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Approximations for the Bessel and Airy functions with
an explicit error term

Ilia Krasikov

ABSTRACT

We show how one can obtain an asymptotic expression for some special functions with a very
explicit error term starting from appropriate upper bounds. We will work out the details for the
Bessel function J, (z) and the Airy function Ai(z). In particular, we answer a question raised by
Olenko and find a sharp bound on the difference between J,(z) and its standard asymptotics.
We also give a very simple and surprisingly precise approximation for the zeros Ai(z).

1. Introduction and results

All basic formulas and asymptotic expressions for special functions we use without references
can be found in [9]. To write down error terms in a compact form we will use 6,6;,6,,..., to
denote quantities with the absolute value not exceeding one.

In most of the cases error terms of asymptotics of special functions are either not known or,
at best, valid for a rather restricted range of parameters. The following is a typical example
of that kind (see, for example, [9, Chapter 10]).

The Bessel function J,(z) is defined by the series

2\ o . (z?/4)
J, == E -1 1
(@) (2) j:O( ) JIT(G+v+1) ()
and is a solution of the ODE

22 I (x) + xJ (x) + (2% — v J,(2) = 0. (2)

THEOREM 1. Suppose that v > 0,z > 0,w, = (2v + 1)7/4, and let

0> maX(V _ 1’ 1)7 0y > InaX(V _ §, 1>’ ai(v) = (1/2 =v)i(1/2 +v);

2 4 2 4 214 ’
then
"8 J(@) = cos (z — w )(ZIZI a2iv) | gaaon, (”)>
9 VAT v g 126 120
lo—1
— sin(z — w,) ( - “2;;1(1” ) 42 “25;;;(1” ) ) (3)
=0

The assumption v > 0 is not really restrictive and can be surmounted by, say, applying the
three term recurrence for J,. However, if v is large or depends on x, estimating the error term
in (3) seems at least as difficult as the original task to find a convenient approximation of the
Bessel functions.

In this paper we show how to circumvent this problem and find an explicit expression for
error terms, which is uniform in the parameters, provided one has an a priori upper bound
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on the absolute value of the considered function. In turn, in many cases, such a bound may
be obtained by using so-called Sonin’s function. For Bessel and Airy functions, as well as for
Hermite polynomials (see [2]), the details of this program can be worked out in a quite routine
way. For Jacobi and Laguerre polynomials it is a much more involved problem and the result
is known only for oscillatory and transition regions [5-7]. It is worth noticing that despite
the fact that it is rather a technical problem and we do have appropriate tools to tackle it
(see, for example, Lemma 11 and Remark 1 below), one still needs a good deal of calculations
to extend the bounds to the monotonicity region. Thus, although the underlying idea of the
method we use here is quite simple and can be applied to other special functions satisfying
a second order differential equation, it is not utterly straightforward to work out the details.
Here we will consider the Bessel function J,(z) as an important example to illustrate this
approach. We provide asymptotic expressions with an explicit error term for the oscillatory
region and also give some new estimates in the monotonicity region. In particular, we answer
a question raised by Olenko [8] and find a sharp bound on the difference between J, (x) and
its standard asymptotics. We also apply the derived results to obtain sharp bounds for the
Airy function Ai(—x),2z > 0. As a corollary we give a surprisingly accurate approximation for
its positive zeros.
In what follows it will be convenient to use the following parameters:

1
= - Z|’ wy, = (2v+ 1) /4.

Let us summarize the main results. First, we will establish a new bound in the monotonicity
region which improves the inequality

J,(tv) < J,)t'e =" p>0,0<t <1,
given in [10] and is also stronger than the classical inequality [15, p. 16],

x¥ 2
J, —z%/4(v+1)
@) < 21 1° ’

provided = > v/In16 — 2 v =~ 0.88v, and v is large enough.

THEOREM 2. Forv > 0,0 <z < v+ 3,

21/3(EV v2 — 2
p : 4
u(@) < samr i yreiss P ( w1 > )

The following sharp inequality improves a result obtained in [2] and is crucial for our
purposes.

THEOREM 3. Let v > 1, then for z > 0,

j@? — V4| ()] < v/2/, (5)
and the constant /2/m is best possible.

