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The Vervaat transform of Brownian bridges
and Brownian motion
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Abstract

For a continuous function f € C([0,1]), define the Vervaat transform V' (f)(t) :=
f(r(f) +t mod 1) + f(1)1ptr(p>13 — f(7(f)), where 7(f) corresponds to the first
time at which the minimum of f is attained. Motivated by recent study of quantile
transforms of random walks and Brownian motion, we investigate the Vervaat trans-
form of Brownian motion and Brownian bridges with arbitrary endpoints. When the
two endpoints of the bridge are not the same, the Vervaat transform is not Markovian.
We describe its distribution by path decomposition and study its semi-martingale
property. The same study is done for the Vervaat transform of unconditioned Brownian
motion, the expectation and variance of which are also derived.
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1 Introduction and main results

In recent work of Assaf et al. [4], a novel path transform, called the quantile transform
( has been studied both in discrete and continuous settings. Inspired by previous works
in fluctuation theory, see e.g. Wendel [52] and Port [45], the quantile transform of simple
random walks is defined as follows. For w a simple walk of length n with increments of
+1, the quantile transform associated to w is defined by:

Qw); =Y w($u(i) —w(¢w(i) —1) for1<j<n,

i=1

where ¢,, is the quantile permutation on [1,n] defined by lexicographic ordering on
pairs (w(j —1),5 — 1), thatis for 1 < i < j < n, w(pu(i) — 1) < w(gy(j) — 1), or
w(¢w(2) - 1) = w(¢w(]) - 1) and (st(z) < (bw(])
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The Vervaat transform

As shown in Assaf et al. [4, Theorem 8.16], the scaling limit of this transformation of
simple random walks is the quantile transform of Brownian motion B := (B;;0 <t < 1):
Q(B), := %L(f(t) + (a(t))t = (a(t) — B))t for0<t <1, (1.1)
where ()1 := max(-,0) is the positive part of any real number, L{ is the local time of B
atlevel a up to time 1, and a(t) := inf{a € R; fol 1p,<qds > t} is the quantile function of
the occupation measure of Brownian motion. We refer readers to Dassios [22, 23, 24],
Embrechts et al. [28], Yor [56], Bertoin et al. [10], Chaumont [17] for further discussions
on the quantile function a(t) for 0 < ¢t < 1. See also the thesis of Forman [32] for a
detailed account of the quantile transform Q.

From the definition (1.1), it is not quite clear what the quantile transform of Brownian
motion looks like, and which properties it inherits from Brownian motion. The key result
of Assaf et al. [4] is to identify the distribution of the somewhat mysterious Q(w) with
that of the Vervaat transform V(w) defined as:

L w(ty +1) — w(ry) for i<n—1y,
V(U})('L) —{ ’lU(TV +ZKTL) +U}(TL)‘:UJ(7—V) for n—Ty SVZ S n,

where 7y := min{0 < j < n;w(j) < w(i) for 0 < ¢ < n} is the first time at which the
simple random walk reaches its global minimum. Consequently,

—
=

(Q(B);0<t<1) =2 (V(B);0<t<1) (1.2)

with
L Bi_ayt—Bi—a  for 0<t <A,
V(B)t _{ Bt—A+Bl_Bl—A for AStSl,

where A is the almost sure arcsine split such that 1 — A := argmin, (o ;) B:. As a result
of the identity (1.2), to understand the quantile transform of Brownian motion, it is
equivalent to study its substitute, the Vervaat transform V(B).

Historically, Vervaat [50] showed that if B is conditioned to both start and end at 0,
then V(B) is normalized Brownian excursion:

Theorem 1.1. [50] (V(B%);0 <t < 1) 2 (B°*;0 < t < 1), where (Bto’br;() <t<1
is Brownian bridge of length 1 starting at 0 and ending at 0, and (Bf*;0 <t < 1) is
normalized Brownian excursion.

For usual definitions of Brownian bridge/excursion, we refer readers to Revuz and
Yor [47]. Furthermore, Biane [11] proved a converse theorem to Vervaat’s result, that is
to recover standard Brownian bridge from normalized Brownian excursion by uniform
sampling:

Theorem 1.2. [11] Let B** be normalized Brownian excursion, and U be uniformly

distributed random variable independent of B¢*. Then the shifted process (B¢, U)
defined by

. Bft, —Bff for 0<t<1-U.

0(B* . U), := U+t U -7 = ’

(B, U)s { BgE, ,—BgF for 1-U<t<l,

is standard Brownian bridge.

See also Pitman [41] as well as his monograph [42, Exercise 6.1.1 and 6.1.2] for a
simpler proof of these results using the cyclic lemma.

Chaumont [18] extended Theorem 1.1 to stable Lévy processes. Chassaing and Jason
[16] considered a similar path transform of a reflected Brownian bridge conditioned
on its local times at 0. Miermont [39] proved a version of the theorem in the case of
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spectrally positive Lévy processes, those are Lévy processes with no negative jumps.
Fourati [33] established the result for general Lévy processes under mild hypotheses,
where a connection was made by Uribe [49] to Lévy bridges conditioned to stay positive.
Le Gall and Weill [37] studied a Vervaat-like transform of Brownian trees in terms of
re-rooting. Theorem 1.1 was extended to Markov processes by Fourati [33] and Vigon
[51], and to diffusion processes by Lupu [38].

By considering random times other than argmin, Bertoin et al. [9] studied the
cyclic shift of Brownian bridges with non-zero endpoint. The more general case of
CEI processes, those are cyclically exchangeable increment processes, was treated by
Chaumont and Uribe [19]. As far as we are aware, there has not been previous study
of the Vervaat transform of unconditioned Brownian motion B, or of Brownian bridges
BN ending at A # 0.

The contribution of the current paper is to provide path decomposition results of
Vervaat transform of Brownian bridges, for simplicity, call them Vervaat bridges, with non-
zero endpoint. Then we use the path decomposition to derive a collection of properties
of the Vervaat transform of Brownian bridges and Brownian motion. The main result is
stated as follows:

Theorem 1.3. Let \ < 0. Given Z* the time of the first return to 0 by V(B"), whose
density is given by

o Y o [ A%t
fzr(t) = 7#7&(1 e p ( 72(1 — t)) )

the path is decomposed into two (conditionally) independent pieces:

(1.3)

e (V(BM7),;0 <wu < Z*) is Brownian excursion of length Z*;
o (V(BM),; Z* <wu < 1) is first passage bridge through level \ of length 1 — Z*.
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Fig 1. Vervaat bridge = Excursion + First passage bridge.

Recall that Brownian excursion of length [ > 0 is defined by (sz’l = %Bffl; 0<t< l),
where (Bf?;0 <t < 1) is normalized Brownian excursion. For A < 0, first passage bridge
through level A of length | > 0 is regarded as (B;; 0 < ¢t < [) conditioned on T = [, where
Ty := inf{t > 0; B, < A} is the first time at which Brownian motion hits A < 0.

Patrick Fitzsimmons points that Theorem 1.3 is closely related to Williams’ decom-
position of Brownian paths [53, 54]. Actually, the result is a local version of Williams’
decomposition, see e.g. Fitzsimmons [30] for further discussions. Note that B’ con-

verges weakly to B%*" as A\ — 0~ and the Vervaat transform V is continuous at point
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B9 Applying the continuous mapping theorem, Theorem 1.1 is recovered as a weak
limit A — 0~ of Theorem 1.3.

The parametric family of densities (fzx)\<o appeared earlier in the work of Aldous
and Pitman [3, Corollary 5], when they studied the standard additive coalescent. For B;
normally distributed with mean zero and unit variance,

Z)\@ B%

a2 1.4
peRw (1.4)

which corresponds to the mass of the size-biased tree component in the Brownian forest
when the cutting intensity of the Brownian CRT is |A| > 0. We refer readers to Pitman
[42, Chapter 4 abd 10] for further development.

For Vervaat bridges with positive endpoint V(B*?") where A > 0, it is not hard to
derive the following duality relation:

(VB0 <t <1) @ (VB M), +M0<t<1) for A > 0. (1.5)

In other words, looking backwards, we have the first piece of Brownian excursion above
level A > 0, concatenated by the second one of first passage bridge from A to 0. It is
well-known that a first passage bridge from A > 0 to 0 has the same distribution as the
three dimensional Bessel bridge from A > 0 to 0, see e.g. Biane and Yor [12]. We obtain
the following decomposition of Vervaat bridges with positive endpoint:

Corollary 1.4. Let A > 0. Given Z* the time of the last exit from X by V (B*'"), whose
density is given by fz.\(t) := fz-»(1 —t) asin (1.3), the path is decomposed into two
(conditionally) independent pieces:

« (V(BMm),;0 < u < Z*) is the three dimensional Bessel bridge of length Z*,
starting from 0 and ending at A;

« (V(B*'),; Z* <u < 1) is Brownian excursion above level A of length 1 — Z*.

2
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Fig 2. Vervaat bridge = Bessel bridge + Excursion.

