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NONCOMMUTATIVE TENSOR TRIANGULAR GEOMETRY

By DANIEL K. NAKANO, KENT B. VASHAW, and MILEN T. YAKIMOV

Abstract. We develop a general noncommutative version of Balmer’s tensor triangular geometry that
is applicable to arbitrary monoidal triangulated categories (MACs). Insight from noncommutative ring
theory is used to obtain a framework for prime, semiprime, and completely prime (thick) ideals of an
MAUC, K, and then to associate to K a topological space—the Balmer spectrum SpcK. We develop
a general framework for (noncommutative) support data, coming in three different flavors, and show
that SpcK is a universal terminal object for the first two notions (support and weak support). The first
two types of support data are then used in a theorem that gives a method for the explicit classification
of the thick (two-sided) ideals and the Balmer spectrum of an MAC. The third type (quasi support) is
used in another theorem that provides a method for the explicit classification of the thick right ideals
of K, which in turn can be applied to classify the thick two-sided ideals and Spc K.

As a special case, our approach can be applied to the stable module categories of arbitrary finite
dimensional Hopf algebras that are not necessarily cocommutative (or quasitriangular). We illustrate
the general theorems with classifications of the Balmer spectra and thick two-sided/right ideals for the
stable module categories of all small quantum groups for Borel subalgebras, and classifications of the
Balmer spectra and thick two-sided ideals of Hopf algebras studied by Benson and Witherspoon.

1. Introduction.

1.1. From the commutative to the noncommutative settings. Balmer’s
tensor triangular geometry [1, 2] provides a powerful method for addressing prob-
lems in representation theory, algebraic geometry, commutative algebra, homotopy
theory and algebraic K-theory from one common perspective. In representation
theory alone this covers modular representations, representations of finite group
schemes, supergroups, quasitriangular quantum groups at roots of unity and oth-
ers.

The general setting of [1, 2] is that of a triangulated category K with a biexact
monoidal structure that is symmetric (or more generally braided). The key ingredi-
ents of Balmer’s theory are:

e A construction of a topological space SpcK consisting of prime thick ideals
of K (that is upgraded to a ringed space) and a characterization theorem that it is
the universal final object for support maps on objects of K;

e Methods for the explicit description of SpcK as a topological space via (co-
homological) support data for K.

Manuscript received September 29, 2019.

Research of the first author supported in part by NSF grants DMS-1701768 and DMS-2101941; research
of the second author supported by a Board of Regents LSU fellowship and in part by NSF grants DMS-1901830
and DMS-2103272, and an Arthur K. Barton Superior Graduate Student Scholarship in Mathematics from LSU;
research of the third author supported in part by NSF grants DMS-2131243 and DMS-2200762.

American Journal of Mathematics 144 (2022), 1681-1724. © 2022 by Johns Hopkins University Press.

1681



1682 D. K. NAKANO, K. B. VASHAW, AND M. T. YAKIMOV

In this paper we develop general noncommutative versions of these ingredi-
ents of Balmer’s theory that deal with an arbitrary monoidal triangulated cate-
gory K (MAC for short)-a triangulated category K with a biexact monoidal struc-
ture. Noncommutative versions of Balmer’s theory were sought after before, be-
cause there are many important MACS (e.g., the stable module categories of finite-
dimensional Hopf algebras which are not cocommutative). However, for various
reasons, a general noncommutative version of tensor triangular geometry has not
been fully developed. The key new ideas of our constructions are:

e Previous considerations of cohomological support maps in the noncommu-
tative setting [8, 30] focused on the fact that they do not satisty the usual axioms for
commutative support data from [1]. These axioms are object-wise conditions for
K and mimic the treatment of completely prime ideals in a noncommutative ring.
Such ideals are too few in general. The novel feature of our approach is to define
the noncommutative Balmer spectrum SpcK and support data for K in terms of
tensoring of thick ideals of K, and not object-wise tensoring.

e In noncommutative ring theory, the prime spectrum of a ring is very hard to
describe as a topological space with the primary example being that of the spectra
of universal enveloping algebras of Lie algebras [14] and quantum groups [20]. In
the categorical setting, we present a method for computing the Balmer spectrum
SpcK that appears to be as applicable as its commutative counterparts.

e The set of right ideals of a noncommutative ring are rarely classifiable with
the exceptions of very few rings. Surprisingly, in the categorical setting, we are
successful in developing a method for the explicit classification of the thick right
ideals of an MAC.

1.2. Different types of prime ideals of an MAC and its Balmer spectrum.
We define below the various notions of primeness used throughout the paper.

(1) A thick (two-sided) ideal of an MAC, K, is a full triangulated subcategory
of K that contains all direct summands of its objects and is closed under left and
right tensoring with arbitrary objects of K; denote by ThickId(K) the set of those;

(ii) A prime ideal of K is a proper thick ideal P such that IQJCP=1CP
or J C P for all thick ideals I and J of K.

(iii) A semiprime ideal of K is an intersection of prime ideals of K.

(iv) A completely prime ideal of K is a proper thick ideal P such that AQ B €
P=AcPorBePforal A,B € K.

(v) The noncommutative Balmer spectrum of K is the topological space of
prime ideals of K with the Zariski topology having closed sets

V(S)={PeSpcK|PNS=0}
for all subsets S of K.

THEOREM 1.2.1. The following hold for an MAC, K:
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(a) A proper thick ideal P of K is prime if and only if AQ C® B € P, for all
CeK=AecPorBePforall A,BeK

(b) A proper thick ideal P of K is semiprime if and only if AQ C® A € P, for
allCe K= AcPforall AcP.

(c) The Balmer spectrum SpcK is always nonempty.

The ideal-theoretic definitions of prime and semiprime ideals of an MAC
and its noncommutative Balmer spectrum were introduced by Buan, Krause and
Solberg in [12]. The equivalent formulations of these objects in terms of object-
theoretic conditions given by Theorem 1.2.1 will play a key role in this paper in
the definitions of support data maps of various types and theorems for the effective
reconstruction of the noncommutative Balmer spectrum of an MAC.

1.3. Support data and universality of the noncommutative Balmer spec-
trum. For a topological space X, let X', X, and X, denote the collection of
all of its subsets, closed subsets and specialization closed subsets, respectively
(see Section 4.1). The three different kinds of noncommutative support data for
an MAC, K, will be maps

c. K—X

that respect the triangulated structure:

(i) c(0)=@ando(l) = X;

(i) c(A®B)=0(A)Uo(B),VA,B €K;

(i) o(XA)=0(A),VA€K;

(iv) If A— B — C — XA is a distinguished triangle, then o(A) C o(B)U
o(C).

In this paper, each kind of support datum will satisfy one additional condition
related to the monoidal structure. We present an overview for each type below. For
all of them the key role will be played by their extensions @, to the sets of thick
ideals Thickld(K) (and thick right ideals of K), given by

A€l

The strictest notion, that of support datum, is a map o : K — X satisfying the
additional assumption

V) Upex 0(A®C®B)=0(A)No(B),VA,B e K.
The map V' defining the Zariski topology of SpcK is an example of a support
datum, and the condition (v) is nothing but a restatement of the characterization of
a prime ideal in Theorem 1.2.1(a).

A weak support datum is a map o : K — X that (in place of (v)) satisfies the
property

(V) ©,(I®J) = ®,(I)N®,(J) for all thick ideals I and J of K.
Each support datum is a weak support datum.



1684 D. K. NAKANO, K. B. VASHAW, AND M. T. YAKIMOV

At various times in the paper, for each type of support data (resp. weak support
datum, and quasi support datum), we make a minor modification in the definition
by replacing (i1) with

(ii") 0(Bjer4i) =Uiero(4i), VA4, €K
for MACs, K admitting arbitrary set indexed coproducts. With this replacement,
we will use the term extended support datum (resp. extended weak support datum,
and extended quasi support datum).

THEOREM 1.3.1. Let K be an MAC.

(a) The support V is the final object in the collection of support data o such
that o(A) is closed for each A € K: for any such o, there is a unique continuous
map fo: X — SpcK satisfying

o(A)=f;'(V(A) forAcK.

(b) The support V is the final object in the collection of weak support datum
o such that ®,((A)) is closed for each A € K: for any such o, there is a unique
continuous map f, : X — SpcK satisfying

o, ((4) = £, (V(4)) for A€K,
where (A) denotes the smallest thick ideal of K containing A.

A version of the second part of this theorem was obtained in [12, Theorem 4.2].

1.4. Classification methods for the noncommutative Balmer spectra. In
the opposite direction, the different types of support data can be used for ex-
plicit descriptions of the noncommutative Balmer spectra of MACs as topological
spaces.

We refer the reader to Sections 2.1 and 5.1 for background on compactly gen-
erated MACs, K, and their compact parts K¢. For S C K¢, we will denote by (S)
the smallest thick ideal of K¢ containing S.

THEOREM 1.4.1. Let K be a compactly generated MAC and o : K — X be an
extended weak support datum for a Zariski space X such that ®({C)) is closed for
every compact object C. Assume that o satisfies the faithfulness property (5.1.1)
and the realization property (5.1.2).

(a) The map

®, : Thickld (K°) — X,
is an isomorphism of ordered monoids, where the set of thick ideals of K€ is

equipped with the operation 1, J — (1 J) and the inclusion partial order, and
Xsp is equipped with the operation of intersection and the inclusion partial order.
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(b) The universal map f,: X — SpcK€ from Theorem 1.3.1(b), given by
folx) = {A eK:z ¢ <I>U(<A>)} forx € X,
is a homeomorphism.

Our third kind of support datum, which we name quasi support datum, is a map
o : K — X that has the properties (i)—(iv) from the previous subsection, together
with the additional property

(V") 0(A® B) Co(A), forall A,B € K.
In ideal-theoretic terms, this property is equivalent to

(V") Bo((A),) = o(A). YA €K,
where ((A)). denotes the smallest thick right ideal of K containing A. (The double
bracket notation is used to distinguish thick ideals of K from those of K¢ used
in Theorem 1.4.1, see Sections 5-7 for further details.) We can now summarize
our classification results for right ideals for the compact objects in a compactly
generated MAC.

THEOREM 1.4.2. (a) Let K be a compactly generated MAC and o : K —
X be an assignment that satisfies properties (i), (ii'), (iii) and (iv) for extended
support datum, and such that o when restricted to K€ is a quasi support datum for
a Zariski space X satisfying the realization property (7.1.2) and the homological
Assumption 7.2.1. Then the map

D, : {thick right ideals of K°} — X

is a bijection.

(b) Let A be a finite-dimensional Hopf algebra over a field k that satisfies
the standard Assumption 7.4.1 for finite generation and the homological As-
sumption 7.2.1. Set X = Proj(H*(A,k)). The standard cohomological support
o :stmod(A) — Xy is a quasi support datum, and as a consequence, there is a
bijection

O, : {thick right ideals of stmod(A)} — Xp,

where stmod(A) is the stable (finite-dimensional) module category of A.

The maps in both parts are isomorphisms of monoids if and only if the quasi
support datum o is a support datum. Section 8 illustrates how the classification of
thick right ideals of an MAC from Theorem 1.4.2 can be converted to a classifica-
tion of its thick two-sided ideals and then to a description of its Balmer spectrum.

