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Theory and Mathematical Geophysics

Let II,, be the set of convex polygonal lines I" with vertices on
723 and fixed endpoints 0 = (0,0) and n = (n1,n2). We are concerned
with the limit shape, as n — oo, of “typical” I' € II,, with respect
to a parametric family of probability measures {P};, 0 < r < co} on
IT,,, including the uniform distribution (r = 1) for which the limit
shape was found in the early 1990s independently by A.M. Vershik,
1. Bardany and Ya.G. Sinai. We show that, in fact, the limit shape
is universal in the class {P5}, even though P, (r # 1) and P
are asymptotically singular. Measures P, are constructed, following
Sinai’s approach, as conditional distributions QZ(-|Il,), where Q7
are suitable product measures on the space II = U,II,, depending
on an auxiliary “free” parameter z = (21, 22). The transition from
(I1,Q%) to (II,, Py) is based on the asymptotics of the probability
Q% (I1), furnished by a certain two-dimensional local limit theorem.
The proofs involve subtle analytical tools including the Mobius inver-
sion formula and properties of zeroes of the Riemann zeta function.

1. Introduction.

1.1. Background: the limit shape. In this paper, a convex lattice polyg-
onal line I' is a piecewise linear path on the plane, starting at the origin
0 = (0,0), with vertices on the integer lattice Z2 := {(i,j) € Z? : i,j > 0},
and such that the inclination of its consecutive edges strictly increases stay-
ing between 0 and 7/2. Let IT be the set of all convex lattice polygonal lines
with finitely many edges, and denote by II,, C II the subset of polygonal
lines I" € I whose right endpoint & = £ is fixed at n = (ny,n2) € Z2 .

We are concerned with the problem of limit shape of “typical” I' € II,,, as
n — 00, with respect to some probability measure P, on II,,. Here the “limit
shape” is understood as a planar curve v* such that, with overwhelming P,-
probability for large enough n, properly scaled polygonal lines I, = Sp(I7)
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lie within an arbitrarily small neighborhood of ~*. More precisely, for any
€ > 0 it should hold that

(1.1) lim Pd(Tn,7") <e} =1,

where d(+, ) is some metric on the path space — for instance, induced by the
Hausdorff distance between compact sets (in R?),

(1.2) dy (A, B) := max {I;lea}géig |z — yl, I;neaé(;neig |z — y|} ,
where |- | is the Euclidean vector norm.

Of course, the limit shape and its very existence may depend on the
probability law P,. With respect to the uniform distribution on II,,, the
problem was solved independently by Vershik [32], Bardny [3] and Sinai
[29], who showed that, under the scaling S, : (x1,x2) — (21/n1,x2/n2), the
limit shape v* is given by a parabola arc defined by the Cartesian equation

(1.3) \/1-%14-@21, 0<z,29 < 1.

More precisely [cf. (1.1)], if n = (n1,n2) — oo so that ng/n; — ¢ € (0,00)
then, for any € > 0,

1.

 #{relly: dy(ln,7") <e}
14 S (1L, B

(Here and in what follows, #(-) denotes the number of elements in a set.)

The proofs in papers [32, 3] involved a blend of combinatorial, variational
and geometric arguments and were based on a direct analysis of the corre-
sponding generating function via a multivariate saddle-point method for a
Cauchy integral [32] or a suitable Tauberian theorem [3]. Extending some of
these ideas and using large deviations techniques, Vershik and Zeitouni [37]
developed a systematic approach to the limit shape problem for the uniform
measure on more general ensembles of convex lattice polygonal lines with
various geometric restrictions.

Sinai [29] proposed an alternative, probabilistic method essentially based
on randomization of the right endpoint of the polygonal line I' € I1,,; we will
comment more on this approach in Section 1.3. Let us point out that the
paper [29] contained the basic ideas but only sketches of the proofs. Some of
these techniques were subsequently elaborated by Bogachev and Zarbaliev
[6, 7] and also by Zarbaliev in his Ph.D. thesis [40]; however, a complete
proof has not been published as yet.
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REMARK 1.1. A polygonal line I" € II,, can be viewed as a vector sum of
its consecutive edges, resulting in a given integer vector n = (n,ns); due to
the convexity property, the order of parts in the sum is uniquely determined.
Hence, any such I represents an integer vector partition of n € Z%r or, more
precisely, a strict vector partition (i.e., without proportional parts; see [32]).
This observation incorporates the topic of convex lattice polygonal lines in a
general theory of integer partitions. For ordinary, one-dimensional partitions,
the problem of limit shape can also be set up, but for a special geometric
object associated with partitions, called Young diagrams [33, 34].

1.2. Main result. Vershik [32], page 20, pointed out that it would be
interesting to study asymptotic properties of convex lattice polygonal lines
under other probability measures P, on II,, and conjectured that the limit
shape might be universal for some classes of measures. Independently, a
similar hypothesis was put forward by Prokhorov [27].

In the present paper, we prove Vershik—Prokhorov’s universality conjec-
ture for a parametric family of probability measures P, (0 < r < c0) on II,,
defined by

(1.5) Pi(l) = 5=, el

with

(1.6) ()= [[bh, Bp= > b(D),
e, el’ reii,

where the product is taken over all edges e; of I' € II,, k; is the number of
lattice points on the edge e; except its left endpoint and

(L7) b= <T+:_1> :r(r+1)“]'€l(r+k_1), E=0,1,2,...

Note that for » = 1 the measure (1.5) is reduced to the uniform distribu-
tion on IT,,. Qualitatively, formulas (1.6), (1.7) introduce certain probability
weights for random edges on I' by encouraging (r > 1) or discouraging
(r < 1) lattice points on each edge as compared to the reference case r = 1.

Assume that 0 < ¢; < ng/n; < ¢ < o0, and consider the standard
scaling transformation S,(z) = (z1/n1,72/n2), v = (w1,22) € R% Tt is
convenient to work with a sup-distance between the scaled polygonal lines
I, == S,(I') (I' € II,,) and the limit curve ~*, based on the tangential
parameterization of convex paths (see the Appendix, Section A.1). More
specifically, for ¢ € [0, 00| denote by én(t) the right endpoint of that part of
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I, where the tangent slope (wherever it exists) does not exceed t. Similarly,
the tangential parameterization of the parabola arc v* [see (1.3)] is given by
the vector function

. 2+ 2t 12
(1.8) g(t):<(1it)2,(l+t)2>, 0<t< oo

The tangential distance between I, and ~* is then defined as

(1.9) dT(lz'n,v*) = sup |§n(t) - g*(t)|,
0<t<oo
where, as before, | - | is the Euclidean vector norm in R? (cf. general definition

(A.3) of the metric dr(-,-) in the Appendix, Section A.1).
We can now state our main result about the universality of the limit shape
~* under the measures P} (cf. Theorem 8.2).

THEOREM 1.1.  For each r € (0,00) and any £ > 0,

lim P {dy(I,,,7") <e}=1.
n—oo
It can be shown (see the Appendix, Section A.1) that the Hausdorff dis-
tance dy [see (1.2)] is dominated by the tangential distance dj defined in
(A.3) (however, these metrics are not equivalent). In particular, Theorem 1.1
with = 1 recovers the limit shape result (1.4) for the uniform distribution
on IT,. As was mentioned above, in the original paper by Sinai [29] the proof
of the limit shape result was only sketched, so even in the uniform case our
proof seems to be the first complete implementation of Sinai’s probabilistic
method (which, as we will try to explain below, is far from straightforward).
Let us also point out that Theorem 1.1 is a non-trivial extension of (1.4)
since the measures P (r # 1) are not close to the uniform distribution P}
in total variation distance (denoted by ||-||71), and in fact || P — PL{|ry — 1
as n — oo (see Theorem A .4 in the Appendix).
The result of Theorem 1.1 for “pure” measures P| readily extends to
mixed measures.

THEOREM 1.2.  Let p be a probability measure on (0,00), and set
o
(1.10) PA(I) ::/ Pr(I") p(dr), I elIl,.
0

Then, for any ¢ > 0,

li_>m P (I,,~*) <e} =1.
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PRrROOF. Follows from equation (1.10) and Theorem 1.1 by Lebesgue’s
dominated convergence theorem. O

Theorem 1.2 shows that the limit shape result holds true (with the same
limit v*) when the parameter r specifying the distribution P} is chosen
at random. Using the terminology designed for settings with random en-
vironments, Theorems 1.1 and 1.2 may be interpreted as “quenched” and
“annealed” statements, respectively.

REMARK 1.2. The universality of the limit shape v*, established in The-
orem 1.1, is not a general rule but rather an exception, holding for some,
but not all, probability measures on the polygonal space II,,. In fact, as was
shown by Bogachev and Zarbaliev [7, 8], any C3-smooth, strictly convex
curve y started at the origin may appear as the limit shape with respect to
some probability measure P;] on II,, as n — o0.

REMARK 1.3. The main results of the present paper have been recently
reported (without proofs) in a brief note [9].

1.3. Methods. Our proof of Theorem 1.1 employs an elegant probabilis-
tic approach first applied to convex lattice polygonal lines by Sinai [29].
This method is based on randomization of the (fixed) right endpoint £ = n
of polygonal lines I' € IT,, leading to the interpretation of a given (e.g.,
uniform) measure P, on II, as the conditional distribution induced by a
suitable probability measure @), [depending on an auxiliary “free” parame-
ter z = (21, 22)] defined on the “global” space IT = U, I1,, of all convex lattice
polygonal lines (with finitely many edges). To make the measure @, closer
to P, on the subspace II,, C II specified by the condition £ = n, it is natural
to pick the parameter z from the asymptotic equation E,(§) = n (14 o(1))
(n — 00). Then, in principle, asymptotic properties of polygonal lines I
(e.g., the limit shape) can be established first for (I,Q.) and then trans-
ferred to (11, P,) via conditioning with respect to II,, and using an appro-
priate local limit theorem for the probability Q.{{ = n}. A great advantage
of working with the measure @, is that it may be chosen as a “multiplicative
statistic” [34, 35| (i.e., a direct product of one-dimensional probability mea-
sures), thus corresponding to the distribution of a sequence of independent
random variables, which immediately brings in insights and well-developed
analytical tools of probability theory.

Sinai’s approach in [29] was motivated by a heuristic analogy with sta-
tistical mechanics, where similar ideas are well known in the context of
asymptotic equivalence, in the thermodynamic limit, of various statistical
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ensembles (i.e., microcanonical, canonical, and grand canonical) that may be
associated with a given physical system (e.g., gas) by optional fixing of the
total energy and/or the number of particles (see Ruelle [28]). In particular,
Khinchin [22, 23] has pioneered a systematic use of local limit theorems of
probability theory in problems of statistical mechanics. Deep connections
between statistical properties of quantum systems (where discrete random
structures naturally arise due to quantization) and asymptotic theory of ran-
dom integer partitions are discussed in a series of papers by Vershik [34, 35]
(see also the recent work by Comtet et al. [11] and further references therein).
Note also that a general idea of randomization has proved instrumental in a
large variety of combinatorial problems (see, e.g., [2, 1, 13, 15, 16, 24, 26, 33|
and the vast bibliography therein).

