TRANSACTIONS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 349, Number 3, March 1997, Pages 1239-1267
S 0002-9947(97)01812-6

ESTIMATION OF SPECTRAL GAP FOR ELLIPTIC OPERATORS

MU-FA CHEN AND FENG-YU WANG

ABSTRACT. A variational formula for the lower bound of the spectral gap of an
elliptic operator is presented in the paper for the first time. The main known
results are either recovered or improved. A large number of new examples
with sharp estimate are illustrated. Moreover, as an application of the march
coupling, the Poincaré inequality with respect to the absolute distribution of
the process is also studied.

1. INTRODUCTION
Consider the operator L = Z'ij:l a;j(2)0;0; + Zle bi(x)9;, where 0; = %7
a(x) := (a;;(x)) is positive definite, a;; € C*(RY) and b; = Z}i:l(aijajv + 0jaij5)
for some V € C?(R?) with Z := [exp[V(z)]dz < co. We denote L by L ~ (a,b)
or L ~ (a,V) and let 7(dz) = Z texp[V(z)]dx.
Throughout of this paper, we assume that the L-diffusion process is non-explosive

so that the corresponding Dirichlet form is regular. Then the first (non-trivial)
eigenvalue \; or the spectral gap can be characterized as

(1.1) gap(L) = inf {7r(<an, Vf}) cfeD,n(f)=0,n(f* = 1},

where w(f) = [fdm and D = {f + ¢ : f € C§°(R?), ¢ € R}. The variational
formula (1.1) is particularly useful for a upper bound of gap(L). But it is much
more difficult to handle the lower bound for which many different approaches have
been introduced. The readers are urged to refer to [6] for further comments and
references.

To show the difficulty of the problem, we mention here three simple examples.
Let d = 1 and take a = 1,b(z) = —x. Then the first eigenvalue is \; = 1. We
now go to the half line [0, co) with reflecting boundary and with the same a. Then
A1 = 2 or 3 according as b(x) = —x or —(z + 1). Surprisingly, the order of the
corresponding eigenfunctions changes from 1, 2 to 3 successively. From these, one
sees that the first eigenvalue is very sensitive.

To get some impression about the results obtained in the paper, let us restrict
ourselves to the half line [0,00). Denote by F the set of all functions f € L!(m)
with f’ > 0 on (0, 00). Define C(z) = f; a(y)~1b(y)dy. We will use quite often the
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following mapping I : F — C[0, 00) or its variations.

(1.2)

B e—C(z) Oof(u)eC(u) B e—v(z) oo Vi)
I(f)(z) = ) /m a(a) du_a(x)f’(x)/m fwe' Wdu, x>0, feF.
Then, we have
(1.3) BAP(0.cc) 2 Sup inf I(f) (=)~

This is an alternative statement of Theorem 2.1 (2) given below. No doubt, this
is a very convenient formula since it is usually quite easy to choose a test function
f € F to obtain a non-trivial estimate. Moreover, it is proved that equality in
(1.3) actually holds in the regular case (cf. Proposition 6.4). This new variational
formula is clearly a dual of (1.1). It is remarkable that the two formulas have no
common point.

This paper is based on a new probabilistic method, i.e. the coupling approach,
introduced by the authors in [5] and further developed in [3], [6], [15] and [16]. For
the reader’s convenience, let us explain briefly the main ideas of the method. First,
we construct some degenerated elliptic operators L on the product space R? x R¢
so that Lf;(z1,72) = Lf(z;) for i = 1,2, all f € CZ(RY) and all 21 # zo, where
filwy,20) = f(x;), i = 1,2, 71,29 € R The operator L is then called a coupling
of L (see [3] or [4] for details). Next, choose a distance d(z,y) in R%. Our main
estimate comes from the following inequality

(1.4) Ld(z,y) < —béd(x,y), forall x #y

where L is a coupling operator and 6 > 0 is a constant. From this, we deduce
that gap(L) > 6. Certainly, we have ignored a lot of technical points in this step.
Anyhow, from (1.4), one sees that the estimate depends heavily on the choice
of both the coupling operator L and the distance d(z,y). On the other hand,
it is known from [3] that the couplings L can be classified according to different
classes of distances and moreover for each class (usually quite large) of distances,
there often (sometimes uniquely) exists an optimal L. Therefore, constructing a
“good” distance plays a critical role in the study of estimates of the spectral gap
(as well as many applications of the coupling approach), as illustrated in our recent
publications.

The second key point of our method is that the eigenfunction of A\; has to be
Lipschitz with respect to the distance adopted. This once again gives the choice of
the distance a serious influence on the effectiveness of the approach, especially for
non-compact spaces. From this point of view, our approach seems quite restrictive.
For instance, in [6] we were unable to cover completely the one-dimensional case
for which we employed an analytic approach, a continuous analog of [13]. However,
this serious problem turns out to be helpful. It provides us a way to construct
some effective distances. That is, roughly speaking, choosing the distance from the
eigenfunction or its approximations. Fortunately, this idea is successful as one will
see soon in the next section. This paper should be considered as a critical step
in the study of couplings and the idea of the paper should be useful in various
applications of the coupling method as well as in the study of related topics.

Since the topic is quite technical as one can imagine, we choose a special way to
organize the paper. Starting from the simplest case, i.e. the half line (Section 2),
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then go to the full line (Section 3) and finally studying the general case (Section
4). In each section, we introduce the results, explain the ideas and present a large
number of examples (which should be considered as a critical part of the paper) in
illustration of the results. One sees in a gradual way how the ideas move from a
special case to the general one. The proofs are shorter than the statements of the
results. Having some preparations (Section 5) at hand, the proofs of the results
(except one) of Sections 24 are given in Sections 6-8 respectively. The equality in
(1.3) is explored at the end of Section 6 and Section 7.

This paper is a continuation of [6] but it is nevertheless self-contained. Some
ideas come from our previous papers, not only from the study on the estimate of
the spectral gap but also from the study of the estimate of Logarithmic Sobolev
inequality (see [7], [16], [17] and references therein). Besides, the paper is also an
interaction with the study of the same topic for Markov chains and with the study
on path space ([10], [17]). In particular, a result on the Poincaré inequality with
respect to the absolute distributions of the process is included in Section 4 and
proved in Section 9. Finally, the paper [12], introduced to one of the authors by S.
Kotani, is very helpful.

2. THE CASE OF THE HALF LINE

Consider a reflecting diffusion on the half line [z, c0) with operator L ~ (a,b).
Set C(z) = fjg b(u)a(u)~tdu. Then, the condition “Z < oo” and the well-known
Feller non-explosive criterion can be stated as follows.

% (C(@) o T (C)
(2.1) Z = / C _dr< 00, / dxe_c(w)/ < dy = 0.
v, (%) 20 2, 0(Y)

The left-end point of the half line is not essential in this section but it will be
critical in the next section. To emphasize the half line, we use gap(, o instead
of gap(L). Recall that the mapping I(f) was defined in (1.2) but in which the
function C(z) is replaced by the one just defined here.

Theorem 2.1. Assume that (2.1) holds.
(1) For every function f € C![xg,00)NC?(xg,00) with f > 0 on (xg, ), we have

(2:2) 8aPlzo,00) = Inf [(—af" = 0bf)'/f](2)
(2.3) = Iigg [0 = (af" + (a +b)f)/f](x).
(2) For every function f € Clxg,o0) N CY(xg,00) N LY(w) with n(f) > 0 and

/>0 on (zg,00), we have
(24) 8aP(ro,00) 2 10f T(f)(@)7".

In particular, if moreover f € C?[xg, ), then
(2.5) 8aD[gg.00] = ¢ provided — (af’ +bf") >cf for some ¢>0.

Remark 2.2. (1) At the first look, the differentiation form (2.2) and the integration
form (2.4) seem quite different but they are indeed equivalent. To see this, let
f2 be given in part (2) such that the right-hand side of (2.4) is positive. Take
f1 = f5I(f2), then f{ > 0 on (zg,00). Since

EC

() = _0@) @ [T F20) W fa(x)
A = —age @ [ -
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we have —af] — bfi = fo. Hence

(2.6) [~afi =bf)/fr = fo/ fr = 1(f2)™

Then (2.2) implies (2.4).

Next, let f1 be given in part (1) such that the right-hand side of (2.2) is positive.
Fix p > zg and let ¢; = fl(p)ec(p)(ffo a"teCdx)t. Set f = ¢, — afi —bfi. Then
f € Clzg, 0) N CY(z0,00) and f’ > 0 on (xg,00). Since

we have f(z) > 0 for x > p and
(2.7) 0 </ —dx— fi(@0)e€®) 4 ¢, Z — lim fi(y)eC®).
Y—00

Hence ¢ := limy_,o f1 (y)ec(y) >0 ex1sts and is finite. Now, we set fo = ¢/Z —
afi —bf1. Then fy € C[xo, o00) N CYzp,00), f4 > 0 on (xo, oo) and 7(f2) =
Z—1 f:{f a ' foeCdr = Z71(f1e%)(x0) > 0. Finally, it is easy to see that

(2.8) I(f)7" = f3/fr = ~afi = H]'/ fr.

Then (2.4) implies (2.2).

Of course, each of (2.2) and (2.4) has its own advantage. The computation for
(2.2) is much easier than (2.4). While, (2.4) is very helpful to see whether the
spectral gap is positive or not and to find out an effective test function f. The last
differential form (2.5) is deduced from (2.4), it is generally weaker than (2.4) and
hence weaker than (2.2). But for specific f, (2.5) is not comparable with (2.2). See
also Example 2.12 below.

