SPARSE SYZYGY COLUMNS AND LECH’S CONJECTURE
IN EQUAL CHARACTERISTIC

ANONYMOUS

ABSTRACT. Let (R,m) — (S, n) be a flat local map of Noetherian local rings containing fields of
the same characteristic. We prove Lech’s inequality e(R) < e(.S) by establishing a length estimate
for finite-length modules over equicharacteristic regular local rings. The estimate bounds each
Betti number in terms of the depth of the columns in a minimal free resolution, with an error
depending only on the number of exceptional columns. Its constant is independent of all ranks
and grading shifts.

The graded argument combines the Eisenbud-Erman categorical pairing, Eisenbud—Schreyer
supernatural bundles, and a positive interpolation identity. Prescribed-jet globalization and
periodic degree boxes transfer the estimate to power-series rings. A coordinate-power argument
then controls the errors introduced by scalar-nullhomotopic comparison cones and asymptotically
negligible positive homology.

For a complete local ring D of characteristic p > 0 and dimension d, a free parameter lattice of
rank e(D) provides the required comparison for Frobenius pullbacks. Together with the Frobenius
homology estimate of Roberts and its extension by Hochster-Huneke, this yields

(f) X2 (F) > e(D)rankp F; (0 <i <d)
for every minimal short free complex F' over D. Passage to completion gives the same inequality
without the completeness hypothesis. The reduction of Iyengar—-Ma—Walker gives Lech’s inequality
in positive characteristic; the specialization argument recorded by Ma, who credits its strategy to
Hochster, gives equal characteristic zero.

1. INTRODUCTION

For a Noetherian local ring (R, m), let e(R) = en(R) denote its Hilbert—Samuel multiplicity.
Lech’s conjecture asserts that a flat local map (R, m) — (S, n) satisfies

e(R) < e(S). (1.1)
1.1. Main results.

Theorem 1.1. Let (R,m) — (S,n) be a flat local map of Noetherian local rings. Assume that R
and S contain fields of the same characteristic. Then

e(R) < e(9).

The positive-characteristic argument proves a stronger homological inequality. A short free
complex over a d-dimensional local ring is a complex of finite free modules in degrees 0,...,d
with finite-length homology, not all zero. For such a complex in characteristic p > 0, write x2 (F)
for its Dutta multiplicity; the normalization is given in (8.1).
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Theorem 1.2. Let (D,m,k) be a complete Noetherian local ring of characteristic p > 0 and
dimension d. Let
F:0—F;— - — Fyp—0
be a minimal complex of finite free D-modules whose homology has finite length. Assume Fy # 0.
Then, for every 0 <i <d,
(d) V2(F) > (D) rankp F. (1.2)

No Cohen—Macaulay, reducedness, or equidimensionality hypothesis is imposed on D. Com-
pleteness can also be removed, as recorded in Corollary 8.2. Minimality is necessary when the
right side is written using term ranks; equivalently, one can use the Betti numbers of a short
complex. The case i = 0 and Fy = D gives Y2 (F) > e(D). The proof of Iyengar-Ma-Walker
[16, Proposition 8.3] associates to a suitably reduced flat local map a ring 7" and a minimal short
complex X with

e(T)=e(R), Xo=T, x&(X)=ce(S).

Thus the row-zero case of Theorem 1.2 is exactly the input needed for their reduction.

The main estimate concerns columns in a resolution over a regular local ring. After choosing
bases, call a source column N-deep if all its entries belong to m”". Columns that do not satisfy
this condition are exceptional.

Theorem 1.3 (sparse-column inequality). Let (A, m, k) be an equicharacteristic reqular local ring
of dimension d > 1, let M be a finite-length A-module, and let N > 1 be an integer. Choose bases
of the minimal free resolution of M. Suppose that at most B source columns, counted over all
positive differentials, are not N-deep. Then, for every 0 <r <d,

B (M) d !
(a(M) > N4 — CyN’B Cy = : 1.3
A(M) > @ aNB, 1= G- (1.3)
Consequently,
N\? &
) = (5) L a00 - CaN'B. (1.4)
r=0

The constant depends only on d.

The main term is attained by A/(z,...,zY) when z1,...,z, is a regular system of parameters.

The feature needed here is the error term: it counts exceptional columns without requiring any
bound on their entries, on the ranks of the resolution, or on shifts in a grading. This uniformity
permits the estimate to be applied to the moving resolutions used in the Frobenius argument.

1.2. Relation to earlier work. Lech proved this when dim R < 2 and when the closed fiber
S/mS is a complete intersection, as well as the general estimate e(R) < (dim R)!e(S) [19, 20]. The
construction of Herzog, Ulrich, and Backelin implies the conjecture when R is a strict complete
intersection [15]. In equal characteristic, Ma proved the dimension-three case and the bound
e(R) < max{1,d!/2%}e(S), where d = dim R [21]. He later proved the conjecture when R is a
standard graded algebra over a perfect field localized at its homogeneous maximal ideal [22].
Meng proved a complementary case for maps of equal dimension whose completed target and
extended maximal ideal are obtained by completing a standard graded algebra and a homogeneous
ideal, respectively [23, Theorem 5.13].

The Length Conjecture of Iyengar—-Ma—Walker predicts that a nonzero finite-length module of
finite projective dimension over a local ring D has length at least e(D) [16, Conjecture 1]. Their
related short-complex conjecture asks for xoo(F) > e(D) [16, Conjecture 8.1]. They establish
stronger binomial bounds for finite-length modules of finite projective dimension over strict
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complete intersections [16, Theorem 3.8] and for short complexes over standard graded rings of
positive characteristic localized at their homogeneous maximal ideals [16, Corollary 7.2]. Their
later work proves a Betti-cone comparison for graded rings admitting linear Noether normalizations
over infinite perfect fields [17, Theorem 6.2]. KC and Soto Levins prove the length bound for
modules admitting a Serre lift to an unramified regular local ring [18]. These results concern
related lower bounds; the conclusion proved here is the Dutta-multiplicity bound (1.2), extended
to arbitrary local rings of positive characteristic in Corollary 8.2. For a finite free resolution F
of a finite-length module M, one has x(F) = {p(M); the present argument does not supply the
additional comparison with y.o(F') needed to infer the ordinary Length Conjecture.

The graded part of our proof uses the Boij—Sdderberg framework introduced by Boij and
Soderberg [4] and developed by Eisenbud and Schreyer [8, Theorems 0.1 and 0.2]. More specifically,
we use the supernatural bundles of Eisenbud—Schreyer [8, Theorems 6.1 and 6.4] and the categorical
pairing of Eisenbud—Erman, including its Betti-table formula and the finite-length homology
of the paired complex [7, Definition 2.1, Theorem 2.3, and Proposition 2.6]. The one-variable
truncated Euler inequalities and the choice of roots by omitting adjacent indexed nodes have close
antecedents in Eisenbud—Erman [7, Definition 4.1 and Proposition 4.2] and Eisenbud—Schreyer
[8, proof of Theorem 7.1], respectively. The columnwise refinement of that pairing, the resulting
quantitative error bound, and the positive interpolation identity are proved in Section 3. The
moment identities used there are the Peskine—Szpiro multiplicity equations [24]; the pure-resolution
specialization is due to Herzog—Kiihl [14]. The filtration theorem of Eisenbud-Erman—Schreyer
concerns pure degree sequences with separation hypotheses [9, 10]; we do not use that filtration
theorem in the column-counting argument.

For the local transfer, the prescribed-generator argument adapts the method behind the
Forster—Swan theorem [11, 30], and Quillen—Suslin supplies freeness of the final polynomial syzygy
[25, 29]. The strict parameter lattice is constructed from classical graded Noether normalization
and multiplicity theory. Its role here is to turn those classical constructions into a comparison
with controlled differential depth and one fixed scalar nullhomotopy. The Frobenius homology
estimate needed here is the case due to Roberts [26] of Hochster—Huneke’s more general theorem
[13, Theorem 6.2]; we use the formulation and priority statement in Bhatt—Hochster—-Ma [3,
Theorem 5.2 and the preceding paragraph]. The final flat-map and characteristic-zero reductions
are due to the cited work of Ma and Iyengar-Ma—Walker [21, 16]. The argument does not require
the existence of weakly lim Ulrich sequences; Yhee shows that such sequences need not exist for
complete local domains [32].

1.3. Structure of the proof. There are four stages, with two distinct limiting procedures.

The graded estimate. For each adjacent pair of homological rows, a translated supernatural
bundle selects a window of N grading shifts. A deep column contributes nothing to the relevant
map in that window, while each exceptional column appears for at most IV translations. Summing
these tests and using a positive interpolation identity gives the graded form of (1.3) in Section 3.

Transfer to local resolutions. Section 4 constructs an exact polynomial resolution of a finite
direct sum of a given local module while preserving the selected column depths. Section 5
compares periodic and open degree boxes. Periodic boxes preserve exactness; open boxes retain
a grading. A correction of total free rank O(L%~!) turns an open box into a resolution of a
finite-length graded module. Apply the graded estimate before taking L — oco: a small-rank
correction can carry a leading degree moment, so its shifts cannot be discarded. This limit is
taken for each fixed module and proves Theorem 1.3 with the uniform constant Cjy.

From deep complezes to finite-length modules. Section 6 starts with a complex of fixed row
ranks b; and differential depth IV, ~ pg. Its comparison with a finite-length module is controlled

by a scalar-nullhomotopic cone and small positive homology. Restriction along x; — ac;q, for a
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suitable t; = o(q), makes these errors negligible relative to tg. After minimization the resulting
resolution has

Bi = tgbi + o(tg), depth ng ~ pg/t,, By, = o(tg).

Thus (nqtq)d ~ p%q?, and the local sparse-column inequality gives the required normalized length
bound. This is the second limit; the degree-box construction has already been completed.

Frobenius and the final reductions. The lattice in Section 7 has rank e(D) and gives b; =
e(D)rankp F;, depth ¢ — O(1), and one fixed scalar controlling the comparison cone. The
Roberts estimate, in the stated Hochster—Huneke formulation, makes positive Frobenius homology
negligible at scale ¢¢. Section 8 then proves Theorem 1.2, and Section 9 applies the literature
reductions to obtain Theorem 1.1. Section 10 identifies the uses of equal characteristic. The
argument supplies no corresponding conclusion in mixed characteristic.

2. CONVENTIONS AND ELEMENTARY HOMOLOGICAL ESTIMATES

We first record the homological estimates used to measure errors in a free complex. There
are two kinds of error in the later argument: finite-length homology, measured by Lemma 2.2,
and a comparison cone on which a scalar is nullhomotopic, measured by Lemma 2.5. Lemma 2.4
explains how these estimates control the columns of an actual minimal resolution.

2.1. Complexes, Betti numbers, and column orders. Complexes are homological: their
differentials lower degree. We use the shift convention X[1]; = X;_1, with differential —dx. For a
chain map f: X — Y, our mapping cone is

Cone(f); =Y; © X1, dcone(s)(Ys ) = (dyy + f(z), —dx ).

It fits into the degreewise split exact sequence 0 — Y — Cone(f) — X[1] — 0. A short complex
over a d-dimensional local ring is a complex of finite free modules supported in degrees 0,...,d
whose homology modules have finite length and are not all zero.

We use derived tensor products when a complex is not already free. Concretely, k @% C is
computed by replacing C' by a free resolution of the complex before tensoring with k. A perfect
complex is one admitting a bounded resolution by finite free modules; over a local ring we call
such a resolution a finite free model. For a bounded complex C with finitely generated homology
over (A,m, k), set

B(C) = dimg Hi(k @3 C),  B"(C) = 3 BH(C).

When C'is a bounded free complex, ordinary tensor with & computes these groups. When C' is a
module in degree zero, they are its usual Tor groups. The total is finite for a perfect complex.
On a minimal free model all differentials vanish modulo m, so 8{}(C) is the free rank in degree i.
We omit A when the ring is clear.

Over a standard graded polynomial ring S with homogeneous maximal ideal m, we use the
same definition with k& = S/m and graded free models. The number 37 (C) is the total rank in
homological degree i, summed over internal shifts. Localizing a minimal graded model at m gives
a minimal model over S,. Thus these Betti numbers agree with the local ones. For modules
supported at m, localization also preserves length; in particular, the local length estimates below
apply to finite-length graded modules.

A distinguished triangle U — V — W — U[1] is a mapping-cone sequence considered up to
quasi-isomorphism. Derived tensor with k£ gives a long exact sequence containing

Hi(k@% U) — Hi(k @Y% V) — Hy(k 2% W).
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The kernel of the second map has dimension at most 3;(U), and its image has dimension at most
Bi(W). Therefore

Bi(V) < Bi(U) + Bi(W), — BoUV) < B*YU) + B(W).
Rotating the triangle gives the corresponding total estimate for either of the other two objects,
since shifts do not change total Betti number. We write Hio (C) = @, H;(C).

When bases are fixed, the m-adic order of a source column indexed by e € X; is the largest NV
for which d;(e) € mV X;_1: the zero column has order co. We call the column N-deep when its
order is at least N, and write By (X) for the number of positive-degree source columns that are
not N-deep, summed over all differentials. Column depth always means this m-adic order. An

invertible target-basis change preserves every column’s order, because it preserves m’V X;_; for
every N. A source-basis change can alter the individual column orders.

Remark 2.1 (optimizing the choice of bases). For each fixed N > 1, the smallest exceptional-
column count has an intrinsic description. Put @ = A/m" and let ug(I) denote the minimal
number of generators of a finite (-module I. Then

choicegl(l)rflbases BN (X) - Z(:J He (lm(dl ®a Q)) '
To see this for one differential, write I = im(d; ® 4 Q). The exceptional columns are exactly the
columns with nonzero image in I, so their images generate I. There must therefore be at least
pg(I) of them.

Conversely, choose a subset of the column images whose classes form a basis of I/mgI.
Nakayama’s lemma says that these pg(/) images generate I. Express every remaining column
image as a @-linear combination of the selected ones. Lift each coefficient to A and subtract
that combination of the selected source vectors from the corresponding remaining source vector.
These are invertible elementary basis changes. Every remaining column now vanishes modulo
m!, proving the reverse bound.

The minima can be attained simultaneously, in increasing homological degree. Choosing a
source basis for d; changes only the target basis for d; i1, so it does not constrain the number
subsequently attained there. Later source changes leave the already treated differentials unchanged.
The image in the formula is taken after reducing the differential; it is not in general (imd;) ® 4 Q.
The optimizing bases may depend on N.

