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1 Gaussian random variables and vectors

1.1 Basic definitions and properties

Definition 1. A random variable X is called Gaussian if its characteristic
function is given by
E(eiex) — (itb—30%0"

)

for some b € R and % > 0.

Note that we allow for ¢ = 0. If 02 > 0 then one has the pdf

1 (a—b)2 /252
fx(ﬂf):im@( RIS

i.e. EX = b and Var(X) = o2. The reason for allowing o = 0 is so that the
next definition is not too restrictive.

Definition 2. A random vector X = (Xi,...,X,) is called Gaussian if
(X,v) is a Gaussian random variable for any deterministic v € R™.
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Alternatively, X is a Gaussian random vector iff its characteristic function is
given by

E(6i<u,X>) _ eiubeévTRy ’
for some b € R? and R positive definite symmetric d x d matrix. In that
case, b = EX and R is the covariance matrix of X. (Check these claims!).
Throughout, we use the term positive in the sense of not negative, i.e. a
matrix is positive definite if it is symmetric and all its eigenvalues belong to
Riy={zeR:z >0}

We call random variables (vectors) centered if their mean vanishes.
Note: R may not be invertible, even if X is non-zero. But if detR = 0, there
exists a vector v such that (v, X) is deterministic.

The following easy facts are immediate from characteristic function com-
putations.

Lemma 1. If {X,} is a sequence of Gaussian random variables (vectors)
that converge in probability to X, then X is Gaussian and the convergence
takes place in LP, any p € [1,0).

Proof: (scalar case) Convergence of the characteristic function on compacts
yield that X is Gaussian; it also gives that b, — b and R, — R. In partic-
ular, since F|X,|P is bounded by a continuous function of p, b,,, R,,, the L?
convergence follows from uniform integrability. O

Lemma 2. For any R symmetric and positive definite one can find a centered
Gaussian vector X with covariance R.

Proof: Take Y with ii.d. centered standard Gaussian entries, and write
X =R'Y?Y. O

Lemma 3. If Z = (XY) is a Gaussian vector and (with obvious block nota-
tion) Rxy = 0 then X is independent of Y.

Proof: Characteristic function factors. O
The following is an important observation that shows that conditioning
for Gaussian vectors is basically a linear algebra exercise.

Lemma 4. IfZ = (X,Y) is a centered Gaussian vector then Xy = E[X]Y]
1s a Gaussian random variable, and Xy = TY for a deterministic matriz T .
If det(Ryy) # 0 then T = Rxy Ryy, .

Proof: Assume first that det(Ryy) # 0. Set W = X —TY. Then, since TY
is a linear combination of entries of Y and since Z is Gaussian, we have that
(W,Y) is a (centered) Gaussian vector. Now,

E(WY) = Rxy — TRyy =0.

Hence, by Lemma 3, W and Y are independent. Thus, E[W|Y] = EW = 0,
and the conclusion follows from the linearity of the conditional expectation.
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In case det(Ryy) = 0 and Y # 0, let @ denote the projection to
range(Ryy ), a subspace of dimension d > 1. Then Y = QY + Q*Y = QY
since Var(Q+Y) = 0. Changing bases, one thus finds a matrix B with n —d
zero rows so that Y = QBY for some matrix @, and the covariance matrix
of the d dimensional vector of non-zero entries of BY is non-degenerate. Now
repeat the first part of the proof using the non-zero entries of BY instead of
Y. O

1.2 Gaussian vectors from Markov chains

Let X denote a finite state space on which one is given a (discrete time)
irreducible, reversible Markov chain {5, }. That is, with @ denoting the tran-
sition matrix of the Markov chain, there exists a (necessarily unique up to
normalization) positive vector p = {z bzex so that p,Q(z,y) = 1, Q(y, x).
We often, but not always, normalize i to be a probability vector.

Fix ©® C X with © # X and set 7 = min{n > 0 : S, € O}. Set, for

r,y ¢ O,

G( 77E Z]‘{Sn y}* ZP n:y,7>n).

n=0 ‘nO

We also set G(x,y) = 0 if either x € © or y € O. Note that, up to the
multiplication by u, L' G is the Green function associated with the Markov
chain killed upon hitting ©. We now have the following.

Lemma 5. G is symmetric and positive-definite.

Proof: Let Z,(z,y) denote the collection of paths z = (z9,21,...,2n) of
length n that start at x, end at y and avoid @. We have

n—1
Z H Q(Ziazi—i-l) = Z H Q Z7/+17Z1 /Lz,+1

2€ 2y (x,y) =1 2€ 7, (z,y) =1

—Hy Z HQz“z,_H ZyPy(S’n:x,T>n).

He ez (y) i=1

Pe(S, =y, T >n)

This shows that G(z,y) = G(y,z). To see the positive definiteness, let Q
denote the restriction of @ to X'\ ©. Then, Q is sub-stochastic, and due to
irreducibility and the Perron-Frobenius theorem, its spectral radius is strictly
smaller than 1. Hence, I — Q is invertible, and

(I - Q)il(xvy) = 1x=y + Q(l',y) + Qz(mvy) +.oo= G($7y)uy

In case pu, is independent of x, this would imply that all eigenvalues of G are
non-negative.
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In the general case!, introduce the bilinear form

E(f,9) = 1aQuy(f(y) — F(@)(g(y) — g()).

For functions that vanish on @, this can be written as

E(f,9) Y tQuy(f@)=fW)g@) =g+ Y. 12Quyf(®)a(y).

z,yeX\O €O, yeX\O

A bit of algebra shows that for any f, g,

E(fa g) = 2[2 ,uzf(x)g(zlf) - ZNszyf(x)g(y)}

Restricting to functions that vanish at © gives

E(fv g) = 2[2 ,uzf(x)g(x) - ZMQO,yf(‘r)g(y)}
=23 f@)gpI — Q)zpy =2 f(x)g(x)G(z,y).

Since E(f, f) > 0if f > 0, the positivity of eigenvalues of G follows. 0O
From Lemmas 2 and 5 it follows that the function G is the covariance of
some Gaussian vector.

Definition 3. The (centered) Gaussian vector with covariance G (denoted
{X(2)}) is called the Gaussian Free Field (GFF) associated with Q, 6.

The Green function representation allows one to give probabilistic repre-
sentation for certain conditionings. For example, let A C X'\ © and set X 4 =
E[X|X(z),z € A]l. By Lemma 3 we have that Xa(x) = > 4 a(z,2)X(2).
We clearly have that for z € A, a(z,y) = 1,=,. On the other hand, because
G4 (the restriction of G to A) is non-degenerate, we have that for x ¢ A,
a(2,y) = 3 e Gz, w)G 4" (w,y). It follows that for any y € A, a(z,y) (as
a function of ¢ A) is harmonic, i.e. > Q(z,w)a(w,y) = a(z,y) for = & A.
Hence, a satisfies the equations

(I-Qa(z,y)=0,z¢ A,
{a(x,y) =l{xey), TEA. (1.2.1)

By the maximum principle, the solution to (1.2.1) is unique. On the other
hand, one easily verifies that with 74 = min{n > 0: S,, € A}, the function
a(x,y) = P*(ta < 7,5;, = y) satisfies (1.2.1). Thus, a = a.

The difference Y4 = X — X is independent of {X,}.ca (see the proof
of Lemma 4). What is maybe surprising is that Y 4 can also be viewed as a
GFF.

! thanks to Nathanael Berestycki for observing that we need to consider that case
as well
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Lemma 6. Y 4 is the GFF associated with (Q,0 U A).

Proof: Let G4 denote the Green function restricted to A (i.e., with 74 A 7T
replacing 7). By the strong Markov property we have

G(x,y) =Y a(z,y )G, y) + Ga(x,y), (1.2.2)

y' €A

where the last term in the right side of (1.2.2) vanishes for y € A. On the
other hand,

E(Ya(2)Ya(z") = G(z,2')—E(X(2) X a(2')—E(X(2) X a(2))+EX s(2) X a(2').
Note that

EX(z)Xa(2') = Z a(z',y)G(z,y) = G(2',x) — Ga(z', x)
yeEA

while

EXa(@)Xa(2') = ) a(z,y)a(@,y)G(y,y)
Y,y €A

= Z a(z,y)G(2',y') = G(z,2") — Ga(z,2").

y'eA

Substituting, we get E(Ya(2)Ya(z')) = Ga(z,2'), as claimed. O

Another interesting interpretation of the GFF is obtained as follows. Re-
call that the GFF is the mean zero Gaussian vector with covariance G.
Since G is invertible (see the proof of Lemma 5), the density of the vector

{Xz}eex\o is simply

1

p(z) = — exp (2" G~ 'z)
Z

where Z is a normalization constant. Since (I —Q)~* = Gpu, where p denotes

the diagonal matrix with entries p, on the diagonal, we get that Gt =

p(I — Q). In particular, setting {2} }.cx with 2z, = 0 when z € © and
zh =z, if x € X'\ ©, we obtain

1
pz)=Jexp | = D (2 —2)°Cay/2 (1.2.3)
TAYEX

where Cy., = 12 Q(2, ).

Exercise 1. Consider continuous time, reversible Markov chains {S;};>0 on
a finite state space X with G(z,y) = iEI Jy 1s,—ydt, and show that the
GFF can be associated also with that Green function.
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Exercise 2. Consider a finite binary tree of depth n rooted at o and show
that, up to scaling, the GFF associated with @ = o0 and the simple random
walk on the tree is the same (up to scaling) as assigning to each edge e an
independent, standard Gaussian random variable Y, and then setting

X, = Z Y, .

ecorv

Here, 0 <+ v denotes the geodesic connecting o to v. This is the model of a
Gaussian binary branching random walk (BRW).

Exercise 3. Show that (1.2.3) has the following interpretation. Let A =
{{z,y} : both  and y belong to O}. Let g, , = 0 if {z,y} € A and let
{92 Hewy2A,Q,., >0 De a collection of independent centered Gaussian vari-
ables, with EgZ , = 1/C,,,. Set an arbitrary order on the vertices and de-
fine gzy) = Guy if * < y and gy) = —ga,y if © > y. For a closed path
p = (x =zp,21,...,T, = To) with vertices in X and Q(z;,x;41) > 0 for all
i, set Y, = Ef:_ol 9(zs,2:41)> and let P denote the collection of all such closed
paths. Let 0o := c({Yp}per). Let Gay) = 9(ay) — E(9(z,y)00), and recall
that the collection of random variables g, . is independent of og. Prove that
{9 }Hey):Q.., >0 has the same law as { Z(, ) = (Xo — Xy) }{2,y}:Q,., >0 and
deduce from this that the GFF can be constructed from sampling the collec-
tion of variables g, .-

1.3 Spaces of Gaussian variables

Definition 4. A Gaussian space is a closed subset of L? = L*(£2, F, P) con-
sisting of (equivalence classes of ) centered Gaussian random variables.

Note that the definition makes sense since the L? limit of Gaussian random
variables is Gaussian.

Definition 5. A Gaussian process (field, function) indexed by a set T is a
collection of random wvariables {Xi}er such that for any (t1,...,tx), the
random vector (Xy,, ..., X¢,) is Gaussian.

The closed subspace of L? generated by X, is a Hilbert space with respect to
the standard inner product, denoted H. With B(H) denoting the o-algebra
generated by H, we have that B(H) is the closure of o(X},t € T') with respect
to null sets. Any random variable measurable with respect to B(H) is called
a functional on {X;}.

Exercise 4. Let {H;};c; be closed subsets of H and let B(H;) denote the
corresponding o-algebras. Show that {B(H;)};cr is an independent family of
o-algebras iff the H; are pairwise orthogonal.

As a consequence, if H' is a closed subset of H then E(:|B(H')) is the or-
thogonal projection to H' in H.
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1.4 The reproducing kernel Hilbert space associated with a
centered Gaussian random process

Let R(s,t) = EX;X; denote the covariance of the centered Gaussian process
{X}:}. Note that R is symmetric and positive definite: co > > a(s)a(t)R(s,t) >
0 whenever the sum is over a finite set.

Define the map v : H — RT by

u(Z)(t) = B(ZX,).
Note in particular that u(X;)(-) = R(s, ).

Definition 6. The space
H:={g:9(:)=u(Z)(-),some Z € H}

equipped with the inner product (f,g)% = E(u 1(f)u=1(g)), is called the
reproducing kernel Hilbert space (RKHS) associated with {X,} (or with R).

We will see shortly the reason for the name.

Exercise 5. Check that H is a Hilbert space which is isomorphic to H (be-
cause the map wu is injective and {X;} generates H).

Note: For Z = Zle a; X, we have u(Z)(t) = Zle a;R(t;,t). Thus H could
alsok be Constructedkas the closure of such function under the inner product
(Ximy aiR(ti; 1), 3y biR(ti, 1))y = 3 aibj R(ti, t5).

Now, for h € H with u=1(h) =: Z we have, because u=(R(¢,-)) = X,

(h, R(t, )y = BE(u™" (h)X:) = u(Z)(t) = h(t).

Thus, (h, R(t,+))3 = h(t), explaining the RKHS nomenclature. Further, since
R(t,-) € H we also have that (R(t,-), R(s,-)) = R(s, ).
We can of course reverse the procedure.

Lemma 7. Let T be an arbitrary set and assume K (-,-) is a positive definite
kernel on T x T. Then there exists a closed Hilbert space H of functions on
T, such that:

o K(t,-) € H and generates H.

o for all h € H, one has h(t) = (h, K(t,"))n

Hint of proof: Start with finite combinations > a, K (s;, ), and close with
respect to the inner product. Use the positivity of the kernel to show that
(h, hY3 > 0 and then, by Cauchy-Schwarz and the definitions,

|h(t)|2 = |<h,K(t, ')>H‘2 < <h’ h>?—lK(t7t) :

Thus, (h,h); = 0 implies h =0. O
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Proposition 1. Let T, K be as in Lemma 7. Then there exists a probability
space and a centered Gaussian process { X }ier with covariance R = K.

Proof: Let {h;};c; be an orthonormal basis of H. Let {Y;};c; denote an
i.i.d. collection of standard Gaussian random variables (exists even if .J is not
countable). Let H = {> a;Y; : . a? < oo} (sum over arbitrary countable
subsets of J). H is a (not necessarily separable) Hilbert space. Now define
the isomorphism of Hilbert spaces

HLH
hi Y, (i€ J)

Set X; = I(K(t,-)). Now one easily checks that X; satisfies the conditions,
since EX Xy = (K(t,-), K(s,"))u = K(s,t). O

We discuss some continuity and separability properties of the Gaussian
process {X;} in terms of its covariance kernel. In the rest of this section, we
assume that T is a topological space.

Proposition 2. The following are equivalent.
o The process {X; et is L? continuous (i.e., BE(X; — X,)? —s—t]—0 0).
e The kernel R:T x T — R is continuous.

