The Annals of Applied Probability

2011, Vol. 21, No. 6, 2075-2108

DOI: 10.1214/10-AAP732

© Institute of Mathematical Statistics, 2011

UPPER LARGE DEVIATIONS FOR THE MAXIMAL FLOW
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We consider the standard first passage percolation model in the rescaled
graph Z4 /n for d > 2 and a domain €2 of boundary T' in R?. Let I'! and
I'Z be two disjoint open subsets of I" representing the parts of I" through
which some water can enter and escape from 2. We investigate the asymp-
totic behavior of the flow ¢, through a discrete version €2, of €2 between the
corresponding discrete sets F,i and F%. We prove that under some conditions
on the regularity of the domain and on the law of the capacity of the edges,
the upper large deviations of ¢,/ n=1 above a certain constant are of vol-
ume order, that is, decays exponentially fast with nd . This article is part of a
larger project in which the authors prove that this constant is the a.s. limit of

¢n/"d71-

1. First definitions and main result. We use notation introduced in [§]
and [9]. Let d > 2. We consider the graph (ZZ, EZ) having for vertices Zg =74 /n
and for edges Ez, the set of pairs of nearest neighbors for the standard L' norm.
With each edge e in Eﬁ we associate a random variable ¢ (e) with values in RT. We
suppose that the family (¢ (e), e € E¢) is independent and identically distributed
with a common law A; this is the standard model of first passage percolation on
the graph (Zﬁ , Eﬁ). We interpret £ (e) as the capacity of the edge e; it means that
t (e) is the maximal amount of fluid that can go through the edge e per unit of time.

We consider an open bounded connected subset Q of R? such that the boundary
I' = 3Q of  is piecewise of class C! [in particular I' has finite area, H?~1(T") <
oo]. It means that I' is included in the union of a finite number of hypersurfaces
of class C', that is, in the union of a finite number of C' submanifolds of R¢
of codimension 1. Let I'!, I'? be two disjoint subsets of I" that are open in T'.
We want to define the maximal flow from I'! to I'? through €2 for the capacities
(t(e), e e Ez). We consider a discrete version (£2,,, I';;, F}l, Fﬁ) of (2,T, T T?)
defined by

Qp ={x € Z¢ | doo(x, Q) < 1/n},
Tp=(xeQ |3y ¢, (x.y)eEl),
M= {x €Ty | doo(x, T') < 1/0, doo(x, T371) = 1/n},  fori=1,2,
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where do is the L°°-distance and the notation (x, y) corresponds to the edge of
endpoints x and y (see Figure 1).

We shall study the maximal flow from F,i to F,2Z in €2,,. Let us properly define the
maximal flow ¢ (F1 — F> in C) [also denoted by ¢ (F1 — F> in CN Zd/n)] from
F| to F> in C for C C R (or by commodity the corresponding graph C N Z4 /n).
We will say that an edge e = (x, y) belongs to a subset A of R?, which we denote
by e € A if the interior of the segment joining x to y is included in A. We define
IE% as the set of all the oriented edges, that is, an element ¢ in IEZ is an ordered
pair of vertices which are nearest neighbors. We denote an element ¢ € I~EZ by
{(x, y)), where x, y € ZZ are the endpoints of ¢ and the edge is oriented from x
toward y. We consider the set S of all pairs of functions (g, 0), with g: IEZ — R*
and o: Eff — Ez such that o({x, ¥)) € {{{x, y)), (v, x))}, satisfying the following:

(1) for each edge e in C we have
0=g(e) =t(e),

(2) for each vertex v in C \ (F; U F>) we have

Yo gle)= Yo g,

eeC:o(e)={v,-)) eeC:o(e)={(-,v))

where the notation o(e) = ((v, -)) [resp., o(e) = ((-, v))] means that there exists
y e ZZ such that e = (v, y) and o(e) = {(v, ¥)) [resp., o(e) = {(y, v))]. A couple
(g,0) € S is a possible stream in C from F; to F2; g(e) is the amount of fluid
that goes through the edge e and o(e) gives the direction in which the fluid goes
through e. The two conditions on (g, 0) express only the fact that the amount of
fluid that can go through an edge is bounded by its capacity and that there is no
loss of fluid in the graph. With each possible stream we associate the corresponding
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flow
flow(g, 0) = > g, ) Lo v)=(u.v) — &, V) Lo((u,v)=(v.u)
uek,,v¢C: (u,v)yckd
= > g, V) Lo, v)=(v.u) — &Uut, V) Lo((u.v)=((u.v))-

ueF,v¢C: (u,v)e[Eg

This is the amount of fluid that crosses C from F; to F> if the fluid respects the
stream (g, 0). The two definitions are equivalent since the stream satisfies the node
law at each vertex of C \ (F1 U F>). The maximal flow through C from Fj to F»
is the supremum of this quantity over all possible choices of streams,

¢ (F1 — F>in C) = sup{flow(g,0) | (g,0) € S}.

We recall that we consider an open bounded connected subset Q of R? whose
boundary T is piecewise of class C! and two disjoint open subsets I'' and I'? of T".
We denote by

=0T} >T2inQ,)

the maximal flow from F,i to l",% in ©2,,. We will investigate the asymptotic behavior
of ¢, /n?~! when n goes to infinity. More precisely, we will show that the upper
large deviations of ¢, above a certain constant 59 are of volume order. Here we
state the precise theorem.

THEOREM 1. We suppose that d(Fl, FZ) > 0, where d is the Euclidean dis-
tance between these two subsets of RY. If the law A of the capacity of an edge
admits an exponential moment,

30 / % d A (x) < 400,
R+
then there exists a finite constant b such that forall A > 59,

1
lim sup — logPl¢y, > And_l] <O0.
n—»oo N

The description of ¢q will be given in Section 3. As we will explain in Sec-
tion 2.3, this constant is relevant in the sense that we prove in the companion
papers [3] and [4] that under added geometric assumptions, 59 is the almost sure
limit of ¢,,/n?~!. Theorem 1 is needed to prove this a.s. convergence.

REMARK 1. In Theorem 1 we need to impose that d('', T?) > 0 because
otherwise we cannot be sure that 59 < 00, as we will see in Section 5. Moreover,
if d(I'', T'?) = 0, the upper large deviations of ¢,/n¢~! may not be of volume
order (see Theorem 10 in Section 2.2 below).



2078 R. CERF AND M. THERET

REMARK 2. The large deviations we obtain are of the relevant order. Indeed,
if all the edges in €2, have a capacity which is abnormally big, then the maximal
flow ¢,, will be abnormally big too. The probability for these edges to have an ab-
normally large capacity is of order exp —Cn for a constant C because the number
of edges in €, is C'n for a constant C’.

The rest of the article is structured as follows. The background is presented in
Section 2; we first give some added definitions in Section 2.1, then we present
the existing results concerning maximal flows in first passage percolation in Sec-
tion 2.2 and finally, we explain the role of this article in the comprehension of
maximal flows problems in Section 2.3. The constant 59 is computed in Section 3.
Section 4 gives a detailed sketch of the proof of Theorem 1. The rest of the article
is devoted to the proof itself.

2. Background.
2.1. Some definitions.

2.1.1. Geometric notation. We start with some geometric definitions. For a
subset X of RY, we denote by H*(X) the s-dimensional Hausdorff measure of X
(we will use s =d — 1 and s = d — 2). The r-neighborhood V; (X, r) of X for the
distance d; that can be the Euclidean distance if i = 2 or the L°°-distance if i = o0,
is defined by

Vi(X,r)={y eR?|di(y, X) <r}.

If X is a subset of R? included in a hyperplane of R and of codimension 1 (e.g.,
a nondegenerate hyperrectangle), we denote by hyp(X) the hyperplane spanned by
X and we denote by cyl(X, &) the cylinder of basis X and of height 2/ defined by

cyl(X,h)={x+rtv|xe X, te[—h,h]},

where v is one of the two unit vectors orthogonal to hyp(X) (see Figure 2). For
x € R4, r > 0 and a unit vector v, we denote by B(x,r) the Euclidean closed ball
centered at x of radius r.

