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Abstract

We consider an extension of the Poisson hail model where the service speed is either 0
or oo at each point of the Euclidean space. We use and develop tools pertaining to
sub-additive ergodic theory in order to establish shape theorems for the growth of the
ice-heap under light tail assumptions on the hailstone characteristics. The asymptotic
shape depends on the statistics of the hailstones, the intensity of the underlying Poisson
point process, and on the geometrical properties of the zero speed set.
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1. Introduction

In this paper we revisit the Poisson hail growth model introduced in [1]. This model features
independent and identically distributed (i.i.d.) pairs, each consisting of a compact random closed
set (RACS) and a positive number, arriving on R? according to a Poisson rain. Each pair is
referred to as a hailstone; the RACS is referred to as the footprint of the hailstone and the
positive number is its height. Each point of the Euclidean space is a server (in the queueing
theory sense). The case studied in [1] is that with one type of servers.

The pure growth model is that where the service speed of each point of R? is zero, and
where the hailstones accumulate over time to form a random (ice) heap. This model can be
seen as a simplified version of the so-called diffusion limited aggregation (DLA) model [8] with
half-space initial condition. The main difference between this model and DLA lies in the fact
that the hailstones fall in a privileged direction (e.g. according to gravity) in the former case
rather than in a diffusive way in the latter.

The height of a tagged hailstone in this heap is the sum of its own height plus the maximum
of the heights of all hailstones that arrived before and that have a footprint that intersects that
of the tagged one. It was shown in [1] that when the dth power of the random diameters and
the random heights have light-tailed distributions, i.e. have finite exponential moment, then the
growth of the random heap of the pure growth model is asymptotically linear with time. This
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result was recently extended to certain heavy-tailed distributions [6]. In [1], the case where
all servers have a constant positive service speed was also analyzed. The model with positive
service speed is motivated by wireless communications: transmitters arrive according to a
Poisson rain in the Euclidean plane. The footprint of an arrival is a spatial exclusion area which
should be free of other transmitters during some random transmission time (the height of the
arrival). The hard exclusion rule is simply obtained by a first-in—first-out (FIFO) serialization:
an arriving transmitter should first wait for its exclusion area to be free of all those arrived
before; it then transmits and finally leaves.

In this paper we consider a bivariate generalization of this model with two types of servers.
All points in some subset of RY, called the substrate, have zero service speed, whereas service
speed is infinite in the complement. For instance, when the substrate is limited to a single
point (a special case that we refer to as the stick model below), hailstones get aggregated to the
heap if their footprint intersects this point or the footprint of any earlier hailstone that is part
of the heap, which is some analogue of DLA with an initial condition given by a point. As
above, the main difference is that the diffusive and isotropic arrivals of DLA are replaced by
pure gravitation. In the wireless setting alluded to above, this model allows one to evaluate the
negative consequences of the FIFO rule. The substrate represents a customer with a very long
transmission time (zero speed) and the complement normal operation (simplified to infinite
speed). The bivariate model hence explains how congestion builds at the fluid scale in this
FIFO model.

In this paper we study the asymptotic shape of this RACS when time tends to oo in this
bivariate speed setting. Like the model of [1], this variant belongs to the class of infinite-
dimensional max-plus linear systems [3]. Among the few instances of such systems studied
in the past, the closest is the work on infinite tandem queueing networks [2]. The underlying
structure of the max-plus recursion in [2] is a two-dimensional lattice. In contrast, here, the
underlying structure of the recursion is random. Among common aspects, let us stress shape
theorems. The lattice shape theorems in [2] are related to those in first-passage percolation
[10], in the theory of lattice animals [5], [7]. Those of this paper pertain to first-passage
percolation in random media. This topic was recently studied for certain random graphs such
as the configuration model [4]. The shape theorems established in this paper are based on
random structures of the Euclidean space, which stem from point process theory (Poisson rain)
and stochastic geometry (RACS).

In Section 2 we provide the precise formulation of the model. In Section 3 we study the
stick model alluded to above. In this case, Theorem 3.1 establishes a linear asymptotic growth
for the maximum height of the heap in a convex set of directions. Also for the stick model,
Theorem 3.2 establishes a linear asymptotic growth for the footprint of the heap. Both proofs
rely on the version of the super additive ergodic theorem by Liggett [9]. Based on these results
we are able to prove in Theorem 3.3 the existence of an asymptotic phase transition for the heap
in the stick model.

The stick model is interesting not only because of its similarity with, e.g. the DLA, but also
because it is instrumental in extending some of the previous results to more general substrates, as
shown in the subsequent sections. The idea originates from [1] and, heuristically, it consists of
reversing time and gravitation about a given point. Analogues of Theorem 3.1 are extended by
this duality argument for compact substrates in Section 4, Theorem 4.1 and convex conical subst-
rates in Section 5, Theorem 5.1. Let us emphasize that conic substrates are the basic cases we
need to understand after performing the blow-up of a given profile which arises in the asymptotic
analysis. The extension of these results to nonconvex conical substrates remains open.
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FIGURE 1: Evolution of a heap.

2. The model

We consider a queue where the servers are the points of RY. We distinguish two types of
servers: K is the set of servers with a service speed equal to zero, and R? \ X is that of servers
with a service speed equal to oo. The customers are characterized by:

(i) arandom closed set (RACS) of R?, such that the dth power of the diameter has a light-
tailed distribution;

(i1) arandom service time that is also light-tailed.

