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Chapter 1

Conformal mappings

1.1 Various preliminaries

We assume that the reader knows the definition of a one-dimensional Brownian motion. We also
assume some familiarity with complex analysis although we will develop most of the facts that we
need. Those very familiar with complex analysis can go quickly through some sections although it
is recommended to read them to see how the results tie in with Brownian motion.

1.1.1 Notation

We write

e D={zeC:|z| <1} is the open unit disk and H = {z + iy € C : y > 0} is the upper half
plane.

e More generally, D, = e™" D is the disk of radius e™" about the origin and D,(z) = z + D, is
the disk of radius e™" about z.

o O, =0D,,Cr(z) = 0D, (2).
e A, =D\D, ={e" < |z| <1} is the annulus with boundary Co U C,.

e We write C = C U {oo} for the Riemann sphere.

The potential theory of complex Brownian motion makes heavy use of the logarithm function.
This affects our choice of notation. There are many times that we will want to write the
logarithm of a radius, and by parametrizing our radii exponentially it will make our formulas
nicer.

Definition A (standard) complex Brownian motion is a process of the form B, = B} + i B?
where B}, B? are independent one-dimensional Brownian motions. Equivalently, B; is a standard
Brownian motion in R? viewed as taking values in C.
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When we say complex Brownian motion, we will always mean standard complex Brownian
motion. If the context is clear we will say just Brownian motion. If D C C is an open set, then we
define

p = inf{t > 0: By ¢ D},

Tp =inf{t >0: B; & D}.
Note that Tp =7p > 0if By € D and 7p =0 if By € C\ D. If By € 9D.

Definition We call a boundary point z € D regularif P*{7p = 0} = 1, that is, if Brownian motion
starting at z immediately hits the boundary.

Here P means the probability assuming that By = w. Note that isolated points of 0D are not
regular points. The next lemma shows that Brownian motion starting near a regular point exits
the domain quickly with high probability.

Lemma 1.1.1. Suppose D is an open subset of C.

e Suppose z is a reqular boundary point of D. Then for every € > 0, there exists § > 0 such
that if |lw — z| < 9§, then
P*{diam(BI[0,7p]) > €} <e.

e If z is an irregular boundary point of 0D, then P*{7Tp > 0} = 1.

Proof. Without loss of generality, assume that z = 0 and let £ = inf{t > 0: |B;| = e *}.
Suppose 0 is a regular point. Since P{7p = 0} = 1, we know that P{B(0,{] € D} = 0.
Therefore, there exists u such that

P{B[guygs] - D} <e’.

We can find 6 > 0 such that the distribution of B(,) given that | By| = 0 agrees with that assuming
By =0 up to an error of e~* (see comment below). Therefore, for |w| < 4,

Pw{B[guafs] C D} < 26787

and hence
P*¥{diam[0,7p] > 2¢°} < 2e™°.

Suppose 0 is an irregular point. Then there exists r with
P{B(0,&] c D} =p > 0.

For ease we will assume that » = 0 (other 7 can be handled by scaling, see Exercise 1). For every
€ > 0 we can find s > 0 such that

P{Bl[&s, &) C D} < p+e.

As before, we can find u such that if |z| < e ",

P*{B[&,&] C D} < p+ 2e.
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Therefore,
p = P{B(0,&] c D}

P{B(0,&u] € D}P{B(0,%] C D | B(0,&] € D}
P{B(0,&u] € D} (p + 2e),

IA

which implies that
P

P(B0.6J c D} > Lo

Hence,
P{7p > 0} = lim P{B(0,¢,) C D} = 1.
U— 00

The astute reader will note that we “cheated” a little by not justifying why the hitting probability
of ), starting at w is almost the same as that starting at 0. We could give a proof of this here,
but it follows easily from the exact form of the Poisson kernel in the disk which we do below,
so we chose not to.

We will call an open set D regular if P*{rp < oo} =1 for every z € D.

Exercise 1. Suppose B; is a complex Brownian motion starting at the origin. Let 0 € R,a > 0
and

Y, =e? B, Z,=a"'B,,.
Then Yi, Zy are (standard) complex Brownian motions.
Definition
e A domain is a connected open subset of C.
e A domain is simply connected if C \ D is connected.

e If D is an unbounded domain with D compact, we will also consider D U {o0} as a domain
in C.

e Let D denote the set of all domains D C C such that every z € 9D is regular.

e Let D* denote the set of all domains D C C such that there exists z € 9D that is regular.

Clearly D C D*. Giving the exact criterion to be in D is difficult. However, we will now derive
a sufficient condition that will suffice for our purposes. We will use the following lemma that makes
strong use of the planarity of C.

Lemma 1.1.2. There exists 8 > 0,c < 0o such that if By is a complex Brownian motion starting
at z € D and T = mp = inf{t : |Bs| = 1}, then the probability that the origin lies in the unbounded
component of C\ B[0,7] is no more than c|z|P.
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It follows that if D is a domain, 0 ¢ D, and the connected component of C \ D containing 0
also contains at least one point on 9D, then

P* {B[0,7p] ¢ D} < c¢|z|°.

Proof. Let p(z) be the probability that 0 lies in the unbounded component given By = z, and
note that p(z) = p(|z|). Let ¢ be the probability that a Brownian motion starting on C1, the
circle of radius e~ about the origin, disconnects C; from Cj before time 7. By constructing a
particular event, it is easy to see that ¢ > 0 and is independent of the angle of the starting point.
Using the strong Markov property and the scaling property of Brownian motion we can see that for
r>1,ple”) < (1 —q)p(e”"1). Hence for integer n > 0, p(e™™) < e” %8119 and more generally
ple ™) < pe~lv) < e~ log(1—q) cu log(l—q) 0

The optimal value of § is called the disconnection exponent and is known to be 1/4. This is
significantly harder to show and we will not need it.

Corollary 1.1.3. Suppose D C C is a domain such that all the connected components of C\ D are
larger than one point. Then D € D. In particular, oll simply connected D C C are in D.

The proof of Lemma 1.1.2 establishes the following stronger fact.

Definition If z € C, K C C, we define
radg (z) = sup{|lw — z| : w € K}, radg = radg(0),
diam(K) = sup{|jw — z| : w,z € K}.
Note that if z € K, then radg(z) < diam(K) < 2radg(z).

Proposition 1.1.4. Suppose D is a domain and w,w’ are in the same component of C\ D. Then,
for all z,
|z —w| \?

where ¢, B are as in Lemma 1.1.2.

Proposition 1.1.5. Suppose D is a domain and z is an irreqular boundary point of OD. Let h be
a strictly positive harmonic function on D. Then there exists a sequence z, € D with z, — z with
liminf, o h(zy) > 0.

Proof. Since z is irregular, we can find a compact V' C D and § > 0. such that P*{rc\y <
Tp} > 6 > 0. This implies that there exists 2, — 2 with P*{r¢c\;y < 7p} > d} and hence
h(zp) > 0 min{h(w) : w € V}.

O

Proposition 1.1.6. If D is a domain and z € D, then with probability one, B(1p) is a regular
point of OD.
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Proof. Let V be a subset of D and let E be the event {B(7p) € V'}. Let M; be the martingale
M, = P[E | Fips]. For t < 7p, My = h(B;) where h is the positive harmonic function h(w) =
PY{B., € V}. Assume that V is such that 0 < h < 1 on D. Note that M; = 1g and the
martingale convergence theorem implies that M, = M, with probability one. In particular, with
probability one, if ( := B(7p) ¢ V, then there exists v : [0,1) — D with y(1—) = ¢ such that

lin h(~(t)) = 0.

Since h is a bounded function, one can see using Lemma 1.1.2 that this last condition implies: if
zp, — (, then h(z,) — 0. This is impossible if ¢ is an irregular point by the previous proposition.
O

1.2 Brownian motion and harmonic functions

1.2.1 Harmonic functions

We will consider only functions on R?, or equivalently, C although much of we state here applies
(with appropriate modifications) to functions on RY. Recall that the Laplacian of a C? function is
defined by

Af(2) = 0w f(2) + Oyy f(2).

Definition If D is a domain, then a measurable function ¢ : D — R, is harmonic (in D) if it is
locally bounded and satisfies the mean-value property. In other words, if z € D and dist(z,0D) > e,

then
27

1 .
0(2) = MV (9,2,€) i= o~ | ¥l + ) db. (1.1)
0
The next lemma shows that harmonic functions are smooth.

Lemma 1.2.1. If ¢ is a harmonic function on a domain, then ¢ is a C™ function.

Proof. 1t suffices to show that ¢ is C* in a neighborhood of every point and without loss of
generality we will assume that 0 € D and we will differentiate in a neighborhood of 0. By shrinking
D if necessary, we may assume that

/ |p(2)| dA(2) < oc.
D

Let € < dist(0,0D)/2, and let ¢ denote a radially symmetric, nonnegative, C*° function on C that
vanishes on {|w| > €} and satisfies

/¢(w) dA(w) = 1.
C
Since ¢ satisfies the mean value property, we can use polar coordinates to see that that for |z| < e.

6(z) = /C o(w) ¥(w — 2) dA(w).

Since ¢ is L' and 1 is C* with compact support, the right-hand side is infinitely differentiable. [
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Proposition 1.2.2. A function ¢ is harmonic on D if and only if it is C? and satisfies Ap(z) = 0
for every z € D. Moreover, if D' C D is a subdomain bounded by a finite disjoint union of C*
curves in D, then

/'@wmwwm (1.2)
oD’
where n denotes the unit inward normal.

Proof. We first claim that if ¢ is C? then at each z,

1 1 MV(¢7Z7€) _¢(z)
1 Ap(z) = 12&)1 2 .

(1.3)
Without loss of generality we may assume that z = 0 and ¢(z) = 0 in which case we can write

1
¢(2) = by x + byy + 5 (b2 22+ byy y2 + 2byy xy] + 0(62).

Here by, by, bys, byy, by are the first and second partial derivatives evaluated at 0. Here we use
complex notation z = x + iy. Since

MV(22,0,€) + MV (52,0,¢) = MV(2? +42,0,6) = &,
we see that MV (z2,0,¢) = MV (y?;0,¢) = €2/2, and

MV ($,0,¢) = A‘Z(O).

This gives (1.3) and it follows immediately that A¢ = 0 for harmonic functions.
If ¢ is C? and satisfies A¢ = 0, then the divergence theorem shows that

/ Dnd(2) |dz] = — / Ad(w) dA(w) = 0.
oD’ D’

Applying this to the circles centered at z shows that

dMV (¢, z,€) 1 _c
de T 2re /Z|:€ Ond(2) |dz| = €’

for some ¢ € R. Since MV (¢, z,0+) = ¢(2), we get that ¢ = 0 and ¢(z,€) = ¢(z) for all e.

1.2.2 Optional sampling theorem

There is a close relationship between harmonic function and martingales. Before proceeding we
will prove a lemma that is one version of the “optional sampling” or “optional stopping” theorem
for martingales. The assumptions we make are significantly stronger than is needed for the result,
but it will suffice for our purposes.

Proposition 1.2.3. Suppose M;,0 <t < T is a uniformly bounded continuous martingale, and T
is a stopping time, each with respect to the filtration {Fi}. Then Miar,0 <t < T is a continuous
martingale with respect to the filtration {Frnt}-
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We recall that if 7 is a stopping time, then F, is the o-algebra of all events E such that for all
t, EN{r <t} € F;. One thinks of this as all the events that depend on the process only up to the
stopping time 7.

Proof. Let Y; = M. It is immediate that Y is a continuous process. Let us first assume that
takes on only a discrete number of values 0 = 59 < s1 < -+ < s < 00. If s < t, then M+ can be
written as

Mipnr = Z Mg, {7 = s} + My 1{7 > s;}.

55<t

Using the definition, it is not hard to show that this is a martingale. To illustrate this, we consider
the case s; = s < ¢, in which case

E[Mt/\T ‘ fs] = ZMSk 1{7‘ = Sk:} +E [Mtl{T > S]} ’ .st] .
k<j

Since the event {7 > s;} is the complement of the event 1{7 < s;} which is F, -measurable,
E [Mt 1{7‘ > Sj} | .7:5].] = 1{7‘ > Sj}E [Mt ‘ fsj] = 1{7’ > Sj}Msj,
and hence

E [Mt/\r ‘ fs]']

DMy 1 = s} + My, 7 > s}
k<j

= Z Msk 1{T:3k}+MS]' 1{7’23‘]‘4_1}:}/19]'-
k<j—1

For more general 7, we approximate 7 by discrete stopping times,

i+ 1
<1

' J
T =Ty ST< T

The random variables M, ,.; — M; with probability one. Since they are bounded, they also converge
in L.
O

e Let B; be a standard one-dimensional Brownian motion starting at the origin and suppose
that a,b > 0. Let 7 = inf{¢: B, = b or B, = —a}. Then B, is a martingale. Therefore, for
each t,

0 =E[By] = E [Biar] -

With probability one By, — B,. Since Bya, is uniformly bounded, we can use the dominated
convergence theorem to see that

E[B;] = lim E[By,] = 0.

But,
E[B;] =bP{B, =b} —a [1 — P{B; =b}].
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Solving, we get
a

a+b
This relation is often referred to as the gambler’s ruin estimate for one-dimensional Brownian

motion. From this we can easily see that one-dimensional Brownian motion is recurrent, that
is, it keeps returning to the origin.

P{B, = b} =

e One must be careful in using this proposition. If P{r < oo} = 1, then with probability one
lim Minr = M.
t—o0
However, it is not always the case that this limit is in L'. Indeed, it is possible for
E[M;] # lim E[M;].
t—o0

As an example, let M; = B; be a standard one-dimensional Brownian motion starting at the
origin and let 7 = inf{¢ : B; = 1}. Recurrence of one-dimensional Brownian motion implies
that P{7 < oo} = 1. However, E[B;]| # E[By].

1.2.3 Itd’s formula calculation

Suppose D is a domain, h : D — R is a harmonic function and B; = B} + iB? is a complex
Brownian motion starting at z € D. Let 7 = 7p = inf{t : By € D}. Then, for ¢t < 7, It6’s formula
implies that

AW(By) = ho(By) dB} + hy(By) dBY.

Suppose K C D is a compact set with z € int(K), and let 7/ = inf{t : B, € 9K}. Then h(Bix,) is
a bounded martingale. It follows that

E* [M(Biar)] = E*[h(Bo)] = h(z).
The left-hand side is the same as MV (z; f,0K).

Proposition 1.2.4 (Dirichlet problem). Suppose D € D, and h is a bounded continuous function
on OD. Then there exists a unique bounded continuous function h : D — R that extends h and is
harmonic in D. In fact, for every z € D,

h(z) = E* [h(rp)]. (1.4)

Proof. If h is defined by (1.4), then h is locally integrable and satisfies the mean value property.
Hence, h is harmonic. Conversely if A is harmonic in D and continuous on 9D, then M; = hiar,
is a continuous martingale, and (1.4) satisfies the mean value property. We need to show that h
defined as in (1.4) is continuous on 0D, and this uses the fact that every point in D is a regular
point. O

The assumption that h is bounded is necessary for uniqueness. For example if D = (0, 00) and
h(0) = 0, there are an infinite number of harmonic extensions to D given by h(x) = cz.
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As we will see below, if a Brownian motion starts at z € D, then,

2 _ 1 1 - |Z|2
BB e V=5 [ e O
and hence . L)
B FB) = o [ o PO (15)

One can verify the last equality using the previous proposition and checking that the right-hand side
is harmonic in D and obtains the correct boundary value. Using this we can derive the fundamental
facts about harmonic functions.

Proposition 1.2.5 (Derivative estimates). For every positive integer k, there erists cj < oo such
that if D is a domain, h : D — R is harmonic, and z € D with dist(z, D) > €, then for 0 < j <k,

|8£8§7jh(z)| < cp e * sup{|h(w)| : |w — 2| < €}.

Proof. By considering h(w) = h(z 4+ ew), we can see that it suffices to prove the result for D =
D, z = 0. In this case we can differentiate under the integral in (1.5). O

Proposition 1.2.6 (Harnack principle). If D is a domain, then for every compact K C D there
exists ¢ = ¢(K, D) < oo such that if h : D — (0,00) is harmonic, then

h(z) < ch(w), zweK.

Proof. Since D is connected, by choosing K larger if necessary, we may assume that K is connected.
If DD Dand K = {Jw| < 1/2}, then the result follows from the explicit form of A in (1.5).
More generally, we can cover K by a finite collection of open balls D, (¢;),7 = 1,..., N with
Dy _10g2(¢) C D. We write w ~ z, if one of these balls contains both w, 2. We say that w and z
are connected if there exists a sequence z = 2, 21, ..., 2, = w with z;_1 ~ z; for each j. We claim
that all points in K are connected. Indeed, let U; be the union of all the disks D,.(¢;),j =1,...,N
for which z is connected to (; and let Uy be the union of the other disks. If Uy # (0, then Uy, Us

disconnect K. Hence, for z,w € K we can find a sequence z = 29, 21, ..., 2, = w with z;_; ~ z; for
all j. By “erasing loops” if necessary, we can guarantee that k < N, and hence, and f(z) < ¢}’ f(w).
O

It will be useful to have the following convention.

Convention. Suppose D is a domain and h: D — R is a harmonic function. We say h: D — R
is an extension of the harmonic function to the boundary, if h is continuous at all regular points of
oD.

While we have stated the derivative estimates and Harnack principle for harmonic functions in
R2, the analogous results hold for harmonic functions in R%.
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Proposition 1.2.7 (Schwarz reflection, harmonic functions). Suppose h is a harmonic function
defined on HND with boundary value 0 on (—=1,1). If h is extended to D by h(x —iy) = —h(z +iy)
then h is harmonic on D.

Proof. We show that h has the mean-value property. In other words, we need to show that if z € D,
r < dist(z,0D), B={w: |z —w| < r}, and 7 = inf{t : B; € 0B}, then

h(z) = E*[h(B,)).

If z € R this is immediate by symmetry and the case Im(z) < 0 is identical to Im(z) > 0 so we will
assume Im(z) > 0. We also assume that r > Im(z), for otherwise this follows immediately from
the harmonicity of h on HND. Let V_ =9BN{Im(¢) <0}, Vy ={w:weV_}and V=V_UV,.
Note that V. C B. Let 0* = 9[B N H]|. We define a sequence of stopping times. Let pg = 0 and

oj =7 ANinf{t > p;_1: By € 9"},

pj =71 ANinf{t > 0;: B € V},

Harmonicity in H N shows that for each j, E*[h(By,,,)] = E*[h(B,,)] and symmetry shows that
E*[h(B,,)] = E*[h(Bs,)]. Therefore,

1.2.4 Harmonic functions and holomorphic functions

We assume the following facts from an undergraduate course in complex variables.

Definition A function f : u+iv on a domain D C C is called holomorphic or analytic on D if any
of the following equivalent facts hold.

e The derivative

) — 1 T =G

exists.

e (u,v) is a C? function satisfying the Cauchy-Riemann equations

Opu = Oyv, Oyu = —0,v.

e For each z € D, we can expand f in a power series
o0
flw) =7 aj(w—2z),
j=0

where the radius of convergence is at least dist(z,dD).
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From the Cauchy-Riemann equations, one can see that u,v are harmonic functions. The next
proposition, which is a standard result from a first course in complex variables, gives a partial
converse to this fact.

Proposition 1.2.8. Suppose D is a simply connected domain and u is harmonic function on D.
Then there is a harmonic function v on D, which is unique up to an additive constant, such that
f(2) :=u(z) + iv(2) is holomorphic.

Sketch of proof. We use the Cauchy-Riemann equations to find v. Let us fix zg € D and arbitrarily
choose v(zp) = 0. If 4 : [0,1] — D is a smooth curve with v(0) = zp,7(1) = z, then we define

1
?) = Lanu = [ D) 29(0) = 0u2(8) 9,0 (0)]

In order to show this is well defined, we need to show that we get the same value for v(z) regardless
of the curve . Equivalently, we need to show that if (1) = zg, then

/8nu-d7:0.
¥

If D is simply connected, then the region(s) bounded by v are entirely in D, and this identity
follows from Green’s theorem and the fact that u is harmonic. By construction, w,v satisfy the
Cauchy-Riemann equation and hence f = u+ v is holomorphic. To show uniqueness, suppose that
f = u + ¥ is also holomorphic. Then f — f is holomorphic and only takes on imaginary values.
Hence f — f is constant.

O

The function v is often called the complex conjugate. We have used simple connectedness
to conclude that there exists an complex conjugate v defined on all of D. Such an extension
does not necessarily exist if the domain is not simply connected. For example, if u(z) = log |z
on D ={z:0 < |z| < 1}, then u is harmonic, but there is no holomorphic extension to all of D.
However, regardless of the topology of D, we can always find conjugates v defined in a neighborhood
of zg. When trying to determine if two complex domains are conformally equivalent, it is often the
case that one can determine the real or imaginary part (or, perhaps, the radial part which is the
real part of the exponential, or something similar). This determines the function (up to a constant)
locally and then the question becomes whether or not one can extend it to the entire domain D.

Proposition 1.2.9 (Schwarz reflection, holomorphic functions). Suppose f = u+iv is a holomor-
phic function on Dy with limy o v(z +iy) = 0 for all =1 < x < 1. Then f can be extended to a
holomorphic function on D satisfying f(zZ) = f(2).

Proof. By Proposition 1.2.7, if we extend v to D by v(x) = 0 and v(2) = —v(z), then v is harmonic
in D. By Proposition 1.2.8, there exists u* (unique up to an additive constant) such that u* 4 iv
is holomorphic. By uniqueness, we can choose the constant so that u* = u on D,. Since f (z) =
u(z) —iv(2) is holomorhphic in —D, we see that u* = u+ ¢ in —D for some ¢y € R. Continuity
at the real axis shows that cg = 0.

O
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We have stated Schwarz reflection for functions in Dy, but there is an immediate corollary for
functions in €D, .

The term conjugate is overused in complex variables! T have given lectures where I have used
conjugate three different ways in the same lecture — as the conjugate of a number, as the complex
conjugate function above, and also in the algebraic sense of a conjugate function f = g 'ofog.

1.2.5 Conformal invariance

If f is a holomorphic function with f(0) = 0, f/(0) # 0, then locally near zero f looks like a dilation
by |f'(0)| and a rotation by arg f’(0). Brownian motion is invariant under rotation and is also
invariant under scaling if one changes the parametrization appropriately. This is the basic reason
why the following theorem holds.

Theorem 1.2.10. Suppose D C C is a domain and B is a complex Brownian motion starting at
z € D. Suppose f: D — C is a nonconstant holomorphic function. Let

_ ™ / 2
5—/0 (B2 ds € (0,00,

and for t < &, define o(t) < 1p by

o(t)
/ |f'(Bs)|? ds = t.
0

Then Yy = f(By)),0 < t <& is a complex Brownian motion.

We will need a lemma that states in some sense that all stochastic integrals are time changes of
standard Brownian motions. Indeed, a stronger fact is true that we will not prove — all continuous
martingales are time changes of standard Brownian motions.

Lemma 1.2.11. Suppose B; is a standard one-dimensional Brownian motion with filtration {F;}
and suppose that Ay is a continuous, adapted process such that there exist 0 < ¢ < co < 0o with
c1 < Ay < co. Let

t
X, :/ A, dB,,
0

and let
o(r)=inf{t: (X); =r},
that is
a(r)
/ A2ds =r.
0
Suppose that for all t, P{o(t) < oo} = 1. Then W, := X,y is a standard Brownian motion with

respect to JFy = For)-
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Sketch of Proof. To prove this, one shows that conditioned on F, the distribution of Wiys — Wy is
that of a Brownian motion with variance 2. We will do this in the case s = 0; the general case is
similar. If A € R, let

Kt = exp{z)\Xt}

(If one does not want to use It6’s formula with with complex valued processes one can write this
as cos(AX¢) +isin(AXy).) 1t6’s formula shows that
A2 A2
dK; = K; |i\ Ay dBy — 2A§dt} = K, [i/\AtdBt = G X

If M; = exp{\?(X);/2} K, then M; is a local martingale satisfying,
dMy = i AM,; dBy.
Note that M;,,(,) is a bounded martingale, and hence the optional sampling theorem implies that
E [M,(] = E[M,] = 1.
But, My () = eN'r/2 exp{iAX, ()}, and hence
E [emwr} — oA/2
Since the characteristic function determines the distribution, we see that W, ~ N (0, 7). O

Proof of Theorem 1.2.10. We will give a sketch of the proof relying on some facts from stochastic
calculus.

Let U C D be a subdomain with U compact containing none of the zeros of f’, and let 7 =
v < 7p. Let us write B; = B} +iB? and let X; = u(B}, B?),Y; = v(B}, B). Using the fact that
u, v are harmonic functions, It6’s formula and the Cauchy-Riemann equations give

dX; = uy(By) dB} + u,(By;) dB},

dY; = wu(B;)dB} +vy(B;)dB}
= —uy(B;)dB} + u.(By) dB?.

Note that ;o (t) = |f/(B:)| "2 = |Vu(By)| 2. If we let X, = Xot) Y; = Y,(t), then

) B B
ax, = B gy B gy
[Vu(By))| [Vu(By)|
. —u,(B B
iy, — (B AW} + a(By) dW2,
Vu(By) |Vu(By)]
where Wl W7 are independent, standard Brownian motions. This means that (Xt, f/}) are inde-
pendent standard Brownian motions, that is,

B, = X, +iY,
is a standard complex Brownian motion at least for ¢ < 7. Since this holds for every U, and with

probability one the Brownian motion avoids the singular points of U, we can conclude that it holds

for t < 1p.
O
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The statement of Theorem 1.2.10 is a little nicer if f is a conformal transformation. We say
that f: D — D’ is a conformal transformation if f is holomorphic, one-to-one, and onto.

Theorem 1.2.12. Suppose D is a domain in C and f : D — f(D) is a conformal transformation.
Suppose By is a complex Brownian motion starting at z € D. Let

_ = / 2
5—/0 F/(Bo)ds € (0,00],

and for s < &, define o(s) < mp by

o(s)
/ 1/ (By)|? du = s.
0

Then Ys := f(By(s)),0 < s < & is a compler Brownian motion, and § = 7p(py = inf{t : Y; & f(D)}.

Proof. Note that if £ < oo, we can extend Y;,0 < s < & by continuity. If £ < oo, we claim that
Ye € 0f (D). Indeed, if Ye = w € f(D), then B;,_ = f~'(w) € D.
O

Example: Recurrence

Here we show that two-dimensional Brownian motion is neighborhood recurrent. To be more precise,
with probability one, for all z € C,e > 0,7 < oo, there exists ¢t > T with |B; — z| < e. It suffices
to prove this for z with rational coordinates, and the proof is essentially the same for all of them,
so let us consider z = 0. Let B; be a complex Brownian motion and let f(z) = e*,Y; = f(B:) =
Bt = Bl ¢iB? Then Y} is a time change of a Brownian motion. Since |Y;| = B¢, we see from the
recurrence of the one-dimensional Brownian motion B! that

liminf |Y;| = 0.
t—o0

We can also see from this that the Brownian motion is not pointwise recurrent. Indeed with
probability one, a Brownian motion never visits the origin after time zero. This is obvious for Y;
since 0 is not in the range of the exponential function.

An important corollary of the neighborhood recurrence of Brownian motion is the following: if
D is a domain with at least one regular boundary point, then for all z € D,

PZ{TD < OO} = 1.

Indeed, if w is a regular point, then there exists a § such that if the Brownian motion is within
distance § of w, then with probability 1/2 it leaves the domain before it goes distance one from
z. Since we keep returning to the § neighborhood of z we get infinitely many chances to escape D
near w and we will eventually succeed. This fact is used implicitly in the following definition.

Definition If D € D* and z € D, then the harmonic measure hmp(z,-) is defined to be the
distribution of B(7p) assuming By = z. In other words, the probability that a Brownian motion
starting at z exits D at V is hmp(z, V). More generally, if f is a function defined on 0D, we let

hmp(z, f) =E* [f(B;)] = - (w) dhmp(z,w).
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If f: D — f(D) is a conformal transformation, that extends to a homemomorphism of D, then

hmp) (f(2), f(V)) = hmp(z, V). (1.6)

There is a similar formula that holds if f does not extend to a homemorphism, but to explain
it requires a discussion of prime ends which we will do later. We For example, if D = D N H,
then f(z) = 2% is a conformal transformation of D onto f(D) = D\ [0,1). The boundary point
1/4 € 9f(D) corresponds to two equivalences classes, one for curves approaching 1/4 from above
and the other for curves approaching 1/4 from below. These correspond to curves in D that leave
D at 1/2 and —1/2 respectively. Examples like this where there are “two-sided” points are easy
to handle, even if we have to be careful about our notation. Once we have defined prime ends, the
generalization will be straightforward.

The definition of harmonic measure does not require any smoothness of the boundary. However,
if the boundary is nice, then one can write harmonic measure as an integral of a kernel called
the Poisson kernel. Rotational invariance of Brownian motion shows that harmonic measure on D
centered at zero is the uniform distribution. We define Hp(z, w) to be the Poisson kernel normalized
so that

o 1
Hp(0,¢"?) = 3

In other words, if V' is sufficiently smooth,
1
hmp(z, V) = 7T/ Hp(z,w) |dw|. (1.7)
1%

Here |dw| represents integration with respect to arc length, that is, a traditional line integral from
vector calculus rather than a complex integral along a curve. The term “sufficiently smooth” is a
little vague. We will only use the Poisson kernel at places where 0D is locally an analytic curve.
If f: D — f(D) is a conformal transformation, D is locally analytic at w,. and f(D) is locally
analytic at f(w), then the Poisson kernel satisfies the “conformal covariance” relation

Hp(z,w) = |f'(w)| Hy(p)(f(2), f(w)).

Suppose f: D — D is a conformal transformation. Then boundary 0D can be very rough. For
example, there can be points w € 9D such that there is no continuous path 7 : [0,1) — D with
1n(1—) = w. However, the harmonic measure of such points has to be zero. This is immediate
from the definition of harmonic measure in terms of Brownian motion.

The Poisson kernel is naturally defined up to a constant. We made a nonstandard choice in (1.7)
which is convenient for later work with Schramm-Loewner evolution. Under this normalization,
if x >0,

Hy(0,2) = 272
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Example: the annulus
Recall that A, is the annulus A, =D\ D, = {z:e7" < |2| < 1}.

Proposition 1.2.13. If z € A, and 7 = 71, then

—1
P{|B,| = ¢} = —108l2 (1.8)
r
Proof. Let us give two similar proofs. First, note that ¢(z) := —log|z| is a bounded harmonic

function in A, that is continuous on A,. This can be checked by differentiation or by noting that
it is the real part of the (locally) analytic function — log z. Therefore, by Proposition 1.2.4,

¢(2) = ¢(Bo) = E* [¢(B;)] = rP* {|¢(B)| = e "} .

Alternatively we can let Y; = exp{B;}. Then the probability is the same as the probability that
the one-dimensional Brownian motion B} starting at log|z| reaches level —r before reaching level
0 which by the gambler’s ruin estimate is — log |z|/7.

O

Proposition 1.2.14. Suppose ¢ is a harmonic function on the annulus A, = {e™" < |z| < 1}. Let

1 21 )
M, = MV (¢,0,e"%) = o ), P(e=*+) do,

be the average value of ¢ on the circle of radius e=*. Then there exist a,b such that
Ms=as+b, 0<s<r.
Moreover, for each s,
/ On(w) |dw| = 2ma,
Cs
where n is the inward unit normal.

Proof. Suppose that 0 < p < s < g < r. Let B; be a Brownian motion starting uniformly on Cj,
the circle of radius e™*, and let T" be the first time ¢ that B; € C, U C,. Then

q—Ss
q—p

MBTEQJ:

By rotational symmetry, given that By € C), (or given Br € Cy), the distribution of the angular
part is uniform. Therefore,

- - My—M, . gM,—pM
A e P

q—p q—p q—p q—p

This establishes the result for p < s < g and by letting p — 0, ¢ — 7, we get the first assertion. For
the final assertion note that
27

2wa = 2m0s M = O (et df = 9, o(w) e’ |[dw| = / Ond(w) |dw|.
0 Cs Cs
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1.3 Green’s function

The Green’s function Gp(z,w) is the normalized probability that a Brownian motion starting at
z visits w before leaving D. As stated this does not make sense since the probability that the
Brownian motion visits w is zero. However, we can make sense of it as a limit,

Gp(z,w) = lgiiglog[l/e] P*{dist(w, B[0,7p]) < €}.

We will show this limit exists in this section and derive some properties. We will first consider the
case w = 0 and write just Gp(z) for Gp(z,0). Throughout this section, we let

os = inf{t:|By| = e *}.

We will make no topological assumptions about the domain D. We only require that the boundary
contain a regular point, that is, that P*{rp < oo} = 1.

Definition Let U, (resp., U) denote the set of domains (resp., simply connected domains) con-
taining the origin with at least one regular boundary point and dist(0,0D) > r. If r = 1 we write
just U,U". There are natural bijections U <+ U, and U® < U} given by D < rD.

Proposition 1.3.1. Suppose D € U, and z € D \ {0}. Then the limit

Gp(z) = lim sP*{os < 7p},

s—00
exists and lies in (0,00). Moreover, G,p(rz) = Gp(z).
We note that (1.8) establishes the result for D = D for which
Gp(z) = —log|z].

Proof. We write 7 = 7p. It suffices to prove the result for D € U, after which we can use conformal
invariance of Brownian motion to see that

Geup(etz) = lim sP*" {0, < Toup} = lim sP*{o,_, <7} = lim (s — u) P*{0,_, < 7} = Gp(2).
$§—00 S5—00 S5—00

Since D C D and 9D contains a regular point, the Harnack principle (Proposition 1.2.6) implies
that

|glf1 P{r < o1} =:p=pp >0. (1.9)

For s > 1, let
¢s = sup P {o, < 7}.
I¢|=1

By the strong Markov property, this is the same as the supremum over || > 1. We claim that

< —, 1.10
s = sp ( )
To see this, note that if [(| =1 and s > 1, then

P{o, <7} <P{oy <7} sup P{o,<7}<(1—p) sup P {o, <7}
I¢'[=1/e I¢'[=1/e
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If |¢'| = 1/e, then using (1.8), we get

P og <7} = P{os <00} +P {0, > 00} P {0, < T |0 > 00}
1 s-1

< -+

s s

ds-

By taking the supremum over |¢| = 1, we see that

1 s—-1 1
ws-p i+ ] < S ra- o
s s s
which gives (1.10).
We now fix z and let f(s) = P*{os < 7}. Then, if |z| > e~ %,
fls+1)=P{osy1 <7} = PHos<7}PH{osy1 <7|0s <7}
= f(s)P{os41 <T|o0s<T}
If |¢| = e, then (1.8) and (1.10) imply that
PC{O'S+1 <71} = IP)C{O'S+1 < oo} +P<{O'0 < Us+1}]P)<{Us+1 <T|og<Ost1}

1 1
: =2 to(s7?),

<
- s+1+s—|—1p(3+1) s+1

where here and throughout the remainder of the proof, the O(-) terms can depend on D. Therefore,

fs+1) = f(s) [1- —— +0(s72)|,

s+1
log /(s +1) = log f(s) - — +0(s™)
og f(s = log f(5) — 1 s7%).
This equation implies the existence of a constant which we call Gp(z) such that for integer s,
G
Pos <71} = f(s) = DS(Z) [1+0(s™)]. (1.11)
If 0 < u <1, the same argument shows that
_ s ~1y1 _ Gp(?) -1
f(s+u) = f(s) P [1+O(S )} =t [1+O(s )] ,

and hence (1.11) holds for all s.
O

We extend G'p(z) to be a function on C\ {0} by setting Gp(z) =0, z ¢ D. If D is open but not
connected and D is the connected component of D containing the origin, we define Gp(z) = G p(2).
If C\ D is compact, then we can extend Gp to infinity,

Gp(oo) = lim Gp(z).

Z—00

We state the next proposition for D € U but it extends immediately to a result about D € U,
by scaling.
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Proposition 1.3.2. There exists ¢ < oo such that if D € U, the following holds.
1. Gp is a positive harmonic function on D\ {0} that vanishes on dD.

2. There exists cp < 0o such that for all z,
Gp(z) <logy(1/]z]) + cp.

3. Gp is continuous at every reqular point of OD.

4. If hp is defined by
hp(z) = Gp(z) +loglz|, =z €D\ {0},

1 2w )
hp(0)=— [ Gp(e™)dp
then hp is a harmonic function on D.
5 If |2| < e ™1,
|hp(z) — hp(0)| < chp(0)|z|. (1.12)
6. If z€ D,

hp(z) = E? [log |B-|] — lgn rE*lhp(Bs_.);0-r < 7],
where T = Tp = inf{t > 0: By € D}. In particular, if D is bounded, then

hp(z) = E [log | B[] .

7. If D' C D, then Gp/(z) < Gp(z).
8. IfDy C Dy C -+ and D =\J;2 | Dy, then for z € D,

Gp(z) = lim Gp, (). (1.13)

n—oo

9. If f: D — f(D) is a conformal transformation with f(0) = 0, then G¢py(f(2)) = Gp(z).
Proof.

1. We have shown that Gp(z) > 0if z € D and it is defined to be zero on D. Suppose U C D
is a disk with U € D\ {0}. Then by the definition of Gp we can see that

GD(Z) =[E* [GD(BTU)] = MV(Z, GD, U)
from which we see that Gp is harmonic on D \ {0}.

2. Note that (1.10) implies that Gp(z) < 1/p for |z| = 1. If |z| = e7" with r < s, then

S—rT

s2p

P*{os < mp} <P*{os < 00} + P*{op <05 < p} < g +

Letting s — oo, we see that Gp(z) <7+ (1/p).
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3. Let z be a regular boundary point and let £ = inf{¢ : | B;—z| = |z|/2}. Then for lw—z| < |z|/2,
Gp(w) < aP*{§ <7p}

where a = sup{Gp(¢) : |z — (| = |2|/2} < oco. For every € > 0, we can find § > 0 such that
|w — z| < ¢ implies that P*{{ < 7p} < € and hence Gp(w) < eav.

4. For z € D\ {0}, let
ho(2) = Gp(2) + log 4|
Suppose |z| < 1. Then,

P*{os <1} = P{os<oo}+P*{op<os <7}

—log ||

= ——= +/ P*{os < 7} hmy_(z,dw).
S Co

If we multiply both sides by s and take the limit as s — oo, we get

2

1 A ,
Gp(z) = —log|z| + Gp(w) hmp(z, dw) = —log |z| + = Gp(e'?) Hp(z, ) db.
Co 0
In other words,
1 2m ) )
hp(z) = — Gp(e") Hp(z,e?)dh, 0<|z| <1,
T Jo

which can be extended to 0 by setting z = 0 on the right-hand side.

5. Using the exact form of the Poisson kernel, we can see that
iy _ 1
HD(Z76 ) = §+O(’Z‘))

and hence
|Gp(2) +log |z| — hp(0)] < ¢z hp(0).

6. Let
0=0,=liminfrP*{rp >o0_,}.

r—00

We claim that
0= lim rP*{rp>o_,}.
T—00

To see this we first note that since D is regular, if

q(r) = sup ]P)C{OLT < Tp},
[¢]=1

then ¢(r) — 0 as r — oo. Hence, if

p(r,s) = s‘up {o_s <7D},
(cl=er
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then for [(| = €", and s > 7,

P{o_, <7p} < PHo_s< ool +PHog<o_}P{os <1p|og<o_s}

< S tar)p(rs),

which implies that .

P S Sy
Hence,

P{o_s<tp} = P{o_, <mp}P{o_s<71p|o_, <7p}
r
< P{o_, <7p} SA—a0))

Therefore,

limsup sP*{o_s < 7p} < lirginf P*{o_, <7p}=10.

§—00 1—q(r)

(If this argument seems familiar, we are really just proving the existence of the “Green’s
function at infinity” which can be obtained from the Green’s function at zero by the map
z1/z.)

Since hp is bounded on {|z| < €"}, we have
hp(z) =E*hp(B;); 7 < 0—y] + E*[hp(Bs_,);0—p < 7).
Taking limits as » — oo and using the monotone convergence theorem, we see that
hp(z) = E*[hp(B:)] 4+ 6 + Gp(c0).
7. Monotonicity in D follows immediately from the definition.
8. Assume D e Y. If D1 C Dy C -+ and D = UD,,, then monotonicity implies that the limit
G*(z) := nh_}ngo Gp, (%)
exists and G*(z) < Gp(z). Assume that Dy C D,,. Then for |w| < e™*,
G, (w) > G, (w) = Go(ew) = —log|u] — .
Therefore, for m > n, u > s, and all z € D,,,
Gp,,(z) > (u—s)P*{o, < TD,, }
Letting m — oo, we see that

G*(z) > (u—s) 77%i_l;nooIP’Z{O'“ <71p, }=(u—s)P{o, <p}.

Letting u — oo, we get G*(z) > Gp(2).
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9. Note that it follows from the definition, that for any v > 0,

lim sP*{os1y < 7} = G(2). (1.14)

§—00

Let Cs = {¢ : |(| = e7*} and 65 = inf{t : By € f(Cs)}. Conformal invariance of Brownian

motion implies that for z € D, |z| > e,

PZ{O'S < TD} = IP’f(Z){&s < Tf(D)}'
Let @ = —log|f’(0)]. If € > 0, then for all s sufficiently large,

Osite < 0s < Osipc-

Hence, using (1.14),

Gy (f(2) = lim sP/C) o, < 7ppy} = Gp(2).

§—00

O
Definition If D € D*, then the Green’s function Gp(z,w) is defined for distinct z,w € D by
Gp(z,w) = Gp—.(w — 2).
In other words, if
os(w) = inf{t: |B; — w| < e},
then
Gp(z,w) = lim sP*{os(w) < 7p}.
§—00
Lemma 1.3.3. If 7 =1, and z € D,
z 1 2
E*fr] = 3 [1 - |2P).
Proof. 1t6’s formula shows that
M; = |By|* — 2t
is a martingale. Since E?[M,] = E[M] = |2|?,
2E*[r] = IEZ[BED] — |22 =1-2>%
O

Proposition 1.3.4. If D € D*, and z,w € D are distinct,

™
Gp(z,w) = lim e*E? [/ H|B: —w| <e ®}dt
0

§—00

o
= lim e* / P*{|B; —w| < e °, B[0,t] C D}dt.
0

§—00
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Proof. Let us first consider D =D_;, w =0, and |z| = 1. Let 75 = mp_, = inf{t : |B| = €®} and
Y, / (B —w| < eydt, F(s) = EVi].
0

Suppose 0 < r < s and note that if [{| = e,

ES[Ys] = PS{ro < 75} BS[Ys | 70 < 75] = F(s),

S—7T

F(s) = E* [Y)] = E*[V,] + E* [V, - ¥;] = F(r) + =L F(s).

Therefore, there exists ¢y such that F'(s) = c¢gs. Using scaling, we see that if z € D\ Dy, then
[o¢]
% / P*{|B:| < e *; B[0,t] C D} dt = ¢ [—log|z|] = co Gp(z,0). (1.15)
0

To find ¢p, note that
P{|B; — 2| < e % B[0,] C (1—e*)D} = PH{|By| < e % B[0,] C D}
< PY|B -2/ <e*;B0,t] C (1+e %D}

From this we see (we omit the details) that
o0
lim ¢ / P*{|B| < e~ B[0,4] € D} dt dA(z) = 7 E [rp] = 7/2.
8570 Je—s<|z]<1 0

Also,
T

/DG(O,w) dA(w) = /Dlog|w\dA(w) = /027r /Ol(rlogr)drdG = W/OleT =5

Therefore ¢y = 1.
We now choose D € U and allow constants to depend on D. Let

q = sup P*{o, < 1p},
I¢|=1

and recall that ¢ < ¢/s. Then if |(| = 1, the strong Markov property and (1.15) imply that

D >
E? [/ H{|B; —w| < es}dt} < Zq’ se 2 < ce %,
0 ,
j=1

Hence if |z| > e7*,

™D
E* [/ H|B; —w| < es}dt] = P{o_<7plse ®[1+0(s)
0
= e *Gp(z,0)[14+0(s ).
This gives the result for w = 0,U € U, and the more general case follows from scaling and
translation.

O]
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Proposition 1.3.5. If D € D* and z,w € D,
GD(Zv ’LU) = GD(w? Z)

Proof. Let D¢ = {¢ € D : dist((,0D) > €}. For a fixed ¢, let W,, = w — B; + B;_,, and note that
W,.,0 <r <t is a Brownian motion starting at w. If e™® < ¢, then

P*{|B; — w| < e % B[0,t] C Tp} > PY{|W; — z| < e %, W[0,t] C Tpe}.

By Proposition 1.3.4, we have Gp(z,w) > Gpe(w, z) and using (1.13) we get Gp(z,w) > Gp(w, z).
Similarly, Gp(w, z) > Gp(z,w).
O

1.4 Riemann mapping theorem

We will prove one of the most important theorems in conformal mapping, the Riemann mapping
theorem. We start with a lemma after which the proof will be rather short.

Lemma 1.4.1. Suppose D is a domain containing the origin and g : D — D is a holomorphic
function satisfying g(0) = 0 with the following properties.

1. There exists s > 0 such for all z € Dy there exists unique w € D with g(w) = z.
2. For each s > 0, there is a compact set Ky C D such that g=1 (D) C K.
Then g is one-to-one and onto.
Proof. We recall a basic fact about holomorphic functions. If g is holomorphic at the origin, then

e If ¢’(0) # 0, then there is a neighborhood N of 0 for which ¢ is one-to-one and onto the open
set g(N).

e If ¢'(0) = 0 and ¢ is not a constant, then g is open and locally many-to-one, that is, there
is neighborhood N of 0 such that g(N') is open and each point in g(N) \ {g(0)} has at least
two pre-images in .

Clearly ¢ is not a constant function. We start by showing g is onto. Let r be the infimum of
s such that there exists z € Cs \ g(D). The first condition shows that r < co. Suppose r > 0.
Let z € C,. Then we can find a sequence z, € D, with z, — z. There exist w,, with g(w,) = z,.
Since {wy,} lies in a compact set K, we can find a subsequence, which we also denote by wy,, that
converges to w € K,. Continuity of g shows that g(w) = z. Hence C, C g(D). Around each z € C,
we can find open U, contained in g(D) and hence using compactness arguments, there exists s < r
with Dy C g(D) which is a contradiction. Hence g is onto.

To show one-to-one, let r be the infimum of s such that there exists z € Cs with at least two
preimages in D. The first condition shows that r < co. Suppose r > 0. Suppose first that there
exists z € C, and distinct wy,ws € D with g(wy) = g(wy) = 2. Let N7, N3 be nonintersecting
neighborhoods of wi,ws and let U; = g(Nj). Then U; N Us is an open neighborhood of z such
that all points have at least two preimages. This contradicts the value of . Now suppose z, is a
sequence of points in I with |z,| — e~" and such that each z, has two distinct preimages w,, and (,.
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By taking subsequences if necessary we can assume that w, — w,(, — (, z, — 2z with w,( € K,_
and z € C,. Since z has only one preimage, we must have w = (. In a small neighborhood about
w, f must be locally one-to-one or locally many-to-one. Since points in D, have only one preimage,
it must be locally one-to-one. But this contradicts the definition of the sequences wy,, ;.

O

Theorem 1.4.2 (Riemann mapping theorem). Suppose D is a simply connected strict subdomain
of C containing the origin. Then there exists a unique conformal transformation f : D — D with

f£(0) =0, f'(0) > 0.

Proof. Uniqueness in the case D = D follows as a consequence of the Schwarz lemma. More
generally, if f : D — D, g : D — D are two such transformation then h := f o g~! is a conformal
transformation of D onto itself with h(0) = 0,h’'(0) > 0, and hence h is the identity. The work is
to show existence.

We will construct f using the Green’s function Gp(z) = Gp(z,0). Recall that we can write

Gp(z) = —log|z| + u(z),

where u(z) = up(z) is a harmonic function in D, Since D is simply connected, there is a unique
holomorphic function A : D — D such that Reh = —u and Imh(0) = 0. Let

f(2) = zeh),

Then £ is holomorphic on D with f(0) = 0, f/(0) = e"? = ¢~ > 0. Also |f(2)| = e"¢P). This
will be the map f.
Since the Green’s function goes to zero at the boundary we see that for all > 0,

Ks:={z€ D :Gp(z0) > s}

is a compact set and f~1(Ds) C K. Also, since f/(0) > 0, there exist a neighborhood A of 0 such
that f restricted to N is one-to-one and onto. If we choose s sufficiently large so that Gp(z,0) < s
on D\ N, we see that each 2z € D, has a unique preimage in D. Hence f satisfies the conditions of

Lemma 1.4.1 and is one-to-one and onto.
O

The basic idea of this proof will be used for proving conformal equivalence of other domains.
The idea is to assume that a transformation exists and try to construct the function. After a
candidate is found, we then try to see if the candidate works.

The lemma can be considered a special case of what is known as the “argument principle”
which is related to Rouché’s theorem. Note that the lemma did not assume that D was simply
connected; this comes as a consequence.
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1.5 Analytic boundary points and arcs

While boundaries of domains can be very rough, there are times that we would like to restrict
to nice “smooth” boundaries. It will suffice for our purposes to consider very smooth boundaries
given by analytic arcs. For these we can do calculations in the upper half plane near zero with
(an interval of) the real line as the boundary and make use of Schwarz reflection (see Proposition
1.2.7). If a conformal transformation is analytic near zero, then these calculations apply to the
image as well.

Definition Let ICy denote the set of domains D C H such that dist(0,H \ D) > 0. Let K denote
the set of domains D € Ky with dist(0,H \ D) > 1.

Definition Suppose D is a domain.

e A point z € 9D is called an analytic (boundary) point of D (or of OD) if there exists D' € K
and a conformal transformation f : D’ — D with f(0) = z that has an extension as an
analytic function on D’ U D.

e A simple curve 7 : (a,b) — 0D is called an analytic arc of D (or of 0D) if n(t) is an analytic
point for each a <t < b.

In the definition of Ky and K it is not assumed that D is simply connected. The extension of
f in the definition of analytic point must be an analytic function but it is not required to be
one-to-one on D’ UD.

In the upper half plane we have (see Section 1.11.3)

1
Hy(z,0) = —Im [J = Gu(z,w) = log |z — w| — log |z — w|.

We can use the right-hand side to extend w — G(z,w) to the disk of radius |z| about the origin
(or we could use Proposition 1.2.7), and direct calculation shows that

1
HH(Z, 0) = 5 8y GH(Z, 0).
If = # 0 is real, we also have the boundary Poisson kernel
HIHI(Oa .T) = aleH(O’ l‘),

where the derivative on the right can be taken with respect to either component. More generally,
iftDek,

Hp(z,0) = Hy(z,0) — E*[Hu(B-,0)], Gp(z,w) = Gu(z,w)— E*[Gu(B;,w)],

where 7 = 7p. By integrating under the expectation we see that

Hp(z,0) = %OyGD(z, 0). (1.16)
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Also if dist(z,H \ D) > 0, Hp(z,0) = 0,Hp(,0).

We really want to generalize this to consider “analytic prime ends”. As an example, suppose
that D = C\ [-1,1]. Then D is a simply connected domain of the Riemann sphere C, and we can
find a conformal transformation f : H — D that sends 0 to what we will call 0", the “positive-y”
side of 0 in D. (This is including oo in D; if we do not want to include oo we can consider f
restricted to H \ f~!(c0). By scaling if necessary, we can assume that |f~!(co)| > 1 and hence
H\ f~!(c0) € K.) This map can be extended to an analytic map in a neighborhood of 0 (this
extension is not one-to-one on D). Hence 0T is an analytic boundary point (prime end). Note that
0~ is also an analytic boundary point, but it is considered as a different point. One can check that
a point z € 9D can correspond to at most two analytic prime ends and for convenience we will just
use the term analytic point.

If z is an analytic boundary point, then there is a well-defined inward unit normal derivative
n = n(z, D) pointing into D. (If z is a “two-sided” point, then each prime end has a normal
derivative. Hence we consider n(z, D) as a function of the prime end 2.) If f: D' — D is a map as
above, then we write

fliy) =2 +ylf (O))n +O0(yl*), ylo.

If ¢ is a harmonic function on D with boundary value 0 in a neighborhood of z, then we define
¢ on D' = f71(D) by ¢(w) = ¢(f~(w)). Note that ¢ is harmonic with boundary value 0 in an
interval [—d, 0] and hence

9y$(0) = limy~" d(iy),
y40
is well defined. We define
One(2) =limy ™" ¢(z +yn) = limy ™" &(|f(0)| " yi + O?)) = |£'(0)| 7" 9y(2).
yd0 yl0

An immediate consequence of this and (1.16) is the following.

Proposition 1.5.1. If w is an analytic boundary point of D and z € D, then the Poisson kernel
Hp(z,w) exists and

Hp(z,w) = %8anD(Z7w)7

where n,, denotes the inward unit normal. If w' is another analytic boundary point, then the
boundary Poisson kernel Hp(w,w') exists and

Hp(w,w") = 0n, Hp(w,w") = 8, Hp(w,w'").

Suppose [ : D — D' is a conformal transformation, z € D and w,w" are distinct analytic boundary
points of D such that f(w) and f(w') are analytic boundary points of D'. Then

Hp(z,w) = |f'(w)| Hyp)(f(2), f(w)),  Hp(w,w') = |f' ()| |f'(w)| Hyp) (f (w), f(w)).

As another check to see that the constant is correct, recall that we have normalized our quantities
so that

1
Hp(0,1) = 2 Gp(0,2) = —logx,

and hence 0,Gp(0,1) = 1.
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Proposition 1.5.2. Suppose D € K. If z,w € D with |z|, |w| < 1/2,
Hp(z,0) = Hu(z,0) [1+O(|z])]-
Gp(z,w) = Gu(z,w) [1 + O(|z])] .
Proof. Note that
Hp, (2,0) < Hp(2,0) < Hu(2,0), Gp,(z,w)<Gp(z,w) < Gr(z,w).

Using conformal transformation (see Section 1.11.4), we can show the estimates for D =
Di8k+.
Hp,(2,0) = Hu(z,0) 1+ O(lz])], Gp,(2,w) = Gu(z,w) [1+O(|z])].

O]

Proposition 1.5.3. Suppose D € K and h : D — R is harmonic with h = 0 on [—xz,x] for some
x> 1. Then

9,h(0) = % /0 h(e) sin 0 do.

Proof. By Schwarz reflection, we can extend h to a harmonic function on D U {z : |2| < x} and
from this we see that h is bounded and continuous on {z : |z| < 1}. The optional sampling theorem
implies that if z € D, then

h(z) = E? [h(Bm)} :/m h(w) hmp, (2, dw) = % /Oﬁ h(e) Hop, (. %) db.

Using conformal invariance (see Section 1.11.4) we can see that
Hop, (iy,¢”) = 2y sinf [1+O(y)], y10.
O

Proposition 1.5.4. Suppose D € K. If 0 < e <1/2, let D = DN {|z| > €} and 7 = 7p.. Then
for z € D with |z| > 1,

Hp, (e = gIF’Z{]BTE] =clesing [140(e)).

In other words, if 1(0;z, €, D) is the density of arg(Br,) given |B;.| = €. Then,

sin 6
2

V(0 z,¢,D) = [1+ O(e)].

In particular, if ¢ is a nonnegative function defined on 9D, that vanishes on 9D, and |z| > 1,

sin 6
2

de.

E*[¢(Br.)] = [1 + O(e)] P*{|Br.| = €} /07r ¢(ee”)



1.5. ANALYTIC BOUNDARY POINTS AND ARCS 33

Proof. We fix 0 < 0 < 0y < m, let V. = {ee’? : §; < 0 < 65}, and let p = (cosf; — cosfy)/2. Let
U ={weH:e< |w| <1} and let n. = 7py.. Using conformal invariance (see Section 1.11.2), we
can see that if ¢ € U, with |¢| = 3/4, then

P {By, € Ve | |By| =€} =p[1+ O(e)].

But P{B,, € V. | |B-.| obviously lies between the infimum and the supremum of this quantity over

¢l =3/4.

[

Proposition 1.5.5. If D € K and |z| > 1, then

/ Gple ) sin @ df.
Proof. By the strong Markov property, we can see that
(z,1y) / Gp(e”,z HDJr(Zy, )d@.
Letting y | 0, we get (see Section 1.11.4)
p(z,0) 27r/ Gple HD+(06 / Gp(e",z) sinf db.

]

1.5.1 Excursion measure

If D is a domain and z is an analytic boundary point, we define the (point-to-set) excursion measure
Ep(z,+) to be the derivative of the harmonic measure,

Ep(z,V) = 0,hmp(z, V).
If D is an open set, not necessarily connected, we define Ep(z, V) to be Ep/(2, V) where D’ is the

connected component containing z on the boundary. The measure £p(z,-) is an infinite measure
on 0D, but if dist(z, V) > 0, then Ep(z,V) < co. If V' is an analytic arc, we can write

Ophmp(z,V) / OnHp(z,w) |dw| = / Hyp(z,w) |dw].
\%

Note that if f: D — f(D) is a conformal transformation that is analytic in a neighborhood of z,

Ep(2,V) = ()| €p) (£(2), F (V).

If V1, Vs are two analytic arcs, we define the (set-to-set) excursion measure

SD(Vl,Vg):/ ED(Z,Vl)dz|:/ / Hyp(z,w) |dw||dz|.
1% i JVe

An important fact is that the set-to-set excursion measure is a conformal invariant.
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Proposition 1.5.6. If f : D — f(D) is a conformal transformation that is analytic on the arcs
Vi,Vo C 0D, then

Ep(V1,Va) = Eppy (f(V1), f(V2)).

The term (point-to-set) excursion measure is used both for a measure on the boundary Ep(z, -)
and also for the measure on paths starting at z, ending at 9D, otherwise in D, corresponding to
“Brownian motion conditioned to begin and end at the boundary”. In this case Ep(z, V) is the
total mass of curves that end at V. We can define a (set-to-set) excursion measure similarly.

We can also define point-to-point excursion measure which has total mass Hyp(z, w) /7.

The excursion measure viewed as a measure on paths is also conformally invariant provided that
we change time as in the conformal invariance of Brownian motion.

Since the set-to-set excursion measure is a conformal invariant it is well defined even if the
boundary is not analytic. For example, if Vi, V5 are on the same connected component of the
boundary, we can first map D to H mapping this component to the real line. If they are in different
components K7, Ko, then we can first map (@\ (K7 U K3) to an annulus.

Proposition 1.5.7. Suppose D is a domain and z is a locally analytic point. Suppose D' C D and
D, D' agree in a neighborhood of z. Let w € D'\ D'. Then

1
HD(U),Z) = 5 GD(g,'U)) ED’(ZadC)'
oD’
If D' N D is analytic, we can write
1
HD(U),Z) = 27 GD(C,'IU) H@D’(27C)|d<"
™ JoD!

As an example (and a check on the constants), suppose that D =D, D' = A, = {e™" < |z| < 1},
z=1,w=0. Then Hp(0,1) =1/2, and
67’

1 ) )
€a,(1,Cp) = —, GD(e_’"He,O) =, HAT(I,e_T“e) =3

- [+ o(1)]

Proof. We first consider the case with z = 0, D, D’ € K. The function h(¢) := G({,w) is a bounded
harmonic function on D’. Therefore, for y < 1,

hiy) =B [1(Br,,)] = | Gp(Cw)hmp (iy, d).
Letting y — 0, we get

2Hp(0,w) = 9,G(0,w) = 9,EY [h(B,,,)] = - Gp(¢,w) Ep/(0,d]).
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For the more general case, since z is an analytic point we can find D ek and conformal
transformation f : D — D with f(0) = 2. By scaling earlier, we can find such D, F' such that
D' := f~1(D’) € K. We then use

Hp(w,2) = (0) Hp(f(w),0), Ep(z,V)=f(0)Ex(0,f(V)),
Gp(C,w) =G p(fH(¢), fH(w)).

Examples

o If A, = {e7" < |2z| < 1} is the annulus with boundaries C,C,, then &, (e, C,) = 1, and

hence
27 2

Ex (C,C) = En, (€9,C,)do = —
0
In particular, we see that if r # s, then &, (C, Cy) # Ex,(C,Cs). From this we can see that

A, and A; are not conformally equivalent.

s

e Let Ry ={z+iy:0<2<L,0<y<n}andlet 0; =0,in],02 = 02,1, = [L, L + in] be the
vertical boundaries. Let h be the harmonic function on R, with boundary value 1 on 05 and
0 on Ry, \ O2. This can be found by separation of variables,

4 i sinh(nz) sin(ny)

Wz +iy) T n sinh(nL)

Ouh(iy) = 2+ Z ;;IL(&% 8 S;ny et [1+0(e ™), L o

Er, (01,02) = / Ozh(iy) dy = 1?6 el [1+0(™™)], L— oo
0

Although it is not immediately obvious from the last expression, one can use the definition
to see that the function L — Eg, (01, 02) is strictly decreasing.

e Let D = D(a,b) = {a < Im(z) < b} with boundaries I, = {Im(z) = a},I;, = {Im(z) = b}.
Then, the gambler’s ruin estimate implies that if x +ia € I,, then Ep(xz +ia, ) =1/(b—a)

and hence if V' C I,
1

b—a
where ¢ denotes Lebesgue measure. More generally, suppose that D = H \ K is a domain
with K C {Im(z) < a}. The strong Markov property, implies that if b > a, then

Ep(V. 1) =Ep(I, V) =

(v,

1 & .
Ep(, V) = b—a/ hmpA(1m(z)<py (7 +ia, V) dz,
and hence,
blim bEL(L, V) = / hmp(z +ia, V) dx (1.17)
— OO —00
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Definition

e We say two domains Dy, Ds are conformally equivalent if there exists a conformal transfor-
mation f: D; — Ds.

e A domain D is a conformal annulus if C \ D consists of two connected components each larger
than a single point.

