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An explicit logarithmic estimate must specify its field degree, height normalization, logarithm
branches and coefficient parameter. Vanishing requires equal care: a multiplicative relation can
become a nonzero logarithmic period. We begin with the arithmetic tools that distinguish these
cases and quantify the small relations.

We use the absolute logarithmic height and its power, product and conjugation identities from
Heights of algebraic numbers, Theorem 2.4 and Proposition 2.5; its Theorem 2.8 supplies the one-
place Liouville inequalities. For the arithmetic arguments below, the written internal providers are
Counting primes by elementary means: Chebyshev and Mertens, Solution 2, for Bertrand’s postulate;
Lattices, Minkowski’s theorem and the Minkowski embedding, Theorem 7.1, for the compact equality
form of Minkowski’s theorem; and Cyclotomic fields, Theorem 12.1, for the degree of a primitive
root of unity.

The two quantitative proofs use different methods: Matveev’s auxiliary functions and division of the
argument, and Waldschmidt’s interpolation determinants. The geometric, arithmetic and analytic
bridges are proved here before use. Philippon’s multiplicity mechanism and Damien Roy’s treatment
of it are credited where the zero estimate is developed. The worked examples, parameter checks and
figures make those methods explicit.

1. Powers that are conjugate

Lemma 8.1. Suppose a # 0 is algebraic. If " and a® are conjugate over Q for distinct positive
integers r, s, then « is a root of unity.

Proof. Take a finite Galois extension containing all conjugates of a;, and choose an automorphism
¢ with (o) = a*. Induction gives , _

P(a) =a”.
For the induction step, raise the previous equality to the power r, apply ¢, and use (o) = a®. If

¢ has order ¢, this yields o™ = . Their distinct exponents give a nonzero integer 7' — s* with
t t
o T =1. 0

Lemma 8.2 (Frobenius congruence). If p is prime and f € Z[X,..., X}], then every coefficient
of
JXTo e X)) = f(Xa, e Xg)P

is divisible by p.

Proof. In characteristic p, all intermediate binomial coefficients vanish, so taking the p-th power
preserves sums and products. Every residue a € F), satisfies a”? = a: for a # 0, multiplication by a
permutes the nonzero residues, and multiplying them gives a?~! = 1. Apply these two facts to the
reduction of f. [J
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2. An explicit gap above height zero

Theorem 8.3. Let d > 1 be an integer. Every nonzero algebraic number « of degree at most d that

is not a root of unity satisfies
1
h T 8.1

The following proof gives an explicit elementary height gap, including the small-degree and nonintegral
cases.

Proof. It suffices to prove the assertion with the actual degree J, since d < d. If « is not an algebraic
integer, its primitive minimal polynomial has leading coefficient at least two in absolute value, and
h(a) > log2/6 > 1/(116%). If 6 = 1 and « is an integer, nonzero and not a root of unity, then
|a] > 2, giving the same conclusion. Hence assume § > 2 and « integral.

List its conjugates a1, ...,as. For £ > 1 put

6
Sy = ZO&? € 7.
j=1

The height formula implies |a;| < (@) Lemma 8.2, applied to X f , shows that
Sfp - Sf :pgf(ala cee 7065)

for an integer polynomial g,. Its value is both an algebraic integer and the rational number
(Sep — S7)/p; it is therefore an integer. Fermat’s congruence for Sy then gives

Sep =S¢ (mod p). (8.2)

Suppose, toward a contradiction, that

e < +—4652.

Bertrand’s postulate, applied to |2ed |, supplies a prime
2ed < p < 4ed.

Indeed an integer prime exceeding the floor exceeds the original real number, and 2|2ed| < 4ed. For
1<¢<6,(8.3) gives

1 4e62
So| < de,  |Sppl <6 (1 + 452) < be.

Thus [Sg, — S¢| < 2ed < p. Combined with (8.2), this forces Sy, = Sy for every £ =1,...,9.

The first § power sums determine all elementary symmetric polynomials in characteristic zero.
Explicitly, with eg = 1, Newton’s identities are

k
ke = Z(—l)e_lek,gSg (1<Ek<)9).
/=1

They follow by comparing coefficients in —¢ ([];(1 — a;t))"/ [];(1 — ajt) = 3454 Set’. Induction in
these identities shows

TI0x = a?) = TI(X - ay).

J J

In particular o” and « are conjugate. Lemma 8.1 contradicts the assumption that « is not torsion.



Consequently (8.3) is false, and

1 1

The function z — zlog(1 4 1/(4ez)) increases for z > 0: its derivative is log(1 + z) — z/(1 +z) > 0,
with & = 1/(4ez), since that last expression vanishes at zero and has positive derivative x/(1 + z)2.
Its minimum for z = 62 > 4 is therefore attained at four. The exact rational interval certificate
verifies

441og(1 + 1/(16¢)) > 1.
It follows that log(1 + 1/(4e6%)) > 1/(116%), proving (8.1). O

3. Multiplicative dependence and logarithmic periods

A relation []; oz;-lj = 1 says that }_;n;¢; € 2miZ, for chosen logarithms ¢;. It does not force that
sum to vanish. For example,

a1 =2, as=4, {1 =log2, ¥l =2log2+ 2mi.

The bases are multiplicatively dependent, yet the imaginary part of nif; 4+ nofls = 0 forces no = 0,
and then ny = 0. To state a bound for a vanishing logarithmic form, the hypothesis must concern
the chosen logarithms.

We first record a torsion bound. If a primitive M-th root of unity belongs to a degree-D field, then
M < 2D2. (8.4)

Indeed its degree is (M) < D. For M =[] p“»,

M) T pw-2/2(5 - 1) > 13,
var ~ ey

The smallest factor at a fixed prime has u, = 1. For p > 3, that factor (p —1)/,/p is at least one;
for p = 2, it is 1/4/2. This proves (8.4), including M = 1.

Theorem 8.4 (small logarithmic relations). Let m > 2, let a; # 0 be algebraic numbers in a
degree-D field, and choose logarithms ¢;. Suppose these logarithms are linearly dependent over Q.
Choose real numbers

a; = IOg Aj > max{h(aj), |£]|/D, 1/D}

There is a nonzero vector (ni,...,ny,) € Z™ with

m—1 Hj a’j
Qg

> onit; =0, [[ef =1, Ing| < [11(m — 1)D?] (1<k<m). (8.5)
j j

Proof. Put C,, = 11(m — 1)D3. If some ¢; = 0, its coordinate vector is a suitable relation, because
Cpna; > 11(m — l)D2 > 1 for every other index. Otherwise choose an inclusion-minimal dependent
subset of r > 2 logarithms. Any proper subset is independent, so the space of rational relations on
this subset is one-dimensional. Choose its primitive integer generator n; every coordinate is nonzero.
We prove a bound on this same generator coordinate by coordinate. Write C' = 11(r — 1) D3 and fix
k in the subset. Put
cj = (Caj)fl (j #k), Cr = crt H a;.
J#k

Their product is one. The compact symmetric parallelepiped

|z — xpn;/ng| < ¢ (J # k), lzk] < e


https://kokunoyumeto.github.io/open-math-courses-public/courses/TR-BAKER/verification/height_constants.py

has volume 2", since the shear followed by the diagonal scaling has determinant [];c; = 1.
Minkowski’s compact equality theorem for Z" supplies a nonzero integer vector n in this body.

Set v =I1; a?j . Since []; a?j = 1, height arithmetic gives

[l h(v) = h(7"™)
< Iy — meng| (o).

7k

Consequently
1
h(v) < eih(ay) < g

; 11D

J#k
Theorem 8.3 forces 7 to be a root of unity. Its order M is at most 2D?, by (8.4). Let z = > it
Then Mz € 2miZ, and the exact relation for n gives

2
Mzl =M <MD a; < — < 2.
| M z| < cha]_11< 7r

i#k

> (nj — meng /i)
7

Thus z = 0. The one-dimensional relation space and the primitivity of n imply n = tn for a nonzero
integer t. To see integrality, choose integers u; with ) u;n; = 1; then t = ) u;n; € Z. Hence
|ng| < |mk| < cx. Repeating for each k bounds the same primitive generator throughout.

Extend this vector by zeros outside the subset. For a coordinate k in the subset, the stated larger
bound differs from its circuit bound by the factor

_ r—1

j outside the subset

The first factor is at least one, and every factor in the product is at least 11(m — 1)D?. This proves
(8.5) without imposing the larger cutoff a; > 1. Exponentiating gives the multiplicative identity as
well. (I

In particular, every inclusion-minimal dependent subset I, of size r > 2, has a primitive integer
generator u satisfying
lug| < [11(r = D)D) [] a5 (k€ 1). (8.6)

J€el

J#k
This statement follows from the circuit part of the proof before padding by the other indices.
If k¥ maximizes a; on I, then all coordinates obey the common bound [11(r — 1)D3ag]"~!. The
radius-dependent cutoffs a; > (log E)/D, E > e, therefore meet this relation theorem. This modest
improvement of the cutoff is justified by the full Minkowski—height—torsion proof above. The same
mechanism, with the larger cutoff a; > 1, is [Waldschmidt 2000].

For positive real bases with real logarithms, multiplicative dependence does imply the hypothesis of
Theorem 8.4: a real logarithmic sum in 27¢Z is zero. For arbitrary branches, retain the period.

Corollary 8.5 (relations with a period). Suppose m > 2 nonzero algebraic numbers are
multiplicatively dependent, with arbitrary chosen logarithms, field degree D, and a; as in Theorem
8.4. Put

ap = max{l,7/D}, C = 11mD3.

There are integers ng, n1,...,ny,, with at least one n; # 0 for j > 1, such that

m
neiT + anfj =0,
j=1



and

m 7% a;
Ing| < C™ H aj, Ing| < CMap—=" (1 <k <m). (8.7)
j=1 @k
In particular J[7Z 1a2 =1.
Proof. A multiplicative relation gives a logarithmic sum 2mit, so im, £1,..., ¢, are rationally

dependent. Apply Theorem 8.4 to these m + 1 logarithms, with first base —1 and cutoff ag. A
relation supported only at im cannot vanish; thus some other coordinate is nonzero. The coefficient
bounds are (8.7). Exponentiating gives (—1)"0 [] a?’j = 1; squaring gives the last identity. [J

4. Matveev’s homogeneous estimate

There are two common height normalizations. In the arithmetic statement, the field degree is
included in each cutoff Hj; in applications below we write H; = Daj, with a; = log A;. Keeping
this conversion explicit prevents a missing power of D.

Theorem 8.6 (Matveev). Let K C C be a number field of degree D. Set x = 1 if its specified
embedding lies in R, and x = 2 otherwise. Let a1,...,a, € K*, with fixed nonzero logarithms ¢;.
For integers b;, suppose

A=>"bit; #0,  H; >max{Dh(a;),|¢;],0.16}.

j=1
Define
ﬁH B a {1 a |bj|Hj}
= ; = max max .
=1 7 = 1<j<n H,
Then
log|A| > —Ci(n, k)D*Qlog(eD)log(eBy), (8.8)
where
.1 fen\" 43 7/2  66n+20
Ci(n, k) = min e 30"°n7, 2 . (8.9)
The same estimate holds with By replaced by max{1, |bi|,...,|bn|}.

This is the normalization and constant of [Matveev 2000]. Rational independence of the logarithms
is not required in this estimate. The distinguished denominator H,, is part of the weighted coefficient
parameter, so one may choose the last term to make it useful.

Proof when the logarithms span one rational line. This includes the complete case n = 1.
Write ¢; = rjl1, r; € Q, and choose a common denominator d > 0. Put k; = dr; € Z and
g =ged(ky,. .., k,) > 0. Bézout’s identity supplies integers u; with Y ujk; = g. Consequently

k

gﬁl Zuj s a:Ha;»Lj € K*, Ej:gjﬁ.
J

The integers k;/g are nonzero. Exponentiation gives a; = a¥i/9: the power identity for heights
therefore implies
max{Dh(«a), |¢|} < min H; =: H.
J

Also A = ¢/ for a nonzero integer ¢, so |A| > |¢|. If [¢] > 1, (8.8) is immediate. Otherwise av # 1,
since a nonzero logarithm of one has modulus at least 2w. The selected-place height inequality and
lef — 1| < ell| give

log |A| > log|¢| > =1 — Dlog2 — Dh(a) > =1 — Dlog2 — H. (8.10)



Every H; > 0.16, so Q > H(0.16)"~1. Both alternatives defining C; satisfy
C1(n,k)(0.16)" 1 > 20.

Indeed the first, using e > 2 and k = 1,2, is at least
1
3 30%(24/5)" 1 > 20,

and the second is
226(256/25)" 1 > 20.

Thus the magnitude of the claimed exponent is greater than 20D?H. Since H > 0.16,
20D*H — H > 19D*(0.16) > 1 + Dlog?2.

Together with (8.10), this proves the estimate for rational rank one, with arbitrary branches and all
integer coefficients. UJ

Primitive logarithmic lattices and square roots

The division step in the auxiliary-function argument needs more than multiplicative independence:
it needs all the square-root monomials to be independent over the coefficient field. Passing to
a primitive logarithmic lattice supplies exactly this property. We give the arithmetic argument,
including the lattice construction.

For each pair (7, \) with v € K* and e* = v, form the real vector

v(7,A) = ((log |o07])o, (—vp(y)log Np)p, Tm X). (8.11)

The first list runs over all D embeddings, with conjugate embeddings both counted. The second has
finite support. The valuation v, gives the exponent in the fractional principal ideal, and Np is the
norm of the prime ideal. Addition of these vectors corresponds to multiplication of the bases and
addition of their chosen logarithms. The map is injective: its selected embedding coordinate and
final coordinate recover A, hence ~.

Let V be the finite-dimensional real span of finitely many such vectors, and let
M=Vn{v(y,\):ye K>, e =~}

Only the finitely many primes occurring in the spanning vectors can occur in V. On this space use
the norm
1
||1J||:max{2 Z ]vj,|Re/\+iIm)\|}.
archimedean and finite coordinates

The product formula and height formula identify it with max{Dh(v), |\|}. For a nonzero vector
with a nontorsion base, Theorem 8.3 makes this norm greater than 1/(11.D?). For a torsion base of
order ¢, the bound ¢ < 2D? proved above gives

Al > 27/q > 7/ D?

unless both v = 1 and A = 0. Thus distinct points of M are separated by at least 1/(11.D?). Every
bounded subset of the finite-dimensional space contains only finitely many of them: cover its compact
closure by finitely many balls of radius smaller than half this separation.

For completeness, a discrete subgroup spanning a real r-space has an integer basis of r vectors.
Choose a shortest nonzero vector ej. Its intersection with the line Re; is Zeq, since subtracting an
integer multiple would otherwise give a shorter vector. Orthogonal projection of the subgroup to ei

is discrete: representatives of a bounded projected set can have their e;-coordinate reduced to a



fixed bounded interval, and would then contradict finiteness in bounded sets if there were infinitely
many distinct projected points. Induction gives a basis of the projected subgroup. Lift that basis
and adjoin e;. Subtracting the lifted integer combination leaves an element of Zey, proving both
generation and independence. Apply this argument to M, which spans V because it contains the
original spanning vectors.

Choose an integer basis e; = v(¥;, \;) of M, 1 <1i <r.

Lemma (quadratic independence). The 2" numbers
[Texp(ri/2)%,  de{0,1}", (8.12)
i=1

are linearly independent over K. In particular,
[K(V/01,...,V0) : K] =2". (8.13)

Proof. First, the square classes of the ¥; are independent in K /(K*)2. If [] 29?1' =n? with n € K*
and some d; = 1, put A = %Z 0; ;. Its exponential is either 7 or —n, both in K. Every coordinate
in (8.11) for this pair is half the corresponding coordinate of ) d;e;: signs do not affect absolute
values or prime valuations. Consequently

1
5;(5162 € M.

Its coordinates in the integer basis of M include a half-integer, a contradiction.

We now prove the field assertion from this square-class independence. Inductively, the first k square
roots generate an extension L; with basis

k
ws = [[VO",  §e{0,1}",
=1

and with all 2¥ independent sign changes as K-automorphisms. This is immediate for k = 0. If a
square root z of ¥, already belonged to Ly, every sign-change automorphism would send z to z or
—z, since 22 € K. Expand z = Y5 csws. Distinct ws have distinct sign-change characters: flipping a
coordinate at which two multi-indices differ distinguishes them. Comparing coefficients under all
sign changes therefore shows that at most one ¢s is nonzero. Thus

k

2 2 o;

D1 =27 = [[ 97,
i=1

contrary to square-class independence. Hence X2 — 1, is irreducible over Ly, and adjoining its
root doubles the degree and appends the stated basis. Every previous sign change extends by fixing
the new root, and its own sign can independently be changed. This completes the induction. The
chosen roots exp()\;/2) differ from any other choices only by signs, which preserve independence. [J

The following finite-sum form explains how this lemma enters division. Let & C Z" be finite, let
P, € K[z], and put

F(z) = Z P,(z)exp(z Z Wiki).

pneU
If x =2y + 1 is odd, decompose p = 27 + d. Then

F(z/2)= Y S Pu(@/2) T]97 | [T exp(hi/2)%. (8.14)
6e{0,1}7 neu i i
u=6 (mod 2)



Each parenthesized coefficient belongs to K. If F(z/2) = 0, quadratic independence forces every
coefficient to vanish separately.

For a chosen parity class define

B = Y Pulz/2)ewm(z X (m/2N).

pneu )
p=6 (mod 2)

It vanishes at every odd x for which the old function vanishes at x/2. Its exponent support lies in
Z" +§/2, and is contained in half the old support. Choose a class containing a nonzero coefficient
polynomial; this makes the new function nonzero. Indeed distinct p give distinct exponential
rates, since a zero integer combination of the A; would give a zero combination of the basis e;.
Polynomials times exponentials with distinct rates are independent: to isolate one rate, apply
HV#“(d /dz — \,)%ePvF1 on its polynomial factor every operator has a nonzero constant term and
is invertible, whereas it annihilates each other term.

The splitting also preserves algebraically normalized mixed derivative conditions. A derivative of
order j on the polynomial factor introduces 277 P,Sj )(x /2) € K; a monomial differential operator in
exponential coordinates multiplies its term by a polynomial in p/2 with coefficients in K. Apply
(8.14) to each such condition. Every parity coefficient again vanishes separately. This is the quadratic
division argument used in [Matveev 2000].

Independent square-root monomials split each zero into four conditions

The four parity classes Retain 6 = (1, 0) and halve
® 6=(0,0) ®5=(0.1) new support in 72 + (1/2,0)
® 5=(10 @ 5=(11)
51 e ° ° ° ° °
2 ° L °
4{ e ° ° ° ° °
N
5371 e ° ) ) ° ° 3
1 ° ° °
21 e ° ° ° ° °
1{ e ° ° ° ° °
0+ ° ° °
0{ e ° ° ° ° °
0 1 2 3 a4 5 05 15 25
H1 H1/2

Figure 8.1. The exact support U = {0,...,5}2 splits into four classes. Selecting § = (1,0) and dividing the
exponents by two gives nine points of Z2 + (1/2,0). Equation (8.14) explains why every class inherits the
odd-point zeros. This is an exponent-support illustration; it does not assign numerical logarithms to the axes.
Source mechanism: [Matveev 2000]. Reproducible source: logarithmic_lattice__geometry.py.

Volume after imposing logarithmic constraints

Cutting a box by a few logarithmic constraints loses a power corresponding to the number of
constraints, rather than a power corresponding to its full dimension. The needed convex-volume fact
is as follows.

Lemma (Brunn—Minkowski for convex bodies). If A, B are compact convex bodies in R,
then for 0 <t <1,

volg((1 —t)A+ tB)Y% > (1 — t) volg(A)/? + tvolg(B)"/<. (8.15)

Proof. In dimension one this is the length identity for intervals. Induct on d, first assuming positive
volumes and normalizing them both to one. Slice A and B by their first coordinate; write their
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(d — 1)-dimensional slice volumes as a(z) and b(y). They are positive and continuous on the interiors
of their projection intervals: the induction hypothesis and convexity show that their 1/(d — 1)-th
powers are concave there, and a finite concave function is continuous in an open interval. Let
z(s),y(s), 0 < s < 1, be the inverse cumulative slice volumes. Then

'(s) =1/a(z(s)),  ¥'(s) =1/b(y(s)).

At first coordinate z(s) = (1 — t)x(s) + ty(s), the slice of (1 — t)A + tB contains the Minkowski
combination of the two slices. By induction its volume is at least

(1= Ha@(s) M +tb(y(s) D) > aa(s))' " bly(s))"

The last inequality is the weighted arithmetic-geometric mean inequality. Also

> a(a(s) " b(y(s)) "

N\
=
|
+
V

Integrating the product of these two lower bounds over 0 < s < 1 shows that the Minkowski
combination has volume at least one. All substitutions can first be performed on e < s <1 — ¢,
where the functions are continuously differentiable, and then extended by monotone convergence.

For arbitrary positive volumes put ag = vol(A)Y/%, by = vol(B)Y/?, ¢ = (1 — t)ag + tby, and 6 = tby/c.
The combination in (8.15) is

c((1 = 6)(A/ag) + 6(B/by)).

Both normalized bodies have volume one, so scaling proves (8.15). If a volume is zero, add a closed
ball of radius € to each body, apply the positive-volume result, and let € | 0. These compact
neighborhoods decrease to the original bodies, so continuity of measure from above proves the
assertion. [

Lemma (volume of a clipped body). Let W = —W be a compact convex body in R”, let
T :R" — U be a real linear map of rank p, and give U any norm. If sup,cy [|Tw|| < Z, then, for
Y >0,

vol,{fw € W : || Tw| <Y} > vol,(W)max{1,Z/Y}*. (8.16)

Proof. Only ¢ = Z/Y > 1 requires proof. Write R" = X & ker T' orthogonally, with dim X = p.
Let f(z) be the volume of the fiber W N (x + ker T'). For positive fiber dimension d, convexity
and (8.15) show that fY4 is concave on its support. Symmetry makes it even. On each line
through zero it is therefore nonincreasing in the positive radial direction: if 0 < s < 1, write
st =((1+s)/2)x+ ((1 —s)/2)(—x) and use concavity. Thus f(z/c) > f(x). If the fiber dimension
is zero, use the indicator of W, for which the same inequality follows from convexity and 0 € W.

For every z in the projection of W, | Tz| < Z, so |T(z/c)|| < Y. Integrating over these contracted
projected points gives

vol, (W N {|Tw| < Y}) > c_”/f(x/c) dx > c_p/f(:v) dz.

This is (8.16). O



One constraint gives the lower bound 4 x (1/2) = 2

Clip the square by w1+ w3| =1 Contract the normal direction by 1/2
1 1
%X
%
v’\\J ‘
£ o clipped area = 3 £ o contracted area = 2
original area = 4
-1 -1
-1 0 1 -1 0 1
w1y wy

Figure 8.2. For W = [—1,1]?, T(w) = wy +ws, Z =2 and Y = 1, the clipped area is 3. Lemma (8.16) proves

the lower bound 4(1/2)' = 2. In this symmetric square exzample, contraction by 1/2 in the normal direction is
the matrizx (_31/;14 _31/{14); its image has area 2 and lies in the clipped hexagon. The general proof uses fiber
volumes, so it does not require every symmetric body to contain this particular contracted image. Source

mechanism: [Matveev 1999]. Reproducible source: logarithmic__lattice_geometry.py.

Counting small algebraic logarithmic vectors

We use the coordinate description (8.11), replacing the selected real coordinate and its imaginary
coordinate by their complex combination. For x = 2, count the selected embedding and its conjugate,
with conjugate chosen logarithms. For k = 1 in the following lattice estimates, use positive bases
and real logarithms in the specified real embedding. Let S be this set of k coordinates.

Lemma (a determinant cardinality bound). Suppose x1,...,2 7, J > 2, belong to one translate
of the logarithmic lattice, and their recovered algebraic bases are distinct. At unselected coordinates
suppose |z | < X,, and at selected coordinates suppose |z;,| < Y,. If

1 1
52 XX, —3 V<Y,

2 oS c€eS
then D log J XJ 2(J — 1)
Og —
=z 1 _1 > 0. 1
T 1 ity ey 20 (8.17)

Proof. Write z; = w + v(a;, A;), and put a = (J — 1)/2. Consider the nonzero algebraic number

7
—(J—1 kN 2
A=1{]] Q; (=0 det(a)g<rer, 1<j<J-
J=1

It is nonzero because it equals a nonzero monomial times the Vandermonde determinant in the
distinct a;. At a selected embedding define the entire function

Ag(€) = ¢V D det (exp((k — a)Aj0C))°.

The apparent singularity at zero is removable. Expanding rows in powers of {, a nonzero term uses
distinct nonnegative exponents, whose sum is at least 0+ 1+ - -+ 4+ (J — 1); squaring doubles that
order. At ¢ =1, its absolute value is |A|,.

Since Y, (k — a) = 0, translating all coordinates by w introduces factors whose product in the
determinant is one. Also >, |k — a| < J?/4. At each unselected place choose square roots in an

10
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algebraic closure to write A as the square of the determinant with powers k — a; its absolute value
is independent of their signs. The row-norm form of Hadamard, at an archimedean place, and the
ultrametric determinant bound, at a finite place, therefore give

|Als <75 exp(JzXJ/Z) (0 & 9),
and
1A (O] < ¢V Dy exp(J2Y5[Cl/2) (0 € S),

where v, = J/ at an archimedean place and 1 at a finite place. Form the analytic function

F(¢) = (H Alo) I 2+(¢).

o¢S oces

The product formula gives |F(1)| = 1, and on the circle || = R,
log |F(¢)| < DJlog J + kX J? + 3kY RJ? — kJ(J — 1) log R.

If R=2(J—-1)/(JY) > 1, apply the maximum modulus principle at 1, substitute this radius and
divide by xJ(J — 1). This gives (8.17). If that radius is at most one, the final logarithm in (8.17) is
nonpositive, so the assertion is immediate. [J

Here is the uniform numerical consequence used below. For every 6 > 1, J > 7, and n > 0, the
expression in (8.17), with

—-X
X:ﬂ’ y:€77 n<J
247 2(2+n)

is negative if J > dlog(4.649), where § = D/k. Indeed it becomes

log J 14 nn _10g4(2+77)(J—1).

T T-12+7) J

Enlarge n to J. Differentiation shows that its maximum over n > 0 occurs at n = 2/(J — 1), and

equals
1 log J
1+——) (1 — log 8. 1
( +J—1>( +9 7 ) og 8 (8.18)

For fixed J, this increases with §. Under the indicated hypothesis, § is at most the solution §y of
J = 6plog(4.6480). Put t = log(4.64d), so J = te'/4.64. Then (8.18) is

(1 + tewjﬂ_l) (2 + W) —log8 < 0. (8.19)

The last strict inequality has a reproducible rational interval certificate, logarithmic_ lattice.py.
Since (127/50)e!27/59/4.64 < 7, every J > 7 has t > 127/50. The certificate covers 127/50 < t < 13
by 1,046 intervals of width 1/100; their largest certified upper bound is less than —0.0000916. For
t > 13, the factor 1+ 1/(te!/4.64 — 1) decreases, and log(t/4.64)/t < 1/(4.64¢). The resulting tail
bound is less than —0.0001555. Every computation uses outward rational intervals and explicit
exponential and logarithmic series tails, so no rounded decimal is used to certify the assertion.

Proposition (product and index of logarithmic vectors). Let vy,...,v, be real-linearly
independent extended logarithmic vectors, let M be the saturated lattice in their span, and let
N =[M : 3>, Zvj]. For § > 0 put

0
V; = max {w, " I

1
, C=2+—.
= ol ;
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Then
N < (ﬁ Vj) C™ (ne™ UH19)* max{6,n — 1, (D/k) log(4.64D/k)}. (8.20)

j=1

Proof. In coordinates relative to the v;, the saturated lattice has covolume 1/N: the sublattice
with those vectors as basis has covolume one and index N. Put

n e X

W= {weR": ) S1/QCV)}, X=170 Y =55

Clip W by the selected logarithmic conditions | > w;jAjo| < Y. Their real rank is at most s: one
real functional in the real case, or the real and imaginary parts of one complex functional in the
complex case. On the full box their norms are at most Z = n/(2C). Lemma (8.16) therefore gives
(ne)~"

VOln(WClipped) > W (8.21)

Integrate the number of points of Wejippeq in each lattice coset over a fundamental domain. Its
average is IV vol(Weiipped); hence some coset contains an integer number J of points at least that
large. This is the counting form of Blichfeldt’s argument, with its full averaging calculation. Their
images in logarithmic space satisfy the unselected bound

E:wﬂ’ya

and the selected bound Y. Two of their recovered bases cannot be equal: their selected logarithms
would differ by a nonzero period of modulus at least 27, whereas their difference has modulus at
most 2Y < 27. Thus the determinant bound applies whenever J > 2.

— max
2/{ weW

1V n
—chvjﬁ_zoe_X’

If J were larger than all three entries of the maximum in (8.20), then J > 7, J > n, and J >
dlog(4.646), contradicting (8.17) and (8.19). It follows that .J is at most that maximum. Combine
this with its lower bound and (8.21) to prove (8.20). O

In particular, with § = k and cutoffs A; > max{Dh(«a;), |\j|}, we have V; < A;. For n > 2, (8.20)

gives
3.1"n"

Ay Ay Dlog(e™™D) > N. (8.22)

To check the simplification, note
Ce/0H8) <31 (k=1,2),

which the same certificate verifies. Also each of 6, n — 1 and (D/k)log(4.64D/k) is at most
(D/k)log(e"™ D), since D/k > 1, n > 2. The strict inequality in the exponential base gives the
strictness in (8.22).

This supplies the product-index estimate of [Matveev 1999] and [Matveev 2000], for every n > 2,
together with its convex-volume and arithmetic determinant proofs.
The one-vector height estimate

The preceding product estimate treats at least two independent vectors. A sharper use of the
Vandermonde product treats one vector.

Lemma (extended height of one algebraic number). Let o # 0 have degree d > 2, and let
A # 0 be any logarithm of . Then

max{dh(«), |A|} > (8.23)

8
9dlog(2.2d)

12



Consequently, for every degree-D field containing «, and every cutoff A > max{Dh(«), |\|},

% < 1.5Dlog(eD). (8.24)

Proof. Work first in F' = Q(«), and put L = log(2.2d). Suppose A = max{dh(a), |\|} < 8/(9dL).
For d > 3, choose
_[4
= [4dL].
m—1

The numbers 1, a, ..., « are distinct. This is immediate unless « is a root of unity of order ¢. In
that case a nonzero chosen logarithm has modulus at least 27 /g, while

8
32
m|)\\§mA§45+9aTL<27T,

hence ¢ > m.

Put a = (m — 1)/2, and consider the centered determinant

D = det(exp((j — a)(k — A)X))o<jhem-

Its fourth power is a nonzero element of F': expanding the determinant gives monomials with
exponents whose denominators divide four, and the centering differs from the ordinary Vandermonde
by a single such monomial. Thus the product formula applies to its local absolute values.

At the specified embedding the exact Vandermonde identity gives
D= [] 2sinh((k—j)A/2).
0<j<k<m
The integral representation of sinh gives

2sinh(EA/2)] < Al ReN2 (2 > 1),

It follows that

m—1
log [D| < 2m(m —1)log |\ + > (m —t)logt + t5m(m* — 1)| Re A|. (8.25)
t=1

At every other embedding, Hadamard gives
log D], < 2 logm + m?(m — 1)|log a, .

At a finite place the same bound holds without the first term, by the ultrametric determinant
inequality. If the specified embedding is complex, its conjugate has the bound (8.25) as well. Write
k =1 or 2 for the number of these embeddings. The sum of the remaining absolute logarithms is
2dh(a) — k| Re A|. The terms multiplying x| Re A|, after combining the bounds, have coefficient

Lm(m?® —1) - %mQ(m —1) = —Fm(m —1)(m —2) <0.

Discard them. The product formula therefore yields

0<

—t)logt. (8.26)

f+log|)\]+

d—rlogm  dh(a)m ml
K m—l+ Kk 2 Z

t=1
The function (m — x)log x is concave on [1,m], and is zero at both endpoints. Its integral is therefore
at least its trapezoidal sum:
m—1 2 3 2 1

m
Z —tlogt<—logm——+
P 4 g

13



Use this in (8.26), enlarge dh(a) and |A| to A, and take the larger value x = 1 in the resulting
positive degree terms. We obtain

1 4 1
cgm | Am sm 3,1 (8.27)

< -
O<d == +5 71 5q 2 2m

This right side is strictly negative for every d > 3. For 3 < d < 99, logarithmic_ lattice.py computes
L by outward rational intervals, certifies the single integer value of m, and bounds (8.27); its largest
upper bound is less than —0.04236. For d > 100, L > 5 and

m 4 1 401
<ot <
5 dL — 500

Also, using log(1 4+ u) < u and log(z/a) < x/(ae) for z > 0,

logm _ L +log(4L/11) +1/(80L) _ 1+ 4/(1le) +1/2000 _ 143

d —.
m—1" (4/5)L —1/100 = 399/500 100

Here m < (4/5)dL+1, m —1 > (4/5)dL — 1, and e > 27/10 justify each bound. Since m > 400, put
q =802/1125 < 1 and use logq < (¢ — 1) — (¢ — 1)?/2. The right side of (8.27) is at most

143 4401

3 (q—1)2 3.1 1645639
100~ 9500

1 B ki)
+Ha-1) 2 5 7800 — 20500000

This contradiction proves (8.23) for d > 3.

For d = 2, a nonintegral number, or an integral nonunit, has 2h(«) > log2. For a quadratic unit
with real conjugates and not a root of unity, write its minimal polynomial as X? —tX + ¢, t € Z,
e ==1. If e = —1, then |t| > 1 unless the polynomial is reducible, so the larger root modulus is at
least (1 ++/5)/2. If e = 1, the real non-torsion case has |t| > 3, giving a still larger root modulus.
Thus 2h(a) > log((1 + v/5)/2). A quadratic unit with nonreal conjugates has both moduli one,
hence height zero and is a root of unity by Theorem 8.3. In the torsion case its order is at most
2d* = 8, 50 |\| > /4. Every one of these bounds exceeds 8/(181og4.4), as follows directly from the
rational interval arithmetic in the same certificate.

To deduce (8.24), D > d and 2.2 < e give

A

> 5 > 2 (d>2)
9Dlog(2.2D) © 3Dlog(eD) -

If « is rational and different from 1, —1, then h(a) > log2 > 2/3. If it is 1 or —1, a nonzero logarithm
has modulus at least m > 2/3. These facts also prove (8.24) for degree-one bases. [

This establishes the one-vector estimate used in [Matveev 2000], by a complete Vandermonde
calculation and a reproducible uniform certificate.
Euclidean covolumes of logarithmic lattices

In the coordinate space (8.11) use
v]13 = Z xi—i—z:rg%-(lm)\)z.
o archimedean p

The last term is absent for positive bases with real logarithms. Let k¥ = 1 when it is present and
k = 0 otherwise. Extend the height norm to all real vectors of this coordinate space by

’H(v) — max {% Z "Uj‘y ’«Tselected + Zy‘} .

archimedean and finite coordinates

14
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All these real vectors satisfy the additive product formula. On algebraic logarithmic vectors this
norm is max{Dh(a),|A|}.

