Annales Academise Scientiarum Fennicee
Mathematica
Volumen 43, 2018, 597-616

ON THE DISTRIBUTION OF PLANAR
BROWNIAN MOTION AT STOPPING TIMES

Greg Markowsky

Monash University
Victoria 3800, Australia; gmarkowsky@gmail.com

Abstract. A simple extension is given of the well-known conformal invariance of harmonic
measure in the plane. This equivalence depends on the interpretation of harmonic measure as an
exit distribution of planar Brownian motion, and extends conformal invariance to analytic functions
which are not injective, as well as allowing for stopping times more general than exit times. This
generalization allow considerations of homotopy and reflection to be applied in order to compute
new expressions for exit distributions of various domains, as well as the distribution of Brownian
motion at certain other stopping times. An application of these methods is the derivation of a
number of infinite sum identities, including the Leibniz formula for 7 and the values of the Riemann
¢ function at even integers.

1. Introduction and primary methods

It is well known that harmonic measure on domains in C can be interpreted in
terms of exit distributions of planar Brownian motion. The conformal invariance of
harmonic measure therefore implies a conformal invariance principle for exit distri-
butions as well, and this principle can also be deduced directly from Lévy’s theorem
on the conformal invariance of Brownian motion. This invariance allows in many
instances for exit distributions to be calculated on simply connected domains for
which a conformal equivalence with the disk is known. However, Lévy’s theorem in
fact does not require maps to be injective, permitting general nonconstant analytic
functions as well. We will show how the conformal invariance of the exit distribution
of Brownian motion can be extended to nonconstant analytic functions, as well as
to more general stopping times. This allows us to derive new expressions for many
exit times and to calculate the distributions of Brownian motion at the exit time of
certain non-simply connected domain, as well as at certain stopping times which are
not exit times. We will give a number of illustrative examples, and show how certain
identities can result from the appropriate choice of stopping times. Perhaps most

notably, we will see a number of different ways in which the values for y 7 n%m and

> % can be deduced.

n=1

Lévy’s theorem is as follows (see [1] or [6] for a proof).

Theorem 1. Let f be analytic and nonconstant on a domain U, and let a € U.
Let B; be a Brownian motion starting at a, and T a stopping time such that the set
of Brownian paths {B;: 0 <t < 7} lie within U a.s. Then the process f(B;) stopped
at T is a time-changed Brownian motion.

It should be noted that the time change referenced in the theorem can be ex-
pressed explicitly, but is not important for our purposes. Let v be a smooth curve
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parameterized by arclength, B; a Brownian motion starting at a, and 7 a stopping
time such that B, € v a.s. p%(w)ds will denote the density of B, on -y, when it exists,
with ds denoting the arclength element. We then have the following identity, valid
for any measurable subset A of ~:

(L1) PuBr € A) = [ i) ds.

Now, Levy’s Theorem provides us with a Brownian motion B, which is a time-change
of f(B;) and a stopping time 7, which is the image under the time change of 7, so
that B; € f(y) a.s. We will also use the notation p%(w)ds to denote the density of
B: = f(B,). Our method of projection is contained in the following theorem.

Theorem 2. Let U be a domain, and suppose f is a function analytic on U. Let
B; be a Brownian motion starting at a, and T a stopping time such that the set of
Brownian paths {B;: 0 <t < 7} lie within U a.s. Suppose that 7y is a smooth curve
in U such that B, € v a.s. Then for any a € U and w € f(v) we have

1.2 1@ () ds = prz) o
(1.2) pr(w)ds Zeflz(w)mv/(zﬂ S

The proof is essentially immediate, since any Brownian path which finishes at
f~H(w) N~ at time 7 will be mapped under f to a path finishing at w. The |f/(z)] in
the denominator on the right side of (1.2) is the scaling factor required for the change
in the arclength element mapped under the analytic function f. We also remark that
in the case that f is conformal, it is often easier to use g = f~!, and (1.2) becomes

(1.3) o (w) ds = 2@ (g(w)) g’ (w)] ds.

In the next section we will proceed through a series of examples which illustrate the
use of the theorem. In each case, the stopping time 7 will be the exit time of a
domain although 7 may not be; note that this does not conflict with the requirement
that v C U, since the analytic function f in our examples will always be a function
which is analytic on a domain strictly containing the closure of U, and the theorem
can be applied in this larger domain.

2. Examples

The first two examples, concerning the disk and half-plane, are certainly known
but are included for completeness and for their use in the later examples. In what

follows, we will use the notation Ty to denote the exit time of any domain U; that
is, Ty = inf{t > 0|B; € U*}.

Example 1. (disk) There is only one exit distribution in C which is obvious:
that of a disk in which the Brownian motion starts at the center. With D = {|z| < 1},

rotational invariance shows immediately that p%D(eie)ds = g—fr. For a € D consider
the Mobius transformation

(2.1) Ya(2)

It is well-known that 1), is a conformal self-map of D sending a to 0. Using ¢/ =
1—|af?
(1—az)?

, 1 1—|a?
2.2 ¢ (e)ds = ———
( ) pTD(e ) o 27T|1—C_l619|2

zZ—a

T 1—az

and (1.3) we obtain the following identity:

ds.
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We can also calculate the exit density from disks with radius other than one,
as well as the hitting density of the circle when the Brownian motion begins at a
point outside the circle. Let mD = {|z| < m} and mD® = {|z| > m}; Note that
Tmp and T,,pe both signify the first hitting time of {|z| = m}, but the former is of
interest when the initial point of the Brownian motion has modulus less than m, and
the latter when it is greater. If |a] < m, then we can project (2.2) using the map
2z — mz to obtain

. 1 . 1 1—2)? 1 m?—|al?
a 16 _ — a/my i _ m —
(2.3) pr, (me”)ds = — P, (e”)ds = Zrm |1~ af: PRl e —— ds,
while if [a| > m then we use the map z — = to get
. 1 . 11—z 1 Ja* —m?
2.4) 05 ds = —ppl*(e7)ds = 0 ds = o ds.
(2.4) o, p(me")ds mpTD (e™)ds 2mm |1 — =2 27tm |a — me®|? s

As a side note, the Poisson Integral Formula for harmonic functions in the disk D
can be derived from (2.2), as we have by Dynkin’s formula for harmonic h (see [3|)

(2.5) ha) = Euh(Bry)) = — /% w1 g
. a = a —_ — e T — a0 .
™ 27 J, |1 — @e®|?
The reader may check that setting a = re® and performing a few simple manipula-

tions yield a more standard form of the formula.