The Riemann mapping theorem states that any two simply connected domains other than the
entire complex plane are conformally equivalent. We have used excursion measure to see that if
r # s, then the annuli A, and A, are not conformally equivalent. The next proposition will show
that every conformal annulus is conformally equivalent to A for some (necessarily unique) s.

Proposition 1.5.8. If D is a conformal annulus with boundary components 01,02, then D is
conformally equivalent to A, where r = 21 /Ep(01,02).

Proof. Let V1, V5 denote the connected components of ® \D. Let D' = C \ V1. By the Riemann
mapping theorem, we can conformally transform D’ onto the unit disk. For this reason, without
loss of generality, we will assume that D C D and 0, = C. Let

q(z) = qp(z) =P*{B;, € Oa}.

We let n denote inward normals in this proof.
Let r > 0, and suppose that f : D — A, is a conformal transformation with f(C) = C. By

conformal invariance,
2

Ep(C,02) = E4,.(C,C,) = -
Hence, r = 27 /Ep(C, ).

Note that u(z) := rgp(z) is a harmonic function on D with
/ Onu(2)|dz| = rEp(C,0s) = 2. (1.18)
C

Suppose 7y is a simple curve in D separating 0o from C. Using the fact that v is harmonic, we see
that (1.18) implies that

/8nu(z) |dz| = 2m. (1.19)
.

We can find a harmonic function h(z) = wu(z) + iv(z) locally around each z, and let f(z) =
exp{—h(z)}. Using (1.19), we can see that f is well defined globally. This gives a map f: D — A,.
We need to show that f is one-to-one and onto.

As in the simply connected case, we can see that for each 0 < ¢ < 1, the sets V; = {z : u(z) =
q}, {7z :u(2) > q},{z : u(z) < q} are connected, and using this we get that f’(z) # 0 for every z.
To show global injectivity, consider the point smallest ¢ for which f is not one-to-one on V.

]

We say two domains D1, Dy are conformally equivalent if there exists a conformal transformation
f D1 — Ds. Let us call D a conformal annulus if D is connected and 9D consists of two connected
components each larger than a single point. Suppose D is a domain and V' is a connected component
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of C\ C containing more than one point. Then, C\ V is a simply connected subset of the Riemann
sphere C and hence can be mapped conformally onto the disk or conformally onto H. For this
reason, when we consider multiply connected domains it will suffice to consider subdomains of D
(or H) for which C' (or R) are contained in the boundary. Similarly, if V1, Va2 are two connected
components of C \ C containing more than one point, we can start by mapping C \ (V1 UV3) to an
annulus.

1.5.2 Poisson kernel

If D is a regular domain and z is an analytic boundary point, then the Poisson kernel is defined,
up to a multiplicative constant, as a positive harmonic function f whose boundary value is zero
everywhere except for z (here we are interpreting z in terms of a prime end. Suppose D’ € K and
f: D' — D is a conformal transformation. If we define

h(w) = Hopr (f~" (w))

then h satisfies these conditions on D. Hence, we do not need a nice boundary point to have such
a function.
If z, w are both analytic boundary points, then we define the boundary Poisson kernel Hyp(z, w)
by
Hyp(z,w) = Op Hp(z,w) =20,, 0., Gp(z,w),

where we write n,, z,, for the derivative at the inward normal at z,w, respectively. The second
expression shows that Hyp(z,w) = Hyp(w, 2)

1.6 Extremal length and reflecting Brownian motion

Suppose D is a domain and 01, 0 are disjoints subsets of dD. One conformally invariant way to
measure the “distance” between 9; and s is in terms of Brownian excursion measure Ep(d1, 02).
Roughly speaking, this gives the measure of the set of Brownian motions starting at ¢y that exit D
at Jy. (Strictly speaking, this measure is zero, so the actual definition is in terms of the boundary
Poisson kernel.)

There is a different conformally quantity, which we will denote by £j,(01,02), that is more
commonly used in the complex variable literature. Its reciprocal is called extremal length or extremal
distance. 1t is defined in the same way as Ep(01,02) except that the Brownian motions are not
killed when they hit 9D \ (01 U 02) rather, they are reflected orthogonally.

Defining reflected Brownian motion can be tricky for rough domains, but because it is a con-
formally invariant quantity we can restrict ourselves to a rather simple set of domains that will
suffice for our purposes. Let Do denote the set of domains (D, 01, 02) such that: D C H; 0y, 0,
are disjoint closed subsets of 9D with a finite number of connected components each larger than a
single point; and Ip := 9D \ (01 U 02) consists of a finite or countable number of disjoint subsets
of R. If (D, 01,02) € Dyet, we let D* be the reflected domain

D*=DUIpU{z:z¢€ D}.

and 07, 05 be the corresponding closed subsets of D*. We let Diet be the set of conformal images
of (D,al,ag) € Dref.
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Under these assumptions, we construct Wy, Brownian motion started at z € D U Ip, reflected
orthogonally on Ip, stopped when it reaches 01 U J2 by:

Let B, = X; + 1Y, be a standard Brownian motion stopped at time 7, the first time it leaves
D*.

Let Wt:Xt+i‘Y;t|70§t§7'-

The reflected excursion measure is given by

1
Ep(01,02) = Ep=(01,0;) = 5513*(3?735)-

We extend £5(d1,02) to D € Dot by conformal invariance. Let f(z) denote the probability that
the reflected Brownian motion starting at z in D reaches 0y before reaching d;. This is the same
as the probability that the usual Brownian motion starting at z in D* reaches 05 before reaching
07. Then f is harmonic in D, f = 15, on 01 U 02, and it satisfies the reflecting boundary condition

Onf(x)=0, ze€lp.

Here 0,, denotes partial with respect to the interior normal derivative which for x € Ip is just the
partial with respect to y. If 0y is sufficiently smooth, we have

Ep(01,00) = g Onf(2) |dz|.
1

Examples.

Let D =Ry = (0,L) x i(0,7) be the L x 7 rectangle and let 01 = i[0, 7], 0 = L +i[0, 7] be
the vertical edges. Then (D, 01, 02) € Dyet. In this case
T

fletay) =a/L, Onfliy) =1/L, Ep(O1,02) = .

This is easy because the reflection only affects the imaginary part, and so the calculation boils
down to the gambler’s ruin estimate. Note that £p(01,92) =< e’ and hence decays much
faster.

Let D be the annulus Ay = {e7* < |z| < 1} and let 9, = Cy, 92 = C; be the two boundary
circles. Then (D, 01, 02) € Dyt (use a map that sends {|z| > e~*} on the Riemann sphere to
H). In this case there is no reflection, and hence

2
E5(01,00) = Ep(61,00) = g

Note that f(z) = —s~! log|z|.

Let D be the half-annulus AY = {z € H : e™° < |2| < 1} and let 81,92 be as in the
last example. Then (D,0;,02) € Dyes with Ip = (—1,—e™*) U (e7*,1). Since D C H
with reflection on the real axis, this is a domain of the type in the definition. Note that
D* = A, 07 = Cp, 05 = Cs. This domain is also conformally equivalent to Rs with the circles
being sent to the vertical edges of Rs. Therefore,

£5(01,05) = g Ep(01,85) = e*.
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Another common name for various analogs and generalizations of excursion measure and its
reciprocal are conductance and resistance.

We now describe the more classical way of defining £7,(01,02). Let K = Kp(01, 02) denote the
set of piecewise C! curves v from 0; to 0y otherwise lying in D. We say that a positive function
p: D —[0,00) is admissible (with respect to K), if for every v € K,

/p(z) |dz| > 1. (1.20)

If K is a set of piecewise C'' curves in a domain D (with endpoints perhaps on dD), we define
the modulus of IC by

AK) = inf/ p(2)? dA(2),

D

where the infimum is over all admissible functions p. The reciprocal of the modulus is called the
extremal length or extremal distance. As an example, suppose that I = K(D, 01, 02) where D = R,
and 01, Jo are the vertical edges. Then for any admissible p and 0 < y < m,

1 [t ) 1 [t S
L/o plx +iy)*dx > [L/o p(x—i—zy)dx] 72
and hence,

/qudA@»=1AiALMx+no%Mdyz;;

Since the function p(zx + iy) = 1/L is acceptable we can see that A(K) = m/L and the constant
function p(z) = 1/L is the minimizer.

Proposition 1.6.1. The modulus is a conformal invariant. That is, if K is a collection of curves
in D and g : D — f(D) is a conformal transformation, then A(K) = A(goK) where goK = {go~ :
v € K}.

Proof. Suppose that p is admissible for D. Define p, on g(D) by py(9(2)) = |¢'(2)|7! p(2). If
v € Kp(01,02), let goy € Ky(p)(f(91), £(02))) be the corresponding curve. (The parametrization
of the curve is not important.) Then

/ @@Wﬂz/%@@ﬁﬁ@ﬂ@ﬂz/mwwwzl

Also,
[ ey anc) = [ (pw)lg/ )|l (w) dA(w) = [ ptw)? daqw).
9(D) D D
Taking infimums, we see that A(go ) < A(K). Applying the same argument to g~! gives the other

direction.

O]
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Proposition 1.6.2. If D is simply connected with (D,d1,02) € Dyet and 8y is connected, then the
minimizing p for Kp(01,02) is given by |V f(z)| where f is the unique harmonic function on D
with boundary conditions f = 1, on 01 U0y and O, f =0 on Ip. In particular,

Ao (@1,02)] = [ [VHE)P dAG).
D
Proof. We will assume that D = Ry, 0; = i[0, 7] and
O =A1UA3U--- U Agy1,

where A; are disjoint nontrivial closed subintervals of the right vertical boundary L + [0, 7], with
the intervals ordered counterclockwise (imaginary parts increasing), and L € Ay, L + im € Apqq.
We let lq,...,l; be the open intervals in between, so that

Ip=01LU---UlU(0,L)U[(0,L) + in].

Every (D,01,072) € Dyef is conformally equivalent to such a domain, and the representation is
unique. We let f(z) be the probability that Brownian motion reflected off of Ip hits d» before 0;.
We will call D a “comb” domain if it is of the form

D=Rp\({,U---UL)
where I}, ..., 1} are disjoint intervals of the form
l; ={z+1iy; :x; <z <1},

where 0 < z; < 1,0 < y; < L'. We set él, s to be the vertical boundaries. If f is the corresponding
function, then f (x +iy) = x/L, the same as for Ry, since the reflection is always in the y-
direction and is independent of the real part. Using the same argument as for R/, we see that
A[K(D,d1,0,)] = L. Similarly, £% (01, 02) = L.

We claim that we can find a comb domain D and a conformal transformation g: D — D so
that gol; = l;. To see this, we will first determine what the parameters L,x1,...,Zk, Y1, -, Yk

would need to be. Since we need £,(01,02) = Eg(él, d2), we choose L satisfying

W/ = &, (01.00) = [ 0usi) .
We then choose 0 = yp < y1 < -+ < yr < Yr4+1 = 7 uniquely so that
Ery, (01, L +ilyk—1,yx]) = ED (01, Ap).
Finally, for z = L + iy € Ip N &, we must have f(z) = f(g(z)). This leads to the choice
xzj; = min{f(z) : z € [;}.

This defines D in terms of D, and given this we define g to be the unique holomorphic function on
R with g(0) =0 and Re[g(2)] = L f(z).

Once we have this transformation, we know that p = |V f | is the minimizer in D and be
conformal transformation, |V f| is the minimizer in D.

O]
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The next proposition is almost immediate using the definition of modulus but would be much
harder use the definition coming from reflected Brownian motion.

Proposition 1.6.3 (Monotonicity). If D' C D,0] C 01,04 C Oa, then K(D',07,9%) C K(D, 1, 2),
and hence

A[K(D',01,05)] < A[K(D, 01, 02)]-

Proof. This follows immediately from the definition of modulus because if K’ C K, then any p that
is admissible for K is also admissible for X' O

1.7 Toolbox for conformal maps

Here we develop some of the classical tools for dealing with conformal transformations. One can
get very far having three results in one’s pocket: the Koebe-1/4 theorem, the distortion theorem,
and the Beurling estimate. We will do these here. We call a function f on a domain D wunivalent
if it is holomorphic and one-to-one.

1.7.1 Beurling estimate

The Beurling estimate is a uniform upper bound on the probability that a Brownian motion avoids
a connected set. As an example suppose K = [0,1] and B; is a Brownian motion starting at —e
and D = DN H. Then by considering the square root map that takes D\ K to D,

P~{B[0,p]NK =0} = P VYB,, ¢R}
_ 1/WHD(i\/E,ei9)d0~4\/g, €10
™ Jo T

If we replace [0, 1] with a different curve from 0 to the unit disk, we would expect that the probability
for a Brownian motion to avoid the set would decrease. This statement is made precise in the
Beurling projection theorem. From a practical perspective, what is used is the fact that the
probability is bounded by ¢+/e. This latter statement is often referred to as the Beurling estimate.

We will state and prove the Beurling projection theorem in this section. If K C H is a closed
subset, we write

K, = Kn{lm(w) >0}, K_=KnN{Im(w)<0},
K'={w:wek}, K =K, UK.

In other words, K’ is obtained from K by reflecting the elements of K below the real line to the
upper half plane. Note that K "R = K'NR = (K N K*) N R, and, more generally, dist(z, K) =
dist(z, K') = dist(z, K U K*) for all z € R.

Lemma 1.7.1. Suppose K C D is closed and let K' be as above. Let T = 1op and p,p’ the first
times to visit K, K' respectively. If —1 < x < 1, then

P {p <7} >P"{p <7}
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Proof. We assume z ¢ K and write P for P* throughout this proof. We will give an increasing
sequence of stopping times. Let 6y = dist(z, K U dD) = dist(x, K’ U D) = dist(z, K* U D), and

So = inf{t : |B; — x| = &y},
Ty = inf{t >Sy: B € R}

More generally, if j > 1, we set
6j = dist (BTJ-_NK U 8]1])) ,

Sj = inf{t Z Tj_l . ’Bt — BTj71’ = 5j},
T; = inf{t > S; : B; € R}.
It is possible that B(Tj) € K for some j in which case Sy = T}, = T} for k > j. However, if
B(Tj) ¢ K, then with probability one T; < S;11 < Tj+1. Note that on the event { B[0, 7|N(KNR) =
0, B(1) ¢ R}, there exists j with {7 < 7 < Tj41}. Hence it suffices to show that for every j > 0,
P{T; <7 < Tj4+1;B[0,7|NK =0} <P{T; < 7 < Tj+1; B[0,7] N K" = 0}. (1.21)

It will be useful to add some randomness to the process. Let Jy, Jq, ... be independent random
variables, independent of the Brownian motion By = Bi+i B} with P{J; = 1} = P{J; = -1} = 1/2.
Define W; by

Wy =B} +iJ;Bf Tj_1<t<Tj.

(Here T =0.) If Br, € RN K so that Tj1 = T}, we stop the process W; at time T}j. Note that
P{T; <7 <Tj41; B0, 7N K =0} =P{T; <7 < Tj41; W[0,7] N K = 0},

and similarly with K’ replacing K. Let F denote the o-algebra generated by the Brownian motion
B only, so that F is independent of the J;. We claim that for each j,

P{T; <7 <Tjyi; WO, TINK =0 | F} <P{T; <7 < Tj1;; W[0, 7] N K' =0 | F}.
Let us fix a j. The event {T; < 7 < Tj41} is F-measurable. On this event, we can write
P{T; <7< Tjr1;W[0,7T|NK =0 | F} =LE|L --- I; I41 | F|,
where
I, = HJp, = 1} B[Sk, Ti] N K = 0} + 1{J, = -1} {B[S;, T3] N K* = 0},
I, = B[Sk, 7| N K = 0} + 1{J), = —1} 1{ B[Sk, 7] N K* = 0},

We get a similar expression for K’ in terms of I, I 1.» obtained by replacing K, K* with K’ (K')*.
The random variables Iy, I1, ... are conditionally independent given F, and hence it suffices to show
for every k,

P{I,=1|F} <P{L; =1]| F},

P{I, =1|F} <P{l, =1]|F},
We will show the first; the second is done in the same way. If B(T}) € K, then I}, = 0, so let us
assume that B(T)) ¢ K. Consider the events

F = {B(Sk,Tk) NK, = (b}, FEy = {B(Sk,Tk) NK_ = @},
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B3 = {B(Sk, Tp) N (Ky)* =0}, Ey={B(Sk Ti) N (K_)* = 0}.

We can write .

1
P{Ik' =1 ‘ f} - 5 1E1ﬂE2 + 5 1E30E47

1 1
P{I]/C =1 | ‘F} = 5 1E1ﬂE4 + 5 1E3|’7E2'

We therefore get

2 []P){Illc =1 ’ ‘F} - P{Ik =1 | f}] = 1E10(E4\E2) + 1E3Q(E2\E4) - 1E1ﬂ(E2\E4) - 1E3Q(E4\E2)'

Note that on the event Fy \ Ea, B(S;,Tj) lies in the lower half-plane and hence 15, = 1. Similarly,
on the event Ey \ E4, we have 1p, = 1. Hence,

2 [P{I, = 1| F} =P{l = 1| F}| = 1gpm + 1Ea B — LEin(B\E) — LEsn(Ea\Bs) = 0-
Il

Proposition 1.7.2. Under the assumptions above, if D, D' are the connected components of C\
K,C\ K’ containing the origin, and x € R\ {0},

GD(x) S GD/({L‘).

Proof. Since RN D = RN D', the result is trivial for z € R\ D, so we assume x € D. Let s be
sufficiently small so that Dy C D and |z| > e~*. Then we can follow the proof as above, to show
that

P*{os < p} < P*{os < Tp}.

Letting s — oo gives the result. O

Theorem 1.7.3 (Beurling projection theorem). Suppose K is a connected, closed subset of D such
that for each e <r <1

KN {|Bi| =r} 0.

Then,
P{BI[0, ] N K =0} < P{B[0, ] N[e, 1] = 0}.

In particular,
P{B[0, ] N K = 0} < 242,

By conformal invariance, we can see that as € | 0,

P{B[0, ] N[e, 1] =0} = dary O(e).

™

Although it is not optimal, we can write

P{B[0, ] N[e,1] =0} <262, 0<e<1.
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Proof. Fix € > 0. For any K, let K’ denote the set K, U (K_)* as above. Then,
P{B[0, ] N K = 0} <P{B[0, ] N K" = (}.

Similarly, we can reflect the negative real part of K’ onto the positive real axis and increase the
probabiilty. By doing this trick repeatedly and rotating, we see that for any d > 0 and any K we
can find K5 C {0 < arg(z) < §} with

P{B[0, p] N K =0} <P{B[0, ] N Ks = 0}.
For fixed €, we can use connectivity of Ky to see that

ldiﬁ)ﬂP’{B[O,TD] NKs=0|B[0,m]Ne1] #0} =0.

Therefore,
limsup P{B[0, ] N K5 = 0} < P{B[0, ] N [¢, 1] = 0}.
510

O]

In applications one generally uses a corollary of the Beurling projection theorem often called
the Beurling estimate.

Corollary 1.7.4 (Beurling estimate). There exists ¢ < oo such that if D is domain with 0 ¢ D
and such that the connected component of C\ D containing the origin intersects the unit circle,
then for all |z] > 2,

hmp(z, 0D N{|¢] < €}) < cve.

Proof. By making D larger if necesssary, we can assume that D = C\ K where K is a compact
connected subset of D intersecting the unit circle. Let B; be a Brownian motion starting at z and
let p = inf{t : |B;| < €}. Then, hmp(z,0D N{|¢| < €}) < P*{p < 7}. Now consider f(w) = €¢/w
and use

P {p <7} =PI {m < 74}

1.7.2 Koebe distortion theorems

The Riemann mapping theorem implies that there is a one-to-one correspondence between simply
connected domains D C C containing the origin and univalent functions f on the unit disk with
f(0) =0, f/(0) > 0. We let 8* denote the set of all such function and S the set of f € S* with
f/(0) = 1. Any function f € S can be written as a power series

f(z)=z+asz® +azz®+---.
One example of such a function is the Koebe function fkoebe,
z 1 (1+2\> 1 s o
fKoebe(Z):m:Z (1—2’) —1224—22 +327 4.

Using the second expressions, we can see that fikoebe 1S @ composition of conformal transformations,
and hence is a conformal transformation, with fieepe(ID) = C\ (—o0, —1/4]. The Koebe function is
an extremal function in S, and a big problem in the twentieth century was to prove the Bieberbach
conjecture:
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o If f €S, then |a,| <n for all n.

This was proved by de Branges. Fortunately, for most applications one does not need this result
(and for this reason we do not need to go through the proof).

Lemma 1.7.5. Suppose f : D — D is a conformal transformation with f(0) = 0, f'(0) > 0 and

dist(0,0D) > 1. Then
1 2m

log f/(0) = 2 /. Gp(e?)ds. (1.22)

Proof. Fix f, D and we allow constants and O(-) error terms to depend on f, D. Let k equal the
right-hand side of (1.22). We know from (1.12) that

Gp(z) = —log|z| + k+O(|z]), z—0.
However, as z — 0,

—log|z| = Gp(2) = Gp(f(2)) = Gp(f'(0)z+0(2*)
—log [f/(O) z+ O(!z|2)] +k+O(|z])
= —log|z| —log f'(0) + k + O(|z]).

O

Lemma 1.7.6. Suppose D is a reqular domain containing the origin. Let T = inf{t > 0: B, € R}.
Then for every z € D,
GD(Z,O) =F~? [GD(BT);T < TD] .

Proof. We write G(z) = Gp(z,0). If z € R the result is immediate. Assume that Im(z) > 0 (the
case Im(z) < 0 is done similarly). We allow constants to depend on z, D. Let s be sufficiently large
so that dist(0,0D) > e™® and let £& = 7p AT A 0. Since My = G(Biae,) is a continuous, bounded
martingale,

G(z) = E7[G(B,)]
= E*[G(Br);T <t N&|+E*[G(By,);0s <mp ANT].

We know that for [(| = e™* that Gp(¢) < ¢s. Also, using the Poisson kernel in H, we see as
s — 00,
P*{os <mp AT} <P*{o, <T} <ce®.

Therefore,
lim E? [G(By,,);0s < Tp ANT] =0,

§—00

and, hence, by the monotone convergence theorem,

G(z) = lim E* [G(Br);T < 1mp N&) =E* [G(Br); T < 1p] .

S—00
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Proposition 1.7.7. Suppose f : D — D is a conformal transformation with f(0) = 0, f/(0) > 0
and dist(0,0D) = 1. Then
1< f(0) <4. (1.23)

Proof. The first inequality follows from (1.22) (or from the Schwarz lemma applied to f~!, consid-
ered as a map from D into D). To get the second inequality, we show that the right hand side of
(1.22) is maximized if D = C\ [1,00). This is done similarly as in the Beurling inequality. Suppose
that D = C\ K, and as before we write

Ky ={z€ K:Im(z) >0}, K_={z¢€ K:Im(z) <0},

(K_)'={z:ze K_}, K =K, U(K.)"
Let D' = C'\ K’ and note that D is simply connected. We claim that

1 2m ) 1 2w )

— | Gp(e®)dd < — | Gpi(e)dd. 1.24

5| Gondn< o [ o) (1.2
To see this let o = inf{t : |B;] = 1} and T = inf{t > o : By € R}. Then, using Lemma 1.7.6, we

see that
1 2

o Gp(e?)df = E[Gp(Br) 1{B[0,T)N K = 0}],
T Jo
and similarly for D', K'.
As in the proof of Lemma 1.7.1, we let W; = B} + iJ B? where J is a random variable
independent of B with P{J = +1} = 1/2. Clearly W is a Brownian motion with Wpr = By, and

hence
1 271

o Gp(e)do = E[Gp(Wr) 1{B[0,T] N K = 0}],
™ Jo
Let

By, ={B0,T|N K, =0}, FE,={B0,T]NnK_ =0},

By = {B0,T] N (K4)* =0}, By ={B[0,T]n (K_)"

0}.
Arguing as in that proof, conditioned on B[0,T],
P{W[0, TN K =0 | B[0,T]} <P{W[0,T]NK' =0 | B[0,T]}.

Proposition 1.7.2 tells us that Gp(z) < Gp/(x) for € R. This gives (1.24).

Given (1.24), we can do the argument in Theorem 1.7.3 to see that we can choose a maximizing
D so that K lies in a wedge {0 < arg(w) < 6} of arbitrarily small width, and then we argue as in
the Beurling estiamate to see that the supremum is taken on by a slit domain D = C\ (—o0, —1]

for which f(z) =4 fkoebe(2).
O]

Corollary 1.7.8 (Koebe (1/4)-theorem). Let f € S* and let d = dist(0,0f(D)). Then
d < f'(0) < 4d.

In particular, if f € S, then f(D) contains the open disk of radius 1/4 about the origin.
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The next proposition is a slightly weaker version of the “growth theorem”.

Proposition 1.7.9. There exists ¢ < oo such that if f € S, then
[f(2)] <elt =272

Proof. All constants c¢ in this proof are independent of f, that is, the estimates hold for all f € S.
Let D = f(D) and recall that Gp(z) = —log|z| > 1 — |z|. By the Schwarz lemma applied to f~1,
we can see that there exists z € 9D \ f(D). We claim that there exists ¢ < oo such that for all
feSandall z € 0D, Gp(z) < c3. Indeed, if one goes to the proof of Proposition 1.3.1, especially
(1.9), (1.10) we see that Gp(z) < 1/p where p = pp is the infimum over z € 9D of the probability
that a Brownian motion leaves D before reaching C; := {|w| = e71}. If D = f(D) for f € S,
this probability is greater than the probability that the Brownian motion makes a closed loop in
{1 < |z] < e} before reaching C}.

Using Theorem 1.7.3, we can see that there exists ¢ such that if |¢| > 1, P{oq < 7p} <
d [¢|~1/2. Hence,

Gp(¢) <P{oog < 7p} sup Gp(w) <[],

|lw|=1
and |¢| < ¢Gp(¢)~2 for some c. Hence, for all z € D with |f(2)| > 1,
f(2)] < cGp(f(2)) 72 = c[Gp(2)] > < e[l —[2[] 7%
O

We will now prove a form of the “distortion theorem”. This is not as strong as the standard
version, but this is easy to prove now and is that is needed for most arguments. The key fact is
that the constants ¢ = C'(D, V') can be chosen uniformly over S.

Proposition 1.7.10 (Distortion Principle). Suppose D is a domain and V C D is compact. Then
there exists c = c¢(D,V') < oo such that if f: D — f(D) is a conformal transformation, then

') <clf(w)], zweV.

Proof. We first assume that D = . Since f is uniformly bounded on {|z| < 1/2}, the Cauchy
integral formula gives a uniform bound on |f”| for |z| < 1/4, and this implies that there exists
¢ < oo such that

P -1 <l <14

In particular, we can find § such that 1/2 < |f/(2)| < 2 for |2| < § and hence
[f )l <4lf ()], ol [w] < 6. (1.25)

Let us define a metric pp(z,w) on D to be the minimum integer k such that we can write down
a sequence
z=00,C,---, G =W,
such that for j =1,...,k,

|Cj — Cj—1’ < 6 max {diSt(Cj_l, oD), diSt(Cj, 8D)} ,

where ¢ is as in the last proof. Then, we have |f/(z)| < 4°P(*%) | f'(w)|. Arguing as in the proof of
Proposition 1.2.6, we can see that for all compact V, max{pp(z,w) : z,w € V} < oo.
O
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These arguments measure the “closeness” of z and w in D tp be the number of balls {¢ :
|¢ — zj| < dist(z;,0D)} are needed to “connect” z to w. This measure of distance is closely
related to hyperbolic distance. This definition in the last proof is valid for all domains.

We end by stating the more precise distortion estimate. Usually we do not need the precision
in this statement, but since the optimal constants are known, it is generally nicer to use them.

Theorem 1.7.11 (Distortion Theorem). If f € S and |z| < 1, then

1+ |z|

1_‘Z| !
3 <|f(2) < m

(14 [2])

2]

|
3 <|f(=) < m

(14 20)

Corollary 1.7.12. There exists co > 0 such that if f : H — f(H) is a conformal transformation
andz € R, r >0,

e .
m < |f'(re+ri)| < e ($4 + 1) |f'(rd)], (1.26)
P+ 71) — £00)| < cor (faft + 1) |70 (1.27)

Proof. For (1.26), without loss of generality assume that » = 1, f(i) = 0, f’(i) = —2i. Let us also
assume |z| > 1; otherwise we use the distortion principle immediately. Let F'(z) = (z —i)/(z +9)
which maps H onto D with F(i) = 0, F'(i) = —2i, and let g = f o F~! € S. Note that |F(z +1)| <
1 — cz~2, and hence the distortion theorem implies that

_ e+ )]

S < (FYF(x+1) = 1F'(z + )|

2
We check directly that |F'(x+14)| < x=2. Therefore |f'(z+i)| > cz~*. This gives the first inequality
in (1.26) and the second follows from the first applied to f(z) = f(z — ). The estimate (1.27)
follows from |g/(F(2))| < c(1 — |F(2)|)~2.

|f(re +ri) — f(ri)] < /07"90 |f' (s + 7i)| ds.

It is clear that by doing this proof slightly more carefully we could find an explicit ¢y, but we will
not need it. O

1.8 Loewner differential equation

We will give a number of versions of what are called Loewner differential equations. These equations
describe the dynamics of conformal maps as a domain is perturbed. As a start we will describe
one version of the half-plane equation. Suppose 7 : (0,00) — H is a simple curve with v(0+) = 0.
(For us curve means a continuous image of the real line and simple means that the function is
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one-to-one. For each ¢, let H; = H \ 7[0,¢]. The Riemann mapping theorem tells us that there
exist conformal maps ¢; : Hy — H. There are many such maps, but as we will see we can specify a
unique one by requiring that

gt(2) =z40(1), z— oo.

For fixed z € H, we can consider the flow ¢t — g;(2). If 2 € (0, 00), then this flow exists for all
times. If z = (t) then the flow stops at time ¢ at which g.(z) € R.
The main result is that if we reparametrize v appropriately then g;(z) is a a C' function of ¢

that satisfies 5

Ohge(z) = m7

go(z) = 2,

where U; = g4(7(t)).

We will first derive the equation in the case v is a simple curve and show that ¢t — U is a
continuous real-valued function. We then will consider the equation as an initial value problem for
a given continuous U; and discuss the solutions of the differential equation.

1.8.1 A class of transformations

We will consider simply connected subdomains of H of the form H \ K where K is a bounded
set. We will be making estimates that are valid over all such domains so it useful to set up some
notation. Recall that we write rad(K) = rad(0, K) = sup{|z| : z € K}.

Definition Let J; denote the set of subdomains D C H with rad(H \ D) < ¢, and let J; be the
set of real translations D = D +xz,D € J;,z € R. Let J = 71, J = J].

We allow multiply connected domains in J. Note that D € J if and only if f(D) € K where
f(z) = —1/z. Suppose D € J;,D" € Jy and g : D — D’ is a conformal transformation such that
g(00) = oo (that is, if z — oo, then g(z) — o0) and such that for x € R\ [z1, z2],

limg(x +iy) € R.
lim g(@ + iy)
Then we can use Schwartz reflection to extend g to a conformal transformation of
D*:=DU{Z:2z€ D}U(—00,z1) U (z2,00).

The map .
&) =57

is a univalent function in a neighborhood A of the origin with f(0) = 0, and hence has a power
series expansion
f(z)=a1z4+ag2®>+---.

Since f(M NR) C R, we can see that a; € R, and since f(N NH) C H, we can see that a; > 0.
Using this we see that g has an expansion at infinity

g(Z):b—12+b0+b12_1+b22_2+---, b_1 >0, bjeR.

We will write ¢’(c0) = 1 if b_; = 1. If g has an expansion as above, and §(z) = (g(z) — bo)/b_1,
then g(z) = z+0(1) as z — oo.
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One might expect that we should define ¢’(c0) = b_;. However, for reasons that we will discuss
later, there are good reasons to define g’(c0) = 1/b_1. We will avoid this issue for the moment
by only defining “g’(co) = 1”7 which is the same under both definitions.

Definition Let Q, denote the set of conformal transformations g : D — ¢(D) where D €
Jq.9(D) € J" and such that
g(2) =2 =0, z— o0

Let Q@ = Q;. Transformations in Q are sometimes said to satisfy the hydrodynamic normalization.

Lemma 1.8.1. Suppose D € J,;. Then there is a unique positive harmonic function vp on D such
that vp =0 on 0D and vp(z) =Im(z) + O(1) as z — oco. It is given by

vp(z) =Im(z) — E* [Im(B;,)] = ILm nP*{T,, < mp},
where Ty, = inf{t : Im(B;) = n}. Moreover, there exist ¢ = cp < oo such that for |z| > 2q,

clm(z)
|22

[Im(z) —vp(2)] <
To be more precise, we mean that if we extend vp to 9D by setting vp(z) = 0 for z € 9D, then

vp is continuous at the regular points of dD.

Proof. 1f vp is such a function, then Im(z) — vp(z) is a bounded harmonic function on D, and
hence,
In(z) — vp(2) = B [A(Bry)] = B [m(Byy )]

This gives existence and uniqueness of vp. Since Im(w) is a bounded harmonic function on {0 <
Im(w) < n}, if 0 < Im(z) < n,

Im(z) = E* Im(B;pa1,)] = E* [Im(B;,); 70 < Tp] + nP*{T,, < 7p}.
Using the monotone convergence theorem, we therefore see that
lim nP*{T,, <7p} = Im(z)— lim E*[Im(B;,);7p < T}
n—oo n—oo
= Im(z) — E* [Im(B;,)].
To get the final assertion, note that

Im(z) —vp(z)] < P*{B;, € R} sup{Im(w) : w € H\ D} < c¢pP*{B[0, 5] N (¢gD) # 0}.

The probability on the right can be computed by conformal invariance. We omit the details.
O]

e One can consider Q as a half-plane analogue of the schlicht functions S.

o If g € Q, with domain D, let D =¢'Dand j(z) = ¢ ' g(gz). Then § € Q with §(z/q) =
¢'(z). We will focus on estimates for g € Q, but these immediately imply estimates for g € Q.
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e Every g € Q has an expansion at infinity

)
g(z):z—l-;—i-?—l----, bjER.

If we write g(z) = u(z) +1iv(z), then h(z) := Im(z) — v(z) is a bounded harmonic function on
D such that h(z) — 0 as z — co. Note that h is a harmonic function on D*.

If g: D — g(D) is in Q then so is g~! : g(D) — D with expansion

gil(z) =2—b 2zt + O(\z|72).

If D € J, is simply connected, there exists unique g € Q, such that g(D) = H. The existence
of conformal transformations f : D — H follows from the Riemann mapping theorem, and if
f is another such a transformation, then f = T o f where T is a Mobius transfromation of
H. There is exactly one such T such that T o f € Q. In this case Img = vp where vp is the
function from Lemma 1.8.1.

o If g=u+ive Qand z = x + iy with |z] > 1, we can use the Cauchy-Riemann equations to
write

u(z,iy) = lim [u(z,iyr) + u(z,iy) — u(z,iyr)]

Y1 —00

Y1
= lim [u(x,iyl) —/ Orv(x + it) dt}
y

Yy1—00

= a:—/ Ogv(x +it) dt
y

= x—l—/ Oz h(x + it) dt.
y

To see that the integral is well defined, note that for |z| > 2, h (extended to D*) is a bounded
harmonic function in the disk of radius |z|/2 about z and is bounded by c|z|~!. Therefore
by Proposition 1.2.5, |Vh(z)| < c|z| 2.

Proposition 1.8.2. Suppose D € J and h is a positive harmonic function on D that is bounded
on {|z| > 1} and equals zero on {x € R : |x| > 1}. Then for |z| > 2,

h(z) = Hy(2,0) hoo [1 + O(|2| )] = ~Im(1/2) hoo [1 + O(J2|71)],

where .
hoo = ylggoyh(z’y) = 72r/o h(e) sin 6 df. (1.28)
Moreover, if y > 1, .
heo = 71r/ h(z + iy) dx. (1.29)
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The condition |z| > 2 is put into the proposition to make the estimates uniform over z. We
could replace it with |z| > r for any r > 1, but then the implicit constant could depend on r.

As |z| = 00, h(x + iy) < O(z~2) which shows that the integral in (1.29) is finite.

Proof. Let Oy = ONH ={z € H: |z| > 1}. Since h is a bounded harmonic function on O, the
optional sampling theorem implies that

h(z) = E? [h(BJr)]:% [ H(ew) b)),

Using conformal invariance (see (1.61)), we can see that
Ho, (z,e"?) = 2Tm[~1/2] sin@ [1 + O(|2| )] = 2 H(,0) sin 0 [1 + O(|2|71)].
Since h(zx) =0 for z e RN OO,

2 Hg(2,0
B T

h(z) ) [1+0(]z|™)] /07r h(e®) sin 6 df

This gives (1.28). Let Uy = {x + is: s > y}. Then, if y’ >y,

Yy h(ry ) = — U, Yy, T+ 1y T +y)dr = / x +1y)ax
T Jou, (Y —y) Jowo 2>+ (Y —y)?
Letting y' — oo, we get (1.29). O

We note that the Harnack principle implies that there exists cj, co such that for all such h,

C1 hoo S h(?l) S C2 hoo.

We can write 4
heo = = lim E? [h(B;) | |B-| =1].

T z2—00

We can then view the results as two separate estimates:

B [h(By) | |B-| = 1] = 7 hoo [1+ O(12| ),
Pe{1 = 1} = 2 14 o)

Definition Suppose K C H is bounded such that D = H \ K is a domain. Then the half-plane
capacity heap(K) is defined by

heap(K) = lim yE” [lm[B(rp)]]
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Suppose D = H\ K, 7 = 7p, and let h(z) = E? [Im(B;)] be the bounded harmonic function
on D with boundary value Im(z). If D € 7, that is, if K C {|]z| < 1}, then in the notation of

Proposition 1.8.2,
A
heap(K) = hoo = = / E’ [Im(B,)] sin 6 d6.

™ Jo

Also, for |z| > 2,
h(z) = —hcap(K)Im(1/2) [1 4+ O(|z|1)].

In particular, heap(K) < E% [Im(B,)].
Proposition 1.8.3. Suppose K C H is bounded such that D = H \ K is a domain.

1. If r > 0, then hcap(rK) = r? hcap(K).

2. If x € R, then hcap(z + K) = hcap(K).
Proof.

1. Let D, = H\ rK. Then, by conformal invariance

E"Y [Im(B,, )] = rE"Y [Im(B,,)].
Therefore,

heap(rK) = Jim_ ryE"™ [Im(B;, )] = r* lim yEY [Im(B,)] = r* hcap(K).

Yy—r0o0

2. Let D, =H\ (K +2) = D+ x. Then,
EY [Im(B,, )] =E~**% [Im(B,,, )] .

Using, for example, Proposition 1.8.2 (or just derivative estimates for harmonic functions),
we can see that for fixed x, as y — oo,

E~**% [Im(B,,, )] ~ EY [Im(B,, )] .

There is another notion of capacity that we will consider that scales differently from hcap.

Definition Suppose V is a compact subset of H. For a Brownian motion B; and let D = H \ V.

Then '
capy(V) = lim P¥{B; € V} = lim yhmgyy (iy,V).
Yy—00 Yy—00

Note that we allow V' to be a subset of reals. The quantity capy(V') is a normalized form of

the point-to-set excursion measure as we now show. Let

zZ—1
z4+1

fz) =
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which is a conformal transformation of H onto ID. Then conformal invariance implies that

hmg v (4y, V') = hmp pvy (f(3y), £(V)) = hmp, 71 (Zﬁ’ f(V)> :

Therefore,

2

- 2] = 28 (L F0V))

)

If T'=inf{t : B; € R}, we can use the Poisson kernel in H to see that

([0,2]) = lim yP¥{0 < By <z} = li vy T
AP & _yggoy =PT =T _yggoy o 72 +y?) w

IfV C{lz| <1} and y > 2,

cap(V) < yPYAB[0,T] NV # 0} = yhmpgy(2i, V).

Using conformal invariance, we get the following relations:

capg(V 4+ z) = capy(V), capy(rV) = rcapy(V).

Suppose V is the disk of radius ry about z = x 4 iy where 0 < r < 1. We claim that
capg(V) = 2y [log(1/r) + O] r —o0. (1.30)

It suffices to prove this for y = 1,z = 0 for which it follows from

Guliy, i) = log 2

+1 _ _
1:2y 1+O(y 2), y — 00.

Since capy scales linearly, one might expect that capy of a connected set to be comparable to
the diameter of a set. Indeed this is true if the set touches the boundary, but is not correct for
“interior” sets.

Lemma 1.8.4. There exists c1,ca such that if V- C H is compact and connected and d = diam(V),
y = sup{Im(z);z € V'}, then

c1(d+y) [1+1log, (y/d)] " < capy(V) <o (d+y) [1+log (y/d)] "
In particular, if both V- and V UR are connected, then capy (V') < diam(V).

Proof. By scaling and translation we may assume that y = 1 and that min{Re(z) : z € V} = 0.
Let D denote the unbounded connected component of H \ V. As noted above,

capg(V) < (d+1)hmp(2(d+1)i, V). (1.31)

If d>4,let s=d—12> 3. The upper bound follows immediately from (1.31). For the lower
bound, note that there exists z € V' with Re(z) = s. Consider the square {z +iy: 0 <z <s,0 <
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y < 1}. We know that V' is connected and contains points on both vertical sides, [0, ¢] and [s, s +1],
If a Brownian motion B starting at 2(d+ 1)i exits H at (0, 1) without hitting either of the vertical
sides [0,4] or [s,s + 7], then either the curve hits V' or the curve disconnects V. Since we know
that V' is connected, the former must then hold. Let o = inf{t : Im(B;) = 1}, = Re(B,). If
x € [1,s—1], then there is a probability of 1/4 that the continuation of the path will exit the square
[t —1l,z+ 1] x [z —142i,x+ 1 —2i] at [z — 1,z + 1]. Therefore,

1 )
hmp(2(d +1)i, V) > PV Re(B,) € [1,d — 2]}

Using the exact form of the Poisson kernel in the upper half plane, we can see that

inf P4+ Re(B,) € [1,d — 2]} > 0.

If d <1/2,let z = x+i be a point in V with maximal imaginary part and note that 0 < z < 1/2.
Let B, denote the closed disk of radius r centered at z with boundary 9,. Since capg (V) < capy(By),
the upper bound follows from (1.30). The connected set V intersects Oq/2- Let ¢ > 0 be the
probability that a Brownian motion starting at |z| = 1/2 makes a closed loop about the origin
before reaching the unit circle. Suppose that a Brownian motion starting at 2(d + 1)i reaches d, /4
before leaving H. Then there is a probability ¢, that it will make a loop about z before reaching
the circle of radius d/2. If that happens, the curve must hit V. From this we get the inequality

capy(V) > ¢hmp\g, , (2(d + 1)i, By/a) < q capy(Baya)-

This and (1.30) give the lower bound.
If 1/2 < d < 4 we can use the d = 1/2 estimate for a lower bound and the d = 4 estimate for
an upper bound.
O

The estimate above is useful in studying the boundary behavior of conformal maps. For future
reference we state a disk version of the proposition that can be proved in the same way. We will
only give the boundary version.

Proposition 1.8.5. There exist 0 < c; < ca < oo such that if V. C D is a connected compact set
with VN oD # 0, then

¢y diam(V) < P{B[0, ] NV # 0} < caydiam(V).

Roughly speaking, the quantity capy (V') is the normalized probability that a Brownian motion
“starting at infinity” exits H\V at V. It is a version of excursion measure. The quantity hcap(K)
is a normalized probability that a Brownian motion ”starting at infinity and conditioned to leave
H at infinity” hits K. This is only nonzero if K C H, and if K is very close to the real line it is
near zero. It is analogous to what we will call boundary bubbles.
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1.8.2 Compact hulls
Definition We call a compact K C H a compact H-hull if
e KNR #.

e K UR is connected.

We have chosen to make connectedness of K UR one of the conditions for being a hull. This is
not always done. We choose this definition for convenience.

For any such K, let Dk denote the unbounded component of H\ K and note that Dy is simply
connected. Let z_(K) = min{zr : x € K "R}, 24 (K) = max{z : « € K NR}. We define the
fill of K by fill(K) = (H\ Dg) U [x_(K),z4(K)]. Note that fill(K) is a compact H-hull. Let
Ri =sup{|z|: z € K} = sup{|z| : z € fill(K)} and

D*=C\[fl(K)U{z:z e fill(K)}].
Note that
hcap(K) = hecap(fill(K)).

Sometimes, in an abuse of notation, we will refer to a bounded, but not closed, K C H as a compact
H-hull. In this case the implicit hull is the union of K and the smallest closed line segment in R
needed to make the union connected.

Proposition 1.8.6. There exists cg < oo such that the following holds. Suppose that K is a
compact H-hull, D = D, R = Rk, a = hcap(K).

1. There exists a unique conformal transformation g = gx : D — H such that

lim [g(2) — 2] = 0.

Z—00

It extends by Schwarz reflection to a conformal transformation g : D* — C\ [x1,x2] for
some —o00 < 21 < 2 < xy < wp < 00. Forz € D, Img(z) is the same as vp(z) from Lemma
1.56.

2. The expansion of g at infinity is

o
a .
= +7+§ bjz77, bjeR.
9(z) ==z s = j 2 j

1 4
r1 = lim 7wy [2 -P¥%{B,, € (—oo,x_)}] ,

Yy—00

1 .
To = lim ™Yy |: —]Pﬂy{BTD S (.ZU+,OO)}:| .

Yy—00 2

In particular, xr1 < x_ < x4 < 9.
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4. If r > 0,z € R, then
gric(2) =rg(z/r), gk (2) =g'(z/r),
9K +2(2) = 7+ gr (2 — x).
5 If K C K', g = gg(kvy © - In particular,
heap(K') = heap(K) + heap[g(K')]. (1.32)
Here by g(K') we mean the hull g(K'\ K).
6. If |z| > 2R, then

, a
l9'(2) = 1] < CO@~

7. If |z| > 2R, then
akt

R (1.33)

a
QK(Z)—Z—; < co
Proof.

1. The existence of the map was shown in the previous section.

2. Note that as y — oo,
. . b1 _ o _
slin) =i |y 2| + 02 = i) + 07
Therefore, using Lemma 1.8.1 and the definition of hcap, we see that

by = lim yy —v(iy)] = lim yE" [Im(B;)] = heap(K).

Y—00

3. Using the Poisson kernel in H, we see that

Yy—00

1 4
lim 7y [2 —PY{B,, € [r4,00)}| = x.
Conformal invariance implies that
PU{B,, € [o4,00)} = PUD{B,, € [2,00)}.

We know that g(iy) = iy — iay~' + O(y~?) and derivative estimates for harmonic function

show that ‘ ‘ )
PIW By, € [wg,00)} = P By, € [z3,00)} + Oy ).
Therefore,
: 1 i : 1 i(y—ay ! -
fim wy |~ PHB, € oy0a)] = fim my | - PO B, € fa0a)) + 007
1 ; -1

- oy ) |2~ pily—ay™)
= ylinolow(y ay ) [2 P {Br; € [xg,oo)}]
= X92.

Since P¥{B,, € [v4,00)} < P¥{B,, € [r4,00)}, we see that o > ;. The argument for x;
is the same.
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4. Note that g(z) := rgp(z/r) is a conformal transformation of H \ (rK) onto H satisfying

g(z) = z+0(1), z— oco. By uniqueness § = g,x. We argue similarly for §(z) = 2+gx(z—x).

. It is easy to see that g := g4(k,) © gk, is a conformal transformation of D, onto H satisfying

3(2) = 2+ o(1).

. We first assume that R = 1. Let h(z) = Im[z — gp(z)] = Im(z) — vp(z) which we consider as

a harmonic function on D* D {|z| > 1}. Using Lemma 1.8.2, we see there exists universal ¢
such that
|h(2)| < calz| .

If |z] > 2, then h(z) is a harmonic function defined on the disk of radius |z|/2 bounded by
caO(|z|~1). Hence using Proposition 1.2.5, we see that

IVA(2)| < cal2] 72,

and hence

1= gp(2)] = /10e0(2)]? + [1 - By0(2)]2 < ca 2|2

For more general R, gip(2) = ¢pp(2/R), and hence for |z| > 2R,

11— grp(2)| = 1 = gp(2/R)| < cR*a |2| 7 = cheap(RK) |2| .

. Assume R =1, let

and let
vi(2) =Imf(z) = v(z) — Im(z) — alm(1/z).
Using Proposition 1.8.2 with h(z) = z — v(2), we see that

0s(2)] < I|m,§,>

Using the fact that vy (extended to D*) is a harmonic function on {|jw| < |z|/2} bounded by
ca|z|72, we see that

/()] = [Vvg(2)] < calz| ™.
Using f(oo) = 0, we see that for |z| > 2, |f(2)] < ca|z| 72
For more general R, recall that gri(z) = Rgx(z/R) and hence

lgri (2) — z —hcap(RK)z™Y| = |Rgk(z/R) —z — R*az"!
— Rlgx(z/R) — (2/R) —a(z/R)""|
< cRalz/R|™?

¢ Rhcap(RK) |2|72.

Examples.
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e Let K =D,. Then

1
gr(z) =z + p

In particular, hcap(D; ) = 1.

e Let K be the vertical line segment [0,4]. Then

1
V2= .
gK(z) z4 + Z+ 2 +
To be more precise, note that if z € H \ [0,4], then 2% 4+ 1 is not on the positive real line.

Hence. we can take the branch of the square root with values in the positive half plane. This
shows that hcap([0,i]) = 1/2.

If K is a compact H-hull, then hcap(K) is the coefficient of z~! in the expansion of gx from
infinity. Indeed, that is how some people define the quantity. However, this definition does not
work for compact K for which K UR is not connected.

As a slight abuse of notation, we write

gp(z_)=s gp(zy)=t.

If K is disconnected it is possible that gp can be extended to a slightly larger domain, but we will
not need to consider this extension.

Lemma 1.8.7.
—2R < gp(z—) < gp(z4+) < 2R.

Proof. We do the case R = 1; the other cases can be handled by scaling. Recall from Proposition
1.8.6 that

. 1
gp(a+) = lim my |5 —PY{Brp, € [24,00)}

The right-hand side is maximized (under the constraint R = 1) when D = H \ D, in which case

1
gp(z) =z + p gp(1) = 2.
O

It follows that gp(z4+) — 24+ < 3R. However, we can get arbitrarily close to 3R. If we let D be
the maximizing domain for R = 1, then we can take

Dic=D\{z+iy:—-1<2x<1:0<y<e(z+1)}

for which z; = —1 and g(z4) — 3 as e — 0.
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1.8.3 Boundary behavior

The behavior of conformal transformations near the boundary is a delicate topic. We will consider
here the case where K is a compact H-hull contained in the closed unit disk, D = H\ K € J, and
g = gk is the unique conformal transformation g : D — H with g(z) — 2z — 0 as z — oco. We will
write f for the inverse map f = ¢~ ' : H — D. The question is whether or not f extends to a map
on the H. If we only assume that D is the form above, then the situation can be difficult. As a
bad example to consider as we go along, let

K_11U11+7;U11+¢U[j UM S ORI SN S
L 272] 7272 " 2 2’2 " 2]\ 2 22174 92e-l 4 2 | )

and D = H \ K. Fortunately, such bad behavior will not arise if we assume K is the image of a
curve.

Definition

e If D is a domain, then a (simple) crosscut is a simple curve n : (0,t9) — D with such that
the limits 7(0) = n(0+),n(1) = n(1—) exist and are on 9D. (We allow n(0) = n(1).)

e We say that a simple curve n : [0,t9] — C is an accessing curve for D if n(0,ty) C D and
n(0) € dD. We say that n accesses z if n(0) = z. The point z € 9D is accessible if there
exists at least one curve accessing 7.

Note that under our definition, crosscuts (or their reversal) are accessing curves for both end-
points. In our pathological example D, the origin is not an accessible point for D. The Beurling
estimate implies that following.

Proposition 1.8.8. There erists ¢ < oo such that if D =H\ K € J, and 1 is a curve accessing

z € 9D, then if diam(n;) < 1,
diam[g o ;] < ¢ +/diam(n). (1.34)

Here n, = n[0,t]. In particular, the limit

li t
i g(n(t))
exists.
Proof. The proof is the same as that of Lemma 1.8.17. O

What makes the last proposition true is that if a curve in the upper half plane has a large
diameter then there is a good chance that it will be hit by a Brownian motion. “Hit by Brownian
motion”, that is, harmonic measure, is a conformal invariant. However, we do not get a lower
bound on diam[g o 7] in terms of diam(7;). If 9D is very rough, or even it just has some protected
“fjords”, it is possible for diam(n) to be large but the harmonic measure of ¢n to be small.

Proposition 1.8.9. Suppose that 1 is a crosscut of D = H\ K € J whose endpoints are distinct.
Then gomn is a crosscut of H with distinct endpoints.
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Proof. The fact that g o n is a crosscut follows from the previous proposition. To see that the
endpoints are distinct, note that if w € D \ n, then there is a positive probability that a Brownian
motion starting at w hits R before hitting n and hence leaves D before hitting . By conformal
invariance this must hold for the image g o n. But if the endpoints of g o n were the same, this
would not be true for w in the bounded component of H \ (g o 7). O

For each z € 9D, let Ds(z) denote the open ball of radius e™® about z with boundary Cs(z).
The set Cs(z) N D is the disjoint union of a finite or countably infinite number of crosscuts of D.
The image of each crosscut under g is a crosscut of H and Proposition 1.8.8 implies that gol is a
crosscut of H with diam[g o] < ¢7/2 for some universal constant ¢. (One needs to be careful here;
although the image of each crosscut is small, the images of different crosscuts may not be close to
each other so the diameter of the union of the crosscuts can be large.) The last proposition implies
that the endpoints of g ol are distinct.

Let us fix z and assume that z is accessible. Let Bs; = Ds(z) and let U},Us, ... denote the
connected components of D \ Cs that contain z on its boundary. Accessibility implies that there is
at least one such component. (In the example D above, there are no such components for z = 0;
however, this point is not accessible.) Typically there will not be many such components, but it is
possible for there to be a countable number. For each of these components U ]‘?, there is a unique
crosscut (7 of D such that [ C (9U]‘~9 and the component of D \ [5 containing U? is a bounded
component. (It is useful to draw pictures. The bounded component of D\ l; need not be contained
in Bs.) Let us call this bounded component Vjs. It can be characterized as follows. Suppose 7 is a
curve as in Proposition 1.8.8. Then for all ¢ sufficiently small either n(0,t) C V7 or n(0,¢)NV; = 0.
For each s we have an equivalence relations on 1 with n' =, n? if they end up in the same component
V7. Note that this is monotonic: if n' =, n? then n' =, 7% for all r < s. Hence we can write
n' =n? if ! =, n® for some s.

Definition The equivalence classes of accessing curves for D are called the prime ends. The prime
ends at z € 9D are the equivalence classes of curves that access z.

We summarize our discussion in a proposition.

Proposition 1.8.10. A boundary point z € D is accessible if and only if there is a prime end at
z. If n*,n? are two curves accessing z in D, then

lim g(n' () = lim 9(n* (1)),

if and only if n',n? are equivalent as prime ends.

Proposition 1.8.11. Suppose v : (0,1] — H is a simple curve with v(04+) = = € H, and let

n(t) = f(v(t)). Suppose that

lim di 0,€)] = 0.
i diam (0, €)]

Then
lim f(1(1)) = 2

£L0
exists and is in OD. The curve n accesses z in D. If 4 : (0,1] — H is another simple curve with
v(0+) = x € H, then

lim f(3(1)) = =.

£L0
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If [ is a crosscut on B, ., then D \ [ has two components, one bounded and one unbounded. If
U is the bounded component, then we can see that

diam[g(U)] < er'/2.

However, even if r is very small, it is possible for diam[U] to be of order 1. As an example, consider
the example D above. Let Ny be the crosscut formed by the vertical line segment from 27"¢ to
2-(m)i Then diam(n,) = 2~ However, the diameter of the bounded component of D \ 1, is
greater than 1 for each n. In order to prevent this from happening, we can require that C\ D be
locally connected.

Definition The set V' is (uniformly) locally connected if there exists a function €(d) with e(0+) =0
such that if z,w € V with |z — w| < §, then there exists a closed connected set V/ C V' containing
z,w of diameter at most €(9).

Indeed, suppose we knew that H\ D were locally connected with function €(-). Let n be a crosscut
of D connecting boundary points z,w with 6 = diam(n), and let U be the bounded component of
D\ n. Since |z —w| < §, there exists closed V' C H \ D containing z,w with diam(V') < €(J). Note
that U is contained in a bounded component of C\ (nU V'), and hence

diam(U) < diam(V Un) < 3§+ €(0).

The next topological lemma shows that the domains that we will be studying have locally connected
complements.

Lemma 1.8.12. If v = 7|0, 1] is the image of a curve with v(0) = 0, then v and R U fill[y] are
locally connected.

Proof. Let z € v and € > 0. let T = v !(2) which is a nonempty compact subset of [0,1]. For
each t € T, there exists an open interval I; containing ¢ such that |y(s) — z| < €/4 for s € I;. By
compactness, we can find Iy, ..., I;, such that I := I, U---UI;, , covers T. Let 20 = min{|y(s)—z| :

€ [0,1]\ I} > 0. If w € v with |w — 2| < 2§, then w = y(s) for some s € I;. Then (I};) is
a connected subset of v containing w, z that has diameter at most ¢/2. Hence, for every z € =,
there exists 0, > 0 such that if |w — z| < §,, then for every w’ with |w' — w| < §,, we can find
a connected subset of v (in fact, the union of two subpaths each going through z) of diameter at
most €. Using compactness of v, we can find 21, ..., 2, such that the open disks of radius ¢,; cover
v. Let 0 = mind;. Then if w,w" € v with [w — w'| < 0, we find z; with |w — z;| < §;. Since
|lw —w'| <0 < §j, we can find a connected subset of v including w,w’ of diameter at most e.
Note that we made no assumptions about double points for the curve. Suppose diamvy < R. Then
[-2R,2R] U~ is the image of a curve (start at —2R go to 2R come back to 0 and then proceed
along ~) and so v U [-2R,2R)] is locally connected. With this, showing that am~y UR is locally
connected is easy.

Finally, suppose w, w’ € RUfill[y] with |w —w’| < . If dist(w,yNH) > ¢ or dist(w’,yNH) > 4,
then we can connect w,w’ by the straight line segment of length |w — w’|. Otherwise, we connect
w,w’ to z,z" in RUAll[y] with line segments length less than 6. Therefore |z — 2’| < 36 and we can
find a connected subset of R U fill[y] of diameter at most €(30) containing z, z’. The union of this
subset and the two line segments is a connected subset of diameter at most 20 + €(30) connecting
w and w'.

O]
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Theorem 1.8.13. Suppose D =H\ K € J and g : D — H is a conformal transformation with
g(c0) = oo. Suppose that C\ D is locally connected. Then g~ can be extended to a continuous
function from H to D.

Proof. Let €(d) be the function as in the definition for V"= C\ D. Note that if 7 is a crosscut of

D, then the bounded component of D \ n must have diameter at most e(diam(n)). Let f = g~
Let l,, denote the crosscut in H given by the half-circle I, ,(t) = z + ret. 0 <t <m. We

claim there exists ¢ < oo such that for every x € R and every p < 1 there exists r = r(z, p) with

p <r < ,/psuch that
diam(f o lyg) < ¢

= s/
To see this, we first note that there exists ¢y < oo such that for all z, area[f({z € H: |z — x| <
D] <co. Let ' =T, ={2 € H:p<|z—2] </p}. With aid of the Cauchy-Schwarz inequality,
we see that

(1.35)

¢o > arcalf(I)] = /F F/(2)2 dA(2)

VP / 02 :|
= v 0
/p _/0 |f (re*)|*dl| rdr

VPIL (L )2
— " do d
-/ _W</O\f(re) ]
\/'5_1 T / 10 )2 -1
— "1 do d
= [ ([ rire ] :
og(l/p) o [ o )
> B0 e [ [T an

log(1/p) . . 2
— pglrngf\/ﬁ [diam(f ol ,)]".

This establishes the claim. This estimate was valid for all f (even if C\ D is not locally connected).
If |z — 2| < r, then f(z) is in the bounded component of f ol,,. However, in our case we can
conclude that diameter of this component is bounded above by

‘ <\ﬁlog<1/p>> |

Therefore, for z,w in the bounded component of H \ [, .,

£ (2) = f(w)| < a7 +e (M) ;

which goes to zero as p goes to zero.




64 CHAPTER 1. CONFORMAL MAPPINGS

An important technical result was used in the last proof. From (1.35), we see that we can find
half-circles I, about the origin of radius r so that diam(f <ec \/log (1/r). However, one
must be careful with this. Although diam(f ol,) is Small 1t is not always true that the image
of the disk of radius r has small diameter.

We have restricted our consideration to domains in 7, but the argument for the last theorem
is all local. Using the same argument we can get this more traditional statement of the theorem.

Theorem 1.8.14. Suppose f : D — D is a conformal transformation where D is a bounded domain
with C\ D locally connected. Then f extends to a continuous function on D.