The probabilistic method is very insightful and efficient, as it makes the
arguments heuristically transparent and natural. However, the practical im-
plementation of this approach requires substantial work, especially in the
two-dimensional context of convex lattice polygonal lines as compared to the
one-dimensional case exemplified by integer partitions and the correspond-
ing Young diagrams [33, 34]. To begin with, evaluation of expected values
and some higher-order statistical moments of random polygonal lines leads
one to deal with various sums over the set X of points z = (z1,22) € Z%
with co-prime coordinates (see Section 2.1). Sinai [29] was able to obtain
the limit of some basic sums of such a kind by appealing to the known
asymptotic density of the set X in Zi (given by 6/7%); however, this argu-
mentation is insufficient for more refined asymptotics. In the present paper,
we handle this technical problem by using the M6bius inversion formula (see
Section 3), which enables one to reduce sums over X to more regular sums.

As already mentioned, another crucial ingredient required for the prob-
abilistic method is a suitable local limit theorem that furnishes a “bridge”
between the global distribution @, and the conditional one, P,. Analytical
difficulties encountered in the proof of such a result are already significant
in the case of ordinary integer partitions (for more details and concrete
examples, see [1, 13, 14, 15, 16] and further references therein). The case
of convex lattice polygonal lines, corresponding to two-dimensional strict
vector partitions (see Remark 1.1), is notoriously tedious, even though the
standard method of characteristic functions is still applicable. To the best of
our knowledge, after the original paper by Sinai [29] where the result was just
stated [with a minor error in the determinant of the covariance matrix ([29],
page 111)], full details have not been worked out in the literature (however,
see [40]). We prove the following result in this direction (cf. Theorem 7.1).
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THEOREM 1.3. Suppose that the parameter z is chosen so that a, :=
EL(&) =n(14o0(1)). Then, as n — oo,

1
(1'11) QZ{SZH}N W exp (—%‘(n—az)Kz_l/zf) ,

where K, := Cov(¢, &) is the covariance matriz of the random vector § (with
respect to the probability measure Q7).

REMARK 1.4. The quantities a, and K, obtained via the measure Q7,
depend in general on the parameter r as well. For the sake of notational
convenience the latter is omitted, which should cause no confusion since r
is always fixed, unless stated explicitly otherwise.

One can show that the covariance matrix K is of the order of |n|%?, and

in particular det K, ~ const (ning)*? and HKZ_1/2H = O(|n|_2/3). From
the right-hand side of (1.11), it is then clear that one needs to refine the
error term in the asymptotic relation EZ7(§) = n(1+ o(1)) by estimating
the deviation E7(€) —n to at least the order of |n|?3. We have been able to
obtain the following estimate (cf. Theorem 5.1).

THEOREM 1.4. Under the conditions of Theorem 1.3,
(1.12) E7(¢) :n+o(|n|2/3), n — 0o.

The proof of this result is quite involved. The main idea is to apply the
Mellin transform and use the inversion formula to obtain a suitable integral
representation for the difference E7 — n of the form (j = 1,2)

(1L13)  ENE) —n

! /CHOO ﬁj(s)ﬁ(s +1 ds (I<e<?2)

T2 Jemine (=2 ()

where In z; happens to be of the order of |n|~*/? (according to the “optimal”
choice of z as explained at the beginning of Section 1.3; cf. Theorem 3.1),
F;(s) is an explicit function analytic in the strip 1 < Rs < 2 and ((s) is the
Riemann zeta function. As usual, to obtain a better estimate of the integral
one has to shift the integration contour in (1.13) as far to the left as possible,
and it turns out that to get an estimate of order 0(|n|2/ 3) one needs to enter
the critical strip 0 < Rs < 1, which requires information about zeroes of the
zeta function in view of the denominator ¢(s) in (1.13).
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Layout. The rest of the paper is organized as follows. In Section 2, we
explain the basics of the probability method in the polygonal context and
define the parametric families of measures @, and P} (0 < r < o0). In
Section 3, we choose suitable values of the parameter z = (z1,22) (Theo-
rem 3.1), which implies convergence of “expected” polygonal lines to the
limit curve v* (Section 4, Theorems 4.1 and 4.2). The refined error estimate
(1.12) is proved in Section 5 (Theorem 5.1). Higher-order moment sums are
analyzed in Section 6; in particular, the asymptotics of the covariance matrix
K, is obtained in Theorem 6.1. Section 7 is devoted to the proof of the local
central limit theorem (Theorem 7.1). Finally, the limit shape result, with re-
spect to both Q7 and P}, is proved in Section 8 (Theorems 8.1 and 8.2). The
Appendix includes necessary details about the tangential parameterization
and the tangential metric d7 on the space of convex paths (Section A.1),
as well as a discussion of the total variation distance between the measures
P’ (r # 1) and the uniform distribution P} (Section A.2, Theorems A.2
and A.4).

Notation. Let us fix some general notations frequently used in the paper.
For a row-vector = = (71, 22) € R?, its Euclidean norm (length) is denoted
by |z| == (2% + 23)"/2, and (z,y) := xy" = 21y1 + T2y is the corresponding
inner product of vectors z,y € R%2. We denote Z, = {k € Z : k > 0},
Z% =74 % Zy, and similarly Ry := {z € R: 2 > 0}, R2 := R, x R;.

2. Probability measures on spaces of convex polygonal lines.

2.1. Encoding. As was observed by Sinai [29], one can encode convex lat-
tice polygonal lines via suitable integer-valued functions. More specifically,
consider the set X' of all pairs of co-prime non-negative integers,

(2.1) X = {x = (v1,29) € Z2 : ged(zq,22) = 1},

where ged(+, ) stands for the greatest common divisor of two integers. (In
particular, the pairs (0,1) and (1,0) are included in this set, while (0,0)
is not.) Let @ := (Z, )% be the space of functions on X with non-negative
integer values, and consider the subspace of functions with finite support,

Gy :={ved: #(suppv) < o},

where suppv := {x € X : v(z) > 0}. It is easy to see that the space @y
is in one-to-one correspondence with the space Il = Unez2 II,, of all (finite)
convex lattice polygonal lines

Py>d>v +— I'ell
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Indeed, let us interpret points x € X as radius-vectors (pointing from the
origin to z). Now, for any v € @, a finite collection of nonzero vectors
{zv(z), © € supp v}, arranged in the order of increase of their slope z2/x; €
[0, 0], determines consecutive edges of some convex lattice polygonal line
I' € II. Conversely, vector edges of a lattice polygonal line I' € II can be
uniquely represented in the form xk, with x € X and integer k > 0; setting
v(z) := k for such = and zero otherwise, we obtain a function v € @.
(The special case where v(z) =0 for all z € X’ corresponds to the “trivial”
polygonal line Iy with coinciding endpoints.)

That is to say, each x € X determines the direction of a potential edge,
only utilized if x € supp v, in which case the value v(z) > 0 specifies the
scaling factor, altogether yielding a vector edge xv(z); finally, assembling
all such edges into a polygonal line is uniquely determined by the fixation
of the starting point (at the origin) and the convexity property.

Note that, according to the above construction, v(z) has the meaning of
the number of lattice points on the edge xv(x) (except its left endpoint).
The right endpoint & = & of the polygonal line I € II associated with a
configuration v € @ is expressed by the formula

(2.2) &= Z zv(x).
reX
In what follows, we shall identify the spaces II and @(. In particular, any
probability measure on I can be treated as the distribution of a Z-valued
random field v(-) on X with almost surely (a.s.) finite support.

2.2. Global measure @Q, and conditional measure P,. Let bg,b1,bo,...
be a sequence of non-negative numbers such that by > 0 (without loss of
generality, we put by = 1) and not all by vanish for & > 1, and assume that
the generating function

(2.3) B(s) := Z by,s"*
k=0

is finite for |s| < 1. Let z = (21, 22) be a two-dimensional parameter, with
21,22 € (0,1). Throughout the paper, we shall use the multi-index notation

T, Tl X2 _ 2
2% = 201252, x = (x1,22) € Z7..

We now define the “global” probability measure . on the space @ =
(Z4)?* as the distribution of a random field v = {v(z), x € X'} with mutually
independent values and marginal distributions of the form

zkx
R T

keZy (rveX).

@
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PROPOSITION 2.1.  For each z € (0,1)?, the condition

(2.5) Bz) =] BG") < o0

reX

is necessary and sufficient in order that Q,(Py) = 1.

PROOF. According to (2.4), Q. {v(z) >0} =1 — B(2*)"! (z € X). Since
the random variables v(x) are mutually independent for different z € X,
Borel-Cantelli’s lemma implies that Q,{v € o} = 1 if and only if

Z(l—@><oo.

TeX

In turn, the latter inequality is equivalent to (2.5). O

That is to say, under condition (2.5) a sample configuration of the ran-
dom field v(-) belongs (@.-a.s.) to the space @y and therefore determines a
(random) finite polygonal line I € II. By the mutual independence of the
values v(z), the corresponding @ ,-probability is given by

b,/(x) qu(x) b(F)Z5
2.6 (D) = ==/ I ell,
(2.6) Q(I) g{ 50 5 €

where £ =)y 2v(x) is the right endpoint of I" [see (2.2)], and

(2.7) () =[] bow) <0, T eI
zeX

Note that the infinite product in (2.7) contains only finitely many terms dif-
ferent from 1, since for z ¢ supp v we have bu(z) = bo = 1. Hence, expression
(2.7) can be rewritten in a more intrinsic form [cf. (1.6)]

(2.8) b(r) == ] b

e, eI’

where the product is taken over all edges e; of I' € I1,, and k; is the number
of lattice points on the edge e; except its left endpoint (see Section 2.1).
In particular, for the trivial polygonal line I'y <» v = 0 formula (2.6)
yields 3
Q.(I) = B(2) ' >0.

Note, however, that Q,(I)) < 1 since, due to our assumptions, (2.3) implies

B(s) > p(0) =1 for s > 0 and hence, according to (2.5), B(z) > 1.
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On the subspace II,, C II of polygonal lines with the right endpoint fixed
at n = (n1,n2), the measure @, induces the conditional distribution

QD)
Q. (M)’
provided, of course, that Q. (II,) > 0 [i.e., there is at least one I" € II,, with

b(I') > 0, cf. (2.6)]. The parameter z may be dropped from the notation for
P, due to the following fact.

(2.9) Po(I) = Q.(I'|IT,,) Iell,,

PROPOSITION 2.2.  The measure P, in (2.9) does not depend on z.

Proor. If IT, 5 I' <» v € &y then £ = n and hence formula (2.6) is
reduced to

b(IM)z"
0.(r) = U= rei,

B(z)
Accordingly, using (2.5) and (2.9) we get the expression

b(I')
(2.10) P([)= =——"—-, I elIl,,

ZF’eHn b(F,)

which is z-free. O

2.3. Parametric families {Q%} and {P}}. Let us consider a special para-
metric family of measures {Q%, 0 < r < oo}, determined by formula (2.4)
with the coefficients b, of the form

(2.11) - <T+Z—1>:r(r+1)--}€!(r+k—1)7

keZs

(note that b = (Tal) = 1, in accordance with our convention in Section 2.2).
By the binomial expansion formula, the generating function (2.3) of the
sequence (2.11) is given by

(2.12) pris)=0—-97"  [s] <1,

and from (2.4) it follows that under the law Q7 the random variable v(z)
has the probability generating function

B _ (-
Br(27) (1 —sz%)r’

Consequently, formula (2.4) specializes to

(2.13) E7(s™)

0<s<1.