In noncommutative ring theory, general classification results for prime spectra
and sets of right ideals like the ones in Theorems 1.4.1 and 1.4.2 are not available.
Even worse, the Zariski topology of the prime spectrum of a noncommutative ring
is very rarely known. For instance, in the case of quantum groups prime ideals are
classified [20] but the problem for describing the Zariski topology is wide open
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with only a conjecture [11]: the inclusions between primes are unknown and only
the maximal ideals have been classified [33].

It is unlikely that the Balmer spectrum of each MAC is a Zariski space. There-
fore, it would be desirable to find extensions of Theorem 1.4.1 and 1.4.2 with
weaker conditions.

1.5. Applications. In Sections 8 and 9 we illustrate Theorems 1.4.1
and 1.4.2 by giving classifications of the noncommutative Balmer spectra, thick
two-sided/right ideals for the stable module categories of all small quantum groups
for Borel subalgebras and classifications of the noncommutative Balmer spectra
and thick two-sided ideals of the Benson-Witherspoon Hopf algebras. The ap-
proach to the Balmer spectrum through Theorem 1.4.2 is applicable to the first case
and the one through Theorem 1.4.1 to the second case. The Benson-Witherspoon
Hopf algebras are the Hopf duals of smash products of a (finite) group algebra and
a coordinate ring of a group.

Sections 8 and 9 also illustrate that the three notions of noncommutative sup-
port data that we define are distinct. This differs from the commutative situation
where under natural assumptions a quasi support datum is a support datum [10,
Proposition 2.7.2].

Acknowledgments. The authors would like to thank Cris Negron and Julia
Pevtsova for providing access to a preprint on their work on the support varieties
via noncommutative hypersufaces [28]. Discussions with Cris Negron provided
valuable insights for us to refine the results in Section 8 and to add Section 8.2.
We also acknowledge Henning Krause for useful discussions about prior work on
support theory and ideals in tensor triangular geometry.

2. Triangulated 2-categories.

2.1. Triangulated categories and compactness. For the definition and
properties on triangulated categories we refer the reader to [7, Section 1.3] or [27].
Let T be a triangulated category with shift 3 : T — T. Since T is triangulated one
has a set of distinguished triangles:

M—N-—=Q—XM.

An additive subcategory S of T is a triangulated subcategory if (i) S is non-
empty and full, (ii) for M € S, ¥>"M € Sforalln € Z, and (iii)) if M - N — @ —
Y M is distinguished triangle in T and if two objects in {M, N,Q} are in S then
the third is in S. A thick subcategory of T is a triangulated subcategory S with the
property that, M = M; @ M, € S implies M; € S for j = 1,2.

In this paper, at some points we will assume that T admits set indexed co-
products. A localizing subcategory S is a triangulated subcategory of T that is
closed under taking set indexed coproducts. Recall that localizing subcategories
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are thick [6]. Given C a collection of objects of T, let Loct(C) = Loc(C) be the
smallest localizing subcategory containing C.

For A and B objects of T, we will denote the space of morphisms from A to B
by T(A, B). If T(C, —) commutes with set indexed coproducts for an object C'in T
then C'is called compact. The full subcategory of compact objects in T is denoted
by T¢. We say that T is compactly generated if the isomorphism classes of compact
objects form a set and if for each non-zero M € T there is a compact object C' such
that T(C, M) # 0. It turns out that when T is compactly generated there exists a
set of compact objects, C, such that Locy(C) = T (cf. [7, Proposition 1.47]).

2.2. 2-categories and triangulated 2-categories. Recall that a 2-category
is a category enriched over the category of categories. This means that a 2-category
K has the following structure:

(i) A collection of objects;

(ii) For any two objects A; and Aj,, a collection of 1-morphisms, denoted
K(Al N Az);

(iii) For any two 1-morphisms f,g € K(Aj, A;), a collection of 2-morphisms
f — g, denoted K(f,g).

The 1- and 2-morphisms are composed in several ways and admit unit objects.
They satisfy a list of axioms, among which we single out the following ones:

(iv) K(Aj, Ay) is a 1-category, where the objects are the 1-morphisms of K,
and the morphisms are the 2-morphisms of K;

(v) Composition K(A,, A3) x K(A41,A42) — K(A, A3) is a bifunctor. For 1-
morphisms f € K(A4;,A3) and g € K(41, A;), the composition will be denoted by
feg.

For details on 2-categories and their role in categorification, we refer the reader to
[21, 24].

We say that a 2-category K is a triangulated 2-category if K(Ay, Ay) is a tri-

angulated 1-category for all pairs of objects A; and A,, and the compositions

K(Az,Ag) X K(Al,Az) — K(Al,Ag)

are exact bifunctors for all objects Ay, A;, and Az of K.

Throughout, we will assume that all triangulated 2-categories K which we
work with are small. This means that the objects of K form a set, the 1-morphisms
of K(Aj,A,) form a set for all objects A; and A;, and the 2-morphisms K(f,g)
form a set for all 1-morphisms f and g.

For a triangulated 2-category K, we will denote by K the isomorphism classes
of all 1-morphisms of K, and for any subsets X,Y of K;, we denote by X oY
the set of all isomorphism classes which have a representative of the form f o g,
where f represents an element of X and g represents an element of Y and f, g are
composable in this order.



1688 D. K. NAKANO, K. B. VASHAW, AND M. T. YAKIMOV

A monoidal triangulated category (MAC for short) is a monoidal category
T in the sense of [15, Definition 2.2.1] which is triangulated and for which the
monoidal structure ® : T x T — T is an exact bifunctor.

Remark 2.2.1. In the same way that 2-categories are generalizations of
monoidal categories, triangulated 2-categories are generalizations of monoidal
triangulated categories. From a monoidal triangulated category T one can build a
triangulated 2-category K with one object as follows:

(a) The 1-morphisms of K are defined to be the objects of M, and composition
of 1-morphisms f and g is given by

fog=[®g

where the monoidal product is the product in T;

(b) The 2-morphisms of K are the morphisms of T.
In the other direction, given a triangulated 2-category K with one object, one de-
fines a monoidal triangulated category T in the following manner:

(c) Objects are the 1-morphisms of K;

(d) The monoidal product between objects is defined by

f®g:=foyg

where the right-hand side is composition of 1-morphisms in K;
(e) The morphisms of T are the 2-morphisms of K.

2.3. Triangulated 2-categories obtained as derived categories. The fol-
lowing example gives a natural construction of a triangulated 2-category.

Example 2.3.1. Let S be a set of (noncommutative) algebras. Then we define
the 2-category Ks by:

(a) Objects are the elements of the set S;

(b) The 1-morphisms A; — A, are all finite-dimensional A;-A; bimodules,
and composition of 1-morphisms is given by tensor product: if f} : A — A,, then
f1is an A;-A; bimodule; likewise, for f> : A, — As, then f; is a A3-A; bimodule;
and then

faofii=fr®a, f1;

(¢) 2-morphisms f — ¢ are bimodule homomorphisms.

K is a 2-category where each Ks(A, A) is an abelian 1-category. However,
this does not fit to the setting of abelian 2-categories treated in [31] because the
composition of 1-morphisms is not exact; instead, in general, it is only right exact.

Therefore, we consider the triangulated 2-category D, constructed from Kg:

(d) Objects are the same as in Ks, namely the elements of S;



NONCOMMUTATIVE TENSOR TRIANGULAR GEOMETRY 1689

(e) The categories D (A, Ay) are the bounded above derived categories of
the corresponding abelian categories Ks(Aj, A,), and composition

Dg (Az,A3) X Dg (Al,Az) — Dg (Al,A3)
is given by the left derived tensor product:

fofi=hHekh

for f1 : A1 — Az, f2 : A2 — A3.
This gives us a triangulated 2-category by [32, Exercise 10.6.2].

3. The prime, semiprime, and completely prime spectrum. In this sec-
tion, we extend the notions of prime, semiprime, and completely prime spectra of
noncommutative rings to the case of triangulated 2-categories.

3.1. Thick ideals of a triangulated 2-category. We start with some termi-
nology for 2-categories.

Definition 3.1.1. (a) A weak subcategory of a 2-category K is a subcol-
lection of objects I of K and a collection of subcategories I( A, A;) of K(A;, Az),
for all Aj, A, €1, such that composition in K restricts to a bifunctor

I(Az,Az) X I(Al,Az) — I(Al,A3)

for all Al,Az,Ag el

(b) A thick weak subcategory of a triangulated 2-category K is a weak subcate-
gory I of K which has the same objects as K, and for any pair of objects A, A, €1,
the categories I(Aj, A;) are thick subcategories of K(Ay, A;).

(c) A thick ideal of a triangulated 2-category K is a thick weak subcategory I
such that for any 1-morphism f in K and any 1-morphism ¢ in L, if g and f are
composable in either order, then their composition is in I;.

For any collection of 1-morphisms M, we will denote by (M) the smallest
thick ideal containing M, which exists since the intersection of any family of thick
ideals is a thick ideal.

The following lemma is the primary tool by which we connect classical non-
commutative ring theory to the setting of triangulated 2-categories.

LEMMA 3.1.2. For every two collections M,N C K| of 1-morphisms of a
triangulated 2-category K,

(3.1.1) (M)1o(N); C{MoKjoN);.
Proof. First, we will show that

(3.1.2) (M)joN C(MoKjoN);.
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Let I denote the collection of all 1-morphisms f which have the property that for
alln € N, t € Ky, one has ftn € (MoKjoN). Note that M C I. We claim that
Iis a thick ideal.

(1) Suppose that we have a distinguished triangle

f—mg9g—>h—X%f

such that two of f, g, and & are in 1. Since composition is an exact functor, for any
teK,nenN,
ftn — gtn — htn — X fin

is a distinguished triangle, and by assumption two out of three of its components
are in (M oKoN). Since it is an ideal, so is the third. Therefore, I is a triangulated
weak subcategory.

(2) Again, let t € K and n € NV. Suppose f = g @ h is in L. Then gtn @ htn is
in (M oKoN); by its thickness, gtn and htn are in (M oKoN'). Hence, g and h
are both in I. Therefore, I is a thick weak subcategory.

(3) Let f €1, and let g and A be 1-morphisms of K such that the compositions
gf, fh are defined. Then for any t € K, n € N, gftn € (MoKoN) by the fact
that (M oKoN) is an ideal and ftn is in it; and fhin € (M oKoN') by the fact
that f € I and At is a 1-morphism of K. Therefore, I is a thick ideal of K.

Since I is a thick ideal containing M, (M) C 1. From this, we obtain (3.1.2).

By symmetry, we can obtain

(3.1.3) Mo (N); C(MoKoN).

Then, by an identical argument to (1)—(3) but using instead I to be the set of mor-
phisms f for which fitn € (MoKoN) forall t € Ky, n € (N)y, it can be shown
that (M) o (N]) C (M oKjoN). This completes the proof. O

3.2. Prime ideals of a triangulated 2-category. We now introduce the key
notion of prime ideal and provide equivalent formulations on when an ideal is
prime. In the case of a monoidal triangulated category, this notion was introduced
in [12].

Definition 3.2.1. Let P be a proper thick ideal of K. Then P a prime ideal of K
if for every pair of thick ideals I and J of K,

LoJ; CP,=1CPorJCP.

