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Fluctuations of lattice zonotopes and polygons

Théophile Buffiere*, Philippe Marchal *

Abstract

Following Barany et al. [3], who proved that large random lattice zonotopes converge to a determin-
istic shape in any dimension after rescaling, we establish a central limit theorem for finite-dimensional
marginals of the boundary of the zonotope. In dimension 2, for large random convex lattice polygons
contained in a square, we prove a Donsker-type theorem for the boundary fluctuations, which involves
a two-dimensional Brownian bridge and a drift term that we identify as a random cubic curve.

1 INTRODUCTION

The study of large convex lattice polytopes, starting with the famous question of their enumeration raised
by Arnold [I], has been a long-standing question where, in dimension > 3, all natural problems regarding
their asymptotic shape remains essentially open.

In this context, the study of lattice zonotopes, a subclass of convex lattice polytopes whose definition is
given below, seems more tractable. In particular, an important result by Barany, Bureaux, and Lund [3] is
that in any dimension, in a given cone, the shape of large random zonotopes converges to a deterministic
limit after rescaling.

Following this result, it is natural to investigate the second order asymptotics. A convenient way to
proceed is to study the fluctuations of tangent points of the boundary away from their expected position.

We show that this leads to Gaussian limits with a renormalizing factor n%.

To be more precise, recall that a zonotope in R? is defined as the Minkowski sum of a finite set E
of vectors € R%, the vectors in F being called the generators of the zonotope. A zonotope is a lattice
zonotope if the vectors have integer coordinates. If we restrict ourselves to vectors with nonnegative
integer coordinates and such that > v = (n,n...n), we get a finite number of zonotopes and if we pick
one uniformly at random, we have:

Theorem 1. Let Z be a random, uniform lattice zonotope starting at the origin, ending at (n,n...n), and

with generators in N¢. Let u € R% and let X3 be the point of the boundary of Z tangent to the hyperplane

with normal vector u, as defined by . Then there exists a symmetric matriz I'y, given by @D , such that
d+2

(=T, V2 (X2~ B(XD) D N (1)

n—oo

where N is a standard, d-dimensional Gaussian variable.

We point out that, while the boundary of a d-dimensional zonotope is a d — 1-dimensional object, the
fluctuations of the tangent point X7, are d-dimensional.

If H is a hyperplane and does not contain any generator of the zonogon, then there are two points
of the boundary tangent to H, and they are symmetric with respect to the center (n/2,...n/2) of the
zonogon. Consequently, the fluctuations of these two points away from their mean are the same. On the
other hand, if H does contain some generators of the zonogon, then the set of points of the boundary
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tangent to H is the union of two faces of the zonogon, the dimension of these faces being the dimension of
the vector space spanned by these generators contained in H. Again, these two faces are symmetric with
respect to the center of the zonogon. In that case, we have to choose a point on these faces, and we do so
using Formula .

Let us mention that we have an explicit expression, not only for I'y, but also for E(X}). In fact, the
result can be generalized to finite-dimensional marginals: if one takes a family wuq,...u; of vectors and
looks at the tangent points X7 ;... Xy, , then the k-tuple (X3, — E(X7, ),... X3 —E(X7 )) converges in
law to a Gaussian random vector with an explicit covariance structure, see Proposition 4. Moreover, the
result of convergence in distribution can be refined into a local limit theorem. See Section

In the 2-dimensional case, zonogons are just centrally symmetric convex lattice polygons. Alternatively,
any convex lattice polygon can be viewed as the union of four arcs of zonogons. Moreover, if we pick a
random convex lattice polygon contained in a large square, each of these arcs converges into an arc of
parabola, as shown in the seminal papers of Barany [2], Sinai [16], and Vershik [18]. In this setting, our
result on fluctuations can be extended to a functional limit theorem as in Donsker’s theorem.

In order to state a rigorous result, let us introduce the following notation. Consider a random, uniform,
convex lattice polygon P, contained in the square [-n,n]%. Let A, = (4,,A.) be the southern-most
segment of P,, and S,, be the “south pole”, that is, S, = (0,—n). Both A/, and A, should be close to S,
and we would like to quantify this more precisely. Likewise, we can define By, B'n,C,,, C! D, D), which
should be close respectively to E,, N, W,, where E = (n,0) etc. See Figure 1. Finally, we denote by
X : R? = R, resp. Y, the projection on the first (resp. second) coordinate. Then we get the following
result:

Ny,

Figure 1: A random polygon in the square [—n,n]?, where the extremal segments are labeled by their

extremities, and the limit shape shown by Barany [2], Sinai [16], and Vershik [I§].

Theorem 2. (i) The quadruple
nH3(Y (An = Sn), X(Bn — En), Y (Cp — Ny), X (Dy — W}))

converges in probability to d(0,0,0,0)-
(i) The quadruple

n"3(X(An — Sn), Y (By — Ep), =X (Cr, — N,y) = Y(Dy, — W)



converges in distribution to a Gaussian random variable (R, S,T,U) with density

1 1
C1 exp <—18[(T — )24+ (s—t) + (t—u)’+ (u—1)? - 5[7“2 + 52 +t2+ u2}>
for some normalizing constant C > 0.

(iii) For every t € [0,1], let X,,(t) be the point of the boundary of P, with negative y-coordinate and
tangent to the vector (t,1—t). Let X,,(t) = E(X,,(t)). Then there exists a continuous family of nonsingular
matrices (Q(t),0 <t < 1) such that for all r,s € R, denoting for each n the event

En(r,s) = {Ln_Z/S(X(An —Sn)| =, Ln_2/3(Y(Bn — Ey)| = s}

we have the convergence of conditional processes
_ ~ d
(n5%,0) = Ka(O)ln(r o)) € 0.17) 9 (1) + (nal0) + QO € 0.1)

where () is a standard 2-dimensional Brownian bridge and p, s is a cubic curve parameterized by

—2t(t —1)% (2> — 5t +4) s
prs(t) = < 22t —1)  —20%(t—1) ) (—r)

Of course, (iii) is only stated for one of the four arcs of the polygon but the result is true for each arc.
Note that X,,(0) = A, and X,,(1) = B,,. As in Theorem 1, the tangent point in Theorem 2 (iii) is defined
by (7). Anyway, it follows from [6] that the edges of P, have length of order ns. Therefore, even if the
set of tangent points is a whole edge, we could choose any point on this edge as X, (t) and because of
the renormalizing factor n=2/3, this would not change the result. For the same reason, we could replace
(An, Bpn, Cy, Dy,) with (A, B, C!, D!) in the statement of the theorem.

