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CONVEX CHAINS IN 72

NATHANAEL ENRIQUEZ

Abstract: A detailed combinatorial analysis of lattice convex polygonal lines of N? joining 0 to
(n,n) is presented. We derive consequences on the line having the largest number of vertices as well
as the cardinal and limit shape of lines having few vertices. The proof refines a statistical physical
method used by Sinai to obtain the typical behavior of these lines, allied to some Fourier analysis.
Limit shapes of convex lines joining 0 to (n,n) and having a given total length are also characterized.

1. INTRODUCTION

In 1926, Jarnik found an equivalent of the maximal number of integral points that a
portion of length n of a strictly convex function can interpolate. He obtained an explicit
constant times n?/3. This work was at the origin of many works of Diophantine analysis,
and we refer the reader to the papers of W. Schmidt [[[1]] and Bombieri and Pila [ff] for more
recent results, discussions and open questions on this subject.

One may slightly change Jarnik’s framework, and consider the set of integral points which
are interpolated by the graph on [0, n] of an increasing and strictly convex function satisfying
f(0) =0 and f(n) = n. It turns out that this question is related to another family of works
we shall discuss now.

In 1979, Arnol’d [fl] considered the question of the number of equivalence classes of convex
lattice polygons having a given integer as area (we say that two polygons having their vertices
on Z? are equivalent if one is the image of the other by an automorphism of Z?). Later,
Vershik changed the constraint in this question and raised the question of the number, and
typical shape, of convex lattice polygons included in a large box [~N, N]2. In 1994, three
different solutions to this problem were found by Bérdny [, Vershik [[3] and Sinai [[J].
To be more precise, let II,, be the set of convex polygonal lines T" joining 0 to (n,n), we
shall sometimes refer at convex chains, such that the vertices of I' are points of Z? and
the angle between each side of I" and the horizontal axis is in the interval [0,7/2]. They
prove, firstly, that the cardinal of II,, is of the order exp(n?/3(3(¢(3)/¢(2))Y? + o(1)), when

n goes to infinity. Secondly, they prove that the num/ber of vertices constituting a typical
n2/3
(C2(3)¢(2))1/3
limit shape of a typical convex polygonal line is the arc of a parabola, which maximizes the
affine perimeter. Later, Vershik and Zeitouni [@] proved, for a class of analogous problems,
a large deviation principle involving the affine perimeter of the line. Finally, Bardny and
Prodromou, while considering the maximal number of vertices for a lattice polygon included
in a convex set, proved recently in [ff] the analog of Jarnik’s result, and they showed that

n)2/3.

™

line is equivalent, when n goes to infinity, to Finally, they prove that the

the largest number of vertices for an element of 11, is equivalent to 3 (

The nature of these results shows that this problem is related to both affine differential
geometry and geometry of numbers. Indeed, the parabola found as limit shape coincides
with the convex curve inside the square having the largest affine perimeter. Furthermore,
the appearance of the values of the Riemann zeta function shows the arithmetic aspects
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2 N. ENRIQUEZ

of the problem. One could show indeed that if the lattice Z? was replaced by a Poisson
Point Process having intensity one (which can be thought as the most isotropic “lattice”
one can imagine), the constants (¢2(3)¢(2))~ Y3 = 0,749 and 3(¢(3)/¢(2))Y/? = 2.702 would
be merely raised respectively to 1 and 3 in probability (cf. the concluding remarks at the
end of the paper).

In section 3, we precise the combinatorial aspect of the result of [, [[J], [[J]. We obtain,
for any positive number ¢, a logarithmic equivalent of the number of lines having [cn2/ 3]
vertices. This question is reminiscent of other ones considered, for instance, by Arratia
and Tavaré [[] or Vershik and Yakubovich [[4] who were studying combinatorial objects
(permutations, polynomials over finite field, Young tableaux...) having a specified num-
ber of summands (according to the setting, we call summands, cycles, irreducible divisors
etc...). In both cases, like in Sinai’s approach, the method, borrowed from classical ideas of
statistical physics, relies on the introduction of a grand canonical ensemble which endows
the considered combinatorial object with a parametrized probability measure. Then, the
strategy consists in calibrating the parameters of the probability in order to fit with the
constraints one has to deal with. Concretely, in our question, it turns out that one can
add one parameter in Sinai’s probability distribution that makes it possible to take into
account, not only the location of the extreme point of the chain but also the number of ver-
tices it contains. The asymptotic of the number of lines having [cn?/%] vertices can finally
be expressed in terms of the polylogarithm functions Lis and Lis.

In section 4, we deduce from this analysis the result of [[f] about the largest number of
vertices for an element of IL,,. We show how the proof of this result, using our analysis,
suggests the more direct argument "4 la Jarnik” presented in [f].

In section 5, we derive results about the cardinal and limit shape of lines having few
vertices, answering a question of Vershik: it turns out that there is a limit shape for lines
having for instance [/n] vertices which is, a little bit surprisingly, still the arc of parabola.

In section 6, we go back to Jarnik’s problem. In addition to Jarnik’s result we recover,
we give the asymptotic of the number of chains, typical number of vertices, and limit shape,
which is an arc of a circle, in this different framework.

Furthermore, one may mix both type of conditions and the statistical physical method
still applies. In section 7, we obtain, for the convex lines joining 0 to (n,n) and having a
given total length, a continuous family of convex limit shapes which interpolates the diagonal
of the square and the two sides of the square, going through the above arc of parabola and
arc of circle.

