under the equivalence of
Proposition 3.17, this map corresponds to an element v in the Grothendieck group of
K-theory with support Kz(X) corresponding to i.(&z). In particular, when Z itself
is regular, this element identifies with A_; of the conormal bundle of Z in X. See
[CD12, 13.4.1, 13.5.4, 13.5.5]. We will again discuss this element u in Remark 3.28.

Remark 3.21. — In particular, when Z is itself regular we recover the purity isomor-
phism in algebraic K-theory of [CD12, 13.6.3] or [Ayol4, 7.14]:

(3.4.13) p2ixBU; —— p,i,i'BUy .
More generally, the motive .#¢ (Sing(Z)) measures the obstruction to purity.
Combining (3.4.4) and (3.4.11) we get two cofiber-fiber sequences

(3.4.14) peinBU; —% pii' BUx — .4 (Sing(Z))

|

p.BUx

|

P+J=j " BUx
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3.4.3. Motive of Sing
Contexr 3.22. — We now consider X as in Context 3.16, together with a function
f:X — AL. In this case we get derived fiber products over S

J i

(3.4.15) Uc X Xo
| - b
Gm,,S Aé al S

where ig is the zero section, map i is an lci closed immersion and j is its open
complementary. The classical truncation of this diagram brings us to the setting of
diagram (3.4.2) with Z := ¢(Xj) the classical underived zero locus of f. We denote
by i the composition

Z— Xg— X
with ¢ the classical truncation.
Cororrary 3.23. — Consider the notation of Context 3.22. Suppose that the right

square in diagram (3.4.15) is Tor-independent (i.e., t(Xo) ~ Xo). Then there is a
fiber sequence of BUg-modules

Puini*BUx ——s poiyi' BUx — .4 (Sing(Xo)).
Proof. Apply Corollary 3.19. O

The next result explains why the hypothesis of tor-independence is not necessary:
the BU-motive .# (CohP(—)) is in fact invariant under derived thickenings.

Prorosition 3.24. — Let Z be a derived scheme over S with classical underlying
scheme Z and canonical closed immersion Z — Z. Then the push forward along the
inclusion

MY (Coh®(Z)) — .y (Coh®(Z))

1s an equivalence of BUg-modules.

Proof. — Analyzing the definitions, and using Remark 3.3 as in the proof of Propo-
sition 3.17, we are reduced to show that for any smooth scheme Y — S, the induced
map of K-theory spectra

KH(Perf(Y) ®g Coh"(Z)) —s KH(Perf(Y) ®g Coh®(Z))

is an equivalence. But again, thanks to [Prell, Prop.B.4.1] we have the formula
(3.4.10) so that it is enough to show that the map

KH(Coh®(Y xg Z)) — KH(Coh®(Y x5 Z))

is an equivalence. Here we mean the derived fiber product, which as Y is flat over S,
equals the usual fiber product. But now this equivalence follows from the theorem of
the heart: for a any derived scheme V with truncation ¢(V'), Coh”(¢(V')) and CohP (V)
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both carry t-structures with the same heart [Lurlla, 2.3.20], so that by [Barl5], their
K-theory spectra are equivalent via pushforward. O

We will now use the invariance under derived thickenings to give a formula for the
motive of Sing. In the setting of the diagram (3.4.15), for the derived scheme Xy, the
exact sequence of S-dg-categories

Perf(Xy) — Coh”(Xy) — Sing(Xo)
creates, by Corollary 3.5, a cofiber-fiber sequence of BUg-modules
(3.4.16) MY (Perf(Xo)) — A& (Coh®(Xy)) — 44 (Sing(X,)),

where, thanks to Proposition 3.24 and Proposition 3.17, the middle term is canonically
identified with p*i*i!BU x via the commutative diagram

p*Z*Z'BUX p*BUX

(3.4.17) 3.17& 2J3.13
~ %V .*
A (CohP(t(Xo))) tgﬁ M (Coh(Xo)) S—(l>)///sv(C0hb(X)>

where i, is the pushforward of bounded coherent sheaves, along the derived closed
immersion i : Xy — X and the lower horizontal composition does identify with
pushforward along i : Z — X.(2%)

Using the fact that the closed immersion i : Xy — X is lci, we know that
the push-forward i, preserves perfect complexes [Toé12b], and thus provides a map
MY (Perf(Xy)) — A (Perf(X)) ~ p,BUx that we will still denote as .#¢ (i.). By
projection formula this is a map of p,BU x-modules, and moreover using the identifi-
cations in (3.4.17), it fits into a commutative 2-simplex

MY (Perf(X)) —=— pyini'BUx
(3.4.18) J
MY (i)
p*BUX
Combining the exact sequence (3.4.16), the localization sequence for the j*-pullback
(3.4.4) and the localization sequence for the i*-pullback

(3.4.19) p.jsBUy — p,BUx — p,i,.BUy

one obtains

(240 prove this one could also use the six operations and nil-invariance theorem for motives over
derived schemes as developed in [Khal6a]. However, this is not strictly necessary for our discussion.
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Lemma 3.25. Set Z = t(Xo). The considerations above lead to a commutative
diagram of BUg-modules

MY (Perf(X)) ——2— poini'BUx —— Y (Sing(Xo))

m J(3.4.17)
1*-pullback

(3.4.20) p«jyBUy ————  p,BUx ————— p,i,.BUy
i *-pullback
P J(] pullbac

In the next lemma, we will denote by
MY () pBUx ~ A (Perf(X)) — A (Perf(Xo))
the morphism of BUg-modules .Y (i* : Perf(X) — Perf(X))).
Lemma 3.26. — The composition MY (i*iy) : MY (Perf(Xo)) — A (Perf(Xy)) is
null-homotopic in BUg-modules. In particular, we have a commutative triangle
MY (Perf(Xo)) — p.ini'BUx
(3.4.21) (i)~ J
Proof. — Recall that in the context of the diagram (3.4.15) we have the cartesian
cube (2.3.35), and that, by Remark 2.38, we have
iy ~ v (pr)” =~ K(A,0) 8 —

and

Idy, ~ AH—.

Finally, using the cofiber-sequence (2.3.42) we get a cofiber sequence of dg-functors

IdXU L IdXo

(3.4.22) J J

00— i,

which shows that i*i, induces the zero map in the K-theory of Xj. Finally, to conclude
that the induced map .#¢ (i*i,) in BUg-modules is zero, we argue that the map
in non-commutative motives ug(Perf(Xy)) — ps(Perf(Xy)) is zero, before applying
M. Indeed, this follows by applying the same argument to the homotopy K-theory
of T ® Perf(X) for any dg-category T over S. O
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Prorosition 3.27. The commutative diagram (3.4.21) produces a cofiber-fiber se-
quence of BUg-modules

(3.4.23) .43 (Sing(Xg)) — A& (Perf(Xy))[1] ® p«i.BUy
— cofib(h : p,jyBUy — p.j.BUy).

Proof. — Apply the octahedral property ([Lurl7, Th.1.1.2.15 (TR4)]) to (3.4.21). O

Revark 3.28. — Assume that Z = to(Xo) = X(.(® Then Lemma 3.26 guarantees
the existence of a 2-cell providing a factorization as a map of p,i,BUz-modules

cofib(p.j;BUy — p.ji BUy)[—1]
0(X:2) -
K _ -7 l@

—
—
—

(3424) p*i*BUZ —U>P*i*i!BUX

//zg(t*im J

p*i*BUZ
where 0 is the boundary map of the vertical cofiber sequence. Using Bott periodicity
(Section 3.1.2), the map H&X’Z) can also be interpreted as a map of p,.BU x-modules
(X,2)
(3.4.25) p.i,BUZ(=1)[~2] ~ p.i.BUz ——— cofib(p.jsBUy — p.j.BUy)[~1].
This is the same as a map of p,BU x-modules
(X7Z)
(3.4.26) pixBUz ——— cofib(p.jsBUy — p.j.BUy)(1)[1].
In particular, following Remark 3.20, when (X, Z) is a regular pair, the commutativity
of the diagram (3.4.24) says that do G%X’Z) is A_; of the conormal bundle of Z in X.

We will see in section 4.3 that 9§<X’Z) is a K-theoretic version of the cycle class defined
in [Del77, Cycle §2.1] associated to the closed pair (Z, X).

3.5. Tur BU-MOTIVES OF 2-PERIODIC COMPLEXES
Contixt 3.29. — In this section S = Spec A with A a regular ring.

As a first application of the cofiber-fiber sequence (3.4.23) we compute the motivic
BU-module of the dg-category of 2-periodic complexes.

The symmetric monoidal functor (2.3.55) yields a map of commutative algebra
objects in BUg-modules

(3.5.1) MY (CohP(A[e])®) — ¢ (Sing(S,0)®)

for the convolution structure on the L.h.s induced by the group structure on S x AL S ~
Spec Ale]. The unit of of this group is given by the truncation map ¢t : S — S Xp1 S,
In particular, the unit of the commutative algebra .y (CohP(A[e])®) is given by the

(25) a5 will be the case considered later in section 4.5.
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pushfoward map ¢, : BUg ~ .# (CohP(S)) — .# (CohP(A[¢])¥). Being the unit, ¢.
is a map of algebras, and by Proposition 3.24, is an equivalence. This tells us that
the convolution product becomes the standard product on BUg. Combining these
observations we deduce that (3.5.1) can be written as a map of algebras

(3.5.2) BUg — .4 (Sing(S,0)%®).

The next proposition describes the underlying object of the commutative BUg-
algebra ¢ (Sing(S,0)%):
Prorosrrion 3.30. There is a canonical equivalence of BUg-modules

(3.5.3) A (Sing(S,0)) ~ BUg @ BUg[1].

As explained in Proposition 2.45, Sing(S,0) is equivalent to Perf(A[u,u1]) and

obtained as the cofiber sequence in dgcat'{™™

(3.5.4) Perf(A[e]) € CohP(A[e]) — Sing(S, 0).

In this case, as U is empty and S is regular (so that Sing(.S, 0) ~ Sing(Sy), where Sy
is the derived pullback of Og : S — AL along itself), the cofiber-fiber sequence of
(3.4.23) gives an equivalence

(3.5.5) MY (Sing(S,0)) ~ .4 (Sing(Sy)) ~ .4 (Perf(Ale]))[1] ® BUg

and we are left to show that .Zg (Perf(A[e])) is equivalent to BUg. But this follows
from Proposition 3.13, and the following remark applied to the graded algebra Ale].

Remark 3.31. — Let R = @igo R; be a graded algebra over A concentrated in non-
positive degrees. Then the canonical inclusion and projection

(3.5.6) qg:Ry— R, pr:R— Ry

seen as maps of A-dg-categories with single objects, are Al}-homotopy inverse. Indeed,
the composition Ry — R — Ry is the identity. For the other composition notice that
by definition the grading in R is the data of a map of A-modules

R — R®4 Alt]

sending an element r € R of degree i < 0 to r ® t~*. This map provides the required
Aly-homotopy between the composition g o pr and the identity via the respective
evaluations at 0 and 1.

3.6. RarionaL Corrricients AND Tate-2-periopiciry. — Throughout this subsection
we work under Context 3.7. SH® carries a canonical action of the oo-category of
spectra Sp® seen as a constant system of monoidal categories indexed by Sch /s- More
precisely, since for any X, SH?} is a symmetric monoidal co-category and SHy is
stable and presentable, there exists a unique (up to a contractible space of choices)
natural transformation

(3.6.1) a:Sp® — SH®
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of co-functors Schc/)g — CAlg(Prg,,): this follows from the universal property of the
smash product symmetric monoidal structure on spectra [Lurl7, Cor. 4.8.2.19]. This
provides for each A € CAlg(Sp), a family of commutative algebra objects Ax €
CAlg(SHy) indexed by X € Sch,g and stable under pullbacks. A perhaps more
concrete, though less structured way of understanding the natural transformation
a: Sp® — SH? is as follows. If A € CAlg(Sp) and X € Sch /g, then we can identify
a(A) with the constant object A% in the stable homotopy category SH% of schemes
where only the simplicial suspension S! has been inverted (this is because we already
have bonding maps S! A A,, — A, 41, as A € Sp). Now, SHx can be constructed by
further inverting the Tate suspension in SHY%, and we define Ax := a(X)(A) as the
image of A% via the canonical functor SHYy — SHx.

Note that, in particular, via the natural transformation a, SH is tensored over Sp
(see [Lurl7, Rem. 4.8.2.20]), and by the same discussion as for BU-modules above, we
thus have a system of categories Moda (SH)® together with a realization map

(3.6.2) — ®A : SH® — Mod, (SH)®.

Remark 3.32. For each X € Schg, the category Mod, (SHx) can be identified
with the tensor product in Prlgtb
SH Qsp MOdA(Sp).

This is follows from [Lurl7, Th.4.8.4.6 & §4.5.1].

Remark 3.33. — The natural transformation of (3.6.2) is the universal A-linear real-
ization. Indeed, recall that, by definition, A-linear stable co-categories are objects in
Modptod, (sp)e (Prép,)- In particular, if R : SH® — D® is a realization where D® takes
values in A-linear categories, the universal property of base change [Lurl?7, 4.5.3.1]
tells us that R factors in a unique way by a A-linear realization

R : SH® ®sp Moda (Sp)® — D®.

Let A = HQ be the Eilenberg-Maclane spectrum representing rational singular
cohomology.(®®) Tt has the structure of algebra-object in CAlg(Sp) given by the cup
product in cohomology. This is an idempotent ring-object, in the sense that the mul-
tiplication map HQ ® HQ ~ HQ is an equivalence (i.e., the localization at HQ is
smashing). Therefore the universal Q-linear realization

(3.6.3) ~®Q:= - ®HQ: SH® — Modgg(SH)®

identifies Modpg(SH) with the full subcategory SHg of SH spanned by non torsion
objects.

Prorosition 3.34. — Assume Context 3.7 (in particular S is of finite Krull dimen-
sion). Then rationalization (3.6.3) is strongly compatible with all the siz operations
in the sense that the natural transformations (A.0.9) are natural isomorphisms.

Proof. — Follows from the arguments in the proof of [Ayol4, A.14]. O
(26)

This is equivalent to the rational sphere spectrum.
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Following the discussion in Section 3.3, rationalization carries over to BU-modules
(364) — ®Q : MOdBU(SH)® — MOdBUQ(SHQ)@) ~ MOdBUQ(SH)®

where BUg := BUg ® HQ and the last equivalence follows from [Lurl7, 3.4.1.9].

Thanks to the strong compatibility with the six operations, all the constructions
performed in the previous sections at the level of BUg-modules can now be repeated
after rationalization, without changing the results. This follows because the realization
at the level of modules is determined by the underlying realization via the forgetful
functors.