Corollary 1.8.15. Suppose that v : [0,00) — H and H; is the unbounded component of H \ 7.
Then the inverse map gt_1 :H — D can be extended continuously to OH. Moreover, all points of
OH; are accessible.

Definition

e A curve 7 : [0,%9] — C is called a Jordan curve, if v(0) = v(t9) and y(s) # y(t) for 0 < s <
t < top.

e A Jordan domain is a bounded domain D whose boundary is a Jordan curve.

The Jordan curve theorem which we will not prove here states that if v is a Jordan curve, then
C \ 7y consists of two connected components. The bounded component is a Jordan domain.

If f in Theorem 1.8.14 is one-to-one on D, then ¢ — f(e'') gives a parameterization of D as a
Jordan curve. In this case f is a homeomophism of D onto D. (Continuity of f~1 = g follows from
the Beurling estimate as in Proposition 1.8.8.) Conversely, if we know that D is a Jordan domain,
we can use Proposition 1.8.8 to see that f must be one-to-one on D. We end with a topological
fact about domains generated by curves.

Proposition 1.8.16. Suppose v : [0,00) — H is a curve with v(0) = 0. Let Hy denote the
unbounded component of H \ ¢, and
=) He.

s<t

If v(t) € Hy—, then there is a single prime end of H; associated to ~y(t).

Proof. Suppose y(t) € Hy— and that there are at least two prime ends. We know that ~(¢) is an
accessible point and hence there exists simple 7 : (0,1) = H; with with n(0+) = n(1-) = ~(¢).
Since v(t) € Hy—, we see that n C Hy for all s < t. Let V' be the bounded component of C \ 7.
Since Hy is simply connected for s < t, we see that v,NV = () for s < ¢t and hence v, NV = ). Since
V is connected we see that either V. C Hy or VN Hy = 0. If V. N Hy = (), then since H; is open,
V N H; = 0. In particular n N H; = () which is a contradiction. Therefore, we know that V C H;.
Since V' C Hy, if ( € V, a Brownian motion starting at ¢ cannot reach dH; without hitting 7.
This must also be true for g;(¢) and g; o 7 which implies that g;(n(0+)) = g:(n(1—)). Hence both
endpoints give the same prime end.
O
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1.8.4 Curves

In this section, we let 7y : (0,00) — C be a simple curve with v(0+) = 0. For each ¢, let ¢ = ][0, ¢]
which is a compact H-hull with D; = H \ ; simply connected. Let g, = g, be the corresponding
map which has an expansion at infinity

gu(z) = 2+ =+ 0(2I ).

This expression defines a;; in fact, as we have seen a; = hcap|vy]. By (1.32), we see that a; is
strictly increasing in t. We will make the further assumption that

lim a; = oo.
t—o0

This requires lim sup,_,, |7(t)| = oo, although this last condition is not quite sufficient. Let 7, =
Tp,. The next proposition will show that a; is a continuous function of ¢. It uses the Beurling
estimate.

Lemma 1.8.17. There exists ¢ < co such that for every v, if s < t,

diam (gs[ve \ 7s)) < ¢ /diam(ye) v/diam(4[s, 1]).

Proof. Let V- = V1 = gs[vt \ Vs), v = diam[y], r = diam(~[s, t]) < u. By Lemma 1.8.4, capy(V) =<
diam(V'). By definition,

capy(V) = yli_{)cr)loyPZy{BTH\V eV}
Using the expansion of g at infinity and conformal invariance and the expansion gs(iy) = iy —

heap(ys)y 1 + O(y~2), we see that

Jim yPU{Br, € qls,t]} = lim yPeB,. €V} = Jim yP¥{Bry,,, €V} = capu(V).

We will now estimate P¥{B,, € v[s,t]} for large y. In order for B,, € 7[s, ], it is necessary for
the Brownian motion starting at iy to reach the disk of radius 2u about the origin without leaving
H. The probability of this is O(u/y). Given this, the Brownian motion must reach the disk of
radius r about v(s) without leaving D;. By the Beurling estimate, this probability is bounded by

a constant times /7 /u. Therefore

lim yPY{r; < 75} < c/ru.
y—>00

It follows that we have an estimate
a; — as < cdiam(y;) diam(y[s, t]).

In particular, a; is a continuous function of ¢ and we can reparametrize the curve so that hcap[y;] =
2t.

Definition The curve 7 has the (standard) capacity parametrization if hcap[y,] = 2t for all ¢.



66 CHAPTER 1. CONFORMAL MAPPINGS

The choice of the constant 2 is somewhat arbitrary although we will see reasons later why this
is a natural choice. More generally, we will say that v is parametrized by capacity with rate a if
hcap|v] = at. For now assume that we have the standard capacity parametrization so that

2t
gt(2) =2+ - + 0(12\72), 2z — 00,

Proposition 1.8.16 tells us that there is only one prime end associated to the tip «(¢), that is, if
zn € Dy with z, — v(t), then the limit
g(n(t)) = lim g(zn)
n—oo
exists and the limit is independent of the sequence. We will denote the limit by Us.

Theorem 1.8.18 (Half plane Loewner differential equation). Suppose v is a simple curve as above
parameterized so that hcap|vy] = 2t. Then every z € H the flow t — g4(z) satisfies

2
gi(z) = U’

where Uy = g1(y(t)), T> = inf{s : v(s) = z}. Moreover, the function t — Uy is continuous.

Ohg(2) = 0<t< Ty,

Proposition 1.8.16 shows that there is one prime end of H \ 7 at y(¢) and hence g:(7(t)) is well
defined. Our estimate will focus on the right time derivative. In order to convert the result to a
usual derivative we will use this easy lemma.

Lemma 1.8.19. Suppose u : [0,00) — R™ is a continuous function whose right derivative

. u(s+t) —ul(t)
W () = lim —=————,

exists for all t. Suppose also that t — v/, (t) is continuous. Then f is differentiable with u'(t) =
Proof. Tt suffices to prove the result when w(0) = 0,4/, = 0 for then (using continuity of u/ ) we
can consider

£(t) = u(t) — u(0) - /0 uy (s) ds.

Let € > 0 and let 0 = o = inf{¢ : |u(t)| > et}. Since v/ (0) = 0, we can see that ¢ > 0. Suppose
o < oco0. By continuity of u, we can see that |u(c)| = ec. However, since v/, (o) = 0, there exists
d > 0 such that |u(o + s) — u(o)| < es for 0 < s < §. This implies that |u(c + s)| < e(o + s) for
0 < s < § which contradicts the definition of ¢. Therefore ¢ = co. Since this is true for every e,
u=0. O

Proof of Theorem 1.8.18. Using Lemma 1.8.7, we can see that diam|[g;(v;)] < 4 diam][y;] and hence
|Uy — Up| < 4diam(~y;). More generally, if s < ¢,

Ut — Us| < 4diam[gs( \ 7s)))-

Combining this with Lemma 1.8.17, we see that ¢t — U; is continuous. Similarly, we see that for
fixed z, g¢(z) is continuous in t. Therefore, by Lemma 1.8.19, it suffices to establish the result for
the right derivative. But this follows from (1.33).

O
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1.8.5 Loewner differential equation

In the last section we started with a curve « in the upper half plane which corresponded to a
parametrized family of conformal maps. We then showed that the conformal maps satisfy a partic-
ular differential equation, In the next proposition, we start with a continuous function ¢ — U; and
find the appropriate maps. It will be useful to adopt the notation that dots refer to t-derivatives
and primes refer to z-derivatives.

Theorem 1.8.20. Suppose that t — Uy is a continuous real valued function. For each z € C\ {0},
let g4(z) denote the solution to the initial value problem
ne) = —— @ (1.36)
z) = —————, z) = %. .
Gt a(2) — U, 90

For each z, the solution exists up to time T, € (0, 00| defined to be the smallest t such that

inf{s <t:|gs(z) — Us|} = 0.

If z € H, then Im[g:(2)] decreases with t and if t < T, Im[g:(z)] > 0.

Forall z, T, =Tz and if t < T,, g1(Z) = g:(2).

Let H = {z € H: T, > t}. Then g; is the unique conformal transformation of Hy onto H
satisfying gi(z) — z — 0 as z — 0o. Moreover g; has the expansion

2t
g+(2) :z—i—;—i—O(\z\_Q), z — o0. (1.37)
Proof. We write g:(z) = u(z) + iv4(2) and note that (1.36) can be written as
: 2[us(2) — Ui]
W(2) = ——~—1,
& =Yoo - P

2v4(2)

W) =~ E =

In particular, |v:(2)| decreases with t. Since |g¢(2) — Uz|? > v¢(2)?, these equations have solutions

up to time T, and we can write
2ds

)= [

Differentiating with respect to z gives

doy o200 [ 2ds
) =~ =g H) = p{ / <gs<z>—Us>2}‘

This shows that g; is holomorphic on {7, > ¢} and since

2[gt(w) — gi(2)]
9¢(2) — Ut] [g¢(w) — U]’

9 9+(2) = ge(w)] =

we get,

9:(#) = gulw) = (w = z) exp {/0 e meal e
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from which we can deduce that g; is one-to-one on {7}, > t}. If z € H; and we define §:(z) = g:(2),
it is immediate that g, satisfies Loewner and hence §;(z) = ¢:(2).
To show that g;(H;) = H we “reverse the flow”. For fixed ¢y and z € H, consider the differential

equation
2

Ch(z) =V,

where V; = U,—t,0 < t < tg. Note that Im[hs(z)] increases with ¢ so this solution exists for all
times ¢ with

hi(z) = ho(0) = z.

Also ¢1(2) == hy—t(2) satisfies

B 2 B 2
hig—t(2) = Vig—t  ¢u(z) = Up’

with ¢o(z) = hiy(2), ¢t (). In other words, g4, (ht,(2)) = 2.
To get the expansion at infinity note that

1 (2)

= 2
() = 5 [1+0(=7),

where the O(-) term depends on Uy, 0 < s < ¢. If we fix t and let z — oo we get (1.37).
O

In the proof there was another construction which turns out to be useful, the reverse Loewner

equation
2

ht(z) = _7%(2) v

ho(0) = . (1.38)
Theorem 1.8.21 (Reverse Loewner flow). Suppose t — V; is a continuous real-valued function
and hy is the solution to (1.38). Then if z € H, the solution exists for all times t. Moreover, for
each t, hy is a conformal transformation hy : H — hy(H) where hy(H) C H with H \ ht(H) bounded.
It satisfies

2t
hi(2) =2 — — +O(|]z] %), =z — oo
z
Moreover, if tg < oo, Uy = Viy —t,0 <t < 1o, and g; is the solution to (1.36), then hy, = ggl.

The proof of this is essentially in the last proof. We remark that if = € R, the solution of (1.38)
exists up to some time 7T, but it is possible (and usually true) that 7, < co. Note that we have
found a way to get gt_o1 using the reverse flow. However, ¢y was used in the definition of V4, and hy
for other values of ¢ does not equal g; '

There is another way to get the inverse function of g; which we now demonstrate. If we let
ft=9; 1 and use the chain rule to differentiate the equation

fi(gi(2)) = 2

with respect to t, we get

filge(2)) + fl(9:(2)) du(z) = 0.
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Here we are writing dots for ¢-derivatives and primes for z-derivatives. If g; satisfies (1.36) and we
write w = g(2), then we get

: 2

frlw) = = f{(w) u(2) = —fi(w) w_ U, fo(w) = w. (1.39)

We call this the inverse Loewner equation. At each time ¢, f; is a conformal transformation of H
onto a domain f(H).
For future use, we prove the following proposition.

Lemma 1.8.22. There exists ¢ < 0o such that if f is the solution to the inverse Loewner equation,
then for all t, and all w = x + 1y € H,

e 1OV | fl(w)| < |flys(w)] < €O | £l (w)).

_ Im(w) [e10s/v* — 1]

| fs+t(w) — fe(w)] < 5

Proof. By differentiating both sides of (1.39), we see that

[ Fes @) A Lf ()]

2 " 2
(’U)-Ut)2 B t(w)’w—Ut.

fi(w) = fi(w)
The Bieberbach estimate on the second coefficient of schlicht functions, shows that if A is a univalent
function on D, then |A”(0)] < 4|h'(0)|. Applied to the disk of radius y about w, we see that
[f"(w)] < 4y~ f'(w)], and hence

O log | f{(w)]] < 10y72, 710/ | fl(w)] < |fiys(w)] < 09 | fi(w)].

- 21 _ g ossi -
frrsw)] < el < 260y f(w)]

IN

fraa(w) — fuluw)] /O | foar () dr

< 2 (If ) A fs@w)]) v /0 10/ g

y [ — 1]

= (H@ A s w)]) E—

1.8.6 Loewner chains generated by a curve

Definition Suppose U;,0 <t < T is a continuous real valued function.

e The collection of conformal maps g; obtained from (1.36) is called a Loewner chain.

e The function U, is called the driving function for the chain.
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We will say that t is an accessible time for the driving function U if the limit

v(t) = lim g; Y (U; + iy). (1.40)
y40

exists. We say that a driving function is (everywhere) accessible if all times are accessible.

We say that z is a pioneer point for the chain at time ¢ > 0 if z € H, for all s < t and z € OH;.
The pioneer set vy, at time t is the set of pioneer points for all 0 < s < t.

We say that g¢; is generated by a curve or Uy generates a curve if Uy is everywhere accessible
and v(t),0 <t < T is a continuous function of t. Equivalently, v, = [0, ¢].

We will call a curve 7 a pioneer curve if all 7(t) are pioneer points at time ¢. This is equivalent
to saying that - is simple and (0, 7] C H.

The term “pioneer curve” is not standard but we do not want to have to say the phase “v is
simple and v(0,7] C H.”

Recall that (1.40) holds if and only if there exists some simple curve 7 : (0,1] — H with

1(0+) = Uy such that

1(0) = limg (n(s)).

It is not true that the limit on the right-hand side of (1.40) exists for all ¢ for all continuous functions
U;. Tt is also possible that the limit is not a continuous function of ¢t. However, we will show that
under some regularity assumptions on U; this does hold. We will state sufficient, but not necessary,
conditions. A necessary and sufficient condition for a curve to be a pioneer curve is that for each
s, 9s(v(s, T]) C H. Indeed, if r < s and v(r) = v(s) and r < t < s, then ¢;(y(t,T]) "R # 0,

Theorem 1.8.23. Suppose cg < 4 and for all s,t,

Uy — Uy| < co |t — s|/2. (1.41)

Then the limit in (1.40) exists for all t, and 7y is a pioneer curve.

To understand why the condition |Us — Uy| < +/|t — s| should be critical for the Loewner
equation, consider the case Uy = 0 for which g;(z) = v/22 + 4¢. This is generated by the vertical
curve y(t) = v/4ti. In time ¢, the curve moves distance O(v/#) from the origin. Now suppose
that U, is not constant. If U, grows slower than v/Z, then the horizontal effect will not be enough
to bring the curve down to the real line. If U; > v/, then there may be problems. This is why
A(r) as defined in Proposition 1.8.24 is a natural quantity for driving functions of the Loewner
equation.
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Note that it suffices to assume that (1.41) holds for all s,¢ with |t — s| sufficiently small. This
theorem is not true for all values of ¢y. One can find ¢y and driving function U; satisfying (1.41) for
which the limit (1.40) does not exists for all ¢. We will prove the theorem in a series of propositions.
The first two will show that the chain is generated by a curve and the last will show that the curve
is a pioneer curve. The The first proposition is stronger than we need for this section; however,
the stronger version will be used when we consider the Schramm-Loewner evolution so we prove it
now.

Proposition 1.8.24. There exists ¢ < oo such that the following holds. Suppose Us,0 < s < 1,
satisfies (1.41) for all 0 < s,t <1, and let

|Ut—US|
Vt—s

Yy
I(y) = sup>'/g (U + i) dr

0<t<1

A(r)zl—f—max{ :0§s<t§1,t—827‘},

If I(y) < oo, then the limit (1.40) exists for all0 <t <1 and
() —v(s)| < I(Vt—s) At —s)t, 0<s<t<l1.

In particular, if

lim I(vr) A(r)* =0,

then v is a curve.

Note that if U; satisfies (1.41), then A(r) is uniformly bounded. Another important case for
use will be when U; is a Brownian motion path for which A(r) < O(y/log(1/r)) as r | 0.

Proof. Let fi(z) = fi(U; + z). The existence of the limit (1.40) follows immediately from finiteness
of I(y) with

() = filiy)] < I(y).
The distortion theorem implies that |f/(iy')| =< | f/(iy)| for /2 <y < 2y, and hence
vy o .
1) 2 [ 1t dr = cayl i)
y/2
Suppose 0 < s < t < s+6% < 1+62. The triangle inequality implies that |y(s) —~(t)| is bounded
above by
V() = 5 i0)] + V(1) = fei6)| + | fs(i6) — fu(i6)] < 21(6) + | f5(i6) — fu(d)],
|£s(i0) = £(i8)] < |fs(Us +i0) = fo(Up +i8)| + | £o(Us + i6) = fu(Us + i0)).

Lemma 1.8.22 shows that | fs(U; +id) — fe(Ur +id)| < ¢d|f{(Up+10)| < cI(§). Using the distortion
theorem as in (1.27) and |s — t| < 42, we see that

’Ut - US‘4

Fo(U, +i0) — fu(U, +0)] < 6 [1+ -

hﬂ@&mwécMnyﬁ
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‘We will consider the reverse Loewner flow

where Uy satisfies (1.41). If z € H, let Z; = Z(z) = hi(z) — Uz, Xt = Re[Zy], Yy = Im[Z;]. Then we
can write the equation as

0, (X + Uy = — (1.42)

X2+ Y2 X2+ YR

Note that

2 2(X?—Y?) t2(X2-Y2)
1 / = — 1 / ="t "t/ ] / :/ — =22 s. 14
at[oght(z)] Ztga 8t[0g‘ht(z)m |Zt‘4 ) Og’ht(z)’ 0 (X52+Y32)2 ds ( 3)

Example Example. If U; = 2b\/t with 0 < b < 2, then the solution of (1.42) satisfying Xo =

0,Yy=0is
X, =—bVt, Yi=+V4-b2t.
Hence he(0) = z + Ue := /e [b+ iv/4 — b?]. Let us write hy = hy e o he. and hence if ¢ > ,
2_o
Lo (X2 - Y2) to (262 — 4) AR
h, e)| = . 5 = =\ :
ool =end [ Gy aef =e{ [ 5050 oo} = ()
Using the reverse Loewner equation and the distortion principle, we can see that |h.(y/€i)] < 1 and
|ht e (he(v€i))| =< [hy(2c)], and therefore, [hy(v/€i)| =< |hy (2c)]. Ig g¢ is a solution of the Loewner

equation (1.36) with U; = 2by/1 —t,0 < t < 1, then the distribution of f; := 91_1 is the same as
that of hy above. In particular, using the distortion principle, we can see that

2-b2

[filiy) =y, ylo.
Proposition 1.8.25. For each ¢y < 4, there exists < 1 and ¢ < oo such that if U; satisfies (1.41),
then for all0 <t <1 and all y <1,
2
[fii)l <ey™, Iy) <ey'™ 0=1-1¢

Proof. We write ¢y = 2b. Consider the equation,

0 X; = —

2(b°/4)
= — O+,

t

under the constraint U; < 2b+/t. To maximize |X;| under these constraints, we choose U; with
constant sign and maximal absolute value. If we choose U; = 2bv/t, and let R; = X; + U;, then
the solution is X; = —b+/t. Hence for any U; satisfying the condition, we have X? < b?t. If we
assume that Xo = 0,Yy > 0, then by induction, we see that for all ¢, Y2 > 4;;’2 X2, and hence
Y2 > (4 — b%)t. The derivative estimate then follows as in (1.43) O
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Proposition 1.8.26. Suppose Uy satisfies (1.41) with ¢y < 4 and Uy = 0, and u; satisfies

2
Ut_Ut,

Ohuy = 0<t<r?,

with ug > 0. Then u; > Uy for 0 <t < r2.
Proof. 1f Uy, 0 < t < 72 satisfies (1.41) and @y = 7~ u,2,(2/7), then

2
Oty = — —,

ut—Ut

where U; = 7' U,2,. Since, Uy satisfies (1.40), it suffices to prove the result for 72 = 1.

If Uy <0 for 0 <t <, then we can see that u; — Uy is locally strictly increasing; hence we can
wait until it returns to value ug again. More generally, we can see that we may assume that U, is
nondecreasing. In order to minimize u; — U; subject to Uy = B¢y, we need to choose U; minimal
under the constraints of (1.40) and monotonicity. Therefore, the minimizer is given by a function

U, = 0, t<1-p2
Tl w[B-VI=1], 1-p2<t<t.’

for some 0 < 8 < 1. Then u;_ge = Vug+1— B2 If Xy = uy — Uy, then

_ 2 (e0/2)
at)(t—)( 1—t’

1-p2<t<1.

So we need to see that solutions to this with X;_320 satisfy X1 > 0. Let ¢(t) = X;/v/1 —t which

satisfies .
1 2« o) 1.2-7%

TI1-t ) 2 "20-0] " 1-t"
Since ¢p < 4, ¢(1—) = oo and we can find ¢ with X; > 2¢g+/1 — ¢. Hence

Oy (t)

Xlth—[Ut—Ut]ZCO\/l—t>0.

Non-crossing curves

In this section, we assume that 7 : [0,00) — H is a continuous curve. We allow self-intersections
and intersections with the boundary. As before, we write 7, = [0, ¢] and H; for the unbounded
component of H\ Hy. Let a(t) = hcap(H;) which is a continuous function of ¢. Let g, : H; — H be
the unique conformal transformation with g;(z) —z — 0 as z — oc.

e Assumption 1. The function ¢ +— a(t) is strictly increasing with a(t) — oo as t — oo.

If follows from this assumption that for all ¢ and all §, y(¢,t + 8] N Hy # (. This assumption
prevents the path from going into the complement of H; and reappearing somewhere else. An
example of a curve in the upper half plane that does not satisfy Assumption 1 is a Brownian
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excursion from 0 to co. If  satisfies Assumption 1, then we can reparametrize v so that it satisfies
a(t) = 2t for all t.

We also do not want the curve to jump from one side of a domain to another. This condition
is expressed most easily in terms of prime ends. Since C\ H; is locally connected, the point (t) is
accessible from H;. (This essentially also follows from the fact that (¢, c0) accesses y(t); however,
since 7(t, 00) is not simple and may hit OH;, we need a little more argument to prove accessibility.)
Each prime end of H; with endpoint «(¢) is associated to a point on the real line by the map g;.

e Assumption 2. For each t there is a prime end of H; at ~y(t) which we associate to Uy € R
such that the following holds. For every e > 0, there exists § > 0 such that if 0 < s < § and
v(t+ s) € Hy, then |Up — g:(y(t + 9))| < €. (We write this as ¢:(vy(t+)) = Us.) Moreover, Uy
is a continuous function of ¢.

Definition A function 7 : [0,00) — H is called a non-crossing curve if it satisfies Assumptions 1
and 2.

If in Assumption 2 we had also put the condition that (¢t + §) N Hy # @ for all §, then
we would have a(t) is strictly increasing. However, we would need to separately include the
condition a(t) — 0o, so we have made Assumption 1 as an assumption.

The following is proved in exactly the same way as Theorem 1.8.18. We do emphasize one
difference. For a simple curve, the continuity of U; was not assumed but rather was proved. For
the theorem below, continuity of U; is one of the assumptions.

Theorem 1.8.27. Suppose v : [0,00) — H is a non-crossing curve as above parameterized so that
hcap|vy] = 2t. Then every z € H the flow t — g;(z) satisfies
2

8tgt(z) = gt(Z) — Ut

;o 0<t<Ty,

where Uy = gi(y(t+)), T, = inf{s : v(s) = z}.
The converse is the following.

Theorem 1.8.28. Suppose U, is a continuous real-valued function of t and g is the solution to
the Loewner equation (1.36). Suppose there exists a continuous function vy : [0,00) — H such that
for all t, Hy is the unbounded component of H \ v¢. Then 7y is a non-crossing curve.

1.8.7 Perturbation of Maps

In this section we will assume that U;,0 < ¢ < tg is a continuous real valued function with Uy = 0
and gy is the solution to the Loewner equation

. 2
gi(z) = m, go(z) = z.
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Let H; denote the corresponding domains and let Ky = H '\ H; be the hulls. Let A be domain
symmetric about the real axis containing K3, and suppose that ® : N' — ®(N) conformal trans-
formation with ®(RNAN) C R, ®(HNN) C H.

Let Kj = ®(K;) and H; = H\ K. (It might be tempting to write H; = ®(H;) but we are not
assuming that @ is defined on all of H;.) Let g/ : H — H be the unique conformal transformation
with g;(z) = 2+ o(1) as z — oco. Then,

6i(2) ==+ T oz,

where a*(t) = hcap[K;]|. As we will see below, it is not the case that a*(t) = 2t. We define
y(2) = g{ 0o gi ' (2).

Using the crosscuts as in (1.35), we can see that there exists € > 0 such that for each ¢t < ty, the
map ®; is a conformal transformation of {z € H : |z — Uy| < e} with limy o Im[®;(x + iy)] = 0.
Hence ®; extends to a conformal transformation of {z € C: |z — ws| < €}. Let U} = &(Uy).

It may be worth stopping and thinking about this. There exists a sequence of half circles n,, of
smaller and smaller radius around Uy such that diam[g; *(1,)] goes to zero. Using the Beurling
estimate, say, we can then see that

diam [g; o @ 0 g; ' (na)] — O,

and hence gf o®og; ! is well defined near U,. However, the diameter of g; '{z €¢ H : |2—Uy| < r}
does not necessary go to zero as r goes to zero.

The Cauchy integral formula implies that for s sufficiently small,
1

(I)ff-ﬁ-s(Ut) = / LS(Z)

dz

TEL c % Ut ’
where C' denotes the circle of radius €¢/2 about U;. Using this, we can see that s — ®}, (U;) is
continuous (it is, in fact, differentiable), and from this we can see that ¢ — ®}(U;) is continuous.
(This latter function is not necessarily differentiable since the map ¢ — U; does not have to be
differentiable.)

Proposition 1.8.29. Under the assumptions above,
Bta*(t) =2 (I)Q(Ut)2,

Proof. Since the right-hand side is continuous, it suffices to show that the right-derivative of a*(t)
equals 2 ®,(U;)2. The argument is the same for all ¢, so for ease let us compute the right-derivative
at the origin. By scaling and translation, we may assume that ® = ® is defined in the unit disk
with ®(0) = 0, ®(0) = 1. This then reduces to the next lemma. O
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Lemma 1.8.30. There exist ¢ < oo such that the following holds. Let ® : D — ®(D) be a conformal
transformation with ®(D NH) = HN ®&(D), ®(0) = 0,9’ (0) = 1. Then for every compact hull K
with rad(K) < 1/2,

|hcap[®(K)] — heap(K)| < ¢+/rad(K) heap(K).

Proof. Let h = heap(K),r = rad(K), K = ®(K), q¢ = \/r. Distortion estimates tell us that there
exists ¢ < oo (uniform over all such ®) such that for |z| <1/2,

|B(2) — 2| < clz]?,  |Im[®(2)] — Im(2)| < c¢|z|Im(2). (1.44)

In particular, rad(K) = r 4+ O(r?).
Let 7 (resp., 7) be the first time that a Brownian motion B; hits K UR (resp., K UR). We

know that

2 L
heap(K) = T/ g [Im(B;)] sin 6 db,

™ Jo

~ 2 4 i
heap(K) = 7"/ E%" [Im(B;)] siné df.

T Jo
Let 0 = 75 inf{s : |Bs| = 1/10} and similarly for 5. Note that for |z| = g,
B [lm(B,)] = B* [lm(B,); 7 = o] [1 + O(a)]
B [ln(Bs)] = E* [Im(B2); 7 = 8] [1+ O(q)].

Here O(q) is an upper bound for the probability that a Brownian motion starting on the circle of
radius 1/10 reaches the circle of radius ¢ without hitting R.
Using (1.44), we have
Im[®(2)] =Im[z] 1 +O0(r)], =z¢€K.

Hence we can write
E? [Im(B7); 7 = 6] = E* [Im(®~1(B5)); 7 = 5] [L+ O(q)].

Using (1.44) again, we see that ®(z) = z + O(q¢?) for |z| = ¢q. Hence derivative estimates for
harmonic functions give us for |z| = g,

E* [Im(® 1 (Bs)); 7 = 6] =B [Im(®~(B5)); 7 = 6] [1+ O(q)].
Finally, conformal invariance of Brownian motion shows us that

) [n(®!(B5)); 7 = 6] = B [n(Bo); 7 = 0] [1+ O(g)].

With this result, we see that g; satisfies the Loewner equation

22y(Uy)?

Ogi (z) = m (1.45)
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Proposition 1.8.31. Under the assumptions above, if 0 <t < tg and |z — Uy| < €, then

@3 (U)? i (2) ] 7

i) =2 [@t(z)—@(Ut) U,

T U ®e) )
(=) = [@t(z) B (GA) R 5 UJ '

In particular,

by (Uy) = =30 (Uh), (1.46)
. " 2 n
‘I’;(Ut) _ ;I)(%E[(J[i) B 4(I)t3(Ut)' (1'47)

Here we are writing ®;(U;) for ®;(z) evaluated at z = U; and similarly for ®(U;).

Proof. We have noted that ¢t — ®}(U;) is continuous so the right hand side is continuous in z,t.
The first equation is an exercise in the chain rule, writing ®; = g; o ® 0 g; ! and using (1.39) and
(1.45). The second is obtained by differentiating with both sides with respect to z.

The limits are straightforward.

1.8.8 Radial Loewner equation

The Loewner equation in the upper half-plane is used to describe a curve connecting two boundary
points in a simply connected domain. There is a similar equation called the radial Loewner equation
that describes curves connecting a boundary point to an interior point. For ease, we choose the
domain to be the unit disk and the interior point to be the origin. The proofs are similar to the
upper half plane case, so we will not give all the details.

Suppose that D = D \ K is a simply connected subdomain of I containing the origin. The
Riemann mapping theorem implies that there is a unique conformal transformation gp : D — D
with gp(0) = 0, ¢7,(0)0. The construction of the map (see the proof of Theorem 1.4.2) shows that
we can write g(z) = ze/®) where f(2) = ¢(z) +i6(z) is the holomorphic extension of the harmonic
function

6() = E* [~ log | B,

with 6(0) = 0. Here B is a complex Brownian motion and 7 = inf{t : By € D}. For z € D\ {0},
we can write

log g(z) =log z + f(2),
provided that we interpret this correctly. We must either interpret g as a multi-valued function, or

if we restrict to a simply connected neighborhood of z in D \ {0} we can take a particular branch.

Recall that
Hp(z,w) 11—z

Hp(0,w) |z —w|
Proposition 1.8.32. There exists ¢ < oo such that if D = D\ K is a domain with K C {z :
|z —w| <r} and z € D with |z —w| > 2r,

s 2l < L jw| =1

1— |2

T

o)1~ =)

|2 — wl

¢(2)

$(0)] <
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We can write this as
1=z

#(z) = oy 4O {”O(\ziwrﬂ'

Sketch of proof. Let U = Uy =D\ {(: |w— (| <r}. Let £ =& = inf{t: |w— B <r}. Then
for |z —w| > r,

0(:) = PHE < T} EF o B, € <7l = 5 | Hu(2.0 900l

Hence, it suffices to show that

1—|z|? r
Hu:.0) = 00,0 10 |10 (20 )]
|z — w] |z — wl
This can be done either explicitly by mapping U to the D or by an argument similar to the chordal
case. We leave the details to the reader.

O

Proposition 1.8.33. Suppose |w| =1 and Dy =D\ K is a decreasing sequence of domains with
corresponding maps g; = gp, satisfying g,(0) = €2>* and rad(K; —w) — 0 ast | 0. Then,

1— 2
lim :(2) = 2a 12l .
tlo t |z — w|

Theorem 1.8.34. Suppose a > 0, v : (0,t] — D\ {0} is a simple curve with v(0+) = w € OD. Let
D, =D\~ and let g; be the corresponding conformal transformation Suppose g; is parametrized so
that g,(0) = 2%, Then g; satisfies the radial Loewner equation

wy + gi(2)

9t(2) = 2a g1(2) P——

where wy = g¢(y(t)) € OD. Moreover, the function t — wy is continuous. If we define hy by

g1(€*%) = exp {2ihy(2)} |

then .
hi(z) = a cot(h(z) — Xy),

where Xy is a continuous process with et = w;.

Proof. The full proof is similar to that of Theorem 1.8.20 so we do not give the details. Without
loss of generality, assume that 2a = 1. Note that this is clearly true at z = 0 and for z # 0, we can
write

g1(2) = z exp{d(2) + i0,(2) }.

Proposition 1.8.32 implies that

Auflog gu(=)] = m (1.48)
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) — Re [t g 2)]  1—lg(2)?
oi(2) =R |:’LUt_gt z)] ge(2) — |

Since 6;(0) = 1 by the definition of g;, we have 6,(0) = 0. Hence we get (1.48). The chain rule gives

— | —~

. 1 eQ’iXt + e2iht(z) Z e2i(ht(z)sz) + 1 1
M(2) = 5 o — )~ 3 et %) —1 g Otz = X0

Writing points on the unit circle as e?* rather than e’ makes some formulas nicer. For example
Hop(1,e??) = (1/4) sin™? @ and the sine of the argument of 0 with respect to 1 and %7 is sin 6.

1.8.9 Whole plane Loewner equation

There is a similar equation describing curves or hulls starting “at infinity at time —oo”. Recall
that D is the open disk of radius e™® about the origin.

Theorem 1.8.35. Suppose a > 0, v : (—o0,00) — C\ {0} is a simple curve with v(—o0) =
00,7(00) = 0. Let Dy = C\ v and let g, : Dy — Dy be the unique conformal tranformation of
Dy onto a multiple of the unit disk such that g¢(0) = 0,¢;(0) = 1. This description defines a(t) and

now assume that a(t) = —t. Then g, satisfies the whole plane Loewner equation
. 2g:(2)*
zZ) = _—, Z) = 2’7 149
i) = 2 () (1.49)

where wy = g¢(7(t)) € OD_;. Moreover, the function t — wy is continuous.

Proof. For fixed T define v*(t) = €T gr(y(T +t)). Then v* is a curve satisfying the condition of

Theorem 1.8.34. Let gf : D\y; — D be the unique transformation satisfying g;(0) = 0, (¢;)'(0) = €',

and note that g/ satisfies
- o Wi+ g7 (%)
gi(2) = g (2) — =

wf = g;(2)’
with w} = g/ (v(t)). Also, note that
grr(z) = T g (e gr(2)),
wipr = e~
. wi + g7 (gr(2))
z) = z) | ————F—F—5 -1
der) =t | i (2)
2g;(9r(2))
= Z —_—
) gt ar(2)

6T+t GeaT (2)2

w; — eIt gy 7(2)
gr+7(2)?
Wiy — Gey7(2)

= 2

= 2
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Similarly to the radial equation we can start with X; : (—o0,00) — R let w; = €?*Xt and define
g+ to the solution to (1.49) and we get the maps g;. (It takes a little argument to show that it
is well defined and unique, but we omit this.) The key fact is that once the whole plane curve is
“started”, the remainder follows a scaled version of the radial equation.

Proposition 1.8.36. Let gy, w; be as in Theorem 1.8.35 and let f; = g;l. Then f; satisfies the
equation

. 2¢2

Fr(©) = £i(C) o+ ¢ f-0o(C) = ¢. (1.50)

Proof. Differentiating both sides of the equation f;(g:(z)) = z with respect to ¢t we get
Fl9e(2)) + fi(9:(2)) @u(2) = 0.
Setting ¢ = g:(z), we get (1.50). O
As an example suppose that w; = —e™¢, and this becomes

. 2¢2

fi(€) :ft,@)m (1.51)

If we assume that f;(¢) = et f(e! (), we have

Q) = = f Q)+ C () = w f'(w) = fw)], w=e'C
Also, (1.51) gives
Solving with the addtional condition f/(0) = 1, we see that f is the Koebe function.

We have defined the whole plane curve from infinity to the origin. It is generally defined from
the origin to infinity but this can be obtained under the map z — 1/z. Let

£:(Q) = f1(¢)

1
o) = Sy
in which case
SN 1V R U U S
)= e T g ey T

The map ¢; is normalized to have derivative one at infinity and its image is the complement of Dy.
If hy(2) = et ¢4(2) so that the image is the complement of D we have

17,5 + ht(z)

hi(z) = hy(2) | =1+ 2”'5] = y(2) [—1 - 2”] = hy(z) B ()’

v — ety U — he(2)

where 0y = et vy € ID.
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1.9 Properties of the Loewner equation

In this section we suppose that U; is a continuous real-valued function with Uy = 0 and that g; is
the solution to the Loewner equation

B 2
9t(2) = Uy’

which for z € C\ {0} is valid up to time T}, € (0,00]. It is immediate that the flow is symmetric
about the real axis, that is, ¢;(Z) = g:(2); in particular, Tz = T,. We let

9¢(2) g0(2) = 2, (1.52)

H={:cH: T, <o}, H ={2z€C\{0}:T. <o}, K=H\H,.

If z = € R, then (1.52) is a real differential equation for which it is easy to check that if z < 2’
and T, T, > t, then g;(x) < g:(2'). From this we can see {x € R : T, < t} is a closed interval
which we write as [z, , ;"] with z;7 <0 < 2. Here the trivial interval z; = z;7 = 0 is a possibility.
Then we can write
Hf =HU{z:Z€ H} U (—o00,x;) U (z;,00).
Recall that ¢¢(H;) = H. We define
Df = g(H}), Df =g(HU{z:%€ H}U(z/, 00)),

and we define D, similarly. We can write

Df =C\ [ge(a; ), ge(x)],

where g;(z; ) = sup{g:(y) : v < z; }, 9:(x) = inf{g:(y); ¥ > z;"}, and similarly for DF*. Note that
gi(zy) < Up < ge(y)).
Lemma 1.9.1. Suppose g; satisfies (1.52), r > 0, and t — a(t) is a strictly increasing C* function.
Define g; by
Gt(2) = 7 ga() s2(2/7).

Then g; satisfies

r2a(t)
gi(z) = Uy

In particular, if Uy = \/k By where By is a standard Brownian motion, then

Og(z) = . where U, =r Ua(t)/2-
e Ifa(t) =t/r?, then Uy is a Brownian motion with variance parameter k.

o Ifr =1 and a(t) = (2/k)t, then Uy is a standard Brownian motion.

Proof. The first assertion follows from chain rule and the second uses standard scaling properties
of Brownian motion. O

Proposition 1.9.2. Suppose g, = uy + iv; satisfies (1.52).
1. Forallz=x+iycH and allt <T,,
vi(2) > Vy? — 4t

In particular T, > 3% /4.
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2. Ifr >0, z€e H and ||U||oc <, then

2_4 2
P> P -8t if 0<t< A=A

In particular, |g:(2)| > r/V/2 for |z|* > 8t + 4r2, and
Ky C{z:]z] <2V2t + 72, Tm(z) <2V} (1.53)
Proof.

1. Let ¥; = Im[g¢(z)] and note that

4Y?
5 =
|Z4|

OY? = — —4.

Therefore, Y2 > y? — 4t.
2. Let Q; = |g:(2)| and o = inf{t : Q; = 2r}. Then for t < o, Q; —r > @Q;/2, and hence,

4
0Qt > ——, @[Q?] > 8.
Q1
and hence
Q?ZQ3_8t7 tSUa

and o > (|z]? — 4r2)/8.

With a little more care in the proof, we could improve the constants in (1.53), but this result
suffices for our purposes.

1.10 Multiply connected domains

We will classify finitely connected domains up to conformal equivalence. Suppose D C Cis a
domain whose complement consists of a finite number of connected components 0y, 01, .. . , Ok, each
consisting of more than a single point. Let O denote the set of such domains with dy = C \ H,
that is, D C H of the form

D:H\<81U'~-Uak),

where 01, ..., 0y are disjoint compact sets with dist(9;, R) > 0. It suffices to classify domains in O,
since we can map C \ Jp to the upper half plane. We let O* denote the set of such domains such
that each 9; is a horizontal line segment,

05 = [zj— + iyj, x5+ + iy;].
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Theorem 1.10.1. Every domain D € Oy, is conformally equivalent to a domain D* € Of. More-
over, there exists a unique conformal map f : D — D* to a domain D* € O that

f(2) =2+ 0(z™), 2] = .

Remarks.

e If De Opand f: D— D* € OF is a conformal transformation sending the real line to the
real line with f(oo0) = oo, then f can be extended to

RUDU{Z:z € D}.

by Schwarz reflection. By considering the function

1
g(2) = 7072

which is holomorphic in a neighborhood of the origin sending a neighbhorhood of the real
line to the real line, we can see that f has an expansion at infinity,

f(2) =b_1z+by+brzt 4+
where b_y > 0 and b; € R for j > 0. If we set f(z) = [f(2) — bo]/b_1, then

f(z) =2+ 0(™).

e The “dimension” of the set of conformally equivalent domains is 3k — 2. There are 3k choices
for the {z; _,z;_,y;} but the equivalence classes are invariant under the map z — rz +¢.

Proof. Let D be given and suppose D* € O* given by {(x;—,z;+,y;)}. Let y(D) = max{Im(z) :
z € 0D}, y(D*) = max{Im(z) : z € 0D*} = max{y;},R = R(D) = sup{|z| : =z € H\ D}.
Suppose that f: D — D* is a conformal transformation with f(oo) = oo, f/(c0) = 1. Let us write
f(2) = u(z) + iv(z). Note that v is a harmonic function on D with boundary value 0 on R and y;
on 0; and satisfying

v(z) =Im(2) + O(1), Im(z)— oo.

Since h(z) := v(z) — Im(z) is a bounded harmonic function, the function v is given on D by
v(2) = vp(2) + E* [0(Brp)] = Im(2) + E* [2(Br,,)]
where vp is the function from Lemma 1.8.1. Note that
[0(2) = Im(2)| <P*{Br, ¢ R} [y(D) +y(D)].
Using explicit forms of Poisson kernels, we can see that P*{B,, € R} < cR/|z|, and hence

Ih(z)| < ﬁ
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Here, and for the rest of this proof, we allow constants to depend on D. Using derivative estimates
for harmonic function, we see that for |z| > 2R,

|Vh(z)] < W (1.54)

We have found the candidate for v without making any restriction on the target domain D*. If
f =wu+ v is a holomorphic extension, then we know that it is given for y > y(D) by

_ / ot dt. (1.55)

The existence of the integral follows from (1.54) as well as the estimate |u(iy)| < ¢/y.
We will now give a criterion under which we can find a conjugate harmonic function u such
that f = u + 4v is holomorphic. For each j =1,...,k, let F; be a confomal map

F; :{|z| >1} = C\ 9

and let v,.(t) = v;(t) = F(e"t™),0 < ¢ < 2. For sufficiently small r, the curve -, ; separates
0; from the other parts of 0D. We only consider such r here. Let ¢;(2) = v(Fj(z)) which is a
harmonic function on {1 < |z| < e"}. The condition that we need satisfied is

/ Onv(z (1.56)
.

/ Ontss (2) |dz] = 0. (1.57)
C_,

which is the same as

Since ¢ is harmonic on {1 < |z| < €}, Proposition 1.2.14 shows that

1 0
Mng ¢g(r+’) ,

is a linear function of r and (1.57) holds if and only if M, is constant. Note that if O, = {1 < |z| <
e’} and 52; (Co, dw) denotes the probability measure on C,

o, (Co, )
# N o CO0\~0,7)
£0.(C0) = 5, (Con
then
M, = /¢j # (Co, dw).

Using conformal invariance, we see that this translates to the condition

1
“WW/%J v(w) dEp(9;, dw) = v(9;) = y;.

Using Proposition 1.2.14, we can see that if v is any simple curve v that wraps around d; but no
other part of the boundary,

1

wL”(w)dSD(aj’dw) = yj. (1.58)
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In fact, if this holds for one such ~y, then it holds for all such «. This is the necesssary and sufficient
condition so that u as defined in (1.55) gives a holomorphic function.

This condition can be expressed in terms of a process that is called excursion reflected Brownian
motion. This is a process X; whose state space is D U {0y, 91, ...,0}. In other words, we identify
the “holes” 0; into single points. To describe the process we give the properties.

e When the process reaches dy the process stops.
e When the process is in D it acts like usual Brownian motion.

e Suppose j > 1 and 7 is a curve as above that separates J; from the rest of the boundary.
Let T = inf{t : B, = 0;} and S = inf{t > T : B, € v}. Then for any z, the conditional
distribution on Bg given T' < oo is that of normalized excursion measure 5’2& (05,-).

It is not difficult to define Brownian motion “excursion reflected” off of the unit circle. Roughly
speaking, everytime the process hits the boundary it chooses an angle randomly. (Since the number
of visits to the boundary is uncountable, one needs to take a little care here, but it is not a problem.)
For other domains, we can use conformal invariance to define the process near holes, and away from
holes it acts like Brownian motion. The equation (1.58) can be viewed as a mean value property for
the function v with respect to excursion reflected Brownian motion, that is, the required condition
on v is that v is excursion reflected harmonic.

We now ask: can we find y; so that v is excursion reflected harmonic? Let us view the excursion
reflected Brownian motion at the times it visits the boundary points {Jy, 01, ..., }. This gives a
discrete time, discrete space Markov chain Y,, with absorbing state dy. The transition probabilities
q(j,1) are given by

Ep(05,00)
Ep(9;,0D\ 05)

Let N be sufficiently large so that H N {Im(w) > N} C D. Let X; be the excursion reflected
Brownian motion starting at 0;, let A; = {0o,...,0k} \ {0;}, and let

P{Yn+1 :l|Yn:j} =

Ty =Tn; =inf{t: Im(X;) = N or X; € A;}.
If v is excursion reflected harmonic, then
yj = E[v(X1y)] = P{Im(X7) = N}E[v(X7) | Im(X7) = N} + Y P{X7 = 0} 1.
I#]

Note that

]\}gnOOZP{XT =Yy =>Y_aGDu
1] #]

Since v(z) = Im(z) + O(1) as z — oo,
Jim P{Im(Xr) = N} E[o(X7) | In(X7) = N} = lim NP{Im(X7) = N}.

Also,
ED(OO, 8])
Ep(05,0D\ 0;)’

lim NP{Im(X7)=N}=
N—o0
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where
(oo}

5D(Oo,aj) = ]\}E)noo N8D<INapj) =y = / hmD(a: + b, ﬁj)dac

—0o0

The integral on the right is the same for all b > y(D).
The parameters ¢(j,[) and o; can be determined from the domain D. What we have seen is
that we need y; to satisfies

yi=a;+ > q(i 1) a,
1]

where yg = 0. This has a unique solution that can be given in terms of the finite Markov chain,

[ k
y; = E% [Z 0%] = oug(h).
n=0 =1

Here

gD =D P{Yn =y | Yo =y}

n=0

is the Green’s function for the discrete Markov chain with absorbing state dp.
At this point we have shown that for every D € O, there is a unique choice of {y;} for which
we can find a function v on H with the following properties:

e v is positive on D with
v(z) =Im(z) +O(1), z— oc.

e v=0o0nR.
e v is continuous on H with v(z) = y; for z € 9;,j > 1.

e v is excursion reflected harmonic. Equivalently for every closed curve « in v,
/&w(u}) |dw| = 0. (1.59)
~

Let zp € D. We define u by
u(2) :/8nv(w) dw|.
¥

Here + is any curve from zy to z. Since v satisfies (1.59) the value is independent of the curve 7.
This gives a holomorphic function f : D — D*. We need to show that f is one-to-one and onto.
As in the proof of the Riemann mapping theorem, we consider the level sets of v. Let

Vi={z:v(2)=s}, Vi={z:v(s)>s}, V. ={z:v(s)<s}

Let Hy = {z € H : Im(2) < b}. There exists ¢ such that v(z) < Im(z) + ¢. We claim that V.
is connected. Indeed there is one connected component, say U, of V;© that contains H \ Hj,. for
some c. Since v is bounded on H,4., we can see that v is bounded on any other component Uy,
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and its maximum value on that component must be bounded by the maximum of v on OU; which
is s. For V7, note that there exists ¢cp < oo such that for all z,

v(z) < Im(2) + [ly;llec P{Br & R} < cpIm(z).

In particular, H. C V;~ for all € sufficiently small, and there is a unique component of V.~ that
contains R on its boundary. Suppose there were another component of V,~, say U’. Then the value
of v on 9[D NU’] is either s or in {y1,...,yr}. Since v is a bounded harmonic function on D NU’,

v(z) =E* [v(By)], T =Tpru-

Since v(z) < s, there must be at least one j such that 9; C U’. Let us choose 0; such that y; is
minimal (if there is a tie, choose any one). Then by the maximal (minimal) principle, v(z) > y; for
all z € U'. However, if y is a curve in D surrounding 0; and close enough to 0;, we know that the
average value of v on v (with respect to normalized excursion measure) is y;. This means either v
is constant (which is clearly not true in our case), or v takes on values smaller than v;. This is a
contradiction, and hence U’ does not exist.

We fix D and allow constants to depend on D. Let z = x + iy and consider |z| large. Note that

v(2) =y + E*[h(B,)],
where ¢(z) = E*[h(B;)] and h is a bounded function that vanishes on the real line. Using the form
of the Poisson kernel, we can see that
, c
oz +iy)| < —5-
2|
Using the fact that ¢ is a harmonic function in the disk of radius |z|/2 about z (if x is large, but y

is not, use Schwarz reflection about the origin to extend the function), we see that

Yy
2%

Vo(2)| <

and hence
Yy

|0zv(x + 1y)| + |0yv(z +iy) — 1| < Ee

We will define (at least for large y)
u(iy) = —/ Opv(iy’) dy'.
y
Since |0,v(y')| = O(|y|~2), we see that u(iy) is well defined and |u(iy)| = O(Jy|~!). We then define

u(x + iy) = u(iy) + / Oyv(x’ + iy) da’,
0

and, similarly we see that
u(z +iy) = =+ O(|y| ™).

From this we can see that
lim u(z +iy) =z,

Yy—00
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and this allows us to see that we can also write
o0
uo+iy) o~ [ Ouutatiy)dy,
Y

This allows to improve the error to
u(z) = Re(z) + O(|z[ ),

and
-1
f(z)=24+0(z").
This guarantees injectivity outside a compact subset. Inside we do an argument as in the Riemann

mapping theorem.
O

The following is proved similarly. We only sketch the proof. Let O, denote the set of domains
U C D of the form
U=D\(0,U---Ud,)

where the 0; are disjoint circular arcs of the form
O;={e .0, <0<0;.},
with r; >0and 0 < 0; _ < 27,0, _ <0; 4 <0;_ +27.
Proposition 1.10.2. Suppose D = Oy, and ( € D. Then there exists a unique U € O, such that
there exists a (unique) conformal map f : D — U with f(9y) = ID, f({) =0, f'({) > 0.

Proof. Without loss of generality we will assume that { = 0. Suppose such a domain U and function
f exists with parameters (rj,0; —,6; ). Consider the harmonic function on D \ {¢} given by

h(z) = —log|f(2)].

If h is known, then 0(z) := arg f(z) can be determined from the Cauchy-Riemann equations.
As in Theorem 1.10.1, in order for this to be well defined, we need the condition that h(z) must be
a harmonic function for excursion reflected Brownian motion. Note that as z — 0,

h(z) = —log|z| —log |f'(0)] + o(1).

Consider excursion reflected Brownian motion started on d; stopped when it reaches the either
0D\ 0; or B := e~°D. For fixed s, h is a bounded excursion reflected Brownian motion on D \ Bj.
Arguing as above and letting s — oo, we see that

rp = GER(z,0)+ 3 q(G ),
1#]

where GER(2,0) is the Green’s function for excursion reflected Brownian motion defined in the
natural way, and ¢(j,l) are the probabilities as before. This determines the parameters r; and
hence it determines |f(z)|. The function f(z) is obtained by fixing some z € D\ {0} and arbitrarily
choosing 6(z). This will define f up to a rotation and exactly one of those rotations will have
1(0) > 0.

O]
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1.11 Poisson kernels and Green’s functions for standard domains

Here we will give the Poisson kernels and Green’s functions for a number of standard domains.
Recall that we have chosen the constants in our definitions so that

~ 1
Hp(0,€?) = > Gp(0,z) = —log |z|.
If n, = n, p represents the inward normal at z, then if 2 € D and w,({ € 9D,

Hp(z,w) = %(%wGD(z, w),

H@D(Caw) = 8n<HD(<>w) = aanD(’LU,C) = %8nganw GD(C,’(U)

We will do straightforward computations using the scaling rules if f : D — f(D) is a conformal
transformation, then

Gp(z,2") = Gyp)(f(2), f(z), Hp(z,w) = |f(w)| Hyp)(f(2), f(w)),
Hpp)(f(2), f(w)) = [f (OIS (W) Hppy(£(C)), f(w)).

1.11.1 Disk
Proposition 1.11.1. For the unit disk D = {|z] < 1},

zZ—w
GID)(va) = —lOg 1— 2w’
Haﬂ)(ei% €i21/;) _ ;
’ 4 sin?(0 — 1)
Proof. Using the Mobius transformation
z—w 1 — |w|?
T, = T =
w(2) 1— 2w’ wl?) (1 — 2w)?
z—w
G]D)(Zaw) = GD(Tw(Z)ao) = —log 1— 2wl

11w 11— |w?
S 2l-w2 21 —wf?

Hyp(w, 1) = |T;,(1)] Hp(Tw(w), Tw(1))

11— Jwf?

Hyp(w,e”) = Hp(we™™, 1) 2 [ — wp?
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Hap(e?,1) = liﬁjlr_lHD((l—r)ew,l)
T

11 1—-(1—r)?
= lim- |= .
rior |21 —(1—r)e?|?
1 1

|1 — €2 4sin%(6/2)’

and
1

H 20 2itp —H i2(0—1) — )
on(e™, e™) on(e ) 4 sin?(0 — )

We start with the upper half plane,

Y

_ —2
m, HH("E,CC/) = (ﬂfffﬁl) .

HH(J; + Zy? .’E/) =

1.11.2 Rectangle

Let R 1, be the rectangle {x+iy : 0 < x < L,0 < y < w} and let d;, denote the vertical line segment
[L, L+ in].
Using separation of variables, we can see that

, 2 = sinh(nz) sin(ny) sin(ny'n)
@ +iy) = T nzz:l sinh(nL) ’
is a harmonic function in Ry, that vanishes on OR \ 9 and equals (in the sense of distributions)
0y on 9r,. Therefore,

) , . sinh(nz) sin(ny) sin(ny’
n=1
n sin(ny) sin(ny’)
sinh(nL)

oo
Hg, (iy, L+iy) =2
n=1
The sums are absolutely convergent for || < L. Note that for 0 < x < 1,
Hg, (x + iy, L+ iy') = 2sinh z siny siny’ [1 + O(e™1)].
Hpg, (iy, L+ iy') = 2siny siny’ [1 + O(e™1)].
1.11.3 Upper half plane
Proposition 1.11.2. For the upper half plane H = {x + iy : Y > 0},
Gu(z,w) = log |z — w| — log |z — w|

Y 1

Hy(z + iy, 2’) = CErIEeE Hy(z,2') = @)
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Proof. The map
z—1 ron 26
f(z):m’ f(z)_(z_i_i)gv

takes the upper half plane H onto D with f(i) = 0. Therefore,

Gu(2,1) = Go(f(2), £(i)) = —log \;\ =1o H

Guler +iy) = G (z—:r ) 10gl%ﬂ'l 10g|z—(3}+iy)]
H\Z, T ) = H ) 0 = T2—7 a1 T /. N
y |55 — |2 — (= +iy)|

2 1

1
T2z i 2241

Hy(i, z) = |f'(x)| Hu(0, f(x))

/
. N —1 ., T =X\ Y
HH(Z"{‘Z]J,LE)—ZJ Hy (Za Y >_ (x—x/)2+y2'

1

Hy(z,2') = hfgyfl Hy (2,2’ +iy) = w—a)2

yd

Another way to see that the Green’s function is

Gu(z,w) = log |z — w| — log |z — w|.

91

is to note that for fixed z, the right-hand side is a harmonic function of w that vanishes on the real

line and looks like —log |z — w| + O(1) as w — z.

If z = re?, then

A 1 r?cos? 0 + (rsinf + 1)?
G 10 ) = — 1 ’
H(re 7Z) 9 0g 7'2 COSQQ + (’]” Sine - 1)2
Asr — oo,
4r sin @

1+

, 1
Gu(re?,i) = 5 log = 2rtsinf[1 + O(r™1)).

r2cos? 0 + (rsinf — 1)2
1.11.4 Half Disk

Proposition 1.11.3. Let D, = HND be the upper half disk. Then,

sin @ sin ¥
(cos@ — cosp)?’

Hop, (e”,¢) =

2(1 — 2?)
[22 — 2z cos O + 1]?

Hop, = (z,€") sin 6.

In particular, Hap, (0, ¢%) = 2 sinf. More generally, for z near the origin,

Hp, (2,€") = 2Im(z) sin 6 [1 4+ O(|z])] .

O]

(1.60)

(1.61)
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Proof. The function
2z 2(1— 22

EFS VA el

is a conformal transformation of D; onto H with f(0) =0, f(i) = oo, f(1) =1, f(—1) = —1 and

f(z) =

, 2¢1 2 1
0\ __ _ _
f(e )_ 627'0"_1 - ei9+67i9 - COSG‘
Note that
_ 2(1 — 2 sin 6
‘f/(ewﬂ = (2i9 2) = 20"
(e? 4+ 1) cos? 0
Therefore,
Hop, (¢,¢) = /()| |f'(¥)| Hr(f(e"), f(e™))
_ sinfsinv 1 -
~ cos2f cos21) |cosf  costp
B sin 6 sin ¥
(cosf — cosp)?’
‘ 2(1 — 2?) sinf 2x 1 ]2 2(1 — 2?) :
H 19 — — = 9-
6D+($7 € ) ($2 4 1)2 COS2 0 |:.CU2 + 1 cos 0:| [,’,1;‘2 — 2x cosf + 1]2 St

One could derive (1.61) from the exact formulas. Alternatively, note that the function h(z) =
Hp, (z,€") can be extended by Schwarz reflection to a harmonic function on D that vanishes on
the real line. Note that dyh(0) = 2 sin# and J,h vanishes on the real line. Also, |h(2)| < ¢ siné
for |z| < 1/2, and hence we can see that that for |z| < 1/4 all the second partials are bounded by
a universal constant times sin . Hence

Oyh(x) =2 sinf [1 4+ O(|z|)],

and
h(x +iy) =y yh(z) + O((sin ) y*) = 2ysin O [1 + O(|z|) + O(y)].

1.11.5 Infinite Strip
Proposition 1.11.4. Let S, = {z +iy € H:y < r} denote the half-infinite strip. Then

2

0. = o o ()]

T

) w2 —2
Hps, (0,2 4 ir) = 2 [cosh (2—r>] ,
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Proof. Note that f(z) = e* is a conformal transformation of S; onto H and hence

Hps, (0,2) = [f'(O)||f"(x)| Hou(f(0), f(x + 7))
= " Hy(1,e")
e’ 1 1

(" — 12~ (e*/2— e /22 4ginh®(z/2)

Hps, 0,z +im) = [f(O)||f (z)| Hou(f(0), f(x +im))
= " Hap(1l,—€")
e’ 1

(e* +1)2  4cosh(z/2)’

By using the conformal transformation z — (7/r)z, we get

Hys, (0,2) = (n/r)? Hpg, (0, wz /1) = ZZ: [sinh <¥)}_2,

2 -2
Hys, (0, +ir) = (7/r)? Hps, (0, 72 /7 + im) = % [cosh (?)} .
r
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O

We will compute this another way using Fourier series. This will be useful when comparing to
simple random walk. We will let S = Sy, and we first consider the domain R,, = {z +iy: 0 < x <

2m,0 < y < 1}. Consider

F(x +iy) = Z b; sin(jma/2m) sinh(jmy/2m).
j=1

For any choice of constants (decaying sufficiently fast), this gives a harmonic function. If we choose

b — sin(myjm/2m)
7 2m sinh(jr/2m)’

we see that the boundary condition on JR,, is the delta function at m 4 ni. Therefore,

. sin(mjn/2m
T (mjm/2m)

3m sinh(j7/2m) sin(jm(m + u)/2m) sinh(jry/2m).

1
— Hip, (m -+ 0) + iy, m + i) =
j=1

Note that
cos(jmu/2m), j odd,

sin(mgjm/2) sin(jm(m + u)/2mm) = { 0 j even,

Therefore,

cos((27 — 1)mu/2m) sinh((25 — 1)7y/2m)
2m sinh((25 — 1)7/2m)

1 oo
Ly , N
- R (M +u) + iy, m +in) jg_l
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This is a Riemann sum approximation of an integral and hence we get

/°° cos(tmu) sinh(tmy) g — /°° cos(su) sinh(sy) ds
0 sinh(7t) ) sinh s ’

lim Hg, ((m+u)+iym+i)=m

m—r0o0

HBS(ua Z) = 8yHS(Zv 7/) ‘z:u
_ / s cos(su) ds
0

sinh s

= Oy [/ si?(su) ds}
o sinhs

= Oy [g tanh(wr/Q)}

71_2

4 cosh?(um/2)

The penultimate inequality is identity 711 in the CRC table of integrals.



