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BY
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0. Introduction. Let R be a ring and let ;M denote the category of left R-
modules and left R-homomorphisms. A functor G: ;M — Ab, where Ab is the
category of abelian groups, is called a Tor-functor if there is a right R-module N for
which the functor Tor? (N, ): RM — Ab is naturally equivalent to G.

In this paper, we show that if R is a noetherian ring of global dimension 1 (for
example, if R is a Dedekind domain, or a ring of triangular matrices over a field),
then the class of Tor-functors is characterized as that class of functors G forwhich
G is half exact, G preserves direct limits, and G(R)=0.

In [2], Auslander shows that if R is noetherian and F: zM — A4b is a coherent
half exact functor which preserves direct limits, then there is a right R-module N
and an exact sequence of functors

Torf (N, )— F(R) @, — F—Tor¥ (N, )—0.

In §1, we recall the definition of coherent functors and some of their properties
from [2]. We also show that every half exact functor is a filtered limit of half exact
coherent functors (““filtered limit” being our term for a generalization of direct
limits defined in [1]). ‘

In §2, we show that if R is noetherian and G: ;M — Ab is a half exact functor
which preserves direct limits, then there is an exact sequence for G similar to the one
above, provided that a filtered limit of Tor functors is a Tor functor. (If R is of
global dimension 1, this condition is satisfied, and our characterization of Tor
functor follows immediately.)

In §3, we extend Auslander’s exact sequence to the class of coherent rings,
namely rings for which the dual of projective modules are flat.

In §4, we let R be a coherent ring and G: ;M — Ab be a half exact functor
which preserves direct limits, and obtain a result similar to that of §2. We also
compare the coherent case with the noetherian case.

The results in this paper are from the author’s thesis done at Brandeis University
under Professor Maurice Auslander, whom the author wishes to thank for his
encouragement, suggestions, and inspiration.

1. Coherent functors and filtered limits. In this section, %A will denote an abelian
category with enough projectives, and [, 4b] the abelian category of additive
functors from U to the category of abelian groups. (We assume always that our
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categories are U-categories for some Grothendieck universe U; see [6].) For 4 an
object of A, we let h,=U(4, )=Homy (4, ) denote the corresponding rep-
resentable functor in [¥, 45].

A functor F of [, Ab] is coherent if there is a morphism 4, — 4, in % and an
exact sequence h,, — hy, — F— 0 in [Y, 45].

We summarize some of the properties of coherent functors, given in [2], in the
following

ProrosiTioN 1.1. (a) If F, and F, are coherent, then F, @ F, is coherent.

(b) If F, > F, — F; — 0 is exact and F, and F, are coherent, then F; is coherent.

(c) Let F be coherent, and let 0 —~ A3 — Ay — A, — A, — 0 be exact in A such
that there is an exact sequence hy, — hy, — F — 0 in [, Ab]. Then the zeroth right
derived functor of F, R°F, is naturally equivalent to h,,.

(d) If F is coherent and R°F=0, then for any half exact functor G in [¥, Ab),
Ext! (F, G)=0.

Let 7 be a small category. We say that I is a filtered category if the following
properties hold (see §1 of Chapter 1 of [1]):

(F1) For morphisms i —j and i —j’ in I, there are morphisms j— k and
J' — k in I such that the resulting square diagram commutes.

(F2) Given two objects i and j of  and two morphisms a;: i —jand a,: i —j in
I, there is a morphism b: j — k in I so that ba, =ba,.

(F3) Given two objects i and i’ of I, there is an object k of I and morphisms
i—>kandi"—kin L

A filtered system in a category C is a functor f: I — C, where I is a filtered
category, and a filtered limit of a filtered system f: I — C is rt. lim, f, the right
limit (or right root; see [5]) of /. If we let C; denote f(i), then we may denote this
filtered system by (C;), and its limit by rt. lim, C,.

Artin, in [1], has shown that filtered limits in Ab preserve exactness, and it is easy
to extend this property to filtered limits in [, 45].