Under either of these conditions, H is a subset of C(T'), the continuous
functions on T. If T is separable, so is H and hence so is the process { Xy bier
m H.

Proof: If R is continuous we have E(X; — X,)? = R(s,s) —2R(s,t) + R(t, 1),
showing the L? continuity. Conversely,

|R(s,t) — R(u,v)| = |E(X: Xt — XuXy)]
< |E(Xs - Xu)(Xt - Xv)| + |EXU(Xt - Xv)| + |E(Xs - Xu)Xv| :

By Cauchy-Schwarz, the right side tends to 0 as s — » and ¢t — v.

Let h € H. By the RKHS representation, h(t) = (h, R(t,-))y. Since {X;}
is L? continuous, the isomorphism implies that ¢t — R(t,-) is continuous in
H, and then, from Cauchy-Schwarz and the above representation of h, one
concludes that ¢ — h(t) is continuous. Further, if T is separable then it has a
dense subset {t,} and, by the continuity of K, we conclude that {R(¢,,)}n
generates H. From the isomorphism, it follows that {X;, }, generates H, i.e.
{X:} is separable in H. O

Exercise 6. Show that {X;} is bounded in L? iff sup,cq R(t,t) < oo, and
that under either of these conditions, sup,cr |h(t)| < \/supp R(t,t)||h]%.

Let T be a separable topological space. We say that a stochastic process
{X:}ter is separable if there is a countable D C T and a fixed null set 2’ C 2
so that, for any open set U C T and any closed set A,
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{X;€e A,te DNUI\{X e A,iteU}C 2.

{Xi}ter is said to have a separable version if there is a separable process
{)N(t}teT so that P(X; = X;) = 1,Vt € T. It is a fundamental result in the
theory of stochastic process that if T' is a separable metric space then {X; }ier
possesses a separable version. In the sequel, unless we state otherwise, we
take T to be a compact second countable (and hence metrizable) Hausdorff
space. This allows us to define a separable version of the process {X;}, and
in the sequel we always work with such version. When the covariance R
is continuous, Proposition 3 below can be used to construct explicitely a
separable version of the process (that actually works for any countable dense
D).

Ezample 1. Let T be a finite set, and let {X;}ier be a centered Gaus-
sian process with non-degenerate covariance (matrix) R. Then, (f, g)y =
> figiR71(i, j). To see that, check the RKHS property:

(f Rt =Y fiREDRNEG) =Y filimi= fr, teT.
%7 %

Ezample 2. Take T = [0, 1] and let X; be standard Brownian motion. Then
R(s,t) =sAt. I h(t) = a;R(s,t), f(t) =D biR(s;,t) then

(hy f)m = ZaibjR(sivsj) = Zaibj(si A 85)
12} i,j
1 1
= %:aibj/o Lio,s,1(u)1jo,s,1(u)du = /0 B (w) f'(u)du .
This hints that
1
H={f:f{t)= /Ot f’(u)du,/o (f'(w)?du < oo},

with the inner product (f,¢)n = fol f'(s)g’(s)ds. To verify that, need the
RKHS property:

1 t
(R(t, ), F())m = / P ()10, (w)du = / F(s)ds = ().

A useful aspect of the RKHS is that it allows one to rewrite X;, with co-
variance R, in terms of i.i.d. random variables. Recall that we assume T to
be second countable and we will further assume that R is continuous. Then,
as we saw, both H and H are separable Hilbert spaces. Let {h,} be an or-
thonormal base of H corresponding to an i.i.d. basis of centered Gaussian
variables {£,} in H.
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Proposition 3. With notation and assumption as above, we have

R(s,-) = Z hin(8)hn () (equality in H) (1.4.4)
X = anhn(s) (equality in H) (1.4.5)

Further, the convergence in (1.4.4) is uniform on compact subsets of T.

Proof: We have
E(Xsfn) = <R(Sa ')7 hn>’H = hn(s) s

where the first equality is from the definition of H and the second from the
RKHS property. The equality (1.4.5) follows. The claim (1.4.4) then follows
by writing R(s,t) = E(X;X:) and applying (1.4.5). Note that one thus ob-
tains R(t,t) = > h,(t)%

To see the claimed uniform convergence, note that under the given as-
sumptions, h,(-) are continuous functions. The monotone convergence of the
continuous functions Ry (t) := Y, - hn(t)? toward the continuous function
R(t,t) is therefore, by Dini’s theorem, uniform on compacts (indeed, fixing
a compact S C T, the compact sets Sy (e) := {t € S: R(t,t) > e+ Rn(t)}
monotonically decrease to the empty set as N — oo, implying that there is a
finite N with Sy (e) empty). Thus, the sequence fn(s,-) := >, < n hn(8)hn(-)
converges in H uniformly in s belonging to compacts. Now use again the
RKHS property: fy(s,t) = (R(t, ), fn(s,))n to get

sup s |fN(svt) - R(S7t)| = sup s |<R(t7 ), fn(s,0) — R(s, )>7'l|

5,tESX s,teSX
< sup||fn(s,) = R(s, s - sup |R(t, o . (1.4.6)
seS tes

Since (R(t,-), R(t,-)yn = R(t,t), we have (by the compactness of S and
continuity of ¢ — R(t,t)) that sup,cg || R(Z,-)||% < co. Together with (1.4.6),
this completes the proof of uniform convergence on compacts. 0O
Remark: One can specialize the previous construction as follows. Start with
a finite measure p on a compact T with supp(u) = T, and a symmetric
positive definite continuous kernel K (-, -) on T. Viewing K as an operator on
L2(T), it is Hilbert-Schmidt, and its normalized eigenfunctions {h,} (with
corresponding eigenvalues {\,}) form an orthonormal basis of LZ(T)7 and
in fact due to the uniform boundedness of K on T, one has > A, < oo (all
these facts follow from the general form of Mercer’s theorem). Now, one checks
that {\/Ehn} is an orthonormal base of H, and therefore one can write X; =
> &nv/Anhn(t). This special case of the RKHS often comes under the name
Karhunen-Loeve expansion. The Brownian motion example corresponds to
Lebesgue on T = [0, 1].

As an application of the series representation in Proposition 3, we provide
a 0 — 1 law for the sample path continuity of Gaussian processes. Recall that
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we now work with 7" compact (and for convenience, metric) and hence {X;}
is a separable process. Define the oscillation function

oscx(t) =lim sup |X,— X,|
=0 u,vEB(t,€)
Here, B(t, €) denotes the open ball of radius ¢ around ¢. Since {X,} is sepa-
rable, the oscillation function is well defined as a random variable. The next
theorem shows that it is in fact deterministic.

Theorem 1. Assumptions as in the preceeding paragraph. Then there exists
a deterministic function h on T, upper semicontinuous, so that

P(oscx(t) = h(t), vteT)=1.
Proof: Let B C T denote the closure of a non-empty open set. Define

oscx(B) = lim sup | X — Xy,
€0 s,t€B,d(s,t)<e
which is again well defined by the separability of {X;}. Recall that (in the
notation of Proposition 3), X; = 377 &;h;(t), where the functions h;(-) are
each uniformly continuous on the compact set T. Define

XM =3 ghy(t).

Jj=n+1

Since X; — Xt(n) is uniformly continuous in ¢ for each m, we have that
oscx(B) = oscywm (B) a.s., with the null-set possibly depending on B
and n. By Kolmogorov’s 0 — 1 law (applied to the sequence of indepen-
dent random variables {£,}), there exists a deterministic h(B) such that
P(oscx(B) = h(B)) = 1. Choose now a countable open base B for T', and set

ht) = BellsI’lzfeB MB).

Then h is upper-semicontinuous, and on the other hand

osex(t) = Belél:feBOSCX (B) = Bean:{eB MB) = h(®),

where the second equality is almost sure, and we used that B is countable.
O
The following two surprising corollaries are immediate:

Corollary 1. TFAE:
o P(lims_y; Xs = Xy, forallteT)=1.
o P(limgy; Xs =X;) =1, forallt €T.

Corollary 2. P(X. is continuous on T) =0 or 1.

Indeed, all events in the corollaries can be decided in terms of whether & = 0
or not.
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2 The Borell-Tsirelson-Ibragimov-Sudakov inequality

In what follows we always assume that T is compact and that {X;} is a
centered Gaussian process on T with continuous covariance (we mainly as-
sume the continuous covariance to ensure that {X;} is separable). We use
the notation
XSUP = qup X,
teT

noting that X5UP is not a norm.

Theorem 2 (Borell’s inequality). Assume that X5"P < oo a.s.. Then,
EXSUP < o0, and

P (| XS — EXSWP | > p) < 2¢7%/20%
where 02 := maxier EX?.

The heart of the proof is a concentration inequality for standard Gaussian
random variables.

Proposition 4. Let Y = (Y1,...,Y) be a vector whose entries are i.i.d.
centered Gaussians of unit variance. Let f : R¥ — R be Lipschitz, i.e. L=

sup, 2, (| () = f(y)|/|z = y|) < o0. Then,
P(If(Y) = Bf(Y)| > ) < 27 /217

There are several proofs of Proposition 4. Borell’s proof relied on the Gaussian
isoperimetric inequality. In fact, Proposition 4 is an immediate consequence of
the fact that the one dimensional Gaussian measure satisfies the log-Sobolev
inequality, and that log-Sobolev inequalities are preserved when taking prod-
ucts of measures. Both these facts can be proved analytically, either from the
Gaussian isoperimetry or directly from inequalities on Bernoulli variables
(due to Bobkov). We will take a more probabilistic approach, following Pisier
and/or Tsirelson and al.

Proof of Proposition 4: By homogeneity, we may and will assume that
Ly =1. Let F(z,t) = E* f(B1—;) where B. is standard k-dimensional Brow-
nian motion. The function F(z,t) is smooth on R x (0,1) (to see that, rep-
resent it as integral against the heat kernel). Now, because the heat kernel
and hence F'(x,t) is harmonic with respect to the operator 0 + %A, we get

by Ito’s formula, with I, = [, (VF(By, s),dBy),
f(B1) = Ef(B1) = F(Biy,1) = F(0,0) = I . (2.1.1)

Since f is Lipschitz(1), we have that Psf is Lipschitz(1) for any s and there-
fore ||[VF(Bs, s)|l2 < 1, where || - ||2 denotes here the Euclidean norm. On the
other hand, since for any stochastic integral I; with bounded integrand and
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any 0 € R we have 1 = E(e/7=9(1)+/2) where (I), is the quadratic variation
process of I;, we conclude that

1= E(eell*% fol HVF(BMS)HgdS) > ‘E(e@h*%)7
and therefore E(eell) < 072 By Chebycheff’s inequality we conclude that
P(|l| > z) < 2inf 0 +6°/2 _ 9o=a%/2

Substituting in (2.1.1) yields the proposition. O

Proof of Theorem 2: We begin with the case where T is finite (the main
point of the inequality is then that none of the constants in it depend on the
cardinality of T'); in that case, { X} } is simply a Gaussian vector X, and we can
write X = RY/2Y where Y is a vector whose components are i.i.d. standard
Gaussians. Define the function f : RITl — R by f(x) = max;er(R'/?x);.
Now, with e; denoting the ith unit vector in RI7!,

1f(x) = f(y)l = |31€a72<(31/2x)z’ - I}leaTX(Rl/ZYM < max (B2 (x — y))i
< max |[|e; R"/?|}2||x — y|l2 = max(e; RY2RY2el)/2||x — y|

1/2
= max i/ [x — yll2.

Hence, f is Lipschitz(or). Now apply Proposition 4 to conclude the proof of
Theorem 2, in case T is finite.

To handle the case of infinite T, we can argue by considering a (dense)
countable subset of T' (here separability is crucial) and use monotone and then
dominated convergence, as soon as we show that EXS"P < co. To see that
this is the case, we argue by contradiction. Thus, assume that EXSUP = oo,
Let Ty C ... T, C Tp41 C ... C T denote an increasing sequence of finite
subsets of T' such that U, T,, is dense in T'. Choose M large enough so that
2e~M*/20% 1. By the first part of the theorem,

1> 2e”MY/200 > 9o~ MY/200, > p(|| XSUPy, — EXSUPy || > M)

> P( EXSUP, — XSUP, > M) > P( EXSWP, — XSUWP, > M),

Since EXSYP,. — EXSUP1 by separability and monotone convergence, and
since X5"Pr < oo a.s., we conclude that the right side of the last display
converges to 1 as n — oo, a contradiction. 0O

3 Slepian’s inequality and variants

We continue with general tools for “nice” Gaussian processes; Borell’s in-
equality allows one to control the maximum of a Gaussian process. Slepian’s
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inequality allows one to compare two such processes. As we saw in the proof of
Borell’s inequality, once estimates are done (in a dimension-independent way )
for Gaussian vectors, separability and standard convergence results allow one
to transfer results to processes. Because of that, we focus our attention on
Gaussian vectors, i.e. to the situation where T'= {1,...,n}.

Theorem 3 (Slepian’s lemma). Let X and Y denote two n-dimensional
centered Gaussian vectors. Assume the existence of subsets A,B € T x T so
that

EX;X; < EY;Y;, (i,j) € A
EX;X,; > EY,Y;,(i,j) € B
EX;X; = EY}Y;,(i.j) ¢ AUB.

Suppose f : R™ — R is smooth, with appropriate growth at infinity of f and
its first and second derivatives (exponential growth is fine), and

9ijf <0,(i,j) € B.

Then, Ef(X) < Ef(Y).

Proof: Assume w.l.o.g. that X,Y are constructed in the same probability
space and are independent. Define, for ¢ € (0, 1),

X(t) = (1 —t)/2X + /%Y. (3.1.1)

Then, with ’ denoting differentiation with respect to ¢, we have X/(t) =
—(1—t)"'2X; /2 + t71/2Y; /2. With ¢(t) = Ef(X(t)), we get that

n

¢'(t) =D E@:f(X(t)X[(1)). (3.1.2)

i=1
Now, by the independence of X and Y,

1

EX,()X/(t) = 5

EYY;, - X, X;). (3.1.3)
Thus, we can write (recall the conditional expectation representation and
interpretation as orthogonal projection)

X, () = az X1(0) + Zyi (3.1.4)
where Zj; = Zj;(t) is independent of X/(t) and «j; is proportional to the
expression in (3.1.3). In particular, oj; > 0,< 0,= 0 according to whether
(i,4) € A, B,(AUB)“.

