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Abstract

We study the probability that chordal SLEg,3 in the unit disk from exp(ix) to 1 avoids the disk of radius
q centered at zero. We find the initial/boundary value problem satisfied by this probability as a function of
x and a = In g, and show that asymptotically as ¢ tends to 1 this probability decays like exp(—cx/(1 — q))
withc = 57 /8 for 0 < x < . We also give a representation of this probability as a multiplicative functional
of a Legendre process.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In this paper we study certain hitting probabilities for the chordal Schramm-Loewner
evolution with parameter k = 8/3 (SLEg;3). We study this question for SLEg,3 because this
process lies in the intersection of two important classes of conformally invariant measures.

On the one hand, we have chordal SLE: these are families of measures on non-self-crossing
curves y, indexed by the simply connected domain D the curve y lives in, and the endpoints
Z, w of y on dD. We can think of y as a random interface separating two different materials on
D. If Pp ;. denotes the law of the curve y in D from z to w, then the family {Pp .} is a
Schramm-Loewner evolution if members of the family are related by

(1) conformal invariance: if f is a conformal map from D to D’ sending z, w to 7/, w’, then
foPpisw=Pp ysu;
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(2) domain Markovianity: if y has law Pp ;_,, 7' is an interior point of y, and we condition
on the segment y’ of y from z to z/, then the remaining segment of y, from z’ to w, has law
PD\y’,z/%wQ

and if, for the particular case where D is the upper half-plane H, z = 0, w = oo, the law of
y is symmetric with respect to the imaginary axis. Suppose {Pp ;- } is such a family. Using
Lowner’s theory of slit mappings [22], Schramm showed thatif # € [0, 00) > y, € His correctly
parameterized, Yy = 0, D, denotes the unbounded component of H\y (0, ¢], and g, : D; — H is
conformal with ‘hydrodynamic’ normalization at infinity

lim g/(z) —z=0,
77— 00

then, under Py o— 00, & (¥1) = +/kB; for a standard one-dimensional Brownian motion {B; :
t > 0} starting at zero and a constant ¥ > 0 [27].

On the other hand, we have restriction measures. These are again families of measures
{Pp ;.w} indexed by simply connected domains D and two boundary points z, w, but this time
describing random, closed, simply connected subsets (which we denote also by y) of D such that
y NaD = {z, w}. For example, a simple curve in D from z to w is such a set. We dropped the —
in the notation as y is a point-set without a ‘direction’. A family {Pp ; ,} is called a restriction
measure if it is conformally invariant (as in (1) above), and satisfies the

(3) restriction property: if y has distribution Pp ; ,, D' C D and z, w € 3 D’, then conditional
on {y C D’} the distribution of y is Ppr ; .

In the statement of the restriction property it is understood that z and w are bounded away from
the part of the boundary of D that does not belong to d D’. An example of a restriction measure
is provided by the ‘filling’ of a Brownian excursion in D from z to w. Restriction is a powerful
property. If { Pp ; ,,} denotes a restriction measure, and if D C Dy C D and z, w € 9D, then
restriction implies in particular that

PD,z,w{V C Dy} = PDl,z,w{V C DZ}PD,z,w{V C Dy} (1)

By conformal invariance it is enough to consider the case when D is the upper half-plane
H, z = 0, and w = oo. That is, suppose that Dy C D; C H with 0,00 € 9D;. Define
&2+ D1 » — H, the conformal map with normalization lim;—, @12(2)/z = 1, ¢12(0) = 0.
Then we can rewrite (1) as

Pi,0,00{Y C D2} = PH 0,00y C P1(D2)}PH,0,00{y C D1}. ()

As we can identify a domain with the unique normalized conformal map from that domain to H,
we may write F'(912) = Py 0,00ly C Di1,2}. In particular, (2) is equivalent to

F(®) = F(Py0 &) F(P1), 3

that is, F is a homomorphism from the semigroup of conformal maps (with composition)
to [0, co) (with multiplication). Lawler, Schramm, and Werner showed that this implies the
remarkable result that there exists an « > 0 such that

Pro,00{y € D} = F(9) = 2'(0)°, “

where D is a simply connected subdomain of H containing 0, oo as boundary points; see [20]. If
y is both an SLE and a restriction measure, then
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P 0-00{y C DIy[0, 11} = {y[0, 1] C D}Pr,w,—oo{y C (D)}
= 1{y[0, 1] C D}, (W))*, (&)

where h; is the normalized conformal map from g;(D) to H, and W; = ./« B;. The first equality
in (5) is on account of y being an SLE, the second a consequence of restriction. It follows that
hy(W;)¥ is a martingale on {y[0, 1] C D}. A calculation now shows that this implies ¥ = 8/3
and o = 5/8, [20]. The self-avoiding random walk satisfies the discrete version of the restriction
property and it is conjectured that the scaling limit of self-avoiding random walk is SLEg/3 [21].

We now ask what happens if we restrict to domains D C H with ‘holes’, i.e. if D is no
longer simply connected. Then there is no homeomorphism from D to H. Furthermore, while
connectivity classifies topological equivalence, it does not classify conformal equivalence. For
example, two annuli are conformally equivalent if and only if the ratio of outer to inner radius of
the former equals that of the latter. In other words, there is a conformal parameter, or modulus,
which labels conformal equivalence classes of doubly connected domains [1].

However, it is easy to extend restriction measures to multiply connected domains. Suppose
{Pp.;w} is a restriction measure as above. If D’ is finitely connected and z, w are points on the
same boundary component of D’, we define

PD/,z,w = PD,z,wHV C D/}’ (6)

where D D D’ is simply connected and z, w € dD. Restriction for simply connected domains
implies that Ppy . ,, is independent of the choice of D, and an inclusion/exclusion argument of
Beffara shows that then (6) holds for arbitrary finitely connected domains D', D with D’ C D,
z,w € 3D’ N 3D [6]. The identity (1) still holds in this more general context but (2) and (4)
no longer make sense. Thus, while we can define restriction measures in multiply connected
domains, we cannot calculate — or do not have a functional expression for — the probability that
y hits a ‘hole’. Finding a functional expression which generalizes (4) to multiply connected
domains is the main motivation for this paper.