2. A ONE-TO-ONE CORRESPONDENCE

We start this paper by reminding the correspondence between finite convex polygonal
lines issuing from 0 whose vertices define increasing sequences in both coordinates and finite
subsets of the set of pairs of coprime positive integers each of them affected with a positive
integer.

More precisely, let II denote the set of finite planar convex polygonal lines I' issuing from
0 such that the vertices of I' are points of Z? and the angle between each side of I' and
the horizontal axis is in the interval [0,7/2]. Now consider the set X of all pairs (z1,x2) of
coprime positive integers including the pairs (0,1) and (1,0).

We present the following correspondence which is borrowed from Sinai [[L3]:

Lemma 1. [[3] The space 11 is in one-to-one correspondence with the space Co(X) of finite
nonnegative integer-valued functions v(x) on X (where v(x) is said to be finite if v(x) # 0
only for finitely many x ).
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Proof: An element of II is defined by the set of its sides since the sides are ordered ac-
cording to their slope. Now, each side is defined by a vector (y1,y2) one can write y.(g, %)
Yy

Yy
where y := g.c.d.(y1,y2). Now (2, %) € X and we define l/(ﬁ, %) = g.c.d.(y1,y2)-
Yy oy Yy oy

Conversely, given v € Cy(X), we order the (finite) set of points x such that v(z) > 0,

T A
according to the increasing values of —2, and obtain a finite sequence of points (). Now,
T

1
the polygon with consecutive sides v(z())z() is convex. O

3. A DETAILED COMBINATORIAL ANALYSIS

Let us introduce now the following parametrized probability distribution on Cy(X), which,
by the correspondence of Lemma 1, corresponds to a probability distribution on II:

(231 282)¥ (@) \Lv@=o

Yv € CO(X)7 Qzl,m)\(”) - H A2 ¥ %2
(z1,22)eX 1+ ﬁ
1 ~2 1 1 T2
= I Gy @aten -2
— 1,02
(z1,22)€X L+ ()\ 1)21 E

where 21,22 € [0,1[, and A > 0.

Taking A = 1, the probability Q., ., 1 is nothing but the two-parameter probability dis-
tribution introduced by Sinai. Under Q, ., A, the variables (v(z))zcx are still independent,
like in Sinai’s framework, but follow a geometric law only for A = 1.

Loosely speaking, compared to Sinai’s probability distribution, @, ., » corresponds to the
introduction of a penalization of the probability by a factor A each time a vertex appears.

Now, we define II(n1, ne, N) the set of polygons with endpoint (n1,n2) having N vertices,
and we denote by N (ni,ng, N) its cardinal.

Since @, z,.2(v) depends only on Z xv(x), Z xov(x), and Z 1, (2)0, we deduce
zeX zeX zeX
that the conditional distribution induced by @, ., » on II(n1,ng2, N) is uniform, and we can

write

B B B 1— Zmlzmg —1
N(nl,ng,N) =2z n1Z2 n2y N H <1+()\_11)22x1212> QZLZ%)\(H(nl,’rLQ,N)) (*)
(ml,xg)EX 1 =2

In order to get a logarithmic equivalent of N (ny,n2, N), our strategy is to choose the
three parameters so that

T2 252
E., . = N :
Q@)= D, G ooy -

zeX (1’1,:}32)€X
ToAz] 252
Eey () wov(2)) = —ng  (2)
E;: m%@( (1= 272" (1 + (A= D' 257)
Azt zy?
Band(Q Lo = 2. T pmm-N O
zeX (z1,22)€X 1“2

This will indeed lead to an estimation of @, », »(II(n1,n2, N)) which will be much bigger
than exponentially small (see lemma 2 below).

Now, our asymptotic setting is the following: nqy = ny = n — +o00, and N/nQ/3 — c. Let

us note that we could have chosen a more general setting, taking ny/n; converging to an
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arbitrary constant, but this does not add any difficulty and just make the computations less
readable, whereas the final result can be guessed from the case ny = ns.
Theorem 1. For all A > 0,
(N (n,n, [e(\n*?))) = n*/3(e(X) + o(1))
where c¢(\) and e(\) are positive functions on |0, +oo[, defined by :

4 ALis(1 =) 1
V=T N @B - L - N)PR
L [(CB3) —Liz(1 =N\ Alm(MLis(1 - \) 1
e“)‘3< (@ > OGO R e

Remark: The function e(\) is maximal for A = 1, and, in this case,

oL

PREDLE

) 1/3
“”_3<am>

This implies the results of [{], [13] and [I] about the typical behavior of a convex chain, in
a straighter manner than by the original arguments.

We refer the reader to Figure 1 which represents the graphic of (c(\), e(\)) for A €]0, +o0[.