Using the representation (3.1.4), we can now write
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BOX0:f(X(0))) = BOXU0: (00 XL0) + Zris o XI(1) + Z)
= Mi(ah-, ey ani;t> .
We study the behavior of M as a function of the as: note that

oM;
8aji -

E(X[(t)%0;:f(--))

which is > 0, < 0 according to whether (i, ) € A or (4,j) € B. Together with
the computed signs of the as, it follows that M;(au;, ..., an) > M;(0). But
due to the independence of the Z;; on X/(t), we have that M (0) = 0. Hence,
@' (t) > 0, implying ¢(1) > ¢(0), and the theorem. 0O

Corollary 3 (Slepian’s inequality). Let X,Y be centered Gaussian vec-
tors. Assume that EX? = EY? and EX;Xj > EY;Y; for all i # j. Then
max; X; is stochastically dominated by max;Y;, i.e., for any z € R,

P(max X; > z) < P(maxY; > x).

In particular, E max; X; < Emax; Y;.

Of course, at the cost of obvious changes in notation and replacing max by
sup, the result continue to hold for separable centered Gaussian processes.
Proof of Corollary 3: Fix z € R. We need to compute E [, f(X;)
where f(y) = 1,<,. Let fi denote a sequence of smooth, monotone functions
on R with values in [0, 1] that converge monotonically to f. Define Fj(x) =
[T, fr(z:); then 8 Fi(x) > 0 for i # j. By Slepian’s lemma, with Fj, =
1 — F}, we have that EF}(Y) < EF}(X). Now, take limits as k — co and use
monotone convergence to conclude the stochastic domination. The claim on
the expectation is obtained by integration (or by using the fact that sup, X;
and sup,; Y; can now be constructed on the same probability space so that
sup; X; <sup,; Y;). O

It is tempting, in view of Corollary 3, to claim that Theorem 3 holds for
f non-smooth, as long as its distributional derivatives satisfy the indicated
constraints. In fact, in the Ledoux—Talagrand book, it is stated that way.
However, that extension is false, as noted by Hoffman-Jorgensen. Indeed, it
suffices to take Y a vector of independent standard centered Gaussian (in
dimension d > 2), X = (X,...,X) where X is standard centered Gaussian,

and take f = —1p where D = {x € R? : oy = 29 = ... = x4}. Then
Ef(Y) = 0, Ef(X) = —1 but the mixed distributional derivatives of f
vanish.

The condition on equality of variances in Slepian’s inequality is sometimes
too restrictive. When dealing with EXSUP_ it can be dispensed with. This
was done (independently) by Sudakov and Fernique. The proof we bring is
due to S. Chatterjee; its advantage is that it provides a quantitative estimate
on the gap in the inequality.
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Proposition 5. Let X, Y be centered Gaussian vectors. Define vi)]{ = E(X;—
X;)?, 72; = E(Y; —Y;)%. Let v = max |75]( — 'yg| Then,

o [EXSUP — BYSUP| < \/ATogn.

o If vy < forall i, j then EXSUP < EYSUP.

As a preliminary step in the proof, we provide a very useful Gaussian inte-
gration by parts.

Lemma 8. Let X be a centered Gaussian vector and let F' be a smooth func-
tion with at most polynomial growth at infinity of its first derivatives. Then

E(X;F(X)) =Y E(X;X;)E(0;F(X)).

Proof of Lemma 8: Assume first that X has non-degenerate covariance.
Then,

EX;F(X)=C / 2 F(x)e ™ Bx'*/2gx | (3.1.5)
We will integrate by parts: note that
re > Bx'X/2 = N R, k)ape ™ BX /2 = —(Rytx) e Bxx/2
k
Hence,
Ve ™ Bx'x/2 = —R;{lxe_xTR;(lx/Q.

Integrating by parts in (3.1.5) and using the last display we get
/xF(x)efxTR}?lx/zdx = —Rx /F(x)VeiXTR)_clx/zdx
_ 7xTR_1x/2
= RX/VF(x)e x X/2dx

completing the proof in case Rx is non-degenerate. To see the general case,
replace Rx by the non-degenerate Rx + el (corresponding to adding an in-
dependent centered Gaussian of covariance el to X), and then use dominated
convergence. [

Proof of Proposition 5: Fix § € R, X,Y independent, and set Fg(x) =
Flog >, e Set Z(t) = (1 — 1)'/2°X + V1Y, and define ¢(t) = EF5(Z(t)).
Then,

¢(t) =B 0.Fs5(Z(1)) (m—/Ni - Xi/wﬁ) .
Using Lemma 8 we get

E(X:0,F5(Z(1) = VI—1)_ Rx(i, )OS Fs(Z(1)),

E(VOF5(Z(1))) = VIS Ry (i, j) B Fy(Z(1)).
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Therefore,
Z EO; ) (Ry (i.5) — Rx(i,5)) -
A direct computation reveals that
B

s oy = Bilx) —p2(x) i =
Oisp () = { —Bpi(x)pi(x) i # -

Thus, ¢ (t) equals the expectation of
sz Z(t))(Ry (i,5)—Rx (i, 7)) sz )(Ry (,i)—Rx (i,i)) .

Because ), p;(x) = 1, we get that the second term in the last display equals
B/4 times

sz-(Z@))pj(Z(t))(Ry(i, i) — Rx(i,1) + Ry (j,§) — Rx(j4,4)) -

Combining, we get that ¢'(t) equals 8/4 times the expectation of

Zpi(z(t))pj(z(t)) (Ry (i,9) + Ry (4,7) = 2Ry (i, 7) — Bx(i,4) — Bx(j, ) + 2Rx (i, 7))

= > i ZO)(Z(1) (2 ) -

Thus, if ’y” < 3; for all 7, j, we get that ¢/(¢) > 0. In particular, ¢(0) < ¢(1).
Taking 8 — oo yields the second point in the statement of the proposition. To
see the first point, note that max; z; = % log e#™ax@i and therefore max x; <
Fp(x) < max; x; + (logn)/B. Since |¢(1) — ¢(0)| < B7/4, and therefore

|EXSUP — EYsup’ < Bvy/4+ (logn)/8 < \/ylogn
where in the last inequality we chose (the optimal) 8 = 2y/(logn)/v. O

Exercise 7. Prove Kahane’s inequality: if F': R, — R is concave of polyno-
mial growth, FX;X; < EY;Y; for all ¢, 7, and if ¢; > 0, then

n
P~ qieimafixtiy) qu 3Ry (i),
=1

Hint: Repeat the proof above of the Sudakov-Fernique inequality using F
instead of Fjg.
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4 Entropy and majorizing measures

In view of Borell’s inequality, an important task we still need to perform is
the control of the expectation of the maximum (over the parameters in 7T')
of a “nice” Gaussian process. A hint at the direction one could take is the
following real analysis lemma of Garsia, Rodemich and Rumsey.

Lemma 9. [Garsia-Rodemich-Rumsey lemma/l Let ¥ : Ry — Ry and p :
[0,1] = R4 be increasing functions with p continuous, p(0) =0 and ¥(o0) =
0. Set U71(u) = sup{v : ¥(v) < u} (u > ¥(0)) and p~(z) = max{v :
p(v) <z} (x €[0,p(1)]). Let f:[0,1] = R be continuous. Set

[y (F0 10,
0= W( p(E=5)) )d |
Assume that B := fol I(t)dt < oco. Then,

|t—s|
Lf(t) = f(s)] < 8/0 ! (i]j) dp(u). (4.1.1)

This classical lemma can be used to justify uniform convergence (see e.g.
Varadhan’s book for the stochastic processes course at NYU, for both a proof
and application in the construction of Brownian motion). For completeness,
we repeat the proof.

Proof of Lemma 9: By scaling, it is enough to prove the claim for s =
0,t = 1. Because B < oo we have I(ty) < B for some ty € [0, 1]. For n > 0,
set d, = p~1(p(t,)/2) (thus, d,, < t,,) and t, 41 < d,, (thus, d,,y1 < d,, and
tnt1 < t,) converging to 0 so that

2B
I(tp4+1) < — and therefore < (4.1.2)
dn n+1
and
o (If(th) - f(tn)|> < 2t 4 herefore < 4B < 2. (41.3)
p(‘tn*Fl - t’ﬂ|) dn dndnfl dn

Note that ¢,, 41 can be chosen to satisfy these conditions since fod"’ I(s)ds < B
(and hence the Lebesgue measure of s < d,, so that the inequality in (4.1.2) is
violated is strictly less than d,,/2) while similarly the set of s < d,, for which
the inequality in (4.1.3) is violated is strictly less than d, /2 for otherwise

(MO R o [y () e

I“’”‘/o W( 25— tul) )d Z/o W( P15 = al) )d
2U(t) dn

> T ~7—I(tn).
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Hence, such a t,41 can be found. Now, from (4.1.3),

|f(tn+1) - f(tn)| < p(tn - tn—&-l)wil (Zilg) s

n

while
P(tn — tht1) < p(tn) = 2p(d,,) equality from the definition of d,, .

Therefore, since 2p(dy+1) = p(tnt1) < p(dy,) and therefore p(d,,) —p(dny1) >
p(d,)/2, we get that

p(tn —tny1) < 4[p(dn) - p(dn-i-l)] .

We conclude that

1£(0) = F(to)] < 4> [p(dn) = pldpr )" (‘;f)
n=0 n

0 rdy 1
< 42/(1 dp(u)@ ! <t§> du = 4/ dp(u)¥ ! (iﬁ) du,
0

n=0" 9n+1

where the first inequality is due to the monotonicity of ¥—!. Repeating the
argument on |f(1) — f(t9)| yields the lemma. 0O

The GRR lemma is useful because it gives a uniform modulus of continuity
(e.g., on approximation of a Gaussian process on [0, 1] using the RKHS repre-
sentation) as soon as an integrability condition is met (e.g., in expectation).
For our needs, a particularly useful way to encode the information it provides
on the supremum is in terms of the intrinsic metric determined by the co-
variance. Set d(s,t) = /E(Xs — Xt)?, choose p(u) = max|,_4<, d(s,t), and
set W (z) = e* /4 with ¥~!(z) = 2y/log z. Unraveling the definitions, we have
the following.

Corollary 4. There is a universal constant C with the following properties.
Let {X;} be a centered Gaussian process on T = [0,1] with continuous co-
variance. Assume that

A= /01 1/1og(25/4 Ju)dp(u) < cc.

E sup X; <CA,
teo,1]

Then

Remark: The constant 2°/4 is an artifact of the proof, and we will see later
(toward the end of the proof of Theorem 4) that in fact one may replace it
by 1 at the cost of modifying C'.

Proof of Corollary 4: By considering X; := X; — Xy, we may and will
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assume that Xy = 0. Further, using the RKHS representation, one may con-
sider only finite n approximations, with almost surely continuous sample
paths (this requires an extra equicontinuity argument that I leave as exer-
cise, and that is a consequence of the same computations detailed below).

Set 2
(Xs — X
2/ / exp( 2[5 — 1] )dsdt.

Then, EZ < v/2. By Lemma 9, we have

Xbup<16/ Ulog dp

and therefore, since the function y/log(4x/u?) is concave in x,

EXS"P < 16 /O 1 \/og(4v/2/u?)dp(u)

The conclusion follows. O

Corollary 4 is a prototype for the general bounds we will develop next.
The setup will be of T' being a Hausdorff space with continuous positive
covariance kernel R : T'x T' — R. Introduce as before the intrinsic metric
d(s,t) = /E(Xs — X;)?. We assume that T is totally bounded in the metric
d (the previous case of T being compact is covered by this, but the current
assumption allows us also to deal e.g. with T being a countable set).

Definition 7. A probability measure p on T is called a majorizing measure

if

&= ilellT) /000 Viog(1/u(By(t,r)))dr < oo.

Note the resemblance to the definition of A in Corollary 4; choosing p(u) = u
and taking the one dimensional Lebesgue measure on T' = [0, 1] maps between
the expressions.

The following generalizes Corollary 4.

Theorem 4 (Fernique). There exists a universal constant K such that, for
any majorizing measure [,

EXSW < K€, .

We will later see that Theorem 4 is optimal in that a complementary lower
bound holds for some majorizing measure p.

Proof: By scaling, we may and will assume that sup, ;. d(s,t) = 1. The
first step of the proof is to construct an appropriate discrete approximation
of T. Towards this end, let pu be given, and for any n, let {t(")} be a

finite collection of distinct points in 7" so that, with B; , := Bd(t(") 2= (”“))
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and B}, := Ba(t!™,2-3)) ¢ B, . we have T C UiB;, and p(Bin) >
p(Bit1,n). (Thus, we have created a finite covering of T by d-balls of radii
2-(n+3) with roughly decreasing p-volume.) We now use these to extract

disjoint subsets of T' as follows. Set Cl(") =By, and for i =2,...,n, set

o _ {0, BinN (Ué;llC}")) #0,

B; , otherwise.

In particular, every ball B;,, intersects some C; with j <.

We define m, : T — {tl(yl)}i by setting m,(t) to be the first tgn) for which
t € By, and C™ £ (). If no such i exists (i.e., C\"™ = () for all B;,, that cover
t), then let i(t) be the first index i for which B;,, covers ¢, and let j < i(t)
be the maximal index so that Cj(n) N By, # 0; set then m,(t) = tg»n).

Let 7,, denote the range of the map m, and let 7 = U,,7,,. Note that by
construction,

d(t, mn(t)) <27 H3) p 9. 9=+ < on (4.1.4)
(In the first case in the construction of 7, (t), we get 2~ (+3) )
Set ,ugn) := p(Bx, (t),n)- We now claim that
™ > p(B(t, 27 )), (4.1.5)

Indeed, in the first case of the construction of 7, (t) we have d(t, 7, (t)) <
2-(+3) and therefore pi™ = pu(B(m, (t),2~"2)) > p(B(t, 2~ +3)). In the
second case, we have d(t, ;1)) < 2= (n+3) and therefore, by the monotonicity
Of /’[/(Bz,n)7

u(B(t,27 ) < Bty 2~ ")) < p(B(ma(t), 27 ")) = "

In either case, (4.1.5) holds.

The heart of the proof of the theorem is the construction of an auxilliary
process whose distance dominates that defined by d, and then apply the
Sudakov-Fernique inequality. Toward this end, attach to each s € 7, an
independent standard random variable §£"), and define the process

v, =Y 2l
n=1
We are going to study the process {Y;} for t € T (in fact, it would suffice
to consider it for ¢t € 7). We have
E(X, — X1)? <6E(Y, — Y;)%. (4.1.6)

Indeed, let N = N(s,t) be chosen such that 2= < d(s,t) < 27V+1. Then,
by (4.1.4), we have that 7, (t) # m,(s) for n > N + 1. In particular,
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oo
E(Y,-Y.)?>2 Y 277 =2"N*2/6>d(s,1)*/6.
n=N+1

Thus, by the Sudakov—Fernique inequality Proposition 5, we have that
EYSUP > pXSUP /\/6. We now evaluate EYSUP.

