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Abstract. We consider a model of planar random aggregation from the ALE(0, n7) family where particles are attached preferentially in
areas of low harmonic measure. We find that the model undergoes a phase transition in negative n, where for sufficiently large values
the attachment distribution of each particle becomes atomic in the small particle limit, with each particle attaching to one of the two
points at the base of the previous particle. This complements the result of Sola, Turner and Viklund for large positive 7, where the
attachment distribution condenses to a single atom at the tip of the previous particle.

As aresult of this condensation of the attachment distributions we deduce that in the limit as the particle size tends to zero the ALE
cluster converges to a Schramm-Loewner evolution with parameter K = 4 (SLE4).

We also conjecture that using other particle shapes from a certain family, we have a similar SLE scaling result, and can obtain SLE,
for any xk > 4.
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1. Introduction
1.1. Conformal aggregation

There has been a great deal of research into models of random aggregation, where particles are added at each time
step to the existing cluster at random locations. These models are perhaps most easily defined on the lattice Z¢, where
each particle is one vertex, for example diffusion-limited aggregation (DLA) [18] or the Eden model [4]. However, the
underlying anisotropy of Z? may be retained by the cluster on large scales, making these models a poor approximation
of reality under some conditions [5] [2].

In two dimensions we may change to a setting without this problem; models of conformal growth existing in the com-
plex plane C rather than Z?2. In this paper we will study the aggregate Loewner evolution (ALE(c, 7)) model introduced
in [17], which is a generalisation of the Hastings—Levitov model (HL(«)) [6].

In a conformal aggregation model, we add particles to our cluster by composing conformal maps from a fixed reference
domain to smaller domains. Our initial cluster will be the closed unit disc Ko =D = {z € C: |2| < 1}. We attach a particle
to Ko by applying a map from its complement in the Riemann sphere C,, A := C, \ D, to a smaller domain, and then
the new cluster will be the complement of the image of A. We will use particles of the form (1,1 + d] for d > 0.

Definition 1. For any d > 0, by the Riemann mapping theorem there exists a unique bijective conformal map
fh A= AN\ (1,144

such that f(z) = e®z + O(1) near oo, for some ¢ = c(d) € R.

One advantage of the slit particles we use in this paper over more general particle shapes is that we have an explicit
expression for f%(z) [11]. We call ¢ > 0 the (logarithmic) capacity of the particle. As the name suggests, we can view
c as measuring the “size” of a set in a certain sense. As we consider the “small-particle limit” we will parameterise the
model by the particle capacity c (equivalently by d).

Definition 2. The preimage of the particle (1,1 + d] under f is {e? : —3 < 0 < 3}, where 0 < 3(c) < 7 is uniquely
determined by f(e?) =1.

We can explicitly relate the quantities ¢, 3 and d using two equations found in [11] and [17]: 4e€ = (d + 2)?/(d + 1)
and e? = 2e7° — 1 4 2ie~®\/e® — 1. Asymptotically, as ¢ — 0, these give us 3(c) ~ d(c) ~ 2c'/2.

We have maps which can attach one particle, so now we want to be able to build a cluster with multiple particles by
composing maps which attach particles in different positions. For # € R and ¢ > 0, define the rotated map

o A— A\ e?(1,1+d(c)],
fG,c(Z) _ eiefd(c)(efiez)’

and note that it has the same behaviour f%:¢(2) = ez 4+ O(1) near oo as does f¥(¢),
Now we want to attach multiple particles.

Definition 3. Given a sequence of angles (6,,)ncn and of capacities (¢, )nen, if we write f; = f%:¢ then we can define
Qp=frofr0-0 fp, )]
and define the nth cluster K, as the complement of ®,,(A), so
D,: A—Cyx \ K.

Note that the total capacity is ¢(K,,) = > p_, ck, i.e. ®,(2) = eXk=1%z + O(1) near oo.
We can now use this setup to construct various models of random growth, by choosing the angles (6,,),,cn and capac-
ities (¢ )nen according to a stochastic process.

1.2. Aggregate Loewner evolution

The aggregate Loewner evolution model introduced in [17] is a conformal aggregation model as in Section 1.1, where for
the (n —+ 1)th particle the distribution of its attachment angle 6,,,1 and its capacity ¢, 1 = ¢(P,1) are functions of the
density of harmonic measure on the boundary of K,,. The conditional distribution of 6,, 1 and the way we obtain ¢, 11
are respectively controlled by the two parameters 7 and .
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Definition 4. Inductively, we choose 6,41 for n > 0 conditionally on 61,...,6, according to the probability density
function
1 o —
hny1(0) = - @, (7|, 0 € (—m,7], )

where Z,, = [.|®/,(e?*%)|="df is a normalising factor. We have introduced a o = o/(c) > 0 as the poles and zeroes of
&’ on the boundary mean the measure h,, 1 is not necessarily well-defined if o = 0, but we take ¢ — 0 as ¢ — 0.

Since o controls the level of boundary detail captured by &, 1, and in the n < —2 regime h,, 41 is concentrated about
the least prominent points on the boundary, in this paper ¢ will decay extremely quickly.

On the other hand, in [14] it is shown that if o does not decay faster than ¢'/2 as ¢ — 0, including if o is kept fixed,
the resulting scaling limit is a disc.

By this definition the first attachment point 6 is chosen uniformly on T. For convenience we work with #; = 0, and
the random case can be recovered by applying a random rotation to the final cluster.

After choosing 6,1, we choose the capacity of the (n + 1)th particle to be
Crupn = |, (e 70 G

where c is a capacity parameter and c¢; = c, and we will later consider the limit shape of the cluster as ¢ — 0.

FIG 1. The final particle (the rightmost, in orange) of the cluster K, is highly distorted by the application of the first n — 1 maps fr,—1, fn—2,..., f1.
The distortion is much greater near the base of the particle: we have had to fill in a guess (the red dashed line) for the behaviour of the particle deep into
the cluster, as the distortion is so large there that we are unable to find the exact location of enough points to draw a sensible diagram. In fact, the red
dashed section corresponds to only 1/500 000th the length of the original, undistorted slit.

1.3. Our results

In this paper, we study the ALE model defined in Section 1.2 with oo = 0 and large negative values of the parameter 7,
which controls the influence of harmonic measure on our attachment locations.

The case o = 2 often gives a model in which each particle is approximately the same size. In this paper we take oo = 0,
where the model can be easier to analyse as the capacities are deterministic. In this case, the distortion of particles can
lead to physically unrealistic outcomes, as in [10] where the distorted size of the final particle in the cluster does not
disappear in the limit. For the model we are considering here, Figure 1 shows that the distortion affects the shape as well
as the size of the particles.

For n > 0 the density h,1 in (2) is an exaggeration of harmonic measure, and in [17] the authors find that for n > 1
the attachment distribution is concentrated around the point of highest harmonic measure, converging to a single atom as



FIG 2. One cluster of the ALE(0, —o0) process, with 3000 particles each of capacity ¢ = 0.0001.

c — 0. For a slit particle the point of highest harmonic measure is the tip (see Figure 3), so this corresponds to the growth
of a straight line.

In this paper, we find the equivalent phase transition in negative 7: for n < —2 the attachment distribution is concen-
trated around the points of lowest harmonic measure. For a slit particle the two points of lowest harmonic measure are
either side of the base (see Figure 3 again), and so 8, ~ 6; & [ with the probability of each tending to 1/2 as ¢ — 0. We
go on to find that for all n the distribution of 6,,4 1 is concentrated around 6,, £ 3, and so the angle sequence approximates
a random walk of step length 3 ~ 2c!/2.

This gives us the following statement about the driving function generating the cluster (see Section 1.4):

1/c
Proposition 5. Fix some T > 0. For n < —2 and if o(c) < ¢ forallc <1 let (02),,>1 be the sequence of angles
we obtain from the ALE(0,n) process with capacity parameter c. Let Tp = inf{n > 2 : miny |0,, — (0,—1 + 5c)| > D},
where D = c%/25'/%. As ¢ — 0,

Plrp < |T/c]] = O(c?).

Let £ = G‘Et/CJHfor all0 <t <T. Then

(&5 )tejo,r) = (2Bt)efo,1) in distribution as ¢ — 0,

as a random variable in the Skorokhod space D0, T).

We explain in Section 1.4 that by using Loewner’s equation we can immediately turn a result about convergence of
such a driving function into a result about convergence of clusters in an appropriate space . The main theorem of the
paper therefore follows immediately from the proposition:

Theorem 6. For 1,0 as in Proposition 5, let the corresponding ALE(0,n) cluster with N = |T/c| particles each of
capacity ¢ be K5;. Then as c — 0, K, converges in distribution as a random variable in K to a radial SLE4 curve of
capacity T.

We can see in Figure 2 a cluster corresponding to a random walk, which despite being visibly composed of slits
resembles an SLE, curve.

Remark. We can give 77 a physical interpretation if we think of growth in which access to environmental resources
(proportional to harmonic measure) affects the growth rate in a non-linear manner. For negative n we could also interpret
ALE(a,n) as modelling a cluster in an environment which inhibits growth, so growth is concentrated in areas with the
least exposure to the environment.

