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THE ANGER DIFFERENCE EQUATION

MEGAN BENKENDORF, TOM CUCHTA*, TIM LUND AND GAURAVPREET SINGH

Abstract. A nonhomogeneous Bessel difference equation, dubbed the Anger difference equa-
tion, is solved and properties of its solution are investigated. Numerical evidence that the solution
is oscillatory is presented and difficulties in finding a proof for it are discussed.

1. Introduction
We investigate the second-order nonhomogeneous difference equation

t —v)sin(mv

1t — AR —2) +1tAy(t — 1) +1(t — Dyt — 2) — v3y(t) = ¥:H(”> (1)
where v € R\ Z, which we dub the Anger difference equation. We argue in this ar-
ticle that (1) is the discrete analogue of the classical Anger differential equation [15,
11.10.5],[12, 8.584]

AV 1y )+ (2 v)) = YY), @
which was introduced in 1855 [2] and has a long history. Recently, the solutions Jy,
of (2), called Anger functions, have been applied to topics such as techniques for the
generation of X-rays [11], the reflection of cylindrical waves at planar interfaces [19],
and truncated circular electromagnetic structures [9].

The Jy have series representation [12, 8.581]
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When v € Z, the right-hand side of (1) vanishes and the resulting homogeneous
difference equation is the Bessel difference equation, which was the subject of [6].
There, the discrete Bessel functions of the first kind, denoted by J, , were first defined
and their properties explored. Such J, have since been used to solve discrete wave
equations [4] [17, Theorem 3.1], extended to the “modified” discrete Bessel functions
I,, for solving semidiscrete diffusion problems [18, Lemma 2.2], used in the discrete
time heat kernel in field theories of physics [13], and generalized to a broader class of
domains to include the quantum calculus via the theory of time scales calculus [20].
For this reason, we shall assume that v is non-integer throughout this work.

The new contributions appear in both Sections 3 and 4. In Section 3, we solve the
Anger difference equation, find its hypergeometric series representation, and find two
recurrences for the discrete Anger functions. In Section 4, we discuss the difficulties in
proving that the discrete Anger functions are oscillatory.

2. Preliminaries and definitions

The difference operator A is defined by Af(t) = f(t+1) — f(t). We refer readers
to the monograph [14] for a thorough introduction to the subject. We will consider the
homogeneous second-order Sturm—Liouville difference equation of the form

A(p(1)Ax(1)) +q(1)x(t+1) =0 (4)
and its nonohomogeneous counterpart
A(p()Ax(r)) +q(t)x(t +1) = £(1). (5)

The discrete Laplace transform (a shifted and scaled 2 -transform [5, Section 3.1]) is
defined by

- Sk

D {1} @) =3 T 6)
Z(1-2)
0
We recall that the well-known I" function [3] obeys the recurrence
aP(x) =T(x+1), @)
which may be rearranged to
1 X
_— = = 8
I'x) T(x+1) ®)
For z € C\ Z, the T function also satisfies the reflection formula
T
Tl —z) = — . 9
(2)I(1—2) Sn(z2) ©)
For n € {0,1,2,...}, the Pochhammer symbol (a), is defined by
I'(a+n)
(@p=ala+1)...(a+n—-1)= ——= (10)

I(a) ’
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and the related falling powers are defined as the polynomial
Pt=t@t—-1)t—-2)...(t —n+1),

which are the discrete analogue of power functions since A" = nt"=L. The falling

powers satisfy the formula
2t —n)t =, (11)

The classical generalized hypergeometric series ,.%, is defined by the series

) )ktk
pﬁq(al,...,ap;bh.. Z’—)kk' (12)

The discrete generalized hypergeometric series were introduced in [7] and are defined
by

, , & (@) (ap)y G
qu(al,...,ap,bl,...,bq,t7n7§)—]ZE)(bl) o K (13)

It is known that (12) and (13) are related by the formula [10, (5)]