Lemma (covolume bounds). Let M be an r-dimensional lattice of extended logarithmic vectors
in a degree-D field, D > 2. Put

no 8
P 9D3/210g(eD)’
Then
71_7'/2
covol,. (M) R (8.28)

= L(14r/2)" 7

Also, if B, is the supremum of the Euclidean volume of parallelepipeds spanned by arbitrary real
vectors v, ..., v, in this coordinate space satisfying H(v;) < 1, then

B, < (k+2)"/2. (8.29)

For K =Q, let P, < P, < --- be the increasing list of the prime logarithms together with = when
imaginary coordinates are allowed. Then

covol, (M) > Py --- P,. (8.30)

In the positive rational case omit 7.

Proof. We first show that no nonzero logarithmic vector has Euclidean length less than 2Rp. Since
2Rp < log2, all its finite coordinates would have to vanish: a nonzero prime valuation has modulus
at least log Np > log 2. Its base would therefore be a unit.

For D > 4, Cauchy—Schwarz and the height formula give

Dh(a) = 13 o] < YP|vlls < RovD, A < |lvll2 < 2Rp < RpV/D.

But RpvD = 8/(9Dlog(eD)) is strictly smaller than the one-vector lower bound (8.23), with the
actual degree of the base or the rational exceptions treated in (8.24). This is a contradiction.

For D = 2, a nontorsion unit has some conjugate with logarithmic modulus at least log((1++/5)/2) >
2Ry, by the quadratic argument above. For D = 3, a unit of actual degree three has a monic irreducible
polynomial

X3 +aX?+bX +c, a,beZ, c¢=+1.

If all conjugate moduli lay strictly between 5/6 and 6/5, then |a| < 18/5. The product of the
roots has modulus one, so the pairwise products have moduli equal to the reciprocals of the root
moduli; hence |b| < 18/5 as well. Replacing the base by its negative if needed reduces to ¢ = 1, with
—3 < a,b < 3. Irreducibility excludes a +b = —2 and a = b, since these are precisely the cases of
roots 1 and —1.

There are 38 remaining pairs. The exact finite check in logarithmic lattice.py evaluates
f(6/5), f(—=6/5), f(5/6), f(—5/6) for each. Either f(6/5) < 0, giving a real root at least 6/5; or
f(=6/5) > 0, giving a real root at most —6/5; or the two inner values have opposite signs, giving a
real root in [-5/6,5/6]. All comparisons are rational, and the certificate records the pair and its
excluding case. Thus no irreducible cubic unit has all its conjugate moduli in the indicated interval.
Since 2R3 < log(6/5), a vector of length less than 2R3 would contradict this check. A degree-one
unit is 1 or —1, and cannot supply a nonzero vector this small.

For torsion bases in these two field degrees, the order bound gives a nonzero logarithm of modulus
at least /4 for D = 2, or w/9 for D = 3. Both exceed 2Rp. The certificate also checks all the
numerical comparisons used in these small-degree cases.
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Intersect the open ball of radius 2Rp with the real span of M. It contains no nonzero lattice point.
Minkowski’s theorem therefore gives

vol,(ball of radius 2Rp) < 2" covol,. (M),

which is (8.28). The formula for the unit-ball volume follows by integrating e~llel*; the product
of the one-dimensional Gaussian integrals is 7'/2, while radial integration gives vol(B,)T'(1 4 /2),
where B, denotes the Euclidean unit ball. This also defines the gamma function for the half-integer
values appearing here.

For (8.29), the additive product formula makes the sum of the positive real coordinates, including
both archimedean and finite coordinates, equal to the absolute sum of the negative ones. Both sums
are at most one on the continuous height-norm unit ball. Thus

> %2'3(2%') +(Z%’) <2

real coordinates j ;>0 ;<0

The possible imaginary coordinate has modulus at most one. Each Euclidean vector length is
therefore at most vk + 2; Hadamard proves (8.29).

Finally consider a lattice of rational bases. Its finite coordinates are integer multiples of log p, and its
imaginary coordinate, when present, is an integer multiple of . Project away the real archimedean
coordinate. This projection is injective on logarithmic vectors: the prime exponents and the integer
period recover the signed rational base and its logarithm. For any integer basis of M, its projected
matrix is an integer matrix multiplied row by row by the corresponding numbers logp, or 7. It
has rank r. Cauchy—Binet expresses the squared projected covolume as the sum of squares of its
r-row minors. Some integer minor is nonzero and has absolute value at least one, and its product of
row weights is at least P; --- P.. Projection cannot increase volume, again by Cauchy—Binet after
including the discarded row. This proves (8.30), without a cube-section theorem. [J

The ratio needed for integer relations consequently has one formula for D > 2 and for positive
rational bases: /2
B, 3N (9 4 "

— T <22T(1+7/2) (2 ~D3?] D) : 8.31

covol,. (M) — (1+7/2) (7[') (8 og(eD) (8:31)
For D > 2, (8.28)—(8.29) prove this even with the factor 2.2 replaced by one. For positive rational
bases, (8.30) and B, < 2'/2 reduce the assertion to an explicit inequality involving the first r prime
logarithms. The exact interval certificate logarithmic_ lattice.py checks » = 1,2, 3. To cover every
larger dimension, let F, be the ratio of 2/2/ ] log p; to the right side of (8.31) with D = 1. The
gamma recurrence gives

J<r

Friy 2567
F 243(r + 2) log pry1 log pri2

<1 (r>2).

Indeed, both prime logarithms exceed one, and 2567w < 972, as certified by the same rational interval
for 7. Induction on each parity proves (8.31) in every dimension. The rational case here concerns
positive bases with real logarithms, which is the case used after the real-embedding reduction.

The discriminant of the coefficient field

The height of a generating set controls the discriminant without first choosing a primitive element of
large height.

Lemma (discriminant and generators). If K = Q(aq,...,ay), [K : Q] = D, then

log |Ak| < Dlog D+ 2D(D — 1) max h(a;). (8.32)
j
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More precisely, write K; = Q(av, ..., q; ), Ko = Q, and d; = [K; : K;_1]. Then
log |Ak]|
— 5 <logD+2 ;(dj — 1)h(a;). (8.33)

Proof. We first prove the relative bound for L = F(«), with e = [L : F] > 2. Let
¢ X)=X4+ X+ 4 € FIX]

be the minimal polynomial. At a finite place v of F', use the absolute value extending the ordinary
p-adic absolute value, and put

H,(q) = max{1,|ci|v, .-, |ce|v}-
Choose ag € F)¢ with |agl, = H,(q)~!. This is possible because the maximum is a value of a

coefficient in F,,. All coefficients a; = agc; of f = agq, with ¢g = 1, then lie in the valuation ring.

For 1 <k < e set
Br = apa® + a1+ -+ ap_qa.

These elements are integral at every place of L above v. For a conjugate o’ with |o/|, < 1, this
follows from the displayed expression. For |o/|, > 1, the equation f(a’) = 0 gives instead

Bl = —ay — app1 (/) — o —ac(a)FC

whose absolute value is again at most one. A root whose every local conjugate has absolute value at
most one is integral: the elementary symmetric functions of these conjugates are the coefficients of a
monic polynomial and belong to the valuation ring.

The vectors 1,01,...,08.-1 form an F,-basis of L ®p F),; their change-of-basis matrix from
1,a,...,a° ! is triangular with determinant ag_l. They span a submodule of the local ring of

integers. The trace discriminant of this submodule therefore has valuation at least that of the
relative field discriminant d7,p. To see this directly, choose an integral basis locally over the discrete
valuation ring and write the displayed vectors in it. The coefficients form an integral matrix, and
the trace matrix changes as T*AT; its determinant is multiplied by (det 7). Consequently

or/ple = lag|?¢~2| disc g, = Hv(q)*(zed)\ disc gl . (8.34)

Here, at a finite place v above p of ramification index e,, the absolute value of an ideal of valuation
t means p~*/¢. With weight n, = [Fy : @], the product of the inverse absolute values of an ideal is
its absolute norm. Thus (8.34) and the product formula for the nonzero number disc g give

log Np/gdr/r < Z ny log | disc g, + (2e — 2) Z ny log Hy(q). (8.35)

v]oo vfoo

At an archimedean place, let o, ..., o, be the roots of ¢, and put M,(q) =[], max{1,|a}|,}. The
Vandermonde matrix with rows (1,a/,...,(a4)¢!) has row norm at most /e max{1,|a}|,}¢7 .
Hadamard therefore gives

| disc q|, < M, (q)* 2. (8.36)

At a finite place,
HU(Q) = HmaX{L ‘Oé”v} (837)

For completeness, the coefficient maximum norm is multiplicative for polynomials over a valued
field: after scaling both polynomials to have maximum one, their nonzero reductions have a nonzero
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product in the residue-field polynomial ring. Factor ¢ over a splitting field and apply this fact to its
linear factors. This proves (8.37), including roots with fractional valuations.

The local degree formula for the conjugates now identifies

Z ny log M, (q) + Z ny log Hy(q) = [L : QJh(a).

v|oo vfoo

Indeed, each archimedean embedding of I’ has e extensions, and at a finite place each place w of
L contributes [L,, : F,,] conjugates, with ny[Ly, : Fy] = [Ly, : Q). Combining this identity with
(8.35)—(8.36) gives

log Np/gdr/r < [L: Q]loge + 2(e — 1)[L : QJh(a). (8.38)

The discriminant identity in a tower is
|ALl = |Ap[*Np/dr)F- (8.39)

It can be checked by the same trace-matrix calculation locally. Choose a local integral basis w; for
F/Q and n; for L/F. The matrix of the conjugates of the products w;n; factors into the matrix of
the conjugates of the w;, repeated e times, and the relative conjugate matrices of the 7;. Squaring
the determinant gives the first factor A% and the second factor equal to the norm of the relative
discriminant. The local bases span the full rings of integers, so there is no index factor. Equality
at every prime proves (8.39) for the absolute ideal norms, irrespective of whether a global relative
integral basis exists.

Divide (8.39) by [L : Q] on the logarithmic scale and use (8.38). Iterate along Ky C K; C --- C K,
omitting steps of degree one. Since []d; = D, this proves (8.33). Finally

> (dj-1)<]]dj—1=D-1,

j
by repeated use of (a — 1) + (b— 1) < ab — 1 for integers a,b > 1. Formula (8.32) follows. [J

This proves the discriminant bridge of [Matveev 2000], including nonintegral generators; replacing a
nonintegral generator by an arbitrary denominator-clearing multiple would lose the stated constant.

Small solutions over the coefficient field

The auxiliary coefficients will satisfy linear equations over K. Their sizes must be controlled with
different weights at the embeddings, while allowing fractional-ideal conditions at the finite places.
We prove the required weighted Siegel lemma directly from Minkowski’s theorem and the ideal-lattice
covolume formula of Lattices, Minkowski’s theorem and the Minkowski embedding, Theorem 7.1 and
Proposition 7.2.

Use all D archimedean embeddings, counting a complex pair twice. For a finite place indexed by p,
use |al, = (Np)~"(); with these conventions the product formula has no additional weights. Choose
positive g, equal at conjugate embeddings, and put

gjp = (Np)», 1, €Z,
with only finitely many /;, # 0. For p,a € K7, define

7 1/2 5 1/2
Lo(p) = (Z ijli/qf,g) , Li(a)= (Zlajliqu,g) (0| 00),
=1

J=1

Ly(p) = max 1Pslp/ e Ly(a) = max |ajlpqjp-
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bet /D /D 1)
L(p) = (H La(p)> , L%(a) = (H Li(@)) , q= (H qm) -

The products range over the archimedean and finite places just described.

Lemma (weighted Siegel). Let I < J, and let a1,...,a; € K’ be the rows of a homogeneous
linear system. There is a nonzero p € K* with a; - p = 0 for every 4, and

/ 1/(J-1)
L(p) < VT |Ag|/ED) (q" 11 max{q,ﬁ*(ai)}> . (8.40)
=1

The solution may be chosen with Ly(p) < 1 at every finite place. In particular, when all finite
weights are one, all its coordinates are algebraic integers.

Proof. First suppose that the I = r rows are K-linearly independent, and put s = J —r. Let

aj:Hp’ljﬂ '=a;®---Day.
p

Membership in I' is precisely the collection of finite conditions Ly(p) < 1. Embed K’ in its
archimedean real space. At a real embedding use coordinates Py /4,05 at each complex embedding

use the real and imaginary coordinates multiplied by /2/ ¢j,o- This metric has squared length
> oloo Lo (p)?, with both conjugate embeddings counted.

Proposition 7.2 gives the unweighted covolume /|Ag| Na for an ideal in this metric: its factor 2772
is canceled by the /2 in the two coordinates of each complex pair. Scaling by the archimedean
weights consequently gives

-1

covol(T) = |Ax [ [T aj0 | = 1AK|"?q 7. (8.41)
j7o-

Here Na; =], q;; accounts for the finite weights.

Let A : K7 — K" have rows a;, and give the target the unweighted archimedean metric, again with
the v/2 convention. At a finite place write

Ly(a;) = (Np)Fr, b = [[p "
P

The ultrametric inequality shows that
AT Cbi®---Db,.

Since A has rank r, its image spans K". More explicitly, choose a K-linear right inverse of A and
clear its finitely many ideal denominators. For some nonzero integer c, this gives cO% C AI'. The
image is a finitely generated subgroup of the displayed ideal lattice and contains a full lattice, so it
is itself a full lattice. The inclusion has positive integer index. Hence

r -1
covol(AT) > |Ag|"/? (H 11 L;(ai)> . (8.42)

p =1

Let I'o = 'Nker A. It is a lattice of real dimension Ds: choose a K-basis of ker A, clear its finitely
many ideal denominators, and multiply each basis vector by an integral basis of K. These Ds
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independent real vectors lie in I'g, while the inclusion in I' proves discreteness. Let J(A) be the
product of the nonzero singular values of the induced real linear map. The lattice volume identity is

covol(I") T (A) .

covol(T'o) = covol(AT")

(8.43)

To prove it, choose an integer basis of AI' and lift its vectors to I'. Adjoin a basis of I'g. Every
lattice vector is an integer combination of these vectors, by subtracting the combination with the
same image, so they form a basis of I'. Project the lifted vectors orthogonally onto (ker A)*. The
volume of the full basis is the kernel-basis volume times the projected volume, by a block-triangular
determinant. Applying A multiplies that projected volume by [J(A), which proves (8.43).

At an archimedean embedding the matrix of A in the weighted domain coordinates has entries a7 dj,0-

Its row-volume is det(A,A%)'/2. For a complex pair, the real Jacobian is the square of this number,
which is exactly what counting both conjugate embeddings gives. Hadamard therefore implies

T < [T T] 5.

olooi=1

Combining (8.41)—(8.43) yields

covol(Tg) < |Ak[*2¢ P7 T] £*(ai)”. (8.44)
=1

In an m-dimensional Euclidean space, the ball of radius /m ¢!/ has volume at least 2™¢: the unit

ball contains the cube [—1/y/m,1/y/m]™. Apply the compact form of Minkowski’s theorem to Iy,
with m = Ds and ¢ = covol(T'y). It gives a nonzero p € I'y with

1/2
(Z La(p)2) <+VDs COVOI(I‘O)l/(DS)_

oloo

The finite local lengths are at most one. The arithmetic-geometric mean inequality for the D positive
archimedean squared lengths now gives

r 1/s
c@)gvaAKW@m<qJII£%m0 : (8.45)
=1

The argument also applies when r = 0, with an empty image, Jacobian and row product all equal to
one.

Finally suppose the original I rows have rank » < I. Select r independent rows and put T; =
max{q, £*(a;)}. The product Z = [J_,(T;/q) is at least one and at least the corresponding product
over the selected rows. Thus

/(=)
<q—J H E*(a1)> < q—1Z1/(J—'r) < q_IZI/(J_I).

selected ¢

Also v/J —r < V/J. Every dependent equation is satisfied by a solution of the selected ones. This
proves (8.40), retaining the finite-place conditions. [J

This is the form of [Matveev 2000], used to construct the initial auxiliary function. The proof
supplies the weights, rank-deficient cases, complex-embedding Jacobian and kernel /image covolume
identity explicitly.
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covol(kerA n 72) = 1'1V/5 =V5

Source lattice: A(x,y)=2x+y

Project the lift; preserve the cell area

2.04

151 V5 (1//5)=1
[0}
o image lattice =7, step =1
=
5 104 -~
8 A=V5 Znormal
(]
T 0.5
IS -
S 1/V5
c

0.0 < — >

kernel step =V5
—0.5 A
05 00 05 10 15 20 25 30 35

orthonormal kernel coordinate

Figure 8.3. For A(z,y) = 2x + vy and I = Z2, the kernel basis is u = (—1,2), and t = (0,1) lifts the image
basis 1. The cell with edges u,t has area 1. The orthogonal projection of t onto the normal direction is
p=(2/5,1/5), of length 1//5. In the right panel the inclined cell and the rectangle with edges u,p both have
area 1; p is a projected vector, not a lattice basis vector. The map multiplies normal lengths by its Jacobian
\/5, s0 (8.43) gives kernel covolume 1 - \/5/1 = /5. Reproducible source: kernel _image volume.py.

For a number-field check with finite weights, take K = Q(v/2), Ax = 8, I' = 20k © Ok @ Ok,
and A = (1,v/2,1 +v/2). Since 1 + /2 is a unit, AT' = O. The vector p = (0,1, =2 + v/2) lies
in the kernel. With archimedean weights (2,1/2,1) and (3,5, 1) at the two embeddings, and finite
weight 1/4 in the first column at (v/2), weighted siegel.py verifies (8.43) by exact algebraic Gram
determinants and checks (8.45) for this vector by outward rational intervals. This example checks
the metric and fractional-ideal conventions used in the full proof.

Weighted integer relations

Several relations require control of a product of vector lengths. We first establish the geometric
theorem that turns a lattice volume into such a product. This theorem concerns independent lattice
vectors; forming an integer basis is a further step.

Theorem (successive minima). Let A be a lattice of rank s > 1 in its Euclidean span, and let
K = —K be a compact convex body with nonempty interior in that span. Define \; = \;(K, A)
to be the least positive number for which A\;K contains ¢ independent lattice vectors. There are
independent a; € A\; K. If their integer span has index J in A, then

S

2—Jcovol(A) < vols(K) H i < 2% covol(A). (8.46)

st i=1
In particular J < s!. The usual lower bound follows by J > 1.

Proof. Discreteness and boundedness make the minima positive and attained. Choose the vectors
in increasing order of their gauges, keeping a vector whenever it increases the span. This constructs
the a; and the flag

F; = spang(aq, ..., a;), Fy=0.

Every lattice vector in int(A\;K) belongs to F;_;. To check this even when minima coincide, let j
be the first index of the block with value A;. The first j — 1 vectors have smaller gauge and span
all the lattice vectors of gauge smaller than \;. A vector outside that span would make \; < \;, a
contradiction.

The convex hull of the 2s points +a;/\; lies in K. Partition it according to the signs of its coordinates
in this basis. Each part is a simplex of volume |det(ay, ..., as)|/(s! T]; Ai). Their interiors are disjoint,
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so this crosspolytope has volume
2%J covol(A)

This proves the lower bound.

Here is a volume proof of the upper bound. An invertible linear change of variables reduces to
A =7Z°. We may also arrange F; = span(ey,...,e;) by a unimodular change of coordinates. Indeed
AN F; is primitive: if kx € F;, then x € F;. At the first step a primitive generator extends to a basis
by the Euclidean algorithm. In the quotient by that generator the remaining flag is again primitive.

Induction supplies a basis adapted to the whole flag. These changes preserve volumes because their
determinant has absolute value one.

Put Q; = \;K/2, and, for N > 1, put
PN:{—N,...,N}S, PNJ':PNHFZ', W(N):VOIS(PN—I—QD.

The sum denotes a union of translates, not a sum with a convex hull. Distinct translates of ()1 have
disjoint interiors: an interior intersection would give a nonzero integer vector in int(A;K). Thus

Vi(N) = (2N + 1)*(\1/2)° vol,(K).

Boundaries have zero volume. For example (1 — ¢)K C int K, so their volume is bounded by
vol(K) — vol((1 — ) K), which tends to zero. This also applies to the finite unions here.

We claim, for 1 <17 < s,

Vi) > (22) i) (8.47)

There is nothing to prove if the two minima are equal. Otherwise write ¢ = \j1+1/A; > 1. Two
translates of @Q;+1 whose integer centers differ outside F; have disjoint interiors. An intersection
would put their difference in int(\;41/K), whereas all lattice vectors there belong to F;. Hence,
grouping translates by their last s — ¢ coordinates,

Vi(N) = (2N +1)* "volg(Pn,; + Q;)  (j=1i,i+1).

Let S; multiply coordinates in F; by ¢, leaving the other coordinates fixed. Its complementary stretch
multiplies the last s — ¢ coordinates by ¢ and leaves F; fixed. Their product is multiplication by ¢, so

vols(Py ;i + Qiv1) = t° " vols(Py; + SiQi).
The remaining comparison is

volg(A + 5:Q) > vols(A+ Q) for every finite A C F; and convex body Q. (8.48)

Slice at a fixed coordinate y € F;-. Write the section of Q as y + C, with C C F; convex. If it is
empty the comparison is immediate. Otherwise choose ¢ € C. Convexity gives C' C tC + (1 — t)c,
since ¢+ (x —c¢)/t € C for every x € C. Consequently A+C C A+tC+ (1 —t)c. The last translation
preserves the section’s volume. This proves the inequality section by section; integration proves
(8.48), and hence (8.47).

Iterating (8.47) now gives

V,(N) > (2N +1)° VOI H( ”1) — (2N + VOI H)\

Choose R so that Qs C [-R, R]®. Then V5(N) < (2N + 2R)*. Divide by (2N + 1)® and let N tend
to infinity. This proves the upper bound for Z*; reversing the first linear change restores covol(A). O
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The volume mechanism is Minkowski’s; a freely readable treatment is [Henk 2002]. The proof above
includes the flag construction, the convex-section inclusion and the boundary and limiting arguments.

Stretch x first; then stretch y: 25/2 < 15 » 30

P+ Q1 P2+ 5,01

—2- . . . . . —2- . . . . . —2- . . . . .
2 0 2 - 0 2 - 0 2
Area = 25/2 Area = 15 Area = 30
The lattice is Z2, and K = {(z,y) : |x —y/3| <1, |y| < 1/2}. Its minima are A\; = 1, g = 2. For
Py = {—2,...,2}2, the three unions have areas 25/2,15,30. Stretching the first coordinate enlarges every
horizontal union of sections; stretching the second coordinate then doubles area. The resulting inequality is

30 > 2(25/2), as in (8.47). The limiting bound is exact: A\ Agarea(K) = 4. Reproducible source:
successive__minima.py.

Corollary (an integer basis). In the same setting, when K is the unit ball of a norm, A has an
integer basis by, ..., bs such that

|bi]| < max{1,i/2}\;, vols(K) H [1bi]] < 2s!covol(A). (8.49)

Proof. Use the flag in the preceding proof. Suppose by, ...,b;—_1 form a basis of AN F;_1. The
quotient (AN F;)/(A N F;_1) is infinite cyclic. If a; generates it, choose b; = a;. Otherwise a; is m
times a generator, with m > 2. Choose a representative b; of that generator. Its coefficient along a;
is 1/m. By subtracting integer multiples of the a;, j < i, make each of its other coefficients belong
to [—1/2,1/2]. Tt still generates the same quotient and

16ill < Ni/m+ 3D "N < (i/2)\
7<t

Induction constructs the basis. Finally [[{_; max{1,4i/2} = s!/2°7!; combine this with (8.46). For
s = 1 the constant is exactly two, the length of the unit interval. [

For later comparison it is useful to spell out what follows with Euclidean geometry alone.

Lemma (Euclidean product bound for weighted relations). Let vy,..., v, generate a rank-r
lattice M, where 1 < r < n, in a normed real space. Choose A; > 0 with ||v;|| < A;, and let B, have
the meaning in (8.31). There are s = n — 7 independent integer relations 3, u;;v; = 0 with

1/2
u 2°T'(1+s/2) (n B, -
Ajlug| < —————= — 1| A5 8.50
i:rllm]ax J|Uz]| = s/2 r COVOL«(M) gl;ll J ( )
The relations are independent; they need not form a basis of all the integer relations.

Proof. In an integer basis of M, write the vectors as the columns of a surjective integer matrix
C:7" - 7" Give R" the metric Ha:H2A2 = Y A3z7. The kernel-volume identity (8.43), in its
rational-field case, gives

covolg o(ker CNZ") = H A; \/det(C diag(Aj_Q)Ct).

J
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There is no image-index factor: CZ"™ = Z". By Cauchy—Binet the determinant under the square root
is

det(01)2

7 -
|I|=r HJEI Aj

The parallelepiped spanned by the v;, j € I, has volume |det Cy|covol,(M). After normalizing each
edge, its volume is at most B,. Every summand is therefore at most (B,./ covol,.(M))2. This bounds
the kernel covolume by the last three factors in (8.50).

The Euclidean unit ball in this s-dimensional kernel has volume 7%/2/T'(1 4 s/2) in the same metric.
Apply the upper bound (8.46) and choose independent vectors at its successive minima. Since
max;j Ajlu;| < |lul|a,2, their weighted maximum norms satisfy (8.50). O

The Euclidean ball accounts for the factor 2°T'(1 + s/2)/m*/2. A sharper product estimate using
a section of the weighted cube requires a lower bound for that section’s volume. The round-ball
argument alone does not supply that sharper constant.

Sections of a cube and the sharp product estimate

We now supply the missing geometric input. The proof uses nearest points on faces and a comparison
of their Gram matrices.

Lemma (face distances and volume). Let P C R?® be a full-dimensional convex polyhedron
with 0 in its interior. Suppose that, for every nonempty face F of codimension i, dist(0, aff F) > v/i.
Then

volg(P) > 2°. (8.51)

Proof. If P is unbounded, its volume is infinite. Indeed, write its finitely many defining inequalities
as g;j(x) < d;. Normalize an unbounded sequence of points and take a convergent subsequence of
their directions. Its unit limit w has gj(w) < 0 for every j. Thus P + [0,00)w C P. Translating a
small ball about zero along this ray supplies a cylinder of infinite volume. We may therefore assume
that P is a polytope.

For every face F, choose its point ap closest to zero. Existence follows from compactness, and
uniqueness from strict convexity of squared Euclidean length. If y € F, differentiation at zero along
ar +t(y — ar) gives

ap -y > |ap|?.

Choose a full flag P = Fy D F1 D --- D F§, where Fj has codimension ¢, and put a; = af,. Here
ag = 0. Since a; € F; when j > i,

ai-aj >l >i (1<i<j<s). (8.52)

The final inequality uses the distance to the affine span. It does not require the nearest point of that
affine span to belong to the face.

The simplices A = conv(ay, ..., as) over all full flags cover P, with disjoint interiors for the nonde-
generate simplices. To see this, triangulate each face recursively by coning its already triangulated
facets to ap. Coning still works if ar lies on its boundary. For a relative interior point other than
ar, its ray from ap meets a far boundary facet. That facet is unique except on rays meeting the
lower-dimensional face intersections. Those exceptional cones have zero volume; facets containing
ar likewise contribute only degenerate cones. Induction on the face dimension gives exactly the flag
simplices and proves the asserted partition for volume calculations.

For a nondegenerate A, let f be the linear map taking a; to

Ci:(l,...,l,o,...,()), COZO.
H(_/
)
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These target vectors form a basis, so f is invertible. For x = Y 7 | t;a; € A, the barycentric
coefficients satisfy t; > 0 and >, t; < 1. Because ¢; - ¢; = min(i, j), (8.52) yields directly

2|* = titj(ai-a;) =Y titymin(i, j) = | f(2)]*.
0,3 0,3
This is a comparison on the simplex, where the coefficients are nonnegative; it does not claim that f

contracts every vector in the ambient space.

Write C' = conv(cy,...,cs), and let By be the Euclidean unit ball. The last inequality gives
f(ANB,) C C NB;s. An invertible linear map scales every volume by the same determinant, so

vol(ANBs) < vol(C'NBs)  vol(Bs)
vol(A) — wvol(C) 25 °

For the last equality, partition [—1,1]* by coordinate signs and the orders of their absolute values.
Its 29s! pieces are congruent to C' = {1 > 1 > --- > x5 > 0}. The orthogonal sign and permutation
maps preserve B;. Each piece therefore has the same fraction of the ball and the same volume,
proving the equality.

The face-distance hypothesis for facets makes B; C P: every defining supporting halfspace contains
that ball. Sum the preceding inequality over the nondegenerate flag simplices. Their intersections
partition the ball up to zero-volume sets, giving

vol(By)

1(B,) <
vol(By) < 5

vol(P).

Cancel the positive ball volume to prove (8.51). O

This is the nearest-face volume mechanism of Rogers, as presented in [Karasev 2026]. The Gram
comparison (8.52) supplies a direct map from each nondegenerate flag simplex to C.

Theorem (central sections of a cube). For every s-dimensional linear subspace F C R,
vols(E N [—1,1]") > 2% (8.53)

The volume uses the induced Euclidean metric on E.

Proof. The section is a full-dimensional polytope in E and contains its unit ball. A codimension-i
face is obtained by active coordinate constraints x; = 1 or x; = —1, whose restrictions to £ have
rank ¢. This rank assertion can be checked at a relative interior point of the face: the inactive
inequalities remain strict in a neighborhood, so its tangent space is exactly the simultaneous kernel
of the active coordinate forms. Select ¢ independent active forms, with distinct indices. Every point
of the affine span of that face has those ¢ coordinates of modulus one, and consequently has squared
Euclidean length at least i. Apply (8.51) in E. For s = 0, the corresponding zero-dimensional
statement is 1 > 1.

The result is Vaaler’s cube-section theorem. The proof above establishes it in all dimensions; it uses
neither a hyperplane-only estimate nor an assumption on rational directions.
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fix,y) = (y/2, 10x — 5y): compare Gram entries on positive combinations
Nearest-face simplex
flA) = C, with |[f(x)| = [x] on A
P, its unit ball, and A 251 a1=(1,2)

area(P) =9 2.07

1.5+

104 .

0.5 -

=0

;
!
0.04 —0.25 - a=(1,0) /
-3 -2 -1 0 1 2 3 a=0 i /
x / -0.25 0.00 025 050 075 1.00 1.25
0.0 0.5 1.0 15 x

X

The polytope has vertices (1,2),(11/10,2),(3,-3),(—=3,—3),(—3,1). The highlighted flag simplex is
A = conv{0,(1,2),(11/10,2)}. Its nearest point on the top edge is the endpoint (1,2). The comparison map

flz,y) = (y/2,10x — 5y) takes A to C = conv{0,(1,0),(1,1)}. The difference of the two vertex Gram
4 41/10
41/10 321/100

coefficients in (8.52). The same map expands the ambient vector (1/10,0) to (0,1); a contraction on the
simplex does not imply a contraction everywhere. Reproducible source: face gram.py.

matrices is ( ), whose entries are positive. Thus |f(x)| < |z| on A, by nonnegative barycentric

Corollary (sharp product bound for weighted relations). Under the hypotheses of (8.50),
there are s = n — r independent integer relations satisfying

S 1/2 n
n
A id < .54
||m]ax J|u]|_<> covol || (8.54)

i=1 r i1

Proof. Use the same relation lattice and weighted Euclidean covolume calculation as in (8.50). The
map z — (A1x1,..., Apxy,) is an isometry for that metric. It takes the weighted maximum-norm
unit ball in the real kernel to a central section of [—1, 1]". Its s-volume is therefore at least 2%, by
(8.53). Minkowski’s upper product estimate (8.46) bounds the product of its successive minima by
the kernel covolume. Choose independent integer vectors at these minima and use the covolume
bound already proved in (8.50). This gives (8.54). O

This supplies the full weighted relation estimate of [Matveev 2000], with the binomial square root
and with no basis assertion. In dimension one, the maximal-minor argument below removes that
square root as well.

For a one-dimensional relation space the following stronger estimate removes the binomial square
root. It applies to real lattice vectors and does not require their coordinates to be rational.

Lemma (a relation of codimension one). Let vy, ..., v, generate an (n — 1)-dimensional lattice
M in a normed real space. Suppose 0 < [|v;|| < A;. Let B,_1 be the supremum of the Euclidean
volumes of parallelepipeds with n — 1 edges of norm at most one. There is a primitive nonzero
u € Z", unique up to sign, with Zj ujv; = 0, and

luj|A; < H Ap  (1<j<n). (8.55)

covoln 1(

Proof. In an integer basis of M, the columns v; form an integer matrix C' of size (n — 1) x n, whose
map Z" — Z"~! is surjective. Its real kernel is a rational line. The integer points on that line are
Zu for one primitive integer vector u: divide any nonzero integer generator by the greatest common
divisor of its coordinates.
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A primitive integer vector extends to an integer basis of Z™. Here is the elementary argument. The
FEuclidean algorithm on a pair of coordinates is effected by swaps, sign changes and adding an integer
multiple of one row to another. Apply it repeatedly to replace the coordinates of u by their greatest
common divisor and zeros. Primitivity makes the nonzero coordinate one. The resulting integer
matrix has determinant +1; its inverse gives the asserted basis. Let U be its matrix with first column
u. Then CU = (0,C"), and C’ is a square surjective integer matrix. Surjectivity supplies an integer
right inverse, so det ¢/ = 1.

For every real row f, multiply the square matrix with first row f and remaining rows C by U.
Expanding on its first column gives
det (é) ==f- u.

Expanding the original matrix on its first row shows that each signed maximal minor of C' is the
corresponding coordinate of +u. Therefore the parallelepiped spanned by all v;, except v; has volume
exactly |u;| covol,—1(M). After dividing its edges by their Ay, the defining bound for B, gives

]uj'\ COVOln_l(M) < Bn—l H Ak
k#j
Multiply by A; to obtain (8.55). O

In the logarithmic coordinate space use H as the norm. Equations (8.28)—(8.31) then give explicit
numerical coefficients in (8.55). The continuous unit ball in the definition of B, matters: normalized
edges vj/A; are real vectors and need not themselves be logarithms of algebraic numbers.

The coefficient parameter survives a reduction in the number of logarithms only if the integer relation
is bounded with the same weights. Here is the precise linear algebra needed for that reduction.

Lemma (weighted minors). Let H; > 0, with Hy < --- < H,,_1, and define

|llm =Y Hjlejl,  zlw = max fj|z;].
j

Let z1,...,x, € Z" be linearly independent, 1 < v < n, and let b € Z", b, # 0, belong to their

rational span. If ||z;||g < X, there are integers my, ..., m,, with mg # 0, such that
12
mob =Y mizi,  |mol <Q, |mi|X; <v[b|uQ,
i=1
where )
Q= i X
Hy---H, {H,

With the assumptions |z;|g < X; instead, the bounds are

imo| <v2Q,  |mulXi < 2 blHQ.

Proof. Since b, # 0, column n of the matrix with rows x; is nonzero. Extend this column to a set
J of v independent columns. Its determinant A is a nonzero integer. Cramer’s rule gives the unique
coefficients in the selected coordinates as A; /A, where A; replaces row i by the selected coordinates
of b. They give the relation in every coordinate, because b lies in the full row span and the selected
minor detects its unique coordinates there. Take mg = A, m; = A;.

Multiply selected column j by Hj, and divide row ¢ by X;. Each resulting row has sum of absolute
values at most one, so its determinant has modulus at most one: its Leibniz sum is bounded by
the product of these row sums. For the replaced row, divide instead by v|b|. The same argument
applies, and

14> Hi - Hy1H,.

jeJ
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These observations prove the first pair of bounds. Under the max-norm hypotheses, normalized rows
have Euclidean norm at most /v, and the normalized replacement row has the same bound after
division by |b|. Hadamard’s inequality gives the factor v” /2 in both bounds. O

This proves the weighted reduction lemma used in [Matveev 2000], without requiring the selected
vectors to form a basis of their ambient integer lattice.

