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Preface

In the classical representation theory, one of the important problem is to classify all objects
of a given category up to isomorphisms. However, this problem is quite difficult and
impossible almost always except special cases. Therefore, classifying subcategories which
are closed under some operation has been considered so far as the next but most reasonable
problem. Namely, instead of classifying objects, we would like to classify subcategories
generated by an object in some sense.

Let C be an essentially small category. Classifying subcategories means for a property
P of full subcategories, finding a one-to-one correspondence

{subcategories of C satisgying P} —= S,

between the set of subcategories of C satisfying P and some set S. This set S is normally
expected to be easier to understand. By using such a correspondence, we would like to
understand the set {subcategories of C satisgying P} and moreover, the structure of C.

For a triangulated category, one of the important classes of subcategories is that of
thick subcategories. A full subcategory of a triangulated category is called thick if it is
triangulated and closed under taking direct summands. It naturally appears as the kernel
of some cohomological functor and also as the inverse image of some tensorial support (for
the definition, we refer to Definitions 1.3 and 2.5).

Classification of subcategories was first considered by Hopkins-Smith [HS] in stable
homotopy theory. They classified thick subcategories of p-local finite spectra:

Theorem 1. [HS, Theorem 7] Let p be a prime number. Then there is a one-to-one
correspondence:

{thick subcategories of SHf(i;)} —=Z>o U {o0},
where SH?I;‘) denotes the triangulated category of p-local finite spectra.

Indeed, they verified that every thick subcategory of SHf(i;) is obtained as the kernel of
a cohomological functor given by tensoring with the Morava K-theory spectrum.

Motivated by this classification, Hopkins [Hop| and Neeman [Nee92] proved the following
classification theorem for Noetherian affine schemes and Thomason [Tho] generalized it to
Noetherian schemes, which classifies thick subcategories of perfect complexes closed under
the tensor action by each object:

Theorem 2. [Hop, Nee92, Tho| Let X be a Noetherian scheme. Then there is a one-to-
one correspondence:

{thick subcategories of DPE(X)

closed under ®%X } —— {specialization closed subsets of X},

where DPE(X) denotes the perfect derived category of X.

In fact, this theorem states that every thick subcategory of DPef(X) which is closed
under the action via ®%X, is obtained as the inverse image Supp ! W of exactly one
specialization closed subset W of X by the cohomological support Supp; see Example 1.4
for details.

On the other hand, in modular representation theory, Benson-Carlson-Rickard [BCR]
and Benson-Iyengar-Krause [BIK] classified thick subcategories of the stable module cat-
egories of a finite group which are closed under the tensor action by each object:
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Theorem 3. [BCR, BIK] Let k be a field and G a finite group. Then there is a one-to-one
correspondence:

{thick subcategories of mod kG

closed under @ } —— {specialization closed subsets of ProjH*(G;k)},

where we denote by mod kG the stable module category of kG and by H*(G; k) the coho-
mology ring of G with coefficients in k.

As in the case of the above classification, this theorem states that every thick subcate-
gory of mod kG which is closed under the action via ®j, is obtained as the inverse image
Vo L(W) of exactly one specialization closed subset W of ProjH*(G;k) by the support
variety Vi; see Example 1.4 for details.

In all of these results, tensor structures of triangulated categories play crucial roles.
Indeed, these classifications come from the same framework of tensor triangular geometry.

Tensor triangular geometry is a theory established by Balmer at the beginning of this
century. Let (7,®,1) be an (essentially small) tensor triangulated category, that is, a
triangulated category 7 equipped with symmetric tensor product ® and unit object 1.
One can then define the notions of thick tensor ideals, prime thick tensor ideals and
radical thick tensor ideals of T, which behave similarly to ideals, prime ideals and radical
ideals of a commutative ring. The Balmer spectrum SpecT of T is defined as the set
of prime thick tensor ideals of 7. This set has the structure of a topological space.
Tensor triangular geometry studies Balmer spectra and develops commutative-algebraic
and algebro-geometric observations for them. He accomplished the following monumental
work in this direction.

Theorem 4. [Bal05, Theorem 4.10] Let T be a tensor triangulated category. Then there
is a one-to-one correspondence:

{radical thick tensor ideals of T} == { Thomason subsets of SpecT }.

Here, a subset of a topological space is said to be Thomason if it is the union of
closed subsets whose complements are quasi-compact. Thus, the classification of radical
thick tensor ideals is interpreted as the study of the topological space Spec 7. Balmer
[Bal05, Ball0a] also determined the Balmer spectra of DP*f(X), mod kG and the category
SHf" of finite spectra, by using classification Theorem 1, 2 and 3. Furthermore, these
classification theorems are restored from Theorem 4.

The Balmer spectrum is hard to calculate from the definition without classification. To
explore Spec 7, Balmer [BallOa] defined a graded commutative ring R% which is called
the graded central ring of T and a continuous map p% : SpecT — Spech RY (Spech RY
stands for the homogeneous prime spectrum of R%-). Surjectivity of the comparison map
is investigated in [Ball0a] and frequently it becomes surjective (e.g., it does provided R
is Noetherian). Contrary to this, injectivity of the comparison map is hard to observe and
there are only affirmative answers for each individual tensor triangulated category. For
example, in the cases of DP*(X) for a Noetherian affine scheme X, and mod kG for a finite
group G with a field k, their comparison maps are injective; see [BallOa, Propositions 8.1
and 8.5]. Note that these categories are algebraic triangulated categories, namely the stable
categories of Frobenius exact categories. By contrast, for a topological tensor triangulated
category, such as SH™™, the map may not be injective; see [Ball0a, Proposition 9.4]. From
this observation, Balmer conjectured the following.



Conjecture 5. [BallOb, Conjecture 72] The comparison map
p% : Spec T — Spec”" R
is (locally) injective if T is “algebraic enough”.

Here, “algebraic enough” tensor triangulated categories could mean algebraic ones, or
derived categories of dg-categories, or ones locally generated by the unit.

Let A be an (essentially small) additive category. We say that an additive subcategory X
is additively closed if it is closed under taking direct summands and dense if every object
of A is a direct summand of some object of X. Then one can easily check that every
additive subcategory of A is a dense subcategory of some additively closed subcategory of
A. Thus, to classify additive subcategories, it suffices to classify dense ones and additively
closed ones. So far, we have considered classifying additively closed subcategories. As
classification of dense subcategories, Thomason proved the following theorem.

Theorem 6. [Tho, Theorem 2.1] Let T be a triangulated category. Then there is a one-
to-one correspondence:

{dense triangulated subcategories of T} = {subgroups of Ko(T)},
where Ko(T) denotes the Grothendieck group of T .

Combining this theorem (classification of dense subcategories) and Theorem 2 (classifi-
cation of additively closed subcategories) yields a complete classification of the triangulated
subcategories of DP*f(X) for a Noetherian scheme X.

In this thesis, we discuss various problems concerning classification theory of subcate-
gories: tensor triangular geometry for the right bounded derived category D™(mod R) of
a commutative Noetherian ring R, reconstruction problems from classification of subcat-
egories, and classification of dense subcategories of exact categories. We do it mainly for
categories appearing in commutative algebra.

This thesis consists of four parts which are based on the papers [MT, Mat17a, Mat17b,
Mat17c|.

In Part 1, we give a short survey of support theory of triangulated categories and tensor
triangular geometry for later use. At the end of this part, we give a geometric criterion
for the perfect derived category of a Noetherian scheme to satisfy Balmer’s conjecture.

Moreover, using this criterion, we prove that Balmer’s comparison map p'Dperf( X) is locally

injective for the perfect derived categories of Noetherian quasi-affine schemes:

Theorem A (Part 1, Theorem 2.31). Let X be a Noetherian quasi-affine scheme (i.e.,
an open subscheme of an affine scheme). Then the comparison map p'Dperf(X) 1s locally

mjective.

Note that if X is quasi-affine, then DP*f(X) is generated by the unit Ox.

In Part 2, we discuss tensor triangular geometry for the tensor triangulated category
D™(mod R) of right bounded complexes of finitely generated modules over a commutative
Noetherian ring R. Tensor triangular geometry for tensor triangulated categories which are
rigid (small in some sense), have been studied by several authors so far [Bal07, BF, SS] and
various results are known. For example, SHf", DPef(X), and mod kG are rigid. However,
our tensor triangulated category D™ (mod R) is far from rigid and hence we cannot apply
general results on rigid tensor triangulated categories.

First, we classify thick tensor ideals of D™(mod R) generated by bounded complexes:



6

Theorem B (Part 2, Theorem 5.12). Let R be a commutative Noetherian ring. Then
there is a one-to-one correspondence:

{thick‘ tensor ideals of D™ (mod R)

generated by bounded comple:res} — {specialization closed subsets of Spec R}.

This theorem can be considered as a generalization of Theorem 2 in the case of an
affine scheme. To prove this theorem, we generalize the smash nilpotence theorem for
perfect complexes due to Hopkins [Hop, Theorem 10] and Neeman [Nee92, Theorem 1.1]
to unbounded complexes.

Next, we relate the Balmer spectrum Spec D™(mod R) to the Zariski spectrum Spec R.
As stated above, classification of subcategories gives information on the Balmer spectrum.
Therefore, Theorem B gives us a way to investigate the structure of Spec D™(mod R) by
comparing with the Zariski spectrum Spec R. More precisely, we introduce two order-
reversing maps

Spec D™ (mod R) — Spec R,
s

and investigate Spec D”(mod R) through s and §. Then the map s is continuous and
508 = 1. Furthermore, these maps connect Balmer’s classification theorem and our
classification theorem (Theorem 9.20). One of our main results in this direction is the
following theorem.

Theorem C (Part 2, Corollary 7.5 and Theorem 10.5). (1) The following are equiva-
lent:
(a) S is an immersion.
(b) Spec R is a finite set (i.e., R has Krull dimension at most 1 and semilocal).
(2) The following are equivalent:
(a) S is a homeomorphism.

(b) R is Artinian (i.e., R has Krull dimension 0).

As a direct consequence, we can classify all the thick tensor ideals of D™ (mod R) via spe-
cialization closed subsets of Spec R provided R is Artinian. Conversely, such classification
is possible only in the case of Artinian rings.

As Balmer’s classification theorem says, topological information on the Balmer spec-
trum provides significant information to classify radical thick tensor ideals. We have the
following results concerning topological properties such as Noetherianity, connectedness,
and irreducibility of Spec D™(mod R).

Theorem D (Part 2, Corollary 8.9). (1) If Spec D™(mod R) is Noetherian, then Spec R
s a finite set.

(2) Spec D™(R) is connected (resp. irreducible) if and only if Spec R is connected (resp.
irreducible).

For our category D™(mod R), one has R'D_(mod R = R and Spec” RY.-

Actually, the map s is nothing but Balmer’s comparison map pp,_ (mod I

(mod R) — Spec R.
: (Proposition 10.9).

Using the properties of s, we obtain the following result.

Theorem E (Part 2, Corollary 10.10). Assume that R has positive Krull dimension and
that R is either a domain or a local ring. Then the map s is not locally injective.

In view of Conjecture 5, this theorem says that D™ (mod R) is not “algebraic enough”; an
algebraic tensor triangulated category is not sufficiently “algebraic enough”.
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For the remainder of this part, we give some calculations of prime thick tensor ideals
of D™(mod R) for a discrete valuation ring R. In this case, it is known that every complex
X in D7(mod R) is isomorphic to its cohomology complex H(X) := @,czH"(X)[—n] in
D™ (mod R). Thus, we can ignore differentials of complexes. This makes it easy to compute
tensor products of complexes. The following theorem would say that the Balmer spectrum
Spec D™(mod R) is quite complicated even in the case of a discrete valuation ring.

Theorem F (Part 2, Propositions 11.7, 11.17 and Theorems 11.11, 11.14). Let (R,zR)

be a discrete valuation ring, and let n > 0 be an integer. Let P, be the full subcategory of

D™(mod R) consisting of complexes X with finite length homologies such that there exists

an integer t > 0 with (/(H7'X) < ti" for all i > 0. Here, L{(M) denotes the Loewy length

C0(M) :=inf{i | 2'M = 0}. Then:

(1) Py, coincides with the smallest thick tensor ideal of D™(R) containing the complex
@B,-o(R/z"R)i]= (- > R/z*" RS R/a*"R % R/2'"R — 0).

(2) Py is a prime thick tensor ideal of D™ (mod R).
(3) One has Py CP1 C P2 S ---. Hence Spec D™(mod R) has infinite Krull dimension.

In Part 3, as an application of classification theory of subcategories, we consider recon-
struction of classifying spaces. Here, by a classifying space, we mean a Noetherian sober
space whose specialization closed subsets bijectively correspond to thick subcategories of
a given triangulated category via some support; for the precise definition, see Definition
13.5. The first main result of this part is the following reconstruction theorem.

Theorem G (Part 3, Theorem 13.11). Let T and T’ be essentially small triangulated
categories, X and Y their classifying spaces, respectively. If T and T’ are triangulated
equivalent, then X and Y are homeomorphic.

By [Bal05, Theorem 5.2], such result can be proven using tensor structures, however,
what I would like to emphasize is that we don’t need any tensor structures to prove this
theorem. Such a reconstruction problem has been dealt with so far in connection with
non-commutative algebraic geometry. For example, we refer to [Gab, Ros, Bal05].

Of course, a tensor triangle equivalence 7 = T’ between tensor triangulated categories
implies that Spec 7 and Spec 7' are homeomorphic. Applying this theorem, we show that
the topology of the Balmer spectrum of T is reconstructed just from the triangle structure
of a certain tensor triangulated category T:

Theorem H (Part 3, Corollary 14.5). Let T and T’ be closed tensor triangulated cate-
gories such that

(1) SpecT and SpecT' are Noetherian, and
(2) T and T' are generated by their unit objects.

If T and T' are triangulated equivalent, then SpecT and Spec T’ are homeomorphic.
Combining this theorem and Theorems 2 and 3, we obtain the following results.

Theorem I (Part 3, Theorem 14.7). Let X andY be Noetherian quasi-affine schemes. If
DPef(X) and DPf(Y) are triangulated equivalent, then X and Y are homeomorphic.

Theorem J (Part 3, Theorem 14.10, Corollary 14.11). Let k (resp. 1) be a field of char-
acteristic p (resp. q), G (resp. H) a finite p-group (resp. q-group). Then the implications

mod kG = mod [H = ProjH*(G; k) and ProjH*(H;1) are homoemorphic
= 1p(G) = r4(H)
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hold. Here, we set rp(G) :=sup{r | (Z/p)" € G} and call it the p-rank of G.

In the 1980s, Buchweitz [Buc| defined the stable derived category of a Noetherian ring
R, which is recently called the singularity category of R. It is by definition the Verdier
quotient

Dsg(R) := DP(mod R)/ K®(proj R)
of the bounded derived category D®(mod R) of finitely generated R-modules by its sub-
category KP(proj R) of bounded complexes of finitely generated projective R-modules (i.e.,
perfect complexes over R). Singularity categories have been deeply investigated from
algebro-geometric and representation-theoretic motivations [Che, IW, Ste, Tak10] and con-
nected to Kontsevich’s Homological Mirror Symmetry Conjecture by Orlov [Orl04]. For
two commutative Noetherian rings R and S, we say that they are singularly equivalent if
their singularity categories Deg(R) and Dsg(S) are equivalent as triangulated categories.
Regarding the singularity category, the following classification was obtained by Takahashi.

Theorem K. [Tak10, Theorem 6.7] Let (R, m, k) be a Gorenstein local ring which is locally
a hypersurface on the punctured spectrum. Then there is a one-to-one correspondence:

{thick subcategories of Dsg(R)

containing k } — {non-empty specialization closed subsets of Sing R},

where Sing R denotes the singular locus of R.

To apply Theorem G for this classification, we have to check that the condition “con-
taining the residue field” for a thick subcategory is preserved by a singular equivalence.
For this, we introduce the notion of a test object of a triangulated category which is a cat-
egorically defined object and hence preserved by a triangle equivalence. In fact, we prove
that a thick subcategory of the singularity category contains a test object if and only if it
contains the residue field for a complete intersection local ring (Proposition 15.12). Thus,
we obtain the following result.

Theorem L (Part 3, Theorem 15.4). Let R and S be complete intersection local rings that
are locally hypersurfaces on the punctured spectra. If R and S are singularly equivalent,
then Sing R and Sing S are homeomorphic.

In Part 4, we handle classification of dense subcategories of an exact category £. We
say that an additive subcategory X of £ is a 2-out-of-3 subcategory if it satisfies the 2-out-
of-3 property with respect to conflations. By definition, an additively closed 2-out-of-3
subcategory is nothing but a so-called thick subcategory. The main theorem of this section
is the following.

Theorem M (Part 4, Theorem 17.7). Let £ be an essentially small exact category ad-
mitting either a generator or a cogenerator G (Definition 17.1). There is a one-to-one
correspondence:

{dense 2-out-of-3 subcategories of £ containing Q} — { subgroups of Ko(£) } ,

containing the image of G
where Ky(E) stands for the Grothendieck group of £.
Combining this theorem with Theorem 6, we obtain:

Theorem N (Part 4, Corollary 18.3). Let £ be an essentially small exact category ad-
mitting either a generator or a cogenerator G. Then there are one-to-one correspondences
among the sets:



(1) {dense 2-out-of-3 subcategories of € containing G},
(2) {dense triangulated subcategories of D*() containing G}, and
(3) {subgroups of Ko(E) containing the image of G}.

This result can be viewed as a dense version of [KS, Theorem 1] whenever we take
E =proj€.
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Conventions

For a left Noetherian ring A, we denote by mod A (resp. proj A) the category of finitely
generated left A-modules (resp. finitely generated projective left A-modules).

For an ordered set P, we denote by Max P (resp. Min P) the set of maximal (resp.
minimal) elements of P.

Let R be a commutative Noetherian ring. We denote by Spec R (resp. Max R, Min R)
the set of prime (resp. maximal prime, minimal prime) ideals of R. For an ideal I of R,
we denote by V(I) the set of prime ideals of R containing I, and set D(I) = V(I)t =
Spec R\ V(I). When I is generated by a single element x, we simply write V(z) and D(x).
For a prime ideal p of R, the residue field of R, is denoted by x(p), i.e., k(p) = Rp/pR,.
We denote by htp the height of p, that is the supremum of the length of all chains of
prime ideals contained in p. For an ideal a, we also denote by ht a the height of a, which
is the infimum of the heights of prime ideals containing a. For a sequence © = x1, ..., 2y,
of elements of R, the Koszul complex of R with respect to @ is denoted by K(zx, R); see
[BH] for the definition.

For an additive category C we denote by 0 the zero subcategory of C, that is, the full
subcategory consisting of objects isomorphic to the zero object. For objects X,Y of C, we
mean by X <Y (or Y > X) that X is a direct summand of Y in C.

For a triangulated category T, its n-shift functor is denoted by [n].

Throughout this thesis, all categories are assumed to be essentially small (i.e., isomor-
phism classes form a set) and all subcategories are assumed to be full. We often omit
subscripts, superscripts and parentheses, if there is no danger of confusion.
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Part 1. Support theory of triangulated categories

In this part, we recall the theory of tensor triangular geometry developed in [Bal05, Bal07,
Ball0a, Ball0b]. At the end of this part, we discuss Balmer’s conjecture for perfect derived
categories of schemes.

1. Preliminaries

This section is a recollection of basic notions from point-set topology and the theory of
triangulated categories.

Definition 1.1. Let X be a topological space.

(1) A subspace W of X is said to be specialization-closed if for any element x of W, its
closure {x} is contained in . Note that W is specialization-closed if and only if it is
a union of closed subspaces of X. Denote by Spcl(X) the set of specialization closed
subsets of X.

(2) We say that X is irreducible if it is non-empty and not the union of two proper closed
subspaces. For a subspace Y of X, we say that Y is an irreducible subspace of X if it is
an irreducible space by induced topology. Moreover, an irreducible component of X is
a maximal irreducible subspace of X, which is automatically closed since the closure
of irreducible subspace is also irreducible.

(3) We say that X is sober if every irreducible closed subset of X is the closure of exactly
one point.

(4) We say that X is Noetherian if every descending chain of closed subspaces stabilizes.

(5) The (Krull) dimension of X, denoted by dim X, is defined to be the supremum of
integers n > 0 such that there exists a chain Zy C Z; C --- C Z, of nonempty
irreducible closed subsets of X.

Definition 1.2. Let T be a triangulated category. We say that an additive subcategory
X of T is thick if it satisfies the following conditions:

(i) closed under taking shifts: X'[1] = X.
(ii) closed under taking extensions: for a triangle L — M — N — L[1] in T, if L and N
belong to X', then so does M.
(iii) closed under taking direct summands: for two objects L, M of T, if the direct sum
L ® M belongs to X, then so do L and M.

For a subcategory X of T, denote by thick7 X the smallest thick subcategory of 7 con-
taining X. Denote by Th(7T) the set of thick subcategories of T.

Next, let me introduce the notion of a support data for a triangulated category, which
appears in many places of this thesis.

Definition 1.3. Let 7 be a triangulated category. A support data for T is a pair (X, o)
where X is a topological space and o is an assignment which assigns to an object M of T
a closed subset o(M) of X satisfying the following conditions:

(1) o(0) = 0.

(2) o(M[n]) = o(M) for any M € T and n € Z.

(3) oM @& N)=0(M)Uo(N) for any M,N € T.

(4) o(M) Co(L)Uo(N) for any triangle L - M — N — L[1] in 7.

Support data for triangulated categories is naturally appears various areas of mathe-
matics. The followings are examples of them.
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Example 1.4. (1) Let X be a Noetherian scheme. Denote by DPef(X) the category of

perfect complexes on X. For F € DP*f(X), we define the cohomological support of F
by
Suppy(F):={zx € X | F, #0in Dperf((’)X@)}.

Then, Suppx (F) = U, ez Suppx (H"(F)) is a finite union of supports of coherent Ox-
modules and hence is a closed subspace of X. Moreover, (X, Suppy) is a support data
for DPef(X) because the localization is exact. For details, please see [Tho).

Let k& be a field of characteristic p > 0 and G a finite group such that p divides the
order of G. Recall that the stable module category mod kG of an group algebra kG is
the category whose objects are the same as mod kG and the set of morphisms from M
to N is given by

HO7mk:G(]\47 N) = HomkG(Mv N)/PkG(Ma N)7

where Prg(M,N) consists of all kG-linear maps from M to N factoring through
some free kG-module. Then the category mod kG has the structure of a triangulated
category; see [Hap].

We denote by

H*(G k‘) _ @iEZHi(G; k) p=2
’ BicozH (G; k) p:odd

the direct sum of cohomologies of G with coefficient k. Then H*(G; k) has the structure
of a graded-commutative Noetherian ring by using the cup product and we call it the
cohomology ring of G with coefficient k. Thus, we can consider its homogeneous
prime spectrum ProjH*(G; k) of H*(G; k). Denote by V(M) the support variety for
a finitely generated kG-module M which is a closed space of ProjH*(G; k). Then the
pair (ProjH*(G; k), Vi) becomes a support data for mod kG. For details, please refer
to [Ben, Chapter 5].

Let R be a commutative Noetherian ring. For M € Dg(R), we define the singular
support of M by

SSuppr(M) := {p € Sing R | M, % 0 in Dsg(Ry)}.

Then (Sing R,SSuppy) is a support data for Dsg(R). Indeed, it follows from [AIL,
Theorem 1.1] and [BM, Lemma 4.5] that SSuppgr(M) is a closed subset of Sing R.
The remained conditions (1)-(4) are clear because the localization functor Deg(R) —
Dsg(Rp) is exact.

Assume that R is Gorenstein. Denote by CM(R) the category of maximal Cohen-
Macaulay R-modules (i.e., modules M satisfying Ext% (M, R) = 0 for all integers i > 0).
As in the case of a group algebra, we can define the stable category CM(R) and it
has the structure of a triangulated category. Moreover, the natural inclusion induces

a triangle equivalence F' : CM(R) = Deg(R) by [Buc]. Thus we obtain the support
data (Sing R, SuppR) for CM(R) by using this equivalence. Here,

Supp (M) := SSuppr(F(M)) = {p € Sing R | M, # 0 in CM(R,)}
for M € CM(R).

Remark 1.5. Actually, the above examples of support data satisfy the following stronger
condition:

(1) o(M) = 0 if and only if M 0.
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Let (X, o) be a support data for 7, X a thick subcategory of 7, and W a specialization-
closed subset of X. Then one can easily check that fo(X) := o(X) := Uyer o(M) is a
specialization-closed subset of X and g,(W) := o }(W):={M € T | o(M) C W}is a
thick subcategory of 7. Therefore, we obtain two order-preserving maps

fo
Th(7) — Spcl(X)

9o

with respect to the inclusion relations.

2. Tensor triangular geometry
2.1. Balmer spectra

In this subsection, we give some basic terminologies from the theory of tensor triangulated
categories. To begin with, let us recall the definition of a tensor triangulated category.

Definition 2.1. We say that (7,®,1) is a tensor triangulated category if T is a triangu-
lated category equipped with a symmetric monoidal structure which is compatible with
the triangulated structure of T; see [HPS, Appendix A] for the precise definition. Thus,
® : T xT — T is a functor which is exact in each variables and 1 is an object of 7 which
is a unit with respect to ®.

The followings are examples of tensor triangulated categories. The first two examples
have been well examined in [Tho, BCR, BIK]. The last one will be discussed in Part 3 of
this thesis.

Example 2.2. (1) Let X be a scheme. Then the perfect derived category DP*'f(X) is a
tensor triangulated category with symmetric monoidal tensor product (X%X and unit
object Ox.

(2) Let k be a field and G a finite group. Then the stable module category mod kG is
a tensor triangulated category with symmetric monoidal tensor product ®; and unit
object k.

(3) Let R be a commutative Noetherian ring. Then the right bounded derived category
D™ (mod R) is a tensor triangulated category with symmetric monoidal tensor product
®% and unit object R.

For the rest of this part, let us fix a tensor triangulated category (7,®,1). Then one
can define the notions of thick tensor ideals and prime thick tensor ideals, which behave
similarly to ideals and prime ideals of a commutative ring.

Definition 2.3. (1) A full subcategory X" of T is called a thick tensor ideal if it is a thick
subcategory of 7 and closed under the action of 7 by ®, namely M ® N € X for
any M € X and N € 7. We often abbreviate “tensor ideal” to “®-ideal”. For a
subcategory X of T, denote by thick?i/'t' the smallest thick ®-ideal of 7 containing X

(2) A proper thick ®-ideal P of T is called prime if it satisfies

M@NeP=McPorNcP.

Denote by Spec T the set of all prime thick ®-ideals of T .
(3) For a family £ of objects of T, we denote by Z(€) the following subset of Spec 7

Z(E):={PeSpecT |ENP =0}.
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Clearly, we have ﬂiEI Z(gz) = Z(Uie[ EZ), Z(gl) U Z(gg) = Z(gl O] 52), Z(T) = () and
Z(0) = Spec T. Thus, we can define a topology on Spec7 with the family of closed
subsets {Z(€) | £ C T}. We call this topological space Spec7T the Balmer spectrum
of 7. Moreover, denote by U(E) the complement of Z(€) which is an open subset of
the Balmer spectrum.

(4) For M € T, the Balmer support of M is defined as a closed subset

BSupp M := Z({M}) = {P € SpecT | M ¢ P}.

Remark 2.4. Note that a family {BSupp M | M € T} of Balmer supports forms a closed
basis of Spec 7. Therefore, a family {U(M) | M € T} forms an open basis of SpecT.

Balmer supports define a support data for 7 with an additional condition which reflects
tensor structure. We call such a support data tensorial:

Definition 2.5. We say that a support data (X, o) for T is tensorial if it satisfies
o(M®@N)=0c(M)No(N)
for any M, N € T.
Note that tensorial support data are called simply support data in [Bal05].
Example 2.6. Support data given in Example 1.4 (1), (2) are tensorial.

Lemma 2.7. [Bal05, Lemma 2.6] The pair (SpecT,BSupp) is a tensorial support data
for T, namely it satisfies the following conditions:

(1) BSupp(0) = 0.

(2) BSupp(M|n]) = BSupp(M) for any M € T andn € Z.

(3) BSupp(M @& N) = BSupp(M) U BSupp(N) for any M, N € T.

(4) BSupp(M) C BSupp(L) UBSupp(N) for any triangle L — M — N — L[1] in T.
(5) BSupp(M @ N) = BSupp(M) N BSupp(N) for any M, N € T.

Recall that a tensor triangulated category T is rigid if
(1) the functor M ® — : T — T has a right adjoint F'(M,—):T — T for each M € T
and
(2) every object M is strongly dualizable (i.e., the natural map F(M,1) @ N —
F(M,N) is an isomorphism for each N).

If T is rigid, then (Spec 7, BSupp) satisfies the stronger condition.

Lemma 2.8. Assume that T is rigid. Then the support data (SpecT,BSupp) satisfies
the condition (1') in Remark 1.5.

Proof. Take an object M € T with BSupp(M) = (). By [Bal05, Corollary 2.4], there is a
positive integer n such that M®" = (. On the other hand, by [HPS, Lemma A 2.6], M"
belongs to thick?i(M 21) for any positive integer since every object is strongly dualizable.
Therefore, by using induction, we conclude that M = 0. |

The following propositions are analogues of the well known result in commutative ring
theory.

Proposition 2.9. [Bal05, Proposition 2.3]

(1) For any proper thick ®-ideal T of T, there is a prime ideal P of T containing Z.
(2) Ewvery mazimal proper thick ®-ideal is prime.
(3) The Balmer spectrum Spec T is not empty provided T % 0.
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Proposition 2.10. [Bal05, Proposition 2.9, Proposition 2.18|
(1) For any P € Spec T, one has the equality
{P} ={Q €SpecT | Q CP}.
(2) For any closed subset Z of Spec T, Z is irreducible if and only if Z = {P} holds for
some P € SpecT.
In particular, SpecT is a sober space.
Proposition 2.11. [Bal05, Proposition 2.14] Let U be an open subset of SpecT. Then

U is quasi-compact if and only if U = U(M) for some M € T. In particular, SpecT is
quasi-compact as Spec T = U(0).

Remark 2.12. A topological space X is said to be a spectral space if it is sober, quasi-
compact and quasi-compact open subsets form an open basis of X and closed under
taking finite intersections. The previous two propositions show that the Balmer spectrum
is spectral for any tensor triangulated category.

Proposition 2.13. For a tensor triangulated functor F : T — T, the map
“F := Spec I : Spec T’ — SpecT, P — F~(P)

18 continuous.

2.2. The classification theorem of Balmer

Since (Spec 7, BSupp) is a support data by Lemma 2.7, there are two maps

fBSupp
Th(7) — Spcl(Spec 7).
9BSupp
Of course, images of ggsupp is not just thick subcategories but also have more special
condition because (Spec T, BSupp) is tensorial.

Definition 2.14. For a thick ®-ideal X of T, define its radical by
VX :={M e T | M®" ¢ X for some integer n},

where M®" is an n-fold tensor product. As the following lemma says, the radical of a
thick ®-ideal is also a thick ®-ideal.

We say that a thick ®-ideal X of T is radical if /X = X. Denote by Rad(7) the set
of radical thick ®-ideals of T.

Lemma 2.15. [Bal05, Lemma 4.2] Let X' be a thick ®-ideal. Then one has
V=[P
XCP
We can easily check that images of ggs,pp are radical thick ®@-ideals. Thus, ggsupp takes

values in Rad(7). On the other hand, the image of fgsypp also becomes smaller than
Spcl(Spec 7). It takes values in Thomson subsets.

Definition 2.16. For a topological space X, a subset W is called a Thomason subset
if it is the union of closed subsets whose complements are quasi-compact. Denote by
Thom(X) the set of Thomason subsets of X. Note that Thom(X) C Spcl(X) holds and
if X is Noetherian, it becomes an equality.
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Balmer proved the following celebrated result. The first statement gives a classification
of radical thick ®-ideals via Thomason subsets of the Balmer spectrum and the second
one says that the Balmer spectrum and the Balmer support is uniquely determined by
such a property.

Theorem 2.17. [Bal05, Theorem 4.10, Theorem 5.2]

(1) There is a one-to-one correspondence:

fBSupp
Rad(7) —= Thom(Spec 7).
9BSupp
(2) Let (X,0) be a tensorial support data for T satisfying:
(a) X is a Noetherian sober space.
(b) There is a one-to-one correspondence:

fo
Rad(7) —= Spcl(X).

Jo
Then the map
¢0: X > 8pecT, = {MecT|xgo(M)}.

is a homeomorphism. Moreover, this map satisfies p(o(M)) = BSupp(M) for any
MeT.