The argument is somewhat surprising. For some M we will obtain the
uniform bound EY, < M for any random variable 7 with values in T that
may depend on {Y;}. Taking as the law of 7 (an approximation of) the law
of the maximum, this will imply that FYSUP < M.

Let 7 be a random variable with values in T' of law v and write

EY, =Y 27" 3 BEML, (=) - (4.1.7)
n=1

867—';7.
Now, set g(u) = y/log(1/u) and, recalling that ug") = (B, (s),n), Write

E(E1r,(r)=s) = BEM L (r)=sLem s yag0uem) + EE Ln, (r)=slem < /300

< BEM Lo y5,0m,) + V20(u{0)P(ma(7) = 5)

(n)
= T VR P(a(r) = 9),

where the last equality follows from the Gaussian estimate

1 [ 2 a
E(&1 - ze " e = ——.
(f §S>\/§g(a)) \/ﬂ /\/ig(a) \/ﬂ

Therefore, substituting in (4.1.7) we get

1 —n n
BY, < =+ 3007 3 o) Pra(r) = 9
n SETH

< %77 + 2_n+1/2/TQ(N(B(t72_(n+3))))V(dt)

< \/%T + /T u(dt) Xn:2‘”“/29(#(3(7572_(””))))7

n

where the next to last inequality used (4.1.5). Due to the monotonicity of g,
we have that

Z 2’"*1/29(N(B(t, 2—(n+3)))) < 8\/5/000 g(u(B(t,u)))du .
Thus,

EY; < C(1+/

[ via) [ tBean) < s [ s i,
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for a universal constant C' independent of v. On the other hand, there are
at least two distinct points s1,s9 in T with d(s1,s2) > 1/2 and therefore
B(s1,u) N B(s2,u) = 0 for v < 1/4. Therefore, for ¢ equal at least to one of
s1 or so we have u(B(t,u)) < 1/2 for all u < 1/4. Therefore,

sup/ g(u(B(t,u))du > }\/logQ. (4.1.8)
teT Jo 4
Thus, 1+sup, [~ g(u(B(t,u))du < C'sup, [;° g(u(B(t,u))du for a universal
C’. This completes the proof. O

While majorizing measures are useful (and, as we will see, capture the
right behavior), it is rather awkward to work with them. A bound can be
obtained using the notion of metric entropy, as follows. Consider (T, d) as a
metric space, and let N(e) denote the number of € balls needed to cover T
Let H(e) =log N(e) denote the metric entropy of T. We have the following.

Proposition 6 (Dudley). Assume that [ \/H(u)du < oo. Then, there
exist a universal constant K and a majorizing measure pu such that,

Eu SK/OOO VH(u)du.

Proof: By scaling we may and will assume that sup, , d(s,t) = 1. Let N,, =
N(27™). Choose, for each n positive integer, a partition {Bn,k}ff;l of T where
each element of the partition is contained in a ball of radius 27", and fix
arbitrary probability measures v,  supported on B, ;. Set

1 1
A== 27— ANB,).
/’L( ) 2 nz:;) Nn zk:ynyk( m n;k?)

Now, for any t € T and u € (2~ ("1 2-7),

1

B(t > —
pB() > g

Thus,

| VIR n(E G aan < 2 ioa@N) < € +2 [ H(w) .

On the other hand, fol H(u)Y?du > \/Tog2 (using the existence of a pair of
points which cannot be covered by one ball of radius < 1). O

As stated before, the majorizing measure bound is in fact tight (up to
multiplicative constants). The result is contained in the following theorem.

Theorem 5 (Talagrand). There exists a universal constant K such that for
some majorizing measure (i,

EXSUP > K€, .
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The proof of the theorem is instructive in that it will emphasize the role of an
appropriate tree construction based on the covariance R. Before beginning,
we introduce some notation.

Let g(u) = y/log(1/u). Define

SA:su/ B(t,u)))du, E(A)= inf E,(A).

s =sw [ guBa)de, €)= nf £,

(Here, M;(X) denotes the set of probability measures on X; we have ob-
viously that £, = £,(T).) Note that £(-) is not necessarily monotone, and
therefore we set

a(A) =sup £(B), a= sup a(V).
BcA 0£v T finite

By definition, a(-) is monotone.
The proof of the theorem involves several steps. The first two are relatively
easy and their proof is, at this stage, omitted .

Lemma 10. Let X = (X3,...,X,), be i.i.d. standard Gaussians. Then
EXSUP ~ \/2Togn. In particular, there exist universal constants C,c such

that cy/logn < EXSUP < Cy/logn.

(The equivalence here is asymptotic as n — 00.) The proof of Lemma 10
proceeds by writing the CDF of XSUP as product of the CDFs of the Xs.

Lemma 11. Let (T,d) be a metric space, of diameter D, and let {A;}"_, be
a partition of T. Then there exists a nonempty subset I C {1,...,n} such
that, for alli € 1,

a(A;) > a(T) — D+/2log(1 + |I]) .

The heart of the combinatorial argument in the proof of Theorem 5 em-
ploys Lemma 11 in order to introduce a hierarchical structure in (7, d) when
the latter is finite. In what follows, set

Bi(A) = a(A) —supa(AN B(t,6~0TD)) >0,
teA

which measures the minimal gain in « over restrictions to balls of radii
6—(i+1)

Lemma 12. Suppose (X,d) is finite of diameter D < 6~*. Then, one can
find an integer I < |X| and sets {By, C X}L_, so that the following hold.

e diam(By) < 60+,

e d(By, Bj) > 6~ if k £ j,

and

o a(By)+ Biz1(Br) > a(X) + Bi(X) — 67D (2 4+ /logT). (4.1.9)
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We will prove Lemma 12 after we see that it directly implies a domination of
EXSUPy, where X8UPy, = sup,cy X;.

Proposition 7. Assume that diam(T) = 1. Then there exists a universal
constant C' such that for any V C T finite,

EXSUPy, > Ca(V).

Going from Proposition 7 to Theorem 5 involves only a limiting and density
argument, that we will discuss explicitely only after the proof of Proposition
7. It is in the proof of Proposition 7 that a tree structure in 7" will be most
apparent.

Proof of Proposition 7: We assume Lemma 12 as well as the preliminary
Lemmas 10 and 11. Note first that by a straightforward computation, if
(X,Y) is a two dimensional centered Gaussian vector then E max(X,Y) =
VE(X —Y)2/21 and thus we may and will assume that 1 = diam(V) <
6 3a(V) (the constant 63 is of course arbitrary).

Set M = min{m : inf, ;cy 4(, t)>0 d(s,t) > 6-™}. Using Lemma 12, con-
struct a collection of families {B;}M 0, where B; is non-empty and consists of
disjoint sets of diameter at most 6~* (in fact, actually smaller than 6~ (+1)
at least distanced by 6~(*+2). Do that so that the sets are nested, i.e. for each
B € B; and j < ¢ there is a B’ € B; with B C B’, and such that (4.1.9) in
Lemma 12 holds at each level.

For t € V,if t € B C B;, define B} := B, and set

=|{B€Bi;1: BCB;}|.
We then have from (4.1.9) that for any B € B, with B C B,

a(B) + Bit1(B) > a(B}) + Bi(B}) — 6~ "D(2 4+ \/log N}).  (4.1.10)

Set now V = NM, (Upep, B) and, for t € V, set ¥} = ZM_l 6=+ /log Nj.
By construction, V is non empty and whenever BM is non-empty (which is
equivalent to ¢ € V) one has that BM = {t}. Therefore a(BM) = By (BM) =
0. On the other hand, a(B?) = a(V') while 8y(BY) > 0. We thus get by tele-
scoping

M—

)< Z (BY) + Bi(B)) — a(BItY) = Bip1(BITY)) . (4.1.11)

i=0
Therefore, using (4.1.10), one gets

(V)<62mfu7°+226 (=1 <62 i f@%ﬂ
tev teV 2

where in the last inequality we used the assumption that a(V) > 63. We
conclude that
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a(V) < 72 inf ¥. (4.1.12)
tev
We still need to compare to the supremum of a Gaussian vector, and here
too we use a comparison with a tree-like process. With {{p} i.i.d. standard
Gaussians, set, for t € V, £ = thi and Y} = Zi]\ikﬂ 6-%¢¢. Then, for s,t € 174
with d(s,t) > 0 there is an ig € (0, ..., M) such that d(s,t) € (6= (0= 6=%))
and therefore, arguing as in the proof of the upper bound, we deduce that

o~ o 26
EY07Y02< 721< 2.
(t s) —226 = 35 d(S,t)
’Lofl
Hence for an explicit universal constant C,
FmaxY? < CEmax X, . (4.1.13)

tev tev

We are left with our last task, which is to control the expectation of
the maximum of Emax, Y, from below. Toward this end, note that for
B € By so that BNV # (), we have from Lemma 10 that for a universal
constant ¢ > 0,

EmaXYtM*1 > cmin Q/thl .
teB teB
We will propagate this estimate inductively (backward), claiming that for
any B € B with BNV # 0,

Emathk > cmin Q/tk . (4.1.14)
teB teB
(the universal constant ¢ does not depend on k and is the same as in Lemma
10). Once we prove that, we have that it holds with & = 0 and then, using
(4.1.12) and (4.1.14) in the first inequality,

(V) < CEmaxY? < CEmax X; < CEXS"Py, .
tev tev
So assume that (4.1.14) holds for k, we show it holds for k& — 1. Fix
B € By so that BNV # (), and define C¥ = {BNV : B € By}. For
C € CP, set 2c = {&c > &or, for all C' € CB,C" # C}. Then, define 7& so
that max;cc Y,F =: Y,., and note that

TCH

squ;sk_1 > Z 1o, (YTC +67k§c) = Z lo Y. + 67" sup &c.
teb cecp cecE cect
(4.1.15)
Because 1g. is independent of the Y/s, we have (using that the {os are
identically distributed and hence P(£2¢) = 1/|CE|),

1 k
E Y lo.Ye. = o7 > Efuth :
ceck kloeen '€
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Using the induction hypothesis (recall that ¢ there is determined from Lemma
10 and in particular is universal), we thus obtain that

1 : k : k
B3 tacte 2 gy 3 cleb ¥ = e jpf vl
cecg

Substituting in (4.1.15) and using Lemma 10, we conclude that

supY} > ¢ mf F 4 c67%/log(ICE|) > cwf L.

teB
This completes the proof. O
Proof of Theorem 5: Fix subsets T), = {t?'} C T so that T,, is 2~("*%) dense
in T. Fix k. Since £(T%) < a(T) < «, we may find a measure ui € M;(Ty)
so that

sup > 27 g(ur(B(t,277)) < 20 (4.1.16)
teTy

i

Apply the construction in the proof of the upper bound to yield a nested
family of subsets {C’Z(T,?} = {B(t}. 2~ (21 (with a map ¥ : T {ti} C
T}, that is 27™ dense) so that

ue(CEY () < i (B(t, 27 H)). (4.1.17)

Define fin, 1 € M1(Ty) by pn k(1) = ;}flik (Ci(;i) (t)) where Z,, 1, is a normal-
ization constant. Fixing n and taklng k — oo yields a sequence of measures on
the finite set T,,, that converges on subsequences. Let fi,, be a subsequential
limit point.

Fix now ¢ € T and fix a further subsequence (in k) such that 7} (¢)
converges to a limit point 7, (t) € T,, (and thus, equals the limit from some &

onward). Call this ko. Let 7 (¢) denote the smallest in lexicographic order tz(-k)

with d(t,tgk)) < 27 (k44 Such a 7, exists because {tgk")} is 27 (kot+4)_dense.
We get

> 27" g (i (ma (1) <Z2 "liminf (2, (G (1))

<N 27" liminf (n)
< zn: im inf g(pu (C, (1)) ,
because Zy, ,, < 1. Therefore,

> 27 g i (1) <1GZ2 O i inf g(jan (B(7e (1), 27H9) < 824,

(4.1.18)
where the first inequality is due to (4.1.17) and the last inequality follows
from (4.1.16). Define u € M;(T) so that u(A) = >, 27 "fin(A). Use that
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9(u({mn(@)}) < 927" mn({ma(t)}) < 9(27") + g(n({mn()}) < 9(27")S and
that m,(t) C B(t,27") and therefore p(B(t,27") > p({mn(t)}), see (4.1.4),
to conclude that

/0 (B w)du < 3 2 g(u(B(E,2)
< S 2 gl m0))
€ S 2 gl (D) + 3 2 g2
< 3;04 +2y/log 2, ’

where the last inequality is due to (4.1.18). Using again (4.1.8), we conclude
that the right side of the last display is bounded by C'a. Applying Proposition
7 then completes the proof. 0O

Proof of Lemma 12: We construct a (nested) sequence of subsets of X as
follows: Set X; = X and for 1 < k < k, X = X \ Uj<rA;. We next show
how to construct subsets ) # By C A C X so that the following conditions
hold:

diam(Az) < 670D d(By, Xi \ Ag) > 670+ and  (4.1.19)

either
a(By) + a(Xk) > 2a(Ag) (such k belongs to I;) (4.1.20)

or
a(Bg) + Bit1(Br) > a(Xy) (such k belongs to I3). (4.1.21)

Indeed, given X, if there exists t € X}, so that
a(B(t, 67 )) + a(Xy) > 2a(B(t,2- 6720 Xy) (4.1.22)

then set Ay = B(t,2-6~0t2)N X}, B, = B(t,6~+2) N X}, with obviously
k € I;. Otherwise, let ¢y € X} minimize B(t,2 - 6’(”2)) and set A =
B(t,3-6+2)N Xy, By, = B(t,2-6~072)) N Xy; this choice satisfies (4.1.21)
(and hence k € I3) because

/Bz—i-l(Bk) = O((Bk) — sup Oé(B(t, 67(i+2)) n Xk)
te By,

is larger than

a(By) 4+ a(Xi) — 2 sup a(B(t,6~ )N X})
teEByg

(just use that the inequality in (4.1.22) does not hold over X}) and therefore

Biv1(Br) > a(Xg) — a(Byg), for k € I5.
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With k£ = min{k : a(Xy) < a(X) — 267}, we have that a(X;) > a(X) —
2.6""1 for all k < k. Set C,, = Up<nAr. Applying Lemma 11 with the two
set partition (Cy, X,;) of X, one obtains that

a(Cy) > a(X) —67"/2log2. (4.1.23)

(We used here that a(X,) < a(X) —2-67¢ < a(X) — 67%/2log2.) Another
application of Lemma 11 to C} yields that there exists a subset I of I; U Iy
so that for all k € I,

a(Ap) > a(Cy) —67"y/2log(1 + |I]) > a(X) — 2672 + y/log(1 + |I])).
(4.1.24)
(The last inequality used (4.1.23).) Therefore, for k € I N I, using that
(4.1.22), mplies that

Bi(X) < a(X) — a(B(t,67 1)) < a(X) — 2a(Ap) + a(Xp),
we conclude that

a(By) + Biv1(Br) = a(Bi) = 2a(Ax) — o(Xk)

>«
> a(X) + Bi(X) = 3(a(X) — aAy))
> a(X) + Bi(X) = 672+ log(1 + [1])) -

(The last inequality follows from (4.1.24).) On the other hand, for k € I NI,
we get

a(Bg) + Bi+1(Bg) > a(Xy) > a(X) —-2.67"¢

20(X) — a(Ay) — 267 (4 + \/log(1 + |1]))

a(X) + Bi(X) =267 (4 + Vlog(1 +[1])),
where the first inequality is due to (4.1.21), the second because k < &, the
third from (4.1.24), and the last from the definition of 5;(X) and the mono-
tonicity of af-):

>
>
>

Bi(X) = a(X) — ?EBQ(X N B(t,6-0+D)Y)

<oa(X) - tseulf (X N B(t,6-0+D))
k

< a(X) — a(Xp N B(te,3-670F2))) = a(X) — a(Ay) .

