Pacific Journal of

Mathematics

DISCONJUGACY OF LINEAR DIFFERENTIAL EQUATIONS IN

THE COMPLEX DOMAIN

MEIRA LAVIE




PACIFIC JOURNAL OF MATHEMATICS
Vol. 32, No. 2, 1970
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Necessary conditions for disconjugacy of n-th order linear
differential equations in the unit disk, as well as sufficient
conditions for m — m disconjugacy of self-adjoint equations
are obtained. Invariants of the differential equation under
Mobius transformations are used and some examples are con-
sidered.

Let p.(z), +++, p,(2) be regular functions in the simply-connected
domain D, which does not contain z = . The differential equation

n

(1.1) y"(2) + (2

)pz(zw‘"””(z) t oo + 0.(2)Y(2) = 0
is called disconjugate im D, if no (nontrivial) solution of (1.1) has
n zeros in D. (The zeros are counted by their multiplicity.) Equation
(1.1) 1s said to be m —m disconjugate in D +f n=2m and no (non-
trivial) solution of (1.1) has two zeros of order m in D.

In §2 we consider the effect of a linear Mobius transformation
of the independent variable z on the form of equation (1.1). Modify-
ing a result of Wilezynski [10], we assert (Theorem 1) the existence
of certain combinations of the coefficients of equation (1.1) which re-
main invariant under the group of linear Mobius transformations.
These invariants, which we denote by I;(z),5 =2, -.-, n, play an im-
portant role in our study of disconjugacy properties of equation (1.1).

Making use of Theorem 1, we obtain in § 3 bounds for all the
coefficients of the disconjugate equation (1.1) and all its invariants.
Thus, we prove (Theorem 2) that if equation (1.1) is disconjugate in
|z| < 1, then

. _AGm =9 ...
(1.2) L6 S G 1R<Li=2
and
(1.3) @S g el <Li=2n,

where A(j, n) and B(j, n) are constants which depend only on j and
n. Theorem 2 extends a former result [7, Th. 5], where a bound was
given only for the first nonvanishing coefficient of the disconjugate
equation (1.1).
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By a procedure essentially due to Fano [3], we obtain in §4 a
differential equation of the type (1.1), such that this n-th order equa-
tion and the second order equation

w"'(2) + sR)w(z) =0

are simultaneously disconjugate or not disconjugate in D. Using then
a result of Hille [4], we show that (1.2) and (1.3) are of the correct
order of growth.

Finally, in § 5, we generalize a recent result of Kim [6, Th. 2.1},
and give (Theorem 3) sufficient conditions for m — m disconjugacy of
self-adjoint differential equations of order 2m. This is done by utiliz-
ing again the existence of the invariants (Theorem 1) as well as a
sharp integral inequality obtained by Kim [6, Th. 3.3].

2. Linear invariants associated with equation (1.1). We start
with a remark concerning the form of equation (1.1) and the choice
of the domain D. Consider the differential equation

n

y™(2) + ( L >101(z)y‘”“”(Z) + (

4o + pn(z)y(z) =0 ’

n
) D(2)y"(2)

2.1) 2

where p;(z),7 =1, 2, -+ -, n, are regular functions in the simply-connect-
ed domain D, not containing z = . Let {(z) be a regular one-to-one
analytic transformation which maps the domain D onto the domain
4. Set

(2.2) Y(2) = w[C(R)]c(z) ,  7(2) 0.

It is easily verified that by making a proper choice of 7(z), say
7(@) = [C@1 " exp| | —patydt |,

equation (2.1) is transformed into the differential equation

(2.3) w™() + (Z)QZ(C)W(”‘Z’(C) + o+ GQwE@) =0.

Furthermore, (2.3) is disconjugate in 4, if and only if (2.1) is discon-
jugate in D. Hence, without loss of generality, we may assume, as
we did in (1.1), that the coefficient of y"~"(z) is identically zero.
Moreover, it is sufficient to consider disconjugacy properties of equa-
tion (1.1) in the unit disk. This will be done in §’s 3 and 5.
Suppose now that {(z) is regular and one to one in D, and set

24) Y() = wLEIIL @]
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Equation (1.1) is transformed by the substitution (2.4) into equation
(2.8), and we are concerned now with the relations between the coef-
ficients of these equations.

For second order differential equations (n = 2) it is well known
(e.g. see [5, p. 394]) that

(2.5) pM%=MﬂMKVW+—%K®JL
where

. C///(z) __i C//(z) 2
(2.6) @2 =52k - 2 72

is the Schwarzian derivative. For higher order differential equations
(n > 2), a similar relation holds [10, p. 24]; namely,

(2.5) p@) = QlL@IC@P + LD 0@, 2
(2.5") can be verified directly; see also [7, Ths. 3 and 4]. As is well

known, the Schwarzian derivative (2.6) vanishes identically, if and
only if {(z) is a linear transformation of the form

@2.7) c(z)zazig, ad — be = 0.
c?

In this case, (2.5') is reduced to

(2.8) D:(2) = @GR (R)] -

We say now, that p,(z) is an “invariant of weight 2” of the differen-
tial equation (1.1) under linear transformations of the type (2.7).

Simple relations like (2.8) do not hold between the other coefficients
of equations (1.1) and (2.8). However, (2.8) turns out to be the sim-
plest case of the following theorem.