The main reason why we are interested in passing to rational coefficients is the
following result:

Prorosition 3.35. Let X be any scheme of finite Krull-dimension. Then the mor-
phism u : 1x(1)[2] - BUx ® Q of (3.1.2) induces an equivalence of commutative
algebra objects

(3.6.5) MBy (8) := Free(MBx (1)[2])[v~}] — BUx, := BUx ® Q,

where MByx is the commutative algebra-object representing Beilinson’s motivic co-
homology of [CD12, Def. 14.1.2].(27) In particular, if X is a geometrically unibranch
excellent scheme, then we can replace Beilinson’s motivic cohomology by the spectrum
MQx representing rational motivic cohomology, via the equivalence of commutative
algebra objects

(3.6.6) MB — MQx
induced by the Chern character.

Proof. — This is already proven in [CD12, 14.2.17, 16.1.7] using the results of Riou
in [Riol0] on the v-filtration. The only remaining issue is to construct this as an
equivalence of E..-algebras in motives. But this follows just by describing the image
of v and showing it is invertible. But again this is satisfied at the classical level.

The fact that the map (3.6.6) corresponds to the Chern character is explained in
[Rio10, Def. 6.2.3.9 & Rem. 6.2.3.10]. |

Remark 3.36. In practice the hypothesis that the schemes are excellent and geo-
metrically unibranch will be satisfied in the cases that interests us, namely, when S
is a complete Henselian trait and X is a regular scheme of finite type over S. This
follows because complete local rings are excellent [Gro65, Sch. 7.8.3 p.214] and S be-
ing a discrete valuation ring it is regular, so it is normal (in fact in dimension 1 the
two are equivalent) and therefore by a direct checking of the definitions, geometrically

(2")The structure of commutative algebra object of MB in the symmetric monoidal co-category
SH follows from the equivalences [CD12, (5.3.35.2)], the definition [CD12, 15.2.1] and [CD12, 14.2.9].
The combination of these results characterizes MB-modules as a monoidal reflexive localization of
SHg, so that as explained in [CD12, 14.2.2], MB is the image of the monoidal unit in SHg under
a monoidal localization functor and a lax monoidal inclusion, so, it acquires a natural structure of
commutative algebra object.
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unibranch. See [CD12, Th.8.3.30]. Moreover, following [Gro65, Prop. 7.8.6 p.217] if
X — S is a scheme of finite type over S with S excellent then X is excellent. Again
if X is regular, it is normal [Ser65, Cor. 3, IV-39] and therefore it is geometrically
unibranch.

Following from [CD12, 14.1.6] one obtains for any X a canonical isomorphism
BUx o ® MBx ~ BUx g
and the realization (3.6.4) is equivalent to
(3.6.7) Modgy(SH) — Modgy, (Modnzs(SH))

which is therefore strongly compatible with all the six operations.

3.7. £-apic rREALIZATION. — In this section we discuss the f-adic realization of BU-
modules and dg-categories.

Contixt 3.37. — Throughout this section we assume that S is an excellent scheme
of dimension less or equal than one and we denote by Sch,g the category of schemes
of finite type over S. Notice that by [Gro65, Prop. 7.8.6, p. 217] such schemes are also
excellent. We fix ¢ a prime invertible in S.

We describe below, working over schemes under the context 3.37, the construction
of a monoidal realization functor

(3.7.1) R’ : Modyg (SH)® — Shg, (—)®,

where for each X € Sch/g, Shq,(X)® denotes the symmetric monoidal co-category of
Ind-constructible Qg-adic sheaves on X. Let us first explain what is the definition of
Shg, (X) and the reason for the context 3.37. We will need to consider for each n > 0,
Sh(Xgt, Z/0™) the co-category of étale sheaves with Z/¢"-coefficients. We will denote
by Sh(Xgt, Z/¢™) the full subcategory of étale sheaves with Z/¢"-coefficients spanned
by constructible sheaves as in [LG14, 4.2.5] or in [CD16, p. 598]. We have the following
crucial result:

Prorosition 3.38. — Let S be a base scheme in the context of 3.37. Then for any
scheme X of finite type over S, the étale topos of X is of finite cohomological dimen-
ston and the étale cohomological dimension of its points are uniformly bounded. In
this case Sh®(Xe, Z/L™) is compactly generated and its compact objects are ezactly
the constructible sheaves.

Proof. The first statement follows as in [CD16, Prop.1.1.5, Rem. 1.1.6]. The sec-
ond statement now follows exactly as in [LG14, 4.2.2] replacing the use of [LG14,
Lem. 4.1.13] by the first statement. O

In this case we consider the limit of oco-categories

(3.7.2) ShS(X) := limyso Sh®(Xer, Z/07)
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and it follows that because of Proposition 3.38 and the same arguments as in [LG14,
4.3.17] that Shy(X) is an co-categorical enhancement of the derived category of con-
structible f-adic sheaves on X, in the sense that its homotopy category is equiva-
lent (as a triangulated category) to the so-called constructible derived £-adic category
D.(X,Z) of [Eke90] and [BBD8&2].

As a second step, we define the oco-category of f-adic sheaves on X as the Ind-
completion of Shy(X) ([LG14, 4.3.26])

(3.7.3) Shy(X) := Ind(Sh§(X)).

Therefore one should think of Shy(X) as the derived oco-category of Ind-constructible
l-adic sheaves on X. Finally, we define Shg,(X) := Sh¢(X) ®z, Q¢. Note that
Shg, (X)) can also be identified as the full subcategory of Shy(X) spanned by those
objects F such that the natural morphism F — F[¢~!] is an equivalence. Also note
that the limit (3.7.3) can be taken inside the theory of symmetric monoidal small
idempotent-complete stable and Z)-linear oo-categories. Therefore, by working
inside CAlg(ModMOdZ(Z) (Pr)), and taking first Ind-completion, and then apply-
ing — ®z, Q; (or, equivalently, inverting £)), we get a symmetric monoidal small
idempotent-complete stable and Q-linear structure on Shg, (X). We will denote this
monoidal structure by Shg, (X)® and its tensor unit by Q x.

Remark 3.39. — The discussion in [LG14, §4] is written for quasi-projective schemes
over a field as it requires the étale topos of X to be of finite cohomological dimen-
sion [LG14, Lem.4.1.13]. In our case this follows from the assumptions in 3.37 and
Proposition 3.38.

Remark 3.40. — The construction of an co-functor X + Shg, (X)® can be obtained
using the arguments of [Rob14, Chap. 9.

The monoidal realization (3.7.1) could be obtained using the universal property of
SH proved in [Rob15]. However, we will need to show that it is strongly compatible
with all the six operations and with the classical notion of Tate twists. For this
purpose, we describe an alternative construction of (3.7.1) using results of [CD16].
Once (3.7.1) is available and strongly compatible with all operations, we can then
pass to BUg-modules and deduce that the composition

(3.7.4)
(3.6.7)

3.7.1
MOdBU(SH) _— MOdBU@ (MOdM[B(SH)) g

Mod ge (BUg) (Sth (=)
is again compatible with all the six operations and twists.

Let us now review the construction of (3.7.1). This can be done as in [CD16]
using the theory of h-motives. Recall from [Voe96, Def.3.1.2] that the h-topology
on Noetherian schemes is the topology whose covers are the universal topological
epimorphisms. It is the minimal topology generated by open coverings and proper
surjective maps (see for the case of excellent schemes [Voe96, Def. 3.1.2]). In [CD16]
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the authors constructed for any Noetherian scheme X and any ring R a theory of h-
motives, DMy, (X, R). See [CD16, §5.1]. The constructions in loc. cit. can be formulated
in the language of higher categories, using the arguments and steps of [Rob15] and
an oo-functor
DMy, (—, R)® : Sch9g — CAlg(Pr")

can be provided as in [Rob14, Chap.9]. Following [CD16, 5.6.2] and Proposition A.2
this co-functor satisfies all the formalism of the six operations over Noetherian schemes
of finite Krull dimension.

We now recall how to relate h-motives both to the r.h.s and Lh.s of (3.7.1). Let R
be the localization of Z at the prime /.

To understand the r.h.s of (3.7.1) we use a form of rigidity theorem given by [CD16,
Th.5.5.3 and Th. 4.5.2]: for any Noetherien scheme X, ¢ invertible in &x and for each
n > 0, we have a monoidal equivalence

(3.7.5) DMy, (X, R/0") ~ Sh(Xe, R/(™)

with the last being the standard oo-category of £™-torsion étale sheaves on X. This
equivalence is compatible with all the six operations over Noetherian schemes of finite
Krull dimension. Following [CD16, Th.6.3.11] for all Noetherian schemes of finite
dimension, (3.7.5) restricts to an equivalence

(3.7.6) DMy 1e(X, R/€™) ~ She((X)gs, R/L"),

where on the lLh.s we have the full subcategory of locally constructible objects
of [CD16, Def.6.3.1]. Thanks to the uniformization results of Gabber (see [CD16,
6.3.15] for the Lh.s and [ILO14, Exp.0 Th.1] for the r.h.s) the constructions
X — DMy (X, R/¢™) are stable under the six operations when restricted to
quasi-excellent Noetherian schemes of finite dimension.

Remark 3.41. — Via (3.7.5) motivic Tate twists are sent to the usual ¢-adic twists

given by the roots of unity. This is a consequence of the Kummer exact sequence as
explained in [CD16, §3.2].

As a result, the equivalences (3.7.6) assemble to an equivalence of co-functors,
strongly compatible with all the six operations and twists

(3.7.7) DMy 1e(—, R/€™) ~ Sh((—)e, R/E™)
whenever £ is invertible in S.

Remark 3.42. — Under the assumptions in 3.37 and because of Proposition 3.38 and
[CD16, Prop. 6.3.10], the notion of locally constructible objects in h-motives coincides
with the notion of constructible of [CD16, 5.1.3] which also coincides with the notion
of compact object [CD16, Th. 5.2.4].

As a conclusion to this discussion, (3.7.7) provides an equivalence

(3.7.8) lim,, >0 DMy, 1c(—, R/€") =~ lim,,>¢ Sh((—)st, R/C").
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Now, the L.h.s of (3.7.1) is related to the theory of h-motives via the combination
of [CD16, Th.5.2.2] and [CD12, 14.2.9]: when R = Q we have an equivalence of
oo-functors defined on Noetherian schemes of finite Krull dimension

(3.7.9) DMy, (—, Q) ~ Modys(SH)

strongly compatible with the six operations. We recall that for each scheme X the
oo-category SHx is compactly generated and so is Modyp,, (SHx ). See [Rob14, §4.4.
and Prop.3.8.3]. Thanks to [CD16, Prop. 6.3.3 and Th. 5.2.4], the equivalence (3.7.9)
identifies the compact objects of Modyp, (SHx) with the subcategory of locally con-
structible objects DMy, 1c(—, Q) as defined in [CD16, 5.1.3]. By [CD16, 6.2.14] it is
stable under all the six operations.

Having these characterizations of both the r.h.s and Lh.s of (3.7.1), in order to
achieve the construction of the natural transformation (3.7.1), we need to exhibit a
natural transformation of co-functors with values in small stable idempotent complete
R[¢~!] ~ Q-linear co-categories

DMy, o(—, Q) =~ DMy, o(—, R) ®g R[{™'] — (lim,>0 DMy 1e(—, R/€™)) @r R[]

For that purpose we use the results of [CD16] that explain the f-adic realization
functor (3.7.1) as an f-adic completion of h-motives. The system of base changes
along the maps of rings R — R/¢"™ produces natural transformations DMy (—, R) —
DMy, (—, R/¢™) and by the standard procedure one can construct the data of a cone
over the diagram indexed by n > 0 and obtain a natural transformation between the
oo-functors with values in presentable stable R-linear co-categories

(3.7.10) DMy (—, R) — limy, 50 DMy (—, R/(™).

It follows from the same arguments as in [LG14, 4.3.9] that this homotopy limit
identifies with the construction DMh(—,Eg) of [CD16, Def.7.2.1] and from [CD16,
Th.7.2.11] that it commutes with all the six operations over Noetherian schemes of
finite Krull dimension. Moreover, by [CD16, 7.2.16], it restricts to a natural transfor-
mation between locally constructible objects

(3711) DMh,lc(_a R) — 1imn>0 DMhJC(—, R/gn)

again compatible with all operations. Following the discussion in [CD16, §7.2.18,
Prop. 7.2.19, Th.7.2.21], using Proposition 3.38, one can mimic the arguments of
[LG14, 4.3.17] to deduce that the homotopy category of the r.h.s recovers the classical
derived category of constructible ¢-adic sheaves of [BBD82] and [Eke90].

Finally, the realization R of (3.7.1) is defined via the composition

(3.7.9)
Mods (SH) ————— Ind(DMjy, 1c(—, R) @ Q)

(3.7.12) l(s.zn)
. (3.7.8)
Ind(limy,>0 DMy 1c(—, R/¢™) @ Q) ——— Shg, (—)
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and by the preceding discussion it is strongly compatible with all the six operations
and Tate twists.

Remark 3.43. As the f-adic monoidal realization functor
R’ : Modyg (SH)® — Shg, (—)®

is monoidal, for any scheme X we have R*(MByx ) ~ Qg¢,x, the monoidal unit of Q,-adic
sheaves over X. As it is a left adjoint and commutes with Tate twists, Proposition
3.35 implies that that

(3.7.13)  RY(BUxq) = Free(Qx(1)[2))[v "] ~ EBZ Qe.x (n)[2n] =: Qe x (6)-
ne

By Remark 3.41, Qg x () are the usual ¢-adic Tate twists given by the roots of unity.
In particular, the extension (3.7.4) of R to BU-modules takes values in Tate-twisted
2-periodic objects inside Shq,(X), i.e., objects E together with an equivalence E ~
E1)[2].

Notration 3.44. — Throughout the rest of this paper we will write
(3.7.14) R’ : Modpy(SH) — Modg, () (Shg, (—))

to denote the natural transformation obtained via the composition (3.7.4). As already
observed, it is strongly compatible with all six operations and Tate twists.