The two modern estimates use the same group-theoretic zero mechanism. We establish it now, before
applying it to the auxiliary function and later to the derivative determinant. The weighted relation
lemmas above supply its arithmetic constants.

Algebraic groups and transverse jets

The rank argument takes place in a product of additive and multiplicative groups. We first establish
the group and derivative facts that make its multiplicity factor explicit. Throughout this subsection,
k is an algebraically closed field of characteristic zero, and

G = k‘do X (k’x)dl, R = k[Xla cee 7Xd()7Y1i1a . '7Ydf1]‘

Write the group law additively, even in the multiplicative coordinates: translation by g = (x,y)
substitutes X + 2 and yY. For w = (§,7n) € k%*4  put

Dy =3 &0x, + 30y, (8.56)
z J

These derivations commute with one another and with translations. Indeed, the coordinate operators
in different variables commute, and the two assertions in a single variable follow directly from the
additive substitution X; + x; and the multiplicative substitution y;Y;.

Lemma (subgroups and their tangent directions). Every closed algebraic subgroup H of G
has the form
H=V xTs, Te ={y:Y" =1 for every u € ¢}, (8.57)

where V' C k% is a vector subspace and ® C Z% is a subgroup. Its ideal is generated by the linear
forms vanishing on V' and the elements Y* — 1, u € ®. If the tangent space is defined by

T(H) = {w: DyI(H) C I(H)},

then
T(H)=V x &, @L:{n:u-n:Ofor every u € ®}. (8.58)

The identity component is obtained by replacing ® by its saturation ®** = Q® N Z%; it has the
same tangent space.

Proof. Let V initially denote the Zariski closure of the additive projection of H. It is an additive
subgroup. To see this directly, polynomials vanishing on that projection also vanish after addition of
two points of its closure: first hold one projected point fixed and use density in the other variable,
then use density in the fixed variable. Inversion is handled in the same way. For v € V', the points
mv, m € 7Z, lie in V. Every polynomial defining V', evaluated on tv, is a polynomial in ¢ with
infinitely many zeros. Characteristic zero makes those integer values distinct, so kv C V. Closure
under sums now shows that V is a vector subspace.

Define ® = {u : Y"|g = 1}. Two monomial characters have the same restriction to H precisely when
their exponent difference lies in ®. Modulo the indicated character relations, a Laurent polynomial
can therefore be written as a finite sum

D Ypa(X)
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with pairwise distinct characters Y. We show that this sum vanishes on H only if every p,
vanishes on its additive projection.

Let h bound the degrees of the p,, and write Tj for translation on polynomial functions. On the
block Y*p(X), Ty is its character value y* times translation by = on polynomials of degree at most h.
Thus T, — y* is nilpotent of order at most h+1 on this block: each finite difference lowers polynomial
degree. Fix a block a. For every other block b, choose g, € H such that y; # yl’)’, and apply

H (Tgb - yll;))h+1'

b#a
The factors commute. They annihilate every other block and are invertible on block a: there
each factor is a nonzero scalar plus a nilpotent operator, whose inverse is a finite geometric sum.
These operators and their inverses preserve the property of vanishing on H, since they are linear
combinations of translations by its elements. Hence Y %p,(X), and therefore p,(X), vanishes on H.
It follows that p, vanishes on V.

After a linear coordinate change, I(V) is generated by coordinate variables: a polynomial zero on
the remaining coordinate space has zero constant term in those variables. This proves the asserted
description of I(H). Taking its zero set gives (8.57). Moreover, a finite basis of ® suffices for its
character relations, because

YUY 1 =YY" - 1)+ (Y* — 1), YU —1=-Y "Y"-1).

For a linear form L vanishing on V', D,,L = L(§). For u € ®,
Dy(Y*=1)=(u-n)Y*=u-n (mod I(H)).

The derivation preserves the ideal generated by these functions exactly under the conditions in
(8.58).

The lattice argument in Section 4 gives a finite integer basis of ®, since it is a discrete subgroup of
R . For completeness, integer row and column operations put a basis matrix of ® into diagonal
form. The reduction uses the Euclidean algorithm: move a nonzero entry to the first position and
reduce other entries in its row and column by division. If the resulting pivot does not divide some
remaining entry, add that entry’s row to the pivot row and divide again; the positive pivot strictly
decreases. Eventually it divides all remaining entries. Clear its row and column and repeat on the
remaining matrix. All operations are invertible over Z, and the process ends because each pivot
reduction strictly decreases a positive integer. The resulting torus coordinate change is a monomial
automorphism. In the new coordinates the relations are Y, = 1, 1 <4 < r, where r = rank ®. Each
¢;-th root is a distinct point in characteristic zero, and each choice leaves a torus of dimension di — 7.
Together with V', these are disjoint irreducible components: their coordinate rings are polynomial
Laurent domains. The component through the identity sets these first r coordinates equal to one,
which is exactly the saturation of ®. Its annihilator over k equals that of ®, proving the last claim.
O

Let W C k%+d1 he a vector subspace, and put £ = dim(W/(W NT(H))). Choose w1, ...,w, € W
independent modulo T'(H). The preceding generators of I(H ), and their derivatives modulo that
ideal, give a bilinear pairing with left kernel T'(H). Linear algebra therefore gives Py,..., P, € I(H)
such that

Dy, P; = 6;; (mod I(H)).

This assertion extends to a finite union Z = |J;_; (g, + H) of distinct cosets.

Indeed, whenever g ¢ H, one of the displayed generators gives a function zero on H and a nonzero
constant on g + H. Divide by that constant to get Ay, equal to one on g + H. Put

S
B, = H Aga—g, 0 T—g,, Qj = Z Bg(ZDJ oT g,).
b#a a=1
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On g, + H, B, = 1, while every other B, = 0. Thus Q; € J := I(Z), and differentiation gives
Dy, Q; = 05 (mod J).

The terms differentiating B2 vanish on the same coset because PjoT_,;, =0 there, and on every
other coset because B, = 0 there.

Lemma (transverse jet count). Give R its multidegree filtration Fp: total additive degree is at
most Dy, and the absolute exponent in each Yj is at most D;. For an ideal A C R, write

Suppose every element of A vanishes on Z, with all derivatives along W of total order at most S.
Choose a multidegree bound C for the @; above. Then, for every D,

Ha(D + 5C) > (5 Z E) M., (D). (8.59)

No primarity assumption on A is needed for this filtered inequality.

Proof. For multi-indices o, 8 € Zéo with || < |a|, the Leibniz rule gives

alP, B =a,
0, B#a

When fewer than |a| derivatives are applied, at least one undifferentiated (); remains in each Leibniz
term. When exactly |«a| are applied, a term can survive modulo J only if each Q-factor receives
exactly one derivative and P receives none. The congruences D,,,Q; = d;; modulo J then require
B = « and give the factor a!. This proves (8.60).

Dg}l fo; (PQT---Qy) = { (mod J). (8.60)

Choose FE C Fp complementary to Fp N J, with basis P,..., Py; here N = H (D). The products
P~ 1<i<N,|a| <85, have degree at most D+ SC. They are independent modulo A. Otherwise
write a nonzero relation as ), P,Q® € A, P, € F, and choose a nonzero P of minimum total index
degree. Apply D?. The derivative lies in J by hypothesis, whereas (8.60) makes it congruent to 3!Pg.
(79

Characteristic zero and E N J = 0 give a contradiction. There are indices, proving (8.59). O

This is the linear-algebraic multiplicity factor in Wiistholz’s lemma; compare [Waldschmidt 2000].
The proof here gives the filtered inequality directly. To obtain a bound on the leading degree of an
intersection one must also control its dimension and multigraded Hilbert function.

For a concrete example, let G =k x k*, H={(0,1)}, Q1 = X, Q2 =Y — 1, and let W have basis
Ox,Ydy. The two first derivatives give the identity matrix modulo J = (X,Y — 1). For S = 2, the

six products
1, X, V-1, X% X(Y -1), (Y —1)?

are independent modulo J3. In fact they form a basis of R/J?: terms of degree at least three vanish,
andY 1= (1+(Y —-1))"'=1—(Y —1)+ (Y —1)%2. The ordinary derivative matrix has determinant
4; dividing row S by ! gives determinant one. Thus the multiplicity count (3) = 6 is attained
exactly. auxiliary_jets.py verifies the matrix and the vanishing of all degree-three generators under
the six jets.

Hilbert functions and the multiplicity degree

We need the leading degree of the filtered functions just introduced. The Noether normalization
theorem proved in Krull dimension and Noether normalization, Corollary 3.2, applies to every
nonzero finite-type k-algebra, including a nonreduced algebra. It contains an embedded polynomial
algebra over which it is finite. Theorem 4.2 and the paragraph following its proof in Section 4 of
that lesson show that the number of parameters is its Krull dimension. We use this full form below.
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The following argument supplies the multigraded filtration needed here.

Lemma (multigraded polynomial and dimension). For a proper ideal A C R, H (D) agrees
with a polynomial pa(Do,...,Dg,) when all coordinates are sufficiently large. Its total degree is
e = dim(R/A). Write pa . for its homogeneous part of degree e, and define

H(A; D) = el pac(D). (8.61)

This polynomial is strictly positive when every coordinate of D is positive. A fixed shift of the
filtration has the same leading part. If A C B are proper ideals of the same dimension, then
H(B;D) < H(A; D) for every D > 0.

Proof. Introduce a polynomial ring with one additive block (¢g, X1, ..., X4,), and multiplicative
blocks (t;,Y},Z;), 1 < j <di. A polynomial homogeneous of degree D; in every block maps onto
Fp by setting every t; = 1 and Z; = ijl. Surjectivity follows by homogenizing each Laurent
monomial: use Yjuj for u; >0, Z; " otherwise, and pad with tj[-)j_‘uj |; pad the additive monomial in
the same way. Let A be the direct sum, over all multidegrees, of the kernels of these maps followed
by reduction modulo A. Multiplication respects the evaluation maps, so Ais a multihomogeneous

ideal. Its quotient has multidegree-D dimension exactly Ha(D).

We give the polynomial count explicitly. Choose a monomial order and let M be the ideal generated
by the leading monomials of elements of A. This monomial ideal has finitely many minimal generators.
Here is the finite combinatorial fact needed for that assertion: every infinite sequence in Z%, has
an infinite subsequence nondecreasing in every coordinate. For one coordinate, either some value
occurs infinitely often or one can successively choose increasing values. Repeat for the finitely many
coordinates. Thus an infinite set of incomparable minimal exponent vectors is impossible. Every
exponent vector above a minimal one is a multiple of it, which proves finite generation of M.

Choose a multihomogeneous polynomial for each of those leading monomials. Polynomial division by
this finite list shows that the monomials outside M span the quotient, with multidegree preserved.
They are independent: a nonzero linear combination in A would have a leading monomial in M.
Hence they are a basis in each multidegree. If a block contains ¢; variables, the number of its
monomials of degree D; divisible by a fixed monomial of block degree ¢; is

Di—ci+q—1
¢ —1

for D; > ¢;. Inclusion—exclusion over the finitely many generators of M uses their least common
multiples, and multiplies these counts over the blocks. It gives a polynomial in all D; once those
coordinates exceed the finitely many bounds ¢;. This proves existence of p4, also for a nonradical
ideal.

To identify its degree, give R/A the ordinary generator filtration in the images of Xj, Y], Y{% and
denote its dimension function by h(t). Noether normalization gives an embedded k[z1, ..., 2| over
which R/A is finite. Each z; is a polynomial of bounded generator degree. Its independent monomials
of degree at most a fixed positive multiple of ¢ lie in the generator filtration, giving h(t) > t¢. For
the reverse bound, choose finitely many module generators over this polynomial algebra. Express
multiplication by each original algebra generator on those module generators using polynomial
coefficients. The degrees of this finite collection of coefficients are bounded. A product of ¢ algebra
generators consequently has coefficient degree at most ct + ¢/, by induction on its length. There are
O(t¢) such coefficients, so h(t) < t¢. The constants may depend on A; both inequalities also hold
when e = 0.

For every positive integer vector D, the space F;p contains the ordinary filtration of order ¢ min; D;
and is contained in that of order ¢ >, D;. Therefore H 4(¢D) has upper and lower bounds by positive
constant multiples of t¢. If p4 had total degree greater than e, its top homogeneous part would vanish
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on every positive integer vector D, and hence identically. A polynomial vanishing on that entire grid
is zero, by induction on the number of variables. This contradicts its being the top part. Its degree
cannot be less than e by the lower growth bound. The same lower bound shows p4 (D) > 0 for
positive D. The conclusion extends to positive rational D by homogeneity. Filtered monotonicity
makes the leading polynomial nondecreasing in each coordinate on positive rational vectors. For a
positive real D, choose a positive rational D’ < D; continuity then gives pa (D) > pa(D’) > 0.

A fixed coordinate shift changes only lower total-degree terms. Finally A C B gives a surjection on
every filtered quotient, so Hp(tD) < H(tD). Divide by t¢ and take the limit for positive integer D,
then extend by homogeneity and continuity to every D > 0. OJ

Translation preserves Fp, so all translates of an algebraic subgroup have the same H. For the whole
group, counting its monomials gives

H(I(G); D) = (doc"l;!dl)! D 1 (2D;). (8.62)

j=1
An empty product is one. For Z = J;_,(g9o + H) and J = I(Z), we also have
H(J; D) = s H(I(H); D). (8.63)

Indeed, restriction gives an injection from the filtered quotient by J into the sum of the s filtered
quotients by the coset ideals. In the other direction the functions B, constructed above are one on
their own coset and zero on all the others. Multiplication by them injects the direct sum of the
filtered coset quotients of degree D into the quotient by J of degree D + C', where C' bounds their
degrees. These bounds have the same leading term by the lemma, proving (8.63). The ring of this
disjoint union is the product of the coset rings: the same B, give a surjective restriction map, with
kernel J. In particular its dimension is dim H.

Theorem (multiplicity degree). Suppose A C R has quotient dimension dim H, and every
element of A vanishes along W to all orders at most .S on the finite union Z above. Then

S+1

H(A;D) > ( )

) sH(I(H);D) (D >0). (8.64)

For positive integer D, substitute tD in (8.59), divide by t%™# and use the fixed-shift assertion
and (8.63). Homogeneity and continuity supply all nonnegative D. This proves the full multiplicity
lower bound of [Waldschmidt 2000], with its dimension hypothesis retained. The intersection upper
bound is a separate ingredient.

Intersections and the multiplicity estimate

For a module over a Noetherian ring, the union of its associated primes is its zero-divisor set, by
Theorem 1.2 of Associated primes and primary decomposition. The associated set of a finite module
is finite by Theorem 2.2. Its localization is described in Theorem 3.1.

For a nonzero finite module over a Noetherian local ring, quotienting by a regular element in the
maximal ideal lowers both its dimension and depth by one. This is Lemma 2.1 and Theorem 2.3
of Regular sequences, depth and Cohen—Macaulay modules. Consequently a regular quotient of a
Cohen—Macaulay module is again Cohen—Macaulay. Theorem 4.1 proves that its associated primes
are precisely its minimal support primes, and all corresponding quotient dimensions equal its support
dimension.

The passage from a module over a local ring to the quotient ring acting faithfully on it introduces
no additional assumption. Under a local surjection B — C, every sequence in the maximal ideal of
C lifts to one in that of B, with exactly the same successive actions on a C-module; hence their
depths agree. Its supports correspond under the closed embedding Spec C' < Spec B, with the same

32


https://kokunoyumeto.github.io/open-math-courses-public/courses/AG-CA/associated-primes-and-primary-decomposition.html#1-annihilators-that-are-prime
https://kokunoyumeto.github.io/open-math-courses-public/courses/AG-CA/associated-primes-and-primary-decomposition.html#2-exact-sequences-and-finite-control
https://kokunoyumeto.github.io/open-math-courses-public/courses/AG-CA/associated-primes-and-primary-decomposition.html#3-localizing-the-associated-points
https://kokunoyumeto.github.io/open-math-courses-public/courses/AG-CA/regular-sequences-depth-and-cohen-macaulay-modules.html#2-depth-and-its-homological-measurement
https://kokunoyumeto.github.io/open-math-courses-public/courses/AG-CA/regular-sequences-depth-and-cohen-macaulay-modules.html#4-when-dimension-detects-regularity

chains of primes, so their dimensions agree as well. This proves the quotient-ring compatibility of
the Cohen—Macaulay condition directly.

The coordinate ring of H described in (8.57) is a finite product of polynomial Laurent rings. A
field is Cohen—Macaulay of dimension zero, and polynomial rings over it are Cohen—Macaulay by
Theorem 5.3. Laurent rings inherit the property by localization. A prime of a finite product belongs
to one factor: the orthogonal factor idempotents sum to one, so exactly one survives in the domain
quotient by that prime. Its local ring is the corresponding factor’s local ring. Thus the product is
Cohen—Macaulay. The subgroup description also shows that all these factors have dimension dim H.

Let B be an equidimensional finite-type Cohen-Macaulay k-algebra of dimension D, and let f be a
nonzerodivisor with B/fB # 0. Every maximal localization By, has dimension D: each component
through that closed point has dimension D, and Theorem 6.1 of Krull dimension and Noether
normalization applies with residue transcendence degree zero. At every maximal ideal containing f,
its regular quotient is therefore Cohen—Macaulay of dimension D — 1. All prime localizations of that
quotient are Cohen—Macaulay by Theorem 5.1, proving that B/fB is Cohen—Macaulay.

For any minimal prime p of B/fB, choose a maximal ideal m containing it. The localized prime py,
is minimal, so the associated-component theorem gives

dim(B/p)m = D — 1.

Here p also denotes its inverse image in B. The algebra B/p is a finite-type domain, so Corollary 4.4
of Krull dimension and Noether normalization identifies this local dimension with dim B/p. Every
component of B/ fB therefore has dimension D — 1, proving equidimensionality.

The associated primes of any Cohen—Macaulay ring are globally minimal as well. For p € Ass(B),
choose m D p. Localization makes py, associated to the Cohen—Macaulay local ring By, hence
minimal by the associated-component theorem. A smaller prime of B would remain strictly smaller
after localization at m, a contradiction. These are the exact facts used in selecting the subsequent
regular equations.

Lemma (intersection upper bound). Let H C G be an algebraic subgroup, and let J C R
be a proper ideal generated by I(H) and a family F' C Fp, where all coordinates of the integer
multidegree D are positive. Then

H(J;D) < H(I(H); D). (8.65)

These positive multidegrees are the ones used in the logarithmic estimates below.

Proof. Put Ay = I(H), eg = dim H, and ¢ = eg—dim(R/J). We construct A; = (I(H), f1,..., f;) C
J for 0 < j < ¢, whose quotient is Cohen—Macaulay and equidimensional of dimension ey — j. For
4 = 0 this was just proved from the subgroup description. If j < ¢, none of the associated primes of
R/A; contains the whole family F'. Such a prime would contain J, and would give a quotient of
dimension eg — j > dim(R/J), which is impossible. For each of the finitely many associated primes
choose one member of F' outside it. A k-linear combination of these choices can be taken outside all
the primes at once. Explicitly, use coefficients 1,¢,...,t*"!. Modulo each prime this is a nonzero
polynomial in ¢ over a domain, so at most a — 1 values of ¢t € k make it zero. The field is infinite,
and a value outside the finite union suffices. The chosen f;1; has multidegree at most D and is
a nonzerodivisor on R/A;. The quotient remains proper because A;1 C J. The preceding local
argument gives the claimed dimension and Cohen-Macaulay properties at the next step.

We check the degree decrease at each step rather than appeal to a Bézout formula. Multiplication
by f = fj+1 injects the filtered quotient of degree T' by A; into that of degree T'+ D. Its image lies
in the kernel of the natural surjection to the filtered quotient by A;,;. Consequently

Ha, (T + D) < Ha, (T + D) —Ha, (T). (8.66)

J
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Take T = tD. If e = dim(R/A;), the leading term on the right is e pa, (D)t~ '. The left side has
degree e — 1. Comparison of these terms gives H(A;41; D) < H(Aj;; D). At the end A, C J and
both quotients have the same dimension. The last assertion of the Hilbert-function lemma gives

H(J; D) < H(A¢; D) < --- < H(Ao; D),

which is (8.65). O

We can now prove the multiplicity estimate used for nonvanishing. For a subset ¥ C G containing
the identity, write X[r] for all sums of 7 of its elements, and £[0] = {0}. Vanishing through order M
along W means vanishing of every composition of at most M derivations D,,, w € W.

Theorem (multiplicity and a proper subgroup). Let H_ C H; C G be connected algebraic
subgroups, let d = dim H; > 1, and let W C T(Hy). Suppose P € Fp, for a positive integer
multidegree D, is nonzero on Hy but vanishes through order dS along W on X[d] + H_, where
3. C H, contains the identity and S > 0 is an integer. Then there is a proper connected subgroup
H_ C H, C Hy such that, with £ = dim(W/(W NT(H,))),

S+4
< ’ )#((E +H,)/H,)H(I(H.); D) < H(I(H;); D). (8.67)
The quotient set is finite. Moreover H, is an irreducible component, inside H, of the zero set of a
family of elements of Fp.

Proof. First take H_ = {0}. Let A, be generated by I(H;) and
(Dw, =+ Dy, P)o Ty, y€X[r—1], 0<t<(r—1)85, (8.68)

and let X, be its zero set. The degrees of these generators do not exceed D: translations and
invariant derivatives preserve the block degree. The identity in ¥ gives

Hy 2 X122 X1

The last set contains the identity by the assumed multiplicities, while X; is proper because P is
nonzero on H,. Its initial dimension is at most d — 1. Among the d subsequent inclusions there
is therefore a pair X, X,11, 1 < r < d, with the same dimension. Choose a common irreducible
component V of that dimension. Such a common component exists: a component of X, ;1 of maximal
dimension is contained in a component of X, of the same dimension, so the two are equal.

Define
E={g:9+V CX,}, H={g:9g+V =V}

Both sets are closed. For example E is the common zero set of the translates Q o T,, Q € A,
v € V. For H, apply the same description with X, replaced by V; an inclusion of an irreducible
translate of V' in V, of the same dimension, is equality. This also proves that H is a subgroup.
Every g+ V contained in X, must be one of its finitely many maximal-dimensional components. For
any such component that is a translate of V', the translating elements form one coset of H. Thus
E is a finite union of H-cosets. Since V C H, the stabilizer H lies in H;; and v+ H C V gives
dim H <dimV < d.

Let B be the ideal generated by I(Hy) and the functions
(Dw, =Dy P)oTypy, ve€X[r—1,veV, 0<t < (r—1)58.

Its zero set is F, so it is proper, has quotient dimension dim H, and is generated relative to I(H;) by
elements of Fp. Theorems 2.1-2.2 of The Nullstellensatz and Jacobson rings show that the radical of
B is the ideal of its zero set E. They apply because the coordinate algebra is of finite type over the
algebraically closed field k: adjoining variables for the inverses presents each Laurent coordinate by
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the relation Y;Z; — 1 = 0. Thus its maximal ideals are precisely its k-valued points, and the radical
is the intersection of their vanishing ideals. Replacing an ideal by its radical preserves the primes
containing it and all their chains, so R/B and R/ /B have the same dimension. The intersection
upper bound gives

H(B;D) < H(I(H4); D).

Every element of B vanishes through order S along W on ¥ 4+ H. For a displayed generator, its
extra derivatives have total order at most rS; its arguments lie in X[r] + V', because v+ H C V. It
therefore vanishes by V' C X,.y;. For the generators in I(H, ), use W C T(Hy). The Leibniz rule
extends this statement to the whole ideal B. In particular ¥ + H C F, so it is a finite union of
cosets. The multiplicity lower bound (8.64) now gives (8.67) with H in place of H,.

Replace H by its identity component Hy. If a is the number of components of H, (8.63) gives
H(I(H); D) =aH(I(Hp); D). The number of cosets of Hy met by 3 is at most a times the number
of H-cosets met. The tangent spaces are equal by (8.58). Thus the inequality remains valid for
H, = Hy. Also Hy is a component of F, which is defined inside H, by the displayed family of degree
at most D. This proves all assertions in the first case.

For general connected H_, apply that case to ¥’ = X + H_. Since d > 1 and H_ is a subgroup,
Y[d] = X[d] + H-. The resulting H, meets ¥ in only finitely many cosets. The connected set
H_ C Y lies in their disjoint finite union, and contains the identity; therefore H_ C H,. Now
¥+ H, =Y+ H,, giving exactly (8.67). O

This supplies Philippon’s multiplicity mechanism for the positive multidegrees used in the present
lesson, with its relative subgroup, tangent quotient, coset count and component conclusion. The
original theorem is credited in Damien Roy’s multiplicity chapter in [Waldschmidt 2000)].

Finite sets and quotient fibres

Two elementary counting facts connect the algebraic groups with the exponent sets used for
interpolation. First, if £1,..., ¢, are Q-linearly independent, the multiplicative group generated by
o = e’ has rank at least n — 1. In fact, on the integer kernel

L={ueZ":af* - -am =1}

the map u +— (3°; u;f;)/(27i) takes integer values and is injective. Its image is a subgroup of Z, so
L has rank at most one. The same argument for the kernel modulo roots of unity takes values in Q,
and any two such integer vectors are rationally proportional. Thus the free rank cannot drop by
more than one.

More generally, suppose the multiplicative group generated by a1, ..., a, has free rank at least n — 1.
The integer kernel L then has rank at most one, by tensoring the homomorphism from Z" to that
finitely generated group with Q. If 7> 1 is an integer and A C Z" is finite with |s;| < T'/2 for all
s € A, it follows that

#A

T

#{a®:s€ A} > — (8.69)

If L =0, the map is injective. Otherwise a fibre lies in a translate of the rank-one lattice L. Choose
a coordinate in which its generator is nonzero. In that coordinate the distinct fibre points are
separated by at least one, and belong to an interval of length strictly less than T". There are at most
T of them. Summing these fibre cardinalities proves (8.69).

Second, for a finite nonempty A C k™ and a vector subspace V, put Ay = (A — A) NV, and let
my k" — k™ /V. In each nonempty fibre choose one point ag. The map a — a — ag injects that
fibre into Ay. Consequently

#A < #ny(A) #Ay. (8.70)
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If V! C V, the same choice shows that the number of V’-cosets in each V-fibre is at most #my (Ay):
subtracting ag preserves distinctness of the finer cosets. Hence

#m(A) < Fmy (A) #mv(Ay). (8.71)

These statements require no symmetry or convexity of A. They are the precise finite-set facts used
in the subspace reduction; compare [Waldschmidt 2000].

Keeping the separate coordinate degrees in the zero estimate

For the final zero estimate use the positive polynomial filtration on G = G, x GJ,:
F} =span{X®Y" ... Y,% :0 < a; < D;}.

Its image modulo a Laurent ideal A has dimension hjg(D). The coordinate degrees of the final
auxiliary polynomial are bounds in this filtration. Translation and the invariant derivations preserve
it.

The following refinement of (8.65) keeps the coordinate degree vector L fixed while varying the
counting vector D. Write Ny = n + 1, and let pJAfy .(D) denote the leading homogeneous part of its
Hilbert polynomial, where e = dim(R/A). If J ¢ R = k[X, Y{X, ..., Y,;F] is a proper ideal generated
by polynomials of coordinate degrees at most L € Z]>V8, and r = Ng — dim(R/J), then

PIng—r(D) <coot I Y |IRZZRRIRZAE (8.72)
BC{0,...,n} \jEB i¢B
|Bl=r
The notation means that every coefficient of the difference on the right is nonnegative. Zero
coordinate degrees are allowed.

Proof. We supply the positivity needed to iterate the intersection argument. Homogenize the
positive filtration with two variables in each coordinate block, the coordinate and its homogenizer.
For a Laurent ideal A, take the multihomogeneous kernel of evaluation into R/A. Its degree-D
quotient has dimension h{(D), just as in (8.61).

This dimension function has a polynomial of total degree dim(R/A). To check the dimension
point, its exhaustive affine algebra is k[X,Y]/(ANE[X,Y]). The contracted ideal is saturated by
Y1 -+ Y, so multiplication by that product is injective in this algebra. No minimal prime contains it:
minimal primes are associated primes, by the cited commutative-algebra result. Every irreducible
component therefore meets the torus open set. Its fraction field, and hence its dimension by Noether
normalization, is unchanged on that open set. The positive-generator filtration and the box filtration
bound one another as in (8.61), proving the degree assertion.

We need a stronger positivity fact, valid also for finitely generated multigraded modules over this
homogenizing ring: their nonzero leading Hilbert polynomials have nonnegative coefficients. Here is
a finite monomial proof. Choose a homogeneous presentation by a finite free module and replace
its relation submodule by its leading monomials. Polynomial division gives the same homogeneous
dimensions. For each free-module component its forbidden monomials form a finitely generated
monomial ideal, by the coordinatewise subsequence argument in (8.61). Choose a threshold larger
than every exponent in its finitely many generators. Partition each exponent coordinate into the
finitely many individual values below the threshold and the ray above it. Every resulting rectangular
cell is entirely allowed or entirely forbidden. Thus the allowed monomials are a disjoint finite union
of sets
xklxj: j € B,

as vector-space bases, with the appropriate free-module degree shift included in a. If a coordinate

block has ¢; free variables, its degree count is (D “{Zf{hfl). When ¢; = 0, that cell contributes zero
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once D; is large. Otherwise ¢; € {1,2}, so the leading term is one or D;. Every surviving cell has a
positive, squarefree leading monomial. There is no cancellation between these counts, proving the
asserted positivity and existence of the module Hilbert polynomials.

As in (8.65), choose a regular sequence f1, ..., f, inside J, each a scalar combination of its degree-L
generators. Its successive Laurent quotients are proper, Cohen—-Macaulay and equidimensional, with
dimensions Ng — 1,..., Ng — r. The same associated-prime avoidance proof applies, even if some
Li = 0. Put Aj = (fl, .o ~7fj>-

Homogenize f = fj41 to degree L. Multiplication by it injects the graded module for R/A;, shifted

by L, into that module: evaluation reduces this to the nonzerodivisor assertion in the Laurent

quotient. The quotient module maps onto the graded module for R/A; ;. Its Hilbert polynomial is
ph (D) —ph (D —L).

If e = dim(R/A;), its degree-(e — 1) part is Oijgj’e(D), where 0, = Y, L;0/0D;. The kernel of the

graded surjection is a finitely generated multigraded module. The positivity just proved shows that

pXjJrl,e—l(D) Scoeff 8LPJ,¢EJ-7@(D)'

If the derivative vanished, this would contradict the positive degree-(e — 1) polynomial of the
proper regular quotient. Thus zero entries of L introduce no exception. The operator J;, preserves
coefficientwise inequalities because L; > 0. Starting with pa No (D) =TI, D; and iterating gives

pjtho_r <coeff 82 H D;.

(2

The graded surjection from R/A, to R/J, of the same dimension, has another finitely generated
kernel with positive leading coefficients. Hence it gives the same coefficientwise comparison for J.
Each distinct set of r derivatives appears r! times in 9 [[; D;. This is exactly (8.72). O

The multiplicity lower bound (8.64) applies to the positive filtration as well. Indeed, the finite
Laurent jet polynomials and coset-separating functions in its proof can all have their denominators
cleared by a fixed monomial. This changes their degrees by a fixed vector. That monomial is a unit
on every coset in GG, so the diagonal jet maps remain injective; the off-diagonal terms are triangular
by the Leibniz rule. The same filtered dimension inequality therefore holds with a fixed shift. Taking
leading parts removes the shift. In the normalization without the factorial e!, it gives

Pt (D) > (S i ") Epf, (D). (8.73)

g

Here H is a connected component subgroup of dimension e, the ideal vanishes through order S along
W on E distinct H-cosets, and o = dim(W /(W NT(H))). This proves the positive-filtration version
directly from the jet construction above, with the same multiplicity factor.

The subgroup polynomial and its integer minors
Let H = H, x H,, be connected. Write
M={ueZ":Y*=1on H,}, v=rankM, d=n-v,

and put €, = 1 when H, = G,, and zero when H, = {0}. The lattice M is primitive by the subgroup
classification. Its basis matrix U, whose columns are a basis, has n rows and v columns. For |J| = v,
put da(J) = | det Uy|; the empty minor is one. The exact positive-filtration polynomial is

Plmyare, (D) =05 > dm(J) ][ D (8.74)
JC{1,...,n} i¢J
|J|=v
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Proof. Extend U to a unimodular integer matrix V = (U, B), using the primitive-basis extension
proved above. The bottom d rows W of V! give a surjection Z" — Z% with kernel M. Write w;
for its columns. Distinct monomials on H,, are distinct characters of Z" /M, so they are linearly
independent by the group-algebra description. The torus Hilbert function is therefore

#{Zajwj:ajez, OSCLJSD]}

J

For a fixed positive integer vector D, consider the zonotope Z(D) = > [0, Djlw; C R?. The
preceding set for tD lies in tZ(D) N Z%. There is also a uniform reverse inclusion away from the
boundary in coeflicient coordinates. Choose C' larger than half the sum of the absolute entries in
each row of U. If an integer vector y has a real representation y = Wa with C' < a; < tD; — C,
choose an integer preimage ag under W. Write a — a9 = Uz, round each coordinate of z to its
nearest integer, and put a’ = ag + U|z]. Then Wa' = y, d’ is integral, and |a} — a;| < C. Thus
0< a;- <tD;. Consequently the counted set contains all integer points of

C> w;+ > [0,tD; — 2CTw;
i j

for sufficiently large t¢.

For a fixed full-dimensional polytope K, counting integer points in its large dilates differs from volume
by O(t?~1). To verify the estimate, attach a unit cube to each integer point. Cubes entirely inside
or outside agree with the volume count; the discrepant cubes meet a bounded width neighbourhood
of the boundary. A polytope has finitely many faces, and each such neighbourhood has volume
O(tdil), by taking a bounded thickness over its face. The same estimate applies to the displayed
shrunken zonotope: its generators differ by fixed vectors, so the full and shrunken bodies differ only
within a bounded width of their boundaries. It follows that the Hilbert function divided by t¢ tends
to volg Z(D).

We also verify the zonotope volume formula:

volg Z(D) = > |det Wy | ] D (8.75)
|I|=d iel

For a convex polytope K and a vector v # 0, slice in the direction v. Each nonempty fibre is an
interval, and adding [0, v] increases its length by |v|. Integration gives vol;(K + [0,v]) = volg K +
|v| volg—1(m,L K). This identity remains valid for lower-dimensional polytopes; zero-dimensional
volume is one for a point. Induct on the number of segments and on dimension. The projection is a
zonotope, and |v| times a projected (d — 1)-determinant is the absolute d-determinant with final
column v. This yields (8.75), including zero or dependent columns. For d = 0 both sides are one.

Finally the complementary minors satisfy |det W;| = | det Usc|. Here is an elementary verification.
Contract the exterior product of all columns of V' = (U, B) successively with the bottom d row
functionals of V1. Each functional kills the columns of U and takes values d;; on those of B; the
result is, up to sign, the exterior product of the columns of U. Expanding the same contractions in
the standard coordinate basis gives det V' times the complementary minors of W. The contraction
rule follows by multilinearity and alternation, and |det V| = 1, proving the identity. Taking the
leading Hilbert part now proves the torus formula. For H, = G,, the independent powers of X
multiply the Hilbert function by Dy + 1; for H, = {0}, evaluation at X = 0 leaves it unchanged.
This proves (8.74) on positive integer vectors D, hence as a polynomial identity. [J

In codimension 7 = v + 1 — €, write 0(H;J) for the coefficient of [[;¢; D;. Formula (8.74) says
exactly
S(H;J)=dm(J) (ea=1), S(H;{0}UJ) =dm(J) (eq =0). (8.76)

All coeflicients are nonnegative integers, and at least one is positive. This is the minor calculation
used in [Matveev 2000], supplied here with equality for the positive filtration.