A full subcategory J of a category I is cofinal if, for every object i of I, there is an
object j of J and a morphism i —j in I. It is clear that a cofinal subcategory of a
filtered category is filtered. Artin ([1]) has shown that if f: I— A4b is a filtered
system and J is cofinal in J, then rt. lim, f = rt. lim, f/J. This result extends to
filtered systems in [, 4b].

Let G be a functor in [, 4b]. Let %,/G be the category whose objects are natural
transformations i: F; — G in [, 4b], where F; is coherent, and whose morphisms
are commutative triangles

in [2, Ab]. Let f: Ao/G — [A, Ab] be the obvious functor f(i)=F..
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LEMMA 1.2. (a) Uo/G is a filtered category, and
(b) rt. lim %/G f=G.

The proof of part (a) is an easy application of parts (a) and (b) of Proposition
1.1, while part (b) follows from the fact that G may be written as a direct limit of a
directed subsystem of f, and from this one can show that G satisfies the proper
universal mapping property for the whole system.

The result we wish to obtain is the following:

THEOREM 1.3. Every half exact furictor G: % — Ab is the filtered limit of a filtered
system of coherent half exact functors.

Proof. The theorem is demonstrated if we can show that the full subcategory of
A,/G whose objects are natural transformations i: F; — G, where F; is half exact, is
cofinal in %,/G. This is a consequence of the following

LeMMA 1.4. For any coherent functor F, there is a coherent half exact functor F’
and a monomorphism n: F— F' which gives an isomorphism R%y): R°F ~ R°F’.
Furthermore, for any half exact functor G and natural transformation i: F— G,
there is a natural transformation i': F' — G such that i'n=i.

Proof. Let 4, — A, be a morphism in % with h, — h, — F— 0 exact in
[, Ab). Let 0 — A3 — Ao — A; — A, — 0 be exact in U. Let P — A, be an epi-

morphism in % with P projective, let
C——P

|

Ao'—'—‘>A1

be a pull-back diagram in %, and let 0 - K — P — A be exact in %. Then we have a

commutative diagram
0

~

M 0 A3

o<———§‘<——0<——->§<—o
o
o

in & whose rows and columns are exact.
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Therefore, letting F’ be the cokernel of hp — h¢ in [%, Ab], diagram (1) induces
a commutative diagram

0 0
hAl hAO F 0
@ {
hy he F’ 0
hx e hx

in [A, Ab] whose rows and columns are exact.

Diagram (2) induces a natural transformation »: F — F’ which is easily seen to
be a monomorphism. Since P is projective, Ap is exact, so F’is a coherent half exact
functor. By Proposition (1.1c), R°Fxh,,~ R°F".

Let 0 > F— F’'— T — 0 be exact in [%, Ab]. By Proposition (1.1b), T is co-
herent, and since R° is exact and R°Fx~ R°F’, R°T=0.

Suppose G is a half exact functor in [, 4b]. Then we have an exact sequence

[F', G] — [F, G] = Ext! (T, G)

(where [F, G] denotes the group of natural transformations from F to G). But by
Proposition (1.1d), Ext! (T, G)=0, so that n*: [F’, G] — [F, G] is an epimorphism.

2. Tor. In this section, R will denote a ring which is both left and right no-
etherian.

Let G: xM — Ab be a half exact functor. Let us restrict G to a functor G’ on fyM’,
the full subcategory of M whose objects are the finitely generated modules. Since Ris
noetherian, RM' is an abelian subcategory of xM, and it has enough projectives.
Therefore, by Theorem 1.3, G’'=rt. lim; F/, where (F/), is a filtered system of
coherent half exact functors in [M’, 4b].

From the proof of Lemma 1.4, we see that we may assume that for each object i
of I, we have an exact sequence

h}‘—>héi-—>F{—>0

in [RM’, Ab] (h, denotes the restriction of h,=Hom, (4, ) to finitely generated
modules), where C, is a finitely generated module and P; is a finitely generated
projective R-module.

We extend F; to a functor F; in [;M, 4b] by letting F; be defined by the exact
sequence of functors hp, — he, — F; — 0. Since hp, is exact and since P; and C; are
finitely presented modules, it follows that F; is a coherent half exact functor which
preserves direct limits.
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The filtered system (Fy); in [;M’, Ab] clearly extends to a filtered system (F)); in
[zM, Ab}, and since every R-module may be written as a direct limit of finitely
generated R-modules, we have the following

ProPOSITION 2.1. If G: eM — Ab is a half exact functor which preserves direct
limits, then G=rt.lim; F;, where (F)), is a filtered system of coherent half exact
Sfunctors in [M, Ab] which preserve direct limits.

