ON PRIME k-TUPLES: SMALL VALUES OF «

OLIVIER RAMARE

ABSTRACT. Given a positive integer x and an admissible k-uplet (h1,--- , hg),
we prove that there exists infinitely many integers n such that the product
(n+ h1)---(n+ k) has not more than n(x) prime factors, where n(x) is given
in a table. These values are at least as good as the all the previous ones,
and improve on them when k = 8 (we have n(8) = 28) or k > 10. A similar
statement concerning the almost prime values of an integer polynomial is also
proved. Incidentaly we extend the results of [14] to cover the case of more
general sieve coefficients.

1. INTRODUCTION AND SOME RESULTS

We continue here the work started in [14] on the weighted sieve, with an accent
on prime k-tuples. Let us recall rapidly the question at hand. We select a positive
integer k and k integers hy < --- < h,. We assume that the sk-uplet (hy, -, hy)
is admissible, by which we mean that, for each prime p, the cardinality of the set
{h1,--+ ,hy; mod p} is strictly less than p. The final goal is to prove that there
exist infinitely many integers n such that n + hy,--- ,n + h, are simultaneously
prime. From a historical viewpoint, let us mention that the first appearance of this
conjecture seems to be A. Polignac’s memoir [1], where the author considers only
the case k = 2, namely couples of primes (p,p’) with p’ = p+ 2k. In case k = 1,
the terminology “twin” arose much later and is attributed in the first chapter of
[21] to the german mathematician P. Stéckel in the late 19th century. The general
conjecture known as the prime r-tuples conjecture has been first stated by G.H.
Hardy & J.E. Littlewood in [7].

Such results are far out of reach, so we follow a line that we trace back to A.
Renyi in [15] (translated in [16]): we strive only to produce infinitely many integers
n such that the total number of prime factors of

(1) Oy oy (n) = [ (n+ hi)

1<i<k

is as small as possible. This problem is readily generalized by selecting a polynomial
2P of degree k, with integer coefficients and no fixed divisors (a condition equivalent
to the admissibility hypothesis of the x-uplet), and aiming at proving the existence
of infinitely many integers such that £2(n) has not more than h prime factors, where
h is the number of prime factors of &7 in Q[X] (see [20] and [19]). This problem is
equally out of reach.
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2 O. RAMARE

Theorem 1.1. Let (hy, - ,hs) be a k-tuple of admissible shifts. We can find
infinitely many integers n such that [[, -, -, (n+h;) has at most n(k) prime factors,
where n(k) is given in the table below.

These values are not valid for the case of a general weighted sieve of dimension k
as we use a combinatorial trick that is numerically as efficient and sometimes more
efficient that Richert logarithmic coefficients.

In a general context, we have only these coefficients at our disposal. We just
specialize slightly the situation (see [5] or [3] for more details) and prove:

Theorem 1.2. Let & be a polynomial of degree k, with integer coefficients and
without any fixed divisors. We can find infinitely many integers n such that &£ (n)
has at most nr(k) prime factors, where nr(k) is given in the table below.

In both these results, we do not count the prime factors according to their
multiplicity. We may have to add some hypothesis in order to be able to do so.

We included the results from [12], [22], [18], [8], [2], [9] and [3, table 11.1]. The
reader may also consult [5], [6] and [10] with benefit. It emerges from this table
that the method we propose equals the best of the others for small values of kK and
start showing its teeth when x = 8.

AN
S o &| 2
9| R £2| &
5 El =S| 8%
B o E = c% = =
k|| 2R & | 2|8 Eo ngr(k) | n(k)
1 3 2 2
2 9 6 5 5 5 5 5
3 14 10| 9 8 8 9 8
4 20|14 |14 | 13 12 12 12 12
5 27 |18 | 18 | 17 | 16 16 16 16
6 3312323 |21 20 20 20 20
7 40 | 27 26 25 24 24 24
8 46 | 32 32 29 29 29 28
9 53 | 37 39 | 34 33 33 33
10 || 60 | 42 45 39 38 37 37
11 44 42 42
12 48 47 46
13 53 51 51
14 58 56 56
15 63 61 60
16 69 66 65
17 74 70 70
18 80 75 75
19 85 80 80
20 91 85 85
21 97 91 90
22 103 96 96

Notice that the shown values are upper bounds for what is accessible via the
method developped here, though we believe our choice of parameters to be very
close to the optimal one.

