AN ELEMENTARY INEQUALITY AND SOME APPLICATIONS

MICHAEL W. KOWALSKI AND JAMES WRIGHT

ABSTRACT. We establish an elementary inequality relating the coefficients of
a polynomial with the separation of its roots. Applications to one dimensional
oscillatory integrals with real polynomial phases and the structure of global
sublevel sets for polynomials with coefficients in a general ring are discussed.

1. INTRODUCTION

Let x1,... ,24 be d points so that their sum S := |21 + - - - + 24| is large and the
other elementary symmetric functions of x4, ... , x4,

]ijxkjgs, ’ Z xj:vkxglgs, Jzixe - xgl <8

i<k j<k<t

are each bounded by this sum. Then the maximal separation A := max; ; |z; — x|
of these points grows like S. More precisely, there are positive constants Cy, c¢g and
Ag, depending only on d so that

cgS < A= mz}gx|xj—xk| < Oy4S (1)
3,

whenever S > Ay. This inequality is easy to prove and is valid for points x1, ... ,zq
in any commutative ring R with identity which has a nontrivial absolute value® |- |
that is, a size |z| > 0 is assigned to every element x € R so that |z| = 0 if and only
if =0, |zy| = |z||ly| and |z 4+ y| < |z| + |y| for every z,y € R. The basic examples
to keep in mind are R = R or C with the usual absolute value or R = Z with a
p-adic valuation.

)

Although the above inequality is simple to prove, we will establish other elementary
inequalities which are slightly less trivial to prove and which examine how certain
geometric quantities associated to the d points, besides the diameter A, grow in
terms of the elementary symmetric functions of x1, ... , 4. Such inequalities can be
expressed in terms of polynomials of a single variable P € A[X] since the coefficients
of P are simply the elementary symmetric functions of its roots. In what follows,
when we discuss the polynomial ring A[X], the ring of coefficients A will always be
a commutative ring with an absolute value | - | and when we discuss a particular
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1The setting can be generalised to any commutative Banach algebra A which is semisimple
and is such that the Gelfand dual A is closed in C(D) where D is the maximal ideal space of A.
There are in fact noncommutative versions as well but we do not pursue this here.

1



2 MICHAEL W. KOWALSKI AND JAMES WRIGHT

polynomial P(z) = aq[[;(z — x;) with roots lying in some field extension K of the
field of fractions of A, we take any extension of |- | in K.

A basic application of our elementary inequalities, relating the coefficients of P to
various geometric quantities associated to the separation of the roots {z;} of P,
is a precise structural statement of the global sublevel set {z € A : |P(z)| < 6};
see Corollary 2.3 below. When A = R or C and | - | is the usual absolute value
(that is, the archimedean case), this gives rise to global sublevel set estimates. And
when A = R we go further and establish a global oscillatory integral estimate; see
Corollary 2.2.

However, when the absolute value | -| is non-archimedean, the inequality |P(z)| < §
expresses the congruence P(x) = 0 mod [ where I := {y € K : |y| < ¢} is
a fractional ideal of K (recall we are assuming that | - | is nontrivial) and then
our basic structural result for the sublevel set {z € A : |P(z)| < §} has number
theoretic implications. In fact, in this non-archimedean context, suppose that A
is a field (so that K = A), P € o[X] where 0 is a subring of the ring of integers
{z € A:|z| <1} whose field of fractions is A and § < 1 so that I is an integral
ideal with respect to this ring of integers. Hence if x € A satisfies the congruence
P(z) =0 mod I, then any member y in the coset x+ I also satisfies this congruence
and therefore we say that the element Z = x+ I in the factor group A/I is a ‘global’
solution of the congruence P = 0 mod I.? If we denote by #{P = 0 mod I} the
number of ‘global’ solutions of this congruence, then the structure of the sublevel set
{zx € A:|P(z)| <} described in Corollary 2.3 gives a bound on #{P = 0 mod I}.

For example, let 0 be any Dedekind domain with field of fractions A and suppose
p is a nonzero prime ideal of o whose residue class field o/p is finite. The prime
ideal p gives rise to a non-archimedean absolute value |z| := ||p||~* on A where ||p|
denotes the number of elements in the residue class field o/p and p* appears as the
p factor in the prime ideal decomposition of the principal ideal xo, generated by
x € A. An application of the elementary inequalities is the following.

Theorem 1.1. In the setting above, suppose that P(z) = aqz® + ---ag € o[X]
is normalised so that max|a;| = 1 with |ag—x| = 1 for some k < d/2. If the
characteristic q of o is positive, we assume in addition ¢ > d —k. Then the number
of ‘global’ solutions in the field of fractions A has the bound

#{P = 0 mod ps} < Cd||p||s_s/d

whenever s > 0.