Example 2. (half-plane) We can also easily calculate the exit distribution of
a half-plane, as follows. Let Ty be this exit time. The conformal map taking H =

{y > 0} to D is given by f(z) = 2—;2, with f'(2) = (ziii)2. We obtain
1 1

To find the distribution from a more general point a = u + vi use the map f(z) =
u + vz, which fixes H and maps ¢ to a, to obtain

(27) (@) ds = ="

T+ (z — u)?
As in the case of the unit disk, this distribution leads via Dynkin’s formula to the
Poisson Integral Formula for the upper half-plane.

Example 3. (punctured disk) Now let V' = {0 < |z| < 1} be the punctured disk.
We can calculate the exit distribution of V' by projecting from H via the covering
map f(z) = € (note that |f'(z)] = 1 on 9H). For any a € V we obtain

oo

ds.

ds.

—In |a|

(2.8) P, () ds = ) m((In]a])? + (arg(a) — (6 + 27k))?)

k=—o00

ds.

Planar Brownian motion does not see points, i.e. P,(B; = 0 for some ¢t > 0) = 0.
Thus, the exit distribution for the disk and the punctured disk agree. The difference
then between the expressions (2.2) and (2.8) is that each term in the sum in (2.8)
corresponds to a different homotopy class of paths in the punctured disk terminating
at € while (2.2) does not differentiate between the homotopy classes. Furthermore,
equating (2.2) and (2.8), assuming a € (0, 1) for simplicity, gives the identity

Z —1Ina 1 1-ad 1—a?
— m((Ina)® + (0 + 27k)?) C 27 |1 —ae®)2  27(14 a? —2acosh)’

(2.9)
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This identity can be manipulated into a more easily recognized identity, as follows.
Divide both sides by — Ina and simplify. This gives

1 1—a?
210 k;w ((na)® + (6 +27k)?) ~ 2(~Ina)(1 + a® — 2acosb)’

a2

Assuming 6 # 0, we can now let a 1 using lim,_,; 11;—(1 = —2, and obtain

1
2.11 = .
(2.11) :Z_: (0 +27k)?  2(1 — cos@)
Subtract z from both 51des (the term k& = 0), take the limit as § — 0 using
limy__o m ei = 12, and simplify. We obtain

1 7?2
(2.12) > 5=
k=1

This is Euler’s celebrated Basel sum, which has many other existing proofs, including
a different probabilistic proof making use of planar Brownian motion (see [4]). Note
also that if we differentiate (2.11) 2m — 2 times and let § — 0 we will be able to
obtain the well-known values of >~ , ﬁ Furthermore, if we take a = ¢!, then

0 = 0, 7 successively, we obtain two identities, which may be added to obtain a third

as follows:
> 1 1 1
I B () ,
k;o m(1+ (27k)?) 2 2
> 1 1
— _tanh [ =
(2.13) Zoow 11 ( 7r+27rk)) 5 tan <2)

- 1
k:Z_OO AT D coth(1).

The final identity in (2.13) is a standard identity which arises as an example of
several different techniques for summing series, for instance using the residue theorem

7, Ch. 7).

Example 4. (infinite strip) We now calculate the exit distribution on an infinite
strip. We let W = {—1 < Re(z) < 1} and take the starting point of the Brownian
motion a to lie on the real interval (—1, 1); it is clear that the distribution with any
other starting point can be obtained from this merely by translation. Apply our
theorem to the function tan(%§z), which maps W conformally to D, to get

(1 + yz)) ptam(4 “ <tan (ﬂ:ﬁ + Eyi)) ds.

(2.14)  p,, (£1 +yi) ds-‘—sec ( TR

4
We can simplify
T

7 5¢¢ <4 (1 + yz))‘ = }e_gﬁgi + egy—gi‘

-2

(2.15) |

-1 -1
= g (cosh2 %y + sinh? gy) = g (cosh gy> .
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Furthermore, using the distribution calculated in Example 1, we have

tan(%a) T T 1= tan2(%a)
2.16 4 (t (i— — ))d = 3 ds-
(2.16)  pp, amEg T gY)) = o= tan(Za) tan(£Z + Zyi)2

Using tan(a 4 3) = -2nettanf o q the identity tan(§yi) = i tanh(Fy) gives

l—tan atan 8

T oo +1+itanh(fy)  £(1 +itanh(5y))?
tan (j:— + —yz> = . T = 2
4 4 1 Fitanh(fy) 1+ tanh”(y)
+(1 - tanhQ(gy)) + 2i tanh(3y)

B 1+ tanh®(Zy)

(2.17)

Y

which yields

p;?;l(%a) <tan (j:% + %yz)) ds

(2.18) _ 1 — tan’(§a) s,
o 1—tanh?(Z 2 - 2tanh (% 2
27T <<1 + tan(Za) 1+tanh25§§§> + (tan(Za) 1+tanhg?§;)) )
Combining (2.14)—(2.18) gives
(2.19)

ds.

pr (£l +yi)ds =
w - Y) 2 t - 2tanh(%y) 2
a y)) + ( an(Za) 1+tanh? %y))

There is another method for calculating p%, (41+yi) ds which uses a form of the
reflection principle. This method will be applied in other examples below, namely
Examples 5 and 7, and we prove its validity carefully for this example, while in the
later ones merely referencing this one. Let us define 7(b) = inf{t > 0 : Re(B;) = b}.
It is clear with comparison with the half-plane example above that pi(b)(b + yi)ds =

%\a—k‘g\%y?d& It will turn out that

Py (1 +yi)ds = pfa)(1 +yi) ds — pf 5 (=3 + yi) ds + pl5) (5 + yi) ds
— pren(=T+yi)ds+...,
Py, (=1 +y1) ds = pf ) (1 +yi) ds — pf(5(3 + yi) ds + pf_5) (=5 + yi) ds
—prny(T+yi)ds+ ...

(2.20)

We will prove the first equation in (2.20), and for the proof of this it will help
to isolate several lemmas. Let us extend the definition of 7 by recursively defining
T(b1,bo, ... bpy1) = inf{t > 7(by,...,b,): Re(By) = byy1}; that is, 7(by, ba, ..., 0y)
is the first time at which Re(B;) has visited the sequence by, bo, ..., b, in order. The
first lemma should be clear upon consideration, and we therefore omit the proof.

Lemma 1. On theevent {7(b;) < 7(by)}, we have 7(by, by, ..., b,) = 7(ba, ..., by).