(2.14) Q' {v(zx) =k} = <7’ + ’Z B 1) K1 -2, keZy (z€X).
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That is to say, with respect to the measure @7, the random variable v(z)
has a negative binomial distribution with parameters r and p =1 — 2% ([12],
Section VI.8, page 165]); in particular, its expected value and variance are
given by (see [12], Section XI.2, page 269)

rz® r2°

(2.15) Ellv(x)] = T Var[v(z)] = A= (x € X).

According to formulas (2.9) and (2.10), the corresponding conditional
measure P/ (-) := Q%(-|1I,) is expressed as

Q) v

Qr(ln) e, b"(I")
where b"(I") is given by the general formula (2.8) specialized to the coeffi-
cients b} defined in (2.11).

In the special case r = 1, we have b} = (',z) = 1 so that (2.14) is reduced
to the geometric distribution (with parameter p =1 — 2%)

(2.16) Pr(I)

n

I'e 1,

QYu(z) = k} = 2F%(1 — 2%), keZ, (rxeX),

whereas the conditional measure (2.16) specifies the uniform distribution on
II,, (cf. [29])

PN = I e ,.

#(In)

REMARK 2.1.  Since b} ,/b) = (r + k)/(k + 1), the sequence {b}} is
strictly increasing or decreasing in k according as r > 1 or r < 1, respectively.
That is to say, the measures Q)7 and P/ encourage (r > 1) or discourage
(r < 1) lattice points on edges, as compared to the reference case r = 1.

It is easy to see that condition (2.5) is satisfied and, by Proposition 2.1,
Q% (Do) =1, 0<r<oo.
Indeed, using (2.12) we have

B (z) = H (1 —-2")""=exp (—7‘ Z In(1— z””)) < 00

zeX reX

whenever ), In(1 —2%) > —oo, and the latter condition is fulfilled since

x T __ 1 xr2 __ 1
Zz < Zz —Zzl Zz2 —(1_Z1)(1_Z2)<oo.




UNIVERSALITY OF THE LIMIT SHAPE 13

3. Calibration of the parameter z. In what follows, the asymptotic
notation of the form a, < b, [where n = (ni,n2)] means that

. . Qp, . (079
0 < liminf — < limsup — < oo.
n1n2—00 Op ni,no—o00 On

We also use the standard notation a,, ~ b, for a,/b, — 1 as n1,ngs — 0.
Throughout the paper, we shall work under the following convention
about the limit n = (n1,n2) — oco.

AssUMPTION 3.1. The notation n — oo signifies that nq,ny — oo in
such a way that ny < no. In particular, this implies that |n| = (n%—i—n%)l/2 —
oo as n — 00, and n; < |n|, ng < |n|.

The goal of this section is to use the freedom of the conditional distribu-
tion P} (-) = QL(-|11,) from the parameter z (see Proposition 2.2) in order
to better adapt the measure )7, to the subspace II,, C II determined by the
condition & = n [where £ = (§1,&2) is defined in (2.2)]. To this end, it is
natural to require that the latter condition be satisfied (at least asymptot-
ically) for the expected value of £ (cf. [29, 6]). More precisely, we will seek
z = (21, 22) as a solution to the following asymptotic equations:

(3.1) E7(&1) ~ na, E7(&2) ~ na (n — o0),

where E7 denotes expectation with respect to the distribution Q7.
From (2.2), using the first formula in (2.15), we obtain

(3.2) EL(¢) = ler_zzx :rinzkx.
reX k=1z€X

Let us represent the parameters z1, 29 in the form

(3.3) zj=e Y, a; =0, nj_l/g (1 =1,2),

where the quantities d1,d2 > 0 (possibly depending on the ratio ng/ny) are
presumed to be bounded from above and separated from zero. Hence, (3.2)
takes the form

[e.e]

(3.4) EL(&) =r)_ Y e Fom,

k=1xzeX
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THEOREM 3.1.  Conditions (3.1) are satisfied if 1,02 in (3.3) are chosen
to be

(3'5) 5 = nrl/?’(ng/nl)l/?’, So = Hrl/3(nl/n2)l/37

where Kk := (((3)/((2))1/3 and ((s) = Y po k™5 is the Riemann zeta func-
tion.

PROOF. Let us prove the first of the asymptotic relations (3.1). Set
(3.6) f(z) = raqe (@), S ]Ri,

and

F'(n) =" f(hax),  h>0.

zeX

Then we can rewrite (3.4) in projection to the first coordinate as

(37) me) =y Y Iy

k=1zeX =1

Let us also consider the function

(3.8) F(h):=Y_ Fihm)=>_ > f(hmx), h>0
m=1

m=0zxeX

(adding terms with m = 0 does not affect the sum, since f(-) vanishes at
the origin). Recalling the definition of the set X [see (2.1)], we note that Z%

can be decomposed as a disjoint union of multiples of X: Z2 = Lo m.

Hence, the double sum in (3.8) is reduced to

F(h) = Z f(hil?) =rh i :Ele_halxl i e_h‘mx2

(39) wEZi r1=1 xo=0

B rhe ho

- (1 _ e—ha1)2(1 _ e—haz) '

By the Mo6bius inversion formula (see [18], Theorem 270, page 237)

(3.10) F(h) =Y Fihm) <= F'h)=>_ p(m)F(hm),
m=1

m=1

where p(m) (m € N) is the Mébius function defined as follows: p(1) = 1,
p(m) = (—=1)% if m is a product of d different primes and p(m) = 0 if m
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has a squared factor ([18], Section 16.3, page 234); in particular, |u(-)| < 1.
A sufficient condition for (3.10) is that the double series 3, , [F “(hkm)|
should be convergent, which is easily verified in our case: F¥(-) > 0 and,
according to (3.8) and (3.9),

%) [e%e) ke —hkay
# _
Z F k:mh kZF kh Thz 1 _ e—hkal) (1 _ e—hkag) < 00.
=1

k,m=1

Using (3.9) and (3.10), we can rewrite (3.7) as

(3.11)
Er(e) = i 1 i (m) F(km) = i rmp(m)e”Fma
z\S1) = k H - (1 _ e—kma1)2(1 _ e—kmaz) :
k=1 m=1 k,m=1
Note that (3.3) and (3.5) imply
3 3

(3.12) oz%ozg = E, oqoz% = E, Qong = Ny,

ni n9g

where & is defined in Theorem 3.1. Hence, we can rewrite (3.11) in the form

—kmag

1 mu(m)azage

-1 o 1
(313) nl E;(gl) - E Z (1 _ e—kmal)Q(l _ e—k:mocg) :
k,m=1

We now need an elementary estimate, which will also be instrumental
later on.

LEMMA 3.2. For any k > 0, 6 > 0, there exists C = C(k,0) > 0 such
that, for all t > 0,

e bt _ Ce—Gt/2
(1 _ e—t)k — tk

(3.14)

PROOF OF LEMMA 3.2. Set g(t) := t*e%/2(1 — e~*)~* and note that

Jmog(t) =1, lim g(t) = 0.

By continuity, the function g(¢) is bounded on (0, 00), and (3.14) follows. O
By Lemma 3.2, the general term of the series (3.13) is estimated, uniformly

in k and m, by O(k:_gm_2). Hence, by Lebesgue’s dominated convergence
theorem one can pass to the limit in (3.13) termwise

(3.15) lim i B2 (&) = 1 3 1 3 pm) _ 1 6B)
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Here the expression for the second sum (over m) is obtained using the
Mgébius inversion formula (3.10) with F#(h) = h=2, F(h) = 3.2°_,(hm)™2 =
h=2¢(2) (cf. [18], Theorem 287, page 250).

Similarly, we can check that, as n — oo,

1 mu(m) ayal e kmaz

—1 r _
U Ez(§2) - /{3 k%;:l (1 _ e—kmal)(l _ e—kmag)Q — 1.

The theorem is proved. O

REMARK 3.1.  The term 1/((2) = 6/72 appearing in formula (3.15) and
the like, equals the asymptotic density of co-prime pairs z = (x1,22) € X
among all integer points on Z% (see [18], Theorem 459, page 409).

ASSUMPTION 3.2. Throughout the rest of the paper, we assume that the
parameters 21, zo are chosen according to formulas (3.3), (3.5). In particular,
the measure @) becomes dependent on n = (ni,n2), as well as all Q-
probabilities and mean values.

4. Asymptotics of “expected” polygonal lines. For I" € II, denote
by I'(t) (t € [0,00]) the part of I" where the slope does not exceed tng/ng.
Hence, the path I},(t) = S,(I'(t)) serves as a tangential parameterization
of the scaled polygonal line I}, = Sp(I), where Sy, (z1,x2) = (x1/n1,22/N2)
(see Section 1.2, and also Section A.1 below). Consider the set

(4.1) X(t) ={x € X: x9/x1 < tng/ny}, t € [0, 00].

According to the association II 3 I' <> v € @y described in Section 2.1,
for each ¢t € [0,00] the polygonal line I'(¢) is determined by a truncated
configuration {v(z), z € X(t)}, hence its right endpoint £(t) = (£1(¢), &2(t))
is given by

(4.2) )= Y av(x), te(0,00:

zeX(t)

In particular, X(c0) = X, £{(oc0) = & [cf. (2.2)]. Similarly to (3.2) and (3.4),

(4.3) EE®)) =r> > me ™Mo te(0,0q].
k=1z€X(t)
Let us also set [cf. (1.8)]
e P22t I
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As will be verified in the Appendix (see Section A.1), the vector-function
g*(t) = (gi(t), g5(t)) gives a tangential parameterization of the parabola v*
defined in (1.3).

The goal of this section is to establish the convergence of the (scaled)
expectation EL[£(t)] to the limit g*(t), first for each ¢ € [0, 00] (Section 4.1)
and then uniformly in ¢ € [0, 00| (Section 4.2).

4.1. Pointunse convergence.
THEOREM 4.1.  For each t € [0, o0],
(4.5) T ELG(0] = g()  (G=12).

PROOF. Theorem 3.1 implies that (4.5) holds for t = co. Assume that
t < oo and let j = 1 (the case j = 2 is considered in a similar manner).

Setting for brevity ¢, := ny/n; and arguing as in the proof of Theorem 3.1
[see (3.4), (3.7) and (3.13)], from (4.3) we obtain

00 00 Bs
Ez[gl(t)] =r Z mu(m) Z xle—kmoqxl Z e—kmazscg
k,m=1 r1=1 29=0
(4'6) =r Z 1 —kmaz Z €r1€ —hmono (1 — e_kmOlZ(u’i‘z-i-l))7
k,m=1 ¢ z1=1

where &9 = Z5(t) denotes the integer part of tc,x1, so that
(4.7) 0<tcpaxi — a2 < 1.

