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CLASSIFICATION OF KILLED ONE-DIMENSIONAL DIFFUSIONS'

BY SERVET MARTINEZ AND JAIME SAN MARTIN
Universidad de Chile

We show necessary and sufficient conditions for R-recurrence and
R-positivity of one-dimensional diffusions killed at the origin. These con-
ditions are stated in terms of the bottom eigenvalue function.

1. Introduction and notation. We give necessary and sufficient conditions in
order that a one-dimensional diffusion X killed at O is R-positive. This means that
the processes Y, whose law is the conditional law of X to never hit the origin, is
positive recurrent. Our conditions are stated in terms of the function A, where A(z)
is the bottom of the spectrum of the eigenvalue problem associated to the diffusion
killed at z.

Let us introduce precise notation. Consider the generator Lu = % 32u — o dyu.
We shall assume that « is locally bounded and measurable. The results of [5], [1]
and [6], although stated for & € C', can be easily generalized to our setting. We
denote by X the diffusion whose infinitesimal generator is £, or in other words
the solution of the SDE

dXt=dBt—Ol(X[)dt, X():.X>O,

where B is a standard Brownian motion. Thus, —« is the drift of X.

Let T, = inf{r > 0: X; = z} be the hitting time of z. We are mainly interested in
the case z = 0 and we denote T = Ty. As usual X7 corresponds to X killed at 0.
The transition density of X7 on (0, 00), is given by p(t, x, y)dy =Py (X, € dy,
T > 1), x,y > 0. Under some extra conditions on « this transition density can be
computed using the Girsanov theorem by

y
pit.xydy =exp(~ [ ae)ds)
(1) ! ,
X Ex(exp(—l/Z/O o (By) —o/(Bs)ds>, Biedy, T > z),

where as customary we put E,(f(B), A) = Ex(f(B)14), for an integrable
function f and a measurable set A.

Most of the functions and parameters we consider in this work will depend
on «. To avoid overburdening notation we shall explicit such dependence only if it
is necessary. In this work we will consider the diffusion X killed at different points.
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In this sense it is useful to introduce the notation «‘® which is the restriction of «
to the region [z, 00). Since most of the time we will deal with the process X killed
at 0, we shall use  synonymous to %), when there is no possible confusion.

Consider A(x) := [ e’ ® dg, where y (&) = 2[0E a(n) dn. We shall assume
that ) verifies the following hypotheses:

H [5°f5e?®dee 7D dx= [° [ e 7® dt e?™ dx = 0.
H1. A(oc0) =0o0.

Hypothesis H is that infinity is the natural boundary of the process X, in particular
it implies limy_, oo P+ (T > s) = 1 for any s > 0. Hypothesis H1 is equivalent to
P, (T < 00) = 1 for all (or equivalently for some) x > 0. We observe that «® also
verifies H and H1.

Fix z € R. The eigenvalue problem %v”(x) —a(x)v'(x) = —iv(x), v(z) =0,
v'(z) = 1, has a unique solution in [z, c0) denoted by u; ;.o. When there is no
possible confusion about «, we shall use the simple notation u; ;. This unique
solution is C! with an absolutely continuous derivative and it verifies, for x > z,

ul ,(x) = ey(x)_y(5)<1 — ZA/ U 5 (E)e? @ -rE) dé),
’ 0
2 i ,
Uz 5 (x) =/ e”(y)_y(z)<1 —2A/ Mz,x(é)ey(z)_y@)dg) dy.
0 0

The functions u, ; (x), u’Z’ , (x) are continuous on (z, A, x).
We denote by A, (z), or simply by A(z), if there is no possible confusion, the
value given by

A(z) =sup{A:u;, is positive in (z, 00)}.

As proved in [6], A(z) is characterized by A(z) = sup{A:u; , is increasing on
[z, 00)}. In both cases the supremum is attained (for the former case see [5]; for
the latter see [6]). From (2) once u,  is increasing, then necessarily it has to be
strictly increasing. In particular u; () is strictly increasing.

In [1] it was proved that, for x > O fixed, the following limit exists and defines
a diffusion Y:

X
lim P, (X € A|T > 1) = 2O EX<M, X, €A, T> s)
1—00 10,0y (X)
=P, (Y, € A).
The diffusion Y satisfies the SDE
ug 5.0 )
0,A(0

3) dY,=dB, — (Y, dt  where ¢(y) =a(y) — —20

10,10) (y)
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and it takes values on (0, 00). In fact, it never reaches 0 because its drift is of order
1/x for x near 0. The transition density for Y is

10,10) (y)
pY(tv-xv )’) == #eé(()ﬁp(t’x’y)'
10,0 (X)

From (1) we get, for x >0, y > 0,

y
Pt x.y)dy = wexp(— f a(é)d&‘>

uQ,(0)(x)
1 t
x E, (exp(—i/. ha(Bs)ds>, B, edy, T > t),
0

where hy, = a? — o’ — 2\ «(0). This function &, will be used in Theorem 5 to
compare the qualitative behavior of the diffusion Y for different drifts.

The following two results give some basic information about the limiting
process Y. Their proofs are left to the Appendix.

THEOREM A. Assume « satisfies Hand H1. Then, ¢ (x) = a(x) — ”6,;\(0);a(x)/
10,1(0); (X) satisfies H on [z, 00) for all z > 0. This means B

© Y roy oy * Y
/ o7 (x)/ o (5)d§dx=/ o (x)/ e 7" ® 4 dx = oo,
Z Z Z Z
where y¥ (y) =2 7 (a(&) —ug 50)(6)/10,1.0)(§)) d§ and ¢ > 0 is a fixed constant.

The second result supplies the recurrence classification of Y in terms of
integrability properties of the ground state 1 (o).

THEOREM B. Assume « satisfies H. The process Y is:

(1) positive recurrent if and only iffooo ”(2),&(0) (x)e "™ dx < oo;
(1) null recurrent if and only if

o0 [e.e]
/ u% 3(0) (x)e "Ydx =00 and / “5%(0) (x)e? ™ dx = 00 fora > 0;
0 = a =
(iii) transient if and only if [° u&i(o) (x)e? ™ dx < oo fora > 0.
The classification of Y induces the R-classification of the killed diffusion X7 .

