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Abstract. Several methods for solving linear difference equations are con-
sidered: the operator method, the method of invariants, the method of generating
functions, the Z-transform method, and the factorial series method. The application
of these methods is demonstrated by solving higher-order linear difference equations
with variable coefficients, in particular to solving an interesting problem from the
Putnam student competition in 1990.
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1. Introduction and preliminaries

Problems of determining a sequence or examining its convergence often appear
at various student competitions when the sequence is given by a higher-order lin-
ear recurrent relation with variable coefficients. Considering that such recurrence
relation is equivalent to a linear difference equation with variable coefficients, it
is essential that students are prepared to solve these equations exactly. There are
different methods to solve them, and we will demonstrate several methods in this
paper.

The following problem appeared at the famous Putnam (USA) student com-
petition, which motivated us to write this paper.

PROBLEM 1. (Problem A1, Putnam, 1990 [1]) Prove that the sequence 2, 3,
6, 14, 40, 152, 784, ... with general term

(1) T,=Mn+4)Th—1—4nT,_o+ (4n —8)T,_3, (n>3),
is the sum of two well-known sequences.

The official solution reads:
“Answer: n!+ 2", Easy.

This is not a nice problem. We know the answer is easy (because Al is almost
always easy), so we are looking for something simple. Just try substituting various
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simple sequences until you recognize the result. I was lucky: 152, 784 vaguely
reminded me od 120, 720.”

However, the problem would become much more difficult if one were asked to
determine the general form of the sequence satisfying the given recursive relation.
Since there are many problems of this type, we will offer four different methods for
solving Problem 1. As such recursive relation is equivalent to the corresponding
difference equation, the mentioned methods are methods for solving linear difference
equations with variable coeflicients, such as the difference equation (1). We will
solve the problem with the following methods: the operator method, the invariant
method, the method of generating functions, and the Z-transform method.

First, let us familiarize ourselves with the basic terms from so-called difference
calculus (see. e.g. [2, 3, 4, 5]), which is the discrete analog of the familiar differential
and integral calculus.

DEFINITION 2. Let z(t) be a function of a real or complex variable ¢. The
difference operator is defined by
(2) Ax(t) =z(t+1) — z(t).
If we assume that the domain of the function x is the set {1,2,...},1e.,t =n,
then (2) can be written as
Az, = Tpp1 — Ty,
DEFINITION 3. The shift operator is defined by
Ex(t)=x(t+1),

or, in particular case, Fx, = Tp41.
Note that Aa = 0 and Aa' = (a — 1)a’, where a is a constant.

DEFINITION 4. An antidifference operator (or antidifference) of x(t), denoted
as A71x(t), is any function such that, for each t,

A(AT (1) = 2(t).
THEOREM 5. If y(t) is an antidifference of z(t), then any antidifference of
x(t) is given by
A™Na(t) = y(t) + C (1),
where C(t) is a function with the same domain as the function x and such that

AC(t) = 0.

Assume that function z is defined on a set of the form {a,a + 1,a + 2,...}.
Then, every antidifference of x(t) is of the form A~tx(t) = y(t) + C, where C is a
constant.

n—1
Note that A< > ak> = a,,, wherefrom we obtain
k=0
n—1
(3) > ar = A" (an) +C,
k=0

where C' is a constant.
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Also, the following so-called summation by parts
(4) A_l(xn Ayn) = TnlYn — A_l(Eyn Aﬂi‘n),

is often useful.

Since the method of generating functions will be used, it is also necessary to
introduce this concept.

DEFINITION 6. If there exists a function g(z) such that

(5) g(z) = 3 ana”,
n=0

for all z in a neighborhood of zero, then g is called the generating function for the
sequence {a, }5%.

The method of generating functions can sometimes be used successfully when
solving linear differential equations with constant or variable coefficients. The gen-
erating function often satisfies some differential equation, which is solvable and
whose solution is expressed using elementary functions. However, if this is not the
case, a different tactic must be used, as will be demonstrated in the next section.

Let us now introduce the notion of Z-transform, a method similar to that of
generating function.

DEFINITION 7. The Z-transform of a sequence {x,}>2 , is a function X (z) of
a complex variable defined by

(6) X(2) = Zlzn] = 2 —

and we say that Z-transform exists provided there is a number R > 0 such that
the series in (6) converges for |z| > R.