The conditions (a) and (b) in the above theorem satisfied in the following cases for
instance.

Theorem 2.18. [Tho, Theorem 3.15] Let X be a Noetherian scheme. Then the support
data (X,Suppy) for DP*(X) satisfies the conditions (a), (b) in Theorem 2.17(2).

Theorem 2.19. [BCR, BIK] Let k be a field of characteristic p > 0 and G a finite group
such that p divides the order of G. Then the support data (ProjH*(G; k), V) for mod kG
satisfies the conditions (a), (b) in Theorem 2.17(2).

By using the above theorems, Balmer determined the Balmer spectra for tensor trian-
gulated categories DPef(X) and mod kG.

Corollary 2.20. [Bal05, Theorem 6.3]

(1) Let X be a Noetherian scheme. Then Spec DP*f(X) and X are homeomorphic.
(2) Let k be a field of characteristic p and G a finite group such that p divides the order
of G. Then Spec mod kG and ProjH*(G; k) are homeomorphic.

Remark 2.21. In [Bal05], Balmer introduced a locally ringed space structure on Spec T
and proved that the above homeomorphisms are actually isomorphisms of schemes, see
[Bal05, Theorem 6.3].

2.3. Balmer’s conjecture

By Theorem 2.17, we can determine the Balmer spectrum of 7 using a classification of
radical thick ®-ideals of 7. However, classifying radical thick ®-ideals is hard problem and
hence the structure of the Balmer spectrum is as hard as that. Balmer defined a continuous
map from the Balmer spectrum to the Zariski spectrum of some graded-commutative ring
to analyze the structure of the Balmer spectrum without classification.
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The Z-graded abelian group
RY := P Hom7(1, 1[n])
nez

becomes an associative graded ring via the multiplication:
g-fi=glmlof
for f € R and g € R. Actually, this multiplication is graded-commutative.

Proposition 2.22. [BallOa, Proposition 3.3] R% is a graded-commutative ring (i.e., g-f =
(=Dl g). In particular, RY- is a commutative ring.

Definition 2.23. We call the graded-commutative ring RS the graded central ring of T.

Since R% is graded-commutative, we can define homogeneous prime ideals of Ry and
Zariski topology on the set Spech R% of homogeneous prime ideals of R%-. Balmer defined
the following map.

Definition 2.24. [BallOa, Definition 5.1] Let P be a prime thick ®-ideal of 7. Define
p5(P) to be the homogeneous ideal of R%- generated by homogeneous elements f with

cone(f) & P:

p%(P) == (f € RE°™ | cone(f) ¢ P).
Similarly, we define the ideal pOT(P) =(fe Rg- | cone(f) & P) of Rg-.
Theorem 2.25. [BallOa, Theorem 5.3, Corollary 5.6]

(1) p5(P) is a homogeneous prime ideal of RS-
(2) PH(P) is a prime ideal of RY-.
(3) The maps p% : SpecT — Spech R%- and pY : Spec T — SpecRY- are continuous.

These continuous maps p% and pg— frequently become surjective:
Proposition 2.26. [BallOa, Theorem 7.3, Theorem 7.13]

(1) The maps p5 and pg— are surjective if RS- is Noetherian.
(2) The map p% is surjective if T is connective (i.e., R7° = Homy(1,1[> 0]) = 0).

On the other hand, injectivity of p3- or pQr the comparison map is hard to observe and
there are only affirmative answers for each individual tensor triangulated category:

Theorem 2.27. [BallOa, Propositions 8.1, 8.5 and Corollary 9.5]

(1) Let R be a commutative Noetherian ring. Then pS- and pOT are equal and homoemor-
phisms for T = KP(proj R).
2) Let k be a field and G a finite group. Then p% is injective for T = mod kG.
g Pr ]
3) pY% is not injective for T = SHM the stable homotopy category of finite spectra.
T

We say that a triangulated category is algebraic if it is a stable category of a Frobenius
exact category. From the above observation, Balmer conjectured:

Conjecture 2.28. [BallOb, Conjecture 72] Let T be a tensor triangulated category which
is “algebraic enough”. Then

p% : SpecT — Spec" R

is locally injective.
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Here, “algebraic enough” tensor triangulated categories could mean algebraic ones, or
derived categories of dg-categories, or ones locally generated by the unit. Recall that a
continuous map f : X — Y of topological spaces is called locally injective at x € X if
there exists a neighborhood N of x such that the restriction f|y : N — Y is an injective
map. We say that f is locally injective if it is locally injective at every point in X.

For the lest of this part, we prove that Balmer’s conjecture holds for DP*f(X) for
a Noetherian quasi-affine scheme X. First of all, we give a geometric criterion for the
perfect derived category of a Noetherian scheme to satisfy Balmer’s conjecture.
Lemma 2.29. Let X be a Noetherian scheme. Then the following are equivalent:
(1) p'Dpe,f(X) is locally injective.
(2) P%perf(x) is locally injective.
(3) For any x € X, there is an affine open subset U such that the natural map

SpecT'(U,Ox) — SpecI'(X, Ox) is injective.
Proof. By Theorem 2.17(2) and Theorem 2.18, there is a homeomorphism
¢ : X — Spec DPf(X)

such that ¢(z) := {F € DP*f(X) | F, = 0}.
Take f € Rgperf(x) := Hompper( xy(Ox, Ox|[n]) and embed it into a triangle:

Ox L Ox[n] — cone(f) — Ox][1].

Localize at x, we obtain a triangle

Ox f—”> Ox z[n| = cone(f), = Ox z[1]

in Dperf((’)xyx). If n # 0, then cone(f): > Ox[n] # 0 as fo € Extp, (Oxz, Oxa) = 0.
Thus, one has cone(f), # 0. If n = 0, then cone(f), = 0if and only if f, is an isomorphism.

Therefore, p‘Dperf( X)(@(x)) is a homogeneous ideal of R'Dperf( x) generated by f € Rgperf( x)

for n > 0 or f, is invertible for n = 0 and hence
P.Dperf(x)(SO(x)) = RSSerf(X) ® P%perf(x)(SO(gﬁ)) ©® R'Sgerf(x)y

where p%perf( X)(go(:r)) ={f € ROT | fz is not an isomorphism}. Hence, p'Dperf(X) locally

injective if and only if p%pe,f ( is locally injective.

X)
For an affine open neighborhood U of X, let r : DP*f(X) — DPef(U) be a restriction
functor. Then r is a tensor triangle functor and hence it induces a continuous map

¢ . Spec DP*(U) — Spec DP*f(X), P — r~1(P).
by Proposition 2.13. One can easily check that there is a commutative diagram

i

U — X

~| |=

Spec DPerf(U)) T, Spec DPef(X)

0 o~ 0
prerf(U)_l lprerf(X)

SpecI'(U,Ox) — SpecI'(X, Ox).
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Here, the bottom map is a continuous map associated to the restriction map I'(X, Ox) —
I'(U, Ox). Thus, p%pe,f(X) o %r is injective if and only if SpecI'(U, Ox) — SpecI'(X, Ox) is

injective. Hence p%pe,f (x) is locally injective if and only if the condition (3) is satisfied. W

Remark 2.30. The comparison map p'Dperf( may not be locally injective in general.

X)
Let n > 1 be an integer. For the projective space IP}! over a field &, one has I'(P}, OJP”,;) =

. ngerfm'rkl) . o )
k. Then the map P} = Spec DP*"'(IP}}) ————— Speck is not locally injective. Therefore,

by Lemma 2.29, pE)pe,f(ﬂm) is not locally injective.
k

Let X be a scheme and s € I'(X,Ox). Note that a subset X5 := {z € X | s, =

0 in k(z)} is an open subset of X and s |x, is an invertible in I'(X, Ox). Therefore, the
restriction map I'(X, Ox) — I'(Xs, Ox) induces a ring map
Qg @ F(X, Ox)s — F(XS, Ox)

The following theorem is the main result in this part.

Theorem 2.31. If X is a Noetherian quasi-affine scheme, then p'Dperf(X) 15 locally injective.

Proof. By [lit, Corollary to Theorem 1.15], the map «a; : I'(X,0x)s — I'(Xs, Ox) is an
isomorphism for any s € I'( X, Ox). Consider a commutative diagram:

SpecT'(Xs, Ox) % SpecT'(X,Ox)s

I

SpecI'(X, Ox).

Here, the vertical map is injective since it is induced by a localization map. Thus, the
natural map SpecI'(Xs, Ox) — SpecI'(X, Ox) induced by restriction is injective.

Since X is quasi-affine, the structure sheaf Ox is ample, and hence there is a finitely
many Si,...,S, € I'(X,Ox) such that X, is affine and X = U, X,,. Consequently, X
satisfies the condition (3) in Lemma 2.29. [ |

Remark 2.32. If X is quasi-affine scheme, then one has DPef(X) = thick Ox. Therefore,
this theorem gives an evidence that “algebraic enough” tensor triangulated categories need
to be algebraic ones which are locally generated by the unit.
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Part 2. Thick tensor ideals of right bounded derived cate-
gories

3. Introduction

The contents of this part is based on the author’s paper [MT] with R. Takahashi and
author’s solo work [Mat17b].

Let R be a commutative Noetherian ring. Denote by D™(R) the right bounded de-
rived category of finitely generated R-modules, namely, the derived category of (cochain)
complexes X of finitely generated R-modules such that H'(X) = 0 for all i > 0. Then
(D~(R),®%, R) is a tensor triangulated category. The main purpose of this part is to in-
vestigate thick tensor ideals of the tensor triangulated category D™(R) and analyzing the
structure of the Balmer spectrum Spec D™(R) of D™(R).

From now on, let us explain the main results of this part. First of all, recall that
an object M of a triangulated category T is compact (resp. cocompact) if the natural
morphism

Decp Homy (M, Ny) — Homy (M, Pycp Na)
(resp. @/\E/\ Homy(Ny, M) — HomT(HAeA Ny, M))

is an isomorphism for every family {Nx}xea of objects of T with @, Ny € T (resp.
[Irca Nx € T). A thick tensor ideal of D™(R) is called compactly generated (resp. cocom-
pactly generated) if it is generated by compact (resp. cocompact) objects of D™(R) as a
thick tensor ideal. For a subcategory X of D™(R) we denote by Supp X the union of the
supports of complexes in X', and for a subset S of Spec R we denote by (S) the thick tensor
ideal of D™(R) generated by R/p with p € S. We shall prove the following theorem.

Theorem 3.1 (Proposition 5.1, Theorem 5.12 and Corollary 5.16). (1) A thick ®-ideal
of D™(R) is compactly generated if and only if it is cocompactly generated.
(2) The assignments X +— Supp X and (W) <+ W make mutually inverse bijections

{ cocompactly generated

thick -ideals of D'(R)} — {specialization closed subsets of Spec R}.

The core of this theorem is constituted by the classification of the cocompactly generated
thick tensor ideals of D™(R), which is obtained by establishment of a generalized smash
nilpotence theorem, extending the classical smash nilpotence theorem due to Hopkins [Hop]
and Neeman [Nee92| for the homotopy category of perfect complexes. In view of Theorem
3.1, we may simply call X compact if X is compactly generated and/or cocompactly
generated. We should remark that in general we have

(W) # Supp™' W,

where Supp~! W consists of the complexes whose supports are contained in W. Thus we
call a thick tensor ideal of D™(R) tame if it has the form Supp™ W for some specialization-
closed subset W of Spec R.

Next, we relate the Balmer spectrum Spec D™(R) of D™(R) to the Zariski spectrum
Spec R of R, i.e., the set of prime ideals of R. More precisely, we introduce a pair of
order-reversing maps

S: SpecR SpecD™(R) :s
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and investigate their topological properties. These maps are defined as follows: let p €
Spec R and P € Spec D™(R). Then S(p) consists of the complexes X € D™(R) with X, =0,
and s(P) is the unique maximal element of ideals I of R with R/I ¢ P with respect to
the inclusion relation. Our main result in this direction is the following theorem. Denote
by *Spec D™(R) the set of tame prime thick tensor ideals of D™(R), and by Mx D™(R)
(resp. Mn D™ (R)) the maximal (resp. minimal) elements of Spec D™(R) with respect to the
inclusion relation. For each full subcategory X of D™(R), let XM stand for the smallest
tame thick tensor ideal of D™(R) containing X'

Theorem 3.2 (Theorems 6.8, 7.2, 7.4, 7.10, 7.12 and Corollary 6.15). The following
statements hold.

(1) One hass-S =1 and S-s = Supp ™' Supp = ()®™¢. In particular, dim(Spec D™(R)) >
dim R.

(2) The image of S coincides with *Spec D™ (R), and it is dense in Spec D™(R).

(3) The map s is continuous, and its restriction s’ : *Spec D™(R) — Spec R is a continuous
bijection.

4) The map 8" : Spec R — *Spec D™ (R) induced by S is an open and closed bijection.

5) The map Min R — Mx D™(R) induced by S is a homeomorphism.

6) The map Max R — MnD™(R) induced by S is a homeomorphism if R is semilocal.

7) One has: S is continuous < S is homeomorphic < s’ is homeomorphic <
Spec R is finite.

The celebrated classification theorem due to Balmer [Bal05] asserts that taking the
Balmer support BSupp makes a one-to-one correspondence between the set Rad of radical
thick tensor ideals of D™(R) and the set Thom of Thomason subsets of Spec D™(R):

BSupp : Rad

Thom : BSupp™*

This bijection means that the study of topological structure of Spec D™(R) is directly
linked to the study of radical thick tensor ideals of D7(R). From this motivation, we
will investigate some topological properties of Spec D™(R). For example, we investigate
Noetherianity, connectedness and irreducibility of Spec D™(R).

Theorem 3.3 (Theorem 8.1 and Corollary 8.9). (1) If the Balmer spectrum Spec D™(R)
is a Noetherian topological space, then the Zariski spectrum Spec R is a finite set.

(2) The Balmer spectrum Spec D™(R) is connected (resp. irreducible) if and only if the
Zariski spectrum Spec R is so.

Our next goal is to complete this one-to-one correspondence to the following commu-
tative diagram, giving complete classifications of compact and tame thick tensor ideals of
D™(R). Denote by Cpt (resp. Tame) the set of compact (resp. tame) thick tensor ideals
of D™(R), and by Spcl(Spec R) (resp. Spcl(*Spec D™(R))) the set of specialization-closed
subsets of Spec R (resp. *Spec D™ (R)).
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Theorem 3.4 (Theorems 9.13, 9.20). There is a diagram

BSu
Rad e Thom

BSupp~!

()rad ()cpt

7]

Cpt Spcl(Spec R) Spcl(*Spec D™(R))

Supp

Tame

where the pairs of maps A = ()™, (ept), B = (S,871), C = ()P, ()spa) are section-
retraction pairs (as sets), and all the other pairs consist of mutually inverse bijections.
The diagram with the sections (resp. retractions) and bijections is commutative.

We do not give here the definitions of the maps appearing above (we do this in Section
9); what we want to emphasize now is that those maps are given explicitly.

Moreover, we prove that some/any of the three section-retraction pairs A, B, C' in the
above theorem are bijections if and only if R is Artinian, which is incorporated into the
following theorem.

Theorem 3.5 (Theorem 10.5). The following are equivalent.

(1) R is Artinian.

(2) Ewvery thick tensor ideal of D™(R) is compact, tame and radical.

(3) Ewvery radical thick tensor ideal of D™(R) is tame.

(4) The pair of maps (S,s) consists of mutually inverse homeomorphisms.
(5) Some/all of the maps S,s are bijective.

(6) Some/all of the pairs A, B,C consist of mutually inverse bijections.

This theorem says that in the case of Artinian rings everything is clear. An essential role
is played in the proof of this theorem by a certain complex in D™(R) constructed from
shifted Koszul complexes.

Let (7T, ®,1) be a tensor triangulated category. Balmer [Ball0Oa] constructs a continuous
map

hpe
SpeC R’T’

where RS = Hom7(1,X°1) is a graded-commutative ring. Balmer [BallOb] conjectures
that the map p% is (locally) injective when 7 is “algebraic enough”. Here, “algebraic
enough” tensor triangulated categories could mean algebraic ones, or derived categories of
dg-categories, or ones locally generated by the unit. Our D™(R) is evidently an algebraic
triangulated category, but does not satisfy this conjecture under a quite mild assumption:

p%: SpecT

Theorem 3.6 (Corollary 10.10). Assume that dim R > 0 and that R is either a domain

or a local ring. Then the map p'D_(R) 1s not locally injective.

In fact, the assumption of the theorem gives an element x € R with ht(xz) > 0. Then we

can find a non-tame prime thick tensor ideal P of D™(R) associated with x at which Piy- (R)
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is not locally injective. In view of Balmer’s conjecture, this theorem says that D™(mod R)
is not “algebraic enough”; an algebraic tensor triangulated category is not sufficiently
“algebraic enough”.

Finally, we explore thick tensor ideals of D™(R) in the case where R is a discrete valuation
ring, because this should be the simplest unclear case, now that everything is clarified by
Theorem 3.5 in the case of Artinian rings. We show the following theorem, which says
that even if R is such a good ring, the structure of the Balmer spectrum of D™(R) is rather
complicated. (Here, £¢(—) stands for the Loewy length.)

Theorem 3.7 (Propositions 11.7, 11.17 and Theorems 11.11, 11.14). Let (R,zR) be a
discrete valuation ring, and let n > 0 be an integer. Let P, be the full subcategory of
D™(R) consisting of complexes X with finite length homologies such that there exists an
integer t > 0 with L0(H7'X) < i for all i > 0. Then:

(1) Py, coincides with the smallest thick tensor ideal of D™(R) containing the complex
Diso(R/2" R)[i] = (- = R/z"" R % R/a* R % R/z"" R — 0).

(2) Py, is a prime thick tensor ideal of D™(R) which is not tame. If n > 1, then Py, is not
compact.
(3) One has Py Py C Po C ---. Hence Spec D™(R) has infinite Krull dimension.

4. Fundamental materials

In this section, we give several basic definitions and study fundamental properties, which
will be used in later sections. Throughout this part, unless otherwise specified, R is a
commutative Noetherian ring, and all subcategories are nonempty and full.

We denote by D™(R) (resp. DP(R)) the derived category of (cochain) complexes X of
finitely generated R-modules with H'(X) = 0 for all i > 0 (resp. |i| > 0). We denote
by Dg(R) (resp. DE(R)) the subcategory of D™(R) (resp. DP(R)) consisting of complexes
X whose homologies have finite length as R-modules. By K (R) (resp. KP(projR)) we
denote the homotopy category of complexes P of finitely generated projective R-modules
with P? = 0 for all i > 0 (resp. |i| > 0). By K™P(R) the subcategory of K™(R) consisting
of complexes P with H(P) = 0 for all i < 0. Note that there are chains

Df(R) € D°(R) € D(R), D{(R) € Dj(R) S D™(R), K(projR) € K™°(R) C K™(R)
of thick subcategories and triangle equivalences
D™(R) = K(R), D°(R)=K(R).

We will often identify D™(R),DP(R) with K™ (R),K™P(R) respectively, via these equiv-
alences. Note that (KP(projR),®pg, R) and (D™(R),®%, R) are essentially small tensor
triangulated categories. (In general, if C is an essentially small additive category, then so
is the category of complexes of objects in C, and so is the homotopy category.)

Remark 4.1. The tensor triangulated category D™(R) is never rigid. More strongly, it
is never closed. In fact, assume that there is a functor F' : D™(R) x D™(R) — D7(R)
such that Homp- p) (X ®LY,7) = Homp- ) (Y, F(X, Z)) for all X,Y,Z € D™(R). We
have Homp- ) (X @Y, Z) = Hompgy (X @R Y, Z) = Homp ) (Y, RHomg(X, Z)), where
D(R) is the unbounded derived category of R-modules. Letting Y = R[—i] for i € Z, we
obtain H'(F(X, Z)) = Ext(X, Z). Since F(X, Z) is in D™(R), we have H'(F (X, Z)) =0
for i > 0. Hence Ext;%(X,Z) = 0 for all X, Z € D™(R). This is a contradiction.
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Here we compute some thick closures and thick tensor ideal closures.

Proposition 4.2. There are equalities:

(1) thickg’_(R) R =D (R).

(2) thickp- () R = thickps(g) R = thickys o) r) B = thick%(proj p = K®(proj R).
(3) thickp-(p) k = thickps(p) k = D(R), if R is local with residue field k.

Proof. The following hold in general, which are easy to check.

(a) Let T be a triangulated category, U a thick subcategory and U € Y. Then thicky U =
thickr U.

(b) Let (7,®,1) be a tensor triangulated category. Then thick® 1 = T.

The assertion is shown by these two statements. |

From now on, we deal with the supports of objects and subcategories of D™(R). Recall
that the support of an R-module M is defined as the set of prime ideals p of R such that
the Ry-module M, is nonzero, which is denoted by Suppy M.

Proposition 4.3. Let X be a complex in D™(R). Then the following three sets are equal.
(1) Ujez Suppr H'(X),

(2) {p€SpecR | X, 220 in D™ (Rp)},

(3) {p € Spec R | x(p) 9% X 20 in D"(,)}.

Proof. 1t is clear that the first and second sets coincide. For a prime ideal p of R one has
k(p) @8 X = k(p) ®IF2P Xp. It is seen by [Chr, Corollary (A.4.16)] that the second and
third sets coincide. u

Definition 4.4. The set in Proposition 4.3 is called the support of X and denoted by
Suppg X. For a subcategory C of D™(R), we set SuppC = |Jq e Supp C, and call this the
support of C. For a subset S of Spec R, we denote by Supp~' S the subcategory of D™(R)
consisting of complexes whose supports are contained in S.

Remark 4.5. The fact that the second and third sets in Proposition 4.3 coincide will
often play an important role in this part. Note that these two sets are different if X
is a complex outside D™(R). For example, let (R, m, k) be a local ring of positive Krull
dimension. Take any nonmaximal prime ideal p, and let X be the injective hull E(R/p)
of the R-module R/p. Then k ®% X = 0, while Xy, # 0.

Remark 4.6. For X € D™(R) one has Supp X = 0 if and only if X = 0. In other words,
it holds that Supp~' 0 = 0. (If we define the support of X as the third set in Proposition

4.3, then the assumption that X belongs to D™(R) is essential, as the example given in
Remark 4.5 shows.)

In the following lemma and proposition, we state several basic properties of Supp and
Supp~! defined above. Both results will often be used later. First lemma says that the
pair (Spec R, Supp) satisfies the condition of a support data except that the support Supp
takes values in not only closed subsets but also specialization closed subsets.

Lemma 4.7. The following statements holds:

(1) Supp(0) = 0.

(2) Supp(M|[n]) = Supp(M) for any M € T and n € Z.

(3) Supp(M & N) = Supp(M) USupp(N) for any M, N € T.
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(4) Supp(M) C o(L) U Supp(N) for any triangle L — M — N — L[1] in T .

(5) Supp(M @ N) = Supp(M) N Supp(N) for any M, N € T.

Proof. The assertions (1), (2), (3) and (4) are straightforward by definition. For each
prime ideal p of R there is an isomorphism (X ®%Y), = X, ®%p Y,. Hence (X @LY), =0
if and only if either X, = 0 or Y, = 0 by [Chr, Corollary (A.4.16)]. This shows the
assertion (5). [

Let X be a topological space. For a subset A of X, denote by Ag, the largest

specialization-closed subset of X contained in A, which is the union of {a} with {a} C A.
It will be called the spcl-closure of A in Section 9.

Proposition 4.8. (1) Let S be a subset of Spec R. Then there are equalities Supp™ ' S =
Supp_l(SSpd) and Supp(Supp™! S) = Sspel. Moreover, Supp™!' S is a thick ®-ideal of
D™ (R).

(2) Let X be any subcategory of D™(R). Then Supp X is a specialization-closed subset of
Spec R, and one has Supp X = Supp(thick® X).

(3) It holds that D5(R) = Supp™*(Max R). In particular, D5(R) is a thick ®-ideal of
D™ (R).

Proof. (1) We put W = Sg,c1. Let X be a complex in D™(R). Since Supp X is specialization-
closed, it is contained in S if and only if it is contained in . Hence Supp~! S = Supp™ ' W.
Evidently, W contains Supp(Supp ! W), while we have p € SuppR/p = V(p) C W for
p € W. Hence Supp(Supp ' W) = W, and thus Supp(Supp ' S) = W. It is seen from
Lemma 4.7 that Supp™! S is a thick ®-ideal of D”(R).

(2) We have Supp X = (Jxcx Supp X = Uxer Uicz Supp H?X by Proposition 4.3. Since
H'X is a finitely generated R-module, Supp H* X is closed. Hence Supp X is specialization-
closed. A prime ideal p of R is not in Supp X if and only if X is contained in Supp_l({p}c),
if and only if thick® X' is contained in Supp_l({p}g), if and only if p does not belong to
Supp(thick® X). Tt follows from (1) that Supp™!({p}t) is a thick ®-ideal of D™ (R), which
shows the second equivalence. The other two equivalences are obvious.

(3) The equality is straightforward, and the last assertion is shown by (1). ]

5. Classification of compact thick tensor ideals

In this section, we prove a generalized version of the smash nilpotence theorem due to
Hopkins [Hop| and Neeman [Nee92], and using this we give a complete classification of
cocompact thick tensor ideals of D™(R).

We begin with recalling the definitions of compact and cocompact objects. Let T be a
triangulated category. We say that an object M € T is compact (resp. cocompact) if the
natural morphism

@D, Homy (M, Ny) — Homy (M, @, Na)
(resp. @/\GA Homy(Ny, M) — HomT(HAeA Ny, M))

is an isomorphism for every family {Ny}xea of objects of T with @,y Nx € T (resp.
[Ihca Nx € T). We denote by T¢ (resp. T) the subcategory of T consisting of compact
(resp. cocompact) objects. For 7 = D™(R) we have explicit descriptions of the compact
objects and cocompact objects:

Proposition 5.1. One has D™(R)® = K®(proj R) and D™ (R)* = D®(R).
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Proof. The second statement follows from [OS, Theorem 18]. The first one can be shown
in the same way as the proof of the fact that the compact objects of the unbounded derived
category of all R-modules coincides with KP(proj R). For the convenience of the reader,
we give a proof.

First of all, R is compact since each homology functor H* commutes with direct sums.
Since the compact objects form a thick subcategory, one has KP(proj R) C D™(R)°. Next,
let X € D™(R) be a compact object. Replacing X with its projective resolution, we may
assume X € K™(R). Consider the chain map

X = (oo — X"t & xn A xn
. ||
C"[—n] - (- 0 cn 0 ),

where O™ is the cokernel of d"~!, and f? : X" — O™ is a natural surjection. Put
Y = @,z C"[—n]. A chain map f: X — Y is induced by {fy}ncz. As X € K'(R) is
compact in D™(R), we have isomorphisms

Hom (X,Y) 2 Homp- (X, V) = @D Homp- (X, C"[—n1])
ne”Z

=~ (P Homg (X, C"[-n]),

nez

where K is the homotopy category of R-modules. The composition of these isomorphisms
sends f to (fn)nez, which implies that there exists ¢ € Z such that f,, = 0in K for alln < ¢.
Hence, there is an R-linear map g : X" ™! — C™ such that god™ = f". Let d" : C"* — X" +!
be the map induced by d"®. We have gd"f? = gd"® = f", and obtain gd" = 1 as f7 is
a surjection. Thus, C" is a direct summand of X"*! and thereby projective. Also,
H" X is isomorphic to the kernel of d”, which vanishes since d” is a split monomorphism.

t t+1 t+2
Consequently, the truncated complex X’ := (0 — C! g x40y 4 ),

which is quasi-isomorphic to X, is in KP(proj R). We now conclude that X belongs to
K®(proj R). [ |

Next, we make the definitions of the annihilators of morphisms and objects in D™(R).

Definition 5.2. (1) Let f: X — Y be a morphism in D™(R). We define the annihilator
of f as the set of elements a € R such that af = 0in D™(R), and denote it by Anng(f).
This is an ideal of R.

(2) The annihilator of an object X € D™(R) is defined as the annihilator of the identity
morphism X, and denoted by Anng(X). This is the set of elements a € R such that

(X % X)=0in D(R).
Here are some properties of annihilators.

Proposition 5.3. (1) Let f: X — Y be a morphism in D™(R) and p a prime ideal of R.
(a) The ideal Anng(f) is the kernel of the map ny : R — Homp- p (X, Y) given by
a—af.
(b) If the natural map Tx,y, : Hompe (X, Y)y — HomD-(Rp)(Xp,YL) is an isomor-
phism, then there is an equality Anng(f), = Anng, (f,).
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(2) For any X € D™(R) one has V(Ann X) D Supp X. The equality holds if Tx x p is an
isomorphism for all p € Spec R. In particular, for X € D°(R) one has V(Ann X) =
Supp X.

(3) Let x = x1,...,xy, be a sequence of elements of R. Then it holds that Ann K(x, R) =
xR. In particular, there is an equality SuppK(x, R) = V(x), and K(x, R) belongs to
Supp ! V(x).

Proof. (1) The assertion (a) is obvious, while (b) follows from (a) and the commutative
diagram

(ng)p
Ry Homp- () (X, Y)p
ElTX,Y,p
1y
1y : Homp-(p ) (Xp, Yp).

(2) The first assertion is easy to show. Suppose that 7x x, is an isomorphism for all
p € SpecR. By (1) one has (Anng X), = Anng, Xp. We have X, # 0 if and only if
(Anng X), # Ry, if and only if p € V(Anng X). This shows V(Anng X) = Suppp X. As
for the last assertion, use [AF, Lemma 5.2(b)].

(3) The second statement follows from the first one and (2). Therefore it suffices
to show the equality AnnK(x, R) = zR. It follows from [BH, Proposition 1.6.5] that
AnnK(x, R) contains ®R. Conversely, pick a € AnnK(x, R). Then the multiplication
map a : K(x, R) — K(x, R) is null-homotopic, and there is a homotopy {s; : K;_1(x, R) —
K;(z,R)} from a to 0. In particular, we have a = dys1, where d; is the first differential
of K(x, R). Writing dy = (z1,...,2,) : R* = R and s = Ya1,...,a,) : R — R", we
get a = (v1,...,7,) Y a1,...,an) = a1x1 + -+ + apr, € *R. Consequently, we obtain
AnmnK(z, R) = zR. [

To state our next results, we need to introduce some notation.

Definition 5.4. Let 7 be a triangulated category.

(1) For two subcategories C1,Cy of T, we denote by Cy *Cy the subcategory of 7 consisting
of objects M such that there is an exact triangle Cy — M — Cy ~~ with C; € C; for
i=1,2.

(2) For a subcategory C of T, we denote by add™C the smallest subcategory of 7T that
contains C and is closed under finite direct sums, direct summands and shifts. Induc-
tively we define thick’-(C) = add* C and thick’-(C) = addz(thickrfl(C) * add* C) for
r > 1. This is sometimes called the r-th thickening of C. When C consists of a single
object X, we simply denote it by thick-(X).

(3) For a morphism f: X — Y in 7 and an integer n > 1, we denote by f®" the n-fold
tensor product f ® ---® f. Note that for 7 = D™(R) we mean by f©" the morphism

—_—

n
[ &R SR T
—_—
n
We establish two lemmas, which will be used to show the generalized smash nilpotence

theorem. The first one concerns general tensor triangulated categories, while the second
one is specific to our D™(R).

Lemma 5.5. Let T be a tensor triangulated category.
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(1) Let X,Y be subcategories of T. Let f : M — M' and g : N — N’ be morphisms in T .
IffeX=0and g®)Y =0, then fRg® (X *))=0.

(2) Let ¢ : A — B be a morphism in T, and let C be an object of T. If p @ C' =0, then
¢®" @ thick’-(C') = 0 for all integers n > 0.

Proof. As (2) is shown by induction on n and (1), so let us show (1). Let X — F — Y ~
be an exact triangle in 7 with X € XY and Y € . Then f®@ X =0and ¢g® Y = 0 by
assumption. There is a diagram

MeN®X MeN®E MAINKY ~>
M®9®Xl M®9®Ei O M®9®Yi0
MoN®X MoN®E MON QY ~
/ o / o T | /
fON ®Xlo N(@N ®Ei g . fON ®Yi
M@N ®X M @®N' QFE M &N QY ~—

in 7 whose rows are exact triangles, and we obtain a morphism A as in it. It is observed
from this diagram that f Q¢ E = (f @ N'® E) o (M ® g ® E) is a zero morphism. B

Lemma 5.6. (1) Let f : X — Y be a morphism in D™(R). Let € = z1,...,2, be a
sequence of elements of R. If f @% R/(z) =0 in D™(R), then f*" @4 K(z,R) =0 in
D™ (R).