Organization of the paper:

¢ In Section 2, we provide two different proofs of Theorem 1.3. The first proof is
based on the weak limit approach, where we make use of a bijection lemma proved
by Assaf et al. [4] (Subsection 2.1). The second proof relies on excursion theory,
where the agreement formula by Pitman and Yor [44] is employed (Subsection 2.2).
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+ In Section 3, we give a thorough study of V(B**") where \ # 0 using Theorem
1.3 and Corollary 1.4. We prove that these processes are not Markov (Subsection
3.2). However, they are semi-martingales and the canonical decompositions are
given (Subsection 3.3). Further we relate such processes to more elementary
ones (Subsections 3.1 and 3.4). The convex minorant of V(B*") is also studied
(Subsection 3.5).

e In Section 4, we focus on studying the Vervaat transform of Brownian motion.
We prove that V(B) is not Markov as well (Subsection 4.1). We show that it is
semi-martingale and the canonical decomposition is given (Subsections 4.2 and
4.3). Finally, we provide explicit formulae for the first two moments of the Vervaat
transform of Brownian motion (Subsection 4.4).

2 Path decomposition of Vervaat bridges

This section is devoted to proving Theorem 1.3. First, we use a discrete approximation
to obtain the path decomposition of V(B*’") where A < 0. We obtain an analog to
Theorem 1.2 as a by-product. In the second part, we recover the same result via
excursion theory.

2.1 Path decomposition via the weak limit approach

2.1.1 Random walks analysis

We begin with the discrete time analysis of random walks, which is based on com-
binatorial principles. For a simple random walk w of length n with increments +1, we
would like to describe the law of V(w®) := (V(w)|w(n) = a), where a < 0 has the same
parity as n.

Recall that 7 (w) = min{j € [0,n]; w(j) < w(i) for 0 < i < n} is the first time at which
the simple walk w attains its minimum, and K (w) = n — 7 (w) is the distance from the
position of the first minimum to the end. Following Assaf et al. [4, Theorem 7.3], the
mapping w — (V(w), K(w)) is a bijection between walk(n), the set of simple walks of
length n and the set

{(v,k);v € walk(n),v(j) > 0for 0 < j < kandv(j) > v(n) for k <j<n},

where k, called a helper variable, records the splitting position in the original path. The
following result is a direct consequence of this theorem related to Vervaat bridges.

Lemma 2.1. [4] Let a < 0 have the same parity as n. Then w* — (V(w?), K(w®)) forms
a bijection between {w € walk(n) : w(n) = a} (simple bridges ending at a < 0) and the
set

{(v,k);v € walk(n),v(j) > 0for0<j <k, v(j)>afork<j<nandv(n)=a}. (2.1)

Observe that, to each pair (v, k) in the set given by (2.1), one can associate a unique
triple (Z“,f?a"l7 27;’2), where

e Z%is the first time at which the path hits level —1;
?Jl is the path of first passage bridge of length Z through level —1;
27;2 is the path of first passage bridge of length n — Z% from —1 to a < 0.

Note that one may have the same triple (Z¢, fgf;l, g’;’z) for different pairs (v, k), since

the mapping w® — V(w?) is not injective.
Now we compute the distribution of Z¢ by counting paths. The total number of simple
bridges ending at a < 0 is given by ("ﬁa|). Fix [ > 0 an odd integer, the number of first
2
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passage bridges of length [ through level —1 is %(é ) and the number of first passage

bridges of length n — [ starting from —1 to a < 0 is

_ 1
‘Z‘fll (nfz"z\a\fl), see e.g. Feller [29,

Chapter III]. Given Z® = [, the total number of the Vervaat transform configurations is

given by
la] =1 (1 n—1
=\t ) =ty )

By Lemma 2.1, each Vervaat transform configuration V(w?) is counted Z* times. Hence,

ol =1 (td) (azfieinr)

nol (wa)

P(Z* =1) (2.2)

Combining the above arguments, we obtain the following path decomposition result
for discrete Vervaat bridges with negative endpoint:

Theorem 2.2. Let a < 0 have the same parity as n. Given Z* := min{j > 0;V(w?); =
—1}, whose distribution is given by (2.2), the path is decomposed into two (conditionally)
independent pieces:

* V(w?)lj0,z] is discrete first passage bridge of length Z* through level —1;
* V(w®)|(z«,n is discrete first passage bridge of length n — Z¢, starting from —1 and
ending at a .

8 T T T T T T T

§ 1 1 L 1 I 1 I
5 10 15 20 25 1] 35 40 45 S0

Fig 3. Discrete Vervaat bridge = First passage bridge + First passage bridge.

2.1.2 Passage to the weak limit

We derive the path decomposition Theorem 1.3 from its discrete analog Theorem 2.2
by appealing to invariance principles.

For A < 0 and 0 < t < 1, fix two sequences (A, )nen and (¢, )nen such that A, ~ Ay/n
has the same parity as n, and ¢,, := 2[%"} +1. Let S*» be a simple random walk of length n
with increments +1 which ends at \,, V(S**) be the associated discrete Vervaat bridge,
and Z* = inf{j > 0:V(S}); = —1}.

Define (S (u);0 < u < n) to be the linear interpolation of the discrete bridge S*,
and (V(S*)(u);0 < u < n) to be that of the discrete Vervaat bridge V(5*"). In the next
lemma, we recall some invariance principles in the metric space C[0, 1], that is the space
of continuous paths on [0,1]. For background on the weak convergence in C[0, 1], we
refer readers to Billingsley [15, Chapter 2].
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Lemma 2.3.

1. (ﬁV(S/\")(nu); 0 < u < 1) converges weakly to (V(B*""),;0 <u < 1) in C[0,1].

2. Given Z* =t,, (ﬁV(S)‘")(nu); 0 < u < t) converges weakly to Brownian excur-
sion of length ¢ in C[0,1], and (ﬁV(S/\")(nu); t <wu < 1) converges weakly to first
passage bridge through level X of length 1 —t in C[0, 1], (conditionally) independent
of the excursion.

Proof. It is well-known that (ﬁsh (nu);0 < u < 1) converges weakly to (B)"";0 <
u < 1) in C[0,1]. Note that the Vervaat transform V : C[0, 1] — C[0,1] is continuous at
point BM, which has a unique minimum on [0, 1] with probability 1. The assertion (1)
follows readily from the continuous mapping theorem, see e.g. Billingsley [15, Theorem
5.1]. According to Theorem 2.2, given Z* = t,, the path of V(S’\") is split into two
(conditionally) independent pieces of discrete first passage bridges. Following from
Iglehart [35] and Bertoin et al. [9], the scaled first passage bridge through level —1
converges weakly to Brownian excursion in C[0, 1], and the scaled first passage bridge
from —1 to A, converges weakly to first passage bridge through level X in C[0, 1]. This
proves (2). O

From (2.2), we obtain:

( tn )( n—ty )
tn+1 —tn+An|—1
n|)\n| Intlj\n_tntlin|-1

IPZ)‘":tn =
nlP( ) n—t, (@)

(2.3)

Using Stirling’s formula, we have that

n 2 A2
(n+|2,\n|> ~ 4/ %2" exp (—2) ;
th >
~ 7271 M
<t"2+1) mnt

n—ty > 2 _ A2
e )~y ———2"0 D exp <— .
(t"g'*"' ! (1 —t) 2(1 1)

Injecting these terms in (2.3), we deduce the limiting distribution as n — oo given by
(1.3) . By a local limit argument, see e.g. Billingsley [14, Exercise 25.10], we conclude
that Z* has density fz given as in (1.3).

The next theorem is a direct consequence of Theorem 1.3 and should be called a
corollary at best. Because of its importance, however, we give it status of a theorem.
Theorem 2.4. Let \ < 0. Given Z* the time of the first return to 0 by V(B*®"), the split
position A* := 1 — argmin,c g || B is (conditionally) independent of V(BT and is
uniformly distributed on [0, Z*], In particular, its density is

fwta)= [ 204,

and

where fzx is given by (1.3).

Proof. Given a Vervaat bridge configuration V (w*~), the helper variable K (w*) takes
values in {0,..., Z*» — 1}, where Z*» is the first time at which the path hits —1. This
implies that given Z*», the distance from the minimum position of the original bridge to
the end is uniformly distributed on [0, Z A”]. The results are obtained by passing to the
weak limit. O
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Corollary 2.5. Let \ < 0. Let Z* be the time of the first return to 0 by V(B»") and A*
be uniformly distributed on [0, Z*]. Then the shifted process 0(V (B*"), A*) defined as
in Theorem 1.2 is Brownian bridge ending at \, which attains its minimum at 1 — A>.

Again by the weak convergence of BM" to B%*" as A — 0~ and the continuity of V/
at point B%%", Theorem 1.2 is recovered as a weak limit A\ — 0~ of Corollary 2.5. The
above corollary is extended to A < 0.

