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Markovian structure in the concave majorant of
Brownian motion
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Abstract

The purpose of this paper is to highlight some hidden Markovian structure of the
concave majorant of the Brownian motion. Several distributional identities are implied
by the joint law of a standard one-dimensional Brownian motion B and its almost surely
unique concave majorant K on [0, 00). In particular, the one-dimensional distribution
of 2K, — B, is that of R5(t), where Rs is a 5-dimensional Bessel process with R5(0) = 0.
The process 2K — B shares a number of other properties with R5, and we conjecture
that it may have the distribution of Rs. We also describe the distribution of the convex
minorant of a three-dimensional Bessel process with drift.
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1 Introduction

There is a rich literature on convex minorants of stochastic processes such as Brow-
nian motion and Lévy processes initiated by Groeneboom in [12], and continued in
[18, 10, 4, 7, 22, 2, 16, 15, 3] with applications to problems in statistics such as isotonic
regression [21], and in ruin theory and mathematical finance (see [8][9]). An analogous
study of Lipschitz minorants of Lévy processes was taken up in [1, 11]. The purpose of
this paper is to develop a deeper understanding of Markovian properties of the concave
majorant of Brownian motion.

For any real-valued function f defined on a domain U, we say that c is its concave
majorant if ¢ is the minimal concave function such that ¢(u) > f(u) for all w € U. It
was shown by Groeneboom in [12] that a standard one-dimensional Brownian motion
B admits almost surely a unique concave majorant K on the domain [0, c0), with the
following properties. The process (K (t));>o is an increasing piecewise-linear function
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Markovian structure in the concave majorant of Brownian motion

with infinitely many linear segments which accumulate only at zero and at infinity, and
the process of slopes and lengths of these segments is a Poisson point process. Moreover,
conditionally on the concave majorant K, the process K — B is a concatenation of
independent Brownian excursions between the vertices of K, where ¢ is a vertex of K if
K(t) = B(t), or equivalently if K’'(t+) < K’(t—) where K’ is the right-hand derivative of
K.

In the tradition of convex analysis, working with either positions or slopes gives
two dual perspectives of a convex function. In our setting, we can either consider the
concave majorant at a fixed time ¢ > 0, or we can fix a slope p > 0 and consider the
concave majorant at the random time o, := argmaxttO{B(t) — pt}. These two points of
view offer complementary information about the concave majorant, as discussed further
in the literature cited above.

Before stating our main results, let us introduce some notation

Notation 1.1. For a random variable X taking values in R¢, with a probability density
with respect to Lebesgue measure on R?, we denote that probability density function
by fx. Similarly, for two random variables X and Y both taking values in Euclidean
spaces (not necessarily of the same dimension), the notation fx‘yzy(') is used to denote
a regular conditional probability density of X given Y = y.

Fora,b > 0, let B, denote a random variable with the beta(a,b) density

fﬁa,b(u) = mua_l(l - U)b_11{0<u<1}

where I is the Gamma function. For k € IN, we denote by x3 a random variable with the
chi-squared(k) or gamma(k/2,1/2) distribution of the sum of squares of k independent
standard Gaussian variables, and write x;, for the positive square root of x3, with chi(k)
distribution. Finally, ¢ is the probability density and ® is the right-tail probability of a
standard normal random variable:

() = — exp(—x;>7 @(m):/:oqﬁ(t)dt ,zeR.

For i € R, we use the notation (B,,(t) := B(t) + ut);>o for a Brownian motion with drift
parameter p and unit variance parameter. For each level y > 0 and drift i > 0, define
the first and last passage times

Ty :=1inf{t >0: B,(t) =y} and G, :=sup{t > 0: B,(t) = y}.

So T}, has the inverse Gaussian distribution with parameters (u,y), whereas G,, , has
the size-biased inverse Gaussian distribution with parameters (u,y). Their respective

densities are denoted by f, , and f; , and given by

_ 2
fmy(t) = fTu,y (t) = \/2?;? exp (_(y;t)) Lasor

Fiy ()= fa,, () = gtfu,y@).

For each i > 0, the three-dimensional Bessel process with drift i is the unique diffusion
with the same law as the radial part of a three-dimensional Brownian motion with drift
of magnitude u. We denote this diffusion by BES" (3, u) if it is started at position r at
time 0. A three-dimensional Bessel bridge W on an interval [0, a] such that W(0) = =
and W (a) = y has the law of a three-dimensional Bessel process with drift 0 started at x
at time 0 and conditioned to take value y at time a (the conditioning is in the sense of
regular conditional probability). We refer to [19][Chapter 3,6,11] for further information
about these processes, which appear in some of our statements and proofs.

and
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1.1 Fixed time analysis

For ¢t > 0, let (G4, D;) be the left-hand and right-hand vertices of the segment of
K straddling t. For fixed ¢ > 0, we almost surely have 0 < G; < t < D;. Define
I(t) = K(t) — tK'(t) to be the intercept at 0 of the line extending this segment. As the
process (K, B) enjoys Brownian scaling, we can restrict discussion to the time ¢ = 1, as
in the following proposition, which gives the joint density of different quantities related
to the Brownian motion and its concave majorant at time ¢t = 1.

Proposition 1.1. The density function of (K'(1), (1), K(1) = B(1), &=, D1) is

fs(a,b,y,v,w) = \/7r3(v — 1)23(w — 1)3ab(wv —1)x

1 wv — 1
exp (—2 <b2w + 2ab + a%v + y2(1}—1)(w—1)>> Liw,o>131{ab,y>01

In particular, the following marginals take simpler forms.
* The joint density of (K'(1),1(1), K(1) — B(1)) at (a,b,y) is
fs(a,b,y) = 4y(a+b+y)p(a+b+y)liapy>o

» The conditional density of D; — 1 at ¢ given (K'(1) = a,I(1) = b, K(1) — B(1) = y)
is given by
a b+y ..
t)= ———fayll) + ——— t
g() a+b+yf,y()+a+b+yfa,y()
where f, , and f;  are respectively the inverse Gaussian and size-biased inverse
Gaussian densities with parameters (a, y).