(2) Let © = x1,...,2, be a sequence of elements of R, and let e > 0 be an integer. Then

K(x¢, R) belongs to thickﬁf(R)(K(zc, R)), where ¢ = af,...,x

Proof. (1) We use induction on n. Let n = 1 and set x = x;. There are exact sequences
0—-0:2) > R—(z) >0and 0 — () - R — R/(x) — 0. Applying the octahedral
axiom to (R — () — R) = (R & R) gives an exact triangle (0 : z)[1] — K(z, R) —
R/(x) ~ in D"(R). We have f@% R/(x) = 0, and f®@%(0: z)[1] = (f®%R/(x))®%/(x) (0:
z)[1] = 0. Lemma 5.5(1) yields f®? @k K(x, R) = 0.

Let n > 2. We have 0 = f ®% R/(z) = (f ®% R/(x1)) ®E/(m) R/(x). The induction
hypothesis gives

0= (f @k R/(21)%*" @), K(z2, ..., 20, R/(21))
= (f%%"" 9% K(xa, ..., 20, R)) @F R/(z1).

The induction basis shows 0 = (f®2"" @k K(za, ..., 75, R))®? @% K(z1, R) = %" @&
K(zg,...,zn, @, R). Note that K(x, R) is a direct summand of K(za,...,z,,x, R); see
[BH, Proposition 1.6.21]. We thus obtain the desired equality f®?" ®% K(z, R) = 0.

(2) Again, we use induction on n. Consider the case n = 1. Put x = x;. Ap-

plying the octahedral axiom to (R & R % R = (R =, R), we get an exact
triangle K(z*',R) — K(2¢,R) — K(x,R) ~». Induction on e shows K(z¢ R) €
thick®K(z,R). Let m > 2. By the induction hypothesis, K(z{,...,z¢ 4, R) be-
longs to thick(™1e K(z1,...,zp—1,R). Applying the exact functor — @ K(z¢, R),
we see that K(x¢ R) belongs to thick(?~De K(x1,...,xp-1,25,R). Applying the ex-
act functor K(z1,...,2n—1,R) ® — to the containment K(z¢,R) € thick®K(z,,R)
gives rise to K(xi,...,zp_1,25,R) € thick®K(x, R). Therefore K(x¢, R) belongs to
thick™ K(x, R). [
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We now achieve the goal of generalizing the Hopkins—Neeman smash nilpotence theorem.

Theorem 5.7 (Generalized Smash Nilpotence). Let f : X — Y be a morphism in K™ (R)
with Y € KP(proj R). Suppose that f @ rk(p) = 0 for all p € Spec R. Then f&' = 0 for
some t > 0.

Proof. We have an ascending chain Anng(f) € Anng(f®?) C Anng(f®3) C --- of ideals
of R. Since R is Noetherian, there is an integer ¢ such that Anng(f®¢) = Anng(f®") for
all i > c. Replacing f by f®¢, we may assume that Anng(f) = Anng(f®?) for all i > 0.
Note that Anng(f) = R if and only if f = 0.

We assume Anng(f) # R, and shall derive a contradiction. Take a minimal prime ideal
p of Anng(f). Then localization at p reduces to the following situation:

(R,m, k) is a local ring, Anng(f) is an m-primary ideal, f ®g k = 0 and
Anng(f) = Anng(f®") for all i > 0.

Indeed, since Y is in KP(proj R), it follows from [AF, Lemma 5.2(b)] that the map
Tx,y,p 18 an isomorphism, and Proposition 5.3(1) yields Anng,(f,) = Anng(f)p, which
is a pRy-primary ideal of R,. Also, we have Anng, (fy) = Anng(f), = Anng(f®"), =
Anng, ((f®"),) = Anng, ((f;)®") for all i > 0. Furthermore, it holds that f, ®g, x(p) =
f ®gr k(p) = 0 by the assumption of the theorem.

For each nonnegative integer n, consider the following two statements.

F(n): Let (R,m,k) be a reduced local ring with dimR < n. Let f : X — Y be a
morphism in K™(R) with Y € KP(proj R). If Anng(f) is m-primary and f@gk = 0,
then f®' =0 for some t > 0.

G(n): Let (R,m, k) be a local ring with dimR < n. Let f : X — Y be a morphism
in K'(R) with Y € KP(proj R). If Anng(f) is m-primary and f ®p k = 0, then
f® =0 for some t > 0.

If the statement G(n) holds true for all n > 0, we have Anng(f) = Anng(f®') = R,
which gives a desired contradiction. Note that the statement F'(0) always holds true since
a O-dimensional reduced local ring is a field. It is thus enough to show the implications
F(n)= G(n) = F(n+1).

F(n) = G(n): We consider the reduced ring R,q = R/nilR, where nil R stands
for the nilradical of R. The ideal Anngp_ (f ®r Ryed) of Ryed is MRyeq-primary since
it contains (Annpg f)Rreq. We have (f ®p Ryed) Qr,oy K = f @r k = 0. Thus Ryeq
and f ®p Ryeq satisfy the assumption F'(n), and we find an integer ¢ > 0 such that
FO'RR Rrea = (f @R Ried)®' = 0. Using Lemma 5.6(1), we get f®"“ @ K(x, R)=0, where
T = x1, -+ ,%y is a system of generators of nil R and u = 2". Choose an integer e > 0
such that 2§ = 0 for all 1 < i < n. Then R is a direct summand of K(x¢ R) by [BH,
Proposition 1.6.21], whence R is in thick™® K (x, R) by Lemma 5.6(2). Finally, Lemma
5.5(2) gives rise to the equality f&"¢% = (.

G(n) = F(n+1): We may assume dim R = n+1 > 0. Since R is reduced and Anng(f)
is m-primary, we can choose an R-regular element = € Anng(f). Then the local ring
R/(x) has dimension n, the ideal Anng;,)(f ®r R/(z)) of R/(x) is m/(z)-primary and
(f @r R/(2)) ®p)(z) k = 0. Hence R/(z) and f ®@r R/(z) satisfy the assumption of G(n),
and there is an integer ¢t > 0 such that (f ®r R/(x))®" = 0. The short exact sequence
0—+R% R— R/(z) — 0 induces an exact triangle R/(z)[-1] - R = R ~ in D™(R).
Tensoring Y with this gives an exact triangle Y ®g R/(z)[-1] & Y 5 Y ~» in D™(R).
As xf = 0, there is a morphism h : X — Y ®g R/(x)[—1] with f = gh. Now f®*! is
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decomposed as follows:
(@)[-1])@f ="

XL I (1 o R (@)[-1]) 0 X L2

®
(Y ©r R/(2)[~1]) 0 Y LY, yort1,

The middle morphism is identified with Y[—1] @ (f ®g R/(x))®", which is zero. Thus,
FEIHL — n

Remark 5.8. (1) Theorem 5.7 extends the smash nilpotence theorem due to Hopkins
[Hop, Theorem 10] and Neeman [Nee92, Theorem 1.1], where X is also assumed to
belong to KP(proj R), so that f : X — Y is a morphism in KP(proj R). Under this
assumption one can reduce to the case where X = R, which plays a key role in the
proof of the original Hopkins—Neeman smash nilpotence theorem.

(2) The proof of Theorem 5.7 has a similar frame to that of the original Hopkins—Neeman
smash nilpotence theorem, but we should notice that various delicate modifications are
actually made there. Indeed, Proposition 5.3, Lemmas 5.5 and 5.6 are all established
to prove Theorem 5.7, which are not necessary to prove the original smash nilpotence
theorem.

(3) The assumption in Theorem 5.7 that Y belongs to KP(proj R) is used only to have

Anan (fp) = AnnR(f)p-

Our next goal is to classify cocompactly generated thick tensor ideals of D™(R). To
this end, we begin with deducing the following proposition concerning generation of thick
tensor ideals of D™(R), which will play an essential role throughout the rest of the part.

Proposition 5.9. Let X be an object of D™(R), and let Y be a subcategory of D™(R). If
V(Ann X) C Supp ), then X € thick® ).

Proof. Clearly, we may assume X # 0. We prove the proposition by replacing D™ (R) with
K™(R). There are a finite number of prime ideals py,...,p, of R such that V(Ann X) =
Ui, V(pi). Since each p; is in the support of Y, we find an object Y; € Y with p; € SuppY;.
All p; are in the support of Y := Y1 @ --- @Y, € K'(R). Choose an integer ¢t with
p1, -, pn € Uiny SuppHY(Y), and let Y/ = (++- = 0 = 0 —» V! = YT — ...) €
KP(proj R) be the truncated complex of Y. Then V(Ann X) is contained in Supp Y’. Let f :
Y’ — Y be the natural morphism, and let ¢ : R — Hompg(Y”’,Y’) be the composition of the
homothety morphism R — Homp(Y,Y) and Hompg(f,Y) : Homg(Y,Y) — Homp(Y',Y).

There is an exact triangle Z YRS Homp (Y, Y) ~ in K*(R). We establish two claims.

Claim 1. Let ® : R — C be a nonzero morphism in K™(R). If R is a field, then ® is a split
monomorphism.

Proof. Since C' is isomorphic to H(C) in K™(R), we may assume that the differentials of
C are zero. As z := ®%(1) is nonzero, we can construct a chain map ¥ : C — R with
U0(z) =1 and ¥ = 0 for all 4 # 0. It then holds that U® = 1. O

Claim 2. The morphism ¢ ®p k(p) in K™ (k(p)) is a split monomorphism for each p €
V(Ann X).

Proof of Claim. Set S = |J;-, SuppH(Y); note that this contains V(Ann X). We prove
the stronger statement that ¢ ® x(p) is a split monomorphism for each p € S. Since Y’ is

a perfect complex, there are natural isomorphisms Homp(Y',Y) ® k(p) =2 Homg(Y', Y ®
k(p)) = Hom,, () (Y'®k(p), Y @k(p)), which says that ¢@#(p) is identified with the natural
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morphism £(p) — Hom, ) (Y ®k(p),Y ®@#(p)). This induces a map H(¢®k(p)) : k(p) —
HomK_(K(p))(Y’ ®@k(p),Y @ k(p)), sending 1 to f @ k(p). If f@kK(p) =0in K™ (k(p)), then
we see that H>'(Y @ k(p)) = 0, contradicting the fact that p € S. Thus H(¢ ® k(p)) is
nonzero, and so is ¢ ® k(p). Applying Claim 1 completes the proof. O

Claim 2 implies ¢ ®p k(p) = 0 for all p € V(Ann X). Using Theorem 5.7 for the
morphism 1 @ (R/ Ann X) in K™ (R/ Ann X), we have ™ ®@p (R/ Ann X') = 0 for some
m > 0. Lemma 5.6(1) shows

(5.9.1) 0=y @rK(z,R): Z° @ K(z, R) = K(x, R),

where * = x1,...,x, is a system of generators of the ideal Ann X, and v = 2"m.

For each i > 0, let W; be the cone of the morphism »®’ : Z® — R. Applying the
octahedral axiom to the composition 9 o (¥ ® Z) = ¢®*! we get an exact triangle
W; @ Z — Wiy1 — Wi ~ in K7(R). As Wi = Hompg(Y',Y) and Y’ € KP(proj R), we
see that W is in thickY. Using the triangle, we inductively observe that W; belongs to
thick® Y for all i > 0, and so does W, ® K(z, R). It follows from (5.9.1) that K(x, R) is a
direct summand of W, ® K(x, R), and therefore K(zx, R) belongs to thick® Y.

There is an exact triangle R % R — K(x;, R) ~» in K™(R) for each 1 < i < r. Tensoring
X with this and using the fact that each z; kills X, we see that X is a direct summand of
X ® K(x, R). Consequently, X belongs to thick® Y. By construction Y is in thick ), and
hence X belongs to thick® Y. [ |

Remark 5.10. (1) Proposition 5.9 extends Neeman’s result [Nee92, Lemma 1.2], where
both X and ) are contained in KP(projR) (and ) is assumed to consist of a single
object).

(2) Proposition 5.9 is no longer true if we replace V(Ann X ) with Supp X, or if we replace
Supp Y with V(Ann ). This will be explained in Remarks 10.7(1) and 11.15.

The following results are consequences of Proposition 5.9, which will often be used later.

Corollary 5.11. Let X be a thick ®-ideal of D™(R). Let I be an ideal of R and x =
T1,...,Ty 6 system of generators of I. Then there are equivalences:

V(I) CSuppX & R/IeX & K(x,R) e X.

Proof. Proposition 5.3(3) implies Supp R/I = V(Ann R/I) = V(I) = V(Ann K(z, R)) =
SuppK(z, R). The assertion is shown by combining this with Proposition 5.9. |

Now we can give a complete classification of the cocompactly generated thick ten-
sor ideals of D7™(R), using Proposition 5.9. For each subset S of SpecR, we set
(S) = thick®{R/p | p € S}.

Theorem 5.12. The assignments X — Supp X and (W) <+ W make mutually inverse
bijections
cocompactly generated
thick ®-ideals of D™(R)

Proof. Proposition 4.8(2) shows that the map X +— Supp X" is well-defined and that for a
specialization-closed subset W of Spec R the equality W = Supp(W) holds. It remains to
show that for any cocompactly generated thick ®-ideal X of D™(R) one has X = (Supp X).
Proposition 5.9 implies that X contains (Supp X'). Since X is cocompactly generated, there
is a subcategory C of D?(R) with X = thick® C by Proposition 5.1. Thus, it suffices to

} — {specialization closed subsets of Spec R}.



32

prove that each M € C belongs to (Supp X). The complex M belongs to thick H(M) as
M € D°(R), and the finitely generated module H(M) has a finite filtration each of whose
subquotients has the form R/p with p € Supp H(M). Hence M is in (Supp M), and we are
done. |

Let us give several applications of our Theorem 5.12.

Corollary 5.13. (1) Let C be a subcategory of DP(R). Then thick%_(R)C consists of the
compleres X € D™(R) with V(Ann X) C SuppC. In particular, those complexes X
form a thick ®-ideal of D™(R).

(2) Let I be an ideal of R. Then thickg_(R) (R/I) consists of the complezes X € D™(R)

with I € vVAnn X.

(3) Let W be a specialization-closed subset of Spec R. Then (W) consists of the complezes
X € D™(R) such that V(Ann X) C W.

(4) Let X,Y be thick subcategories in D°(R). Then thick® X = thick® Y if and only if
Supp X = Supp V.

Proof. (1) Let X be the subcategory of D™(R) consisting of objects X € D™(R) with
V(Ann X) C SuppC. Proposition 5.9 says that thick® C contains X. Propositions 4.8(2),
5.1 and Theorem 5.12 yield thick® C = (Supp(thick® C)) = (SuppC). For each p € SuppC,
the set V(Ann R/p) = V(p) is contained in SuppC, whence R/p is in X'. Hence thick® C is
contained in X, and we get the equality thick® C = X.

(2) Applying (1) to C = {R/I}, we immediately obtain the assertion.

(3) Setting C = {R/p | p € W} C DP(R), we have SuppC = W. The assertion follows
from (1).

(4) Let C be either X or ). By Proposition 5.1 the thick ®-ideal thick® C is cocompactly
generated, and Supp(thick® C) = Supp C by Proposition 4.8(2). The assertion now follows
from Theorem 5.12. |

We obtain the following one-to-one correspondence by combining our Theorem 5.12
with the celebrated Hopkins—Neeman classification theorem [Nee92, Theorem 1.5].

Corollary 5.14. The assignments X — X NKP(proj R) and thick® Y <+ Y make mutually
1nverse bijections

{cocompactly generated thick ®-ideals of D™(R)} = {thick subcategories of K®(proj R)}.
In particular, all cocompactly generated thick ®-ideals of D™(R) are compactly generated.

Proof. 1t is directly verified (resp. follows from Proposition 5.1) that the assignment
X +— X N KP(proj R) (resp. thick® Y <+ )) makes a well-defined map. It follows from

[Nee92, Theorem 1.5] that
(#) the assignments X' +— Supp X and W — Supp;bl(proj R)(W) := Supp ! W N KP(proj R)

make mutually inverse bijections between the thick subcategories of KP(proj R) and
the specialization-closed subsets of Spec R.

In view of Theorem 5.12 and (#), we have only to show that

(a) Supp;bl(proj R)(Supp X) = X NKP(proj R) for any cocompactly generated thick ®-ideal
X of D7(R), and

(b) (Supp ) = thick® Y for any thick subcategory ) of KP(proj R).
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Using Propositions 5.1 and 4.8(2), we see that (Supp)) and thick® )} are cocompactly
generated thick ®-ideals of D™(R) whose supports are equal to Supp Y. Now Theorem 5.12
shows the statement (b).

Clearly, Supp(X N KP(proj R)) is contained in Supp X. Take a prime ideal p € Supp X,
and let  be a system of generators of p. Then V(AnnK(z, R)) = SuppK(x, R) = V(p) C
Supp X by Proposition 5.3(3), and K(z, R) € X NKP(proj R) by Proposition 5.9. Tt follows
that p € SuppK(x, R) C Supp(X N KP(projR)). Thus we get Supp(X N KP(projR)) =
Supp X, and obtain SUPP;bl(proj R) (Supp X) = Supp;,}(pmj R) (Supp(X NKP(proj R))) = X N
KP(proj R), where the last equality is shown by (#). Now the statement (a) is proved. W

Remark 5.15. Corollary 5.14 in particular gives a classification of the compactly gen-
erated thick ®-ideals of D™(R). This itself can also be deduced as follows: Let X,)
be thick subcategories of KP(proj R) with Supp(thick® X) = Supp(thick®Y). Then
Supp X = Supp Y by Proposition 4.8(2), and the Hopkins—Neeman theorem yields X = ).
Hence thick® X = thick® V.

The essential benefit that Corollary 5.14 produces is the classification of the cocompactly
generated thick ®-ideals of D™(R). This should not follow from the Hopkins-Neeman
theorem or other known results, but require the arguments established in this section so
far (especially, the Generalized Smash Nilpotence Theorem 5.7). A compactly generated
thick tensor ideal of D™(R) is clearly cocompactly generated by Proposition 5.1, but the
converse (shown in Corollary 5.14) should be rather non-trivial.

In view of Corollary 5.14 and Proposition 5.1, we obtain the following result and defi-
nition.
Corollary 5.16. The following four conditions are equivalent for a thick ®-ideal X of
D™ (R).
o X is compactly generated. e X is generated by objects in KP(proj R).
e X is cocompactly generated. e X is generated by objects in DP(R).

Definition 5.17. Let X be a thick ®-ideal of D™(R). We say that X is compact if it
satisfies one (hence all) of the equivalent conditions in Corollary 7.17.

Next, for two thick ®-ideals X', ) of D™(R) we define the thick ®-ideals X AY and X'V Y
by:
XANY =thik®{X@kY | X € X, Y €V}, X VY =thick®(XUY).
These two operations yield a lattice structure in the compact thick ®-ideals of D™(R):

Proposition 5.18. (1) Let A and B be specialization-closed subsets of Spec R. One then
has equalities

(A)A(B)=(ANB),  (A)V(B)=(AUB).
(2) The set of compact thick ®-ideals of D™(R) is a lattice with meet A and join V.

Proof. (1) It is evident that the second equality holds. Let us show the first one.
We claim that for two subcategories M, N of D™(R) it holds that
(thick® M) A (thick® N) = thick®{M @% N | M € M, N € N'}.

In fact, clearly (thick® M) A (thick® A) contains C := thick®{M @% N | M € M, N € N'}.
For each N € N, the subcategory of D™(R) consisting of objects X with X ®% NelCisa
thick ®-ideal containing M, so contains thick® M. Let X be an object in thick® M. Then
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X ®% N belongs to C for all N € N'. The subcategory of D™(R) consisting of objects Y
with X ®% Y € C is a thick ®-ideal containing N, so contains thick® N'. Hence X ®% Y
is in C for all X € thick® M and Y € thick® A/, and the claim follows.

Using the claim, we see that (4) A (B) = thick®{R/p®% R/q | p € A, q € B}. Therefore

Supp((4) A (B)) = Supp{R/p ®% R/q |p € A, q € B}
= UpGA,qGB Supp(R/p ®% R/q)
= Upea,qes(V(p) NV(q)) = AN B = Supp(AN B)

by Proposition 4.8(2), Lemma 4.7(4) and the assumption that A, B are specialization-
closed. Theorem 5.12 implies that (A) A (B) = (AN B).

(2) Let X,Y be compact thick ®-ideals of D™(R). Theorem 5.12 implies that X =
(Supp X) and Y = (Supp)), and Supp X and Supp ) are specialization-closed. It follows
from (1) that X A Y = (Supp X N Supp)) and X V'Y = (Supp X’ U Supp ), which are
compact. It is seen by definition that any thick ®-ideal containing both X and ) contains
X V). Let Z be a compact thick ®-ideal contained in both & and ). By Theorem 5.12
again we get Z = (Supp Z). Since Supp Z is contained in Supp X N Supp ), we have that
Z is contained in X A Y. These arguments prove the assertion. [ |

Note that the specialization-closed subsets of Spec R form a lattice with meet N and
join U. As an immediate consequence of this fact and Proposition 5.18(2), we obtain a
refinement of Theorem 5.12:

Theorem 5.19. The assignments X +— Supp X and (W) <= W induce a lattice isomor-
phism

{compact thick ®-ideals of D™(R)} = {specialization-closed subsets of Spec R}.

Restricting to the Artinian case, we get a complete classification of thick tensor ideals
of D™(R).

Corollary 5.20. Let R be an Artinian ring. Then the following statements are true.

(1) All the thick ®-ideals of D™(R) are compact.
(2) The assignments X — Supp X and (S) <= S induce a lattice isomorphism

{thick ®-ideals of D™(R)} = {subsets of Spec R}.

Proof. (1) Take any thick ®-ideal X of D™(R). We want to show X = (Supp X). Corollary
5.11 implies that X contains (Supp X’). To show the opposite inclusion, we may assume
that X consists of a single object X. Let my, ..., mg, msy1,...,m, be the maximal ideals of
R with Supp X = {mq,...,ms}. Find an integer ¢ > 0 with (m; ---m,)" = 0. The Chinese
remainder theorem yields an isomorphism R 2 R/m}{®- - -®R/m! of R-modules. Tensoring
X, we obtain an isomorphism X & (X@kR/m!)&- - & (X ®% R/ml). Lemma 4.7(4) gives
Supp(X ®% R/m!) = Supp X N{m;}, which is an empty set for s+1 < i < n. For such an i
we have X ®% R/m! = 0 by Remark 4.6, and get X & (X®LR/mi)® - &(X@LR/m!). It
follows that X is in thick®{R/m{,..., R/m!}, which is the same as (Supp X) by Corollary
5.13.

(2) Since all prime ideals of R are maximal, every subset of Spec R is specialization-
closed. (A more general statement will be given in Lemma 7.3.) The assertion follows
from (1) and Theorem 5.19. [
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6. Correspondence between the Balmer and Zariski spectra

In this section, we construct a pair of maps between the Balmer spectrum Spec D7(R)
and the Zariski spectrum Spec R, which will play a crucial role in later sections. We begin
with the following proposition which will be used later.

Proposition 6.1. For each complex X € D™(R) it holds that
Supp X = Spec R < thick® X = D™(R) < BSupp X = Spec D™(R).

Proof. The second equivalence follows from [Bal05, Corollary 2.5]. Let us prove the first
equivalence. Proposition 4.8(2) implies Supp X = Supp(thick® X), which shows (<). As
for (=), for every M € D™(R) we have V(Ann M) C Spec R = Supp X, by which and
Proposition 5.9 we get M € thick® X. |

Let us introduce the following notation.

Notation 6.2. For a prime ideal p of R, we denote by S(p) the subcategory of D™(R)
consisting of complexes X with X, =0 in D™(R,).

The subcategory S(p) is always a prime thick tensor ideal:

Proposition 6.3. Let p be a prime ideal of R. Then S(p) is a prime thick ®-ideal of
D™ (R) satisfying
SuppS(p) = {q € SpecR | q £ p}.

Proof. Since S(p) does not contain R, it is not equal to D™(R). Note that S(p) =
Supp~'({p}C). Using Lemma 4.7(4) and Proposition 4.8(1), we observe that S(p) is a
prime thick ®-ideal of D™ (R).

Fix a prime ideal q of R. If q is in SuppS(p), then there is a complex X € S(p)
with g € Supp X, and it follows that X, = 0 # X,. If q is contained in p, then we have
Xq = (Xp)q and get a contradiction. Therefore q is not contained in p. Conversely, assume
this. Take a system of generators @ = x1,...,x, of q, and put K = K(x, R). Then we
have Ky # 0 = K, by Proposition 5.3(3). Hence K belongs to S(p) and q is in Supp K,
which implies q € Supp S(p). We thus obtain the equality in the proposition. |

As an easy consequence of the above proposition, we get the following.

Corollary 6.4. Let R be an integral domain of dimension one. It then holds that D3 (R) =
S5((0)), where (0) stands for the zero ideal of R. Hence Dy (R) is a prime thick ®-ideal of
D™ (R).

Proof. For a complex X € D™(R) it holds that
X €Dj(R) & ((H'X) < oo foralli < H' X =0foralli < Xg =0« X e€S((0),

where the second equivalence follows from the fact that Spec R = {(0)} U Max R. This
shows Dy (R) = S((0)). Proposition 6.3 implies that S((0)) is prime, which gives the last
statement of the corollary. [ |

Remark 6.5. Corollary 6.4 is no longer valid if we remove the assumption that R is an
integral domain. More precisely, the assertion of the corollary is not true even if R is
reduced. In fact, consider the ring R = kl[[x,y]]/(zy), where k is a field. Then R is a
1-dimensional reduced local ring. It is observed by Proposition 5.3(3) that the Koszul
complexes K(z, R), K(y, R) are outside Dg(R), while the complex K(z, R) % K(y, R) =
K(z,y, R) is in Dg(R). This shows that Dj(R) is not prime.
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We have constructed from each prime ideal p of R the prime thick tensor ideal S(p)
of D™(R). Now we are concerned with the opposite direction, that is, we construct from
a prime thick tensor ideal of D™(R) a prime ideal of R, which is done in the following
proposition.

Proposition 6.6. Let P be a prime thick ®@-ideal of D™(R). Let K be the set of ideals
I of R such that V(I) is not contained in SuppP. Then K has the mazimum element P
with respect to the inclusion relation, and P is a prime ideal of R.

Proof. We claim that for ideals I, J of R, if Supp P contains V(/+.J), then it contains either
V(I) or V(J). Indeed, let € = z1,...,24 and y = y1, ..., yp be systems of generators of I
and J, respectively. Corollary 5.11 yields that K(x, y, R) is in P. There is an isomorphism
K(z, R) ®% K(y, R) = K(z,y, R) of complexes, whence K(z, R) ®% K(y, R) belongs to P.
Since P is prime, it contains either K(x, R) or K(y, R). Thus Supp P contains either V(I)
or V(J) by Corollary 5.11 again.

The claim says that K is closed under sums of ideals of R. Taking into account that R
is Noetherian, we see that K has the maximum element P with respect to the inclusion
relation. There is a filtration 0 = My € M; € --- C M; = R/P of submodules of
the R-module R/P such that for every 1 < ¢ < t one has M;/M; 1 = R/p; with some
p; € Suppy R/P, whence each p; contains P. Suppose that P is not a prime ideal of R.
Then the p; strictly contain P, and the maximality of P shows that Supp P contains V(p;).
There is an equality Suppp R/P = Ule Supp R/p;, or equivalently, V(P) = Ule V(ps). It
follows that Supp P contains V(P), which is a contradiction. Consequently, P is a prime
ideal of R. |

Thus we have got two maps in the mutually inverse directions, between Spec R and
Spec D™(R):

Notation 6.7. Let P be a prime thick ®-ideal of D™(R). With the notation of Proposition
6.6, we set [(P) = K and s(P) = P. In view of Proposition 6.3, we obtain a pair of maps

S :Spec R = SpecD™(R) : s
given by p — S(p) and P +— s(P) for p € Spec R and P € Spec D™(R).

Now we compare the maps S, s, and for this recall two basic definitions from set theory.
Let f: A — B be a map of partially ordered sets. We say that f is order-reversing if
x < y implies f(xz) > f(y) for all z,y € A. Also, we call f an order anti-embedding if
x < y is equivalent to f(z) > f(y) for all z,y € A. Note that any order anti-embedding is
an injection. We regard Spec R and Spec D™(R) as partially ordered sets with respect to
the inclusion relations. The following theorem is the main result of this section.

Theorem 6.8. The maps S : Spec R = Spec D™(R) : s are order-reversing, and satisfy
5-S=1, S -5 =Supp ! Supp.
Hence, S is an order anti-embedding.

Proof. Let p,q be prime ideals of R with ¢ C p. Then Proposition 6.3 shows that q is
not in Supp S(p). Hence Xy = 0 for all X € S(p), which means that S(p) is contained in
S(q). On the other hand, let P, Q be prime thick ®-ideals of D™(R) with P C Q. Then
Supp P is contained in Supp Q, and we see from the definition of s that s(P) contains s(Q).
Therefore, the maps S, s are order-reversing.
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Fix a prime ideal p of R. Then §(S(p)) is the maximum element of I(S(p)), which
consists of ideals I with V(I) € SuppS(p). This is equivalent to saying that I C p by
Proposition 6.3. Hence s(S(p)) = p.

Let P be a prime thick ®-ideal of D™(R). Note that a prime ideal p of R belongs to
[(P) if and only if p is not in SuppP. Let X € D™(R) be a complex with Xypy = 0.
If p is a prime ideal of R with X, # 0, then p is not contained in s(P), and p must
not belong to I(P), which means p € SuppP. Therefore Supp X is contained in Supp P,
and we obtain S(s(P)) C Supp~! SuppP. Conversely, let X € D™(R) be a complex with
Supp X C Supp P. Since s(P) is in I(P), it does not belong to Supp P. Hence s(P) is not
in Supp X, which means X, = 0. We thus conclude that S(s(P)) = Supp ! Supp P.

The last assertion is shown by using the equality p = s(S(p)) for all prime ideals p of
R. [ |

From this theorem, we obtain the following evaluation of the (Krull) dimension of
Spec D™(R).

Proposition 6.9. (1) Let T be an essentially small ®-triangulated category. The dimen-
sion of Spec T is equal to the supremum of integers n = 0 such that there is a chain
PoCP1C---C Py, inSpecT.

(2) There is an inequality

dim(Spec D™(R)) > dim R.

Proof. Applying Proposition 2.10 shows (1), while (2) follows from (1) and Theorem 6.8.
|

Remark 6.10. We will see that the inequality in Proposition 6.9(2) sometimes becomes
equality, and sometimes becomes strict inequality. See Corollaries 7.14, 11.13 and Theorem
11.11.

The above theorem also gives rise to several corollaries, which will often be used later.
The rest of this section is devoted to stating and proving them.

Corollary 6.11. Let p be a prime ideal of R, and let P a prime thick ®-ideal of D™(R).
It holds that:

pCs(P) & R/p¢P < p&SuppP & P CS(p)
In particular, s(P) is the maximum element of (Supp P)E with respect to the inclusion
relation.

Proof. The second equivalence follows from Corollary 5.11, while the third one is trivial. If
p ¢ Supp P, then p C s(P). If this is the case, then S(p) D S(s(P)) = Supp ' SuppP D P

by Theorem 6.8. |
Corollary 6.12. For two prime thick ®-ideals P, Q of D™(R) one has:

5(P) Cs(Q) < SuppP 2 Supp Q, §(P) =5(Q) < SuppP = Supp Q.
Proof. Theorem 6.8 and Proposition 4.8(1) yield the first equivalence, which implies the
second one. |

Here we introduce a new class of thick tensor ideals, which will play main roles in the
rest of this part.

Definition 6.13. A thick ®-ideal X of D”(R) is called tame if one can write X = Supp™' S
for some subset S of Spec R. The set of tame prime thick ®-ideals of D™(R) is denoted by
*Spec D7(R).
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Remark 6.14. For each subcategory X of D™(R) the following are equivalent.
(1) X is a tame thick ®-ideal of D™(R).
(2) X = Supp~ ! S for some subset S of Spec R.
(3) X = Supp~! W for some specialization-closed subset W of Spec R.

This is a direct consequence of Proposition 4.8(1).

The following corollary of Theorem 6.8 gives an explicit description of tame prime thick
tensor ideals.

Corollary 6.15. It holds that
*Spec D™(R) = ImS = {S(p) | p € Spec R}.

