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Abstract

In this paper we study solutions to elliptic linear equations L(u) = 8;(a”(x)0 u)+
bi(x)0;u + c(x)u = 0, either on R" or a Riemannian manifold, under the as-
sumption that the coefficient functions a'/ are Lipschitz bounded. We focus
our attention on the critical set C(x) = {x : |Vu| = 0} and the singular set
S8(u) = {x : u = |Vu| = 0}, and more importantly on effective versions of these.
Currently, with just the Lipschitz regularity of the coeflicients, the strongest re-
sults in the literature say that the singular set is n — 2-dimensional, however at
this point it has not even been shown that H"">(8) < co unless the coefficients
are smooth. Fundamentally, this is due to the need of an e-regularity theorem
which requires higher smoothness of the coefficients as the frequency increases.
We introduce new techniques for estimating the critical and singular set, which
avoids the need of any such e-regularity. Consequently, we prove that if the fre-
quency of u is bounded by A, then we have the estimates H"2(C(u)) < cr,
H2(8(w)) < C ’\2, depending on whether the equation is critical or not. More
importantly, we prove corresponding estimates for the effective critical and sin-
gular sets. Even under the assumption of real analytic coefficients these results
are much sharper than those currently in the literature. We also give applications
of the technique to give estimates on the volume of the nodal set of solutions and
estimates for the corresponding eigenvalue problem. © 2000 Wiley Periodicals,
Inc.
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1 Introduction:

In this paper, we study solutions u to second order linear homogeneous elliptic
equations with Lipschitz leading coefficients. That is, we will study on R” solu-
tions u to the equation

(1.1) L(u) = 8;,(aV(x)d ju) + b (x)du + c(x)u = 0,

where the coefficients a are Lipschitz and the coefficients b, c are bounded and
measurable. For effective estimates we assume the bounds

(1L+ )76 < a < (1 + )67,
(1.2) Lip(a”), |b'], ld < A.
We will call the equation critical if ¢ = 0. Given the local nature of the es-
timates and the techniques involved in their proof, it is not restrictive to assume

for simplicity that u is defined on the ball B1(0) ¢ RR". With simple modifica-
tions the results are easily extensible also to more general domains in Riemannian
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manifolds. Using a new covering argument (see Section 3.7), we prove new n — 2-
Minkowski estimates on the critical and singular sets

(13)  Cu)={xeByp0): [Vul =0}, S(u)={x€Bi;0):u=|Vul =0}.

In principal, for general equations we will prove estimates on S(u), while for crit-
ical equations we will prove estimates on C(x). It will be convenient to denote by
C8(u) either the critical set C(u) or singular set S(u), depending on whether the
equation (1.1) is critical or not, respectively. Note that if we wish to control the
n — 2-measure of critical or singular sets, then the assumption of Lipschitz coeffi-
cients is a sharp assumption, since if the coefficients are only Holder one can find
nontrivial solutions which vanish on open subsets, see [17].

1.1 Effective estimates

More importantly we will prove estimates on the effective critical and singular
sets C,(u), 8,(u). The effective critical and singular sets were first introduced by
the authors in [3]. In essence, x ¢ C,(u) if on the definite size ball B,(x) we have
that [Vu| has a definite size relative to u, more precisely we have:

Colu) = {x € B12(0) : inf F|Vul < — f u — u(x)|2} :
B(x) 16 Jog,,(x)

r2 1
1.4 S (u) ={x € Bi»0): inf u2+—Vu2<—J[ MZ}.
(1.4) (1) { 12(0) B,<x>(| I nl I) 6 aBz,u)l I

Again we will denote by CS,(u) the effective critical or singular set, depending on
whether the equation is critical or not. Notice that for every r > 0 we have that
C8(u) € €8,(u), and more effectively that points of CS,(u) are those points which
have a definite amount of gradient on a ball of definite size.