Here is a corollary is a somewhat less specialized language:

Corollary 1.1. There are infinitely many integers n such that the product
n(n+2)(n+6)(n+ 8)(n+ 12)(n + 18)(n + 20)(n + 26)
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has at most 28 disctinct prime factors.

This means that each factor has on average 3.5 prime factors. The prime x-tuple
conjecture asserts that 28 could be replaced by 8, as examplified by

11,13,17,19, 23,29, 31, 37.

The main conjecture thus has (14 0(1))x as an ultimate goal, while the asymptotic
in Theorem 1.1 is of size (14 0o(1))x Log x as shown in [14]. The asymptotic is thus
in a sense as “bad” as the one corresponding for other methods, but the numerical
approach detailled here shows that we recover here the best of the previously known
reults, and even better, even for small values of k. Since we are not able to produce
optimal choice of the parameters, we provide here numerical data so that later
mathematicians may be able to come up with a fuller understanding of the situation.

The proof (and this paper in itself) relies heavily on [14] (see section 3). We only
specify here that, in the course of the proof, we study a sum

S((age)a+) = Z c(n)B(n)

n<N

with ¢(n) = Z ag- and ﬂ(n)—( Z /\d>2

d*|l'[(h17___)hﬁ)(n) d‘H(hl’_.’hn)(n)

and show that, for proper choices of all the involved parameters, S ((ag+)q~) tends
to infinity (read section 5 for the full argument). Once & is fixed, there are essen-
tially two parameters that have to be chosen in this approach: the sequence (ag+)
occurring in the sieve coefficient ¢(n) and the weight function w that appears in
the host sequence B(n). In [14], we restricted the choice of (ag4+) to the sequence
ar[P] of integers that are the product of exactly  prime factors, all distincts and
all not more than P. Our first task here is to extend this choice to a,.[P;g], the
sequence that takes value T, g((Logp;)/Log P) on products of exactly r prime
factors p1ps ... pr, again all distincts and all not more than P. The function g will
be assumed to be regular enough. This will enable us to handle Richert’s weights
as detailed below.

The second and main point is the choice of the weight function w that is used to
build (8(n)). In [14], we restricted our attention to the choice w(t) = max(0,1—¢)".
We investigate here more thoroughly the choice of w in case r = 1. We produce
a general formula that leads to an extremal problem in w, but we are not able
to determine a best choice (if one exists). We thus ran computations (and these
require much more complicated formulae) when k is fixed; we report here the results
as well as the formulae we have used. Concerning (5(n)), the reader should look at
[13, Chapter 11] and at [4].

Notation. We shall use the following four quadratic forms:

(2) Ii(w, k) = /0 " Lw(t)?dt

is the norm by which we shall measure w. We shall use

(3) Kq(w, k) = —/0 Log(1 — t) t" lw(t)%dt,
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as well as
ta) —w(t))?
(4) L(w, k) = 2/ Mt?’ldtldt27
0<t<ta<1 t2 =t
(5) Jg(w, Ii) = 2/ w’(tl)w’(tg)(l — tg)t'fdtldtg.
0<t1<t2<1

2. A RATHER SMOOTH SUM OVER PRIMES

In [14, Section 8|, we proved some general Lemmas pertaining to sums over
primes. It is better to generalize them some more. We consider a function ¢ that
satisfies:

(H1(¢)) ¢ has a finite number of bounded discontinuities.
(H(9)) ¢ is piecewise C! and

(6) W(¢,t) = max <¢(y)| + Logy /2y I|¢/(l’)|d~’v> < 0o

2<y<t Y Logx
In particular, ¢ is a finite linear combination of functions ¢, whose support is an
interval, satisfies W (¢s,t) < oo and is C! on its support. The supports of all these
¢r are furthermore disjoint. For such a function ¢, the conclusions of [14, Lemma
8.1, Lemma 8.3] are valid, and this Lemma thus holds true for ¢:

Lemma 2.1. For every B > 1, we have

Y ot [ G, (V160)

P p, Logt REB Logt

and

> op)/p

Py<p<t

_ [ et W(g,t)
~ Jp, tLogt + 05 <RB Logt)

This lemma will replace [14, Lemma 8.3].