Chapter 2

Bessel process

2.1 Introduction

This is an adaptation of one of the chapters of a long, far from finished, project about conformally
invariant processes and the Schramm-Loewner evolution (SLE). Although the motivation and the
choice of topics for these notes come from applications to SLE, the topic is the one-dimensional
Bessel process. No SLE is assumed or discussed. It is assumed that the reader has a background in
stochastic calculus including It6’s formula, the product rule, Girsanov’s theorem, and time changes
of diffusions. The Girsanov perspective is taken from the beginning.

The Bessel process is one of the most important one-dimensional diffusion processes. There are
many ways that if arises. We will start by viewing the Bessel process as a Brownian motion “tilted”
by a function of the current value.

We will give a summary of what is contained here as well as some discussion of the relevance
to the Schramm-Loewner evolution (SLE). For an introduction to SLE, see [1]. The discussion
here is for people who know about SLFE; we emphasize that knowledge of SLE is not required for
this paper.

The chordal Schramm-Loewner evolution with parameter k = 2/a > 0 (SLEy) is the random
path ~(t) from 0 to infinity in the upper half-plane H defined as follows. Let H; denote the
unbounded component of H \ v(0,¢] and let g; : H; — H be the unique conformal transformation
with g(x) = z = 0o(1) as z — co. Then

Orgt(z) = -

TN L D z) =%

where B; is a standard Brownian motion. In fact, ¢; can be extended by Schwarz reflection to a
conformal transformation on H, defined to be the unbounded component of the complement of
{z: 2z € ~[0,t] or Z € 4[0,t]}. Note that Hj = C\ {0} and for fixed z € H{, the solution of the
equation above exists for t < T, € (0, 00]. In our parametrization,

at

g:(2) = 2+ — +0(]2]7?), 2z — oo.

||
If x >0 and X; = X7 = ¢4(2) + By, then X, satisfies

dX, = — dt+dB;, Xo=u.
Xy

95
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This is the first place that the Bessel process arises; although only a > 0 is relevant here, other
applications in SLFE require understanding the equation for negative values as well, so we define the
Bessel process for all a € R. We use a as our parameter throughout because it is easiest; however
there two other more common choices: the index v = a — % or the dimension d = 2a+ 1. The latter
terminology comes from the fact that the absolute value of a d-dimensional Brownian motion is a
Bessel process with parameter a = (d — 1)/2.

In the first section we consider the process only for ¢ < Tp, that is, killed when it reaches
the origin. While the process can be defined by the equation, we derive the equation by starting
with X; as a Brownian motion and then “weighting locally” by X/. The equation comes from the
Girsanov theorem. We start with some basic properties: scaling, the Radon-Nikodym derivative
with respect to Brownian motion, and the phase transition at a = 1/2 for recurrence and transience
(which corresponds to the phase transition at k = 4 between simple paths and self-intersecting paths
for SLE). Here we also consider the logarithm of the Bessel process and demonstrate the technique
of using random time changes to help understand the process.

The transition density for the killed process is given in Section 2.2.2. It involves a special
function; rather than writing it in terms of the modified Bessel function, we choose to write it
in terms of the “entire” part of the special function that we label as h,. The Radon-Nikodym
derivative gives the duality between the process with parameters ¢ and 1 — a and allow us to
compute the density only for a > 1/2. From this the density for the hitting time Ty for a < 1/2
follows easily. We then consider the Green’s function and also the process on geometric time scales
which is natural when looking at the large time behavior of the process.

In Section 2.2.5, the Bessel process X} is viewed as a function of its starting position x; indeed,
this is how it appears in the Schramm-Loewner evolution. Here we prove when it is possible for the
process starting at different points to reach the origin at the same time. For SLFE, this corresponds
to the phase transition at k = 2/a = 8 between plane filling curves and non-plane filling curves.
in the following subsection, we show how to give expectations of a certain functional for Brownian
motion and Bessel process; this functional appears as a power of the spatial derivative of X;'. There
is a basic technique to finding the asymptotic value of these functionals: use a (local) martingale
of the form of the functional times a function of the current value of the process; find the limiting
distribution under this martingale; then compute the expected value of the reciprocal of the function
in the invariant distribution.

The next section discusses the reflecting Bessel process for —1/2 < a < 1/2. If a > 1/2, the
process does not reach the origin and if a < —1/2 the pull towards the origin is too strong to allowed
a reflected process to be defined. There are various ways to define the process that is characterized
by:

e Away from the origin it acts like a Bessel process.

e The Lebesgue measure of the amount of time spent at the origin is zero.

We start by just stating what the transition density is. Proving that it is a valid transition density
requires only computing some integrals (we make use of integral tables [2, 3] here) and this can be
used to construct the process by defining on dyadics and establishing continuity of the paths. The
form of the density also shows that for each ¢, the probability of being at the origin at time ¢ is
zero. We then show how one could derive this density from the knowledge of the density starting
at the origin — if we start away from the origin we proceed as in the Bessel process stopped at
time 0 and then we continue.
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In the following two subsections we consider two other constructions of the reflecting process
both of which are useful for applications:

e First construct the times at which the process is at the origin (a random Cantor set) and then
define the process at other times using Bessel excursions. For a = 0, this is the It6 excursion
construction for reflecting Brownian motion. Constructing Bessel excursions is an application
of the Girsanov theorem.

e Consider the flow of particles {X} : x > 0} doing coupled Bessel processes stopped at the
origin and define the reflected process by

inf{X} : T, > t}.

The Bessel process relates to the chordal, or half-plane, Loewner equation. For the radial
equation for which curves approach an interior point, a similar equation, the radial Bessel equation
arises. It is an equation restricted to (0,7) and the value often represents one-half times the
argument of a process on the unit circle. We generalize some to consider processes that locally
look like Bessel processes near 0 and 7 (the more general processes also arise in SLE.) The
basic assumption is that the drift of the process looks like the Bessel process up to the first two
terms of the expansion. In this case, the process can be defined in terms of the Radon-Nikodym
derivative (locally) to a Bessel process. This approach also allows us to define a reflected process for
—1/2 < a < 1/2. A key fact about the radial Bessel process is the exponentially fast convergence
of the distribution to the invariant distribution. This is used to estimate functionals of the process
and these are important in the study of radial SLE and related processes.

In the final section, we discuss the necessary facts about special functions that we use, again
relying on some integral tables in [2, 3].

2.2 The Bessel process (up to first visit to zero)

Suppose (€2, F,P) is a probability space on which is defined a standard one-dimensional Brownian
motion X; with filtration {F;} with X > 0. Let T, = inf{t : X; = x}. Let a € R, and let Z; = X.
The Bessel process with parameter a will be the Brownian motion “weighted locally by X{”. If
a > 0, then the Bessel process will favor larger values while for a < 0 it will favor smaller values.
The value a = 0 will correspond to the usual Brownian motion. In this section we will stop the
process at the time 7y when it reaches the origin.

It6’s formula shows that if f(z) = 2®, then

1
Az, = f(Xy)dX,+ §f”(Xt)dt

= Z [a ix,+ 2=

——=dt t < Tp.
X, 2 X2 ] 0

For the moment, we will not consider ¢t > Ty. Let

X1 —Da [*d
Nt = Nt7a = |:)((t):| exXp {—(67/2)0// )(82} 5 t < TO. (21)
0

S
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Then the product rule combined with the It6 calculation above shows that NV, is a local martingale
for t < Ty satisfying
AN, = L N,dX,, Ny=1.
Xi

Suppose 0 < € < Xog < Rand let 7 = 7. g = T. ANTg. For fixed ¢, R and ¢ < oo, we can see that
Ngpr is uniformly bounded for s < ¢ satisfying

a

dNt/\T = Xi

tAT

1{t < T} Nipr dX;.

In particular, Nia; is a positive continuous martingale.

We will use Girsanov’s theorem and we assume the reader is familiar with this. This is a theorem
about positive martingales that can also be used to study positive local martingales. We discuss
now in some detail how to do this, but later on we will not say as much. For each t, ¢, R, we define
the probability measure I@)a,e, Rt on Fiar by

dI@)a,e,R,t
dP

= Nt/\T7 T = Te,R-

Since N¢ar is a martingale, we can see that if s < ¢, then ]P’a,e,gt restricted to Fynr 18 }P’a,e,R’s. For
this reason, we write just P, . . Girsanov’s theorem states that if

tads
)
0 XS

then B; is a standard Brownian motion with respect to P, ¢ g, stopped at time 7. In other words,

Bt:Bt,a:Xt_ t <,

a
dX; = —dt+dB t<T.
t X, + aby, ST

Note that as X; gets large, the drift term a/X; gets smaller. By comparison with a Brownian
motion with drift, we can therefore see that as R — oo,

lim Py er{t A7 =Tr} — 0,
R—o0

uniformly in €. Hence we can write ]}A"a,e, and see that
dX; = X dt +dB,, t<T.
Xt

Note that this equation does not depend on € except in the specification of the allowed values of ¢.
For this reason, we can write P,, and let € | 0 and state that

dX; = gt +dB,, t<T,
Xy

where in this case we define T = lim o T,. This leads to the definition.

Definition X, is a Bessel process starting at o > 0 with parameter a stopped when it reaches
the origin, if it satisfies

4X, — Xidt dB,, t<Ty, Xo=a0, (2:2)
t

where B; is a standard Brownian motion.
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We have written the parameter a to make the equation as simple as possible. However, there
are two more common ways to parametrize the family of Bessel process.

e The dimension d,
a=——, dys=2a+1.

This terminology comes from the fact that if W; is a standard d-dimensional Brownian motion,
then the process X; = |W;| satisfies the Bessel process with a = (d — 1)/2. We sketch the
argument here. First note that

d d
dX} =" d(W))H =2> Wi dw] +dat,
j=1 i1

which we can write as

dX? = ddt +2 X, d7Z;,

for the standard Brownian motion
S
7y = 2 awd.
=Y [ S
7j=1
(To see that Z; is a standard Brownian motion, check that Z; is a continuous martingale with
(Z); =t.) We can also use It0’s formula to write
dX? =2 X dX; + d(X);.

Equating the two expressions for dX?, we see that

d—1
dX; = -2 dt + dZ,.
t X, + dzy

The process X7 is called the d-dimensional squared-Bessel process.

e The index v,

2v+1 20— 1
= vV, = .
Ty TaT Ty
Note that 11—, = —v,. We will see below that there is a strong relationship between Bessel

processes of parameter a and parameter 1 — a.

As we have seen, to construct a Bessel process, we can start with a standard Brownian motion
X; on (Q,P, F), and then consider the probability measure P,. Equivalently, we can start with a
Brownian motion B; on (§2,P, F) and define X; to be the solution of the equation (2.2). There is a
technical issue that the next proposition handles. The measure P, is defined only up to time Tp .
The next proposition shows that we can replace this with Ty and get continuity at time Tp.

Proposition 2.2.1. Let To; = lim, o 7T,
1. If a > 1/2, then for each x > 0,t > 0.

P2{Ty, <t} =0.
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2. If a < 1/2, then for each t > 0, R
Pg{TO—i— < t} > 0.

Moreover, on the event {Tos < t}, except on an event of ﬁ”a-probability zero,

t1To

Proof. f 0 <r <x < R < o0, let 7 =T, ANTg. Define ¢(z) = ¢(z;r, R,a) by

1,1—2(1 _ T1—2a

¢(z) = 2 i OF 1/2,
b(x) = logz — logr 0=1/2
~ logR —logr’ T
This is the unique function on [r, R] satisfying the boundary value problem
v ¢ () = ~2a¢'(z), ¢(r)=0, ¢(R)=1. (2.3)

Using It6’s formula and (2.3), we can see that ¢(X;-) is a bounded continuous P,-martingale,
and hence by the optional sampling theorem

¢(z) = B2 [p(X,)] = PI{TRr < T,}.

Therefore,
R 1.1—2(1 o T1—2a
A logz —logr
PZ{T, T} =—"—— =1/2.
oATr < T} log R —logr’ a=1/

In particular, if x > r > 0,

- o B o (r/x)* a>1)2

PI{T, < o0} = I%gl})oIPa{Tr <Tgr}= { 1, 0 <1/2, (2.5)
and if x < R,

- e B [ (/R a<1/2

PX{Tr < Tot+} = lﬁfgpa{TR <T,} = { 1, 0>1/2. (2.6)

If @ > 1/2, then (2.5) implies that for each ¢, R < oo,
P{To, <t} <P¥{Ty, < Tr} +P{Tg < Toy; Tk < t}.

Letting R — oo (and doing an easy comparison with Brownian motion for the second term on the
right), shows that for all ¢,
]Pg{TO-‘r < t} = 07

and hence, P*{T, < oo} = 0.
If a < 1/2, let 7, = Ty-2n and o, = inf{t > 7, : Xy = 27"}. Then if z > 272" (2.6) implies
that
P {0, < Tp,} = 2721,
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In particular,
oo
> Pi{on < Tot} < o0,
n=0

and by the Borel-Cantelli lemma, with P%-probability one, T4 < o, for all n sufficiently large. On
the event that this happens, we see that

lim X; =0,
1 To+

and hence Ty = Tp+. On this event, we have maxg<;<7, X < 0o, and hence
]@’g{T0+:oo}<I@’§{ sup Xt:oo} < lim P¥{Tyy < Tr} = 0.
0<t<To+ R—o0

O]

With this proposition, we can view I@’ﬁ for each t as a probability measure on continuous paths
XS,OS Sgt/\T().

Proposition 2.2.2. For each x,t > 0 and a € R, the measures P* and If”g, considered as measures

on paths Xs,0 < s < t, restricted to the event {Ty > t} are mutually absolutely continuous with
Radon-Nikodym derivative

dp* X1 (a—1)a (! ds
a _ |2t _ it — % 2.
w2 it [ e
In particular,
Pz X, %!
@ = |—= . 2.8
e 28)

Proof. The first equality is a restatement of what we have already done. and the second follows by
noting that the exponential term in (2.7) is not changed if we replace a with 1 — a. O

Corollary 2.2.3. Suppose x <y and a > 1/2. Consider the measure PY conditioned on the event
{T, < T,}, considered as a measure on paths X;,0 <t < T,. Then P} is the same as P{_,, again
considered as a measure on paths X, 0 <t <T,.

Proof. Using (2.7), we can see that the Radon-Nikodym derivative of the conditioned measure is
proportional to the exponential term~(the other term is the same for all paths). We also see from
(2.8), a rederivation of the fact that P4{T, < oo} = (x/y)?*~ 1. O

For fixed ¢, on the event {Tp > t}, the measures P* and P* are mutually absolutely continuous.
Indeed, if 0 < 7 < z < R, and 7 = T}, A T, then P* and P* are mutually absolutely continuous on
Fr with

dP*

dP*
However, if a < b < 1/2, the measures P, and JP’b viewed as measure on on curves X;,0 <t < Tp,
can be shown to be singular with respect to each other.

= N;q4 € (0,00).
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Proposition 2.2.4 (Brownian scaling). Suppose Xy is a Bessel process satisfying (2.2), r > 0, and
Y, =r ' X2, t<r 2T
Then Yy is a Bessel process with parameter a stopped at the origin.

Proof. This follows from the fact that Y; satisfies

a
dY; = — dt + dW,
t Y, + aly,
where W; = r~! B,2, is a standard Brownian motion. O

2.2.1 Logarithm

When one takes the logarithm of the Bessel process, the parameter v = a — % becomes the natural
one to use. Suppose X; satisfies

1
V+§

t

dX; = dt +dB;, Xo=x0> 0.

If L; = log X;, then It6’s formula shows that

1 1
st = < dXt

v 1
- dt + — dB.
X, 2X2 * !

dt = —;
X270 x,

Let '
. T 2
U(S) = lnf {t . 0 Xifg = 3} y LS = LO‘(S)'

Then L, satisfies ©
R g(s B'r'
dLs =vds+dW,, W; ::/ L,
0 X

Here Wj is a standard Brownian motion. In other words the logarithm of the Bessel process is a
time change of a Brownian motion with constant drift. Note that o(co) = Tp. If v < 0, it takes
an infinite amount of time for the logarithm to reach —oo in the new parametrization, but it only
takes a finite amount of time in the original parametrization.

2.2.2 Density

For most of the remainder of this paper, we will now drop the bulky notation I@’g and use P or P?.
We assume that B; is a standard Brownian motion and X; satisfies

dX; = L gt +dB;, Xo=2>0
Xy

This is valid until time 7" = Ty = inf{t : X; = 0}. When a is fixed, we will write L, L* for the
generator and its adjoint, that is, the operators

L) =2 /@) + 5 (@),
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SO L@ = 5 - L+ S )

L) = - | .

For z,y > 0, let ¢(x,y;a) denote the transition density for the Bessel process stopped when it
reaches the origin. In other words, if I C (0,00) is an interval,

PHT > t; Xy € I} = /qt(x,y;a) dy.
I

In particular,
. — 4 ’ - ’
/0 Qt(iﬁay»a)dy—P{T>t}{<l, a<1/2

If @ = 0, this is the density of Brownian motion killed at the origin for which we know that
qt(z,y;0) = ¢ (y,x;0). We can give an explicit form of the density by solving either of the “heat
equations”

oqr(v,y;a) = Leqi(z,y;0),  Orqr(z,y;0) = Lyqi(w,y; a),

with appropriate initial and boundary conditions. The subscripts on L, L* denote which variable
is being differentiated with the other variables remaining fixed. The solution is given in terms of a
special function which arises as a solution to a second order linear ODE. We will leave some of the
computations to an appendix, but we include the important facts in the next proposition. We will
use the following elementary fact: if a nonnegative random variable 7" has density f(¢) and r > 0,
then the density of 7T is

L)), (2.9)

Proposition 2.2.5. Let q;(z,y;a) denote the density of the Bessel process with parameter a stopped
when it reaches the origin. Then for all x,y,t,r > 0,

gi(z,y;1 — a) = (y/2)' 7 qu(x, y; ), (2.10)
a(x, y;0) = qi(y, x5 0) (y/x)*, (2.11)
G2 (rz,rysa) = r gz, y; a). (2.12)

Moreover, if a > 1/2,

2 2
x°+
q1(z,y;0) = y** exp {— 5 4 } ha(zy), (2.13)
where h, is the entire function
e 2k

ha(2) =Y & (2.14)

— 2a+2k—% k! F(k; +a-+ %) .
In particular,

¢1(0,y;a) :== q1(0+,y,a) = 2t Y V2 g > 1/2. (2.15)
) i ) ) F(a + %) ) -

In the proposition we defined h, by its series expansion (2.14), but it can also be defined as the
solution of a particular boundary value problem.
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Lemma 2.2.6. h, is the unique solution of the second order linear differential equation
2h"(2) +2ah'(z) — 2h(2) = 0. (2.16)
with h(0) = 227%/T(a + 1), ' (0) = 0.
Proof. See Proposition 2.5.1. O
Remarks.
e By combining (2.12) and (2.13) we get for a > 1/2,
q(z,y;a) = \}qu (\2, \%;a) = ;“J: exp {—W} ha (%) . (2.17)

e The density is often written in terms of the modified Bessel function. If v = a — %, then
I,(z) := 2" h,_ 1(v) is the modified Bessel function of the first kind of indexr v. This function
2

satisfies the modified Bessel equation
22 1'"(x) + x I'(x) — [V* 4 2% I(x) = 0.

e The expressions (2.13) and (2.17) hold only for a > 1/2. For a < 1/2, we can use (2.10) to
get

a(z,y;a) = \26]1 <\2\%a>

— /o

r Yy
—,—F=;1—a
\/iq1<x/i\/i >
p2a—145—a 2t et )

e In the case a = 1/2, we can use the fact that the radial part of a two-dimensional Brownian
motion is a Bessel process and write

2m z —ycosh)? + (ysind)? =z
ql(w,y;1/2):2yﬂ/0 exp{( Y )2 W )}d0=ye(2+92)/2h1/2(wy),

where

1 27
hl/g(r):%/o €m0 g9 — Io(r).

The last equality is found by consulting an integral table. Note that hy/5(0) = 1, R} s (0) =0.

e We can write (2.15) as
cay?! eV d=2q+ 1,

which for positive integer d can readily be seen to be the density of the radial part of a random
vector in R? with density proportional to exp{—|z|?/2}. This makes this the natural guess
for all d for which ¢4 can be chosen to make this a probability density, that is, a > —1/2. For
—1/2 < a < 1/2, we will see that this is the density of the Bessel process reflected (rather
than killed) at the origin.
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e Given the theorem, we can determine the asymptotics of hy(z) as z — co. Note that

lin (. 30) = ——
dm (@, m50) = —s

since for large x and small time, the Bessel process looks like a standard Brownian motion.

Therefore,
: 2a —x2 2\ 1
ml;ngox e " he(z?) = Nors
and hence .
ho(z) ~ — 2" %", x — 0.

V2

In fact, there is an entire function u, with u,(0) = 1/4/27 such that for all x > 0,
ho(x) = u(l/x) % e”.

See Proposition 2.5.3 for details. This is equivalent to a well known asymptotic behavior for
L,

T

V2T ’

e The asymptotics implies that for each a > 1/2, there exist 0 < ¢; < c2 < oo such that for all
0<z,y,t<oo,

|:y]2a 1
C1 |— —

vl Vi

2a ]
eV < gy(2,y0) < o [y] e @2y < gy, (2.18)

zl Vi

2a 2a
Yy L —@y?)/2e < Yy 1 @222
. t > 2.19
Cl |:\/i:| \/i € — qt(':U? y? a’) — 62 \/i \/i € ) = xy’ ( )

Proof. The relation (2.10) follows from (2.8). The relation (2.11) follows from the fact that the
exponential term in the compensator N;, for a reversed path is the same as for the path. The
scaling rule (2.12) follows from Proposition 2.2.4 and (2.9).

For the remainder, we fix a > 1/2 and let ¢(x,y) = q:(x,y;a). The heat equations give the
equations

a 1
O (x,y;a) = —0: @z, y;a) + 5 Oue a(z,y; a), (2.20)
a a 1
Oqe(z,y;0) = 7 a(z,y;a) — ! a(z,y;a) + 5 9y a(z,y;a), (2.21)

In our case, direct computation (See Proposition 2.5.2) shows that if h, satisfies (2.16) and
¢t is defined as in (2.15), then ¢ satisfies (2.20) and (2.21). We need to establish the boundary
conditions on h,. Let

q:(0,y;a) = lim ¢ (z,y; a)
z]0

Since - -
1= / q1(0+,y;a) dy = / ha(0) y?@ e~/ dy,
0 0



106 CHAPTER 2. BESSEL PROCESS

we see that

1 002 02 o0 _ du _1 1
= @Y /2 g :/ 2u“e“:2“2f‘<a+>.
ORI v=), e ey >

ql(xal;a) - Q1(0?1;a) +$h;(0) 6_1/2_'_0('7;2)7 x| 0.

Hence to show that h/(0) = 0, it suffices to show that ¢i(z,1;0) = ¢1(0,1;a) + o(x). Suppose
0 < r < x, and we start the Bessel process at r. Let 7, be the the first time that the process
reaches x. Then by the strong Markov property we have

Note that

1
mmnwz/msmnmwwx
0

where F'is the distribution function for 7,,. Using (2.20), we see that ¢1_s(x; 1;0) = ¢1(x, 1;0)+0(s).
Therefore,

1
lg1(x,15a) — qi(r,1;a)| < c/ sdF(s) < cE"[r,].
0

Using the scaling rule, we can see that E"[r,] = O(z?).

We note that one standard way to solve a heat equation

8tf(t7 37) = La&f(t? JI),

with zero boundary conditions and given initial conditions, is to find a complete set of eigenfunctions
for L

Loj(x) = =Aj ¢5(x),

and to write the general solution as
o
Z cje it ().
j=1

The coefficients ¢; are found using the initial condition. This gives a series solution. This could be
done for the Bessel process, but we had the advantage of the scaling rule (2.12), which allows the
solution to be given in terms of a single special function h,.

There are other interesting examples that will not have this exact scaling. Some of these, such
as the radial Bessel process below, look like the Bessel process near the endpoints. We will use facts
about the density of the Bessel process to conclude facts about the density of these other processes.
The next proposition gives a useful estimate — it shows that the density of a Bessel process at
y € (0,7/2] is comparable to that one would get by killing the process when it reaches level 77 /8.
(The numbers 37 /4 < 77 /8 can be replaced with other values, of course, but the constants depend
on the values chosen. These values will be used in discussion of the radial Bessel process.)

Proposition 2.2.7. Let ¢(x,y;a) be the density of the Bessel process stopped at time T = Ty A
Trr)s- If a > 1/2, then for every 0 < t; < ty < oo, there exist 0 < ¢1 < ¢y < oo such that if
t1 <t <ty and 0 < x,y < 3m/4, then

a vy < gz, y;a) < q(x,y;0) < cay®
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This is an immediate corollary of the following.

Proposition 2.2.8. Let ¢(x,y;a) be the density of the Bessel process stopped at time T = Ty A
Ty /8- For everya > 1/2 and ty > 0, there exists 0 < ¢ < ca < 00 such that for all0 < z,y < 37/4
and t > tg,

Gi(z,y;0) > ce P qi(x,y;a).

P {T >t —to; Xy < 3n/4} <y 2 Go(z,y50) < caP{T >t —ty}.

Proof. 1t suffices to prove this for ¢ sufficiently small. Note that the difference ¢ (x, y;a) —¢:(x, y; a)
represents the contribution to ¢;(z,y;a) by paths that visit 77/8 some time before t. Therefore,
using the strong Markov property, we can see that

qt(z,y50) — @ (x,y;0) < sup [gs(z,y50) — ¢s(x,y;a)] < sup qs(37/4,y;a).
0<s<t 0<s<t

Using the explicit form of ¢;(x,y;a) (actually it suffices to use the up-to-constants bounds (2.18)
and (2.19)), we can find ¢ > 0 such that

a1 y? < Gizy;a) <cpy?, P <t<2A, 0<az,y<m/2

If s>0,and t/ <t <2t,

/8
Gore(a,ysa) = / s 2:0) oz s ) dy
0
< cPHT>s} sup aqi(z,y50)
0<z<77/8

< ¢PH{T > s}y,

Y

3r/4
Gs+t(x,y;a) / 4s(x,z;a) Gi(2,y;a) dy
0

L < 3 -~ .
cPH{T > s, X; < 3m/4} nglgl Ge(z,y;a)

v

> ¢PY{T > s, X, < 3n/4} y**.
O

Proposition 2.2.9. Suppose X; is a Bessel process with parameter a < 1/2 with Xy = x, then the
density of Ty is

g2 g3 exp{—x?/2t}, (2.22)
Proof. The distribution of Ty given that X = x is the same as the distribution of 2 T given that

Xo = 1. Hence by (2.9), we may assume = = 1. Let

F(t) =P{To <t| Xo =1} =P{Tp < ta® | Xp = x}.
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Then the strong Markov property implies that
SR <Ty<trsh = 5 [ allsa) P/ dy
= /Ooo[x\/g]lqt(l, Vsxia)z F(1/z) dw.

Hence the density is

o0

lim [2vs] Yq: (1, Vs x;a) 2 F(1/2) de.
sl0 Jo

We write y; = y/+/t Using Proposition 2.2.5, we see that

y ra(Lysa) = 72y (VY ysa)
= 2 gy (gt )
= t_1/2q1(yt,t_1/2;1—a).

Therefore,

limy ™ q(1,yia) = Y2 limqi (2,721 — a) = ha_a(0) 1972 e/,
yd0 z}0

This establishes the density up to a constant which is determined by

00 [e.e]
/ $0=3 e 1/2 gy = 25“/ Il e dy = 2270 (; - CL> .
0 0

2.2.3 Geometric time scale

It is often instructive to consider the scaled Bessel process at geometric times (this is sometimes
called the Ornstein-Uhlenbeck scaling). For this section we will assume a > 1/2 although much
of what we say is valid for & < 1/2 up to the time that the process reaches the origin and for
—1/2 < a < 1/2 for the reflected process.

Suppose X; satisfies

a
dXy = —dt+ dB
t Xt + ty

and let )
Yi=e?X. W, :/ e /% dB,.
0
Note that
dX . — ae dt + ¢/ dB.. = 2 | L at + dB..
€ Xet e }/; e )
or

Y,
dY; = [a - t} dt + dW. (2.23)
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This process looks like the usual Bessel process near the origin, and it is not hard to see that
processes satisfying (2.23) with a > 1/2, never reaches the origin. Of course, we knew this fact
from the definition of Y; and the fact that X; does not reach the origin.

Not as obvious is the fact that Y; is a recurrent process, in fact, a positive recurrent process
with an invariant density. Let us show this in two ways. First, note that the process Y; is the same
as a process obtained by starting with a Brownian motion Y; and weighting locally by the function

o(x) =z e /4,

Indeed, using It6’s formula and the calculations,

we see that if

t 9 2
M, = ¢(Xy) exp{/o <“Yf+(a+;>—5jj> ds},

then M, is a local martingale satisfying

a Y
M = | — = | M;dY;.
dM, [Yt 2} tdYy

The invariant probability density for this process is given by

1
22

2a ,—x2/2
— % . 2.24
I'(a+ %) ( )

fla) = coa)? =

where the constant is chosen to make this a probability density. The equation for an invariant
density is L* f(z) = 0, where L* is the adjoint of the generator

i@ = ~([2-1 @) + 5 /@
— (&+3) 10+ [5-2] @+ 5 1@
Direct differentiation of (2.24) gives
Fia = |2 ) sio)
(e = ([Qx o] B 1) o) = [ 01407 s,

T 2 x
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which is readily checked.
Let ¢¢(x,y) denote the density of a process satisfying (2.23). Then

—t .2 2
di(x,y) = e'/? g (ar,et/2 y; a) = y* exp {—HQW} ha (e‘t/2 ary) :

In particular,

Jim é1(z,y) = q1(0,y50) =

2.2.4 Green’s function

We define the Green’s function (with Dirichlet boundary conditions) for the Bessel process by

G(ﬂf,y;a)Z/ q(z,y;a)dt.
0

If @ > 1/2, then

1
o] 923—a [ee] yQa 1'2 y2 Y
G(x,y;a) = r,y;a)dt = ———— exp ] — h <—),
( Yy ) /0 Qt( Yy ) F(a %)/O ta+% p{ o a7

and
Gi_a(z,y;0) 2/0 q(z,y;1 —a)dt = (y/%‘)l_Q“/O a(z,y;a) dt = (y/z)' "> G(z, y; a).

In particular,

1
950 00
G(1,1;a) =G(1,1;1 —a) = F(a+1)/g
2

1

227¢ >~ 1

= ’ 1/ € “hg(u) du.
F(a+§) 0 u

Proposition 2.2.10. For all a,x,y,
G(z,y;a) = (z/y)' 2 G(z,y;1 — a).

G(z,y;a) = (y/2)** Gy, z; a),
Ifa=1/2, G(z,y;a) = oo for all z,y. If a > 1/2, then
G(r,ry;a) = Cor [1 A yl_Qa} ,

where

227¢ >~ 1
Cy = T / € “he(u)du < 0.
)Jo w
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Proof.
G(z,y;1—a) = / q(x,y;1 —a)dt
0

- (y/x)l_za /OOO qi(z,y;a)dt = (y/x)l_2“ G(z,y;a).

Gla.y;a) = /O " e yia) dt = (y) ) /O " gz a)dt = (y/2)* Cly, z;a).

G(rz,ry;a) = / qe(re,ry; a) dt
0
1
= / ~qy/p2(2,y;0) dt
0 r
= / rqs(z,y;a)ds =1 G(x,y;a).
0

We assume that a > 1/2 and note that the strong Markov property implies that

G(z,1;a) = P{T} < oo} G(1,15a) = |1 /\xl_Qa] G(1,1;a).

o [T g
G(1,150) /ot<1a>+ée hi_a(1/2) dt.

2.2.5 Another viewpoint

The Bessel equation is
a
dX; = —dt+dB
L=, + dby,

where B; is a Brownian motion and a € R. In this section we fix ¢ and the Brownian motion B;
but vary the initial condition x. In other words, let X} be the solution to
a
dX} = X7 dt +dB;, Xo=u=, (2.25)
which is valid until time T = inf{t : X} = 0}. The collection {X}} is an example of a stochastic
flow. If t < Ty, we can write

t
a
X‘C::L‘+Bt+/ ds.
! 0o X7
If x < y, then
t t Yy T
y B a a B a( Xy — X7T)

In other words, if t < T§ AT, then X/ — X} is differentiable in ¢ with

a

8t[Xty_th]:_[XgJ_th]W7
t t
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which implies that

XY XP = (y—a) { ‘_ds }
— =y—z)expy—a | —=7 -
t t Yy p ) XT X7

From this we see that X/ > X} for all t < T and hence T < T. By letting y — x we see that

0, X7 = exp {_a/ot (;3)2} . (2.27)

Although X7 < X} for all t > T, as we will see, it is possible for T§ = T}

Proposition 2.2.11. Suppose 0 < z <y < co and X}, X} satisfy (2.25) with X§ =z, X{ =
1. If a > 1/2, then P{T}y = oo for all x} = 1.
2. If1/4<a<1/2 and x < vy, then

P{Ty =TY} > 0.

3. If a < 1/4, then with probability one for all x <y, T§ < Té’.

Proof. If a > 1/2, then Proposition 2.2.1 implies that for each x, P{Ty = oo} = 1 and hence
P{T§ = oo for all rational z} = 1. Since T < T for z < y, we get the first assertion.

For the remainder we assume that a < 1/2. Let us write Xy = X[ Y; = X/, T* =Ty, TY = T}.
Let h(z,y) = h(x,y;a) = P{T® = TY}. By scaling we see that h(z,y) = h(z/y) = h(z/y,1).
Hence, we may assume y = 1. We claim that h(0+,1) = 0. Indeed, T" has the same distribution
as 72T and hence for every ¢ > 0 we can find r,§ such that P{T" > §} < ¢/2,P{T' < 6} < ¢/2,
and hence P{T! =T"} <e.

Let u = sup,p= Y2/ X;. We claim that

P{T" < T';u < 00} = 0.

P{T" = T";u = o0} = 0.

The first equality is immediate; indeed, if Y; < ¢X; for all ¢, then T' = T. For the second equality,
let oy = inf{t:Y;/X; = N}. Then,

P{u>N;T' =T} <P{T' =T" | oy < 00} = h(1/N) — 0, N — cc.

Let
Y:
Lt = log — -1 = log(Y} — Xt) — logXt.
Xy
Note that a

dlog(V; — X;) = — dt
og( t t) X, Y, 5

1 1 — 1

dlog X; = — dX, dt =224t + —dB,,

X, ' 2x? X? X;
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and hence
i - |22 2 | 4- L
S I R A Xt '
1 T1 a 1
N L I - 2.2
X7 [2 ¢ eLf—l—l] X, (2:28)

In order to understand this equation, let us change the time parametrization so that the Brownian
term has variance one. More precisely, define o(t), W by

o(t) ds
0 Xig — , / 7dB

Then W, is a standard Brownian motion and L; := Ly 1) satisfies

1 aXo (1)
a =
Yo (o)

1
dt + dW, = {—a— E“ } dt + dW;.

For every a < 1/2, there exists u > 0 and K < oo such that if L; > K, then
1 a

a——
2 elt +1

> U.

Hence, by comparison with a Brownian motion with drift u, we can see that if L; > K + 1, then
with positive probability, L; — oo and hence Y; /X — oo. Hence starting at any initial value Ly=1
there is a positive probability (depending on [) that L; — co.

If @ > 1/4, then there exists u > 0 and K < oo such that if f/t < —K, then

1 a

2 a_eit—l—l

< —U.

Hence by comparison with a Brownian motion with drift —u, we can see that ifo/t < —(K+1),
then with positive probability, Ly — —oo. Hence starting at any initial value Ly = [ there is a
positive probability (depending on [) that L; — —oo.

If a <1/4, then
1 a

z - —
2 elt +1
and hence by comparison with driftless Brownian motion, we see that

> 0,

lim sup Ly — oo. (2.29)

But as mentioned before, if Ly > K + 1 for some K there is a positive probability that L; — co.
Since (2.29) shows that we get an “infinite number of tries” we see that L; — oo with probability
one.

Using this argument, we also see that for 1/4 < a < 1/2, then with probability one either

Lt — —00 Or Lt — 00. Therefore,
X
tllelg Y, €{0,1}. (2.30)
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We note that by closer examination, we can see that if 1/4 < a < 1/2, then
ImP{Ty =T1)} =1.
ylx
O

Proposition 2.2.12. In the notation of the previous proposition, if 1/4 < a < 1/2 and 0 < x <
y=1. Then,

I'(2a v ds
v(a) = PTG # Ty} = T(4a — 1() F()l —2a) /0 (1— s)2dag2a’

Proof. We note that () is the solution of the boundary value problem

1

L) + [1—2@ a

_ ] W(2) =0, (0)=0,(1) = 1. (2.31)

2 1—z T

In the notation of the previous proof, let Ry = X;/Y;,. Itd’s formula and the product rule give

a 1
X, =X; | — —dB
1 1 1
d|— = ———dY; + — d{Y
[Y] yz et
1 [1—a 1
= = | =5 dt——dB
Yt[Yf Y, ]

1 1
dR; = Ry [2 (a+(1—a) R — Ry) dt+ — (1 — Ry) dBt]
X; X,

! (1 —a)Ry — a)(Ry — 1) dt + L (1—Ry) dBt]

— R |
t[Xf Xy

After a suitable time change, we see that R, = R, ;) satisfies

R 1—a)R, —
R (1 — Ry)

1-R R

1-—-2
[ a ?} dt + dw,

where W is a standard Brownian motion. Using (2.31), we see that 1(R;) is a bounded martingale,

and using the optional sampling theorem and (2.30) we get the result.
O
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2.2.6 Functionals of Brownian motion and Bessel process

In the analysis of the Schramm-Loewner evolution, one often has to evaluate or estimate expecta-
tions of certain functionals of Brownian motion or the Bessel process. One of the most important
functionals is the one that arises as the compensator in the change-of-measure formulas for the
Bessel process.

Suppose X; is a Brownian motion with Xy = > 0 and let

tds tds
J:/ > K:eJt:exp{—/ },
"o X2 ' 0 X7

which are positive and finite for 0 < ¢ < Tp. We have seen K, in (2.27). Let I; denote the indicator
function of the event {Tp > t}. The local martingale from (2.1) is

-1
Now = (X/Xo) Ko, where 2, = 01
Note that
Lyl e, st (2.32)
a=—-=x= —. .
272 “=9

In this section, we write E for Brownian expectations and £, for the corresponding expectation
with respect to the Bessel process with parameter a. In particular, if Y is an F;-measurable random
variable,

E; VL] =E°[V I N .

Proposition 2.2.13. Suppose A > —1/8 and

—_

1 1
a=-+-VI+8\> -,

\V]
\V]
\V]

is the larger root of the polynomial a*> —a — 2. If X, is a Brownian motion with Xo = x > 0, then
" o0
ET[K} L) = «" By (X" 1] = 2 / (@, y;a) y~* dy.
0

In particular, if t =1, as t — oo,

o I(5 l) -
E'K)I]) =t 2 2 + 0@t

Proof.
0% [Kﬁ It} E” [Ny o (Xi/X0) ™" I]

= 2B [X;° It}

/ q(z,y;a) y~ " dy.

Since q;(x,y;a) < y** as y | 0, the integral is finite.
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We now set x = 1 and use Proposition 2.2.5 to get the asymptotics as ¢ — co. Note that for
a>1/2,

/0 a(ly;a)y dy = t_l/Q/ a(1/Vt,y/Vt;a)y™dy

0
—(a+d) —1/2t > a —y>/2t Yy
t 2/ e /0 yte h<t> dy

_ tf(aJr%)efl/Zt /Oo Viu a67u2/2h <U> Vidu
) Y Vi
00 P
_ tﬂH%Wlﬂ/ F” u® e 2 (1 4 O /4)] du
0

(a + %)
5+ )

= t77 2 2/ 1+0 .
O
The next proposition is similar computing the same expectation for a Bessel process.
Proposition 2.2.14. Suppose b € R and
1
Ak dp >~ (2.33)
Let
Ll sy > L (2.34)
a==4= —. .
22 Y=

and assume that a +b > —1. Then, if X; is a Bessel process with parameter b starting at x > 0,
” A b1 b b > b
By (K7 L] = o By [Xfa] =z / ¥ "z, y;a) dy.
0

Note that if b > —3/2, then the condition a + b > —1 is automatically satisfied. If b < —3/2,
then the condition a+b > —1 can be considered a stronger condition on A than (2.33). If b < —3/2,
then the condition on A is

A> 1+ 2b.

Proof. By comparing (2.32) and (2.34), we can see that
Bp(K) L) = o VB[R XD L
= 2B [Nio X)L
= 2z Xt

o
= w“"’/ v (e, ya) dy.
0

In the third equation, we drop the I; since I; = 1 with Pa—probability one. The condition a+b > —1
is needed to make the integral finite. O
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Proposition 2.2.15. Let A > —1/8 and let

L L ara<l
=573 =g

be the smaller root of the polynomial a®> — a — 2X\. Then if X; is a Brownian motion starting at
z>0and0<y <z,

B (K3, | = (a/y)"
Proof. Let n > x and let 7, = T)) A T;,. Note that
B [K) ] = 2B [V, 0 X;7) = o B [X;7]
and similarly,
B[R Ty < To| = 0" By (X557, < 1] = (a/y) BEAT, < T},
E” K25y > To| = 2" BE (X545 Ty > T] = (/n)* BEAT, > T}

Using (2.4), we see that

. )\ . ~
Jim [Ktm;Ty > Tn} = [lim (z/n)* Po{T, > Ty}
) x1—2a o y1—2a
= D (2/n)* e 1 2 =Y

Therefore,
o [Kﬂ = lim B [K%y;Ty <To| = (a/y)" Tim BT, < T,} = (a/y)".

The first equality uses the monotone convergence theorem and the last equality uses a < 1/2.
O

Proposition 2.2.16. Suppose b € R and A+ A\, > —1/8. Let

1 1
a=—=—=y/14+8A+XN) <

2 2

)

N =

the smaller root of the polynomial a® —a —2(A+N,). Then if X, is a Bessel process with parameter
b starting at x >0 and 0 < y < =z,

k2 [K%V;Ty < oo] = (z/y)*°.
A special case of this proposition occurs when b > 1/2, A =0. Then a =1 — b and
Bf | K33 Ty < o] = BE{T, < o0} = (a/y)" ™" = (y/x)* ",

which is (2.5).
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Proof.
o [K%y;Ty < oo} — zPE® [K% K Xb 1T, < oo] = (y/2)"E” [Kﬂ = (z/y)"".
O

It is convenient to view the random variable J; on geometric scales. Let us assume that Xy =1
and let
Jp = Jo—t.

Then if n is a positive integer, we can write
n
Jn=>_[Jj = Jil.
j=1

Scaling shows that the random variables jj — jj_l are independent and identically distributed.
More generally, we see that J; is an increasing Lévy process, that is, it has independent, stationary
increments. We will assume that a < 1/2 and write a = % —bwith b= —v > 0. Let ¥, denote the
characteristic exponent for this Lévy process, which is defined by

E[e™] = exp{tW,(\)}.

It turns out that v = a — % is a nicer parametrization for the next proposition so we will use it.

Proposition 2.2.17. Suppose b > 0 and X; satisfies

1_
dX; =2_——dt+dB;, Xp=1.
t
Then if X € R,
Ty ds
E* ) — | =y "
ol [ )] =
where

r=0b— /b2 —2i\.

is the root of the polynomial r* — 2br + 2i\ with smaller real part. In other words, if a < 1/2
\P%_b()\) =b— Vb —2i),

where the square root denotes the root with positive real part. In particular,

A t
E [Jt} == (2.35)
Proof. We will assume A # 0 since the A = 0 case is trivial. If r_,r; denote the two roots of the
polynomial ordered by their real part, then Re(r_) < b, Re(r4) > 2b; we have chosen r = r_.

Let 7, = Ty A T},. Using 1to’s formula, we see that M., is a bounded martingale where

[t ds -
M, :exp{z)\/o st} X;.
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E[M,,] = 1.

Therefore,

If b > 0.
E[| M, ); Tk < T,) < kRO P{T}, < T,} < c(y) K2) k2071 = ¢(r) KRe() =20

and hence,
lim E[|M,,|; T, < T,] =0.
k—o0
(One may note that if A # 0 and we had used r, then Re(r;) > 2b and this term does not go to

zero.) Similarly, if b = 0,
lim E[[M, ;T < T,] = 0.
(T ds
Ty > T, = E[Mr,] =y"E [exp {M/D XQ}] .
O

Therefore,
1= lim E[M,;
k—o0
The last assertion (2.35) follows by differentiating the characteristic function of J; at the origin.

The moment generating function case is similar but we have to be a little more careful because

the martingale is not bounded for A > 0.

Proposition 2.2.18. Suppose b > 0, X; satisfies
L
dXy = 2_—dt+dB;, Xo=1,
Xt
and 2\ < b2. Then, if 0 <y < 1,
Ty ds
E* [exp{)\/ H =y,
0o X2
b2 — 2\

where

is the smaller root of the polynomial % — 2br + 2.
Proof. By scaling, it suffices to prove this result when y = 1. Let 7 =T} and let
¢
d
i } . M, =K, X!

Kt:exp{)\/o XisQ

By Itd’s formula, we can see that M, is a local martingale for ¢ < 7 satisfying

r
dM; = — Mydt, My=1.
t Xt t &l 0

If we use Girsanov and weight by the local martingale M;, we see that
r+v+41
dX; = ———2dt+dW,, t<r
t
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where W, is a standard Brownian motion in the new measure which we denote by P with expec-
tations E. Since r + v < 0, then with probability one in the new measure P*{r < oo} = 1, and
hence

B [Kr;7 < 00] = 2" BY [My;7 < o0] = 2" B*[I{7 < 00}] = 2.

O

We can do some “multifractal” or “large deviation” analysis. We start with the moment gen-
erating function calculation

E [e,\jt} — HEX,
where
EN=6N=b-VIZ-2\ €)= \/bgl_—% &' = (62—1%)3/2
This is valid provided that A < b%/2. Recall that E[J;] = t/b. If > 1/b, then
P{J, > 0t} < e M E[eM] = exp {t[E(\) — M},

This estimate is most useful for the value A that minimizes the right-hand side, that is, at the value
g satisfying &'(N\g) = 6, that is,

1 1
A== [b*—072 Ng)=b— =
0 9 [ ] ) 5( 9) 9
Therefore,
R 1 6v?
P{J; > 0t} < exp{tp(f)},  where p(6) =b— 5 — =~

While this is only an inequality, one can show (using the fact that ¢ is C? and strictly concave in
a neighborhood of \y),

P{J, > 0t} < P{0t < J, <0t + 1} <t~ /2 exp {tp(0)}.
Similarly, if 6 < 1/b,
P{J; < 0t} < M E[e ] = exp {k[g(— ) + M)},

The right-hand side is minimized when &'(—)\) = 6, that is, when
No==[072=0], &(=Ng)=b— 20202

A 1 2
P{J; <0t} <exp{tp(0)}, where p(0)= 2% % +b— 202 —02
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2.3 The reflected Bessel process for —1/2 < a < 1/2

The Bessel process can be defined with reflection at the origin in this range. Before defining
the process formally, let us describe some of of the properties. In this section, we assume that
-1/2<a<1/2.

e The reflected Bessel process X; is a strong Markov process with continuous paths taking
values in [0, 00). It has transition density

wt(:v,y;a):\lf <\[ v > ti exp{—xz;y2}ha (). @)

Note that this is exactly the same formula as for ¢(x,y;a) when a > 1/2. We use a new
notation in order not to conflict with our use of ¢;(z, y; a) for the density of the Bessel process
killed when it reaches the origin. We have already done the calculations that show that

Oi(w,y; a) = Lathe(w,y; a),
and
(2, y; @) [z=0= 0.
However, if a < 1/2, it is not the case that

Oyts(x,y;a) |y=o= 0.

In fact, for a < 1/2, the derivative does not exists at y = 0.

e Note that )
27 @ 2
07 5 = 207y /27
and hence )
93—
(0, y5a) =t 21 (0,y/VE;a) = 271 R e (2.37)
F(CL + 5)

e We have the time reversal formula for =,y > 0.

T/’t(%y; a) = (y/x)2a 1/’15(1/733;@)- (238)
Because of the singularity of the density at the origin we do not write ¢ (x, 0;a).

e A calculation (see Proposition 2.5.4) shows that for z > 0,

/ Yi(z,y;a)dy = 1. (2.39)

We can view the process as being “reflected at 0” in a way so that the the total mass on
(0,00) is always 1.
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e Another calculation (see Proposition 2.5.6) shows that the 1, give transition probabilities for

a Markov chain on [0, c0).

rvs(,yia) = /0 Gel, 25 @) (2 s ) d.

Note that this calculation only needs to consider values of ¢ (z,y; z) with y > 0.

With probability one, the amount of time spent at the origin is zero, that is,

/ 1{X, =0} dt = 0.
0

This follows from (2.39) which implies that
k k poo
/ {X; > 0}dt = / / Ye(z,y;a)dydt = k.
0 o Jo

For each t,z > 0, if 0 = inf{s > ¢ : X5 = 0}, the distribution of X,,t < s < o, given X, is
that of a Bessel process with parameter a starting at X; stopped when it reaches the origin.

The process satisfies the Brownian scaling rule: if X; is the reflected Bessel process started
at z and 7 > 0, then Y; = 771 X, 2, is a reflected Bessel process started at z/r.

To construct the process, we can first restrict to dyadic rational times and use standard
methods to show the existence of such a process. With probability one, this process is not at
the origin for any dyadic rational ¢ (except maybe the starting point). Then, as for Brownian
motion, one can show that with probability one, the paths are uniformly continuous on every
compact interval and hence can be extended to t € [0, 00) by continuity. (If one is away from
the origin, one can argue continuity as for Brownian motion. If one is “stuck” near the origin,
then the path is continuous since it is near zero.) The continuous extensions do hit the origin
although at a measure zero set of times.

Here we explain why we need the condition a > —1/2. Assume that we have such a process
for a < 1/2. Let e(z) = e(x;a) = E°[T,] and j(z) = j(x;a) = E*[Ty A Tay]. We first note that
e(1) < oo; indeed, it is obvious that there exists § > 0,s < oo such that P°{T} < s} > § and
hence P*{T,, < s} > § for every 0 < x < 1. By iterating this, we see that P°{T} > ns} < (1-§)",
and hence E°[T}] < oo. The scaling rule implies that e(2z) = 4e(x),j(2z) = 4j(x). Also, the
Markov property implies that

e(2z) = e(x) + j(z) + P*{T) < Toy te(22),

which gives
e(z) +j(x)

de(z) = e(2z) = P {10 S To ]

By (2.6), we know that
P*{Ty > To,} = min{22*~ 1 1}.

If a < —1/2, then P*{Ty > Ts, } < 1/4, which is a contradiction since j(z) > 0.
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There are several ways to construct this process. In the bullets above we outline one which
starts with the transition probabilities and then constructs a process with these transitions. In the
next subsection, we will do another one which constructs the process in terms of excursions. In
this section, we will not worry about the construction, but rather we will give the properties. We
will write the measure as ]@’g (this is the same notation as for the Bessel process killed at the origin
— indeed, it is the same process just continued onward in time).

If x > 0, the scaling rule will imply

Uiz, ysa) =t 2 (x/VE y/VE a),

so we need only give 91 (x,y; a). What we will show now is that if we assume that (2.37) holds and
gives 1,(0;y; a), then the value ¥y (z,y;a) must hold for all z. We will use Ty, the first time that
the process reaches the origin and write

Yi(z,y5a) = 1%1 (z,y;a) + q1(z, y; a)
iz, y;a) + (y/2)** qu(z,y; 1 - a)

where

1
Ji(e,yia) = /0 $1-a(0, ; a) AP (T = s}. (2.40)

The term ¢ (z,y;a) gives the contribution from paths that do not visit the origin before time 1,
and 11 (z,y; a) gives the contribution of those that do visit. The next proposition is a calculation.
The purpose is to show that our formula for 1 (z,y;a) must be valid for x > 0 provided that it is
true for x = 0.

Proposition 2.3.1. If —% <a< %, then
Ui, ysa) =y eI [ (ay) — (29)' 7> hna(2y)] -

Proof. Using (2.22), we see that
94—3

(5 —a)

dP*{Ty = s} = g2 ga—3 exp{—2?/2s} ds,

and hence if (2.37) holds. Using equation 2.3.16 #1 of [2] (see also the top of page 790), and a well
known identity for the Gamma function, we see that

/ pvlemr 2 o T [1(2) = I-(2)]
0

sin(—nv)

= P LA +v) [L(2) = [(2)]

- T <a - ;) r (; - a) [za—% ho(z) — 2370 hl,a(z)] .
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Hence,
i(z,y; a)
1 1 a3 1 2 2
_ %5 (1—s —a—§l_1—2a 2a e T /2s e~ Y /2(1—s) ds
TP AR !
1—2a 2a -

Y

@+42)/2 1 /1 _ g\ 03 21—s 2 s Y
T(L—a)T( +a) /< s ) e"p{_z s }eXp{‘zl—s}S ’
2l 2ay2ae (z24y )/2/ Ca-l { x2u} { yQ} .
= u ex —_— ex _ u
TG - a)T( +a) U2 TP U
1 1
mE_ay +§ _(x +y? )/2 Pt Tyr Ty
_ a _mr B A
F(%—a)F(%—i—a) /0 " 2exp{ 2 }exp{ QT} "

20 =@ 12 [hy(wy) — (2y)' 2 ha_a(2y)] -

=Y
O

From the expression, we see that 1;1 (z,y;a) is a decreasing function of z. Indeed, we could give
another argument for this fact using coupling. Let us start two independent copies of the process
at 1 < x9. We let the processes run until they collide at which time they run together. By the
time the process starting at xzo has reached the origin, the processes must have collided.

Recall that we are assuming —1/2 < a < 1/2. We will describe the measure on paths that
we will write as Ifwa“" Let ¢y(z,y;a),z > 0,y > 0,t > 0 denote the transition probability for the
process. We will derive a formula for this using properties we expect the process to have. First,
the reversibility rule (2.11) will hold: if z,y > 0, then

Uz, y;a) = (y/x)** Py, x5 0).

In particular, we expect that ¢;(1,z;a) < 22% as 2 | 0. Suppose that X; = 0 for some 1 —¢ <t < e.
By Brownian scaling, we would expect the maximum value of X; on that interval to be of order /e
and hence

1
/ H{| Xy < Vepdt <e.
1—e
But,
1 1 Ve
E[/ 1{| X+ | S\ﬁ}dt] —/ / (0, z;5a) do dt ~ ce®T2
1—e 1—e JO

Hence, we see that we should expect I@’g {Xy=0forsome 1l—e<t<1n~¢ e%‘*'“. Brownian scaling
implies that P2{X; = 0 for some ru < ¢t < r} is independent of r and from this we see that there

should be a constant ¢ = ¢(a) such that
PP{X, =0 for some 1 —e <t <1} ~ cexta,

In fact, our construction will show that we can define a local time at the origin. In other words,
there is a process L; that is a normalized version of “amount of time spent at the origin by time ¢”
with the following properties. Let Z = {s: X; = 0} be the zero set for the process.
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e [, is continuous, nondecreasing, and has derivative zero on [0,00) \ Z.

e Ase |0,
1
PYZN1—e1] #0} =P{L; > L, }=et
e The Hausdorfl dimension of Z is % —a.

t
E[L] —c/ sT270ds = T € ti-a,
0 53— a

We will use a “last-exit decomposition” to derive the formula for (0, z; a).

Proposition 2.3.2. If y > 0, then

1
Y -1 4 a—3 —y2/2(1—s
0,y;a) = 1— vi/200=9) g, 2.41
¥1(0,y; a) F(;—a)f‘(%—i—a)/os 2 %( 5)" 2e s ( )

The proof of this proposition is a simple calculation,

1 1
/ s_é_a(l - s)“_% e V209 g5 = / (1-— s)_%_“s“_% e Y /28 s
0 0

1 —4-a 2
= 6—92/2/ [1_1 ’ exp{—yl_s} s72ds
0 S 2 s

2 o 2
= ¢ Y /2/ uTE T e /2 gy
0

o0
= 2ty v / (ug?/2) 72 0 d(uy?/2)
0

1_a, 2a—1 > )
= 227% v 2 % Y du
0

— 937 y? T (; - a> .

We would like to interpret the formula (2.41) in terms of a “last-exit” decomposition. What we
haYe done is to split paths from 0 to ¢ at the largest time s < t ag which X; = 0. We think of
s727? as being a normalized version of 14(0,0) and then t*"2 e ¥ /2t represents the normalized
probability of getting to y at time ¢ with no later return to the origin. To be more precise, let

g (y;a) = lim2** ! q(,y; a),

)0
and note that
Gi(yia) = lma* gz, y;a)
_ E?&xzafl (y/2)2 g1z, 931 — a)

= " a0yl —a) =cye V2
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2a—1

¢ (y;a) = lmz™ " ¢z, y;a)

210
= 12 lima™"q(@/ Vi, y/ Vi)
= " i gy (2, y/ Vs a)

= " g (y/Via)

= ¢t b ye v/,

Proposition 2.3.3. For every 0 < t; < ts < 00 and yg < 00, there exists ¢ such that if t;1 <t <t
and 0 < z,y < yo, then

a1 y* < Yy(z,y;a) < coy?

Proof. Fix t1,to and yg and allow constants to depend on these parameter. It follows immediately
from (2.37) that there exist 0 < ¢; < ¢3 < 0o such that if t1/2 <t <ty and y < yp,

c1y” < i(0,y50) < cay?".
We also know that
Vi@, y;0) = Gi(w,y5 a) + g, y; ) < (0, y;0) + ai(@, y; ).
Using (2.10) and Proposition 2.2.7, we see that

a(z,y;a) = (y/2)* gz, y;1 —a) < cy?@ 12079 = ¢y < ey

Also,
Yi(w,y; a) > P{Ty < t1/2} Anl s(0.y30) 2 cy?® > cy? PYTy < t1/2} > ey
O
For later reference, we prove the following.
Proposition 2.3.4. There ezists ¢ < oo such that if x > 3w /4 and y < 7/2, then for allt > 0,
Uiz, ysa) < cy®. (2.42)

Proof. Let z = 3w /4. It suffices to prove the estimate for z = z. By (2.38),

(2/9)%* Yu(z,y;0) = (Y, 2z;0) < @y, z;0) + ,nf 4u(0,z0) <c.
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2.3.1 Excursion construction of reflected Bessel process

In this section we show how we can construct the reflected Bessel process using excursions. In the
case a = 0 this is the Itd construction of the reflected Brownian motion in terms of local time and
Brownian excursions. Let 0 < r = a+% < 1 and let C denote a Poisson point process from measure

(rt~"1dt) x Lebesgue .

Note that the expected number of pairs (¢,z) with 0 < x < zp and 27" <t < LTS
9—n+l1
3:0/ rt " dr =29 (1 -277) 2™,

—-n

which goes to infinity as n — oo. However,

E 3 ¢ 1 A = 10
=z r r= 00.
0 0 1 —T
(t.0)eCiz<ao <1

In other words, the expected number of excursions in C by time one is infinite (and a simple
argument shows, in fact, that the number is infinite with probability one), but the expected number
by time one of time duration at least ¢ > 0 is finite. Also, the expected amount of time spent in
excursions by time 1 of time duration at most one is finite. Let

T, = Z t.

(t,z")eCsa’ <z

Then with probability one, T, < oco. Note that T is increasing, right continuous, and has left
limits. It is discontinuous at x such that (¢,x) € C for some ¢. In this case T, = T, + t. Indeed,
the expected number of pairs (¢,2’) with 2’ < x,¢ > 1 is finite and hence with probability one the
number of loops of time duration at least 1 is finite. We define L; to be the “inverse” of T, in the
sense that

Li=xif T, <t<T,.

Then L; is a continuous, increasing function whose derivative is zero almost everywhere.

The density rt~"~! is not a probability density because the integral diverges near zero. However
we can still consider the conditional distribution of a random variable conditioned that it is at least
k. Indeed we write

te—r—1 r

k
BT <720 =t =1 (5]
Ji rsTrlds t

which means that the “hazard function” is r/k,

P{T <k+dt|T >k} = (r/k)dt+ o(dt).

2.3.2 Excursions and bridges
Here we study the Bessel process with parameter a < 1/2 started at > 0 “conditioned so that
To =t”. We write
a
d)Q;:ZAA*dt%‘dE%, t<T.
Xt
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where By is a standard Brownian motion on (2, F,P), and T' = Tj is the first hitting time of the
origin. This is conditioning on an event of measure zero, but we can make sense of it using the

Girsanov formula. Let ,
F(x,t) = 2' 7204772 exp{—a?/2t}.

Up to a multiplicative constant, F'(x,-) is the density of Ty given Xo = x (see (2.22)). Let M, =
F(Xs,t — s); heuristically, we think of M, as the probability that 7' = ¢ given Fs. Given this
interpretation, it is reasonable to expect that M; is a local martingale for s < ¢t. Indeed, if we let
E; = E; . be the event Ey = {t < Ty < t+ €}, and we weight by

F.(x,t) = cPY(E,),

then F.(X,,t—s) = ¢P*(E; | F,) which is a martingale. We can also verify this using It6’s formula
which gives

1—2a X
dMg = M. — dBs.
s s |: Xs r_ S:| s
Hence, if we tilt by the local martingale M, we see that
1—a X
dXs = — ds+d 2.4
=t ] s am (243)

where W; is a Brownian motion in the new measure P*.