Let us assume now that G is half exact and preserves direct limits, and that we
have G written as the limit of a filtered system (F}), as in the conclusion of Proposi-
tion 2.1. By Theorem 7.5 in [2], we have, for each object i of J, an exact sequence

™ To(F) = F(R) @ — F,— Ty(F) -0,
where there is a right module N; for which T,(F)=Tor? (N, ) and Tu(F)
= Torg (N i )‘

Let us make some remarks about these sequences.

ReMARK 1. In our case, for each object i of I, we have an exact sequence
hp, = he, — F; — 0, where C; is finitely generated. In the proof of Theorem 7.5 of
[2], N; is constructed by choosing an exact sequence P, — P, — C; — 0, where P,
and P, are projective R-modules, and requiring that P§ — P¥ — N; — 0 be exact.
Since C; is finitely generated in our case, we may further require N; to be finitely
generated.

REMARK 2. Given a natural transformation F;, — F;, we may construct a
commutative diagram

he, ho,—> F,—>0

Lol

h, ke, F;—>0

since A, is projective in [,M, Ab] for each R-module A. It is clear from the proof of
Theorem 7.5 in [2] that from the R-homomorphism C; — C; which induces
hc, — hc,, we may construct an R-homomorphism f;;: N; — N so that the induced
maps
Tor (fi, ):Torg (N;, )—Torg(N;, ), p=1lor2,
give a commutative diagram
Ty(F) — F(R) @y —> F,——> T1(F)) — 0

o

Ty(F;) —> F(R) @ — F; — T)(F)) —> 0.

From Remark 2, it follows that the sequences (*) are functorial in F,, so that we
may take their filtered limit and obtain the exact sequence

*% rt. lim, To(F;) — G(R) ®z — G —> 1t. lim, T (F}) — 0.
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Now, our characterization of Tor-functors depends on showing that a filtered
limit of Tor-functors (73), of the form T;=Tor} (N;, ), N; a finitely generated
right R-module, is a Tor-functor.

Suppose we had a filtered system (M), of modules in M} so that the system
(Tor? (M;, )), was equivalent to the given system of Tor-functors (7;); (we may
say (M), represents the system (T;);). Then it is easy to show that rt. lim, T;
=Tor?® (rt. lim; M,, ). So the problem now is representing a filtered system of
Tor-functors by a filtered system of modules in M.

Let TI(M;)=1II, be the homotopy category of Mj, i.e., that category whose
objects are finitely generated right R-modules and, given two such modules M and
N, IIx(M, N) is Homg (M, N) modulo the subgroup of R homomorphisms from
M to N which factor through a projective R-module. It is not too difficult to
establish the following

LEMMA 2.2. If S and T are functors from which S=Torf (M, ) and
T=Tor¥ (N, ), M and N finitely generated right R-modules, then the map

Homy (M, N) — [Tor} (M, ), Torf (N, )]

defined by f— Tor?(f, ) induces an isomorphism Tlz(M, N)=[S, T], where
[S, T] denotes the group of natural transformations from S to T.

Therefore, our filtered system of Tor-functors (T;), is represented by a filtered
system (NV,), in Il,.

Now the problem is “lifting” a filtered system in Il to a filtered system in Mjz.
We have not been able to do this except in the case where R is of global dimension 1.

For the rest of this section, we suppose that gl. dim. R=1.

Let M be a finitely generated right R-module. Let tM be the kernel of the
canonical map M — M** of a module M to its double dual, and let pM be the
image of this map. Since M — M ** is functorial in M, ¢ and p may be considered

as functors.

Since the dual of M, M *, is finitely generated, there is an epimorphism P — M*,
where P is a finitely generated projective R-module. Therefore, we have a series of
inclusions pM — M** — P*. Since P* is projective and gl. dim. R=1, pM is
projective, so that the exact sequence

0O>tM—>M-—>pM—0

splits.
Using this fact, it is easy to demonstrate

LemMA 2.3. The map Homg (M, N) - Homg (tM, tN), defined by [+ tf,
induces an isomorphism Ix(M, N)~Homg (tM, tN).