Aiming to replace &3 + 1 by te,zp in (4.6), we recall (3.12) and rewrite the
sum over zj as

o0
(4.8) Z gre Fmaiz (1- e_kmo‘lml) + A (L, @),

r1=1

where

Ak m(t Oé Z T e—kmalxl(l—l—t)( —kmaz (:fsz—l—l—tcnxl)) )

r1=1

Using that 0 < 29 + 1 — tepxy < 1 [see (4.7)] and applying Lemma 3.2, we
obtain, uniformly in k,m > 1 and t € [0, o0],

_kmal e—moq /2

Apm(t, @) T e
mairy _ _ 1 )
0 < Fmas = Z T1€ (1 = o Fmar)2 O(1) (kmas)?

r1=1
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Substituting this estimate into (4.6), we see that the error resulting from
the replacement of &9 + 1 by tc,x1 is dominated by

O(ay?) 0@ m(1—e /%) = O(a 2 nay).

Returning to representation (4.6) and computing the sum in (4.8), we find

> —kma y=1
mu(m) e 1y
(4.9) EZ[G()] =7 el TTAY;
D e e
—I—O(ozl_2lnoz1).

Passing to the limit by Lebesgue’s dominated convergence theorem, similarly
to the proof of Theorem 3.1 [cf. (3.15)] we get, as n — oo,

I s 1 t2 2t
g _32_32 ( (1+t)2>:(1+t)2’

m=1

k=
which coincides with gj(¢), as claimed. O
4.2. Uniform convergence. There is a stronger version of Theorem 4.1.

THEOREM 4.2.  Convergence in (4.5) is uniform in t € [0, 0], that is,

lim sup |nj ELG()] —gi (1) =0 (j=1,2).

n—=00 )<t<o0

For the proof, we need the following general lemma.

LEMMA 4.3. Let {f.(t)} be a sequence of nondecreasing functions on
a finite interval [a,b], such that, for each t € [a,b], lim, o fn(t) = f(),
where f(t) is a continuous (nondecreasing) function on [a,b]. Then the
convergence fn(t) — f(t) as n — oo is uniform on [a,b].

PROOF OF LEMMA 4.3. Since f is continuous on a closed interval [a, ], it
is uniformly continuous. Therefore, for any € > 0 there exists 6 > 0 such that
|f(t") — f(t)] < e whenever [t/ —t| < d. Leta =ty <t; <--- <tny =0bbea
partition such that max;<;<n (t; —t;—1) < ¢. Since lim,,_,oo fi(t;) = f(t;) for
each i =0,1,..., N, there exists n* such that maxo<i<n |fn(ti) — f(t;)] < e
for all n > n*. By monotonicity of f, and f, this implies that for any
t € [ti,tiy1] and all n > n*

fa(t) = f(8) < fa(tivr) — f(t) < fultiva) — f(tig1) + & < 2e.
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Similarly, fn(t) — f(t) > —2e. Therefore, sup,ciy g [fn(t) — f(t)] < 2¢, and
the uniform convergence follows. O

PROOF OF THEOREM 4.2. Suppose that j = 1 (the case j = 2 is handled
similarly). Note that for each n the function

fa(t) =07 B[ (1) = — Z 21 E"[v
xEX(t

is nondecreasing in t. Therefore, by Lemma 4.3 the convergence (4.5) is
uniform on any interval [0,¢*]. Furthermore, since ny ' EZ[¢(c0)] — gi(c0)
and the function g¢j(¢) is continuous at infinity [see (4.4)], for the proof of
the uniform convergence on a suitable interval [t*, oo] it suffices to show that
for any € > 0 one can choose t* such that, for all large enough ni, ns and
all t > t*,

(4.10) ni B (00) &) < e
On account of (4.9) we have

e—kma1(1+t)

(411) Ellg(o0) —&(t)] = Y fmelf(ngnlg'

kym=1" (1 — e hman(140)
+0(a;?Inay).

Note that by Lemma 3.2, uniformly in k,m > 1,
e—kmag e—kma1(1+t) O(l)

1 _ e—k)ma2 : (1 o e—kma1(1+t))2 o a%a2(km)3(1 4 t)2 .

Returning to (4.11), we obtain, uniformly in ¢ > ¢*,

°°1°° 1_ o)
3 m 1+t*)’

=1 m=1

whence by (3.3) we get (4.10). O

afaa B¢ (00) — & (t)]

5. Further refinement. For future applications, we need to refine the
asymptotic formulas (3.1) by estimating the error term. The following the-
orem is one of the main technical ingredients of our work.

THEOREM 5.1.  Suppose that the parameter z is chosen according to for-
mulas (3.3), (3.5), so that EL(§) = n(1+o(1)) (see Theorem 3.1). Then
El (&) =n+ 0(\71\2/3) as n — oo.

For the proof of this theorem, some preparations are needed.
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5.1. Approximation of sums by integrals. Let a function f: R%_ — R
be continuous and absolutely integrable on R?, together with its partial
derivatives up to the second order. Set

(5.1) F(h):= Y f(hx), h>0

2
TELL

(as verified below, the series in (5.1) is absolutely convergent for all h > 0),
and assume that for some g > 2

(5.2) F(h)y=0(h""),  h— oo

Consider the Mellin transform of F'(h) (see, e.g., [38], Chapter VI, Section 9),

(5.3) F(s) := /0 h RS~ F(h) dh.

LEMMA 5.2.  Under the above conditions, the function ﬁ(s) S Mmeromor-
phic in the strip 1 < Rs < B, with a single (simple) pole at s = 2. Moreover,
F(s) satisfies the identity

(5.4) Fls) = /OO B () dh, 1< Rs <2,
0

where

(5.5) Aph) = Fh) — = [ f@)de, h>o0.

b2 Jre
R+

REMARK 5.1. Identity (5.4) is a two-dimensional analogue of Miintz’s
formula for univariate functions (see [31], Section 2.11, pages 28 and 29).

PROOF OF LEMMA 5.2. Let a function ¢ : Ry — R be continuous and
continuously differentiable, and suppose that both ¢ and ¢’ are absolutely
integrable on R . It follows that lim, . ¢(z) = 0; indeed, note that

| e@ar=tin [ o'way= Jim o) o0,

hence lim,_,~ ¢(x) exists and, since ¢ is integrable, the limit must equal
zero. Then the well-known Euler—-Maclaurin summation formula states that

(5.6) gdhj) -5/ " by da + / TB(E) o) d
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where By (z) := z — [x] — 1 (cf. [5], Section A.4, page 254).
Applying formula (5.6) twice to the double series (5.1), we obtain

(5.7)
por = o [ soraes b [ (BG)SE 5 (3) 25 o

_ _ 2
L ()

Since |B;(-)] < 1, the above conditions on the function f imply that all
integrals in (5.7) exist, hence F'(h) is well defined for all h > 0. Moreover,
from (5.7) it follows that

(5.8) F(h)y=0(h™?), Aph)=0hr")  (h—0).

Estimates (5.2) and (5.8) imply that ﬁ(s) as defined in (5.3) is a regular
function for 2 < Rs < [. Let us now note that for such s we can rewrite
(5.3) as

F(s) = /loo RSTYE(R) dh + /Olhs‘lF(h) dh

0o 1 1
:/ RSTLF(h) dh+/ h=3dh (x)da:+/ R~ tA¢(h) dh
1 0 RZ 0
0o 1 1
(5.9) :/ RTYE(R) dh + —— (a;)dx+/ h*~tA¢(h) dh.
1 5 =2 Jp2 0

According to condition (5.2), the first term on the right-hand side of (5.9),
as a function of s, is regular for Rs < [, whereas the last term is regular for
Rs > 1 by (5.8). Hence, formula (5.9) furnishes an analytic continuation of
the function F' (s) into the strip 1 < Rs < [, where it is meromorphic and,
moreover, has a single (simple) pole at point s = 2. Finally, observing that

1
s—2

:—/ h*=3dh, Rs < 2,
1

and rearranging the terms in (5.9) using (5.5), we obtain (5.4). O

LEMMA 5.3.  Under the conditions of Lemma 5.2,

1 c+io00 R
(5.10) Ag(h) = / h™*F(s)ds, l<e<2.

211 —ico
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PROOF. From (5.5), (5.7) we have Af(h) = O(h™2) as h — co. Combined
with estimate (5.8) established in the proof of Lemma 5.2, this implies that
the integral (5.4) converges absolutely in the strip 1 < Rs < 2. Representa-
tion (5.10) then follows from (5.4) by the inversion formula for the Mellin
transform (see [38], Theorem 9a, pages 246 and 247). O

5.2. Proof of Theorem 5.1. Let us consider the first coordinate, &; (for
&9 the proof is similar). The proof consists of several steps.

Step 1. According to (3.11) we have

(.11) zEe) = > 1 piem),

k,m=1

where [see (3.6), (3.9)]

rhe~o1h
EZZQ f(hzx) Y o) h >0,
flx) = roje (o) zeR2.
Note that
f(z)dz = r/ rie” M dxl/ e "2 dpy = ; )
R% 0 0 a2
Moreover, using (3.12) we have
u r LN~ 1= p(m)
12 _mN 1 _
(5.12) > (o Patas ~ w3 218 2 2
k,m=1 k=1 m=1
[cf. (3.15)]. Subtracting (5.12) from (5.11), we obtain the representation
(5.13) El(&)—ni= > mpu(m)Askm),
k,m=1

where A¢(h) is defined in (5.5). Clearly, the functions f and F' satisfy the
hypotheses of Lemma 5.2 (with § = o0). Setting ¢, := na/n; and using
(3.12), the Mellin transform of F'(h) defined by (5.3) can be represented as

F(s) = ray “TVE(s),
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where

_ oo yse—y
5.14 F(s) = dy, Rs>2.
(5.14) (s) /0 (1—e¥)2(1—ev/en) s
As a result, applying Lemma 5.3 we can rewrite (5.13) as

(5.15)
r e c+ioco ' s
E,Z(fl)—n1=2—m. Z mu(m)/ %ds (1<c<?).

Jeom—1 c—ico O

Step 2. It is not difficult to find explicitly the analytic continuation of
the function F'(s) into the domain 1 < Rs < 2. To this end, let us represent
the integral (5.14) as

B [eS) s—1,—y 1 o0 Se7Y
_ Yy e - _ye
(5.16) F(s)=J(s)+ cn/o 1o dy + 5 /0 (1I—ev)?2 dy,

where

B o] yse—y 1 _C_n_l
oan o [ (e )

The last two integrals in (5.16) are easily evaluated:

00 s—1.—y 00 00 00 00
y e s—1 -k s—1 .-k
7dy:/ Yy ke "dy = k/ Y TeT W dy
/0 (1 —ev)? 0 ,; ; 0
o 1 00
(5.18) o /O wle=" du = ¢(s — 1)T(s),
k=1

where I'(s) = fooo u*~te ™ du is the gamma function, and similarly

(5.19) /OOO % dy = ¢(s)T(s + 1),

Substituting expressions (5.18) and (5.19) into (5.16), we obtain
~ 1
(5.20) F(s) = J(s) + caC(s = 1)T(s) + 5((3)F(s+1).

