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1 Introduction

xxx the model is “made up” to be mathematically interesting. Use “cities” as convenient language,
not literally.

The model At each time t = 1,2,3,. .. there are cities at positions x; in the unit square [0, 1]?,
with populations N;(t) > 1, the total population being > . N;(t) = t. The model has three
parameters

O<cg<oo, O<a<oo, >0

(though we focus on the case 0 < a < 1) which are used to define a function
Iy(n,r) = con®r=? (1)

interpreted as the “influence” of a city of population n at distance r from the city. For a position
y € [0,1]? define

I(y,t) = max Io(Ni(t) [y — zi]) = comax N*(t)[y — |7 (2)
and then define the sphere of influence of city i to be

S(i,t) = {y : Do(Ni(t), |y — wi]) = I(y, 1)} 3)

where the convention about boundaries between cities’ spheres is unimportant. At time 1 there
is a single city of population 1 at a uniform random point of [0, 1]2. The general evolution rule is:

At time ¢ + 1 an immigrant arrives at a uniform random position U in [0, 1]?, and either

(i) (with probability 1/(1 4 I(U,t))) founds a new city at position U with population 1;

or (ii) (with probability I(U,t)/(1 4+ I(U,t))) joins the city i for which U € S(i,t), thereby
increasing its population to N;(t + 1) = N;(t) + 1.

Remarks If city populations were equal then the partition into spheres of influence is just the
usual Voronoi tessellation [10]; so in general it is a form of weighted Voronoi tessellation.

Comments on model The two qualitative features of the model are

the growth rate of a city depends on its size and on the sizes and distances of other cities

some stochastic rule for founding of new cities.

One could imagine any different rules to formalize these features; while there is no necessary
connection between the two features, we are using a “slick” formulation in which both are xxx
via the same influence function.

Heuristic analysis Take 0 < a < 1. We study the order of magnitude of several quantities.
Suppose there are M (t) cities at time ¢, and suppose their populations are mostly the same order
of magnitude. Then typical city population N*(t) ~ t/M(t) and distance R*(t) from typical
point to nearest city is &~ M~ /2(t), so the typical value I*(t) of the influence function I(y,t) is
~ (ML@))O‘ MPB/2(t) = t*M~+P/2(t). The chance that a new arrival founds a new city is about

1/I*(t), so we get an equation

aM o 1 34— —B/2+
Ul gy ~ 7O M P2, (4)



This has solution
11—«

g—  — &
l1-—a+p3/2
obtained from solving § — 1 = —a + 0(a — [3/2). Note that the typical influence is therefore

I'(t) ~ (dM(t)/dt) " =t 1-0= 55— (5)

and the typical distance to nearest city is

Re(t) ~ M2 (t) m 707 0/2 = s1ze (6)

and the typical city population size is

N*(t) ~ % ~t17% 1-4

= st (7)
The heuristic argument above rests upon an intuitive picture of the qualitative behavior of the
process, that for large ¢t and a typical position y

(a) most different cities’ populations are the same order of magnitude

(b) y is in the sphere of influence of some nearby city

(c) a city newly founded at ¢ will grow, in time §¢, to some population which is (¢) times the
typical time-t city population.

Call this the balanced growth scenario. But one can imagine an alternative picture, the unbalanced
growth scenario, in which

(d) y is in the sphere of influence of some city A at distance r which is much larger than the
distance to nearby cities

(e) the nearby cities’ populations are a smaller order of magnitude than city A’s, and their spheres
of influence are surrounded by that of city A.

To investigate these scenarios we try a self-consistency check. Consider a city founded at time ¢,
and consider N (s) = population of this city at time s after founding, looked at over a relatively

short time period 0 < s < 1—(1)015, say. The radius r(s) of its sphere of influence satisfies

N(s)r P(s) = I*(t) ~ t+7°.
The rate of population growth is proportional to area of sphere of influence, so

dN(s) ~ 7“2(5) ~ t—201-0)/8 NQO‘/B(S); N(0) =1.

ds

We now have two cases.

Case 1. 3 < 2¢.

The solution of dy(s)/ds = y**/%(s) explodes in finite time s, but stays bounded for some small
time, and so N(s) stays bounded for some time s of order t2=0)/8  But the assumption 3 < 2«
implies 2(1—0)/0 = ﬁiﬁﬂ > 1 implying that N(1#5t) is bounded, in contradiction to behavior
(c) above.

Case 2. (3 > 2a.
Here the solution is

N(s)~ti(s+t7 9% ¢ =




Here —¢/¢ works out to be ﬁJrﬁ/? < 1 and so N (ﬁt) is order t¢®. Then (somewhat magi-
cally?) a calculation shows £ + ¢ = 1 — 6, consistent with behavior (¢) above.

So the conclusion of these heuristics is that we predict (recall 0 < a < 1)

the balanced growth scenario holds when § > 2«
the unbalanced growth scenario holds when § < 2a.

One can a posteriori see a conceptually simpler distinction between the two cases. Consider a
city founded at time ¢. If the area of its sphere of influence upon founding is > 1/¢ then it will
tend to grow faster (proportional to size) than average, while if this area is smaller than 1/t it will
tend to grow slower. But to calculate this area one needs some information about the behavior
of the process, so we do not see any simple a priori heuristic that these two cases are § < 2a and
8 > 2a.

In the unbalanced case we envisage that most of the population is in one city, or in a small
number of cities, and so the analogs of (5 - 7) are

N*(t) = o), R*(t) = o). I*(t) = f—o(1).

Note that these exponents are therefore discontinuous as («, 3) cross the boundary between the
balanced and unbalanced regions.

In the case a > 1 we expect unbalanced growth (the solution of dy(s)/ds = y**/%(s) explodes
in finite time s). The case « = 1 can be considered critical, in that growth rate is proportional
to population size. This case is loosely analogous to other models (see Gibrat’s law (section 1.2)
and the Chinese restaurant processs (section 1.2).

To summarize: heuristics suggest the parameter space should divide into three regions:

0<a<land 8 >2a balanced growth
a>1or <2 unbalanced growth
a=1and 3 > 2« critical growth

and this guides our theoretical development.

1.1 Methodology

Our methodology is to seek statistics S(¢) of the process for which we can control (upper or lower
bound) the incremental conditional expectation E(S(t 4+ 1) — S(t)|F(t)) and thereby upper or
lower bound the growth rate of S(¢) by martingale methods. Conceptually we imagine I(y,t)
as a time-varying “random environment” and study how the environment affects growth of city
population and distance to nearest city, and how these changes feed back into changing the
environment. The fact that I(y,t) is monotone in ¢ is technically helpful.

xxx in balanced case, end up with a bunch of inequalities between rigorously-defined upper and
lower exponents for growth rates. In other cases, scattered results.

xxx state results!

As described in section 6.4 there is a certain associated dynamical system whose study might
lead to stronger results. xxx future work!



1.1.1 Methodological difficulties

xxx geometry. Regardless of the parameter values, the first 1,000 (say) immigrants might go to
one city, or 1,000 different cities, or 50 cities in one corner of the square, .... xxx hard to track
evolution from atypical start.

Here are some specific intuitive ideas which we have not been able to implement.

Coupling When the time-t+ 1 immigrant arrives at a given position, there are two alternatives
(join existing city or found new city). One might hope that the two conditioned future processes
could be coupled in some manageable way (e.g. the second alternative differs from the first only
by transferring some inhabitants of other cities to the new city). But we do not have any rigorous
coupling construction of this type.

0—1laws We do not know any general result saying that the asymptotic behavior of the process
is unaffected by initial behavior; and indeed in certain settings we know 0 — 1 laws do not hold
(see remarks after Theorem 2).

Repulsion of cities Because the influence function is infinite at a city, the positions of cities
should intuitively be “less clustered” than random cities. But we don’t know any simple formal-
ization of this idea.

1.2 Related work

We do not know any closely related previous work, but here are some more distantly related
topics.