1.2 Background

To control the critical and singular sets of a solution to (1.1) more information
about the solution is needed. For instance, one could just take the solution u = 0,
which by all regards is a great solution but there is no control on the critical and
singular set. It has been understood for some time that being a constant or close to
a constant is all that can really go wrong, and hence what is important is to control
how far away u is from a constant solution. The right measurement for this are the
frequencies

2 2
r fza,(x) Vul “ d fBr(x) Vul
S, Ny = =0 —
Jo 1t = 1) Sy,

and their generalizations (see Section 4.1), where we denote by N*“(x,r) either
Ng(x, r) or Ng(x, r), depending on whether (1.1) is critical or not, respectively. By

(1.5) Ni(x,r) =

B
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unique continuation and the maximum principle, if u is not constant, then N“ is
well defined for positive r. For a fixed solution « of (1.1) we then denote by

(1.6) A =N“0,1),

the frequency bound of u. The main conjecture in the area goes back to Lin [16],
which predicts that for some constant C(n, 1) we have that

(1.7 H"2(CS(u)) < CAZ.

The best that has been proved in the literature at this point goes back to [12, 15,
10, 13, 11], which proves, under the assumption of smooth coeflicients, that there
exists constants C(n, a, b, ¢, A) such that

(1.8) H"2(CS(u)) < C(n,a,b,c,A).

In particular, C depends on upper bounds on the coefficients a, b, ¢ and their higher
order derivatives. If one drops the assumption of smoothness on the coefficients,
even if one assumes control over a large number of derivatives but not all, then the
situation becomes drastically worse. In this case the best that has been proven is in
[12, 8], where it was shown that Hausdorff dimension satisfies

(1.9) dimCS8(u) =n-2,

however it was not even shown that H"2(CS(x)) < oo. There is a fundamental
reason for this, as the results of [12, 8] rely on an e-regularity theorem which
requires additional smoothness as the frequency increases. One of the main goals
of this paper is to improve on these estimates by removing the need for such an
e-regularity theorem.

In another direction there are more recent results from [3] that attempt to prove
more effective estimates on the critical and singular sets. Namely, even a Hausdorff
dimension bound has limited application. In short, the Hausdorff dimension of a
set can be small while still being dense. On the other hand, Minkowski estimates
bound not only the set in question, but the tubular neighborhood of that set, pro-
viding a much more analytically effective notion of size. For example, we recall
that the set of rational numbers in R" has Hausdorff dimension 0 and Minkowski
dimension n. What is needed for applications to nonlinear equations are control
over the critical and singular sets on balls of definite size. That is, it would be
better to estimate Vol(B,(CS(u))), and even better to make the statement that if
x ¢ B,(C8(u)), then the gradient of u on B,(x) has some definite size. The first
results in this direction were proven in [3], where by using the ideas of quantitative
stratification it was shown under only Lipschitz coefficients that for every € > O:

(1.10) Vol(B,(CS8,(n))) < C(n, A, €)r’ €.

While such a Minkowski estimate on the critical set is stronger than simple Haus-
dorff estimates, the existence of the € unfortunately still prevents one from obtain-
ing finiteness of the n — 2-measure.
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It is worth mentioning that in the very special case of harmonic functions in
R2, a sharp bound on the number of singular points (sharp as a function of the
frequency N) is proved in [9, theorem 3.3].

Nodal sets. Although in this paper the estimates on nodal sets are not the main
estimates but rather secondary results, it is worth making a brief overview of the
results available in literature in this context. Also in this case, [12] provides a
suitable overview of the literature. Here we briefly cite the best results available in
literature.

For nodal sets, better bounds are available in terms of the frequency Ng. The
primary conjecture in the area goes back to Yau, which predicts that there exists a
constant C(n, 1) > 0 such that

(1.11) H"N(Z(u)) < CA.

Yau’s conjecture has been proven in [4] for analytic coefficients. For Lipschitz
coeflicients the best result known are given in [14] which give the estimate

(1.12) H" N Z(u)) < AN
This result is stated in a more general and technical way in the paper in question,
see [14, theorem 1.7].

The techniques of this paper, which are quite different from that of [14], can
recapture the result (1.12), as well as improve it to the stronger Minkowski version.