2.1.2. Flow in a cylinder. Here are some particular definitions of flows
through a box. It is important to know them because all our work consists of
comparing the maximal flow ¢, in 2, with the maximal flows in small cylinders.
Let A be a nondegenerate hyperrectangle, that is, a box of dimension d — 1 in R?.
All hyperrectangles will be supposed to be closed in R¢. We denote by v one of the
two unit vectors orthogonal to hyp(A). For & a positive real number, we consider
the cylinder cyl(A, &). The set cyl(A, k) \ hyp(A) has two connected components
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F1G. 2. Cylinder cyl(X, h).

which we denote by C;(A, h) and C>(A, h). Fori = 1,2, let Af’ be the set of the
points in C; (A, h) N ZZ which have a nearest neighbor in ZZ \ cyl(A, h),

Al ={xeCi(A, ))NZ¢ |3y e Z8 \ cyl(A, h), (x,y) e E%).
Let T (A, h) [resp., B(A, h)] be the top (resp., the bottom) of cyl(A, k), that is,
T(A,h)={x ecyl(A,h) |3y ¢ cyl(A, h),
(x,y) e Eﬁ and (x, y) intersects A + hv}
and
B(A,h) ={x ecyl(A, h) |3y ¢ cyl(A, h),
(x,y) € Ez and (x, y) intersects A — hv}.

For a given realization (¢ (e), e € Ez), we define the variable (A, h) = t(cyl(A,
h), v) by

T(A, h) = T(cyl(A, h), v) = p(A"? — A% in cyl(A, h))
and the variable ¢ (A, h) = ¢ (cyl(A, h), v) by
¢(A, h)=¢(cyl(A, h),v) = qb(B(A, h) — T (A, h) in cyl(A, h)),

where ¢(F; — F> in C) is the maximal flow from Fj to F» in C, for C c R¢
(or by commodity the corresponding graph C N Z</n) defined previously. The
dependence in n is implicit here, in fact we can also write 7,,(A, h) and ¢, (A, h)
if we want to emphasize this dependence on the mesh of the graph.

2.1.3. Max-flow min-cut theorem. The maximal flow ¢ (F; — F, in C) can
be expressed differently thanks to the max-flow min-cut theorem [1]. We need
some definitions to state this result. A path on the graph Zﬂ from vg to v, is
a sequence (vg, €1, V1, ..., €n, Uy) Of vertices vy, ..., v, alternating with edges
e1, ..., ey such that v;_1 and v; are neighbors in the graph joined by the edge e¢;,
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foriin{l,...,m}. A set E of edges in C is said to cut F| from F3 in C if there is
no path from Fj to F> in C \ E. We call E an (Fy, F»)-cut if E cuts F; from F>
in C and if no proper subset of E does. With each set E of edges we associate its
capacity which is the variable

V(E)=> t(e).

ecE

The max-flow min-cut theorem states that

¢(F1 — F>in C) =min{V (FE) | E is a (F1, F3)-cut}.
2.2. State of the art.

2.2.1. Existing laws of large numbers. In this section and the next one we
consider the standard first passage percolation model on the graph (Z¢, E¢) instead
of the rescaled graph (Z¢, E¢).

In dimension two, classical problems of distance in first passage percolation
and problems of flows are closely related. By the max-flow min-cut theorem, we
know that the maximal flow from the top to the bottom of a cylinder is equal to the
minimal capacity of a set of edges that cuts the top from the bottom of the cylinder
and we can notice that in dimension two the dual of such a cutset—for the standard
duality of planar graphs—is a path from the left-hand side to the right-hand side of
the dual cylinder; thus, if we give the same capacity at an edge and its dual but we
interpret it as the time needed to cross the dual edge in the dual graph, the minimal
capacity of a cutset in the original cylinder is equal to the minimal time needed
to go from left to right in the dual cylinder. Thus, results concerning maximal
flows in two-dimensional first passage percolation can be obtained thanks to the
known results concerning problems of distance in first passage percolation (see
[7] and [8]). However, such a correspondence does not exist in dimension three or
more; the “dual” of an edge in dimension three is a small plaquette (as defined by
Kesten [9]) orthogonal to this edge that cuts it in its middle of side-length one and
whose sides are parallel to the axis of coordinates. Thus, the dual of a cutset is a
“surface” of plaquettes and there exists no result concerning this kind of object in
the literature of first passage percolation in terms of problems of distance.

The existing results concerning maximal flows in first passage percolation in
dimension three or more follow. The maximal flow has been studied almost ex-
clusively through cylinders, since cylinders have good properties of symmetry and
stacking. The most natural flow to study in a cylinder cyl(nA, h(n)) (where the
height function A satisfies lim,_, oopn) = +00) is ¢ (nA, h(n)) but t(nA, h(n))
has better properties so it is easer to deal with; it is almost subadditive.

Using a subadditive argument and concentration inequalities, Rossignol and
Théret have proved in [12] that t(nA, h(n)) satisfies a law of large numbers.
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THEOREM 2 (Rossignol and Théret). We suppose that
/ xdA(x) < o0.
[0,00[

For every unit vector v, for every nondegenerate hyperrectangle A orthogonal to v,
for every height function h:N — RY satisfying lim,_, o h(n) = +00, we have

T(nA, h(n)) _

—_— / 1
Jim H=T(n ) =v(v) inL".

Moreover, if the origin of the graph belongs to A or if
/ x1 V@D g A(x) < o0,
[0,00[

then
rA )
Jim T () =v(v a.s.

Indeed, thanks to the max-flow min-cut theorem, we know that t(nA, h(n)) is
equal to the minimal capacity of a ((nA)i'(") , (nA)g(") )-cutset. Roughly speak-
ing, such a cutset has its boundary fixed along d(nA) which lies between
(nA)}l’(") and (nA)g("). This property implies that t(nA, h(n)) is almost subad-
ditive, thus, its convergence is not surprising. In the case where h(n) is negligi-
ble compared to n, then ¢ (nA, h(n)) satisfies the same law of large numbers as
T(nA, h(n)) since the cylinder cyl(nA, h(n)) is asymptotically very flat, thus, a
(B(nA,h(n)), T(nA, h(n)))-cutset has also its boundary very close to d(nA).

We recall some geometric properties of the map v:v € S¢~! — v(v) under the
only condition on A that E(z(e)) < oo. They have been stated in [12], Section 4.4.
There exists a unit vector vg such that v(vg) = 0 if and only if for all unit vector
v, V(v) = 0 and it happens if and only if A(0) > 1 — p.(d), where p.(d) is the
critical parameter of the bond percolation on Z¢. This property has been proved
by Zhang [15]. Moreover, v satisfies the weak triangle inequality, that is, if (ABC)
is a nondegenerate triangle in R? and vy, vg and vc are the exterior normal unit
vectors to the sides [BC], [AC], [AB] in the plane spanned by A, B, C, then

H'([AB)v(ve) < H' [ACDHV(vp) + H ([BCHv(va).

This implies that the homogeneous extension vg of v to R4, defined by v9(0) =0
and for all w in RY,

vo(w) = [wlav(w/|wl2)

is a convex function; in particular, since vg is finite, it is continuous on RY. We
denote by vpin (resp., Vmax) the infimum (resp., supremum) of v on gd-1
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Kesten, Zhang, Rossignol and Théret have studied the maximal flow between
the top and the bottom of straight cylinders. Let us denote by D (k, m) the cylinder
d—1
D(k,m) = [0,k x [0, m],
i=1
where k = (kq, ..., ks—1) € RY™!. We denote by ¢ (k,m) the maximal flow in
D(k, m) from its top Hl‘-lz_ll [0, k;] x {m} to its bottom ]_[l-“’:_l1 [0, k;] x {0}. Kesten
[9] proved the following result.

