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Spherically Symmetric Dirac Operators with
Variable Mass and Potentials Infinite at Infinity

By

Karl Michael SCHMIDT* and Osanobu YAMADA™*

Abstract

We study the spectrum of spherically symmetric Dirac operators in three-dimensional space
with potentials tending to infinity at infimity under weak regularity assumptions. We prove that
purely absolutely continuous spectrum covers the whole real hne if the potential dominates the
mass, or scalar potential, term. In the situation where the potential and the scalar potential are
identical, the positive part of the spectrum 1s purely discrete ; we show that the negative half-line is
filled with purely absolutely continuous spectrum 1n this case.

§ 1. Introduction

In a recent paper [20] the spectral properties of the three-dimensional
Dirac operator

H=a - p+m@)B+qx)y (R

(where p=—iV , i*= —1, I, is the n X% unit matrix, and a,=J. a1, Q2. &3 are
Hermitian 4 X4 matrices satisfying the anti-commutation relations

ajak+aka,~=25,k (1', ke {O, 1. 2, 3}))

were studied under the condition that the real-valued coefficient function m
tends to © (or —©°) as |x|— 0. For constant m. H is the Hamilton operator
describing a relativistic quantum mechanical particle of mass wm moving in an
external force field of (real-valued) potential q. As a non-constant function, m
can also take the role of a so-called scalar potential, which has been discussed

in the physical literature as a model of quark confinement (cf. the references in
[20], Thaller [14] p. 305).
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In [20] it is shown that if m dominates ¢ and tends to infinity as |x| — oo,
then the spectrum of the Dirac operator H is purely discrete; if m coincides
identically with ¢, and tends to infinity (in addition to certain regularity
requirements), then the positive part of the spectrum of H is purely discrete.
Furthermore, if m =q is of at most quadratic growth, the negative half-line is
filled with purely continuous spectrum of H. It seems to be a rather more
delicate question to determine the quality (absolute continuity or otherwise) of
the continuous part of the spectrum of H in the case m =gq, or even the overall
structure of the spectrum in the situation where ¢ dominates m and tends to
infinity. It is the purpose of the present paper to address this question under
the additional assumption that m and g are spherically symmetric functions ;
then the operator H is spherically symmetric in the sense that rotations in space
lead to unitarily equivalent operators.

By the well-known procedure of separation in spherical polar coordinates
(cf. Weidmann [18] Appendix to Section 1), H is then unitarily equivalent to
the direct sum of the countable family of one-dimensional Dirac operators on
the half-line r>0,

m=aptiotmin oo, (EZ\OD),

wherep=—i§?, and 0‘1=<(1) (1)>,0'2=((3 61>.0‘3=((1) _01> are the Pauli

matrices. If m and g are regular, i.e. locally integrable on (0, @) and integrable
at 0, this Dirac system is in the limit point case at 0 for all kE€Z\{0} by virtue
of the singular angular momentum term koy/r ([11] Lemma 1); moreover, it is
in the limit point case at © as well (Weidmann [18] Corollary to Theorem
6.8). and conmsequently the minimal operator associated with the formal
expression hy is essentially self-adjoint by the Weyl theory (Weidmann [18]
Theorem 5.8). We denote the unique self-adjoint realization again by hy; H:
=@ ,cz\w he is a self-adjoint realization of the three-dimensional Dirac
operator.

The study of the spectrum of H can then essentially be reduced to that of
the individual one-dimensional operators 4. The spectral properties of half-line
Dirac operators with potentials which do not approach a finite limit at infinity,
have been studied previously in the literature in different special situations. For
example, Hinton and Shaw [8], extending the work of Roos and Sangren (9],
give conditions for a Dirac system with dominant s to have purely discrete
spectrum. On the other hand, Evans and Harris [4] derive lower bounds on the
absolute value of eigenvalues in a situation with dominant ¢. In the case of the
electron Dirac operator (m = const), Erdelyi [3] has established that the
spectrum of i, is purely absolutely continuous and covers the whole real line
provided ¢ is locally absolutely continuous,
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limg () =0, and fwlqz—|<0°,
q

y—o0

thus refining a result of Titchmarsh [15] that had been anticipated, in a formal
way. by Rose and Newton [10]. Recently a different proof of this assertion (for
m = 1), based on the Gilbert-Pearson method, was given by [12] under the
slightly weaker hypotheses gE€EBVioc (0, o),

lim g (r) =o°, and %EBV(',W).

p—o0

(Here BV (I) denotes the space of functions of bounded variation on the interval
ICR, and BVie (I) is the corresponding local space. Generally, if X (I) is a
space of functions on the real interval I, we here and below use the notation

X (-, ) :={f] there is a € R such that f €X([a, ©))}.)

