A power saving for intersective polynomial differences
with an exponent depending only on the degree
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Abstract

An integer polynomial is intersective if it has a root modulo every positive integer. For each
degree k > 2, we prove that there is an exponent ¢, > 0 such that every set A C {1,..., N}
whose differences avoid all nonzero values h(1), h(2),..., where h is an intersective polynomial of
degree k with positive leading coefficient, satisfies |A| = Oy (N1=“). The implied constant may
depend on h, but the power-saving exponent depends only on its degree.
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1 Introduction

For a polynomial h € Z[z], consider how large a set of integers can be if no difference between
two of its elements is a nonzero value of h. Write Ny = {1,2,...}, [N] = {1,...,N}, and
A—A={a—0b:a,be A}. We call h intersective if, for every integer ¢ > 1, some integer ¢ satisfies
h(t) =0 (mod ¢). This is the necessary local condition for polynomial differences in every set of
positive density: if A has no root modulo ¢, the multiples of ¢ contain no difference in A(N4). The
condition allows the roots at different moduli to arise from different factors of h; a rational root is
not required.

Theorem 1.1. For every integer k > 2, there is a constant cx € (0,1) with the following property.
For every intersective polynomial h € Z[z| of degree k with positive leading coefficient, there are a
constant Cy, > 1 and an integer Nj, > 1 such that, whenever N > Nj, and A C [N] satisfy

(A—A)nh(Ny) < {0},

one has
|A| < Cth_C’“.

The exponent is common to all polynomials of a fixed degree. The constants C}, N, may depend
on every coefficient of h, and h remains fixed as N grows. The theorem concerns ordinary integer
differences; zero values of h impose no restriction on A.

1.1 History and relation to earlier work

Furstenberg [Fur77] and Sarkozy [Sar78] proved that every set of positive upper density contains
two elements whose difference is a nonzero square. Their proofs introduced distinct ergodic and
Fourier-analytic approaches to this recurrence problem. Kamae and Mendes France [KMF78]
extended the positive-density conclusion to nonconstant intersective polynomials. Together with the
elementary congruence obstruction above, this identifies the exact class of nonconstant polynomials
for which the density of an avoiding set must tend to zero.



The quantitative problem has driven successive refinements of Fourier density-increment methods.
For square differences, Pintz, Steiger, and Szemerédi [PSS88| introduced a substantially stronger
iteration. Bloom and Maynard [BM22] later obtained the bound

|A’ < N(lOg N)—clogloglogN

using estimates for the additive energy of rational numbers. For general intersective polynomials,
Lucier [Luc06] established quantitative bounds using auxiliary polynomials adapted to progressions,
and Rice [Ric19] developed stronger estimates by combining iteration with sieved polynomial sums.
Arala [Ara24] extended the Bloom—Maynard bound to every intersective polynomial of degree at
least two, with a constant depending only on the degree in the exponent of log V.

Green and Sawhney [GS25, Theorem 1.1] obtained the square-difference bound

|A| < N exp(—cy/log N).

Their arithmetic level-d inequality and random sparsification also underpin the recent general-
polynomial result of Adajar et al. [AACT26, Theorem 1.1]: for every fixed intersective h of degree
at least two and every fixed 0 < u < 1/2,

|A| < N exp(—cp ,(log N)H)

for sufficiently large V. Theorem 1.1 gives a fixed power of N as the saving, with an exponent
common to all polynomials of each fixed degree.

The immediate predecessor for our method is the power-saving theorem for square differences
in [Ope26, Theorem 1.1]. Its proof uses finite reflection-positive tuple laws and a signed multilinear
functional. Hatami [Hat10] gave a multilinear Holder criterion for graph norms. Reflection
and Cauchy—Schwarz arguments are central to the reflection-group constructions of Conlon and
Lee [CL17]. Here we adapt the specific laws and functional of [Ope26], with all required proofs
included, and supply the polynomial and change-of-scale arguments described next.

1.2 The argument and its principal constructions

The square-difference method constructs a multilinear form which dominates a fixed power of density,
and proves that this form contracts on passing to shorter intervals. We retain this organization, but
polynomial values require two additional compatibilities: the polynomial changes when one passes
to a progression, and the local distribution supplied by the multilinear construction need not be the
natural distribution of polynomial values.

Normalizing the local coefficients. We first pass from the polynomial in Theorem 1.1 to a
polynomial g(x) = h(r + Dox)/M for which the first nonzero Taylor coefficient at one chosen root
in each Z, is a unit. Only finitely many primes require the extra division by M. The multiplicity of
each chosen root is retained, and the representative r is chosen so that positive inputs for g give
positive inputs for h. The purpose is to make the local numerical choices that determine the final
exponent depend only on the degree.

A family closed under passage to progressions. Section 2 retains the auxiliary construction
for an arbitrary fixed intersective polynomial h. It gives integer polynomials h;, indexed by [ € N,
with h; = h, and a fixed completely multiplicative function A : Ny — Ny such that, for all positive
integers [, D,

hi(Dz —i) = A(D)lyp(z) for some 0<i< D,  D|XD), XD)< Ddleh



Consequently, a subset of an arithmetic progression of step A(D) which avoids nonzero h;-differences
becomes, in progression coordinates, a set avoiding nonzero h;p-differences. Compatible roots in
the rings Z, produce the family. Its coefficient bounds, complete exponential-sum estimates, and
local lifting properties are uniform in /.

Applied to g, the family retains the zero valuation of the first nonzero coefficient at each chosen
root: Lucier’s auxiliary formula preserves that valuation [Luc06, Section 8]. Thus every auxiliary
polynomial for g is nonconstant as an element of F,[z| for every prime p. For p > k, its reduced
derivative is nonzero, and the complete-sum estimates hold beyond a threshold depending only on
k. At the finitely many smaller primes below that threshold, interpolation bounds the derivative
valuation at some argument in terms of £ and p. These bounds make the lifting moduli and cycle
length, and hence the number of tuple slots below, depend only on k.

Weighted forms that follow the family. For each sufficiently large prime p, Section 3 constructs
a probability distribution on tuples (2, )yey € IF;,/ , where V' is one fixed finite set of even cardinality d.
A distinguished cycle of slots has increments among the values of h; at arguments where its derivative
is nonzero modulo p, apart from a small exceptional part of the distribution. The constraint on an
edge is weighted by the number of such arguments giving its increment. This weight has a Fourier
bound uniform in the auxiliary polynomial and transforms exactly under the progression identity
above.

The laws are reflection positive: the quadratic form obtained by splitting the slots across any of
a specified family of reflections is positive semidefinite. They also have uniform individual marginals
and a conditional mixing estimate. Section 4 derives the resulting signed Holder inequality and
estimates for Fourier lifts. At scale N, the lift retains the normalized Fourier coefficients of 14
at rational frequencies whose denominators are at most a small fixed power of N. Integrating its
product over the d slots gives a nonnegative quantity Y;(N, A) satisfying

Yi(N, 4) = (|A|/N)™.

The associated seminorm permits comparison along progressions with a factor tending to one, rather
than a fixed loss at every scale.

A kernel realizing the resulting increment distribution. The increment distribution of
two slots is determined by the whole tuple construction. It is supported on regular polynomial
values, but there is no reason for it to equal the distribution obtained by evaluating h; at a uniform
argument. Section 5 constructs a signed kernel on actual positive values of h; whose Fourier
transform approximates the desired local multipliers. At each sufficiently large prime, a density on
regular arguments realizes the prescribed increment distribution. A truncated divisor expansion
combines these densities, while uniform lifting handles characters of higher prime-power conductor.
Minor arcs are controlled by elementary Weyl differencing.

Only support is needed to use this kernel: its bilinear form vanishes on two ordered subsets of
an avoiding set, regardless of the signs of the kernel weights. Its Fourier approximation therefore
gives cancellation for the chosen pair of slots. This separates the construction of a useful tuple law
from the problem of realizing its pair distribution on integer polynomial values.

Contraction while the auxiliary parameter grows. Section 6 combines the kernel estimate
with the seminorm comparison. A fixed positive proportion of assignments of residue classes at the
finitely many small primes gives cancellation. The other assignments, together with the summable
exceptional parts of the tuple laws, are bounded using shorter intervals and polynomials farther



along the family. Section 7 closes the resulting recurrence with a bound that holds for some fixed
a,b > 0, simultaneously for every [ and every set A avoiding nonzero h;-differences:

Yi(N,A) < CI°N~.

The factor [° is necessary to accommodate the growth of the auxiliary polynomial: when [ is large
relative to NV, a uniform subpower bound suffices, while the kernel supplies contraction in the
remaining range. For the normalized polynomial g, the parameters can be chosen so that a/d
depends only on k. Taking [ = 1 and using density domination bounds sets avoiding nonzero
g-differences. Partitioning A into residue classes modulo M, and using Mg(n) = h(r + Don) with
r 4+ Don > 1, then transfers the bound to h and proves Theorem 1.1.

The polynomial argument thus adds exact covariance of the weighted tuple laws across the auxil-
iary family and a signed polynomial kernel realizing their pair multipliers. The initial normalization
controls the structural parameters that determine the exponent. All the estimates needed from the
reflection-positive method are proved below.

1.3 Notation and uniformity

We write e(r) = exp(2miz) and use the negative sign in Fourier coefficients. For £ € Q/Z, let ¢(&)
be its reduced positive denominator, with ¢(0) = 1. Averages, measures, and norms on finite sets
use uniform probability measure unless a different measure is specified. For a positive integer n,
write rad(n) = [L,}n p, with rad(1) = 1. Empty products equal 1, and a product space with no
coordinates is a singleton. Conditional expectations are with respect to the law specified in the
surrounding statement.

The auxiliary-family development applies to any fixed intersective polynomial h with chosen
roots, and we write & = deg h. Constants in O(-) and < may depend on this fixed datum and on
parameters already fixed from it; they are independent of the varying integers, sets, and auxiliary
index [, unless a restriction is explicitly stated. Likewise, sufficiently-large thresholds are uniform in
those varying data. We explicitly identify the structural choices that depend only on k when the
first nonzero coefficient at every chosen root is a unit. Bounds denoted O(-) are uniform over all
fixed data of degree k satisfying those choices. A bound N°() means C.N¢ for every e > 0 under
the same uniformity convention. All structural parameters are fixed before the asymptotic scale IV
varies.

2 Auxiliary polynomials and local estimates

Passing to an arithmetic progression changes the polynomial whose values are forbidden differences.
We first show that one such change can make the first nonzero Taylor coefficient at each chosen
local root a unit. We then organize all subsequent changes into a coherent family h;, indexed by
positive integers, and show that this local property is preserved. The family and its local estimates
remain available for an arbitrary fixed intersective polynomial; the unit condition will let us choose
their structural parameters using only the degree. The estimates give decay of complete exponential
sums at large primes, together with residue classes on which polynomial values lift uniformly and
support cycles of one fixed length.

Throughout this section, h € Z[x] is the fixed intersective polynomial of degree k > 2, with
positive leading coefficient a.



2.1 A family compatible with progressions

We use Lucier’s auxiliary-polynomial construction [Luc06, Section 8], in which a compatible root
at each prime determines the normalization by its multiplicity. We give the construction and its
inheritance rule explicitly, before proving the uniform local estimates needed here.

Here Z,, denotes the ring of compatible residues modulo the powers of a prime p, and v, its
valuation, with v,(0) = co. Every nonzero element is a power of p times a unit, so Z,, is an integral
domain. Intersectivity supplies a root of h modulo every power of p. These roots can be chosen
compatibly: at each stage, retain a residue class having root extensions to arbitrarily high powers,
and then choose one of its finitely many refinements with the same property. Fix the resulting root
3p € Zyp for each prime p, and write

k
h(p+X) = Y b, X7, 1<m, <k, b, p # 0.

Jj=mp

Thus m,, is the multiplicity of the chosen root.

The coefficient by, , is a unit for all sufficiently large primes, with a threshold depending only on
h. To see this, factor h = c[]; gzd", where c is a nonzero integer and the g; are pairwise nonassociate
primitive irreducible polynomials in Z[z]. Cleared Bézout identities for (g;, g;), @ # j, and for (g;, g;)
have nonzero integer right-hand sides. Exactly one factor g; vanishes at 3,, and g¢.(3,) # 0. Outside
the finite set of primes dividing these right-hand sides or ¢, the derivative and all other factor values
at 3, are units. Hence m, = d; and

bmyp = ng (3p) ng 3p
J#i

is a unit. This argument allows repeated factors of h.
We will sometimes impose the following additional condition on the chosen roots:

bimy.p € Ly for every prime p. (U)

The construction below works without this condition. Its role is to make the local parameter choices
depend only on k. Every intersective polynomial can be reduced to this case by one progression
change.

Lemma 2.1 (Normalization at the chosen roots). There are positive integers Do, M, an integer
—Dg < r <0, and an intersective polynomial

g(z) = h’(”;\f()x) € Zla]

of degree k with positive leading coefficient such that, for every prime p, the element w, = (3, —1)/Dy
belongs to Z, and

g(w, + X) Z X, b,€Ly b, €L

Mp,p
Jj=myp

Thus g, with these chosen roots, satisfies Condition (U). Moreover, for every n € N4,

Mg(n) = h(r + Don), r+ Don > 1.



Proof. Put u; = Vp(bm,,p). These are nonnegative integers, and the factorization argument above
shows that Sp = {p : u;, > 0} is finite. For p € Sy, take u, = u, + 1, and set

’
=TI M= ] e
PESo PESH

Choose the representative —Dg < r < 0 satisfying r = 3, (mod p*?) for every p € Sp, by the Chinese
remainder theorem. If Sy is empty, these definitions give Dy = M =1 and r = 0.

For p € Sy, the congruence defining r shows that w, = (3, — 7)/Dy lies in Z; for p ¢ Sp, the
same conclusion follows because Dy is a p-adic unit. Define g initially as the displayed rational
polynomial. Its centered expansion is

glw, + X) = Z b,pMOXJ

J=myp

If p € So, the coefficient at j = m, has valuation u; + upmy — (upmy, + u;) = 0. For j > my, its
valuation is at least
up(j —my) —uy, > 1.

If p ¢ Sp, both Dy and M are p-adic units, so every coefficient is integral and the coefficient at
J = my is again a unit. Thus the centered expansion belongs to Z,[X] for every prime p. Translation
by —w, € Z, shows that g itself belongs to Z,[x]. Every rational coefficient of g is therefore integral
at every prime and hence is an integer.

