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Abstract: In this paper, we first study the properties of strongly Gorenstein flat (resp. Gorenstein FP-injective)
modules which are special Gorenstein projective (resp. Gorenstein injective) modules, and use them to prove that the
global strongly Gorenstein flat dimension and the global Gorenstein FP-injective dimension of a ring R are identical
when R is n-FC or commutative coherent. Finally, we show that if R is a commutative Noetherian ring, then, for any
R-module M, SGfdrM = Gpdzy M , and hence SGfdr M < oo if and only if GfdrM < oo, where SGfdgrM denotes the

strongly Gorenstein flat dimension of M .
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1. Introduction

Throughout this paper, R denotes an associative ring with identity and all modules are, if not specified
otherwise, left R-modules. We use ModR to denote the class of left R-modules, and use pdpM, idpM,
fdrM to denote, respectively, the projective, injective and flat dimensions of a module M in ModR. Given
a class X of R-modules, a sequence is Hom(—, X')-exact if it is exact after applying the functor Hom(—, X)
for all X € X. The sequence is Hom (X, —)-exact if it is exact after applying the functor Hom(X, —) for all

XeX.
Let P stand for the class of all projective R-modules, and Z stand for the class of all injective R-modules.

Recall that a module M in ModR is called Gorenstein projective [11] if there exists a Hom(—, P)-exact exact
sequence

-—>P1—>P0—>P0—>P1—>---

of projective modules such that M = Ker(P; — PY). Dually, M is Gorenstein injective if there exists a

Hom(Z, —)-exact exact sequence
-—>E1—>E0—>E0—>E1—>---

of injective modules such that M = Ker(Ey — E°).
Gorenstein projective and Gorenstein injective modules were introduced by Enochs and Jenda [11] and
further studied by many authors (see, e.g., [3]-[6], [L1]-[13], [15]-[16]). These modules have nice properties when

the ring in question is n-Gorenstein (that is, the ring is a left and right Noetherian ring with left and right
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self-injective dimension at most n). Following [17], a module is called FP-injective if Ext'(N, M) =0 for any
finitely present R-module N. The FP-injective dimension of M , denoted by FP-idgM , is defined similarly to
the classical injective dimension. A ring is called an n-FC ring [7] if R is a left and right coherent ring with
FP-idgR < n and FP-idRgr < n. Let F be the class of flat R-modules, and let FZ be the class of FP-injective
R-modules. In [9], a particular case of Gorenstein projective modules which is called strongly Gorenstein flat
modules was introduced. An R-module M is called strongly Gorenstein flat if there exists a Hom(—, F)-exact
exact sequence

-—>P1—>P0—>P0—>P1—>---

of projective modules such that M = Ker(Py — P°). Dual to the definition of strongly Gorenstein flat modules,
in [10], a particular case of Gorenstein injective modules which is called Gorenstein FP-injective modules was

introduced. An R-module M is called Gorenstein FP-injective if there exists a Hom(FZ, —)-exact exact
sequence

-—>E1—>E0—>E0—>E1—>---

of injective modules such that M = Ker(Ey — E°). We notice that strongly Gorenstein flat and Gorenstein
FP-injective modules are also called Ding projective and Ding injective modules in [14], respectively. These two
classes of modules have been treated by different authors (see, e.g., [9, 10, 14]). In this paper, we continue to
study strongly Gorenstein flat and Gorenstein FP-injective modules. We use SGfdgM to denote the strongly
Gorenstein flat dimension of a module M in ModR, which is defined as the smallest non-negative integer n

such that there exists an exact sequence
0—G,—Gpy— -+ —Go— M —0

with each G; strongly Gorenstein flat. If no such n exists, set SGfdgM = co. We use GFP-idgM to denote
the Gorenstein FP-injective dimension of a module M in ModR, which is defined as the smallest non-negative

integer n such that there exists an exact sequence
0O—M —Ty— - —Th_1—1T, —0

with each T; Gorenstein FP-injective. If no such n exists, set GFP-idgM = oco.