Since the expression in the parentheses in (5.17) is O(y) as y — 0 and
O(1) as y — oo, the integral (5.17) is absolutely convergent (and therefore
the function J(s) is regular) for Rs > 0. Furthermore, it is well known that
I'(s) is analytic for Rs > 0 ([30], Section 4.41, page 148), while ((s) has a
single pole at point s = 1 ([30], Section 4.43, page 152). Hence, the right-
hand side of (5.20) is meromorphic in the semi-plane Rs > 0 with poles at
s=1and s =2.
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Step 3. Let us estimate the function ﬁ(c + it) as t — oo. First, by
integration by parts in (5.17) it is easy to show that, uniformly in a strip
0<c <0< e < o0,

(5.21) Jo+it)=0(t|"?), t— .
The gamma function in such a strip is known to satisfy a uniform estimate
(5.22) I'(o +it) = O(1) mo—(lﬂ) e It/2, f = 00

(see [30], Section 4.42, page 151). Furthermore, the zeta function is obviously
bounded in any semi-plane 0 > ¢; > 1

(5.23) (o +it)] < Z ’n(mt‘ Z ia < Z ni =0(1).

We also have the following bounds, uniform in o, on the growth of the zeta
function as t — oo (see [20], Theorem 1.9, page 25):

O(Int]), 1<o<2,
(5.24) ((o+it) =3 O(I=2mlt), 0<o<1,
oOt'?=7mlt)), <o,

As a result, by (5.22), (5.23) and (5.24) the second and third summands on
the right-hand side of (5.20) give only exponentially small contributions as
compared to (5.21), so that

(5.25) Fle+it)=0(t™%), t—oo (1<ec<?2)

Step 4. In view of (5.25), for 1 < ¢ < 2 there is an absolute convergence
on the right-hand side of (5.15),

S e |F(s)
S ] |

k,m=1 €—100 |Of;+1(k’m)
1 &~ 1 1 [>® -
< — chH > $/ |F(c+ it)| dt < oo.
1 k=1 m=1 —o0

Hence, the summation and integration in (5.15) can be interchanged to yield

r c+100 F

r _ (m)
EL (&) —m = i /c_, s+l Z k,s—l—l ms ds

100 m=1

(5.26) T /CHOO M ds.

2mi Jemino i TN((s)
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While evaluating the sum over m here, we used the Mobius inversion formula
(3.10) with F¥(h) = h=%, F(h) =Y, (hm)™* = h=3((s) (cf. (3.15); see also
[18], Theorem 287, page 250). Substituting (5.20) into (5.26), we finally
obtain

r c+100

(5.27) El (&) —ng = 3 | U(s)ds (1<e<?2),
where

Cs+1) [J(s) +enC(s—1I(s) 1
(5.28) U(s) = e [ () + 3 I(s+1)

and the function J(s) is given by (5.17).

Step 5. By the La Vallée Poussin theorem (see [21], Section 4.2, Theorem
5, page 69), there exists a constant A > 0 such that ((o + it) # 0 in the
domain

A

(5.29) o21-pEs

=:n(t), t eR.
Moreover, it is known (see [31], equation (3.11.8), page 60) that in the do-
main (5.29) the following uniform estimate holds:

1

(5.30) EE)

= O(Inlt]), t — oo.
Without loss of generality, one can assume A < In 2, so that [see (5.29)]
n(t) >n0)=1—— >0, t e R.

Therefore, U(s) [see (5.28)] is regular for all s = o+t such that 2 > o > n(t)
(t € R).

Let us show that the integration contour Rs = ¢ in (5.27) can be replaced
by the curve o = n(t) (t € R). By the Cauchy theorem, it suffices to check

that ,
c+iT

lim ¥U(s)ds = 0.
T—4o00 1’](T)+iT

We have

(5.31)

c+iT
/ U(s)ds
n

(T)+iT

g/ W(U—H’T)\dag/ (o +iT)]| dor
n n(0)
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In view of the remark after formula (5.30), we have 1n(0) > 0, hence appli-
cation of estimate (5.23) gives, for s = o +iT, n(T) <o <,

C(s+1 C(o+1 ¢(n(0) +1
o)) <o) o Co) )

(since a1 — 0, we may assume that oy < 1).
To estimate the expression in the square brackets in (5.28), we use the
estimates (5.21), (5.22), (5.24) and (5.30). As a result, we obtain

(5.32) U(o+iT) =O(|T|*n|T|), T — oo,

which implies that the right-hand side of (5.31) tends to zero as T — 00,
as required. Therefore, the integral in (5.27) can be rewritten in the form

(5.33) D, = / T W) + it) d(n(t) + it).

—00
Step 6. It remains to estimate the integral (5.33) as n — oo. Let us set

To(s) := oW (s)
(5.34) B J(s) +enC(s —DI(s) 1o
—C(s—l-l)[ o(s) +2F( +1)

[see (5.28)], then equation (5.33) is rewritten as

Dy = a7 / O g () 4 it) (o () + ) .
Using that oy = 6;/n'/? [see (3.3)], we get
Dal = 0(u) [ ™ wotate) + )] (' ()] + 1) e

—0o0

(5.35) — () / o= (@ (n () + it)| dt,

since by (5.29)

A A

,t == < =
Ol = w2 = 2w

O(1).

Let us now note that, as n — oo, the integrand function in (5.35) tends
to zero for each t, because a1 — 0 and 1 —n(t) > 0 [see (5.29)]. Finally, eligi-
bility of passing to the limit under the integral sign follows from Lebesgue’s
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dominated convergence theorem. Indeed, the integrand function in (5.35) is
bounded by |¥y(n(t) + it)|, and integrability of the latter is easily checked
by applying the estimates (5.21), (5.22), (5.24) and (5.30) to the expression
(5.34), which yields [cf. (5.32)]

[Wo(n(t) +it)| = O(|t| > Inlt]), t — 4o0.

Thus, we have shown that the integral in (5.35) is o(1) as n — oo, hence
D,, = o(|n|*?). Substituting this estimate into (5.27), we obtain the state-
ment of Theorem 5.1. The proof is complete.

6. Asymptotics of higher-order moments.

6.1. The variance. According to the second formula in (2.15), we have
rz®
_ _ k
(6.1) Var[v(z)] = e T,}_l k2.

Let K, := Cov(§,&) be the covariance matrix (with respect to the measure
Q7) of the random vector §& = ) _,zv(z). Recalling that the random
variables v(x) are independent for different x € X and using (6.1), we see
that the elements K, (i, j) = Cov(&;,&;) of the matrix K, are given by

o
(6.2) K.(i,5) = > mizVarl(a)] =rY Y ka2, 5 € {1,2}.
TeX k=1xzeX
THEOREM 6.1. As n — oo,
2/3
.. ninz ..
(63) Kefiog) ~ P e qn2),

where k is defined in Theorem 3.1 and the matriz B := (B;;) is given by

(6.4) B:<2n1/n2 ! )

1 2’1’L2/TL1

PROOF. Let us consider K,(1,1) (the other elements of K, are analyzed
in a similar manner). Substituting (3.3) into (6.2), we obtain

(6.5) K(1,1) =7 ) kafe Meom,

k=1zeX
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Using the Mobius inversion formula (3.10), similarly to (3.13) expression
(6.5) can be rewritten in the form

ll—Tkau ermo‘x

k,m=1 zeZ?
= Z k:m /L Z zle —kmaix1 Z e—kmagxg
k,m=1 r1=1 z2=0
o0 o0
km?pu(m) —k

(6.6) =r Z T o—Fmas Z xiemonzy

k,m=1 r1=1
Note also that
61 S et e 00

: 1 T (I—ehma)3 T 3,307

r1=1
Returning to representation (6.6) and using (6.7), we obtain

a%a2 e—k‘mal (1 4 e—kmal)

3 _ 2
(6.8)  ofaoK.(1,1)=r > kmPu(m) ) (1 o)

k,m=1 (1

By Lemma 3.2, the general term in the series (6.8) admits a uniform estimate
O(k‘_?’ m_2). Hence, by Lebesgue’s dominated convergence theorem one can
pass to the limit in (6.8) to obtain

2r((3)

3 3
ajas K, (1,1) — = 2rK°, a, e — 0.
Using (3.3) and (3.5), this yields
2
Kz(lv 1) ~ M (n1n2)2/37 n — o0,
ri/3k
as required [cf. (6.3), (6.4)]. O

6.2. Statistical moments of v(x). Denote
(6.9) w(z) =v(r) - Ellv(z), zed,
and for k£ € N set
(6.10) m(@) = B, (@) = Elwo(a)"

(for notational simplicity, we suppress the dependence on r and z).
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LEMMA 6.2. For each k € N and all x € X,
(6.11) pi(z) < 26my(z).

PRrROOF. Omitting for brevity the argument x, by Newton’s binomial for-
mula and Lyapunov’s inequality we obtain

ez Bzl ] = (ot

=0

0

and (6.11) follows. O

LEMMA 6.3. For each k € N, there exist positive constants cp = cx(r)
and Cy, = Ci(r) such that, for all x € X,

kx x
CLZ Crz
6.12 — < < —

(612 T ) €

PROOF. Fix z € X and let p(s) = ¢,y (s) == B [eis”(x)] be the char-
acteristic function of the random variable v(z) with respect to the measure
Q%. From (2.13) it follows that

gy _ -y
(613) 90(3) - IBT(Zx) - (1 _ eris)r ’

Let us first prove that for any k € N

T\—T dk(p(s) -k a (Zmeis)]
(6.14) (=7 = L e

where ¢; , = ¢; ;(r) > 0. Indeed, if £ = 1 then differentiation of (6.13) yields

(1 - Zx)—r d(,D(S) _ mrz e 7
ds (1 — zmeis)r+l

which is in accordance with (6.14) if we put ¢;; := 7. Assume now that
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(6.14) is valid for some k. Differentiating (6.14) once more, we obtain

dk—l—l k—i—l P ZS)_]
xr
(1 -z ) dsk-‘rl - Z Cj.k 2xezs)r+]
k+1z 7”+J)( “eis)t
Cj.k Z:cezs)r+j+1
k—l—l k+1 T 7,5)]
Z CJJH-I erzs)r’-l-]
where we have set
Cl,k> J = 17
Cikt1 =4 Jejr+(r+i—1ciix, 2<j<Ek,
(T‘—I—k‘)clﬁk, i=k+1

Hence, by induction, formula (6.14) is valid for all k.
Now, by (6.14) we have

ik d¥o(s)
dsk

ch, 1_Zxkz Co k>

since 0 < 2% < 1. Hence, inequalities (6.12) hold with ¢, = Ck ks Crp =
k
Z]:l cjvk' D

6.3. Asymptotics of the moment sums.

LEMMA 6.4. For any k € N and 6 > 0,

Ox
z
1 k (k+2)/3 '
(6.15) 3 et g =l noos

PRrROOF. Using (3.3), by Lemma 3.2 we have

P A O e—(0/2) () ) Co—0/2) ()
(L—zm)k  (L—el@ahe = Aaa)h = affaft

(6.16)

where o := min{a;, as}. On the other hand,

SOz e—G(a,x)

(1 _ Zx)k o (1 _ e—(a,x))k

—0{a,x) —0{a,x)

[§] [§]

(6.17)

> > :
~ {ayz)F T aff |l
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Since ag = |n|71/3 and |a| =< |n|~Y/3, from (6.16) and (6.17) we see that for
the proof of (6.15) it remains to show

(6.18) Z e~ (@) < |23, n — oo.
zeX

Using the M&bius inversion formula (3.10), similarly as in Sections 3 and
4 we obtain

Z e—(a,:c) _ ,u(m) Z e—m(a,x)

xe73 \{0}
1
-1
o (e —eey )
e~Mmal 4 g—maz _ e—m(al—i-ag)

(1 _ e—mal)(l _ e—mag)

e e B

(6.19)

p(m)
1

3
Il

By Lemma 3.2, the general term of the series (6.19) is O(ozl_lozglm_2) (uni-
formly in m). Hence, by Lebesgue’s dominated convergence theorem, the
right-hand side of (6.19) is asymptotically equivalent to
(0. ]
1 N(m) 1 - |’I’L|2/3,

arag = m? a1a((2)

and (6.18) follows. O

LEMMA 6.5. For any k € N,

Z |2 Fmy, () < |n|BT2/3, n — oo.
zeX

PRrROOF. Readily follows from the estimates (6.12) and Lemma 6.4. [

LEMMA 6.6. For any integer k > 2,

S ) =< Il oo,
zeX

PROOF. An upper bound follows (for all £ > 1) from inequality (6.11)
and Lemma 6.5. On the other hand, by Lyapunov’s inequality and formula
(6.1), for any k > 2 we have

Tk/22kx/2
(1 —z%)k”

and a lower bound follows by Lemma 6.4. U

() > pa ()% = (Varly(2)])"* =
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LEMMA 6.7. For each k € N and j =1,2
E [§ Er(fj)] O(\n\4k/3), n — 00.

