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We consider the model of Brownian motion indexed by the Brownian
tree, which has appeared in a variety of different contexts in probability,
statistical physics and combinatorics. For this model, the total occupation
measure is known to have a continuously differentiable density (¢*),cr
and we write (¢*) e for its derivative. Although the process (£%),>q

is not Markov, we prove that the pair (éx,éx)$>0 is a time-homogeneous
Markov process. We also establish a similar result for the local times of one-
dimensional super-Brownian motion. Our methods rely on the excursion the-
ory for Brownian motion indexed by the Brownian tree.

1. Introduction. The Ray-Knight theorems, which give the Markov property of the pro-
cess of local times of linear Brownian motion in the space variable, at certain particular stop-
ping times, are some of the most famous and useful results about Brownian motion. The goal
of the present work is to discuss a similar Markov property of local times for the model of
branching Brownian motion which we call Brownian motion indexed by the Brownian tree.
Here the Brownian tree is conveniently described as the random continuous tree 7 coded by
a Brownian excursion under the Itd measure, and may also be viewed as a free version of
Aldous’ Continuum Random Tree (the word “free” means that the volume of the tree is not
fixed). The tree T is equipped with a volume measure Vol whose total mass is the duration
o of the excursion coding 7. Given the Brownian tree 7, we can consider Brownian motion
indexed by T, which we denote by (V,,).c7. We view V, as a label assigned to the “vertex” a
of the tree, in such a way that the label of the root is 0, and labels evolve like linear Brownian
motion along line segments of 7. The total occupation measure of Brownian motion indexed
by 7 is the measure ) defined by

V,9) = / 9(Va) Vol(da),

for every nonnegative measurable function g on R. We write Ny for the (o-finite) measure
under which 7 and (V)47 are defined.

Let us emphasize that the pair (7, (V,)qe7) plays an important role in a number of differ-
ent areas of probability theory, combinatorics or statistical physics. In particular, this pair is
the key ingredient of the Brownian snake construction of super-Brownian motion [17]. When
conditioned on having a total volume equal to 1 (this just means that the coding Brownian ex-
cursion is normalized), 7 becomes Aldous’ Continuum Random Tree also known as the CRT
[2], up to an unimportant scaling factor 2, and ) then corresponds to the random measure
called ISE [3]. Both the CRT and ISE appear in a number of combinatorial asymptotics for
discrete trees possibly equipped with labels (see e.g. [6, 7, 18]). Other applications, involving
multidimensional versions of (V,).c7, include interacting particle systems (see e.g. [8]) and
models of statistical physics [11, 13]. More recently, the pair (7, V,).c7) has been used as
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the basic building block for the construction of the models of random geometry that arise as
scaling limits of large random planar maps (see in particular [19, 27]).

The measure ) has (Ny a.e.) a continuous density denoted by (%, z € R), and we call ¢*
the local time of (V;,)qe7 at level . The function x — ¢* is even continuously differentiable
on R. The latter property is proved in the recent paper [9], and a slightly weaker statement
had been obtained earlier in [7] (both [7] and [9] deal with ISE, but a straightforward scaling
argument then shows that the preceding properties also hold for ) under Ny). As a matter
of fact, the existence of a continuously differentiable density for ) under Ny can also be
derived from older results of Sugitani [30], which were concerned with (one-dimensional)
super-Brownian motion (see Section 3 below). We write ¢* for the derivative of the function
x>0,

By analogy with the classical Ray-Knight theorems, one may ask about the Markovian
properties of the process (¢*,z € R), or simply of (¢*, 2 > 0). Informally, it seems clear that
this process cannot be Markovian: To predict the future after time = > 0, one should at least
know the value of the derivative %, and not only ¢*. The main result of the present work
shows that the additional information provided by the derivative suffices to get a Markov
process.

THEOREM 1. The process ((ﬁz,fx),x > 0) is time-homogeneous Markov under Ny.
Moreover the two processes (({*,£%),x > 0) and ((¢{~*,£~"),z > 0) are independent condi-
tionally on (°,0°).

A simple symmetry argument shows that ((¢£*, %),z >0) and ((£*, —0~*),z > 0) have
the same distribution (in particular, the law of /° is symmetric). One may be puzzled by the
fact that Ny is an infinite measure. However, for every € > 0, the event where /° > ¢ has
finite No-measure (the distribution of £ under Ny has a density proportional to £~%/3, cf.
[24, Corollary 3.1]) and the statement of the theorem can be formulated as well under the
probability measure Ny (- | /0 > ¢).

Let us now discuss an analog of Theorem 1 for super-Brownian motion. We consider a one-
dimensional super-Brownian motion (X;)¢>o with branching mechanism ¢(u) = 2u? and
initial value Xy = adg, where o > 0 is a constant. Note that the choice of the multiplicative
constant 2 in the formula for ¢ is only for convenience and by scaling one could as well
deal with the case ¢(u) = cu? for ¢ > 0. By results of Sugitani [30, Theorem 4], the total

occupation measure
oo
Y = / Xt dt.
0

has (a.s.) a continuous density (L*),cr With respect to Lebesgue measure, and this density is
continuously differentiable on (0, 00) and on (—o0,0). Let LY stand for the derivative of the
mapping = — L% at iy # 0. When y = 0, both the right derivative L°* and the left derivative
Lo~ exist, and Lo+ — [0— = —2q. By convention, we set L0 = Lo+,

THEOREM 2.  The process ((L*, L*), z > 0) is time-homogeneous Markov with the same

transition kernel as the process ((£*, (%), > 0) of Theorem 1. Moreover the two processes
((L*,L*),z > 0) and ((L~%, L"),z > 0) are independent conditionally on (L°, L°).

By symmetry, the two processes ((L*, L*),z > 0) and ((L~%, —L(=*)=), 2 > 0) have the
same law, where L(~%)~ = L~% except when z = 0. In particular, the law of L0 + o is
symmetric. Theorem 2 is derived by adapting the method of proof of Theorem 1, using the
fact that the process (X¢):>0 can be constructed from a Poisson point measure with intensity
aNjp (see [17, Chapter IV]).



MARKOV PROPERTY OF LOCAL TIMES 3

Let us explain the main ideas of the proof of Theorem 1. It is well known that the classical
Ray-Knight theorems can be proved by excursion theory, using in particular the indepen-
dence of excursions above and below a given level. Our proof of Theorem 1 follows a similar
approach, but we now rely on the excursion theory developed in the article [1] for Brownian
motion indexed by the Brownian tree. Let us fix & > 0 for definiteness. As in the classical
setting, one is interested in describing the connected components of the set {a € 7 : V, # h}
together with the distribution of the Brownian labels V, assigned to each connected compo-
nent. Leaving aside the connected component containing the root of 7, which is called the
root component and plays a particular role, we call any such component (equipped with its la-
bels) an excursion above or below h, depending on the fact that labels are greater or smaller
than h. For any excursion above or below h, one can make sense of a quantity called the
boundary size of the excursion, which measures how many points of the closure of the com-
ponent have a label equal to h. Moreover, the boundary sizes of the components other than
the root component are exactly the jumps of a continuous-state branching process with stable
branching mechanism (\) = /8/3 A%, which we denote by (X),>¢ and whose initial
value Z, is the so-called “exit measure” from (—oo, h) (2}, corresponds to the boundary size
of the root component). Roughly speaking, the results of [1] imply that the excursions above
or below h are independent (and are also independent of the root component) conditionally
on their boundary sizes. The point in deriving Theorem 1 is now to understand the condi-
tional distribution of the boundary sizes of excursions above level h given the excursions
below A (and the root component). To this end, we first observe that the classical Lamperti
representation allows us to write (Xﬁ)rzo as a time change of a stable Lévy process U with
no negative jumps started at Uy = Z;, and stopped at the time 7j when it first hits 0. The
boundary sizes of excursions also correspond to the jumps of this (stopped) Lévy process.
Distinguishing excursions above and below level & amounts to assigning a label +1 or —1
to each of these jumps. One can construct two independent Lévy processes U’ and U”, such
that, on one hand, Uj = Z, and the jumps of U’ are the jumps of U with label —1, on the
other hand, U] = 0 and the jumps of U” are the jumps of U with label +1 (in such a way
that U = U’ 4- U”, and the Lévy measure of U’, or of U”, is half the Lévy measure of U).
Finally, one can prove that the local time ¢" is equal to T, and moreover its derivative ¢" is
equal to 2U7, = —2Uy, . From these observations and some additional work, one gets that
the conditional distribution of the boundary sizes of excursions above h, knowing the excur-
sions below h and the root component, is the distribution of jumps of the Lévy process U "
conditioned to be equal to %Eh at time ", and this conditional distribution only depends on
the pair (¢",¢"). This leads to the desired Markov property.

It is interesting to compare Theorem 1 with the main result of [23], which gives the distri-
bution under Ny of the random process (Z7).>0 Whose value at time x > 0 is the sequence
of boundary sizes of connected components of {a € 7 : V,, > x} in nonincreasing order
(these are the boundary sizes of excursions above level x, in the language of the preceding
paragraph). The process (2 )z>0 is identified as a growth-fragmentation process whose Eve
particle process is determined explicitly. Note that ¢* is a measurable function of 2,: By
[23, Proposition 26], ¢* can be written, up to a multiplicative constant, as the limit of §3/2
times the number of components of 2 greater than , when § — 0. Similarly, Lemma 10
below shows that ¢7 is equal to twice the suitably renormalized sum of the components of
2. (some renormalization is needed because the sum is infinite). However, despite the fact
that (2% )2>0 is a Markov process with known distribution, it does not seem easy to infer
from this that the process (£%, (%) ,>¢ is also Markov.