The most physically-relevant models are those with a = 2, where each particle in the cluster has approximately the
same size. The case we consider, o = 0, is somewhat unphysical as the later particles have a macroscopic size (in our
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case the final particle has a shape approximating the whole path of the SLE,). In our case the “visible” portion of each
particle which is not hidden between other particles is microscopic, although the “visible” part of the later particles is still
significantly longer than the first particles.

In any case, the remarkable thing about the n < —2, o« = 0 case is that it is drawn from a family of models which
naturally extend DLA-type growth, and we obtain an SLE, scaling-limit for a whole range of parameters. To this author’s
knowledge no other conformal growth model in the plane has been rigorously proved to converge to a random limit such
as the SLE.

Remark. The convergence of attachment distributions to atomic measures for 77 < —2 complements the phase transition
result of [17] in which it is shown that the limiting attachment measures are atomic for > 1. For —2 < 7n < 1 the
distribution h9 of the second particle is supported on all of T even in the limit ¢ — 0, showing that we do indeed have
three qualitative phases: for extreme values of 1 the attachment measures are degenerate, but this is not the case for
—2<n<l.

In Section 6 we conjecture that similar scaling results to Proposition 5 and Theorem 6 can be obtained with particles
other than the slit. Using suitable particles which have a single point of contact with the circle, we believe that the limiting
cluster is always an SLE,; for some x € [4, co] (where by SLE, we mean a uniformly growing disc).

1.4. Loewner’s equation and the Schramm—Loewner evolution

We obtain a Schramm—Loewner evolution (SLE) cluster as the scaling limit of our model, so we will give a brief overview
here of what SLE is and a few useful facts from Loewner theory which we use to establish our scaling limit. For a more
detailed treatment, see [1], [8] and [3].

Firstly, we look at Loewner’s equation, which encodes our growing cluster by a “driving function” taking values on
the circle.

Definition 1. Let € : [0,T] — R be a cadlag function. Then there is a unique solution to Loewner’s equation

0 , 2+ et

(2= meuls) = ¢i(e)z 2, @

z — et

corresponding to a growing cluster via p;(A) = C, \ K;.

For a sequence of angles (6,,),>1 and a capacity c, a growth model constructed as in Section 1.1 corresponds to the
cluster obtained by solving Loewner’s equation with the driving function

§e=0\1/c)+1-

Definition 8. If (By).e[o,r7 is a standard Brownian motion, then the Schramm—Loewner evolution with parameter x > 0
(SLE,,) is the random cluster obtained by solving Loewner’s equation with the driving function given by &, = \/kB;.

Remark. One very useful property of Loewner’s equation for this paper is that the map D[0,7] — K given by { — Kr
is continuous [7], where D[0,T] is the usual Skorokhod space and K is the set of compact subsets of C containing 0,
equipped with the Carathéodory topology described in [3].

This property of Loewner’s equation means we can deduce convergence of an ALE(0,,) cluster to an SLE4 for n < —2
by showing that the cluster corresponds to a driving function converging to 2B for a standard Brownian motion B as
c—0.

Schramm-Loewner evolutions describe the scaling limits of many discrete models, such as the loop-erased random
walk, which converges to an SLE, curve [9], or critical percolation, the boundaries of which has been related to SLEg
[16]. SLEs have also been used to construct the quantum Loewner evolution (QLE) [13] family of clusters, which have
been proposed as the scaling limits of the dielectric breakdown model on a number of random surfaces.

1.5. Structure of paper
Our proof of Proposition 5 will involve showing that the distribution of 6,41 conditional on the previous angles

(01,...,0,) converges to %(69n+5 + dp,—3), and so the whole path £° converges to the same limit as a simple ran-
dom walk with step length 5 ~ 2¢'/2,
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FIG 3. Left: the one-slit cluster of our process with 1,000 points in red sampled according to harmonic measure on the boundary. Right: the three-slit
cluster of the process with 3,000 points sampled according to harmonic measure. Note in the second image that there are almost no points landing near
the base of the most recent (longest) particle.

We can use a heuristic approach to see why we might expect this to be the case. If we formally take n = —oo and o = 0,
so the nth attachment point 6, 1 is chosen uniformly from the finite set {6 : liminf,_,¢ inf, et |®/,(e7€')|/|®!, (e“w)| >
0} (i.e. among the “strongest poles” of ®/), and let 7 = inf{n : |0, — 0,,_1| # B}, then we can calculate that for
N = |T/c| in the limit ¢ — 0 we have P[r < N| — 0 as ¢ — 0. In other words, at each step the distribution 5,41 is
equal to 1 (89, —p + 80,+5)-

Our approach for finite 77 < —2 will therefore be to find a small upper bound on h,,41(6) for § away from the poles of
' to deduce that h,, ;1 is an approximation to a sum of atoms at the poles. Then we show separately that the contribution
to Zy, = [} hyy1(6) 6 from poles other than e0n£0) ig small.

In the actual model with —oo < 1 < —2, we can only show that h,, 11 approximates %(5%—6 + 0o, +8) as ¢ — 0.
However, weak convergence of these measures is not enough to prove Proposition 5, so we will need to introduce some
extra notation to describe the possible behaviour of the process (6,,),>1, and make precise the way in which its steps
converge to the SSRW steps as above.

Definition 9. For a small D = D(c) (which we will specify later), define the stopping time
p :=inf{n > 2: min(|0,, — (-1 + B)|,10n — (01 — B)|) > D}.

Remark. Given that n < 7p, we have a lot of information about the angle sequence (61,...,6,), and so can say quite a
lot about the conditional distribution of 6,, 1. In particular, we can say that the probability that n + 1 = 7p is very low,
and that the distribution of 6,, 1 — 0,, is (approximately) symmetric. The results of all the following sections will be used
to establish these two facts.

1/c
Theorem 10. Suppose that v > 2. There exists a constant A > 0 depending only on v and T such that when o < ',

then for D = c%/26/2, whenever n < N A Tp and c is sufficiently small,

/ hpi1(0)d6 < Ac? 5)
F‘n,

with probability 1, where F,, ={0 € T : |0 — (0,, + 8)| > D and |0 — (0,, — B)| > D}, and with probability 1

i1 (0)dO — Bngr (0)dO| < Ac'/4, (6)

/9n+B+D 0, —B+D
0n+B—D 0, —B—D

In Section 2 we prove a number of technical results about the positions of the images and preimages of points w € A
under the maps f;, ®,, = fio---0 f,,and ®;,, = <I>j’1 o ®,, when w is close to the poles of &/ . When dealing with points
away from these poles, we make extensive use of results from [17]. Our estimates for the positions of these images will
be useful when we find upper bounds on the derivative |®/, (w)| = | f},(w)| X | f1,_1(®Pn—1,n(w))] X -+ X | f1(P1,n(w))],
using lower bounds on the distance between @ ,(w) and the poles of fj’

In Section 3.1 we integrate the pre-normalised density |®/ (e?%)|" over the regions around 6,, 4 /3, and so obtain a
lower bound on

Zy = / D], (e7 )" d6.
T
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In Section 3.2 and Section 4 we find upper bounds on |®/,(¢“*+%%)| for § € F,,, and so using the lower bound on Z,, we
can establish the bound (5).
In Section 3.3 we establish the technical results needed to prove (6).

Remark. In our proof of Theorem 10, the convergence of h, 41 to %(59n+ 3 + 0, ) does not rely on the convergence
of hi,...,hy to these symmetric discrete measures, only that n < 7p. If we were to use the fact that the angle sequence
up until time n is very close to a simple symmetric random walk, then some properties (such as the fact that the longest
interval on which a SSRW is monotone has length of order O(logn)) would allow us to optimise our choice of ¢ further
than we have. However, for the convergence of our cluster to an SLE, curve, we do require a o which decays at least

as quickly as ¢/, which is already much faster than the fixed power of ¢ used in [17] and elsewhere, so we have not
1/c
attempted to optimise our choice of o < c?’

If o decays more slowly than ¢!/, but more quickly than ¢'/2, then heuristic arguments suggest that there is a period
in which the driving function is a random walk, and then a period where the growth is measurable with respect to the
random walk (i.e. a period of random growth and then a period of deterministic growth). We do not believe the resulting
cluster converges to any known object as ¢ — 0.

1/2

In Section 6 we define a family of particles for which we believe analogous versions of our main scaling result Theorem
6 holds. We conjecture that suitably constructed ALE(0, ) models with 1 < —2 will converge to either an SLE,, with
K >4, or to a uniformly growing disc. We also believe that every x > 4 is attained by this family.

1.6. Table of notation

As we introduce a lot of notation in this paper, we will give a list here so that it is possible to look up any notation
appearing in any section without searching for where it was introduced.

Subsets of the complex plane

Cs  The Riemann sphere, C U {c0}

D The open unit disc {z € C: |z| < 1}.

D The closed unitdisc {z € C: |z < 1}.

A The exterior disc Co \ D.

T The unit circle 0A = {z € C: |2| =1} = {¢¥ : § € R}. We will often abuse notation and identify T with R/27Z.
OU  The boundary of a set U C C, defined as OU = U \ U°.

Conformal maps

The conformal map f.: A — A\ (1,14 d(c)] which we say attaches a particle to the unit circle at the point 1.