Remarks:

e We recall that the bound (in o)
#{z €o/p®: P(z) =0 mod p*} < Callp||sA—1/D

2For this discussion it suffices to keep in mind the basic example A = Q with the rational
integers 0o = Z as the subring of the ring of integers with respect to some p-adic valuation.
Consider the example P(z) = 54z — 11 which has no solutions mod 3 in Z but has a ‘global’
solution (1/27) + 3Z in Q.
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when max|a;| = 1 is a well-known result and goes back to Hua [1] in
the classical setting of Z (see [7] for an alternative approach in the above
setting); of course in this case there is no restriction on k (< d/2).

e The interesting feature of Theorem 1.1 is that the restriction k < d/2 is
sharp in general. Let p be a rational prime which induces a p-adic absolute
value | - | described above and consider P(z) = p*'zk~1(z — p~t)* € Z[X].
Then d = 2k—1, ged(aq, . .. ,a0,p°) =1, Jag—j| < 1,7 < k—1land|ag—ix| =1
(p faq—k). Also the set

{le =p~' [ <p': |[P@)|=p~"fo—p~|F <p~°}
is easily seen to be contained in {z € Q: |P(z)| < p~* } which implies
#{P =0 mod ps} > ps—l—(s—t)/k _ pt/kps(l—l/k)—l

and so the bound #{P =0 mod p*} < Cyp* =14 cannot hold since ¢ can
be large.

Along the way to establishing Theorem 1.1 we improve upon a result of Loxton and
Smith [3] on the number of ‘classical’ solutions to a polynomial congruence. Again
suppose we are in the non-archimedean setting where 0 a Dedekind domain with
A its field of fractions endowed with an absolute value |z| := ||p||~°"%*) arising
from a nonzero prime ideal p whose residue class field is finite; here ord, () is the
valuation of z defined as the unique integer ¢ so that p? is the factor of p in the
prime ideal decomposition of principal ideal zo.

Let P(z) = aq[](z — ;)™ be a polynomial in o[X] of degree d with m distinct

zeros {z1,...,zm}. Let K denote the field over A generated by {z1,...,2,} and
let ord, be any extension to K of the valuation ord,. By a root cluster C we simply
mean a subset C C {z1,...,zn} and we denote by
SEC) = ) m;
jiz;€C

the number of roots in C, counted with multiplicity. For each root z; and root
cluster C containing z;, set

§(P;C,zj) = 6,(P;C,z;) := ordy(aq H (2 — z1)™).
k:zp¢C
Theorem 1.2. With P € o[X] = aq[[(x — z;)™ as above,

a—68p (P;C,25))

m (
#{z €o/p®: P(z) =0 mod p°} < 26:1226 Ip|*"" 5@  #C  (2)
J:

where for each 1 < j, the infimum is taken over all root clusters C containing z;.

The proof of Theorem 2 in [3] gives the bound in (2) where one only considers the
singleton clusters C = {z;}; more precisely they work in the setting o = Z with
p = pZ and p a rational prime and prove

 (a=8p(Piz)))

#{x € Z/p*Z: P(z) =0 mod p*} < Zpa ™ (3)
j=1
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where

0p(P;25) = ordp(aa [ [ (25— 2n)™) = ordy (P (25)/m;!)
ki
which in turn implies the bound stated in their theorem.

The bound in (2) often gives a significant improvement over the bound in (3). For
instance suppose P(x) = z(z — z1)(z — 22)? where 21,20 € Z satisfy p®||z1, 22,
p'l|z1 — 22 where t > s. We will examine the congruence P = 0 mod p® where
4s < o < t. In this case one sees that the root cluster C = {z1,22} plays an
important role; the bound in (2) gives 6p(2/3)2+(1/3)s which is an improvement over
the bound 3p**2* from (3). Note that p(2/3)@+(1/3)s is the correct bound since

{wp™ <lo—al<p™®, [P()| =p~"|z — 21 <p~*} C {P(2) = 0 mod p*}

and the set on the left contains {z € Z : p~* < |z — 21| < p~(®=*)/3}. This gives
the bound #{P = 0 mod p®} > p/3e+1/3)s=1 gince t > q.

In the case when ord,(aq) = 0, considering only the maximal root cluster C =
{#1,..., Zm}, the bound in (2) gives the classical bound of Hua

#{P =0 mod p*} < m?|p[*C—1/%

already mentioned above.

Notation: For two positive quantities A and B we use the notation A < B to mean
that there is a constant C, depending only on d, &k and | - |, so that A < C'B and we
use the notation A ~ B to denote that both inequalities A < B and B < A hold.
Finally we use the notation A < B to denote that the relation B < A does not
hold.

Acknowledgement: We wish to thank Tony Carbery for several illuminating dis-
cussions on various aspects of this paper and for comments which have improved
the content and structure of the paper.

2. STATEMENT OF MAIN RESULT AND APPLICATIONS

Often a simple scaling argument allows one to reduce certain problems involving
polynomials to solving the corresponding problem for normalised polynomials; that
is, if P(z) = agz? + - - + ap then one may assume max; |a;| = 1. If the maximum
occurs at the top coefficient, |ag| = 1, then we are more or less looking at monic
polynomials which may be an easier case but nevertheless it is the situation which
should be dealt with first.

