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EXACT CONTEXTS,
NONCOMMUTATIVE TENSOR PRODUCTS,
AND UNIVERSAL LOCALIZATIONS

HONGXING CHEN AND CHANGCHANG XI

ABSTRACT. Exact contexts and their noncommutative tensor products are
introduced which generalize the notions of Milnor squares and usual tensor
products over commutative rings, respectively. Exact contexts are character-
ized by rigid morphisms which exist abundantly, while noncommutative tensor
products not only capture some useful constructions in ring theory (such as
coproducts of rings and trivially twisted extensions) but also provide a new
method to construct universal localizations with rich homological and struc-
tural information. Moreover, sufficient and necessary conditions in terms of the
data of exact contexts are presented to ensure that the universal localizations
constructed are homological ring epimorphisms.
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1. INTRODUCTION

Recollements of triangulated categories were introduced by Beilinson, Bernstein,
and Deligne in 1982 in the context of derived categories of perverse sheaves over
singular spaces, providing a categorical framework for Grothendieck’s six functors
(see [BlIT]). They are used in different aspects spreading from algebraic geometry to
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algebraic topology and K-theory and recently to representation theory, particularly
in the contexts of homological invariants and tilting theory (see [T}4LOHT2LTS]).

There are many methods known to get recollements of triangulated categories,
for example, taking stable categories of Frobenius categories, or Verdier quotients of
triangulated categories. But little is known about constructing recollements with all
three terms being derived module categories of rings. Notably, such a recollement of
rings (or algebras) will provide a reduction method to study derived or homological
invariants (for instance, finitistic dimension and algebraic K-theory) of one of the
three rings through those of the other two rings (see, for example, [80.18]).

Motivated by creating methods to construct recollements of derived categories
of rings, we first introduce the concept of exact contexts in this paper, which is a
generalization of Milnor squares of rings in [20]. We show that exact contexts can
be obtained from rigid morphisms in any additive category. This covers a large
variety of morphisms in categories such as all precovers and pre-envelopes in ring
theory or equivalently all left and right approximations in representation theory
(see [3]), extensions of rings, and the canonical projections to their quotients. Fur-
ther, using the data of an exact context, we then construct a unique new ring, called
the noncommutative tensor product of the given exact context. Surprisingly, these
noncommutative tensor products not only generalize the usual tensor products over
commutative rings but also capture many known constructions in ring theory: co-
products of rings, trivially twisted extensions, and endomorphism rings of tensor
products of modules. Moreover, for each exact context, we can also construct a
ring homomorphism 6 from a two-by-two triangular matrix ring (with entries in
rings and bimodules) to the two-by-two full matrix ring over the noncommutative
tensor product of the exact context. We prove that this ring homomorphism @ is
actually a universal localization in the sense of Cohn and Schofield (see [15,26]). In
general, a universal localization does not have to be homological (see [23]). But it
is of significant importance to know when it is homological because a homological
universal localization can provide a recollement of triangulated categories and also
a Mayer—Vietoris sequence in algebraic K-theory [RI0,22,25]. However, little was
known about answers to this question. In this paper, with our description of non-
commutative tensor products, we can present a sufficient and necessary condition
for the localization € to be homological in terms of the data of exact contexts. This
shows that the interpretation of universal localizations as noncommutative tensor
products has an advantage: some homological and structural properties of these
localizations can be formulated and verified in a convenient way by the data of
exact contexts, while the description by generators and relations in [27] seems not
to work well for homological aspects.

To state our results precisely, let us briefly introduce some terminology.

Let R, S, and T be rings with identity, and let A\ : R — S and g : R — T be
ring homomorphisms. Suppose that M is an S-T-bimodule with a fixed element
m € M. The quadruple (A, u, M, m) is called an ezxact context if the sequence

O—>R(M>)SEBT M —0

is an exact sequence of abelian groups, where -m and m- denote the right and left
multiplication maps by m, respectively.

Theorem 1.1. Let (A, pu, M,m) be an exact context.
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(1) There exists a ring T Wg S, with two ring homomorphisms p: S — TKg S
and ¢ : T — T Xgr S, and a homomorphism B : M — T XKgr S of S-T-
bimodules such that the ring homomorphism

N0 ¢ /) 0 T TXrS TKgrS
is a universal localization. This ring is uniquely determined by (A, u, M, m)
and is called the noncommutative tensor product of (A, p, M, m).

(2) The homomorphism 6 in (1) is homological if and only if Tor®(T,S) = 0
foralli>1.

The contents of this paper are outlined as follows. In Section [2] we fix notation
and recall some definitions and basic facts used throughout the paper. In par-
ticular, we recall the definitions of homological ring epimorphisms and universal
localizations. In Section B, we introduce exact contexts and their noncommutative
tensor products. Moreover, we show that exact contexts can be described by rigid
morphisms, which exist almost everywhere in representation theory. For exam-
ple, all kinds of approximations are rigid morphisms. Also, we demonstrate that
noncommutative tensor products capture usual tensor products over commutative
rings. This section contributes an ingredient to the proof of the main theorem. In
Section [, we give explicit constructions of the noncommutative tensor products
of a few classes of exact contexts. In Section [B] we present a categorical descrip-
tion of noncommutative tensor products and prove Theorem [T} Consequently, we
show that noncommutative tensor products cover coproducts in ring theory and
the endomorphism rings of tensor products of modules (see Corollary [5.4)).

In a series of papers [7HI], we apply exact contexts and results in this paper to
construct recollements of derived module categories and to establish both additive
formula for K,-groups and relations among homological dimensions for recollements
of derived module categories.

2. PRELIMINARIES

In this section, we shall recall some definitions, notation, and basic results needed
in our proofs.

2.1. Notation and basic facts on derived categories. Let C be an additive
category.

Throughout the paper, a full subcategory B of C is always assumed to be closed
under isomorphisms; that is, if X € Band Y € C with Y ~ X, then Y € B.

Given two morphisms f: X — Y and g : Y — Z in the category C, we denote
the composition of f and g by fg: X — Z. The induced morphisms Home(Z, f) :
Home(Z,X) — Home(Z,Y) and Home(f, Z) : Home(Y, Z) — Home(X, Z) are
denoted by f* and f,, respectively. The composition of a functor F' : C — D
between categories C and D with a functor G : D — £ between categories D and &
is denoted by GF, which is a functor from C to £. The kernel and the image of the
functor F' are denoted by Ker(F') and Im(F'), respectively.

Let €(C) be the category of all complexes over C with chain maps, and let #(C)
be the homotopy category of € (C). When C is abelian, the derived category of
C is denoted by Z(C). Both J#(C) and Z(C) are triangulated categories. For a
triangulated category, its shift functor is denoted by [1] universally.
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If T is a triangulated category with small coproducts (that is, coproducts indexed
over sets existing in 7), then, for each object U in T, we denote by Tria(U) the
smallest full triangulated subcategory of 7 containing U and being closed under
small coproducts. We mention the following properties related to Tria(U).

Let F': T — T’ be a triangle functor of triangulated categories, and let ) be a
full subcategory of 7'. We define F~1Y :={X € T | F(X) € V}.

(1) If Y is a triangulated subcategory, then F~1Y is a full triangulated subcat-
egory of T.

(2) Suppose that 7 and 7’ admit small coproducts and that F' commutes with
coproducts. If ) is closed under small coproducts in 77, then F~1) is
closed under small coproducts in 7. In particular, for an object U € T, we
have F(Tria(U)) C Tria(F(U)).

In this paper, all rings are associative and with identity, and all ring homomor-
phisms preserve identity. Unless stated otherwise, all modules are left modules.

Let R be a ring. We denote by R-Mod the category of all unitary R-modules.
By our convention of the composition of two morphisms, if f : M — N is a
homomorphism of R-modules, then the image of € M under f is denoted by () f
instead of f(x).

As usual, we shall simply write ¥ (R), 2 (R), and 2(R) for ¥ (R-Mod),
A (R-Mod), and Z(R-Mod), respectively, and identify R-Mod with the subcat-
egory of Z(R) consisting of all stalk complexes concentrated in degree 0.

Let (X*,d%) and (Y*,dS) be two chain complexes over R-Mod. The mapping
cone of a chain map h®* : X®* — Y* is usually denoted by Con (h®). In particu-
lar, there is a distinguished triangle X*® ye o Con(h®) — X°[1] in ' (R).
For each n € Z, the nth cohomology functor from Z(R) to R-Mod is denoted
by H™(—). Certainly, this functor is naturally isomorphic to the Hom-functor
Homg(r) (R, —[n]).

Now we shall recall some basic facts about derived functors of derived module
categories of rings. For details and proofs, we refer to [6][19].

Let #(R)p (resp., # (R)r) be the smallest full triangulated subcategory of
A (R) which

(i) contains all bounded above (resp., bounded below) complexes of projective
(resp., injective) R-modules, and

(ii) is closed under arbitrary direct sums (resp., direct products).

