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On ultrafriable integers®

Gérald Tenenbaum

Abstract. Say that an integer n is y-ultrafriable if its canonical decomposition is free
of prime powers exceeding y. We investigate the asymptotic behaviour of the distribution
function Y'(z,y), equal to the number of y-ultrafriable integers not exceeding x. The study
being restricted to the range ¥ (y) > 2logx (where ¢ denotes Chebyshev’s function)
by a symmetry argument, and writing ¥(z,y) for the number of y-friable integers
not exceeding z, 8 = fB(z,y) for the saddle-point associated to the Dirichlet series

Z(s,y) = [, (1 — p~pt)s) /(1 — p=°) where vp, := [(logy)/logp|, we obtain full
description via a number of effective estimates, qualitative versions of which may be stated
as follows:

() Y(z,y) ~¥(z,y) < y/(logz)? = oo (z— c0);

(i) Y(z,y) =0 (¥(z,y)) & y/(logz)® =0 (z — oo);

(i) T(z,9) ~ 2P Z(8,9)G(ByFz) (v o, 2loga < $(y) < (log2)?).
Here o2 := d?{log Z(8,y)}/ ds? and G(z) := e??/2 I e=t*/2dt/\/2x (2 > 0).

Moreover, the phase transition between domains (i) and (ii) is quantitatively described
in terms of the Dickman function, the Gaussian behaviour as logx approaches %w(y) is
made explicit, and a quantitative estimate for the local behaviour with respect to the
variable x is derived.

Keywords: Friable integers, integers free of large prime factors, saddle-point method,
local behaviour, large deviations in the central limit theorem.

1. Introduction and statement of results

A positive integer n is said to be y-friable if its largest prime factor P*(n) (with the
convention that P (1) = 1) does not exceed y. In the last twenty years, friable integers,
and in particular the counting function

U(x,y) = Z 1,

n<x
P*(n)<y
received considerable attention in the literature. In this paper, we investigate a related
structure.

Let us say that an integer n is y-ultrafriable if no prime power dividing n exceeds y.
Intrinsically a sieve problem but also relevant to other fields such as irreducibility of
polynomials [1], graph theory (see, e.g., [9]), or the study of so-called economical integers
[4],(1) the distribution of ultrafriable integers raises interesting methodological questions
which hopefully can be fairly satisfactorily answered using available techniques previously
developed in the context of friable integers.

Denote by Y(z,y) the number of y-ultrafriable integers not exceeding z and put
vp = vp(y) := |(logy)/logp| for each prime p < y, so that p"» is the largest power
of p not exceeding y. Writing N, := e?¥) where P(y) = Zpgy vplogp is Chebyshev’s
function, we note that all integers counted in Y (z,y) are divisors of Ny, and hence

(1-1) Y(z,y) = 7(Ny) = H(l +vp) = 2T (WO legy) (= Ny),
Py

where 7(y) denotes the number of primes not exceeding y.

2010 Mathematics Subject Classification: primary 11N25; secondary 11N35, 11N37, 11N60.
* We include here some corrections with respect to the published version.
1. An integer n is said to be economical in base g if its prime factorisation can be written with no

more digits that n itself in base q. Thus 14 =2-7, 15 =3 -5 and 16 = 2% are economical in base
10 but 18 = 2 - 32 is not.
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Next, we observe that

T(e,y) = 1(%) = T((Ny/2)=y)  (VNy <z <Ny).
Therefore, we may restrict the study of Y (x,y) to the case
(1-2) x < /Ny, ie. P(y) > 2logzx.
The Dirichlet series associated to the counting function Y (x,y) is

1— p—(vp+1)s
1—p—s

(1-3) Z(s.y) = [[

Py

(Res > 0).

While, for large values of y, we readily obtain satisfactory estimates for Y(z,y) from
results on the local behaviour of ¥(x,y) (see [3]), we need to perform a direct evaluation
of the Perron integral when y is small. The details are then similar to those appearing
in the study of squarefree friable integers provided in [2], with however some significant
discrepancies. When it will seem appropriate, we shall skip certain calculations and refer
to the corresponding details in [2].