Random processes with reinforcement See [11] for an elegant survey of such processes,
generalizing classical urn models. Such models typically do not have spatial structure, or else
spatial structure is represented by edges of a graph.

The Chinese restaurant process In our terminology, this is the process where the arrival at
time t + 1 either

(i) (with probability 6/(t + 0)) founds a new city with population 1;

or (ii) (with probability N;(¢)/(t + 6)) joins city i.

See [12] for a treatment of this model and generalizations; these do not involve any spatial
structure. A key feature of this model is that there exists a limit for normalized ordered city sizes

_ d
T Ny (), Ny (8),..) 5 (X1, Xg,..), Xi>0, ) Xi=1 (8)

where the limit has Poisson-Dirichlet distribution. The o = 1 case of our model is somewhat
analogous, so it is natural to ask whether it has the same behavior (8).

xxx add discussion. In the balanced (8 > 2) case the growth seems to be slightly sublinear
(Theorem 23); could conjecture (8) holds for 8 < 2 but I haven’t thought about it yet ...



Note we could consider a variant of our model in which an immigrant at position y may join
any city i, with probabilities proportional to Io(N;(t), |y — x;|); we have not studied this variant,
which is more similar to the Chinese restaurant process.

Random Johnson-Mehl tessellations [9] . In this model (in our language) cities appear as a
space-time Poisson process (x;,t;), and we imagine a wave traveling at speed one in all directions
starting from z; at time ¢;; the cell of the tessellation of x; is the set of points which are reached
by the wave from z; before being reached by the wave from any z;, j # i. So (indentifying
cell areas A; with population) this gives a “static” model of positions and populations (x;, 4;) of
cities which involves spatial interaction.

Coagulation models There is a large literature in physical chemistry on coagulation, meaning
coalescence of clusters of mass. Though the underlying picture is of motion in space (with coa-
lescence when clusters meet), the usual models [1] ignore spatial position and study deterministic
equations for the density f;(¢) of mass-i clusters at time ¢; a parameter in the equations is a kernel
K(i,7) giving the propensity for mass-i and mass-j clusters to merge. Closest to our model is the
special case of the Becker-Déring equations [8] of polymers growing by collisions with monomers;
mass -i clusters can grow only by coalescing with mass-1 clusters.

A spatial network model The only model we have found fitting our introductory xxx is one
studied by simulation in [2]. This model has additional graph structure, but (interpreting their
“number of edges” as “population”) is essentially the following model. Take an integer parameter
m > 1 and a “distance scale” parameter r..

(i) A city arrives at a uniform random point y in a given region, and is given population m.
(ii) Simultaneously m existing cities have their population increased by 1, with city ¢ chosen with
probability proportional to N; exp(—|y — x;|/rc).

This model was intended as a spatial analog of the “proportional attachment” models popular in
the statistical physics of complex networks literature. Their conclusions focus on network traffic
properties, and so are not comparable to ours.

Real-world cities: size and spatial distribution Two classic notions from economic geog-
raphy are

Zipf’s law: that the distribution of city size N follows (for larger cities) approximately the power
law P(N > n) ~ cn~! of exponent 1;

Gibrat’s law: that the (percentage) growth rate of cities is independent of their size.

See [5] for discussion. Empirical studies [6] generally find Zipf’s law to be quite accurate and
Gibrat’s law to be more crudely realistic. The simplest stochastic model for Gibrat’s law is that
percentage growth in successive time units is i.i.d. (over cities and times). This model of course
leads to a log-normal distribution for city size; attempts to reconcile mathematically the two laws
have led to a body of literature [5] which the authors find rather confused.

A modern big picture of spatial aspects of economics is provided by the textbook [4]. We do not
know any treatment in economic geography of an explicitly stochastic model of cities sizes and



positions. Interesting empirical study in [7] concludes

City location is essentially a random process and interactions between cities do not
help determine the size of a city. Both of these findings contradict our theoretical
priors about the role of geography (physical and economic) in determining city out-
comes.

1.3 Notation

Here we fix notation for the rest of the paper. Index cities as i = 1, 2,... in their order of founding.
The state of the process at time ¢ can be described as (N;(t),x;;1 < i < M(t)) where M (t) is
the number of cities at ¢, and N;(¢t) and z; denote the population and position of city i. Write
the ordered city sizes as N(1)(t) > N)(t) > ... = Ny (t) > 1. Write (F(t)) for the natural
filtration. Recall from (2,3) the influence random field

1(9,) = comax N7 (B — ]
and the sphere of influence of city ¢
S(iyt) ={y: NP (D)y — zi| " = max N7 ({)ly — x| 77}

The definition of process dynamics says

P(N;(t+1) = N;i(t) + 1[F(t)) = /S('t) % W

Liyes(,b)
1+ 1I(y,t)

M(t)
Y ONi(t) = ¢
=1

P(M(t+1)=M(t)+1, NM(t+1)(t +1) = Lxpeer) € dy|F(t)) =

We also study
R(y,t) = distance from y to closest city at time ¢.

We write D(y,r) for the disc of center y and radius r.

Convention: Write k < oo and k= > 0 for constants depending only on the model parameters

(co,, B).



2 The unbalanced scenario

In the case a > 1 or § < 2« we heuristically expect most of the population to be attracted into
one or several large cities. There are many possible ways to xxx; here is our conjecture for xxx.
Note that the number M (t) of cities, and the population ¢ — N(;)(t) outside the largest city, are
increasing in ¢, so there exist a.s. limits

M(o0) := lim M(t) < o00; N(»gy(00) := lim (t — Nyy(t)) < oo.

t—o00 t—o0

Conjecture 1 (a) If « > 1 then M(o0) < 00 a.s.
(b) If B < 2a then N1)(t)/t — 1 a.s. ast — oo.
(c) If a > 1 and B < 2a then N(>9)(00) < o0 a.s.

What we can actually prove is somewhat weaker.
Theorem 2 (a) If a > 1 then P(N(>2)(o0) = 0) > 0.
(b) If B < 2a, then for all e > 0
P(Ny(t) > 7)) = 1 as t — oo.
(c) Suppose o < 1 and 3 < 2c. Then there exists k such that
P(N(>g)(t) < kt'™% Vt) > 0
and hence

P(Nuy(t)/t — 1) > 0.

Remarks. (i) Of course it is possible that the first ¢t + 1 arrivals form different cities, so
P(N(>9)(00) > t) > P(M(c0) > t+ 1) > 0 for each ¢ < co. Thus Theorem 2(a) shows there can
be no simple 0 — 1 law for tail events, and we see no simple way to improve the conclusion of (¢)
to “with probability one”.

(ii) It is easy to see that

1
M (00) < 0o a.s. if and only if Farea {y : Z (o) < oo} =1
Y,
t
So by considering the influence of the largest city, we see
if « > 1 and if lim, ]\?111(:) = oo a.s. for all € > 0 then M (00) < o0 a.s. 9)
In the case § < 2a, Theorem 2(b) shows lim, thllﬁf) = 00 in probability; can we improve this to

“a.s.”?

(iii) To study the conjectures in the case § < 2«, the conjectured instability of the associated
dynamic system (Conjecture 32) may be relevant.



Proof of Theorem 2(a) This is easy, by considering the event “at time ¢ the whole population
is in one city” and observing

(i) P(N1(t) =t) > 0 for each t > 1.

(ii) P(N1(t+1) =t + 1|F) > 1 — st~ on {Ny(t) =t}

for k = 2%/2 /¢cy. These imply

if « > 1 then P(Ny(t) =t Vt) >0

as required. =

2.1 Proof of Theorem 2(c)

We start with a simple fixed-time geometry lemma. Let Ny and x4 be the population and
position of city A.

Lemma 3 (a) If Ny > Np then {y : I(B,y) > I(A,y)} is contained in the disc with center rp
and radius r solving | |
1+ 2428l — (N, /Np)*/0. (10)

(b) If No/Np > k := (1 — ©'/2/4)=P/ then the area of the sphere of influence of B is at most
8(Np/N4)>*/8.