The elements w,, are roots of g; reducing them at the prime-power factors of any modulus
and applying the Chinese remainder theorem proves intersectivity. The degree and sign of the
leading coefficient are preserved because Do, M > 0. Finally, the defining identity for g gives
Mg(n) = h(r + Don), and r > —Dq gives r + Don > 1 for n > 1. O

In the coordinates of any progression of step M, a nonzero difference g(n), n > 1, therefore gives
the nonzero original difference h(r + Dyn) at a positive argument. This will transfer the final bound
for g back to the original polynomial. We continue below with the arbitrary fixed polynomial h and
its chosen roots, assuming Condition (U) only when explicitly stated.

Define a completely multiplicative function A : Ny — Ny by A\(p) = p™». For each | > 1, let 7y
be the unique integer in (-, 0] satisfying

r =3 (modp”®)  (p|l),

and set
h(r; + lx) o — LZI“
YO IO

For [ = 1, this convention gives r; = 0 and h; = h.

hl(a:) =

Lemma 2.2 (The auxiliary family). For everyl > 1, the polynomial h; belongs to Z[z], is intersective,
and has degree k and positive leading coefficient a;. Every coefficient of h; is Op(a;). For every
prime p, the element 3, = (3p — 1)/l belongs to Z,, and

% A
o
hy(3pg + X) = Z bj7meJ7
J=myp (2.1)

[™p
Up (bmp,p)\(l)> = ’Up(bmp,P)'

7



In particular, the root multiplicity remains my, and Condition (U), when it holds for h, holds for
every h; at these roots. For all positive integers I, D, there is an integer i, 0 < i < D, such that

hl(D.%' — Z) = )\(D)th(w), (2 2)
DI|XD), AD)<D*  rad(\(D)) =rad(D). '
In particular, the argument Dx — i is positive whenever x € N.

Proof. Only primes dividing A(l) can occur in denominators of the coefficients of h;. Fix such a
prime, put u = v,(l) > 0, and use the affine coordinate

- l
Tlpuap + ﬁx over Zy.

Y:

Its slope is a unit, and expansion at 3, gives

)‘(Z) R wu(j—mp)yJ

m) = () X bV, (2.3)
J=mp

The prefactor is a p-adic unit, and the displayed polynomial is integral over Z,. This proves
h; € Z[$]

For every prime p, the element (3, — 1)/l belongs to Z,: when p | [, this uses the defining
congruence for r;, and otherwise [ is a unit. It is a root of h;. Reducing these roots at the prime-power
factors of an arbitrary modulus and applying the Chinese remainder theorem proves intersectivity.

Substitution of 3,; + X into the definition of h; gives the centered expansion in (2.1). Complete
multiplicativity gives v,(A(l)) = mpv,(1), so I"» /(1) is a unit in Z,. This proves the exact valuation
there, including the preservation of the multiplicity and of the unit condition. The assertion is local
at p; the displayed quotient need not be an integer.

The degree and leading coefficient follow from the definition. Expanding h(r; + lx) and using
|r1] < 1 bounds every coefficient by Oy (1¥/\(1)) = Op(a;).

The same root choices give r;p = 7; (mod [). The representatives of this class in (=D, 0] are
exactly rj, 7 —1,...,r— (D —1)l, so r;p = r; — il for some 0 < i < D. Complete multiplicativity of
A now gives the polynomial identity in (2.2). The remaining bounds follow from 1 < m,, < k, while
A(p) = p™» gives the equality of prime supports. Finally, Dx —i> D — (D —-1)=1forz > 1. O

Equation (2.2) is the inheritance rule for avoidance. If a set contained in one progression of step
A(D) avoids nonzero values of h; as differences, then its progression coordinates avoid nonzero values
of hyp. Indeed a difference hyp(m), m > 1, would give the old difference A(D)h;p(m) = hy(Dm — 1),
with a positive argument.

2.2 Exponential sums uniformly over the family

For all sufficiently large primes p, the reduction of h; is nonconstant for every [. Indeed, by, , is a
unit outside the finite set found above, so the first coefficient in the centered expansion (2.1) is a
unit. If Ay mod p were constant, translation by the integral element 3,; would still give a constant
polynomial modulo p, a contradiction. Under Condition (U), this argument works at every prime:
for every p,, some nonconstant coefficient of h; is a p-adic unit. At any such prime with p > k, the
reduced degree k' lies in {1,...,k}, so hj mod p is not the zero polynomial. The reduced degree
may be smaller than the degree over the integers.
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An argument x € F), is called regular for hy if hj(z) # 0 in F).

Lemma 2.3 (Complete polynomial sums). There is a threshold Py > max(k,2), depending only on
h, such that for every prime p > Py and every l > 1, all but at most k — 1 arguments modulo p are
reqular for F' = hy, and at least half are reqular. If Condition (U) holds, one may choose P, = Pi(k),
uniformly over all such polynomials and chosen roots of degree k. For every integer u with p t u,

E:{:modpe(UF])(:E))

x regular

<p . (2.4)

uF (x Q5 .
Exmodpje( p§ )>’ <p 867 (] 21)7

The second average is normalized by the number of regular arguments.

Proof. Choose an initial threshold so that the preceding nonconstancy holds and p > k. Under
Condition (U), this initial threshold can be chosen using only k. The nonzero polynomial F’ mod p
has degree at most k — 1, which gives the count of regular arguments; taking p > 2(k — 1) also
makes at least half of the arguments regular.

First consider the sum modulo p, and let &’ be the degree of F' mod p. If k¥’ = 1, the sum is zero.
If k' > 2, repeated differencing gives

k-1
‘Ex mod pe(UF(ZU)/p)‘Z < Ebh...,bk/,l mod p

)

p

uAbl tee Abk,_lF(.’L')>

Es mod p€ (

where ApF(z) = F(x +b) — F(x). To obtain the inequality, square the mean, express it as the
mean of multiplicative differences, and iterate the triangle inequality and Cauchy—Schwarz. The
reduction modulo p of uAy, --- Ay, F has degree at most one, with coefficient of x equal to uk'!
times the leading coeflicient of F' mod p times by - - - by_71. Its character mean vanishes unless one
increment is zero. The right-hand side is therefore at most (k' — 1)/p. Since 85 < 21% < 21=F and
1 < k' < k, increasing the threshold by an amount depending only on k gives the first bound in
(2.4) for j = 1. Removing at most k — 1 arguments gives

Ex mod p €(UF(£L’)/p)

z regular

p k—1
<—P2 (I, F i
e (B o pe(wF @) + )

The first bound and another increase depending only on & give the second bound in (2.4).

For j > 2, put n = |j/2]. Write 2 = x¢ + p/ "y, where 2o runs modulo p’~" and y runs modulo
p". Taylor expansion modulo p’ leaves only the linear variation, because 2(j — n) > j. The average
over y vanishes unless F'(xp) =0 (mod p™). We claim that these arguments occupy at most k — 1
classes modulo p¥, where v = [n/(k — 1)].

Otherwise choose k integer representatives x1, ...,z in distinct such classes with p™ | F'(x;).
Interpolation of the degree-at-most-k — 1 polynomial F’ gives

Hj;si(X — ;)

k
F'(X) = F'(x; )
& ; ( )Hj;éi(mi_xj)

Each denominator has valuation at most (kK — 1)(v — 1) < n, whereas the numerator polynomial
has integral coefficients. Every coefficient of every summand is therefore divisible by p in Z,. This



contradicts F/ # 0 (mod p) and proves the claim. Since v < n < j — n, the density of the surviving
arguments is at most

(k — 1)~ I/ E=DT < () — 1)p=3/Bk=1)

Here n > j/3. Since 1/(3(k — 1)) > 80, one fixed increase of the prime threshold absorbs the factor
k — 1 for every j > 2. All choices of threshold are uniform in [ and wu; fix P large enough to satisfy
them all. After the initial nonconstancy condition, every increase used only k. This proves the
stated degree-only choice under Condition (U). O

2.3 Admissible residues and uniform lifting

At large primes we have many regular arguments. At the finitely many smaller primes, the derivative
may be divisible by p at every argument. We therefore need, uniformly in [, an argument at which
vp(hy(z)) is bounded above. Restrictions based on derivative nonvanishing and lifting at prime
powers also appear in Rice’s treatment [Ricl9, Sections 2.4-2.5 and 4 of the revised version].

Lemma 2.4 (A derivative bound at small primes). Let

Vi = ()o<ij<k-1, Tpp = max, vp(J)-

For every prime p < Pp, one may take
Sp = p(bm,,,p) + Tkp + vp(det Vi) (2.5)

so that for every | > 1 some integer x € {0,...,k — 1} satisfies v,(hj(z)) < Sp. In general this
choice depends only on the fized h, its chosen roots, and p. Under Condition (U), it reduces to

k-1
Sp=Trp+vp(det Vi),  det Vi =[] 4\,
j=1

and hence depends only on k and p.

Proof. For a nonconstant polynomial over Z,, consider the ideal generated by its nonconstant
coefficients. An affine substitution with unit slope preserves this ideal: substitution gives one
inclusion, since a constant cannot contribute to a nonconstant coefficient, and the inverse affine
substitution gives the reverse inclusion. Thus it preserves the minimum valuation of the nonconstant
coefficients.

Apply this observation to the translation by 3,;. Equation (2.1) displays a nonconstant coef-
ficient of valuation vy(bm, ), so the minimum for F' = h; is at most that number, uniformly in 1.
Differentiation multiplies the coefficient of degree j by j. Hence some coefficient of F’ has valuation
at most vy (bm,.p) + T p-

The matrix Vi maps the coefficient vector of a polynomial of degree at most k — 1 to its
values at 0,1,...,k — 1. Its determinant is [[o<;cj<p—1(j — 1) = ?;11]'!, and its adjugate has
integer entries. If every value F'(z), 0 < z < k, had valuation greater than S,, multiplication by
Vi ' = adj(V)/ det Vi would give valuation greater than S, — v,(det Vi) = vp(bm, p) + Tk, for every
coefficient of F’. This contradicts the preceding bound and proves the lemma. O

Fix one such §), for each p < Pp, and define

25, +1, p< Py,
E, = .
) pZPI

10



When Condition (U) holds, use the choice P; = P;(k) from Lemma 2.3 and the degree-only choice
of S, in Lemma 2.4. Then all the exponents F),, are determined by k£ and p. For F' = hy, call a
residue r mod pP admissible for [ if it has the following form. When p < P, require r = F(z)
(mod p®r) for some integer z with v,(F’(x)) < S,. When p > Pj, require that 7 be a value of F at
a regular argument modulo p. There is at least one admissible residue at every prime. A residue
equal to zero is allowed.

The next elementary lifting statement explains this choice of modulus.

Lemma 2.5 (Uniform lifting on an argument class). Let F' € Z[z], let p be a prime, and suppose
s = vp(F'(z9)) < 0o for an integer xo. If E is an integer with E > 2s+1, then F is constant modulo
pE on the argument class xo mod p¥=5. For every integer j > E, a uniform argument in that class
modulo p’ gives a uniform value among the residues modulo p? congruent to F(xg) mod p¥.

Proof. Taylor expansion over the integers gives
F(xo+p"*y) = F(zo) + p" (cty + pC(y)),  pte, C€Zly).

Indeed the linear coefficient is p” F’(z¢)/p®, and every term of degree at least two is divisible by
pPHl since E — 2s > 1. The polynomial T'(y) = c1y + pC(y) induces a bijection modulo every
power of p: its difference at two arguments is their difference times a p-adic unit, so the induced
map on each finite residue ring is injective and hence bijective.

For a uniform argument in the stated class modulo p/, the variable y is uniform modulo p/~£+5.
Its reduction modulo p?~F is still uniform, with each residue occurring p* times. The bijectivity of
T at this latter modulus proves the asserted distribution of F. O

For an admissible residue of F' = hy, take its defining argument x¢ and put s = v,(F'(x¢)); at
a large prime any integer representative of the regular argument has s = 0. The chosen exponent
always satisfies F, > 2s + 1. Lemma 2.5 therefore supplies an argument class of modulus plr=s,
which divides p¥», on which F has precisely the required uniform lifting property.

2.4 Admissible cycles of a fixed length

We finally choose one cycle length that works simultaneously at every prime and for every member
of the auxiliary family. Fix an integer L > 2 such that

pP |L (p< P),  40L > 2.

There are only finitely many divisibility conditions, so such a choice exists. For example, take the
least multiple of [T, p, p™ exceeding max{2, (26)'}. In general L may depend on h and its chosen
roots; under Condition (U) and the degree-only choices above, this choice of L depends only on k.

Lemma 2.6 (Zero-sum admissible sequences). For every prime p and every positive integer 1, there
are L admissible residues 1, . ..,rr, mod p¥» such that r1 + - -+ rp, = 0 mod p©r.

Proof. If p < Py, repeat any admissible residue L times. The sum is zero because p®» | L.
If p> Py, let R be hy(z) for a uniform regular argument = mod p, and take independent copies
Ry, ..., Ry. Fourier inversion gives

p—1
pP(Ry+--+ Ry, =0) =1+ > (Be(uR/p))".

u=1

By (2.4), the sum following 1 has modulus at most (p — 1)p~%% < 1. The probability is therefore
positive, and any realization with sum zero supplies the required residues. O
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Label the L vertices of a directed cycle by starting with any initial residue and taking successive
partial sums of r1,...,7rr. Their zero sum makes the final increment close the cycle. The vertices
are distinct, but their labels need not be. The later finite-field construction may impose a larger
prime threshold P > P; while retaining the exponents F), just fixed. In particular, ), = 1 still
holds on P; < p < P, where the lemma already supplies a length-L sequence. Thus increasing that
threshold does not require changing the cycle length.

3 Weighted reflection-positive tuple laws

We now construct the finite-field probability laws used to average products of Fourier lifts. The two
requirements that must be reconciled are positivity across certain reflections of the slots and support
on polynomial differences around a prescribed cycle. A measure obtained simply by imposing the
cycle constraints need not have the required positivity. We instead construct several measures,
indexed by sets of marked blocks. Marking a block removes some constraints and creates a positive
contribution at reflections in that block. A suitably weighted mixture lets this contribution dominate
the possible negative contribution from the corresponding unmarked measure.

The graph estimates and marked-block construction adapt [Ope26, Lemmas 2.1-2.2 and Section 3].
Here the edge constraints are weighted by regular fibers of h;. Their directions are retained
throughout: neither the polynomial value set nor its weight is assumed to be invariant under
negation. We prove all the properties needed below, including the exact covariance under changes
of the auxiliary parameter.