The recent paper of Chapuy and Marckert [9] deals with the random measure ISE and ad-
dresses topics closely related to the present work with very different (combinatorial) methods
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based on discrete approximations. In particular, [9] proves that the density of ISE is contin-
uously differentiable and discusses the regularity of the derivative. The study of discrete
analogs also leads [9] to conjecture that the derivative of the density satisfies a stochastic
differential equation involving the density itself and the distribution function of ISE (that is,
the integral of the density over (—oo,t]). One may observe that conditioning the total vol-
ume of 7 to be equal to 1 (as in the definition of ISE) makes it hopeless to get a Markov
property of the type of Theorem 1. The forthcoming work [22] will show that the process
(L*, L") 4>0 in Theorem 2, or equivalently the process (¢*, (*),>¢ in Theorem 1, satisfies an
explicit stochastic differential equation for which pathwise uniqueness holds.

The paper is organized as follows. Section 2 gives a number of preliminaries including a
precise definition and properties of the “exit measure process” (X*),>o and of the measures
N;'# that are used to describe the distribution of excursions above or below the level h. In
Section 3, we briefly recall the relations between super-Brownian motion and our model
of Brownian motion indexed by the Brownian tree, and we explain how Sugitani’s results in
[30] can be used to study the regularity of the process (£*),cr (more precise results about this
regularity are derived in [9]). Section 4 is devoted to technical estimates about the measures
NZ’Z, which play an important role in the subsequent proofs. The proof of Theorem 1 is given
in Section 5. Section 6 then explains how the same method of proof can be used to derive
Theorem 2. Finally, Section 7 gives several open questions and complements. In particular,
we explain how Theorem 1 provides information about the model of random geometry known
as the Brownian sphere, which has been studied extensively in the recent years.

2. Preliminaries.

2.1. Snake trajectories. We use the formalism of snake trajectories and we recall the
main definitions that will be needed below. We refer to [1] for more information. A (one-
dimensional) finite path w is a continuous mapping w : [0, (] — R, where the number { =
C(w) 1s called the lifetime of w. The space W of all finite paths is a Polish space when
equipped with the distance

The endpoint or tip of the path w is denoted by W = w(((y)). For every = € R, we set W, =
{w €W :w(0) = z}. The trivial element of W, with zero lifetime is identified with the point
x of R.

DEFINITION 3. Let x € R. A snake trajectory with initial point x is a continuous map-
ping s — wg from R into W, which satisfies the following two properties:

(i) We have wy = x and the number o(w) := sup{s > 0 : ws # x}, called the duration of the
snake trajectory w, is finite (by convention o(w) = 0 if ws = x for every s > 0).
(ii) Forevery 0 <s <, we have ws(t) = wgy (t) for every t € |0, I<nl<n Cleon) -
s<r<s’

Property (ii) is called the snake property. We will write S,, for the set of all snake trajec-
tories with initial point x, and S for the union of the sets S, for all z € R. If w € S, we often
write W (w) = ws and (s(w) = ((,,) for every s > 0, and we omit w in the notation. The sets
S and S, are equipped with the distance

ds(u0,6') = [0() = o (6)] + P (Wi (@), W)
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A snake trajectory w is completely determined by the knowledge of the lifetime function
s+ (s(w) and of the tip function s — /Ws(w): See [1, Proposition 8]. For w € S, and a € R,
we will use the obvious notation w + a € Sy4.4.-

Let w € S be a snake trajectory and o = o(w). The lifetime function s — (s(w) codes a
compact R-tree, which will be denoted by 7 = T (w) and called the genealogical tree of the
snake trajectory. This R-tree is the quotient space 7 := [0, 0]/~ of the interval [0, o] for the
equivalence relation

s~s'ifandonlyif (;=(y = min (,
sAs'<r<sVs’

and 7 is equipped with the distance induced by

/ :
dC(S’ y ) N CS * CS/ 2 s/\s/rgnrlgsVs/

(notice that d¢ (s, s') = 0if and only if s ~ s, and see e.g. [18] for more information about the
coding of R-trees by continuous functions). We let p() : [0,0] — T stand for the canonical
projection. By convention, 7T is rooted at the point p := p(,,) (0) = p(w)(a), and the volume
measure Vol (-) on 7T is defined as the pushforward of Lebesgue measure on [0, 0] under
P(w) — We often write Vol instead of Vol,). As usual, for a,b € T, we say that a is an
ancestor of b, or b is a descendant of a, if a belongs to the line segment from p to b in 7.

By property (ii) in the definition of a snake trajectory, the condition p(,(s) = p.(s’)
implies that W(w) = Wy (w). So the mapping s — Ws(w) can be viewed as defined on
the quotient space 7. For a € T, we set V(w) := W, (w) whenever s € [0,0] is such that
a= p(w)(s) — by the previous observation this does not depend on the choice of s. We
interpret V, as a “label” assigned to the “vertex” a of 7. Notice that the mapping a — V, is
continuous on 7. We will use the notation

W, :=min{Ws(t): s> 0,t €[0,(s]} =min{V,:a € T},
W* :=max{Ws(t): s >0,t €[0,{s]} =max{V,:a €T},

and we also let J(w) be the finite measure on R defined by setting

m 2.9)= [ oW ds= [ g(vi) Vol(da)
0 T
for any bounded continuous function g : R — R ;. Trivially, )V is supported on [W,, W*].

2.2. Re-rooting and truncation of snake trajectories. 'We now introduce two important
operations on snake trajectories. The first one is the re-rooting operation (see [1, Section 2.2]).
Letw € S, and 7 € [0, 0(w)]. Then w!"] is the snake trajectory in S, such that o (w!") = o(w)
and for every s € [0,0(w)],

Cs(w[r]) =d¢(r,r @ s),
Wi(wl) = Was(w),

where we use the notation r @ s=r +sif r+s <o, and r ® s =r + s — o otherwise.
By a remark following the definition of snake trajectories, these prescriptions completely
determine w!'.

The genealogical tree 7 (w!") is then interpreted as the tree 7 (w) re-rooted at the vertex
P(w)(7): More precisely, the mapping s — r @ s induces an isometry from T (™ onto T (w),
which maps the root of 7 (w[) to P(w)(r). Furthermore, the vertices of T (wl) receive the
same labels as in 7 (w).



The second operation is the truncation of snake trajectories. For any w € W, and y € R,
we set

7y(w) :=inf{t € (0,((w)] : W(t) =y},

with the usual convention inf & = co. Then if w € S, and y € R, we set, for every s > 0,

t
z/s(w) ;= inf {t >0: / du 1{<(wu)§7_y(wu)} > S}
0

(note that the condition () < 7 (wy) holds if and only if 7 (w,) = 0o or 7y (wy) = ((u,))-
Then, setting w} = w,,,_ (w) forevery s > 0 defines an element w’ of S, which will be denoted
by tr,(w) and called the truncation of w at y (see [1, Proposition 10]). Informally, the trun-
cated snake trajectory tr,(w) behaves exactly like the snake trajectory w when the paths w;
do not hit y, and the effect of the time change v4(w) is to “eliminate” those paths w; that hit y
and survive for a positive amount of time. The genealogical tree of tr, (w) is canonically and
isometrically identified with the closed subset of 7 (w) consisting of all a such that V}(w) # y
for every strict ancestor b of a (different from p when y = x).

Finally, for w € S, and y € R\{z}, we define the excursions of w away from y. We let
(e, B;), j € J, be the connected components of the open set

{s€l0,0):7y(ws) <}

(note that the indexing set J may be empty). We notice that w,, = wg, for every j € J, by
the snake property, and &, = y. For every j € J, we define a snake trajectory wl € Sy by
setting

wg(t) = Wi 45)AB; (C(waj) + t) y for0<t < C(wi) = C(W(ajJrs)ABj) — C(waj) and s > 0.

We say that w/, j € J, are the excursions of w away from y.

2.3. The Brownian snake excursion measure. Let x € R. The Brownian snake excursion
measure N, is the o-finite measure on S, that satisfies the following two properties: Under
N]}’

(i) the distribution of the lifetime function ({s)s>0 is the Itd measure of positive excursions
of linear Brownian motion, normalized so that, for every € > 0,

1
Nx(supcs >€) =—
$>0 2e

—

(ii) conditionally on ((s)s>0, the tip function (W;)s>0 is a Gaussian process with mean z

and covariance function

K(s,s')= min
sAs'<r<sVs’

Informally, the lifetime process ((s)s>0 evolves under N, like a Brownian excursion, and
conditionally on ((s)s>0, each path W, is a linear Brownian path started from = with lifetime
Cr, which is “erased” from its tip when ¢, decreases, and is “extended” when (, increases.
The measure N, can be interpreted as the excursion measure away from « for the Markov
process in W, called the (one-dimensional) Brownian snake. Note that the preceding infor-
mal description applies as well to the Brownian snake, except that, in that case, the lifetime
process evolves like a reflecting Brownian motion in [0, 00). We refer to [17] for a detailed
study of the Brownian snake with a more general underlying spatial motion.

