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TWO PRIMARY FACTOR INEQUALITIES
J. H. E. ConN

In the theory of integral functions, the expressions
4 T
(1) E(z,p>=<1~z>exp{zf;},p=1,2,~--
1

called primary factors, are of some importance, and it is of
interest to find upper bounds for | E(z, p)|. Clearly E(z, p) =0
only for z=1, and so for other values, define f(z, p) =
log | E(z, p)|. It is known that for suitable constants a,, b,
the inequalities

(2) Sz, p)=aylz2lr,lz]2z1,z+1
(3) flz,p) = by lz|P |z = 1,21

are satisfied; for instance Hille has shown that one may take
a,=14+3?1/r<2-+logp and b, =1.

In this paper, the smallest values of both a, and b, are
determined, the latter in closed form.

Throughout, we shall write z = pe??, where without loss of gen-
erality 0 > 0,0 <6 <n. Then

(4) f(z,p)=%1og(1—2pcosa+p2)+i’l’-cosra.
Ty
Also, using the Taylor series for log (1 — 2) gives from (1)

5 R Y 14,
(5) f(z, p) 0 §p+T+1COS(p+r+ )

provided o < 1. A further expression is obtained by writing log E(z, p)
as an integral of its derivative and taking real parts, to give

*tcos pf — cos (p + )6,
z, D) = trdt ,
/@ p) S 1— 2tcos@ + t*

provided 6 == 0 or o < 1.
The problem considered in this paper is the determination of the
maxima of the functions

(6) 9(2, p) = p7"f(2,p) for p =1
and

h(z, p) = 077" f(2, p) for p <1,
81
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and to show where these occur.

1. Summary of results. Henceforth we use a, and b, to denote
the smallest constants for which (2) and (3) hold. We shall show
that both @, and b, are monotone decreasing functions of p. The
value of @, is given by «a, = log (0 — 1) where p is the solution of
the transcendental equation (0 — 1)log(o — 1) = p,0 > 1 and the
maximum oceurs at z = p. Also a, =1, the maximum occuring at
z =2, and a, is given by the common value of 2™ and

e”"(’)’ -+ Sles — 1y + Sxﬁds> ,
o 8 1 8

for the unique value of & which makes these expressions equal, v
denoting Euler’s constant. For each p = 2, the maximum occurs at
a point z on the real axis which satisfies 1 < 2z < 2.

The z maximizing b, occur on |z| = 1, with § = 7/2p + 1), p =1,
2,3 ---. For p>1 the maximum is unique, but for p =1 it is
attained at every point of the arc |z — 1| =1, |z2] <1. We derive
the explicit bounds

z[2 .
izb,,>log7r/2+7—§ —l——ﬂdx,
2 0 x

and both bounds are sharp. We also have an explicit formula
b, = log (2 sin-l—ﬁ\~ + Zp‘icosrﬂ ,
2/ Tor

where 6 = 7/(2p 4+ 1). In particular these results give

1.2785 = a, > 0.7423, _é_ > b, > 0.4719 .

Since a, = 1 we have therefore
log | E(z, p)| < min (|2]", |2]""), p = 2,3, «-+,

and this is sharp.
The numerical values of a, and b, are as follows.

p QAp b,

1 1.2785 0.5000
2 1.0000 0.4823
3 0.9123 0.4771
4 0.8691 0.4752
5 0.8435 0.4741
oo 0.7423 0.4719
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2. Preliminaries. It is clear that for (2) and (3) to hold, both a,
and b, must be positive, since for example z = 2 and z = e exp iw/(p + 1)
with e sufficiently small give positive values of f(z, »p). We see
therefore that not only the point z = 1, but also a neighbourhood of
this point can be excluded from the discussion. We find by elementary
means that

(8) dg _ pfsin (p + 1)6 — p sin pb}

00 1— 20cos @ + p?
(9) 09 _ o{(p + 1) cos (p + 1)6 — pocos pf} _ 20 sin dg
06* 1 — 20cos @ + 0* 1 —2pcos 8 + p* 00
(10) a_g:_g_g__l_pcospﬁ—cos(p—l-l}ﬁ
op 0 1 — 20cos 0 + p?
oh _ sin(p + 1)0 — o sin pd
11 ==
ol 1—2pcosf + p°
12) °h _ (p+ 1)cos (p + 1)0 — pocosd _ 20 sin oh
06° 1—20cosf + 0* 1—20cosf + 0* 00
(13) %:_(20+1)h+pcospﬁ~cos(p+21)6.
00 0 ©0{1 — 20 cos 0 + 0