THEOREM 3 (Kesten). Let d = 3. We suppose that A(0) < pg for some fixed
po > 1/27 and that

Jy >0 / e’ dA(x) < oo.
[0,+o0[

If m = m(K) goes to infinity with k1 > k> in such a way that
>0 lim k' logm(k) =0,

ki >kp— o0
then
¢k, m)

im =v((0,0,1)) a.s.andin L.
k12k2—>00 k1k2

Moreover, if A(0) > 1 — p.(d), where p.(d) is the critical parameter for the stan-
dard bond percolation model on 7¢ and if

f %8 dA(x) < o0,
[0,+o00[
there exists a constant C = C(F) < oo such that for all m = m(K) that goes to
infinity with ky > ko and satisfies
k
limint " © ¢
ki=ko—o0 kiko

for all ky > ky sufficiently large, we have
¢k, m)=0 a.s.

Zhang [16] improved this result.
THEOREM 4 (Zhang). Letd > 2. We suppose that
dy >0 / e’ dA(x) < oco.
[0,+00[

Then for all m = m(K) that goes to infinity when all the ki, i =1,...,d — 1 go to
infinity in such a way that

38 €10, 1] logm(k) < max 1kl.1—5,
1=1,...,d—
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we have

y ¢ (k, m)
m —

=v(,...,0,1 a.s.andin L.
kika—1—00 [T kg « 2

Moreover, this limit is positive if and only if A(0) <1 — p.(d).

To show this theorem, Zhang first obtains an important control on the number of
edges in a minimal cutset. Finally, Rossignol and Théret [12] improved Zhang’s re-
sult in the particular case where the dimensions of the basis of the straight cylinder
go to infinity all at the same speed. They obtain the following result.

THEOREM 5 (Rossignol and Théret). We suppose that

/ xdA(x) < o0.
[0,00[

For every straight hyperrectangle A = ]_[l[-l:_l1 [0, a;] x {0} with a; > 0 for all i,
for every height function h:N — RT satisfying lim, o h(n) = +oo and
lim,_, o0 log A (n) /n?=" = 0, we have

im M:v((O,...,O,])) a.s.and in L.
n—oo HI=1(nA)

In dimension two more results are known, as explained previously. We present
here the two results that do not come from the literature of problems of distance
in first passage percolation. Rossignol and Théret [11] studied the maximal flow
from the top to the bottom of a tilted cylinder in dimension two and proved the
following theorem ([11], Corollary 2.10).

THEOREM 6 (Rossignol and Théret). Let v be a unit vector, let A be a non-
degenerate line-segment orthogonal to v and h:N — R a height function sat-
isfying lim,,_, oo h(n) = 400 and lim,_, 5 logh(n)/n = 0. We suppose that there
exists o € [0, /2] such that

2h(n)
lim =tana.
n—o00o Hl(nA)
Then, if
/ xdA(x) < o0,
[0,00[
we have

(A, h(n) _ inf{ v (V')

im 1 ‘ v satisfies v-v' > cosa} in L.
n—co  Hl(nA) v-v



2084 R. CERF AND M. THERET
Moreover, if the origin of the graph is the middle of A, or if
/ x2dA (x) < o0,
[0,00[

then we have
d(nA, h(n)) . {v(v/)
im ——— = =inf ’
n—o0o  Hl(nA) v-v

v’ satisfies v-v' > cosa a.s.

Garet [6] studied the maximal flow o (A) between a convex bounded set A and
infinity in the case d = 2. By an extension of the max-flow min-cut theorem to
nonfinite graphs, Garet [6] proves that this maximal flow is equal to the minimal
capacity of a set of edges that cuts all paths from A to infinity. Let A be the
boundary of A and d*A the set of the points x € 3A at which A admits a unique
exterior normal unit vector v4 (x) in a measure theoretic sense (see [2], Section 13,
for a precise definition). If A is a convex set, the set 3*A is also equal to the set
of the points x € dA at which A admits a unique exterior normal vector in the
classical sense and this vector is v4 (x). Garet proved the following theorem.

THEOREM 7 (Garet). Let d = 2. We suppose that A(0) <1 — p.(2) =1/2
and that

dy >0 / e’ dA(x) < oo.
[0,+00[

Then for all convex bounded set A containing O in its interior, we have

. oA
lim =

n—o0o n

/ vws(x)dH (X)) =Z(A) >0  as.
%A

Moreover, for all € > 0 there exist constants Cy, Cy > 0 depending on ¢ and A
such that

o(nA)
nZ(A)

Vn >0 IP’[ ¢]1—8,1+8[] < Cpexp(—Can).

Nevertheless, a law of large numbers for the maximal flow from the top to the
bottom of a tilted cylinder for d > 3 was not proved yet. In fact, the lack of sym-
metry of the graph induced by the slope of the box is a major issue to extend the
existing results concerning straight cylinders to tilted cylinders. The theorem of
Garet was not extended to dimension d > 3 either.

2.2.2. Large deviations results. The upper and lower large deviations of the
maximal flows ¢ (nA, h(n)) and t(nA, h(n)) have been studied in the cases where
the laws of large numbers are known. Let us start with the existing results con-
cerning the upper large deviations of these maximal flows. They are studied in [14]
and [13]. Theorem 4 in [14] deals with the upper large deviations of the variable
¢(nA, h(n)) above v(v).
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THEOREM 8. We suppose that
Iy >0 / e’  dA(x) < oo.
[0,4+o0[

Then for every unit vector v and every nondegenerate hyperrectangle A orthogonal
to v, for every height function h:N — R™ such that lim,_, o h(n) = 400 and for
every A > v(v) we have

liminf_—llo P[M>A} >0
1500 HI T (nAyh(n) 2 | HA-T(nA) — '

We shall rely on this result for proving Theorem 1. Moreover, Theorem 1 is
a generalization of Theorem 8 where we work in the domain 2 instead of a
parallelepiped. We stress the fact that v(v) is not in general the a.s. limit on
¢ (A, h(n))/H?* ' (nA). The corresponding large deviation principle is proved
only in the case of straight cylinders (see Theorems 2 and 3 in [13] that are gath-
ered here).

THEOREM 9.  We consider the maximal flow ¢ (n) through the straight cylin-
der [0, n]4~! x [0, h(n)] from its top to its bottom. We suppose that the height
function h:N — R satisfies

h(n)
m =—+00
n—o00 logn

Then for every A in R™, the limit

Y = lim

- [h] d—1
I T logP[¢" (n) > an“~"]

exists and is independent of h. Moreover, \r is convex on R, finite and continuous
on the set {A | A([A, +o0[) > 0}. If

/ xdA(x) < o0,
[0,+o00[
then yr vanishes on [0, v((0,...,0, 1)]. If
dy >0 f e’ dA(x) < oo,

[0,+00[

then v is strictly positive on 1v((0, ..., 0, 1)), +oo[, and the sequence
(cp[’”(n))
nd=1 neN

satisfies a large deviation principle with speed n®~'h(n) and governed by the good
rate function .
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The lack of symmetry makes it difficult to extend this large deviation principle
to the case of tilted cylinders. The upper large deviations for T depend a lot on the
moments of A, as proved in Theorem 3 of [14].

THEOREM 10. Let A be a nondegenerate hyperrectangle and v one of the
two unit vectors normal to A. Let h:N — RT be a height function satisfying
lim,,_, 5 h(n) = +00. The upper large deviations of T(nA, h(n))/Hd_l(nA) de-
pend on the tail of the distribution of the capacities. Indeed, we obtain that:

(1) If the law of the capacity of the edges has bounded support, then for every
A > v(V) we have

lim inf

-1 T(nA, h(n))
- : lo IP’[ > )»} > 0;
n—00 HI=1(nA) min(h(n), n)

HI-Y(nA) —

the upper large deviations are then of volume order for height functions h such
that h(n)/n is bounded and of order n? if lim,_, o0 h(n)/n = +o0.

(1) If the capacity of the edges follows the exponential law of parameter 1,
then there exists no(d, A, h) and for every . > v(v) there exists a positive constant
D depending only on d and ) such that for all n > ny we have

Plt(nA, h(n)) > AH " (nA)] > exp(—= DHI" 1 (nA)).