Proof. For any point y with |y — zg| = s,
I(B,y) _ (Ng\* (s+|va—=z5]\’
I(A,y) = \ Na s )
For the left side to be > 1, we require s to be smaller than the solution r of
L= Np\* (r+|za—2p| A
-\ Ny T

which reduces to (10). For (b), the choice of & is such that Na/Np > & implies (N4 /Ng)*/? -1 >
\/7/4 (N4/Np)*/P. Then the solution 7 of (10) satisfies

r<|zs—zp| \/4/m(Ng/Na)*P < \/8/m(Np /N )8

and the area in question is at most 7r2. m

A

The next lemma studies a process which will be used for comparison.

Lemma 4 Let a > 0, v > 1. Consider the continuous time particle process on sites {1,2,3,...},
starting at time ty with no particles, where particles arrive at site 1 at rate t—%, and where a
particle at site j jumps to site j + 1 at rate (j/t)7. Suppose j is sufficiently large that o + (v —
1)(j—1) > 1. Then

E( number of particles which ever reach site j ) — 0 as tg — oo.



Proof. First consider the continuous-time Markov chain on sites {1,2,3,...}, with transitions
Jj — j+ 1 at rate j7, and started at time 0 at site 1. Let T} be the first hitting time to site j.
Because T} is the sum of j — 1 independent Exponentials,

P(T; <u) =0 ') asu 0.

Now consider a particle in the particle process arriving at time t; > ¢y, and write h;(¢) for the
chance it ever reaches site j. Its motion is a deterministic time-change of the Markov chain, with
time 7 > t;1 for the particle process corresponding to time

1— 1—
/Tlt_7 g =t =T "
t1 Y- 1
for the Markov chain. So

1— .
hj(tl) =P (TJ < 21) =0 (tgl_v)(]_l)) as tl — OQ.
Now -
E( number of particles which ever reach site j ) = / t™%h;(t) dt
to

and the result follows. m

Returning to our “cities” process, set v = 2a/ > 1. Fix large ty and suppose the first ¢y arrivals
join the same city. Let C(t) be the population of this city. Fix large K and consider the event

By :={s—C(s) < Ks'™* 1 <5 <t}
Given K, by choosing t( sufficiently large we can assume

By C{C(s) >s/2,1 < s <t} (11)

xxx rest of argument only sketched. key points are that we are working on B, at each t, and that
constants x and jg do not depend on K.

On the event By, using (11),

min I(y,t) > 1% Vt. (12)
y

We now claim that the process of “populations of other cities” evolves as a discrete-time analog
of the particle process in Lemma 4. That is, at time ¢

(i) chance < Kkt~ to found a new city
(ii) for a city of population j, chance < k(j/t)? to increase to j + 1

the former by (12) and the latter by Lemma 3(b). So by the conclusion of Lemma 4 (xxx modified
to discrete time and the extra constants) we can choose jy and o such that the probability that
any other city ever reaches population jp is less than 1/100. The expected number of new cities
up to time ¢ is by (i) bounded by xt'~® and so (outside the event of probability < 1/100) the
expected total population of the other cities is bounded by kjot!~®. Now specify

K= 4/€j0
and we have shown
P(By) > 2% — %

This gives the result, recalling (12).



2.2 Proof of Theorem 2(b)

Note that Lemmas 5 - 7 are true for all parameter values.

Lemma 5

minI(y,t) T oo a.s. ast — oo.
y

Proof. Fix K and define r(K) by
co(3r(K)) P = K.

Fix a position y. We must have

sup  I(u,t) T oo as. ast — oo
u€D(y,r(K))
otherwise cities would be founded in the disc, making the sup be infinite. If the nearest city to y

. . . sup, r I(u,t) .
is at distance > 2r(K) then the ratio ;? <P, (K))I(u ) is bounded, and hence
weD(y,r(K)) L (1)

P(R(y,t) > 2r(K), uEDg{(K)) I(u,t) < K) — 0.

But by definition of r(K)
if R(y,t) < 2r(K) then inf,cp(yr(ry) L(u,t) > K
and so we have shown that for each y

P( inf  I(ut) < K)— 0.
ueD(y,r(K))

The result now follows by compactness (apply to a finite r(K')-dense set (y;) ). =

Lemma 6 For each K <
EZCL@ (t)<K) — 0.

Proof. Fix K and define
Zaz (K +1—N;(t))*.

We want to upper bound the increment Wyy1 — W;. There are three cases for the arrival at time
t+ 1.

(i) If the arrival joins a city with population > K then W1 — Wy < 0.

(ii) If the arrival joins a city ¢ with population 1 < N;(t) < K then Wi — Wi < —a;(t).

(iii) If the arrival founds a new city whose sphere of influence has area a* then Wy — Wy < Ka*.
Write I, = min, I(y,t). In case (iii) the sphere of influence is contained within a disc of radius r
satisfying cor—? = I, and so a* < 7(co/I,)*?. Thus

EWi1 —WilF) < =223 ailt)lwy <) + Km(co/1.)*"

i

< 1*11 r + Kn(co/1)%"

11



Fix tg and J, and for ¢ > ty consider

w(t) = EWil(wmin, 1(y,t0)>7)-

Then
w(t +1) —w(t) < -7 %2 + Kn(co/J)*”

which implies

limsup w(t) < %K%T(CO/J)Q/@
t

Observe
> Ml w<r) < Wil ming 1gto)>7) + Lming w.to) <)

i

So
limsup £ Z ai(t) (v ()<i) < %K%’(CO/J)Q/B + P(min I(y,ty) < J).
t - - Y
(2

By Lemma 5 we can let tg — co to make the final term — 0, and then letting J — oo we see the
right side equals 0. =

Lemma 7 E [logI(y,t) dy > (o —o(1))logt ast — oco.

Remarks. Thus is true for all parameter values. But in the balanced (8 > 2«a) case the
conjectured exponent ([I] satisfies ([I] > « and so the assertion of the lemma is not sharp.

Proof. Write
Vi :z/logl(y,t) dy.

Monotonicity of I implies log I(y,t 4+ 1) —logI(y,t) > 0. To get a quantitative lower bound on
this increment, observe that if the arrival at time ¢ 4 1 joins city ¢ then for y € S(i,t) we have

I@x+—>—f@,xNi$5 and so

log I(y,t + 1) —log I(y,t) = alog(l+ N; (t)).

So
E(Vip1 — Vi|F) > Zp(i, t)as(t)alog(1+ N; ' (1))

where p(i,t) is the conditional probability that the arrival at time ¢ + 1 joins city i. Now

p(ist) > 5557ai(t) L min, 1(y.6)>7)

and so
E(Viy1 — V| F) > Z a; (t)log(1+ N; (1) X L(ming, 1(y.0)>)-

Choose n(J) such that

we see

12



Using the inequality (from Cauchy-Schwarz)
doaivi= (O a)?/ O w)
this becomes

2
al(J —1
E(Vig1 — V3| F) > t((J—i—l)> (Z ai(t)l(Ni(t)>n(J))> X L(ming I(y,t)>J)-

Using Lemmas 5 and 6 we can put this into the format

E(Vig1 — Vil F) > ?(((}7;11)) (1—Au)

where
0 S AJ¢ S 1, h?’l EAJﬂf =0.

This implies
EViy1 — EVy > (a—o0(1))/t as t — o0

and the result follows =

The next lemma shows that, in the unbalanced case, we can relate the presence of large cities to
the value of [logI(y,t) dy.

Lemma 8 Let 0 < a < 00 and B < 2a. Set k= glog(eﬂ'cgﬂ). Consider an arbitrary configura-

tion at time t.
(a) [logI(y) dy < alogt + k.
(b) If [logI(y) dy > alogt+r — J then Ny > texp(—Za{ﬁJ).