Remark 3.45. — Note that if p : X — S is a smooth finite type morphism of schemes,
and we denote by [X] := ps(1x) € SHg its motive over S, then

Mapgy,,, (s)(R“([X] ® BUs), Qe,s) ~ Hi (X, Qr) ® Qu(6),

where H} (X, Q) ~ MapSh@Z(X)(Qg,X, Q¢,x) denotes the f-adic cohomology of X. In
other words, the Qy s-dual of RY([X]®BUsg) is a Tate 2-periodized version of the ¢-adic
cohomology of X . Note that, instead, if we denote by R : Modys(SH)® — Shg, (—)®
the realization functor (3.7.1), we have

Mapgy,, (s)(R"“([X] ® MBsg), Qr,s) ~ H} (X, Q).
In the same situation, we have
R (g (Perf(X))) = p.(Qe,x())-

This follows from Proposition 3.13, projection formula, and the fact that p. com-
mutes with f-adic realization. In other words, the f-adic realization of rationalized
A& (Perf(X)) is equivalent to the Tate 2-periodized version of the f-adic cohomology
of X relative to S.
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4. VANISHING CYCLES AND SINGULARITY CATEGORIES

In this section we prove our main Theorem 4.39 establishing the link between the
results of the previous section and the theory of vanishing cycles. Namely, it says that
the motive of the dg-category of singularities is a model for the ¢-adic cohomology of
the 2-periodized sheaf of vanishing cycles. Before coming to the precise statement, we
will first recall the theory of nearby and vanishing cycles in the motivic setting.

4.1. NearBy AnDp Vanisuing Cycres. — In this section we recall the formalism of
nearby and vanishing cycles in the ¢-adic setting as presented in [SGAT I]. More re-
cently, a motivic formulation was developed by Ayoub in [Ayo07b]. There are several
technical steps required to express the formalism of [Ayo07b] in a higher categorical
setting. We provide these details in Appendix A of this paper.

Contexr 4.1, Throughout this section we fix a diagram of schemes
j77 io‘
(4.1.1) n——S+——o

with S an excellent Henselian trait, namely, the spectrum of an excellent Henselian
discrete valuation ring A, with uniformizer 7, generic point n = Spec(K) and closed
point o = Spec(A/m) with m = (7) the maximal ideal and k := A/m is a perfect
field of characteristic p > 0. The pair (n,0) forms a closed-open complement pair
(and the maps are, respectively, an open and a closed immersion). In practice we will
take S to be the spectrum of a complete discrete valuation ring. Roughly speaking,
the scheme S plays the role of a formal disk, o of the center of the disk and 7 of the
punctured disk (this is quite precise in the equicharacteristic zero case). We will say
that a Henselian trait is strictly local if k is algebraically closed.

Revark 4.2, The choice of a uniformizer 7 € A defines a map 7 : S — A}. In this
case we have two cartesian diagrams

n In S lo o
(4.1.2) l a lﬂ' L l
Gm,s —— AL +—8

Jo 20

which allow us to reduce ourselves to working over an affine line, even in mixed
characteristic. Notice that both diagrams are in fact derived fiber products. Indeed, for
the left diagram this is immediate because the inclusion of G, g is an open immersion,
while for the diagram on the right we find that the derived tensor product is given
by the spectrum of the commutative differential graded algebra

(4.1.3) 0— A -5 A0
] 7

which is, in fact, quasi-isomorphic to A/, since 7 is a non-zero divisor.
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Noration 4.3. In what follows, we fix:

— a separable closure k of k (inside a fixed algebraic closure), and denote by
S = S(z) the strict localization of S at the corresponding geometric point & = Spec(k)
(which is localized at o): in other words S the spectrum of the strict henselization
of A along k < k. Note that S is now a strictly Henselian trait, with closed point &
and fraction field K" a maximal unramified extension of K (see [Ser62, Chap.II, §2
Prop.3& Ex.4]). We set n™ = Spec(K"™) and denote as jyu: : """ — S the
corresponding open immersion.

— a separable closure K of K" (inside a fixed algebraic closure), and put 7 :=
Spec K and ji : 7 — S.

— n' = Spec(K") a maximal tamely ramified extension of K inside K.

All this information fits in a commutative diagram

n
l\
nt Ja
(4.1.4) tn l o
58§+ 07
l Jnunr J{u lug
In 25

which the reader should keep in mind throughout this section.

Remark 4.4. — We also recall the existence of an exact sequences of groups (see
[Ser62, Chap.III §5 Th. 2, Th. 3, Cor.1))

(4.1.5) 1 — I:= Gal(fj/n"") — Gal(7j/n) — Gal(c/0) — 1,
where I is the inertia group, which fits in an exact sequence (see [Ser62))
(4.1.6) 1 — Gal(j/n") — T — 1, := Gal(n'/n"™) — 1,

where I; is the tame inertia group, isomorphic to lim, ,)—1 g, Where py, is the group
of ntP-roots of unit in K",

Consider a map p : X — S. We recall the definition of the nearby and vanishing
cycles in the f-adic setting. Consider the commutative diagram:

Xp— 7 X L X,
Un
/ P % P A, P
X, — X X,
j 1
(41.7) ” l ar L
7 I K AN
Un
n S\ - g
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~
=
<t

where the right base square, the two front-faces, the two back-faces, and the central
transverse square are all cartesian (the maps v, and v, are then uniquely induced).

DeriNirion 4.5. The object of nearby cycles associated to p and E € Shg,(X) is
given by

W, (E) =17 j,Eq € Shg, (Xz) /)
where Ey = vy j*E ~ 7 v*E and Shg,(X5)%/7) is the oo-category of objects
in Shg, (X7) equipped with an equivariant structure with respect to the continuous
action of Gal(7j/n) on Xz via the canonical map Gal(7j/n) — Gal(g/0).

When the map p is uniquely determined by our context, we will often write ¥(E)
for ¥,(E).

Remark 4.6. — We will not give here the details for a precise definition of the continu-
ous Galois-equivariant co-category Shg, (X5)G21(1/) of the previous paragraph. A pre-
cise construction can be obtained using the oco-categorical analogue of the Deligne
topos described in [SGAT II, Exp. XIII]. Indeed the étale topos of S can be described
as a lax limit (in the sense of co-categories) of the diagram given by the specialization
map between the étale topos of the generic point and the étale topos of the closed
point. See [Lurl7, A.8].

Remark 4.7. — Notice that by definition, the inertia group I acts trivially on X#. In
this case, every object of Shg, (X;)Gal(ﬁ/ ") can be seen as equipped with a continuous
action of I together a compatible Gal(7/c)-equivariant structure. More precisely, the
equivalence of stacks

X7/ Gal(7]/n) ~ (Xz/1)/ Gal(c/0)
establishes an equivalence
Shg, (XE)Gal(ﬁ/n) ~ Rep®™(I, Shy, (Xﬁ))Gal(F/”).

Moreover, one can check that taking I-invariants renders the commutativity of the
diagram

Shy, (X7) ™07/ Rep®™ (I, Sho, (Xz)) %/
Shq, (X5)G2(@/0)
with g, being the pushforward along q : X7/ Gal(j/n) — X&/ Gal(c/0).
Set Ez :=v21*E. There is a canonical adjunction morphism
(4.1.8) sp: Bz — U, (E)

that is compatible with the action of Gal(7j/n). On the source, this action comes via
(4.1.5). In other words, (4.1.8) is a morphism in the co-category Shg, (Xz)*(7/™ of
¢-adic sheaves on Xz endowed with a Gal(7/n)-equivariant structure.
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Derintrion 4.8. Given E € Shg,(X), the object of vanishing cycles ¥,(E) is de-

fined as the cofiber
Bz — Uy (E) — Y,(E)

in the oo-category Shg,(Xz)“(/™. To shorten notations, we will write %, :=
Pp(Qex)-

Again, when the map p is uniquely determined by our context, we will often write
¥ (E) for ¥,(E).(2%)
4.2. £-Ap1c REALIZATION OF SINGULARITIES CATEGORIES

Contexr 4.9. — Throughout this section we fix an excellent Henselian trait S =
Spec A with uniformizer . We also fix p : X — S a proper flat scheme over S with X
regular. We consider the LG-pair (X, f) where f is defined as the composite

(4.2.1) fi=(x 2555 ak),

7 being our fixed uniformizer. We will simply denote denote this LG-pair by (X, 7).
Also, consider the following commutative diagram with pullback squares

X, L o xetox, =X

J{pn 4 p L lg
nC In S lo o
(4.2.2) l R l
Gons 05 AL 0 g
Nl
S

which by Remark 4.2 and under the hypothesis that p is flat, are also derived fiber
products. In particular, the canonical inclusion ¢(Xy) — X is an equivalence.

Corollary 3.23 and Lemma 3.26 provide cofiber-fiber sequences of BUg-modules
MY (Sing(X, 7)) — A (Perf(Xo))[1] © puini*BUx

— cofib(p.j;BUx, — p.j.BUx,)
(4.2.4) Paini*BUx — p,ini'BUx — .4 (Sing(Xo)),
where we have ZJ (Perf(Xy))) ~ p.i,BUx,.

(4.2.3)

Prorosirion 4.10. In the notations of diagram (4.2.2), the canonical map
MY (Sing(X, 1) —> (i0)2 (i) (MY (Sing(X, 7))

is an equivalence of BUg-modules. Furthermore, there is a cofiber-fiber sequence of
BU, -modules

(425) (Zg)*(%g(SIDg(X, 7T))) — (po)*(BUXo [1] S BUXO) — (pa)*i*j*BUXn~

(28) A more standard notation for Vp(E) is @p(E).
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Proof. The localization property for SH (see Proposition A.3 and Proposition A.2)
gives us a cofiber-fiber sequence of BUg-modules
(4.2.6)  (jn)s © (Jn)" (A5 (Sing(X, 7))) — A (Sing(X, 7))

— (i0)« © (ig)" (g (Sing(X, 7))).
We show that the first term in the cofiber-sequence (4.2.6) is a zero object. In this case
the last map in (4.2.6) is an equivalence of BUg-modules and the motivic BUg-module
of /¢ (Sing(X,)) is completely determined by its restriction to the residue field.
More precisely, it is determined by a cofiber-fiber sequence of BUg-modules (4.2.5).
To show that the first term is zero, as jy is fully faithful,®* it is enough to apply j*
to the first row of the diagram (3.4.20) and check it is sent to zero. Indeed, under the
hypothesis that p is proper, proper base change (see Proposition A.3 and A.2) gives
us a natural equivalence (j,)*p« =~ (py).j*. But again, the localization property tells
us j* o, ~ 0, so that the first two terms in the first row of (3.4.20) become zero. So
does the cofiber (j,)* (g (Sing(Xo))).

To describe (i,)* (4 (Sing(Xo))) we apply (ix)* to the whole diagram (3.4.20).
Again because of proper base change, we have a natural equivalence (i, )*ps =~ (Do )«2*.
Moreover, as the counit is an equivalence (i,)* o (ig). =~ Id*®) and because

i5PxJtBUx, =~ (ps)«i"j3BUx,
with *jy being always zero, we recover

(po)«BUx, ——— (po)«i'BUx ———— i* (44 (Sing(Xp)))

Tr—

(4.2.7) (po)«BUx,

l

(i”)*(jn)*(pn)*BUXn - (pa)*i*j*BUXn A (pa)*BIUXo [1] 2] (pa)*BUXo O

Remark 4.11. — It follows from the localization sequence and the same arguments
used in the proof of Proposition 4.10 that the adjunction map
[cofib(p.jsBUx, — p«jBUx,)] — (ic)«i} [cofib(p.jsBUx, — p.j.BUx, ]

~ (i )iyp+J«BUx,
is an equivalence.

Finally, we study the image of .Z¢ (Sing(X, 7)) under the Qg-adic realization func-
tor Ry of (3.7.14).

Cororrary 4.12. — Consider the same notations as in Proposition 4.10. Then:

(1) The canonical map
R (A (Sing(X,m))) — (io)x 0 (i0)" (R (A5 (Sing(X, m))))

is an equivalence of R*(BUg)-modules.

(29)TFollows from smooth base change for j (see Proposition A.3 and A.2).
(30)3ee [Rob14, Rem. 9.4.19).
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(2) There is a cofiber-fiber sequence of RY(BU, )-modules

(4.2.8)  (io)*RY (MG (Sing(X,m))) — (po)«(R*(BUx,)[1] ® R*(BUx,))
— (po)+i* iR (BUx, ).

Proof. — By construction R(.#¥(Sing(X,7))) carries the structure of a Tate-
twisted-2-periodic object in Shg,(S). Moreover, given the fact that p is proper, the
combination of proper base change, of the strong compatibility between the six oper-
ations and of Proposition 4.10, implies that the Q-adic sheaf R (.Z (Sing(X,7)))
is again determined by its restriction to the residue field via a cofiber-fiber sequence
of R (BU, )-modules. O

Remark 4.13. — The combination of Proposition 3.28 with proper base change for p
and the fact i*jy = 0, tells us that the restriction of the 2-cell (3.4.24) to o, provides
a commutative diagram of (p,).BUz-modules

iy (Jnl{* (pn)*BUXn [—1]
Z'* H(sz) _ —~
(4.2.9) oK

(ps)«BUz ——— (ps)+i'BUx,
Transferring this diagram along the f-adic realization, we obtain a factorization

ii(jn)ﬁpn)*Rl(Ban)[—l]
(4.2.10) iR -7 J

—
—
—

(ps)«RY(BUz) ———— (ps).i'R*(BUx,)
as maps of (py ) R‘BUz-modules.
Revank 4.14. — Notice that, since Ry, (BUx,) = Qq,x, (8), one has:
(Po)«(RY(BUx,)) = (Po)«2s (Qt.0(B)) = (Po)+(Qr,x,) © Quo(B) = ((po)«(Qe.x,))(B),

where the second equivalence follows from the projection formula (as p is proper),
and the last equivalence follows from the definitions and from the fact that the tensor
product commutes with colimits separately in each variable.

4.3. THE ACTION OF THE PUNCTURED DISK 7). — Throughout this section assume Con-
text 4.9. In this section we introduce a key player—the algebra structure on the
cohomology of the punctured disk 7. Our final goal is describe the ¢-adic realization
of the motive of Sing computed in the previous section in terms of an action of this
algebra.

Derinition 4.15. — The object Hg, (1) := % (jn)«Qe,n in She, (o) is called the coho-
mology of the punctured disk n.

The first observation is that Hg,(n) carries a canonical algebra structure and its
underlying object can be described in concrete terms using absolute purity for (S, o):
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Lemma 4.16. The object Hg,(n) carries a canonical structure of commutative al-
gebra object in Sho,(0). Furthermore, at the level of the underlying objects, we have

Hag, (1) ~ Q0 D Q.o (—1)[-1].