In this paper we consider. following the methods of [12], the case of
non-constant m ; this also requires that the angular momentum term be handled
in a different way than the perturbative treatment indicated in [12], (cf.
Remark 6 below). We prove that (under certain weak regularity assumptions)
the negative part of the spectrum of H is purely absolutely continuous if

m(r) =q(r)— 00 (r— 00),

and that the whole real line is filled with purely absolutely continuous spectrum
of H if

m(r) Lg{r)— 0 (r— 00),
§ 2. Results
We prove the following theorem in Section 3.
Theorem 1. Let gELL ([0, ), mEAC (10, )), and assume that

(A1) limg(r) =00,

y—00

L i m (1)
(A2) l1rrn—°1°nf|m(r)|>0, lmrl_iup .0 <1,
(83) ZFEBV(-. ) (VIER).

i
(A4) WLQELI('.‘X’).

Then 0ac(H) =R, and os(H) =0.

Remark 1. By unitary equivalence, the same result holds true if, instead of
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(A1), we assume limywq (r) = — 0. In view of the condition {A3) we may
rewrite the latter condition in (A2) as follows ;

o)
<t

lim
F—ro0
Remark 2. 1f m is constant, (A3) is true for all A€R if it is true for one
real value of 1 (cf. Remark 8 in the Appendix). This does not hold in the
general case; for example, choosing m (r) =2+ sin 7, ¢ () =r*m () (v €
[0, )), we find that (A1), (A2), (A4) and (A3) for A=0 are satisfied, but
(A3) for 2#0 is not.
However, Proposition 5 (in the Appendix) shows that it is generally sufficient
to assume (A3) for two distinct values of A. Alternatively, if we assume, in
addition to (Al), that ¢ € ACec (v, ) and mqg'q~® € L* (-, 0), then m/q €
BV (¢, o) implies m/ (g— A) EBV (-, ©) for all  €ER, by a straightforward

m__ g .m
g—A q—A q°

application of Proposition 3 in the Appendix to

Theorem 1 (cf. also Theorem 2 below), as well as the results of [12],
Weidmann [16] §8, and Weidmann [17], strongly suggest that a condition of
bounded variation of the coefficient functions is a natural setting for statements
on absolute continuity of the spectrum of one-dimensional Hamiltonians.
Nevertheless, assuming higher regularity of the coefficients (as will usually be
given in concrete applications) one can reformulate the conditions of bounded
variation in terms of integrability of derivatives, yielding hypotheses which may
be more convenient to verify than (A3) itself. Thus we note

Corollary 1. Let g, m EACioc ([0, ©)) and assume (Al), (A2), and

B e (-, o0),
7 gq

Then 04 (H) =R, 05 (H) =0.

. . l‘— 7’ — ’ — ’
Proof. The assumption gives ( Tl) =mg—gm—_Am zlm €L (-, ) for each
q (g—A)

A€R, which implies (A3). Furthermore, by (A2) we have #lm (r)| — o0 (r —0),
and thus

‘m_/__L.ﬂ' 1(,
ma—m g €L (s, ). OJ

As a borderline case between the two situations in which either ¢
dominates m (giving rise to purely absolutely continuous spectrum as shown
above), or m dominates q (with purely discrete spectrum as a consequence of
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[20]), we then study the case in which m and g coincide identically. In Section
4 we prove the following result.

Theorem 2. Let m=qg€ACioc ([0, ®)), and assume

(Bl) limg{) =00,

y—o0

(B2) = BV (-, ©) NL2(+, ),

3/2
q

Then Gge(H) = (—00, 0], 0, (H) N (—o0, 0) =4.