2.2 Path decomposition via excursion theory

In the current subsection, we provide an alternative proof of Theorem 1.3 using
excursion theory. The proof relies on the decomposition of bridges at their minimum, a
variant of the decomposition at the maximum that appeared in Pitman and Yor [44]. Fix
A < 0, we begin with some notations.

For w € C[0, o), that is the space of continuous paths on [0, o0), define the lifetime of
the path w by {(w) := inf{t > 0;w; = A}, where A is a cemetery point. Let

Cy :={w € C[0,00); ((w) < oo}

be the space of continuous paths of finite length. Given a distribution Q on Cy, Q" is the
image by time reversal: for F' Borel measurable,

QM(ws;0 < s < C(w)) € FJ:= Q(we(w)—s;0 < s < ((w)) € F.

Given Q and Q' two distributions on Cy, Q o Q' is the distribution obtained by concatenat-
ing two independent paths, one distributed as ) and the other as Q': for F’, F” Borel
measurable and F' = F' @ F”,

Qo Q' (w'®@w? € F):=Qw' € F') x Q(w? € F"),

where w1®w2(s) = wilogsﬁC(wl)‘i’wg_g(wl)1C(w1)<s§C(w1)+C(w2) for0 < s < ((w1)+C(w2),
is the concatenation of two paths.
Let pi(z,y) be the heat kernel defined as

pe(z,y) = \/;HQXP (—W) ;

and P7, be the distribution of Brownian bridge of length 7' from 0 to ), and P." be the
distribution of Brownian motion starting from x until the first time at which it hits y for
y <.

The following agreement formula is read from Pitman and Yor [44, Corollary 3]:

+oo A
/0 dT pr(0, NP, = 2/_00 dyPgr o Py, (2.4)
where the LHS of (2.4) follows from Lévy-It0’s description of Brownian excursions, and
the RHS of (2.4) stems from Williams’ decomposition of Brownian paths. We also refer
readers to Yen and Yor [55, Chapter 6] for details. Furthermore, IPOTy can be decomposed
as:
Por =TPg" *oP" .
Therefore,
oo r o Ty_x  wT, T, A
/0 dTpT(O,/\)]POV,\—2/_0OdyIPO oIPy_AoIPA . (2.5)

Now we extend the definition of the Vervaat transform to C;: given a continuous

function f on [0,7] and 7(f) the first time at which it attains its minimum, define

Ve(£)(t) = F(r(f) +t mod T) + f(T)lgir(pysry — F(T(f))-
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Applying the Vervaat transform Vr to (2.5), we obtain:
+oo A
/O dT pr (0, \) V(P ) = 2/ dy P} o PYY o P>
+o0 T
:2(/0 dy]PZOAolP§0> o Py (2.6)
By taking A = 0 in (2.6), we see that
oo T oo Ton . pT.
[ areowvi®i) =2 [ ayppr o).

Let Q({o be the distribution of Brownian excursion of length 7, i.e. the three dimen-
sional Bessel bridge from 0 to 0. A slight modification of Vervaat’s result [50] gives that
Vr(P{,) = Qfo. Thus,

+oo —+oo
2/0 dyngvolPZO:/O dT pr(0,0)Q7 o (2.7)

Injecting (2.7) into (2.6), we have that

—+oo —+oo
/ dT pr(0,\)Vr(P{ ) = (/ dsps(o,O)an) o P (2.8)
0 0

By disintegrating (2.8) with respect to the lifetime of paths, we see that VT(]P(T)F, y) isa
concatenation of Brownian excursion and Brownian first passage bridge.
Let g:(\) be the density of the first hit to A by Brownian motion starting from 0:

(A)~—¢ex > (2.9)
I = o TP\ T2r ) '

It follows from (2.8) that the density of the splitting position Z* between the excursion
and the first passage bridge in V(]P(l)’ 1) is given by

P¢(0,0)g1-¢(N)

N fz2(t) defined as in (1.3).

3 The Vervaat transform of Brownian bridges

In this section, we study thoroughly Vervaat bridges with non-zero endpoint. First,
we give an alternative construction of V(B**") where A\ # 0 via Brownian bridges
conditioned on its local times at 0. Next we show that these processes are not Markovian.
They are semi-martingales and canonical decompositions are given in both positive and
negative endpoint cases. We further relate Vervaat bridges to drifting excursion by
additional conditioning. To close the section, we study some properties of the convex
minorant of V(B*") where \ < 0.

3.1 Construction of Vervaat bridges via Brownian bridge conditioned on its
local times

In this subsection, we provide an alternative construction of Vervaat bridges with
negative endpoint in terms of Brownian bridge which ends at 0. It is straightforward
that Vervaat bridges with positive endpoint can be treated similarly by time reversal.

Let A < 0. By Theorem 1.3, conditioned on Z* the time of the first return to 0,
V (BM7) is split into Brownian excursion of length Z*, followed by first passage bridge
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of length 1 — Z* through ), independent of each other. Note that V' (B**") looks like first
passage bridge of length 1 through ), except that it starts with a piece of excursion.
Recall that first passage bridges of length 1 can be constructed via standard Brownian
bridge by conditioning on its local times. Let (F}};0 < t < 1) be a first passage bridge of
length 1 through A < 0. Following from Bertoin et al. [9], F* has the same distribution
as
(IBYP"| — LY(B*"");0 <t < 1) conditioned on LI(B*"") = |A|, (3.1)

where L? is the local times of Brownian bridge B%'" at level 0 up to time t. We refer
readers to Aldous [2], and Chassaing and Janson [16] for discussions of Brownian bridge
conditioned on its local times. In light of the above construction, we obtain:

Theorem 3.1. Let X be the process whose distribution is that of B%"" conditioned on
LY(B%) = |)\|, U be uniformly distributed on (0,1) independent of X, and (G, Dy)
be the signed excursion interval which contains U. Let X be the process obtained by
exchanging the position of the excursion of X straddling time U and the path along
[0, Gy], namely:

_ Xt+GU for 0 <t< DU — GU
Xy =19 Xipyt+ay for Dy -Gy <t<Dy
X; for Dy <t<1.

Then for A < 0, (V(B»');;0 <t < 1) has the same distribution as

(IX(t)] — LY(X);0 <t <1) conditioned on LI(X) = |A|. (3.2)

T

=1

i M x VAU/A\\’-:>B X ng\k

|

|

: ] 15
L . . . |, . L . = ' ' L L
0.1 0.2 0.3 0.4 ns 0.6 [k 0.8 [E] o1 0.2 0.3 04 0.5

Fig 4. Construction of Vervaat bridges via standard Brownian bridge.

Proof. By Theorem 1.3, V(B**") is entirely characterized by the distribution of the
triple (Z*, Be®2" FA1=2) It suffices to show that the distribution of the process
defined as in (3.2) is determined by the same triple. Following from Perman et al. [40,
Theorem 3.1], and Aldous and Pitman [3, Corollary 5], conditioned on A := Dy — Gy,
()~(t; 0<t<A) and ()N(t; A<t< 1)~are independent, and A @ Z* with density given by
(1.3). Since L(X) = 0on (0,A), (|X(t)|-L{(X);0 <t < A) conditioned on LY(X) = |A| is
Brownian excursion of length A, conditionally independent of (| X (¢)| — L{(X); A <t < 1)
conditioned on L9(X) = |\|, which is a first passage bridge of length 1 — A through \ by
the construction (3.1). O

3.2 Vervaat bridges are not Markov

We ask if Vervaat bridges with non-zero endpoint are Markov processes. In the case
of negative endpoint, the main problem is the lack of information on Z*: for s < ¢ < 1,
V(BM"), depends not only on V(B**"), but also on the event {Z* < s}. The following
result gives a negative answer.
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The Vervaat transform

Proposition 3.2. (V(B*'");;0 <t < 1) where \ < 0 is not Markov with respect to the
induced filtration.

Before proving the proposition, we introduce some notations that are used in the
current section, and in the rest of the paper. For x,y > 0, denote

2

N . 2 y? 2 .
0,y) = li = —= == and G (0,0) = ——
@(0:y) = lim Gi(z,y) = —— eXp< 2t) ;W) @(0,0) = ——

where ¢;(y) is the density of the first hit to y by Brownian motion given as in (2.9). Note
that §;(x,y)y? dy is the transition kernel of the three dimensional Bessel process. In the
sequel, we aisely make use of conditioning and splicing Markov bridges, of which we
refer to Fitzsimmons et al. [31] for justifications.