Proof. — The algebra structure follows from the fact i%(j,)« is lax monoidal. The
computation requires two steps. The first is motivic. The second uses purity for ¢-adic
sheaves.

an equivalence

(Step 1) We claim that, given the diagram

mSHAH—S

(4.3.1) \ y/

we have
(4.3.2) (i0)"(Jo)+1g,, s = Gele,, s = 1s D Ls(=1)[-1].
Here these operations hold for SHg but also for any realization compatible with the

six operations (like the f-adic one with Q coeflicients). The second equivalence in
(4.3.2) follows the fact that

(4.3.3) alg,, s = 1s D Ls(1)[1].
Let us first show (4.3.3): by definition of the Tate motive we obtain 1g(1)[1] as the
cofiber of the map in motives over S of e : S — ¢;1g,, s given by the unit of the
multiplicative group structure. The map e admits a retract induced by the projection
q : Gps — S. The formula (4.3.3) follows then from the fact we are working in a
stable setting.
We can use this to establish the second equivalence in (4.3.2): by adjunction and
the projection formula for g4, we get that for any E € SHg
Mapgy (F, ¢.q"1s) ~ Mapgy, (¢:q" E, 1s)
~ MapSHS(qﬁlg ®E,1g) ~ Mapgy (E® E(1)[1],1s)
(4.3.4) ~ Mapgp, (£, 1s) x Mapgy, (E(1)[1], Ls)
~ Mapgy, (F, 15) x Mapgy, (£, 1s(—1)[-1])
~ Mapgy, (F, 15 @ 15(—1)[-1]),
showing that ¢.1g,, s ~ 15 @ 1s(—1)[—1]. In particular, the unit of the adjunction
ls — quls ~ 15 @ 1s(—1)[1]
identifies with the inclusion of the first factor in the direct sum.

It remains to show the first equivalence in the formula (4.3.2). For that purpose it
will be enough to show that

(4.3.5) (i0)" (Jo)q" =~ q+q".
For that, we notice that the projection psp* — Id admits a section given by the
1:5 = Gy, 5. Now we recall that ¢ = h o jy so that (4.3.5) is equivalent to

(4.3.6) (0)* (Jo)«Joh™ =~ hu(jo)«joh™
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From the localization property we have an exact sequence
(4.3.7) ha(ig)siph™ — ho Idh* — ha(jo)wdoh*

Because of Al-invariance we have h, Id h* ~ Id. Moreover, as h. (i) = Idg, (4.3.7)
is equivalent to

ho(ig)wibh* — by Td B* —— Ry (jo)wjih*

(4.3.8) lz lz Jz

iph” Ids ha(jo)jg "

Finally, because (ig), is fully faithful and because ijh* = Idg we have a commutative
diagram
)uiph* —— hy Id h* —— hy(jo)sjoh*
l? JZ l?
(4.3.9) it h* Ids ha(jo)«dgh*
l? JZ

i85 (i0)wiph* —— ish*

so that, from the localization sequence

(4.3.10) it [(io)wigh™ = h* = (jo)«jih”]
we deduce (4.3.6). Combining (4.3.9) and (4.3.10) we obtain a cofiber-fiber sequence
(4.3.11) iplay — Ls — ¢:1s =~ 15 ® 1s(=1)[-2],

where the last map is the inclusion of the first factor. In particular, we find
(4.3.12) Lo(=1)[=2] == i1y
(Step 2) Now we transfer this discussion along the QQg-realization: Absolute purity
for ¢-adic sheaves, namely, the result of [Ayol4, 7.4] using the fact that the hypothesis
[Ayol4, 7.3] holds (as proved in [ILO14, XVI 3.5.1]), says that the exchange map
Ex : t*if) — o7

associated to the pullback diagram
i
o—72=S
(4.3.13) tl lﬁ
i
S —25 AL
with 7 the uniformizer, is an equivalence. Therefore we obtain an equivalence of
sequences

Z Qo QZAl — T QeAl — 15 (Jin)« Qe = Hg, (1)

(4.3.14) zTEX zT T

i Ly, > i Ly, ——— *(i0)" (jo)+ Qe
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so that the last terms on the right are also equivalent, namely, by (4.3.11) we find

(4315) HQ( (77) = QZ,U S5 Qé,o(*l)[fl}
and the top sequence in (4.3.14) reads as

i;QZ,S — @Z,U — Ql,a @ QZ,U(_l)[_l]v
where the last map has a splitting. The exchange map gives the purity isomorphism
for (¢, 5,n)
(4.3.16) Qo (—1)[-2] =i Qus. O

Remark 4.17. — Using the description of Rf(BU,) as an infinite direct sum of Tate
twists (3.7.13) we can consider the map

(4.3.17) Qo (—1)[2] ~2% REBU,) % iL RY(BUs) =205 it Q. s,

where:

— the first map is the canonical inclusion. Under the equivalence (3.7.13) this in-
clusion can also be described as the Bott element, 8 (3.1.4).

— the last map is the projection at level 0.

— the middle map is the purity morphism for algebraic K-theory (3.4.13).
See [CD12, 14.4.1]. We claim that the purity map (4.3.16) coincides with the compo-
sition (4.3.17). This follows because of the compatibility of the exchange map under
the six operations, before and after passing to R*(BU)-modules.

In particular, by the universal property of base-changing to R*(BU,), (4.3.17)
provides a RY(BU, )-linear commutative square

R/(BU,) u iL R“(BUs)
(4.3.18) — % BTZ can}
, Id ®(4.3.16) P B
R‘(BUU) oY @l,o(_l)[_Q] R(BUU) 0y Z&QZ,S
which under (3.7.13) says that u is the multiplication by 5~
Let us now extract some consequences of the lemma.

Remark 4.18. — In light of the lemma, Hg,(n) can be understood as the cohomol-
ogy of a circle but with a generator in Tate degree (—1, —1). Multiplication by this
generator, defined by the composition

incl ® Id

(4.3.19) QZ,U(*D[*” ® Hg, (n) ———— Hg, (1) ® Ho, (n) — Hg, (1)
provides a map of Hg, (n)-modules
(4.3.20) Ha, (1) — Ho, (n)(1)[1].

Rewinding base change along Q;, — Hg,(n), this map corresponds to a map of
Q¢,o-modules

(4.3.21) Q.0 — He, (n)(1)[1]

recovering the element of Tate degree (—1, —1).
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Prorosirion 4.19 ([Del77, Cycle §2.1] or [ILO14, Exp. XVI Def. 2.3.1, Prop. 2.3.4] and
[Fujo2, §1, 1.1.2, 1.1.5])
There exists an £-adic class
(4.3.22) 0557+ Quy — Qup(D[A]] € H' (1, Qe(1))
such that:

(1) dts image under i%(j,)« s the map (4.3.20);
(2) its image under the boundary map of the open-closed pair with support (o,S,n)

(4.3.23) H' (n, Qe(1)) — HZ (S, Qe(1))

1s the first Chern class of the conormal bundle of o in S.

Construction 4.20. — The algebra structure on the punctured disk can be trans-
ferred along pullbacks. Let p: X — S be as in Context 4.9 and set
(4.3.24) Ho, (Xy) := (po)«i"3:Qe.x, = ig(in)+(Pn)«Qr.x,-

The unit of the adjunction Qg, — (p,)«Q¢ x,, being a map of algebras, produces
under the lax-monoidal functor @} (j,)«, a map of commutative algebra objects

(4.3.25) my : Ho, (7) — Ho, (Xy)

In particular, this guarantees the commutativity of the diagram “multiplication
by 65"

-y
Hag, (n) : Hag, (n)(1)[1]
(4.3.26) m, mp
J — mp(ﬁés’a)) l
Hag, (X,) Hag, (X,)(1)[1]

and implies that the bottom map can also be obtained by pulling 0&5’0) back to X,,:
s ES,O')
— 5 my(0°7)) = (po)ui® s | Qe x, —— Qe,xnmp]]

Notice at the same time that Hg, (X)) is also a (ps)+Qe,x,-algebra via a map

(4.3.27) (Po)+Qe,x, — Ho,(X,)

obtained from the map of algebras Q; x — j.j*Q¢ x. As coproducts of commuta-
tive algebras are given by tensor products [Lurl7, 3.2.4.7], the combined actions of
(po)«Qe,x, and Hg,(n) are encoded by a single map of commutative algebras

(4'3'28) Hg, (77) ®Qe,» (pa)*Qf,Xa — Hg, (Xn)
Let us now transfer this discussion to R*(BU)-modules.

Derinition 4.21. — The RY(BU)-valued cohomology of the punctured disk 7 is the

object HE. ) () := i2 (j,).R*(BU,) in Modg(sy, ) Sha, (o).
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12
ConstrucTtion 4.22. The standard lax monoidal argument tells us that HSZ(BU) (n)

is a commutative algebra in Modge(gy, ) Shg, (o). The map of algebras
Qe.x, — RY(BU,)
induces a map of Qg ,-algebras

RY(BU
(4.3.29) Hg, (n) — Hg, V().

Furthermore, the fact that HSE(BU)(U) is a R*(BU, )-algebra, tells us that under base-

change (4.3.29) produces a map of R¥(BU, )-algebras
R(BU
(4.3.30) Ho, (1) ®a,., R(BU,) — Hg, " (n)

which we can show to be an equivalence: indeed, it is enough to check that it is an
equivalence between the underlying objects and here we have

Ho, (1) ®q,,, R (BUs) = ig (j)« (Qe.) Qe D Qe(0)[2i] = @ i7 () (Qen) (1)[21]

i€ i€Z
N e/ NN L (s o NHR‘Z(BU)
o~ _EBZZU(Jn)*(Qem(%)[%]) = Za(]n)*(%az((@&n(l)[%]) ~Hg, " (n),
1€ )
where we used the fact that both *-pullbacks and .-pushforwards preserve arbitrary
colimits and Tate-twists.®")
Finally, the map of algebras (4.3.29) renders the commutativity of the diagram
“multiplication by Qés’a)”
— % Gés’a)
Hg, (n) —————— Hg, (n)(D[1]

(4.3.31) J l

HRZ (BU)

(S,0)
— % 95 P
5, V() ————mg, ®V () ()]

and implies that the bottom map can be obtained by tensoring with Hés’g)

(S,0)
iz ). [RE(BU,) —22 s RY(BU,)(1)(1])

Construction 4.23. — Under the same hypothesis as in 4.20, the algebra structure
on the R¥(BU)-valued punctured disk can be transferred along maps p: X — S. Set

R(BU v )
HG, P (Xy) = (p) iR (BUy) 2= 15 (Jy)o (py) R (BU, ).
Repeating the same arguments as above, we find a map of algebra objects

Rf(BU R(BU
HQe( )(77) — H ( )(Xn)

(3D This will be explained in the proof of Proposition 4.28 below.
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4
which, composed with Hg, () — HSZ(BU) (1), renders the compatibility with “multi-
: 3 (8,0)»
plication by 0,

— % Gés’g)
Ha, (1) Hg, (n)(1)[1]
(4.3.32) Jmp lm”
(8,0)
— % m,, (0
Hgﬁ(BU)( g p( 1 ) gﬁ(BU) (Xn)

and implies that the bottom map can also be obtained as

1d @0 >
- |

i%(jn)-p; [R'(BU,) R‘(BU,)(1)[1]].

At the same time, as in 4.20, Hg:(BU) (X,) is also a (p,)«R*(BU,)-algebra through a
map of BU,-algebras

(4.3.33) (po).R'(BU,) — HE EV(X,).

Using [Lurl?7, 3.2.4.7], the combined actions can be assembled as a map of Qq .-
algebras

can RY(BU
(4.3.3) Ho, (1) ®q,, (ps)-R*(BU;) < Hy, P9 (X))
which can equivalently be written as a map of BU,-algebras

£
(4.3.35) [BU, ®q,., Hg, (n)] ®su, (ps):R*(BU,) — Hy, PV (X,).

To conclude, let us remark one can re-write — *mp(ﬁés’a)) as map of (p,)«Rf(BUx, )-

modules
(4.3.36) (ps)R(BUx, ) — Ho, (X,)(1)[1].

Revark 4.24. — In the case where p : X — S is smooth and proper, smooth base-
change for p gives j.p; >~ p*(jo)« and tells us that the map can of (4.3.34) is an
equivalence of algebras.

Finally, we can achieve the main goal of this section and explain the link between
the action of the punctured disk encoded by the map of algebras (4.3.34) and the
{-adic realization of Sing.

Prorosition 4.25. — Forgetting the commutative algebra structures to modules, the
fiber sequence

ca. ¢
(4.3.37) fib(can) — Hg, (1) ®q,., (po)-R'(BUx,) — Hy PP(X,)
is equivalent to the fiber sequence (4.2.8). In particular

(is)*RE(AY (Sing(X,7))) ~ fib(can).
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Proof. Proper base change for perfect complexes gives us a diagram of S-dg-
categories

Perf(X,) SN Perf(X) AN Perf(X,)

(pa)ﬁ ) p*T . (po)ﬁ

Perf(0) — Perf(S) —Z— Perf(o)
where:

— from the projection formula for 4, the maps in the top line are Perf(X,)®-linear;

— from the projection formula for i, the maps in the bottom line are Perf(c)®-
linear;

— (po)* is symmetric monoidal.

Transferring this diagram to motives we obtain a commutative diagram of BU,-
motives

WX Xs

)
i (Perf(X,)) =" iz a1 (Cob”(X,))

i MY (i%1,) ~ 0 T \

ig s (Py) iy (pr) o8 (Perf(Xo))
(4.3.38)

(S,0)
it MY (Perf(o)) ———— it My (Coh®(0)) ittty (py)

0
ig g (i (is)s) ~ 0
it M (Perf(o))
which, under the identifications of Sections 3.4.1 and 3.4.2, is equivalent to the com-

mutative diagram

w(X:Xo)
(po)+BUx, ————— (po)+i5BUs

1 M

» . Po)«BUs
(4339) ZU%SY(pO') ’L %S (po')
(S,0)
BU, s iBUs 5.4 (p})
0
i g (i3 (ig)) ~ 0
BU,,

where:

— the top face is the (p,)«BUx_ -linear commutative diagram (3.4.21).
— the bottom face is the BU,-linear version of the diagram (3.4.21) for p = Id :
S —S.
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— the maps it ZY (p) : BU, — (p)«BUx, coincide with the natural unit of the
adjunction. On the extreme left and right of the diagram, the vertical maps are maps
of algebra-objects. The middle one is a map of modules.