We could re-express (iii) by saying that (Q(t)5:) is a 2-dimensional Gaussian process with a continuous
family of covariance matrices (Covt). It follows from the computations in Section 4 that there exists a
continuous family of orthogonal matrices (O;), with Oy = Id, such that

O\ 24 —6t+3) (t—1)3t (82 —8t+3) (t— 1)
OrCov, = <g(3)> ((Eth — 8t +3) )(t — 1) —(2 (482 — 2th 1) £3(t — 1)> @

In particular, for small ¢, the fluctuations of the process are of order t*/2 in the z-coordinate and t3/2 in
the y-coordinate. We have similar estimates for ¢ close to 1. X
As a consequence, we could write informally that if ¢t < n™3,

2 1 1
R 3 2 3
nX,(t) = (L) ., n3E|Q(t)B] = (ZG> L B pya(t) = <n13>

where a,, < b, means that there exist two positive constants ¢ < C such that for each n, cb,, < a,, < Cb,.

Note that in (iii), we state a conditional result. If we average over the law of X (4, — S,),Y (B, — E,),
we find that the mean of the asymptotic cubic curve is zero. That is, if we choose (R, S,T,U) according
to the Gaussian distribution given in (ii), then for every ¢ € [0, 1], E(pur s(t)) = 0.

More details on p, s, in particular the proof that it is a cubic curve, are also given in Section 4, see
Proposition 6, where we have to identify

mmzﬁéym@

The curve p, s has a cusp if —r/s ¢ [1/2,2]. In particular, suppose that » < 0, s > 0 and —r/s > 2. Then
Wr s starts at (0,0), ends in the positive quadrant, namely at (—r, s), and yet for t < (—r —2s)/3(—r — s),
both coordinates of the speed p; (t) are negative. This may seem counter-intuitive.
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The fact that for fixed r, s, the curve p, , is cubic is in sharp contrast with the usual situation where
the drift is linear: if (B;,0 <t < 1) is a Brownian motion started at 0 and conditioned to end at a, then
(Bt) has the form B; = at + B¢ where (/;) is a Brownian bridge. In dimension 1, Brownian motion with a
parabolic drift has been widely studied in connection with various problems such as statistical estimators,
random partitions, epidemics models, Burgers turbulence etc. See for instance [14, [15] 17, 12} 13]. On the
other hand, we are not aware of other instances of a cubic drift in the literature.

Let us also mention that other models of random polytopes have been studied in the literature. In
particular, Calka and coauthors [10], 9] consider the convex hull of Poisson point processes whose intensity
goes to infinity, thereby obtaining random polytopes that fill nearly all the space available, and look at the
fluctuations of the boundary. This, however, is very different from our setting where the geometry of the
underlying lattice plays a significant role and therefore, their results and ours are of a different nature.

The remainder of this paper is organized as follows. We introduce our main tools in the next section.
In particular, while the two results stated in the introduction deal with random zonotopes or polygons
with uniform distribution, a key tool we will use is Boltzmann distributions, which are defined in this part
of the paper. We state and prove our limit theorems in dimension d in Section 3| Section [4] is devoted to
the functional, Donsker-like result on zonogons in dimension 2. Finally, Section [5] extends these results to
polygons and gives the proof of Theorem 2.

2 GEOMETRIC AND PROBABILISTIC MODEL

The results of this paper are based on the limit theorems proved in Section |3 which are dealing with
zonotopes in cones of RY, for any dimension d. Thereafter, the cone C is a closed convex salient and
pointed cone, which means that 0 € C, no pair (x, —x) lies in C for some non zero vector x, and its interior
int C is not empty. Let k be vector of Z% N C. The geometric and probabilistic models are the same as in
[3]; we tried to keep the same notation when possible to ease the readability of our results.

2.1 Zonotopes in cones

A zonotope is a convex geometric object defined as the Minkowski sum of k segments, called its generators.
More specifically, an integral zonotope Z is a polytope for which there exist k € N and vy, ..., v € Z% such
that

k
Z - {Zalvl ‘ (a17"'7ak) € [07 1]k}
i=1
k
= Conv {Z €vi | (e1,....ex) € {0, 1}k}

=1



(a) 2 dimensions (b) 3 dimensions

Figure 2: Zonotopes made from 4 red-colored generators.

The endpoint of Z is Zle v;. We define Z(C, k) as the set of integral zonotopes in C that end at k.
This set is clearly finite as the generators of the zonotopes of Z(C, k) are in Z.

Given a multiset (an unordered set of elements with repetition allowed) V = {v1,..,v;} € (Z?\ {0})*
and the integral zonotope Z determined by V', the set of generators uniquely defines a zonotope but the
converse is not true. To determine a multiset uniquely from an integral zonotope, we define the set Py
of primitive vectors of Z?. A vector (z1,...zq) € Z% is primitive if ged(21, ..., z5) = 1, and therefore notice
that 0 ¢ Py (we prefer the notation Py rather than P? because Py is very different from (P;)?%). There is a
unique multiset W = {wy,...,w;} € IP’Q of elements of Py that determines Z, constructed that way: given
a generator v € Z% of Z, v can be uniquely written as m;w, with w € P;. Then add m; copies of w in W.
For two different multisets U and V' that determine Z, U and V give the same W with the construction
above.

We have now a one-to-one correspondence between integral zonotopes in C and finite multisets of PyNC.
We denote the endpoint k of Z (and we say that Z ends at k) as

l
i=1

A multiset of Py N C describing a zonotope such as W is called a strict integer partition (see Section 2
in [3]) of the vector k from C. Notice that for a given k € Z4 N C, any strict integer partition of k from
C is finite and can be encoded as a function with finite support. Indeed, for a strict integer partition W,
we define the function of multiplicities w : Pg N C — Z4 where w(x) = card{i € {1, ...,1} | w; = x} for any
xeP;NC.

Let ©2(C) be the set of nonnegative integer-valued functions w : P4NC — Z, with finite support. There
is a one-to-one correspondence between 2(C) and the set of integral zonotopes in C. Additionally, we
naturally define the endpoint of w

X(w) = Z w(x)x. (3)
xePyNC

Picking a random zonotope in Z(C, k) is equivalent to picking w € Q(C) such that X(w) = k. In the
sequel, Z(w) denotes the zonotope that corresponds to w, and w(Z) the element of Q(C) that corresponds
to Z.

2.2 The probabilistic model

Fix k € int CNZ%. We will use the correspondence between integral zonotopes and strict integer partitions
described above to define the probability distribution on the set of zonotopes. For w € €(C), we denote
Z(w) the associated zonotope.