To begin, we decided to focus on the simplest case, just one hole, and address this case for the
restriction measure which also is an SLE, making SLE tools available. So suppose y is a chordal
SLEg,3 in the unit disk U = {|z| < 1} from e to 1 and Ay ={g < |z| < 1} an annulus. Then

PU,ei"—>l{y C Aq}

is a function F of x and a = Inq. In this paper we show that F is C!2, find the initial/boundary
value problem to which this function is the solution, see Theorem 6.1, and show in Theorem 5.5
that asymptotically

Sm X

F(a,x)xexp(—?~ T—q

), O<x=m, (N

as g ' 1. Using this strong decay we obtain a stochastic representation for F'(a, x) as
) 1 —2¢% 4 g™ 3/4
r!:[] 1 —2g%" cosx + g*

1 & 2ne??
x E | exp /a E—X;m(l—cosnn) db}),0 <0 (8)
n=
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in Theorem 5.6. Here Y is a Legendre process on [0, 27 ] starting at x at time a < 0 and o is the
first time Y hits the boundary. We give an alternative expression in terms of Jacobi’s @ -function
and Weierstrass’s g-function.

In [28], Werner also studies the asymptotics of a non-intersection probability in annuli as
g /' 1, namely the probability, appropriately rescaled, that chordal SLEg,3 from “near 1” to 1 in
the unit disk stays in the annulus A, and goes the long way (around the hole); see [28, Lemma
18]. He finds that that probability decays like exp(—Syf2 /(4(1 — gq))). This result can be guessed
from (7) as follows. The probability that a chordal SLEg,3 from “near 1” to 1 goes around the
disk of radius ¢ centered at zero is, for g close to 1, approximately the same as the probability
that a chordal SLEg,3 from 1 to —1 goes around the disk of radius g via the upper half-plane, this
being followed by an independent SLEg,3 from —1 to 1, which goes around the disk of radius
q via the lower half-plane. Thus the probability Werner calculates should behave asymptotically
like the square of (7) for x = &, which indeed is the case.

Concerning the behavior of F(a, x) as g \ 0 a brief analysis of the initial/boundary value
problem leads to the conjecture

F(a,x) =1—cq¢*3sin’x/2, ¢\ 0, 9)

for some constant c; see Proposition 6.2. We give evidence for this conjecture based on an
analysis of the partial differential equation solved by F'(a, x) in the last section. That 1 — F decays
like ¢2/3 can actually be derived from the known Hausdorff dimension (i.e. 4/3) of SLEg /3

Our approach rests on the argument of Beffara alluded to above, see Lemma 4.1, and earlier
work by Dubédat [9], as well as [4,5], where the Loewner equation in multiply connected
domains is discussed and explicit expressions for the change of the conformal parameters under
Loewner evolution are given. Using Beffara’s argument, it is easy to see thatif D C A, is doubly
connected, e, 1 € D, then

!/ /

Py cioaly € D) = %[k/(e%h/an”, (10)
where & is defined in terms of the unique conformal equivalence from D to Ay which keeps 1
fixed, e’ is the image of e'* under this equivalence, and @’ = In¢’. Eq. (10) is the generalization
of (4) for SLEg3.

In [9], Dubédat discusses questions similar to those we discuss here, although he considers
SLEg and ‘locality’. Zhan [30] constructs SLE; in an annulus as the scaling limit of a loop-erased
random walk, by adapting the approach taken by Schramm from simply connected domains to
doubly connected domains. To do so, he exploits particular properties of the discrete walk. It is
also clear from our calculations that « = 2 is special in that some of the martingales mentioned
below have a particularly simple form in this case. However, we will not pursue this here.

Restriction in multiply connected domains has also been discussed in [29,10,18]. In particular,
these authors find restriction (local) martingales similar to ours. Due to the greater generality, the
expressions these authors find are less explicit and the asymptotics of these (local) martingales
are not discussed. In the case of connectivity two we find here the asymptotics of the restriction
martingale, leading to a stochastic functional representation of the intersection probability. We
also give a proof that F is smooth enough for applying It6’s lemma, an issue that, to our
knowledge, had not been addressed previously. The question of smoothness of the intersection
probabilities had been raised by John Cardy. While it had been expected that the intersection
probability would be given as the solution to a partial differential equation, we are the first to
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derive it for SLEg/3. A similar equation has been derived in [9] in the percolation case (k = 6),
but the smoothness necessary for applying It6’s formula in that context is not discussed. Finally,
the limiting behavior of the intersection probability as the annulus becomes thinner and thinner
is new, though it is clearly related to the estimate obtained in [28]. It fits with a recent calculation
of Cardy using Coulomb gas methods [8].

Going from ‘locality’ to ‘restriction’ in SLE-type calculations involves taking one more
derivative, which leads to expressions which are considerably more expansive. For this reason we
begin this paper by changing coordinates from the upper half-plane to a half-strip, where elliptic
functions — the indispensable tool of function theory in annuli — have their simplest expression.
In Section 3 we use elliptic functions to describe Loewner evolution in an annulus. In Section 4
we study the ‘conditional probability martingale’ derived from F and use it to show that F' has
enough smoothness for applying the Itd formula later in the paper. In Section 5 we obtain the
asymptotic behavior for F as g 7 1 and the stochastic representation mentioned above. Finally,
in Section 6 we apply It6’s formula to derive the partial differential equation for F.

2. Chordal SLE in a half-strip

Denote by B; a standard one-dimensional Brownian motion, k > 0 a constant, and set
W; = /k B;. For u in the upper half-plane H denote by g; () the solution to the chordal Loewner
equation at time ¢,

2
98 (u) = ) — W, gou) = u.
The solution exists up to a time 7, = sup{t : ming<; |gs(u) — Ws| > 0}, and if K; =
{u : T, <t}, then g; is the conformal map from H\ K, onto H with hydrodynamic normalization
at infinity, lim;_, o g;(z) — z = 0. The stochastic process of conformal maps g; is called chordal
Schramm-Loewner evolution in H from By to oo with parameter «; see [19]. The random
growing compact K; is generated by a curve t > y; with Y9 = By. If k < 4, then y is simple;
see [25]. We will sometimes write y for [0, 00).
The function

el +1

u = cot(z/2) = ieiz —

maps the half-strip HS = {z : 0 < R(z) < 2x, J(z) < 0} onto the upper half-plane. We will use
u to denote the map as well as the variable for the image domain. The sides

{iy : y < 0}, {2 +iy : y < 0} (1

of HS are mapped to the slit {iy : y > 1} C H and the real interval (0, 27) in the z-plane
corresponds to the real axis in the u-plane. Furthermore, the point co in the (extended) z-plane
corresponds to i € H and the point oo in (the closure of) H has the pre-images 0, 27 € HS. If
we identify the sides of (11), i.e. iy &~ 2w + iy, then u = cotz/2 is conformal from HS onto H.
In the following we will always assume this identification for points in the z-plane. The inverse
mapping is given by

1. wu+i

z=—-In -
1 u—1

, (12)
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and we recall the derivatives
/ 1 2 " 1 2
u'(z) = —5 csc(z/2), u'(z) = ECSC (z/2) cot(z/2).