DEFINITION. The process X7, or equivalently «, is said to be R-positive
(resp. R-recurrent, R-null, R-transient) if the process Y is positive recurrent (resp.
recurrent, null recurrent, transient).
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Under H and H1, we proved in [6] that the following equivalence is verified:
o0
“4) A0)>0 — / 10, ,0)(x)e " dx < 0.
0 A

Using that ug ;o) is an increasing function we deduce that A(0) > 0 is a necessary
condition for R-positivity. Moreover, whenever X7 is R-positive it holds

o0
5) / e 7™ dx < oco.
0

The probabilistic meaning of (5) is that the process Z whose drift in R is —«(]x]),
is positive recurrent. In fact, the invariant probability measure of Z has a density
proportional to e~V (XD,
In [6] it was shown that under H and H1,
logP (T, >t
(6) A(z) = lim —M for any x > z,

t—00 t

that is, A(z) is the exponential rate at which the process X is killed at z. We observe
that if H1 fails, the right-hand side of (6) vanishes, while A(z) could be strictly
positive.

Since Py (T, > t) <P\ (T, > t) for x < z <y, the function A is increasing. We
point out that a simple coupling argument shows that A, is increasing also in «;
that is, if @ > B on [z, 00) and both functions satisfy hypotheses H and H1 then
Ay (2) = Ag(2) (see Corollary 1 in [6]). The study of the function A is one of the
main objects of this paper. In this direction we make the following definition.

DEFINITION. « has a gap at x with respect to y < x, if A(x) > A(y).

We are mainly interested in gaps with respect to y = 0, in which case we just
say that o has a gap at x. We notice that if « has a gap at x so it does at any z > x.

We shall state necessary and sufficient conditions for « to be R-positive in
terms of the function A. In particular we will prove that if there exists some gap
then the diffusion is R-positive. We point out that an analogous condition was
already used in [2] to show R-positivy of Markov chains in countable spaces. The
notion of R-positivity for diffusions extends the standard definition of R-positivity
introduced by Vere-Jones (see [8]) for nonnegative matrices, which in terms of
the Perron—Frobenius theory reduces to the fact that the inner product of the left
and right positive eigenvectors is finite (see [7], Theorem 6.4). Hence, this notion
turns out to be nontrivial only for processes taking values on infinite spaces. In the
context of one-dimensional statistical mechanics with an infinite number of states,
R-positivity of the transfer matrix associated to the Hamiltonian was shown to be
a necessary and sufficient condition for the existence of a unique Gibbs state [4].

In the following section we establish the main results, whose proofs are given
in Section 3. In Section 4 we give examples concerning the “last” point of increase
for A.
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Throughout the paper we shall use some basic facts about the constant drift case.
If « is a nonnegative constant a, then a simple computation gives A(x) = a?/2 and
o is R-transient.

2. Main results. In our results we shall assume the drifts involved verify
hypotheses H and H1.

THEOREM 1.

(1) If o« has a gap at some z > 0 then o is R-positive and o has a gap at any
x> 0.
(ii) If for some z > 0 the function a® is R-positive then ) is R-positive for
0 <y <zand ) is strictly increasing on [0, z]. In particular, a has a gap at 7.
(iii) If a does not have a gap then «'? is R-transient for any z > 0.

We consider A(o0) = limy oo A(x) and x = inf{x > 0:A(x) = A(c0)} < o0.
We notice that if A(0co0) = oo then « has necessarily a gap which implies that « is
R-positive. We also point out that if « is R-transient then x = 0 and A(0) = A(00).

THEOREM 2. The function X is strictly increasing on [0,%), and o™ is
R-positive for x € [0,x). A is constant on [x,00) and a®) is R-transient on
(x,00). A is continuous in [0, 00); it is Cl on [0, 00) except perhaps at X.

Moreover, ) satisfies, for x € [0, X),

™) [ exp(—z [ ya(é)d%‘> dy =

In particular, ) (x) > 0 on [0, X). i

Finally, when 0 < X < 0o we have a'®) is R-recurrent. It is R-null if and only if
A (x—) =0and it is R-positive if and only if \'(x—) > 0 (i.e., if A is discontinuous
at x).

2)(x)

It is worth noticing that a formula similar to (7) holds for A(x)

/ " s ) exp(—z [ ® ds) dy = ﬁ

This is a particular case of the relation (13) in [6], established for any A € (0, A(x)].

The R-classification already obtained for ™, x > 0, can be put in terms of
points of increase from the left for the function A. In fact, o™ is R-recurrent (resp.
R-transient) if and only if x is a point of increase (resp. constancy) from the left
for A. The distinction between R-null and R-positive is done by the left derivative.
Thus, in order to obtain the R-classification of «(® we rely on extensions of o(?
to the left of 0. Clearly the classification of a® does not depend on the chosen
extension. To fix notations, @ is said to be an extension of «© if & is defined
on [—¢, 00) for some € > 0 and @@ = «©@. From Theorems 1 and 2 we obtain
directly the following characterization.
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THEOREM 3. (i) «© is R-transient if and only if for some (any) extension &,
0 is a point of constancy for A
(i) «© is R-positive if and only if for some (any) extension & it holds
A5 (0—) > 0.
As a matter of completeness:

(i) «© is R-null if and only if for some (any) extension &, 0 is a point of
increase for )5 and "> (0—) = 0.

As a corollary, we get that « is R-transient whenever it is periodic and satisfies
H and H1. A slight generalization is the following one. Consider a subperiodic
function « in [0, 00), that is, a(x + a) < a(x) for some a > 0 and for all x > 0.
We also assume « satisfies H and H1. A simple comparison argument gives
A(a) < A(0); thus A is a constant function. Take & any subperiodic extension of «.
Again a comparison argument shows that 0 is a point of constancy for 1 ;, implying
that « is R-transient.

Let us fix x > 0 and consider the process X killed at x. The associated limiting
process Y* has a drift given by [see (3)]

M;,A(x) 6))

_¢x ()’) = lx 200 (y)

—o(y) for y > x.