The following theorem provides a bound on the difference between J,(x) and its standard
asymptotics.

THEOREM 4. For z > 0,

2
Jy(x) =1/ — cos(z — wy) + Ocpz ™32, (6)
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where
(2/m)3%, x>0,y <1/2,
c=144/5, 0<z<p,v>1/2,
2/x, x> \/i,v>1/2.

Moreover, up to the numerical factor ¢, the error term is sharp. In particular, ¢ cannot be
taken less than 1/+/2m.

In [8] Olenko proved the inequalities which for v > 0 can be written as

Jy(x) — \/Zcos(a: —wy)

with some explicit constants c1, ¢2, and raised the question of what is the best possible exponent
1

PP sup 23/2 13/6,

x>0

§ ColV

a of v in these inequalities. The answer a = 2 is an immediate corollary of (6) and for v > —3
1 3/2
——u <supx

we obtain
Jy(x) — \/icos(x—w )
V2 >0 Y T Y

The next theorem gives a more complicated yet much sharper approximation for the Bessel
function J, ().

< %u. (7)

THEOREM 5. For |v| < 4 and x > 0,

Jo(z) = \/Z(af + 1) V4 cos(B(xz) — wy) + 0 Nor=s @5 T (8)

and for |v| > 1 and z > /L,

Ty () = ﬁ(ﬁ — ) cos(B(x) —w,) + 0 m(ff_ P ©)

where

Va2 +pu+ ln;, lv| < 1/2,
B(z) = Heve VE+ T+ p (10)

\/x27u+\/ﬁarcsinﬂ, v>=1/2.
x

Notice that (9) remains reasonably accurate even in the transition region when z = v +
const - v1/3.
Formula (9) can be rewritten in a slightly simpler way by setting 2 = /u/ sint,

13tan™/2 ¢

. 2 _
Jo(Vp/sint) = \/;,u L4 tant cos((t + cot t)\/fr — wy,) + HW. (11)

The argument of the cosine in (8) can be simplified at the cost of a weaker numerical constant
at the error term.
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THEOREM 6. For |v| < & and z > 0,

2 cos (x — p/2x — wy) 250
2 ; , 12
Ju(x) \/; @+t 24\/2m a3 (2% + p)'/4 "

Let j,5 be the sth zero of J,(z). One can readily derive sharp approximations for j,s using
formulas (8), (9) and (12), and imposing some restrictions on the rate of growth of v and s
to be able to solve arising transcendental equations. To illustrate this approach, we derive an
error term in the asymptotic McMahon’s expansion (see [15, p. 506])

Gus =1/4+2u/r +0(s73), r=(4s+ 20— 1)1 — o0.
COROLLARY 1. For |v| < 1,
Gus = 1/4 4 2u/r + 18T0ur 3. (13)

Let us notice that in fact for || < % a stronger result, yet with a much more involved proof,
is known [3]:
. 8u(7n+ 6
Jus = 7’/4-’- 2#/7’ — %
r
Bounds and asymptotics for the Bessel function lead directly to approximation of the Airy
function

+ 8102775,

21.3/2

3

Ai(-2) = Y210 + a0, (=

In this paper we prove the following.

THEOREM 7. For xz > 0,
4 Ai(—x)| < 1//7. (14)

THEOREM 8. For z > 0,

cos(¢ —m/4) 5

Ai(-z) = ﬁxl/‘l + 9247r3/2x7/4'

Applying (8) to the Airy function readily yields a much more accurate result.

(15)

COROLLARY 2. For z > 0,

_ 2/ cos(v16x3 + 5/6 — (v/5/6) In ((v/ 1623 + 5 4+ V/5) /42>/?) — 7/4)

Ai(-2) /(1623 + 5)1/4

10v3

0 .
O R A (1628 1 5)° 2

(16)

With a slightly less precise numerical constant at the error term this expression can be
written in a much simpler form.