3.1 Slots, reflections, and mixing of edge weights

Retain the constants ¢,y and the integer L > 2 from Section 2. Choose the least integer ¢ > 1 such
that (¢t +1)d/2 > 5, and set

w=2t+1, K =1L! re = K/2, vV =T1", d=K", ne =d/2,

where II is the set of bijections from the positions [L] to the symbols [L]. Thus an element of II is
a permutation word, and a slot v € V' consists of w such words, which we call its blocks. Fix an
L-cycle ¢ acting on positions. Right composition ¢ — qc shifts a word, whereas left composition
permutes its symbols. The designated cycle of slots is

vj=(d,....d) (0<j<L), wr=nup.

A reflection cut is specified by a block b € [w] and two distinct symbols aq,as in a specified
order. Let V. consist of the slots in which a; precedes as in block b. Let 6 interchange these two
symbols in that block, leaving every other block unchanged. Then 6 is an involution exchanging V.
and V_ = V'\ V4, and both halves have size n,. For a finite measure v on F;,/ , its matrix at this cut
is the matrix of joint point masses of

(Zv)v€V+ and (Zﬁv)v€V+ .

We call v reflection positive if this matrix is symmetric positive semidefinite at every cut. Equivalently,
symmetry holds and

[ 7(Goeev) T(Gandeer ) dv(z) 2 0

for every real function J on IF'X* and every cut.
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Fix [ > 1 and a prime p > P, and write F' = h;. Define

W)= Wigly) = 1{z € By F) =u, F(0) 20}, 6= Byes, W)

The mean ¢, may depend on /. Nonconstancy of F' modulo p and the degree bound give 0 < W <1,
and W is supported on the admissible residues. Moreover,

~ Ha: F'(x) # 0} 1
Cp = i > o

Equation (2.4) bounds every nonconstant Fourier coefficient of W by p~*. Consequently the kernel
W (y — x) — cp, acting between uniform L?(F,) spaces, has operator norm at most p~%. This follows
by diagonalizing the convolution operator in the character basis; no symmetry of W is needed.

We shall apply this one-edge estimate to fixed systems of edges. All graphs in the next lemma
have distinct formal vertices, whose field labels are independent and uniform before the edge weights
are applied.

Lemma 3.1 (Graph counting and list mixing). Let G be a fized directed graph with no loops and
with at most one edge on each unordered pair of vertices. Write e for its number of edges. All
averages below use the normalized uniform measures on the indicated label configurations. Then

E JI W, -Y) —co| <eap ™.
z—yeE(G)

If every edge joins a vertex in one list X to a vertex in a disjoint list Y, in either direction, let
Kq(X,Y) denote this product of edge weights. As a kernel acting by normalized averaging between
the uniform L? spaces of the two lists,

|KG — c56lop < (32e6)"/*p~°. (3.1)

Both bounds are uniform in | and p and include eq = 0, when the products are one and both errors
are zero.

Proof. Reversing a directed edge replaces the one-edge operator by its adjoint, so its norm remains
at most p~%9. The case e = 0 is immediate; assume e > 1. For the first assertion, replace the
edge weights by ¢, one at a time. In a term containing the difference for an edge  — y, fix all labels
other than Y, Y,. Because there is no other edge on this unordered pair, the remaining factors
separate into a function of Y, and a function of Y}, each bounded by one and hence of uniform L?
norm at most one. The one-edge operator estimate bounds this term by p~%°. Summing over the
eq replacements gives the stated error eqp™°.

For the second assertion put B = K¢ — ¢;¢. If the two configuration spaces have cardinalities
Nx, Ny, the kernel operator (Tpf)(X) = EyB(X,Y)f(Y) has Euclidean matrix B(X,Y)/v/Nx Ny
under the isometries from uniform L? to Euclidean space. Thus, with two independent copies of
each list, matrix multiplication gives

IBllap <> si(B)'=E [ B(XaYs),
J a,be{0,1}

where s;(B) are the singular values for the normalized measures. Indeed, the trace of (TT})? is
the uniform average of B(Xy, Yy)B(X1,Yy)B(X1,Y1)B(Xo,Y1); here B is real, so the conjugates
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can be omitted. This explains why no factor depending on Nx, Ny occurs. Expand the four copies
of B. A product using any subset of the four corners again comes from a graph of the stated kind:
an unordered pair of its formal endpoints determines both the original edge and its corner. A term
using j corners has exactly jeq edges, so its graph error is at most jeqgp~*°. Its constant multiplier

has modulus c;(,47j Jec < 1. All main terms are c%eG times the corresponding sign, so they cancel.
Consequently
4
4\ . _ -
IBllop <> <.>J€GP 1 = 32eqp™,
=0 \J
because 3j_ (?)j = 4-23 = 32. Taking fourth roots proves (3.1). O

3.2 Measures indexed by marked blocks

For S C [w] with s = |S| <t + 1, regard the blocks in S as marked. The address of a slot is the
tuple of its unmarked words:
ug : V — Ug = TN,

At each address take a list of length (5 = g,

(Yu,i)iewsb u € US7

with all entries independent and uniform in [F,,. The length grows with s so that, upon marking one
more block, the lists on one side of a cut can be concatenated into the new lists.
For s < t, put a directed edge u — u’ between addresses whenever

w, = upc  in at least ¢ + 1 blocks b ¢ S.

For every address edge impose all list-entry weights in its direction, and write their product as

Is(V)=I] ] Wuww — Yui)

u—u’ 0,1 €[ls]

There are no loops, since qc # ¢ for a permutation word q. Nor can both u — v/ and v/ — u
occur: a block certifying one direction cannot certify the other, as ¢? # 1. The two directions would
therefore require at least 2(t + 1) > w — s unmarked blocks. The resulting graph on list entries
satisfies Lemma 3.1. The same threshold also preserves the designated cycle: if s <, at least ¢t + 1
blocks remain unmarked, and each consecutive pair of cycle vertices shifts in every one of them. At
s =t 4+ 1 only t blocks remain, and we set Ig = 1; we call these sets S terminal.

Each slot will choose an entry of its address list. To obtain strict positivity at a marked cut,
we also weight the choices themselves. Set A = 1/(10L?). For an unordered pair of distinct slots
z,y €V, set ny = 0 unless x,y agree in every block except one marked block and their words in
that block differ by a transposition of symbols. If the exchanged positions have gap g, set ny =AY,
Choose independent uniform indices j, € [¢5] and put

Rs(j)=exp| > H1y. s
{z,y}CV

Define a finite, not yet normalized, measure vg = v}, g by
/‘I’(z) dvs(z) = By, [IS(Y)RS(j)q)((Yus(v),jU)UGV)] -
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Thus the output label at v is 2, = Y,y j,- All underlying averages in this definition are independent
uniform averages. Since the index set is fixed,

OSISS]-a ]-SRSSC) VS(1)§C7

with a constant independent of I, p, S.

Every vg is invariant under the slot involution 6 of any reflection cut. Indeed, simultaneous
symbol relabeling preserves H®: it conjugates the transposition defining an interaction and leaves
the exchanged positions unchanged. If the cut block is marked, addresses are unchanged. If
it is unmarked, reflection permutes the lists, preserving each directed edge because left symbol
permutations commute with right composition by c. Reindexing the independent lists and indices
therefore preserves the measure. In particular, every component has a symmetric matrix at every
cut.

3.3 Positivity across a cut

Fix a reflection cut in block b. For a real function J : FX* — R, write

Qs() = [ I(ev ) I (Ganeev, ) dvs(2)

We compare Qg with Qg5 When b is marked, the index interactions give a fixed positive lower
bound. When b is unmarked, list mixing bounds any negative contribution by a power of p. The
same half-label square occurs in both bounds after concatenating the lists.

Lemma 3.2 (Positivity at a marked block). There is a constant ¢, > 0, independent of I, p,S and
the cut, such that if b € S, then

2
Qs(J) = exByj, Is(Y) I (Vg (v) o Jvevy )™ (3.2)
Here ji consists of independent uniform indices on V.

Proof. The interaction between the two halves is governed by the symmetric matrix
Axy:Higy, z,y € V.

Fix x € V,, and suppose that the cut symbols occur at positions ¢ < j in its cut block, with gap
g = j —i. Swapping the cut symbols gives the diagonal entry A,, = A9. Any other transposition
carrying x across the cut must move the first cut symbol to a position beyond j, or the second
to a position before i. Its gap is at least g + 1. There are fewer than L? such transpositions;
transpositions in other blocks do not cross the cut. Consequently the absolute off-diagonal row sum
is at most L?A97! = A9/10. Symmetric diagonal dominance gives
A= kId k= AL S g,
- ’ 10

For j € [¢s]"+ define u(j) = (1gj,=it)zevy, icle,]- After identifying the minus side with the plus

side by reflection, the cross-interaction matrix on half-index assignments is

Cj = exp(u()T (A @ Id)u(j")).

Split A = (A — k1d) + k Id. The entrywise exponential associated with the first summand is positive
semidefinite: its power-series expansion is a sum of Gram matrices of tensor powers. Its diagonal
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entries are at least one. The exponential associated with the second summand is a tensor product,
over x € Vy, of
117 4 (exp(k) — 1) 1d

on [{s]. It therefore dominates a, Id, where a, = (exp(k) — 1)"*. The entrywise product of positive
semidefinite matrices is positive semidefinite, as follows directly from their Gram representations.
Multiply the lower bound for the second exponential entrywise by the first. The resulting diagonal
lower bound is at least a, Id because the first exponential has diagonal entries at least one. Thus
C > a,Id.

The interactions within the two halves give the same diagonal factor on either side of C, with
all entries at least one. The full index matrix retains the lower bound a,Id. For fixed lists Y,
reflected vertices have the same address because b is marked. The half-label evaluations therefore
form the same vector on both sides of this matrix, even when some field labels coincide. There are
¢ half-index assignments. Averaging uniformly on both sides converts the matrix lower bound into

Ej, i Rs(1)I((z)vev, )T ((z00)vevy ) = asly™ Ejy J((20)vevy,)*.
Multiplying by Is(Y") and averaging Y proves (3.2) with ¢, = a.£,]}. O

Lemma 3.3 (The contribution at an unmarked block). Suppose b ¢ S. Split the address lists into
the two halves of the cut. Denote the plus lists by Y, and let I, (Y,) be the product of the weights
on edges internal to them. Put

2
DS(J> = EY+7j+I+(Y+>J((Yus(U)7jv)’06V+> :

If |S| < t, then
Qs(J) > —Cp~°Dg(J). (3.3)

If |S| =t +1, then Qs(J) > 0.

Proof. Reflection identifies the minus lists and their internal edge factors with the plus lists and
their internal factors. No index interaction crosses this cut: an interaction changes only a marked
block, whereas the cut is determined by the unmarked block b. The two within-half index weights
are likewise identified by reflection; write R, for the one on the plus half.

Let K(Y4,Y_) be the product of all cross-list edge weights. Then Qg(J) is the quadratic form
of this kernel on the half function

g(Yy) = Li(Y)Ej, Ry (54) T (Vg ()., Jvevs ) -

Cauchy-Schwarz, the uniform bound on Ry, and 12 < I give ||g||3 < CDg(J). By (3.1), the kernel
K differs in operator norm by O(p_5) from the constant CZCTOSS, where ecrogs 1S its number of edges.
The constant contributes c&os(Eg)? > 0. This proves (3.3). In the terminal case Is = 1, so the
cross kernel is exactly one and the entire form is nonnegative. O

Lemma 3.4 (Domination after marking one more block). If b ¢ S and |S| < ¢, then, with
S’ =Su{b},
Qg (J) > cur,™Dg(J). (3.4)

Proof. Let I} be the r, words in block b satisfying the cut order. For each new address u € Ugr,
the old plus addresses above it are (u,q) with ¢ € I ; here ¢ is inserted in block b. Concatenate
their lists by identifying

[£s+1] = H+ X [€8]7 Y, = YV(

u,(q,z) o u7q)’i'
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7, old plus lists one new list at u
addresses (u,q), ¢ € I1+ length ls41 = 7.l

ql[ 1 - 4, } {q1} x [£s]

: bijective relabeling :
a=w [ 1 6] for} < 64

no restriction

oo [ 1 o b ] {ar.} x [£]
restrict the index
to g = vy

| =i |

i uniform on [{]

l probability 1/7.

Figure 1: Regrouping at a fixed new address u = ugy)(v) and restricting the index of one slot
v € V4. The horizontal arrow only relabels the same independent entries; it incurs no probability
factor. The highlighted sublist is prescribed by v. Restricting all n, independent slot indices to
their respective prescribed sublists has probability r._ ™. The ellipses denote the other words in II;;
boxes describe index positions, and their field values may coincide.

This is a bijection of independent uniform list entries, so it changes neither their joint distribution
nor the value of an average. Figure 1 separates this relabeling from the index restriction used below.

A new address edge requires ¢ + 1 shifted blocks outside S’. Those blocks also certify an old
edge for every choice of the two words in block b. Hence every factor of Is/(Y’) occurs, with its
direction unchanged, among the factors of I (Y} ). Since all factors belong to [0, 1],

I (Yy) < Is(Y).

When S’ is terminal this inequality follows from Ig = 1.

Apply (3.2) to S’. In its nonnegative right-hand side, restrict the new index at each v € V.
to the sublist {vp} X [¢s]. Each restriction has probability 1/7., independently across the n, slots.
On this event the labels and the remaining independent indices are exactly those in Dg(J). Its
probability is r, ™, and the pointwise weight comparison above now yields (3.4). ]

3.4 The mixture, its support, and covariance

We can now choose the mixture. The gain in (3.4) is a fixed positive constant, whereas the possible
loss in (3.3) tends to zero with p. Thus a component with one more marked block may receive a
smaller coefficient and still compensate for that loss.

Proposition 3.5 (Reflection-positive laws with polynomial cycle support). For all sufficiently large
primes p, uniformly in 1l > 1, define

—15]6/2
M, = Z p| ‘/Vl,p,57

SClw]
|S|<t+1

_ Mp
)ul,p Ml,p(l) 9
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1
e = Ml,p(l)

Z p (D2, s
|S|=t+1

Then pyp is a reflection-positive probability law and 0 < g1, < py . Its exceptional mass satisfies

Mp = ep(l) <p~™

The probability law

o _ Mip — ELp

Lp 1- nl,p
has only admissible increments z,, , — zy; along the designated cycle. Every component and both
measures [y p, €1,p are invariant under simultaneous translation of all labels. Every positive-mass
component or subsum therefore has uniform single-slot marginals after normalization. In either p,
or i, the total probability of components with S # @ s O(p~%/?).

