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Abstract

Central limit theorem: In previous works, we showed that the internal
DLA cluster on Z® with ¢ particles is a.s. spherical up to a maximal error of
O(logt) if d = 2 and O(y/logt) if d > 3. This paper addresses “average error”:
in a certain sense, the average deviation of internal DLA from its mean shape
is of constant order when d = 2 and of order 7'~4/2 (for a radius r cluster)
in general. Appropriately normalized, the fluctuations (taken over time and
space) scale to a variant of the Gaussian free field.

Smoother than lattice balls: In some ways, internal DLA clusters in
high dimensions grow even more smoothly than the lattice balls Z% N B,.(0).
The fluctuations of the latter are related to famous problems in number theory
(including Gauss’s circle and ball problems). These number theoretic fluctua-
tions (while very small) are much larger than those produced by the randomness
associated to internal DLA.
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1 Introduction

1.1 Overview

We study the scaling limits of internal diffusion limited aggregation (“internal DLA”),
a growth model introduced in [MD86, DF91]. In internal DLA, one inductively con-
structs an occupied set A; C Z¢ for each time t > 0 as follows: begin with
Ag=10,A; = {0} and let A;;1 be the union of A; and the first place a random walk
from the origin hits Z% \ A;.

The purpose of this paper is to study the growing family of sets A;. Let Ay C R
be the union of the unit cubes centered at points of A;. Following the pioneering
work of [LBG92], it is by now well known that, for large ¢, the set Af approximates
an origin-centered Euclidean ball B,.(0) (where r = r(t) is such that B,(0) has
volume t). The authors recently showed that this is true in a fairly strong sense
[JLS09, [JLS10al, JLS10b]: the maximal distance of a point on dA; from 9B, (0) is
a.s. O(logt) if d = 2 and O(y/logt) if d > 3. In fact, if C is large enough, the
probability of an error of C'logt (or Cy/logt when d > 3) decays faster than any
fixed (negative) power of t. Some of these results are obtained by different methods
in [AG10a, [AGI0D].

This paper will ask what happens if, instead of considering the maximal gap
between 0A; from 0B,(0) at time ¢, we consider the “average error” at time ¢
(allowing inner and outer errors to cancel each other out). It turns out that in a
distributional “average fluctuation” sense, the set Af deviates from B,.(0) by only



a constant number of lattice spaces when d = 2 and by an even smaller amount
when d > 3. Appropriately normalized, the fluctuations of A, taken over time and
space, define a distribution on R that converges in law to a variant of the Gaussian
free field (GFF): a random distribution on RY that we will call the augmented
Gaussian free field. (It comes from the GFF by replacing variances associated
to spherical harmonics of degree ¢ by variances associated to spherical harmonics of
degree ¢ + 1; see Section [L.5])

The “augmentation” is related (as discussed below) to the curvature of the
sphere. (Though we do not prove this here, we expect that continuous time in-
ternal DLA on the half cylinder [0,...,m]%! x Z, with particles started uniformly
on the bottom level, produces clusters whose boundaries are approximately flat
cross-sections of the cylinder, with fluctuations that scale to the ordinary GFF on
the half cylinder as m — o0.) To our knowledge, this result has not been previously
suggested in either the physics or the mathematics literature.

Nonetheless, the heuristic idea is easy to explain. Write a point z € R% as 76
where |0] = 1. Suppose that at each time ¢ the boundary of A; is approximately
parameterized by r¢(0)60 for a function 7, on the unit disc. How do we expect the
discrepancy 7; between r; and its expectation to evolve in time? First, there is a
smoothing effect coming from the fact that places where 7, is small are more likely
to be hit by the random walks (hence more likely to grow in time). Second, there
is another smoothing effect coming from the curvature of the sphere, which implies
that even if particles hit all angles with equal probability, the magnitude of the
fluctuations in 73 would shrink as t increased and these fluctuations were averaged
over larger spheres. And finally, there is a space-time white noise term coming from
the randomness of the particles.

The white noise should correspond to adding independent Brownian noise terms
to the spherical Fourier modes of 7:. The rate of smoothing in time should be
approximately given by A7 for some linear operator A. Since the random walks
approximate Brownian motion (which is rotationally invariant), we would expect
A to commute with orthogonal rotations, and hence have spherical harmonics as
eigenfunctions. With the right normalization and parameterization, it is therefore
natural to expect the spherical Fourier modes of 7; to evolve as independent Brow-
nian motions subject to linear “restoration forces” depending on their degrees. It
turns out that the restriction of the (augmented) GFF on RY to a centered volume
t sphere evolves in time in a similar way.

Of course, as stated above, the spherical Fourier modes of 7; have not really been
defined (since the boundary of A; generally cannot be parameterized by r4(0)@). The
key to our construction is to define related quantities that (in some sense) encode
the Fourier modes of 7, and are easy to work with. These quantities will turn out
to be martingales obtained by summing discrete harmonic polynomials over Aj.