THEOREM 9. For z > 0,

B 2v/x cos((2/3)x3/? — (5/48)x=3/? — w /4) 5
N V(1623 + 5)1/4 * 9wt (1623 4 5)1/4

Ai(—zx) (17)
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Let as be the sth positive zero of Ai(—z). In [1] Breen established the bound as =
172/3(12s — 32)?/3, where a € (2.895,4.2). Here we will strengthen this bound and show
that formula (17) yields a sharper and also very simple approximation to ag, for example
already for the first zero the error is less than % 1073,

THEOREM 10. We have

1 4
as = ~(m*+20)"° + ¢ o7
4 m?3

3 (1 20)175" m = (12s — 3)7. (18)

The paper is organized as follows. In the next section we describe the idea of the method.
In §3 we establish upper bounds on Bessel and Airy functions, in particular, we prove
Theorems 2, 3 and 7. In §4 we consider the error term of the standard asymptotics and
prove Theorem 4, thus answering Olenko’s question. The rest of the results will be obtained in
85, where using the approach of §2, we establish sharper approximations for Bessel and Airy
functions and in § 6, where we prove Corollary 1 and Theorem 10.

2. Preliminaries

Our main tool for bounding functions satisfying a second order ODE is based on so-called
Sonin’s function, which is defined as follows. Let y(z) be a solution of

y" () + a(x)y () + b(x)y(z) = 0,b(x) > 0.

Then S(z) = y? + y'?/b is just an envelope of y2, coinciding with it in all maxima. The sign
of §" = (2ab+b')y"?/b* depends only on a and b, which in many cases enables one to find the
global maximum of |y|. The following approach was briefly described in [7]. We want to find
an approximation of a solution of the differential equation

[+ b (@) f(x) =0, (19)
in terms of some standard function F'(x), which also satisfies a second order ODE
Dy(F) = p2(x)F" + p1(x)F' + po(x)F = 0.
We seek for a multiplier function z(z) such that the differential operator
Da(g) = q2(2)g" + a1 (2)g" + go()g,

for g = g(z) = z(x) f(x), is in some sense close to the operator D;. In fact, in what follows we
choose F' to be just cos ¢(x) with an appropriate function ¢.
To be more specific, consider a WKB-type approximation where one chooses g(z) =

/b(z) f(z), transforming (19) into

3K — 20b”

4p* (20)

/
§ =g+ P () =0, e(a)

If € is small we can expect that g(z) is close to the solution of the equation

b/
90 — 596 +b%g0 =0,

which is just go = M cos B(x), where B(z) = [ b(z) dz.
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Assume now that we have an a priori bound, say, |g(z)| < C. Then we can readily estimate
the error term |g — go| by solving (20) as an inhomogeneous equation,

9(x) = go — J e(t)b(t) sin(B(x) — B(t))g(t) dt, (21)
thus obtaining
g=%+ﬁCJe@MUﬁ
To derive an upper bound on |g(z)| we consider Sonin’s function

Sla) = Slgia) = g+ —L =t g
WERGTZI T g~ T v — ooy
Applying (20) to get rid of g”, one finds
b b/3 — 6bb'D" b2b///
S/(x) —_ 8 (6 6 + ) 12
(4% + 3b"2 — 2bb"")?

Let us assume now that 4b* + 302 — 2bb” > 0 and 6b"2 — 6bb'b" + b0 > 0, then S’ > 0 and we
obtain g2(x) < S(cc). Moreover, one can also get an upper bound on S in the following way:
 D(4b" + 30" — 20b")

2(6b/3 _ be/bll + b/2b///)

S S'=g>>0

)

that is
2(66’3 _ be/b” +b/2b///) 7 iln b4
b(4b* +3b'2 — 2bb")  dx 4b* 4 302 — 20"’

provided the last expression is nonnegative. Integrating from x to y, we find
S 1
W) lre)
S(x) ~ 1+4¢€(y)
Thus, the envelope of g2(x) given by S(z) is almost constant as far as €(z) = o(1).
In practically important examples the situation is somewhat more subtle as the coefficient

b(z) may vanish. For instance, for the Bessel function the coefficient b(z) = z~1/2% — 2 + 1,

and Sonin’s function does not provide any information for the monotonicity region 0 < z <
2

S'/S <

v? — %. Thus, one needs some supplementary estimates to extend the bounds on [g(z)| to

this interval. Let us notice that although the behaviour of the solutions of (19) looks less
complicated in the monotonicity region, it probably allows only a piecewise approximation in
reasonably simple elementary functions.