Proof: Let us consider parameters z;, so that z; = 2o = z with z of the form z =1 — #

where the new parameter § is itself depending on n, but is bounded from above and below

by two strictly positive constants. Equality (1) then writes
Aty (1 = ) Pt

1/3 _
" Z (1—(1- #)nlm(tl-ﬁ-m))(l +A=1)(1 - L)n1/3(t1+t2))

1 1/3
(tl,tg)EmX nl/

Now, using Theorem 459 of the book of Hardy and Wright [§], saying that the set X has
density ﬁ in N2, we get that the previous sum is equivalent to

1 “+oo “+oo Atle_é(tl"'tQ)
(2) dtldtg Xn
@ /0 /o (I — e d0F=))(1+ (A — L)e ot +i2))

Using a linear change of variable, s; := dt; , and the identity
AX 1 1
1-X)1+MA-1DX) 1-X 1-(1-NX

the previous expression writes

1 400 p+oo s1 s1 e d
C2B Jy Sy T—eGimn T (1= Ae G o152 )20

Using the series expansion m =Y >0 akfe=k(51152) e get finally the following

expressions:

n 1 (1= n ,
C@ﬁggb;—gg )= (e O - Lis(l-)

(The series expansion on the left hand side does make sense only if the value of X is
restricted to [0,1] , but the expression in terms of the polylogarithm function Liz is well
defined for all A > 0, and coincide with the computed integral)
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We therefore get a first condition on the parameters § and A:
1
63 ~ ¢(3) — Lig(1 — A 5
OB B ING
Of course, in our symmetric setting, the equality (2) yields the same condition. Let us now
write equality (3):

AL~ b)) 2/3
2 TTO-- gy e

(tlth)eﬁX

In the same way as previously, we deduce

+o0  p4oo e—0(t1+t2) 23 23
/ / == Ve v +t2)dt1dt2 xn” ~cn

The left hand side of the equality writes:
A Z L=N" g A Lib(l- A)nz/s

2 2 XK= _
02¢(2) = k 02¢(2) 1-—A
Hence, the second condition on the parameters § and \ writes:
A Lix(1—=2X) .
02¢(2) 1—-X =

Now, back to N'(ny,n2, N), we use (x) and replacing z; and z2 by (1 — #), we get:
N (n,n, [en®?]) = (

exp Z In <1 — (1= - %)m/:’)(tﬁm)) —In <1 —(1- %)nl/i’)(h—i—m)) X
1

(tst2)€ /53X

é )72n)\7[cn2/3] %

Qzl,zz,)\(n(na n, [CTLQ/B]))
This leads to

N(n,n,[en®?]) = Quy o A (L(n, n, [en®?])) x
exp <n2/3 (25 —cln )+ ﬁ / In(1— (1= AN)e ®tH2)y _n(1 — ety dt, + 0(1)>>
R

Using again the linear change of variable, s; := dt; and afterwards the series expansion
ké t1 +t2)

In(1 — ae~0(t+t2)y — Z a , we get
k>1

N (n,n, [en?/?]) = Qzy o n(T(n, n, [en®/?])) x

exp <n2/3 <25 —cln\+

Using (5) this can be simplified into:

1 .
57037 ~ L1 = 1) +o(1)) )

N(n,n, [en??]) = Q., ., A(T1(n, n, [cn?®/3])) x exp (n2/3 (30 —cln A+ 0(1)))

We now have to remark that, according to a type of local limit theorem proved few
lines below, the quantity @, ., »(IL(n,n, [cn?/3])) decreases polynomially. We derive the
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expression of ¢(A) from (5) and Barany, and the corresponding value of the exponent e(\) =
30 —c(A) In(N). O

Let us now come back to the estimation of Q., ., A(II(n, 7, [en?/3])) which is governed by

n
a kind of local limit theorem for the variables Z z1v(z), Z xov(z), and Z Ly (2)£0-
rzeX rzeX reX

Lemma 2. In the framework of the proof of Theorem 1, Q, ., A(TI(n,n, [cn?/3])) = O(=4z)

n5/3

Proof: like in the case of the usual local limit theorem for the sum of iid random vari-
ables (see [[]), the proof is based on Fourier analysis. However, a dominated convergence
argument, like in the local limit theorem, doesn’t work and we have to be finer.

We use a real test function h on R3, whose Fourier transform has a compact support, and

we are led to the proof of

ER zv(z) —n, > wow(@) —n, Y Lz — [en®?])] = O(#)
X X X

In the sequel, we will use, for short, the notations X, X2, X3 for the random variables
Sy xw(x), Yox w2v(x), D x Liy(w)z0}, and the overline notation Z to denote the centered
variable Z — E[Z] associated to a random variable Z. We will also use the notation C' to
denote a positive constant whose value may change along the lines.

We can now transform the previous expectation into ng B(tl, to, tg)dﬂyl XX (t1,t2,t3)
where i %, 5, denotes the Fourier transform of the distribution measure us %, %, of

the triplet of random variables (X1, X2, X3), which is a 27-periodic function in its three
variables, since we deal with integer valued random variables.

Therefore, we have to deal with f[_ﬂ a3 U(t1,t2, t3)dfiz, %, %, (t1,ta,t3) where l(t1,to,t3) =

~

Zkl,kg,kgez h(ty + k1,to + ko, t3 + k3) (let us remark that this sum is actually finite).