1.2 FKG inequality statement

Before we set about formulating our central limit theorems precisely, we mention a
previously overlooked fact. Suppose that we run internal DLA in continuous time
by adding particles at Poisson random times instead of at integer times: this process
we will denote by Az (or often just A7) where T'(t) is the counting function for a
Poisson point process in the interval [0, ¢] (so T'(¢) is Poisson distributed with mean
t). We then view the IDLA growth process as a (random) function on [0,00) x Z,
which takes the value 1 or 0 on the pair (¢,z) accordingly as x € Apq) or = ¢
Aqyy. Write F for the set of all functions [0,00) x Z% — {0,1}, endowed with the
coordinate-wise partial ordering.

Theorem 1.1. (FKG inequality) For any two increasing L? functions F,G : F —
R, the random variables F'({Ap)ti>0) and G({Ary) te>0) are nonnegatively corre-
lated.

One example of an increasing function is the total number of particles absorbed
at a fixed time ¢t. Another is —1 times the smallest ¢ which all of the particles in
some fixed set are occupied. Intuitively, Theorem means that if one point is
absorbed at an early time, then it is conditionally more likely for all other points to
be absorbed early. The FKG inequality is an important feature of the discrete and
continuous Gaussian free fields [She07], so it is interesting (and reassuring) that it
appears in internal DLA at the discrete level.

Note that sampling a continuous time internal DLA cluster at time ¢ is equivalent
to first sampling a Poisson random variable T" with expectation ¢ and then sampling
an ordinary internal DLA cluster with T particles. (By the central limit theorem,
|t —T| has order v/t with high probability.) Although using continuous time amounts
to only a modest time reparameterization (chosen independently of everything else)
it is sometimes aesthetically natural. Our use of “white noise” in the heuristic of the
previous section implicitly assumed continuous time. (Otherwise the noise would
have to be conditioned to have mean zero at each time.)

1.3 Main results in dimension two

For = € Z? write
F(x) :=inf{t:x € Apy)}

L(z) :=\/F(x)/7m — |z|.

In words, L(x) is the difference between the radius of the area ¢ disc — at the time
t that x was absorbed into Ay — and |z|. It is a measure of how much later or
earlier x was absorbed into A7 than it would have been if the sets A7) were ezactly
centered discs of area t. By the main result of [JLS10a],

and

| L(z)| = Olog |z|),



Figure 1: Left: Continuous-time IDLA cluster A7 for ¢ = 10°. Early points (where
L is negative) are colored red, and late points (where L is positive) are colored blue.
Right: The same cluster, with the function L(x) represented by blue-red scaling.

almost surely.

The coloring in Figure a) indicates the sign of the function L(x), while Fig-
ure [1[b) provides a more nuanced illustration of L(z). Note that the use of con-
tinuous time means that the average of L(x) over z may differ substantially from
0. Indeed we see that — in contrast with the corresponding discrete-time figure of
[JLS10a] — there are noticeably fewer early points than late points in Figure (a),
which corresponds to the fact that in this particular simulation 7'(t) was smaller
than ¢ for most values of ¢. Since for each fixed z € Z? the quantity L(z) is a
decreasing function of Ai(z), the FKG inequality holds for L as well. The positive
correlation between values of L at nearby points is readily apparent from the figure.

Identify R? with C and let Hy be the linear span of the set of functions on
C of the form Re(az*)f(|z|) for a € C, k € Z>0, and f smooth and compactly
supported on R+g. The space Hy is obviously dense in L?(C), and it turns out to

be a convenient space of test functions. The augmented GFF (and its restriction to
0B1(0)) will be defined precisely in Section

Theorem 1.2. (Weak convergence of the lateness function) As R — oo, the rescaled
functions on R? defined by Gg((w1,72)) := L((|Rx1], | Rx2])) converge to the aug-
mented Gaussian free field h in the following sense: for each set of test functions
é1,...,0% in Hy, the joint law of the inner products (¢j, Gr) converges to the joint

law of (¢, h).



Theorem 1.3. (Fluctuations from circularity) Let A} C R? be the union of the unit
squares centered at points of A;. Consider the random discrepancy function on R?
given by
B =Vt 7 = 1a0)-

As t — o0, these functions converge (in the same sense as in Theorem to the
restriction of the augmented GFF to 0B1(0). The latter restriction is absolutely
continuous with respect to the restriction of the ordinary GFF on R? to 0B1(0)
(where an additive constant for the latter is chosen so that the mean on 0B;1(0) is
zero).