We define chordal SLE, in HS from x € (0, 27) to O as the conformal image of SLE, in H from
cot x /2 to oo under the mapping (12). This definition is natural in the light of the characterization
of SLE as the unique family of measures on non-self-crossing curves which are conformally
invariant, satisfy a Markovian-type property and a certain symmetry condition.

Remark 2.1. It follows from the Riemann mapping theorem that there is a one-parameter family
of conformal maps from HS onto H which send 0 to co and x to cotx /2. Choosing a function
other than cotz/2 from this family would only result in a linear time change for the SLE
measures. As we will be interested not in when a particular event occurs but rather in if it
occurs this is of no concern. In fact, we will change the time parameter when it simplifies our
calculations.

If the process X is defined by X; = u—1(W,), then

dX, = —2/k sin®>(X;/2)dB; + 2k sin*(X,/2) cot(X,/2)dt. (13)

Under the random time change ¢t — s with ds = 4sin*(X,/2)dr, we get
dX, = —/k dB, + %cot(XS /2)ds. (14)

For this new time parameter, let gy = ulo gs o u. Then, for each z € HS,

058s(2) = Z1(85(2), Xs), 8(2) =z, (15)
with

Sz ) 2u’ (x)? sin’(z/2)
12, X) = = — .
u' (2)[u(z) — ux)] sin* (x/2)[cot(z/2) — cot(x/2)]
Note that the vector field =i (-, x) has a pole with residue 2 at x. = is the variation kernel of
the Riemann sphere expressed in the coordinate u; see [26]. The variation kernel is a reciprocal
differential (holomorphic vector field) in z — this explains the u’-term in the denominator — and a
quadratic differential in x—which explains the u’(x)?-term in the numerator.

Remark 2.2. The solution X; to the SDE (14) is a Bessel-like process on the interval (0, 27). At
the boundary points it behaves like the three-dimensional Bessel process; see [17]. In particular,
with probability 1, X never leaves (0, 27).

3. SLE viewed in an annulus

For a real number a < 0, cot(z/2) maps the rectangle
R, ={0<%R(z) <2m,a < J(z) <0}
onto H\C,, where C, denotes the disk

2
{u: c }, q =¢“.

1442 -
ST- g

i
1—gq2

u—
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This doubly connected domain is conformally equivalent to the annulus
Ag=1g <zl <1},

the image of R, under the map z > v = exp(—iz).

For t > 0, suppose that Ky = u(K;) C R,. Then v(Ky) C A, and the doubly
connected domain Aq\v(le s) is conformally equivalent to a unique annulus A, If a’ =1Inqg’,
then @ < a’ < 0. Furthermore, there is a unique conformal map 7, : Aq\v(IE's) — Ay with
fzs(l) = 1;see [1]. Set f; = vlo ﬁx ov. Then f; maps Ra\les onto R, fixing 0, 2.

To describe the time evolution of f; we need to use elliptic functions. Denote by ¢ the
Weierstrass ¢ -function with periods 2, 2ia, i.e.

n 1 o0 q2n )
() =¢(la) = —z+ ; cot(z/2) +2’;msmnz, (16)
where
1 X g
== -2 ; 17
) n<12 ;1_q2n) a7

see [12]. ¢ is regular in the entire z-plane except for poles with residue 1 at the lattice points
2nmw + 2mia, n,m € 7Z. ¢ is an odd function and ¢ (;r) = 5. For each x € (0, 27), a < 0, define
the vector field =5 (-, x) by

Z2(z,x) = E5(z, x]a) =2 [;(Z —Xx) — gz + C(x)] . (18)

¢, n, and =3 all depend on a. We will use a in the notation if any ambiguity as to the particular
value of that parameter could arise.

Proposition 3.1. The vector field =>(-, x) (i) is regular except for poles with residue 2 at the
points of the shifted lattice {2nmt + x + 2mia : n,m € 7}, (ii) is periodic with period 2m (i.e.
Z2(z, x) = Zp(z + 2w, x)), (iii) vanishes at z = 0, and (iv) has constant imaginary part +i, —i
on the lines {3(z) = a}, {I(z) = —a}, respectively.

Proof. Property (i) follows immediately from the properties of ¢, and (ii), (iii) follow by
inspection from (18). Next, if J(z) = 0, then

© 2n
I(E2(z +ia, x)) = I(cot((z +ia — x)/2)) + 42 q—zi‘s(sinn(z +ia — x))
n=1 1 —qg=
) —rd -0 =1 19
l—2qcos(z—x)+q2 Zq cosn(z — x) (19)

n=1

where the last equality follows from a well-known identity for Chebyshev polynomials; see [2].
Similarly, J(Z3(z —ia,x)) = —1if J(z) =0. O

For chordal SLE, in H from 0 to oo, and A < 0, set
Ty =inf{s : K; N Cy # 0}.
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If k < 4, then y is almost surely a simple curve and thus K, = y[0, ¢]. In particular, for x < 4,
T4 =ocifandonlyif yNCq = @. Ons < Ty, leta = a(s) be defined as the unique a such that

hy(gs(Ra\Ky)) = Ra.
Then a(0) = A and a(s) > a(t) if s > ¢ (for an integral expression for a(s) — a(t) see [16]). Set

X .
A* = sl/l’nTlA a(s).

Then A* < 0and A* = 0 if and only if T4 < oco. The last statement holds with probability 1 and

is a consequence of the fact that a.s. y; — 00 as s — 00. We now change the time parameter

from s to a and write Y4, X4, 84, and ha 4 fOr ¥s(a), Xsa)» 8s(a)> and hy(q). We include A in the

subscript of & to keep note of the fact that the definition of 4 depends on A (or rather R4). Then

v[A,a] =yI[0,s].