38



A weighted zero estimate with uniform allocations

The final auxiliary function uses equal allocations of zeros and multiplicities. We prove that version
directly from our multiplicity construction. This establishes the exact weighted consequence needed
below; it makes no claim to the more general unequal-allocation version of [Matveev 2000].

Let n > 2, b€ Z", b, # 0, and let A\; = log?); be chosen logarithms of nonzero algebraic numbers,
linearly independent over Q. Put g = (1,94,...,9,) in G, x G, and

Wy, = span {8)(, banayj —b;Y, 0y, : 1<j< n}

Take integers X, M > 0, degrees Lo, ..., L, > 0, and define a = | X/(n+1)], S = |[M/(n+1)].
Assume, for every 1 <r < n-+1,

S+r—9o, n+1
1 ’ ! L; .
(a+ )( S ) > 7l JCI{I(IJE,%Xjn} H s (8.77)
|J|=r
and assume also
2
S b\ <X77r1, S+1>L; (1<j<n), nn+1)Ly>S+n. (8.78)
J

Suppose a nonzero polynomial P of coordinate degrees at most L vanishes through every Wj-
derivative of order at most M at g*, 0 < x < X. For any positive weights A;, there are 1 <v <n
and independent integer vectors Z1, ..., Z,,, whose rational span contains b. Writing A} = 3_, A;]Z; 4],
at least one of

(a+1)<S+V )HA’<C s I AL, (8.79)
(a+1)<5j”>HA; (v +1)C, Loll}laxHAL (8.80)
i T jed
holds, where
1/2
C, = 2/(2n/m)"*T(1 + v/2) V! (Z) . (8.81)

Only independent vectors, rather than an integer basis, are asserted or needed.

Proof. Apply the stabilizer construction in (8.67) with the whole group, the point subgroup, and
Y ={¢":0<x<a}. Its (n+ 1)-fold sum lies among the given zeros, and the required (n + 1)S
derivatives are available. Although some degrees may be zero, the construction of its ideals and
stabilizer uses only degree preservation and nonvanishing of P; these steps are unchanged. Its ideal
B is proper, is generated by polynomials of coordinate degrees at most L, and has dimension that of
a proper stabilizer subgroup. Let H be the identity component of that subgroup. The ideal vanishes
through order S on ¥ + H. Use (8.72) for B and (8.73) for these distinct connected H-cosets. Thus,
for every codimension-r coordinate set J,

E<S j U) < [lLj, E=#(S+H)/H), o=dmW,/(W,NT(H))). (382)
jeJ

To justify extraction of each coefficient, the difference between the upper polynomial and the subgroup
polynomial is nonnegative on every positive vector D. Both leading polynomials are squarefree of
degree dim H. Send the coordinates in the chosen degree-dim H monomial to a common infinity and
keep all the others equal to one. After division by that power only the desired coefficient remains. In
dimension zero there is just the constant coefficient. This proves (8.82) even without a coefficientwise
formulation of the multiplicity lower bound.
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Because W} has codimension one in T(G), 0 = r — 1 if T(H) C W}, and 0 = r otherwise. The
former condition is equivalent to b € Mg: the torus tangent of H is the annihilator of its relation
lattice M.

First exclude a period g9 € H, 1 < g < a. Its additive coordinate forces H, = G,. Every u € M
satisfies u - A = 2mwik(u)/q, with k(u) € Z. Independence of the logarithms makes this map injective,
so M has rank at most one. Properness of H forces rank one, with a primitive generator v and
k(u) # 0. If T(H) C Wy, then b = mu for a nonzero integer m. Integrality of m follows from
the primitivity of w. Hence |b- A| > 27 /q, contradicting (8.78). Otherwise r = o = 1, and some
torus minor 0(H;{j}) = |u;| is at least one. Inequality (8.82) gives 1 < L;/[E(S +1)] < 1, again a
contradiction. Therefore no period occurs and £ = a + 1.

If T(H) € Wp, some integer coefficient §(H; J) is at least one, and (8.82) contradicts (8.77). Here
r < n: when r = n + 1, the tangent is zero and lies in Wj,. It follows that T'(H) C W}, and b € Mg.
In particular v = rank M > 1.

We must still exclude v = n. If H, = {0}, then r = n+ 1, 0 = n, and its only coefficient is one. The
r =n+ 1 case of (8.77) contradicts (8.82). If H, = G,, then r =n, 0 = n — 1, and the coefficient on
all n torus coordinates is one. The same case of (8.77), together with

(% S+

(G I

n(n+1)Lo > S +n,

gives (a + 1)(51:?;1) > n![]j_; Lj. This contradicts (8.82) for that coefficient. Thus 1 < v < n, with
both additive possibilities accounted for.

Endow Mg with the Euclidean metric _; A2 2 The Gram determinant identity and (8.76), (8.82)

yield

n) 1/2 rlL, 1—¢a
(

la(M) < _
covol 4 ( )_< a—i—l)(S” il

max 1T 45L;. (8.83)

14 .
JjE€J

When 1 — ¢, = 0, the factor L8 means one, including when Ly = 0. Indeed the squared covolume is
> 1J|=v da(J)? [ies A?. For ¢, =1, r =v; for ¢, =0, r = v + 1, explaining both the binomial and
factorial.

The unit ball for }-; Aj|z;|, intersected with this span, contains the Euclidean ball of radius 1//n
by Cauchy—Schwarz. Its v-dimensional volume is at least
(x/m)"/2 () (2n))"?
Frl+wv/2) — T(1+v/2)"

The ball volume follows, for example, by integrating e~ 12* both as a product of one-dimensional
Gaussian integrals and in radial coordinates; the one-dimensional Gaussian integral is obtained by
squaring it and using polar coordinates in the plane. Apply the upper successive-minima inequality
(8.46) in this span. It supplies independent vectors with []; A} < 2" covols(M)/ vol, (unit ball).
They span Mg, hence contain b. Substituting (8.83) gives (8.79) or (8.80) with exactly (8.81). O

This proof independently supplies the uniform-allocation form of [Matveev 2000], including its
constant and integer-vector conclusion. It also spells out the rank-n exclusion separately for each
additive subgroup, where the tangent quotient has different dimensions.

Example of the separate degrees. The curve H,, = {(t?,t3) : t € G,;,} has primitive relation
(3,—=2). For H = G4 x Hy, (8.74) gives pj;(D) = D¢(2D; + 3D3). The defining polynomial
Y? — Y has coordinate bounds (0, 3, 2), and the right side of (8.72) is exactly this polynomial. With
Dy =4, Dy =8, its restricted monomials have exponents 2a + 3b, 0 < a <4, 0 < b < 8: these are
all the integers from 0 to 32 except 1 and 31, hence 31 independent characters. The leading count
2D1 4+ 3Dy = 32 omits the lower-order correction, as a Hilbert leading part should.
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For a multiplicity example, let H = {0} x G, and P(X) = ?:0 (X — j)* Its five additive cosets
have all derivatives through order three equal to zero. The leading Hilbert coefficient is 20 []i-; D;,
exactly the factor 5(3J{1) in (8.73); its coordinate degree is 20, so the sharp intersection bound is an
equality as well. The reproducible check matveev_ weighted_ zero.py also verifies complementary
minors, character counts and weighted Gram determinants for six subgroup examples, and the
numerical zero and induction bounds in dimensions 2 through 50. The finite examples supplement
the full proofs above.

Polynomial derivative bounds

Define the rising binomial polynomial

z2(z+1)---(z+h—1)
h! ’

For an integer H > 1and £ = Hq+ h, 0 < h < H, define

A(z,h) = A(z,0) = 1.

Az, 0, H) = A(z, H)IA(z, h).

Its degree is £. The use of fixed-size blocks controls the denominators of derivatives while retaining a
summable analytic bound.

Lemma (summable derivative majorants). For z,c € C, ¢ # 0, put

SICESHY

G:e<1+ 7

There are nonnegative numbers dy,, » such that

c—m dm+7'

A(ez, ¢, H)‘ = 80m-G*

mlr! dzm+T

and

> D bemr < fleH/e. (8.84)

>0 mir<t €

Proof. Apart from its denominator d, = (H!)?h!, the polynomial is a product of ¢ factors cz + j with
0 < j < H. Differentiating m + 7 times removes that many factors. Thus its normalized absolute

value is at most /

dgm!T!(l —m — )

lel™(lellz] + H = 1)
Sum over m, 7. The multinomial theorem bounds the sum by

(H + |e|(z[ + 1))
dy '

Divide each actual normalized derivative by G to define O¢,m,r- Their sum at fixed £ is at most
(H/e)!/dy. The integral inequality log H! > [ logtdt = Hlog H — H + 1 gives (H/e)" /H! < 1/e.

Therefore
(H/e)" _ (H/e)T " (He)
< 1 _11/6 exp(H/e).

This is (8.84). O
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Lemma (a multi-index factorial bound). Let 2,y € C/, m € Zém and let M > |m| =3 m; be
an integer. Suppose p > max{1l, M} and v > |m|+ > |z;| + > |y;| > 0. For

|t
p- > LB AGm)
J

!
tezy, I, 4!
[t|=M—|m|
one has " "
~ AL 1.1 <e'y)”
D<—, () D < — ] . 8.85
M W V2T \ i ( )
Proof. We have m s
yA +m J
|A(y;, my)| < #

The displayed sum for D, with this bound inserted, is part of the full multinomial expansion of
(X |z + X (ly;] +m;))M /M. All its terms are nonnegative, which proves the first bound.

After substitution of the first bound, the second assertion is equivalent to
Ve2mpptt
Mler  —

The logarithm of the left side has derivative (M + 1/2)/u — 1. For M = 0 it decreases on p > 1,
and its largest value is /27 /e < 1.1. For M > 1 the maximum occurs at 4 = M + 1/2. Using the
Stirling lower bound proved in Two logarithms II, Section 9, its logarithm is at most

1.1.

fi(M) = <M+;> log (1+2]1\4> —%.

This function decreases, since

'(M) = 1>_1
fl(M)—log<1+2M 2]\4<O.

For M > 2, the interval certificate checks f1(2) < log1l.1. For M = 1, use the exact factorial
instead: the maximum is (3/2)v/3m e~3/2 < 1.1. The same certificate verifies the two small numerical
comparisons. []

These are the complete analytic arguments of [Matveev 2000]. The proof of the factorial bound
distinguishes the exceptional small indices and uses the correct decreasing direction of f;.
Common denominators of polynomial derivatives

For H > 1, let dg = lem(1, ..., H). The rising-block polynomials just defined have the following
uniform arithmetic property:

ﬁ&m) (x,0,HYeZ  (xz€Z, {,m>0). (8.86)

Here the derivative is with respect to the first argument.

Proof. Write { = ¢H + h, 0 < h < H. The numerator of A(z + z,¢, H) is a product of ¢ blocks of
H consecutive integers plus z, and one block of h such factors. Its denominator is Dy = (H!)%h!.
Fix a prime p. In every interval of b consecutive integers at least [b/p’ | entries are divisible by p/.
Hence the number of factors divisible by p/ is at least

Aj=qlH/P |+ |[n/p ).

Legendre’s formula gives v,(Dy) = >_j Aj: count each integer’s contribution once for every prime
power dividing it. The coefficient of 2" in the numerator is a sum of products obtained by deleting
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m factors. Each nonzero such product has valuation at least > <y max{A; — m,0}. Products
containing a zero factor cause no difficulty. Consequently each summand divided by D, has valuation
at least

- Z min{A4;,m} > —m/|log H/logp| = —muv,(dg).
pI<H

Multiplication by d; makes every summand integral at every prime. The coefficient of 2™ is
A (z, 0, H)/m!, proving (8.86). For m > { it is zero. [J
We next supply the exponential estimate used for these denominators:

dg <31 (H>1). (8.87)

Proof. Apply the exponential least-common-multiple lemma in the earlier lesson Two logarithms II:
explicit lower bounds. Its factorial, entropy and exact finite-range argument proves the bound for
every integer H > 1. [

Combining (8.86)-(8.87), d¥ is a common denominator of all normalized derivatives of orders
0 <m < M, at every integer and for every block-polynomial degree, and

d]\H/[ < oHMlog3

No numerical approximation is needed for divisibility. The exact coefficient check in auxiliary_jets.py
also verifies 117,810 instances, including negative evaluation points, repeated blocks and zero factors.
This supplements the prime-by-prime proof.

An analytic companion, valid for every z € C and integer C' > 0, is

C

y4
) (Z) A (2,0, H)| < Clet+H (1 + ';') | (8.88)

m=0

To prove it, bound each factor by R = |z| + H — 1. Differentiation gives

(4R

(m) <
A, 1) < ]

Since (Sl)m' < C!, the sum is at most C!(R + 1)¢/D,. The factorial integral bound used in (8.84)
implies

Dg_l < H*er(H/h)h < H7Z€E+H7
with the factor for h = 0 interpreted as one. The inequality hlog(H/h) < H/e < H proves the
second step. This gives (8.88).

Finally, the change from derivatives to these polynomial columns preserves rank. If dg,...,dg are a
basis of polynomials of degree at most S, let ) be its invertible transition matrix:

(Luv <o 7uS)Q = ((50(@6), s ,55(@6))
For f(z) = P(z2)e'?, conjugating the derivative by e?* gives

N
5(001(:) = et - L po o) (389

k>0

Indeed, e %#9,¢e"* = 9, + t; the polynomial Taylor identity for ;(t + 9,) proves the formula, since
these operators commute. Consequently

(fof o Q= (50(02) £, .-, 05(02) f).

At every evaluation point this is multiplication of the derivative columns by the same constant
invertible matrix Q). It preserves rank and is compatible with the constant column combinations
in the vanishing lemma (8.169). Taking the rising-block polynomials as the d; gives the complete
arithmetic and basis-change steps of [Waldschmidt 2000], with the bound 3™ proved here.
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Choosing the arithmetic block length

The polynomial block length must satisfy two requirements: its derivative denominators must fit the
arithmetic budget, and its analytic growth must fit the coefficient weights. The bound dy < 3 is
enough if we choose that length accordingly.

Lemma (compatible arithmetic and analytic budgets). Let n > 2, k € {1,2},and B, N, D > 1.

Put
n= el+(n+0.53)/n,

8
¢=(n+21)2(n+ 1) (nn/2)",
eo=3n%/¢,  ca=2mn+1)(1+e),
Q = 3BNDlog(eD), t =logQ, Wo=1t+1,
Cop=4.4n+T7+5.5logn +log N + 2log D + loglog(eD).
Assume t > 35/2, and choose

H = [9t/10), S = [logy{}e *n*NDlog(eD)}|.
Then H > 15, and, for every m > 0, the common derivative denominator proved in (8.86) satisfies
dyy < Q™. (8.90)

Let L>1,G=c1 LWy, and Ts = [27°L]. For 0 < s <5, 0 < v < n, suppose a nonnegative number
Zs, satisfies
Zs, <2Y(4DG + 3T + 3), Ry, =2°nZs, /L.

Writing K = 257%, one has
K(R 1
e <1 + (I;H> < e, (8.91)

Thus the same Cy controls the full summable derivative majorant (8.84), including its scaling factor
K.

Proof. We first give dimension-uniform bounds for the constants. For x = 1, direct substitution at
n = 2 gives £(2)/2% = 442.8¢3°3 > 15000. Moreover

§(n—|—1)/(n—|—1)3_2 n+3.1( n )2(n+2)”+2 8e

= > — > 1.
&(n)/n3 “nr21i\nt1 n+1 9

For k = 2, its £ is en/2 times the k = 1 value. Hence in both cases
€ > 15000n%, &9 < 1/5000. (8.92)

The displayed small numerical bounds are certified by matveev_ block_parameters.py; the recurrence
proves the infinite tail.

Since log3 < 11/10, the denominator bound (8.87) gives logdy < Hlog3 < (99/100)t < t. This
proves (8.90), including m = 0. It also bounds a denominator of order m < yu — M by Q"M which
is the form used with (8.85).

For growth, H > (9/10)t — 1, so
Wo < t+1 74 251

<<
H — (9/10)t—1 — 59 " 200
The ratio decreases with ¢, and its endpoint is t = 35/2. Also H > 15 and Ts < L. Therefore
KI]?,V < 25772n <4chW0 3T, —|—3>

H LH
S, on 51
<2792 Dg(n—f-l) =:U.
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Indeed
8(1+ 1/5000)(251/200) + 2/15 < 51/5,

where (375 +3)/(LH) <6/H <2/5 < (2/15)(n +1).

The definition of S gives
10000 < 2% < e~3n26 N Dlog(eD).

The lower inequality follows from (8.92), n > 2, and e® < 21. Since n > €2 > 7,

25 U

P .
H 15 < 10000
Thus 1+ K/H < U/1000, and the left side of (8.91) is smaller than

U > 10000,

1001 100151 _, )
2 1)én2"ND? log(eD).
1000V <To005¢ " (D og(eD)

It remains to bound &£n2". Its k = 2 value divided by its k = 1 value is (71/2)60'735*”/2 < 1. This
ratio decreases for n > 2, and is already below one at two. For x = 1, Stirling’s lower bound gives

ena < 27(41/20)e3-9
= V2T

Here n + 2.1 < (41/20)n, and (14 1/n)""! < 27/8. The last function decreases for n > 0, as is seen

by differentiating its logarithm. Finally n + 1 < 3n/2, log4 < 1.4, and the exact interval certificate
verifies

(463)nn5/2.

1001 51 327(41/20)e™%6
—_—= <e
1000 5 2 V21

Combining these inequalities bounds the growth expression by

(8.93)

e4.4n+7n5.5ND2 log(eD) _ BCO,

as required. [

In particular, for x € K~1Z,

dig 4™ A(Kz,l,H Z
m! K™ dzm (K24, H) o €L
The chain rule reduces this to (8.86) at the integer Kx. Combining (8.91) with (8.84), all normalized
mixed derivatives have a majorant e“o¢ whose remaining coefficients sum to at most ef/¢e/(e — 1).
This parameter choice uses the proved least-common-multiple bound while retaining the Cy of
[Matveev 2000]. The proof includes the term K/H needed when the additional derivative order is

nonzero.

Dyadic multiplicities and interpolation sets

The reproduction and division steps require a positive multiplicity budget even after T becomes
zero. The following exact counting statements keep that case visible.

Lemma (dyadic counting). Let n>1,6 >0, L>1,c=2(n+1)(1+¢), A = cL, and define
My= 14|, Ts=|2"°L|, Mg =M;—(n+1)Ts, M,,=M;—vT;.
For every s > 0,

eA
M, > )
=146

(8.94)
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Let D,G > 0, and put X; = [2DG/(Ts + 1)]. Use the finite real sets

Xoo = {—Xo, ..., Xo},
Xso = {+1,43,...,+2X, - 1)} (s> 0),
Xy ={-2"X,,...,2" X} (1<v<n).
Then
22 DG < | X, |(Ts + 1) < 2Y(4DG + 3T, + 3). (8.95)

Proof. The recurrence gives
S
My =My—(n+1)> T;+Ts.
=0

Let k& < s be the last index for which T}, > 1; it exists because L > 1. All later terms vanish, and
s k )
T, <LYy 27=rL2-2%, 2*L>1
j=0 =0

Since My > A — 1, it follows that

A
Myp>A—1-2n+ 1)L+ (n+1)27 %L + T, > 11 :
g

This explicitly uses the finite geometric remainder to absorb the rounding loss.

Write u = 2DG/(Ts + 1), so u < Xg < u+ 1. The three set sizes are respectively 2X, + 1, 2X, and
2v+1 X + 1. Multiplication by T + 1 gives the lower inequality immediately. Their rounding terms
are at most 3(7s + 1) for v = 0, and at most (2¥F! +1)(Ts + 1) < 3-2¥(T, + 1) for v > 1. This gives
the upper inequality. [J

When Ts = 0, X; = [2DG] stays fixed at all later division steps. The interpolation degree
|Xs | (Ts + 1) remains controlled by (8.95); one must not continue doubling X at those steps. These
are the full multiplicity and counting arguments underlying [Matveev 2000].

The initial auxiliary function

We now construct the first member of the auxiliary family. The finite conditions in this construction
will also identify exactly which numerical inequalities the later parameter choice must satisfy.

Suppose the logarithms Ay, ..., A, are rationally independent, and b,, # 0. Let M be the coordinate
lattice of the saturated logarithmic lattice in their span. The discreteness and basis argument
preceding (8.12) shows that

Z"C MCN'Z",  covol(M)=N"1,

where N = [M : Z"]. Indeed, the finite group M /Z", of order N, is killed by N. Each u € M
corresponds to an algebraic number f(u) € K* whose chosen logarithm is >- u;\;. Addition of
vectors gives multiplication of these numbers. Thus (3 is a character of M.

Let A; > max{Dh(c;),|\j|} > 0, put Q =[] A;, and choose L > 0, n > 2/n. In the real case let
% = 1 and use real logarithms; in the complex case let kK = 2. Define

wefuhi<oih W= fwews[Sunf<umh o= (3)

There is a finite set U in one coset of M, contained in W, with

Ul = Tpl = p. (8.96)
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To prove this, the logarithmic map on W has real rank at most x, and norm at most nL/2. The
clipped-volume lemma (8.16) gives vol(Wp) > (nn/2)~"L"/Q. Integrating the coset point count over
a fundamental domain, as in (8.21), gives a coset containing at least p points. Its count is an integer,
so it contains at least [p]. Retain that many. The use of the ceiling here requires only the proved
averaging argument, including when p is an integer.

Choose v € U, integers Lo, My > 0, a positive integer H, and ¢ = 2°. For coefficients Pru € K put

Lo
P(z,u) = Zpg}uA(cz, ¢, H),
=0

F(z,t) = Z P(z,u)e"t, teC, (8.97)
ueU
Xj(u) = bpuj —bju, (1 <j<n).
The function F' is entire in these additive coordinates. The torus operators become D; = b, 0; i b;0k,;

they commute with 9., and act on ¢** by multiplication by x;(u).

Choose w congruent to v modulo N~'Z", with |w;| < 1/(2N). Every Ny;(u — w) is an integer. For

an integer  and m’ = (mqg, m1, ..., my_1) define a row with columns (¢, u) by
dmO dmo
n_ % (o — , —p)®
agy(z,m') = ol dZmOA(cz,E, H) H A(Nx;(u—w),mj)B(u—v)*. (8.98)

R=T j<n

Here A(y,m) is the rising binomial polynomial defined before (8.84). The polynomial and differential
factors in (8.98) are integers. For the first factor this is (8.86) and the chain rule at cx € Z; for the
second it is integer-valuedness of the rising binomial polynomial at every integer. The remaining
factor belongs to K *. Consequently all rows belong to K7, where J = (Lo + 1)|U|.

The equations

> agu(z,m)pey =0, |m/| < My, (8.99)
XN
are equivalent to
OroD - D F(x,xX) =0, m/| < M.

Indeed, factoring out the nonzero e*”* leaves B(u — v)®. For each j, the polynomials A(N (x;(u) —
X;j(w)), m;) have degree m; and nonzero leading coefficient N7 /m;!. Their products therefore give
an invertible triangular change of basis on the polynomials in x1,..., xn—1 of total degree at most
Mo — my. Finally d7,°/(mo!c™) # 0. These operations preserve the common zero equations in both

directions. No algebraic value for e’ is needed.

We give an explicit coefficient estimate. Let X > 1 be an integer, use x = —X,..., X, and set

I=(2X +1) <M°n+ ”) .

This is the number of equations, with repetitions allowed: the stars-and-bars count of nonnegative
n-tuples of total at most My is (M(;:r”). Let u > max{1, My}, @ > 1, and Cy > 0, and assume

dH S Q7
Mo+ ) INxj(u—w)| <pQ (ueld),
J‘;z ’ (8.100)
¢ (1 + ‘W) < (2] < X).
H
Write -
— € Hfe _ . "
Cr e — le ’ Fu \/ﬂ(e@) )
— nL X(X +1)
Ag = CoLg +log Cy + 3 log U] + log Fy, A:AO+6W'
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If I < J, there is a nonzero vector of algebraic-integer coeflicients satisfying all the initial equations,
with

(8.101)

L(p) < VT |Ax|YCD) exp {IA_JCOLO/Q} _

J—1
The weights defining £ are gp,, , = e“0Lo=0)
finite place. In particular, the finite inequality

at every archimedean embedding, and one at every

TA < JCoLo/2 (8.102)

gives L(p) < VJ | A |V D),

Proof of the estimate. Put M =3’
to zero, and (8.100) imply

di® [T 1AM X (u = w),my)] < QUM TT AN X (u — w),m))| < F.

j<n j<n

j<nmj. The multi-index bound (8.85), with its vector = set

The first inequality uses mg < My — M < p — M. The summable polynomial bound (8.84), after
multiplication by the column weights, gives an archimedean row norm at most

VU Cre®™ F, man |B(u — ).

For example, bound the Euclidean sum over ¢ by the corresponding sum of absolute values; (8.84)
bounds that sum by C'. At a finite place the two integral factors have absolute value at most one,
so only the last displayed maximum is required.

We now estimate the product of these exponential maxima. Let v;, be the local logarithmic
coordinate of a;. Since |uj| < L/(24;),

|z|L
log max | 3(u — v)”|, < ; Elvj,al —x Ej:vjvj,a-

The last summand vanishes after summing over all places by the product formula. Also Y, |v;+| =
2Dh(a;) < 2A;. Taking a D-th root therefore proves £*(a(z,m’)) < edotnklzl/D,

The geometric mean of all column weights is ¢ = e“0L0/2, Moreover F, > 1: the logarithm of

(eQ)*/\/1 increases for 4 > 1,Q > 1, and 1.1e/v/2m > 1. Thus Ag > logq, so the row majorant
bounds both ¢ and the row length in (8.40). Finally % |z| = X(X + 1); each z has the same

xr=
number of derivative indices. The product in (8.40) is at most e/4. Substitution gives (8.101), and
its finite-place conclusion gives algebraic-integer coefficients. This proves (8.102) as well. [

A nonzero coefficient vector gives a nonzero auxiliary function. For each u, the polynomials A(cz, ¢, H)
have distinct degrees and nonzero leading coefficients, so a nonzero coefficient in that block gives
P(z,u) # 0. The rates u - A are distinct: differences of support points belong to N~!'Z" and
rational independence excludes a zero rate difference. Polynomial exponentials with distinct rates
are independent by the differential-operator argument following (8.14). Hence F(z,z\) # 0.

Equations (8.96)—(8.102) provide the complete initial linear-system construction used in [Matveev
2000]. The later proof must verify (8.100), (8.102) and I < J for its chosen parameters, then
propagate these zeros; those are distinct numerical and analytic steps.

Exact example of the equations. Take K = Q, (a1, a2) =(2,3), b= (1,1), N =1, A= (1,2),
L =6, and n = 2. The clipped box contains the nineteen integer points

{=3,...,3} x{-1,0,1} \ {(—3,-1),(3,1)},

as certified directly with rational intervals for log 2, log 3. The volume lower bound is p = 9. Use all
nineteen points in this example, v =w =0, H =c¢ =2, Ly = My =2, and z = —1,0, 1. The eighteen
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ordinary and normalized jet equations on 57 coefficients each have rank eighteen; their combined
row space has the same rank. The exact check in matveev__initial function.py supplies a primitive
integral witness with ten nonzero coefficients, of largest absolute value 5871, and verifies every
equation. It also checks 1,620 chain-rule and integrality identities. This finite example illustrates
the construction and basis change; the main-theorem parameter choice is verified in the following
lemmas.

The Liouville alternative and the block threshold

The hypothesis log @ > 35/2 in (8.90) is available in the case where the auxiliary construction is
needed. We give the reduction, with a uniform numerical endpoint.

For n > 2 define the main-theorem constant
16 n n+1 K
C(n,k) = e (2n+142k)(n+2)(4(n+1))"" (en/2)".
Suppose the logarithms are rationally independent, b, # 0, and A; > max{Dh(c;),|\;|}. Put
B = max{1, max|b;|A;/An}, Q= HAj’
j :
J
Cy =44n+ 7+ 5.5logn + 2log D + loglog(eD), W, =log(1.5eBD log(eD)),
T =C(n, n)C*W*DQQ.
Assume |A| < 1073, Then either log |A| > —T already follows from Liouville, or, for every N > 1,

log{1.5BN Dlog(eD)} > 35/2. (8.103)

Proof. For every independent subset of » > 1 of the logarithmic vectors, (8.22) and (8.24) imply

1 3.1"r"
4>y 6= oo
ey ¢rDlog(e"t4D) K

For r > 2 use its saturated-lattice index, which is at least one, in (8.22). For r = 1, (8.24) suffices
because ¢; > 1.55 and (; log(e’D) > 1.5log(eD). Also Cy > 2(n + 4 + log D).

The elementary factorial bound n! < n"™ gives

nn

Cnk) 5 64 (46)” (e/2)"(2n + 1+ 26)(n + 2) > 643" (2n +3)(n + 2)n > 10000.

Cn 3.1
Consequently 7 > 20000DW, > 100D log 2.

Let v =€ =] a?j . It is different from one: a nonzero period has modulus at least 27, and rational
independence makes A # 0. The product formula at the specified embedding gives

h’ o 1’ > 217D67Dh('y) > 217DeanAn‘

For clarity, at every other archimedean embedding bound |y — 1| by 2 max{1,|y|}, and at every finite
place by max{1, |v|}; multiply and use the height formula. Removing the selected height factor can
only weaken the lower bound. Finally |e* — 1| < |A]e/M < 2|A|. Thus

log |A| > —Dlog2 — nBA,,.

If Dlog2 4+ nBA, < T, the required bound follows. In the other case the already proved D log2 <
T /100 yields

B> @C(n,n)D%/h o A1) CLW, > 1.98C(n, k)

DW.,.
n nCn—1
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In the last step use the subset product bound and C > 2(n + 3 + log D).
Write ¢, = log(1.5BDlog(eD)) > 0, so W, = 1+ t,. We obtain

el 2.97C(n, k)
1+t nCn—1 '

The right side is smallest at n = 2, x = 1. Indeed, at fixed n its Kk = 2 to k = 1 ratio is

2n4+5 en
> 1.
2n+32(n—1)
For k = 1, direct division gives
1,1 1 \"2
C(n+1, ):4en+3<1+ > n+5.
C(n,1) n n+1 2n+3

Hence the ratio of C(n,1)/(n¢,—1) at consecutive dimensions is greater than 2e/3.1 > 1. At the
endpoint C(2,1) = 387072¢3, and the rational interval certificate verifies

2.97 387072¢3 - e35/2
2.3.1 37/2°

The function e/(1+t) increases for ¢ > 0. It follows that ¢, > 35/2. Since multiplying the argument
by N > 1 increases its logarithm, this proves (8.103). O

Thus the alternative block length in (8.90) satisfies its threshold throughout the hard case. Further
parameter inequalities, including the initial coefficient budget (8.102), still have to be checked
separately.

Differential budgets for the chosen parameters

The differential condition in (8.100) follows uniformly from the same hard-case reduction. This also
controls the exponential derivatives needed in continuation.

Use Cy, W,, B, ) from the preceding lemma, and suppose the hard case holds. For the saturated-
lattice index N put

Co=Ci+1logN, Wy=W,+logN,

_ NC.W, L = 1De
T CoW, N
1= Colw, L= pje, Mo = |,

where &, ¢; are as in (8.90). Then 1 <~ < N, L > 1, and

NL .
— > 120 (1<j<n).
4

For s > 0, let u € 27*W, and choose |w; ;| < 1/(25T1N). Write
y; =2°Nxj(u—ws) (1<j<n), @ = 1.5BNDlog(eD).

One has the complete factorial budget

Mo+ |zl + Y |yl < pQ. (8.104)

j<n j<n

When w, is chosen from the support coset as in (8.98), the y; are integers.
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Proof. By (8.103), W, > 18.5, and directly C, > 2. For r > 0,

d 1 1
g 0sl(Cet (Wt )} = a4 o < L.

Integrating to » = log N gives v > 1; the reverse bound v < N is immediate.

We spell out sufficient bounds for the large degree parameters. With ¢, = 3.1"r"/k, the factorial
bound n! < n” and e > 2 give

5>16n(n+21) ¢

Cn n—1

>16-3.1n(n+2.1).

For example, the first ratio, after cancellation, is at least

2
16k n(n+2.1) <3i> (e/2)%el3,
and the second includes the additional factor 3.1(n/(n — 1))*. Since ¢; < 2.001(n 4 1), these imply

2 §

, > 60.
c1Gn c1Gn—1

For the latter use 16 - 3.1/2.001 > 24 and n(n + 2.1)/(n + 1) > 8.2/3; the rational function increases
for n > 2.

Apply (8.22) to all n vectors, retaining its index N, and use Cy > C, > 2(n + 4 + log D). It follows
that p > 2£/(,, hence L > 1. Apply the subset product bound in the proof of (8.103) after omitting

j. This gives
114>

i#]

NL _ CoéyD
Aj c1

> 120.
ClCn 1

Put a = max; A;/(NL) < 1/120. The definition of B gives |b,| < B and |b;| < BA,/A;. Thus
ly;| < BNL/A; + 3 B(1+ An/A;)
< (BNL/A)(1 +a),

L
|lz;] < 2_55(1 + B/|bn|) < BL.
By (8.24), 1/A; < 1.56Dlog(eD). Consequently

> " lyjl < (n— 1)QL(121/120),
>zl < (n—1)QL(2/3).

Here NDlog(eD) > 1, and b, is a nonzero integer. Since My < u = ¢ L, division by pu@ gives

Mo+ 5 |os| + 5 Jy;| _ 1 201n—1

jne) Q@ 240n+1

The last inequality uses Q > €%°/2 > 10, from (8.103). This proves (8.104). O

Together, (8.90), (8.91), (8.95) and (8.104) establish the arithmetic, differential and polynomial-
growth assumptions of the initial construction for these parameters. For the initial grid, its radius
Xo is smaller than Rg o = 1|Xp0|(To+1)/L, because Tp+1 > L and n > 1. The coefficient condition
(8.102) and the later continuation inequalities give the quantitative estimates we now verify.
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Completing the initial coefficient estimate

The finite coefficient condition (8.102) can now be verified. We retain its rounding terms throughout.
In this subsection assume K = Q(aq,...,an, (1, ..., (), where the additional generators are roots of
unity (the empty list is allowed). Applying (8.32) to this full generating list gives the same bound
in terms of max; h(«;), since every additional height is zero. No additional logarithm or auxiliary
variable is introduced. Keep the hard-case parameters just defined, and put

_ &
=5

2DG
€1 G =pWo, Lo=|G/Col, To=|[L], XZ{ w

To+1

Then the initial construction has a nonzero integral coefficient vector with
L(p) < 1. (8.105)

In particular it satisfies the coefficient bound £(p) < e™1¢ used in the continuation argument.

Proof. We first establish two useful lower bounds for Wy. Stirling’s upper bound gives n! <
3vn(n/e)" for n > 2: indeed v/2me!/(127) < 3. Substitute this in the expression for C(n,1). With
a = 4e?/3.1, it gives
C(n,k) S C(n,1)
nCp—1 — n(3.1"1(n —1))

For the last inequality the uncanceled factor is at least

> 170a™n?/2.

> 170n%/2.