(2) Next, if the function f is the derivative of the eigenfunction corresponding to
the first non-trivial eigenvalue A; = gap(L), then the function — [af’+bf] ' /f, given
on the right-hand side of (2.2), equals A; identically. Conversely, if the function
just mentioned is a constant a > 0 and the function

(af") (o)

(%

(29) g(w) =cCo + /$ f(y)dy7 co = —

belongs to L?(w) with f(zo) = 0 and lim, o f(2)e“®) = 0, then g is indeed an
eigenfunction (cf. Lemma 6.2) and so the lower bound « given by (2.2) is sharp. In
this way, one may construct many examples for which our estimates are exact. Due
to the correspondence explained in (1), a similar conclusion holds for the estimate
(2.4).

(3) In general, the idea is to regard functions g of the form

(2.10) e+ [ Tty or et / " P @)y

as an approximation of the eigenfunction. To examine the effectiveness of the
approximation, when g € L?(7), simply note by (1.1) that

1 oo
(2.11) €aD[z0,00) < —/ ag™dr.
02 = T(E) = ol e,



ESTIMATION OF SPECTRAL GAP FOR ELLIPTIC OPERATORS 1243

In the case g ¢ L?(r), instead of (2.11), we adopt

1 /n 12
_— ag'*dm,,
Tn, (92) —(mn9)? Jo g

0

where m,(dz) = Iz n)(2)m(dz)/ f (cf. Lemma 5.1). Furthermore, if g €
LY(m) \ L?(r), then (2. 12) becomes

1 n
2.13 wo 00y < im0 —— 24n,.
=) £t < oy [ e

0

Clearly, for each test function f, we obtain from (2.3) a lower bound for the
spectral gap. The correspondence of some elementary functions f and the lower
bounds are listed below.

Corollary 2.3.
(1) f(@)=(c1+x—120)° c1>0,6 €R.

_ ’
- Da() _ oa’ + b)(x)
>x0 Cl + T — $0>2 c1+x—x
8aP[zq,00) > Ii££0 [ b/ LE Zf 6= O
inf { _ @+ if 6=1.
z>x0 c1+x— X
(2) f(z) = (c1+ ca(x — 20))e@=20) ¢ e >0, ¢1 +c2 >0 and § € R.

8aD([zg,00) = inf {— V(z) — 6%a(z)—6(a’ +b)(z)

r>xT0
co
c1 4 ca(x — xp)

(3) f(x) =c1+ca(z —m0) + (x — 20)?, c2 > —2/c1 orc1 =co =0.

2a(z) + (a/ +b)(z)(c2 + 2(z — xo))}
c1 + ca(x — o) + (z — )2

[26a + a’ +b] (x)} :

8aD[zg,00) > inf [— b (x) —

T>T0
By Corollary 2.3, it is easy to obtain some explicit estimates.

Corollary 2.4.

(1) If there exist ¢ and e <1 (resp. € > 1) such that (@’ +b)(c1 +x — z0) < ea
(resp. (' +b)(c1 + 2 —x0) > €a), then

Fremar ]

(2) If there exists ey, ea < 0 such that a’+b < (51 +52(:1:—:150))a, then gap(zy,00) >
2
inf, [(% - 52)@(35) - b’(w)} .

(3) Ifd' +b < (81 + eo(x — xo))a for some g1 < —\/—e2 <0, then gapy,,00) =
inf, {—b'(z) — 2e0a(x)}.

The next result is deduced from (2.4). Sometimes, it is convenient to decompose
the function f given in Theorem 2.1 (2) as f = f1+¢ for some f; > 0 and ¢ < «w(f).

gaP[zg,00) = inf

xr>xT0
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Corollary 2.5.

(1) Suppose that infysq, a(x)/(c1 + — x0)7 = ¢ > 0 for some ¢1 > 0 and
v > 2. If there exists € € (—o0,y — 1) such that (c1 + x — x0)b(z) < ea(x)
for large enough x (resp. for all x € [x9,00)), then gap[y, o) > 0 (resp,
8aD[z),00) = (Y —1— 6)20'{_2). When v = 2 and ¢ = 0, the same conclusion
holds by removing the term 01_2.

(2) If there exist some €1 and o, either eo = 0 and €1 < 0 or eg < 0, such
that b(x) < (e1 + e2(x — x0))a(z) for large enough x, then gapy,,o) > 0.
Furthermore if the condition holds for all x € [xg,00), then

1 > -
gap[mmoo) 2 max {1(51 N 0)2_ £y, —Eo |:1_|_/ eu+62u2/(2(61\/0)2)du:| ,

0
I 2 -
- [/ efrutey /Qdu] }infa(x).
1|/, p

o o0 ,C(u)
¢ := sup e~ (m)/ du < 00
>0 x G,(’LL)

(3) 1If

and

co = sup e_c(m)/ e“Mdu < oo,

T>w0 g;

then gap(y, o) > 1/(4ccy).

(4) If c:=sup alz) /oo ﬂdu < oo, then gap > inf, a(z)/(4c?). In

©>z0 ,C(x) alu) ; [29,00) = Infy
particular, if lim, o e“® /a(z) = 0 and Tim , _ooa(z)/[a’ (z) — b(z)] < oo,
then gap(z, o) > 0.

—1
(5) If b =0, then gapy,,o0) > {4 SUP,~4, (T — Z0) L a(u)_ldu}

Observe that it is usually not difficult to find a test function so that the estimates
(2.2) and (2.4) are non-trivial out of a local region. That is, replacing “z > xy”
with “z > N” for large enough N, we obtain a positive lower bound. For instance,
if a(x) = 1, then the function f(z) = exp[—eC(z)], (¢ € (0,1)) works for (2.4) out
of a local region. Next, if inf,~n [ — b'(z)] > 0, then the function f(z) = z is
enough for (2.2) out of a local region. We are now going to show that this is indeed
sufficient for a non-trivial estimate since we can always modify the test function
so that the infimum over the whole space [zg, 00) is positive. Besides, the results
given below actually provide us some optimizing methods to improve the resulting
estimate.

Corollary 2.6. Given f € Cl[xg,00) with w(f) >0, f'(x) > 0 for large enough x
and

(2.14) lim ;oo I(f) () < oo.

Then, we have

(2.15) 8aD[zo,00) = sup inf I(f1)(z)~" >0,
>0 r>x0

where f1(z) = cx/(1+z) + f(x).
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This corollary is deduced from (2.4) by using fi instead of the original f. The
additional term cxz/(1 + x) changes the sign of f’ locally but without interfering
with the convergence in (2.14). The next corollary is quite convenient in practice
since the test function is fixed and it is also very effective if the decay of the drift
b(x) is not slower than linear.

To state the result, we need some notations which will be used several times in
what follows. Let K € C(x9,D) be a non-decreasing function so that
(x — x0)K(x)/a(x) is locally integrable. Define

(2.16) Fr(s) = /S ' Ua?uﬂgo [K(r) — K(u)]du, r € (zg, D).
e ki g 5T ePl )
(2.17) 6(K) = re(mol?D) K( )se(mf,r] f;o exp[_FT(u)]du .

Then, we have

(2.18)

—F"(r)] = T X - Tow
6(K)ZT€?;101?D)K(T)GXP[ Fr(r)] = K( O)ep{ 1+/L0 a(u)

dul,

where 7, is the unique solution to the equation
r -1
u— o
2.19 K(r) = d , € (zg, D).
(2.19) W= ([ ) - rewon)

When D < oo and (2.19) has no solution in (0, D), we set r, = D.

Corollary 2.7. Choose a non-decreasing function K € C(xg,00) such that
K(r) < inf [~(a’ +b)(2)/(z — z0) = b'(x)] + Sup b'(y)
(resp. K(r) <infys.[—b(z)/(x — z0)] (r > x0)). Assume that (v — x¢) K (z)/a(z)
is locally integrable. Then, we have
8aP[z0,00) = Bo + 0(K),
where By = —sup,, V' (x) (resp. Bo = 0).

The following examples illustrate the power of the above results. Here, we con-
sider the half line [0, 00) only.

Example 2.8. Take b(z) = —b(b > 0), a(z) = a. By Corollary 2.3 (2) with
6 = b/(2a), we get gapjp,oo) > b?/(4a) which is sharp (see [6, example 1.10]).
Corollary 2.4 (2) or Corollary 2.5 (2) with ¢, = —b/a and &5 = 0 as well as

Corollary 2.5 (5) give us the same bound.

Example 2.9. Take a(z) = 1 and b(z) = —ax?, (a > 0,8 > —1). Applying
Corollary 2.6 to f(z) = exp [z 1] (¢ < a/(B + 1)), it follows that gap(p, ) > 0.
To get some explicit bounds, we apply Corollary 2.7 which is available iff 3 > 1.
The linear case (8 = 1) will be treated in the next example. We now assume that
B > 1. Then, the lower bounds provided by Corollary 2.7 and (2.18) for the two
choices of K are

B—1 2 2 -1 _2 2
2/+T 1)|B+1 —-14 — d 26FT B+t 14—
[a(B+1)] exp{ + 5"‘1] an a exp{ + 5"‘1]
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respectively. Clearly, the first bound is bigger than the second one. However, if we
consider a(x) = (14 2%)? and b(z) = —az?, then the alternative choice of K works
for all &« > 0 but the first choice of K works only for o > 1. Therefore, the two
choices of K in Corollary 2.7 are not comparable.