Proof. For a prime ideal p of R, we have S(p) = SsS(p) = Supp ™! (Supp S(p)) by Theorem
6.8, which shows that the prime thick ®-ideal S(p) of D™(R) is tame. On the other hand,
let P be a tame prime thick ®-ideal of D™(R). Using Theorem 6.8 and Proposition 4.8,
we get S(s(P)) = Supp™ ' (SuppP) = P. [ ]

Here is one more application of Theorem 6.8, giving a criterion for a thick tensor ideal
to be prime.

Corollary 6.16. Let W be a specialization-closed subset of Spec R. The following are
equivalent.

(1) The tame thick ®-ideal Supp™ W of D™(R) is prime.

(2) There exists a prime ideal p of R such that W = Supp S(p).

(3) There exists a prime thick ®-ideal P of D™(R) such that W = Supp P.

(4) The set WE has a unique mazimal element with respect to the inclusion relation.

Proof. (1) = (2): By Corollary 6.11, the complement of W = Supp(Supp ! W) (see
Proposition 4.8(2)) has the maximum element p := s(Supp~! W). Using Theorem 6.8, we
obtain W = Supp S(p).

(2) = (3): Take P = S(p), which is a prime thick ®-ideal of D™(R) by Proposition 6.3.

(3) = (4): This implication follows from Corollary 6.11.

(4) = (1): Let p be a unique maximal element of WC. We claim that there is an equality
W = Supp S(p). Indeed, Supp S(p) consists of the prime ideals q of R not contained in p
by Proposition 6.3. Now fix a prime ideal q of R. Suppose that q is in W. If q is contained
in p, then p belongs to W as W is specialization-closed. This contradicts the choice of
p, whence q belongs to Supp S(p). Conversely, if q is not in W, then q is in WB, and the
choice of p shows that q is contained in p. Thus the claim follows. Applying Theorem 6.8,
we obtain Supp ™' W = S(p) and this is a prime thick ®-ideal of D™(R). [ |

7. More on the maps s and S

In this section, we study various topological properties of the maps S,s defined in the
previous section. We first consider fibers of the map s : Spec D™(R) — Spec R.
Proposition 7.1. There is a direct sum decomposition of sets

Spec D~ (R) = HpESpecRsil(p)a

where 57 (p) := {P € SpecD™(R) | s(P) = p} = {P € SpecD™(R) | SuppP = {q €
Spec R | q ¢ p}}
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Proof. Theorem 6.8 says that the map s is surjective. Using this, we easily get the direct
sum decomposition. Applying Theorem 6.8, Corollary 6.12 and Proposition 6.3, we observe
that for any p € Spec R and P € Spec D™(R) one has s(P) = p if and only if SuppP =

{9 €SpecR | q L p}. u

Let P, Q be prime thick ®-ideals of D™(R). We write P ~ Q if SuppP = Supp Q.
Then ~ defines an equivalence relation on Spec D™(R). We denote by Spec D™(R)/ Supp
the quotient topological space of Spec D™(R) by the equivalence relation ~, so that a
subset U of Spec D™(R)/ Supp is open if and only if 771(U) is open in Spec D™(R), where
7 : Spec D7(R) — Spec D™(R)/ Supp stands for the canonical surjection. By definition, 7
is a continuous map. Denote by 6 : *Spec D™(R) — Spec D™(R) the inclusion map, which
is continuous. Now we can state our first main result in this section.

Theorem 7.2. (1) The set *Spec D™(R) is dense in Spec D™(R).
(2) The composition w0 is a continuous bijection.
(3) The maps S, s induce the bijections ', S,s', s which make the diagram below commute.

*Spec D7(R)
0
Spec R S Spec D™(R) : Spec R

T

Spec D™(R)/ Supp

In particular, one has 58S = 5'S' =38 = 1. _
(4) The maps s,5',s are continuous. The maps S', S are open and closed.

Proof. First of all, recall from Corollary 6.15 that the image of S coincides with
*Spec D7(R).

(1) Let X be a complex in D™(R), and suppose that U := U(X) is nonempty. Then U
contains a prime thick ®-ideal P of D™(R), and X is in P. It is seen from Theorem 6.8
that P is contained in S(s(P)), and hence X is in S(s(P)). Therefore S(s(P)) belongs to
the intersection U N *Spec D™(R), and we have U N*Spec D™(R) # (. This shows that any
nonempty open subset of Spec D™(R) meets *Spec D™(R).

(2) Since 7 and @ are continuous, so is 7. Let P, Q be tame prime thick ®-ideals of
D™(R). Then P = Ss(P) and Q = Ss(Q) by Theorem 6.8. One has P ~ Q if and only if
s5(P) = s(Q) by Corollary 6.12, if and only if P = Q by Theorem 6.8 again. This shows
that the map 76 is well-defined and injective. To show the surjectivity, pick a prime thick
®-ideal R of D™(R). It is seen from Proposition 4.8(1) that R ~ Supp ! Supp R, and the
latter thick ®-ideal is tame. Consequently, w0 is a bijection. N

(3) Using Theorem 6.8, we obtain the bijection &’ satisfying S’ = S. Set S = ©S
and §' = s0. Define the map s : SpecD™(R)/Supp — SpecR by 5([P]) = s(P) for
P € SpecD™(R). Corollary 6.12 guarantees that this is well-defined, and by definition
we have sm = 5. Thus the commutative diagram in the assertion is obtained, which and
Theorem 6.8 yield 1 = 5§ = §'S’ = sS. Tt follows that the map S’ is bijective, and so is
s'. We have § = (70)S’, which is bijective by (2), and so is .

(4) Let P € SpecD™(R). An ideal I of R is contained in s(P) if and only if V(I) is
not contained in Supp P, if and only if R/I does not belong to P by Corollary 5.11. We
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obtain an equality
s (V(I)) = BSupp R/I,

which shows that s is a continuous map. Since the map 6 is continuous, so is the com-
position s’ = s6. The equality s’ = S’~! from (3) and the continuity of & imply that the
map S’ is open and closed.

Fix an ideal I of R. A prime ideal p of R is in D(I) if and only if S(p) is in U(R/I).
This shows S(D(I)) = U(R/I) N *Spec D™(R), and we get 7 S(D(I)) = 7 xS(D(I)) =
7 l7n(U(R/I) N *Spec D™ (R)). Let P € SpecD™(R) and Q € *SpecD™(R). Onme has
m(P) = w(Q) if and only if SuppP = Supp Q, if and only if Supp ' SuppP = Q since
Supp™! Supp Q = Q by Proposition 4.8. Hence P is in 7 7 (U(R/I) N*Spec D™(R)) if and
only if Supp~! SuppP contains R/I (note here that Supp~! Supp P is in *Spec D™(R) by
Theorem 6.8), if and only if SuppP contains V(I), if and only if R/I belongs to P by
Corollary 5.11. Thus we obtain 7~ 'S(D(I)) = U(R/I), which shows that S(D(I)) is an
open subset of Spec D™(R)/Supp. Therefore S is an open map. This map is also closed
since it is bijective. Combining the equality § = S~ from (3) and the openness of S , we
observe that s is a continuous map. |

The assertions of the above theorem naturally lead us to ask when the maps in the
diagram in the theorem are homeomorphisms. We start by establishing a lemma.

Lemma 7.3. The following are equivalent.

(1) The set Spec R is finite.

(2) There are only finitely many specialization-closed subsets of Spec R.

(3) There are only finitely many closed subsets of Spec R.

(4) Every specialization-closed subset of Spec R is closed.

(5) There are no countable antichains of prime ideals of R.

Proof. (1) = (2): If Spec R is finite, then there are only finitely many subsets of Spec R.

(2) = (3): This implication follows from the fact that any closed subset is specialization-
closed.

(3) = (4): Every specialization-closed subset is a union of closed subsets. This is a
finite union by assumption, and hence it is closed.

(4) = (5): Since Max R is specialization-closed, it is closed by our assumption. Hence
Max R possesses only finitely many minimal elements with respect to the inclusion relation,
which means that it is a finite set. Therefore the ring R is semilocal. In particular, it has
finite Krull dimension, say d.

Suppose that there is a countable antichain S of prime ideals of R. Then there exists
an integer 0 < n < d such that the set S, := {p € S | htp = n} is infinite. Then
the specialization-closed subset W = UpeSn V(p) is not closed because S,, consists of
the minimal elements of W, which is an infinite set. This provides a contradiction, and
consequently, there are no countable antichains of prime ideals of R.

(5) = (1): Assume that Spec R is infinite. As every subset of Max R forms an antichain
of prime ideals, we may assume that R has only finitely many maximal ideals. Then R
has finite Krull dimension d. Since R has infinitely many prime ideals, there is a non-
negative integer 0 < n < d such that the set {p € Spec R | ht p = n} has infinitely many
elements. Then a countable subset of this set is a countable antichain of prime ideals of
R, a contradiction. |



41

Now we can prove the following theorem, which answers the question stated just before
the lemma.

Theorem 7.4. Consider the following seven conditions. B

(1) S is continuous. (2) 8" is homeomorphic. (3) &' is homeomorphic. (4) S is home-
omorphic.

(5) s is homeomorphic. (6) w6 is homeomorphic. (7) Spec R is finite.

Then the following implications hold:

(1) (2) 3) (5+6) <= (7)

4) == 0) (6)

Proof. In this proof we tacitly use Theorem 7.2.

(2) < (3): Note that S’ and &’ are mutually inverse bijections. The equivalence follows
from this. _

(4) & (5): As S,s are mutually inverse bijections, we have the equivalence.

(7) = (2): For each X € D(R) we have S’~*(BSupp X N*Spec D™ (R)) = {p € SpecR |
S(p) € BSupp X} = SuppX. As Supp X is specialization-closed, it is closed by Lemma
7.3. Hence the map &’ is continuous.

(2) = (1): This follows from the fact that S is the composition of the continuous maps
S’ and 6.

(1) = (7): It is easy to observe that for any complex X € D™(R) one has

(7.4.1) S 1(BSupp X) = Supp X.

Since S is continuous, Supp X is closed in Spec R for all X € D™(R) by (7.4.1). Suppose
that Spec R is an infinite set. Then by Lemma 7.3 there is a non-closed specialization-
closed subset W of Spec R. There are infinitely many minimal elements of W with respect
to the inclusion relation, and we can choose countably many pairwise distinct minimal
elements p1,p2,p3,... of W. Consider the complex X = @:°,(R/p;)[i] € D"(R). Then
Supp X = [U;2, V(p;) is not closed since it has infinitely many minimal elements. This
contradiction shows that Spec R is a finite set. B

(2) = (446): Since 7,0,S8" are all continuous, so is S = 70S’. Combining this with
the fact that S is bijective and open, we see that S is a homeomorphism. As S’ is
homeomorphic, so is 70 = SS'~1. N N

(44+6) = (2): We have &' = (70)~!S. Since 70 and S are homeomorphisms, so is
S [ |

This theorem contains the following corollary.

Corollary 7.5. The following are equivalent:
(1) S :Spec R — Spec D™(R) is an immersion.
(2) s5:SpecD™(R) — Spec R is a quotient map.
(3) SpecR is a finite set.
Next we consider the maximal and minimal elements of Spec D™(R) with respect to the
inclusion relation.

Definition 7.6. Let 7 be an essentially small tensor triangulated category.
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(1) A thick ®-ideal M of T is said to be mazimal if M # T and there is no thick ®-
ideal & of T with M C X C 7. We denote the set of maximal thick ®-ideals of T
by Mx 7. According to Proposition 2.9(2), any maximal thick ®-ideal is prime, or in
other words, it holds that Max 7 C Spec 7.

(2) A prime thick ®-ideal P of T is said to be minimal if it is minimal in Spec T with
respect to the inclusion relation. We denote the set of minimal prime thick ®-ideals
of 7 by MinT.

By Proposition 7.1 the Balmer spectrum of D™(R) is decomposed into the fibers by
s : Spec D™(R) — Spec R as a set. Concerning the fibers of maximal ideals and minimal
primes of R, we have the following.

Proposition 7.7. Let m € Max R and p € Min R. Then

Mins~!(m) C Min D™ (R), Max s~ *(p) € Max D™ (R).
Proof. Take P € Mins~!(m), and let Q be a prime thick ®-ideal contained in P. Then
m = s(P) C 5(Q) by Theorem 6.8. Since m is a maximal ideal, we get m = s(P) = s(Q),
and @ € s~ !(m). The minimality of P implies P = Q. Thus the first inclusion follows.
The second inclusion is obtained similarly. |

Next, we compare maximal elements of the Balmer support BSupp C' with minimal
elements of the usual support Supp C for a bounded complex C' € DP(R). By Theorem
5.12, C' € X if and only if SuppC C Supp X’ for a thick ®-ideal X. By combining this
with Theorem 6.8, one has P € BSupp C' if and only if Ss(P) € BSupp C for a prime thick
tensor ideal P of D™(R).

Lemma 7.8. (1) s(BSuppC') = SuppC.
(2) S(SuppC') C BSuppC.
Proof. (1) For a prime thick tensor ideal P in BSupp C, we have the following equivalences.
P es H(SuppC) < s(P) € Supp C
< SuppC &Z SuppP = {p € SpecR | p Z s(P)}
s CEP
< P € BSuppC.
Here, the first and the last equivalences are clear. Since {p € SpecR | p Z s(P)} is the
largest specialization closed subset of Spec R not containing s(P), the second equivalence
holds. The third one follows from the above discussion. As a result, we obtain Supp C' =
s(s~1(Supp O)) = 5(BSupp C) since s is surjective.
(2) For an element p € Supp C, since C' &€ S(p) SuppC & SuppS(p) = {q € SpecR | q £
sS(p) = p} shows C & S(p). Thus, we obtain S(p) € BSupp C'. [ |
From this lemma, the maps
s :SpecD™(R) = SpecR: S
restrict to maps
s : BSuppC 2 SuppC : S.
Now we can prove the following theorem.
Theorem 7.9. Let C be an object of DP(R). The above pair of maps induce mutually

wnverse bijections
5 : Max BSupp C' &= MinSuppC' : S.



43

Proof. Because S : Spec R — Spec D™ (R) is injective, we have only to check that the map
S : Min Supp C' — Max BSupp C' is well-defined and surjective.

Let p be a minimal element of SuppC. We show that S(p) is a maximal element of
BSupp C. Take a prime thick tensor ideal P in BSupp C' containing S(p). Then s(P) C
sS(p) = p by Theorem 6.8. Since both p and s(P) belong to Supp C' by Lemma 7.8, the
minimality of p shows the equality p = s(P). Hence, we have

SuppP ={q € SpecR | q Z s(P) =p =55(p)} = SuppS(p).

This shows that P C S(p) and thus S(p) is a maximal element in BSupp C. For this
reason, the map S : Min Supp C' — Max BSupp C' is well-defined.

Next we check the surjectivity of the map & : MinSuppC' — MaxBSuppC. Let P
be a maximal element of BSuppC. It follows from Lemma 7.8 that Ss(P) is also an
element in BSupp C. On the other hand, Ss(P) contains P by Theorem 6.8. Thus, we
get P = Ss(P) from the maximality of P. Let p be an element of Supp C with p C s(P).
Then P = Ss(P) C S(p). Since P is maximal in BSupp C, one has P = S(p). Hence,
p = sS(p) = s(P) and this shows that §(P) is a minimal element of Supp C. As a result,
one has S(p) = Ss(P) = P and this shows that S : MinSuppC — MaxBSupp C is
surjective. |

Taking C' = R, we get the following corollary. This especially says that D™(R) is
“semilocal” in the sense that D™(R) admits only a finite number of maximal thick tensor
ideals. If R is an integral domain, then D™(R) is “local” in the sense that D™(R) has a
unique maximal thick tensor ideal.

Corollary 7.10. There is a mutually inverse bijections
s: MaxD™(R) & MinR: S.
The following theorem is opposite to Theorem 7.9.

Theorem 7.11. Let C be an object of D?(R).
(1) The map S : Supp C' — BSupp C restricts to an injective map

S : Max Supp C' — Min BSupp C.

(2) Assume that MaxSupp C' consists of finitely many maximal ideals of R. Then the
maps § and S restrict to mutually inverse bijections

s : Max BSupp C' =2 MinSuppC : S.

Proof. (1) Fix a maximal element m of Supp C' and show that S(m) is minimal in BSupp C.
Note that m is a maximal ideal. Take P € BSuppC with P C S(m). Then for any
X € 8S(m), Supp(X®@%R/m) = Supp XN{m} = (. Remark 4.6 shows X®%R/m = 0, which
belongs to P. As P is prime, either X or R/m is in P. Since S(m) does not contain R/m,
neither does P. Therefore X must be in P, and we obtain P = S(m). This shows that the
prime thick ®-ideal S(m) is minimal. Thus, S induces a map Max Supp C' — Min BSupp C.
The injectivity follows from Theorem 6.8.

(2) We have already shown that the map S : Max Supp C' — Min BSupp C' is injective.
Hence it suffices to show that this map is surjective.

Write Max Supp C' = {mj, mg, ..., m,}. Suppose that P is a minimal element of BSupp C'
with P # S(m;) for any i¢. For each 1 < i < r we find an object X; of D7(R) with
X; € §(m;) and X; ¢ P. Then C ®% X ®% X5 ®% e ®% X, has the empty support and
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hence isomorphic to 0 by Remark 4.6. As P is prime, it contains some X;, which is a
contradiction.

Consequently, P must contain S(m) for some m € Max Supp C'. The minimality of P
shows that P = S(m). We conclude that the map S : Max Supp C < MinBSupp C' is
surjective, whence it is bijective. |

Again taking C' = R, we obtain the following opposite result of Corollary 7.10. The
third assertion says that if R is local, then D™(R) is an “integral domain” in the sense that
0 is a (unique) minimal prime thick tensor ideal of D™(R).

Corollary 7.12. (1) For every mazimal ideal m of R, the subcategory S(m) is a minimal
prime thick ®-ideal of D™(R), or in other words, the restriction of S to Max R induces
an injection

(7.12.1) S :Max R < MnD™(R).

(2) The ring R is semilocal if and only if D™(R) has only finitely many minimal prime
thick ®-ideals. When this is the case, the map (7.12.1) is a bijection.

(3) If (R,m) is a local ring, then S(m) = 0 is a unique minimal prime thick ®-ideal of
D™ (R).

Question 7.13. Is the map (7.12.1) bijective even if R is not semilocal?
Applying the above two theorems to the Artinian case gives rise to the following result.

Corollary 7.14. Let R be an Artinian ring. Then the map S : Spec R — Spec D™(R)
is a homeomorphism. Hence the topological space Spec D™(R) is Noetherian, and one has
dim(SpecD™(R)) =dim R =0 < cc.

Proof. Since Spec R = Min R = Max R, the assertion is deduced from Corollaries 7.10 and
7.12(2). |

From here we consider when D™ (R) is a local tensor triangulated category. Let us recall
the definition.

Definition 7.15. (1) A topological space X is called local if for any open cover X =
Uicr Ui of X there exists t € I such that X = U;. In particular, any local topological
space is quasi-compact.

(2) An essentially small tensor triangulated category T is called local if Spec T is a local
topological space.

Remark 7.16. It is clear that the topological space Spec R is local if and only if the ring
R is local.

For an essentially small ®-triangulated category 7T the following are equivalent ([BallOa,
Proposition 4.2]).
(i) T is local.
(ii) 7 has a unique minimal prime thick ®-ideal.
(iii) The radical thick ®-ideal v/0 of T is prime.
If moreover T is rigid, then the above three conditions are equivalent to:
(iv) The zero subcategory 0 of 7 is a prime thick ®-ideal.
Also, it follows from [BallOa, Example 4.4] that KP(proj R) is local if and only if so is R.
The following result says that the same statements hold for D™(R). Also, we emphasize

that it contains the equivalent condition (4), even though D™(R) is not rigid; see Remark
4.1.
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Corollary 7.17. The following are equivalent.

(1) The ®-triangulated category D™ (R) is local.

(2) There is a unique minimal thick ®@-ideal of D™(R).

(3) The radical thick ®-ideal /O of D™(R) is prime.

(4) The zero subcategory O of D™(R) is a prime thick ®-ideal.
(5) The ring R is local.

Proof. Combining Theorem 7.12 with the result given just before the corollary, we observe
that (1) & (2) < (3) & (5) = (4) hold. If 0 is prime, then it is easy to see that /0 = 0.
Thus (4) implies (3). [

One can indeed obtain more precise information on the structure of Spec D™(R) than
Corollary 7.17:

Proposition 7.18. One has
SpecD™(R) = {

If m,n are distinct maximal ideals of R, then Spec D™(R) = U(R/m) UU(R/n).

Proof. Suppose that (R, m, k) is a local ring. Corollary 7.17 implies that 0 is prime, and
Spec D™(R) contains U(k) U {0}. Let P be a nonzero prime thick ®-ideal of D™(R). Then
there exists an object X # 0 in P. By Remark 4.6 the support of X is nonempty and
specialization-closed, whence contains m. Using Lemma 4.7(4), we have Supp(X ®% k) =
Supp X N Suppk = {m} # 0. Hence X ®% k is nonzero by Remark 4.6 again. Since
X ®% k is isomorphic to a direct sum of shifts of k-vector spaces, it contains k[n] as a
direct summand for some n € Z. As X @5 k is in P, so is k. Therefore P is in U(k), and
we obtain Spec D™(R) = U(k) U {0}. It is obvious that U(k) N {0} = (). We conclude that
Spec D™(R) = U(k) U {0}.

Now, let m and n be distinct maximal ideals of R. Applying Lemma 4.7(4), we have
Supp(R/m ®% R/n) = {m} N {n} = 0, and hence R/m ®% R/n = 0 by Remark 4.6.
Therefore we obtain U(R/m) UU(R/n) = U(R/m &% R/n) = U(0) = Spec D"(R), where the
first equality follows from Lemma 2.7. Thus the last assertion of the proposition follows,
which shows the first assertion in the non-local case. |

U(R/m) {0} if (R, m) is local,
Umenax g U(R/m) if R is non-local.

8. Connectedness of the Balmer spectrum

In this section, we discuss Noetherianity, connectedness and irreducibility of the Balmer
spectrum Spec D™(R). Besides, we prove that the following theorem which gives a neces-
sary condition for the Balmer spectrum Spec D™(R) to be Noetherian.

Theorem 8.1. If the Balmer spectrum Spec D™ (R) is a Noetherian topological space, then
Spec R is a finite set (i.e., semilocal ring with Krull dimension at most 1).

Proof. Assume that Spec D™(R) is Noetherian. Then for any chain of the form BSupp M; 2
BSupp Ma O BSupp M3 --- with M; € D™(R) stabilizes. Thus, by Theorem 2.17, every
descending chain v/thick® M; D /thick® My D v/thick® Mz D - - - stabilizes.

Assume furthermore that R has infinitely many prime ideals. From Lemma 7.3, we can
take a countable antichain {p,},>1 of prime ideals. Set M, := P,., R/p:[i] to be the
complex

My = (-5 R/puro 2 R/pus1 < R/pp —0---).
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Here, R/p; fit into the (—i)-th component. Then M, belongs to D™(R), and M4 is a
direct summand of M, for each integer n > 1. Therefore, we have a descending chain

\/thick® M; 2 \/thick® My D \/thick® M3z D - of radical thick tensor ideals. From the

above argument, we get an equality \/thick® M, = \/thick® M,,+1 for some integer n > 1.
Taking Supp, we obtain

U V(p;) = Supp V'thick® M,, = Supp 1/thick® M, 11 = U V(pi).

i=n izn+1

Hence, there is an integer m > n + 1 such that p,, C p,,. This gives a contradiction. M

Next, we discuss connectedness and irreducibility of Spec D™(R). To begin with, let us
recall some notions from point-set topology.

Definition 8.2. Let X be a topological space.

(1) We say that a subset of X is clopen if it is both open and closed.

(2) A subspace W of X is said to be generalization closed if for any x € W and y € X,
x € {y} implies y € W.

(3) We say that X is connected if it contains no non-trivial clopen subset. For a subspace
Y of X, we say that Y is a connected subspace of X if it is a connected space by induced
topology. Moreover, a connected component of X is a maximal connected subspace
of X. Besides, we show the following theorem which gives a sufficient condition for
Noetherianity of the Balmer spectrum Spec D™(R).

Remark 8.3. (1) A subspace is generalization closed if and only if its complement is
specialization closed. In particular, every open subset of X is generalization closed.

(2) Let X DY D Z be subspaces. If Y is specialization closed in X and Z is specialization
closed in Y, then Z is specialization closed in X.

(3) Let W be a subspace of Spec R. Then W is specialization closed (resp. generalization
closed) in Spec R if and only if

peW, pCqg=qecWW
(resp. qe W, pCq=pe W)

(4) [Bal05, Proposition 2.9] Let 7 be an essentially small tensor triangulated category
and W a subspace of Spec 7. Then W is specialization closed (resp. generalization
closed) in Spec 7T if and only if

PeW, PODQ=—QecW.
(resp. QeW, P2 Q= PecW)

The following theorem is the second main result of this section.

Theorem 8.4. Let C € D(R) be a bounded complex.

(1) There is a one-to-one correspondence
{connected components of BSupp C} é {connected components of Supp C} .
571

(2) There is a one-to-one correspondence

{irreducible components of BSupp C} é {z’rreducz'ble components of Supp C’} .
5—1
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The proof of this theorem is divided into several lemmata. Let us start the following
general fact about connected components of a topological space. For a while, we fix a
bounded complex C' € DP(R). The first one is a remark about general topological spaces.

Lemma 8.5. Let X be a topological space. Then every connected component of X is both
specialization closed and generalization closed.

Proof. Fix a connected component O of X. For x € O, @ is irreducible and in particular
connected. Since O N {x} is non-empty, O U {z} is connected. Thus, O U {z} must be
equal to O, and hence m C O. This shows that O is specialization closed in X.

For = ¢ O, assume that there exists y € {mi} with y € O. Then {7} N O is non-empty
as it contains y. Therefore, the same argument as above shows that m C O. This
gives a contradiction to ¢ O. Thus, X \ O is specialization closed in X and hence O is
generalization closed in X. |

The following result gives an easier way to check whether a given subspace is clopen for
our topological spaces Supp C' or BSupp C.

Lemma 8.6. Let X be either SuppC or BSuppC and W a subset of X. If W is both
specialization closed and generalization closed, then W is clopen.

Proof. We show this statement only for X = BSupp C because a similar argument works
also for X = Supp C. By symmetry, we need to check that W is closed.

Claim. W = Upenax BSupp CNW {P}.

Proof of claim. Since W' is specialization closed, W 2 Upenaxgsupp o 1P} holds. Let
P be an element of W. Take a minimal element p in Supp C' contained in s(P). We can
take such a p since Supp C' is a closed subset of Spec R. Then

P C Ss(P) C S(p).

By Theorem 7.9, S(p) is a maximal element of BSupp C'. Moreover, S(p) belongs to W
since W' is generalization closed and P € W. These show that S(p) is a maximal element

of BSupp C. Accordingly, we obtain P € {S(p)} with S(p) € max BSupp C' and hence the

converse inclusion holds true. O

Note that Supp C' is closed and thus contains only finitely many minimal elements. By
using the one-to-one correspondence in Theorem 7.9, Max BSupp C is also a finite set.
Consequently, W is a finite union of closed subsets, and hence is closed. |

Lemma 8.7. Let U be a clopen subset of BSupp C. Then

(1) p es(U) if and only if S(p) € U, and
(2) s(U) is a clopen subset in Supp C.

Proof. (1) The ‘if’ part is from Theorem 6.8. Let p be an element of §(U) C s(BSupp C) =
Supp C. Then there is a prime thick tensor ideal P € U such that s(P) = p. Then S(p)
belongs to U because P C Ss(P) = S(p) and U is generalization closed in BSupp C.

(2) By Lemma 8.6, we have only to check that s(U) and Supp C'\ s(U) are specialization
closed in Supp C.

Take p € §(U) and q € V(p). Then S(q) € S(p). From (1), one has S(p) € U. Since U
is specialization closed, we get S(q) € U. Thus, q = s5(q) belongs to s(U). This shows
that s(U) is specialization closed in Supp C.
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Take p € SuppC' \ s(U) and q € V(p). Then S(q) € S(p). From (1), one has S(p) € U.
Assume that S(q) belongs to U. Since U is generalization closed, S(p) belongs to U, a
contradiction. Thus, S(q) € U and hence q € s(U) by (1). This shows that Supp C \ s(U
is specialization closed in Supp C. |

Lemma 8.8. Let U be a clopen subset of BSuppC. Then s 's(U) =U.

Proof. The inclusion U C s !5(U) is trivial. For a prime thick tensor ideal P € s~ 1s(U),
one has s(P) € s(U). By Lemma 8.7(1), we obtain Ss(P) € U. Since U is specialization
closed in BSupp C' and P C Ss(P), we conclude that P belongs U. |

Now, we are ready to prove Theorem 8.4.

(Proof of Theorem 8.4). (1) By Lemma 8.7(2), we obtain a well-defined map
{clopen subsets of BSupp C'} — {clopen subsets of SuppC}, U+ s(U).

This map is injective by Lemma 8.8 and surjective since s : BSupp C' — Supp C' is contin-
uous and surjecive. Thus, this map is an order-preserving one-to-one correspondence.
Our topological spaces BSupp C' and Supp C have only finitely many connected com-
ponents by Theorem 7.9 and Lemma 8.5, and the proof of Lemma 8.6. Thus, connected
components are nothing but minimal non-empty clopen subsets. Therefore, the statement
(1) follows from the above order-isomorphism.
(2) By Proposition 2.10, every irreducible closed subset of BSupp C' is of the form

{P} ={Q € SpecD’(R) | QC P}

for a unique prime thick tensor ideal P € BSupp C. Since an irreducible component is by
definition a maximal irreducible closed subset, every irreducible component of BSupp C is
of the form {P} for a unique maximal element P of BSupp C. Thus, P = S(p) for some
minimal element p of Supp C by Theorem 7.9. Similarly, every irreducible component of
Supp C' is of the form {p} for a unique minimal element p of Supp C. Therefore, there
is a maximal element P of BSupp C' such that p = s(P) by Theorem 7.9. Altogether,
the one-to-one correspondence of Theorem 7.9 gives a one-to-one correspondence what we
want. |

The following connectedness and irreducibility result is a direct consequence of Theorem
8.4.

Corollary 8.9. For a bounded complex C € DP(R), BSuppC is connected (resp. irre-
ducible) if and only if Supp C' is connected (resp. irreducible). In particular, Spec D™ (R)
is connected (resp. irreducible) if and only if Spec R is connected (resp. irreducible).

As an application of Theorem 8.4, we obtain the following corollary.

Corollary 8.10. Let C € D°(R) be a bounded complex. If C is indecomposable in D™(R),
then BSupp C is connected.

Proof. By Theorem 8.4, it is enough to show that Supp C' is connected if C' is indecom-
posable.
Take an ideal I with SuppC = V(I). It follows from [Orlll, Lemma 2.1] that there
exists a bounded complex B such that
(i) B is isomorphic to C' in DP(R),
(ii) Supp B* C V(I).
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By (ii), we can take an integer n > 0 with I"B; = 0 for each i. Thus by (i), we may
assume that Supp C' = V(I) and IC* = 0 for each i.

Consider a decomposition Supp C = Fy U Fy with FY, F5 closed. Then there are radical
ideals I and I such that F; = V(I;) (i = 1,2), 1 + [ = R, and [ N I, = V1. Using
Chinese remainder theorem, we obtain a direct sum decomposition

R/VT=R/I & R/I,.

Moreover, from the idempotent lifting theorem (see [Lam, Proposition 21.25]), we obtain
the following decomposition

R/I=R/J & R/ Js.
Here, J; and Jy are ideals with \/J; = I; for i = 1,2. Tensoring with C, we get the
following direct sum decomposition:

CXCRrRR/I=Z(C®rR/J1)D(C®rR/J2).
Since C' is indecomposable, C @z R/J; = C or C®pr R/Jo =2 C. If C ®r R/J1 = C, then

we obtain

V(I) = SuppC = Supp(C ®r R/J1) C V(J1)
and thus SuppC = V(I) = V(I;) = F;. Similarly, if C ®g R/Jo = C, then one has
Supp C = Fy. Thus, we are done. |

This corollary means that the Balmer support of an indecomposable bounded R-complex
is connected. Such a result has been shown by Carlson [Car| for the stable category of finite
dimensional representations over a finite group, and more generally, by Balmer [Bal07] for
an idempotent complete rigid tensor triangulated category.

For the last of this section, we prove that every clopen subset of Spec D™(R) is home-
omorphic to the Balmer spectrum of the FEilenberg-Moore category of some ring object.
Following [Balll, Ball4], we recall the notion of a ring object and related concepts.