For the convenience of the reader, we include a corollary in which
assumption (B2), which involves bounded variation, is replaced by a condition
of integrability of derivatives.

Corollary 2. Let m=q<C?{[0, ©©)). and assume (Bl) and

” (/ 2
(BZ)' q _\.q_LELl (.Y oo)

32 52
q q

Then 04 (H) = (—00, 0], 05 (H) N (—o0, 0) =4.

4 \_ 4 _ 3)* ) g Vo1, g)?
Proof. <q3/2) - q3/2 2q5/2 € L' (-, ) and qs/z - q1/2 qs/z =

L'(-, ) imply (B2). O

Remark 3. Under the hypotheses of Corollary 2, every solution u of A =Au
is twice continuously differentiable, and satisfies the ordinary differential
equation system

u'rl-%ulzluz, '_11.,1"*‘22(]141'*'&(1?%””%1:]2%1.
Along the lines of Dunford and Schwartz [2] Theorem XIII. 6.20, one can then
prove the existence of a fundamental system u+, u- with asymptotic behaviour

q () 'V“(ei‘f;mﬂ-o 1) )

us )= —T—i\/_—T/Tq (r) 1/4<ei’f"m+° (D)

as ¥ — % which implies the non-existence of subordinate solutions for negative
A. In order to achieve weaker regularity requirements, our proof of Theorem 2
follows a different approach, remaining fully in the context of Dirac systems
without recourse to associated second order differential equations.
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§3. The Case m<q

In this Section we prove Theorem 1. We proceed as follows. As indicated in
the Introduction, the spherically symmetric Dirac operator H is unitarily
equivalent to the countable direct sum of half-line operators with angular
momentum term :

H= D hy;
LEZ\{0}

therefore we have

Oac (H) :keg\(o}g‘u (hk), Os (H) =keg\m}0‘s (hk)
(cf. [11]), and hence it is sufficient to prove that for each nonzero integer k.,
hy has purely absolutely continuous spectrum throughout the real line.
By the following proposition, this can be reduced to showing that all
solutions of the eigenvalue equation for Ay, for all real values of the spectral
parameter. are bounded at infinity.

Proposition 1. Let a=>— 00, [, m, gELL:((a, ©)) be real-valued functions,
and 1€ R an open interval. Let h be a self-adjoint realization of the Divac system

O ptmostlo+ql,
on (a, o). If, for every AEI, every solution u of
(og ptmos+loy+aql)u=Au
is an element of L= (¢, ©0)  then we have [T 04 (h), o5(h) NI=0.

Remark 4. It is possible to give a direct proof for this special case of the
Gilbert-Pearson method for Dirac systems (Behncke [1] Lemma 1) along the
lines of Simon [13], cf. the Appendix of [12], bypassing the complications of
the general theory. Note that only a condition for each separate value of A is
imposed in the above Proposition; however, in our situation, one could also
apply Weidmann's theorem [19] instead of Proposition 1, after showing that the
bounds on the solutions are locally uniform in A.

The heart of the matter is contained in Proposition 2, in which a sufficient
condition for the boundedness of all solutions of a general Dirac system

(02 p+Mos+Loy+QI) u=0. (*)

with lim,-.Q (r) =0, is given.

After proving Proposition 2, we finish the Proof of Theorem 1 by showing
that Q :=qg—A, M:=m and L :=F/r satisfy the hypotheses of Proposition 2 for
all real A and all non-zero integers k.
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Proposition 2. Let a=>—00, Q, M, L € Ll (a, ©°) be real-valued functions
such that

(Cl) limQ(r) =00,

y—o0

(C2) lim sup Z)V((:;

w M L
Q=W Q—W' Q—W

<1,

(C3)

EBV (-, o),

where W =y M?+L2. Then every solution of (%) is bounded at infinity.
If M=0[L=0], condition (C3) can be replaced by
L

(c3): '(‘;)‘:_Z'GBV(“,OO) [

M
Q—M

EBV(-,OO)].

Corollary 3. Under the hypotheses of Proposition 2, let vo>a. Then theve is a
constant C>0 such that

ly_(z‘L)Egly(f)lzﬁCly (ro) |2 (r>7)

holds for every solution y of (*).