PROOF. Let j = 1 (the case j = 2 is considered similarly). Using the
notation (6.9), we obtain, by the multinomial expansion,

2k
Ee - EL(€)])* = B ( 3 Wo(@)

reX

(6.20) Z Z Chy,.. ke Z H ¥ BL[wo(a)"],

=1 kl,.. yke > 1, {xl, ,(EZ}CX i=1
k1+ - +k‘e—2k‘

where Cy,, .., are combinatorial coefficients accounting for the number of
identical terms in the expansion. Using that E7[vy(x)] = 0, we can assume
that k; > 2 for all 4 = 1,...,¢. Since k1 + --- + k; = 2k, this implies that
¢ < k. Hence, recalling the notation (6.10) and using Lemma 6.6, we see
that the internal sum in (6.20) (over {z',..., 2} C &) is bounded by

> H ' [F g () < H D Ll (

{z1,...,2¢}cx =1 i=1xeX

t
1) H |n|(ki+2)/3
_ O( ) |’I’L|2 k+0)/3 (|7”L|4k/3),
and the lemma is proved. O

7. Local limit theorem. As was explained in the Introduction (see
Section 1.3), the role of a local limit theorem in our approach is to yield
the asymptotics of the probability Q7{¢ = n} = Q%(II,,) appearing in the
representation of the measure P as a conditional distribution, P} (A) =

QL(All) = Q1(A)/QI(ITy), A C [T [see (2.16)].

7.1. Statement of the theorem. As before, we denote a, := EL(§), K, :=
Cov(§,€) = EL(§ — a.)"(§ — a.), where the random vector £ = (&1,&2) is
defined in (2.2). From (6.2), it is easy to see (e.g., using the Cauchy—Schwarz
inequality together with the characterization of the equality case) that the
matrix K, is positive definite; in particular, det K, > 0 and hence K, is

invertible. Let V, = K, /2 be the (unique) square root of the matrix K !
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(see, e.g., [4], Chapter 6, Section 5, pages 93 and 94), that is, a symmetric,
positive definite matrix such that V2 = K, 1.

Denote by fo r(-) the density of a standard two-dimensional normal dis-
tribution A(0, I) (with zero mean and identity covariance matrix),

1
for(z) = o e l=?/2. x € R2.
v

Then the density of the normal distribution N (a,, K,) (with mean a, and
covariance matrix K) is given by

(7.1 four.(2) = (det Ko) 72 for((@ —a)V2), ¢ R
With these notations, we can now state our local limit theorem.

~ : 2
THEOREM 7.1.  Uniformly in m € Z%,

(7.2) Q¢ =m} = fax.(m) +O0(n| ), n—occ.

REMARK 7.1. Theorem 7.1 is a two-dimensional local central limit theo-
rem for the sum § = ), zv(x) with independent terms whose distribution
depends on a large parameter n = (n1,ns); however, the summation scheme
is rather different from the classic one, since the number of non-vanishing
terms is not fixed in advance, and, moreover, the summands actually in-
volved in the sum are determined by sampling.

One implication of Theorem 7.1 will be particularly useful.

COROLLARY 7.2. As n — o0,

1/3
T/H —2/3

(7.3) QA =n} ~ e (n1ng)™ /7,

1/3

where Kk = (((3)/((2))

Before proving the theorem, we have to make some (quite lengthy) tech-
nical preparations, collected below in Sections 7.2—7.4.

7.2. Lemmas about the matriz norm. The matrix norm induced by the
Euclidean vector norm | - [ is defined by [|A|| := sup, =y [z A]. It is well known
that for a (real) square matrix A its norm is given by

(7.4) [Al = V/A(ATA),
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where A(+) is the spectral radius of a matrix, defined to be the largest mod-
ulus of its eigenvalues (see, e.g., [25], Section 6.3, pages 210 and 211).

We need some general facts about the matrix norm ||-||. Even though
they are mostly well known, specific references are not easy to find (cf., e.g.,
[4, 25, 19]). For the reader’s convenience, we give neat proofs of the lemmas
below based on the spectral characterization (7.4).

LEMMA 7.3 (cf. [17], Section 22, Theorem 4, page 40). If A is a real
matriz then ||ATA|| = ||A]]?.

PrOOF. The matrix ATA is symmetric and non-negative definite, hence,
using (7.4), we obtain ||ATA|| = A(ATA) = || A||%, as claimed. O

LEMMA 7.4 (cf. [19], Section 5.6, Problem 23, hints (2,5) and (5,2), pages
313 and 314). If A = (ai;) is a real d x d matriz, then

d d
1
(7.5) . Z <A< Y a
j=1 i,5=1

PROOF. Note that 3¢
and furthermore

i1 w = tr(A"A), where tr(-) denotes the trace,

AMATA) <tr(ATA) <d-A(ATA).
Since A(ATA) = || A||? by (7.4), this implies (7.5). O

The following simple fact pertaining to dimension d = 2 seems to be less
known.

LEMMA 7.5. Let A be a symmetric 2 X 2 matriz with det A #£ 0. Then

1A
|det Al

(7.6) [

PROOF. Let A\; and A (JA2] > |[A1] > 0) be the eigenvalues of A, then
|det A| = |A1] - |A2| and, according to (7.4),

1Al = VA(A%) = [Xal, AT = /A((A712) = a7

which makes equality (7.6) obvious. O
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7.3. Estimates for the covariance matriz. In this section, we collect some
information about the asymptotic behavior of the matrix K, = Cov(¢,¢).
The next lemma is a direct consequence of Theorem 6.1.

LEMMA 7.6. Asn — oo,
3(n1n2)4/3

det K, ~ 2732

Let us now estimate the norms of the matrices K, and V, = K, -2,

LEMMA 7.7.  As n — 0o, one has | K,|| < |n|*/3.

ProoF. Lemma 7.4 and Theorem 6.1 imply

K] = Z K.(i,7)? = (mn2)® < n|*?  (n — o0),
i,j=1
and the required estimate follows. O
LEMMA 7.8.  For the matriz 'V, = Kz_l/2
n — oo.

, one has ||Vi| =< |n|7?/3 as

PrOOF. Using Lemmas 7.3 and 7.5 we have

K|

V 2_ V2 _ K 1 H

VIR = V2 = 155 = g

and an application of Lemmas 7.6 and 7.7 completes the proof. O

We also need to estimate the so-called Lyapunov coefficient

(7.7) Loi= Vel Y J2lPps(x)

zeX
where p3(z) = E7|vp(x)3| [see (6.10)].
LEMMA 7.9. As n — oo, one has L, < |n|~/3.

PROOF. The proof follows from (7.7) using Lemmas 7.8 and 6.6 (with
k=3). O
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7.4. Estimates of the characteristic functions. Recall from Section 2.1
that, with respect to the measure @7, the random variables {v(z)},cx are
independent and have negative binomial distribution with parameters r and
p =1— 2" In particular, v(x) has the characteristic function [see (6.13)]

(1 —2%)"

(1 _ Z:ceis)r ’ 5 € R’

(7.8) Pufa)(8) = EL (™)) =

and hence the characteristic function ¢¢(X) = Eg(eio" f>) of the vector
§ =2 sexxv(x) is given by

=[] evr(N ) =[] % AER2

2% et
zeX TeX

LEMMA 7.10. Let %0 y(s) be the characteristic function of the random
variable vo(z) = v(z) — [ (x)]. Then

(79) b)) < ep{-Lpa(0)s + bus@)lsP ), seR,
where ui(x) = E7|vo(z)k| [see (6.10)].

PROOF. Let a random variable vi(x) be independent of vy(x) and have
the same distribution, and set (z) := vy(x) —v1(x). Note that EL[D(z)] =0
and Var[p(z)] = 2Var[v(x)] = 2us(x). We also have the inequality

E|i(a)?| < 4EZ|vo(2)?| = 4ps(x)

(see [5], Lemma 8.8, pages 66 and 67). Hence, by Taylor’s formula, the
characteristic function of (x) can be represented in the form

(7.10) P (s) = 1 — pa(x)s® + 5 Ops(x)s’,

where 6] < 1. Now, using the elementary inequality |y| < e®“*~1/2 and the
2
fact that oy, (s) = |<,0,,0(m)(8)‘ , we get

o) (8)] < exp{%(\%o(x)(S)\z - 1)} = exp{%(%@)@) - 1)},
and the lemma follows by (7.10). O

The characteristic function of the vector o := & —a. = >y zvo(z) is
given by

(711) g (A) = EL(e™&)) = TT Eo(e™ @ @) = TT ¢uoey (A z)
reX reX



UNIVERSALITY OF THE LIMIT SHAPE 37

LEmMmA 7.11. If V, = Kz_l/z, then for all \ € R?
(7.12) e (AV2)] < exp{ =3I\ + 3 L.IAP }.

PROOF. Using (7.11) and (7.9), we obtain
1 1
(1.13) IOVl < exp -5 SOV 0a(e) + 5 3 [V2.) Fpa(o) -
zeX reX

The first sum in (7.13) is evaluated exactly as

1) > VL, @) o) = Var(AVL, €) = AV, Cov(€,€) (AVL)”
: rEX
= ALK VAT = A%
since Cov(&,€) = K, = V2. For the second sum in (7.13), by the Cauchy—
Schwarz inequality and on account of (7.7) we have
15 V) Fra(e) < NF VAP Y lefas(a) = APL..