Now, since all the variables v(z) are independent,

dirg, %, %, (t1, 12, ts) = (] | 6. (t1, to, ta))dty diadts
X

where ¢, (t1,t2, t3) = Ele!hov@)ttear(@)Haly@2o)],
Now, denoting by p, = 27" 252, we get
_ )‘px((l + px)(l + ()‘ — 1)px) — )‘Pa:)

Var(v(z)) T )20+ (0= Dpa)?
APz
Cov(lu(m);éo’ v(z)) = (1+(\— 1)p$)2
and
Apx(l - Pm)

Vart) = G,

From these formulas, we deduce the expression of the covariance matrix I';, of the random
vector (v1v(), 221/(z), 1,(z)0). Now, after summing the matrices I';, and approximating
the sums on the set X by integrals, we obtain that the covariance matrix of the vector
X1, X5, X3, is equivalent when n goes to infinity to

n‘3A n*3B  nD
T,=| n*3B n%3A4 nD
nD nD n?3E
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(one can state indeed a result of the form: for two given integers k, [, and for a continuous
function f, lefxéf(pgc); <% /]R2 shsl (6_6(81+S2))d81d82> n*3" as soon as the integral
on the right )fland side is finite.) :

Our task is now to prove that ﬁ—n,w}3l(adﬂ71,72,73(5; f[—7r,7r]3l(ﬂ exp(—4 (£, Tnt))dt

which is easily seen, after a linear change of variable, to be equivalent to some constant
1(0)

times PLTER

Let I, :== [-n~%/3logn,n"?/3logn)? x [n=1/31logn,n"'/3log n]. We partition the domain
[—7,7)? into I, U ([-7, 7> \ I,).

On [,,

I TL 82(7) — exp(— {7 Tl < rexp<—§<£ ) = exp(—3 S0 L)
X

+exp(— ZF £)) Jexp(5 Zﬂfl«fﬂln@m(f))—l

Since I'y, ~ >~y I'z, the integration of the first term of the rhs contributes only like 0(#).

Concerning the second term of the rhs,

o35 (BT 4103, (0

(f)

exp(s ST + 3, (@)~ 1] < |2
X

X

Now, using the fact that, on I, ,|¢,| is bounded away from 0, we get, on I,,, that

and

{%ZX@ZPHCE}—FIHE:B(Q{ < 2‘1_51(5’2 ZE .%'11/ xQﬁ(x)71V(a:)7é0)>’3]
X

IN

C (Z(t‘%x‘% +t5x3 +13) f(pe) + D (1028 + [t2*ad + !tsl?’)g(px))

X X
for suitable functions f and g.

This last expression is therefore dominated by a constant times tin? + t3n? + tan?/3 +
[t1130°/3 4 |t2]3n®/3 + |t3>n?/3, which is, on I,, a o(t3n*/3 + t3n4/3 4+ t2n?/3) = o((£, T ut)).

Therefore, the integral on I, of | [Ty ¢, (f) — exp(—2 (£, I',,£))| contributes like o(ﬁ).
Finally, it remains to prove that the integral of | []y ¢, ()| over [—m, 7>\ I, is o(= L.
Actually, we will prove that, outside I, for all z € X, |[[x ¢,(f)| < exp(—=C(Inn)?).

If we denote ' := (t1,t3), so that £ = (¢/,t3), a straightforward computation gives

4ps cotw ANpy ) t’.:v+t3 AAp3 2t
3.0 = T M - e + oo S 3
T 1 + (1 )2 sm2 t2az
Hence,

_ ot gt 4 t3 .o l3
L7001 < e (-0 S utpa)sin 57+ o(pe)sin® S50 — prvtpn)sin®

X
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with )
ANz (24 (A = 2)pa)

(1 - pa&)Q(l + ()‘ - 1)px)2
ANpy

1+ (A= 1)pa)?
From the simple inequality u(p,) > 2p,v(ps), we deduce

- t'x 21& T4t . ot3
|];I¢x(£>| < exp Czpm p:v 251n ‘|‘_x T sin 5

Now, for M > 2, the quadratic form 222 + M (x + y)? — y? is positive definite, and one
can deduce that there exists C > 0, such that,

u(ps) =

v(pg) =

Vz,y € R, 2sin’z+ Msin?(z +y) —sin?y > Csin®z.

Let us consider, firstly, the case |t/| € [2&%, —L_]. We first observe that, since the functions
n n
|| are smaller than 1, it is enough to get an upper bound of H |p,(£)|, where As

XN[As.n2/3 4002
is a positive real number which satisfies e =204 < 1 /3. This implies that, on the considered
domain, p% > 3, and that , for |t/| € [B2 1]

n2/3° pi/31s

I @ <ep (—Cn2/3 / u(e‘“31*”))sin2<n1/3<t’.§)>dslds2>
[A57+OO[2

XN[As.n2/3 +oo[2
< exp(—C(Inn)?)

In the case |t/| > #, and |t3] < :;11/’;, the number of points of X such that ¢'.z belongs

to the same period of the sinus is less than n'/3, so that when we estimate the sum on X by
an integral on [0, +0c[?, the terms sin® =-2Hs

. ! o .
and sin? tTm can be replaced by some positive

constant times their mean value i.e. %

Hence,

I 3@ <exp(-—cn2 / w(eE1+52) ) g, ds,
[A57+OO[2

XN[As.n2/3 +oo2
< exp(—Cn?/?)

The last case, when |t3| > 11/3 and [t'| < 12/3, is treated in the same way as the first

case, after observing that, for M > 2,

Vz,y € R, 2sin’z+ Msin®(z +y) —sin?y > Csin?y.

4. THE CARDINAL OF THE LONGEST CONVEX CHAIN

In this section we are seeking an equivalent of the maximal number of vertices for an
element of II,,, or equivalently, the maximal number of integral points that an increasing
convex function satisfying f(0) = 0 and f(n) = n can interpolate. This question and its
counterpart, concerning the maximal convex lattice polygons incribed in a convex set , was
recently solved in [f].