It is known that 2 (R)p is contained in ¢ (R-Proj), where R-Proj is the full
subcategory of R-Mod consisting of all projective R-modules. Moreover, the com-
position functors

K (R)p — #(R) — P(R) and ¥ (R); — #(R) — 9(R)

are equivalences of triangulated categories. Thus, for each complex X*® in Z(R),
there exists a complex ,X* € J(R)p together with a quasi-isomorphism ,X* —
X*, and a complex ; X* € & (R); together with a quasi-isomorphism X*® — ; X*.
The complex ,X* is called the projective resolution of X® in J# (R). For example,
if X is an R-module, then we can take ,.X to be a deleted projective resolution of
rX.

If either X* € ' (R)p or Y* € J# (R);, then the canonical localization func-
tor from ' (R) to Z(R) induces an isomorphism: Hom y(g)(X°®, Y®) =~
Hom@(R) (X., Y').
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For any triangle functor H : JZ(R) — J£(S5), there is a left derived functor
LH : 2(R) — 2(S) defined by X* — H(,X°*), and a right derived functor RH :
P(R) — 2(S) defined by X*® — H(;X*). We say that H preserves acyclicity if
H(X?*) is acyclic whenever X* is acyclic. So, if H preserves acyclicity, then H
induces a triangle functor D(H) : Z(R) — 2(S) defined by X*® — H(X*). In this
case, LH = RH = D(H) up to natural isomorphism. As usual, D(H) is called the
derived functor of H.

Let M*® be a complex of R-S-bimodules. Then the tensor and Hom-functors

M®* @y —: #(S)— H(R) and Hom%((M®, —): #(R) — #(S)

form an adjoint pair of triangle functors. Denote by M®®%— the left derived functor
of M* ®% —, and by RHompg(M*®, —) the right derived functor of Hom$%(M*®, —).
Then (M’ ®% —,RHomp(M®, —)) is an adjoint pair of triangle functors.

2.2. Homological ring epimorphisms and universal localizations. Let )\ :
R — S be a homomorphism of rings. We denote by A\, : S-Mod — R-Mod the
restriction functor induced by A, and by D(A.) : Z(S) — Z(R) the derived functor
of the exact functor A.. Recall that a ring epimorphism A : R — S is homological
if and only if Torf”(S, S)=0for all j > 1if and only if S®% S ~ S in 2(9). Note
that A, is fully faithful if and only if A is a ring epimorphism, and that D(\,) is fully
faithful if and only if A is a homological ring epimorphism. For a homological ring
epimorphism A, Tor?(X,Y) ~ Tor?(X,Y), and Ext (Y, Z) ~ Ext(Y, Z) for all
i > 0, all right S-modules X, and all S-modules Y and Z (see [16, Theorem 4.4]).

Ring epimorphisms appear typically in localizations of commutative rings but
also come up in a more general context of universal localizations of arbitrary rings.

Lemma 2.1 (see [I5L26]). Let R be a ring, and let & be a set of homomorphisms
between finitely generated projective R-modules. Then there is a ring Ry and a
homomorphism As, : R — Ry, of rings such that the following apply.

(1) As is X-inverting; that is, if o : P — @Q belongs to ¥, then Ry Qg « :
Ry ®g P — Ry ®gr Q is an isomorphism of Rx-modules.

(2) As is universally S-inverting; that is, if S is a ring such that there ex-
ists a Y-inverting homomorphism ¢ : R — S, then there exists a unique
homomorphism 1 : Ry, — S of rings such that ¢ = As1.

(3) As : R — Ry is a ring epimorphism with TOI‘{%(Rz,RE) =0.

Following [I5], Ay, : R — Ry in Lemma [Zlis called the universal localization of
R at X. One should be aware that Ry may not be flat as a right or left R-module.
In general, Ay, is not even homological (see [23]), and little is known about when it
is homological.

Next, we recall the definition of coproducts of rings defined by Cohn in [I4].

Let Rg be a ring. An Ry-ring is a ring R with a ring homomorphism Ap :
Ro — R. An Ry-homomorphism from an Ry-ring R to another Ry-ring S is a ring
homomorphism f : R — S such that A\g = Agrf. Observe that epimorphisms in the
category of Rp-rings are exactly ring epimorphisms starting from Ry.

The coproduct of two Ry-rings Ry and Ry, denoted by Ry | | R, B2, 1s an Ro-ring R
together with Rp-homomorphisms p; : Ry — R and ps : Ro — R such that, for any
Ry-ring S with Ry-homomorphisms 7 : Ry — S and 75 : Ry — .5, there is a unique
Rg-homomorphism § : R — S such that 7 = p10 and 7o = p2d. In other words,
the coproduct of two Ry-rings Ry and Ry is the pushout in the category of Ry-rings
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3652 HONGXING CHEN AND CHANGCHANG XI

with Rp-homomorphisms. This coproduct always exists (see [I4]). Moreover, if
AR, : Ro = Rj is a ring epimorphism, then so is the associated ring homomorphism
Ry — Ry I—lRo Rs.

Finally, we recall the notion of recollements of triangulated categories, which
was first defined in [5] to study “exact sequences” of derived categories of perverse
sheaves over geometric objects.

Definition 2.2. Let D, D’, and D" be triangulated categories. We say that D is
a recollement of D' and D” (or there is a recollement (D”,D,D’)) if there are six
triangle functors among the three categories

i* g
. . Nl -
Tx =11 J =)
Dl DL LD
Al N

such that
(1) (,ix), (i, ), (G, 7'), and (5%, .) are adjoint pairs;
(2) i, Js, and j are fully faithful functors;
(3) i'j. = 0 (and thus also j'i; = 0 and i*j; = 0); and
(4) for each object X € D, there are two triangles in D:

' (X) — X — juj"(X) — ii' (X)[1],
317 (X) — X — i,i"(X) — 517 (X)[1].

If a ring epimorphism A : R — S is homological, then there is a recollement
(2(5), Z(R), Tria(Q®)) of triangulated categories (see [24, Section 4]), where Q°
is the mapping cone of . In general, Tria(Q*®) does not have to be equivalent to
a derived module category. But if S is of the form R/ReR with ¢? = e € R, then
A induces a recollement (Z(S), Z(R), Z(eRe)) of derived module categories, and
ReR is a stratifying ideal of R. Recall that ReR is called a stratifying ideal if the
multiplication map Re ®.g. eR — ReR is injective and Tor®?®(Re, eR) = 0 for all
n > 1 (see [13]).

3. EXACT CONTEXTS AND THEIR NONCOMMUTATIVE TENSOR PRODUCTS

In this section, we introduce the notion of exact contexts and characterize them
by rigid morphisms. Further, we construct a unique ring from the data of an
exact context. This ring is called the noncommutative tensor product of the exact
context. It generalizes the notion of tensor products of algebras over commutative
rings and covers the notions of coproducts of rings, trivially twisted extensions, and
endomorphism rings of tensor products of modules.

Definition 3.1. Let R, S, and T be rings with identity, let A : R — S and p :
R — T be ring homomorphisms, and let M be an S-T-bimodule with m € M. The
quadruple (A, g, M, m) is called an exact context if

(cn)

A’ m
(A )

(x) 0—R2EgaT M—0

is an exact sequence of abelian groups, where -m and m- stand for the right and
left multiplication maps by m, respectively. In this case, (M, m) is called an ezact
complement of (A, p).
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If (\p,S®pT,1®1)is an exact context, then we say simply that (A, u) is an
exact pair.

Let (A, p, M, m) be an exact context. Then it follows from (x) that, for an S-T-
bimodule N with an element n € N, the pair (N, n) is an exact complement of (A, i)
if and only if there exists a unique isomorphism w : M — N of R-R-bimodules such
that (sm)w = sn and (mt)w = nt for all s € S and ¢t € T In particular, (m)w = n.
In general, w does not have to be an isomorphism of S-T-bimodules; that is, M
and N may not be isomorphic as S-T-bimodules.

Now, we present a general method to construct exact contexts. Let C be an
additive category.

Definition 3.2.

(1) An object X* in €(C) is rigid if Hom  (c)(X*®, X*[1]) = 0.
(2) A morphism f® :Y*® — X* in €(C) is rigid if the object Z*® in a distin-

guished triangle Y* x5z Y*[1] in 2 (C) is rigid, or equiva-
lently, the mapping cone Con(f*®) of f* is rigid in € (C).

(3) A morphism f : Y — X in C is rigid if f, considered as a morphism
between the stalk complexes Y and X, is rigid, or equivalently, the complex

Con(f):0—=Y L x sois rigid in €'(C).

The rigidity of a morphism f*® does not depend on the choice of the triangle
which extends f°®. By definition, a morphism f:Y — X in C is rigid if and only if
Hom¢ (Y, X) =Ende(Y)f + fEnde (X)

Proposition 3.3. Every rigid morphism f in an additive category C gives rise to
an ezact context. Conversely, every exact context arises in this way.