Example 2.10. Take b(z) = —ax (a > 0), a(z) = 1. By Corollary 2.3 (1) with
cp =0 and 6 =1 (or Corollary 2.4 (2) with e; = 0 and e, = —a, or Corollary
2.7), we get gapjo o) > 2cv. This estimate is sharp since g(z) = #%/2 —1/(2c) is an
eigenfunction and so Remark 2.2 (2) is suitable. The same bound can be obtained
by using (2.4) or (2.5) with f(z) = 2> — 1/a.

Example 2.11. Take b(z) = —axz — 3. Then

V(z) = —(loga(z) + /O$(OH‘ + B)a(r)~tdr).

If (2.1) holds, by Corollary 2.3 (1) with 6 = 0, it follows that gapy o) > aF.
This provides us a non-trivial lower bound for a large number of concrete examples
since a(z) is quite arbitrary. If we take a(x) = 1, then, Corollary 2.4 (3) gives
Us gap[o,ec) = 3 provided 5 > a > 0. Moreover, in the case that « = 3 = 1,
the estimate is indeed sharp by Remark 2.2 (2). This is quite interesting since
the change of § from 0 to 1 leads to not only the change of the spectral gap
from 2 to 3 but also the change of the eigenfunction from quadratic to cubic. We
now consider the particular case that a(z) = (1 + z)? and 8 = . Then V(z) =
—(24+a)log(1+x) and (2.1) holds iff « > —1. By Corollary 2.4 (1) or applying (2.3)
to the function f(z) = (1+2)@~1/2 or applying (2.4) to f(z) = (1 +2)@TV/2 we
obtain gapjo ) > (@ + 1)?/4 > a*. The last equality holds iff & = 1. Note that
when a > 1, even though g(z) := x + 1 is in L?() and satisfies ag” + bg’ = —ayg,
but this g is still not the eigenfunction of A1 since ¢’(0) # 0. For general o > —1,
the function g(z) := (1 + z)(@*T1D/2 satisfies ag” + bg’ = —(a + 1)%g/4 but g is not
the eigenfunction of \; since g ¢ L?(w). Thus, Remark 2.2 (2) is not suitable for
this example. However, applying (2.13) to g(x) = (1 + z)(@*1/2 we obtain
JiageVdr _ an)g (™ _ (1+a)?

S R g(n)2eV) 4

We have thus achieved the exact bound. This example shows that in order to attain
the sharp estimate, we do have some freedom of the choice of test functions rather
than using the eigenfunction only.

Example 2.12. Take b(z) = 0 and a(z) = (1 + 2)*. Obviously, (2.1) holds iff
a > 1. By Corollary 2.4 (1) with ¢; = 1 and € = « or by Corollary 2.5 (1) with
¥ =aand ¢; =1, we get gapp o) > (o —1)?/4 for all @ > 2. This is similar
to the last example. Next, applying (2.13) to g(z) = (1 + z)(®~Y/2, we obtain
gap[,.0) = 0 for all @ € (1,2), which is the same as the lower bound given by
Theorem 2.1. Therefore, gappy ) > 0 iff @ > 2 and our estimate is sharp for all
a < 2. However, the lower bound (« — 1)/2 is not sharp when « > 2. To see this,
applying (2.4) to the family {f(z) = (1+2)* —(a—1)/(a—1—¢) : £ > 0}, we get

a—2+8>(a_2)/6}

£ap[o,o00) < h_mn—>oo

gap[,0c) >  SUP (a—l—e)(a—2+6)< po—

(220) - e€(0,a—2)
>ela—1)(a—2).
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Setting ¢ = 1/2 and then letting o | 2, the first estimate of (2.20) gives us
8ap[0,0c) > 1/4, which is sharp. We will show in the next section (Example 3.6)
that the principal term ea? of the lower bound is also exact as a — oco. Applying
(2.2) to the family {f(z) = (14 ) : € > 0}, we obtain gapjy o) > (a — 1)?/4. As
for (2.5), we get gapg,c) > 1/4 (independent of «). Replacing f with f — m(f),
m(f) = (a—1)/(a—1—¢), it follows from (2.5) that

m(f) (o —2+e¢) ) ““‘2)/1

8aP0,cc) > SUp (1-e)la—2+ 6)( o

£€(0,1A(a—2))
> 2-1/(a=1)( _ 9).

All these estimates are exact at « = 2. From these, we see that (2.5) is weaker than
(2.4) but it is not comparable with (2.2) for the specific functions.

Example 2.13. Take a(x) = (1 + x)3 and b(x) = (1 + z)?. By Corollary 2.4 (1)
or Corollary 2.5 (1), we have gapjg o) > 1/4. On the other hand, applying (2.4) to

f(z) =log(1+ ) — 1, we get gapjy o) = infzso logl(-{—j-m) =e.
3. THE CASE OF THE FULL LINE

Set C(z) = [; b(u)a(u)~'du. Then “Z < co” becomes

3.1 Ty

The process is non-explosive iff

oo z C(y) 0 0 C(y)
(3.2) min{/ dxe‘c(:’:)/ e—dy, / dxe‘c(:’:)/ e—dy} = 0.
0 0 a(y) —00 x a’(y>

Intuitively, the idea in this section is to divide the full line into two half lines.
However, there are some technical problems. Note that the spectral gap for the
full line can not be bigger than the maximum of the ones for the half lines. Thus,
the test function f must be connected in some way around the reference point xg.
For instance, in order for the approximating function g of the eigenfunction to be
in C?(R), we require that f € C1(R) in the first term below and f € C(R) with
f(zp) = 0 in the second term below. Actually, what we have in mind is taking the
reference point xg to be the place at which the eigenfunction vanishes, even though
the precise place is usually unknown in advance.

As a variation of I(f), define

B e—C(w) —00 f U eC(u)
rnw =S [
fr(@) Jo a(u)
Theorem 3.1. Assume that (3.1) and (3.2) hold. Let zo € R.
(1) For every function f € C*(R) with f(z) > 0 for all z, we have

(3:3) gap(L) > inf [(—af’ —bf)'/f](x)
3.4) =inf [ - 0" —[af" + (' +b) 1]/ f](2).
)

du, x < x0.

(3.
(2) Let C(x) = f;o a~tb. For every function f € C(R)NCY R\ {zo}) N L(7)
with f(xo) =0, f'(z) >0 for all x # xo, we have
(3.5) gap(L) > (61 V 62)7 ",
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where
(3.6) or=sup I(f)(x),  d2=sup I (f)(z).

xr>T0 rx<zxo

In particular, if moreover f € C*(R), then
(37) gap(L) > il [~ af” ~bf')(x)/ (@)

Applying (3.4) to the functions f(x) = ¢1 + |z — x0|® (c1 > 0,6 =0o0r § > 1)
and f(z) = e5(*=) (§ € R), we obtain the following result.

Corollary 3.2.
(1) If there exists ¢ < 1 (resp. € > 1) such that (a’ + b)(x — xg) < ea (resp.

(a' +b)(x — x0) > €a), then gap(L) > inf,y,

Corollary 3.3.

(1) Suppose that inf, s, a(x)/(x — 0)? := ¢ > 0. If there exists ¢ < 1 such that
(x — z0)b(x) < ea(x) for large |z| (resp. for all x # x0), then gap(L) > 0
(resp. gap(L) > §(1 - £)2)).

(2) If there exist some €1 and ez, either e2 =0 and e1 < 0 or e2 < 0, such that
sgn(z — x0)b(x) < (e1 +e2|lz — x0|)a(x) for large enough |z|, then gap(L) > 0.
Furthermore if the condition holds for all x # xq, then

[eS) -2
gap(L) > i[/ 651“+52/2du] inf a(x).
0

x

In particular, if £, = 0, then gap(L) > €7 inf, a(z).

3) 1If
0o C(u) ¢ C(u)
a=1r e—C(r)/ c;z(u) de, = o e—C(r)/ ea(u) a
r>x0 xT r<To — 00
co 1= sup e_c(m)/ e“ Wy, ¢y 1= Sup e_c(m)/ eCWdy
r>To T z<To —00
are all finite, then gap(,, o) > 1/ max{4dc;cy, ey cy }.
(4) 1If
a(z) [ eCW a(x) /I e
= —= d —= —d
‘ max{fffoew/z aw) " R 0@ | afw) S S
then gap(L) > inf%. In particular, if lim,|_ e“® /a(z) = 0 and
z 4c

lim | oa(z)/[a’ (z) — b(x)] < oo, then gap(L)>0.
(5) If b= 0, then

1 0 T -1
gap(L) > - [max{ sup (z — xg)/ a(u)tdu, sup (zo — x)/ a(u)_ldu}] .
4 >, T <z —00
Part (3) and (4) of the corollary improve respectively the first two parts of [6,
Theorem 1.3] which were proved by using an analytic approach rather than the
coupling one. Moreover, the present proof becomes very simple.
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By adding a new term, ctan~!(z) or cx/v/1+ 22 for instance, to the original
function f, from Theorem 3.1 (2), we obtain the following result.

Corollary 3.4. Suppose that there exists a function f € C(R)NCH(R\ {xo}) with
f(zo) =0, f'(x) >0 for all large enough |x| and
max { T oy oe I(f) (), m%_wr(f)(x)} < .

Then, we have gap(L) > 0.
Corollary 3.5. Choose K € C(R\ {x0}) such that K(x) is non-decreasing as
|z — xo| increases, moreover, K(r) < infy>,b(z)/(xo — x) for all r > zo and
K(r) < infy<,b(z)/(zo — ) for all v < xg. Assume that (x — xo)K (z)/a(z) is
locally integrable. Define F"(s) as in (2.16) for xg < s <r orr < s <xzy and then
define 6(K) as in (2.17) with D = oo. Next, define 6~ (K) in the same way but
replacing “r > xo” and “s € (xg,r]” with “r < xo” and “s € [r,zo)” respectively.
Then, we have gap(L) > 6(K) A6~ (K).