Remark 1.2. Some of these identities are implicit in the work of Groeneboom [12] in
his proofs using probability estimates of events about the position of Brownian bridges
relative to deterministic line, and some projections of these identities appear also in
Carolyn and Dykstra [7], but we give here a simpler proof via the Poisson description.

A straightforward consequence of the above proposition is that

4

2K(1) — B(1) = xs (1.1)

which coincides with the one-dimensional marginal at time 1 of a five-dimensional Bessel
process. Moreover, by integration it is easy to see that the joint density of the pair
(K(1),K(1) — B(1)) is equal to

Jixq),k)-B)) (k,y) = 4ky(k +y)d(k + y) L1k y>0

and so the pair (K (1), K(1) — B(1)) is exchangeable. This observation is reminiscent
of the counterpart process (2M (t) — B(t)):>0, where M is the running maximum of B
defined as

M(t) = max, B(s)
Indeed, by results of [20, 17] we have that

4

2M (1) = B(1) = x3

and that the pair (M(1) — B(1),M(1)) is exchangeable. More is known actually, the
process (2M (t) — B(t)):>o has the law of the radial part of a three-dimensional Brownian
motion. This observation led us to naturally consider the following conjecture:
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Figure 1: Paths of b,k and 2k — b (in pointwise increasing order)

Conjecture 1.3. The process (2K (t) — B(t));>0 has the law of the radial part of a five-
dimensional Brownian motion

By well known properties of the usual time inversion map from Brownian and Bessel
processes to corresponding bridges, discussed in [3], our conjecture that 2K — B has
the same distribution as a five dimensional Bessel process is equivalent to the following
conjecture regarding the least concave majorant k of b, a standard Brownian bridge
of length 1 from 0 to 0: that 2k — b has the the same distribution as a five dimensional
Bessel bridge of length 1 from 0 to 0. See Figure 1 for the path of a Brownian bridge b,
its concave majorant k£ and the reflected process 2k — b.

It is tempting to claim that the three-dimensional process (K'(t), K(t), B(t))t>0 is
Markovian. However this assertion turns out to be false. Indeed, from Proposition 1.1 it
is not hard to see that D, is not conditionaly independent of G given (K'(1), K(1), B(1)).
Together with the fact that G; is measurable with respect to o{B(u), K(u);u < 1}
and D; is measurable with respect to o{B(u), K(u);u > 1}, this implies that the pro-
cesses (K'(u), K(u), B(u))y>1 and (K'(u), K(u), B(u))u<1 are not conditionally indepen-
dent given (K’(1),K(1),B(1)). Nonetheless, a Markovian structure is present if we
include the next vertex of the concave majorant after time ¢, as indicated in the following
theorem:

Theorem 1.2. The process
(U(t) := (K'(t), K(t),K(t) — B(t), D; — t),t > 0)
is a time-homogenous Markov process. Its semi-group P;((a, k,y,w), ) is given as follows
e Ift <w, then P;((a, k,y,w),-) has the law of
(a,k+at, Z(t),w —t)

where Z is a three-dimensional Bessel bridge between (0, y) and (w, 0).
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e Ift > w, then P((a, k,y,w),-) has the law of
(a—C'(t —w), k+at —C(t —w),R(t —w) — C(t —w),DE , — (t —w))

where R is a BES®(3,a), C its convex minorant and D is the first vertex of C' after
time u.

Similarly to Proposition 1.1, the following proposition gives the joint law of the
Bessel process with drift and its convex minorant at a fixed time, which completes the
description of the law of the Markov process V.

Proposition 1.3. Fix ;4 > 0. Let (R(t));>0 be a BES®(3, 1) and (C(t)):>0 its convex
minorant. Let (G;, D;) be the left-hand and right-hand vertices of C' straddling ¢. Then
for (o, u,x,l,y) such that 0 < ﬁ <u<t<z+u y>0and0 < a < pu, we have

P[C'(t) € do, Gy € du, Dy — Gy € dz, R(Gy) € dl, R(t) — C(t) € dy] =

(ﬁ((ﬂ*&)ﬁ) Bslh=Q (0 0y — 2 Y adudz
RN Al (u, g — 1)y ¢(at(x,u))d dudzdldy

(t—u)(z+u—t)

where o,(z,u) = , and

P[C'(t) € da, Gy = 0, Dy — G € d, R(Gy) = 0, R(t) — C(t) € dy] =

The function h%? is given by the following expression

h*P(s,2) = %bE <\/(a - g) (g - b) - é)j ¢(\/j;)ﬂ{bs<z<as}

for 0 < b < a and where V <A (0,1) is a standard normal random variable.

1.2 Fixed slope analysis

Working in terms of slopes, we present here some distributional identities which
emerge from study of the path of the Brownian motion and its concave majorant on
[0,0,] for a fixed slope p > 0. Let

o < Tl < T =0y < Tyl < Ty < v (1.2)

be an enumeration of the vertices of K. By Brownian scaling, we can limit ourselves to
the case u = 1. Define

Tp = T1,, and Ky, := B(m,) and p,, := kp — —7, (1.3)
where Az, = z, — z,—1 for any sequence (z,),en. The following theorem states a

non-trivial identity in distribution which comes from an analysis of Markovian behavior
of the faces of K|y ,,], in the same vein as [15][Corollary 3].

Theorem 1.4. The following map on (0,00)3 x (0, 1)
rYq r

(tvrv%u) = (u2(t+Q)7u(1 —u)(t—i—q)—f—ur, t(t+q)’ r+(1u)(t+q))

is one-to-one and preserves the law of

(Xgﬂi% X%Bl,Z(l - 51,2)7 X%a U)
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where S, is beta(a,b) and U 4 $1,1 is uniform [0, 1], with s, 6122 and U independent. As

a consequence, both the sequences (p—> and ( B ) are stationary. Moreover,
VT n>0 VT n>0
the former sequence is a Markov chain while the latter sequence is not Markov.