These customers arrive to the queue (R?) according to a Poisson rain with intensity A.
Starting with an empty queue at time ¢ = 0, a customer is queued if it hits X or if it hits an
earlier customer which was already queued.
The ice-heap is a random set of R? x R, and the main questions of interest are about the
growth of its height in various directions, and about the growth of its spatial projection (defined
as its projection on R), again in various directions. See Figure 1.

2.1. Precise formulation

Consider a homogeneous Poisson point process ® in R x R with intensity A > 0 defined
on a probability space (€2, ¥, P). Then ® can be seen as a simple counting measure, namely,
as a sum of delta distributions at (different) points in RY x R. For every Borel set A C RY x R,
®(A) counts the number of points that belong to the set A. By being Poisson homogeneous
we mean the following:

(i) ®(A) has a Poisson distribution with parameter A|A|, where | - | denotes the Lebesgue
measure in RY x R;

(ii) given pairwise disjoint subsets Ay, ..., A, of RY x R, the random variables DAY, ...,
®(A,) are independent.

This point process is independently marked. Each point comes with a pair of marks. These
pairs are i.i.d. However, stochastic dependence within a pair is allowed. Let

{(Cr.t)s 0,0} x.0)ed
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denote the marks. These are i.i.d. random pairs. The mark of point (x, ¢) consists of a compact
RACS Cy, 1) centered at the origin (e.g. the center of mass of the RACS is 0) and of a random
variable o, ;) taking values in RT.
Let
§x,ry = diam(C(x,n)) :=sup{ly —z[: y, 2 € C(x,n}
be the diameter of set C(y ;). We assume that both random variables o, ;) and & (”_lx D (the dth
power of &, )) are light-tailed, in that

E(exp(c&l, ) <00, E(exp(coix,)) < 00 Q2.1

for some constant ¢ > 0 (note that the law of &, ;) is the same for all (x, 7) and that a similar
observation holds for o, ;); so that there are only two conditions here).
The homogeneity assumption is reflected by the following compatibility property. Given
the group of translations
Tixg,10)t (x, 1) = (x, 1) + (x0, o)
of R? x R, there exists S: RY x R x Q@ — £ measurable and satisfying the following
properties.

(i) Measure preserving. Forevery (xo, ty) € RYxR, Sxo.10) : §2 — $2is measure preserving.
(i1) Group property. We have S(y 1) © S(x1.11) = Stxo+x1,00+11) and Sqo,0) = Id.
(iii) Compatibility. We have ® o Sy, 1) (A) (@) = P (T(xy,19)A) (@), A C R? x R.

We can then extend the sequence of marks to arandom process (Cyx.;), 0(x.1)) defined on RY x R
and such that

(Cx,n»00x,n) = (C0,0, 00,0)) © S(x,ry forall (x, 7).

Because of the Poisson and independence assumptions, there is no loss of generality in
assuming that the flow S is ergodic. In particular, for every measurable G C 2 such that

P(S(T)}I)GAG) =0 foreveryt e R,

we have P(G) = 0 or 1. Here FAG = (F \ G) U (G \ F) is the symmetric difference of F
and G.

2.2. Height profile function

Let H(, ;) be the height of the heap at location x € R? at time # > 0. When the substrate
J is the whole Euclidean space, the construction of this function and the identification of the
conditions under which it is nondegenerate (e.g. not equal to +o00 almost surely (a.s.) for all x
and all r > 0) are one of the main achievements of [1]. This construction relies on a sequence
of steps, all relying on the monotonicity properties of the dynamics. These steps, which include
a discretization scheme, a percolation argument, and a branching upper bound, are combined
to show that, under the foregoing tail and independence assumptions, H, ;) is a.s. finite for
all x and r < oco.

The tail and independence assumptions are the same as in [1]. The finiteness of the height
profile function for a substrate X C R? then follows from the monotonicity properties of this
function with respect to (w.r.t.) the initial condition which is

0 ifx € X,

H, =
“O T oo ifx g X
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in place of H(y,0) =0 in [1]. The construction of [1] also shows that for all x, the function
t — H(x, ) is piecewise constant. Note that it here takes its values in Rt U {—oo}. It will be
assumed right-continuous. The left limit of H, .y at ¢ will be denoted by Hy ;—).

2.3. Stochastic differential equation

The dynamics can also be described by a stochastic differential equation which we briefly
outline in this subsection (in spite of the fact that it will not be used below) as it is of independent
interest.

Let N* denote the Poisson point process of R x R of RACS intersecting location x, i.e.

N*(B x [a, b]) = / Lixec, )+ @(dyds)
Bx[a,b]

forall a < b and B Borel sets of R?. Fort > u > 0, if Hx )y > 0, then

Hxry = Hixu) +/

R x[u,t

(a(z,v)+ sup H(y,v)—H(x,v_))NX(dzdv). 2.2)
] yeCzm)+2z

The rationale is that at the first point of N*, say (z, w) in [u, f] if any, H (x, u) is canceled by
H (x, w—) and the new value of H(x, -) is

Hx,w)=o0Gw + sup Hy .
vEC(z,w)+2

If H(x,u) = —0o0, this equation still holds when interpreting —oo as a —K with K large. For
instance, in this case, at the first arrival of N*,

Hin = Huu + 0w+ sup (Hy,uw) — Hi,w-))
yeCiuytz

=—-—K + Oiz,w) + sup H(y,w) + K
YEC(wytz

=0gw + sup  Hgyw).
YeCizw)+z

Ifforall y € Czw) + 2z, H(y,w) = —00, then Hy ) = —00 too. Otherwise, Hy ) > 0.