The set of all prime ideals P of a triangulated 2-category K will be denoted by
Spc(K).

THEOREM 3.2.2. Suppose P is a proper thick ideal of a triangulated 2-
category K. Then the following are equivalent:
(a) Pis prime;
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(b) Forall m,n € K;, moKjon C Py implies that either m or n is in Py;

(c) For every pair of right thick ideals I and J of K, 1 o J; C Py implies that
either X or J is contained in P;

(d) For every pair of left thick ideals I and J of K, 11 oJ; C Py implies that
either X or J is contained in P;

(e) For every pair of thick ideals 1 and J of K which properly contain P, 1, o
Ji1 Py

Proof. Tt is clear that just by definition (c)=-(a), (d)=-(a), and (a)=(e).

(a)=>(b). Suppose P is prime and m oKjon C P;. By Lemma 3.1.2, (m) o
(n) C P, and thus either (m) or (n) C P; therefore, either m or n is in P.

(b)=(c). Suppose I, J right thick ideals and I, o J; C Py, and suppose that
neither I nor J is contained in P. Then there exist morphisms f € I, g € J such
that neither f nor ¢ is in P. Since I is a right ideal, f o K; C I, and therefore
foKjog CPy. Since neither f nor g is in P, we have proved the contrapositive.
The direction (b)=-(d) is analogous.

(e)=(b). Let m oK on C Py. Suppose neither m nor n is in P. Then by
Lemma 3.1.2

<P1U{m}>IO<P1U{TL}>1 C <(P1U{m}) OKlo(P1U{1’L})>1 cP;.

However, both (P; U{m}) and (P; U{n}) are thick ideals properly containing P,
thus proving the contrapositive. O

Recall that a multiplicative set M of 1-morphisms in a 2-category is a set of
non-zero 1-morphisms contained in K(A, A) for some object A such that for all
f,g€ M, wehave foge M.

THEOREM 3.2.3. Suppose M is a multiplicative subset of K, for a triangu-
lated 2-category K, and suppose 1 is a proper thick ideal of K which intersects M
trivially. If P is a maximal element of the set

X (M,I) :={J a thick ideal of K:J 21, JyNM =&},
then P is a prime ideal of K.
Proof. This follows directly from property (e) of Theorem 3.2.2. U

Every chain of ideals in X (M,I) has an upper bound given by the union of
these ideals. By Zorn’s Lemma, all sets X (M, I) have maximal elements.

COROLLARY 3.2.4. For every triangulated 2-category K, Spc(K) is nonempty.

Proof. This follows from Theorem 3.2.3 by taking M as the set {1 4 } for some

non-zero fixed object A and I as the zero ideal consisting of all zero 1-morphisms.
O
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3.3. The Zariski topology. With our notion of primeness, we can now de-
fine a topology on the set of prime ideals.

Definition 3.3.1. Define a map V' from subsets of K; to subsets of Spc(K) by
V(S)={PeSpcK:PNS=g}.

The Zariski topology on Spc(K) is defined as the topology generated by the closed
sets V(S) for any subset S of Kj.

We call the topological space Spc(K) the Balmer spectrum of K. In the case
when K is a monoidal triangulated category (where the monoidal structure is sym-
metric, or more generally, braided), this reduces to the spectrum defined in [1]. In
that setting the notions of prime ideal and completely prime ideal coincide. For
general monoidal triangulated categories the topology was introduced in [12].

Remark 3.3.2. In the case that K is a monoidal triangulated category, i.e., a
triangulated 2-category with one object, all closed sets under the Zariski topology
are of the form V' (S) described above. In that case, it is easy to see that V' (0) = &,
V(1) =Spc(K), V(S1)UV(8) =V (S19S,),and V(S;) =V (IJS;). However,
if K has more than one object, there is no longer any set S such that V(S) =
Spc(K), and, in general, the union V' (S;) UV (S,) cannot be written as V (S) for
some S.

Remark 3.3.3. It was stated in [12, Lemma 8.2] that SpcK is functorial for a
monoidal triangulated category K. The proof given there appears to have a gap.
In the proof it is stated but not justified that the Balmer support composed with a
monoidal triangulated functor is again a support datum. We do not expect such a
functoriality; the case of the spectrum of a noncommutative ring is well known to
be non-functorial.

3.4. Semiprime ideals of a triangulated 2-category. In this section we
define semiprime ideals in a triangulated 2-category and study their properties.

Definition 3.4.1. A thick ideal of a triangulated 2-category will be called
semiprime if it is an intersection of prime ideals, cf. [12].

THEOREM 3.4.2. Suppose Q is a proper thick ideal of a triangulated 2-
category K. Then the following are equivalent:

(a) Q is a semiprime ideal;

(b) Forall f c Ky, if foKjof CQy, then f € Qq;

(¢) IfLis any thick ideal of R such that I, oI} C Qq, then 1 C Q;

(d) If1is any thick ideal properly containing Q, then I, oIy € Qq;

(e) IfLis any left thick ideal of K such that 1) oI} C Qq, then 1 C Q.

(f) If Lis any right thick ideal of K such that I; oI} C Qy, then 1 C Q.
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Proof. (a)=(b). Suppose foKjo f C Qy,and let Q =, P, for prime ideals
P,. Then by Theorem 3.2.2, f is in P, for each «, and hence f € Q.

(b)=-(e). Suppose I, oI} C Qq, and suppose I Z Q. Then there is f € I with
f ¢ Q. Hence, since t f € I for each t € K, we have K; o f C I, and hence foKj o
f C€Qjq. Since f ¢ Qq, Q does not satisfy property (b). The implication (b)=>(f) is
analogous.

The implications (e)=-(c) and (f)=-(c) are clear, as is (c)=(d).

(d)=(a). Let Q a proper thick ideal satisfying (d), and let R be the semiprime
ideal defined as the intersection of all prime ideals containing Q; there is at least
one such prime ideal by Theorem 3.2.3. We will show that R = Q; to do this,
for an arbitrary 1-morphism f which is not in Q;, we will produce a prime ideal
which contains Q and does not contain f. Denote f := f;. Since f| &€ Q, we have
I .= (Q1U{f1}) properly contains Q. Hence, there is some f, € I oIM with
f> € Q. Continue in this manner, defining I¥) := (Q; U {f;}) and then f; | as an
element of 1) o 1) which is not in Q. Note that for any i,

1 C | RS (G C 161

Now consider a maximal element of the set of ideals I such that Q C I and
fi €I for all <. Call this maximal element P. We will demonstrate that P is prime.
Consider J, K two ideals properly containing P. By maximality of P, each of J and
K contain one of the f;. Let f; € J, fi € K. Without loss of generality, let j > k.
Then since K contains both Q and f;,

KDOI® o1kl o ... D10,
Therefore, f; is in both J and K. Then note that by Lemma 3.1.2,

fis1 €191 C ((QuU{f;}) oKio (QuU{fi})),
fir1 €P1.

Therefore,
JioKiof; Z Py,
which implies
JioK; ZPy.

Thus, by Theorem 3.2.2, P is prime. By construction, it contains Q and not f7,
which completes the proof. U

3.5. Completely prime ideals of a triangulated 2-category. In this
section we introduce the notion of completely prime ideals for a triangulated
2-category and show how these ideals arise via categories of 1-morphisms.



1694 D. K. NAKANO, K. B. VASHAW, AND M. T. YAKIMOV

Definition 3.5.1. A thick ideal P of a triangulated 2-category K will be called
completely prime when it has the property that for all f,g € K;:

fogeP = fePiorgeP.
We have the following lemma, whose proof is direct and left to the reader.

LEMMA 3.5.2. Let K be a triangulated 2-category.

(a) If P is a completely prime ideal of K, then there exists an object A of K
and a completely prime ideal Q of the triangulated 2-category with 1-object K 4
such that

K(B,C), otherwise.
(b) If A is an object of K and Q is a completely prime ideal of K 4 such that
(3.5.2) K(B,A)oK(A,B) CQ(A,A)
for every object B of K, then (3.5.1) defines a completely prime ideal P of K.

4. Noncommutative support data. In this section we develop a notion
of (noncommutative) support datum for monoidal triangulated categories K and
show that the Balmer spectrum of K provides a universal final object. In parallel to
noncommutative ring theory, we are lead to convert support data from maps with
a domain the set of objects of K to maps with a domain given by the (two-sided)
thick ideals of K, in which case the maps become simply morphisms of monoids.
The second incarnations will play a key role in the rest of the paper. The original
support datum maps are not uniquely reconstructed from them. To handle this, we
develop a notion of weak support datum and prove a universality property for the
Balmer spectrum in this setting also.

4.1. Defining noncommutative support data. Assume throughout the rest
of the paper that

K is a monoidal triangulated category (MAC for short) and X
is a topological space.

Let X denote the collection of all subsets of X, X the collection of all closed
subsets of X, and X, the collection of all specialization closed subsets of X, that
is, arbitrary unions of closed sets.

When it is necessary to emphasize the underlying topological space X, we will
use the notation (X)) and X, (X).

Definition 4.1.1. Let K be a monoidal triangulated category and ¢ a map K —
X. We will say that o is a (noncommutative) support datum if the following hold:
(@) 0(0)=@and o(1) = X;
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(b) c(A®B)=0(A)Uo(B),VA,B€K;

(c) 0(XA)=0(A),VA€K;

(d) If A— B — C — XA is a distinguished triangle, then o(A4) C o(B)U
a(C);

©) Uceko(A®C®B) =0(A)No(B), YA, B e K.

It follows from conditions (a) and (d) that o is constant along the isomorphism
classes of objects of K. The same will be true for all other notions of support datum
that we consider in this paper. Recall the map V' defined in Definition 3.3.1.

LEMMA 4.1.2. For any MAC, K, the restriction to objects of K of the map V
is a support datum K — X1 (Spc(K)).

Proof. By the definition of the Zariski topology, V' (A) is closed for any A. We
verify the properties (a)—(e) in Definition 4.1.1 below.

(a) V(0) = @ because 0 is in every prime ideal of K. Since prime ideals are
required to be proper, 1 is in no prime ideal, and hence V' (1) = Spc(K).

(b) Prime ideals are closed under sums and summands. Hence, if P is a prime
ideal, then A @ B € P if and only if both A and B are in P.

(c) Prime ideals are closed under shifts; hence, A is in a prime ideal P if and
only if XA is in P.

(d) Since prime ideals are triangulated, if

A=-B—sC—=XYA

is a distinguished triangle with P € V' (A), then A ¢ P and hence one of B or C be
not be in P. Therefore, P is in V(B) or V(C).

(e) First, we will show C. Suppose P is in some V(A ® C ® B) for some C in
other words, AQ C ® B ¢ P. Then since P is a thick ideal, neither A nor B can be in
P, and hence P € V(A) and V (B). For 2, suppose P € V(A)NV (B). Then by the
primeness condition, A @ K® B Z P, since that would imply either A or B would
be in P. Hence, there is some C' with A C@ B ¢P,andsoP € V(A C® B)
for some choice of C'. U

4.2. The final support datum. We begin with a lemma that shows that if
we have continuous maps from X to Spc K whose inverse images agree on closed
sets then the maps must be equal.

LEMMA 4.2.1. Let X be a set and f1, f» : X — SpcK be two maps such that
NV (A) = £, YV (A)) for all objects A of K. Then fi = f>.