1.3 Main Results

Now we briefly describe our main new results.

Main Result for Critical and Singular Sets: In this paper we have developed a
new method for controlling the critical and singular sets, distinct from the tech-
niques of either [3] or [12]. Before discussing the methods, let us state our main
results.

Theorem 1.1. Let u : B1(0) — R solve (1.1) with Lipschitz coefficients satisfying
(1.2). There exists ro = ro(n, ) > 0 and C = C(n, A) such that if A = N"(0,2s)
with s < ro, then the following Minkowski estimates hold:
(1.13) Vol(B,(CS(u)) N By(0)) < Vol(B(€S, (1)) N By(0)) < cN (r/s)*.
Remark 1.2. As a corollary, we obtain the Hausdorff measure estimate
(1.14) FH"2(CS(u) N By(0)) < CV "2
Note that this estimate is weaker than (1.13) in two ways. First of all, uniform
volume estimates on B,(CS(u)) are stronger than Hausdorff estimates. As a guiding
example, consider the set R of rational points in R”. Although this set has Hausdorff
dimension 0, B,(R) covers the whole R”.

Moreover, as explained above, (1.13) gives estimates not just on the critical set,

but on the set CS,(u) defined in (1.4). This set contains not just the critical points
of u, but also the points where Vu(x) is small relative to « in a neighborhood of x.
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Remark 1.3. Since this statement is scale invariant, we will assume for convenience
that rp > 1. This can be obtained using a suitable blow-up of the domain of the
function u, or, equivalently, by assuming A to be small enough.

Before continuing let us make some remarks about Theorem 1.1. Even under
the assumption of analytic coefficients the Hausdorff measure estimate of (1.14)
is the first which gives an effective bound for the n — 2 Hausdorff measure of the
critical and singular sets, while of course the Minkowski estimate of (1.13) is in
fact significantly stronger. As was previously discussed, under the assumption of
Lipschitz coeflicients the Hausdorft estimate (1.14) is the first to give that the n—2-
Hausdorff measure is even finite. In fact, the techniques even show that the critical
and singular sets are finitely rectifiable. That is, away from a set of n — 2-measure
zero we have that CS(u) is the finite union of bi-Lipschitz images of subsets of
R"2. On a manifold the constant C should also depend on the sectional curvature
bound of the manifold.

Main Results for Nodal Sets: By a simple adaptation of the arguments used for
critical sets, we are able to also give estimates on the nodal set of solutions u to
(1.1). In this case our effective Hausdorff estimates match those that are currently in
the literature, however we do prove the significantly stronger Minkowski versions
as well, which is quite new. To state the results let us recall the definition of the
nodal and effective nodal sets given by

Z(u) = {x € By;2(0) : u(x) = 0},

(1.15) Z(u) = {x € B 2(0) : inf [ul*(x) < e(n) |u|2} .
B (x) B2 (x)

As with the effective critical and singular sets, the effective nodal set represents the
set of points where u has a definite size on a ball of definite size. It is again the
frequency which plays a key role in controlling the nodal set, though in this case it
. . .
is the smgu.lar frfequency Ng. . .

Our main estimate for nodal sets is the following:

Theorem 1.4. Let u : B1(0) — R solve (1.1) with the coefficients satisfying (1.2).
There exists rog = ro(n, ) > 0 and C = C(n, A) such that if A = N*(0, 2s) for some
s < ro, then the following Minkowski estimates hold.:

(1.16) Vol(B,(Z(u)) N By(0)) < Vol(B,(Z,(u)) N B,(0)) < (C(n, DAY r/s.

Remark 1.5. As for critical sets (see Remark 1.2), this estimate immediately yields
the Hausdorff measure bound

(1.17) H"N(Z(u) N B,(0)) < (C(n, YA s" 1.