The saddle-point, say 5 = 3(z,y), relevant to the Perron integral for Y(x,y) is defined
by the equation

(1-4) ©1(8,y) = logx

where

—Z'(s,y) logp  (vp+1)logp
1 = 2 BU S _ > 2).
( 5) ¥1 (S’y) Z(S, y) = ps —1 p(up+1)s -1 (%68 >0,y )

Observe that ¢1(0,y) is a decreasing function of o such that ¢1(0+,y) = 3¢ (y),
¢1(00,y) = 0. Thus, under assumption (1-2), equation (1-4) has a unique solution and (3
is well defined. For convenience, we put

(1-6) B:=0  (d(y) < 2logx).
We write
gt
L) ey = (T S ), o =wi(By) (21,

let

O(z) = \/12? /OO e /2 qt (z €eR)

denote the decreasing distribution function of the Gaussian law, and put

(1-8) G(z):=e" 20(z) (2 €R).
Thus
(19) G(x)=1+0() (=0, Glz)= 21m{1 - ;12 4 o(%)} (= +00).
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We also define .
f}fy(a) = 1 — ﬁ (U > 0),
T peter)

and make systematic use of the notation

_logzx
" logy

Vv
<
WV
N

Theorem 1.1. Let ¢ > 0. For x > y > 2, we have

(1-10) Y(z,y) = \If(m,y){l + O<m)} (z >y > (logz)*™),

1
(1-11) T(z,y) = xﬁz(ﬁ,y)a(m@)@ + 0(;)} (2logz < ¥(y) < (logz)®).
From this result, a number of more explicit estimates may be easily deduced.
Some further notation is necessary to describe the results. Let a = a(x,y) denote the
saddle-point of the Perron integral for U (z,y). So « is defined by the equation

1
(1-12) prg_pl — log z.
PY

Explicit approximations to « are widely available in the literature. In particular, it is
proved in [5] that

(1-13) a log (1+bzx){1+0(log22y>} (x>y>2),

- logy log y

and, more precisely, that, for any ¢ > 0,

£(u) -
_10gy+O<La<y>+u<logy>2> ((logz)'*= <y < a),

log(1 +y/log ) 1 3
ogy 1+ 0(ngy) ) @<y < oga)),

1 1

(1-14) o=

where &(v) is defined as the unique solution of the equation e¢(*) = 1 + v€(v) for v > 1
and £(1) := 0. Here and in the sequel, we let log, denote the k-fold iterated logarithm
and put

)3/575

(1-15) Le(y) := el8Y (e>0,y>2).

Available studies of the local behaviour of the counting function ¥(z,y)—see in
particular th. 2.4 of [3]—provide various effective versions of the approximation

(1-16) W(iy)%lp(;?ay) (x>y>2 1<h<a)

For Pt (d) <y, put hq := I, 4 P’» 1. Then the characteristic function of y-ultrafriable
integers among y-friable integers may be written as

> pd)

PH(d)<y
haln
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and we have the sieve formula

T
Ty = Y. wde(;y) (@zy>2)
P+(d)<y I

Considering (1-16), this leads to the expectation that, in suitable ranges, we should have

117 Tag) ~ W) 3 A

PH(d)<y ¢

= V(z,y)3y ().

Our first corollary below shows that the right-hand side of (1-17) always constitutes an
upper bound for the order of magnitude of Y (z,y) and that this turns into a lower bound
when « is replaced by 5. The second part of the statement provides the exact domain of
validity of (1-17).

We introduce the remainder term

3

uli)ﬁ2u iy > (lloga;) ’

08y 2%
E = E(x,y) := ] y 1 3 g21 3
L logx)” ypy o) o8D)
Vu o y?log, 2x =77 log,y 22

and note that

[log, 2z (log )3
E Zy=2).
< log = + y?log, 2x (x>y=>2)

Corollary 1.2. (i) We have
(1-18) Hy (B)¥(z,y) < T(z,y) < IHy(a)¥(z,y)  (r=y=>2)

(ii) As x — oo, we have

(1-19) T(z,y) ~ Hy(a)¥(z,y) < yy/logy 2/ (log 2)*? — oo,
(1-20) Y(z,y) ~ Hy(B)¥(z,y) & y\/log, x/(log z)*/? — oc.
Moreover,

(1:21)  Y(z,y) = {1+ O0(E)}3,()¥(z,y)  (y> (loga)*/?//log, x),
(1-22) Y(z,y) = {1+ O(E) }H,(B)¥(z,y) (y > (logx)3/%//log, ).

In view of (1-6), the lower bound in (1-18) vanishes when v (y) < 2logz. However, as
observed earlier, we have 37(N,) < T(z,y) < 7(Ny) in this circumstance.

As is already apparent in the statement of Theorem 1.1, the asymptotic fluctuations of
Y (x,y) present a threshold around y ~ (log z)2. Our next corollary exhibits the behaviours
on either side of this threshold and describes the phase transition.