We present a first proof, using Theorem 1, and afterwards the proof of [§], which is more
direct. Moreover, we show how the first proof can suggest the second one. Let us mention
here that the aim of [f] was to get an equivalent of the maximal cardinal of the vertices of
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a lattice polygon included into a given convex set. The following result was the stepping
stone of their proof.

Theorem 2. [] Let L € I1,,. We denote by card(L) the cardinal of the set of vertices of L.

Then 2/
max card(L) ~ 3 (2> ~ 1,40.n%/3
Lell, n—-+0o00 T
Proof 1 (using Theorem 1): we first notice that e(\) vanishes when X\ goes to infinity. In
the same time,
“Liy(1—\)
A ~
N\ AL

Now, we use the equivalent

, —(In(=x))"
Lln (X) xﬂtoo m

T(4 2/3
to obtain limy_, 4 c(A) = ) _ 3

2 1/3 71-2/3
(%) r()

Since, for large values of A, c(\) becomes arbitrary close to %, and the corresponding

values e(\) remain strictly positive, we get obviously that

i inf TAXLEL, card(L) 3
7121—11—20 n2/3 — 72/3
Now, let € > 0, and suppose
Jimn sup maxLeH; card(L) > 3(1+ 2¢)
o n2/3 12/3

2/3
Then, for arbitrary large n, there is a chain L € II,, having cardinal [(1 +¢) x 3 (E) ]-
T

2/3
But, for 6 > 0, we observe that by just picking [(1—0)3 (ﬁ> | vertices among the vertices
T

2/3
of L, we get a set of convex chains having cardinal [(1 — §)3 (E> | whose cardinal is equal
n\2/3 "
[(1+e)3 | —
to ;TL 2/3 | =exp <362—+/§5n2/3(1 + 0(1)>. Choosing § small enough to get
[(1-8)3 (—) ] &
™
3(1—9) e—0
e(— 5 ) <3 373
we obtain a contradiction O

Proof 2 (direct []): Let us denote by ¥ the function defined by ¥(n) = maxzerr, card(L).
This function is increasing, and we shall prove the existence of a sequence a,, of integers

such that: a, — 400, a"f — 1, and Y(ay,) o 3 (a_")Q/g'

a s

In order to define a,, we introduce the set X,, = X N {(z,y) € R%, z+y <n}

(The introduction of the set X, is also suggested by Proof 1. Indeed, under Q. (x) (),
the limiting law of the variables v(z) when A — oo, is 0; for x € X, and dp for = ¢ X,.)

We define now (a,,a,) as the sum of the elements of X,.
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Since the set X has an asymptotic density %, we obtain by projection along the line

Yy =x:

6 n/V?2 3
V2., ~ — 222 dr = \/in—2
m

n—-+oo 7'(2 0

Now, the polygonal line corresponding to the function v, := 1x, € Cp(X) defines an
element of II,, which realizes the maximal number of vertices for an element of 11, . In-
deed, the function v, corresponds to the choice of the card(X,) first vectors of X, whose
projections along the line y = x are the smallest, affected with a minimal weight.

Therefore, ¥(a,) = card(X,).

Now,

6 n? 3 9

Card(X”)n:Jrooﬁ X o =g X

5. CHAINS WITH FEW VERTICES

We turn now to the case of chains having a number of vertices of order n® with s €]0,2/3].

Proposition 1. For all A > 0, and s €]0,2/3],
In(N(n,n, [en®])) = ((2 — 3s)cIn(n) + 2¢ — 3cInc + o(1))n’

Proof: In this context, we will choose the parameters z; so that z; = z9 = z with z of the
form z =1 — # and A\ = \gn3*~2. Equality (1) then writes

251 Z Mot ( 8 yni7o(ttte) .
(1 — 6 _\nl=s(t1+t2) _ - nl=s(t1+t2)
(t1,t2)€n1175X (1 (1 nlfs) e )(1 + ()\ 1)(1 ) e )
Now, since A tends to 0, the sum on the left hand side is equivalent to
+oo “+o0o )\ t 6—5 t1+t2)
( / / 1 - t1+t2)) dtldtg Xn
Using a linear change of variable, s; := §t; and the series expansion Z k. the

k>1

A
expression of the last integral reduces to 5—2.
As a result the first condition (1) yields Ao ~ 8.

Let us turn to condition (3):
5 _\n 1—3(t1+t2)

= [en”]

Ao
3s5—2 Z
n 1—
_ _ 3 ynl-s(ti+ta)
(t1,t2)€n11, ¥ 1+ (A 1)(1 ) 1+t2

s

In the same way as in the proof of Theorem 1, we deduce
+o00 +o0 Y O(t1+t2)
0€ s s
( / / . 6_6(t1+t2)dt1dt2> X n” ~cn
. . )\O o . 2
But the expression of the last integral reduces to 52 Hence, condition (3) yields Ay ~ d“c.

We get finally 6 ~ ¢ and Ao ~ c3.
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N(?’L, n, [Cns]) = (1 — 6_3 )72n)\7[cns] X

nl

0 al-s (et O \nl=s(t 4t
exp Z ln(l—(l—)\)(l_ﬁ) (h+t2) ) _1p 1_(1_111*3) (t1+t2) %
(tl,tg)Enl%sX
Qzl,zQ,)\(H(n7 n, [cns]))
This leads to
N(n,n,[en’]) = Q4 2 a(II(n,n, [cn®])) x (Aon®*72) 7"l exp (n® (26 + 0(1)))
which gives the result after taking into account both conditions on § and Ay, and proving

Q2,2 (I(n, m, [en?])) = O(—) which is a result analogous to Lemma 2. O
n 2

Let us observe that we can generalize Proposition 1, in the following way:

Proposition 2. Let u, be a sequence of positive integers such that u, = o(n%) and u, — 00,
n2 )\ vn(to(d)
N = (%)
Let us now investigate the limit shape of lines of II(n,n, [cn®]).