Proof. If f:Y — X is a rigid morphism in C, then there exists an exact sequence
of R-R-bimodules,

( (

.

0 — R Y Ende(Y) ® Ende(X) i>) Home (Y, X) — 0,

where R := {(s,t) € Ende(Y) @ Ende(X) | sf = ft} is a subring of the ring
End¢(Y) x Ende(X), and where A and p are defined by sending (s,t) to s and ¢,
respectively. Thus (A, u, Home (Y, X), f) is an exact context.

Conversely, every exact context appears in this form. In fact, for a given ex-
act context (X, p, M, m), we may define B = (§¥), e1 = (§9), e2 = (§9) and
consider the canonical map ¢ from Be; to Bey defined by -m. If we identify
Homp(Be, Bes), Endg(Be;), and Endg(Bes) with M, S, and T, respectively,
then it follows from the given exact sequence (*) that each element of M can be
expressed as sm +mt with s € S and t € T. This means that ¢ is rigid in B-Mod,

and the induced exact context is precisely the given one. |

Example 3.4.

(1) If f:Y — X is a morphism in C such that the induced map Home (Y] f) :
Home(Y,Y) — Home(Y, X) (resp., Home(f, X) : Home (X, X) — Home(Y, X)) is
surjective, then Home (Y, X) = End¢(Y) f (resp., Home (Y, X) = f Ende(X)), and
therefore f is rigid. Thus all kinds of precovers and pre-envelopes in ring theory or
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all left and right approximations in the sense of Auslander and Smalp (see [3]) are
rigid morphisms. This type of rigid morphism includes the following two cases:

(a) Let A be an Artin algebra, and let 0 — Z L5 v %5 X = 0 be an almost
split sequence in A-mod, that is, a nonsplit sequence such that any homo-
mophism Y’ — X, which is not a split epimorphism, factorizes through g
and any homomorphism Z — Z’, which is not a monomorphism, factor-
izes through f. Then both f and g are rigid since both Hom4 (Y, g) and
Homy (f,Y) are surjective. This is due to the fact that Y does not contain
the outer terms X and Z as direct summands. For further information on
almost split sequences, we refer the reader to [2].

(b) Let S be aring. If Y is a quasi-projective S-module (that is, for any surjec-
tive homomorphism ¥ — X of S-modules, the induced map Homg(Y,Y) —
Homg (Y, X) is surjective), then, for any submodule Z of Y, the canonical
map f:Y — X :=Y/Z is rigid since Homg (Y, X) = Endg(Y) f. Dually, if
X is a quasi-injective S-module (that is, for any injective homomorphism
g :Y — X, the induced map Homg (X, X) — Homg (Y, X) is surjective),
then, for any submodule Y of X, the inclusion g of Y into X is rigid because
Homg(Y, X) = g Endg(X). In particular, every surjective homomorphism
from a projective module to an arbitrary module is rigid, and every in-
jective homomorphism from an arbitrary module to an injective module is
rigid.

(2) Let A : R — S be a homomorphism of rings. Then X\ : R — S itself and the
canonical surjection 7 : S — S/ Im(\) are rigid morphisms in R-Mod which induce
two exact contexts.

Clearly, every homomorphism from gR to gS is uniquely determined by an
element s € S. By the right multiplication of s, we have a homomorphism rS — S
of R-modules. This implies that A is rigid. To see the rigidity of w, we take an
f € Hompg(S,S/Im(A)), choose an s € S such that (s)m = (1)f, and denote by
s : S — S the right multiplication map by s. Then the map A(f — (-s)7) = 0.
Thus there exists a unique homomorphism g € Endg(S/Im(\)) such that f =
(-s)m+m g. This implies that Hompg(S, S/ Im(\)) = Endg(S)7+ 7 Endg(S/Im(N)).
Since Endg(S) C Endg(S), Hompg(S,S/Im(\)) = Endg(S)r + 7 Endg(S/ Im())).
Thus 7 is rigid.

If A is injective, then a third exact context can be constructed: Let S’ :=
Endg(S/Im(X)) and

NiR— 8 re (z—2z(r))) for r € Rand z € S/Im(\).

Then Homp(S, S/Im(})) is an S-S’-bimodule and (A, N, Hompg(S, S/ Im(})), 7) is
an exact context since the diagram

0 R A S il S/Im(\) ——0

T

0 —= §' —> Homp(S, §/ Im(\)) —> Homp(R, §/ Im(X)) —= 0

is commutative and the sequence of R-R-bimodules

0— R 505 ) Homp(s, 8/ Im(A) — 0
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is exact. In general, the exact context just obtained is different from the one
induced by 7, and (A, \') may not be an exact pair because one of the isomorphisms
S ~ Endg(S) as rings and S ®r S’ ~ Hompg(S, S/Im())) as S-S’-bimodules may
fail.

For more examples of exact contexts, we refer the reader to Section [l

Having seen the ubiquity of exact contexts, we now construct the noncommu-
tative tensor product for each exact context. Such a tensor product captures the
notion of both coproducts and usual tensor products in ring theory. Examples of
noncommutative tensor products are described in detail for Milnor squares, Morita
contexts, and strictly pure extensions in the next section.

Lemma 3.5. For an exact context (A, p, M, m), we have the pullback and pushout
square of R-R-bimodules

R S

#l l-m

T M
and homomorphisms of R-R-bimodules: for s € S and t € t,

_—

N=XrT: T — SQRT, t = 1t and p =SRru: S — SRRT, s+ sR1,

PpP=pRS: S—TRRS, s—1®s and ¢=TRIN: T —TRRS, t—1t®1.

According to (*), there exist two unique homomorphisms,
a: M — SRRT, v — 5, 1+1t, and [: M — TRRS, r+— 1Qs,+t, X1,

where z € M and (s,,t,) € S®T with z = s,m + mt, such that the following two
diagrams commute:

W R ser Uy aa @ RO ser )y
a B

b |y | Do 1oy |
S@T—>S®RT on gop ) rgs

Observe that (z)a and (z)8 are independent of the choice of (s, t,) in S@®T. Let
Y:SQRRT — M, s®t+— smt.

Then « and 8 are homomorphisms of R-R-bimodules, « is a homomorphism of
S-T-bimodules, and ay = Idy;. In particular, « is injective and + is surjective.
Further, let

6::’}/52 S®RT—>T®RS, 5t 1® Semt +temt @1

for s € S and t € T, where the pair (Sgmt,tsme) € S @ T is chosen such that
smt = Sgmem + Mitgme. Then § is a homomorphism of R-R-bimodules such that
(s@l)d=1®sand (1®t)d=t® 1.

Now, we shall define a new ring T' X S for (A, u, M, m). Here T K S has the
underlying abelian group T®gS. Its multiplication o : (T®grS)x (T®grS) = T®RS
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is given by the homomorphisms
(T®RS)®R (T®RS) i)T@)R (S@RT)®RS T%S T®gr (T®RS) ®r S
S (T@rT)®r (S®rS) "5 Twp S,

where pr : T ®rT — T and pg : S ®g S — S are the multiplication maps.
Explicitly, for (¢;,s;) € T ®g S with ¢ = 1,2, we have

(t1®s1) 0 (ta®@s2) :=1t1(51 @l2)ds2 =t (1 ® Ssymts + lsymty, ® 1)52-
The following lemma asserts the associativity of this multiplication o.

Lemma 3.6.
(1) (T'®R S,0) is an associative ring with identity 1 ® 1.
(2) The maps p: S > TS and ¢ : T — T ®r S are ring homomorphisms.
In particular, T ®r S can be regarded as an S-T-bimodule via p and ¢.
(3) The map B: M — T ®pg S is a homomorphism of S-T-bimodules such that
(m)B=1®1.

Proof.

(1) It suffices to show that the multiplication o is associative and 1 ® 1 is the
identity of T ®pg S.
We take elements t; € T and s; € S for 1 < i < 3 and choose two pairs
(z,y) and (u,v) in S@T such that s;mte = rm+my and somts = um+mo.
It can be checked that ((t1 ®s1)o(ta® 52)) o(t3®s3) =t ((;1082 ®1t3)0 +
Y(s2 @ t3)8)s3 and (t ® s1) 0 ((t2 @ s2) o (I3 ® 53)) = t1((51 @ t2)u +
(51® tgv)é) 83. So, to prove

((t1 @ s1) 0 (t2 @ 52)) 0 (t3 ® 53) = (t1 @ s1) 0 ((t2 @ s2) 0 (t3 @ 83)),

it suffices to verify (zs2 ® t3)0 + y(s2 @ t3)d = (81 ® t2)d u + (81 ® tov)d.
Since xsamts = xz(um + mv) = zum + xmov and zu € S, we have

(82 ®t3)0 = (xum + zmv)f = 1 ® zu + (zmv)B. Similarly, (s1 ® tv)d =

yv ® 1 + (xmw)B. Tt follows from a simple calculation that (zss ® t3)d +

Y(s2®t3)0 = (51 ®t2)d u+ (81 ®12v)d. This shows that the multiplication o

is associative. Also, it is easy to show that 1®1 is the identity with respect

to o.