A direct computation yields the following relation between the eigenfunctions for
Y~ killed at z > x and the eigenfunctions for X killed at x and z. For any A € R it
holds
uz,)\;a(y)ux,i(x);a(z)

Ux \(x);a 6))

(8) Uz p—i(x)ipe (V) =

where we have put A(x) = A, (x). From this relation we get A4 (z) = A, (z) —
A, (x). Furthermore, the following result is verified.

PROPOSITION 4. Let x > 0 and assume a¥) is R-positive. Then, for any z > x
the function ¢, satisfies hypotheses H and H1 on [z, 00). Moreover, a has a gap
at y with respect to z if and only if ¢, has a gap at y with respect to z, where
vy > z > x. This last condition ensures Y~ killed at 7 is R-positive, in particular
A¢X (Z) > 0.

We now establish a comparison criteria to study R-positivity.

THEOREM 5. Assume the functions o, B satisfy any one of the following three
conditions:

(C1) a,BareC' and hy = a* —a’' =21, (0) = hg = B> — B’ — 21 4(0) on [0, 00);
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(C2) a =B and i,(00) = 1 g(00);
(C3) a <Bandr,(0)=250).

Then the following properties hold:

(1) if B is R-transient then o is R-transient,
(ii) if o is R-positive then B is R-positive.

We remark that among the conditions of Theorem 5, (C2) is the easiest one to
verify. The other two conditions depend on A, (0), A 5(0) which in general are not
simple to compute. Two special cases are studied in the following result.

COROLLARY 6. (i) Assume that

) a(00) 1= lin_l)io%fa(x) > v/ 2A(0)

then the process X' is R-positive. A sufficient condition for (9) to hold is
(10)  a(00) > ((supfa(x):x € [0, b]})2 + (7r/b)2)1/2 for some b > 0.

In particular the condition limy_, o, o (x) = 0o implies X" is R-positive.

(i) Assume the following limit exists: a(00) := limy_, o0 & (x) > 0. If a(00) <
a(x) for all x > 0 then A(0) = a(oo)2/2, and the process XT is R-transient. In
particular this holds whenever « is a nonnegative decreasing function.

One is tempted to believe that o is R-positive whenever it is increasing,
nonconstant, and eventually positive. This is the case when « is unbounded, but
in the bounded case « is not in general R-positive. In this direction the following
result gives a sufficient integral condition in order that X7 is R-transient.

PROPOSITION 7. Assume that « is bounded on [0, 00) and satisfies a(00) =
limy_, o a(y) > a(x) for all x > 0. Also we assume that a(c0) > 0. If

o (00 (X a(00)x + X < s
then X' is R-transient.

Leta(x)=1—-—K/(1+ x)3. From condition (10) in Corollary 6, it follows that
for large values of K, « is R-positive. In an opposite way, from Proposition 7, we
find that for small values of K, « is R-transient.

We now study the eventually constant case where further explicit computations
can be made. The setting is «(x) = 6 for all x > £, for some £ > 0. When 6 > 0,
conditions H, H1 and (5) hold.
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PROPOSITION 8. Assume « is eventually constant with 60 > 0. Then, there
exists 0 = 0(€) such that XT is R-positive ifandonly if 0 > 6, X T is R-null if and
only if @ =0 and X' is R-transient if and only if 6 < 6. The value 6 is the unique
solution of

/

—0.

The condition 6 > 0 is equivalent to A(0) < 02/2. Moreover, A(0) admits the
following representation:

. 0
A(0) = sup{ A < min(i(£), 6%/2): % +V6* -2 > 9},
Uuo,x

where )A\(Z) = sup{A :ug,, is increasing on [0, £]}.

In the special case o(x) = Opll{x<¢y + OLx>¢) with 6 > 0, the critical value 6
is given by the formula 6 = 0y + y cot(x ), where y is uniquely determined by
Op=—yx cot(2xL) and x € [ /4L, w/20).

In the latter special case the dependence of 6 on ¢, 6, verifies the homogeneity
condition

0(1, £6o)
T

It can be proved easily that § is increasing on 6y and decreasing on ¢, with
asymptotic values

0(¢€, 0o) =

lim 0(¢, 6p) = oo, lim 0(¢, 6p) = 6,
{—0 {— 00

lim 6(¢,6p) =m /4L, lim 6(¢, 6y) = oo.
6o—0 0y— 00

Moreover, using the inequality 7 < 4xcot(x)(l — 2xcot(2x)) < w2 for x €
[7/4,7/2), we obtain

T 7T2

O+ ——<0<bp+———"7-—.
Ot s 12080 ST dea 2em0)
If £ =0, that is, the drift is constant on [0, 00), the process X T is R-transient. We
observe that the above criterion gives § = oo.

3. Proofs of the main results. In the sequel we shall need some extra
properties about the eigenfunctions u; ;. A useful tool will be supplied by the
Wronskian W[f, g], between two C! functions f and g, which is given by
WIf, glx) = f/(x)g(x) — f(x)g'(x). Once f and g are fixed, we shall simply
write W (x) instead of W[ f, g](x).
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LEMMA 9. For any a > 0 there exists x> MO) such that ug  is strictly
increasing on [0, a] for any X € [A(0), A].

PROOF. The result follows from the facts that ué)’ ,(x) is jointly continuous
and u 3 (o) is strictly increasing on [0, 00). [

LEMMA 10. Assume ug ) is increasing on [0,al. Then, for all u < \ the
function ug , is also increasing on [0,al. Moreover, for x € (0,a] it holds:
uo, 1 (x) > ug(x); uéw(x) > ué)’k(x) and the ratio uf)’ﬂ(x)/uo,ﬂ(x) is a strictly
decreasing continuous function of u on the region (—oo, A]. In particular, the
above properties hold for ». = A(0) on (0, 00).