2.2. From finite-length homology to Betti numbers.
Lemma 2.2. If (A,m, k) is reqular local of dimension d and V has finite length, then

BAWV) < (d

i

)EA(V), Zﬁz“(w < 2%04(V).

If C' is a bounded complex with finite-length homology, then
BEHC) <27 L4H;(C).

J

Proof. The Koszul complex on a regular system of parameters is a minimal free resolution of k, with
rank (‘j) in degree i. Consequently 5{4(147) = (f) For an exact sequence 0 - U -V — W — 0,
the long exact Tor sequence gives [3;(V) < 5;(U) + 5;(W). Apply this along a composition series
of V, whose £4(V) factors are all isomorphic to k. This proves the first inequality; summing it
over i and using Y, (f) = 2% proves the second.

For the complex assertion, let K be the same Koszul resolution of k. The bounded double
complex K, ® 4 C, has total complex K ®4 C, which computes k ®@% C. Here we resolve k instead
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of C'; a bounded free resolution can be used in either tensor factor, even when the other complex
is not termwise free. Take homology first in the C' direction. Since K, is free, the result is
K, ®4 Hq(C). Taking homology in the K direction then gives the spectral sequence

B2, =Tord(k,Hy(C)) = Hpo(k®%O).

There are only finitely many relevant pairs (p, ¢): one has 0 < p < d, and C' is bounded. Thus the
spectral sequence converges with a finite filtration on each group on the right. Each associated
graded piece is a subquotient of the corresponding E? term. In each total degree n this gives

BHC) < > dimy Tor) (k, Hy(C)).
ptg=n

Summing over n and applying the module estimate to every H,(C) yields
BEN(C) < 30328y (Hy(C)) <203 LaHy(O),
a p q
as required. I

2.3. Minimization without losing deep columns. Later we attach a small number of free
summands to a given complex in order to obtain a resolution. Minimizing that resolution mixes
its bases. The next lemma records why the deep columns can still be tracked through those
changes.

Lemma 2.3 (unit cancellation with labels). Let Z be a bounded free complex over a local ring.
Label some basis vectors principal, and suppose every principal source column belongs to mZ;_1.
Label a subset of the principal vectors good, and suppose their source columns belong to m~ Z;_.
If the total number of nonprincipal vectors is e, then Z can be minimized so that every surviving
good column is still N-deep, at most e good vectors are deleted, and at most e surviving vectors
that were not principal are present.

Proof. A nonminimal differential has a unit entry. Its source cannot be principal, because every
principal column has all entries in m. Choose a unit pivot in d;, with nonprincipal source v and
target w, and rescale v so that the coefficient of w in d;(v) is one. Replacing w by w’ = d;(v) is an
invertible target-basis change. It preserves all ideal-valued column conditions, and d;_1(w') =0
by the chain identity.

For every other source vector u in degree i, let ¢, be the coefficient of w’ in d;(u) in this new
target basis, and replace u by v’ = u — ¢yv. If u is principal, then ¢, € m; if it is good, then
¢, € mY. In the latter case, for example,

dz(u/) = dl(u) — cudi(v) S mNZi_l.

The principal condition is preserved by the same computation with N = 1. We carry each label
along with its changed basis vector. Changing the basis in degree i is also a target-basis change
for d;y1, so the incoming principal and good columns retain their orders.

After these operations d;(v) = w’ and every other source has zero w’-coefficient. The identity
d;d;+1 = 0 then forces every incoming column to have zero v-coefficient. Together with d;_;(w') =
0, this shows that Av — Aw’ is a direct summand complex, with its only differential an
isomorphism. Delete this contractible two-term summand. The remaining complex is quasi-
isomorphic to Z.

Fach cancellation consumes a nonprincipal source and deletes at most one principal target. It
introduces no new basis vectors. There are therefore at most e cancellations, at most e deletions
of good vectors, and at most e surviving nonprincipal vectors. Continuing until no unit entry
remains gives a minimal complex and proves the assertion. O
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Lemma 2.4 (a free comparison with controlled columns). Let (A, m,k) be a Noetherian local
ring. Let G be a bounded complex of finite free modules in nonnegative degrees, with chosen bases
and d(G) CmG. Let M be a finite module of finite projective dimension, and let f : G — M be a
morphism in the derived category, with M placed in degree zero. Set

C = Cone(f),  n=p3"(0).
For any fized integer N > 1, a minimal free resolution P of M has choices of bases satisfying

BA(M) — rank Gy <, Bn(P) < By(G) + 1. (2.1)

More precisely, if E is a minimal free model of C, there is a free resolution Z of M with a
degreewise split exact sequence

0 —G—Z2Z2—FE—0. (2.2)

The same assertions hold over a standard graded polynomial ring, with homogeneous bases, modules,
and degree-zero morphisms.

Proof. First choose a finite free resolution of M. Since G is bounded free, the derived morphism
f can be represented by a chain map from G to that resolution. Its cone is bounded finite free.
Minimize this cone to obtain F; then ), ranky E; = .

The cone triangle shows that H;(C) = 0 for i < 0, since both G and M have zero homology
there. This also forces E; = 0 for ¢« < 0. Indeed, if j < 0 were the lowest index with E; # 0, then
H;j(E) = Ej/im(dp ;1)
would be nonzero: minimality puts the denominator in mF;, and Nakayama’s lemma rules out
mE; = E;. If Ho(f) is surjective, then Hyo(C) = 0 as well, and the same argument gives Ey = 0.

We will use this stronger conclusion in the box construction.
The triangle G — M — C — G[1] can now be rotated to C[—1] - G — M — C. Replace
C by E and represent its first morphism by a chain map F[—1] — G. A bounded complex of

projectives represents its derived morphisms by chain maps, so this replacement is possible. The
cone of this map represents M and has the explicit form

Z;i=G; ®E;, dz; = (dG’i @i ) s o B — Gi_q.
’ 0 dE,z‘

The shift by —1 is what makes the added summand in degree i equal to E;. As both G and F

are nonnegative, Z is a nonnegative free resolution of M. Inclusion of the first summand and

projection onto the second give (2.2).

Label the G-vectors principal and its N-deep vectors good. The zero block in the displayed
differential is essential: each principal source has exactly its old column in G, with no extra
entry in an FE-target. There are n added vectors. Apply Lemma 2.3 to minimize Z. Every
surviving good column remains N-deep. A surviving exceptional column is either one of the
original exceptional principal columns or one of the added vectors, so By(P) < By (G) + 1.

For the rank estimate, tensor the split sequence with k£ and use its homology sequence. Because
G and E are minimal, the relevant segment is

k@4 Byl — k®4 Gy — Tori (k, M) — k ®4 F;.
Writing e; = rank 4 F; gives
rankg G; — ej41 < @A(M) <ranky G; + ;.

Since e; + €;11 < 7, this implies the first bound in (2.1).
In the graded case, take graded resolutions and homogeneous connecting maps throughout. A
homogeneous unit pivot is a nonzero constant between equal shifts. The basis changes in Lemma 2.3
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therefore have the required degrees and remain homogeneous. Graded Nakayama supplies the
same nonnegative-support argument, and no bound on the internal shifts is needed. ]

2.4. A scalar that is nullhomotopic on the error. For a chain endomorphism, being
nullhomotopic means that it has the form dh + hd for maps h; : C; — C;11. The next estimate
uses such a homotopy for multiplication by a scalar; annihilation of the homology alone is not
the hypothesis.

Lemma 2.5. Let Q be an Artinian ring, let C be a bounded complex of finite free Q-modules of
total rank at most B, and suppose multiplication by a € Q is nullhomotopic on C. Then

loHot(C) < Bl (Q/aQ).

Proof. Choose h with dh + hd = aid¢. In degree 4, the change (y,x) — (y — hi—1(x), z) identifies
the cone of the zero map on C' with the cone of multiplication by a. Thus

Cone(a: C — C) = C e C[1], loHiot(Cone(a)) = 20 Hiot (C).

To estimate the left side, filter C' by the subcomplexes consisting of its terms in degrees at most
j, and give Cone(a) the induced filtration. The quotient at level j is, up to a homological shift
and a harmless differential sign, the two-term complex Cj} 4 Cj. If bj = rankg Cj, its homology
has total length

b (KQ(O Q a) + KQ(Q/(IQ)) = 2bj€Q(Q/aQ).

The equality follows from the exact sequence 0 — (0 :g a) = @ 4 Q — Q/aQ — 0. For each
step of the finite filtration, the long exact homology sequence bounds the total homology length
of the middle complex by the sum for the subcomplex and the quotient. Iterating gives

(g Hiot(Come(a)) < 2(3b;)0o(Q/aQ) < 2Blo(Q/aQ).
J
Combining the two estimates and dividing by two proves the lemma. ([l

3. THE GRADED SPARSE-COLUMN INEQUALITY
Throughout this section fix integers d, N > 1 and a field k, and let
S:k[azl,...,md], m:(xl,...,md),

with its standard grading, and let V' be a finite-length graded S-module. Write its minimal graded

free resolution as
Fp:@s(—j)ﬁp’j7 513:25174'-
J J

Fix homogeneous bases. In F},, p > 1, mark B, source columns exceptional and suppose that
every other column of d, has all its entries in m”V. Put B = Zdzl B,. Because V' is supported at

m, the sheafification of F' on ]P’Z_1 is exact.

The aim is to bound ¢;(V) using the total Betti numbers and the numbers B,,, without
imposing a bound on any graded shift. There are three steps. First, a cut in the generator degrees
of a complex over k[t] with torsion homology has a negative Euler characteristic only when a
differential crosses the cut. Second, the categorical pairing places the columns of one differential
of F in a window of width N inside that window, a column whose entries lie in m’ cannot cross
the cut. This bounds the negative contribution by the exceptional columns. Finally, summing
over all translations removes the graded shifts, and positive interpolation isolates any chosen total
Betti number.
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3.1. A filtered estimate over one variable. Give k[t] its standard grading, with degt = 1. For
a graded free k[t]-module E, let E<¢ be the submodule generated by all homogeneous elements of
degrees at most ¢. This description is intrinsic, so every degree-zero automorphism of E and its
inverse preserve E=<¢. Exphmtly, if £=@;k[t ]( 4)%, then

=K, BB = D))

7<c j>c
Thus these are cuts by generator shifts, and the displayed quotient is free over k[t]. The cut
retains an entire free summand once its generator degree is at most c¢; it does not discard the
higher-degree multiples of that generator. This distinction is necessary for the rank in (3.2) below
to detect a differential.

For a bounded complex K of finitely generated graded free k[t]-modules with degree-zero differen-
tials, assume that K is minimal in the sense that d(K) C (t)K, and write K, = @; k[t](— )P (K,
The functional below is a truncated Euler characteristic. When K has torsmn homology, its
negative contributions come precisely from two-term bars in degrees 1 — 0 whose source and
target shifts both lie in (a,a + N]. For a € Z define

K)=Y Boj(K)— > BrjK)+ > (=1)"8u;(K). (3.1)

j<a j<a+N h>2,5
Let pq n(K) be the rank over k(t) of the induced map
KN Ko/ K5 (3.2)

The estimate below is a quantitative variation on the graded partial Euler characteristic
inequalities of Eisenbud-Erman [7, Definition 4.1 and Proposition 4.2]. Their positivity proof for
complexes with torsion homology reduces to shifted two-term resolutions over k[t]. We use the
same decomposition, but allow the two cutoff degrees to differ by N and retain the rank of the
differential between the surviving pieces. This gives the explicit defect needed for our column
estimate.

Lemma 3.1. One has

AN (K) > =pan(K) = ) rankyy Hy(K). (3.3)

h>0
h odd

If all homology of K is k[t]-torsion, the final sum is zero.

Proof. We first put the whole complex into a form in which the inequality can be checked one
summand at a time. Every nonzero homogeneous entry of a differential over k[t] is a scalar
multiple of a power of t. Choose an entry with smallest exponent in a nonzero differential dj. It
divides all other entries of that matrix. After scaling the entry to t¢, clear its row and column by
elementary operations. These operations are homogeneous: the quotient of two entries in a fixed
row or column has exactly the degree required for the corresponding change of source or target
basis. Repeating the procedure diagonalizes d;, by homogeneous basis changes.

Consider one resulting diagonal entry, from a basis vector x of K} to a basis vector y of Kj_1,
with dp(x) = t°y. Since dj,—1dp, = 0, we have t°d;_1(y) = 0, and the freeness of Kj_o implies
dn—1(y) = 0. Likewise, dpdp1+1 = 0 implies that the z-coordinate of every element of im dj 1 is
zero: applying d; would otherwise give a nonzero y-coordinate. Thus this diagonal entry is an
isolated two-term direct summand of the complex. Remove all such summands and repeat with a
remaining nonzero differential. The total free rank decreases at each removal, so the process ends.
It expresses K as a direct sum of two-term bars and one-term free complexes. Minimality ensures
that each bar exponent is positive.
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This is a simultaneous chain decomposition, rather than separate normal forms that might be
incompatible in adjacent degrees. Its basis changes preserve the intrinsic submodules K EC, SO
they preserve both A, n(K') and the rank p, ny(K). Both quantities are additive on the resulting
direct sum.

A bar in positions 1 — 0 has the form

K[ (—v) =5 k[t (—u),  v>w

Its contribution to (3.1) is 1,<q — 1y<a+n. This equals —1 exactly when ©v > a and v < a+ N,
precisely when the bar contributes one to the rank in (3.2): both its source and its target survive
the indicated cuts, and multiplication by ¢"~" has rank one over k(t). Every other two-term bar
has nonnegative contribution: a bar in positions 2 — 1 contributes 1 — 1,<,+ N, a bar in positions
0 — —1 contributes 1,<,, and bars farther away contribute zero. A one-term free summand can
contribute negatively only in a positive odd homological degree, and then by at most one. Such a
summand contributes one to the free rank of homology in that same degree; the bars have torsion
homology. Adding the contributions gives (3.3) and its asserted torsion specialization. ([l

3.2. Translated supernatural tests. We recall only the part of the Eisenbud—Erman pairing
needed below. For a bounded graded free S-complex F' and a vector bundle £ on ]P’i_l, their
construction gives an object ®(F, &) of Db(gr k[t]) [7, Definition 2.1]. Choose a bounded minimal
graded free representative and use the same notation for it. When F' is minimal, with F, =
®; S(—Jj )Pr.i, the free summands of ®(F, &) are obtained from

HI(P E(—5)) 7 @y, klt)(—)) (3-4)

in homological degree p — q. Theorem 2.3 of [7] gives this Betti table. For the sparse-column
argument, the table alone is not enough: we must identify which original column can contribute
to a specific entry of the paired differential. The next lemma records the needed representative
and the labels that retain this information. Here a contraction means an inclusion of chosen
cohomology representatives, a projection onto them, and a homotopy from their composite to the
identity; these maps are constructed in the proof.