We finish this section by showing that a random scaling of the path of B on [0, 0]
produces processes that are absolutely continuous with respect to the three-dimensional
Bessel process. Let us introduce first some notation

Notation 1.4. Let us denote by M the Mill’s ratio function defined as

O(x)

¢(x)

For a non-negative continuous function f defined on [0, 1], define its minslope as

M(f) = inf flw)

o<u<l u

M(x) =

Moreover, let B(f) be the last time f reaches its minslope, i.e

B(f) = supft € (0.1]: 1 — o))

We have the following theorem

Theorem 1.5. Let ;1 > 0, and define B),(t) := B(t) — ut. Define the two pseudo-meanders

(Bmwmogu§1y:(waw—i%&l—wwxogugg

B(o,) = B((1 —u)oy)
VOou
Then both B™¢ and B are both absolutely continuous with respect to BES®(3) with

M(B™°(1)) M(B™)
Bme ) and 2 Bre(D) -

Remark 1.5. The term pseudo-meander is inspired from related processes called
pseudo-bridges that were introduced in [6] and generalized in [14]. In the latter case,
the change of measure is given by a power of the local time for either a Brownian or
recurrent Bessel bridge.

and

(B™(u),0 <u<1) ::( ,0§u§1)

Radon-Nidokym derivative given respectively by 2

2 Fixed time analysis

We recall the main results of Groeneboom in his study of the concave majorant of
Brownian motion. We define first the following process

t
T, =01 = argmax " {t >0:B(t) — } ,a > 0.
a a

The process 7 encodes all the information about the concave majorant K. The following
result of Groeneboom gives a full description of the law of 7. We have

Theorem 2.1 ([12], Theorem 2.1). The process 7 is pure-jump with independent nonsta-
tionary increments. In particular, the Poisson point process of jumps

H:={(r,Ar.): A7, > 0}

has intensity measure absolutely continuous with respect to Lebesgue measure with
density
1 NG
rt)=—— ¢ —
p(r, t) i ¢( . )
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The concave majorant K of B is constructed from 7 as a concatenation of increasing
linear segements with slopes 1/r and durations A7, for (r, A7,.) € H. The joint law of K
and B is fully described in the following theorem which is also due to Groeneboom.

Theorem 2.2 ([12], Theorem 2.2). The standard linear Brownian motion B can be
decomposed into the process 7 and independent Brownian excursions. More pre-
cisely, conditionally on the process 7, the vertical distance of the Brownian motion
to the concave majorant (K (¢) — B(t)):>o is a succession of independent Brownian ex-
cursions, i.e for any measurable enumeration (7;);cz of jump times of 7, depending
only on the process 7, the process (K (t) — B(t))r,<t<r,,, has the same distribution as

(\/Tiv1 — Tie; (Tii_ljjTi))TiStSTHl’ where (e;);cz is an i.i.d sequence of standard Brown-
ian excursions on [0, 1].

Combining these two results we can give a quick proof of Proposition 1.1

Proof of Proposition 1.1. Let S(1) := %m denote the passage time across the level 1 for
the process 7. Fix0 < u < 1 <u+ x and s,z > 0, then we have

P[S(1) € ds,G1 € du, Dy — Gy € dz, B(G1) € dz] =
P[B(1s-) € dz,7s— € du, H N (5,5 + ds) X (z,z + dz) # 0] + o(dsdudzdz) =
P[B(7s) € dz,7s € du)p(s, z)dsdz + o(dsdudxdz)

as P[rs— = 7] = 1 and (B(7s_), 7s—) is measurable with respect to # N (0,s) x R. The
joint density of (B(7),7s) = (B(c1),01) is known from Williams path decomposition (see
[23][Theorem 2.11). Hence, using the fact that K(1) — B(G;) = K'(1)(1 — G1), we have
that I(1) := K(1) — K'(1) = B(G1) — K'(1)G;. Hence, by a standard change of variables
we get the joint density of (K’(1),1(1) D). Finally, using Theorem 2.2 we get that

1u) N EDICESY

1
7G17

=\ X3
vV—Uu V—U

(K(1) = B(1)|G1 =u,D1 =v)ZVo—ue (
Putting all this together gives the five-dimensional density. The sub-marginals are easily
obtained by integrating out the remaining variables. O
Remark 2.1. By invariance of the law of (B, K) under time-inversion, we know that

1
’Gl’

D)2 (K'(1), I, K(1) — B(1), Dy, —),

(I(1),K'(1), K(1) — B(1) o

which can easily be checked from the joint density.

Recall that a three-dimensional Bessel process with drift ¢ > 0 is the law of the Brow-
nian motion with drift ;4 conditioned to stay positive. By Williams path decomposition, it
is also the law of the post-o,, process (ut — B(o, +t) + B(0,))t>0 (see [23]). Combining
this observation with Theorem 2.1 gives the following Poisson description of the convex
minorant of a three-dimensional Bessel process with drift.

Proposition 2.3. Let (R(t));>0 be a three-dimensional Bessel process with drift y > 0.
The convex minorant C' of R is a concatenation of increasing segments with slopes less
than u. The set of pairs of slopes and time spacings of C is a Poisson point process G
with intensity measure of density with respect to the Lebesgue measure given by

gla,t) = Wﬂ{om@}

Moreover, conditionally on C, the process R — C' is again a succession of independent
Brownian excursions between the vertices of C.
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Before establishing the analogue of Theorem 1.1 for the three-dimensional Bessel
process with drift, we will give an explicit formula for the density of the increments of
the zenith process (o,, B,(0,)) >0 studied by Cinlar [10]. While the Laplace transform
of the increment (o}, — 04, B(op) — B(o,)) for a > b is straightforward from Williams
path decomposition, inverting it is not obvious, as remarked by Cinlar [10], who gave a
formula via convolutions of measures. We have the following theorem whose proof is
inspired by some of Groeneboom’s computations.