We recall that the Dickman function g : Rt — [0, 1] is defined as the continuous solution
to the delay differential equation vo'(v) + o(v — 1) = 0 such that p(v) =1 for 0 < v < 1.
An explicit expression of its Laplace transform is well-known (see, e.g., [11], th.I11.5.10):

Set —1

o(s) :/ e o(v)dv =TI I(s) ::/ dt,
0 o t
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where v denotes Euler’s constant.(?) On the real axis, 9 has a simple behaviour:

ot eltl eltl
(1-23) o(t) = w (t — +00), 0(t) =exp {|t| + O<W>} (t — —00).

Corollary 1.3. As x — oo, we have

(1-24) T(z,y) ~ ¥(z,y) & y/(logz)* — oo,
(1-25) Y(z,y) = o(¥(z,y)) & y/(logz)* — 0.

Moreover, for any € > 0, and uniformly for (log z)?/L.(logz) <y < (logz)%/?/(log, x)3/2,
we have

(126)  T(ay)={1+ O(\/lﬁ)}ﬂ{y(ﬁ)\lf(x,y) = {1+ O(L:(y))}Qgg;L)\If(x,y),

with h := £ logy — &(u).

To clarify expectations, we note that the parameter h appearing in (1-26) satisfies
el ~ 2,/y/logx in the critical range y = (log x)?t°(1) We also observe that when
y > (log z)%/?/(log, )3/, the estimate (1-10) is more precise than (1-26).

The following result concerns smaller values of y, when the saddle-point estimates for
Y(z,y) and ¥(z,y) assume different shapes. This corresponds essentially to the case
2logz < ¥(y) < (2 + c¢)logz for suitable ¢ €]0, £[. We obtain a large deviation result
which measures the Gaussian distribution of the divisors of N, = e?®W) . The proof will be
omitted since it is identical, mutatis mutandis, to that of Corollary 2.2 of [2].

Corollary 1.4. Lety > 2, N, = e¥®), D; =15 > p<y V(U + 2)(log p)2. Uniformly for
0< 2z < (y/logy)t/* and x = \/N,e *Pv, we have

(127 Y(o.y) = TN {1+ 0 (L),

u

According to a remark developed in [2] and still valid in the present context, we note
that Petrov’s effective theorem on large deviations in the central limit theorem (see [7],
th. VIII.2) provides estimates that are similar in nature to, but less precise than (1-27) in
its range of validity.

Finally, as a specific by-product of saddle-point asymptotic formulae, we state a result
on the local behaviour of Y(z,y). We also omit the proof, since it is identical to that
of corollary 2.4 of [3],(®) and furthermore leave to the reader the possibility of deriving
corresponding short interval estimates parallel to theorem 2.5 and corollary 2.6 of [2].

Corollary 1.5. Uniformly under the conditions x >y > 2, 1 < d <y, ¥(y) > 2log(dx),
we have

(1-28) Y (dz,y) = d°Y(z, y){l + O<\}ﬂ) }

2. We shall take the liberty to use the letter v for other purposes later in the paper.

3. Apart from the simplification due to the fact that, in view of (1-10), the required result follows
directly, for y > (logz)3, from known results on the local behaviour of ¥(z,y)—see [3].



6 GERALD TENENBAUM

2. Lemmas

We start with a useful elementary inequality.
Lemma 2.1. Let v € N*, z > 1. Then

1 < 1 v+1 v
241 z—1 zvtl—1 " 241

(2-1)
Moreover, the right-hand inequality is strict when v > 2.
Proof. The left-hand inequality is equivalent to

v+ 1 1 12
vl -1 T 2—1 241 22-1

This is clear since (z¥ — 1)/v is an increasing function of v > 0 when z > 1.
To prove the right-hand inequality, we may assume v > 2 since we trivially have equality
when v = 1. Then, the required inequality may be rewritten as

(z+ DT =1) < (w+ D= 1) +v(z - DE - 1),

which, after straightforward transformations, amounts to

(2:2) f@)=@-1E"+1)-2 > >0

1<i<y

However, we have f(1) =0, and f/'(2) = v(v — 1)2¥ "1 — 221<]‘<uj2j71 >0 forz>1.0

Our next lemma provides uniform estimates for the sums

(23 ge(0y) = 3 8L,

o+ 1’
Py p

as observed in [2], these may be proved by partial summation from a strong form of the
prime number theorem along the lines described in [5], lemma 13. We omit the details.

Lemma 2.2. Uniformly for 0 < ¢ < 2, y > 2, we have

(2-4) 9o (0,y) = (1iy;_:)z11— U){1+O<10;y>} +0(1).