Proof. By assumption, for all A € K and x € X, fi(z) € V(A) & fr(x) €
V(A). Hence, for all x € X,

N va= () VA,

AeK, fi(z)eV(A) AeK, fo(z)eV(A)
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and thus,

V(K\fi(2)) = {fi(z)} = N V(4) = N V(4)
AeK, fi(z)eV(A) AeK, fr(z)eV(A)
={/2(A)} =V (K\fa(z)).

Since fi(z) € V(K\ fi(x)), the above equality implies that f(z) € V (K\ f2(x)).
Therefore, fi(x) C f2(x), and analogously, f>(z) C fi(z). Hence, fi = f>. O

With the prior results we can show that there exists a final support datum.

THEOREM 4.2.2. In the collection of support data o such that o(A) is closed
for each object A, the support V' is the final support object for every MAC K: that
is, given any other support datum o as above, there is a unique continuous map
fo : X = SpcK satisfying o(A) = f; 1 (V(A)). Explicitly, this map is defined by

folz)={AeK:z¢o(A)}.

Proof. The uniqueness of this map follows directly from Lemma 4.2.1. We
need to show that the formula given for f,(x) defines a prime ideal, and that
o(A) = f-1(V(A)), which will then imply that f is continuous.

The subset f,(z) satisfies the two-out-of-three condition, since if

A—-B—-(C—=XA

is a distinguished triangle with B and C'in f,(z), this means that x is not in o (A)
or o(B), and by condition (d) of support data that implies that 2 & o(A), and so
A € fo(x). Additionally, A € f,(x) if and only if = & o(A), which, by condition
(c) for support data, happens if and only if z € 0(X A), i.e., XA € f,(x). Therefore,
fo(x) is closed under shifts, and so it is triangulated.

The triangulated subcategory f,(x) is also thick, because if A® B € f,(z)
then z is not in 0 (A @ B), and by condition (b) of support data x is not in o(A) or
o(B). Therefore, A and B are in f,(x).

Next, we will observe that f,(x) is a (two-sided) ideal. Suppose that A €
fo(x). Then x & o(A). For any B, since by condition (e) for support data

7(A® B) C o(A)No(B),

we have x € 0(A® B), and therefore A® B € f,(x). The same argument shows
that B® A € f,(x) as well.

Lastly, we verify that f,(z) is prime. Suppose A®Q K® B C f,(x). Then for all
objects C, z ¢ V(A® C ® B). Hence, by condition (e) of being a support datum,
x & o0(A)No(B), implying that it is not in o(A) or o(B). Therefore, either A or
Bisin f,(x).
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Lastly, we just verify the formula o(A) = £, ' (V (A)). We have

zef, (V(A) & fo(z) ={B:2¢a(B)} € V(A),
S A¢{B:x¢a(B)}
szrea(A).
This completes the proof. (]

4.3. Themap ®,. Forany map o : K — & with a topological space X, we
associate a map ®, from subsets of K to X given by

(4.3.1) 0y (S):= | o(A).
AeS

By definition, the map ®, is order preserving with respect to the inclusion partial
order.

If o : K — A, is a support datum, then ¥, (S) is a specialization-closed subset
of X for every § C K. We can now prove that the map ®, respects the tensor
product property on ideals.

LEMMA 4.3.1. Let K be an MAC and o : K — X be a support datum. Then
P,(IxJ)) =2, (I)NP,(J)
for every two thick ideals I and J of K, recall (4.3.1).

Proof. We have

o,(I0))= |J o(4®B)= lJ oo(4eCceB)
A€l, BeJ Ae€l, Be]J, CeK
= U o@no(B)= (U U(A)) N ( U J(B))
Ae€l, B€J A€l Bel
=, (I)Nd,(J). O

LEMMA 4.3.2. Let K be an MAC and o : K — X be a support datum. For any
subset S of K, ®,(S) = ©,((S)).

Proof. We will check that by adjoining direct summands, shifts, cones, and
tensor products to S one does not alter @, (S); this will prove the statement.

Let M & N € S. Then, by condition (b) for support data, (M) C o(M & N),
so adjoining M to S does not change |J 4.5 (A).

Let M € S. Then, by condition (c) for support data, o(X"M) = o(M), so
adjoining shifts to S does not alter ¢, (S) either.

If A— B — C — XA is a distinguished triangle with B and C in S then
0(A) Co(B)Uo(C) by condition (d) for support data, so adding A to S does not
change @, (S).
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Lastly, if M € S, then by condition (5) for support data we have o(M @ N) C
o(M)No(N) Co(M). Hence, we can add M ® N to S without affecting o(S).
Likewise for N ® M.

Therefore, closing S under summands, shifts, cones, and tensor product with
arbitrary objects of K does not alter ®,, which proves the lemma. O

The following theorem summarizes our results for support data.

THEOREM 4.3.3. For an MAC, K, and a support datum o : K — X, the map
D, is a morphism of ordered monoids from the set of thick ideals of K with the
operation 1,J — (I J) and the inclusion partial order to X, with the operation
of intersection and the inclusion partial order.

Proof. Clearly, ®, preserves inclusions. For every two thick ideals I and J
of K,
P, (I®])) =2,(I)NP,(J),
which follows from Lemmas 4.3.1 and 4.3.2. U

4.4. Weak support data. We now replace condition (e) in the definition of
support datum with the tensor product property on ideals to define the notion of
weak support data.

Definition 4.4.1. Let K be a monoidal triangulated category and ¢ a map K —
X. We will call o a (noncommutative) weak support datum if

(@) 0(0)=@and o(1) = X;

(b) 0(A®B)=0(A)Uc(B),VA,B €K;

(c) 0(XA)=0(A),VA€K;

(d) If A— B — C — XA is a distinguished triangle, then o(A4) C o(B)U
a(C);

(e) P,(IxJ)=o,(I)NP,(J) for all thick ideals I and J of K
(recall (4.3.1)).

Note that, for any weak support datum o : K — X satisfying the additional
condition that each ®,((A)) is closed for any object A, and all thick ideals I of K,

CI)U(I) = U CI)U(<A>) € XSD'
Ael

By Lemma 4.3.1, a support datum is automatically a weak support datum.
The following two lemmas provide information on ideals generated by objects
in the category K.

LEMMA 4.4.2. If o : K — X is a weak support datum for an MAC, K, and 1
and J are thick ideals of K, then

P, (IR]) =2,AxJ) = 0,(I) N D, (J).
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Proof. By assumption, ®,(I®J) = ®,(I)N®,(J). Since every element of the
set I®J is in I, and in J, we have (I® J) CINJ. Hence, ®,((I®J)) C @,(I)N
O, (J). It is also automatic that ¢,(I®J) C ®,((I®J)). Therefore, we have the
commutative diagram

o, (I®]) = (N2 (J)
@, ((I2J))
which gives the statement of the lemma. (]

LEMMA 4.4.3. Suppose A — B — C — X A is a distinguished triangle in an
MAC, K, and o a weak support datum. Then ®,((A)) C ®,((B))U P, ((C)).

Proof. Define
I= {M €(4):2,(KeoMx®K)C @g(<B>)U<I>U((C’>)}.

We will show that I is a thick ideal which contains A; since it is contained in (A)
by definition, it is therefore equal to (A).

Suppose M is in I, and let X and Y two arbitrary objects of K. We have
XYIMeY 23X (X))o M @27 1(Y)), and hence 0(X @ XM ®Y) =
c(ETH X))o MaL H(Y)) C o, ((B))Ud,((C)), showing that X(M) € 1.

Let K - L — M — XK be a distinguished triangle with L and M in I. Then
by the exactness of the tensor product, X R K QY - X RQLQY - XQOMQQY —
X ®YXK®Y is adistinguished triangle. Hence,

F(XRKRY)Co(XQLRY)Ua(X@MeY)C &,((B))Ud((C)).

Therefore, K is in 1.

Suppose M @ N isin I. Then c(X @M ®Y) Co(X @ (M e N)®Y) C
O, ((B))U®,((C)), and so M is in I (and likewise, so is V).

It is clear from the definition of I that it is closed under tensoring on the right
and left. By exactness of the tensor product, I contains A. Thus, Iis a thick subideal
of (A) which contains A, and hence, I = (A). O

4.5. The final weak support datum. Using the final weak support data
one can identify the Balmer spectrum for K.

THEOREM 4.5.1. Suppose that K is an MAC and o : K — X is a weak support
datum satisfying the additional condition that ®,({A)) is closed for every object A
of K. Then there is a unique continuous map f,: X — SpcK satisfying ®,((A)) =
YV (A)), for all A € K. Explicitly, this map is defined by

for)={AeK:2¢®,((A))} forzeX.
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Proof. The uniqueness of this map follows directly from Lemma 4.2.1. The
continuity will follow from the claimed formula for f, '(V(A)), since ®,(({A))
is closed by definition. We need to verify that f,(x) is a prime ideal, and that
f-1(V(A)) has the formula that has been claimed.

Since (M) = (¥ M), we clearly have M in f,(x) if and only if ¥M in f,(x).
If A— B — C — XA is a distinguished triangle with B and C in f,(z), then
by Lemma 4.4.3 we have A in f,(z). If M @ N is in f,(x), then since M €
(M @ N), we have &,((M)) C &,((M @ N)), and so M € f,(x) (and likewise
for N). Suppose M € f,(z) and N is any object. Then since (M @ N) C (M),
we have ®,((M ®@ N)) C &,((M)) and hence M @ N € f,(z) (and likewise for
N ® M). Hence, f,(x) is a thick ideal.

Now, suppose that there are thick ideals I and J with I® J C f,(x). Then for
each X elandY € J, 2 € ®,((X ®Y)). But now we can observe that

U e ((XeY))2e,(12))=2,1)Nd,J),
Xel, Ye)J

and therefore x & ®,(I) N ®,(J). Therefore, one of I and J must be in f,(x).
Therefore, f,(x) is a prime ideal. Last, we verify that £, 1(V (A)) = ®,((A)):

£ (V(A) ={z: folz) eV(A)} = {z: A ¢ fo(2)}
={z:2€®,((4))} =2, ((4)). O

5. A noncommutative Hopkins’ theorem. In this section we prove a gen-
eralization of Hopkins’ theorem which will be used in next section for our first
approach to the explicit description of the (noncommutative) Balmer spectrum of
an MAC as a topological space.

5.1. Compactly generated tensor triangulated categories. We say that a
monoidal triangulated category K is a compactly generated if K is closed under
arbitrary set indexed coproducts, the tensor product preserves set indexed coprod-
ucts, K is compactly generated as a triangulated category, the tensor product of
compact objects is compact, 1 is a compact object, and every compact object is
rigid (cf. [15, Definition 2.10.11]). In particular, K¢ is an MAC on its own.

In this context, given any subset S of K¢, the notation (S) will refer to the
thick two-sided ideal of K® generated by S, whereas if S is any subset of K, then
the notation ((S)) will refer to the thick two-sided ideal of K generated by S.

Recall that for an MAC, K, and a map o : K — X, the map ®, from subsets
of objects of K to X is defined by (4.3.1). At many points in this section and the
sequel we will be interested in weak support data which satisfy the following two
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conditions:

(5.1.1) ®,({(M)) =@ if and only if M =0, VM € K (Faithfulness property);
(5.1.2) Forany W € X there exists M € K such that &,((M)) =W
(Realization property ).