Theorem 2.4. Fix 0 < b < a, and define the function A% on (0, )? by

(o922

Wl{bsgzgas}
where V is standard normal. Then the random variable (o, — 04, B(0p) — B(0,)) has
density h,;, on (0,00)? and has a point mass in (0,0) of probability %

2b
h*P(s,2) = ;E

Before proving Theorem 2.4, we recall the following lemma which gives an estimate
on the probability that a Brownian bridge crosses a deterministic line. We quote it from
[13][Page 183]

Lemma 2.5. Let B a standard linear Brownian motion, and fix 0 < s < t. Moreover, let
a,b,xz,y € R. Then

b— t+b—
P[Fu € (s,t) : B(u) > au + b|B(s) = z, B(t) = y] = exp <_2(as + xZJr(a + y)+>
-
Proof of Theorem 2.4. Fix 0 < t; < ty and let h > 0, we will investigate the probability
of the event

A= {Ua S (t1,t1 + h),o'b S (t2at2 + h)}

Let us denote p; := a and us := b, the event A can be rewritten as

A={(Vs>0) B(s) —pis< sup (B(u)—pu)fori=1,2}
ti<u<t;+h

Define By, = sup;,<,<;,+n(B(u) — B(t;)). We will condition on the value of the random
variables {B(t;), B(t; +h), B¢, »,i = 1,2}. In particular, we wish to compute the following
regular conditional probability

P[A|B(t;) = xi, B(ti + h) — B(t;) = Yi(h), By, n = M;(h)]

where z;,Y;(h), M;(h) are fixed real numbers. From the definition of o, and oy, this
probability is equal to zero unless we have that z; + b(te — t1) < xo < 21 + a(ts — t1). By
introducing the point ¢ that is the location of the intersection point of the two lines with
slope a (resp. b) passing through (¢1,z1) (resp. (t2,z2))

(LL'Q — btg) — (:L‘l — atl)
a—b

to = < (tl,tg) 2.1)

Then A can be expressed as

2

2
A= VzeJl B, — iz < su By — piu)} =: A,
ﬂ { (3 z /’L tISUSIt)i-i-h( ,le )} ﬂ i.J

i,j=1 ,j=1
with
Ji=(0,t1), Ji=(t1+h,to), J3 = (to,t2), J3 = (ta + h,+00)
EJP 27 (2022), paper 57. https://www.imstat.org/ejp
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By further conditioning (in the sense of regular conditional probability) on the value of
B(tp), i.e on the event

D = {B(to) = l‘,B(ti) = l‘i,B(ti + h) — B(tz) = Y;(h),Bt“h = Mz(h) fori = 1,2}
We have that
P[A|D] = H P[A; ;| D]

3,7=1
by the independence of increments of the Brownian motion. Now, it is easy to see that

Bip + B(t:) — pi(ti +h) < sup  (B(u) — pyu) < By + B(t:) — piti
ti<u<t;+h

Hence
rij(h) =P[Ez € J} : B, — iz > By, + B(t;) — piti| D] < P[AS D] <
P[3z € J/ : B, — iz > By, + B(t:) — pi(ti + h)|D] =: 7;.;(h)
Now using Lemma 2.5, we have that

<2 (M (h) + xltz at1)+M1(h)>

r1,1(h) = exp

and

ria(h) = exp (_Q(Ml(h) + a1 — a(ty + b)) (M (h) — ah)+>

ty
Hence, by Taylor expansion it follows that

2M1 (h)(l‘l — at1)+
ty

P[AT4|D] =1~ + Fi1(h, My(h)?)

where Fi ; is a deterministic function with |F 1 (z,y)| < Ki1(|]z| + |y|) for a positive
constant K ;. Similarly, we find that

2(My(h) = Yi(h)) (21 — 0 — a(t1 — to))+

PIAS ,|D] = 1 p— + Fia(h, (Mi(h) = Yi(h)?)
and
2Ms(h —x0 — b(ta — ¢
P[A51|D] =1~ )tz tgxi to 2= to))s + F1(h, Ma(h)?)
and

P[AS,|D] = 1 — 2b(Mz(h) — Ya(h)) + Faa(h, (M2(h) — Ya(h))?)

with all the F; ;’s deterministic verify | F; ;(z,y)| < K, ;j(|z|+]|y|) for some positive constant
K; ; > 0. Hence by multiplying all these terms together we get

My (h)(My(h) — Yi(h))Ma(h)(M2(h) — Ya(h))
t1(to — t1)(t2 — to)

x(x1 —aty) (1 —xo — a(ty — o))+ (w2 — 29 — b(ta — t0)) 1+

G(h, My (h)?, Ma(h)?, (My(h) = Y1(R))?), (M2(h) — Y2(h))?)

P[A|D] = 16

where G is a deterministic function of 5 variables such that

5
Glar,azag anas) <K S Jail [Tl (2.2)

ij=1 k#i,j
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for K a positive constant. Now, let us integrate first with respect to the value of B(t).
The distribution of B(tp) given that B(t;) = x1 and B(ty) = x5 is that of

(ta —to)zr  (to — t1)x2

Vv
ty — b1 ot C
where:
to —t1)(te — ¢
p2_ o—t)lta—to) _
to — 11

and VZN (0,1). After integration and using the expression of ¢y from (2.1), we get that

16603 () (M (h) = Y3 (1)) Ma(h) (Ma(k) — Ya(R))
t1(tey —t1)

xE[((a = b)o = U)3] + G(h, My (h)*, Ma(h)*, (M (h) = Y (h))?, (Ma(h) — Yi(R))?)

PIA|C] = (z1 — at1)+

Finally, we can integrate with respect to (M;(h),Ya(h), Ma(h),Y5(h)). Since it can be
easily seen that

E B(tl)zl'l;B(tQ):fEQ = +O(h)

By, n ( sup (B(u) — B(t; + h)))

t;<u<t;+h

using the joint law of (B(h), maxo<y,<p B(u)), and the fact that
E[G (h, My(h)?, Ma(h)?, (M (h) — Y1 (h))?)] = O(h?)
from (2.2), we get that
4b(z1 — atq)+
t1(ta —t1)

By multiplying by the joint density of (B(¢1), B(t2)) we get that the joint density of
(0a, 00, B(0y,), B(op)) at (t1,te, z2, 1) is equal to

P[A|B,, = x1, By, = 23] = E[((a —b)o — V)2]h% + o(h?)

x
f(0a,00,B(00),B(oy)) (t1, t2, 71, 22) = 4b (tl - a) X
1 +
F V] a0 )
E -ba—y) - —— x 1 a
( =0l =) m)J b= it - )
where y := 2=FL. By an obvious change of variable, we see that (o4, B(0,)) and

(o — 04, B(op) — B(0,)) are independent (as predicted by Williams path decomposition),
and that the density of the latter pair is exactly h%? that is stated in the Theorem. Here,
we use Corollary 2.1 from [12], which stipulates that the two functions

().
o 2 (V) )5

are densities, where X,Y, Z are three independent standard normal random variables.