1.4 Main results in general dimensions

We do not expect the exact analog of Theorem [I.2] to be true for large d. The
main reason for this is that the lattice balls themselves do not grow very smoothly
in high dimensions. By classical number theory results, the size of B,(0) N Z? is
approximately the volume of B,.(0) — but with errors of order ¢~ in all dimensions
d > 5. The errors in dimension d = 4 are of order 74~2 times logarithmic correction
factors. It remains a famous open number theory problem to estimate the errors
when d € {2,3}. (When d = 2 this is called Gauss’s circle problem.) A recent and
detailed survey of this subject appears in [IKKNO04].

The results mentioned above imply that even if points were added to A; precisely
in order of their radius, we would find gaps between the radius of A; and the radius of
the ball B,.(0) of volume ¢, gaps of order at least 7—! if d > 4. On the other hand, we
will see that the kinds of fluctuations that emerge from internal DLA randomness
are of the order that one would obtain by spreading an extra /¢ particles over
a constant fraction of the spherical boundary, which is also what one obtains by
changing the radius (along some or all of the boundary) by #'~%2. This is of course
much smaller than »~! whenever d > 4.

Fortunately, there is another way of formulating a central limit theorem for
internal DLA that is both natural and amenable to proof in any dimension. This
formulation requires that we define and interpret the (augmented) Gaussian free
field in a particular way.

Given smooth real-valued functions f and g on R?, write

(Fa) = [ V1) Vo) M
Given a bounded domain in R%, let H(D) be the Hilbert space closure in (-,-)v
of the set of smooth compactly supported functions on D. We define H = H(R?)

analogously except that the functions are taken modulo additive constants. The
Gaussian free field (GFF) is defined formally by

hi=Yaifi, (2)
=1
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where the f; are any fixed (-, -)y orthonormal basis for H and the «; are i.i.d. mean
zero, unit variance normal random variables. (One also defines the GFF on D
similarly, using H (D) in place of H.) The augmented GFF will be defined similarly
below, but with a slightly different inner product.

Since the sum a.s. does not converge within H, one has to think a bit about
how h is defined. Note that for any fized f = > 8;f; € H, the quantity (h, f)v :=
Y (aifi, f)v = > aif; is almost surely finite, and has the law of a centered Gaussian
with variance || f||v = 3_ |8i|>. However, there a.s. exist some functions f € H for
which the sum does not converge, and (h,-)y cannot be considered as a continuous
functional on h. Rather than try to define (h, f)v for all f € H, it is often more
convenient and natural to focus on some subset of f values (with dense span) on
which f — (h, f)v is a.s. a continuous function (in some topology). Here are some
sample approaches to defining a GFF on D:

1. h as a random distribution: For each smooth, compactly supported ¢,
write (h,®) := (h, —A~'¢)y, which (by integration by parts) is formally the
same as [ h(z)$(z)dz. This is almost surely well defined for all such ¢ and
makes h a random distribution [She07]. (If D = R? and d = 2, one requires
[ ¢(2)dz =0, so that (h,¢) is defined independently of the additive constant.
When d > 2 one may fix the additive constant by requiring that the mean of
h on B,(0) tends to zero as r — oo [She(7].)

2. h as a random continuous (d + 1)-real-parameter function: For each
e >0 and z € R? let h.(z) denote the mean value of h on dB.(z). For each
fixed z, this h.(z) is a Brownian motion in time parameterized by —loge in
dimension 2, or —>~% in higher dimensions [She(7]. For each fixed ¢, h. can
be thought of as a regularization of h (a point of view used extensively in
[DS10]).

3. h as a family of “distributions” on origin-centered circles: For each
polynomial function ¢ on R? and each time ¢, define ®5,(1,t) to be the integral
of hi over 0B,(0) where B,(0) is the origin-centered ball of volume t. We
actually lose no generality in requiring 1 to be a harmonic polynomial on R¢,
since the restriction of any polynomial to 0B, (0) agrees with the restriction
of a (unique) harmonic polynomial.

The latter approach turns out to be particularly natural for our purposes. Using
this approach, we will now give our first definition of the augmented GFF: it is the
centered Gaussian function ®;, for which

Cov (®n (¢, 1), B (162, 1)) = /B RECECE (3)



where B, (0) is the ball of volume min{t¢;,%2}. In particular, taking 1 = 2 = 1),
then we find that
Var (@, (1), t)) :/ o P(2)%dz. (4)
Though not immediately obvious from the above, we will see in Section [L.5] that
this definition is very close to that of the ordinary GFF. Now, for each integer
m and harmonic polynomial 1, we will write ¥, (z) for the discrete polynomial
on %Zd (defined precisely in Section that approximates 1 in the sense that
for each fixed v, we have |, (z) — ¥ (z)| = O(|z|?/m?). In particular, if we fix
b and limit our attention to x in a fixed bounded subset of R?, then we have
[ (2) — ()] = O(1/m?). Let G denote the grid comprised of the edges connecting
nearest neighbor vertices of Z¢. (As a set, G consists of the points in R? with at
most one non-integer coordinate.) As in [JLSI0al], we extend the definition of v,
to G by linear interpolation.