One may note that the SDE (2.43) gives the same process that one obtains by starting with a
Bessel process X; with parameter 1 — a > 1/2 and weighting locally by Js := exp{—X?/2(t — s)}.
It0’s formula shows that if X, satisfies

1—-a

dX, = —— ds + dB,

s

then

which shows that

is a local martingale for s < ¢ satisfying

X
dN, = ——2 N, dB,.
t—s

There is no problem defining this process with initial condition Xy = 0, and hence we have the
distribution of a Bessel excursion from 0 to 0.

We can see from this that if a < 1/2, then the distribution of an excursion X, with Xo = X; =0
and X > 0 for 0 < s < t is the same as the distribution of a Bessel process with parameter
1 — a “conditioned to be at the origin at time t”. More precisely, if we consider the paths up to
time t — 0, then the Radon-Nikodym derivative of the excursion with respect to a Bessel with
parameter 1 — a is proportional to exp{—X2 ;/2(t — 9)}.
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There are several equivalent ways of viewing the excursion measure. Above we have described
the probability measure associated to excursions starting and ending at the origin of time duration
t. Let us write u?(t;a) for this measure. Then the excursion measure can be given by

o0 3
c/ p (t, @)t 2 dt.
0

The constant c¢ is arbitary. This is an infinite measure on paths but can be viewed as the limit of
the measure on paths of time duration at least s,

o0 3
c/ p (t,a) %2 dt,
S

o
_3 c _1
c/ t"72dt = s72,
s 5 — @

Another way to get this measure is to consider the usual Bessel process started at € > 0 stopped
when it reaches the origin. This is a probability measure on paths that we will denote by /i (¢; a).

which has total mass

172ata—3

The density of the hitting time 7" is a constant times € 2 exp{—e?/2t}. Then the excursion

measure can be obtained as
lim 2%~ 4% (e; a).
i i (€ a)
From this perspective it is easier to see that in the excursion measure has the following property:
the distribution of the remainder of an excursion given that the time duration is at least s and
X = y is that of a Bessel process with parameter a started at y stopped when it reaches the origin.
We can also consider m; which is the excursion measure restricted to paths with T' > t viewed
as a measure on the paths 0 < X, <t¢,0 < s <t. For each ¢ this is a finite measure on paths, The

density of the endpoint at time ¢ (up to an arbitrary multiplicative constant) is given by
Yy(z) = lim €2 Ly (e, 2;0) = limz** L g, 231 — a) = 221 (0,231 — a) = w20 /2

el0 el0

Note that 1, is not a probability density; indeed,

o0 o0 1 2 3
/ () da::/ w1z e 2y = 270,
0 0

Note that 1, satisfies the Chapman-Kolomogorov equations

Yiys(x) = /000 Yi(y) qs(y, z; a) da.

For example if s = 1 — ¢, then this identity is the same as

o0
we /= / yt7 7 (1= 1) e /2 (y/2) iy, y;1 — a) dy
0

2—2a

o0 1, a2 o w2%_ 2
= / ytz e /2t (y/ac)2 1y3exp{— . y }ha(xy/l—t).
0 (1—t)2 —t
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2.3.3 Another construction

Let us give another description of the reflected Bessel process using a single Brownian motion B;.
Suppose a € R, B; is a standard Brownian motion, and for z > 0 let X} satisfy

a
dXP = %7 dt + dB;, X&=ux. (2.44)

For a given x, this is valid up to time 7% = inf{¢ : X} > 0}. We define
Y; =inf{X/:y>0,t <TY},

We state the main result of the section here.

Theorem 2.3.5.

o Ifa>1/2, thenY; has the distribution of the Bessel process with parameter a starting at the
oTigin.

o If —1/2 < a<1/2, then Yy has the distribution of the reflected Bessel process starting at the
oTigin.

o Ifa < —1/2, then with probability one Yy =0 for all t.
For a > 1/2, this result is easy. By (2.26), if z > 0, then
X/ -z <Y, < X[

Hence, for every t > 0, the distribution of Yy, s > ¢, is that of the Bessel process starting at Y;. It
is not hard to see that P{Y; > 0} =1 for each ¢ > 0; indeed the density of Y; is given by (2.15).
For the remainder of this section, we assume that a < 1/2. Note that this process is coalescing
in the sense that if
VP =inf{X/ :y>axt<TY},

then
yo_ [ XPot<Te
t Y}/ t > T

As an example, let us consider the case a = 0 for which the reflected Bessel process is the same
as reflected Brownian motion. In this case X} = x + By, and

T = inf{t: By = —x}.

The set of times {T% : > 0} are exactly the same as the set of times ¢ at which the Brownian
motion obtains a minimum, that is, B; < B,,0 < s < t. This is also the set of times ¢ at which
B, < Bs,0 < s <t (this is not obvious). The distribution of this set is the same as the distribution
of the zero set of Brownian motion and is a topological Cantor set of Hausdorff dimension 1/2.
We will set up some notation. If B; is a standard Brownian motion, and ¢ > 0, we let B,; =
Bits — By. Let G; be the “future” o-algebra at time ¢, that is, the o-algebra generated by {Bs; :
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s > 0}. Note that G, is independent of F;, the o-algebra generated by {Bs : s < t}. If x > 0 we
write X7, for the (G;-measurable) solution of

dXT, = % ds+dBsy, X§, = .

S

This is valid up to time 7§, = inf{s : X§;, = 0} and for s < Tf;, we have

S dr
ol
0 Xr,t

X;U,t — Bs’t + a

The Markov property can be written as
Xx Xst,t T
strt = Xpprs  STT <Tpy.
If 7 > 0, we will say that ¢ is a T-escape time if for all x > 0,
Xg1>0, 0<s<T
We say that ¢ is an escape time if it is a T-escape time for some 7 > 0. Note that if Y; > 0 and
z = inf{z: X} > 0},

then T, < t < inf,.,,T,. In particular, T, is an escape time. The next proposition proves our
main theorem in the a < —1/2 case.

Proposition 2.3.6. If a < —1/2, then with probability one there are no T-escape times for any
7> 0.

Proof. By scaling it suffices to prove that there are no 1-escape times ¢ with ¢ < 1. For each integer

n, let Ji.,, be the indicator function that T[i;;_% > 1/2. Note that Jj is Gpo—2n-measurable. Using

(2.22) we can see that that E[Jy,,] = E[Jy,] < 221" and if

22n

Jn = Z J(ka TL),
k=0

then E[J,] =< 22+ If ¢ < —1/2, this immediately implies that
P{J, > 1} < E[J,] < ¢2@a+n,

We claim that .
c

— = ——. 2.45

£ a=— (2.45)
To see this, on the event .J, > 1, let ¢ = g, be the largest index k < 22" such that J(k,n) = 1 Note
that

P{J, > 1} <

2?1
P{J, > 1;q <2"} <Y E[J(k,n)] <c27".
k=1
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Now consider the Gjo—2n-measurable event E(k,n) = {J,, > 1,q = k}. Using the fact that E(k,n)
is independent of Fj-2. and using (2.22), we get
P{J(k—j,n)=1|E(k,n)} > P> "{To> (k)2 " Tj_jyo2n > 27"}
PHTo > (k= j); Tr—j > 1}
c/j.

v

By summing over j, we see that
E[lJn | Jn > 1,9 > 2"} > cn,

and this gives (2.45).

We now consider the event that there exists a ¢ < 1 that is a 1-escape time. It is not hard to
see that the set of such t is closed and hence we can define o to be the largest ¢. Note that o is a
backwards stopping time, that is, the event {o > ¢} is G;-measurable. If we take the largest dyadics
smaller than o for a given n, then we can see that given o there is a positive probability of J, > 0

(uniform in n for n large). But this contradicts the previous paragraph.
O

Proposition 2.3.7. If —1/2 < a < 1/2, then with probability one, the set of escape times is a
dense set of Hausdorff dimension % + a. In particular, it is a non-empty set of Lebesque measure
zero.

Proof. We will only consider t € [0,1] and let R, denote the set of T-escape times in [0, 1]. If R is
the set of escape times in [0, 1], then

R=|]J Ry

n=1

Let us first fix 7. Let Q,, denote the set of dyadic rationals in (0, 1] with denominator 2",

k
n=4—k=1,2...,2"%,

We write I(k,n) for the interval [(k — 1)27", k2"]. We say that the interval I(k,n) is good if there
exists a time ¢t € I(k,n) such that X(?;nm >0 for 0 <s<1. Let

L= |J Ikn), I:ﬁ[n.
n=1

I(k,n) good

Note that Iy D I3 D ---, and for each n, Ry C I,. We also claim that I C Ry /,. Indeed, suppose
that t € Ry/5. Then there exists x > 0 such that 7§, < 1/2, and hence Té{t <1/2for0 <y <.
Using continuity of the Brownian motion, we see that there exists y > 0 and € > 0 (depending on
the realization of the Brownian motion By), such that T, < 3/4 for |t — s| < e. (The argument is
slightly different for s < ¢t and s > ¢.) Therefore, t & I, if 27" < e.

Let J(k,n) denote the corresponding indicator function of the event {I(k,n) good}. We will
show that there exist 0 < ¢1 < ¢3 < oo such that

1

c12M073) < E[J(j,n)] < cg 203, (2.46)
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E[[J(j,n) J(k,n)] < e3 270~ 3) [|j — k] + 1]°"3.
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(2.47)

Using standard techniques (see, e.g., [1, Section A.3]), (2.46) implies that P{dim;,(R;) < a+3} =1

and (2.46) and (2.47) imply that there exists p = p(c1, c2, c3,a) > 0 such that

1 1
P{mmamﬁ>za+2}zp{&manza+2}zn

Using stationarity of Brownian increments, it suffices to prove (2.46) and (2.47) for j = 1 and
k > 3. Let us fix n and write z = x, = 272t = t, = 27", The lower bound in (2.46) follows

from .
E[J(1,n)] > P{Tg, > 1} =< 2"(*2).

Using a < 1/2, we can see that 0 < s < ¢,

x
= x < — — .
X Jax. X ss<z+ 5 + DIIgl?%(t[Bt Bs]

Note that (for n > 1)
E[J(1,n) | X = 2] < cP{T§5, >1—t} <c(z A1) 2

We then get the upper bound in (2.46) using a standard estimate (say, using the reflection principle)

for the distribution of the maximum of a Brownian path.

For the second moment, let us consider the event that I(1,n) and I(k,n) are both good. Let V},

denote the event that there exists 0 < s < 27" such that Ts‘r(kfl)ti
of the event {I(k,n) good} and

{I(1,n) good, I(k,n) good} C Vi N {I(k,n) good}}.

Using the argument for the upper bound in the previous paragraph and scaling, we see that

P(Vy) < ckoz.

Using Brownian scaling, we see that the upper bound implies that for all 7 > 0,
1
P{dim (R,) < a+ ) =1,

and hence with probability one dimj,(R) < a + 3.. We claim that

]P’{dimh(R) —at ;} _1

Indeed, if we consider the events
1
Ejm = {dimh[R2<n+1)/2 N I(j,n)] >a-+ 2} , J=12.3,..., 2”*17

then these are independent events each with probability at least p. Therefore,

P{Ei,UE3,U--UEgn_1,} >1—(1-p)* .

s > 0. Then Vj is independent

Using this and scaling we see that with probability one for all rationals 0 < p < ¢ < 1, dim(R N

p.al) =a+ 3.

O]



134 CHAPTER 2. BESSEL PROCESS

Proof of Proposition 2.3.5. We follow the same outline as the previous proof, except that we define
I(k,n) to be S-good if if there exists ¢ € I(k,n) such that Xf;nm >0for 0 <s<1and

—n/2
X2 >0p, ~<s<1

—~ e

Arguing as before, we get the estimates (2.46) and (2.47), although the constant ¢; now depends

on 3. Let Ry/5 g be the set of ¢ € Ry /5 such that
lim X7, , > f.
g;w 1/2,t =

Then Ry/p 5 C I8 where
o
= \J I1xn, I=NI.
I(k,n) B-good n=1
There exists pg > 0 such that

i 1
P {dlmh(Rl/gﬁ) =3 + a} > pga.
For each time t € R, we define

XJ, =inf{X?, x>0}

S
where the right-hand side is defined to be zero if T, < s for some = > 0. Recall that
Xy = inf{X¥ : TY > t}.
Note that for every 0 <t <1, 3
X1 2 X?—t,t'

We claim: with probability one, there exists ¢ < 1 such that X ?—t,t > 0. To see this, consider the
events V;, defined by
Vo= {3t € I(2" — 1,n) with X;_0 > 9=n/2).

The argument above combined with scaling shows that P(V},) is the same and positive for each n.
Also if we choose a sequence n; < no < ng < --- going to infinity sufficiently quickly, the events
Vn; are almost independent. To be more precise, Let

Vi = {ﬂt € I(an —_ Lnj) with Xl—t—2*(”+1)7t > 9. anj/Q}_

Then the events V', V2 ... are independent and there exists p > 0 with P(V4) > 0. Hence
P{V7 i.0.} = 1. If we choose the sequence n; to grow fast enough we can see that

> P\ V) < o0,
j=1

and hence, P{V,,; i.0.} > 0.
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2.4 Radial Bessel and similar processes

We will now consider similar processes that live on the bounded interval [0, 7] and arise in the
study of the radial Schramm-Loewner evolution. These processes look like the Bessel process near
the boundaries. One main example is the radial Bessel process. We will first consider the process
restricted to the open interval (0,7) and then discuss possible reflections on the boundary. As in
the case of the Bessel process, we will define our process by starting with a Brownian motion and
then weighting by a particular function.

2.4.1 Weighted Brownian motion on [0, 7]

We will consider Brownian motion on the interval [0, 7] “weighted locally” by a positive function
®. Suppose m : (0,7) — R is a C! function and let ® : (0, 7) — (0,00) be the C? function

/2
O(x) =cexp {—/ m(y) dy} .

Here ¢ is any positive constant. Everything we do will be independent of the choice of ¢ so we can
choose ¢ = 1 for convenience. Also, 7/2 is chosen for convenience; choosing a different limit for the
integral will change ® by a constant. Note that

' (2) = m(z) B(z), ' (x) = [m(z)? +m'(2)] ().

Let X; be a standard Brownian motion with 0 < Xo <7, Ty, = inf{t : Xy =y} and T =Ty AN T =
inf{t: X; =0o0r Xy =n}. Fort<T, let
(Xy)

1 t
M; = M, ¢ = K, K/, =K;p= —= X,)? "(X)] dsb. 2.48
f t® B(Xo) t t t,d = exXp { 5 /0 [m( )° 4+ m'( )] 5} ( )

Then It6’s formula shows that M, is a local martingale for ¢t < T satisfying
th = m(Xt) Mt dXt, MQ =1.

Using the Girsanov theorem (being a little careful since this is only a local martingale), we get a
probability measure on paths X;,0 <t < T which we denote by Pg. To be precise, if 0 < € < 7/2,
T=71.=inf{t: Xy <eor X; > 7 —¢€}, then My, is a positive martingale with My = 1. Moreover,
if V' is a random variable depending only on X;,0 < s <t A 7, then

Eg [V] = E* [Mya, V] .
The Girsanov theorem implies that
dXt = m(Xt) dt + dBt, t < T,

where By is a standard Brownian motion with respect to Pg.
Examples

o If a
O(x) =2z mz)=—,
x

then X; is the Bessel process with parameter a.
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o If
®(z) = (sinx)?, m(x) =a cotuz,

then X; is called the radial Bessel process with parameter a.

Note that the Bessel process and the radial Bessel process with the same parameter are very
similar near the origin. The next definition makes this idea precise.

Definition

e We say that ® (or the process generated by ®) is asymptotically Bessel-a at the origin if there
exists ¢ < oo such that for 0 <z < 7/2,

a
<cuz, ‘m’(x) + —’ <ec.
T

Similarly, we say that ® is asymptotically Bessel-a at 7 if ®(z) := ®(7 — x) is asymptotically
Bessel-a at the origin.

e Welet X(a,b) be the set of ® that are asymptotically Bessel-a at the origin and Asymptotically
Bessel-b at .

If & € X(a,b), thenas x | 0

/2 /2 "
z 0
and hence
O(z) =e Y2 [L+0(?)].

In particular, if 0 < r < 1,
®(z) = r* ®(rz) [1+O(2?)].

Examples

e The radial Bessel-a process is in X(a,a).

o If

v
(P _ : a 1 v — -
(l’) = [SIHZE] [ — COS IE] s ’I?’L(l’) = (CL + ’U) cotx + Sin.%’

then @ is in X'(a,a + 2v).
Lemma 2.4.1. Suppose ® € X(a,b) with martingale My = Mo and let ®(z) = a/z with corre-
sponding martingale M;. There exists ¢ < oo such that the following holds. Suppose 0 < z <y <
/8, Xo=x, 1=t NTy NTy. Then,

| log M, —log M| < c[t +v?].
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Proof. This follows from

/0 [m’(Xs)—l— XSQ} ds| < ct
a(X,) Xt
w(x,) X3 [ TO0)

O]

Lemma 2.4.2. For every ® € X(a,b) with a > 1/2, there exists ¢ < oo such that the following
holds. Suppose 0 < x < y < Tr/8 and let 1 denote the measure on paths X;,0 < t < T,. Let
i be the measure obtained by replacing X; with a Bessel process X; with parameter a. Then the
variation distance between p and fi is less than cy?.

Proof. For the Bessel process there exists p > 0 such that for z < y, P*{T}, < y%} > p. By Iterating
this, we see that for every positive integer k

Pz{Ty > ky2} < pk'
On the event {(k —1)y* < T, < y?}, we have
M, = M [1+ O(ky?)].

and hence the variation distance between p and fi on the event {(k — 1)y? < T, < ky} is less than

¢ p* ky?. Summing over k gives the result.
O

It is sometimes more convenient to compare the asymptotically Bessel process to a Bessel process
rather than to a Brownian motion. Suppose a,b > 1/2 and let us define the Bessel-(a,b) process
on (0,7) as follows. Let

o0=0, 7o=inf{t>0:X; > 7n/8},

and recursively,
op =inf{t > 11 : Xy =7/8}, 71 =inf{t > o : Xy = 7w /8}.
Then the Bessel-(a, b) process on (0, ) is defined to be the process X; such that
o if 0; <t < 7, then X; evolves as a Bessel process with parameter a;
o if 7; <t < o0j, then m — X; evolves as a Bessel with parameter b.

If ® € X(a,b) with corresponding m, then we define the martingale M; by My = 1 and

D(Xy)/P(Xy,) 1 ala—1)
— = €xp

My = Mo, (X;/X,, )0 ~5 /Ut [m(Xs)Q +m'(Xs) - XSQ] ds} :
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ifo; <t< 7, andif r; <t < ojya,

o (X)) e(XA) 1 2, b(b—1)
My = M, W exp {—2 /7']- {m(Xs) +m'(Xs) — (7‘(—)(5)2:| ds} ,
Note that there exists 3 with e #* < M; < e, so this is a martingale. We can say that the process
titled by ® is mutually absolutely continuous with the Bessel-(a,b) process with Radon-Nikodym
derivative M;. If a < 1/2 or b < 1/2 we can similarly define the ®-process up to the first time that
it leaves [0, 7).

Let

T d
F(x) = Fa(z) = / o

and note that Filo) — 1 F(x) = _2<I>/($) . _Qm(fﬁ)
Ve T e T e

Using this and It6’s formula we see that F'(X;) is a P local martingale for ¢t < 7.

Proposition 2.4.3. If ® € X(a,b), 0 < x < z < 7, then
limPL{T, < T.} =0
el0
if and only if a > 1/2. Similarly
lim P4 {Ty_. < Tp} = 0
el0
if and only if b > 1/2.
Proof. We will prove the first; the second follows similarly. If ® € X(a,b),
d(z)"? ~ 721 + O(2?)],

Note that F is strictly increasing on (0,7) with F'(7/2) = 0 and F(0) = —oo if and only if a > 1/2.
Let 7 = Tc AT,. Since F(Xar) is a bounded martingale, the optional sampling theorem implies
that.

Fl)=Fe)P{T. < T} + F(e)P{T. < T.} = F(e) P{T. < T.},

: . F(z)—F(z)  F(z) - F(z)
leliglp{TE <TZ}—l€1m (e

(
W0 F(z) = F(e)  F(z) = F(0)

2.4.2 a,b>1/2

In this section we consider ® € X(a,b) with a,b > 1/2 so that the process does not hit the origin.
Let
fx)=c®(x)? O<z<m

where c is chosen so that f is a probability density. We will show that f is the invariant density
for the process and the convergence to equilibrium is exponentially fast uniformly over the starting
position.
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The form of the invariant density follows almost immediately from the fact that the process
is obtained from Brownian motion by tilting by ®. Let p;(x,y) denote the density of a Brownian
motion killed when it reaches {0, 7} and let ¢ (x,y) denote the transition density for X;. Then

2(y)
O(x

q(z,y) = pir(w, y) E* K],

~—

where K, is as above, and E* is the process corresponding to Brownian motion starting at x
conditioned to be at y at time ¢ and having not left the interval (0,7) by that time. Using
reversibility of Brownian motion, we see that

f@) a(z,y) = f(y) a(y, ©),

and hence

/ " (@) prle,y) do = / " F @) puly,z) dz = f(w).
0 0

The key to exponentially fast convergence to equilibrium is the following lemma.

Proposition 2.4.4. If ® € X(a,b) with a,b > 1/2 and ty > 0, then there exist 0 < ¢ < c3 < 0
such that for all x,y € (0,7), and t > to,

c1 f(y) < alw,y) <o fly). (2.49)

T T T T T 157
L=|- — ILh=|—-— Is=|—,—|.
1 |:474:|7 2 |:878:|7 3 |:167 16:|
For x,y € I3, let ¢:(x,y) be the density for the process killed when it leaves I3. We claim that there
exist c¢q, co such that

Proof. Let

C1 §q~t(x7y) S C2, StS 17 xayel% (250)

=

Gi(z,y) <coy, t>0, €l yel. (2.51)

Indeed this is standard for Brownian motion killed when it leaves I3 and the martingale is bounded
uniformly away from 0 and co. To get an upper bound for g;(z,y) we split into excursions. Let

o =inf{t: Xy, € I3}, 7 =inf{t > 01 :X; € L1},
and recursively,
oj=1inf{t > 71 : Xy € 0I3}, 7 =inf{t > 0;: X} € Ir}.
Then if t <1, z,y € I,

o0
(2, y) = @(z,y) + CZPm{Tj <1},
j=1
where
C = max{q(z,w):t > 1,z € 9z, w € I }.
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Since the process starting on 0I5 has positive probability of not reaching Is by time 1, we see there
exists p < 1 such that P*{r; < 1} < p/. Hence we get (2.50) and (2.51) with g (z,y) replaced by
qt(z,y) with a different value of c;.

Since there exists uniform § > 0 such that for z € (0,7) \ I3, P{o; < 1/4} > §, we can use the
strong Markov property to conclude that

QI/Q(may) 2037 T e (077r)7y611

and hence also, q1/2(y, ) > c4 f(x) for these x,y. More generally, if z,y € (0,7),

a(z,9) > /I 012, 2) G2z ) dz > ¢ f(y).

We have upper bounds if one of z or y is in I} and if z > w/4,y > 37/4, we can use the strong
Markov property stopping the process at time 77 /4. The last case is the upper bound for z,y < m /4
(or x,y > 7w /4 that is done similarly). For this we compare to the Bessel process with parameter
a using the estimates in Proposition 2.2.7.

O

Proposition 2.4.5. If ® € X(a,b) with a,b > 1/2, then there exist ¢, 5 such that for allt > 1 and
0<a,y<m,

[1—ce ] f(y) < a(z,y) < [1+ce P f(y).

In particular, if g : (0,7) — [0, 00) with

then
g1 —ce ] <E"[g(Xy)] < g1+ ce "],

Proof. 1t suffices to prove the result for positive integer t. Let us write the 1 — ¢; in the last
proposition with ¢y = 1 as e7#. Let us fix x and write f;(y) = ¢(x,y). Then (2.49) implies that
we can write

Aw)=1-e P fy) +e P qy),

for some probability density g;. By iterating this and using the fact that f is invariant, we see that
we we can write for integer ¢

fily) =1 —e P fly) +e P gi(y)

for a probability density g;. Note at this point we have used only the lower bound in (2.49). From
this equation we can conclude that the variation distance between the distribution at time ¢ and the
invariant measure decays exponentially. However, our claim is stronger. We appeal to the upper
bound to get

[1—e P f(y) < firr(y) < [1—e P+ e f(y).
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Proposition 2.4.6. Suppose ® € X(a,b) and M; = M; ¢, Ky = K ¢ is as defined in (2.48). There
exists B > 0 such that if Xy is a standard Brownian motion, then

E*[K;0;T = ¢, D(z) [1+ O(e P, *ZM.
[Kio: T >t]=c. ®(z)[1+0(e )], ¢ [T ®(y)2 dy
Proof.
E' [Kyo;T >t = ®(2)E” [®(Xy) " Myo; T > t]
= O(2)Ef [@(X,)" 1T > ¢]
= P(x)E§ [@(X,)]
= . ®(z)[1+0(e P
The third equality uses P§{T > ¢} = 1. O

Example. Suppose ®(z) = (sinz)® with a > 1/2. Then,

a ala—1
cot?z — 5 = ( 3 )—az,
sin“ x sin“ x

1-— tod
= et eXp{a( 2 a)/ T }
0 Sin s
We therefore get

1— b od
E® [exp{a( 5 a)/ : QSX };T>t] = @R E*[Ky; T > t]
0 S s

2

m(z)? +m'(z) = a

= e ¥t/2¢, [sinz]® [1 4+ O(e™PY)],

where o
_ fo [sin y]* dy
foﬂ [sin y]? dy

*

2.4.3 Reflected process for a,b > —1/2

For future reference, we note that the unique cubic polynomial g(z) satisfying g(0) = 0,¢'(0) =
0,g9(e) =€~,g'(e) =0 is

9(@) = e [0 — 2] (2/0)* + €3y — 0] (/).

Note that for |z| <,
l9(x)] + €lg'(x)] < e [17]7] + 7/6]] (2.52)

Here we will discuss how to define the reflecting ®-process for & € X(a,b) with a,b > —1/2.
As our definition we will give the Radon-Nikodym derivative with respect to the reflecting Bessel
process. We start by defining the reflecting Bessel-(a,b) process X; on (0,7) in the same way
that the Bessel-(a,b) was defined in Section 2.4.1 where the “Bessel process with parameter a (or
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b)” is defined to the the reflecting process. We then define the ®-process to be the process with
Radon-Nikodym derivative given by the martingale defined by My =1 and

Cex)ex,) [ 1 o afa—1)
My = M, W exp {_Q/U [m(Xs)2 +m/(Xs) — )(52:| ds} ,

J

ifo; <t< 7, andif r; <t < ojya,

(Xy)/®(X7)) 1 SR b(b—1)

Me= M =, P {_2 / K 06— ds} |

Note that there exists 8 with e Pt < M; < eﬁt, so this is a martingale. We can see that the process
tilted by @ is mutually absolutely continuous with the Bessel-(a, b) process with Radon-Nikodym
derivative M;.

A technical issue here that might concern us is the fact that the proof that M; is a martingale
uses the Girsanov theorem. This is valid locally away from the boundary, but it may not be clear
that it works at the boundary. If it were the case that for some € > 0
a b

m(:n):x, m(r —z) = — p 0<x<e,
o

then this would not be a problem, since the process M; would not change when X; < € or Xy > m—e.
More generally, we can find a sequence m,, such that
a b

mp(z) = = mn(w—x):—ﬂ_x, 0<x<27,

mp(z) =m(z), 27" <z<a—27

and such that for all z < 27"+,
|mp(z) — m(x)| + |mp(r —2) —m(r —z)| < cx,

[y, (x) = m/ ()] + |mi, (7 — 2) —m/ (7 —2)| < c.

The comment above about cubic polynomials is useful in constructing a particular example.

One can check that the proof required more than the fact that = ~ sinx near the origin. We
needed that
sinz =z [1-0(2?)].

An error term of O(z) would have not been good enough.

We can now describe how to construct the reflecting radial Bessel process.

e Run the paths until time 7 = T3, /4. Then

P,
dP,

K.
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e Let o = inf{t > 7: Xy = w/4}. The measure on X;,7 < t < o is defined to be the measure
obtained in the first step by reflecting the paths around x = /2.

e Continue in the same way.

Let ¢(x,y;a) denote the transition probability for the reflected process which is defined for
0 <,y <mandt > 0. This is also defined for x = 0 and = 7 by taking the limit, but we restrict
to 0 <y < w. We will will use p¢(x,y;a) for the transition probability for the process killed at 0.

If 119 is any probability distributition on [0, 7], let ®;x denote the distribution of X; given X
has distribution pug.

Lemma 2.4.7. If —1/2 < a < 1/2, there exists ¢, § and a probability distribution p such that if po
is any initial distribution and py = g, then

I = el < ce. (2.53)

Proof. This uses a standard coupling argument. The key fact is that there exists p > 0 such that
for every x € [0, 7], the probability that the process starting at x visits 0 by time 1 is at least p.

Suppose u!, u? are two different initial distributions. We start processes X1, X, independently
with distributions ', u2. When the particles meet we coalesce the particles and they run together.
If X7 < X, then the coalescence time will be smaller than the time for X5 to reach the origin. If
X1 > Xo, the time will be smaller than the time for X; to reach the origin. Hence the coalescence
time is stochastically bounded by the time to reach the origin. Using the strong Markov property
and the previous paragraph, the probability that 7" > n is bounded above by (1 — p)" = e " and
|1t — 12| is bounded above by the probability that the paths have not coalesced by time t. If s > t,
we can apply the same argument using initial probability distributions pl_,, u2 to see that

1 2 —Bt
It = pill <ce P, s>t
Using completeness, we see that the limit measure
= 1 1
b=l e

exists and satisfies (2.53).
O

The construction of the reflected process shows that {¢ : sin X; = 0} has zero measure which
shows that the limiting measure must be carried on (0, 7).

We claim that the invariant density is given again by f, = Ca, (sinz)??. As mentioned before,
it satisfies the adjoint equation

—[m(z) fa(z)] + %fg(:l:) =0. where m(z) =a cotx.
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Another way to see that the invariant density is proportional to (sinx)?? is to consider the

process reflected at w/2. Let pi(z,2) = pi(z,x) + pi(z, m — ) be the probability density for this
reflected process. Suppose that 0 < < y < 7/2 and consider the relative amounts of time
spent at x and y during an excursion from zero. If an excursion is to visit either x or y, it must
start by visiting z. Given that it is x, the amount of time spent at = before the excursion ends
is

/ Pe(x, x; a) dt,
0

and the amount of time spent at y before the excursion ends is

%) . 2a oo
Sin
/ﬁt(x,y;a)dt{ y} /ﬁt(y,x;a)dt
0 0

sinx

The integral on the right-hand side gives the expected amount of time spent at « before reaching
zero for the process starting at y. However, if it starts at y it must hit z before reaching the
origin. Hence by the strong Markov property,

/f)t(y,x;a)dtz/ Pe(x, x;a) dt,
0 0

and hence,

o . 2a %)
/ pe(z,y;a) dt = [Smy] / Pz, x;a)dt.
0 0

sinx

An important property of the radial Bessel process is the exponential rate of convergence to the
equilibrium density. The next proposition gives a Harnack-type inequality that states within time
one that one is within a multiplicative constant of the invariant density.

Proposition 2.4.8. For every —1/2 < a < 1/2 and ty > 0, there exists ¢ = ¢ < oo such that for
every 0 < x,y < 27 and every t > tg,

¢ sinz]?* < ¢y, z;a) < c[sinz]??

Proof. By the Markov property it suffices to show that for each s > 0 there exists ¢ = ¢(s) < 0o

such that

¢ sin2]?® < ¢s(y, 73 a) < c[sinz]??.

We fix s and allow constants to depend on s. We write z = n/2. By symmetry, we may assume
that © < 7/2. for which sinz < x.
By comparison with Brownian motion, it is easy to see that

inf{ei(z,y) : s/3 <t <s,n/4<y<3mw/4} > 0.
Therefore, for any 0 <z < 7/2,2s/3 <t <s, n/4 <y <3n/4,
du(z,ysa) > Po{T. < s/3} inf{dr(z,y) 1 s/3 <r <s,m/d<y<3m/d} >,
and hence for such t, using 777,

bi(z,x50) = (x/2)%* ¢z, 2;0) > ca®.
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Hence, for every 0 <y < m,
T2 gy (y, z;a) > PUT, < 5/3} inf{z 2" ¢.(2,2):5/3<r<s50<y<7}>c

This gives the lower bound.
Our next claim is if w = 37/4 and

01 :=sup{z 2" ¢y(w,z) : 0 <t < 5,0 <z <m/2},

then 61 < co. To see this let ¢j(y,z) be the density of the process Xinr, . Using (2.42) and
absolute continuity, we can see that
oF(w, z) < ez

However, by the strong Markov property, we can see that
272 Gy, @) < @7 G (y, ) + BT, < s} Oro, < 27 g (w,x) + (1 p) b1,

for some p > 1. Hence 6 < 2724 ¢} (w,x) < ¢/p < oo.
We now invoke Proposition 2.3.3 and absolute continuity,to see that for all 0 < y < 3w /4
#*(y,x) < cz?@. Hence, by the Markov property,

¢s(y,7) < 5y, o) + sup{@r(w, z) : 0 <t < s} < ca®.
O

Proposition 2.4.9. For every —1/2 < a < 1/2, there exists § > 0 such that for allt > 1 and all
O<z,y<m,

61w, y3) = faly) [1+0()].
More precisely, for every tg > 0, there exists ¢ < oo such that for all z,y and all t > 19,

fa@) [1 = ce P < (@, ysa) < faly) [L+ ce ™.

Proof. Exactly as in Proposition 2.4.5. O

2.4.4 Functionals of Brownian motion

Now suppose X; is a Brownian motion with Xo =z € (0, 7). Let 7' = inf{¢t : ©; = 0 or 7} and let
I; denote the indicator function of the event {7 > t}. Suppose that A > —1/8 and let

1 1 1
a:§+§v1+8)\25,

be the larger root of the polynomial a? — a — 2\. Let

tds
seonl [ 4}

If My, denotes the martingale in (2.48), then we can write

ala—1)

M, = [St] J’\a, where A\, = >
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Proposition 2.4.10. Suppose X > —1/8. Then there exists B = B(\) > 0 such that

E°[J} Ir] = [Coa/Ca] (sinz)* e~ [+ O(e™™)],
where 1 1 1
Proof. Let a be defined as in (2.54). Then,
E®[J 1] (sinz)® e ™ E* [Myq I, S;°]
= (sinz)*e " EI [I; S, ]
= (sinz)?e™™ / pe(, y; a) [siny] ™" dy.
0
= (sinz)®e ™ [1+ 0(e ).
Here 8 = 3, is the exponent from Proposition 2.4.5 and
¢ = [ 1u(w) bing]) * dy = Coa/Co.
0
Note that in the third line we could drop the I; term since PZ{I; =1} = 1. O
Proposition 2.4.11. Suppose b € R and
1
At X >~ (2.55)
Let
N EE TS W R (2.56)
a=5+3 b) 2 5 .

and assume that a +b > —1. Then, there exists 5 = 3(\,b) > 0 such that
Ef [J) I}] = [Coa/Cuayp) (sinz)?~0 =Dt [1 4 O(e7P)).
Proof. Let a be as in (2.56) and note that Ay = A + \p.
EfJM L] = E°[MyyJ) 1]
_ (Sll’lCC) —b thm[Sb J)\b-l-)\ It]

(sinz)* P e~ B[P M, 4 1y]
— (smx)“ b (b—a) Ex[sb a]

(sinz)* e t/ pi(,y;a) [siny]"~* dy

0

= ¢ (sinz)? et [1 4 O(e7F).

Here 8 = 3, is the exponent from Proposition 2.4.5 and

¢ = / Faly) [sing]® dy = Cha/Cuss.
0

The fourth equality uses the fact that PZ{I, = 1} = 1.
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2.4.5 Example

We consider Brownian motion on (0, 7) weighted locally by

O(z) = [sinz]*[1 —cosz]’, m(x)= sizx + (u+v) cotz.

When we tilt by the appropriate local martingale, we get

dX; = + (u+v) cot Xy | dt + dBy. (2.57)

sin X;
This process is asymptotically Bessel-(u 4 2v) at the origin and asymptotically Bessel-u at w. we
will assume that u > —1/2 and if 1/2 < u < 1/2, we will consider the reflected process.
If u,u +v > —1/2, we have the invariant density

fup() = cup <I)(x)2 = Cyp [sin 55]2“ [1 — cos :c]%,

where .
- I'2u+2v+1)

T Qzut T(u+20+HT(u+1)

Cup = [/ [sin z]%* [1 — cos z]* dw]
0

We have used an integral identity. By first substituting # = x/2 and then y = sin® 0 we see that

T /2
/ [sin2]* [l —cosx|*dr = 2 / [sin 20]%" [1 — cos 26]* d6
0 0

/2
= 2 / [2 sin @ cos 0] [2 sin? 6] df
0
w/2 L L
= 2%rts / [sin? A]" 72 [cos? §]" "2 [2 sin@ cos 6 df)]
0

1
= 22”“/ YT (L—y) T E dy
0
1 1
— 22T+SB t - -
ea<r+s+2,r+2>
L(r+s+3)0(r+3)

_ 22r+s
T2r+s+1)

Proposition 2.4.12. Suppose u,u +v > —1/2, and X; satisfies (2.57). There exists o > 0 such
that if pi(x,y) denotes the density of X; given Xo = x, then fort > 1,

pe(@,y) = fun(y) [1+O(e™ ).
In particular, if F' is a nonnegative function with
BuF) = [ F () fusty) dy < o0

then
E[X; | Xo = 2] = Eyo(F) [1+O(e™)].
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For later reference, we note that if k > —1 —u — v, and

1—cosz]”
Flx)= | ——=~
@ ===
then
T 1—cosz]”
Euo(F) = / Cu [sin ]2 [1 — cos ]2 [2] d
0
— ok Cu,v
Cu,v—l—g
 T@u420+ DT (u+20+k+3) (2.58)
B F(u+20+3)TRu+2v+k+1) '
2.5 Identities for special functions
2.5.1 Asymptotics of h,
Suppose a > —1/2 and
1

o0

= 2k her = = .
ha(2) kz_jockz where ¢, = ¢iq g AT tar %)
We note that the modified Bessel function of the first kind of order v is given by I,,(2) = 2" h,, 1 (2).
What we are discussing in this appendix are well known facts about I,,, but we will state and prove
them for the analytic function h,. Since ¢ decays like [2¥ k!]72, is easy to see that the series has
an infinite radius of convergence, and hence h, is an entire function. Note that the ¢, are given
recursively by

27 k (2.59)
cg= ———y Cpil= . .
T Ta+1) T @kr2)@kt2a+1)
Proposition 2.5.1. h, is the unique solution to
2h"(2) +2ah/(z) — zh(z) = 0. (2.60)
with
1
hO) = 2" ) =0
I'(a+ %)’ .

Proof. Using term-by-term differentiation and (2.59), we see that h, satisfies (2.60). A second,
linearly independent solution of (2.60) can be given by

~ 00
ha(z) = Z Ekflek_la
k=1

where ¢, are defined recursively by

5 Ck—1
P @k +1) (2k + 2a)°

& =1,
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Note that h,(0) = 0,//,(0) = 1. By the uniqueness of second-order linear differential equations,
every solution to (2.60) can be written as h(z) = A hg(2) + A hqe(2), and only A = 1, A = 0 satisfies
the initial condition. O

Proposition 2.5.2. Suppose h satisfies (2.60), and
22 4 g2

o) = exp {5 o).

Let
Qt(xvy; a) = 7 ¢($/\/Z7 y/\/i)

<~

Then for every t,
oq(z,y : a) = Lyqi(w,y;0) = Lyqe(z, y; a),
where

L) = 2 £@) + 5 (@)
L (@) = 5 f) = 2 £@) + 5 (@),

Proof. This is a straightforward computation. We first establish the equalities at ¢ = 1. Note that

Orqi(z, 15 a) [i=1= —% [O(x,y) + = de(x,y) + y Dy, y)] .

Hence we need to show that

) + |2 | 6uti) + (o) + 0le) =0

Pyy(z,y) + 2 du(z,y) + [y - Qﬂ by (z,y) + BZ + 1} Pz, y) =0

Direct computation gives

h’(wy)]
o(x,y),

ey | 1Y)

G C) B SN C7)
Roy) U 2 hiay)

= T v) T
) = |2 =y 1 o)

2a n(x
4a? — 2a h (xy) dax B (xy)
oo (@, ¥ :[—1—4a++y2+x2 +< y)
wl:9) y? h(zy)

bulir) = | <oty

Pua(,y) = [—1 + +w2] ¢(x,y),

If h satisfies (2.16), then

SO we can write

2a
Guz(x,y) = [—1 + 22+ y% + (—29031 - xy>
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4a® — 2a dax B (zy)
Oyy(T,y :[—1—4a—|—x2+y2—|— —i—<—2my> .
wul9) y? y h(zy)

This gives the required relation.
For more general t, note that

Orqt(z, w; a) =

6=/ Vi w/VEa) = 6a(2/VE W/ VE @) = 6, (2/VEw/VE0)]

2t3/2
Doqe(z, w; a) = 1%(2/\/5, w/Vt;a),

st (211030) = s a2/ Vi) Vika),
Oy, wia) = 4 L6y (2 Ve w Vi ),

By (2, w5 a) = tg% Syy(2/VE,w/VE ),

Lyqi(z, wia) = ¢a(z/Vt, w/VE a) + ua(2/VE, W[V a),

2 t3/2

(2 /\f) t3/2

Lyqi(z,w;a) =

¢(z/Vt,w/Vta) - y(2/Vtw/VEa) + Syy(2/Vt,w/VE a),

(w/VD? e wivB w7 T

O]

Proposition 2.5.3. If h satisfies (2.60), then ezist an analytic function u with u(0) # 0 such that
for all x > 0,

h(z) =z %€ u(l/x).

Proof. Let
v(z) = e Tz hy(x)
Then,
V' (x) = v(z) [—1 + % + Zzgg] )

o = v ([ 3 B - 5 - )
= [t () S
= o et 2]
= @)+ E )
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The third equality uses the fact that h, satisfies (2.60). If uy(z) = v(1/x), then

(@) =~ v/ (1/2),

- |5- 2] vam+ (1/2)
E R KGR “2; “ ()

In other words, u satisfies the equation
22 u (z) + (2 — 22)u/ (z) + (a® — a) u(x) = 0.

We can find two linearly independent entire solutions to this equation of the form

o0
= Z by, 2"
k=0

by choosing by = 1,b; = 0 or by = 0,b; = 1, and the recursively,
(2k+a—a2)bk—2(k+1)bk+1

biio =
hr2 (k+1)(k+2)
Then,
= Z by, 2",
= (k+1)bpy 2
k=0
= Z kb2,
k=1
o0
u(2) = (k4 1) (k +2) b2,
k=0

then the differential equation induces the relation

(2k+a—a2)bk—2(k$—|—1)bk+1
(k+1)(k+2)

bryo =

Note that 5
il < s Ion] + [bsal),
from which we can conclude that the power series converges absolutely for all z. By uniqueness

ug () must be a linear combination of these solutions and hence must be the restriction of an entire
function to the real line. O
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2.5.2 Some integral identities

In this subsection we establish two “obvious” facts about the density by direct computation. We
first prove that ¢;(z,-;a) is a probability density.

Proposition 2.5.4. For every a > —1/2 and x > 0,

/0 VYi(z,y;0) dy = 1.

We use a known relation about special functions, that we state here.

Lemma 2.5.5. Ifa > —1/2 and x > 0,

o) 2
/0 2% exp {—222} ha(z)dz = x>~ 1 e’ /?,

1 2

Proof. f welet v=a—35andr=x

00 22
/ ey exp {_} IV(Z) dz = 11 er/2'
0 2r

, we see this is equivalent to

Equation 1.15.5 #4 of [3] gives the formula

0 5 F(bJFJ) bt v 1
b—1 —px? T dr = 2—V—1 — bty 2 F 1
/0 e v(z) dx P2 F(y+1)1 1 5 v+ 1)

where 1 F} is the confluent hypergeometric function. In our case, b = v + 2, p = 1/(2r), so the
right-hand side equals

27V (1/2r) VTN R (v Ly 4+ 1,1/2) = PV L2
where the last equality comes from the well-known identity 1 F(b, b, z) = €*. O

Proof of 2.5.4. Since
/ bi(x, ;5 a) dy:/ 12 4y (x/\/i,y/\/f;a) dy:/ U1(x/Vt, 25 a) dz,
0 0 0
it suffices to show that for all x,
/0 Yz, y)dy =1

where ) )
a 7+
V(z,y) = Y1(z,y50) = y° eXp{— 5 Y } ha(zy).

Using the substitution xy = z, we see that

') o0 2
/ U(z,y)dy = e_mQ/z/o y* eXP{_%} ha(zy) dy
0
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We now show that ¢ (x, y; a) satisfies the Chapman-Kolomogrov equations.

Proposition 2.5.6. if a > —1/2,0 <t <1 and z > 0, then

/OOO Vi(x, z;0) Y1-4(2,y50) dz = Y1 (z, y; a).

Proof. Using (2.36), we see that the proposition is equivalent to the identity

(1 — )] 3 /OOO 22 exp{—ﬁ;f?} exp{—;lty;} ha () ha (f_yt> dz =
exp{—xg;qﬂ} ha(zy).

We will use one integral identity which is equation 2.15.20 #8 in [3]: if » > —1, and b, ¢ > 0,

[e's} 2 2
/ ze 2, (bz) I (cx)da:—exp{b —;C }L,(bc). (2.61)
0
If we set v = a — 1, we have

2

[l n (2) o
O el (2):
SO () e e () ()

) Vi Vi-i
— p{‘””‘t nyt)}wy)z—%(:cy)
o

M»—‘

2(1
x2 1-1) Y2t

s } )
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Chapter 3

Schramm-Loewner evolution

3.1 Definition

The Schramm-Loewner evolution (SLFE) was defined by Oded Schramm as the only conformally
invariant families of random curves that satisfy the domain Markov property. To make a precise
definition we consider the implications of these assumptions on probability measures P on simple
curves 7 : (0,00) — H with (0+) = 0. We will consider curves modulo (increasing) reparametriza-
tion, that is, we are only interested in the path that is traversed and not on how “quickly” one goes
through the path. The assumptions on P are scale invariance and the conformal Markov property,

e Scale invariance. If » > 0 and P, denotes the measure on curves obtained by considering
r7, then P, = P. (Remember we are considering curves modulo reparametrization so, for
example, the point mass on the straight line y(t) = it satisfies this property.)

e Conformal Markov property. Suppose the beginning segment ~; = [0, ¢] is observed and
let g : H\ 7 — H be a conformal transformation with g(y(¢)) = 0,g(cc) = oo. Then the
conditional distribution of g[y[t,o0)) given =y is P.

The conformal transformation g is not unique, but any other such transformation is of the form rg
for some r > 0; hence, scale invariance implies that the distribution of g[y[t,o0)) is independent of
the choice of g.

Let us work towards the definition. Suppose P satisfies scale invariance and the conformal
Markov property and is supported on simple curves v with v(0,00) C H. Let v = 7[0,¢] and let
gt H\ v+ — H with g:(2) = 2+ 0(1) as z = co. Theorem 1.8.18 implies that if we parametrize the
curve so that hcap[y:] = 2t, then

) 2

i) = g wlE) ==
where U; is a random function with continuous paths. Conformal invariance and the domain
Markov property imply that U, is a continuous process with stationary, independent increments.
This implies that U; must be a (one-dimensional) Brownian motion with drift m and variance
parameter k. Scale invariance can be used to see that m = 0. This leaves one parameter, x and
S LE, was defined as the solution of this equation with driving function equal to a driftless Brownian
motion with variance parameter k.

157
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For ease, we will choose a slightly different parametrization. If g; is as above and g, = g,/ then

2/K

O =—2"— golz) =2,
T a) - Oy

where U; = U, /w Which is a standard Brownian motion. Here we have parametrized so that
hcap[¥;] = at where a = 2/k. At the moment, we can take all of this as motivation for the following
definition.

Definition Suppose a = 2/k > 0 and U; = —B; is a standard one-dimensional Brownian motion.
Let g¢ denote the solution of the initial value problem

a

g(z2) = ———, go(z) = z. (3.1)
Then g, is called the Schramm-Loewner evolution with parameter k (SLE,) from 0 to oo in H.

We have started by defining SLE, as the random collection of maps {g;}. We will also use
the term for the curve induced by the maps, but it requires some work to show that the latter is
well defined. We know from Section 1.8 that for all z € C\ {0}. the solution to (3.1) exists for all
t <T,=inf{t: g(z) — U = 0}. If we write Z;(z) = ¢:(z) — U; we can write (3.1) as a stochastic
differential equation

dZy(z) = dt +dB:, Zo(z) = z.

Zt( )
This is an example of a stochastic flow, that is, a family of process Z;(z) indexed by starting points
z € C\ {0} where the same Brownian motion B; is used for all of the processes. One must take
care in reading the equation. The quantity Z;(z) is complex-valued, but the Brownian motion B
is real-valued.

If z is fixed and we write

Zt = Zt(Z) == Xt +’L}/t, (32)
then (3.2) becomes
a 1
dXy = X2 Y2 dt +dBy = Xy XZrv? dt + X, dB;|, Xo=Re[z]; (3.3)
a
Y, =-Y, —— Yo=1 . 3.4
t4t t Xt2 +}/;27 0 m[z] ( )

If z=2 € R\ {0}, then Y¥; = 0 for all ¢, and X satisfies the Bessel equation

dX; = gt +dB,, Xo=r. (3.5)
Xy
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Let us review our logic. We started with trying to find probability measures on curves that
satisfy scale invariance and the conformal Markov property. We conclude that the only possible
candidates can be reparametrized so they are solutions to the Loewner equation whose driving
function is a driftless Brownian motion. We then use the Loewner equation as the definition for
SLE, but it remains to see if this is a measure on curves for all values of x > 0. While this is
true, we will see that it is not always a measure on simple curves.

Here and throughout, we will reserve partial derivative notation 0; for actual derivatives.
Stochastic differentials will be denoted by d. As above, we will often drop the z dependence on
Z:, X, Yy and similar quantities but it is important to remember that they depend on the initial
point.

Our definition used a particular parametrization on the curves. This parametrization is very
useful for analysis of the curve but is not always the most natural. We are really considering curves
modulo reparametrization, so we should also think of SLE as a probability on random maps {g:}
modulo reparametrization. We prove some easy facts about C! time changes.

Proposition 3.1.1. Suppose g; satisfies (3.1), o : [0,00) — [0,00) is a C' function with & > 0,
and Gi(2) = go(1)(2). Then

Proof. Immediate from the chain rule. O

A particularly important application of this is the scaling rule for SLE which shows that SLFE
in the upper half plane (in the capacity parametrization) satisfies Brownian (heat equation) scaling.

Proposition 3.1.2 (Scaling). Suppose g; satisfies (3.1), r > 0, and §i(z) = = g,2,(rz). Then §;
has the distribution of SLE,.

Proof. Using the chain rule, we see that

ar B a
Gr2t(rz) = U2y gi(2) — U,

01t (2) = 1 Gr2y(r2) =

where U, = r~! U,2;. The scaling property of Brownian motion implies that U, is a standard
Brownian motion.

O]

We write H, = {z € H : T, > 0} and let K; = H\ H; be the corresponding hull. Under
our parametrization, hcap(K;) = at. Although we will not prove it at the moment, the following
theorem holds.

Theorem 3.1.3. There exists a curve 7y : [0,00) — H such that for each t, Hy is the unbounded
component of H \ v where v, = [0, t].

We call v the SLE,; curve (parametrized so that hcaply] = at).
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Proof. We will not prove this at the moment. We would like to define
V(t) =g, (Uy) = lim 97 (U + iy).

However, there are Loewner chains for which the limit does not exists for some ¢, and other chains
for which the limit exists but does not give a continuous function of ¢t. For x # 8, we show in
Section 3.8 that with probability one, the conditions of Proposition 1.8.24 hold. The case k = 8 is
much more delicate and will not be proved in this book. O

Many of the statements we make can be phrased without reference to the curve, but it will be
easier to assume this theorem now. In order to do this, it will be useful to define the set v in a
way that does not require v to be a curve. We say that z is a pioneer point for the Loewner chain
{gs} at time ¢ if z € H, for all s < ¢ and z € 0H;. We let 7 be the union of all pioneer points with
s < t. Then we have

e If the chain is generated by a curve =, then v, = [0, t].

e H; is the unbounded connected component of H \ ;.

Note that 0H; C RU~;. If T, < oo, then there are two possibilities: either «(7,) = z, or there
exists a bounded connected component of H \ 77, containing z. In the latter case, this will also be
the connected component of H \ ; containing z for all ¢ > T,.

In the definition of SLFE, the curve is parametrized by half-plane capacity. This is what allows
stochastic calculus to be used to analyze the curve. However, this is not necessarily the most
intrinsic parametrization for curves. For this reason, it is often more useful to view SLE as a
measure on curves modulo reparameterization.

Definition Suppose 7 is a random curve from 0 to co in H and let
a(t) = inf{s : heap(vys) = (2/k) t}.
e We say that v is an SLE, path if (t) := v(a(t)) is an SLE, curve as above.
e We say that v has a capacity parametrization if a(t) is a strictly increasing C! function of ¢.

Using this definition and Proposition 3.1.2, we can see that if v is an SLFE, then so is ry for all
r; moreover, ry has a capacity parametrization if and only if v does.

Definition Suppose D is a simply connected domain and z,w are distinct points on dD. Let
F : D — H be a conformal transformation with F'(z) = 0, F(w) = co. We say that a random curve
v is a chordal SLE,, from z to w in D if 4(t) := F(~(t)) is an SLE, from 0 to oo in H. We say
that v has a capacity parametrization if 4 has a capacity parametrization.

The conformal transformation F' in the last definition is not unique. However, if F is another
such transformation, then F' = rF for some r > 0. Using the discussion before the last definition,
we can see the definition is independent of which F' we choose.

We are using parametrization by capacity to mean parametrizing so that a(t) is a linear function
of t but “a capacity paramterization” if a(t) is C'. The main other cases of capacity parametriza-
tions will be the radial parameterization (with respect to a particular interior point) and the
imaginary part parametrization in H.
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3.2 The curve near a point z € H\ {0}

The Schramm-Loewner evolution is unusual in that the curve is defined indirectly in terms of the
conformal maps ¢;. If the curve grows with a capacity parametrization, the effect of the curve
on points away from the curve is described by a relatively simple SDE. The curve itself is very
irregular, and one cannot describe its motion as an SDE. Indeed, the dynamics of the curve are
very nonMarkovian. The basic strategy is to use the behavior “away from the curve” to determine
facts about the curve.

Consider the questions.

e How “thick” is the curve =, that is, what is its fractal dimension?
e Could it possibly be plane filling and hit every point?

Addressing these questions may seem daunting, especially since we have not proved that the curve
exists, but let us start with some heuristics. Suppose the curve had fractal dimension d. If we
consider the intersection of the curve with a closed disk of, say, radius 1, then the expected number
of disks of radius € needed to cover the curve would be of order e~¢. Since the number of discs
needed to cover the disc of radius 1 of order e 2, we see that for a fixed disc of radius €, we would
expect that the probability of hitting that disk is order e2~¢,

Using this as motivation, we will studying the following questions in this section.
e For a fixed z € H\ {0}, does the curve hit 2?

e If not, what is the probability that it gets within distance € of 27

e If it misses z does it go to the “left” or to the “right” of 27

The answers will depend on  and the results will be slightly different for z € H and for z € R\ {0}.
We can phrase these questions in terms of the domains H;, which we know are well defined,
rather than in terms of -, so we do not need to prove existence of the curve before discussing
them. For example, if dist(z,v;) < Im(z), then dist(z,7:) = dist(z,0H;). The latter quantity is
comparable to the conformal radius cradg, (2).
We now fix z and let Z; = Zi(z) = X¢ +1iY; as in (3.2)-(3.5). If z = 2z € R\ {0}, then ¥; = 0 for
all z, and we often write X; instead of Z;. By differentiating (3.1) with respect to z, we see that

b agi(z)  agi(z)
S Y S AT R A

dilog gi(2)] = —
t

Although log g;(z) is defined only up to an initial additive multiple of 27, the derivative 9;[log g;(z)]
is independent of the choice. The next proposition follows immediately.

Proposition 3.2.1. If z € H and uy, vy are defined by log g;(2) = ui(2) + ivi(2), then fort < T,

a(Y? - X?) 2a.X1Y;

M= e MO Gy
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In particular,
a(Y? - X7)

CeEaaE 0

Oilg:(2)] = 1g4(2)|

If x € R\ {0},

Bugl(x) = —a gf) (3.7)

As before, we write 0;g; or §; for derivatives with respect to time and reserve the prime notation
" for spatial derivatives.

Since g, is a conformal transformation of H; onto H we can see that g;(z) > 0 for all z € R with
t < T,. For this reason we do not need absolute values in (3.7).

For now, let us assume that z € H. It is standard to represent a point in H in either rectangular
coordinates x + iy or polar coordinates re®®. We will choose a compromise by representing the
point by (y,0). Here 0 is the argument and y is the imaginary part which can also be considered
as one-half the conformal radius of H with respect to y. The representation (crad/2,6) works well
with conformal transformations and we will use this. Let
Y _ 1cradHt(z).

9:(2)] 2

O = O4(2) = arg Zy(z), Yy =Ty(2) =

The last equality is justified in the following proposition.

Proposition 3.2.2. Ift <T,, then Y; is one-half times the conformal radius of Hy with respect to
z. In particular,

diSt(Z, (")Ht)

; < Ty < 2dist(z, OHy). (3.8)

Proof. Recall that by definition, cradp(z) = |f'(z)|~* where f : D — D is a conformal transforma-
tion with f(z) = 0. By using a conformal transformation of H onto D we see that crady(z+iy) = 2y.
More generally, crady,(z) = |gi(2)| 7 cradm(g¢(2)) = 2Y;/|g,(2)|. The inequalities in (3.8) follow
from the Koebe 1/4-theorem, see (1.23). O

If T, < oo, we define Yy = Y7, :=limgq, T, for ¢t > T.,. This is either zero (if dist(yr,,2) = 0)
or equals crady, (z)/2, where H, is the component of H \ 77, containing z. Similarly, we define

Too(z) = lim Yy(2),

t—o0
noting that Yoo (2) = Y1, (2) if T, < co. Using the Koebe 1/4-theorem as above, we see that
T oo(z) <o dist(z,y UR).
(Here we write f(z) <, g(z) if ! f(2) < g(x) <7 f(x).)

Let us consider what happens to the curve from the perspective of the point z up to the time
T.. There are three possibilities for a continuous curve going to infinity:
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e The curve never reaches z and goes to infinity never trapping z. In this case Ty | Yoo > 0
and as z — 00, ©, — 0 or ©, — 7 depending on whether the curve goes to the “left” of z or
to the “right” of z, respectively.

e The curve never reaches z and at the finite time 7T, it disconnects z from infinity. Then
Tr, > 0 and O, equals 0 or m depending on whether the loop formed around z goes to the
“left” of z or to the “right” of z, respectively.

e The curve reaches z in finite time in which case Y7, = 0 and we would expect ©; to fluctuate
up to time T3.

We will now investigate the quantities Y, ©; using the Loewner equation and standard methods
in stochastic calculus.

Proposition 3.2.3. Fort <T,,

2aY}?
Yy =T —— . 3.9
t Lt t (th n }/;2)2 ( )
(1-2a) XY, Yy
dO; = ~—————dt — ——— dB. 3.10
G S R 10
Proof. Both Y; and |g;(z)| are differentiable with respect to ¢ with
aY; a(X7 + V)
W= -5 ~2= Yt vz Ty
Xi+Y; (Xi+Y7)
so (3.9) follows from (3.6) and the product rule.
Let L; = log Z;. Then It6’s formula shows that
1 1 a—3 1
dLi = — dZy — —5 d(Z); = —52 dt + — dB
t 2 t QZtQ (2)¢ Zt2 +Zt t
Since ©; = ImL;, we see that
1
a— 3 1 (1—2a)X:Ys Y;
dO; =1 2| dt+1Im || dB, = t— dB;.
t m[ z¢ +m{Zt] TR T xR+
O

In the proof we used Ito’s formula with a complex function and then took the imaginary part.
The reader may wish to check that this was legitimate!

The equation (3.10) will become nicer if we change the parametrization. Since the conformal
radius cradpy,(z) is strictly decreasing, ¢(cradp,(z)) will be strictly increasing if ¢ is strictly de-
creasing and can be used to reparametrize the curve. As the curve approaches z, the argument of z
will tend to vary (roughly speaking) in a way that when one halves the distance to z the argument
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has a change of order one. With this intuition, we can see that will be useful to parametrize the
curve so that the logarithm of the conformal radius decays linearly. This is an example of a radial
parametrization (with respect to z). Let

o(t) =o(t,z) = inf{s : log(Yo/Ys) = 2at}, (3.11)

and define A A A ) )
Zt = Xt + Z}/t = ZO'(t)7 @t = @O_(t), Tt — To’(t) — 6_2at TO-

(The choice of 2a in the exponent was made so that the coefficient of the Brownian motion in (3.12)
below is 1.) Since ;Y = —2aT; and the chain rule gives 9;T; = T, 5(t), we see from (3.9) that

XQ }722

}?;2
Using this, we see that (3.10) implies that
A X, . A .
dO; = (1 — 2a) —dt +dB; = (1 — 2&) cot O, dt + dB;y, (312)

Y,

where By is a standard Brownian motion. This time change is very useful when viewing the flow
from a particular starting point z. However, different starting points give different parametrizations
so it is not as convenient when considering more than one initial point.