Since the map tM — M becomes an isomorphism in Ilg, it follows from Lemma
2.3 that any filtered system (N,); in I1, lifts to a filtered system (1N;); in M.
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We state our conclusions in a theorem (we note that when gl. dim. R=1,
Tor¥ (N, )=0).

THEOREM 2.4. Suppose R is a noetherian ring of global dimension 1, and
G: xM — Ab is a half exact functor which preserves direct limits. Then there is a
right R-module N and an exact sequence

0— G(R) ® — G—Tor¥ (N, )—0.

COROLLARY 2.5. Suppose R is a ring satisfying the hypothesis of Theorem 2.4.
Then a functor G: xM — Ab is a Tor-functor if and only if G is half exact, G preserves
direct limits, and G(R)=0.

3. Coherent rings and Tor. Let R and ;M be as before, and let ;M’ denote the
full subcategory of M whose objects are the finitely presented left modules of R.
Let i: M’ — M denote the inclusion functor. Then i induces a functor

i*: [[M, Ab) — [:M’', Ab),
which has a left adjoint
u: [xM’, Ab] — [xM, Ab).

Let v: [oM, Ab] — [rM, Ab] be the composition v=u o i*.

If I denotes the identity functor on [;M, Ab] and I’ the identity functor on
[:M’, Ab), then from the fact that u is a left adjoint of i it follows that we have
natural transformations ¢: /' — i*ou and 6:v=wuoi* — I In our case, ¢ is a
natural equivalence of functors, and the following can be proved.

THEOREM 3.1. (a) v is exact and preserves right limits,

(b) for any functor F: ;M — Ab, vF: ;M — Ab preserves direct limits, and for any
natural transformation v: L — F, where L: xM — Ab preserves direct limits, there is
a unique natural transformation n': L — vF so that 0p o ' =1.

We do not give a proof of this theorem here, as it can be proved in a more
general context. However, we may define more explicitly the functor v as follows:
Let F be any functor in [M, Ab] and let M be any left R-module. Then there is a
directed system (M), of finitely presented left R-modules for which rt. lim; M;=M.
We let vF(M)=rt. lim, F(M}). Once it is shown that v is a well-defined functor, the
proof of the above theorem is trivial.

Let C be a left R-module and let C* denote the right R-module C* =Hom, (C, R),
the dual of C. Then C* ®; may be considered as a functor in [M, Ab]. Let us
consider the following facts.

(1) For any left R-module C, there is a canonical natural transfermation
A: C* @z — Homy (C, )=hc defined by Ay(f ® m)(c)=f(c)-m for any left
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R-module M and elements m in M, ¢ in C, and fin C*. Since C* ® preserves
direct limits, we have a unique natural transformation

AI: Cc* ®n b Uhc

for which 6, 0 A'=A.

(2) Az: C* ®z R— vho(R) is easily seen to be essentially the identity map on
C*. Since C* ®; and vh. preserve direct limits (and therefore direct sums), it
follows that Ap is an isomorphism for any left projective R-module P. Since
C* Qg is right exact, we have shown that C* ®; is the zeroth left derived functor
of vh¢, or in symbols, Ly(vhc) > C* Q.

(3) Let P be a projective left R-module. Every short exact sequence of left
R-modules 0 - M, - M, — M; — 0 may be written as a direct limit of a directed
system (My; — Mg, — M;;, — 0),, where for each iel, Mj;— My, — M3 —0
is an exact sequence of finitely presented left R-modules. Since 45 is right exact,
and for every finitely presented left module M’, vhp(M ')~ hx(M’), it follows from
the above fact and the explicit definition of v that vh; is right exact. Therefore,
P* ®z~Ly(vhp) = vhy for every projective R module P.

We summarize these facts in the following proposition:

PROPOSITION 3.2. For every left R-module C, there is a natural transformation
X: C* ®g — vhe induced by X: C* Qp — hc, and X' is an isomorphism when C is
projective.