This completes the proof. O

Proof of Lemma 11: Order the A;s in decreasing order of their a mea-
sure. Fix V' C T and fix probability measures u; supported on A; NV and
a; = 1/(i + 1)%. Define p supported on V by

7.1_ a; 1AQAZ "
u(A) = Zim G A0A) S ),
ZiZI a; i=1
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Then, fort € A, NV,

oo D D
/ o(u(B(t, d))dr < / gasi(B(t,r))dr < Dg(a;)+ / o(u(B(t,r))dr .
0 0 0
In particular,

Eu(V) <sup (Dy(ai) + €., (AiNV)) = Dglaz) + €., (A; N V)

for some j € {1,...,n}. Thus,
E(V) < Dgla;) +E(A;NV) < Dg(a;) + E(4;) .

Taking I = {1,...,7} and using the monotonicity of «(A;) completes the
proof. O

5 Branching Random Walks

Branching random walks (BRWs), and their continuous time counterparts,
branching Brownian motions (BBMs), form a natural model that describe
the evolution of a population of particles where spatial motion is present.
Groundbreaking work on this, motivated by biological applications, was done
in the 1930’s by Kolmogorov-Petrovsky-Piskounov and by Fisher. The model
itself exhibit a rich mathematical structures; for example, rescaled limits of
such processes lead to the study of superprocesses, and allowing interactions
between particles creates many challenges when one wants to study scaling
limits.

Our focus is slightly different: we consider only particles in R, and are
mostly interested in the atypical particles that “lead the pack”. Surprisingly,
this innocent looking question turns out to show up in unrelated problems,
and in particular techniques developed to handle it show up in the study of
the two dimensional Gaussian Free Field, through an appropriate underlying
tree structure. For this reason, and also because it simplifies many proofs, we
will restrict attention to Gaussian centered increments.

5.1 Definitions and models

We begin by fixing notation. Let T be a tree rooted at a vertex o, with
vertex set V and edge set E. We denote by |v| the distance of a vertex
v from the root, i.e. the length of the geodesic (=shortest path, which is
unique) connecting v to o, and we write o <> v for the collection of vertices
on that geodesic (including o and v). With some abuse of notation, we also
write o <> v for the collection of edges on the geodesic connecting o and v.
Similarly, for v,w € V', we write p(v, w) for the length of the unique geodesic
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connecting v and w, and define v <+ w similarly. The nth generation of the
tree is the collection D,, := {v € V : Jv| = n}, while for v € D,, and n > m,
we denote by

Dy ={we D, : p(w,v) =n—m}

the collection of descendants of v in D,,. Finally, the degree of the vertex v
is denoted d,.

Let {X¢}eer denote a family of independent (real valued) random vari-
ables attached to the edges of the tree T, of law u. As mentioned above,
we consider p to be the standard centered Gaussian law. For v € V, set
Sv = D ecowso Xe- The Branching Random Walk (BRW) is simply the col-
lection of random variables {S; },cv. We will be interested in the mazimal
displacement of the BRW, defined as

M, = 5161%2 Sy .

In our treatment, we always assume that the tree T is a k-ary tree, with
k>2:d,=kandd,=Fk+1 for v+#o.

As mentioned above, we will only discuss the Gaussian case, but whenever
possible the statements will be phrased in a way that extends to more general
distributions. With this in mind, introduce the large deviations rate function
associated with the increments:

I(x) = ilé%(/\x —AN) =2/2, (A(\) = log E,,(e**) = AN?/2), (5.1.1)

which is strictly convex and has compact level sets. Set z* = /2logk to
be the unique point so that z* > E,(X) and I(z*) = logk. We then have
I(z*) = X*2* — A(X\*) where z* = A'(\*) and z* = I'(\*) = \*.

5.2 Warm up: getting rid of dependence

We begin with a warm-up computation. Note that M,, is the maximum over
a collection of k™ variables, that are not independent. Before tackling com-
putations related to M,,, we first consider the same question when those
k™ variables are independent. That is, let {S,},ep, be a collection of i.i.d.
random variables, with Sv distributed like S,, and let Mn = maXyeD, S'v.
We then have the following. (The statement extends to the Non-Gaussian,
non-lattice case by using the Bahadur-Rao estimate.)

Theorem 6. With notation as above, there exists a constant C so that
P(M, < 1, + ) — exp(—Ce~ '@y (5.2.1)

where
*

- 1
my, =nx* — YarD) log n. (5.2.2)
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In what follows, we write A ~ B if A/B is bounded above and below by two
universal positive constants (that do not depend on n).

Proof. The key is the estimate, valid for a,, = o(y/n),
P(S, > nz* — ay) iex (—nlI(z™ —an/n)) (5.2.3)
v n \/ﬁ p n ) .
which is trivial in the Gaussian case. We have
nl(z* — an/n) =nl(z*) = I'(z*)a, + o(1) .
Therefore, recalling that I(z*) = logk,
c H
P(Mn < na* — an) ~ <1 B e]/(x*)an-‘ro(l))

T n
~ eXp(_CeI/(I*)an—&-o(l)/\/ﬁ) )

Choosing now a, = logn/2I'(z*) — x, one obtains
P(N,, < mn + @) ~ exp(—Ce~1'@)ato()y

The claim follows. O

Remark 1. With some effort, the constant C' can also be evaluated to be
1/4/2mw2*, but this will not be of interest to us. On the other hand, the
constant in front of the logn term will play an important role in what follows.

Remark 2. Note the very different asymptotics of the right and left tails: the
right tail decays exponentially while the left tail is doubly exponential. This
is an example of extreme distribution of the Gumbel type.

5.3 BRW: the law of large numbers

As a further warm up, we will attempt to obtain a law of large numbers for
M,,. Recall, from the results of Section 5.2, that M, /n — z*. Our goal is to
show that the same result holds for M,,.

Theorem 7 (Law of Large Numbers). We have that

M,
e ¥, almost surely (5.3.1)
n

Proof. While we do not really need in what follows, we remark that the al-
most sure convergence can be deduced from the subadditive ergodic theorem.
Indeed, note that each vertex in D,, can be associated with a word ay...a,
where a; € {1,...,k}. Introduce an arbitrary (e.g., lexicographic) order on
the vertices of D,,, and define
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vy, =min{v € Dy, : S, = Inax Sw}-

For n > m, write
M;" = max Sy — Sy .
weD™

We then have, from the definitions, that M,, > M,, + M]", and it is not hard
to check that M, possesses all moments (see the first and second moment
arguments below). One thus concludes, by applying the subadditive ergodic
theorem (check the stationarity and ergodicity assumptions, which here follow
from independence!), that M,,/n — ¢, almost surely, for some constant c. Our
goal is now to identify c.

The upper bound Let Z,, = ZUGD” 15, >(146)z+n count how many parti-
cles, at the nth generation, are at location greater than (1 + ¢)nz*. We apply
a first moment method: we have, for any v € D,,, that

EZ, = k"P(S, > n(1 + e)z*) < ke ((1Fa)27)

where we applied Chebyshev’s inequality in the last inequality. By the strict
monotonicity of I at z*, we get that EZ, < e~"(9)_ for some c(e) > 0. Thus,

P(M, > (14 e)nz*) < EZ, < e n,

It follows that

M,
limsup — < z*, almost surely .
n—oo

The lower bound A natural way to proceed would have been to define

Zn = Z ]-Sv>(lfe)a:*n
vED,

and to show that with high probability, Z, > 1. Often, one handles this via
the second moment method: recall that for any nonegative, integer valued
random variable Z,

EZ = E(Z1z51) < (EZ*)Y?2(P(Z > 1))'/?

and hence
(EZ)?
E(Z?)

In the case of independent summands, we obtain by this method that

P(Z>1)>

(5.3.2)

P(M,, > (1—€)z*n) K" P(S, > (1 — e)z*n)?

= kn(kn —1)P(S, > (1 — €)z*n)2 + knP(S, > (1 — €)x*n)

Since (e.g., by Cramer’s theorem of large deviations theory),
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an = k"P(S, > (1 —€)z*n) — oo, exponentially fast
one obtains that

~ 1 ,
P(M, > (1 —€)z*n) > 1—e

=
B 41,

3

implying that

M,
liminf — > z* | almost surely.
n

Any attempt to repeat this computation with M,,, however, fails, because
the correlation between the events {S, > na*(1 —¢)} and {S,, > nz*(1—¢€)}
with v # w is too large (check this!). Instead, we will consider different
events, whose probability is similar but whose correlation is much smaller.
Toward this end, we keep track of the trajectory of the ancestors of particles
at generation n. Namely, for v € D,, and ¢t € {0,...,n}, we define the ancestor
of v at levet t as vy := {w € Dy : p(v,w) = n —t}. We then set S,(t) = S,,,
noting that S, = S,(n) for v € D,,. We will later analyze in more detail
events involving S, (), but our current goal is only to prove a law of large
numbers. Toward this end, define, for v € D,,, the event

BS ={|S,(t) —z*t| <en,t =1,...,n}.
We now recall a basic large deviations result.

Theorem 8 (Varadhan, Mogulskii). With notation and assumption as
above,

1 1
lim lim sup — log P(B§,) = lim lim inf — log P(B;) = —I(z*) .

e—=0 300 N e—=0 n—oo N
Define now
veD,

By theorem 8, we have that
EZ, > e ¢, (5.3.3)

To obtain an upper bound requires a bit more work. Fix a pair of vertices
v,w € Dy, with p(v, w) = 2r. Note that the number of such (ordered) pairs is
k"+7=1(k—1). Now, using independence in the first equality, and homogenuity
in the first inequality,
P(By N By) = E (148, (t)—at|<ent=1,....n—r} )

(P(Sut) —at S emt=n—r+1,...,nISy(n— 1))

< P(|S,(t) —z*t| <en,t=1,....,n—7)
P(|S,(t) — 2%t < 2en,t =1,...,7)2.



Gaussian fields, branching random walks and GFF 35

Using Theorem 8, we then get that for all n large enough,
P(B; N Bfu) < e—(’l’b—’l‘)[(a?*)—27‘[(113*)-'1-6(6)71 ’

where c¢(€) —c0 0. Therefore,

EZ,Z < Z knJrref(nJrr)I(m*)Jrc(e)n — ec(e)n )
r=0

It follows from (5.3.2), (5.3.3) and the last display that, for any § > 0,
P(3veD,: S, >(1—-08)z*n)>e ™, (5.3.4)

It seems that (5.3.4) is not quite enough to conclude. However, that turns out
not to be the case. In the non-Gaussian case, one may proceed by truncating
the tree at depth en and use independence. In the Gaussian case, I will follow
a suggestion of Eliran Subag, and directly apply Borell’s inequality: indeed,

P(|M,, — EM,| > én) < 2~ "/2.

Using (5.3.4), one deduces that EM,, > (1 — §)x*n — dn. Together with the
upper bound and the arbitrariness of §, this implies that EM,/n — z*,
and subadditivity (or directly, the use of Borell inequality together with the
Borel-Cantelli lemma) then yield that also M, /n — z* almost surely. O

5.4 A prelude to tightness: the Dekking-Host argument

The law of large number in Theorem 7 is weaker than the statement in The-
orem 6 in two respects: first, no information is given in the latter concerning
corrections from linear behavior, and second, no information is given, e.g.,
on the tightness of M,, — EM,,, let alone on its convergence in distribution.
In this short section, we describe an argument, whose origin can be traced to
[DH91], that will allow us to address the second point, once the first has been
settled. Because it is a rather general argument, we drop in this subsection
the assumption that the increments are Gaussian.
The starting point is the following recursion:

[l

b (My; + X3), (5.4.1)

Mn+1 it
where < denotes equality in distribution, M, ; are independent copies of
M, and X; are independent copies of X, which are also independent of the
collection {M,, ;}¥_,. Because of the independence and the fact that EX; = 0,
we have that

E (mgf(Mn,i + Xi)) > E (m%f((Mn,i)) :
1= 1=

Therefore,
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EMp > E (m’éf(Mm)) > E (m%x(Mm)) .
i=

i=1

Using the identity max(a,b) = (a + b+ |a — b|)/2, we conclude that
1
E(My41— M,) > §E|Mn - M}, (5.4.2)

where M/ is an independent copy of M,,.

The importance of (5.4.2) cannot be over-estimated. First, suppose that
there exists K < oo such that X, < K, almost surely (this was the setup for
which Dekking and Host invented this argument). In that case, we have that
EM,+1 — EM, < K, and therefore, using (5.4.2), we immediately see that
the sequence {M,,—E M, },,>1 is tight (try to prove this directly to appreciate
the power of (5.4.2)). In making this assertion, we used the easy

Exercise 8. Prove that for every C' > 0 there exists a function f = fo on R
with f(K) =Kk 0, such that if X, Y are i.i.d. with EF|X — Y| < C < oo,
then P(|X — EX| > K) < f(K).

However, (5.4.2) has implications even when one does not assume that
X, < K almost surely for some K. First, it reduces the question of tightness
to the question of computing an upper bound on EM, 1 — EM,, (we will
provide such a bound, of order 1, in the next section). Second, even without
the work involved in proving such a bound, we have the following observation,
due to [BDZ11].

Corollary 5. For any 0 > 0 there exists a deterministic sequence {n?}jzl
with lim sup(n?/j) < (1+49), so that the sequence {M,s — EM,s};>1 is tight.
J J -

Proof. Fix § € (0,1). We know that EM, /n — z*. By (5.4.2), EMp,+1 —
EM,, > 0. Define n$ = 0 and n§+1 = min{n > n? : EMy 1 —EM, <2x*/6}.
We have that n? 41 < 00 because otherwise we would have lim sup EM,, /n >
2x* /5. Further, let K,, = {{ <n:{ ¢ {n?}}\ Then, EM,, > 2K,z*/4,
hence limsup K,,/n < 6/2, from which the conclusion follows. 0O

5.5 Tightness of the centered maximum

We continue to refine results for the BRW, in the spirit of Theorem 6; we will
not deal with convergence in law, rather, we will deal with finer estimates on
EM,, as follows.