However if the coefficient |aq| is small but the next coefficient |ag—1| = 1 is where

the maximum occurs, then since ag—1 = —aq(x1 + -+ 24), ag—2 = aq ]_[j<,C T,
etc... where {x1,...,24} are the roots of the polynomial P, lying in some field
extension K of the field of fractions of A, we see that S := |a4|™! is large with

S = |lz1+-+ x4, |H:ijk| < S, o, |mieeemg) <8

j<k
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and so the inequality (1) in the introduction can be expressed as saying that the
maximal separation of the roots A = max;  |z; — xx| grows like S in this situation;
here A is measured with respect to any extension of the absolute value | - | to
K. More precisely, there are positive constants ¢4, Cy and €4 so that if P(x) =

Z?:o ajz? with max; |aj| = |ag—1| = 1, then

cd|ad|_1 < A= H}%@ij —zi| < Cd|ad|_1 (4)
whenever |aq| < €g4.

Now if both |ag| and |ag—_1| are small but |ag—2| = 1 is where the maximum occurs,
the geometric quantity which arises is

Ay := minmax|z; — zi||z; — 2]
J kAL
where the maximum is taken over all pairs k,¢ € {1,2,... ,d} so that k # ¢. The
quantity Ag can be expressed in terms of certain clusters of the points {z1, ... ,z4};

here we deviate from the notion of root cluster introduced above and define a cluster
L as any subset L C {1,2,...,d} which we think of as labelling the points {z;}ecr-
The appropriate clusters for Ag all have size |L| = d—2, |L| denoting the cardinality
of the cluster L. Hence

Ay = min  max H| xj — Tkl

j jEL:|L|=d—2
JEL:|L|= REL

where the maximum is taken over all clusters L containing j with size |L| = d — 2.
Similarly the diameter A can be described in terms of clusters of size d — 1:

A; := min  max H| Tj — Tkl

j  jEL:|L|=d— 1k$L

Strictly speaking A is not equal to A; but they differ only by a factor of 2; that
is, A1 < A < 2A; (however in the non-archimedean case they are in fact equal).
Informally the inequality in this case states that Ay grows like |aq|™! if |aq| and
|ag—1] are small, |aq—2| =1 and |a;| < 1 for all coefficients.

For the general case, corresponding to the maximum of the coefficients |aq—j| = 1
occurring at the kth place from the top, the geometric quantity which arises is

A := mi a H P —
k(xlv ,Id) Hljl ]ELI\I}/\Xd k | Zj $k|
k¢ L

In order to state the main result below we introduce the notation

erp(1,...,2q4) = Z Tjy T,

J1<...<Jk
for 1 < k < d, the elementary symmetric polynomials in x4, ... ,xq4.
Theorem 2.1. Let R be a commutative ring with an absolute value | - |. For any
integers k,d with d > 2 and k < d/2, there are small positive constants 1, ... ,Mk—1
and ¢ and a large positive constant A, each depending only on d,k and | -| so that
for any collection of d points {z1,... 24} C R,

clen(@r,. . xa)| < Ap(a,... z4) (5)
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holds whenever |ey| > A, each |e;| < |ex| and in addition, when 1 < j < k —1,
lej| < njlex|. Furthermore if the characteristic g of R is positive, we assume q >

Remarks:

e The restriction k£ < d/2 is sharp in any ring R containing an element
with absolute value strictly bigger than 1 (taking powers we can then find
elements with arbitrarily large absolute values); simply consider z; = --- =
2g—1 =0 and zp = -+ = zog—1 = y where |y| is large. Here d = 2k — 1,
er =y, e; = 0 forevery j > k+ 1 and e; = ¢jif = cjy_(k_j)ek for
1 <j<k—1but Ay =0. The fact that (5) does not hold for k& > d/2
(together with the applications discussed below) is the interesting feature
of Theorem 2.1. As we will see, the proof itself is not very difficult.

e The additional conditions |e;| < n;|ex| for some small n; when j <k —11is
necessary in general. For instance if d =4,k =2,y =22 =23 =1 and x4
is large (take, say, R = R with the usual absolute value), then |ea| ~ |24]
yet As = 0; note that in this case, |e1| ~ |x4| is not small compared to |es].

e The reverse inequality in (5) holds under less restrictive conditions; in fact
Ag(x1,... ,24) < Clek(x1,...,24)| holds for some large positive constant
C = Cgy,.| whenever |ej| < |eg| for all j > 1. In particular there is no
restriction on k. The proof is easy and elementary. If the points are ordered
in size |z1] < |z2] < -+ < |aql, it suffices to show that |zg—g41 - zq| < ekl
and this can be established by contradiction: if |xg_gq1-- 24| > ek,
then one can reason inductively that for each 1 < 57 < d — k + 1, the
inequality |zjzq_kyo - 24| S |ex| cannot hold. Interlaced in this inductive
argument, one runs a complementary inductive argument showing that for
each 2 </ < d—k+1, we have |xg| > 1. At the final step we arrive at the
conclusion that