3. A GENERALIZATION OF THE WEIGHTED SIEVE THEOREM

We prove here a generalization of [14, Theorem 1.2]. This part relies heavily
on [14]. We assume the function g to be have a finite number of bounded dis-
continuities, to be C! per pieces ad to have a bounded derivative. The function
¢(t) = g((Logt)/ Log P) satisfies hypotheses (H1(¢)) and (Hz(¢)). Given some ad-
missible k-tuple (hq,--- , hy) and recalling (1), we considered, when i € {1,--- |k},
the quantity

0 S =5 (X o s winsm=( ¥ )Ad)Q.

n<N “d*|n+h; Ay, hyy (0

which is generalized in [14, (2.5)]. There are essentially two interesting cases:
looking at the condition d*|n + h; or looking more classically at the condition
d*|Ip, ... b,y (n). Both cases are covered in the general sum [14, (2.5)]. In this lat-
ter case, we denote the sum by S and hypotheses (Hg) and even (Hy) are satisfied
with k¥’ = k. The final result will be multiplied by " as is evident from [14, (10.3)].

Let us now turn our attention to the modification of a4+ we mentionned above.
The first remark is that the main assumptions for a long part of [14] are (H5) and
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(Hg). If the support of ag~ is limited to integers having at most r prime factors
and |ag+| is bounded (by a constant that may depend on r), the bounds provided
there for the error terms are valid here. From [14, Section 9], the sequence (ag+) is
specialized. We select

8)  ar[P;gl(pr--pr) =31---pr) Glp1---pr) = H g((Logp;)/ Log P)

when the primes p; are all distinct and less than P, and a,[P; ¢](d*) = 0 otherwise,
where g is some integrable function, that is furthermore bounded in absolute value.

The fact that we multiply the expression by a,.[P](p1 ---p,) only means that the
primes p; are distinct and all below P. We define

1
(9) Lle, 1) = // g(u)du/u < Log(7/e).

By Lemma 2.1, we get

(10) > 9((Logp)/Log P)/p = Z(e,) + O(1/ Log Py).

Py<p<P

We can then continue the analysis of [14, Section 9], but with Z(e,7) instead of
Log(7/€), getting

22583) (a)/(AR"") =

x o p(l)p(l)p* (bobrba) N Log(r/e)r—w(otitz)
Olyly, Lyt Lol ¥
Eo,tZl;ez, bolrl (o, foba)5(torfr) (r —w(lol1£2))!
w(Z()eléz)ST

+ O(ZLog(t/e)* | Py).

In [14, (10.1)], we also have to add a factor §(¢p€1¢2) as above, so that, in the next
formula, the term [, dx; [ ], dy; [[; dz: is to be replaced by

H 9((Log x;)/ Log P)dx; Hg((Log y;)/ Log P)dy; H 9((Log z;)/ Log P)dz;.

The main consequence is that in [14, (10.2)], the term [], du; [], dv; []; dw; is to
be replaced by

(11) Hg(ui/T)duiHg(vi/T)dvng(wi/T)dwi-

The next point in [14, Section 12], equations before and after (12.6). We reach [14,
(12.7)] where we should replace Log(7/¢) by Z (e, T) as expected. Apart from these
rather superficial changes, nothing is to be modified in [14, Sections 12-13]. As a
conclusion, [14, (14.1)] still holds true when [], du; [ [, dv; [ [; dw; is again replaced
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by (11), i.e.