That is, on the set of all Brownian paths which hit b; before by, we can drop by
from the start of the sequence without changing the value of the stopping time. The
following is an immediate consequence.
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Lemma 2. For A C R, we have

(1{Im<BT(1)>eA} - 1{Im(BT<71,1)>eA}> + (1{Im<BT(1,7m>eA} - 1{Im<BT(71,1,71,1>)eA})

(2.21) < Lme(Bry,)=1,m(Br,, )eA}
< 1{Im(BT(1))6A} - (1{Im(BT(,1V1))6A} - ]‘{Im(BT(l,fl,l))eA}>

—~~~—<1{Im(BT<71,1 ,,,,, u)edr ~ LB 71,1>>eA})~

Remark. In the sums in (2.21), it should be understood that the sequences
defining the 7’s alternate and increase in length by one with each successive term.

Proof. We begin by noting that

min(1um(s,q))eaps Hr)<r(-1)}) = L{Re(Bry, )=1,1m(Bry, )eA}-

By Lemma 1, on the set {7(—1) < 7(1)} we have 7(—1,1,—1,...,-1,1) = 7(1, —1,
...,—1,1), and thus each positive term in the leftmost sum in (2.21) is canceled by
the subsequent negative term and therefore the sum is 0. On the other hand, on the
set {7(1) < 7(—1)} each negative term in the leftmost sum except the last is canceled
by the subsequent positive one, again by Lemma 1. Thus, on {7(1) < 7(—1)}, the
leftmost side of (2.21) is equal to

Him(B, 1y)eay = LimB, 111 1n)ear < Lims,a))ear = Yre(Bry,)=1,1m(B,1))eA}-

It follows that the leftmost side is less than or equal to
min(L{m(s, ,y)eaps Hr)<r(-1}) = L{Re(Bry, )=1,Im(Br,, )eA}-

The second inequality follows similarly from Lemma 1, for on the set {7(1) < 7(—1)}
the difference inside each set of parentheses on the rightmost side is zero yielding a
value of

Lim(B, 1))eA} = L{Re(Bry, )=1,Im(Br,, )eA} s

while on {7(—1) < 7(1)} we have L{Re(Bry,, )=1,1m(Br,, )e4} = 0, while the right side is

equal to ]-{Im(B-r(ly—l,l ,,,,, ~1,1))€A} > 0. -

If we let A be a small interval on the line {Re(z) = 1} centered at 1 + yi, divide
by the length of the interval, and then let this length go to 0 we obtain

Py (14 yi)ds = pfay (1 +yi) ds — pf_y 1y (1 +yi) ds + pgg 11y (1 + yi) ds

(2.22) ) |
— Prcigp (L yi)ds+ ...

We should mention that, intuitively, (2.22) is very simple: in order to calculate
P, (1+yi) ds we want to count paths which leave {Re(z) < 1} at 1+ yi, however we
want to remove the contribution from paths which strike {Re(z) = —1} first, so we
consider pf ;) (1+y1) ds—pf_, ;) (1+yi) ds; however, by subtracting pf_, ;)(1+y1) ds
we have subtracted too much, as we have incorrectly subtracted the contribution from
paths which hit {Re(z) = 1} before {Re(z) = —1}, so we must add pf _; ;)(1 +
yi)ds to compensate; however, by an analogous argument we have overcompensated,
and must therefore subtract pi(—l,l,—l,l)(l + yi) ds, and so forth. It remains only to
understand how to calculate the density pf,, (b, + yi) ds.
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Lemma 3. For any sequence of real numbers a = by, by, ..., b, we have

P?(bl ..... bn)(bn +yi)ds = Pi(wz;:l b;—b;—_1]) (a + Z |bj — bj—1| + yi) ds

(2.23) !
= Pr(a=5y by=b;1]) (a =Dl = bl + yi) ds.
j=1
Proof. By induction on n. The case n = 1 follows from the symmetry of
Brownian motion over the line {Re(z) = a}. Suppose that the result holds for
n, and consider a sequence by,...,b,,b,1. If b, lies between b,_; and b,,;, then
T7(b1, .. bp1,bn,bpy1) = 7(b1, ..., by_1,by41), since the real part of the Brownian

motion must hit b, in passing from b, 1 to b, 1, so the result follows from the in-
duction hypothesis (since then also |bn,11 — by| + |bn — bu1| = |[bpe1 — bu_1])-

on the other hand, b, does not lie between b,_; and b, 1, then it must lie between
b,—1 and b, — (bys1 — b,). However, we must have LY b bn’bn+1)(bn+1 + yi)ds =
P b bn,bn—(bnﬂ—bn))(b” — (bps1 — bn) + yi)ds, since the reflection principle implies
that the process

5 _ {Bt if ¢ < 7(by,....by),

(2.24) by — (Re(By) — b,) +iIm(B;) it t > 7(by,...,by),

is also a Brownian motion; this is the reflection of B; over the line {Re(z) = b, } for t>
7(b1,...,b,). By the same argument as before, 7(by, ..., b, 1, bn, by — (bpy1 — by)) =
7(b1, ..., bu_1,by — (bpy1 — b)), and furthermore |b,, — (bn+1 —bn) = bp| = [bny1 — bl
so the result again follows from the induction hypothesis. O

Using this lemma, we see that (2.22) reduces to the first equation in (2.20),
with the other equation in (2.20) following by the symmetric argument. Using the
expression immediately preceding (2.20), we see

@ (14 yi)d ds l1-a 3+a n 5—a
1)ds = — —
Py Y T\(1—a)+y®2 B+a)2+y?2 (—-a)2+y?

___T+a
(T+a)?+y? )

o (1 4 yi) ds ds I+a 3—a n 5+a
J— 7 e — J—
P Y T\ ta2+e? B-al+2 G+a?+y

__T-a
FrarEt )

Equating the expression for pf, (1 + yi)ds in (2.25) with that in (2.19) gives the
identity

(2.25)

Lo (D7 29—1) (=1)'a)
%; ((2j — 1) + (—=1)a)

(2.26) sech(

)
&y 1—tanh2(Zy)\ 2 x \ 2tanh(Zy) )2\’
4 (1 - tan(Z )1+tanh2 % )) + (tan(Za)H’Thz(%y)>

,\A



604 Greg Markowsky

Needless to say, our lives are considerably simplified by setting y = 0 or a = 0.
For a = 0, we obtain

(=125 —-1) o« m
(2.27) > O 45ech (§y> :

which can be obtained by other methods, for instance the residue theorem [7]. Taking
y = 0 gives us Leibniz’s representation for 7:

1 1 1
=l-Z+=—2+....