It also follows from here that the density A, is defective as

/ R (s, z)dsdz =1 — b
(0,00)2 a

t — 24’

and
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Markovian structure in the concave majorant of Brownian motion

To conclude the proof, it suffices to notice that

Ploy = 04, B(op) = B(0o,)] = Ploy, = 04]

11 b
=P |no jumps for the process 7 in (, )} = —
a b a

as the number of jumps 7 on any interval (z,y) is a Poisson random variable with mean
log(%) from [12][Theorem 2.1]. O

The proof of Proposition 2.3 is now straightforward and goes as follows.

Proof of Proposition 2.3. By Williams path decomposition, the process R has the same
distribution as
(R(t) == pt — Boy +1) + B(ou))i>o

whose convex minorant C is given by C(t) = ut — K (o, +t)+ K(0,). Hence, when u,l > 0
then the event . R
{C'(t) € da, Gy € du, Dy — Gy € dz, R(Gy) € dl}

is the same as

1 1 n do
p—a’ p—a  (p—a)?
Op—a — 0y € du, (00 — o) — (Bloy—a) — Bloy)) € di}

{The process 7 has a jump in < > of size in dx,

As we take the restriction of 7 on (l%, o0). This latter probability is equal to

1 drdo
P (u _a’ Z‘) (M — a)Q]P[O-M—O( — 0oy € du, ,u(o-/t—oz - O'u) - (B(Uu—oz) - B(U;L)) € dl]

which by Theorem 2.4 gives the density

1 dzd

p ( ,x) o 5 h*H = (u, pu — 1) dudl
p—a ) (p—a)

Finally, using the fact that conditionally on C, R — C is distributed as a concatenation of

Brownian excursions between the vertices of C, we get that

d
(R(t) = C(O)[(Gr, Dy) = (v, +u)) = or(z, u)xs
gives the desired density. The case when u = 0 follows similarly. O

We finish this section now by proving Theorem 1.2, which follows from the description
of Groeneboom in Theorem 2.2 and the independence of increments of the pure-jump
Markov process 7.

Proof of Theorem 1.2. Let us fix t > 0, and enumerate the standard Brownian excursions
that constitute the path of K — B such that e, is the one corresponding to the interval
[G¢, D;], the excursions {e; : i > 1} the ones to the right of D;, and {e; : i < —1} the ones
to the left of G;. The process (Z(u) : u > t) is measurable with respect to the o-algebra
generated by

{E(t), eo(w) e t=ay 1)} Ve i > 13 \/{(Turs, — 7s.)uz0}

D

where S, = 1(t) = inf{u > 0 : 7, > t} the first passage level across ¢. Whereas, the

K/
process (E(u) : u < t) is measurable with respect to

{20, e0(u) o e} V{eri < —1} \{(Tu)ucs, }

Di—Gy¢
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Using the fact that (¢,7;);>0 is a strong Markov process, and the independence of
increments of 7, we have that conditionally on S;, the process (7,+s, — 7s,)u>0 and
(Tu)u<s, are independent. Moreover, by the Markov property of e, and the form of its
transition function, it is not hard to see that = is a time-homogenous Markov process.
The description of its semigroup is given by the two cases; In the first case when the
time increment is smaller than the remaining time until the next vertex D, —t, this is just
a restating of the fact that the distribution of a standard Brownian excursion conditioned
on having a specific value at a point in the interior of [0, 1] is just a concatenation of
two three-dimensional Bessel bridges. The second part follows from Williams path
decomposition, as conditionally on Z(¢), the process (K'(t)u — B(u + D¢) + B(Dy))y>0 is
a three-dimensional Bessel process with drift K'(t). O

3 Fixed slope analysis

We give in this section the proofs of the two independent results in Theorems 1.4
and 1.5. But first, let us recall some previous results from [15] regarding a sequential
description of the faces of Brownian paths. We start with a definition

Definition 3.1. We say that a sequence of random variables (7,, pn)n>0 Satisfies the
(1, p)-recursion if for all n > 0

2
Tnpn+1

Prn+1 = Unpp and 7,41 = ﬁ
Tn n+1 =+ p71,+1

where (Uy, Z,,)n>0 is an i.i.d sequence with common law #/([0, 1]) ® N (0, 1), and indepen-
dent of (79, po).

We have the following theorem from [15]

Theorem 3.2 ([15],Corollary 20). Let (B(t)):>0 be a standard linear Brownian motion.
Fix r > 0, set pg := r and let p; > ps > --- > 0 be the intercepts at 0 of the linear
segments of the concave majorant of (B(¢),0 <t < T,) where T, := inf{t > 0: B(t) =}
and let 7y := 7T, > 71 > --- > 0 denote the decreasing sequence of times ¢ such that
(t, B(t)) is a vertex of the concave majorant of (B(t),0 < ¢t < T,.). Then, the sequence of
pairs (7, pn)n>0 follows the (7, p)-recursion.

Let us now prove Theorem 1.4

Proof of Theorem 1.4. Recall that 7y := 01, po := B(19) — 70, and the sequence (7, pn)n>0
is defined in equations (1.2) and (1.3). Let (M,, := %)nZl be the decreasing sequence

of slopes of K that are greater than 1. By Groeneboom Poisson description in Theorem

1
M

2.1, it follows that the point process of inverse slopes ( ) is a Poisson point process
n>1

on (0, 1) with intensity measure of density % with respect to the Lebesgue measure. It

follows thus easily by the stick-breaking description that there exists a sequence (U,,)n>1
of i.i.d uniform random variables on [0, 1] such that

n
M, = H i
i=1
Furthermore, conditionally on the sequence (1,,),>1, the sequence of time-spacings
(AT, )n>1 is distributed as (%)nzl where (Qn)nZl is an i.i.d sequence of random vari-
ables with law x?, that is independent of the sequence (Un)nzl' This follows from the

fact that the time-spacing corresponding to an inverse slope r has density ¢ — %\/{qb (é)
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which is the density of r2x?. Thus, as

oo

T1 :ZAT]:ZEZQ’ andm :Z
j=2 j=2

=2 :

