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Received June 9, 2012 Revised September 9, 2014 We study the following problem raised by von zur Gathen and Roche [6]: What is the minimal degree of a nonconstant polynomial f : {0, . . . , n} → {0, . . . , m}? Clearly, when m = n the function f (x) = x has degree 1. We prove that when m = n − 1 (i.e. the point {n} is not in the range), it must be the case that deg(f ) = n − o(n). This shows an interesting threshold phenomenon. In fact, the same bound on the degree holds even when the image of the polynomial is any (strict) subset of {0, . . . , n}. Going back to the case m = n, as we noted the function f (x) = x is possible, however, we show that if one excludes all degree 1 polynomials then it must be the case that deg(f ) = n − o(n). Moreover, the same conclusion holds even if m = O(n1.475− ). In other words, there are no polynomials of intermediate degrees that map {0, . . . , n} to {0, . . . , m}. Furthermore, we give a meaningful answer when  m is a large polynomial, or even exponential, in n. Roughly, we show that if m < n/c , for some constant c, and d ≤ 2n/15,  d then either deg(f ) ≤ d − 1 (e.g., f (x) = x−n/2 is possible) or deg(f ) ≥ n/3 − O(d log n). d−1 So, again, no polynomial of intermediate degree exists for such m. We achieve this result by studying a discrete version of the problem of giving a lower bound on the minimal L∞ norm that a monic polynomial of degree d obtains on the interval [−1, 1]. √ We complement these results by showing that for every integer k = O( n) there exists k a polynomial f : {0, . . . , n} → {0, . . . , O(2 )} of degree n/3 − O(k) ≤ deg(f ) ≤ n − k. Our proofs use a variety of techniques that we believe will find other applications as well. One technique shows how to handle a certain set of diophantine equations by working modulo a well chosen set of primes (i.e., a Boolean cube of primes). Another technique shows how to use lattice theory and Minkowski’s theorem to prove the existence of a polynomial with a somewhat not too high and not too low degree, for example of degree n − Ω(log n) for m = n − 1. Mathematics Subject Classification (2000): . . . . . . . . . . . . . . . . . . . . . . . . . . . Fill in, please * This research was partially supported by the Israel Science Foundation (grant number 339/10).
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1. Introduction In this paper we study the following problem that was raised by von zur Gathen and Roche [6]. What is the minimal degree of a nonconstant polynomial f : {0, . . . , n} → {0, . . . , m}?
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As f is defined over n + 1 points, its degree is at most n, so the question basically asks whether the degree can be much smaller than n. The answer must of course depend on the choice of m. For example, when m = n we have the polynomial f (x) = x whereas when m = 1 the degree of f is at least n − n0.525 [6]. Von zur Gathen and Roche observed an obvious lower bound on the degree of nonconstant polynomials f : {0, . . . , n} → {0, . . . , m}, that follows from the pigeonhole principle, namely, deg(f ) ≥ (n+1)/(m+1). They also noted that their techniques for the case m = 1 cannot yield bounds better than n − Ω(n) for larger values of m. Thus, prior to this work no lower bounds of the form n−o(n) were known on the degree of polynomials f : {0, . . . , n} → {0, . . . , m}, when m > 1. We note that von zur Gathen and Roche were mainly interested in the case that m is independent of n, but the problem is also relevant when m = n − 1 and in fact even for m ≥ n. In such cases, one should omit other ‘trivial’ examples besides the constant functions. The reason that a meaningful answer can be obtained is that the requirement that f takes values in the domain {0, . . . , m} restricts the freedom that the coefficients of f a priori had and puts a severe limitation on their structure. In this paper we focus on the case of large m, although our results clearly hold for small values of m as well. The goal to better understand the degree of polynomials is well motivated by the important role that polynomials (both multivariate and univariate) play in theoretical computer science. For example, polynomials are prominent in areas such as circuit complexity [16,19,2], learning theory [12,15], decision tree complexity and quantum query complexity [3], Fourier analysis of Boolean functions [11,18], explicit constructions (see e.g., [8]) and more. Understanding the complexity of univariate polynomials is one of the most important problems in algebraic complexity as it is closely related to the question of hardness of integer factorization (see e.g., Section B.3 in [7]). The degree of polynomials is probably the most simple and natural complexity measure that is associated with them. Indeed, a basic question in the study of polynomials that attracted a lot of interest concerns the minimal degree that a polynomial, belonging to some predetermined family of polynomials, can have. This fundamental question was studied before in the
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context of multivariate real polynomial approximation of Boolean functions (see the survey [3]), in the study of representations of symmetric Boolean functions as univariate polynomials [6] (where the problem that we study here was raised) and in relation to learning symmetric juntas [15,11,18]. In [18] it was showed that in order to better understand the Fourier spectrum of symmetric functions one needs to study polynomials f : {0, . . . , n} → {0, 1, 2} and prove lower bounds on their degree, which is exactly the question that we study here for the case m = 2. Besides its connection to complexity theory, the question of understanding univariate polynomials is important from an approximation theory point of view. A different angle to look at our problem is asking, for a given degree d how small can the range of a degree d polynomial mapping {0, . . . , n} to N be. This question is a discrete version of a fundamental question in approximation theory concerning the minimal L∞ norm of monic polynomials1 over the real interval [−1, 1]. That is, the question is what is minf maxx∈[−1,1] |f (x)|, where f ranges over all monic polynomials of degree d. It is well known that Chebyshev polynomials are the only extremal example. The problem that we study in this paper basically asks for the minimum L∞ norm that a monic polynomial of degree d attains at the points In = {−1, −1 + n2 , . . . , 1}, namely, minf maxx∈In |f (x)|, where f ranges over all monic polynomials of degree d. There is a significant difference from the original question as we allow the polynomial to√take arbitrarily high values on other points in the interval. While for d < n one can get a good estimate using the classical theory of Chebyshev polynomials, this is not the case for larger values of d. We discuss this connection in more detail in Section 5.1.



93



1.1. Our results
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We prove two main results concerning the degree of polynomials mapping integers to integers. Both results present a dichotomy behavior. That is, given a function f : {0, . . . , n} → {0, . . . , m}, either deg(f ) is very small (we consider those cases as ‘trivial’) or deg(f ) is very high. The first result gives a strong lower bound when m is not too large (but still larger than n). Theorem 1.1. For every  > 0 there exists n such that for every n > n and f : {0, 1, . . . , n} → {0, 1, . . . , n1.475− }, either deg(f ) ≤ 1 or deg(f ) ≥ n − 4n/ log log n. As an immediate corollary we get that if a polynomial tries to “compress” the domain even by one value, then it must have a nearly full degree. 1



A polynomial is monic if its leading coefficient is 1.
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Corollary 1.2. Let S ( {0, . . . , n} and f : {0, . . . , n} → S be a nonconstant polynomial. Then, deg(f ) ≥ n − 4n/ log log n. Note that such a strong result cannot hold for m ≥ n as, for example, the function f (x) = x maps {0, . . . , n} to itself. Our second main result concerns larger values of m at the price of a slightly weaker dichotomy. Theorem 1.3. There exists a constant n0 such that if d, n are integers 2 satisfying n j d ≤ 15 n and ko n > n0 , then the following holds. If f : {0, . . . , n} → d 0, . . . , √17d · n−d is a polynomial, then deg(f ) ≤ d − 1 or deg(f ) ≥ 2d  1 n−d 1 n 3 n − 1.2555 · d ln( 2d ) − 2 ln( d ) . In other words, besides the (“trivial”) case where deg(f ) ≤ d−1, the only other option is that f has a relatively high degree. The proof of Theorem 1.3 relies on the following theorem that gives a lower bound on the maximum value that any monic polynomial must obtain on the points {0, . . . , n}. Theorem 1.4. Let f : R → R be a degree d monic polynomial. Then, d . In particular, if f : Z → Z is a degree d polynomaxi=0,1,...,n |f (i)| > n−d 2e mial (not necessarily monic), then     n−d d 1 n−d d 1 √ · max |f (i)| > · ≥ . i=0,1,...,n d! 2e 2d 7d As mentioned before, this question is a discrete analog of a question from approximation theory asking for the minimal L∞ norm of a monic polynomial of degree d over the real interval [−1, 1]. Our next result gives √ an upper bound on the degree when the range is of size at most exp(O( n)). Theorem 1.5. For every large enough integer n > 0 and an integer k = √ O( n) there exists f : {0, . . . , n} → {0, . . . , O(2k )} of degree 2k < deg(f ) ≤ n − k. In particular, by Theorem 1.3, it holds that n/3 − k ≤ deg(f ) ≤ n − k. We note that in [6] von zur Gathen and Roche conjectured that any such nonconstant polynomial to {0, 1} must be of degree n − O(1). While this conjecture is still open, Theorem 1.5 shows that one can get polynomials of lower degree when the range is larger, even after excluding the obvious examples. Finally, we consider polynomials f : {0, . . . , n} → {0, 1}, where n = p2 − 1 and p is a prime number. We are able to show that in this case deg(f ) ≥ √ 2 p − p > n − n. This improves the result of [6] for this special case.
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Lower Bounds on Degree Ref.
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deg(f ) = n when n = p − 1, p is prime
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Ex. 5.2 Thm. 1.5
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Upper Bounds on Degree d  n−d+1  f = x− d 2 ≈ d   deg(f ) ≤ 0, . . . , O 2k √ k = O( n) O( logk n ) n+d−1 2
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deg(f ) ≤ n − k (and n/3 − O(k) ≤ deg(f ))



Table 1. Summary of Results
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Theorem 1.6. Let p be a prime number, n √ = p2−1 and f : {0, . . . , n} → {0, 1} 2 be nonconstant. Then deg(f ) ≥ p − p > n − n. We summarize our results in Table 1. 1.2. Related work The most relevant result is the aforementioned work of von zur Gathen and Roche [6] that raised and studied the question of bounding (from below) the minimal degree that a real polynomial representing a nonconstant symmetric Boolean function can have. As any symmetric function f : {0, 1}n → {0, 1} is actually a function of the number of ones in x, it can be represented by a unique polynomial f : {0, . . . , n} → {0, 1} (we abuse notations here and think of f both as a univariate polynomial and as a symmetric function). Thus, von zur Gathen and Roche basically studied the question of giving a lower bound on the minimal degree of nonconstant polynomials f : {0, . . . , n} → {0, 1}. They showed that when n = p − 1, p prime, it must be the case that deg(f ) = n (when f is not constant). Using the density of
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prime numbers (see Theorem 2.6) they concluded that deg(f ) ≥ n−o(n) for every n (in the notations of Theorem 2.6, deg(f ) ≥ n−Γ (n)). For the case of polynomials taking values in {0, . . . , m}, von zur Gathen and Roche observed that deg(f ) ≥ (n + 1)/(m + 1) and mentioned that their techniques cannot give any result of the form deg(f ) = n − o(n). However, they suggested that “...for each m there is a constant Cm such that deg(f ) ≥ n−Cm for all n.” In particular, when m = O(1), this amounts to having deg(f ) ≥ n − O(1). This conjecture is still open, even for the case m = 1. Another line of work concerning symmetric Boolean functions f : {0, 1}n → {0, 1},
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has focused on bounding from above the minimal size of a nonempty set S such that fˆ(S) 6= 0, where fˆ(S) is the Fourier coefficient of f at S. We do not want to delve into the definition of the Fourier transform, so we only mention that when f is balanced, i.e. takes the values 0 and 1 equally often, this is the same as bounding from below the degree of f ⊕PARITY, see [11] for details. As symmetric Boolean functions can be represented by univariate polynomials from {0, . . . , n} to {0, 1}, this problem is closely related to the questions studied here. A motivation for studying the case m > 1 was given in [18] where it was shown that bounding from below the degree of univariate polynomials to {0, 1, 2}, will give an upper bound on the size of such a set S (for which fˆ(S) 6= 0), even when f is not balanced. Thus, an advance in understanding the degree of polynomials mapping integers to integers, that obtain more than two values, may shed new light on a well studied problem concerning the Fourier spectrum of symmetric Boolean functions.
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1.3. Techniques
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The proofs of Theorems 1.1, 1.4 and 1.5 use a completely different set of techniques. In the proof of Theorem 1.1 we rely on solving systems of diophantine equations by working modulo a well chosen set of primes. The proof of Theorem 1.4 is more elementary and follows from some averaging argument. For the proof of Theorem 1.5 we use lattice theory and Minkowski’s theorem to prove the existence of a polynomial with the required properties. We shall now extend more on each of the proofs. We give a very rough sketch of the idea of the proof of Theorem 1.1. Our goal is to show that every nonlinear polynomial f : {0, . . . , n} → {0, . . . , m}, for m ∼ n1.475 , must have high degree. As the coefficients of f are determined by the set of values {f (0), f (1), . . . , f (n)} if deg(f ) ≤ n, and in fact are linear
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combinations of them, a natural approach is to look at these dependencies and prove that one of the coefficients of high degree monomials cannot be zero. Specifically, representing f in the basis of the Newton polynomials (see Definition 2.2) we get an explicit and nice formula for each coefficient. If f is not of high degree, many of those coefficients vanish and this gives a set of linear equations that the values {f (0), f (1), . . . , f (n)} must satisfy. In fact, we manage to get many linear equations from every zero coefficient. The idea is that if the degree of f is smaller than a prime number p, then the values f (r) and f (r+p) must be strongly correlated for r ∈ {0, . . . , n−p}. Using such correlations for many different primes, we obtain a set of special linear equations (which we call linear recurrence relations) on the values of f . A similar approach was taken in [11] (and arguably also in [6]) where the authors used different primes to obtain information for the case m = 1. It is not clear, however, how to exploit the information from the different primes. We manage to do so by considering prime numbers that form a ‘nice’ and ‘rigid’ structure that we call a cube of primes. An r-dimensional cube of primes is a set P = Pp;δ1 ,...,δr ⊆ {1, . . . , n} of the form
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r X