Theorem 3.2. For A < a < A* we have
dsa = Iy ,(Xa)

and

- - Wya@
0aha,a(z) = 22(haa(2), hau(Xa)la) — Z1(z, Xa)ﬁ-
o (Xa)
Proof. Set fa., = haqo 8q. Then fy 4 is the unique conformal map from R4\y[A, a] onto R,
with f4 ,(0) = 0. By [16],

8qu,u(Z) = EZ(fA,u(Z)v YA,a|a), (21)

where Y4 o = ha 4(X,). Note that Y4 , is the image of the tip of the slit y[A, a] under f4 4, i.e.
Yo =lim, ., fa q(z).Also,itis clear from the mapping properties of f4 , that the left-hand
side of (21) is zero at z = 0 and has constant imaginary part 1 if J(z) = A. Next, by the chain
rule

(20)

dahaa(@ = dafaa@' @)+ (fa.a) (@7 (2)3.8, " (2).
Since 9,8, ' (2) = —(8,1)(2)(3.84) (8 ' (2)), we get from (15)
s—1 =—1y/ = ds
dada () =~ ) D21z Xa) o=
Hence
d
dahaa(2) = 52(haa(2), haa(X)la) — 51(z, Xa>h;,a(z>£,

and

0
d5hs(2) = Z2(haa(2), hA,a(Xa)|a)a_j — Z1(z, X))l ,(2). (22)

To determine da/ds we note that the domains gs;(R4) change smoothly because =i(z, x) is
smooth away from x. The map h, can be written explicitly in terms of domain functionals,
namely the harmonic measures and their conjugates. By Hadamard’s formula for the variation
of domain functionals under smooth boundary perturbations, see [26], it follows that d;h(2)
extends continuously to the boundary. In particular, the residues of the two terms on the right
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in (22) have to cancel. The residue of the first term is 2(da/ds)/h’; ,(Xq4), the residue of the
second 2h’, +(Xa). The theorem now follows.  [J

We will now draw a number of conclusions from (20). To simplify notation, we will indicate
differentiation with respect to a by -, and suppress the subscripts @, A when convenient.

Corollary 3.3. On [A, A*) we have

oo o L LHXO)cot(X/2)
h(X) =2 ¢ (X)) = Zh(X)] =3 WoOr " 3OO (23)
and
d(h(X)) = —/kdB +2 [;(h(X)) - gh(X)] da
K —6 [h”(X) cot(X/Z)] w“ o
2 x0T TR

Proof. Taking the limit z — X, in (20) gives (23). The calculation is done by Taylor expansion.
By an appropriate version of 1t6’s lemma [24],

dh(X)) = fz(X) da + 1 (X)dX + 1/2h"(X) dXdX,
where dXdX is the differential of the quadratic variation. Also, by (14),

dB Kk cot(X/2)
dX, = — —
“ ﬁh/(X) 2 h(X)?
Now (24) follows from (23). O

da. (25)

Remark 3.4. A time change of the results (23) and (24) had previously been obtained in [9].
Denote by g = —¢’ the Weierstrass gp-function,

n2n

1_q2n

1 o0
9 2) =) = —£+chc2(z/z) _2; cosnz:

see [12]. Then it follows from (20) that

h"(2) . sin®(z/2) ese & X
h(X)? sin®(X/2) 2

W) = -2 [g.) (h(z) — h(X)) + ﬁ] W () —
T

W (z) sin®(z/2) [1  ,z—X cos(z/2) z—X
——— | = csc — = csc . (26)
B (x)? sin®(X/2) |2 2 sin(X/2) 2
In particular,
() = =2 (h0) + X | W), &)
so that
Iy (0) = exp (-2 / [p (h(Xp)) + ﬁ] db> . (28)
A T

Note that 5 in the integrand also depends on b, the explicit form of the dependence being
given in (17).
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Corollary 3.5. We have
3cot?(X/2)
3n(X) 2h'(X)
h//(X) N h//(x)z 4 h///(x)
n(X)2  2h(X)3 3h(X)?

r/ 277 /
WX = =—h' (X0 +

—3cot(X/2)

and, for real «,

di'co®) [ 2 3co2(X/2) k-6 " (X)
ah' (X) [3}:/(}()2 T T (x)? 5 cox/ Z)h’(X)3:| da
14 (@—Deh"(X)?  k—8/3 h"(X) 2n
+ [ 2 h(X)4 2 WX)? ?}
h//(X)
\/_h’(X)2 (29)

Proof. The first identity follows by taking the limit in (26), and then the second follows from
It6’s lemma, just as in the proof of Corollary 3.3. The calculation is tedious but straightforward
and is omitted. [

4. Conditional probabilities and restriction martingales

For a simply connected domain D and boundary points p, g, we define chordal SLE in D
from p to g by conformal invariance from chordal SLE in H from O to co. This is well defined
up to a linear time change. Denote by Pp , ., the law of chordal SLE in D from p to g, and
Ep,p-sq expectation with respect to Pp ;4. Then

Pys.x—ofy C Ralyl0,s]} = PH,CO[x—)OO{V NCa =9yl0, s}
= Ef,cotx—o0 [H{y[0, 51N Cq = B} 1{y[s, 00) N Ca = B}y [0, 5]]
=1{s < TA}EH,cotx%oo [l{gs(V[S, 00)) N gs(Cy) = ®}|V[O9 s]]
= 1{t < Ta) Pw, oo (¥ N 85(Ca) = B}, (30)

where W is a time changed Brownian motion starting at cotx. We note that the last equality
follows from basic properties of SLE. Now we need a result from [6].

Lemma 4.1 (Beffara). Let k = 8/3. If K and K’ are compact subsets of H such that H\K and
H\ K’ are conformally equivalent, then

5 8
Pit.yooly NK =0} = Pyt g(r)>ooly N K =0} [#'(x) & (00)]”
where @ is a conformal map from H\K onto H\K' with #(0) = o0 and &' (0) =
lim, o 1/ 9 (2).

Theorem 4.2. If F(A, x) denotes the probability that chordal SLEg3 in the half-strip HS from
X to O stays in the rectangle R, then

sin?(X4/2)
sin?(ha,q(Xa)/2)

is a martingale on [A, A™).

5/8
F(a, ha.a(Xa)) [ h/A,a(Xa)h’A,a(O):|
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Proof. It follows from (30) that Py w, . co{y N gs(Ca) = ¥} is a martingale on s < T4. Since
uohsou'(g(Ca)) = Cuy a=als),
it follows from Lemma 4.1 that

P w,—ooly Ngs(Ca) = B} = Py yon o1 (wy)—ool¥ N Ca = B}
X [(uohgou™ (W) (uohsou™") (c0)]/®
= Pys h,(x—0ly C Ra}
X [(uohgou™ (Wy)(uohsou™") (c0)/3.