We define the probability distribution P, for all w € Q(C), depending on the parameters 3,, € R} and
a € Z? NintC (respectively made explicit in and in @) by

1
Pn(&]) = 76_Bnavx(w)’ Where Zn(a) — Z e—ﬁna.X(w)‘
we(C)

This probability distribution is known as the Boltzmann probability distribution, as it is directly
inspired by the Boltzmann distribution in statistical physics. Z,(a) is called the partition function of the
model. In the sequel, we fix §,, throughout the paper to be

ar/Cd+1)

="\ "clam

(4)

The key point is that P, (w) only relies on the endpoint X (w), hence two zonotopes ending at the same
point have the same probability, and in particular, we define the uniform distribution Q,, on the elements
Q(C) ending at nk by

Quk(w) = Py (w] X(w) = nk)

The parameters a and 3, are determined in order for P, to be close to Q,,;x when n grows large. The
point of using P,, to approximate Q,, is that P, has a much simpler structure. Remind the definition of
X(w) in [3[ as a sum over Py N C; therefore the exponential becomes

efﬁna-X(w) _ H efﬁna-w(x)x‘
xeP4zNC

This product structure is passed along to Z,(a) and P,:

Zn(@) = ] # and Py(w) = [[ e metox (1 e (5)

xePyNC xePyNC

We deduce that (w(x))xep,nc is a mutually independent set under P,,, and that the variable w(x) has
a geometric distribution of parameter 1 — e 2% The simplicity of P, lies in the fact that under P, a
random zonotope is a product of geometric independent variables for each possible primitive generator.

2.3 Useful formulas about cones.

This part is dedicated to recalling a few results from Bérdny Bureau and Lund [3] about cones, more
precisely Theorem 3.1, and Proposition A.1. We keep the d-dimensional cone C and k € Z¢NC from above.
For a given a € Z¢, we denote the section C(b = t) and the cap C(b < t) by

Cb=t)={xeClClx-b=t},
Cb<t)={xeClx-b<t}.

The following proposition (Theorem 3.3 in [I1]) fixes a in the distribution P,,:

Proposition 1. Given C and a vector v € int C, there is a unique a’ = a’(C,v) such that a’ is the center
of gravity of the section C(v = 1) and that the cap C(a’) is the unique cap that has minimal volume among
all caps of C that contains v.



It immediately follows that d%‘ila’ is the center of gravity of C(v < 1), and therefore

d . _ 1 / xdx
d+1  VolC(v<1) C(v<1) ‘

In the probability distribution P, given a’(C,k) obtained by Proposition |1, we define a € Z¢ N C the
unique vector a = A\a’(C, k) for some A > 0 such that

(d+ 1)!/ xdx = k. (6)
C(a<l)

This value will make sense in the proof of Theorem |3 The next proposition is a version of the density
of the primitive vectors for cones and homogeneous functions, and will be used hereafter for calculations
on P,:

Proposition 2. Ford > 1, let f : C — R be a continuously differentiable homogeneous function of degree
h, i.e. f(AX) = A f(x) for all x € C and A > 0. For every a € R? such that a-x > 0 for all x € C (that
is, an element in the interior of the dual cone):

6d+h Z f(x>e—6a-x: C(ld)/cf(x)e_a‘xdx—i_O(/B)

xeCNPy

This is Proposition A.1 in [3]. It is written under the assumption d < 3, but their proof still stands for
d = 2. At some point hereafter, we will need to highlight that the term O(f) is independent of C. For this
purpose, we highlight some elements of the proof of Proposition [2] that give the following corollary:

Corollary 1. Ford > 2, if f is a continuously differentiable homogeneous function of degree h and C C RY :

2+h x)e Pax 1 x)e P2¥ix + ¢(a
g S f(x) Sc(d)/cf() dx + ()

xeCNPy

where €(a) is independent of C.

Proof. Recall that a € Int R?, as it is proportional to the center of gravity of C(u < 1). Let A be a
compact subset of Int Ri (which is the dual of Ri, {veR%vxc Ri, v-x > 0}). Since A is compact and
since C(u < 1) C {x € R%,u-x > 0}, there exists L > 0 such that for any cone C, C(u < 1) is contained
in [0, L]?. Therefore the same arguments as in the proof of Corollary A.3 in [3] lead to the existence of a
constant vz, r > 0 such that

—fa-x L —pa-x VL.f
2 ST L7 sax| < 3

This constant vy, 5 is independent of C. 0

The following relation is widely used in this paper to compute integral values.

/e_a'xdx = (d+ 1)!/ xdx,
C C(a<l)



3 LIMIT THEOREMS IN DIMENSION d

This section improves the results of [3, Section 4.2] on the asymptotic behavior of random zonotopes after
rescaling. First, we extend the central limit theorem to any point of the boundary of the zonotope tangent
to a given hyperplane. Then we prove a local limit theorem for these points. Let u and v be two vectors of
R?, and Z a zonotope in Z (C,nk) drawn under P,, or Q,,,.. Denote Hy, respectively Hy, the hyperplane of
normal vector u, respectively v. We define X7} the furthest point from the origin of the face of Z tangent
to Hy that is maximizing the scalar product with u. Namely,

X7 = max <arg max(x - u)> . (7)
X€Z

We similarly define X7. We can reformulate the definition of X7, based on the structure of a zonotope:
X7 is the endpoint of the zonotope generated by the generators x of Z such that x-u > 0.

3.1 Central Limit Theorem for X,

Due to the independence between the generators under P, the point X7 (w) is distributed according to:

1 n
P W) = e—,Bnaw(x)x 1_ e—ﬁna-x _ 7e—ﬁna~Xu(w),
71711( ) H ( ) Znu(a)
x€PZNC(u>0) ’
where Z, y(a) is the partition function of P, . For exponential distributions like P, and P, the
expectation and the covariance matrix are known to be written in terms of the derivative of the logarithm
of this function, that is for the expectation u;, and the covariance I'}, of X, :

plt =K, [X%] = ~Vlog Z,u(a) and T = Cov(X%) = V?log Z,u(a).

Actually, C(u > 0) is a d-dimensional cone, and the theorems proved are still true for more complex
cones. More generally, given a d-dimensional closed convex salient and pointed cone C; such that C; C C,
we define X"(C1), Ppc,, p"(C1), and I'*(Cy) analogously:

Xn(cl) = Z w(x)x and PTL,Cl — H e—Bnaw(x)X(l B e—ﬂna-X)

xePzNCy x€P4NC1

x€ePyNC1 x€ePyNC1

In particular, we have p"(C(u > 0)) = pt and I'(C(u > 0)) = I';. Denote also the rescaled limits

p(C1) (with p(C(u>0)) = py ) and I'(Cy) (with T'(C(u > )) Iy re:pectlvely as:

_ wix, () - (D)™ xTx
”(Cl)_(d+1)!/<:(ag1)mc1 ax, TG <C(d+ 1)) (d+1)!/0(a§1)ﬂcl ! v

Proposition 3 (Central limit theorem). Let Z € Z(R?,n1) be a random zonotope drawn under P, C; C C
be a d-dimensional cone with 0 € C1, and X" (Cy) be the endpoint of the generators of Z in Cy. Then X"(Cy)
satisfies a central limit theorem in the sense that

(€)™ (X7(Cr) - w™(€1)) - N(0, 1),

n—o0

with h_}m Lpn(cy) = p(Cr) and lim n —ah " (Cy) =T(Cy).

n—oo



In particular, this central limit theorem gives the generalization of the asymptotic rescaled mean and

variance of X!, as the definition @ is almost identical to the rescaled asymptotic mean and variance of

X(w): we only restrict the integral on Cj.