Theorem 9. With notation and assumption as before, we have

EM,, = nx* logn + O(1). (5.5.1)

__3
o7 (%)
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Remark 3. 1t is instructive to compare the logarithmic correction term in
(5.5.1) to the independent case, see (5.2.2): the constant 1/2 coming from
the Bahadur-Rao estimate (5.2.3) is replaced by 3/2. As we will see, this
change is due to extra constraints imposed by the tree structure, and ballot
theorems that are close to estimates on Brownian bridges conditioned to stay
positive.

Theorem 9 was first proved by Bramson [Br78] in the context of Branch-
ing Brownian Motions. The branching random walk case was discussed in
[ABRO09], who stressed the importance of certain ballot theorems. Recently,
Roberts [Roll] significantly simplified Bramson’s original proof. The proof
we present combines ideas from these sources. To reduce technicalities, we
consider only the case of Gaussian increments in the proofs.

Before bringing the proof, we start with some preliminaries related to
Brownian motion and random walks with Gaussian increments.

Lemma 13. Let {W;}; denote a standard Brownian motion. Then

1

P(W; edx,Wy > —1for s <t) =
V2t

o~ /2t (1 _ ef(a:+2)/2t> d .
(5.5.2)

Note that the right side in (5.5.2) is of order (z 4 2)/t3/2 for all z = O(\/1)
positive. Further, by Brownian scaling, for y = O(+/t) positive,

CETRSS) By

P(W; € de,Ws > —y for s < t) :O(
Proof: This is D. André’s reflection principle. Alternatively, the pdf in ques-
tion is the pdf of a Brownian motion killed at hitting —1, and as such it solves
the PDE w; = uge /2, u(t,—1) = 0, with solution p(0,x) — p;(—2, z), where
pe(z,y) is the standard heat kernel. O
Remark: An alternative approach to the proof of Lemma 13 uses the fact
that a BM conditioned to remain positive is a Bessel(3) process. This is the
approach taken in [Rol1].

We next bring a ballot theorem; for general random walks, this version
can be found in [ABRO8, Theorem 1]. We provide the proof in the case of
Gaussian increments.

Theorem 10 (Ballot theorem). Let X; be iid random variables of zero
mean, finite variance, with P(X, € (—1/2,1/2)) > 0. Define S, = >, X;.
Then, for 0 < k < \/n,

k+1
P(kgSn§k+1,Si>0,0<i<n)—(9<;_/2), (5.5.4)
n

and the upper bound in (5.5.4) holds for any k > 0.
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Here, we write that a,, = ©(b,) if there exist constanst ¢, ¢y > 0 so that

< liminfa—n < limsupa—n < ecy.
n—00 0On n—oo Un
Proof (for standard Gaussian increments): The lower bound is an im-
mediate consequence of Lemma 13. To see the upper bound, one approach
would be to interpolate from the Brownian motion result. To make this work
is however somewhat lengthy, so instead we provide a direct proof.

The idea is simple: staying positive for an interval of length n/4 when
started at O has probability of order ¢/y/n. When started at z € [k, k + 1]
(and looking at the reversed walk), the same event has probability of order
c(k + 1)/+/n. Matching the two walks can’t happen with probability larger
than ¢/y/n by Gaussian estimates (for a random walk at time n/2).

To turn the above into a proof, we need the following facts. For h > 0, let
Tn =min{n > 1: 5, < —h}. Then,

P(rp,>n)<clh+1)/v/n. (5.5.5)

The case h = 0 in (5.5.5) is classical and in Feller’s book, who uses the
Sparre-Andersen bijection to compute the generating function of 7y; in that
case, one actually has that

lim n'/2P(ro > n) = c.
n—oo

The general case follows from this by choosing first «a so that P(Syp2 > h) >
1/3 for all h. Then, by the FKG inequality,

P(San2 > h, 70 > ah?) > P(Sap2 > h)P(19 > ah?®) > ¢/h.
Therefore, from the Markov property,
%P(Th >n) < P(Sqp2 > h, 19 > oth,Sathrj —Sanz>—h,j=1,...,n)
< P(ro > ah?+n) < cn_l/Q,
yielding (5.5.5).

To complete the proof of Theorem 10 in the case under consideration,
define the reversed walk S] = S, — S,_;, and consider the reverse hitting
time 7} = mingsr< 5. Then, the event {S; > 0,i=1,...,n,5, € [k, k+1]}
is contained in the event {19 > n/4,7] > n/4,Ss,,4 + Sha € [k, k+ 1]} and
thus, using (conditional) independence,

P(S;>0,i=1,....n,8, € [k, +1]})
k+1

< P10 > n/4)P(7; > n/4) max P(Sny2 € [y, y +1]) < e 50

as claimed. 0O

Exercise 9. Show that there exists a constant c; so that

1n3/2
lim lim —P*(S, € [y,y+1],5: >0,i=1,....,n) =cp. (5.5.6)

T,y—r00 n—00  TY
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A lower bound on the right tail of M,, Fix y > 0 independent of n and

set
Qp, =x"n — mlogn:x*nf

For v € D,,, define the event

1 .
5o 1087

Ay, =A(y) ={Ss € ly+an— 1,y +ay,],Su(t) <apt/n+y,t=1,2,...,n},

Zn= Y 1a,.

veED,

and set

In deriving a lower bound on EM,,, we first derive a lower bound on the
right tail of the distribution of M,,, using a second moment method. For this,
we need to compute P(A,). Recall that we have I(z*) = \*x*—A(\*) = log k,
with A* = I’(z*) = z*. Introduce the new parameter A} so that

XS = AX;) = T(an/n) = (an/n)* /2.

In the Gaussian case under consideration, we get that A% = a, /n.
Define a new probability measure Q on R by

A1 () = e=PnrAB)

dQ

and with a slight abuse of notation continue to use Q when discussing a
random walk whose iid increments are distributed according to (). Note that
in our Gaussian case, ) only modifies the mean of P, not the variance.

We can now write

)

P(Av) = EQ(eikz’Sv+nA()\;)1Au)
> e Palanty)/n=A0010(A,) (5.5.7)
= ¢ M(@QS, € [y — 1,9, 5,(t) 2 0,t =1,2,...,n).

where S, (t) = a,t/n—S,(t) is a random walk with iid increments whose mean

vanishes under @). Again, in the Gaussian case, the law of the increments is

Gaussian and does not depend on n, and {5, (t)}; is distributed like {5, (t)};.
Applying Theorem 10, we get that

1
P(A,) > C%e—"”(aﬁw/”) . (5.5.8)

Since

(o +)/m) = 1) = 1) (s 222 = L) 40 ((f")) ,

we conclude that
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P(A,) > Cly+ 1)k e 'y

and therefore )
EZ, = k"P(A,) > c;e '@V, (5.5.9)

‘We next need to provide an upper bound on

EZ} =k"P(A,)+ > P(A,NAy,)=EZ,+k"Y k'P(A,NA,,),
vEWED, s=1
(5.5.10)
where vs € D,, and p(v,vs) = 2s.
The strategy in computing P(A, N 4,,) is to condition on the value of
Sy(n — s). More precisely, with a slight abuse of notation, writing I; , =
an(n — s)/n+ [—j,—j + 1] + y, we have that

P(A,NA,,)

< ZP(SU(t) <apt/n+y,t=12,...,n—s5,5,(n—s) €l
j=1

x max (P(Sy(s) € [y+an — Ly + an], Su(t) <apn(n—s+t)/n,t=1,2,..

ZGI]‘,S

Repeating the computations leading to (5.5.8) (using time reversibility of the
random walk) we conclude that

P(A, N A4,) < i PO+ e, sints)/2a,—(n+s) (5.5.12)
v Vg — ]:1 83(n o 8)3/2 . Je
Substituting in (5.5.10) and (5.5.11), and performing the summation over j

first and then over s, we conclude that EZ2? < cEZ,, and therefore, using
again (5.3.2),

P(M, > an—1) > P(Z, > 1) > cEZ, > co(y+1)e " EY = ¢y (y+1)e Y.

(5.5.13)
This completes the evaluation of a lower bound on the right tail of the law
of M,.

An upper bound on the right tail of M,, A subtle point in obtaining
upper bounds is that the first moment method does not work directly - in
the first moment one cannot distinguish between the BRW and independent
random walks, and the displacement for these has a different logarithmic
corrections (the maximum of k™ independent particles is larger).

To overcome this, note the following: a difference between the two scenar-
ios is that at intermediate times 0 < ¢ < n, there are only k? particles in the
BRW setup while there are k™ particles in the independent case treated in
Section 5.2. Applying the first moment argument at time ¢ shows that there

(5.5.11)

., 8|8,(0) = 2))?.
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cannot be any BRW particle at time ¢ which is larger than z*t + C'logn,
while this constraint disappears in the independent case. One thus expect
that imposing this constraint in the BRW setup (and thus, pick up an extra
1/n factor from the ballot theorem 10) will modify the correction term.

Carrying out this program thus involves two steps: in the first, we consider
an upper bound on the number of particles that never cross a barrier reflecting
the above mentioned constraint. In the second step, we show that with high
probability, no particle crosses the barrier. The approach we take combines
arguments from [Rol1l] and [ABRO09]; both papers build on Bramson’s original
argument.

Turning to the actual proof, fix a large constant x > 0, fix y > 0, and
define the function

_ | rlogt, 1<t<n/2
"= {Hlog(n —t+1),n/2<t<n. (5.5.14)

3

Recall the definition a, = z*n — 5T () logn and let

T(v) =min{t > 0: S,(t) > ant/n+h(t)+y—1} An,

and 7 = min,ep, 7(v). (In words, 7 is the first time in which there is a
particle that goes above the line a,t/n + h(t) +y.)
Introduce the events

B, ={S,(t) < ant/n+h(t) +y,0<t <n,S, € ly+an—1,y+ayl}

and define Y;, = > 1p,. We will prove the following.

veD,

Lemma 14. There exists a constant co independent of y so that
P(B,) < co(y + 1)e @y (5.5.15)

Proof of Lemma 14 (Gaussian case). Let 8; = h(i) — h(i — 1) (note that §; is
of order 1/i and therefore the sequence % is summable). Define parameters
Ak (7) so that

Tx/n [On ey 7 (Qn N _ (Gn \?
Xn(0) (24 8) — ARG =1 (2 +8) = (= +8) /2.
In the Gaussian case under consideration,
X (i) = X, + Bi.

Define the new probability measures @); on R by

dP X (@)ar AR ()
sz (l‘) =€ )

and use Q to denote the measure where X; are independent of law Q;. We
have, similarly to (5.5.7),
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P(B,) = Eg(e” A (O)Xi+ 3T, A(S\Z(i))le) ) (5.5.16)
Using that Y. | 8; = 0, one gets that on the event S,, € [y + a, — 1,y + an],
S XX =D AN () =nI((an +y)/n)+ Y BiX;+0(1). (55.17)
i=1 i=1 i=1
Substituting in (5.5.16), and using again that Y ., 8; = 0, one gets
P(B,) < Cn®2k e MWy (em Xima AlXiman/n=Bi1 5 ) (5.5.18)
Using again that >\, 3; = 0, integration by parts yields > 8;(X; — (a,, +
y)/n—p;) = — 3 S(i)%, where under Q, S(i) is a random walk with standard

Gaussian increments, and 4; = ;11 — ;. We thus obtain that

P(By) < On®/?k e T @ W (eXim S0 )

Q
< On®P e WL (X SO, ) (5.5.19)
where v; = —%; = O(1/i?). In terms of S;, we can write

B, ={S(t) <y,S(n) € y+[-1,0]}.
Without the exponential term, we have
Q(By) < cly +1)n =22,

Our goal is to show that the exponential does not destroy this upper bound.
Let
C_ ={3te|(logn)* n/2]:S(t) < —t*3},
Cy ={3te (n/2,n— (logn)*] : S(n) — S(t) < —(n —t)*/3}.
Then,
n/2

PC_uCy <2 Y

t=(logn)*

_otl/3 y4/3

< 2675(10g n

4 ~
Since v; ~ 1/i%, one has Zzgg(f)in) Vi —n—ooo 0 and further > S(i)y; is

Gaussian of zero mean and bounded variance. We thus obtain

v

Eg(eSim 801, ) (5.5.20)

1 (ogm)* (G & .
< K —|—EQ(87 S (8G) v +S(n z)vn_l)leCimCi)_

Denote by

B(z,2,t)={S(i) < z+4y,i=1,....n—t,S(n—t) € [¢/ = 1,2].
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We have, for 0 < z,2/,t < (logn)*, by (5.5.6),

I+C+y) )0+ (z+y—2))
n3/2 :

E5(B(z,7,t)) < C

We next decompose the expectation in the right side of (5.5.20) according
to whether the curve S(t) drops below the curve ¢(t) = —(t2/3 A (n —t)~2/3)
or not. If it does not, then the exponential is of order 1. If it does, on the event
€ NCS it must do so either during the interval [1, (logn)*] or [n— (log n)*, n).
Letting (¢, z_) denote the location and value of the first drop in the first
interval and leting (¢4, z4) denote the location and value of the last drop in
the second interval, we then get

"ar In (log n)? & Dy +S(n—i .
E~(eI (an/n) 3808 ™7 (S(i)yi+5( )w,_l)leCimCi)
(logn) 4 (log n) (log n)4

g%wcz + 3T ST ST et 2 e /2ty

t_ty= 1Z_>ti/3 zy >t+— 2/3

X R Eg(B(u+z_,u+zy +y,t- +1ty))
w+1)
n3/2

<C

Combined with (5.5.19), this completes the proof of Lemma 14. 0O

We need to consider next the possibility that 7 = t < n. Assuming that
K is large enough (x > 3/2I'(z*) will do), an application of the lower bound
(5.5.13) to the descendants of the parent of the particle v with 7, < n reveals
that for some constant c3 independent of y,

E[Y,|T <n]>cs.