(iii) If the law of the capacity of the edges satisfies
Vo > 0 f e dA(x) < o0,
[0,+o00[

then for all ). > v(v) we have

: t(nA, h(n))
Iim ————— ——— > A|=—00
=00 HI=1(nA) [ HI=1(nA) }

This dependence on the moment conditions on A comes from the fact that the
distance between the part of the boundary of the cylinder through which the water
can enter and the part through which it can escape is null.

We just say a few words about lower large deviations, since it is not the
purpose of this article. Rossignol and Théret [12] proved that under some mo-
ment conditions, the lower large deviations of t(nA,h(n))/H"'(nA) [resp.,
for ¢(nA, h(n))/H* '(nA) when h(n) is negligible compared to n or when
cyl(nA, h(n)) is straight] are of surface order, that is, the probability that these
rescaled flows are abnormally small decays exponentially fast with H~!(nA).
They also prove the corresponding large deviation principles.

From now on, we work in the rescaled graph (Zg, Eg) again.
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2.3. Global project. This article is part of a global project in which we prove
that ¢,,/n?~" converges a.s. toward ¢q and we find the right order of the upper
and lower large deviations. Indeed, we prove in [4] the following result.

THEOREM 11. Ifthe law A of the capacity of an edge admits an exponential
moment,

39 >0 / P dA(x) < 400
R+

and if A(0) <1 — p.(d), then there exists a finite constant ¢q such that for all
A < ¢q,

lim sup % log P[¢, < )Lndfl] < 0.

n—oo NnN“—

The definition of the constant ¢q is given in [4]; it is of the same kind as the

one of g we will give in Section 3 but slightly different. Finally we prove in [3]

through a completely geometrical study that the constants ¢ and bq are equal and

we investigate when they are strictly positive. Thus, by a simple Borel-Cantelli’s
lemma, we obtain in [3] the following result.

THEOREM 12. We suppose that 2 is a Lipschitz domain and that I is included
in the union of a finite number of oriented hypersurfaces Sy, ..., S, of class C!
which are transverse to each other. We also suppose that T'' and T'? are open in T,
that their relative boundaries drT! and 3rT? in T have null H?~ measure and
that d(T'', T'2) > 0. We suppose that the law A of the capacity of an edge admits
an exponential moment

36 >0 / X dA(x) < +00.
R+

Then there exists a finite constant ¢q > 0 such that

. P
nli)nolo P 020} a.s.

Moreover, this equivalence holds:
Po>0 <— A0)<1-—p.d).

Combining Theorems 12, 11 and 1, we prove that the rescaled maximal flow
¢n/n?"! converges a.s. toward a constant ¢gq, that its upper large deviations are
of volume order and that its lower large deviations are of surface order. These
theorems apply to the maximal flow from the top to the bottom of a tilted cylin-
der. Thus, they generalize the existing results concerning the variable ¢ (A, &) in
straight cylinders, in the particular case where all the dimensions of the cylinder
go to infinity at the same speed (or, equivalently, the cylinder is fixed and the mesh
of the graph go to zero isotropically). The large deviation principles from above
and below still remain to be proved.
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3. Computation of (Zg We give here a definition of bq in terms of the map v.
When a hypersurface S is piecewise of class C!, we say that S is transverse to I
if for all x € S N T", the normal unit vectors to S and I' at x are not collinear; if
the normal vector to S (resp., to I') at x is not well defined, this property must be
satisfied by all the vectors which are limits of normal unit vectors to S (resp., I') at
y € S (resp., y € I') when we send y to x—there is at most a finite number of such
limits. We say that a subset P of R¥ is polyhedral if its boundary 9 P is included
in the union of a finite number of hyperplanes. For each point x of such a set P
which is on the interior of one face of d P, we denote by vp(x) the exterior unit
vector orthogonal to P at x. For A ¢ RY, we denote by A the interior of A. We
define ¢o by

o

o —_——
do =inf(Za(P)| P cRY, T ' c P,T?c RY\ P, P is polyhedral,
d P is transverse to I'},

where
To(P) = /8 e () dH (0.

See Figure 3 for an example of such a polyhedral set P.

The definition of the constant ¢ is not very intuitive. We propose to define the
notion of a continuous cutset to have a better understanding of this constant. We
say that S C R? cuts I'! from I'? in © if every continuous path from I'! to I'Z in
Q intersects S. In fact, if P is a polyhedral set of R? such that

o

_ —_———

T'cP and T2cR?\ P,

# A, [%9]

F2

FI1G. 3. A polyhedral set P as in the definition of{ﬁg.
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then 9 P N € is a continuous cutset from I'! to I'? in Q. Since v(v) is the average
amount of fluid that can cross a hypersurface of area one in the direction v per unit
of time, it can be interpreted as the capacity of a unitary hypersurface orthogonal
to v. Thus, Zo(P) can be interpreted as the capacity of the continuous cutset d P N
Q defined by P. The constant b is the solution of a min-cut problem because it
is equal to the infimum of the capacity of a continuous cutset that satisfies some
specific properties.

We remark that the capacity Zg of a continuous cutset is exactly the same as
the one defined by Garet in [6] in dimension two (see Theorem 7), except that we
consider a maximal flow through a bounded domain so our capacity is adapted to
the problems of boundaries that arise. Moreover, ¢q has the same form as the limit
observed in dimension two in Theorem 6.

4. Sketch of the proof. To prove Theorem 1, we have to study the probability
)] Plgn = (G +e)n" ']
for a positive €.

Step 1. We first prove that @, is finite, that is, that there exists a polyhedral set
P C RY such that 9 P is transverse to I" and

— o — /_j\‘

r''cp, T2c R\ P.
For that purpose, at each point x of T'! we associate a cube of center x, of strictly
positive side-length, which is transverse to I'! and at positive distance of I'? [this
is possible thanks to the regularity of I' and the fact that d(I'!, ['?) > 0]. From this

family of cubes we extract by compactness a finite family of cubes that covers T'!.
The set P which is defined as the union of the cubes satisfies the desired properties.

Step 2. We consider a polyhedral set P as in the definition of 59 such that Zq (P)
is very close to this constant. We want to construct sets of edges near 0 P N 2
that cut Fl from F2 in €2,,. Because we took a discrete approximation of 2 from
the out51de we need to enlarge a little 2, because some flow might go from Fl
to l"2 using paths that lies partly in €,, \ . Thus, we construct a set ' Wthh
contains a small neighborhood of €2 (hence, also €2, for all n large enough) which
is transverse to d P and which is small enough to ensure that Zg/ (P) is still very
close to ¢gq. To construct this set, we cover 0€2 with small cubes, by compactness
we extract a finite subcover of <2 and finally we add the cubes of the subcover to
Q to obtain Q". We construct these cubes so that their boundaries are transverse to
d P and their diameters are uniformly smaller than a small constant, so that ' is
included in a neighborhood of €2 as small as we need. Since d P is transverse to I,
if we take this constant small enough, we can control HI-N P N (Q \ €2)) and
thus the difference between Z¢qy (P) and Zg(P).

Step 3. Then we construct a family of Cn (where C > 0) disjoint sets of edges
that cut I'! from "2 in 2, and that lie near d P. We consider the neighborhood P’
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of P inside @’ at distance smaller than a tiny constant # and we partition P’ \ P
into slabs M’ (k) of width of order 1/n, so we have Cn such slabs which look like
translations of 9 P N &’ that are slightly deformed and thickened. We prove that
each path from I'! to I in €, must contain at least one edge that lies in the set
M/ (k) for each k, that is, each set M’ (k) contains a cutset. Thus, we have found a
family of Cn disjoint cutsets.

Step 4. We almost cover 9 P N Q' by a finite family of disjoint cylinders B; ;,
whose bases are hyperrectangles of side length /, that are orthogonal to 0 P, of
height & and such that the part of d P which is missing in this covering is very
small. Thus, we obtain that

) T (P) is close to Z v(vi,j)ld_l,

where v; ; gives the direction toward which the cylinder B; ; is tilted (it is the unit
vector which is orthogonal to the face of 9 P that cuts B; ;).