Applications to Eigenvalue Equation on Manifolds: Let us now assume we are
working on a compact Riemannian manifold (M", g) with at least Lipschitz metric
g- In this context we are most interested in studying the Laplace-Beltrami operator
Au = divVu, though the results hold equally well for other second order operators.
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It is well understood that the eigenvalues 0 = Ag < 4} < Ap < --- of —A are discrete
with A; — co. As an application of Theorems 1.1 and 1.4, as well as the doubling
estimate of [4] we have the following:

Theorem 1.6. For a compact Lipschitz Riemannian manifold (M", g) there exists
a constant C(g) such that if u solves the eigenfunction equation —Au = Au, then we
have the Minkowski estimates

Vol(B,(S(u))) < Vol(B,(S,w)) < C* 17,
(1.18) Vol(B,(Z(u))) < Vol(B.(Z,(u))) < ACVA,
In particular, we have the much weaker estimate on the Hausdorff measure
H2Sw) < €,
(1.19) " (Z(w) < V1.

2 Preliminaries and Outline of Proof

In this section we concentrate on introducing the correct terminology for the
paper, as well as giving an outline for the proof of the mains Theorems. To keep
the arguments as non convoluted as possible we will concentrate on proving The-
orem 1.1 in the context where (1.1) is critical, as the other results are completely
analogous.

The main new ingredient to the proof of Theorem 1.1 is a new covering argu-
ment, which itself relies on a new effective tangent map uniqueness statement. In
section 2.2 we review the notion of a blow up and discuss the new results in this
paper related to them. In section 2.3 we discuss the notion of the critical radius. In
section 2.4 we outline the proof of Theorem 1.1, and in particular the new covering
argument.

2.1 Generalized Frequency

For solutions of (1.1) it is more natural and convenient on small scales to work
with a generalization of the frequency function (1.5) which takes into account bet-
ter the coefficients of the equation. Among other things this allows one to preserve
the essential property of monotonicity for the frequency. Such a generalized fre-
quency was first introduced in [5, 6, 12], and further expanded in [3]. We will
follow the mild extensions given in [3], which are discussed in Section 4.1. For
now, we simply wish to remark that the frequency N in the next subsections will
refer to the generalized frequency.

2.2 Tangent Maps and Blow Ups

In this subsection we define the notion of a blow up and discuss both new and
old results related to it. To discuss this with precision, let us define for x € B;(0)
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the linear transformation
2.1 0:(y) = gij(x) y'e’ ,

where ¢'/(x) is the square root of the matrix a’/(x). For instance if we consider
just the Laplacian then Q = I is just the identity map. It is evident that O, is a bi-
Lipschitz equivalence from R” to itself with Lipschitz constant < (1 + 1)!/2. Thus
if u solves (1.1) with x € B;2(0) and r < then we can define the blow up

by

1
20+)172°

Definition 2.1 (Tangent map for u). (1) For x € By2(0) and r < W we
define T}, : B,-1(0) —» R by

u(x + rQx(y) — u(x) .
(£, 1uCx + 7 QL) — o))
(2) For x € B;(0) we define
2-3) Ti() = Em T, 0).

2.2 Ty, () =

By unique continuation and the maximum principle, T, is defined for all pos-
itive r sufficiently small. The existence of the limit is a different matter. If the
coefficients of the equation are smooth, its existence is an easy consequence of
Taylor’s theorem and the unique continuation principle. In this case, the limit is
unique and, up to rescaling, 7% is just the leading order polynomial of the Taylor
expansion of u — u(x) at x. In the general case, the existence of the limit has been
proved in [8] and is a deeply important property of solutions to (1.1). It is worth
underlying that not only the limit in (2.3) exists pointwise in y, but [8] proves a
definite rate of convergence in r related to the frequency N.

Using a simple change of variables, it is easy to see that the function 7 satisfies
an elliptic PDE of the form:
(2.4) L(u) = 0;(@"0;T) + B'o;T +eT =0,
with @/(0) = (5"1;. Moreover, the conditions (1.2) imply similar estimates for the
coefficients @/, b':
25)  (d+an7'e" <a’ <1+ andY, Lip@”) < ar, |b'

,|¢) < Ar.