Let (7T,®,1) be a tensor triangulated category. We say that an object A € T is a ring
object of T if there is a morphisms

w:ARA— A,
n:1— A

satisfying the following commutative diagrams:

A A A Ap A4 194724 40429 401

T TN

A® A A

We say that a ring object A of T is commutative if yr = p holds, where
T:ARA—> AR A
is the swap of factors. We say that a ring object A of T is separable if there is a morphism
c:A—> AR A

such that (A@ u)(c @A) =ocpu=(u® A)(A® o).
We say that an object M € T is a (left) A-module if there is a morphism

AN AQM — M
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satisfying the following commutative diagrams:

A Ao M2 aeom  1eoMM Agm

wl TN

A M M M

Denote by Mod A the category of A-modules.
Let me give the following easy observation.

Lemma 8.11. If R is decomposed into R = A X B as rings, then A has a unique ring
object structure by the natural multiplication p : A®%A 2 ARr A= A and the projection
n: R — A. Moreover, the following holds true.

(1) A is a commutative separable ring object in D™(R).

(2) For any complex M € D™(R), it has an A-module structure if and only if AQ%M = M.
This is the case, its A-module structure is uniquely determined by underlying complez.

(3) For A-modules M and N, M @% N is an A-module. Hence Mod A is a tensor trian-
gulated category and Uy preserves tensor products.

Proof. Since A is a projective R-module, the statement (1) means that A is a commutative
separable R-algebra in the usual sense and this is clear. Uniqueness of this structure follows
from (2).

(2) Let M be an A-module. Consider the following commutative diagram:

QEM
ReY M AL M

>

M

14

In particular, the composition H?(\) o H'(n ®% M) is an isomorphism for each integer .
Since 7 ®% M is a split surjection, H'(n ®% M) is also a split surjection and hence is an
isomorphism for each i. This shows that 7 ®% X is a quasi-isomorphism. From the above
commutative diagram, A is also a quasi-isomorphism.

Take an object M € D™(R) with A ®% M = M. Then the following morphism gives an
A-module structure to M:

A®LMEA®LA®LMM>A®LMEM
R — R R R — .

Moreover, the A-module structure A is uniquely determined as

Lan-1 o~
Acka YR pekoar 2
The last statement (3) directly follows from the definition of ®4 and (2), for details,
see [Ball4]. |

From (2) in the above lemma, we can define a unique A-module structure for a complex
M € D™ (R) with A®% M = M. For simplicity, we denote this A-module by M. In
addition, for a complex M € D™(R), A ®I§ M has an A-module structure and hence we
can define a triangulated functor

Fy:D(R) = ModA, M — Ak M.
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Corollary 8.12. For any non-empty clopen subset W of Spec D™(R), there is a commu-
tative separable ring object A of D™(R) such that

¢4 = "Fy : Spec(Mod A) — Spec D™(R), P — F(P)
gives a homeomorphism onto W.

Proof. By Lemma 8.7, s(W) is a clopen subset of Spec R. Therefore, by Corollary 8.10,
there is a direct sum decomposition R = A x B of rings with §(W) = Supp A. Then Lemma
8.11 shows that A has a commutative separable ring object structure. Since Uy preserves
tensor products, one can easily check that the forgetful functor Uy : Mod A — D7(R)
induces a continuous injective map

Y4 : BSupp A — Spec(Mod A),P — U, *(P),

see Proposition 2.13. Furthermore, the image of ¢ 4 is contained in BSupp A and Y4904 = 1
because F4Uy = 1. For this reason, we have only to check that the image of ¢4 is W.
Let P be a prime thick tensor ideal of Mod A. By definition,

pa(P)={X €D (R) | FA(X) = (A®E X)4 € P}
and it contains B because A ®% B = 0. In particular,

Supp B C Supppa(P) = {p € Spec R | p £ s(0a(P))}

and thus s(p4(P)) € Spec R \ Supp B = Supp A. Therefore, p4(P)
Conversely, take a prime thick tensor ideal P from W. Then s(P
implies that A ¢ P. Therefore,

pa(a(P)) ={X €D (R) | A®F X € P} =P
since A ¢ P. Thus, we conclude that ¢ 4(Spec(Mod A)) = W. [

€ W by Lemma 8.8.
) € s(W) = Supp A

9. Relationships among thick tensor ideals and specialization-closed subsets

This section compares compact, tame and radical thick tensor ideals of D™(R), relating
them to specialization closed subsets of Spec R, *Spec D™(R) and Thomason subsets of
Spec D7(R). We start with some notation.

Definition 9.1. (1) Let 7 be a tensor triangulated category. Let PP be a property of
thick ®-ideals of 7. For a subcategory X of C we denote by XT (resp. Ap) the P-closure
(resp. P-interior) of X, that is to say, the smallest (resp. largest) thick ®-ideal of 7~ which
contains (resp. which is contained in) X and satisfies the property P. We define this only
when it exists.

(2) Let X be a topological space. Let P be a property of subsets of X. For a subset A of
X we denote by AP (resp. Ap) the P-closure (resp. P-interior) of A, namely, the smallest
(resp. largest) subset of X that contains (resp. that is contained in) A and satisfies P.
We define this only when it exists.

Here is a list of properties P as in the above definition which we consider:
rad = radical, tame = tame, cpt = compact, spcl = specialization-closed.

Notation 9.2. We denote by Rad (resp. Tame, Cpt) the set of radical (resp. tame,
compact) thick ®-ideals of D™(R). Also, Spcl(Spec) (resp. Spcl(*Spec)) stands for the
set of specialization-closed subsets of the topological space Spec R (resp. *Spec D™(R)).
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Our first purpose in this section is to give a certain commutative diagram of bijections.
To achieve this purpose, we prepare several propositions. We state here two propositions.
The first one is shown by using Proposition 4.8, while the second one is nothing but
Theorem 5.19.

Proposition 9.3. There is a one-to-one correspondence Supp : Tame = Spcl(Spec) :

Supp~ 1.

Proposition 9.4. There is a one-to-one correspondence Supp : Cpt = Spcl(Spec) : ().

Notation 9.5. For an object M of D™(R) we denote by BSp M the set of tame prime
thick ®-ideals of D™(R) not containing M, i.e., BSp M = BSupp M N *Spec D™(R). For a
subcategory X of D™(R) we set BSp X' = | J,;c, BSp M. For a subset A of Spec D™(R) we
denote by BSp~! A the subcategory of D™(R) consisting of objects M such that BSp M is
contained in A.

We make a lemma, whose second assertion is a variant of [Bal05, Lemma 4.8].

Lemma 9.6. (1) For a subcategory X of D™(R), the subset BSp X of *Spec D™(R) is
specialization-closed.

(2) For a subset A of *Spec D”(R) one hasBSp~ ' A = (\pc 4o P, where AC = tspec D" (R)\
A.

(3) Let {X\}rea be a collection of tame thick ®-ideals of D™(R). Then the intersection
Maca X is also a tame thick ®-ideal of D™(R).

Proof. (1) We have BSp X = |Jx . BSp X, and BSp X = BSupp X N *Spec D”(R) is closed
in *Spec D™(R) since BSupp X is closed in Spec D™(R). Therefore BSp X is specialization-
closed in *Spec D™(R).

(2) An object X of D™(R) belongs to BSp~—! A if and only if BSp X is contained in A, if
and only if AC is contained in (BSp X)t = {P € *SpecD™(R) | X € P}, if and only if X
belongs to ﬂPeAC P.

(3) For each A € A there is a subset Sy of Spec R such that Xy = Supp~ ' Sy. Then it is
clear that the equality (N, Xy = Supp™ ! (N, Sx) holds, which shows the assertion. W

Using the above lemma, we obtain a bijection induced by BSp.

Proposition 9.7. There is a one-to-one correspondence BSp : Tame = Spcl(*Spec) :
BSpfl.

Proof. Fix a tame thick ®-ideal & of D7(R) and a specialization-closed subset U of
*Spec D™(R). Lemma 9.6(1) implies that BSp X" is specialization-closed in *Spec D™ (R),
that is, BSp X’ € Spcl(*Spec). Lemma 9.6(2) implies that BSp_1 U= ﬂPeUC P, and each
P € UL is a tame thick ®-ideal of D™(R). Hence BSp~! U is also a tame thick ®-ideal of
D™(R) by Lemma 9.6(3), namely, BSp~! U € Tame.

Let us show that BSp(BSp~!U) = U. It is evident that BSp(BSp~'U) is contained
in U. Pick any P € U. Corollary 6.15 says P = S(p) for some prime ideal p of R.
Since U is specialization-closed in *Spec D™(R), the closure C' of S(p) in *Spec D™(R) is
contained in U. Using Proposition 2.10, we see that C' consists of the prime thick ®-ideals
of the form S(q), where q is a prime ideal of R with S(q) € S(p). In view of Theorem
6.8, we have C' = {S(q) | q € V(p)}, and it is easy to observe that this coincides with
BSp(R/p). Hence R/p is in BSp ! U, and P = S(p) belongs to BSp(BSp ' U). Now we
obtain BSp(BSp ' U) = U.
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It remains to prove that BSp~'(BSpX') = X. We have BSp™'(BSpX) = pe(psp 1)t P
by Lemma 9.6(2). Fix a prime thick ®@-ideal P of D™(R). Then P is in (BSp X)C if and
only if P is tame and P is not in BSp X. The former statement is equivalent to saying that
P = S(p) for some p € Spec R by Corollary 6.15, while the latter is equivalent to saying
that X is contained in P. Hence BSp~!(BSpX) = Mpespec r, xcs(p) S(P). Thus an object
Y of D™(R) belongs to BSp~!(BSp X) if and only if Y belongs to S(p) for all p € Spec R
with X C S(p), if and only if Y, = 0 for all p € Spec R with X, = 0, if and only if SuppY’
is contained in Supp X, if and only if Y belongs to X by Proposition 9.3. [ |

Here we consider describing rad-closures, tame-closures and cpt-interiors, and their sup-
ports.

Lemma 9.8. Let X be a subcategory of D™(R), and let Y be a thick ®-ideal of D™(R).
One has:

(1) (thick® X)cpr = (Supp X), A4 = Vthick® X, Atame = Supp ! Supp X,

(2) Vept CY C YR C Y™ Supp(Vept) = SuppY = Supp(V™9) = Supp(P*eme),

Proof. (1) Tt follows from Lemma 2.15 (resp. Remark 6.14) that Vthick® X' (resp.
Supp 'SuppX) is a thick ®-ideal of D™(R). It is clear that Vthick® X (resp.
Supp ™! Supp &) is radical (resp. tame) and contains X. If C is a radical (resp. tame)
thick ®-ideal of D™(R) containing X, then we have vthick? X C V'thick®C = VC = C
(resp. Supp~!Supp X C Supp~!SuppC = C by Proposition 9.3). Thus, we obtain the
two equalities X4 = Vthick® X and XM = Supp ! Supp X. It remains to show the
equality (thick® X)cpt = (Supp X). Clearly, (Supp X) is a compact thick ®-ideal of D™(R).
Applying Corollary 5.11, we observe that (Supp &) is contained in thick® X. Let C be a
compact thick ®-ideal of D™(R) contained in thick® X'. Then it follows from Proposition
9.4 that C = (SuppC), which is contained in (Supp(thick® X)) = (Supp X) by Proposition
4.8(2). We now conclude (thick® X)cpr = (Supp X).

(2) Fix a prime ideal p of R. Proposition 6.3 says that S(p) is a prime thick ®-ideal
of D™(R), whence it is radical. Therefore J, = 0 if and only if (v/Y), = 0. This shows
Supp(v/Y) = Supp). Hence /Y is contained in Supp™' Supp), meaning that Y is
contained in Y*Me by (1). Thus we get the inclusions Yepr € Y C yrad C ytame which
implies Supp(Vept) € SuppY C Supp(Y™4) C Supp(Y™™e). By (1) and Proposition 4.8 we
get Supp(Y*™™e) = Supp Y = Supp(Vept)- The equalities in the assertion follow. [ |

The inclusion Y4 C ytame in Lemma 9.8 in particular says:
Corollary 9.9. Every tame thick ®-ideal of D™(R) is radical.
We now obtain a bijection, using the above lemma.
Proposition 9.10. There is a one-to-one correspondence ()™ : Cpt = Tame : ()cpt-

Proof. Fix a compact thick ®-ideal X', and a tame thick ®-ideal } of D™(R). We have
(xtame) o = (Supp(X™e)) = (Supp X') = X, where the first equality follows from Lemma
9.8(1), the second from Lemma 9.8(2), and the last from Proposition 9.4. Also, it holds
that (Vept)@™Me = Supp™! Supp(YVept) = Supp ™' Supp Y = Y, where the first equality follows
from Lemma 9.8(1), the second from Lemma 9.8(2), and the last from Proposition 9.3.
Thus we obtain the one-to-one correspondence in the proposition. |

For each subset A of Spec R, we put S(A) = {S(p) | p € A}. For each subset B of
Spec D™(R), we put s(B) = {s(P) | P € B}. We get another bijection.
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Proposition 9.11. There is a one-to-one correspondence S : Spcl(Spec) = Spel(*Spec) :
5.

Proof. First of all, applying Theorem 6.8 and Corollary 6.15, we observe that
(9.11.1)
5(S(p)) =pforallpeSpecR  and  S(s(P)) =P for all P € *Spec D™(R).

Fix a specialization-closed subset W of Spec R and a specialization-closed subset U of
*Spec D™(R). It follows from (9.11.1) that §(S(W)) = W and S(s(U)) = U.

Pick a prime ideal p in W. Let X be the closure of {S(p)} in *Spec D™(R). Then
X =Y N*SpecD™(R), where Y is the closure of {S(p)} in Spec D™(R), and hence

X ={P e*specD(R) | P CS(p)}
={S(q) | g € Spec R, S(q) C S(p)}
={S(g)[a € V(p)} CSW),

where the first equality follows from Proposition 2.10, the second from Corollary 6.15, and
the third from Theorem 6.8. The inclusion holds since W is a specialization-closed subset
of Spec R. Therefore, S(W) is a specialization-closed subset of *Spec D™(R), namely,
S(W) € Spcl(*Spec).

Pick P € U. As U is a subset of *Spec D™(R), the prime thick ®-ideal P is tame. Let q
be a prime ideal of R containing s(P). We then get S(q) C S(s(P)) = P by Theorem 6.8
and (9.11.1), which says that S(q) belongs to the closure of the set {P} in *Spec D™(R) by
Proposition 2.10. The specialization-closed property of U implies that S(q) belongs to U.
We have q = s(S(q)) by (9.11.1), which belongs to s(U). Consequently, the subset s(U)
of Spec R is specialization-closed, that is, s(U) € Spcl(Spec). |

Here we note an elementary fact on commutativity of a diagram of maps.

Remark 9.12. Consider the following diagram of bijections

One can choose infinitely many compositions of maps in the diagram, but once one of
them is equal to another, this triangle with edges having any directions commutes. To be
more explicit, if ¢ = ba for instance, then the set {1,a,a=1,b,b71 ¢,c71} is closed under
possible compositions.

Now we can state and prove our first main result in this section.
Theorem 9.13. There is a commutative diagram of mutually inverse bijections:

Spcl(Spec)
Supp S

i

Q

o

o+
wn
[=

o

o
R

3 R/
2

7]

R\

Supp ™! Spcl(tSpec)

BSp !
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Proof. The five one-to-one correspondences in the diagram are shown in Propositions 9.3,
9.4,9.7,9.10 and 9.11. It remains to show the commutativity, and for this we take Remark
9.12 into account.

For a thick ®-ideal X of D™(R), we have Supp(X*™¢) = Supp X’ by Lemma 9.8(2),
which shows that the left triangle in the diagram commutes. It is easy to observe from
Corollary 6.15 that

(9.13.1) BSp X = S(Supp X) for any subcategory X of D™(R).
The commutativity of the right triangle in the diagram follows from (9.13.1). |

Remark 9.14. The bijections in the diagram of Theorem 9.13 induce lattice structures
in Tame and Spcl(*Spec), so that the maps are lattice isomorphisms. However, we do
not know if there is an explicit way to define lattice structures like the one of Cpt given
in Proposition 5.18(2).

Let f: A— Bandg: B — Abemaps with gf = 1. Then we say that (f, g) is a section-
retraction pair, and write f 4 g. Our next goal is to construct a certain commutative
diagram of section-retraction pairs, and for this we again give several propositions. The
first one is a consequence of Theorem 2.17.

Proposition 9.15. There is a one-to-one correspondence BSupp : Rad &2 Thom :
BSupp~*.

Proposition 9.16. There is a section-retraction pair ()¢ : Cpt = Rad : ()cpt-

Proof. For every X € Cpt, we have (X™9) = (Supp(X™)) = (Supp X) = Xepe = X by
Lemma 9.8. L

For each subset A of Spec R, we set S(A) = Upea {S(p)}. For each subset B of

SpecD™(R), we set S~1(B) = {p € SpecR | S(p) € B}. We obtain another section-
retraction pair.

Proposition 9.17. There is a section-retraction pair S : Spcl(Spec) = Thom : S~1.
Proof. Proposition 2.10 and Corollary 6.11 yield
(9.17.1) BSupp(R/p) = {S(p)} for any prime ideal p of R,

whence ({S(p)})® = U(R/p), which is quasi-compact by Proposition 2.11. Hence S(A) is
a Thomason subset of Spec D™(R) for any subset A of Spec R. In particular, we get a map
S : Spcl(Spec) — Thom.

Let T' be a Thomason subset of Spec D™(R). Let p,q be prime ideals of R with p C q
and S(p) € T. Then S(q) belongs to {S(p)} by Proposition 2.10 and Theorem 6.8. Since
T is Thomason, it contains {S(p)}. Hence S(q) belongs to 7. Thus the assignment
T — S~YT) defines a map S~! : Thom — Spcl(Spec).

For a specialization-closed subset W of Spec R and a prime ideal p of R, one has

S(p) € {S(q)} for some g € W < S(p) C S(q) for some q € W
< p D qfor someqge W
S peW,

where the first and second equivalences follow from Proposition 2.10 and Theorem 6.8,
and the last equivalence holds by the fact that W is specialization-closed. This yields
STHSEW)) =W. |
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Now we consider describing spcl-closures and spcl-interiors.

Proposition 9.18. Let A be a specialization-closed subset of Spec D™(R), and let B be a
specialization-closed subset of *Spec D™(R).

(1) Let Aspa stand for the spcl-interior of A in *Spec D™(R). Then
Agpel = AN *Spec D™ (R).
(2) Let B9 stand for the spcl-closure of B in Spec D™(R). Then
B = {P € Spec D™(R) | P¥™¢ € B} = Jp, e BSupp(R/5(P)).
In particular, B® is a Thomason subset of Spec D™(R).

Proof. (1) We easily observe that A N *Spec D™(R) is a specialization-closed subset of
the topological space *Spec D™(R) contained in A. Also, it is obvious that if X is a
specialization-closed subset of *Spec D™(R) contained in A, then X is contained in A N
*Spec D™(R). Hence A N *Spec D™(R) coincides with Agy.

(2) Let C be the set of prime thick ®-ideals P of D™(R) with P*™¢ € B. We proceed
step by step.
(a) Each Q € B is tame. Hence we have Q®™M¢ = Q € B. This shows that C' contains B.
(b) Let Y be a specialization-closed subset of Spec D™(R) containing B. Take any element
P of C. Then P¥¥M¢ bhelongs to B, and hence to Y. Since Y is specialization-closed,
{Prame} is contained in Y. Hence P belongs to Y by Proposition 2.10. It follows that C
is contained in Y.
(c) We prove C' = [Upec BSupp(RR/s(P)). Combining Theorem 6.8, Lemma 9.8(1)
and (9.17.1) gives rise to BSupp(R/s(P)) = {Ptme} and thus it is enough to verify
C = Upec {P¥™me}. By Proposition2.10 we see that C is contained in (Jpc {P¥™Me}.
Conversely, let P € C and Q € {Ptame}. Then P*™™¢ belongs to B, and Q is contained
in PtMe by Proposition 2.10, which shows that Q%M€ is contained in P*™M¢, Hence Qtme
is in {Pme} N *Spec D™ (R). As B is specialization-closed in *Spec D™(R), it contains
{ptame}l N tSpec D™(R), and therefore Q@™e is in B. Thus Q belongs to C. We obtain
C = UPEC’ {’Ptame}_

The equality €' = [Upce BSupp(RR/s(P)) shown in (c) especially says that C is
specialization-closed. By this together with (a) and (b) we obtain C = B¢ and it
follows that C' = (Jp g BSupp(R/s(P)). |

We now obtain another section-retraction pair:

Proposition 9.19. The operations ()Spc' and ()spa defined in Proposition 9.18 make a
section-retraction pair ()< : Spcl(*Spec) = Thom : ()spel-

Proof. Let U be a specialization-closed subset of *Spec D™(R). By Proposition 9.18, [/sP¢!
is a Thomason subset of SpecD™(R), and (U),q = U N *SpecD™(R) = {P €
“SpecD™(R) | PM™e c U} = U. |

We can prove our second main result in this section.
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Theorem 9.20. There is a diagram

~

Rad

Thom Thom

024 4| Ocpe S|H]st O | | Ospel

Cpt =——=— Spcl(Spec) === Spcl(*Spec)

where the upper horizontal bijections are the one given in Proposition 9.15 and an equality,
and the lower horizontal bijections are the ones appearing in Theorem 9.13. The diagram
with vertical arrows from the bottom (resp. top) to the top (resp. bottom) is commutative.

Proof. The three section-retraction pairs are obtained in Propositions 9.16, 9.17 and 9.19.
We claim that for any thick ®-ideal X of D™(R) one has

(9.20.1) BSupp(X™9) = BSupp X.

Indeed, Lemma 9.8(1) shows ™ = \/X. The inclusion X C A implies BSupp X C
BSupp VX. Let P be a prime thick ®-ideal of D™(R). If X is contained in P, then so is
VX as P is prime. Therefore we obtain BSupp v/X = BSupp X, and the claim follows.

Fix a thick ®-ideal C of D™(R). For a prime ideal p of R one has S(p) € BSuppC
if and only if C € S(p), if and only if C, # 0, if and only if p € SuppC. This shows
S 1(BSuppC) = SuppC. Lemma 9.8(2) gives Supp(Cept) = S~ (BSuppC). Next, suppose
that C is compact. Lemma 9.8(1), (9.17.1) and (9.20.1) yield

BSupp(Crad) = BSuppC = BSupp(Ccpt) = BSupp((SuppC))
= BSupp{R/p | p € SuppC} = S(SuppC).

Thus we obtain the commutativity of the left square of the diagram.

Let A be any subset of Spec R. It is clear that S(A) = {S(p) | p € A} is contained in
S(A). As S(A) is a union of closed subsets of the topological space Spec D™(R), it is a
specialization-closed subset of Spec D™(R). Note that any specialization-closed subset of
Spec D (R) containing S(A) contains S(A). Hence we have S(A) = (S(A))*P<. Let B be a
specialization-closed subset of Spec D™(R). Then S(S™Y(B)) = {S(p) | p € Spec R, S(p) €

B} = BN *Spec D7(R) = Bspel by Corollary 6.15 and Proposition 9.18(1). Now it follows
that the right square of the diagram commutes. |

We close this section by producing another commutative diagram, coming from the
above theorem.

Corollary 9.21. There is a commutative dmgmm:

Spcl(Spec) Tame Spcl(*Spec)

Here, the three bijections are the ones appearing in Theorem 9.13, and the other maps are
retractions.
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Proof. We have the following diagram.
Rad

rad
0 T4l()cpt Supp Supp—1 BSp
Cpt _ = ~ Spel(Spec) __ =~ Tame =  Spel(*Spec)

) Supp BSp—!

o~

Thus it suffices to verify the equalities of compositions of maps Suppo()ept = Supp,
Supp~toSupp = ()¥™¢ and BSpo()?™¢ = BSp. This is equivalent to showing that the
equalities

(i) Supp(Xcpt) = Supp X, (ii) Supp ! Supp X = Atame, (iii) BSp(A*®™Me) = BSp X

hold for each (radical) thick ®-ideal X of D7(R). The equalities (i) and (ii) im-
mediately follow from Lemma 9.8. We have BSp(X™™¢) = BSp(Supp ' SuppX) =
(BSp o Supp 1) (Supp X) = S(SuppX) = BSp X, where the first and last equalities fol-
low from Lemma 9.8(1) and (9.13.1). Proposition 4.8(2) says that Supp X" belongs to
Spcl(Spec), and the third equality above is obtained by Theorem 9.13. Now the assertion
(iii) follows, and the proof of the corollary is completed. |

10. Distinction between thick tensor ideals, and Balmer’s conjecture

In this section, we consider when the section-retraction pairs in Theorem 9.20 and Corol-
lary 9.21 are one-to-one correspondences, and construct a counterexample to the conjecture
of Balmer. We begin with a lemma on the annihilator of an object in the thick ®-ideal
closure.

Lemma 10.1. Let {X)\}xea be a family of objects of D™(R). For M € thick®{X)}xea
there are (pairwise distinct) indices A1, ..., A\, € A and integers ey, ...,e, > 0 such that
Ann M contains [ ]}, (Ann X, )%.

Proof. Let C be the subcategory of D™(R) consisting of objects C' such that there are
As...,Ap € Aand eq,..., e, > 0such that AnnC contains []" ; (Ann Xy,)%. The follow-
ing statements hold in general.

o If Ais an object of D™(R) and B is a direct summand of A, then Ann A C Ann B.

e For each object A € D™(R) one has Ann(A[£1]) = Ann A.

eIf A - B — C — A[l] is an exact triangle in D™(R), then Ann B contains
Ann A-AnnC.

e For any objects A, B of D™(R) one has Ann(A ®% B) O Ann A.

It follows from these that C is a thick ®-ideal of D™(R). Since X is in C for all A € A, it
holds that C contains thick®{X )} ea. The assertion of the lemma now follows. [ |

The proposition below says in particular that in the case where R is a local ring D™(R)
has a compact prime thick tensor ideal. On the other hand, in the nonlocal case it is often
that D™(R) has no such one.

Proposition 10.2. (1) If R is a local ring with mazimal ideal m, then Cpt Ns~!(m) =
{0} 0.

(2) Let R be a nonlocal semilocal domain. Then there exists no compact prime thick

®-ideal of D™(R). In particular, one has Pepr & P = P4 for all P € Spec D™(R).
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Proof. (1) Let P be in Spec D"(R). Then P is in s !(m) if and only if SuppP = {p €
SpecR | p € m} = () by Proposition 7.1, if and only if P = 0 by Remark 4.6. Since 0 is
compact, we are done.

(2) Let my,...,m, be the (pairwise distinct) maximal ideals of R with n > 2. For
each 1 < ¢ < n one finds an element x; € m; that does not belong to any other maximal
ideals. As R is a domain of positive dimension, x; is a non-zerodivisor of R. Set C; =
D=0 R/z!™[t]; note that this is an object of D™(R). We have Supp(Cy ®% --- @% C,,) =
Nizy SuppCi = i, V(xi) = V(z1,...,2,) = 0 by Lemma 4.7(4) and the fact that
(z1,22) is a unit ideal of R. Remark 4.6 gives C ®Ié e ®Ié C, =0.

Suppose that there exists a compact prime thick ®-ideal P of D™(R). Then C ®I]§
-+ ®% C,, = 0 is contained in P, and so is Cy for some 1 < £ < n. We have P = (Supp P)
by Proposition 9.4, and by Lemma 10.1 there exist prime ideals p1,...,p, € SuppP
and integers ej,...,e, > 0 such that AnnCy contains (Ann R/p;)® --- (Ann R/p, )" =
pi' - --pyr. Since R is a domain and z is a non-unit of R, we have Ann Cy = (1,5 xflR =0
by Krull’s intersection theorem. Therefore pi* ---pSr = 0, and ps = 0 for some 1 < s < r
as R is a domain. Thus the zero ideal 0 of R belongs to Supp P, which implies SuppP =
Spec R. We obtain P = D™(R) by Proposition 6.1, which is a contradiction. [ |

To show a main result of this section, we make two lemmas. The first one concerns
the structure of the radical and tame closures, while the second one gives an elementary
characterization of Artinian rings.

Lemma 10.3. Let X be a subcategory of D™(R). One has

Atame — ﬂXgPEtSpec p-(r) F-

Proof. Lemma 9.8(1) implies X™¢ = v/thick® X', which coincides with the intersection of
the prime thick ®-ideals of D™(R) containing thick® X by Lemma 2.15. This is equal
to the intersection of the prime thick ®-ideals containing &', and thus the first equality
holds. As for the second equality, if P is a tame thick ®-ideal containing X, then we
have xtame C ptame — P which shows the inclusion (C). Let M be an object of D™ (R)
belonging to all P € *Spec D™(R) with X C P. Corollary 6.15 says that M is in S(p) for
all prime ideals p of R with X C S(p). This means that Supp M is contained in Supp X.
Hence M is in Supp~! Supp X', which coincides with X'**™¢ by Lemma 9.8(1). Thus the
second equality follows. |

d _
A" = mXQ'PESpec D™ (R) P,

Lemma 10.4. The ring R is Artinian if and only if for any sequence Iy, Io, ... of ideals
of R it holds that V(51 In) = U,>1 V(Un)-

Proof. First of all, note that the inclusion V(7,51 In) 2 U,,>1 V(I») always holds.

If R is Artinian, then there exists an integer m > 1 such that (1, I = j~, I;. From
this we obtain V((,>, In) = V(N ;) = UiL; V(I;) € U,>; V(In). This shows the
“only if” part.

Let us prove the “if” part. Assume first that R has infinitely many maximal ideals,
and take a sequence mji,ms,... of pairwise distinct maximal ideals of R. By assump-
tion, we get V(,>;mn) = U, V(my). Since V([,5;my) is a closed subset of
Spec R, it has only finitely many minimal elements with respect to the inclusion re-
lation. However, |J,»; V(m,) = {my,mg,...} has infinitely many minimal elements,
which is a contradiction. Thus, R is a semilocal ring. Let my,..., m; be the maximal
ideals of R, and J = my N --- N m; the Jacobson radical of R. Applying the assump-
tion to the sequence {J"},>1 of ideals gives V(5 J") = U, V(J") = V(J). By
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Krull’s intersection theorem, we obtain (1, ., J" = 0, whence V(J) = Spec R. Hence
Spec R = {my,...,my} = Max R, and we conclude that R is Artinian. [ |

Now we can prove our first main result in this section. Roughly speaking, if our ring
R is Artinian, then everything is explicit and behaves well, and vice versa. Note that this
result includes Corollary 7.14.

Theorem 10.5. The following are equivalent.

(1) The ring R is Artinian.

2) Every thick ®-ideal of D™ (R) is compact, tame and radical.

3) The maps S :Spec R = SpecD™(R) : s are mutually inverse homeomorphisms.

4) The section-retraction pair S : Spec R = Spec D™(R) : s is a one-to-one correspon-
dence.

(5) The section-retraction pair ()epe : Rad = Cpt : () is a one-to-one correspondence.

(6) The section-retraction pair S~!: Thom = Spcl(Spec) : S is a one-to-one corre-
spondence.

(7) The section-retraction pair ()spa : Thom = Spcl(*Spec) : ()PY s a one-to-one
correspondence.

(8) The retraction Supp : Rad — Spcl(Spec) is a bijection.

(9) The retraction ()™ : Rad — Tame is a bijection.

10)

11

—~~

The retraction BSp : Rad — Spcl(*Spec) is a bijection.
) The inclusion Rad O Tame is an equality.

Proof. Theorems 6.8, 9.13, 9.20 and Corollary 9.9 imply that the pairs in (4), (5), (6),
(7) are section-retraction pairs, the maps in (8), (9), (10) are retractions, and one has the
inclusion in (11).

The equivalences (5) < (6) < (7) and (5) < (8) & (9) < (10) follow from Theorem
9.20 and Corollary 9.21, respectively. It is trivial that (3) implies (4), while (1) implies
(2) by Corollaries 5.20, 9.9 and Proposition 4.8(1). If Spec D™(R) = *Spec D™ (R), then
S =8 and s = ¢'. From Theorems 7.2(3) and 7.4 we see that (2) implies (3). Corollary
9.9 says XM € Rad for each X € Rad. Hence, if ()**™¢ : Rad — Tame is injective,
then X = X*™Me holds. This shows that (9) implies (11). It is easily seen that the converse
is also true, and we get the equivalence (9) < (11). When S : Spec R — Spec D™(R) is
surjective, we have Spec D™(R) = *Spec D™(R), and for a radical thick ®-ideal X it holds
that X = A™d = Nacpespecd-(r) P = Nxcperspecpm(ry P = XM by Lemma 10.3,
whence X is tame. Therefore, (4) implies (11).