Proof of Proposition 3.2. Fix ty € (0,1) and z¢ > 0. Let T}, be the time of the first return
by V(B»?") to 0 after time t,. Consider the distribution of 7}, given V(B**"):, = 0 and

2
V(BM7),, = xo. Given Ty, (V (B to <t <Ty,) and (V(BM"); Ty, <t < 1) are two
independent first passage bridges from zy > 0 to 0, and respectively from 0 to A < 0.
Therefore, the conditional density of T}, is given by

_ Gi—to(m0)g1-¢(|A])
f1t) = g (o + ) L,

_ Cl <t07$07/\) _ ;pg B )\2
a (t—1t0)3(1 —¢t)3 exp ( 2t —to) 2(1—1) Li>to5 (3.3)

for some C(tg,x0,A) > 0. Next we consider the distribution of 73, given that Vu €
(0,t), V(BM7),, > 0and V(BM7),, = x¢. Given T},, (V (B '");;0 <t < T,,) is Brownian
excursion, and the conditional density is computed via Bayes recipe:

th (07 "L‘U)qtft() (.’L'O, 0)

fa(t) = Ca(to, xo, A) f%fzk (t)Lesto

4+(0,0)
o~ t IE% )\2
- 02(t07x07>\) (t — t0)3(1 — t)3 exp <2(t — t()) - 2(1 — t)) 1t>t07 (34)

for some Cs(tg,xo,A) > 0 and Cé(to,:co, A) > 0. Comparing (3.3) to (3.4), we see that
f2(t) = C1,2(to, xo, Nt f1(t) for some C1 2(to, xo, A) > 0. The two conditional densities of
T;, fail to be equal, which yields the desired result. O

It is well-known that the time reversal of any Markov process is still Markov. The
result leads to the following corollary:

Corollary 3.3. (V(B*'");;0 <t < 1)) where \ > 0 is not Markov with respect to the
induced filtration.

3.3 Semi-martingale decomposition of Vervaat bridges

The section is devoted to the canonical decomposition of Vervaat bridges with non-
zero endpoint. Note that the splitting position in the case of negative endpoint (i.e. the
first return to 0) is a stopping time, while that of Vervaat bridges with positive endpoint
(i.e. the last exit from A > 0) is a cooptional time but not a stopping time. The treatments
in two cases are different.
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3.3.1 Semi-martingale decomposition of V(B*"") where )\ < 0

Recall from Theorem 1.3 that V(B**") is split into Brownian excursion, followed by
first passage bridge from 0 to . The density of Z* is given by (1.3). We start by studying
the canonical decomposition of (V (B*");; Z* <t < 1).

Proposition 3.4. Let A < 0 and V* := V(BM"). Given Z* := inf{t > 0; V(B**"); = 0},

t 1 VA + (Al
V) — - d
( ! /ZA VA 1-2%—s S)Z*<t<1

Proof. Conditional on the value of Z*, (V;* + |A|) zx<;<; is the three dimensional Bessel
bridge from |A| to 0. This follows from Theorem 1.3, and the following identity due to
Biane and Yor [12]:

is Brownian motion.

P @ BES(3)"\|_’O’Z ey

where F! is first passage bridge of length / from 0 to )\, and BES(3)/"I=%! is the three
dimensional Bessel bridge from || to 0. The proposition follows from the semi-martingale
decomposition of Bessel bridges, see e.g. Revuz and Yor [47, Chapter XI.3)]. O

We deal with the canonical decomposition of (V (B**"),, ;0 <t < 1). The process
is Brownian excursion of length Z*, absorbed at 0 after time Z*.

Proposition 3.5. Let A < 0 and

TNy) = / G=t09) ¢ (oyas,

q5(0,0)
7 o ! 1 (is—t(oay)
J{\(y) = /t pa— tmfz*(s)ds-

Let VA := V(B*?T), then

tAZN tAZN A FATA
ds VATV
A — A XU
(Vocren = (v -Lowrl ds)
0<t<1

S

is Brownian motion with respect to the filtration of V (B*'"), stopped at time Z*.

Proof. Let e € (0,1). Introduce (B;"*;¢ > 0) Brownian motion with the starting point

BY* @ V(BM7)_, 4». The density of this distribution is:

p2 () = G-(0,2)x?J2(x) forz >0 and pud(0) = /E fzr(s)ds.
0

Let T(j\  be the first time at which B*¢ hits 0. For ¢ < ¢ < 1, the distribution of

(V(BM) azn;e < 5 < t) is absolutely continuous with respect to that of (B(AS’E g € S
- 0

s < t). In fact, conditionally on Z* > t and the value of V(BM");, (V(B* ) azn;e <
s < t) has the same distribution as a three dimensional Bessel bridge. It is the same

for (B(AS’€ T < s < t) conditionally on T)"° > t — ¢ and the value of B;"". The
- 0

corresponding density Df’s equals

G (0, By*) (B™®)?di—e (By™®, Bi2) (B2)2 T (BLY)

€

Torxe o+ 1o0e Xe + 1,
B{ =0 B{©>0,T5 " <t—e T3 " >t—¢ A Ae AE PAE ~ e Ae
p2(By™) By B qi—<(By™", Bi™Y)

AE TA e

o 1 N + 1 N N + 1 N Btfs‘]t (Btfs)
— “B}°=0 B >0,T <t—e T3S >t—e pAe 1A/ DMEY
‘ ‘ ° ° By J2(By™)
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A
In addition, &Jé W) _ —yJ}My) for t € (0,1). We get the quadratic covariation
Y
A, X, 7 A,
a1 D)\,E B/\,s -1 Jt)\(Btfse) - (Btjs>2‘]t>\(Bt7€s)dt
og( tAT“)’ (t—e)ATe | — T >t—c A TA pME ’
0 0 By J (B)

where [, -] is the quadratic covariation of two processes. Applying Girsanov’s theorem, we
obtain that (Y;});>. is a continuous martingale relative to the filtration of (V (B»"");;e <
t < 1) with quadratic variation (t — &) A (Z* — &)*. Since this holds for all ¢ sufficiently
small, we have proved the proposition. O

Following from Proposition 3.4 and Proposition 3.5, we obtain:
Theorem 3.6. Let A < 0 and V* := V(B*'"). Then

. /Z ds /Z VARV / S AL
Y 2 A A (72 A VI 12257

is Brownian motion.

3.3.2 Semi-martingale decomposition of V' (B**'") where )\ > 0

Recall from Corollary 1.4 that V(B*") is decomposed into the three dimensional
Bessel bridge from 0 to A, followed by Brownian excursion above \. The density of 7N is
given by f2.(t) = fz2(1 —t), as in (1.3).

For z,y > 0, let Q;’y be the distribution of the three dimensional Bessel bridge of
length ¢ from z to y. Let (R;):>0 be the three dimensional Bessel process starting from 0.
The key idea is to show that for any ¢ € [0, 1), the distribution of (V(B»*");0 < s <) is
absolutely continuous with respect to that of (Rs;0 < s < ¢), identify the corresponding
density D7, and deduce by applying Girsanov’s theorem the canonical decomposition of
V(B)\,br) .

Let 0} := sup{s € [0,#]; R, < A\}. Note that if R; < X then §} = t. We start with a
lemma computing the joint distribution of (R;, 6;) in the case where the last exit from A
has not been occurred.

Lemma 3.7. On the event R; > )\, the joint distribution of (R;,0?) is:

gi—s(y — N)gs(\)

locs<t ds 1y>>\y2 dy.
gt(y)

Cjt(ov y)

Conditionally on R; > ), the value of R, and of 6", (R;0 < s < 67) and (Rgy,, — X;0 <
A A )

s <t —0;) are independent and follow the law ng,\ respectively Qé;g;_/\.

Proof. Let y > A. Conditionally on R; =y, (R:—s;0 < s < 1) is first passage bridge from

y to 0, and t — 6} is the first time where it hits \. Thus conditionally on R; =y, t — 6} is
distributed as
gs(y B )‘)gtfs()‘)

gt(y)

Moreover, conditionally on R; = y and the value of 9;\, (Ri—s;0 < s <t — 9;\) and
(R(,fxfs; 0 < s < #}) are two independent first passage bridges, from y to A and from \ to
0. O

locs<t ds.

In the next proposition, we establish the absolute continuity between the distribution
of (V(B*'),;0 < s <t) and that of (R,;0 < s < t). The Radon-Nikodym density D} is
expressed as a deterministic function of ¢, R; and 0;\.
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Proposition 3.8. Foranyt € [0, 1), the distribution of (V (B»"),;0 < s < t) is absolutely
continuous with respect to that of (R,;0 < s < t). The corresponding density is:

MR (-0 (R =) (N (R = \)?
D _/t (0, 12T AR e (2) P (‘ 21— 1) )
= ®Nt, Ry, 07). (3.5)

In particular, (D};0 <t < 1) is continuous and there is no discontinuity as R; crosses \.
Proof. Write D} = D" + D;*, where D, := 1;,_,D} and D}* := 1;,_,D}. On the
event R, < A, we have D} = D;*. Conditionally on Z* > ¢ and the value of V (B*r),,
(V(BM7)4;0 < s < t) is the three dimensional Bessel bridge from 0 to V(B*?"),, i.e. the
same distribution as that of (R,;0 < s < t) conditioned on the value of R;. Conditionally
on Z* > t and the position of Z*, V(B*"), is distributed as

- 1,~0y>d

q/Z\)\ (07 )\) y>0Y ay
Therefore, )

fot (R, \)
DI = / 7‘18]( L2 o (s) ds.
‘ t ds (07 )‘) 2 ( )

Conditionally on Z* < t, the position of Z:A and the value of V (B, (V(B*),;0 < s <
Z*)and (V(BM7) 5, — A0 <s<t— Z") are independent and follow the distribution

ng\ respectively Qé,_vz(;wr)t— ,- These are the same conditional distributions as in
Lemma 3.7. On the event Z* < t, the joint distribution of (V(B**");, Z*) is given by

Cjtfs(oa Yy — A)qlft(y - )‘1 0)
ql—s(ov 0)

fzx(s) Tysa (y— )\)Qdy lo<s<e ds.