In this case, by the universal property of base change along BU, — (p,).BUx,
the diagram (4.3.39) is equivalent to (p,)«BUx, -linear commutative diagram

w(5:0)

(4.3.40)

(S,0)
).BUx, ~4&U ). BUx. @pu, i\BUs

\ m
B
0 ~ 1A @i MY (i% (1)) ~ it M (i po)xBUx,

Finally, we transfer this diagram along the ¢-adic realization and explain how to
conclude the proof. First notice the information of the fiber sequence (4.2.8) is already
present in the diagram (4.3.40) by passing to cofibers. Indeed, passing to cofibers in
the top face, we get

(4.2.8) RE

(4.3.41) cofib[i5.ay (i*(i).)] ——— Hg, ®V(X,)

Now, the commutativity of (4.3.40) together with the commutativity of

R/(BUyx,) ) ®reBU,) ( o) O, 15 Qe.s)
(pg)*Ré(BUX ®R2(BU )Z R BUS BUX Q.o ié@g,s
(4.3.42) Id ®0‘ lld ®0
RY(BUx, ) ®re(nu,) R RY(BUx, ) ®q,, Q.0
(ps)R*(BUx,) ®re(pu,) o) ®q,, Qeo)
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combined with the commutativity of (4.3.18), tells us that after taking cofibers in
(4.3.40) we obtain commutative diagram establishing the identification of cofiber-
sequences

cofib|i ///5\/ )«)

(4.2.8)
Z

4
(4.3.43) (po)+RY(BUx, ) ®q,., cofib[i, Qs — Q¢,0] — Hy, BU(x,)

/

(ps)«R*(BUx, )®Qe » Ho, (1

Finally, we argue that the right-diagonal map in (4.3.43) is the map can appearing
n (4.3.37). Indeed, can is constructed as a coproduct of commutative-algebra maps
and therefore determined by its restriction to (p,)«R(BUx,) and to Hg, (). Some
diagram chasing shows that the restrictions of right-diagonal map in (4.3.43) coincide
with the ones of can. O

Remark 4.26. — A consequence of Corollary 4.25 obtained through some diagram
chasing is that the classes — x mp(ﬂés’a)) of (4.3.36) and i(’;RZ(G&X’Z)) of (4.2.10)
coincide.

We conclude this section relating the algebra Hg, (1) ®g, , R(BU,) to the algebra
i RE(Y (Sing(S,0)) of (3.5.2).

Prorosition 4.27. — There is a canonical equivalence of commutative RY(BU,)-
algebra objects

(4.3.44) Hg, (n) ®gq,, R'(BU,) ~ i;R (44 (Sing(8S,0)).
Proof. — As a RY(BU,)-module, we know that the L.h.s is equivalent to
RY(BU,) @ R*(BU,)[1]
(Proposition 3.30) and the r.h.s is equivalent to
RY(BU,) & R*(BU,)(~1)[~1]

(Proposition 4.16). Bott periodicity imposes R¢(BU,)(—1)[-1] ~ Rf(BU,)[1] and
the inclusion of this factor on both the left and right terms, gives under the universal
property of the free symmetric R*(BU,, )-algebra, maps of commutative algebra objects

(4.3.45) Hyg, (1) ®q,, R (BU,) +— Symge gy, (R*(BU,)[1])
— it R (g (Sing(S, 0)).

Finally, as we are working with Q-coefficients and the cohomology of the symmetric
groups are zero in characteristic zero, we find that as Rf(BU, )-modules we have

Sympe gy, ) (R (BU,)[1]) ~ R*(BU,) & R*(BU,)|1]
showing that both maps in the diagram (4.3.45) are equivalences. 0

12
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4.4, £-ADIC INERTIA-INVARIANT VANISHING CYCLES. In this section we investigate more
closely the sequence defining vanishing cycles in Definition 4.8, with the final goal of
relating this sequence to the one characterizing the motive of the singularity category.

Consider Context 4.9. Let %,(83) := ¥,(E) where E := R% (BUx) ~ Q/(8)x, and
recall (Definition 4.8) our convention %, := ¥,(Q¢ x) As a first observation, we prove
the following

Prorosition 4.28. — We have a canonical equivalence
Vp(B) = 7 @ Qu(B).
Proof. — Given E a Qg-adic sheaf on X, we claim first to have a canonical equivalence

between 7, (E(1)) and #,(E)®Qy(1). To check this we can look at the cofiber sequence
defining vanishing cycles

(44.1) o (B(L) — ©77.5 0" (B(1)) — %(E(L)

and notice that pullbacks commute with Tate-twists (by definition) and that one has
canonical equivalences

(44.2) i (F) = (.5 F)(1)

for any F over X. This equivalence can be deduced by looking at the mapping spaces
from a third f-adic sheaf to both sides of (4.4.2) and using the adjunction (j*,j.)
together with the fact that j* is monoidal, and that the Tate twist is an invertible

object, stable under base change. The equivalence i.(FE(1)) ~ i, (E)(1) follows by the
same argument. In this case, the cofiber sequence (4.4.1) is equivalent to

(4.4.3) (v3in(B))(1) — (i 7.5 v"E)(1) — %(E)(1).
Finally to deduce the equivalence ¥,(8) ~ #,0Q,(8) one uses the equivalence Q,(3) ~
Dz Qe(i)[2i] together with the fact that both *-pullbacks and .-pushforwards pre-

serve arbitrary colimits (see the discussion in [Rob14, Ex. 9.4.6] for pushfowards, which
is the only non obvious verification to be made). |

Let us now proceed to investigate the sequence defining vanishing cycles for E :=
R%(BUx) ~ Qu(B)x, associated to diagrgm (4.2.2). By definition it lives in the
equivariant derived oo-category Shq, (@)% (/") and after shifting, it may be written
as

(444) (02 I(A)[-1] — (ps)uRE, (BUx,) —2 (p).1 7, R (BUx,).

In particular, by standard lax monoidal considerations, the map sp is in fact a map
of commutative algebra objects in the equivariant category.

Now, thanks to Remark 4.7, it makes sense to take homotopy fixed points under
the action of the inertia group I C Gal(7/n). Consider the adjunction (Triv, (—)b),

(445) Sh(@[ (O’)I % Sh@z (O’)

We have that
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Prorosition 4.29. The construction of homotopy fized points (—)P is laxz monoidal.
In particular sp™ is a map of commutative algebra objects.

Proof. — Indeed, (—)" is right adjoint to the trivial representation functor, which is
monoidal. O
Gal(®/0).

Passing to inertia invariants, we obtain a cofiber-fiber sequence in Shg, (o)

(4.4.6)  ((p=)«%(B)[-1)™ — ((p7)-R%, (BUx, )™

)l o
ST (), 7T R (BU ).

We will now give an explicit description of the middle and last term of the cofiber-
fiber sequence (4.4.6) (see Corollary 4.33 below) and, in the process, we establish in
Lemma 4.34 a relation between the cohomology of the punctured disk (Definition
4.15) and inertia invariants vanishing cycles.

Contixt 4.30. — From now on, for simplicity, we assume that S is strictly local, so
that @ = 0. In particular, I = Gal(7j/n) in this Context.

We start with a description of the last term in (4.4.6) using Galois descent for the
sheaf of co-categories Shg, (—):

Prorosition 4.31. The canonical map of commutative algebra-objects
RY(BU s =
(447 Hy,PV(Xy) = (po)ui®gRY, (BUx,) — (o)« TR, (BUx,))"
s an equivalence.
Proof. — The result follows by adjunction and Galois descent. Let v, : X7 — X,
be the canonical map. Then by Galois theory we know that étale sheaves on X, are

equivalent to étale sheaves on X5 equivariant with respect to the continuous action
of the Galois group Gal(7j/n). This equivalence is given by

U:/ : Sho, (XTI) — Shg, (Xﬁ)Gal(ﬁ/n)
with inverse given by taking fixed points of the global sections
() (=) M Shoy, (Xq) S/ — Sha, (Xy).
In particular, the unit of this equivalence induces

Iy, — ((vg)xuy (=)t 0™,

Using the commutativity of (4.1.7) together with the proper base change formula
and the commutativity of pushfowards with homotopy fixed points (taking homotopy
fixed points is a pushfoward), we find
g~ i Tdx, 2 0% ((vy) vy (=) G100/
o Gy ()P (0.5, () SN
= %0, (05 (=) N = (vg),0" (G5 (=) GO,
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In particular, in the strictly local case we find Xz = X, and v, is the identity. Thus
the last term in the chain of equivalences becomes i*(j*v:;(—))hGal(ﬁ/ . To conclude,
it remains to explain the formula

i Gy ()RS o (57 0y (),

This follows because the continuity of the action of the profinite group Gal(7j/n) tells
us that

(@n)*v;(_)h Gal(@/n) ~ COlimi('Uni)*'U;;i (_)h Gal(ni/n)7

where the colimit runs through all finite Galois extensions. In the same way we can
also write

(j*v:;(—))h Gal(m/n) ~ colim; G*“Zi (_))h Gal(n; /)

Finally, on each term of this colimit, the group Gal(n;/n) is finite, so taking invari-
ants is a finite limit. We conclude using the fact that i* commutes with all colimits
and with finite limits.

To finish the proof of the proposition, apply this natural equivalence to

R, (BUx,) € Sho,(X,)
and composing it with (ps).. See also [SGAT II, Exp. XIII p. 7]. |

Let us now discuss the middle term of (4.4.6).

Prorosition 4.32. — There is a canonical equivalence of commutative algebra objects

(4.4.8) ()R, (BUx, )M = (po).R, (BUx,) ® (Qr.0)'.

In particular, at the level of underlying objects, we recover
(44.9)  ((po)-Rk, (BUx,))" ~ (p,)-R, (BUx,) @ (ps):RY, (BUx,)(~1)[~1].

Proof. — By construction of vanishing cycles, the action of I on (p,).R%_(BUyx, ) is
the trivial action. The projection formula for the projection BI — o (see [LZ12a])
gives us the equivalence (4.4.8). The formula (4.4.9) then follows from Lemma 4.16
and the key Lemma 4.34 below. ]

Finally, as a consequence of Proposition 4.32 and 4.31, we have

Cororrary 4.33. — Assume 4.30. The cofiber-fiber sequence (4.4.6) is equivalent to
a cofiber-fiber sequence

((po)+ % (B)[-1])™ —— (po)+R%, (BUx, ) @ (Qe,0)"

(4.4.10) J J(Sp)hI
0 HE Y (x,)

where sp™ is a map of commutative algebra objects
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The next lemma is crucial not only in the proof of Proposition 4.32 above but
is also the key result behind our main Theorem 4.39 below. The lemma explains
how the algebra structure on the cohomology of the punctured disk is related to
inertia invariants. It is essentially an algebraic version of the fact that the cohomology
of the topological circle S' = BZ with its cup product is quasi-isomorphic to the
commutative differential graded algebra (cdga) of homotopy fixed points of the trivial
Z-representation. See Remark 4.38 for more details on this analogy.

Lemma 4.34. Assume Context 4.30. The object (Q5)" carries a canonical struc-
ture of commutative algebra object in Shg, (o). Furthermore, we have a canonical
equivalence of commutative algebra objects

(4.4.11) (Qe,0)" =~ Hag, (1),

where on the r.h.s we have the algebra structure of Lemma 4.16. In particular, the
algebra structure on (Qg’a)hl is obtained by transferring the canonical algebra structure
on Qg via the lax monoidal functor i’ (j,)« and at the level of the underlying objects
we have

(4.4.12) (Qe.o)™ ~ Quo © Qro(—1)[-1].

Proof. In Context 4.30, we have @ = ¢. The fact that taking homotopy fixed points
is a lax monoidal functor (Proposition 4.29) guarantees that (Q, )" is an algebra
object. It remains to show the equivalence of algebras (4.4.11). As S is smooth over
itself via the identity map, the specialization map defining vanishing cycles relative
to S

(4.4.13) Qo — i (j7)+ Qe

is an equivalence in Shg,(o)!. Note that in the Lh.s. of (4.4.12), the inertia I acts
trivially on Q¢,,. Note also that as we work under the assumption that S is strictly
local, we have I = Gal(7,n). For tame nearby cycles this follows by the explicit
computation of the r.h.s of [Ayol4, Formula (102)] for torsion coefficients. For the
total vanishing cycles functor this follows by passing to the colimit over all wild
extensions. (2

The specialization map being equivariant, implies that after passing to I-invariants

we still get an equivalence

(4.4.14) b —— (15 ()« Qe
Finally, by the same argument in the proof of Proposition 4.31 we find
(4.4.15) (65 ()« Q)™ = 15 ()« Qe =2 Ho, (1) O

(32)One can also give a simpler argument for the equivalence (4.4.13) in terms of étale cohomology
groups. Indeed, one can give an explicit description of the étale sheaves (j7)«Z/nZ by noticing that
its cohomology groups are the étale sheafification of the presheaf of abelian groups sending an étale
map V — S to H*(V x57,Z/nZ). As 7] is separably closed, V x g7 is a disjoint union of copies of 7
so that its étale cohomology groups vanish for ¢ > 1. For ¢ = 0 we get Z/nZ as the set of (underived)
global sections of its associated constant sheaf.
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Remark 4.35. As seen in Remark 4.18, multiplication by elements in Tate degree
(1,1) can be presented as a map of (Q,,)"-modules
(4.4.16) (Qe.o)™ — (Qe0) M ()[L].

Moreover, being a map of (Qg,)"-modules, (4.4.16) is determined, via base-change,
by a map of Qg ,-modules

(4417) @E,a — (Qé,a)hl(l)[l]

which under (4.4.11), corresponds (4.3.21).

The following result describes how the class 91(38’0) transfers along the equivalence
(4.4.11).

Prorosrriox 4.36
(i) There exists an £-adic class

(4.4.18) 0557 Quy — Qe (V1] € H (7, Qe(1))

such that its image under i}.(j,)« is the map (4.4.16).
(ii) The classes Ggs’a) and 925’0) coincide.

Proof. (i) is the description in [RZ82, 1.2], [I1194, §3.6]. (ii) is the computation of
[ILO14, Exp. XVI Lem. 3.4.6, 3.4.7 & 3.4.8]. O

Remark 4.37. — It follows from the lax-monoidality that for every object ¥ €
Shg, (o)!, the object Wh! carries a canonical structure of (Qy,,)*-module

(Qe.0)M @ TP — gh!

and by the arguments above, is acted by the class GES’U)

(8,0)
— x
(L
It is a key idea used in [RZ82, 1.4] that in the unipotent case, ¥ with its I-action
can be completely recovered from WM together with the information of the action

of QES’U). See Remark 4.38 below for a topological analogy of this.