™
(2.28) 1 sTs 7

Returning to (2.25), set now y = 0 to obtain

i 1)7+1 S SN U SN S
2]—1 (-1)ia  1—-a 3+a 5-a T7—a

(2.29) =1

_ 7w (1+tan(fa)

4 \1-tan(%a)/ "
This identity is somewhat unusual, and may be new. It can be manipulated to obtain
a number of other identities, as follows. Let g(a) = %(M) Then, if r is a

1—tan(%a)
positive integer, differentiating (2.29) r — 1 times yields the identity

(= DI
(2.30) Z((zj_l)ﬂ_l)jay =g" Y(a).

Note that if r is even then all terms in the sum will be positive, while if r
is odd then the sum will be alternating. Setting a = 0 in this identity gives the

values of all sums of the form Zjo 1 (%_711)27” or Z;‘;l %, which are well-known
(=1t o 0o 1 2 oo (=1)+t .3

with the first few equal to Zg 1 W = 1 Zj:l W = 3 Zj:l W = 33
4 . . .

P m = Z-,.... These values have been known since the time of Euler, and it

should be noted that the values of the even-powered identities easily give the values
of ((2k), the Riemann ( function evaluated at the even integers.

(2.30) can also be manipulated into a different identity, as follows. Let r be
odd and let us refer to the identity (2.30) as I(a). Let ¢ be a positive integer, and
consider the sum I(%) + I(%) +.. I q+3) +I( qu1) The left side of this new
identity is a sum, and we will group the terms in thls new sum according to their
place in the original sums; that is, the first term will be the sum of the first terms
in I (%), - (_qq+1), the second term will be the sum of the corresponding second

terms (each of which is negative), and so forth. Using

T

1 B q
(27 =D+ (=) (27 — Dg+ (=1)7p)~’

it may be verified that the first term in the new sum is ¢" times the sum of the
reciprocals of the r-th power of the odd integers from 1 to 2¢ — 1, the second term
(which is negative) is ¢" times the sum of the reciprocals of the r-th power of the odd
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integers from 2q + 1 to 4¢ — 1, and so forth. We obtain the identity

(o5 ramr) - (arr ae)
(2.31) +<m+...+ﬁ)—<m+...+ﬁ)+m

1t —1-92k
()

k=0 q

As a representative sample of the sums that are obtained for various choices of ¢ and
r, we have:

1 1 1 1. 1 1 1 1 _m/2
17375 i toTn BT T 1
1 1 1 1 1 1 1 1 1 _ o
17375 7Ty n B T T T
1 1 1 1 1 1 1 1 /
I+§+g+?_§_ﬁ_ﬁ_l_5+“.:ﬂ- 2+\/§,
11 1 1 1 1 1 1 3m3v/2
(2:32) Ty o mtEtm o m T 1
1 1 1 1 1 1 1 1 1 _297r3
eI R TR R A R T R | BTV
1 1 1 1 1 1 1 1 7572
=t === =t o=,
1 35 5 79 115 135 155 24576
1 1 1 1 1 1 1 1 1 _12257r5
T 3 THE T % 15 13 1m 15 3R

If we desire the analogous sums which include the even integers, we may argue as
follows. Let ¢ > 2 be a positive integer, and consider I(%) —l—[(q;—‘l) +.. .+I(%+4) +

I (%”). Ordering the terms as before, it may be checked that the left side will be
q" times the sum of the r-th powers of the reciprocals of the even integers other than
the multiples of 2¢q. We therefore obtain

1 = a—2k
s ()

k=1 q

In order to include the multiples of 2¢, add - times the series A, := - — L + 3% —

(29)"
1 . . . r .
3 + ... Multiplying both sides by 2", we obtain

(Fez ) (e @)

(2.34) +(m+...+(;w)—<m+...+«4—})+...
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r q—1
:é:+_£__§:w4%?;%).
¢ (r=Dlg q

The formula holds for ¢ = 1 as well, provided that the final sum on the right side is
taken to be empty and therefore 0. Note that A; = In2, but that no other closed-
form values of A, for r odd are known (nor are any likely to be known soon, as
they can be expressed in terms of the Riemann zeta function evaluated at r). For
r=1,q=2,3,4 we obtain

LS ST S U O U NS SN S P
1 2 3 4 5 6 7 8 4 27

, LUV N S S S U O _ 2 2

(2.35) 17273732 5 67879 T3/ 3
1 1 1 1 1 1 1 1 14+2v2) In2
tor ot ot 1 1 11 o _7m(1+42v2) 2
172737475 6 7 8 8 1

Example 5. (half strip) Let W now be the semi-infinite strip {—1 < Re(z) <
1,Im(z) > 0}. If x € (—1,1) and a = a + i € W, we can calculate p%;ﬁz(x) ds by
using the map f(z) = sin(5z), which maps W conformally onto H = {Im(z) > 0},
fixing —1 and 1. A simple calculation shows sin(F(a + 8i) = cosh(%)sin(%) +

isinh(%) cos(%*), and Theorem 2 and the calculation in Example 2 combine to give

P () ds = sinh (%) cos(%) cos (%) .
Tiy 2 \ sinh*(%2) cos2(Z) + (cosh(2) sin(%2) — sin(ZE))2
(2.36)
. sin(%) cos(7) cos(%) )
_ 1 .
2 sinh2(”—f) + sin®(Z2) + sin®(%F) — 2(:osh(7r2—6) sin(%2) sin(%2)

where the identity sinh®(Z2) cos?(22) + cosh?(Z2) sin?(%2) = sinh*(Z2) +sin?(Z2) was
used to simplify the denominator. On the other hand, we can calculate this density
using reflection as well. We claim that

P () ds = 3 (@) ds — (pi” (2 = @) ds + 37 (=2 — o) ds)
+ (pg“;ﬁi(él +x)ds + p, 7 (—4 + z) ds) _—_

@371  _as( B 8 8
_W<ﬁ2+(a—af)2 (62+(a—(2—w))2+f32+(a—(—2—x))2>

(e wrar mrEs caE) )
BFrla—-(E+e) BP+(a—(-4+2)?)