We have then,
G2 (0, Ry — N)q1—¢(Ry — A, 0)

fox (0} - R; — \)?
D2 —q ZA( t) CARIES (070) ( ! )
T R L
t\YU, L1 gt(Rt) t
(1 -6 (R — ) (/\2> ( (R — A)Q)
=1 exp| — |exp| ——— .
AT AR, o\ 2) TP Ty
O
Lemma 3.9. Foranyt € (0,1) and a > 0:
1 400
ds a _u du
——————exp| — =7 e t—.
/t N/OEDICED) p( s—t) v .V
1—
Proof. By change of variables z := 17? we obtain:
/1 ds . ( a ) /1 dz . < a > ( a )
— —exp|— | = —exp | ——— | = ,
s V-0 P\Ts—t) T ra—o P\ —nz) TP
Note that ) N
dz TN\ (#) > dv —xv
x) = ————exp(——) = —e Y,
o) = | = (2 F ] =
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where (#) is obtained by taking z = v~!. Following from Gradshteyn and Ryzhik [34,

3.363(2)], we have p(z) = /7 [ —"% . O
Let )
(y+N)
A2 20-1) du
LAt ) = / v
( ay) 2[ eXp< ) (21/(;3\3? € \/E7
=y \ (y — V)2
oA t,y) := @7 ex () ex (— .
t9) G0y T\2)"P\ 21—y
According to the formula (3.5) and Lemma 3.9:
B (t,,0) = 21N (t,y) + (1 - 0)(0V B> (t,y)). (3.6)

Observe that ®2* is of class C'. ®!** and the partial derivative 9; ®'* are continuous as
functions of (¢, y). However, 9,®!*(¢,y) is not defined at y = \:

1 A2
0,81 (1, A7) — BB (1 AT = - ()
PP S 0B AT) = e o
D@ N, AT, 0) — 020 (t, A7, 0) = D@L, A1) — 0,08 (8, A7) + (1 — 0)0,D%7 (¢, \)
(t—0) (AQ)
= ————exp|—=— .
(1—1¢)3X 2
d
Fort¢ > 0,let W, .= R; — fot R—S, where (W;;t > 0) is Brownian motion starting from 0,
predictable with respect to the filtration of (R;;t > 0).
Lemma 3.10. Forallt € [0,1) and A > 0,

t
D) =1 +/ Do®* (s, Ry, 02) dW.
0

Proof. Remark that we cannot apply directly It6’s formula to ®*(¢, Ry, 6;'), since ®* is
not regular enough. It is easy to check that ®>* and ®!'* outside {y = \} satisfy the
PDE.:

1 1
582,2‘13(157?/) + ;aQq)(tvy) + 81¢(t7y) =0.

Let (L}(R);t > 0) be the local times at level A of (R;;t > 0). Applying Itd-Tanaka’s
formula, and taking into account the discontinuity of the partial derivative 0, at level
y = A, we get:

1 A2
Moy =1+ [ o myaw, - ey (X [ m 80
t
0V &> (t, Ry) :/0 1R, 52029 (s, Ry) dW, + ~ exp( >/ \/ﬁ (B).

The process (1 — 6;) is not continuous but it is constant on the intervals of time where
0V ®2(t, R;) is positive. According to the derivation rule in Revuz and Yor [47, Theorem
4.2, Chapter VI],

(1—6M)(0V > t,Ry)) = /t(l —6M)d(0V &> (s, Ry))

¢ (1— 9’\
:/ Lr,sa(1 — 02)02@** (s, Ry) dW +—e / o dL}(R)
0 — S
t 2
:/ Lr,sa(1 —00)0.®** (s, Ry) AW, + ~ 7/ 2(R).
0
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on the support of dL}(R), (1 — 62) being equal to 1 — s. Finally

(I)I’A(t, Rt) + (1 — 9?‘)(0 V @2’)\@7 Rt))

ot
=1+ / (0221 (s, Ry) + (1 — 02)029% (s, Ry))1r, > AW,
0

which leads to the desired result. O

Theorem 3.11. Let A > 0 and fort € (0,1),
0" = sup{s € [0,]|V (B "), < A}.

Let V* := V(B*"), then

¢ ds ¢ (92<I>’\ ~
VA—/ ——/ (s,\/jﬂ?’b”")ds)
< ’ 0 Vts)\ 0 A 0<t<1

is Brownian motion.

Proof. Fort € [0,1), let

¢ ds
X, := V(BMr —/ R
t ( )t 0 V(B)\"br)s

The distribution of (X;0 < s < t) is absolutely continuous with respect to that of
(W,;0 < s < t), with Radon-Nikodym density D;. By Lemma 3.10, we get the quadratic
covariation
A " 9,0 A
oa(D). W], = [ 225 (5. R 02) s

Applying Girsanov’s theorem, we obtain that

t (p)\ _
X, - / Ljy (s, V(B M), 62m) ds
0

is Brownian motion. O

3.4 Relation with drifting excursion

Bertoin [8] studied a fragmentation process by considering normalized Brownian
excursion dragged down by drift A < 0:

BN = BT 4 At for 0 <t < 1.

Note that V(BM") where A\ < 0 looks similar to this process, except that B¢®*M
always stays above the line ¢ — A¢, while Vervaat bridges do not share this property.
An interesting question is whether conditioned on staying above the dragging line, the
Vervaat bridge is absolutely continuous with respect to drifting excursion. To this end,
we need to justify that the conditioning event has positive probability, as shown in the
next proposition.

Proposition 3.12. Let A < 0. Then

2
P(Vt € (0,1), V(BMT), > Xt) =1 — |\ exp (2)

[y == (-5)
exp | —— | dt.
A 2
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Proof. According to Schweinsberg [48, Proposition 15], fix « € [\, 0], the probability for
first passage bridge through A to stay above the dragging line tying x to A is:

_ lal

= = (3.7)
A

P(Vt € [0,1], FM(t) >z — (x — \)t)
Therefore,

1
P(Vt € (0,1), V(BMT), > Xt) :/ P (Vs € (t,1), V(BM") > As|Z* = t) fza(t)dt
0
O P b\ R <_Vt) it
0 +/2mt(1—1t)3 Pl 20—y

=EZ*,

where (x) follows from (3.7). It suffices to apply Pitman [42, Lemma 4.10]:

)\2 oo t2
EZ* =1— \exp (> / exp <) dt.
2 N 2

O

We know that the Vervaat bridge with negative endpoint conditioned to stay above
the dragging line is well-defined. Moreover, the distribution of the first return to 0 is
given by

t

C1—|Aexp (’\72) f‘f\ol exp (—%)

fax(t) ” fzr(2). (3.8)

Corollary 3.13. Let A < 0. Given Z* the time of the first return to 0 by (V(B»");;0 <
t < 1|vt € (0,1),V(BMT), > M), whose distribution density is given by (3.8), the path is
decomposed into two (conditionally) independent pieces:

. (V(B’\vbr)u; 0<u<Z*vte(0,1),V(BMr), > )\t) is excursion of length Z*;

. (V(B’\vbr)u; Z* <u <1Vt € (0,1), V(BN > )\t) is first passage bridge of length
1 — Z* conditioned to stay above t — A(t + Z*) fort € (0,1 — Z*).

In addition, (V(BM");0 <t < 1|Vt € (0,1), V(BM"), > At) is absolutely continuous with
respect to (BS“™M;0 < t < 1). The corresponding density is:

H
1—[Aexp (%) fIC;\T exp (—4) dt

)

where H := inf{t > 0; B < 0}.

Proof. Following from Bertoin [8, Proposition 11], H is distributed as in (1.3). According
to Chassaing and Janson [16, Theorem 2.6], conditioned on H, (Bf**:0 < t < H) is
Brownian excursion of length H. Moreover, Schweinsberg [48, Proposition 4] states
that given H, (Bf"””w; H <t <1)is a first passage bridge of length 1 — H conditioned
to stay above the line t — A(t + H) for t € (0,1 — H), (conditionally) independent of
the excursion. By change of measures, we obtain the same triple characterization in
distribution. O
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3.5 Convex minorant of Vervaat bridges

In this subsection, we study some properties of the convex minorant of Vervaat bridges
V(BM7) where A < 0. The convex minorant of a real-valued function (X;;0 <t < 1) is
the maximal convex function (Cy;t € [0, 1]) such that V¢ € [0,1],C; < X;. We refer to the
points where the convex minorant equals the process as vertices. Note that these points
are also the endpoints of the linear segments. We refer readers to Pitman and Ross [43],
and Abramson et al. [1] for background.