32¢-3.1(2n+3)(n+2)y/n _ 64de-3.1 3/2
> n
3 n—1 3

The hard-case inequality in the proof of (8.103) therefore implies, on writing ¢, = log(1.5BD log(eD)),
We=1+t,>225n+ 1.5logn+ 7.2+ 2log D + loglog(eD).
Here 2.97 - 170 > 500, log 500 > 6.2, loga > 2.25, and log W, > 0. It follows that
Wo > 2(n+4+log D), Wy > Cp/2. (8.106)

The first comparison reduces to n/4 + 1.5logn — 0.8 > 0, which is increasing and positive at two.
For the second, the difference at N = 1 is greater than n/20 — (5/4)logn + 3.7. Its minimum for
n > 0 occurs at n = 25, where it is 4.95 — (5/4) log 25 > 0, since log 25 < 3.3. Adding log N preserves
both comparisons. All numerical endpoints in this proof have outward rational interval checks in
matveev__initial function.py.

The product-index lower bound, with its actual index N, now shows
per > 1, e1G > Cy, e1G > Wy.

Indeed, writing u = n + 4 + log D, it gives w > v/({,u) and pep > Cyy/(2u) > 1. Multiplication by
Wy > 2u gives the second inequality; the third follows from the first.

We will also use the dimension-uniform bounds
(n +1)%ey < 1/500, n3e; < 1/1000, log & < 0.7C). (8.107)

For the first two, k = 1 gives the larger values: the x = 2 value of £ is en/2 times that for k = 1,
and its €1 is smaller by a factor e. Direct substitution at n = 2,k = 1 proves the endpoints. For the
infinite tails,

K

Ent1m) o <n+1) |
§(n, k) n

For x = 1 this follows from the exact recurrence in (8.92) and (1 + 1/(n + 1))"*2 > ¢; for k = 2,

multiply that recurrence by (n + 1)/n. The inequality for the power follows by integrating 1/(1 4 z)
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between zero and 1/(n + 1), which gives log(1 + 1/(n + 1)) > 1/(n + 2). The ratio of (n + 1)%¢q at
consecutive dimensions is at most

(n+2)/(n+1))*(n+1)/n)
2¢2

2
<1,

and that of n®e; is at most 3.1((n + 1)/n)3/(2e?) < 1. Their worst elementary endpoints are n = 2.

For the last assertion of (8.107), £(n,2) > £(n, 1); Stirling’s lower bound and (1 + 1/n)"*! < 27/8

yield

4(41/20)(27/8)e%53
V2m

The fixed factor is less than e>! and log2 4+ 2 < 2.7. Thus logé < 2.7n 4 3.5logn + 5.1 < 0.7Cy.

The final difference is at least 0.38n + 0.35logn — 0.2 > 0.

&(n,2) < (262)”n3'5.

Next bound the factors in the row estimate (8.101). Since logz < z/e for x > 0,
log 1 = log & 4 log(Cow) < 0.7Cy + Cow/e < &1G.
For the last term use ¢1G = (,CowWy/2, (, > 1, and Wy > 18.5. If P = |U| = [p], then
p = 1PCE <m7>“un—1.

ct 2
Dropping the two denominator factors, and using log(vD) < log N +log D < Cy, gives
log P < log2 + max{0,log p} < (n+ 1.2)e1G.

Here log Cp < Cy/e, log& < 0.7Ch, and log 2 < 0.05Cy; the resulting coefficient is 14+1/e+0.7+0.05 <
2.2. Also log Cy = H/e+log(e/(e—1)) < 0.4Wy+1 < 0.561G. Since Q = "o~ log F,, < uWy = G.
Consequently the Ag, A of (8.101) satisfy

B 3
Ag < (2 + 1.1ney)G, A< (n+2+1.1ne; +nB)G, p= 8(n+ )Wo'

To see the latter, use
X(X+1)
2X +1
so the exponential contribution is at most nG + 3nL/(4D) < (n + nS)G.

< X/2+41/4, X <2DeyWo+1,

We now compare the number of equations and columns. Using My < p and Ty + 1 > L,

I > @/ = Woype (1) L

1< (4D01W0 -+ 3) 5

7'
1

Cancellation with the definition of £ gives

I _(1+p)(0+ £0)" (1 + ney)”

J 2(n+2.1)

The two power factors have product less than

3 1
BN QU
eXp { 1000n} <17 300m

Indeed, take logarithms, use log(1 4 z) < z and (8.107); for the second inequality use e* < 1/(1 — )
for 0 < z < 1. This also shows I < J.

Write § = 1.1ne; < 11/(10000n2). The small grid correction satisfies

(1+ﬂ)(n+2+5+nﬁ)(n+2)=43%+n52+5(1+5)<0.041.
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Here Wy > 18.5, f < 1/148, nf8 < 3/148. Multiplication by 1+ 1/(300n) increases the right side to
less than n + 2 + 0.048. Meanwhile n3s; < 1/1000 gives

(n+2.1)(1 —2¢1) >n+ 2+ 0.098.

Since CoLy > G — Cy > (1 — 2¢1)G, we obtain the strict coefficient margin

JG

(8.108)

Thus (8.102) holds with an explicit surplus.
Finally we check the prefactor in (8.101). The preceding estimates give
log J < (n+2.7)e1G.

Indeed log(Lo + 1) < log2 + logp + logWy < 1.561G, and add the bound for log P. For the
discriminant, (8.32) gives log |Ak|/(2D) < %logD + max; A;. The subset product bound and the

definition of ~ imply
Aj 2§n_1(n +3+ log D) 1

< < 0.02.
ElG CnC*W* 3.1W,
Also $log D < Cy/4. It follows that
G
log{V/7| A [1/2D) ) &
og{VJ|AK| } < (n+2)eG < ICEER)

For the last inequality use (8.107) and 40(n + 2)(n + 2.1) < 1000n3, valid for every n > 2; for
instance n + 2 < 2n and n + 2.1 < 2.05n. The negative exponential in (8.101), bounded by (8.108),
is therefore larger in magnitude than this positive prefactor. This proves (8.105). O

This finishes the construction and coefficient estimate of the initial auxiliary function for the hard-case

parameters. The arithmetic and polynomial bounds use the block length H = |0.91og Q| already

proved above. The following sections propagate these zeros and apply the weighted zero estimate to

finish the independent-logarithm argument.

Interpolation at a symmetric arithmetic progression

Lemma (Hermite interpolation with sharp grid bounds). Let
X={J-(m=-=1)/2):0<j<m}, >0, m>1,

let z € R\ X, and put

2o = max{|z|,dm/2}, r = $min{, min |z — z|}.
zeX

For an integer 7' > 0, define Q(w) = [[,ex(w — )T L. Then

Q)| _ (20\" ",
= f :
50l < (&) il > 2, 1
and, for every x € X, (T 1)
(2) 2ezg T+l . o
Q 5 (5m) if ¢ — 2| = 7. (8.110)

If f is analytic on a neighborhood of the closed disc |w| < R, where R > 2y, then

_ 1 Q(z) f(C)
f(z) = 57 /<|—R 201 d -
f J)( clockwise Q(Z) (C _ J;)j :
Ty it o 0 e

zeX j=0
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In particular, if the derivatives through order 7" vanish at all points of X,

R 20 m(T+1)
e g () ma ol (5.112)

Proof. First set g(w) = [[,cx(w — x); taking powers 7'+ 1 will give the two bounds for @). For real
lu| < dm/2, we claim
lg(uw)] < q(6m/2). (8.113)

By symmetry assume u > 0, and write a = (m — 1)/2. Whenever the quotient is defined,

> 1.

‘q(u+5)

u+ (a+ 1)5‘
q(u)

u — ad

Shift u repeatedly by ¢ into [(a — 3)4, (a + 3)d], stopping when it is already in that interval. Such
shifts stay nonnegative; if a point is a root, (8.113) is immediate. In the final interval, the factor
belonging to the largest root has modulus at most 6/2, and each other factor has modulus at most
its positive value at (a + 3)d = m/2. This proves (8.113). For |u| > dm/2, all factors of g(|ul) are
positive and increasing. Hence in every case

lg(2)] < q(20)-

Pair the roots x, —x, keeping a factor w when m is odd. For |{| > zp,

28 — 2? 22

=22 = [CF

(7 — 2% > [¢° — 2,

Multiplying these inequalities proves (8.109).

For the local bound, scale  to one. Let ¢ lie at distance r < 1/2 from the i-th root. Pair neighboring
roots at distances j on opposite sides of that root. A pair contributes at least 52 —r?2 to |¢(¢)|, and an
unpaired root at distance j contributes at least j—r. With @ = min{i, m—1—i}, b = max{i,m—1—i},

this gives
b

gl =r [T =) ] G—r)
j=1

Jj=a+1

Replace r by 1/2 in every factor except the first. The resulting product is 2r times its value
at r = 1/2. Moving one unpaired factor toward the shorter side multiplies that latter value by
(a+3)/(b—2%) <1 when b > a+ 2. Its minimum therefore occurs at a central root and equals

2
k—1 k-1 k
Doy =|T[G+3)] . Doppr = [1G+3) | (TIG+) |- (8.114)
j=0 §=0 §=0
Empty products are one. In particular D1 = 1/2, Dy = 1/4, D3 = 3/8, and
1g(Q) = 2rDi,. (8.115)

Concavity of logt gives

k-1 k

> log(j+3) > / logtdt = klogk — k.

=0 0
For odd m, apply this with £ and k + 1 and use convexity of ¢tlogt¢. Thus in both cases

Du > (m/(2¢))™. (8.116)
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Suppose first that |z] < m/2, and let ¢ < 1/2 be its distance to a nearest root. Then 2r = ¢. Delete
the corresponding factor of ¢(z). The remaining absolute product, for fixed signed offset ¢, has the

form
b

a
[+ [[G-v, a+b=m-1.
j=1 j=1
The ratio on increasing a by one is (a +1+t)/(m — 1 — a —t), which increases with a. Its maximum
over a therefore occurs at an endpoint. Reflection treats a negative offset, so the product is at most
175" (G + %) By (8.115),
m—1/. 1
Hj:l (] + E) < Cm.

’q@)
Dy,

q(¢)

The last inequality includes all small cases. We have R1 =2 < e and Re =6 < e?; the successive
ratios are

< Ry, =

R%H:2k+%<2 RQk+2:2k+%<

Roy, k+3 ’ Roky1 k+3
Since 2zg/m > 1, this proves (8.110) in the first case.

g<e (k>1).

For |z| > m/2, reflect if necessary and put d = z — (m —1)/2 > 1/2, so q(z) = ;”:_Ol(d—i—j). If
d > 1, then r = 1/2. The arithmetic-geometric mean inequality gives ¢(z) < z{"; use (8.115)-(8.116).
If 1/2 < d <1, then 2r = d, and (8.115) gives a ratio at most

75 (d+ ) omt

D,, ~ D,
For m > 3 the last expression is less than €™: it is 16 < e at m = 3, and its successive ratios are 2
and (2k +2)/(k+3) < 8/3 < e for k > 1. For m = 1 the ratio is 2. For m = 2 it is at most 4(d + 1),

whereas
4(d+1) < e*(d+ 3)2

This follows at d = 1/2 from 6 < €2, and persists by differentiating the two sides. The right side is
exactly (2ezp/m)™. This completes (8.110) after restoring 0.

Finally apply the residue theorem to Q(z)f(¢)/(Q(¢)(¢ — 2)). There is a simple pole at { = z with
residue f(z). At = € X, replace f(¢) by its Taylor polynomial through degree T'; the remainder
cancels the pole because @) has order T+ 1 there. Subtract the small counterclockwise integrals
from the large one, or equivalently add the clockwise integrals. This proves (8.111). The small
circles contain neither z nor another grid point. If all interpolation derivatives vanish, only the
outer integral remains; its length and its denominator | — z| > R — |z|, together with (8.109), prove
(8.112). O

This supplies the complete analytic interpolation step of [Matveev 2000]. The proof of the local
bound pairs opposite neighbors before estimating their product; estimating those two distances
separately loses the sharp constant.

Arithmetic—analytic continuation of the zeros
We prove the two steps of the double induction. Suppose, for contradiction, that
0<|Al<e T,

with the hard-case parameters above. Let Ly = 27°L, ¢, = 2575, At stage s, retain a subset of
the original coefficients and replace its support by its 27%-scaled support. Denote this support by
Us C 275Wy. Tt lies in M + v,, where v, is a retained point. For u € U write

yi(u) = 2°Nxj(u —ws),  x(u) = x;(w)A;/by.
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Choose w; in the support coset modulo (25N)~!Z", as before. Then the y;(u) are integers.

For m’ = (mo,...,m,—1) define the unshifted entire functions
C*mo dmo o
Zpeu o Aesz £ H)A(y(w), m)e

dﬁo ¢, ™Mo dmo

Zpeu e Aesz, € H)A(y(u ), m)er Wz (8.117)

ZXJ I /b = 1w A — upA/by,.
j<n

Here A(y,m) = [];<, A(y;, m;). For integral z, the algebraic row value is
A(z,m!) = e " M F(2) € K.

For a half-integer z, it belongs to K = K (v/J1,...,v/T,), where the ¢; come from the saturated-
lattice basis. Its degree is 2"D, by (8.13). At a lelSlOIl step s < S, csz is an integer, so the
polynomial factor remains integral at every finite place.

Put C = (2+ 1.1ne;)G and
|A|Lsa
v(a) =
T AT
The following estimates include the derivatives of the exponential factor. If |m/| + 7 < My, the
normalized 7-th derivative of G,,» is a sum over 79 +t; + -+ + t,_1 = 7. Its term has the extra
factors

a>0).

t .

Alcsz, 6, H),  Aly(u),m) T %i;)

—mo J™M0  Jmo+To
c;™dy” d

molmg! dzmotTo i<n

For a fixed 79, (8.85) bounds the sum over ¢, including d7};°, by F,. Indeed, its total factorial degree
is |m| +>"t;, and (8.104) supplies pu@; also my is no larger than the unused degree budget. The sum
over ¢, 1y is bounded by (8.84). After inserting the column weights, the row majorant is therefore
Cp/U[e° 0 F, < eC. This holds uniformly on |z| < Rs,, by (8.91). Tt holds for every derivative
order separately; summing local contour factors r” later costs at most two.

Replacing " ("7 by e in this normalized derivative gives a linear combination of the true mixed
jets of total order at most |m/| + 7. The differential factors are polynomials in the x;(u) of the
required degrees, so the triangular equivalence (8.99) applies. If the old mixed jets vanish, the
replaced derivative is zero. The error factor satisfies

[emundalbn — 1| < p(jaf)erlieD,
The same comparison bounds F,,/(2) — G, (2) at a target point.

We make the product-formula normalization precise. Let D’ = ¢D, with ¢ = 1 at an ordinary
extrapolation step and ¢ = 2" at a division step. The specified real or complex embedding still
contributes x absolute values. In the real case the chosen square roots are real: their logarithmic
basis vectors have zero imaginary coordinate. For a nonzero target value A = A(z,m'), define

a, = ¢ Re(vsA)z H ‘A|(17/”.

o unselected

The product formula says

a|Fomr(2)] = 1.
At unselected places use the local row norm, with its exponential maximum. The common support
shift contributes —zv; - v,. Summing these shifts over the unselected places and including the first
factor in a, cancels them by the product formula. The symmetric box gives

1 qnLs|z|
— Z maxzu: vy < ——.
u K
o unselected
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To check the degree factor, in K the total absolute local coordinates of o are g times those in K.
Their sum is at most 2¢gA;. At finite places the integral polynomial and differential factors cost
one. The coefficient local norms, including the selected ones, have product at most one by (8.105);
retaining fewer coefficients preserves this property. Thus, writing

_ D'C +qnLs|z|
K Y

B.
we have the complete bounds
@z 10 |G (Q)] < =L/,
| For (2) = Gt (2)] < Bz Lsl2l/mto(2 g (1)), (8.118)

az‘gg/)(x)‘/ﬂ < eBz+Ls|u’U|/77+U(\I|)v(’m‘)

in the last line whenever the old jets through order |m’| + 7 vanish. These inequalities compare
absolute values; they do not identify a product of local absolute values with a complex analytic
function.

Consider first the step from (s,v) to (s,v + 1), where v < n. The old grid is X = &, ,, with
cardinality m, spacing d € {1,2}, and multiplicity 7'+ 1 = Ts + 1. Put

Z=m(T+1), R=nZ/L,.

For a new integer z, its modulus is at most m. If it is already an old point, the conclusion follows
at once. Otherwise the local contour radius is 7 = 1/2, and the grid bound has zp < m. For the
division step use the old grid X ,, and the targets z = x/2, x € X;y19. Here ¢ =27, 6 = 1,
r = 1/4, and zp = m/2. Indeed T,s4; = |T5/2], whence X1 < 2X,, including Ts = 0. Thus
|2| < X541 <2X5 <m/2.

For both steps,
B, < (n+0.51)Z/k, v(R) < Z/(1000%), G > 148000.

The first follows from (8.95), C/G < 2.04, and the bounds on z. At the division step use g|z| <
2"*t1 X < m. The last follows from pe; > 1, n3e; < 1/1000, and Wy > 18.5. For the middle
inequality, (8.24) gives
v(R) _ _[Aln
7 2A,|by
The proof of (8.103) gives T > 100(n + 1)D > n + 2D + 12; also Dlog(eD) < e2P and n < en+1:53.
Hence this last expression is below 1/2000, which suffices for k = 1, 2.

<3D log(eD)ne~ 7.

Apply the sharp symmetric-grid Hermite formula to G,,/, scaled by a,. The outer-contour term is at
most

exp{B. + LsR/n + v(R)}(z/R)?.

R — 20
Since R > Tz, its first factor is below two. Also LsR/n = Z, log(z9/R) < —logn, and logn =
1+ (n+ 0.53)/k. Its logarithm is therefore less than

log2 —0.019Z/k,
so the outer term is less than 1/8. Here Z > 4DG > 592000.

We bound the local-contour term with the last line of (8.118). Let U = max,ex || = 6(m —1)/2.
Summing 77 costs at most two. The grid ratio is at most (2¢)? at ordinary steps, and eZ at the
division step. Thus the local contribution is at most

2m eBZ+L5U/”+“(U)v(U) {
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We check that 7 absorbs these exponents. From (8.95),
Z <1.012"7DG.
Indeed (375 + 3)/(4DG) < 1/148 + 3/592000 < 0.01. The exact constant quotient is

n+2
C(”? ’%) — 2 670.53(271_’_ 1 4 2/4&) 7’L+2 7-: C(n) ’%)

3 K n+21’ 3 ba.

The rational interval endpoint verifies e=%-93(40/41)/1.01 > 0.567. Consequently at the division step

75 095 0 f 14202 > (7““0'51+1+1+0.2> Z. (8.119)
K K 14
The second comparison is linear in n, with positive slope for each k, and is checked at n =
2. At an ordinary step v < n — 1, the first lower bound has twice this coefficient. It exceeds
((n+0.51)/k+ 1.7+ 1/740.2)Z. Again the difference has positive slope and a positive endpoint.
These bounds cover B, the grid exponent, and LsU/n, since n > 7.

The remaining logarithmic factor is small. The degree parameters satisfy
logm < 4e1G, logLs <logu < e1G, log(1/A,) < Cy < e1G.

For the first, use X, < 25T'Dc;Wy + 1, so m < 2"7*5Dc;Wy. The bound on 2° in (8.90) gives
log 2% < 1.7Cy. Also logc; < log(4.5n). The definition of Cy absorbs nlog2 + log 5 + log D + log ¢;
into Cy; finally log Wy < Wy/e < 0.4e;G. Adding these estimates proves the stated bound, including
the grid growth through the division stages. Since U < m, these inequalities imply

log{2mLsU/(2A,|bn])} < 11£1G < 0.001Z.

Also v(U) < v(R) < 0.001Z. Combining this with (8.119) shows that the logarithm of the local term
is less than —0.1987, so that term is below 1/4. The same calculation, with the grid term removed
and |z| < m, bounds the target comparison error in the second line of (8.118) by 1/4. If z = 0, that
error is zero.

We have therefore bounded
a|Foy(2)| <1/84+1/4+1/4 < 1.

For a nonzero algebraic value this contradicts the product formula. Thus A(z,m') = 0, as required.
The derivative orders used here satisfy |m/| + T < M, at an ordinary step, and |m/| + Ts < M,
at a division step. The argument consequently establishes every claimed new jet.

At a division step, (8.14) separates these half-argument zero equations into their parity classes over
K. Retain the class containing a previously chosen nonzero coefficient. Dividing its support by two
gives Usy1 C Us/2, and replacing P(z,u) by P(z/2,u) replaces ¢s by cs41. The torus eigenvalues
also divide by two; their nonzero scaling factors preserve the zero jets. Rechoosing ws1 is another
triangular polynomial basis change, so the normalized equations remain equivalent. The retained
function is nonzero by the rate-independence argument after (8.102), and its weighted coefficient
lengths do not increase.

Starting with (8.105), induction on the pairs (s, ) now constructs a nonzero final auxiliary function
with all the zeros and multiplicities

A(S;2,m') =0, T € Xgp, |m|< Mgy

The positive multiplicity and grid counts hold even after Ts = 0, by (8.94)—(8.95). This completes
the arithmetic—analytic and division parts of [Matveev 2000]. The zero-estimate application and
lower-dimensional reductions follow.
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Applying the zero estimate to the final function

We verify every hypothesis of the weighted zero estimate for the nonzero function produced by the
double induction. Keep the hard-case notation, and put

h=Cw, p=¢&h, L=upfci, G=pWy, Lo=|G/Co].

In this subsection S continues to denote the number of division stages. Use a, and s, for the
allocations called a, S in (8.77)—(8.83).

First, if h < e“3n%¢1/3, the function is an ordinary polynomial after removal of a common exponential.
Indeed differences of its support points lie in N~'Z", and their coordinate ranges satisfy

. _s 3e3h
N (maxuj —minuj) <27°NL/A; < —— < 1.
n?cy

We used 2° > %e*3n2£ND log(eD) and Aj_1 < 1.5Dlog(eD), proved above. An integer coordinate
range below one is zero, so all support points coincide. The final mixed jets give an ordinary
polynomial of degree at most Lg at least

|Xsnl(Ts +1) > 2" DG > Lo

zeros counted with multiplicity; Mg, > Tgs follows from the dyadic recurrence. To check the last
assertion directly, Mg, = My — (n+ 1) Zf;ol Tj —nTs > Ts + eop/(1 4+ €o): use the same finite
geometric remainder as in (8.94), now before dropping its final Tg. Multiplication by a nonzero
exponential preserves the ordinary zero orders. The contradiction proves this case.

Henceforth
h > e 3n%c /3. (8.120)

Choose one final support point v, remove its common exponential, and write the others as u — v.
These differences are in N~1Z". With Y; = e /N their exponents N (uj —vj) are integers. Multiply
by a monomial to make all exponents nonnegative. The result is a nonzero polynomial P(X,Y") with
degrees

b=1Lo, Lj<[27NL/4;]. (8.121)

Both removed factors are nowhere zero. Their derivatives give triangular changes of the filtered jets,
so the vanishing orders remain exactly the claimed ones. Under t;/N = log Y}, each torus derivation
has the same additional nonzero factor 1/N, which also preserves the zero equations.

Take log¥; = A\j/N. The 1; are algebraic, and their chosen logarithms remain independent. Translate
the last grid [-2"Xg,2"Xg] to 0,..., X', where X’ = 2" Xg. Translation in the group preserves
the coordinate degrees and invariant jets. Set

M' = Mg, a.=|X'/(n+1)], s.=|M/(n+1)].
The following lower and upper bounds retain the rounding;:
ax +1> Ey:= 2" e 3n2¢ DWWy,
S +1>m:= 6n3h/cl,
L <1:=3eh/(nc1) (j > 1), (8.122)
AL <p:= 2e3h/(n’cy),
M’ < /100, u/3 < Ly < W,/ Co.

Proof of these bounds. If Tg > 1, then Tg + 1 < 21_SL, so Xg > 25Dy Wy > %6_3n2§D01W0.
If Ts = 0, then Xg > 2DG; (8.120) gives the same bound, with the larger coefficient 2/3. Thus
X'/(n+1) > 2" 3n2¢De;Wy/(n +1) > Ey. Since |z] + 1 > z, this proves the first line. By (8.94),

A s SOt 6n3(n + 1)h
“ 14¢g c1

)
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proving the second line in the same way. The lower bound on 2° gives 27NL <
2e3h/(n?ciDlog(eD)). Multiply by A;l < 1.5Dlog(eD), or simply use Dlog(eD) > 1, to
obtain the two degree bounds.

We give an upper multiplicity estimate as well. Only at most 1 +logy L terms of the sequence T}
are positive. The rounding loss from these positive terms is at most this number. The subsequent
real geometric tail has sum less than two, even if there are arbitrarily many zero terms. Since
Ts > 275L — 1, the recurrence yields

Eop
14+ ¢

M < +(n+2)27%L+ (n+1)(3 +logy L) + n.
Here g9 < 1/5000, 2° > 10000, and pe; > 1, n3s; < 1/1000, so g > 1000n3. The function
(1 + logy x)/x decreases for x > e. Using log 1000 < 7, log2 > 1/2, and logn < n/2 for n > 2, we

find
(n+1)(3+1logy L) +n - 3n? +21n + 17 71

p 1000n3 ~ 8000°
The final rational function decreases for positive n. Also (n + 2)275L/u < 1/10000, because

(n+2)/e1 < 1. Thus M'/p < 1/5000 + 1/10000 + 71/8000 < 1/100. Finally Wy > Co/2 gives
Ly > /2 —1> pu/3. This proves (8.122). O

In particular L{, > I, because I/u = 3e3/(n?c1&) < 1/100; the latter follows already from e3 < 21,
€ > 15000n3, ¢; > 2(n+1). Also m/l = 2n°/e3 > 1. Thus s, +1 > L%, and n(n + 1)Ly > s +n.
For the second assertion, s, < M’ < /100, n < 1/100 from g > 1000n°, and L, > 11/3 suffice.

We now check all the inequalities (8.77). For 1 < r < n, the largest product of r degrees is at most
Lylm=1. Also (**7) > (m" /r!). The sufficient ratio is

Eym” 6- 2" nPDCy (2n°/e3)r !
(r1)2LGir—t — e3¢y (r1)? > (8.123)

Indeed, c¢; < 3(n + 1), €2 < 21, DCy > 1 show that Ry > 2"2n%/(21(n + 1)) > 8. For n > 3, the
successive lower-bound ratios 2n°/(e?(r + 1)?), r + 1 < n, exceed one. For n = 2,r = 2, the only
ratio exceeds 16/21; the resulting product is still larger than one. This covers every subset of degrees,
including zeros.

For r =n + 1, use [[7_; L; < p"/Q. The sufficient ratio now satisfies

R - E()an
SR n!(n + 1)!Lip™
N on+1,,2 305 n (8124)
> 2 (2N 1.
~ q e3nl(n+1)! ( e3 ) -

At n = 2, replacing €3 by 21 gives R, 11 > 24576/9261 > 1. For n > 3, the factorial bounds n! < n",
(n+ 1)! < (3n/2)"! give

n n3 "
Rnq1 > (4/3)"*15 <7 > 1.

The last expression increases for n > 3 and already exceeds one at three. We used N/ > 1. This
proves the remaining zero-count inequality.

The small-form condition in (8.78) also holds. The final grid size obeys log(X' + 1) < 4e1G, by
the grid estimate in the continuation proof. Inequality (8.119) gives 7 > 0.2|Xs,|(Ts + 1) >
0.2-2"*"2DG > 4e,G. Consequently

(X" +1)|b-log¥| < (X' +1)e”T /N <1 < 2m.

Every hypothesis of the uniform zero estimate is now verified with the actual final polynomial.
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It yields independent integer Z;, 1 < v < n, whose span contains b. Either weighted conclusion can
be replaced by (8.80): the ratio of its two binomials is (s, + v)/v < s, + 1 < Ly, by (8.122). Using
(8.122) once more gives

14 3 3 14
P e(v+1)IC, [ e
l:IlAi < N Qanp, nyv = otz \ 38 ) (8.125)

This is a product estimate with the original weights A;; the algebraic N-th roots were used only for

the zero estimate, whose field degree plays no role.

The remaining numerical comparison is
Gy < 3(4e)"7, n>2, 1<v<n (8.126)

For v = 1, (8.81) gives C; = v/2n, hence
V28

_ 1 2\n—1

qn,1

The first inequality follows at n = 2 from /2 < 3/2, e® < 441, and persists by the increasing
denominator.

For v > 2, use
N <eulv/e),  T(L+v/2) < eyfv/2(v/(2)2.

These bounds need no asymptotic remainder. For f(z) = I'(xz + 1)e*/2**+1/2, the recurrence of T
gives f(z +1)/f(z) = e(z/(x +1))**¥/2 < 1. Indeed log(1 4+ y) > 2y/(2+y) for y > 0, as follows by
differentiating their difference. The integer sequence starts with f(1) = e; the relevant half-integer
sequence starts with f(3/2) = v/me3/2/3 < e, since me < 9. The half-integer 2 = 1/2 is not used in
this argument; v = 1 was checked separately. Together with () < n”/v!, these bounds give

e11/2(114_1)1/5/4 <462y4>"/2

dn,v < gnyv ‘= 2n+3/2n2 97Tn8 (8127)
For n > 3, 2 < v < n, this is less than 1/2. To see this directly, use 4e?/(97) < 6/5, v < n, and
(v 4+ D)4 /n2? < (3/2)n'/%. Since /6/5/n? < 1, raising it to v > 2 is at most 6/(5n*). With
e/ < 245 and 23/2 > 14/5, we obtain

_oa
Inv = on(14/5)n72 = 1008

71
16 2

The denominator increases with n; at n = 3 use v/3 > 5/3. This proves (8.126) for the whole required
range.

Source endpoint check. [Matveev 2000], (20.3), prints the comparison of its displayed g(v) also
for v = n. At n = v = 2 that expression is larger than two, so that additional endpoint does not
satisfy the printed comparison. The proof only uses 1 < v < n; (8.125)—(8.127) establish this full
required range directly, with v = 1 treated exactly. The theorem’s statement and constant are
unaffected.

We have proved the precise outcome of the final zero estimate:

i

b € spang(Z1,...,2y), HZAJ"Z%’,H < %(462)717”9, 1<v<n. (8.128)
J

The next step is the lower-dimensional induction: one must convert this lattice information into the
claimed lower bound without losing the weighted coefficient parameter. The final zero estimate itself
is now fully proved and its hypotheses checked.
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Completing the lower-dimensional induction

We prove the reduction needed to close the argument, keeping the weighted coefficient parameter.

Put ag = 4e?. Suppose 1 < r < n, and independent Z1, ..., Z, € Z" have rational span containing b,
with .
O =T[4 <3077, A=) AjZij) (8.129)
i=1 j

Assume the logarithm theorem with constant C(r, k) has been proved in dimensions below n. Then
it holds for the present form as well.

Proof. It is enough to work under the contrary 0 < |A| < e~7. The Liouville alternative gives

ﬂ< nB
Ap ~ 0.99C(n,k)CW.D?’

Since b, # 0, the n-th column of the row matrix of Z; is nonzero. FExtend this column to r
independent columns and call their index set I. Let mg # 0 be the determinant on these columns,
and let m; be the determinant with its ¢-th row replaced by b;. Cramer’s rule, and the assumed
membership of b in the row span, give

mob = ZleZ
%

All these coefficients are integers. Weighted determinant expansion gives

94 rBA,Q
|mo| < =—, |m;| AL < —"—.
[Ljer 4; T T Mer 4
For the first inequality use Hadamard and bound each weighted Euclidean row length by A.. For the
second, expand along the replaced row: each of its entries has absolute weighted value at most BA,;
its 7 cofactors are bounded by the product of the other row lengths. Because mob, = >, m;Z; ,, # 0,
at least one index has both m; # 0 and Z;,, # 0. Call that index r; then A > A,,.

For r > 1 use the proved subset product lower bound for the  — 1 columns other than n. For r = 1,
their product is one. Both cases satisfy

1
T 4> , o G=1, G=31"/k (k>1).
Jelvin} G—1D(n+4+1logD)

Since C > 2(n + 4 + log D), the foregoing bounds imply

nag_rér—l
3.96 C(n, k)W,.D’

mol < QrB,  B':=max|mi| Aj/AL <rQB?, Q=

We verify @, < 1/(1000n2) uniformly. Stirling’s upper bound n! < 3y/n(n/e)", used already in
(8.106), gives

64
C(n,1) > ?eagnWQ.
Indeed substitute it in the displayed definition of C(n, 1), then use (n+1)"*1/n™ > n, (2n+3)(n+2) >
2n%. For n > 2, C(n,2) > C(n,1), because their ratio is (en/4)(2n +5)/(2n +3) > 1. For r > 1,

Gro1 <317 Hr —1)2, and (ag/3.1)"1/(r — 1)2 > 1; the latter follows from ag/3.1 > 9 and 9% > k?
for integers £ > 1. For r = 1 use (p = 1. Consequently

C 64
Olnr)  Ble 772 5 10000°,
Qg Cr—l 3

As W, > 1,D > 1, the asserted bound on @, follows. In particular |mg| < B and B’ < B2. Here
B’ > 1, because m,. is a nonzero integer.
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Define algebraic 6; € K* and chosen logarithms by log 6; = Z; - X\. Their logarithms are independent,
and
max{Dh(0;),|log0;|} < A, moA = m;logb;.

In the real case apply the induction theorem to the generated field of the 6;. In the complex case
do the same if that field is nonreal. If it is real, adjoin i: its degree then doubles, but is still
at most D, because the original nonreal K has degree at least two over this real subfield. The
coefficient construction permits such a zero-height additional generator, as noted before (8.105).
Thus the smaller form has the same x. Increase its degree parameter to D. This is legitimate because
D2C,(r, D)log(1.5eB’Dlog(eD)) increases with D > 1. This also covers the case in which the smaller
logarithms are real but the original coefficient field is nonreal. Since Cy(r, D) < Cy(n, D) = C, and
log(1.5eB’'Dlog(eD)) < 2W,., we obtain

—log |A| < log B + C(r,k)ap~"C.W.D*Q.

The available margin in C(n, k) absorbs log B. For each integer k > 2, its explicit formula gives

Clh,x) k1
Clh—1,r) " %

For k = 1, the ratio is

/~c+2< 1>k2/~€+3
de — = (1+ = .
k—1 k) 2k+1

The inequality (14 1/k)**! > e reduces the desired comparison to

E2(k+2)(2k 4+ 3) > (k= 1)(k + 1)%(2k + 1);
their difference is 4k3 + 7k? + 3k + 1. For k = 2, the ratio has the further factor %%

Multiplication over k = r 4+ 1,...,n shows that

> 1.

C(r,k)ag™" - r+1 <

C(n, k) n+1 " n+1
Finally, the subset product bound on all n original logarithms and Cy > 2(n + 4 + log D) show
T > 2(C(n,k)/¢) DW,. The explicit lower bound in the proof of (8.103) gives 7 > 100(n+1)DW, >

(n+ 1)log B. Therefore the preceding upper bound for —log |A| is strictly below T, contradicting
the contrary assumption. [

We can now state the independent-logarithm estimate proved in the following two cases. Let K be a
number field of degree D, choose independent logarithms \; = loga; of a; € K*, and let b € Z"
with by, # 0. Take A; > max{Dh(«a;), |\;|} >0, and

B = max{1, max |b;|A; /Ay }.
j

In the real case, with K C R and real logarithms, use kK = 1; when K ¢ R, use x = 2 and allow
arbitrary logarithm branches. With C'(n, k), C,, W, as above,

Z bjA;

J

log

> —C(n, k)C,W.D* [] 4;. (8.130)
J

This is the complex-field case and the real-logarithm case of [Matveev 2000], with its weighted B
and original main constant. The extension with x = 1 to arbitrary branches in a real field still needs
its branch reduction.