TEX zeX
Now, substituting (7.14), (7.15) into (7.13), we get (7.12). O
LEMMA 7.12. If |A < LY then
(7.16) ‘%(sz) . e—MIZ/?( <16L, AP e PP/6,
1/3

PROOF. Let us first suppose that L. /" < |A\| < L7!. Then £ < L|AP <
IA[?, so (7.12) implies |pg, (AV2)| < e~IA*/6 Hence,

[peo (AV2) — P72 < g, (AVZ) | 4 e /2
<26 PP/6 < 16T, AP e /S,

in accord with (7.16).
Suppose now that |A| < %Lz_l/ s, Taylor’s formula implies
(7.17) Puroa)(8) — 1= = pa(a)s® + § O pa(x)s”,

where |, < 1. By Lyapunov’s inequality, ps(z) < ps(z)?/3, so

(7.18) [Puoa)(s) = 11 < 5lslua(@)* + §ls|*us ().
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For s = (AV,,x), we have from (7.15)

(7.19) [(AVz,a) [ s (2)'? < LIPIA| < 3,

and so (7.18) yields

(7.20) | oup(@) (AWVar @) =1 < 55+ 55 <3

Similarly, using the elementary inequality (a + b)? < 2(a? 4 b?), from (7.18)

we obtain

2
(oot () = 1° < & (Isls(@)7 + §lsPus(@) ) s s (@),

whence, in view of (7.19) and a general bound [(AV,,z)| < |A|-||VZ|| - |z], it

follows that
qany [ea@ OV 1 < 554§ AP IV ol st
< SAPIVENP 2 s ().

Consider the function In (1 + y) of complex variable y, choosing the prin-
cipal branch of the logarithm (i.e., such that In1 = 0). Taylor’s expansion
implies In (1 +y) = y + 0y for |y| < 3, where |0 < 1. By (7.17), (7.20) and
(7.21) this yields

I @y () (AVz, 7)) = = §(AVz, 2)2pa () + 50 APIV2 PP (),

where |6, < 1. Substituting this into (7.11), due to (7.14) and (7.15) we
obtain

In g, (AV2) Zlncp,,o AV, z)) = =3 IA2+ 20, L0 (16:] < 1).
reX

Using the elementary inequality |e¥ — 1| < |y|el¥!, which holds for any y € C,
we have

ey (AV2) — e A22| = = INP/2| e LIAP/2 _ )
< e P21 \Bels M2 < o P2 NP,
and the proof is complete. 0

LEMMA 7.13.  For all X\ € R?,

(7.22) loee (V)] < exp{—17rJa(N)},
where
(7.23) Ja(X) =Y et (1 — cos(A, z)).

zeX
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PROOF. According to (7.11), we have

(7.24) |06y ()] = le (M| = exp{ > Infeu@) (A, x>)\}-

zeX

Using (7.8), for any s € R we can write

r 1_2122 r 1_2122
1n|90u(:c)(5)| = —lng < 5 <“7‘ _1>

2 ’1 _ eris‘2 1— eris’2
~ rz%(1 —coss) rz*(1 — cos s)
|1 _ Z:Eeis|2 - 4

Utilizing this estimate under the sum in (7.24) (with s = (), x)) and recall-
ing the notation (3.3), we arrive at (7.22). O

7.5. Proof of Theorem 7.1 and Corollary 7.2. Let us first deduce the
corollary from the theorem.

PROOF OF COROLLARY 7.2. According to Theorem 5.1, a, := EL(&) =
n+ 0(|n|2/3). Together with Lemma 7.8 this implies

[(n—az)Vi| < |n—a|- ||V
= o(|n|*3) O(In|72/%) = o(1).

Hence, by Lemma 7.6 we get

Ja.k.(n) = L (det K,)~1/? o~ |(n—az)V:|?/2
o 21
F1/3)
= 375, ) P+ o),
and (7.3) follows from (7.2). -

PROOF OF THEOREM 7.1. By definition, the characteristic function of
the random vector £y = £ — a, is given by the Fourier series

P (N) == EL(e’™0)) = N Qr{e =m}eldme) N e R

2
meZy

and hence the Fourier coefficients are expressed as

r 1 —i{(\,m—a,
(125)  Qe=mi= gz [ B yan mezt,
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where T2 := {\ = (A1, A2) € R? : || < 7, |A2| < 7}. On the other hand,
the characteristic function corresponding to the normal probability density
fa., k. (x) [see (7.1)] is given by

SDaz,Kz()\) _ ei<)\,az>—‘)\V;1|2/2’ A € R2’

so by the Fourier inversion formula

1

(7260)  fourc.(m) =

/ oI m—az) —AV2 gy me 72 .
R? 7 ’

Note that if [A\V,7}| < L;! then, according to Lemmas 7.8 and 7.9,
A< WV (Ve < LEHIVEIL = O(Inf7Y%) = o(1),

which implies that A € T2. Using this observation and subtracting (7.26)
from (7.25), we get, uniformly in m € Zi,

(7.27) QL& =m} — fax.(m)| < I+ Ip + I,
where
1 / _ )\Vfl 2 2
L= ey (N) — e V=12 g
LT a2 {)\:|)\V;1|§L;1}| o) |
Iy = oMV )

A vy
|

I3 := —4772/ T
T20{X: AV Y |>L; "}

|pgo (M) dA.

By the substitution A = yV,, the integral I; is reduced to

B |det V.|
Ar? - Jyy<po

ZOMM%&YW@/‘WgW@Mme%ﬁj
R2

I g (yV2) — e /2| dy

(7.28)

on account of Lemmas 7.6, 7.9 and 7.12. Similarly, again putting A = yV,
and passing to the polar coordinates, we get, due to Lemmas 7.6 and 7.9,

det V., e
Iy = M/ Iyl e ¥1%/2 dJy|
27T L;l

= O(|n|_4/3) e L=7/2 = o(|n|_5/3).

(7.29)
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Estimation of I3 is the main part of the proof. Using Lemma 7.13, we
obtain

(7.30) Iy =0(1) / el gy,
T20{|AV; >0 1)

where J,()\) is given by (7.23). The condition [AV,7!| > L;! implies that
|A| > n]a| for a suitable (small enough) constant n > 0 and hence

max{|\1|/a1,[A2]/aa} >,
for otherwise from Lemmas 7.7, 7.9 and 7.12 it would follow
1< LAV, Y < Lanlo] - ||K.[|'? = O(n) - 0 as n 0.

Hence, the estimate (7.30) is reduced to

(7.31) Is =0(1) / +/ e~ TN g,
[A1[>naq [A2|[>naz

To estimate the first integral in (7.31), by keeping in the sum (7.23) only
pairs of the form x = (z1,1), x; € Z4, we obtain

o

ea2Ja()\) > Z e~ M1 (1 o %ei()\lml-q-)q))
xr1=0
1 iAo
- R <67>
1—e @ 1 — e—a1+iM
1 1
(732) - 1-— e—a1 o |1 _ e_a1+i)\1| )

because Ru < |u| for any u € C. Since nag < |A\1| < 7, we have
|1 - e_‘““)‘l‘ > |1 - e_‘““”al‘ ~ap(l+ 772)1/2 (a1 — 0).

Substituting this estimate into (7.32), we conclude that J, () is asymptoti-
cally bounded from below by C(n) a; ' = [n|'/3, uniformly in na; < [\| < 7.
Thus, the first integral in (7.31) is bounded by

O(1) exp(—const - |n|1/3) = o(|n|_5/3).

Similarly, the second integral in (7.31) (where |A2| > nag) is estimated by
reducing summation in (7.23) to that over x = (1,z3) only. As a result, we
obtain that I3 = 0(]71]‘5/ %). Substituting this estimate together with (7.28)
and (7.29) into (7.27), we get (7.2), and so the theorem is proved. O
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8. Proof of the limit shape results. Recall the notation [see (4.1),
(4.2)] £(t) = Xpex zv(z), where X(t) = {z € X : za/z1 < t(na/n1)},

€ [0,00]. As stated at the beginning of Section 4, the tangential parame-
terization of the scaled polygonal line I3, = S,,(I") is given by

(8.1)  &u(t) = Su((t) = (n'&(t), ny '&(t),  te0,00),

whereas the limit shape v* determined by equation (1.3) is parameterized
by the vector-function ¢*(t) = (g7 (t), g5 (t)) defined in (4.4) (see more details
in the Appendix, Section A.1).

The goal of this section is to use the preparatory results obtained so far
and prove the uniform convergence of random paths &,(-) to the limit g*(-)
in probability with respect to both Q7 (Section 8.1) and P, (Section 8.2).
Let us point out that, in view of (8.1), Theorems 8.1 and 8.2 below can
be easily reformulated (cf. Theorem 1.1 stated in the Introduction) using
the tangential distance dy(I},,7*) = SuPogtgoo|£n(t) —g* (t)‘ (see (1.9); cf.
general definition (A.3) in Section A.1 below).

8.1. Limit shape under Q7. Let us first establish the universality of the
limit shape under the measures ()7, which, in conjunction with the next The-
orem 8.2, illustrates the asymptotic “equivalence” of the probability spaces
(II,Q%) and (IIy, Py).

THEOREM 8.1. For each € > 0,

3 r -1 * .
JLH;OQZ{();?S[)OOMJ &(t) g](t)| _5} 1 (j=1,2).
PRrROOF. By Theorems 4.1 and 4.2, the expectation of the random process
nj_lgj(t) uniformly converges to g;(¢) as n — oo. Therefore, we only need
to check that for each € > 0
: r —1|¢. (e —
Jim Qz{ogsgwnj |&5(t) — EL[g; (1] > E} 0.

Note that the random process £y;(t) := &;(t) — EZ[¢;(t)] has independent
increments and zero mean; hence it is a martingale with respect to the
natural filtration F; := o{v(z), x € X(t)}, t € [0, 00]. From the definition of
&;(t) [see (4.2)], it is also clear that &y;(t) is a cadlag process; that is, its paths
are everywhere right-continuous and have left limits. Therefore, applying the
Kolmogorov—Doob submartingale inequality (see, e.g., [39], [Corollary 2.1,
page 14) and using Theorem 6.1, we obtain

| < Yt

(67’Lj)2

Q%Sw\&wﬂ>mj =0(In|"*7) =0,

0<t<oo



UNIVERSALITY OF THE LIMIT SHAPE 43
and the theorem is proved. O

8.2. Limit shape under P! . We are finally ready to prove our main re-
sult about the universality of the limit shape under the measures P} (cf.
Theorem 1.1).

THEOREM 8.2.  For any € > 0,

lim Pg{ sup !nj_lfj(t) —g?(t)! < z—:} =1 (1=1,2).

n—o0 OStSOO

PROOF. Similarly as in the proof of Theorem 8.1, the claim of the theorem
is reduced to the limit

lim P,’;{ sup |£0j(t)| > enj} =0,
0<t<oo

where &;(t) = &;(t) — EL[¢;(t)]. Using (2.9) we get

QL{supg<icoo | E05(t)| > eny}
Qr{¢ =n} '

Applying the Kolmogorov—Doob submartingale inequality and using Lemma
6.7 (with k£ = 3), we obtain

(8.2) P,’;{ sup |£0j(t)| > enj} <

0<t<oo

. , ARARE ENE))° 2
@:{ s Je0)] > en; | < FEZETEL (a2,

On the other hand, by Corollary 7.2
Q& = n} =< (nang) ™% < |n| 72,

In view of these estimates, the right-hand side of (8.2) is dominated by a
quantity of order of O(|n|_2/ 3) — 0, and the theorem is proved. O

APPENDIX

A.1. Tangential distance between convex paths. Let Gy be the
space of paths in Ri starting from the origin and such that each path v € Gy
is continuous, piecewise C'-smooth (i.e., everywhere except a finite set),
bounded and convex, and, furthermore, its tangent slope (where it exists)
is non-negative, including the possible value +o0o0. Convexity implies that
the slope is non-decreasing as a function of the natural parameter (i.e., the
length along the path measured from the origin).
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For v € Gy, let gy(t) = (g1(t),92(t)) denote the right endpoint of the
(closure of the) part of v where the tangent slope does not exceed ¢t €
[0, 00]. Note that the functions x1 = ¢1(t), z2 = go(t) are cadlag (i.e., right-
continuous with left limits), and

dze  g5(t)

A-l _— = :‘
(A1) i g t

—~
—~
~
~—

More precisely, equation (A.1) holds at points where the tangent exists and
its slope is strictly growing; corners on « correspond to intervals where both
functions g; and gy are constant, whereas flat (straight line) pieces on ~ lead
to simultaneous jumps of g; and go.