In order to justify this, we note first that 7y = min(Tg, 7(—1),7(1)), where 7
was defined in the previous example. If a Brownian path exits W at x, then it also
exits H at x, but must also not have hit {Re(z) = £1} before leaving W. The
likelihood of exiting H at x after first striking {Re(z) = 1} is the same, by reflection,
as the likelihood of exiting H at the reflection of = over {Re(z) = 1}, which is
2 — x. Thus we must subtract pg‘«;ﬁ Z'(2 — x)ds, and by the symmetric argument
must also subtract the quantity obtained by reflection over {Re(z) = —1}, which is

pTiﬁ "(—2—x) ds. However, we have now twice subtracted the contribution from paths
which hit both of {Re(z) = £1} before hitting {Im(z) = 0}, and we must therefore
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add p3; "' (4+1) ds+ p, " (—4+z) ds; however, we have again overcompensated, and
therefore must reflect again and subtract, and so forth (this argument can be made
rigorous by adapting the methods given in Example 4). Equating the two values
obtained for the density, we obtain the identity

%(ﬁu(i—xy - <B2+((afix)—2)2 +B2+((ai:c)+2)2)

s g
(238 * (52+<<a—x> ST /32+<<a—x>+4>2) ‘)
1 ( sinh (%) cos(%2) cos(ZL) )
2 smh2( ) + sin?(Z2) 4 sin*(ZE) — QCosh(”B)sm( ) sin(Z2) )

where z,a € (—=1,1), and § > 0. This identity is symmetric in « and z, and if we
set for instance x = 0 we get

%<52fa2_<ﬁz+(§—2)2+52 <§+>) </3 ; —ap

164 ) ) 1 sinh 76 ) cos(%5*)
L ). ) ==
B2+ (a+4)? 2 \ sinh*(Z2) + sin?(%2)

Setting o = 0 as well gives

1 /1 23 23 23 20 ) 1
2.40 —| = - + - + - )=
(2:40) (ﬁ B2+22 B24+42 B24+62 0 2482 2sinh(Z2)

If we subtract B from both sides, divide both sides by [, take the limit as § — 0,
and simplify, we obtain

(2.39)

2.41 - =

(241) * 22 32 * 42 127

which is easily seen to be equivalent to Euler’s Basel sum (2.12). Returning to (2.39),
if we assume « # 0, divide both sides by (3, and take the limit as 8 — 0, we get

1 1 1 1 1 7 cos(%2)
(242) 2 <(2 “ay " (2+a)2) " <(4—a)2 " (4+a)2) R
As before, the identity (2.42) may be differentiated (and integrated) to obtain new
identities if desired, and furthermore similar sums to (2.31) can be deduced. For ex-
ample, takmg an even number of derivatives and setting z = 0 gives a sum equivalent
to Zn 1 (27” r for integer m, while taking an odd number of derivatives and letting
x — 1 reduces to a sum equivalent to ZZO=1 —m for integer m.

Let us now calculate the exit distribution from W on the rays {Re(z) = +1, Im(2)
> 0}. The identity (2.36) holds upon replacing x with +1 + yi, provided that we
recall that the cos(%7) in the numerator came from the | f'(2)| term in Theorem 2, and
therefore must be replaced by | cos(5(£1+4yi))|. We may also use | cos(% (%1 —I—yz))| =
sinh(Zy) for y > 0 and sin(F (1 + yz)) + cosh(3y), and we obtain

pg‘f’ﬁl(:tl + yi) ds
(243) 1 ( sinh(Z2) cos(%2) sinh (%) ) .
2 it '

- sinhz(”—f) + sin®(%2) + cosh®(Z) F 2 cosh(%Z) sin(Z2) cosh(Z)
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This density can also be obtained by reflection, in several different ways. For example,
if W' = {—1 < Re(z) < 1} is the infinite strip of Example 4, then pa+ﬁl(:i:1 +yi)ds =
pg‘f’ﬁl(:tl +yi)ds — a+ﬁl(:t1 — yi) ds. This is because a Brownian path that leaves

W’ at +1 4 yi will also leave W at that point, provided it does not first strike the
real axis; however, the paths that strike the real axis and then proceed to +1 + y1
will contribute the same probability, by reflection, as those that leave W’ at £1 — yi.
On the other hand, if 7(b) = inf{t > 0 : Re(B;) = b or Im(B;) = 0}, then arguing
similarly as in Example 4 we have
p%;;ﬁ’(l +yi)ds = pf;;)ﬁl(l +yi)ds — f(w; (=3 +yi)ds
+pa(+)ﬁl(5 +yi)ds — po‘;’ﬁ;( T+yi)ds+.
pgivtm( 1+yi)ds = pazrﬁl’)(l +yi)ds — °‘+)BZ(3 +yi)ds

+ o (=5 + yi) ds — p2 N (T + yi)ds + .

(2.44)

It might seem as though here we have fertile ground for other identities, however it is
easy to see, again by reflection, that pa+m(b+yz) ds = O‘+Bz(b+yz) ds— pa+6’(b yi) ds,
where 7 is the stopping time deﬁned in Example 4. Thus any 1dent1tles obtained
here could just be obtained directly from (2.26), evaluated at the proper values for
Y.

Example 6. (C\[-1,1]) Consider again the map f(z) = sin(5z) from the
previous example, but this time let us examine the projection of the stopping time
Ty under this map. As stated before, this function maps the domain {—1 < Re(z) <
1,Im(z) > 0} conformally onto H, and it does so by taking {Re(z) = —1,Im(z) > 0}
onto (—oo, —1), [—1, 1] onto itself, and {Re(z) = 1,Im(z) > 0} onto (1, c0); this can
be verified by noting that sin(35(£1 + yi)) = £ cosh(5y). Schwarz reflection tells us
then that f maps {—3 < Re(z ) < —1,Im(z) > 0} and {1 < Re(z) < 3,Im(z) > 0}
conformally onto {Im(z) < 0}, and then {—5 < Re(z) < —3,Im(z) > 0} and {3 <
Re(z) < 5,Im(z) > 0} again conformally onto {Im(z) > 0}, with every point on R of
course being mapped to a point in [—1, 1]. It follows that the projection of Ty under
this map will be the first hitting time of the set [—1, 1], and we will abuse notation
somewhat to refer to this stopping time as 7i_; 1. If € [—1,1], then the point
sin(5x) will have preimages at ¥, £2 — x,4+4 + 2,46 — x,.... Applying Theorem 2,
it follows that, for o + fi € H, we have

™ ™ sin(% (a+54)) ™
(5eon (52)) ™ (in (52))
= p P (@) ds + p3 (2 — x) ds + p T (=2 — 2) ds

+ 2P 4 4 1) ds + p2t P (=4 + x) ds + . ..
(2.45) Prey ) Prey (= )