Now it remains to prove that (11) implies (1). By Lemma 10.4, it suffices to prove that
V(,»1 In) is contained in | J, -, V(I,,) for any sequence Iy, I, ... of ideals of R. For each
n > 1, fix a system of generators x(n) of I,. Set C'= P, K(z(n), R)[n]; note that this
is defined in D™(R). Then SuppC = |, SuppK(z(n), R) = U, V(I») by Proposition
5.3(3). The radical closure & of (J,,~; V(1)) is tame by assumption. Lemma 9.8 implies
Supp€ = U,>1 V(I) = SuppC. Thus C'is in Supp ! Supp & = & by Proposition 9.3, and
C®" € (Ups1 V(1)) for some r > 0. Using [BH, Proposition 1.6.21], we have

(10.5.1) C¥ = @Bo1 (DB 4oy —n K(@(i1), R) @F - - - F K((ir), R))[n]
> @, K(x(n), R)* [nr] = @, K(z(n), ..., x(n), R)[nr]

> @,»1 K(z(n), R)[nr] =: B.
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Thus B is in (U,,»; V(In)), and Corollary 5.13(3) implies V(Ann B) C (>, V(I,). We
have Ann B = (1,.; AnnK(x(n), R) = (), In by Proposition 5.3(3). It follows that

V(ﬂn>1 I,) C Un>1 V(I,). m

Our second main result in this section deals with the difference between the radical and
tame closures.

Theorem 10.6. Let W be a specialization-closed subset of Spec R. Set X = (W) and

Y = Supp ' W.

(1) The subcategory X is compact, and satisfies X9 = /X and X2™ = .

(2) The subcategory X (resp. V) is the smallest (resp. largest) thick ®-ideal of D™(R)
whose support is W. In particular, one has X C VX C Y.

(3) Assume that R is either a domain or a local ring, and that W is nonempty and proper.
Then one has VX C Y. Hence Y is not compact, and X™9 C xtame,

Proof. (1) The first statement is evident. The equalities follows from Lemma 9.8 and
Proposition 4.8.

(2) Let Z be a thick ®-ideal of D™(R) whose support is W. Then it is clear that Z is
contained in ). Proposition 5.9 implies that R/p belongs to Z for each p € W, which
shows that Z contains X.

(3) Since W is nonempty, there is a prime ideal p € W. Let € = x1,...,x, be a system
of generators of p, and put C' = P, K(x'*!, R)[i], which is an object of D™(R). The
support of C is equal to V(p) by Proposition 5.3(3), which is contained in W as it is
specialization-closed. Hence C' is in Supp ™t W = ).

Suppose that VX coincides with ), and let us derive a contradiction. There exists an
integer n > 0 such that the n-fold tensor product D := C ®% ®% C belongs to X.
An analogous argument to (10.5.1) yields that D contains E := @), K(z**!, R)[nk] as
a direct summand, whence E belongs to X. We use a similar technique to the one in
the latter half of the proof of Proposition 10.2. By Lemma 10.1, there are prime ideals
P1,...,pm € W and integers e, ..., e, > 0 such that Ann E contains pi' - - - pSm. We have

(10.6.1) A E = (2o A K(zF ! R) = 50" R =0

by Proposition 5.3(3) and Krull’s intersection theorem. This yields p{* - - p&m = 0, which
says that each prime ideal of R contains p; for some 1 < i < m. As W is specialization-
closed, we observe that W = Spec R, which is contrary to the assumption. Consequently,
VX is strictly contained in ).

If ) is compact, then we have J) = (Supp))) = (W) = X C /X by Proposition 9.4 and
Proposition 4.8(1), which is a contradiction. Hence Y is not compact. |

Remark 10.7. (1) Let p,C be as in the proof of Theorem 10.6(3). Then

(a) Supp C is contained in Supp R/p, but C does not belong to thick® R/p.

(b) V(Ann R) is contained in V(Ann C), but R does not belong to thick® C.
This guarantees in Proposition 5.9 one cannot replace V(Ann X) by Supp X, or Supp Y
by V(AnnY).

Indeed, we have SuppC = SuppR/p = V(p) € W # SpecR and AnnC =

M=o ™R = 0. The former together with Proposition 6.1 shows R ¢ thick® C,
while the latter implies V(Ann R) = V(0) = V(AnnC). Assume C is in thick® R/p.
Then AnnC' = 0 contains some power of AnnR/p = p by Lemma 10.1. Hence
V(p) = Spec R, which is a contradiction. Therefore C'is not in thick® R/p.
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(2) The assumption in Theorem 10.6(3) that R is either domain or local is indispensable.
In fact, let R = A x B be a direct product of two commutative Noetherian rings.
Then Spec R = Spec A LI Spec B and D™(R) = D7 (A) x D7(B), which imply that
SuppB}(R)(SpecA) = D7(A) = (Spec A)p- (p)-

(3) Recall that we have the following first section-retraction pair (Proposition 9.16), while
Corollary 9.9 gives rise to the following second section-retraction pair.

()rad : Cpt = Rad : ()cpt; inc : Tame = Rad : ()tame'

Corollary 9.21 implies that the left diagram below commutes. Therefore, it is natural
to ask whether the right diagram below also commutes.

Rad Rad
V &i 0= inc
Cpt = Tame Cpt = Tame

This is equivalent to asking if (cht)'ad = X for all X € Tame, and to asking if
yrame — yrad fo1 a]] Y € Cpt. Theorem 10.6 gives rise to a negative answer to this
question.

Finally, we consider a conjecture of Balmer. Recall that Balmer [BallOb, Conjecture
72] conjectures the following; see Part 1 for details.

Conjecture 10.8 (Balmer). Let 7 be a tensor triangulated category. The map p% is
(locally) injective when 7 is “algebraic enough”.

Here, “algebraic enough” tensor triangulated categories could mean algebraic ones, or
derived categories of dg-categories, or ones locally generated by the unit. Recall that a
continuous map f : X — Y of topological spaces is called locally injective at x € X if
there exists a neighborhood N of x such that the restriction f|y : N — Y is an injective
map. We say that f is locally injective if it is locally injective at every point in X. If for
any € X there exists a neighborhood F of f(z) such that the induced map f~*(E) — F
is injective, then f is locally injective.

Let us consider the above conjecture for our tensor triangulated category D™ (R). It turns
out that for 7 = D (R), Balmer’s constructed map p%- coincides with our constructed map
s : Spec D™(R) — Spec R.

Proposition 10.9. Let P be a prime thick ®-ideal of D™(R). One then has the following.

(1) s(P)=(ac R|R/a¢ P)={ac R|R/a¢ P} (2) 8(P) = pp- () (P)-
Proof. Corollary 5.11 and (1) imply (2). Let us show (1). Set J =(a € R| R/a ¢ P). As
R is Noetherian, we find a finite number of elements 1, ..., x, with R/xy,...,R/x, ¢ P

and J = (z1,...,2,). Therefore K(z1,...,2,, R) = K(z1, R) ®% --- @& K(2,,, R) is not
in P by Corollary 5.11 and the fact that P is prime. Using Corollary 5.11 again shows
J € I(P), whence J is contained in §(P). Next, take any a € s(P). Since V(s(P)) is not
contained in Supp P, neither is V(a). This implies R/a ¢ P by Corollary 5.11. |

As an application of our Theorem 10.6, we confirm that Conjecture 10.8 is not true in
general; our D™(R) is an algebraic triangulated category, but does not satisfy Conjecture
10.8 under quite mild assumptions:

Corollary 10.10. Assume that R has positive dimension, and that R is either a domain
or a local ring. Then the map s : Spec D™(R) — Spec R is not locally injective.
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In view of Conjecture 10.8, this theorem says that D™ (mod R) is not “algebraic enough”;
an algebraic tensor triangulated category is not sufficiently “algebraic enough”.

Proof. We can choose a nonunit x € R such that the ideal xR of R has positive height
(hence it has height 1). Put & = (V(z)). Using Theorem 10.6(3) and Lemma 10.3, we
find a prime thick ®-ideal P such that X C P C P*me. Suppose that s is locally injective
at P. Then there exists a complex M € D™(R) with P € U(M) such that the restriction
sly(ary : U(M) — Spec R is injective. Since M is in P, it is also in P*™M¢. Hence both P and
Ptame helong to U(M). However, these two prime thick ®-ideals are sent by s to the same
point; see Theorem 6.8. This contradicts the injectivity of 5]U( M), and we conclude that s
is not locally injective at P. The last assertion of the corollary follows from Proposition
10.9(2). |

Remark 10.11. The reader may think that Corollary 10.10 can also be obtained by
showing that the map

f : SpecD™(R) — Spec K®(proj R), P +— P NKP(proj R)

is not injective. We are not sure whether the non-injectivity of the map f implies Corollary
10.10, but at least showing the non-injectivity of f is equivalent to our approach: Using
Proposition 5.9, we see that P N Kb(proj R) contains the Koszul complex of a system
of generators of each prime ideal belonging to SuppP. Hence Supp(P N K®(proj R)) =
Supp P, and the Hopkins-Neeman theorem implies 7 N KP(proj R) = Su ppgbl( SuppP.

Therefore, for P, Q € Spec D™(R) it holds that
f(P)=f(Q) <= SuppP = Supp Q,

which says that the map f is injective if and only if all the prime thick ®-ideals of D™(R)
are tame. In the end, even if we intend to prove Corollary 10.10 by showing the non-
injectivity of the map f, we must find a non-tame prime thick ®-ideal of D™(R), which is
what we have done in this section.

proj R)

11. Thick tensor ideals over discrete valuation rings

In this section, we concentrate on handling the case where R is a discrete valuation ring.
Several properties that are specific to this case are found out in this section. Just for
convenience, we write complexes as chain complexes, rather than as cochain complexes.
We start by studying complexes with zero differentials.

Proposition 11.1. Let X = @, Xili] = (- = X3 = X = X1 = Xo — 0) be a
complex in D™ (R). Then it holds that thick® X = thick® Y in D™(R), where

Y = @@ X))l = (- 2 X30X28X18Xo > X280 X18Xo > X18X0 > X — 0).
Proof. Putting F = @j20 R[j], we have X ®% F = (@i>0 Xili]) ®% (@]20 R[j]) =

@z‘j>0 X;li + 4] = Y. Hence thick® X contains thick® Y. The opposite inclusion also
holds as X is a direct summand of Y. |

Proposition 11.2. Let X = @0 Xs[i] = (- = X3 = Xo 5 X1 = Xg — 0) be a
complez in D™(R). Then for all integers a; > 0, the thick ®-ideal closure thick® X in
D™ (R) contains

@QOX?M[%] =(—= X:?“:” —0— XSBGQ —0— XfB“l —0— Xgaao —0).
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Proof. In the category D™(R) the complex P, X% 20 = B o(Xi @F RP4)[2i] is a
direct summand of @, -.o(X; &% RE)[i-+1] = (s Xili]) (00 RE j]) = X &Y,
where Y = @, R®¥[j] = (--- = R®® & R®® & R%% — () is a complex in D™(R).
Thus the assertion follows. n
Corollary 11.3. Let X = @, Xi[i] = (--- = X3 = Xp = X1 5 Xo — 0) be a complex
in D™(R). Then for any integers a; > 0 the complex

Y = @y XEU] = (- & X9 5 XG0 5 XU & XE%0 5 0)

is in thiCk®{Xeven7Xodd}; where Xeyen = @1'20 X2z[1] = ( o Xs L X5 XS Xo —
0) and Xodd = ®i>0 X2i+1[i] = ( e i) X7 i) X5 i) X3 i) X1 — 0).

Proof. The complex Y is the direct sum of A = (- = 0 = X7 =0 — X5 — 0 —
X§™ w5 0)and B= (- = X% -0 — X3% — 0 — X" — 0 — 0). Proposition
11.2 shows that A is in thick® Xeyen and B is in thick® X qq. Therefore Y belongs to
thick®{ Xeven, Xodd }- n

A natural question arises from Proposition 11.2 and Corollary 11.3:

Question 11.4. Does thick®(--- - 0= Xy -0— X; - 0— Xg — 0) contain
(5 X% X1 % Xo — 0)? Does thick®(--- % X7 % X — 0) contain (- & X7 2
XSB“O — 0) for all integers a; > 07

We do not know the general answer to this question. The following example gives an
affirmative answer.

Example 11.5. Let (R, zR) be a discrete valuation ring. Then
thick®(--- B R/23 % R/2* % R/x — 0)
= thick®(--- - 0 = R/2® - 0 — R/2?> - 0 — R/x — 0).
Proof. In fact, the inclusion (D) follows from Proposition 11.2. To check the inclusion

(C),set A= (-3 R/x> % R/2> % R/x — 0)and B = (--- = 0 — R/2®> - 0 —
R/x?> — 0 — R/x — 0). Note that for each integer n > 0 there is an exact sequence

0— R/z" a, R/z**1 — R/2™*1 — 0 of R-modules. This induces an exact sequence
0—C — A— B — 0 of complexes of R-modules, where
C=(-%R/a" % R/2* SHR/x" " & R 2
% R/2* % R/x* S R/x S R/2? — 0).
We see that C = B[2]® D, where D= (--- -0 — R/2>* -0 —--- - 0— R/z* -0 —

R/x? — 0), and have an exact sequence 0 — B[1] — D — BJ[1] — 0 of complexes. The
assertion now follows. [ |

The Loewy length of a finitely generated R-module M, denoted by £r(M ), is by defi-

nition the infimum of integers i such that the ideal (rad R)® kills M. Let us consider thick
®-ideals defined by Loewy lengths.

Notation 11.6. Let R be a local ring with maximal ideal m. Let ¢ > 0 be an integer.

(1) Let L. be the subcategory of D (R) consisting of complexes X such that there exists
an integer ¢ > 0 with £¢(H; X) < i~ ! for all i >> 0.
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(2) When ¢ > 1, let G. be the complex

PR/ i = (-2 R/m* " % R/m* " % R/m — 0).

>0
Proposition 11.7. Let (R,m,k) be local. One has Lo € L1 C Lo € -+ and Ly =
DA(R) = thickp-(p) k-

Proof. Fix an integer n > 0. It is clear that £, is contained in L£,1;. We have
UU(H;Gpy1) = i" for each i > 0, which shows £,, # L, +1. Hence the chain £y C £; C
Lo C --- is obtained. Let X be a complex in D™(R). Suppose that there exists an integer
t > 0 such that £/(H;X) < ti~! for i > 0. Then we have to have ¢/(H;X) = 0 for i > 0,
which says that H; X = 0 for j > 0. Thus we obtain £y = D§(R) = thickp- () k, where
the second equality is shown in Proposition 4.2. |

Recall that an abelian category A is called hereditary if it has global dimension at most
one, that is, if Exti\(.A, A) = 0. Recall also that a ring R is called hereditary if R has
global dimension at most one.

From now on, we study thick ®-ideals of D™(R) when R is local and hereditary. In
this case, R is either a field or a discrete valuation ring. If R is a field, then by Corollary
5.20 there are only trivial thick ®-ideals. So, we mainly consider the case of a discrete
valuation ring. First, we mention a well-known fact, saying that each complex in the
derived category of a hereditary abelian category has zero differentials.

Lemma 11.8. [Kra, 1.6] Let A be a hereditary abelian category. Then for each object
M € D(A) there exists an isomorphism M = H(M) = @,., Hi(M)[i] in D(A).

The lemma below is part of our first main result in this section.

Lemma 11.9. Let R be a discrete valuation ring. Then L. is a thick ®-ideal of D™(R)
for every ¢ > 1.

Proof. By Proposition 4.8(3), it suffices to show L. is a thick ®@-ideal of Dj(R). We do
this step by step.

(1) Take any complex X in L.. There exist integers ¢, u > 0 such that £¢(H; X) < ti¢~! for
all i > u. Let Y be a direct summand of X in Dg(R). Then H;Y is a direct summand of
H; X, and we have £¢(H;Y) < £0(H; X) < ti"! for all i > u. Hence Y belongs to L.

(2) Let X =Y — Z ~~ be an exact triangle in Di(R). Suppose that both X and Z belong
to L.. Then there exist integers ¢,u,a,b > 0 such that £/(H;X) < ti°! and ¢/(H;Z) <
wjc ! for all i > a and j > b. An exact sequence --- — Hy X — H,Y — H,Z — -+ is
induced, and from this we see that £/(H,Y) < L(HiX) + L(HiZ) < (t + u)k“! for all
k > max{a,b}. Therefore, Y belongs to L..

(3) Let X be a complex in £.. Then there exist integers t,u > 0 such that £/(H; X) < ti¢!
for all i > u. It holds that £¢(H;(X[1])) = £0(H; 1 X) <t(i— 1)t <ti¢Lforalli > u+1
for all ¢ > w + 1, where the second inequality holds as ¢ > 1. Also, ¢/(H;(X[-1])) =
C(Hi X)) < t(i+ 1)t <t +4)7 = (2¢71¢) - ¢! for all i > max{1,u — 1}, where the
first inequality holds as ¢ > u — 1, and the second one holds since ¢ > 1 and ¢ > 1. Thus
the complexes X[1] and X [—1] belong to L.

(4) Let X,Y be complexes in Dg(R). Suppose that X belongs to £.. We want to show
that X ®% Y also belongs to L.. Taking into account (3) and Lemma 11.8, we may
assume that X = @, Xi[i] and Y = P,., Y;[j] with X;,Y; being R-modules, and that
there exist s > 1,¢ > 0 such that £/(X;) < ti° ! for all i > s. Set u = max{l/(X;) |
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1 < 7 < s — 1}; note that each X; has finite length, whence has finite Loewy length.
We have X @by = Diz1 jo0(Xi ®% V)i + j], and from this we get Hy(X ®%Y) =
Diz1, >0, i<k TorkRﬂ;] (X, Y;) for all integers k. Note here that Torffifj(Xi, Y;) =0 for
1+7 >k

We claim that £0(X;) < (t+u)i¢ ! foralli > 1. In fact, recall¢c > 1and t,u > 0. If i > s ,
then £0(X;) <ti ' < (t+wu)ich If1<i<s—1, then%( i) Su<t+u< (E+u)ic
The claim follows.

Fix three integers i, j, k withi > 1,7 > 0 and i+ j < k. Then (¢ +u)k“~! > (t +u)i¢?
since kK > ¢ and ¢ > 1. The claim shows that X; is killed by m(H“)kHI, and so 1is
Tor,?_i_j(Xi, Y;), where m stands for the maximal ideal of R. Hence £/(Hx(X ®%Y)) <
(t +u)ke™! for all k € Z, which implies X ®@% Y € L..

It follows from the above arguments (1)—(4) that £, is a thick ®-ideal of Dg(R). |

Remark 11.10. Let (R, m, k) be a local ring. When ¢ = 0, the subcategory L. is never
a thick ®-ideal of D™(R). Indeed, by Proposition 11.7 we have £y = DE(R). The module
k is in Lo, but the complex (- %k 3k —0)=k®% (--- % R > R — 0) is not in Lo.

Now we have our first theorem concerning the subcategories L. of D™(R) for a discrete
valuation ring R. This especially says that the equality of Proposition 6.9(2) does not
necessarily hold.

Theorem 11.11. Let R be a discrete valuation ring. Then L. is a prime thick ®-ideal of
D™(R) for all integers ¢ > 1. In particular, one has

dim(Spec D™(R)) =00 > 1 = dim R.

Proof. Lemma 11.9 says that L. is a thick ®-ideal of D™(R). Proposition 11.7 especially
says L. # D7(R). Let X,Y be complexes in D™(R) with X ®% Y € L., and we shall
prove that either X or Y isin £.. Applying Lemma 11.8 and taking shifts if necessary, we
may assume X = P, Xi[i] and Y = P, Y;[j], where X;,Y; are finitely generated R-
modules. Assume that X is not in Dj(R). Then X, has infinite length for some a > 0. As
R is a discrete valuation ring, X, has a nonzero free direct summand. Hence R[a] is a direct
summand of X, and Y[a] = R[a]®@%Y is a direct summand of X®%Y. As X®LY isin L.,
so is Y. Similarly, if Y ¢ Dj(R), then X € L.. This argument shows that we may assume
that both X and Y belong to D3 (R), or equivalently, that all X; and Y} have finite length as
R-modules. Since X ®%Y belongs to L., there exist integers t,u > 0 such that H, (X ®%Y")
has Loewy length at most tn°~! for all n > u. Assume that X is not in £.. Then we can
find an integer e > u such that £/(X.) > tec"*. We have X @LY = D jo(Xi QL Y;)[i+7],
which gives rise to H, (X ®% Y) = ®i,j>0 Tor,—i—j(X;,Yj) for all integers n. Setting
a; = W(X;) and b; = £0(Y;) for i,j > 0, we obtain for every integer n > e:

Hn(X®]éY)>T0rn_e_(n_e) (XeyYn_e) = Xe®@pYp_e>R/2% ®RR/$bnfe _ R/xmin{ambnfe}

It is seen that min{ae, b, .} < tn"!foralln > e. Asa, > te 1, we must have a, > b, e,
and b, < tn! for all n > e. Hence ¢/(H,(Y]e])) = tl(Yy_¢) = by < tn® ! forn >e,
which implies that Ye] is in L., and so is Y. Similarly, if Y is not in £, then X is in
L.. Thus L. is a prime thick ®-ideal of D™(R). Now £; € Lo € L3 € --- from Lemma
11.9 is an ascending chain of prime thick ®-ideals with infinite length, which shows the
inequality in the proposition; see Proposition 6.9(1). |

To make an application of the above theorem, we state and prove a lemma.
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Lemma 11.12. For each prime ideal p of R, one has dim Spec D™ (R)) < dim Spec D™(R).

Proof. We first show that the localization functor L : D7(R) — D™(R,) is an essentially

surjective. Let X = (--- By x4 Xo — 0) be a complex in D™(R,). What we want
is a complex Y € D™(R) such that X = L(Y). For each integer i > 0, choose a finitely
generated R-module Y; with (Y;), = X;, and R-linear maps d}/ :Y; =Y, and s; € R\ p

Y Y gy
such that d¥ = % in Homp, (X;, X;—1) = Hom(Y;, Yi_1)p. Then 2% = X aX =,

and there is an element t; € R\ p such that tidzy_ldly = 0. Define a complex Y =

tit1dY ;dY ay ¥ ) . .
(- Ly, bl b Y; hdi, Yy — 0) in D7(R). Then there is an isomorphism
tdy tady tdy’
Y = ("'A(Yi)pél(yifl)p%"‘%(Y2)p$(yl)p$(y())p%0)
J/ ’EJ{U'L glulw giuz glul
X dX ¥
X = (X —= X X9 X1 Xo 0),

of complexes, where u; :=t1---t;51---s;. Thus, we obtain L(Y) =Y, = X.

The essentially surjective tensor triangulated functor L induces an injective continuous
map Spec L : Spec D™(R,) — Spec D™(R) given by P — L~1(P); see [Bal05, Corollary
3.8]. This map sends a chain Py C --- C P, of prime thick ®-ideals of D™(R,) to the chain
L7 YPy) € -+ C L7Y(P,) of prime thick ®-ideals of D™(R). The lemma now follows. B

The following corollary of Theorem 11.11 provides a class of rings R such that the
Balmer spectrum of D™(R) has infinite Krull dimension. This class includes normal local
domains for instance.

Corollary 11.13. If R, is regular for some p with htp > 0, then dim Spec D™(R) = oo.

Proof. We may assume ht p = 1. We have dim Spec D™(R) > dim Spec D™(R,) = oo, where
the inequality follows from Lemma 11.12, and the equality is shown in Theorem 11.11. W

Next we study generation of the thick ®-ideals £.. In fact each of them possesses a
single generator.

Theorem 11.14. Let (R,xR, k) be a discrete valuation ring, and let ¢ > 1 be an integer.

It then holds that L. = thickg_ G.. In particular, one has £, = thick®. _ k.

(R) D™ (R)

Proof. Clearly, G. is in £.. Lemma 11.9 implies that thick® G, is contained in £.. We
establish a claim.

Claim. Let 0 < n < ¢ — 1 be an integer. Let X € Dy(R) be a complex. Suppose that
there exists an integer ¢ > 0 such that ¢/(H;X) < ti™ for all ¢ > 0. Then X belongs to
thick® G..

Once we show this claim, it will follow that £. is contained in thick® G, and we will be
done.

First of all, note that k is a direct summand of G.. Combining this with Proposition
4.2, we have

(11.14.1) thick® G.. D thick® k D thick k = D§(R).

Let X be a complex as in the claim. Using Lemma 11.8, we may assume X = @, , X;][i]
for some integer s and R-modules X; of finite length. There is an integer u > s with
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00(X;) < ti" for all i > u. We have X = (Do, Xili]) @ (D)=, Xi[i]), whose latter
summand is in DE(R). In view of (11.14.1), replacing X with the former summand, we
may assume u = s. When s > 0, we set X; = 0 for 0 < ¢ < s — 1. When s < 0, we
have X = (D5 Xili]) © (D= ! X;[i]), whose latter summand is in D§(R). By similar
replacement as above, we may assume s = 0. Thus, X = @,., X;[i] and £4(X;) < ti" for
all ¢ > 0.

Since R is a discrete valuation ring with max1mal ideal zR, for every 7 > 1 there is an
integer a;; > 0 such that X; is isomorphic to @ i1 (R 27)®%; Therefore it holds that

X = @0}, (R/27)29)[i] < @ (L1 R/27) ]
€ thick® { @ oD R/l Dy (@5 R/}

t
= thick® { A1, As @ (D R/2?) 3 |

where a; := max{a;; | 1 < j < ti"} and 4; := @121(@3(21(2??”“ R/z7)[i] for | = 1,2.

The relations “€” and “=” follow from Corollary 11.3 and Proposition 11.1, respectively.
Since @;Zl R/x7 is in thick® G. by (11.14.1), it suffices to show that A; belongs to
thick® G for | = 1,2.

We prove this by induction on n. When n = 0, we have A; = Ay = 0 € thick® G,, and
are done. Let n > 1. Fix [ = 1,2. The exact sequences

0 — R/z'@D" 2y Rygitt@i=D" s Rrai 50 (i>1,1<j < thy)
with by = (26 — 1 4+ 2)" — (2 — [)" induce exact sequences

0 — (R/xtZi-D"y®tbi _, e;;@; ;ﬁ)m Rjz) — @7 R/l —0  (i>1),

which induce an exact triangle B; — A; — C; ~» in Di(R), where we set B; =
@Ql(R/xt(%*l)n)@tbﬂ[i] and C; = @@1(@%” R/xz7)[i]. Since ¢/(H;C)) = tb; has de-
gree at most n — 1 as a polynomial in 4, the induction hypothesis implies that Cj is in
thick® G.. By Corollary 11.3, B; belongs to

thick® (@) (R/a'(7)")[i] [0 < r < 3},
Let f(i) be a polynomial in ¢ over N with leading term ei". The exact sequences

10

0— R/zW DI 25 R/t s R/ 50 (i >0)

induce an exact triangle D,y — D; — D; ~» in Dy(R), where we put D, =

Do R/ 2/@[i]. An inductive argument on ¢ shows that D; belongs to the thick clo-
sure of Dq. The exact sequences

0 — Rz )= (m+1)i" x——)R/x D= S Rz 0 (i =0)

induce an exact triangle E,,11 — E,, — G ~», where we set E,, = @i>0(R/xf(i)_min)[i]
for 0 < m < e. Hence Ej is in the thick closure of G, and E.. Since ¢¢/(H;E.) = f(i) — ei”
has degree at most n— 1 as a polynomial in 7, the induction hypothesis shows that E. is in
thick® G.. Hence D; = Ej is also in thick® G, and so is D;. Therefore B is in thick® G..
Thus A; belongs to thick® G, for [ =1, 2. [ |
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Remark 11.15. Let (R, xR, k) be a discrete valuation ring, and let ¢ > 2 be an integer.
Then Supp G. = {xR} = Supp k. In particular, we have Supp G # Spec R, so that R is not
in thick® G by Proposition 6.1. Krull’s intersection theorem implies Ann G, = 0 = Ann R.
Proposition 11.7 and Theorem 11.14 imply that G, is not in £; = thick® k. In summary:

(1) Supp G. is contained in Supp k, but G. does not belong to thick® k.
(2) V(Ann R) is contained in V(AnnG.), but R does not belong to thick® G...

This guarantees that in Proposition 5.9 one cannot replace V(Ann X') by Supp X, or Supp YV
by V(AnnY).

Example 11.16. Let us deduce the conclusion of Proposition 10.2(1) directly in the
case where (R, m, k) is a discrete valuation ring. In this case, we have Spcl(Spec) =
{0, {m}, Spec R}. Using Proposition 9.4, we obtain Cpt = {0, thick® k, D"(R)}. Note that
0 = S(m) is prime and Theorems 11.14, 11.11 say that thick® k is prime. Thus the compact
prime thick ®-ideals of D™(R) are 0 and thick® k. It follows from Corollary 6.11 that
s(thick® k) does not contain m, which implies s(thick® k) = 0. Hence CptNs—!(m) = {0}.

Let us consider for a discrete valuation ring R the tameness and compactness of the
thick ®-ideals L.

Proposition 11.17. Let R be a discrete valuation ring, and let ¢ > 1 be an integer. Then
L. is a non-tame prime thick ®-ideal of D™(R). If ¢ > 2, then L. is non-compact.

Proof. Tt is shown in Theorem 11.11 that L. is a prime thick ®-ideal of D7(R). Denote
by xR the maximal ideal of R. Using Proposition 11.7 and Theorem 11.14, we easily see
that Supp L. = V(z) = {zR}.

Suppose that £, is tame. Then £. = Supp '{zR} by Proposition 9.3. For example,
consider the complex £ = @i>O(R/xi!)[i]. We have Supp E = {zR}, which shows E € L..
Hence there exists an integer ¢ > 0 such that i! = £0(H;E) < ti! for all i > 0. This
contradiction shows that L. is not tame.

Suppose that L. is compact. Then L. = (Supp L.) = thick® k = £; by Proposition 9.4
and Theorem 11.14. This gives a contradiction when ¢ > 2; see Proposition 11.7. Thus
L. is not compact for all ¢ > 2. [ |

Remark 11.18. Theorem 11.14 implies that L. is generated by the complex G, whose
support is the closed subset {m} of Spec R. Corollary 11.17 says that L. is not compact
for ¢ > 2. This gives an example of a non-compact thick ®-ideal which is generated by
objects with closed supports.

In the proof of Proposition 11.17, a complex defined by using factorials of integers played
an essential role. In relation to this, a natural question arises.

Question 11.19. Let (R, zR) be a discrete valuation ring. Consider the complex
E = @i>0(R/xi!)[i] =( 3R/ RS R/2S S R/a? S R/x > R/x — 0)

in D™(R). Is it possible to establish a similar result to Theorem 11.14 for thick® E? For
example, can one characterize the objects of thick® E in terms of the Loewy lengths of
their homologies?

We have no idea to answer this question. In relation to it, in the next example we will
consider complexes defined by using not factorials but polynomials. To do this, we provide
a lemma.
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Lemma 11.20. Let x be a non-zerodivisor of R. Then the complex @iEO(R/xai‘Fbi)[i]
belongs to the thick closure of @, (R/x%)[i] and B~ o(R/x")[i] for all integers a;, b; > 0.
In particular, the complex D, (R/x)[i] is in the thick closure of ;- (R/x*)[i] for all
integers c,a; > 0.

b;
Proof. For each i > 0 there is an exact sequence 0 — R/z% 5 R/x%tbi
R/z% — 0. From this an exact sequence 0 — Diso(R/x%)[i] — @i>O(R/xai+bi)[i] —
Di=o(R/ 2%)[i] — 0 is induced. The first assertion follows from this. The second assertion
is shown by induction and the first assertion. [ |

Example 11.21. Let z € R be a non-zerodivisor. For integers a, b, ¢ > 0, define a complex
X(a,b,¢) = @yo(R/fi)li] = (--- = R/fa = R/ f1 = R/fo — 0),

where f; = 2% *bitc ¢ R Then it holds that thick®{X (a,b,c) | a,b,c > 0} =
thick®{X (1,0,0)}.