Lemma 3.2 (columnwise form of the pairing). Assume that F' is minimal and that its sheafification
is exact. Choose a contraction of the vertical Cech complex of each twist onto its cohomology,
and use that contraction on each original basis line with that twist. Then ®(F,E) has a minimal
representative such that:
(1) its differential is
diy = Zeswé(hé)sL, es € {1, -1}, (3.5)
s>0
where § is the horizontal differential of F, h is the chosen vertical contraction, and the
convention-dependent signs €5 are immaterial;
(2) each generator in (3.4) retains the label of its original basis vector of F, together with a
basis label in the corresponding cohomology group;
(3) every nonzero transferred differential has positive t-degree, so the resulting k[t]-complex is
minimal;
(4) its homology is k[t]-torsion.

Proof. The pairing is the derived direct image to Spec k[t] of the double complex obtained after
the substitution x; — tz; and tensoring with £. Compute it by the Cech complex for the standard
affine cover of projective space. For one original basis line S(—j) in F},, its vertical complex is the
Cech complex C*(E(—4)), tensored with k[t](—j). Here the horizontal index is p and the vertical
cohomological index is g; total homological degree is p — q.
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We describe the contraction over k before extending scalars. In each CY, choose representatives
H? for cohomology, the subspace B? of boundaries, and a complement U? to the cycles. Thus
C9=B?@ HY® U4, and the vertical differential restricts to an isomorphism U9 — B!, Let ¢
include the chosen HY, let 7 project onto it, and let h be the inverse of this isomorphism on BI+!
and zero on the other two summands. These maps satisfy

m =1, 1 — v =dyh+ hd,.

The construction also gives h?> = mh = ht = 0. Incorporate the usual total-complex signs in
these maps. The vertical complexes need not have finite-dimensional terms, but their cohomology
is finite-dimensional. Extend the splittings over k[t] and tensor them with the identity on the
multiplicity space of each original twist. In particular, vertical maps preserve both the original
F-degree and its basis labels. Since § lowers the bounded F-degree, hé is nilpotent. The basic
perturbation lemma [12] now gives the finite sum (3.5) and a homotopy equivalence from this
transferred complex to the original total complex. Concretely, the first term wd. is the map
induced by the horizontal differential on vertical cohomology. A higher term allows the image to
pass through a contractible vertical summand, applies h to lift it back one vertical degree, and
then applies another horizontal differential. Nilpotence makes this correction process finite, so no
convergence or finiteness assumption on the individual Cech terms is needed. The underlying free
modules of the transferred complex are exactly (3.4). The labels record these summands; they do
not assert that the transferred differential preserves an original basis line.

The index bookkeeping is explicit: a term with s + 1 horizontal factors sends original indices
(p,q) to (p — s —1,q — s). Here h lowers the Cech cohomological index by one and preserves p,
while § lowers p and preserves gq. Thus the transferred map has total homological degree —1.

Every summand of (3.5) contains at least one horizontal factor. A nonzero entry S(—v) — S(—u)
of § has v — u > 1 by minimality and, after substitution, contributes the factor t?=%. The vertical
maps have t-degree zero. Along a path from shift v to shift u, the exponents telescope to
v —u > s+ 1. Hence every transferred differential lies in (¢), proving minimality.

Finally, invert ¢. Rescaling a basis line of shift j by ¢=/ cancels every factor t*~* in the
substituted horizontal differential, leaving the original sheaf complex tensored with £ and k[t,t~1].
Because £ is locally free, this sheaf complex is exact. Its sections on every affine intersection
in the standard cover are exact as well. Taking horizontal homology first in the bounded Cech
double complex therefore shows that its total complex is acyclic. Thus the finite free transferred
model becomes acyclic after inverting ¢, and its finitely generated homology is killed by a power
of t. This is the generic-exactness property of the pairing recorded in [7, Proposition 2.6]; it gives
the required torsion assertion. This proves all four assertions. O

Assume now that d > 2. The choice of supernatural roots by omitting two adjacent indexed
nodes follows the construction in the proof of Eisenbud—Schreyer [8, Theorem 7.1]. Here we
apply that choice to a translated arithmetic progression with arbitrary spacing N. The resulting
window will let us retain the original source-column labels and bound the total rank defect over
all translations. For 0 < i <d —1 and a € Z, put

be(a) =a+ (E—i)N,  £€{0,....d}\ {i,i+1}. (3.6)

Choose a supernatural bundle &; , with actual root sequence (—bs(a))s, in decreasing order. Thus
the numbers by(a) in (3.6) are the negatives of the roots in the convention of [8, Theorem 6.4]. The
product construction of Eisenbud—Schreyer, applied with the d — 1 roots as singleton consecutive
blocks, gives such a bundle over every field with rank (d — 1)! [8, Theorem 6.1]. Away from the
roots there is one nonzero cohomology group, and the rank normalization above gives

rank &; ,

W& (=) = g5y 117 = bel@)l = [ 17 ~ be(a) (3.7)
e £
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for its unique degree ¢ [8, Theorem 6.4]. The cohomological degree of this group is

qg=#{e{0,...,d}\{i,i+ 1} : bs(a) < j}.

At an included root all cohomology vanishes. If a < j < a4+ N, exactly the ¢ indices £ =0,...,i—1
satisfy the displayed inequality, while every index ¢ > i + 2 fails it. The two omitted indices
correspond to a and a + N themselves. Consequently the whole half-open window (a,a + N,
including its right endpoint, has cohomology only in degree . This is the reason for omitting two
consecutive roots.

Let K; o be the specific minimal transferred representative of ®(F, &; ) furnished by Lemma 3.2,
and put

Ll(a) = )\a,N(Ki,a)-

Lemma 3.3. For every t,
> Li(a) > —d™ 'N'By 1. (3.8)
a€Z

The sum is finite.

Proof. By Lemma 3.2, K; , is minimal with torsion homology, so Lemma 3.1 applies without a
free-homology error. A component of the restricted map

(Ki0) TN — (K 0)o/ (Kia)g™

has target and source shifts u,v with a < v < v < a+ N. Both twists in this interval have
cohomology only in degree i. Hence the source comes from Fj;y; and the target from F;. A term
of (3.5) containing s + 1 horizontal factors lowers the original F-degree by s + 1, because the
intervening vertical maps preserve that degree. A path from the relevant Fji-copy to the F;-copy
must lower it by exactly one. Thus only the s = 0 term contributes, and this term is the map on
cohomology induced by d;;. If its original source column is not exceptional, it is zero. Indeed,
every entry of that column is a homogeneous polynomial of degree at least IV if it is nonzero,
whereas an entry from shift v to shift u in this window would have degree v — u < N. There is
therefore no such original entry, and applying 7« and ¢ cannot produce one.

This rank is estimated in the labeled transferred model. The bar decomposition used in
Lemma 3.1 may change the labels, but it preserves the intrinsic cuts and therefore the rank being
estimated.

It follows that the rank is at most the sum, over exceptional columns of F;;; with shift
v € (a,a + NJ, of hi(E 4(—v)). A fixed exceptional column occurs for exactly the N integers
a=v—N,...,v—1. Writing s = v — a, its weight is

i d—i
[+ ¢N) TT(eN —s).
/=1 (=2

There are d — 1 factors and each has absolute value at most d/N. Thus its total contribution over
all translations is at most N(dN)4~! = d?~! N9, Summing this bound over the B;|; exceptional
columns bounds the total of the restricted ranks. Lemma 3.1 then gives (3.8). The left side is a
finite sum, as the independent formula and moment calculation in Lemma 3.4 below show. [J

3.3. Moments and positive interpolation. We now convert the translated estimates into an
expression involving only total Betti numbers. The cancellation that removes the shifts comes
from the Hilbert-series identity

> (1), 27 = (1 — z)*Hilby(2)

D:J



SPARSE SYZYGY COLUMNS AND LECH’S CONJECTURE 13

and the fact that Hilby (2) is a finite Laurent polynomial with Hilby (1) = ¢;(V). Apply the
operator z(d/dz) repeatedly to the identity and evaluate at z = 1. Its m-th power sends 2/ to
j™2z7. On the right, all evaluations vanish when m < d because of the factor (1 — 2)%. When
m = d, only the term differentiating that factor d times survives, and it gives (—1)%d! Hilby (1).
This proves the moment identities

Z(—l)pﬁp,jj’" =0 (0<m<d), (3.9)
S (-1)PBy it = (—1)*dle (V). (3.10)
D,J

These are the Peskine-Szpiro multiplicity equations [24]; their pure-resolution specialization
gives the Herzog—Kiihl equations [14]. The displayed Hilbert-series calculation fixes our sign and
normalization.

For 0 <i<d—1, define

Qi(u) = II (N — ). (3.11)

0e{0,....dP\{i,i+1}

Lemma 3.4. One has

Li(a) => (-1)PB,;Qi(j — a+iN)1 _arin<pn- (3.12)
pJ
If P; € Q[u] satisfies P;(u) — P;y(u — 1) = Q;(u), then
Ti= 3 Li(a) = (d— DIG(V) + Y (~175, P(pN). (3.13)

Proof. If V=0, both identities are immediate. Assume V £ 0. Put v« = j — a + ilN and, away
from the included roots, set

qi(u) = #{€{0,...,d}\ {i,i+1} : {N < u}.
This is the unique cohomology degree of &; ,(—j), and

sgn Q;(u) = (—1)%(“).

A row-p term of F therefore lies in paired homological degree h = p — g;(u). By (3.1), the term is
retained unconditionally if h > 2, retained if u < (i + 1)N when h = 1, retained if u < iN when
h = 0, and omitted if h < 0. We verify that these conditions amount to the single inequality
u < pN. This is the step that relates the cohomological window to the original resolution row.

(1) If p < i, the node pN is an included root. Below this node there are at most p roots below
u, so h > 0. Moreover u < pN < ilN, so either of the low-degree cuts is satisfied. Above
this node there are at least p 4+ 1 roots below u, so h < 0 and the term is omitted.

(2) If p =i, then u < iN implies ¢;(u) < ¢ and h > 0, with both low-degree cuts satisfied.
When u > iN, we have g;(u) > i: the only possible nonnegative degree is h = 0, and its
cut fails.

(3) If p=i+1, then u < (i + 1)N implies ¢;(u) < i and h > 1. A degree-one term satisfies
its cut, and a higher-degree term is retained automatically. When u > (i + 1) N, we have
h < 1; neither low-degree cut can hold, so the term is omitted.

(4) If p > i + 1, the node pN is an included root. Below it, at most p — 2 included roots
lie below u, since both omitted nodes precede pN. Thus h > 2. Above it, at least p — 1
included roots lie below u, so h < 1; both low-degree cuts fail because u > pN > (i +1)N.
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At an included root the cohomology and Q;(u) both vanish, so no choice of strict or weak
inequality affects its contribution. The two omitted roots are covered by the weak inequalities in
the middle two cases. Finally, the signed contribution of every retained nonroot term is

(—1)P74|Q;(u)| = (~1)PQi(u).
This proves (3.12).

Only finitely many pairs (p, j) have 8, ; # 0. For a < 0 all their indicators vanish. For a > 0
they are all one, and the right side is zero: expand Q;(j — a + iN) as a polynomial in j of degree
d — 1 and apply (3.9) to each coefficient. Thus a — L;(a) has finite support.

A discrete primitive P; exists because taking P(u) — P(u— 1) lowers the degree of a nonconstant
polynomial by one. Since @Q; has leading coefficient (—1)4~!, the primitive has degree d and
leading coefficient (—1)?!/d. Choose an integer A beyond the finite support of a ~ L;(a) and
with

A> ﬂr;;x;(o{j +iN — pN}.
Then every individual nonzero Betti summand has entered its truncated sum by a = A. For a
fixed pair (p, 7), the indicator requires a > j +iN — pN. As a runs from this lower limit to A,

the argument j — a 4+ ¢/N runs through the integers from pN down to j — A + ¢N. Consequently
telescoping gives

Z Q,(] —a—+ iN)lj—a+iN§pN = PZ(pN) — Pz(j — A+ 4N — 1).
a<A

Multiply by (—1)P8,; and sum over the finitely many pairs (p,j). The first term becomes
> op(=1)PB,P;(pN) because it is independent of j. In the second term, expand P;(j — A +iN —1)
in powers of j. All powers below d cancel by (3.9); its degree-d coefficient is unchanged by
translation. Including the minus sign from telescoping, the surviving term is

(=nd! p d
—— > (1P 5% = (d — D)y(V).

DyJ
This proves (3.13). O

Lemma 3.5 (positive interpolation). For each 0 < r < d there are nonnegative rational numbers
wo, ..., Wq—1 Such that

d—1) w; =1 (3.14)
and

Proof. We seek a nonnegative combination of the T; whose Betti-row term vanishes at every
interpolation node pN except the chosen node rN. Use the following scaled Lagrange polynomial
for that node:

Colwy = [T GN=w, Q) =Cr(w) ~ Colu—1).

At the interpolation nodes,
Qi(pN)=0 unlessi=p—1ori=p,
and, on putting A, = (—1)Pp!(d — p)!N41,
Qp(pN) =4, (0<p<d), Qpi(pN)=-4, (0<p<d).
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These evaluations prove linear independence without a determinant calculation. In a relation
> ¢iQi = 0, evaluation at 0 gives copAg = 0, hence ¢y = 0. Evaluation at pNV, for 1 < p < d, gives
A, (ep — cp—1) = 0, so successively every ¢, is zero. There are d polynomials, all of degree at most
d — 1, so they form a basis of that polynomial space.

The polynomial ) has degree d — 1. Expand it uniquely as @ = >, w;Q;, with w; € Q, and set
w_1 = wg = 0. Evaluation at pN, for 0 < p < d, gives

(*1)p(cr(pN) B Cr(pN - 1))
p!(d — p)INd-1

For p < r, the right side is nonnegative; for p > r, it is nonpositive. To see this, note that
Cy(pN) =0 when p # r. At u = pN — 1, the product defining C,. has p negative factors if p < r,
and p — 1 if p > r, unless a factor vanishes. Including the initial minus sign in C, gives the
claimed signs in (3.16). A vanishing factor can occur when N = 1, and then the increment is zero.
Write the right side of (3.16) as A,. For ¢ < r, summing from the left gives w; = Z;:O Ap > 0.
The endpoint equations give ZZ:O A, = wq —w—1 = 0; hence, for ¢ > r, summing from the right
gives w; = — g:i 114y > 0. Thus every w; is nonnegative. The sign of the single increment A,
is unnecessary: each weight can be summed from the endpoint on the same side of the chosen
node rN.