Since (s1)po(s2)p = (1 ®51)0 (1®82) = (51 ®1)0s3 = (1 ® 81)82 =

1® s182 = (s182)p, the map p : S — T ®g S is a ring homomorphism.

Similarly, ¢ : T — T ®pg S is also a ring homomorphism.

(3) By the definition of 3, (m)8 = 1 ® 1. It remains to check that g is a
homomorphism of S-T-bimodules, or equivalently, (sat)3 = (s)po(a)Bo(t)¢
for s € S, a € M, and t € T. We leave the verification of this equation to
the reader. (]

—~
[\
~—

The ring (T ®g S, 0) in Lemma is called the noncommutative tensor product
of (A, u, M, m), denoted simply by T'Xpg S if the exact context (A, u, M, m) is clear.

In general, T'Xp S may not be the usual tensor product of two R-algebras T
and S because R is not assumed to be commutative and the tensor product of
R-algebras does not make sense. But it does generalize the usual tensor product of
R-algebras in the following sense.
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Lemma 3.7. Let R be a commutative ring, and let S and T be R-algebras via A
and p, respectively. If (A, ) is an exact pair, then TRpg S coincides with the usual
tensor product T ®@r S of R-algebras T and S.

Proof. If (A, u) is an exact pair, then M = S®r T, v = Idsg,r, and § = [ :
S®rT — T ®g S, where § is determined uniquely by the diagram (}). However,
the switch map w : SQrT — T ®g S5, defined by st — t® s for s € S and

t € T, also makes the diagram () commutative, that is, (_”;,) w = (_%). This

implies f = w. Thus the multiplication o in T'Wg S coincides with the usual tensor
product of R-algebras T and S over R. O

Next, we give some characterizations of exact pairs.

Lemma 3.8. The following are equivalent:
(1) The pair (A, ) is exact.
(2) The map v is an isomorphism.
(3) Coker(\) ®g Coker(u) = 0.

Proof. Recall that v is a homomorphism of S-T-bimodules, (s ® 1)y = sm and
(1®t)y =mt for s € S and t € T. This implies that the diagram

(/\u) (M,)

SeT S®rT

H | o b
(O 1)

—m-

0 ST 0

is commutative, where the bottom row is assumed to be exact. Consequently, (1)
and (2) are equivalent.

Now, we verify the equivalence of (2) and (3).

In fact, it follows from a~y = Idys that the map v is an isomorphism if and

only if « is surjective. However, the latter is equivalent to the map & := ( _“)\,) :

S@®T — S ®gT being surjective by (). Therefore, it is enough to show that £
is surjective if and only if Coker(A) ® g Coker(u) = 0. To check this condition, we
consider the following two complexes of R-R-bimodules,

Con()\):O—>Ri>S—>O and Con(p):0— R T —0,
with both S and T in degree 0, and calculate their tensor complex over R:

Con(\) ®% Con(p) :

(rer. —Ron) (X87)
0—=RRrR———+>SRrROR®RT

S@rT ——0,

where R ®g R is of degree —2. If we identify R ®r R, S ®g R, and R ®g T with
R, S, and T, respectively, then Con()\) ®%, Con(u) is precisely the complex

(57)

0—>R S@T—>S®RT—>0

which is isomorphic to the following complex 0 — R — A x) SeT L5 RrT — 0.
It follows that £ is surjective if and only if H°( Con(A) ®% Con(u)) = 0. Since

H°(Con(\) ®% Con(p)) ~ H°(Con(\)) @r H°(Con(u)) ~ Coker(\) ®r Coker(p),
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the map ¢ is surjective if and only if Coker(A) ®p Coker(u) = 0. Thus « is an
isomorphism if and only if Coker(\) ® g Coker(u) = 0. O

Remark 3.9. By the equivalence of (1) and (2) in Lemma B8 if the pair (X, u)
is exact, then it admits a unique complement (S ®g T,1® 1) up to isomorphism
(preserving 1 ® 1) of S-T-bimodules.

Corollary 3.10. If either A: R — S or u: R — T is a ring epimorphism, then
v:SQrT — M,s @t +— smt is an isomorphism of S-T-bimodules, and (X, p) is
an ezxact pair.

Proof. Suppose that A is a ring epimorphism. Then, for any S-module X, the map
A®X:R®r X — S®pg X is an isomorphism, and therefore Coker(A) @ g X = 0.
Since Coker(u) ~ M/Sm as R-modules by Lemma and since M/Sm is an S-
module, Coker(A\) ®p Coker(u) ~ Coker(\) @ (M/Sm) = 0. By Lemma B.8 ~ is
an isomorphism.

Similarly, if p is a ring epimorphism, then + is an isomorphism. |

Finally, we mention further examples of exact pairs.

Proposition 3.11. The morphisms f and g in an almost split sequence 0 — Z N
Yy 4 X -0 always provide two exact pairs.

Proof. By Example [34[(1), f and g are rigid morphisms and there exist two short
exact sequences:

0= R4 Bud4(¥) @ Bnda(X) =) Hom (¥, X) -0,

f
0 R P9 Ends(2) ® Enda(Y) 5 Homa(2,7) - 0.

By the factorization property of almost split sequences, the multiplication maps

-g and f- are surjective. Now it follows from a standard fact on pushout-pullback

diagrams that g and p are surjective. Hence the exact contexts provided by f and

g are exact pairs by Corollary B.10l O

4. EXAMPLES OF NONCOMMUTATIVE TENSOR PRODUCTS

In this section, we describe explicitly noncommutative tensor products of exact
contexts induced from Milnor squares, Morita contexts, and ring extensions.

4.1. Milnor squares. Recall that a Milnor square defined by Milnor in [20, Sec-
tions 2 and 3| is a commutative diagram of ring homomorphisms

(th R—sR,

R, s R

such that js is surjective and R is the pullback of R; and Ry over R’; that is, given
a pair (r1,72) € Ry @& Ry with (r1)j1 = (r2)j2 € R’, there is one and only one
element r € R such that (r)i; = r and (r)iz = 7.

Proposition 4.1. Every Milnor square (11) provides an exact pair whose noncom-
mutative tensor product is the ring R’.
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Proof. The ring R’ can be regarded as an Ri-Ra-bimodule via j; and js. Let 1 be
the identity of R’. Then j; and j are precisely the multiplication maps -1 and 1 -,
respectively. This is because r1 - 1 = (r1)j1 and 1-ry = (r2)j2 for 71 € Ry and
ro € Ry.

The quadruple (i1,i2, R',1) is an exact context because, by the definition of
Milnor squares, we have the exact sequence of R-R-bimodules

(41, 12) (*Jl )

0— R 2R ®Ry -2 R —0.

Since jo is surjective, i; is also surjective and i5 induces an isomorphism Ker(i;) ~
Ker(j2) of R-R-bimodules. By Lemma B8 (i1,42) is an exact pair. Moreover, we
show that the noncommutative tensor product of (iy,43) is isomorphic to R'.

Let f : Ry Xg Ry — R’ be the map defined by ro @ r1 — (r2)j2 (r1)j1 for
ry € Ry and ro € Ry. Then f is an isomorphism of Rs-R;-bimodules because of
the canonical isomorphisms

R2 lXR R1:R2 ®R Rl":RQ ®R (R/ Ker(il))ERg/(Rg . Ker(il)):Rg/Ker(jg) ~ R/

of Rs-Ri-bimodules. As ip is surjective, there is an r € R such that ry = (r)iy,
while the twisting § : Ry ® g Ry — Ry ®pg R1, which defines the ring structure on
Ry R Ry, is given by 71 ® ro — (r)iere ® 1. This implies that f is an isomorphism
of rings. Thus Ry Xr Ry ~ R’ as rings. O

Compared with Milnor squares, exact contexts (A, i, M, m) do not require that
one of -m or m- be surjective, nor that M have a ring structure. In this sense, exact
contexts are a generalization of Milnor squares, but also of different constructions,
as illustrated by the following subsections.

4.2. Morita contexts. Let (A4,C, X,Y, f,g) be a Morita context; that is, A and
C are rings, X is an A-C-bimodule, Y is a C-A-bimodule, and f: X ¢ Y — A
and g : Y ®4 X — C are homomorphisms of A-A-bimodules and C-C-bimodules,
respectively, such that (21 ®@y1) fr2 = 21(y1 ®@22)g and (y1@x1)gy2 = y1(z1®Y2) f
for z; € X and y; € Y, with ¢« = 1,2. For simplicity, (1 ® y1)f and (y1 ® z1)g are
denoted by z1y; and y;x1, respectively.

Any ring R with a nontrivial idempotent e gives rise to a Morita context (eRe, (1—
e)R(1 —e),eR(1 —e),(1 —e)Re, f,g), with f, g being multiplication maps.