Given a sequence of angles (6,);>1, f; attaches a particle to the unit circle at the point €%, so f;(z) :=

eiejf(e—w_] Z)

B The distance from 1 of the points which are sent to the base of the particle by f. Defined uniquely as the g =
B(c) € (0, 7) such that f.(e**?) =1, and obeys 5 ~ 2¢'/? as ¢ — 0.

d The length of the particle attached by f, defined by f.(1) =1+ d(c). Obeys d ~ 3 ~ 2c'/? as ¢ — 0.

®,,  The conformal map which attaches the entire cluster of n particles to the unit circle at the point 1. Constructed as

&=

Jiofaorrofn.
®; , The conformal map which attaches only the most recent n — j particles to the unit circle. Given by ®; , =
o 1od,,.
J

Model parameters

n The parameter controlling the relationship between our attachment distributions and the harmonic measure on the
boundary of the cluster. Throughout this paper we take n < —2.

v We write v = —7. Note that v > 2 throughout.

T The total capacity of our cluster, fixed throughout.

c The capacity of each individual particle attached to the cluster. We consider in this paper the limit ¢ — 0, so all
the following parameters are functions of c.

o A regularisation parameter, used so that we do not evaluate our conformal maps ®/, at their poles on T, instead
evaluating everything on e?T. We take o to be a function of ¢, decaying very rapidly as ¢ — 0: 0 < C221/c

L The maximum distance of z from ¢*(»*5) at which we rely on the estimates for |®; ,,(z) — e*%/+1| we obtain in

the proof of Theorem 17. We take L to be a function of ¢ which does not decay as rapidly as o: L = 2
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D A bound on miny |0,,+1 — (0, £ 3)| which holds with high probability. If this distance exceeds D, we stop the
process. We can take D = ¢%/2¢1/2,

Points in T

QJT The point in T which 6; was “supposed to” attach nearby to, i.e. the unique choice of 6;_; & 5 within distance D
of 0;. (If 6; is not within D of either, we will have stopped the process at time 7p < j.)

The choice of §;_; & 3 which isn’t HJ-T.

The point on T corresponding to the base of the jth particle in the cluster K,,, for 1 < j < n — 1. Given by

’z\; = (I)I}l(ewfil ). See Figure 5 for an illustration. We refer to the points on T close to Z?J’-L for some j as singular

points for hy 11, and points away from all Z7 as regular points.

2

Probabilistic objects

hn+1 The density of the distribution on T of 6,, 1, conditional on 61,...,8,,. Given by h,,1(6) o< |®/, (e +¥%)|".

Z,  The normalising factor for h,, 1. Given by Z,, := [,.|®!, (e” )" df.

P The law of (6,,)nen. Implicitly depends on ¢ and o.

7p  The first time at which some 6,, 1 is further than D from both of 6,, + 5. We stop the process when this happens,
but show in Section 3 and Section 4 that with high probability 7p > N := |T'/c|.

Approximations and bounds
We will use the following notation when we have two functions depending on a parameter  which is converging to some
29 € RU{+o0}, and we want to say the two functions are similar in some way, or that one bounds the other.

f(x) ~g(x) The ratio % —lasz— xg.
f(z)=0(g(z)) The ratio %‘ is bounded above as x — xg, so there exists a constant C' > 0 such that |f(z)| <

C|g(x)| in a neighbourhood of x(. The constant C' should not depend on any other parameter or
variable. If the value of C' does depend on a parameter p, we will write f(x) = O,(g(z)). Through-
out this paper we hold T" and v = —n fixed, so we may occasionally omit these as subscripts when
the constant depends on them.

f(z) =o0(g(z)) The ratio ‘%‘ —0asx— xp.

When f and g are non-negative (particularly when they are probabilities or densities), we may use the following
alternative notations.

f(z) < g(x) The same as f(x) = O(g(x)), i.e. there exists a constant C' > 0 such that f(z) < Cg(x) in a neigh-
bourhood of zg.

f(z) < g(x) The same as f(z) = o(g(x)), i.e. f(x)/g(x) — 0 as z — zo.

fz) <g(x) Both f(x) = O(g(x)) and g(x) = O(f(x)), i.e. there exists constants C7,Cs > 0 such that

Cyg(z) < f(z) < Cag(x) in a neighbourhood of .

Finally, we may write f(x) = g(z), but this will only be used informally to mean that f and g behave similarly in some
sense.

2. Spatial distortion of points

There are several steps we need to establish our upper bound on [ h,,+1(6) d6 in (5), including precise estimates for |®/,|
near its poles. We can decompose the derivative

n—1
q){n(w) = H f:z_j(q)n—j,n(w)) (7)
=0
where
Opp =By 0@y = fry10 frp20...0 fu. ®)

Then we have precise estimates on | f/| near to its poles e**%, and upper bounds away from these poles, and so we write

n—1
@ (w)| = [T [/ (e @ jn(w))]. ®
7=0
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We will show that if w is close to one of /(?»+8)  then for each j, the point ¢~ 0r— ®,,_; »n(w) is close to a pole of | f/|,
and we will derive specific estimates on the distance in terms of the distance |w — ¢*(?»*5)|. Conversely, we will show
that the only way for every image e~*%»~i®,,_; ,(w) to be close to a pole is for w to be close to ¢'¥»*7) and so the
measure dh,, 1 is concentrated around 6,, 4+ 5 and 6,, — .

Firstly, we will establish an estimate for | f/| close to its poles e**?, and a universal upper bound away from these two
points.

Lemma 11. There are universal constants Ay, As > 0 such that for all ¢ < 1, for w € A, if |w — ei6| < %ﬁ, then

61/2 , 61/2
A1|w_6¢5‘1/2 _|fc(w)\_A2‘w_eiﬂ|1/2, (10)
and similarly if lw — e~ | < 33,
Moreover, there is a third constant Az such that if min{|w — e’?|,|w — e =8|} > 33, then
| fe(w)| < As.
Proof. See Lemma 5 of [17]. O

This lemma tells us that the derivative |®/, (w)| will be large only when many of the points e =~ ®,,_; . (w) in (9)

are close to one of the poles e**#. We will next introduce some technical estimates which will allow us to determine for
which points w this is true.
Remark. If we imagine an idealised path in which |0;,,; — 6;] = 8 for all 4, then f,(e'(%»*8)) = ¢¥n-1 and
fu_1(efn-1) = -2 and so on. Hence ®,,_; ,(e!(On*F)) = ¢ifn—st1 = ¢iOn—stsn-if) where s,_; € {£1}. So if
a point w is close to one of ¢*(»%5) then, as f is continuous when extended to A, each of the points in (9) is close to
e?n—i# but continuity alone does not allow us to make precise what we mean by “w is close to e*(*»=5)” 50 to estimate
the size of |®/, (w)]|, we need a precise estimate for | f(w) — f(e??)| in terms of |w — e?].

Lemma 12. Forw € A, forall ¢ < 1, if |w — €| < 3/2, then

. —¢ib ,
|fe(w) — 1] = 2(e® — 1)/ 4w — P|1/2 x (1 +0 {|w1/€2| \/cl/4|w—e’5|1/2]> . (11)
c

Proof. We will work with the half-plane slit map f.: H — H \ (0,iv/1 — e~¢] by conjugating f with the M&bius map
my: A — H given by

w—1
— 12
mig(w) =i (12)
and its inverse
1—1z
-1
= = . 13
ma(z) :=myg (2) T (13)
The benefit of this is that fc has a simple explicit form:
Je(Q)=e2/¢2 = (ec = 1) (14)

where the branch of the square root is given by arg: C \ [0,00) — (0,27), so we write

fc:onfcomH

and will derive a separate estimate for each of the three maps.

As w is close to €’ = 2e7° — 1 + 2ie=°\/e€ — 1, we will expand each map about the images (given by a simple
calculation) my (e?) = —/e® — 1, fo(—v/e® —1) = 0, and ma (0) = 1. Our calculations will show that ma and my
behave like scaling by a constant close to the relevant points, and that the behaviour of f. seen in (11) is due to the
behaviour of fc close to £v/e¢ — 1.



First, when w = 8 + 6,

[ (w) — mu ()| =

20
(e +1+46)(e? +1) ’

1
= 5¢°8l(1+O(o]) (15)

since a simple calculation shows that [e?” + 1|2 = 4e~°.
Next, we will evaluate f. at a point close to one of the two preimages of 0, +-v/e€ — 1:

felEVee =1+ /\)’ = /2 \/j:2\/e° TN+ A2
A
=272 (e — 1)/ \|1/2 (1 +0 <c|1/|2)> : (16)
Finally, for a small z € H,
1—1z —2iz
ma(s) =11 = |1 = 1| = |72 | =211+ O(eh) (1)

Then for w close to e*#, applying (15), (16) and (17) in turn, we obtain
c . w— e .
|f(w) — 1] =2(e® — 1)1/4|w _ ez,6|1/2 « (1 +0 (|c1/2|)) (1 +0 (C1/4‘w _ ezﬁll/z)) _

Then for ¢*/? < |w — €| < 3/2, we have the estimate (11) with error term of order ¢~1/2|w — €*#|, and for |w — *?| <
c3/2 the error term has order c¢!/4|w — e*#|1/2, O

Remark. Unlike most results in this section, we will not use the following lemma in Section 3, but it will be very useful
in Section 4.2. We include it here and omit the proof as it is very similar to Lemma 12.