As usual for excursion measures, we can state a Markov property under N,. Let u > 0
and let ' and H be two nonnegative measurable functions defined respectively on the space
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of all continuous functions from [0, u] into WV, and on the space of all continuous functions
from [0, 00) into W, Then,

(2) Ny (1{u<0} F((Wr)o<r<u) H((Wu+s)szo))

=N, (1{u<a} F((Wy)o<r<u) Eiy, [H((WS)SEO)} )

where, for every w € W,,, [P}, denotes the law of the Brownian snake started from w and
stopped when the lifetime process hits 0 (see [17, Section IV.4]).
For every r > 0, we have

3
2r2
(see e.g. [17, Section VIL.1]). In particular, N, (y € [W,, W*]) < oo if y # x. We will use the

first-moment formula under N,, which states that, for any nonnegative measurable function
FonW,,

® ([P as) = [T P (B o<,

where B denotes a linear Brownian motion that starts from x under the probability measure
P, (see [17, Chapter 4]). We also recall the re-rooting invariance property of Ny [26, Theo-
rem 2.3]. To state this property, it is convenient to modify a little the definition of a re-rooted
snake trajectory in the preceding section: if w € Sy and 7 € [0, o (w)], we set K"l = Wl — &,
(we just shift the snake trajectory wl”) so that it belongs to S instead of S5,)- Then, for any

nonnegative measurable function F' on [0, 00) X Sp, we have

(4) N0</OgdrF(r,@[7’})> :NO</OUC1TF(T,W)>.

The following scaling property is often useful. For A > 0, for every w € S;, we define
Or(w) €S, /5 by O (w) = ', with

NW*>z+4+r)=N,(Wy<z—r)=

wi(t) == VA wgne(t/A), for s > 0and 0 < t < ¢ := A, e

Then 0\ (N;) = AN_ .

Let us now define exit measures. We argue under N, and fix y € R\{x}. Then, the idea is
to make sense of a quantity that “measures” the number of paths W; that hit level y and are
stopped at that hitting time. Precisely, one shows [21, Proposition 34] that the limit

1

) L):=lim = /0 dsLc <o, (W), [W—yl<c)

exists for every ¢ € [0,0], N, a.e., and defines a continuous increasing function called the
exit local time from (y,00) (if > y) or from (—o0,y) (if y > z). The exit measure is then
defined by Z, := L, and we have Z,, > 0 if and only if y € [W,, W*|, N, a.e. This definition
of the exit local time and of Z, is a particular case of the theory of exit measures, see [17,
Chapter V] where a different but equivalent approximation of £ is used. It follows from the
approximation (5) that Z, is N, a.e. equal to a measurable function of the truncated snake
tr, (w). We will use the following formula, for every A > 0,

©) N (1 - exp(-22,)) = (lz —ylv/2/3+A772)

See formula (6) in [10] for a brief justification. In particular, we have N, (Zy) =1.
We now recall the special Markov property of the Brownian snake under Ny (see in par-
ticular the appendix of [20]).



PROPOSITION 4 (Special Markov property). Let x € R and y € R\{x}. Under the mea-
sure Ny (dw), let W, j € J, be the excursions of w away from y and consider the point

measure
Ny == Z 5&}-7 .
jed
Then, under the probability measure Ny (dw |y € [Wy, W*]) and conditionally on Z,, the
point measure N, is Poisson with intensity Z, N, (-) and is independent of tr,(w).

2.4. The exit measure process at a point. Let us fix a point € R in this section and
consider a snake trajectory w distributed according to N,. An important role in this work will
be played by a process (X*),~0, such that for every r > 0, X¥ measures the “quantity” of
paths W (w) that have accumulated a local time at x exactly equal to 7. The precise definition
of X* belongs to the general theory of exit measures and we refer to the introduction of [1]
for more details (roughly speaking, one needs to consider the Brownian snake whose spatial
motion is the pair consisting of a linear Brownian motion and its local time at x, and then
the exit measure from the set R x [0,7)). One proves that the process (X;*),~¢ is distributed
under N, according to the excursion measure of the continuous-state branching process with
branching mechanism v (u) = /8/3u*/2 (in short, the )-CSBP, we refer to [17, Chapter II]
for basic facts about CSBPs). This means that, if N" =", _ ;- 0., is a Poisson point measure
with intensity a N, the process X defined by Xy = « and, for every r > 0,

Xy = Z X (W),

keK
is a 1)-CSBP started at « (see [23, Section 2.4]). In particular, (X*),~o has a cadlag modifi-

-
cation under N, which we consider from now on. We take &Aj = 0 by convention and call
(X7¥)r>0 the exit measure process at .

Still under N,, we can also define the exit measure process at y for any y # z. We can
either rely on the general theory of exit measures, or use the point process » . ;0 of

excursions away from y (as in Proposition 4) to define for every r > 0,

Xy =3 XY

jedJ

jeJ

(note that the quantities X, (w’) make sense by the special case i = z treated before). We also
set X = Z,. It follows from Proposition 4 and the preceding considerations that, under the
probability measure N (- | y € [W,, W*]) = Ng(- | Z, > 0), conditionally on Z,,, the process
(XY);>0 is a 1)-CSBP started at Z,, and is independent of tr, (w). Again we call (XY),>( the
exit measure process at y.

2.5. The positive excursion measure. Under Ny, the paths wg, 0 < s < g, take both pos-
itive and negative values, simply because they behave like one-dimensional Brownian paths
started from 0. We will now introduce another important measure on Sy, which is supported

on snake trajectories taking only nonnegative values. For § > 0, let Séé) be the set of all
w € Sp such that sup > (Supsefo ¢, (w)] [ws(t)]) > 6. Also set

S ={weSy:ws(t) >0forevery s > 0and t € [0, (w)]} NS
There exists a o-finite measure N{j on Sy, which is supported on S, ', and gives finite mass to
the sets S(g(s) for every § > 0, such that

N3(G) = lim © Na(C(trow)))
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for every bounded continuous function G on Sy that vanishes on 80\885) for some 6 > 0
(see [1, Theorem 23]). Under N, each of the paths ws, 0 < s < o, starts from 0, then stays
positive during some time interval (0, «), and is stopped immediately when it returns to 0, if
it does return to 0.

In a way analogous to the definition of exit measures, one can make sense of the “quantity”
of paths wy that return to 0 under Ng. To this end, one proves that the limit

1 g
@) Z) = hH[l) €2/0 ds 1{0<WS<5}

E—

exists Njj a.e. See [1, Proposition 30] for a slightly weaker result — the stronger form stated
above follows from the results of [21, Section 10]. Notice that replacing the limit by a liminf
in (7) allows us to make sense of Z(w) for every w € S .

The following conditional versions of the measure N{| play a fundamental role in the
present work. According to [1, Proposition 33], there exists a unique collection (NS’Z) 2>0
of probability measures on SO+ such that:

(i) We have Nj = 1/23 / dz 2722 N2
T Jo

(ii) For every z > 0, Ny* is supported on { Z% = z}.
(iii) Forevery z,2" >0, N(’;’Z/ =0,,.(Ny”).

Informally, Ny = N§ (- | Z5 = 2). It will be convenient to write

(8) n(dz) =4/ % 27524z,

so that n(dz) is the “law” of Z; under Nj;. We note that the convergence (7) also holds N
a.s., with Z; replaced by z ([21, Corollary 37]), and we record the formula

9) Ny“ (o) = 2%,

for every z > 0 (see e.g. [23, Proposmon 10]).

It will be convenient to write N for the pushforward of Ny o under the mapping w — —w.
Furthermore, for every h € R, we wrlte Nh , resp. N for the pushforward of N, resp. of
Np*, under the shift w + w + h.

The next theorem relates the measures N, and Njj via a re-rooting transformation. Recall
that, for every w € S and every s € [0, 5(w)], w!*! denotes the snake trajectory w re-rooted at
s (Section 2.2).

THEOREM 5. [1, Theorem 28] Let G be a nonnegative measurable function on S. Then,

Ng(/ﬂodr(;(ww)) _2/000deb(ZoG(tro(w))>.

As a first application, we can take G(w) = ¢g(w(0)) where g : R — R is measurable.
Since Ny(Zp) = 1 for every b > 0, it follows that

(10) Né(/gdrg )—2/ dbg(b)
0
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2.6. Excursion theory. We now recall the main theorem of the excursion theory devel-
oped in [1]. We fix z € R and y € R. We consider a random snake trajectory w distributed
according to N,. The goal of this excursion theory is to describe the connected components
of {veT(w):V,+#y}, and the evolution of labels on these connected components (there
is an obvious analogy with classical excursion theory for linear Brownian motion). Let C
be a connected component of {v € T (w) : V,, # y}, and exclude the case where C contains
the root p of T (w) (this case occurs when y # ). If C denotes the closure of C, there is
a unique point u of C at minimal distance from the root (in such a way that all points of
C are descendants of u) and we have V,, = v. Following [1], we say that u is an excursion
debut from y. We observe that a branching point of 7 (w) cannot be an excursion debut from
y: indeed, branching points of 7 (w) correspond under P(w) to times of local minimum of
(0,0) 3 s+ (s, and, if r is such a time of local minimum, the conditional distribution of
(/V[Z) s>0 given ((s)s>0 shows that W, # y a.s., which gives the desired result since there are
only countably many times of local minimum.