An important property of the blow ups is that they are controlled by the fre-
quency. We say the frequency at x is 6-pinched on the scales [, r1] if |[N(x, r2) —
N(x,rp)| < 4. It is known, see [3] for instance, that for every € > O thereisa d > 0
such that if the frequency is ¢-pinched at r, then 77, is € close to some homo-
geneous harmonic polynomial P,. The primary weakness of this result from [3],
besides its lack of effectiveness, is that if the frequency is ¢-pinched over a poten-
tially large number of scales [r;, r1], then the homogeneous harmonic polynomial
P((;) which T7, is close to might conceivably depend on r.
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In this paper, using arguments which extends both those of [3] and the tangent
map uniqueness result of [8], we prove a result which strengthens both of these into
a more quantitative statement. Namely, we see that for every € > 0 thereisa ¢ > 0,
which is in fact given explicitly and sharply, such that if the frequency is ¢ pinched
on scales [rp, r1] with O < r, < r;/(cA), then there exists a unique homogeneous
harmonic polynomial P, such that 7, is e-close to P, for all r € [ry,r1]. See
Theorem 3.19 for the harmonic case and Theorem 4.14 for the general case. Both
the uniqueness and the sharp bounds of the constants play an important role in
Theorem 1.1.

2.3 The Critical Radius

Let us begin with the following definition of the critical radius:

Definition 2.2. Given x € Bj/2(0) we define

3
(2.6) re(x) = ry = sup {0 <s<ryg:N(x,s) < E} ,

where ro(n, A) > 0 is a small constant chosen from Lemma 2.3.

Let us quickly remark on the following, which is easy to prove, see for instance
[3] and Lemma 4.15:

Lemma 2.3. There exists C(n,A) > 0 and ro(n,A) > 0 such that if r, < C™'r
. : 2 n 2 .

with r < ro, then infp () [Vul” > oz J%Bzr(X) lu — u(x)|*. In particular, we have the

inclusion

2.7) Co(u) C{x € Bijp(0): ry < C7 1},

The above Lemma allows us in the proof of Theorem 1.1 to prove a volume
estimate on the set {r, < r}, which will be more natural in the context of the
frequency.

Let us now generalize the above definition in (2.6), as it will play an important
role in our covering argument. For d € IN a fixed integer let us define the following
d-critical radius:

Definition 2.4. Given x € B;(0) in its domain, we define the d-critical radius
(2.8) ! = sup {0 < 5 < ry : Vy € By(x) we have that N(y, s) < d + &) .

Remark 2.5. Though not supremely important at this stage, the constant €y(n, 1) >
0 is chosen from Corollary 4.18 by setting 7 = 107, and the radius ro(n, A, d) is
chosen from Theorem 4.14. Note that, as d — oo, ro(n, A, d) — 0.

For the sake of the outline all that is important is that the constants 7, €, ry in the
above definition are chosen small enough in such a way that one has the effective
cone splitting of Corollary 4.18.
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2.4 Outline of Proof

The proof comes by working inductively on d-critical balls. In this short sub-
section we will try to outline the general idea of the construction without worrying
about precision or technical details.

Let u be a solution of (1.1) such that the frequency is bounded by A as in the
statement of Theorem 1.1. Using the results of Sections 3 and 4 it is not hard to
see that there exists a constant C(n, ) and an integer d < CA such that for each
x € B1/2(0) we have the d-critical radius bound rj‘f > rp, where ry > e(n, 1)™¢. We
can cover B;;2(0) by at most C? such balls, thus there is no harm in estimating
each such ball individually and adding up the error. Note that on each such ball
that after rescaling r, — 1 and translating x — 0 we can assume we are working
on a ball B;(0) such that ¢ > 1.

Now let us fix r > 0 and assume B;(0) is such that rg > 1 as above. The rough
goal is to find a collection of balls {B,,(x;)} € B1(0) with the following properties:

(1) For each i either r; = ror r; = r¢1.
Xi

(2) If x ¢ UB,,(x;), then ry < r, which is to say x ¢ C,(u).
(3) We have the estimate ) r;?‘z < C(n, ).