) ai δi | a1 , . . . , ar ∈ {0, 1} ,



i=1
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such that all the elements of P are prime numbers. The idea is that we can partition P , in many different ways, to pairs of primes such that the differences, between the primes in each pair, are the same. This enables us to combine the different linear recurrences obtained from each prime in a way that reveals more information on the values that f takes. Theorem 1.3 is an immediate corollary of Theorem 1.4 whose proof goes along completely different lines than the proof of Theorem 1.1. The idea is to observe that since f has at most d roots in the interval {0, . . . , n}, some point in that interval is relatively far from all roots of f . This immediately implies that f obtains a large value at this point. To prove Theorem 1.5 we note that polynomials of degree at most D = n − k evaluated on 0, 1, . . . , n form a lattice. Since we are interested in the polynomials that have small coordinates, our problem corresponds to finding a short vector in a lattice with respect to the L∞ norm. Using Minkowski’s theorem, we can prove the existence of a non-trivial polynomial (i.e. of a not too low and not too high degree) with a small L∞ norm.
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1.4. Organization
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The paper is organized as follows. In Section 2 we give the basic definitions and discuss mathematical tools that we shall later use. In Section 3 we demonstrate our general technique by considering the case of 2-dimensional cube of primes. In Section 4 we prove Theorem 1.1 and conclude Corollary 1.2. In Section 5 we prove Theorems 1.3 and 1.4 and discuss their tightness. We then present the connection to Chebyshev polynomials in √ Section 5.1 and conclude Theorem 5.5 that improves Theorem 1.4 for d ≤ n/2. We prove Theorem 1.5 in Section 6. Finally, in section 7 we consider the case m = 1 and n = p2 −1 for a prime p. We note that the results in Sections 4, 5 and 6 are independent of each other so it is not required to read the paper in a linear order.
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2. Preliminaries
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For two integers a, b we denote with [a, b] the set of all integers between a and b. Namely, [a, b] , {c ∈ Z | a ≤ c ≤ b} = {a, a + 1, . . . , b}. We also denote [m] , [1, m]. We sometimes abuse notation and speak of the real interval [a, b] (in this case [a, b] = {a ≤ x ≤ b | x ∈ R}). We will always mention the words ‘real interval’ whenever we speak of the real interval. For a prime number p and integers a, b P we denote a ≡p b when a and b are equal modulo p. For a polynomial f (x) = ni=0 ai xi we denote with spar(f ) the number of monomials in f , i.e. the number of nonzero ai ’s. We denote the family of all polynomials from [0, n] to [0, m] by Fm (n). Namely, Fm (n) = {f ∈ Q[x] | deg(f ) ≤ n, f : [0, n] → [0, m]}.
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Throughout the paper we avoid the use of floor and ceiling in order not to make the equations even more cumbersome. This does not affect our results and only makes the reading easier. We denote by log(·) and ln(·) the logarithms to the base 2 and to the base e (that is, the natural logarithm) respectively. In the next subsections we present some well known technical tools that we require for our proofs.
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2.1. Stirling’s formula
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We shall make use of the well known Stirling approximation for the factorial function.
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Theorem 2.1 (Stirling’s formula). For every natural number n ∈ N it holds that  n n √ · e λn n! = 2πn · e with 1 1 < λn < . 12n + 1 12n 251



A proof of this theorem can be found, e.g., in [17] (see also pages 50-53 of [5]).
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2.2. Newton basis
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 Definition 2.2. For every k ∈ N, define the polynomial xk as follows   x x(x − 1) · · · (x − k + 1) = . k k!   The set of polynomials xk : k ∈ N is called the Newton basis.   It is easy to see that xk : k = 0, 1, . . . , d forms a basis of the vector space of polynomials of degree at most d. An interesting property of the Newton basis is given in the next theorem (see e.g., problem 36 in [10]). Theorem 2.3. Let f ∈ Q[x] be a polynomial of degree ≤ n. Then f can be represented as     n d X X x d d−j f (x) = γd · where γd = (−1) · · f (j). d j j=0



d=0
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As noted in [6], Theorem 2.3 implies that a polynomial f is of degree smaller than d iff for all d ≤ s ≤ n it holds that   s X j s (−1) f (j) = (−1)s γs = 0. j j=0
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As an immediate corollary we get the following useful lemma. Lemma 2.4. Let f : [0, n] → Z be such that deg(f ) < d. Then for all r ∈ [0, n − d] we have that d   X d j=0



j



· (−1)j · f (j + r) = 0.
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Proof. For r ∈ [0, n − d] set gr (x) = f (x + r). We think of gr as a function gr : [0, n−r] → Z. As deg(gr ) = deg(f ) < d, and d ≤ n−r Theorem 2.3 implies that     d d X X d d f (j + r) = gr (j) = 0. (−1)j (−1)j j j j=0
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2.3. Lucas’ theorem
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The following theorem of Lucas [13] allows one to compute a binomial coefficient modulo a prime number. Theorem 2.5 (Lucas’ theorem). Let a, b ∈ N \ {0} and let p be a prime number. Denote with a = a0 + a1 p + a2 p2 + · · · + ak pk , b = b0 + b1 p + b2 p2 + · · · + bk pk ,
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their base p expansion. Then   k   Y a ai ≡p , b bi i=0  ai where bi = 0 if ai < bi . 2.4. The gap between consecutive primes
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Denote with pn the n-th prime number. Understanding the asymptotic behavior of pn+1 − pn is a long standing open question in number theory. Cram´er conjectured that pn+1 −pn = O((log pn )2 ) and, assuming the correct√ ness of Riemann hypothesis, he proved that pn+1 − pn = O( pn log pn ) [4]. The strongest unconditional result is due to Baker et al. [1].2 Denote with π(n) the number of primes numbers less than or equal to n. Theorem 2.6 ([1]). For any large enough integer n and any y ≥ n0.525 we have that y 9 π(n) − π(n − y) ≥ · . 100 log n 2



The main theorem of [1] only claims that there exists a prime number in the interval [n − n0.525 , n], however they actually prove the stronger claim that is stated here.
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For convenience, we denote Γ (n) , n0.525 .
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We will usually apply the theorem above to claim, for some integer n, that there exists a prime number p ∈ [n − Γ (n), n]. 2.5. Linear recurrence relations Ps i Definition 2.7. Let Φ(t) = i=0 αi t be a polynomial with rational 3 coefficients. For f ∈ Q[x] we define the action of Φ on f as (Φ ◦ f )(x) ,
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αi · f (x + i).
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When we consider Φ as an operator acting on other polynomials, we call Φ a linear recurrence polynomial. From now on we will always denote linear recurrence polynomials with capital Greek letters: Φ, Ψ, Υ . Following is a list of properties of linear recurrence polynomials. Lemma 2.8. For polynomials f, g and linear recurrences Φ, Φ0 the following claims hold. 1. 2. 3. 4. 5.



Φ ◦ f ∈ Q[x]. deg(Φ ◦ f ) ≤ deg(f ). (Φ + Φ0 ) ◦ f = Φ ◦ f + Φ0 ◦ f . Φ ◦ (f + g) = Φ ◦ f + Φ ◦ g. (Φ · Φ0 ) ◦ f = Φ ◦ (Φ0 ◦ f ).



Proof. Properties 1-4 follow trivially from the definition. 5 folPd Property i and Φ0 (t) = α x lows by a simple calculation. Denote, w.l.o.g., Φ(t) = i=0 i Pe j . We have that β x j j=0   d X e X  αi βj xi+j  ◦ f (x) Φ · Φ0 ◦ f (x) =  i=0 j=0



=



d X e X



αi βj f (x + i + j)



i=0 j=0 3



There is nothing special about Q and the only reason that we use it is that in our proofs we encounter rational coefficients.
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=



d X



  e X αi  βj f (x + i + j)



i=0



j=0



{z
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(Φ0 ◦f )(x+i)



}



 = Φ ◦ (Φ0 ◦ f ) (x). 298 299 300 301



302 303 304



While property 2 of Lemma 2.8 states the obvious fact that applying a linear recurrence cannot increase the degree, the following lemma assures that the degree can decrease by (roughly) at most the number of monomials in the linear recurrence polynomial. Lemma 2.9. Let f ∈ Q[x] be a nonconstant polynomial and let Φ(t) = Ps di be some linear recurrence, Φ 6= 0. Then, for g = Φ ◦ f we have α · t i=1 i that ( s−2 g≡0 deg(f ) ≤ s + deg(g) − 1 otherwise. Proof. As Φ 6= 0 we can assume w.l.o.g. that the exponents d1 , . . . , ds are distinct (indeed if they are not distinct then we can rewrite Φ as a polynomial with s0 < s monomials and obtain stronger results). Similarly, if deg(f ) ≤ s−2 then we are done. So, we may assume w.l.o.g. that deg(f ) ≥ s − 1. Let P i f (x) = D `=0 bi x , where bD 6= 0. Let L be a (D+1)×(D+1) lower triangular  (where matrix whose (i, j) entry (for i, j = 0, . . . , D) is Li,j , bD+j−i · D+j−i j bD+j−i = 0 if j > i). This is clearly a lower triangular matrix with a nonzero diagonal. Let V be a (D+1)×s Vandermonde matrix defined by Vi,j , (dj )i for i = 0, . . . , D and j = 1, . . . , s. It is now easy to verify that the coefficients of the polynomial g = Φ◦f are the result of the P matrix-vector multiplication L·V ·~ α i , then (c , . . . , c ) = L·V ·~ c x α . where α ~ = (α1 , . . . , αs ). Namely, if g(x) = D 0 D i=0 i Thus cD−r = (L · V · α ~ )r . Indeed, (Φ ◦ f )(x) =



s X



s X



αi f (x + di ) =



i=1



=



=



=



s X



i=1



αi



D X



i=1



j=0



D X



D X



xk



bj



j=k



D−k X



x



`=0



j=0



j  X k=0



D X k=0



bj (x + di )j



 j j−k k d x k i



 X s j bj αi dj−k i k



k=0 k



αi



D X



i=1



 b`+k



 s `+k X αi d`i . k i=1
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Hence, the coefficient of xD−r is   s r r X X `+D−r X b`+D−r αi d`i = Lr,` (V · α ~ )` = D−r `=0 D X



i=1



`=0



Lr,` (V · α ~ )` = (L · V · α ~ )r .