Let C be a connected component of {v € T(w) : V,, # y} and let u be the associated
excursion debut. We can code C and the labels on C via a snake trajectory which is defined
as follows. First we observe that there are exactly two times so < s, such that p(.(so) =
P(w)(80) = u, and the set p(,,)([s0, sp]) is the subtree of all descendants of u (here we use the

fact that u is not a branching point). We then define a snake trajectory @(*) € S coding the
subtree p(.([s0,5p]) (and its labels) by setting

@gu) (t) = W(so+s)As) (Csp +1) for0<t< Clsots)ss-

We finally set w® := tr, (©(*)) and we observe that the compact R-tree C is identified iso-
metrically to the tree 7 (w(*)), and moreover this identification preserves the labels. Also, the
restriction of the volume measure Vol to C (or to C) corresponds via the latter identifica-
tion to the volume measure Vol of T (w™) = C. Note that Vol puts no mass on C\C
since C\C C {v € T(w):V, =y}

We say that w(®) is an excursion above ¥ if the values of V;, for v € C are greater than y
(equivalently the paths wgu) take values in [y, 00)), and that w® is an excursion below y if
the values of V,, for v € C are smaller than y. We note that the terminology is a bit misleading,
since an excursion away from y, as considered in Proposition 4, will contain infinitely many
excursions above or below y.

Recall from Section 2.4 the definition of the exit measure process at y, which is denoted
by (XY)r>0. If y ¢ [W,, W*] (which does not occur when y = z, and is equivalent to Z,, = 0
when y # ), there are no excursion debuts from y. For this reason, we suppose that Z, > 0
when y # x in the following lines. By Proposition 3 of [1] (and an application of the special
Markov property when y # x), excursion debuts from y are in one-to-one correspondence
with the jump times of the process (X}Y),>0, in such a way that, if u is an excursion debut
and s € [0, 0] is such that p(.(s) = u, the associated jump time of the exit measure process
at y is the total local time at y accumulated by the path w,;. We can list the jump times of
(XY)r>0 in a sequence (r;)ien in decreasing order of the jumps AXY = XY — X _. For
every ¢ € N, we write u; for the excursion debut associated with 7;.

The following theorem is essentially Theorem 4 of [1]. We write NY = Ny (- | 2, >0)

when y # z, and N® Z N,

THEOREM 6. Under Ng(cy), conditionally on (X;/)TZ[), the excursions w(“’?), 1 €N, are
independent, and independent of try(w), and the conditional distribution of w(v) g

1 *, AXY <k AXY
5(Ny N, )
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where AXY = XY — X! _is the jump of XY at time r;.

To be specific, Theorem 4 of [1] deals with the case y = « (in that case, tr,(w) is trivial),
but then an application of the special Markov property (Proposition 4) yields the case y # x.

2.7. A path transformation of Lévy processes. The classical Lamperti transformation
[16] shows that the continuous-state branching process (XY),>¢ of the preceding section can
be obtained as a time change of a stable Lévy process with no negative jumps. In this section,
we state a path transformation of Lévy processes that will be relevant in forthcoming proofs.
Let 8 € (1,2), and let (Us)s>0 be a (centered) stable Lévy process with index 8 and with no
negative jumps, such that Uy = a > 0. Then the Laplace transform of U, — a is well defined
and given by Efexp(—\(Us — a))] = exp(cs A\?) for every A > 0, where ¢ > 0 is a constant.
We say that the Laplace exponent of U is ¢ \?. For every ¢ > 0, we write (U, 2 r’a’t)og s<t for
the associated bridge of duration ¢ from a to 0, that is, for the process (Us)o<s<+ conditioned
on Uy = 0. We refer to [12] for a precise definition and construction of this bridge.

We then set

To:=inf{s >0:Us =0},

and we consider the following transformation of the path of U over the time interval [0, 7).
Let R be a nonnegative random variable which is uniformly distributed over [0, Tp] condi-
tionally given the process U. For every s € [0, 7], we set

. — Ur+s —Up+a if0<s<Ty— R;
*  \Upys—1, —Urp ifThp— R<s<Ty.

LEMMA 7. The conditional distribution of (Us)o<s<T, knowing that Ty =t is the law of
(U)o s<t.

A discrete version of the previous statement, for centered random walks with negative
jumps of size —1 only, is easy to prove from the arguments based on the cyclic lemma that
lead to the classical Kemperman lemma — see e.g. Section 6.1 of [29]. Then Lemma 7
follows by applying a suitable invariance principle. Alternatively, Corollary 8 of [5] gives
the analog of Lemma 7 when U is replaced by a linear Brownian motion, and Section 4 of
the same paper explains how this can be extended to the setting of processes with cyclically
exchangeable increments (which is more than we need here). N

In order to apply Lemma 7, we note that the collection of jumps of the process U over
the time interval [0, Tp] is the same as the collection of jumps of U over the same interval.
Write D(R,R) for the Skorokhod space of cadlag real functions on R, and Dg(R,R)
for the subset of D(R,R) consisting of functions with compact support. Then, if ¢ is a
nonnegative measurable function on R, and F' is a nonnegative measurable function de-
fined on Dy (R, R) such that F'(w) only depends on the sequence of jumps of w ordered in
nonincreasing size, we have

(11)
E[9(To) F(Uunn)e20)] =B [9(T0) F(Tunt)o20)]| = [ ma(@0) g B[P 20)].

where 7, stands for the law of 7. In other words, the conditional distribution of the se-
quence of jumps of (Us)o<s<7, (ordered in nonincreasing size) knowing that Tp = ¢ is the

distribution of the sequence of jumps of (U2 1) o< s<t-
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3. The connection with super-Brownian motion. In this section, we briefly recall the
connection between the Brownian snake excursion measures N, and super-Brownian motion,
referring to [17] for more details. We fix « > 0, and consider a Poisson point measure on S,

N=>"6,

keK

with intensity «Ng. Then one can construct a one-dimensional super-Brownian motion
(X¢)>0 with branching mechanism ¢(u) = 2u? and initial value Xy = ad, such that, for
any nonnegative measurable function g on R,

(12) | Kigat= ¥ 0.,

keK

where )(wy,) is defined in formula (1). In a more precise way, the process (X¢)¢> is defined
by setting, for every ¢ > 0 and every nonnegative measurable function g on R,

o(wr) -
Xig)i= 3 [ dilin) o),

kek ’0

where [%(wy) denotes the local time of the process s — (s(wy) at level ¢ and at time 7, and the
notation d,.I (wy,) refers to integration with respect to the nondecreasing function 7+ £ (wy,)
(see Chapter 4 of [17]). We are primarily interested in the total occupation measure

Y I:/ Xt dt.
0

It follows from the results of Sugitani [30, Theorem 4] that Y has (a.s.) a continuous density
(L") zer with respect to Lebesgue measure, and this density is continuously differentiable
on (0,00) and on (—o0,0). On the other hand, for every ¢ > 0, the event A where the point
measure N has exactly one atom w, such that W*(w,) > ¢ has positive probability, and,
conditionally on this event, w, is distributed according to No(- | W* > ¢). Furthermore, on the
event A, formula (12) entails that the restriction of Y to (g, 00) coincides with the restriction
of YV(w.) to the same set. It follows that, a.s. under the probability measure No(- | W* > ¢),
Y has a continuously differentiable density on (g,00). Since € was arbitrary, and using a
symmetry argument, we easily conclude that ) has a continuously differentiable density on
(—00,0) U (0,00), Ng a.e.

In fact, we can remove the “singularity” at 0. Indeed, we may use the re-rooting invariance
property of Ny (formula (4)) to obtain that ) has a continuously differentiable density on
R\{z}, Y(dz) a.e., Ny a.e. It follows that ) has a continuously differentiable density on
R, Ny a.e. — as already mentioned, this fact also follows from the results of [9], which are
proved via a completely different method. As in the introduction above, we write (£%, z € R)
for the density of ) (under Ny) and call £* the local time at level . The derivative of £* is
denoted by ¢*.

4. Technical estimates. The following lemma is a key ingredient of the proof of our
main result.

LEMMA 8. (i) Forevery z>0and e > 0,

*,2 7 _ 4 z
N (/O dsl{WS<€}>—€ (%),

where the function f : (0,00) — (0,00) is continuous, and v~ f (u) — 1 as u — oo.



MARKOV PROPERTY OF LOCAL TIMES 13

(ii) There exists a constant C' such that, for every a € (0,1] and € € (0,/a], we have

NG Ud 1 ‘1 <Cya
€ o (0 § {m@}) {Zi<a} | SVA

PROOF. (i) For every z > 0 and x > 0, set

px(x) =2 (;)3/2 Ve (s Zz)

where the function Y is defined on (0, 00) by

Y(z)= \/27?(:1:1/2 +a %) =20z + %)ez erfc(v/z),

with the usual notation erfc(y) = % fyoo e~*"dz. Note that T (z) = %az‘l/z + O(1) as
x—0,and T(z) = %x%ﬂ +0(z77/?) as & — oo.