The leading coefficients are

(3.16)

Wp — Wp—-1 =

(-1
d— 1)

Comparing them in Q =Y, w;Q; gives (3.14). For the primitives in Lemma 3.4, the polynomial
> ; wiP; — C; has zero discrete difference, because ) ; w;Q; = Q. It is therefore a constant. Its
contribution to the alternating Betti sum is that constant times >° (—1)?8p, which is zero by the
zeroth moment identity. Thus we may replace >, w; P; by C, in that sum. Since
Nd
C'r(pN) =0 (p#r), CT(TN) - _(_l)r@7
T

le(Q) =

formula (3.13) now gives

S wiTy = (d =13 wi) (V) + Y (=11 B,Cr (pN)

7 p
Nd
= Ek(v) - Tﬁr-
()
This is (3.15). O
Example (the interpolation weights in dimension two). Take d = 2 and choose the row r = 0.
The two test polynomials and the scaled Lagrange polynomial are

Qo(u) = 2N — u, Q1(u) = —u, Co(u) = —%(N —u)(2N — u).
Taking the discrete difference gives
3N+1
2

Thus the equation woQo + w1Q1 = Co(u) — Co(u — 1) says wg +w; = 1 and 2Nwy = (3N +1)/2.
Solving gives

Co(u) — Co(’u, — 1) = u.

3N +1 N -1
wo = w = —.
0 AN L= 7N
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These weights are nonnegative for every N > 1 and give
wolp + w1y = fk(V) - N2ﬁ0.

At N =1, the second weight vanishes and the first is one. This shows concretely why the endpoint
case permits zero weights rather than requiring strict positivity.

Theorem 3.6 (graded sparse-column inequality). With the notation at the beginning of this

section, for every 0 <r <d,

Nd

Ek(V) > 757‘ - CdeB, Coj=———
()

Proof. Suppose first that d > 2. Combine Lemmas 3.3 and 3.5:

N

d
(d) ﬁr = Z w;T;

(3.17)

(V) —

> —ddilNd ZwiBi—‘rl
dd—l

> NB.

-1

For d = 1, finite length gives rank Fy = rank Fi, so the presentation matrix is square; its graded
invariant factors over the PID k[z] are powers z¢, with e, > 1 by minimality. There are 5y = 51
such factors, and £5(V) =3, ey

Reduce the presentation map modulo #%V and put A = k[z]/(z"). Its nonexceptional columns
become zero, so its image as an A-module is generated by at most B elements. Smith form
identifies this image with the direct sum of the nonzero ideals z¢ A for which e, < N. Each of
these ideals has one-dimensional quotient by its maximal-ideal multiple, so their number is the
minimal number of generators of the image. It is therefore at most B. All the other invariant
factors have e, > IN, and hence

(V)= e, > N(Bo — B).
¢

This is the required inequality for both rows, since C; = 1. O

Corollary 3.7. Under the same hypotheses,
d
0(V) = (N/2)*> " B, — CaN’B.
r=0

Proof. Multiply the row-r inequality (3.17) by (f) /2¢ and sum over r. These weights sum to one,
so the left side and the common error term retain their coefficients. The Betti term in each row
becomes (N/2)%4,, giving the displayed inequality. O

Remark 3.8. The main term is sharp. For V = S/(z},...,zY), the Koszul resolution has no
exceptional columns, £;(V) = N%, and 3, = (f), so equality holds in every row of (3.17). For

N =1 the row inequality is the elementary estimate 3,(V) < (f)ék(V) from Lemma 2.2. We do
not assert that the coefficient of B is optimal.

This completes the graded part of the argument. The next two sections transport both the
inequality and its chosen deep columns to an arbitrary equicharacteristic regular local ring.



SPARSE SYZYGY COLUMNS AND LECH’S CONJECTURE 17

4. PRESCRIBED-JET GLOBALIZATION

Theorem 3.6 applies to graded resolutions. A local resolution need not admit a compatible
grading, and its associated graded complex need not be exact. We therefore make the passage
from local to graded in two stages. First, we replace the local resolution by an exact polynomial
resolution, retaining its ranks and the chosen deep columns after taking a finite direct sum.
Then, in Section 5, we replace this polynomial resolution by graded resolutions with the required
asymptotic invariants.

The first stage is possible because a finite-length module over a power-series ring is already
defined over a polynomial quotient. The difficulty is to choose polynomial generators for its
successive syzygies while preserving the desired columns. We preserve their images modulo a
fixed power of the maximal ideal; these finite approximations are the jets in the section title.

The generator argument below is a prescribed-jet variant of the dimension-counting method
underlying the Forster-Swan theorem [11, 30]. We give the argument because its approximation
property, rather than a generator bound alone, is needed here.

Throughout this section let d > 1, S = k[xq,...,z4], m = (z1,...,24), and A = k[[z1, ..., 24]],
with maximal ideal my4 = mA.

Lemma 4.1 (prescribed generators). Assume that k is infinite. Let K be a finite S-module that
is locally free of rank r > 1 on X = Spec S \ {m}. Suppose vi,...,vs € K generate Ky and
s >r+d. For every N > 1, there are global generators vy, ...,v. of K with

vé—vjEmNK (1<j<s).
Proof. Choose global generators wy, ..., w; of mY K. We seek the new generators among the
vectors

¢
vi(e) =vj+ Y cywy, 1< <s,
(=1

where the ts coefficients cy; are independent parameters. Every choice has the prescribed jets.
Moreover, every choice still generates at m: the perturbations lie in mKy,, so the images in
Ky /mKy, are unchanged. Nakayama’s lemma then applies. We need one choice that also
generates everywhere on X.

At a geometric point € X, some element of m is invertible. Thus m¥ O X, = Ox 2, and the
images of the wy span the r-dimensional fiber of K. Consequently, after choosing a frame for that
fiber, the affine map

A" — Mat, s, cr— (n1(e)(z),...,vs(c)(x))

is surjective. The columns fail to generate precisely when this matrix has rank less than r.

The determinantal locus of r X s matrices of rank at most » — 1 has codimension s — r + 1: its
largest stratum has dimension (r — 1)(s + 1) inside the rs-dimensional matrix space. Hence, for
each x, the bad parameters have codimension s — r + 1. Apply this fiberwise calculation to the
incidence of pairs (z,c¢) for which generation fails. Local trivializations of the vector bundle K|x
show that this incidence has dimension at most

dmX +ts—(s—r+1)<ts+d—(s—r+1) <ts—1.

Its image in the ts-dimensional parameter space therefore has proper Zariski closure. The
complement is a nonempty open subset of A*, and it has a k-point because k is infinite. Choose
such a point. The resulting vectors generate every fiber on X, hence generate at every local ring
on X by Nakayama. They already generate at m. The cokernel of the resulting map S° — K
thus localizes to zero at every prime, so it is zero. O
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At the final syzygy the number of available vectors equals the rank, so the preceding generator
surplus is no longer available. We need a polynomial basis approximating a formal basis. There is
one obstruction to an arbitrary such approximation: a polynomial invertible matrix has constant
determinant. The next lemma removes that obstruction by rescaling one formal basis vector. This
is harmless for our application, since multiplying a column by a unit does not change its depth.

Lemma 4.2 (basis jets). Let K = S™, r > 0, let N > 1, and let vy,...,v, be an A-basis of
A®g K. After multiplying at most one v; by a unit of A and retaining the notation v; for the
resulting vectors, there is an S-basis v, ...,v. such that

vi —vj € mlY (A ®5 K).

Proof. Fix an S-basis e of K, and write the formal basis as v = eU with U € GL,(A). Let
dy = det U and let dy = dy(0) € k*. Multiplying the first column of U by the unit dy/dy changes
its determinant to dg. We make this normalization first.

The quotient rings A/ m% and S/m" are canonically equal. Thus the reduction of the normalized
matrix can be viewed as an invertible matrix over S/m”. After multiplying by a constant diagonal
matrix of determinant d, ! it belongs to SL,(S/m"). For r > 2, every special linear matrix over
this local ring is a product of elementary matrices. Indeed, elimination with unit pivots reduces
it to determinant-one diagonal blocks, and such blocks are elementary because

(6 71) =wten. v =g 1) (s 36 1)

Lift the coefficient of each elementary matrix from S/m" to S. Each lifted elementary matrix is
invertible over S, so their product is an invertible polynomial lift. Restore the constant diagonal
matrix used above. The columns of the resulting matrix give the required S-basis and have the
prescribed reductions modulo m% . If r = 1, the initial normalization already makes the single
basis coefficient constant, and the conclusion follows directly. (|

Proposition 4.3 (globalization with selected columns). Let M # 0 be a finite-length A-module
with minimal resolution F. In every positive degree i, mark g; basis vectors whose columns are
N-deep, where N > 1, and put

d
B =Y (Bi(F) - g:).
i=1
If k is infinite, then for every integer a > d there is an exact polynomial free resolution P of
M®e, supported in degrees 0, ...,d and minimal at m, with

rankg P; = af;(F)

and at least ag; marked N-deep columns in degree i. Here M 1is viewed as an S-module through
S — A. If k is finite, the same conclusion holds for some positive integer a.

Proof. Choose C with m§{M = 0. Since S/m® = A/mq, the action on M factors through the
same finite-dimensional quotient of either ring. In particular, M is a finite S-module supported
at m, and A®g M = M.

Assume first that k is infinite. We explain why taking a copies provides exactly the generator
surplus needed in the preceding lemma. For 1 < i < d, set r; = rank4 im(F; — F;_1), and put
ro = rq+1 = 0. A nonzero finite-length module over the d-dimensional regular local ring A has
projective dimension d, by the Auslander-Buchsbaum formula. Its minimal resolution has no zero
term between Fy and Fy: exactness and Nakayama’s lemma would otherwise force all subsequent
terms to vanish. Similarly, im(F; — F;_1) cannot vanish for 1 < ¢ < d, since then minimality and
exactness would force F; = 0. Each of these images is a nonzero submodule of a free module over
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the domain A, so it has positive rank. Tensoring the resolution with the fraction field, or taking
ranks in its syzygy sequences, gives

ﬁi(F):ri—}—riJrl, r; >0 (]_Sléd) (41)

The equality also holds for ¢ = 0, since M has rank zero.

Start with a surjection Py = S — M@ given by the specified minimal generators. Suppose
that the exact polynomial complex has been constructed through P;_;, where 1 < i < d, and that
its localization at m is minimal. Write K; for the next kernel. For ¢ = 1 this is the kernel of the
augmentation; for ¢ > 1 it is the kernel of P,_1 — P;_o.

There are two facts about K; to check. First, on the punctured spectrum the resolved module
is zero. The successive exact sequences there are locally split: starting at degree zero, their
quotients are locally free, and the assertion follows inductively. Thus Kj; is locally free on the
punctured spectrum. Second, completion identifies the constructed minimal partial resolution
with the corresponding part of F®?, by uniqueness of minimal free resolutions. It follows that K
has rank ar; and that (K;)n needs af3; generators.

Choose such a completed comparison. The images of the given basis of Fi@a then provide a
minimal generating set z1, ..., 243, of A®g K;. Lift their classes modulo mg to elements v; € K;,
using the canonical isomorphism

Ki/mVEK; = (A®g K;)/m) (A®s K;).

Their images modulo m form the same generating set as the z;, so the v; generate (K;)m by
Nakayama’s lemma.

We record separately why the marked columns survive this operation. A marked original image
is in mg F;7q. Its transported image z; is therefore in m% (A ®g P;_1), because an invertible
target map preserves this submodule. The lifting error belongs to

ml (A ®s K;) Cwml(A®s P_1).
N

Hence v; also belongs to the latter submodule after completion. Since P;_; is free and S ﬂmg =m",
this means v; € m? P,_; before completion.
The surplus required by Lemma 4.1 is

afi —ar; = ariy1 > a > d.

Apply that lemma to replace the v; by global generators of K;, changing each by an element of
mV K;. These changes preserve the marked depth, because mV K; C m¥ P,_;. Use the resulting
generators as the columns of P; = §%% — P;_;. Its image is exactly Kj, so the complex remains
exact. At m the generators are still minimal, as their classes modulo mK; are unchanged.

This construction is repeated degree by degree. A comparison chosen at a later stage need not
preserve the earlier chosen frames, but it is used only to transport generators of the next kernel.
It does not change the polynomial maps already constructed. The invariant being preserved
throughout is the depth of each marked column, not simultaneous equality of all differential
matrices with their original jets.

After P;_1 has been constructed, the last kernel K, requires a different argument. Its completion
is the final free syzygy of F®%, of rank af3;. Freeness descends along the faithfully flat completion
Sm — A, so (Kg)m is free. At every other prime it is locally free by the preceding splitting
argument. Thus Ky is a finite projective S-module. The Quillen—Suslin theorem makes it free
[25, 29]. Apply Lemma 4.2 to the completed basis transported from F 59“. The possible rescaling
by a unit preserves the depth of the rescaled column, and the same lifting argument as above
preserves every marked depth. The resulting polynomial basis gives Py = K; and completes
the exact resolution. Its localization at m is minimal, as can also be checked after faithfully flat
completion.
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If k is finite, extend the coefficients to an algebraic closure and perform this construction
with a = d. Since M is annihilated by m®, its coefficient extension is defined using the finite
quotient S/m. Only finitely many coefficients occur in the constructed polynomial differentials
and augmentation. They therefore lie in some finite extension k’/k. The resulting augmented
complex over k'[x1, ..., x4] becomes exact after extension to the algebraic closure; faithful flatness
implies that it is already exact over k'[z1,. .., z4].

Choose a k-basis of k’. Restriction of scalars makes each free k’'[z]-module a free S-module of
[k’ : k] times the rank, and identifies the underlying S-module of M ®j, k' with M®* . Thus we

obtain a resolution of M®4*# Each marked column over k'[z] gives [k’ : k] columns over S, all
still in m®; entries in m also remain in m. This proves the required rank, depth, and minimality
assertions with a = d[k’ : k]. O

Remark 4.4. The use of Quillen—-Suslin above is exactly the freeness of a finite projective module
over a polynomial ring over a field. A recent self-contained route through Quillen’s and Suslin’s
proofs is given by Dicks [5, Theorem 6].

5. PERIODIC DEGREE BOXES AND THE LOCAL THEOREM

Fix the polynomial resolution supplied by Proposition 4.3. Although it is exact, its entries
need not be homogeneous. We introduce auxiliary variables u; and replace x; by x;u;. Assigning
opposite degrees to x; and u; makes every substituted monomial homogeneous of degree zero.
Restricting the auxiliary monomials to a large box then produces a finite graded free complex
over S.