Now write
V(1) 1= (S () Aty (mi) ) =t (0) (5)
x€Z4
=m™ 2" g (a/m) — thm(0). (6)
TC€A:

This is a way of measuring the deviation of A,,4, from circularity.

Theorem 1.4. Let h be the augmented GFF, and ®p, as discussed above. Then the
random functions ®'} converge in law to @, (w.r.t. the smallest topology that makes
O — (¢, t) continuous for each v and t). In other words, for each finite collection
of pairs (¢, t), the joint law of @'} on this set converges in law to the joint law of
D, evaluated on the same set.

1.5 Comparing the GFF and the augmented GFF

We may write a general vector in R? as rf where r € [0,00) and § € S := 9B (0).
We write the Laplacian in spherical coordinates as

A=rl- e - I + 172 Aga1. (7)

Let Ay denote the space of all homogenous harmonic polynomials of degree ¢ in d
variables, and let H, denote the space of functions on S?~! obtained by restriction
from A,. If f € Hy, then we can write f(rf) = g(0)r’ for a function g € Hy, and
setting to zero at r = 1 yields

Aga-19=—0(l+d—2)g,

i.e., g is an eigenfunction of Agn—1 with eigenvalue —¢(¢ + d — 2). Note that
continues to be zero if we replace ¢ with the negative number ¢/ := —(d — 2) — ¢,



since the expression —¢(¢+d — 2) is unchanged by replacing ¢ with ¢'. Thus, 9(9)7"5/
is also harmonic on R\ {0}.
Now, suppose that g is normalized so that

/ d*(2)dz = 0.
gd—1

By scaling, the integral of f over dBg(0) is thus given by R4 'R?*. The L? norm
on all of Br(0) is then given by

Rd—‘r%

R
f(2)%dz :/ rd=1p2tgr = . 8
/BR(O) (2) 0 d+2¢ (8)

A standard identity states that the Dirichlet energy of ¢, as a function on S¢~1,
is given by the L? inner product (—Ag, g) = £(¢+d—2). The square of ||V f|| is given
by the square of its component along S¢~! plus the square of its radial component.
We thus find that the Dirichlet energy of f on Br(0) is given by

R R
/ IVf(2)|?dz=¢(£+d—2) / pd=1p2=0) g 4 / pd=1p200=1) g2 gy
Br(0)

0 0
A+ d—=2) opias & 204+d—2
a 2£+d—2R +2£+d—2R
2024 (d— 2)6}2%(1_2
20+ (d-2)
= (R¥T2,

Now suppose that we fix the value of f on OBR(0) as above but harmonically
extend it outside of Bg(0) by writing f(rf) = R g()r" for r > R. Then the
Dirichlet energy of f outside of Br(0) can be computed as

R0 1 d— 9) /Oo pd=1,200-1) g 4 R2(0-) /OO P12 1) (2
R R

which simplifies to

2
P Hd-2)+ (51)2R25+d—2 _ _52 FUA=2)+ ((+(d=2))" oria o

20' + (d — 2) 2(—L—(d—2))+ (d —2)
2024 30(d—2) + (d— 2)2RQ,V,+d_2
T —20—(d—2)

= (0 +d—2)R*td-2,

Combining the inside and outside computations in the case R =1, we find that
the harmonic extension f of the function given by g on S%! has Dirichlet energy



20+ (d —2). If we decompose the GFF into an orthonormal basis that includes this
f, we find that the component of f is a centered Gaussian with variance L

v 20+(d—2)"
If we replace f with the harmonic extension of g(R~'6) (defined on dBr(0)), then
by scaling the corresponding variance becomes mRQ*d.

Now in the augmented GFF the variance is instead given by , which amounts
to replacing 5; +(1di2) with 2££r ;- Considering the component of g(R™10) in a basis
expansion the space of functions on dBR(0) requires us to divide by R* (to
account for the scaling of f) and by (R41)2 (to account for the larger integration

area), so that we again obtain a variance of 51— R?>~? for the augmented GFF,

20+d
versus mRQ_d for the GFF.

In light of Theorem the following implies that (up to absolute continuity)
the scaling limit of fixed-time A; fluctuations can be described by the GFF itself.

Proposition 1.5. When d = 2, the law v of the restriction of the GFF to the unit
circle (minus a constant, so that the mean is zero) is absolutely continuous w.r.t.
the law p of the restriction of the augmented GFF restricted to the unit circle.

Proof. The relative entropy of a Gaussian of density e~**/2 with respect to a Gaus-
sian of density o~ le=7/(20%) g given by

F(o) = /6962/2 ((072 - 1)5172/2 —l—loga) dr = (072 —1)/2 +logo.