We are now ready to mention a nice result due to Kac and Krein [11] and Kotani
[12] by using a different approach: Let b = 0. Then

1 1
(3.8) 10 Sgappe <671 2(6VET) T <gap(L) < (5V6T)T,

where § = sup,>qz [, a(u)"*du and §~ = sup,<oa [, a(u)”'du. Clearly, the
lower bounds coincide with Corollary 2.5 (5) and Corollary 3.3 (5) respectively. To
illustrate the power of (3.8), it suffices to look at an example with the half line.

Example 3.6. Consider the Example 2.12 again. Then, by (3.8), we have 6! = 1
if a =2 and

(- 1)
Combining this with the lower bound given in Example 2.12, we see that the upper

bound here has the correct order as &« — oo and the lower bound is exact when
a=2.

a—2
5§71 = :(a—1)2<1+L) ~ ea? if > 2.

a—2

The examples given below not only illustrate the use of the our results but also
show some difference between the half line and the full line.

Example 3.7. Take b(z) = —axz — 5. If (3.1) and (3.2) hold, then as in Example
2.11, we have gap(L) > a™. When a > 0 and 3 = 0, we indeed have gap(L) = « for
every a(z) having the properties: symmetric with respect to the origin, satisfying
(3.1) and (3.2) and [ z?dm < oo, since then g(z) = z is an eigenfunction of A\; = a.
Especially, when a(xz) = 1, we have gap(L) = « but not 2« given in Example 2.10.

Example 3.8. Consider the special case of the above example, b(z) = —az and
a(x) =1+ 2. Then, C(z) = —%log(1 4+ 2?) and (3.1) holds iff & > —1. We have
just seen that gap(L) = « for all & > 1. This is different from Example 2.12. Next,
applying Theorem 3.1 (2) to the test function f(z) = x(1 +22)%, ¢ = (a — 1) /4, we
obtain

61 = 6o = sup (1 + xz)oz/Q /oo u(l + uz)—a/2+5 w
1 2 >0 (1+x2>5 +25$2(1—|—{I;2>5—1 ; 1+u2
1 2 1 4
= sup +z < _

I+ (12027 (@—26) ~ (1+29)(@a—2¢) (1+a)2
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Finally, applying (2.12), we get

_ ffn a(x)f'(z)2eV @ dx
gap(L) < lim ™ f@)PeV@dz
. ff’n(l 4 $2)_a/2[(1 4 $2)5 4 281’2(1 4 $2)—1+6]2
n— 00 f:ln x2(1 4 xQ)—l—a/Z—i—Qsdx
(1+ a)?
—

Therefore, gap(L) = (o + 1)?/4 for all a € (—1,1].

Example 3.9. Take b(z) = —axz3 (o > 0) and a(x) = (1 + 2?)2. Applying (3.7)
to f(x) = z(1 + 2?)~'/2, we obtain gap(L) > 3 which is independent of . On the
other hand, by Corollary 3.5 with 2o = 0, K(r) = ar? and r = (\/m + 1)/a7
we obtain K (ry) = v2a + 1+ 1 and

(3.9)
oK ()

gap(L) > K(ro)(l + K(?"O)/oc)a/2 exp| —1-— m
0

~ V2a+ Te 1/2,

Especially, when a = 4, then the first bound equals 16e™2 ~ 2.1654.

Example 3.10. Take a(z) = 1 and b(z) = —x + cosz. This is clearly a pertur-
bation of the ordinary O.U.-process. However, when we apply (3.4) to f(z) = 1,
which gives the exact eigenvalue of the O.U.-process, we get the trivial bound. We
now adopt a comparison technique (see also Proposition 4.5). Note that

C(u) — C(x) = —u?/2 + 2?/2 +sinu — sinx < —u?/2 4+ 2%/2 + 2.

Inserting this into (3.6) with f(z) = =, it follows that gap(L) > e~2. The estimate
can be further improved by noticing

C(u) — C(x) < —u?/2+2?/2 + esinu — esinz + 2(1 —¢)

and using f(z) = z + e cosz instead of f(z) = x. Then we obtain gap(L) > (2¢)~*
by setting e = 1/2.

To conclude this section, we mention some examples for which the eigenfunction
g € C?(R) N L?(m) but non-linear.

Examples 3.11. Let a(z) = 1. Then we have gap(L) = 1 for the following choices
of b(z).
29+ c¢)
1 fd 2 . = —E 1 —_— .
(1) g(z) =x(c+2%), c> 0. b(x) 3[ +3x2+c]
(2) glz) =[5 eV "dy, n € Zy, c€R. b(z) = —2ncx® ! — e—ca”" Iy eV dy.

cx
3 - ing, ¢> 1. b(z) = ——2
(3) g(x) =cx +sinz, ¢ (x) prap——

To prove the assertion, simply use (3.4) with f = ¢’ and note that both g and b are
odd functions.
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4. THE GENERAL CASE

In contrast to the cases of the half line or full line, the structure of the eigen-
function of A; in the higher dimensional case is too complex to be understood and
it is often not monotone with respect to the ordinary semi-order. Here, a diffusion
semigroup P; is said to be monotone if P;f(x) < P,f(y) holds for all z < y and
all monotone (non-decreasing) continuous functions f. Even in the case that the
eigenfunction is monotone, one still requires the process to be monotone which is
a quite strong restrictive condition especially for the higher dimensional diffusions
(refer to [8] for details). Thus, in general, it is not practical to use the eigenfunction
or its approximation as the distance we required and so we should adopt a differ-
ent strategy. Roughly speaking, our goal is as follows. First, we use the coupling
method on some simple distances in R% and reduce our problem to the case of the
half line. Then, applying the idea given in Section 2 we construct a new distance
f od for some suitable function f. Fortunately, in this way, we still obtain good
enough estimates for the spectral gap.

Let L be a coupling operator of L, d(x,y) be a distance which is in C? away from
the set {(z,z) : 2 € R} and let D = sup,, , d(x,y). Then there exist two functions
A and B on R? x R? such that for each f € C2[0, D) (refer to [4]),

(4.1) Lf o d(x,y) = Az, y) " (d(z,y)) + B(z,y) [ (d(w,y)), = #y.

Note that L is a degenerate elliptic operator on R%x R¢, we have A(z,y) > 0 for all
x and y. One key step of the coupling approach is to find a function f € C?[0, D)
with f(0) =0, f/ >0 and f” <0 on [0, D) such that

(4.2) Lfod(w,y) < —8fod(z,y), z+#y,

for some constant 6 > 0. Next, choose functions «, 5 € C(0, D) such that

(4.3) a(r) < inf A(z,y),  B(r)> sup B(z,y).
d(z,y)=r d(z,y)=r

Then, for (4.2), it suffices that
(4.4) a(r)f"(r) + B(r)f(r) < =6f(r),  r€(0,D).

We have thus reduced (4.2) to (4.4). Denote by A\* the largest constant 6 in (4.2)
as f varies. Clearly, \* dominates the largest ¢ in (4.4). The next result is parallel
to Theorem 2.1.

Theorem 4.1.
(1) For every function f € C?[0, D) with f(0) =0, f' >0 and f" <0 on [0, D),

we have

(4.5) N> inf [(—af” = Bf)/f](r).

re(0,D)

(2) Define C(r) = for a3 and then define I1(f) as in (1.2) but replacing a(u)
and [0, 00) with a(u) and [0, D) respectively. For every function f € C[0,D)N
LY(7) with w(f) >0 on (0, D) and satisfying

D f(u)eC@
(4.6) f(r) > —5(7")6_0(”/ —f(a>(u) du,
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we have

C(u -1
(4.7) A* > inf { /ds _C(S/ flwe u} ,
re(0,D)

In particular, if moreover f € C1(0,D), f(0) =0 and f’ >0 on (0, D), then

* 1
(4.8) A" > ré(%,fm](f)(r) -

Theorem 4.1 is also meaningful for diffusion processes on a manifold which
will be treated in a separate paper. Next, if there exists a coupling such that
inf, , A(z,y) > 0 and A* > 0, then the L-diffusion process is ergodic. Part (1) of
Theorem 4.1 is rather simple but it has the following useful consequence, which is
an analog of the alternative choice of Corollary 2.7.

Corollary 4.2. Choose a non-decreasing function K € C(0, D) such that K(r) <
infsepr, py[=B(s)/s], r € (0,D). Assume that rK(r)/a(r) is locally integrable on
(0,D). Define F"(s ) as in (2.16) and then define §(K) in (2.17) with o = 0.
Then, we have \* > §(K).

Remark 4.3. (1) The condition (4.6) is used for the non-positive property of the
second derivative of the function required by (4.2) or (4.4). However, when A(z,y)
in (4.1) is indeed a function of d(z,y) only and «(r) is taken to be the common
value of A(x,y) when d(z,y) = r, we do not need (4.6). In this case, the resulting
function f o d may not be a distance but this does not interfere with our proof.

(2) When §(r) > 0 on (0, D), the condition (4.6) is trivial. In the case of (1) < 0
on (0, D) and lim,_,p f(r)e=¢") /3(r) = 0, (4.6) can be rewritten as follows:

(4.9) /TD (é)/(u)ec(“)du > 0.

More simply,
(4.10) fB-=8f>0 on (0,D)
is enough for (4.9).