We use two boundary conditions for this box. The periodic box identifies opposite faces; it
gives an exact complex and an exact length calculation, but does not preserve the grading. The
open box discards terms leaving the box; it is graded, but can acquire homology. The proof
compares their presentations near the boundary and controls the additional free modules needed
to resolve the graded module. Both errors have size O(L?~1), whereas the box contains L? copies
of every original basis vector.

Throughout this section, L alone tends to infinity. Constants in O(L"') may depend on
the fixed resolution and on N, as well as on the auxiliary integers chosen from them. They
will disappear when we divide by L%: no uniformity over varying resolutions is needed in this
construction.

Example (an open box in one variable). Let S = k[z], let M = S/(2™) with m > 1, and take
L > m. The original resolution has the single differential S 278 TIts open box has bases

€o,---,er_1 in degree one and fo, ..., fr—1 in degree zero, with differential
xmfaerv a+m< L7
d(ea) =
0, a+m> L.

Giving both e, and f, internal degree —a makes this map homogeneous of degree zero. The
last m source vectors have zero image, while the first m target vectors receive no image. Every
other target is hit by multiplication by z". Since that multiplication is injective on S, forgetting
internal shifts gives

H(Op) = 8™, Ho(Op)=S"a (S/(xm))Lfm.

In particular, the open complex does not have finite-length homology. Taking the depth threshold
and annihilator exponent both equal to m, the finite-length module obtained by imposing (z™) is

Ho(Or)/2™ Ho(Or) = (S/(«™))*,
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of length mL. The free homology comes from m cells at each of the two relevant boundaries, a
number independent of L. This is why the general argument controls a correction to the open
complex, rather than applying a finite-length estimate to its homology directly.

Proposition 5.1 (marked periodic boxes). Let P be a polynomial free resolution, in degrees
0,...,d, of a nonzero finite-length S-module M supported at m. Assume that P is minimal at
m. In chosen bases, mark some positive-degree source columns N -deep, where N > 1, and let B
be the total number of unmarked positive-degree source columns. There are finite-length graded
S-modules My, and choices of bases in their minimal graded resolutions such that, as L — oo,

0 (M) = LU, (M) + O(L4Y), (5.1)
B2 (Mp) = L¥rankg P; + O(L%™1), (5.2)
Bn(Mp) < LB +O(L%71). (5.3)

Here By (M) is the total number of columns that are not N-deep in those chosen bases.

Proof. Step 1: construct the periodic and open boxes. Put Vi, = kluq,...,uq], R =S ® Vi, and
write (z,u) = (z1,...,%q,u1,...,uq) and (u) = (uq,...,uq). Consider

¢:S— R, T; — TiU;.

This map is flat. In one variable, k[x;, u;] is torsion-free over k[z;] for this action: a nonzero
polynomial in z; maps to a nonzero polynomial in x;u;, which cannot annihilate a nonzero element
of the domain k[x;, u;]. Torsion-free modules over a PID are flat. Taking the tensor product over
k of these one-variable maps gives flatness of ¢. Therefore

P =R ®g,6 P resolves W = R®g4 M.

The matrices in P> are obtained by the indicated substitution; its terms are free over R and
hence flat over V,,.
For L > 1, let

T, =V /(uk, ... ub), TP =V /(ul —1,.. ul —1).

Both have k-basis u® with 0 < a; < L, and both have dimension L. In TP every u; is a unit.
Hence substitution by z;u; is an automorphism of S @ TP, with inverse substitution by z;u; L
The complex P> ®y, TP is consequently an automorphic image of the exact complex P @y TP
As an S-complex it is free and resolves a module of length L) (M). This argument uses only
the units u;; it remains valid when the characteristic divides L and the periodic coefficient ring is
not reduced.

The open complex is

O = pA Qv, Ty, (5.4)
It is finite free over S. To describe its grading and columns, give R the Z%grading degz; = e;,
degu; = —e;, and give every original frame vector degree zero. A matrix term c,z” of P acts on

a box basis vector by
u“ej — cvx"’ua'weh,

unless some coordinate of o + v reaches L, in which case this term is zero in the open box. The
source and target have the same total multidegree, because the degrees of 27 and u” cancel. Thus
Oy is graded and has L?rank P; homogeneous basis vectors in degree i.

Minimality of P at m says that every entry of its positive differentials lies in m. Substitution
and deletion of terms leaving the box do not lower the z-adic order of a column. Hence all
columns of O, are 1-deep, and its L% copies of every marked column are N-deep.
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The open complex need not resolve a finite-length module. Choose C' > N with m“M = 0,
and impose the same annihilator on its zeroth homology by setting

U=wW/m°W,  Mp=U®&y, T;, = Hy(OL)/m"Hy(Op). (5.5)

The equality follows from right exactness of tensor product, since Hy(Or) = W ®y, Tr.. The
module My, is finite over S/m¢, and hence has finite length. It retains the Z%-grading, which we
subsequently coarsen by total degree to the usual grading over S.

Most of the annihilator relations in (5.5) are already present in the open complex. For |y| = C
and each original generator e; of P, exactness of P gives a polynomial column h, ; such that
dih~ ; = x7e;. Substitution yields

di(zu)hy j(zu) = 27u’e;.

If every coordinate of « is at least C, then o — v has nonnegative coordinates. Multiplying the
last identity by u®~" and passing to the open box shows that z7u%e; is already a boundary. Since
the monomials of degree C' generate m®, no new annihilator relations are needed at such a cell.
New relations are required only at cells with some coordinate less than C', whose number is

L (L-0)l=0(L"Y (L>0). (5.6)

All the old relations lie in m, and all the added relations lie in m® C m. Reducing this presentation
modulo m therefore gives a k-space of dimension L%rank Py. In particular, My # 0 and it has
exactly that many minimal generators.

Step 2: compare lengths by deleting a fived boundary. Let E bound each coordinate exponent
of every monomial occurring in d, set b = max{C, E}, and take L > b. The periodic module
is killed by m®: before twisting it is M ®; TP, and the twisting automorphism preserves the
extended ideal m©. Thus both the periodic module and M}, have presentations with the same
coefficient module

A = (S/mC)LdrankPo‘
Let A% be the span of target cells whose index has some coordinate less than b. Compare the two
presentations after quotienting Ay, by this boundary submodule.

For a source cell «, a matrix monomial z7 either has target a + 7 inside the box or leaves the
box. In the former case the open and periodic matrices agree. In the latter case the open matrix
discards the term. In any coordinate 7 where the periodic term wraps, its target coordinate is

a;+v—L<vy <E<D

There is at most one wrap in a coordinate because v; < L. The wrapped target is therefore in A‘z
and is zero in the quotient. It follows that the two relation matrices induce the same presentation
over Ay, /A‘z. Denote the common cokernel by I7,.

Both modules surject onto I;. In each case the kernel is an image of A‘Z, so its length is at
most

0, A = rank(Py) (L% — (L — b)?)£,(S/m%).

Since the right side is O(L%1), the two module lengths differ by O(L?1). The periodic length
is exactly L%, (M), which proves (5.1). This comparison uses presentations only; it makes no
assertion about the positive homology of the open complex.

Step 3: bound the free rank needed to repair the open complex. We now estimate the total Betti
number of Cone(Op — Mp). A small value of this invariant will allow us to apply Lemma 2.4.
There are two sources of error: imposing m¢ on W, and replacing a derived tensor product by its
zeroth homology. We treat them separately.

Put

K=wW, ov=u-uy Y,=U®y Tp.
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For |y| = C, the original annihilator relation implies that zYu" annihilates W. Moreover u?

divides v®, since each v; < C. Tt follows that v“27W = 0 for each generator =7 of m®, and hence
C

v K = 0.

The complex P2 is a V,-flat resolution of W, so @y, represents W ®%u Tr. Apply derived
tensor with 77, to 0 - K — W — U — 0. The resulting triangle identifies the first comparison
cone as

Cone(Op, — Y1) ~ (K &V, Tp)[1]. (5.7)
The shift does not change total Betti number.
To estimate that number, take the derived residue over S. Put

Dp = R/(x1,...,zg,uf,...,ul) = Ty
Associativity of derived tensor products gives
kL (K@% Tp) ~ K @% Dy,

One can see the identity by taking a free R-resolution of K: tensoring it first over V,, with T}, gives
a free S-complex, and then reducing over S by m gives its tensor with Dy. Thus the dimensions
of the homology on the right are exactly the S-Betti numbers on the left.

The ring Dy, is Artinian local with residue field k. Every element of R outside (z,u) maps
to a unit of Dy, since its constant term is nonzero. We may consequently localize at (z,u)
before computing the last derived tensor product. The fixed finite module K, ,) has a finite free
resolution over the regular local ring R, ). Let Bx be its total free rank. The integer By is
fixed before L is varied.

Multiplication by v on this resolution lifts the zero map on K, (z,u)- The comparison theorem
for projective resolutions therefore makes it chain nullhomotopic. Tensoring with Dy, preserves
that homotopy. Lemma 2.5, applied to this reduced free complex, gives

BNK @, Tr) < BrlVu/(vC,uf, ... ul)

— B (L~ O)). )

Here z; = max{z,0}. The last equality is a monomial count: among the L¢ monomials u® in T7,
exactly (L — C)i are divisible by v“. In particular, the bound is O(L¢™1) for the fixed C. This
computation takes place over R and its Artinian quotient. It does not require K to be finite over
S or supported at m as an S-module.

Next consider the positive homology of Y. The module U is finite over V,,, because it is finite
over R/m® and that ring is finite free over V,. After inverting v, the substitution by x;u; is an
automorphism. It preserves m¢, so m¢W, = 0 and

Uy = Wy = M @, Vi = V500

u,v
as Vy ,-modules.

We use this freeness to isolate the part supported where v = 0. Take a basis of U, and multiply
its elements by sufficiently large powers of v so that they come from elements of U. They define
a map Vue #M) 17 which becomes an isomorphism after inverting v. Its kernel is v-torsion in a
free module over the domain V,,, and is therefore zero. Write its image as A and its cokernel as Q.
We have

0—A—U—Q—0, A=y,

Since Q is finite and Q, = 0, there is a fixed H such that v7Q = 0. This lattice is only a
Vu-module lattice; it need not be stable under the S-action, which is not used in this step.
The long exact Tor sequence, together with the freeness of A, gives

Tory*(U,Ty,) < Tor}{*(Q,Ts.),  Tor}*(U,Ty) = Tor)*(Q,Ty) (j > 1).
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Since T, is supported at (u), these Tor groups can be computed after localization there. Choose a
fixed finite free resolution of Q) over the regular local ring (V,,)(,), and let By be its total rank.
Multiplication by v is nullhomotopic on this resolution because it is zero on Q(u)- Applying
Lemma 2.5 after reduction to 77, and using the same monomial count gives

> 4 Tor}*(U,T1) < By(L* = (L — H){) = O(L*). (5.9)
7>0

These Tor modules carry the S-action induced from U. Every element of m© acts by the zero
map on U, so functoriality of Tor shows that it also acts by zero on these groups. They therefore
have finite S-length, equal to their k-dimension. The natural map Y7, — Hy(Yz) = M|, induces
an isomorphism in degree zero. Its cone has homology

Hj1(Cone(Yy, — My)) = Torl*(U,Tr) (j > 0),
and no other homology. Lemma 2.2 consequently gives the explicit estimate

BY* Cone(Yy, — M) < 24" 4, Tor[*(U,Tp) = O(L*™).
J7>0
Finally, the two composable maps Oy — Y, — M|, give a triangle relating their two individual
cones to the cone of the composite. Subadditivity of total Betti number in this triangle yields

Bt Cone(Op — M) < ¥ Cone(Of, — Y1) + % Cone(Yy, — M)
— O(Lcl—l)7

by (5.7), (5.8), and (5.9). With C* = Cone(O, — M), we have proved
BEH(OL™) = O(LY). (5.10)

Step 4: minimize while retaining the marked columns. We now check the hypotheses needed to
convert the cone estimate into a statement about actual resolutions. The complex Oy, is bounded
graded free in nonnegative degrees, and all its differential entries belong to m. The module My, is
finite and graded over the regular ring S, so it has finite projective dimension. The natural map
Or — M7, is homogeneous of degree zero and is surjective on zeroth homology. Thus the graded
form of Lemma 2.4 applies.

Let Er, be a minimal graded free model of C}j‘”‘. It starts in degree one because the zeroth-
homology map is surjective. The lemma supplies a graded free resolution Zj, of My, in a degreewise
split sequence

0— 0L —Z, — Ep —0, Y rankgEp; = O(L""). (5.11)
7

The inclusion is an inclusion of complexes, not merely a rank comparison: each column inherited
from Op, has its original entries and zero components in the added target summands. This is why
the selected column depths can be carried into the minimization argument.

Write 77, = B4 (CPo¥) = O(L?71). The rank and column bounds of Lemma 2.4 are

B2 (M) — Lirankg Pi| < np, Bn(M1) < BN(Or) + 1, < LB + 1y

The last inequality uses the L retained copies of every marked column; some unmarked copies
may also become deep after truncation, which only improves the bound. The lemma produces
homogeneous bases in the minimal graded resolution, so these are precisely the basis choices
required in the proposition. This proves (5.2) and (5.3). O
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Remark 5.2. The correction Ej, has small total free rank, but its grading shifts can grow with L.
It must therefore be retained until after Theorem 3.6 has been applied. The following calculation
makes the distinction explicit. For a graded free complex with terms C; = @; S(—j )73 put

Po(z) = (=1)'r;(C)2.
i’j
Here 7; ;(C') records the chosen free terms, whether or not the complex is minimal. Every
homological degree of Of, uses the same list of box shifts, each repeated rank P; times. Since the
resolution P resolves a torsion S-module, >,(—1)" rank P; = 0. Consequently

Po, (z) = ( Z z_o‘|> <Z(—1)irankf’i> =0.

OSOCJ'<L )

The split sequence (5.11) gives Pz, = Pg,. Since Zj, resolves My, its Hilbert numerator is
(1 — 2)4Hilbyy, (2), and hence

PR (1) = (—1)%d1e,(My).

Thus a correction of total term rank O(LY~!) carries a dth moment of order L. Rank estimates
alone would not justify discarding that moment. The sparse-column theorem handles the correction
through its exceptional columns, with no bound on their shifts.