This paper is organized as follows. In Section 2, we study some homological properties of strongly
Gorenstein flat modules over a general ring. For example, we prove that the class of strongly Gorenstein flat
R-modules is projectively resolving, and for any module M with finite strongly Gorenstein flat dimension
n > 1, then there is an exact sequence 0 — 7T — y ¥ | M — 0 such pdgT =n—1 and N is strongly
Gorenstein flat, and furthermore, ¢ is a strongly Gorenstein flat precover. We also obtain some criteria for
computing the strongly Gorenstein flat dimension of modules, and prove that if M is an R-module of finite flat
dimension then SGfdgM = pdz M. This result generalizes [9, Corollary 2.5] which shows that an R-module
M is projective if and only if M is flat and strongly Gorenstein flat. We remark that all results concerning
strongly Gorenstein flat dimension in this section have a Gorenstein FP-injective counterpart.

In Section 3, we introduce the notions of the global strongly Gorenstein flat dimension and the global
Gorenstein FP-injective dimension of rings. We give some characterizations of strongly Gorenstein flat and
Gorenstein FP-injective modules over the rings of finite global strongly Gorenstein flat dimension and finite
global Gorenstein FP-injective dimension, respectively. We also prove that these two dimensions of a ring R

are identical when R is n-FC or commutative coherent by using the results shown in Section 2.
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Section 4 is devoted to studying the strongly Gorenstein flat dimension over a commutative Noetherian
ring. In particular, we show that if R is a commutative Noetherian ring of finite Krull dimension, then, for any
R-module M, SGfdrM = GpdpM , and hence SGfdrM < oo if and only if GfdpM < oco.

2. Homological properties of strongly Gorenstein flat modules

In this section we give some properties of strongly Gorenstein flat modules. Notice that all the results in this
section have a Gorenstein FP-injective counterpart. These results will be used to study the global strongly

Gorenstein flat dimension and the global Gorenstein FP-injective dimension (see Section 3).

Let M be a class of R-modules. We use M+ to denote the class of all modules N such that
Ext'(M,N) = 0 for any M € M and i > 1, and use *M to denote the class of modules N such that

Ext‘(N, M) =0 for any M € M and i > 1.

Lemma 2.1 An R-module M is strongly Gorenstein flat if and only if M € +F and there exists an ezact
sequence

0—M-—P° — P — ...

such that it is Hom(—, F)-exact, where P' is projective for any i > 0. In particular, if M is strongly Gorenstein

flat, then Exti(M, H) =0 for any R-module H with finite flat dimension and i > 1.

Proof Immediately from the definition and a dimension-shifting argument. O

Definition 2.2 ([1]) A class X s called projectively resolving if P C X, and for every short sequence
0 — X — X — X" —0 in ModR with X" € X the conditions X' € X and X € X are equivalent.

We use SGF to denote the class of strongly Gorenstein flat R-modules. By [9, Proposition 2.10], SGF

is projectively resolving over a right coherent ring. In the following, we show that it is true over any ring.

Lemma 2.3 SGF is projectively resolving, and closed under arbitrary direct sums and direct summands.

Proof Routine arguments show that SGF contains all projective R-modules and is closed under arbitrary

direct sums. Also by [15, Proposition 1.4], SGF is closed under direct summands. Let

0— M — M-—M'—0

be an exact sequence in ModR. If M’ and M" are strongly Gorenstein flat, then so is M by Lemma 2.1,
using the similar method as in the proof of the “horseshoe lemma”. Now assume that M” and M are strongly
Gorenstein flat. We will show that M’ is also strongly Gorenstein flat in the following. Notice that LF is
projectively resolving, so M’ € +F. Thus, by Lemma 2.1, we only need to prove that M’ admits an exact
sequence 0 — M’ —s P — P! — ... in ModR with each P* projective, such that it is Hom(—, F)-exact.