Note that F'(c) = —o~2 + 071, and in particular F’(1) = 0. Thus the relative
entropy of a centered Gaussian of variance 1 with respect to a centered Gaussian
of variance 1+ a is O(a?). This implies that the relative entropy of p with respect
to v — restricted to the jth component a;j — is O(572). The same holds for the
relative entropy of v with respect to pu. Because the a; are independent in both p
and v, the relative entropy of one of © and v with respect to the other is the sum
of the relative entropies of the individual components, and this sum is finite. O

2 General dimension

2.1 FKG inequality: Proof of Theorem

We recall that increasing functions of a Poisson point process are non-negatively
correlated [GK97]. (This is easily derived from the more well known statement that
increasing functions of independent Bernoulli random variables are non-negatively
correlated.) Let p be the simple random walk probability measure on the space 2
of walks W beginning at the origin. Then the randomness for internal DLA is given
by a rate-one Poisson point process on p X v where v is Lebesgue measure on [0, 00).
A realization of this process is a random collection of points in  x [0,00). It is
easy to see that adding an additional point (w, s) increases the value of A; for all
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times t. The A; are hence increasing functions of the Poisson point process, and
are non-negatively correlated. Since F' and L are increasing functions of the Ay, we
conclude that increasing functions of these objects are also increasing functions of
the point process — and are thus also non-negatively correlated.

2.2 Discrete Harmonic Polynomials

Let 9 (z1,...,24) be a polynomial that is harmonic on R?, that is

d82

In this section we give a recipe for constructing a polynomial v; that closely ap-
proximates 1 and is discrete harmonic on Z?, that is,

d
ZD?T/Jl =0
i=1

<

=0.

)

SN

where
Dy = ¢y (z + €;) — 291 () + b1 (7 — ;)

is the symmetric second difference in direction e;. The construction described below
is nearly the same as the one given by Lovasz in [Lov04], except that we have tweaked
it in order to obtain a smaller error term: if 1) has degree m, then ¥ — 1 has degree
m — 2 instead of m — 1. Discrete harmonic polynomials have been studied classicaly,
primarily in two variables: see for example Duffin [Duf56], who gives a construction
based on discrete contour integration.

Consider the linear map

E: Rz, ...,zq) — Rlzy, ..., z4]
defined on monomials by
E(@" - xy) = Py (21) -+ Py (wa)

where we define

(m—1)/2
Pux)= ] (=+9)
j=—(m-1)/2
Lemma 2.1. If ¢ € Rlxy,...,24] is a polynomial of degree m that is harmonic on

R, then the polynomial 11 = Z(¢) is discrete harmonic on Z%, and v — 11 is a
polynomial of degree m — 2.

11



Proof. An easy calculation shows that
D?P,, = m(m — 1)Pp_2

from which we see that o
D?E[¢] = E[=—5].
SORERET

If 7/ is harmonic, then the right side vanishes when summed over : = 1,...,d, which
shows that =[¢] is discrete harmonic.

Note that Py, (z) is even for m even and odd for m odd. In particular, P, (z)—x™
has degree m — 2, which implies that 1) — i; has degree m — 2. ]

To obtain a discrete harmonic polynomial ¢ on the lattice %Zd, we let

Yr(z) = R™"¢1(Ra),

where m is the degree of .

2.3 General-dimensional CLT: Proof of Theorem [1.4]

Proof of Theorem For each fixed 1, the value ®'} is actually a martingale
in t. Each time a new particle is added, we can imagine that it performs Brownian
motion on the grid (instead of a simple random walk), which turns @’} into a
continuous martingale, as in [JLS10a]. This martingale is a Brownian motion if
we parameterize time by the quadratic variation, which we denote by s. We write
s(t) = sm(t) for the quadratic variation time corresponding the time that the ¢th
particle is added to A;. To show that W"'(4,t) converges in law as m — oo to a
Gaussian (whose variance is some value depending on ¢ and t), it suffices to show
that when ¢ is fixed, the random variable s,,(t) converges in law to that value.

Let Vi(¢) := Var(1(z)) where z is chosen uniformly on the sphere of volume of
t. For later purposes, we also write V;(1)1,19) := Cov (wl(z), lbg(z)). We claim that
the following limit holds in probability:

t
lim s, (t) = / V() du. 9)
m—0o0 0
Indeed @ is essentially immediate from the following bounds:

1. The fact that 1 and v, agree up to an error of O(1/m?)

2. The bounds in [JLS10a] and [JLS10b], which show that A(t) is asymptotically
spherical, up to an error a.s. bounded (for all ¢) by a constant times logt in
dimension 2 and a constant times y/logt in dimension d > 2. (Actually, any
bound o(t'/%), including the bounds in [LBG92], would suffice here.)

12



3. Kakutani’s theorem, which implies that a Brownian motion on G can be cou-
pled with Brownian motion on R% up to an error of log s.