(Recall that Y,, = > 1p,.) We conclude that

vED,,

E(Y,)P(T <n) EY,
P < = < cFY, . 521
(r<n) s —pyaL) B <n) = (5.5.21)

One concludes from this and Lemma 14 that
P(M,, > a, +y) < P(r <n)+ EY, <cs(y+1)e '@, (5.5.22)

In particular, this also implies that

3
<z* ..
EMy Sa'n = o )logn—l—O( ). (5.5.23)

Remark 4. An alternative approach to the argument in (5.5.21), which is more
in line with Bramson’s original proof, is as follows. Note that
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w!
n—

P(r<n-n")< k' P(S, (i) > ani/n+ h(i) +y) < Ce ')y

%

3

Il
-

where k' can be taken so that ' —. .o 0, and in particular for x large
we can have k' < 1. Assume now k large enough so that " < 1/2. For
t > n —n'/2, one repeats the steps in Lemma 14 as follows. Let N; be the
number of vertices w € D; (out of k') whose path S, (s) crosses the barrier
(ans/n+ h(s) +y—1) at time s = t. We have

1

- Iyt -
P(r=t) <EN, <c(y+1e (e

for appropriate constants ¢, co. Taking k large enough ensures that

n

*

Z EN, < c(y+1)e 'y

t=n—nt/2

Combining the last two displays leads to the same estimate as in the right
side of (5.5.22), and hence to (5.5.23).

We finally prove a complementary lower bound on the expectation. Recall,
see (5.5.13), that for any y > 0,

P(M, > an(y)) = c(y +1)e~ '@y,

where a,(y) = a,, +y. In order to have a lower bound on EM,, that comple-
ments (5.5.23), we need only show that

y
lim lim sup/ P(M,, <an(y))dy=0. (5.5.24)
Z2=—00 300 s
Toward this end, fix £ > 0 integer, and note that by the first moment argu-
ment used in the proof of the LLN (Theorem 7 applied to maxyep,(—Sw)),
there exist positive constants c, ¢’ so that
P(min (S,) < —cf) <e .
(min (Sw) < —cf) <e

On the other hand, for each v € D,,, let w(v) € Dy be the ancestor of v in
generation ¢. We then have, by independence,

* 3 ké e
< — — — < —
P(M, cd+(n—0)x 20 () log(n —€)) < (1 —1¢p)¥ +e ,

where ¢ is as in (5.5.13). This implies (5.5.24). Together with (5.5.23), this
completes the proof of Theorem 9. O
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5.6 Convergence of maximum and Gumbel limit law

We begin with a lemma, whose proof we only sketch.

Lemma 15. There exists a constant ¢ such that

ey vy
lim lim sup P(M,, > m, +y)= lim liminf

Y—=0 n—oo Yy y—oo n—oo Y

P(M,>m,+y)=c.
(5.6.25)

Note that the lemma is consistant with the upper and lower estimates on the
right tail that we already derived. The main issue here is the convergence.
Proof (sketch): The key new idea in the proof is a variance reduction step.
To implement it, fix k (which will be taken function of y, going to infinity
but so that k << y) and define, for any v € D,,,
Wy = max (S, —Sy).
weE Dy (v)

Here, Dy (v) denote the vertices in D,, 1 that are descendants of v € D,,.
Now,

P(Mn+k > Mnp+k + y) - P(Hel%X (Sv Z My, + (SC*IC - VVv,k + y))) .

For each v € D,,, we consider the event
Ay(n) ={Su(t) <tmyp/n+y,t=1,...,n;8, >my, + "k —W,r+y)}.

Note that the event in A, (n) forces to have W, > x*k+(m,, — S, +y) > =*k,
which (for k large) is an event of small probability. Now, one employs a curve
h(t) as described when deriving an upper bound on the right tail of M, to
show that

P(My1 > mnir +y) = (14 0y(1)) P(Upep, Av(n)) .

Next, using Exercise 9, one shows that
.
T
lim lim
y—oon—oo Y

P(A,(n)k™" =¢,

for some constant ¢. This is very similar to computations we already did.
Finally, note that conditionally on F,, = o(Sy,v € Dj,j < n), the events
{Wyk > x*k + (my, — Sy +y) bvep,, are independent. This introduces enough
decorelation so that even when v, w € D,, are neighbors on the tree, one gets
that
P(Ay(n) N Ay(n)) < oy(1)P(Ay(n)).

Because of that, defining Z, = ZUGDW 14,(n), one obtains that EZ? <
(1 + oy(1))EZ, + CEZ? for some constant C' and therefore, using that
limsup,,_,., £Z, —+y—oc 0, one has
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(BZu) o (B2 gy (1= 0,(1)).

> >
EZ, > P(UueDnAv(n)) = EZ?L = EZn(l +Oy(1)) N

Combining these three facts gives the lemma. 0O
We now finally are ready to state the following.

Theorem 11. There exists a random variable © such that

lim P(My, < my +y) = B(e 9. (5.6.26)
Thus, the law of M,, —m,, converges to the law of a randomly shifted Gumbel
distribution.
Remark: In fact, the proof we present will show that the random variable ©
is the limit in distribution of a sequence of random variables ©j. In reality,
that sequence forms a martingale (the so called derivative martingale) with
respect to Fj, and the convergence is a.s.. We will neither need nor use that
fact. For a proof based on the derivative martingale convergence, see Lalley
and Sellke [LS87] for the BBM case and Aidekon [Aill] for the BRW case.
Proof (sketch): This time, we cut the tree at a fixed distance k from the root.
Use that for n large, log(n + k) = log(n) + O(1/n). Write

P(Myii <tk +y) = EC]] Lisyawi () <mnta ity

vEDy,
~ E( [ PWos < m + (27 — 84) + 91S,)
veDy
~ e(k) + E( H (1 —c(z*k— S, + y)e*)‘*(m*k*Sv+y)) ’

veEDy,

where the symbol a ~ b means that a/b —,_,o 1, and we used that with high
probability (1 —e(k)), ¥k — S, > x} — S} is of order log k and therefore we
could apply Lemma 15 in the last equivalence. Fixing Oy = ¢, cp (z7k —

S,)e= (#"k=5v) and using that y is fixed while k is large, we conclude that

P(Myip < mpi +y) ~ € (k) + Ble= "),

Since the right side does not depend on n, the convergence of the left side
follows by taking n — oo and then taking k£ large. Finally, the convergence
also implies that the moment generating function of ©j converges, which in
terms implies the convergence in distribution of ©. 0O

5.7 Extremal process

We give a description of (a weak form of) a theorem due to [ABK11] and
[ABBS11] in the Branching Brownian motion case and to [Mall] in the (not
necessarily Gaussian) BRW case, describing the distribution of the point
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process 1, = Zve D, 03, —m,, - Our proof will follow the approach of Biskup
and Louidor [BL13], and is tailored to the Gaussian setup we are considering.

We begin with a preliminary lemma. For a fixed constant R, set M, (R) =
{veD,:S,>m,— R}

Lemma 16. There exist functions r(R) = gr—o0o o0 and €(R) —Rr—oo 0 s0
that

limsup P(Ju,v € M, (R) : 7(R) < dr(u,v) <n—r(D)) <e(R), (5.7.27)

where dr(u,v) =n — |ay| is the tree distance between u,v € D,, and ay ., is
the largest common ancestor of u and v.

The proof is immediate from the second moment computations we did; we
omit details.

Fix now R (eventually, we will take R — oo slowly with n) and define the
thinned point process 7, = ZveDn,Sv:maxw;dT(v,w)gR s,, 08,—m, - In words, n;
is the point process obtained by only keeping points that are leaders of their
respective “clan”, of depth R.

Theorem 12. (a) The process nS converges, as n — o0, to a random shift
of a Poisson Point Process (PPP) of intensity Ce=*"*, denoted 1°.

(b) The process n, converges, as n — oo, to a decorated version of n®,
which is obtained by replacing each point in ns by a random cluster of points,
independently, shifted around z.

A description of the decoration process is also available. We however will not
bother with it. Instead, we will only sketch the proof of part (a) of Theorem
12.

Before the proof, we state a general result concerning invariant point
processes, due to Liggett [Li78]. The setup of Liggett’s theorem (narrowed
to our needs; the general version replaces R by a locally compact second
countable topological space) is a point process n on R (i.e., a random, integer
valued measure on R which is finite a.s. on each compact), with each particle
evolving individually according to a Markov kernel Q). For m a locally finite
positive measure on R, let u,, denote the PPP of intensity m. For a random
measure M on R, we set jips = [ pm P(M € dm) (a more suggestive notation
would be fip; = Eup where py is, conditioned on M, a PPP of intensity M).
We say that the law of a point process is invariant for @ if it does not change
when each particle makes independently a move according to the Markov
kernel Q.

One has the following. Througout, we assume that Q™ (z, K) —p—00 0
uniformly in z for each fixed K CC R.

Theorem 13 (Liggett [Li78]).
(a) far is invariant for Q iff MQ = M in distribution.
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(b) Every invariant probability measure is of the form fips for some M.

(¢) The extremal invariant probability measures for the point process are of
the form p., with m satisfying m@Q = m iff MQ = M in distribution
implies MQ = M a.s.

(d) In the special case where Q(x,dy) = g(y—x)dy where g is a density func-
tion with finite exponential moments, condition (c¢) holds and all extreme
invariant m are of the form m(dz) = Ce=C"*dx, with C' depending on C
and g.

(Part (d) of the theorem is an application of the Choquet-Deny theorem that
characterizes the exponential distribution).

Proof of Theorem 12(a) (sketch): We write 1, = n,,({S,}) to emphasize that
7, depends on the Gaussian field {S,},ep, . Note that due to the Gaussian

structure,
o Z 0 ({y/1— 1/nS,} + {/1/nSL}) (5.7.28)

where {S,} is an independent copy of {S,} and the equality is in distri-
bution. Now, {4/1/nS,} is a Gaussian field with variance of order 1, while
V1—=1/nS, =8, — 35, + o(1).

Note that for any fixed v € D, we have that maxq.q,(vw)<r(Sy, —
S!Y/v/n < 6(R) with probability going to 1 as n — oo, for an appropri-
ate function §(R) —r— oo 0. By a diagonalization argument, one can then
choose R = R(n) so that

(St = S0)/vn < 6(R)

max
v,WED:Sy,>my, —R,dr (v,w)<R

with probability going to 1 as n — oc.

Consider the right side of (5.7.28) as a (random) transformation on 7,;
when restricting attention to the interval (—R(n),oc0), which a.s. contains
only finitely many points (first moment!), the transformation, with probabil-
ity approaching 1 does the following:

— Replaces each point S, by S, — x*.
— Adds to each clan an independent centered Gaussian random variable of
variance 1.

— Adds a further small error of order §(R,,)

When thinning, one notes that the same transformation applies to the
thinned process. Thus, any weak limit of the thinned process is invariant
under the transformation that adds to each point an independent normal
of mean —z*. By the last point of Liggett’s theorem, we conclude that any
limit point of 7y is a random mixture of PPP with exponential intensity.
The convergence of the maximum then determines both the exponent in the
exponential intensity (must be A*) as well as the mixture (determined by the
maximum). This completes the proof. 0O
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6 The 2D discrete Gaussian Free Field

Take Vy = ([0, N — 1] N Z)4. Set Vg = ((0, N — 1) N Z)¢ and identify all
vertices in OVy = Vi \ Vg, calling the resulting vertex the root of V. The
collection of vertices thus obtained is denoted V y, and we take as edge set
Ey the collection of all the (unordered) pairs (z,y) where either z,y € Vg
and |[z—yl1 = lor z € Vi, y = o and there exists z € OV so that |[z—z]; = 1.
We thus obtain a sequence of graphs G where all vertices, except for the
root, have degree d* = 2d. The GFF on Gy is then defined as in Section 1,
with a rescaling by v/2d:

T—1
BXNXY = E*() 15,-21y), (6.1.1)
k=0

where {Si} is a simple random walk on Gy killed upon hitting o, with killing

time 7. As before we set X% = max,cv, AN.

Remark 5. As alluded to above, many authors, including the present one,
refer to the field XV as the GFF. I hope that this extra factor of v/2d will
not cause too much confusion in what follows.

Recall from Borell’s inequality that for d > 3, the sequence {X}; — EX} N
is tight. On the other hand, for d = 1, the GFF is simply a random walk
with standard Gaussian steps, conditioned to hit 0 at time N. In particular,
X35 /V/N scales like the maximum of a Brownian bridge, and thus X7 — EX7

fluctuates at order v/N. This leads us immediately to the question:
For d = 2, what is the order of Xf; and are the fluctuations of order O(1)?

The rest of this section is devoted to the study of that question. In the rest
of this subsection, we provide some a-priori comparisons and estimates.

Lemma 17. For any d > 1, the sequence EXy is monotone increasing in
N.

Proof. Let N’ > N. For z € Vg, write

aN = BN |Fa] + (X - BXY|Fy)) = AL + B,
where Fy = o(X%, : 2z € Vo \ V) and {A.}.eve and {B.}.cvg are
independent zero mean Gaussian fields. By the Markov property Lemma
6, we have that {B.}.cvy is distributed like {X)}.cye. Therefore, since
Emax(X. +Y.) > Emax X., we conclude that EXY, > EXY. O

The next lemma is an exercise in evaluating hitting probabilities for simple
random walk.
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Lemma 18 (GFF covariance, d = 2). Fizd = 2. For any 6 > 0 there exists
a C = C(9) such that for any v,w € Vy with d(v,0Vx),d(w,dVy) > 6N,
one has

2
‘RXN(’U,U]) - (log N — (log ||[v —w|l2)+)| < C. (6.1.2)
Further,
max Rxn(z,2) < (2/m)log N + O(1). (6.1.3)

The proof of Lemma 18 can be found in [BDGO01, Lemma 1] or [BZ11, Lemma
2.2].

Exercise 10. Using hitting estimates for simple random walks, prove Lemma

18.

6.2 The LLN for the 2D-GFF

We prove in this short section the Bolthausen-Deuschel-Giacomin LLN; our
proof is shorter than theirs and involves comparisons with BRW.

Theorem 14. Fixz d > 2. Then,

EXy <mpy+0(1), (6.2.1)
and o
lim N—1, (6.2.2)
N—oo My
where

my = (2¢/2/7)log N — (3/4)\/2/wloglog N , (6.2.3)

Further, for any € > 0 there exists a constant ¢* = c*(€) so that for all
large enough N,

P(|X}; —my| > empy) < 2e7¢ (los N (6.2.4)

Proof. We note first that (6.2.4) follows from (6.2.2), (6.1.3) and Borell’s
inequality. Further, because of the monotonicity statement in Lemma 17, in
the proof of (6.2.1) and (6.2.2) we may and will consider N = 2™ for some
integer n.

We begin with the introduction of a BRW that will be useful for compari-
son purposes. For k = 0,1,...,n, let By, denote the collection of subsets of Z?
consisting of squares of side 2* with corners in Z?2, let BD}, denote the subset
of By, consisting of squares of the form ([0, 2% —1]NZ)2 + (i2*, j2¥). Note that
the collection BD}, partitions Z? into disjoint squares. For z € Vy, let By(x)
denote those elements B € By, with € B. Define similarly BDy(z). Note
that the set BDy(x) contains exactly one element, whereas By(x) contains
22F elements.