It follows from the construction summarized in the previous section that, under the foregoing
tail and independence assumptions, (2.2) has a piecewise constant solution. All the results of
this paper can hence be rephrased as properties of this stochastic differential equation.

2.4. Monotonicity

The proposed model is monotone in several arguments.

Monotonicity in X . For two systems with the same data (®, {C, o'}) but withinitial substrates
KD c K@, the associated heights HD and H® satisfy

g < g®

wn = Hi for every (x,1t) € R4 x [0, 00).

Similarly, there is monotonicity in ¢, in the o's and in the Cs.
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3. The stick model: K = {0}

In this section we consider the KX = {0} case and call it the stick model. Theorem 3.1 shows
that there exists a finite asymptotic limit for the maximal height of the associated heap H(y ;)
(referred to as the stick heap below) in any given convex set of directions. Theorem 3.2 shows
that there exists a finite asymptotic limit for how far the spatial projection of the heap grows,
measured with respect to a set-gauge to be defined.

3.1. Height growth

In this section we focus on the maximal height H
in a set of directions ®, which is defined as follows.

Definition 3.1. For ®C Si = {(x,h) e R x (0,1]: |(x, h)| = 1} nonempty,

§®) of the stick heap among all directions

H'® := sup{h € [0, 00): there exists x € R? such that (x, h) € |(x, h)|®, Hy.py > h}.

In particular, if © = {(0, 1)}, the north pole of ¢, then H'® = Hg ).

Since H(p ;) > 0, the set where the supremum is evaluated in the last definition is nonempty
as it always contains 2 = 0 (since 0® = {(0, 0)}). This also implies that Ht(®) > 0. See
Figure 2.

Definition 3.2. A set ©C Si is convex if for all 61,6, € ®, and s € [0, 1],
501 + (1 —5)6 € |s01 + (1 — 5)62|0.
Note that if ® is convex then for all @, b > 0 and 0y, 6, € ®, we have
aby + b6, € |ab) + b6|0.

Theorem 3.1. Forall ®C S_‘i convex and closed, there exists a nonnegative constant y ©) such

that H(@) ]EH((")) EH((“))
fim —— = fim —— = sup —— = @ < o0,
where the first limit holds both in the a.s. and the L sense.
®
H©

FIGURE 2: Definition of H,(G)) with X = {0}.
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Before proving this theorem, we give a few preliminary lemmas.

The following lemma is a direct consequence of the independence of the Poisson rain in
disjoint sets and of homogeneity. In this lemma, ® N B denotes the set of points of & that
belong to B.

Lemma 3.1. Let X : Q@ — R? be a random variable which is independent of
(PN B, (Cys),004,5)): (y,5) EBNP, B e BR? x (0, 00))}.

Then, for every ®C Sd, the stochastic process {Hg@)) o Sx,0),t > 0} has the same law as
{H§®), t > 0} and it is independent of the o -algebra generated by X and

{® N B, (Ciys)r 0(y5): (v,5) € BN®, B € BR! x (=00, 0])}.

Lemma 3.2. We have

d
£l
sup < 00. 3.
t>0 t

The proof of Lemma 3.2 is quite close to the proof of [1, Theorem 2]. In order to make this
paper self-contained, we provide a proof in the appendix.

Lemma 3.3. Forall0 < t; < t,andx, y € R%, the stick heap satisfies the following inequality:
Heety,n) = Heen) + Hiyn—1) © St

Proof. Fort > t1, let I-NI(Z, 1) be constructed as explained above with the initial condition

o Hy, ifz=ux,
Hen) = —oo1 ifz #x

Then, by monotonicity Hyty.) > Hxty.r) and it suffices to show that Hiyqy 1) = Hiery) +
Hy,i—n) © Se,n)- . 3

If H(x,t1) = —oo then H(z,t;) = —oo for all z, and it follows that H(z,t) = —oo for
all zand all t > #1. If H(x, 1) is nonnegative then the process H (z, t1) is nothing more than
the process H (z, t) shifted by H (x, #1) in space and by #; in time. So, in both cases, it satisfies
the relation H(x + v, 1) = H(x, 1)) + H(y,t — t1) o S(x, 1) indeed. O

Proof of Theorem 3.1. Let X; € R? be such that
c) c) c)
X, H?) e (X HOHO,  Hx,n = B

The existence of such an X, is obtained from the proof of [1, Corollary 1].

This proof shows that at time #, not only the height, but also the diameter of the heap is a.s.
finite. (Later on we will also prove an upper bound for this diameter in Lemma 3.4.) Therefore,
with probability 1, we can find at least one X; that satisfies the above properties. There could
be more than one and, in order for X, to be a random variable (i.e. a measurable function), we
may, for instance, take the smallest X; in the lexicographical order.

For 0 <t <1, let

Hy ), = H, o SXey )
In order to prove that the limit in the theorem exists and is a.s. constant, we use the super-additive
ergodic theorem of Liggett; see [9]. We have to verify that the following properties hold.
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(i) Super-additivity. For t, > t; > 0,

HO > HO + HO)

1n,n°

(ii) For 1y > 1 > 0, the joint distribution of {H”) 4k > 0} is the same as that of
{HL°) ok > 0},

(iii) For k > 0, {Hfli)?(n fpe > 0} is a stationary process.