THEOREM 1. Let equation (1.1) be transformed into equation (2.3)
by the substitution (2.4), where ((z) is given by (2.7). Then, for
every index j,2 < j < n, there exists a linear combination

2.9) L@ = Lpa), -+, ps(2)]

=5 0@, =2
such that -
(2.10) L@ = LIEEIC@Y, 2<i<n,

where
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T = Lilgd@), -+ ;01 = 325,050 -
The coefficients a;,, are given by

0 = (=D7glG — DG + s — 2)!
(2.11) " sl(s — DI(F — 9)I(25 — )
322,"',j,j:2,...,n,

’

and are uniquely determined up to a multiplicative constant.

Thus, Theorem 1 asserts the existence of invariants of weights
2,3, -+, n of equation (1.1) when subject to a transformation (2.7).

Invariants associated with linear differential equations were studi-
ed by Brioschi, Forsyth, Fano, Wilczynski and others. In [2], Brioschi
considered general transformations {(z) and established the existence
of nonlinear invariants of weights 3,4, -.-, 7. These invariants may
be reduced to linear invariants of the form (2.9), if {(2) is assumed
to be a linear transformation of the form (2.7). As we have already
seen, (2.8) also holds only for {(2) of the type (2.7). Wilezynski [10,
p. 26-32] considers linear transformations {(z), but he assumes that
»,(z) = 0. However, by applying slight modifications to Wilezynski’s
proof, one can show that it actually works even if p,(2) %0, and thus
establish Theorem 1.

REMARK. We note that the coefficients p;(z), 7 = 2, ---, %, of equa-
tion (1.1) not only determine the invariants I;(z),7 =2, :--,n, but
are also uniquely determined by them. Indeed, if I;(z),7 =2,--,n,
are given regular functions in the domain D, it follows from the very
form of (2.9) that

3
2

Do(2) = Iy(2), po(2) = In(2) — a5,:p(2) = Li(2) + —L;(2) .

Thus, successive elimination of p,(z), -« -, p;(2) from (2.9) leads us to
(2.12) pi@) = 20, 157@), =2, -,

where the constants b;,,s =2, -++,J,5 =2, +--, 5, are uniquely deter-
mined by (2.11). More specifically, if we complete the schemes of
constants «a;, and b;,,s =2,+-+,75,5 =2, -+, m, given by (2.11) and
(2.12) respectively, by setting a;,=0, b,, =0 for s=75+1,.-+, n,
j=2,+--,n we obtain two triangular matrices A = [a;,]r and B =
[b6,,.]7, and B is the inverse of A.

We add the following corollaries to Theorem 1.
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COROLLARY 1. Let equation (1.1) be transformed to equation (2.3)
by the substitution (2.4), where {(2) is given by (2.7). If the coef-
JSictents of equation (1.1) are such that

pz(z) = ps(z) = e = pk——l(z) = Oy pk(z) E= Oa 2 = k =n ’

then the coefficients of equation (2.3) satisfy a similar relation;
namely

0 =¢0=-=¢.0=0, 2<sk=mn,
and
() = q:[CR][C(2)]" .
(cf. [10, p. 26]), [7, Th. 4], [6, Corollary 2.1].).
COROLLARY 2. Let

n

(2.13) y'"(2) + (2

)pz*(z)y‘"‘z)(z) + oer + i (R)YR) =0,

be the adjoint equation of (1.1), and let I} (2) and I(z),) = 2, -+, n,
be the invariants of equations (2.13) and (1.1) respectively. Then

(2.14) I}(z) = (-D)'I(z), J=2--,n.

By the definition of the adjoint equation, (2.13) is given by
(4 2
y"(2) + (2>[pz(z)y(z)]‘”"

- (g)lps(z)y(z)]("‘a’ + oo+ (=1D)"pu(2)y(2) = 0.

Hence

¥ (2) = p:(2), p5 () = —Dps(2) + 3p:(?)

and in general
@15) P = (~D'Pe) + 3, TR E =2 e

Expressing pj(z) in terms of p{—™"®),r =2, --.,t — 1, by means of
(2.15) and substituting in I}(f), we obtain a linear combination of

PETNR), 8 =2, 4, ]

which is an invariant of weight j. Since by Theorem 1 the linear
invariant of weight 5 is uniquely determined up to a constant factor,
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it follows that I}(2) = k;[;(2),j =2, +-+-,n. The constants k;, 7 =
2, +-+, m, are determined by the coefficient of p,;(z) in I7(2); hence k; =
(—1)7. (cf. [2, p. 237], [10, p. 46].)

COROLLARY 3. In order that equation (1.1) will be self-adjoint,
it 1s necessary and sufficient that all the invariants of odd weight
vanish identically; t.e.,

(2.16) L) =0,i=1,2 [”gl]

If equation (1.1) is self-adjoint then (2.16) follows from (2.14).
Conversely, if (2.16) holds then the differential equation is self-
adjoint. Indeed, by (2.16) and (2.14) the invariants of the given equa-
tion coincide with the respective invariants of the adjoint equation.
Since the coefficients p;(z) are uniquely determined by the invariants,
(see the remark following the proof of Theorem 1) it follows that the
differential equation coincides with its adjoint.