By virtue of (4.8), part (2) of Theorem 2.1 and its Corollaries 2.6 and 2.7 are
available with a slight modification. We omit the details here to save space. The
reason why we use A\* here rather than gap(L) is the following. Our approach
requires that the eigenfunction be Lipschitz with respect to the distance we adopted.
In the compact case, this is not a problem. But for the non-compact case, this may
not be true. To overcome this difficulty, we adopt a localizing procedure [6], which
then yields some technical problems. So, in general, we are still unable to claim
that \* is indeed a lower bound of gap(L). However, the conclusion holds for the
one-dimensional case.

Corollary 4.4. When d =1, Theorem 4.1 and Corollary 4.2 hold if \* is replaced
by gap(L).

Before moving further, we mention a simple comparison result which is a direct
consequence of (1.1) (refer to [6] and [16]).

Proposition 4.5. (1) Let L ~ (a,V), if a(x) — a(z) > 0 for all z, then
(4.11) gap(L) > gap(L).
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(2) Let L ~ (a, V), we have
(4.12) gap(L) > gap(L) exp[—6(V — V),
where 8(f) = sup f — inf f.

Let us also mention a sufficient condition for the regularity of Dirichlet forms.
In general, [9, Theorem 1.6.3] says that the semi-group is recurrent if there exists
{u,} C C§°(R?) such that u, — 1 and lim, o [(aVu,, Vu,)dr = 0. From this
we conclude that the Dirichlet form is regular if there exists r, T co such that

(4.13) lim tra(z)dr = 0.

O S <lz|<rn+1
Actually, choose h € C*°(R) such that ||h/||c <2 and h(r) =1 for r < 0,h(r) =0
for r > 1. Take up, (x) = h(|z|—7y,), then u, — 1 and (4.13) implies [(aVu,, Vu,)dr
— 0.

To study the spectral gap of diffusions in R%, we consider three concrete dis-
tances: the Euclidean distance, the Li-distance and the Riemannian distance in-
duced by a positive definite diagonal matrix which is dominated by a(z). To state
the result, we need some notations. Choose positive functions a; € C?(RY) (i < d)
such that a — diag{a1, as, - ,aq} > 0 (non-negative definite) and inf; ; a;(x) > 0.
Let b; = a;0;V + 0;a; (i < d). Next, set ap = 4 and choose a1, a3 € C(R,) such
that

0<ai(r)< inf {miin (\/ai(:c) —Vai(y) )2 + 4Iniin ai(x)ai(y)},

jo—yl=r
0<asi < inf (S (Vai) - Vaily) )+ dmin Va{@a )},

where |-| is the ordinary Euclidean norm and |z —y|; = Z?:l |2; —y:|. Next, choose
B; (7 =1,2,3) as follows.
(1) Put o = \/diag{ai,as, -+ ,aq} and choose 8 € C(0,00) so that

Bu(r) = sup IfL’—yl_l{IICf(ﬂC)—ff(y)l\Q—Ix—yl_Ql(U(ﬁﬂ)—ff(y))(ﬁ«“—y)l2

lz—y|=r

+(b(x) — b(y).z — y) }.

(2) If a;(z) depends on x; only for all i. Set

d " 211/2
play) = [Z ( / ai<r>—1/2dr) } . D=supple.y).
i=1 YT i
and h; = \/a;0;V + 0;y/a;,1 < d. Choose 32 € C(0, D) so that
d Yi
Bz s o) Y ) k@) / a(r)dr, 1 e (0,D).
plz,y)=r i=1 Tq

(3) If a;(z) depends on x; only and b;(z) is non-decreasing in xy, for k # i.
Choose 3 € C(0,00) so that

B3(r) > sup Z[Bi(x) — bi(y)], r > 0.

x>y, lz—yli=r;_
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Finally choose non-decreasing functions K7, K3 € C(0,00) and Ky € C(0,D) so
that K;(r) <infs>,[—B;(s)/s].

Theorem 4.6. Theorem 4.1 and Corollary 4.2 are valid if the functions «, 3, K
and X\* are replaced by o, B, K; and gap(L) respectively for each j =1,2,3.

Let a(x) = a(x)o? for some positive a € C?(R?) and positive definite matrix
o. To use Theorem 4.6, by Proposition 4.5, one may compare a(z) with a diagonal
matrix directly. But, as was pointed out in [3], [6], the result should be better if we
directly use the distance |0 ~!(z—y)| instead of the Euclidean one. To this end, take
the coordinate transformation y = o~Laz. Then 8/dz; = Y2¢_, (671)x0/dys,i < d,
and the operator L ~ (a,b) becomes

which is in the desired form of Theorem 4.6.

The following result simplifies the form of K;’s given above. It can be considered
as an extension of [7, Theorem 1.3] to multidimensional diffusion processes in the
context of spectral gap.

Corollary 4.7. Let a;, b; and a; be the same as in Theorem 1.1. Suppose that
ai(z) depends only on x; for alli. Set k = max; |[V\/a;|%. Fiz a point p € R?
and let Amin(A) be the smallest real part of eigenvalues of matriz A. According to
the three cases in Theorem 4.6, we define 0; (j =1,2,3) as follows.

(1) 91( ) 1nf|m —p|>r mm( 0; b( )), r> 0.

(2) O2(r) = inf 4 p)>r )\mm( XZXJV(x)), where X; = /a;i(x;)0; and V =V +

log /. ]

(3) Ifb;(x) is non-decreasing in xy, for i#£k, let O3(r) " i}I)lIf>T[—H1JE_lXZ(9jbi($)].
Neat, definev;(r)=r=" [ 6;(w)du (j = 1,2,3), K1(r)=1(r/2)—(1—d~ )k, Ks(r))
=3(r/2) forr >0 and KQ( ) = v2(r/2) for r € (0,D). Then, Corollary 4.2 holds
for these K;’s with the same replacements made in Theorem 4.6. In particular,
if max{6;(c0) — k(1 —d~1),02(D),05(c0)} > 0, then we have gap(L) > 0. Here,
0;(00) (i = 1,3) and 62(D) are understood as the limits as r — oo and r — D
respectively.

Obviously, when d = 1, the case of j = 1 coincides with the case of j = 3 for
both Theorem 4.6 and Corollary 4.7. As for d > 1, the first may be better than the
latter. For example, this is the case for d =2, a = [ and V(z) = —%x% + 2119 — 23
Conversely, the latter may be better if | Va;| oo is large for some i < d. From these
and Example 4.8 below, we conclude that the cases of 7 = 1,2, 3 are not comparable
to each other.

Example 4.8. Consider Example 3.9 again. We have V(z) = a/2—a/[2(1+2?%)] -
(2 + a/2)log(1 + 2?) and (4.13) holds. For r > 0, we have inf,(b(z +r) — b(z)) =
—ar3 /4. Take Ki(r) = ar?/4 and a;(r) = 4, then FJ(r) = ar*/64. By Theorem
4.6 with j = 1 or 3, we obtain gap(L) > v/2aexp[—1/2]. This is weaker but close
o (3.9).
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Next, we have V(z) = —a/[2(1 + 22)] — (1 + a/2)log(1 + 2?). Let X(z) =
(1+2%) L, then

2a
1+ 2?2

By Corollary 4.7 (2) we obtain gap(L) > 2 which is independent of a.

XV (z) =2+ a)(1 +2?) -

+a > 2, z € R.

Example 4.9. The lower bound gap(L) > o™ given in Example 3.7 can be also
obtained by using Corollary 4.7 with j =1 or 3.

Example 4.10. We now return to Example 3.10. Let h(r) = —sup,[b(y) —b(x)], r
> 0. It is easy to check that h(27 +r) — 27 —r = h(r) —r and h(r) = r — 2sin g
for r € [0,27]. Since r~th(r) is increasing, it can be taken as Ki(r). By Theorem
4.6 we have

gap(L) > sup (1—r"'sinr)explcosr + (rsinr)/2 —1].
rel0,n]

By setting r = 1.95, we obtain gap(L) > 0.329.

Example 4.11. When a = I we take @ = 4 and then the estimate provided by
(4.7) with f(r) =1 coincides with the one obtained by using the first moment of the
coupling time (refer to [6]). Note that the test function f(z) = 1 can not be allowed
for (4.8) since f' = 0. But (4.8) does often produce better estimates. Especially,
take d = 1 and b(z) = —4x3. Choose 3(r) = —r3. By (4.7) we get the lower bound
[[(5/4) +1/8)]7! ~ 0.9695 which is the same as in [6, Example 1.9]. Nevertheless,
applying (4.8) to the test function f(z) = log(1 + ) and noticing Remark 4.3 (1),
a numerical computation shows that gap(L) > 2.4395.

Example 4.12. Take a = I and b;(z) = >_, b;;z;, where (b;;) is symmetric with
bij >0 fori+#jand ) b = —1 for all j. Next, take g(z) = >, x;. We have

d d

1 1 1 1
i,j=1 i=1 i

Thus (4.13) holds and g € L?(m). Moreover, it is easy to check that 7(g) = 0.

Hence gap(L) = 1 which is just the lower bound provided by Corollary 4.7 with

j=3.

To conclude this section, we study the Poincaré inequality with respect to the
absolute distribution of the process generated by L. This provides a new way to
estimate gap(L) and may be useful in the study of the spectral gap on path space.
The idea used here comes from [10] and [17] in which the logarithmic Sobolev
inequalities on path space were studied for diffusions over a Riemannian manifold.