Let us now proceed (as in [2]) to attempt to identify the kernel and cokernel of
X' C* @z — vhc as Tor functors for any left R-module C.

Let P, - P, — C — 0 be an exact sequence in M, with P, and P; projective
R-modules. Let N be the cokernel of P§ — P¥, so that we have an exact sequence of
right R-modules

0—C*—>Pf—Pf—N-—O.

Since 0 — hc — hp, — hp, is exact and v is exact by 3.1, we have an exact

sequence
0 — vhe — vhp, — vhp,.

Proposition 3.2 gives us a commutative diagram

C* @p—> Py @ ——> P¥ ®» N @g 0

l 11 I

0 Uhc vh Po th;

Following [2], we wish to have the sequence P§ — P¥ — N — 0 a flat presenta-
tion of N, i.e., we wish R to have the property that for every projective left R-
module P, P* is a flat right R-module. This is equivalent to the assumption that R
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is a left coherent ring. (We may adopt this as a definition, although the reader may
see [3, Exercise 12, p. 63] for a definition and some properties of coherent rings.)

PRrROPOSITION 3.3. If R is a left coherent ring, then for every left R-module C,
there is a right R-module N and an exact sequence 0 — Torf (N, )— C @p
— vhe — Torf (N, )—0.

Once we have that P§ — P¥ — N — 0 is a flat presentation of N, the exact
sequence follows immediately from the above diagram.

THEOREM 3.4. Let R be a coherent ring, and let hp — hc — F — 0 be exact,
where C and P are left R-modules with P projective (so that F is a coherent half exact
Sfunctor). Then there is a right R-module N and an exact sequence

Tor} (N, )— F(R) @ — vF—Torf (N, )—0.
ReMARK. This is an extension of Auslander’s exact sequence, for if F also pre-
serves direct limits, then vF =~ F. Our proof below is essentially an exact copy of that

of Theorem 7.5 of [2].
Proof. Since hp — hc — F— 0 is exact, we have an exact sequence of right

R-modules P* - C* — F(R) — 0, and therefore an exact sequence of functors
P* Qr — C* ®z —> F(R) @ — 0.
Since v is exact, we also have an exact sequence of functors vhp — vhy — vF — 0.
By the above, and by 3.3, we have a right module N which gives us a com-

mutative diagram
0

Y
Tors (N, )

Y
P* @ —> C* @z —> F(R) @ —>0

IR

\
vhp vhe > vF 0

i

Torf (N, )

|

0

with exact rows and columns. This diagram induces the desired exact sequence.
We remark that every noetherian ring is coherent, and that Priifer rings and rank
one valuation rings are examples of coherent rings which are not necessarily

noetherian.




192 DAVID NEWELL

4. Remarks on the problem of characterizing Tor. Let R be a coherent ring, and
let G: xM — Ab be a half exact functor which preserves direct limits. Let us attempt
to develop an exact sequence for G analogous to our procedure in §2.

By Theorem 1.3, G~rt. lim, F; where (F;), is a filtered system of coherent half
exact functors. By Theorem 3.1, v preserves right limits, so that vG xrt. lim vF;.
Since G preserves direct limits, vG~ G, so that Gxrt. lim; vF;.

For each i in I, we have an exact sequence

Ty(F)) - F(R) Q@ — vF; — T,(F)—0

(where there is a right R-module N; with T,(F)=Torf (N,, ) for p=1,2) and,
as in §2, these sequences are easily shown to be functorial in F;.
Therefore, by taking limits, we obtain an exact sequence.

rt. lim, Tz(E) b dd G(R) ®R —> G —rt. lil'n, Tl(l:i) - O,

which leaves us, as in the noetherian case, with the problem of showing that a
limit of a filtered system (T7), of Tor functors is again a Tor functor.

However, the noetherian case seems easier, as we may assume that T;=Tor(¥;, )
for a finitely generated module N; for each i€ I, where in the cohérent case N;
need not be finitely generated. This is why we adopted a somewhat different
method in §2 from that of §§3 and 4 (using the fact that M’ is abelian when R is
noetherian), since we were able to obtain the desired characterization of Tor at
least for rings of global dimension 1.
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