PFq(al7'"aap;bla"ﬂbq;tana&)
t —t+n—1
,...,7;b17...,bq;§(—n)”). (14)

o
= +nf aly...,dp,——
P 11< ’ et 2 n n

The Mathematica command FunctionExpand [AngerJ[v, z]] reveals that (3)
has classical hypergeometric representation of the form

cos <n_v>
2

2

\% 1% Z
(o) = 1%(1;1——,1+—;——)
r(1-3)r(+3) o

(%) :
sl 3—v 3+v
2 (1522 as)
T 3— r 3+v 2 2 4

2 2
which can be found online but seems absent from the literature. Below, we establish
the discrete analogue of (15), and its simple proof can be directly adapted to prove (15)

itself. Similarly, the Mathematica command LaplaceTransform[AngerJ[v, t],
t, z] reveals

+

COS<TEV>
N 5 1 \% \% 1
g = F _71711 ’l 5T
{3v}(2) TI-HT1+3)° 2(2 23 22>
sin(nv>
BN 6\( 33 v3 v 1)
392 1717_7___7_+_’__ ’ (16)
Zer(% DNT(E+Y) 2’2 2’2 27 22
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which is similar to a more difficult formula appearing in [16, 3.18] involving the Meijer
G function. Our proof below of the discrete analogue of (15) can be adapted to prove
it directly for computing the Laplace transform of the Jy .
The Jy also obey numerous recurrence relations [12, 8.582] such as
2sin(mv)

Zﬁv—l(z)‘FZ:Jv-&-l(Z) :2V3V(Z) —x 17)

and
SV—I(Z)_SV-&-I(Z) ZZSQ(Z)- (18)

3. The discrete Anger functions

Analogous to (3), we define the discrete Anger function J, by

Jv(t) ~—C°S< 2 )k 022kr(k+§+1>r<k v+1>
+sin (%) i (=D (19)

3 3\
=002kt (k+§+ 5) r (k— S+ 5)

We present some plots of the J, below in Figure 1. We now formalize the idea that
(19) is the discrete analogue of (3).
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Figure 1: Plot of the discrete Anger functions of orders v =0.3 and v = 0.5 with a logarithmic
y-axis.
THEOREM 1. The function y(t) = J,(t) solves (1).

Proof. Define
. cos (&) (1)
AT (kY )T (k- % +1)

sin (&

)
d = ;
P e e s+ T (=2 +0)
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so that

Eakt +2Bt2k“ a0+2akt +B0t+2ﬂt2k“

k=1

Computing the first two differences, we have

Ay (1 2 2kogrE=L 1 By + 2 (2k 4 1) Bk,

k=1 k=1
and . .
A, (1) 2 (2k)(2k — 1) ogr =2 + Z (2k 4 1) (2k) Bur =L,
Thus using (11),
(l—l)Jvl— Zat2k+2+ ZBt2k+3 Zak 1l‘*—|— Zﬁ—t2k+l
1AY,(1—1) EZkakt +ﬁ0z+2 2k + 1) Bl
k=1
and

1(t—1)AJ, (1 —2) = i(Zk)(Zk— o2+ 2 (2k 4 1) (2k) B 2L,
k=1 k=1

Substituting these quantities into the left-hand side of (1), we obtain
ﬁot— (00 + Bot) + 2 [ 2k)(2k — 1) oy + 2koy, + oy 1—V206k}l‘2k
k=1
2 [ (2k) 2k + 1) B+ 2k + 1) Be+ Bt — v2ﬁk} 2L 00

To simplify this, we use (8) to obtain

cos (&%) (—1)*!

TR TR D)
P e
2T (k+ 3+ 1)T(k— % +1) __4(k+2>(k_2>°"‘
. v 1 v 1
and similarly, B;_| = —4 <k+§—|—§> (k—§—|—5) Bi. Now from (20), we compute

2k(2k — 1) oy + 2koy + o1 — V206k

— o (2k(2k—1)+2k—4(k+§) (k—%) —v?) =0
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and

2k(2k+ 1)Bi+ (2k+ 1B+ Bt — V2B

=B (2k(2k+1)+(2k+1)—4<k+§+%) (k_ X+1> _vz)

22

2
= B <4k2+2k+2k+1—4<k2+k_‘%+%> _v2> _o.