(iv) The bound for the expectation is

EH®

sup
t>0

< Q.

To prove (i), let o > #; > 0 be fixed and let
V ={(x,h) € RY x (0,00): (x,h) € |(x,M|O, h < Hix 1) © Sx,,.11)}-
For (x, h) € V, by the convexity of ®, we have
(X + 3, H +h) € 1(Xy, +x,H +h)|O©. (3.2)

Moreover, o
iy +h = Hox,y) + Hoon-n) 0 S0y < Hox, 4, (3.3)

where we used Lemma 3.3 in the last inequality. By combining (3.2) and (3.3), it follows that
Hff) ) > HI(IG) ) 4 h, which implies the super-additive inequality after taking the supremum of £
over (x,h) € V.

To prove (ii) we go back to the definition of Hfg g fori=1,2,

{Ht(,?tz—i-k’ k > 0} = {Hl(<®) [e] S(Xr,-,fi)’ k > O}

By Lemma 3.1, it follows that both families of random variables have the same joint distribution
as {(H\”, k > 0}.

To prove (iii) itis enough to check that, for k > 0 fixed, the random variables {Hii)?(n ket >
0} are i.i.d. By definition,

(©) )
an,(n+l)k =H ™ o SXu,nk)-

Using Lemma 3.1 once again, it follows that HL(,?)(H )k is distributed as H,((@)). Then the
independence property follows again from Lemma 3.1.
Finally, (iv) results from the upper bound given by Lemma 3.2. (|

3.2. Spatial projection
Definition 3.3. For > 0, let F, be the spatial projection of the heap; namely, the RACS of R?

which is the union of all the RACS added to the heap up to time ¢:
Fr:={x eR?: Hy, > 0}.

If the sets C (x, t) are a.s. connected then so is F;. However, if the sets C (x, t) are a.s. convex
then F; has no reason to be convex.

In general, F; is not necessarily a RACS. However, under the light-tailedness assumptions
(2.1) we have the following lemma.
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Lemma 3.4. For all finite t, F; is a RACS and
E(diam(F;))
sup ——— < 00

p p (3.4
t>

Proof. The proof is an application of Lemma 3.2, which follows the ideas in the proof of
[1, Corollary 1].

Itholds that F; isa RACS as a consequence of the upper bound branching process constructed
for F; in the proof of Lemma 3.2. This branching process has a.s. finitely many offspring in
each generation. This implies that for all finite t > 0, only a finite number of RACS C(; y) may
contribute to F;.

We now prove (3.4). First note that the set F; does not depend on the heights. However, we
will make use of them in the following way. Assume that o(y ;) = &(x,;) = diam(Cy ;)). We
now show that under this assumption,

4 sup Hy, > diam(F;).
xeR4

For every x € RY such that H 1 = 0, there exists an integer n and some set of points
(x1,21)s -+, (xn, ty) € R x [0, 1) such that the following hold:

1) (xj,t;)) esuppPfori=1,...,n;
() 0<t; <tiyg <tfori=1,...,(n—1);
(iii) x € xy + Cx,.1,) and H(y ) = H(x 1) fors € [1,, 1);

(iv) fori = 1,...,(n — 1), there exists y; € Xj4+1 + C(x; .14 N Xi + Cix;1) such that
Hy, sy = Hey, 1) fors e [t;, t;41);

V) 0ex + C(lefl) and H(()’S) =0fors € [0, 1).

Therefore,
n—1 n
x| < Jx =2l + ) g — x|+ 1] <2 diam(Cyy ) = 2Hix,)-
i=1 i=1
Maximizing over {x € R?: H(y 1) > 0} and applying Lemma 3.2 concludes the proof. (|

Definition 3.4. Given a direction v € S~ and a closed set A € R? containing the origin, let
DY .= inf{r € [0, 00): (A +rv) N F; = @},
where the infimum of an empty set is co.

Here are a few examples. If A = {0} then D,(A’v) can be interpreted as the internal growth of
F; in the v direction at time t. It is also the contact distance with free space in the v-direction.
Other interesting cases arise when A = {x € RY: x-v > OlorA={x e RY: x = av, o > 0};
then D,(A’v) can be interpreted as the external growth of F; in the v direction. These cases are
covered in Theorem 3.2 and illustrated in Figure 3.

Definition 3.5. The pair (v, A), where v € S~ is a direction and A € R? a closed set, forms
a set-gauge if

(i) A contains the origin and foreverya € A, A +a C A,

(i) —v does not belong to the closed convex hull of A.
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(a) (b)

0

FiGurE 3: Different set-gauges measuring the spatial growth of F;. The direction of v is south. (a) is the
A={xeR?: x-v>0}case, (b)isthe A = {x e R?: x = av, @ > 0} case, (c) is the A = {0} case.

(©

The three above examples are set-gauges. Here are other examples.
If A is a closed convex cone of R , different from Rd, and —v ¢ A, then (v, A) forms a
set-gauge.
If (v, A) forms a set-gauge then (v, B), where B := |, (A + rv) also forms a set-gauge.
In this case
DB = sup{r € [0, 00): (A +rv) N F; # @)

Note that for all set-gauges (v, A), D,(A’”) is a.s. finite. This follows from the property that

F; is a.s. compact and the assumption that —v does not belong to the convex hull of A.
Our main result is the following theorem.