Proof. The base n = 1 follows directly from Liouville. If |[A;| > 1, then |b;\1| > 1 and the conclusion
is immediate. Otherwise a; # 1, and the product formula as in (8.103) gives log |\1| > —Dlog2— A;.
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The one-vector bound (8.24) gives A; > 1/(1.5Dlog(eD)). Here Cy(1, D) > 2log(eD) and C(1,k) >
1000, so T > Dlog2 + Aj: half of T exceeds each summand separately. Since |b;| > 1, this proves
the base, with strict inequality.

Now suppose the result holds in all smaller dimensions. For real logarithms in a real field, first
use the generated real field. For the complex-field case, use the generated field if it is nonreal,
and otherwise adjoin 7; as in the preceding reduction the degree is at most D. The discriminant
argument allows the added height-zero generator. Increasing this degree to the given D at the end
only weakens the bound. If a set of integer vectors satisfies (8.129), the reduction already proves
the theorem. Otherwise assume 0 < |A| < e~7. The Liouville alternative establishes the hard-case
threshold, and (8.96)—(8.108) construct the nonzero initial function with its integral coefficients. The
complete double induction (8.117)—(8.119) produces the nonzero final function and all of its zero jets.
The small-h case is impossible by the polynomial zero count. In the remaining case (8.120)—(8.128)
produce independent integer vectors with 1 < v < n and weighted product at most %(462)"*” Q,
since v/N < 1. This is precisely the excluded condition (8.129). The contradiction completes the
induction. [

This completes the independent-logarithm argument for the two cases stated in (8.130). We next
retain zero coefficients and dependent logarithms, then handle arbitrary branches in a real field and
compare the two constants in Theorem 8.6.

Eliminating dependent logarithms with all cutoffs retained

We now prove the full corollary (8.8)-(8.9). Its uniform cutoff A; > ¢, where ¢ = 4/25 = 0.16, gives
a shorter reduction than the more general cutoff conventions in [Matveev 2000]. We keep every
variable, branch, zero coefficient and weighted denominator allowed in Theorem 8.6.

First establish an intermediate estimate. Write

F(n) = max{1,n/6}, cp =4.4n + 7+ 5.5logn,
Cy = cp +2log D + loglog(eD), W, =log(1.5eBD log(eD)).

Suppose A; > max{Dh(«a;), ||, c}. In a nonreal field allow arbitrary branches; in a real field for
the moment use real logarithms of positive bases. Zero logarithms are allowed in this intermediate
statement. If A =3 ;b;A; # 0, then

—log|A| < C(n, k)F(n)C,W,D*Q =: U,, B = max{1, max |b;|4;/Ap}. (8.131)
J

Proof. Induct on n. The rational-rank-one argument preceding (8.10) applies also when some
logarithms are zero: use a primitive generator of the nonzero logarithms. Its height and modulus
are at most the minimum H of their cutoffs, and Q > Hc"~!. The recurrence for C(n, x) proved
after (8.129) implies C(n, k)¢ ! > 1000. Thus U,, > 1000D?>H > 1 + Dlog?2 + H, proving (8.131)
in rank one and the base. Rank zero is incompatible with A # 0.

A term with bjA\; = 0 can be deleted. If j # n, the same distinguished denominator gives a new
B < B4, and the product loses only A; > c. The estimate in dimension n — 1 therefore implies
(8.131), because C'(n,x) > ¢ 1C(n—1,k), F(n) > F(n—1), and Cy(n,D) > Cy(n —1,D). If j = n,
choose a surviving nonzero term as the new last term, with cutoff A; > c¢. Then

Brew < max{l, BA,/A;} < BA,/c, Whew < Wi +log(A,/c).

For x > ¢, W, > 1, the function (W, + log(z/c))/x decreases: its derivative has numerator
1 — W, —log(xz/c) < 0. It is therefore at most W, /c. The lost factor A, is again absorbed by the
same recurrence. All deletions are justified with the original weighted parameter. We may hence
assume every coefficient and every logarithm is nonzero.
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If the logarithms are independent, (8.130) proves (8.131). Otherwise their rational rank is 2 < r < n.
Work under the contrary |A| < e . Since U, > 1000, |A| < 1073, and the Liouville calculation
after (8.103) gives

Q < nB
Ap ~ 0.99C(n, k) F(n)C W,D?

0.99, < nBA,, (8.132)
Here Dlog2 < U, /100: indeed 2 > ¢" and the formula for C' gives the much stronger bound below.

In particular
B > By :=c"C(n,k)CyD/n. (8.133)

To see this, use /A, > ¢"~!in (8.132), then 0.99F (n)W,/c > 1.

We make the coefficient reduction explicit. The logarithmic coordinate vectors v; used above have
exactly the same integer relations as the chosen A;. A zero selected logarithmic relation exponentiates
to the algebraic number one, so all its other absolute logarithmic coordinates vanish as well; the
converse follows from the selected coordinate. Their generated subgroup is discrete by the proved
logarithmic-lattice lemma. Its real and rational ranks therefore both equal r. Equations (8.54) and
(8.31) supply s = n — r independent relation rows u;, with

[[ max Ajlu;| < Q2 Qr <4v/n(nR)"/?, R= D*log*(eD). (8.134)
i=1 7

We verify the last simplification. For r > 2, (") 1/2 < nr/? / V/rl. The factorial lower bound and the

r

half-integer upper bound proved before (8.127) give

L(1+7/2) - ert/t
Vel T V/2(2r)/4

Inserting this in (8.31), the remaining exponential base is (9/8)/3/(27) < 1, and the fixed factor
2.2¢/(v/2(2m)/*) < 4. Use r'/* < \/n. For r = 1, the value T'(3/2) = /7/2 proves the simplification
directly. The rational-field case of (8.31) applies here to positive rational bases; the nonreal-field
case always has D > 2.

There are two possibilities for the last logarithm.

If v, belongs to the span of the others, choose a basis index set I of size r excluding n. Let J = I¢.
The relation matrix on columns J is invertible: its kernel would be a relation supported only on the
independent columns I. Let § # 0 be its determinant. Cramer’s rule supplies integers z; and

V=6b—> zu, W,=0, A= b\
i jel

Weighted Hadamard bounds on this determinant, and on the augmented determinant with the
additional row b and column j € I, give

s%/2 T, Juila (s + 1)HD2BA, T, |uila
[TicsA; [Ties A

Here |u|4 = max; Aj|u;|. Each row of an s-column matrix has Euclidean norm at most /s times its
weighted maximum, which proves the first bound; the augmented matrix has s + 1 columns, proving
the second. Select a nonzero coefficient in I as the new last one, and denote its weighted coefficient
parameter by B’. Since its cutoff is at least ¢, we obtain

9] < B4 <

B < Uy :=ntt2BQ.Q/, |6 < Uac/(v/n BA,). (8.135)

If v, is independent of the other vectors, choose I containing n. Relations of the first n — 1 vectors
have rank s, with product bound at most Q,2/A,,: apply (8.134) to their rank » — 1 and then enlarge

66



its numerical bound. Their n-th coordinates are zero. The same construction eliminates the columns
Jc{l,...,n—1}, and b, = 0b,, # 0. Keep n as the last term. The corresponding bounds are

B < Ug:=nt2BQ,0/(A®), 16| <Ug/v/n. (8.136)

For the determinant bound, s%/% < n®/2; the displayed Up is larger by at least V/nB.
Put ¢ = 1.5eDlog(eD), p = 3n/4. In case A take z = A,, and in case B take x = 1. We prove

qUa < (¢BA)",  qUp < (¢B). (8.137)
Use (8.132), r <n—1,s <n—2,and F(n), W, > 1. In either case the sufficient ratio is at most

6e n(n+4)/2627n Bprxlpr(3nf5)/27p logn—p(eD)
0.99 C(n, k)F(n)C, W, (1.5e)P

Since p > 2, use B > By and x > ¢. Also C, > 2log(eD). Writing M,, = ¢"C(n, k), cancellation
bounds this ratio by

6e n®/Ac3P(2M,,) P

0.99 (1.5¢)P

The remaining field factors are D~/2log' =™/ 2(eD) < 1. From the explicit constant and Stirling’s
upper bound, as in (8.129),
M, >50-4"n7/2  (n>2).

Indeed C(n,k) > (64¢/3)(4e?)"n7/? and c4e? > 4. Now 6¢/0.99 < 17, 1.5¢ > 4, and >P < 8P.
Hence the ratio is below 12118
34ntliem
5n/4 4 r1—p
34n M, TP < —(50.471)1)71 < 1.

For n > 3, the numerator’s power of n is at most zero and the denominator exceeds 3200. This
proves (8.137) without an unspecified asymptotic or a field-degree endpoint argument. It follows
that

W' :=log(qB') < plog(qBx). (8.138)

The integer multiplier is negligible. In case A, (8.135) and (8.137) give log |0] < (p — 1) log(¢BA,,).
In case B, (8.136) and (8.137) give log |d| < pW,. Thus in both cases

log [d] < p(W, + max{0,log A,}) < Uy, /1000. (8.139)

For the final inequality note that U, > M, W, and U,, > (M,,/c)A,. Also M, > 10000n for n > 3,
and max{0,log A, } < A,. The ratio is therefore below p(1 + ¢)/M,, < 1/1000.

Apply the completed independent estimate (8.130) to JA on the columns I, retaining the same
k; the field-degree reduction and the possible adjoining of i are justified after (8.129). In case A,
[Tjer 4; < Q/(Apc*~1). Since W, > 1 and 4, > c,

Wy + log A,

A < W /ec.

This follows directly for ¢ < A,, < 1; for A, > 1, the decreasing function (W, + log x)/x is at most
Wi. In case B, [[;e; 4; < Q/c” and z = 1. Consequently (8.138) bounds the smaller theorem’s
exponent, in either case, by

pC(r, k) *C, W, D*Q.

The recurrence gives C(r,k)/C(n,k) < (4€?)7%. Moreover p/F(n) < 9/2. As e? > 22/3, this
exponent is at most

p 675
Fln)(cae?)sHn < 7ot
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Together with (8.139), it yields

675 1
“log|A < U
o8| \<<704+1000>u <

This contradicts the contrary assumption and completes the induction. [J
The lemma proves the all-cutoff version of the main general-rank estimate used in [Matveev 2000]. It
does not assert the broader hypothesis allowing arbitrarily small cutoffs on a specified independent
subset. The uniform cutoff on every term is precisely the hypothesis of Theorem 8.6.
The two numerical constants and arbitrary branches
We prove the remaining uniform comparison explicitly. For n > 2, k € {1,2}, and D > 1,
2C(n,k)F(n)Cy < Cy(n, k) log(eD). (8.140)

In particular the factor is F'(n) = max{1,n/6}.
Proof. Put t =log D > 0. Since ¢, > 3, log(1 +1t) <t gives

Cy=cn+2t+1log(l+1t) <cp(l1+1t)=cylog(eD).

It remains to compare 2C(n, k) F(n)c, with both alternatives in (8.9). For 2 < n < 9, the exact
outward-interval checks in matveev_ general corollary.py verify both comparisons and both ’s.
Here are analytic estimates for every larger dimension.

Write ag = 4e?, p = ap/30 < 99/100, and let
Jp = k" (en/2)30" 30 7/2

be the first alternative. Stirling’s lower bound yields, for n > 10,

Cln, k) _ 64 (2n+1+2k)(n+2) (n+1)"
Jn T 27000v2r n? N
192¢11/10 ,07 9 piL
27000\/ 2T n 1000 n

For the second line use 2n + 14 2k < (5/2)n, n+ 2 < (6/5)n, and (1 + 1/n)"1 < elt1/n < 11/10,
The last fixed-constant inequality is certified by rational intervals. The function ¢, /n decreases for
n > 2: its derivative is (5.5 — 7 — 5.5logn)/n? < 0. At ten it is below 32/5. Since F(n) = n/6, this
gives

2C(n,k)F(n)e, 12 12 100 _ 444

< —npt < — < — < 1.
g 625 7 625 ¢ 625

We used (99/100)" < e=™/19 and the maximum of ze=*/1%0 attained at 2 = 100.

For the second alternative, C'(n,2) > C(n, 1) for n > 2, so only the former is needed. The preceding
estimate, e? < 15/2, and 2F(n)c, < (32/15)n?, give

2C (n,2)F(n)e, < 486 afn'3/?,
After division by 26720 this is at most

920 (15/32)" < (n > 10).

The ratio of its values at consecutive integers is (14 1/n)'%/2(15/32) < €'%3/20(15/32) < 1. At ten,
the rational bound v/10 < 19/6 gives
486 19
550 105— (15/32)10
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Both these endpoints and every earlier comparison are checked by the cited certificate. This proves
(8.140) against each alternative, hence their minimum. [J

Now consider the exact data of Theorem 8.6. In a nonreal field retain the chosen logarithms. In a
real field every branch has ¢; = log|ay| + imk;, kj € Z. If 37, bjk; # 0, then [A[ > 7 > 1, and (8.8)
is immediate. Otherwise

A=> bjlog|ayl. (8.141)

J

Use the positive real bases |a;|. Their heights are unchanged, and |log |a;|| < |¢;]. Some of these
new logarithms may be zero or dependent; the full intermediate lemma (8.131) expressly permits
both, and retains all the original cutoffs and the original distinguished denominator. Thus it applies
with k = 1 and the same B and €). This supplies the arbitrary-branch real-field reduction for the
full corollary without assuming independence of the real parts.

If W, < 2log(eB), combine (8.131) and (8.140):
—log|A| < Ci(n, k)D*Qlog(eD)log(eB).

For n = 1, use the rational-rank-one proof already given, which covers arbitrary branches. We handle
the other values of W, directly, rather than adding a hypothesis on B.
If W, > 2log(eB), then
1.5
B < —Dlog(eD). (8.142)
e

If [A] > 1073, the desired exponent exceeds seven and the conclusion is immediate. Indeed
both alternatives in (8.9) satisfy Ci(n,x)c® ! > 100n; the first follows from the lower bound
%304(24 /5)"~1 and the second from 226(256/25)" 1. Each geometric sequence exceeds 100n at one
and has consecutive ratio greater than (n + 1)/n. Consequently the desired exponent is larger than
100nD? A, log(eD) > 16n > T.

Otherwise the Liouville calculation for e® = I1; ag-j = 1 gives
—log |A| < Dlog2 +nBA,.

Here a nonzero period cannot have modulus below 1073; thus exponentiation has not lost the
nonvanishing assumption. The same lower bound on the corollary constant, Q > A,c" !, and (8.142)
show that the desired exponent is strictly greater than

100nD?* A, log(eD) > Dlog2 + nBA,.
For the final comparison, 1.5/e < 1, A, > 4/25, D > 1, and log(eD) > 1 give
100nD? A, log(eD) — nBA,, > 99nDA,, log(eD) > Dlog2.

This completes the small-B case.

We have now proved (8.8) with precisely (8.9), for every allowed rank, branch, coefficient and field in
Theorem 8.6. Replace A; by its notation H; there. Finally, to obtain the unweighted version, reorder
the terms so that the last cutoff is largest. The same theorem then has By < max{1, |bi|,...,|bn|};
the product and constant are unaffected, and the logarithmic bound increases with By. This proves
the last assertion of Theorem 8.6. [J

This proves Matveev’s corollary as stated in Theorem 8.6. The independent estimate (8.130) is
used only in its proved complex-field and real-logarithm cases. The real-field argument applies the
general-rank estimate after projection to the real parts, including the dependent and zero logarithms
that projection can introduce.
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Exact coefficient example. For (a1, a9, a3) = (2,3,6), choose real logarithms, cutoffs (1,2, 3),
and b = (3,—2,4). The relation row is u = (1,1, —1). Eliminating its third column gives § = —1,
z =4, and

b =6b—zu=(-7,-2,0), —A = —Tlog2 — 2log 3.

The original weighted parameter is B = 4. Keeping cutoff 2 last in the reduced form gives B’ = 7/2.
This exact example checks the signs and normalization of (8.135). The same certificate also checks
the case in which the last logarithm is independent of the other columns, and the zero-coefficient
deletion.

The Baker—Wiistholz dependence on the number of logarithms

The classical C™n?" dependence can be deduced, with an explicit absolute constant, from the stronger
dependence in Theorem 8.6. This also illustrates how the floor in the coefficient parameter affects
small coefficients.

Corollary (Baker—Wiistholz dependence). Let o; € K*, where K has degree D, let ¢; be
chosen logarithms, and let b; € Z with A =3 b;¢; # 0. Take

a; = log A; > max{h(c;),el;|/D,1/D}, B =max{|bi],...,|bn|, e/ P}.
Then, with the absolute constant C' = 222,

log|A| > —C™n*" D" 2 (H aj) log B log(eD). (8.143)
J

This is the C"n?" formulation of the Baker—Wiistholz estimate in [Waldschmidt 2000], with a
deliberately unoptimized but specified C. We prove this formulation by deduction from Matveev,
rather than invoking the original proof as an external prerequisite.

Proof from Theorem 8.6. Put H; = Da; > 1 and Q2 = [[ H;. First observe
Ci(r,k) <2272 (r>1, k=1,2). (8.144)

For r > 3, the k = 2 first alternative in (8.9) bounds both choices and, since e < 3,
2
Cy(r, k) < 330r+3r11/2 < 915+5r,.2r < 9l0r, 2r
) — 8 = .

We used 30 < 25, 9-303/8 < 2%, 11/2 < 2r, and 15 < 5r. For r = 1, the larger first alternative is
at most 3-30*/2 < 22!, For r = 2, bounding 2"/ < 26 gives a first alternative below 232 < 24224,
This proves (8.144).

If B> D, then log B > 1. Indeed for D =1, B > e; for D > 2, e¥/P < 2 < D, so B > D must be
an integer at least three. Hence log(eB) < 2log B. Remove any zero logarithms or zero coefficient
terms, leaving r < n terms. Their cutoff product is at most €2, because every deleted H; is at least
one. Apply (8.8) with its unweighted parameter and (8.144):

—log|A| < 2212 D2 log(eD) log B < 222"n*"D*Qlog(eD) log B.

It remains to consider B < D. If |A| > 1, there is nothing to prove. Otherwise |A| <1 and A # 0
imply P = e* # 1; a nonzero period has modulus at least 2w. The selected-place product-formula
bound from Heights of algebraic numbers gives

P —1| > 2" Pexp {—D > |bjh(aj)} .
J
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Also |eA — 1] < e]A|, by integrating the exponential along the line segment. Therefore

—log|A| <1+ (D —1)log2+ B> H; <1+ Dlog2+nDQ < (n+2)D.
j

Here >~ H; < nf), since all H; > 1. On the other hand, log B > 1/D, so the magnitude of the right
side of (8.143) is at least
222n2n DO log(eD) > (n 4 2)DAQ.

This completes the deduction. [J

5. From a logarithmic form to a multiplicative expression

Corollary 8.7 (the explicit multiplicative estimate). Let n > 1, let nonzero algebraic numbers
a;j belong to a degree-D field, and choose any logarithms /;. Let

a; =log A; > max{h(«a;), |¢;|/D,0.16/D}.
For integers b;, put
L, 1" |b"a'
P:Haj’#l, B = max |bj| > 1, B :max{l,max”}.
j=1 J J Gn

For arbitrary complex inputs,

log |P — 1| > —330"4(n + 1)1/2pn+2 (H aj> log(eD) log(enB). (8.145)
J

The parameter B in the right side may instead be

~ Bm
Bo B " } 8.146
max{ ' Da. ( )

If every «; is real, then the stronger estimate is

log |P — 1] > —230"+3p?/2 pn+2 (H aj> log(eD)log(eB), (8.147)
J
and B may be replaced by B”.

For n > 2, the fully proved Matveev estimate gives (8.145) and (8.147). The elementary conversion
also gives (8.147) for n = 1.

Proof from Theorem 8.6. We first assume that every displayed term has b; # 0 and «; # 1; the
removal of inactive terms is justified at the end. Set § = |P —1|.

If § > 1/2, the estimates follow from their large numerical constants. For example, the magnitude of
the proposed complex exponent is at least

330" (n 4+ 1)1/2(0.16)" > 3-30%(4.8)" > log 2.
The real exponent has the analogous lower bound 2 - 303(4.8)" > log 2. Here D"*2[[a; > D?(0.16)",
and all remaining logarithmic factors are at least one.
Suppose 0 < 1/2. Use principal logarithms of the bases, denoted L;, and the power series

()P 1)

z:logpzlog(1+(P—1)):i .

k=1
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It has |z] <6/(1 —6) <2 < 1. Since exp(>_bjL; — z) = 1, there is an even integer by with

n
z = boim + Z bij.
j=1

The imaginary parts of principal logarithms lie in [—7, 7], so

’bo’ﬂ' < 7TZ|bj‘ + ’Z‘ < TFZ‘bj’ + 1.
J J

Integrality therefore gives
bol < 3" Iby] < mB. (8.148)
J
Also z # 0, because P # 1. Among determinations of a logarithm, a principal value has the smallest
modulus, so |L;| < |4;].

Apply Theorem 8.6 with n + 1 terms, first base —1, first logarithm im, and first cutoff Hy = .
The other cutoffs are H; = Da;. We can use the x = 2 constant even if K is real, since the x = 1
constant is smaller. Keeping the first alternative in (8.9) gives

2
log |2 > —% 30" (n + 1)1/2prt2 (H aj) log(eD) log(enB).
j

For the weighted estimate the new coefficient parameter is at most

bo|m ~
B |} <B.
max{ D <

an

Thus one obtains the same conclusion with log(eg), and in particular with the larger log(eng’) in
the stated version.

Since § > |z|/2, conversion costs at most log2 in the lower bound. The numerical coefficient
me?/8 < 2.902. The factor multiplying that coefficient is at least 30(4.8)" > 8; hence its unused
margin to 3 exceeds log2. This proves (8.145) and its weighted version.

For real bases, P < 0 implies § > 1, so the only remaining case has P > 0. Replace each base by
its positive absolute value and take real logarithms. They have the same heights and no larger
logarithm moduli. The real number

z=1log P =) b;log|al
J

satisfies 0 < |z| < 20. With x = 1, Theorem 8.6 gives the numerical coefficient
e

5 30"1309/2 < 1.3630"3n9/2,

The remaining margin to 230713192 absorbs log 2, by the real exponent lower bound above. This
proves (8.147) when the positive logarithms are nonzero.

We finish by checking that deleting zero terms preserves the stated formulas, including their weighted
versions. If all the positive absolute values are one in the real case, then P # 1 forces P = —1,
already treated. Otherwise let » > 1 be the number of retained terms, choose their largest cutoff
ay, as the denominator, and write m = n — r. The same argument applies to the complex estimate
after deleting bases one and zero coeflicients. If the original denominator survives, choose it for the
reduced form; the product of deleted cutoffs contributes at least (0.16/D)™, while each increase in
dimension multiplies either explicit constant by more than 30. The lost product factors are therefore
harmless.
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If the original denominator is deleted, put ¢t = Da, > 0.16 and s = Dag > 0.16. The reduced
weighted parameter is at most max{1, Wt/s}, where W = B” for the real estimate and W = B for
the complex estimate. This follows directly from their definitions; the period coefficient also obeys
7 Breduced < nB. Consequently the reduced logarithmic factor is at most

(1 +log(t/0.16)) log(eW)

in the real case, and at most
(1+ log(t/0.16)) log(enW)

in the complex case. We used s > 0.16, » < n, and the fact that these outer logarithms are at least
one. The product and degree factors lost in the deletion give a ratio at least

0.16™ 't > 0.16™ (1 + log(¢/0.16)),

since x > 1 + logx for x > 1. The explicit constant ratio exceeds 30™, so the resulting factor
4.8™ > 1 pays for the logarithmic change as well. Unweighted parameters decrease when terms are
deleted. This proves all cases. [

The quantities B” and B’ used in the two-logarithm and radius-dependent estimates are different.
In (8.146), the extra term controls an integer logarithmic period. It is needed even if the original
coefficient with the largest height is small.

6. A complete numerical substitution

Proposition 8.8. For every pair of positive integers m,n,

27 — 37| > 27 (em)~8410°, (8.149)

Proof from Corollary 8.7. Unique factorization gives 2™ # 3". Set P =3"2"™. If |[P — 1| > 1/2,
then (8.149) is immediate because (em) 8410% < 1/2. If [P — 1| < 1/2, then 3" < (3/2)2™, which
forces n < m: for n > m + 1, the ratio is at least 3(3/2)"™ > 3/2. Take

K=Q, D=1, a1=3, a=2, a;=1log3, as=log2, by=n, by=—-m.
These choices meet every cutoff, and B = m. Formula (8.147) gives
log |P — 1| > —30° 2'/2(log 2)(log 3) log(em).
The rational interval calculation verifies
30°2'/2(log 2)(log 3) < 8.4 - 10°.

Exponentiating and multiplying by 2" proves (8.149). [

This estimate holds uniformly for all exponents. Its first purpose is to produce a finite search bound,
followed by continued fractions or lattice reduction. For example, if the gap is at most 20, then

mlog?2 < log20 + 8.4 - 10%(1 + logm). (8.150)

The right-minus-left side decreases for m > 4 - 10'°, and the interval calculation is already negative
at that endpoint. Hence
m < 4-10%.

For n > 4, a gap at most 20 implies 2™ < 3" +20 < 2-3" and 3" < 2™ + 20 < 2™*!; the latter,
together with this bound on m, gives n < 3-10'. The following lesson will replace this enormous
rectangle by a certified continued-fraction computation.
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7. Gaps between integral S-units

For a finite nonempty set S of primes, a positive integral S-unit has the form [[,cgp“?, with wu,
nonnegative integers. The sequence begins with 1. We prove the gap estimate for any two distinct
members, so adjacency is not a needed hypothesis.

Theorem 8.9 (Tijdeman’s gap estimate, with explicit constants). Write S = {p1,...,ps},
and put

S
Kg=230"s"2]]logp;,  Cs=4Ks.
i=1
For positive integral S-units u < v,

v—u> u(log(eu))fos. (8.151)

For u > 2, one also has
v—u> u(log(?u))_GKS. (8.152)
Thus the gaps between consecutive positive integral S-units tend to infinity.

Proof from Corollary 8.7. If s = 1, the numbers are powers of one prime p, and v—u > (p—1)u > w.
Both conclusions follow, since their logarithms are at least one in their stated ranges. The same
elementary argument covers v > 2u for arbitrary S, and v = 1 in (8.151), because v — u > 1.

Assume now s > 2, u > 2, and u < v < 2u. Write

u:Hp;.% U:HP?} bi = vi — u, P =v/u.

Distinctness implies P # 1. The field is Q, its degree is one, and a; = log p; meets all three cutoffs.

Every exponent satisfies
logv  log(2u)

|b;] < max{u;,v;} < og 2 log2

Set B = max; |b;] > 1. Then (8.147) gives
log(P —1) > —Kglog(eB). (8.153)
Let t =1+ logu. Since log(2u) < t,
log(eB) < 1 —loglog2+logt < 4logt.

For the last inequality, ¢ > 1 + log2, and the certificate verifies 1 — loglog2 < 3log(1 + log2).
Exponentiating (8.153) and multiplying by u proves (8.151). Similarly, put w = log(2u) > log4.
The certificate verifies 1 — loglog 2 < 5loglog4, so

log(eB) < 1 —1loglog2+ logw < 6logw.

This proves (8.152).

Finally u/(log(eu))®s — oo. For example, its logarithm is logu — Cg log(1 + log ), which tends to
infinity because logt/t — 0. Hence the asserted divergence follows as the sequence tends to infinity.
O

The restriction v > 2 in (8.152) matters. For S = {2, 3}, the first terms are 1,2,3. The bound
zj11 — x; > x;(log(2z;))~C for every j > 1 cannot hold for any real C: if C' > 0, its first right side
exceeds one; if C' < 0, its second right side is at least two. Formula (8.151) includes the first term
and preserves the asymptotic strength.

Corollary (normalization by the larger S-unit). With the same Kg, Cg, every pair of positive
integral S-units u < v satisfies

v—u > v(log(ev))_cs.
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In particular, the normalization used in [Evertse 2019] has the explicit constants

LI c
cl_(+log2> ) c2 = (g,

v
V—U > ———.
~ ci(logv)e
Adjacency is unnecessary, and u = 1 is allowed.

Proof. Suppose first that s > 2. Write the prime exponent vectors of u,v as (u;), (v;), and put
b; = u; —v;. Then P =wu/v # 1, and

log v

1 < B:=max|b;] <
(2

log2’

Apply the real multiplicative estimate (8.147), with D = 1, a; = log p; and precisely the constant
Kg:
log(1 —u/v) > —Kglog(eB).

Since v > 2, the same endpoint comparison used in the proof of (8.151), now with t = 1+ log v, gives
log(eB) <1 —loglog?2
+ loglogv
< 4log(1 + logv).
Exponentiation and multiplication by v prove the first estimate.
If s =1, write u = p%, v = p® with 0 < @ < b. Then v —u > v/2. Here Kg = 230%logp > 1, and
4log(1 + log2) > log2.

For an elementary verification, 1/2 < log2 < 1, while log(3/2) > 1/3, by integrating 1/z on the
relevant intervals. Thus (log(ev))®s > (1 + log2)*%s > 2. which gives the first estimate in this case
as well.

Finally v > 2 implies

1
1+ logv < <1 + > log v.
log 2
Raise this positive inequality to C's and substitute it in the first estimate. This proves the second
estimate. [

The exact exponent and orientation checks, including single-prime sets, © = 1 and nonadjacent pairs,
are supplied in s_ unit_ gap normalization.py. These finite checks supplement the general proof
above.

For example, the first pair u = 1,v = 2 has gap one. In the first estimate its right side is below one,
since the preceding estimate gives (log(2¢))“s > 2. The harmless prefactor in the second estimate
also handles this endpoint. Using the larger term changes which exponent bound enters the proof; it
does not require a hypothesis that the two terms are close.

8. The radius parameter in Waldschmidt’s estimate

Matveev’s estimate has an especially useful dependence on the number of logarithms. Waldschmidt’s
estimate also treats algebraic coefficients and includes a radius E that can be large when the bases
are close to one. Its height cutoffs and coefficient parameters must be specified together.

Theorem 8.10 (Waldschmidt’s radius-dependent estimate). Let n > 1, let a; # 0 be
algebraic, and let their chosen logarithms ¢; be linearly independent over Q. Let f,..., 05, be
algebraic and not all zero, and put

D:[Q(alv---aam/@by--wﬁn):Q]a F:,BO‘FZﬂjEj.
J
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Take real parameters satisfying

E>e, E*>max{e,EY" D/logE}, a; = log A; > max{h(«a;), E|(;|/D, (log E)/D}.

If
. . Da; X
B* > max {E ,mjax logJJE} , log B* > Olél]a%(n h(B;),
then
log B* log E*
+25, 3n+9 ryn+2 | 22 Ve
log |T'| > —2"25,3n+9 pr (1;[ a3> (log Byl (8.154)

In the homogeneous rational case 8y = 0, 8; = b; € Z, b, # 0, choose instead

T 1<j<n a; 7%

B' > E*, B’ > max {‘bn|+|b3}

Then

log B’ log E*
+26,,3n+9 +2 .
J

log

Z bjt;

J

The maximum over an empty set, when n = 1, is zero.

In either statement, rational independence can be replaced by the conditions I' # 0 and
D3(log By)a;(log E*) > (log D)(log E)? (1<j<n), (8.156)

where By = B* in (8.154) and By = B’ in (8.155).

The constants and normalization come from the freely available author text [Waldschmidt 2000]; the
complete argument is supplied above. Notice that B’ here includes the floor E*; it is neither the B”
of (8.147) nor the normalized two-logarithm parameter of the preceding lesson.

A minimal subspace gives a nonzero determinant

We now apply the multiplicity theorem to the actual derivative matrix. Work over an algebraically
closed field k of characteristic zero. Let m, Ty, T1, Sy be positive integers, let aq,...,q, € k*
generate a multiplicative group of free rank at least m — 1, and put

8= Bm-1,—-1) €K™, Bo€k.
Let A C Z™ be a finite nonempty set such that
|sj| <Tp/4 (s€ A, 1<j<m), So+ 1> 2Tp. (8.157)
Write A = A — A. We assume either #0, or
A2l N kB = {0}. (8.158)

Here the brackets mean sums of the indicated number of elements, as in the multiplicity theorem.

Let V C k™ have dimension d, contain 3, and satisfy 1 < d < m. After permuting the first m — 1
coordinates, we may arrange that the images of ey, ..., e,_4 form a basis of k" /V. Indeed, the
relation 5 € V', whose last coefficient is —1, makes the images of the first m — 1 coordinate vectors
span this quotient. Choose a basis among them. Put

AV = 121 N V7 y(S) = (Smﬂﬂv Sm—d+1 + Smﬁmfd+17 i Smﬁm—l) € kd- (8159>

The first entry of y is the coordinate Xg. When d = 1, it is the only entry.
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Choose any basis (p;) of the polynomials of total degree at most 7j in these d additive coordinates,
and any basis (¢s)o<o<(m+1)s, of the polynomials in one variable of degree at most (m+1)Sp. Define

a matrix with
To+d
Ly= ( Od )(2T1+1)
rows, indexed by (7,t), |t| < T1, and columns indexed by (o, ), s € Ay[m + 1], by

ts qg’i) (t) K
M(Tvt)v(o-vs) = Z /Q' (aX()pT) (y(s)) (8160)

k>0

The sum stops at the Xo-degree of p,, and ot = I1; azsj . Thus all entries belong to k; no analytic
logarithm is needed for this rank statement.

Lemma (rank failure reduces the subspace). If
(So 4+ D)#Ay > 2(d + 1)TET (8.161)
and M has rank less than Ly, there is a subspace 8 € V' C V, of dimension 1 < d’ < d — 1, with

’ < — . .
#ry(Av) < 15 (8.162)

Proof. We first verify that y is injective on Ay. On V, projection onto its last d coordinates is an
isomorphism: its kernel is the span of the first m — d coordinate vectors intersected with V', which is
zero by their quotient independence. The map

PV — k‘d_l» § > (Sm—d+1 + SmBm—d+1,-->Sm—1 + SmBm—1)

is therefore surjective and has kernel k5. If y(s) = 0 and Sy # 0, its first entry gives s, = 0,
and the isomorphism just proved gives s = 0. If 5y = 0, its kernel on V' is k8. The difference of
two elements of Ay belongs to A[2], since A is symmetric. Condition (8.158) then gives the same
injectivity. Consequently, with F = y(Ay ), we have #F = # Ay . Also, (8.69) applies to Ay, since
every coordinate of an element of Ay C A — A has absolute value less than Tj/2; hence

#{as s e Av} > #Av/T(). (8163)

A row relation in M supplies a nonzero Laurent polynomial

P(X,Y) =) crap(X)Y"
T,

of additive total degree at most Ty and Laurent degree at most 7j. It is nonzero because the p,(X)Y"*
are a basis. For the invariant derivative

'DZ@XO + Yoy

the elementary operator identity (8.89) gives

()
40 (D) (p-(X)Y) = V'Y qvﬁ'(t)

k>0

%, pr(X).

Since the ¢, span all polynomials up to the stated degree, the row relation is equivalent to
DP(y(s),a®) = 0 for every 0 < a < (m + 1)So and s € Ay [m + 1]

Apply (8.67) in

G=G%xG,,, W=Ek@1,0,...,0,1), X={(y(s),a®):sec Ay}



The final 1 in this tangent vector records Y dy. The map s — (y(s),a®) is a group homomorphism.
Since 0 € Ay, the required set X[d + 1] is contained in the set corresponding to Ay [m + 1]. The
available derivatives include all orders through (d + 1)Sp. Thus every hypothesis of the multiplicity
theorem holds.