COROLLARY 4. If {(2) is given by (2.7), then the substitution (2.4)
transforms adjoint equations into adjoint equations. In particular,
equation (2.3) is self-adjoint if and only if equation (1.1) is.

Theorem 1 and its corollaries play an important role in our study
of disconjugacy of equation (1.1) in the unit disk. We note that the
most general one-to-one analytic transformation which maps [z]| <1
onto [{| < 1 is given by

(2.17) (o) =B =) |a1<1,0<0<2m|z]<1.
1 — 2z,

For every choice of the parameters z, and ¢ in (2.17), equation (1.1)
is transformed by the substitution (2.4) into a differential equation of
the type (2.3). Since disconjugacy is preserved by this transforma-
tion, both equations are either disconjugate or not disconjugate in the
unit disk. Finally since (2.17) is of the type (2.7), Theorem 1 can be
applied to yield the relations between the coefficients of equations
(1.1) and (2.3). Furthermore, any necessary condition for disconjugacy
should be satisfied not only by the coefficients of equation (1.1) but
by the coefficients of equation (2.3) as well. Hence, as will become
apparent in the following sections, it seems more intrinsic to express
disconjugacy conditions in terms of the invariants I;(z) rather than
in terms of the coefficients p;(z).

3. Necessary conditions for disconjugacy. We apply now The-
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orem 1 in order to obtain necessary conditions for disconjugacy of
equation (1.1) in the unit disk.

THEOREM 2. Let the coefficients p;(z), j = 2, -+, n of equation
(1.1) be regular in |z| <1, and assume that (1.1) s disconjugate in
|z] < 1. Then, there exist constants A(j, n) and B(j, n), depending
only on j and n, such that

@3.1) L@ | = |5 a,.087)
A(J, n) C o ..
é-u—_—l—z—F)T,|z|<1;9—29 y My
and
: _Bu,n) 2 ...
(3.2) 2@ s [ < LG =2
In particular
(3.3) A2, n) = B2,n) = (n + 1),

and this result is sharp. Moreover, for j =3, -+, n, (3.1) and (3.2)
are of the correct order.

We remark that the necessary conditions for disfocality of equa-
tion (1.1) in |z]| < 1, obtained in [8, Th. 7], are of the same order as
(3.2).

The following lemma will be required in the proof of Theorem 2.

LEMMA 1. Let h,(2),k=1,2, -+, be a regular function in |z| <
1. If

1

3.4 hy, s — 1,
(3.4) | hi(2) | Tz lz| <
then
() C(s, k) — cen
(3.5) | b (z)I§——(1,_|zlz)s+k,|z|<1,s—1,2, ,

where C(s, k) are constants depending only on s and k.

Lemma 1 can be proved by applying the Cauchy integral formula
for the derivatives. While in general we shall be concerned only with
the existence of the constants C(s, k) and not with their magnitude,
it is worth noting that better estimates for the constants C(s, k) are
obtained by a method given in [8, Lemma 4].
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Proof of Theorem 2. Let

(3.6) w@ =21+ Saz] 21 <1,
and
@1 v@ =1+ B ea] el <1,

be two solutions of equation (1.1). Substituting (3.6) and (3.7) in
equation (1.1), the constants &, and B,,t = 2,3, --., are determined
by the coefficients p;(z),5 = 2, ---, ¢, of (1.1) in the following way:

(3.8)

__ 20 5, _ _ (m—-1)
a, = 2,& Eaiﬁwm%
a. — — 1 —2)p(0) + 3pi(0)
? 3l(n + 1) ’
B, = — =D — 2)p,(0) + 6(n — Hpi(0)

3l(n + 1)(n + 2)
(n—2)(n—3)p,(0) + 8(n — 2)pi(0) 4 12p'(0) — 6n(n — 1)pi(0)
4l(n + 1)(n + 2)

B, = — (=1 = 2)(n = 3)p(0) + 12(n — 1)(n — 2)pi(0)
! 4(n + D(n + 2)(n + 3)
_ _86(n — 1)py'(0) — 6n(n — 1)*py(0)
A + D(n + 2)(n + 3)

a, = —

?

and
__ nl(n—2)1p,(0) . .
. 8[) a, = t'(n — t)'(n - 2)' + Qt[pg )(z)] lz:oy t 3, y N,
T TR 117X N P _
Bt’“ - +Qt[pj (Z)] Iz:oyt—Sy cee,

tn — t)l(n + ¢t — 1)! ’
where @, and Q, are polynomials of the arguments
PPR),s=0,0t —J5,5=2,---,t—1.

Since equation (1.1) is disconjugate in [z| < 1, it follows from
[7, Th. 1] that the function

(3.9 7@ = L8 = o2[1 4 $ve] 121 <1,

is univalent in |2]| < 1. This assertion can easily be confirmed. Inde-
ed, suppose that f(z,) = f(z,) = ab™, where |z,|, |z,| <1, then the non-
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trivial solution ay,(2) — by.(2) has (n — 2) zeros at the origin (this
follows readily from (3.6) and (3.7)) and two zeros at z, and z,. But
this contradicts our assumption that equation (1.1) is disconjugate in

2] < 1.
According to (3.9) the coefficients v, are given by

(3'10) Ty = Oy — Bzy Ty = U3 — Bay Yy = Oy — 64 + Bg - asz )
and
(3'10’) Ve =0 — Bt + rt[azy ceey, Oy, Bzy °* '!Bt—l]! t= 4, 5, cecy,

where I', is a polynomial of the specified arguments. Insertion of
(3.8) and (3.8) in (3.10) and (3.10") leads us to

_ 20 _ _ (n — 2)
=TT 2+ Dn + 2)
x [20) — 2=4 py0) |,
a1 [p() P ]
y, = nl(n — 2)!p,(0)

T =Dt — Dl + ¢ — 1)
+ Gt[p;S)(z)] |Z=0! t = 3) 4) M %y n b

where G, is a polynomial of the arguments p{(z),5 =2, --+, ¢t — 1,
§=0,.--,t—17.