Proof. By Proposition 2 every fundamental system of (*) is bounded on
[70, ). Consequently, there is C>0 such that
ly (") 1< Cly (o) 2 (r=v,)

holds for all solutions y of (*). Let z be the solution of (*) with initial value

21(ry) = —y2(ro), 22(ry) =y1(ro); as the Wronskian is constant, we have
yl(To) "l/z(7’0> lz Y1 21 2 |
ly (ro) |*= ; = <lylPlz*<Clyl?z (ro) |2,
Y2 (To) Y1 (7’0) Y2 22
and the assertion follows. ]

Remark 5. If we specialize L =0, M =1, Proposition 2 states that for all
real A, all solutions of the differential equation

(o2 pto3tql)u=Au

are bounded at infinity provided limy—wgq (¥*) =00 and 1/ (g— 1) € BV (-, =)
(which is equivalent to 1/¢ €BV (+. o) cf. Remark 8 in the Appendix). These
assumptions are equivalent to the hypotheses of Theorem 1 of [12]. since a
bounded function of locally bounded variation has bounded total variation if and
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only if it has bounded positive variation.

Remark 6. Conversely, seeing that, in contrast to the rather large mass
term 03 m, the angular momentum term (/7) 0y in the eigenvalue equation for h;
is a smooth function on (0, ) decaying at infinity, one may at first be tempted
to treat it as a perturbation of the equation without angular momentum term,
which can be handled by a simpler version of Proposition 2 (this line of attack
was sketched in [12] Remark 2, for the case m = 1). However, the unitary
transformation used to turn the angular momentum term into an integrable
perturbation ([11] Lemma 3), involves the derivatives of both the angular
momentum and the mass (or scalar potential) term, leading to the stronger
requirement

(A4)"  P-eLl(-, )

m?

instead of (A4) in Theorem 1. (For example, if ¢ (r) > ¢ for some ¢, €>0, and
m is periodic. then (A4) is satisfied, but (A4)’ is not.) Therefore we prefer this
strong version of Proposition 2, in which L and M enter in a perfectly
symmetric way. On quite different grounds, Proposition 2 will also prove useful
in Section 4.

The basic idea for the proof of Proposition 2 is essentially that developed
in the proof of Theorem 1 of [12]. Instead of the pointwise norm |u |:=

Jlu?Flual? of the solution itself, we study the behaviour of an associated
quantity R (r), which may be interpreted as the major radius of the elliptical
orbit in the (u1, uz) plane on which the (real-valued) solution would be
running if the coefficients were held constant at their value at ». In the case
L =0 considered in [12] the major axes of the ellipse coincide with the u;-,
uz-axes; in the general situation captured by Proposition 2, however, the ellipse
is oblique, which renders the function R, as expressed in terms of the solution
u, considerably more complicated.—Note that our R corresponds to the R? of
(12].

Proof of Proposition 2. Let u € ACioc ([a, ©°)) be a solution of (*) with
real-valued components. By hypothesis, there is 7o>0 such that Q (r) =W (r) >0
(7’21’0) ,
and

w M L
Q—W Q—W' Q—W

On [7,, ) we consider the function

€BV ([ry, )).

R :ZQTIW_( (ui+ud) Q+ (ut—ud) M+ 2um,L) .
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Note that

QQW——H—Q €8V ([, ©)).

Thus we have REBV e ([0, )) by Proposition 3 in the Appendix.
For t;= t1 =1, the formula for integration by parts for Stieltjes integrals
(Fichtenholz [5] §577) and the local absolute continuity of u yield :

R0 =R () = [ () @+ i—ud M+ Qued) L) 5
+ [ a (L) + [ - a(52)

+f:2muz d(a%‘w‘)

As u is a solution of (*) and hence

u'1=—Luy— (Q—Muz, u':= (Q+M)u,+Lu,,

a straightforward calculation shows that the integrand of the first integral
vanishes identically. Estimating [u?—u3|, 2lums) <|ul?, and

R=uf+u§+Q—_1~W (VWHFMuy+ (sgn L) yW—Muz) 22|ul?,

t2
and noting that \[/a]rf=j: Idff holds for every function f of locally bounded
tufz 1

variation, we find

<( + )
Rlt) =R i) <(Var g2 i+ Var g2+ Var g77) up .