Proof. By solving for r the equation coNf‘r*ﬁ = x we get
area {y : influence of city i at yis >z } < wr? = m(cox ' N®)2/8
and so
area {y: I(y) >z} < ch/’BZN?a/ﬁ x=%/8,
i

So, setting A = ch/ﬂ > Nfo‘/ﬁ,

/logl(y) dy = /Oooarea {y: logI(y) > u} du

< / min(1, Aexp(—2u/f3) du
0
= (1 +10gA)
= r+Zl0g(Y NP (13)

Now 2a/f > 1, so the maximum possible value of ", Nfa/ f under the constraint Y Ni=tis

attained by taking Ni =t. That is, ), Nfa/ﬂ < t2¢/8 and then (13) gives (a). Alternatively, fix

m < t and constrain each IN; to be at most m. Then the maximum possible value of Nfa/ A

13



is attained by taking Ny = Np = ... = m for t/m cities (xxx say more carefully) and so
> Nfa/ﬁ < L m22/B In other words,

m

2a—0

2a/B 5
ZNi <Ny

)

Using (13) and the hypothesis of (b),
alogt+rk—J < k-+ glogt—i— #logN(l)

which rearranges to the conclusion of (b). m

Proof of Theorem 2(b) Again write V; := [logI(y,t) dy. By Lemmas 8(a) and 7
Vi<alogt+r; EVp > (a—o(1))logt
which imply that for fixed € > 0
P(V; < (ax—¢)logt) — 0.
Lemma 8(b) now implies that for each ¢ > 0
P(Nay(t) > t7°) =0

as required. =

14



3 The balanced scenario: a < 1 and [ > 2«

Recall notation:
N;(t) = size of city i at time ¢
R(y,t) = distance from y to nearest city at time ¢.

We seek to formalize the heuristics in section 1 by studying the following rigorously defined upper
and lower exponents for the growth rates of three quantities. In each case we have (, < (*.

¢*[I] is the infimum of ¢ such that

Farea {y : I(y,t) > t°} — 0.
C+[1] is the supremum of ¢ such that

FEarea {y : I(y,t) <t} — 0.
C*[R] is the infimum of £ such that

Earea {y : R(y,t) > t°} — 0.
C«[R] is the supremum of £ such that

Earea {y : R(y,t) <t°} — 0.

C*[N] is the infimum of 1 such that

EY ai(t)l(nmzm) — 0.

i

C«[IN] is the supremum of 1) such that

EY ai(t)ly,m<w) — 0.

i

In the final two definitions, a;(t) = area S(i,t), and the quantity under consideration is a tech-
nically convenient proxy for the more intuitive quantity ¢~ >, Ni(t)1(n,(1)>ew) Tepresenting pro-
portion of population in large cities (see Lemma 12).

The heuristic arguments suggest the conjectures

G = ¢ = GINT = CINT = 503055 > 0; GIRI = ¢*[R] = 55545 <0.

We summarize our analysis as follows.

Prop.9  (*[I] < al*[N] — B¢[R] definition of I(y,t)

Prop.11 (*[N] < i 52%*0[11} I large implies cities can’t grow fast
Prop.15 (*[I] > 1+ 2¢*[R] I small implies nearby cities founded often
Prop.15 (. [I] > 14 2([R] I small implies nearby cities founded often
Prop18 (. [I] <1+ 2([R] I large implies nearby cities founded seldom

Note these are all “sharp” in the sense of being equalities for the conjectured values.

15



xxx obviously this isn’t enough to prove the conjectures, but organizes what we know. Maybe
helps us to formulate what we need to prove!

xxx the inequalities above imply
CelI] = 1+ 2([R]

and then (using the first two inequalities) we get
(8% = 208 +4a) G [1] +2(8 — 20)C[1] < 52

Then using (. [I] < *[I] we get
g
C*[I] < 2—2a+0

where the right side is the conjectured value.

16



3.1 From the definition of (y,1)

Proposition 9 (*[I] < a(*[N] — B[R]

Proof. Write o(y) for the city in whose sphere of influence y resides. Then

«

I(y) = CONg(y)w - %(y)’_ﬁ < CONa(y)"”_ﬁ(y)'
So if ¢ and £ are such that
Farea {y : Ny(y(t) < t¥ and R(y,t) > t°} — 1 (14)

then
FEarea {y : I(y,t) < cot®¥ =7} — 1

and so (*[I] < ar) — B¢. Now because

Farea {y : Ny(y(t) > td’} = EZai(t)l(Ni(t)th),

(14) holds when & < (,[R] and ¢ > (*[N], establishing the result. m
xxx next lemma is similar; not yet used. Its point is that the conjectured exponents satisfy
_ 1 B—2
1= 3¢l + == (R

and so it says that, if I* is larger than the conjectured value, this cannot be caused by cities
farther away than the conjectured value r*(t).

Lemma 10 Let 8 > 2«. For an arbitrary configuration at time t,

Kt

B—2a

area {y : I(y,t) > b and y € S(i,t) for some i with |y — x;| > r} < y
bt/er—a

1/a

where k = mc,

Proof. Fix b and r. Let city ¢ have population n;. Then
avea {y: |y — ail = r, To(mi, |y — wil) > b} < m(s? — 1)
where s; is the solution of conf‘s;ﬁ =b, so 522 = (conio‘b_l)Q/ﬁ. Define ngy by
2 = (congb=1)/5.
Then the area under consideration in the lemma (A, say) satisfies

A < WZ(S?—’FQ)JF
< 7 Z s?

:n;>no

S A D S

M >no

17



Note the general inequality

Zn7< 17,0<'y<1 n; > 0.
min; n;

Applying this with v = 2a//3 gives

t
A é ch/ﬂb_Q/ﬁ X m
L)
Solving the equation for ng leads to
_ B—2a B—2a
ng 7= (bfeo)

and the result follows. m

18



3.2 [ large implies cities can’t grow fast

xxx idea: if the typical value I*(t) is large then the sphere of influence of a city is small and so
cities can’t grow fast. So an lower bound on I*(t) gives an upper bound on city size.

Proposition 11 Let f > 2a. Let o < ¢ < 3/2 and suppose

Earea {y: I(y,t) <t} — 0 as t — oo. (16)
Then
for all ¥ satisfying B2
1>z/z>ﬁ_2a. (18)
That s, 0
x B =26
CIN s 5

Proof. The general inequality (15) implies that for each ¢

t
>N Oz < sy

Applying this with v = 2a//3 gives

% _ 2«
p(1-2a/8)-1 EZNi /B(t)l(Ni(t)th) <1

Let r;(t) be the solution of

coNg () /1] (t) = 2.
Then
r2(t) = ¢ P NP (1) 172000

)

The lower bound on v implies —2¢/8 < ¥ (1 — 2a/3) — 1 and so

EY ri(O),mzem) — 0. (19)

Now let a;(t) be the area of the sphere of influence of city i and let a(t) = area {y : I(y,t) < t*}.
Then

> ail®l vy < alt) + ) 70wz

i
the two terms corresponding the the regions y where I(y,t) < ¢t and where I(y,t) > t®. So using
(19) and (16)

E) ait)liy,@smw) = 0.
|

The next lemma records a relation between ¢*[N] and the more intuitive quantity ¢t~ >, N;(t) Lo, (t)>tv)-

19



Lemma 12 For all ¢ > (*[N],

_1EZN (v, @)>evy = 0

Proof. Take 1) > (*[N], so by definition

EZal ®>tvy — 0.

Let g(t 4+ 1) be the probability that the arrival at time ¢ + 1 joins a city with population > .
Then
g(t+1) < EY ai(t) sy — 0
1
the inequality arising from the possibility of founding a new city. Now consider at time ¢ a city
with population N;(t) > 2t¥. Then at least half the population arrived at times s + 1 < t for
which N;(s + 1) > ¥ > s¥, and so

t
EZ%Ni(t)l t)>2t%) Zq
A s=1

This establishes the Proposition, since we may replace v by a slightly smaller ¢)/. m
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3.3 [ small implies nearby cities founded often

xxx these arguments use D(y,r) = disc of radius r around center y and implicitly assume disc is
inside the unit square, so they’re not precisely correct as stated in this version, but “essentially
correct” because we only care about typical positions y and small r.

xxx study trade-off between influence at a point y and the distance to nearest city. Proposition
15 shows we cannot have both the influence being small and the distance being large.