Theorem 3.2. Given a direction v € S9! and a closed set A C R4, such that (v, A) forms a
set-gauge, there exists a nonnegative constant ¢ = ¢V such that

’ DI(A,v) . IEDI(A’U) IEDt(A,v)
thm ; = lhm ——— =sup—— =: ¢ < 00,
—> 00 —> 00

t>0
where the first limit is both a.s. and in L.

Proof. Once again the proof relies on the distributional super-additive ergodic theorem. Let
X, € R? be a random variable such that

X, € (A+D™*Mv)NF.
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The existence of a finite X, satisfying this relation follows from the fact that F; is compact
and A is closed. It also uses the fact that —v does not belong to the convex hull of A. There is
no reason to have uniqueness. However, we can use the same construction as in the proof of
Theorem 3.1 to cope with multiple solutions.

For0 <1t <,let

(A,v) | (A,v)
Dl‘l th th -1 [e] SXI] -

By Lemma 3.1, properties analogous to properties (ii) and (iii) in the proof of Theorem 3.1 do
hold. We now prove the super-additivity and the boundedness of the expectations.
(}‘n )order to prove the super-additive inequality, it is enough to show that, for every r <
v
+ DA

1, t2 ’

A+rv)NF, #2. (3.5)
Ifr < Dt(lA ) this follows from the monotonicit of F; w.t. time and from the definition of
D,(]A ) Now let r= (A )+ 1 with r’ € [0, D,1 b ) From the definition of F;,
Fiy—ty 0 Sx,;,n + X1y € Fry.
From the definition of a set-gauge and the property X, € A + D(A oy,
A+ X, +r'vC A+ro.

From the definition of D", for ' < D%,

(A+7"v) N (Fy—y 0 Sx, 1) # 2,

which implies that (A + X;, +r'v) N (F,—, © Sx,1 1 + X1,) # @ and (3.5) follows from the
last two inclusions.

Now we prove the boundedness of expectations. Given that A and v form a gauge there
exists a hyperplane given by P = {x € R?: x - w = 0}, with w € §?~!, that separates —v and
A, le.

i) v-w >0,
(i) a - w > O forevery a € A.

Then, letting A" = {x € RY: x-w > 0}, and using the monotonicity inherited from the fact
that A € A’, we have
diam(F;)

piAY < p@w) -
v - wl

Finally, applying Lemma 3.4, we obtain

(A,v) . .
lim sup D, < lim sup,_, ., Ediam(F;)/t -
—00 t |U . LU|
So the proof is complete. |
We now focus on the gauges with A = {0}. Our aim is to prove that, under an extra
assumption on the RACS,
pAY
lim > 0.
1—00 t

This will in turn imply that for every x € RY, the time that it takes for F; to hit x is a.s. finite.
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Lemma 3.5. Assume that the intensity of @ is positive and that, with a positive probability, the
footprint has a nonempty interior that contains the origin. Then, for A = {0} and v € 41,

we have
(A,v)
lim 0.
t—00 t
Proof. By Theorem 3.2,
(A,v) (A,v)
D ED
lim — = sup it S EDAY,
t—00 t 1
t>0

From the lemma conditions, there is a positive r such that, with positive probability, C contains
the ball B, with radius r centered at the origin. By the thinning property of the Poisson point
process, we may consider only the Poisson rain (with a smaller, but positive intensity) with
RACS that include B,. Then, using the monotonicity mentioned earlier, we may take C = B,.
In the latter case, it is not difficult to see that

(Av) _ I
B( D" > 2 ) 2 B@(B,2 x (0.11) > 0) > 0.

Then ED;A’U) > 0 and the result follows. O

Definition 3.6. Given K C R let 7(K) denote the time it takes for F; to cover K, i.e.
T(K) :=inf{r € [0, 00]: K \ F; = &}.

Remark 3.1. It holds that 7 (K) is a stopping time in the sense that {t(K) < ¢} belongs to the
o-algebra generated by

{®N B, (Ciys), 0(y,5): (v,5) €N B, B € BRY x [0,1])}.
Moreover, {t(K) < t} is independent of the o-algebra of subsequent events generated by
{®N B, (Ciyy),0(y.5): (v,5) € PN B, B e BR! x [1,00))}.

Corollary 3.1. Assume that the intensity of ® is positive and that, with a positive probability,
the footprint has a nonempty interior that contains the origin. Then, for all bounded sets
K CRY, T(K) is a.s. finite.

Proof. Tt suffices to assume, by the same reasoning as in the previous proof, that the
footprint C is a ball of fixed radius r > 0, sufficiently small. Let {x1,...,x,} € K \ {0}
such that

n
K C U By 2 (x;).
i=1
Denote also v; = x,/|xl| fori =1,

Consider now C’ := B,/z and F /, D (A ¥ constructed from €’ and A = {0}. By Lemma
3.5, it follows that, forl =1, n,

1(A,v;)

= inf{t € [0, o0]: D; > |xi|} < o0 as.

By construction of C’, if x; € F/ then also B, 2(x;) € Fy, which concludes the proof. O
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3.3. Phase transition

From Theorem 3.1 there exists a growth rate yj, (¢) in the direction
. d d—1 T
Ow (@) :=sin(¢)eq+1 + cos(p)w € S, weST,pe |:O, Ei|

For fixed w € S~ yy, () admits the following phase transition.