Another rather technical problem is how to find the constants of integration in go. Here one
either has to know the value of g(x) at some points, for example at infinity, or to be able to
match asymptotics in the oscillatory and transition regions.

3. Upper bounds

First we will establish a new upper bound on J,(x) in the monotonicity region. The simplest
inequality of this type [15] states that for x real and v > —%,

()] < =]

S 2T(w+1) (22)

For our purposes we need much more accurate estimates. We will use the following inequality
established in [4] . We sketch a proof for self-completeness.
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LEMMA 11. Let J,(x) = 27" J,(z),v > —3, then for 0 <z < v + 1,

T (x) < 2v+1)2—422-2v -1 < 2x
To(x) = 2 7w+l

(23)

Proof. For v > —% the Bessel function J,(z) is an entire function with only real zeros
satisfying the Laguerre inequality J/? — J,J/ > 0. Substituting J from the differential
equation

z2J) 4+ v+ 1)J, + 2T, =0,

and dividing by J? we obtain xt?(z) + (2v + 1)t(x) + 2 > 0, where t(x) = J//J,. Hence for
O<z<<v+ %,

t(x>¢(w+2v+l 2 >

VERr+1)2 —4x2+ 20+ 1

Since lim, g+ t(x) = 0, whereas lim, g+ (—(1/(2v + 1)2 — 422 + 2v + 1) /22) = —o0, we get

2z 2x

_ > — )
VRv+1)2 —4x2+2v 41 2v+1

t(z) = O

Proof of Theorem 2. By the previous lemma we have

v 2 2
jl,(y)>_J' 2z d V- —x

In Z= =,
2 2v+1 2v+1

hence

V2 _ 42
To(tv) < T (v) exp (M)

This, together with the inequality J, (v) < 21/3/(3%/3T(2/3)v'/3) (see [9, equation (10.14.2)]),
yields the required result. O

REMARK 1. The function J,(z) = 27%J,(z) of Lemma 11 belongs to the so-called Pélya-
Laguerre class and satisfies the infinite series of inequalities

2m (Qm)
Lin(T) =) (—1)mH L2 70) 7(2m=i) > 24
(Tv) jZ::O( ) @) (24)

where L1(J,) > 0 is the usual Laguerre inequality J/? — 7, J/ > 0 (see, for example, [11, 12]).
Using L,,(J,) = 0 for m > 1 leads to much more precise yet more complicated bounds on
J.]J, and consequently on J,. Alternatively, one can use the inequality Ly (7, + A\J)) = 0,
A € R, then optimizing in A. It is worth noticing that both methods give an inequality similar

to (23) but in the opposite direction. Thus, at least in principal, one can use the known value
of J,(0) instead of J, (v).

Our main tool for bounding solutions of the second order differential equations will be Sonin’s
function. In particular, it was used by Szegd to prove that

/2 1
</ — < = .
|J,,(I)| X . ‘V| X 2,1‘ >0 (25)
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Although he did not state this explicitly, his proof of Theorem 7.31.2 from [14] immediately
implies
2

1
Y, </ —, < o, . 2
V@<= <50 (26)

His arguments go as follows: let y be a solution of the Bessel differential equation

2y’ +ay' + (2° — )y =0,

the normal form of which is given by

2

1
f”+(1—yx24>f=0, ! =ay.

Then for [v| < 2 and 2 > 0 the derivative of Sonin’s function is positive,
S'z)= —HT 20y 5
(1 +a?)? ’

hence S is increasing and inequalities (25) and (26) follow by calculating S(oco) from known
asymptotics of J, and Y,. On the other hand, S'(z) < 0 for v > 1 and z > /i, which does
not lead, at least directly, to any explicit inequality.

It turns out that for v > % it is more natural to deal with the function

Ho(x) = |22 — uV A, (2), (27)

rather than v/xJ, (z). Here we will refine an inequality for the Bessel function obtained in [2].
First we need the following lemma.

LEMMA 12. The first positive maximum of H, (x),v > %, is attained at a point £ satisfying

E>wvy/1— (2v)-2/3.