Proof of Theorem 1.3. The case M = 0 is immediate. For M # 0, complete the local ring and
the chosen resolution. Completion is faithfully flat, preserves length and minimality, and leaves
the Betti numbers unchanged. It also preserves each specified column order: for a finite free
target, membership in m"V can be checked after completion, since m" AN A=m". The Cohen
structure theorem identifies the completion of the equicharacteristic regular local ring with a
power-series ring over a coefficient field. We may therefore assume A = k[[z1,...,z4]].

Mark all the N-deep columns in the chosen minimal resolution. Proposition 4.3 gives a
polynomial resolution of M®® for some positive integer a, with ranks a3;(M) and at most aB
unmarked columns. Fix this polynomial resolution and all the auxiliary choices made from it.
Proposition 5.1 then produces graded modules My, with

0 (M) = aL (M) + O(L%1),
BI(ML) = aLB (M) + O(L*),
Bn(Mp) < aL®B+ O(L%Y).

Apply Theorem 3.6 to each My, in the bases provided by the box proposition. Because the
exceptional-column term is subtracted, replacing By (Mp) by its upper bound gives

ala(M)+O(L") > ](V(;;l(aLdﬁf(M )+ O(L)
— CyN*(aL?B + O(L*™1)).

Divide by aL¢ and let L — oo, keeping M, N, a, and the polynomial resolution fixed. Every
error becomes O(L~1) and vanishes. We obtain

N 4 d
la(M) > — B, (M) — C4N*B,

d

(v)
which is (1.3). The surviving constant is exactly the constant of the graded theorem; it does not
depend on any globalization or box choices. This order of limits is essential: the box limit is
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completed for each fixed module before the local inequality is applied to a moving family in later
sections.

For completeness, the total-rank inequality follows from a weighted average, rather than an
unweighted sum. Multiply the row-r inequality by (f) /2% and sum over r = 0,...,d. These
weights sum to one, so the length and error terms remain unchanged, while

d (d NABA(M N\? 4
> T = (3) 3 s
r=0 r r=0

This proves (1.4). O

We now have the local sparse-column inequality with constants independent of the ranks and
grading shifts of the resolution. The next section constructs a moving family to which this local
inequality can be applied. Its task is to turn a comparison controlled by one scalar into resolutions
in which the proportion of exceptional columns tends to zero.

6. COORDINATE-POWER RESTRICTION AND SCALAR-CLASS MASS

Let A = k[[z1,...,x4]], with k an arbitrary field and d > 1. For an integer ¢ > 1, define
Ot : A— A7 O't(ilfi) = '1"2? Ut|k = ldka
and denote restriction of scalars by oy. Thus z; acts on o4V as multiplication by z! on V|
whereas the coefficient field acts unchanged. The distinction between free rank and finite length
under this operation will be essential below: the operation enlarges a free module by a factor of

t%, but it does not change the length of a finite-length module. We first establish these facts and
then estimate what happens to a comparison cone and to differential depth.

Lemma 6.1 (coordinate restriction). The map o is finite free of rank t?. Restriction is exact,
turns a free module of rank b into one of rank bt%, and for every finite-length module V,

Ca(01V) = La(V). (6.1)
If C is a bounded complex of finite free modules and J, = (z},...,a%), then
,Bjtft(Ut*C) = leIk Htot(C' ®A A/Jt) (62)

Proof. Grouping monomials by their exponent residues gives

A= @ x%(A).
0<a;<t
This proves finite freeness and the rank assertion. Restriction of scalars does not change the
underlying abelian groups, so it is exact. A composition series proves (6.1): restriction preserves
each short exact sequence in the series, and each factor remains the simple module k£ because oy
fixes k and maps m into m. Finally, quotienting o;,C by its maximal ideal means quotienting the
original complex C by the action of zf, ..., z. Hence

k®pouC=C®s Al
as complexes of k-vector spaces. The restricted complex is free, so the left side computes k®Y 0. C.

Taking its homology in each degree and then summing the dimensions proves (6.2). No minimality
assumption on C' is needed for this identity. O

Lemma 6.2 (restricted scalar cone). Let C' be a bounded complex of finite free A-modules of
total term rank at most B. Suppose multiplication by 0 # a € A is nullhomotopic on C, and put
h = ordy(a). Then

Bt (0, C) < BlA(A/(a, J1)) < Bh (‘3—11) (6.3)
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If a differential has entries in m¥ | its restriction has entries in m"™ whenever
N >tn+d(t—1). (6.4)

Proof. Reduce the given nullhomotopy modulo J; and apply Lemma 2.5 over the Artinian ring
Q = A/J; to the free Q-complex C'= C ®4 Q. The hypothesis survives reduction because the
identity dh + hd = aid¢ remains an identity modulo J;. The lemma gives

> {loHi(C) < Blg(Q/aQ).

Both lengths here are also dimensions over the unchanged coefficient field k. Equation (6.2) now
proves the first inequality in (6.3). This application takes place over () with the original scalar a;
it does not require a to lie in the image of oy.

Set L = d(t — 1) + 1. Then m* C J;. Because gry(A) is a domain, the initial ideal of the
principal ideal (a) is generated by the initial form of a, of degree h. Indeed, ord(af) = h + ord(f)
and in(af) = in(a) in(f) for every nonzero f € A. For h > 0 the degree-r Hilbert function of this

hypersurface is
r+d—1\ (r—h+d-1
d—1 d—1 ’

where the second term is zero for » < h. Summing from r = 0 to L — 1 cancels all but at most h

terms of the first sequence. Every remaining term is at most (L;rfzz), and therefore
L+d-2 dt—1
EA/(a,Jt)SEA/(a,mL)§h< ;L_l >:h<d—1>'

When a is a unit both sides are zero.
For (6.4), a monomial x7 of total degree at least tn + d(t — 1) satisfies

Z {%J >n
- t
(2

Thus m" C o4(m™)A. Multiplication by a basis monomial 2% 0 < a; < t, cannot decrease
the sum of the exponent quotients. More explicitly, write v; + a; = td; + ¢;, with 0 < ¢; < t.
In the restriction basis the resulting term is oy(2%)z¢, and |6] > n. Applying this to every
monomial of every matrix entry proves that each coefficient of the restricted matrix lies in the
new maximal-ideal power m”. (|

The next theorem converts a comparison with a deep free complex into a lower bound for the
length of zeroth homology. There are two errors to absorb: the scalar-controlled comparison cone
and the positive homology of the target. Coordinate restriction makes their total Betti numbers
negligible relative to the inherited free ranks.

Theorem 6.3 (scalar-class mass). Let q range through a sequence tending to infinity. Suppose:

(1) Gy is a free complex in degrees 0, ...,d, with fized term ranks b; and by > 0, and every
differential entry lies in m™Na, where Ny/q — p for a fized p > 0;

(2) Yy is a family of free complexes with uniformly bounded total term rank and amplitude,
with finite-length homology and H;(Y,) =0 for j < 0;

(3) there is a chain map Gy — Yy whose cone is nullhomotopic under a nonzero scalar aq,
where hy = ordy(aq) = 0(q);

(4) for My = Hy(Yy),

sq =y LaH;(Yy) = o(q”).
§>0
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Then, for 0 <i <d,

o la(Mg) g b
lim inf > pt—. 6.5
; " P @ (6.5)
Moreover,
LA ,0 d
lim inf — 6.6
im in 5 EZO (6.6)

Proof. Choosing one scale for both errors. We first choose a restriction scale that is small relative
to ¢ but large relative to both error terms. Put

Ug = max{l, th (5(1 + 1)1/d}7 tq = {\/@W .
The hypotheses give uq/q — 0. The definition of ¢, gives

ty _ [Tq 1 g [l
q g q lq q
Both ratios therefore tend to zero. Since hg/tq < uq/tq and sq/td < (ug/ty)?, we obtain

tg — 00, tq = o(q), hq = olty), S¢ = O(tg)- (6.7)

Separating the two comparison errors. Let Cy = Cone(G, — Y;). We need to compare G,
with the module M,, rather than with the whole complex Y;. To construct the map to that
module, first replace the degree-zero term of Y, by ker(dp) and omit the negative terms. This
truncated complex maps to Y; by inclusion and is quasi-isomorphic to it, since the negative
homology vanishes. It also maps onto ker(dp)/im(d;) = M, in degree zero. The two maps define
the morphism Y, — M, in the derived category. As Y, is bounded free, this morphism can be
represented by a chain map from Yj itself.

Let Q4 = Cone(Y, — M,) and K, = Cone(G, — M), using the composite chain map for the
latter. The map on zeroth homology is the identity of My, so the long exact homology sequence
of the first cone gives

Hi(Qq) = Hi—1(Yy) (i22), Hi(Qy) =0 (i<1).
Thus @), records exactly the positive homology discarded from Y, with each group shifted up by
one degree.

There is a natural map C, — Kj: it applies Y, — M, on the target summand of the cone and
the identity on its shifted Gy summand. In the cone of this map the two copies of G, are joined
by an identity map. Cancelling that contractible summand leaves (),. We therefore obtain the
triangle

Cy — Ky — Qq — Cy[1].
This is the usual triangle for two composable maps, here keeping track of the two errors separately.

The total term ranks of Cy have a fixed bound B’, since those of both G, and Y; do. Lemma 6.2
bounds the total Betti number of oy .Cy by B’hq(dﬁf:ll). On the other hand, exactness of
restriction and preservation of finite length show that the sum of the homology lengths of oy, .Qq
is exactly s,. Lemma 2.2 therefore bounds its total Betti number by 2dsq. Applying derived

tensor with k to the displayed triangle and using its long exact homology sequence gives

dt, — 1
a ) + 295, = o(td). (6.8)

Mg -= s t(th*Kq) < Blhtz( d—1

For the last equality, divide the first summand by tfj and use (dflfi 711) = O(tfllfl) together with
hq/ty — 0; the second summand is handled by s,/ tf]l — 0.
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Recovering a resolution with few exceptional columns. The regularity of A makes M, perfect.
We will apply Lemma 2.4 to the restricted morphism o,.Gy — 0¢,+Mg,, whose comparison cone
has total Betti number 7, by (6.8). First record the depth of its inherited columns.

Set
ng = max {1, V\MHJ } : (6.9)

tq
For large ¢ the maximum is unnecessary, and
ngt
ey (6.10)
q
Indeed, N, /t; — oo, and rounding down changes n4t, by less than t,. The further subtraction
d(t; —1) is also o(q). Hence ngty = Ny + o(q). For large g, equation (6.4) shows that every source
column of oy,+Gg is ng-deep. In particular its differentials lie in m, as required by Lemma 2.4.
The lemma gives a minimal resolution P, of oy q*Mq with

|/8i(Pq) - tgbi| < 7g> Bnq(Pq) < g

Here the inherited free summand in degree ¢ has rank tgb,- by Lemma 6.1. The comparison lemma
adds a free model of the cone, of total rank 7,, before cancelling unit pivots. Its column estimate
says that this operation can introduce at most 7, exceptional columns; the depths of the surviving
inherited columns are retained. This is why controlling the total Betti number of the cone, rather
than just its homology length, was the needed intermediate estimate. In particular,

Bi(FPy) = tgbi + o(tg), By, (Py) = o(tg). (6.11)
For large ¢ it is nonzero, since By(P,;) > tgbo —1q > 0.

Applying the uniform local inequality. Apply Theorem 1.3 to P,. By (6.1), its module has
length £4(M,). Writing Cy for the constant in that theorem gives the explicit inequality

Ca(M,) Nglq d Bi(Py) BNq(Pq)
oz (") <tg<‘f> BT )

The leading term combines the inherited rank tgbi with the dth power of the converted depth n,.

After division by ¢¢, its scale is

and the exceptional term tends to zero because

ngBn,(Py) _ (nqtq>d By, (Py)
q? q td

This proves (6.5); the total form of Theorem 1.3 proves (6.6). All choices here are functions of

the single index ¢q. The local inequality has already been proved with a constant independent

of the module, its ranks, and ngy, so it applies to these moving resolutions without any further
interchange of limits. O

— 0.

Remark 6.4. Coordinate restriction preserves finite length but multiplies each free rank by tgl.
It changes differential depth from approximately pg to approximately pq/t,. Consequently the
product of free rank and the dth power of depth remains on the ¢? scale. The choice of ¢, makes
the exceptional columns a vanishing fraction of the inherited columns.

The scalar in Theorem 6.3 acts by an actual nullhomotopy on a bounded free cone. Merely
annihilating the cone’s homology would not give (6.3). Coordinate-power restriction is separate
from Frobenius and works over every field.
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7. STRICT MULTIPLICITY LATTICES

Let (D,n, k) be a complete equicharacteristic local ring of dimension d > 1, with an infinite
coefficient field k. No domain, reducedness, equidimensionality, or Cohen—Macaulay hypothesis
is made. The construction uses classical graded Noether normalization and the associativity
formula for multiplicity. We choose a homogeneous basis of gr,(D) over the fraction field of a
linear normalization, and then lift its elements to D. Independence of their initial forms prevents
cancellation after lifting. The resulting free submodule has rank e(D) and an explicitly controlled
induced n-adic filtration.

Proposition 7.1 (strict Noether lattice). There is a finite injective local map
A=Ky, y4d] — D

and elements by, ...,b. € D, with integers a; > 0, such that e = e(D) and

e e
Li=@4y; D, Lnn'D=@Pm}™ %, (w=>o0) (7.1)
j=1 j=1
Moreover D/L is a finite torsion A-module. Consequently there is 0 # ¢ € A with ¢D C L. If
f: L <= D isinclusion and g : D — L is multiplication by c, then

fg=cidp, gf =cidp . (7.2)

Proof. A free submodule in the associated graded ring. Put B = gr, (D). Since k is infinite, choose
a linear homogeneous Noether normalization

P=kYVi,...,Yy < B.

The ring B is a finite graded P-module. Choose a finite homogeneous generating set and select
elements b} whose images form a basis after tensoring with the fraction field of P; write a; = deg b}.
Any P-linear relation among these elements would remain a relation over the fraction field, so
their P-span is @; P(—a;). After tensoring with the fraction field this span becomes all of B,
and hence its cokernel is P-torsion.

A finite torsion P-module has dimension less than d. Its Hilbert function therefore has lower
growth order and contributes nothing to the leading term used to compute multiplicity. Each
shifted copy P(—a;) has multiplicity one: a fixed degree shift does not change the leading
coefficient. Consequently the number of chosen elements is

rankp B = e(B) = e(D).