Having established the relations between the coefficients v, of the
function f(2) and the coefficients p,(z) of the differential equation (1.1),
we are ready to proceed with our proof. As has already been men-
tioned, disconjugacy of equation (1.1) in the unit disk implies the
univalence of the function (3.9) there. Applying now the area-theorem
to the coefficients of the univalent function (3.9), we obtain

3.12) g(t—l)lvtlzél.
Hence,
(3.13) Y < (E— 1)t =2,8, - .

Combining (3.11) and (3.13) we shall obtain upper bounds for

[2:0) ], + -+, [ 2.(0) ]

Utilizing then Theorem 1 and Lemma 1, (3.1) and (3.2) will be esta-
blished by an induction on 5. We proceed now with the details.
Setting ¢ = 2 in (3.13), it follows by (3.11) that

(3.14) |2(0)| = (n +1).
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Applying now the transformation (2.17), equation (1.1) is transformed
by the substitution (2.4) into equation (2.3). According to Theorem
1 and (2.17) we now have

(3.15) Lz) = JOM@)F, =2+, n,

where I;(z) and J;(?) are the invariants of equations (1.1) and (2.3)
respectively. For j = 2, it follows from (3.15) that

(3.16) D(20) = Ly(20) = J0)[C'(2)] = q:(0)[C(Z)] -

Since disconjugacy is preserved by a transformation of the type (2.17),
equation (2.3) is disconjugate in |{| < 1. Hence, according to (3.14)

(3.14) 10 [ = (m+1).

In view of the fact that for transformations of the type (2.17)

(3.17) m<n— Ell LS PP

— |2’
it follows from (3.14’) and (3.16) that

(3.18) umn—mmm_Tﬁ{iﬁn

Since (3.18) holds for every |z,| < 1, this completes the proof for j = 2.
Next, we consider j = 3. For ¢ = 3, (3.11) and (3.13) yield

[z <1.

1/§(n + 1)(n + 2)
(n — 2) '

(3.19) Pi(0) — —— p {0)) =

By the Cauchy inequality, it follows from (3.18) that

(n + 1255 .

(3.20) PO = (0 + 1) Min (1 — oy = 2222

Combining (3.19) and (3.20), we obtain

(3.21) 1) | < (21 [1/ (n + 2) + 25‘/5 n 4)]

~ -2
= 0(37 n)

and

(3.22)  [LO)| = |p(0) — S-50)]

s (25 | 5)0 ﬂ?;)inz;f 2 = AB,m) .
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Since by our assumptions equation (2.3) is disconjugate, it follows
from (3.22) that

(3.22") [J:(0)| = A3, n) .
Combining now (3.15), (3.17) and (3.22'), we obtain that

D:(%,)

_ 3
| Ii(z0) | = | ps(20) 5

(3.22") AS, )

T oia ¥ 0 1 y
A—lmp o<

=[O0 [[{2) [ =

which proves (3.1) for 5 = 3. To establish (3.2), we apply Lemma 1
to the function p,(z). According to (3.18) it follows now that

(3.20) Ipie)| < P EDCAD oy g
A= 2Py

where by [7, proof of Lemma 4]

3.23)  C(, k) = 2k + (1 + 2’“)"1/‘1 TR k=23, .
o
Combining (3.20") with (3.22”), we conclude that

AGB, m) + —2— (n + 1)C(1, 2)
(I — (2P

[ p3(20) | =

(3.21)
B3, n)

_BBm <.
Qo lap <

The general step in the induction is similar to the proof of the
case j = 3. We assume now that (3.1) and (3.2) were established for
J=2,8,---,mm=mn—1. Since by the induction assumption the
coefficients p,(z), - -+, p.(2) satisfy (3.2), if follows by Lemma 1 that

| pim+i=i(z) | < B(j, n)C(m + 1 —3,7)

(3.24) @ — |z
' Mom +Ln) o _o ...
= (1—1212)’”“’j 2, -0,m, [2] <1,

where M(m + 1, n) is a constant depending only on m and n. Note
that for 2 =0 we may use the Cauchy inequality instead of Lemma
1 and thus obtain the better estimate

(3:24) [p{=(0)| < B(j, m) Min r===H(L — 1)}, j = 2, oo, m .
0=7r<1

Setting ¢ = m + 1 in (3.13), it follows from (3.11), the induction as-
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sumption and (3.24’) that

| Pm+1(0) | = Bo(m + 1, m)

and
m-+1
(3'25) ‘Imi—l(o)l = %am+1,spfsm+1~3)(0) é A(m + 11 n) 9

where B,(m + 1,n) and A(m + 1, n) are constants depending on m
and n only. Since (3.25) holds with I,..(0) replaced by J,...(0), it
follows from (3.15) and (3.17) that

3.25) | Lni(@) | = | Jurs(0) || @) i < A EL M 5oy g,
@ — [z

Combining (3.25') with (3.24), we conclude that (3.2) holds for j =
m + 1< 1. This completes the proof of the main statement of the
theorem.