Proof. Since obviously 0 < £ < u, we can restrict ourselves to the interval (0, x) and write
down

H,(x) = CCV(N - x2)1/4~7u(x>7
where as before J,(z) = 7" J,(z). Then
/ ¢! 2 2
0="H,(£) = W(Z(M = &) (EHE) +v) — )T (8),
where t(z) = J)(x)/J,(x). Hence

(2v +1)(2v2 — v — 2€2)

Ho = - (2 —1—462)¢

and comparing this with (4) we obtain the inequality

(2v +1)(2v2 — v — 2¢?) < 20+ 1—/(2v+1)2 — 42
42 — 1 — 42 = 2 :

Simplifying we get that the last inequality holds if

p(€) = (4* = 1) — (42 = 1 - €)%((2v +1)* - 4¢*) > 0.
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Observe that for v > % this polynomial has the only positive zero &y. Indeed, the discriminant
of p(§) in &, up to an irrelevant numerical factor, is

v(v+1)(2v — 1)%(2v + 1)1°(10802 — 1721 — 5)2.

Thus the number of real and, as it is an even function of &, positive zeros does not change for

10802 — 172v — 5 > 0, in particular for v > g Choosing v = g we obtain the test equation

p(€) = €5 — 21€* + 144€2 — 315 = 0, with the only positive zero ¢ ~ 2.14. Finally,
p(v) =v(4v® —2v —1) >0,

and using the substitution v = r3/2, we find
p(ry/1— (20)=2/3) = p(\/r6 —14/2) = —r3(r? = 1)2(2r + 4r®> — 7 +2) < 0.
Hence, since r > 1, we get £ > vy/1 — (2v)~2/5. O

Proof of Theorem 3. For x = /i the result is trivial. Otherwise we shall consider three (in
fact, overlapping) cases.

Case 1: z > /i The function H,(z) = (22 — p)/*J,(x), as is easy to check, satisfies the
differential equation

" H l 4(:C2 — ,LL)S + (6952 — N):U'
_ () =0. 2
M) = st Hole) + = ) = 0 (28)
Consider the corresponding Sonin’s function
Aa2(22 — )2
Sa) = M)+ gyt (),

A(x? — p)® + (622 — p)p
then H2(z) < S(z) for z > /i > 0. On excluding H//(x) by (28) one finds

24pa® (@ — p)(4e® + 1) 2
(4(22 — p)3 + (622 — M)M)QH ,(2) 20,

hence |H, ()| < /limg_oo S(x). Using J),(z) = (J,—1(x) — Jy+1(x))/2, and the asymptotic

formula
2
Jl, ~ - - W)
(x) \/ﬂ_mcos(m wy)

after some calculations one finds |H,(x)| < 1/2/7. Since H2(z) = S(x) at all local maxima
the constant /2/m is sharp.

Case2: 0 <z < \/f, 3 <v <49 By (22) and v >

S'(z) =

% we have

_ 2\ /g
Hy(x) = (u—a*)*J,(2) < (I;T(V)Jrl)

The maximum of the right-hand side is attained for x = \/v? — /2, yielding

v/2+1/4 v v
e < (1- 1 /2+1/ (v/2) /24+1/4 o (v/2) /2+1/4
VAT 2v T'(v+1) V2nvvve v
v—1/4
(/2) 1
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Case 3: 0 < & < \/j,v > 2. Inequality (4) yields

21/3:61/(#7:62)1/4 <u2x2>
p .

Ho(0) < Samaria s P\ 251

Let 7 = (2v)'/3. By Lemma 12 we can set

2
r=vy/1— (2v)"2/3z = %\/7‘2—2’, rt<z<1<r

This gives H,(x) < Af(z), where

21/6 z /4 1 1/4 2rt
A= SprEE); f(z)<1r2> (2744) eXp(4r3+4>‘

f'(z) (47300 — 220t — 22p5)3

f(z) 41 +7r2)(r2 - 2)(2rt = 1)

The denominator here is obviously positive. The numerator is also positive by

We find

T+rd 405 =220t — 220 > (P2 = D)L +7)(r® =272 + 7 — 1) > 0,

provided v > 1—79. Hence f(z) is increasing and

/4 4
_ 1 4 q\1/4,.-1 r
Hy(x) < Af(1) = A(l r2> (r* = 1)"*r " exp R

4
< Ae” /(1 — /A exp<4r;+ 4> <A< \/2/7.