Here the degree-one hypothesis on the variables of P is essential. Lift Y; to y; € n and b} to
bj € n%,

Lifting the parameter ring and its free submodule. Finiteness of B over P means that, in all
sufficiently large degrees, B,y; =Y, Y;B,. After lifting to D and applying Nakayama’s lemma
this gives n"*! = Qn’ for large r, where Q = (y1,...,yq4). Thus Q is a reduction of n and is
n-primary. The lifts y; define a continuous map from the power series ring A = k[[y1, ..., y4]] to
D. Since D is complete and D/QD is finite-dimensional over k, lifts of a basis of D/QD generate
D as an A-module: successive expansion modulo powers of @) gives coefficients that converge in
A. The map is therefore finite. Finiteness implies dim(A/ker(A — D)) = dim D = d. A nonzero
ideal in the d-dimensional regular local domain A has quotient of smaller dimension, so this kernel
is zero.

Take coefficients f; € A, not all zero, and put z =}, f;b;. Let

w = myin{ordmA(fj) + a;}.
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The element z belongs to n% D, and its image in n* D/n%*1D is

> in(f;)b5.

ordm , (fj)+aj=w

It is nonzero because the b} are P-linearly independent. Thus z # 0 and orda(z) = w. This
proves that the lifted elements are A-linearly independent. It also identifies membership in n%D
exactly: >, fjb; € nD if and only if ordm, (f;) +a; > u for every j. These individual conditions

are precisely f; € m?ax{u*aj’o}, giving the intersection formula (7.1). In particular, the formula

controls the filtration induced from D on L, not just an abstract filtration on the free module L.
Clearing the torsion quotient. Since () is a reduction, eg(D) = ey(D). For the finite A-module
D, the associativity formula over the regular domain A [28, Lemma 43.15.3] gives

ranky D = eqg(D) = e(D) =ranky L.

To spell out the first equality, the only prime of A with d-dimensional quotient is (0), and its
contribution to the associativity formula is dimpy,e(a)(D ®a Frac(A)), since e(A4) = 1. Moreover
maD = @D, and the common residue field makes lengths of finite-length D-modules the same
over A and D. Thus the A-module multiplicity in that formula is exactly eg(D).

The equal-rank inclusion L C D becomes an isomorphism after tensoring with Frac(A), so
D/L is torsion. Choose a finite set of generators of D/L and a nonzero element of A annihilating
each generator. Their product is a nonzero element ¢ annihilating the whole quotient. Therefore
¢D C L, which defines the map g. Both composites in (7.2) are multiplication by c. This argument
allows D itself to have A-torsion; in particular, ¢ need not be a nonzerodivisor on D. ]

Let F' be a minimal short free D-complex and write 8; = rankp F;. For ¢ = p™ in characteristic
p, denote by F, = F}5(F) the Frobenius pullback: in fixed bases its differential matrices are
obtained by raising every entry to the gth power. We will need its homology to remain supported
at the maximal ideal. For any prime p # n, the complex F}, is bounded, free, and acyclic. Such a
complex is split exact: starting at its lowest nonzero degree, split the surjection onto the bottom
free module and continue upward. Frobenius extension preserves these splittings, so (F}), is also
exact. Each H;(Fy) is therefore a finite module supported only at n, and hence has finite length.

Proposition 7.2 (lattice compression). With the notation of Proposition 7.1, define an A-free
complex
Goa=L",  dg, =gdp, .
where f and g act componentwise. Then:
(1) Gq is a complex, rank Gg; = e(D)B;, and every differential entry has my-adic order at
least ¢ — Cy for a fized Cy;
(2) the maps
U; = Cif : G,“‘ — Fqﬂ', v; = Cdiig : FQJ — GQJ
are chain maps, and both degreewise composites are multiplication by a = ¢@t1;
(3) the cone of u: Gy — Fy, regarded as a complex of A-modules, admits an explicit nullho-
motopy for multiplication by a.

Proof. Write d; for the differential of Fj;. The composite gd; f first includes the chosen lattice
into the corresponding free D-module, applies the Frobenius differential, and then multiplies by ¢
to return to the lattice. It need not be the restriction of d; itself, since d; need not preserve L.
Using fg = cidp and the A-linearity of all maps,

(9dr, f)? = gdr,(f9)dr,f = cgdy, = 0.
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Minimality gives entries of dr in n, so the entries of dr, belong to the Frobenius power nld C na,
If r is such an entry, its contribution to the compressed differential on b; is

g(rb;) = crbj € LNnIT% D.

Formula (7.1) therefore gives order at least ¢ + a; — ay for its coefficient at b;. Thus one may
take Cy = max;¢(as — a;), which is independent of ¢ and of the differential entry r. Since L is
free of rank e(D), L% has rank e(D)f; as asserted.

The powers of ¢ in the next maps compensate for the defect fg = gf = ¢. For example,

ui—rdg, = ¢ fodif = ddif = dyus,

and

dg,vi = ¢*'gd; fg =

gd; = v;_1d;.
Thus both maps respect the differentials. Their composites are

d+1 - d+1 -
viu; = 4T idg, ;. uv; = 4t idg, ;.

With the cone convention
Cone(u); = Fy; ® Gg,i—1, d(y,x) = (dpy + ui—1z, —dgz),
define h;(y,z) = (0,v;(y)). The chain-map identities give
dh(y, ) = (ay, —dguiy),  hd(y,x) = (0,vi-1dpy + ax).

The two middle terms cancel because v is a chain map. Therefore (dh + hd)(y,x) = (ay, az),
which is the required nullhomotopy with a = ¢**1. In particular, the scalar kills the identity map
up to homotopy, a stronger assertion than its annihilating each homology module. O

The compressed complex has fixed ranks e(D)f; over the regular ring A and differential depth
g — O(1). Its comparison with Fy is controlled by the fixed scalar ™1, To apply Theorem 6.3, it
remains to replace the underlying A-complex Fj by uniformly bounded free models and to control
its positive homology. We do this next.

8. DUTTA MULTIPLICITY OVER A SINGULAR COEFFICIENT RING

Let D be a complete local ring of characteristic p > 0 and dimension d. For a short free
complex F' with finite-length homology, its Dutta multiplicity is

n
&) = Jim WD ) = S vt ix). (8.1
1
The existence of the limit and its interpretation by local Riemann—Roch are due to Dutta and
Roberts; see [6, 27] and [16, Sections 4.17-4.18]. The Frobenius functor here is extension of
scalars: on a based free complex it raises the matrix entries to p™-th powers. No residue-field
factor occurs in this normalization.
The compressed complex of Proposition 7.2 is free over the regular parameter ring A, whereas
its comparison target F, need not be. The following replacement puts both complexes in the
form required by Theorem 6.3.

Lemma 8.1 (bounded regular models). In the situation of Proposition 7.2, the underlying
A-complex Fy has a bounded free model Y, whose total term rank and amplitude are bounded
independently of q. The morphism G4 — F is represented by a chain map G, — Y, whose cone
is nullhomotopic under c¢?+1. Moreover,

H;i(Yy) = Hi(Fy), (aHi(Yy) = (pHi(Fy).
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Proof. Since D is finite over the d-dimensional regular local ring A, choose once and for all a
minimal A-free resolution R, of D, in degrees 0,...,d. We explain why the same resolution of
the terms gives uniform control even though the differentials of F;, change with g.

Write 8; = rankp Fj, and let Fqgj be the subcomplex with the same terms as Fj in degrees at
most j and zero above degree j. Because the differentials lower degree, these are subcomplexes.
They fit into short exact sequences of complexes

0— F' — F — DPilj] — 0.
Start with the free model R of Fng Suppose a free model of Fqgj ~! has been constructed.

Resolve the last term of the displayed sequence by Pfj [7], and write U for the already constructed
model of Fqgj ~1. The rotated connecting morphism has a chain-map representative

ozj:R?j[j—l] — U.
Its cone models the middle term Fqgj . With our cone convention, the term in degree ¢ is
Cone(ay); = Us @ (R [j — 1]),_, = Ui & (R[j])

Thus the connecting map changes the differential but adds exactly the shifted resolution of the
new term, with no further free summands.

After d steps this gives a free model of F}, in degrees 0, ..., 2d, with total term rank at most
(X, Bi) BYH(D). Cancelling unit entries produces a minimal model Y, without increasing either
its ranks or its amplitude. In particular,

BB < (Z @-) B (D)

Both bounds depend on the fixed A-module D and the ranks of F', and not on the powers
appearing in the differential matrices.

We next transfer the comparison map and its nullhomotopy. Choose a quasi-isomorphism
Y, — F,. A bounded free source has the following lifting property: applying its Hom complex to
a quasi-isomorphism gives a quasi-isomorphism of Hom complexes. To see this, apply Hom from
each free term to the acyclic cone of the given quasi-isomorphism. Each such Hom complex is
acyclic because Hom from a free module is exact. The filtration by source terms has these shifted
complexes as its successive quotients; the long exact homology sequence, one quotient at a time,
then shows that the whole Hom complex is acyclic. Thus chain maps lift up to homotopy, and a
chain map whose image is nullhomotopic was already nullhomotopic.

Apply the lifting statement with source G,. It provides a chain map G, — Y, whose composite
to Fy is homotopic to the map in Proposition 7.2. The chosen homotopy gives a quasi-isomorphism
from the new cone to the old cone. Apply the same Hom statement again, this time with source
the new bounded free cone. The scalar endomorphism ¢?*!id maps to a nullhomotopic map on
the old cone, by Proposition 7.2; it is therefore nullhomotopic on the new cone. This explains
why the stronger scalar assertion survives the free replacement.

The quasi-isomorphism gives H;(Y;) = H;(Fy). Finally, A and D have the same residue field.
A composition series of a finite-length D-module is also an A-composition series, which proves
the equality of lengths. O

i

We use the Frobenius homology estimate of Hochster—Huneke [13, Theorem 6.2], in the
formulation restated by Bhatt—Hochster—-Ma [3, Theorem 5.2]. Let X be a finite free complex in
degrees 0, ..., s with finite-length homology over a local ring of characteristic p > 0, and let M
be a finite module of dimension d’'. There is a constant C such that, for 0 <t < s,

(H, (M ®p FBX) < Cprmintd't}, (8.2)
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The theorem requires no F-finiteness assumption. The specialization M = D and s = d used
below is due to Roberts [26], as explicitly recorded by Bhatt—Hochster—Ma in the paragraph
preceding their Theorem 5.2. Hochster—Huneke’s theorem provides the more general estimate
stated here. Taking M = D, X = F, s =d, and t = d — i gives

(pHi(F)) =0(¢"™),  q=p" (8.3)

For every positive i, this exponent is at most d — 1. Summing over the finitely many positive
degrees therefore gives an error of order O(q%!), which disappears after normalization by ¢¢.
The degree-zero homology is the only term that can contribute on that scale.

Proof of Theorem 1.2. First assume that d > 0 and that the residue field is infinite. Apply
Propositions 7.1 and 7.2 to Fy, and take the free models from Lemma 8.1. We check the
hypotheses of Theorem 6.3 over the regular ring A. The free complexes Gy are supported in
degrees 0, ...,d and have fixed ranks b; = e(D)f;, with by > 0 by the hypothesis Fy # 0. For
sufficiently large ¢ their differentials have depth at least N, = ¢ — Cy > 0, so N,/q — 1. The
models Y, have uniformly bounded ranks and amplitude, and their homology agrees with that of
F,; it is finite-length and vanishes in negative degrees. The comparison cone is nullhomotopic
under the fixed nonzero scalar ¢¢t1. Its order is independent of ¢, and in particular is o(q).
Finally, equation (8.3), together with the equality of lengths over A and D, gives

Y LaH;(Yy) = O(¢"") = o(¢?).
7>0
The scalar-class mass theorem, with p = 1, now yields
{pHy(F, D)g;
lim inf -2 (21< q> > e( d>52‘
“ q ()
More explicitly, the same homology estimate gives

IX(Fy) — tpHo(F,)| <> tpH;(Fy) = O(¢" ™).

j>0

(8.4)

The normalized Euler characteristics have a limit by the definition and existence theorem for
Dutta multiplicity. Since the displayed difference divided by ¢? tends to zero, the normalized
zeroth homology lengths have the same limit. Hence

D e X(Fy) o EpHo(Fy)
XOO(F)—h;n 7 —hgnT.

Together with (8.4), this proves the desired inequality.
For a finite residue field k, introduce an indeterminate z and set
D' = D[2|mp[-

The map D — D’ is flat and local, its maximal ideal is mD’, and its residue field is the infinite
field k(z). This extension preserves the lengths of finite-length modules: tensor a composition
series with D', and each factor k becomes one copy of the residue field k(z). In particular, it
preserves every value of the Hilbert—Samuel function ¢(D/m") and hence both dimension and
multiplicity. A minimal free complex stays minimal because its differential entries remain in the
extended maximal ideal; its free ranks are unchanged. Finally, applying the ring map to a matrix
entry and then raising it to its p™-th power gives the same result as doing these operations in the
opposite order. Thus Frobenius commutes with this extension on based free complexes:

Fi(FepD')=Fi(F)ep D'
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Flat base change therefore preserves the homology lengths of every Frobenius pullback, and thus
preserves Xoo. Applying the infinite-residue-field case over D’ proves the result over D.

If d = 0, the short complex is concentrated in degree zero. Each Frobenius pullback is the free
module D, so x2 (F) = ¢(D)By = e(D)p. O

Corollary 8.2 (passage to completion). Let (D, m, k) be a Noetherian local ring of characteristic
p > 0 and dimension d, and let F be a minimal complex of finite free D-modules in degrees
0,...,d. Assume that its homology has finite length and that Fy # 0. The limit in (8.1) exists
over D, and for every 0 <i < d,

<d> 2 (F) > e(D)rankp F;.

i
Thus completeness is unnecessary for the inequality.

Proof. Put F=F&p ﬁ, where D is the m-adic completion. The map D — D is faithfully flat,
its maximal ideal is mlA), and its residue field is k. Tensoring a composition series therefore shows
that R
fﬁ(L &p D) ={pL

for every finite-length D-module L. Applying this to D/m" shows that completion preserves the
Hilbert—Samuel function, hence dimension and multiplicity. Flatness identifies the homology of F
with the completion of the homology of F'. Moreover, Fis minimal, has the same free ranks as F/,
and has Fj = 0. It consequently satisfies the hypotheses of Theorem 1.2.