Starpness of Theorem 2 will be discussed in the following section
by means of an example.

4. Example. Let u(2) and v(z) be linearly independent solutions
of the second order differential equation

4.1) w"' () + s(z)w@) = 0.
If
w;(2) = muR) + nwR),1=1,2, -, n—1,

where m,; and n;,,7 =1, ---, (n — 1), are arbitrary complex constants,
then

(4.2) ¥@ = T @) = TL @ + no@E]

is the general solution of a differential equation of order n. Note that
9(2) can also be represented as a polynomial of u(z) and v(z); namely

(4.3) ¥ = afu@]" + clu@]" (@) + -+ + c.[o@)]",

where ¢, ---, ¢, are arbitrary complex constant. We now apply a
process given by Fano [3, p. 531-532] to obtain the explicit form of
the differential equation satisfied by (4.2). Let

(4.4) Fo(2) = y(2), F\(2) = y'(2)

and set
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(4.5) Fin(®) = Fi(2) + k(n — kB)s(2)F (), £, 1, 2, - -+, .
It is easily verified by induction that if y(z) is given by (4.2), then

F, = W Wy »s Wy_y
Fi=3w oo W Wiy o Wy
k)

Fo=213, w, e Wi Wi+ Wi WiWjigs * 0 Way s
1<J

and
F,=E > w®eecwin?, 0Zk<n—1.

Here the summation is over all possible sequences ¢, -+, ¢,_,¢6 =0,1,
such that >77te;, = k; and wi® = w;, w* = w}. Thus,

Fo =0 — Dwiw -« w,_,
and by (4.5) it follows now that
(4.6) F,=F,_ ,+n—1sF, ,=0.
On the other hand, according to (4.4) and (4.5)

Fo=y, F=9,F,=F/ +(n—1sF,=9" 4+ (n — sy,
F;=F] + 2(n — 2)sF, = y'""" + (8n — 5)sy’ + (n — V)sy,
F,=y* 4 (6n — 14)sy"” + (4n — 6)s'y’

+ [(m — 1)s” + 3(n — 3)(n — V)s’ly,

and
R e
3 4
@7 O R e T
+ 4(7’(4 ;;}“ 1)[8"' + 577/;' 7 SS']?/(”%) doeee,

(cf. [2, p. 236], [3, p. 531]). Combining (4.6) and (4.7) we conclude
that (4.2) is the general solution of the differential equation

n)(n—l—l) n> (n +1)

o (n—3) cee
2/ 3 3/ g VTt

Y™+ < sy L (
4.8)

+ (?)Z’M"—j + o+ 0y=0.

Here p;(z),5 =2, --+, m, is a polynomial of the arguments s(z), ¢ =
0, -+, 5 — 2, with positive coefficients. Moreover, by (4.5), p;(z) is a
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homogeneous polynomial of weight j provided [s'(2)]™ is of weight
m(t + 2).

We assert now: (4.8) s disconjugate in the domain D, if and
only if (4.1) s disconjugate in D. Indeed, according to (4.2), a solution
y(z) of (4.8) vanishes » times in D, if and only if one of the solutions
w;(2),1 <1< m—1, of equation (4.1) vanishes at least twice in D.
Note that if (4.8) has a nontrivial solution which vanishes % times in
D, then there exists also a solution which has two zeros each of order
(m — 1) in D. Furthermore, (4.8) is nonoscillatory in D, (i.e., every
solution of (4.8) has a finite number of zeros in D) if and only if (4.1)
is nonoscillatory in D.

Let

a

then according to a result of Hille [4], equation (4.1) is disconjugate
in |z| <1, if and only if aeC, where C denotes the interior and the
boundary of the cardioid given by a = —2¢¢ — ¢*¢. This cardioid
goes through the points « = +1 and a = —3, contains |a| <1 and is
contained in |a| < 3. By the assertion made above, it follows now
that (4.8) is disconjugate in |z | < 1, if s(2) is given by (4.9) and a € C.
Substitution of (4.9) in (4.8) leads us to a differential equation of the
form (1.1), whose first coefficients are given by

(4.9) s(z) =

(m+1sz) _ (n+ Na

D:(2) = 3 31 — 2 ’
i) = D@ _ 2n + Daz
s 2 (1 _ 22)3
(.10 3(n + 1) 5n + 7
p(e) = 20 LD @) + LT z)|
_3(n+ Da . Bn + 1)
T 51— 2y |4+ 20 + o al.