This completes the proof. O
Proof of Theorem 7. Set f(z) = x'/*Ai(—z), then

1 5
f”—f’+<x+ )fzo,
2x T
and the corresponding Sonin’s function is

240x
(1623 + 5)?

1622

o 12 2 0
1623 + 5 !

S(z) = f2+ [ 8 (x) =

Hence f2(z) < S(z) < S(00). Using the asymptotics [9, equations (9.7.9), (9.7.10)]

_ 1/4 —
Al(—(ﬂ) ~ COS(C 7(-/4)’ AI/(—SC) -~ L Sln(( ’/T/4‘)7 C _ 21,3/27
Vmral/4 N3 3
one obtains S(co) = 1/m and the result follows. O

4. Error term of the standard asymptotics of J, (z)

Having at hand an upper bound on |J, (x)| one can estimate the difference

r(z) = %Jl,(m) —cos(z — wy), (29)
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in a rather elementary way. Notice that r(z) satisfies the equation

1
= ’/2;(# - 4>Jl,(:v),

with the general solution of the form

. w1 *sin(t — x
r(z) = cycosx + cosinz + \/;<4 - V2> J'w %Jy(t) dt. (30)

Now one has only to estimate the integral and to notice that as far as it is o(1), we have
¢1 = co = 0 by an obvious limiting argument.

To get better numerical constants the following observation will be useful. Let f(z) > 0 be
a decreasing function for = > 0. Since

m(k+1)
J (]sint| —2/7)dt =0, k=0,1,...,
Tk

one readily obtains

o0 2 o0
J f@)|sint|dt < —J f@)dte, (31)
0 T Jo
assuming that the last integral exists.

Proof of Theorem 4. We shall estimate the function r(z) defined by (29). First notice that

asymptotically
2
Jy(x) =/ — cos(z — w,) + O(x™%/?),
T

that is lim, o, 7(z) = 0, hence ¢; = ¢ = 0 in (30), and therefore

o= 3| et ] = [T

Thus, ¢ = sup,~(2Z,(z) and for [v| <  the result immediately follows by (31),

T,(z) < \/ZJOO \sin(;— )| . (2/7-[-)3/2.

- T

For v > % and x > /p, applying (5), (31) and the inequality arcsinz < 7z/2, we get
2 [ |sin(t — z)| 2\ %2 > dt
Z,(z) < p L t3/2(t2 _ )1/4 dt < o J'w t3/2(t2 _ )1/4
3/2 oo 3/2
< 2 J dt J' dt 2 arcsm(\f/x)
™ x e VB2 —p ™ v
Similarly, for v > % and 0 <z </,

2 [®  |sin(t — )| \FJW |sin(t — )]
T, (z) < \[J Y+ =iy At
( ) \FtS/Q(t2 _U)1/4 T, t3/2(/.t—t2)1/4

fdt ﬁ dt 2 2/1 1 \In(yE+ Vp—2?)/z
W\f 2

== 4 -
x - wyp \m\z V& N
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This inequality can be rewritten as

2 2 1+v1—22
T, (2) < z+\/ + z

—(1- z)zlnf with z = z/\/p.

™ ™
A routine but rather tedious investigation reveals that the last expression does not exceed %.
We omit the details.

Let us show that up to the numerical factor ¢ the error term in (6) is sharp. By (30) and
(6) we have for the error term

oo -
2|, - sin(t —z)
R, (z) = - s(z —wy)| = px L +3/2 Ju(t) dt
ook t— 2
N Vr
Here
dt  Ocu
12 = GC/J,JJJz tid - %

To bound I; we introduce two auxiliary functions f and g defined by

Si(z) = = — f(x)cosz — g(x)sinz, Ci(z) = f(x)sinz — g(x) cosz,

ol 2

with the asymptotics (see [9, § 6.12(ii)])
fl)y=2'+0@?), gx)=2"2+0(?).
Calculations yield

= Si(22) sin(z + w,) + Ci(22) cos(x + w,) — sint cos(z —wy)

Z t=0

sint cos(z — w, 00
= f(22)sin(2t + x —w,) — g(22) cos(2t + = —w, ) — sint cos(z — wy)

< t=0
= W—FC(%‘QL z=x+t.
Hence
Ry () = f;?m(wu —2)|+ 0@,
and the result follows. O

REMARK 2. Numerical calculations suggest that in fact

Jy(x)\/zcos<x”(2”4+1)>‘\/%,

f% outside the strip % < v < 4.4767. The maximal value of the function

in that strip is approximately equal to 1.06424/+/27 and is attained at the point (v,z) ~
(2.68729,2.98219).