Let us denote first by P, , (cns]) the uniform measure on II(n,n, [cn]).

We introduce the arc of parabola
L={(z,y):Vy=1-VI-20<z<1}={(z,y):y=I(z):=(1-VI-2)%0<z<1}
and its ”¢, n”-neighborhood Us ,,,
Usn :=A{(z,y) : ly = n.l(z/n)| <nd}

The following result answers a question asked by Vershik at the end of [IJ] (question 3,
in the concluding remarks).

Theorem 3. For all 6 > 0, ¢ > 0, and s €]0,2/3[, Py p,(cns))(I' C Usy) tends to 1 as

n — oo

Proof: Let us choose a subdivision of the interval [0,Z], 6% < 68 < ... < 6§ such
that maxN_,oo(Hﬁl — va) — 0. Consider @, ., » Where z; = 23 = 2z with z of the form

z=1- % and A = \gn3*72, the parameters z and \ being chosen according to ¢ and
s like in the proof of Proposition 1. We introduce the following random variables under

Q317227>\
N = Z \/ 22+ 22v(x).

.gN 2 N
z€X :0; <aurctan(;)<€ijl

The mathematical expectation of (7" writes

5 ynl-s
25—1 Z MoV + 531 — i)t

n
e A= TR (1 (A= (1 ) ()
’ nl—s
9§V<arctan(%)<9§\il

and is equivalent when n — oo, to

1 )\ /t2 t2 —(5(t1+t2)
- / 0 1 + 2¢ dtldtg Xn
oN <0<o%. |

¢(2) (1 — emoltt))2
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which is itself equivalent, when maxy_, oo (Hﬁl — va ) — 0, to

N N N
b =0 o S8
(cos 95\7 + 511195\7)3 Cos(9§v -3

Furthermore, by moment arguments we don’t develop since they involve easy but rather long
computations, one can check that for all positive 7, Q,, ., A(|¢7Y — E[¢PN]| > n) = o(n—l,c)7
for all k.

Therefore, if d(O, w(I")) denotes the distance to the origin of the endpoint of I', we deduce
the existence of a limit shape for m x I' under @, , x.

In the frame based at the intersection of this limit shape with the second diagonal of the
unit square, with a first axis parallel to the first diagonal and a second axis parallel to the
second diagonal, the limit shape has the following parametrized description:

2(9) = Cr. Jy @Etydu=tan g, y(9) = C1. [ Gitydu=Crtan’¢ (~§ < <7),

(cosu) (cos u

with C1 = z(§) = %

Hence, y(¢) = (x(4))*/V2.

This curve coincides precisely with £, and, Q, -, \(I' & Usy) = o(n—lk), for all k.

Now, by the same arguments as in Lemma 2, one obtains

1
Qzl,zg,)\(r € H(n,n,[)\ns])) = O( 5s )
n2
Since the projection of Q) 2, x on Il , (Ans)) 18 Precisely P, , (\ns)), We have got for all k

P(nn )\ns( gZUén): (%)

6. BACK TO JARNIK’S PROBLEM

In [, Jarnik gives an equivalent of the maximum possible number of vertices of a convex

polygonal line having its vertices in N2, a total length smaller than n, and whose segments
2/3 .
m If, in order to

be closer to our setting, we ask the segments to make an angle with the z-axis between 0

make an angle with the z-axis between 0 and 7. What he finds is 3

and 3, Jarnik’s equivalent is changed into 3.3 i 75 (which is twice the above result for n/2).

In thls section, we want to present a detalled combinatorial analysis of this set of lines,
which leads to Jarnik’s result as well as to the asymptotic of the typical cardinal of such
lines which is the analog of Barany, Sinai and Vershik’s result when the constraint concerns
the total length.

Let us first describe Jarnik’s argument, which is a good application of the correspondence
described in section 2. It says the following: the function v realizing the maximum can be
taken among the functions taking their values in {0,1}. Indeed, by changing the non-zero
values of a function v into 1, one can obtain a chain with the same number of vertices, but
with a shorter length. Now, if the number of vertices N is given, the convex chain having
minimal length, will be defined by the function v which associates 1 to the IV points of X
which are the closest to the origin. Since the set X has an asymptotic density S —%, when N
is big, this set of points is asymptotically equlvalent to the intersection of X Wlth the disc
of center O having radius R satisfying - 5 @ = Nie R= (%“N)l/? The total length
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S . 21 N)3/2 L .
of the line is equivalent to L = fORr X %.grdr - GN . This yields precisely

N =320 ~1,020%3,

Let us notice here, that the limit shape of the line described above is an arc of a circle
and not an arc of a parabola like in the previous problem.

Let us turn now to a more precise analysis. We first introduce the following parametrized
probability distribution on Cp(X):

(zVEieR)r@) \lu@)zo
AzVrites

1 — zVai+as

_ H (Z\/m%er%)u(:v))\ly(z#o

(z1,22)€X

Yv € CO(X)a Qz,)\(’/) = H
(zrz2)€X 4

1- z\/m
1+ (A= 1)zVoitas

where z € [0,1], and A > 0.