Proof. At a cut in block b, pair each S with b ¢ S, |S| < ¢, with SU{b}. Each component containing
b appears in exactly one pair. Equations (3.3) and (3.4) bound the quadratic form of the pair below
by

p7\5\6/2 (p7§/2c*,r;n* _ Cpfé) DS(J)

This is nonnegative once p is sufficiently large. The only unpaired sets are terminal sets omitting b;
their forms are nonnegative by Lemma 3.3. Thus M ), is reflection positive at every cut.

For S = @, each list has length one and Rg = 1. Lemma 3.1 and ¢, > 1/(2k) show that v(1) is
bounded below by a fixed positive constant for all sufficiently large p. All component masses are
bounded above, and the number of components is fixed. It follows that

0<c<M,1)<C, e1p(1) < Cp~ (D2,

Our choice (t+1)§/2 > 5 gives the stated bound p~* after increasing the prime threshold. Summing
the nonleading coefficients also gives total probability O(p~%/?) for S # @. Removing the terminal
components retains the positive leading mass, so the same estimate holds after normalization to '“?,p'

Simultaneous translation of all list entries preserves their product law, all differences in Ig, and
the index weight Rg. It therefore translates every output label and proves the asserted invariances
and marginal uniformity.

Finally, a nonterminal S leaves at least ¢ + 1 blocks unmarked. Consecutive cycle vertices shift
by ¢ in all these blocks, including the edge from vy_1 to vg. Their addresses are consequently joined
by a directed edge. Since its weights include every pair of list entries, any positive-weight label
tuple has admissible increment on this edge, regardless of the chosen indices. This holds around the
entire cycle in every component retained by '“’?,p‘ ]

The auxiliary parameter changes the edge weight, so we need covariance between different laws
rather than dilation invariance of a single law.

Lemma 3.6 (Covariance under progression changes). For everyl > 1, every sufficiently large prime
p, and every integer D > 1 with p1 D, the following holds. For each a' € F,, the map

(z0)vev — (A(D) (20 = a)) oy (3.5)

pushes iy, to pp and g, to €p p.
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Proof. Equation (2.2) states that hj(Dx — i) = A(D)hip(x). Both D and A(D) are units modulo p.
The argument map x — Dx — i is therefore a bijection and, on differentiating this identity, preserves
regularity. Counting regular arguments gives

Wipp(y) = Wip(A(D)y).

Apply (3.5) to every list entry in a component measure. The independent uniform list law and all
index weights are unchanged; each old edge weight becomes exactly the corresponding new edge
weight. Thus the map pushes v, 5 to v;p p s for each S. All component masses, and in particular
the normalizing masses M; (1) and M;p (1), agree. The two claimed pushforwards follow with no
additional factor. O

3.5 Conditional mixing and the prime threshold

The mixture has the required positivity and support. To control high Fourier frequencies later, we
also need to know that the other labels give little information about a mean-zero function of any
one label. The leading component has this property by list mixing. The remaining components
have small total probability, and their uniform marginals give the bound needed to include them.

Lemma 3.7 (Conditional mixing). For all sufficiently large p, uniformly in 1, let p, be either
or uzp. For every v € V' and every function f :F, — C of uniform mean zero,

HEPp (f(Z”U) ’ (Zv’)v’;év)HQ S p_’y”fHZ- (3.6)

The norm on the left is taken in the other-label marginal of pp; the norm on the right is uniform on
Fp.

Proof. First normalize the leading component vg, and write & = z,, ¥ = (2y)y/£y. Before normal-
ization its density relative to uniform labels is Kj(z,y)K2(y), where K is the product of the m
weights on edges incident to v, and K5 contains the remaining weights. Put

A(y) =E.Kq(z,y),  Br(y) = Eof(2) K1 (2, y).

The incident edges form a graph between the singleton list « and the list y. Equation (3.1), applied
to this kernel, gives
1A=z <™, [Brlla < p7°llfll2.

This includes m = 0, when A =1 and By = 0.

Let Zy = vz(1), which is bounded below uniformly. The other-label marginal has density
Z5 ' K(y)A(y), and the conditional expectation equals Bf(y)/A(y) where A(y) > 0. Tts squared
norm is therefore exactly

1 By (y)|?
By Ko (y) —7——
Zo * 2(v) Aly)
with the ratio taken as zero if A(y) = 0. On A > ¢'/2, the bound on By makes this O(p~2)|If13.
The complement has uniform probability O(p~2?), by the bound on A — c,' and the fixed positive

lower bound on ¢j’. Everywhere, weighted Cauchy—Schwarz gives

EROIE

Ay S Bl @FK @) < 713

Since Ky < 1, the complement has the same required bound. Thus the squared conditional norm in
the normalized leading component is O(p~2%)|| f||3.
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For either mixture, condition additionally on its component index. The tower property and
Jensen’s inequality can only increase the squared conditional norm under this extra conditioning.
In each nonleading component the trivial bound is || f||3, because its single-slot marginal is uniform.
Proposition 3.5 bounds their total probability by O(p_‘;/ 2). The squared norm for the mixture
is consequently O(p~9/2)||f||3, and the norm is O(p~%*)| f||2. Since v = 6/10, the fixed implicit
constant is absorbed by taking p sufficiently large, proving (3.6). O

We require a threshold P > P; such that all the preceding assertions hold for every prime p > P,
uniformly in [. We further require

(3.7)

>~ =

3<p? (p>P), IT a+p?-1<
p=>P
p prime
The second requirement is possible by convergence of the product. For such a choice, define the
small-prime modulus
MO = H pEp > 27

p<P
p prime

using the exponents E, from Section 2. If a modulus is My times a squarefree product of primes at
least P, a residue modulo that modulus is called admissible for [ when it is admissible at each of its
local prime-power factors. This convention combines the small-prime lifting conditions with the
cycle support supplied by Proposition 3.5.

3.6 Dependence of the tuple threshold

To obtain an exponent depending only on the degree, we need the tuple threshold to be uniform
when the local choices are uniform. The next proposition traces that dependence while retaining
the construction for general fixed polynomial data.

Proposition 3.8 (Dependence of the prime threshold). For the auziliary family and local choices
above, the threshold P can be chosen as a function of k, P1, L,t alone so that Proposition 3.5,
Lemmas 3.6 and 3.7, and (3.7) hold uniformly in l. For general fixed data, P, may depend on h,
and L may depend on h and its chosen roots. If h satisfies Condition (U) and the degree-dependent
choices of P, E,, and L from Section 2 are used, then P and My depend only on k.

Proof. For every prime p > P;, the quantitative local input to the estimates above is

0SWip <1l =@ max|[Wiy(w|<p™.
u

Indeed, with the normalized Fourier convention, for u # 0 the coefficient Y//I\/Lp(u) is ¢, times the
corresponding regular-argument average in (2.4); also ¢, < 1. These statements hold uniformly in I.
We extract constants from the preceding proofs using

d 1
€y 1= <2>, R, = exp(ex), Cor = (326*)1/4, 7. = 5(2]@)_8*.

They depend only on k, L, t, since d = (L!)?+1,

For a set of s marked blocks, the graph on list entries has K" ~*¢; = d/2° < d formal vertices.
Its simplicity was checked above before field labels were assigned, so coincidences between their
values do not affect the graph bound. Every graph for Ig, every cross-list graph in Lemma 3.3, and
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every incident graph in Lemma 3.7 consequently has at most e, edges. Lemma 3.1 therefore bounds
their graph errors by e,p~*°. For the cross-list and incident graphs, which join two lists, it bounds
the operator errors by C'grp_5.

Each index interaction H:fy is at most one, so Rg and every within-half weight R, are at most

R.. In particular, vg(1) < R,. The proof of Lemma 3.2 gives the explicit constant

9
e = (exp() = ™67, m= 1L(1012) D,
The exact half-index factor £ proved there and the exact index-restriction factor ™+ in Lemma 3.4
give the domination constant c,r; ™. In the unmarked proof, Cauchy—Schwarz and I_% < I, give
lgll3 < R2Dg(J). The list bound just obtained thus allows the constant in (3.3) to be

Caet := R2Cy,.
The pairing proof of Proposition 3.5 is therefore nonnegative at every cut whenever
P/ > Caer™ Jcs.

Let eg < e, be the number of edges in the leading component. The graph estimate and the lower
bound on ¢, give
vg(l) > ¢ — eop™ 10 > (2k) 7 — ep .

Consequently vz (1) > Z, once e.p % < Z,. There are at most 2% components, each of mass at

most R,. Set

2Y R, (t+1)0 S5

I Qexe i = ——— .
7. ) exc 9

The normalizing mass M; (1) is at least the leading mass, so

Chass =

N,p < Cmassp_aexc~

It is at most p~% if p¥xc™* > C\ass. In either f1,p OF :“?,p the probability of nonleading components is

at most C’massp*‘s/ 2. For the latter law, its unnormalized mass after removing the terminal terms still
contains vg(1) > Z,; hence the same denominator bound applies without an additional normalization
factor. Cycle support and translation invariance in Proposition 3.5 are exact properties of these
components and impose no further threshold.

For the leading component in Lemma 3.7, the incident graph has m < e, edges. Its list operator
error is at most Cgrp*‘s. The split into A > ¢ /2 and its complement in that proof therefore bounds
the squared conditional norm by

Zy o2, + 4e, 2™ )p || 115
Using Zy > Z, and ¢, < (2k)c* bounds this by
Creaa?” PIf13. Clead = Z: ' CZ(2(2k)% + 4(2k)**).

The case m = 0 already has zero conditional norm. For either mixture, conditioning additionally on
the component index and applying Jensen’s inequality bounds its squared conditional norm by

(Cleadp_% + Cmassp_d/z) ”ng < (Clead + Cmass)p_(s/Q”f”%'
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Here the bound in every other component is || f||3 because its single-slot marginal is uniform. As
§/2 —2v =36/10 > 0, the desired squared bound p~27||f||% follows once

p§/2_2V > Clead + C'mass-

Choose an integer P > P; large enough that the displayed requirements on p above hold for
every p > P, and that P2 > 3. This is possible because § > 0, qexe — 4 > 0, and 0/2—2v>0,
and all the constants depend only on k, L, t. The product condition in (3.7) can be included in the
same choice: for integer P > 2,

1
II O+p?)<exp D n?| <exp (P2> :
p>P n>P 2(P—-1)
p prime

whose last expression tends to one. The covariance proof uses only the exact progression identity and
bijections when p 1 D, so it imposes no further restriction on P. This proves the stated dependence
of P. Under Condition (U), Section 2 allows P, L to be chosen from k and each E, from k, p. Also,
t is chosen from 4, which depends only on k. The product defining My then uses a degree-dependent
set of primes and degree-dependent exponents. For a general fixed polynomial, My retains any
dependence of the local exponents I, as well as that of P; and L. O

For the rest of the paper, fix a choice of P supplied by Proposition 3.8 and the corresponding
Mp.

4 Multilinear estimates and Fourier lifts

The tuple laws of Section 3 provide two ways to control multilinear averages: reflection positivity
compares different inputs with a single diagonal quantity, while conditional mixing suppresses
large Fourier denominators. We develop both estimates, then prove the moment bounds needed to
apply them to bounded functions on integer intervals. The signed-form estimates adapt [Ope26,
Proposition 4.1 and Lemmas 4.2-4.3]. We prove the needed estimates for the present laws, with
changes of auxiliary parameter replacing the dilation invariance used in the square setting.

Retain the index set V' = II*, where II consists of the permutation words on [L], and put d = |V|;
in particular, d is even. Fix a positive integer [ and a finite set P of primes at least P. Set

Xp=11Fp  mp=Q mp
peEP peEP

We collect the prime labels in slot v into a single variable z, € Xp, so pp is a probability law
on X7‘9/ . Each single-slot marginal is uniform. Norms of functions on Xp will always use uniform
probability measure unless another measure is specified. For real functions on this space define

Zip((ghoer) = [ [T ooz dmp,  Ziple) = Zip((9hev).
veV
The empty prime set is allowed: its residue space is a singleton and Z; 5(g) = q%.
We also fix the Fourier notation on these spaces. Every frequency has a unique additive
decomposition
&= Z (mod 1), 0<ap<p,
pGP
and its character is e(z§) = [[,ep e(ap2p/p). Equivalently, one may use any integer representative
of z supplied by the Chinese remainder theorem. The ezact support of this character is {p : a, # 0};
its reduced denominator is the product of those primes. For B C P write gg = [[,,c g p, with gz = 1.
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4.1 Signed Holder inequality and seminorm rules

The finite reflection argument below follows the chessboard method of Fréhlich, Israel, Lieb and
Simon [FILS78, Theorem 4.1]; related reflection arguments for graph norms appear in Conlon and
Lee [CL17, Section 3]. The standard passage from a multilinear Holder inequality to a seminorm is
also part of Hatami’s criterion for graph norms [Hat10, Theorem 2.8 of the arXiv version|; we prove
both steps directly for the present tuple laws.

Proposition 4.1 (Signed Holder inequality). For every positive integer I, finite set P of primes at
least P, and real functions g, g, : Xp — R,

Zip(g9) 20, 121p((90)vev)| < T] Zip(g0)"". (4.1)
veV

Proof. Across any reflection cut of V', the matrix of the product law is the tensor product of the
corresponding prime-law matrices. It is therefore positive semidefinite. To explain its consequence
for signed inputs, fix a cut V' =V, LU V_ and its reflection 6. Define maps ¢4 : V — Vi that fix the
selected half and reflect the other half into it. An assignment of functions is a map a : v — g,; write
its integral as A(a). The two real functions on the plus-half labels that enter the cut bilinear form

Fe)= [] a()(z.),  Glz)= [] a(bv)(z.).
veV, veVy

Its mixed value is A(a), and its two quadratic values are A(a o ¢+) and A(a o ¢_). Cauchy—Schwarz
for the positive semidefinite matrix gives

MA@ < Aaog)Aaog ),  Alaogs)>0. (4.2)

In particular a constant assignment has nonnegative integral, proving the first assertion of (4.1).