Moreover, given any oo > 0, € > 0, the remainder term O(1/logy) may be replaced by
O(1/L.(y)) when o > oy.
We shall also need an estimate for the order of magnitude of the quantity

(2:5) Vy(0) =" W (0 > 0).

Py

Lemma 2.3. Fory > 2, 1/logy < o < 2, we have

yl/QfU(l + y1/270') 10gy

2:6 Vi =
(26) v(0) 1+ |1 —20|logy

Proof. We have V(o) < (S +T)logy, with

1 1
S::ZW, T:= Z I%

PSAVY VY<pLY
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By the inequality p*»*! > y and the prime number theorem, we may write

y1/2—0'
S , Tx= = ,
< logy (1 —20)logy 1+ |1 —20|logy

y1—20' _ y1/2—a' _ y1/2—a(1 +y1/2—0)

in view of the uniform estimate

et—1 1+¢€
27 = teR).
( ) t 14+ |t| ( < )
Thus S < T, whence V(o) < T'logy, as required. O

The following result provides explicit estimates for 5 in terms of x and y. The asymptotic
behaviour of the function & appearing in (1-14) has been described in [6]. In particular,
we have

logy v logy v\ 2
. = > 3).
(2:8) €(v) = logv +logy v + 12 +O<(logv) (v > 3)

Lemma 2.4. Let ¢ > 0.
(i) For z > z¢(¢), (logx)'*¢ <y < z, we have

| ) 1 L
(2:9) p=1 logy+0<u(10gy)2 +Le(y))'

ii) For z > 2, 2logx < 9 (y) < (log )3, we have
(i) » 2log y gx)°,

_ 1+0(/logy) (w(y) 1>'

2-10 -
( ) p log y log x

(iii) For z >y > 2, ¥(y) > 2logx, r := y/(log x)?, we have,

(2:11) a—f8= (IOgQU)(\/@—FulogQu)‘

y(logy)(1 + [logr|)

Proof. We note that, in its range of validity, (2-9) follows from (2-11) in view of (1-14).
However, it will be convenient to derive (2-9) as a preliminary step. By (2-1), we have, for
all o > 0,

(212) g+(0>y) < (101(0-73/) < g-‘r(o-vy) + T(U,y),
say, with
—1)1
(2-13) r(o,y) == Z W.
P<VY pr

Let us first assume y > (log z)3. Then we deduce from (2-4) and the left-hand inequality
above that 5 > 3/5 provided z is sufficiently large. Inserting this back into (1-5) and taking
(2-6) into account, we obtain

01(8,y) = g—(B,y) + O(y~/1?).

This is sufficient to deduce (2-9) by computations identical to those leading to estimate
(7.8) of [5].



8 GERALD TENENBAUM

Next, we consider the case (logz)'™¢ < y < (logz)3. Then it follows from (2-8) and (2-9)
that 8 < B(z,2(logz)®) < 2 + O(1/logy). Therefore

1 _
r(B,y) < (logy) Y  — <y ="
< p
PSVY

where the last bound readily follows by partial summation—see lemma 3.6 of [3] for a
general estimate. We hence deduce from (2-4) that

(2:14) r(B,y) < g+ (B, y)y~E.

Thus we obtain that the estimate (2-4) for g, (3,y) equally holds for ¢1(5,y). We may
now again deduce (2-9) by computations parallel to those leading to estimate (7.8) of [5].
We refer the reader to [5] for the details.

Let us next evaluate 8 when 2logx < v(y) < (logz)®. In this range, it follows
from (2-14) that

(2-15) 9+(By) = {1+O< 1/6)}logx.
By (2-4), and since we have 8 < 3/4, this plainly implies
(2-16) y' =P < log .

Now, by (2-1) with z = p® and v = v, = v,,(y),

_ » —1)logp ) vp(y)(y” —p7)logp
Zf e A i SR e (=

By partial summation, we obtain that the above upper bound is < fy'~? <« Blogx.
Moreover, by (2-14) and (2-15), the lower bound is

1
—r(B.y) <

Let v denote the solution to the equation ¥ (y)/(1 + y?) = logxz. We deduce from the
above that

B _
|8 = ~l(logz)logy < (ﬂy%(l fyL) (ﬁ + 1/6) log .

This yields (2-10) if, say, ¢¥(y) > (24 y~ /") log z. In the complementary case, we appeal
to the estimate

p1(0,y) = 3¢(y) — oD+ O(0*y(logy)?)  (0<ology < 3)

where D§ is defined in Corollary 1.4 and satisfies Dj = lylogy + O(y). This readily
follows from the classical expansion of z/{e* — 1} involving Bernoulli numbers, up to the
third order. Substituting o = 8 yields (2-10).