Similar to the computation in Proposition 3.12 , we have an explicit formula for the
distribution of the last segment’s slopes.

Corollary 3.14. Denote s; the slope of the last segment of the convex minorant of
V(BMT). Fora € [\, 0], we have

P(s; € [\ a]) = 1 + aexp (22) /:lo exp (-t;) dt.

As discussed in Pitman and Ross [43], first passage bridge of length 1 can only have
accumulations of linear segments at its start point. As mentioned before, the greatest
difference between Vervaat bridges and first passage bridges of length 1 is that the
former starts with a piece of excursion, while the latter returns to 0 immediately. We
expect that almost surely, Vervaat bridges have a finite number of segments.

Proposition 3.15. The number of segments of the convex minorant of V(B") where
A < 0 is almost surely finite.

Proof. Consider a sample path of Brownian bridge B**" where A < 0 and 1 — A* :=
argmin BM*", which is almost surely unique. Note that V(B*"), > 0 for t € (0, A*].
Consequently, the first vertex of the Vervaat bridge a; > A* almost surely. By Pitman and
Ross [43], there can be only a finite number of segments on [y, 1], since accumulations
can only happen at 0 in the path of BM'" restricted to [0,1 — A*]. Thus, the number of
segments of the Vervaat bridge is almost surely finite. O

4 The Vervaat transform of Brownian motion

In this section, we study the Vervaat transform of Brownian motion. We first prove
that the process is not a Markov process. Next, V(B) is shown to be semi-martingale,
and its canonical decomposition is given. The computation is essentially based on the
results of Subsection 3.3. Finally, we compute the mean and the variance of this process.

4.1 V(B) is not Markov

A crucial property of V(B) is that V(B); = B;. We encounter two cases. If B; > 0,
then V(B) never returns to 0 and stays positive along the path. Otherwise V(B); = By <
0. By path continuity, V(B) has to hit 0 somewhere in the path.

Proposition 4.1. (V(B);;0 < ¢ < 1) is not Markov.

Proof. Fix zy > 0. Given V(B): = 0 and V(B)% = 1z, the conditional distribution of
V(B); is supported on the negative half line (—o0,0], since once V(B) hits 0 in the
path, it has to end negatively. On the other hand, given V(B); > 0 for all ¢ € (0, %] and
V(B)% = x¢, the support of V(B); is clearly the whole real line. These two conditional
distributions fail to be equal, which yields the desired result. O

In other words, {Tj < 1} = {V(B); < 0}, where T := inf{t > 0; V(B), < 0}. Formally,
it means that we retrieve the information at time 1 from some prior time, which violates
the Markov property.
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4.2 V(B) is semi-martingale - a conceptual approach

When a process is Markov with state space R?, sufficient and necessary conditions
for it to be semi-martingale are given by Cinlar et al. [21]. But V(B) is not Markov. Thus,
whether it is semi-martingale cannot be judged by classical Markov-semi-martingale pro-
cedures. Here we provide a soft argument to show that V(B) is indeed semi-martingale
using Denisov’s decomposition of Brownian motion together with Bichteler-Dellacherie’s
characterization of semi-martingales.

We recall a path decomposition of Brownian motion, which characterizes the Vervaat
transform. Let A be the almost sure arcsine split such that 1 — A := argmin,c(y ;) B;. The
following theorem is due to Denisov [27]:

Theorem 4.2. [27] Given A, which is arcsine distributed, i.e. fi(a) = ————, the

path is decomposed into two (conditionally) independent pieces:

¢ (Bi—a—t — B1-4;0 <t <1-— A) is Brownian meander of length 1 — A;
e (Bt — B1-a;1— A <t<1)is Brownian meander of length A.

We turn to some results of the classical semi-martingale theory. Given a filtration
(Fi)e>0, a process H is said to be simple predictable if H has a representation

Vt € [0,1], Hy = Holgoy(t) + Y Hile, 1,0 (1)

where H; € F;, and |H;| < oo a.s. for 0 =¢; <ty < ... <t, < oo. Denote S the collection
of simple predictable processes and B = {H € S : |H| < 1}. For a given process, we
define a linear mapping Iy : S — L° by

n—1
Ix(H) = HoXo+ ) Hi(Xs, = X¢,_,),

i=1
for H € S. The following theorem, proved independently by Bichteler [13] and Del-
lacherie [25], provides a useful characterization of semi-martingales. We refer readers
to Protter [46, Chapter III], and Dellacherie and Meyer [26, Section 4, Chapter VIII] for
further discussions, and to Beiglbock et al. [7, 6] for short proofs.
Theorem 4.3. [13, 25] An adapted, cadlag process X is semi-martingale if and only if
Ix(B) is bounded in probability, that is

lim sup P(|Ix(H)| >n)=0.
'I]—)OCHGB

Proposition 4.4. (V(B);;0 <t < 1) is semi-martingale.
Proof. Fix H € Band n > 0,

1
1
P(| Iy (s (H)| > n) =/ P(|1v(p)a=a(H)| > n) ——da. (4.1)
0 mv/a(l —a)

Note that (V(B)|A = 1) is Brownian meander of length 1. It has the same distribution
as the three dlmensmnal Bessel bridge from 0 to p, which is Rayleigh distributed
P(p € dx) = xexp(——)da: According to Imhof [36], and Azéma and Yor [5], (V(B)|A =1)

is semi-martingale and so is (V(B)|A = 0). By Theorem 4.3,

lim sup P(|Iypya=1(H)|>n) =0 and lim sup P(|IyByja=o(H)| > n) = 0.

N—00 [re N—x He

supgep P([Iv(pya=a(H)| >n) for all a € [0,1].

From (4.1), to prove supy 5 P(|Iy(g)(H)| > 1) — 0, we need some uniform control on
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Lemma 4.5. Let a € (0,1]. Then

sup P(| Iy (p)ja=a(H)| > n) < sup P (|IV(B)|A:1(H)| > Q)JFSUP P (\IV(B)\A:o(H)\ > Q) -
HEB HEB 2/ Hes 2

Proof. Observe that Iy (p)ja—q(H) = I{ + I3, where
Iil = ZHi(V(B)Terl/\a - V(B)Ti+1/\a) and Iél = ZHi(V(B)TiJera - V(B)Ti+1\/a)'
[ i

Then we have,

P(Ly()aza(H) > m) <P (117> 1) + P (175] > 7).

Let E = \I/—% and (B}"¢;0 < t < 1) be Brownian meander of length 1. By Theorem 4.2,

V(B)‘ri/\a

Va = > Hi(BEL, ~BLY),

where 7; := Z2% and H, is F7¢-adapted. Consequently,

==

— V(B)r1na —
Iy =>"H B)rissn

a n Ta n n
P> ) <P (175 > 1) < swp P (1Iysyam () > 1),
2 2 HeB 2
Similarly, we obtain:

P (115> 1) < swp P (|vemyazo(H)] > 7).
2 HeB 2

O
It is straightforward that Proposition 4.4 follows from (4.1) and Lemma 4.5. O
As a result, Vervaat bridges are also semi-martingales. This provides an alternative

proof of the semi-martingale property of Vervaat bridges obtained in Subsection 3.3.
Corollary 4.6. For each fixed A € R, (V(BM");;0 < t < 1) is semi-martingale.

Proof. Fix H € Band n > 0,

1 A2
P(I H = [ P(lyprom(H — —— ) dX. 4.2
(vt > 1) = [ Py (i) > e (<5 )i @2)

Note that V(B%°") is Brownian excursion, and is semi-martingale. It suffices to prove
that V(B**") where )\ # 0 is semi-martingale. If not the case, then there exists € > 0
such that for all K > 0, we can find n > K satisfying

sup P(Iy gaory(H) > 1) > €

HeB
It is not hard to see that (H, \) — P (I (»+ry(H) > 1) is jointly continuous in B x (R\{0}),
the full detail of which is left to careful readers. Thus, there exists Hy . € Band § € (0, |A|)
such that forall A € (A — 6, A +0),

P (I (o) (H) > 1) > % (4.3)
Injecting (4.3) into (4.2), we obtain:
P(Iy (5 (H) > 1) > ;/M L e <_XZ> i,
roo V2T 2
which violates that fact that V(B) is a semi-martingale. O
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Note that one can hardly derive the explicit decomposition by Bichteler-Dellacherie’s
approach. A crucial step of the method is to find Q, which is equivalent to P, such that
X is Q—quasi-martingale, see e.g. Protter [46, Chapter III]. By Rao’s theorem, X is
Q—semi-martingale, which is also P—semi-martingale. However, Rao’s theorem relies
on Doob-Meyer’s decomposition, which in general does not give explicit expressions for
two decomposed terms. Nevertheless, we provide the canonical decomposition of V(B)
in the next section.