Using (7), (9), the double angle identity for sine, and the cofunction identity relating
sine and cosine yields

(1—v?)sin (%%)1 _ (1—v?)sin (%
r(3+3)T(-5+3) 2(3+3)(F-)T

vi-Drm
2sin () cos (&)1 sin(mv)t
T T
Similarly, we have
v2cos (%) v2cos (%)
TEEDT(-3+) - IrEHT-3)
~ 2vcos(%)sin(%)  vsin(mv)
n n

Therefore, we finally obtain

Bot — v* (0t + Bot) = (1 — 2)ﬂ01— viag

R D T

T 3

_ sin(zv):r  vsin(zv)  (t—v)sin(zv)

= . )
completing the proof. [J

We now prove the discrete analogue of (15).

THEOREM 2. The Jy have discrete hypergeometric series representation

4 1
L G )

t 3 vi3 v 1
Al2-Y20Y 0 12-2) @
arE-nriE+y)’ 2( AR 4) @D



THE ANGER DIFFERENCE EQUATION 191

Proof. Using (10), we rewrite the four I" functions appearing in the series (19) as

1 1

I(k£¥+1) (i§+1)kr(i§+1)’

and
1 1

F(kt3+3)  (£5+3),T(#5+3)

The proof follows by observing that the series defining the right-hand side of (21)
matches the series defining J, term-by-term. [

The relationship (14) immediately yields the following corollary expressing the
discrete Anger function in terms of the classical hypergeometric series.

COROLLARY 1. The Jy have classical hypergeometric representation

cos (&) 0( r —1+1 v v
Mo=ryrarer e s ' 2 )
sin (&Y . t+1 -t 3 v 3 v
TrG-pri %)3"2<1’ EE TR

We can also now easily derive the discrete Laplace transform of the discrete Anger
function in terms of the discrete hypergeometric function (13).

COROLLARY 2. The discrete Laplace transform of the Jy is

cos (&Y 1 % v 1
XNO{JV(I)}(Z) = Zr(l —%513(34—%)3}72 <1,1,§;1—§,1+§;_Z_2>

sin (%) 33-v3+v 1
BlLLS — == .
+ )3 2 ’ 727 > ’ ) 5 Z2

Proof. Using (6), we have

S {t%} (0) = (2k)! 122k(1)k(%)k

Z2k+ 1 z ZZk

and

XNQ {IM} (Z) = (2k+ l)' le 22k(2)k (%)k .

Z2k+2 ZZk

Substitution of these formulas into the discrete hypergeometric form (21) and compar-
ing with (13) completes the proof. [l

The following result is the discrete analogue of (17).
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THEOREM 3. The J satisfy the recurrence
2sin(mtv
tJy_1(t—= 1) +1Jyp1(t = 1) =2v],(t) — #

Proof. By definition, (11), and taking o (v) and f;(v) to be the coefficients of
Jv as was done in the proof of Theorem 1, we have

Jy1(1—1) Zak DAELLS Be(v — 1)2E2,
k=0

and

yit(t—1) =Y og(v+ 1)L+ Y Bi(v+ 122,
k=0 k=0

Using (7) and the cofunction identities for sin and cos, we compute

og(v—1)+og(v+1)=

and similarly, Bi(v — 1)+ Bi(v+1) = 2voy1(v). Thus, using these formulas and
reindexing, we obtain

1Ty (= 1)+t (1 — 1) =2v Z Br(v)iZH 12y Y oy (v)r 2K
k=0
= —2voc0( 4 2vIy (7).
By (9), the double angle identity for sin yields

_ 2veos(%) 0 —2veos(B)  2sin(av)
R Ea YN ey R £ (3 B

completing the proof. [J

We now prove the discrete analogue of (18).
THEOREM 4. The J satisfy the recurrence