(—1)bFIBIHICI+PI

(12) &y r(t1,t2,7,9) = lim > > bleld!

btetd=r BC{1, b},

CC{1,,c},
DcC{1,,d}
. +K
%Sulwwubﬁﬂ (mln(tl - § :Ui’tz - § :wl) - § :ul)
e<vy, 0 <T, ieC i€D icB

e<wi, -, wWag<T

Hi g(ui/T)du; Hi g(vi/7)dv; Hi g(wi/T)dwi
[T wi IL; i T wi .

Here is the result we have reached:

Theorem 3.1. Let four parameters be given: a non-negative integer v, an integer
parameter £, a parameter T > 0, a function g over [0,1] that has a finite number
of bounded discontinuities, is piecewise C* and has a bounded derivative. There
exists a bounded continuous function &, .(t1,t2,7,g) with the following property.
Let (hy, - ,hy) be an admissible k-tuple, let @ > 1 be a parameter and w be a
function as above. We consider the sum S(a,[Q7;g]) from (7) when B(n) is as
above. We have

S(a[Q759) / o
Nr(Log Q)F C(hi, 5 hi) o<ttt w'(t)w' (t2) Gy r(t1, t2, 7, g)dl1dly

+0(1/(Log Q)*?) + O(Q" N~} (Log Q)*)

where the constant € (hy,--- , hy) is given by

C(hy,- - hy) = H(l_ #{hy,-- by modp}>(1_ l)—n.

P2 b p

The expression we find for &, .(t1,t2, 7, g) is fairly explicit but too complicated
to get even the asymptotic dependence in x. Let us summarize here the properties
we prove:

(1) &, , is symetrical in t; and to, i.e. &, (t1,t2,7,9) = G, (t2,t1,7, 9).

(2) &y r(t1,0,7,9) = &, (0,t2,7,9) = 0 and we extend & ,(t1,2,7,9) to
negative values of t; and/or t2 by attributing it the value 0.

(3) &, is a bounded continuous function.

(4) When 7 > 0, we have &, o(t1,t2, 7, g) = min(tq,t2)" and

1
(13) / w'(t)w' (t2) 8 oty b2, 7)dbrdty = K/ w(t)2t Lt
' 0

<t1,t2<1

Note that we found no recursion formula similar to [14, (1.3)]. However, when &, ,
is twice differentiable in the domain 0 < t; < to < 7, we have the exact analog of
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[14, (14.2)], namely

/ w' (t1)w' (t2) G r(t1, t2, 7, g)dt1dts
0<t1,t2<1

1
d K,T 3 7]-7 )
(14) - / wity)? Crrtln.9) 4
0 dtl )
d Qﬁmr t ,ﬁ , T,
_%/ (w(ta) —w(t1))? LAGEL: g)dtldtQ.
0<tq,t2<1 dtldtg

4. HANDLING RICHERT’S LOGARITHMIC COEFFICIENTS

Richert introduced in [17] logarithmic sieve coefficients; they have been used in
our context by [18]. As far I can see, they do not lead to asymptotically smaller
values for n(k) or ng(x). They are however numerically efficient.

We handle these logarithmic coefficients by selecting g(x) = . We restrict our
attention to the case r = 1, as it will be enough for the sequel. Our starting point
is equation (12). We get

(—1)bHIBI+ICIHD]
(15) Q5,{’1(t17t2,7'7 :E)T = Z Z b'c'd' %Suh...)ubgﬂ

beris B bl

CCfl, e},
DC{1,-,d}
(min(tr — 3 virts =S w) =S us) " [Jdus [ dvs [T s
ieC i€D i€B i i 4

We unfold it and get, assuming that ¢; < to,

6'€71(t17 t27 T, x) = t’f
aw . . du
+ / (mm(t1 —u,ty —u)t —min(t; — u,t2)t" — min(ty, ty — u)+“> —
0 T
where min(a, b)T* is to be understood as max(0, min(a, b))”. This expression sim-
plifies in

0 Whel’ngtQ—tl,
"o th(ta—t1) 5T — (to—min(7,t2))"?
1 T (k+1)T

®n,l(t17t27 T, JJ) = {

Whentg—tlg’r.