Corollary 2. Let Z € Z(C,nk) be a random zonotope drawn under P,, and X, the tangent point of the
boundary of Z to Hy,. Then X7, satisfies a central limit theorem in the sense that

- n n d
()2 (X3 — ) <% N0, 1),

. . . —d+2
with lim Lp? = py and lim n~ @172 =Ty,
n—oo™ n—00

Proof. Proposition (3] is totally analogous to Proposition 4.1 in [3] with the cone C;, except that k, which
is the expected endpoint of a re-scaled zonotope drawn under P,, and which gives the vector a in P,,, does
not belong to the cone C;. The proof relies on the Lyapunov condition that is a direct consequence of
Lemma [l

We start with writing the expectation. After the expansion of the quotient as a series, the Fubini-Tonelli

theorem yields:
na-xX

_ﬁ )
)= $ IS S e

xePyNC1 i>1 xePyNCy

For i <1/, we use Proposition |2 to approximate the i-th summation over P;NC; into a d-dimensional
integral. Denoting iy the first integer such that ig > 1/, there exists a > 0 independent of x such that

Z xe Pnax < )ce_io'g"a'xi (10)
S16 Bn

Therefore, using again Proposition [2] on the summation over Py N Cy of the right-end term of [I0, we
obtain that the terms with ¢ > 1/, only contribute for O(1/3,,). We obtain, as n goes to 400,

n ¢(d+1) ax 1
s “”:m/cf“ dx*‘)(ﬁw)‘

After simplification of the prefactor of the integral, the change of variable x = tx’ with ¢t = a - x gives

1 _
u%&):(d+1ﬂ/) xdx + 0 (¥
n C(a<1)NCy

The details of the calculation of the asymptotic behavior of the variance are exactly the same, namely

= nd+1 7C(d) 7 xxTdx n
_ («d+U> u+1y£@gma dx+0(n). (1)

The central limit theorem is obtained by ensuring that the Lyapunov ratio L, ¢,, defined just below,
tends to 0 as n grows large:

Loc,= Y E U

x€P;NCy

() (o) ~ Bl |

The Lyapunov ratio tends to 0 as it is bounded from above by the Lyapunov ratio of the endpoint of
the zonotope Z in the proof of [3, Proposition 4.1]. It is also a direct consequence of the following lemma.

O



In order to state a local limit theorem for X"(C;) (Subsection [3.2)), we compute the order of approxi-
mation of the Lyapunov ratio:

Lemma 1. 4
L?’l,61 = O (n_ 2(d+1))

Proof. We start by bounding the Lyapunov ratio with the operating norm of I (C;)~/2, denoted ||[T™(Cy)~'/?|]:

> &

x€PyNCy

(@) (o) ~ EloGoD || < @) 2P Y 1P [iw60 - Bl

x€P3NCy

We respectively compute the second and fourth moments of @W(x) = w(x) — E[w(x)]:

—fBnax
N2 €

E 5] = ————

(1 — e=Bnax)

—Brax (q —Bnax —2Bna-x —Bnax

e + Te +e 9

E [|@(X)|4] = ( i ) < z
(1-— e—ﬁna-x) (1- e—Bnax)

Therefore by applying the Cauchy-Schwarz inequality, we obtain

3¢ Pnax

E [l(w(x) - El())’] < 0= e

__d+2
It is already known that ||[T™(Cy)~'/?|| is of order n~ 2@+D | therefore the end of the proof is obtained

using the same arguments as in the computation of the asymptotic mean in the proof of Proposition
namely

—Bna-x
Sl o ().

_ x\3
x€eP4NC1 (1 —€ Ana x)
OJ

We extend the central limit theorem to the weak convergence of a k-tuple of rescaled tangent points to
a Gaussian k-tuple. Let us introduce the rescaled point Xz of the boundary of the zonotope Z tangent to
the hyperplane Hy:

~n __d+2
Xy =n 2D (X4 - E[XG]) (12)
Corollary 3 (Limit of a k-tuple of tangent points.). Let Z be a zonotope drawn under P,, and let
(uy,...,uy,), respectively (f{ﬁl, ""sz>’ be an m-tuple of vectors of R%\ {0}, respectively the rescaled
m-tuple of the points of contact between Z and the hyperplanes Hy,, with 1 <1 < m.
Then b
v vt n v <
(Xul,...,Xum) Pn, (xul,...,xum)

n—+00

where (Xul, ...,Xum> is a centered Gaussian vector with covariance structure given by

Cov(f(ui,f(uj) =I'(C(w; > 0,u; >0)), for1<i,j<m.

10



Proof. For 1 <1 <k, we write Xﬁz as the sum of all the generators contributing, that is:

X =nTE0 3 (w(v) —Ew@)])v.
veP;NC(u;>0)

We introduce the sets (Cr);cpy ,y and (A7) > respectively defined by, for I C [1,m]:

Cr=()C(w; > 0)(\C(u; <0), and A} = e > (wv) —Ew)])v. (13)

el j%[ vePyNCr

The cones (Cr)rcqi,m) are partitioning the cone C, in particular they are mutually disjoint. As a
consequence, the product form of P,, given in implies that the random variables (A7) are independent.
Therefore, using Proposition

n Pn
(A7) rcim] n_>—+>oo (AI>1c[[1,m]] )

where (Aj); are independent Gaussian variables of covariance I'(Cr). For 1 < i < m, notice that we
can write Xﬁl as a sum of A}:

X. = Y AL

IC[1,m]
el

Hence, for any ¢, between 1 and m, the covariance of XEZ and ij is the variance of ) 1c,m] AT-
{igrcl
The weak convergence of the (Xﬁ) _follows.
(2

3.2 Local limit theorem

The central limit theorem is enough to obtain the limit shape of uniformly distributed zonotopes ([3]),
but not to ensure a Donsker theorem for the integral zonotopes. The local limit theorem below refines the
approximation of the asymptotic behavior of the endpoint of generators in a d-dimensional subcone under
P,.

Theorem 3 (Local Limit Theorem). Let Z be a random integral zonotope drawn under the law P,. Let
C1 C C be a d-dimensional cone with 0 € Cy, and X"(Cy1) be the endpoint of the generators of Z in Cy.
d

Then the random variable X" (Cy) satisfies a local limit theorem of rate n 2@+ . Formally:

—un(C TFn C -1 — un(C
lim sup sup ) P,(X"(C) =x) — 9a ((x = () T"(C) " (x = w"(C1))
n—+oo xEZf_ detI'? (Cl)

< 400,

where gq is the density of a standard normal d-dimensional variable.