3. The case p = 1. We consider first the unit circle on which
of course f, g and h coincide, with 0 < 4 < 7. Then by (8) we find
that 0f/00 = 1/2cos (p + (1/2))6 cosec (1/2)4, and so local maxima occur
at 0 = 3,58, 98, --- where 8 = n/(2p + 1). We shall show that f(8) >
f(BB) > f(98) > --- and hence that f(B) is the largest value taken
by f(z, p) on |z| = 1. For, let » = 0 with (4n + 5)8 < 7. Then

F@n +5)8) — f(n + 1g) = | """ ()0

(4n+1)8
(4n+3)8 (4n+5)3
= —l-g cos =0 cosec iﬁdﬁ -+ ig cos 0 cosec i6ol€
2 Juntns 28 2 2 Juntas 28 2

sin l¢ ) sin iqﬁ
_ BSZ’: 2 d¢ . _,6; Sz,. 5
2T sin (4n +3— %)g 2T 0 gin <4n + 3+ %)—g—

dg

<0,

where we have substituted ¢ = (4n + 3)7 — 76/R in the first integral,
and ¢ = — (4n + 3)7 + 7wh/B in the second.
Thus we obtain in view of (4), that for |z| = 1,
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We now consider ¢,, and prove first that ¢, > d,.,. Define 6 by
7 =22p + 1)(2p + 8)6. Then

O, — O,y = log % + Z —{cos 2(2p + 3)rd — cos 2(2p + 1)rd}

1 T cos 2(2p + D(p + 1)o

= \0), say.

Thus if A\(¢) is defined for 0 < ¢ <6 by the same formula with ¢
replaced by ¢, we find that as ¢ — 0,

2p+38 _ 1

M) — 1o
@) g’210+1 p+1

Also

N(g) = {(2p + 8) cosec (2p + 3)¢ — (2p + 1) cosec (2p + 1)¢} cos —— ¢
>0,

since x cosec x is strictly increasing in (0, 7/2).
Thus M0) > 0, and so

(15) Gy, > Opyy o
Also as p— o we find that

=lo (Zs'n T s+p—1—cos T
€ 14p+2> 21:'1' 2p + 1

T
+0(1)-I—Z +Z {coszp_,_1 ——1}

= lo
g 2p

= log 7/2 + {5;‘. ':T — log p} - S:l 1——-a—?ﬂdx + o(1)

—log Lr 4y — S"’zl“_cosidm = 0.4719 .
2 o @

Thus we find, since o, = 1/2, that for all »

(16) % >0, > 0.4719 .

4, The case p < 1. For p <1, we consider first p =1, where
the situation is slightly different from the remaining values of p.
Using (11) we see that if p # 1, then for fixed p, - has turning values,
regarded as a function of 6, only for # = 0,6 =7 and 2 cos@ = p.
Using (12) we find that both § = 0 and 6 =  give minima, and so
for each p€(0,1) we find that
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o1 1.\ 1
We 1) < oS logl+ 20) = 1,
with equality if and only if 2 cos # = p. Thus we have b, = 1/2 with
equality attained at every point of the arc |z — 1] =1, |z] < 1.
For p = 2, the situation is quite different. Clearly whatever b,
with turn out to be, there will be equality in (3) for z = 0. But for
0 < p < 2/7, we find using (5) and (7) that

h(z, w———pr————cos + r 4 1)0
(2, p) = ;p+ 1 (p )
1 7

<s3(2) =L <o, by 19).

Thus the maximum of A(z, p) occurs in the closed annulus 2/7 <
o=1.

Again consider a fixed value of p < 1. By (11) the greatest
value of h, regarded as a function of 4, occurs at a solution of sin (p +
1)0 = psinpd. 6 = 0 is impossible since then 0°2/06* > 0 by (12) and
0 = m can be neglected since then by (5) and (7) we get

r 1 1
h(— p, Y — g N < — o, .
(—p0,p) = Z +r+ﬁ ) P 3<p

A glance at the sketch of y = sin (p + 1)x/sin px for x¢ (0, 7),
shown in Figure 1, reveals that there are precisely p other values of
6 to consider, since it is readily shown that each branch of the curve
is monotone strictly decreasing. Again we consider the sign of 9°h/06°.
Since p < 1 we find that for given p, the intersection of y = p with

the rth. branch of the curve satisfies
2r — 1 - rT

L —r<o<
2p +1 p+1

b

whence pbe((r — Dz, rx) and (p + 1)d e ((r — (1/2))m, rm). Thus at
such a point we find from (12) and substituting for p,

Fh _ sinpf){

56~ S0 sin pf cos (p + 1) — p sin 0}

and so the second factor is negative. Thus 0°h/06* < 0 only if sin pf >
0, i.e. if » is odd. Moreover at a local maximum we have using (13)

_ sin pl
(p+ 1)siné

Thus if 6 < 7/2 we we find that except on the first branch 6 > 27/p
and so
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since x cosec x increases over (0, w/2).