Next,
(uohou " (w)=h () sin?(u " (w)/2)/sin*(h(u™" (w))/2).
If z = u~'(w), then w — oo implies z — 0. As lim,_,o A(z) = 0, we have

sin?z/2 i [sinz/Z z h(z) T:h,(o)_z_

m —————— = —_ .
~0sin®(h(z)/2) =0 z h(z) sin(h(z)/2)

Since F(A, x) = Phs x—o{y C Ra}, the theorem now follows. [

The martingale in this theorem is a functional of the Markov process X, and the non-Markov
process f14.4(X,). Under an appropriate change of measure 24 ,(X,) becomes a Markov process
Y. This change of measure also introduces a drift to the process in Theorem 4.2, and we have to
multiply by a factor given by Girsanov’s formula to obtain a martingale under this new measure.
The new martingale turns out to be a function of Y times an exponential functional of Y. Our
reason for changing measure is that we are able to obtain the asymptotics of this new martingale
in Theorem 5.6, while it was not clear to us how to carry out this step for the original martingale
in Theorem 4.2.

To change h4 4(X,) into a Markov process we will first remove the two drift terms in its
Itd decomposition; see (24). We carry this out in two steps to better see how the constituent
parts fit together. Finally, we perform a third change of measure, which transforms Y from a
multiple of a linear Brownian motion to a Bessel-type process on the interval [0, 2], a zero-
dimensional Legendre process. This last step is natural since it takes the geometry of our set-up
(i.e. the circle) into account, and, more importantly, leads to a multiplicative stochastic functional
in the martingale replacing the martingale from Theorem 4.2, whose exponent is an integral with
non-singular integrand.

Proposition 4.3. If « = 8/3, A < 0, and

5/8

i 2 a

X./2 2

Mg = |y gy e KD )eXp<f —”db) . Aza<ar,
’ sin“(X4/2) AT

then M is a martingale with Mg 4 = 1 and

W g M [cot(X/z) n(X) ]

W(X) | R(X)?
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Proof. We have
d[n'(x)sin®(x/2)]"
o [1(X)sin(X/2)]"

B ﬁ[cot(X/z) h”(X)}

W(X) | h(X)?

2n 1+ (@— Dk h'(X)?
— g dat 2 CWx)*
N 3 B [ 1 B h///(X) i| q
(5 "> (X2 2x)E |
k(1 +2a) — 6 [cot?(X/2) h"(X)
N 776 e 7o O

If « = 8/3 and o = 5/8 then all drift terms except for the first vanish. Since M is also bounded
for a < 0 the proposition follows. [

Remark 44. If « > 0 is arbitrary and ¢« = (6 — «)/2k, then the drift term of
d[n'(X)sin*(X/2)]" o [0 (X) sin®(X/2)]" reduces to

—2n/m da + (k — 8/3)[Sh(X) — 1/21/2h (X)* da,
where Sh = h"" /W' — (3/2)(h" / h')? is the Schwarzian derivative of .

Denote by P the law of the underlying Brownian motion B, and denote by F, the associated
filtration after the time change ¢+ — a. Define the probability measure Q by

do

= MA,a-
dP |z,

Corollary 4.5. Under the measure Q,

’ 5/8
Py.a(0) ¢ 2n
F(a,ha (X, _ — — db
(@l ))[sin2<hA,a(xu)/2> exP( /A n )}

is a martingale and Y , = ha 4(X,) satisfies
dY = —/8/3dB +2 [;(Y) _ EY] da.
b

Proof. The two statements follow from Girsanov’s theorem, [24], in conjunction with
Theorem 4.2, Proposition 4.3, and (24). U

Let 0(x|a) = v (x/2m), where ¥ is Jacobi’s theta function

o0
O(xla) = D1 (x/2m) = —i Y e/ Dtalil/2 in

n=—0oo

Then

16’( | )——8—29( |a) (32
da Y= dx2 i

and
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0 n 92 n
—Infxla) =¢(x) — —x, — Indxla) = —px) — —;
ax i dx2 i

see [12].

1177

(33)

We note that if A* < 0, then A* is the first time that Y, starting at Y4 at time A < 0, hits

{0,27}. If A* = 0, then Y does not hit {0, 27}.

Proposition 4.6. If « = 8/3, A < 0, and

YA,a YA,A —3/4 / 1/8 %
Naa=|% oy U1 S Ry (0)7°,  A<a< A%,

then, under Q, N is a martingale with Ngo o = 1 and

dN = 2 8/3N [;(Y) _ gy] dB.

Proof. Denoting differentiation with respect to the spatial variable by a’ and using (32), we have

"

d[91(Y/2m)P]

0’ K 0 K 0\?
ST = — Vi dB + [(5 - 1) =+ (2 +36- 1)) (5) } da.

The term in brackets can be rewritten as

2 0
Thus for « = 8/3, B = —3/4,

<1 n ﬂ—K> O dat [(1 - ﬂ)g - 2] (In6)” da.

d [ﬂl(Y/271)’3/4] = %\/8/3191(Y/2n)*3/4% dB — %m(Y/zn)*/“an 6)" da.

The proposition now follows from (33) and (28). [

Define the probability measure R fora < A* by

dR

— = Nyg.
dQ £ A,a

Proposition 4.7. If Y4 o = ha o(X,), then under the measure R,
0 (Ya,a/2m)3/4 < f” [ 9n
Fa,Ygo—=7———exp| — (Yap)+-—|db
T S W N ™

is a martingale for a < A* and Y, , satisfies

dy = —/8/3dB.
Proof. This is again a consequence of Girsanov’s theorem. [J

Finally, let

P sin™'/2(Y 4 4/2)
AT ST 2 (Vs 4/2)

exp [—1/4 fa esc?(Yap/2) db} )
A

(34)

(35)
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It is an easy calculation that — under the measure R — N A.a 18 @ martingale on a < A*. If we
define the measure R by dR/dR|F, = N4 4, then we have the following

Proposition 4.8. Under the measure R the process Y4 4 satisfies
dY = —/8/3dB —2/3cotY/2da,

and

Maa = F(a,Yp,q) exp |:—/ <80(YA,1;) - %CSCZ(YA,b/2)> db]
A

3/4
5 l°_°[ 1 —20% + Q% 1—2¢% cosVaa+g* | 36)
S 1=20%cosYa 4+ Q% 1 —2g%" + g%

is a martingale for a < A* with Ma o = F(A, Y4 4).
Proof. It follows from the infinite product representation of ¢, see [12], that