Theorem 3.3. Assume that with a positive probability, the footprint has a nonempty interior
that contains the origin. Then, for w € S~ there exists an angle, ¢..(w) € (0, w/2) such that

Y0, (¢) 18 positive for any ¢ € (¢« (w), /2] and vy, ¢y = 0 for any ¢ € [0, ¢ (w)).
Proof. Let us first show that if y, (¢) > O then for all ¢ € (¢, rr/2) You @) = 0.
For any ¢ > 0, let x; be defined by ¢ = x; tan ¢ and let f = x; tan d) Then

Hi oty = Hoqw, + Hig p—py © Sxw,n)s

so that

H tan¢
(x,w t)

= 011' = > ().
Z VY ,(¢)t ;

Vo, (@ = lim

Now let
) b4
Py (w) = 1nf{¢ € |:0, E] Vo, (6) > 0}.

If = m/2then yy, ) > 0. Hence, ¢, (w) is well defined. It follows from the last monotonicity
property that it is the threshold above which yy,, ¢y > 0.

It remains to prove that this threshold is nondegenerate.

Let us first prove that it is positive. Let s,, denote the spatial growth rate in direction w and i
the vertical growth rate. Both s, and & are positive and finite. So if the angle ¢ is smaller than
arctan(h/sy) > 0, then yp,, ¢y = 0.

Let us now show that ¢, (w) < 7/2.

Foralln € N, letx,, = (nr/2)w (herer > 0 such that with positive probability, B, € C). Let
IT,, be the Poisson rain of RACSs that contain a ball of radius r centered at x,,. Letfg = Ty > 0
be the first time or arrival of a RACS of I[1p and, foreachn =0, 1, ...,letT,,41 = T, +t,+1 be
the first arrival time after 7;, of a RACS of I1,,41. The random variables ¢, are i.i.d. exponential
with mean, say, b > 0. Also, H(y, 7,) is not smaller than the sum of (n + 1) i.i.d. random
variables with distribution H(q,1,). Since EHo, 1) > 0, it follows that lim inf H, 7,)/T; > 0
a.s. Further, T; /x; — 2b/r < 00, s0 ¢ (w) < arctan(2b/r) < m /2. ]

4. The model with & compact

In this section we study the growth of the heap starting with a compact substrate X C R?,
in some convex set of directions ®.

4.1. Asymptote at 0 € K

In this section we fix 0 € K. Let X = gO} Whenever H( ) | 1s computed with respect to
KO (respectively K) we denote it by H(O 0 (respectively H ) An analogous notation is
used for all the other possible constructions. Given a constant M > 0, the measure preserving
transformation S, ) of € to itself is denoted by Sy.
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In the next lemma t := 7(.K) denotes the time it takes for Ft(o) to cover the whole set K.

Lemma 4.1. For all ©C Sf_ closed and for all M,t > 0, the following inequalities hold on
{t < M}:
HY > H oSy = H? o Sy

(x,M)
that H(x )M+t) > Hy,1) o Sy for all t > 0 by the monotonicity in the construction of H. The

leftmost inequality then follows.
The rightmost inequality is just a consequence of the monotonicity w.r.t. the initial substrates
KO c x. O

Pro%‘. Ont <M, K C F]E,?), sothat forevery x € R, H(O) > Hx,0) o Sy. This implies

Lemma 4.2. Under the assumptions of Corollary 3.1 and Theorem 3.1, if 0 € K, we have

H© EH® EH©-0
lim —— = lim —— =sup——— =y
—00 t —00 t >0 t

(©®)

< 00,

where the first limit is both in the a.s. and the L1 sense.

Note that the rightmost term is the one corresponding to K (9; this tells us that asymptotically,
the heaps starting at K or K () behave similarly in terms of directional shape.

Proof. By Lemma 4.1, Theorem 3.1, and the fact that S, is measure preserving, we have

_ H? oSy EH®”
tl_l)nolo fl{tsM} = fug 1z<pmy as.
>
Hence,
H® EH©-0 H® o g FH©-0
Pl lim Y— =sup—— | =P limt—oM:sut— >P(r < M).
p p
(>0t >0 t t—00 t >0 t

Since M > 0 is arbitrary and 7 is finite a.s., we obtain the a.s. convergence of Hf@/ t to the
announced limit.
Now we proceed to show the convergence in L. By Lemma 4.1,

) EH© H® o 5, EI©0
(5 SO, (s
t>0 t>0
Then ©.0 o o
HY EH” H” oS EH”
E'ﬂ_ up ——— 2E‘< . 2oM —sup —~ )l{rfM}‘-
t>0 t>0

By the independence property given in Remark 3.1, and using again that Sj, is measure

preserving,
-0 EE© 0 H® EH©0
IE‘ ULV P LSS | TR Y
t t>0 t>0 t

Choose M sufficiently large so that P(t < M) > 0. Then letting + — oo concludes the proof
thanks to the L' convergence of Theorem 3.1. (]
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4.2. Asymptote at 0 ¢ J

In this section we assume that 0 ¢ K # @. We use the following notation: K = {0} and
KX = X U {0}. Whenever Hl(@) is computed with respect to K@ (respectively KXV or X),
we denote it by Hf@)’o) (respectively ]I-]Ig(")’ D or H§®)). We use analogous notation for all other
possible constructions.

In the next lemma, 7 := 7 (K@) is the time it takes for F; to hit the origin.

Lemma 4.3. For all closed ®C Si and all M,t > 0, the following inequalities hold on
{t < M}:

0,1 0 0.0
H§+M) z Hz(+3v1 z Ht( o Su.