By rigidity, it follows that there exists an exact contravariant duality functor
(—)* : K¢ — K¢ such that

(5.1.3) K(N®M,Q)=K(N,Q® M)

for M € K¢ and N,(Q € K [15, Proposition 2.10.8]. There are evaluation and co-
evaluation maps

ev: V'@V =1,
coev:1 = VeV,

such that the compositions

(5.1.4) VM}V@V*@)V%V;
(5.1.5) V*MV*@’V@V*%V*

are the identity maps on V' and V*, respectively.

LEMMA 5.1.1. For any object V of an MAC, (V') = (V*).

Proof. By the Splitting Lemma for triangulated categories, if a morphism X i>
Y is a retraction, i.e., there exists a map Y 2y X such that go f =idx, then X is
a direct summand of Y. Since the compositions (5.1.4) and (5.1.5) are the identity
morphisms, V is a direct summand of V® V*®V and V* is a direct summand of
V*®@V ®V*. Hence, V isin (V*),and V*isin (V). O

5.2. Localization/colocalization functors. Even though our goal is to
classify ideals in a compact MAC, we will need to use the localization and colo-
calization functors as given in [5, Section 3] to construct non-compact objects that
will be used in the theory. In particular, we will employ the following facts stated
in [9, Theorem 3.1.1, Lemma 3.1.2].

THEOREM 5.2.1. Let K be a compactly generated triangulated category, C be
a thick subcategory of K¢ and M an object of K.
(a) There exists a functorial triangle in K,

Fc(M)—>M—>Lc(M)—>
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which is unique up to isomorphism, such that U'c(M) is in Loc(C) and there are
no non-zero maps in K from C or, equivalently, from Loc(C) to Lc(M).
(b) M € Loc(C) ifand only if I'c(M) = M.

5.3. Hopkins’ theorem. For an object M € K¢, recall that (M) C K¢ de-
notes the thick tensor ideal in K¢ generated by M, whereas (M )) will denote the
thick tensor ideal in K generated by M. The following result is a generalization
of the theorem presented in [9, Theorem 3.3.1]. Recall the definition of extended
weak support datum from Section 1.3.

THEOREM 5.3.1. Let K be a compactly generated MAC and o : K — X be
an extended weak support datum satisfying the faithfulness condition (5.1.1) for a
Zariski space X.

Fix an object M € K¢, and set Y := ®,((M)) (defined in (4.3.1)). Then

Iy = (M) wherely = {N €K°: ®,((N)) CY}.

Proof. Let I =1y and I' = (M). By definition I' = (M) is the smallest thick
(two-sided) tensor ideal of K€ containing M, so it follows that I D T’

Now let N € K, and apply the exact triangle of functors I'y — Id — Ly — to
FI(N)Z

(531) F]/FI(N) —)FI(N) —>LI/FI(N) —

One can conclude that o(Ly'[(N)) C Y because (i) the first term belongs to
Loc(I') C Loc(I) (since I' C I) and (ii) I't(NV) belongs to the triangulated sub-
category Loc(I).

According to Theorem 5.2.1(a) there are no non-zero maps from I’ to
LyTy(N). Consequently, for any .S, Q € K¢, one can use (5.1.3) to show that

(5.3.2) 0=K(S®@M®Q,LyT(N)) 2K(S,LyI'ti(N) ® Q" @ M*).

Since K is compactly generated it follows that LyI'f(N) ® Q* @ M* =0 in K.
Hence LyI't(N) ® K°® M* = 0, and since one can find a set of compact objects
C with Loc(C) = K, this implies Ly (V) @ K® M* = 0. One can now conclude
the following:

@ =@, ((LyT1(N) @ K@ M*)
=, ((LrTr(N)) @ (M*))
= O, ((LrT1(N))) N @, ((M))
D Oy ((LyTi(N)) N®((M))
= O, ((LyTi(N))) NY
= @, ((LrTr(N))).
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The second equality is an application of Lemma 3.1.2. The third equality uses
condition (v) in Definition 4.4.1. Therefore, by (5.1.1), LyI't(N) = 0 in K, and it
follows that I'y(N) = I'yI'f(NV) via (5.3.1).

Finally, consider N € I. Then by Theorem 5.2.1(b), I'1(N) = N, thus I'y (V) =
N and N € Loc(I'). Now by [26, Lemma 2.2] we see that in fact N € I'. Conse-
quently, IC T O

6. Classifying thick (two-sided) ideals and Balmer’s spectrum of an
MAC. In this section we present a method for the classification of the thick
(two-sided) ideals of an MAC and our first approach towards the explicit descrip-
tion of the Balmer spectrum of an MAC as a topological space. They are based on
the use of a weak support datum having the faithfulness and realization properties
(5.1.1)—(5.1.2).

6.1. Themap ©. Let K be a compactly generated MAC, and 0 : K¢ — &
be a weak support datum. Denote by ©, the map from specialization-closed subsets
of X to subsets of K¢ given by

(6.1.1) O,(W)={M eK®: ®,((M)) CW}.
The following result verifies that ©,(11) is a thick tensor ideal.

PROPOSITION 6.1.1. Let 0 : K¢ — X be a weak support datum for a compactly
generated MAC, K. For any W € X, ©,(W) is a thick tensor ideal of K°.

Proof. Since (M) = (XM), we have M € ©,(W) if and only if XM €
©,(W). Suppose M & N € O,(W). Then since M and N are in (M & N), it fol-
lows that M and N are in ©,(W).If A— B — C — ¥ Ais a distinguished triangle
with B and C' in ©,(W), then by Lemma 4.4.3, ®,((A4)) C &,((B)) U ®,((C))
and so A € O,(W). If M is in ©, (W), then since N ® M and M ® N are both in
(M), we have N and M in ©,(W). O

Suppose S is any subset of the topological space X. Denote by
(6.1.2) Ssp the largest specialization-closed set contained in S.

That is, Sp is the union of all closed sets contained in S. With this definition, we
can describe the image of f,.

PROPOSITION 6.1.2. Suppose K is a compactly generated MAC with a weak
support datum o : K¢ — X such that ®,((C)) is closed for every compact object
C. Then the map f, : X — SpcKC defined in Theorem 4.5.1 associated to the
restriction of o to K¢ satisfies fs(x) = O, ((X\{x})sp), Vo € X.
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Proof. Observe that

fol@)={M €K 12 g &, ((M))}
= {M eK°: 0, ((M)) C X\{z}}
= {MeK: &, ((M)) € (X\{2}),} = O, ((X\{a}),). O

We end this subsection by recording a useful fact that will be used later.

LEMMA 6.1.3. Suppose X is a Zariski space. Then, for all x,y € X,

(X\fa}), = (X\{}), © o=v.

Proof. Suppose (X\{z})sp = (X\{y})sp- Then there is no closed set which
contains y and not z, and vice versa. Therefore, {x} = {y}. In a Zariski space,
every irreducible set has a unique generic point, but since x and y are generic
points of their closures, we have x = y by the assumed uniqueness. O

6.2. Classification of thick tensor ideals and the Balmer spectrum. If
K is a compactly generated MAC with a weak support datum o, we have now
exhibited maps

Thickld (K°) Z: -

If X is a Zariski space and o satisfies the additional conditions (5.1.1) and (5.1.2),
one can now classify thick tensor ideals of K and the Balmer spectrum.

THEOREM 6.2.1. Let K be a compactly generated MAC and o : K — X be an
extended weak support datum for a Zariski space X such that ®,((C)) is closed
for every compact object C. Recall the maps ®, and O, defined in (4.3.1) and
(6.1.1), and the map f, from Theorem 4.5.1 and Proposition 6.1.2.

(a) If o satisfies the faithfulness property (5.1.1), then ©, 0 ®, = id.

(b) If o satisfies the realization property (5.1.2), then:

(1) ®,00, =id.

(ii) The map f, is injective.

(c) If o satisfies both conditions (5.1.1) and (5.1.2), then:

(i) ®, and ©, are mutually inverse maps. They are isomorphisms of or-
dered monoids, where the set of thick ideals of K€ is equipped with the operation
LJ — (I®J) and the inclusion partial order, and X, is equipped with the opera-
tion of intersection and the inclusion partial order.

(ii) For every prime ideal P of K€, there exists x € X with ®,(P) =
(X\{e})sp

(iii) The map f, : X — SpcKC is a homeomorphism.

Proof. We first show (a). Given a thick tensor ideal I of K¢, set W = &, (I)
and Iyy = O, (). Then by definition

Iy = 0, (W) =0,(2,(I)) = {M:2,((M)) CP,I)} DL
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For the reverse inclusion, let N € Iy, so @, ((N)) C W. Since X is a Zariski
space, ®,((IV)) = W U---UW,, where the W; are the irreducible components
of ®,((N)). Moreover, each W; has a generic point x; with {z;} = W;. Since
W; C W one has z; € W. By definition of W, there exists M; € I such that x; €
O, ((M;)). Since each @, ((M;)) is closed, it follows that W; C &, ((M;)). Now
set M := ;| M; € L. Then

We claim that (N) C (M). Observe that I is a thick tensor ideal containing
(M), so (M) CI. This implies that the aforementioned assertion will complete the
proof of the inclusion Iy C L.

To prove the claim, we employ Hopkins’ theorem (Theorem 5.3.1). By
this result one has (M) = Ip_((ar)). However, ®,((N)) C ®,({M)), so
(N) CXg, ((ar)) = (M).

Next, we show (b)(i). We have automatically that

O, (0,(W)) =@y (Lw) = | @, ((M)) CW,
Melw

For the reverse inclusion, express W = ey Wj for some index set J and closed
subsets W; € X'. By the assumption (5.1.2), there exist objects IV; € K¢ such that
P, ((Nj)) = Wj for j € J. It follows that N; € Iyy so W C ey, o ((M)).
Consequently, ®,(0,(W))=W.

For (b)(ii), we just note that by (b)(i), ©, is injective. By Lemma 6.1.3,
the map sending = +— (X\{z})sp is injective. By Proposition 6.1.2, f,(z) =
Os((X\{z})sp). Hence, f is injective.

By (a) and (b), (c)(i) is automatic. We now show (c)(ii). Suppose P is a prime
ideal. By (b)(i), we can write arbitrary specialization-closed sets as @, (I) and
®,(J) for some ideals I and J. We have
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Hence, ®,(P) has the property that for any specialization-closed sets S and T'
of X, SNT C ®,(P)= S orT C &,(P). We claim that the only sets with this
property are sets of the form (X\{x})sp. Suppose ®,(P) is not a set of this form.
Then for every point z in its complement, there exists some closed set V,, which
does not contain  and is not contained in ®,(P). We have (),cq_pye Vo € @5 (P),
but for each z, V, € ®,(P). By assumption X is Noetherian, so there is a finite
subset S of ®,(P)° with (,cq_ (p)e Vo = (\zes Ve, and since this is now a finite
intersection this shows that there ex1st closed sets S and T' with SNT C ®,(P),
but neither .S nor 7" is contained in @, (P). Since this is a contradiction, ¢, (P) has
the form (X\{x})sp for some x.