Ignoring the construction of the balls B, (x;) for a moment, let us remark that we
are done if we can always find such a collection. Indeed, in this case we can
then consider each ball B,.(x;) independently. If r;, = r we leave the ball alone,
otherwise by rescaling r; — 1 and translating x; — 0 we now have a ball B;(0)
such that rg‘l > 1, and hence we can find a d — 1-covering as above for the new
ball. In particular, this means we can cover B;,(x;) by a collection of balls B;,(x;;)
which satisfy the above conditions for d — 2. Summing over all i and j gives us a
collection of balls {B,, (x;;)} € B1(0) of our original ball which satisfy (1) and (2)
above and for which

2.9) Z 72 < Cn, D Cn, )

Continuing this d times we arrive at a collection of balls B,(y;) which satisfy (2)
and for which 3, 7”2 < C 2d(@-1) < CA* which finishes the proof.

Hence, we are left with understanding the construction of the balls {B, (x;)} €
B1(0) satisfying (1),(2),(3) above under the assumption that rf)’ > 1. Roughly, the
construction proceeds as follows. For every x € B;(0) let us define

(2.10) r, = max{r,r{'),

where rjf‘l is the (d — 1)-critical radius of Section 2.3. Let us separate B;(0) into
subsets S 1,52 which are defined by

S1={xeBy(0): Ay € By (x) s.t. 7, < 107277}
(2.11) S,=B1\S.

We can interpret S as the set of points with locally minimizing d — 1-critical radii.
We let {B,,(x;)} be a Vitali subcovering of the collection {B,;(x)}.es,. Clearly the
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collection satisfies (1), and hence we need to show this collection of balls satisfies
(2),3).
Now standard arguments as in [3, theorem 2.8] give us, roughly, that for every x;

and s € [r;, 1] that there exists a homogeneous harmonic polynomial PES) of degree
d such that T7 | is close to Pfs). A key point is that the new effective argument
discussed in Section 2.2 will allow us to take Pl(.s) = P? to be independent of both
i and 5. For the sake of the outline let us make the assumption that P is n — 2
symmetric, which is to say that P? depends on only two variables. Up to some
technical details this will turn out to be the important case, in that one can always
handle the other cases by even simpler methods. So in this case there is an n — 2-
plane V C R” such that if x ¢ V, then P? is not critical at x.

There are two steps needed to complete the proof. First, if x € S,, then by
assumption there exists a point x; centering a ball in our covering which is not too
far from x relative to 7. In particular, since u is close to P¢ centered at x; this
is roughly equivalent to the statement that d(x, V) > r. > r. We have already
mentioned that P? is therefore not critical at x, and with a little work, since u is
close to P4, one can use this to show u is not critical at x. More effectively, we
even have that r, > r, which proves (2) for the covering. Making this precise will
turn out to require an effective cone-splitting argument (see Sections 3.4 and 4.4).

Finally, let us consider the projection map P” : R" — V. Since u is close
to P4 in all balls B,(x;) with s € [r;, 1], one can use this to prove the projection
map, when restricted to the centers of the balls {x;}, is (1 + €)-bi-Lipschitz. Slightly
more precisely, if x;, x; € {x;} are two centers in the covering, then we know that
the blow up of u centered at x; at the radius d;; = d(x;, x;) looks close to P¢. In
particular, since both x; and x; are *good’ points relative to the frequency pinching,
by construction, we have that x; and x; must be close to the plane V relative to d;;.
Making this precise is exactly the statement that PV restricted to {x;} is (1 + €)-
bi-Lipschitz. In particular, the Vitali covering B,,(x;) induces a Vitali covering
{B, /2(Pv(xi))} of the n — 2-ball By N V. Thus we get from this the estimate (3).
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3 Harmonic functions

In this Section, we concentrate on harmonic functions in R", and will first prove
Theorem 1.1 in this simplified case. This will allow us to illustrate the main ideas
of the proof without the confusion of the added technical complications needed for
the general case. More than that, many of the tools we will need for general solu-
tions of (1.1) will follow by appropriate approximation arguments with harmonic
functions, and thus many of the results of this Section are directly relevant.