Remark 4.38. The equivalence of algebras in Lemma 4.34 is an algebraic version of
a more familiar topological situation where the role of 7 is played by the topological
circle S' and the choice of a closure 77 — 7 is replaced by the choice of a universal
cover of S'. Indeed, the description of the circle S ~ BZ presents the choice of a
point * — S' as the choice of a universal cover and characterizes S' as the homotopy
orbits for the trivial action of Z on the trivial space

S' ~ BZ = %/Z ~ colimpg, *.
As a consequence, after passing to singular cochains one finds

(4.4.19) C*(S!,C) ~ C*(colimpy, *, C) ~ limpy C*(*, C) ~ C*(x,C)"2 ~ ChZ
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as an equivalence in Modc Sp. By formality for the circle we have C*(S!, C) =~
H*(S!, C). The resulting formula

(4.4.20) H*(S!,C) ~ Ch%

is analogous to (4.4.11). The class 6 is analogous to the topological generator & of
degree —1. Notice that we can recover the trivial representation C via the Koszul-
Tate resolution of C as a H*(S!, C)-module, namely

C~ @ H*(S',C)[-1].
i€z
In the case of a Z-representation M with unipotent action, one can use the Eilenberg-
Moore spectral sequence [Lurllb, 1.1.10] combined with Koszul-Tate resolution to
reconstruct M from the pair M equipped with its canonical H*(S!, C)-action.

4.5. CoMPARISON BETWEEN VANISHING CYCLES AND THE SINGULARITY CATEGORY

We are now ready to state and prove our main theorem.

Tarorem 4.39. — Let p : X — S with X regular, p a proper flat morphism over a
strictly local excellent Henselian trait S = Spec A. Set

14
(45.1) Hy, ®" (X,) = (p,).R*(BUx, ).
Then, the equivalence of Qg ,-algebras (4.4.11) induces an homotopy between the two
maps of commutative Qg »-algebra objects (4.3.34) and (4.29), namely:

R¢(BU)
Qe

In particular, the cofiber-fiber sequences (4.3.37) and (4.4.10) are equivalent, and we
deduce an equivalence

(4.5.3) (io) "R (4 (Sing(X, 7 0 p))) = ((po)= 7 (B)[—1)™

of Qq-adic sheaves over o which is compatible with the action of i 4 (Sing(S,0)) on
the Lh.s and the action of (Quz)" on the r.h.s.

R¢(BU)

(4.5.2) can, sp™ : Hg, (n) ®q, , H (Xo) — Hg," ' (Xy).

Before addressing the proof of this theorem, let us collect some remarks.

Remark 4.40. — Thanks to Proposition 4.10, the equivalence (4.5.3) can be formu-
lated as an equivalence of Q-adic sheaves over S

(45.4) R (3 (Sing(X, w0 p)) = (i) ((po)- 75(B) -1

Remark 4.41. Note that if p: X — S is a proper morphism, and X regular, then
Sing(X, wop) ~ Sing(Xy), where Xy is the derived zero locus of wop. If, moreover, p is
flat, then X ~ t(Xy) (i.e., the derived zero locus coincides with the scheme theoretic
zero-locus). Therefore, the equivalences (4.5.3) and (4.5.4) can be equivalently re-
written as

(4.5.5) (io) R (A5 (Sing(Xo))) = ((po) 5 (B)[-1)™,

JE.P.— M., 2018, tome 5



734 A. Bra~c, M. Rosaro, B. Toin &« G. Vezzost

respectively,
(4.5.6) R (A8 (Sing(Xo))) = (io)« ((po)+ ¥ (B)[-1)™.
Remark 4.42. — Notice that, since the action of I on X, is trivial and taking ho-

motopy invariants can be represented as a limit, both (i, ).« and (p,). commute with

taking hl-invariants, being both right adjoints.®**) In particular, we have

(o) (B =D = (po)w (F(B)[-1)™)
and

(i0) (Po)x Vo (B) 1) 2 (i)« (Po) ((B)[-1D™).

Proof'of Theorem 4.39. — We start with by comparing the two maps of commutative
algebras sp™ and can. For this purpose one has to provide commutativity for the
following diagram of commutative algebra-objects:

Ho, (1) © () Ry, (BUx,) ~od O1, (i (1), Qe @ () R (BUx, )
)| (4.4.14)
(@2.0)" & (p).RE, (BUx.)
can 1| (4.4.8)
(p0)- R, (BUx, )"
(sp)"!
g, " (x,) i (o) TR (BUx))

As coproducts of commutative algebra objects are given by tensor products [Lurl?,
3.2.4.7], providing a 2-cell witnessing the commutativity of the diagram above, it is
equivalent to providing 2-cells witnessing the commutativity of the following two

(33)This can also be deduced from the monadic argument producing the equivalence Shg, (o) ~

Modg, _1(Shg, (o)) with Qg ,[I] the internal group-ring of I.
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~1

diagrams of commutative algebras

Bl (1) ———— s (35 7). Qe
Id®1 lld ®1
(A) Hg, (1) ® (po)«R, (BUx, ) (i5 (77)+Qeq)™ @ (po) <R, (BUx, )
can J(Sp)hl
ng(BU) (X,) (4-i-7) ((pg)*i*j*Rg(ﬁ(BUxﬁ))hI
(po)+R%, (BUx,) (ps)«R%_ (BUx,)
J{l ®Id ll ®Id
(B)  Hg,(n) ® (po)-RY, (BUx,) (i5 ()« Qeq)™ © (o) R, (BUx,)

JC&D J{(Sp) hl

ng(BU)(Xn) (4‘:7)) ((pg)*’i*j*Re W(BUXW))M

Concerning (A), the 2-cell is established by the naturally of the diagram in algebras
(i5 ()« Qe)™ —— ((po)+i* 7. R, (BUx, )™
(4.4.15)} J(4.4.7)

i;(jn)*(@f,n E— i;(jn)*@n)*RZ(BUn)

For (B), it comes from the adjunction (4.4.5), as in fact, by definition, the special-
ization map is of the form

. Sp .*7.
Triv((p,). R, (BUx, )) 2 (p,).i°7. R, (BUx,)
and the adjunction (Triv, (—)P) guarantees a commutative cell in algebras
(po)+R, (BUx, ) —— (Triv((ps). R, (BUx,)))™
J lSphI
. , (4.4.7) - .
Zo(]n)*(pn)*R (BUn> — < [(po)*l ]*RXW(BUXW)]

This concludes the construction of an homotopy between the two maps of commu-
tative algebras sp"! and can. To prove the remaining statement in the theorem, we
need to explain the formula (4.5.3). Now that we have the identification of the two
maps, the formula follows by passing to the fibers of the underlying map of modules
and Proposition 4.25. Finally to justify why (4.5.3) is compatible with the canonical
action of Rg(.#J (Sing(9,0))) ~ R5(BUs) ® R5(BUg)[1] on the Lh.s, and the action
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of Qu(B) ® Q(B)(—1)[—1] on the r.h.s, we start by noticing that by the universal
property of base change, the maps sp™ and can may also be written as maps of
BU,-algebras

£ 4
(45.7) can, sp*’ : [R*(BU,) ®q, , Ho, (n)] @repu,) Hy, © (X,) — Hg, ®V(X,).

Now we use the following general fact: the fiber K of a morphism of commutative
algebras A — B has a canonical structure of A-module and this is functorial under
equivalences of algebras A ~ C. In our case, we apply this to the map of algebras
(4.5.7) and the equivalence of algebras (4.3.44). O

CoroLLARY 4.43. — Under the hypotheses and notations of Theorem 4.39, we have
an equivalence of étale ¢-adic hyper-cohomologies (i.e., derived global sections)

Het (S, R4 (Sing(X, 7 0 p))) = Hee( X, ¥ (8)[-1)™
in the oo-category of Qq-dg-modules.®¥

Proof. — The statement follows by applying the hypercohomology functor Hg (.S, —)
to the equivalence (4.5.4), and using in the r.h.s. that

Hét(Xaa 7) = Hét(sa (lﬂ)*(pﬂ)*(i))

Also observe that, since taking homotopy invariants can be represented as a limit, it
commutes with taking hyper-cohomology, so that we have

Het (Xo, 7 (B) [ 1) = Hat (X, (4(8)[-1)M). -

COROLLARY 4.44. In the situation of Theorem 4.39, let us suppose that S = Spec A
is an excellent Henselian trait (so that its residue field is not necessarily separably
closed). Let us fix a separable closure k of k, and let S = Spec A" be the correspond-
ing strict henselization of S. Then, in the notations of diagram (4.1.7), we have an

equivalence in Shg, (S)%2!@7)
(4.5.8) RE (Y (Sing(X7))) = s (iz) « (95)« (% (8)[—1])").
Proof. — We borrow our notations from diagram (4.1.7). First of all, observe that

since S is an excellent Henselian trait, the étale topos of /-torsion sheaves of any
S-scheme of finite type is of finite cohomological dimension (Remark 3.39), therefore
we still have an ¢-adic realization functor

1% =Rgo.Md : dgcat'd™™ — Shg, (S).

Analogously, we will write

RpS = RE o .y : dgeat'd™ —» Shg, (S).

Notice that m4A%" = m 4au, so that any uniformizer 7 of A gives a uniformizer of As?
(i.e., its image via A — A" is a uniformizer in A%"). Since u : S — S is formally

(34)Note that in the literature the r.h.s of is often denoted as RI(I, Het (Xo, ¥p(8)[—1])).
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étale and the ramification locus of u : § — S is disjoint from the singularity locus of
p: X — S, in the base change X /S of X/S along u, X is still regular (since X is).
We now argue for the commutativity of the diagram

RM<
dgcat%iem N MOdR2C§(Ash)(Sth (9))

(4.5.9) Uy 1= RestruJ Ju*

idem

dgcaty T Modgge, (4)(Shy, (5))
0,5

Indeed, using the definitions, this amounts to check first that for any S-dg-catego-
ry T there is a natural equivalence of functors to spectra

Us S (T) =~ Mg (Restr, T).
The first is the presheaf on S-dg-categories sending
T — KH gon (T @ gon (T @4 A).
The second is defined by
T" — KHa(Restr, T @4 T").

The two agree by the projection formula for K-theory. Finally, the commutativity of
(4.5.9) follows from this computation together with the fact that the ¢-adic realization
(3.7.14) is strongly compatible with the six operations and w, : Shg,(S) — Shg, (S)
is lax monoidal.

We can now conclude the proof of the proposition: as already observed for
RZ%(ASh) ~ Q,5(B), we have Rj%(A) ~ Qs(B). Since X is regular, we have
u.(Sing(X, 7 o p)) ~ Sing(X7), and recall that, by definition of vanishing cycles
for p and the fact that u*(Qe,s(8)) ~ Q,5(8), we have 7,(Qr,s5(8)) ~ 75(Q,5(8))
inside Shg, (X)) Now, the above commutative diagram of (-adic realizations
combined with Theorem 4.39, yields an equivalence in Shg, (S)%2(@17)

(4.5.10) R} (Sing(Xz)) ~ . (iz) (p2) (5 (8) [-1))™). O

Remark 4.45. — The equivalence of Theorem 4.39 also provides a Chern character
map from the K-theory of matrix factorizations to f-adic 2-periodic inertia invariant
vanishing cohomology. Indeed, using the functoriality of the f-adic realization (3.7.14)
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one obtains a map

KH(MF (X, 0 p)) ———— Mapypoq,,_ (BUs, 4 (MF(X, 7 0 p))

» ok
JZU

(4.5.11) Mapytodp,, (BU,, it (MF(X, 7o p))
J(3.7.14) + (4.5.3)

He (Xk, 7 (B)[=1)™ ¢—— Mapyiody, s, (Qe.o(8), ((po)« 5 (B)[-1)™)

Remark 4.46. — Notice that in the proof of Theorem 4.39, the hypothesis that X
is regular is crucial. Indeed, if X is not regular, the relative derived category of
singularities Sing(X,7) is not equivalent to the absolute one Sing(Xj) as explained
in Remark 2.26. In the non-regular case we would need to provide a proof for all the
statements in Section 3.4 replacing CohP(Xy) by Cohb(X())Pcrf(X).

AppPENDIX. THE FORMALISM OF SIX OPERATIONS IN THE MOTIVIC SETTING

The oco-functor SH® carries a system of extra functorialities known as the six
operations. This means:

(1) For every smooth morphisms f : X — Y of base schemes, the assignment
f* : SHy — SHx has a left adjoint f; which is a map of SHy-modules with respect
to the natural map induced from the unit of the adjunctions (fy, f*)

(=@ f (=) — fil-)@—,

where SHx is seen as a SHy-module via the monoidal functoriality f*. Moreover,
(—)4 should satisfy smooth base-change.

(2) The existence of a second functoriality for the assignment X — SHy encoded
by an oco-functor

SH, : Sch’™* — Prg,

defined in Schsesp’ft - the subcategory of all S-schemes together with separated mor-
phisms of finite type between them.

3) The existence of natural transformation (—), — (=) defined in Sch*® which

/s
is an equivalence for proper maps.(35);

(4) (Projection formula) The functoriality SH, has a module structure over the
functoriality SH®. More precisely, for any map f : X — Y separated of finite type,
we ask for fi : SHx — SHy to be a map of SHy-modules as in (1). Here SHx is seen
as a SHy-module via the monoidal functoriality f*.

(35)Here (=)« denotes the right adjoints of the functoriality SH®
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(5) For any cartesian square of schemes

/

(A.0.1) vy Y x

f ’J lf

p
Yy 5 X

with f separated of finite type, we ask for natural equivalences of co-functors
(A.0.2) p o fi(f o)
and
(A.0.3) frope~(p).o(f).

(6) For any smooth morphism of relative dimension d, f : ¥ — X the adjunctions
(fi, f*) and (fy, f*) are related by a natural equivalence

(A.0.4) fiz fil-® ThomY(NY/YxxY))a
where Thomy (Ny/yxy) is the motivic thom spectrum of the normal bundle

Ny vxxy-
In the presence of an orientation data (see [CD12, 2.4.c]) we have

Thomy (Ny/yx xv) =~ (P4, 00)"
so that

d
(A.0.5) fi = A= @ (Py,00)").

In particular, whenever f is an open immersion we have

fy = fi.

Thanks to the main results of [Ayo07a, CD12] (see Proposition A.2), all these op-
erations and coherences can be constructed from the initial co-functor SH®. In the
setting of higher categories this can be done using the theory of correspondences de-
veloped in [GR17, Chap. 7]. Alternatively, one can also use results of [LZ12a, LZ12b]
as explained in [Rob14, §9.4]. In this appendix we give a brief survey of the construc-
tion based on the techniques of [GR17, Chap. 7] but we do not look at the necessary
Beck-Chevalley conditions. These have now been carefully treated in [Khal6b], in a
more general setting where base schemes are allowed to be derived.