Now we will show (¢)(iii), that f,; is a homeomorphism. Given a prime ideal P
of K, there exists « € X such that ®,(P) = (X\{z})sp, and so

P =0,(2:(P)) =0, ((X\{2}),,) = fo(z)

by Proposition 6.1.2. This shows that f, is surjective, and hence bijective by (b)(ii).
We now show that f,, is a closed map. To an arbitrary closed set, which by (5.1.2)
is of the form ®,((M)), we apply f,:

fo (2o ((M))) = fo (f ' (V(M))) = V (M),

using the surjectivity of f, and the formula for f,'(V(M)) given in Theo-
rem 4.5.1. Since V(M) is closed, f, is a closed and continuous bijection, and
hence a homeomorphism. ([l

7. Noncommutative geometry for one-sided ideals. In this section we
present a method for the classification of the thick right ideals of an MAC. We
introduce a new concept (quasi support datum) to deal with thick one-sided ideals.

In the next section we illustrate how one can extract an explicit description of
the Balmer spectrum of an MAC and a classification of its thick two-sided ideals
out of the classification of thick one-sided ideals given in this section.

7.1. Quasi support data. A thick right ideal of an MAC, K, is a full tri-
angulated subcategory of K that contains all direct summands of its objects and is
closed under right tensoring with arbitrary objects of K.

Definition 7.1.1. Let K be a monoidal triangulated category, X a topological
space, and o a map K — X'. We call ¢ a (noncommutative) quasi support datum if

(@) 0(0)=@and o(1) = X;

(b) c(A@B)=0(A)Uc(B)VA,B€K;

(c) 0(XA)=0(A),VA€K;

(d) If A— B — C — XA is a distinguished triangle, then o(A4) C o(B)U
a(C);

(e) c(A®B) Co(A),VA,BeK.
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For an extended quasi support datum we replace (b) with

(b U(@ie[ A) = Uie[ A, VA; eK

Similarly to the previous two sections, we will be interested in quasi support
data o : K — X that satisfy the following one-sided type assumptions:

®((M})),) = @ if and only if M =0,
for all M € K (Faithfulness property);
For any W € X, there exists M € K¢
such that ® ((M),) = W (Realization property).

(7.1.1)
(7.1.2)

Here and below, similarly to the two-sided case, for M € K¢, (M), denotes the
smallest thick right ideal of K¢ containing M that is the intersection of all thick
right ideals containing M. For M € K, (M), denotes the smallest thick right ideal
of K containing M.

7.2. One-sided Hopkins’ theorem for quasi support data. We first state
an assumption that acts as a (one-sided) replacement for condition (e) in the defini-
tion of weak support datum. Recall the definition (4.3.1) of the map ®,. Similarly
to the arguments in Section 4.4, one shows that in the presence of the other condi-
tions for quasi support datum, condition (e) is equivalent to

(7.2.1) P, ((M),) =0c(M), VM eK.
ASSUMPTION 7.2.1. Suppose that M, N € K are such that
Dy ((N)r) Co(M).

Set 1 = (M),. If M*® Ly(N) =0, then Ly(N) = 0 (for the localization functor
as in Section 5.2).

With this assumption, one proves the following one-sided version of Theo-
rem 5.3.1. Similarly to (6.1.1), for a quasi support datum o : K — X" for a com-
pactly generated MAC K, denote by ©, the map from specialization-closed sub-
sets of X to subsets of K*:

O,(W)={M cK®: D, ((M),) CW}, forW e Xy.

THEOREM 7.2.2. Let K be a compactly generated MAC and o : K — X be an
assignment to subsets of a Zariski space X that satisfies the conditions (a), (b'), (c),
(d) for an extended quasi support datum, such that o : K° — X is a quasi support
datum for a Zariski space X. Assume that Assumption 7.2.1 holds. Then for each
object M € K€,
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7.3. Classification of thick tensor one-sided (right) ideals. With Theo-
rem 7.2.2, we can state a classification theorem for thick (right) ideals for K¢. The
proof follows the same line of reasoning as given in Theorem 6.2.1.

THEOREM 7.3.1. Let K be a compactly generated MAC and o : K — X be
an assignment to subsets of a Zariski space X that satisfies the conditions (a), (b'),
(c), (d) for an extended quasi support datum. Suppose that o restricts to a quasi
support datum on K¢ where ®,((C')) is closed for every C € K°. Moreover, assume
that o satisfies the realization property (7.1.2) and Assumption 7.2.1 holds.

Then the maps ®, and ©,

{thick right ideals of K°} Xsp

1Le

are mutually inverse.

Remark 7.3.2. The set of thick right ideals of K¢ is an ordered monoid with
the operation I,J — (I® J), and the inclusion partial order. The set Xj;, is an or-
dered monoid with the operation of intersection and the inclusion partial order. The
maps @, and O, preserve inclusions but in general they are not isomorphisms of
monoids.

More precisely, ®, and O, are isomorphisms of ordered monoids if and only
if o : K— X is a support datum.

Indeed, P, is an isomorphism of monoids if and only if @, ((I®J);) = ®,(I)N
®,(J) for all thick right ideals I and J of K€. This in turn is equivalent to ¢, (I®
J) = @,(I)N®,(J) by an argument similar to the proof of Lemma 4.3.2. Since
I = Ugcr(A);, the last property is equivalent to ®,((A); ® (B);) = @, ((A4);) N
®,((B);), VA, B € K. By (7.2.1) the last property is equivalent to

| c(A®C®B)=0(A)no(B), VA,BeK,
CeK

which is the fifth property in the definition of support data.

7.4. Finite-dimensional Hopf algebras. Let A be a non-semisimple
finite-dimensional Hopf algebra over a field k. It is well known that A is a
self-injective algebra. Denote by Mod(A) the abelian category of (possibly
infinite-dimensional) A-modules and by mod(A) its abelian subcategory of
finite-dimensional A-modules. Both categories are monoidal with an exact tensor
product. Both categories are Frobenius. Denote by K = StMod(A) and stmod(A)
the corresponding stable categories. K = StMod(A) is a compactly generated
MAC with K¢ = stmod(A), see [7, Example 1.48].

We first state a condition that provides a method for constructing a quasi-
support data for K¢ = stmod(A).
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ASSUMPTION 7.4.1. Given A a finite-dimensional Hopf algebra.
(a) The cohomology ring R =H®(A,Kk) is a finitely generated algebra.
(b) Given M,N € mod(A), Ext (M, N) is a finitely generated R-module.

Assumption 7.4.1 will be referred to as the (fg) assumption. This assumption is
conjectured to hold in broad generality by Etingof and Ostrik, that is, for all finite
tensor categories, which includes categories of modules of finite-dimensional Hopf
algebras [16, Conjecture 2.18]. Given the (fg) assumption, one can construct the
cohomological support datum on K€ as follows. Let M be an object of K and let

(7.4.1) o (M) = Proj ({ P € Spec(R) : Ext% (M, M)p #0}).

Clearly, o(M) € X, for M € K€. Next we will verify (7.1.1). One has ®,((M),;) =
@ if and only if 0(N) = @ forall N € (M), if and only if N =0 for all N € (M),
(cf. [17, Proposition 2.3]) if and only if M = 0.

Next, we can verify (7.1.2). Let ¢ € H"(A,C) and let L. be the kernel of the
map ¢ : Q"(C) — C. Moreover, let Z(¢) = { P € Proj(Spec(R)) : ¢ € P}. One has
o(L¢) = Z((). We have the following result from [17, Theorem 2.5].

PROPOSITION 7.4.2. Let M € stmod(A), and (,(; € R be homogeneous ele-
ments of positive degree (1 <1 <1t).

@ o(Le@M)=0(L¢)No(M).

(b) o(®_ Le, ® M) = [NL_,o(L¢)] Na(M).

Now let W € &,. There exists (1,(z,...,( € Rsuchthat W = Z(¢;)NZ ()N
-+-NZ((¢). Then by Proposition 7.4.2, it follows that W = o (L¢, ® L, ®--- ® Ly, )
(cf. [17, Remark 2.7]).

In [5], Benson, Iyengar and Krause constructed an extension of the cohomo-
logical support map o to the set of objects of K = StMod(A). This map takes values
in the subsets of the space of homogeneous prime ideals of H*(A,k) and satisfies
conditions (a), (b"), (c), (d) for an extended quasi support datum. The map

A €K o(A)NProj (H*(A4,k))

is an extension of o to K with values in X' (Proj(H®(A,k))), which still satisfies
conditions (a), (b"), (c), (d).
With the verifications above, we can now state the following result.

THEOREM 7.4.3. Let A be a finite-dimensional Hopf algebra over a field k
that satisfies (fg) and Assumption 7.2.1. With the cohomological support datum
there exists a bijection between

{thick right ideals of stmod(A)} X (Proj (H*(4,k))).

1Le
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8. Small quantum group for Borel subalgebras. In this section, we use
the method from Section 7 to classify the thick right ideals of the stable module
categories of the small quantum groups for the Borel subalgebras of all complex
simple Lie algebras. Based on these results, we then provide a classification of
the thick two-sided ideals of these categories and an explicit description of their
Balmer’s spectra.

8.1. Small quantum group for Borel subalgebras. Let g be a complex
simple Lie algebra and ¢ be a primitive ¢th root of unity in C. Assume that £ > h
where h is the Coxeter number associated to the root system of g. Let b be the
Borel subalgebra of g corresponding to taking the negative root vectors and u be
the unipotent radical of b. Let u¢(b) (resp. u¢(g)) be the small quantum group for
b (resp. g). Moreover, let U (b) (resp. Uc(g)) be the Lusztig A-forms specialized
at (. The later algebras are often referred to as the big quantum group.

The Steinberg module St is a projective and injective module in mod(U¢(g)).
This fact allows one to prove that there exists enough projectives in the category
and the module category is self injective. Therefore, one can consider the stable
module category of finite-dimensional modules, stmod(U¢(g)). This category is a
symmetric MAC. A classification of thick tensor ideals and the computation of the
Balmer spectrum was achieved in [10].

The Steinberg module St does not remain projective upon restriction to
mod(U¢(b)). Thus, the construction of the stable module category does not follow
immediately from the aforementioned argument. The small quantum group is a
finite-dimensional Hopf algebra which means that it is self-injective, and in this
case one can discuss the stable module category.

For stmod(u¢(g)) the classification of thick tensor ideals and computation of
the Balmer spectrum remain as open questions. In this section we will address these
issues for stmod(u¢(b)).

8.2. Action of II. Denote for brevity
A= ZLC([J)

Let X denote X (7T')/¢X(T), where X (T') is the weight lattice corresponding to
a maximal split torus 7'. For each A € X, define an automorphism +, of A which
is defined by v\ (Ey) = ¢Xe B forall o € T and W) =K;fori=1,...,n.
Here @ are the set of positive roots in the set of roots ® and (—,—) denotes the
inner product on the Euclidean space spanned by the roots.

Let IT = {vy : A € X}, which is a group under composition. Moreover, II acts
on the cohomology ring R = H?*(A,k) = S*(u*). The action of \ is given explic-
itly on homogeneous elements of R (interpreted as n-fold extensions) by sending
each module M to the twist M/7*, a new module with action a-m =y, (a)m for all
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a € Aand m € M. Since k" = k, which follows from the definitions of the co-
product and counit on A, this action sends an n-fold extension of k by k to another
such extension.