Its connected proper subgroup is H, = U x Hy, with U C k¢ a vector subspace and H; = {1} or
Gyn,- Write u = dim U, and let N, count the cosets of H, met by X. For D = (Ty; T}), restriction
to a linear subspace of dimension w gives the full polynomial filtration in u variables. The Hilbert
degrees in (8.62) are consequently

TSL? H, = {1}7

H(I(G); D) =2(d + 1)T¢Ty,  H(I(H,);D) = {2( +OTYTy, Hi =G
u 0 ) - me

The transverse dimension ¢ is either zero or one.

If w =0, then £ =1, N, > #F = #Ay, and the degree of H, is at least one. The multiplicity
inequality contradicts (8.161). Hence uw > 1. If H; = {1}, then ¢ = 1 and (8.163) gives N, > # Ay /Ty.
Its left side is therefore at least

(So + D) (#Ay /To) T > 2(d + V)TFT 1Ty > 2(d + 1) T,

again a contradiction. Thus H; = G,, and 1 < v < d — 1. Let eg = (1,0,...,0) € k% The
multiplicity inequality now reads

d+1

0, eg €U,
(So + V)i #my(E) < —— T, (= { 0

(8.164)
1, €0 Qé U.

“u+1

Let p: k% — k%=1 delete the first coordinate, put U’ = p(U), and define V' = ¢»~1(U’). Tt contains
3, and has dimension d’ = dim U’ + 1. The induced surjection k%/U — k%' /U’  together with
VIV~ kiU’ gives

#my(Av) < #ru(E).
If g € U, then U = k x U', d’ = u, and the last cardinalities agree. Equation (8.164) proves (8.162),
with 1 <d' <d—1.If ey ¢ U, then d = u+ 1, and (8.157) gives

d+1

d—d’

#my(Av) < #my(E) <

Here 2 < d’ < d. The case d’ = d would make the nonempty set 7y (E) have cardinality at most
(d+1)/(2d) < 1, which is impossible. Thus d’ < d — 1, and 2d’ > d’ + 1 proves (8.162). This
establishes the lemma. [J

Proposition (maximal rank in a minimal subspace). In addition to (8.157)—(8.158), suppose
(So + 1)#A > 2(m + 1)T"T.

Choose V' containing § for which

m+1 _d .
and for which no proper subspace containing 3 satisfies the corresponding inequality. Such a choice
exists: V = k™ satisfies the inequality, and one may choose a space of least dimension among all
those that do. Then the matrix (8.160) has rank L4, and therefore has a nonzero Ly x Lg minor.

Proof. By (8.70), (S04 1t
0+

d
(A 2(d + 1)TYT,.

(So+ 1)#Ay >
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A rank failure would give the subspace V' in (8.162). Using (8.71) then gives

1 /
s (A) < ey (4) v (Ay) < T T

This contradicts the choice of V', proving maximal rank. [J

This proves the full nonvanishing argument of [Waldschmidt 2000]. It permits arbitrary polynomial
bases on both sides of the matrix, which is essential when we use the denominator bounds of §4.

Example (a confluent derivative minor). Form=d=1,Ty=5,T1 =1, fp = 1, and o = 2,
consider the eighteen rows X%Y! 0 <a <5,t= —1,0,1. At (X,Y) = (0,1), the columns D°,

0 < o <17, have entries
0, o< a,
(D)alt"% o >a.
a

In the displayed row and column order their determinant is —2836619246897071128576000. Replacing
the derivative columns by the rising-block basis with H = 2 multiplies it by Hy:o 2-10/2) = 9-72. the
resulting determinant is —2460375/4096. The exact calculation is reproduced in derivative rank.py.
The multiplicative tangent component matters: retaining only 0x makes the rank of this same minor
SiX.

Determinants with derivative columns

For an integer d > 1, define

L d
O4(L) = min_ Y |kl K| = K.
’fl,---,ﬁLEZio A=1 J=1
all distinct

The number of monomials of total degree at most ¢, for an integer ¢t > 0, is (tzd): introducing a slack

coordinate identifies them with (d + 1)-tuples of nonnegative integers summing to ¢. Thus O4(L) is
obtained by taking all the lowest-degree monomials until L have been chosen.

Lemma (vanishing order with derivatives). Let fi,..., fi be entire functions of d variables, let
Cu € C?, and let D,, be a homogeneous constant-coefficient differential operator of order o,. Then

U(z) = det[(D,fr)(2¢,)] fﬂuzl

is entire and
L
ordg U > max {0, CHOIVEDY au} . (8.165)
pn=1

Moreover,

d
O4(L) > ——(d)VIL+Yd _ gL, (8.166)
d+1

Proof. Expand each f) into monomials. In the determinant expansion, any selection with two
equal monomial multi-indices has two proportional rows and contributes zero. A surviving selection
therefore uses L distinct multi-indices. Applying D,, lowers the degree in column p by exactly o,
unless that entry is zero. Its contribution has z-degree " [kx| — > 4 Ops at least the proposed bound.
For entire functions this reasoning applies to each Taylor coefficient: only finitely many monomial
selections can contribute to a fixed total degree after the fixed differentiations. Uniform convergence
on compact sets also shows that W is entire.

For the quantitative bound, the number of chosen degrees at most a real ¢ > 0 is at most

[t]+d) _ (t+ d)4
d )= d
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The sum of the chosen degrees equals the integral, over ¢ > 0, of the number of them exceeding ¢.
Put T = (d!L)l/d. If T > d, integration over 0 <t < T — d gives

— d
@d(L)z/OT d<L_ (ttﬂd) ) dt

d d+!

L L
di1 MCE

which implies (8.166). If T' < d, its right side is negative and ©4(L) > 0 suffices. [J

If the order in (8.165) is at least v, Schwarz’s lemma on a disk of radius p > 1 yields

()] < o max [9(:)]

This follows by applying the maximum principle to U(z)/z". If every entry of row A on that circle
has modulus at most M), Hadamard’s inequality gives

L
W(1)| < p VLY [T M. (8.167)
A=1

Equations (8.165)—(8.167) give the full analytic vanishing argument, including derivative columns,
used in [Waldschmidt 2000]. A nonzero algebraic determinant also needs an arithmetic lower bound
and a rank argument; analytic vanishing alone cannot supply either.

Polynomial transverse directions and small perturbations

The radius estimate needs an additional analytic feature. The exponential factor depends on one
linear coordinate, whereas polynomial factors have bounded degree in the transverse coordinates.
Counting monomials in these directions gives a stronger bound than counting all monomials in the

ambient space.
T —1
N = ( o )
n—1

There are exactly N multi-indices b € Zgal with |b] < T append the slack coordinate 7" — |b| and
use the stars-and-bars count. For k distinct pairs (a, b) € Z>q % Zgal with |b| < T, write k = Nq+u,
0<wu < N. Then

Let n>1, T > 0, and put

q(g—1) kE(k—N) w(N —u) k2
Sa+p) > a> N g = n LA
(a ’b’) - “= 2 v 2N 2N - 2N

N |

(8.168)

Indeed, for each fixed b, the distinct a’s cost at least 04+ 14 - -+ + (¢, — 1), where ¢ is their number.
If ¢, > ¢ + 2, moving its largest index to the next available index in the b’-group strictly reduces
this cost. Thus the minimum has u groups of size ¢ + 1 and N — u of size ¢, proving the display.
This is a universal count; no asymptotic estimate is involved.

Lemma (vanishing with bounded transverse degree). Let
Ia(x) = Pa(x)pa(8 - 2), z e C",

where deg P\ < T, the ¢, are entire in one variable, and # € C" is fixed. Let D, be constant-
coefficient differential operators of order at most S, and let {, € C". In an L x L matrix use the
entries

(Dufk)('z&u)
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in k of its rows, and arbitrary constant entries in the remaining rows. Its determinant has vanishing

order at least
max < 0 k—Q—E—LS (8.169)
2N 2 ' '

The same assertion holds after multiplying an evaluation matrix with any number of columns by a
constant matrix to obtain L columns.

Proof. When 0 # 0, make an invertible linear coordinate change with first coordinate 6 - x. The
polynomial degrees and differential orders are unchanged. When 6 = 0, use any first coordinate; the
entire factors are constant. The Taylor monomials in each analytic row have exponents (a,b) with
|b| < T, because only the first coordinate can acquire arbitrary powers from ¢j.

Expand the determinant multilinearly in these Taylor monomials. If two selected analytic rows
use the same monomial, their evaluation and derivative rows are identical, so that term vanishes.
Every surviving term therefore uses k distinct pairs. Their initial total degree is at least (8.168).
Differentiation lowers a term’s degree by at most .S in each column, and hence by at most LS in
the determinant. Substitution x = 2&, then gives (8.169). The argument can be read coefficient by
coefficient in convergent Taylor series, so it also covers infinite expansions. Finally, Cauchy—Binet
expresses a determinant after constant column combinations as a finite sum of minors with precisely
the same vanishing-order bound. [J

Lemma (a determinant with a small perturbation). Suppose L > 3N, E > 1, and

L
V= log E.
aN %®
Let A(z) be one of the square analytic evaluation matrices in the preceding lemma, possibly after
constant column combinations, and let B be a constant L x L matrix. Suppose every entry of row A
of A(z), on |z| = E, and of B has modulus at most e, If |¢| < e™", then

log |det(A(1) + eB)| < _fLV+LSIOgE+Llog (2L) —|—ZM,\ (8.170)
A=1

The inequality is understood trivially when the determinant is zero.

Proof. For I C {1,...,L}, let D;(z) be the determinant using rows of A(z) in I and rows of B
elsewhere. Write k = |I|. The Leibniz formula on |z| = E gives

|Dr(z)| < Llexp (Z MA> :
A

The vanishing order is an integer, so divide by 2, where v = [max{0,k*/(2N) — k/2 — LS}], and
apply the maximum modulus principle. Even if the lower bound in (8.169) before taking its maximum
with zero is negative, the following weaker bound remains valid:

logEkQ 4 log E

log |Dr(1)] < —
og | Di(1)] < ——E7 K + 22

k+ LSlog E +log(L!) + > Mj. (8.171)
A

Multilinearity gives
det(A(l) +eB) = ZsL Dr(1)

There are 2F terms. Set x = (log E)/(2N) and ¢ = V + (log E')/2. Their absolute sum is bounded
by the common exponential factor with additional exponent

—LV + Llog2+ max( xk? 4 ck).
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Since L > 3N, we have ¢ < 4V/3. Completing the square gives

4V/3)2 4 1
(4V/3) :§LV<§LV.

—vk® 4+ ck) <
e k) <

Combine this with (8.171) and log(L!) < Llog L. This proves (8.170). O

In Waldschmidt’s application, L = ("1 21 + 1), N = ("% "), d > 1 and Ty > 1. Thus
L/N = (T 4+ d)/d)(2T1 + 1) > 3, and

(T +d)(2T1 + 1)

V= 2d

log E.

Consequently (8.170) supplies the analytic inequality of [Waldschmidt 2000], including derivative
columns, the polynomial change of basis and the perturbation term. The counting bound (8.168) is
slightly stronger than the one needed there. The preceding minimal-subspace proposition supplies a
nonzero minor. We next put its arithmetic and analytic estimates on the same scale.

Heights and growth of the selected determinant

Let K C C be a number field of degree D, containing the o; and fy, ..., Bn—1. Choose logarithms
Aj of aj, and write
A=PBo+ > BiAj — Am.
j<m
Use the hypotheses and matrix of the minimal-subspace proposition. Take positive integers
Si,...,8m, H, with |s;| < S; <Tp/4 for s € A, and positive real U such that

2
Z(SJ'_S;‘))“ < u

/
_ > e. .
]- S BT D) (s,8 € A), E>e (8.172)

Choose the monomial basis p-(X) = X7, |7| < Tj, and the polynomial basis ¢,(z) = A(z, 0, H) from
§4. The simpler condition ‘Z] sj)\j‘ < U/(E(T\ + 1)) for every s € A implies (8.172). The diameter
formulation is useful because the rank construction uses differences of points of A. Put

Mo=(m+1)Sy, S =2m+1)> 5;, bi=logB; (i=12).
j

Assume
By > TpS*3H, by > h(1: 8oz Bm-1), (8.173)
BQ 262(1+TI/H)a a; Zh(&]) |

Let A # 0 be an Lg-row square minor provided by the rank proposition. Its selected columns will be
denoted (o, s,).

Lemma (arithmetic lower bound). With L = L;, we have
log |A| > —LU,, (8.174)
where
Uar = (2D — 1)Toby + (D — 1)(Moby + H 4+ log L) + 2(m + 1)D(Ty + 1) > Sja;. (8.175)

J

Proof. Every selected s, belongs to (A — A)[m + 1], so |s,;| < 2(m + 1)S;. Apart from the factor
a'®n | each entry is a polynomial in the 3; of total degree at most Ty. Its coefficient length, the sum
of the absolute values of its rational coefficients, is at most

To! (8*)ToeMotH (1 41y /H)Mo,
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Indeed, for X7 formula (8.160) has coefficients (?)qé’? (t); the factors s, 00 and s; + s, 0; have

coefficient length at most S*. The derivative bound (8.88) applies with C' = 79; increasing its other
exponents to Ty, My gives the display.

Let v =lem(1, ..., H). The denominator lemma shows that v clears all coefficients in row (7,t).
Indeed every derivative occurring there has order at most 7y, and its normalized rational coefficient
is integral after this multiplication. Since v < 3", Ty! < TZ°, and (8.173) holds, each cleared entry
has coefficient length at most

e Blo B

Introduce a slack coordinate Ty — |7|. The d 4 1 coordinates of the resulting tuples summing to Tj
are symmetric. Consequently, over all the rows,

LTy dLTy
ZTO = ) Z |T| = .
T,t d+1 T,t d+1

The sums, and hence the first displayed exponent, are integers. It follows that QA, where Q =
vETo/(d+1) 'ig the value of an integer Laurent polynomial P(a, B) of total B-degree at most dLTy/(d+1),
with

loglength(P) < L(H + Toby + Mobs + log L).

Here expansion gives L! products, and log(L!) < Llog L.

The range of the Laurent exponents is smaller than the sum of their separate worst bounds over
columns. In each determinant term, each row occurs exactly once. Hence its exponent of a; has
absolute value at most

Tt
The exact sum over positive and negative t is used here.

For completeness, the product-formula bound for this polynomial is as follows. At an archimedean
embedding its modulus is at most its coefficient length times max(1, |8, ..., |Bm—1])470/(4+1D) and
[1; max(|ay], la;| ~1)Ni, where Nj is the right side of (8.176). At a finite place the same bound holds
with coefficient length replaced by one, because the coefficients are integers. For the nonzero value
P(a, 8), multiply these inequalities over all places except the chosen embedding and use the product
formula. The sum of the logarithms of the coefficient-length factors is at most (D — 1) loglength(P).
The other factors contribute at most

DdLTy
d+1

h(1: Bz Bmo1) + 2D Njh(aj).
J

The factor two uses h(ozj_l) = h(a;). For a complex chosen embedding, division by its local multiplicity
only strengthens this conservative bound. These are exactly the projective-height and product-
formula identities proved in the preceding height lessons. Finally subtract log @ < LTpb1/(d + 1)
from the lower bound for log |QA|. The projective height and clearing denominator together cost at

most
Dd+1

d+1

Their sum with the coefficient-length contribution (D —1)LTyb; gives (2D —1)LTyb1, proving (8.174).
]

LTyby < DLTpby.

The analytic estimate uses a linear plane which we now describe explicitly. For s € V', the vector

r=s+ Smﬁ = (Sl + Smﬁla ey Sm—1+t Smﬂ’n’L7170)
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belongs to V. By the quotient-coordinate isomorphism used in the rank proof, its first m — d
coordinates are fixed linear functions of the last d — 1 nonzero coordinates. It follows that a linear
form 6 on k%, whose X-coefficient is one, satisfies

0-y(s) = smPo+ Z 55 + SmfBj)A ZSJ)‘ + smA (8.177)

j<m

The coefficients of 6 are complex after the chosen embedding. When By = 0, extend the resulting
form from the hyperplane Xy = 0 by assigning this same coefficient one to Xy. Thus the construction
covers both cases of (8.158).

Set
fra(x) =27e?®  (z e C?).

Because 6y = 1, differentiation in Xy yields exactly the operator dx, 4+t on the polynomial factor.
Consequently the entire matrix

A‘rt,u(z) = 4o, (8X0 )f'r,t(zy(su))

means differentiation in x followed by x = zy(s,), and satisfies
At p(1) = My efomh, (8.178)

The factor is positive in the exponent with this definition of A; hence the algebraic entry equals the
analytic entry times e~ #mh,

Lemma (analytic upper bound). Put v = log ' and

T+ d)eT+1)

Va= 5 ,

Wy = 2(m + 1)T15m,
and define
Ry = log(1 + Wp) + EWpe V4,

If 0 < |A| < e Ve, then
log |A| < 2LV + LUy, (8.179)

where
Uan = To((D + 1)by +v) + My(be +v) + H 4+ log(2L) 4+ (m + 1)U. (8.180)
Proof. For |z| = E, the polynomial derivative part of A ,(z) is bounded by
C, = efl=Mo g{DHITo pMo T
To see this, apply (8.88) again. The projective height assumption gives max (1, |Bol, ..., |Bm_1|) < BP.

The remaining coefficient length is bounded using Tp! ($*)7 < BI® and e(1 + Ty/H) < e 'Bo.
Differentiation lowers the polynomial degree, so replacing every power of |z| by E0 is valid.

For s, € (A— A)[m + 1], (8.172) and the triangle inequality give

m+1)U
1)

Write Wi = 2(m + 1)|t|Sm. Equations (8.177)—(8.178) therefore imply

2(m + 1)U t|

<
[Arty ()] < Cuoxp {2 E

+ EWteVd} .

For the perturbation, set

MTt,u — Amu(l)

Brt,u = A
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The integral identity e — 1 = w fol e" du shows that

-V
|B'rt,u’ < WteWte d|M'rt,u

The same coefficient estimate at z = 1, now using a!** = exp(t 2 SujAj), bounds the last factor by

Cyexp{2(m+ 1)U|t|/(T1 + 1)}. Both matrices consequently have their row-(7,t) entries bounded by

eMrt | where

2(m+ 1)U|t|
T1 +1

This also covers t = 0, when the perturbation entry is zero.

M.y =1log C, + + log(1 4+ W;) + EWge V.

Use the perturbation lemma (8.170), with N = (T(’;_dl_ 1), derivative order My, and perturbation
parameter A. All analytic rows have polynomial degree at most Ty in d variables and an exponential
depending on the one form 0. Moreover L/(2N)v = Vg, and L > 3N. In the average of the row
bounds, the exact sum

1 n(Th+1) Ti+1
ZZW: T+l - 2
Tt 1+

makes their exponential-growth contribution strictly smaller than (m+1)U. The remaining perturba-
tion contribution is at most Ry. We verify Ry < My, so that it is absorbed by the factor e~ Mo retained
in C,. First Ty < Sy, by So + 1 > 27Tp, and hence Wy < MOT1/2. Also #A < Hj(2sj + 1) < Tan
The cardinality hypothesis of the rank proposition consequently implies 2(m + 1)T1 < Sp + 1, and in
particular T} < My. Thus Wy < Mg /2. Since Vg > (T1 +1/2)log E and log E > 1, we get

EW()efvd < %Tlel/QiT1 < %

Here Tye™"t < e~ ! for Ty > 1, and /e > 3/2, as follows already from e > 1 + 1+ 1/2. For = > 2,
log(1 + 22/2) < 2x/3 :
at « = 2, the inequality follows from e*3 > 14 4/3 + (4/3)?/2 > 3; its difference has derivative

2 x (x —1)(z —2)

- — = > 0.
3 1+a22/2  3(1+a%/2) —

Since My > 2, this gives log(1 + Wy) < 2M(/3. We have proved the required absorption. Formula
(8.170) now gives (8.179)~(8.180). O

Thus the nonzero algebraic minor and its analytic comparison are fully explicit. Any parameter
choice satisfying
Uar + Uan < Va/2 (8.181)

forces |A| > eV4. Indeed, otherwise (8.174) and (8.179) contradict one another. The separate
small-relation case has the following direct estimate.

Lemma (a small rational coefficient line). Suppose Sy = 0, A # 0, and a nonzero integer vector
r satisfies

T:C(ﬁh"')/B’m—la_l)a |Tj‘ §4Sj
Then
log |[A| > 4D " Sja; — Dlog2 — 1 — log(4Sm). (8.182)
J
Proof. Its last coordinate shows that ¢ = —r, is a nonzero integer, and |c| < 4S5,,. Put z = cA =

>y and ¢ =IJ; a;j = €®. The height identities give

h(¢) < Z rjlh(a;) < 425’]-%».
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If ¢ # 1, the Liouville bound for the nonzero algebraic number ¢ — 1, with hA(¢ — 1) < h(¢) + log 2,
gives

¢ —1] > exp{—4DZSjaj —DlogZ}.
J

When |z| < 1, the exponential integral identity gives |e* — 1| < e|z|, which proves (8.182) after
division by |c|. When |z| > 1, the stronger bound |A| > 1/|c| suffices. Finally, if ( = 1, then z € 27miZ.
It is nonzero, since cA # 0, so |A| > 27/|c|, which again implies (8.182). O

In particular this handles the alternative excluded by (8.158): a vector in (A — A)[2] N kS has
precisely these coordinate bounds.

Proposition (a finite parameter estimate). Let o, So, ..., fm—1 € K, with a; # 0, and suppose
the multiplicative group generated by the «; has free rank at least m — 1. Let the chosen logarithmic
form A above be nonzero. Take positive integers Tg, 11, So, S1,...,Sm, H and real E, By, Bo > e,
U > 0. Suppose a finite nonempty A C Z™ satisfies

|sj| < S <Tp/4 (s €A, So +1 > 2Ty,
(So + )#A > 2(m + 1)T T,

and (8.172) holds. Assume (8.173), with a; > max{h(a;),1/D}, and assume also B, BY > E. Put

T, To + 1)(2T} + 1
Lm_(0+m>(2T1+1)a Vo:( o+ )T + )IOgE-

m 2m
If
Vo
5 > 4DTylog By + 2(m + 1)DSplog By + DH + Dlog(2Ly,)
(8.183)
+(m+ 1)U +2(m+1)D(T1 +1) Y Sja;,
J
then
A > em™Y0, (8.184)

Proof. If 5y =0 and (A — A)[2] N kB # {0}, use (8.182). The number () whose negative occurs on
its right side is strictly less than the right side of (8.183):

Dlog2 < DH, 1+ log(4S,,) < 2DTylog By,

and 4D >, Sja; is at most half the last term of that right side. Here Ty > 4S,,, H > 1, log By > 1,
and m, Ty > 1. Thus Q < V;/2, and log |A| > —Q > —mVj.

In the other case, select the minimal space V' in the rank proposition and its nonzero minor. We
have Ly < L,, and
Vo < Vg <mVp.

Since log E < D log B;, summing (8.175) and (8.180) gives a number at most the right side of (8.183).
The coefficient terms cost at most 4DTy log By + 2D Mg log Bo; the remaining height, logarithm and
growth terms are exactly the remaining terms displayed there. Consequently U, + Uan < Vy/2.
Equation (8.181) implies |A| > e~V > e=™Y0_ as required. [J

This establishes the general-coefficient finite parameter argument of [Waldschmidt 2000], for the
radius choice used here. It includes the small-relation alternative, the maximal-rank construction,
the clearing denominator and the exponential perturbation.
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Keeping the degree of every transverse group

The preceding analytic bound treats every transverse monomial as if it could occur in every row. The
actual rows have total polynomial degree at most Ty. Keeping this restriction gives a useful stronger
estimate. We prove it for the same matrix, so its arithmetic lower bound and rank construction
remain available.

Write ¢ =Ty, k=211 + 1, and L = (q;d)k. Since 0y = 1, use coordinates

Z=0-uz, Y = (21,...,24-1)-

This is an invertible linear change and 0,, = 9z. For p € ch)l, lp| < ¢, put

cp = k(qg—|p| +1).
In these coordinates the row functions are a constant invertible combination of
YPZ%!7 0<a<q-—|p, -TL<t<Ty.

There are c, functions in the p-group. When d = 1, there is just the empty multi-index p.

Make a list of L integers, counting multiplicities, by taking
lpl, lpl+1,...,|p|+¢c,—1 forevery p. (8.185)

Let wy < --- < wp, be this list in increasing order, and set W, = Zle w;, with Wy = 0.

Lemma (degree capacities in a derivative determinant). Let A(z) be the analytic matrix
above, and let B be any constant square matrix. Suppose the differential polynomial in each column
has degree at most My. A determinant formed with ¢ columns of A(z) and the remaining columns
of B has order at least

max{0, Wy — {My}. (8.186)

If row 4 of both matrices is bounded in modulus by e on the circle |z| = E > 1, and |¢| < E~*,
zx > 0, then

L
log | det(A(1) +eB)| < — (Z min(w;, zx) — LM()) log E
i=1

+ Llog(2L) + Y M.

(8.187)

As usual the logarithmic inequality is automatic for a zero determinant.

Proof. Consider the Taylor coefficient vectors C, ,, of the full row family at Y?Z". For a fixed p,
these vectors lie in a vector space of dimension at most c,. Indeed, in the displayed row basis they
are supported on its ¢, rows. Changing back to the original row basis preserves this dimension. The
vectors are independent of the chosen column.

Applying the differential polynomial in a column replaces its scalar monomial factor by a sum of
terms
(constant) 2P 0 < k < min(n, My).

It still multiplies the same vector C), ,,. Expand the determinant multilinearly in its analytic columns.
A surviving term uses distinct n’s in each p-group, since repeated vectors give a zero determinant.
It uses at most ¢, vectors from that group, by the dimension bound. If their number is r,, their
initial degrees cost at least

Folpl 40414+ (1 — 1).

Here 0 <7, < ¢, and ) pTp = £. The smallest possible sum of these costs is Wy: the successive costs
in each group are exactly the list (8.185), and choosing its globally smallest ¢ entries automatically
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chooses an initial segment within each group. Differentiation removes at most My, proving (8.186).
For any fixed Taylor degree this expansion has only finitely many relevant n’s, since all derivative
orders are bounded by Mj; the argument therefore also proves the assertion for entire functions.

The Leibniz formula bounds each mixed determinant on |z| = E by Llexp(>; M;). Schwarz’s lemma
bounds its value at 1 by the same expression times E~WetMo: this weaker inequality is still true
if its exponent gives a bound larger than one. The perturbation factor contributes E~(£=9%  For
every 0 < (< L,

L
Wi+ (L — )z > Z min(w;, zy).
i=1

Also ¢My < LMj. There are 2° column selections. Summing their bounds and using L! < L¥ proves
(8.187). O

For the particular threshold

_ k(g+1)
2y = 5 ,
the list satisfies the uniform strict estimate
1 & . kq
7 me(wi,z*) > 112 (g >1, k>3). (8.188)
=1

We include the calculation to make its dependence on the dimension explicit. Ignoring the nonnegative
|p| only lowers the left side. For x > 0,

2

4z,

min(zx, z,) > = —

when z < z, this is immediate, and otherwise it is (z —22,)? > 0. Put 7, = ¢— |p|+1 and N = (qjgd).
Counting the two slack coordinates, or taking coefficients in their generating functions, gives
2 3
r 2 T 6 d+1
Sr,=N,  =ee gy 24 pTp _ 1, Balgt+d+1l)
> N d+1 N (d+1)(d+2)

2 2

For example, the generating functions for r,r%, r3, starting at » = 1, are respectively (1 — z)72,
(1+2)(1—2)73, and (1 + 4z + 22)(1 — )~ Multiply by (1 — )=~V and take the coefficient of
4. This proves the three identities also for d = 1.

Since ¢, = kr, and L = kN, the sum of the unshifted indices j =0, ...,¢, — 1, divided by L, is

kq k—1

d—i—l+ 2

Their sum of squares is strictly smaller than }_, c% /3. Consequently the trimmed mean is strictly

larger than

kq +k—1_ ko kglg+d+1)
d+1 2 6(¢g+1) (¢+1)(d+1)(d+2)

After subtracting kq/(d + 2), the remaining expression is

k=1 k kqd ko
2 6(g+1) (¢+1(d+1)(d+2) 6

1>0
5 = 0.

Here d/((d+ 1)(d +2)) < 1/6, because (d — 1)(d — 2) > 0 for integral d > 1. This proves the strict
inequality (8.188).
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Polynomial degree capacities:d =2, To=3,2T1+1=5

Each group has 5(4 — |p|) rows 20.0 Capped sum = 339; mean = 339/50
’ —— Degree |p| +
31 ® @ @ @ 5rows 17.5 { = Degree capped at 10
_ 15.0
=3
ﬁz ® ® 00 000 0 0 o 10rows 12.5
54 [}
2 5 10.0
8 5
@ a
21 © 00000000000 0 0 0 15r0ws 7.5
©
8 5.0 1
0100 0060060606000 000 00 00 0 0 200w 2.5
T T T T T 0.0 T T T T T
0 5 10 15 20 10 20 30 40 50
Radial Taylor index j Position in the sorted degree list

Figure 8.4. Ford =2, Ty =3, 211 + 1 =5, the four transverse groups have 20,15,10,5 rows. Their lists
(8.185) contain fifty degrees with total 400. Capping each at z, = 5(3 +1)/2 = 10 gives ezactly 339, so the
capped mean is 339/50 > 15/4, as (8.188) requires. The shaded step diagram represents this exact discrete
sum; it is not an integral approximation. The degree count is independently supplied above as a refinement of
the derivative-determinant mechanism in [Waldschmidt 2000]. Source: figures/degree__capacities.py; exact
arithmetic: verification/degree__capacity_parameters.py.

Corollary (a stronger finite parameter criterion). In the finite parameter proposition, replace
(8.183) by

To(2Ty + 1
O(ig) log E > 4DToby + 2(m + 1)DSobs + DH + Dlog(2Ly,)
m
(8.189)
+ (m+ 1)U +2(m+1)D(Ty +1) Y Sja;.
j

Then the same conclusion (8.184) holds.

Proof. Write Z = mVp = (Tp + 1)(271 + 1)log E/2. In the small rational-line case, (8.182) is
strictly stronger: its cost is smaller than the right side of (8.189), and 7p(277 +1)log E/(m +2) < Z.
Otherwise use the same nonzero minor. Assuming 0 < |A| < e~% gives the same row bounds as in
the analytic proof, since Z > V. The proof of Ry < My is unchanged. Apply (8.187)—(8.188), with
e = A. After the same absorption and the derivative loss Mylog E, they give

To(271 +1)

log|A| < —L
0g |A| < d+ 2

log E + LU,,.

Because d < m, condition (8.189) and the arithmetic lower bound contradict this inequality. Hence
Al >e 2. O
Selecting points by their logarithmic diameter

The hypotheses of Theorem 8.10 bound each logarithm separately. The following finite-set construc-
tion converts these hypotheses into (8.172) without replacing them by a stronger sum assumption.

Lemma (a concentrated part of a symmetric box). Suppose

. =1, 8=l

VP S e,

There is a nonempty subset A C [[,{—5j,...,S;} satisfying (8.172), with

1 13\ um
> : — (2 . .
#42 g 11@8 + 1) > 55 (2) DTy + 1) 1, a (8.190)
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Proof. Choose the coordinates s; independently and uniformly in their symmetric integer intervals.
Their means are zero. For X =3, s;);, independence gives
BIX[ = Y BEDINE < e
= S . _—,
- J Jl = E2 (Tl + 1)2
This argument uses complex conjugates in | X |2, so it applies to complex logarithms with arbitrary

arguments. Markov’s inequality, proved by summing the nonnegative values of | X|?, shows that at
least half the box lies in
V2mU

E(Tl + 1) ’

In units U/(E(Ty + 1)), this disk is inside a square of side 2v/2m. Divide each side into Q =
[2v/2m] < 4/m equal intervals. Assign boundary points consistently to one of the Q2 cells. Each
cell has side at most one and diameter at most v/2 < 2. Since Q < 2v/2m + 1, we also have
Q? < (9 +4v2)m < 15m. One cell contains at least the fraction 1/(2Q2) > 1/(30m) of the full box.
Its points form the desired A. There is no translation of their integer coordinates.

[ X <

Finally 2|z + 1 > 3z/2 for every = > 1. Indeed, for r = |z] > 1,z <r+1land 2r+1 > 3(r+1)/2.
Multiplying these strict inequalities proves (8.190). O

Parameters for the general algebraic coefficients

We can now prove (8.154) with its individual logarithmic cutoffs. The degree-capacity estimate
supplies enough room for the finite-set selection. We keep the coeflicient and radius parameters
separate.

Write m = n, v =log F, Lp = log B*, Lg = log E*, and a; = log A;. Define

Daj D
" v’ Hr], Y75
J
The hypotheses give
rj>1, r;<B*, Lp>Lp>1, Lp>1Jy, y<er. (8.191)

In this subsection the symbol Lp is a coefficient logarithm; it is unrelated to the number of
determinant rows.

Choose the following constants:

| N Co
m=1 48 4-49%/3 (8.192)
m >2 | 4(m+1)3 | 60m(m + 1)(N + 1)m+t/3m
Put
by = 3Tm*%Lg, by = 10v/m L,
m —m— U
U = CyD™"2b1by 1;[% vl X = Dh = CoboyP,
TO = LX/QJ, T1 = LNyle, (8193)
U by
= |— H=|—
0= ) =
U
== Bi=¢" (i=1,2).
S] \‘D(Tl +1)Q]J ) € (Z ) )

Here Bj, By are auxiliary parameters, not the original B*.
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We verify every finite-parameter hypothesis. First Cy > 100(m + 1), by > b, and

b b
X >10y/mCy > 1000(m + 1),  yby >3Tm%?, -~ <H< - (8.194)

™ 6m’
The last lower bound follows because by /(6m) > 6; for every real > 6, |z| > 6x/7. The other

bounds use yLg > 1, P > 1, and Lg > Lg. All integer parameters are positive. Moreover

U Cob2y

T +1< (N +1)yb > 1.
1L (VA Dybr, D(Ty + 1)a; = N+1H

Since T1 + 1 > Nyb;, the same quotient is smaller than X/(Nr;) < X/N. Thus S; < Tp/4: indeed
To > X/3 by (8.194), and N > 12. Also Sop+ 1 > U/(Dby) > X > 2Ty. The height cutoffs and
BiD > E follow from the theorem’s hypotheses and b; > Ly > v/D.

For m > 2, take A from (8.190). For m = 1, take the whole symmetric interval:
A={-51,...,5}.

It already satisfies (8.172), since E|\1| < Da;. In this case its size exceeds 3U /(2D (11 + 1)a;). For
either choice, the cardinality condition is equivalent to a strict inequality supplied by (8.192). Here
are the factors explicitly. For m > 2, (8.190) and Sy + 1 > U/(Dbs) give

(So + 1)#A U 3y
2(m + 1)T6nT1 60m(m + 1)Db2(T1 + 1)mT1 Hj a; '

Use Th < (N 4+ 1)yb; and Th + 1 < (N + 1)yby; substitution of U makes the resulting bound one.
For m = 1 the same computation omits the factor 30m, and uses Cy = 2(m + 1)(N + 1)™*1/3m,
This proves the strict rank inequality in both cases.