This theorem is proved using the framework developed by J. Bureaux in [7]. The idea of this framework
is to use the inversion formula of the characteristic function on the probability P, (X7 = x), and decompose
the difference onto 3 different domains, which involves satisfying 3 different conditions (among which is
Lemma[1). Additionally to the previous notation, we denote o,,(C1)? the smallest eigenvalue of I"™(Cy).

Lemma 2. With the notation above, the inverse of the minimal eigenvalue of the covariance matrix satisfies

1 < _3<d+2>)
= O mn 2(d+1)
O'n(Cl)\/ det I‘"(Cl)

11



Proof. This lemma directly comes from the asymptotic estimate of IT"™(C1). As seen in the central limit
theorem, the covariance matrix estimate is

1

ngpy g2 (0 C(d)
[™(C1) = na+ <C(d+1)> (d+1)!/c(a<1’u>0)xTxdx+O(n).

_d+1 . dt2 |
Hence, with a diagonalization of n~ @2 (Cy), we obtain o,,(C1)? < nd+1, it follows that:

3(d+2)
det(I'™(Cy)) = O <n2(d+1>> .

O]

The last condition of the local limit theorem consists in bounding the characteristic function out of an
ellipsoid denoted €, and defined as:

1
ency = {teRd N }

n,C1

Lemma 3. If the cone Ci has dimension 2 or more,

E |:eit~X3:| — O™

sup
te[—m,m)%\en

Proof. The outline of the proof is quite standard and can be found in [7]. For any complex number z, the
following inequality holds:

1— 7|
1—2

] < exp (R(2) — |2))

We apply it to the characteristic function:

. n 1 - 6_6”a'x :
- X"(C1) || — —(Bna—it)x | _ —fBna-x
‘E |:€ ' ] ‘ - H 1 — e—(Brna—it)-x <exp | R Z € Z ¢
xeP4NCy xePzNCy xeP4NC1
This can be rewritten using the cosine as
B[t X @] <exp | 3 e Fe(eos(t x) 1) | (14)

xeP4NC1
To bound the summation of the right-hand side of , we construct a sequence of x such that x -t
is small enough to be well approximated. Using the diagonalization of F”(Cl)l/ 2 there exists a positive
_d+2 __d_
constant ¢; such that [|[T™(Cy)"/?t|| < ¢;n2@D|[t]|. Furthermore, since Lyc, = O (n 2(d+2)>, for every

d
t ¢ €,, there exists a second positive constant ¢y such that [|[T™(Cy)Y?t|| > con?@ . We deduce that there
is a constant A > 0 such that

1
ti|) > An~ d+1
g%xd(l il) > An

In the sequel, we denote e; the canonical standard basis vector of the i coordinate. Using the

1 1 1
symmetry, we may assume that |t1| > an” @1, which means t; € [—m, —An~ 1] U [An~ @1 7]. Notice
that such ¢; with the condition e; ¢ Cf exists because the characteristic function would not depend on

12



t1. The rest of the proof consists in finding 2 arithmetic sequences of primitive vectors, whose common
differences are far enough from each other to ensure the convergence of the scalar product of one sequence
with t towards a polynomial limit.

Cy is at least of dimension 2, so we state that e ¢ Ci- without loss of generality. Therefore, there exists
in the interior of the cone C; a primitive vector x; such that:

X1 e =p,X;-e=¢q, with pAg=Tand (p+1)Ag=1
X2:X1—|—81€Pdﬂ6(u20)
X1 + 2eq GC(HZO)

The arithmetic sequences (x1,);>1 and (x2;);>1 defined by x4, = igx. + e (for a € {1,2}), are both
sequences of primitive vectors, due to the coprimality of p and ¢ on one side, and p+ 1 and ¢ on the other.
The term cos(t - (igx. + e1)) is periodic with respect to 4, and its period is “:_(?17’:{&)‘. We compute a lower
bound for the difference between the two periods ¢; and ty of respectively (x;;) and (x2,). We have

27 27 27 (qty) , T

t-(gx1)  t-(ax2) (6 x)(t-x2)x ~ @l x [l

with A" > 0. Therefore we have a constant Ay, > 0, depending only on the choice of x1, such that at
1
least one of these sequences has a period that differs from 1 by %n_dTl or more. Similarly, both periods
1 1
cannot be greater than %ndTl at the same time. For if we suppose that [t - x;| < gndfl, then
A 1
|t - xa| > qlti1] — [t -x1| > gndﬂ.

Suppose x; verifies these conditions. We can finally compute an upper bound for the argument of the
exponential in

S e (eos(tx) — 1) < Y e N cos(xr - t) — 1).

x€PINCy i>1
Denote Ajax = max(%x, 4%). The inequality cos(it - gx1 + t1) < % stands in the window of length

three-quarters of the length of the period. The condition on the upper bound and the condition on the
difference to 1 implies that the k' term of (x1,4)i>1 that verifies cos(t - x;;) < 5 is in the first 2k terms,

for 2k > Amaxnﬁ. This leads to:

1
Z e PraXLi(cos(xy,; - t) — 1) < (—2> Z e Pnax12i,

i>1 1
- 1> Amaxn 4+1

1
2

Ultimately, a manipulation over the indicial notation gives:

1 _ 1 1 :
_- Z o Braxi i < -5 exp <—5na . (Amaxnd}rl gx1 + el)) Z o Prigaxi

2 _1_ i>0
1
iZAmaxnd+l -

1
We recall that 5, = (Cg(?é;)) d“, hence the first exponential asymptotically converges to a constant.

A quick asymptotic analysis of the sum gives

E e~ Briqaxy _ 1 — nﬁ
1 — e~ Bnoaxy )
>0

Thus the biggest x; over all possible combinations of coordinates gives a constant v > 0, depending
only on Cy, such that

13



‘IE [eit'xn(cl)] ’ < exp (—fyn#) ,

which concludes the proof.
O

d
Proof of the Theorem. Let (ay)nen be the sequence given by a,, = n 2@+ . Then, with Lemma and
the assumptions for Proposition 7.1 from [7] are satisfied and there is a local limit theorem of rate (ay,)
for the variable X7, under P,.

O

The following proposition gives the weak convergence of finite-dimensional distribution of the process
of tangent points under Q,,, leading to Theorem [1| and the Donsker theorem (Theorem . Recall that
Q,,x is the uniform distribution over integral zonotopes ending at nk € Zi. The connection between Q,,
and P, for any A C

P, [AN{X(w) = nk, we A}]

Qu[A] =Pn A X(w) =nk, we A] = P, [X(w) = nk, w € 4]

Proposition 4 (Weak convergence of finite-dimensional marginals). Fork € int CNZ%, let (uy, ..., u,,) an
n

wy e sz> be the rescaled position

m-tuple of R, let Z be a random zonotope drawn under @k, and (X
of the tangent points of Z and Hy,, ..., Hy,,. Then there is an independent family of Gaussian centered

random variables (Gr) e such that
Sn Sn (d)
(KX, ) 2% (NupoosNu,), (15)

where Ny, = > rci,m] G1 and
i€l

—1
COV(G[) = <F(ZQIC(ui > 0) jQI C(Uj < 0))_1 + F(iQIC(Ui < 0) jQI C(Uj > 0))—1>

. , . , . , . _ —1\-1
When C,, is d-dimensional, Ny, is a centered Gaussian variable of variance (T " + F_uli) .