K3

&

=

~

it follows that
(11, AT1, K1, AKy) 4 (U?10,U°Q, Uk, UQ)

where the pair (U, Q) is independent of (79, #¢) and has law U([0, 1]) ® x3. In fact, we can
say more, if we define the variables

o (Alil)Q - Alil o A’Tl A (A51)2
Ko = 7_1 K1, - Aﬁll’Q - ATl (31)

Then
(7’:07 '%07 Ua Q) i (TO7 Ko, U7 Q)

Similarly we define py := ko — 70. Now we move on to find the second identity in
distribution. From Williams path decomposition, it is clear that

(B-1(t),0 <t < og1]|o1 = 109, B_1(01) = po)

has the same distribution as a Brownian first passage bridge from (0, 0) to (79, po). Hence,
by applying Theorem 3.2 the sequence (7, pn)n>0 follows the (7, p)-recursion. Thus we
can write

Tnp727,+1

Pn+1 = Un+lpna Tn+l = — A~ ., 3
TTLQTL+1 + pn+1

where (U,,Qy)n>0 is an i.i.d sequence of common law #([0,1]) ® x? independent of
(10, po). Now, by using the equalities in (3.1), we see that

. - oA d
(TO7 P05 U17 Ql) - h(TOa P0, U7 Q) = h(T()v P05, Ua Q)
which proves the first part. Finally, it suffices to notice that

2 2 2
pn+1 Un+1pn

and that =Qns1 +
70 T0 70 Tn+1 Tn

2 2 2 ~ 2 2
P Uipg _ po~ a p
7—1:Ql+1o_~:0
1

for all n > 0 to see that (£=),>¢ is a stationary Markov chain. On the other hand, we

. . VT
also have the identity

2 ~ 2 2
wi_ R0’ g

T1 To T0

Now, by the same reasoning as before, conditioning on the slopes (M,,),>0, we obtain
the following identity in law

(s, A1, 1, D) & (Lo U°Q Ur UQ
n+1; n+1y vn+1, n+1l)— M»,QL ) MTQL 9 Mn ) Mn

where on the right-hand side (M, 7, k) is independent of (U, Q). It follows easily

that (\"F) >0 is stationary, while clearly being non-Markovian from the (7, p)-recursion

equalities. O

We finish this section now by proving the Theorem 1.5 about the pseudo-meanders.
We prove the statement for each of the meanders separately.
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Proof of Theorem 1.5 for B™¢. From Williams path decomposition we know that
(B_u(t),0 <t < oploy =T, B_pu(ou) =)

has the same distribution as a Brownian first passage bridge from (0,0) to (T, y). Hence,
using the representation of first passage bridges in terms of three-dimensional Bessel
bridges (See [5]), and Brownian scaling, we have that

[l

(Bme(u)ﬁ <u<llo,=T,B_,(0,) = y)
Y

(3.2)
<BESO(3)(t),O <t <1BES’(3)(1) = T>

Hence

(Bme(u),o <u<1|Bm(1) = r) L (BES'(3)(1),0 <t <1/BES’3)(1) =7)  (3.3)

It follows thus that the law of B™® is absolutely continuous with respect to the law of
BES’(3). From Williams path decomposition, we have that

(420, 1B(0,,)) 2 (X325, X3B0.2) (3.4)

where on the right hand side x3 and ;2 are independent. Hence, it follows that

Bme(l) 4 x3(1 — B1,2), and hence its density is equal to
Fime(1)(t) = 4t®(t),t > 0

The Radon Nikodym derivative then follows from dividing this last density by 2t?¢(t); the
density of BES’(3)(1) 4 X3- O

Before proving the second part of Theorem 1.5 for the second meander, we will prove
the following lemma

Lemma 3.3. Let R be a three-dimensional Bessel bridge from (0,0) to (1,r), and let
0 <m <r, then for all k¥ > 0, we have

(R(u) + ku,0 < u < 1IM(R) = m) £ (W (u),0 < u < UMW) =m + k)
where W is a three-dimensional Bessel bridge from (0,0) to (1, + k).

Proof. The key idea is to provide a path decomposition of the Bessel bridge at the time
it reaches its minslope. For that purpose, we use an argument of time-inversion. We
introduce the process Y defined as

Y(t):=(1+t)R (11+t) >0

Y is a BES"(3) (a three-dimensional Bessel process started at r). Let S := argmin, Y (t)
and ¢ = inf;>o Y'(¢). By Williams path decomposition of a Bessel process when it reaches
its ultimate minimum (see [23]), we have that given {¢ = m}, the two processes

(X1(t) ;=Y (S+1t)— ¢t >0)and (X3(t) ;=Y (t),0 <t < S)

are independent, with X lisa BESO(S), while X? is a Brownian motion started at r and
killed when it first hits m. As

B(R) =

1
1+Sand£m(R):C
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By conditioning further on {S = T}, the law of X' remains that of BES’(3), whereas
X? has now the law of a first passage bridge between (0,7) and (7,m), and by using
the theorem in the introduction of [5], we get that given {S = T,( = m}, X? —misa
three-dimensional Bessel bridge from (0, —m) to (T,0). Hence given {S =T7,{ =m} =
{B(R) = 8,M(R) = m} where § = =, we have that
(R(s) —ms,0< s < B|B(R) =6,MR) =m) =
_ (3.5)
(le <5ﬁs) 0<s< 5|ST,¢m>
s

However, by the path transformation that maps the Bessel processes to Bessel bridges
(see the end of [18]), the process on the right-hand side of (3.5) is a Brownian excursion
of length 3. Similarly, we have that

(R(s + B) = R(B) —ms,0 < s <1 - B(R)B(R) =B, MR) =m) =

((s+6)X2 (Eﬁg‘g),ogsgl—mszT,g:m)

(3.6)

and the law of the right-hand side process is that of a Bessel bridge between (0,0) and
(1 — B,r —m). Applying this path decomposition to both the processes R and W we get
that