By [25, Proposition 3], we have for every € > 0,

[ (3
NS’Z</O d51{W5<e}> :,22/0 dz p.(z).
3z

Using the preceding formula for p,(z), and the change of variable y = 5%, we obtain

N&? /OdslA = m2/oo d T (y).
0 ( ; {ws<g}> VT oy y vy T(y)

We thus get the formula of part (i) of the lemma with the function f defined by
o0
fw=vad [ dyyiri)
3u/2

The properties of f stated in the lemma follow from this explicit expression and the asymp-
totics of Y'(x) as z — oo.

(ii) We use a scaling argument to write

e NG ((/Og dsl{m<s})2 1{25@})
S [ (i)
BN ERY Y Nw(( [atman))
\/> / Ny ((/Oadﬂ{ﬁlﬂ})?)

—6J(

where we have set, for every a > 0,

g 2
J(CL) = N0<(/0 dSl{WS<1}> 1{Z§§a}>‘
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In order to prove (ii), we thus need to get the bound J(a) < C'y/a when a > 1.
To this end, we apply Theorem 5 with

G(w) = Li0)<1} 1{e(w)§a}/0 dulem <1y

where the function © is defined on S by

1 o)
O(w) = h?i}élf 52/0 ds 1y, <o

in such a way that we have Z = ©(wl"l) for every r € (0,0), N} ae., and Zy = O(tro(w)),
Ny a.e. for every b > 0 (use (7) and (5)). It follows that

1 o
J(a):2/0 deb<ZO]-{ZU§a}/O dU1{Wu<17gugm(Wu)})’

where we recall the notation 7o(w) = inf{t € (0, ()] : w(t) = 0}, for w € W.
Let us fix b € (0,1) and set

K(a,b) :Nb<Z[) 1{20§a}/0 du 1{V[A/u<1,Cu§To(Wu)}>’

Then K (a,b) < e K (a,b), where

720 a 7
K(a,b) :Nb(ZOe / /0 du 1{Wu<1’cu§7-0(w“)}).

Let (L9)p<s<o denote the exit local time from (0,00) as defined in formula (5), and recall
that Zg = LY. Then,

~ _ 7 0 —L%/a
K(a,b) —Nb</0 dulym 4 <nwylut ! )

i 0 0\ . —L%/a
+Nb(/0 du 1{Wu<1,CuSTo(Wu)}(LU —Lu)e U/ )7

and the two terms in the right-hand side are equal, by a simple time-reversal argument. Let
us consider the second term, and bound e~ /@ by e~ (Lo—Ly)/a, Using the Markov property
under N, (cf. formula (2)), we get

176 7 * 0 _—IO
(13) K(a’b)§2Nb</0 dUI{Wua,gusm(m)}EWu(Loe "/a>>,

where we note that the definition of the exit local time also makes sense under P}, for any
w € W, see [17, Section V.1].
Let w € W), such that ((,,) < 79(w). For every A > 0, we compute
. N[O d_ .. o
EW[LSG )\LU] = _aEw[e )\La]'

We use Lemma V.5 of [17], which says that the evolution of the Brownian snake under PP},
is described by a Poisson measure P on [0, ()] X S with intensity 2 d¢ Ny, (dw), in such a
way that

By e ) =B [exp (- A / P(didw) Zo(w) )| =exp (-2 /0<<w> (1)
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Using also (6), we get

Ef[L0e 5] = _% <exp (— 3/OC(W) dt (W(t) + 3/2)\> 2))

It follows that

E;, [Lge ]

Cew) dt ) -2
= —3/2 ex — w .
—3/3/2\ (/0 O 3/%)3) p( 3/0 dt( (t) + 3/2)\) >>

We take A = 1/a and substitute the identity of the last display in (13). From the first moment
formula (3), we get

K(a,b) < 6\/§a3/2 / dtE,
0

t ds
lr<k

X exp (—3/0tdu (Bu—i— 30,/2)2)],

where (By);>0 is a linear Brownian motion that starts from b under the probability measure
Py, and, for every = € R, k, = inf{¢t > 0: B; = x}. To simplify notation, let us set C :=

6+/3/2, and write o’ = /3a/2. It follows that

K(a,b)
<ciaE,| [ % Tan 5 [ du(By+a)?
sCia b ; m : {t<ko,B; <1} €XP | — o u(By +a’)
3/2 & dS > ¢ _9
=C1a”" Epyy /0 (B / dt 1<k, B,<ar+1}€XP | — 3/0 du (By)

S C]_ CL3/2/ dSEb+a/ (BS)_3 exXp <_ 3/ du (Bu)_2> / dt 1{tSHO,/7Bt<U/+1}]
0 0 s

=C] a3/2/0 dsEp o (Bs)_?’exp (—3/0 du(Bu)_2> I FY

x Ep, [/ dt 1{t§na,,Bt<a/+1}}]
0

where we have applied the Markov property at time s. We then observe that, for every x > d/,

(14) E, {/ dt]—{tgiia/,Bt<a’+1}:| <1
0

Indeed, the strong Markov property shows that it is enough to prove this when x = a’ + 1,
and then

[o@)
Eq 11 [/ dt 1{t§na/,Bt<a’+1}} =E; [/
0 0

where R(?) denotes a two dimensional Bessel process started at 0, and the second equality
follows from a classical Ray-Knight theorem.

Ko

dt1{Bt<1}} _E[/Oldu(Rgz))z} —1,
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Thanks to (14), we arrive at

(15)  K(a,b) < Cya’/? / dsEps o
0

(Bs) 3 exp (— 3/08 du (Bu)2> 1{S<Ha/}] :

At this stage, we use the absolute continuity relations between Brownian motion and Bessel
processes (see e.g. Section 2 of [31] or [26, Proposition 2.6]) to get, for every s > 0,

(Bs) 3 exp <— 3/05du (Bu)_2> 1{5%,}]

= (b+ @) By [(R) ™ Lm0 vucio ]

where (R;):>0 denotes a Bessel process of dimension 7 that starts at  under the probability
measure P,. Recalling that b € (0,1) and a > 1, the right-hand side of the last display is
bounded above by C’' Eyya/[(Rs) > 1{g, >a' vueo,s)}]> for some constant C” independent of
b and a. From (15), we then get

(16) %wmsdaﬁ”A A5 Byt [ (R) ™ 1, vucfo o))

Set kIt =inf{t > 0: R; < a'} < +oo0. Then,
Epio {(RS)_31{Ru>a’,VuE[0,5]}} =Epio [(RS)_gl{Rs>a’}} - Eb+a’[(RS)_gl{Rs>a’,nf,§s}} :

On one hand,

/000 dsEpy o |:(Rs)_3 ]_{Rs>a’,nf,§5}j| =Epio [/

K

Eb+a’

n ds (Rs)_g 1{Rs>a’}}

=Py 0 (Kl < 00) x Ey [/0 ds (Rs)731{Rs>a'}}
/

() o[ )]

and, on the other hand,

/OO dsEpiqr [(Rs)_3 1{Rs>a’}} <Eg {/Oo ds (RS)_gl{Rs>a’}}
0 0

By combining the last two displays, we get
!/

/0 " 4By [(B) 7 Lo aeoay] < (1 e )) e [/0

and we have

o0

ds (Rs)fgl{Rs>a/}] ,

1

> _ dz
EO[/ ds (R) ™ Lipsa)] :/ B G sy < 7
0 R |2 a

where G(z) = ¢|z|~® denotes the Green function of Brownian motion in R”, and C” is a
constant. Finally, since
N b 5
a
1= () <5 <2,
b+a b+a — d

the bound (16) gives
K(a,b) <5C"C'Cya*? (a')2 = (10/3)C"C'Cy v/a,

since (a')? = 3a/2. We conclude that J(a) < Cv/a, with C' = (20/3)eC”C’C. This com-
pletes the proof. O
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5. Proof of Theorem 1. Let us write M(R) for the space of all finite measures on R,
which is equipped with the topology of weak convergence and the associated Borel o-field.
We define a transition kernel from (0, co) X R into M (R) as follows. For (¢,y) € (0,00) X R,
we use the notation UP™%¥ for the bridge of duration ¢ from 0 to y associated with the stable
Lévy process with no negative jumps and Laplace exponent %1/}(/\) =4/2/3 A3/2 (we again
refer to [12] for the construction of this bridge). Let 0, k € N, be the sequence of jumps of
UPrtY ranked in nonincreasing order. We define Q((t,y),du) as the probability measure on
M(R) obtained as the distribution of

> V(wr)

keN

where, conditionally on UbTtY the random snake trajectories wy, are independent, and, for
every k, wy, is distributed according to Ny . This definition makes sense because, using
formula (9),

E[Z(y(wk), 1) ] Ubrv'%y} - E[Za(wk) ‘ Ub“t’y] =S (m)?<oo, as.

keN keN keN

As usual, if F' is a nonnegative measurable function on M(R), QF stands for the function
on (0,00) x R defined by

QF (t.y) = / Q((t.y), dps) F ().

We extend this definition by setting QF'(0,y) = F'(0) for every y € R.

In order to prove Theorem 1, we will now argue under the measure Ny. Recall the def-
inition (1) of the random measure ) and, for every h € R, let yh, resp. yﬁ, denote the
restriction of ) to (—o0, h), resp. to (h,o0). We also let 5}1’ resp. Jjﬁ, be the pushforward
of yﬁ, resp. of V", under the mapping = +— x — h. The key to the proof of Theorem 1 is the
following proposition.