Proof. 1t is obvious that the left-hand side contains the right-hand side. In view of Lemma
11.20, the opposite inclusion will follow if we show that X(1,0,0), X(0,1,0), X (0,0, 1) are
in thick®{X(1,0,0)}, whose first containment is evident. The complex X(1,0,0) has
the direct summand (R/z)[1], so the module R/x belongs to thick®{X(1,0,0)}. We
have X(0,0,1) = R/z ®% (--- = R % R — 0), which is in thick®{X(1,0,0)}. The

. 2i+1 . . .
exact sequences 0 — R/z22 z 5 R/;g(“rl)2 N R/x2’+1 5 0 and 0 — R/:L‘2’+1 z,

R/x**? - R/x — 0 with i > 0 induce exact sequences 0 — X (1,0,0) — X (1,0,0)[-1] —
X(0,2,1) — 0 and 0 — X(0,2,1) — X(0,2,2) — X(0,0,1) — 0, which shows that
thick®{X(1,0,0)} contains X(0,2,1) = (--- = R/2® &% R/2® % R/x — 0) and
X(0,2,2) = (- > R/2® & R/2* & R/x?> — 0). Applying Corollary 11.3, we see
that X (0,1,0) belongs to thick®{X(1,0,0)}. |

Remark 11.22. One can consider a general statement of Example 11.21 by defining
f; = geoi’+ari® +taa g that it is nothing but the example for d = 2. We do not know
if it holds for d > 3.
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Part 3. Classification of subcategories and reconstruction of
classifying spaces

12. Introduction

The contents of this part is based on the author’s paper [Mat17c|.

As is a common approach in many branches of algebra including algebraic geometry,
modular representation theory and commutative ring theory, we assign to an algebraic
object A (e.g., a scheme X, a finite group GG, a commutative Noetherian ring R) a trian-
gulated category 7 (e.g., the perfect derived category DPf(X), the stable module category
mod kG, the singularity category Dsg(R)) and a topological space S (e.g., the underlying
topological spaces X, ProjH*(G; k), Sing R). By studying such a triangulated category
and a topological space, we aim to grasp the structure of the original algebraic object.
From this motivation, it is natural to ask what kind of relationship there exists between
T and S.

algebraic objects A:

X,G, R
triangulated categories T 777 topological spaces S
DPef(X), mod kG, Deg(R) X, ProjH*(G: k), Sing R

In this part, we consider this question, more precisely, the following:

Question 12.1. Let A, A’ be algebraic objects, T, T’ corresponding triangulated cate-
gories, and S, S corresponding topological spaces, respectively. Does the implication

T=T —=8S=5
hold?

We introduce the notion of a classifying space of a triangulated category (see Definition
13.5), and prove the following result, which gives a machinery to answer the above question.

Theorem 12.2 (Theorem 14.10). Let T, T’ be essentially small triangulated categories
and S, S’ classifying spaces for T and T, respectively. Then the implication

T=T =S5=5
holds.
The key role to prove this theorem is played by the support theory for triangulated
categories. For tensor triangulated categories, the support theory has been developed by
Balmer [Bal02, Bal05] and is a powerful tool to show such a reconstruction theorem. Since

we focus on triangulated categories without tensor structure, we need to invent the support
theory without tensor structure.

12.1. Algebraic geometry

Let X be a scheme. The derived category of perfect complexes on X is called the perfect
derived category and denoted by DPef(X). The case where X = Spec R is affine, it is well
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known that the original scheme is reconstructed from DPef(R) := DPef(X). Indeed, for
two commutative rings R and S, if the perfect derived categories of R and S are equivalent,
then R is isomorphic to S (see [Ric, Proposition 9.2]), and hence

DPef(R) = DPf(S) — Spec R = Spec S as topological spaces. (%)

However, such a result no longer holds for non-affine schemes. In fact, there exist a lot of
non-isomorphic schemes X and Y such that DPef(X) = DPef(Y); see [Muk, Orl97]. When
there is a triangulated equivalence DPef(X) = DP*(Y), X and Y are said to be derived
equivalent. In section 3, we shall prove that the underlying topological spaces of a certain
class of schemes can be reconstructed from their perfect derived categories:

Theorem 12.3 (Theorem 14.7). Let X and Y be Noetherian quasi-affine schemes (i.e.,
open subschemes of affine schemes). Then the implication

DPef(X) = DP(Y) = X =Y as topological spaces
holds.

This theorem recovers () for Noetherian rings as any affine scheme is quasi-affine. A
typical example of a non-affine quasi-affine scheme is the punctured spectrum of a local
ring. As an application of this theorem, we obtain that a derived equivalence of X and Y
yields the equality of the dimensions of X and Y.

12.2. Modular representation theory

In modular representation theory, finite groups are studied in various contexts. From an
algebraic viewpoint, a finite group G has been studied through its group algebra kG and
stable module category mod kG, where k is a field whose characteristic divides the order of
G. Here, mod kG is a triangulated category consisting of finitely generated kG-modules
modulo projectives. On the other hand, the cohomology ring H*(G; k) gives an approach
to study a finite group G from the topological aspect because it is isomorphic to the
cohomology ring of a classifying space BG of G; see [Ben, Chapter 2] for instance. The
second main result in section 3 is the following:

Theorem 12.4 (Theorem 14.10). Let k (resp. 1) be a field of characteristic p (resp. q),
and let G (resp. H) be a finite p-group (resp. q-group). Then the implication

mod kG = mod [H = ProjH*(G; k) = ProjH*(H ;1) as topological spaces

holds.

If there exists a triangulated equivalence mod kG = mod [ H, we say that kG and [H are
stably equivalent. As an application of this theorem, we have that a stable equivalence of
kG and [H yields that the p-rank of G and the g-rank of H are equal.

12.3. Commutative ring theory

Let R be a left Noetherian ring. The singularity category of R is by definition the Verdier
quotient

Dsg(R) := DP(modR)/DP**(R),
which has been introduced by Buchweitz [Buc| in 1980s. Here, mod R stands for the
category of finitely generated left R-modules and DP(modR) its bounded derived cate-
gory. The singularity categories have been deeply investigated from algebro-geometric
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and representation-theoretic motivations [Che, IW, Ste, Tak10] and connected to the Ho-
mological Mirror Symmetry Conjecture by Orlov [Orl04].

One of the important subjects in representation theory of rings is to classify rings up to
certain category equivalence. For example, left Noetherian rings R and S are said to be:

e Morita equivalent if mod R = mod S as abelian categories,
e derived equivalent if DP(mod R) = DP(mod S) as triangulated categories,
o singularly equivalent if Deg(R) = Dgg(S) as triangulated categories.

It is well known that these equivalences have the following relations:
Morita equivalence = derived equivalence = singular equivalence.

Complete characterizations of Morita and derived equivalence have already been obtained
in [Mor, Ric], while singular equivalence is quite difficult to characterize even in the case of
commutative rings. Indeed, only a few examples of singular equivalences of commutative
Noetherian rings are known. Furthermore, for all of such known examples, the singular
loci of rings are homeomorphic. Thus, it is natural to ask the following question.

Question 12.5. Let R and S be commutative Noetherian rings. Are their singular loci
homeomorphic if R and S are singularly equivalent?

In section 4, we show that this question is affirmative for certain classes of commutative
Noetherian rings. To be precise, we shall prove the following theorem.

Theorem 12.6 (Theorem 15.4). Let R and S be commutative Noetherian local rings that
are locally hypersurfaces on the punctured spectra. Assume that R and S are either

(a) complete intersection rings, or
(b) Cohen-Macaulay rings with quasi-decomposable maximal ideal.

Then the implication
Dsg(R) =2 Deg(S) = Sing R = Sing S as topological spaces
holds.

Here, we say that an ideal I of a commutative ring R is quasi-decomposable if there is
an R-regular sequence z in I such that I/(z) is decomposable as an R-module. Moreover,
we prove that singular equivalence localizes by using such a homeomorphism.

The organization of this part is as follows. In section 2, we introduce the notions of a
classifying support data for a given triangulated category and develop the support theory
without tensor structure, and finally prove Theorem 12.2. In section 3, we connect the
results obtained in section 2 with the support theory for tensor triangulated categories
and study reconstructing the topologies of the Balmer spectra without tensor structure.
Using this method, we prove Theorem 12.3 and 12.4. In section 4, we prove Theorem 12.6
and give examples of commutative rings which are not singularly equivalent.

For two triangulated category T, T’ (resp. topological spaces X, X'), the notation
T =T (resp. X = X') means that 7 and T are equivalent as triangulated categories
(resp. X and X' are homeomorphic) unless otherwise specified.

13. Reconstruction of classifying spaces

In this section, we discuss the support theory for triangulated categories and reconstruction
of classifying spaces.
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Definition 13.1. Let U be a full subcategory of 7. We say that U is a ®-ideal if it
satisfies
MeUNeT=M®N elU.

Remark 13.2. ¢/ C T is a @-ideal if and only if 7 \ U is closed under taking direct
summands.

Example 13.3. (1) The full subcategory 7 \ {0} is a é-ideal.
(2) The full subcategory T(7) of test objects (see Definition 15.8 below) of T is a @®-ideal.

Let us fix the following notations:

Notation 13.4. Let 7 be a triangulated category, Y C T a @-ideal, and X a topological
space. Then we set:

Th(T) := {thick subcategories of T},

Thy(T) := {thick subcategories of 7 containing an object of U},

Spcl(X) := {specialization closed subsets of X},

Nesc(X) := {non-empty specialization-closed subsets of X},

Nec(X) := {non-empty closed subsets of X},

Irr(X) := {irreducible closed subsets of X }.

Let (X, o) be a support data for 7, X a thick subcategory of 7, and W a specialization-
closed subset of X. Recall that f,(X) := Jyer 0(M) is a specialization-closed subset of
X and g,(W) :={M € T | o(M) C W} is a thick subcategory of T. Therefore, we obtain
two order-preserving maps

Jo
Th(T) ? Spcl(X).

with respect to the inclusion relations. Now, let us introduce the notions of a classifying
support data and a classifying space.

Definition 13.5. Let (X, 0) be a support data for 7 and & C T a @-ideal. Then we say
that (X, 0) is a classifying support data for T with respect to U if

(i) X is a Noetherian sober space, and

(ii) the above maps f, and g, restrict to mutually inverse bijections:

fo
Thy/(7) —— Nesc(X).
9o
When this is the case, we say that X is a classifying space of T with respect to U.
If (X, o) is a classifying support data for 7" with respect to & = T \ {0}, then we call
it a classifying support data for T and X a classifying space of T for simplicity.

Remark 13.6. A classifying support data (X, o) for 7 classifies all thick subcategories of
T containing g, () = o~1((). Indeed, the map g, : Nesc(X) — Thy(T) is injective with
image {X € Th(T) | X 2 o= 1(0)}. In particular, if (X, o) satisfies the condition (1) in
Remark 1.5, we obtain a one-to-one correspondence:
fo
Th(7) — Spcl(X).

9o
Every classifying support data automatically satisfies the following realization property.

Lemma 13.7. Let (X, 0) be a classifying support data for T with respect to U. Then for
any non-empty closed subset Z of X, there is an object M of U, such that Z = o(M).
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Proof. Since X is a Noetherian sober space and (M) U o(N) = o(M & N), we may
assume that Z = {2} for some x € X. From the assumption, one has Z = f,g,(Z) =
Unreg,(z)(M). Hence, there is an element z of o(M) for some M € g5(Z). Then we
obtain o € o(M) C Z = {z} and this implies that o(M) = {z} = Z.

By definition of a classifying support data with respect to U, g,(Z) ={N € T | o(N) C
o(M)} contains a object T' of . We conclude that o(T®& M) = o(T)Uo(M) =0(M) =Z
forTo M eclU. [

Let me give two more classes of thick subcategories which play an important role in the
proof of first main theorem.

Definition 13.8. Let U be a ®-ideal of 7.

(1) We say that a thick subcategory X of T is U-principal if there is an object M of U such
that X = thicky M. Denote by PThy,(7) the set of all U-principal thick subcategories
of T.

(2) We say that a U-principal thick subcategory X of T is U-irreducible if X = thicks (XU
Xo) (X1, Xy € PThy(T)) implies that X1 = X or Xo = X. Denote by Irry(7) the set
of all U-irreducible thick subcategories of T .

The following lemma shows that by using classifying support data with respect to U,
we can also classify U-principal thick subcategories and U-irreducible thick subcategories.

Lemma 13.9. Let (X, 0) be a classifying support data for T with respect to U, then the
one-to-one correspondence
Jo
Thy/(7T) — Nesc(X)
9o
restricts to one-to-one correspondences

fo
PThy(T) <?> Nec(X),

fo
Irry (7)) — Irr(X).
9o
Proof. Note that f,(thickr M) = o(M) for any M € T. Therefore, the injective map
fo : Thy(T) — Nesc(X) induces a well defined injective map f, : PThy(7) — Nec(X).
The surjectivity has already been shown in Lemma 13.7.
Next, we show the second one-to-one correspondence. For X, X5 € Thy(7T), one has

(1) fo(thicky (X1 U X)) = U a(M)
MEthiCkT(XlLJXQ)

= U o

MeX1UX>
=(J sm)yu( |y o)
MeX; MeXs

= fo(&X1) U fo(X2).
On the other hand, for Z1, Zs € Nesc(X), one has

Jo(thickT(95(21) U 95(22))) = fo(90(Z1)) U fo(o(Z2))
= 71U Zs.
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Applying g, to this equality, we get
(2) thick7 (95 (Z1) U 95(Z2)) = go(Z1 U Z2).
Let W be an irreducible closed subset of X. Assume g, (W) = thicky (X} UAX>) for some
X1, Xo € PThy(T). Then from the above equality (1), we obtain an equality
W = fo(9o(W)) = fo(thickr (X1 U Xs)) = fo(X1) U fo(Xa).

Since W is irreducible, f,(X1) = W or f,(X2) = W and hence X} = g,(f5(X1)) = g-(W)
or Xo = g,(fs(X2)) = go(W). This shows that g,(W) is U-irreducible.

Conversely, take a U-irreducible thick subcategory X of T and assume f,(X) = Z1UZ,
for some non-empty closed subsets Z1, Zs of X. From the above equality (2), we get

X = g5 (fo(X)) = 9o(Z1 U Z2) = thickT(95(Z1) U g0 (Z2))-

Since X is U-irreducible, X = ¢,(Z1) or X = g,(Z2) and therefore, Z; = f;(9,(Z1)) =
fo(X) or Zy = fo(95(Z2)) = fo(X). Thus, fs(X) is irreducible.
These observations show the second one-to-one correspondence. |

From this lemma, we can show the following uniqueness result for classifying support
data with respect to U.

Proposition 13.10. Let (X,0) and (Y, 7) be classifying support data for T with respect
to a d-ideal U. Then X andY are homeomorphic.

@of. First note that for a topological space X, the natural map tx : X — Irr(X),z —
{zx} is bijective iff X is sober.
Define maps ¢ : X — Y and ¢ : Y — X to be the composites

1
01 X 5 Ter(X) 25 T (T) 25 Tee(v) 25 v,

—1
DY Y Tre(Y) 2 Trry (T) 12 Ier(X) 25 X
Then ¢ and ¢ are well defined and mutually inverse bijections by Lemma 13.9.
Fix z € X. For 2/ € {z}, one has tx(2') C tx(x) and hence

{e@@)} = (p(a') = fr(go(tx (2')) € {p(2)} =ty ((2)) = fr(go(1x (2)))-
In particular, ¢(z’) belongs to {¢(x)}. Therefore, p({z}) C {¢(x)}.
Conversely, for y € {¢(z)}, the above argument shows

v(y) € p({p@)}) € {vo(2)} = {2}.
Applying ¢ to this inclusion, we obtain y € ¢({z}) and therefore, {¢(z)} C p({x}). Thus,

we conclude that p({z}) = {p(z)}. Since X is Noetherian, this equation means that ¢ is
a closed map. Similarly, 1 is also a closed map. |

The following theorem is the main result of this section.

Theorem 13.11. Consider the following setting:
e T and T’ are triangulated categories.
o U and U are ®-ideals of T and T, respectively.
o (X,0) and (Y,7) are classifying support data for T and T' with respect to U and
U', respectively.
Suppose that there is a triangle equivalence F : T — T with F(U) =U'. Then X and Y
are homeomorphic.
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Proof. From the assumption, F' induces a one-to-one correspondence

F: Thy(T) S Thy(T'), X — F(X),
where F(X) := {N € 7' | 3M € X such that N = F(M)}. For an object M of T, set
7F(M) := 7(F(M)). Then we can easily verify that the pair (Y, 77) is a support data for

7. Furthermore, it becomes a classifying support data for 7 with respect to /. Indeed,
for X € Thy/(T) and W € Nesc(Y'), we obtain

fr@X)=J o= |J rFan)= |J (V) = f(F@X),

Mex Mex NeF(Xx)

Flgr(W)) = F({M € T | 7F(M) C W})
— (N eT'|7(N) S W} = g,(W).
From these equalities, we get equalities f.r = f; o F and Fo g,r = gr and thus f r and
g, give mutually inverse bijections between Thy/(7) and Nesc(Y'). Consequently, we

obtain two classifying support data (X, o) and (Y, 7%) for 7 with respect to U, and hence
X and Y are homeomorphic by Proposition 13.10. |

14. Comparison with tensor triangulated structure

In this section, we discuss relation between the support theory we discussed in the previous
section and that for tensor triangulated categories. Throughout this section, fix a tensor
triangulated category (7, ®,1).
Recall that a support data (X, o) for T is tensorial if it satisfies:
o(M®N)=0c(M)No(N)

for any M, N € T. Then g,(W) is a radical thick ®-ideal of 7 for every specialization-
closed subset W of X. We say that a tensorial support data (X, o) is classifying if X is a
Noetherian sober space and there is a one-to-one correspondence:

fo
Rad(T) <T7> Spcl(X).

Balmer showed the following celebrated result:

Theorem 14.1. [Bal05, Lemma 2.6, Theorem 4.10]

(1) The pair (Spec T, BSupp) is a tensorial support data for T .
(2) There is a one-to-one correspondence:

Jasu
{radical thick ®-ideals of T } — Thom(Spec 7).

9BSupp

Remark 14.2. The above theorem shows that (Spec 7, BSupp) is a classifying tensorial
support data for 7 provided Spec T is Noetherian.

Note that a tensorial classifying support data for T is a classifying tensorial support
data for 7. Indeed, for a tensorial classifying support data (X, o) for 7 and X € Th(T),
we obtain an equalities

X = go(fo(X)) = go(fo(Vthick® X)) = V/thick® X.

The following lemma gives a criterion for the converse implication of this fact.
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Lemma 14.3. Let (X,0) be a classifying tensorial support data for T. Suppose that T is
rigid. Then the following are equivalent:

(1) There is a one-to-one correspondence:

fo
Th(7) —= Spcl(X).
9o
(2) (X,0) is a classifying support data for T.
(3) Ewvery thick subcategory of T is a thick ®-ideal.
(4) T = thicks 1.

Proof. By Lemma 2.8 and Theorem 2.17, (X, o) satisfies the condition (1’) in Remark 1.5.
Therefore, (1) and (2) means the same conditions from Remark 13.6.

(1) = (3): From the assumption, every thick subcategory X of 7 is of the form X =
9o (W) for some specialization-closed subset W of X. On the other hand, g,(W) is a
radical thick ®-ideal as (X, o) is a tensorial support data.

(3) = (4): By assumption, the thick subcategory thicks 1 is a thick tensor ideal. Thus,
forany M € T, M =2 M ® 1 belongs to thicks 1.

(4) = (1): Note that 1 is strongly dualizable and the family of all strongly dualizable
objects forms a thick subcategory of 7 by [HPS, Theorem A.2.5 (a)]. Therefore, every
object of T = thicky 1 is strongly dualizable. Thus, for any object M € 7, M belongs to
thick?(M ® M) by [HPS, Lemma A.2.6]. Then [Bal05, Proposition 4.4] shows that every
thick tensor ideal of 7 is radical.

On the other hand, for any thick subcategory X of ), one can easily verify that the
subcategory

YV ={MecT|MaXCX}
is a thick ®-ideal of 7 containing 1. Thus, we obtain ) = thicky 1 =7 and hence X is a
thick ®-ideal.

From these discussion, we conclude that every thick subcategory of T is a radical thick
®-ideal and this shows the implication (4) = (1). [

The following corollaries are direct consequences of this lemma, Proposition 13.10 and
Theorem 13.11.

Corollary 14.4. Let T be a closed tensor triangulated category. Assume that the Balmer
spectrum SpecT of T is Noetherian and that T = thicky1. Then for any classifying
support data (X,o) for T, X is homeomorphic to SpecT.

Corollary 14.5. Let T and T’ be closed tensor triangulated categories such that

(1) SpecT and SpecT' are Noetherian, and
(2) T and T' are generated by their unit objects.

If T and T are equivalent as triangulated categories, then SpecT and Spec T’ are home-
omorphic.

Next, we consider applications of these corollaries to tensorial support data appeared
in Example 1.4.
Thomason showed the following classification theorem of thick tensor ideas of DPef(X):

Theorem 14.6. [Tho, Theorem 3.15] Let X be a Noetherian scheme. Then (X, Suppy)
is a classifying tensorial support data for DPef(X).
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As an application of Corollary 14.5, we can reconstruct underlying topological spaces of
a certain class of schemes from their perfect derived categories without tensor structure.

Theorem 14.7. Let X and Y be Noetherian quasi-affine schemes (i.e., open subschemes
of affine schemes). If X andY are derived equivalent, then X and Y are homeomorphic.
In particular, topologically determined properties, such as the dimensions and the num-
bers of irreducible components of quasi-affine Noetherian schemes are preserved by derived
equivalences.

Proof. First, let me remark that the functor F @%X —: DPf(X) — DPef(X) has a right
adjoint RHomp, (F, —) : DPef(X) — DPef(X) for each F € DP®f(X). Thus, DP*f(X) is
a closed tensor triangulated category.

Note that a scheme X is quasi-affine if and only if its structure sheaf Ox is ample. Thus,
every thick subcategory of DPef(X) is thick tensor ideal by [Tho, Proposition 3.11.1].
Applying Corollary 14.5, we obtain the result. |

Remark 14.8. Let X and Y be Noetherian schemes.

(1) As we have already remarked in the introduction, if X and Y are affine, then a derived
equivalence DP*f(X) = DP'f(Y) implies that X and Y are isomorphic as schemes.

(2) By [Bal02, Theorem 9.7], if DP*"f(X) and DP*(Y") are equivalent as tensor triangulated
categories, then X and Y are isomorphic as schemes.

Next consider stable module categories over group rings of finite groups. In this case,
the following classification theorem is given by Benson-Carlson-Rickard for algebraically
closed field k and by Benson-Iyenger-Krause for general k.

Theorem 14.9. [BCR, BIK]| Let k be a field of characteristic p > 0 and G a finite
group such that p divides the order of G. Then the support data (ProjH*(G;k),Vg) is a
classifying tensorial support data for mod kG.

Applying Corollary 14.5 to this classifying tensorial support data, we obtain the follow-
ing result:

Theorem 14.10. Let k (resp. 1) be field of characteristic p (resp. q), G (resp. H) be a
finite p-group (resp. q-group). If kG and lH are stably equivalent, then ProjH*(G; k) and
ProjH*(H ;1) are homeomorphic.

Proof. For each M € mod kG, the functor M ®; — : mod kG — mod kG has a right
adjoint Homy (M, —) : mod kG — mod kG. Thus, mod kG is a closed tensor triangulated
category. Moreover, for a p-group G, kG has only one simple module k. Therefore, we
have mod kG = thickmed k. Applying Corollary 14.5, we are done. |

Recall that the p-rank of a finite group G is by definition,

rp(G) :==sup{r | (Z/p)" C G}.
Quillen [Qui] showed that the dimension of the cohomology ring H*(G; k) is equal to the
p-rank of G. Thus, the p-rank is an invariant of stable equivalences:

Corollary 14.11. Let k,I,G, H be as in Theorem 14.10. Assume that there is a stable
equivalence between kG and IH, then r,(G) = rq(H).
Remark 14.12. Let G and H be a p-group and k a field of characteristic p.

(1) By [Lin, Corollary 3.6], if there exists a stable equivalence between kG and kH, then
G| = [H].
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(2) By [Lin, Corollary 3.2], if there exists a stable equivalence of Morita type between kG
and kH, then G = H.

15. A necessary condition for singular equivalences

Recall that commutative Noetherian rings R and S are said to be singularly equivalent
if their singularity categories are equivalent as triangulated categories. The only known
examples of singular equivalences are the following:

Example 15.1. (1) If R = S, then Dsg(R) = Deg(5).

(2) If R and S are regular, then Deg(R) =2 0 = Dgg(.5).

(3) (Knorrer’s periodicity [Yos, Chapter 12]) Let k be an algebraically closed field of
characteristic 0. Set R := k[[z¢, 21, ...,x4]]/(f) and S := k[[xo, 21, ..., g, u, v]]/(f+uv).
Then Dsg(R) =2 Deg(5).

Remark 15.2. All of these singular equivalences, the singular loci Sing R and Sing .S
are homeomorphic. In fact, the cases (1) and (2) are clear. Consider the case of R :=
kllxo, z1,...,xq)]/(f) and S := k[[xo, x1, ..., T4, u, v]]/(f + wv). Then
Sing S =V (9f/0xg,...0f/0xq,u,v)

& Spec(S/(0f/0xo,...,0f |0xq,u,v))

= Spec(k[[zo, x1, ..., xa, u, V]]/(f + wv,0f [Ox0, ...,Df/Dxg, u,v))

= Spec(k[[zo, x1, ..., zq)]/(f, Of /Ox0, ..., 0f |Oxq)

= V(9f/0xg,...0f/0xq) = Sing R.

Here, the first and the last equalities are known as the Jacobian criterion.

Let me give some definitions appearing in the statement of the main theorem of this
section.

Definition 15.3. Let (R, m, k) be a commutative Noetherian local ring.

(1) We say that an ideal I of R is quasi-decomposable if there is an R-regular sequence
x of I such that I/(z) is decomposable as an R-module.

(2) A local ring R is said to be complete intersection if there is a regular local ring
S and an S-regular sequence z such that the completion R of R is isomorphic
to S/(xz). We say that R is a hypersurface if we can take z to be an S-regular
sequence of length 1.

(3) A local ring R is said to be locally a hypersurface on the punctured spectrum if Ry,
is a hypersurface for every non-maximal prime ideal p.

The following theorem is the main result of this section.
Theorem 15.4. Let R and S be commutative Noetherian local rings that are locally hy-

persurfaces on the punctured spectra. Assume that R and S are either

(a) complete intersection rings, or
(b) Cohen-Macaulay rings with quasi-decomposable maximal ideal.

If R and S are singularly equivalent, then Sing R and Sing S are homeomorphic.

For a ring R satisfying the condition (b) in Theorem 15.4, Nasseh-Takahashi [NT, The-
orem B] shows that (Sing R, SSuppp) is a classifying support data for Dsg(R). Therefore,
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the statement of Theorem 15.4 follows from Theorem 13.11. Therefore, the problem is the
case of (a).

For a ring R satisfying the condition (a) in Theorem 15.4, Takahashi [Tak10] classified
thick subcategories of Dsg(R) containing the residue field k£ of R by using the singular
locus Sing R and the singular support SSuppp. We would like to apply Theorem 13.11
also for this case. The problem is that whether the condition “containing the residue field
k” is preserved by stable equivalences. As we will show later, this condition is actually
preserved by singular equivalences for local complete intersection rings. To do this, we
discuss replacing the residue field k& with some categorically defined object.

First of all, let us recall the notion of a test module.

Definition 15.5. Let R be a Noetherian ring. We say that a finitely generated R-module
T is a test module if for any finitely generated R-module M,

Tor! (T, M) = 0 for n>> 0 = pdp M < co.

Example 15.6. For a Noetherian local ring (R, m, k), the syzygy Q"k of its residue field
is a test module for each n.

For commutative Noetherian rings admitting dualizing complexes (e.g., Gorenstein
rings), there is another characterization for test modules:

Theorem 15.7. [CDT, Theorem 3.2] Let R be a commutative Noetherian ring admitting
a dualizing complex. Then, test modules are nothing but finitely generated R-modules T
satisfying the following condition: for any finitely generated R-module M,

Exti(T, M) =0 forn> 0= RM < cc.
Motivated by this theorem, we introduce the following notion.

Definition 15.8. Let 7 be a triangulated category. We say that T' € T is a test object if
for any object M of T,

Homy (T, M[n]) =0 for n > 0= M = 0.
Denote by T(7T) the full subcategory of 7 consisting of test objects.

The following lemma shows that we can consider the notion of a test object is a gener-
alization of the notion of a test module.

Lemma 15.9. Let R be a Gorenstein ring. Then one has
T(CM(R)) ={T € CM(R) | T is a test module}.
Proof. By Theorem 15.7, we have only to show
T(CM(R)) = {T € CM(R) | all N € mod R with Ext;*(M, N) = 0 satisfy RN < oo}.

Fix a maximal Cohen-Macaulay R-module 7" and a finitely generated R-module M.
Since R is Gorenstein and T is maximal Cohen-Macaulay, one has Ext} (T, R) = 0. There-
fore, we get isomorphisms

Extly(T, M) = Extiy (T, QrM) = Ext' (T, QR M) = - - -
for any positive integer 7. Therefore, we get isomorphisms
Hom (T, QEM[d + n]) = Exty™(T, QL M) = Ext} (T, M)

for n > 0. Here, d denotes the dimension of R. Thus, we are done since QdRM is free if
and only if M has finite injective dimension. [ ]
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Let us recall several classes of subcategories of modules.

Definition 15.10. (1) An additive subcategory X of mod R is called resolving if it satis-

fies the following conditions:
(i) X is closed under extensions: for an exact sequence 0 - L — M — N — 0 in
mod R, if L and N belong to X', then so does M.
(ii) X is closed under kernels of epimorphisms: for an exact sequence 0 — L — M —
N — 0in mod R, if M and N belong to X, then so does L.
(iii) X contains all projective R-modules.
For a finitely generated R-module M, denote by resp(M) the smallest resolving sub-
category of mod R containing M.

(2) A non-empty additive subcategory X of mod R is called thick if X' satisfies 2-out-of-3
property: for an exact sequence 0 -+ L — M — N — 0in mod R, if 2-out-of {L, M, N'}
belong to X, then so does the third. For a finitely generated R-module M, denote by
thickg(M) the smallest thick subcategory of mod R containing M.

Lemma 15.11. Let T be a triangulated category and T an object of T. If thickr(T)
contains a test object of T, then T is also a test object.

Proof. Take an object M € T with Hom7 (T, M[n]) = 0 for n > 0. Set
X :={N €T | Homy (N, M[n]) =0 for n > 0}.

Then one can easily verify that X is a thick subcategory of 7. By assumption, X contains
a test object as X contains T'. Thus, M must be zero and hence T is a test object. |

The next proposition plays a key role to prove our main theorem.

Proposition 15.12. Let (R, m, k) be a d-dimensional local complete intersection ring and
T a finitely generated R-module. Then the following are equivalent:

(1) T is a test module.
(2) Q&k € resp(T).
(3) k € thickg(T @ R).
(4) k S thiCka(mod R) (T () R)
(5) ke thiCszg(R) (7).
(6) Q}k € thickem(r) (QT).
Proof. Notice resp(QRT) C resg(T), thickg(T ® R) = thickg(QRT ® R), thickps(med gy (T ®
R) = thickpb (mod R)(Q%T ® R), thickp,(r)(T) = thickp,, (R)(QT) and T is a test module
if and only if so is Qr7T. Hence we may assume that 7" is maximal Cohen-Macaulay. Then
we have

resg(T") C thickr(T' © R) = thickps(mod r)(T' ® 1) N mod R.
Here, the first inclusion directly follows from the definition, and the second equality is

given by [KS, Theorem 1]. Moreover, the composition functor DP(mod R) — Deg(R) —
CM(R) sends k to Q%k[d], and the inverse image of thickem(g) () is thickps (mod r) (1@ R).
Therefore, the implications (2) = (3) < (4) < (5) < (6) hold true. Furthermore, by
using Lemma 15.9 and Lemma 15.11, the implication (5) = (1) follows.

Thus, it remains to show the implication (1) = (2). Assume that 7" is a test module.
Recall that the complezity cxr(M) of a finitely generated R-module M is the dimension
of the support variety Vr(M) associated to M; see [AvrBuc| for details. By [CDT, Propo-
sition 2.7], T" has maximal complexity, namely cxp(7") = codim(R) =: ¢. Thanks to the
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prime avoidance lemma, we can take an R-regular sequence z of length d from m \ m?.
Set R = R/(z) and T' = T/(z). Then R is an Artinian complete intersection ring and

cxz(T) = exr(T') = ¢ = codimR = codim(R). Moreover, one has
VR(T) = Aja = Vg(k),
where k* denotes the algebraic closure of k. This follows from the fact that Vx(T) and

Vi(k) are c-dimensional closed subvarieties of the c-dimensional affine space Af,. Hence,
by [CI, Theorem 5.6], k belongs to thickpy(yoq ) (T). As a result, we get

k € thickpy (moq 7y (T) N mod(R) C thickpy(meq ) (T © R) N mod(R) = thickz(T @ R).