Similarly, suppose we are given 0 = tg,t; < to < ... < ty and distinct functions
1,1, ...1y. The same argument as above implies that Ef:j O (t;,1;) converges
in law to a Gaussian with variance

l t; l
R

The theorem now follows from a standard fact about Gaussian random variables on
a finite dimensional vector spaces (proved using characteristic functions): namely, a
sequence of random variables on a vector space converges in law to a multivariate
Gaussian if and only if all of the one-dimensional projections converge. The law of
h is determined by the fact that it is a centered Gaussian with covariance

COV(‘I’h(lﬂl,tl),@h(wg,h))ZA Vu(ibl,wg)du, (10)

where t = min{t1, >}, which agrees with (3. O

3 Dimension two

3.1 Two dimensional CLT: Proof of Theorem [1.2]

Recall that A; for t € Z denotes the discrete-time IDLA cluster with exactly ¢ sites,
and Ap = Ap(;) for t € Ry denotes the continuous-time cluster whose cardinality is
Poisson-distributed with mean ¢.
Define
Fo(t) :==inf{t: z € A}

and
Lo(z) :== \/Fo(z)/m — |z|.
Fix N < oo, and consider a test function of the form

o(re®) = 3 ar(r)e

k|<N

where the a; are smooth functions supported in an interval 0 < rog < r < r; < .
We will assume, furthermore, that ¢ is real-valued. That is, the complex numbers
ay, satisfy

13



Theorem 3.1. As R — oo,

LY nm2 — wow)

- |22
2€(Z+iZ)/R

mn law, where

= 3 o [T [Tt

0<|k|<N

This can be interpreted as saying that Lo(Rz) tends weakly to a Gaussian ran-
dom variable associated to the Hilbert space H}, with norm

o0 dr
g = 32 2w [ Irdunel + Ok + 121
0<|k|<oco 0

where

27
e () ! / n(reie)e_ikodﬁ
0

" or

and 7o(r) = 0. (The subscript nr means nonradial: H}, is the orthogonal comple-
ment of radial functions in the Sobolev space H'.)

If we use Ap and corresponding functions F'(z) and L(z), then the ag coefficient
figures in the limit formula as follows.

Theorem 3.2. As R — oo,

iQ Y LRSS — NO,V)

2€(Z+iZ)/R

V:Z%/OOO

|k|<N

in law, where
2
k41 47" dp

| op

/p () (o)

Theorem is a restatement of Theorem It can be interpreted as saying
that L(Rz) tends to a Gaussian distribution for the Hilbert space H' with the norm

> > dr
Inl* = > 27?/0 [|ropml® + (k| +1)2\77k!2]7-

k=—o00

By way of comparison, the usual Gaussian free field is the one associated to the
Dirichlet norm

> o0 dr
L1y = 37 2n [ o+ i

k

14



Comparing these two norms, we see that the second term in ||7|| has an additional
+1, hence our choice of the term “augmented Gaussian free field.”
To prove Theorem write

1 e dt 1 ee dt
Loe) = 5= [ 0= a2 G = o [Tt

= M/o (17r\z|2§t —1a,)t / n

Let po(z) =1, and for k& > 1 let px(2) = qr(z) — qx(0), where

[1]

ar(z) = E[2"]

is the discrete harmonic polynomial associated to ¥ = (z1 + iz9)* as described in

. Note that p;(z) = z. We also set p_x(2) = pr(z).
Define

N

blntR) = Y7 ax(Vi/mR2)pk()(v/1/m)

k=—N

and

Yo(z,t, R) = ¥(z,t, R) — ao(v/t/mRR?)
Lemma 3.3. If i R?> <t < coR? and ||z| — \/t/7| < Clog R, then
This lemma follows easily from the fact that the coefficients a; are smooth and
the bound |py(z) — 2F| < C|z|IFI=1.
3.2 Van der Corput bounds

Lemma 3.4. (Van der Corput)
a) |[#{z € Z+iZ : 7|z)? <t} —t| < Ct'/3

b) Fork >1,
Z Zk 17r|z\2§t
2ELAIL

S Ct1/3

c) Fork>1,

< Ct1/3

> pe(2) Lapae<e

2€ZLAIL

Part (a) of this lemma was proved by van der Corput. Part (b) follows from
the same method, as proved below. Part (c) follows from part (b) and the estimate
[p(2) — 2F| < Clz|*.