Fix a base Noetherian scheme S and fix Sch/g a full subcategory of the category
of all Noetherian schemes as in [CD12, 2.0]. Suppose we are given an oo-functor

F : Schff — CAlg(Prgy,).
From this it is possible to extract a new functor
Arr(Sch/g)°? — Mod(Pr§,;,)

where Mod(Prg,,,) is the co-category of pairs (C,M) with C a symmetric monoidal
stable presentable oo-category and M a stable presentable category endowed with a
structure of C-module. The new functor sends f : Y — X to the pair (F(X),F(Y))
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with F(Y') seen as a module via F(f). We will also denote by F. The reader can
consult [Rob14, §9.4.1.2] for a precise description of this assignment.
The oo-category Mod(Prk,,,) is a non-full subcategory of Mod(Cat®8) which is

2-cat where we also

the maximal (0o, 1)-category of the (co,2)-category Mod(Cat?#)
include natural transformations of functors. In reality, the initial data we are interested

in, is the new oo-functor
F: Arr(Sch/S)OP N MOd(Catgég)Q'C&t

and the six operations will express the coherences between F and the following five
distinct classes of maps in Sch/g:

— spft := separated morphisms of finite type
— all := all morphisms

— {som := isomorphisms

— proper := proper morphisms

— smooth := smooth morphisms

— open := open morphisms

These classes satisfy some standard stability assumptions—see [GR17, Chap.7,
§1.1.1]. We will use the same notations for the classes of maps in Arr(Sch/g) given
by natural transformations where the maps belong to the respective classes.

We now explain the conditions and their consequences. The reader should consult
[GR17, Chap. 7] for the notations. The first two conditions are:

(i) F satisfies the right Beck-Chevalley condition with respect to the inclusion
vert := smooth C horiz := all [GR17, Chap. 7, Def.3.1.5]. By the universal prop-
erty of correspondences [GR17, Chap.7, Th.3.2.2-b)] F extends in a unique way to
an (0o, 2)-functor

Femooth . Corr(Arr(SCh/s))smOOth  — MOd(Cat'g;g)?"Cat

smooth,all smooth,al

whose restriction along the inclusion

((Sch/s)noriz)°® € Arr(Sch,g)°P C Corr(Arr(Sch/S))smOOth

smooth,all

recovers F.
Using the fact that (Corr(Arr(Schyg))smeoth )1-°P = Corr(Arr(Schys))syo0th

smooth,all all,smooth’
passing to the 1-opposite we obtain a new (oo, 2)-functor

((F)smocth )P Corr(Arr(Sehs))Si2sth,, —> (Mod(Cathi)>est)le»

smooth,all

whose restriction along

(Sch/g)au € Corr(Arr(Sch/S))Smo"th

all,smooth

recovers FOP.
(ii) F°P : Arr(Sch/g) — (Mod(Catlig)2-cat)l-op gatisfies the left Beck-Chevalley
with respect to the inclusion horiz := proper C vert := all [GR17, Chap. 7, Def. 3.1.2].
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By the universal property of correspondences [GR17, Chap. 7, Th. 3.2.2-a)] F°P ex-
tends in a unique way to an (oo, 2)-functor

(Fop)prper ¢ Corr(Arr(Schg))Erer  — (Mod(Cathie)*eat)l-op

all,proper all,proper

whose restriction along the inclusion

((Sch/g)vert) = Arr(Sch/g) € Corr(Arr(Sch/g))h; >

all,proper
recovers F°P.

We remark that these Beck-Chevalley conditions need to be verified at the level of
modules.

We consider now the restriction ((F)$mooth

smooth )'°P along the inclusion

Corr(Arr(Schg))iim ., € Corr(Arr(Sch/S))Zﬁ‘;‘;ﬁ@oth

all,open =

and observe that we have built a commutative diagram of (oo, 2)-functors

Arr(Schg)

\
/

Corr(Arr(Sch ) 577, Corr(Arr(Seh ) 277"

all,open all,proper

/
\

(MOd(CatEég)2_cat ) 1-op

The formalism of six operations is constructed by gluing these two functors, merging
open immersions and proper maps. More precisely, it follows from Nagata’s compact-
ification that any morphism in spft can be written as a morphism in open composed
with a morphism in proper. In this sense what we would like is to produce a new
(00, 2)-functor completing the commutativity of the diagram

Arr(Sch/g)

\
/

COYT(AIY(SCh/S))isom COI“I“(AI"I“(Sch/S ))proper

all,open all,proper

/
\

Corr(Arr(Schg ))fiﬁ’f;%

(Mod(Catbig)2-cat)l-op

This is solved by the theorem [GR17, Chap.7, Th.5.2.4] which gives necessary and
sufficient conditions for the existence and uniqueness of the dotted map. These are
the following:

JE.P.— M., 2018, tome 5



742 A. Bra~c, M. Rosaro, B. Toin &« G. Vezzost

(iii) [GR17, Chap. 7, 5.1.2]: the class open N proper consists of embeddings of con-
nected components (therefore monomorphisms).

(iv) [GR17, Chap.7, 5.1.4]: For any map f : X — Y separated of finite type, the
space Fact(f) of factorizations of f as an open immersion followed by a proper map,
is contractible. This is a consequence of Nagata’s compactification as explained in
[GR17, Chap. 5, Prop. 2.1.6].

(v) [GR17, Chap. 7, 5.2.2] It is the well-known support property of Deligne.

Derixrrion ALl We say that an (oo, 1)-functor F : Schg — CAlg(Pr§,,,) has the

Proper

siz operations if it satisfies the conditions (1) to (5) above. We denote by Fy/"Cy its

unique extension

Corr(Arr(Schys)) o i an — Mod(Cat>i#)2-cat.

Let F satisfy the six operations. We will use the following notations:

Fy .= Femooth | Are(Sch /s) oo ATT(SChs) smooth — Mod(Catbig)-cat

smooth,all

F, = ((Fop)proper |Arr(Sch/s)gfowr))op . AI‘I‘(SCh/S)pmper — Mod(Cat‘;i)g)ZCat

all,proper

F = FZ;ZS;;t|ArT(SCh/s)spft : Arr(Sch/s)sz,ﬂ — MOd(Catgég)Q_cat.

The following result of Ayoub and Cisinski-Deglise gives sufficient conditions for a
given F to have the six operations:

Prorosition A.2 (Ayoub and Cisinski-Deglise). — Let F : Sch?‘s’ — CAlg(Pr§,,) be
an oo-functor satisfying the following conditions:

(a) F satisfies (i);

(b) for each proper map f: X — Y, F.(f) has a right adjoint;

(¢) (Localization) For every closed immersion i : Z < X of base schemes with
open complementary U := X — Z — X the commutative diagram

F
F(Z) ——=F(X)

g [F)

—— F(U)

is a pullback in PrSyy,. In particular F. (i) is fully faithful.®®)

(d) (Homotopy Invariance) For any base scheme X, the map F(r):F(X)—F(AL)
is fully faithful. Here w : A% — X is the canonical projection.

(e) (Stability ) For any base scheme X , the composition Fy(m)oF . (s) : F(X)—F(X)
maps the tensor unit to a ®-invertible object (the Tate motive).(")

Then F satisfies all the conditions (i)—(v).

(36)See for instance [Rob14, 9.4.20].
BNs: x — Ag( being the zero section.
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Prorosition A.3. The oo-functor SH® satisfies all the conditions of Proposi-
tion A.2.

Proof. The localization property was proved by Morel-Voevodsky in [MV99,
Th.2.21 p.114] in the unstable setting. The property in the stable setting as formu-
lated above follows as a consequence. The other conditions follow from the results
of Cisinski-Deglise in [CD12] and Ayoub [Ayo07a, Ayo07b]. The fact it satisfies the
necessary Beck-Chevalley conditions in the correct oo-sense is proved in [Khal6b].
See also the survey in [Robl4, §§9.3&9.4.1] for an overview and more precise
references. g

To conclude this Appendix we discuss the compatibility of the six operations under
natural transformations. We have the following result due to Ayoub (for the projective
case) and Cisinski-Deglise (for the generalization to proper morphisms)

Prorosition A4 (See [Ayol0, Th.3.4] and [CD12]). — Let ¢ : F — G be a natural
transformation of co-functors Sch?‘s’ — CAlg(Pr§,,,) such that

(1) both F and G satisfy the hypothesis of Proposition A.2.
(2) if f: X =Y is a smooth map in Schg, then the diagram

F(X) ox, G(X)
(A.0.6) F(fﬁ G(/)
by

FY)—— G(Y)
1s left-adjointable

F(X) _ox, G(X)

(A.0.7) Fy( f)i lGu(f )

F(Y) O, G(Y)

Then, the natural transformation induced from the adjunctions
(A.0.8) Giogp — ¢poF,

s an equivalence. Moreover, the natural transformations
(A.0.9) poF, — G,0¢ ¢oF —G' oo

are given by equivalences whenever f is proper, respectively, smooth.

REFERENCES

[AG15] D. Arinkin & D. Garrscory — “Singular support of coherent sheaves and the geometric
Langlands conjecture”, Selecta Math. (N.S.) 21 (2015), no. 1, p. 1-199.

[AHW18] A. Asox, M. Hovois & M. Wenpt — “Affine representability results in A'-homotopy theory:
II: Principal bundles and homogeneous spaces”, Geom. Topol. 22 (2018), no. 2, p. 1181—
1225.

JE.P.— M., 2018, tome



[Ayo07a]

[Ayo07b]
[Ayo10]
[Ayol4]
[BH17]
[Bar15]

[BBDS2

[BZFN10]
[Bla13]
[Blal5]

[Blo85]

[BvdB03]

[BW12]
[CT13]
[Cis13]
[CD12]

[CD16]
[CT11]

[CT12]
[Coh13)
[Del77]
[Dri04]
[Dycl1]
[Efi18]
[EP15]

[Eke90]

A. Branc, M. Rosaro, B. Toin & G. Vezzost

J. Avous — Les siz opérations de Grothendieck et le formalisme des cycles évanescents
dans le monde motivique. I, Astérisque, vol. 314, Société Mathématique de France, Paris,
2007.
, Les siz opérations de Grothendieck et le formalisme des cycles évanescents dans
le monde motivique. II, Astérisque, vol. 315, Société Mathématique de France, Paris, 2007.
, “Note sur les opérations de Grothendieck et la réalisation de Betti”, J. Inst.
Math. Jussieu 9 (2010), no. 2, p. 225-263.
, “La réalisation étale et les opérations de Grothendieck”, Ann. Sci. Ecole Norm.
Sup. (4) 47 (2014), no. 1, p. 1-145.
T. Bacumany & M. Hovois — “Norms in motivic homotopy theory”, arXiv:1711.03061,
2017.

C. Barwick — “On exact infinity-categories and the theorem of the heart”, Compositio
Math. 151 (2015), p. 2160-2186, arXiv:1212.5232.
A. A. BerLinson, J. Bernstein & P. Devioze — “Faisceaux pervers”, in Analyse et topologie

sur les espaces singuliers, I (Luminy, 1981), Astérisque, vol. 100, Société Mathématique
de France, Paris, 1982, p. 5-171.
D. Ben-Zv1, J. Fraxcis & D. Nabrer — “Integral transforms and Drinfeld centers in derived
algebraic geometry”, J. Amer. Math. Soc. 23 (2010), no. 4, p. 909-966.
A. Branc — “Invariants topologiques des espaces non commutatifs”, PhD thesis, Université
Montpellier 2, 2013, arXiv:1307.6430.

, “Topological K-theory of complex noncommutative spaces”, Compositio Math.
(2015), p. 1-67.
S. Brocn — “Cycles on arithmetic schemes and Euler characteristics of curves”, in Alge-
braic geometry (Bowdoin, 1985), Proc. Symp. Pure Math., vol. 46, part II, American
Mathematical Society, Providence, 1985, p. 421-450.
A. Boxpar & M. van pEx Bercn — “Generators and representability of functors in com-
mutative and noncommutative geometry”, Moscow Math. J. 3 (2003), no. 1, p. 1-36,
258.
J. Burke & M. E. Warker — “Matrix factorizations over projective schemes”, Homology
Homotopy Appl. 14 (2012), no. 2, p. 37—61.
A. CArpAraru & J. Tu — “Curved Ao algebras and Landau-Ginzburg models”, New York
J. Math. 19 (2013), p. 305-342.
D.-C. Cisinski — “Descente par éclatements en K-théorie invariante par homotopie”, Ann.
of Math. (2) 177 (2013), p. 425—448.
D.-C. Cisinski & F. Dicuise — “Triangulated categories of mixed motives”, arXiv:
0912.2110, 2012.
, “Etale motives”, Compositio Math. 152 (2016), p. 556-666.
D.-C. Cisinskr & G. Tasuapa — “Non-connective K-theory via universal invariants”, Com-
positio Math. 147 (2011), no. 4, p. 1281-1320.
_, “Symmetric monoidal structure on non-commutative motives”, J. K-Theory 9
(2012), no. 2, p. 201-268.
L. Con~n — “Differential graded categories are k-linear stable infinity categories”, arXiv:
1308.2587, 2013.
P. Derieze — Cohomologie étale, Lect. Notes in Math., vol. 569, Springer-Verlag, Berlin-
New York, 1977, Séminaire de Géométrie Algébrique du Bois-Marie SGA 4, /5, Avec la
collaboration de J. F. Boutot, A. Grothendieck, L. Illusie et J. L. Verdier.
V. DrinveLp — “Dg quotients of dg categories”, J. Algebra 272 (2004), p. 643-691.

T. Dyckernorr — “Compact generators in categories of matrix factorizations”, Duke
Math. J. 159 (2011), no. 2, p. 223-274.

A. 1. Ermvov — “Cyclic homology of categories of matrix factorizations”, Internat. Math.
Res. Notices (2018), no. 12, p. 3834-3869, arXiv:1212.2859.

A. 1. Ermvov & L. PositseLskr — “Coherent analogues of matrix factorizations and relative

singularity categories”, Algebra Number Theory 9 (2015), no. 5, p. 1159-1292.
T. Ekepanr — “On the adic formalism”, in The Grothendieck Festschrift, Vol. II, Progress
in Math., vol. 87, Birkhauser Boston, Boston, MA, 1990, p. 197-218.

JE.P — M., 2018, tome5


http://arxiv.org/abs/1711.03061
http://arxiv.org/abs/1212.5232
http://arxiv.org/abs/1307.6430
http://arxiv.org/abs/0912.2110
http://arxiv.org/abs/0912.2110
http://arxiv.org/abs/1308.2587
http://arxiv.org/abs/1308.2587
http://arxiv.org/abs/1212.2859

[Fujo2]

[GR17]

[GS09]
[Gro65]
[HLP14]
[Hov99]
[11194]

[ILO14]

[1S13]

[Kap91]

[Kas83]

[KS05]

[Khal6a]
[Khal6b]

[Khal8]
[KS11]

[Kra08]
[LP11]
[LZ12a]

[LZ12b)
[LS16]

[Lur09]
[Lurlla]
[Lurl1b]
[Lur17]
[Lur1s]

[LG14]

[MV99]

MoOTIVIC REALIZATIONS OF SINGULARITY CATEGORIES AND VANISHING CYCLES 7/|3

K. Funiwara — “A proof of the absolute purity conjecture (after Gabber)”, in Algebraic
geometry 2000, Azumino (Hotaka), Adv. Stud. Pure Math., vol. 36, Math. Soc. Japan,
Tokyo, 2002, p. 153-183.