Now, we define f[(n, N) the set of the polygonal lines of IT having N vertices and a total
length between n and n 4 1, and we denote by N (n, N) its cardinal.

Since QZ)\(V) depends only on Z \/ 23 + z3v(x) and Z 1, (z)20, we deduce that the
zeX rzeX
conditional distribution induced by @,  on f[(n, N) is almost uniform. More precisely, its
density with respect to the uniform measure is bounded between z and 1. So that, we can
write

1— 2Vaita3 -1 .
1+ (A— 1>z¢m> @AI(n, N)) - (%)
1

with ¢(z) € [1,7]. In order to get a logarithmic equivalent of N(n,N), our strategy is to
choose the parameters z and A according to

5 2 2 M/22 + 22Vt
Ep(Y (e +adu@) = ) NETe Werr- N
veX (@renex (1 —=2VAT2)(1 + (A - 1)zVETe)
ApVai+as
EM(Z Ly@)0) = Z Va2 =N (8)

rzeX (z1,22)€X 1+ ()‘ - 1)2

Again, this will indeed lead to an estimation of @, \(Il(n, N)) which will be much bigger
than exponentially small.

N(n,N) =c(z)z7"\7N H <
(z1,22)€X

2/3

Now, our asymptotic setting is the following: n — +oo0, and N/n — c¢. Similar

computations as in section 3 yield:
Theorem 4. For all A > 0,
(N (n, [e;(Mn??])) = n*(es(A) + o(1))

where cj(\) and e(\) are positive functions on |0, +oc[, defined by :

/3 /3
cs(A) = Tc()\), es;(\) = Te()\)

where c(\) and e(\) are the functions introduced in Theorem 1.
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Corollary 1. Let § > 0. We denote by 1:[n7n+5 the set of the polygonal lines of I1 having a
total length between n and n+9, and, by T}, n4s, the typical number of vertices of an element

of ﬁnmﬂ;. We have got the three following asymptotics:

3 34/3(¢(3))1/3
card(Il, ,,45) = exp (%7#/3(1 + 0(1))> .

T, (3 23 ~ 0, 55n2/3
nntd 477'((3)2 n = U, 00n 7.

3
max card(L) ~ (—13> n?/® ~1,02n%3.
LEM, pis n—oo \ 271 /

Remark: The third asymptotic is a slight refinement of Jarnik’s result, since the condition
on the total length to belong to [n,n + 4] is more restrictive than in Jarnik’s case.

7. MIXING CONSTRAINTS AND FINDING NEW LIMIT SHAPES

In this section, we consider the set ﬁn, 1 of convex polygonal lines of II,, whose total
length belongs to [Ln, Ln + 1], for L €]v/2,2[. We introduce P, 1, the uniform distribution
on ﬁn, 1, and we are investigating the limit shape of a line %F under ﬁn, - The shapes

corresponding to the two extreme values of L, /2 and 2 are respectively the diagonal and
the two sides of the square. We want now to explicit a family of convex curves (Cr) LelVa,2

interpolating these extreme situations (see Figure 2).

e For L € [7,2[, there exists a unique a € [—%, +o00[ such that

Bl

C L du
I — \/— f (atcosu)3 .

k]

cosu
fO (atcosu)3 u

We define the convex curve Cr, of length L, joining O to (1,1), and symmetric with respect
to the second diagonal of the unit square by the following parametrized description:

cosu du f sinu du
0 (atcos(u—7))3 0 (a+cos(u——))3 ™
z1(9) = = . yn(e) = V2 (0<¢< )
f 2 cosu du f cosu 2
0 (a+cosu)3 0 (a+tcos u)3

When L tends to 2, a tends to —
square.

\/5, and the curve Cy, converges to the two sides of the

When L =1+ M ~ 1,623, o = 0 and the limit shape is the arc of parabola found

in [{], [2, [L3).

When L tends to ”Jr, « goes to infinity, and Cp, converges to the arc of the unit circle
joining O to (1,1

)
e For L €]V/2, 5], there exists a unique 3 € [1,4o00[ such that

M:t

1

m——zdu
I = \/—f (B—cosu)? ‘

cos u du

fO (B—cosu)3

N
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We define the convex curve Cr, of length L, joining O to (1,1), and symmetric with respect
to the second diagonal of the unit square by the following parametrized description:

fo Fcos(u—yp U It = c:slzluu—"))?’d“
= . y(9) =V2 0<¢<

Jo’ (7= cos )7 AU fo Fecosup @

When L tends to v/2, 8 tends to 1, and the curve Cy, converges to the first diagonal of
the square.

zr(¢) =

)-

Sy

When L tends to 57, 3 goes to infinity, and Cp converges to the arc of the unit circle
joining O to (1,1).

We can now define the ”n, §”-neighbourhood V7, ,, 5 of Cr, by
xr y
= d((—, = <4
VL,n,(S {(Cﬂ,y) ((TL’TL)’CL) = }

and state the limit following limit shape result:

Theorem 5. For all § >0, L €]v/2,2[, P, (I' C Vi ,6) tends to 1 as n — oo

Proof: We introduce the following parametrized probability distribution @, on Co(X)
which takes into account both the total length and the endpoint of I': for v € Cy(X), we
define

Q= [ ety @ - Vi)

(ml,xg)EX

where y and z satisfy: for all (zq,73) in X, y@1+72) 2V#i+23 c [0,1[. (The introduction of
an extra parameter A in the definition of the probability, that would ”count” the vertices is
useless in a question of limit shape)

It turns out here that the computation of the parameters according to the conditions
that the expectations of the endpoint and total length of the chain are respectively equal
to (n,n) and Ln, are very heavy in this framework. This implies heavy formulas in the
combinatorics of these lines.