4.3 Semi-martingale decomposition of V(B)

In this part, we use extensively the notations defined in Subsection 3.3. Since
V(B)1 = B; almost surely, there exists € > 0 such that for all ¢t € (0,¢), V(B): > 0. Let

Tp := inf{t € (0,1); V(B), = 0}.

~ 1 ~ ~ ~
Then P(Tp < 1) = 5 and {Tp < 1} = {V(B): < 0}. Conditional on T < 1, Ty follows
dt ~ ~
the arcsine distribution 10<t<1m. Conditionally on 7y < 1 and the value of Ty,
- _
(V(B)s;0 < t < Tp) has the distribution Qgﬁ), and is independent of (V(B)y; Ty < t < 1).
The joint distribution of (V(B);, Tp) on the event T, < 1 is given by

Licod) ( >\2) Al . ( A2 )1 i
xp| ——= )| —————exp| 77— .
Var P72 ama—ep T\ 20—

Thus, the distribution of V(B); conditionally on T}, = f is:

[Al ( A2 )
= — = 1ycodA. 4.4
1—1, exp 2(1 — fo) A<0 (4.4)

For the canonical decomposition of V(B), we split the task into two: the decomposi-
tion of (V(B); 0 < t < Tp) and that of (V(B)s;To <t < 1). We start with the latter. Let
(M¢;t > 0) be the process defined as

M, = min V(B).
[0.¢]

Lemma 4.7. Let V := V(B). Conditionally on the value of T,

. —
Vs — M,
Vi + —ds
T, L1—s .

To<t<1
is Brownian motion
Proof. Let ty > 0. Let (B}):>o be Brownian motion starting from 0, and

M, := min B'.
0,2]

For any ¢ € [iy,1), the distribution of (V(B),;fy < s < t) conditioned on Ty = #y, is
absolutely continuous with respect to that of (B’;0 < s < t — #5). The corresponding

density is:
M B . — A §
it g )\ )\ 4
/ o Y1 t( t—to ) | ‘~ exp <—~) dA~ ( .5)

—00 91—50(‘)‘0 1 t() 2(1 to)
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where ¢, is defined as in (2.9). Then the expression (4.5) can be simplified as

1-— fo Mf/*fo , (Bg_{o - )‘)2 . 1-— tNO (B,/g_t"o - Mé_£0)2
\/(1—15)3/_00 (B, Mexl’( DI A 201 1) '

Applying Girsanov’s theorem, we get the result of the lemma. O

Next we deal with the canonical decomposition of (V(B),,7:0 <t < 1). As an
auxiliary problem, we study the canonical decomposition of (&;;¢ > 0) defined as follows.
With probability % ¢ is the three dimensional Bessel process starting from 0. For ¢ € (0, 1),

. . . . <1s dt . crs .
with infinitesimal probability Py ATk ¢ is positive excursion of length ¢, absorbed at

0 after time ¢. For any ¢ € (0,1), the distribution of (V(B),,7;0 < s < t) is absolutely

continuous with respect to that of (,;0 < s < ¢). The following lemma is a variant of
Proposition 3.5.

Proposition 4.8. Let TS := inf{t > 0|¢, = 0}, and

ds qs*t(ovy)
t<s<1 my/s(1 —5) @s(0,0)

. - ds (js—t(o’y)
Jt(y) = /t<8<1 TI'(S _ t) s(l — S) 65(070) '

tATE ds AT &Js(fs)
(Yy)i>0 = (ft —/0 I +/0 1‘*‘Js(fs)d$>t>0

is Brownian motion with respect to the filtration of £, stopped at time TOE.

Ji(y) ==

The process

Proof. Let ¢ € (0,1). Introduce (Bf;t > 0) Brownian motion with the starting point

B @ §.ars- The density of this distribution on (0, +0) (total mass < 1) is:

e (x) = M(l—i—k(m)).

Let 7§ be the first time B¢ hits 0. For any € < ¢t < 1, the distribution of (§5;¢ < s < 1) is

absolutely continuous with respect to that of (Bf,_, arg €S8 < t). The density D5 is:

Lo + Lre<i—e,Bz>0 - G=(0, B§) B52qres (0, B) 1T§>~t75
T15 2200, 02T (L= T5 ) (Be)grs (BG) | 1e(B5) B BBy Bi.)
 4:(0, B5) B4 (B3, Bf B2, <1+ / ds qst<o,Bfg>>
2 ¢ m/s(1—s) 4s(0,0)
Ire<t—e,Bs>0 - 4-(0, B§) B§ 4=(0, B§) B5 Bi_.
ne(Be)my/Tg (1 — Tg)arg+=(0,0) 07" 2ue(B§)

=lp:=o0 +

x (14 Jy(B;_.)) -

Note that (D$;t > 0) is continuous, and there is no discontinuity at 7§ + . This follows
from the fact that as y — 0, the convolution kernel %qu(o, y) lu~o du is an approximation

aJ .
to the delta function. Moreover, % = —yJi(y) for t € (0,1). We get the quadratic
Y
covariation
; ; _ G0, B5) B (1 + Ji(B;_.) — (Bj_.)*(B5_.))
d IOg(gt/\TOE)v B(tfs)/\TOE = lrest—e 241 (B) .
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Applying Girsanov’s theorem, we obtain that (Y;;t > ¢) is a continuous martingale
relative to the filtration of (&;;t > ¢) with quadratic variation (¢t — &) A (T§ —¢)*. Since
this holds for all ¢ sufficiently small, this implies the result. O

We introduce the functionals ®(¢,v) and ®(¢,~) where ¢ is a time and ~ a continuous
path:

+oo ’
B(t,7) = \/%Tr/o @3(t,7(1), sup{s € [0, t]|7(s) < A}) exp <_A2> "

5 “+o00 2
b(t.7) = = [ 2@l € 0.8 < Aexn (- )

where ®* is defined as (3.6). For any ¢ € (0,1), the distribution of (V(B)pg,i0< s <1)
is absolutely continuous with respect to that of (£;0 < s < t) with density
_ o(t, &) + Ju(&)
Dt - TOESt W 1T0§>t. (46)

The following lemma provides estimates on ®* and its derivatives d; ®*, 9,®*.

Lemma 4.9. There are positive functions c;(t) and c2(t) bounded on intervals of the
form [0,1 — €|, such that forall A >0,y > 0,0 <t €[0,1):

®Mt,y,60) < c1(t) exp </\22) exp (—H) ;

1020 (t,y,0)| < ca(t)(1+ N\?) (y + ;) exp (f) exp (—H) .

and

Proof. Note that ®*(t,y,0) < ®LA (¢, y) + 1,5, P> (¢,y). Fory > ),
1 A2 (y—N)?

P2 (t,y) < ————ex () ex (—

)< = o\ 7 )P (Taa

(y+2)?2

1 22 (y —N)? 20-0  du
1, < il A —
2 (L, y) ~2va2y exp ( D) ) exp ( 2(1—1) /<yﬂ>2 Vu

2(1—¢t)

1 min(y, ) (A2> . ( (y— A)Q)
—F———exp| - |exp| ——— |-
T-{ P\ )P\ ooy
In addition, for y > A we obtain,
1 oo (%) (5575)
AR <o [ 2= ) exn [ —
113 P\ )P Tea -y

< g G i) oo (3) oo (57

and

|82(I)2’/\(t7 y)| -

and

1 A2 1 (2’(1’2? e
LA (L, y)| < Z 7/ Q)
o) < oo () <y s T2
(y —N)? (y =)
eXp( 2o1—1 ) TP\ 219

V2
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- 1+2v2 </\2>e ( (;,-A)?)
ENCIN RANEIEDVA
which permits to have the desired estimation. O

Lemma 4.10. Fort € [0,1),

tATS
[®(-€),€), = / B(s,€) ds

Proof. It is clear that the quadratic variation [®(-, £), £]; does not increase for ¢ > T5. We
only need to show that for a three dimensional Bessel process (R;;t > 0),

[®(-, R), R], = /Oti)(s,R) ds. @.7)

Indeed, given any ¢t < T < 1, the distribution of (£;0 < s < t) on the event T§ >
T is absolutely continuous with respect to that of (Rs;0 < s < ¢). For any A > 0
(@A (t, Ry, 07);0 <t < 1) is a positive martingale with mean 1. Applying Fubini’s theorem,
we obtain that (®(¢, R);0 <t < 1) is a positive martingale with mean 1. Let (W;;t > 0)
be the Brownian motion martingale part of (R;;¢ > 0). To prove (4.7) we need to show
that the process

t
((I)(t, R)W, — / b(s, R) ds) 4.8)
0 0<t<1
is a martingale. Lemma 3.10 ensures that for any A > 0 the process
t
(<I>’\(t, Ry, 0 )W, — / D@ (s, R, 07) ds> (4.9)
0 0<t<1

is a local martingale. Next we show that (4.9) is a true martingale and not just a local
one. It suffices to bound the expectation of its supremum and dominated convergence
theorem permits to conclude. According to Burkholder-Davis-Gundy’s inequality, 3C > 0

such that
2
0<s<t

t
< CE [/ (02@7(s, R, 02)°W2 + @*(s, Ry, 02)?) ds]
- c/ E [0:@*(s, Rs,02)*W2] + E [2X(s, R, 02)?]) ds

E

DMNt, Ry, O)W, — / Dy (s, Ry, 0)) ds

From Lemma 3.10 and the bound in Lemma 4.9 follows that (®*(t, R;,0});0 <t < 1)isa
square integrable martingale, and

14+E [/ 0,0 (u, Ry, 02)2 d } =B [0%(s, R, 02)°] < ea(s)* exp (V) E {exp (_wﬂ ’

which is integrable on (0,¢) for any 0 < ¢ < 1. Moreover, by Cauchy-Schwarz’s inequality,
E[0:® (s, Ry, 0))°W2] < E[0,@ (s, Ry, 0)) P E[W]2.