`=0



309



As the first s rows (recall that D+1 = deg(f )+1 ≥ s) of L·V form an invertible matrix (as a product of a Vandermonde matrix with a lower triangular matrix that has a nonzero diagonal), we see that the top s coefficients of g are zero iff α ~ = 0 (which is a contradiction to the assumption that Φ 6= 0). Hence, the degree of g is at least D − s + 1 = deg(f ) − s + 1.



310



3. Warm up



305 306 307 308
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In this section we prove some preliminary results that give good intuition to the proofs of Theorem 1.1 (and also to the proof of Theorem 5.6). Similarly to other works that studied the degree of polynomials mapping integers to integers [6,11], we shall consider properties of the polynomial modulo different prime numbers. As a first step we show that if f ∈ Fn−1 (n) is of low degree then it is actually a constant function. The proof of the lemma already contains some of the ingredients that we will later use in a more sophisticated manner. Lemma 3.1. Let f ∈ Fn−1 (n) be such that deg(f ) < n/6 − Γ (n), then f is a constant. Proof. Let p ∈ [n/2, n/2+Γ (n)] be a prime number, guaranteed to exist by Theorem 2.6. Since deg(f ) < p, Lemma 2.4 implies that for all r ∈ [0, n/2 − Γ (n)] ⊆ [0, n − p] we have that   p X k p 0= (−1) f (k + r) ≡p f (r) − f (p + r). k k=0



324 325 326 327 328 329 330



In particular, if we define g by g(r) = f (r)−fp (p+r) , then we have that g : [0, n/2 − Γ (n)] → [−1, 1] (indeed, f (r) − f (p + r) ∈ [−n + 1, n − 1]). Clearly, g +1 ∈ F2 (n). Note that if g is not constant then its degree must be at least (n/2 − Γ (n))/3 as one of the values in its range is obtained at least that many times. Since in this case n/6 − Γ (n) < deg(g) ≤ deg(f ) we get a contradiction. Therefore, g must be constant. However, in this case we get by Lemma 2.9 that deg(f ) ≤ deg(g) + 2 − 1 = 1. Indeed, for Φ(t) = p1 − p1 tp , it
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holds that g = Φ ◦ f . Hence, deg(f ) ≤ 1. Since the range of f is smaller than its domain (and f takes integer values), f must be constant. Clearly, for m ≥ n, we cannot expect such a strong behavior (that is, degree 0 as opposed to degree Ω(n)). However, the following lemma, which relies on Lemma 3.1, shows that a slightly weaker dichotomy behavior exists for m which is roughly quadratic in n. We later strengthen this result (Corollary 5.7). 2



338 339



340 341 342
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(n) Lemma 3.2. Let m < n −4Γ be an integer and f ∈ Fm (n) be such that 8 deg(f ) < n/12 − Γ (n), then deg(f ) ≤ 1.



Proof. Let p ∈ [ n2 − Γ (n), n2 ] be a prime number, guaranteed to exist by Theorem 2.6. As before, Lemma 2.4 implies that for all r ∈ [0, n−p] we have that   p X p 0= (−1)k f (k + r) ≡p f (r) − f (p + r). k k=0



343 344



In particular, if we define g by g(r) = f (r)−fp (p+r) , then we have that g : [0, n− p] → [−m/p, m/p]. Clearly, g + m p ∈ F 2m (n − p), and p



2 345



Hence, g + m p is actually in Fn−p−1 (n − p), and deg(g +



346 347



( n − Γ (n))( n2 + Γ (n)) m < 2 ≤ n − p. p p



m n n−p ) ≤ deg(f ) ≤ − Γ (n) ≤ − Γ (n − p). p 12 6



Now we can apply Lemma 3.1 to conclude that g + m p is constant. From Lemma 2.9 it follows that deg(f ) ≤ 1 which completes the proof. 2
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(n) is very close to being tight. Indeed, We note that the choice m < n −4Γ 8 2 assume that n is odd and consider the function f : [0, n] → [0, n 8−1 ] defined n−1  as f (x) = x− 2 2 . An important ingredient in the proof of Theorem 1.1 is the use of prime numbers that form a structure analogous to a cube. To illustrate our approach, consider four prime numbers of the form p < p+δ1 < p+δ2 < p+δ1+δ2 . Using Theorem 2.6 one can show that such primes exist and that we can even choose them so that they all lie in an interval of the form [n/3−o(n), n/3].



Lemma 3.3. Let n be a large enough integer. Then, there exist four prime numbers n n − Γ (n) ≤ p < p + δ1 < p + δ2 < p + δ1 + δ2 ≤ . 3 3
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Proof. The lemma follows from the more general Lemma 4.1 that is proved in Section 4.1, however, for clarity we prove this special case here. Theorem 2.6 guarantees that for a large enough n there are at least4 Γ (n)/12 log(n) prime numbers in the interval [n/3 − Γ (n), n/3]. Consider all possible differences between two primes in this set. There are at least, say, 13 (Γ (n)/12 log(n))2 such differences. As all the differences are smaller than Γ (n) it follows that one of the differences is obtained for at least 1 (Γ (n)/12 log(n))2 3



(n) ≥ 500Γlog many pairs of primes. Denote the i-th pair 2 (n) with (pi,1 , pi,2 ) where pi,1 < pi,2 . Consider any two distinct pairs in the set, (p1,1 , p1,2 ) and (p2,1 , p2,2 ). Denote δ1 = p1,2 − p1,1 = p2,2 − p2,1 and δ2 = |p1,1 − p2,1 | > 0. We have that 0 < δ1 + δ2 < Γ (n). In particular, {p1,1 , . . . , p2,2 } is the required cube.5 Γ (n)



As a warmup for our main result and to demonstrate our proof technique we shall prove here the following easier theorem. Theorem 3.4. If f ∈ Fm (n), where m < n/7, is nonconstant then deg(f ) ≥ 2n/3 − 2Γ (n). Although the theorem is much weaker than Theorem 1.1, its proof demonstrates our general technique and, hopefully, will make the proof of Theorem 1.1 easier to follow. Proof. Let p, δ1 , δ2 be as guaranteed in Lemma 3.3. Assume for a contradiction that f ∈ Fm (n) is such that deg(f ) < 2n/3 − 2Γ (n) ≤ 2p. Consider the identity guaranteed by Lemma 2.4 modulo each of the four primes. For example, taking d = 2p (in the notations of Lemma 2.4), we get that for all r = 0, . . . , n − 2p 0=



2p X k=0



  2p (−1) f (k + r) ≡p f (r) − 2f (p + r) + f (2p + r). k k



(1)



Since |f (r)−2f (p+r)+f (2p+r)| < 2n/7 < p, Equation (1) is actually satisfied over the integers. Namely, f (r)−2f (p+r)+f (2p+r) = 0. In the same manner we get, for all r ∈ [0, n − 2(p + δ1 + δ2 )] f0,0 (r) , f (r) − 2f (p + r) + f (2p + r) = 0,



(2)



f1,0 (r) , f (r) − 2f (p + δ1 + r) + f (2p + 2δ1 + r) = 0, f0,1 (r) , f (r) − 2f (p + δ2 + r) + f (2p + 2δ2 + r) = 0, 4



There is nothing special about 12, it is just a large enough constant. We can of course make sure that p2,1 6= p1,2 , and hence δ1 6= δ2 , by ‘throwing’ away one pair. 5
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f1,1 (r) , f (r) − 2f (p + δ1 + δ2 + r) + f (2p + 2δ1 + 2δ2 + r) = 0. We now show how to combine these equations in a way that will give information not only for small values of r (i.e. r ≤ n − 2(p + δ1 + δ2 )) but also for larger values of r. By considering the following linear combinations of the equalities f0,0 , . . . , f1,1 we get that for r ∈ [0, n − 2(p + δ2 + 2δ1 )] it holds that 0 = f0,0 (r + 2δ1 ) − f1,0 (r) = f (r + 2δ1 ) − f (r) − 2f (p + r + 2δ1 ) + 2f (p + r + δ1 ), 0 = f0,1 (r + 2δ1 ) − f1,1 (r) = f (r + 2δ1 ) − f (r) − 2f (p + r + 2δ1 + δ2 ) + 2f (p + r + δ1 + δ2 ). Therefore, 0 = (f0,0 (r + 2δ1 + δ2 ) − f1,0 (r + δ2 )) − (f0,1 (r + 2δ1 ) − f1,1 (r)) = f (r + 2δ1 + δ2 ) − f (r + δ2 ) − f (r + 2δ1 ) + f (r). Similarly, 1 0 = − · ((f0,0 (r + 2δ1 ) − f1,0 (r)) − (f0,1 (r + 2δ1 ) − f1,1 (r))) 2 = f (p + r + 2δ1 ) − f (p + r + δ1 ) − f (p + r + 2δ1 + δ2 ) + f (p + r + δ1 + δ2 ) and 0 = f0,0 (r + δ1 ) − f1,0 (r) − f0,1 (r + δ1 ) + f1,1 (r) = f (2p + r + δ1 ) − f (2p + r + 2δ1 ) − f (2p + r + δ1 + 2δ2 ) + f (2p + r + 2δ1 + 2δ2 ). We thus get the following equations for every 0 ≤ r ≤ n − 2(p + δ1 + δ2 ): 0 = f (r + 2δ1 + δ2 ) − f (r + δ2 ) − f (r + 2δ1 ) + f (r) 0 = f (p + r + 2δ1 ) − f (p + r + δ1 ) − f (p + r + 2δ1 + δ2 ) + f (p + r + δ1 + δ2 ) 0 = f (2p + r + δ1 ) − f (2p + r + 2δ1 ) − f (2p + r + δ1 + 2δ2 ) + f (2p + r + 2δ1 + 2δ2 ).



(3) (4) (5)



These equations give linear recurrence relations on the values of f on the intervals [0, n − 2p], [p, n − p] and [2p, n]. Indeed, Equations (4) and (5) are equivalent to 0 = f (r + 2δ1 ) − f (r + δ1 ) − f (r + 2δ1 + δ2 ) + f (r + δ1 + δ2 )



(6)
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0 = f (r + δ1 ) − f (r + 2δ1 ) − f (r + δ1 + 2δ2 ) + f (r + 2δ1 + 2δ2 )



(7)



for r ∈ [p, n − p − 2(δ1 + δ2 )] and r ∈ [2p, n − 2(δ1 + δ2 )], respectively. Let Φ(t) = (t2δ1 +δ2 − tδ2 − t2δ1 + 1)· (t2δ1 − tδ1 − t2δ1 +δ2 + tδ1 +δ2 )· (tδ1 − t2δ1 − tδ1 +2δ2 + t2δ1 +2δ2 ). 382



(8)



It follows that (Φ ◦ f )(r) = 0 for all r ∈ [0, n − 2p − 6(δ1 + δ2 )] ∪ [p, n − p − 6(δ1 + δ2 )] ∪ [2p, n − 6(δ1 + δ2 )]



383



384 385 386 387
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(see Property 5 in Lemma 2.8).6 We have two cases: • The three ranges are distinct. In this case, Φ ◦ f has at least 3 · (n − 2p − 6(δ1 + δ2 )) ≥ n − 18(δ1 + δ2 ) many roots. • The three ranges overlap. In this case, Φ ◦ f has at least n − 6(δ1 + δ2 ) many roots. Either way, Φ◦f has at least n−18(δ1+δ2 ) many roots. We conclude that either Φ◦f ≡ 0 or deg(Φ◦f ) ≥ n−18(δ1+δ2 ). As deg(Φ◦f ) ≤ deg(f ) < 32 n < n−18(δ1+δ2 ) it must be the case that Φ ◦ f ≡ 0. Hence, by Lemma 2.9 it follows that deg(f ) = O(1). However, at this point we can apply Lemma 3.1 and conclude that f is constant.