B @( i, 8 N 8
T\Fra 2 P2 0F Fra- (2 0P
s B
+ + + ...
Frla-(@rn?  Frla (Aro)p
Note that the term (3 cos(3x)) comes from the |f’| in Theorem 2, which by
periodicity is equal at all preimages of sin(fx). The identity (2.45) is similar in
spirit to the identity obtained in Example 3, as every term on the right side of (2.45)

corresponds to a different homotopy class of Brownian curves hitting [—1, 1], some
from above and some from below. In order to obtain the value for the right side we
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need to calculate pr,_, , in a different way, and we can argue as follows. The Mébius

transformation ¢(z) = 12 maps [—1,1] to [0, +oc], and therefore maps C\[-1,1]

conformally onto C\[0, +oc], where C denotes the Riemann sphere. We can therefore
use Theorem 2 to project the density for the first hitting time of [—1, 1] to the hitting
time of [0, +00). We obtain, for # = sin(§z) € [-1,1],

w = 2 P(w T
(2.46) P 1@ 8 = T 2570 (@) d.
We can calculate pr, ., by projecting pr, via the map z — 2%, which maps H
conformally onto C\[0,+00). The point ¢(z) will have two preimages, at £+/¢(Z),

and we obtain
(w) ) ds — ds Im \/
(2.47) Py, +oo>(¢( ) 21/ p(Z ( Imy/¢ + (Re \/gb — /6(z))?
Im o )
Im\/ Re¢¢ ) +/o(2))2 )"

where the branch of the square root is chosen that takes values in H U [0, +00).
Combining (2.45)—(2.47) yields an identity, but this identity is fairly complex for
arbitrary choice of a + fi. We can simplify considerably by taking « to be an

integer, and by periodicity we need only really consider « = —1 and o = 0. Let us

begin with o = —1. As before we note that sin(F(—1+ 5@)) = — cosh(’rﬁ) and thus
. . cosh (3 B)— cosh(58)—1

P(sin(5(—1 + Bi))) = m, o that \/¢(sin(F(—1+ 1)) = (AR @

purely imaginary number. (2.45) therefore snnphﬁes to become

(2.48)
cosh(58)—1

coS(%SC) cosh(Z B)+1 e — 2 < 3
in(z sin(za) | cosh(38)-1 | Itsin(Ge) T\ B L (1ra2
(1 B Sln(_z))2 1—Sin(§x) COSh(%ﬁ)-{-l 1— Sln(ﬂ' ) 7T 5 _I_ ( + :lf)

2
B B B
————ds+ 5————— ds+ —F— | ds.
R B PRI o R -y ¢ g ) R
Note that the set of preimages in the sum in (2.45) are symmetric around —1, thus the

multiplicative factor of 2 and the one-sided sum on the right side of (2.48). Dividing
cosh(58)—1

both sides by 8 and letting 8\ 0, using limg\ 5 = 2%/5, gives
N S S S
(1422 @B-22 OG+x)2 (T—2)2
(2.49) 7% cos(5x) 2
- sin(Sx 3/2 B in(% .
8(1—sin(£:c))2<1f. (§ )) 8(1 + sin(Fx))
2 1—sin(5x)
If we take for instance x = 0, we obtain
1 1 1 1 7r2
2.50 =+ = —
( ) 12+32+52+72+ 87

which is easily seen to be equivalent to Euler’s Basel sum (2.12). In fact, it is not hard
to see that (2.49) and (2.29) are equivalent, with (2.49) simply being the derivative
of (2.29) (with x = —a).
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Retummg to (2. 5) let us now see what happens when we take o = 0. We need
n(3

to calculate ,oT 1( P (sin n(3x))ds, and we will use the same maps as before. We have

(si
sin(§3i) = isin (%Bz), and it may be checked that

. _|1+iasinh(§8)  1+isinh(38)
(251) \/(b <Z sinh (gﬁ>) a \/1 — isinh(%ﬁ) N 1+ s1nh2(2%5)
= sech (gﬁ) + i tanh (gﬁ) )

It may also be checked by simple manipulations that \/¢(sin(5z)) = sec(fz) +
tan(5z). These calculations, together with (2.45)-(2.47), give the identity

cos(5x)
2(sec(5x) + tan(Fx))(1 — sin(5x))?
. ( tanh(5 ()
tanh?(3 ) + (sech(5 ) — (sec(5x) + tan(5x)))?

N tanh(5 () )
tanh®(Z3) + (sech(Z3) + (sec(Zz) + tan(2z)))?2

1 ( [ .

S\ 4a? B2+ (2-x)2 B2+ (2+7)2

(2.52)

p s )
+ + +..0 .
2+ (4—x) [P+ (4+x)?
Divide both sides by 8 and let 5 — 0 to obtain

Ly 1,
2 (2—-2)?2 (24x)? (A-2? (A+2x)?2

7% cos(§x) 1

4(sec(5x) + tan( z))(1 —sin(x <(1 — (sec(5z) + tan(5x)))?

(2.53) + (14 (sec(5 ) )
7 cos(Sx)(1 (sec( ) + tan(5x))?)
~ Stan®(§z)(sec(3x) + tan(3 ))( Sln( x))?

T 2 cos(5x)(1 + (sec(3x) + tan(Zx))?)
8 sin? (57)(sec(Fx) + tan(5x))

As with the earlier examples, a number of other identities can be deduced by
evaluating the sum at particular values of x and by differentiation. For example,
00 1 w2

taking the limit as © — 1 reduces to >~ 1W = %, and subtracting - L from

both sides and letting @ — 0 leads to >, n12 = % Similarly, taking the suitable
number of derlvatlves and letting x tend to either 1 or 0 allow one to calculate the
values of Y > - —L_ for integer m.

Example 7. (rectangle) Let W = {—1 < Re(z) < 1, —k < Im(2) < k} for some
k > 0. Let us calculate ,00‘+B ‘(1 4+ yi)ds in two different ways by reflection. Let us
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first note that, arguing as in Example 5, if W' = {—1 < Re(z) < 1} then
p%;;ﬁl(l + yi) ds
(254) = Al (L +yi)ds — (P (L + (2K = y)i) ds + 577 (1 + (2K — )i) ds)
(P57 (4 + )iy ds + 37 (L4 (<4 + y)i)ds) — ..

On the other hand, if 7(b) = inf{t > 0: Re(B;) = b or Im(B;) = £k}, then arguing
similarly as in Example 4 we have

P%;;ﬁl(l +yi)ds = pfa)ﬁl(l +yi) ds — f(%; (=3 +yi)ds+ pf_‘;g)ﬁl(5 +yi)ds

(2.55)
— 5 (=T +yi)ds + .