X1 2gq] = |T1%dg—ty2 Xd - T2 Tg_pr1| > lex| 1

which contradicts our hypothesis |z - - - 24| := |eq| < |e]-

e In terms of polynomials P € A[X], Theorem 2.1 can be expressed in the
following way: there are positive constants €1,... ,€x_1,¢,C and A so that
if P(z) = agz?+--+ap = aq [];(z —z;) is normalised so that max; |a;| =
|aqg—x| =1 for some k < d/2 and |ag—;| <€;,0 <j <k —1, then

clag|™" < Ap(z1,...,2q) < Clag]™" (6)

Here we see that Theorem 2.1 expresses a certain curious discontinuous be-
haviour; if k > d/2 (so the theorem is false in general) but nevertheless the
conditions on the coefficients are satisfied, in particular the top coefficients
are small, then allowing some of these top coefficients to vanish so that now
k is less than half the degree, the inequality (6) suddenly becomes true.

One application of Theorem 2.1 is the following observation for one dimensional
global oscillatory integrals with real polynomial phases P(x) € R[X].
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Corollary 2.2. For every d > 2, there is a positive constant Cy so that if P(x) =
agz®+- - +arx € R[X] with ||d@|| := max; |a;| = |aqg—r| > 1 and k < (d—1)/2, then

‘/e2wi(admd+~~+alm)d:§ < Cd”d’H*l/d. (7)
R

Since the degree d is at least 2, the integral in (7) makes sense as a limit [, _ exp(...)dz
= limp .o f‘zKRexp(...)dx. If there is a uniform bound of some derivative of P

from below, |PU)(z)| > cg4||@||, then the estimate (7) follows immediately from an
application of van der Corput’s lemma; see for instance [6]. This is indeed the case
when k = 0 (or if z is restricted to a compact interval), however it is not the case
for larger values of k. Furthermore the estimate in (7) is false when k& > (d — 1)/2
as shown for instance by the example P € R[X] with

P'(z) = exk_l(:v—e_l/k)k and e < 1.

For this example, the corresponding oscillatory integral in (7) is bounded below
by cqe 1/*++1D) for some ¢g > 0. There are analogues of Corollary 2.2 in non-
archimedean settings in which case the oscillatory integral in (7) becomes related
to a character sum.

Another application of Theorem 2.1 is the following structural statement about
global sublevel sets for polynomials P € A[X] with coefficients in any commutative
ring A with an absolute value | - |.

Corollary 2.3. For every d > 1, there is a positive constant Aq so that if P(x) =
agx® + -+ ag € A[X] with ||@| = max; |a;| = |ag_r| =1 and k < d/2, then

{zreA: |P@)| <6} ¢ | [Basiminasia(z)NA] (8)
zERP
holds whenever the characteristic of the ring A, if positive, is larger than d — k.
Here Rp C K denotes the set of roots of P lying in some field extension K and
B.(z) ={y € K : |y —z| <r} is the ball centred at z € K with radius r, measured
with respect to any extension of the absolute value | - | to K.

Two examples to keep in mind are A = R and A = C with the usual absolute value;
in these cases we take K = C. If A = R, then B,(z) NR is contained in the interval
{z € R: |z —Re(z)| < r} where Re(z) denotes the real part of z € C and so in this
case Corollary 2.3 implies the global sublevel set estimate

{z eR: |P(z)| <6} < 2d Ay 6% (9)
whereas in the case A = C, Corollary 2.3 implies the global sublevel set estimate
[{z € C: |P(zx)| <6} < nd A3 64 (10)

whenever § < 1 and P satisfies the hypotheses of Corollary 2.3. Local versions of
both (9) and (10) are well known and then no restriction on k(< d/2) is needed.

When A = R or A = C, the same example illustrating the sharpness of Corollary
2.2 shows that the sublevel set inclusion (8) is false for any k > d/2; in fact the
sublevel set estimates (9) and (10) are also false when k£ > d/2. Note that when
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A = R the sublevel set estimate follows by a standard argument when k£ = 0 but
the set inclusion (8) is not so trivial in this case.

Let us see now how Corollary 2.3 gives a proof of Theorem 1.1. Recall that we are
counting the ‘global’ solutions to a congruence P = 0 mod p®,s > 0 in the field
of fractions A of a Dedekind domain ¢ with a nonzero prime ideal p whose residue
class field o/p is finite. Here P(z) = aqx? + - -+ + ag lies in 0[X] and is normalised
so that max|a;| = |ag—k| = 1 with k& < d/2 where | - | is induced from the prime
ideal p. Hence Corollary 2.3 applies and implies

{reA: P(x)=0mod p°} C U [Ba,p|-#/4(2) N A]
zERP

where we note By, p-/a(2) NA={z € A: |z —y| < Aqllp]|=*/9} for some y € A
if Ba,|p|-</¢(2) N A is nonempty. Therefore the number of solutions (in A)

#{P =0 mod ps} < dN

where N is an upper bound of the number disjoint balls {z € A : |z — ¢ <
Ipll =}, c € A which fit inside some fixed ball {z € A : |z —y| < Aqlp|| =%/}, again
y € A. A simple computation shows N < Ag||p||*~/¢ and so we have the following
bound on the number of ‘global’ solutions

#{P=0mod p*} < dAg|p|[*"~/ (11)

which establishes Theorem 1.1.