399



In the general case, we will not be able to deduce that in (the analogous equation to) Equation (2) the sum is equal to 0, but rather we will only bound it from above. Furthermore, we will work with 2Ω(log log n) many prime numbers that form a structure of an Ω(log log n)-dimensional cube (in the sense that {p, p+δ1 , p+δ2 , p+δ1 +δ2 } is a 2-dimensional cube). This will make the construction of the relevant Φ more complicated, but the high level ideas will be similar.
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4. Proof of Theorem 1
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In this section we prove Theorem 1.1. We begin by giving a proof overview. Let f : [n] → [m], where m = n1.475− , such that deg(f ) ≤ n − log4n log n . We 7 shall find a linear recurrence Υ with the following two properties: 6



The change in the range of r occurs since we want all the evaluations points of Φ ◦ f to be inside the interval [0, n]. p 7 Previous techniques take Υ (t) := t p−1 for p ∈ [deg(f ), n] as the recurrence, which is range reducing, but not of low-degree. We shall combine information from several primes to establish this goal.
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1. Low Degree. Υ is of degree ≤ n+o(1) and of sparsity no(1) . 2. Range Reducing. The polynomial g =√Υ ◦f maps [n0 ] → [−m0 , m0 ] where m n0 = n − O(n+o(1) ) and m0 ≤ n1−−o(1) ≤ n. By applying the linear recurrence on again, this time on g, we get a polynomial h = Υ ◦ g that maps [n00 ] → [−m00 , m00 ], where n00 = n − O(n+o(1) ) m0 and m00 = n1−−o(1) < 1, i.e. h has as least n00 roots. By Lemma 2.8, deg(h) ≤ deg(g) ≤ deg(f ) < n00 , and we get that h ≡ 0. Using Lemma 2.9, we get that deg(g) ≤ spar(Υ ) − 2 and by applying the lemma again we get that deg(f ) ≤ spar(Υ ) + deg(g) − 1 ≤ 2 · spar(Υ ) − 3 < 2 · deg(Υ ) which means that f is of much lower degree than we were promised initially. This allows us to apply Lemma 3.2 and conclude that deg(f ) ≤ 1. Proof of Theorem 1.1. For convenience, set µ = log log(n)/2 and m = n1.475− . Let f ∈ Fm (n) be a function such that   4n 2 =n− . deg(f ) < n · 1 − µ log log n As was demonstrated in Section 3, we will consider the behavior of f modulo various prime numbers that form a high dimensional cube of primes. The existence (and properties) of this structure is guaranteed by the next lemma. Lemma 4.1. Let 0 <  < 1/2, there exists n0 () such that for any n > n0 () and µ = log log(n)/2, there exists a set ( ) µ X ai · δi | ∀i ai ∈ {0, 1} Pp;δ0 ,δ1 ,δ2 ,...,δµ = p + i=0  n n ⊆ − 4Γ (n), − Γ (n) µ+1 µ+1
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with the following properties: 1. 2. 3. 4.



Every q ∈ Pp;δ0 ,δ1 ,δ2 ,...,δµ is a prime number. δi > 0Pfor all i = 1, . . . , µ. ∆ , µi=1 δi ≤ n . δ0 ∈ [Γ (n), 3Γ (n)].



We defer the proof of the lemma to Section 4.1 and continue with the proof of Theorem 1.1. We shall consider two subcubes of Pp;δ0 ,δ1 ,δ2 ,...,δµ . Denote B , Pp;δ1 ,δ2 ,...,δµ and B0 , Pp+δ0 ;δ1 ,δ2 ,...,δµ . Note that in both B, B0 we do
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431 432



not consider shifts by δ0 . Let q ∈ Pp;δ0 ,δ1 ,δ2 ,...,δµ = B ∪ B0 be a prime number. From the construction of Pp;δ0 ,δ1 ,δ2 ,...,δµ it follows that (for a large enough n)   2 n deg(f ) < n · 1 − < · µ < qµ. (9) µ µ+2 Combining Lemma 2.4 and Lucas’ theorem (Theorem 2.5) we get that for every r ∈ [0, n − qµ] it holds that µ   qµ   X X µ qµ j · (−1)j · f (qj + r). (10) · (−1) · f (j + r) ≡q 0= j j j=0



j=0



433 434
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Notice that this equality is analogous to Equation (1) from the proof of Theorem 3.4. Since f ∈ Fm (n) we can rewrite Equation (10) as µ   X µ · (−1)j · f (qj + r) = Kq,r (f ) · q, (11) j j=0



where Kq,r (f ) is an integer satisfying: 2µ · m 2µ · m m µ < = · 2 · (µ + 2) q n/(µ + 2) n m 2µ < · 2 = n0.475− · 22µ . (12) n Thus, instead of summing to 0 as was the case in Equation (2), we get that the sum equals a relatively small (i.e., at most log(n) · n0.475− ) multiple of q. In the language of linear recurrence, when applying the linear recurrence µ   X µ Ψq (t) = · (−1)j · tqj (13) j |Kq,r (f )| 
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j=0
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to f we get (Ψq ◦ f )(r) = Kq,r (f ) · q (14) for every r ∈ [0, n − qµ]. We now combine all the different Ψq ’s to obtain a linear recurrence in an analogous way to the way that we combined the different equalities in (2) to create the linear recurrences given by (3),(4) and (5). Let p˜ be either p or p + δ0 . We will cancel out all the monomials of the linear recurrence except P those whose exponents lie in a small range: [˜ pk, p˜k + µ∆] (recall that ∆ = µi=1 δi ≤ n ). Consider the following linear recurrence for k ∈ [0, µ] Pµ X Φ0p˜,k (t) = (−1) i=1 ai · Ψ(˜p+Pµi=1 ai ·δi ) (t) ~a∈{0,1}µ (15) Pk



·t



i=1



(1−ai )·(i−1)·δi +



Pµ



i=k+1



(1−ai )·i·δi



.
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The reason for this complicated looking expression will become clear soon when we show that this linear recurrence give information about f (r) for r ∈ [˜ pk, p˜k + n − µ(˜ p + ∆)]. The following claim shows that indeed Φ0p˜,k has the required property. To simplify the statement of the claim let8   if ai = 1 k c~a,k,k (i) , i − 1 if ai = 0 and i ≤ k (16)   i if ai = 0 and i ≥ k + 1. Claim 4.2. Φ0p˜,k (t)



450 451 452 453



kp˜



=t



  µ · (−1) · · k k



X



Pµ



(−1)



i=1



ai



Pµ



·t



a,k,k (i)·δi i=1 c~



To ease the reading we postpone the proof of the claim to Section 4.2 and proceed with the proof of Theorem 1.1. Claim 4.2 has two interesting consequences. The first is that p˜ only appears in the term tkp˜. The second is that Φ0p˜,k is actually divisible by tkp˜. In particular if we set Φp˜,k (t) , Φ0p˜,k (t)/tkp˜



454 455 456 457



(17)



then we get that Φp˜,k gives a recurrence relation for every r ∈ p˜k + [0, n − µ(˜ p+∆)] = [˜ pk, p˜k+n−µ(˜ p+∆)]. This is similar to the way that we obtained Equations (6),(7) from Equations (3),(4) and (5). Furthermore, since we factored out the term tkp˜, it follows that Φp,k = Φp+δ0 ,k .
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(18)



We now wish to better understand the value of Φp˜,k ◦f . Equations (14),(15) and (17) imply that one can write (Φp˜,k ◦ f )(r) as (Φp˜,k ◦ f )(r) =



X



Pµ



(−1)



i=1



ai



· K(˜p+Pµi=1 ai ·δi ),r0 (f ) · (˜ p+



µ X



~ a



~a∈{0,1}µ 460



.



~a∈{0,1}µ



ai · δi ), (19)



i=1



where r~a0 , r − k p˜ +



k X i=1



8 9



(1 − ai ) · (i − 1) · δi +



µ X



(1 − ai ) · i · δi .9



i=k+1



In the proof of Claim 4.2 we use the more general notation c~a,j,k (i). P Notice that r~a0 ∈ [0, n − µ(˜ p+ µ i=1 ai · δi )].
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Rewriting (19) gives (Φp˜,k ◦ f )(r) = Lp˜,r (f ) · p˜ +



µ X



Mp˜,i,r (f ) · δi ,



(20)



i=1 462



where



Pµ



X



Lp˜,r (f ) ,



(−1)



i=1



ai



· K(˜p+Pµi=1 ai ·δi ),r0 (f ) ~ a



(21)



~a∈{0,1}µ 463



and



X



Mp˜,j,r (f ) ,



Pµ



(−1)



i=1



ai



· K(˜p+Pµi=1 ai ·δi ),r0 (f ). ~ a



(22)



~a∈{0,1}µ :aj =1



From the bound in Equation (12) it follows that



464



|Lp˜,r (f )| < 23µ · n0.475− 465 466



and |Mp˜,i,r (f )| < 23µ−1 · n0.475− .



(23)



The following claim shows that we actually have Lp,r (f ) = Lp+δ0 ,r (f ) = 0, so, in fact, µ X (Φp˜,k ◦ f )(r) = Mp˜,i,r (f ) · δi . (24) i=1



467



Therefore, |(Φp˜,k ◦ f )(r)| ≤ 23µ−1 · n0.475− · ∆ ≤ 23µ−1 · n0.475 .



468



(25)



Claim 4.3. Lp,r (f ) = Lp+δ0 ,r (f ) = 0. We defer the proof of the claim to Section 4.2 and proceed with the proof of the theorem. The good thing about Equation (25) is that it will allow us to reduce to the case of a polynomial with a bounded range. This somewhat resembles the way that we concluded the proof of Theorem 3.4, although it is done in a slightly more involved manner. Let Υ (t) =



µ Y



Φp,i (t)



and



Υk (t) =



i=0 469



Υ (t) . Φp,k



We now bound the value of g(r) , (Υ ◦ f )(r) for r ∈ [kp, kp + n − µ(p + ∆) Q − deg(Υk )]. Notice that g(r) = (Υk ◦ (Φp,k ◦ f ))(r). Furthermore, Υk (t) = i6=k Φp,i (t). Claim 4.2 implies that each Φp,i (t) contains 2µ monomials 10 , and that its coefficients are upper bounded (in 10



Note that here we allow different monomials with the same exponent.
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absolute value) by 2µ . Therefore, since Υk (t) is a product of µ such Φp,i ’s, it 2 follows that Υk (t) is a sum of 2µ monomials with coefficients upper bounded 2 (in absolute value) by 2µ . Moreover, as a polynomial, the degree of each Φp,i (t) is at most µ·∆ (this follows as c~a,k,k ≤ µ). Hence, the degree of Υk (t) P µ2 is at most µ2 ·∆. Thus, we have that Υk (t) = 2i=1 αi · tdi where 0 ≤ di ≤ µ2 ·∆ 2 and |αi | ≤ 2µ . This implies that for every k ∈ [0, µ] and every11 r ∈ Ik , [kp, kp + n − µ(p + ∆) − deg(Υk )], we have that 2 2µ X |g(r)| = |(Υk ◦ (Φp,k ◦ f ))(r)| = αi · (Φp,k ◦ f )(r + di ) i=1 µ2



≤



2 X



2



2



|αi | · |(Φp,k ◦ f )(r + di )| ≤ 2µ · 2µ · 23µ−1 · n0.475 ≤ n0.475+o(1) ,



i=1



(26) where we also used the bound on |Φp,k ◦f | given in (25). Notice that the size of the interval Ik satisfies |Ik | = n − µ(p + ∆) − deg(Υk ) + 1 n n − Γ (n)) − deg(Υk ) + 1 > >p > n − µ( µ+1 µ+1 470 471 472 473



and therefore every two consecutive intervals Ik and Ik+1 have a nonzero intersection. Hence, we conclude that for every r ∈ [0, n − µ∆ − deg(Υµ )] (note that n − µ∆ − deg(Υµ ) is the endpoint of Iµ ) it holds, by (26), that |g(r)| ≤ n0.475+o(1) < n0.5 . We thus have that g : [0, n − µ∆ − deg(Υµ )] → [−n0.5 , n0.5 ].



474



(27)



In addition we have (by Lemma 2.8) that deg(g) ≤ deg(f ) < µp.



(28)



477



We now would like to show that deg(g) is much smaller than µp and then use Lemma 2.9 and Lemma 3.2 to conclude that f is of degree at most 1. Before applying Lemma 2.9, we must ensure that Φp,k (t) 6= 0.



478



Claim 4.4. For every k ∈ [0, µ] it holds that Φp,k (t) 6= 0.