We are now in a position to prove the more precise estimate (2-11). From (1-14), (2-9)
and (2-10), we see that, for any ¥ € [0, 1] and 7 = o+ 9Y(5 — «), we have in the considered
range

O(R ' 1)logy
217 ! ¥ (R) (y - 1 2
( ) g,( 7y) e (1 y_,y)g(l 7) "u( Ogy) )
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with R :=1/log2u+1/logy, where the first estimate is proved in lemmas 4 and 13 of [5],

using a strong form of the prime number theorem. Moreover, recalling the notations (2-5)
and r := y/(log )2, we have

9-(8.9) = 9-(a,y) = 9-(B,y) =1 (Bry) = Y (vp + Dlogp

(Vp+1)ﬁ —1
p
(218) Py
_V,(8) = u(log 2u) (/y + ulog 2u) log y
e y(1+ [logr]) ’

where the last estimate follows from (2-6), (2-9) and (2-10), since

1/2-8 _ ulog 2u

VY

Estimate (2-11) readily follows from this and (2-17), by the mean-value theorem. 0

(2-19) (¥(y) > 2log ).

We next evaluate the derivatives o; (j > 1) defined in (1-7) for comparatively small
values of y.

Lemma 2.5. Let j € N* be fixed. Uniformly for 2logz < ¥(y) < (logx)3, we have
(2-20) o; < u(logy)’.

For j = 3, the right-hand side may be multiplied by min(1, flogy) + 1/y/u. Moreover,
when j = 2, we may replace the <-sign by <. More precisely,

(2.21) 02:{1+o(logy)}“’_

with w := ¢(y)/log .
Proof. Put Ry(2) == ) ¢ h<v, 2". A simple induction provides the formula

1
u(log y)?

= QJ logp)

Py

where @), is a polynomial of degree v,j — 1 with coefficients < I/IZ. This immediately
implies (2-20) in view of the first inequality in (2-12).

Recall that our hypotheses imply 8 < % + O(1/logy). To prove the complementary
assertions, we observe that, for any fixed j > 1,

,dj_lg+ di—t Q , Ing)
0]+(_1)] dgi-1 (ﬁ?y) = (_]‘)] doi— 1 Z jp
<
(2:22) X PsVy
< (logy)? 3, -5 < (logyy ™'y "2 < Vu(logy).
P<VY

Since

ot 5. = 5 (log p)*p” (p” — 1)

do? (At pip  Smin(l,flogy)ullog y)°,

we obtain the statement regarding the case j = 3.
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As for the case j = 2, we first note, on applying the prime number theorem as for the
proof of (2-4), that the estimate

, B 1 1 Ylogt
(2-23) g—|—(0'7y)_{1+O(logy)}(1+y—o)2 e

holds uniformly for ¢ > 0. Taking (2-4) and (2-15) into account and evaluating 1 + y =~
by (2-10), we get

log y)?,

w—1
9. (B,y) = eO(R)TU(

with R :=1/log2u+ 1/logy < 1/logy. By (2-22), this estimate is equally valid for os:
indeed /u > %'/7 in the range under study. 0

We shall need the following estimate to control the decay of |Z(s,y)| along the line
o = . We write s = § + i7 with 7 € R and set

Y. = ollogy)®/2 7 (y > 2).

Lemma 2.6. Let ¢ > 0. For a suitable absolute constant ¢ > 0, we have

(224) ‘Z(ﬁ +Z7—7 y)' < {e_cu(TIOgy)4 lf’T’ < 1/ 10gy7

Z(B,y) e~ /(7Y i1 /logy < |7] < Ye.

Proof. For s = 5+ it (T € R), a standard computation yields

’ I vy —B(v,
(225) ’ Z(Say) ‘ — H ]. -+ 4Sln2(%T(Vp —+ ]_) logp)/{pﬁ( p+1)(1 —p B( p+1))2}'

A CR - 1+ 4sin®(17logp)/{p? (1 — p—#)?}
Now, observe that
. _ v ]_ — p—yﬁ 2
”2<(ijﬁ>(zpw>:p( DB(ﬁ) (v=1)
0<j<v 0<j<v p

and, by lemma 1 of [10],

sin vv

<1 Zmin(L,20/x)?) <1 20/x]>  (DeR,v>1)

vsin

where ||z|| denotes the distance from the real number z to the set of integers. Therefore,
writing 9, := ||(7/27)logp|| and B, := p?(1 — p~#)2, we obtain that the generic factor
in (2-25) does not exceed