We want to compare ¢, with the sum of the maximal flows ¢ (B; ;, v; ;). For
each (i, j), let E; ; be a set of edges that cuts the top from the bottom of B; ;. The
set |J E;,; does not cut F,ll from l",zl in €, in general; to create such a cutset we
must add two sets of edges.

(i) A setof edges that covers the part of d P N2’ that is missing in the covering
by the cylinders B; ;.

(i) A set of edges that glues together all the previous sets of edges [the sets
E; j and the set described in (1)].

In fact, we have already constructed Crn possible sets of edges as in (i): the edges
that lie in M'(k) \ (U B;,j) for k=1, ..., Cn. We denote these sets by M (k). We
can also find C'n (C’ > 0) disjoint sets of edges that can be the glue described
in (ii); we denote these sets by W(l) for [ = 1,..., C’n. Indeed, we can choose
different sets because we provide the glue more or less in the interior of the cylin-
ders B; ;. Thus, we obtain that

Vke{l,....,Cn}Vlie{l,...,C'n) UEij uME uwW(©)
cuts '} from I'2 in Q,,.
Then
3) $n <> _¢(Bij. vij) + _min V(M) +z:1I,I.1.1f’Cfn V(W ()).

Combining (2) and (3) we see that if ¢, > (ba + &)n?~!, one of the following
events must happen:

(@) 3jeJ ¢(Bj,vj) > (W(vj)+e/2)19 1nd=1,

(b) Vke{l,...,Cn} V(M (k)) > nn¢1,
(c) Vle(l,...,C'n} V(W) > nn¢1,
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where 7 is a very small constant (depending on € and ¢q).

Step 5. It consists in taking care of the probability that the events (a), (b) or
(c) happen. The probability of (a) has already been studied in [14]; cf. Theorem 8
above; the upper large deviations of the variable ¢ in a cylinder above v are of
volume order. The events (b) and (c) are of the same type and their probability is
of the form

and=! Dn
4) P[ > tm Znnd_l} :
m=1

where (#;;)men 1s a family of i.i.d. variables of distribution function A, D is a
constant, 7 is a very small constant and an?~! is the cardinality of the family of
variables we consider. If & < nE[;]~! and if the law A admits one exponential
moment, the Cramér theorem in R states that the probability (4) decays exponen-
tially fast with n¢. Note the role of the optimization over Dn different probabilities
to obtain the correct speed of decay. The proof would have been slightly simpler
if we would have proven only that the decay of the probability (1) is at least expo-
nential in n9=1,

Step 6. To complete the proof, it is enough to control the cardinality of the sets
M (k) and W(l) for each k, [, to ensure that we can use the Cramér theorem as
explained in Step 5. This can be done using the geometrical properties of d P (it is
polyhedral and transverse to 9€2').

5. The constant (Zg is finite. To prove that 59 < 00,1t is~ sufficient to exhibit
a set P satisfying all the conditions given in the definition of ¢gq. Indeed, if such a
set P exists, then

b2 < vmaxHHOP N Q) < 00

since a polyhedral set has finite perimeter in 2. We will construct such a set P.
The idea of the proof is the following. We will cover T'! with small hypercubes
which are transverse to I'! and at positive distance of T 2. Then, by compactness,
we will extract a finite covering. We will denote by P the union of the hypercubes
of this finite covering. Then P satisfies the desired properties.

We prove a geometric lemma.

LEMMA 1. Let ' be an hypersurface (i.e., a C' submanifold of R of codi-
mension 1) and let K be a compact subset of I". There exists a positive M =
M (T, K) such that

Ve>03Ar>0Vx,yeK |x—yp<r = d(y,tan(l',x)) <Me|x —y|2

[tan(T, x) is the tangent hyperplane of T' at x].
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PROOF. By a standard compactness argument, it is enough to prove the fol-
lowing local property:

Vxel'AM(x) >0Ve>03r(x,e) >0Vy,ze'NB(x,r(x,e))
dr(y, tan(l', 2)) < M (x)ely — zla.

Indeed, if this property holds, we cover K by the open balls lo?(x, r(x,e)/2),
x € K, we extract a finite subcover B(x;, r(x;,€)/2), 1 <i <k, and we set

M =max{M(x;):1 <i <k}, r=min{r(x;,&)/2:1 <i <kj}.

Now let y,z belong to K with |y — z|p <r. Let i be such that y belongs
to B(x;,r(x;j,e)/2). Since r < r(x;,&)/2, then both y,z belong to the ball
B(x;, r(x;, e)) and it follows that

da(y, tan(l', 2)) < M(x;)ely — zl2 < Mel|y — z]a.

We turn now to the proof of the above local property. Since I" is an hypersurface,
for any x in I there exists a neighborhood V of x in R¢, a diffeomorphism f:V
R? of class C! and a (d — 1)-dimensional vector space Z of R4 such that Z N
f(V)y=f(INYV) see, e.g.,[5] 3.1.19). Let A be a compact neighborhood of x
included in V. Since f is a diffeomorphism, the maps y € A — df (y) € End(R%),
ue f(Ay—df () € End(R?) are continuous. Therefore, they are bounded

AIM>0VyeA |ldf()I<M, Vuef(A) |ldf'w|<M

[here ||df(x)|| = sup{ldf(x)(¥)|2:|y]> < 1} is the standard operator norm in
End(R9)]. Since f(A) is compact, the differential map df~' is uniformly con-
tinuous on f(A),

Ve >035 >0Vu,ve f(A) lu—vph<é§ = ||df_1(u)—df_1(v)||§8.

Let ¢ be positive and let § be associated to € as above. Let p be positive and small
enough so that p < §/2 and B(f(x), p) C f(A) [since f isa C! diffeomorphism,
f(A) is a neighborhood of f(x)]. Let r be such that 0 <r < p/M and B(x,r) C
A. We claim that M associated to x and r associated to &, x answer the problem.
Let y, z belong to I' N B(x,r). Since [y, z] C B(x,r) C A, and ||df (O)|| <M
on A, then

lfO) = fX)l2 =My —xl2 <Mr <p, 1f @) = f)l2<p,
lf() = f@)2 <38, Lf() = f@l2 <My —zl2.

We next apply a classical lemma of differential calculus (see [10], L, 4, Corollary 2)
to the map f_1 and the interval [ f (z), f(y)] [which is included in B(f(x), p) C
f(A)] and the point f(z)

ly —z—=df ' (fF@(fO) = f@)],
<1fO) — f@hsupllldf 1@ —df ' (f)l:¢ el f (@), FO-
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The right-hand member is less than M|y — z|»&. Since z + df_1 (fO)(f@y) —
f(2)) belongs to tan(T", z), the proof is complete. [

We come back to our case. The boundary I' of Q is piecewise of class C!,
that is, it is included in a finite union of C! hypersurfaces which we denote by
(S1,...,S8p). The hypersurfaces S, ..., S, being C I and the set I" compact, the
maps x € I' = vg, (x), 1 <k < p [where vg, (x) is the unit normal vector to Sy at
x] are uniformly continuous:

V6 >03dn>0Vke{l,...,p}Vx,yeSNI
lx=ya<n = |ug(x)—vs5 (M <é.

Let n* be associated to § = 1 by this property. Let k € {1, ..., p}. The set S N T
is a compact subset of the hypersurface Si. Applying the previous lemma, we get

IME V60> 03 >0Vx,ye Sy NT
x=yhb=m = da(y, tan(Sk, x)) < Midolx — yla.
Let Mo = max<k<p My and let §¢ in ]0, 1/2[ be such that Mydy < 1/2. For each
kin {1,..., p}, let i be associated to dp as in the above property and let
. . « L 1 2
no = mln(lg}{lgp Nk, N 3d dist(I'", T’ )).