Since M is strongly Gorenstein flat, there is an exact sequence 0 — M — P° — C' — 0 with P° projective
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and C strongly Gorenstin flat. Consider the following push-out diagram:

0 0
0 M M M 0
0 M po A 0

C——20C

0 0

Then A is strongly Gorenstein flat by the preceding proof since M and C' are strongly Gorenstein flat. Thus
there is an exact sequence 0 — A — P! —s P? — ... with each P’ projective such that it is Hom(—, F)-
exact. Now, note that the exact sequence 0 — M’ — P® — A — 0 is Hom(—, F)-exact by Lemma 2.1

since A is strongly Gorenstein flat, we get an exact sequence 0 —s M’ — PY — P! — P2 — ... which

is the desired sequence. O

Lemma 2.4 Let M € ModR, and let

0 — K, —Gp1— - —Gy—M—0

and

0— K, —G, _,— —Gy— M-—0

be exact sequences in ModR with all G; and G} strongly Gorenstein flat. Then K, is strongly Gorenstein flat
if and only if K| is strongly Gorenstein flat.
Proof It follows from Lemma 2.3 and [1, Lemma 3.12]. O

Let C be a class of R-modules and M an R-module. Following [12], we say that a homomorphism ¢ :
C — M isa C-precover if C' € C and the abelian group homomorphism Hom(C’, ¢) : Hom(C’, C') — Hom(C’, M)

is surjective for each C’ € C. Dually we have the definition of a C-preenvelope.

Lemma 2.5 Let M € ModR with finite strongly Gorenstein flat dimension n > 1. Then there is an exact
sequence () — T —s N —2 » M — 0 Ssuch that pdpT = n —1 and N is strongly Gorenstein flat. In

particular, ¢ is a SGF -precover of M .

Proof Let 00— K — P, 1— -+ — Py — M — 0 be an exact sequence in ModR with each P;

projective. Then K’ is strongly Gorenstein flat by Lemma 2.4. Hence there exists an exact sequence
O—)K’—>Q0—>---—>Qn_1—>G—>O
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in ModR such that it is Hom(—, F)-exact, where Q° is projective for any 0 < i < n — 1 and G is strongly

Gorenstein flat. Thus we can complete the following commutative diagram with exact rows

: o T1° 1 ne1 1!
0 K Q Q Q G 0
= A0 Al A1 A
‘ v On-1 N Y 0o Y
00— K — P,_1 P, .- Py M 0
0 (Sn 1 6n—1 2
Let C... 0 Q Poo1®Q Pro®Q® — -
5
P @Q! ! R®GC & M 0,

where 8, (z) = (\°(x), —7°(2)), do(a, b) = oo(a) + A(b), and
8i(a,b) = (oi(a) + A"~ (b), =7" (b))

for t=1,2,...,n— 1. Then one can check that C is exact. Let K = Kerdy, then
0 —K—PdG M0 s exact, where Py @ G is strongly Gorenstein flat and pdpK <n —1.

Furthermore, pdp K = n—1 since SGfdgM = n. Now, by Lemma 2.1, one can check that §y is a SGF -precover
of M. 0

Proposition 2.6 Let 0 — M’ — M — M"” — 0 be an ezact sequence in ModR. If M’ and M are
strongly Gorenstein flat modules. Then the following statements are equivalent.

1. M" is strongly Gorenstein flat.

2. M" is Gorenstein projective.
3. Ext'(M",P) =0 for any projective module P.

4. Ext'(M",F) =0 for any flat module F .

Proof (1)= (4) by Lemma 2.1.

(4) = (3) is trivial.

(3) = (1) Since SGfdgM" < 1, we have an exact sequence 0 — P — G — M" — 0 in ModR by
Lemma 2.5, where P is projective and G is strongly Gorenstein flat. Then M" is a direct summand of G since
Ext'(M",P) =0, and hence M" is strongly Gorenstein flat by Lemma 2.3.

(2) = (3) follows from [15, Proposition 2.3].

(3) = (2) holds by [15, Corollary 2.11] since strongly Gorenstein flat modules are Gorenstein projective.
|
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Proposition 2.7 Let 0 — K — G — M — 0 be an exact sequence in ModR, then the following state-

ments hold.
(1) If any two of the modules K,G and M have finite strongly Gorenstein flat dimension, then so has

the third.
(2) If G strongly Gorenstein flat and SGfdgM > 1, then SGfdr K = SGfdgM — 1.

Proof (1) Using [2, Proposition 3.4] and the dual versions of Lemmas 2.3 and 2.4, we can complete the proof.