We shall only use the case 7 > 1 (i.e. P > @), in which we have access to the
shorter form
thty  kt§H

16 Gor(ti by, ma) =t — 2240 1 <y <t <1<7).
(16) Aty te,mx) = 1] T+(H+1)T ( 1 <t 7)

We readily deduce from this expression that

1

/ w (t)w (ta) B, 1 (tr, ta, 7, 2)dt dty = n/ w? ()t dt
0<ty,t2<1 0

1
2
+ﬁ/ wQ(t)t“dt—f/ w (t)w (to)tftodtydty.
T Jo T Jo<t,<ta<1
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We prefer to write it in the form:

1
/ w (t)w (t2) B, 1 (th, o, T, 2)dt 1 dty = m/ w? (1)t dt
0<ty1,t2<1 0

1 1
2
+5/ wZ(t)t”dt—E/ w2(t)t”_1dt+f/ w' (ty)w (t2)t5 (1 —to)dty dts.
0 0 0<t;<ta<1

T T T

5. USING RICHERT’S LOGARITHMIC COEFFICIENTS

We can assume without loss of generality that h; < 0 for every i. We use the
sieve coefficients given by:

(17) c(n)=b—">Y_ Lofo(gf)
plm,
p<P

where m = I, p,,... n.)(n). To infer results from these sieve coefficients, we notice
that

Z Log(P/p) > ZLogP — Logm > w(m) Log P — Logm

plm, plm
p<P

yielding (this is to get the exact inequality Logm < kLog N that we have assumed
that h; <0 for every 9):

(18) c(n) <b—w( i, .. poy(n) +
We consider the quantity

(19) (b8(a0l@") = S(@ Q) + S(@[Q75a))) / (RNE (b, -+ 1)/ (Log Q).
This quantity equals (recall [14, (18.2)])

Log N
HLogP'

(20)  *1y(w, ) — Logr Iy (w, ) — Ko (w, %) — I, )
L(w,k+1) = I (k,w) n Jo(w, k)

T TK
+0(1/(Log Q)°) + O(QT*N ! (Log Q)").
Let € > 0 be given. The main term is strictly positive when
Ki(w, k) + L(w, k)  L(w,k+1)+ (1/k)J2(w, k)
I (w, K) I (w, K)
We further take @ = N? with 1/6 = 74 24 ¢6. This ensures in particular that the

error term in (20). We ensure in this way the existence of infinitely many integers
n for which ¢(n) > 0. On using (18), we get

Log N
Log P

+Il(w,n) +

b 1
(21) —>e+LogT—1+—+
K T

2
W(H(hl,m,h,{)(n)) <b+k :b+1+;+€_

After some time, we get

3
w(H(hl,... JM)(’I?,))/FL < Logt + . + 2¢

Kl(wa H) + 12(w7 ”) . Il(wv K+ 1) + (1/H)J2(wa K)
I (w, k) I (w, K)
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We let € go to zero and get finally

(22) (Mg () /o < LogT +
Ki(w, k) + L(w, k)  Ii(w,k+ 1)+ (1/k)J2(w, k)

I (w, k) 7h(w, k)

We have thus reached a minimisation problem in w. We do not know how to solve
it. We decided in [14] to select an explicit family of weights and carry out the
formal computations. We adopt here the viewpoint of numerical investigations.

6. ... OrR NOT!

When using Richert’s logarithmic coefficients as in the preceding section, we do
not use that fact that II(s, 4,,...,n,)(n) is split. The simpler approach we propose

here uses this fact. We again assume without loss of generality that h; < 0 for
every i.
We use the coefficients historically introduced in [11] and which are

c(n)=b-— Z 1.

P (hy b, k) (),
p<P

Log N
Log P
prime factors larger than P. We consider the sum

(23) (bS(a0[Q7]) = S(aa[Q7)) / (K*NE (ha, - -+ , h) /(Log Q)").
This quantity equals (recall [14, (18.2)])

Each factor n + h; can have at most

(24) ULy, )~ Logr Iy, ) — Ka ;%) — To(w, )
+0(1/(Log Q)'/%) + O(QT 2N (Log Q)").