The original interest in Corollary 2.3 was to explore certain implications of oscil-
latory integral estimates for corresponding sublevel set estimates. It is well known
that if ¢ : E — R is a real-valued phase on some compact set £ C R™, then an
oscillatory integral estimate

\/ MA@ gy < AN (12)
E

(or more generally a multilinear oscillatory integral form where ¢ defines the under-
lying oscillatory kernel) implies the corresponding sublevel set (or more generally
the corresponding multilinear sublevel set operator) estimate |[{z € E : |¢p(z)| <
0} < C A5 as long as a < 1. However since (12) is invariant when ¢(z) is re-
placed by a translate ¢(z)+c where ¢ € R, Corollary 2.3 immediately shows, via the
usual argument of passing from oscillatory integrals to sublevel sets by the Fourier
inversion formula, that (12) implies

(e € E: |P6(@)] <8} < Chaads®

whenever the real polynomial P satisfies the hypothesis of Corollary 2.3. Since the
real values of ¢ on E C R™ are unrestricted one is naturally led to examining global
sublevel sets of P on R. Of course establishing oscillatory integral estimates for
polynomial changes of the phase, P(¢(x)) from (12) is another matter altogether.
The discussion and conclusions made above hold for general multilinear oscillatory
integrals.
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3. PROOF OF THEOREM 2.1

Here we present most of the details of how one can establish (5) in Theorem 2.1.
The reader can consult [2] for a more detailed proof.

Recall that we are considering d points {1, ..., 24} in a commutative ring R with
an absolute value | - | and our goal is to establish the inequality Ag(z1,...,24) 2
lex(x1, ... ,xq)| under certain conditions on the elementary symmetric polynomials
e; of these points. More precisely for any fixed k with & < d/2, we will show the
existence of positive constants ci,q, Ak,4, M1, .. ,Mk—1 so that

Ay :=min  max H |zj — x| > carlew(z,. .., zq)l (13)
J  jeL:|L|=d—k )

holds whenever |eg| > Ay 4, each |ej| < |ex] and when 1 < j < k — 1, we have the
additional hypothesis |e;| < n;|ex|.

Without loss of generality assume that the minimum in Ay occurs when j = 1 and
assume the points are ordered so that |z; — za| < |x; — a3 < -+ < |21 — 24).
Then Ay = |21 — Zg—k+1| -+ |1 — x4|- The basic idea of the argument is to find
a symmetric polynomial @) in d variables of degree 2k so that when @ is evaluated
at the d given points we have |Q(x1,...,7q)|] < Ag(x1,...,74)%. Next one uses
the fundamental lemma representing symmetric polynomials as a polynomial of
the elementary symmetric polynomials Q(t1,...,tqs) = P(e1,... ,eq) and observes
that the coefficient of €7 is nonzero and various troublesome terms in fact do not
arise, leading to a bound from below |P(e1,... ,eq)| = |ex|? when the elementary
symmetric polynomials e; are evaluated at (z1,...,2zq).

The following symmetric polynomial works; Q(t1,... ,tq) :=

Z Z (tja(l) - tja(2))2(tja(3) - tja(4))2 T (tja(2k:—l) - tja(2k:))2
J1 < <Jok 0ES2k
where Sy denotes the symmetric group of permutations on the set {1,2,... 2k}
and the first sum is over all 2k-tuples (j1, . .. , joi) of increasing elements in {1, ... ,d}.
Here we are assuming that d > 2k. One easily checks that @) is a symmetric poly-
nomial of degree 2k.

Claim: Given the above ordering of the points {z,}, we have

Q(@1, ... za)] < Clor —za—pir]?--- |21 —2a|* = CAY

for some constant C depending only on k£ and d. In fact consider a fixed summand

(Ijn‘(l) T Ljy(ay )(‘Tja(s) - xjd(zl)) t ('rja(2k—1) - Ijn‘(2k))
for some permutation o and 2k-tuple (j1,. .. , jor). We first observe that there exists
a pair (o(r),o(r 4+ 1)) with r odd and 1 <7 < 2k — 1 so that max(j,(r), jo(r41)) <
d—k+ 1. If not we can then find & distinct integers {j,,,...,jr, } in the integer
interval [d — k + 2, d] which is clearly impossible. For such a pair (o(r),o(r + 1))
we have

|:Ejo(7') - xja(r+1)| <2 |=T1 - xd—k-ﬁ-ll'
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We eliminate this pair and proceed to find another pair (o(r'),o(r’ + 1)) so that
max(jo(ry; Jo(r+1y) < d — k + 2 which gives

|5, 0y = Thiriny | S 2181 = Ta—pal.
And so on by induction which gives the claim.