The two series given in (2.54) and (2.55) must therefore be equal, with the terms
in (2.54) given by (2.19) and the terms in (2.55) given by an appropriate scaling,
rotation, and translation of the corresponding density (2.36) for the domain W"” =
{—1 < Re(z) < 1,Im(z) > 0} considered in Example 5, since 7(b) is the exit time of
the domain bounded by {Re(z) = b} and {Im(z) = £k} containing « + /3, and this
domain is clearly conformally equivalent to W”. Suffice it to say that the resulting
identity is quite complex and not particularly illuminating. Let us therefore simplify
things by setting a = 8 = 0; the identity which results is then

sech <gy) — (sech (g(Qk — y)) + sech (g(—Qk — y)))
+ (sech (g(llk + y)) + sech (g(—élk + y))) -
(2.56) 2cos(32) ( sinh(Z) sinh(27)
smh2(

=) +sin®(Z2)  sinh?(2F) 4 sin?(3Y)

sinh(3%
+ 2/5m 7r -
sinh” (37 )—I— sin®(32)
Taking y = 0, using the fact that sech is an even function, gives the identity

% — sech(7k) + sech(27k) — sech(37k) + sech(47k) —

1 T 3T 5% T
=7 (csch <2k> — csch <2k) + csch (ﬂ) — csch (Qk) + . )

Example 8. (annulus) Now let us consider the annulus A, = {e™" < |z] < €'},
where r > 0 is real. We map the strip W = {—1 < Re(z) < 1} in Example 4 to A, via
the function f(z) = €’#, noting that |Le*| = re” on {Re(z) = 1} and |Le*| = re™
on {Re(z) = —1}. We'll assume a € (e™",e") is real. Theorem 2, using (2.19), then
gives

: 1 = e 0 + 2rk
(2.57) p‘}AT(eiT’e’e) ds = Z p;;v (j:1+l< Rl ))ds

r

e2ak)) (1 — tan?(Zh2))

ds.

o i sech(%
- ,r,e:l:r mlna\.— 2(
k=—oc04 (1 + tan( 4r ) 1+tanh?(

2tanh(F (££27h))

EN?, (o (i) 2t )2
( +27rk)) 4r 1+tanh2(§(w))
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As with the punctured disk example, each term in the sum in (2.57) corresponds to
a homotopy class of curves leaving the annulus at that point. The formula is far
simpler if we take a = 1, in which case we have

. ds ~— 7 (04 27k
a +r 160 _
(2.58) pr, (e77e”) ds = o k:E_OO sech (5 ( . ))

We now show how applying Dynkin’s formula with this expression yields an
identity. If h is harmonic on A,, continuous on A,., then we obtain

h(1) = Er[h(Br,, )]

— /027r h(e™" ) (fe—f nioo sech (g <9 +T27rk:))> (e7"db)

o0

(2.59) + /0 : h(e™") <ﬁ > sech (g <9+T2”k))) (e"dh)

n=-—00
1 0o

= — [ (Ale7*"®) + h(em+")) sech <g—f> d

ar |_

— i / (h(e7") + h(e"™")) sech (%9) do.

[e.e]

Note that the identity ds = (e*"df) was used on the curves {|z| = e*"}. If we put in
h(z) = z and rearrange we obtain the identity

(2.60) / e sech <%9) df = 2sech(r).

[e.e]

It should be noted that the same identity with r < 0 is obtained by setting A(z)
We have therefore derived the Fourier transform of the sech function.

Z.

Remark. It may be tempting to look for other harmonic functions on the annulus
in order to derive new identities from (2.59), in particular we might hope that the
argument given here provides a general method for evaluating Fourier transforms
involving the function sech. However, the reader should be aware that a search for
further identities using this exit distribution will lead to nothing else substantial.
This is because for any harmonic function h on A, an analytic function g and real
constant C' can be found such that h = Re(g(z)) + C'log|z| (see for example |2,
Ex. I11.3.4]). log |z| in (2.59) yields a triviality, and analytic functions on annuli are
Laurent series in z, so that if we write h — C'log|z| = 22 we see that h — C'log|z|
can be expressed as a Laurent series in z and z. Applying (2.59) to h would therefore
not yield anything more than would a term by term application with h(z) = 27 or
h(z) = 2%, each of which give simply (2.60).

It is also interesting to see what happens if we try to adapt the reflection technique
from Example 4 to this case. If the analogous argument to that in Example 4 applied,
we would have

gty )5 = (€€ ds = (TN o )

. - p?—(e*”",e",e*”",e") (6T€ie) ds +...
where 7(my, ma,...,my) would be the first time the Brownian motion has hit all
of the curves {|z| = m1},{|z| = ma},...,{|z] = mi} in order. The quantities on

the right side of (2.61) are easy to find using reflection (note that reflection over
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{|z| = m} is given by the function z — m?z) and the calculations in Example 1, and
if we consider the simplest case, when 8 = 0, a = 1, we would obtain the identity

1 isech kY 1 e+ 1 1+e_3"+e5”+1 1+6_7T+
4re” r )] 2mer \er—1 1—e3 er—1 1—¢e™ )7

However, this sum cannot be valid, since the sum on the right does not converge
(the terms inside the parentheses approach 1). The reason that the argument fails in
this case is that the densities p?—(e*",e",...,er) and pg(er.’e,r.wer) do not approach 0 as the
length of the sequence goes to infinity, but rather approach the uniform density on
the circle. On the other hand, the analogous statement to Lemma 2 will still hold, so
it might be interesting to see whether any sense can be made of (2) or the reflection
argument.

Example 9. We now consider a stopping time which is not the exit time of a
domain. Start a Brownian motion at 1, and let 7, = inf{¢: arg(B;) = Lrn}, with
the branch of the argument chosen so that arg(B;) = 0 a.s. We can calculate the
distribution of B, , and arrive at

ds
2rmy(y> +y> )

(2.62) oL (ye*™™) ds =

when 7 is not an integer. When r is an integer, then ™™ = ¢~"™ so doubling (2.62)
we have

ds

1 -1
roy(ye +y7)
To see this, we project the density found earlier of the half-plane via the map f(z) =
22 with |f/(yi)| = 2ry* ! to get

(2.63) L (yer™) ds =

, ds
2.64 1 2r _tmri ds = ]
( ) pTr (y € ) S 7T(]. + y2)2,r.y27’—1

Replace y with yz_lr to arrive as claimed at

- ds ds
2.65 ! (ye™) ds = — = —
(265) prlye™) omr(1+y= )y = 2mry(yr +y7)

This density admits the antiderivative %tan_l(y%), and this allows us in particular
to note that

260 P(B.I€0.2) = 2 ) = B (18] € (L)),

and this probability approaches % as r approaches co. Thus, as r — oo, the
distribution of |B,,| approaches () 4+ d.) in distribution. This fact may be a bit
surprising, especially the mass accumulating at 0, although it should be noted here
that any mass at infinity must correspond to an equal mass at 0 due to the fact that
B% is a (time-changed) Brownian motion. It may also be noted in this context that
the amount of time that B; spends close to 0 before time 7, is small, as follows for
instance by the calculation at the end of Section 2 in [5]. Evidently when B; comes
close to 0 it quickly winds many times around the origin, analogously to how a one-
dimensional Brownian motion hits 0 infinitely often in any neighborhood of a visit to

0, and this results in a large change in argument and hence a high likelihood of being
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near 0 at the first time attaining a prescribed argument. It would be interesting if a
more precise understanding of this phenomenon could be developed.