Here we have done a time change of an SDE. Since this will happen often, it is useful to discuss

it in some detail. If
th = Rt dt + At dBt,

and o is a C! time change, then K := K1) satisfies
dK; = Ry 6(t) dt + v/ (t) Ap(sy dBy,
where B, is a standard Brownian motion given by

R a(t)
By = / Vn(s)dB,, n=o"" (3.13)
0

Note that if B, is defined as above, then

. o(t)
(B), = / i(s) ds = n((t)) — n(0(0)) = t,

from which we can see that B, is a standard Brownian motion. In the example above,

(1-2a) X, Y, Y, : (X7 +Y72)?
K,=0, R=-——"1>" A =—"-—, t) =+ _—t7
7 Ea AL 7.
1—2a) X R
Royo(t) = % = (1—-2a) cot Oy, +/0(t) Ay = —1.
t

Therefore, R R R
d@t = (1 — 2@) cot @t dt — dBt

Since — B, is also a standard Brownian motion, we can also write (3.12) where the B, there is
the negative of the B; defined in (3.13).
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The next theorem shows the three “phases” of SLE, from the perspective of a point z € H.
o If kK <4, then z € H, for all t.

e If 4 <k <8, then T, < 0o and z ¢ H; for t > T,. However, dist(z,v(7T,)) > 0. At time T,
the path makes a loop that disconnect z from oo.

e If k > 8, then the curve actually reaches z.
Theorem 3.2.4. If z € H,
P{T, = oo, dist(z,7) >0} =1, if0<k <4,
P{T, < co,dist(z,7) >0} =1, ifd<k<S8,
P{T, < oo,dist(z,7) =0} =1, if8 <k < 0.

Proof. Let z = x + iy € H. By scaling we may assume that y = 1. Note that dist(z,v) > 0 if
and only if Too(2) > 0. To analyze Yo, = Yoo(z) we parametrize as in (3.11) so that log T; decays
linearly. Under this parametrization ©, satisfies

dét = (1 - 2(1) cot, ét dt + dBt,

for a standard Brownian motion B;. This is the radial Bessel equation as discussed in Section 2.4.
As 010, cot§ = 671 [1 + O(#?)], and using this and comparison with the Bessel equation we see
that ©; reaches the origin in finite time if and only if 1 — 2a < 1/2, that is, if K < 8. Therefore,

1 ifk<8
P{T‘”>O}:{ 0 ifrk>8 "

We now address if T, = co. There are several ways to do it, but we will use the imaginary part
parametrization.
If Zy = Xy +1iY; = g1(2) — Uy, then the Loewner equations (3.3) and (3.4) can be written as

aXy a
AX; = —22 gt 4+ dB;,  Oyflog Vi) = ——o .
t XtQ‘l—}/;? + t t[og t] Xt2+}/t2

(3.14)
In the imaginary part parametrization logY; decreases linearly. Let

o(t) = inf{s:logY, = —at}, Y;= Yo = e X, = Xowy, K= e X,

Note that ¢(t) = X? 4+ Y? = e~ 20 (K? + 1). By viewing the SDE for X; in (3.14) in the new
parametrization, we see that

dXt = aXtdt—i—\/XtQ—"i/tdet
= ae_“thdt+e_at\/Kf+1th,
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where W; is a standard Brownian motion. Since

th =a e“t Xt dt + eat dXh

th :2CLtht—|— VKtQ_i_]‘th

We will do a change of variables that will change the coefficient of the Brownian term to one.
Let J; = sinh'[K], that is, K; = sinh J;. 1t6’s formula using the function sinh™*(z) shows that

we get

1
dJ;y = <2a — 2) tanh J; dt + dW;. (315)

One can check (3.15) directly, or one could start with (3.15) where W; is a standard Brownian
motion and check that if K; = sinh J;, then

1
th = cosh Jt th + § sinh Jt d<J>t
= 2a sinh J; dt + cosh J; dW;

2a K, dt + /K2 + 1dW,.

In the imaginary part parametrization it takes an infinite amount of time for Y; to reach 0. Indeed,
Since |tanhz| < 1, the solutions to the SDE (3.15) exist for all time. However, in the original
capacity parametrization the total amount of time spent is

o(00) = /0 o(t)dt = /0 e 2 (K2 +1)dt = /0 e 2% cosh? J, dt.

Thus T, < oo corresponds to o(c0) < co. There are three cases to be considered.

e <4 (a>1/2). Since tanhz = +1 — O(e~2l*l) as x — 400, we can see by comparison with
a Brownian motion with drift, any solution to (3.15) must satisfy
| J¢| 1

lim — = 2a — —.
t—oo 1 2

Indeed, the process has the same asymptotics as a Brownian motion with drift £+ (2a — %)

Choose r with a < r < 2a — % We see that for all ¢ sufficiently large, cosh? J; > ¢t /4, and
hence o (00) = 0.

e k=4 (a=1/2). Then J; satisfies
1
th = 5 tanh Jt dt + th

If instead of this equation, we had d.J; = (1/2) dt + dW;, then we would have J; — (t/2) is a
standard Brownian motion and hence there exists infinite number of n with J; > n/2 (and
hence cosh?.J; > e"/4) for n <t < n + 1. This would imply that o(cc) = co. We need to
do a little work, but the estimate tanh |.J;| = 1 — O(e~2”#!) can be used to establish this. We
omit the details.
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e k>4 (a<1/2). As above, we see that

lim @ = 2a — }
t—oo t 2

Choose r with 2a — % < r < a. We see that for all ¢ sufficiently large cosh? .J; < €2, and
hence o(00) < 0.

O]

We now prove the analogous theorem for z € R. We will state it for « > 0 but it obviously
holds for z < 0 as well.

Theorem 3.2.5. If x > 0,
P{T, = oo,dist(x,v) >0} =1, if0<k <4,
P{T, < oo,dist(z,v) >0} =1, ifd <k <38,
P{T, < co,dist(z,7) =0} =1, if8 <k < o0.

If z € H we considered T; which is a constant multiple times crad g, (z) and is comparable to the
distance. This will not be useful for > 0 because crady, (z) > 0; however, we can use a different
quantity based on a reflected domain. Let H,” = H; U {z:Z € H;} U (x],00), where

z; =max{y e R: T, < t}.

Note that Hj = C\ (—o0,0]. If the curve v exists, then H,' is the unbounded connected component
of C\ [y U, U (—00,0]); here 7, = {y(s) : 0 < s < t}. Let Xy = g1(x) — Uy, Oy = g(x}") — U, and

Kt Ot Kt JtXt
Ki=X,—0, Ji==-t 1-J ==t U= — .
R ¢ XS T g i)

Proposition 3.2.6. If x > 0 and t < T, then

(3.16)

1
U, = 1 crade (z).

In particular,
U, < dist(z,y) < 4.

Proof. Using the Koebe function, we can see that cradm (0,0 (x) = 4x. By the scaling rule for
conformal radius

cradR\(_oqgt(m;r)](gt(f’?)) 44X - 0y)
gl (x) gi(x)

cradH;L (z) = =47T,.

The second inequality follows from the Schwarz lemma and the Koebe (1/4)-theorem.
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Proof of Theorem 3.2.5. Without loss of generality assume that z > 0 and let X; = g¢(x) — Us.
Then X; satisfies
a
dX; = X gt +dB,, Xy = .
Xt

This is a Bessel SDE for which it is known (see Proposition 2.2.1) that with probability one, the
process reaches the origin if and only if a < 1/2, that is k > 4. Hence

0, x<4
P{T$<°°}:{ 1, k>4

By monotonicity, we can conclude that if y < z, then T;) < T),. Hence, we can conclude the stronger
fact
P{T, =occforallz >0} =1, 0<k <4,

P{T, < oo forallz >0} =1, 4<k<oo0.

With more argument, see Proposition 2.2.11, we can see that if 0 < x < y, then

<1, 4<k<8
IP’{TI<Ty}{:1 > 8 :

and, in particular, for kK > 8,
P{T, < Ty forall 0 <z <y} =1. (3.17)

For the remainder of this proof we consider x € R, and by scaling we can assume that z = 1.
If K > 8, we can use (3.17) to see that with probability one R C . Let us consider the case k < 8,
and look at the quantities in (3.16). Using the Loewner equation and (3.7), we see that

a a K K

oK, — - S R, -
R ‘A=) x?

Oe gi(2) ™" = gi(2)

o X ‘ox "~
Using the chain rule, (3.7), and It6’s formula, we can compute

1 1 Ji
OV, =—aK,d(z)! | —m— — — | =—qU, — 2t
(A a Ky gi(z) [(1—Jt)Xt2 Xt2:| a tXE(l_Jt)’
dJy = Kid[1/Xy]+[1/X4] dK
Ky

—dt
(1—-Jp) X}

= Ki[-X;%(aX;'dt +dBy) + X} dt] — a

gy a Jy
= (14— dt — 2L 4B,
Xf( “ l—Jt> x,

As in the case of the Y, this equation becomes nicer if we parametrize so that log ¥; decays linearly.
Let

o(t) =inf{s: ¥, = e}, (3.18)
and if o(t) < oo,

Uy =T, =e " Xi=X,n), K=Ky, Ji=Jy-
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By the chain rule, we see that

A

. g
—aV; =0V, = —aV¥Vy ——5— (1),
t Ve tXf(l—Jt) (t)
and hence
X7 (1—Jy)

Using this, we see that

dJ, = [1—2a—(1—a)jt} dt +\/J, (1 — J,) dws, (3.19)

for a standard Brownian motion W. This is nicer if we do another change of variables. Define Q;
by

A 1 —cos

j-lzme

and note that we can write (3.19) as

1—3a+1—a
2 2

A 1
dJ; = [ cos Qt} dt + 3 sin Q¢ dW4.

Using It6’s formula, we can see that this holds if @, satisfies the equation

1—-3a
sin Qt
We must actually define this with reflection at 1. The question is whether or not this process reaches

0 in finite (in the new parametrization) time. This is an example of a reflected “‘asymptotically
Bessel” process as discussed in Section 2.4. Near the origin

1 1-3 3 _4a
<a> cotu+ — o = 2 + O(u).
2 sin u U

th: |:<;—(I>COtQt+ :| dt+th

By comparison with a Bessel process we see that (J; reaches the origin in finite time if and only if
% —4a < % or a > %. This corresponds to x < 8.
O

The next proposition is a continuation of the description of the “phases” of SLE. In the proof
we are assuming that SLFE comes from a curve.

Proposition 3.2.7. Let v be an SLE, curve from 0 to oo in H. Then the following holds with
probability one.

1. If k < 4, then v is a simple curve with (0,00) "R = (.

2. If 4 < k < 8, then v has self-intersections and v(0,00) NR # (. Howewver, for almost every
2€C, z¢ 7.
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3. If 8 < k < o0, then v is plane-filling, that is,

7[0, 00) = H.

Proof.

1. If 0 <z <y, we know that T, < T,. We also know that with probability one T, < oo for all
rational z. Therefore, with probability one T, = co for all x € R and hence v(0,00) "R = .
If s >0, let
7 (t) = gs[y(s + )] = Us.
For each s, the distribution of +* is that of SLE,. Hence, with probability one, for every
rational s, v°(0,00) "R = (. If there existed 0 < ¢; < to < oo with v(t2) = v(t1), then
~v%(0,00) NR # ( for all rational t; < s < to.

2. We have seen that for each z € C\ {0}, P{dist(z,v) > 0} = 1. Using Fubini’s theorem, we
see that with probabilty one the area of [0, 00) is zero.

3. Using Fubini’s theorem, we know that with probability one for almost all z, T, < co and
z € [0, T%]. Since ~y is a continuous curve we can see that for such z z = (7). This almost
prove the result, and we delay the proof of the remainder.

O]

The next proposition was one of the first calculations done for SLFE reducing a geometric
problem to the solution of a second-order ordinary differential equation.

Proposition 3.2.8. Suppose v is a chordal SLE,; curve (from 0 to co) in H with k < 8. Let q(0)
be the probability that the curve goes to the right of re®®. Then

0 7r -1
q(0) = qx(0) = C'/ sin®2udu, where C = [/ sin4a_2udu] . (3.20)
0 0

One may note that the condition k£ < 8 is necessary for the integrals to be convergent. There
are several interesting cases:

6 —sin6 cos 6 1 —cosf 0
@)= ——7—, q3/3(9) =—F, q@()=-
™ 2 ™

The k = 4 case is just the gambler’s ruin estimate for Brownian motion.

Proof. To say that the curve goes to the right is to say that ©p(z) := ©p_ = 7 where T = T.
By scaling, the probability depends only on 6. If we parametrize so that the log conformal radius
decays linearly as in (3.12), we see that ¢(f) = PY{O7 = '} where O, satisfies

d@t = (1 — 2&) cot ®t dt + dBt, @t = 9,
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and T = inf{t : sin ©; = 0}. Note that ¢(O;s7) is a continuous martingale. If we also assume that
q is C?, then Itd’s formula gives

1
dq(©) = q/(@t)d9t+§qﬂ(9t)d<@>t
/!

= |(1-2a)q(©) cot©; + 1 (2®t)

dt + q’(@t) d@t

In order to make this a martingale, we solve the simple second order ODE,

Z 6
(1 —2a)q'(0) cot 0 + <12() =0,
which is a first order ODE in ¢'. Separation of variables shows that ¢’(f) = c[sin #]**~2, and then
using the boundary conditions ¢(0) = 0 and ¢(7) = 1 we get (3.20). Although we assumed that ¢
was C? to start with, we could go back with ¢ as in (3.20) and show that ¢(©;s7) is a bounded
martingale and use the optional sampling theorem.

O]

The function ¢(6) is the solution of a linear second-order ODE and could also be written as a
hypergeometric function.

The arguments in the proof of Theorem 3.2.4 can be extended to establish two important “one-
point” estimates for SLE, for k < 8. The first discusses the probability of getting near an interior
point z and the second deals with the probability of getting near a boundary point .

Proposition 3.2.9. If k < 8, there exists o > 0 such that if v is a chordal SLE,; curve from 0 to
oo inH, z € H, and T = Yo (2), then for 0 <r <1/2,

P{Y <7 Yo} = car? ¢ [sin(arg 2)]**"1[1 + O(r%)],
where

1 m -1
d=1+—=1+2 ¢, =2 /sin4a9d0 :
4CL 8 0

The statement of the theorem is shorthand for the following. There exists ¢, « such that for all
zand all r < 1/2,
!IP’{T <rYo}— e r'ﬁ‘ < crfte,

The same fact holds for all 7 < 1 — € for any € > 0, but the constant ¢ depends on e.
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Proof. By scaling, we may assume that To = 1, that is, z = x + ¢ for some z € R. We will use the
radial parametrization as in (3.11) so that Yo = e 2% and let ©; = O, (1), that satisfies

d®, = (1 —2a) cot O, dt + dBy,

for a standard Brownian motion B;. This equation is valid until 7' = inf{t : sin ©; = 0} at which

time Yp = e~ 207, Hence, if we write 7 = e 2%, we can write
P{Y <r} =P{T > s}.

Let S; = sin ©; and let X
M, = ¢t?a=3) gla=1, (3.21)

We claim that M;,r is a martingale satisfying
dM; = (4a — 1) [cot ©;] M, dB,. (3.22)
To check this, we use Ito’s formula. Using cot? 6, = Sy 2 _ 1, we see that for t < T,

. 1 .
dS; = cos©;dO; — 5 sin ©; dt

~ 1 ~
= S [((1 — 2a) cot? ©; — 5) dt + cot ©y dBt]

1-2 A
= St (2a—§+72a)dt+cot@tdBt
a— a1 |4a—1 20 — 1)(4a — 1
dsjet = spet [St as, + | ;EQ )d<S>t]
1-2 1 N
= (a—1)59 20— 2+ L 2% ar 4 (20— 1) [ — 1] dt + ot 6, dB;

= Sfa_l [(; —2a)dt+ (4a — 1) cot 6, dBt]

This verifies that (3.22) holds for ¢ < T'. It is easy to check that the martingale is continuous as
t T T, and since the process is uniformly bounded on [0, tg] for all ¢y < oo, we can see that Myap
is, in fact, a continuous martingale.

Using the Girsanov theorem, we define a new probability measure P* with expectations E* by
stating that if V' is a nonnegative random variable measurable with respect to B,,0 < s < t, then

E*(V) = My ' E[V M) = Sy **E[V My] .
By (3.22) and the Girsnaov theorem, we can see that
ClBt = (4(1 — ].) cot ét dt + th,

where W, is a standard Brownian motion with respect to the probability measure P*. This equation
only holds for ¢ < T, but it is easy to see that P*{t < T} = 1. (Indeed, since M 7 = 0 on the
event 7' < t, this must be the case.) Therefore,

dO; = 2a cot ©, dt + dW;. (3.23)
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We now write

P{T >t} = E[{T > t}]
= E[M M T >t
= G2E M, ST > ]
—  el(3—20) Séafl E* [St174a; T > 1
— el3—20) Sgafl E* [St174a]‘
The last equality holds because P*{T > t} = 1. We are left with estimating E*[S} %] which is a

problem about the radial Bessel equation (3.23). As in Proposition 2.4.5, we see that the invariant
density is

i -1
f1a(0) = c4q sin**9,  where ¢, = [ / sin” ydy] ,
0

and
B! = [1+0e™)] [ sin' =1 0] f1a(0) 0 = 2e1a 1+ O™,

Therefore, if r = e72%,

1_

P{Y <1} =P{T >t} = 240" @29 S0 [1 4 O(e™™)] = 2 cyq '3 S [1 4+ O(r®)),

where o = u/(2a).

It may seem that the martingale in (3.21) came out of the blue, but it arises very naturally. If
we consider the radial Bessel equation

d@t =17 cot Gt dt + dBt,

with r < 1/2 and we want to compute f(0,t) = P{T >t | ©; = 6} we might hope that this
would satisfy
f0,t) ~ f@) e M t— .

We try to find f, A so that
M; = e f(©r)

is a martingale. Using It6’s formula, we see that a sufficient condition to make this a martingale

is

1

1) feota] f1(a) + A () = 0.
This is an eigenvalue/eigenfuction problem: try to find the (unique) positive solution to this
second order differential equation with f(0) = f(w) = 0. If one tries functions of the form
f(z) = [sinz]?, then one gets

f(z) =B f(x) cotu,
L) = 5@ [(B—1) eot?e —1].

sin“ x

f"(x) = B f(x) |B cot®z —
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which leads to the equation
[B(B — 1)+ 2rB] cot® z + (2X — 3) = 0.

Equating coefficients gives

1
=1-2r, A=r—-—.
B=1-2r, A=r-

We therefore get the martingale
M, = €' 3) [sin ©,)' 72",

which satisfies
dM; = (1 — 2r) My cot ©; dBs.

When we tilt by the martingale to give a new measure P*, we see that
dB; = (1 — 2r) cot O dt + dWy,

where W; is a standard Brownian motion with respect to P*. Therefore,
dO; = (1 —1r) cot O dt + dW;.

Since r < 1/2, we see that P*{T < oo} = 0. This diffusion has invariant density g() =
[sin 0]2~2". The quasi-invariant density h is the limiting density (with respect to the original
measure P) as t — oo of O, given T > t. The density g, which is the density in the measure P*,
can be written as g(f) = c[sin 0]**~1 h(6). In other words, h(f) = ¢; sin = sin /2.

Corollary 3.2.10. If k < 8, there exists o > 0 such that that the following holds. Suppose that
z,w € OD are distinct, v is a chordal SLE,, path from z to w in D, and ( € D. Let D’ be the
connected component of D\ v containing . Then if r < 1/2,

P{cradp:(¢) < reradp(Q)} = ex 7?74 Sp(G 2, w) ™ 1+ O(r)),
where d, cy are as in Proposition 3.2.9.

Corollary 3.2.11. If k < 8, there exists o > 0 such that that the following holds. Suppose that
z,w € OD are distinct, v is a chordal SLE,, path from z to w in D, and ( € D. Let D' be the
connected component of D\ v containing . Then if r < 1/2,

¢1 Sp(G: 2 w)* ™ r* ! < P {dist(¢,7) < rdist(C,OD)} < ez Sp(G 2wyt 2

Proof. Most of this follows from the previous corollary that distp/(¢) <o 2dist(z,0D). For the
upper bound for larger values of r, we also need the following fact that is easy to prove: there exists
p < 1, such that if { € Dy C Dy, then

cradp, (¢) < pcradp, (€).
O

We will now prove the analogue of Proposition 3.2.9 where conformal radius is replaced with
distance to the boundary. We will get as strong a result although we will not get an explicit form
for the constant.
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Theorem 3.2.12. If k < 8, D is a simply connected domain, and z,w € 0D are distinct, there
exists a function Gp(-;z,w) on D such that if v is a chordal SLE path from z to w in D the
following holds.

1. If ¢ € D and r < dist(¢, D) /2,

P{dist(C,7) < 7} = Gp(C: 7 w) 2~ 1+ O(r°)].

2. There exists ¢ = ¢(k) such that

Gp(¢z,w) = éeradp(Q) 2 Sp(¢ 2, w)** .

We call Gp((; z,w) the chordal SLE,, Green’s function (from z to w in D). The last assertion
can be written as a combination of

Gp(0;1,€%?) = & (sinf)**,
and the conformal covariance rule: if f: D — f(D) is a conformal transformation, then

Gp(Gs2,w) = [P Gyipy (F(Q)s £(2), f(w)).

The proof will not give the value of the xk-dependent constant ¢.

Proof. We first consider D =D, ¢ =0,z = 1, w = *". We will write r = e~*.
We let Py denote the probabilities for SLE,, from 1 to €2?% in D. We will show that there exists
¢ such that for all 0 < 6 <,

Py{dist(0,7) < r} = é¢r2 4 (sin )4~ [1 + O(r®)]. (3.24)
For each 79 > 0 and ro < r < 1/2, small, we can use Corollary 3.2.11 to see that
Pp{dist(0,7) < r} =< [sinf]**~ L.

Hence it suffices to find rg so that the relation holds for r < rg.
We will assume that v has the radial parametrization as in (3.11), so that if D; is the connected
component of D\ v; containing the origin, then

cradp, (0) = e,

We let g¢ : Dy — D be the conformal transformation with g.(0) = 0, g¢(~(¢)) = 1 and define ©; by
Gi(e%9) = €%®t Then O, satisfies

d@t = (1 - 2(1) cot @t dt + dBt,

where B; is a standard Brownian motion. We write g; for g followed by a rotation such that
g;(0) > 0. The curve has finite lifetime 7" in this parametrization. As before, using the Koebe
1/4-theorem,

2dist(0,dD;) =9 e 2%,
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Let 75 = inf{t : |7(t)| = e*}, so that (3.24) can be rephrased as
Po{T > 75} = ¢e*%2 (sin0)**~ 1 [1 + O(e~*)]. (3.25)

We will first give a sketch for why (3.25) holds. Note that 7, > %%4 > g where ¢ = ¢, = %
The relation (3.25) can be established for large s by showing there exists u, C, C’ such that

Py {T > q} = C el (sin )4~ [1 + O(e™*)] (3.26)
Po{T > | T >q}=C"+0(e ™). (3.27)
Theorem 3.2.9 gives us (3.26). For the second equality note that conformal invariance implies that
Po{T > 7, | T > q} = Pe, {7y N gq(e *D) # 0}.
Using the Koebe 1/4-theorem, we can see that there exist 0 < p; < p2 < 1 such that
p1 D C gy(e D) C pa D.

If we can show that the conditional distribution of (O, §,(e™*D)) given T > ¢ converges exponen-
tially fast to some distribution, then we would have (3.27).

For a proof, we consider the quasi-invariant density corresponding to the density of ©, given
T > t. Let P, [Ej denote the probability measures obtained by tilting by the martingale

M; = etla=3) [sin ©;] %1
as in the proof of Theorem 3.2.9 | if S; = sin Oy, Then, if F' is a continuous function,

Eo[F(0,);T >t] = el

ol

“OEy [M; F(©y) S} T > t]
~9) [sin 0% |} [F(O¢) 53_40“;}

Nl N

= ca T sin g [1 4+ O(e ™) / F() [sin 2] [sin 2]~ dz
0

sin x

dx

= 2c40e/ 2 [sin 6% [1 4+ O(e™¥)] / F(z)
0

In other words, (sinz)/2 is the quasi-invariant density. Indeed, if we write P,, E,, for probabilities
and expectations assuming that the initial  has density (sinz)/2, then

1 sin x

BF(©:T > 1 = 4B, [Fen)] = [ F(

dz.

Let
P(s) = ! @D P{T > s}.

We will now show that there exists ¢y, ¢ such that

|P(s) —co| < ce™™. (3.28)
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Suppose 0 < ¢ < 1, and note that g5(0) = e2*  Distortion estimates imply that there is a universal
¢ (we could find an exact value but will not bother) such that for s sufficiently large and |z| < e™*,

_ e2a6 25.

l95(2) zl <ce”

In particular, there exists universal ci, co such that
(67 —c1e™2)D C gs(e CT2ID) € (7% + ¢1e72*) D

PAT > Tsiepe—st SPu{T > 745 | T > 6} <PAT > 7g_(ye—s }-

Using the fact that p is a quasi-invariant distribution, we see that this implies that for 0 < § <1
and s sufficiently large,
log P(s) —log P(s 4 0)| < ce™.

Similarly, if k£ is a positive integer

k
llog P(s) —log P(s + k)| < Z llog P(s+j—1)—logP(s+j)| = 20(6787") =0(e™?).
=1 =1

We therefore get

sup |log P(s) —log P(s+ )| < ce™?,
>0

which is another way to express (3.28).
If our initial condition is ©g = 0, we write

S S
Py {T —P {T —}IP’ {T T f}.
9{ >7‘23} 0 >2a 0 >7‘25\ >2a

Using distortion estimates and g; /2(1(0) = ¢e® as in the previous paragraph, we can see that there

exists c3 such that
s
P@S/Qa {T > Ts+03e—s} < PQ{T > Tog | T > %} < ]P)@S/Qa {T > 7_57636_3} s
Combining this, with (3.28), we see that

s
Po{T >m2s | T > 5} = [+ 0 )BT > Tor0e)}
= coe D1+ 0(e™™)).

PQ{T > S} = Cx 6*2a8(27d) [Sin 9]4(171 [1 + O(eius)].

Proposition 3.2.9 implies that

S _ —s(2—d) —us
PQ{T> 2(1} cs€ [14 O(e ).

This finishes the result for D = D, = 0,z = 1,w = €*¥. For more general D,z,w, let
f + D — D be the unique conformal transformation f : D — D with f(¢) = 0, f(z) = 1 and define

6 by f(w) = €2, Note that sinf = Sp(; z,w). By scaling, we may assume that |f'(¢)| = 1. Note
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that cradp(¢)~' = |f’(¢)| < 1. Let V; denote the image under f of the open disk of radius r about
¢. By distortion estimates, there exists a universal ¢’ such that if r < dist(¢,9D)/2, then

(r—dr)Dc f(V,)C(r+dr?)D.

Hence, we can use the result for the disk.
O

The estimates above can be considered as “interior” or “bulk” estimates for the probability
that the SLE curve gets close to an interior point. We will now give the estimates for getting
near a boundary point. By scaling, we can consider the probability that an SLFE, path from 0 to
oo gets near 1. The interior estimate gives us a (correct) guess for the correct exponent of decay.
Suppose ¢ = 1 +ie. Then one might expect that the probability of getting within distance € of 1 is
comparable to the probability of getting within distance €/2 of ¢. Since Sg(1+¢€;0,00) = €, we see
that the latter probability is comparable to €21, Indeed, this is correct, and the next proposition
gives a much finer estimate. We will use the alternative conformal radius ¥; that was introduced
in the proof of Theorem 3.2.4. Recall that W is one-fourth times the conformal radius of 1 in the
unbounded component of

C\ (’ytu{v(s) 0<s< t}U(—oo,O]) .
Proposition 3.2.13. There exists a > 0 such that if z > 0,

I'(6a)

Pl¥oe(@) <72} = Fi T 3a 1)

plo—l 14 O(r")].

Proof. Without loss of generality we assume that x = 1. Let X; = X3(1) = ¢¢(1) — Uy and
My = Xt1_4a 92(1)4(1_1-

Since

1—4a (1 —4a)(—2a)

X, X
X, dX; + Xt2 d( >t]

_4a |—a(l —4a) 1—4a
= th da |: Xt2 dt+ Xt dBt:| .

dXt1—4a _ Xt1—4a |:

a1 0(4a —1)

8 / 1 4a—1 — _ / 1 ,
19¢(1) 9¢(1) th
we see that M; = gi(1)*~! X} 7% is a local martingale satisfying

1—4a

t

dM; =

M, dBy.
Let P*,E* denote probabilities and expectations obtained by tilting by the local martingale M;.
Then the Girsanov theorem implies that

1—4a

t

dB; = dt + dB},
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where B is a standard Brownian motion with respect to P*. Using the notation as in (3.16), we

get

Jt a Jt
dJy = 2L (3a - dt — =L dB;.
=%z <3a 1- Jt) x,

If we reparametrize as in (3.18) so that Yoy = e~ we see that J, := Jo () satisfies

dJ, = (2a - 3ajt) dt +\/J, (1 — J,) W, (3.29)

where W} is also a standard Brownian motion with respect to P*. In the new parametrization,
N, = @%—4(1 jt4a—1 = M, = plda—1)at jt4a—1'

As before, we define Q; by

. 1—cosQ
o= T
so that (3.29) can be written as

sin Qt

5 dWs.

a 3a
th = (2 + 2COSQt> dt +

Since . .
dQ; = 3 sin Q¢ dQ¢ + 7 Cos Q: d(Q)1,

we can see that

1
dQ; = { L (3a—> cotQt] dt + dW,.
sin Q¢ 2
This is the SDE studied in Section 2.4.5 with
_ _9q_ L
v=a, u=2a 5

As in the Proof of Proposition 3.2.9,
P{Ue <e ™} = E[1{¥s <e “}]
— ll-4a)at [Mt jt1—4a; U < e—at:|

—  (1—4a)at g [jt1—4a} '

So it suffices to show there exists « such that

I'(6a)

Faa a1 O

E* [ jt174a:| _

This is obtained by plugging v = a,u = 2a — %, k =1 — 4a into (2.58).
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It follows from the last proposition and the Koebe-1/4 theorem that for 0 < r» < 1, and z € R,
P{dist(z,~) < zr} < ria=L,

This can be improved using essentially the same proof as Theorem (3.2.12) so we omit it. As in
that theorem, we are unable to determine the value of the constant ¢’.

Theorem 3.2.14. There exist ¢ = ¢, and o > 0 such that forr <1,
P{dist(z,7) < rlz|} = cr** ! [1 +O(r)].

For practical purposes, the following simple corollary of Proposition 3.2.13 usually suffices. It
is useful to write it in terms of a conformally invariant quantity, excursion measure.

Proposition 3.2.15. If k < 8, there exists ¢ < oo such that the following holds. Suppose D is a
simply connected domain and z,w are distinct boundary points. Let O_ denote one of the two arcs
of 0D with endpoints z,w and let 1 be a crosscut of D whose endpoints are on 0D\ 0—. Let D’ be
the connected component of D \ n whose boundary contains z and w. If v is an SLE, curve from
z tow in D, then

P{ynn#0} < cEp(n,0-)"* "

Proof. By conformal invariance, we may assume D = H, z = 0,w = oo and J_is the negative real
axis. We can also assume that one of the endpoints of 7 is 1. In this case (see Lemma 1.8.4),

capy (1) = cdiam(),
and from this we see that Ep/(n,0_) > c¢r where r = 1 A diam(n).
P{yNn# 0} < P{dist(y,1) < r} < erl®t <c&pi(n,0-)4 L.
O

Here we give a similar result which is a little easier to prove because we only need to consider
a real SDE.

Proposition 3.2.16. Suppose 4 < k < 8 and vy is an SLE,, curve from 0 to co. Let
T =inf{t: v(t) € [1,00)}.

Then

x

B I'(2a) Ttz du
P{’Y(T) <1+ x} - I‘(4a _ 1) F(l _ 20,) /0 u2—4a (1 _ u)?a'

Note in particular

P{v(T)<1+zx)~ L(2a) gz lo.
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Proof. Let Xi = gi(x) — U, Yy = g1(1+2) —U;. Then T = inf{t : X; = 0}. Let T, = inf{t : Y; = 0}.
Then the event {7(T) < 1+ z} is the same as the event {T' < T,,}. Let R; = [Y; — X;]/X¢. Then
this event can also be described as { Ry— = oo}. Since

a a
dX;, = —dt+dB dY; = —dt + dB
t X, + d by, t Y, + d by,

an Ito’s formula calculation shows that

(1 — a) Rt aRt Rt
dR; = — dt — — dB;.
' [ X7 (Ry +1) X} X

Under a suitable time change we get that Ry = R ;) satisfies

. T1-2
Rt—[ B }dt—i—th,
R, Ri+1

for a Brownian motion W;.
If o () = P{T} > T}, then scaling shows that ¢)(R;) is a martingale and hence (assuming v is

c?),
1

" 1—2a a
577/} (x)—i—[

T +x+1

} W (z) = 0.

This is a first-order differential equation for ¢ that can be solved easily. Using the boundary
conditions 9 (0) = 0,1 (c0) = 1, we get the formula.
O

3.3 Dimension and natural parametrization

The definition of SLE was given modulo reparametrization. When the curve is parametrized
by capacity, the conformal transformation removing the curve evolves so that it is C! in time.
However, the capacity parametrization has some major disadvantages. For example, if one takes
a particular realization of the curve and changes the domain that the curve lies in, then the
parametrization changes. Also, SLE curves are models for scaling limits of discrete lattice curves
that are parametrized so that edge is traversed at the same rate. For this reason, we would like
to parametrize the SLE curve by length. If the curve v were a C! curve, then we could use the
natural parametrization, that is, parametrization by arclength. However, Theorem 3.2.12 implies
that SLE,, k < 8 paths are d-dimensional where

K
d=d, =1+ .
*3

In this section, we will assume x < 8 and define the natural parametrization for SLE curves.
We need a concept of “d-dimensional length” to replace arclength. One possibility is to consider
Hausdorff d-measure of the curve, but it turns out that this is zero. The correct analogue is (d-
dimensional) Minkowski content.We will state some theorems in this section but will delay the
proof until ?7?7. The main technical tool needed to prove these theorems is a “two-point” analogue
of Theorem 3.2.12.
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Definition If V C C is bounded and 1 < d < 2, the d-dimensional Minkowski content of V is
defined by
Conty(V) = lig)l 12 Area{z : dist(z, V) < €}, (3.30)

provided that the limit exists.

One can also define the upper and lower Minkowski contents by taking limsups and liminfs
instead of limits. It is easy to see that if the box dimension of V is strictly less than d, then
Contg(V) = 0. The limit on the right-hand side of (3.30) often does not exist, but for SLE, paths
it exists and is nontrivial.

Theorem 3.3.1. If kK < 8, and ~v is an SLE, path from 0 to oo in H, then with probability one,
for all t, the Minkowski content Contg(vy:) exists. Moreover, the function t — ~(t) is continuous,
strictly increasing, and satisfies the additivity rule: if s < t,

Contg(v:) = Contg(7s) + Contg(y[s, t]).

The additivity rule is immediate (given the rest of the theorem) if k < 4 since the curve is
simple. For 4 < k < 8, it requires a little more work but essentially follows from the fact that the
double points of the paths have fractal dimension strictly less than d. Since the function t —
is continuous and strictly increasing, one can reparametrize the curve so that the content grows
linearly.

Although we delay the full proof to later, let us discuss the construction. We will, in fact,
construct the occupation measure v°° for SLE which is a nontrivial, positive measure supported
on 7y such that for each s < t, 0 < v°(y \ 7s) < co. We say that S is a (closed) dyadic square in
H if it is of the form

. J i+1 k k+1
S:{x+zy.2n§1’§ on ,27§y§ o

where j,n are integers and k is a positive integer. Let

vo(8) = 42 /s 1{dist(z,v) < e} dA(2),

and note that Theorem 3.2.12 implies that

lim B [12°°(S)] = / G(2) dA(2).
el0 S

We will show that for each dyadic S, the limit v°°(S) = 15¢°(S) exists with probability one and
in L?. With a little more, we see that any subsequential limit v of the measures v°° must satisfy

v(0S) = 0, from this see that any two limit measures agree on all open sets from which we conclude
that the limit is unique and we can define

]/OCC — lim VOCC
el0 €
Definition We say that an SLFE, curve v from 0 to oo in H has the natural parametrization if for
each t,

Contglv] =t, d=d,=1+ g
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If k > 8, we could say that SLE, has the natural parametrization if for each ¢, Area[y;] = ¢. In
this book we will only talk about natural parametrizaton for k < 8.

We want to extend this definition to talk about SLE, from z to w in D in the natural
parametrization. We will take a little care to avoid pathological domains.

Definition Let Q. denote the collection of triples (D, z, w) where D is a simply connected domain;
z,w are distinct points in dD; z # oco; and satisfying

e If w # oo, then
Gp(D; z,w) ::/ Gp((;z,w)dA(() < . (3.31)
D

o If w = oo, then for every bounded set V,

Gp(V; 2, 00) = /V G (G2, 00) dA(C) < 0. (3.32)

Recall that SLE, from z to w in D is defined as the image of SLE, from 0 to oo under a
conformal map f: D — f(D). Let us define the curve f oy = f oy as follows:

fon(t) = flvle(t))]
where o(t) is defined by

o(t)
A ()] ds = t.

In other words, the time for f o~y to traverse f[vy] is

/fw@ww
0

This definition assumes that D, z are sufficiently nice so that

t
|1t < .
for all ¢ < co. This will be guaranteed, for example, if for all ¢ < oo,

max [ (v(9))] < co.
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In order to keep the notation short, we have decided to write f oy rather than fogzvy. However, it
is important to remember that the notation implicitly assumes the dimension d. When studying
SLE, paths, we fix one value of x, and then d is implied by d = min{1 + §,2}. If one is only
interested in the curves modulo reparametrization, then one does need to worry about d.

Here we are doing an analogue of what is done in establishing the conformal invariance of two-
dimensional Brownian motion. If B; is a complex Brownian motion and f is a conformal map,
then f o B = f oy B is also a complex Brownian motion. The 2 represents the dimension of
Brownian paths, and this gives a shorthand for the change in time parametrization needed to
state conformal invariance.

Proposition 3.3.2. Suppose v is an SLE.(k < 8) path from 0 to oo in H with the natural
parametrization. Suppose f : H — D is a conformal transformation with f(0) = z, f(c0) = w
satisfying (3.31). Then with probability one, for every t,

Contalf ()] = /0 1 (4(s))| ds.

In other words, the curve 7 := f o~ has the natural parametrization in the sense
Conty[y] = t.

Proof. We will not give the details of the proof. If f’ is constant, this is immediate from the
definition of the Minkowski content. Otherwise, we can use the additivity of the content to partition
time tg =0 < t; < t9 < --- < t, =t so that the derivative does not change much in each interval.
The condition (3.31) is used to see that the contribution of the content for the curve near the
boundary (for which the derivative can be very large) is negligible. O

The total “natural time duration” T of a path is Contg[y]. We can see that if (3.31) holds, then
E[T] = Gp(D;z,w) < 0.

In the case z = 0,w = 00, D = H, T' = oo with probability one. but if D is a bounded domain and
z,w are analytic boundary points, then E[T] < co.

One major advantage of the natural parametrization over the capacity parametrization is that
the time to traverse a curve v depends only on the curve v and not on the domain it sits.

Definition Suppose £ < 8 and (D, z,w) € Q..

e We define u%(z, w) to be the probability measure induced by SLE, from z to w with the
curves curves parametrized naturally.

o If f: D — f(D) is a conformal transformation and pu is a measure on naturally parametrized
d-dimensional curves from z to w in D, we define the measure f o u by

fopVl=foquVl=p{y:foyeV}

Note that there is an implicit d in the definition.
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Under this definition, the conformal invariance of SLE, can be stated as follows.

Proposition 3.3.3. Suppose (D, z,w), (D1, z1,w1) € Qsc, and f : D — Dy is a conformal trans-
formation with f(z) = z1, f(w) = wy1. Then

foh(z,w) = ph (21,w1).

Throughout this book we use superscripts of # to indicate probability measures. As we will
see, it is very natural to consider measures on paths that are not probability measures.

The measure ;ﬂg(z,w) is just another way to define SLE, in the same way that Brownian
motion can be defined equivalently as the Wiener measure on continuous paths. The Minkowski
content gives the convenient way to parametrize the paths for the path measure formulation.

We have used d-dimensional Minkowski content to characterize the fractal dimension of the
curve. One can also use Hausdorff dimension, and this agrees. This proof also needs the two-point
estimates, and so we delay it.

Theorem 3.3.4. If k < 8 and v is an SLE, curve from 0 to oo in H, then with probability one
the Hausdorff dimension of the curve is d =1+ g.

Proof. Consider v restricted to a compact subset K in H. There exist ¢ = cx such that for
0<e<Ll, ze K,

—1 _2-d . 2—d

c € ¢ < P{dist(z,700) < €} < e e

In Section 3.9, we prove a two-point estimate,
P{dist(z, Yoo) < €, dist(w, Vo) < €} < cx €274z — w|?2.

This is enough to show that the dimension is at most d with probability one, and that with positive
probability it is at least d; see Section 3.10. To show that it is equal to d with probability one, we can
use the fact that the dimension of [0, 1] is the maximum of the dimensions of y[£=1 K] k =1,... n;

no'n
we leave the details as the next exercise.
O

Exercise 2. Complete the proof by showing that with probability one, for all s < t, dimp(v[s, t]) = d.

It is typical for random curves with Hausdorff dimension d to have zero d-Hausdorff dimension.
Indeed, this true for SLE,; curves for k < 8 but we will not prove it here. This is different than
the case of deterministic fractals such as the Koch snowflake curve. It is possible that there is
a Hausdorff gauge function such that the measure with this gauge function is strictly between
zero and infinity, but this is unknown.
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3.4 Rate of escape for SLE

Let v be an SLE, path from 0 to oo in H. Let
& —inf{t: (1) = '},

Since hcaple®* D] = €2%, we can see that & < e?%/a.
In this section we prove the following theorem.

Proposition 3.4.1. For every k < 8, there exists ¢ < oo such that the following holds. Suppose
n:[0,1] = H is a curve with n(0+) = 1,n(1) = w € ID and 0 < |n(t)| < 1 for 0 <t < 1. Let D
denote the unbounded component of H\ n. Let v be an SLE, curve from w to oo in D. Then

P{vn{lz| <r} #0} < epda—1

We will only give a complete proof for k < 4. For 4 < k < 8, we will sketch a proof (this second
proof also works for £ < 4) but we omit some details.

Corollary 3.4.2. For every k < 8 and B > (4a — 1)™' = k/(8 — k), with probability one, for all

integers n sufficiently large, -
A 00) N (0~ e Biy) # 0, (3.33)

and for all t sufficiently large
()] = /2 (log ) 7.

Proof. 1If E,, denotes the event in (3.33), then Proposition 3.4.1 applied to D = Hg, and scaling
imply that P(E,) = O(n™") for some v > 1 and hence the first assertion follows from the Borel-
Cantelli lemma. The second follows from &, < e?"/a. O

Proof of Proposition 3.4.1 for k < 4. Let C denote the half-circle of radius r about the origin in
H. Let g : D — H be a conformal transformation with g(w) = 0, g(cc) = co. Note that D N oD
consists of two circular crosscuts L4, L_ where g o Ly (resp., L_) is a crosscut of H from 0 to a
positive (resp., negative) number.

Note that C'N D consists of a finite or countably infinite number of circular crosscuts £ = {¢;}.
In order for v to hit {|z| < r} it must hit one of the crosscuts, and so

P{yn{lz| <7} #0} <D P{yne#0}.
lel

A curve from /; to infinity in D must first hit the unit circle at L or L_. We will restrict ourselves
to the positive crosscuts L4, that is, those that go through L. (A similar argument will handle
the negative crosscuts). Using Proposition 3.2.15, we have

4a—1

STPyne£0 =Y PAN(gol) A0} <c Y Eu(R_,got) Tt <c| Y Eu(R_,go0)

lely lely lely lely

The last inequality uses 4a — 1 > 1; this is where the assumption x < 4 is being used. Hence we
have reduced to showing the estimate

Z Eu(R_,gol) <ecr.
lely
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Note that by continuity and monotonicity of excursion measure, Eg(R_,g o ¢) < Ep(L4, 7).
Note that

Ep | Ly, |J ¢] <éu(dD,C) =O(r).
lely

We claim (and this will finish the proof) that

> &u(Ly,0)<28p | Ly, | ¢
f€£+ f€£+

If z € D, let f(z) be the probability that a Brownian motion starting at z hits Uge,, £ before
leaving D or hitting L. Let fy(z) be the probability that a Brownian motion starting at z hits ¢
before leaving D or hitting L. Then,

S EuLy )= > 0nfel2)dlz],

lely Ly lely

Ep | Ly, |J ¢ :/L O f(2)d|z|.

lely

where 0,, denotes inward normal derivative. It suffices to show for each z € D,

> flz) < 2£(2).

lely

Note that the left-hand side gives the expected number of crosscuts hit by the Brownian motion.
So it suffices to show that for every z, the expected number of crosscuts hit given that at least one
is hit is at most two. In turn, to show this it suffices to show that if we start a Brownain motion
on a crosscut £, then the probability that it will reach any other crosscut before leaving D is at
most 1/2. This last fact can be seen by noting that if we have any curve starting on the crosscut
and ending on a different crosscut, there is a dual path obtained by reflecting across the circle C.
These are equally likely for the Brownian motion, but simple connectedness implies that at most
one of these paths is in D. O

We will need another proof to handle 4 < k < 8. We start with the notation of the proof
and let h(z) = logg(z) which is a conformal transformation of D onto the doubly infinite strip
S={z+1iy:0<y <7} sending 0 to —oo and oo to +00. Here —o0, 0o refer to the left and right
boundary points of S, respectively. For £ € £, ho/ is a crosscut of S with both endpoints on the

real line. Let
K = U (hol).
KELJ,_

Proposition 3.2.15 and conformal invariance show that the probability that an SLE, path from
—oo to oo in S hits one of the crosscuts is bounded above by a constant times

> [diam(h o )%,

f€£+
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This estimate is not sufficient. However, we not that if Uy, Us, ... is any cover of K with balls
centereed on the real line, then the probability of hitting K is bounded above by the probability
of hitting | J U,, which in turn is bounded by a constant times

> diam (U, ). (3.34)
n=1

If we ease the restriction that the balls be centered on the real line, one can only reduce this quantity
by a multiplicative constant and so we get that the probability of hitting K is bounded above by
a constant times the infimum of the quantity in (3.34) where the infimum is over all covers of K.
This infimum is called the (4a — 1)-Hausdorff content.

The problem then reduces to an estimate for the content. We omit it here because we will not
need the proposition for 4 < k < 8.

3.5 SLFE in a smaller domain

3.5.1 Introduction

We will study chordal SLFE, from 0 to co in a subdomain of H. Suppose D is a simply connected
subdomain of H with K := H \ D bounded and dist(0, K) > 0. Let ® = ®p : D — H denote the
unique conformal transformation with ®(z) = z + o(1) as z — co. Let F = ®~! which takes H
onto D. Then SLE, in D from 0 to infinity is defined as follows.

e Let v be an SLE, from 0 to H and consider F o 7.

We can consider this as a probabiity measure on curves modulo reparametrization or for curves
with the natural parametrization.

If kK <4, we will see that SLE, in D, is absolutely continuous with respect to SLE, in H. Let
us see what this will imply. Since the measure is a probability measure on simple curves v, we
can parametrize the curves so that hcap[y] = at and the conformal maps g; satisfy the Loewner

equation
a
1(2) = ———, z) =z, 3.35
9e(2) wlo) =T g0(z) (3.35)

where Uy = g¢+(7(t)) is the driving function. To say that this probability measure is absolutely
continuous with respect to usual SLE, is to say that the probability distribution on the driving
function is absolutely continuous with respect to a standard Brownian motion. The way to get such
measures is to give a drift to the Brownian motion, that is if B; is a standard Brownian motion,
we can let

dU, = A, dt — dB,, (3.36)

where A; is a continuous, adapted process. One way to find A; is starting with an SLE,, v*(¢) in H
with driving function U; = —Bj and carefully using a version of Itd’s formula to compute dF(U;").
We will do essentially the equivalent, by finding which A; to choose so that ®(U;) is a (time change
of a) Brownian motion.

One way to put drifts onto Brownian motion is to find an appropriate local martingale and use
Girsanov theorem. We will start with SLE, in H using driving function —B; and then tilt by a
local martingale to get (3.36). Recall that if z € R\ K, then ®(z) denotes the probability that a
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Brownian excursion from z to oo in H stays in D; in particular, 0 < ®'(z) < 1. We will “tilt” by
®,(U;)® where b = b, is an exponent that we will call the boundary scaling exponent. It will be
chosen so the calculations work out nicely but the choice will help describe the SLE path. More
precisely, we will consider a local martingale M; = C} @Q(Ut)b where C; is a C' compensator. The
calculations will be valid for all s for ¢ sufficiently small but for k < 4 it will be valid for all £ and
we will be able to write E[Co, = E[My] = E[My] = ®'(0)°.

The term Cy will be written in terms of integrals over time of spatial derivatives, but it can
also be interpreted in terms of Brownian loops. Indeed, if k < 4,

My = exp {gA('y,K;H)} 1{v(0,0) C D}, (3.37)

where A(y, K;H) denote the Brownian loop measure of loops in H that intersect both v and K.
Here ¢ = ¢, is an exponent that is also computed along the way.

The strongest results hold only for x < 4, but some things still hold for k > 4. If K > 4, then
there is a positive probability that the SLE, path hits K; if k > 8, this probability equals one. If
the curve hits K, then SLE, in D will act differently than SLE, in H since the curve bounces off
of K.

o If Kk > 8 SLE, in D is singular with respect to SLE,, in H.

o If4 < k<8, SLE, in D has a singular part and an absolutely continuous part with respect
to SLE, in H. The absolutely continuous part corresponds to curves in H that do not hit K,

Since they will appear in the computations, we define two parameters now.

Definition

The boundary scaling exponent is

The central charge ¢ = ¢, is defined by

oo 20(3 —4a) (3a—1)(3—4a) (6—r)(3k—8)
B a B a B 2K '

We make several remarks.
e The value b = 0 for kK = 6 gives a property we call the locality property.

e We have ¢ = 0 for Kk = 8/3,4. The value k = 8/3 gives the measure on simple curves such
that the Brownian loop term in (3.37) is trivial. This is called the restriction property.

e We can invert the formula for central charge

(13 —c)+ /(13 —c)2 — 144 _ (13 —¢c)+ /(13 —c)2 — 144

“= 24 3

Note that K +— ¢, is a two-to-one mapping from (0,00) to (—oo, 1]; more precisely it is
two-to-one except that ¢ = 1 has a single preimage « = 4.
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e For any ¢ < 1, there are two corresponding values of x, s’ with ¢, = c,» = ¢. They satisfy
kK’ =16 (as does the double root K = k' = 4 for ¢ = 1).

e The term central charge comes from conformal field theory. There are algebraic meanings
of the term which we will not discuss here. The standard notation for central charge is c,
but it would be too confusing to use this when ¢ so often means an arbitrary constant. As a
compromise, we use c.

3.5.2 Computations and locality

Let v be an SLE, curve from 0 to infinity in H satisfying (3.35) where U; = —B, is a standard
Brownian motion, and, as before, let H; denote the unbounded component of H \ ~;. Let T, =
inf{¢ : dist(y, H\ D) < €} and T' = Tp4 = inf{t : v(t) € H\ D}. For fixed ¢ > 0, we can consider
SLE, in H (from 0 to co) and chordal SLE, in D (from 0 to co). Note that

P{T =00} >0, k<S8,

P{T = 0o} =0, k>8.

We will show that the two distributions are absolutely continuous if viewed as measures on curves up
to time T,. Also, on the event {1 = oo}, the measures on the full curves are absolutely continuous.

We will start by doing some computations that are valid for all x for ¢t <T. We will use some
deterministic results from Section 1.8.7 which we now recall. Let D, = ¢g,(D) = H \ K; where
K; = g(K). Let & = ®p, which is the unique conformal transformation of D; onto H with
Di(z) = z+0(l),z — oo. Let v*(t) = ®(v(t)) and H = ®(H; \ K). Let gf : H — H be the
conformal transformation with g;(z) = z + 0(1), 2 = oco. Then (1.45) tells us that

t , (I)/(Ut)2
hcap[y}] = a/ (I>; U, st, 0:g; (2) = - ¢ o 3.38
[ t] 0 ( ) tgt ( ) ; (Z) Ut ( )

where U} = ®,(U;). (Here we have replaced the factor 2 with the factor a because we are growing
our curve so that the hcap grows at rate a.) We will use the following deterministic results which
are restatements of (1.46) and (1.47), where they are stated for a = 2,

y(U;) = lim ®4(2) = —%a Y (Uy), (3.39)

z— Uy

. o 2 2
AR L

= S 2 e (3.40)

We have mentioned before that the capacity parametrization of a curve depends on the domain.
We have parametrized v so that the half plane capacity of 4; in H (from infinity) grows at rate
a. We can interpret (3.38) as saying that the capactiy of v; viewed as a curve in D grows at
rate a ®}(Uy)?%.
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Theorem 3.5.1. Suppose v(t),0 <t < T is a solution to the Loewner equation (3.35) where the
driving function U; satisfies

(I)//(Ut)
dUy = b —L

L)
where Wy is a standard Brownian motion. Then ~ has the distribution of SLE, in D up to time
T. Here b= (3a — 1)/2 is the boundary scaling exponent.

Proof. Ttd’s formula and (3.39) give

dt +dWy, t<T,

. 1
;= dw(U)] = |$(0)+ 5 B0 dt-+ ¥03) av

= —b®)(Uy) dt + TY(Uy) dU;
= DU dW,. (3.41)

Let ~*(t) = ®[y(t)] with corresponding conformal maps g; as in (3.38). Let 4(¢t) = v*(c(t)) where
the time change o(t) is chosen so that hcap[%;] = at, that is

a(t)
/ (U, ds = t.
0

In other words, U* is a continuous local martingale with quadratic variation

(U = /0 &' (U,)? ds = heap|]]

Using scaling (Proposition 3.1.1), we can see that v* is (a time change of) SLE,. O

Here we are using It6’s formula on a function ®;(-) that is random but adapated to the Brownian
motion. The results (1.46) and (1.47) show that these are C! in ¢ and hence the usual proof of
It6’s formula is valid. We will often write quantitites such as ®;(U;); this denotes the function
®,(z) evaluated at the point z = Uy. The time derivative is not taken on the (in fact, not even
differentiable) function Us.

The following is an immediate corollary since b = 0 if k = 6.

Theorem 3.5.2 (Locality for SLEg). Suppose v is an SLEg in H and T is defined as above. Then
the distribution of yr is the same as the distribution of SLEg from 0 to oo in D stopped at the first
visit to K.

The two distributions are clearly different after time T since SLEg in D “bounces off” K which
SLEg in H does not see K.

This is somewhat analogous to a reflected Brownian motion in a domain D. Such a Brownian
motion does not “see” the boundary 0D until it hits it, that is, the distribution of the path
before the hitting time is the same whether or not the boundary is there. For other values of x,
the SLE, does feel the boundary before reaching it.

The discrete model that satisfies the locality property is the percolation exploration process and
this is why & = 6 is the natural choice for the scaling limit.
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3.5.3 The fundamental local martingale

In the section we will do one of the early fundamental calculations about SLE. It was first done
when the restriction property was conjectured for SLEg/3; more precisely, it was conjectured that
the scaling limit of self-avoiding walks would be a probability measure on simple curves and that
the restriction propertry, which held trivially on the discrete level, would also hold for this process.
So it was asked which valuse of k give a process that satisfies restriction. If it did it could be shown
that there must be a 8 such that the probability that SLE, does not hit K is ®(0)%. Using the
conformal Markov property for SLE, that would imply that M; = ®(U;)” was a martingale.

Using this as motivation, we will consider for all x what happens when one tilts by ®'(U;)®.
This is not always a local martingale but by choosing an approriate value of § we can also find
the compensator to make this a martingale. Recall the exponents b, c defined above. The next
proposition is an exercise in It6’s formula using the deterministic identity (3.40).

Proposition 3.5.3. Suppose D is as above and g, satisfies (3.35) where Uy is a standard Brownian
motion. Let

¢
M; = ®}(Uy)? exp {—Cllg/ S@S(Us)ds} , t<T,
0
where b is the boundary scaling exponent, c is the central charge, and S denotes the Schwarzian

derivative
B f’”(Z) 3f”(2’)2

ST =5 "o
Then M, is a local martingale for t < T satisfying
(I)//(Ut)
dM; = b———> M, dU;. 3.42
L gy M 42

Proof. This is a straightforward calculation. Let ty(z) = ®}(2)?. Then, using (3.40) we see that

. () _ a®)(U)*  209{(U)
UeU) = Bun(Un) g 7y = B e(T) [m;(Uf)? 30(Uy) } ’
Wi(2) = Baulz) 21((5))

()2 ",
16 =50 (6D g + Gy

Therefore, I1t6’s formula gives

s = sy ([LHB2HGE 3-t GON GH0,)

4 P (Uy)? "% P (Uy) L (Uy)
The term inside the square brackets can be written as

3 —4a 28+ 1 —3a @ (U;)?
S, (U, .
6 o(Us) + 4 ()2
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If we choose 8 = b = (3a — 1)/2, then the second term vanishes and we have

3—-4 (U,
doL(U)° = LUy |b L S$®,(Uy) dt + b i( t) dU;
®3(Ur)
(I)//(Ut)
= U |2 8D, (Uy) dt + b2t au, |
t(Ut) |:12 S t(Ut) + Qé(Ut) Ut
Given this, the computation for dM; follows from the product rule. O

One surprise that comes from the calculation is that choosing 8 = b not only makes the com-
pensator term nicer, it also gives the equation (3.42) which tells us what the drift will be if we tilt
by M, and use the Girsanov theorem.

Proposition 3.5.4. Under the assumptions of the previous theorem, if v is an SLE, with driving
function Uy = — By, and if we tilt by the local martingale My, t < T, then

CI)”(Ut)

AU, = b =L
(A

dt + dw,,

where Wy is a standard Brownian motion in the new measure. In particular, in the new measure,
v is SLE,; in D stopped at time T .

Proof. The equation for dU; follows immediately from the Girsanov theorem and the last comment
follows by comparison with (3.5.1). O

The proof of Proposition 3.5.3 was a straightforward, if a bit tedious, calculation. We will give
a more geometric and probabilistic interpretation to the compenstor term in the martingale. We
start by recalling theh relationship among S®, half-plane capacity and “Brownian bubbles”. If
D = H\ K is a subdomain of H (not necessarily simply connected) with dist(0,H \ D) > 0, we
define
[(0, D) = heap[~1/K] = limy™ E* [Im(~1/B;)],

where B, is a standard complex Brownian motion, 7p is the first exit time from D. Recall that
Im(—1/2z) = Hy(z,0) where H denotes 7 times the Poisson kernel. This can be interpreted as the
measure of Brownian bubbles at 0 in H that do not stay in D. We recall (4.11).

e Suppose D is a simply connected subdomain of H with dist(0,0D) > 0. Let ® : D — H be a
conformal transformation with ®(0) =0. Let D' = {—1/z:z € D} and K’ =H\ D’. Then

T(0, D) = heap(K') = —é S3(0).

We can write the martingale in terms of the Brownian loop measure discussed in Section 4.2.
By (4.17), we can see that

t
CL/ F(Utth> ds = A(HvH\D77t)a
0

where the right-hand side is the Brownian loop measure of loops in H that intersect both H \ D
and 7. This representation focuses on the first point of the curve « hit by a loop. (The factor a
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is there because we have parametrized our curve so that the capacity grows at rate a.) For this
reason, we will write our local martingale as

(o
My = @4(U,)" exp { S AMH\D,v)}, ¢<T,

where T is the first time that v hits K. One advantage of this representation is that looks the same
for all parametrizations of the SLE curve. This local martingale is valid for all kK > 0, but for k <4
it is a martingale.

Theorem 3.5.5. Suppose 0 < k < 4 and D = H\ K is a simply connected domain with K bounded
and dist(0, K) > 0. Let ®p : D — H be the conformal transformation with ®p(z) = z 4+ o(1),z —
oo. Let v denote an SLE,, curve from 0 to co in H. Let

My = exp{gA(H;K,fy)} {yNnK = 0}.

Then,
E[My] = @ (0)°.
Moreover, if () denotes the probability measure
dQ My M
dP My  @5(0)°’

then with respect to Q, v has the distribution of SLE, from 0 to oo in D.

Proof. We first make a remark about SLE, in D. Let 77 denote an SLE,; from 0 to co in H and
n= <I>151 on. Then n has the distribution of chordal SLE, from 0 to infinity in D. It follows from
Corollary 3.4.2 that with probability one, dist(n, K) > 0 and 7 — oo as t — oo. In particular,
I'H; K,n) < oo.