We again take Q = N? with 1/ = 7 + 2 + . This ensures in particular that the
error term above is indeed negligible
This time, we detect integers having at most

1] +HH:Z§Z;J = |b] +fﬂ1+i+aJ

prime factors provided that

Kl(wv K:) + IQ(wa H)
I (w, k) '

b
(25) 22L0g7+6+
We let € go to zero and finally get

(26) Wy e py(n)) < {m Log T + S (w}fzuj—, S(w’ K)J +K {1 + iJ .

As shown in the main table, this simple trick enables us to reach at a lesser cost
(and sometimes improve on) the values obtained by using Richert sieve coeflicients.
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Let us state explicitely the optimization problem we have reached:

Determine the minimum of
1
—/ Log(1 — t) t* tw(t)?dt + 2/
0 0

under the condition fol tr=Lw(t)?dt = 1.

(w(ts) — w(t1))?

"= Ldty dty
<ti<t2<1 ta—t

7. THE BILINEAR FORMS ASSOCIATED WITH I AND Js

We deploy Iy and J; defined respectively in (4) and (5) in:

(w1t2) = wa(0))(wa(t2) = wa(t) s gy

@) L) =2

0<t<ta<1 ta—t1
and
(28) i (w1, ws, 1) = 2 / W () () (1 — )% diy .
0<t1<t2<1

We want here an expression of J3 that avoids the notion of derivative. We write
1 1
%J;(wl, wa, Ii) = / w’l (tl) / (’(Ug(tg) — wQ(tl))dtQt”fdtl
0 t
1 to '
= / / (’u}g(tg) - wg(tl))w/l (tl)t'fdtldtg
0o Jo
1 to
= / / (’LUQ(tQ) — ’LUQ(tl))('wl(tQ) — w1 (tl))t,fdtldtg
0o Jo

8. EXTENDING THE CLASS OF POSSIBLE WEIGHTS

Inequalities (22) and (26) a priori require w to be continuous, piecewise dif-
ferentiable with a bounded derivative and such that w(1) = 0. This class is al-
most enough for our purpose, aside from the last condition, but extending it is
not difficult. The factor Iy(w,x) is the main trouble. One can use for w any
L2([0,1], "t — "~ Log(1 — t)) weight such that I(w, k) < co. Indeed, instead of
Ir(w, k), we may consider

Lot (w(u) — w(t))?
IZ(wa 5»77)2/0 [ ((u)_t_'_(’;))dutﬁ_ldt

and replace Iz (w, k) by Is(w, k,1/Log P) in (20) and (24) above (that’s in fact the
quantity that appears in the proof!). It is then straightforward to approximate w
by C! functions. We finally notice that I(w,x,n) < Is(w,x) when n > 0. The
Lebesgue Theorem of dominated convergence then applies.

The class obtained is a vector space and exact computations contained in the next
chapter shows that it contains piecewise affine (and even not necessarily continuous)
function. As a matter of fact, computations tend to show that there are optimal
functions, and that these are very regular. It is theoretically more satisfactory to
have a larger class, and may help in studying the problem.
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9. PIECEWISE AFFINE WEIGHTS

Since we are not able to get an explicit solution, if it exists, to the optimization
problem arising from (22) or (26), we do some direct optimization for small values
of k. We look only at continuous and locally affine functions. Note that they are
Lipschitz so the definition of I does not present any problem. Note furthermore
that the functions we shall choose at the end are non-increasing, indeed ensuring
that |Ag| < 1, thanks to [14, Lemma 4.1].

Our strategy runs as follows: we split the interval [0,1] is a finite number of
intervals, say 0 = a1 < as < -+ < ay = 1 and fix a value of 7. Given a (I + 1)-tuple
of real numbers (g, a1, -+ ,ar), we consider the function w that is affine on each
(a;,a;11) and takes value «; at a;. If we ignore the integer parts in (22) and (26),
the upper bound is a quadratic form in the parameter (ag, a1, - ,ay) divided by
another quadratic form (namely I(w,)). We thus optimize the quadratic form
of the numerator under the condition I; (w, x) = 1; this is a classical problem. We
determine an extremal point w and then recompute the upper bound with this
function, but this time by inserting the integer parts.