3/2

sup x
x>0

for all v >
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5. Sharper asymptotics

The classical asymptotics given by (6) do not make much sense for £ = O(u) when the
main term and the error are of the same order. Here, using formula (21), we derive a different
asymptotic expression with much smaller error term. It also leads to very sharp approximation
of the Airy function Ai(—2z) and its zeros. We will need the following lemma given in [7].

LEMMA 13. Let f(x) satisfy the differential equation

f!'(@) + b (2) f(x) = 0,

where b(x) > 0 and b"”(x) exists on an interval Z. Let g(x) = /b(x)f(z), then for x € Z,
provided the integral exists,

x| Qpr2 _ 7
g(z) = ¢1 cos B(z) + cosin B(x) + HJ 30 (t)4b32(l;§t)b (t)g(t) dt, (32)
where B(z) = [ b(t)dt and a € T is arbitrary.
Proof. Observe that g(z) satisfies the equation
b 302 — 2bb"
no__ 7 2 _ _ —
g 5 +gb°(1+¢) =0, e=c¢x) - (33)

The solution of the corresponding homogeneous equation

b/
90 — 596 +b%°go =0

is go = ¢1 sin B(z) + c2 cos B(z). Solving (33) formally as an inhomogeneous equation with the
right-hand side —e(z)g(x) we get

T

9(z) = go(z) — J ()b(t)g (1) sin (B(x) — B(t)) dt

a
€T

— gola) + ej e(1)b(£)g (1) sin (B(z) — B(t))]| dt
3v2(t) — 2b(t)b" ()
55 (1)

T

=go(w) + HJ g(t)| dt. O

a

The normal form of differential equation (2) is

4 (1 . v? ;21/4>f =0, f=+vxJ,(x).

Thus, for z > {/max{0,2 — 1} we have

2 —v2+1/4
bla) =

Ny} L —
B(x) = VAF VAt

\/:102—,u—l—\/ﬁaurcsin@7 v>=1/2
x

and g(z) = (22 — 2 + V4, (2).

vl <1/2,
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Proof of Theorem 5. Since |J, (z)| < \/2/mx for |v| < 5, by (32) we have
po(* 627 +p p
9(x) = go(z) VBT J, 232(22 4 p)o/4 go(z) V2ma(z? + p)5/4

Comparing this with the standard asymptotics

flx) =vad,(z) = \/zcos (r —wy) + O(a:73/2), (34)

¢ =/—sinw,, ¢y =4/—=cosw,,
7r T
yielding (8).

Similarly, for v > £ and x > p, using (5) instead of (25), we obtain

Op [ 622—p 322 +2u arcsin(y/m/x)
= d — .
9(x) = go(x) + ML AZ_ppr Tt f‘ (22 — p)3/2 NG
It is easy to check that the expression inside the absolute value bars is positive and decreasing
in x. Therefore, by arcsin(\/p/x) > \/p/x,x > 0, we get

322 4 2u arcsin(y/n/x) - 322 4+ 2u 1

for large x one finds

3(x? — p)3/? Vi S 3@2—p)d2 x
_ o Bp @2y o op—e)? o 13p
6 — ) 20(a? — ) 6(a? — )3/’
and
13p

9(@) = 00) + O e — il

Comparing this with the asymptotics for large x one finds ¢; = \/2/7wsinw,,, ca = /2/m cosw,,
and (9) follows. O

The corresponding results for the Airy function are now almost straightforward. In particular,
Corollary 2 follows directly from (8).