Thus we need only consider the first branch. Let k(o) be the
value taken by hi(z, p) with pe(0,1) and @ defined by psinpfd =
sin(p + 1)8,0¢ (0, 7/(p + 1)). Then

dk _oh  oh [do _ o

) do op 00/do op
. (p+ 1k _f_lsinpﬁ
0 o sing ’
Thus

{p—75 + (p +—1)k} _.£Z<EEEJBQ> _‘_(Sﬁl(p +-1)0>

do sind /1 dé sin po

>0,

since both (sin pd)/(sin #) and (sin (p + 1)8)/(sin pb) decrease over (0,
w/(p + 1)). Therefore

St oo

and so p*** dk/dp increases. But as 0 — 0, § — 7/(p + 1), and so using
(17) we see that p***dk/dp — 0. Thus for p > 0, dk/dp > 0, whence
k increases over (0,1). Thus for all such z, i(z, p) < k(1) = 0, with
equality if and only if z = expin/(2p + 1). This concludes the dis-
cussion of this case.

5. The case p = 1. We find that

0
00

and so if p=2,1/2log (1 — 20cosf + 0°) + pcosd <log(o— 1) + p,
whence for p = 2,

_ 0°sin6(2 cos 6 — p)
1—20cos b + p*

{1 log (1 — 2pcos 0 + p*) + pcos&}

9(z, p) = 0~ {1 log (1 — 2pcos 6 + 0% + 2 cosrﬁ}

=o{log (0 -1+ S = g0, p) -
T r
Also g(p, 2) is decreasing for p > 2, for by (10) we find that

= Zlog(p—1) - L=2_.
do 0 o — 1)
But we now see from the definition of ¢(z, p) that

1

1) =
glo,p+ 1) 1

1
p
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and so by induction we see that g(o, p) decreases for p = 2 for each
p = 2. Thus

(18) for 0=22,p=2 gz, p) =92, p),

with equality only for z = 2.

Consider first the case »p = 1. If p <2, we find that for given
0,9 is greatest when 2cosfd =p, or g(z,1) <p/2<1 for p<2.
For 2 < p, we know that g(z,1) < g(o,1) = p'log (0 — 1) + 1, and it
is easily seen that this expression has precisely one turning value,
and that a maximum, which occurs where (0 — 1)log (0 — 1) = po:
This gives o = 4.5911 and then g(po, 1) = 1.2785. Thus a, = 1.2785.

Secondly, consider p = 2. For p < 2 we have

0'9(z, 2) = é— log (1 — 20cos @ + p*) + pcos 6 + %pz cos 20

< %pz + é—pz cos 20, as before

=0,
where equality occurs only if 0 = 2 cos ¢ and cos 20 = 1 are satisfied
simultaneously; this does occur and at the single point z = 2. Thus
a, = 1.

Finally we consider p = 3, and then in view of (18) we need only
consider the annulus 1 < |z| <£2. At a local maximum, we obtain
from (8), osinpd = sin (p + 1)0. In view of (9) 6 = 0 arises only if
0 =1+ p™, since otherwise 0°g/06” is positive. 6 = 7 can be dismissed,
since by (10) a local maximum at such a point would give g < p™* <
1/8 < 0,, by (16). Referring to the figure, we find therefore that we
need to consider three cases

@ 6=0foro=1+p7,

() 0<0=7/@p+1) forl<p=1+p7,

(¢) values of 0 between 7/p and @ — z/(p + 1).

As before the final case can be dismissed, since at such a local
maximum we find from (10) that

_sin (p + 1)6
g =———
psin 0
v
»+1
_p+tl = cosec —=

T p+1 p+1

1

< P+1 1 seeln
P 4 4

< p~'cosec

< -;—cosec 7Ji—n: = —;—2”2 < 0, in view of (16) .
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Now in the second case, let m(o) be the value taken by g(z, p)
when o sin pf = sin (p + 1)¢ and 0 <0 < 7/(2p + 1). Then using (8)
and (10) we obtain similarly to (17),

dm — pm sin pé
19 o= ,
(19) dp 0 * sin ¢
and so
A fpadm) _ o d [, dm
dp{'o d,o} pdp{pdp+pm}
_ » @ [sin(p+1)0)/ d [sin(p + 1)f
pdﬁ{ sin ¢ }/dﬂ{ sin pd }

> 0, as before.

Thus 0**' dm/dp increases as p increases from 1 to 1 + p~'. But
using (19) we see that when p =1,

dm . T / T
— = — PO, + sin sin
dpo P 2+ 1/ Zp+1
1 T
= — po, + — cosec
oy + ip+ 2

> — po, + (2p + 1)/m
> p@/r — g,) > 0, in view of (16).