The object of this section is to work out formulae for the quadratic forms that
appear.

Note that in what follows we consider chunks of two functions, one with param-
eters a, a, b, 3 and a second one with parameters a’, o/, b, 3. We will shorthen the
first by calling it w and the latter by calling it w’, which does not have anything to
do with the derivative!

We select functions

0 when ¢ ¢ [a, b],
29 p—
(29) Habp {(ﬂ_a)lf+§b_ﬂa =~t+n whent € [a,b].

from which we build

(30) w = Z Way,ai,b;,B5

1<i<TI

withOzal<61:ag<b2:a3<-~~<b1:1andﬂi:ai_H.

Formulae for I; and K;. We immediately see from (2) that

9 bn+2 _ an+2 bn+1 _ arc+1 9 b — g

2
K+2 e k+1 n K

(31) I (wa,a,b,ﬁa H) =7

The computation of K; is equaly trivial but the wwiting will be easier by setting
1 K+

x
32 by =— [ t"TLog(l—t)dt=) ——.
(32) (@) = = [ 0 Log(1 = nat = 37 7

>1

From (3), we readily find that

K1 (w008, k) = YA(B(b, k +2) — X(a, k +2))
+29(2(b, 5 + 1) — S(a, & + 1)) + 7 (S(b, K) — E(a, K)).
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Formulae for ;. This quantity is rather intricate to evaluate. Let us first assume
that 0 <a <b<a <b <1. We find in this case that

’ b/ ’ B ’ t o t
%IQ(wa,(;u,b,ﬂawa/7a’,b’,ﬂ’, K/) — / / (U) (U) w ( ))(w(u) U)( ))dutnfldt
a t

u—t
= /b /b/ (w'(u) — w/(i)z(zv(“) - w(t))dut"fldt
) —w ) ) — ()
+/b /t pa dut™ " dt

b pb
B T
a a’ u—t

b
- (wb’ )+ (¢t + 1) Log

/

a —

i) w(t)t" " dt

so that we have reached the formula

K41 K
- Pyllyp("i + 27 a, b7 a/b/) - (’777/ + 77’)’/)13("% a, b7 a/b/) - 77/7733(’@ a, b7 a‘lb/>

bn+1 _ arc+1 b — gf
312(Wa,a,,8, War a5, 1) = =/ (U — a') (7( ) )>

where, to render the writing less cumbersome, we have used the auxiliary function
p defined by:

/

dt

b
(33) p(n,mb,a'b'):/ t"1 Log

a

S (s k) - 5(e 1)
cae(5(s ) -3 2)):

We next have to handle the case when wg b8 = Wa',o’,1v,57- In that case

a —t

a b 2
wlu _
%IQ(U}a,oc,b,ﬂawa,a,bﬁa’i):/ / W) gty
0 Ja u—t

Pt (w(u) —w(t) (wlu) —w(t) P (w(w) —w®)w(w) o
Jr/a /t dut dt+/b /t dut® dt

u—t —
bopb _ B .o
—W / / (w(u) —w(t) @) = w(t) | oy / / wpwlt)
o« u—t a Jb u—t
b g 2 b B
= W—f—’)’Q/ (I)Tt)tﬁ—ldt—k/ w(t)Qtn—l LOg Hdt
=W+ ’Yj b2(bf€ —a") B 2b(bn+1 _ an+1) N prt2 _ grt2
2 i K41 K+ 2
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where W is defined and computed now:

W = // dt” Ldt

u—t
/(72
0

b2—a2 al{ an+1 an
2 = 2yn(b — a)—
(7 5 >H+7( a) 7 +2mb—a)—

+v°p(k +2,0,a,a,b) + 2nyp(k + 1,0, a, a,b) + n°p(k,0,a, a, b).

b—
o + (v*t 4+ 29n) (b — a) + (7t + eta)? Log )t“ Lat

Formulae for J,. The quantity Jo is again rather intricate to evaluete explicitly.
We separate two cases. In the first case we assume that 0 < a <b<d <V < 1.
We get:

3J2(Wa,0b.85 War ar b7 315 K) = /a //tb/(w’(u) —w' (1)) (w(w) — w(t))dut™'dt
- ( [ " / ' / H) (') — (1)) () — (0t~
/ / ' t)dut" ' dt

. N (b /) bn+1_am+1+ b — g
= 772 n Y ft1 n P .