However, we know that y and z will be of the form 1+ —> and 1+ #

G = Z mmx)

N z3
z€X : 0] <arctan( % )<61+1

The mathematical expectation of (/"N writes

1/3 Z v t2 + t2(1 + 1/3) 1/3(t1+t2)(1 + 1/3) N
(1_(1+#) 1/3(t1+t2)(1+m)nl/a,/tfﬂg)

n

(1, /3
6N<arctan(t2 )<0J+1

and is equivalent when n — oo, to

1 12 1 120 (titt2) 404/t 413
oy / 1 i 2 dtldtQ Xn
C(2) Jon <o<on 1 — e(titt2)+0+/t+t3
which is itself equivalent, when maxy_, oo (Gﬁl — 9§V ) — 0, to
N . — oN -l
C x 7 xn=C"x it g X M.

(7(cos va + sin 95\[) +0)3 (v COS(9§V — 1) +9)3
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The concentration of the normalized random chain around a limit shape Cy, which is sym-
metric with respect to the second diagonal, follows like in the proof of Theorem 3. We derive
the announced parametrization of Cy, from the above estimation of E[¢/V].

When L > 3, we have to take v > 0, the variable o equals %, and the condition on «

comes from the condition we had to impose on y and z. We proceed similarly for L < 5. [

8. SOME REMARKS WHEN THE “LATTICE” IS RANDOM

Let us replace now the (n + 1)2 points of [0,7]? N Z2, by a set of n? points independently
and uniformly distributed in [0,n]?. It was observed in [[] that the probability for k points
independently and uniformly distributed in the square [0,1]? to form, with (0,0) and (1, 1),

a convex chain is exactly equal to . From this result, we can derive an analog of

El(k + 1)!
Theorems 1 and 3, for the expected number of chains. Indeed, one can easily deduce that
for s € [0,1] and ¢ > 0, the expectation of the number of chains, having a cardinal equal to

[cn®], is equal to

(i

[Cns] _ ,c(2—3s)n® s s

e e ] 711 n exp((3c — 3clnc)n® + o(n®)) 9)

which is maximal for ¢ = 1 and s = 2/3, and, in this case, the expected number of convex
chains of cardinal [n?/3] is equal to exp(3n2/3 +o0(n?/3)). It is straightforward to see that the
expected number of the total number of convex chains is also equal to exp(3n2/3 4+ o(n?/?)),
and a moment method show that, in probability, the cardinal of a typical convex chain is
equivalent to n?/3. Let us remark finally that, in the case of chains having cn® vertices, with
5 < 2/3, the main term n®239)"° is common to both Theorem 3 and formula (9).

Now, the question of the largest cardinal of a convex chain is delicate in the random case.
We believe but we are not able to prove that there is an equivalent, in probability, of this
quantity when n goes to infinity. Indeed, Kingman’s sub-additive ergodic theorem is of no
direct help here, since the concatenation of two convex chains is not necessarily convex.
Nevertheless, from (9), one can say, that, with an asymptotically overwhelming probability,
this cardinal is less than e.n?/3.

One can even slightly ameliorate this result in the following manner: suppose there exists
d €]0, e[, such that with an asymptotically positive probability, there will be a chain having
length [dnz/ 3]. When such a chain exists, since every sub-chain of a convex chain is also
a convex chain, we get that, for all ¢ €]0,d[, there are, with an asymptotically positive

probability, at least <[dn2/3]

[en? /3}) convex chains having cardinal [cn2/ 3]. Therefore, the expected

number of such chains is at least exp (((d —c¢)ln ﬁ +cln %)n + 0(n)>. Now, using (9), the
real d must satisfy that, for all ¢ €]0, d],

d d
((d—c)lnd +cln—) <3¢(1 —Inc)

—c c
Some numerical computations yield d < 2,65.

We deduce that, in the context of n random uniformly distributed points, the longest
convex chain, is with an asymptotically overwhelming probability, smaller than 2,65.n%/3,
which is, as we intuitively expected, bigger than the 1,40.n%/® found in Theorem 2. Note
that the lower bound obtained by just considering the extremal points of the convex hull of
the points of the Poisson process which are situated above the parabola, which is, by a result
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of Rényi and Sulanke [[L(] and their followers, equivalent to WF(5/3)TL2/ 3 =0,85.n%/3,

does not give a better lower bound than the typical behavior.

2.5

1.5;

0. 5¢

0.2 0.4 0.6 0.8 1 1.2 1.4
Fig. 1: The graph of (c(A\),e(N)).

The point of mazimal e-coordinate corresponds to typical chains [{[L L.
The point of mazimal c-coordinate corresponds to chains of mazimal cardinal [E]

0. 8¢

0. 6¢

0.4

0. 2¢

0.2 0.4 0.6 0.8 1

Fig. 2: Limit shapes of different lengths. Successively:
L =2 (diagonal), L = 1,454, L = 1,516, L = 3 (circle), L = 22/3 (parabola),
L=1,716, L =1,861, and L = 2 (sides of the square).
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