Lemma 13. Forallc<1,ifz€ A\ (1,14 d(c)] has |z — 1| < ¢, then

. - i |z—1|2
Hin\f 1(2)—€iﬁ\:W(1+0(|Z—1|))~

Now we have all the technical results we need in order to prove our lower bound on |®/, (w)| when w is close to one

of the two “most recent basepoints” e*(®»%) We will derive the bound itself in Section 3.1, and here we will show that
each of the points ®,,_; ,(w) in (9) is close to eifn—it1,

Proposition 14. Let L= L(c,N)=c*" ', and letn < N A7p. If§ := min |w — ¢!0%8) | < 2L, and |w| > ¢°, then for
all1<j<n,

2(1—-277

T ) i
D, jn(w) — efn-itr 627 (1+0(ch). (18)

- [Q(ec _ 1)%}

Before we begin the proof we will introduce some notation in order to make the argument easier to follow.

Definition 15. By definition of 7p, for each n < 7p one of the two angles 6,,_1 + 3 is within distance D of 6,,. We will
call the closer of the two angles 6], and the other angle ;-

Proof of Proposition 14. We will proceed by induction on j. For j = 1, the estimate (18) follows directly from Lemma
12. For a given 1 < j < n — 1, assume that

2(1—277

T 1 ) o—i
D) — e = 2 - )] 8 (4 0(e),

(as |0, — 0, | < D < c*, this certainly holds for j = 1) and then by the triangle inequality, since |e/n—i — ewzﬂ'| <
|0n—; — 9;7j| < D, we have

. ) aT . .
D0 j 1 n(w) — €| = D < | @iy 0 (w) — ni| <[Py j 1 (w) — 9|+ D.
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Now by Lemma 12,
(@1 (w) = €0 = [ for (P jon (W) = Faj(ePna0)]
=|f(e” er@1M<»—u

=2(e® = 1)F|e neit1®, i (w) = 121+ O e nsn1®, i (w) — 1]1/?))

- [2(e° - 1)i}

:|2(1,2—U+1))

1+(1-277) G+ —(+1
527 (14 0(eh)) (1 +0(c?/852 )

2—(j+1)(

=

- [g(ec ~1) 5 1+ 0(cY))

and the second error term is absorbed since 62 " < (2L)2_(j+1) <ct
Now as § = |w — e *8)| > |w| — 1> o, and D ~ c*/201/? (see Section 1.6), we have

0T 0, D
[ j1n(w) —en=i| = |Ppy_j_1 p(w) — | (1 +0 (c;(1—2—(]’+1>)52<z‘+1) >)

= @0 j-1a(w) = €| (140 (e*0'/1)),

and hence our result holds for all 1 < j <n by induction. O

3. The newest basepoints
3.1. A lower bound on the normalising factor

We defined in (2) the density function h,,1(#) and the nth normalising factor
= / | @, (e7)| 7" df. (19)
T

If we are going to find upper bounds on A, ;1 by bounding |®/ |, then we will need to have some lower bound on the
normalising factor Z,,. In this section, we will obtain a lower bound on Z,,, and it will give us our upper bound on h,, 41
in Section 4.2. First, we will need a good estimate for |®’, | around the main poles e*(?»+5),

Lemma 16. Let n < |T/c| A Tp. There are constants Ay, Az > 0 such that for any ¢ < 1, whenever |¢| < L,

bz |
AP ‘(I)/ (ea+z(0n,:|:[3+<p))’ < AT
Hor v = o

c%(l—Q*")

(7% +92) 302

provided that 0 = o(c) < L.

Proof. For |p| < L, without loss of generality take § = 6,, + 5 + ¢. Since ®,, = f1 o - -- o f,, by the chain rule,

‘(I)/ o‘+19 H ’f —19n_j (pn—]}n(ea—’_w))

)

where @, ,, = 0, ' 0 @, = fr110 fri20-0 fr.

By Proposition 14, if § := |7+ — ¢i(0a+6)| < 2L then forall 1 < j <n — 1, |®p,_j,(e7F0) — efnst1| = [2(e® —
1)3]20=27)627" (1 4 O(c*)), and so by Lemma 11 (the above estimate shows that e~ n—i®,,_; . (e7+i) is close
enough to one of e**# to apply this lemma),

|1 (€70 B (€7H0)) | B2 @y (€77 — nsn | 71/2

= B12[2(e€ — 1)1 0270672 (14 0(cY))

—(42) o= (i+1)
= c? 572 .

~



For j =0, as ®,, ,, is the identity map,
‘f/(e_i0n¢n,n(ed+i0))| _ |f/(ea+i(0—9n))| = A151/26—1/2
~ Act/i5-1/2,

Now if we combine the bounds for each term in the above product for |®/, (e +%%)|, we have

n—1
‘(I)/n(e"+i9)‘ Z H <A1c2—(1+2)572—(.7+1))
j=0
= Aper(1=27"5=(1=27")
and a similar upper bound. Finally, § is given by
5= |€o+i9 - ei(O,L+ﬂ)|
= et — 1]
= (0% +¢%)Y/2,
and so, modifying the constants as necessary, we have our result. O

We can now obtain our lower bound on the normalising factor.

Proposition 17. If v > 2, then there exists a constant A depending only on v such that for any fixed T' > 0, for sufficiently
small ¢ and for n < |T/c| ATp,

7, > At (=27 o lb(1-27) - (20)
provided that o = o(c) < L.

Proof. The normalising factor Z,, is given by the integral [ |®/, (e??)|” df, and Lemma 16 gives us a lower bound on
the integrand for 6 close to 6,, + 5:

1@/ (7 HintBHO) ¥ > AncEA-2T") (52 4 2)=§(1-27")

when |p| < L.
We will now integrate our lower bound over the interval (6,, + 8 — L,0,, + 8+ L). First, note that

L o L/o . .
/ (0% + )~ 5012 )dap:/ (02 + 022?212 Doda
—L —L/o

:Ul—y(l—Z")/L/a dx
Lo (L4 22)E02 )

> Algl-v(1-27")

for a constant A’, since the integral term on the right hand side is increasing as ¢ — 0 because o < L. Note that this all
remains true for any 1 < 0, and the fact that < —2 will only be necessary in Section 3.2.
Finally, we can put together our bounds (and modify our constant A) to get

On+B+L _ L .
[ ez anest2 ) [ gt sooa g,
0n+B—L -L

> Ancg(l—an)O_l—u(l—an)

as required. O
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3.2. Concentration about each basepoint
Most of our upper bounds on |®/,| will be established in Section 4, but we will find one here as it uses the estimates from
the previous section. Using the terminology we introduce in Section 4 and illustrate in Figure 4, in this section we look at

singular points which are within L of one of the “main” poles ¢'(9»£0) 50 the estimate of Lemma 16 is valid, but are not
within D of these poles.

1/c
Proposition 18. Let n < |T/c| A1p. Foro(c) <c¥ , thenwith L=c* ' and D =c%*¢'/2 < L,
1 )
Z @, (O dp = ofc)
L,L)\[-D,D]
as ¢ — 0, for any constant v > 0.

Proof. Using the symmetry of our upper bound in Lemma 16, it will be enough to find the upper bound | [L) | D! (e7+iOntB+¢)) |¥de <
c7Z,. We have, modifying the constant A, where necessary,

g L
/ |7, (e T O ATV dp < AR 1*2_")/ (02 4350727 go
D

L(1-27") L/o . o
:Ag’ c 1/ 1+x —50=27") gy

v(l—2-m) D/o
(== ke v(1-27")
n
SA?JU(12W 1/ de
L(1-27")
Cc?2
n
< A pv(i-2-m)-1’

and so, using our lower bound on Z,,,

fé/ |q)fn(ea+i(0n+ﬁ+tp))|u d
7 < (42/A)" (5

)y(l 27 ™)—1

v(1-27")—1
_ (Ag/A)n (C—9/20,1/2)
which, since (1 —27") — 1> %y — 1> 0, decays faster than any power of ¢ as ¢ — 0. O

Note that the above proof is the only place in which we use that n < —2. If —2 <15 < 0, then hg achieves its maximum
around the two bases of the first particle, but does not have strong concentration around these points. For —2 <1 < 0 hg
is still supported on all of T as ¢ — 0, so there is no concentration. If = —2, hs is supported only nearby to 67 + (3, but
the event D < |0 — (01 & B)| < [ retains a high probability as ¢ — 0. On this event, 65 is not close enough to 6; &+ 3
for our inductive arguments in Proposition 14 and Lemma 16 to apply. We can no longer guarantee that the poles of the
second particle are stronger than the older pole at the base of the first particle, and so lose the SSRW-like behaviour of
(05)n>1. It then becomes extremely difficult to say how the process behaves, but the scaling limit as ¢ — 0 is unlikely to
be described by the Schramm-Loewner evolution.

3.3. Symmetry of the two most recent basepoints

There are two parts to the statement in Theorem 10 about convergence of h,, 1 to the discrete measure = (59 —3+080,48):
the previous two sections and Section 4 establish that h,, 1 is concentrated very tightly around 6,, + B and we will show
here that the weight given to each of these two points is approximately equal.