This settles the case a # a/. We next have to handle the case when wgaps =
Wa' o’ 1,87 I that case

%J2(wa,a,b,,87wa,a,b,ﬁ7 / / d’U/t'A€ 1dt
bopl
# [ - —wapanr=ta [ [ -we)ueae—a
a t
so that
a® bS 3 b2
%J2(wa,a,b,ﬁvwa,a,b,ﬁa K?) = ? (’72 3 + 2’777 + n (b )>
o [t~ w0)0) e~ 1dt+// Dt
_a o 0% —a? b? _
= (’)’ 3 + 29 2 (b — a)

b (b—1t)? b
+72/ Tt”’ldtJr(lfb)/ w(t)* " Ldt
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which results in the following expression

a® b3 _ aS b2 _ a2
%J2 (wa,oc,b,ﬁa Wa,a,b,B5 ’%) = Z (’72 3 + 2’777 2 + 772 (b - a))
N lZ b3(bn _ ar@) B 3b2(bn+1 _ am+1> N 3b(bn+2 _ an+2> B bm+3 _ am—&-S
3 K K41 K+ 2 Kk+3

+ (]- - b)Il (wa,a,b,ﬁv Wa,0,b,B5 "i)~

10. RESULTS

We ran a Pari/GP-script to get the results below. The process has been to
optimize the resulting quadratic form under the constraint I;(k,w) = 1; this is a
classical problem. We then found rational coefficients close enough to the optimal
ones obtained and recomputed the resulting n(x) (resp. ng(x)).

We do not give all the parameters we used to get the main table, but detailled
three examples.

Case k = 1. This first example is here only for the reader to check formulae and
compare his/her results with ours. We reach n(1) = 2 with 1/7 = 0.15 and the
simplest affine function w that takes the values

w(0) =1, w(1) = 133/500.
Case k = 3. We reach n(3) = 8 and ng(3) = 9. On splitting the interval [0, 1] in

25 sub-intervals of length 1/25, here is a plot of the function we used for n(3) and
ngr(3): The function corresponding to n(3) is slightly below the one used for ng(3),

1

174 12 3/4 1

but both are extremely close one to another. Two things appear numerically, when
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one increasing the number of pieces into which we decompose the unit interval:
first the optimal functions seem to converge towards a given function; secondly, the
value kw(1) does not approach zero.

Case k = 12. Wereach n(12) = 46 and n(12) = 47. On splitting again the interval
[0,1] in 25 sub-intervals of length 1/25, here is a plot of the function we used for
n(12) and ng(12): The function corresponding to n(12) is slightly below the one

1

l/‘4 1/‘2 3/‘4 .l

used for ng(12), but both are extremely close one to another. Two things appear
numerically, when one increasing the number of pieces into which we decompose
the unit interval: first the optimal functions seem to converge towards a value;
secondly, the value w(1) does not approach zero.

In order to enable checking, here is a simple function that leads to ng(12) = 47:
it is the function that is affine on each of the interval [0,1/3], [1/3,2/3] and [2/3,1]
and that takes the four values:

t |0 1/3  2/3 1
w(t) |1 0.1998 0.029 0.0005
To reach n(3) = 46, we use the function w that is affine on each of the interval
[i/5, (i 4+ 1)/5], when i € {0,--- ,4} and that takes the values:
t |0 1/5 2/5 3/5 4/5 1
w(t) |1 0.37037 0.13157 0.04051 0.00952 0.00051

and with the choice 1/7 = 0.48.

(1/7 = 0.38).

General remarks. We gather here some comments on the numerical results. When
k increased, the optimal function normalized by w(0) = 1 tends to dip faster when
K increases. We investigated the slope at ¢ = 0, and its seems to be
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