475 476



11



The drop by deg(Υk ) in the range of relevant r’s is so that r + di will be in the range [kp, kp + n − µ(p + ∆)].
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We defer the proof of Claim 4.4 and continue with the proof of the Theorem. Assume first that g is not a constant. The point is that now we can repeat the whole proof for g instead of f , with n0 = n−µ∆−deg(Υµ ) instead of n. Note that due to the bound on the range of g we get that Equation (12), applied to g instead of f , gives |Kq,r (g)| 



2µ · n0.5 2µ · n0.5 < < 1. q n/(µ + 2)



Thus Kq,r (g) = 0. Continuing, we see that (Φp˜,k ◦ g)(r) = 0 for r ∈ [˜ pk, p˜k + n0 − µ(˜ p + ∆)]. Therefore, if we define h = Υ◦g then for every k ∈ [0, µ] 0 and r ∈ Ik , [kp, kp + n0 − µ(p + ∆) − deg(Υk )] we have that h(r) = 0. As be0 fore, we see that any two consecutive intervals Ik0 and Ik+1 have a nonzero intersection. Indeed |Ik0 | = n0 − µ(p + ∆) − deg(Υk ) + 1 = n − µp − 2µ∆ − deg(Υk ) − deg(Υµ ) + 1 n − Γ (n)) − 2(µ∆ + µ2 ∆) >(∗) n − µ( µ+1 n > p, > µ+1 479 480 481



where inequality (∗) follows from the properties of the construction in Lemma 4.1. It therefore follows that h(r) is zero for all r ∈ [0, n0 − µ∆ − deg(Υµ )]. Since deg(h) ≤ deg(g) ≤ deg(f ) < (µ + 1)p < n0 − µ∆ − deg(Υµ ),



482



we get that h ≡ 0. By Lemma 2.9, deg(g) ≤ spar(Υ ) − 2.



483



Applying Lemma 2.9 again yields that12 2 +µ+1



deg(f ) ≤ deg(g) + spar(Υ ) − 1 ≤ 2 · spar(Υ ) − 3 ≤ 2µ 484 485



486 487 488



− 3 = o(n). (29)



Lemma 3.2 now implies that f is of degree at most 1. This completes the proof of the theorem (the omitted proofs are given in Sections 4.1 and 4.2). Corollary 1.2 follows immediately from Theorem 1.1. Indeed, as S is contained in and not equal to the domain [0, n], any function with degree at most 1 is in fact a constant function. 12



If g ≡ 0 then one needs to replace deg(g) by −1 in (29).
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4.1. A cube of primes



489



490 491



We shall now prove Lemma 4.1. As in the proof of Lemma 3.3, the proof of Lemma 4.1 is by the pigeonhole principle and relies on Theorem 2.6.



495



Proof of Lemma 4.1. The high level idea is the same as in the proof of Lemma 3.3. However, since we are looking for µ-dimensional ‘cubes’ it will be convenient to first prove the following combinatorial lemma. Note that the lemma does not necessarily concern prime numbers.



496



Lemma 4.5. Let A ⊆ [a1 , a2 ] and let



492 493 494



` = a2 − a1 , 497 498



α = |A|/`.



Then, if r ≤ log log(`) − log log( α4 ), there is an r-dimensional ‘cube’ which is a subset of A ( ) r X ai · δi | ∀i ai ∈ {0, 1} ⊆ A, Px;δ1 ,...,δr , x + i=1



499



500



501 502 503



504 505



506 507 508 509



where δi > 0 for i = 1, 2, . . . , r. Note that we do not require that the δi ’s are distinct. Proof. We shall prove, by induction on r that for every r ∈ [0, log log(`) − 2r log log( α4 )], there exist δ1 , . . . , δr such that there are at least 4`·α 2r −1 rdimensional cubes Px;δ1 ,...,δr (with different x’s) inside A. The case r = 0: This case is trivial as there are exactly ` · α = |A| elements in A, each is a 0-dimensional ‘cube’. The induction step: Assume that we already proved the claim for r and we wish to prove it for r+1. Consider the smallest number in each r-dimensional cube that was found in the r-th step. By the induction hypothesis we have r `·α2 such different numbers, all of which in A ⊆ [a1 , a2 ]. Looking at all the 42r −1 2r



510



511



differences between those numbers, we get that if 4`·α 2r −1 ≥ 2 then there are at  2r 2  2r  `·α least 42r −1 ≥ 41 4`·α many such differences, all between 1 and `. Using 2r −1 2



512



513 514



the pigeonhole principle, we conclude that there is a ‘popular’ difference,  2r 2 δr+1 , with at least 1` · 41 · 4`·α many occurrences. For such a ‘popular’ 2r −1 difference δr+1 and every pair of cubes at distance δr+1 we have that Px;δ1 ,δ2 ,...,δr ∪ Px+δr+1 ;δ1 ,δ2 ,...,δr = Px;δ1 ,δ2 ,...,δr ,δr+1 .
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This gives the required 1 · 4` 515 516 517 518 519 520



521 522 523 524



525 526 527 528 529







531 532 533 534



2



r+1



=



` · α2 42r+1 −1



(r + 1)-dimensional cubes. To conclude the proof of Lemma 4.5 we need to show that for r ≤ 2r log log(`) − log log( α4 ), it holds that 4`·α 2r −1 ≥ 2, which is equivalent to showr r r ing that ` ≥ 2 · 42 −1 · ( α1 )2 . It is clearly enough to show that ` ≥ ( α4 )2 , which follows since r ≤ log log(`)−log log( α4 ). This completes the proof of the lemma. We now proceed with the proof of Lemma 4.1. Recall that we have to find δ0 that will be much larger than the other δi ’s (in fact, it has to be much larger than their sum, as we consider  which is relatively small). We therefore start by first choosing δ0 and only then apply Lemma 4.5. Let p, q be prime numbers such that:   n n q ∈ Iq , − 2Γ (n), − Γ (n) , µ+1 µ+1   n n − 4Γ (n), − 3Γ (n) . p ∈ Ip , µ+1 µ+1 Clearly, |Ip | = |Iq | = Γ (n) and Γ (n) ≤ q − p ≤ 3Γ (n) for any such p and q. 9 Γ (n) Theorem 2.6 implies that each of the intervals Iq , Ip contains at least 100 · log n different prime numbers. By the pigeonhole principle, each of the intervals 1 n Ip , Iq has a sub-interval of length n that contains at least 12 · log n many 0 0 prime numbers. Denote these sub-intervals as Ip , Iq respectively: Ip0 = [rp , rp + n ]



530



r



` · α2 42r −1



Iq0 = [rq , rq + n ].



Looking at all the differences between pairs of primes in Iq0 × Ip0 we get n 2 that there are at least ( 12·log n ) many differences, each of which is between   rq − rp − n and rq − rp + n . Hence, one of the differences occurs at least n n 2  ( 12·log n ) /2n = 2(12·log n)2 many times. Let δ0 be that popular difference. Clearly, property 4 holds from this choice of δ0 . Consider the following set  A , x ∈ Ip0 | x + δ0 ∈ Iq0 , x and x + δ0 are primes . Obviously, A ⊆ Ip0 , and by the choice of δ0 we are guaranteed that |A| ≥ n 1 . Let α = |A|/|Ip0 | ≥ 2(12·log . Note that 2(12·log n)2 n)2   4  log log(n ) − log log α
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≥ log log(n) − log log log(n) − log(1/) − O(1) > 535



log log n = µ. 2



We now apply Lemma 4.5 with parameters ` = |Ip0 | = n



α = |A|/|Ip0 | ≥



and



1 2(12 · log n)2



and obtain that there exists an µ-dimensional cube B = Px;δ1 ,...,δµ ⊆ A. By the definition of A it follows that all the elements in B + δ0 , {b + δ0 | b ∈ B} are prime numbers. Our final (r + 1)-dimensional cube is therefore, ( ) µ X Px;δ0 ,δ1 ,...,δµ = x + ai · δi | ∀i ai ∈ {0, 1} . i=0



We note that Lemma 4.5 also guarantees that all the δi ’s are positive and that ∆,



n X



δi ≤ |Ip0 | = n .



i=1



4.2. Omitted proofs



536



537



538



We now give the proofs of Claims 4.2, 4.3 and 4.4. Proof of Claim 4.2. Recall that Pµ X Φ0p˜,k (t) = (−1) i=1 ai · Ψ(˜p+Pµi=1 ai ·δi ) (t) ~a∈{0,1}µ Pk



·t



(30)



i=1



(1−ai )·(i−1)·δi +



Pµ



i=k+1



(1−ai )·i·δi



.



Denote   if ai = 1 j c~a,j,k (i) , i − 1 if ai = 0 and i ≤ k .   i if ai = 0 and i ≥ k + 1 This is consistent with the previous definition of c~a,k,k (see Equation (16)). By expanding Ψ (recall Equation (13)) and using the c~a,j,k ’s we get that Φ0p˜,k (t)



=



X ~a∈{0,1}µ



Pµ



(−1)



i=1



ai



·



µ X j=0



  µ (−1) · · j j
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Pµ



· tj p˜+ 539 540 541



542 543 544 545 546



a,j,k (i)·δi i=1 c~



Considering the coefficients for different j’s we have the following cases. Case 1: j < k. For every ~a = (a1 , . . . , aj , 0, aj+2 , . . . , aµ ), let ~b = (a1 , . . . , aj , 1, aj+2 , . . . , aµ ). It is easy to verify that c~a,j,k = c~b,j,k . As Pµ Pµ (−1) i=1 ai = −(−1) i=1 bi we get that ~a and ~b cancel each other. Case 2: j > k. Quite similarly, for every ~a = (a1 , . . . , aj−1 , 0, aj+1 , . . . , aµ ), let ~b = (a1 , . . . , aj−1 , 1, aj+1 , . . . , aµ ). Again, ~a and ~b cancel each other. Case 3: j = k. This is the only case where coefficients do not get canceled out. We therefore get that   Pµ Pµ X µ 0 ai k i=1 (−1) · (−1) · · tkp˜+ i=1 c~a,k,k (i)·δi , Φp˜,k = k µ ~a∈{0,1}



547



548 549



as claimed. We now proceed to proving Claim 4.3. The specific properties of the cube (that may have seemed somewhat arbitrary) play a major role in this proof. Proof of Claim 4.3. Recall that Φp,k = Φp+δ0 ,k (Equation (18)). Therefore, Lp,r (f ) · p +



µ X



Mp,i,r (f ) · δi = Φp,k (r) = Φp+δ0 ,k (r)



(31)



i=1



= Lp+δ0 ,r (f ) · (p + δ0 ) +



µ X



Mp+δ0 ,i,r (f ) · δi .



i=1



Rearranging (31) gives (Lp,r (f ) − Lp+δ0 ,r (f )) · p µ X = Lp+δ0 ,r (f ) · δ0 + (Mp+δ0 ,i,r (f ) − Mp,i,r (f )) · δi . i=1



Recall that |Lp,r (f )|, |Lp+δ0 ,r (f )| < 23µ · n0.475− and |Mp,i,r (f )|, |Mp+δ0 ,i,r (f )| < 23µ−1 · n0.475− (Equation (23)). By our choice of parameters we have that µ X (Mp+δ0 ,i,r (f ) − Mp,i,r (f )) · δi Lp+δ0 ,r (f ) · δ0 + i=1
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≤ 23µ · n0.475− · (δ0 +



µ X



δi )



i=1



= n0.475− · Γ (n) · poly log(n) = n1− · poly log(n) < p. 550 551 552 553



As (Lp,r (f ) − Lp+δ0 ,r (f )) · p is an integer multiple of p, it must be the case that Lp,r (f ) − Lp+δ0 ,r (f ) = 0. We now show that Lp+δ0 ,r (f ) = 0 which will conclude the proof. As we just proved that Lp,r (f ) − Lp+δ0 ,r (f ) = 0 we can rewrite (31) as Lp+δ0 ,r (f ) · δ0 = −



µ X



(Mp+δ0 ,i,r (f ) − Mp,i,r (f )) · δi .



i=1



Similarly to the previous argument we note that Lp+δ0 ,r (f )·δ0 is an integer multiple of δ0 and that, by our choice of parameters (Lemma 4.1) µ X (Mp+δ0 ,i,r (f ) − Mp,i,r (f )) · δi i=1



3µ−1






·n



0.475−



·



µ X



δi ≤ 23µ · n0.475 < Γ (n) ≤ δ0 .