(2) We may assume that SGfdgM = n < co since SGfdgK = oo whenever SGfdgM = oo. If n =1,

then the assertion holds obviously. Assume that n > 2 and
-— Gy — G — - — Gy — K —0
is a strongly Gorenstein flat resolution of K. Then
—Gp1— Gy — - —Gy—G— M —0
is a strongly Gorenstein flat resolution of M. Thus we have that
K,_1=Ker(Gp_2 — Gp_3),

where G_; = G is strongly Gorenstein flat by Lemma 2.4, and therefore SGfdgK < n — 1. Furthermore,
SGfdr K =n — 1 since SGIfdgM = n. O

Proposition 2.8 Let M € ModR with finite strongly Gorenstein flat dimension and n € N. Then the following

statements are equivalent.
1. SGfdrM <n.
2. Exti(M, H) =0 for any R-module H with finite flat dimension and i > n.

3. Exti(M,F) =0 for any flat R-module F and i > n.

4. For every exact sequence 0 — K, — Gp_1 — -+ — Gg — M — 0 with G; strongly Gorenstein
flat, K, is strongly Gorenstein flat.
Proof (1) = (2) Assume that SGfdgM < n. Then there exists an exact sequence

0—G, —-—Gy— M —0,
in ModR with G; strongly Gorenstein flat for any 0 < i < n. Thus we have
Ext‘(M, H) =~ Ext"""(G,, H) = 0

for any R-module H with finite flat dimension and ¢ > n by Lemma 2.1.
(3) = (4) Let

0—K, —Gp1— - —Gy— M —0 (*)

be an exact sequence in ModR, where G; is strongly Gorenstein flat for any 0 <7 <n—1. Then Exti(Kn, F) =
Exti"’"(M ,F) =0 for any i > 1. Decomposing (x) into short exact sequences and applying Proposition 2.7,

we have SGfdg K, < oo since SGfdrM < oco. Hence there exists an exact sequence

0—G,— - —Gy— K, —0
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in ModR with G’ strongly Gorenstein flat. We decompose it into short exact sequences
1
0—C;—G;, , —Cj_; —0

for any 1 < j < m, where C/, = G/, and C) = K,,. Now by Lemma 2.1 we have that Extl(Cg_l,
Ext!(K,, F) = 0 for any flat R-module F and 1 < j < m. Thus C},---,C"

m

F) =
are strongly Gorenstein flat by
Proposition 2.6. This shows that K,, = C{ is strongly Gorenstein flat.

(2) = (3) and (4) = (1) are obvious. 0

By [9, Corollary 2.5], an R-module M is projective if and only if M is flat and strongly Gorenstein flat.
Here we will give a generalization of this result. On the other hand, one can check easily that SGfdrpM < pdpM
for any module M, and the equality holds if pdpM < co. In the following we show that the equality holds
when fdgrM < co.

Proposition 2.9 If M € ModR with fdgM < oo, then SGfdgM = pdyM .
Proof It suffices to show pdpM < SGfdgpM. We may assume that SGfdpM < oco. If M is strongly
Gorenstein flat, then there exists an exact sequence

0—M-—P—M —0

in ModR, where M’ is strongly Gorenstein flat and P is projective. Since fdgpM < oo, Ext!(M’, M) =0 by
Lemma 2.1. This implies that M is a direct summand of P, and hence M is projective.

Now let SGfdgrM =n > 0. By Lemma 2.5, there exists an exact sequence
0—K—G—M—0

in ModR, where G is strongly Gorenstein flat and pdpK = n — 1. Since G is strongly Gorenstein flat,
there exists an exact sequence 0 — G — P — G’ — 0 in ModR, where P is projective and G’ is strongly

Gorenstein flat. Now consider the following push-out diagram

0 0
0 K G M——>0
0 K P W ——>0
G —G
0 0

Since P is projective and pdpK = n — 1, we have pdgW < n by the exactness of the middle row in the
above diagram. Note that G’ is strongly Gorenstein flat, then Ext'(G’, M) = 0 by Lemma 2.1, and hence
W = M @ G’. This implies that pd ;M < pdz,W < n. O

Dually, we have the following result.
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Proposition 2.10 If M € ModR with FP-idgM < oo, then GFP-idgM = idgM .