PROPOSITION 9. Let h > 0. Let Iy and F» be two nonnegative measurable functions on
M(R). Then,

No (F1<yﬁ) FQ('yE)) =No (Fl(yb QFy(¢", %é’w)-

Both assertions of Theorem 1 follow from Proposition 9. Just note that (¢+%),~ is the
(continuous) density of the measure )NJQ, so that Proposition 9 immediately shows that the
process (£"+% ¢"+7) -4 is independent of (£"+7 ¢"+*) _y conditionally on (¢, ¢"), and
moreover its conditional distribution does not depend on h. The second assertion of Theorem
1 follows from the case h = 0 of Proposition 9.

PROOF OF PROPOSITION 9. We will use the fact that the local time ¢ can be expressed

in terms of the exit measure process (X*),>¢ via the formula

(17) eh:/ dr X"
0

See [23, Proposition 26] when h > 0, and [24, Proposition 3.1] when h = 0.

In most of the proof, we deal with the case h > 0, and, only at the end, we explain how
the desired result can be extended to the case h = 0. So, we fix h > 0, and we first note
that the event " = 0 occurs if and only if Z; =0 (by (17) and the fact that Xoh = Zp). On
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the event { Z;, = 0}, we have 374’“; =0 and QF,(¢", ") = F»(0). Thanks to this observation,
it is enough to prove the formula of the proposition with Ny replaced by the conditional
probability measure N{* (dw) := No(dw | Z, > 0) = No(dw | W* > h). From now on until
the end of the proof when we consider the case i = 0, we argue under the probability measure
N(()h). Recall from Section 2.4 that (under N(()h)) the process X h s independent of try(w)
conditionally on Zp,.

We rely on the excursion theory presented in Section 2.6 above, and we consider the ex-
cursions above and below level h, which are denoted by w(*!), i € N, in Section 2.6. To
simplify notation, we write w(? instead of w(*?) in this proof. Recall that each excursion
w® corresponds to a jump time 7; of the exit measure process X" We write §; := AX* for
the corresponding jump. The conditional distribution of the collection (w(i) )ien knowing the
process X" (and trj,(w)) is given by Theorem 6.

For every i € N, let ; = 1 if w(®) is an excursion above h and 7; = —1 otherwise. Notice
that, conditionally on the exit measure process X (and on trj,(w)), the random variables 1;,
i € N, are independent and uniformly distributed on {—1,+1}. Set I, :=={i e N:n, =+1}
and /_ := {i € N:n; = —1}. As we already observed in Section 2.6, if C is a connected
component of {v € T (w) : V;, # h} (other than the component containing the root), and w is
the associated excursion debut, the restriction of the volume measure Vol to C is identified
with the volume measure Vol(wm) (with the notation of Section 2.6). Similarly, it is not hard
to check that the restriction of Vol to the component containing the root is identified with
the volume measure Vol (,,))- It follows from these remarks that

(18) Y=Yty w) + Y V(W)
el
and
(19) V=3 "y,
iely

By the classical Lamperti transformation [16], we can write (th)rzo as a time change of

a Lévy process stopped upon hitting 0. More precisely, we have for every r > 0,
th = Z/{fOT dt X

where (U;)o<i<T, 18 a stable Lévy process with no negative jumps and Laplace exponent 1),
which is started at Uy = Z;, and stopped at its first hitting time of 0. Note that we have in
particular

/ dr X" =inf{t >0:U =0} =Tp.
0

Recalling (17), we have thus ¢" = T,. We observe that (Ut)o<t<T, has the same jumps as X h.
Hence, for every i € N, ¢; is the jump of U occurring at a certain time s; € [0, Tp].

The values of the process U are determined by (X/*),>¢ only up to time Tp. With a small
abuse of notation, we can assume that the Lévy process (U;):>0 is defined at all times under
the underlying probability measure Néh) (dw) (and is independent of try (w) conditionally on
Zp,). Let (t;)jen be the jump times of I/ (listed according to some measurable enumeration)
and, for every j € N, let v; = Alf;, be the corresponding jump. Notice that, if j € N is such
that t; < Tp, there exists a unique ¢ € N such that t; = s; and ~; = d;.

We may also assume that we have assigned a random snake trajectory &’ to each jump time
t; of U, in such a way that, if ¢; < Ty, we have @ = w(?) where i € N is the unique index
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such that ¢; = s;, and, conditionally on U, the random variables &/, J € N, are independent
and the conditional distribution of & is

1 5 1< 5

iNh + §N AL
If j €N, wesete; =+1if @’ is an excursion above h and €; = —1 otherwise. We note that
the “labels” ¢, j € N, are independent and uniformly distributed over {—1,1} (and are also
independent of the process U). Set J :={j eN:eg;=+41}and J_:={jeN:g; = —1}.

Let U’ be the (centered) Lévy process that is obtained from U by “keeping only” the

jumps with label —1. More precisely, noting that the Lévy measure of I/ is the measure
n(dz) defined in (8), we have for every ¢ > 0,

. t [
U{—Zh—i—lci%( Z ")/j_2/a xn(dx)).

Jjed- i<ty >o

We also define U]’ = U; — U], so that

" . l o
(20) ut:g%< > %-2/& xn(dm)).

JET ity <ty >a

Observe that U and U” are two independent (centered) Lévy processes with Laplace expo-
nent 31, such that U}, = Z;, and U{/ = 0, and also note that Uy, +UF, =Ur, = 0.

At this point, it will be convenient to condition on the value of Z}, and, for every z > 0,
we introduce the conditional probability measure P(?) := N((]h) (- | 21, = 2), in such a way that
L{(’J =Uy =z, P(*) a.s. Then let g be a nonnegative measurable function on R, and let G
and G2 be two nonnegative measurable functions on Ry x D(R,R), such that, for every
t > 0, the mapping w — G1(t,w) is a (measurable) function of the collection of jumps of
(w(s),0 < s <t), and similarly for Gy. If 7, (dt) denotes the law of Ty under P(), we have
then

1) E®[g(Tp)G1(To,U')Ga(To,U")] = / . (dt) g(t) E@[Gy (t,U)Ga(t,U") | To = 1].

By Lemma 7 and the subsequent remarks, we know that the conditional distribution of the
collection of jumps of (Uy)o<¢<T, knowing that T = ¢ is the distribution of the collection of
jumps of the bridge of duration ¢ from z to 0 associated with the Lévy process U. Recalling
that the signs ¢; are assigned independently knowing U/, it follows that, for every ¢ > 0,

(22) EA G (8, U)Go(t,U") | Ty = t] = B [G1 (¢,U")Go(t,U") | Uy = 0).

Now note that U; = 0 is equivalent to /' = —U,. Using the independence of ¢’ and U", we
can verify that

(23) EX[G (t,U)Ga(t,U") | Uy = 0] = EX Gy (¢, U D (¢, —U) | Uy = 0],

where we use the notation ®(t, a) := E®)[Gy(t,U") | U] = a] for every a € R (this function
does not depend on z). The identity (23) may be derived from elementary manipulations.
Alternatively, we may proceed as follows. We set U = U, if s € [0,¢] and Us = U, + U,
if 5 € [t,2t], so that, under P&)(- | U; = 0), (as)se[o,zt] is a Lévy process conditioned on
Zjlgt = (. Then (23) is nothing but the usual Markov property at time ¢ for the Lévy process
bridge.

Thanks to (22) and (23), we get

E@ (G (t,U)Ga(t,U") | Ty = t] = E@ (G4 (t,U) B (t, ~U)) | Ty =],
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where we also use the fact that I/ is a measurable function of the jumps of U’ over [0,1].
Recalling (21), we finally get that

24) EP[g(Th)G1(To,U")Go(To, U")] :/Fz(dt)Q(t)E(Z)[Gl(taU/)‘I’(t, ~Uy) | To =]

:E(z)[g(TO)Gl(To,u) O (T, MT )]
(R)

We now use Theorem 6. Under Ny, conditionally on (X)), the excursions w®,
i € N, are independent, and independent of try, (w), and the conditional distribution of w(? is
%(Ng’éi + NS’&'). It easily follows that, conditionally on (X*),>q and on (7;);en, the excur-
sions w(, i € N, are independent (and independent of try,(w)), and the conditional distribu-
tion of w® is N Z’éi if 7; = 1 (equivalently 7 € 1) and NZ’& if n; = —1 (equivalently ¢ € I_).
Hence, if H, A, B are nonnegative measurable functions on the space of snake trajectories,
we get

Néh) (H(trh ) exp < Z A(w @ > exp ( - Z B(W(i)))>

el el

=N (H tra(@)) T Ny ] N;;"si(e—B))

iel iel,

H Nz,éi(e—A) H Nz,di(eB)]>

=N (H(trh(w)) R (Zn)
iel_ iel,

The quantities
N *,571 —A *,51‘ —
[N e, TN (e ?)
iel_ i€l

are functions of the jumps of U’ and U”, respectively, over the time interval [0, 7). Hence,
we can use (24) to get, for every z > 0,

[N TN | =

icl_ icl,

£ £

H N*(s - (I)B(To, UTO)
iel_

where ®5(t,y) is the expected value of the quantity

H N, (G

keN

where the numbers ag, k € N are the jumps of the bridge of duration ¢ from 0 to y, for a Lévy
process with no negative jumps and Laplace exponent %1/). We finally conclude that

(25) N(h)< (trp(w exp( ZA (@) )exp( 3 B ))

i€l

:Néh (H trh H N*6 a (I)B(To, Z/{To)>
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LEMMA 10. Néh) a.s., we have Z/I}O = —Z/{{,fo = —%éh, where (" denotes the derivative at
h of the function x +— (7.