Proposition 4.2. Every Morita context gives rise to an exact context, and its
noncommutative tensor product is of matriz form with the multiplication described
explicitly (see (#) below).

Proof. The Morita context ring M = (4 )C() has the matrix addition, while its
multiplication is given by

a1 T az T2 \ [ @102 +21Y2 a1T2 + T1C2
Y1 a Y2 C2 Yyi1az + C1Yy2  Ci1C2 + Y12

fora; € A, c; € C, z; € X, and y; € Y. Consider the subrings of M,

A 0 A X A 0
r=(o o) s=(0 ) m=(v &)

and denote the inclusions by A : R — S and 4 : R — T. Then M is an S-T-
bimodule. Since R = SNT and M = S + T, the quadruple (\, p, M,1,/) is an
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exact context. So, the noncommutative tensor product T'Xg .S of this exact context
is defined and can be described explicitly as follows.

We identify R-Mod with A-Mod x C-Mod. Then gS = (A® X) x C, T =
(A@Y) x C, and the map

A X
T®RS—><Y C@(Y@AX)>'B’

a; O as X9 aiaz ai1x2
X = )
( y1oa ) ( 0 e ) ( y1az  (c1c2,y1 @ x2) )

is an isomorphism of abelian groups. Hence we identify T'®p S with B, translate
the multiplication of T'Kg S into the one of B, and get the formula

(#) ( ;i (cl,zl® ) )o ( Cylj (62,;2@’ ) )

_ (a2 + x1Y2 a1z + z1c2 + 21 (y'2’)
y1as + c1yz + (y2)y2 (cica, y1 @ 22 + (1Y) @ 2’ +y @ (ze2) +y @ (zy)a’) )

where z,2’ € X and y,y’ € Y. Thus TS is described by B with the usual matrix
addition and the above multiplication. The maps p: S — TKgrS, ¢p: T — TKR.S,
and f: M — T ®g S are given by

al X1 P, al X1 ai 0 o) ail 0

(0 a)H(O <ch0>>’ (y cl)H(yl w))’
al T B al T1

<y1 a )'_)<y1 (c1,0) )’

respectively. Observe that S may not be a ring homomorphism. Actually, it is a
ring homomorphism if and only if Y ® 4 X = 0. O

defined by

Let e :== (§ (0%)) € B. Then e = ¢?, A = eBe, and B/(BeB) = C. More-
over, Be = A®dY,eB=A®X,and BeB=A® XY &Y ®4 X as abelian
groups. This implies that the multiplication map Be ® 4 eB — BeB is an isomor-
phism. So, if Tor?(Y7 X) =0 for all ¢ > 0, then TorfBe(Be7 eB) =0 for all i > 0,
the canonical surjection B — B/BeB is homological, and there is a recollement
(2(C),2(B), 2(A)) of derived module categories (see [13L[16]).

For each i > 1, Tor®(T,S) ~ Tor; (Y, X). Thus Tor®(T,S) = 0 if and only if
Tor (Y, X) = 0.

4.3. Strictly pure extensions. Recall that an extension D C C of rings is called
pure if there exists a D-D-bimodule X such that C = D @& X as D-D-bimodules
(see [28]). If X is an ideal of C, then such an extension is called strictly pure. Note
that pure extensions were used by Waldhausen to compute the algebraic K-theory
of generalized free products (or coproducts of rings) in [28].

Let A\: R — S and pu: R — T be two strictly pure extensions. Then we are going
to construct an exact context (A, u, M, m) from this pair (A, u). By definition, we
have two split decompositions of R-R-bimodules:

S=R®X and T=RaY,
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where X and Y are ideals of S and T', respectively. Now we define M := RO X QY
as the direct sum of abelian groups and endow M with a ring structure such that
S and T are its subrings:

(r1 4+ o1 4+ 1) (r2 + 2 + Yo ):=rire+(rize + r17r2 + 2122)+(r1Y2 + Y172 + Y1Y2)

forr; € R, z; € X, and y; € Y with ¢ = 1,2. Since SNT = R, (A, pu,M,1) is an
exact context. For each j > 1, Torf(T, S) =0 if and only if Torf(YR, rX)=0.
In the following, we describe explicitly the multiplication of T Xy S of the exact
cotext (A, p, M, 1).
As R-R-bimodules, TXpS = T®rS = REXPY DY ®rX. Thusy: SQrT — M
is given by s®t — st fors € Sandt €T, and f: M — T ®g S is the canonical
inclusion. Thus § : S®r T — T ®pg S is given by

(r+z)@ (0 +y)—rr' +ar +ry
for r,7’ € R, z € X, and y € Y. This implies that (x ® y)d = 0 for z € X and

y € Y. By the definition of the multiplication o, both S and T' can be regarded as
subrings of T'Xg S. Particularly, we have

XoY=Xo(Y®rX)=(Y @rX)oY =(Y@rX)o(Y®rX)=0,
and for z,2' € X, y,y’ €,

yor=y®z, Yoly®zr)=yyr, (yz)or' =yxzr' €Y r X.
Certainly, M is the quotient ring of T'X g S modulo the ideal Y ®p X.

4.4. Trivially twisted extensions. In this subsection, we show that noncommu-
tative tensor products described in Section [£3] cover trivially twisted extensions
in [29.30).

Let A be an Artin algebra, and let Ay, Ay, and A, be three Artin subalgebras
of A with the same identity. We say that A is a twisted tensor product of A; and
As over Ag (see [30]) if the following hold:

(a) Ap is a semisimple algebra such that 41 N Ay = Ag and A = Ay @ rad(A)
as a direct sum of Ag-Ap-bimodules, where rad(A4) denotes the Jacobson
radical of A.

(b) The multiplication map o : As ®4, A1 — A is an isomorphism of Ap-A;-
bimodules.

(c) rad(A;)rad(As) C rad(Az) rad(4y).

If A is a twisted tensor product of A; and Ay over Ag, then there are decomposi-
tions of Ag-Ap-bimodules A; = AgPrad(A;) and Ay = AgPrad(As), where Ay is a
maximal common semisimple subalgebra of A, Ay, and A,. If rad(A;) rad(As) = 0,
then A is called the trivially twisted extension of A; and As over Ay (see [29]).

For a trivially twisted extension A of A; and Ay over Ay, we may take

R = Ao, S = Al, T .= AQ, X = rad(Al), Y = rad(Ag),

and we let A: R — S and p: R — T be the inclusions. Clearly, both A and u are
strictly pure. Thus M := R® X @Y is a ring and (A, p, M, 1) is an exact context.
Since XY = rad(4;)rad(Az) = 0 in A, the multiplication in the noncommutative
tensor product T'Xg S implies that the multiplication map o : T X S — A is an
isomorphism of rings. Thus A ~ T K S as rings.

If algebras are given by quivers with relations, trivially twisted extensions can
be described as follows.
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Suppose that A; and A, are k-algebras given by quivers I' = (I'g,I['1) with
relations {o; | i € Iy} and A = (Ag := T'o,Ay) with relations {7; | j € Jo},
respectively. Then the trivially twisted extension A of A; and A over Ag := kQg
is given by the quiver Q = (Qo, Q1), where Qo := 'y and Q1 := I'y U Ay, with the
relations {o; | i € In} U {r;|lj € Jo} U{aB | o € T1,8 € Ay}. Here af means that
a comes first and then g follows.

Thus, by definition, A is isomorphic to the noncommutative tensor product of
the exact context (A, p, M, 1), where M = Ay @ rad(A;) ®rad(As) is the quotient
of A by the ideal generated by {fa | @ € Ty, € Ay}. Since Ag is semisimple,
Tor(Ay, A;) = 0 for all i > 1. Therefore, Theorem [[I] says that the canonical

. . A M A AN .. . . .
inclusion ( 0 A ) — ( A A ) is just a homological universal localization.

5. UNIVERSAL LOCALIZATIONS AND HOMOLOGICAL RING EPIMORPHISMS

In this section, we shall prove the main result, Theorem [[.T] present a categorical
interpretation (see Proposition [1.3]) of noncommutative tensor products, and show
that noncommutative tensor products cover coproducts in ring theory.

In this section, (A, u, M, m) denotes an exact context, and all notation introduced
in Section Bl will be kept.

Let

(S M [ TRpS TRRS (o B,
A._<0 T), r._(mRS MRS), 9._<0 ¢>.A—>F.

Furthermore, let

10 0 0
61.(0 0), 62.<0 1)6A, and

¢ Ae; — Aes, (8)H<36”> for s € S.

Then ¢ is a homomorphism of finitely generated projective A-modules. If we iden-
tify Homp (Aer, Aeg) with M, then ¢ corresponds to m € M.

5.1. Proof of Theorem [I.T](1). In this section, we first prove Theorem [[T(1)
and then use it to give a categorical description of noncommutative tensor products.
Consequently, we show that noncommutative tensor products cover coproducts in
ring theory and the endomorphism rings of tensor products of modules.