Proof. We still denote w as the function of multiplicities of Z. Starting with uy, ..., u,, vectors of R, we
denote w41 a vector in the dual cone of C (that is a vector v such that v -x > 0 for all x € C), hence

sz s the rescaled endpoint of the zonotope Z.

Using the same argument as in Proposition [3] the probability measure P,, is constructed as a product of
geometric distributions of the primitive vectors in C, and the occurrences of the primitive vectors (that is the
set {w(x)}x) are mutually independent. Therefore we introduce again the family of variables (A1)

defined in .

(Ap) IC[1,m] denotes the vertices of Z at the end of a path starting at the origin and composed of
all generators contributing to the elements of I, but not contributing to the others, after recentering and
renormalizing by n~(4+2)/(24+2) " The family of cones (Cr) 1c[i,m] is mutually disjoint, hence the variables
(A1) rc[im are mutually independent under Py,.

The family (f{zl) is generated by the family (AI)IC[[Lm]L 20 B8 le = Z[C[[l,m]]ﬂ'ef A;. Under P,,
the probability for the (2™ — 1)-tuple of variables A, with I # () to be equal to (XI)IC[[l,m]] 140 18, based
on Bayes’ theorem:

14



P, [(AI), = (x7), XL = o}

Um+1

Qu [(A) 10 = (%1) 1] = (16)

Um+1

P, {5’(” - o}

Under the distribution Q,,, the condition that the endpoint of the zonotope Z is at nk can be considered
as a condition on Ay, that is Ay = xg with xp = — 3" 1, 1,20 X1- Therefore, denoting P(E) the set of
all subsets of FE, it follows that

Py [(AI)IC[[l,m}],I;éQ) = (D) rcqumy, 120 O X = 0} =PulAr=x;, T€P([1,m])]
= JI PuAr=xp). (17)

IeP([1,m])

All the variables Ay satisfy Theorem |3| with mean 0 and covariance I'(Cr), and so does sz L, with
covariance I'c. Hence, , , and the local limit theorem lead to

I ga(x] (T(C)~'x1)
IC[l,m] — detT(Cy)l/2
swp 1 [(An) g0 = (1) ] - — (18)
=D rcpm€(RY)™ (2m) %2 det T(C)1/2
T£0

where g, is the density of the d-dimensional standard Gaussian variable. (Aj) [c[1,m], 10 Satisfies alocal
limit theorem of rate 1 to a Gaussian family of variables named (Gr) -y ], r£9- The weak convergence
follows. The covariance of the (Gy) is given by inverting the matrix of the quadratic form in the exponential.

iy 12

Since Xﬁl = ZIC[[l,m]],iel Xy, (Xui weakly converges to (th[{l’mﬂ G’[i> . When consid-
1<i<m

)1§i§m el

n

ering this limit with only one variable X, , we deduce that it weakly converges to the Gaussian random

variable Ny, with mean 0 and covariance

u;?

Cov (Ny,) = (T(C(w; > 0)) " +T(C\ Clu; > 0)) 1) " = (T} +T2L) 7. (19)

O]

Proof of Theorem[1. Theorem [I]is a direct consequence of Proposition [4 taking only one vector u. O

4 A DONSKER-LIKE THEOREM IN DIMENSION 2

This part is dedicated to proving the weak convergence of the rescaled process of the fluctuations around
the limit shape of a random zonogon to a Brownian bridge, in the same vein as Donsker’s theorem. This
will be used in the next section to prove Theorem [2[ on random polygons.

Recall that the results of the previous section were true in any dimension. On the other hand, ex-
tending the functional results of this section to higher dimension would require more involved tightness
estimates, such as those appearing in Theorem 4 of [4]. We will not handle this question here. In any case,
in dimension > 3, the only results we could obtain using our method would be valid for zonotopes and not
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for polytopes, whereas in dimension 2, the study of polygons follows readily from the case of zonogons.

So in this section, d = 2 and C = Ri. The boundary of a zonogon Z of endpoint nk is divided into two
polygonal lines, identical up to central symmetry, denoted Z*, resp. Z—, for the upper polygonal line of
Z, resp. for the lower line. The tangent point of Z to the plane Hy belongs to ZT if u € R_ x Ry, to Z~
ifueRy xR_, and it is nk if u € R2 and 0 if u € R2. We restrict the study to ZT and u € R_ x R,
and we define the process (By,0<t < 1) of fluctuations of tangent points of Z* away from their mean
position, where B} = X(t 1,4)-

= >

n

Figure 3: Upper polygonal line of a zonotope and its limit shape in the square [0, n]?

Theorem 4. Let Z be a random, uniform zonogon in Z(R%, (n,n)). Fort € [0,1], put B} = XZ,M) with
XZ—M) as defined in . Then we have the convergence of processes

Bro<t<1) %P,

on the space DI0,1] of cadlag functions on [0,1] equipped with the Skorokhod topology, where (Py) is a
Gaussian processus with covariance matrixz given by . Alternatively, (Py) can be written as Py =
P(t)D(t)By, where D(t) is a non-degenerate diagonal matriz, P(t) is an orthogonal matriz and (By),cpq )
s the 2-dimensional standard Brownian bridge.

Proof The weak convergence of the finite-dimensional distributions to those of (P;) is given by Proposition
4 for d = 2. For 0 < t < 1, the covariance of Py is (F(t TR I‘(_l . )) L that is

_(C@N\? (42 =2t + 1) 3t — 1) (8t2 — 8t +3) (t — 1)
CoviPu) = (C(i’))) < (8(t2 — 8t +3) (t () 1)%t? —(2 (4> — 6t +>3) (t— 1)3t> : (20)

Using the spectral theorem, we compute the orthogonal matrix P(t) such that P(t)Cov(P;)P(¢)T is
diagonal. We define the two polynomials f(z) = —8x? — 8z — 1/2 and g(x) = 64x* + 12823 + 6922 +
19/2x 4+ 1/16, and we obtain
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Q-(t) 0 )
P(t)Cov(P,)P(#)T = t(1 —t :
coeoPer =t -0 (40 0
where Q4 (t) = f ((t — 1)%) £ /g ((t — 3)?).
We only need to prove that (BY,0 <t < 1) is tight, which is a consequence of the following proposition,
using a result of Billingsley (Theorem 13.5 in [5]).