15



We prove part (b) in all dimensions. Let Py be a harmonic polynomial on R? of
homogeneous of degree k. Normalize so that

P, -1
gleagl % ()]

where B is the unit ball. In this discussion k& will be fixed and the constants are
allowed to depend on k.
We are going to show that for & > 1,

1
R Z Py(z)/R*| < R717

|z|<R,zeZd

where
a=1-2/(d+1)
For d =2, a = 1/3, and R4R™1~® = R?/3 ~ t!/3. This is the claim of part (b).
The van der Corput theorem is the case k = 0. It says
(1/R%) ‘# {eez’:jz] <R} —vol (x| <R)| <R

Let e = 1/R*.
Consider p a smooth, radial function on R? with integral 1 supported in the unit
ball. Then define x = 15 characteristic function of the unit ball. Denote

pe(z) = e %p(xfe), xr(x) =R ‘X(z/R)
Then
S (xr* pela) — Xr(@) Pile)/RE| < R
x€Zd

This is because x g * pe(x) — xr(2) is nonzero only in the annulus of width 2e around
|| = R in which (by the van der Corput bound) there are O(R% 1) lattice points.
The Poisson summation formula implies

> xr#pe(@)Pr(x) /R = Y [Rr(§)pe(§)] * Pr()/R*

x€Z4 £e2nze

in the sense of distributions. The Fourier transform of a polynomial is a derivative
of the delta function, Py(¢) = Py(i0¢)d(€). Because k > 1 and Py(z) is harmonic,
its average with repect to any radial function is zero. This is expressed in the dual
variable as the fact that when & = 0,

P(i0¢)(Xr(§)pe(8)]) = 0

16



So we our sum equals

S Ka(©)pe(€)] * Pr(&)/RF

£#0,£€2n74

Next look at
Xr(§) = X(RE)

Pe(id(RE) = R [ P

All the terms in which fewer derivatives fall on Yz and more fall on p. give much
smaller expressions: the factor R corresponding to each such differentiation is re-
placed by an e.

The asymptotics of this oscillatory integral above are well known. For any fixed
polynomial P they are of the same order of magnitude as for P = 1, namely

| Py(i0¢) X (RE)|/R* < Cy|Reg|~ 41/

This is proved by the method of stationary phase and can also be derived from well
known asymptotics of Bessel functions.

It follows that our sum is majorized by (replacing the letter d by n so that it
does not get mixed up with the differential dr)

0o n—1 1/e
/ (Rr)~ (D S dr %/ / (Rr)~tpm ar
1 1

(1+er)N r
s Rf(n+1)/267(n71)/2
=R
3.3 The other 90% of the proof
Denote . o(2)
z
Xp =25 > (Rz) P
2€(Z+iZ)/R
Applying the formula above for Ly,
z/R
Xpr = Z LO(Z)¢(|212)
z€Z+iZ
P(z/R) 1 /9dt
Z w\ 2<1 — 1At> t
Q\f z€Z+zZ ’ ‘ t
Y(z,t, R) 1/20t
Z W‘ |2<1 — 1At) t + Eg
Q\f 2ELA1IL / t

17



To estimate the error term Eg, note first that the coefficients ap are supported in
a fixed annulus, the integrand above is suported in the range ¢;R? < t < cyR?.
Furthermore, by [JLS10al, 1,.j2<; — 14, is almost surely supported where ||z| —

Vt/m| < Clog R. Thus, almost surely,

t

Z [1rjzp<1 — 1a,| S CRlog R
2€L+iZ

Moreover, Lemma, [3.3| applies and

c2f* log R, 5 dt
[Brl<C | (Rlog R)=271% = O((log R)/R)
c1R?
Next, Lemma 3.4 a) says (since #4; = t)
> lpppen — 14, < CE/3

2€74iZ
Thus replacing v by g gives an additional error of size at most
2R dt
1 R2 t
In all,
™ [ _1/odt _
Xe= 0 [T Y (e~ Lot RS OB ()
0 sez+iz
For s =0,1,..., define
NZ I 1 0dt
M(s) = 5 Z (Lrjz;2<1 — Lagsne))Po(z, t, R)t 1/27
0 sez+iz

Note that M(s) — X as s — co. Note also that Lemma [3.4] ¢) implies
M(0) = O(R™'/%)

Because pj, are discrete harmonic and pg(0) = 0 for all & # 0, M(s) — M(0) is a
martingale. It remains to show that M (s) — M (0) — N(0,Vp) in law. As outlined
below, this will follow from the martingale convergence theorem (see, e.g., [Durl
p. 414]).

Note that M (s + 1) — M(s) is zero almost surely outside the range c; R? < s <
caR?. Moreover, almost surely,

[M(s+1) = M(s)* = O(1/R?)

18



The only other thing we need to check is that almost surely

o0

> [M(s+1) = M(s)* = Vo + O((log R) /R) (12)
Because A; fills the lattice Z + iZ as t — oo,

> IM(s+1) — M(s)?
s=0

SV D S P R
Fo(z

t
ZGZ-HZ 0<|k\§N

We prove in three steps: replace py(2) by 2* (or Zk i | < 0); replace the lower
limit Fy(z) by |z|?; replace the sum of z over lattice sites with the integral with
respect to Lebesgue measure in the complex z-plane.