Remark. Unlike the results from the previous two sections, the following proposition is not inductive, i.e. as long as
n < |T/c| A 7p, the density h,41 is approximately symmetric, even if the choices of the previous angles were not
made symmetrically Even in the extreme case where (0,,),cn is close to an arithmetic progression: 6 ~ 6 + 3, 03 ~
0>+ 3,...,0, = 0,1+ 5, we still have an almost symmetric ., 1.
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Proposition 19. Let n < |T/c| A1p. Then

1 po+i(0n+B+¢)

sup
lp|<D

< Ac!/4

P/ (eoti(On—PB—)
|27, ( )l

for some constant A depending only on T.

Proof. Let 21 = exp (o +i [0, £ (8 + ¢)]) for || < D, and write Ay = 21 — ¢~ *5)_ We can then write

o (25022)) _ fgfl <|f; ; <z+»>|>

[ frj (P Ln(Z—))I

(21)
and so we can estimate each term in (21) separately.

The j = 0 term is exactly 0, by the symmetry of | f/,| about 6

For 1 <j <n — 1, we will use Lemma 4 of [17], which states that f'(z) = f(;) (zfew)l/;(_zlfefw)l/z , to compare the
two derivatives in the jth term of (21). Write zi = ®,,_; ,(z+), then the jth term in (21) is

i (1) =

B |2, — €|

(25| Jod — s [/2)2], — el 12

(22)
There will be some telescoping in the product which allows us to find
1:[ \Zi|
j=1 |Zi| E24

. . . . T .
Then recall that in Section 2 we derived estimates for the distance of z from ¢'%n—i+1 in terms of |A|. So by
. 0T
Proposition 14, as el =1,

2(1-27")
24 = 1] = [2(e5 = 1)}]

since [M\+]? " <D? " < L? " <c’ Therefore |27 = 14 O(c'™/*), and similarly |21 | =1 + O(c'7/%)

e (14 0(ch) = O(e!™)

Having dealt with the first fraction in all derivatives (22) at once, we will tackle the remaining terms individually for
eachl<j<n-—1.

First note that by definition of ] i,

e

B e'n—i| = |e’® — 1|. Hence, using Proposition 14 again,

-
il
1+0
(wﬂﬁlemu
= e — 1] [1 4O (c—T“*“ \Aﬂw)}

=] — 1 [1 +O (c15/4)}

since [A\+|? 7 < 2" <t
Similarly,

‘Zﬂ: _ ei07l7j| — |ez0" Ja1 eie"*j|

2 — s = |27

—1(1+0(c™Y),

and finally, directly from Proposition 14,

. e 112(1—277) -
2 — e = [2e DT AP @ Ofeh).
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Note that for the three estimates we just found, the only part which depends on the choice of =+ is the error term (as
|A+| = [A_]). Hence the part of the ratio of |f;,_;(2 )| to [f;,_;(2’ )| which comes from the second fraction in (22) is

just 1+ O(c'd/4).
We can therefore find a constant A (which does not depend on n or ¢) such that for each 1 < j <n — 1,

oy
log <|f;,__7<zf_>>

(4o

< Ac'®/4. As there are O7(c™ ') such terms in the product (21), we have

n(z-)

as claimed. O

Now we can deduce that h,11 gives (asymptotically) the same measure to the sets (6, + 8 — D,0,, + f+ D) and
(gn_ﬂ_Dvgn_B"_D)'
Remark. Recall that earlier we used the heuristic argument that if = —co (so we choose from points with the highest-
order pole), then we attach the (n + 1)th particle to one of 6,, &+ 3, with equal probability. With finite 1 < —2, the
derivative |®’ | in fact differs slightly at each of e?T¥(%=+5) and ¢7+#(®»=5) "and so choosing to attach a particle at ¢*’
for 6 maximising |®/, (e? )| leads to a deterministic process after the second step rather than our SLE, limit.

However, when we have a finite 77 < —2, integrating over the range (— D, D) around each 6,, & 5 means that only the
asymptotic behaviour of |®/ | needs to be the same to guarantee symmetry between the two points 6,, + 5.

Corollary 20. Forn < |T/c| ATp,

D D
|/ P10 + B+ ) dp — / his1(0n — B — @) dp| = Op(c'/4). (23)
—-D —D

Proof. From Proposition 19, we have

D D
/ hn+1(9n+ﬂ+§0)d§o_/Dhn+1(9n_5_(p)d(p

—-D

1 o+i v o+t —fB— v
=g [ (1w o) ag
ZL / ‘q,/ e Ot BN v _ O () g (ea+i(9n+ﬁ+cﬁ)>|u> do
11/4 f—D |<I>/ o—+i(6n+ﬁ+w))‘u dgo
Zn
which is just O (c''/*) by definition of Z,,. O

4. Analysis of the density away from the main basepoints

In this section, we will classify the points § € T with |§ — (6,, &+ )| > D (i.e. the set F}, from Theorem 10) into regular
points R, where h,11(0) < 1, and singular points S,, where h,,11(0) 2 1. We make this classification based on how
close the image ®,,(e?*%) is to the common basepoint of the cluster, which is the image of all the poles of ®’,, as we
can see in Figure 4.

In Section 4.1 we make this classification explicit and establish a bound on h,, 1 for the regular points. In Section 4.2
we analyse the singular points more carefully and establish an upper bound on |, s, hy+1(0) d6 using similar techniques
as in Section 3.1.

4.1. Regular points

In this section, we will establish a criterion for § € T to be in our set of regular points for which h,,1(0) < 1, based on
the position of ®,,(e“+%), as shown in Figure 4.

We will first derive an upper bound on |®/, (w)] in terms of |®,,(w) — 1|, so we can classify w € A as a regular point
using the distance of its image ®,,(w) from 1.



AN

l/\\\ O

FIG 4. We can see on the left the three types of points in e? T for the three-slit cluster: we have the singular points in red and yellow and the regular
points in grey dots. The right hand side of the diagram shows that a point on e T is classified as regular if its image under ®,, is far from the common
basepoint (Proposition 21 in Section 4.1 shows that this implies h,,+1 < 1), and the singular points are further classified into the two main (red) arcs
containing e'(0n£8) "and the other (yellow) singular points. We have hy,+1 2 1 for all singular points, but we obtained a lower bound on the integral

of |®/ | over the red regions in Section 3.1, and we will find an upper bound on the integral of this derivative over the yellow regions in Section 4.2.
ol/e

Note that the choice of o we have used for this diagram is around c? rather than the much smaller ¢ , which is necessary to make the envelope
P3(e?T) clear, but does mean that some “regular” points are closer to the common basepoints than the red “singular” points. With a sufficiently small
o this isn’t the case.

Proposition 21. Let n < N(c) A 1p. For 6 € R, let w = exp(c + i0).
For any function a : Ry — Ry with D2 " /3 < a(c) <32 forall 0 < c < 1, if
| (w) — 1] = Ba(c) (24)

then, for sufficiently small c,
~3en-y
@], (w)| < A" B2 (‘Lg)) (25)

where A is a universal constant independent of a.

Proof. We will use the estimate (11) from Lemma 12. For convenience, let z = ®,,(w), and we will estimate |P/, (w)

| =
|(®,1)'(2)|~" by using (9) and estimating each term separately, using Lemma 12 to obtain estimates on ®,,_; ,(w) =

® ! (2) by induction on j.

n—j

First we claim that for A(c) < c'/2,and ¢ € A\ (1,1 + d(c)], if we have |¢ — 1| > BA(c), then
. 1
min(|f7H(¢) — ) = ZBA(CV (26)
for all ¢ < ¢y, where ¢g > 0 is a universal constant which doesn’t depend on A.

To see this, suppose that [f~1(¢) — e?’| < 13A(c)?. Then by Lemma 12, setting ¢ = 21/4 — 1 > 0, for sufficiently
small c,

C=1=1£(f71Q) — F(e7))
= 2(e® — VA F1(C) — |12 (1 +0 (A(c)2 \/Cl/zA(C)))
<2(8/2)"*(1+ g)%ﬁl/m(c)(l +e)
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so we have shown the contrapositive for our claim.

The derivative |®], (w)| is decomposed in (9) into the product of n terms | f/(e~*%* @y, ,, (w))|, and so we can find an
upper bound on |®/,(w)| by obtaining lower bounds on each |y ,(w) — €@+ | = |, (2) — 'O+ for 0 < k <
n — 1 and applying Lemma 11.

We claim that, foreach0 < k <n —1,

2k
@1 (2) — e | > B x 8 (CL(E?) @7

and we will show this using induction. For k£ = 0, (27) is exactly the assumption (24) of this proposition. For k > 1, we
assume as the induction step that

Bty (2) = ™| zsxg(a;@f

and aim to obtain (27) by applying (26).
2k71
Taking A(c) =8 (%) in (26) gives us

ok
‘(I)I;l(z)_ei9;+1|25><]_6 <a(8c)) ,

ok
and so since 873 (%) > 2D when k < N A 7p (for c sufficiently small),

[0 (2) — €| 2 [ (2) — et ] — [l — ]

109 (%) —ap

2)6
>0 (%)
verifying (27).