It is to be expected that the inverse Z-transform should be defined simultane-
ously, and the main features of both transformations would be used. However, due
to the specificity of our problem, just the definition of the Z-transform will suffice.

2. Four solutions for Problem 1

SOLUTION 1. Method of factorization operators
The equality (1) can be written in the form
(7) Ttz — (n+ 7Ty +4n+3)Thy1 —4(n+1)T,, =0, n>0,

which is a third-order homogeneous linear difference equation with variable coeffi-
cients; initial conditions are Ty = 2, T = 3, Ty = 6. By using shift operator F, the
equation (7) becomes

(8) (E - An)(E - Bn)(E - Cn)Tn = 07
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ie, (E— Ap)(E — Bp)(Thy1 — CnTy,) = 0, which is the same as the following
(F—A,)(Thyo — Cop1Thi1 — ByThwy1 + B,CLTy,) =0,
or
Thys — CrioThyo — Bui1Thyo + Bri1Cri1Thir — AnThae
+ ApCrs1Tos1 + ApBnThst — ApBnCoT, = 0.
The last equation can be written as
9) Tts — (An + Bny1 + Cngo)Tio
+ (AnBn + AnChri1 + Bnt1Cry1) Ty — AnBrC T, = 0.
By comparing the equation (9) with (7) we get
AnB,Cp =4(n+1), Apn+ Bry1+Chia=n+7,
ApBp 4+ AnCriyi1 + Bny1Chi1 = 4(n + 3).
With a little effort, it can be seen that the following holds
A, =2 B,=2 C,=n+1,
and by substituting this into (8), we have that (E —2)(E —2)(E — (n+1)T,) = 0,
ie.,
(10) (E—=2)(E-2)(Th41 — (n+1)T;,) = 0.
If we set y, = (E — 2)(Th+1 — (n+ 1)T},), then from (10) it implies that

Ynt+1  Yn

2n+1 2n = 0

(E=2)yp =0 <= ypt1 — 2y =0 <=

= A(y—”) =0 = I _q.
2m 2n
Since yo = (E — 2)(Ty — 1-Ty) = Ty — 4T + 2Ty = —2, we obtain that C; = —2
and y, = —2"*1, that is
(E—2)(Tpy1 — (n+1)T,) = =271

If 2, = Tpoy1 — (n + 1)T5,, then from (10) we have (E — 2)x, = —2"T! that is

_ — _ontl Intl  In In\ _ _
Tpy1 — 2@, = —2 = gntl  gn = 1 — A(2n)— 1
<— g—Z:A‘l(—l)JrCQ = 1z, = -—n2"+2"C,.

Since g = T1 — Ty = 1, it implies that Cy = 1 and
Tp=-n2"+2" <= Thi11— (n+1)T, = -—n2"+2"
Thi1 T, —n2"+2" A(Tn> —n2" + 2"

m+1)! nl (n+1)! (n+1)!

— % = A*l(%) + A*(%) + Cs.

n!
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By using (4) we have that

A (ZEmy H 2(n)=2"  By(n) = iy H N L
+ DY [ Ayn) = Gty v =5 ! (n+1)
Now,
T, 2n on 2" 2
Iy _c A71 A71 C = — O
n!  nl (n+1)! * (n+1)! FRT
T 20 Tn 2"
wherefrom it follows that 07? o + (3, i.e., U3 = 1. Finally, we get o L,

that is T;, = n! + 2".

SOLUTION 2. Method of generating functions

Let g(z) = i T,z"™ be the generating function of the sequence {z,}nen-
Multiplying the e(;u:;tion (7) by g(x) and summing from 0 to co, we get

Y Thisz™ — Y. (n4+1)Thy2x" +4> (n+3)Tht12™ —4>, (n+ 1)T,2"™ =0,
n=0 n=0 n=0 n=0

which is the same as the following equation

(11)