We next give a finite sequence of fold maps that sends every vertex to one vertex. In one
block write p; for the position of symbol ¢ in its permutation word. Folding onto the half where ¢
precedes ¢ + 1 sorts the pair (p;, pi+1), leaving all other entries unchanged. Apply the comparisons
i =1,...,L — 1 in that order, and repeat this sweep L — 1 times. A sweep moves the largest
entry to the end. Once the largest entries occupy their final positions, the next sweep leaves them
there and places the largest remaining entry immediately before them. Thus every position array
becomes (1,...,L). Perform these sweeps in each block. If their fold maps in chronological order
are ¢1,...,¢m, then

Omo---0p1(v) =v, forevery v eV,

where v, has the identity word in every block.

Now fix a finite nonempty list of real functions and let M be the maximum absolute integral over
all assignments from that list, allowing repetition. If M > 0, take a maximizing assignment. Each
of its folded integrals is nonnegative and at most M, while their product is at least M? by (4.2).
Both therefore equal M. Hence either fold preserves maximality. Apply the pullbacks in reverse
order, first ¢y, then ¢,,_1, and so on. The final assignment is a o ¢, 0 - - - 0 ¢1, which is constant. It
follows that M is a diagonal value. Conversely, constant assignments are included in the maximum.
We have proved that the maximum absolute mixed integral equals the largest diagonal value in the
list; this is also true when M = 0.

For € > 0, apply this conclusion to the list

9o
(Zup(g0) + )M/

veV.

23



Each diagonal value in this list is at most one. Multilinearity gives | Z;.p((g0)0)| < I1,(Zi.p(g0)+€)Y<.
Let € | 0. This proves the second assertion, including cases where some diagonal values vanish. [

Define
P = Zl’fp(g)l/d for real g.

g

For B C P, let Egg mean uniform averaging over the coordinates in B, with all other coordinates
held fixed. The resulting function may be viewed on either Xp or Xp\ p.

Lemma 4.2 (Seminorm and changes of coordinates). The map g — ||g|lip is a seminorm on the
real functions on Xp. It satisfies

[Eg| <1lg

1P I1Esglli,p\8 = IEsgllip < llgllip-

Translations of the input are isometries. Moreover, if D is a positive integer coprime to every prime
of P, then for any a' € Xp,

lsn(D) (- =), = llghop. (43)

I,P
Here the affine change is interpreted separately at each prime.

Proof. Nonnegativity follows from Proposition 4.1. Since d is even, homogeneity of Z gives absolute
homogeneity of its d-th root. Expanding Z(g + h) by its slots and applying (4.1) termwise gives

S d—|S d
Zip(g+h) < 3 lglf5mlnllis™ = (lglhe + [Allp) "
SCV

Taking roots proves the triangle inequality. Putting ¢ in one slot and 1 in all others in (4.1) proves
mean domination, since the single-slot marginal is uniform and Z(1) = 1.

The simultaneous translation invariance of the tuple laws proves that translations are isometries.
Let Gp C Xp be the additive subgroup of vectors supported on B. Then

1
(Epg)(z) = ol > g(z+a).

aeGp

The triangle inequality gives the asserted contraction. Since Epg is independent of B, the probability
laws at those primes integrate out, proving the equality of the two seminorms. Finally, A(D) is a
unit at each remaining prime, and (3.5) pushes the product law at [ exactly to that at [D. This
proves (4.3). O

4.2 Decay at large Fourier denominators

Conditional mixing gives a different estimate, valid also after removing the exceptional part of each
prime law. Its proof requires orthogonality between different exact supports; applying the triangle
inequality to all Fourier coefficients would lose this decay.

Lemma 4.3 (Large-denominator estimate). Fiz [ > 1 and a finite prime set P as above. At each
prime choose either py, = pp or pp = p,,. Let g, : Xp — C be arbitrary functions. If, in one
distinguished slot v, every Fourier coefficient at a denominator at most R vanishes, where R > 1,
then

l/ I 9u(z0) 4@ pp| < RN gull2 TT lgull2qa—1)- (4.4)

ueV peEP UFEV
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Proof. At one prime, let m,, denote the marginal law of the labels in all slots other than v, and let

Tpf =By, (f(20) | (2u)usto)-

This is an operator from uniform L?(F,) to L*(m,). It preserves constants. It sends uniform-mean-
zero inputs to my-mean-zero outputs, since Ey T),f = Ef. By (3.6), its norm on the mean-zero
subspace is at most p~7.

The product law makes the conditional operator for all primes equal to 7' = &), T): this identity
holds first for products of one-prime functions, by independence across primes, and then for every
function by linearity. The exact-support B Fourier space has a mean-zero factor at primes in B
and a constant factor elsewhere. On this space the operator norm is at most ¢z”. Furthermore,
the images of two distinct exact-support spaces are orthogonal in L2(®p m,). At a prime in the
symmetric difference of the supports, one image factor is constant and the other has mean zero.
Their inner product is zero, and tensoring preserves this orthogonality.

Decompose g, = >, .~ 9v,B by exact supports. Both the domain summands and their images
are orthogonal, so

—2
ITgollz= > ITgusl3< D a5 llgesls < B gull3-
gB>R gB>R

Condition the original integral on the other slots and apply Cauchy—Schwarz. The remaining factor
is bounded by

ouz0| < IT (ElguPO) Y = T gl

UFEV 2 UFV UFv

using ordinary Holder and the uniform single-slot marginals. This proves (4.4). If P is empty, the
frequency hypothesis forces g, = 0, and the conclusion is immediate. O

4.3 Fourier lifts and uniform moments

A bounded function on an integer interval gives Fourier coefficients at rational frequencies. We
transfer a finite set of these coefficients to Xp. Such a transfer need not preserve pointwise bounds, so
we prove bounds for every fixed moment, following the Fourier-lift argument of [Ope26, Lemmas 5.1-
5.2]. We must also allow arbitrary subfamilies of complete exact supports, because fixing some
residue coordinates changes which denominators remain.

Let I be a nonempty consecutive interval of integers and let f : I — C. Put

f(z
-5
For B C P, define its exact-support contribution
> fi(©)e(z6),
a(€)=as
where the frequencies are characters of Xp. For Q > 1, the Fourier lift is

Lipofz)= Y fez)= > Fr(€)e(=€)

BCP £ on Xp
9B<Q a(§)<Q

Each fp depends only on the coordinates in B, and has mean zero in each of those coordinates. If f
is real, all these functions are real because each summation set is closed under negation. Retaining
a support B always means retaining all its frequencies.
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Proposition 4.4 (Uniform lift moments). Let P be any finite set of primes, Q > 1, and let I be a
consecutive integer interval with |I| > 10Q°. For every integer r > 1, every e > 0, every function
f:I— C, and every subfamily F C{B C P :qp < Q},

> s

BeF

< Crell flle@” (4.5)

2r

The constant is independent of the prime set, the interval and its location, the function, and the
subfamily.

Proof. The zero function is immediate; otherwise scale so that || f|l.c < 1. Write N; = |I], and
let u be the largest cardinality of a support whose prime product is at most (). We first control
conditional sums of squares of the fp, then their square-function moments. Symmetrization will
recover the moment of their sum.

Conditional energy. For J C P with ¢; < @, and any fixed coordinate vector z;, we claim that

> E(fB1 | 2r) <4Vl (4.6)

BeF

BOJ
The conditional expectation here averages uniformly over all coordinates outside J. If B O J, the
coefficient of an outside character n of exact support B\ J, after fixing z;, is

es(;25) = ;{ S f@e(=am) [T (Liamsy, (mod ) — 1)-

zel peJ

Indeed, the sum over the nonzero frequencies at p is Zg;i e(a(zp — 2)/p) = pliz=2, (mod p)} — 1-
Different supports B O J have disjoint sets of outside characters. Conditional Parseval therefore
identifies the left side of (4.6) with the squared Euclidean norm of this coefficient vector on the
union of those character sets.

Expand the product in c¢; over subsets J' C .J. Apart from a sign, the corresponding vector has

coordinates q
J/
Yo f@el-a)
I zel
x=zy; (mod q;r)

The congruence denotes the class determined by the fixed coordinates in J’; for the empty subset it
imposes no restriction. Write its progression as x = a 4+ gyn, with n in a consecutive interval of
length N’. Then

N/ZO.QN]/QJ/, NIQJI/NISLL

In these coordinates the frequencies are ¢yn, up to constant phases. They remain distinct because
their denominators are coprime to ¢y. Their denominators are at most (), so they number at most
Q)? and have pairwise circle distance at least Q2.

The Gram matrix of these characters in normalized L? on the progression has diagonal 1. By
geometric summation, every off-diagonal entry has modulus at most Q2/(2N’). Its operator norm is
therefore at most its maximum absolute row sum, which is bounded by

4 5

1
@ 1y @ L
N 1.8N; 18Q

1+

The associated Fourier analysis map has norm squared equal to this Gram-matrix norm. Since
I flloc <1 and N'qy /Ny < 1.1, the displayed coefficient vector has Euclidean norm bounded by an
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absolute constant. The triangle inequality over the 2|/ subsets J’, followed by squaring, proves
(4.6).

Square-function moments. Set

1/2
2
S5(z) = (Z |f5(2)] ) :
BeF
Expand ES?" and fix the supports of its first » — 1 factors. Their union W’ has size at most (r — 1)u,
and their product depends only on zy+. For the final support B, integration outside W’ leaves
exactly E(|fg|? | z7), where J = BN W'. Every intersection that occurs satisfies ¢; < g < Q. For
each fixed intersection .J, the sum over supports with B N W’ = J is bounded by the larger sum
over all B D J in (4.6). There are at most 2("~D* possible intersections and each has at most u

elements. Thus
ESQT < C 2(r71)u4uE82r72.

The same argument with » = 1 uses J = W/ = &. Tteration gives
1S]l2r < G (4.7)

The overlaps among supports have now been controlled. It remains to bound their sum by this
square function with a loss exponential only in wu.

Recovering the sum. Fix a support size j > 1 and color every prime coordinate with one of j
colors. Call a support transversal when it has exactly one prime of each color, and let 7 be the
transversal supports in F for this coloring. Take independent uniform pairs XS, X; at every prime.
The operator swap,, interchanges these two copies. Define

Dp = H (1- swapp)fB(Xo), BeT.
pEB

Averaging over all second copies leaves fp(X?), since every other term in this expansion has mean
zero in at least one copied coordinate. Jensen’s inequality gives

> I > Dp

BeT BeT

<

2r L2r(X0,X1)

Independent swaps preserve the joint law of the copies and multiply Dp by the product of the
corresponding signs. Thus for independent uniform signs €,, indexed by primes,

=2 Delle
L2 (X0 X1) BeT pEB L27(X0 X1 ¢)
For completeness, the scalar sign estimate

1/2
‘ D aie|| <G, (Z \ai|2>

follows by expanding the even moment. Surviving terms have even multiplicity at every index. For
nonnegative coefficients their sum is at most

2r)! "
(27"7«)! (Z“2> ’

27

> Do

BeT

2r




because (2m)! > 2"™m!. For complex coefficients, take absolute values of the surviving terms in
(3=, ai€i)" (3, ajei)" and use the nonnegative case. Iterating this estimate over the color classes gives,
for fixed copies,

1/2
> D[] e gC{(Z\DBF) :
L27(e)

BeT pEB BeT

At each step Minkowski is used in the form |(3; |Bi|>)Y?|l2r < (X, ||Bil|3,)"/%. The signs are
indexed by individual primes; transversality ensures that each monomial uses exactly one sign from
each color class.

In expanding the swaps in Dp, index its 27 terms by a choice of copy for each color. For any
fixed such choice, made consistently across all supports, the selected prime coordinates have the
original product law. The triangle inequality in L?"(¢2(T)) therefore gives

1/2 ' 1/2 4
<Z !DB\2> < <Z !fB!2> < 27|52

BeT 2% BeT 2r

Consequently the transversal sum has norm at most (2C,)?||S/2;.

Now color independently and uniformly. A fixed size-j support is transversal with probability
j1/j7 > e~7, where here e is Euler’s number; the inequality follows from log(j!) > [{ log z dz. Thus
the full size-j sum is exactly the coloring average of its transversal sum divided by this probability.
Minkowski yields

> I < (2eCrY|S|l2

BeF

|Bl=3j 2

Include the constant term of size zero and sum over j < u. Together with (4.7), this bounds the
norm of the full sum by (C/)!™“. Finally, the product of u distinct primes is at least (u + 1)!, so
(u+1)! < Q. Hence u = o(log Q) as @ — oo, uniformly in the prime set. For every fixed r and
e>0, (CHYY < C..Q°. Restoring || f| s proves (4.5) with all the stated uniformities. O

Lemma 4.5 (Specialization of residue coordinates). Let B C P, fix zp € Xp, and let G : Xp — C.
For1l < s < oo,

1G (28, )L (xp ) < 051G L (xp)-

In particular, a Fourier lift or a subfamily of its complete supports satisfies (4.5) after specialization
1/(2r)

with the additional factor qp The same bound holds after retaining either the remaining
denominators at most a given H > 1, or those greater than H.

Proof. The specified fiber has uniform probability 1/¢p. Its contribution to E|G|® is qglE\G(zB, 5.
Dropping the other nonnegative contributions proves the first assertion. For the last assertion, a
character with original exact support C retains exact support C'\ B after specialization. The two
cuts therefore arise, before specialization, from the complete-support subfamilies

{CeF qop < HY, {CeF qonp>H}.

Apply Proposition 4.4 to these subfamilies and then use the fiber bound. Combining coefficients
can cancel frequencies but cannot create any outside the indicated ranges. O
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In particular, applying (4.4) with the same set of coordinates fixed in every slot incurs total
specialization factor

1/2 (qg/@(dfl)))d—l — 5.

4p

Two specialized L? norms incur the same factor. All moment orders needed here are fixed after h is
fixed. Finite products of their subpower bounds remain subpower; none of these constants depends
on [, the specialized residues, or the retained supports.

4.4 Parameters and the density quantity

We now choose the analytic parameters used in the kernel estimate and the scale comparison. The
constants k, d,y have already been fixed. Set

100k’ 20k’ 10 2%’
(4.8)
=V Cl _7

1000 1000k(d+1) 7T 4

The displayed parameters are functions only of the already fixed numbers &, d,y. When Condition (U)
holds and the designated choices of Sections 2 and 3 are made, these numbers, and hence every
parameter in (4.8), depend only on k. Here 7 is distinct from the exceptional masses 7;,. At an
integer scale N > 1, the kernel proof will use 1 to set the denominators and widths of neighborhoods
of rational frequencies, v for the exponential-sum saving N ™" outside them, and ( for the allowed
range | < N¢. The exponent 3 fixes the Fourier denominator cutoff N?; 7 sets the subdivision into
about N7 intervals and the bound ¢ < N7 in the shorter-scale comparison, while o is the common
error exponent in N~ 7. Put

For A C [N], define
Yi(N, A) = Zipy (Lin),py.0la)-

This is the quantity that will be compared between scales.