01 (y/2m) 14T 2 2 4

—_— = 1—g7)(1 —2g7" ™. 37

sty [T =a* =24 cosy+q*") (37)

n=1

Also,

o] a 2n62n 1 _ Q2n
exp / —-db | = —

n=1

and
1 —2¢*" cosx + g*"
1—-20%cosy + Q%
B 1 —20% + Q™ -1—2q2”cosx+q4"<1—q2”>
T 1= 2021 cos y + Q4n 1— 26]2" + q4n 1 — Qo

Now Girsanov’s theorem, Proposition 4.7, and the explicit expression for g show that M is a
martingale. [

2

Corollary 4.9. Forany A <a <0, x € [0, 27],

00 _ 2n 4n 3/4
F(A,x):(l_[ 1-20%+Q )

i 1= 202 cos x + Q4

3/4
X1 =2 cos Yy 4 + Q¥
XE F(a, YA‘G) (1_[ 1 _ 2Q2" + Q4n

n=1

X exp (— /a (@(Y) — lcsc2 Y/Z) db) (38)
A 4

(where Yo o = x), and F(a, x) is Ccl2as a function of a and x.
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Proof. First, (38) is a consequence of (36) and the optional sampling theorem. Next, x +>
F(a, x) is continuous because the chordal Loewner equation is continuous as a map from the
space of continuous paths with the topology of uniform convergence on compacts (the input) to
the space of conformal maps with the Caratheodory metric (as output). See [3] for a discussion.
It then follows from the Feynman—Kac formula that the right-hand side of Eq. (38) is C12;
see [15]. O

5. Asymptotic behavior of the non-intersection probability

The stochastic representation of the non-intersection probability
(a,x) € [-00,0] x [0,27] = F(a,x) = Pyix_ (¥ C Ay)

we obtain in this section rests on the asymptotics of F(a,x) as a /' 0. In particular, this
probability decays fast enough to control the limiting behavior of the martingale M from
Proposition 4.8.

For each g € [0, 1) there exists a unique L = L(g) € [0, 1) such that A; and U\[—-L, L] are
conformally equivalent. As g increases to 1, L increases to 1 as well. Denote by f the conformal
equivalence, normalized by (1) = 1. For x € (0, ], let z; = €™/, z5 = ¢ /2. By symmetry,
if w12 = f(z1,2), then wy = wy.

In what follows we will mean by h(a) < g(a) asa ' 0 that

lim log h(a)/ 1 =1.
al/r,% ogh(a)/log g(a)

Lemma 5.1. For x € (0, ], we have

T[z T
I—Lxe%, and |f'(z)l<I1— f(z)]=<edd™™
asa /0.
Proof. From [23, Chap. VI, Sec. 3],

2iK Z 4
f@=Lsn|—1log—+K;q" ),
7 q

where sn(z) is the analytic function for which sn’(0) = 1 and which maps the rectangle
{z: —K <Rz < K,0 < 3z < iK'} onto the upper half-plane in such a way that sn(£K) = +1
and sn(£K +iK’) = +k~!. Furthermore, q4 =exp(—nK’'/K),and L = Vk. It is classical that
s’(z) = [(1 — sn2(2))(1 — k%sn2(z))]*/2. Thus

f'@ = QiK/m)(L? = f2 @) = L 2@, (39)
Define 4, T by q4 =h =¢e"" and setv = nllog Zq—‘ + % Then it follows from [12, II, 3.], and
using that text’s notation, that

[ — 92(0|f)7 _ 91(v|f).

63(0[7) Bo(vl7)

Using linear transformations of theta functions we may write

f@

oo % (01— 1) g B0 O (21—
6:017) 4, <o| — %) fowlt) g, (%| ~
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Hence, if i’ = exp(—im/t), and using the series representation of 8y and 03, we get

1423 (1"
L= =l =1—41' + 0(()),
142 ()"

n=1

which is the first statement of the lemma. For the second, we use the infinite product
representation of 61 and 6>, giving

v 1

'91 (?| — ?) B ezinv/f 1> (1— (h/)2n62inv/r)(1 _ (h/)2n6—2inv/r)
P (41-1) =l (14 (h)2re2me/r) (1 4 () 2re=2ime/T)|

T

T n=1

Since exp(2izrv/t) = iexp(—(mw/4a)(wr — x)), the infinite product is 1 + O(exp(nz/(4a))), and

eZinv/r -1

oy = | AE T 0@,
€

asa /' 0. Using Eq. (39), the lemma now follows. [

The identities for #-functions that we used can be found in any standard text on that topic,
with different authors using slightly different notation. An alternative to the Reference [12] is
Sections 3.1 and 3.9 in [14]. Note that ¥4 in the latter reference is 6 in the former.

Recall that z; = /2, wy = f(z1), and set u = i(1 + w1)/(1 — wy). The following result is
derived from Lemma 4.1. For the sake of completeness we will sketch the proof.

Lemma 5.2. The probability Py iz, (y C Ag) is equal to
) 1+L} _@) £l —zp [
1+L1-L]| 1— f(z1)

Proof. Denote by B a simple curve connecting the inner and outer boundaries of Ay, so that B
is bounded away from z; and z>. Denote by ¢ a conformal map from A,\B onto U such that
¢ (z1,2) = z1,2, and by ¥ a conformal map from f(A,\B) onto U such that ¥ (w12) = wi .
Then, by conformal restriction,

PU—0 (¥ C AG\B) = 19 (z1)¢' (22) "/,
PU.wy (¥ C F(AG\B)) = [/ (w) ¥ (w2) /8. (40)

SinceT =¢o fo Wfl maps U onto U and sends wj > to z1 2, there is a pair wo, zo € dU such
that T is the linear transformation given by

PIHLu—)—u (V Ni |:

T(w)—w wo—w2 z—21 20—22

T(w)—wy wo—w; 2—22 20—21
A calculation gives

_ 2
T/ (w) T (wy) = (M) ,

wy; — w2
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which together with | f'(z1)| = | f/(z2)| implies

PU,Z1—>Z2(V - Aq\B) = P[U,un—)wz(y - f(Aq\B))

/ . 5/4
f (211)(11 22) @1

w] — w2

By an inclusion/exclusion argument, Eq. (41) also holds if A,\ B is replaced by A,. Finally, by
conformal invariance,

AN — A1 1-L 1+L _ O
Py w,—uw, (¥ C f( q))_PH*“_’_“(V 1|:l—{—L’1—L:|_ )

Note that because x € (0, w] we have arg z1, argw; € (0, /2] and so u < —1. We will use
the following lower and upper bounds:

1—-L 1+ L7
Py — Ni|f——,—— =0
H,u u(y 1|:1+L 1— L >

1+ L 1—L
ZPH,M—)—M()/ﬂi(O]-’_—L =0 +PH,u—>—u(Vmi|: ,OO>=®>

14+ L7

= u—>—u Ni0, — | =
fa (y 1( =z~

and

1+L 1-L

1+ L7 1+L
SPH,u%u<Vﬂi<01L =0 +PH’1_)_1<)/ﬂi|:1+L,OO>:VJ>

Ni(0 1-L @B,y Ni 1+L ? 43
+PH,M—>—M<)/ 1(,1+—L)5ﬁ , Y 1<1_L,oo>;é > (43)

Forc e R,d > 0, set
el
Ve +d?