Theorem 4.13. Suppose that there exists a > 0 such that (a(z)u,u) < alul® for
all v,u € RY. Let a(z) = o(z)o(x)* and set

K= sup |z —y["*[llo(z) — a(y)lI* + (b(x) — by), = — y)].
We have
(4.14) Pif?(z) < K~ 'a(exp[2K1] = D) BV f*(x) + (P f (2))?

for all x € R4, ¢t > 0 and f € C*(RY) with P,f?(x) < co. When K = 0, the
coefficient on the right-hand side is understood as the limit as K — 0.
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We mention that (4.14) can be sharp. For example, take L = A, then 2t is the
smallest constant so that (4.14) holds. The bounded assumption of a is unnatural,
due to the limitation of the present proof, but we do not know how to remove it.

Remark 4.14. The process considered in Theorem 4.13 is not necessarily reversible.
Next, the L-diffusion process is ergodic if K < 0. Then, by letting ¢t — oo in (4.14),
we obtain

(4.15) gap(L) > —Ka~! inf Amin (a())-

5. PREPARATIONS FOR THE PROOFS

Lemma 5.1. Suppose that D, T R? is a sequence of normal domains and let
gap(Dy) denote the first Neumann eigenvalue of L on Dy, then we have gap(L) >
lim,,—,oogap(Dy). When d = 1, we indeed have gap(D,,) | gap(L).

Proof. a) Note that (refer to [1] and [15])
(5.1)  gap(Dn) = inf {m,((aVf, V) : f € C' (D), ma(f) = 0,7 (f?) = 1},

where 7,(f) = n(Ip, f). For any ¢ > 0, choose f € C'(R?) such that 7(f) =
0,7(f%) =1 and 7((aVf,V[)) < gap(L) + €. Then, there exists ng > 1 such that

/n<f—/nfd7r>2d7r21_57 e

Jp (aVf,Vf)dr gap(L) +¢
gap(Dn) < o U~ T,y Jm2dn S

b) Next, when d = 1, we need only to prove that gapy,, 4,1 > gapip,,¢.] > gap(L)
for [p1,q1] C [p2, o). Let u be an eigenfunction with respect to gapy,, 4,1, then
u'(p1) = v'(q1) = 0. We extend u to R by setting u(r) = u(p1) for r < p; and
u(r) = u(qy) for > 1. Then u € C*(R), by (5.1) we obtain gap, 4] < 8aPp, q1]-

c) If in addition (4.13) holds, there exist non-negative functions u, € C5°(R)
such that u, T 1 and [a(u})?dm — 0 as n — oo. By (1.1) together with an
approximation argument, we have

Hence

12
n) | d

=0 [(uuy,)?dr — (fuundﬂ)

d) To avoid the use of the sufficient condition (4.13), take V; =V —ea, Z, =

JeVedz,e>0. Then V. 1 V and Z. T Z ase | 0. Let L. ~ (a, Vz), then L. satisfies
(4.13). By (1.1) we have

5 < 8aP[p,,qi]-

gap(L) <lim. ogap(L:) < gappq. O

Suppose that a(z) = o(z)o(z)* for all z. Let L ~ (a,b) be the operator of the
coupling by reflection [4]:

o= (o ) B = (66)).

where c(z,y) = o(x)(I — 2uu*)o(y)* and @ = (x — y)/|x — y|.
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Lemma 5.2. Let S = Hle [pi, qi] and (z¢,y:) be the coupling by reflection of the
reflecting L-diffusion process on S. If ;5 = 6;504(x;) and bi(x) is non-decreasing
in xp for k # i, then the coupling preserves the ordinary semi-order: Ty > Yo
implies P*0¥%0 (x; >y, t > 0) = 1.

Proof. One may compare the conditions of the lemma with the criteria given in [8].
Let T = inf{t > 0: z; = y;} be the coupling time, then we need only to prove the
order-preservation up to time 7.

a) For n > 1, choose C,, € C(R) with suppC,, C (0,n71), 0 < C, < 2n, and
J Cn(u)du = 1. Define ¢, (r) = [ ds [ Cr(u)du, then 0 < ¢/,(r) <1, 0 < ¢/(r) <
2/(nr?) and ¢, (r) T r*. Next, note that b;(z) is non-decreasing in zj, for k # i and
& (y; — ;) = 0 for y; < x;, we have

Loy — i) = ¢, (yi — ) (bi(y) — bi(x))

+ o (yi — i) [Z(%‘ (y5) — 0jj(x4))?

for some constant N and all z,y € S with |z —y| > & > 0. Let LSF), Lgl_) be the

local times of z; on {z; = ¢;}, {x; = p;} respectively, and let Lz(i), LEQ_) be those of
yt. Note that ¢/, (y; — x;) =0 for y; < x; and

I[‘Zi_57‘Zi](xi) < I[qi—a,qi](yi>a Iip, pite) (yi) < Iip, pite] (i)
for ¢; > y; > x; > p;. We have

t 8 (i(3) — 2a(5)A (LD (5) + L2(s) — L2(5) — LP(s)

to

(5'3) = lim ¢;z (yz(s> — Ty (S>) (I[qi—s,qi] (wl(s)) - I[Qi—E,Qi] (yz(s))

e—0 t

+ I[Pnprﬁ-E] (yl(s)) - I[Pi7pi+s] (xi(s))>ds <0, t1 < ta.

b) Let T, = inf{t > 0 : |x; — y| < e}, by (5.2) and (5.3) we have

S

Ero-vo ; [¢n (yilta ANT2) — 2i(t2 AT2)) — b (yi(t1 ATL) — 2(t1 A Ts))}

tanTe 4 _
< prow /t > Lo (yit) — wi()dt

ATe =1
AN t2 d +
S(ta—t) 5 +N [ Brow S Wt AT —ai(tAT)) A, <to.

h i=1
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By letting n — oo, we obtain
d
d
EEQEMOZ(yZ—@t AT2) = 2i(t ATL)) T < NETWS (it ATL) — 2i(t ATL))
i=1 i=1

Therefore
d

BT ST (yi(t A T2) — i(tATE)) T =0
i=1

which implies P¥0:¥%0 (yl(t ANT) < it A TE)) =1, t>0.Since T, 1T ase | 0, the
lemma follows by letting ¢ — 0. O

The following result summarizes our approach to estimate gap(L) by using cou-
pling.
Theorem 5.3. Let D,, T R be a sequence of normal domains with inward normal
vector fields V,, of OD,, under the Riemannian metric (g(0;,0;)) = a~'. Neat, let
d(z,y) : R x RY — [0,00) be in C? out of {(x,z) : * € R4} and having the
properties: d(x,y) =0 iff x =y, for each n and x € Dy, V,d(x,-)(y)|op, <0 and
there exists ¢, > 0 such that d(z,y) > culx — y| for x,y € D,. If there exists a

coupling operator L of L such that Ld(z,y) < —éd(z,y) for some § > 0 and all
x #y, then gap(L) > 6.

Proof. Fixn > 1, let (z,y:) be the reflecting L-diffusion process on D,, x D,, under
the Riemannian metric (g(9;,0;)) = a~'. Let L; be the local time of the process
on 9(D,, x D), then
dd(ze,ye) = AMy + Ld(ze, ye)dt + (Vad(-, ) (22) + Vu(@e, ) (92))d Le
S th — 6d(.’L’t, yt)dt
up to the coupling time T for some martingale M;. Here, we take V;,f(z) = 0

for x ¢ 9(D,,). By Lemma 5.2, [15, Lemma 2.4] and [3, Theorem 6.2] we obtain
gap(D,,) > 6 which proves Theorem 5.3. O

6. PROOFS OF THEOREM 2.1 AND ITS COROLLARIES
Proof of Theorem 2.1. a) Let f € Ct[zg, 00)NC?(z¢,00) with f > 0 on (xg, o) and
define g(x) = f;o f. Then g is strictly increasing and so d(z,y) := |g(z) — g(y)| is
a distance in [z, 00). Because the process is monotone (see [8]), we simply use the
classical coupling: Lh(z,y) = (Lh(-,y))(x) + (Lh(z,-))(y) for all h € C?([xg,0)?)
and = # y. Then
Ld(z,y) = Ld(x,-)(y) — Ld(-,y)(x) = Lg(y) — Ly(x)
< —d(,y) inf [( = (ag” +bg)(y) + (ag” +bg")(2))/ (9(y) = 9(2))]

< —d(x,y) jnf [(~af —bf)/f](z), @<y

Here in the last step, we have used the Mean Value Theorem. Part (1) of Theorem
2.1 then follows from Theorem 5.3.

b) For part (2) of Theorem 2.1, the proof is similar but applying the coupling to
the function

o) = [ P (y)dy.
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To prove (2.5), note that
(6.1) (f'e€) = (af" +bf')eC /a.

By assumption, we have —(f’e®) > cfeC/a. Therefore, I(f)(z) < ¢! and so the
conclusion follows from (2.4). It remains to check that ¢’ > 0 on (xg, 00). But this
holds iff 7(f) > 0 due to the fact that f > 0 on (zg, 00). O

Proof of Corollary 2.4. The assertions follow from that of Corollary 2.3 correspond-
ingly with the specific parameters given below.

(1) 6=(1-¢)/2.
(2) ¢1 =0, cp=—ey5and § = —¢,/2.
(3) c1 = (g5 +¢€3)/e3, co = 2¢, /2.

|

To prove Corollary 2.5, we need a simple result which is an extension of [6,
Lemma 3.1].
Lemma 6.1. Let m € C([zg,00); R4+) and n € C([xo, 0); (0, 00)).