Next we check the two polynomial-growth requirements (8.173). For the projective height we will use
h(1:B):-:8,_1) <(m+1)Lp < by, (8.195)

where the normalized coefficients 6} are defined below. For the size requirement, the previous bounds
on S; show

m(m+1) _,
— X"
N

ToS* <

Since logy < Lg < Lp, logr; < Lp, and log Lg < Lg — 1, we get

log(TpS™) < 2log Cy + log

100m3(m + 1
W —2+2(m+2)Lp.

Consequently TpS*3H < e follows from

100m3(m + 1)

log 3
3/2 g 21 1
3Tm ( e ) > 2log Cp + log N

—2+2(m+2). (8.196)
This is a uniform inequality. For m = 1, its left side exceeds 30, whereas the right side is smaller
than 22. For m > 2, the elementary bounds

log(m +1) < v/m, log(N+1)<1.4+3ym, log60<4.1, log3 > 1.09

give log Cy < 3m3/2 4+ 5y/m + 0.31m + 5.5. Thus the right side of (8.196) is smaller than 6m3/2 +
11y/m + 2.62m + 16.3; its left side exceeds 37m3/2 — 7\/m. The difference is positive: use v/m < m,
16.3 < 8.15m, and 31y/m > 31 -1.4 > 28.77. To justify log(m + 1) < y/m, put z = /m > 1. The
ratio e /(1 + 2?) is increasing, since its logarithmic derivative is (z —1)2/(1 +22); at 2 = 1 it exceeds
one. All decimal margins used here are outward rational bounds.
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For the other auxiliary parameter,
Ti/H <7mNy,  log{e*(1+Ty/H)} <2+log(1+7mN) + L.
Form =1, 2+ 1og337 < 9. For m > 2,
2 +1log(1+7mN) <2 +10g29 + logm + 3log(m + 1) < 5.4 + 4y/m < 10y/m — 1.

Since Lg > 1, these inequalities imply By > e?(1 + T1/H). We have verified (8.173).

It remains to check the determinant budget (8.189). Its first, second, fifth and sixth terms together
are at most
{243(m+1) +2m(m+1)}U = (2m? 4+ 5m + 5)U.

The other two terms are smaller than U. Here is a bound which also checks their dependence on
large field degree. Since Ty > m and 2(271 + 1) < (4N + 2)yb; < b1 X, we have

2Lm < X™01 X,  Dlog(2Ly) < D{(m +1)X + b;}.

We used Cyby > 4N + 2, which follows at once from (8.192). Dividing by U = Db; X bounds this
term by (m+1)/b; +1/X <2/37+1/X. Also DH/U < 1/(6mX). Their sum is less than one by
(8.194). The entire right side of (8.189) is therefore smaller than (2m? + 5m + 6)U.

On the left, Tp > 49X/100 and 277 + 1 > (2N — 1)yby, so

To(2T1 + 1o _ 49(2N — 1)
m+2 = 100(m +2)

U > (2m* + 5m + 6)U.

For m = 1, the coefficient on the left is 4655/300 > 13. For m > 2, clearing denominators reduces
the last inequality to
192m? + 276m? — 424m — 857 > 0.

Its value at m = 2 is 935; after putting m = 2 + x, its remaining coeflicients are 2984, 1428, 192, all
positive. This proves the required budget without an asymptotic argument.

We can now finish the coefficient normalization. If all coefficients of the logarithms are zero, the
nonzero constant I' = 3y has log |I'| > —DLp by Liouville. Otherwise permute the logarithms so
that B, # 0, and put

By==Bi/bm (0<j<m),  A=PFy+ D B~ Am.
j<m
Then I' = —f,,A. The projective-height identities give (8.195), and log |B,,| > —DLp. Baker’s
full theorem in the preceding third lesson, including the constant term, gives I' # 0. Rational
independence of the chosen logarithms also implies that the multiplicative group of the «; has
free rank at least m — 1. Indeed, two independent integer relations modulo torsion would give two
rational multiples of 27i as logarithmic sums; eliminating them gives a nonzero rational relation
among the \;. Thus every hypothesis of the stronger finite proposition is satisfied.

Its conclusion and the rounding bounds in (8.193) give

370m2(2N +1)(Co + 2 " LgL
log |T| > —{ m )(C )+1}D *2[[a; “22E (8.197)
j

4 pm+l -’

For the added coefficient cost, use

D™ a; LgLgv ™' = DyPLpLg > DLg.
J

For the determinant cost use Tp + 1 < X/2+ 1, 271 +1 < (2N + 1)yby, and X > Cj.
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Finally the constant in braces is strictly smaller than 2m+25m3m+9  For m = 1,2, 3 this follows
by direct integer arithmetic in (8.192); the ratios are respectively less than 0.429,0.947,0.478. For
m > 4, first observe
370m?*(2N +1)(Co + 2)
4
The difference already exceeds one for m > 2, since Cy > 10°%. Use N + 1 < (81/20)(m + 1)3, and
divide by the target constant. The result is at most

+1 < 186m2(N + 1)Cy.

11160(81/20)?

o m(1 4 1/m)3™T7(27/40)™ < 0.00546 - 21(5/4)" m(27/40)™ < 0.46.

Here (1 +1/m)3™ < e3 < 21. The sequence m(27/40)™ decreases for m > 4, because its successive
ratio is at most 27/32 < 1; its first value is 4(27/40)*. This proves the comparison for every dimension.
Equation (8.197) establishes (8.154) in the full algebraic-coefficient, rationally independent case.
The proof uses the same rank, height and derivative construction as [Waldschmidt 2000]; the
degree-capacity count and symmetric-box selection above give the explicit parameter transfer used
here.

Integer coefficients and binomial polynomials

The homogeneous bound has a smaller coefficient parameter than a general projective height. We
retain it by choosing a polynomial basis which takes integer values at the interpolation points.

(2)22(2—1)---(2—7“4—1) <Z>:1
r 7! ’ 0 ’

For every integer z, these values are integers. For z > 0 this follows by counting subsets (with zero
if r > z); for z < 0, the identity () = (=17 ("= 1) proves it.

r

For z € C, set

We also need their growth. If Z; > 0, |z;| < Z;, r; > 0,and r =Y ;r; <T,T > 1, then

11 (i) < {6 (1 + ZTZ> }T' (8.198)

i
For r; > 0, each numerator factor has modulus at most Z; + r;. Also r;! > (r;/e)™, by integrating
logz over 1 < x < r;. Thus the product is at most

[T {e(t+Zi/r} < {e(+3-Zi/n)}"

ri>0

The last inequality is the weighted arithmetic—geometric mean, applied with weights r;/r. The
function rlog{e(1 + Z/r)} is increasing for r > 0: its derivative is 1 +log(1+ Z/r) — Z/(r + Z) > 0.
Increase r to T to obtain (8.198); the case r = 0 is immediate.

Let b; € Z, b,, # 0, and normalize
. 1
5():0, ,Bj Z—bj/bm (] <m), A:_szjAj'
m "

In the minimal subspace of dimension d, replace the monomials by

pr(X)

el

70 T3

XTO m—1 b X
— 20 (m R (8.199)

i=m—d+1
These form a basis of all polynomials of degree at most Ty: their leading monomials have nonzero

coefficients, and ordering by total degree makes the change-of-basis matrix triangular. The rank
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proposition therefore supplies a nonzero minor for this basis too. Its number of rows and its
logarithmic Laurent support are unchanged.

For s € (A — A)[m + 1], define the integers

The first coordinate yo(s) is zero. Evaluation after differentiation gives the algebraic entry

(m0) m—
MTt,Us:a“L(t) H1 (Zi(s)) (8.200)

] .
700 gy \ T

To check the factor, differentiate X°e!X0 /19! at zero. In ¢,(dx,), the resulting coefficient is exactly

q((,m)(t) /7o!.  All binomial factors in (8.200) are integers. The normalized denominator lemma
therefore clears its row by v™, v =lem(1,..., H).

For example, let b,, =3, b; = 2, s; = 2, s, = —1. Then b,,s; — b;s,,, = 8, so the transverse factor
with 7, = 3 is (g) = 56. Take 1o =2, t =0, and ¢(z) = z(z + 1)(z + 2)/6. Its normalized derivative
q"(0)/2! is 1/2, so this scalar entry is 28. Applying (0% + 30% + 20)/6 directly to X3 /2! at zero
gives the same 1/2. This illustrates why differentiation occurs before evaluation at the zero first
coordinate.

In place of the projective height and size conditions for By, it suffices that

2em(m + 1)

By >3, By > e+
Ty

max(|bp,|S; + [bj[Sm)- (8.201)
<m

Use zero for the maximum when m = 1. Indeed, >°; Z; < 2m(m + 1) maxj<m(|bm|S; + [0j[Sm).
Equations (8.198) and (8.201) bound the binomial product by Bi, and by (EB;)™ at radial argu-
ments z y(s) with |z| = E. There is no projective-height factor: the integer coefficient combinations
are evaluated before applying the product formula.

Here are the resulting determinant bounds explicitly. The polynomial derivative estimate bounds
qC(,TO)(t) /70! by efl—Mo BéVIO. After denominator clearing, every algebraic scalar entry has modulus at

most
e —Mo p2To pMo

Expanding the determinant gives an integer Laurent polynomial in the ;. Its coefficient length is
at most L! times the L-th power of this bound. The product formula costs at most D — 1 times its
logarithmic coefficient length. Subtracting the clearing denominator costs at most

LTy | < LTy

b1.
d+1 BV = g

Thus its coefficient contribution is at most (2D — 2 + 1/(d + 1))LTpb;, which is no larger than
(2D — 1)LTyb;. The height contribution of the a; is exactly bounded as in (8.176). Dropping the
favorable — M) proves the same arithmetic lower bound (8.174)—(8.175).

On the analytic circle the scalar part is bounded by

efl=Moglo pMo pTo,
The exponential factor, perturbation identity and Ry < My are the same as before. The degree-
capacity argument applies to any basis of the polynomial space, including (8.199). It gives the
same stronger analytic estimate, with the smaller coefficient cost Ty(by + v). In particular the more

conservative U,y in (8.180) still bounds it. Consequently the stronger finite criterion (8.189) and the
small-rational-line alternative remain valid under (8.201); no coefficient-height assumption is needed.
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To prove (8.155), set
LB :210gB’, LE:logE*,

and use all constants and integer parameters (8.192)—(8.194). These now satisfy Lp > Lg > 1,
but no assumption r; < elB is imposed or used. The positive cutoffs, coordinate bounds, rank
cardinality, By growth, determinant budget and final constant comparison in the preceding proof use
only r; > 1 and P > 1; they therefore still apply. Only the B check is replaced. Its first condition
follows from H < by /(6m). For the second, the definition of B’ gives

UB’

bm|S; + b|9m) £ ——.

Since Ty > 49X/100 and 77 + 1 > Nyb;, the right side required in (8.201) is at most

200em(m +1) B’
49N y

For m > 2, N = 4(m + 1)3, so 200em(m + 1)/(49N) < 1: use e < 3 and m/(m + 1)? < 2/9.
For m = 1, the maximum is empty. Moreover 1/y = v/D < log B’ < B, since B’ > E* > EV/P.
Thus for m > 2 the required bound is smaller than e + (B")? < (B’)3, as B’ > e > 2. Our choice
B, = (B’)Mmg/2 is larger still. This proves (8.201).

Finally |37;bjA;| = |bm Al > |A], since by, is a nonzero integer. There is no additional coefficient
cost. The constant comparison already proved for (8.197), with L = 2log B’, yields exactly (8.155).
This completes the homogeneous estimate under rational independence. The integer-valued basis
mechanism is credited to [Waldschmidt 2000]; all growth, denominator and parameter arguments
used here have been supplied above.

Relation coefficients adapted to the radius

The coefficient cost in a dependent family must be bounded together with the chosen logarithms.
We give an estimate that uses their small modulus. Put

v=logE, w=IlogE*, y=D/v, tj=ya;>1.
Thus v > 1, yu > 1, and y < e“. These inequalities hold in both versions of Theorem 8.10.
First let e* =y € K*, A # 0, and let M > 1 be an integer for which v, ...,¥™ # 1. Then

D(M +2) M +2

—log |\ < 3 h(7y) + % log(M + 1) + log M + 3 |l (8.202)
Proof. Define
Om(Z) = ﬁ(Zj _MEHST g = MU\/—;"‘ 1)’ sy = M(M + 16)(M+2).
j=1
On the unit circle the modulus of Qs equals that of the Vandermonde determinant on 1, Z, ..., ZM.

Each row has norm M + 1, so Hadamard’s inequality bounds it by (M + 1)(M +1)/2 The maximum
principle gives the same bound inside the unit disk. The identity [Qas(Z)| = |Z|**|Qa(Z71)| then
gives

Qui(Z)] < (M + 1)MD/2 max (1, 2]},

At finite places the bound holds without the fixed factor, because this polynomial has integer
coefficients. Since Qr(7y) # 0, the product formula gives

D(M +1)

log |Qnr ()| = —Dsih(y) — 5

log(M +1).
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Using D for the other archimedean embeddings only weakens the inequality. The bound |e/* — 1| <
jIAe?M| summed with weights M + 1 — j, gives

log |Qar(7)] < solog |\ + solog M + s1]Al.

Compare and divide by sg. This proves (8.202). O

This is the elementary Vandermonde and product-formula mechanism of (8.23), arranged to retain a
very small chosen logarithm.

Lemma (a radius-dependent empty body). Let C be the absolute convex hull of v(cj, Aj)/a; in
(8.11), for any family meeting the height and chosen-logarithm cutoffs. Let £ be a discrete subgroup
of logarithmic vectors in their span, all coming from bases in K. There is no nonzero point of £ in
nC, where

(11D3)~1, log D < 16u,
_ (8.203)
min{1, (64yM)~ 1}, logD > 16u, M = [64yul].
Proof. A point v(v,\) € §C satisfies
h(7y) <0, A < Dde™". (8.204)

The height formula and the triangle inequality in the logarithmic coordinates prove the first inequality.
The selected real and imaginary coordinates prove the second. Both hold on the whole absolute
convex hull.

If log D < 16w, a nontorsion base has height greater than 1/(11D3) by (8.1). For a torsion base of
order ¢, the bound ¢ < 2D? proved above implies |A| > 7/D? for a nonzero chosen logarithm. This
exceeds the bound in (8.204). A nonzero period of the base one is included.

Otherwise write L = log D > 16u, x = L — u > 15u. The radius hypotheses give

v> el = e > AL + 28u + 4.

Indeed 4L + 28u +4 =4z 4+ 32u+ 4 < Tx + 4; e — 7Tz — 4 is positive and increasing for z > 15. At
fifteen, use e'® > 215 > 109.

Suppose a nonzero point lies in nC. Its chosen logarithm is nonzero by (8.11). It cannot have a
torsion base, since
I\| < De™ < D3 < 7/D?.

Thus (8.202) applies. We have
6dyu < M < 65yu, M > 64, log(M + 1) <log(66yu) <5+ 2u < Tu.

Here logy < u, logu < u, and yu > 1. The first two terms in (8.202) are at most

v Tv
—(1+2/M —

whose sum is less than v/8. Also log M < Tu, and log(M D) < L+ 7Tu < v/2, so (M + 2)|\|/3 <
MDe™ < 1. Therefore (8.202) gives —log |\ < v/8 4+ 7Tu + 1. But (8.204), with n < 1, gives
—log|\| > v — L. These are incompatible with v > 4(L + 7u + 1). This proves the lemma. OJ

Lemma (a primitive circuit with logarithmic cost). Choose a minimally dependent subset
J of nonzero chosen logarithms, of size ¢ > 2, and choose k € J with a; = max;cya;. There is a
primitive relation 37 ;c;A; = 0, with every ¢; # 0. Set ¢; = 0 outside J and N = max; |cj| > 1.
For an ambient family of n > ¢ terms,

log N < 64n%uty, tr = Day/v. (8.205)
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Proof. Use C from (8.203) for J, and let £ be generated by its logarithmic vectors. It is discrete by
(8.11), and has real rank r = ¢ — 1: a discrete spanning group has an integer basis, so its real rank
equals its rational rank. Minkowski’s first theorem and (8.203) give

n" vol, C < 2" det L.

For each j € J, the cross-polytope on the other r vectors divided by their cutoffs lies in C'. Its volume
is 2" /r! times their absolute determinant. In an integer basis of £, the primitive relation coefficients
are the signed maximal minors. Their greatest common divisor is one because the columns generate
L, by the Smith reduction proved above. It follows that

el <rlp™ [] @, N <rlap/n)"
ieJ\{j}

If L =log D < 16w, then

log(ar/n) =log 11 + 3L + log ty, — logy < 52u + log tx,

since —logy < logu < w and u > 1. Using r! < 7", logty < tx, and t; > 1, we obtain log N <
r(logr + 53)ut), < 64n?ut). For the last comparison use r < n, logr <r, n > 2.

If L > 16u, then n~! = max{1,64yM}. When 64yM > 1, aj/n < 4160yut;, whence log(ax/n) <
11u +logty. When 64yM < 1, instead ax/n = t/y < uty, giving a smaller logarithmic bound. Thus
log N < r(logr + 12)uty, which also proves (8.205). [

The estimate controls the actual primitive relation together with the radius, rather than a degree-only
upper bound.

Completing the dependent algebraic-coefficient estimate
Write
Cp =25 P=T[t;, w=logB*, &,=C,DywuP.
J

This is exactly the magnitude of the exponent in (8.154). For n > 2,
Cp/Cp1 > 2(64n* +4),  Cy, > 128n% (8.206)
For n = 2,3 these are exact integer comparisons. For n > 4,
C/Cr1 =2n3(n/(n —1))3"70 > 2¢3n3 > 40n3 > 2(64n? + 4).

The bound log(1+s) > s/(1+4s), s > 0, proves the first strict estimate. The polynomial 20n®—64n?—4
is positive at four and increasing thereafter. The second assertion follows directly from the formula.

We prove (8.154) by induction on the number of terms, assuming only I' # 0. For independent
logarithms the full estimate is (8.197). A zero logarithm can be deleted with unchanged coefficients,
B*,E, E*; its lost factor t; > 1 and the increasing constant make the smaller estimate stronger.
Use the original D as a degree upper bound for the smaller generated field. In (8.174)—(8.176),
replacing its actual degree by D only increases the nonnegative arithmetic costs. The rank and
analytic estimates do not require equality of the degrees; the choices (8.191)—(8.196) use this same
upper bound throughout. Thus the completed independent proof applies with these parameters.
If every logarithmic contribution is zero, Liouville gives log|I'| > —Dw > —®,,, since yu > 1 and
P > 1. This also covers a single zero logarithm in the base case.

For nonzero dependent logarithms use the circuit (8.205), delete its largest-cutoff index k, and set
Bo=crbo,  Bj=ckbi—ciPr (G #Fk).
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The new form is exactly cxI' # 0. The height inequalities give h(53}) < 2w +log(2N) and h(f)) <
w + log N. Choose

w' = max{u, max logtj, 2w + log(2N)}, B, =ev.
J

It meets all smaller-dimensional hypotheses. Since w > u > 1, (8.205) gives w’ < (64n? + 3)wty,.
Induction and (8.206) give a smaller exponent

n1 = Cn1Dyw'uP/ty < ®,,/2.

Moreover
log |cx| < log N < 64n’uty, < (64n2/C,,)®, < &, /2,

using Dyw > 1 and P > t. Thus
log |T| = log |ck| — log |ex| > —®!,_; — log |ck| > —Pp,. (8.207)

This completes the algebraic-coefficient reduction.

Completing the homogeneous coefficient estimate

Put w = log B, and double C,, in ®,. The constant ratios are unchanged. We retain the exact
normalized parameter in (8.155).

Deleting a nondistinguished zero logarithm does not increase B’. If the distinguished logarithm is
zero, select a surviving nonzero contribution as the new last term. Every other original coefficient
satisfies |bj| < B'ay, and every reciprocal cutoff is at most y. The new parameter, including its floor
E*, is therefore at most 2B't,, with logarithm at most 3wt,. The constant ratio absorbs this cost.
The nonzero one-term case is the independent theorem.

For a dependent family use the same primitive circuit, delete the largest cutoff in its support, and
put
b; = Ckbj — Cjbk (] 75 k), CkA = Z b;AJ
J#k
There is a surviving nonzero coefficient. With an appropriate distinguished term,
B/

new

< 4NB'ty. (8.208)

If K = n, choose any surviving nonzero coefficient as the new last one. For two surviving indices 1, g,
the original bounds |b;| < B’a, and |b,|/a; < B’ give

b /ai + |b;] /ag < 2NB'(1+t,) < ANB't,.

If only one term survives, the normalized maximum is empty.

If k # n and b, # 0, keep n distinguished. For i # k,n,
0,1 /@i + || /an < NB'(3+ tg).

Indeed the three ordinary terms are bounded by B’. The extra term involving ¢,b/a; is absent if
¢n = 0. Otherwise n belongs to the circuit, a, < ag, and |bg|/a; < B'apy < B'ty.

If b, = 0, then ¢ by, = b, # 0, so again a,, < ai. Every remaining original nondistinguished
coefficient has \b;| < 2N B’a,. Choose a nonzero one as the new distinguished term. Both reciprocal
cutoffs are at most y, giving normalized sum at most 4N B’a,y < 4N B’ty. The original distinguished
coefficient is zero and obeys the same bound. Finally E* < B’ < 4N B’t).. This proves (8.208) in all
cases.
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Consequently
w < w+logd+log N 4 logty, < (64n? + 4)wty,.

Induction gives an exponent less than half the original one. The multiplier costs less than the other
half, exactly as in (8.207), now with the doubled constant. This proves (8.155) for every dependent
family with A # 0. O

Both conclusions required under (8.156) now have their original constants and coefficient parameters.
The radius-adapted relation argument actually proves them from nonvanishing alone, without using
(8.156). This strengthening belongs to the proof here; the cited statement of [Waldschmidt 2000],
retains its published additional hypothesis. The verification script waldschmidt_ dependent.py checks
finite identities and constant endpoints.

How a small chosen logarithm controls dependent coefficients
A radius-dependent exclusion Both transfer costs fit

Half the original exponent
D=10°% v=D, u=y=1, M=64, n=1/4096 e

0.4 1
Coefficient cost: (64n? + 4)Cn - 1/Cp < 1/2

0.3 1
Multiplier cost: 64n%/C, < 1/2

0.2 1 Largest multiplier fraction: 2734 at n=2

. o /—%

0 1 5 10 15 20 25 30

Chosen modulus E|A|/(Dn)
Fraction of the original exponent

Height h(y)/n Number of logarithms n
Every base lies in a field of degree at most D. Cp,=2"*2°n3"*9_ Ppoints are finite samples;
A=0, e! =y; proof (8.202)-(8.204). proof (8.206)-(8.208) covers every dimension.
Figure 8.5.

On the left, D = 10°, v = D, u =y = 1, and £ = €. The normalized square expresses the
proved exclusion (8.202)—(8.204); it does not plot conjugates of a particular number field. The zero
logarithmic vector is allowed at the origin. On the right, finite samples illustrate the exact ratios
bounded in (8.206)(8.208). The multiplier fraction is largest at n = 2, where it equals 273*: (8.206)
makes n?/C,, decrease. Both proofs cover every dimension. The Vandermonde/product-formula
mechanism is credited as in (8.23); the radius-dependent construction and figure are supplied here.
Reproducible figure source.

Example (both coefficient parameters). Take K = Q, (a1, a2,a3) = (2,3,6), their real
logarithms, £ = E* = e, and (aj,a2,a3) = (2,3,5). These satisfy all three cutoffs: elog2 < 2,
elog3 < 3, and elog6 < 5. For

I'=1+2log2—3log3+4logb =1+ 6log2+log3,

the algebraic-coefficient parameter B* = 5 is valid. The primitive circuit is (1,1, —1). Deleting its
largest cutoff gives 3 = —1, (81, 85) = (=6, —1), and the transformed form equals —I". One may
use the exact smaller parameter B, = 6.

For the homogeneous form with coefficients (2, —3,4), the original normalized maximum is 12/5 < e,
so B’ = e. The same elimination has normalized maximum 1/2 +6/3 = 5/2 < e; thus B.,, = e also
works. The general bound (8.208) allows growth of the parameter, but this exact example shows

that growth is not necessary. Both forms are nonzero by their displayed positive expressions.

9. Why a large radius helps
Take rational bases

1
Oéj:1+7, 1‘j€Z, :L'jz?).
Lj
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Their reduced fractions have height h(a;) =log(z; + 1). Set
X = mjinxj, E=FE"=X, aj=Ilog(z;+1).
These choices satisfy every radius and height requirement: X > 3 > e,
FElog(1+1/xj) < E/z; <1 < aj, log £ < aj.

The field degree is one, so condition (8.156) is automatic for any nonzero form. For b, # 0, put
B = max; |bj| > 1. If B > X, the choice B’ = 2B is permitted, because a; > 1 and

b b;
M+ 1o < 2B.
(lj Qg

Thus (8.155) becomes

S _on+26,3n+9 [1;log(z; +1)

log |> " bjlog(1+1/x;)| > (log X)7 log(2B). (8.209)
J
For example, if X <z; < XM M > 1, then
M < M+M < 1.263M.

logX — log 3

The height quotient in (8.209) is therefore at most (1.263M)". The degree-one radius has removed
the large factor (log X)" that the product of unmodified height cutoffs would contribute.

The restriction B > X in this simplified formula is essential; the original theorem always retains
B’ > E*. To see the reason, take two consecutive denominators, x1 = N, x9 = N +1, and coefficients
1, —1. The bases are multiplicatively independent. A prime dividing N + 1, which is coprime to
both N and N + 2, would force equal coefficients in a multiplicative relation; their product would
then be ((N +2)/N)? = 1, forcing b = 0. Their form is

e N1 N+2 ] )
BTN TNt U TN o)

For t > 0, integration of 1/(1 4 t) gives

t
L <log(l+t) <t
¢ Sles(lro) <

The form consequently lies between 1/(N +1)% and 1/(N(N +2)), and its logarithm is —2log N +o(1).
Here B = 1, so the admissible coefficient parameter is B’ = N, not a fixed constant. Its logarithm
correctly retains the dependence on V.

10. The conjectural height dependence

The product of height cutoffs is a proved feature of (8.145), (8.147) and (8.155). Replacing it by an
additive height expression would have much stronger consequences. We state the precise integer-base
formulation discussed in the freely accessible author text [Waldschmidt 2000].

Conjecture (Lang—Waldschmidt). For each ¢ > 0, there is a number ¢(¢) > 0 such that, for

every n > 1 and nonzero integers ai,...,an,b1,...,b, with P = Ha?j #1,
c(e)”
’P_H 2 Wa A:max{27’al‘7'“7’an|}7 B:ma'x{27‘b1’7---7’bn‘}' (8210>

No effectivity of ¢(e) is asserted.

100



Taking negative logarithms would give
—log|P -1 <(n—1+¢)logB+ (n+¢)log A—nlogc(e).

The height contribution would be linear in log A for fixed n, whereas the proved general estimate
includes a product of n logarithmic heights. An estimate using a sum of individual logarithmic
heights would have the same qualitative advantage, but its precise quantifiers and constants must
also be supplied; it should not be conflated with a proved theorem.

Proposition 8.11 (conditional gaps). If (8.210) holds, then for a finite prime set S of cardinality
s, and every € > 0, there is cg. > 0 such that distinct positive integral S-units 2 < u < v satisfy

U

(8.211)

The constant is not asserted to be effective.

Proof. If v > 2u, the gap is at least u, so (8.211) holds with ¢g. < 1, since log(2u) > 1. Otherwise
express v/u = [Ipesp"» "7, and discard zero exponents. If k remain, then 1 <k < 's; the exponent
parameter in (8.210) is at most

Bo = max {2, log(2u)} - 2log(2u)'

log 2 log 2
Let Ap = max S and ¢p = min{1, ¢(¢)}. The conjecture gives
GO

- s+e ps—14¢ -
U Ay B;

Multiplication by u proves (8.211), with for example

B ] C(S] 10g2 s—1+¢
cS7E—m1n{1, A8+E< 5 g

The proved exponent Cg in (8.151) is very large. The conjecture predicts the much smaller exponent
s — 1+ . This comparison is between two precisely formulated bounds and their deductions; it does
not prove the conjecture.

Three logarithms already exhibit the central difficulties: an additional height enters the product, the
constant grows, and a logarithmic period can add another term for complex inputs. The weighted
parameter can reduce the cost when the last coefficient is small compared with its height. A
multiplicative relation permits a reduction in dimension, using Theorem 8.4 in the real-logarithm
case or Corollary 8.5 with an explicit period. Without such a relation, a two-logarithm theorem
does not apply to a three-logarithm form.

11. Exercises

1. Three prime bases. Let B > 1, and let a,b, ¢ € Z be not all zero, with max{|al, |b|, |c|} < B.
Give an explicit lower bound for [223°5¢ — 1|, and compare the weighted coefficient parameter
with B.

2. Conjugate powers. Prove that conjugacy of o and «f, for distinct positive integers h, £,
forces ar # 0 to be a root of unity. Explain where finiteness of a Galois group enters.

3. S-unit gaps. Derive both (8.151) and (8.152) directly from (8.147), without assuming
coprimality or consecutiveness. Check separately the first sequence term.

4. Height gap. Reconstruct the proof of h(a) > 1/(11d%) from the Frobenius congruence,
Bertrand’s postulate and Newton’s identities. Include nonintegral numbers and degree one.

5. Conjectural gaps. State (8.210) with all its quantifiers, and derive (8.211). Explain why this
reasoning does not produce an effective constant under the stated conjecture.
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6. Logarithmic periods. For bases 2,4 and logarithms log2,2log?2 + 27¢, determine the
rational relation space, first without ¢w and then with it. Relate the answer to Theorem 8.4
and Corollary 8.5.

7. Degree capacities (medium). Reconstruct the fifty-entry list in Figure 8.4 and compute its
capped sum at 10. For every 0 < ¢ < 50, explain why W, + (50 — £)10 > 339, and determine
when equality occurs. Explain how the bound changes if every analytic column has derivative
order at most Mj.

8. Minima and a basis (medium). In R3 give A = Z3 4 Z(1/2,1/2,1/2) the sum norm.
Compute its three successive minima, its covolume, and the index of the lattice generated by
e1, e2, e3. Prove that no basis consists entirely of vectors of norm one. Find a basis satisfying
the individual bounds in (8.49), and check the lower inequality in (8.46) with the actual index.

12. Solutions

1. Unique factorization ensures 223°5¢ £ 1. Use D = 1, a; = log2, ay = log 3, a3 = log 5 and real
logarithms in (8.147). It gives

1293%5¢ — 1| > exp{—K3(1 +log B)}, K3 = 230°3%2(log2)(log3)(log5) < 2.507 - 10'*.

The last numerical inequality is certified in the same rational interval calculation as the earlier
constants. Choosing 5 as the last base yields

allog2 |b|log3

9

B”:max{l, | ,|c\} <B.

log 5 log 5

Thus the estimate with B” can be stronger, especially when ¢ is small.

2. Extend the embedding carrying o to af to an automorphism ¢ of a finite splitting field. The
induction 7 (o) = o is proved by raising to h, applying ¢, and using p(a’*) = of. Its finite order
t gives ol =t

= 1. The exponent is nonzero since h # £. Finiteness is what guarantees the existence
of t.

3. If S has one prime or v > 2u, the gap is at least u. If u = 1, its integer gap is at least
one, exactly the required right side of (8.151). In the remaining case u > 2, u < v < 2u, write
b, = vp(v) — vp(u). Each |by| is at most log(2u)/log 2, without a coprimality assumption. Formula
(8.147) gives log(v/u — 1) > —Kglog(eB). The two inequalities

log(eB) < 4log(1 + logu), log(eB) < 6loglog(2u)

were proved in Theorem 8.9 from their positive endpoint margins. Exponentiation and multiplication
by u give both gap statements. For u = 1, the version with log(2u) cannot be demanded, as the
explicit sequence 1,2, 3 shows.

4. For a nonintegral algebraic number of actual degree §, the leading coefficient of its primitive
minimal polynomial gives h(a) > log2/d. For a nonzero integer not a root of unity, |a| > 2.
In both cases the desired inequality follows. For an algebraic integer of degree § > 2, suppose
ehle) < 1 4 1/(4e8?). Bertrand gives 2ed < p < 4ed. The integer power sums of its conjugates
satisfy Sp, = S¢ (mod p), by Lemma 8.2 and rational integrality. Both have modulus less than or
equal to de for 1 < ¢ <4, with strictness for Syp; their difference has modulus below p, hence is zero.
Newton’s identities show that the conjugates of v and their p-th powers have the same polynomial.
Exercise 2 then forces torsion, a contradiction. Thus

1

-1 2 >
h(a) > 6 log(1 + 1/(4ed?)) > 1153 = 118

where the second inequality follows from the increasing function and certified degree-two endpoint
in Theorem 8.3.
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5. The conjecture quantifies first over £ > 0, then chooses one positive ¢(¢) valid for every n and
every permitted integer tuple. Given S and u < v < 2u, retain the k& < s nonzero exponents of v/u.
Their maximum, padded by two, is at most 2log(2u)/log2; their bases are at most max S. Apply
(8.210), replace c¢(g) by its minimum with one, and enlarge the denominator exponent to s — 1 + €.
This gives the explicit expression for cg. in Proposition 8.11. For v > 2u, reduce that constant to
at most one. The conjecture does not give an algorithm to find ¢(¢), so this deduction gives no
algorithm to find cg..

6. A relation without ¢w has imaginary part 2wny = 0, so no = 0, and its real part forces ny = 0.
The relation space is zero. With im, a relation

noim + nylog 2 + ng(2log 2 + 27i) = 0

has ng = —2ng and n; = —2ny. Its primitive integer generator is (—2,—2,1). Exponentiating
gives (—1)722724 = 1. Theorem 8.4 applies to the enlarged rationally dependent set of logarithms;
Corollary 8.5 explains why the period coordinate must be retained for the original bases.

7. The four lists are 0,...,19, 1,...,15, 2,...,11, and 3,...,7. Their capped sums at 10 are
respectively 45 4+ 100 = 145, 45 + 60 = 105, 44 + 20 = 64, and 25; their sum is 339. The first list has
ten entries below 10, the second nine, the third eight, and the fourth five, giving 32 entries below 10.
There are three entries equal to 10. The cost Wy + (50 — £)10 decreases when the next list entry
is below 10, stays constant at an entry equal to 10, and increases at an entry above 10. Thus its
minimum is 339, with equality precisely for 32 < ¢ < 35. For derivative order at most My, (8.186)
gives the vanishing loss £My. Uniformly over all perturbation terms, its loss is at most 50Mj, so
(8.187) uses the exponent 339 — 50Mj. A negative exponent merely gives a weaker valid analytic
bound; it does not assert negative vanishing order.

8. A vector of A either has all coordinates integral or has all coordinates in Z + 1/2. A nonzero
vector of the first kind has sum norm at least one; one of the second kind has sum norm at least 3/2.
The three independent e; therefore give A\; = Ay = A3 = 1. The quotient A/Z> has two elements, so
covol(A) = 1/2 and J = 2. The only norm-one vectors are #¢;. They generate Z?, and hence cannot
form a basis of A. An actual basis is

el, ez, h=(1/2,1/2,1/2): es =2h — e — eg.

Its norms are 1, 1,3/2, exactly the respective bounds max{1,i/2});. The sum-norm unit ball is an
octahedron of volume 23/3! = 4/3. Thus its volume times the minimum product is 4/3, equal to
(23/3!)J covol(A). The index term in (8.46) is attained even though the minimum vectors are not a
lattice basis.
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