By Lemma 2 of [12], it follows that R, and consequently u. is bounded in
[#o, ). This concludes the proof in the general case.
In the case M=0, we consider the function

By virtue of (C2) and (C3)’ there is some € € (0, 1) and 7,>0 such that [L(r)]
<eQ (r) =1, and L/ (Q —L) € BV ([re, ©)). Therefore R € BVioc ({10, )),
and it is not difficult to check that

2L (7) —2
Q) -"TL(r) 21+Z

>—1,

and hence R (r) =175u (r) [2(r=71,). By essentially the same calculation as above
we infer that for t,=#, =7,
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L
<
R(tz) —R (1) 2 — mBR Var 577

and the assertion again follows by Lemma 2 of [12].
For L=0, take

and proceed as above. O

Now we conclude the proof of Theorem 1, showing that under hypotheses
(A1) —(A4). Q:=¢g— A, M:=m and L (r) :==k/r(r>a:=0) satisfy (C1)— (C3),
for every A€ER and k€Z\{0}.

{C1) and (C2) are obvious from (Al) and (A2), respectively. As in
Ploposition 2. abbreviate W:= JM?*+L?*. We first prove W/ (Q — W) €
BV (-, ), which is equivalent to W/Q € BV (+, ) by Proposition 4 in the
Appendlx. By Proposition 3, W/Q= (W/M) + (M/Q) €EBV (-, ), since M/Q€E
BV {+, ®) by (A3), W/MEL>(+, ©) NACioc(*, ), and

M (W)'ZL(ML’—LM’)__ ¥q (_wn;JrL)ELl(,,oo),

Q \M QMW T W \gmr g7

Similarly, we have M/ (Q — W) = (M/W) - (W/ (Q— W)) €BV (-, ®). since
M/WEL (s, ) NACie(*. ). and

W (MY__ MQ  LML—ML) )
Q—w (W)"‘W(Q—W) omw Sl ).

Finally, L/ (Q — W) = (L/M) - (M/ (Q—W)) €BV (-, ), since L/MEL” (>, ) N
AC}oc(". OO) and

’

M (LY__ k __ kg m 1.
Q—W (M) 2Q—w) Q—W qmrel’\'oo)' O

§4. The Case m=q

In this section we prove Theorem 2. Since it is shown in [20] that ¢(H) N
(0, ) is purely discrete, and since the spherically symmetric operator H
admits separation in spherical polar coordinates, it is sufficient to prove that,
for each non-zero integer k. (—, 0) C gy (hy), and o5 (he) N (—o0, 0) =

We shall make use of the Gilbert-Pearson theory (Gilbert and Pearson [6],
Gilbert [7]. Behncke [1]), showing that for negative A. the differential equation

(o0 0xtg () 12 Ju= (o)
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does not possess a subordinate solution at @, ie. that any two non-trivial
solutions v and w of (*#), 1<0, satisfy

r
lvlz
lim inf
f o

for some 7> 0. We have to go back to this more general definition, bacause
unlike the situation of Section 3, the solutions will be unbounded, as suggested
by the asymptotics given in Remark 3.

By a transformation which takes into account this expected growth, or
decay, behaviour of the solutions. we obtain a differential equation which is
again of Dirac type, with coefficients which (with the help of Lemma 1 below)
can be shown to satisfy the hypotheses of Proposition 2. As in Section 2, we can
therefore conclude that all solutions of the transformed equation are globally
bounded at infinity ; indeed Corollary 3 shows that all solutions of the
transformed equation are of the same size. This does not immediately imply that
the original equation has no subordinate solutions, since the transformation is
unbounded ; yet considering the oscillatory behaviour of the solutions, it turns
out that the growing and decaying components are sufficiently well distributed
between solutions to prevent the existence of a subordinate solution.

Lemma 1. Under the hypotheses of Theovem 2, let AER and set 7:=2q9—A.
Then 7EAC1c ([0, ©°)), and

T oepy(- o). T—erll- ©). lim 2 __

7,3/2 . 1/7,3/2 vy ' poeo T (1,) 32

Proof. There is 70> 0 such that 7 (#) 2q (r) 21 (#=1), and g : =297 %2 €
BV ([ro, )) NL*([ro, ) ).