We start with an easy geometry lemma.

Lemma 13 Suppose the nearest city to position y is at distance r*. Then for all x € D(y,r*)

(Hw)‘ﬁgﬁgg@_w)—ﬁ_

Proof. I(z) = I(x, B) for some city B at some position z with |z —y| > 7*. Since I(y) > I(y, B),

I(z) _ I(z,B) P
I(y) = (s, B) S[zp-fmwv—y]

and the infimum is attained at the point on the boundary closest to x, where the ratio equals
(r* — |x —y|)/r*. For the lower bound, I(y) = I(y, B) for some city B at some position z with
|z —y| > 7", so

)y Mo D) _ (fesl) ™ 2 (tpilyet)™

and the fraction is maximized when |z —y| =7r*. =

The next result is an immediate consequence, using the rule for founding new cities.

Corollary 14 Consider an arbitrary configuration at time t and a position y. Let r* be the
distance from y to the nearest city. Define f(r), 0 <r <r* by

f(r)dr = P(arrival at time t + 1 founds city at distance € (r,r + dr) from y).
Then

21— 5P < f(r) < B+ 2P,

Proposition 15 Fix a position y. Let R(y,t) be the distance from y to the nearest city. Then

P(I(y.t) < b, Ry.1) > =) < L+ 1)

> s 121, 0<h, (20)

where k = 2972 /w. So
CUl = 1+2¢C°[R]; Gl =1+ 2¢[R].

Proof. Consider T := min{t : I(y,t) > b or R(y,t) < z}. On the event {T" > t} the lower bound
in Corollary 14 implies

2w z/2 2w
z - __r B e 1\8
‘P(r(t+ 1) < 2|‘7:(t)) > 1+ I(y,t) A 7/‘(1 R(y,t)) dr > 7/‘(2) dr
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But
P(T'=t+1|F(t) > P(r(t+1) < 5|F(t)) on {T >t}

and so the distribution of T' — 1 is stochastically bounded by the Geometric distribution with
mean (b + 1)/22. The event in (20) is {T' > t + 1}, so inequality (20) follows from Markov’s
inequality.

Now consider & < (.[R], so
Earea {y: R(y,t) < t°} — 0.

Applying (20) with 2 = t* shows
Earea {y : I(y,t) < b(t)} — 0 whenever b(t)/t'7% — 0
implying (.[I] > 1 + 2§ and thus (. [I] > 1 + 2(,[R]. Conversely, consider ¢ > (*[I], so
Earea {y: I(y,t) > t*} — 0.
Applying (20) with b = t® shows
Earea {y : R(y,t) > z(t)} — 0 whenever t*/(tz%(t)) — 0

implying ¢ > 14 2¢*[R] and thus (*[I] > 1+ 2(*[R]. =
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3.4 [ large implies nearby cities founded seldom

xxx continues ideas of previous section.
Lemma 16 Let 0 < v < u < 1. Then there exists a constant J = J(v,u) such that for each T
there exist integers 1 = s1 < s9 < ... <sjy1 =T+ 1 such that
S;M(SjJrl — Sj) S Tl_y, 1 S] S J.
Proof. (xxx sketch). Define s; inductively by s; (8j41 — ;) =T 7¥. Then sj41 ~ 8“T1 Y and

inductively
sp~T%;  ajp = paj+ (1—v)

so that a; — }_;Z > 1 and we just choose J such that aj;1 >1. =

The next lemma relates exponents for the quantities to exponents for sums of inverses. It uses
only the momotonicity property of I(y,-).

Lemma 17 For all ¢ < ([I]

Earea {y : ZI (y,s) > t17%} = 0.

Proof. Take 0 < ¢ < (,[I], so by definition
Earea {y: I"(y,t) >t~ %} — 0.
Given € > 0 we can choose K. < oo such that
Earea {y: I (y,t) > K.t7%} < ps, V. (21)

Take 0 < v < ¢. Take J = J(v,¢) as in Lemma 16 and for given ¢ take (1 = s1,89,...,8741 =
t+ 1) as in that lemma. If
I"Yy,sj) < Kes;”, 1< < J

then by monotonicity

t J
M1 Z 25, (sj1 — 85) < JRAT.
s=1 j=1

So using (21)

FEarea {y : ZI s) > JK t'7") < Je
s=1

and the result follows. m

Proposition 18 (.[I] > 1+ 2{[R].
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Proof. (xxx sketchy). Fix a position y. We want to compare the joint process (I(y,t), R(y,t))
with a joint process (I(y,t),7(y,t)) where 7(y,t) is defined as follows. Create “virtual points”
according to the rule:

given the configuration at time ¢, place a virtual point at time ¢ + 1 uniformly in the disc with
center y and area I(y)/2°.

Let 7(y, t) be the distance from y to the closest virtual point. Using the upper bound in Corollary
14, (xxx details omitted) we can couple R(y,t) and 7(y,t) such that

Py, t) < R(y,t).
Then

P(R(y,t) <rl|l(y,s), s<t) < P(i(y,t) <rll(y,s), s <t)

So if 2¢ + ¢ < 0 then

Now using Lemma 17,
FEarea {y : R(y,t) <t°} =0

provided 2¢ + (1 — (.[I]) < 0 and the result follows. m
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4 xxx nontrivial geometry

Proposition 19 gives (in the case 8 > 2a) a lower bound on the influence function over discs of
the size that contains ©(1) cities. Here’s the essential idea. Suppose there are at least 1 and at
most K cities in a disc at time . If the influence function is small, then at least one city must
grow, over the time interval [t,¢ + %], and this growth in population implies a lower bound on
the influence function at time ¢ + 1%.

Proposition 19 Let 0 < a < oo and 8 > 2a. Let D(y,2r) be in the unit square. Consider an
arbitrary feasible configuration at time tg. Fix ty > tg and fix b, K. Suppose

sup{I(z,to) : z€ D(y,r/2)} >b. (22)
Write Q(y,t,2r) for the number of cities in D(y,2r) at time t. Then,

i <Q(y’t’2r) <q _inf I(zt) < 3‘%) < RO /e, L2 (23)
z€D(y,r) (tl _ tO)

where k depends only on the model parameters and A(q) depends only on q.

Note in particular that hypothesis (22) holds for all b if there is some city in D(y,r/2).
xxx in proof below we have written K (t) = Q(y,t,2r).

We start with a “pure geometry” lemma, not involving our process. Write D) for the disc of
radius r centered at the origin.

Lemma 20 Fix K > 1. Let Dq,...,Dg be discs of arbitrary radii, each centered at some point
in D@, Let § = UfilDi and let A; C D; be such that (A; N DB 1 << K) is a partition of
SN DW. Suppose

(i) S intersects D1/?);

(ii) S does not cover D).

Then

area (A; N D)
>
1Stk area (D) = 9(K) (24)

where §(K) > 0 depends only on K.

Note that we may take §(K) to be decreasing in K. Our argument gives §(K) ~ K3, which
presumably could be improved (xxx but improvement would not help of arguments, I guess).

Proof. We may suppose D; intersects D(/2). Consider the connected cluster, say D1, ..., Dy,
(1 < L < K) of overlapping discs containing disc D;. Consider first the case where this cluster
lies within D). We assert, in this case,

max o0 \2) (4i) >L ' >k (25)
1<i<L area (D)

establishing (24). If (25) fails then, for each 1 < j < L,
L L L
area (Dj) = Zarea (D;jNA4;) < Z area (A;) < L1 Zarea (D;)
i=1 i=1 i=1
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and summing over j gives a contradiction.

Now consider the alternate case. Here we can choose a sequence Di, Do, ..., Dy where each
successive pair D;, D; 1 overlap and where

L = min{i : D; is not contained in DM} satisfies 1 < L < K.