The canonical limit shape curve v* [see (1.3)] is determined by the para-
metric equations [cf. (1.8), (4.4)]

. 2+ 2t . t2
(A2) Ty = gl(t) = ma T2 = g2(t) = (1 —|—t)2 ) te [0,00]

Indeed, it can be readily seen that the functions (A.2) satisfy the Cartesian
equation (1.3) for 4*; moreover, it is easy to check that ¢ in equations (A.2)
is the tangential parameter,

dgi(t) 2 dgs 2t

dt (1+1¢)37 dt — (141¢)3’

and hence [cf. (A.1)]
dzy dgs/dt ;
dzy  dgjf/dt

The tangential distance d7 between paths in Gy is defined as follows:

(A.3) dr(v,72) = Sup |Gy (1) — gm0 ()] 1,72 € Go.

LEMMA A.1.  The Hausdorff distance dy defined in (1.2) is dominated
by the tangential distance dy

(A.4) dy(71,72) < d7(71,72), 71,72 € Go.

PRrROOF. First of all, note that any path v € Gy can be approximated,
simultaneously in metrics dy and d7, by polygonal lines 4™ (for instance,
by inscribing polygonal lines with refined edges in the arc ) so that

im dy(y,7™) =0, lim dr(y,7™) =0.
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This reduces inequality (A.4) to the case where ~1, 75 are polygonal lines.
Moreover, by symmetry it suffices to show that

(A.5) max min |z — y| < dr(y1,72)-
TEM YEY2

Note that if a point « € 7, can be represented as x = g, (o) with some
to (i-e., x is a vertex of ~7), then

min |z — y| = min |g, (to) — y| < gy (t0) — 9o (to)| < d7(71,72),
yeEY2 S

and inequality (A.5) follows.

Suppose now that x € 1 lies on an edge —say of slope t*—between two
consecutive vertices g, (t«) and g, (t*), then = g, (t.) + (1 — 0) g, (t*)
with some 6 € (0,1) and

gé{g!w—ybg%}g\@gw(t) (1—=0)gy, (t") — vl

<109y () + (1 = 0) g, (1) — g4, (7))

< 019y, (t4) = 97 (E)[ 4+ (1 = 0) |9, () — 94, (7))
(A.6) < 019y (t) = gy (E) + (1 = 0) d7 (71, 72)-
Note that for all ¢ € [t,,t*) we have g, (t) = g4, (t+), hence
(A7) gy (t) = 932 ()] = 193, (1) = 90 (D) S d7(71,72) (B S8 <E).

If g,(t) is continuous at t = t*, then inequality (A.7) extends to ¢t = t*:

1971 (8+) = 9 ()| < d7(71,72)-

Substituting this inequality into the right-hand side of (A.6), we see that
minge~, |2 —y| < d7(71,72), which implies (A.5).

If gy, (t* — 0) # g4, (t*), then t* coincides with the slope of some edge on
v (with the endpomts say, g, (t.) and g, (t*)), which is thus parallel to the
edge on 71 where the point z lies (i.e., with the endpoints g, (t), g+, (t¥)).
Setting s, := max{t,,t.} < t*, we have Gy (t5) = Gy (54), Grya (ts) = Gra(Sx)-

To complete the proof, it remains to observe that the shortest distance
from a point on a base of a trapezoid to the opposite base does not exceed
the maximum length of the two lateral sides. Hence,

min [z —y| < minfle =yl y € [9,(s4), 9 ()]}
< max{|gy, (54) = Gy (84)]; 1970 (F) = 95, (t)] }
< dr(71,72):
and the bound (A.5) follows. O
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REMARK A.1. Note, however, that the metrics dy and dj are not equiva-
lent. For instance, if v € Gy is a smooth, strictly convex curve with curvature
bounded below by a constant s > 0, then for an inscribed polygonal line
I'. with edges of length no more than € > 0, its tangential distance from ~
is of the order of ¢, but the Hausdorff distance is of the order of £

dr(Iz,7) < ¢, dn(Iz,7) = %052 (e = 0).

Moreover, in the degenerate case where the curvature may vanish, the differ-
ence between the two metrics may be even more dramatic. For instance, it is
possible that two polygonal lines are close to each other in the Hausdorff dis-
tance while their tangential distance is quite large. For an example, consider
two straight line segments I, I5 C R% of the same (large) length L, both
starting from the origin and with very close slopes, so that the Euclidean dis-
tance ¢ between their right endpoints is small; then dy (I, I2) < § whereas
dr (I, Iy) = L.

A.2. Total variation distance between P, and Pi. Note that if
probability measures P, and P, on the polygonal space IT,, are asymptoti-
cally close to each other in total variation (TV), that is, | P, — Py||l7v — 0
as n — oo, where

||pn - PnHTV ‘= sup |pn(A) - PTL(A)|7
ACII,

then the problem of universality of the limit shape is resolved in a trivial way,
in that if a limit shape v* exists under P, then the same curve v* provides the
limit shape under P,. Indeed, assuming that the event A, = {d(I},,7*) > ¢}
satisfies P,(A;) — 0 as n — oo, we have

Po(A:) < Po(AL) + | Po(As) — Po(AL)]
< P,(A:) + ||15n—Pn||TV —0 (n — 00).

However, the family { P!}, defined by formula (2.10) with the coefficients
(2.11), is not close to P! in total variation, at least uniformly in r € (0, 00).

THEOREM A.2. For every fized n, the limiting distance in total variation
between Py and PL, as v — 0 or r — oo, is given by

1
: r __ pl S R
(A.8) A Py = Pyllry =1 sk
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PROOF. To obtain a lower bound for ||P7 — P!||7y in the case r — oo,
consider the polygonal line I'™* € [II, consisting of two edges, horizontal
[from the origin to (n1,0)] and vertical [from (n1,0) to n = (ny,n2)]. The
corresponding configuration v+ is determined by the conditions vpr«(1,0) =
ni, vr«(0,1) = ny and vp«(z) = 0 otherwise. Note that b ~ 7¥/k! as
r — oo [see (2.11)], hence b"(I') = O(r™r), where Ny := Yy vp(z) is
the total number of integer points on I' (excluding the origin). We have
Np« = ny + ng, so b"(I'") = b}, by, ~ ™72 /(nilny!) as r — oo. On the
other hand, for any I'" € II,, (I" # I'*) one has b"(I") = o(r"*"2). Indeed,
for € X we have x1 + 2 > 1 and, moreover, z1 + x2 > 1 unless z = (1,0)
or z = (0,1). Hence, for any I' € II,, (I" # I'*),

Np = Z I/p(m) < Z(a:l + x9)vr(x) = ny + ng,
reX zeX

so that Ny < nj+ng and 0" (I') = O(rNr') = o(r™*72) as r — oo. Therefore,
from (2.10) we get
br(F*) rnl—l—ng

PT F* = — 1
n( ) br(l"*) + ZF;&F* br([‘) rnitna +O(7’"1+"2) — (7’ — OO),

and it follows that

b
#(11n)

For the case r — 0, consider the polygonal line I'y € II,, consisting of one
edge leading from the origin to n = (ny,n2). That is, vp,(n/k,) = k, and
v(x) = 0 otherwise, where k;, := gcd(n1,ng). Clearly, b" (1) = by, = r/knp,
while for any other I' € IT,, (i.e., with more than one edge), by (2.11) we
have b (I") = O(r?) as r — 0. Therefore, according to (2.10),

(A.9) P = Pyllrv > |PI(I) = Py (I™)| = 1 - (r = o0).

b (1) B r
o' (L) + > ppp, (D) 4 O(r2)

PI(I,) = —1 (r —0),

and similarly to (A.9) we obtain
b
#(U1y)

The upper bound for ||P? — P}||7v (uniform in 7) follows from the known
fact (see [10], page 472, and also [1], Section 3.1, pages 67 and 68) that the

(A10) ||y = Pyllrv > [Pr(I) = Py(I)] = 1 = (r = 0).
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total variation distance can be expressed in terms of a certain Vasershtein
(-Kantorovich-Rubinstein, cf. [36]) distance:

175 = Pallry = inf Elo(X,Y)].

Here the infimum is taken over all pairs of random elements X and Y defined
on a common probability space (2, F, P) with values in /I,, and the marginal
distributions P’ and P}, respectively; E denotes expectation with respect
to the probability measure P, and the function o(-,-) on II, x II, is such
that oI, ") =1if I' # I and o(I, ") =0 if I' = I"" (therefore defining a
discrete metric in I7,,). Choosing X and Y so that they are independent of
each other, we obtain

1Py — Pallrv < E[o(X,Y)] =1 -P{X =Y}

=1- > P{X=LY=T}=1- )Y PI(I)-PyI)

reil, relly,
1 1
=1———— P(I)=1- .
T 2 #(I,)
Combining this estimate with (A.9) and (A.10), we obtain (A.8). O

In the limit n — oo, Theorem A.2 yields

. . r 1
A, g 1P = Fallry =1
That is to say, in the successive limit » — 0 (c0), n — oo, the measures P}
and P! become singular with respect to each other.

Moreover, one can show that the distance || P; — P}||7y is not small even
for a fixed r # 1. To this end, it suffices to find a function on II, possessing
a limiting distribution (possibly degenerate) under each P, with the limit
depending on the parameter r. Recalling Remark 2.1, it is natural to seek
such a function in the form referring to integer points on I" € I[,,. Indeed,
for the statistic Np = > .y vr(z) introduced in the proof of Theorem A.2,
the following law of large numbers holds (see Bogachev and Zarbaliev [6],
Theorem 3, and Zarbaliev [40], Section 1.10).

LEMMA A.3.  Under Assumption 3.1, for each r € (0,00) and any € > 0,
Np B ri/3 <\
(n1ns)1/3 2 | =

n— o0

(A.11) lim PI(AL) =1, where Al := {




UNIVERSALITY OF THE LIMIT SHAPE 49

The result (A.11) implies that, for any r # 1 and all € > 0 small enough,

1P} — Pallrv > |Pr(AD) = Py(AD| = [1-0[ =1 (n— o0),

and we arrive at the following result.

THEOREM A.4. For every fixed r # 1, we have

lim [P’ — Py =1,
n—oo

and hence the measures P and P} on II,, are asymptotically singular with
respect to each other as n — oo.
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