14 4sin®(37(vp + 1) logp)/{(v, + 1)°B,} _ Bp+4(1 — 202/3)? sin’ (71,
1+ 4sin®(79,)/B, B, + 4sin?(nd,)
- By + 4(1 — 202 /3) sin® (1)) . 802 sin® (7))

B, + 4sin?(7d,) 3B, + 12sin*(n0,)’

N

and so, appealing to the lower bound |sin(7d,)| > 21,, we arrive at

a9 | <

)
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say, with
_s Z 49, >3 [[(7/2m) 10gPH4
1692 4 p(1 — PP
PY
If |7| < 1/logy, we have
(lo 4 (logy)3(y =% — 1
(2:27) T Z gp (log, yl) —(y,B ) > (tlogy)*u

Py

where, for the last estimate, we used (2-9) if y > (logz)® and (2-16) in the complementary
case.

If 1/logy < |7| < /y, we appeal to upper bounds on primes in short intervals and
argue as in lemma 5.12 of [8] to show that

(2:28) > l(r/2m)logp|* > (<2 <y),

z
il 1+ 74 log z

from which we infer by partial summation that W > 74u/(1 + 7%), as required.
When /y < |7| < Y., we note that the left-hand side of (2-28) is

> Z sin? (%Tlogp) = % Z 1-— % Z {cos(Tlogp) — %cos(2rlogp)}.

z/2<p<z z/2<p<z z/2<p<z
However, classical bounds on exponential sums over primes® yield that the last sum is
o(z/log z) for y3/* < z < y. We may then conclude by partial summation as before. 0O

By a standard procedure, we deduce from the previous lemma an upper estimate for
the number of ultrafriable integers in short intervals.

Lemma 2.7. Let € > 0. For a suitable absolute constant ¢y > 0, and uniformly for
x>y =2, 1<z < min(Y;,e“"), we have

(2-29) Y(x+x/z,y) — Y(z,y) <2’ Z(B,y)/z

Proof. From (2-24) and a classical bound for short sums of coefficients of Dirichlet series
(see e.g. [11], Exercise 171) we infer that the left-hand side of (2-29) is

o’ [*
<= [z +imyldr
0

,8 1/10 z
« AN et g [
0 1

e—c7'4u/(1+7'4) dT}
/logy

zZ
xﬁZ(B,y){ 1 +Ze—cu/2}_

< z u1/4

4. See, e.g., [11], equation (II1.5.72).
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3. Proofs

3-1. Proof of Theorem 1.1

Recall the definition (1-12) for the saddle-point o = a(x,y) related to the distribution
of friable integers.

First, let us assume y > (logx)?T¢ with, say, ¢ 6]0,%[. Then, for large x, we have
o > 1 + ie by (1-13). By theorem 2.4(i) of [3] the number of integers n < & which are
y-friable but not y-ultrafriable does not exceed

> (5t ) < WS

Py
with
1 yt/2—e ulog 2u
3-1 S =
( ) Zp(z/p+1)a < logy \/yjlogy

Py

where the first estimate follows from (2-6) and the last from (1-14). This proves (1-10).
Thus, it remains to prove the estimate (1-11) when

(3-2) 2logz < Y(y) < (logz)?.

In this range, we apply the saddle-point method in a very similar fashion to that of [5].
For purposes of convenience, we note at the outset that the expected main term has order
of magnitude

2°Z(B,y)  2PZ(B,y)
(3-3) 1+ B\/o2 > Vulogu

This follows from (1-9), (2-10) and (2-21).
First, we apply Perron’s formula with remainder (see [11], th.11.2.3) to get

B+iT s B
4 Vo) = gL [ E L) g o2 0T
T Jg_ir s T
with T := e2e1llogw)™? min(e®", Y} /99) where c; is absolute, sufficiently small, and cg
is the constant appearing in the statement of Lemma 2.7. This is proved in a standard
way using (2-29) and we omit the details.
Set Ty := u~'/%/logy. The contribution of the range Ty < |7| < T to the last integral

may be bounded above using (2:24). We obtain that it is
1/log T
< xﬁz(ﬁjy){ / Y —eu(riogyyt 47 +/ o—cur® /(17 47
To 5 +7 1/logy T
< 2P Z(B, y){e_C“(TO log y)* log u + e~ scu/(logy)* log, y + e "/?1og T}

< :LﬁZ(ﬁ, y)e—czul/s'

Therefore, under assumption (3-2), we get

1 B+iTo sz .
(3.5) T(x,y) = / wdS‘FO(l‘BZ(ﬁ,y)e_cl(lOg“) /3)'
274, B—iT, S
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The last integral is classically evaluated by expanding the integrand around s = (3. Let
Ty :=u~'/3/logy. When T} < |7| < Ty, we have

Z(s,y)z° = Z(B, y)zxPe T 02/2Him 0a/0+0utt /2440() 73 yyyBe—u''?/5

by (2-20) and (2-21), since 79¢5(8 + iT,y) < Tjos < 1 for |r| < Tp. Therefore, we may
replace Ty by T3 in (3-5) without altering the error term.