Let us postpone the proof of Lemma 10. Since we already know that T = th, we
have ®p(To, —Z/{’TO) = dp(Lh, %Eh) in formula (25). Next let f; and fo be two bounded
measurable functions on R, and consider the functions F} and F» defined on M(R) by
F;(p) = exp —{(u, fi), for i = 1,2. Recalling (18) and (19), we see that an appropriate choice
of the functions H, A, B in (25) gives

~ 1.
NG (RO Ba()) = NG (R ) @, (8,50 ),

where @ 1,\(t,y) = QF:(t,y), with the notation introduced before Proposition 9. We have
thus obtained the special case of the formula of Proposition 9 when F; and F5 are as specified
above, and a standard monotone class argument (see e.g. Lemma I1.5.2 in [28]) gives the
general case. This completes the proof in the case h > 0.

Consider now the case h = 0. It seems plausible that one could derive this case by passing
to the limit & — 0 in the formula obtained for i > 0. However, a rigorous justification of this
passage to the limit leads to certain technical difficulties, and, for this reason, we will use
a different argument based on the re-rooting property of Ny. For w € Sy and r € [0, 0(w)],
recall the notation &["! introduced before formula (4), and note that we have Ny a.e.

=[r] ~

YO (@)= 3% (w), Y@ = 2 (w), @)= (w), @)= i (), B, = B

Let F; and F, be nonnegative measurable functions on M (R). From formula (4) and the
preceding display, we get

(26) No (/OU drlg, oy FL(V¥ () Fo(VY (W))

=Ny (/G drig, <o L2 @M)) FQ(yE)F(CTJ[T]))>

0

=Ny (/0‘7 dr 1{@07T<0} Fl(yg (W)) FQ(yg(w))>

=N (2, 1) () ROY)).
On the other hand, the left-hand side of (26) is also equal to

27 N0</y3(dx) Fl(jf)F2($1)> :N()(/OoodxﬂFl(j}f)Fg(fiﬁ))
_/Oo deNo (£ F1(7) B(07))
0

:/OOO dz Ny (E”” Fl(jiVE)QFa(Wéé”)»

where we use the case h > 0 of Proposition 9 in the last equality. Finally, replacing the
function Fy(p) by ({1, 1))~ Fy(u), we deduce from (26) and (27) that

No(RO) ROR) = [ deo (£ (37,1 R GF) QR ).

0
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The right-hand side of the preceding display remains the same if we take F; = 1 and replace
F1(V2) by Fi(Y2)QF5((°, 50°): Note that the pair (EOL%KO) is a measurable function of
VY, such that the same function applied to the measure ) gives (£%, %Ex) The case h =0
of Proposition 9 now follows. O

PROOF OF LEMMA 10. To simplify notation, we write (only in this proof) P for the prob-
ability measure N(()h) and E for the corresponding expectation. We have already noted that
Uf, = —UY, , and so we only need to verify that 1}, = 3¢". We first observe that

(28)

1 o N 1 h+e . N 1 £h+sy_€h
52(/0 dSl{h<WS<h+€}_€€):€2(/h dz 0 — el :/0 dy(ig )

1.,

o2t
P a.s. On the other hand, we have

o o(w®)
(29) / dsli @ chiey = Z / ds 1, W () <hte
0 iel, ”0
o(w?)
= Z ds 1{h<W§(wi)<h+e}'

J€J4+,t;<Th 0
For every j € J; and € > 0, set

1 (@;)
;= 52/0 ds 1{h<Ws(wﬂ')<h+s}‘

Recall that, conditionally on X" and on {j € J.}, w; is distributed according to N;"". By
(7) and the remarks following the definition of Nj*, we have ;= AUy, as e — 0, for
every j € J., Pas.

Let a > 0. Since the set {j € J; :y; > o, t; < Tp} is finite, it follows that

(30) > G > u Pas

JjeJyvi2ant;<To JjeJyv;2ant; <To

Forevery e > 0 and 0 < u < v < 00, we set

I‘g(u,v):e_2/ n(dz)Ng’z</0 d31{0<W5<a}> :52/ f(E%)n(dz%

with the notation of Lemma 8. We observe that
g 2
—2RJI*
I'.(0,00)=¢ N0</ dSl{Ws<a}> ==
0

oo

G M) = [ (Gl — [ enaz)

[0}

by (10). Moreover,

by dominated convergence (justified by Lemma 8 (i)).
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By construction (and standard properties of Lévy processes), the point measure

(32) D 8t )

JEJy

is Poisson with intensity dt $n(dz) N;*(dw). In particular, for 0 < u < v < 0o, we have

E

JeJusy;<vit; <t

Then, using a classical formula for Poisson measures (see formula (3.19) in [15]), we have

2
[( SR ])]
JE€J 475 <at; <t

JeJpi<ont; <t

_t [ n(dz)N;* <€_2 ’ dsl, )2 <Ctva
2 0 h 0 {Ws§h+5} - )

where the last bound holds by Lemma 8 (ii) provided that o > 2. Under the latter condition,
we can apply Doob’s inequality in L? to the martingale

V. fy;-—E[ > 7;-]: S -inow

JeJyvi<ont; <t JeJyvi<ont; <t JeJyvi<ont; <t

and we get, for every K >0 and € € (0, /],

2
(33) E[ sup ( 3 vi-;Fg(O,a)>

te[0.K] JeJ v <ant; <t

<4CK+/a.

Let us fix 8 > 0. We observe that the convergence in (20) holds uniformly when ¢ varies
in a compact set, at least along a suitable sequence of values of « decreasing to 0 (see e.g.
the proof of Theorem 1 in Chapter 1 of [4]). So we can choose o > 0 small enough so that

(34) IP’<|< > N — % Oozn(dz)) ~Uf,

JeJi v 2ant; <To @

>B><B

By choosing « even smaller if necessary, we may also assume thanks to (33) that, for every

e € (0,/a],

(35) ]P’(

Once we have fixed o, we can use (30) and (31) to get that, for every small enough € > 0, we
have

(36) IP( (

To
Z ij - 7F5<0,Oé)

J€J4+ i<t <Tp

>ﬂ><ﬁ

Z 'YJE'_%Fe(O‘aOO))

J€J+ Vi Za>tj STO

JjeJyy;2ant; <To
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By combining (34), (35) and (36), and using I':(0,00) = I'-(0, ) + T'c(ar,0), we obtain
that, for € small,

IP’<|< > 'yj—gofe((),oo)>—l/l§/b

JET 1t <Th

> 36) < 3p.

Since § was arbitrary, we have proved that

j€J4 ,t;<Ty

in probability. Now recall from (29) that

o
_ -2 .
Z V=€ /0 ds Lo <htey

je‘]+1tj STO
Since we have also T (0,00) = 2/¢ and Ty = £", we conclude that

I o "
52/0 ds 1{h<I//V\S<h+s} Tz 6:;MTO

in probability. Comparing with (28), we obtain the desired result Mﬁ = %éh. O

6. Proof of Theorem 2. This proof uses essentially the same arguments as the proof
of Theorem 1, and for this reason we will skip some details. We suppose that the super-
Brownian motion (X;):>¢ is constructed (under the probability measure IP) from a Poisson
point measure ), - 6., With intensity a’Np in the way explained in Section 3. As previ-
ously, we write Y = fooo X dt for the total occupation measure of X. Recall that (L*),cR is
the (continuous) density of Y, and that, for x # 0, L* stands for the derivative of y+— LY at
x, and by convention L is the right derivative at 0.

For every h >0, we let Y”, resp. Y, be the restriction of Y to (—o0, k), resp. to (h, 00),

and we write ?ﬁﬁ for the pushforward of YELF under the shift 2 — x — h. The proof of Theorem
2 then reduces to checking the analog of Proposition 9, namely the identity

(37) E[R(Y") Bx(Y4)] = B[R (V) QE3(L", 511,

where F and F; are nonnegative measurable functions on M(R), and QF5 is defined as in
the previous section.

Consider first the case h > 0. In that case, we argue conditionally on the event Ej, :=
{sup{W*(wy) : k € K} > h}. We note that

L= " (w)
keK

as a consequence of (12) and the fact that there are only finitely many k& € K such that
W*(wy) > h. We can then consider the exit measure process (X/*);>0, which is defined by

XP= Z XM wy).
keK

Note again that there are only finitely many nonzero terms in the right-hand side. Then
(Xth)tzo is (again) a 1)-CSBP, which now starts at

X(})l = Zh = Z Zh(wk).
keK
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We may write X" as the time change of a Lévy process U = (U;);> started at Zy,, in such a
way that

/ XMt =Ty :=inf{t > 0: U; = 0},
0

and we have

=) Mw) = Z/ XM wp dt—/ Xt dt=T.

keK keK

There is again a one-to-one correspondence between the jump times of X" and the ex-
cursions of wy, above and below h, for all k € K (such that W*(wy) > h). We can list these
excursions in a sequence (w(i) ,4 € N) as we did in the preceding section, and we let /_, resp.
1., be the set of all indices 7 such that w® is an excursion below h, resp. above h. Then,
conditionally on the exit measure process (X/*);>0, the excursions (w?,i € N) are indepen-
dent (and independent of the point measure ), dtr(wy))> and the conditional distribution
of w® is 1 F(Np Oy Ny ok *), where §; is the jump associated with w(.