PROOF. We first notice that if u¢ ; is increasing on [0, a] then it is strictly
increasing in the same interval. In fact, from (2) we conclude that u()’ ,, >0 on
[0, a). Consider the Wronskian W (x) = Wlug s, uo,, 1(x). A direct computation
shows that W(0) =0 and

W' =2aW —2(h — (Wuo 10,1
or equivalently,
W) = =26 — e [ Oug, ©uo (6 ds.
If ug,», uo,, are increasing on [0, b] then W (x) < O on this interval and therefore

ué)’k(x) - ué)’ﬂ(x)
upa(x) o, (x)

for x € (0, b].

This implies that ug ,, is increasing in [0, a] (otherwise take the first x* < a where
u6 M(x*) = ( to arrive at a contradiction). We deduce

ufu(x) - uéw(x)

uo(x)  uou(x)

(I

for x € (0, a].

Moreover, by integrating (11), we get for any ¢ > 0,

ug, (&)

1o, (&)

Since limg o 1o, (¢)/uo,,.(¢) = 1 we obtain

ug,.(x) < ug, . (x).

10,5 (x) < ug,,(x) Vx € (0,al,

which together with (11), imply ué)’k(x) < ué)’ (). Finally, the ratio ué)’ L0/
uo,, (x) is clearly continuous on p for any x € (0,a]. [
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Let z > x > 0 be fixed. Consider the Wronskian W = W{u, ;,u, ,] in the
region [z, 00), which is given by W(y) = u ; ()uz (y) — ux 2 (y)u ,(v). One
has W(z) = —uy 5 (z) and W =2aW + 2(u — A)uy puz, . Therefore, for y > z,

W =exp(2 [ et

y n
< (W(z)+2(u—/\) [ ux,m)uw(mexp(—z / a(é)dé‘>dn>

—oxp(2 [ ate) dt

y n
« (—ux,k<z)+2<u—x) [ ux,m)uw(mexp(—z / a(é)d%‘>dn>-

(12)

LEMMA 11. Assume that for x < z fixed, A(x) < A(z) is verified. Then, for
u € (A(x), A(z)] and y € [z, 00) we have

(13) Wi pcn tzu](3) <O.
In particular, for y € [z, 00),

u;,g(x) ) - M/Z,L(Z) )

14 .
14 ux,&(x)(y) - “z,A(z)(y)
Furthermore,
[o'e] n
20 = 200) [ s muzacmesp(~2 [ e de ) a
(15) Zz Z

= ux,&(x)(z)'

PROOF. Let A(x) < u < A(z). Assume that (13) does not hold; that is, for
some finite yg the following strict inequality holds:

Yo n
2~ 100) [ ux,Mn(n)uz,M(n)exp(—z / a(é)ds)dn>ux,m><z>.

By Lemma 9 and continuity, we get the existence of Xe (A(x), @) such that:
(@) u i is increasing on [x, yol;
(0) 20t — 1) [20u, 5(muz () exp(=2 [] a(€) d§) dn > u, 5(2).
From (12) we have
Wi, 5, uz,ul(yo) = u; 5 o)uz . (yo) —u, 5 00u’ , (o) > 0.

Since u, , is increasing (see Lemma 10) we get u - (yo) > 0 and therefore u X3 is

strictly i 1ncreas1ng on a small interval [yg, yo + 8] If there exists a point y* > yg
such that ux X(y*) = 0 we arrive at a contradiction. In fact, consider y* the
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smallest possible one. From (12) and relation (b) we get Wlu, 5, u; ,1(y*) >0,
and therefore u; X(y*) > 0. The conclusion is that u j is strictly increasing on

[x, oo) but this is again a contradiction because % > A(x). Therefore,

00 n
2= 20) [ sz umesp(~2 [ @@ ds ) dn < w0
Z Z
holds, and (13) and (14) follow.
Now, let us prove (15). Take a large #p and find a it > A(z), close enough to A(z),
such that u, ; is increasing on [z, 1p]. Since ft > A(z) there exists #; > to, the

closest value to ty, where u’Z ﬁ(tl) =0, then Wluy j(x), uz z1(z1) > 0. From (12)
we get

3] n
27 — (x)) / 0 (Mt () exp(—z / oe@)ds) dn > ity 100 (2).

Using Lemma 10, the inequality u, ; < u; ;) holds on [z,#]. Therefore, we
obtain

00 n
20 = 200) [ tteaor 0Dtz 1 () exp(—z [ e de ) dn> w020
Zz Zz
Thus, (15) is proved by passing to the limit ;i — A(z). U

PROOF OF THEOREM 1. (i) Let us prove the existence of a gap at some z > 0
is sufficient for « to be R-positive. From Lemma 11, by integrating inequality (14)
(where x = 0) we get
10,2(0)(Y0)
Uz (2)(¥0)
From this inequality and (15) we get

o0
/y M(Z),A(o)()’)e_y(y) dy <
0

10,10)(y) < Uz iz (y) forO<z<yp<y.

uo,20)(yo) [

10.3.0) (V)7 5.0y (e ¥V dy
Uz 32 0) Jyo 2O w2

_ 40,000 40.0)(2) e
T Uz ) (Yo) 2(A(2) — A(0))
This shows that « is R-positive.

Now we prove that if o has a gap at z > O then it has a gap at any x > 0.
Without loss of generality we can assume that x < z. If there is not a gap at x we
have A(0) = A(x). For the sake of simplicity we denote A = A(0). Using (12), the
Wronskian W = Wug ), ux 2] is

W) = ug; (Dixn(y) — o (V)i 5 (»)

= —up(x) exp<2 /xyoz(é)dé> for x < y.
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Therefore, we get

' W 2 [Ya)d
(uo,x)( - (v O’A(x)eXp( S a€) £

Ux, M,zc,x(y) ui,k(y)

Consider x < yg and integrate the above equality on [yg, y] to obtain

vexp(2 [} a(§) dé§) dn)

0 ui,k(n)

uo.x(yo)
ux,k(yO)

(16)  uo(y) = ux,m»)( o ()
Y

The assumption of having a gap at z > x and the assumption A(0) = A(x),
ensure that A(z) > A(x) and «™® has a gap at z with respect to x. Therefore, using
the part of the theorem already proved, ) is R-positive. So far we have the
Statement

a7n a™ s R-positive and A(x) = A(0).