The problem of integrability may only occur at 0. However, by the bound of 9,®” in
Lemma 4.9, we know that E[0,®(s, R, 62)"] = O(%) as s — 0. Thus the above term is

Sy Vs
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also integrable on (0,¢) for 0 < ¢t < 1. We have proved that (4.9) is a martingale for any
A > 0. Again by Cauchy-Schwarz’s inequality,

N

t t
E HCIJ’\(t,Rt,GtA)Wt/ 5‘2<I>>‘(3,R5,0§‘)ds} < ViR U agcb*(s,Rs,eg)?ds]
0 0

< 2V/tey (t) exp (f) E {exp (_Mﬂ < 0.

Thus, the expectation of the absolute value of the martingale (4.9) is integrable with

[N

2 A2
respect to —— exp (—) 1xs0 d\. By Fubini’s theorem, it follows that (4.8) is a mar-
\V2or 2

tingale. O

Theorem 4.11. Let M, := miny 4 V(B), Ty := inf{t > 0;V(B), = 0} and V := V(B).
Then

V B /t/\/fo @ + t/\']N—b (i)(S,V) + Vsjs(‘/s) d8+ /t ‘/‘9_7]/\‘4/8 ds
=, 7 0 O(s, V) + Js(Vs) T, l—s 0<t<1

is Brownian motion.

Proof. Note that (D;)o<:<1 given by (4.6) is time-continuous. In particular it follows from
Lemma 4.9 that on the event Tg < 1, as t converges to Tof from below and &; converges
to 0, ®(t, &) remains bounded. In addition, .J;(¢;) tends to +oo at 7. Hence

fim 28+ (&)
i 1+ Ju(6e) ’

and D, is continuous at ¢t = Té. Using the canonical decomposition of (&;;¢ > 0) given by
Lemma 4.8, and applying Girsanov’s theorem combined with Lemma 4.10, we obtain
that

LR gy tTo § (s, V(B)) + V(B)s Js (V(B),)
(V(B)t/\To /0 V(B)S +/O (I)(S, V(B)) + Js(V(B)s) ds) >0

is a martingale with quadratic variation t/\TL. Finally, Lemma 4.7 describes the canonical
decomposition of V'(B) after the stopping time 7. O

4.4 Expectation and variance of V(B)

In this subsection, we calculate the first two moments of the Vervaat transform of
Brownian motion.

Proposition 4.12. V¢ € [0, 1], we have:

EV(B); = \/E(\/{ur VI—t—1); (4.10)

E(V(B)]) =3t + A8 resinv/i — %\/t(l —1). (4.11)

m
The computation is based on Denisov’s decomposition of Brownian motion, Theorem
4.2, together with the following identities of Brownian meander, the proof of which is
reported to the Appendix:
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Proposition 4.13. Let (B}"°,t € [0, 1]) be Brownian meander of length 1. We have:

2
EB/™ = \/>(\/t(1 — 1) + arcsin V1). (4.12)
™
E(B™¢)? = 3t — 2. (4.13)
EB"*B™ = 2\/t. (4.14)

4.4.1 Expectation of V(B)

Recall that A is the almost sure arcsine split such that 1 — A := argmin, ¢y ;) B;. We
have:
EV(B); =E(V(B)last) + E(V(B)ila<y).

Lemma 4.14.

vt € 10,1], B(V(B)ilase) = \/Z(\ﬂ —t42vVt—t—1). (4.15)

Proof. Note that

! \/ZﬂEBme(ﬁ)d @12) V2
t m/a(l—a) w3

/ arcsin 4/ & . . .
where o := V/t ftl a\/‘%da and ay := ftl %da. Using integration by parts, we get:

E(V(B)ilast) = —5 (1 + ag),

Y g f/

CLCL—

Therefore,

a1+042—7T\/m4‘2\[/ m\/af t(t—i_l)/al\/ij\/ﬁ
— V=4 2mVi—w(t+1). O

O

Observing the duality (1 — A, (V(B)1—+ —V(B)1;0 <t < 1)) @ (A, (V(B);0 <t <1)),
we obtain the following result as a corollary:

Corollary 4.15.

2
vVt €[0,1], E(V(B)ila<:) = \/;(\/l—t—l-t—l). (4.16)
It is not hard to see that (4.10) follows from Lemma 4.14 and Corollary 4.15.

4.4.2 Variance of V(B)

Similarly, we split EV(B)? into E(V(B)?14~;) and E(V(B)714<;). The formula (4.11)
follows readily from the next lemmas.

Lemma 4.16.

vt €10,1), B(V(B)2145¢) = 3t — o arcsin v/t — g\/t3(1 —t). (4.17)
T T
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Proof. Note that
: aE(BW)?(g)

E(V(B)21 =
(V(B)iLa>t) wm
(+) 3t / P / da
\/a 1 — a \/a 1 — a
=3t— — arcsin\/f - —\/t3(1 —t),
Vs Vs
where (x) follows from (4.13). O
Lemma 4.17.
4 — 2t
vt € [0,1], B(V(B)?1a<;) = (arcsin vVt — \/t(1 —t)) (4.18)

Proof. Note that

E(V(B)?act) = E(V(B); = V(B)1)?Laz) + E(V(B)31a<)
+2E((V(B): — V(B))V (B)11ae).

Denote (1, 82 and (3 the three terms on the RHS of the above equation. 3; can be easily
derived from Lemma 4.16 by change of variables:

B = 2(17: t <3 arcsin v/t — Vil - t)) . (4.19)

By Theorem 4.2, for 0 < a <'t,

52:/(:]E(V(B)§|A:a /2 r/all = a))— 22 _ daresinyi

mv/a(l— a) my/a(l — a) ™
(4.20)
and .
da
= + —_—,
P /0 (n 72)7r a(l —a)
where
1 =E((V(B): = V(B)1)V(B)alA =a)
1—t¢ 1—t¢ . 1—t¢
= a(l—a)<\/1_a(1—1_a)+arcsm 1—a>’
and
Y2 :=E((V(B)e = V(B)1)(V(B)1 = V(B)a)|A = a)
=-2y/1-t)(1-a),
which are derived from Proposition 4.13. Thus,
/ / 1 1-— )+ /1 —
1/ - — arcsin
w\/a 1 —a) 1—t
= 5 arcsm\f—i— t(1—1), (4.21)
and
da 4
— = ——\/t(1 —t). (4.22)
’Y27r\/a(1 —a) ™ ( )
Combining (4.19), (4.20), (4.21) and (4.22), we obtain (4.18). O
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5 Appendix: Computations of Brownian meander

Let (Bj*¢,t € [0, 1]) be Brownian meander of length 1. From Chung [20], we derive
the marginal distribution of meander:

me _3 56'2 x
P(B* € dx) =t 2z exp (—%) erf (2(175)) dx. (5.1)

where erf is the error function defined as erf(z) := % J7 . exp(—t?)dt.

Proof of Proposition 4.13. (1). We compute EB;]"*¢, which relies on the following well-
known identity found in Gradshteyn and Ryzhik [34]:

Va+ (a+ 1)arcsin,/a—i1
B 2y/7a’(a+1) '

Va >0, / 22 exp(—ax?) erf(x)dx (5.2)
0

By change of variables, we obtain:

EB = t72y“exp | —= |erf | ——— | d
: ) y*exp ( — o T

® V8 (H> ’ /oo x% exp <—Hx2> erf(z)dx
t 0 t
() \/Z(«/t(l ~%) + arcsin v4), (5.3)

where (x) (resp. (xx)) follows from (5.1) (resp. (5.2)), and (#) is obtained by taking

__
VN

(2). To calculate E(B}*¢)?, we make use of the following identity:

2+ 3a

3 (5.4)
4a2(a+1)2

Ya > 0, / 23 exp(—az?) erf(x)dx =
0
which is also found in Gradshteyn and Ryzhik [34]. The rest is the same as in (1).
(3). Finally, the value of EB;**B]"¢, i.e. the formula (4.14), can be easily derived
from Imhof’s relation [36] between Brownian meander and the three dimensional Bessel
process. O
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