i=1 554



555 556 557 558 559



Hence, Lp+δ0 ,r (f ) = 0. This completes the proof of the claim. Proof of Claim 4.4. By claim 4.2, Φp,k (t) is the sum of 2µ (not necessarily different) monomials. To prove that the different monomials do not cancel each other we will show that there is a unique monomial of maximal degree. P Note that for every ~a ∈ {0, 1}µ we have a monomial of degree µi=1 c~a,k,k (i) · δi in Φp,k (t). Let ~a , (1, 1, . . . , 1, 0, 0, . . . , 0). | {z } | {z } k



560 561 562



µ−k



Then, for every other binary vector ~a 6=~b ∈ {0, 1}µ we have the following: For i ≤ k, c~b,k,k (i) ≤ k = c~a,k,k (i) and the inequality is strong if bi = 0. For i ≥ k+1, c~b,k,k (i) ≤ i = c~a,k,k (i) and the inequality is strong if bi = 1. As ~a 6=~b, it follows that c~ < c~a,k,k . Namely, b,k,k



563 564 565



∀i ∈ [1, µ] : c~b,k,k (i) ≤ c~a,k,k (i) and ∃i ∈ [1, µ] : c~b,k,k (i) < c~a,k,k (i). P P Since all the δi ’s are positive, we get that µi=1 c~b,k,k (i) · δi < µi=1 c~a,k,k (i) · δi , and the monomial that corresponds to ~a is the unique monomial of maximal degree.
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5. The range of a degree d polynomial
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In this section we prove Theorem 1.3. It will be an easy corollary of Theorem 1.4 which we first prove. The proof is quite elementary and basically follows from averaging arguments. At the end of the section we present a possible approach for improving our results using the Chebyshev polynomials, however at this stage we get more general results using our simple argument. To ease the reading we repeat the statement of Theorem 1.4. Theorem 5.1 (Theorem 1.4). Let f : R → R be a degree d monic polynod . In particular, if f : Z → Z is a degree mial. Then, maxi∈[0,n] |f (i)| > n−d 2e d polynomial (not necessarily monic) then 1 max |f (i)| > · d! i∈[0,n]



573 574







n−d 2e



d



1 ≥√ · 7d







n−d 2d



d .



Proof of Theorem 1.4. For d = 1 the theorem holds. So we can assume w.l.o.g that d ≥ 2. Consider the factorization of f over C, f (x) =



d Y



(x − αi ).



(32)



i=1 575 576 577 578 579 580 581 582 583 584 585 586 587



Recall that if αi ∈ C is a root of f then its conjugate α ¯ i is also a root of f . As we are interested in bounding the range of f from below, we can assume w.l.o.g. that all the roots of f are real. Indeed, for any complex α and real x it holds that (x−α)·(x− α ¯ ) ≥ (x−R(α))2 , where R(α) is the real part of α. We would like to give a lower Q bound on the maximum (absolute) value of f by showing that the product ni=0 f (i) is large. However, since some of the i’s can be roots of f , or very close to roots of f , we need to remove them from the product first. Call an element i ∈ [0, n] an approximate root of f if there is a root of f , αj (in the notations of Equation (32)), such that13 round(αj ) = i. Clearly, there are at most d approximate roots in the set [0, n]. Denote with S ⊆ [0, n] the set of all i ∈ [0, n] such that i is not an approximate root. Clearly |S| ≥ n+1−d. Note that " #1 |S| Y . (33) max |f (i)| ≥ |f (i)| i∈[0,n] 13



i∈S



round(x) is the integer closest to x, if x = i + 1/2 then round(x) = i. In other words, round(x) = dx − 1/2e.
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As Y



|f (i)| =



590



|i − αj |,



(34)



j=1 i∈S



i∈S 589



d Y Y



it Q will suffice for our needs to bound from below the value of each product i∈S |i − αj | and then apply it in Equation 33. Fix some j ∈ [d]. Notice that the closest element to αj in S has distance at least 1/2 from it. The next element has distance at least 1 from it. The next has distance at least 3/2 from it, etc. In other words, if we sort the elements in S according to their distances from αj , S = {i1 , . . . , i|S| }, then the k element, ik will be at distance at least k/2. Hence, Y i∈S



|i − αj | ≥



|S| Y



|ik − αj | ≥



k=1



≥∗







|S| 2e



|S| ·



|S| Y |S|! k = |S| 2 2 k=1



p 2π|S|,



(35)



where inequality (∗) follows from Stirling’s formula (Theorem 2.1). Plugging Equation (35) back to Equations (34) and (33) we get 1 " #d  |S|  |S| p |S| max |f (i)| ≥  · 2π|S|  2e i∈[0,n]  d   d |S| n−d d 2|S| · = (2π|S|) > . 2e 2e This proves the first statement of the theorem. For the second statement we note that if f is a polynomial mapping integers to integers then by Theorem 2.3 the coefficient of xd in f is an integer multiple of 1/d!. In particular there is an integer c 6= 0 such that (d!/c)·f (x) is monic. Therefore,   c d! 1 n−d d max |f (i)| = · max · f (i) > · d! i∈[0,n] c d! 2e i∈[0,n]  d n−d 1 ≥√ · , 2d 7d 591 592



593 594



where we used Stirling’s formula (and the assumption that d ≥ 2) in the last inequality. We believe that Theorem 1.4 can be improved. Nevertheless, the next example shows that the theorem is not far from being tight.
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Example 5.2. For an odd integer n and an even integer d ≤ n, the polyno d x− n−d+1 2 mial f (x) = is a degree d polynomial mapping [0, n] to [0, 2nd ·d! ]. d Proof. It is not difficult to see that since d is even, f (x) = f (n − x). In particular, f (x) ≥ 0 for all x ∈ [0, n]. Furthermore, for all r ∈ [0, n] d/2  n+d−1   2 1 n −1 nd 2 < f (r) ≤ f (n) = · < d . d d! 4 2 · d!



597 598 599



600 601 602



This upper bound is larger by a factor of (roughly) ed from the lower bound on the range that is stated in Theorem 1.4. It is an interesting question to understand the ‘correct’ bound. To derive Theorem 1.3 we will need the following easy property of the function   1 n−x x Dn (x) , √ · . 2x 7x Lemma 5.3. In the real interval [1, n] the function Dn (x) is first strictly increasing and then strictly decreasing. Furthermore, it attains its maximum at some 0.135 · n < x < 0.136 · n (for n ≥ 450). Proof. It is clearly sufficient to prove that the function     n−x x 1 ln(Dn (x)) = ln √ · 2x 7x 1 1 = x ln(n − x) − x ln x − x ln 2 − ln x − ln 7 2 2 has the claimed property. This will follow from the observation that the second derivative of ln(Dn (x)) is negative. Indeed, (ln(Dn (x)))0 = ln(n − x) −



1 x − ln(x) − 1 − ln(2) − n−x 2x



and



1 n 1 1 − − + 2  0 for n ≥ 450 and that (ln(Dn ))0 (0.136·n) < 0 for every n. Hence, by the intermediate value theorem, (ln(Dn (x)))0 = 0 for some 0.135 · n < x < 0.136 · n (when n ≥ 450). (ln(Dn (x)))00 = −
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608 609



We denote the unique maximum point of Dn as xDn . We can now derive Theorem 1.3.
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Proof of Theorem 1.3. If deg(f ) ≤ d − 1 we are done. We may therefore assume that deg(f ) ≥ d. If deg(f ) ≤ xDn then by Theorem 1.4 and Lemma 5.3, we get that the maximal value that f attains on [0, n] is larger d , in contradiction to the assumpthan Dn (deg(f )) ≥ Dn (d) > √17d · n−d 2d tion of the theorem. Since Dn (x) is decreasing for x > xDn we observe, by 1 n substituting x = 31 n − 1.2555 · [d ln( n−d 2d ) − 2 ln( d )] into Dn , that  Dn



      1 1 n 1 n−d d n−d √ − ln > · . n − 1.2555 · d ln 3 2d 2 d 2d 7d



Indeed, it is not hard to see that for any c such that c < n/3−0.136·n (which in particular means that xDn < n/3 − c) it holds that  n − (n/3 − c) n/3−c Dn (n/3 − c) = p · 2n/3 − 2c 7(n/3 − c)  n/3−c 3c/2 1 · 1+ =p n/3 − c 7(n/3 − c) 1 · e0.531·3c/2 ≥(∗) p 7n/3 √ 1 1 = 3 · √ · e0.7965·c− 2 ln(n/d) , 7d 1



610 611 612 613
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where to prove inequality (∗) we used the simple fact that (1+x) ≥ e0.531·x for 2 n, it is not x ≤ 2.1765, together with the bound on c. In our case, since d ≤ 15 n−d 1 n hard to verify that c , 1.2555·[d ln( 2d )+ 2 ln( d )] satisfies c < n/3−0.136·n (for n large enough) as required. We therefore obtain that      1 n−d 1 n n − 1.2555 · d ln − ln Dn 3 2d 2 d √ 1 1 ≥ 3 · √ · e0.7965·c− 2 ln(n/d) 7d   1 1 n−d d d ln( n−d ) 2d √ √ = > ·e · , 2d 7d 7d   1  n as claimed. By Lemma 5.3, deg(f ) ≥ 13 n − 1.2555 · d ln n−d 2d − 2 ln d . To summarize, Theorem 1.3 uses the fact that Dn has a unique maximum, xDn , and aims to find, for a given degree d < xDn , another degree d0 > xDn such that Dn (d0 ) ≥ Dn (d). In the theorem we gave a relatively simple way to
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derive d0 from d. With more work one can push this result for d’s closer to xDn . We note that Theorem 1.3 implies that when Ω(n) ≤ deg(f ) < (1 − )n/3 then the range of f is exponential in n. As a corollary of 5.2 one Example √ n  1+ 5 can show that if we allow the range to be as large as O then f 2 n+d−1  2 can have any degree. Indeed, taking the maximum over , when d+n d is odd, we get an upper bound on that range that is smaller than the n-th Fibonacci number, FIBn . Lemma 5.4. For integers d, n such that n + d is odd, let Rn,d , and set Rn , max{Rn,d | d ∈ [0, n], d + n is odd }.



626



33



n+d−1 2



d







,



Then, Rn ≤ Rn−1 + Rn−2 for n > 2. Proof. Since n > 2, we can assume that the maximum of Rn,d is achieved    m−1 for some d > 0. We use the combinatorial identity m + m−1 k = k k−1 to conclude that:   n+d−1   n+d−1   n+d−1 −1 −1 2 2 2 = + Rn,d = d d d−1  (n−2)+d−1   (n−1)+(d−1)−1  2 2 = + d d−1 = Rn−2,d + Rn−1,d−1 .
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Maximizing over d in both sides we conclude that Rn ≤ Rn−2 + Rn−1 . As an immediate corollary, using the fact that R1 = R2 = 1, we deduce that √ !n 1+ 5 1 Rn ≤ FIBn ≤ √ · , 2 5 which completes our argument. 5.1. A possible route for improvements In this section we√present a possible approach towards improving Theorem 1.3, when d ≤ n/2, based on Chebyshev polynomials. We will only give a sketch of the approach and we will not cover all necessary background on Chebyshev polynomials. The interested reader is referred to [14].
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A natural approach to proving that a polynomial must take large values is by comparing it to the Chebyshev polynomial of the same degree. Roughly, the Chebyshev polynomial of degree d is defined on the real interval [−1, 1] in the following way: Td (x) = cos(d arccos(x)). 636 637 638 639 640 641 642 643 644 645 646 647 648 649 650 651 652 653 654 655 656 657 658 659 660 661 662 663 664 665 666 667 668 669