3. The global strongly Gorenstein flat dimension and the global Gorenstein FP-injective dimen-
sion
In this section, we study the global strongly Gorenstein flat dimension and the global Gorenstein FP-injective

dimension. First we introduce the following notions.

Definition 3.1 The left global strongly Gorenstein flat dimension is defined as
ISGFD(R) = sup {SGde(M) ‘ M € ModR } .

Dually, the left global Gorenstein FP-injective dimension is defined as
IGFID(R) = sup {GFP—idR(M) ‘ M € ModR } .

We get the following criterion for determining whether a given module is strongly Gorenstein flat when
ISGFD(R) is finite.

Proposition 3.2 If ISGFD(R) < n, then M is strongly Gorenstein flat if and only if there exists an exact
sequence

0—M-—P°—P — ... P"
in ModR with each P* projective.

Proof The necessity is trivial. For the sufficiency, consider the exact sequence
0—M-—P" —P — ... -P" (C"—0

in ModR, where each P! is projective and C™ = Coker(P"~! — P"). Let H € ModR with fdg H < co. By
assumption, we have SGIdr(C™) < n, thus M is strongly Gorenstein flat by Proposition 2.8. O

Dually we have the following proposition.

Proposition 3.3 If IGFID(R) < n, then M is Gorenstein FP-injective if and only if there exists an exact
sequence

E,—- -+ —FE —FE—M-—70

in ModR with each FE; injective.
Lemma 3.4 If ISGFD(R) < oo, then the following statements are equivalent for any n € N.

1. 1ISGFD(R) < n.

2. idrH <n for any H € ModR with finite flat dimension.

Proof (1) = (2) Let H € ModR with finite flat dimension. Then by assumption, we get that Ext’(M, H) = 0
for any R-module M and i > n+ 1. Thus idgH < n.

(2) = (1) Let M € ModR. Since Ext’(M, H) = 0 for any R-module H with finite flat dimension and
i>n+1, SGfdgM < n by Proposition 2.8. Thus ISGFD(R) = sup{SGfdg M | M is an R-module} < n. O
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The following definitions are analogs of the so called strongly Gorenstein projective and strongly Goren-

stein injective modules in [3].

Definition 3.5 An R-module M is called strongly -Gorenstein flat if there exists an exact sequence of

projective R-modules

—p -t .p 1 . p I . p ..
such that M = Kerf and it is Hom(—, F)-ezact. Dually, an R-module M is called Gorenstein *-FP-injective

if there exists an exact sequence of injective R-modules

such that M = Kerg and it is Hom(FZ, —) -ezxact.

Remark 3.6 By definition, strongly *-Gorenstein flat modules are strongly Gorenstein flat, and an R-module

M is strongly x-Gorenstein flat if and only if there exists an exact sequence
0—M-—P—M-—70

with P projective and there is an i > 1 such that Exti(M,F) = 0 for any flat R-module F. Gorenstein
x-F'P-injective modules are Gorenstein FP-injective, and an R-module M is Gorenstein x-FP-injective if and

only if there exists an exact sequence
00— M —F—M-—0
with E injective and there is an ¢ > 1 such that Exti(E, M) =0 for any FP-injective R-module E.

For any complexes X and Y, Hom(X,Y) denotes the complex of Abelian groups with the degree-n term

Hom(X,Y)" = [ [ Hom (X!, "+
teZ

and whose boundary operators are
8" ((f)eez) = (G f1 = (1) [ % )ve.
Using a similar method as in [3, Theorem 2.7], we have the following result.

Lemma 3.7 An R-module is strongly Gorenstein flat if and only if it is a direct summand of a strongly *-

Gorenstein flat module.