O]

Remarkably, Q_(t)Q(t) = 3t(1 —t). These functions are both symmetrical to ¢t = 1/2, and @); cancels
out at 0 and 1 while Q2 cancels out at 1/2. We don’t have any interpretation yet for these terms. We shall
not give the explicit formula of the orthogonal matrix P(¢) here but we display the asymptotic behavior
att=0and t=1:

_ 142 1 142

P = (1 te AT ) o) 1)
1 1 1)2 _ 1 1)2

Po = (M TOGEGY e L) rele- ).

Proposition 5 (Tightness). For0<r <s<t<1, anda> 1, and 8> 0

2 2 2
E[|IB} - By 1B} — BIIE] < |F() — F(r)P”.
with F' is a non-decreasing, continuous function on [0, 1]

Proof. Let 0 <r <s<t<1,and . It is sufficient to prove that there exists a constant C' > 0 such that

2
E[IB2 - BB - B < C (8 - )",

We denote E(r, s,t) the left term of this inequality. Since {B}} is a variable on a random zonotope that
end at (n,n), the first step is to broaden to random zonotopes drawn under P,,. As we are in 2 dimensions,
we will write in the following X} instead of X?l_t’t), referring to the point of the boundary of Z that is
tangent to the hyperplane H(;_; ;). We have

1
£(r5,0) = —B [IX0 X7~ B X - XX} - X0 B[ - X |2 € 2 (82, (m,m) ]
Denoting C, s (resp. Cs¢) the cone of vectors contributing to X} — X7’ (resp. X} — X7). The first cone

formally is {x e Ryx-(r—1,7) <0<x-(s—1,s)}. We can write the right term of the equation above
as:

E(r,s,t) =E [HX”(CT,S)

x| \Zezm?,m,n))].

After writing each variable as a sum over the generators and expanding the product of the norms, one
can notice that this expectancy will result in a sum over quadruplets primitive generators {x;, XoX3,X4}.
Given such a quadruplet {x1, X2, X3, X4}, the probability for the generators to respectively occur ki, k2, k3,
and k4 is

4 Pp (X? \ {x1, X2, X3, %4} = (n,n) — 1, kixi>
Qu (i, ko, ki, ba) = [ ] P (w(i) = ki) B (X7 = ()
=1 n - 9
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Yet the local limit theorem ensures that there exist n; large enough such that for n > ny, for any
{x1,X2,X3,X4}, the ratio is bounded :

o (X0 P 3,031} = () = S0 i)
Pn (Xrll = (TL, TL)) N

% eall]

This expectancy can be split into two parts due to independence. In order to expand the 1-norm, let
a and b be real numbers such that X (C,.,) = (a,b). Therefore, || X" (C,..)||? = a® + b2 + 2|ab| < 2a% + 2b2.
Hence, we have, writing x = (z1, z2):

Therefore, it remains

E(r,s,t) <2E [HX”(CT,S)

] <25 e

2 2

|| T aww-Euw)| [+m8 || X w6 - Eke)

XEPQQCTY‘; XG]PQHCT,S

The 2 terms on the right-hand side are the diagonal terms of I'"(C, s). Using the bounding given by
Corollary [l in the same way we previously explicitly calculated in the proof in Proposition [3 we have

2 1
Ell Y siwe) —Ewm) | | <ont? (gg) /H»anT,s 2dx + e(n)n,
x€P2NCr,s x-(1,1)<1

with €(n) tending to 0 as n grows to 4+o00, and €(n) is independent of C, ; Therefore for ny large enough,
and n > ny, there exists a constant A > 0 such that

2

u < A(s® —r3)

Finally, the inequality (s® — r3) (3 — s3) < (3 — r3)? concludes the proof.

O

In the proof of the convergence of the variations of a polygon uniformly drawn in a square, we need to
extend Theorem [4|to zonogons ending at (n+r2/ 3 n4sn?/ 3). This is handled by the following proposition.

Proposition 6. Letr,s € R and let Z be a random, uniform zonogon in Z (Ri, (Ln + 23] | n+ an/SJ)).
Let B} be, as in Theorem 3, the rescaled position of the point of Z tangent to the hyperplane normal to
(t —1,t). Then we have the convergence of processes

Br0<t<1) YP, v,

in the space DI0,1] of cadlag functions on [0,1] equipped with the Skorokhod topology, where (Py) is the
same process as in Theorem and v, 5(t) is a drift term given by .

Denoting a =r — s and b =1 — 25, (U 5(t))y<4<; i a parametric cubic curve starting at (0,0), ending at
(r,s) and satisfying the equation:

4a(X +Y)% =280 X + T0*(X +Y)? + 54abX (X + V) + 27a*X? (22)
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Proof. Both finite-dimensional distribution and tightness proofs are totally analogous to the proofs of
Proposition 4 and 5, Given I';_1 ) and I'_(;_1 ) the covariances of X(;_1 4 and X_(;_1 ), the local limit
theorem gives the following drift v, 4():

B (—isjﬁ: it t(gt%ti(tst_j@ @ (23)

All that remains is to analyze to find the equation of the curve v, ;. Notice that the coordinate of v, 4,
X(vyrs) and Y (v, s) are polynomials of ¢ of degree 3, but their sum is a polynomial of degree 2, that is
X(vrs)(t) + Y (vrs)(t) = 3at? — 2bt denoting a =7 — s and b =1 — 2s.

In order to get an equation of the curve, one can resolve the polynomial of degree 2 and inject the
solution in X (v, 4)(t). After simplification, we obtain the equation

4a(X +Y)? =28V’ X + Tb*(X +Y)? + 54abX (X +Y) + 27a*X?
which is verified by (X (v, ), Y (vrs). When r = s, the curve is the parabola that is the limit shape of a
uniform integral zonogon ending at (r, s); otherwise, v, 4(t) is a cubic curve. There are 2 different shapes,
depending on I belonging to [1/2,2] or not. The derivatives of X (v.,) and Y (v;,s) with respect to ¢ are:
X(vys)(t) = 6at® — 2bt, and Y (v,5)'(
If £ € [1/2,2], there is a cusp of multiplicity 2 at ¢y =

(r,s).

t) = —6at* + (6a + 2b)t — 2b
3% = 37(’;7_2; See Figure {4 for some examples of

d)yr=1,s=0.2 (e)r=1,s=-04

Figure 4: The curve v, 4(t) for 0 < ¢ <1, for different values of (r, s).
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5 BROWNIAN FLUCTUATIONS OF LARGE POLYGONS

The aim of this section is to prove Theorem 2. We first recall that at the first-order level, the polygon P,
converges to a deterministic shape, namely

e The distance d(A,, Sy,)/n converges in distribution to 0 (and likewise for d(B,, E,)/n etc.)

e The part of the boundary of P, between A, and B, converges, after renormalization, to an arc of
parabola (and likewise between B,, and C,, etc.)

A formal statement can be found in Barany [2].