By the fundamental theorem for symmetric polynomials we can find a unique poly-
nomial

Per,...,eq) = Z coel'ey? eyt
a=(ai,...,aq)
ar+2a+-+dag <2k
where P(e1, ... ,eq) = Q(t1,... ,tq) and the e; are the elementary symmetric poly-
nomials of the variables ¢1,... ,t4. Since @ is a homogeneous polynomial of degree

2k and since each monomial e{" - - - e is a homogeneous polynomial (in t1, ... ,tq)

of degree a; + 2ais + - - - + dayg, we see that

P(ey,...,eq) = Z co€]leq? eyt
a=(a1,... ,q)
a1+2a0+--+dag=2k
If we set tgr1 = - = tg = 0, then Q(t1,... ,tx,0,...,0) = [ty ---tx]? for some

¢ > 0. In fact a computation shows that
d—k
C = Ckd = 2]€< k )k'2

and our assumption that the characteristic of the ring R, if positive, is larger than
d — k guarantees that |cz| = a|z| where a = |¢- 1| > 0. Here 1 is the identity
element in our ring R and ¢c-1=1+---+ 1, ¢ times.

Hence
P(s1,... ,85,0,...,0) = [t - tg]* = c[s1]?

where s1 = t1 + - + tg,... , Sk = t1---1; are the first k elementary symmetric
functions of the variables t1,...,tx. By the uniqueness part of the fundamental
theorem representing symmetric polynomials by polynomials of elementary sym-
metric polynomials, we have ¢, = 0 for all « = (ay,...,ax,0,...,0) satisfying
a1+ 2ag+ - - - + kay, = 2k except when a = (a, ... ,aq) with a = 2 and all other
entries equal to zero, in which case ¢, = ¢ > 0.

Our goal now is to show that |e{"e5? - --e5?| is small compared to |ex|* (when the
e; are evaluated at our points x1,...,zq) for all o = (ai,...,aq) with co # 0
except for the one with aj = 2 and all other entries zero where of course the above
expression is equal to |ey|?. Let us look at a general monomial c, e{*e5? - --e5* of
the symmetric polynomial P. Of course g1 = -+ = ag = 0 but furthermore
there can be at most one nonzero «; for j > k + 1 and if this is the case, it must
have value equal to one. If j = 2k then e]" e5? - - - e3¢ = eg, and |ezy] is clearly small
compared to |ex|? by hypothesis (in fact |egr| < Jer| < A7 er]?). If j = 2k — 1

o1 Qo

then e{e5? - --e? = ejegy,_1 and |ejeo;_1] is also small compared to |ej|?; in fact,
lerear—1] < milex]?.
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But we now run into some trouble since there are terms when j < 2k —2 which will
not be small compared to |ex|? and we must show that such troublesome terms in
fact do not arise; that is, the corresponding coefficients ¢, are in fact zero. To see
this write

P(eq,...,eq) = cer +epp1Pi(er,... ,ep) + - +eaPrler, ... ex)

where ¢ > 0 and for each 1 < j <k,

Pjer,...,ex) = Z bl eltes? et
a=(ai,... ,ak)
a1 2o+t kapg=k—j
For the moment let us concentrate on P; and here the goal is to show that b}, = 0
for all & = (a1,... k), a1 + -+ + kar, = k — 1 except for that a with all entries
equal to zero save a1 = 1 (note that this is the only non-offending monomial in
P since |er_1exs1| can be made small compared to |egx|? by our hypotheses). We
impose the following total ordering on k-tuples arising in the sum defining P;: if

a=(a1,...,ax) and 8 = (B1,...,0k) are two such k-tuples then we say o <
if thereisan £,1 </ <ksothat a1+ - +ar =01+ -+ B, as+ - +a =
Bat-r 4B, ooy w1t ok = Feort+ P but ap+ oy < Bet o+ B

Of course, given any two distinct k-tuples a and ( it is a trivial matter to check
that either o < g or 8 < a.

We now proceed to eliminate each bl (that is, showing they are zero) one by one
starting with the maximal « in this total ordering which by the way is a = (k —
1,0,...,0) since all other & = (a1, ... , ) satisfy as+2as+- -+ (k—1)ag > 1 and

soa;+--t+ap <k—1=a14+2as+---+kai. Todo thisweset tyro=---=t;=0
and thus

Q(tl, cee s tl+1,0,. 0 ,0) = CS% + Sk+1Pl(Sl7 - ,Sk)
where now (changing notation a bit) s1,...,sg+1 denote the elementary symmet-
ric polynomials in the variables ¢1,... ,tx+1. We simply note that the monomial
t’ftg - tk41 which arises in Sk_lsk_l,_l does not arise in any other term s - - - Sgk5k+1
appearing in sgy1P1(s1,...,8%) as well as not arising in Q(¢1,...,tkt+1,0....,0)

(strictly speaking we are assuming k > 3 but the arguments for the cases k = 1
and k = 2 are completed by this point). Hence b%kq 0,..0) = 0.