We now prove the theorem. Recall that ®}(U;) denotes the probability that a Brownian excur-
sion from Uy to infinity in H stays in the domain D;. In particular, 0 < ®}(U;) < 1. If ¢ < 0 and
b > 0 (that is, if 0 < k < 8/3), then M; is a bounded local martingale. However, for 8/3 < xk < 4,
we have ¢ > 0 and hence M; is not uniformly bounded. However, even if this case, we can find a
sequence of stopping times T, with 7T}, T T such that M7, is bounded. For example, we could
choose

T, = n Ainf{t : My > n or dist(y, H\ D) < 1/n}.

For each n, there is a probability measure @, on paths 7,0 <t < T,, given by

M,

dP.
My

dQn =

Using the Girsanov theorem and (3.42), we see that if

LU
Wt = Ut —/0 b q)g(Us) dS,

Then Wy, 0 < t < T, is a standard Brownian motion with respect to the measure @,,. In other
words,

AU, = b[log ,(Uy)] dt + dW.
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Note that T;, does not appear in this equation so we can consider @) as a measure on paths v(s),0 <
s < T satisfying the above SDE. This is exactly the equation one gets in Proposition 3.5.1. This
shows that up to time 7}, the @Q-distribution of v is that of SLFE, in D. But, as we remarked in the
first paragraph of this proof, with probability one in this new measure, the path stays a positivie
distance away from K and goes to infinity. When this happens, we see that M,, — My, where My,
is as above.

To be a bit more precise, the martingale convergence theorem tells us that with P-probability
one, the limit Mp_ exists. Also, we see that M; is tight with respect to the measure ; indeed we
have M; <1 for k < 8/3. For 8/3 < k < 4 with ¢ > 0, we have with Q-probability one T" = oo and

M; < eXp{gA(H;K,W)}-

Therefore with QQ-probability one the limit MOO = limy_, oo M; exists. We will have Moo = My, as
above provided that ®'(U;) — 1. Since we know we have convergence and exp {gA(H; K, 'yt)} is
increasing in ¢, it suffices to show that limsup ®(U;) = 1 and we can do a deterministic estimate
taking a conveninent increasing sequence of stopping times, e.g., the first time that curve reaches
the circle of radius R.

O

Theorem 3.5.6. (Restriction property) Under the assumptions of the previous theorem, the only
value of k < 4 such that SLE, from 0 to oo in D is the same as SLE, from 0 to co conditioned to
avoid K is k = 8/3. If v is an SLEg/3 path, then

B{y N K # 0} = ) 0)7".

For k < 4 with k # 8/3, there is simple formula for P{y N K # (}. This is the primary reason
that SLFEg/3 is the conjectured scaling limit for self-avoiding walks.

Here are the ideas of stochastic calculus used in the last proof.

Suppose X, satisfies
dXt = My dt + dBt,

where By is a standard Brownian motion and m; is adapted. Suppose ¥, is a positive function
and T is a stopping time such that for t < T,

AV, = U, [A,dB, + Ry dt].

Then the measure ) obtained by “tilting by ¥U” will mean the measure obtained by tilting by

the local martingale
t
M; = U, exp {—/ R ds}
0

dM; = Ay My dBy.

which satisfies

If T is not given explicitly, we let 7" = lim. o T, where

T. =min{t: M; < eor M; > 1/e}.
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By the Girsanov theorem,
dBt:Atdt+th, t<T,

where W; is a standard Brownian motion with respect to @. In particular,

dX; = [my + Ag]dt +dWy, t<T
The martingale convergence theorem implies that with P-probability 1, the limit
Mr = }51%1 M,
exists. If we also have tightness in the measure @), that is, if M* = sup, M,
13551 Q{Te < oo} =0,

then we also have that convergence to M., with probability one with respect to Q) and

_

My, = =%,
dP

3.5.4 The chordal partition function (in simply connected domains)

The term partition function in statistical mechanics is ofteen used for the total mass of the measure
for some weight on discrete models. It often depeends on a parameter such as inverse time and
perhaps the lattice spacing. We will use the term here for the total mass of a nonprobabilty measure;
in some cases it is conjected to be the normalized limit of a lattice partition function. We will define
it for all x but the meaning will be clearest for kK < 4 as we will see in the next subsection. For now
we will define it only for simply connected domains, and some smoothness assumptions are needed
on the boundary. We start with the assumptions.

Definition Suppose (D, z,w) € Qgc.
o If w # oo, and 0D is locally analytic in neighborhoods of z,w, then (D, z,w) € Q,.

e If D C H, H\ D is bounded, and 0D is locally analytic in a neighborhood of z, then
(Da Za OO) € Qa-

Definition Suppose 0 < k < 4 and (D, z,w) € Q,. We define the SLE,; partition function by

o If w # oo, then
U(D; z,w) = Hp(z,w)°, (3.43)

where Hp(z,w) denotes the Poisson kernel normalized so that Hy(0,x) = 272

o If w=o00and ®p : D — H is the conformal transformation with ®p(¢) = (+o0(1) as { — oo,
then
W(D; z,00) = Wy(D; 2,00) = |Pp(2)|".

We make some remarks.
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e Although ¥(D; z,00), depends on k, we will usually write them without the .

e It may seem to be a waste of notation to use a letter ¥ to denote the right-hand side of (3.43).
However, when we extend the definition of W(D; z, w) to multiply connected domains we will
see that (3.43) does not hold.

e If D1 C D and D1, D agree in neighborhoods of z,w, then

HD (Z,U))
Hp,p(z,w) = m

gives the probability that a Brownian excursion from z to w in D does not hit D\ D;. Hence
it is possible to define

o w z,w)]?
V(D1 | D;z,w) := Dz v - [ZDDI((Z 7“’))]

S D) (3.44)

even if D € Q. \ Q. (again, assuming that D, Dy agree in neighborhoods of z, w).

o If (D,z,w),(D1.21,w1) € Qy and f : D — D is a conformal transformation with f(z) =
215 f(w) = wy, then
W(D; z,w) = | () |f ()" U (Dr; 21, w1). (3.45)

If w,wy; # oo, this follows from the corresponding scaling property of the boundary Poisson
kernel. Although the map f is not unique, the product |f’(2)||f’(w)| does not depend on
the choice. One can choose a unique f by requiring that |f/(w)| = 1; for this particular,
choice we get W(D; z,w) = | f'(2)|® ¥(Dy; 21, w;). This formula also holds, if either or both of
w, wy equal infinity provided we choose the correct analogue of the derivative. It is easiest to
choose the unique f such that “|f’(w)] = 17. If w = w1 = oo, then this becomes the familiar
condition

f(O=¢+0(1), ¢— o0

If w # 00, w1 = 0o and n denotes the normal derivative at w, the condition becomes
i
flw+en) = +0(1),

and if w = oo, w; # oo, we get a similar condition on f~!. We will write (3.45) with this
understanding about derivatives at infinity.

e For example if f(z) = z/(1 — z), which is the Mobius transformation of H with f(0) = 0 and

fl+ei) = z,

then f/(0) =1 and

1 = Hy(0,1)" = U(0,1) = |f'(0)]° ¥ (0, 00) = ¥g(0,0).
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We will see an interpretation of the partition function as a total mass of a measure in the next
subsection. Even when this interpretation is not available, one can use the partition function as
a way to write the (local) martingale used to tilt paths to go from one type of SLFE, to another
SLE,. The case we have seen is comparing SLE, from 0 to oo in D to that in H. The local
martingale M; can be written as

\IJ(Dﬁ ’Y(t)v OO)

M = C -2t I\ )
t= O @A (8), 00)

(3.46)

where Cy is C! in t. In other word,

e Different versions of SLE, (with the same ) tend to be “locally absolutely con-
tinuous”. One type of SLE, is obtained from another type by tilting locally by
the ratio of the partition functions.

Sometimes a compensator C; will be needed but not always.

3.5.5 The SLE, measure for k < 4

While the partition function is defined for all x, we will see that for x < 4 it can be used to
redefine SLFE, as a nonprobablity measure whose total mass is given by the partiition function.
For this section we will assume that 0 < x < 4, and as before we will write uﬁ(z,w) for the
probability measure associated to chordal SLE, in D from z to w with the curves parametrized by
the Minkowski content (naturally). This assumes that (D, z,w) € Qg.. If z,w are nice boundary
points, then it is convenient to consider a nonprobability measure on paths. We first define nice.

Definition Suppose 0 < k < 4 and (D, z,w) € Q,. The SLE, measure up(z,w) is defined by

MD(Z,U)> = /’LD,N(va) = \II(D7Z7w) ,LL%(Z,'LU)

We make some remarks.
e As in the previous subsection, it is possible to define the ratio

po, (2, w)[V]
po(z,w)[V]'

even if the two measures up, (z,w), up(z,w) are not well defined. Indeed,

up(zw)[V] e, (2 w) V] W(Dy; 2, w)
o, |p(z, w) == ooV EwV] YDiew) (3.47)

where the right-hand side makes sense using (3.44).

o If (D,z,w),(D1.21,w1) € Qq and f : D — D; is a conformal transformation with f(z) =
Z1, f(’ll}) = Wi,

foup(zw) =P (W) ppoy(f(2), f(w)),

where the derivatives are interpreted as above.
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We now restate the results of the last section in terms of the measures pp(z,w). As a slight
abuse of notation, we will write v C D to mean that the curve lies in D except perhaps the
endpoints. For example, since k < 4, the measure pup(z,w) is carried on curves v with {y C D}.

Theorem 3.5.7. Suppose 0 < k < 4, (D, z,w) € Q, and D' C D 1is a simply connected domain
that agrees with D in neighborhoods of z,w. Then up (z,w) < pp(z,w) with

dpp (2, w)
dpup(z, w)

In particular, if Kk = 8/3,

() =17 € D'} exp {SA(D:7. D\ D))}

d:U’D’(Zv ’U))

dip (2 ) (v) =1{rCc D'}.

The last part of the theorem is the most succinct way of stating the restriction property for
SLEg)s: if D' C D, then pp(z,w) is the restriction of up(z,w) to curves that lie in D’.

We now return to the martingale in the previous section. Suppose that D = H \ K is a simply
connected domain with K bounded and dist(0, K') > 0. We can write the martingale as

M, = ®(U,)" exp{ A(H: %,K)}, t<T.

As before, we write P for the original probability measure and ) for the measure obtained by tilting
by M;. Since k < 4, we know that with Q-probability one, dist(Veo, K)0. and A(H; v, K) < o0.
In particular, with P-probability one

lim M, = 0,

4T

on the event {T' < co}. For this reason we can write

M, = ®,(U,) exp{ AH; e, )} 1{y; c D},

and stop the martingale at time 7" knowing that M7 is a continuous martingale. Since time
changes of martingale are martingales (under suitable conditions), it does not matter how we
parametrize ;. Let us assume that + has the natural parametrization so that, in particular, the
parametrization is the same whether we consider v as an SLE path in H or an SLE in D. Note
that if £ < T, then

U(Dy;Up,00) _ W(D\ y79(t), 0)
U(H, Up,00)  W(H\ ys;7y(t),00)

Dy, (U,)" = U(Dy; Uy, 00) =

The numerator and the denominator of the expression on the right do not technically make sense,
but the ratio is well defined by (3.44). Formally, we can write

V(D \ (1), 00) _ lgr(v())"1g4(00) | ¥(Dys Ugso0) _ oo
B\ (0, 00) GO o)l UH: o) U o0)

if we are willing to cancel the |g}((t))|” even though this derivative does not exist. We will reiterate
this as a proposition, replacing (H, D) with a more general (D, D).
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Proposition 3.5.8. Suppose (D, z,w) € Q, and D; is a simply connected subdomain of D that
agrees with D in neighborhoods of z,w. Suppose S is a stopping time and pup,(z,w), up(z,w) are
viewed as measures on the stopped paths v(t),0 <t < S. Then

dpp,p(z, w)
dHD (Z7 w)
This proposition does not care how the curves were originally parametrized since it refers to

the stopping time S. The assumption (D, z, w) € Q, can be replaced with (D, z,w) € Qg provided
that we interpret the left-hand side as in (3.47).

Proposition 3.5.9. Suppose (D, z,w),(D1,z,w1) € Qu with D1 C D and such that D and D
agree in neighborhoods of z,w. Suppose S is a stopping time and pp,(z,w1), up(z,w) are viewed
as measures on the stopped paths (t),0 <t < S. Then

(vs) = ¥[D1 \vs | D\ vs;7(S), w] exp{gA(D;’YS,D\DD} {~s C D1}.

d/,Lpl(Z,wl) ( ): WD1\75(7(S)7W1)

dup(z,w) Uy (7(S), w) eXp{gA(DWS’D\Dl)} K{vs C D1}

3.5.6 SLE in H connecting two real points

In this subsection we will view SLE, in H from 0 to « > 0 as SLE, from 0 to oo weighted by the
partition function. Here we will take any x > 0 and let 7' = inf{t > 0: y(t) € [x,00)}. For t < T,
we let H; be the unbounded component of H \ v; and we consider the local martingale

_ \IlHt(’Y(t)vr)
Y, (7(t)7 OO) ’
which is in the form similar to (3.46). It may not be obvious that this is a local martingale and

no compensator is needed, or even that it is well defined. To justify this, we first do the formal
calculation

Vi, (1(0).2) _ IO @) Ya Ui @) _ i
T (10,00) |G gh(00) WilUp0c) 40 A = ol X

where X; = g;(x) — Uy. This shows that M; is well defined and this allows us to use It6’s formula
to show it is a local martingale.

t t<T

Proposition 3.5.10. If M; = g,(z)" th_3“, then M, is a local martingale for t <'T satisfying
1—3a

t

AM; =

M;dB;, t<T.

Proof. 1t&’s formula and (3.7) give

dX; +

_ _3q |1 —3a 3a(3a — 1)
Xm 3a  _ Xl 3a dt
t t X, 2 X}

_ ab 1—-3a
= X} [th dt + X, dBt}

ab
3t9£(37)b = X2
t

and hence the proposition follows from the product rule. ]

dt,
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If we use the Girsanov theorem to tilt by M, we see that

1 1-2
3 gt + Wy, dX, — ¢
t t

dB; =

dt + dWy, (3.48)

where W} is a standard Brownian motion in the new measure. We emphasize that this description
is valid only up to time T'. Although we will not prove it now, we explain what this means in the
three regimes. When we talk about “time” we mean in the usual capacity parametrization such
that hcap[y;] = at.

e 0 <k <4,a>1/2. This process stops in finite time and v(7") = x. The amount of time to
reach z is finite.

e 4 <K <8,1/4 <a<1/2. The process stops in finite time but v “overshoots” z, y(T') > x.

e k> 8,a < 1/4. Here the process survives for infinite time. This can be understood in the
plane filling nature of the path. By the time SLE, going to x reaches z it has to visit all
other points in the plane and hence has infinite capacity.

We summarize as follows.

Theorem 3.5.11. Suppose 0 < k < 8 and x > 0. There are three different ways to construct
SLE, from 0 to x in H up to time T =T,.

1. The conformal image of SLE,, in H from 0 to x under the transformation ®~1 where

rz

P(z) =

z—x
2. The solution of the Loewner equation (3.1) where X; := gi(x) — Uy satisfies

2 1 -
0%, = 22 gt + dp, = L=
X

dt + dB;,
t

and By is a Brownian motion. Equivalently, U; satisfies
20 —1

t

dU; = dt — dB;.

3. Take SLE, from 0 to oo in H and tilt by Hg (0, X;)P.

Proof. Note that @ is the conformal transformation of H onto H with ®(0) = 0, ®(c0) = —x, ®(z) =
0. Let = &1 Let v be an SLE, path from 0 to oo and as in Section 1.8.7, let v*(t) = F(y(t)).
As before, for t < T, let g; be the conformal transformation of the unbounded component of H \ ~;
satisfying g;(z) = z + o(1), 2 — oo, and let F; = gf o F o g;*, U} = Fy(U;). Then, Itd’s formula as
in (3.41) shows that

dUF = —b F!'(Uy) dt + F!(Uy) dUL.

If we reparametrize, setting 4(t) = v*(o(t)) so that hcap[y;] = at, then we get
Usy) o) (Uy)

F
AU, = —b 2D 707 g aw, = 5 S8 gy 4 gy,
Fy iy WUon)? (V)
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where <i>t = Fgfé) and W; is a standard Brownian motion. Note that <i>t is a conformal transformation
of H with ®;(g:(x)) = oo where g, = g;( . There is a two-parameter family of such maps, but for

each one,

If we let Xy = g4(z) — Uy, then we get

2
dX; =~ dt +dB,,

¢
where By = —W;. The upshot of this is that if we let g; be the solution of the Loewner equation

(3.1) with U, satisfying

2b 3a—1
= — — B =
dUy X, dt — dBy

dt — dBy,
t

for a standard Brownian motion, then the distribution is the same as the image of SLE, in H
from 0 to oo under F'. In other words, this gives the distribution of SLFE, from 0 to x up to time
T = inf{t : X; = 0}. To see that this is the same as tilting by M, see (3.48).

This shows the equivalence of the first two definitions and the third follows from Hy(0,2) = =~
and It6’s formula which shows that

2

dX;% = X% 2 dB; + 26(2b + 1)

———=dt| .
X, 2X?

3.6 Radial SLFE

Chordal SLE, is a measure on curves connecting two boundary points of a domain. Radial SLE
is a similar construction, but in this case connecting a boundary point to an interior point. There
are several ways to construct the measure. We will start with the original definition in terms of a
process from the boundary of the unit disk to the origin and then we will give another construction
that shows that radial and chordal SLE are locally absolutely continuous. Recall the discussion of
the radial Loewner equation in Section 1.8.8.

Definition If k = 2/a > 0, then radial SLE, is the solution to the Loewner equation

e?Vt + g,(z2)

T gy (2)’ 349

9t(2) = 2a g(2)
where Uy = — By is a standard Brownian motion.

There exists a curve 7 : (0,00) — D with y(0+) = €Y such if D; is the connected component
of v\ 7 containing the origin, then g; is the unique conformal transformation of D; on D with
g,(0) = 0,g,(0) > 0. The curve has been parametrized so the g;(0) = ¢2**. An equivalent (up to
time change) definition, and the original one due to Schramm, is parametrize the curve so that
g1(0) = €' and then to let g; be the solution of

wy + ge(2)

9:(2) = gi(2) we — gi(2)
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where w; is a Brownian motion on the unit circle with variance parameter k. We will use (3.49).

Recall that if h; is defined by

g0(€*%) = exp {2ih(2)} ,

then h satisfies the equation ‘
hi(z) = a cot(hi(z) — Uy),

that is, if X; = Xy(2) = he(2) — Uy, then X, satisfies the radial Bessel equation
dX; = a cot X; dt + dB;. (3.50)
Note that if # € R, then

. a h}(6) . t ds
0= e -ty M T {“/o sin? (e (0) = U1) } |

and since |g}(e??)| = h}(0),

91(e*%)] = exp {_a/ot sin2<hs(<1;> —0,) } | (3:51)

In Section 3.5.6, two SLE, paths in H with different boundary “target points” were compared.
The measures on paths were locally absolutely continuous and could be described using a local
martingale obtained by the ratio of the partition functions. We will do the same thing here with
one of the target points being an interior point. Along the way we will have to determine the radial
partition function.

Suppose that Uy = 0 and let wy = %% with 0 < 8y < 7. We will compare radial SLE,, from 0 to
oo with chordal SLE, from 0 to wy. Suppose 7 is chordal SLE, from 0 to wy and we parametrized
the curve using a radial parametrization with respect to 0. In other words we parametrize so that
the conformal radius at time ¢ of D\ 7; with respect to the origin is e72%’. Let D; be the connected
component of D \ v, containing the origin and §; the unique conformal transformation of D; onto
D with §(0) = 0 and define ©; by §;(wp) = €*©t. Let T be the first time ¢ that +; disconnects wg
from the oirign We have seen in (3.12) that ©; satisfies

de; = (1 — 2@) cot Ordt +dW;, t<T

where W; is a standard Brownian motion. However, if it were radial SLE, we see from (3.50) that
is should satisfy
Cl@t = a cot @t dt + dBt (352)

To get from one to the other, we use the Girsanov theorem. We want to get a drift of (1—3a) cot Oy
and this leads us to tilt by sin®*~! ©,. We omit the proof of the next proposition which is an exercise
in It6’s formula. It uses another scaling exponent so we will define it first.

Definition The interior scaling exponent b is defined by

- 1l—a K—2
b= b= b.
2a 4
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Proposition 3.6.1. If

- t d . .
M; = % exp {ab/ 28} [sin ©;]3071 = 248 | g/ (wp)| 7P [sin ©4]3 7, (3.53)
0

sin® O
where b = b(k — 4)/2 is the interior scaling exponent, then My is a local martingale satisfying
dM; = [cot ©4]3*"! M, dB;.

Proof. The first equality is an exercise in [t0’s formula which we omit. The second follows from
(3.51). O

We can think of this proposition as the computation of the interior exponent l~); it is the unique
number such that M; as defined in (3.53) is a local martingale.

Girsanov’s theorem now shows that radial SLE, can be obtained from chordal SLE, up to a
stopping time by tilting by M.

Definition Suppose D is a simply connected domain, z a locally analytic point on 9D; and ( € D.
The radial partition function ¥(D;z,() is defined by ¥(ID;1,0) = 1 and the scaling rule: if
f:D — f(D) is a conformal transformation,

Up(2,0) = U(D;2,C) = | P 1F(QP C(F(D); £(). Q).

We will give another interpretation which helps understand how to view this local martingale.
Recall that the partition function for chordal SLE, from 1 to wq is Hp(1,wp)? which (see Section
1.11.1) is a constant times [sin §]~2° = sin' 3% 0. Hence we can write

My _ g (O)P Un(1,we) _ Wp,(v(£),0)
Mo gy (wo)[® ¥n(1,w)  Wp,(y(t), wo)

Proposition 3.6.2. Suppose v is a chordal SLE, curve with distribution ug(l,w) where w =
e?®0 0 < Oy < w. Let € > 0 and let T be a stopping time such that dist(0,v¢) > € and w is on
the boundary of the connected component of D\ vr containing the origin. Then radial SLE, from
1 to 0 is D, viewed as a measure on paths y(t),0 <t < T, is absolutely continuous with respect to
ug(l, w) with Radon-Nikodym derivative

My

. L, Up(l,w) ; T ds sin O7 %!
1OV 1 ()b YL w) ey L
My 19:(0)]” gy (w)] Wp (1, e2Or) € exp{ab/o Sin2 @S} [sin@o} :

Recalling that a = 1/3,b = b =0 for k = 6, we get the following corollary.

Corollary 3.6.3. Let T be the first time t that w is not on the boundary of the connected component
of D\ Dy containing the origin. Then the distribution of chordal SLEg¢ and radial SLEg up to time
T is the same.
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After time T the distributions are different because chordal SLFEg goes toward w while radial
SLEg goes toward the origin.

For k > 4, we can compare radial SLE to chordal SLE only up to the point that the curve
separates the boundary target point from the origin. However, at this time, we can choose a new
boundary point in the domain D7 and compare to that, stopping when the curve close the new
point. Alternatively, we can go until we almost separate the boundary point from the interior
point and at that time change to a new target point. The key point is that the path is absolutely
continuous with respect to some chordal SLE, path and almost sure facts about chordal paths also
hold for radial paths. For example, radial SLE, paths have fractal dimension d = 1 + § and can
be parametrized naturally (by d-dimensional Minkowski content). The following can be proved but
we omit the proofs.

Proposition 3.6.4.

1. The radial Green’s function

Gp(¢;1,0) = nfol rd=2 P{dist(¢, ) < r}
exists for ¢ € D\ {0}. Moreover,

/DGD(C; 1,0) dA(¢) < oo.

2. With probability one, the path is continuous at the origin.

Definition For k < 4, we define the radial SLE, measure up(z,w) where z € 0D, w € D, by

pp(z,w) = Up(z,w) 1 (z,w).
Here ¥ p(z,w) is the radial partition function as above and ,u%(z, w) is the corresponding probability
measure. Then we can write

fouh(zw) = £ ) f )Py (£(2), f(w)),

fo MD(Z7w> = :U'?(D)(f(Z% f(w))7

where the first relation requires that the boundaries be nice at z, f(z).

3.6.1 Fundamental local martingale and radial restriction

We are going to consider the fundamental local martingale and the restriction property for radial
SLE,. While this could be done directly using stochastic calculus we will take a short cut that
allows us to use the local martingales that we have already defined.

Suppose D = D\ K is a simply connected subdomain of the unit disk including the origin, with
dist(1, K) > 0. Let ® = ®p : D — D be the conformal transformation with ®(0) = 0, ®’'(0) > 0.
Let (t) be a radial SLE,, path from 1 to 0 in D and let 7" = inf{¢ : dist(y(¢), K) = 0}. It will not
be important for use the exact parametrization; it can be by capacity or by Minkowski content.
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Let D; = g¢(D). Let v*(t) = ®(y(t)) and ®; = g o ® o g; . Note that ®; : D; — I is the unique
conformal transformation with ®,(0) = 0, ®}(0) > 0.
As in the chordal case, we will consider the ratio of partition functions,

YD\, (11),0) _ 1910 [gh(O) ¥, (21, 0)
Yo\, (7(8).0) g (30)I? Ig3(0)]P Wi (=1, 0)

where z; = gi(7y(t)). We can also, at least for small ¢, take another boundary point wy, let w; =
gt(wp) and write

= Up, (2,0) = |} (21)|” 4(0)".

o\ (7(2),0) -
2 Dl L Ny Ry N,
Upo, (1(8),0)

where
N, = \I}D\'yt (V(t)a 0) R, — \IID\'yt (V(t)7 wt) N o \IIID)\’yt (V(t% wt)

- ‘IJD\% (’Y(t)v wt)’ - \I’D\’Yt (’Y(t)’ wt) ’ . \IJ]D)\% (’Y(t)’ 0) '

We then do a series of tilting starting with the probability measure for radial SLE, from 1 to
0 in D.

e In this measure, N, is a local martingale, and if we tilt by this we get chordal SLE,, from 1
to wy.

e If we are in the new measure, and
~ c
My = 1{v Cc D} exp{§ )\D('yt,K)} ,

, then M; is a local martingale in the new measure and tilting by M, gives a new measure
that is chordal SLE, from 1 to w in D.

e Finally in this newer measure, IV; is a local martingale, and tilting by N; yields SLE, from
1to0in D.

Combining this we see that if
~ ~ C 7
My = Ny My Ny = {5 € D} exp { S Ao, K) | [@4(z0)]" @) (0,

then M, is a local martingale and tilting by M gives SLE, in D from 1 to 0. We summarize here.
We state the theorem for radial SLE,; from 1 to 0 in D but it clearly applies to other domains by
conformal invariance. We have stated the proposition so that the parametrization of the curve is
not important.

Proposition 3.6.5. . Suppose D is a simply connected subdomain of D with 0 € D and dist(1,D\
D) > 0. Let y(t) be a radial SLE,, path from 1 to 0 and let T be the first time that v hits D\ D.
Let Dy = g4(D), z = g¢(v(t)), and let &, denote the conformal transformation of Dy onto D with
®,(0) =0,9,(0) > 0. Then,

M, = {3 € D} exp {5 ho(w. K) } 194(z0)]" @40,

is a local martingale for t < T. If one tilts by My, then in the new measure y(t),0 <t < T is an
SLE, from 1 to0 in D.
If k < 4, then T = oo in the new measure and

E[Ma] = E [{3 € D} exp { S An(7 K) }] = @h(0)° 241"
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3.7 Computing an expectation
Here we use stochastic calculus to compute an expectation for chordal SLE with « < 8.

Theorem 3.7.1. If k<8, 0<x <y, A > —(a— %)2/2a, and v denotes an SLE, path from 0 to
oo in H, then

Hyp\ (7, 9) A . _ T'(2a)T'(4a+2r — 1) , _
E [(W) aHH\'Y(JJ,y) >0 = F(2r + 2a) F(4a _ 1) (z/y) F(27"a 1 —2a,2r + 2%1’/34)7

1 1\?
r:2—a+\/(a—2> + 2\a,

is the larger root of the equation r(r — 1)+ 2ar — 2a\ = 0 and F = oF denotes the hypergeometric
function.

where

An important case is A = b = (3a — 1)/2 for which r = a and

I['(2a)T'(6a — 1)

E > ;HH\"/(:C,?J) > 0] - F(4CL> F(4a o 1) (ﬂj‘/y) F(Qaa 1- 2&,4@; :v/y)

(HH\')/(x’ y)
HH(Z',Z/)

It is instructive to see what happens as k — 0, that is, as a — oco. In this case, if u =a — %,

2A(u + 3)

r=-u+ui{/l+ 5 =A+o(1).

u

As k — 0, we expect that H \ v has a “limit” of D, the northeast quadrant, since v has a limit
of the imaginary axis. Using conformal invariance, one can see that

Hp(z,1) ~x Hy(x,1), = l0.

Proof. Note that Hp (7, y)/Hu(z,y) denotes the probability that a Brownian excursion from z to
y in H stays in H \ v. Scaling shows that its distribution depends only on the ratio z/y so without
loss of generality, we will assume that y = 1. We will use

N | =

r+a>

Let Xy = g1(x) — U, Yy = g(1) — Up. Let Ky = Ki(x,1) be the probability that a Brownian

excursion from x to 1 in H stays in H \ v, that is,

H]HI\'yt (.’E, y)

Hu(z,y) (y —)? Hy\y, (2, y) = Koz, y)

Ki(z,y) =

A
=
|
3<
S—
l\D
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We need to compute ¢(z) = ¢y x(z) =E [KQO, Ky > O] .
The Loewner equations give

1

a—3 1 A ag; ()
d[log Xy] = X7 —i—ZdBt, g (x) = — X7
and similarly for Y;. If Q¢ = X;/Y}, Ly = log @4, we have
a—3%+ a-13 Y — X
L = 2 _ 2 L 2taB,.
dL; [th V2 dt + XY, dB;
1 2
a—§ 1_Qt 1 1_Qt
= dt + — dB
2o Q7 i Q
_1 _ 2 _
_ ¢ 2 [1 Qt:| 1+Qtdt+i1 Qtch
Y, Qt 1-Q: Y: @
and,
2 1 1
K} = oK |— — — — —
et = o |- - ]
_a)\(l—Qt)Q
Y72 Q7

This suggests a time change. Let X, =X s(t)> and Vs, Qy, Ly similarly where

Y;
i) = | 22
1-Qt
Then K’f‘ = e % and
- 1.1
diy = (a4 — =) — Qg+ aw,
271y
for a standard Brownian motion W;. Since Q; = e’ii, 1t6’s formula gives
O P A 11+Q | 1
dQ: = dL; + =dt| = - = - =] dt + dW,
=G [aLi+ o cha o+ gl W,
5 2a — 1)@
— 0, Ra=DO) 1y 1 aw,
1—-Q

We now use standard methods. Note that

~

My = B[R 1{ Koo > 0} | 10| = K 1{E: > o0} 6(Q).

The left-hand side is a martingale and hence the dt term on the right-hand side must vanish giving
the differential equation

(2a — 1)z

2 41
2
x“ 9" (x) + a:(a—|— .

> ¢ (x) — 2aX p(x) = 0. (3.54)
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To solve this equation, we first consider only the largest order terms near the origin in (3.54) to

get the equation
22 f" + 2azf — 2a\f = 0. (3.55)

Since r(r — 1) + 2ar — 2aX = 0, we see that x” is a solution to (3.55). This observation leads us to
try solutions of the form ¢(z) = 2" h(x) for (3.54). Since

¢ (z) = 2" B (x) + ra" " h(z),
¢"(x) = 2" W' (x) + 2ra" H (x) + r(r — Da" 2 h(z),

we can plug in to get

W (x) — r(2 — 4a)

w(i—a) 7

20 — 1
h,/(x)+2|:’l"+a+a:|
T 1—=z

z(1 —z)h"(x) + [2(r + a) — (2r — 2a + 2)z] b/ (x) — 2r(1 — 2a) h(x) = 0.

This is a hypergeometric equation with a = 2r, 8 = 1 — 2a,v = 2r + 2a. Note that v —a — 8 =
4a — 1 > 0. One solution to this equation is F(z) := F(2r,1 — 2a,2r + 2a; z). Two important fact
about this function (which use v > « + ) are the following.

e Asx 11,
s T(MMT(y—=(a+p)  T(@2r+2a),T(4a—1)
FAO) =ImF@) = 50— 577 =8 ~ Tea)T@ +da—1)"

See [Lebedev, (9.3.1)].

e There exists u < 1 such that as = 1 1,

Fl(z) =0((1—x)™").
If v > 8 > 0, this follows from the integral representation [Lebedev, (9.14)]

2) = INGD ! B=1(1 _ )7 B-1 (1 _ 42)% dr
FO = g g, 00 A

For other values, of («, 8,7) with v & {0,—1,—2,...} and v > a + § it can be deduced using
the recursion formula [Lebedev, (9.1.6)]

Yy +1) Fla, B,v;2) =v(y —a+ 1) F(a, B+ 1;92);7)
+aly—(y—=B)z|F(a+ 1,8+ 1,7+ 2;x).

At this point, we step back and define ¢(z) = 2" F(x)/F (1) and our goal is to show that
#(r) = E[KL; Ko > 0]. We know that ¢ is C? on (0, 1); is continuous on [0, 1]; Also, as x — 0,

logé(a)] = = +O(1), [logé(1 - )] = O((1 - )™,

for some u < 1. It is also true that ¢(x) > 0 for all 0 < x < 1; we will use this fact now but we will
show later how this could actually be deduced separately. Let 7 = inf{t : K; = 0}. 1t6’s formula
shows that ¢(Q;) K} is a local martingale for 0 < t < 7.
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Let us do another time change so that R; = Qo(t) satisfies

a 2a —1
dR; = | — dt + dB
t (Rt + 1—Rt) + ty

for a standard Brownian motion B;. The usual chain rule implies that

tds
Ko@) :exp{—a/o RE}

Then, M; = Ké\(t) ¢(R;) is a local martingale for 0 < ¢t < T where T' = inf{t : R, € {0,1}}. It
satisfies

¢'(Ry)
dM; = M, dWy, 0<t<T.
If we use Girsnaov and tilt by the local martingale M;, then
¢,(Rt) *
dB; = dt +dB
L O(R) :

where B} is a Brownian motion in the new measure. In other words,

a+r 2a-—1
dR; = §(Ry) ) dt + dBy
¢ <Rt+1_Rt+(t)> +dBy,

where

5(z) =0(1), 6(1—2)=0((1-2)"") zlo0.

Since a+1r > %, then solutions to this equation never reach the origin and since a > 1/4 they reach
1 in finite time so that Ko = K1) > 0. Hence M, is actually a martingale and

¢(x) = E*[Mo] = B [Mu] = E"[¢(1) KL ; Koo > 0]

This assumed that ¢ > 0 on (0,1] which could be derived from facts about hypergeometric
functions. If we do not want to use this fact, we can first note that it is immediate that ¢(z) > 0
for 0 < x < §. Suppose y were the smallest positive number with ¢(y) = 0. Then we could do the
same argument with 7= inf{¢ : R; € {0,y}}. Then we would have

o) = E7 [o(Br) K)p)| =0,

which would be a contradiction since in the tilted measure K,y > 0.

Suppose X, satisfies

2X,
where 1 is a constant. Then X; never reaches the origin. One way to see this is to write

1
dXt: (—T) d?f-i—d.Bt7

1
dX; = — dt +dW,
t 29X, + ts

where W; is a Brownian motion with drift. But on every compact time interval B and W are
absolutely continuous.
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3.7.1 Multiple SLE paths

We will define the measure on n-tuples of SLE,, k < 4 paths connecting different boundary points
in a domain D. The measure will lie of paths that do not intersect, but the measure is more
complicated then just restricting to paths that are noninterecting.

It will be useful to set up notation. We will write

z=(21,...,2n), W= (wy,...,wy)

for 2n distinct points on 9D, and we write

for an n-tuple of curves with 49 connecting 2; to w; in D. We let I(y) be the indicator function
that the curves are nonintersecting, that is, 7/ N y* = 0 for j # k. We define the measure

np(z,w) = Up(z,w) u (2, w)

to be the measure absolutely continuous with respect to the product measure d[pup(z1,w;) X -+ - X
wp(zn, wy)] with Radon-Nikodym derivative

dpp(z, w) % ! j—1
=I(y) exp< = AD;~7, v U---Uy?
Tin ) x - x apGray ) = 10 e 2; (Div), S

This formulation assume that D is locally analytic at the points z;,w;; however, the right-hand
side does not require any smoothness. In particular, we have

\IJD(Zv W)
[17-1 ¥n(z5,wy)

n
=E|I(y) exp{ 2D ADsy A U U
j=2

where the expectation on the right is with respect to the product measure uﬁ(zl,wl) X oo X

,uﬁ(zn, wy,). The left-hand side is a conformal invariant and the measures satisfy the scaling rules

£ o (W) = L@ 17N gy (£, F W), 1 0 i, w) = iy (F(2), (W),
where f/(z) is shorthand for f/(z1)--- f/(zn).

Proposition 3.7.2. Let ji denote the marginal distribution on ' in up(z,w). Then

dj . .
_— =V Z,W).
MD(Zlawl) (’7 ) D\’yl( )

Moreover, given v, the conditional distribution on 4 is that of uﬁwl (z,W). Here

z=(22,...,2n), W= (wa...,wy), '31:(72,...,7").
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The set D \ 7' has two components, but we can define p D\~! (2, W) in the obvious way.
We will compute a crossing exponent. Let R; denote the rectangle

Rr={z+iy:0<z< L 0<y<m}
Using conformal invariance, we can see that
Hp, (iy, L+ iy') < e~ L (siny) (siny).

We define the crossing exponents &, = &, by {1 = b and the relation

1 1\?
€n+1:b+§n+7a§n:b+§n+2_a+\/<G—2> + 2a&,.

A simple induction argument shows that

24+ (2a—1 —1
g, = " +(2a )n:bn+an(n2 )

-1

The following proposition can be derived from Theorem 3.7.1.

Proposition 3.7.3. For every n, there exists C = Cp, < oo such that if
z = (iy1,1y2, ..., 1Yn), W= (L+ig1,...,L+ig,),
with yo=0<y1 < < Yp < Ynp1 =M Jo =0 < §1 < -+ < hyy < Jns1 = 7, then for all L > 1,
g, (z,w) < Ce oL,

Moreover, for every e > 0, there ewists ce > 0 such that if y; —yj—1 > € and y; — yj—1 > € for
i=12,...,n—1, then fpr L > 1,

U, (z,w) > cce L,

The last inequality can be written as

_ a an(n—1) n(n—1)
U, (2 w) < e [[ U, (5. wy),  Gu= 2k

j=1

3.8 Reverse SLE, chains and existence of the curve

Suppose ¢; is defined as in (3.1) where U; is a standard Brownian motion. In this section we will
show that for x # 8, that g; is generated by a curve. This result is also true for x = 8 but it is
harder to show and the method in this section is insufficient. Recall from Section 1.8.6 that if the
curve exists, then it can be given by

v(t) = lim gt_l(Ut +iy).
y40
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In order to show the existence of the lemma, we will study the derivative of g, ! near U;. Our
strategy will be to study a reverse Loewner chain which has the same marginal density as g, L
The reverse SLE, chain is the solution to the reverse Loewner flow

a

atht(z) = —ma

ho(z) = 2 (3.56)

where U; = —B; is a standard Brownian motion. For each ¢, hy : H — hy(H) is a conformal
transformation with

he(z) =z — %t +0(|2|7%), z— oo

It is related to the usual (forward) SLE, with maps ¢g; and driving function V; as the next propo-
sition shows.

Proposition 3.8.1. For fized t > 0, the distribution of hy is the same as the distribution of the
function f; defined by
fil2) = g7 (2 + Vo) = Vi

In particular, f{ and h' have the same distribution.

Proof. For fixed t, the maps hs,0 < s < t, are exactly the reverse flow for the forward maps
Js,0 < s < t where g 1~1as d}“iving function Vi = Ui_s. We let g be the corresponding maps with
driving function Vs =V, — Vg = Uy — Uy. L]

The proposition shows that for a fixed ¢, h; and ft’ has the same distribution. However, it is not
true that that the joint distribution (h%, h}) is the same as (f., f]).

The properties of reverse SLFE, chains are similar but not identical to those of the forward flow.
We start with the scaling relation whose proof is identical.

Proposition 3.8.2. Suppose h; is a reverse SLE, chain and r > 0.
o If hy(2) = r—Yh,2,(rz), then hy is a reverse SLE,, chain.
o The distribution of h!,,(rz) is the same as that of hi(z).
Proof.

ar a

B hi2(rz) — Up B hi(z) = U;

Ayhy(2)

where U = rjl U,2; is a standard Brownian motion. This gives the first assertion and the second
follows from hy(z) = hl,,(rz).
O]
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As in the forward case, if z € H, we let Z; = Z;(z) = hi(z) — U; which in this case satisfies
dZ, = ——dt + dB
t=-, -

If Zt = Xt + ’LY;, then

CLXt
dX; = ————=dt+dB;, 0OY;=
t XI+Y? + d by (247

aYy
XP+YE

Note that the imaginary part increases, so this is valid for all times. Since

2aY2
HYP = - < 2a,
X7+ Y7

we get
Y2 < 2at + Im(2).

By differentiating (3.56) with respect to z, and then taking real parts, we see that

2 2
wmwm—myﬂ—“& un

Zr| (XE+Y2)?2

We will use a particular martingale which will depend on some parameters. We define the
parameters now. These values will be used in this section only.

o If r € R we define

)\:A(r):r<1+21a)—z:, <=<(T)=A—2ra=7“—i- (3.57)
Note that there is an implicit dependence on a. For future reference, we note that
A1) +¢(1) =2, A4a)=2, ((4a)=0.
Proposition 3.8.3. If r € R, A\, ( are defined as in (3.57) and
—r
Ne=IHEPYS | et |
then N; is a martingale. In particular, if r > 0,
E |6 Y] <1 (3.58)

We could prove this directly but the calculation will be easier if we do a change of time in which
log Y; grows linearly. Let o(t) = inf{s : Yy = e}, and let X; = Xo(t), etc. Then

a YO’(t)

2 2
Xow T Yo

a Ya(t) = 8t Yg(t) = O"(t).
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which implies
o(t) = X7 + e

dXt = —CLXt dt + \/ Xg + €2at th
Define K; by Xt =e" K; and let L; = \/KtQ + 1. Then
o(t) = e* L2,
dK; = e" " dX; — a K; dt = —2a K; dt + Ly dW;.
a (X7 - V7?)
X2+ V2

We do a change of variables using the following easy It0’s formula calculation.

dlog | (2)] = =a(1-2L;?).

Lemma 3.8.4. If J; satisfies
1
dJ; = — (2 + 2&) tanh J; dt + dW,

where Wy is a standard Brownian motion, and K; = sinh J;, Ly = cosh J;, then
dK; = —2a K¢ dt + Ly dWy,

Ly 1 K?
Li=|——|=+2a) =% dt + K; dW,.
dt |:2 <2+ CL) Lt:|d+ tWt

This gives us another way to construct the Loewner flow starting at z. For ease, let us assume
Im(z) = 1, so that o(0) = 0. Let W; be a standard Brownian motion, and define J;, K¢, L; as
above. We define

t t
1
o(t) :/ o(s)ds :/ e L2ds > ~ [e® —1].
0 0 a
1
T=01(s) < o log(as +1), Y,=e) X, = K. () Ys.

As the analogue of log |W/(z)| we can just define

t t
At:exp{a/ (1-2L;? ds} :exp{a/ (2 tanh? Js—l)ds}.
0 0

This gives a one parameter family of martingales.
Proposition 3.8.5. If r € R and A\, { are as defined in (3.57) then
My := A} [cosh J;]" e,

is a martingale satisfying
th =T [tanh Jt] Mt th (359)

We note that Proposition 3.8.3 will follow immediately since Ny = M) and 7(t) is uniformly
bounded on every compact time interval [0, £o].
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Proof. Showing that M; is a local martingale satisfying (3.59) is a straightforward exercise using
A} = aX[2tanh® J; — 1] A}, 9! = al e,

-1
AL} = dL} [erLﬁT("” )
t

Tl

-1
— dL! K[T(r2 ) _ g — 2ar] tanh? J; + ;) dt + r tanh J, AW,

Setting the dt term equal to zero gives the equations

2
2)\a+%—(1+2a)r:0, —a)\+aC+g:0.

If we choose A, ¢ satisfying (3.57), then the dt term vanishes and we have a local martingale. To
see that it is actually a martingale, we consider the measure obtained by tilting by M;. Note that

1
th:—q tathtdt—i-dBt, q:§+2a—r,

where By is a Brownian motion in the new measure. This is well defined if we use stopping times,
but since | tanh x| < 1, we can see from this equation that there is no blow-up or other bad behavior
in finite time with respect to the new measure, and hence it is actually a martingale. O

To prove that the curve exists for k # 8, we need to find an r such that the combination (r, A, {)
suffices. This lemma proves what we need.

Lemma 3.8.6. Ifa # 1/4 (k # 8), then we can find r satisfying
1
0<r<§+2a, A+(¢> 2,

and
¢>0 if a>1/4, and (<0 ifa<1/4.

Proof. Note that

) — 1 _r . _r
A(T)_1+2a 2a’ ¢ =1 2a’
o If a > 1/4, we use
M) +¢1) =2, ¢(1) >0, X(1)+g’(1):2—%>o.

to see that we can find r slightly larger than 1 with A(r) 4+ {(r) > 2 and {(r) > 0.

o If a < 1/4, we use
A4a) =2, ((4a) =0, N(4a)+('(4a) = % —2>0, ('(4a)=-1,

to see that we find r slightly larger than 4a with \(r) 4+ {(r) > 2 and ((r) < 0.
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O

Proposition 3.8.7. If Kk # 8, then there exists 6 > 0 such that that the following holds with
probability one for every to < oo for SLE,. If n is sufficiently large and t = j272" is a dyadic time
with t < tg, then

(U +i27m)] < 2070,

Proof. By scaling it suffices to prove the result for t{5 = 1. By the Borel-Cantelli lemma it suffices
to find §,¢ > 0,C < oo such that for all n and all t < 1,

P{If/(U: +i27") 2 2070} < ¢, (3.60)

Indeed, (3.60) implies that

oo 22n
> 2P {‘fJ{Z*z”(UjQ*% +i27")| = 2<176>n} <o,

n=1j=1
Proposition 3.8.1 shows that (3.60) is equivalent to
P {|h;(¢2—")| > 200} < gom@ran,
and by scaling (see Proposition 3.8.2), this will follow if we show for all ¢ sufficiently large,
P {|h;2(z')| > tH} < =49,
We choose 7, \, ¢ as in Lemma 3.8.6 and use (3.58). Recall that Y, < v/2at2 +1 < ¢t (for t > 1

say). The Koebe 1/4-theorem implies that the image under h;2 of the disk of radius 1 about i has
radius at least |h},(i)|/4; hence Y2 > |hj, (i)|/4.

o If a > 1/4, then ¢ > 0 and hence
E [ | | < 4F [Ina ()P ] < 46,
e If a < 1/4, then ¢ < 0 and Y2 <t for ¢ large enough, hence for ¢ large enough
E [[ha () 3 Ihia(i)] 2 617°] <tB I @) Vi ] <%,
Combining these estimates, we see there exists a C' < oo such that
P{Ina() = '} <O, 0= (1= 8)(A+ Q) +(0A Q).

We now choose ¢ sufficiently small so that (1 —0)(A+ () +6 (0 A () =2+ 2¢ with € > 0. Then for
all ¢ sufficiently large

P {|h;2(z’)| > t1—5} <t~ (49,
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Proposition 3.8.8. If k # 8, then there exists 6 > 0 such that that the following holds with
probability one for SLE, and tg < co: for all y sufficiently small,

/ . 6—1
U, < .
@@Jﬂt+wﬂ_y

Proof. By scaling, it suffices to prove this for {5 = 1. Using the distortion estimate, it suffices to
establish this for dyadic y = 27". Let

I, = max {|f{(U; +i27°")| : t = k27", k = 0,1,...,2*"} .
I =max {|f/(U; +i272")| : 0 <t < 1} .
If t = k272" < s <t 4 272", then distortion estimates imply that
[fUUs +i27™)] < e [2MU; = U] + 1" [£UU +i27).
By the inverse Loewner equation (see Lemma 1.8.22), we have
[feU +i27") < el fi(Ue +i277)].
Using the modulus of continuity for Brownian motion we know that for n sufficiently large
Uy — Uy < C 2™,
Combining this with the distortion theorem we can see that for all n sufficiently large
I <Cn’l,.
Hence the result follows from the previous proposition. ]

Theorem 3.8.9. If k # 8, SLE,; paths are generated by a curve. Moreover, the curves are weakly
Hélder continous of order § for any 6 > 0 satisfying Proposition 3.8.8.

Proof. We have shown that with probability one the conditions of Proposition 1.8.24 hold. Here we
also use the fact that the paths of Brownian motion are weakly Hélder continuous of order 1/2. [

3.9 Two-point estimate

An important, but technically a bit tricky, estimate used to establish fractal properties of an SLE
curve is the two-point estimate for the Green’s function and related probabilities. We state a version
here. Throughout this section we assume that x < 8 and allow all constants to depend on . Let
~ denote an SLE, path from 0 to infinity in H.

If z € H let

€ =min{t: |y(t) — z| = e "Im(z)}.

Theorem 3.9.1. There exists ¢ such that the following is true. If w,z € H, then for all r,s > 0,

d—2
2 w < o p(d=2)(r+s) lw — 2] . ‘
P{&E < 00,8 < o0} < ce <Im(z) Tm(w) ! (3.61)
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By scaling, it suffices to prove this when Im(w) < Im(z) = 1 and in this case the right-hand
side is comparable to
P{€Z < 00} P{EY < oo} fu — 212

In particular, if |w — 2| =< 1, then the events {£7 < oo} and {£ < oo} are “independent up to
a multiplicative constant”. This will allow second moments to be bounded. The hardest work is
needed to establish this when |w — z| < 1; we state this as a proposition.

Proposition 3.9.2. For every § > 0, there exist ¢ < oo, such that the following is true. If w,z € H
with Im(w) <Im(z) =1 and |w — z| > 0. then for all r,s > 0,

P{&; < 00,8y < o0} < celd=2(r+s),

Proof of Theorem 3.9.1 given Proposition 3.9.2. By scaling, we may assume that Im(w) < Im(z) <
1 and define u by |w — 2| = e7“~%. If u < 0, then the result follows immediately from Proposition
3.9.2. If s < u + 4 then the right-hand side of (3.61) is greater than O(e(~2") and hence (3.61)
follows from

P{& < 00,£Y < 0o} < P{& < oo} < celd™2r,

Similarly, if » < u + 4, the one-point estimate applied to &Y gives the result.
Hence without loss of generality we assume r,s > u + 4 > 4. We then write

P{¢; < 00,68 < oo} = P{& < o0} P{E7 < 00,&Y < oo | & < oo}
< celTVUP{E < 00,€Y < oo | £ < oo}

On the event {{; < oo}, we consider the image under the map ge-. Using distortion estimates
(details omitted) and Proposition 3.9.2, we get

P{& < 00,& < 00 | & < 00} < cel 2w ld=2)(smw),

and hence
P{E < 00, £¥ < 0o} < celd2r ¢(d=2)s p(2—d)u,

O]

We will now discuss the proof of Proposition 3.9.2. This next lemma is important. We start
with some notation. Let w, z € H. Let H; denote the unbounded component of H \ v; and assume
that ¢ is a time with z,w € H; and |z — w| max{dist(w, 0H;),dist(z,0H;)}. Let B}’ denote the
open disk of radius dist(w, ;) about w with boundary circle C}*. There is a unique crosscut ¢}’ of
H; that lies in C}’ and such that z and w are in different components of H; \ ¢}’. Let V;* denote
the connected component of H; \ ¢} containing w, and note that z ¢ V. We define Bf, (7, V;?
analogously. A key observation is that if y(t) € OV}, then the distance from 7 to z cannot decrease
without hitting the crosscut ¢7.

We will write

&Y =inf{t : dist(w,v) =€ "}

(this is slightly different than defined earlier). Note that if £ > 0, then f¢w is the entire circle of
radius e~" about w (with a single endpoint ~(t)).
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Lemma 3.9.3. If 0 < k < 8, there exist ¢ < 0o such that the following holds. Suppose v is an
SLE,; path from 0 to oo in H, |w — z| > 1. Suppose p is a stopping time with w,z € H, satisfying
the following:

o [7(p) —w| = e = dist(7,, w),

r

o dist(y,,2) =e™",

and let V' denote the connected component of H,NB; containing z. Let 7, = inf{t > p : y(t) € £}, and
for positive integer j, let 7, ; = inf{t > p: |y(t)—z| = e~} Let p; = inf{t > 74 : () € E;"Tﬂ_}
Then,
; da —1
Py < 00| 7p} < ce At -y gl
With more work one can prove this result with § = (4a — 1)/2 but we will not need it so we

will just prove this proposition.

The basic idea of the proof is the following. If the SLE curve is near w and it has also gotten
near z then at one of the following is true: it will be unlikely starting near w to get closer to z,
or, if we succeed, then it will be unlikely to return close to w after we have gotten close to z.
Which of these is the case depends on the location of w and z. For example, if w is near the
origin and z is far away, then it is not difficult to get near z but returning to w is difficult. The
opposite is true if z is near the origin and w is far away.

Proof. Let g = g, — U, and let v = g(ﬁg)),@z = g(¢3). Note that /v, 0% are disjoint crosscuts of H
with one of the endpoints of v being the origin. For ease we will assume that ¢* has at least one
endpoint on the positive real axis R (there is an identical argument if both endpoints are on the
negative axis). By conformal invariance and the Beurling estimate,

Eu(l”, %) = Ey, (09, 02) < ce” T2,

The second inequality uses only the facts that H), is simply connected, its boundary intersects C"
and C7, and |w — z| > 1.
We split into four cases. In two of the cases we will show that

P{r, < oo |9,} < ce Prts) (3.62)
It then follows from the interior estimate that
P{p; < oo |7} <P{r < oo |7} P{r4; <oo|T <oo} < ce Plr+s) g=(2=d)j
In the other two cases, we will show that
P{p; < 00 | Trpj < 00} < ce PUTs), (3.63)
It then follows from the interior estimate that

P{5; < 00 | 7} < P{Trsj <00 |7, P{p; < 00| Trij < 00} < ce™ (2D o=Blrts),
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e Case I: /% is in the bounded component of H\ /%, In this case £ separates /% from R_ and
En(l* R_) < E(l®,0%) < ce”+9)/2,
Hence from the boundary estimate, we get (3.62).

e Case II: /* is in the bounded component of H \ EZ let us denote this component by U.
Assume 7,4, < 00, let H = Hr, +,;- We assume w € H otherwise, the result is trivial. Let
V' be the component of U N H containing w; V is clearly bounded. Let ¢ denote the unique
crosscut of H contained in £% that is also contained in V. If j = 0, then () is an endpoint
of 0. If j > 0, then y(7) is not on the boundary of V. In either case, we see that l separates
K%H and the probability that the SLE hits E?T.H after time 7,1 ; is bounded above by

&= (f“’ E) < SH (gw gz) —(7’+s)/2.

Tr+j5° prTp

Hence, using the boundary exponent, we get (3.63).

For the remaining cases we assume implicitly that neither Inor Il holds. Let ¢* = diam(##) /diam /),
§ = dist(¢v, ¢%)/diam(¢*). If § < 1A ¢, then Ey(¢*, ¢*) > ¢ which is impossible for r+ s sufficiently
large. Hence we may assume that 6 > 1 A ¢,.

e Case III: Neither I nor IT and ¢, < 1. If § < 2, then
Ea(l,0?) > cEu(R_, 1?).

If 6 > 2, then
Eu(R_,0%) =< ¢./8, Eu(l™ ) =< %.
Then o R
Eq(l¥, 07) > c(¢,/0)* =< Eu(R_, 1*)%

Therefore, by the boundary estimate, (3.62) holds.
e Case IV: Neither I nor IT and ¢, > 1. Note that Eg(£*, %) > ¢/62 and hence there exists

c1 such that
0> 2c elrts)/4,

Let C be the half-circle of radius ¢;e("*)/4 about the origin and let 7 = g~ *(C). Then 7 is a
crosscut of H, with

En, (£2,n) = Ea(0¥,C) = e +9/1,

Let 7 = 7.4; and let H = H.. Let U be the component of H \ 1 that contains w (if w & H,
the result is trivial). There is a unique crosscut [ of H that is a subset of n and is contained
in OU. Note that [ disconnects w from ¢7 and that

Eqe1) < Ey, (04, n) < erT)/4,

Using the boundary exponent, we see that the probability that ~[r, o0) hits £ is O (e{4@~1(r+s)/4)
and hence (3.63) holds.
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O

Proof of Theorem 3.9.1. We will consider paths that go to w first and then z; the same argument
works for paths that get to z first and then w. We will consider “excursions” between points near
w and near z.

Let ps, = &Y VvV E:. We will be considering the case where s, are positive integers (this clearly
suffices for our result). We think of p,, as first stopping at time £, and then, if necessary,
continuing until time 7. Using this viewpoint, on the event {p,, < oo} define the finite sequence
i=0U1,--yim), k= (ki,...,kn) by the following,

e Each integer is strictly positive except perhaps k,, which can equal zero.
e k,, =0 if and only if £ < &Y.
e ji+- -+ jim=s5s, kKt+-+k,=r
e Forg=1,...,.m—1,
Eintotie < Elrtthnr < Eintotigt 1y
irtothg 1 < Sty < Shiothg 141

We can now write
o0
PLEY V& <ooiél < &)= P{EY V& < 001k}
m=1 J:(leujm))k:(kl,vkm)
where the sum is over all finite sequences j = (ji,...,7m),k = (k1,..., kn) of nonnegative integers

all of which are positive except perhaps ky,.
Using the proposition, we can see that there exist ¢, 8 such that for a given m, j, k,

m—1
e NUTIPLer v 2 < o0ij k) < ™ [ exp{-BG1+- +ii+hki 4+ +kii1)}
i=1
Let .
Sm=>_ " [ exp {801+ +ji+ki+-+ki1)}
i=1
where the sum is over all finite sequences (j1,...,jm), (k1,...,knm—1) of finite integers. By focusing

on the possible values of (j1,k1) = (j, k) we get the inequality

Spit < c i i eBUHR)(m=1)g

j=1 k=1

Using this, we see that for m sufficiently large S;,+1 < S;,/2 and hence

oo
Z Sp < 00.
m=1
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3.10 Notes about fractal dimension

In this section we will prove some general facts about how to compute dimensions of random
subsets. Since we do not need to use planarity, we will state our results for R%. Throughout this
section we will make the following assumption.

e There is a fixed compact K C R? and V is a random compact subset of K such that with
probability one dist(V,0K) > 1.

This may be more restrictive than one wants. If V' is not bounded, we can use these results for
the intersection of V' with compact sets. We fix 0 < a < d, set ( = d — « and allow all constants
to depend implicitly on «,(,d, K. We will consider ways to rigorously state that “V has fractal
dimension «.”

Let V¢ = {z : dist(z, V) < €} denote the closed e-“sausage” around V', and ¢(V¢) the Lebesgue
measure of V¢. The sets V¢ increase with € and V! ¢ K. If V is a-dimensional, then we expect
that £(V¢) ~ €¥=* as ¢ — 0. The upper and lower box or Minkowski dimensions of V are defined
by

—d —d
dim, (V) = lim inf logle”"(V)] < lim sup logle (V)]
o log(1/e) o log(1/e)
If the liminf and limsup agree, we call the common value dimy (V') the box or Minkowski dimension.

Note that we would get the same definition if we took the limit just along a geometric sequence,
{p"} where 0 < p < 1.

= dimy(V)

The box dimension « is often defined by saying that if N, is the minimum number of balls of
radius € need to cover V, then N, = =% (with corresponding liminf and limsup versions). It is
a straightfoward exercise to check that this agrees with our definition.

To define the Hausdorff dimension, we start by defining
HE(V) = inf Y _[diam(U;)]°,
j=1

where the infimum is over all covers of V' by sets Uy, Uy, ..., with diam(U;) < e. Since HZ (V) is
decreasing in €, we can define the Hausdorff measure H* (V') = H§, (V). The Hausdorff dimension
dimy, (V) is the unique « such that

0, >«
oo, B<a.

H(V) = {

This is well defined for all V.

The major difference between box and Hausdorff dimension is that the former uses cover by sets
of size € while the latter uses covers by sets of size at most €. The former is more natural for
numerical approximations and for comparison to lattice models, but the latter has the advantage
of being defined for all sets and producing a mathematically nicer object.
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It is not hard to see that dimy (V) < dim,(V') but the inequality can be strict. We can give
upper bounds for Hausdorff dimension by estimating the box dimension. Lower bounds are trickier.
We will use the following fact that states that if a set supports an “a-dimensional measure”, then
it must be at least a-dimensional. If y is a positive measure on R? we define the S-energy by

// \fv—y\ﬁ

Proposition 3.10.1. Suppose V is a compact set and there exists a probability measure p supported
on V with Eg(p) < oo, then dimy (V') > 5.

For each 0 < € < 1, define
I(z) = € S lye(z) = e S 1{dist(z, V) < €},

and let ue be the (random) measure whose Radon-Nikodym derivative with respect to Lebesgue
measure is I.. Let

Jo = pe(RY) = /K L(2) dz = =< 0(V¥).

Proposition 3.10.2. Suppose V is a random subset of a compact set K C R? and 0 < ¢ < d,a =
d— . Suppose that there exist 0 < ¢1 < co < 00 and €y > 0 such that for all x,y and all 0 < € < €,

E[l.(z)] < ¢2, E[J]>ec1, E[l(x)I(y)] <colz—y|™. (3.64)
Then, there exists § = 0(c1,c2, K,d,() > 0 such that
§ < P{dimy(V) = a} <P{dimp(V) < a} =1.