We shall prove this leads to a contradiction. We first remark that the following
integral is finite:

o n
/x ”i&(x)(’?) exp<—2/x a(é)dé) dn < o0,

which implies

/"O exp(2 [ a(&) d§) J
Yo ”ivi(x)(n)
This is a contradiction with (16), because at some large y we obtain

vexp(2 [[ a(§) dé) g > 10200
2 n=-—
Yo uy 5 (m) ux,2 (o)

ug,(x)

and therefore 1 ,(0)(y) < 0. Thus, we have proved that o has a gap at x.

(i) Take y < z.If a@ is R-positive and A(z) = A(y) we get a contradiction as
we have done for (17). Thus, A(z) > A(y), so a™ has a gap at z with respect to y,
which implies that &) is R-positive, and A is strictly increasing on [0, z].

(iii) We notice that o does not have a gap at any x > 0 and therefore A(0) =
A(x). From (16) we find

[ oeRa©d)
Y

0 ”)%’A(Q)(n)

Therefore, @™ is R-transient. [J

LEMMA 12. Assume that o is R-transient. Then there exists € > 0 such that
any solution of the problem v"" — 2av’ = —2A(0)v whose initial conditions satisfy
0 <v(0) <e, |V (0) — 1| <e, is positive on (0, 00).
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PROOF. We begin by fixing some constants used in the proof. Let a; > 1 be
the smallest solution of log(a;)/a; = (4e)~! and a* > a; the smallest solution
of log(a*)/a* = (2¢)~!. We notice that a* < e, and for any a* < a < e we have
2e)~ ! < log(a)/a < el

We denote by w = ug ). We choose € > 0 small enough such that the
following conditions are satisfied: v is positive on (0, 1]; max{w(1)/v(1), v(1)/
w(l)} <aj and € [ w2 (x)e’ ™ dx < (4e)7 L.

For a € (a*, e) we shall prove that v(x) > w(x)/a on [1,00). Suppose the
contrary. Since v(1)/w(1) > 1/a; > 1/a we obtain that

I <x(a):=inf{x > 1:v(x) <w(x)/a} < oc.

Consider the Wronskian W = W[w, v]. It is direct to prove that W (x) = v(0)e? ™).
Since v is positive on the interval [1, x(a)] we obtain

(1 W)
o) v(x) exp(/; mdy) for x € [1, x(a)].

Using the relations w(x(a)) = v(x(a))a > 0 and v(x) > w(x)/a on [1, x(a)], we
obtain

w(x) =

w(l) x(@) ¥ ()
av(x(a)) < o) v(x(a)) exp(v(O)a/1 w2—(y)dy>.

Therefore,

00 »
log(a) - log(w(1)/v(1)) +6/ e dy < (2e)7,
a a

w?(y)

which is a contradiction. Thus, we have proved v > w/a* on [1, 00); in particular
v is positive. [

COROLLARY 13. Assume that a© is R-transient and & is an extension
ofa(o). Then there is 6 > 0 such that A ;(x) = A, (0) for x € [-6, 0].

PROOF. Consider € > 0 given by Lemma 12. If § > 0 is sufficiently small we
have, for fixed x € [=§,0), v = uy, ,_(0);a satisfies 0 <v(0) <e, [V(0)— 1| <e
and v is positive on (x, 0]. Therefore, from the previous lemma, v is positive on
(x, 00), which implies that A ;(x) > A, (0). The opposite inequality follows from
the fact that A ; is an increasing function. []

PROOF OF THEOREM 2. From Theorem 1 it follows that A is strictly
increasing on [0, X), and in the same interval ) is R-positive. Also o™ is
R-transient in the region (x, 00).

Now let us prove that A is continuous on [0, o0). We use the continuity of
ux(y) on x, A, y. Consider x € [0, x). As z decreases to x, the right-hand side
of (15) converges to 0 and the integral on the left-hand side stays bounded away
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from zero. Therefore, we deduce the right continuity of A at x. For x € (0, x] we
obtain the left continuity of A in the same way. The only thing left to prove is the
right continuity at x. If A(x) < A(co) we would get a contradiction with (15) by
letting z decreases to x, because for all z > x we have A(co) = A(z).

An application of the dominated convergence theorem lead us to conclude
from (15) that

o0 y 1
(18) '/x ”%,A(x)(y) exp(—Z/x a(é)dé‘) dy = 2)\./()C)’

and we deduce A is C! on [0, X).
Let 0 < X < 0o. From the definition of X we have A(y) < A(x) for any y < X,
and according to Corollary 13, we obtain that «®) is R-recurrent.
From (14) if x <z < X < yg <y we have
2 2
W) _ Hoae®)

M,%,L(x)(yo) N Mg,i(z)(yo)'

Using the monotone convergence theorem in (18) we can pass to the limit to x and
conclude that

> 1
[ s exn(=2 [ e de) dy =tim .
Therefore, ™ is R-positive if and only if lim, 1AM (x)>0. O

PROOF OF PROPOSITION 4. From Theorem A the function ¢, satisfies
hypothesis H in the region [z, 00), for z > x. Hypothesis H1 for ¢, in [z, 00)
follows from equalities

00 y ) OOeXP(nyO‘@)dS) —
[Tew(2 [ s@ds)ay =i, T R

The last equality follows from the hypothesis that «™) is R-positive. The rest of
the proof follows immediately from relation (8). [

PROOF OF THEOREM 5. We first assume « and g verify condition (C1). We
denote by A =1 ,(0), n = Aﬂ(O), V=g . and w = ug ;.. Now, consider the
function H = v'w — vw’ — (@ — B)vw. A simple computation yields

=(a+B)H +vw(a® — o’ — 21 — (B> — B/ —2u))
= (e + B)H +vw(hy — hg).

By hypothesis, the function A, — hg is nonnegative, which implies

He =exp( [ (@) +pe) )

X y
< [ v(y)w(y)(ham—h,s<y>)exp(— [ (a(z)+ﬂ(z))dz>dy20.
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Therefore, we get v//v —a > w’/w — B on (0, 00). Integrating this inequality and
using the relation lim, o v(e)/w(e) = 1, we obtain

w2 (x) exp(—2 /Ox B(2) dz) <0 (x) exp(—2 /Ox a(z) dz).