We assert that
area (SN DW) > W(%)Q. (26)

If L = 1 then D; intersects both D(/2) and the complement of DM so Dy N DM contains a
disc of diameter 1/2, implying (26). If L > 2 and one of Dy, .. DL 1 has radius > g, then
(26) is clearly true. If L > 2 and none of Dy,...,Dy_1 has radlus > 8K7 then Dj_; is contained
inside DG/ and so Dy, intersects both DG/4 and the complement of DM, and thus (repeating
the argument for D; above) area (D, N DM) > 7(1/8)2. This establishes (26). Now each D; has
radius at most 3, because it is centered in D and does not cover DM, So

area (A; N D) < S°K Larea (4; 0 DW)

max
1<i<K  area (D;) - Zfil area (D;)
area (S N DW)
- K 732
1
> W(BT()Q.
- IrK

The next lemma is a routine martingale-type bound.

Lemma 21 Let (Ny(t),1 <i< K,t=1,2,...) be {0,1,2,...}-valued and adapted to a filtration
(F(t)). Suppose that, for each t,

either N;(t + 1) = N;(t) Vi;

or Nj(t+1) = N;(t) + 1 and N;(t + 1) = N;(t) Vi # j, for some random j.

Define ¢;(t) = P(N;(t + 1) = N;(t) + 1|F(t)). Fiz a time interval [to,t1] and fir ¢ > 0 and
0 <~ < 1. Suppose that, for each tg <t < t1,

qi(t) > c(N;i(t))7, for some i with N;(t) > 1. (27)
Suppose max; N;(tg) > 1. Then for any integer z,

K2 1=
(1 —=9)e(t1 —to)

P(max N;(t1) < z) <

Proof. Define 7;(0) = min{t > to : N;j(t) > 1, ¢(t) > ¢(N;(t))"} and then inductively for
s=1,2,3,... define
7i(s) = min{t > 7(s — 1) : ¢;(t) > c(Ni(¢))" }.

Set Ni(s) = Ni(7i(s)) and Fi(s) = F(7i(s)). Then N;(0) > 1 and
P(Ni(s+1) > Ny(s) + 1|F(s)) > c(Ny(s))".
By comparison with the related pure birth process, T} := min{t : N;(t) > z} satisfies

— 1
neSaen

2=

(1=9)c
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Using Markov’s inequality, for any o

~ Zlffy
P(N; = P(T; <
(Fio) <2) = P(T > ) < 2
and so
Kz
P(N;(7i(0)) < z for some i) < s

Setting o = (t; — tp)/ K, the hypothesis (27) implies 7;(0) < t1 — to for some (random) i, so

Kzt

P(mZaXNi(tl) <z) < o =)

xxx some unimportant details slid over in proof above: 7;(s) may be oco; as defined o not integer.

Proof of Proposition 19 Index the cities in D(y,2r) at time ¢t by 1 < i < K(t), and write
D;(t) ={z: I;(z,t) > b}.

Suppose, at some time tg < ¢t < t1, the influence I(A4, z,t) at some z € D(y,r) from some city
A outside D(y,2r) is > b. Then min{I(A,z,t;) : y € D(y,r)} > 37°b and so the event in (23)
cannot happen. So we may ignore the possibility that the influence within D(y,r) from some city
outside D(y, 2r) exceeds b. That is, defining

S(t) = UL Dy(1),

we may assume that S(t) coincides with {z : I(z,t) > b} on D(y,r). Note that the quantity in
(23) can now be bounded as

P(K(t1) < K, S(t1) does not cover D(y,r)).

Write N;(t) for the population of city i. Let A;(t) be the “sphere of influence” of city ¢ at time ¢.
We now claim that we can apply Lemma 20 at each time ¢y < t < ¢;. Hypothesis (i) of Lemma
20 follows from hypothesis (22); and if hypothesis (ii) fails we are done. From the conclusion of
Lemma 20, at each time t5 <t < t; there is a random ¢ such that

area (A;(t)) > §(K)area (D;(t)).

(xxx notes: we have scaled Lemma 20 by r; and we may assume K;(t) < K or we are done).
From the explicit form of the influence function
Io(m,r) = cm®r—P

we calculate
area (D;(t)) = W(Cob_lNz'a(t))WB'

So (xxx ignoring possibility that a new arrival founds a new city) condition (27) holds with
¢ = 5(K)m(eb™ )28, =2a/8
and by assumption we are in the case 0 < v < 1. Now define w by

cow®(3r)# =b.
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At time ¢1, if some city in D(y, 2r) has size at least w, then its influence is at least b over all of
D(y,r). So by the conclusion of Lemma 21

P(K(t1) < K, S(t1) does not cover D(y,r)) < P(K(t;) < K, maxN;(t1) < w)
K2wl=
<
(1 =~)e(ts —to)

and this bound reduces to the form stated in (23). m
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5 The critical case

xxx haven’t tried to study the unbalanced case yet ......

Here we take o =1 and 3 > 2.

Heuristics Looking at the heuristic argument in section 1, equation (4) becomes
dM . ;—177—B/2+1
Gt
whose solution is
M(t) ~ log?Pt.
Continuing the heuristics as before gives

Wl

I*(t) ~ N*(t) ~ tlog' "5 t; R*(t) ~log~ /%t

So in particular we may conjecture the following “just sublinear” growth rate for the largest city.
. B . 1—2+0(1)
Conjecture 22 If a =1 and 3 > 2 then N(;)(t) = tlog 7 t a.s.

A natural first step would be to prove t_lN(l)(t) — 0 a.s.. In this draft we have managed only
to prove the “lim inf” version.

Theorem 23 If a =1 and § > 2 then liminf, t"'Nyy(t) = 0 a.s.

Remarks. Not only is the result unsatisfactory, but the proof “by contradiction” is complicated.
Hopefully one can use these ingredients to find a better proof of a better result! The proof uses
the “geometry” result, Proposition 19.

Proof of Theorem 23 To start the proof by contradiction, we take the negation of “lim inf; t_lN(l) (t) =
0 a.s.” to be (xxx not precise, but fix-able)

Ja’ such that Nijy(s) > a's Vs.
This implies there exists ¢; such that

min I(y, s) > ¢15 Vs. (28)
Y

We now embark upon a series of lemmas.

The first lemma uses a more delicate analysis of the interplay between R(y,t) and I(y,t) given in
Corollary 14. The main idea in its proof is to compare R(y,t) to the process on states {277/} which
transitions from 277 to 27771 at rate 27%. We will apply with r = O(log_l/2 t) and ¢ = O(1),
making the bound small.
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Lemma 24 Leta =1 and § > 2. Suppose (28) holds, where we may take c; < 1. Take constants
0<ecor<l1l< K <oo, apositiony and a time tyg, and an integer ¢ > 1. Let Q(y,t1,2r) be the
number of cities at time t1 > to within distance 2r from y. Then

to
P (bglto Zs_ll(l—i-f(y,s)gf(s) > ¢z and {R(y>t0) > 7"/2 or Q(yatla QT) > q}>
s=1

< 47r?(1 + logty) L Coxp <_2_3T2(02 logtg — % + log, r)) (20)
qcy kK
where k depends only on 8 and C' is the numerical constant defined at (36).
Proof. The expected density of cities at position x at time ¢ equals
t—1 1 =y b B »
E(l—l—;mw) < 1+;1+013 < 1+/0 T ds =1+ ¢ log(eit) < ¢ (1 +logt)

the final inequality because ¢; < 1. So
EQ(y,t,2r) < ¢ (1 +logt) x m(2r)?
and Markov’s inequality gives
P(Q(y,t,2r) > q) < ¢ (1 +log t)m(2r)? /q

which (for ¢t = ¢1) is the first term in (29). Thus it remains to show

to —3,.2 5
3 27°r*(cologty — 3 + logy 1)
P <10g1t0 > s M1y <ks) > 2 and Ry, to) > 7“/2> < Cexp (— e 2 2.
s=1
(30)
Write R(s) = R(y, s). Using the lower bound in Corollary 14, (xxx provided disc in square)
R?(s)
P(R 1) < iR(s)|F >l — 2 31
(Rls+1) < $REIF) > 7 (31)
for k=1 = f01/2 2mr(1 — 7)# dr. Define stopping times
H; =min{u: R(u) <2279}, j=1,2,3,...
where H; = 1 because R(1) < v/2. Define stopping times 7; = 0 and
u
7; = minf{u > 7j_1 : Z 8_11(1+I(y,s)§Ks) > wj —wj-1}
S:Tj_1+1
where 0 = w1 < wy < wsg < ... are constants to be defined later. Because m > %s on
{1+ I(y,s) < Ks}, this definition implies
Tj 1
Wi — wji_q
> I 32
Z 1+ I(y,s) — K (32)

s=7j_1+1
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We seek to upper bound P(H; > 7; + 1), inductively on j. Fix j and u and consider the event
{rj=u— 1,227 < R(u) < 2%_7}. On this event

