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Polynomial as a General Solution of
a Linear Differential Equation of Fourth Order
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In this article we consider a homogeneous linear differential equation of fourth order
with polynomial coefficients. The degree of each coefficient is the same as the order of the
derivative which is multiplied by. Sufficient conditions for existence of general polynomial
solution are obtained. Such a solution is constructed, depending on the zeros of the polynomial
of the highest degree.
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A linear differential equation of fourth order
(1) a(@)y" +b(x)y" + c(x)y" + d(z)y + e(z)y =0
is considered, where
a(x) = Ag + A1z + Asx? + Azz® + Ayxt,  b(z) = By + Bz + Baa? + Bsa®,
c(x) = Co + Crx + Cox®, d(z) = Dy + D1z, e(x) = Ep,

and A;, B;, C;, D;, E; (i takes allowable values) are constants, A4 # 0. By
differentiating the above equation n times (n is natural), we get:

a(a)y" Y + [(?) d/(z) + <g>b(x)} ()

Z) d"(z) + (Z‘) Y (z) + <g) c(x)} y(+2)
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Further, we consider the case

(3) (Z) oV (z) + <g> b () + <g> () + <T> d'(z) + <g>e(:c) —0,
(4) (g) a"(z) + (Z’) b (z) + (T) (x) + <g> d(z) # 0,

because other cases are considered in [3]. As it is known, [3,4], the equation
(3) is necessary and sufficient condition for the equation (1) to have polynomial
solution of n-th degree. Now, in view of (3), differential equation (1) becomes:

a(z)y" ) + [(?) a(z) + (g) b(x)} y(n+3)
(5) + [(Z) a'(z) + <?> b (z) + <g>c(m)} y(n+2)
(D) (3)re + (7)e + ()] v <o

(e () (i (o

= (4n(n —1)(n —2)As + 3n(n — 1)Bs + 2nCy + Dy)z
+n(n—1)(n —2)As + n(n — 1)Bs + nCy + Dy.

Since

In order to abbreviate the next expressions, we denote:
a=4n(n—1)(n —2)As + 3n(n — 1)Bz + 2nCy + Dy,

B =n(n—1)(n—2)As+n(n—1)Bz + nCy + Dy.

Putting
(6) a(z) = %(Ax?’ + Bz? + Cz + D)(azx + f),
ny\ , n 1
(7) <1>a(x)+ <0>b(a:)—E(E:U2+Fx+G)(ax+,3),

(8) (g) o' () + (?) V() + <g> ox) = %(Hw + Iz + B),



Polynomial as a General Solution of ... 297

where A, B, C, D, E, F, G, H, I are constants yet to be specified and p is a
non-zero constant, the equation (1) takes the following form:

(9)
(A23+ B+ Ca+D)y " +(Ex? 4+ Fo+G)y ") 4 (Ha+J )y 4py ") = 0

By differentiating the last equation (m — 1)-times, m being a natural, we get:

(Ax3 + Bx? +Cx + D) y(ntm+3)

+[Bm—-1)A+E) 2’ + (2(m - 1)B+ F)z + (m —1)C + G] y"+m+?

(10) +[B(m—1)(m—2)A+2(m—1)E+ H)x
+(m —1)(m —2)B + (m — 1)F 4 I]ytm+D)
+[(m—1)(m —2)(m —3)A+ (m —1)(m — 2)E + (m — 1)H + p| y™*+™ = 0.

Because of (10), a sufficient condition for (1) to have a polynomial solu-
tion of degree (n +m) is [1,2,5]:

(11) (m—1)(m—-2)(m—-3)A+(m—-1)(m—-2)E4+(m—1)H+p=0

which changes (10) into the form:

(Ax3 + B2+ Cx + D) y(n+m+3)
+[B(m—1)A+ E)2® + (2(m — 1)B + F)z + (m — 1)C + G] y" 2

(12) +[B(m—-1)(m—-2)A+2(m—-1)E+H)x

+n(m —1)(m—2)B+ (m —1)F + 1]y = 0.

Provided that
(13)
Bm—-1)(m—-2)A+2(m—-1)+H)z+(m—1)(m—2)B+(m—1)F +1#0,

if we denote
vy=3m—-1)(m—-2)A+2(m—1)+ H,

d=(m—-1)(m—-2)B+(m-1)F+1
and put

(14) Az 4 Ba? + Co+ D = S(La? + Ma + N)(vz + 0)
q
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(15)

1
(B(m—-1)A+E) 2z’ +2(m—-1)B+ F)z+(m—-1)C+G = E(J:C—FK)(’ya:—i-d),
where L, M, N, J, K are constants yet to be specified and ¢ is a non-zero
constant, then the equation (12) reduces to

(16) (L$2 + Mz + N)y(n+m+3) + (Jx + K)y(n+m+2) + qy(n-l—m-H) —0.