We may then construct the Lévy processes U’ and U” from U in a way exactly similar as
we constructed U’ and U” from U in the previous section, and we have U’ + U"” = U, so that
Up, = Uy,

We can now follow the same route as in the proof of Theorem 1 to arrive at the analog of
formula (25), which reads

1p, H< Z 5trh(wk)> exp < — Z A(w(i))) exp < - Z B(w(i)))]

keK il il

(38) E

:]E[lEhH(Zétrh(wk)) exp( ZA (Z )(I)B T, — U/TU) )

keK 1€l

with the same function ® g as in (25). We already know that Ty = L", and, to complete the
proof of (37), we need to verify that U{FO =—5 Lh This is done by exactly the same method
as in the proof of Lemma 8, using the approx1mat10n

1 h4-e 1.
(39) — / L'dz—ell| — - L"
£ h e—0 2

instead of (28).
Let us consider then the case i = 0. We start by observing that

LO = Z Ko(wk).
keK

This identity is less immediate than the corresponding one when h > 0, because the sum now
involves infinitely many nonzero terms, but it is derived in the proof of [24, Corollary 3.2].
We can define the exit measure process (X?);>o at 0 by setting X = « and, for ¢ > 0,

= Z Xto (wr)-
keK

As recalled in Section 2.4, we then know that (X?);>0 is a 1-CSBP started at o. Moreover,

we have
Zﬁowk Z/ X0 (wp) dt—/ X?dt,

keK keK
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where the second equality follows from (17).

As in the case h > 0, there is a one-to-one correspondence between the jump times of X
and the excursions of wy, above and below 0, for all K € K — now all k € K are relevant, but
this creates no difficulty, since X%(w;,) and X°(wy/) have no common jump time if k # £'.
We can list these excursions in a sequence (w(i) .4 € N) as above. By a direct application of
[1, Theorem 4], we again get that, conditionally on (X?)¢>, the excursions (w(¥,i € N) are
independent, and the conditional distribution of w(® is %(Né"s" + NS"S"), where ¢; is the jump
of X0 associated with w(®). The Lamperti time change of X° yields a Lévy process U started
from «, up to time T := inf{¢ > 0: U; = 0}, and we can again consider the Lévy processes
U’, resp. U”, obtained by “keeping” the jumps of U corresponding to negative excursions,
resp. to positive excursions, and such that U} = « and U/ = 0. By the same arguments as in
the proof of Theorem 1, we arrive at the analog of (38) (without the term H (; c i 6tr, (wy))
which is now irrelevant). Since we already now that T = fooo XD dt = LY, it only remains to

verify that U:’F0 = _U%, = —% LY. This follows by a straightforward adaptation of the proof
of Lemma 8, using (39) with h = 0. This completes the proof of Theorem 2.

Remarks. (i) In the case h = 0, if instead of using (39), we consider the approximation

1 0 N 1.
= /Ll‘dx—aL — —= L9,
€ e e=0 2
"

the same method leads to the equality U}, —a = —4 L%~ Since we have also U}, = —U/, =
—1 10, we get that LO = L0~ — 2a, which is consistent with the results of [30].

(ii) It is certainly possible to derive (37) more directly from (a stronger form of) Proposition 9.
This would still require some technicalities, and we preferred to use the preceding approach
which consists in adapting the proof of Proposition 9 to a slightly different context.

7. Remarks and complements.

7.1. The transition kernel of (£*,¢*). Our proof of Theorem 1 yields a complicated ex-
pression for the transition kernel of the Markov process (£%,¢*) (or of the process (L, L*)
of Theorem 2). First observe that we can use Theorem 5 to verify that ))(w) also has a con-
tinuously differentiable density on (0,00), Nj a.e. By a scaling argument, the same holds
Ng* a.e. for every 2 > 0. In other words we can make sense of (£%, £*) for every z > 0, N5
a.e. For t > 0 and y € R, recall the notation UP"*¥/2 for the bridge of duration ¢ from 0 to
y/2 associated with the centered stable Lévy process with Laplace exponent %@D, and write
(N )ken for the sequence of jumps of Ubrty/2 ranked in nonincreasing order.

Let x > 0. Then, under Ny, the law of (¢%, /%) knowing that (¢°,¢°) = (¢, y) is the distri-

bution of
( S ),y éz(wk))

keK keK

where, conditionally on U br,t,y/ 2 the random snake trajectories wy, are independent, and, for
every k, wy, is distributed according to Niy™. This expression readily follows from Proposi-
tion 9.

We note that there are finitely many nonzero terms in the sums of the last display. To see
this, observe that, for every z > 0,

w

Ny*(W* > 2) =Ny' (W* > 2/V2) < C =,
s
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where C' is a constant and the last bound follows from [23, Corollary 5]. Hence,

E{Z 1=} ’ Ubr’t’y/z] <Cz® Z(nk)g <00, as.
keK keK

It would be desirable to obtain a simpler description of the transition kernel of (¢*, éx) !

7.2. Towards a stochastic equation. The paper [14] gives formulas for the local time of
a super-Brownian motion (X;);>o started at o and its derivative, in terms of the martingale
measure M/ associated with (X;);>o (see [28, Section IL5] for the definition and properties
of M. With our notation, formula (2.11) of [14] states that, for every fixed 0 < x < y,

LV —[* = /OOO /(sgn(:z: —z) —sgn(y — z)) M(dzds),

where sgn(z) = Lizs0p — Lz<0}-
Assuming that (L"),>( is a semimartingale, one can infer from this representation that
the quadratic variation of its martingale part should be 16 fox L#dz. This suggests that

(L*, L") «>0 should satisfy a stochastic differential equation of the form
dL® =4V L* dB, + h(L®, L®) dz

where (3, )z>0 denotes a linear Brownian motion, and / is a measurable function on Ry x R.
This is indeed the case as the forthcoming work [22] will show.

The equation in the last display is very close to the one that is conjectured to hold for the
density of ISE in [9]. Note however that the (conjectured) drift term in [9, Conjecture 7] is
more complicated because of the conditioning involved in the definition of ISE.

As a final remark, the stochastic equation in the last display is of course reminiscent of
the equation d X, = 2v/X, df3, which (by the Ray-Knight theorems) holds if X is the local
time at level > 0 of a positive Brownian excursion distributed according to the Itd measure.

7.3. Brownian geometry. The Brownian sphere, or Brownian map, is a random measure
metric space (m, D, vol) that arises as the scaling limit in the Gromov-Hausdorff sense of
many different classes of random planar maps (see in particular [19, 27]). The Brownian
sphere is constructed as the quotient space m = 7/ ~ of the Brownian tree 7 for an equiv-
alence relation ~ defined in terms of the labels (V,).ec7, and the volume measure on m is
just the pushforward of the volume measure Vol on 7 under the canonical projection. Under
No(- | o = 1), we speak of the standard Brownian sphere (with total volume equal to 1), but
it is also of interest to consider the “free” Brownian sphere defined under Nj. The equiva-
lence relation = is such that we have V,, = V,,; whenever a and o’ are two points of 7 such
that a ~ a’. Thanks of this property, one can make sense of the label Vi for any point x of
m="7/~.

The Brownian sphere comes with two distinguished points, namely xg, which is the equiv-
alence class of the root of 7, and x,, which is the equivalence class of the point of T
with minimal label (in a sense that can be made precise, these two points are uniformly
distributed over m). Moreover, we have D(x.,x) = Vix — Vx_ for every x € m: up to a
shift, labels correspond to distances from the distinguished point x.. The next proposition is
then a straighforward consequence of the preceding results. To simplify notation, we write
m. = —Vx, = D(X0,Xx).

PROPOSITION 11. For every v > 0, let V, be the volume of the closed ball of radius
r centered at X, in the Brownian sphere m. Then, Ny a.e. the function r — V, is twice
continuously differentiable on [0, 0), and we denote its first and second derivative by V. and
V/. Moreover, the random process (Vi +r, Vi 1y Vin. 40 )r>0 IS time-homogeneous Markov
under N.
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PROOF. By the definition of the volume measure on m, and the formula for distances
from x,

T—M %
Vr:Vol({aeT:Vagr—m*}):/ *dx.
—00
From the fact that = — £ is continuously differentiable, we thus get that the mapping r —
is twice continuously differentiable, and moreover V;, ., =¢"and V), . ={". Then we just
have to apply Theorem 1. O

Informally, V). represents the “area” of the sphere {x € m : D(x,,x) = r}. Furthermore,
Lemma 10 allows us to interpret V' as twice the (renormalized) sum of the boundary sizes
of connected components of the complement of the closed ball of radius r centered at x.:
in the canonical projection from 7 onto m, these connected components correspond to the
excursions above level 7 — m, (see the beginning of [21, Section 12]).
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