P(Hj > 731+ 11 F(u) = P(R(Tj+1 +1) > 2577 |F ()
< > 1R(s), R(s) > 2777, Vu < s < 7j41|F(u))
TJ+1
_ 1
- F ( R(s+1) 2 §ROIFE) 1 f(u))
Tj+1 )
< B (H <1 ,s)> Hr(sy>23-) f(u)) by (31
P T]+1 - _1 21 27 . r
- s=u T+1(y,s)) (RG>227) (u)
Tj+1
—161-2
< (exp( 2 321+I >~7:(U)>

1-25 _
< exp (2 (wjg(l ])) by (32) .
K

1

Now consider the event {7; = u — 1, H; < u}. On this event, R(u) < 227 If R(u) <2277 then

Hji1 <u < 7j41, and so the previous bound implies

212 (w1 —
kK

P(Hjt1 > 7j41 + 1|F(u)) < exp (— wj)) on {r; =u—1,H; <u}.

This can be rewritten as

2172 (wjyq — wj)
’;K J ) on {H; <1 +1}.

P(Hj+1 > Tyl + 1|.7:(Tj + 1)) < exp <—

By induction (xxx details)

~ 217 (w1 — wy)
P(HJ>TJ+1)§ZeXp (— e ) (33)
To relate this to (30), note first that the definition of (7;) implies
TJ
D5 lata<rs SwrtJ
s=1
the final “4+1” term from overshoot at each stage. Suppose we choose (w;) and J such that
wy + J < calogtp. (34)
Then
to
{lotho 28_11(1“(%5)9@) > co} implies {77 < to}
s=1
and {R(to) > 2%_‘]} implies {H; > to + 1}. So
logto Zs (141(y,s)<Ks) > C2 and R(y,to) > 925~ ) < P(ry<tand Hy >t+1)
< P(Hj;>715+1). (35)

31



Given J, set w1 = 0 and
wjt1 —w; = (calogt — J)Qj_‘]7 1<j<J-1
so that w; = Z;-]:_]_l(w]'+1 — wj) < (c2logt — J) and hence (34) is satisfied. Note for future
reference that there exists a numerical constant C' such that
o .
min (1, Zexp(—aQ’)) < Cexp(—a), 0 <a < oo. (36)
i=0

Combining (35) and (33),

IN
M
L
@
4
ol
|
[\
2
o
<
—~
(&)
[\V]
o
0]
~
(=]
|
S
N———

to
_ 3_
P(I%%WZS 11(1+I(y,s)ng) > o and R(y,t) > 2277)
s=1

, kK
7j=1
J—2
= Z exp(—a2')
i=0
where we have substituted ¢ = J — 1 — j and set
B 4(cologty — J)2_2J'
N kK '
SO NOW
to 5
P(loﬁ0 Z 8_11(1+1(y,s)§1<s) > ¢ and R(y,to) > 22 7) < Cexp(—a).
s=1

Given r, let J be the smallest integer such that 95— <r/2; so 925=7 > 221 and so

272 5 9772 _J > logyr — %
giving finally
a -3,.2 7
oo to - 27°r*(czlogtg — 5 +logyr)
P(loglto ZS "4 1(ys)<Ks) > 2 and R(y,to) > r/2) < Cexp <_ . 2
s=1

which is (30). m
Lemma 25 Under the hypotheses of Lemma 24, for K < B < oo,

to
P <10g1t0 23_11(1“(@;75)9@) > co and I(y,t1) < Bt1)> — 0

s=1

uniformly over the range ty — 0o,t; — 00,1+ D71 < % < D for fixred 1 < D < 0.

Proof. This is basically just a matter of identifying the conclusions of Lemma 24 with the

hypotheses of Proposition 19. In fact Proposition 19 implies that for any b

P(Quitn2) <4 Tt) <3705 (w) < 20 02 (37)
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on the event { R(y,tg) < r/2}. We apply this inequality with b defined by 37%b = Bt;. Combining
with Lemma 24 (the logic here is abstracted in Lemma 26 below) we conclude that

to
P (10g1t0 D s Mapr(ye<is) > 2 and I(y, 1) < Btl))
s=1

2
< 4mr=(1 + logty) L Cexp (_

<3ﬁBt1)Tﬂ_2.

2_3r2(02 logtg — % + logy r)) N kA(q)
qci

kK (t1 —to)

Here we may choose 0 < r < 1 and integer ¢ > 1. To obtain asymptotics (xxx very messy to
say this precisely, so I haven’t tried!) first set r = wlogfl/ 2ty for large w, and the terms are
essentially

O(w?/q) + O(exp(—rw?)) + O (A(Q)t%to log~(#-2/2 to) .

By taking ¢ = ¢(to) T oo very slowly we make the first and third terms tend to 0; finally we can
take w arbitrarily large. m

The logic used to combine (37) with Lemma 24 can be abstracted as follows; the proof is straight-
forward.

Lemma 26 Let A;(ty), Aa(to) be arbitrary events in F(to) and let As(t1), Asa(t1) be arbitrary
events in F(t1), where t; > to. If
P(Al (to) and {Az(to) or Ag(tl)}) S ai

P(Ag(tl) and A4(t1)|.7'—(t0)) < as on Ag(to)
then P(Aj(to) and A4(t1)) < a1 + as.

To continue, we isolate the following lemma, perhaps suitable for a homework problem in a
graduate probability course.
Lemma 27 Let S,, = Z?:l X; where 0 < X; < 1. Suppose that for each € > 0

E(Xpy1 — E)+1(Sn>€n) — 0.

Then n=1S,, — 0 in probability.

Proof. Fix ¢ and consider T := max{m < n: S, <em} > 0. On the event {S,, > 2en} we have

n

2en —eT < S, — S = Z X;<(n—T)e+ Z (X; —e)".

i=T=1 i=T+1
This implies
n—1
en <1+ Z(Xi_;,_l — 5)+1(S¢>5i) on {Sn > 2877,}.
i=1
Taking expectations,
n—1
enP(Sp > 2en) <14 B(Xip1 — £) T 1(g,5e0) = o(n)
i=1

by hypothesis, so P(S,, > 2en) — 0 as required. m
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Lemma 28 Let o =1 and 8 > 2, and suppose (28) holds. Then

¢
Zs_lEarea {y:1(y,s) < Ks} =0 for each K < 0. (38)
s=1

lim
1 logt

Proof. Fix B = K and ¢s and a position y, and set

2i

X = Z ST (14 1(y,5)< )
s=2i—141

From the conclusion of Lemma 25 we may apply Lemma 27 (xxx details omitted; really need to
put in small gap and sum over [(1 + 7)2¢~% 2¢]) to show

logt Z 5 1+1 (y,5)<Ks) — 0 in probability.

Taking expectations and integrating over y gives (38) . =

Lemma 28 and the next lemma now complete the “proof by contradiction” of Theorem 23. Recall
we are seeking to prove (40) by assuming it false, which implies (28), so then Lemmas 28 and 29
imply (40) true. Note however that, because of this peculiar proof structure, we have not actually
proved (39) to be true!