S Thysa™ — Y. (n4+2)Thq2x™ = 5> Thyox™ +4> (n+ 1)Thq12™
n=0 n=0 n=0 n=0
+8Y Thyia™ —4> nTpa™ —4> T,a"™ =0.
n=0 n=0 n=0
Since
&, g(x) = To — Tye — Tex®  g(x) — 2 — 3z — 622
Tn "= = )
ngo +3% 23 23
>, glx) —To—Tiz g(x)—2—-3x
Tn "= = )
ng(] 2 xQ 1'2
S gx)=To _glx) -2 X g@)-T1 g(z)-3
Tn "= = ) 2 Tn = = )
nZ::O +1T . . ngo(n +2)Tht2m . .
S+ DTra® =g/(s), > nTua” = ag/(x),
n=0 n=0

the equation (11) becomes

g(z) — 2 — 3z — 622 g (@) -3
a3 x

g(x) —2—3x

—5 — +4g'(x)

I =2 g (@) - ag(a) = 0,

ie.,
—1 1 —1
(12) J@)+ " 5

x T2 222z —1)2
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The equation (12) is a first-order differential equation. The standard proce-
dure would be to obtain the solution of the differential equation and then to write
it as a sum of some power series, from which 7, would be calculated. However,
the situation here is specific because the solution of the equation (12) cannot be
expressed using elementary functlon For this reason, we will replace the functions

g(x) = ZTx and ¢'(z) = ZnTm n (12). Since
n=1
3z —1 1 1 2z 1 1
- - = =~ o _Z 2n+1
x2(2x — 1) x  x? * (22 —1)2 r 22 * Z

the equation (12) becomes

x 1 2 1
T, n—1 _ (7 _ ,) T, = _ = on+l,. "
nzzzln v 1.2 Z o ZL' + nzln
ie.,
o0 o0 B o0 e 2 1 o0 n n
ng()(n N 1)Tn+1xn B ng(]Tnzn - ng()Tnx - ? T ngan +1x

By writing down all the sums in powers of z™, we get
T+ > (n+1)Thpa = > Thioa™ — Z Thi1a™ — o B + Z n2ntlgn
n=0 n=—2 n=—1 n=1
ie.,

:T0;2+T1—T0—1
xr X

Z [(TL + 1) n+1 — Tn+2 + Tn—i—l — 7’L2n+1]5€n + T2 — 2T1,

where Ty = 2, T1 = 3, and T, = 6, and wherefrom

(n+DTpi1 —Tpyo + T —n2"H =0, Thio= (n+2)Thy —n2"
that is Tj,12 = (n + 2)T}, 11 — n2" L. This equation can be written in the form
(13) Tht1 =+ 1T, — (n—1)2",

which is a first-order difference equation. Its solution is of the form

T, = rﬁl(i n 1)}T0 - "f[ W 1)} (k — 1)2%

=0 k=0 Li=k+1
Sy n1(1—k)2*
=Ton!'+ S (k+2)(k+3)---n(l —k)2F =2n! + 127
k=0 o (k+1)!
; L(1—k)2k 27
By using (3) and the results given in Solution 1, we obtain Z ey = +C,
so that = (k+1)! n!

2”
T, = 2n! —|—n!<— —1—0).
n!
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Using the initial conditions for n = 1 we get C = —1, thus T,, = n! + 2™. The

solution of the differential equation (12) will be g(x) = > (n! +2™)2", and con-
s} n=0

sidering the introduced substitution g(x) = Y T,,x™ gives T,, = n! + 2", which is

the solution to Problem 1. n=0

REMARK 8. As we have already mentioned, when we use the method of
generating functions, we often obtain the solution of the differential equation, which
can be written as the sum of some powers series, from which T,, (or z,) would be
calculated. So, for example, solving the equation [4, Problem 3.3.37]

3 2

nt2 T

— 2., n=0,1,...,
n+1)(n+2)

Tpt2 =

using the method of generating functions like the above yields the following differ-
ential equation

g" (t) =3¢’ (t) +2g (t) = 0,
whose solution is

o0 > 1
S apth =g (z) = Crel + Che? = 3 o (C1 + C2™) ™,
n=0 n=0"t:

1
wherefrom it follows that x,, = = (C1+C32"), n=0,1,... .
n!