Then g. 4 maps H\i(0, d] conformally onto H such that g, 4(£c) = %c. Furthermore,

)
)
Pé s (y ni [“_L L+L)_ @)
)

8e.d(2) = 72+ d2.

C4

|g£‘,d(c)g£‘,d(_c)| ( 2 d2)2’

and so by conformal restriction
Py o(y Ni(0,d] = 0) = [/(? +d*)P*. (44)
Corollary 5.3. We have

. 1+ L . 1+ L Smx
PH,u—)—u <y01(0,ﬁ1|=@)+P ’é_)_é <y01(0,ﬁ1|=@)xe8a

asa /0.
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Proof. By (44),

(1LY N (u = L)\ @( =L\~
e (r0i(0 g =0) - () ()

and from Lemma 5.1

u(l—L)\>"? Lo (=D 2 75/4v s
<1+L> +<1+L> e

Similarly,

. 1+L Su2 Smq
Pajont (r0i (0. 77 =0) =e¥ b,

so that this term is negligible compared to the first if 0 < x < m, and of the same order if
x=m. O
+ L 2
, 00 B =e" /e,
“i)#)
Proof. First,

Py (yﬂi(O, Ll——i) #ﬂ,yﬁi(%,oo) #ﬂ)
= P uss—u <yﬂi<0,1_—L>7&ﬂ)+PH1 | (ym(o,l_—L>¢@)
: 1+L N 1+L
—PHM_)_u<yﬂi<<0,1_L)U<1+L,oo>>;é@). (45)
: 1+L 1—L

The last probability on the right equals

PU,wlﬁwz(V N((=1,=LIUI[L, 1)) # ).
To calculate this probability, note that
14+ w? — /(1 +w)? — 4p2w?
2pw

maps U\((—1, =LJU[L, 1)) onto U if 2p = (L + 1/L); see [13, Chapter 3]. Here, the square
root is chosen so that g; (i) = i. Setting w = e'?, this can be written as

1 1
—cosg +i 1——2c052(p, if o € (0, 7/2];
p Voor
sL(w) =" 1 (46)
—cosg —i |l ——cosg, ifge[-n/2,0).
p p

Then

Lemma 5.4. We have

Py yNi(0 —1 #* @ y Ni !
——U 1 ’ ’ 1
Su l [ 1

asa /0.

gr(w) =

)
_ sin” ¢
(g (@) = ———
8Lw)gL( p?—1+sin’¢



R.O. Bauer / Stochastic Processes and their Applications 117 (2007) 1165-1188

1183

Denote by T a (fractional) linear transformation from U onto U sending g7 (wi2) onto wi 2.

Then, as in the proof of Lemma 5.2,
T' (gL (wi))T (gL (w2)) =

where now ¢ = arg wi. Thus, by conformal restriction,

5/4
psin g /
Pyw»uw, (¥ N (=1, =LIVI[L, D) # D) =1 = | ————5— . 47
ps—1+sin“¢
Finally, from the definition of # and ¢ in terms of wi, it follows that u = —cot(¢/2) and so
4/sin”* ¢ = (u 4 1/u)?. A calculation now gives
2 s 2 2
— 1+ sin 1-L 1
P () ()
psin~ @ 1+ L u
(1—L)* 1-L\*(, 1
2 — 1. 48
sy P arn) e “%)
On the other hand, (44) implies
-5/4
P nifo,=L) 2 14 AR (49)
- i —_— ) =
Houm—u\ Y 1+ 1+L) 2
and
—5/4
P nifo, =5 zo) =1 - (14 ETANAN (50)
Hl_1 Y01 T¥L #0 )= =) .
Combining (49), (50), (47) and (45), we get
. 14+ L
PR ys —u <Vﬂ1<0 —) *W0,y <m,00> 75@)
—5/4 —5/4
1—(1+ A /+1 1+ LA /
=1- — — u
1+L) u? 1+ L
—5/4
2 _ 1 s 02
i (w | 1)
psin‘ ¢
Using (48), straightforward expansion of the right-hand side of (51) shows it to be equal to
5
D -0+ 1-LY’+(1-L)*ow*(1-1)»). O
256( )+ 28( )"+ ( )"0 ( )9)
From the upper and lower bounds (43) and (42), Corollary 5.3 and Lemma 5.4 we get
Theorem 5.5. For every x € (0, ] we have
5
F(a, x) < exp <ﬂ> (52)
8a
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asa /0.

We now combine the previous result and Proposition 4.8 to obtain a stochastic representation
of F(A, x).

Theorem 5.6. Under the measure R we have

sup | My 4| < o0.
a<A*

Furthermore, if A* =0, then lim, 74+ M 4 = 0, while if A* < 0and Q* = e then

3/4
i M 00 1_2Q2n+Q4n /
1m = | |
a/ A* Aa = ol 1—2Q2"COSYA,A+Q4n

A*
X exp [—/ (K,;(YA,I,) - j—tcscz(YA,b/Z)) db] } (53)
A

Finally, if x = Y4 4, then

00 1_2Q2n+Q4n 3/4
P = |:l_[ 1 —20%cosx + Q4”:|

n=1

- A*
x ER |:exp [—f (p(YA,,,) — %cscz(YA,b/z)> db:| LAY < 0] ) (54)
A

Proof. That M is a bounded martingale follows from the limiting behavior as a ,/ A*, which
we now establish. If A* < 0, then Y4 4+ = 0 and (53) follows directly from (36). On the other
hand, if A* = 0, then Y4 4+ # 0 a.s. and it follows from Theorem 5.5 that F(a, Y4 4) decays
like exp(—cx /(1 — g)) withc = 57 /8, and x = min{¥4 4, 2w — Y4 _a}. We will now show that