We build a family of cubes Q(x,r), indexed by x € I' and r € ]0, rr[ such that
Q(x,r) is a cube centered at x of side length r which is transverse to I". For
xeR%and k € {1, ..., p}, let pr(x) be a point of Sx N I" such that

|x — pr() |2 =inf{|lx — y[r:y € S NI}
Such a point exists since S N I" is compact. We define then for k € {1, ..., p}
VreR! ue(x) = v (pr(x).

We also define
dr = inf max min (le — vi|z, [—e — vk|2),
Ulyenns UPGSd*I beBy 1<k<p
eeh

where By is the collection of the orthonormal basis of R? and S~ ! is the unit
sphere of R¥. Let 7 be associated to d, /4 as in the above continuity property. We
set

_

S 2d°

Let x € I'. By the definition of d,, there exists an orthonormal basis b, of R4 such
that

rr

d
Yee b, Vke{l,..., p} min(le — vk (%) |2, |[—e — v (x)]2) > Er
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Let Q(x, r) be the cube centered at x of sidelength r whose sides are parallel to
the vectors of b,. We claim that Q(x, r) is transverse to I for r < rr. Indeed, let
y € Q(x,r) N T. Suppose that y € S for some k € {1, ..., p}, so that vy (y) =
vs, (¥) and |x — pi(x)|2 < drr. In particular, we have |y — pr(x)|2 < 2drr <n
and |vg, (y) — vk (x)|2 < d,/4. Fore € by,

d,

7 Sle— @l < le —v5, (2 + o5, () — w02
whence,

d, d. d,
— > — - — = —
le —vs, (¥)]2 > > T 1= 1

This is also true for —e, therefore, the faces of the cube Q(x,r) are transverse
to Sg.

Now we consider the collection
(Q(x,r),x €T r <rr).

It covers I''. By compactness of I'!, we can extract a finite covering (Q (x;, 7;), i €
I) from this collection. We define

P=JOoi.r.
iel
We claim that P satisfies all the hypotheses in the definition of 59 Indeed, P is
obviously polyhedral and transverse to I'. Moreover, we know that

Tlcp

and since d(P, T %) > 0, we also obtain that

o

—_—~—
T2c R\ P.

6. Definition of the set @’. Let A bein ]59, ~+00[. We are studying

P, > an?71].

Suppose first that b > 0. There exists a positive s such that 1 > ¢q(1 + 5)2. By
definition of ¢gq, for every positive s, there exists a polyhedral subset P of R?,
such that d P is transverse to I,

o

° - /—-/\‘
r'cP, T2c R\ P

and

Ta(P) < pa(1 +5).
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Then A > Zq(P)(1 +s) and
Plgn = an?~'1 < Plgy = T(P)(1 +5)n? 1.
Since d P is transverse to I, we know that there exists o > O (depending on A, P
and I') such that for all § < §,
Ia(P
HIN P N (Va(R,6)\ Q) < SZQ( ).

Vmax

Thus, for any set ' satisfying Q C Q' C V»(£2, §p), we have
/ v(p (X)) dH T (x) < To(P)(1 +5/2),
aPNQ’
then A > (1 +5/2)(fy prgy V(0P (x)) dHI(x)) and
Plg, = At~ < P[qbn > ( [ v(w(x))de—l(x))(l + s/2>nd‘1]
IPNQ’

Suppose now that $o = 0. Then for an arbitrarily fixed s € ]0, 1[, there exists a
polyhedral subset P of R?, such that 3 P is transverse to I',

) =
r'cPp, T2Cc R\ P

and

A
Io(P) < ——
o(P) = T+
and, thus, A > Zq(P)(1+5). If Zo(P) > 0, we can use exactly the same argument
as previously. We suppose that Zg (P) = 0. We know as previously that there exists
89 > 0 (depending on A, P and I') such that for all § < §o,

HINOPNOWV(R,8)\ Q) < ———— .
( ( )) Vmax(1+s/2)

Thus, in any case, we obtain that there exists 8y > 0 such that, for any set Q’
satisfying Q C Q' C V»(2, 8p), we have

Plgy > and~1] < P[% > (/

b(op (1)) dHE! <x>)<1 4 s/2>nd—1]
IPNQ

We will construct a particular set ' satisfying Q C Q' C V»(2, 8p). In the pre-
vious section we have associated to each couple (x,r) in I'x ]0O, rr[ a hypercube
Q(x,r) centered at x, of sidelength r, and which is transverse to I". Using exactly
the same method, we can build a family of hypercubes

(Q'(x,r),x €T, r <rq.p))
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such that Q’(x, r) is centered at x, of sidelength r and it is transverse to I" and 9 P.
The family

(Qo/(x, r),x € T, r <min(rr, py, 80/(2d)))

is a covering of the compact set I', thus we can extract a finite covering from this
collection; we denote it by (Q'(x;,r;),i € J). We define

Q=ulJ 0 xi ).
ieJ
Since r; < 80/(2d) for all i € J, we have Q' C V»(R2, 8p). Moreover, d P is trans-
verse to the boundary I’ of . Finally, if we define

81 =minr; /2,
ieJ
we know that V5 (€2, §1) C ©’ and thus, for all n > 2d /8, we have @, C '.

7. Existence of a family of (T'}, I'2)-cuts. In this section we prove that we
can construct a family of disjoint (I}, T2)-cuts in Q,. Let ¢ be a fixed con-
stant larger than 2d. We consider a parameter & < hg = d(dP,T'' U T'?). For
kef{0,..., hn/t]} we define

P(k)={xeR?|d(x, P) <k¢/n)
and for k € {0, ..., [hn/¢ ] — 1} we define

o

—_———

UKk) = (RN Piin) \ Py
={xeR?[k¢/n <d(x, P) < (k+ 1)¢/n)
and M’ (k) =U (k) N Q' (see Figure 4). We will prove the following lemma.

LEMMA 2. There exists N large enough such that for all n > N, every path

on the graph (ZZ, Eg) from F,ll to F,Zl in 2, contains at least one edge which is
included in the set M'(k) for k € {0, ..., lhn/¢] — 1}.

This lemma states precisely that for all k € {0, ..., |hn/¢ | — 1}, M'(k) contains
a (I}, 2)-cutin Q,.

PROOF OF LEMMA 2. Letk €{0,..., [hn/{] — 1}. Let y be a discrete path
from T} to I'2 in ,. In particular, y is continuous, so we can parametrize it:
¥ = (¥r)o<t<1. There exists N large enough such that for all n > N, we have

Q. cQ, Tlcwr', 2d/m)c B
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Lt

FIG. 4. The sets P,U(k) and M’ (k).

and

o

——

2 cW(?,2d/n) C R\ Py .
Since y is continuous, we know that there exists ¢1, t, € ]0, 1[ such that

11 =sup{t €[0, 1] y; € By},

o

—_—
n=inf{t > 1 |y, € RY\ Py}

Since

o

o /_/%
P UUK)U RN Pyy

is a partition of R4, we know that (Yt)1;<t<1,» Which is a continuous path, is in-
cluded in U (k). The length of (y;): <t<r, is larger than d(y;,, y1,). The segment
[y, » V1, ] intersects

(x eR? |d(x, P)=(k +1/2)¢/n}

at a point z and we know that

V(e /) € V).

Thus, d (v, v1,) = ¢/n and then the length of (y;); <<, 1s larger than ¢ /n. Fi-
nally, y is composed of edges of length 1/n and ¢ > 2d so (y;):, <t <r, and, thus, y
contains at least one edge which is included in ¢/ (k). Noticing that for all n > N,

yCQ,C,
we obtain that this edge belongs to U (k) N Q' = M'(k). O
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8. Covering of d P N Q' by cylinders. From now on we only consider n > N.
According to Lemma 2, we know that each set M’ (k) fork € {0, ..., |hn/¢] — 1}
contains a (F,ll, Fg)—cut in ,, thus, if we denote by M’(k) the set of the edges
included in M’ (k), we obtain

¢n <min{V(M'(k)),k €{0,..., hn/c] —1}}.