Setting a = =3 and 2 = 2,0 < 2 < 1, (4.10) yields

b

410’ . _ n+1 _ntl _ 6(n + L)
(4.10") | Do) | = 17 | Dy() | = A
which shows that (3.3) is sharp and the constants A(2, n) = B(2, n) =
(m + 1) are the best possible. For 3 <j<n, (4.8) and (4.9) show
that (3.1) and (3.2) are of the correct order. Indeed, if s(z) is given
by (4.9), then

lim s (2)(1 — 22"+ = lim (22)!(t + D)la = 2i(t + D)la, t =0, 1, +--
z—1 z2—1
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Since the coefficient p;(?) in (4.8) is a polynomial of the arguments
s(2), + - -, s¥(2) with positive coefficients (p;(2) is homogeneous of weight
7, provided [s'(¢)]™ is of weight m(t + 2)), it follows that

lim p;(2)(1 — 2%y = Py(a),

where P,{a) is a polynomial in a¢ with positive coefficients. Clearly,
| Pa)| > 0 for almost every a e C, where C denotes the interior and
the boundary of the cardioid. Hence, we conclude that there exist
differential equations of the form (1.1), which are disconjugate in
|z] <1 and such that

lim | p(2)| (1 — 2] > 0.,
Moreover, for a fixed n, Max | P;(a)|, where a € C, yields a lower bound
for the constant B(j, n). For example, by (4.10)
pi(a) = lim P,()(1 — 22)° = 2(n + Da .

Therefore,
MaCXIPs(aH =|P(—=3)| =6(n+1).

Hence, B(3, n) = 6(n + 1). Comparing with the results obtained in the
proof of Theorem 2, we have according to (3.21)

(4.11) | B3, n) = A, n) + _g-—m + 10, 2).

It is easily verified that for equation (4.8) the invariant I;(z) vanishes
identically. (Actually, as will be shown later, equation (4.8) is self-
adjoint and therefore, according to Corollary 3 of Theorem 1, all its
invariants of odd weight vanish identically.) Setting in (4.11) A(3, n) =
0 (because I(z) = 0) and C(1, 2) < 7.5 (see (3.23)), it follows that for
self-adjoint equations

6(n + 1) < B(8, n) < 11.25(n + 1) .

We assert now that equation (4.8) is self-adjoint. To verify this
assertion we note that according to (4.3)

__¥%(2) u(z) i ()
(4.12) 7= T kg ck[v(z)] 2 alt(@)]" 1(z) = o)

Hence, 7 is a polynomial of order (n—1) in #(z) and therefore satisfies
the differential equation

an
4.13 =0.
(4.13) 7
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In order to obtain from (4.12) and (4.13) the differential equation satis-
fied by w%(z), we proceed as follows. (cf. [10, p. 46-47], [2, p. 235~
237].) Without loss of generality we may assume that the Wronskian
w'(z)v(z) — w(2)v'(z) of equation (4.1) is identically equal to 1. Hence,

a4t _ W@ —u@(R _ 1
dz v4(2) v(z)

(4.14)

and therefore

a

4.15
(4.15) 7

d
= 9? _—
YX(2) 7
Combining (4.12), (4.13) and (4.15), it follows that y(z) satisfies the
n-th order differential equation
4. y®)

(4.16) vz(z)% o vz(z)—c%'vz(z) dz [v(@)]

In order to normalize (4.16) so that the coefficient of ' will be equal
to 1, we multiply by [v(z)]™' and obtain

1L d a._v@®

(4.16") TR dz dz [v(2)]"

oo o2(2) L

v*(2) P v*(2)
Hence, equation (4.8) can be expressed in terms of a solution »(z) of
(4.1) in the form (4.16’). The symmetric form of equation (4.16")
implies now (see [5, p. 126]) that equation (4.8) is self-adjoint whether
n is even or odd.

We conclude our discussion of equation (4.8) with the following
observation. If equation (4.8) is disfocal in |z| < 1, then it is also
disconjugate there. Indeed, assume that equation (4.8) is disfocal in
[z| <1, (i.e., no nontrivial solution of (4.8) satisfies

Y2) =Y () =+ =y =) =0,
where |z;| <1,7=1,2, .-+, n,) then according to [8, Th. 7]

[(n—l_l)J_l
3
]S(Z)I§W’|zl<l:

which is sufficient [9, Th. 1] to imply the disconjugacy of equation
(4.1) in |2] < 1. Consequently, equation (4.8) is also disconjugate in
|z| < 1. (cf. [8, Th. 8].)

5. m — m disconjugacy of self-adjoint differential equations.
Considering the differential equation of even order
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(5.1) y*™(2) + p(2)y(2) = 0,

Kim has recently established the following theorem [6, Th. 2.1].
Let p(z) be regular in |z| <1. If

K(2m)

(5.2) [p(z)lémylzl<ly
where
(5.3) K(@em) = "_ij:(l F 2, m=12 .-,

then the differential equation (5.1) is m—m disconjugate in |z| <1;
©.6., no (montrivial) solution of (5.1) has two zeros of order m in
|2] < 1. The constants (5.3) are the best possible. (Kim calls this
property disconjugacy in the sense of Reid).

We generalize now Kim’s result to self-adjoint differential equa-
tions of the form

Y@ + @U@ + -

5.4

®9 + [Py " ER)] ™ 4 e+ r(R)y() = 0.
THEOREM 3. Let 71,(2),k=1,2,+--,m, be regular in |z|<1.

There exists positive constants R(2k,2m), k =1, .-, m, depending

only on k and m, such that if

R(2k, 2m)

(5.5) | 72(2) | = a— |2 [£)2t ’

|z|<1,k=1,---,m,

then equation (5.4) is m — m disconjugate in |z| < 1.
As in [6], we require the following integral inequality.