The following result demonstrates that the action of II on the stable module
category for the small quantum Borel algebra is trivial. Let X (7")/Z® denote the
weight lattice modulo the root lattice, and (¢, | X (T")/Z®|) = ged(¢,| X (T)/ZP|).

THEOREM 8.2.1. Let u¢(b) be the small quantum group for the Borel subal-
gebra b with £ > h and (£,| X (T)/Z®|) = 1. Then the action of 11 on Proj(S*® (u*))
is trivial.

Proof. 1t suffices to prove that the action of II on the cohomology ring R is
trivial. This action can be described as follows.

If A\ € X;, a € C* one can define an automorphism 7, of A: 3,\(E,) =
aM B forall o€ ®F and A\ (K;) = K; fori=1,...,n. Note that this is also an
automorphism on the subalgebra, u (1) which is generated by E,, o € ®*. When
a = ¢ where ( is a primitive /th root of unity, 7 = ~.

This automorphism 74 acts on the bar resolution of wu¢(u) (cf. [3, Sec-
tion 2.8]) and the differentials respect the action of this automorphism. Therefore,
the automorphism will act on the cohomology H®(u¢(u),C). One has that
R =H"(u¢(u),C)"<® = 5 (u*)(V) [18, Theorem 2.5] where u(t) is the subalge-
bra of A generated by K; for i = 1,...,n. The twist means that all the weights in
the cohomology of R are of the form fo where ¢ is in the weight lattice. From
the bar resolution, we can conclude that /o must be in the root lattice. Since
(¢,|X(T)/Z®|) = 1, it follows that o is in the root lattice.

Let f € R of weight fo. Then f can be expressed as a sum of tensor products
of elements in u¢(u) such that lo = )" .4+ no. Therefore, the automorphism
An(f) = aMto) = (at)P) | Specializing a = ¢ shows that + acts trivially on R. [

8.3. Classification of one-sided (right) ideals. The small quantum group
A = u¢(b) is a finite-dimensional Hopf algebra over C. For £ > h (h is the Cox-
eter number for the underlying root system), the (fg) assumption holds and the
cohomology ring H?*(A,C) = S*(u*). The odd degree cohomology is zero.

Assumption 7.2.1 holds by [10, Section 7.4] as long as W (M) = W (M*) for
every M € stmod(uc (b)), where W = ¢ is the cohomological support. We can
prove this under the assumption that II acts trivially on R (i.e., (¢,| X (T)/Z®|) =
1). In checking Assumption 7.2.1 for M = 0, we also use the well-known faithful-
ness property for the cohomological support.

First note that M € stmod(u¢ (b)) is rigid, thus M is a summand of M ®
M*® M, and

W(M)CW(MeM @M).
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Using the fact that M has a composition series by subquotients isomorphic to the
one dimensional modules A € X, one has

W(MeMeM)= ) WheM M)
AeX

The cohomological support W is a quasi support datum, and II act trivially on
supports. Consequently,

WARM* @M)CW (M) @A M) C W ((M*)™)
= W(M*) =W (M)

for all A € X;. Combining the above inclusions gives W (M) C W (M™*). The other
inclusion is proved by interchanging M with M* and using the fact that (M*)* =
M.

We can therefore employ Theorem 7.4.3 to give a classification of one-sided
tensor ideals for the stable module category of ¢ (b).

THEOREM 8.3.1. Let uc(b) be the small quantum group for the Borel sub-
algebra b with £ > h and ged(¢,| X (T')/Z®|) = 1. Then there exists a bijection
between

{thick right ideals of stmod (uc(b)) }

@
%’ {specialization closed sets of Proj (S*(u*))}.

8.4. Classification of two-sided ideals and the Balmer spectrum. First,
we fix some notation:
(i) The cohomology ring of A = u.(b) will be denoted by

R = Ext% (k.k) = H*(A,k).

(i) The space of (nontrivial) homogeneous prime ideals of R will be de-

noted by
X =ProjR.

The set of subsets, closed subsets, and specialization-closed subsets of X will be
denoted respectively by &X', X, and Xp.

(iii) We will use the support function on StMod(A) from [5], using the coho-
mology ring R defined above. It is defined using the localization and colocalization
functors from Theorem 5.2.1. This support will be denoted by

W (=) : StMod(A) — X,p.

It extends the corresponding cohomological support functions from (7.4.1).
(iv) The map @ associated to the support 1 will be denoted by @5 It takes
thick subcategories of StMod(A) to subsets of X.
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In order to explicitly describe the Balmer spectrum of stmod(A), we must pro-
duce a support having the faithfulness and realization properties (5.1.1)—(5.1.2).
By [5, Theorem 5.2], the weak support datum W : StMod(A) — X (Proj(R)) has
the faithfulness property (5.1.1). However, to get the realization property (5.1.2),
we will need to consider a new support datum built from w.

Each A € X corresponds to a one-dimensional simple module, which we will
denote again by )\, where E, acts by 0, and K; acts by (V). All the simple
modules of A arise in this way. Using the definition of the coproduct on A, one can
directly verify that there exists an isomorphism of A-modules:

(8.4.1) ARQN =N,

Hence, the action of II on R can be realized as conjugation by the module A under
the tensor product.

From the action of II on R, one can construct the stack quotient Xy := II-
Proj(R), the space of non-zero homogeneous II-prime ideals of R, as studied by
Lorenz in [22]. These are non-zero II-invariant homogeneous ideals P of R that
have the property [J C P = I C P or J C P for all II-invariant homogeneous
ideals I, J of R. The stack quotient X7 is a Zariski space by the argument in [9,
Section 2.3]. The space of II-orbits in Proj(R) will be denoted by

X11 = I\ Proj(R).

By [22, Section 1.3], there are maps

X
N

Xg ——— X1

H'p’ ﬂmeﬂx'p

and the topologies on X1 and X1y are defined to be the final topologies with respect
to the surjections from X.
Denote
W =moW : StMod(A) — X (Xn).

This is a quasi support datum. Then ®y will denote the associated map given by
4.3.1).

The quasi support datum W clearly satisfies W (M) € X (X1p) for M € K€
Next we will verify (7.1.1). One has @y ((M)) = @ if and only if W (V) = & for
all N € (M) if and only if N =0 for all N € (M) if and only if M = 0. Note that
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the last if and only if statement holds because if P is a projective A-module then
C ® P and P® C are projective A-modules for any C' € K¢.

Finally, let M be an object in K. Note that by the quasi support property on
tensor products and the fact that A ® A~' 22 k, we have

WAeM)=WAeMaA ' @X) CWAMeA") CWhe M),
which then implies by (8.4.1) that
(8.4.2) WA®M)=W(M™).
Now we can observe

(M) = |J W(CeMeD)= |J W(CoM).
C,DeKe CeKe

The last equality follows because Wis a quasi support datum. Next observe that
since the simple modules for A are given by {\ : A\ € X}, by the property of the
quasi support on short exact sequence, and by (8.4.1) and (8.4.2), one obtains

WCcoM)= ) wheM)= | ] W)= )W
U U U U %

CeKe AeX AeX AeX
Therefore,
(8.4.3) O (M) =11- W (M).

We can conclude that &y takes two-sided ideals in K€ to specialization closed
sets in Xpp = II-Proj(R), and that the extension W of W satisfies the conditions
(5.1.1)—(5.1.2).

At this point we will assume that the action of II on the cohomology ring R is
trivial. Then (i) W = W and (ii) W( )= W(T *) for any T" € stmod(u,(b)). Since
we know only that Wisa quasi support, rather than a weak support, one needs to
verify an appropriate version of Assumption 7.2.1 for Hopkins’ theorem to hold.
The statement needed to apply the proof in Theorem 5.3.1 is given as follows: if
LiTy(N)®Q*®@M* =0forall Q € stmod(u¢ (b)) then LyI'y(N') = 0. In the proof
of Theorem 5.3.1, it was shown that

W (LyTi(N)) CY =35 (M) = | JW(Q® M).

Since LyI't (V) ® Q* @ M* = 0, it follows by [10, Theorem 6.2.1] that

@ =W (LyTy(N)) N [Ug W (Q* @ M*)]
=W (LyTy(N)) N [UgW(Q® M)] = W (LyTi(N)) NY.

Therefore, W (LyT'(N)) = @ and LyT'y(N) = 0.
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Now one can apply the argument given in Theorem 6.2.1(c)(i) to conclude
that @3 is an order-preserving bijection between thick two-sided ideals of
stmod(u¢(b)) and specialization-closed sets of Proj(S®(u*)). Then this implies
that T is not just a quasi support, but in fact a weak support, by the following
argument, which is a noncommutative version of [10, Proposition 6.2.1].

First observe that every thick ideal I of stmod(u¢ (b)) is semiprime. As noted
in the proof of Lemma 5.1.1, each compact object V' is a direct summand of V' ®

V*® V. This implies
V@stmod (uc(b)) @V CI=VeV'eVel=Vel,

and by Theorem 3.4.2, I is semiprime.
Next by the semiprimeness of (I® J) and INJ, we have inclusions

(I®)) —— InJ

MiwycpP < NinycpP

where the intersections range over P in Spc(stmod(u(b))) satisfying the given
conditions; hence (I® J) = INJ. Therefore,

 ((Ix])) = ®(INT)
= o(HNeyA),

where the second equality follows from the fact that @5 is an order-preserving
bijection between thick ideals and specialization-closed sets of Proj(S*®(u*)), and
so W is a weak support datum. The theorem below now follows immediately.

THEOREM 8.4.1. Let us(b) be the small quantum group for the Borel sub-
algebra b with £ > h and gcd(¢,| X (T)/Z®|) = 1. The thick two-sided ideals of
stmod(u¢ (b)) coincide with the thick one-sided ideals of stmod(u¢(b)).

(a) Then there exists a bijection between

{thick two-sided ideals of stmod (uc (b)) }

@
% {specialization closed sets of Proj (S ¢ (u*)) }

(b) There exists a homeomorphism f: Proj(S*®(u*)) — Spc(stmod(u¢(b))).

We expect that there exists a wide class of finite-dimensional Hopf algebras A
satisfying the (fg) assumption for which

(a) the one-sided thick ideals of stmod(A) are in bijection with the specializa-
tion closed subsets of Proj(H®(A,k)) as in Theorem 7.4.3, while

(b) the spectrum Spc(stmod(A)) is homeomorphic to II-Proj(H®*(A,k)) and
the two-sided thick ideals of stmod(A) are in bijection with the specialization
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closed subsets of II-Proj(H® (A, k)), where 1I is the group of invertible objects of
stmod(A).

The small quantum Borel w,(b) is very special in that the action of II on
Proj(H®(u¢(b),k)) is trivial. This is not the case in general as illustrated in the
next section with the Benson-Witherspoon Hopf algebras.

9. Benson-Witherspoon Hopf algebras. In this section, we use the
method of Section 6, to give an explicit description of the Balmer spectra of the
stable module categories of the Benson-Witherspoon Hopf algebras [8] and a
classification of their thick two-sided ideals.

9.1. The smash coproduct of a group algebra and group coordinate ring.
The Benson-Witherspoon Hopf algebras are the Hopf duals of smash products of a
group algebra and a coordinate ring of a group. They were studied in [8].