We now evaluate the new main term.

Since T{0; < 1 for j = 3,4 and p4(B8 + iT,y) < 0} := u(logy)* for |7| < 1/logy, we
may write

1 i mSZ(Say) ds = ZﬂZ(ﬂ?@/) /Tl 77202/2+i7'303/6+0(‘r40'1) dr

[§]

% B—iT, S 27'(' -Ty ,8 + 'l"T
PZ(B,y)
z Y .
= T{Jg + %ng + O(K)}
with T 2 dr T 2 dr
Js ::/ e T2 Js = 03/ e T2
T B+t s B+t

—41

T 2 dr
K::/ e T2 gk 4 1002 _— .

e T

The required formula now follows from computations identical to those appearing in the
end of the proof of proposition 2.13 of [2], so we do not repeat the details here.
This completes the proof of (1-11).

3-2. Proof of Corollary 1.2
We start with establishing (1-18). When y > (log x)3, we have, for 7 = o or v = f3,

(3-6) %y(7)=1+0<‘1/§$> :HO(%)’

by (2-6), (1-14), and (2-9). Thus (1-18) holds in this case—and actually so do (1-21)
and (1-22).

We may therefore assume y < (log x)3 henceforth.

By (1-11), (1-14), (2-10), (2-4), (2-21), and the definition of a, we have for 2logz <
P(y) < (logz)?,

PZ(B,y) _ Hy(B)z"C(ay) )
1+ By/o2 ay/ulogy = Hy(B)¥(z,y)

where the last estimate readily follows from the saddle-point asymptotic formula for
U(z,y)—see [5], th. 1—, viz.

(3'7) T(wmy) =

(38) \If(x,y)za\;%{lJrO(ileoiy)} (x>y>2),
where
(3-9) C(s,y) == H (1 _1ps) (Res > 0).

Py

This completes the proof of the lower bound in (1-18).
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To prove the upper bound, we let € be a small positive constant and note that, if
P(y) > (24 ¢)logx, we have o < 8 by (1-13) and (2-10). We hence deduce from (1-11),
(1.9), (2-4) and (2-21) that

2’ Z(By) _ x*Z(a,y)
T = ’ 17 =
(z,y) 1+ 8y/02 < ay/ulogy

where the first upper bound is an immediate consequence of the definition of 8 and the
latter follows again from (3-8).

When ¢(y) < (2 + €)logx, the above argument is not sufficient since [logy may
approach 0 while we always have o > 1/logy. However, by Taylor’s formula to the
second order and the definition of 5, we have

j{y(a)\ll(l" y)7

ac’BZ(ﬂ, y) < z%Z(a, y)e*”(o‘*ﬁ)2

where v := 1p3(7,y) for some v €]8, a[—it indeed follows from (1-14) and (2-10) that
f < a if € is chosen sufficiently small. Now, we observe that, from lemma 13 of [5] and
(1-13), we have ¢/ (o, y) =< u(logy)?. Since ¢/, (0,y) is a non-increasing function of o,
we infer, taking (2-22) with j = 2 and (2-23) into account, that pa(7,y) < u(logy)?. It
remains to use the fact that o — § < « in the range under consideration to obtain, for
some suitable absolute constant ¢ > 0,

(3-10) Y(x,y) < 2’ Z(B,y) < 2% Z(o,y)e” " < Hy(a)¥(z,y)e /2.

This completes the proof of (1-18).

We next turn our attention to (1-21) and (1-22), which contain the sufficiency part of
assertions (1-19) and (1-20) respectively.

In view of (3-6), we may assume that (logz)3/?/\/logy,z < y < (logz)3, and note
that this is equivalent to y > u??log2u and implies logy = logu = log, x. Since
By/72 < y/ulogy in the range under consideration, it follows from (1-9) that

1+ 0(1/u)
B\ 2moo

From (2-22), we see that, in this last expression, we can replace o2 by ¢/, (5,y) at the cost
of increasing the error to < 1/4/u. Furthermore, we observe that, in view of (3-13), we
have

(3:11) G(By/2) =

2
9 (B.y) =g (Boy) <Y “‘fgﬁ)

Py
(y* 2% —1)logy _ {y+ (logz)?*}(logy)?