(R(u) + ku,0 < u < 1M(R) = m, B(R) = f) < 3.7
(W(uw),0 <u<1MW)=m+k,B(W)=p)

To finish our proof, it suffices to prove that:
d
(B(R)M(R) =m) = (BW)[MW) =m + k)

However by referring to the time-inversion argument using Y and its path decomposition,
proving this assertion is the same as showing that the distribution of the hitting time of a
BM started at r (resp. r + k) of the level m (resp. m + k) are the same, which is true. O

We can now finish the proof of Theorem 1.5
Proof of Theorem 1.5 for B™e. By definition we have that
B™(u) = B™(u) + py/opu, 0 <u <1
Let us condition on the value of {B_,(v,,),0,, M(B™)}, we have then that
(B™(1),0 < u < 1|B_(0,) = 9,0, = T IM(B™) = m) =

(B™(u) + uVTu,0 < u < 1|B_,(0,) = y,0, = T, M(B™) = m — uV/'T)

Using the equality in law in (3.3), we deduce that
(B™(u).0 < u < 1|B_yu(0,) = y,0, = T.M(B™) = m) £

(Y (u) 4+ pVTu, 0 <u < 1|V (1) = %,zmm =m — uV/T)

where Y £ BESY(3). Using now Lemma 3.3, we have that
(B™(w),0 < u < 1|B_y(0,) = y,0, = T, M(B") = m) £
)
Y(u),0 <u<1Y(1) = == + u/T,MY) =m
(Y (u) Y (1) Vols (Y) =m)
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Now, since B™¢(1) = =+ pV/T given that {B_,(0,) = y,0, = T}, we deduce that

(B™(1),0 < u < 1|B™(1) = r, M(B™) = m) <

(Y(u),0 <u<1Y(1) =r,,MY) =m)

Hence, B™® is absolutely continuous with respect to the law of the three-dimensional
Bessel process on [0,1]. To find the expression of the Radon-Nikodym it suffices the
compute the ratio of both the joint densities of (B™¢(1), M(B™)) and (Y (1), M(Y)). First,
see that from the arguments of the proof of the first part of Theorem 1.5, given that
Y (1) =r, M(Y) has the same distribution as the infimum of a BES"(3) which is uniform
on [0,r], hence

(Y(l), %) L (xs,0) (3.8)

where x3 and U are independent, with U ~ U ([0,1]). On the other hand, from (3.2),
we have that given (0, B_,(0,)), B™ is a Bessel bridge between (0,0) and (1, B™) =

(1, 73’\}‘%’“) ), hence by using the observation in (3.8), we get that U, := m];fg? is inde-
pendent from (o, B_,(c0,)) and is uniform on [0, 1], however
» . B— L(g L) B(U 1,)
M(B™) = M(B™) + py/0,, = Uu# + /o = Uy \/07; + 1o, (1 = Uy)

Using the factorization of Proposition in (3.4), we get that:
9)?(3“‘9) = UNX3 + (1 — UM>X35172 and Bine = X3

where all the random variables appearing are independent, thus

L ON(B™e) d
(Bine7 E{“) = (x3,b1,2(1 =Uu) + Up) = (x3, B2,1)
Dividing the joint densities of those two pairs gives us the expression desired of the
density of B™¢ with respect to Y. O

4 2K — B conjecture

As pointed out in the introduction, the processes 2K — B and BES(5) have the same
one-dimensional marginal distribution at each time ¢ > 0, that is the distribution of \/fxg,.
Not only that, these two processes share some more common properties, such as having
the same quadratic variation, and being invariant under both Brownian scaling and time
inversion. The hope behind the previous Markovian analysis was to use the process ¥
and the theory of Markov functions (see [20]) to show that these two processes were
identical in law. However, the complexity of the transition probabilities of the process
U makes checking the intertwining condition a very complicated task. The following
proposition further support the conjecture 1.3 by showing that, in some sense, the
processes 2K — B and BES?(5) have Iocally the same law.

Proposition 4.1. Let ¢ be a twice continuously differentiable function with compact
support on (0,00), and z > 0 then

lim 3 (Blp(2K (1+ 1) = B+ 1) — 9(2K(1) ~ BO)I2K(1) = B(1) = 2]) =
242+ 54'(2)
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Proof. By conditioning on the value of the 4-tuple (K'(1), K(1),K(1) — B(1),D; — 1) =
(a,k,y,w) where D, is the first vertex of K after time 1. We need to find

tim 3 [ lp(2I (0 + ) = B+ 1) = (2K (1) - BO))

‘K’(l) —a, K1) =k, K(1) — B(1) =y,D; — 1 = w)x

P(K'(1) € da, K(1) — B(1) € dy, D1 — 1 € dw|2K (1) — B(1) = 2)])
with k£ = z — y. By Theorem 1.2, we have an explicit description of the semi-group of the
process ¥. In particular, its transition probabilities have a simpler form for short times

(before encountering the next vertex of the concave majorant). More precisely, we have
that the law of the process

(K(1+u)— B(1+u),0 <u<w|(K'(1),K(1),K(1) — B(1),D; — 1) = (a,k,y,w)) (4.1)

is that of a three-dimensional Bessel bridge from (0, y) to (w,0). We denote the process
in (4.1) by Z. By the space-time transform that maps Bessel bridges to Bessel processes,
the process Z has the same distribution as

(Z(u),o<u<w)i(\/a(1—Z)R< 4 >70<u<w)

w—u

where R is a three-dimensional Bessel process started from % at time zero. As K is
linear on the interval [1,1 + w], it follows that conditionally on

A={K'(1)=a,K(1)=kK(1)-B(l)=y,D; — 1 =w}
we have the following equality in law

u

(2K(1+u)—B(1+u),0gugw)i(k+au+\/5(1—Z)R( ),O<u§w)

w—1u
Hence for h small enough, we have

E[p(2K(1+ h) — B(1+ h))|4] =

oo (o)) o

However, almost surely

(o Bn(s) (o)

for a random ¢&j, such that

o (resen() (- n(cE)

Hence &, — k 4+ y = z almost surely as h — 0. Hence we have that

Elp(2K (1 + h) — B(1 + h))|A] =
. Lp <k YRR (wih)> IR(0) = j@] * (a - %) ¢'(2)h + o(h) 2
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The error is controlled by the fact that ¢ has a compact support, and the stochastic
continuity of the Bessel process R. Now, the Bessel process R is known to verify the
following SDE

dt
dR(t) =dB(t) + ——=
()= dB() + g
where 3 is a Brownian motion. Hence, by It formula for any C? function 1, we have

av(r(0) = v (RO + (i) Lo ) d

Hence

o (r(515)) - vmon = [T wmenase + [T (VED i) a

0

By taking the expectation, we get that

E [1/) <R (wh_h>> [R(0) = ja] =17 (%) + g w + %W’ (%) +0(h?)