Proof Let M be a strongly Gorenstein flat R-module. Then there exists an exact sequence of projective
R-modules

P
di dg v,

]P) -—)P1 PO P—l P_2_)...

such that M = Imdj and it is Hom(—, F)-exact. For m € Z, let Y. P be the exact sequence obtained from

P by decreasing all indexes by m, i.e., (3" P); = P,_,, and diEmP =dl_,, for all i € Z. Consider the exact
sequence
®dt ®dt
Q=@(E"P)=-- — Q=8P %, Q=aP, %, Q=aP, — -
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Since Im(®dt) = @Imd!, M is a direct summand of Im(®d’). Moreover,
Hom(Q, F) = Hom((X™P), F) =2 ITHom(X™P, F)

is exact for any flat R-module F'. Thus Im(d?) is a strongly *-Gorenstein flat module. This shows that M

is a direct summand of a strongly *-Gorenstein flat module Im(@d?). The converse assertion holds by Lemma
2.3. O

By [8], a ring R is called an n-FC ring if R is a left and right coherent ring with both FP-idgR and
FP-idRpr at most n.

Lemma 3.8 (/8, Theorem 3.8]) Let R be an n-FC ring, then fdgrE < n for any FP-injective R-module E,
and FP-idgrF < n for any flat R-module F'.

By [8], UFD(R) := sup{fdgF | F is an injective R-module}. Dually, rIFD(R) := sup{fdgE | F is an
injective right R-module}.
By [9], IFID(R) := sup{idgF | F is a flat R-module}.

Lemma 3.9 (/8, Theorems 3.5 and 3.8]) Let R be a ring, then
IIFD(R) = sup{fdgE | E is a FP-injective R-module}.
Furthermore, if R is a left coherent ring, then
rIFD(R) = sup{FP-idgN | N is a flat R-module}.

Lemma 3.10 Let R be a ring, then IFID(R) <1SGFD(R) and IIFD(R) < 1GFID(R).

Proof By [9, Proposition 3.2], IFID(R) < ISGFD(R). In the following we show 1IFD(R) < IGFID(R). We
may assume that IGFID(R) = n < co. Let C' be a FP-injective module and M any R-module, then there
exists an exact sequence

0—M-—E"— ... —FE"—0

with each E? Gorenstein FP-injective. By the dual version of Lemma 2.1, we have Ext" ™ (C, M) = Ext'(C, E") =
0, and so pdrC < n. Hence IIFD(R) < n by Lemma 3.9. O

Lemma 3.11 Let R be a commutative coherent ring, then the following statements hold:
1. If ISGFD(R) < n, then fdrE <n for any FP-injective R-module E .

2. If IGFID(R) < n, then FP-idgF < n for any flat R-module F .

Proof (1) By Lemma 3.10, IFID(R) <1SGFD(R) < n, and so IIFD(R) < n by Lemma 3.9. Thus fdgF <n
for any FP-injective R-module E.

(2) If IGFID(R) < n, then rIFD(R) = IIFD(R) < n by Lemma 3.10 and R is a commutative ring, and
hence FP-idrF < n for any flat R-module F' by Lemma 3.9. O

We are now in a position to give the following result.
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Theorem 3.12 Let R be a ring, then ISGFD(R) = IGFID(R) under each of the following conditions:
1. R is an m-FC ring; or

2. R is a commutative coherent ring.

Proof We will prove IGFID(R) <1SGFD(R), and dually one can check that ISGFD(R) < IGFID(R). We may
assume that ISGFD(R) = n < co. Let M be an R-module. First assume that M is strongly #-Gorenstein
flat. Then there exists an exact sequence 0 — M — P — M — 0 in ModR with P projective. Take

an injective resolution 0 — M — [y — --- — I, — -+ of M, and consider the following commutative
diagram:
0 0 0
0 M P M 0
0 I() Io @ I() IO 0
0 Kn En K?L 0
0 0 0.

Since idrP < n by Lemma 3.4, we have E, is injective. Let T' be a FP-injective R-module, then, by Lemma
3.8 or Lemma 3.11, fdrT < co. Thus pdpT = SGfdrT < n by Proposition 2.9, and hence Exti(T, K,) =0
for any ¢ > n + 1. This implies that K, is Gorenstein *-FP-injective by Remark 3.6, and so GFP-idgM < n.