< 1-2p5 - y(1+ |logr]|)
: y+(ogz)? _ ¢-(8y)
SOV e € v
where we used (2-19), (2-7) and (2-17). It follows that
, 20 Z(B,y) _ Iy (B)2"¢(8,y) S
(312) ivare ~ sy U OGE)

Replacing 8 by « in all terms except H,(3) on the right-hand side yields an extra factor

F := exp {o(m —alD+ (B - a)QU(logy)Q)}
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with D = 1/8 + ¢”(B,v)/9_(B,y) < logy. In view of (2:11), we obtain, writing
L:=1+|logr|, that
log2u  u(logu)?  u3(logu)* < 1 N u3(log u)?
VyL yL y*L? Vu y?
By (3-8), we hence infer that (1-22) holds.

To prove (1-21), we assume y < (logz)® and note that, for some ¥ € [0,1] and
v =B+ Y (a— B), we have

F-1x = F.

3, (@) = 3, (B)elo=M V0,

By (2:11) and (2-18), which is equally valid for v, we obtain, still using the notation
L:=1+|logr|,

! (%(M) _ ulogy)®  wi(logy)t 1 (loga)®
Hy(B) yL? y2 L2 Vu o y?logyx T

Thus, we have established (1-21).
It remains to prove that the asymptotic formulae in (1-19) and (1-20) do not hold when
y < (logx)3/%/,/log, x. From (3-7), we have in this range

Y(x,y) > H, (B)U(z,y)el@F e (1w)/2
for some v := o+ ¥(5 — ) with 0 < ¥ < 1. However, estimates (2-17) and (2-11) yield in
this case
(logz)*

1.
y?logy @ >

(a=B)2g (v,y) <

Hence the asymptotic formula in (1-20) cannot hold.
We have already seen in (3-10) that (1-19) fails when ¥ (y) < (2 + ¢) with € sufficiently
small. In the complementary range, the asymptotic formula (1-11) yields

TZ(Y) _(amp)? —(a—B)?
T = ’ (@=B)"¢2(v9)/2 = H ()T (a=B)"p2(7.y)/2
<$7y) \/ﬂlogye y( ) (.”L',y)e

for some v between v and . But (2-17) and the last estimate of (2-18), which also holds
for v in place of 3, yield pa(7,y) < u(logy)?. Hence we get as before

(log z)?

1.
y?*logy @ >

(a = B)*pa(y,y) =<

This completes the proof of assertion (1-19).

3-3. Proof of Corollary 1.3

We observe at the outset that the asymptotic formulae (1-24) and (1-25) readily follow,
respectively, from (1-10) when y > (logz)?*¢, and from (1-18) when

logz < y < (logz)?/L.(log )

2/542¢

with, say 0 < e < %. Indeed, for large =, we then have o < % —1/(log, x) , and so

Hy(a)<<eXp{f > 1/p2°“}<< = o(1).

iy Ls.(logx)

Moreover, in view of (1-23), it is clear that, in the stated range of validity, (1-26)
implies (1-24) and (1-25) since it may be easily checked that h and log {y/(log z)?} tend
simultaneously to 4oo.

Thus it only remains to establish (1-26).
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We note that the first formula in (1-26) readily follows from (1-22) since, in the
considered range, we have £ < 1/\/u.

We next need an estimate for H,(3). We plainly have y < (logz)®. We may hence
deduce from (2-10) that, for a suitable constant ¢ > 0, we have

c

(3-13) B=3- (log y)2/5+=

N

It follows from (3-13) that

(1=3p)/2 _ ,,(1-38)/3
TL (=) e fo( ) 1o

Since log u =< logy, we get

(3-14) 10,8 ={1+0(55)} TI -»%).

<

We now apply (2-9) with /2 instead of € and consequently replace 8 by 1 —&(u)/logy =
% + h/logy in the latter product. This involves an extra factor

log p 1
QXP{()( 2 prem(y))}:“O(LE(y))‘

VY<pLy

Now, we have by lemma II1.5.16 of [11]

H (1 p1=2n/108v) = o(h) {1+O<

VY<PLy

Gathering our estimates so far, we obtain

(3-15) 3¢,(8) = 2 {1+o(

20(2h) )} (y=>2).

Le(y)

Inserting this into (1-22), we obtain the second formula in (1-26), as required.
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