If we differentiate the last equation (k— 1)- times (k being a natural), we obtain

(La® + Mz + N)y™m+h+2) 4 9k — 1)L+ J)z + (k — 1)M + K]

(17)
Xy (k= 1)(k — 2)L + (k — 1) + q] y" ™) = 0.

Because of (17), a sufficient condition for (1) to have a polynomial solution of
degree (n +m+ k) is

(18) (k=1)(k—=2)L+(k-1)J+q=0,

which transforms the previous equation into the form
&?n)%MerN)y(”*m“f“)+[2(k — 1)L+ J)z + (k— 1)M + K]yt — o,
If we suppose that

(20) @k —1)L+ D)z + (k—1)M + K #0,

denote
(=2k-1)L+J, n=(k-1)M+K,

and put
1
(21) La* + M+ N = ~(Pz + Q)(Gx + 1),

(P and @ will be determined later, s # 0), then the equation (19) takes the
form:

(22) (PCE + Q)y(n+m+k+2) + Sy(n+m+k+1) —0.
We differentiate (22) (5 — 1)-times and get

(23) (Px + q)y(n+m+k+j+1) +((j—1)P+ S)y(n+m+k+j) —0.
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In order the equation (1) to have a polynomial solution of degree (n+m+k—+j),
the following condition is sufficient:

(24) (j—1)P+s=0.

Now, let us determine the unknown constants A, B, C, D, E, F, G, H,
I, L, M, N, J, K. By equating the coefficients associated to each degree of = in
the equations (6),(7),(8),(14),(15),(21), we get the following:

(0% « (0%

2 2 3
022<A2—5A3——2A4>, D:£<A1—6A2+’6A3—6A4>,
(87 (6% «

o o o? s

64

ot

53

a3

B

2
0— —A1+—A2—
(6 «

(25) A As+ =4, =0,

|3

E=2LnAs+B;), F= g <3nA3 + By — §(4nA4 + B3)> ,

(6%
p 8 8?
G == 2’!1142 + B1 — —(3’[1143 + BQ) —+ —2<47’LA4 + B3) ,
(6% (6% (6%
B 3 ok
(26) nA1 + B() — E<2nA2 + Bl) + E(?)?’LA:J, + Bg) — 5(471144 + Bg),
H = g(Gn(n —1)A4 + 3nBs + Cy),
I = g <3n(n — 1)A3 +2nBy + C1 — S(Gn(n — 1)A4 + 3nB3 + CQ)) ,
n(n —1)As +nB; + Cy — g(?)n(n —1)As +2nBs + C4)
(27)

2
—i—%((ﬁn(n —1)A4+3nBs + Cy) =0,

LZ%A% M:Q[A3_<E+Q>A4:|7
yo o a

B[ () (5t ]

Yo o
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) 2 5 52
a (B (B2 02
(28) a7 at a oy
3 2 5 52 53
(ﬁ3+ﬁ2 + L +—3)A4:0,
ad T aly an? v
J = 2L l4n+3m—3)As+ By,
e’
K = 3—2[(3n+2m—2)A3+B2—g((4n+2m—2)A4+B3)
- %((4n—l—3m—3)A4—|—Bg},
(2n+m—1)A2+B1—é((3n+m—1)—|—Bg)
N 5
(29) ((4n +m —1)A4+ B3) — ;((?m +2m — 2)As + Bs)

5 &
+§;<<4n+ 3= 2) Ay + By) + S ((4n -+ 3m = 3)As + By) = 0,

spq _spg (o (B0 n
F= oz’yCA Q_OWC<A3 <a+7+4>>’

2
(30) A2—<E+Q+Q>A3+<ﬁ +—+—+éé+é"+ >A4=0.
a v ( 7 ¢

¢ a(
Remark. z; = _B is a root of the equation a(z) = 0, as it can be seen
o
o
from (25). The other 3 roots are x93 = ——, x3 = —g, Ty = —% (see (14) and
Y

(21)).

So far the unknown coefficients are determined in terms of A;, B;, C;, D;, E;
(1 takes allowable values) and x1, 9, 3. Further calculations give interesting re-
sults. From (24), by expressing P and (, we get

B3 = —(4n+ 3m—|—2k+j — 6)A4
The equation (18), including the expressions for L and J gives us:

Cy = [(n+m+k+7j-2)n+m+k—2)+
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+n+m+k+ji-2)n+m—-1)+n+m+k—-1)(n+m—1)
+n+m+k+j—-2)n+n+m+k—1)n+ (n+m)n|As.