Jvfl(t) +Jv+1(t) = 2NV(I)~

Proof. Let o4 (v) and Bi(v) be as in the proof of Theorem 1. First compute

AYy(t) =Y (2k) oy (v)rZ=L + i (2k+ 1) B (v)r2k

1 k=0

Mg

k
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Now compute
oy (v—1)—og(v+1)=22k+1)Bi(v)

and
Bi(v—1) = B(v+1) =4(k+ 1) oy1(V).
Thus,

T =Ty () =23 k4 DBV +4 Y (k+ Doy ()L
k=0 k=0

—2A Y BV 12 Y (k)0 (v)i2kL
k=0 k=1

=20 B(V)EEL 420 o (v)rE,
k=0 k=1

completing the proof. [J

4. Oscillation

It is known [6, Theorem 3] that the left-hand side of (1) can be put into Sturm—
Liouville form (4), where

2l (v ()= FAED=VE )

P(ﬂ—m f—v 242)(t+1)

This form was crucial to the result [6, Theorem 12], which proved that the discrete
Bessel functions Jy are oscillatory. There, the discrete Leighton—Wintner Theorem [5,
Theorem 4.64] was used to establish oscillation, but that theorem assumes the differ-
ence equation is homogeneous, which does not apply to (1).

The forcing function in (1) is linear, and so results like [, Corollary 1.15.6] and
[1, Theorem 1.15.16] which assume f eventually continually oscillates do not apply.
One promising and simple to compute method includes the following theorem.

THEOREM 5. [8, Corollary 2], [1, Corollary 1.15.4] If (4) is oscillatory and has
a solution x and T is an integer such that

=3 =3

Y fk)x(k+1)=c  or Y, f(k)x(k+1) = —eo,

k=T k=T
then (5) is oscillatory.
. (t—v)sin(zmv)
For us, consider x(¢) =Jy(¢) and the f(1) = —————=
of (1). To apply Theorem 5, it must be shown that the function

is the right-hand side

m

Z(k— V)Jv(k+ 1)

k=0

_ sin(zv)
R

gv(m):
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diverges to either oo or —eo. However, Figure 2 suggests that the sum will diverge due
to oscillation suggesting that this approach will not be successful.

Another theorem approaches the question using the Wronskian of functions f and
g defined by [1, (1.15.3)]

W(f,8)(k) = p(k) [f (k+ 1)g(k) — f(k)g(k+1)],

where p comes from (4) or (5).

1040 3
1030 4
1020 4
1010 4

0 4

fik)os(k +1)

—10 |
NS 10
10-20 4

—1030 1

—1040 4

0 50 100 150 200 250 300
t

Figure 2: The function gy 5 plotted on [0,300] NZ with connecting lines between the function
values.

THEOREM 6. [1, Theorem 1.15.2] For some solution x of (4) and some solution
u of (5), suppose W (x,u)(k) is eventually of one sign. Then (4) is oscillatory if and
only if (5) is oscillatory.

0.0 A

—0.2 1

Wy, Ju)(t)

Figure 3: The Wronskian of the Bessel and Anger functions at various values of the parameter V.
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It is difficult to estimate the Wronskian symbolically in our case, but we provide
numerical evidence in Figure 3 that the Wronskian seems to tend to a finite limit, sug-
gesting that it is eventually of one sign. The numerical evidence suggests the following
conjecture.

CONJECTURE 7. The discrete Anger functions J, are oscillatory.

5. Conclusion

We have defined and explored the discrete Anger functions, particularly, its dif-
ference equation, some of its recurrences, its hypergeometric representation, and its
Laplace transform. We have presented numerical evidence that these Anger functions
are oscillatory.

Future work to build on these results could include a proof of the oscillation prop-
erty. This could be accomplished by generalizing the Leighton—Wintner Theorem and
using it to prove that the discrete Anger functions are oscillatory, mimicking the direct
approach taken in [6]. Alternatively, a careful estimate of the Wronskian of the discrete
Anger function and discrete Bessel function in conjunction with Theorem 6 could also
establish oscillation of these functions.

The difference equation (1) has a second solution linearly independent from the
discrete Anger functions, which could be called a “discrete Weber function”. Other
future work could include finding multivariable fully discrete or semidiscrete equations
that the Anger functions solve.
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