Corollary 4.6 (Density domination and a uniform upper bound). For all positive integers I, N and
all A C [N],

A d
v 4> (2 2o
For every € > 0, there is a constant C., independent of [, N, A, such that
Yi(N,A) < C.N°*.

Proof. The lift is real and has uniform mean |A|/N. The lower bound follows from Lemma 4.2.
Ordinary Hoélder and the uniform single-slot marginals give

VN A) < [y 1

The integer d is even. Also 63 < 1, so for all sufficiently large N one has N > 10Q°. Apply (4.5)
with moment order d, choosing its exponent small enough that its d-th power is at most C.N€¢. In
the bounded remaining range of N, the lift has a bounded number of coefficients, each of modulus
at most one. The probability normalization then supplies a uniform bound independent of [, and
enlarging C, finishes the proof. ]
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5 A signed kernel for polynomial differences

The tuple laws constrain differences modulo primes. We now connect their pair distributions to
actual values of h; at positive integers. The connection is a uniform Fourier approximation: a kernel
supported on those polynomial values will have the same small-denominator multipliers as the pair
law, up to a power error. We adapt the signed square-kernel construction of [Ope26, Section 6,
especially Proposition 6.1]. For a general polynomial, we realize the pair distribution by weighting
regular argument classes; its explicit probability formula is not needed.

5.1 Pair multipliers and the ordered estimate

Fix an integer [ > 1, put F' = hy, and choose a directed edge v; — v;41 of the designated cycle. For
p > P, let m, be the distribution of z,, , — 2,; under :“?,p' Write 7, (y) for its point probabilities
and define

J
Lp(d'/p) = Y mp(y)ela’y/p).
y€Fp
The distribution is supported on values of F' at regular arguments. Conditioning the character of
the second endpoint on the other slots, then pairing with the opposite character of the first endpoint,
gives
Tpla'/p) <p™"  (ptfd)
by (3.6) and Cauchy—Schwarz. For a rational { with squarefree denominator supported on primes

at least P, decompose ¢ additively into its prime-denominator parts and define I'() as the product
of the corresponding I';,. In particular,

L) =1 [LEI<q@)™ (5.1)
All estimates below are uniform in the selected cycle edge.

Proposition 5.1 (Ordered polynomial-kernel estimate). Use the fixed parameters in (4.8), and let
N be a sufficiently large integer. Suppose 1 <1< NS and

D=M,[[p< N,
pEB

where B is a finite set of primes at least P. Let Jy,Jo : [N] — C satisfy |Ji|,|J2| < 1 and be
supported in residue classes a1, as modulo D, respectively. Suppose that v = ag — a1 is admissible for

I modulo D, that x < y whenever x € supp J1 and y € supp Jo, and that no such difference y — x
belongs to F(N,). Put H= NP/? and

E={{e€Q/Z:q(&) <H, q(§) squarefree, (q(§),D)=1}.
Then

Z INCS Jl N] )JQ[N](f) < H /2, (5.2)
(eE
The implied constant and the threshold for N depend only on the fized polynomial and the fixed
parameters, not on l,D,r,Ji, Js.

Every prime below P divides D, so I is defined at every frequency in =. We prove the proposition
by constructing two kernels: one encodes its Fourier expression, and the other is supported on
forbidden positive polynomial shifts. We first establish the uniform Fourier comparison; a bilinear
identity then gives (5.2).
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5.2 The model kernel and a kernel on polynomial values
Fix the data of Proposition 5.1. Define the model kernel on Z by

D
ko(n) = wlu<n<nylin= oy >_T(€)e(—¢n).

fe=

We first choose periodic argument weights that will reproduce its coefficients. For every p | D,
admissibility and the lifting construction in Section 2 provide an integer x, with F(z,) = r
(mod pPr) and s, = v,(F'(z,)) satisfying E, > 2s, + 1. On the argument class z,, (mod pZr=sr),
the polynomial F' is constant r» modulo p» and uniform among its higher lifts. Combine these
classes by the Chinese remainder theorem. Their modulus d, = Hp| D pEP*SP divides D; let pp be d,
times the indicator of the resulting argument class. Thus pp has periodic mean one and supremum
at most D.

For p { D (and hence p > P), choose, for each y with m,(y) > 0, one regular argument x,
satisfying F(x,) =y in F,. Define

Yp(xy) = pmp(y), p(z) =0 at the other arguments.

Then 1, is nonnegative, has uniform mean one, and pushes forward under F' to m,. In particular
0 <1, < p. For positive squarefree integers u coprime to D, define periodic functions

Bp(m) = ¢p(m) — 1, Bu(m) = HBp(m), By =1.

plu

Each B, has mean zero, and |B,| < u. We will use the truncated sum of these products to select
the prescribed local distributions at small denominators. Indeed, for positive squarefree R coprime

to D,
> Bu(m) =[]+ By(m)) = [[ p(m

ulR p|R p|lR

The cutoff u© < H preserves this identity when R < H, and we will use local exponential-sum
cancellation for larger denominators. The truncated sum may have either sign.

All coefficients of F' are Op(a;). Hence one integer x, > 1, depending only on h, can be chosen
for the entire auxiliary family, independently of [, so that for x > .,

F(x) =< azF, F'(z) < ajz* L, |F"(2)] < aiz®2,

with F’(z) > 0. The lower-degree terms have total absolute value Oy (a;z*~1) for z > 1. Enlarging

this same x, therefore also arranges
agzk

F()ZT>0 (x> xy),

uniformly in I. Put U = (N/a;)*/*. Since k¢ = /20, the hypothesis I < N¢ gives
kla; < Klal® < klaN"/?0,

The exponent gap 1/8 — /20 = 3n/40 is positive. Thus one sufficiently large threshold for N,
depending on h and the fixed parameters but independent of [, ensures kla < N 31/40 and hence,
simultaneously for all [ < N¢,

kla, < N8, N'=1/8 < gk < N.
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The last inequality uses that a; is a positive integer. The lower bound for U tends to infinity
uniformly in this range of [, so increasing the same threshold ensures that there is a unique real
X >z, with F(X) =N, and X < U. The lower bound on F(X) gives

X < (2N/a)Y* = 2V*U < 2U.
With m ranging over integers and w over positive integers, define
F'(m
b= Y Lprmyopm) Y Bu(m). (5.9

T <m<X u< H squarefree
(u,D)=1

This kernel is supported on positive values in F'(N; ). Derivative weights also occur in Lucier’s
polynomial-difference argument [Luc06, Section 2|. Here the factor F'(m)/N is chosen so that
the corresponding continuous measure becomes dt/N under t = F'(z); it will therefore match the
interval average in the model kernel.

Use positive-sign transforms for the kernels, and write

N
Si0) = Y kilme(om), V() = 13 elyn).

n=1
Our main analytic claim is the following.

Lemma 5.2 (Uniform kernel comparison). For the kernels just constructed,

sup |S1(a) — So(e)| < H™V/2, (5.4)
a€R/Z

uniformly in the data of Proposition 5.1.

To describe the model transform, expand its congruence indicator:

So(@) =D > T(§e(—jr/D)Vn(a—&+4/D). (5.5)

£€E jmod D

There are at most DH? terms, all with coefficients of modulus at most one. Their centers £ —j/D have
denominators at most DH and are distinct: equality of two centers makes £ — & have denominator
both coprime to D and dividing D, so it is zero.

Every ap € Q/Z has a unique decomposition oy = ap + «; in which ¢(ap) has only prime
factors dividing D and (¢(aq), D) = 1. Prime powers are allowed in both parts. The coefficient of
the center ag in (5.5), taken to be zero when that center is absent, is

e(apr)l'(ay), qlap)| D, a1 €E,

co(ao) = { (5.6)

0, otherwise.

Indeed, at a center one has a1 = & and ap = —j/D.

5.3 Minor arcs: a uniform Weyl estimate

Take the major arcs to be the closed balls of radius 3N ~'*7 about the rational points with reduced
denominator at most N". They are disjoint for large N, since 31 < 1. Their complement is the set
of minor arcs. We write [[[|g/z for distance to the nearest integer. The periodic weights in k; will
introduce linear twists, so the required exponential-sum estimate includes them.
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Lemma 5.3. If « lies on the minor arcs, then, for every realy’ and every integer interval I C (x4, X],

> e(aF(m)+y'm)| < UN. (5.7)

mel

Proof. Put A; = kla;, 0 = Aja, and Qo = |[N'~"|. Pigeonholing the Qo + 1 points 0,6, ..., Qof’
into Qo equal intervals gives a reduced rational a’//q’ such that

1 1
1<q <Qo, 0 -d/dlrz< -5 < g
/ 7Qo — (¢)?2
Lifting this approximation through multiplication by A; places a within 1/(A;¢'Qo) of a rational with
denominator at most A;¢’. If A;¢’ < N7, this would place o in a major arc, since Qy* < 2N 17,
Therefore A;¢’ > N", and in particular

N2 < ¢ <N',

using A; < N/8.

Choose M = [2U]. Since X < 2U, this integer is larger than all the interval lengths under
consideration. Also U > 1, so the absolute comparison 2U < M < 2U + 1 < 3U holds. Repeated
differencing gives

9k—1
> e(aF(m)+y'm) < CpM? Tk
mel (58)

X Z min(M, H@lbl e bk—1||]§/1z) .
‘b1|7'~~7‘bk71|<M

Here the minimum equals M when the distance is zero. To verify the estimate, square the sum and
group pairs by their difference. After taking absolute values, square again and use Cauchy—Schwarz
on the increment indices. At each step the inner sum is over an intersection of interval translates,
hence an interval. After s steps the prefactor is M2 ~*~1: its exponent is zero for s = 1, and the
next step doubles that exponent and adds s. After k — 1 steps the phase is linear with coefficient
klajaby - - - bg_1, and a geometric sum proves (5.8). The added linear term contributes only a constant
after the first differencing and does not change the estimate. This derivation uses only || < M, so
also covers short intervals.

The tuples with a zero increment contribute Oy (M*~1!) inside the sum in (5.8). For the others,
group by the absolute product m < M*~1. For each € > 0 their multiplicity is Oc i,(m*). Indeed, at
a prime power p® the number of exponent choices is a binomial coefficient of fixed degree in a; it is
at most p® for all sufficiently large p. The finitely many smaller primes contribute a bounded extra
factor, since a fixed polynomial in @ divided by p®¢ is bounded.

Partition the positive product indices into blocks of |¢'/2| consecutive integers. If 0 < b < ¢'/2,

then
1

>
()~ 2¢
Thus the points in a block have spacing at least 1/(2¢') on the circle. Ordering their distances

to zero and summing the reciprocal-distance bound gives O(M + ¢’ log(2¢’)) per block. There are
O(M*=1/¢ + 1) blocks. Dividing (5.8) by M2""", and absorbing the divisor bound and logarithms

into N¢, gives
1 1 q

16'0llrz > la'd/q'r/z —
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Here M* <« N and M* > N'=7/8  The three terms are bounded respectively by N~7/2
O(N—(=1/8)/k) "and O(N~71/3). For sufficiently small fixed e, the displayed expression is O(N /).
Taking its 2¥~!-st root proves (5.7), because n/(4 - 281) = 5v. O

We can now bound both kernels on the minor arcs. The supremum and total variation of F'/N
on [z, X] are O(1/U), so partial summation in (5.7) gives O(N ") with this weight. With Fourier
coefficients normalized by their period, pp has Fourier ¢! norm d,, < D. The corresponding norm of
B, is at most u?, by its period and supremum. Expanding these periodic weights into linear twists
and summing over u < H yields

|S1(a)| < DH*N™".
Every center in (5.5) has denominator at most DH < N 3B/2 < N". On the minor arcs its distance
from « is at least 3N 7. The geometric-sum bound |[Vy ()| < min(1, (2N |t||r/z) ") therefore
gives

|So(a)] < DH*N™".
These bounds prove the required comparison away from the major arcs. Near a small rational,
cancellation in the argument variable must be replaced by an exact calculation of its periodic mean.

5.4 Major arcs and the local coefficient calculation

Write a = ag + vy, where ¢ = q(ag) < N" and |y| < 3N~'*7. A model center other than ayq is at
distance at least 1/(¢DH) from «p. Since |y|¢DH = o(1) uniformly, (5.5) gives

So(a) = co(a0) Vi (y) + O(¢D*H?/N).
For squarefree u < H coprime to D, let A, be the periodic mean of
bu(m) = pp(m)Bu(m)e(aoF (m)).

Its period is at most gDu and its supremum at most Du. Consequently its sum over any real
interval differs from A, times the interval’s length by O(¢D?u?). For w(x) = F'(z)e(yF(z))/N,
differentiation gives

X 1+ |y|N
fwlloe + [ /(@) da < |Uy|
Partial summation, followed by the substitution ¢t = F(z), gives
F’ A, (N 1 N
Z (m) e(yF(m))by(m) = — e(yt) dt + O(qD2u2+|y|) :

The normalized integral differs from Vi (y) by O(a;/N + (1 + |y|N)/N). Multiplying by |A,| < Du
leaves an error covered by the one already displayed, since a;/N = U~* and U < N. Summing over
u therefore proves
1+ |y|N
51(a) = cla)Viv(y) + O (ap?m* AT,
c(ap) = Z Ay (5.9)
u<H squarefree
(u,D)=1

The analytic approximations now have the same factor Vi (y). It remains to compare their coefficients.
This is where the regular argument weights 1, reproduce the pair law. The periodic means A,
and their sum c(ag) are defined by the same formulas for every rational «g, without a denominator
restriction; we use that domain in the next lemma.
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Lemma 5.4 (Comparison of rational coefficients). For every ag € Q/7Z, write cy = ap + a1 for the
unique decomposition in which q(ap) has only prime factors dividing D and (q(a1), D) = 1. Then
the coefficients defined by (5.6) and (5.9) satisfy

lc(a) — eo(aw)] < H-V2.
In fact they agree when q(ay) < H.