We also remark briefly that the symmetry imposed upon 7, can easily be dis-
pensed of. In other words, we may let 7., ,, = inf{t: arg(B;) = rm or — rom} for
ry, o > 0, and calculate

cosfds

p'lrrl,r.z (yemm') ds = 1 1 : )
w(r1 +mry)y "1tz (cos?f 4 (yit2 —sin6)?)

(2.67) cosfds

p71'7‘1,7‘2 (ye_r2ﬂi> dS = 1—# s 1 7
w(ry +re)y 2 (cos? 0 4 (—yritz —sinf)?)

where 6 = 3 (7’:2;”> . This is obtained by first noting by rotational invariance that we
2471

may obtain the distribution by starting a Brownian motion at ez ("2~")% and stopping
it at the first time the argument reaches £7 (72 +71), and then projecting the density
from the right half-plane as before by the function f(z) = 2"%". Note that if
e"? = e~ then these two quantities must be added in order to find the density of
B, ., onthe ray {arg(z) =7} = {arg(z) = —ra}.

We may also stop the Brownian motion at a prescribed argument. Let 7, =
inf{t: arg(B;) = r}, where we will assume r > 0. If we let W = {Im(z) < r}, then
the stopping time Ty projects to 7, under the exponential map z — e*. Theorem
2 gives

1 T

: 1
1 ir _ 0 : _
(268) pf'r (ye )dS = ngW (hly + TZ)dS = y_ﬂ'wds

It is straightforward to find the corresponding distribution function if desired, and
to note that the accumulation of mass at 0 and oo holds for this example as well;
that is, Pi(|Bs.| € (0,e)) = Pi(|Bs| € (£,00)) — 5 as r — oo. It may also be
noted that reflection may be used in order to express p,,. or pirln as an alternating
infinite sum of terms of the form p%., exactly in the same manner as in Exercise 4.
The identities obtained in this manner are precisely the same as in Example 4, since
the exponential function will map the properly chosen strip or half-plane into the

winding stopping times.

Example 10.  Now let 7 = inf;5o(B; € (—1,1),{Bs}o<s<t U [0, By} is not
homotopic to a point in C\{—1, 1}); that is, ¢ is the first time that B; lies on (—1,1)
simultaneously with the curve traced by B, up to time ¢ being wound around at least
one of —1 and 1. We will calculate the distribution of B;. First we set 7 = inf{t: B, €
(—o0, —1JU[1,+00)}. We will show that p?(w)ds = W, and then project this
density to 7. Let 7 = inf{t: By € (—00,4+00)} and 7p = inf{t: B; € [0,+00)}.
Using the map f(z) = 2% and Theorem 2, we project the density for 7, of Example
1

m(1+v) Vv
parentheses to prevent any confusion with an inverse map). We can now project this

density via the transformation w = ¢(v) = 2 to obtain

2 via the conformal map f(z) = 2 to get pgl)(v)ds = (the —1 is placed in

)67 (w) ds = ! w2 g

(0) — =D
Pr (U) dS - pTl ( 2
w+1 T w_—1(1_|_$_ﬁ) (w+1)

(2.69) wtl
B 1

= ————ds,
mlwlvVw? — 1

w—1
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as claimed. We now will project the density of 7 to 7 using the entire function
f(2) = sin(52). To see that this does the job, note that sin(5(—1+yi)) = — cosh(Zy)
and sin(7 (l—l—yz)) = cosh(5y). f therefore maps the boundary of the half-infinite strip
{Im(z) > 0,—1 < Re(z) < 1} injectively onto the boundary of {Im(z) > 0}. The
argument principle allows us to conclude that f maps {Im(z) > 0, —1 < Re(z) < 1}
conformally onto {Im(z) > 0}. The Schwarz reflection principle now informs us that
f maps {Im(z) > 0, —3 < Re(z) < —1} conformally onto {Im(z) < 0}, with (-3, —1)
being mapped to (—1,1). Reflecting in this manner to the left and right, as well as
below to {Im(z) < 0, —1 < Re(z) < 1} and thence left and right to fill out the plane,
the structure of f can be understood; in particular we see that a closed curve C
beginning and ending at 0 (but otherwise not touching (—1, 1)) is not homotopic to a
point if and only if there is a curve ~ traveling from 0 to some non-zero even integer
such that f(y) = C. This tells us that 7 is mapped to 7 under f. If w € (—1,1),
then the preimages under f of w on (—oo, —1] U [1,400) are all points of the form
(4n —2) — % sin~' w for integer n or %Sin_1 w + 4n for integer n # 0. Note that the
value of |f'| at these points is F cos(sin™' w) = 2+/1 — w2 Applying our theorem
therefore gives

2ds = 1
0
pf(w)d827< >
PV 0\ |2 sint w4 dny /(2 sin w4 dn)? — 1

o0

1
2.70 T
(2:70) n:z_:oo|gsin_1w—(4n+2)|\/(%sin_1w—(4n+2))2—1>

1
‘/1_w2 Z 5 . _1 )
n=oe |2sin™"w + 2n|\/(; sin” w+2n)? — 1

Somewhat similarly to earlier examples, each term in the sum here corresponds to
homotopy classes of Brownian curves, with each term corresponding to two different
classes: one in which B; approaches B, € (—oo, —1] U [1, +00) from above, and one
in which it approaches from below. Note that

d [—1 2
— (— cot ™! \/(— sin™!w + 2n)% — 1)
dw \ s

2ds
72y/1 — w?(Zsin~ w+2n)\/( sin~tw + 2n)2 — 1

The distribution function is therefore explicitly calculable, if desired.

(2.71)
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