We also check the invariant on the left side. In fixed free bases, Frobenius pullback raises each
differential entry to its p™-th power. The completion homomorphism commutes with these powers,
SO

FA(F) = (FpF) @p D.
The homology of 5 F has finite length: away from m, the complex F' is a bounded exact complex
of free modules, hence split exact, and Frobenius preserves its splitting. Flatness and the equality
of finite lengths now give, for every n,

X7 (FAE) = xP(FpF).
The normalized sequence on the left converges by the complete-ring existence theorem used in
(8.1). Thus the sequence on the right converges as well, and x2 (F) = y2 (F). Theorem 1.2 over

'~

D, together with the invariance of multiplicity and ranks, proves the assertion. O

9. FLAT LOCAL MAPS

The remaining steps use reductions from the literature. We separate them from the preceding
estimates to make clear which part of the argument is supplied by earlier work. The role of the
first reduction is to encode the target multiplicity as the Dutta multiplicity of a short complex
over a ring having the source multiplicity. The degree-zero case of Theorem 1.2 can then compare
the two numbers directly.

Proposition 9.1 (Ma; Iyengar-Ma—-Walker). Let (R,m) — (S,n) be a flat local map of charac-
teristic p > 0. To prove e(R) < e(S) for all such maps, it suffices to treat the case in which R and
S are complete of the same dimension, R is a domain, and the residue field of S is algebraically
closed. In that case there are a complete local ring (T, q) and a minimal short T-free complexr X
such that

(T)=e(R), Xo=T, xL(X)=e(9). (9.1)
The residue field of T is the residue field of S.
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Proof. The first assertion is [21, Lemma 2.2]. Its proof uses completion, localization in the target,
prime filtrations, and a flat extension of the target residue field. The reduction preserves the
implication to be proved and stays in characteristic p; it does not require S to be a domain. In
particular, this is a reduction of the universal inequality: proving it for the stated restricted
class of maps proves it for every original map. We do not assert that every individual operation
preserves each multiplicity separately.

For the second assertion we use the construction in the proof of [16, Proposition 8.3]. A
complete Cohen factorization [1, Theorem 1.1] gives

R—T—S=T/J,

where R — T is flat with regular closed fiber. Thus e(7T) = e(R), and the factorization also
gives pdy S < oo because the original map is flat. Lemma 3.5 of [21], applied under these
hypotheses, shows that J is perfect. Put s = dim S and h = ht J; then dimT = s + h. Choose
X = T1,...,Ts in q whose images generate a minimal reduction of n and which form part of a
system of parameters of T'. If P is the minimal T-free resolution of .S, then P has length h, and

X =KxT)®r P

is a free complex in degrees 0,...,s + h = dim T. Both factors have differential entries in g, so
their tensor product is minimal. Also Py = T, since S = T'/J is cyclic, and hence Xy =T.

The augmentation P — S induces a quasi-isomorphism X — K(x;.5): tensoring with the
bounded free Koszul complex preserves the quasi-isomorphism. The images of x generate an
n-primary ideal, so the Koszul homology is supported only at n and has finite length. The
parameter Koszul formula identifies its Euler characteristic with the multiplicity of that parameter
ideal. Since this ideal is a reduction of n, this is e(S). The residue fields of 7" and S agree, so the
homology lengths give the same Euler characteristic over either ring. We have therefore obtained
AT(X) = e(S).

The equality x. (X) = xT(X) is the final claim proved in [16, Proposition 8.3]. Its proof
localizes at the primes of T lying over the top-dimensional minimal primes of S. These local
rings are complete intersections, by Tabaé’s theorem on the fibers of R — T' [31, Théoréme 2J;
compatibility of local Riemann—Roch with localization then identifies the two Euler characteristics
for this particular complex. This identification is an additional ingredient of their construction:
the Koszul Euler characteristic computation alone does not identify Dutta multiplicity over a
singular ring. Applying that result here gives x (X) = e(S) and proves (9.1) without imposing
a Cohen—Macaulay hypothesis on T O

Theorem 9.2. Lech’s inequality holds for every flat local map of Noetherian local rings of
characteristic p > 0.

Proof. Apply Proposition 9.1 and take the ring T" and complex X supplied there. The degree-zero
inequality in Theorem 1.2 gives

e(S) = xL(X) > e(T) ranky Xo = ¢(T) = e(R). O

Proposition 9.3 (Reduction to positive characteristic). Suppose Lech’s inequality holds for all
flat local maps in positive characteristic and in every dimension. Then it holds for all flat local
maps of equal characteristic zero.

Proof. This is the consequence with constant C' = 1 of the reduction argument in [21, Section 5].
Ma attributes the strategy to Hochster. Although that section applies the argument to a
different numerical bound, its construction preserves the two multiplicities separately, so it applies
unchanged to Lech’s inequality. We recall the points that ensure this.

By [21, Lemma 5.1], a characteristic-zero counterexample can be replaced by a finite free local
map between complete rings with a common algebraically closed coefficient field. Section 5.1
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of [21] uses Artin approximation [2] to descend this finite diagram to local rings essentially of
finite type. The equations record the algebra structures, the finite free map, minimal reductions
of both maximal ideals, and the homology of their parameter Koszul complexes. In particular,
each multiplicity is preserved. The numerical reason for recording this homology is the parameter
Koszul formula: for a minimal reduction r in a local ring R, it expresses

e(R) =Y (=1)"(rH;(K(r; R)).
7
There is a corresponding formula for the chosen minimal reduction in S. Preserving these two
finite lists of homology lengths preserves e(R) and e(S) individually.

Section 5.2 of [21] spreads the diagram over a finitely generated Z-algebra and applies generic
freeness so that the relevant Koszul homology commutes with specialization and retains its length.
The resulting positive-characteristic flat local map has the same two multiplicities. A strict
inequality e(R) > e(.S) would therefore survive specialization, contradicting the hypothesis. [

Proof of Theorem 1.1. In positive characteristic use Theorem 9.2. In characteristic zero apply
Proposition 9.3 to that theorem. O

10. SCOPE OF THE ARGUMENT

Equal characteristic is used in the parameter lattice (Proposition 7.1), in the opposite x- and
u-gradings of the degree boxes (Proposition 5.1), and in the Frobenius family controlled by (8.3).
Characteristic zero follows by specialization. The argument provides no analogous family in mixed
characteristic: the integer p has degree zero in any unital ring grading, and reduction modulo p
need not preserve the required homology or either multiplicity.

ACKNOWLEDGMENTS

The referee report on the preceding version suggested the two worked examples and the
completion corollary, and identified the closer historical references now included in the attribution
of the argument.

REFERENCES

[1] L. L. Avramov, H.-B. Foxby, and B. Herzog, Structure of local homomorphisms, J. Algebra 164 (1994), no. 1,
124-145, doi:10.1006 /jabr.1994.1057.

[2] M. Artin, Algebraic approzimation of structures over complete local rings, Publ. Math. Inst. Hautes Etudes Sci.
36 (1969), 23-58, doi:10.1007/BF02684596.

[3] B. Bhatt, M. Hochster, and L. Ma, Lim Cohen—Macaulay sequences of modules, J. Reine Angew. Math. 835
(2026), 111-169, doi:10.1515/crelle-2026-0021.

[4] M. Boij and J. S6derberg, Graded Betti numbers of Cohen—Macaulay modules and the multiplicity conjecture,
J. Lond. Math. Soc. (2) 78 (2008), no. 1, 85-106, doi:10.1112/jlms/jdn013.

[6] W. Dicks, Seminar on Quillen’s proof of the Quillen—Suslin theorem, preprint, arXiv:2112.02272 (2021).

[6] S. P. Dutta, Frobenius and multiplicities, J. Algebra 85 (1983), no. 2, 424448,
doi:10.1016,/0021-8693(83)90106-0.

[7] D. Eisenbud and D. Erman, Categorified duality in Boij—Séderberg theory and invariants of free complezes, J.
Eur. Math. Soc. 19 (2017), no. 9, 2657-2695, doi:10.4171/JEMS/725.

[8] D. Eisenbud and F.-O. Schreyer, Betti numbers of graded modules and cohomology of vector bundles, J. Amer.
Math. Soc. 22 (2009), no. 3, 859-888, doi:10.1090/S0894-0347-08-00620-6.

[9] D. Eisenbud, D. Erman, and F.-O. Schreyer, Filtering free resolutions, Compos. Math. 149 (2013), no. 5,
754-772, doi:10.1112/50010437X12000760.

[10] D. Eisenbud, D. Erman, and F.-O. Schreyer, Corrigendum: Filtering free resolutions, Compos. Math. 150
(2014), no. 9, 1482-1484, doi:10.1112/S0010437X14007489.
[11] O. Forster, Uber die Anzahl der Erzeugenden eines Ideals in einem Noetherschen Ring, Math. Z. 84 (1964),

80-87.


https://doi.org/10.1006/jabr.1994.1057
https://doi.org/10.1007/BF02684596
https://doi.org/10.1515/crelle-2026-0021
https://doi.org/10.1112/jlms/jdn013
https://arxiv.org/abs/2112.02272
https://doi.org/10.1016/0021-8693(83)90106-0
https://doi.org/10.4171/JEMS/725
https://doi.org/10.1090/S0894-0347-08-00620-6
https://doi.org/10.1112/S0010437X12000760
https://doi.org/10.1112/S0010437X14007489

38
(12]
(13]
(14]
(15]
(16]
(17]
18]

(19]
(20]

(21]
(22]

23]
24]

[25]
(26]

27]

(32]

ANONYMOUS

V. K. A. M. Gugenheim, L. A. Lambe, and J. D. Stasheff, Perturbation theory in differential homological
algebra II, Nlinois J. Math. 35 (1991), no. 3, 357-373, doi:10.1215/ijm/1255987784.

M. Hochster and C. Huneke, Phantom homology, Mem. Amer. Math. Soc. 103 (1993), no. 490, vi+91 pp.,
doi:10.1090/memo/0490.

J. Herzog and M. Kiihl, On the Betti numbers of finite pure and linear resolutions, Comm. Algebra 12 (1984),
no. 13, 1627-1646, doi:10.1080,/00927878408823070.

J. Herzog, B. Ulrich, and J. Backelin, Linear mazimal Cohen—Macaulay modules over strict complete
intersections, J. Pure Appl. Algebra 71 (1991), no. 2-3, 187-202, doi:10.1016,/0022-4049(91)90147-T.

S. B. Iyengar, L. Ma, and M. E. Walker, Multiplicities and Betti numbers in local algebra via lim Ulrich points,
Algebra Number Theory 16 (2022), no. 5, 1213-1257, do0i:10.2140/ant.2022.16.1213.

S. B. Iyengar, L. Ma, and M. E. Walker, Lim Ulrich sequences and Boij—Soderberg cones, Forum Math. Sigma
11 (2023), el15, 26 pp., doi:10.1017/fms.2023.108.

N. KC and A. J. Soto Levins, On liftings of modules of finite projective dimension, Int. Math. Res. Not. IMRN
2024 (2024), no. 24, 14729-14736, doi:10.1093/imrn/rnae257.

C. Lech, Note on multiplicities of ideals, Ark. Mat. 4 (1960), 6386, doi:10.1007/BF02591323.

C. Lech, Inequalities related to certain couples of local rings, Acta Math. 112 (1964), 69-89,
doi:10.1007/BF02391765.

L. Ma, Lech’s conjecture in dimension three, Adv. Math. 322 (2017), 940-970, do0i:10.1016/j.aim.2017.10.032.
L. Ma, Lim Ulrich sequences and Lech’s conjecture, Invent. Math. 231 (2023), no. 1, 407429,
doi:10.1007/s00222-022-01149-2.

C. Meng, Strongly Lech-independent ideals and Lech’s conjecture, Trans. Amer. Math. Soc. 379 (2026), no. 3,
1627-1647, doi:10.1090/tran/9618.

C. Peskine and L. Szpiro, Syzygies et multiplicités, C. R. Acad. Sci. Paris Sér. A 278 (1974), 1421-1424.

D. Quillen, Projective modules over polynomial rings, Invent. Math. 36 (1976), 167-171.

P. Roberts, Intersection theorems, in Commutative Algebra (Berkeley, CA, 1987), M. Hochster, C. Huneke,
and J. D. Sally (eds.), Mathematical Sciences Research Institute Publications, vol. 15, Springer, New York,
1989, pp. 417-436, doi:10.1007/978-1-4612-3660-3__23.

P. C. Roberts, Multiplicities and Chern Classes in Local Algebra, Cambridge Tracts in Mathematics, vol. 133,
Cambridge University Press, Cambridge, 1998.

The Stacks Project Authors, The Stacks Project, Section 43.15, Algebraic multiplicities, Lemma 43.15.3 (Tag
0AZX), https://stacks.math.columbia.edu/tag/0AZX.

A. A. Suslin, Projective modules over polynomial rings are free, Dokl. Akad. Nauk SSSR 229 (1976), no. 5,
1063-1066; English transl., Soviet Math. Dokl. 17 (1976), 1160-1164.

R. G. Swan, The number of generators of a module, Math. Z. 102 (1967), 318-322.

M. Tabad, Sur les homomorphismes d’intersection compléte, C. R. Acad. Sci. Paris Sér. I Math. 298 (1984),
no. 18, 437-439.

F. C. Yhee, Ulrich modules and weakly lim Ulrich sequences do not always exist, Forum Math. Sigma 11
(2023), 71, 14 pp., doi:10.1017/fms.2023.68.


https://doi.org/10.1215/ijm/1255987784
https://doi.org/10.1090/memo/0490
https://doi.org/10.1080/00927878408823070
https://doi.org/10.1016/0022-4049(91)90147-T
https://doi.org/10.2140/ant.2022.16.1213
https://doi.org/10.1017/fms.2023.108
https://doi.org/10.1093/imrn/rnae257
https://doi.org/10.1007/BF02591323
https://doi.org/10.1007/BF02391765
https://doi.org/10.1016/j.aim.2017.10.032
https://doi.org/10.1007/s00222-022-01149-2
https://doi.org/10.1090/tran/9618
https://doi.org/10.1007/978-1-4612-3660-3_23
https://stacks.math.columbia.edu/tag/0AZX
https://doi.org/10.1017/fms.2023.68

	1. Introduction
	1.1. Main results
	1.2. Relation to earlier work
	1.3. Structure of the proof

	2. Conventions and elementary homological estimates
	2.1. Complexes, Betti numbers, and column orders
	2.2. From finite-length homology to Betti numbers
	2.3. Minimization without losing deep columns
	2.4. A scalar that is nullhomotopic on the error

	3. The graded sparse-column inequality
	3.1. A filtered estimate over one variable
	3.2. Translated supernatural tests
	3.3. Moments and positive interpolation

	4. Prescribed-jet globalization
	5. Periodic degree boxes and the local theorem
	6. Coordinate-power restriction and scalar-class mass
	7. Strict multiplicity lattices
	8. Dutta multiplicity over a singular coefficient ring
	9. Flat local maps
	10. Scope of the argument
	Acknowledgments
	References