Then properties (i) and (ii) follow from the criteria given in Theorem B.

Now we assume (C2) holds. Let 8 and & be any pair of extensions of A and «,
respectively, defined on [—&, 00) for some ¢ > 0 and satisfying f < &. By
comparison we have the inequality A 5 (x) <Ag(x), valid for all x > —e¢.

Let us prove relation (i). Since f is R-transient we have A B(X) =X /3(0) =
A g(00), for all x < 0 closed enough to 0. By hypothesis and comparison we get

Ag(00) =2 5(00) = 25(x) <Ag(x) < Ay(00),

which implies that 0 is a point of constancy for A ; proving that « is R-transient.

Now let us prove (ii). If 8 has a gap then it is R-positive. So for the rest of
the proof, we can assume that A 5(0) =A 5(00). By hypothesis and comparison
we have A, (00) = A g(00) =21 4(0) < 2,(0) <A ,(00), s0 A g(0) = A,(0). Since
ry(0) =A,(00) and « is assumed to be R-positive, Theorem 3(ii) implies that
A"5(0—) > 0. From Ag(x) < Ag(x) we get &;;(0—) > A'-(0—) > 0. By using again
Theorem 3(ii) we conclude 8 is R-positive.

The proof that (C3) implies (i) and (ii) is similar to the previous one. [J

LEMMA 14. Let b > 0 and consider ):(b) = sup{A:uo, is increasing on
[0, b1}. Then

(19)  A(0) < A(b) < (D*+ (w/b)*)/2  where D = sup{a(x): x € [0, b]}.

PROOF. The first inequality in (19) follows from Lemma 9. For proving the
second inequality, consider the function g(x) = e?*sin(rx/b). Function g is
positive on (0, b); it verifies g(0) = g(b) = 0 and the equation g’ —2Dg’ = —2\g,
where A = (D? + (Jr/b)Z)/2. Assume that v = uy ; is increasing on [0, b]. Using
the Wronskian W = W{[v, g] we deduce that W =2DW + 2v'g(e — D) and
therefore

b
0<W(b)=—g'(b)v(b) = 2€2Dh/ e 2Py (x)g(x) (a(x) — D) dx <0,
0

which is a contradiction. Therefore, 1 ; cannot be increasing on [0, b], proving
that A(b) < (D + (/b)?)/2. O

PROOF OF COROLLARY 6. The proof is based on a comparison (see [6]) with
the constant drift case. For proving (i), we notice that (9) implies A(x) > A(0) for
any large enough x. Therefore, « has a gap, which ensures that « is R-positive.
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The fact that condition (10) is sufficient for (9) follows from property (19) in
Lemma 14.

Now we prove (ii). For any € > 0 there exists xg large enough, such that
Ax) < (a(o0) + 6)2/2 for x > xg, proving that A(co) < a(oo)2/2. On the other
hand the condition 0 < a(00) < a(x) for all x > 0, ensures that A(0) > a(oo)2/2,
proving that A(x) = a(oo)2/2 for all x > 0. The rest of the proof is based on
Theorem 5. Indeed, take S the constant function «(c0). The condition (C2) in
Theorem 5 is satisfied and since 8 is R-transient we get « is also R-transient. [

PROOF OF PROPOSITION 7. Consider the nonnegative function f(x) =
o (00) — a(x). Let B be the constant function g = «(00). Denote by = 4 g(0)
the bottom of its spectrum, which is u = o (00)? /2. We shall prove A ,(0) = pu.
Put v = ug ;¢ and w = ug ;5. We notice that w(x) = xeP*. At this point we do
not know if v is nonnegative.

From w” — 2w’ = —2uw and v — 2(B — f(x))v' = —2uv we deduce that
the Wronskian W = W[w, v] is given by

W) =2exp(28x -2 [ f () )

< [ r@w@ve(-28: 42 [ Fdy ) dz.

Since w’ and f are nonnegative, if v is positive on some interval (0, xo], then
W is nonnegative in that interval. This implies the inequality v(x) < w(x) for all
x € [0, xo]. Hence, using the explicit form for w, we obtain the following upper
bound for W:

(20) W(x) <2e2 /0 " F W @w(@e P dz = 2687 /0 " F @Bz + 1) dz.

On the other hand, for x € (0, xo] we have the equality

W
w(x) = v(x)exp (/(; 7w(y)(j()y) dy).

Now consider the function g(a) = log(a)/(2a), which is nonnegative for
a > 1 and attains its maximum at a = e, with g(e) = 1/(2e). Moreover, g is
strictly increasing on [1, ¢) and strictly decreasing on (e, oo]. From the hypothesis
Jo° f(@)(Bz+ 1)dz < 1/(2e), there exists a unique @ € [1, e) such that

~ _
/ F@) (B + 1 dz = 28D
0 2a

We shall prove that v > w/a. For this purpose take any a > a, sufficiently close
to a in order to have g(a) > g(a). Assume that x(a) :=inf{x > 0:v(x) < w(x)/a}
is finite. Notice that x (a) > 0. Since v is strictly positive on (0, x(a)] we have

W(y) J )
wy)v(y) /)

x(a)
av(x(a)) = w(x (@) = v(x(a)) exp( |
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Therefore, since v(x) > w(x)/a on [0, x(a)] we get from (20)
@ W(y)
1 = —d
2@ /0 wyv()

@) W (y)
Safo w2(y) d

x(a) 62/3)’ y
szafo wz—(y)/o F@z(Bz+ 1) dz

o0 1 y
<2 [ ?/0 F@2(Bz + 1) dz

—2a /Ooof(z)(ﬁz+ 1)dz.

This implies that

g(a)

= loi(la) < /Ooo f@(Bz+ 1Ddz=g(a),

obtaining a contradiction. Thus, x(a) = oc.