3/4
X 1 — 2% cosx + g™ 1 72 3 : -
< —— | =— — =[Lip(e"™) + Lip(e™ ., (55
|:r£[1 1 —2¢% + g™ _eXp[l—CJ(8 gl Lt )])} &

where Liy denotes the dilogarithm. Set x,, = 1 — qZ", n>0.Then x, — x,—1 = (1 — x,)(1 —
g%)/q*, and by simple integral comparison,

s 2 & Inx
> —g?) = 5 3 = Gy = )
n=1 —4d n=1 —n
g2 /1 Inx dr — 1 n2q?
1—g2 )y 1—=x ~ 1—q 6(1+¢q)
Thus
1 2
——Zln(l Py < ——. % (56)

Similarly, if we set y, = —¢?*,n > 0, then y, — y,—1 = —y,(1 — ¢?)/q? forn > 1, and so
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= 7>
In(1+2
E In(1 — 2¢*" cosx + ¢*") = . E : n(1 + 2y, cosx + y2)

1 n = Yn—1)
n=1 q Yn
q? / In(1 — 2y cosx + y?) d
T 1-q%) y
_ T ia(alX) Y . (a—ix
— 1—q2< Lis(e™) — Lis(e )). (57)

Now, (56) and (57) imply (55). It is elementary that
Smx > % = 3[Lig(e!*) + Lia(e )]
for x € [0, 7], with equality holding for x = 0. Thus M is a bounded martingale and (54)

follows from the optional sampling theorem. [

Remark 5.7. Under R, Y is a Legendre process whose boundary behavior is that of a zero-
dimensional Bessel process, i.e. 0 and 27 are absorbing; see [24]. It can also be interpreted as
the driving function of a radial SLE(x, p). By (37),

00 1— 2Q2n + Q4n
1—[1 1 —20?%" cosx + Q%

is the quotient of y + ¥1(y/2m)/ sin(y/2) evaluated at y = 0 and at y = x. Also,

A*
exXp |:_/ (6/) (Ya,0) — lCSC2(YA,a/2)> dai|
A 4

%\ 1/12 A* 2n
— (%) exp |:—/A lziqqzn (1 —cosnYs.q) da:| ) (58)

Remark 5.8. Obviously, F(a, x) = EP[1, A* < 0], where P is the original SLE measure under
which Y = h(X) is the non-Markov process satisfying Eq. (24). Thus the price we incur for
switching to a Markov process representation is an exponential functional. We note that this
exponential functional can be given an interpretation using the Brownian loop soup.

6. The partial differential equation

It follows from Corollary 4.9 that F(a, x) is smooth enough in (a, x) for applying It6’s
formula, and we have

Theorem 6.1. If G(a, x) = F(a, x)0(x/27)3*sin=>/*(x /2), then
4 9
—0,6=-G"—(pw+2)a. (59)
3 4

Furthermore, F (a, x) is the unique solution to the evolution equation

0uF = 2" 1 |20y — e — 2ot X | P
— = - X) — —x — = cot —
“ 3 ¢ T 372

1 o3
+ [—5 esc? X2 (cot— [;(x) . —x] +p@+ 2+ > )] F, (60)
b4 12



1186 R.O. Bauer / Stochastic Processes and their Applications 117 (2007) 1165-1188

for (a, x) € (—o0,0) x (0, 27), and with initial condition

lim F(a,x)=1,
a\(—oo

and boundary condition
F(a,0) = F(a,2m)=1.
Finally, the solution F is symmetric, F(a, x) = F(a,2m — x).

Proof. The partial differential equation for G is a consequence of Theorem 4.7 and 1t6’s lemma.
The equation for F follows from the equation for G. Finally, that F(a,0) = 1 is clear and it
is also known, for example by considering the Hausdorff dimension of the SLEg/3 curve, that
limg o F(a,x)=1. O

We now briefly discuss the case g N\ 0. As we could not find stronger convergence results for
PDEs such as (60) in the literature we can only establish the rate in a weak sense; see Remark 6.4.
Using the formulas for ¢, 1, and g, we can write (60) as

4 2 Z‘” " :
_8aF = §F + |:—§ c0t(x/2) +4n=1 m Slnl’lx} F
58, ¢ .
+ 5 ,;22 g% [n(1 4+ cosnx) — cot(x/2)sinnx] - F. (61)

In particular, the coefficient of the zeroth-order term is non-singular in x and vanishes for
x = 0. We note also that the summation in the zeroth-order term begins with n = 2 because
(1 4+ cosx)/sinx = cotx/2.

To guess the behavior of F as g N\ 0 we consider the PDE obtained by setting g = 0 in (61),

—3,H = 4/3H" —2/3cotx/2H’. (62)

Then (61) is a perturbation of (62) if g is small. If we replace H by 1 — H, then 1 — H satisfies
the same equation. We consider the mixed initial-boundary value problem for (62) where

lim H(a,x)=0, forx e (0,27r), and H(a,0) =0, forae (—o00,0). (63)

a——0o0

The solution should describe the asymptotic behavior of Py cotx—ooly N Cy # ¥} asa — —oo.

Proposition 6.2. The solutions to the mixed initial-boundary value problem (62) and (63) are
given by

H(a,x) = cq2/3 sin’ x/2,
for an arbitrary positive constant c.

Proof. This follows easily from separation of variables. [

Remark 6.3. The exponent 2/3 is as expected. It is a special case of the “first-moment estimate”
given in [7], where it is shown that the Hausdorff dimension of SLEg,3 is 4/3.

It is clear from the form of the Eq. (62) and the initial-boundary value conditions that
multiplication of a solution by a constant gives another solution. For the full Eq. (61) this is
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not the case. The corresponding equation for 1 — F has the same initial and boundary value
conditions as (63) but the equation is no longer homogeneous.

Remark 6.4. The Galerkin approximation, see [11], for (61) (or rather for the inhomogeneous
equation satisfied by 1 — F), using the orthonormal system (1/./7)sin((2k — 1)x/2), k =
1,2, ..., gives as first approximation to 1 — F'

00
ﬂ_1/2q2/3(1 _ q2)1/2 1_[(1 _ an)5/4 sin(x/Z).
n=2

It is a weak solution of the equation for 1 — F when testing against the one-dimensional space
spanned by wy. For larger subspaces, the systems of ODEs that the Galerkin approximation give
rise to did not appear tractable to us.
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