(1) If f;o m(y)/n(y)dy < c1m(z) and f;o m(y)dy < cam(z) for all z > xg.
Then for every v € [0,1/c2), we have

/ eV (W=20) m(y) dy < —4 Y@=l (z), T > .
v n(y) 1=re

(2) If (x — x0) f;: m(y)dy < ¢ for all x > x, then for every v € [0,1), we have

(x —x0)" ™1, x > x.

/Oo(y = 20)"m(y)dy < 7 ‘

Proof. Here, we prove part (1) only since the proof of (2) is simpler. Without loss
of generality, assume that m(z) has finite support. Set M(z) = [ m(y)/n(y)dy.
Then

/OO ev(y—%)mdy - _ /OO T W=20) 40 ()
6.2) . n(y) o
< @) m(z) + cw/ YW= (y)dy.

x

Consider the special case that n(z) = 1 and ¢; = co. Then, (6.2) gives us

/ =T (y)dy < —2 eV @=T0)p(z), € > To.
T 1- €2
Inserting this into (6.2), we obtain the required assertion. (]
Proof of Corollary 2.5. a) Note that
U d _
C(u)—C’(x)gs/ —y:&:logw—xo, u > T.
z C1TY—To €1+ — o
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We have for f(z) = (c1 +z — x0)°,

1 ® (1 4+ u — wo)?*e
I < d
(Nx) < cd(cy + x — ag)0te1 /L (e +u— o) U
B -1 1
(6 +e—v+1) (c1+x—130)72
-1 1

< . > 2).

Teb(bfe—v+1) g7 (r=2)

Setting 6 = (y—e—1)/2, we prove part (1) of the corollary. Obviously, when v = 2,
c1 is allowed to be zero.

b) For part (2), by assumption, we have
C(u) — C(z) <ey(u—2) +eq(u? — 2%)/2 — eo(u — x) 30
(6.3) )
= [e) + &x(z — m0)](u — ) + £5(u — 2)7/2.

Without loss of generality, assume that inf, a(z) = 1. Consider the test function
f(@) = (c1 — e2(x — 20))e®@=20) | § > 0. We obtain
1

<

= —e5+ 16 — e,6(x — x0)
1 oo

C —ey 16— &36(z — 70) ,/0 [e1r — eau — e2(z — zo)]e

 —ey 16— &38(z — z0)
If £, <0, by setting ¢; = 6 = —&,/2, we get

/.00[61 — e5(u — zo)Jelr TR EmROl(ue)keg(ume)?/2
xT

. _ 2
[e1+6+es(z—wo)]utesu™/2 4,

e1+ e _|_6)/OOe[sl+§+52(x7m0)]u+52u2/2du_|_ 1.
0

1
I <
() = —ey+e7/4
Next, assume that £; > 0 and set ¢; = 0. Since €3 < 0, by (6.3), we have
1 > 2
I(f) < e +6 / elertolutesu/2q,, 4 1]
(s |+

IN

- {(el +6) /OO elertolutesu®/2q,, 4 1}
2 0
_ 1 {1 n / °° eu+szu2/[2<sl+5>21du]
&2 0
Then by letting ¢ | 0, we obtain the estimate in the middle of the expression.
The last estimate in the expression simply follows from (6.3) and Lemma 6.2 (1)
with the choice of m(z) = e“®), n(z) =1, f(x) = e?*=%0) and

V= %{/00 651+62“2/2du}_1.
0

¢) To prove part (3), simply apply Lemma 6.1 (1) to m(z) =e
f(z) = e®=%) and v = 3

d) Part (4) also follows from Lemma 6.1 (1) but with m(z) = e“®) /a(x), n(z) =
1, f(z) = e’ %) and vy = i The particular assertion is then deduced by using
the Mean Value Theorem.

e) Finally, part (5) follows from Corollary 6.1 (2) by setting m(x) = 1/a(z),

f(z) =+vx — 1z and v = 1/2.
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Proof of Corollary 2.6. Let x¢ = 0 for simplicity. By assumption, there exists N >
0 so that

f'(z)>0 forallz > N and sup I(f)(x) < co.

x> N

Since fi(z) = ¢/(1 + x)* + f'(z), we have f{(z) > f'(z) > 0 for all z > N. As
for x < N, choose ¢ small enough so that fi(z) > ¢/(1+ N)? + min,<n f/(z) > 0.
We now fix ¢. Because f is an increasing function, there exits M > 0 such that
filz) <e+ f(x) < Mf(z) for all z > N. Thus, for x > N, we have

0 <I(fi)(z) < MI(f)(z) < oo.

Finally, for z < N, we have

fi(u f 1N) cvy—
o<1t =" [ COVCWI(f)(N).
' f1 @)
The right-hand side is bounded in [:1;0, N ] and so the required conclusion follows
from (2.4). |

Proof of Corollary 2.7. For a proof of (2.18), refer to [7, Proof a) of Theorem 1.3].
a) Consider the case that K(r) < inf,>,[—(a’'+b)(z)/(v—z0)—b'(x)]+sup, b'(y).
Fixed ry € (2o, 00) so that K (r;) > 0. Otherwise, we have nothing to do. Define

* Yu— o
= — ——[K - K I .
/LO dy exp [ /IO a(0) [K(ry) (w)] (u<r,ydul, T > Tg

Since f” <0, f is decreasing and so f(x) > (z — zo)f'(x). By (2.2), we have

—bl(.’II> _ af” + (a/ + b)fl _af” - (a/ + b)fl + (_b/ - ﬂo)f (JI)
f f
—af" —[d +b+ (x —x0)( + Bo)lf
f
> Bo+ K(r)(x — z0)f'(2)/ f(x).

Here in the last step, we have used the properties of f just mentioned above.
Noticing that (z — x¢)/f(x) is non-decreasing, we have (z — xo)f'(x)/f(x) =
(x —x0)f(r1)/f(x) > (ry —x0)f'(ry)/f(ry) for all z > r,. This completes the
proof of the main case.

b) The proof of the alternative case is similar, but uses (2.5) instead of (2.2). O

(z) = Bo +

> Bo +

()

To conclude this section, we discuss when the equality in (1.3) holds. Suppose
that we have a C%-eigenfunction f of A\; > 0. That is, —af” — bf’ = A\ f with
f'(z0) = 0. Then, as we will prove later, f has the following properties: i) f € L(n),
i) f/ > 0 (or < 0) on (20,00) and iii) lim, .o f/(2)e® = —\7(f)Z. Now, by
(6.1) we have —(f"e®)" = A1 fe€ /a. Thus

@ = [ g a=nn(nz = x [Tl =70l a
since 7(f) < 0 by ii) and iii). Set f = f —n(f). We have n(f) = 0 and f'(z)eC® >

M [ fe€/a. Hence I(f)(x)~! > A, for all & > xy. Combining this with part (2)
of Theorem 2.1, we conclude that the equality of (1.3) holds.
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The remainder of this section is to prove i) —iii) listed above. Where the second
one is essential, from which the first one and then the last one follows immediately
from the next lemma.

Lemma 6.2. If Lf = —\f on [p,q] C [0,00) for some X\ # 0, then we have
A= (1) @) - (1) ) 2.

Proof. Simply use (6.1). O

Lemma 6.3. Let Lf = —\f for some f € C?[wg,0) and for some X > 0. If there
exist a < 3 such that f =0 on [a, 5], then f = 0.

Proof. Due to a(z) > 0, the assertion is indeed a consequence of the maximum
principle (pointed out to the authors by Z. D. Huan). A simple probabilistic proof
goes as follows. If f # 0, without loss of generality, assume that v := inf{z > §:
f(z) # 0} < oo and there exists z,, | 7y so that f(z,) > 0 (one may replace f with
—f if necessary). For each n > 1, choose y,, € [y, x,) such that f(y,) = min{f(x) :
x € [v,2n]}. Then f(yn) < 0 since f(y) = 0. Let x; be the L-diffusion process
starting from y,, and set 7, = inf{t > 0: 2; € {z,,7 —n~'}}. Then

Ef(2inn) = f(yn) — AE / " F(@a)ds < f(ya)[1 - AEr,].

This implies that Ef(z,, ) < 0 for large enough n. But for any n with v —n=1 >
a, we have Ef(z.,) > f(zn)Plx;, = z,] > 0. The contradiction implies the
assertion. O

Proposition 6.4. Suppose that \1 > 0 and Lf = —\1f for some f € C?*[zg,0),
f #constant and f'(xo) = 0. Then f' # 0 on (xg,00) and furthermore f € L*(x).

Proof. Suppose that there is a p > g such that f'(p) = 0.

a) We claim that f #constant on [z¢,p]. Otherwise, we have f = —A\['Lf =0
on [z, p] which implies that f = 0 by Lemma 6.3. We now prove that f(p) # 0.
To do so, set g = flz, p) + f(P)(p,0c)- If f(p) =0, then g € C*, Lg = —\1g and
g =0 on [p,00). By Lemma 6.3, we have ¢ = 0 and in particular f =0 on [z, p].
This again implies f = 0 on [xg,00) by Lemma 6.3.

b) By using Lemma 6.2, we have

(6.4) /: fdr =0, /: af?dr = — /:(fo)dw =—-\ /: f2dr.

0 0
Here in the last step, we have used the assumption Lf = —A1 f.
c) Without loss of generality, assume that f(p) = 1. Then 7(g) = 7[p, 00) < 1.
Therefore, by (6.4), we get

N o< Tag®) m(ag”)
~w(g?) = (92 [, f2dm +lp, 00) — wlp, 00)?
AP fRar
= 0 < M.

fo f2dm + m[p, 00) — w[p, 00)?