In more detail, let G and H be finite groups, with H acting on G by group
automorphisms. Let k be a field of positive characteristic dividing the order of G.
Define A as the Hopf algebra dual to the smash product k|G #kH, where k[G] is
the dual of the group algebra of GG, and kH is the group algebra of H. Denote by
pg the dual basis element of k[G] corresponding to g € G. By definition, this smash
product is k|G| @ kH as a vector space, and multiplication is given by

(pg @) (ph®@Y) = pg((1) - Ph) @ T2)Y = PgPa-h @ TY = 428Dy O TY
forall g € G and z,y € H. Now define
A = Homy, (k[G#kH k).

As an algebra, A = kG @ k[H|. The comultiplication in A is given by
Algops) =Y (9®py) @ (¥ g@p,1,).
yeH

The counit and antipode are given by

€(9®pz) =021 and S(g@ps) ="' (¢97") @p,.

Note that while G is a subalgebra of A, via the map g — g ® 1, it is not a Hopf
subalgebra, since

Ac(g9) =9®g

and

Aalg1) =) Aa(g®p)= Y (9®py) @ (v g@p,1,)
reH r,yeH

#(ge1)@(ge1).
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An A-module is the same as an H-graded kG-module. We may write any A-
module M in the form
M =P M, 2k,
zeH

where the M, are kG-modules. The action of kG is on the first tensor and k[H |
acts on the second.

In [8], Benson and Witherspoon prove the following formula for the decompo-
sition of a tensor product of A-modules:

(M ®k,)® (Nok,) = (M®*N) @kyy

on homogeneous components. Here and below for M € Mod(kG) and = € H,
M € Mod(kG) denotes the conjugate of M by the action of z € H — Aut(G).
On homogeneous components, the dual of a module is given by

(Meky) ="(M*) @k,

9.2. Support data for StMod(A) and StMod(kG). By the definition of the
smash product, we have an embedding of Hopf algebras

k[G] — k[G]#kH.
Hence, when we dualize to the smash coproduct, we get a Hopf algebra surjection
kG « A.

We will use the following notation:
(i) The cohomology rings of A and kG will be denoted by

Ra=Ext%(k,k) and Rg=Ext(kk),

respectively.
(i) Denote the spaces

XA:ProjRA and XG:ProjRg.

The collections of their specialization closed subsets and all subsets will be denoted
respectively by
Xg, x4 xg xd
(iii) We will use the support functions on StMod(A) and StMod (k&) from [5],
where the relevant ring R is taken to be R4 and R, respectively. They are defined
using the localization and colocalization functors from Theorem 5.2.1. They take
values in the sets of all subsets of the spaces of homogeneous prime ideals of R 4
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and Rg, respectively. By the discussion after the proof of [5, Lemma 10.1], the
second extension takes values in XC':

We(—) : StMod(kG) — X€.

In other words, the irrelevant ideal of R is not in the image W (M) for any
M € StMod(kG). The first extension takes values in X' by Theorem 9.2.3(c)

Wa(—) : StMod(A) — X4

These support maps extend the corresponding cohomological support functions
from (7.4.1). -

(iv) The map P associated to the support W4 will be denoted by ® 4. It takes
thick subcategories of StMod(A) to subsets of X'4.

(v) The functor Mod(kG) — Mod(A) defined on objects by

M= Mk,

will be denoted by F.

Remark 9.2.1. In [8], Benson and Witherspoon give an example of A-modules
M and N such that M ® N is projective and N ® M is not projective. This shows
that in general, the (strong) tensor product property does not hold for the cohomo-
loglcal support WA In other words, it is not necessarily true that WA(M ®RN) =
WA( )N WA( ). Furthermore, there are no support data maps in the sense of
Balmer o : StMod(A) — X such that o(A) = & < A = 0. (If there were such maps,
thenoc (M @N)=0c(M)No(N)=0(N@M),so MRN =0 NM =0.)

LEMMA 9.2.2. The functor F descends to a fully faithful tensor triangulated
functor StMod(kG) — StMod(A), which we also denote by F.

Proof. By the formula for the tensor product of A-modules, F is monoidal,

since
FMRN)=ZF(M)®F(N).

It is clear that F is exact, and it is fully faithful since morphisms of A-modules
are the same as graded morphisms of kGG-modules. The functor F descends to a
functor StMod(kG) — StMod(A) because it sends projective modules to projective
modules, and has the property that for each morphism f in Mod(kG), if F(f)
factors through a projective module in Mod(A), then f factors through a projective
module in Mod(kG). O

Denote by For : Mod(A) — Mod(kG) the forgetful functor. It is clear that it
descends to a tensor triangulated functor StMod(A) — StMod(kG), which we also
denote by For.

THEOREM 9.2.3. For all Benson-Witherspoon Hopf algebras A the following
hold:
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(a) There is a canonical isomorphism Rg = R 4. (Denote R := Rg = R).
(b) If C and Q are kG-modules, there is an isomorphism of R-modules

Ext&(C,Q) 2 Ext’y (F(C), F(Q)),

and A satisfies the (fg) Assumption 7.4.1.
(¢c) For an A-module N,

Wa(N) = Wg(For(N)).
(d) For an A-module Q,
®4((Q)) = H-We(For(Q)).
Proof. For (a) and (b), suppose
0—F(Q) — N —-—N;—F(C)—=0

is an exact sequence representing an element of Ext%(F(C),F(Q)). Then we
claim it is equivalent to an exact sequence which is supported only at the identity
component. To do this, we may just note that the natural maps give an equivalence
of extensions:

0 —— F(Q) Ny N; F(C) —— 0
0 —— F(Q) — (N)e (Ni)e —— F(C) —— 0

This gives a vector space isomorphism
Exty (F(Q), F(C)) = Extg(Q, O).

This isomorphism is compatible with the actions of R4 and R because F is a
monoidal functor. This decomposition allows us to conclude Assumption 7.4.1 for
A, since it is well known that this assumption holds for kG.

For (c), write N = @,y N. @k with N, € mod(kG). Note that by [5, The-
orem 5.2],

Wa(N) = U minHomgtMod(A)(C> N),
C compact

where, for an R 4-module L, min L refers to the minimal primes in the support of
L. Hence,

WA(N) = U min Homg o4 4) (C®k.,N)
Cemod(kG), zeH

= U min Homg o 4) (C @k, N, ®k.)
C,z
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= UminHomgtMOd(A) (C’®ke, (Nz ®kz) ® (k@kz)*)

C,z

= U minHomgsoq(4) (C @ ke, N, @k)
C,z

= UmlnHomStMOd(kG C N U WG
C,z

The second to last equality follows from the fact that for ¢ > 0,
HométMod(A) (C ®ke, N, ® ke) = EXti; (C Rke, N, ® ke)

by [13, Proposition 2.6.2], which is isomorphic to Ext(C, N.) by (2). Addition-
ally, for 7 = 0 we have

HomStMod(A) (C ®ke, N, ® ke) = HomStMod(kG) (07 Nz)

since the functor F is fully faithful.
For (d), we have

eA(Q) = | Wa((M.oks)®(Q.®k.)® (N,®k,))

M,N,x,y,z

- U a5 Qe Ny ki)

M,N,x,y,z

= U Wg( + @7 Q. IZNZ/)

M,N,x,y,z

= U We(n)nWe(*Q.)nWa(N,))

M,N,x,y,z

=Jr Wa(Q:) = H- (Wo(For(Q))). -

T,z
COROLLARY 9.2.4. For all Benson-Witherspoon Hopf algebras A,
W4 : StMod(A) — x4

is an extended weak support datum on StMod(A) satisfying the faithfulness condi-
tion (5.1.1).

Proof. The fact that WA satisfies conditions (a)—(d) in Definition 4.4.1 follows
from Theorem 9.2.3(c) and the fact that W is a support datum for StMod(kG).
For condition (e) in Definition 4.4.1, we need to verify the property

B4 ((M)®(N)) =B 4((M))NPA((N)).
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This follows as both sides are equal to
[H-We(For(M))| N[H - Wg(For(N))]

by Theorem 9.2.3(d).

To check the faithfulness of WA, assume that M = ®pegM, Rk, €
Mod(A) is such that ®4((M)) = @. Applying Theorem 9.2.3(d), gives that
H -Wg(For(M)) = @. By the faithfulness of W, For(M) = @zeu M, is a
projective kG-module, and thus, M, are projective kG-modules for all z € H.
This implies that M is a projective A-module. O

9.3. Classification of thick two-sided ideals and the Balmer spectrum of
stmod(A). In order to explicitly describe the Balmer spectrum of stmod(A),
we must produce a weak support datum having the faithfulness and realization
properties (5.1.1)—(5.1.2). By [5, Theorem 5.2], the weak support datum VIN/A :
StMod(A) — X4 = X (Proj(R4)) has the faithfulness property (5.1.1). However,
to get the realization property (5.1.2), we will need to consider a new support datum
built from WA. Denote

Xy = H-Proj(R.),
the space of non-zero homogeneous H-prime ideals of A in the sense of Lorenz
[22],i.e., non-zero H -invariant homogeneous ideals P of R 4 that have the property
IJC P=1CPorJCP for all H-invariant homogeneous ideals I,J of R 4.
X is a Zariski space by the argument in [9, Section 2.3]. The topological space
of H-orbits in X = Proj(R ) will be denoted by

Xy = H\Proj (Ra).

By [22, Section 1.3], there are maps

H-p Mherh-p

and the topologies on X g and X are defined to be the final topologies with re-
spect to the surjections from X 4.
Denote
Wa =moWya:StMod(A) — X (Xp).

Denote by ® 4 the associated map ®y,, map given by (4.3.1).
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LEMMA 9.3.1. For all Benson-Witherspoon Hopf algebras A, W 5 is a weak
support datum satisfying the faithfulness and realization conditions (5.1.1)—(5.1.2).

Proof. Since WA is a weak support datum satisfying the faithfulness property,
the same is true for W4 = 7o VIN/A.

Because X is equipped with the final topology with respect to 7, and the
preimage of W4 (Q) = W(WA(Q)) is WN/A(Q), which is closed, we have that
Wa(Q) is closed in Xpy.

Let Y C X be closed. Then 7! (Y) is a closed H-stable subset of X 4. This
implies there is some @ with

Since 7 !(Y") is H-stable, using Theorem 9.2.3, we may check

04((F(Q)) =mo®a((F(Q))) =7 (H - We(Q))
= F(H'?Til(Y)) =7 7T71(Y)) =Y.

Hence, W 4(—) also satisfies the realizability property. O

Applying Theorem 6.2.1 we obtain:

THEOREM 9.3.2. Let A = Homy(k[G|#kH k) where G and H are finite
groups with H acting on G and Kk is a base field of positive characteristic dividing
the order of G. Let Ry be the cohomology ring of A, i.e., R4 = Ext%(k,k). The
following hold:

(a) There exists a bijection

{thick two-sided ideals of stmod(A) }

D4
@ﬁ {specialization closed sets of H-Proj(R ) },
A

where © 4 is the map given by (6.1.1) for the weak support datum W 4.
(b) There exists a homeomorphism f : H-Proj(R 4) — Spc(stmod(A)).
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