Thus m(o) is an increasing function of p as o increases from 1 to
1+ p™, and in particular g(1 + p™, p) = ¢9(z, p) for |[z| <1+ p~.
Thus we need only consider case (a).

Let

4, = fL+ p7, p)
_ 2 1/ 1y
(20) ——logp+Z_(l+—
T r p/

T dt

t+p~t
0

=—-logp+§jlg

14+p—1 -1

dt.

—logp+§

0 —_

Thus
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dt

14 (p+1) 71 gp+1
Ap+1_Ap:_10gu_—£+S ’ o

0 t_'].
1 —_1 l

e+~ § — 1

+1 1
= gkl 1 {1+ L },, +log2tL
£ T op+i1lU T oyl »

14p—1
_S » t? dt

e+ — 1

__1 {1+ 1 }Nl—I,say.
p+1 p+1

To estimate I we observe that for ¢t > 1+ (p + 1),

: p+2 p+1

d<t+)=(p+l)t+{t_1_ 1 >>0’
p+1

dt\t — 1 t— 17 \
and so
_ S1+p"1 e dt
- e+~ — 1 —i;
1 p+2(l+p~L dt
s} A
> (p + ) + p + 1 1+(p+1)_1 t2
1 o+ 1 p
~wenfe Ly e - 2y
(v ) p+1 p+2 p+1
1 { 1 }p-l—l
= ]_ -+ ,
p+1 p+1
and so
(21) dppr < 4y«

From (10) we see that if 8 = 0, dg/do = — pg/p + (0 — 1)™*, and
so it is easily verified that dg/dp > 0 at z = 1 4+ p™, and that dg/op <
0 at z = 2. Thus there exists at least one turning value of g on the
real axis between these two points. At such a point g = p/p(0 — 1)
and so

9 . _pOog , pg 1
op* pado  p (0— 1)
1 1

Too-D G-1"

and so there is exactly one such turning value, and that a maximum.
Now let

(22) pe,p) =gl +xp, p,r=1.

’
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Then using (20) we find

#(w,p)=(1 p) {log—— +3

1

12
=(1+ %)_p{dp +logz+ 3 {(1+ ) (1 %>} |

<1 + p) {A Lloga+ 3 LP: t’“ldt}

1

(1 + _x_>—p{d,, + log o + SHW— Uil ldt}
P ool —1

(1 2l [0 27 %)

= A,(x) + B,(%), say.

Now, (1 + 2/n)" is an increasing sequence and by (21) 4, is decres-
ing. Thus A4,.,(x) < 4,(x). We shall show that B,.,(*) < B,(x) too.
We find that for s < z,

<~1+%>p_,_(1+ pi1>p+1:(p+s)"(p+1+xp+i
<1+£)P ' ( 1+__20__)”+1 (» + @)@ + L+ s

\ »+1

:p+1+x{1 x— 8 }“P
p+1+s PP+ px+s+ 1)+ s+ sz
p—l—l—I—x{l_ p(@ — 3) }
p+1+s P+ p@+ s+ 1)+ s+ sz

_P+p@s+ 1) +s+sw g
P+ p@s+ 1)+ s+ s

b

since (1 + &)™ > 1 — pe for every positive . Thus

(e 3) () > i) T (o giy)”

for 1 £ s < x, and so B,(x) = B,..(x).
We see therefore that

g<1+ pf_l,p+1><g<1+%,p>§ap,

and S0 @,y < @y
Also, since p(z, p) > p(x, »p + 1), we see that

@, p) > pla) = lim p(o, p) = o4 + |"serds)
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where 4 = lim,.., 4,. Now from (20) we find that

4, = -—logp+zf‘,—?10—+§f‘,%{(1+%>r— 1}
= —logp + z’:]% + fzg:%@ + —2-'?—>T~lds,

= —logp+ 3=+ [{a+2) —1)%,
T or 0 » s
and so
4=+ Sl(es — 1)s~'ds = 1.895118 .
0

Now
H) = — pla) + o™
@) = — @) — a7,
and so p(x) has precisely one maximum, and at this point p(x) =

x™', with

e = 4 + Sx

1

sle’ds = 4 + a7 — e + rs"ze*’ds R
1
or
S”s~zesds —¢— 4=0.823164 ,
1

whence 2 = 1.3472 and S0 ffn,.. = 0.7423.

Thus we find that since p(x, p) > ¢(x), we can always choose x
such that p(x, p) > 0.7423, and so a, > 0.7423. Thus as p increases
from 2 to o, a, decreases from 1 to 0.7423.
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