If M is a strongly Gorenstein flat module, then GFP-idgM < n since every strongly Gorenstein flat
R-module is a direct summand of a strongly x-Gorenstein flat R-module by Lemma 3.7.

Now we may assume that SGfdgM =k # 0. Let 0 — K — N — M — 0 be an exact sequence
with N projective, then SGfdgK =k — 1 by Proposition 2.7(2). By induction on k we have GFP-idgK < n.
Since GFP-idg N < n by the preceding proof, we have GFP-idgM < n by the dual versions of Propositions
2.7(1) and 2.8. O

4. Strongly Gorenstein flat dimension over commutative Noetherian rings

Recall that a module M in ModR is called Gorenstein flat [12] if there exists an exact sequence
-—>F1—>F0—>F0—>F1—>---

of flat modules such that it is exact after applying the functor I ® — for any injective module I and M =
Ker(Fy — F°). We use GfdgM to denote the Gorenstein flat dimension of a module M in ModR, which is

defined as the smallest non-negative integer n such that there exists an exact sequence

0—G,—Gpy— - —Gy— M —0
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with each G; Gorenstein flat. If no such n exists, set GfdgM = .

We start with the following lemma.

Lemma 4.1 Let R be a commutative Noetherian ring of finite Krull dimension and M be an R-module. If

GfdrgM < o and Exti(M,F) =0 for any flat R-module F and any i > 1, then M 1is Gorenstein flat, and

there is a monic flat preenvelope M — P with P projective.

Proof Since GfdgM < oo, there is a monomorphism 0 — M — L with fdgL < oo by [6, Lemma 2.19].
Let E and E’ be any injective modules, then Hom(FE, E’) is flat. Thus, for any ¢ > 1, Hom(Tor;(E, M), E') =
Hom(Tor;(M, E), E') = Ext(M, Hom(E, E')) = 0, and hence Tor;(E, M) = 0. This implies that M is Goren-
stein flat by [15, Theorem 3.14] and there is a monic flat preenvelope M — P with P projective by [18,
Theorem 4.2.8] and [13, Lemma 2.4]. O

Theorem 4.2 Let R be a commutative Noetherian ring of finite Krull dimension, M be an R-module and

n € N. Then the following statements are equivalent.
1. SGfdrM <n.

2. GpdpM < n.
3. GfdgM < oo and Ext' (M, F) =0 for all flat R-modules F and all i > n+1.

4. GfdpM < oo and Exti(M,P) =0 for all projective R-modules P and all i >n + 1.

In particular, SGfdpM = Gpdp M .
Proof (1) = (2) follows from the fact that every strongly Gorenstein flat module is Gorenstein projective.
) = (4) follows from [13, Theorem 3.2].

(2
(4) = (3) One can check that Ext’(M,Q) = 0 for any R-module Q with pdzQ < oo and any i > 1,
thus (3) holds by [18, Theorem 4.2.8].

=
=

3)= (1) Let 0— K — P, 1 — - — Py — M — 0 be an exact sequence with each P; pro-
jective. We need to prove that K is strongly Gorenstein flat. Note that GfdgK < oo and Exti(K,F) =

Exti"’"(M ,F) =0 for any flat R-module F' and any i > 1, so there is an exact sequence
0
0— K —2 PO 09 — 0 with P° projective and ¢° a flat preenvelope by Lemma 4.1. Note that

Exti(CO,F) = 0 for any flat R-module F and any i > 1, and GfdrC® < oo, so there is an exact sequence

1
0—(C9 —2  pl 0l — 0 with P! projective and ¢' a flat preenvelope by Lemma 4.1. Continue this

process, we can get an exact sequence 0 — K — P9 — P! — ... with each P’ projective such that it is

Hom(—, F)-exact. On the other hand, Exti(K,F) = 0 for any flat R-module F' and any i > 1, then K is
strongly Gorenstein flat by Lemma 2.1. Therefore, SGfdgM < n. O

Corollary 4.3 Let R be a commutative Noetherian ring of finite Krull dimension and M be an R-module.
Then SGfdrM < oo if and only if GfdrM < co.

Proof Immediately by Theorem 4.2 and [13, Theorem 3.4]. O
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