D. Garrscory & N. RozexsLyum — A study in derived algebraic geometry. Vol. 1. Cor-
respondences and duality, Mathematical Surveys and Monographs, vol. 221, American
Mathematical Society, Providence, RI, 2017.

D. Geener & V. Snxarra — “On the motivic spectra representing algebraic cobordism and
algebraic K-theory”, Documents Math. 14 (2009), p. 359-396.

A. Grorienpieck — “Eléments de géométrie algébrique. IV. étude locale des schémas et des
morphismes de schémas. I1”, Publ. Math. Inst. Hautes Etudes Sci. 24 (1965), p. 5-231.
D. Havpern-Leistser & A. Preveer — “Mapping stacks and categorical notions of proper-
ness”, arXiv:1402.3204, 2014.

M. Hovey — Model categories, Mathematical Surveys and Monographs, vol. 63, American
Mathematical Society, Providence, RI, 1999.

L. IuLusie — “Autour du théoréme de monodromie locale”, in Périodes p-adiques (Bures-
sur-Yvette, 1988), vol. 223, Société Mathématique de France, Paris, 1994, p. 9-57.

L. Teeusie, Y. Laszio & K. Orcocozo — “Introduction”, in Travauz de Gabber sur
lVuniformisation locale et la cohomologie étale des schémas quasi-excellents, Astérisque,
vol. 363-364, Société Mathématique de France, Paris, 2014, p. xiii—xix.

K. Ivorra & J. Sesac — “Nearby motives and motivic nearby cycles”, Selecta Math. (N.S.)
19 (2013), no. 4, p. 879-902.

M. Karravov — “On DG-modules over the de Rham complex and the vanishing cycles
functor”, in Algebraic geometry (Chicago, 1989), Lect. Notes in Math., vol. 1479, Springer,
Berlin, 1991, p. 57-86.

M. Kastrwara — “Vanishing cycle sheaves and holonomic systems of differential equations”,
in Algebraic geometry (Tokyo/Kyoto, 1982), Lect. Notes in Math., vol. 1016, Springer,
Berlin, 1983, p. 134-142.

K. Karo & T. Saro — “On the conductor formula of Bloch”, Publ. Math. Inst. Hautes
FEtudes Sci. 100 (2005), p. 5-151.

A. A. Knan — “Brave new motivic homotopy theory 1”7, arXiv:1610.06871, 2016.

, “Motivic homotopy theory in derived algebraic geometry”, PhD thesis, Univer-
sitat Duisburg-Essen, 2016, available at http://www.preschema.com/thesis/.

_, “Virtual Cartier divisors and blow-ups”, arXiv:1802.05702, 2018.

M. Kontsevicn & Y. SomsELman — “Cohomological Hall algebra, exponential Hodge struc-
tures and motivic Donaldson-Thomas invariants”, Commun. Number Theory Phys. 5
(2011), no. 2, p. 231-352.

H. Krausk — “Localization theory for triangulated categories”, arXiv:0806.1324, 2008.
K. H. Lix & D. PomerLEaNo — “Global matrix factorizations”, arXiv:1101.5847, 2011.

Y. Liv & W. Zuexc — “Enhanced six operations and base change theorem for sheaves on
Artin stacks”, arXiv:1211.5948, 2012.

—, “Gluing restricted nerves of infinity-categories”, arXiv:1211.5294, 2012.

V. A. Lunts & O. Scuntrer — “Motivic vanishing cycles as a motivic measure”, Pure Appl.
Math. Q 12 (2016), no. 1, p. 33-74.

J. Lurie — Higher topos theory, Annals of Mathematics Studies, vol. 170, Princeton Uni-
versity Press, Princeton, NJ, 2009.

_, “Derived algebraic geometry VIII: Quasi-coherent sheaves and Tannaka duality
theorems”, DAG-VIII.pdf, November 2011.

, “Derived algebraic geometry XIII: Rational and p-adic homotopy theory”,
DAG-XIII.pdf, December 2011.

__, “Higher algebra”, higheralgebra.pdf, September 2017.

__, “Spectral algebraic geometry”, SAG-rootfile.pdf, February 2018.

J. Lurie & D. Garrscory — “Weil’s conjecture for function fields”, tamagawa.pdf, December
2014.

F. MoreL & V. Voevopsky — “Al-homotopy theory of schemes”, Publ. Math. Inst. Hautes
Etudes Sci. (1999), no. 90, p. 45-143 (2001).

JE.P.— M., 2018, tome 5


http://arxiv.org/abs/1402.3204
http://arxiv.org/abs/1610.06871
http://www.preschema.com/thesis/
http://arxiv.org/abs/1802.05702
http://arxiv.org/abs/0806.1324
http://arxiv.org/abs/1101.5847
http://arxiv.org/abs/1211.5948
http://arxiv.org/abs/1211.5294
http://www.math.harvard.edu/~lurie/papers/DAG-VIII.pdf
http://www.math.harvard.edu/~lurie/papers/DAG-XIII.pdf
http://www.math.harvard.edu/~lurie/papers/higheralgebra.pdf
http://www.math.harvard.edu/~lurie/papers/SAG-rootfile.pdf
http://www.math.harvard.edu/~lurie/papers/tamagawa.pdf

746

INS@15]
[NS17]
[Orlo4]
[Orl12]

[Prell]

[Qui73)]

[RZ82]

[Riol0]
[Rob14]
[Rob15]

[Sab10]
[S514]

[Seg13]
[Ser62]
[Ser65]

[SGA6]

[SGAT 1]

[SGAT I1]

[Shk14]
[Tab0s]
[Tab08]

[TT90]

[To&07]

A. Branc, M. Rosaro, B. Toin & G. Vezzost

N. Nauvmann, M. Serrzweck & P AL Qstvaer — “Existence and uniqueness of Es structures
on motivic K-theory spectra”, J. Homotopy Relat. Struct. 10 (2015), no. 3, p. 333-346.
T. Nikoraus & P. Scrorze — “On topological cyclic homology”, arXiv:1707.01799, 2017.
D. Orrov — “Triangulated categories of singularities and D-branes in Landau-Ginzburg
models”, in Algebr. Geom. Metody, Svyazi i Prilozh., Trudy Mat. Inst. Steklov., vol. 246,
2004, p. 240-262.

, “Matrix factorizations for nonaffine LG-models”, Math. Ann. 353 (2012), no. 1,
p- 95-108.

A. Preveer — “Thom-Sebastiani and duality for matrix factorizations”, arXiv:1101.5834,
2011.

D. QuiLLen — “Higher algebraic K-theory. 1”7, in Algebraic K-theory, I: Higher K-theories
(Proc. Conf., Battelle Memorial Inst., Seattle, Wash., 1972), Lect. Notes in Math., vol.
341, Springer, Berlin, 1973, p. 85-147.

M. Rarorort & T. Zixk — “Uber die lokale Zetafunktion von Shimuravarietiten. Mon-
odromiefiltration und verschwindende Zyklen in ungleicher Charakteristik”, Invent. Math.
68 (1982), no. 1, p. 21-101.

J. Riou — “Algebraic K-theory, Al-homotopy and Riemann-Roch theorems”, J. Topology
3 (2010), no. 2, p. 229-264.

M. Rosaro — “Motivic homotopy theory of non-commutative spaces”, PhD thesis, Univer-
sité Montpellier 2, 2014, http://webusers.imj-prg.fr/~marco.robalo/these.pdf.

, “K-theory and the bridge from motives to noncommutative motives”, Adv. Math.
269 (2015), p. 399-550.

C. Sagan — “On a twisted de Rham complex, II”, arXiv:1012.3818, 2010.

C. Sassan & M. Sarro — “Kontsevich’s conjecture on an algebraic formula for vanishing
cycles of local systems”, Algebraic Geom. 1 (2014), no. 1, p. 107-130.

I, SecaL — “The closed state space of affine Landau-Ginzburg B-models”, J. Noncommut.
Geom. 7 (2013), no. 3, p. 857-883.

J.-P. Serre — Corps locauzx, Publications de I'Institut de Mathématique de I’Université de
Nancago, VIII, Actualités Sci. Indust., vol. 1296, Hermann, Paris, 1962.

, Algébre locale. Multiplicités, second ed., Lect. Notes in Math., vol. 11, Springer-
Verlag, Berlin-New York, 1965.

Théorie des intersections et théoréme de Riemann-Roch, Séminaire de Géométrie Algé-
brique du Bois-Marie 1966-1967 (SGA 6) — Lect. Notes in Math., vol. 225, Springer-
Verlag, Berlin-New York, 1971, dirigé par P. Berthelot, A. Grothendieck et L. Illusie.
Avec la collaboration de D. Ferrand, J.-P. Jouanolou, O. Jussila, S. Kleiman, M. Raynaud
et J.-P. Serre.

Groupes de monodromie en géométrie algébrique. I, Séminaire de Géométrie Algébrique
du Bois-Marie 1967-1969 (SGA 7 I) — Lect. Notes in Math., vol. 288, Springer-Verlag,
Berlin, 1972, dirigé par A. Grothendieck. Avec la collaboration de M. Raynaud et D. S.
Rim.

Groupes de monodromie en géométrie algébrique. II, Séminaire de Géométrie Algébrique
du Bois-Marie 1967-1969 (SGA 7 II) — Lect. Notes in Math., vol. 340, Springer-Verlag,
Berlin-New York, 1973, dirigé par P. Deligne et N. Katz.

D. Sukrvarov — “Non-commutative Hodge structures: towards matching categorical and
geometric examples”, Trans. Amer. Math. Soc. 366 (2014), no. 6, p. 2923-2974.
G. Tapuapa — “Une structure de catégorie de modeles de Quillen sur la catégorie des

dg-catégories”, Comptes Rendus Mathématique 340 (2005), no. 1, p. 15-19.

__, “Higher K-theory via universal invariants”, Duke Math. J. 145 (2008), no. 1,

p. 121-206.

R. W. Thomason & T. Trosauch — “Higher algebraic K-theory of schemes and of derived cat-
egories”, in The Grothendieck Festschrift, Vol. 111, Progress in Math., vol. 88, Birkhauser
Boston, Boston, MA, 1990, p. 247-435.

B. Toiin — “The homotopy theory of dg-categories and derived Morita theory”, Invent.
Math. 167 (2007), no. 3, p. 615-667.

JE.P — M., 2018, tome 5


http://arxiv.org/abs/1707.01799
http://arxiv.org/abs/1101.5834
http://webusers.imj-prg.fr/~marco.robalo/these.pdf
http://arxiv.org/abs/1012.3818

MoOTIVIC REALIZATIONS OF SINGULARITY CATEGORIES AND VANISHING CYCLES 7/|7

[Toé11] _, “Lectures on dg-categories”, in Topics in algebraic and topological K-theory, Lect.
Notes in Math., vol. 2008, Springer, Berlin, 2011, p. 243-302.

, “Derived Azumaya algebras and generators for twisted derived categories”, In-
vent. Math. 189 (2012), no. 3, p. 581-652.

[Toé12b] | “Proper local complete intersection morphisms preserve perfect complexes”,
arXiv:1210.2827, 2012.

[Toé14] , “Derived algebraic geometry”, EMS Surv. Math. Sci. 1 (2014), no. 2, p. 153-240.

[TVO0T] B. Toiix & M. Vaquik — “Moduli of objects in dg-categories”, Ann. Sci. Ecole Norm. Sup. (4)
40 (2007), no. 3, p. 387-444.

[TV16] B. Toiin & G. Vezzost — “The (-adic trace formula for dg-categories and Bloch’s conductor
conjecture”, Research announcement, arXiv:1605.08941, 2016.

, “A non-commutative trace formula and Bloch’s conductor conjecture”, in prepa-
ration, 2017.

[Voe96] V. Voevobsky — “Homology of schemes”, Selecta Math. (N.S.) 2 (1996), no. 1, p. 111-153.

[Wei89] C. A. WriBtL — “Homotopy algebraic K-theory”, in Algebraic K-theory and algebraic num-
ber theory (Honolulu, HI, 1987), Contemp. Math., vol. 83, American Mathematical Soci-
ety, Providence, RI, 1989, p. 461-488.

[Toé12a]

[TV17)

Manuscript received 8th September 2017
accepted 4th September 2018

AntHONY Braxe, Scuola Internazionale Superiore di Studi Avanzati
Via Bonomea 265, 34136 Trieste, Italia

E-mail : ablanc@sissa.it

Url : https://people.sissa.it/~ablanc/

Marco Rosaro, Sorbonne Université, Faculté des sciences et ingénierie Pierre et Marie Curie, Institut
de Mathématiques de Jussieu-PRG

4 place Jussieu, Case 247, 75252 Paris Cedex 05, France

E-mail : marco.robalo@imj-prg.fr

Url : https://webusers.imj-prg.fr/~marco.robalo/

Berrranp Toiin, CNRS, Université de Toulouse, Institut de Mathématiques de Toulouse (UMR 5219)
118 route de Narbonne, 31062 Toulouse Cedex 9, France

E-mail : bertrand.toen@math.univ-toulouse.fr

Url : https://perso.math.univ-toulouse.fr/btoen/

GasrieLE Vezzost, Dipartimento di Matematica ed Informatica “Ulisse Dini”, Universita degli Studi
di Firenze

Viale Morgagni 67/a, 50134 Firenze, Italy

E-mail : gabriele.vezzosi@unifi.it

Url : http://wuw.dma.unifi.it/~vezzosi/

JE.P.— M., 2018, tome


http://arxiv.org/abs/1210.2827
http://arxiv.org/abs/1605.08941
mailto:ablanc@sissa.it
https://people.sissa.it/~ablanc/
mailto:marco.robalo@imj-prg.fr
https://webusers.imj-prg.fr/~marco.robalo/
mailto:bertrand.toen@math.univ-toulouse.fr
https://perso.math.univ-toulouse.fr/btoen/
mailto:gabriele.vezzosi@unifi.it
http://www.dma.unifi.it/~vezzosi/

	1. Introduction
	2. Matrix factorizations and derived categories of singularities
	3. Motivic realizations of dg-categories
	4. Vanishing cycles and singularity categories
	Appendix. The formalism of six operations in the motivic setting
	References