Then (27) tells us, using (26), that foreach 0 < k <n —1,

2k:
\<I>,;1(z) _ ez‘(ekiﬁ)| >3 x 16 (a(;)) , (28)

and so, by Lemma 11, for c sufficiently small,

19, ()] = [ 1fsa (@5 (2))
k=0

n—1 () ok —1/2
< Angn/2 1/2 alc
<angr (82| B x16( =
k=1
-3(2"-1)
— (A/4)" n/2 a(c)
e (%
for a universal constant A. O

In the next section we will use these results with a(c) equal to ﬁ. We can easily check now that if we use this choice

N
of a in Proposition 21 then, comparing (25) with (20), if o decays as fast as c?’ then | D7 (2)]" is far smaller than cZ,,,
for z away from the preimages of e*1, and so if we classify our regular points as those 6 for which |®,,(e“+%) —1| > L /4

then we do have sup h,1(0) < 1.
0€R,
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4.2. Old singular points

In Section 3, we established a lower bound on the nth normalising factor Z,,. So to show that the probability is low that
the (n + 1)th particle is attached at a point in E C T, we need to find an upper bound on [, |®/, (e +)|” d6.

We did this over certain regions in Section 4.1 by finding a bound |®/, (e +%%)|* < cZ,,. In this section we will consider
singular points where we can have |®/ (e *%)|" > Z,, . However, if we look at Figure 4 we can see that not all singular
points are close to the preimages 6,, + 3 of the base of the most recent particle; there are singular points at the preimages
of the base of each particle. We will therefore need to estimate the integrand |®/,|* more carefully, and show that when
integrated over the singular points around these old bases and normalised by Z,,, the resulting probability is small.

The first thing we need to do is to describe precisely which points we are integrating over. We have previously classified
our points into regular points R,, and singular points .S,, by looking at the distance |®,,(w) — 1|. Points are singular when
|®,(w) — 1| < Ba(c) (for an a(c) we will specify later), and we will find a way of differentiating between the “new”
singular points around the preimages of the nth particle’s base and the “older” singular points around the preimages of
the other particles’ bases. To make this clear, we will first give names to all of these preimages.

&3
_—
f3
£i03
2
L}
eif3

FIG 5. The construction of a cluster with three particles by composing the three maps f3, f2 and f1. The top left diagram has labelled the four poles
Qi ’zg and 23 of %, with text, and the markers +, X and o have been used to track the images of e Z for each pole Z. By following the preimages of
each point in the upper-right diagram through each map fi, f2 and f3, we can see how we defined the “lesser” poles Eg and 2{’: for example, in the
lower-right diagram €% isa pole of f7, its preimage under fo is E%, and the preimage of Zf under f3 is 'Ef Note that the three indicated intervals
may overlap slightly, or have gaps between them, but these defects are too small to be seen in this diagram, and these 2z points are well-defined in both
the “n = —oo” case where the intervals coincide perfectly, and the case of finite n < —2.

Firstly, we have the two “most attractive” points: the preimages of the base of the most recent (nth) slit. We will call
these two points 27 = ¢'(»%8) Now the other points correspond to the bases of the 7 — 1 other slits in the cluster, and

we will denote them by ?j” for 1 < j <mn — 1. The base of the first slit is the image under f; of the choice of ei(02%5)
which is not close to €%2. We defined this in Definition 15 to be €2 , and so the point sent to the base of the first slit by
®,, is the preimage under foo---o f,, = ®; ,, of eia?, so set 2] = @i;(ew;).

In general, when the jth slit is attached to the cluster by f;, there are two points which are mapped to the base of the
slit: e/7+1 (where the later slits are also attached), and €3 +1_ which has nothing else attached to it. Therefore, the point
sent to the base of the jth slit by ®,, is the preimage of ¢i%%1 under fj+10---0 fr. We can see this illustrated in Figure 5.
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Definition 22. The base of the jth slit for 1 < 7 <n — 1 is the image of
— ] (e m) (29)

under ®,,.
Note thatforalln < NAmpand1<j<n—1,

@ =271 (30)
where we adopt the convention that 2"~} = eifn .
Remark. We will bound |®], (w)| above when w is close to Z7, so first we will have to show that these points Z} for

1 < j <n — 1 are not close to the points ¢*(®»*5) where we have already shown |®/ | is large.

Lemma 23. Forn< NATtpand1 <j<n-—1,
‘ei(Oniﬁ) _ /Z‘ljn| Z anfj

)

when c is sufficiently small.
Proof. Assume for contradiction that [¢*(»+5) — 27| < ¢’ By Lemma 12,
e =20 = [ ful ) — £ ()]

=2(ec = 1)1 <1+O(C1/4C2"*1*1>>

1 gn—j—1
< zcC
2
for ¢ smaller than some universal co (with (co — 1)*/4 < 1/4, and small enough to make the error term irrelevant), and so
AT AT . . n—j—1
‘610" _ /Z\}zfl| < |610’” _ 619”| + |619" _ 2;(171| < C2 4 , (31)

. T ) n—j—1 . .

since |e?n —en| < D < c¢?" . Then,as #, =6, ;4 3 for some choice of 4, we can apply this argument repeatedly
. . 0T g i—i ~ oL

until we arrive at |e®%i+1 — Zil < ¢ = c. But as we noted after (30), 27 = ¢'%+1, and |e? T — e+ ~4cl/? > c,

and so we have our contradiction. O

Remark. In fact the lower bound in Lemma 23 is fairly generous; it would take only a small amount of extra work in
the proof above to get a tighter bound of c? S , and we could improve this even further as we used the weak bound

(e — 1)V < i in the initial calculation. However, all we need from Lemma 23 is a bound which decays more slowly
than L=c2" " , and so we have chosen the bound which leads to the simplest possible proof.

Remark. The following corollary (which we will not prove) is not used in the proof of our main results, but does answer
a question we may worry about: if we know that w is within L of some 2%, then is that j uniquely determined?

Corollary 24. Forn < N A1p, if 1 <j<k<n—1, then

AT

for sufficiently small c.

Remark. The next result will be useful in telling us for which points § € T we can bound |®/, (e *+%?)| above using
Proposition 21, and will later help us locate those points for which Proposition 21 does not provide an upper bound.

Lemma 25. Suppose that n < N A 1p, and let w € A. For all ¢ sufficiently small, if |®,(w) — 1] < %, then either
miin |w — 'O EB)| < L, or there exists some 1 < j <n — 1 such that

-, I 27
25(0) - el <5 ()
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Proof. Suppose that there is no such j. We will show that ming [w — €®»*%)| < L. We now claim that |®, ,,(w) —

. 27
610-7T+1| < g (%) for all 0 < j <n — 1 (where ®;,, = ®,, and 6] = 6; = 0). For j = 0 the claim is the true by
. 29 .
assumption, and if the claim is true for 0 < j < n — 1, then by Lemma 13, as |®;,, — el(’j+1| < g (%) + |e’91‘T+1 -

elfiti| < g (%) , for sufficiently small c,

1
. 0T 0L 4 1
min((41,0(0) = 51, |10 ) — ) < L (1 * 2)

. 2J+1
since 8 ~ 2(e® — 1)1/2 for small c. But we supposed initially that |®;; ,(w) — ei+2| > g (%) , and so the
) 9J+1
above shows that |® ;41 ,,(w) — e0i+2 | < g (%) , and by induction our claim holds. Finally, one more application of
) 271,—1 )
Lemma 13 after the j = n — 1 case of our claim, |®,,_1 ,(w) — /| < g (%) , tells us that miin |w — e 0nEh)| <
on
16(;?/12 7z 8 ( ) < L, as required. o

Remark. We intend to use this lemma to find a precise expression for our set .S,, of singular points and then we can make
a precise estimate on the size of |®/,(e? )| for € S,, as we did in Lemma 16. For a singular point w, Lemma 25 tells

. . 0L . . .
us that for some j, @jyn(w) is close to e'fi+1 , and we now need to turn that into an estimate for the distance between w
_Zn
and @ et 7+1) zZ7.

Corollary 26. Suppose that n < N A 1p, and let w € A. For all ¢ sufficiently small, if |, (w) — 1| < % then either
ming jw — ei(eniﬂ)| < L or there exists some 1 < j <n — 1 such that

on nf'ﬂ L >
lw—2}|<A ]4(5) )

where A is some universal constant.

Proof. To deduce this from Lemma 25, we need only show that there is some constant A such that |®; ,(w) —
) 27 ) 29

610_f+1| < g (%) = |w— Eﬂ < Anfjg (%) . Fix some 1 < j <n — 1. We will show that for j <k <n —1,

|Prrrn(w) = 27 < Al (w) — 2.

Fix a path ~y : (0,1] — A with lim o y(g) = 2F, y(1) = ®p n(w), and |y(t) — ZF| < @y, (w) — 25| for all t € (0,1].
We can also choose 7 in such a way that it has arc length £ := fy |dz| < 2|®p ., (w) — A;? |. By the fundamental theorem of

calculus,

[Ppr1n(w) =2 = [ (Prn(w)) = fi (B

(fi)'(©) d<]

<lx sup |(fii) Q)
CE’Y(Ovl]

¢
wesh (o, i @)

inf
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Now there must be some constant M > 1 such that |w — e+1| > 8/M for all w € f,;}l (7(0,1]). Otherwise, if
|w — e+1| < 8/M, then it is easy to check using the explicit form of f. from [11] that | f41(w) — €%+ (1 + d)
O(B/M?), and so

25— 1 (14 d)| < | frr (@) — €941 (14 )| + | fia (w) — 2] < =d

J

[N

for sufficiently large M, contradicting |3jk| = 1. Hence by Lemma 11, there is a constant A such that

nf [ f(w) 2247
we fily (v(0,1])

‘We therefore obtain
|Phi1,n(w) = 27T < Al@y p (w) — 27| (32)

forall j <k <n-—1,andso

. . 3L\
W= 2= () = 5] < 4050 -l < a0 G ()

as required. O

If we let L’ be the upper bound in Corollary 26, then we now have a necessary condition for points to be singular,
based only on their location: if e? 7% € A is not within L% of Z}} for some j, then 6 is regular. The set of singular points
S,, is therefore contained in the union of only n + 1 intervals centred around e?»*# and each 2}”

We can now find a precise estimate for |®/ | on S,, as we did in Lemma 16. The proof will also be similar to that of
Lemma 16.