Theorem 2 gives the second-order asymptotics. We shall need an estimate on the number of convex
lattice chains from (0,0) to (n + dn,n + 9),), contained in [0,n + d,] x [0,n + d,]. The logarithm of this
number is given by (see the proof of Lemma 2.1 in Bureaux-Enriquez [8])

¢(3) 1 1[I0 P(s)¢(s + 1)

¢(2) B1B2 * 2im 1+6—ioo ((s)

x(s;B) ds.

where

1
X(5:8) = > B R(s) > 2.
vez2 \{0}
and B = (B1,02) = (1/(n+ d,),1/(n + 4},)). Moreover, by the same lemma, for all nonnegative integers

k1,ko, all € > 0 and all B = (31, B2) € (0, +00)?, such that € < % < %,

B
k1 tk2 1 Z(ﬁ B ) (_1)k1+k2 C(?’) F1lko!
aﬁfl 6652 08 1, 2 B—0 C(2) 6fl+16§2+1 :

Bureaux and Enriquez use these estimates to study the function x near (0,0) along the diagonal, that is, in
the case when ¢,, = §, = 0. However, they point out that this can be extended to a more general setting.
The case when §,, and 9§/, are o(n) corresponds to studying x in the neighbourhood of (0,0) and near the
diagonal. Using exactly the same arguments as in Lemma 2.2 leads to the following estimate. There exist
C, K > 0 such that for all sequences (8,), (d/,) satisfying 6, = o(n), 0,, = o(n), the number of convex lattice
chains from (0,0) to (n + d,,n + 4,), contained in [0,n + &,] X [0,n + 4,,] and without vertical steps (it is
easy to see that this last additional condition on vertical steps does not change the form of the estimate)
is given by

exp(C(n + 6,)2(n+0")Y3 + H(n+ 6,,n +8) + Klogn + o(1)) (24)

where H is a corrective term such that, uniformly over all s,t € R,
|H (n 4 sn*3,n + tn?/3)] = o(n!/?) (25)

On the other hand, by the same arguments, for fixed reals s,t > 0, the number of convex lattice chains
from (0,0) to (sn,tn), contained in [0, sn] x [0,¢n] and such that (sn,tn) is the only point in the chain
whose x-coordinate is sn is given by

exp(C(sn)'/3(nt)/3 + o(n'/?) (26)

We are now ready to prove Theorem 2.
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(i) We use the same arguments as in [2]. A convex lattice polygon can be seen as the union of 4 lattice
convex chains. In particular the number of polygons of this kind contained in [—n,n]? is at least the
number of such polygons satisfying A,, = S,,, B, = F,, etc. which, according to , has the form

exp(4Cn?/® + 4K logn + 4H (n,n) + o(1)) (27)

If ¢ > 0, if we want to count the number of convex lattice polygons contained in the rectangle R, :=
[—n,n] x [=(n — en1/319) n], we can choose the points A, By, Cy, D, and count the lattice chains in-
between. Comparing and , we see that this number is maximized when A,,, B,,, Cy, Dy, lie near the
middle of the segments of R,. For such a choice of A,,, By, Cy,, D,, this number of convex lattice polygons
is bounded above by

exp(4Cn'3(n — (¢/2)n**)/? + AH (n,n — (¢/2)n*/?) + 4K logn + o(1))

On the other hand, the number of choices of (A, By, Cy, Dy,) is bounded (2n)?*, so that the number of
convex lattice polygons contained in R,, is bounded by

exp(4Cn?/? — %C’cnl/3 +4H (n,n — (¢/2)n*3) + (4K + 16)logn + o(1))

Using , we obtain
4H (n,n)

%
—2Ccn!'/3 + 4H (n,n — (c/2)n?/3) >

as n — oo, which entails that that the probability that a random, uniform convex lattice polygon contained
[—n,n)? lies in R,, tends to 0 as n — oo. So for every &, with probability going to 1, n=2/3|Y (A, — S,)| < ¢
and we have the same estimates for B,,, C,,, D,,.

(ii) From (i), we know that there exists a sequence (D,,) of integers such that D,, = o(n?*?) and that
with probability going to 1, |Y (4,)+n| < Dy, |X(B,)—n| < D, etc. Let now (8,0, 0., 6"") be sequences

of integers such that for each n, 0 < d,, < D,, etc. We want to study the law of
n*2/3(X(An -5, Y (B, — Ep),—X(C,, — N,) =Y (D, — W,))

(28)

conditionally on the event
E,={Y(A,—-S,) =0, X(B, — E,) =6,,Y(C,, — N,) =68 X(D,, —W)) =8"}

Fix r,s,t,u € R. For simplicity, we shall omit the integer part notation in the sequel. We want to estimate
the number of 4-tuple of convex chains such that

X(Ap — Sp) =Y (A, — Sp) = 0
Y(B, — E,) = sn*3 X (B, — E,) =&,
etc. Let Ly, (r,s,t,u) denote the logarithm of the number of such 4-tuples of chains. The number of chains

going from A, to B, is the same as the number of chains from (0,0) to (n — &, — rn®/?,n — 8, + sn*?3).
According to , this leads to

2 / 2
o2 ({12 o s 2 o
Lo(r,s,t,u) = Cn <<1 Ve B +0(1/n)) 1+ 313 RCYE +0(1/n))
+H (n—rn2/3 — 8 n+ sn?/® - 6n) +klogn+ ...
where we only wrote the term corresponding to the chain from A, to B,, but of course, there are 3 other
terms. Summing up, we see that terms of the form r/ nl/3 cancel out and we get

D A A 4 (12 + 52 +t2 +u? 1 [(rs+ st+tu+ur
— 2/3 mynZnoy o) 2 _Z
Lu(r,s,t,u) = Cn <4+2<n gty ) 9< st ) 9( s ))

+4Klogn + H (n—rn2/3—57’1,n+sn2/3—5n) +...4+0(1/n)
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where again, in the last line, we have 3 additional terms involving the function H. In particular, we get

Ln(rs,t,w) _ Ln(0,0,0,0) L (5= 24 =)+ (1) — 2+ 82+ £2 + 2] + o(1)

Cn2/3 — Cn?3 18 3
using the following fact that follows from :
|H (n — 23— n4 sn?3 — 5n> —H(n-26,n—256,)|= o(n?/3) (29)

etc. This is true for all sequences (dy,d,,, 0., 0.), which completes the proof.

(iii) This part is a reformulation of Proposition 6 in Section 4l In Theorem 2 (iii), we are looking at the
southeast arc of the polygon whereas Proposition 6 deals with what would be the northwest arc. Hence
the identification

e = (1 5) voralt)

The matrix Q(¢) in Theorem 2 (iii) corresponds to P(¢)D(t) in Proposition 6. Finally, the matrix O; men-
tioned in the comments after the statement of Theorem 2 corresponds to the orthogonal matrix appearing

in (21).
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