Proof. In a periodic mean we may average at any common multiple of the periods and separate
prime-power factors by the Chinese remainder theorem. First consider a prime p | D, and abbreviate
E = E,, s = sp. On the chosen argument class, Section 2 gives

F(xp +p"%2) = F(xp) + p" (12 +pC(2)),  pte,

where C has integer coefficients. The polynomial in parentheses is a bijection modulo every power
of p: its difference at two arguments is their difference times a unit. Thus for a local frequency of
denominator p? with j < F, the phase is constant at its value on 7. This remains true if j > E — s.
For j > E, uniform arguments in the restricted class modulo p? give uniform z modulo p/~F+s,
hence uniform reduction modulo p?~¥. The F-values are consequently uniform among the lifts of r
modulo p/, and a primitive character has mean zero. The joint factor from primes dividing D is
therefore

e(apr), glap)|D,
XD(%):{ (apr). afa) |
07 Q(aD) T D.
Put ¢1 = g(aq). If u has a prime not dividing ¢1, its factor B, has mean zero independently of
all the other factors, so A, = 0. Thus only divisors of rad(q1) = [[,,. p contribute. For p’||q1, let
a, be the primitive p/-denominator part of a and set

plg1

tpj = B moa pre(ap (M), bpj = By moa pi Bp(m)e(apF'(m)).

The Chinese remainder theorem now expresses the truncated coefficient as

C(Oéo) :XD(QO) Z H pr‘ H apJ' . (5.10)

ulrad(q1) | p7||q1 plla
usH plu plu

The mean against 14 B, = 1, is

r (Oé )7 ]:17
ap,j +bpj = {Op P >

For j = 1 this is the defining pushforward of 1,,. For j > 2, condition on a regular argument modulo
p. Its lifts are mapped uniformly to the lifts of its value, so their primitive character mean vanishes.
This holds on each argument class separately, regardless of the size of 9, there.

If 1 < H, all divisors of rad(q;) occur. Thus (5.10) factors as

c(ao) = xplao) [T (apy + bpj)-

Il

For squarefree ¢; this is x p(ag)I'(«y); if any exponent is at least two, it is zero. These are precisely
the cases in (5.6). The empty product, when ¢; = 1, also gives the required coefficient.
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Suppose instead that ¢; > H. The model coefficient is then zero. By (2.4), |ap ;| < p 8% For
j = 1 the preceding identity and (5.1) give |b, 1| < 2p~7; for j > 2 the identity gives b, ; = —a, j,
hence again |b, ;| < 2p~77. Taking absolute values in (5.10) and dropping the divisor cutoff yields
le(ao)l < TT (lapl + [bps1)
Plla
< 3W(q1)q1—7 < ql_’Y/Q < H/?.
Here w(q1) is the number of distinct prime divisors, and the last inequality before the strict one
follows from (3.7), since every prime of ¢; is at least P. This bound also covers rad(q;) < H < ¢:

in that case the full divisor product is present and is actually zero, because some exponent is at
least two. If q(ap) t D, all coefficients vanish already through xp(ap). O

Proof of Lemma 5.2. On the minor arcs the two bounds already proved give
|51] < N_V+(5/2)ﬂ, |So| < N—28,
On a major arc, the error terms in the two approximations are at most

O(NTH48=1, O (NZ+48=(=n/8)/ky,

respectively. Each of these four bounds is O(N~%7/4) = O(H~/?) by (4.8). Indeed v = 1008,
n = 1/(100k) and B = /(1000 - 2¥), so the two major-arc exponents are less than —0.99 and
—0.97/k, respectively; the minor-arc exponents have still larger margins than required. Lemma 5.4
and |Vn(y)| < 1 now complete the comparison on the major arcs as well. All thresholds used here
are uniform under [ < N¢ and D < NP. O

5.5 From Fourier comparison to forbidden differences

Proof of Proposition 5.1. Extend Ji, Jg by zero to Z, and for either kernel define

— Z Ei( x)Jo(z +n).

R IYA

Let Ji(a) = Y, Ji(z)e(—za) denote the counting-measure Fourier transforms. Expanding the
characters and integrating imposes n +x —y = 0, so

1t - -
Bi= / Si()J(—a) Jo(a) dar.
0
Cauchy—Schwarz, Plancherel and Lemma 5.2 give

’Bl _BO| < HSl SOHOO

[ Tille2z || Jolle2zy < HY2,
because the two counting-measure norms are at most V/N.

Every term in B; uses a positive shift F'(m) with m € Ny, and hence vanishes by avoidance.
Thus By = 0, regardless of the signed weights in (5.3). For a pair in the supports of Ji, Jo, ordering
gives 1 <y —x < N — 1 and the residue conditions give y — 2 = r (mod D). Both indicators in kg
are therefore automatic, and

5 2 D@ hay) Y T(E)e(—¢(y — =)

z,y€[N] £e=
—DZF Jl[N )J2[N](5)-
£e=
This proves (5.2) with its stated normalization and signs. O
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6 Comparison and cancellation

We now establish the two estimates that will control the quantity Y;(NV, A) in the induction. The
first compares a lift, after some prime coordinates have been fixed, with lifts of sets on shorter
intervals. The second gives a power saving when the small-prime residues permit every increment
of the designated cycle. The progression comparison and the reduction to an ordered pair adapt
the arguments of [Ope26, Sections 7-8, especially Propositions 7.2 and 8.1]. For a modulus D, our
progression spacing is A(D), and the change of variables also changes the auxiliary parameter from
ltolD.
For positive integers I, N, let
Vi(N) = max Yi(N, A),

where the maximum is over all A C [N] satisfying
(A—A)Nh(Ng) C{0}. (6.1)

We retain the parameters of (4.8), in particular Q = N® H = N#/2 and Py = {p prime: P < p <
Q}. For a fixed set A C [N], define

fs(®) = Molp=s (mod mo)31a(z),  Gs=Linjpyofss s €ZL/ML.

Thus 14 is the uniform average of the functions fs, and its lift is the corresponding average of the
Gs.

6.1 Fourier coefficients after specialization

Fixing prime coordinates restricts the underlying integers to a residue class, provided the cutoff
includes all characters on those coordinates. The precise identity is the following.

Lemma 6.1 (Specialization of a lift). Let I C [N] be a nonempty integer interval, let B C Py, and
put D = Moyqp. Firs € Z/MyZ and b= (by)pep € Xp. Let g be the function on Xp\p obtained
by specializing L1py qfs at zp = b. For every remaining-coordinate frequency & with q(§)gp < @,

one has
D

9© =m0 D lal@e(-=g), (6.2)
‘I‘ zel
z=a’ (mod D)

where a’ (mod D) is determined by o’ = s (mod My) and o’ =b, (mod p) for p € B.
Proof. The frequencies contributing to (&) have the form & + w, where w ranges over the characters

on Xp that survive the cutoff. The denominators are coprime, so ¢(§ +w) = ¢(§)q(w) < q(§)gp < Q.
Consequently every character on Xp occurs in the specialized coefficient, which equals

],\14-(,) > 1A(@) L= (mod moye(—xE) > e((b—z)w).

zel won Xp

Character orthogonality makes the inner sum ¢p when x = b, (mod p) for every p € B, and zero
otherwise. The Chinese remainder theorem now gives (6.2). O
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6.2 Comparison with a shorter interval

The next estimate is uniform in the auxiliary parameter /. This uniformity is necessary because a
progression replaces [ by [ D, which need not satisfy the size restriction used in the kernel estimate.

Proposition 6.2 (Shorter-scale comparison). Let N be sufficiently large, let I > 1, and let A C [N]
satisfy (6.1). Suppose that B C Py and qg < N7. Set

S:PN\B, D:Mqu, LD:)\(D),

[N—‘ A Lpnpg
n = —_— —_= .
By’ B=N

For each v € V', choose s, € Z/MyZ and specialize G5, at an arbitrary vector of coordinates on B,
obtaining a function g, on Xs. Then

1Z5((g0)vev)| < A Yip(nz) + O(N—7), (6.3)
The scale and the rounding factor satisfy 1 < ng < N and
1<Ap <14 MFNFL (6.4)
The implied constant and the threshold for N are independent of I, A, B and all specializations.

Proof. We first record the scale inequalities. By (2.2), D < Lp < D¥,so Lp > My >2and ng < N
for large N. The defining ceiling gives (6.4). Also

H<Q :=n}<Q,  q¢gH<Q.

Here kT < 1/2 and 7 < /2 follow from (4.8).

By the signed Holder inequality (4.1), it is enough to prove the asserted common bound for
Z1.5(g), where g is any one of the specialized inputs. Let g<y retain exactly the remaining-coordinate
frequencies of denominator at most H. We claim that

Z15(9) = Zi.s(g<m) + O(H VgpN°W).

To see this, telescope the d slots and apply (4.4) to the high-frequency input in each term. The
moment estimate (4.5) is applicable to all the other inputs as well as to that high-frequency piece.
Indeed, before specialization, a cut on the remaining denominator retains entire supports C' C Py

according to the condition on g\ p; it never selects only part of the frequencies with a given full

support C. Fixing B costs at most qjlg/ % in the distinguished L? norm and qé/ 2= iy each of

the other d — 1 norms. The total cost is therefore qg. The original input is bounded by M, and
N >10Q5 for large N, so (4.5) supplies the remaining N°() factor. Since
527—7—0:7<500k:(d+1)—1—1> >0,
the claimed error is O(N~7). The denominator cuts are symmetric under negation, so the functions
used here are real.
We next express g< g as an average of shorter lifts. Let a’ (mod D) be the residue in Lemma 6.1.
For each representative j € [Lp| with j =/ (mod D), set

Cj =j— Lp, A;-:{ZL'IG[’I’LB] :LD:E/+CjEA}.
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These progressions partition the integers of [IN] in the class @’ (mod D): the first positive term is j,
and np terms suffice for every such integer. Terms above N contribute no points to A;». Moreover,
A’ satisfies (6.1) with [D in place of I. For if a nonzero difference in A’ — A’ were hyp(m) with
m > 1, the corresponding difference in A — A would be

Lphip(m) = hy(Dm — i), 0<i<D,

by (2.2); its argument is positive and its value is nonzero.
Put H; = Lp,p,),5,014- Every prime of Lp divides D, so Lp is invertible on Xs and mul-
k) b J
tiplication by Lp preserves denominators. Lemma 6.1, applied using ggH < @, gives the exact

identity
Ap

"~ Lp/D

Y. HiLp'(z—¢) (6.5)
JE[LD]
j=a’ (mod D)

9<u(z)

For completeness, the summand on the right has Fourier coefficient ?/-[\](L pé)e(—c;&) at €. Since
Ap/(Lp/D) = Dng/N, summing these coefficients gives D/N times the sum over the required
original integers, exactly as in (6.2); both sides have zero coefficients above H.

Under the map z — LBl(z — ¢j), the tuple law for [ pushes forward to the tuple law for D, by
(3.5) at each remaining prime. There are exactly Lp/D representatives j. The seminorm triangle
inequality applied to (6.5) therefore yields

Zi1s(g<m) < A% max Zips(Hj).

This is where the exact change of tuple laws preserves the leading constant in the comparison.

It remains to replace the cutoff H on the shorter interval by its natural cutoff Q'. Equations (4.4)
and (4.5), now on [ng], bound the change of the diagonal by O(H-YN°M) = O(N~?). Their
interval hypothesis holds because 63 < 1, and hence ng > 10(Q’)® for large N. The extended lift
only uses primes in P, . It is obtained from Ly, 5Py 1 A by averaging the coordinates in BNP,,,
and then viewing the result as independent of the additional coordinates in S. The contraction
under coordinate averaging from Lemma 4.2 gives

ZlD,g('Hj) < YlD(”B,A;‘) + O(Nia) <Vip(ng) +O(N"7).

Combining these estimates with (6.4) proves the diagonal bound. Applying (4.1) to the mixed
inputs proves (6.3): the product of dth roots of quantities bounded by the same nonnegative upper
bound is at most that upper bound. ]

6.3 Cancellation for good residue assignments

The previous comparison applies to every residue assignment. We now use avoidance to obtain a
stronger estimate for assignments compatible with the designated cycle. An assignment (s,)ycy €
(Z/MyZ)V is good for 1 if every increment Su; 1 — Su;, 0 < j < L, is admissible for [ modulo Mp. As
before, vy, = vg.

Lemma 6.3. For everyl > 1, the proportion p; of good assignments under independent uniform
choices of all the s, satisfies
P> Pr = MOI_L > 0.
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Proof. At every prime-power factor of My, the construction in Section 2 supplies a length-L sequence
of admissible residues whose sum is zero. The Chinese remainder theorem combines them into
such a sequence modulo Mj. Fix one sequence. There are M, choices of the initial cycle residue;
the other cycle residues are then determined, and the zero-sum condition closes the cycle. Its L
vertices are distinct. The remaining d — L residues can be arbitrary, giving at least MOd_LJrl good
assignments out of Mg. O

The proportion p; may vary with A and [. When Condition (U) holds and the designated choices
of Sections 2 and 3 are made, both My and L, and therefore the lower bound p, = Mgl_L , depend
only on k.

Proposition 6.4 (Cancellation on good assignments). Let N be sufficiently large, let | < NS, and
let A C [N] satisfy (6.1). If (sy)vev s good for 1, then

[T Gatz)d @ gy — 1) < N (6.6)

veV pEPN
The bound is uniform in l, A and the good assignment.

Proof. We may replace each p , — 1 by its normalized law 41 ,: passing back multiplies the integral
by [lepy (1 —mp) < 1. We first locate an ordered pair of intervals along the cycle. We then
truncate the other inputs and condition on their prime supports; the remaining pair integral will
have exactly the multipliers appearing in Proposition 5.1.

Partition [N] into [ N7 | consecutive intervals whose lengths differ by at most one. Each Gy is
the average of the interval lifts L7 p, ¢ fs with weights |I|/N. Thus we may average independently
over an interval assignment to every slot. These intervals have length > N'~7, so the moment
estimate (4.5) applies: indeed 65 + 7 < 78 < 1 by (4.8). For any interval assignment, ordinary
Holder, uniform single-slot marginals and (4.5) bound the integral in absolute value by N o(1) The
probability that all L cycle slots choose the same interval is

L L—-1
> <|]{7|) < (In?x Kf') < N~

I

Their contribution is O(N~7), since (L — 1)7 > 0 = y7/4.

In every other assignment, some directed cycle edge has its first interval I strictly before its
second interval I5. Otherwise the interval indices would be nonincreasing all the way around the
cycle, and therefore constant. Fix such an edge for the current assignment. The constants below
are uniform in this choice.