It is not hard to prove that Td is a degree d polynomial, having exactly d roots in the interval [−1, 1], that its leading coefficient is 2d−1 and that it has d + 1 extremal values in the same interval, on which it is equal, in ) and absolute value, to 1. Specifically, its roots lie on the points cos( π(2k−1) 2d πk its extremal points are cos( d ), on which it alternates between 1 and −1. A well known fact of the Chebyshev polynomials is that among the degree d monic polynomials the polynomial fd (x) = 21−d Td (x) whose maximum on the real interval [−1, 1] is the smallest and equals 21−d . The problem in using this fact is that we are interested in the maximum of a function on a relatively small set of points. Consider a polynomial f : [0, n] → [0, m]. Let g(x) = f ( n2 x+ n2 ). Thus g : [−1, 1] → [0, m], (where [−1, 1] is the real interval) and we are interested in the value of g on the points {−1, −1 + n2 , −1 + n4 , . . . , 1}. Denote for simplicity xk = 2k/n − 1, k = 0, . . . , n. We would like to say that as Td obtains the smallest maximum on [−1, 1] then (after we normalize g by its leading coefficient) it must obtain a value larger than 21−d on one of the xk ’s. However, all that we know is that the maximum of g on the whole interval [−1, 1] is large and not necessarily on one of the xk ’s. To tackle this problem one has to prove that the values that Td obtains on the xk ’s is relatively large (close to its overall maximum). A possible way for proving this is by observing that we can find a point xk near any extremal point and then, since we have a reasonable bound on the derivative of Td , conclude that Td obtains a relatively large value there as well. This approach 2 in fact √ works; Since the derivative of Td is bounded by d it follows that when d < n/2 there are d + 1 points among the xk ’s on which Td alternates in sign and obtains absolute value larger than, say, 1/2. Now, let g˜ = g/gd , where gd is the leading coefficient of g. Assume that |˜ g (xk )| < 21 · 21−d , for every k. Then the polynomial 21−d Td − g˜ has degree at most d − 1 (it is the difference of two degree d monic polynomials) and it changes sign d times (between the xk ’s on which Td obtains large value), which is a contradiction. It therefore follows that maxk∈[0,n] |g(xk )| ≥ 12 |gd |·21−d . As gd equals fd·(n/2)d , 1 where fd is the leading coefficient of f , and since |fd | ≥ d! , we get that nd −d d maxk∈[0,n] |f (k)| = maxk∈[0,n] |g(xk )| ≥ 2 · (n/2) /d! = 22d d! . We summarize this in the next theorem.
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Theorem 5.5. There exists a√constant n0 such that for every two integers d, n such that n > n0 and d ≤ n/2 it holds that if f : Z → Z is a degree d nd polynomial (not necessarily monic) then maxi∈[0,n] |f (i)| ≥ 22d . d!



682



 1 n−d d This result is slightly better than the bound maxi∈[0,n] |f (i)| ≥ d! · √ 2e that was obtained in the proof of Theorem 1.4, but it holds only √ for d ≤ n/2. We note, however, that this approach cannot work for d = ω( n) as for such large d many roots of Td are very close to each other. Indeed, the distances among the first roots (and among the last roots) are smaller than 1/n while the xk ’s are separated from one another. For that reason we cannot use Theorem 5.5 instead of Theorem 1.4; In order to show that the degree must be larger than Ω(n) we must claim something about the range of polynomials of degree, say, n/ log(n) and Theorem 5.5 does not give any information in this case.
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5.2. The case of small degrees
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In this section we give two small improvements for the case of polynomials of degrees 1 or 2. The first improvement concerns polynomials whose range is (roughly) [0, n2.475 ]. Theorem 5.6. For every 0 <  there exists n0 such that for every integer n0 < n the following holds: Every   f : [0, n] → 0, n2.475− must satisfy deg(f ) ≤ 2 or deg(f ) ≥ n/2 − 2n/ log log n. Notice that Theorem 1.3 implies that if the range of f is, say, [0, n3 /1000] then either deg(f ) ≤ 2 or deg(f ) ≥ n/3−O(log n). Thus, the improvement that Theorem 5.6 gives is that if the range is [0, n2.475− ] then either deg(f ) ≤ 2 (as before) or it is at least n/2 − 2n/ log log n (compared to roughly n/3). The proof is quite similar to the proof of Lemma 3.1. Proof. We first explain how n0 is defined. A corollary of Theorem 1.1 is that there exists n1 such that for every n > n1 and f : [0, n] → [0, 17n1.475− ], either deg(f ) ≤ 1 or deg(f ) > n−4n/ log log n. Define n2 (guaranteed to exist from Theorem 2.6) such that for every n > n2 it holds that there is a prime number in the range [ n2 − Γ (n), n2 ] and such that Γ (n) = n0.525 < n2 − n3 . We set n0 = max(2n1 , n2 ).
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The proof is by a reduction to Theorem 1.1. Let p ∈ [ n2 − Γ (n), n2 ] be a prime number. If deg(f ) ≥ p then we are done, as in this case deg(f ) ≥ p ≥



703 704 705 706



n n − Γ (n) ≥ − 2n/ log log n. 2 2



Therefore, we may assume that deg(f ) < p. By Lemma 2.4, working modulo p, we get that f (r) ≡p f (p + r) for every r ∈ [0, n − p]. As in the proof of Lemma 3.1, we consider the polynomial g(r) = f (r)−fp (r+p) which is defined over r ∈ [0, n − p]. It follows that  2.475− 2.475−    −n n g : [0, n − p] → ⊆ −3 · n1.475− , 3 · n1.475− . , p p In particular, g + 3 · n1.475− maps [0, n/2] to     0, 6 · n1.475− ⊆ 0, 17(n/2)1.475− .
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Since n > n0 ≥ 2n1 Theorem 1.1 implies that either deg(g) ≤ 1 or deg(g) > n/2−2n/ log log n. By Lemma 2.9 we get that deg(f ) ≤ deg(g)+1 and so the case deg(g) ≤ 1 translates to deg(f ) ≤ 2. In the second case where deg(g) > n/2 − 2n/ log log n we get the same conclusion for f as deg(g) ≤ deg(f ). As an immediate corollary we get our second improvement that provides a strengthening of Lemma 3.2. Corollary h5.7.j There exists a constant n0 such that if n > n0 and ki n2 −4Γ (n)2 f : [0, n] → 0, is a polynomial then deg(f ) ≤ 1 or deg(f ) ≥ 8 n/2 − 2n/ log log n.
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Proof. Lemma 3.2 implies that if deg(f ) > 1 then it is at least n/12−Γ (n). However, by Theorem 5.6 we get that actually deg(f ) ≥ n/2−2n/ log log n. n−1  The example given after Lemma 3.2, f (x) = x− 2 2 , gives a degree 2 h 2 i polynomial mapping [0, n] to 0, n 8−1 . Thus, up to an additive O(n1.05 ) term, the range in Corollary 5.7 is tight.
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6. Proof of Theorem 1.5
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In this section we prove Theorem 1.5. The proof is based on a reduction to the Shortest Vector Problem (SVP) in Lattice Theory. In section 6.1 we introduce basic definitions and tools from lattice theory. We then turn to prove Theorem 1.5 in section 6.2.
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6.1. Basic properties of lattices Definition 6.1. Let b1 , b2 , . . . , bn be linearly independent vectors in Rm (obviously n ≤ m). We define the lattice generated by them as Λ(b1 , b2 , . . . , bn ) =



( n X



) xi bi : xi ∈ Z .



i=1 729 730



We refer to b1 , b2 , . . . , bn as a basis of the lattice. More compactly, if B is the m × n matrix whose columns are b1 , b2 , . . . , bn , then we define Λ(B) = Λ(b1 , b2 , . . . , bn ) = {Bx : x ∈ Zn } .



731 732 733 734 735



736 737 738



We say that the rank of the lattice is n and its dimension is m. The lattice is called a full-rank lattice if n = m. The determinant of Λ(B) is defined as p T det (B a basis det (Λ(B)) =  B). Although  of a lattice is not unique, e.g., T T both (0, 1) , (1, 0) and (1, 1)T , (2, 1)T span Z2 , it can be shown that the determinant of a lattice is independent of the choice of basis. Definition 6.2. Let K be a bounded and open convex set in Rn , which is symmetric around the origin. Let Λ be a lattice of rank n. For i ∈ [n], the i-th successive minimum with respect to K is defined as λi (Λ, K) = inf {r : dim (span (Λ ∩ rK)) > i}



739



where rK = {rx : x ∈ K}.



741



We shall need the following theorem, due to Minkowski. A proof can be found in, e.g., [9].
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Theorem 6.3. For any full-rank lattice Λ of rank n,
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n Y



λi (Λ, K) · vol(K) ≤ 2n det Λ.



i=1 743 744 745 746 747 748



We will take K to be the set (−1, 1)n . Thus, K has volume 2n , and it is clearly a bounded and open convex set, which is symmetric around the origin. For this K, Theorem 6.3 gives an upper bound on the length of shortest vectors in lattices with respect to the L∞ norm. Note that this is slightly unusual, as in most applications one considers the shortest vectors with respect to the L2 norm.
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6.2. Proof of Theorem 1.5
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The idea behind the proof of Theorem 1.5 is roughly as follows. We identify each function f : [0, n] → Z with its set of values (f (0), f (1), . . . , f (n)). That is, we think of functions as vectors in Zn+1 . We shall construct a lattice in Rn+1 which is not full-rank, and contains only points representing polynomials of degree deg(f ) ≤ n−k. We then prove that this lattice has many (at least 2k +2) linearly independent short vectors with L∞ -norm smaller than O(2k ), i.e. many linearly independent polynomials whose image is (somewhat) bounded. One of these polynomials must be of degree at least 2k +1. For technical reasons we will not work with the lattice described above but rather we shall consider a full rank lattice obtained by adding ‘long’ orthogonal vectors to the basis of our initial lattice. Proof of Theorem 1.5. Set D = n − k and let m = O(2k ).14 We now describe the basis for the lattice. For i ∈ [0, D] define the vector bi ∈ Rn+1 as follows: (bi )j = ji , for j = 0, . . . , n. Notice that bi corresponds to the polynomial fi (x) = xi . Let bD+1 , . . . , bn ∈ Rn+1 be arbitrary vectors of length √ M , (m/2 + 1) · n + 1, such that for every i ∈ [D + 1, n], bi is orthogonal to bk for all k 6= i (we can find such bi by, say, the Gram-Schmidt procedure). Denote by B the matrix whose columns are b0 , . . . , bn and let Λn,D = Λ(B). Lemma 6.4. det (Λn,D ) ≤ 2(n+D+1)(n−D)/2 · M n−D .



768 769 770



We defer the proof of the lemma and continue with the proof of Theorem 1.5. By a theorem of Minkowski (see Theorem 6.3) and the choice K = (−1, 1)n+1 , we get n+1 Y



λi (Λn,D , K) · vol(K) ≤ 2n+1 · det Λn,D .



(36)



i=1 771 772 773 774 775 776



√ Note that for i ≥ D + 2, λi (Λn,D , K) ≥ M/ n + 1. Indeed, if u is a point in Λn,D with a non-zero coefficient for some bi , i ≥ D+1, then by orthogonality 2 and the fact that the length of such bi is M , we have √ that u has L norm ∞ at least M , and hence its L norm is at least M/ n + 1. Combining this observation with Equation (36), the fact that vol(K) = 2n+1 and Lemma 6.4, we get D+1 Y √ (37) λi (Λn,D , K) ≤ 2(n+D+1)(n−D)/2 · ( n + 1)n−D . i=1 14



The exact value of m will be determined later.
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Estimating the LHS from below gives D+1 Y



D+1 Y



λi (Λn,D , K) ≥



i=1



λi (Λn,D , K) ≥ λ2k+2 (Λn,D , K)D−2k .