Lemma 27. Let n < N A7p, and 1 < j <n — 1. If c is sufficiently small, then for all w € A with |w| = e’ and

. 2]
lw — ~Jn| < An*jg (%) , for A as in Corollary 26, we have

1

CQn—j

‘(I);z(w)l < Bncnzj"'_lc%(l_Qﬁ) /Z‘;z‘—(l—27j)

w —

where B is a universal constant.

Proof. We will complete the proof by finding bounds on |®; , (w) — eilits |; an upper bound to show [®’  (w)] is small,

and a lower bound to show |®’(®; ,(w))| is small. The rest of the proof will be similar to the way we deduced Lemma
16 from Proposition 14.

First, we will estimate the positions of ®,,_1 ,(w), ®p_2.n(w),..., P, (w). As in the proof of Corollary 26, for
J+H1<k<n,

|Pr1n(w) = 257 = | fr @ (w)) — fi(Z)]
<2|Ppn (w) — 2] X sup FAGIH (33)

=24 < |, (w) 25|

SO we need on oun or ¢ close to z7'. We will also need inductively that (® ,(w) — 27| 1S small 1n order to
d only bound | (¢)| for ¢ cl z¥. We will al d inductively that |y, , (w) — 2¥] i 11 in ord
say that ¢ is close to 2.

Claim. For j+ 1<k <n, |®p,(w) — 2F| < A"~7c*2" for sufficiently small c.

. n+1 2j . n 1 j—1 . n n
The claim is true for k = n, as [w — 27| < An—icl/2 (%c2 " ’1/2> < AnI2 T 2T o pn—ie2" TP =2" Then,

if the claim holds for all [ > k, we have

‘(I)lm(w) - /\é‘ < An—Ie3x2" < C2l—]’

N =
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for all sufficiently small c, and so, by Lemma 23 and the triangle inequality, for all ¢ such that [ — ’§| <Py (w) — ?J

bl

we have ming. ¢ — ¢! (@ +8)| > %CQH. Hence by Lemma 11,

cl/2
[fe(O] < A s

Therefore, by (33),

_ _ 1_ol—j—1
(@1 (w) = 27 <27 F @y (w) = 27 ¢ [T (Azed 277

29 -
< (2A2)nik+1An7j§ <g> R e XY

(245)"F e Hl} A" J( 271+1—%>2j o (2 —gkmi
< A”—jc2"+j+1—2j*1_2”*j+2k—j71
< Ande i
=A7l_jc3><2"’

and so our claim holds by induction.
We can also see, from the same computation, that

\%AM—J%Wﬂ%AM—?K@“7 (34)
Then for each j +1 < k <n, as ¢3*2" < % , we have by the triangle inequality and Lemma 23 that |®y ,, (w) —

O£ > 1e2" "and so by Lemma 11,

n

(@)= T 1£(@rn(w)

k=j+1

51/2
H A2 (L )iz
k=j+1
< (24p)" I T T Y
= (24g)" " 2 (35)
for sufficiently small c.

We will next establish an upper bound on [®;(®; ,(w))|. By the arguments used to prove Corollary 26, we have a

lower bound on |®; ,,(w) — el | as well as the upper bound we just established:
(B (w) = 51 > A D — 7], (36)
where A is a constant. The upper bound in (34) is less than ¢2""", and so we can apply (the proof of) Lemma 16 to say

(A")F 2127 9)
n—j on|1—2-3"
A 27 |U)_Z]| J

|0 (®jn(w))] < (37)

and so we can combine (35) and (37) to obtain

| (w)] = |25, (w)] X |50 (w))]
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n—j ) . ‘ v
< (2142> (A/)jc%—2"7”4‘1(;%(1—27]) lw — /Z‘;Ll—(l—Q*J)
VA

<(A”)”cn4_j+1c%(1 2=y L 1 An‘f(kz—f)
o c?"

= |w -

where A” = rnaux(%7 A’) is a constant. O

27

Corollary 28. Letn < N A1p, and 1 < j<n—1. Then for L} = An—i8 (%) , we have

v(2Fi4)

Ln ) ,.
/ ‘(I)/ (Nn (T+up)|1/ dSOSB,CLC C%(l—Q*J)U_[y(1—2*J)_1] (38)

J

cv2nd
where B, is a constant depending only on v.

Proof. As [Zl'e”t'® — 27" < (0% + ¢?)/2, the bound follows immediately from Lemma 27 (in the same way as we
obtained Proposition 17 from Lemma 16). [

5. Proof of main results

With the results of the previous sections, we are finally ready to prove our main scaling limit result, that the cluster K%,
converges in distribution, as ¢ — 0, to an SLE, cluster. To help picture the sets .S, ; and R,,, it may be useful to refer to
Figure 4.

Proof of Theorem 10. We want to show that A, 1 (F, f r, hp1(0)d6 is small, and so we will decompose F;, into
several sets. _
Let R, ={0€T:|®,(e?T) - 1| > %}, Sp = F,, \ R,,. We will further decompose S,,: first define

T,={0€S,:D< miin e +10 _ ¢il0n )| < I},
and for 1 < j <n — 1 define
j={0€8,:]e”T? —Z| < L7},

where L7 is the bound appearing in Corollary 26, then Corollary 26 tells us that S,, =T}, U (Un ! Sh, j>. We can then
split the 1ntegra1 as

g1 (Fn) < hngt (Bp) + hn1 (To) + > Bing1 (S ). (39)

We showed in Section 3.2 that h,, 41 (T,,) = o(c”) for any fixed v > 0, and so we only need to bound h,,+1(R,,) and each
hn+1(Sn,;). Bounding hy,41(R,,) is simple using Proposition 21, as for any 6 € R,,, we have

, it /2 L *%(2",1) 4
@ oT1 <An n Zn’
e s () T <

and s0 hy,41(Ry,) = o(c?). Finally, we will bound %,,41(S,, ;). Using the bounds from Proposition 17 and Corollary 28,
we have

I ,
i) = - [ | LG dp

Bnc vamn Tl)C%(172_J‘)0'7[V(172_j)71]

< ,
- A”C2(1 27" g—lr(1-2-")-1]
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_ (iy) ) 527 2T vt p(27 -2

o(c?)
B " n—j —n
5 v —v2 v2
<Lc ( c o
%) ,

Sl/c e . (22 /¢—n_gn J) (221/c N_2N>
thenas 0 <c2 ,wehavec 72" '¢g"2 " <c¢ <c which decays faster than exponen-
Y

tially in N. Therefore hy,41(Sy,;) = or(c®), and so Z;:ll Bp+1(Sn,;) = or(c*), establishing (5). The second bound,
(6), comes immediately from Corollary 20. O

Remark. We have now seen that (0y;),<|7/c| is very close to a simple symmetric random walk with step length 3 ~
2c!/2, and so we expect (£¢ )eelo.7] = (01¢/c))tejo,r) Will converge in distribution to (2B;):¢[o,7], Where B is a standard
Brownian motion. We now state a result by McLeish [12] which gives conditions for near-martingales to converge to a
diffusive limit.

Corollary 29 (Corollary 3.8 of [12]). Let (X, i)n.ien be an array of random variables, J = [0,T] for T > 0 or [0, 0),

and (ky)nen a sequence of right-continuous functions J — N U {0}. Write W,,(t) = Zk n(t) X,i fort € J, and assume
the following three limits hold in probability as n — oo:

kn (t)

S E[X? X0 > el X, Xnjo1] — 0 forall e >0, (40)
j=1
Fon (1)
Z E[X2,[Xn1s. s Xnjo1] = t, (41)
k(1)
> E[Xn 1 Xns o Xn o]l =0, (42)

forallt € J. Then W,, — B weakly in D(J) as n — oo, where B is a standard Brownian motion.

Proof of Proposition 5. The bound P[rp < |T'/c|] = Or(c?) is obtained immediately from Theorem 10, by observing
for 1 <j < |T/c]| that

Plrp < j] < Ac* +Plrp <j —1].

For the convergence of the driving function, we will apply Corollary 29, replacing n — oo by ¢ — 0 (this can be justified
by showing the limit holds for any sequence of capacities c,, tending to zero as n — o) and k,(¢) by [t/c|. Then
Xc,; =0; —0;_1. Note that we will have 4¢ rather than ¢ as the limit in (41), corresponding to a limit of 25 instead of
B.

The expectation of the jth term in (40) is

E/ ©*h;(0;-1 + @)1 | > el dp < T*E(P(|0; — 0;-1| > €61,...,6;_1))

s

<7mP(rp < )

when c is sufficiently small so 3+ D < e. Using our bound on P[rp < |T'/c]], we see (40) tends to zero in L* and hence
also in probability.