SOLUTION 3. Method of invariants

Equation (7) can be transformed to the following form
Tnis—(n+5)Thia +2(n+2)Thi1 =2[Thi2 — (n+4)Thy1 + 2(n + 1)T5],

from which

1

W[Tn+3 —(n+5)Ths2 + 2(n + 2)Th 1]

1

1

That is how we get
(14) Thio— (n+4)Thyy +2(n+ 1T, = —2"F1,

which is one invariant of the initial equation. Equation (14) is a second-order
equation, and in this way, we managed to lower the order of the difference equation
by one. Now, let us try to find the invariant of the equation (14). Namely, the
equation (14) can be written in the form

1 1
W[T"“ —(+2) L] +n= 27[Tn+1 —(n+ 1T, +n-1
1

=M -To —1=0.
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This implies that 5= [Thi1 — (n+ 1)T,] +n—1=0, ie.,
(15) Thr1 =M+ 1T, + (1 —n)2™.

Equation (15) is a first-order non-homogeneous linear difference equation. Using
the method of invariants, we managed to reduce the third-order difference equation
to a first-order one. Since the equations (13) and (15) are the same, its solution is
T, = nl+ 2" too.

SOLUTION 4. Z-transform method

By applying Z-transform to the equation (1), we get

(16) ZThys] — Z[(n + 2)Thq2) — 5Z[Tni2) +4Z[(n + 3) Tt
+8Z(Tpy1] — 4Z[nT,) — 4Z[T,) = 0.

Since,
2T = 3 2 = X(2), ZT,] = —2X'(2), Z[Tpis] = 2X(2) - 22,
n=0~%

Zln+ )T = 32 D5

n=0 "

Z[Tyyo] = 22(Z[T0] — To — Ti2) = 22X (2) — 22% — 32°

n=0 zZn n=27% =2 =1 2" z
of & nT, 3 2( , 3) 3 v
= -— )= X'(2)— =) =-23X"(2) -3
T T
2] = 22 (Z[Tn] —Ty— Lo —j) = BX(2) — 223 — 322 — 62,
z oz

by substituting these expressions into (16), we obtain
23X (2) —22% =322 — 62+ 22X/ (2) + 32 — 5(2° X (2) — 22% — 32%)
+4(=22X"(2) + 22X (2) — 42) + 8(2X (2) — 22) + 42X'(2) — 4X(2) = 0,
i.e., after rearranging,

1 222 Tz 4
J)XG) - Go22 T2 (—27

(17) X'(2) + (1 - 0.
This equation is a first-order differential equation. The usual procedure is to obtain
the differential equation’s solution and calculate the inverse Z-transform. However,
the situation here is specific because the solution of the equation (17) cannot be
expressed using elementary functions. Therefore, we will proceed as in Solution 2.
We have
> T, > nT,

X(@=E 2 XE@)=-XTh=-%

=l Zn+1

(TL — 1)Tn,1

P ’
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and by standard procedures we obtain

222 § (n+1)2" z iol n2n—1
(2—2)2 /= =2 7 (2-22 = o2
1 <ot 1 < (n — 1)272
= Z 3 = 2_32 .

2—=2 =27 (2-2) 2"
Substituting these expressions into (17), we have
X (n— ) 12T,
n§2 nZOZ z Z—:0 2"
>, (n+1)2” oo p2n—t (n—1)2n—2

22

T —427:0,

ie.,

§ —(n— 1Ty + Ty —Tpey — (n+1)2"T 4 70271 — 4(n —1)2772 0
n=2 ’

ZTL

which implies
Thi1=(n+ 1T, + (1 —n)2".

This equation is the same as the equation (13), and we obtain that T,, = n! + 2.

REMARK 9. A somewhat more complicated problem would be if, instead of
solving the equation (1), we were asked to examine the convergence of the following
sequences: {1}, }or o, { ¢ }n o and {L& } . By solving the equation (1) using
some of the methods mentioned above, we get

a) lim T, = lim (n!+ 2") = 400, the sequence {T},},, is divergent,

n—oo n—oo

b) lim Ly — lim (1 + %) =1, the sequence {T} is convergent,

. . |
c) lim g—;‘ = lim (1 + 2"7) = 400, the sequence {;;} o Is divergent.
n—oo n—oo

3. About another method

Although it cannot be helpful when solving Problem 1, it is still important
to familiarize us with another method for solving linear difference equations with
variable coefficients, the so-called factorial series method. For this purpose, we
introduce falling factorial power according to the following definition.