Theorem [I.T(1). The map 6 : A — T is the universal localization of A at ¢.

Indeed, let A := TXgS. By LemmalBG (m)8 = 1®1 is the identity of A. Thus
IF'®pr¢:T@pa Aep = T'®4 Aes is an isomorphism. So, 6 is {p}-inverting. We shall
prove that € is universally {¢}-inverting.

Let @ be a ring, and let w : A — ® be a {p}-inverting ring homomorphism.
Define d; := (e;)w € ® with ¢ = 1,2. Then ® = ®d; ® ®ds as P-modules and
P ®RpAp: @A Ay — O @) Aeg is an isomorphism. Further, the multiplication
maps p; :  ®p Ae; — @d;, induced from w, are isomorphisms of ®-modules. Let
n = ,ul_l(fl) ®A @) 2, which is an isomorphism from ®d; to ®dy. Then 7 induces
an isomorphism

-1
i Buda (0 000 = Bnda(aonn): (02 ) (a0 St )
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of rings, where f;; € Homg(®d;, ®d;) for 1 < 4,5 < 2. We identify ¢ with
Endg(®d; @ ®dy) and define B := Endg(®d;). Then 7 : & — My(B), where
Ms(B) denotes the 2 x 2 matrix ring over B. Moreover, under the identification
of My(B) ®x Ae; with B, the homomorphism My(B) @4 ¢ : Ma(B) ®p Ae; —
M5(B) ®a Aeg corresponds to the identity of B.

Without loss of generality, assume ® = My(B) and w = ( g Z > tA - D

where f : S — B and g : T — B are ring homomorphisms, and h : M — B is a
homomorphism of S-T-bimodules with (m)h = 1. Particularly, h has the following
property:

(%) (szt)h = (s)f(x)h(t)g foranyse S, teT,x € M.

Since (m)h =1, (smt)h = (s)f(t)g. This implies that (sm)h = (s)f and (mt)h =
(t)g; that is, (\m)h = f and (m-)h = g. We shall show that w factorizes through 6
uniquely. Observe that Lemma [3.5] shows that A\f = pg : R — B. This guarantees
that the map

oc:A— B, t®s— (t)g (s)f

is a well-defined homomorphism of abelian groups. By definition, o preserves the
identity of rings. We shall show that ¢ also preserves multiplication.

Let t; ® s; € A with ¢ = 1,2. Then we can check ((t1 ® $1) 0 (ta ® 52))0 =
(t1(1®sslmt2 +tslmt2®1)82)a = (t1®851mt282 +t1tslmt2 ®82)0' = (tl)g((sslmtg)f+
(tslth)g) (s2)f and (t1 ® s1)0(t2 @ s2)0 = (t1)g(s1) f(t2)g(s2)f. Further, applying
h to both sides of the equality s;mte = Sg;mt,M+1ts,mt, (See Section[Blfor notation)
in M leads to another equality, (Ss,mt,)f + (tsyme,)g = (s1)f(t2)g in B. This forces
((t1 @ s1) 0 (t2 ® 52))0 = (t1 ® 51)0(t2 @ s2)o. Thus o preserves the multiplication

o. Moreover, by (x), we have (f,g,h) = (po, ¢o, Bo). Set ¥ := ( Z Z > Then

¥ : ' — @ is a ring homomorphism with w = 6.

It remains to show that such a 1) is unique. Suppose that ¢’ : I' — ® is another
ring homomorphism with w = 6v’. Let 14 and 1z be the identities of A and B,
respectively. Then ¢’ sends the matrix units (3 J), (§ %), and (§ ) in T to the
matrix units (‘2 0), (%), and ({'¥) in @, respectively. It follows that ¢’ is of
the form (g §)7 where £ : A — B is a ring homomorphism. Since w = 6’, we have
p€ = f and ¢€ = g. As the equality t®s = (t®1) o (1®s) holds in A for any s € S
and t € T, it follows that

(t®@s)s = (@11 s)E = ((1)¢g) ((s)ps) = (t)g(s)f = (t® s)o.
This shows that £ = ¢ and ¢ = 4’. Thus 0 is universally {¢}-inverting.

Remark 5.1. In [27], the universal localization of A at ¢ was described as the matrix
ring M5 (C) of a ring C where C' is given in terms of generators and relations. By the
uniqueness of universal localizations, C' and T'Xpg S are isomorphic. Compared to
the description in [27], noncommutative tensor products contain richer homological
and structural information. In this paper, we will not use the description in [27].

Now we give a categorical characterization of "X S. It is a relative version of
coproducts with respect to exact contexts and shows the uniqueness of noncommu-
tative tensor product for each exact context.
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Definition 5.2. The coproduct of an exact context (X, u, M, m) is a quadruple
(A, u,v,w) consisting of a ring A, two ring homomorphisms v : S — Aand v : T —
A, and a homomorphism w : M — A of abelian groups, satisfying

(1) du = pv and (smt)w = (s)u (t)v for all s € S and t € T, and

(2) if (B, f,g,h) is another quadruple with B aring, f: S — Band g: T — B
two ring homomorphisms, and h : M — B a homomorphism of abelian groups such
that (1) is satisfied, then there is a unique ring homomorphism o : A — B such
that (f, g, h) = (uo,vo,wo).

By Lemma B3] given a ring B and two ring homomorphisms f : S — B and
g : T — B with A\f = pug, there is a unique homomorphism hsy, : M — B of
R-R-bimodules such that (sm)hy, = (s)f and (mt)hys, = (t)gfor s € Sandt € T.
In general, hy, does not satisfy (smt)hysg = (s)f(t)g. If a quadruple (B, f,g,h)
satisfies Definition B.2(1), then h = hy 4.

Proposition 5.3. The quadruple (T Ry S, p,d, ) is the coproduct of the exact
context (N, p, M, m).

Proof. By definition, Ap = u¢. Since 8 is a homomorphism of S-T-bimodules with
(m)f =1®1 by LemmaB6l(3), (smt)8 =s-(m)B-t = (s)po(t)¢ for any s € S and
t € T. Thus (T Kg S, p, ¢, 8) satisfies Definition [5.2(1). The universal property of
(TXRg S, p, o, B) follows from the proof of Theorem [[LT(1) and the following result:

If a quadruple (B, f, g, h) satisfies Definition (.2(1), then h : M — B is a
homomorphism of S-T-bimodules; that is, (sxt)h = (s)f(x)h(t)g for s € S,
reM,andteT.

In fact, since (B, f, g, h) satisfies Definition [5.2(1), (smt)h = (s)f(t)g. For x €
M, there exists an element (s, t;) € S®T such that © = sy;m+mt,. Then (sxt)h =
(ssymt + smitgt)h = (ss5) f(£)g + (s)f(tat)g = (s)f((sz)f + (tz)g)(t)g. Moreover,
due to (1)f =1 and (1)g = 1, we obtain (s;)f + (tz)g = (sam)h + (mt,)h = (z)h.
This implies that (szt)h = (s)f (z)h (t)g. O

Corollary 5.4.

(1) If (A, ) is an exact pair, then the ring T W g S, together with the ring homo-
morphisms p: S = TXg S and ¢ : T — T XWg S, is the coproduct S| |z T of the
R-rings S and T (via A and p) over R.

(2) If \: R — S is a ring epimorphism, then T ®g S ~ Endr (T ®g S) as rings.

Proof.

(1) Assume that (), p) is an exact pair. Then M = S®@gT andm=1®1 € M.
Let B be aring, and let f : S — B and g : T — B be ring homomorphisms. On
the one hand, if Af = pg, then the map b’ : M — B, given by s®t — (s)f (t)g
for s € S and ¢t € T, is well defined, and thus (B, f, g, k') satisfies Definition [2{(1).
On the other hand, if h : M — B is a homomorphism of abelian groups such
that (F, f, g, h) satisfies Definition [5.2[1), then h = A’ due to the equality s ® t =
s(1® 1)t = smt € M. By the definitions of coproducts of both rings and exact
contexts, (1) is now a consequence of Proposition 5.3

(2) Since A is a ring epimorphism, the pair (A, ) is exact by Corollary It
follows from (1) that T'®p S = S| |, T, and thus that ¢ : T — T Xr S is a ring
epimorphism. Since TR S =T®grS as T-modules, TRz S = Endrr, s (TXrS) ~
Endr(TXpg S) = Endr(T ®r S). O

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



EXACT CONTEXTS AND NONCOMMUTATIVE TENSOR PRODUCTS 3665

5.2. Proof of Theorem [1.7l(2). The proof of Theorem [[.T(2) is divided into four
lemmas. We start by introducing a few notation.