Gaussian fields, branching random walks and GFF 51

Let {ak, B }x>0,Benp, denote an i.i.d. family of standard Gaussian random
variables. The BRW {RY}.cy, is defined by

RQV:Z Z ag,B -

k=0 BEBDy(z)

We again define R} = max,ecy, RY. Note that RY is a Branching random
walk (with 4 descendants per particle). Further, the covariance structure of
RY respects a hierarchical structure on Vi for z,y € Vg, set dy(x,y) =
max{k : y & BDy(x)}. Then,

We remark first that, as a consequence of the Markov property (see the
computation in Lemma 17),

EX% <FE max a2V
z€(N/2,N/2)+VnN

Combined with Lemma 18 and the Sudakov-Fernique, we thus obtain that
for some constant C' independent of IV,

2log2
7r

Exy < ERN +C.
Together with computations for the BRW (the 4-ary version of Theorem 9),
this proves (6.2.1).

To see (6.2.2), we dilute the GFF by selecting a subset of vertices in Vy.

Fix ¢ > 0. Define ij,’l =Vyand, for k=2,...,n—logy(1 —d)n —1, set
Vok — (o e VoF |z — yloo > ON/2"F Yy € Upepp, OB} .

Note that \V]‘\S,’k ~ (1 — 6)?*|Vy|. We can now check that for z,y €
Vlf/n(lflogz(lfé)), log, |« — y|2 is comparable to dy (z,y). Obviously,

EXy > E( max aNy.
smn(l—logg(1—8)) <L
zeVY 2

Applying the same comparison as in the upper bound, the right side is
bounded below by the maximum of a diluted version of the BRW, to which
the second moment argument used in obtaining the LLN for the BRW can be
applied. (Unfortunately, a direct comparison with the BRW is not possible,
so one has to repeat the second moment analysis. We omit further details
since in Section 6.4 we will construct a better candidate for comparison, that
will actually allow for comparison up to order 1.) We then get that for some
universal constant C,

[21og 2
* N *
Exy 2 E(wevs,nr(rll?if@(l—a) Xy ) = T ERNO*‘S)"*C/C'

N

This yields (6.2.2) after taking first N — oo and then 6 — 0. O
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6.3 A tightness argument: expectation is king

Our goal in this short section is to provide the following prelude to tightness,
based on the Dekking—Host argument. It originally appeared in [BDZ11].

Lemma 19. With X;[/ an independent copy of X5, one has
BlXY — X%| < 2(BEXsy — BXY). (6.3.1)

Note that by Lemma 17, the right side of (6.3.1) is positive. The estimate
(6.3.1) reduces the issue of tightness of { X3 — EXY } v to a question concern-
ing precise control of EX;, and more specifically, to obtaining a lower bound
on EX5, which differs only by a constant from the upper bound (6.2.1) on
EX5,.

Exercise 11. Prove that if A, is a sequence of random variables for which
there exists a constant C independent of n so that E|A, — Al | < C, where A},
is an independent copy of A,,, then E A, exists and the sequence {A,,—FEA, },
is tight.

In fact, Lemma 19 already yields a weak form of tightness.

Exercise 12. Combine Lemma 19 with the monotonicity statement (Lemma
17 and the LLN (Theorem 14) to deduce the existence of a deterministic
sequence Ny — oo so that {Xyx — EXY, } is tight.

(We eventually get rid of subsequences, but this requires extra estimates, as
discussed in Lemma 20 below. The point of Exercise 12 is that tightness on
subsequences is really a “soft” property.)

Proof of Lemma 19. By the Markov property of the GFF and arguing as in
the proof of Lemma 17 (dividing the square Vo into four disjoint squares of
side ), we have

EX;N > Emjalx X;[’(i) > Emfalx X;[’(i) ,
where X ;,’(i), i = 1,...,4 are four independent copies of Xy . Using again
that max(a,b) = (a + b+ |a — b|)/2, we thus obtain

EXiy > EXG + Blxy® — xp®)2.

This yields the lemma. O
We will use Lemma 19 in order to prove the following.

Theorem 15. Let X3, denote the mazimum of the two dimensional (discrete)
GFF in a box of side N with Dirichlet boundary conditions. Then

EXy =my +0(1), (6.3.2)
and the sequence {X3% — EX%}n is tight.

The main task is the evaluation of lower bounds on EX}, which will be
achieved by introducing a modified branching structure.
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6.4 Expectation of the maximum: the modified BRW

We will now prove the following lemma, which is the main result of [BZ11].

Lemma 20. With my as in (6.2.3), one has
EXy >my+0(1). (6.4.1)

Assuming Lemma 20, we have everything needed in order to prove Theorem
15.

Proof of Theorem 15. Combining Lemma 20 and (6.2.1), we have that EX}, =
my +O(1). This yields (6.3.2). The tightness statement is now a consequence
of Lemma 19, Exercise 11 and the fact that mon —my is uniformly bounded.
O

We turn to the main business of this section.

Proof of Lemma 20 (sketch). The main step is to construct a Gaussian field
that interpolates between the BRW and the GFF, for which the second mo-
ment analysis that worked in the BRW case can still be carried out. Surpris-
ingly, the new field is a very small variant of RY. We therefore refer to this
field as the modified branching random walk, or in short MBRW.

We continue to consider N = 2™ for some positive integer n and again em-
ploy the notation By, and By (x). For 2,y € Z?, write z ~y y if 1 —y € (NZ)2.
Similarly, for B, B’ C Vyy, write B ~y B’ if there exist integers 7, j so that
B’ = B+ (iN, jN). Let BY denote the collection of subsets of Z? consisting
of squares of side 2% with lower left corner in Viy. Let {bx, 5} >0, pe sy denote
a family of independent centered Gaussian random variables where by g has
variance 272% and define

bN _ bk,B7 BEBI{;V7
k,B bk)B/,BNN BIEB,]CV.

The MBRW {S¥}.cv, is defined by
S¥=> > b
k=0 BEBy, ()
We will also need a truncated form of the MBRW: for any integer kg > 0, set
S
k=ko BeBy(z)

We again define S = max,cy, SV and SNk, = MaXzevy SNk The corre-
lation structure of S respects a torus structure on V. More precisely, with
dN(z,y) = min,. sy, ||z — z||, one easily checks that for some constant C
independent of N,

R (2,y) — (n —logy d" (z,y))| < C. (6.4.2)
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In particular, for points z,y € (N/2,N/2) + Vi, the covariance of Sap is
comparable to that of X5y. More important, the truncated MBRW has the
following nice properties. Define, for x,y € Vy, pnk,(2,y) = E((SNko —
Sév #0)2). The following are basic properties of py ,; verification is routine
and omitted.

Lemma 21. The function py i, has the following properties.

PN, ko (%, y) decreases in k. (6.4.3)

lim sup lim sup sup PNk (T, y) =0. (6.4.4)
om0 N0 4 yeViyidn (z,y) <2V

There is a function g : Zy — Ry so that g(ko) —kg—c0 00
and, for z,y € Vy with dN (z,y) > 2V, (6.4.5)
PN ko (T, y) < pnolw,y) — g(ko),  n > ko.

Equipped with Lemma 21, and using the Sudakov-Fernique Theorem, we
have the following.

Corollary 6. There ezists a constant kg such that, for all N = 2" large,

2log2

EXS >
N = s

ES} /1 (6.4.6)

Therefore, the proof of Lemma 20 reduces to the derivation of a lower bound
on the expectation of the maximum of the (truncated) MBRW. This is con-
tained in the following proposition, whose proof we sketch below.

Proposition 8. There exists a function f : Zy — Ry such that, for all
N > 22k0’

ESY ko = (24/10g2)n — (3/(44/log 2)) logn — f(ko) - (6.4.7)

The proposition completes the proof of Lemma 20. O
Proof of Proposition 8 (sketch). Set Vi, = Vi /2+(N/4,N/4) C Viy and define

O * _ N, ko SOx __ O
SNk = max S, Sy =38y -
z€VY

Set

A, =mpyy/m/2log2 = (24/log 2)n — (3/(4+/1log 2)) logn .

An application of the second moment method (similar to what was done for
the BRW, and therefore omitted) yields the following.

Proposition 9. There exists a constant 5y € (0,1) such that, for all N,

P(Sy > Ay) > 0. (6.4.8)
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We now explain how to deduce Proposition 8 from Proposition 9. Our plan
is to show that the left tail of S}'{, is decreasing exponentially fast; together
with the bound (6.4.8), this will imply (6.4.7) with ky = 0. At the end of
the proof, we show how the bound for kg > 0 follows from the case ky = 0.
In order to show the exponential decay, we compare S‘]*\,, after appropriate
truncation, to four independent copies of the maximum over smaller boxes,
and then iterate.

For i = 1,2,3,4, introduce the four sets Wy ; = [0, N/32)? + z; where
z1 = (N/4,N/4), zo = (23N/32,N/4), z3 = (N/4,23N/32) and z4 =
(23N/32,23N/32). (We have used here that 3/4 — 1/32 = 23/32.) Note that
U;Wh,; C Vv, and that these sets are N/4-separated, that is, for i # j,

i vy N/4.
zGWN?ir’IGWN,j w(x7y) = /

Recall the definition of SY¥ and define, for n > 6,
B n—6
S¥=2 2. W
k=0 BEB,(2)

note that s
N N N
Sz - Sz = Z Z bn—j,B .
j=0 BeB,,_;(z)

Our first task is to bound the probability that max,cv, (SY — SV) is

z
large. This will be achieved by applying Fernique’s criterion in conjunction

with Borell’s inequality. We introduce some notation. Let m(-) = mpn(-)
denote the uniform probability measure on Vi (i.e., the counting measure
normalized by |Vy|) and let g : (0,1] — R be the function defined by

g(t) = (log(1/t)"/* .
Set GY = SN — SN and
B(z,6) = {7 € Vs : B((GY — GY)?) < ¢?}.

Then, Fernique’s criterion, Theorem 4, implies that, for some universal con-
stant K € (1,00),

E(max GY) < K sup /OOO g(m(B(z,¢€)))de. (6.4.9)

z€VN zEVN

For n > 6, we have, in the notation of Lemma 21,
E(GY = GI)?) = pnn-s(2,2).

Therefore, there exists a constant C' such that, for € > 0,
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{2/ € Vy:dY(2,7) < EN/C} C B(z,e).
In particular, for z € Vy and € > 0,
m(B(z,)) = (("/C?)V (1/N?)) A 1.

Consequently,

o0 VC/N Ve
/0 g(m(B(z,¢€)))de < /0 v 1og(N?)de + /\/m V1og(C?/et)de < Cy ,

for some constant Cy. So, from Fernique’s criterion (6.4.9) we deduce that

E(max (SN - SM)) < O4K.

z€VN

The expectation E((SN —8N)?) is bounded in N. Therefore, using Borell’s
inequality, it follows that, for some constant C5 and all 5 > 0,

P(max(8Y = 8Y) > QK + ) < 2eC5F (6.4.10)

We also note the following bound, which is obtained similarly: there exist
constants C5, C such that, for all 5 > 0,

P( max (SN —SN16) > Cg + B) < 2e 975" (6.4.11)

zEVJ(,/16

The advantage of working with SV instead of SV is that the fields

{Sﬁv}zewm are independent for i = 1,...,4. For every a, § > 0, we have the
bound
P(Sy = Ay~ a) (6.4.12)
> P(max SN > A, + Cy — a+ ) — P(max(SY — SY) > Cy + B)
ZGVIQ ZGVI/V
> P(max Siv > A, +Cy—a+p)— 26—0552 7
zeVY,

where (6.4.10) was used in the last inequality. On the other hand, for any
77" >0,

P(max Sév >A,—7) > P(m%ux max Sév > A, —7)
zeV}, i=1 zeWn;

=1—(P( max SN <A, —y)*

z€WnN1

zeV](]/16

4
>1- (P( max SN < A, —~y4+Cs+7v)+ 26_07(",)2> ,
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where (6.4.11) was used in the inequality. Combining this estimate with
(6.4.12), we get that, for any «, 3,7 > 0,

P(Sy > A, — ) (6.4.13)
> 1 — 2¢O

4
- (P( max SN0 < A, +Ci+Co+ B+ —a)+ 2e‘C7(7/)2> .

z»’:‘\/}(,/us

We now iterate the last estimate. Let 79 = 1 — g < 1 and, for j > 1,
choose a constant Cg = Cs(dg) > 0 so that, for 8; = v} = Cs\/log(1/n;),
Nj1 = 2e"C5P 4 () + 27 Cr00")

satisfies ;41 < 1;(1 — o). (It is not hard to verify that such a choice is
possible.) With this choice of 3; and 77, set ag = 0 and a1 = a; +Cy+Cs +

Bj + 7}, noting that a; < Cyy/log(1/n;) for some Co = Cy(dp). Substituting
in (6.4.13) and using Proposition 8 to start the recursion, we get that

P(Sy > Ap—aji1) > 1— 141 (6.4.14)

Therefore,

> Ap = > a;P(S} < Ay — a)
j=0
> Ay = Co > mjy/log(1/n;) .
j=0

Since n; < (1 — 80)7, it follows that there exists a constant C1g > 0 so that
ESy > ESy > A, —Cio. (6.4.15)

This completes the proof of Proposition 8 in the case ky = 0.
To consider the case kg > 0, define

St = max SNk,
Noko z€V{,N2k0z2
Then, 31’{[’,90 < S;f,ko; On the other hand, 31’{[),60 has, by construction, the

same distribution as S Therefore, for any y € R,

—kON,0 ;*kON'
P(Sse =) > P(Siviy 2 4) > P(Sy oy > 1)

We conclude that
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ESj ko = ESj ko = ES iy -

Application of (6.4.15) completes the proof of Proposition 8. O
Remark: J. Ding [Dilla] has improved on the proof of tightness by providing
the following tail estimates.

Proposition 10. The variance of Xy is uniformly bounded. Further, there
exist universal constants c,C so that for any x € (0, (logn)?/®), and with
XY = &% — EXY,

ce™CT < P(X > x) < Cem, e < P(Xfy < —x) < Cem

It is interesting to compare these bounds with the case of BRW: while the
bounds on the upper tail are similar, the lower tail exhibits quite different
behavior, since in the case of BRW, just modifying a few variables near the
root of the tree can have a significant effect on the maximum. On the other
hand, the tail estimates in Proposition 10 are not precise enough for con-
vergence proofs as we did in the BRW case. We will see that more can be
said.

6.5 Tail estimates for GFF

To complete

6.6 Convergence of Maximum for GFF & extremal process

To complete

7 Isomorphism theorems and cover times

To complete
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