Begin by estimating the size of the integrand. Recall, as usual, that ¢;R? <
t < coR? is the only range in which the integrand is nonzero. By [JLS10a], almost
surely,

7|2|? = Clog R)R < Fy(z) <t = |z| <+/t/m+ClogR
It follows that
Ipr(2)|(t/m) "2 < G

Moreover, the support properties of aj, imply that the integral is zero if Fy(z) > cR?,
so the terms of the sum are zero unless |z| < CR. There are only O(R?) such lattice
points z. The size of each of these terms is majorized by

coR? )’
(172 oo
C1

The error term introduced by replacing pj, with z*
[pr(2) = 2|(¢/m) "2 < Gyt = O(1/R?)
In the integral this is majorized by
caR? coR?
/ t—1/2dt/ Leq _ oa/r
c1 RZ t 01R2 R t

Since there are O(R?) such terms, this change contributed order R?/R* = 1/R? to
the sum.

Next, we change the lower limit from Fy(z) to m|z|>. Since |Fp(z) — 7|2|?| <
CRlog R, the integral inside |- - - |? is changed by

7r|z|2 dt
/ Ly pecesret™ 25 = O((log B) /)
Fy(z)

19



Thus the change in the whole expression is majorized by the order of the cross term
(1/R)(log R)/R* = (log R) /R’

Again there are R? terms in the sum over z, so the sum of the errors is O((log R)/R).
Lastly, we replace the value at each site zy by the integral

J

where @, is the unit square centered at zyp and z = re?. Because the square has
area 1, the term in the lattice sum is the same as this integral with z = re® replaced
by 2o at each occurrence. Since |z — 29| < v/2,

2

\F/ S (VAR (¢ ) \k\/%-lﬂd rdrdo

20 0<|k|<N

2% = 26] < 4k(l2] + [20)* ! = O(RM)

After we divide by (1/t/7)¥, the order of error is 1/R. Adding all the errors con-
tributes at most order 1/ R to the sum. We must also take into account the change in
the lower limit of the integral, 7|z|? is replaced by 7|z|? = 7r2. Since |z — 20| < V2,

[12* = l20/* < V2(|2| + |20]) < CR

Recall that in the previous step we previously changed the lower limit by O(Rlog R).
Thus by the same argument, this smaller change gives rise to an error of order 1/R
in the sum over zg.

The proof of is now reduced to evaluating

2w
/ / vr / S an (VTR M (1) M2 1/2‘? rdrdf
mr? 0<|k|<N

Integrating in # and changing variables from r to p = r/R,

Z / / ar(\/t/TR2)(Rp) ¥ ¥ (¢ /)~ |k|/21§—1/2dt
7Tp2R2

t
0<|k|<N

‘ dp
P

Then change variables from ¢ to to r = \/t/mR? to obtain

_27r2/

0<|k|<N

dr d
P/ )|k|+1 r ?:VO

This ends the proof of Theorem
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The proof of Theorem follows the same idea. We replace A; by the Poisson
time region Ap, and we need to find the limit as R — oo of

5 /Oo(t - #AT)GO(\/W)VW@
2 J, t
/ Z Lajzip<1 — lag)do(z,t, R)t _1/2dt

2€L+4L
The error terms in the estimation showing this quantity is within O(R~'/3) of
1 ¢(2)
w2 MR
2€(Z+iZ)/R

are nearly the same as in the previous proof. We describe briefly the differences.
The difference between Poisson time and ordinary counting is

|#Ar — #A| = |#Ar —t| < Ct'?logt = O(Rlog R) almost surely
if t ~ R2. Tt follows that for |z| ~
|F(2) — 7|z|*| < Rlog R almost surely

as in the previous proof for Fj(z). Further errors are also controlled since we then
have the estimate analogous to the one above for A;, namely

Z 1rpz2<1 — 1ap| < CRlog R
2€T+iZ.

We consider the continuous time martingale

M \/>/ SAt— #As/\t)ao(\/m) _1/2%
d
/ Z e S,\t)lﬁo(z,t,R)t—l/Q?t

2EL+IL

Instead of using the martingale central limit theorem, we use the martingale rep-
resentation theorem. This says that the martingale when reparameterized by its
quadratic variation has the same law as Brownian motion. We must show that
almost surely the quadratic variation of M on 0 < s < co is V 4+ O(R~1/3).

lim (M (s + €) — M(s))?|A(s)) /e

L [T 7S wirme Z’”)@/t)"f’”t*ﬂdt s

5 |kISN
+ O(R™/3)

Integrating with respect to s gives the quadratic variation V 4+ O(R~Y/3) after a
suitable change of variable as in the previous proof.
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3.4 Fixed time fluctuations: Proof of Theorem [1.3|

This follows almost immediately from the d = 2 case of Theorem [[.4] and the esti-
mates above.
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