Let P* be the complex 0 — Ae; —= Aey — 0 in € (A) with Ae; and Aes in
degrees —1 and 0, respectively; that is P®* = Con(y). Note that Ae; and Aes can
be regarded as right R-modules via A : R — S and u : R — T, respectively. Then
the map -m : S — M is a homomorphism of S-R-bimodules. Thus P* is a complex
over A ®z R°P, and there is a distinguished triangle in JZ (A ®z R°P):

A61 i) A62 — P* — Ael[l]

By Theorem [[T[(1), 6 : A — T is a ring epimorphism. Thus the restriction functor
0, : I~-Mod — A-Mod is fully faithful. So we can regard I'-Mod as a full subcategory
of A-Mod and define a full subcategory

(M :={X* € 2(A) | H"(X*) € I'-Mod for all n € Z}
of (A). The importance of Z(A)r relies on the following result.

Lemma 5.5.

(1) Endg(a)(P*) ~ R as rings.

(2) The complex P* is self-orthogonal in D (A); that is, Homgy) (P®, P*[n]) =0
for any n # 0.

(3) There exists a recollement of triangulated categories

where i, is the embedding, ji := AP* ®% — and j' := Hom} (P*, ).
(4) The map 6 : A — T is homological if and only if H" (i,i*(A)) = 0 for all
n # 0. In this case, (') is equivalent to Z(MN)r as triangulated categories.

Proof.

(1) Since P* is a bounded complex of finitely generated projective A-modules,
Endga)(P*®) ~ Endy ) (P*) as rings. Due to Homy(Aez, Aey) = 0, we have
End ¢ (2)(P*) = Endga)(P*). Moreover, if Endy(Ae;) and Endy(Aez) are iden-
tified with S and T, respectively, then Endg()(P*®) can be identified with K :=
{(s,t) € S® T | sm = mt}, a subring of S & T. Since (A, u, M, m) is an exact
context, R ~ K as rings. Thus Endg,)(P*®) ~ R as rings.

(2) Clearly, Homgx) (P®, P*[n]) ~ Hom  (a) (P*, P°[n]) = 0 for all n € Z
with |n| > 2. It follows from Homy (Aez, Aey) = 0 that Homgy) (P®, P*[-1]) =
0. Observe that Hom g a) (P*, P*[1]) = 0 if and only if Homy(Aey,Aeg) =
@ Endp (Aeg) + Endp (Aer)p. This is equivalent to saying that the map ( _y,.) :
S®T — M is surjective by identifying Homa (Aey, Aes), Enda (Aer), and Enda (Aesg)
with M, S, and T, respectively. Hence (2) follows now from the definition of exact
contexts.

(3) If A is a k-algebra over a commutative ring k such that ;A is projective, then
(3) follows from [21, Theorem 2.8]. Since we deal with arbitrary rings, the proof
there seems not to work well. Hence we include a proof here.

By [10), Proposition 3.6(a)], the embeddings Z(A)r — Z(A) and Tria(, P°®) —
2(A) induce a recollement (Z(A)r, Z(A), Tria(, P*)) of triangulated categories. In
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the following, we show that P* ®@% — : 2(R) — 2(A) is fully faithful and induces
a triangle equivalence from Z(R) to Tria(y P*®).

Since P* is a complex of A-R-bimodules, P* ®% — : 2(R) — 2(A) and
RHomy (P*,—) : 2(A) — 2(R) are well-defined functors. Moreover, since P*
is a bounded complex of finitely generated projective A-modules, Hom} (P®, —) :
H(A) — H(R) preserves acyclicity; that is, Homj (P*,W*) is acyclic whenever
W* € €(A) is acyclic. This automatically induces a derived functor Z(A) — Z(R),
defined by W* — Hom} (P*, W*). Therefore, we can replace R Homy (P*, —) with
Hom} (P*, —) up to natural isomorphism.

Let

@ :={Y* € P(R) | P* % — : Homg g (R,Y*[n])
— Homgy)(P* ®% R, P* ®%F Y*[n]) for all n € Z}.

Then % is a full triangulated subcategory of Z(R). Since P* ®% — commutes with
arbitrary direct sums and since P* is compact in Z(A), % is closed under arbitrary
direct sums in Z(R).

To prove gR € %/, it is sufficient to prove that

(a) P* ®% — induces an isomorphism of rings from Endgg)(R) to
Endga)(P* ®% R), and
(b) Homg ) (P* @ R, P* @ R[n]) = 0 for any n # 0.

Since P* ®@% R ~ P* in 2(A), (a) is equivalent to saying that the right mul-
tiplication map R — Endg)(P*®) is an isomorphism, while (b) is equivalent to
Homgpy(P*, P*[n]) = 0 for any n # 0. Thus (a) and (b) follow directly from (1)
and (2), respectively. This shows that R € ¢/

Thus % = 2(R) since Z(R) = Tria(R). Consequently, for any Y* € 2(R),
there is an isomorphism

P* &% — : Homg(g) (R, Y*[n]) — Homgn) (P* &% R, P*@%Y*[n]) for all n € Z.
Now, we take a complex N*® € Z(R) and consider
Zne ={X* € 2(R) | P* @ — : Homgg)(X*, N*[n])
— Homgs)(P* ®F X*, P* ®F N*[n]) for all n € Z}.

Then Zye. is a full triangulated subcategory of Z(R) and closed under arbitrary
direct sums in Z(R). It follows from R € Zn. and Z(R) = Tria(R) that Zne =
2(R). Consequently, for M* € Z(R), there is an isomorphism

P* @% — : Homgg) (M*,N*[n]) — Homg,) (P* ®F M*, P* % N°[n))

for all n € Z. Hence P* ®@% — : Z(R) — Z(A) is fully faithful.

Recall that Tria(P*®) is the smallest full triangulated subcategory of Z(A), con-
taining P® and being closed under arbitrary direct sums in 2(A). Hence the image
of Z(R) under P* ®@% — is Tria(P®) (see property (2) in Section 2.1]), and P® ®% —
induces a triangle equivalence from Z(R) to Tria(P®). Since Homj(P*,—) is a
right adjoint of P® ®% —, the restriction of the functor Hom$ (P*®, —) to Tria(P*®)
is the quasi-inverse of the functor P®* ®% — : #(R) — Tria(P*®). In particu-
lar, Hom% (P*, —) induces an equivalence of triangulated categories: Tria(P®) —
2(R). Thus we obtain recollement (%) in (3).
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(4) is a consequence of [I0, Proposition 3.6(b)]. See also [I, Proposition 1.7]
or [22, Theorem 0.7 and Proposition 5.6]. O

From now on, we keep the notation in Lemma [5.5] and let € : ji1j' — Idgpy and
n : Idgny — 1x1* be the counit and unit with respect to the adjoint pairs (j!,j!)
and (i*,14,) in recollement (%), respectively.
Lemma 5.6.
(1) 443" (Aey) ~ ixi*(Aes) in D(A).

(2) H" (ixi" (Aen)) —{ Tor®, (T, 8) ® Tor®, (T,S) if n < -2.

Proof.

(1) Applying i,i* : 2(A) — 2(A) to the triangle P*[—1] — Ae; —+ Aey — P*
in Z(A), we obtain another triangle in 2(A):

i (P)[=1] —s ivi*(Aer) 2 i,0* (Aew) —s i4i*(P*).
From *ji = 0 in (xx), we have i*(P®) ~ i*ji(R) = 0. Thus #.i*(p) :
141" (Aeq) — ,3*(Aez) is an isomorphism.
(2) By the definition of recollements, there is the triangle in Z(A):
(%) it (Aer) 23 Aey 23 iLi* (Aer) — i (Aer)[1].
Certainly, j'(Ae;) = Homp (P®, Ae;) ~ S[—1] as complexes of R-modules.

So, in the following, we identify Homy (P*, Aey) with S[—1] and rewrite ()
as the following triangle in Z(A):

P* @Y% S[—1] 23 Aey 294 4,i*(Aey) — P* @k S.
For n € Z, we take the nth cohomology of this triangle and can conclude
that H"(i.i*(Ae1)) =~ H"(P* ®% S) for n > 1 or n < —2. Moreover,
P=T®(0—8S - M—=0)=Ta Con(-m) € 2(R°P).

Since (A, u, M,m) is an exact context, it follows from Lemma that
the chain map (A, m-) : Con(u) — Con(-m) is a quasi-isomorphism. This
implies that Con(-m) ~ Con(u) in Z(R°P). Thus P* ~ T @ Con(u) in
P(R°P) and P* ®@% S ~ (T ®% S) @ (Con(p) ®% S) in 2(Z). In particular,
H"(P* @% S) ~ H(T @% S) & H"(Con(u) ®@% S) for all n € Z. Applying
the functor — ®% S to the canonical triangle R - T' — Con(u) — R[1] in
P(R°P), we obtain another triangle S — T'®% S — Con(u) ®% S — S[1] in
2(Z). Thus, if n > 1 or n < —2, then H"(T ®% S) ~ H"(Con(p) ®@% 9),
and therefore

H"(i,i*(Aey)) ~ H"(P* ®@% S) ~ H(T @% S) @ H™(T @% S)
~ Tor® (T,8)® Tor®, (T, S),
where Tor” (T,S) := 0 for any n > 1. This shows (2). O

TAe

For the calculation of H" (i,i*(Ae;)) for n =0, —1, the following result will be
used.