However, we do not have estimates on V (M’ (k)) that allow us to control ¢, using
only the previous inequality. What we can use are the upper large deviations for
the maximal flow from the top to the bottom of a cylinder (Theorem 8). In this
section, we will transform our family of cuts (M’(k)) by replacing a huge part of
the edges in each M’ (k) by the edges of minimal cutsets in cylinders.

We denote by H;,i =1,..., N, the intersection of the faces of d P with ’. For
eachi =1,..., NV, we denote by v; the exterior normal unit vector to P along H;.
We will cover 3 P N Q' by cylinders except a surface of H?~! measure controlled
by a parameter ¢. To explain the construction of a cutset we will do with a huge
number of cylinders, we present first the simpler construction of a cutset using one
cylinder. Let R be a hyperrectangle that is included in H; fora j € {1,..., N} and
let B be the cylinder defined by

B={x+tvj|xeR,te[0,h]},

where h < hg is the same parameter as previously. The cylinder B is built on

9P N, in R\ P. We recall that hg = d(@P,T'' UT?2) > 0, so we know that
d(B,T'UT?) > 0. We denote by E, the set of the edges included in

Ea={x+tvjlxeR,dx,0R) <¢/n,t €]0,h]}.

The set &, is a neighborhood in B of the “vertical” faces of B, that is, the faces of
B that are collinear to v;. We denote by E), a set of edges in B that cuts the top
R + hv; from the bottom R of B. Let M'(k) be the set of the edges included in
M'(k),forak €{0,..., |hn/c | — 1}. Let B be the thinner cylinder

B'={x+1tvj|xeR,d(x,dR)>¢/n,t€][0,h]}.
Thus, for all k € {0, ..., |[hn/¢] — 1}, the set of edges
(M’ (k) N (RY\ B")) UE, UE)

cuts I'} from T'2 in ,,. Indeed, the set of edges M’ (k) is already a cut between
I'!l and T2 in Q,. We remove from it the edges that are inside B’ which is in the
interior of B and we add to it a cutset £ from the top to the bottom of B and
the set of edges E, that glue together E;, and M’ (k) N (R \ B’). This property is
illustrated in the Figure 5.

REMARK 3. In this figure, we have represented E as a surface (so a path in
dimension 2) that separates the top from the bottom of the cylinder to illustrate the
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B

M (k)N (RY~ B')
C/"/

oPNQ

F1G. 5. Construction of a (F,ll, F%)-cut in Q, using a cutset in a cylinder.

fact that E}, cuts all discrete paths from the bottom to the top of B. Actually, we
can mention that it is possible to define an object which could be the dual of an
edge in dimension d > 2 (as a generalization of the dual of a planar graph). This
object is a plaquette, that is, a hypersquare of sidelength 1/n that is orthogonal to
the edge and cuts it in its middle and whose sides are parallel to the hyperplanes
of the axis. Then the dual of a cutset is a hypersurface of plaquettes, thus, Figure 5
is somehow intuitive.

We use exactly the same construction, but with a large number of cylinders, that
will almost cover d P N Q'. We consider a fixed ¢ > 0. There exists a [ sufficiently
small (depending on F', P and ¢) such that there exists a finite collection (R; ;,i =
I,....,N,j=1,..., N;) of hypersquares of side [ of disjoint interiors satisfying
R;jCH;forallie{l,...,.N}and je{l,...,N;},and foralli € {1,..., N},

(x € H;|d(x,dH;) > eH* 2(0H)"'\N 1)
N;
cJRijCclxeH|dx, dH) = eH!2@H)'NTI271).
j=1

We immediately obtain that

N N;
Hd_1<(3P neH)\UU R,-,,-) <s.

i=1j=1
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We remark that

N
/ v(p()dH (x) = Y Nl o),
PN i=1
so that

N
P, > ané"1] < 1@[45,, > (1+s/2)n"! ZN,-ld_lv(v,-)]
i=1

Leth < hg.Foralli €{1,...,N}and j €{l,..., N;}, we define
Bij={x+1tvi|x €R;j, te[0,h]}.

Since all the B; ; are at strictly positive distance of 9 H;, there exists a positive
hy such that for all & < hy, the cylinders B; ; have pairwise disjoint interiors.
We thus consider & < min(hg, k1) (see, e.g., Figure 6). At this point, we could
define a neighborhood of the vertical faces of each cylinder B; ;, and do the same
construction as in the previous example with one cylinder. Actually, we need to
choose a little bit more carefully the sets of edges we define along the vertical
faces of the cylinders. We will not consider only each cylinder B; ;, but also thinner
versions of these cylinders of the type

Bi,j(k) = {x+tvj | x € R,-,j,d(x,aRi,j) >k§/n,t € [0, h]}

for different values of k. We will then consider the edges included in a neighbor-
hood of the vertical faces of each B; ;(k) [see the set VV; (k) above] and choose

Ind

QNP

Ind

FIG. 6. Covering of 3P N Q' by cylinders.
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k to minimize the capacity of the union over i and j of these edges. The reason
why we need this optimization is also the reason why we built a family (M’ (k))
of cutsets and not only one cutset from I} to F,% in ©,; we will try to explain it in
Remark 4.

Here are the precise definitions of the sets of edges. We still consider the same
constants ¢ bigger than 2d and & < min(ho, 7). We define another positive con-
stant 7 that we will choose later (depending on P, s and €2). For i in {1,..., N}
and j in {1, ..., N;} we recall the definition of B; ;:

Bij={x+1tvi|x€eR;;,te€[0,h]}
and we define the following subsets of R¢:
Bl-',j ={x+rvi|x€R;j,dx,dR;;)>n,tel0,h]}
Vke{0,...,nn/t — 1]}
Wi jk) ={x e B;jlki/n <dr(x,dR; j +Rv;) < (k+ 1) /n},
Vke{0,..., lhnk/¢ — 1]}

MU =Mk \ (L}J 5;;)

(see Figures 7 and 8). We denote by W; j(k) the set of the edges included in
W, j(k) and we define W (k) = J;, Wi j (k). We also denote by M (k) the edges
included in M (k). Exactly as in the construction of a cutset with one cylinder,
we obtain a cutset that is built with cutsets in each cylinders B; ;. Indeed, if we
denote by E; ; a set of edges that is a cutset from the top to the bottom of B; ;

Bi, C/n

kC/n 4

—— Wi,;(k)

FIG. 7. The set Wy j (k).
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UjBa,j N

s My (k) a=k¢/n
[ IRV b=(k+1)¢/n
m . Ms(k) c=2n

FI1G. 8. The set M (k).

(oriented toward the direction given by v;), then for each k; € {0, ..., |[nn/¢ — 1]}
and kr € {0, ..., |hn/¢ — 1]}, the set of edges

U E; j UW(ky)UM(kz)
i=1,...N

contains a cutset from I'} to I'2 in §2,,. We deduce that

(5) $n <D b5, +min V(W (k1)) + min V(M (k).
iJ

9. Control of the cardinality of the sets of edges W and M. For the sake
of clarity, we do not recall the sets in which the parameters take its values; we
always assume that they are the following: i € {1,..., N}, j€{l,...,N;}, kj €
{0,...,Inn/t—1]}and kr € {0, ..., |hn/¢ — 1]}. We have to evaluate the number
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of edges in the sets W (k) and M (k>) to control the terms ming, V(W (k1)) and
ming, V(M (kz)) in (5). There exist constants c1(d, 2), c2(P, d, 2) such that

HI-N P NQ)

ST < el hn

card W (k1) <1

The cardinality of M (k) is a little bit more complicated to control. We will di-
vide M (k) [resp., M (k)] into three parts: M (k) C M(k) U Mo (k) U M3(k) [resp.,
M(k) C My(k) U Ma(k) U M3(k)], that are represented in Figure 8.