Proof. The proof is very similar to the proof of Lemma 4.1. On t < M, X O cF M
therefore, for every x € R4, Hoym vy > H((é))x) o Sys, which implies the second inequality. The
first inequality is a consequence of the monotonicity. (]

Using this lemma (instead of Lemma 4.1) and the same ideas as in the proof of Lemma 4.2,
leads to the following theorem.

Theorem 4.1. Under the assumptions of Corollary 3.1 and Theorem 3.1, in all cases (0 € KX
or0 ¢ X),
e e 0,0
H® EH;” EH"Y o

lim —— = lim =sup —— =
t—oo t t—00 t ,>g t v

< 00,

with the first limit holding both a.s. and in the L sense.

5. The model with J a convex cone and its generalizations

In this section the substrate is first a convex cone of R? with its vertex at the origin, and then
an object similar to such a cone but more general.

Definition 5.1. Given ¢ € R? a closed convex cone with vertex at the origin, we define
O(C)C $ to be the following subset of S (see Definition 3.1): ©(C) := S¢ N (€ x R).

For the proofs of this section, we use yet another property of the model, which is some form
of invariance by time reversal. Consider the reflection

R: (x,t) — (x,—1).

Because the Poisson rain is invariant in law by R, and because the marks are i.i.d., there exists
a measure preserving V : € — Q which is compatible with R, i.e.

(®oV)(A) = P(RA), CunoV =Cgrun» o,y 0V =0R@,0)-

In the following theorem, Hl(@)’o) and are the heights computed when starting with the
substrate K © := {0} or K™ := {0, x}, respectively, whereas Hy 1) is the height at x when
starting with the substrate J = C.

Hf@,l)

Theorem 5.1. Under the assumptions of Corollary 3.1, for all closed convex cones X < R?
and all x € RY,

max(0, Hy.p) . Emax(0, Hy.p) EH® )0
m —— = lim = sup

=7 <00,

t—00 t =00 t t>0

where the first limit is in L.
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Proof. We split the proof into three cases.
Case 1: x is the vertex of the cone. Without loss of generality, the vertex is assumed to be
at the origin. The key observation is the following duality between the dynamics starting with

X and X©:

O(X).0
Ho.n = Hﬁo,f) "o Vo S0,

see the supporting Figure 4. Once this is established, the L limit results from the fact that
S(,r o V is measure preserving and therefore both sides are equivalent in distribution.
We first prove that Hg ;) < HE((;) f;K)’O) o V o S(,r. Consider the set of points

(X0, 10); - - - » (s 1) € RY x [0, 1)

‘connecting’ 0 with its height at #. Specifically, these satisfy
1) (xj,t;)) esuppPfori =0,...,n,
() 0<t; <tizg <tfori=0,...,(n—1),

(iii) 0 € C(x,,1,) and H 5y = Ho,1,) Tor s € [t 1],

(iv) there exists y; € C(xyy.141) N Ciyyr) sSuch that Hy, 5y = Hy, 5, for s € [#;,#4,11) and
i=0,...,(n—1),

(v) there exists z € C(y,,19) N K and H; ¢y = 0 for s € [0, 1p).

Now let (%i, %) = T0,n) R(Xn—i, tn—i) = (Xn—i,t — tp—;) and J; = y,—;. Then, by the
compatibility properties, these quantities satisfy

(i) (X, 1) €suppPoVoSqy fori =0,...,n,
) 0<t; <tiygy <tfori=0,...,(n—1),

0

(i) z € C(;Cnafn) and H(z,s) oVoSo:n= H((zo,)t,l) oVoSo,; fors e [fn, t],

L~ 0 0
@) Yit1 € C()E,~+1,f,v+|)civf’s(0,t) ﬂC(gi’;l.) o V o 8, such that H((y,-),s) oVoSon= H;’_’)fi o
VoSoy fors €[fi, fr41)andi =0, ..., (n — 1),

(V) 0€Cgs, 7y and HY oV o S = 0 for s € [0, ).

Given that z € K and X is the convex cone C, then, for any & > 0,

Z,h
@h O(X).
[(z, h)l
Then
n n
O(KX),0 0
HEO,E) "% VoS0 > H((Z,),) oVoSon= Z%z,-,fi) oVoSon= fo(x,-m = Ho,1).-

i=0 i=0

The proof of the ine(c)lualit% in the other direction is similar to the previous one but starting with
the dynamics of I[-]IE()}‘)K) oV oS0

Case 2: x € K. The result in this case is obtained by comparison with the growth of the
vertex studied in case 1. From the monotonicity w.r.t. the initial substrates,

0
H(((),)z) °© S(x,00 < Hix,p).- (5.1
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FIGURE 4: Visualization of the duality argument in the proof of Theorem 5.1 in the x = 0 case.

On the other hand, using X ®) = {0, x}, we have the following identity:

Hun = H§®(K)'l) oV oSo.n- (5.2)

To prove the last relation, we again use a set of points (xo, fg), - .., (X5, t) € RY x [0, 1)
connecting x with its height. As before

(1) (xi,t;) esuppP fori =0,...,n
) 0<t; <tiygr <tfori=0,...,(n—1),
(iii) 0 € Cx,,1,) and H ) = H,1,) for s € [t, 1],

(iv) there exists y; € C(xyy.141) N Ciyyry) sSuch that Hy, 5y = Hy, 5, for s € [t;,#441) and
i=0,...,(n—1),

(v) there exists z € C(y,,19) N K and H(; 5y = 0 for s € [0, 1p).