Applying Proposition 3 in the Appendix with /:= (¢/7)*? (noting that | F| <1,

Fgl= 3%

5/2

<L et ([, 00))),

7/2

we obtain 7'77¥?=fgE€BV ([r, )).

Furthermore, |7'77%2|<|g|, and thus the second assertion follows by the
Schwarz inequality. Finally, the last assertion follows the fact that g, as a
square integrable function of bounded variation on [r, ©°). must converge to 0
at infinity. O

Proof of Theorem 2. Let A<0, k€ Z\{0}. and u, y nontrivial solutions of
(**) with real-valued components. On a right half-axis on which 7:=2¢— A is
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positive, we consider the functions
,=< (/) Vs ) ,=< (7/4) %y,
T\ N vy
then v and w are solutions of the differential equation of Dirac type
(02p+Lor+QI)v=0,
where L= (k/v) — (y'/4r), Q= A7.

We observe that lim,—.Q (r) =0, and

Lk 70
(1)~ /Ay 4JAy ()Y 0 )

moreover, L/QEBV (-, ) as a result of Lemma 1, since

) (with A:=]A]);

eLl(s, ).

()=
7/77 21,7,3/2 ,,Zﬁ
In particular, by Proposition 4 in the Appendix, there is 7> 0 such that
2IL (N |<Q ) (r=w) and L/ (Q—L) €BV ([r,. )). Therefore L and Q satisfy

conditions (C1), (C2) and (C3)’ of Proposition 2 with M=0.
Corollary 3 shows that there is a constant C>>0 such that

L (g)) : <l () PLClo () 12 wélw () [P<Clw (ro) [,

i.e. that v and w are of the same size; we now use this estimate to prove that

(uf+ud)
lim inf =20,

To this end, we study the oscillation behaviour of v by means of the Priifer
transformation.

There are locally absolutely continuous functions p: [#, %)~ (0, o), and
& :[ro, @) —R, such that 3(r,) € [—37/4, 57/4), and

( cos9 )
v==01\ . ;
sind

& is a solution of the differential equation

&)=L sin 28 +Q ().

Introducing a new independent variable by the transformation s (r) :=f @, and
setting @ (s (#)) =9(r), we have
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O () =1+ QE’% sin 20(s ().

From the definition of 7o, we find that @ (s) € [1/2, 3/2] (s=0).
For n€N we define

Jo:=1s=20| O(s) €[—3n/4, — /4] +nn),
K, ={s=0|0(G)e[—xn/4, n/4] +nur};

then <l K<z nENy)

(| » |nere denotes the length of the interval). Adjusting 7, if necessary, we can
assume that O=inf J,.
Observing that y> A, and Q= /7A, we find for r=7,

[wrvay [ WArporeyiay [ A7
[wirwn [ ATt VTR f VA (i)

Mfovg fw

fs(le_l_WZ) C,w To)l

where v (1) =V (s(r)), w(#) =W (s{r)) and C is the constant from Corollary 3.
Now setting N{r) :=maxm €N | K,< [0, s(*)]} and noting that on J,,

ViHVE o v (r) |2
2 1 2 0.
Viz =g 2 e

we conclude that

J iz ] 1 Lo () N )
f’(ylz+y§) Cluw (o) |25 () 6CZ|u, (ro) IEZND (|1l 4+ Kal)

)2 NG lv(rol
120w ) r NGO+ 1202w (r,

>0 (r—o0). [

Appendix

The great advantage of regularity assumptions on coefficient functions in
terms of their differentiability is based on the existence of a linear and
multiplicative differential calculus, by which subsequent estimates of terms
containing these coefficient functions are conveniently accessible. Unfortunately,
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such a calculus does not exist for the variation of functions on the real line,
which generally behaves like the integral of the absolute value of the derivative
of the function, but cannot be treated as such unless the function is
differentiable or at least locally absolutely continuous. The approximation of
functions of bounded variation by differentiable functions, as in Weidmann [16]
p. 368, is of limited scope (and can hardly be effected in conditions like our
(B2)), whereas going back to the definition of the variation,