Proof of Theorem 8. Let f(z) = Ai(—=x), then f” + af = 0, that is b(x) = /z, then (32)
together with (14) yield

e 5
— pl/4 — e )
g(l‘) =X / f(ﬂj‘) =C1 51n<+02 CObC—f-J'z de

5 2x3/2
p— 1 97 f—
c18inC + cocos( + SYPCYEE ¢=

and the result follows by comparing this with the asymptotics

Ai(—z) ~ ﬁcos (C—7/4). O

Proof of Theorems 6 and 9. It is easy to verify the following Taylor expansions:
2

x [
/.2 1 e — 9> , > 0,
R T e A rRli T

V1623 +5 f \/16353 5+/5 _ 232 5 _ap L2 2 25 _op2
6 6 4ad2 3 8" 9216"
Now (12) and (17) follow by applying |cos(x + €) — cosz| < €,€ > 0. O
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6. Approximation of zeros

In this section we deduce the approximations of Corollary 1 and Theorem 10 from (12) and
(17) respectively. Both proofs are based on the following simple observation: the inequality
|sin x| < € implies = 7s + Ome/2, s € Z.

Proof of Corollary 1. Let

r+ /12 +32u xi_r+\/r2+32y:|:(8007m/3r2)
8 oo 8 ‘

o =

We will prove a slightly stronger result, namely that x; < j, < 3. Then (13) will follow in
view of the inequality

/44 2u/r — xE| < 18mpur—3.
First, notice that 7/2 < j,1 < 7 for [v]| < 1, thus we will assume z > 1. By (12) the equation
Jy(x) = 0 is equivalent to

. 1% T 25p
sm(a: 9 wy, + 2) = 948x3'

Hence, for x = j,5 we get

7 m 25T
LR =
Ty Tt T g
giving the equation
V(z) = 962* — 2472 — 48ux? — 2507 =0, r = (4s+2v — 1)7. (35)

By Descartes’ rule of signs this equation has only one positive zero for § > 0 and a maximum
of two for § < 0. If § = 0 then x¢ is the only positive root of (35).
Suppose next that 6 > 0. One easily checks V(zg) < 0 and V(zg) > 0, hence zy < v < 2.
Now let 6 < 0. We find V/(0) > 0 and V() < 0. Hence the equation V(z) = 0 has just one
root for x > % Since V() > 0, whereas

- 25T 8007 11
V(rg) = e <4oom — 48ur? — 3(1 + 20)r* — 3r3\/r2 +32p - =3 )
25T \/ 8007
< —\[7T?+32u — <0,
2r (r st 3r2
we conclude that in all the cases 5 < x < $0+. This completes the proof. O
Proof of Theorem 10. By (17) Ai(—z) = 0 means
(2 3/2 5 —3/2 | T ST _g/2
z _ = Z) gl Y
sm(gaz 4835 + 1 36$ )
hence for x = as we obtain
2 32 5 3 ™ 5T _9/2
z _ = =5 — — — =1,2,....
3¢ i s 4—|—936m , 8 ,2, (36)
First we need a lower bound on z. Since a; = 2.33..., we may assume x > 2. Then
2 5 5
gx?’/z =75 — % + @x%ﬂ +03—2x79/2 > 7S — %,
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so x > m?/3/4,m = (125 — 3)m. Substituting this into the term with 6 in (36) we get the

equation
6407

2032 _ 5 032 o 5, 5=0 o

3 48
with the only positive root

x =16"2/3(m 4+ 126 + \/(m + 126)2 4 40)*/3.

After some calculations one gets

x =1672/3(m 4 /m?2 4 40)*/3 (1 + 9%). (37)
m m

Finally, using the inequality

L5 1/3 -2 25
il 20)1/3 — 16—2/3 2 1 40)2/3
0< 4(m +20) 6 (m 4+ vm? +40)~° < Sm3(m? 1 40)1/6”
we get
1, 5 1/3 457
=- P)0) R R —
x 4(m +20)77 + m3(m? + 40)1/6
This completes the proof. ]

Finally, let us notice that the formulas (37) and (18) can be strengthened to
as < 16723 (m 4 \/m? +40)** < {(m® + 20)"/%.
This follows from rather involved estimates given in [13] of the error term of Miller’s asymptotic

expansion for ag,
0 o m2/3 1 . 5 1280 4936000
3 4 3m?2 9m? 81mb '

In particular, in [13] it is shown that

0. < m2/3 1+ 5 _1280 4936 000
s 4  3m?2 9m4 81msé )’

and by straightforward calculations we conclude that the last expression does not exceed

1672/3(m + v/m?2 + 40)%/3.
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