It s #(0,...,0,1,0), we want to show b}j = 0. By induction assume we have shown
that b} = 0 for all a > 3. Therefore

Q(t1,... ,tps1,0,...,0) =css + Spp1 Zb}ls‘fl---sz’“

a<p
and we note that if ag < (8 is the predecessor of § in this total ordering, then there
isanf,1 <{¢{<ksothatag1+---+aor=0++0B, ..., we—1+-F+aor =
Be—1+--+ B but agp+---+aogr < Be+---+ Pr. We observe that the monomial
Pt A Bt Ly Bot A B+l | Bt Bet 100 t9k+l—£
1 2 0 41 k+1

which arises in spi1s]" - sf’“ does not arise in sp11s7" -+ sp* for any a < § and
also does not arise in Q(¢1,... ,tk+1,0,...,0) when 8 # (0,...,0,1,0). Therefore
bé = 0 as desired.
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When we move on to the polynomial P, and set ty13 =--+- =tq = 0, we have
Q(t1,. .. tig2,0,...,0) = csi + dsp—1Sk11 + Skr2Pa(s1,. .., sk)

where we continue to abuse notation and denote by s1,...,Sk12, the elementary
symmetric polynomials in the variables t;,... ,tx4+2. In a similar way one shows
Py(s1,...,8k) = esp—2 and so on and so forth by induction, arriving finally at

2
P(e1,...,eq) = cej + breg_1epy1 + baep_oepq2 + - - + breay

where ¢ > 0 is given explicitly above (full details can be found in [2]). Therefore
when we evaluate the e; at our given points z1,... ,z4, we have

|P(e1,... ,eq)| = |cex|* — Mkmax(n1,. .., me—1, A~ ")|ex|?

where M is the maximum of the integer coefficients b;,1 < j < k. And together
with the Claim above establishes the desired inequality (13).

4. FURTHER APPLICATIONS

In this section we prove Corollary 2.2 and Corollary 2.3. We begin with the proof
of Corollary 2.3 which depends on the following proposition that gives a structural
statement for sublevel sets of polynomials in terms of root clusters defined in the
introduction. Recall that if {z1,...,2mn} denotes the set of distinct roots of a
polynomial P(z) = aq[[;(x —2;)™ of degree d = . m; in A[X], then we define a
root cluster as some subset C C {z1, 22, ... , Zm}. The following is a slight extension
of a result of Phong and Stein in [5].

Proposition 4.1. Suppose A is a commutative ring with a nontrivial absolute
value | - | and let P(z) = aq [[(x — 2;)™ be a polynomial in A[X] (the roots Rp =
{21,y Zm} of P lying in some field extension K ). Then 3

fzed: P@<stc | [ U [Breslze)nA] (14)

j=1C:z;€C z€C

where the intersection is taken over all clusters C C {z1,...,zm} containing z;.
Here
re,s = 2 m
laa [ 1., gc (2 — 26)™|

where S(C) =3, ¢
of the original absolute value to K. When the absolute value |-| is non-archimedean,
the factor 22=5C€) can be replaced by 1 in re,s.

¢ m; and the absolute value || inrcs and B, is any extension

Proof Set A;:={z € A: |z — z;| = ming(Jx — 2zx|)} and note that

{xeA:|P)| <d} C U{IEAJ-: |P(x)] <6}

3this sublevel set inclusion has been sharpened in (8] to give an equality of sets
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Now fix j, 1 < j < 'm, and observe that when x € A;,

|P(@)| = 25O aq [T (z = 20)™ || [] (& = 20)™]

zk$C zL€C

for any cluster C containing z; since |z; — zx| < |z; — x| + |x — 2| < 2|z — 2x| when
x € A; (the factor of 25(©)=? can be replaced by 1 when the absolute value |-| is non-
archimedean). Therefore for z € Aj, if also [P(z)| <6, then [[],, co( — 2;)™*[ <

7‘5}? ) for any cluster C containing z; and this gives

{zeA;:|Px) <6} C ﬂ U By 5(2¢) N A,

C:z;€C zpeC

completing the proof of the proposition. [ |

Before proceeding with the proof of Corollary 2.3, we pause to note that Proposition
4.1 gives a proof of Theorem 1.2. We apply Proposition 4.1 to P with A = o,
§ = ||p|]|~® for some integer o > 1 and absolute value |z| := |[|p||~°"% ) noting
that if some B,.(z)No appearing in (14) is nonempty, then there is an element y € o
so that B,.(2)No = {x € 0 : [x—y| < r}. Therefore if s satisfies ||p|| =% < r < [|p||~***
for some s < «, then the number of disjoint ‘balls’ {x € 0 : |z —zo| < ||p||~*} which
lie inside a fixed B,(z)Nois ||p||*~° < ||p||*r. The set inclusion (14) therefore leads
to the bound

—8p (P;C,25))

(e p
a ., — al < . a— '
#{:E €o/p®: P(z) =0 mod p } JE 1 c;lzl;gc ([l SO #C

More details can be found in [8].