(38)



i=2k+2



Combining Equations (37) and (38), we get λ2k+2 (Λn,D , K) ≤ 2



(n+D+1)(n−D) 2(D−2k)







= 2k · 2 778 779 780 781 782 783 784 785 786 787 788 789 790 791 792 793 794 795 796 797
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O



(2n−k+1)k √ √ n−D k · ( n + 1) D−2k = 2 2(n−3k) · ( n + 1) n−3k



k2 +k log n n−3k







= O(2k ),



(39)



√ where the last step is due to the assumption that k = O( n). In particular, for a large enough n there is some constant β such that λ2k+2 (Λn,D , K) ≤ β2k . Letting m = 2β2k , we get that λ2k+2 (Λn,D , K) ≤ m/2. Hence, by definition of λ2k+2 , there are 2k+2 linearly independent vectors, in Λn,D whose L∞ -norm is not greater than m/2, i.e. they all lie in Λn,DP ∩ [−m/2, m/2]n+1 . Let v be any such vector. Denote with v = ni=0 αi bi its representation according to the basis B. Recall √ that all the coefficients αi are integers. √ As kvk2 ≤ kvk∞ · n + 1 ≤ m/2 · n + 1 < M and since for every j > D, kbj k2 = M , we get, by orthogonality, that αD+1 = αD+2 = · · · = αn = 0. Hence,  P αi `i . Therefore, for ` ∈ [0, n], the `-th coordinate of v is equal to v` = D i=0  P x the polynomial fv (x) = D i=0 αi i satisfies fv (`) = v` for every ` ∈ [0, n]. As v ∈ [−m/2, m/2]n+1 we get that fv (x) : [0, n] → [−m/2, m/2] is a polynomial of degree at most D. To complete the proof we need to show that we can pick v such that deg(fv ) ≥ 2k + 1. Indeed, since there are 2k + 2 linearly independent vectors in Λn,D ∩ [−m/2, m/2]n+1 , we get 2k + 2 linearly independent polynomials fv . Consequently, there must exist v ∈ Λn,D ∩ [−m/2, m/2]n+1 such that deg(fv ) ≥ 2k + 1. The polynomial we were looking for is therefore, f (x) = fv (x) + m/2. This completes the proof of Theorem 1.5. Remark 6.5. Note that when k is a constant integer, we get from (39) that there is a nonconstant polynomial f : [n] → [2 · 2k ] of degree deg(f ) ≤ n − k, for a large enough n (specifically, n ≥ c · k 2 · 2k for some global constant c is enough). Combining this with Theorem 1.1 we conclude that  n−O



n log log n



 ≤ deg(f ) ≤ n − k.
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Also note that Theorem 1.5 implies that for k = log(n) − O(1) there is a nonconstant polynomial f : [n] → [n−1] of degree 2k ≤ deg(f ) ≤ n−k. Again, combining with Theorem 1.1 we conclude that   n n−O ≤ deg(f ) ≤ n − log(n) + O(1). log log n



808



Remark 6.6. Even for k ≤ n/10 we would get from (39) that m = 2O(k) . Combining this with Example 5.2 for k in the range [n/10, n], it follows that for any integer 1 ≤ k ≤ n there is a nontrivial polynomial of deg(f ) ≤ n − k and range bounded by m = 2O(k) .
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We now prove Lemma 6.4.
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Proof of Lemma 6.4. By the orthogonality of bD+1 , . . . , bn det Λn,D = det (b0 , . . . , bn ) n Y



= det (b0 , . . . , bD ) ·



kbi k2



i=D+1



= det (b0 , . . . , bD ) · M n−D , 810 811



812



813
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and so it is enough to show that det (b0 , . . . , bD ) ≤ 2(n+D+1)(n−D)/2 . Let Bn,D be the (n +q 1) × (D + 1) matrix with columns b0 , . . . bD . By definition, T B det (b0 , . . . , bD ) = det(Bn,D n,D ). Using basic rows and columns operations Q −2 D T B T on B, one can show that det(Bn,D i! , where n,D ) = det (An,D An,D )· i=0 An,D is a (n + 1) × (D + 1) matrix with entries (An,D )i,j = ij .15 The matrix P Cn,D , ATn,D An,D has the form (Cn,D )i,j = n`=0 `i+j for 0 ≤ i, j ≤ D. In [20], the determinant of Cn,D , which is a Vandermondian matrix, was computed. Theorem 6.7 ([20] subsection 6.10.4.). X ∆n,D , det(Cn,D ) =



(V (k0 , k1 , . . . , kD ))2 ,



0≤k0 


where V (k0 , k1 , . . . , kD ) is the determinant of the usual Vandermonde matrix with parameters k0 , k1 , . . . , kD . That is, Y V (k0 , k1 , . . . , kD ) = (kj − ki ). 0≤i


It is easy to prove this by, say, induction on j.
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To get a more explicit upper bound on the determinant of Cn,D , ∆n,D , we prove the following lemma.



820



Lemma 6.8. For any integer ` > 0, ∆D+`,D ≤ ∆D+`−1,D · 4D+` .
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We postpone the proof of Lemma 6.8 and continue with the proof. We note that  2 !2 D Y Y ∆D,D =  (j − i) = i! , i=1



0≤i


and so, applying Lemma 6.8 multiple times, we get ∆n,D ≤ ∆n−1,D · 4n ≤ ∆n−2,D · 4n+(n−1) ≤ · · · · · · ≤ ∆D,D · 4n+(n−1)+···+(D+1) !2 D Y = i! · 2(D+n+1)(n−D) . i=1



Therefore, T (det (b0 , . . . , bD ))2 = det (Bn,D Bn,D )



= det(Cn,D ) ·



= ∆n,D ·



D Y



D Y



!−2 i!



i=1 !−2



i!



≤ 2(D+n+1)(n−D) .



i=1 823
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Taking the square root of both sides we obtain Lemma 6.4. We now prove Lemma 6.8. Proof of Lemma 6.8. We shall map each of the sequences 0 ≤ k0 < k1 < 0 ≤ D + ` − 1 as k2 < . . . < kD ≤ D + ` to a sequence 0 ≤ k00 < k10 < k20 < . . . < kD follows: 1. If kD ≤ D + ` − 1, then ∀i ∈ [0, D] : ki0 = ki . 2. If 1 ≤ k0 , then ∀i ∈ [0, D] : ki0 = ki − 1. 3. Otherwise, let 0 ≤ t < D be the first index satisfying kt < kt+1 − 1. Note that there is such an index since k0 = 0, kD = D + ` and ` > 0. We set ( ki if i ≤ t 0 ki := ki − 1 otherwise.
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0 ≤ D + ` − 1, and that at most D + 2 Note that 0 ≤ k00 < k10 < k20 < . . . < kD sequences 0 ≤ k0 < k1 < k2 < . . . < kD ≤ D + ` were mapped to the same 0 ≤ D+`−1. We now wish to give an upper sequence 0 ≤ k00 < k10 < k20 < . . . < kD bound on Q V (k0 , k1 , . . . , kD ) i


In Cases 1,2 Equation (40) equals 1 since the mapping does not affect the differences between the ki ’s. In Case 3 we have Q i


=



= =



t Y



t Y



t Y i=0



834 835



t


i≤t


kj − ki kj − 1 − ki



i=0 j=t+1 QD t Y j=t+1 kj − ki QD j=t+1 kj − 1 − ki i=0



i=0



≤



D Y



QD−1 kD − ki j=t+1 kj − ki · QD kt+1 − 1 − ki j=t+2 kj − 1 − ki kD − ki . kt+1 − 1 − ki



Note, that by definition of t it must be the case that k0 = 0, k1 = 1,. . . , kt = t and kt+2 ≥ t + 2. Therefore, t t+1 Y Y (kt+1 − 1 − ki ) ≥ i, i=0
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and



i=1



t t Y Y (kD − ki ) ≤ (D + ` − i). i=0



i=0



It follows that (40) ≤



t Y i=0



kD − ki ≤ kt+1 − 1 − ki



Qt



i=0 D + ` Qt+1 i=1 i



−i



 =



 D+` t+1
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D+` (D + `)/2
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2D+` 


where the last inequality follows from Stirling’s approximation for a large enough D. Hence X ∆D+`,D = (V (k0 , k1 , . . . , kD ))2 0≤k0 


≤ =



2D+`



X



0 2 p · V (k00 , k10 , . . . , kD ) 1.5 · (D + `) X 0 2 V (k00 , . . . , kD )



0≤k0 


1.5 · (D + `)



≤(∗)



!2



·



0≤k0 


4D+`



· (D + 2) · 1.5 · (D + `)



X



0 2 V (k00 , . . . , kD )



0 ≤D+`−1 0≤k00 


≤4



D+`



· ∆D+`−1,D ,
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where inequality (∗) holds as at most D+2 sequences 0 ≤ k0 < k1 < k2 < . . . < 0 ≤ kD ≤ D + ` were mapped to the same sequence 0 ≤ k00 < k10 < k20 < . . . < kD D + ` − 1, as mentioned above. This completes the proof of the lemma.
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7. Back to the Boolean case
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In this section we consider the Boolean case. Specifically, let m = 1 and n = p2 − 1 for √ some prime p. We prove that in this case the degree must be at least n− n. For completeness, we also give a proof for the case n = p−1, that was previously proved in [6]. Proof of Theorem 1.6. Let f be as in the statement of the theorem and assume that deg(f ) < p2 − p. By Lemma 2.4 we get that for all r ∈ [0, p − 1] 2 −p pX



k=0



  2 p −p (−1) f (k + r) = 0. k k



(41)



Since p2−p = (p−1)·p+0, it follows, by Lucas’ theorem, that if k = k1·p+k0 , is the   2 2 base p representation of k, then p k−p ≡p 0 when k0 6= 0 and p k−p ≡p (−1)k1 when k0 = 0. Therefore, (41) is equivalent to 0=



2 −p pX



k=0



 2  p−1 X p −p (−1) f (k + r) ≡p f (k1 p + r). k k



k1 =0



44



847 848 849 850 851 852 853 854



855



856 857



GIL COHEN, AMIR SHPILKA, AVISHAY TAL



Note that the RHS contains exactly p summands. As they are all in {0, 1} they must all be equal in order for their sum to be 0 modulo p. We thus get that for every r ∈ [0, p − 1], f (r) = f (p + r) = . . . = f ((p − 1)p + r). In other words, if we set g(x) , f (x + p) − f (x) then g(x) = 0 for x ∈ [0, p2 − p − 1]. If g is identically zero, then Lemma 2.9 implies that deg(f ) = 0, i.e., that f is constant, as claimed. Otherwise, since g has p2 − p zeroes, it follows that deg(g) ≥ p2 − p. This is a contradiction as deg(f ) ≥ deg(g) (in fact, deg(f ) = deg(g) + 1). For completeness we also prove the following result of [6]. Theorem 7.1 ([6]). Let p be a prime number, n = p−1 and f : [0, n] → {0, 1} be nonconstant. Then deg(f ) = p − 1 = n. Proof. Assume that deg(f ) < n. As in the proof of Theorem 1.6, we apply Lemma 2.4 and Lucas’ theorem to obtain   p−1 p−1 X X k p−1 0= (−1) f (k + r) ≡p f (k). k k=0
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k=0



Again, it must be the case that f (0) = f (1) = . . . = f (p−1), i.e., f is constant. 8. Discussion We proved that it is ‘hard’ for polynomials to ‘compress’ the interval [0, n]. Namely, that any such nonconstant polynomial to a strict subset of [0, n] d 1 · n−d must have degree n − o(n). We also proved that if we allow m = d! 2e then f can of course have degree < d, but all other polynomials mapping [0, n] to [0, m] must have degree ≥ n/3 − o(n). We are not able to prove however that our results are tight. In particular we believe that they can be improved both for the case m < n and for the case of large m. We note that the following question, posed by von zur Gathen and Roche, is still open: “... for each m there is a constant Cm such that deg(f ) ≥ n−Cm ”. Furthermore, when m = 1 they raise the possibility that C1 = 3. As an intermediate goal it will be interesting to manage to break the n−Γ (n) upper bound. Specifically, √ show that when f ∈ F1 (n) is nonconstant, deg(f ) ≥ n − n. It seems that new techniques are required in order to prove this claim as all current proofs are based on modular calculations and we cannot guarantee the existence √ of a prime p in the range [n− n, n]. For the special case that n = p2 −1 we managed to obtain such a result, and of course when n = p − 1 a stronger result is known, but the general case is still open.
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Another intriguing question is to understand what is the minimal range that a polynomial mapping integers to integers of degree exactly d can have. We note that in Example 5.2 the degree is d and the range is (roughly) d 1 of size d! · n2 . Theorem 1.3 asserts that if the degree is d then the range d 1 (Theorem 5.5 actually improves it must be larger than (roughly) d! · n−d 2e  √ d 1 to d! · n4 for d ≤ n/2). It is an interesting question to understand the ‘correct’ bound. Finally, we think that it will be interesting to find examples that are significantly better than those obtained in Theorem 1.5 and Example 5.2.
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