This is a contradiction.
d) Having the increasing property of f in mind, the last assertion of the lemma
follows from [2, Lemma 4.13 and Lemma 4.11]. |
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7. PROOF OF THEOREM 3.1 AND ITS COROLLARIES

Proof of Theorem 3.1. Here we prove part (2) only since the proof of part (1) is
similar and even simpler. Choose 6 > 0 such that

@ [ S
/% (@) der = 6/36 dz.

x . a(x)

Define

@) = {5 FWIDwy, o=
PTG P (Dwdy, <.

Note that f(z¢) = 0. We have g € C?(R) and ¢’ > 0. Next, let d(z,y) =
lg(x) — g(y)|- Then the proof of Theorem 2.1 gives us

~ —67t if >
Ld((E,y) < 61_1d($,y), 1 T >y = o,
—by d(z,yy), ifxg>z>y.

As for x > ¢ > y, we have

Ld(z,y) = [Lg(x) — Lg(x0)] + [Lg(wo) — La(y)] < —(61V &) d(z,y).

The proof is then completed by using Theorem 5.3. O

Having Theorem 3.1 in mind, the proofs of Corollaries 3.2-3.5 are parallel to
Corollaries 2.4-2.7 respectively and hence omitted.

To conclude this section, we study the same problem as in the last part of Section
7. Note that the comment before Lemma 6.2 is the same.

Proposition 7.1. Suppose that \y > 0 and Lf = =\ f for some f € C?*(R) N
L%(m), f #constant and (1 + |f|)f'e“(x) — 0 as x — co. Then f' # 0.

Proof. a) Suppose that there is a p so that f/(p) = 0. Then, we should have
f(p) # 0. Otherwise, set ¢ = flj, 00) + f(P)(—0op).- Then, f’(p) = —[(bf +
Af)/a](p) = 0. Hence, g € C*(R), Lg = —A1g and g =0 on (—o0, p]. By Lemma
6.3, we have g = 0 and hence f = 0 which is impossible.

b) Without loss of generality, assume that f(p) = 1 = Z. Note that f’fe®(z) —
0 as x — oo, we have

/OO af?dr = /OO [ (z)dx = —/poof(f’ec)/dx

p p

__[?ﬂﬁm_—Méwﬁm.

On the other hand, it follows from Lemma 6.2 that fpoo fdr = 0 and so 7(g) =
m(—o00,p) < 1. Hence

m(ag?) fpoo af?dn
m(g?) — 7(g)? fpoo f2dr + w[—o0,p) — w[—00, p)?

A < < M.

This is a contradiction. O
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8. PROOFS OF THEOREM 4.1, THEOREM 4.6 AND THEIR COROLLARIES

Proof of Theorem 4.1. Part (1) follows directly from (4.1)-(4.4). The conclusion
(4.7) follows by replacing the function f in (4.4) with

Then (4.8) follows from (4.7) by using the Mean Value Theorem. |

Proof of Corollary 4.2. We remark that the corollary in the present case is deduced
directly from part (1) of Theorem 4.1 by taking

8 J0) = [ asexn | = [ KG) - Klueydi, re D)
0 0 o(u) -

The details are very much the same as in the proof of Corollary 2.7. O

Proof of Corollary 4.4. Simply use Lemma 5.1. O

Proof of Theorem 4.6. By Proposition 4.5, we may assume that a=diag{ay, - ,aq}

and then b; = b;, i < d. N
a) When j = 1, we may assume that fol s|K1(s)|ds < oo. Let L be the coupling
operator with [14]

aly) "'z —y)(z —y)*
clx,y) = alx a(y) — 2 .
() = /a0 (V) — 2SI )
Take d(x,y) = |z — y| and choose a(r) = a;1(r) and K(r) = Ki(r) (see [18]). Let
r1 € (0,D) so that Ki(r1) > 0 and define f(r) as in (8.1) but replacing K with

K. Tt follows from Corollary 4.2 that \* > K(r1)infsc(o,r,) f'(s)/f(s). Next, for

n>1, let D, = Hle[—n,n]. Since a = diag{ay,- -+ ,aq}, the normal vector on

dS,, coincides with that under the Riemannian metric (¢(9;,9;)) = a~!. Then
d(z,y) := f(|z — y|) satisfies the boundary condition given in Theorem 5.3. From
this we claim that gap(L) > A* and so the assertion of the theorem in the case of
7 =1 follows.
b) Take d(x,y) = p(z,y) and c(z,y) = Va(x) (I — 2uu*)\/a(y), where u; =
L_ (Y _L__dr, x +#y. Then the proof for the case of j = 2 is similar to that

p(z,y) Jx; vai(r)

for j =1 (refer to [6, Theorem 4.2]).
¢) To prove the case of j = 3, we use the coupling by reflection and take d(z,y) =

|x — y|1. For xg > yo, Lemma 5.2 gives d(x¢,y) = Zle(:ri(t) —y;(t)), P*oY-a.s.
On the other hand, for d(x,y) =) _,(x; — v;), we have

Az, y) > aa(r), K3(r)<— sup  B(z,y).
x>y, d(z,y)>r

Next, let u, be the first Neumann eigenfunction on D,,, then there exists x > y
such that u,(x) # un(y). Lemma 2.1 and the proof of [15, Lemma 2.4] then give
gap(D,,) > 6. This proves the theorem in the case of j = 3. |

Proof of Corollary 4.7. We consider the cases of j = 1 and j = 3 only since the
proof of j = 2 is similar. Actually, by [7, Theorem 1.3], the lower bound given for
j = 2 is also a lower bound of the logarithmic Sobolev constant. To see this, take
the Riemannian metric g(9;,;) = 6;a; *. Then {X;} is a normal orthogonal basis
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with Vx, X; = 0 for all 7, j, the sectional curvature is zero, p is the Riemannian
distance and L = A, + ng.
a) For [z —y| =1, let ¢¥(s) =z + s(y — x), s € [0,1]. We have

lo(@) = o@)I* =z —y|2I(o(z) — o)) (@ = y)* + (b(x) — b(y), = —y)

d

1
<= d ) Y (o vy ) [ OB du
ij=1 0
1
< 25(1 — d-Y) — 1“2/0 Aumin( — 0,5:(0(w)) .

Next, choose ug € [0, 1] such that [1(ug) — p| = min,ep,1] [ (u) — p[. Then [ (u) —
p| > |¥(u) — ¥(ug)| = |u — ug|r. Note that 6; is non-decreasing, we obtain

1 _ 1 92 r/2
/O A (= 0355 (w))) du > /O 01 (Ju — wolr)du > ;/O 0r (w)du = 1 (r/2).

Hence we can take Ks(r) = v3(r/2).
b) Finally, note that

d 1 d
> (o) = hte)) = oy =) [ S0yl
1= j= 1 i= ) )
<l [ (= max 3000
< —ly—ah | O5((w) = plau <~y = aliralr/2).
we can take K5(r) = v3(r/2). |

9. PROOF OF THEOREM 4.13

Lemma 9.1. Let (x4, y:) be a coupling of the L-diffusion process. If
E¥¥z, —yif* < |z — y[* exp(2¢t]

for allt >0, x,y € R? and some c € R, then we have |VP.f|> < exp[2¢ct]P|V f|?
for allt >0 and f € C§(RY).

Proof. Since f € CL(RY), for any ¢ > 0, there exists § > 0 such that

[f(z) = f(y)|

PR Vi@ +e [z —yl€(0,6)
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Let T be the coupling time. We have

|Pef(x) — Pof(y)l <Ew,y{ [f(e) — fye)l  |we — yt|I }
o—yl foe =yl ey T

. 2 1/2
<exp[ct]{E$’y%I{T»}}

< explet] {EPV(|V f(@2)] + )2 + |V f oo P™ (& — 3] > 6}/
<explet] { B[V f*(x) + 2¢[| V f|loo
+ &2 4[|V ]|oob 2|z — y|? expl2et]} 2.
The assertion now follows by letting y — = and then ¢ — 0. O
Proof of Theorem 4.13. a) Suppose that f € CZ(R?). Let L be the operator of

march coupling (see [3] or [4]), i.e., c(z,y) = o(z)o(y)*. Let h(z,y) = |z — y|?, we
have

Lh(z,y) = 2l|o(x) = o()|* +2(b(z) = b(y), = — y) < 2Kh(z,y),  z,y € R".
Then E®Y|z; — y¢|> < |z — y|> exp[2Kt], ¢t > 0. By Lemma 9.1 we have
(9.1) VPSP < eplRKUPIVIE,  f e CHRY).
For given t > 0, let H(r) = P.(P,—.f)?, 7 € [0,t]. By (9.1) we have

H'(r) = P.L(Pi_.f)? = 2P (P f)LP;_.f
= 2P (aVPi_, f,VPi_.f) < 2aexp[2K (t — )| |V f|*.
By integrating over r from 0 to ¢, we obtain (4.14).

b) In general, fix = and ¢, let m; = 6, P;. Next, given f € C*(R?) with m,(f) =0
and m(f%) = 1. Let B, = {y : l[y — x| < n}, n > 1. For any € > 0, there
exists ne such that a [, (|Vf* + f2)dm + m(B;) < € for all n > n.. Choose
h € C®(R) such that 0 < h <1, h(r) =1 for r < 0 and h(r) = 0 for r > 1. Let
faly) = fF(h(|y — 2| = n). Then f, € Cj(R?) and

d/|an|2d7rt > a/|Vf|2dm — (al||h]|A, + 1)e,

2
/(fn_/fndﬂt) dm > 1 — 3¢, n > ne.

Combining these with a) and letting ¢ — 0, we complete the proof. O
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