We have proved that ug 4 (o0)2/2:¢ = W/a, implying that u o ()22, 1S NONNE-
ative. Hence, A, (0) > a(00)?/2. The opposite inequality follows from a compari-
son with the constant case a(00). Thus, v = ug 0),« > w/a.

Finally, since o < r(0c0) we get

X
100,40 (X) > eXp(2/0 a(é)d€> <a@*w(x) 2 = (a/x)?,
and « is R-transient from Theorem B(iii). O

PROOF OF PROPOSITION 8. Since for a constant drift —0 the bottom of the
spectrum is 62 /2 we get A(£) = 6% /2 and a simple computation yields u ex)(x) =

20(x—0) _

(x — )= In particular ”Zi(z) (x)e (x — £)~2, which is integrable

near oo. Therefore, ®) is R-transient, and the result follows when £ = 0. In the
sequel we shall assume that £ > 0. We observe that A(0) < 62 /2.

We denote by A= i(Z) = sup{A :ug,, is increasing on [0, £]}. From Lemma 14
we have

1(0) < i < (D*+ (w/0)?)/2  where D = sup{a(x):x € [0, £]}.

We notice that ué) X(Z) = 0; otherwise for some A > A we would have that uo, ). is

increasing on [0, £], contradicting the maximality of A
The mapping ”6 22 /2(6) /ug u2/2(€) — ., as a function of y, is continuous and

strictly decreasing on [0, V 231, positive at 0 and negative at v 24. Therefore, there
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exists a unique root of this function, in (0, v 2 ), which we denote by 6. This root
verifies

/

Uy o, (0) £)

M:Q and [9§Q = ( 092/2 >6and 0 <V2 )]
MO,QZ/Z(E) Ug 92/2(£)

Let us take

. uh, (£
A= sup{k < min(A, 02/2) : 7(”25 +v0% — 20 > 9}.
uo,

As before, one can easily prove that 1* satisfies 0 < A* < A
The equivalence > 6 < A* < 62/2 plays an important role in the sequel, and
it follows from

62 Uy g2 (0) .
2D Wk:j = (%z@and@g/ﬁ) — 0<0.
Up,02/2

We shall now prove that A* = A(0). Take any A < min(i, 6%/2). The func-
tion ug,; is increasing on [0, £]. The question is to determine the values of A for
which ug ) is increasing in (¢, 0o). For this purpose consider the solution of

@) —0f ) =-af(x),  xelt,00),

with boundary conditions f(¢£) = ug . (£), f'(¢) = u()’ , (0). Obviously f = ug
on [£, 0o). For the analysis of this solution we consider two possible cases. When
0 = +/0% — 2 > 0 the solution is given by

f(x) =Y (Asinh(p(x — £)) + Bcosh(o(x — £))).
From the boundary conditions we obtain
0 < f(€) =upx(f) =B, /() =up, (£) =6B + pA.

The condition for having an increasing (positive solution) is equivalentto A > — B,
that is, to MEM(Z) > (0 — V0% — 20 )ug 5(£). In other words it is equivalent to

ug ;. (0)
A V02— 20> 0.
uo,.(€)
On the other hand, in the case A = #%/2 (then necessarily #2/2 < %), the solution
is
f(x)=(C(x — ) + B)e? ™9,
where B = ug g2/5(¢) > 0 and C = ”6,92/2(6) — Bug g2/ (€). The condition for
having a positive solution is C > 0 which is equivalent to
M6,92/2(£)

————>90.
10 92/2(6)



548 S. MARTINEZ AND J. SAN MARTIN

In summary, we have shown that f is positive if and only if A < A*. In particular
up,»+ is positive on [0, 00) proving that 1* < A(0). On the other hand, since
10,0y 18 positive and A(0) < min():, 02 /2), the argument given above allows us
to conclude the equality A* = A(0).

Thus, in the case A(0) < 62/2, from (21) one gets

uy 0@

10,(0)(£)

which in the previous notation amounts to A = —B. Therefore, the solution ug (o)
is, for x > £,

100,10 (X) = 10,10y (£)e O~V RO,

In particular u%&(o) (x)e V@ = u%&(o) (0)e VD e=2v 02-220=0 for x > £,
which is integrable and therefore X7 is R-positive.

On the other hand, if A(0) = 92/2 one has ug ) = /C=H(C(x — ¢) + B) for
x > £, with B > 0 and C > 0. Then, the function

U3 50 (X)W = (Cx — 0) + B) e 7O

is not integrable near oo.

In summary X is R-positive if and only if A(0) < 62/2, which we have proved
to be equivalent to 6 > 6.

Now we prove that « is R-transient if and only if 6§ < 6. Remark that A(0) =
62 /2 holds under both conditions of the claimed equivalence. Since ug,p22(x) =
e?*=O(C(x — ) + B) for x > £, we get that « is R-transient if and only if C > 0,
or equivalently,

0M0’92/2(£) < Mévez/z(z),

which holds if and only if 6 < 6.
Finally, we give an explicit formula for @ when a(x) = 60pL{y<¢) + 0L (x>¢) and
0 > 6. In this case, the solution u( ; for A > 03/2, is

Hox

uo,.(x) = sin(x x),

where y =,/2\ — 93, and therefore 6 = +/2A is the unique solution of

ug ;5. (£)
V2= ‘“(Z) =600+ x cot(x ) =/ x2 + 6.
uo,x

We obtain the relation 8y = —x cot(2x£), from which we get the desired value
of 6. [
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4. Examples.

EXAMPLE A. In the ultimately constant case, if ¥ > 0, ¥ is always R-null
(Proposition 8), then the transition from R-positive to R-transient occurs through
a R-null point. We show that this is not always the case; that is, we exhibit an
example where 0 < ¥ < oo and o™ is R-positive. Let us construct it. Take a
function g verifying the following conditions:

(i) g>0o0n (0,00), g(0)=0and g'(0) =1;
(i) f5° g*(x)dx < oo;
(i) g + &' > 0,limy 00 g"(x)/(g(x) + &' (x)) = 0 and [5° [g"(x)/(g(x) +
g (x))|dx < oc.

For instance g(x) = x/(1 4+ x)? does the job.