Lemma 5.7. Let pg: S®S — S be the multiplication map, and let (-m) : S — M
be the right multiplication map by m.
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(1) The restriction o of the map (-m) @r S to Ker(ug) is injective and
Coker(c) ~ T ®g S as R-S-bimodules.

(2) The cokernel of the map Tori(-m,S) : Torf(S,S) — Torf (M, S) is iso-
morphic to Tor®(T, S).

(1) The sequence 0 — Ker(us) — S ®r S £% S — 0 always splits in the
category of R-S-bimodules since the composition of A®@r S : R®r S —
S ®pr S with pg is an isomorphism. Consequently, A ®g S is injective,
Im(A®r S)NKer(us) =0, and S ®@r S = Ker(ug) @ Im(A ®r S). Recall
that the diagram in Lemma is a pushout and pullback diagram in the
category of R-R-bimodules. Applying the functor — ®p S to Lemma
yields the commutative diagram

RS2 g9, S

l('m)@)RS
m-)®@rS

TRrS—M®grS

M®R5l

which is again a pushout and pullback diagram in the category of R-S-
bimodules. Let ¢7 := (m) ®g S. Then A ®g S induces an isomorphism
from Ker(u ®pg S) to Ker(¢1). In particular, Ker(¢1) C Im(A ®g S). It
follows from Im(A ®g S) NKer(ug) = 0 that Ker(¢1) NKer(us) = 0. Thus
o is injective.

It is clear that Coker(o) is the pushout of the pair (ug, ¢1) in the category
of S-S-bimodules. As the composition of A\@p S with pg is an isomorphism
of R-S-bimodules, we have Coker(c) ~ T ®r S as R-S-bimodules.

(2) Applying Torf*(—,S) to (%) (see Definition [3I)), we obtain a long exact
sequence of abelian groups:

Torft(-m, S)
— orR me,
0 = Torf(R, S) — Torf (S, S) @ Torf(T, S) ( et S)> Tort (M, S)

(A®RM®RS)

— R®gr S SRRS®S®RT.

Since A\@r S: R®r S — S ®pg S is injective, the map (A®g S, p ®r S) is
injective. Thus

Tor®(-m, S) =
(— TorF(m-, s)) : Tor{'(S, ) & Tor{'(T, §) = Tor{ (M, 5).
This implies (2). -

Lemma 5.8. H ! (i.i*(Aep)) ~ Torl (T, ) @ Tor* (T, S) and HO(i,i*(Aey)) ~
TRrS®T R S.

Proof. We have two homomorphisms of S-S-bimodules:

s : SRRS — S, 51®89 — 5189, Y1 SRS — M®RS, $1Qs2 — $1M@S9
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for s1,s9 € S. By identifying the A-modules Ae; ® g S and Aes @i S with (S®ORS)
and (M®=5) respectively, we get a chain map in €(A):

T&rS
P* ®pr (S[-1]) : 0—>(S®ORS)@><¥§§5)—>O
g° l(“os) Lo
Aey : 0 (5) —>—0 0

Let 7 : ,S — S be a deleted projective resolution of rS. Recall that j'(Ae;) =
Homy (P*, Aey) = S[—1]. Then the counit 4., : jij'(Ae;) — Ae; is the composition
of the homomorphisms

7' (her)=P* & Hom§ (P*, Aex)=P* @3 (,8)[~1] "5 P* @3 S[-1] 5 Aey.

Further, let h® be the chain map (1,0) : P* — Aep[1]. Then we have a commutative
diagram

P* o (,9)-1 21 pe g S-1] — L~ Aey

h'®1l lh‘@l
A 1®7[-1] ("5 )
er[1] ©n (-1 T Aey 1] 97 S1-1] L ey

This implies that the diagram
o oL
(xx)  P*®% Homp(P*, Aey) P81 Ae [1] ®% Homp (P*, Aeq)
H (1ri-u) (" )l

€hey

pe ®HR Homy (P*,Ae;) ————— Aey = (ﬁ)

is commutative in Z(A). Since Aey — P* KON Aeq[1] £l Aes[1] is a distin-
guished triangle in (A ®z R™), there exists a unique homomorphism ¢ : Aey ®%
Homp (P*, Ae1)[1] — i4i*(Aer) and a complex W* in Z(A) such that (xx) is com-
pleted by the commutative diagram

we we

< ¥

ool oL
P* ®% Homy (P*, Ae1) Moy Ae1[1] ®% Homp (P*, Aer) ‘M Aea[1] ®% Homp (P*, Aer) —— P*[1] ®% Homy (P®, Ae1)
|

aer[-1]) ("5 ) €l

EAe 3 Ae V
P* ®% Homy (P*, Ae1) e T Aer = (3) e ivi*(Aey) —————— P*[1] ®Y% Homy (P®, Ae1)
we] we]

with rows and columns being distinguished triangles in 2(A), where ¢ =
¢(p[1] ®" 1). The uniqueness of ¢ is due to the equalities

Homgp (P*[1] @% Homy (P, Aey),i.i*(Aey)) = Homg ) (51(S), 41" (Aer)) = 0.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



3670 HONGXING CHEN AND CHANGCHANG XI

In particular, we obtain a triangle W* 25 Aey ®% S LN ixi*(Aey) — W*[1] in

2(A). This yields an exact sequence of abelian groups
H W) "2 B (hey @ 8) " B i (Aer))
s HOW*) ) FO(Aey & ).
We claim that HO(1) : HO(W*®) — H°(Aeax ®% S) is always injective.

Indeed, by definition, the map H°(¢)) is the composition of H°(¢) : HO(W*) —
HO%(Aey ®% ) with HO(p[1] @ 1) : HO(Aey ®% S) — HO(Aey @' S). Moreover,

HO(Ael ®%S):A€1 RrS=S®rS and HO(A€2®%S):A€2®RS.

So we can identify H(p[1] ®“ 1) with the map ¢ ®r S : Aey ®r S — Aex ®p S.
Applying the functor H° to the triangle

aer[-1) ("5 )

W* -5 Aey ®% S Aer — W*[1],

we obtain a short exact sequence 0 — H°(W*®) %) S®rS L% S — 0, where Aey
is identified with S. Thus H°(¢) induces an isomorphism HO(W*) — Ker(us).
It follows from H(¢)) = H°({)(p ®r S) that H(1) is injective if and only if the
restriction of ¢ @ S to Ker(ug) is also. As Im(p ®g S) C M ®g S, the latter is
further equivalent to the restriction o of ¢; to Ker(ug) being injective. But, by
Lemma[B57(1), o is indeed injective, which proves the claim.

Consequently, H~1(¢) is surjective and H ! (i,i*(Aey)) ~ Coker(H 1(v))). Since
H~'(¢) is the composition of the isomorphism H~'(¢) : H-Y(W*) —
H~(Ae; ®% ) with the map

H Y] @% 1) : H Y (Aey @% S) — H (Aey @% ),
H~'(i,i*(Ae1)) ~ Coker(H'(¢)) ~ Coker (H(¢[1]®"1)). Recall that Ae; = S,
Aey =M @T, and p = (\m,0) : S — M & T. Moreover, we have H '(Ae; ®%3 S) =
Torf (S, S), H™*(Aey ®% S) = Torf'(M @ T, S), and H~'(p[1] ®" 1) is given by

(Torf'(-m, S),0) : Tor(S, S) — Tor{'(M, S) & Tor{ (T, S).

Thus Coker (H™*(p[1] ®" 1)) ~ Coker(Torf(-m, S)) @ Torf (T, S). Since Coker
(Torft(-m, S)) ~ Torf(T,S) by Lemma B2(2), H '(i,i*(Ae;)) ~ Torf (T, S) ®
Torf (T, S). This shows the first isomorphism in (2).

Now, applying H° and H' to the triangle W* N Aey @Y% S LI ixi*(Aey) —
W*[1], we have the exact sequence:

HW*) 9 5O (Aey @k 5) TE) B4, (Aey)) — HL (W),
The triangle W* 58 ®% S — S — W*[1] implies that H'(W*®) = 0. Since
HO(%) is injective and since Coker(c) ~ T ®g S by LemmaB.7(1), HO(i.i*(Aey)) ~

Coker(HY(¢)) ~ T ®@g S & Coker(c) ~ T ®p S & T ®g S. This shows the second
isomorphism. O

Proof of Theorem [[L1|2). By Lemma [5.5]4), the map 6 is homological if and only
if H"(i,i*(A)) = 0 for all n # 0. By Lemmas and 6.8, H"(iyi*(A)) ~

H"(i,i*(Aer)) @ H"(isi*(Aey)) =~ @?:1 Tor?, (T, S) for each n € Z. Thus (2)
holds. O
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