Set T'= N7 and truncate every interval lift except the two selected ones to denominators at most
T. Telescoping the other slots, (4.4) and (4.5) give total error O(T-YN°()) = O(N~7), because
~7 > 0. Expand the truncated inputs into characters. Each coefficient has modulus at most M,
and there are at most T2 rational frequencies of denominator at most 7. Thus the sum of the
absolute coefficients in the resulting expansion is O(T%(-2)),

Fix one term, let B be the union of the supports of its d — 2 characters, and put

RI(]BSTCkQ, S =Pnx\B.

Condition on all tuple labels at every prime in B. The expanded characters become constants of
modulus one. By independence between primes, the remaining tuple labels still have law &), s “Zp‘
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Let g1, g2 denote the two selected interval lifts after specialization at this conditioning. They are
functions on Xg. For the chosen directed edge, let I' be the increment multiplier defined in Section 5.
The remaining pair integral is exactly

Y G(=9aOr(E). (6.7)

£ on Xg

Indeed, simultaneous translation of the two labels kills all pairs of characters whose frequencies do
not sum to zero. The surviving pair with frequencies —¢, £ has value e(£(z2 — 21)), whose expectation
is I'(¢).

For the terms with ¢(§) > H, (5.1) and Parseval give

S G950 < Hglzllgell: < HYRNW.
q(§)>H

The last inequality uses the interval moment bound and the cost R'/2 of each specialization in L2
We apply the kernel estimate to the remaining terms. Put D = MyR. The parameter choice
gives
(d—2)7<§, HR < Q, D < NP

for large N; the first inequality follows directly from 7 = 5v/[1000k(d + 1)]. By Lemma 6.1, their
Fourier coefficient formulas for ¢(§) < H restrict the underlying integers to classes a}, a5 (mod D).
The difference af, — a is admissible modulo M; by goodness. It is admissible at each prime in B
because every conditioning of positive probability is in the cycle support of the nonexceptional law.
It is therefore admissible modulo D.

The remaining frequencies of denominator at most H are precisely the set = in Proposition 5.1.
Indeed, their denominators are squarefree and coprime to D. Conversely, a squarefree denominator
at most H and coprime to D has no prime below P, since all those primes divide My, and no prime
in B; every prime divisor is at most H < Q.

Define functions on [N] by

Jl(x) = ].A(l')].[i (x)l{zza; (mod D)}» 1=1,2.

They are bounded by one and have ordered supports. Every difference from the first support to
the second is positive, so a zero polynomial value cannot be such a difference; (6.1) excludes all
nonzero values of h;(N;). Thus all hypotheses of Proposition 5.1 hold at scale N. The Fourier
normalizations in (6.2) are

3i(6) = ﬁf@m ©  (a© < m;).

Since (5.2) has a factor D outside its absolute value, the low-denominator part of (6.7) is at most

CH/?D < H/2DN?,

|11]| 2]

Both parts of (6.7) are consequently bounded, uniformly in the conditioning and in the term of

the character expansion, by
O(Nfﬁ'y/4+(d+2)f+o(1)) _
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Averaging the conditioning costs no factor, and summing the character expansion costs at most
O(N?d7). The final exponent satisfies

By B -
4—(3d+2)7'—0—7'<250k(d—|—1)—(3d+2)_4) > 0.

Thus the resulting error is O(N~7). The same-interval contribution and the truncation error already
satisfy this bound. Finally, the interval assignments were averaged with probabilities summing to
one, so the uniform estimate proves (6.6). O

7 Exceptional terms and the power-saving induction

‘We now combine the shorter-scale comparison with cancellation on good residue assignments to
obtain a recurrence for }j(IN). The exceptional parts of the prime laws contribute a summable
family of additional shorter-scale terms. The expansion and contraction argument adapt [Ope26,
Proposition 9.2 and Theorem 9.3].

Retain all parameters from (4.8). For B C Py, put

N
Dp = Mygsg, np = [)\(DB)—‘ ) m,B = H M,p-
pEB

Thus gz = 1,z = 1 and Dg = Mj. Recall that p; is the proportion of good residue assignments for
h;, and that p; > p, = M&*L > 0 by Lemma 6.3.

Proposition 7.1 (Recurrence for the maximal functional). There are constants C1 > 1 and N1 > 3,
depending only on the fized polynomial h, its chosen roots, and the fized structural choices, such
that for every integer N > Ny and every positive integer | < N€,

V(N)<CIN77 + (14 uy) <(1 — p) VD, (ne)

(7.1)
oY nl,BleB(nB)>a
@#BCPyN
gp<NT

where
uy = (1+MINF1)?—1 0.

Every scale np appearing on the right belongs to [1, N — 1].

Proof. Fix A C [N] satisfying (6.1). Use the functions fs and their lifts G5 from Section 6, and, for
a residue assignment s = (8, )ycy, Write

Ds((20)vev) = H Gs, (20).

veV

Since Eg fs = 14, linearity of the lift and multilinearity of the integral give

VN, A4) =B [ @d @ . (7.2)

PEPN

where the residues s, are independent and uniform modulo Mj.
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For each B C Py, define the nonnegative measure

Ri.B = ® Elp @ ® Hl,p-

pEB pEPN\B

Its mass is 7, g. Expanding the finite product gives the identity of signed measures
B
X p— Q (p—ep)= Y. (1P g . (7.3)
pPEPN pPEPN @#BCPn

The complement of B therefore carries the full laws f,, to which Proposition 6.2 applies. The
functions ®¢ can have either sign; we will take the absolute value of each integral on the right of
(7.3).

The exceptional masses have a uniform bound with an extra factor ¢p:

. (7.4)

=

> asmp= ] Q+pmyp) —1< [[A+p7?)-1<
2#BCPN PEPN p>P

Here we used 7, < p~% and the choice of P in (3.7). This bound first allows us to discard the terms
with ¢gg > N7.

To see this, suppose 7, p > 0. Simultaneous translation invariance of ¢, implies that each
single-label marginal of €;,/n;, is uniform on F,. The same holds for the full laws. Thus each
single-slot marginal of x; p/m, p is uniform on Xp, . Ordinary Holder’s inequality and the moment
estimate (4.5), at the fixed even exponent d, give

‘/ (IDS d:‘il’B

The constants are uniform in [, B, A and s; the bound |fs| < My only introduces a fixed factor.
Terms of zero mass vanish. Combining (7.5) with (7.4) yields

Z ’/(I)S d’il,B

@#BCPN
qp>NT

<ms [[ 1Gs,lla < CemN®  (e>0). (7.5)
veV

= %N T =0(NT),

where, for example, € = 7/2 suffices because o = y7/4 < 7/2.

For ¢qp < N7 and positive mass, condition instead on all the labels at primes in B. The laws at
the remaining primes are unchanged, and the function in each slot is the corresponding specialization
of Gg,. Proposition 6.2, which allows arbitrary slotwise specializations, gives

‘/ Og dry

The bound is uniform in every conditioned tuple, so integration over the prescribed labels preserves
it. It also holds for zero-mass terms. By (6.4), A% < 1+ uy; by (7.4), > B2z m.B < 1/4. Therefore
summing the errors in (7.6) still costs O(N~7).

For a good assignment s, Proposition 6.4 bounds the integral against &, (1, — €1,p) by O(N~7)
in absolute value. The expansion (7.3) and the two exceptional estimates consequently give

)\(DB)nB.

<m.B (AdBleB (np) + CzN_”) , Ap = N

(7.6)

/‘bs dQ iy <OWN")+A+un) >  msVs(np)
BCP
p @;éBSTVTN
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For every other assignment, apply Proposition 6.2 directly with B = &. The resulting bound is
(14 un)Vim, (ng) + O(N~7). Averaging these estimates in (7.2) gives the coefficients p; and 1 — p;
in (7.1). The bounds are uniform in A, so we may take the maximum defining Y;(V).

Finally, k7 < 1 by (4.8), so uy — 0, and the bound 1 < np < N is part of Proposition 6.2. [J

The recurrence decreases N while replacing by [Dp. Its cancellation hypothesis | < N¢ need
not persist at the smaller scale. The next estimate is therefore stated for every [: a small positive
power of [ permits the uniform moment bound to handle the range where that hypothesis fails.

Proposition 7.2 (Decay throughout the auxiliary family). There are constants ag,bg > 0 and
Co > 1, depending only on the fized polynomial h, its chosen roots, and the fized structural choices,
such that for all positive integers I, N,

Vi(N) < Colbo N—90, (7.7)

The exponents ag, by can be chosen as functions only of the structural parameters k,(, o, My, p«. If
the chosen roots of h satisfy Condition (U) and the choices depending only on k from Sections 2
and 3 are used, then ag, by, d depend only on k, while Cy may still depend on the fized data.

Proof. To select the exponents, suppose that at a scale where the recurrence applies the trial
bound Yip, (np) < C(IDp)bnz" is available at every successor scale, with C' > 1 and a,b > 0. Put
s = ka+b. Since ng > N/A(Dp) and A\(Dp) < D%, each trial bound gives

C(ID)’ngz" < CI°N™*\(Dg)*DY% < CI°N~*D3,.

If s <1, then ¢ < ¢p, so Equation (7.4) bounds the coefficient of CI® N~ inside the parentheses
of (7.1) by

Mg\ 1=pi+p Y. mpas | < Mj(1—3p./4).
@#BCPy
gg<NT
This upper bound tends to 1 — 3p,/4 < 1 as s tends to zero. Two further restrictions handle the
other parts of the argument. For any proposed a > 0, Corollary 4.6 gives a bound };(N) < C,N*
for all positive I, N. Taking b = 2a/¢ makes [’N~% > N whenever | > N¢, so this subpower bound
covers the range outside the recurrence after increasing C. Finally, a < o0 makes C1N~7 = o(N~%),
allowing the additive error to be absorbed at sufficiently large scales.
Choose explicitly

ap = — min

{ 1 —log(1 — 3p*/4)} 2a0
o —.
2 ? Y

k+2/¢"  (k+2/¢)log My

These numbers are positive because My > 2 and 0 < p, < 1. They satisfy
ag < o, sg :=kag + by < 1, 6 := M;° (1 —3p./4) < 1. (7.8)
Indeed, so = (k +2/()ap < 1/2, and the third term in the minimum gives
solog My < —3log(1 —3p./4), < (1—3p. /4?2 <1.

This displays the asserted structural dependence. Under Condition (U), Sections 2 and 3 permit
L, P, My,d to be fixed in terms of k only. Then p, = M&_L and all parameters in (4.8) depend
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only on k, so the displayed choices of ag, by do as well. The constants in the estimates below, and
consequently Cp, may depend on the fixed data. All quantities in (7.8) are fixed from now on.
Corollary 4.6 supplies a constant C, > 1 such that

VI(N)<C,N%™  (I,N >1). (7.9)

If I > N¢, then
lboN*G,O > NCbQ*(lO — -]\TG,O7

so (7.7) follows from (7.9) for any Cy > C,. This establishes the estimate outside the range of the
recurrence at every scale.

We choose the initial range before fixing Cp. Set k = (1—6)/2 > 0, and take an integer N, > Ny
so large that for every N > N,,

un < K, CIN®™7 < R. (7.10)

This is possible because uy — 0 and ag9 < o; the choice is independent of Cy. Now choose
Co > max{l,C*Nfao}. For alll > 1 and N < N,, (7.9) gives

Vi(N) < C.N® < CuN~% < CplPo N~%,

Thus the initial range is covered simultaneously for every .

Proceed by strong induction on N, simultaneously for all positive integers [. Suppose N > N,
and the estimate is known at every smaller scale. The case [ > N¢ was established above, so
assume [ < NS and apply Proposition 7.1. Its successor scales satisfy 1 < ng < N, so the
simultaneous induction hypothesis gives YVip,(np) < Co(ID B)bonan at every positive index [Dp,
with no restriction on [Dp relative to ng. The trial calculation above, with C' = Cy, a = ag, b = by,
and s = sg, therefore bounds the successor expression inside the parentheses of (7.1) by §Cgl% N~

Substituting in (7.1), and then using (7.10), yields
Vi(N) < CyN77 4 (1 + up )0ColP N~
< KNTD 4 (1 — g)ColP O N~% < Cplbo N~
The last step uses Cylbo > 1. This closes the induction. O

Proof of Theorem 1.1. Fix k > 2. For this degree, fix the numerical choices furnished under
Condition (U) by Sections 2, 3, and 4. In particular, L, P, My,d,(,o and p, = Mé_L are now fixed
using only k. Evaluate the explicit minimum above with these numbers to fix ag, and put

by = 220 ck:%e(o,n.

The stated range for ¢ follows from 0 < ap <o <1 and d > 1.

Now let h € Z[z] be an intersective polynomial of degree k with positive leading coefficient, and
fix its chosen roots as in Section 2. Apply Lemma 2.1 to h. It supplies positive integers Dy, M, an
integer r with —Dgy < r <0, and an intersective polynomial

o) = DD ¢

of degree k with positive leading coefficient whose chosen roots satisty Condition (U). Moreover,

Mg(m) = h(r + Dom), r+Dom>1 (meNy).
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Apply the preceding auxiliary family construction and estimates with g and its chosen roots as
the fixed polynomial data, using the numerical choices already fixed for degree k. Proposition 7.2
then gives a constant Cy > 1, which may depend on the fixed normalized polynomial, its chosen
roots, and the fixed structural choices, for which (7.7) holds with the previously chosen ag, by. At
[ =1 the auxiliary polynomial is g; = g, since ;1 = 0 and A(1) = 1. Thus for every positive integer
n and every B C [n] with (B — B) N g(N;) C {0}, Corollary 4.6 and Proposition 7.2, both applied

to the framework for g, give

’f' < Yi(n, B)Y4 < c}/pen,

Now let N > M and let A C [N] satisfy the avoidance condition of the theorem. For each

Jj € [M], set
Aj:{xe H]\]\;-H :j—i—M(:c—l)eA}.

These sets give the progression coordinates of a partition of A. If a nonzero difference in A; — A;
were g(m) for some m € Ny, the corresponding difference in A — A would be M g(m) = h(r + Dom),
nonzero and with r + Dgm > 1, contradicting avoidance. The bound just obtained therefore applies
to each A;. Since [N/M| < 2N/M for N > M and 1 — ¢; > 0, it gives

—cp

M N 1
Al =3 145 < Mcy/” {MW < ol-enperCy/ AN e,
j=1

Taking Cj, = 21_CkokC01/d > 1 and N, = M proves the theorem. The constants Cj, N may
depend on every coefficient of h, while ¢, depends only on k. O
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