We define le,j ={x € R; j | d(x,dR; j) > n} which is the basis of Bi”j. The set

M (k) is a translation of the sets H; \ (U;.V;l le’ j) along the direction given by v;
enlarged with a thickness ¢ /(n«),

N N;
Mi(k) C U:x—i—tvi | x € H; \ (U Rh),te [k¢/n, (kK + 1)§/n[}.

i=1

Here we have an inclusion and not an equality because M (k) can be a truncated
version of this set (truncated at the junction between the translates of two different
faces). Since we know that

N N;
He! ((aP neh\UU R,-,j> <e
i=1j=1

and

N N; d—1 /
_ , HIBPNQ) ~ B
LS 1(U U(Riaj\Ri,j)> S ——T 192 = H Y@ P N Q)

i=1j=1
we have the following bound on the cardinality of M (k):
card(Mi(k)) < e3(e +1" ' pn~!

for a constant c3(d, P, 2, ).

The part M (k) corresponds to the edges included in the “bends” of the neigh-
borhood of 3 P located around the boundary of the faces of d P in ©’, denoted by
My (k), that is,

Mo (k) C | JVa(H; N Hj, (k4 1)¢/n) \ Va2(H; N Hj, k& /n))
iJ
and there exists a constant c4(d, P, ') such that

card M (k) < C4|k§/n|d_2n“'_1 < C4hd_2nd_l.

The last part M3 (k) corresponds to the part of M (k) that is near the boundary
[V of Q'. Indeed, I'" is not orthogonal to d P, thus, for some k, the set M (k) may
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contain edges that are not included in

N Ni
U{x+tvi |er,-\<U R,{’j>,t€[k§/ﬂ,(k+1)§/n[ ,

i=1 j=1
nor in

UJOa(H: N Hj, (k+ D¢ /n) \ Va(H; N Hj, k& /n))

iJ
(see Figure 8). However, M (k) C U (k), the problem is to evaluate the difference of
cardinality between the different M (k) due to the intersection of U/ (k) with '. We
have constructed €’ such that I'' is transverse to d P precisely to obtain this control.
The sets IV and 9 P are polyhedral surfaces which are transverse. We denote by
(H;,i € I) [resp., (H/j, J € J)] the hyperplanes that contain d P (resp., I'") and
by v; (resp., v;.) the exterior normal unit vector to P along H; (resp., &’ along
H’j). The set I N 8 P is included in the union of a finite number of intersections
H; N H/j of transverse hyperplanes. To each such intersection H; N H/j, we can
associate the angles between v; and v;. and between v; and —v;. in the plane of
dimension 2 spanned by v; and v}. Each such angle is strictly positive because H;
is transverse to H’j and so the minimum 6y over the finite number of defined angles
is strictly positive. This 6y and the measure H¢~2(3 P N T"’) give to us a control on
the volume of M3(k) and, thus, on card(M3(k)), as soon as these sets belong to
a neighborhood of 3P N T (see Figure 9). Thus, there exist 4(2’, P) > 0 and a
constant ¢s5(d, P, 2, ') such that for all & < k>,

card(M3) (k) = cshn®~!.

F/

FI1G. 9. The set M3 (k).
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We conclude that there exists a positive constant c(d, P, 2, ') such that
card M (k) < c(e + 1" "np+h%2 + hynd~ 1.
10. Calibration of the constants. We remark that the sets W (k) [resp., the
sets M (k)] are pairwise disjoint for different k. Then we obtain that
Pl = an?~']
N
< P[qsn > (1+s5/2)nd"! ZN,-lf’—lv(v,-)}

i=1

I/\

N Nl
[Z Y 5, > (1+s/Hn*" 1ZN 1= 1v<v,)]

i=1j=1 i=1

+ IP’|:m1n V(W (k) > (s/8)n?™! ZN 19- lv(vl):|

i=1

+IP|:m1n V(M (k) > (s/8)n'~ IZN 14~ lv(vl)j|
i=1
NN
<ZZ(maXIP’[¢BU > 141y () (1 + s /4)n? 1 1)

i=1j=1

eyl hnd=1 N lnn/¢]
+P| > () = (s/8)n!! ZN,-ld_lv(v,-)i|

L i=1 i=1

ree (e In+h? 24 h)nd =1 N 2|hn/¢]
+P > t(e;) > (s/8)n?! ZN,-ld_lv(vi):|

L i=1 i=1

The terms
Plgs,, > 197w (1 +s/4n" ]

have already been studied in [14] (we recalled it as Theorem 8 in this paper).
It remains to study two terms of the type

Cmd—l
P(n) :IF’( > te) = /Bndl).

i=1
As soon as 8 > «lE(t) and the law of the capacity of the edges admits an exponen-
tial moment, the Cramér theorem in R allows us to affirm that

1
limsup —— o logP(n) <O.

n—oo
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Moreover, for all
1

2Vmax

e<¢g =

f v (up () dHI (),
PN

we have

N
SN ) = [ vwp(0)dHT () — v
= aPNQY

1

> / v(up () dHI (x)
2 Japngy

> —”‘;i“Hd—l(aP ne).

Thus, for all ¢ < gy and & < min(hg, k1, hy), if the constants satisfy the two fol-
lowing conditions:

(6) el 'h < HTYOP N Q) vminE (1 (e))s/16
and
(7) cole + 17"+ h?2+h) <HHOP N Q) vminE(t(e))s/16,

thanks to Theorem 8 and the Cramér theorem in R, we obtain that
lim sup — log P d-1
p—; 108 [pn = An 1<0
n—oo N
and Theorem 1 is proved. We claim that it is possible to choose the constants such
that conditions (6) and (7) are satisfied. Indeed, we first choose ¢ < &g such that
1 HY @ P N Q)vminE(t (e))s
< - .
4 16¢¢

To this fixed ¢ corresponds a /. Knowing ¢ and /, we choose & < min(hg, h1, h2)
and n such that

1 HAL@QP N QY vminE( (e))s

max(h, k2,17, 17 1y) <
4 16 max(ca, ce)

The proof of Theorem 1 is complete.

REMARK 4. We try here to explain why we built several sets W (k) and
M (k»), and not only one couple of such sets, that would have been sufficient to
construct a cutset from F,ll to F% in €,. To use estimates of upper large devi-
ations of maximal flows in cylinder we already know, we want to compare ¢,
with }_; ; ¢p, ;. Heuristically, to construct a (', T'2)-cut in ,, from the union of
cutsets in each cylinder B; ;, we have to add edges to glue together the different
cutsets at the common boundary of the small cylinders and to extend these cutsets
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to (P NQy)\ U{'L Uiv‘: | Ri,j. Yet we want to prove that the upper large devia-
tions of ¢, are of volume order. If we only consider one possible set E of edges
such that

¢n <Y B+ V(E),
i,j
we will obtain that

Plgy > an?™'1 < Plgg, , = 197 W) A +s/4)n™ ]
i,j

N
+ IP’|:V(E) >pd-! ZNild_lv(vi)s/4].
i=1

We can choose such a set E so that it contains less than 8n?~! edges for a small §
[e.g., E is equal to W (ky) U M (kp) for a fixed couple (k1, k2)] but the probability

snd=1
]P’[ > t(e) ECnd_1i|

i=1

does not decay exponentially fast with n¢ in general. To obtain this speed of decay,
we have to make an optimization over the possible choices of the set E, that is, we
choose E among a set of C'n possible disjoint sets of edges E1, ..., Ec/y; in this
case, we obtain that

and so
Plgy = an?"11 <Y Plgp,, > 1) (A +s/4n? ]

i,J

C'n N
+11 IP’[V(Ek) >n?~! ZNild_lv(v,-)s/4:|.

k=1

®)

i=1

It is then sufficient to prove that for all k, P[V (Er) > C” né=1] decays exponen-
tially fast with n¢~! to conclude that the last term in (8) decays exponentially fast
with n¢. Theorem 8 gives a control on the terms

Plgs,, =1 v@) (1 +s/4n? "],

The conclusion is that to obtain the volume order of the upper large deviations,
the optimization over the different possible values of k1 and k; is really important,
even if it is not needed if we only want to prove that P(¢, > An?~!) goes to zero
when n goes to infinity.
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