When we now consider (X;, ;) = To,n o R(xp—i, th—i) = (Xp—i, t — th—;) and y; = y,—;, it
follows that there exists a path of RACS starting at x and finishing at (z, H(x 1)) € ©(XK). By
the very definition of HfG D 5y o S0, this then implies (5.2).

The desired limit then follows from (5.1) and (5.2), the result of case 1 and Lemma 4.2.
Note that the L limit is hence the same for all points x € X.

Case 3: x ¢ K. Letx ¢ K and let u be the Euclidean distance from x to X, so that
|x —y| = u for some y € K. On the segment [x, y], choose points xo = y, X1, ..., X, = X
equidistantly, where m is the smallest integer that exceeds 2u/r. Consider shifted versions of
X, say Ko = K, K1,..., Ky such that for any i > 1, K; D K;_1, and K; includes the
points xo, . .., x; and does not include the points x;+1, . .., X,. Then we show the convergence
of max(0, H, 1)) to Z in Ly using an induction argument: if the convergence holds for x;_1,
then it also holds for x;. Because of that, we may assume without loss of generality thatm = 1,
soy =xg,x = xj,and [x — y| <r/2.

Let X = X and let H(y 1) be the height associated with the cone XK. Let ¢ be a positive
number.

First, we show that H

(»y.1) _

lim IP’( >7Z+ 8) =0 5.3)
t—00 t

and that the random variables max(0, H (y, 7))/t are uniformly integrable. By monotonicity
(see Section2.4), we have H(y 1) < H(y 1 and, in view of the previous cases, max (0, H(y n/t—
Z in Ly and, therefore, in probability. Therefore, both (5.3) and uniform integrability of Hy 1)/t
follow.
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Secondly, we show that

lim IP’(M <7Z- e> —0. (5.4)
t—00 t

Indeed, let Iy , be a stream of RACSs that contain a ball of radius  that covers both x and y.
By our assumptions, this is a homogeneous Poisson process of positive intensity, say v. For
each ¢, let r — 7, be the last arrival of such a RACS before ¢. Clearly, the random variable 7,
has an exponential distribution with parameter v. Further, H(y ;) > H(x,;—y,) a.s., so for any
T >0,

Hiy Hero
IP’(—(ZN) <Z—8> <Py > T)+1P><# < Z—s) — e ast - oo,

Letting T — oo leads to (5.4).
Finally (5.3) and (5.4) imply the convergence in probability H ,/t — Z and, further,
uniform integrability implies the L1-convergence of max(0, Hx )) to Z. ]

Definition 5.2. We say that X < RY is similar to the closed convex cone KX © C RY if there
exist two vectors vy € R? such that X© 4+ v_ C KX C X© + V.

Remark 5.1. Note that if JC is a convex cone then it is trivially similar to itself. Also, if K is
similar to the convex cones KX 1(6) and JCéC) then KX 1(6) = JCéC) by the geometry of the convex
cones.

By monotonicity we obtain the following corollary from Theorem 5.1.

Corollary 5.1. Assume that the hypothesis of Corollary 3.1 holds. Given that X C R? is
similar to a closed convex cone K '© with vertex at the origin, for all x € X,

® (c)
max(Hg,),0) . Emax(Hy,p, 0) EHO X0
m —————— = lim = sup

t—00 t t—00 t

< 00,
t>0

where the first limit is in L.

Appendix

Proof of Lemma 3.2. The proof leverages the ideas developed in the proof of [1, Theorem 2].
We use the same discretization of time and space as in the proof of this theorem to show the
following.

(i) There exists a branching process constructed from an i.i.d. family of random variables
{(vi, s;)}; with light-tails. For a given i, v; denotes the number of offsprings of i and s;
denotes the (common) height of its offspring.

(i1) Forn € N, let h(n) denote the maximum height of this branching process at generation n,
namely the maximum, over all lineages, of the sum of the heights of all generations in
the lineage. Then, in order to prove (3.1), it suffices to prove that Eh(n) < Cn for every
n > 0 for some finite C.

For n € N, let d, denote the number of individuals of generation r in this branching process.
Fora > 0, let

D(a) := | J{d, > a"}, D(a) :=Q\ D(a).

n>1
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Leta,, = Cm,m € N. From Chernoff’s inequality, for some sufficiently large constant C > 0,
P(D(ap)) <27™.

From Chernoff’s inequality again, it follows that for all i € N, § > 0, and ¢, > 0 to be fixed,
we obtain,

P({@ > (em + i)} N D(am>) < (amE(*)e demyne=oni,
n

where s is a typical height. Therefore,

h(n) h(n)
E(T) = Z E(Tl{[)(am)\ﬁ(aml)}>’

m>1

=2 (Zr({™2 = w0} 0 Dian) ) + ED@n-an,

m>1 “i>0

a E(eSS)e—Scm n B
=< Z(ml_ﬁ +22"ep).

m>1

Now we fix § sufficiently small such that E(e?*) < oo. Recalling that a,, = Cm, in order to
conclude the proof, it suffices to construct c,, independent of n, such that

(Cme™®my" <27" Y "27"¢, < oo,

m>1

where C is a constant independent of n. The last bound is satisfied for ¢,, = Bm forany B > 0.
However, for B sufficiently large C e 9Bm < 4=m \which concludes the proof. O
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