Now, by taking ¢(:) = ¢(k + v/w X -), we get

o (v ViR (1)) 1R0) = 2] =)+ £ (224 Lup)) + 002)

which can be simplified to

B[ (1 ViR (1)) 1RO = 2] =40 (£E 4 o) w00) @

Hence from (4.2) and (4.3), we get
1 1
E[p(2K(1+h) — B(1+h))|A] = ¢(2) + h ((a + e z> o' (2) + 2<p"(z)) + O(h?)
To finish the proof, we need thus to evaluate

’ 1 K(1) — B(1) _
BIK0)+ -5~ b ’21{1—314

Now, from Proposition 1.1, we have that the joint density of (K'(1), K(1) — K'(1), K(1) —
B(1)) at (a, b, y) is given by
for), k() -k (1), k1) -B1)) (@, b,y) = 4dy(a+b+y)d(a+b+y)lapy>o

It follows then that the joint density of (K'(1), K(1) — B(1),2K (1) — B(1)) at (a,y, 2) is
given by
f(K’(1),K(1)7B(1),2K(1)7B(1))(a7 b,z) = 4yz¢(2)1a+y<z,a,y>o

By integrating out separately both y and a, we get that

[ )2k )-py) (@, 2) = 2(z — a)*2¢(2)Locacs
and

Jix)-B),2k(1)-B1) (Y, 2) = 4y(2 — ¥)26(2) Lo<y<-
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However, it was shown that the density of 2K'(1) — B(1) is that of x5, i.e fax(1)-p1)(2) =
22'¢(z). Hence,

frepr-)=:(a) = 3(2273@)2110@@
and
fr@)-B)2K)-B)==(Y) = %;y)ﬂkw
Thus
E[K(1)2K(1) — B(1) = 2] = © and E [1|2K(1) ~B(1) = z} _3
1 K1) = BQ) B

However, from Proposition 1.1, we have that the density of D; — 1 at w given that
(K'(1), K(1) — B(1),2K(1) — B(1)) = (a,y,2) is

a(y 3;2(7%_3:)@ exp (_ (y ;jw)2>

and as the joint density of (K’(1), K(1) — B(1)) at (a,y) given that 2K (1) — B(1) = z is
equal to

6y
[ (1), k(=B 2K (1) —B(1)=2(0, Y) = ~3 Laty<zay>0

then the density of (K’(1), K(1) — B(1), Dy, — 1) at (a,y,w) given that 2K (1) — B(1) = z is
given by

foo (ayw) = WU TE—0w) (- aw)
(K’(1),K(1)-B(1),D1—-1)|2K(1)—B(1)=2z\% Y, mz4 2w

To finish the proof, we just need to evaluate the following integral

B N2
///Gay (y+(z 4a) )exp (_ (y 2aw) )1y+a<z,y7a7w>odydadw
NG w

By integrating out first with respect to w we get the expression

[aof (%)

which is easily seen to give the value

Q| =
NGRS

This ends the proof. O

Remark 4. 1 It is well known that the generator of BESO( 5) is given by the differential
operator 2 z dz + % jz Hence, the only remaining part of the conjecture that is left to prove
is to show that 2K — B is a Feller process (a Markov process with sufficiently regular
semigroups). As was pointed out in the discussion prior to the statement of Proposition
4.1, applying the theory of Markov functions on the process ¥ and the projection map
7 (a,k,y,w) — k + y is challenging due to the complicated form of the semigroup of
. The second part of the semigroup (after the next vertex of the concave majorant)
that involves the convex minorant of the three-dimensional Bessel process with drift,
is particularly involved as is seen from the densities in Proposition 1.3. In theory, one
should be able to express the joint law of (2K (s) — B(s),2K (t) — B(t)) forany s < t as a
six-dimensional integral from the results of Theorem 1.2 and Proposition 1.3, but this
seems out of reach of our computational expertise.
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Another difficulty that arises in trying to prove the Markovian property is the filtering
problem associated with the canonical filtration of the process 2K — B. Indeed, given
the o-algebra generated by {2K (u) — B(u) : u < t}, it is not clear at all how to extract
any information on either the path of B or K on [0, ¢], this is mainly due to the fact that
K depends on the whole path of B and the algebraic structure of the linear combination
2K — B. In comparison, the 2M — B statement can be proved by using the fact that the
map

D : Cu([0,00)) = Cu(]0,00))
§ = ®(F)(E) = 2 max £(s) — £t

where C.([0,00)) is the space of continuous functions on [0, co) such that sup;s, f(t) =
400, admits an inverse given by

Ot O ([0,00)) = Cuo([0,00))
£ B(H(E) = 2int £() — £()

We refer the reader to [19][Theorem 3.5] for details about the proof. Unfortunately,
such an inversion is not possible in the 2K — B setting, and so it is not clear what
part of the information is lost when we go from the filtration {K (u), B(u) : © < t} to
{2K(u) — B(u) : uw < t}. One approach to analyze 2K — B is to look for a filtration
(Gt)t>0 in which this process is a semi-martingale with a manageable decomposition.
One candidate would be the following

G ZZFt\/{K(u) cu >0} fort >0

where (F;):>0 is the canonical Brownian filtration. In this filtration, K is an adapted and
continuous increasing process, and K — B is a concatenation of Brownian excursions
whose lengths are determined by K. Hence, both K — B and 2K — B are semi-martingales
in this filtration. However, it does not seem easy to settle wether or not 2K — B is Markov
from this perspective, and one would perhaps need to consider a more subtly enlarged
filtration instead of (G;),>o above.
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