Fix some a > 0. Let o be such that a(x) =1+ g"(x —a)/2(g(x —a) + g'(x —
a))) for x > a. Obviously we have A(oco) = a(oo)2/2 = 1/2. Since the function
v(x) = g(x — a)e™ ™ solves the problem v’ — 2av’ = —v on (a, c0) with the
boundary conditions v'(a) = 1, v(a) = 0 and it is positive, we get A(a) = A(00) =
1/2. On the other hand, from (ii) and (iii) it can be checked that «® is R-positive.
From Theorem 1(ii) we conclude x = a.

EXAMPLE B. Let us now show that for some bounded drifts we can have

x = oo. Take a sequence 0 < b, < 1 converging towards 1. Consider xg = 0,
Xntl = Xy + w/V1 —b,% and define a(x) = b, for x € [x,,x,+1). We have

A(00) = 1/2. Let us prove that A(x,) < 1/2. The solution of v’ — 2av’ = —v
with v(x,) =0, v'(x,) = 1, is given by

e (x—xp)

J1—p2

Since v(x,+1) = 0 we obtain that A(x,) < 1/2 and therefore x = co.

sin((x —x,)V1 — bﬁ) for x € [xp, Xp+1).

v(x) =

APPENDIX

The proof of Theorem A is based on the following lemma, for which we assume
neither H nor H1.

LEMMA C. Assume « is locally bounded and measurable. Let ). < 0, then the
following two conditions are equivalent:

(1) uo,y is unbounded,
(i) f5%e’™ [ e "W dydx = cc.
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PROOF. We denote v = ug ). From (2) and the fact that A < 0 we get that v is
strictly increasing. Moreover we have

X y
v(x) =Ax) — 2%/ e)/()’)/ U(Z)e—y(z) dzdy.
0 0

Hence, if A(oc0) = 0o, both conditions (i) and (ii) are satisfied. Therefore, for the
rest of the proof we can assume A (00) < 00.
Suppose that (ii) holds. For x > 1, v can be bounded from below by

X y
v(x) > A(x) —2?»/ ey(y)/ v(z)e 7D dzdy
1 1
X y
> A(x) —2xv(1)/ eV(”/ e "D dzdy
1 1

x y
> A(x) —2xv(1)/ eV(W/ eV Ddzdy
0 0

1 y 1
+2Av(1)</ eV(y>/ e_V(Z)dzdy+A(x)/ e_”(Z)dz>.
0 0 0

Then v is unbounded.

Now, assume [° e?®) [ e=7 ) dydx < oo. We shall prove that v is bounded.
Indeed, take a large xo such that —2A fxi)o e’ [7e77 @ dzdy < 1/2. For x > xo
we have

x y
v(x) < v(xg) + A(c0) — 2kv(x)/ ey(y)/ e " Ddzdy
X0 0

< wv(xg) + A(c0) + v(x)/2.
Therefore, v is bounded by 2(v(xg) + A(0c0)). U

PROOF OF THEOREM A. We denote v = u ;(0). We also recall the notation
v ) =2/ ¢E)dE = y(y) = y(c) — 2log(v(y)/v(c)), for some ¢ > 0 fixed.

Then
/Oo Akt /y " © gt ay
Z c

| _ VO e [P VO L
_/z 2(0) ¢ /cv2<s>e a5 dy

0o y
Z/ e—)/(y)/ e}/(é)dé dy
z c

= 00,

where we have used the monotonicity of v and hypotheses H and H1 for «.
For the other integral involved in condition H, we consider two different
situations. In the first one we assume A(0) = 0. In this case v = A and ¢ =
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o — A’/A. Since dA(y) = e¥Ydy, an integration by parts yields
S ¢ y Y
/ eV W / eV ® dédy
Z Cc

| [ eV oy 5 ®
—/Z Az—(y)./c A (§)e dé dy

x _ A(y)
=[] A)e ”(y)<1——)d .
-/c ) A(x) Y
Since A increases to oo we can take x,, 1 oo such that A(x,) = A(n)/2. Then

/ooeyy(y) /y e ® ge dy
Z c

> /"A(y)e—”y)(l - %)dy

1 [*n
> / A()e " dy,
2 Jc

which converges to infinite because « satisfies H.
We are left with the case A(0) > 0. Consider w = u; 0. and v = ug (0):«- By (8)
we have

w(y)v(z)
v(y)

From Lemma C, the proof will be finished as soon as we prove w/v is unbounded.
So let us assume w/v < D on [z, 00). Then

o0 o0
/ w(y)e 7 dy < D/ v(y)e 7P dy,
Z Z

which is finite from (4). On the other hand it is direct to check that w(y) =
e 7@ (A(y) — A(z)) and therefore

o0 o0 o
/ w(y)e 7Y dy =77 / AMe "D dy = Az) / e dy,
Z Z Z
This quantity is infinite because « satisfies H and according to (5),

o0
/ e "W dy < .

Zz

Uz, —00):¢(y) =

Thus, we arrive at a contradiction and w /v is unbounded. [J
PROOF OF THEOREM B. Let v = ug 3(0);« and consider
y y
A (y) = / ' @z = v2(c) / v 2(2)e? D@ gz
C C

We first notice that AY (0+) = —o0, because v(x) = x + O (x2) for x near 0. On
the other hand if AY (c0) = oo then Y is recurrent (see 5.5.22 in [3]). In the case
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AY (00) < 00, for any x > 0 it holds

IP’x(limY, =oo> =IF’x< inf Y, > 0) =1,
S

0<t<S

where S is the explosion time of Y. In this case the process Y is transient. Hence,
Y is transient if and only if A¥ (c0) < oo, which is equivalent to

o0
/ v 2(2)e" P dz < 0.
C

Let T} be the hitting time of @ > 0 for the process Y. The process Y is positive
recurrent when Ex(TaY) < 00, for any x,a € (0,00). Using the formulas on
page 353 in [3] and the fact that the speed measure for Y is given by

—v(c)
m(dx) = 2€—v2(x)e_7’(x) dx,
v3(c)
we deduce Y is positive recurrent if and only if 5 vV2(x)e "W dx <oo. O
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