Similarly, we can find the expressions for Di, using (11) and Ejy, using (3)

Dy = —[n+m+k+j—1)n+m+k—-1)(n+m-—1)
+n+m+k+j-—1n+m+k—-1)n
+n+m+k+j—1n+mn+ (n+m+k)(n+m)n| Ay,

Ey = (n+m+k+j)(n+m+k)(n+mn.

For the next considerations, the Viet rules will be useful, applied to the equation
a(z) = 0. From the fact that x3 = —ﬂ, using the expressions for ¢ and 7 and

further for L, M, J, K, and using one of the Viet rules, we get that

By = [Bn+3m+2k+j—6)x1+ (3n+2m+2k+j — 5)xe+
+@Bn+2m+k+j—4)x3+ Bn+2m+ k — 3)z4] Ag.

The condition (29) and the previous results give us the expression for By,
By = —[2n+2m+2k+j—-5)z1xzo+ 2n+2m+k+j—4)x123
+@2n+2m+k—=3)riza + 2n+m+k+j — 3)xoxs
+2n+m+k — 2)xzoxs + (2n + m — 1)xgzs] As.
Further, we get

By = [(n+m+k+j—3)zizex3+ (n+m+k—2)x10004
+(n+m — Dzi1x3zs + nrexsza] Ay

from (26), and

Ci = —[n+m+k+j-2)(n+m+k—2)z;
+n+m+k+j-2)n+m—-Dz1+n+m+k—1)(n+m-—1)x
+n+m+k+j—-2)(n+m+k—2)z2+ (n+m+k+j—2)n
+(n+m+k—1Lnzs+(n+m+k+j—2)(n+m—1)zs3
+(n+m+k+j—2)nz3+ (n+m)nxs + (n+ m)nay
+(n+m+k—1n+m-—1)zs+ (n+m+k— 1)nzy] Ay,

)
knowing that xo = ——. From the condition (27), Cy can be obtained,
Y

Co = [(n+m+k+j—-2)(n+m+k—2)z122
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+(n+m+k+j5—2)(n+m—1)zx3
+(n+m+k—-1)n+m-—Dziza+ n+m+k+j—2)nrexs
+(n+m+k — D)nzoxy + (n + m)nxsxa] Ag,

and from the fact that 1 = —é, for Dy we obtain:
e

Dy = [n+m+k+j—1)n+m+k—1)(n+m-—1)x;
+n+m+k+j—1)(n+m+k—1)nw
+(n+m+k+j—1)(n+m)nxs + (n+m+ k)(n+ m)nzs] Ag.

Taking into account what we obtained for By, B1, Be, Bs, Cy, C1, Ca, Dqg, D1, Ey,
the equation (1) transforms into:

(z — 21) (2 — 22)(x — x3)(x — m4)y""

—[(n+m+k+j—=3)(x—21)(r—22)(x —23)
+n+m+k—2)(x—x1)(z — z2)(x — x4)

F(n+m— 1)@ — 21)(@ — 23)(z — 22) + 1z — 22)(@ — 23)(@ — 21)] Y
+lntm+k+j-2)(n+m+k-2)(z—1)(r—2)
+n+m+k+j—2)(n+m—1)(z—z1)(x — 23)
+n+m+k—1)(n+m—1)(x —z1)(xr — x4)

(n+m+ k4 j — 2 — 2)(@ — z3)
(m+m+k—1n(z—x2)(z—24) + (n+m)n(z — x3)(x — 24)] 3y’
—[(n+m+k+j—1)n+m+k—1n+m-—1)(xr—z1)+
+(n+m+k+j—Dn+m+k—1)n(zx—x2)
+(n+m+k+j—1)(n+m)n(z — z3)
+(n+m+k)(n+m)n(z —z4)]y
+(n+m+k+j)(n+m+k)(n+m)ny=0.

n

+ o+

~ o~ T~

The last equation can be reduced to the following system:
(x—z4)y —(n+m+k+jy =
(x—23)2 —(n+m+k)z =

(x —x2)u/ — (R +m)u =

S S 2

(x —21)0 —nv =

which can be easily solved. The solution in view of y is

y =K, ({L' _ m4)n+m+k+j
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n+m-+k .
n+m+k\ (rqg — z3)" i
+K . —(z—z ntm+k—t
2 ; ( ; > Tt ( 1)
n+m ; n+m—i . s
1i Y (M) s ) g nm (¢4 — z3)
par ) k41 g s E+j+i+s
n 5 n—1i . s
_ ntm—i—s 4 fo n ($2_331) n-—1 (SL‘3—:E2)
ey O S e S i e =

=0 s=0

" n—s—i (14 — x3)!
% o nfsfift'
; ( t >m+k+j+s+i+t($ )

From this formula we can derive the solution in some special cases, that is when
all or some of the roots of the equation a(z) = 0 are equal.
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