LeEMMA 2. Let U(x) be a real function with s continuous deriva-
tives in the interval [—p, p]. If U(x) has two zeros of order s at
+p, then

? (s 2 28 P [Ur(m)]2 — coe
(5.6) L} [U9(@)]de > K(2s)0 LW’ s=1,2 .-,

where K(2s) are given by (5.3).

Inequality (5.6) was established by Nehari [9] for s =1 and by
Beesack [1] for s =2. Kim proved (5.6) for any natural number s
[6, Th. 38.3].

Proof of Theorem 3. We first prove that if (5.5) holds and
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= R(2k, 2m)
(6.7) kg‘ TERER) =1,

then no solution of (5.4) has two zeros of order m at the symmetric
points +p0,0 < |po| < 1. Suppose to the contrary, that there exists a
solution y(z) of (5.4) which vanishes m times at +p. Without loss
of generality we may assume that o is real. Multiply now (5.4) by
7(?) and integrate along the real axes from —p to p. Integration by

parts leads us to

(5.8) Si,,l y™(@) | de = f_‘. (—1)"»—'0—18”

=1 _

ru(@) |y () P,
0
since all the integrated parts vanish. Writing now y(x) = u(x)+2v(x),
we have [y = «* + ¢* and [y > = (w*)* + (v'¥)®. Thus, we obtain
from (5.8)
6:8) | [+ @lde < 57 Fral fwe2) + @=»yjde
—0 k=1 J-—p
By (5.5), it follows from (5.8") that

[ 1wy + @yide

ShN ____R(zk’ zm) (m—k))\2 (m—k))\2
(5.9) =2 S_p T [(w ™2y + (vm=Py]dw
S* o2t | _R_ (2K, 2m) 1\ om—iry2 (m—Fk)\2
= kzzlxp g_,, (0F — ) [(w Y+ (v yldx .

Since y(x) = u(x) + tv(x) is supposed to have zeros of order m at +p,
the same is true for u(x) and v(x) separately. Applying Lemma 2 to
the real functions ‘™% (x) and v‘"~*(x) we obtain

(u(m—k))Z + (,v('m—~k))2 dx <

610 o], o T )+ @ yde .

—p

Hence, it follows from (5.9) and (5.10) that

? (m))2 (m)\2 & R(2k, 2m) Sp (my\2 (m))2
| ey + @oide < $ EERR" [y 4 @yide,
which by (5.7) yields the desired contradiction.

We turn now to the general case and we assume that (5.5) is
satisfied. We shall prove that if the positive constants R(2k, 2m), k =
1, ---, m, are taken small enough, then equation (5.4) is m — m dis-
conjugate in |z] < 1. Suppose to the contrary, that there exists a
solution y(z) of equation (5.4) with two zeros of order m at z, and =z,
where z, and z, are two (not necessarily symmetric) points in the unit
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disk. We apply now a transformation of the type (2.17). It is well
known [9] that by a suitable choice of the parameters z, and 6 in
(2.17), it is possible to map |z| <1 onto |{| < 1 in such a way that
z, and z, are mapped on two symmetric points of the real axes =p,
0 < p < 1. By Corollary 4 of Theorem 1 the self-adjoint differential
equation (5.4) is transformed now into the self-adjoint differential
equation

w(C) + [sQw DO + -

A1
&40 + [ Qw™ ()" + + oo + 8 (Qw() = 0.

It follows now from our hypothesis that equation (5.11) has a solution
which vanishes m times at +p. Using Theorem 1 and Lemma 1 we
shall show that (5.5) implies that

(5.12) | (0) | = 2k, 2m)

= ! C <1yk:1,"'a ’
T—epr ¢ "

where S(2k, 2m), k =1, --., m, are constants which depend on & and
m and on the constants R(2t, 2m), ¢t =1, ---, k, but not on the choice
of the parameters z, and 6 in (2.17). Moreover S(2k, 2m) is a linear
homogeneous combination of the constants R(2¢,2m), t=1, ---, k.
Thus, if R(2k,2m),k =1, ---, m, are small enough, it is possible to
guarantee that S(2k, 2m) will satisfy

) m S(2k, 2m)
(5.7) kZ:'x_K—(Zk—)— <1
However, if the coefficients s,,({) satisfy (5.12) and (5.7") it follows
from the first part of our proof that no (nontrivial) solution of equa-
tion (5.11) has two zeros of order m at =+p,0 < |p| <1; and this
contradicts our hypothesis. Consequently, no solution of equation (5.4)
has two zeros of order m at z, at z,, where |z,],|z,| <1.

We now give the details. Since equation (5.4) is self-adjoint, it
follows from Corollary 3 of Theorem 1 that the invariants of odd
weight vanish identically; i.e.,

(5.13) L =Lz ==L, =0.