DEFINITION 10. The falling factorial power t() is defined as follows, according
to the value of s.

1. If s is a positive integer, then t(8) =t (t —1)---(t — s+ 1).
2. If s =0, then t(® =1.

1
3. If s is a negative integer, then ¢(*) =

(t+1)(t+2)--(t—s)
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T(t+1)

———— where I' is the well-known
Ft—s+1)

4. If s is not an integer, then t(*) =
gamma function.

Let us highlight one significant fact that is used in the factorial series method:
At = st £,
The following example will illustrate the application of the factorial series
method.
ExAMPLE 11. Enquire with respect to the convergence the sequence given by
the following recurrence relation:
3(n+2) 2n+1

18 n = n - ny
(18) T Ty T s

n=12...

Solution. The equation (18) is equivalent to the following linear equation
(19) (n+3)xpi2 —3n+2)xp41+ 2n+ Dz, =0, n=1,2,....

Equation (19) is a homogeneous second-order linear difference equation whose so-
lution is the general term of the given sequence. To determine the solution of this
equation, we will use the method of descending factorials series after translating it
into the appropriate form, as follows

(n+3)E*z, —3(n+2)Ex, + (2n + 1)z, = 0.
Since E = A + I, we obtain
(n+3)(A+ 1)z, —3(n+2)(A+ D, + (204 1)z, =0,

ie.,
(20) (n +3)A%z, — nAx, — 2z, = 0.
o0
Assume that the solution z,, has the form z, = > cxn'®) | where ¢, = 0, for
k < 0. Now, we have that k=—oco
(21) Az, = Y kegn®V ) A2z, = 3 k(k —1)¢n*2),

k=—o00 k=—o0
By substituting (21) into (20), we get
o0 o0
(22) S k(k—Degnn®=2 + 3 3k(k — 1)epn—2)

k=—o0 k=—o0

— 3 kegnn®D — S 2¢0(F) = 0.

k=—oc0 k=—oc0
Since nn(™) = n(M+D L mp(m) (22) can be written in the following form

S k(k—Dep[n® ) 4 (k—2)n* D]+ S 3k(k — 1))

k=—o00 k=—o00

=S [ee]
— > ke [n(k) + (k- 1)71(’“*1)] - 2e,n®) = 0.

k=—o00 k=—o00



40 M. Nurkanovi¢, M. Trumié

By changing the index in the previous sums, we get

(23) S {(k+1)(k+2)(k+3)cxra — (k+ 2ex}n® = 0.

k=—o0
Since (23) is an identity, each coefficient must be zero, i.e.,
(k+1)(k+2)(k+3)cks2 — (k+2)cr, =0, k=0,1,2,...,
or (k+1)(k+3)cpt2 —cr =0, k=0,1,2,.... From this, we have
1:3.Co—Co=0,2-4-C4—Cr=0,35Co—Co=0,4-6-Cs5—Cz=0, ...,

ie.,
Co Cl CO Ol
Ty P2 YTy P24z
which implies that the solution of the equation (18) has the form

n® @ . () )
1-3"1-32.5 ' 1-32.52.7

xn:C()(l—F—l-

coy (po 2@ 0™ 0
542426 2.42.62-8 ’

and lim z, = 4o00. It means that the sequence is divergent.
n—oo

4. Conclusion

Motivated by Problem 1, we demonstrated several methods for solving linear
difference equations with variable coefficients: the operator method, the method of
invariants, the method of generating functions, the Z-transform method, and the
factorial series method. In doing so, a particular curiosity emerged when using the
methods of generating functions and the Z-transform method. Namely, an unusual
situation occurred when the solutions of the differential equations obtained by these
methods could not be represented using elementary functions. That is why we
had to solve the differential equations using the power series method and, in this
way, finally get the explicit form of the general term of the given sequence. We
demonstrated the factorial series method on a separate equation since it could not
be applied to solving Problem 1.

As we have seen, only some methods are suitable for certain situations. That is
why it is vital that students, especially those who participate in math competitions,
are familiar with all the methods of solving linear difference equations with variable
coefficients.
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