Proof. Note that the first inequality in (3.64) implies that E[J] < c2 £(K). Also, using the third

inequality,
|/, <>dw> (frwm)]

= // y)] dy da
< CQ/K/K|JJ—y|_Cdde::Cg<OO.

For any nonnegative random variable X, we have
2
P{X > E(X)} 5 (EX])”

Therefore, using the second inequality,

E[JZ]

IN

P{Jezﬂ} > A 5. (3.65)
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/ / pe(d) pe(dy)
,LLE _ 5 9
|z -y

and note that the third inequality gives

dx dy
E[Es(1te Sc// =(Cs < 0.
[5(“)] 2 K K’x_ ]C|x—y|5 B

2
P{gﬁ(ﬂe) > 0306} <3

Cl 863

If B < a, let

Therefore,

Combining this with (3.65), we see that

C1

2
P{ME(K) > 578,3(/%) < 8C3fﬂ} > 0= a > 0.

cf 8cs

225

(3.66)

e Upper bound. Since E[J5-x], is uniformly bounded, we can see from the Markov inequality

that
[e.e]
ZP{JQ—n > n?} < oo,

and hence from the Borel-Cantelli lemma that with probability one for all n sufficiently large
M p(VE") = 2 Jy_, < n?2ne,

Lower bound. It suffices to show for every 8 < «, P{dim,(V) > g} > 4. Let E = Ej3 be
the event that for infinitely many n,

863 Cg

Espe) < —5—. (3.67)

cl
/‘I’E(K) > o
1

Using (3.66), we see that P(E) > §. On the event E, find a subsequence that satisfies (3.67),
and then take a further subsequence that converges to a measure p. Using compactness of K
and Fatou’s lemma we see that

8cs C
Ep(p) < %8 8

C1
K >—

and since p. is supported on V¢, we can see that p is supported on V. Using Proposition
3.10.1, on the event E we have dim, (V) > .

O

We let S,, denote the set of dyadic cubes of side length 27", that is, the set of closed cubes of

the form

S = [(kl — 1)2in, ]{?12n] X o+ X [(kd — 1)27n7kd2n]7

where k1, ..., kg are integers. Let S = U,,S,, and

J(S) = je(S) = /S I.(z) da.
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Definition We say that the Minkowski content exists if (3.64) hold, and with probability one, for
every S € S, the limit

T(8) = lim J.(S) (3.68)

exists.

Lemma 3.10.3. Suppose the Minkowski content exists. If S € S, and n > m, let S™ denote the
union of all squares in S, that intersect 0S. Then, with probability one, for all n sufficiently large,

J(S™) < 27 dm glm=n)/2, (3.69)
In particular, lim,_, J(S™) = 0.

Proof. Since E[J(S™)] < ¢£[J(S™)] ~ 279" 2™~" we have P{J(S") > 2-4m 2(m=n)/2} < ¢o(m=n)/2,
and the result follows by Borel-Cantelli. O

Proposition 3.10.4. Suppose that a random subset V' satisfies the hypothesis of Proposition 3.10.2,
A sufficient condition for the existence of the limit (3.68) for S € S is to show that for every p < 1
there exists u > 0 such that for all n sufficiently large,

E[(Yni1 — Yn)?] <n~ G209 where Yy, = Jn(S). (3.70)

The hard work in establishing the existence of Minkowski content is to show (3.70). In practice,
one often shows a stronger estimate, E[(Yy,4+1 — Y5,)?] = O(e™#") for some 8 = 3, > 0.

Proof. We fix S and write J. = J.(S). For a fixed p, (3.70) immediately shows that {Y,} is a
Cauchy sequence in L?, and hence there exists Yoo = so,p Such that Y, — Y in L?. Using
Markov’s inequality,

S P{(Yass — Ya)? 2 03} < oo,
n=1

and hence with probability one |Y,4+; — Y,| < n~0+32) for all n sufficiently large. On this event
Y, — Y.

We will choose pr11 = /pk, that is pr = 2-27" For fixed k, the condition (3.70) implies
that there exists a random variable Y, such that Y;, — Yo in L2 and with probability one. Since
{p} :n > 1} C{p},, : n > 1}, we see that the limit Yo, must be the same for all k. If Pt <e<pn,
then

¢ 2¢
Jpzﬂ < ppJe < pi Jpp-

Using this and the uniform bound on E[J?], we see that J. — Y in L? and with probability one.
O

If U is an open set, we can write U uniquely as

v=J s (3.71)

where Sy is the set of S € § with § C U but whose “parent” cube is not contained in U. Note
that {int(S) : S € Sy} are disjoint
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Proposition 3.10.5. If the Minkowski content exists, then with probability one the measure p =
lime g pte exists. Moreover, if U is an open set written as in (3.71),

pU) =Y J(S). (3.72)

SeSy

Proof. We will consider the event of probability one on which (3.68) and (3.69) holds for all S € S.
By choosing S € S containing K in its interior, we can see that with probability one, {u.} is a
collection of measures whose support is contained in S with u(S) — J(S). Hence the collection
is precompact and every subsequence contains a convergent subsequence. To prove that the limit
exists, it suffices to show that every subsequential limit is the same. Since these are finite Borel
measures, it suffices to show that all subsequential limits agree on every open set U. Hence, it
suffices to show that any subsequential limit satisfies (3.72).

Let p be a subsequential limit. We claim that ©(9S) = 0 for all S € S. To see this we use
Lemma 3.10.3. Suppose S € S, and let S™ be defined as in that lemma. Then for all n sufficiently
large, J(S™) < 279 2(m=n)/2 " If we now fix n (so that there are only a finite number of cubes from
S, in S™), we can see that there exists ¢ such that for € < ¢, p(S') = Jo(S') < 2. 2-dm 2(m=—n)/2,
From this we conclude that p(9S) < 2-2-%m 20m=1)/2_If we now let n — oo, we get u(dS) = 0.
With the claim, we now see that

pU)=p | | imt(S)| = D plint(S) = Y u(S) =Y J(9).

SeSy SeSy SeSy SeSy
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Chapter 4

Brownian measures

4.1 Brownian measures

4.1.1 Introduction

Probabilists generally like to view Brownian motion as a random process. Indeed, many of the
powerful tools from probability require this viewpoint. However, there are other times, e.g., when
considering models from statistical physics, to consider Brownian motion and related processes as
a measure on paths, not necessarily a probability measure. We will look at Brownian motion this
way although we will take advantage of the fact that the reader already has a good feeling for the
probabilistic construct. We will consider a number of path measures but the most important will
be the Brownian loop measure and the corresponding Brownian bubble measure.

It will be necessary to set up some notation. We will need a metric on the space of measures in
order to topologize the space. This will allow us to consider continuous measure-valued functions
and to integrate these functions. This can be skipped at a first reading.

e Let KC denote the set of curves, that is, the set of continuous functions v : [0,%,] = C. We do
not make any further assumptions of v of either smoothness or number of self-intersections.

e We call t, the time duration and and v(0), y(ty) the initial and terminal points, respectively,
of ~.

e If D is a domain, we will abuse notation slightly and write v C D if 4(0,t,) C D. The initial
and terminal points may be in D or on dD. We write Kp = {y € K:~v C D}.

o IfyeKp and f: D — f(D) is holomorphic such that

t"/
tfory 1—/0 ' (7(s)) P ds < oo, (4.1)
and the limits
lim f(2(0)), lixn f(r(t4)) (4.2)

exist, then we define f oy € Ky(py by
for(t) = fivle(®))];

229
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where o is defined by
o(t)
| iraenpas =,

The conditions in (4.1) and (4.2) obviously hold if the endpoints of v are in D but need to
be checked if one of the endpoints is a boundary point.

e For any v € I, we define the oscillation by

osc(y,0) = max{|y(s) —y(t)|: 0 < s,t <t s —t] <0}

e We can associate to each curve v an order pair (t,,7) where t, € [0,00) and ¥ € C[0, 1] given
by
Y(t) = (t/ty)-

We define the metric on curves
p(vsm) = Ity =ty |+ Iy =l

where || - || denotes the supremum norm.
There is another natural metric to put on curves. Let
pr(7,7) = inf {lid = || +[lv =7 o #ll],

where id denotes the identity function, || - || the supremum norm, and the infimum is over all
increasing homeomorphism ¢ : [0,t,] — [0,¢5]. If we choose ¢ to be the linear homeomorphism

6(s) = (st3/t,) then
lid = 6l + Il — 7 0 6l = p(7, ).

Hence p; < p. We claim that the two metrics give the same topology.

Lemma 4.1.1. For every v € K and € > 0 there exists 6 > 0 such that

{nek:pi(y,n) <o} C{nek:ply,n) <e},

) u €
6 = min L= r
{2\/157 4}

Proof. Let u,d be as above. We will show that if p(vy,n) > € then p1(v,n) > d. Note that for every
?,

Moreover, we can choose

where u satisfies osc(y,u) < €/4.

||id - ¢H > |tv - ¢(t'y)| = ‘tv - tn’-

Hence if |t, —t,| > 0, then pi(v,d) > [ty —t,| > . Hence, we may assume that |t, —¢,| < < €/4.
Since p(7y,n) > € and |t — t,| < €/2, there exists s € [0, 1] such that

[Y(sty) = n(sty)| = €/2.
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Note that if |s' — st,| < u, then

[v(s) = n(sty)] = [v(sty) = n(sty)| = [7(s') = v(sty)| = €/4.

Since |ty — t,| < u/2t,,
|sty = sty| <ty [ty —ty| < u/2,

and hence
Iv(s") = n(sty)] > €/4, |s" = sty <u/2.

Suppose ¢ : [0,t,] — [0,%,] is an increasing homeomorphism and suppose that ¢(t) = st,. Then
either |t — ¢(t)| > u/2 or |y(t) — n(o(t))| > €/4. Therefore, pi(vy,n) > 0.
O

The metric p induces a metric on probability measures M# on K called the Prokhorov metric
which we also denote by p. There are several equivalent definitions, If ui,us are probability
measures we say that p(u1, u2) is the infimum of all € such that we can define (X,Y’) on the same
probability space (€2, F,P) so that X has marginal distribution p;, ¥ has marginal distribution pug
and

P{p(X,Y) > €} <e.

There is also a corresponding Prokhorov metric p; and the two metrics give the same topology on
M,

We will want to consider measures on K that are not probability measures. Let M denote
the set of measures on K of total mass strictly between 0 and co. We write such a measure y as
p = (u*,q) where ¢ = ||u|| = u(K) is the total mass and p* = u/q is the probability measure
obtained by normalization. The metric on M is the induced measure on M# x (0,00). In another
words, g, — p if and only if

pn(K) = u(K), and  pf — p#.

The zero measure is not in M, but we will say that yu, converges to the zero measure if p, () — 0.
In this case we do not require that u# converge.

If F C K and pu is a measure we write u|g for the measure restricted to the subset E. If D C C,
we write pup for the measure restricted to the event {y C D}.

4.1.2 Some easy lemmas

Here we collect some easy facts about the metrics p, p;.

e If v € K, then the reverse path v is defined by

YR@#) =~(ty —t), 0<t<t,.
Note that p(y,1) = p(v%,1n"), 0s¢(y) = osc(v).

o If y € K and z € C, we define 7, by 7.(t) =v(t) + 2, 0 <t <t,.
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o If v,n € K with n(0) = v(t,) we define the concatenation v ® n by tya, =ty + t, and

~(t) 0<t<t,
t) =
T& ) {V(tw)‘FU(S—tv) tySsstyt+iy

o If v,n € K, we define another concatenation v ® n by

YN =YD My(ty)-n(0):

This is defined for all curves. It is a concatentation where we translate the initial point of n
so that if matches up with the terminal point of ~.

o If v € K define
Il = b+ gmax (6 = 0)

We have defined this so that ||v.] = ||v]

o If v,n € K, then
pr(v,v@n) < nll, pr(y@n,v) <l

Indeed, for the first inequality we can consider the parametrizations

] 1=9)t, t<ty,
¢5(t)—{ (1= 0) by + (6/ty) (E —ty), ty <t <ty+t,

as 0 — 0.

o If v € K, and s < t,, we define &4y to be the curve with time duration s with v(¢) =
®,v(t),0 <t < s. Then using concatenation, we see that

llIIl [) Y ¢S — ()
s ( ’ 7) ’

4.1.3 Brownian measures

In this section we will introduce many measures in M that arise from complex Brownian motions.
We will use v for all of these measures with extra parameters included. Let us start easy by defining
v(z,-;t) to be the probability measure which is the distribution of the curve Bs,0 < s < t where
B; is a standard Brownian motion starting at z. This is a probability measure. The - indicates
which variable is being integrated over. We will write

V(z,-;t):/cy(z,w;t) dA(w),

for appropriate measures v(z,w;t) that we now describe. Here and throughout dA represents
integration with respect to area. The integral can be considered a Riemann integral. In order to
justify the expression we will show that w — v(z,w;t) is a continuous function.
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Our reason to discuss topologies on measures on curves was to allow us to integrate measure-
valued functions. Measurability of the functions is with respect to the Borel o-algebra generated
by the topology. We will consider continuous or piecewise continuous functions and so the
integrals can be considered as Riemann integrals.

There are several ways to handle the technical details here and this should not be considered
the main issue.

Let us describe the measure v(z, w;t); for ease we will choose z = 0. Let
ps(z,w) = (2ms) ™! exp {-]z - w|2/25}

be the transition probabilities for complex Brownian motion. For each € > 0, let ue = (0, w;t)
be v(0, -;t) restricted to the event {|y(¢) — w| < e}. We define

v(z,w;t) = lim(re?) ™! p.
el0

Of course, we need to show that the limit exists. Since
w0 = [ p0.0)d4(0).
lw—(|<e

it is easy to see that

1%1(7?62)_1 11e(K) = pi(0, w).

We will show that the limit

lim p# = 1% (0
i i = 17 (0, w)

exists and in the process we will describe the limit.
Fix € > 0 and let By be a Brownian motion starting at 0. For each 0 < s <'¢, let

FG(S,Z) = FG(S,Z;U}) :/ < pt78(27<) dA(C)

Js = F(s, Bs).

Note that F.(z,s) is C? in z and C! in s for s < t. Hence we can write

- AFE aBS
dJ, = |:FE(S’B8)+(5):| ds + VF.(s,Bs) - dBs
F.(s,Bs) AF.(s,By) VE.(s, B)
- J, ds + —S2 750 B,
Fi(s,By) | 2F.(s.By) ° T F(s.By)

Let t1 < t. Then
F(r,B,) AF(r, By)
F(r,B,) 2F(r,B,)

My = Js exp —/
0

is a positive local martingale satisfying

dr}

dMg = V[log F(s, Bs)] - dBs.
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If we use the Girsanov theorem to tilt by the local martingale Mg, we see that
dB; = V[log F(s, Bs)] dt + dWr,

where W, is a complex Brownian motion with respect to the new measure. This drift always points
toward w, and from this we can see that there is no blowup of the process or the local martingale
by time 2.

In our new notation, Let ui , denote the measure on paths of time duration ¢; that is obtained
from uf by truncation. The Girsanov theorem tells us that ufi . 1s absolutely continuous with
respect to v(0;-;¢1) with Radon-Nikodym derivative

d'uz%tl . 4
o 0= Bt exp { [

With this expression, we can take the limit and see that

F.(s,7(s)) AF.(s,7(s))
Fe(s,7(s)) " 2F6(5’7(3))] ds}‘

d’ua%tl . t
oy ()= Fleua() exp {_ [

where F'(s, z) = limejg Fe(s, 2) = pi—s(z, w).
As € | 0, the process approaches Brownian motion weighted by p;—s(z, w). Note that

F(5,7(s)  2F(s,7(s))

E(s,7(s)) AF(sm(s))] ds}’

(4.3)

w— X w—Ys>

t—s ' t—s

St~

Having seen how to take the limit, it is useful to describe the process v(0,w;t) directly. There
are a number of equivalent ways of writing this. Let us write this as a process (W2, W2) in R?
beginning at the origin and ending at w = (w!, w?) at time .

e Let B, be a standard Brownian motion in R? and let

W, = B, + (s/t) (w — By).

e Take a Brownian motion Bs and “tilt locally” by p;—s(Bs, w).
e Equivalently, consider a process satisfying the diffusion equation

(w' = Xj) + (w? — X7)

dX, =
s t—s

dt + dB;,

where B; is a standard Brownian motion.

The process is often called the Brownian bridge (for Brownian motion conditioned to be at w at
time t). The bridge construction shows that w +— v(z,w;t) is continuous in w and using this we
can see that

Aﬂ@WQMw)
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is the same as the measure v(z,-;t) restricted to the event that v(¢t) € D. We also can see that
t — v(z,w;t) is continuous for ¢t > 0, and we can define

T
v(z,w;[0,77)) :/0 v(z,w;t)dt.

We can also define -
v(z,w) —/ v(z,w;t)dt,
0

although this is now an infinite measure.

Suppose that D is a regular domain. then vp(z,w;t) and vp(z,w) are defined to be the measures
anove restricted to curves v C D. Let us denote the total mass of vp(z,w;t) by pP(z,w), and the
total mass of vp(z,w) is

o 1
len(zw)l = [Py dt =~ Goevw)

Here Gp is the Green’s function normalized so that Gp(0, z) = —log |z|.

Here is one way to check the constant for ||[vp(z,w)||. Assume that we know that
lvp (2, w)|| = co G(z,w)

for some constant ¢g. Consider the unit disk D with 7 = 7p. If B; is a Brownian motion starting
at the origin, then M; = |B;|? — 2t is a martingale. Therefore,

0= My = E[M,] = E[1 — 27],
that is, E[r] = 1/2. We should also have

/OOO}P’{T>t}dt

_ /OOO/Dpt(O,z)dA(z)dt

_ /D co G(0, 2) dA(2)

E[7]

Co T

1
= —27rco/ rlogrdr=—.
O 2

Therefore, ¢y = 1/7.

If 11 is a measure on K, we let uf* denote the reversal,

pHK) = pfy 7 e K}

Proposition 4.1.2 (Reversibility).
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Proof. Tt is immedate that p;(z,w) = ps(w, z). To show that [u# (z,w;t)]® = p#(w, z;t), we can
use the Brownian bridge representation of this measure. For ease assume that z = 0. We know
that p#(0,w;t) is induced by

Wy = Bs+ (s/t) (w— B), 0<s<t.

If Y; = Wtfs —w, Zs == Btfs — Bt, then

S t—s
Yo=Biy— w——

s s
By = [Bi—s — Bi] + n [—w+ Byl = Zs + n [—w — Zy].

Since Z; is a standard Brownian motion, we see that the distribution of the reversal of the bridge
is the same as a bridge. This shows that [v(z,w;t)]® = v(w,z;t). Since v C D if and only if
v c D, we see that [vp(z,w;t)]® = vp(w,z;t), and by integrating over ¢, we get the second
result. Although v(z,w) is not a finite measure, we can write is as

v(z,w) = li)m vp_,(z,w).

O]

Suppose f : D — f(D) is a conformal transformation. The measures pp(z,w;t) do not trans-
form very well because one needs to change time in the parametrization. However, the integrated
versions do well.

Proposition 4.1.3. If D is a regular domain and f : D — f(D) is a conformal transformation,
then f o pp(z,w) = ppp)(f(2), f(w)).

Proof. We can consider this proposition as a combination of two results:

1 o pp(z,w)|| = llpgo)(f(2), fFw);

fouf(zw) = i (F(2), f(w)),
The first follows from Gp(z,w) = Gpp)(f(2), f(w)), so let us concentrate on the second. It is

useful to consider the measure uﬁ(z,w). Indeed, this measure can be obtained from Brownian
motion in D tilted by the Green’s function.

Let us be more explicit. For ease, assume that w = 0 and write G(z) = Gp(z,w). For each
9, >0, let 7o = inf{t: By ¢ D or |B;| = €}. We can consider a probability measure i = i 5 given
by the paths B;,0 < t < 75 conditioned on the event {|B;.| = e}. If we fix § and let € | 0, then
by properties of the Green’s function we see that the limit measure pg is the measure on paths
B, 0 <t < 715 weighted by the Green’s function G. We then can take § | 0 and get our measure
vh(2,0)

To phrase this in terms of Girsanov’s theorem, we let M; = G(B;) which satisfies

dMy = VLp(B;) M, dB;.
If we use tilt by this local martingale, then

dB, = VLp(By)dt + dW;, (4.4)
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where W; is a standard Brownian motion in the new measure. Note that

VGp(By)

Go(my T B

df (Bt) = f'(B) -

Conformal invariance of Brownian motion and the Green’s function shows that the measures
fovt(z,w) = vl (f(2), £(2))- O

Rather than going through the limiting process, we could use It6’s formula to show that solutions
to (4.4) with appropriate change of parametrization are conformally invariant.

Example Suppose D =D and w = 0. Then G(¢) = —log|(| and Vlog G(({) is a vector pointing
radially towards the origin with norm [rlog(1/7)]~! where r = |(|. We want to show that with
probability one the path reaches the origin in finite time. Consider the visits to the circles C,, =
{]z| = e™™}. Suppose that |By| = e™™ and let 7 = 7, = inf{t : B, € C,_1 or B; € C,,,;}. In the
tilted measure, we have

P{B, € C,,_1 loge™!

]P)* BT n— = =
{Br € Cna} P{B; € Cp,—1 loger~1 + P{B; € Cy,,} loge™

Starting at C,, for usual Brownian motion the probability is 1/2 that the path reaches C,_;
before C,41. Therefore, in the weighted measure P*

P{B, € Cp,_1} loge™~!

lim P*{7,_ By=e™"} = 1l
o {1 <7m|Bo=e"} Mmoo P{B; € C,_1 loge" 1 + P{B,; € Cy,} loge™
11—
_ S n 1 _n—1
m=l-n, 14 _L pm n
m—n m—n

In particular, if we let J,, be the total number of excursions between C,, and C,,_1, then
P{J, >n}=(n—1/n)" <1/e,

and hence there exists ¢ < co such that P{J,, > ecnlogn} < n~2. By the Borel-Cantelli lemma, we
see that with P*-probability one, except for a finite number of integers n, J, < c¢n logn. Using this
(we omit the argument), we can see that with P*-probability one, the process reaches 0 in finite
time and is continuous at the terminal time.

4.1.4 Radial and angular part

When studying Brownian motion in C it is often to consider the radial and angular parts to be
independent. To make this precise, let Wy = X; + iY; be a complex Brownian motion, and let

Bt = exp{—Wt}.
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Then B, is a time change of a standard Brownian motion. To be more precise, let f (z) =e % and

define o(t) by “ “
t :/ |f'(Wy)|*ds :/ e X ds.
0 0

Then By = By is a complex Brownian motion. Note that
5(t) = | (W) 72 = €740 = |B| 2.

It0’s formula shows that

> —-X - X e_Xt ‘Bt| ~
d|Bt| =de t=—e tht+ 9 dt:Tdt—|Bt|dXt
Apply the time change rule, we see that if we write B, = R; exp{i©;},
1 N 1 .
dRy = —dt +dX dO; = — dY; 4.5
t=9R, + dXy, L= R, M (4.5)

for a standard independent Brownian motions Xt, ﬁ
Let W, be a complex Brownian motion and let

ps = inf{t : |Wy| = e™°}.
Let v5 denote the measure induced by Bi1,,,0 <t <o — gs. Then
vp(0,0D) = lim ps.
5§—00

The probability measure pus can be constructed as follows, Let X, Y, be independent Brownian
motions and let © be an independent random variable uniform on [0, 27]. Consider the solution
to (4.5) with initial condition Ry = e™*,09 = © stopped at T" = inf{t : Ry = 1}. Then ps is the
measure generated by exp{R; +i0;},0 <t < T'. Since the initial condition O is indpendent of the
Brownian motions, we can see that ©7 and T are independent random variables. Letting s — 0,
we get the following. We state this for the unit disk but a similar result holds for other disks.

Proposition 4.1.4. Let B; be a Brownian motion starting at the origin and let T = 1. Then the
random variables T and arg(B;) are independent. The latter is uniform on [0,27] while the form
has the distribution of

1nf{t . Rt = 1},
where Ry is a Bessel process satisfying
dt
dR; = —— + dW, Ry =0.
t 2Rt + ty 0

Let us emphasize that this proposition strongly uses the fact that the domain is a disk and that
the Brownian motion starts at the center of the disk. If the Brownian motion started very close
to the boundary, then the random variables o5 and arg(B,,) would not be independent. Indeed, if
we know that 7 is very small, then the argument would more likely to be very close to the starting
argument, while if 7 is large, then the argument would be almost uniformly distributed. Not so
obvious, but true, is that if D is a domain, z € D, and 7p and B;, are independent random
variables, then D is a disk and z is the center point.
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4.1.5 Interior to boundary

Suppose that D is a regular point, B; is a Brownian motion starting at z € D, and, as usual,
T =71p = inf{t: B, ¢ D}. Suppose By = z € D. Then there is a probability measure vp(z,9D)
which is the distribution of the random curve B;,0 <t < 7. If V C 0D, then we write vp(z,V) to
be the restriction of vp(z,dD) to curves that lie in V. We can write

VD(Z) V) = HVD(Z’ V)” Vﬁ(zv V)’

where

lvp (2, V)|l = hmp(z, V),

and if hmp(z, V) > 0, Vﬁ(z, V') is the measure obtained by tilting by the harmonic function

In this case the conditioning is elementary, but we can use the Girsanov formula to write down the
SDE satisfied by the conditioned process. If w is a locally analytic point of D, then we can define
vp(z,w) so that if V' is analytic curve

vp(z,V) :/ vp(z,w) |dw|.
v
There are two equivalent definitions (both of which need to be verified but this is not so difficult).
() = 5 limvp(z w -+ en)
v = — limv n
p(zw) =5 limvp(z,w+ en),
where n = n,, denotes the inward normal at w. Equivalently,

1 1
lvp(z,w)| = ;Hp(z,w) =5 lgﬁ)lGD(z,w +en),

and Vﬁ(z, w) is the h-process obtained by tilting by the harmonic function h(¢) = Hp({, w).

To help keep our constants straight, consider D = D and w = 1. Under our normalization,
Hp(0,1) =1/2, |vp(0,1)|| =1/27. Gp(0,1 —€) = —log[l — €] ~ .

4.1.6 h-process

The h-process for Brownian motion conditioned to leave a domain D can be done easiest for
Brownian motion in the ID starting at the origin. Indeed, in this case if we start with a Brownian
motion and let 7 = 7p, then the process W; = B, B; can be shown to be an h-process conditioned
to leave the disk at 1. To get the h-process in other simply connected domains (or from other
starting points in D), we can use conformal invariance. This does not require smoothness at the
boundary, but we will assume that the conformal map extends continuously to the boundary point.
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Let h be any positive harmonic function on a domain D. We can define the Green’s function
for the h-process
Gpp(w,z) = lim rPy {dist (z, B[0,7]) < e "},
r—00

where IP;, denotes the tilted measure. Note that as r — oo,

Py {dist (2, B[0,7]) < e "} ~ P {dist (, B[0,7]) < e "} Z((‘;’))
from which we derive L
Gpn(w,z) = Gp(w,z) h((z]))

If f: D — f(D) is a conformal transformation and h is a positive harmonic function on D, let
h¢(z) = h(f~1(z)) he the corresponding harmonic function on f(D). Then, connformal invariance
of the Green’s function implies that

Gf(D)’hf(f(w)’ f(2)) = Gpu(w, 2).

Lemma 4.1.5. There exists ¢ < oo such that for every simply connected reqular domain D, every
positive harmonic function h on D, and all z,w € D,

Gpn(z,w) <c[1+Gp(z,w)].

Proof. Without loss of generality assume that z = 0 and h(0) = 1. Let ¢ be a point on 0D
closest to the origin. If |w| < |(|/2, then the Harnack inequality implies that h(w) =< 1 and hence
GD,h(O,w) = GD(O,U)).

For any w, let V' denote the closed disk of radius dist(w, dD)/2 about w. Note that for w’ € V,
h(w) < h(0,w"), G(w) < G(0,w"). Moreover, G(0,w) < P{B[0,7] NV # 0} and PY{B[0,7]NV #
0} < PY{B[0, 7] NV # 0} h(w) < Gp(0,w) h(w) = Gp (0, w). In particular, Gp (0, w) < c. O

Corollary 4.1.6. There exists ¢ < oo such that if D is a bounded simply connected domain, and
h is a positive harmonic function on D, then for every w € D,

/ Gp.n(w,z)dw < oo.
D

In particular, with Py-probability one the time duration of an h-process is finite.

We are only assuming that D is bounded. This may be a bit surprising. Consider a saw tooth
domain of the form D = ((0,1) xi(0,1)) \ V where V = V; U V5 with

vi=J@?m 2 4i@/e)], Vo= (R 4i1/4),2720 1 ).
n=1 n=1

We can find a positive harmonic function h whose boundary value is zero on 9D\ [0, i]. Although
the boundary behavior of the function f near the boundary is bad, we can still consider the
h-process starting at, say, (3/4) +i(3/4). Although the path must go “up and down” infinitely
often to avoid the teeth of 0D, the total time duration of the path is finite. However, in this
case the path can not be extended to be continuous at its terminal time.
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Corollary 4.1.7. Suppose f : D — D s a conformal transformation and suppose that f has a
continuous extension to the boundary in a neighborhood of 1. Then we can write

v (f(0), £(1) = fo v (0,1).
If f is analytic in a neighborhood of 1, then we can write
vp(£(0), f(1)) = £ (D] £ 0 v (0, 1).
The following will be used later in this chapter.

Proposition 4.1.8. Suppose D' C D are domains, ( € D, and z is an analytic boundary point
of 0D. Let By be a standard Brownian motion starting at ¢ under the measure P and let P, be
the measure under which By is an h-process in D from ( to z. Let T = inf{t : By ¢ D'} and
T=1,=inf{t: By = z}. Then

ES [HD(BT,Z);T < T}
H(¢, 2) '

Proof. Let My = H((, Biar) which is a local martingale for ¢ < 7. Then P, denote the probability
measure obtained by tilting by M;. The result follows from the Girsanov theorem.

PAT <7} =

O

4.1.7 Upper half plane

The h-process is perhaps easiest seen in the upper half plane H with boundary point infinity. Here
the path has infinite length and hence is not in K. However, the SDE is rather nice. Indeed the
Poisson kernel, that is, the positive harmonic function that vanishes on the boundary except for
the target point, is h(x + iy) = y. When we tilt by this measure, in the new measure the real and
imaginary components are independent. Indeed, the real part is a regular Brownian motion and
the imaginary part satisfies the Bessel equation
dt
dY; = — + dBy.
t Y, + dby
If we choose the boundary point on the real line, the formulas are not as nice but there are still
not bad. Let us choose the origin for the boundary point in which case

Y

with
Vh(x +iy) 22

v 2x T4 —y
h uﬂy)_( y(w2+y2)’y(x2+y2)>'

Hence in the tilted measure we get

_Xt

= g+ dX,
V(X2 +Y7) '

dX, =
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XP Y2

S M S TN 7
Yy (X7 + YP) '

dYy

where Xt + zYt is a Brownian motion in the tilted measure.
In the upper half plane, we can take advantage of the independence of the real and imaginary
parts, to give an explicit form for the measures vy (z, z;t) so that

vp(z,x) = /000 vp(z, x; t) dt.

Lemma 4.1.9. Let B; be a one-dimensional Brownian motion starting aty > 0 and let T = inf{t :
By =0}. Then T has density

\/%t?»/z exp {—y°/2t} . (4.6)

Proof. Using symmetry and the reflection principle for Brownian motion,

P{T <t} = P {Olgigt B < O}

= P B >
{org?%i S—y}
= 2P'{B; >y}

= 1-2P{0< B, <y}

y/ Vit
= 12/ Le_QEQ/Qd:U
0 V2T

By differentiating, we get (4.6). O

Suppose we start a two-dimensional Brownian motion at yi and let 7 = 7. Then 7 has the
same distribution as T" of the preceding lemma. We define

. Y —y2/2t Y —x?/2 Y —(a2+y?)/2t
) = v?/ /2t (a2 +y?)/2t
vt 00 = o in @ amt © omi?
Note that
(0.9] o0
. Yy (212 Y 1 .
/0 lvaslyi ;)| dt = /0 grp ¢ Tl = oty = Hlyi o).

The probability measure fo (yi, z;t) can be described by saying that the real and imaginary com-

ponents are independent; the real component is a bridge of time duration ¢ from 0 to x; and the
imaginary part is a Brownian motion starting at y conditioned to hit O first at time £.
We now define

va (0, z;t) = limy ™' v (yi, 25 t),
y40

and define vy (2, z;t) similarly by translation. We can describe vg(0,x;t) as the measure of total

1 2
16:1:/21‘,

mass (27t?) whose probability measure Vﬁf (0, x;t) is described as follows:

e The real and imagainary parts are independent.
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e The real part is a Brownian bridge from 0 to x of time duration t. We will write this
probability measure as )\?E (x;t)

e The imaginary part is the probability measure associated to a positive excursion of a Brownian
motion conditioned to return to the origin at the first time at time t. We write this probability
measure as )\72# (t).

Using the decomposition above, we also write

1

A(z;t) = Vot PN (30),
1 —y2/2t \#

Mo(t) = s A 1),

Definition The (Brownian) excursion measure in the upper half-plane is defined by
o0
va(x, o) = lim y~ m(z + iy, a') = / via(z, 2’5 t) dt.
y 0

If x # o/, then vy (z,2’) is a finite measure with total mass

1

1
/ /
Ve (2, )| = —Hom(z, ") = @ — 22

If x = 2/, then vy(z,2’) and the limit in the definition must be taken in an appropriate sense. For
example vy (z, x) restricted to loops of time duration at least ¢, is given by

o0
limy_l/ va(T + 1y, ).
yd0 t

Definition Suppose D is a domain and z,w € 9D such that dD is analytic in neighborhoods of z
and w, Then the (Brownian) excursion measure vp(z,w) is defined by

vp(z,w) = leif(r)l e 'up(z + eny,w),

where n, denotes the unit interior normal at z. If V,V’ are closed analytic arcs of D, then we
define

vp(2,V) = /V vp (2, w) |du),

VD(V/,V):/ VD(Z,V)|dz:/ /VD(z,w)|dw||dz].
4 v Jv

If 2 = w, then the excursion measure vp(z, z) is an infinite measure while if z # w it is a finite
measure. Similarly, if dist(z,V) > 0, then vp(z,V) is a finite measure and if V, V' are compact
disjoint arcs, vp(V', V) is a finite measure.
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Proposition 4.1.10. Suppose f : D — f(D) is a conformal transformation that can be extended
locally in meighborhoods of z,w € OD. Let V,V' be analytic arcs and that f is locally analytic at
points of V,V'. Then

fovp(z,w) = |f' ()| 1f (W)l vyp) (f(2), f(w)),

fovp(z,V) = |f(2)|vpy(f(2), F(V)),
fovp(V, V) = vy (f(V'), f(V)).

In fact, from this we see that we do not need the assumption that the arcs V,V” be analytic.
We write
vop = vp(0D,0D),

and note that this is a conformally invariant measure.

Definition If z is a locally analytic boundary point of a domain D, the (boundary) bubble measure
vPuP 5 (2) is defined by

VPP (2) = mv)D(z, 2) == ﬂlif(r)l e lup(z +eny, 2),
We include the factor 7 in order to agree with definitions in other places. Note that the bubble

measure satisifes the conformal covariance rule

ForPPp(z) = | (2)P V™" ppy (F(2)).

This assumes analtyicity of f in a neighborhood of z.

4.1.8 Concatenation formulas

When analyzing Brownian measures, it is useful to have formulas that break up a path into smaller
pieces. Such path decompositions are standard for studying discrete processes. In the continuous
situation, similar arguments are generally given in terms of the strong Markov property using
stopping times for the process. When dealing with finite measures that are not probability measures
it is useful to write down such expressions in terms of path decompositions. We will state some
results here. The proofs are not difficult and will be omitted.

For ease, we will assume that the boundaries at which we split the path are locally analytic.
One can give expressions without these assumptions, but they are not quite as nice. For practial
purposes, one generally tries to split a path at a nice boundary.

Proposition 4.1.11. Let D be a domain, let D' C D be a subdomain, and let n denote the closure
of DN OD'. Assume that 1 is a finite union of analytic curves, and let z,w be distinct analytic
points in D\ 1.

o Ifzc D,

vp (2 w) — vpr(2,w) = /D (0 @l w) | (4.7)
o IfwelD,

vplzw) =vp () = [ up(e.0) @ v (C ] dd), (1.9
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o Ifz,we D,

vp(2,0) — v (2, w) =
/ / (2, C1) ® vp (1, C2) @ vy (Goy )] |dca ] |dCal- (4.9)
DNoDy J DNoD’

We note that in (4.7), if w ¢ Dy, then vpy (2, w) is the zero measure, and hence the right-hand
side equals vp(z,w). Similarly if either z ¢ Dy or w ¢ D;, the right-hand side of (4.9) equals
vp(z,w).

Proof. These are all applications of the strong Markov property and reversibility. We will do (4.7)
in the case z € D',w € D. Let 7 = 7p, 7" = 7pr and let 05 = 04, = inf{t > 7' : |By — w| < €}. Let
e denote the measure on paths B, 0 < t < o, given by the Brownian measure restricted to the
event {o. < 7}. Then,
VD(Za ’LU) - VD’(Zv w) = 13%(71-62)_1 He-
We write B[0,0] = B[0,7'|® B[/, 0.]. By the strong Markov property, the distribution of B[r’, o]
given F.s is that of a Brownian motion starting at B, stopped when it gets within distance € of
w. If we restrict to the event that this occurs before the path leaves D, multiply by (me?)~!, and
then take the limit, we get the measure vp(B,/,w). The expression (4.7) is obtained by integrating
over all possible paths B[0,7’]. If z € 9D or w € 9D, we can do a similar argument or we can take
limits as the points are approached from the inside.
We get (4.8) by path reversal,

vp(z,w) —vp(z,w) = [vp(w, z) — VD/(w,z)]R,

and we get (4.9) by combining (4.7) and (4.8).

4.2 Brownian loop measure

Let KCr, denotes the set of curves v € K with v(0) = v(¢,). We call elements of K, (rooted) loops.
Let us define the measure v on Kp, by

v = /C V(2) dA(2) = /C /0 T (s t) dLdA(2).

This is an infinite measure. Indeed, there are three places that the integral blows up. For fixed z,
the integral over ¢ blows up both near the origin and at infinity since ||v(z,t)|| = (27t)~L. Also,
there is a blowup in z because we are integrating over the unbounded set C. If D C C is a domain,
then the measure vp is defined by restriction,

VD:/DI/D(Z) dA(z):/D/OOO vp(z;t) dt dA(z).

If D is a bounded domain, then this measure is infinite, but there is only one source of blowup: the
dt integral as t — 0. In particular, if D is bounded, € > 0, and V =V p, V' = V!, denote the set
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of loops v C D with t,, > € and diam(v) > €, respectively, then vp(V) < oo, vp(V') < 0o . One way
to view v(z) in terms of finite measures is as a consistent collection of measures {vp(z) — vp/(z)}
where D, D' are bounded domains with z € D’ C D.

The measure vp(z) satisfies: if w — z, then vp(w, z) — vp(z). More precisely, every subdomain
ze D' CD,

iig; vp(w,z) —vp(w, 2)] = vp(z) — vp(2).

Using conformal invariance of the measures vp(w,z), we can see that the measures vp(z) are
conformally invariant:

o If f: D — f(D) is a conformal transformation, then
fovp(z) =vip)(f(2)).

However, the integrated measure vp is not conformally invariant.

Proposition 4.2.1. If f : D — f(D) is a conformal transformation, and g = f~1, then
forn= [ Ig@P vy (w)dA(w).
f(D)

In other words,
d[f ovp]

y (7) = 1g' (v (0))[*.
V(D)

Proof.

foup = /DfoyD(z)dA(z)
- / vp(f(2)) dA(2)
D
= [ 1@ v (F@) [ ()P dA)

D
= [ g @P vy ) dA(w)
f(D)

O

We would like to define a conformally invariant measure. As a step towards this we define a
new measure here.

Definition The rooted Brownian loop measure is the measure i defined by

By =o

dv 2%

The measure jip is obtained by restriction.
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This measure is not quite conformally invariant. However, if we restrict the measure to certain
sets of curves, then we will get a conformally invariant measure. If v is a loop, which we can view
as a periodic function v : (—o0,00) — C, we define 6,y by tg., = t, and

Osv(t) =v(s+1t), —oo<t<oo.

Suppose F is the Borel g-algebra of curves under the topology induced by the metric p. Let F“ be
the sub o-algebra of sets EF € o that satisfy

o If y € E, then 05y € E for all 0 < s < 5.

It is easy to check that F" is a g-algebra. Examples of sets in F* are:
{v:s <ty <t}

{v:vC D},
{y:yNV #0}.

Also, if E € F* and f : D — f(D) is a conformal transformation, then {y: fo~y € E} C F".
Indeed, we can define an equivalence relation ~ on curves by v ~ 71 if v1 = 847 for some s. Then,
it is easy to see that if v ~ =1, then f o~y ~ fo~;. The equivalence classes of loops v under the
equivalence relation ~ are called (oriented) unrooted loops.

If ¢ is a continuous, nonnegative function on K, let u® denote the measure on F* defined by

e

7 (v) = o(7).

Note that if ¢1, ¢9 are two such functions such that for every v € K,

ty ty
$1(057) ds = $2(0s7) ds,
0 0

then pu?' = u?2. We write ,u% for the measures restricted to D.

Definition The (unrooted) Brownian loop measure p is the measure fi restricted to the o-algebra
F

Equivalently, we can consider p as a measure on unrooted loops, and perhaps this is more
natural. Define an equivalence relation by v ~ +' if 4/ = 4y for some s. The set of equivalence
classes are the unrooted loops, and measures on unrooted loops can be defined by taking the quotient
topology and then the corresponding Borel o-algebra.

For the remainder, when we refer to the Brownian loop measure we are referring to p. If we wish
to refer to fi, we will explicitly say the rooted loop measure. Note that p = u® where ¢(y) =1/ ty

and hence .
’ ¢(0s7y) ds = 1. (4.10)
0

Using this we could define:
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e The Brownian loop measure is the measure u® where ¢ is any continuous, nonnegative function
on Ky, satisfying (4.10) for very loop v € Kp.
Theorem 4.2.2. Suppose f: D — f(D) is a conformal transformation. Then
foup = pypy-

Proof. Let g = f~!'. By Proposition 4.2.1,

AIorn) o) — P,
Vf(D)
and hence,
A2 0) () = g0
dvy(p) ’
e 19 ((0) .
_lgmO)P _ 2 [ [ (N2 ds
ot = O o | [l oo o
Note that ) .
o) =g )P | [l as)|
and hence .
; d(0sm)ds = 1.

Therefore, “?(D) = WD)

It is worth noting that no topological constraints were put on the domain D. The domain can
be multiply connected.

It will be useful to give an equivalent version of the measures v(z) and u(z). For ease assume
that z = 0. To each loop v : [0,t,] — C with v(0) = v(ty) = 0, we associate the ordered pair (t,.7)
where 4 : [0,1] — C is the scaled loop:

A(s) = t;l/Q y(sty), 0<s<1
We can write

v(0) = (2; dt) x v7(0,0;1),

1
= — # :
1(0) <27rt2 dt) x v7(0,0;1),

Here we recall that v7(0,0;1) is the probability measure associated to a Brownian bridge condi-
tioned to return to the origin at time 1. Similarly we can consider the measures v and p as measures
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on triples (z,t,,7), where z is the root of the loop. To be explicit, the triple (z,t,,7) corresponds
to the rooted loop

Yt) =2+ t123(t/t,), 0<t<t,

and the measures v and [ are given by

1
v = area X (Qt dt) x v7(0,0;1),

™

The Brownian loop measure by nature is defined up to an arbitrary multiplicative constant. It
will be important for us to keep track of the constant we have chosen. Roughly speaking, in the
measure 4, the density of loops of time duration ¢ in a domain D looks like (27t?)~! area(D).
This can be made precise if D goes to infinity for fixed ¢ or ¢ goes to zero for fixed D.

4.2.1 Brownian bubbles in H

We have defined the measure Brownian loop measure as the measure obtained from a particular
measure on rooted loops. This definition is best to prove certain properties such as conformal
invariance and convergence of random walk loop measure to the Brownian loop measure, but it is
not the best definition for computations. It is more convienient to choose roots of unrooted loops
in a different way. This will lead us to Brownian (boundary) bubbles.

We will start by considering what happens when one chooses a point of smallest imaginary part
as the root. Let KP"™ be the set of v € K, such that

Im(v(s)) > Im(v(0)), 0<s<t,.
Let KPUP(2) denote the set of v € KPP with v(0) = z.
We define the measure """ = PP (0) on KPUP(0) roughly as

bub . .
v mvp(0,0) i v (ei, 0)

The factor 7 is just a conventional choice. This definition is imprecise, because we are taking a limit
of measures whose total mass is going to infinity. To make it precise we will do the following. If
D C D', and D, D’ agree in a neighborhood of z, we let ' p/(D; z) be the PP /() measure of loops
that do not stay in D, that is, I'p/(D;2) is the total mass of the measure "0 (2) — PP p(2).
If D C H with dist(0,H N 0D) > 0, we write just I'(D) for I'y(D;0). More generally, if D is a
simply connected domain with analytic boundary point z, and z is an analytic boundary point and
f:D — His a conformal transformation with f(z) = 0, then

Tp(D';z) = |f' (2)PT[f(D)).
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If D C H is a domain with dist(0, HNdD) > 0, let T'(D) denote the vP"P measure of loops that
do not stay in D. Note that

(D) = / H(w,0) dEp (0, dw).
H\OD

For example, if D =D, , then

') = /Oa[sinﬁ] {727 sine] df =1.
Proposition 4.2.3. Let F(z) = —1/z. Then
I'(D) = heap [F(HN ID)].
Proof. Let By be a Brownian motion in C and let 7 = 7p = inf{t : B; ¢ D}. Then we can write
1 . 1.
D(D) = lim - & [1m[H (Br, 0)): B- ¢ ] = lim B [lm[ (B, )]
If z = re, then F(z) =7 'e? and H(z,0) = Im[F(z)]. Hence

I(D) = limy = B[l (B,)].

If W=FoBand o =inf{t: W, ¢ F(D)}, then conformal invariance shows that
(D) = lim yEY[ImF(W,)].
Y—00
O

Proposition 4.2.4. Suppose D is a simply connected domain with dist(0,H N 9D) > 0 and let
f: D — H be a conformal transformation with f(0) = 0. Then

(D) = —é S(0), (4.11)

where S denotes the Schwarzian derivative
f/// 2 3f// 2 2
Gy = 1) 8GR
f'(z)  2f(2)
Proof. Without loss of generality assume that f/(0) = 1. This determines f up to one real constant.
Let F(z) = —1/z and write f = F o go F where g is a conformal transformation of F'(D) onto H
satisfying F'(z) ~ z as z — oo. By the previous proposition we know that
I'(D)

z

9(z) =z +a+ +0(|2]7%)

for some = € R (this is the one degree of freedom in the choice of f). Therefore,

-1
flz)=— —% +o—T(D)z| =z[1—az+T(D)2% " =2 +4a2% — [z —T(D)] 2,

f7(0) =2z, f"(x)=62>—-6T(D), Sf(0)=—6I'(D).
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Note that the left hand side of (4.11) is independent of the choice of conformal transformation
f. Any other transformation would be of the form T o f where T is a Mdbius transformation of
H fixing the origin. One could check directly that S(T o f)(0) = Sf(0).

The definition of the bubbles is essentially the same as the excursion measure except for the
factor of m and the fact that it is an infinite measure. Recall that if f : H — D is a conformal
transformation that is locally analytic at 0 and = > 0, then

fovu(0,2) = [f ()| 1f' ()] vp(f(0), f(x))-

We can do similarly for the Brownian bubbles and define v”"?p(z) at analytic boundary points z
by
£ o /P™(0) = [7(0)2 1" ()

Here f : H — D is a conformal transformation with f(0) = z. It is not hard to check that this is
the same as

.
lim —vp(z + en,, 2),
el0 €

where n, is the inward unit normal. For this reason we will also use the excursion measure notation

1 bub :
) = - :1 - + en )
vp(z,2) —v p(2) 61%161/]3(,2 eng, z),
where we must remember this is not exactly a limit in K since the limit is an infinite measure. If
D' C D, and z is an analytic boundary point, we define I'p(D’; 2) to be the vP"?p(z) measure of
bubbles that intersect D NAD'. If f is as above and D; C H, then we get the scaling rule

L(Dy) = £ () Tp(F(D), £(0))-
There is a relationship between Brownian bubbles and the Brownian loop measure.

Theorem 4.2.5. Considered as a measure on the unrooted o-algebra F",

1 .
p=— /c VPP iy (@ + dy) do dy = /CVH+2(27 z) dA(z).

™

The factor of 1/7 is to compensate for the 7 in the definition of the bubble. The basic idea is
to attach to each unrooted loop the rooted loop obtained by rooting at the (unique up to a set of
loops of measure zero) point of minimal imaginary part. Technically, it is easier to go the other
way — we start with the measure

/C Vit (2,2) dA(2), (4.12)

then assign the root of each loop uniformly, and see that we get the rooted Brownian loop measure.
As before, let us write a rooted loop as a triple (z,t,,7).
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We give another argument here that splits the path into the real and imaginary parts. We start
by giving an alternative construction of the measure

v (0,0) = lim y~ ! vi(iy, 0).
y40

We recall that the limit on the right-hand side must be taken in some sense, that is, considered as
a finite measure restricted to some nice set of curves. Another way to take the limit is as follows.
Let use write

vig(iy, 0) = / vaa(iy, 0: 1) dt
0

where vg(iy, 0;¢) denotes the measure restricted to curves of time duration ¢. Then we define

[e.@]
vu(0,0) = / v (0,05 t) dt.
0
where the measures v (0, 0;¢) can be defined by
v (0,05 8) = limy~" g (iy, 0; 7).
y40
Since the real and imaginary parts of a Brownian motion are independent, we can write

v (iy, 0;t) = A1(t) X Aa(t;y)

where Ai(t) is the one-dimensional Brownian loop measure at the origin for time ¢, and Aa(t;y) is
the one-dimensional Brownian measure corresponding to paths starting at y and exiting the positive
real axis at time ¢. Note that ||A;(¢)|| = 1/v/27t and )\f& (t) is the one-dimensional Brownian bridge
measure.

The total mass || \2(t;y)|| is the density of the hitting time 7" of the origin for a one-dimensional
Brownian motion starting at ¢, which is given by

et ) exp {—y?/2t} . (4.13)

. Y
V2 t3/?

This formula is derived using symmetry and the reflection principle for Brownian motion,

P{T <t} = Py{min BS<O}

0<s<t

= Po{max BSZy}
0<s<t

= 2P'{B; >y}

= 1-2PY0< B, <y}
y/VE
o Vor

By differentiating, we get (4.13). In particular, for ¢ > 0,

= 1-2 e~ /2 dy

limy~! i, 0:0)|| = limy ™ |IA () X Mao(t:9)]| = )
lim y | m (2, 05 2) | lim y [A1(t) x Aa(t; )] 512
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The probability measure )\52’%é (t;iy) can be described as Brownian motion B; starting at y tilted
by the function
Js = F(t — s, By),

where
F(s,x) exp {—2?/2s}.

x
V271 s3/2

Note that

Fls.a) = Flsa) |1 2],

and hence we have ) B
dBy = | — — —2

Bs t—s

where Wy is a Brownian motion in the tilted measure. By comparison with a Bessel process, we

can see that this process does not hit the origin before time t. However, as s 1 t, the drift towards

the origin is so strong to force By = 0 in the tilted measure. Using this equation, we can construct

the limit

}(u+dw;

)\f(t; 0) = lim )\f(t; iy).
yd0

This measure on one-dimensional paths is essentially the same as what is known as Itd ex-
cursion measure for one-dimensional Brownian motion. We have described the measure on
one-dimensional excursions in the positive half-line “conditioned” to return to the origin at
time ¢. We put “conditioned” in quotes because we really multiply this measure by [v/27 t3/ 2t

Putting this all together, we see that v(0,0;t) is a measure of total mass (27t?)~! whose
probability measure l/ff (0,0;¢) is a one-dimensional Brownian bridge in the first component and an
independent one-dimensional excursion of in the second component, both of time duration ¢t. Then

m@m—émmmmmn

In particular, if we consider the integrated measure

/ Vita(z, 2) dA(2),
C

then the density of loops of time duration ¢ is a domain D is asymptotic to area(D) (27t2)~!. This
asymptotics can be taken as D 1 C for fixed ¢ or t | 0 for fixed D. In particular, the constant is
the same as for the Brownian loop measure p.

It is not hard to show that Brownian scaling holds for the excursion measures V[?f (0,0;), i.e., if
«y is distributed according to 1/[?1&(0, 0;t) and 7(s) = t~ /2 (st),0 < s < t, then 4 has the distribution
v#(0,0;1). Therefore, we can write the measure (4.12) as a measure on triples (z,t,,7) as

1
area X <27Tt2 dt> X Vﬁ(0,0, 1).
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We now use an important fact about one-dimensional bridges and one-dimensional excursions.
If v(t),0 < t <1 is a path with v(0) = (1) = 0, considered as function of period one, we write

Osy(t) = (s +t) —(s).

e If v has the distribution )\fﬁ(l) and U is an independent uniform random variable on [0, 1],
then Oy has distribution A7 (1).

e If v has the distribution )\f(o; 1) and U is an independent uniform random variable on [0, 1],
then ©gyy has distribution Af(l).

This can be proved in a number of ways. One way is to approximate by simple random walk
for which the analogous facts are easy. Applying this to the real and imaginary parts of a two-
dimensional process we get the following.

e If 4 has the distribution ©#(0,0;1) and U is an independent uniform random variable on
[0, 1], then O~ has distribution v# (0, 0;1).

e If v has the distribution l/[?l& (0,0;1) and U is an independent uniform random variable on
[0,1], then O~ has distribution »# (0, 0;1).

It may be useful to consider a random walk analogue. Consider simple random walk on the
integer lattice Z. It is known that
1
P{Son =0} = — + O(n~*/?).
Note that 1/y/mn is 2p2,(0,0) where p; is the transition probability for Brownian motion.
The factor of 2 comes from the bipartite nature of the random walk, that is, the fact that

P{S2,+1 = 0}. Let us fix an integer n and let w = [wo,...,wsy,] be a random walk loop with
wo = wa, = 0. Let X = Xo,, be the largest integer = such that —x is visited by w and let
0 = 09, be the the smallest index s such that ws, = —X. Note that s and x (and, hence, also

2n — s) must have the same parity. We have split w = w! @ w? in a unique fashion such that
the the terminal point, say —x, of w' is smaller than the other vertices of w', the initial of w? is
the same as the terminal point of w!, and no other vertex of w? is smaller than its initial point.
(However, —z may appear more than once in w?.)

If S is a simple random walk starting at the origin and n is an integer, then

oo 2n—1

1
Z Z P{S2, =0, X =z,0 — s} =P{S, =0} ~ —.
=0 s=0 o

Let us consider n large and let 2, = 2/v/2n. Recall that Wt(n) := Sant/V2n converges to a
Brownian motion.

By comparison with Brownian motion, we expect that if s 4+ x is even,
P{Ss = —x;5; > —x,j <z} ~2F(s,x),

where F(s, ) is the Brownian quantity,

x
F(s,z) = NPl exp {—2?/2s} .
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The factor of 2 comes from the bipartite nature of the walk. However, we expect
P{Ss; = —a;5; > —z,j <z} ~4F(s,x).

The extra factor of two represents the expected number of visits to —x before reaching —z — 1.
Therefore, if z is even,
P{Son =0,0 =25} = Y P{S, =0,0=2sX =2k}

k=0

~ Y 2F(2r,2k)4F(2n — 2r,2k)

k=0
- (2;24”5%)4”;;%)
= (2,33/2/000“ VF(1—t,2)d
8 1 1

2n)*2 2v2r  2n/mn’
Similarly, we get
1
P{So, =0,0 =2s+ 1} ~ ————,
{ 2n a s+ } o
which is consistent wth

2n—1

3PSy, = 0,0 =25 + 1} = P{Sy, = 0} ~
s=0

3~
:-

Proposition 4.2.6. Considered as a measure on the unrooted o-algebra F*,

1 T oo ) ]
= / / vy, (re®?  re') r dr do, (4.14)
m™Jo Jo

Proof. Let f(z) = e* which is a conformal transformation of D := {x +iy € H: 0 < y < 7} onto
H. Therefore, if D, = DN (H+ y),

where U, ={z € H: |z| > r}.

pa = foup = // fovp,(x+iy,x +1iy) dx dy

= / / T vy, (€Y, "t da dy
= / / ruy, (re®, re) dr dy
o Jo
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Proposition 4.2.7. There exists ¢ < oo such that if K C H such that D = H\ K is a domain with
dist(0, K) > 1, and q(e, D) denotes the ug measure of loops that intersect both the circle of radius
€ and K, then

q(e,D) = ET(D)[1 + O(e)], €l 0.

Proof. The vP%y; (re?) measure of loops that intersect K is given by I'y, (D N Uy;re). Then
(4.14) implies that

1 /™ [€ .
= — / / Ty (DN U,;re) rdrdf.
mJo Jo

Let
2

fr(z) =z+ La

z

which is a conformal transformation of U, onto H. Then
Lo (DN Upre) = |£i(re") Tu(fr(D), fr(re"”)).
Since |f,(re?)| = O(r), we can use derivative estimates to see that
Lu(fr(D), fr(re”)) = T(f+(D)) [+ O(r)].

Using f.(2) = f-(1) + O(r?) for |z| = 1 and
we see that

Also,

Therefore,

q(e, D) = // 4[sin ] 7 [1 + O(r))dr db
(D) 1+ O(e

= €

Let Ap(Vi,V3) denote the up measure of loops that intersect both V4 and V5.

Proposition 4.2.8. There exists ¢ < oo such that the following holds. Suppose D C H is a domain
with dist(0,0D) > 1. Let 0 < r < 1/2 and let V be a closed subset of H contained in {|z| < r}.
Then,

|Au(H \ D, V) —hcap(V)I'(D)| < c¢rhcap(V) I'(D).

Proof. (Sketch) If V' is the half disk of radius r, then this is the previous lemma. More generally,
for any loop that hits both K and rD,, we consider the excursions from the unit circle to rD.
For each of these we can ask the probability that the excursion hits V.
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We claim that for an excursion in D} connecting two boundary points in D, \ H, the probability
to hit V given that the excursion hits rD; is 72 hcap(V) [1+O(r)]. To see this we start by recalling
that the probability that the excursion from z = €’ to w = e¥* hits rD is Hop, (z,w) " times

Ho (Gw) dp o, (d) = (1400 222 [7 Hy (e w) sing do
0

2 o : ™
= [1+0(r)] Zrsinf siny / sin? 0 df
a 0

= 72 sinB sine [1 + O(r)]. (4.15)

I¢|=r

Since K is contained in rDy, we can use the strong Markov property to see that

(G0 dE () = 1+ 0(r) D [Ty, (Brvw)] sind i,

where o is the first time that a Brownian motion leaves Dy \ V. We can see that

EMWMQMM::mWW%m@ﬁR£VM+mM
= siny B’ [Im(B,)] [L + O(r)]

where ¢’ is the first time that the Brownian motion leaves H \ V. Recall that

mmm_%/lwﬁm&ﬂmma
T Jo
Therefore,
Hp, (¢, w) d&p,\v(2,dC) = sin B sinyp hcap(V) [1 + O(r)]. (4.16)
I¢|=r
Comparing (4.15) and (4.16) gives the claim. O

By considering derivatives we get the following corollary.

Corollary 4.2.9. Suppose that D C H is a subdomain, v is a continuous curve in H with v(0+) =
0, and let v = ~v(0,t]. Suppose that v, C D. Let a(t) = hcap|y;] and assume that a is C'. Let
g+ denote the unique conformal transformation of the unbounded component of H \ v onto H with
gt(z) —z — 0 and let Bs = gs(7(s)). Then

As(y. H\ D) = / i(5) T(ga(D): Bu) ds. (4.17)

4.2.2 Brownian loop measure on cylinder

Let Cyl denote the cylinder [0,27] x C or equivalently the complex plane with the identification
z ~ z + 2mk for all integers k. The Brownian loop measure on Cyl can be defined as before

1
area X o2 l/cyl tdt
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where now I/tc Y denotes the appropriate Brownian bridge of time duration on the cylinder. This
latter term can be considered in two independent parts: the vertical part is a one-dimensional
Brownian bridge on R and the horizontal part is a Brownian bridge on the circle, that is, on the
interval [0, 27] with periodic boundary conditions. Similarly, we can consider a Brownian bubble
decomposition where we choose the y part from a Brownian excursion and again choose the = part
from a Brownian motion on the circle.

Conformal invariance can be proved as before and this is most important when consider the
exponential map z — €' that conformally maps Cyl onto C\ {0}. The image of the Brownian loop
measure is the Brownian loop measure.

Proposition 4.2.10. Considered as a measure on the unrooted o-algebra F*,

1 2w poo ) ) 1 2w poo ) )
he = - / / vo, (re, ey r dr df = = / / vip(reé?,re?)rdrds,  (4.18)
™ Jo 0 ™ Jo 0

where O, = {z € C:|z| > r}.