Again, the second equality uses [KS, Theorem 1]. Since thickg(T @& R) = resg(T) by
[DT14, Corollary 4.16], we deduce Q&k € resg(T') by using [Tak10, Lemma 5.8]. |

Gathering [Tak10, Theorem 6.7], [NT, Theorem B], Lemma 15.9 and Proposition 15.12,
we obtain the following proposition.

Proposition 15.13. Let R be a Noetherian local ring.

(1) If R satisfies the condition (a) in Theorem 15.4, then (Sing R,SSuppp) is a classifying
support data for Dsg(R) with respect to T(Dgg(R)).

(2) If R satisfies the condition (b) in Theorem 15.4, then (Sing R, SSuppp) is a classifying
support data for Dsg(R).

Now, the proof of Theorem 15.4 has almost been done.

Proof of Theorem 15.4. Use Proposition 15.13 and Theorem 13.11. Here, let me remark
that test objects are preserved by singular equivalences. |

Remark 15.14. For a hypersurface ring R, the triangulated category Dsg(R) becomes
a pseudo tensor triangulated category (i.e., tensor triangulated category without unit).
It is shown by Yu implicitly in the paper [Yu] that for two hypersurfaces R and S, if a
singular equivalence between R and S preserves tensor products, then Sing R and Sing .S
are homeomorphic. Indeed, Sing R is reconstructed from Dsg(R) by using its pseudo tensor
triangulated structure.

Since Theorem 15.4 gives a necessary condition for singular equivalences, we can gener-
ate many pairs of rings which are not singularly equivalent. Let us start with the following
lemma.

Lemma 15.15. Let R be a local complete intersection ring with only an isolated singularity
and r > 1 an integer. Then the ring R[[u]]/(u") is a local complete intersection ring which
is locally a hypersurface on the punctured spectrum, and Sing(R|[[u]]/(u")) is homeomorphic
to Spec R.

Proof. Of course T := R][u]]/(u") is a local complete intersection ring.

The natural inclusion R — T induces a homeomorphism f : SpecT =N Spec R. Then
one can easily check that P = (f(P),u)T for any P € SpecT and Tp = Rypy[[u]]/(u").
Therefore, T is locally a hypersurface on the punctured spectrum and SingT = SpecT. R

Corollary 15.16. Let R and S be local complete intersection rings which have only iso-
lated singularities. Assume that Spec R and SpecS are not homeomorphic. Then for any
integers r,s > 1, one has

Deg (Rl[ull/ (")) # Dsg(S[[v]]/(v%))-
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In particular, Dsg(R * R) 2 Dsg(S % S). Here R+ R denotes the trivial extension ring of a
commutative ring R.

Proof. From the above lemma, we obtain
(1) R[[u]]/(u") and S[[v]]/(v®) satisfies the condition (a) in Theorem 15.4,
(2) Sing R[[u]]/(u") = Spec R and Sing S{[u]]/(v") = Spec S are not homeomorphic.
Thus, we conclude Deg(R[[u]]/(u")) 2 Dsg(S[[v]]/(v*)) by Theorem 15.4.
The second statement follows from an isomorphism R * R = R[[u]]/(u?). [

The following corollary says that a Knorrer-type equivalence fails over a non-regular
ring.

Corollary 15.17. Let S be a regular local ring. Assume that S/(f) has an isolated
singularity. Then one has

Deg (S[[ull/(f,u?)) % Deg(S[[u, v, w]l/(f + vw, u?)).
Proof. Sing S[[u]]/(f,u?) = Spec S/(f) and Sing S[[u, v, w]]/(f+vw, u?) = Spec S{[v, w]]/(f+

vw) have different dimensions and hence are not homeomorphic. |
For the last of this part, we will show that singular equivalence localizes.

Lemma 15.18. Let R be a d-dimensional Gorenstein local ring and p a prime ideal of R.
Then a full subcategory X, := {M € Dgg(R) | My = 0 in Dsg(Rp)} is thick and there is a
triangle equivalence

Dsg(R)/ &, = Dsg(R

p)-
Proof. By using the triangle equivalence Dsg(R) =2 CM(R), we may show the triangle
equivalence
CM(R) /%, = CM(R),
where X, := {M € CM(R) | M, =20 in CM(Ry)}.

Note that the localization functor L, : CM(R) — CM(Ry), M +— M, is triangulated.
Since X, = Ker Ly, &, is a thick subcategory of CM(R) and L, induces a triangulated
functor L, : CM(R)/X, — CM(Ry). Thus, we have only to verify that L, is dense and
fully faithful.

(i): Ly is dense.

Let U be an Ry-module. Take a finite free presentation Ry LN R = U — 0of U.
Then § can be viewed as an m x n-matrix (o) with entries in R,. Write o;; = a;;/s for
some a;; € R and s € R\ p. Then the cokernel M := Cok((a;;) : R* — R™) is a finitely
generated R-module and M, = U. Since M, is a maximal Cohen-Macaulay R,-module,
we obtain isomorphisms

(QR"QEM)p = Qi My = My = U

in CM(R,). This shows that the functor L, is dense.

(ii): Ly is faithful.

Let « : M — N be a morphism in CM(R)/&,. Then « is given by a fraction f/s
of morphisms f: M — Z and s : N — Z in CM(R) such that the mapping cone C(s)
of s belongs to &,. Assume Ly(a) = Ly(s)'Ly(f) = (sp)"'fy, = 0. Then f, = 0 in
Homp, (M, Zy). From the isomorphism Homp (M, Z), = Homp, (M, Zy), thereis a € R\p
such that af = 0 in Homp(M, Z). Since a : Z, — Z, is isomorphism, the mapping cone
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of the morphism a : Z — Z in CM(R) belongs to &,,. Thus, a = f/s = (af)/(as) =0 in
CM(R)/X,. This shows that L, is faithful.

(iii): Ly is full.

Let g : M, — N, be a morphism in CM(R,) where M, N € CM(R). By the isomorphism
Homp (M, N), = Homp, (M,, Ny), there is a morphism f : M — N in CM(R) and a € R\p
such that g = f,/a. Since the mapping cone of a : N — N is in &), we obtain a morphism
f/a: M — N in CM(R)/X, and Ly(f/a) = fy/a = g. This shows that L, is full. |

Corollary 15.19. Let R and S be complete intersection rings which are locally hyper-
surfaces on the punctured spectra. If R and S are singularly equivalent, then there is a
homeomorphism ¢ : Sing R — Sing S’ such that Ry and S, are singularly equivalent for
any p € Sing R.

Proof. As in Lemma 15.18, we may consider the category CM(R).
Let F : CM(R) — CM(S) be a triangle equivalence. Take a homeomorphism ¢ :
Sing R — Sing S given in Proposition 13.10 and Theorem 13.11. Then by construction, it

satisfies
{en)} = U SuppF(M)
MEeCM(R), Supp . (M)CV (p)

for each p € Sing R. Moreover, the following diagram is commutative:

Thrcmr) (CM(R)) —— Thrcm(s)(CM(S))

fMRl J/fMS

Nesc(Sing R) —~> Nesc(Sing 5),

where the map F and ¢ are defined by F(X) := {N € T' | 3M € X such that N = F(M)}
and ¢(W) := p(W), respectively.

Let p be an element of Sing R. Set W, := {q € Sing R | q Z p} which is a specialization-
closed subset of Sing R. We establish two claims.

Claim 3. 9supp,, (Wp) =

Proof of Claim 1. Let M € Xp. Since My = 0 in CM(R,), one has p ¢ Supp,(M). Thus,
Supp (M) € W, and hence M € gsuppR(Wp).

Next, take M € gsuppR(Wp). Then Supp (M) C W, means that p does not belong to
Supp,(M). Therefore, My = 0 in CM(R,) and hence M € X, ]

Claim 4. p(Wy) = W) :={q € Sing S | q Z o(p)}-

Proof of Claim 2. One can easily check that ¢ is order isomorphism with respect to the
inclusion relations. Since Sing R\ W), has a unique maximal element p, p(Sing R\ W,) =
Sing S\ ¢(W,) also has a unique maximal element o(p). This shows p(Wy) = W) B

From the above two claims, we obtain
F(XP) = F(QSuppR(WP)) = gSuppS(‘ﬁ(Wp)) = QES(Wgo(p)) = ti(p)a

where the second equality comes from the above commutative diagram and the last equality
is shown by the same proof as Claim 1. Consequently, the triangle equivalence F' induces
triangle equivalences:

CM(Ry) = CM(R)/X, = CM(S) /Xy () = CM(Sy(p))-
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Part 4. Classification of dense subcategories
16. introduction

The content of this part is based on the authors paper [Mat17a]. In this part, we discuss
classifying dense subcategories.

Let A be an additive category and X an additive subcategory of A. We say that X
is additively closed if it is closed under taking direct summands, and that X is dense if
any object in A is a direct summand of some object of X. We can easily show that X is
additively closed if and only if X = add X and that X is dense if and only if A = add X.
Here, add X' denotes the smallest additive subcategory of A which is closed under taking
direct summands and contains X'. Therefore, for any additive subcategory X of A, X is a
dense subcategory of add X and add X is an additively closed subcategory of A. For this
reason, to classify additive subcategories, it suffices to classify additively closed ones and
dense ones. Thomason classified dense triangulated subcategories:

Theorem 16.1. [Tho, Theorem 2.1] Let T be an essentially small triangulated category.
Then there is a one-to-one correspondence

f
{dense triangulated subcategories of T} ———= {subgroups of Ko(T)},
g

where f and g are given by f(X) = ([X] | X € X) and g(H) :=={X € T | [X] € H},
respectively, and Ko(T) stands for the Grothendieck group of T .

Motivated by this theorem, we discuss classifying dense resolving and dense coresolv-
ing subcategories of exact categories. The notion of a resolving subcategory has been
introduced by Auslander and Bridger [AusBri] and that of a coresolving subcategory is its
dual notion. Resolving and coresolving subcategories have been widely studied so far, for
example, see [AR, DT, KS, Tak11]. The main theorem of this part is the following.

Theorem 16.2 (Proposition 17.5, Theorem 17.7). Let £ be an essentially small exact
category with either a generator or a cogenerator G.

(1) The following subcategories of € are the same:
(i) dense G-resolving subcategories
(ii) dense G-coresolving subcategories
(iii) dense G-2-out-of-3 subcategories
(2) There is a one-to-one correspondence
where f and g are given by f(X) = ([X] | X € X) and g(H) :={X € £ | [X] € H},
respectively, and Ko(E) stands for the Grothendieck group of £.

Here, the notion of a G-resolving (resp. G-coresolving) subcategory is a slight general-
ization of that of a resolving (resp. coresolving) subcategory. Indeed, they coincide when
G consists of the projective (resp. injective) objects. In addition, G-2-out-of-3 subcategory
is a subcategory which is both G-resolving and G-coresolving. The precise definitions of
these subcategories will be given in Definition 17.3.

17. Classification of dense resolving subcategories

In this section, we show our main result. Throughout this part, let A be an abelian
category, £ an exact category, and 7T a triangulated category.
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We begin with recalling several notions, which are key notions of this part.

Definition 17.1. Let G be a family of objects of £&. We call G a generator (resp. a
cogenerator) of £ if for any object A € &, there is a short exact sequence

A" — G - A (resp. Ar— G — A)
in & with G € G.

Example 17.2. (1) Clearly, £ is both a generator and a cogenerator of £

(2) If € has enough projective (resp. injective) objects, then the subcategory proj & (resp.
inj &) consisting of projective (resp. injective) objects is a generator (resp. a cogener-
ator) of £.

Next we give the definitions of G-resolving and G-coresolving subcategories.

Definition 17.3. Let X be a subcategory of £ and G a family of objects of £.

(1) We say that X is a G-resolving subcategory of £ if the following three conditions are
satisfied:
(i) X is closed under extensions: for a short exact sequence X — Y — Zin &, if X
and Z are in X, then so is Y.
(ii) X is closed under kernels of admissible epimorphisms: for a short exact sequence
X—Y > Zin &, if Y and Z are in X, then so is X.
(iii) X contains G.
If £ has enough projective objects, we shall call X simply resolving if it is proj&-
resolving.
(2) We say that X is a G-coresolving subcategory of £ if the following three conditions are
satisfied:
(i) X is closed under extensions: for a short exact sequence X — Y — Zin &, if X
and Z are in X, then so is Y.
(ii) X is closed under cokernels of admissible monomorphisms: for a short exact
sequence X — Y — Zin £, if X and Y are in X, then so is Z.
(iii) X contains G.
(3) We say that X' is a G-2-out-of-3 subcategory of € if the following conditions are satisfied:
(i) X satisfies 2-out-of-3 property: for a short exact sequence X — Y — Z in &, if
2 out of {X,Y, Z} belong to X, then so is the third.
(ii) X contains G.

Remark 17.4. Unlike the definition due to Auslander and Bridger [AusBri], we do not
assume that resolving subcategories are closed under direct summands. Therefore, our
definition is rather close to the definitions in [AR].

The following proposition shows that dense G-resolving, dense G-coresolving, and dense
G-2-out-of-3 subcategories are the same thing.

Proposition 17.5. Let X be a dense subcategory of £.Then X is closed under coker-
nels of admissible monomorphisms if and only if it is closed under kernels of admissible
epimorphisms.

Proof. We have only to show the ‘if’ part. The ‘only if’ part is proved by the dual
argument.



89

f
Let X — Y %z be a short exact sequence in £ with X,Y € X. Since X is dense, we
can take Z' € £ with Z ® Z’ € X. Consider a short exact sequence

0
)@
0 0 00 ZdZ/
XozZ — "YozZzoZ - " ZoZ.
Then X @7 is an object of X because X is closed under kernels of admissible epimorphisms.

From the split short exact sequence Z — X @& Z — X, we obtain Z € X since X is closed
under kernels of admissible epimorphisms. |

Now we recall the definition of the Grothendieck group of an exact category.

Definition 17.6. Let £ be an exact category. Let F' be the free abelian group generated
by the isomorphism classes of objects of £. Let I be the subgroup of F' generated by the
elements of the form [A] — [B] + [C] where A — B — C are short exact sequences in
€. Then we define the Grothendieck group of £, denoted by Ky(E), as the quotient group
F/I.

The following theorem is our main result of this part.

Theorem 17.7. Let £ be an essentially small exact category with either a generator or a
cogenerator G. Then there are one-to-one correspondences among the following sets:

(1) {dense G-resolving subcategories of £},

(2) {dense G-coresolving subcategories of £},

(3) {dense G-2-out-of-3 subcategories of £}, and

(4) {subgroups of Ko(E) containing the image of G}.

One-to-one correspondences among (1), (2) and (3) have been already shown in Propo-
sition 17.5. Thus, it suffice to show the bijection between (1) and (4). Moreover, we will
show this bijection only in the case that G is a generator because in the cogenerator case,
it can be shown by the dual argument. The following lemma is essential in the proof of
our theorem.

Lemma 17.8. Let G be a generator of £ and X a dense G-resolving subcategory of .
Then for an object A in £, A € X if and only if [A] € ([X] | X € X).

Proof. Define an equivalence relation ~ on the isomorphism classes £/~ of objects of £, as
follows: A ~ A’ if there are X, X’ € X such that A X 2 A’ @ X'. Set (E)x := (E/~)/~
and denote by (A) the class of A. Then (€£)x is an abelian group with (A) + (B) :=
(A @ B). Indeed, obviously, + is well-defined, commutative, associative, and (0) is an
identity element. Since X is dense, for any A € &, there is A’ € £ such that A@® A’ € X,
and hence (A) + (A') = (A @ A’) = (0). Therefore, (A’) is an inverse element of (A).

!
Let A5 B % C be ashort exact sequence in €. Taking A’,C’ € £ with A A, CoC’ €
X and considering a short exact sequence

0
<£idA/> (90,0)
,\0 0 , , 00 idgr ,
ApA — BaoAaedl —» cCocC.

we have B@® A’ @ C’" € X. This shows (B) — (4) — (C) = (B® A’ @ C’) = (0). Therefore,
there is a group homomorphism

w: Ko(&) = (E)x, [A] — (A).
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Note that ([X]| X € X) is contained in Ker ¢.
From the definition of the Grothendieck group, any element of Ky(E) is denoted by
[A] — [B]. Moreover, since there is a short exact sequence

B — G- B

in & with G € G, [4] — [B] = [A® B'] — [G]. Thus, any element of Ky(€) is denoted by
[A] — [G] with G € G.

Let [A] — [G] with G € G be an element of Ker¢. Since X contains G, [A] € Ker . This
means (A) = (0) and there are X, X’ € X such that A ® X = X’. Considering the split
short exact sequence

A— A X » X,

we obtain A € X since X is closed under kernels of epimorphisms. Thus, A € X if and
only if [A] € ([X] | X € X). |

Proof of Theorem 17.7. By Lemma 17.5, the set (2) is nothing but the set (1). Therefore,
we show that there is a one-to-one correspondence between the sets (1) and (3).
For a dense G-resolving subcategory X, define

f(X) = (X]] X € X),
and for a subgroup H of Ky(€) containing the image of G, define
g(H):={Aec&|[A] € H}.

We show that f and g give mutually inverse bijections between (1) and (3).

First note that g(H) := {A € £ | [A] € H} is a dense G-resolving subcategory of £ for
a subgroup H of Ky(€) containing the image of G. Indeed, for any object A € &, take a
short exact sequence A’ — G — A in £ with G € G. Then [A® A'] = [A]+[4] = [G] € H,
and hence A® A" € g(H). Thus g(H) is dense. Obviously, g(H) contains G. Furthermore,
for any short exact sequence A — B — C, the relation [A] — [B] + [C] = 0 implies that
g(H) is G-resolving. Besides, f(X) is clearly a subgroup of Ky(£) containing the image of
G. As a result, f and g are well-defined maps between the sets (1) and (3)

Let H be a subgroup of Ky(€) containing the image of G. Then the inclusion fg(H) C H
is trivial. For any [A] —[G] € H with G € G, [A] = ([A]—[G]) +[G] € H implies A € g(H),
and thus [A] — [G] € fg(H). Therefore, fg(H) = H.

Let & be a dense resolving subcategory of £ containing G. Then the inclusion X C
gf(X) is trivial. Conversely, for any A € gf(X), since [A] € f(X) = ([X] | X € X), we
have A € X by Lemma 17.8. Therefore, gf(X) = X. Consequently, f and g are mutually
inverse bijections between (1) and (3). [

18. Relations with dense triangulated subcategories

In this section, we consider some combinations of Theorem 16.1 and Theorem 17.7. Let
us start with the definition of the Grothendieck group for a triangulated category.

Definition 18.1. Let 7 be a triangulated category. Let F' be the free abelian group
generated by the isomorphism classes of objects of 7. Let I be the subgroup generated by
the elements of the form [A] — [B] + [C] where A — B — C' — A[l1] are exact triangles in
T. Then we define the Grothendieck group of T, denoted by Ky(7T), as the quotient group
F/I.
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First, we discuss dense subcategories of exact categories and their derived categories.
Please refer to [Buh, Nee90] for the definition of the derived category of an exact category.

Lemma 18.2. [Wei, Lemma 9.2.4] Let £ be an essentially small exact category. Then the
canonical functor € — DP(&) induces an isomorphism ¢ : Ko(E) — Ko(DP(£)).

Combining Theorem 16.1, Theorem 17.7 and this lemma, we have the following corollary.

Corollary 18.3. Let £ be an essentially small exact category with either a generator or
a cogenerator G. Then there are one-to-one correspondences among the following sets:

(1) {dense G-resolving subcategories of £},
(2) {dense triangulated subcategories of DP(E) containing G}, and
(3) {subgroups of Ko(E) containing the image of G}.

Taking G = proj £ in this corollary gives the dense version of the following theorem due
to Krause and Stevenson:

Theorem 18.4. [KS, Theorem 1] Let £ be an exact category with enough projective objects.
Then there is one-to-one correspondence between

(1) {thick subcategories of € containing projE} and
(2) {thick triangulated subcategories of DP(E) containing projE}.

Next, we give a more concrete corollary.

Let S be an Iwanaga-Gorenstein ring (i.e. S is Noetherian on both sides and S is of
finite injective dimension as a left S-module and a right S-module). Let us give several
remarks about Iwanaga-Gorenstein rings (cf. [Buc, Yos]).

Remark 18.5. (1) [Buc, Lemma 4.4.2] We say that a finitely generated left S-module X
is mazimal Cohen-Macaulay if Exty(X,S) = 0 for all integers i > 0. CM(S) denotes
the subcategory of mod S consisting of maximal Cohen-Macaulay S-modules. Then it
is a Frobenius category, and hence, its stable category CM(S) is triangulated.

(2) Natural inclusions CM(S) < mod S <+ D?(mod S) induce isomorphisms

Ko(CM(S)) = Ky(mod S) =2 Ky(DP(mod S)).

Here, the first isomorphism is shown in [Yos, Lemma 13.2] and the second isomorphism
is by Lemma 18.2
(3) [Buc, Theorem 4.4.1] Composition of the natural inclusion CM(S) < DP(mod S) and
the quotient functor D?(mod S) — Dgg(S) := DP(mod S)/ KP(proj(mod S)) induces a
triangle equivalence
CM(S) = Dgg(5).

Corollary 18.6. Let S be an Iwanaga-Gorenstein ring. Then there are one-to-one corre-
spondences among the following sets:

1) {dense resolving subcategories of CM(S)},

) {dense resolving subcategories of mod S},

) {dense triangulated subcategories of DP(mod S) containing proj(mod S)},
) {dense triangulated subcategories of CM(S) = Deg(S)},

) {subgroups of Ky(mod S) containing the image of proj(mod S)}, and

) {subgroups of Ko(CM(S))}.

Proof. One-to-one correspondences among (1), (2), (3), and (5) follow from the above
remarks and Corollary 18.3. The bijection between (4) and (6) follows from Thomason’s
result, Theorem 16.1. Thus, we show the one-to-one correspondence between (5) and (6).

(
(
(
(
(
(

2
3
4
)
6
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The localization sequence
DP(proj(mod S)) — DP(mod S) — Dgg(S)
yields the exact sequence
Ko(DP(proj(mod S))) — Ko(DP(mod S)) — Ko(Dsg(S)) — 0.

The equivalence Dgg(S) = CM(S) and Lemma 18.2 turns this sequence into the exact
sequence

Ky(proj(mod S)) — Ko(mod S) — Ko(CM(S)) — 0.

Then, the equivalence is clear. |

In the last two corollaries, we constructed a triangulated category D®(E) from an given
exact category £ and discussed their dense subcategories. Next, we consider the opposite
direction. More precisely, we construct an abelian category from a given triangulated
category, and then we discuss their dense subcategories.

Let us recall the definition and some basic properties of t-structures; for details, see
[GM].

Definition 18.7. (1) A t-structure on T is a pair (TS0, T2Y) of subcategories in T sat-
isfying the following conditions:
(i) Homy (7571, 72% =0.
(ii) For any object X € T, there exists an exact triangle X’ — X — X” — X'[1] in
T with X’ € TS7! and X" € T20.
(iil) 7St 7<% and 720 Cc 727 L.
Here, 7" := T<9n] and 727" := T2%n]. Moreover, the intersection 7<0n 720
has the structure of an abelian category and we call it the heart of the t-structure.
(2) A t-structure (7<%, 72%) on T is called bounded if T = Ui jez TSINT?I.

Example 18.8. Let A be an abelian category and put
DP(A)S0 := {X e D°(A) | H{(X) =0 (Vi > 0)},

DP(A)? := {X € DP(A) | H(X) =0 (Vi < 0)}.
Then (DP(A)S% DP(A)>°) defines a bounded t-structure on DP(A) and its heart is A.
The next proposition is a variant of Lemma 18.2.

Proposition 18.9. [Nee01] Let (7<% 729 be a bounded t-structure on T with heart A.
Then the inclusion functor induces an isomorphism Ky(A) = Ko(T).

From this proposition and Theorem 17.7, we have the following corollary.

Corollary 18.10. Let T be an essentially small triangulated category, (T<°,T2°) a
bounded t-structure on T with heart A, and either a generator or a cogenerator G of
A. Then there are one-to-one correspondences among the following sets:

(1) {dense G-resolving subcategories of A},
(2) {dense triangulated subcategories of T containing G}, and
(3) {subgroups of Ko(T) containing the image of G}.
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19. Examples

In this section, we give some examples of module categories which have only finitely many
dense resolving subcategories.
Let us start with the following remark.

Remark 19.1. Let L be an abelian group. Then there are only finitely many subgroups
of L if and only if L is a finite group. Indeed, ‘if part’ is clear. Suppose that there are
only finitely many subgroups of L. Then L is an Noetherian Z-module and in particular,
finitely generated. Therefore, there is an isomorphism

L=7% & @P(Z/nL)*™,
=1

where r,n and m; are non-negative integers. We obtain r = 0 due to our assumption as Z
has infinitely many subgroups. For this reason, L is isomorphic to a finite direct sum of
finite abelian groups, and thus is a finite group.

From this remark and Theorem 17.7, for a left Noetherian ring A, the following two
conditions are equivalent:

(1) There are only finitely many dense resolving subcategories of mod A.
(2) Ko(mod A)/([P] | P € proj(mod A)) is a finite group.

19.1. The case of finite dimensional algebras

First we consider the case of finite dimensional algebras. Let A be a basic finite dimensional

algebra over a field k with a complete set {e1, ..., e,} of primitive orthogonal idempotents.
Denote S; := Ae;/rad4(Ae;) by the simple A-module corresponds to e;. Then by [ASS,
Theorem 3.5], {[S1],...,[Sn]} forms a free basis of the Grothendieck group Ky(mod A),

and hence there is an isomorphism of abelian groups:
Ko(mod A) = Z®n.

The Cartan matrix of A is an n x n-matrix C'4 := (dimy e;Ae;); j—1,...n. Then the above
isomorphism induces the following isomorphism (see [ASS, Proposition 3.8]).

Ko(mod A)/([P] | P € proj(mod A)) = Cok(Z®" Ca, 7M.

Therefore if C4 has elementary divisors (mq,---,m,,0,---,0), then we obtain a decom-
position:

Ko(mod A)/([P] | P € proj(mod A)) = Z" " ® Z/(m1) & - - & Z/(m, ),
where mq, ..., m, are not zero. Furthermore, one has

det Oy — {O (r<mn)
mi-mo---my, (r=n).

As a result, the abelian group Ky(mod A)/([P] | P € proj(mod A)) is a finite group if and
only if the determinant of C4 is not zero.
From this argument, we have the following corollary.



94

Corollary 19.2. Let A be a basic finite dimensional algebra over a field k. Then mod A
has only finitely many dense resolving subcategories if and only if its Cartan matrix has
non-zero determinant. This is the case, the number of dense resolving subcategories is
d(my)---d(my). Here, (my,...,my) are elementary divisors of C'a and d(l) denotes the
number of divisors of .

Remark 19.3. For the case of gentle algebras, Holm [Hol] gives a characterization of
algebras with non-zero Cartan determinant det C'4.

19.2. The case of simple singularities

Next we consider the case of simple singularities. Let k be an algebraically closed field
of characteristic 0. We say that a commutative Noetherian local ring R := k[[x,y, z]]/(f)
has a simple (surface) singularity if f is one of the following form:

(An) 22 +y" 422 (n>1),
(Dn) 22y +y" P+ 2% (n>4),
(Ee) 2 +y*+ 2%

(E7) 2 +ay’ + 2%

(Es) a4 4° + 22

In this case, the Grothendieck group of mod R is given as follows (see [Yos, Proposition
13.10)):

Kp(mod R) #{ dense resolv. subcat. of mod R}

(An) Z®Z/(n+1)Z | the number of divisors of n + 1
(Dy) (n =even) | Z @ (Z/27)%? 5
(D) (n = odd) L& L/AZL 3

(Eg) 7.®L/3Z 2

(E7) Z®L|2Z 2

(Es) Z 1

Here, Z appearing in Ky(mod R) is generated by [R]. Owing to Theorem 17.7, there are
only finitely many dense resolving subcategories of mod R. Hence the following natural
question arises.

Question 19.4. Let R be a Gorenstein local ring of dimension two. Then does the
condition #{dense resolving subcategories of mod R} < oo imply that R has a simple
singularity?

Remark 19.5. 1-dimensional simple singularities may have infinitely many dense resolv-
ing subcategories (see [Yos, Proposition 13.10]).

Let R be a Noetherian normal local domain with residue field k. Denote by CI(R) the
divisor class group of R. Then there is a surjective homomorphism

w— @) . Ko(mod R) — Z & CI(R),

where rk is the rank function and ¢ is the first Chern class. Moreover, u([R]) = *(1,0)
and the kernel of u is the subgroup of Ky(mod R) generated by modules of codimension at
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least 2; see [Bour]. In particular, if R is a 2-dimensional Noetherian normal local domain
with residue field k, we obtain a short exact sequence

(&)

0 — ([k]) = Ko(modR) —= Z @& CI(R) — 0

of abelian groups. This sequence induces the following short exact sequence since rk(R) = 1
and ¢1(R) = 0:

0 — ([&], [R])/{[R]) = Ko(mod R)/([R]) = CI(R) — 0.
Therefore, we have an isomorphism
CI(R) = Ko(mod R) /([k], [R])
and the following result is deduced from Theorem 17.7.

Theorem 19.6. Let R be a Noetherian normal local domain of dimension two. Then
there is a one-to-one correspondence

{dense resolving subcategories of mod R

f
containing k } <~ {subgroups of CI(R)}

where f and g are given by f(X):=(c1(X) | X € X) and g(H) :={X € mod R | c1(X) €
H} respectively.

The following answers Question 19.4 for domains.

Corollary 19.7. Let R be a 2-dimensional complete non-reqular Gorenstein normal local
domain with algebraically closed residue field k of characteristic 0. Then the following are
equivalent:

(1) R has a simple singularity.
(2) There are only finitely many dense resolving subcategories of mod R.
(3) There are only finitely many dense resolving subcategories of mod R containing k.

Proof. (1) = (2): If R has a simple singularity, then Ko(mod R)/([R]) is a finite group; see
[Yos, Proposition 13.10]. Thus, Theorem 17.7 shows that mod R has only finitely many
dense resolving subcategories.

(2) = (3): This implication is trivial.

(3) = (1): From Theorem 19.6, CI(R) has finitely many subgroups. Therefore, CI(R)
is a finite group, and thus by [DITV, Corollary 3.3] we have QCM(R) = add G for some
module G, where QCM(R) stands for the category of first syzygies of maximal Cohen-
Macaulay R-modules. Now, since R is Gorenstein, CM(R) = QCM(R) has only finitely
many indecomposable objects up to isomorphism. Consequently, R has a simple singularity
from [Yos, Theorem 8.10]. |

Example 19.8. Let R be a 2-dimensional simple singularity of type (A;). Namely, R =
k[[z,y, 2]]/(x® + y? + 2?). Then the indecomposable maximal Cohen-Macaulay R-modules
are R and the ideal I = (z + v/—1y, z) up to isomorphism. Thus, every maximal Cohen-
Macaulay module is of the form R®™ @ I®™. Then the dense resolving subcategories of
mod R are:

e mod R, and
o {M emodR | Q>M = R®" @ I®2™ for some m,n € Zxo}.
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Proof. Set G := Ky(mod R) and let H be the subgroup generated by [R].

First note that there is a non-split short exact sequence 0 — I — R®? — I — 0,
see [Yos, Chapter 10]. Therefore, [R] and [I] satisfy 2[R] = 2[I] in G. Moreover, the
isomorphism G = Ky(CM(R)) shows that G and H are only subgroups of G containing
[R].

Using the notation of Theorem 17.7, we know that g(G) = mod R. It thus suffices to
show that g(H) = X. Let M be an object of X. From the exact sequence 0 — Q?*M —
R¥m — R®no 3 M — 0, one has

[M] = [Q°M] =0 mod H.

This shows that M € g(H). Next, take M ¢ X. Then Q?M = R®" @ [9Cm+1) for some
n,m € Zxo. Using the similar argument, one has

[M] = [Q*M] = (2m + 1)[I] = [I] mod H.

Hence if [M] is in H, then so is [I]. This gives a contradiction to G # H. Therefore, [M]
cannot be in H. Thus, we are done. |
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