Lemma 29 Let o =1 and 5 > 2. Suppose (28) and (38) hold. Then

hmlog Z (s 'Ngy(s)) =0 (39)

and in particular
limtinft_lN(l)(t) =0 a.s. (40)

Remark The lemma remains true if we omit the logarithmic averaging in both hypothesis (38)
and conclusion (39).

Proof. Set v =2 — ﬂ, so 1 < v < 2, and consider
)= N(1)
i
From the process dynamics,

E(S(t+1) = SOIF (1) < 1+ ai(t) (Ni(t) +1)7 = N (1))

where the 1 bounds the contribution from possible founding of a new city. Taking x such that
(n+1)" —n? < kn?~!for all n > 1,

E(S(t+1) = S@)|F®) <1+r>_ ai(t)N] (). (41)
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Fix K and write

Ag(t) = area{y:I(y,t) < Kt}
Agi(t) = area{y e S(it): I(y,t) < Kt}.
Now
area S(i,t) < 7% 4+ Ag () where 7 solves ¢oN;(t)r =" = Kt
and so

N\ 2B
ai(t)gn(%) + Aga(b).

Inserting into (41), we can bound by the case where the largest city i has Ag ;(t) = Ak (t), and
SO
B(S(t+1) = SOIF(1) <1+ kAN, (1) + m ()73 NP ()N 1),

i
We chose v to make % +79 —1 =1, so the final sum equals ¢; crudely bounding N((¢) by ¢ in
the other term leads to

BE(S(t+1) — SO)|F[1) <1+ st A (t) + wrlco/ )P 01,

Now take expectation, multiply by {7 and sum:

5N sTIEAR(s) + O(KP),

logt

t
. Z N(ES(s +1) — BS(s)) < O(ky) +
p s=1

Taking K arbitrarily large and using hypothesis (?7), the right side is o(1), so summing by parts
gives
t
o Y8 TIES(s) = o(1).
s=1
For fixed ¢ > 0,
E(S_IN(I)(S)) <e+ P(N(l)(s) > 55) <e+ (85)_7E5(5)
and so

%Z E(s™'Nay(s)) < e+o(1)

giving (39). Now note that for any real sequence (as) we have
t
.. A 1 -1
hIIltlIlf ar < hmtlnf Togt Z; s as
s=

So by Fatou’s lemma

Elimtinftle(l)(t) < limtinfE(tle(l)(t))

t

< limtinf @ Z SflE(Sle(l)(S))
s=1

= 0.
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6 Ideas not used

6.1 xxX

xxx idea: if I*(¢) too small then new cities appear locally and increase it

xxx seek to argue ([I] > a — (8 — 2a)([R]

Proposition 30 Fiz a position y and time tg, and consider an arbitrary configuration at time
to. Suppose at time tg the closest point to y is at distance r*. Suppose at time to + 1 a new city
A is founded at distance r < r* from y. Let t1 > 0. Then

P(I(y,to +t1) < b, no other city in D(y,r*) at time ty + t1) = o(1)

for
¢[(1 = 20/B)mti(r* — 1)/ (4r")]°
b= 42
(T*)B—Qa ( )
xxx vague about meaning of o(1).
Proof. Set
e =5

Write J(-) for influence function when we exclude the influence of city A. Note that for x €
D(y,(1—¢)r*) and z € D(y,r*) we have |z — x|/|z — y| > € and hence, if there are no other cities
inside D(y,r*).

max{J(z)/J(y) : x € D(y, (1 —e)r*)} < e

Thus we may assume (xxx explain)
J(z) <be P, xe Dy, (1—e)r).
Let N(t) be the population of city A at time tg + ¢t. Define ng by

cong /(er*)? = be=P.

As long as N(t) < ng, the sphere of influence of city A contains the disc, centered at city A, of
radius r(t) < er* given by
coN(t)/rP(t) = be™P

So, as long as N(t) < ny,
P(N(t+1) = N(t) + 1|N(t)) > 7r2(t) = me(co/b)YPN2/B(1).

Temporarily write the right side as ¢N7(t). Consider T' := min{¢ : N(t) = ng}. By comparison
with the related pure birth process,

1 -

1
27§ 1=

By calculating the variance of the related pure birth process and using Chebyshev’s inequality
(xxx details omitted)
o2nl™7
P(T> "2 — | =o0(1)
(I—=7)c
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xxx vague about sense of limit.
From the definitions of ng and ¢

g7 2 o) e B=2a
=7 ~ W= 2a/Bme /@) 0=

The choice (42) for b makes this equals 1, so

P(N(tl) < no) = P(T > tl) = 0(1).
But when N (t1) > ng the influence of city A at t is at least
confy /()" =

and so I(y,tg+t1) >b. m
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6.2 xxX

Heuristics. Let’s indicate one way to try to use Proposition 19. Choose r(t) such that at time
~ t a typical disc of radius ~ r(t) is likely to have at least 1 but at most O(1) vertices. Apply
Proposition 19: we get a lower bound

P(min{I(y,t) : y in typical radius-r disc} < b(t)) is small

where b(t) solves

bl/arg—Q

t

If this were a lower bound over the entire square then we would have an upper bound on the
rate of growth of M (t) = number of cities: dM (t)/dt < 1/b(t). Suppose we can show this. Then
suppose M (t) ~ t? for some 0. A disc of radius r(t) = t=9/2 has mean O(1) cities; suppose we
can show enough non-clustering that such discs are likely to have at least one city. Then, since
dM(t)/dt ~ =1, we get the inequality

~ 1, sob(t) ~ t(r(t))” P22,

f-1<—-a+(B—-2a)(1-0)/2

which becomes
_1-2a4p/2

“1l-a+p/2°

This is consistent with the previous heuristic which gave

o— 1—«
S l-a+p3/2
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6.3 xxX

Lemma 31 Let 1 =W; > Wy > ... > 0 be adapted to (F;), and suppose
EWi1 — Wy Fp) < -2
for fixred a > 0. Then
PWy>t% —0; alle>0.
Proof. Set Vi41 = "5 L 50 that 0 < Viyq < 1 and E(Viga|F) > a/t. Then
t t

W, = H Ws _ H(l - Vi) < exp(—ZVs) SeXp(—ZVs)
2

s=2 2

1 -1
5= E(Z Vip1) ~ alogt
1

var (
and Chebyshev’s inequality implies that for € > 0

t—1
P(ZVS“ < (a—c¢)logt) — 0 as t — oc.
1

Applying (43) gives the result. m
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6.4 The associated dynamic system

Suppose we modify the model by starting with n cities in given positions 1, ..., z, € [0,1]?, and
then not allowing any new cities to be founded. Writing N;(¢) for city ¢ population at time ¢ in this
setting, it is intuitively clear that normalized and time-changed populations Z;(t) = e *N;(e')
should approximate the following deterministic process which we call the associated dynamic
system (z;(t),1 < i < n). Its state space is

{(z1,---,2n) : ziZO,Zzizl}

and its dynamics are
dZi

dt
where S; is the “sphere of influence of city ¢’ defined in essentially the same way as before:

= —z; +area S;(z1,...,2n)

Si(z1,..., ) ={y €[0,1)% : 2%y — x,-]*ﬁ = mjaxzﬂy—xj\*ﬁ}.

In the following conjecture, we suppose the city positions (x;) and the initial values z;(0) are “in
general position” and that each z;(0) > 0.

Conjecture 32 (a) If a > 1 or 0 < 8 < 2« then there exists an i such that z;(t) — 1.
(b) If 0 < a < 1 and B > 2« then z;(t) — zi(c0), the limit not depending on initial values and
satisfying zi(co) > 0 Vi.

xxx relate to our stochastic model.

In this connection we mention the notion of centroidal Voronoi tessellation [3], an unweighted
tessellation in which each point is the centroid (center of mass) of its cell. Such tessellations
are obviously the fixed points of a dynamical system in which points (z;) are moved toward the
centroids of their cells.
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