Next, since h; approximates %(69].71,5 + 59j71+5), the jth term in (41) is
—B+D

s B+D
/ <P2hj(9j—1+<ﬂ)dsﬁ/ﬁ . ¢2hj(9j—1+sﬁ)d@+/ﬁ . ©*hi(0;-1 + @) dp + E;

— (B +0(D))? / hy(0)d6 + B

T\F]‘,1

=3*+0(BD) + E
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where E; is the sum of two terms:
/F_ 02h;(0)d6 < w1[rp < |t/c|] + 7> Ac*
and
(5 +06D) [ hy0)a0 <261[rp < lt/e]] + 14

(both bounds come from Theorem 10). Hence (41) is

Lt/c) spy el
Z[@h 0j-1+¢)dp = Lt/CJB2+O< ) ZE’

Then

3 el <|? 2 t ?Act 4+ 4Ac®
;|A_Lyw+ﬁ>[ < lt/el] + 72 Ac + 14¢”)

= OT(C2),
s0 (41) converges in L! to lim._,o([t/c| 3%) = 4t for any ¢ € [0,T] as ¢ — 0.

Finally, for the symmetry condition we can combine (5) and (6) to bound the jth term in (42):

B+D
/ﬁ o(hj(0j—1+ @) = hj(0j-1 — ) dp| + Th;(Fj-1)

’/ ohj(0;-1 +<,0)ds0’ < .

<7l[rp < [t/c]] + (B+ O(D))Actt/* + Ac?,

so as with (40), taking expectations it is simple to show that (42) tends to zero in L' and hence in probability as ¢ — 0. [

6. Alternative particle shapes

We believe that the results obtained above when using particles of the form (1,1 + d] can be extended to a more general
family of particles. In this case, depending on the form of the particles chosen, we believe an SLE,; cluster can be obtained
as the limit of an ALE(0,7) for n < —2 for any & € [4,00] (where SLE, is the growing disc ¢ + e‘D).

We will present below a few definitions and statements to make this conjecture precise, and some sketch arguments to
support our claims.

Definition 30. Let P be a family of subsets of A, with P € P if and only if:

(i) PUD is closed and bounded,
(ii) forall z € P, we have z* € P,
(iii) PND= {1}, and
(iv) P is convex.

Note that for every P € P, there is a unique map f* : A — A\ P of the form f7(z) = ez + O(1) near co for some
c =c(P) > 0. As with the case P = (1,1 + d] there is also a unique 0 < 3(P) < 7 such that f¥(e**#(")) =1.

Condition (iii) is necessary to obtain an SLE scaling result. If the particle has a non-trivial base, then the basepoints no
longer sit in increasingly deep “fjords” of low harmonic measure, so the most recent basepoints are no longer signficiantly
more attractive than the older basepoints.

Condition (iv) ensures the basepoints of each particle are the areas of lowest harmonic measure. For example the
particle Pp o = (1,1 + e¢] U (1,1 + e~%/] satisfies (i), (ii) and (iii), but ()" has an additional singularity at 1 as well
as at e¥% if 0 < @ < . For certain values of  the singularity at 1 is in fact stronger than those at e,

Aside from particles of the form (1,1 + d], examples of particles in this family are discs D, of radius r > 0 and centre
1+ r, and line segments tangent to T, of the form Ty, = [1 — i/, 1 + i¢] for £ > 0.
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Definition 31. Given a family (P.)c>¢ of particles from P, indexed by capacity so that c(P.) = ¢, we will call the family
k-stable for k € [0, 00] if B(Pe)?/c — Kk as ¢ — 0.

We can compute the maps f”~ and f”* by elementary methods, and so establish that both families are stable and
compute their respective xs. We write both maps here so that the reader can satisfy themselves that they have the same
important properties as the map f (1174,

For r > 0 we have 3, = {15 and define m,. : A — H by

_ e~ iBr
_ i 2 € 43
my(2) = e ——5—, (43)
and ¢, : HH— A\ D, by
logw + i
_oswtip 44
nlw) = e @)

where the logarithm is defined by 0 < argw < 7. Then we have fP~: A — A\ D, given by P =), om,. It is
then relatively easy to compute that the capacity of D,., ¢(D,.) ~ %7‘(27“2 and so (suitably reparameterised), (f7),~¢ is
6-stable.

The map for 7} is somewhat more complicated. Following the Schwarz—Christoffel computations in [15] (adapted
for a symmetric tangent), the calculations give rise to two quantities as £ — 0: ey ~ ¢ (closely related to Br,) and y, =
2 — z=ef + o(e}) (related to the capacity). Using these, we can define maps my : A — H, ¢y : H — H \ (two arcs), and
e : H\ (two arcs) — A\ T}, given by

-1
me(2) = iy (45)
1 - 1—
wg(w):%log (ZJij) _ ;z/ﬂ" (46)
s
PO =5 @)

Then f7¢ = 0 1y 0 my,. Some calculations then give 37 /c(T;) ~ 127” as £ — 0, so (again reparameterised by capacity),

(Ty)e>o is co-stable.

Our main conjecture is that we have a version of Proposition 5 for every family of k-stable particles, and so the
resulting cluster converges in distribution to an SLE.

To grow most of the particles in P it is necessary to use Loewner’s equation (4) with a driving measure on T rather
than a driving function. We will not go into detail of this here, but refer the reader to [8]. For a given particle P with
capacity ¢, we denote the driving probability measure (evolving in time) by (1! )o<i<c-

Conjecture 32. Fix T > 0 and let n < —2. Suppose (Pc)c>0 is a k-stable family of particles from P for k € [4,00]. Let
(02)n>1 be the sequence of angles we obtain from the ALE(0,n) process using particle P and let o < co(P.), some
function which decays quickly as ¢ — 0.

Let Tp = inf{n > 2 :miny |0,, — (0,,—1 = Bc) > D}, where D is a suitable function of o and c.

Asc—0,

Plrp <|T/c]] = 0O(c)

for some v > 1.
The driving measure for the whole cluster is &5 (p) = dufchCJ (O1t/c)+1 + @) for 0 <t <T. Then if k < oo,

(ff)te[o,T] — (6\/EBt)te[0,T] in distribution as ¢ — 0,

as a random variable in the space of finite measures on S =T x [0,T] (equipped with the Wasserstein metric), and if
Kk = 00 then (& )¢e(o,1) converges in the same sense to Lebesgue measure % dpdton S.

Conjecture 33 (Generalisation of Theorem 6, simple corollary of Conjecture 32). For 1,0,k and (Pe)eso as in Conjec-
ture 32, let the ALE(0, n) cluster with N = | T'/c| particles of capacity c be K§,. As ¢ — 0, if k < oo then K, converges
in distribution as a random variable in K to a radial SLE,. cluster of capacity T. If k = 0o then K§; converges in K to
the disc e D.



SLE scaling limits for a Laplacian random growth model 27

FIG 6. Clusters composed of tangent particles 7} (top) and disc particles D, (bottom), generated with an angle sequence 0 = X, for a simple
symmetric random walk X, coloured according to the order of attachment (the earliest particles in blue and the latest in red). Note that these are not
simulations of an ALE process, but illustrations of what we conjecture their behaviour to be. For the tangent and disc particles (and even for the slit),
the o necessary for convergence to an SLE is far too small to make simulating ALE practical in the regime this paper considers. The clusters on the
right have 8,000 particles each and a total capacity around 0.2. The bottom-right cluster is close to an SLEg, and the top-right cluster approximates an
SLE,, with x around 377.

We believe the proof of Conjecture 32 is fairly straightforward for particles where the map 7= is known explicitly,
such as T; and D,.. As the support of ,uf ° is o(1) as ¢ — 0, proving convergence of the driving measure is reduced to
proving the angle sequence approximates a symmetric random walk. This follows quite simply if we can prove similar
bounds to those in Theorem 10, which we believe is simply a matter of carefully verifying the type of explicit calculations
we were able to do for f(1.1+d

A proof for general x-stable families will require more generalised estimates of the maps and their derivatives for
particles in the class P, which we have not currently developed.

Remark. One question which naturally arises is the significance of the x = 4 appearing in Theorem 6 for the slit particle.
In fact we strongly believe that this is the minimal attainable x for our ALE(0,n < —2) models. Geometrically, slits
(1,1 + d] are the only particles with “zero width”, and x = 4 marks a phase transition for SLE, since SLE, is a simple
curve, and SLE,; for k > 4 is never a simple curve.

Proposition 34. For 0 < k < 4 there is no family of k-stable particles in P.

Proof idea. First note that the family of slit particles (Qc)e>0 = ((1,1 + d(c)])e>0 is 4-stable. For any particle P € P,
we can express ()1 as the solution to the “reverse” Loewner equation with a symmetric driving measure, and then
ePP =1lim. o(fF)~1(e?). An explicit calculation shows that if P has capacity c then Bp > f3q. . O

Remark. We are confident that an SLE,; can be realised as the limit of an ALE(0,7n) model for every x € [4, cc]. For
example, isoceles triangular particles joined to the circle at the apex, with vertex angle 6, can interpolate between the slit
particle (1,1 + d] (the # — 0 limit) and the tangent T} the § — 7 limit). We can therefore interpolate between x = 4 and
K = 00, realising every value in (4, 00) as 6 varies in (0, ).
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