N
Var f:=sup ZV(JC:') —f (2,0 |
I

7=1

(where the supremum ranges over all finite partitions a =xo<x; < ... <xy=0b,
N €N, of the interval I= [a, b]), is tedious and tends to obscure the line of
reasoning. On the other hand, it appears unsatisfactory to assume different-
iability of coefficients in situations where only their variation, but not their
derivatives occur naturally. Therefore we have collected in this appendix some
properties of functions of bounded variation which have served as a substitute
for the differential calculus in the main body of this paper, so that any
approximation or reference to the definition above could be avoided there, while
working with minimal regularity requirements. In particular, Proposition 3 is
interesting as a weaker surrogate for the product rule, and is frequently used in
both Sections 2 and 3. Similarly. Proposition 4 replaces the quotient rule in
several instances in our proofs. The outlook of Proposition 5 is more restricted
to the purpose of our paper; it shows that condition (A3) of Theorem 1 is
valid for all A€ R if it holds for two distinct values of A.

Proposition 3. Let I C R be an interval and § EBV ), fE ACie I) N
L*(I). Then

Var 0. [ |70+l Var o
in particular, f'g EL*(I) implies fgEBV (D).

Proof. Let x, y € I, x <y. By the Jordan decomposition theorem
(Fichtenholz [5] §570). there are non-decreasing functions g+, g—: I —IR such
that g =g+—¢-, and Varzy d=¢+(y) +9-(y) =9, (&) —g- (x). The formula for
integration by parts for Stieltjes integrals gives

f(y)g(y)—f(r>g(x)=Lyf’g+j;”fdg+—ﬁ}dg_.

The mean value theorem for Stieltjes integrals (Fichtenholz [5] §582) implies
that there exist z+. z- € [x, y] such that
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Lyfdgi:=f(zx> (gt(!n —g:(x));

thus
Fw)e @)~ @g @1< [ 1701+ k 04 ) =04 @) Hlrke - ) =0 @)).

Applying this estimate to the individual intervals of partitions of I, we obtain
the assertion. [

Remark 7. The simpler estimate Var; fg S"f”w Var; g + ”g”w Vary f
(for f, g €BV (I)) is tempting; but using this instead of Proposition 3 in the
final step of the proof of Theorem 1 requires the slightly stronger condition
(A4)’ (cf. Remark 6) instead of (A4).

Proposition 4. Let ICR be an wmterval and f, 9 : [ —IR. Assume §>0 and
¢ :=sup/ f1/9 <1. Then

(1—e)? Var—-LSVal L< (1+g)? Var—‘_L:
i 1 9=/
in particular, /g EBV () if and only if f/ (g—f) EBVI).

Proof. For x, y €I we have

o) fle) | gl) gy lLQD__M{'

gW)—fly) gx)—fl) |~ x)—f 9w —fy) l9ly) g&)
and the assertion follows observing that
1 g 1
TTe<g—F~1—¢ 0

Proposition 5. Let a>0, m, q:(a, ©°)— R functions such that

limg(r) =0, lim sup !rg( )i<1

y—o0 700

Then {1 €R| 2%
g—A

-, 0)} is either empty, or the whole veal line, or has
exactly one element,.
Proof. Assume this set has two distinct elements A;, A2 : we then show that

it is all of R. Let A€IR. Then there is >0 such that m/ (g—A,) EBV [r, ).
and

q(r) *129(7’)—2‘&21 (r=r, jE{1.2}).
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Defining i=ﬁ(je {1, 2}), and noting that 1=p,— 1, A= Aiptz— Astts,

we find
Lm) _ m) |_Imy)ga) —im(y) —m@)qx) —im ()]
lg@y) —2 qx)—2l @)= gx)—2)

| my _ m@) | | m@) _ mx) |
<dlpal lq(y)J—L'/h qg)gc—21|+4l”‘| |q(y)u~ﬂz q (&) =2

for x, y € [7, ©°). Thus we obtain

Var —~ <4|p| Var KL] +4 | Var%nz—<°0. |
Tro,00) 4 1 q 2

troee) 47 A [r0,00)

Remark 8. If m is constant, the Am terms in the numerator cancel, and it
is easy to see that m/ (g—A) is of bounded variation either for every, or for no
real value of A (as observed in[12]).
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