In order to establish Corollary 2.3 it is convenient to prove a slight generalisation,
relaxing the normalisation of the polynomial in the following way. We will prove
that for any d > 1 and o > 0, there is a positive constant Aq, so that if P(x) =
agx® + -+ ag € A[X] with each |a;| < 1 but |ag_x| > o for some k < d/2, then

{zreA: |P@)| <6} € |J [Ba,sivaminqsa)(2) N A] (15)
zERP

holds. The proof of (15) is carried out by induction on k. When & = 0 (and so
|ag| > o), we consider only the cluster C = {21, 29,... ,2mn} corresponding to all
the roots in (14) and so Proposition 4.1 implies that

SH

d
{IGAS | U [6/]aq]]t/d ZJ ﬂA U B[(g/g 1/d ZJ ﬂA}

establishing a stronger version of (15) in this case, the minimun min(1, /) being
replaced by 1. Now let us assume that (15) has been established for all &' < k.
To carry out the induction step, we need the following, more refined result: for
each kK > 0 and every o > 0, there are small positive constants og,...,0r_1,
depending only on o, d (> 2k) and the absolute value |- | so that for any polynomial
Q(x) = bgzd + -+ + bix + by with o < |bg—i| < 1, |bg—j| < 05,0 < j < k—1 and
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lba—j| < 1,5 > k+1,
{reA: Q@) <6t ¢ |J [Basyu-n(z)NA] (16)

2ERq

holds for all § > 0, where A depends only on o, o;’s and d.

The case k = 0 coincides with the strengthened version of (15) mentioned above.
We will not proceed by induction to establish (16) for general k, instead we will
do this directly for every k.

However before proceeding to the proof of (16), let us see how this implies (15) and
hence Corollary 2.3. Recall that the case k = 0 has already been established and we
proceed to the induction step, assuming the desired conclusion holds for all values
k' < k. Let 0 > 0 be given and fix a polynomial P(z) = E;l:o ajz’ satisfying the
relaxed normalisation conditions |a;| < 1,7 > 0 and |aqg—x| > o. For this k and o >
0, the refined result (16) produces small positive constants oy, ... ,ox—1 so that (16)
holds for any polynomial Q(z) = Zj:o bjz satisfying the relaxed normalisation
conditions, together with the added conditions |bs—;| < 0;,0 < j < k — 1. Back
to our polynomial P, if there is some coefficient a4—;,0 < j < k — 1 satisfying
|aq—;| > oj, then we can apply the induction hypothesis with £’ = d — j < k to
conclude that (15) holds. On the other hand, if all the coefficients a4—;,0 < j < k—1
satisfy |aq—;| < o, then (16) holds and this implies (15) holds as well since k < d/2.
This completes the induction step.

We now turn to establish (16). Fix a polynomial Q(z) = bgz® + - - - + by of degree
d with ¢ < |bg—g| < 1 for some k < d/2 and |b;| < 1 for all j. Our goal is to see
how small we need the sizes |bg—;],0 < j < k — 1 to be in order to conclude that
(16) holds for this Q. First of all, Proposition 4.1 applied to @ gives

{zed: Q@I<dyc ] [ U [Bres(z0)nA] (17)

J=1C:z;€C zcC

where z1, 22, . .. , Zm—1 and z,, are the distinct roots of Q with multiplicities mq, mo, ...
respectively and

[2d—S(C) g

laa 1., ¢c (25 — 26)™*|
Let {w1,ws, ... ,wq} be an enumeration of the roots {z;}, listed with multiplicity.
We now make a connection between root clusters defined in the introduction and
clusters defined as subsets L C {1,...,d} used in Section 2 to define the quantities
Ayg. For each 1 < j < m, choose an index n € {1,...,d} so that w, = z;; it is an
easy calculus exercise to verify that

f [ 0 1/5(€) of [ ) 1/|L]
in = in
c:ziecllaa ], ge (25 — 20) ™| LineLllag [Tpgr (wn — we)l (18)

1/5(C)
re,s = } .

where the second infimum is taken over all subsets L C {1,...,d} containing n.

According to (6) (the reformulation of Theorem 2.1 in terms of polynomials), we
have that for every n > 1, there is a subset L C {1,2,...,d} of size |L| =d — k
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containing n so that

laq H(wn —wy)| = cra
keI
holds whenever coefficients |bq—;|,0 < j < k — 1 are small enough. This, together
with (18), shows that (17) implies the desired set inclusion (16). This completes
the proof of Corollary 2.3.

We now turn to the proof of Corollary 2.2. This follows in exactly the same way
as the proof of Corollary 2.3 except we use the analogue of Proposition 4.1 for
oscillatory integrals which can be found in [4] (the analogue of which for exponential
and character sums holds but will appear elsewhere). We leave the details to the
reader.
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