By comparing the forms of equations (5.4) and (1.1) it follows from
(2.9) that

(5.14) Lu(®) = 3 Qi@ k=1, oo, m

where [a,,.,]", is a triangular constant matrix whose elements are
determined by the constants (2.11) and by the order 2m. In particular
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2m\ 1 . e .
Cop o = | { ‘o ,k=1,---,m. Moreover, successive elimination of
(2), +++, Tom(?) from (5.14) yields

(5.15) ra@ = 3 Buad 0@, k=1, -, m

where the triangular matrix [B,.,.]" is the inverse of the triangular
matrix [y, (see the remark following the proof of Theorem 1.)
Since we assume that (5.5) is satisfied, it follows by Lemma 1 that

I?"é?k_zt)(Z) I < C(Zk - 2t, 2t)15§?t, 2m) ,
(5.16) d - [z[)
2| <Lk=1,c-0,m.

Combining (5.14) and (5.16) we conclude that

(5.17) | L) | < ZA2k, 2m)

“m,l2|<l,k=1,...,m.

where
k
(5.18) E(2k, 2m) = 2_; o, C Rk — 28, 20)R(2t, 2m), k=1, «»+, m .

Clearly, the constants E(2k, 2m), k =1, -+, m ecan be made as small
as we wish by taking R(2t, 2m),t =1, ---, m small enough.

Denote by J;({),5 =2, -+, 2m the invariants of equation (5.11),
then according to Theorem 1

(2.10) Liz) = JIC@IC@), 5 =2, -+, 2m ,

where {(2) is the transformation (of the type (2.17)) which maps [z]| < 1
onto || <1 and 2, and 2, to +p. By (5.13), (5.17) and (3.17), it fol-
lows from (2.10) that

(5.13') Jg(C) = J5(C) A J2m-—l(c) =0
and
, E(2k, 2m) _
5.17 Jzk s ", 17k—17 M) .
G170 s 2RI i) < m

The relations between the coefficients s;,({), % =1, --., m of equation
(5.11) and the invariants J,,({), k=1, ---, m, are given by

(5.14) Ta0) = 3, QoesP0), b =1, -+, m
t=1

or by the equivalent relations
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k
(5.15') 540 = 3 BualP @ k=1, -, m.

Applying now Lemma 1 to J,,({), it follows from (5.17’) that

st C(@2k — 2t, 2t)E(2t, 2m)
0| = ,
(5.19) | © @ —1gp™
|C|<1,t=1,°°°,k.

Substituting (5.19) in (5.15’) we arrive at (5.12) and the constants
S(2k, 2m) are given by
(5.20) Sk, 2m) = 3 By nC(2k — 26, 2)E(@t, 2m), k=1, -+, m .

t=1

Combining (5.18) and (5.20) we conclude that S(2k, 2m) is a linear

homogeneous function of R(2¢,2m), % =1, «--, k. Therefore, the con-

stants S(2k, 2m), k=1, ---, m, will satisfy (5.17") provided R(2k, 2m),

k=1,-.-.,m, are small enough. This completes the proof of Theorem 3.
For the fourth order self-adjoint equation

(5.21) Y () + [1()Y' ()] + r(2)y(z) = 0.

Theorem 3 yields the following results. Let 7,(z) and r,(2) satisfy (5.5).
(i) If

R, 4) + ﬁ%ﬁ)— <1
then no solution of (5.21) has double zeros at two symmetric points
*0,0< o< L
(ii) If
R4, 4) + —-C(2, DRE, 9
9

(5.22) R, 4) +

IA

1

then no solution of (5.21) has double zeros at any two points of the
unit disk; i.e., (5.21) is 2-2 disconjugate in |z| < 1. Since C(2,2) <
C@, 2)C(, 8), it follows from (3.23) that C(2, 2) < 7.5x10.2 and (5.22)
takes the form

(5.22)) 6.1R(2, 4) + R(‘g 9 -1,

Theorem 3 can also be stated in terms of the invariants in the
following way.

THEOREM 3'. Let I;(2),j = 2,++-,2m be regular functions in
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lz| <1, such that (5.13) and (5.17) are satisfied. Let S(2k,2m), k =
1, .-+, m, be defined by (5.20). If the positive constants E(2k, 2m),
k=1,+--,m, are small enough to guarantee that (5.7") is satisfied,
then equation (1.1) is m — m disconjugate in |z | < 1.

For fourth order equations Theorem 3’ yields: Let I(z) = 0 and
let I,(?) and I(2) satisfy (5.17). If

Cc@, 2) E4,4)
61 +T>E(2’ 9+ 208 <1,

then the differential equation is 2 — 2 disconjugate in |z| < 1.

We conclude with the following remark. As has been shown in
the end of §4, equation (4.8) is self-adjoint. Moreover, if n = 2m,
then equation (4.8) is m — m disconjugate in |z| < 1, if and only if
it is disconjugate there. Setting now s(z) = a(l — 29)*3%6 >0, in
(4.8), it follows from Theorem 2 that for any choice of the complex
constant ¢ and the positive constant 4, equation (4.8) is not discon-
jugate and therefore also not m — m disconjugate in |z| < 1. Hence,
(5.5) and (5.17) are of the right order of growth. Indeed, no condi-
tion of the type

E @2k, 2m)
@ — =P+
E@k,2m)>0,k=1,.--,m,

lIzk(z)lg 7lzl<1y€>09

can possibly imply m — m disconjugacy of the self-adjoint differential
equation (5.4) in |z| < 1, however small the positive constants E(2k, 2m)
and ¢ may be.

I am grateful to Professors Z. Nehari and B. Schwarz for their
valuable advice.
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