We start in section 3.1 by recalling some basic properties of homogeneous har-
monic polynomials, hhP’s in short. For a more complete overview on the subject,
we refer the reader to [2]. In section 3.2 and 3.3 we discuss the frequency function
and its relation to homogeneous harmonic polynomials. Although much of this is
known, the estimates of these sections are much more refined than those previously
in the literature, and we will need these results. In particular in Theorem 3.19 we
will prove an effective tangent cone uniqueness statement, which will play an im-
portant role in our estimates. In section 3.4 we revisit the idea of cone splitting,
introduced in this context first in [3]. The results of [3] are based on contradiction
arguments, and we again prove much more refined estimates. Sections 3.5 and 3.6
discuss the relationship of critical points to the symmetry of a harmonic function.
Finally in section 3.7 we prove Theorem 1.1 for harmonic functions.

3.1 Homogeneous harmonic polynomials

Let D ¢ R" be any domain, and denote for convenience J{(D) the space of
harmonic functions u : D — R, u € W"2(D). Most of the times, we will consider
B1(0) as our domain, thus we define for simplicity B = B;(0) c R". We recall that
a polynomial P is said to be homogeneous of degree d if P(1x) = A¢P(x) for all
A € R and x € R", or equivalently if P is the sum of monomials with the same
degree d.

Definition 3.1. Set P, to be the vector space of homogeneous harmonic polyno-
mial of degree d defined on R"”. For d > 2 and n > 3, its dimension is given
by

-1 -1

By the standard theory of spherical harmonics (see for example [2, chapter 5]),
one can characterize any such hhP by its restriction to the unit sphere dB;(0) and
one finds that

(3.2) L20B1(0) = P P,

d=0

3.1) dim(?d)=(n+d_1)—(n+d_3

) < C(n)d" 2.

where L2(0B;(0)) is the real Hilbert space generated by the scalar product

(3.3) (flg) = fg-

0B1(0)
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The space 3{(B;(0)) inherits the Hilbert structure of L>(0B;(0)). Indeed, this prod-
uct is well defined for all functions in W'?(B;(0)), however only gives a Hilbert
space structure on the harmonic functions as |ju|| = 0 = u = 0 is true only on
harmonic functions.

Thus, we can write

(o9

(3.4) u®) = ) aaPa(y),

d=0

where each P, is a hhP of degree d normalized with ||Py|| = 1, and agz = (u|Py).
This expansion of course will depend on the base point chosen for the expansion.
When needed, we will make this dependence explicit by writing

[ee)

(3.5) Uy +2) = Y @()Pu0).

d=0

It is clear that if P is a hhP of degree d, then ;P is either zero or a hhP of degree
d—1. An important relation between the norm of a hhP and the norm of its gradient
is given by the following lemma.

Lemma 3.2. [2, lemma 5.13] Let P, Q : R" — R be two homogeneous harmonic
polynomials of degree d. Then

1

1 n
(3.6) (PIQ) = d2d+n=2) (VPIVQ) = d2d+n=2 ; (0iPl0: Q) .

Moreover, it is possible to prove a simple bound on the sup norm on dB(0) of
a hhP P given its degree and its L>(dB;(0)) norm.

Lemma 3.3. Given a P; € P4, we have the sharp upper bound

1/2 1/2
BT WPallcos, oy < \/dim(%d)( f Pﬁ) < C(n)d>"! ( f Pﬁ) .
0B1(0) 0B1(0)

Two Variables

A special case which deserves to be studied on its own is the case of hhP’s
defined in R?. The following is a standard but useful point:

Proposition 3.4. Let n = 2, then 3,3 is a 2 dimensional space for every d > 2,
and an orthonormal basis for this space is given by

(3.8)  Puy(r,0) =2r%sin(d0) , Cu(r,0) = 2r¥ cos (dO) = Py(r,0 + n/(2d)).
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Moreover, by direct computation one has

(3.9)  8xPa(r,0) = 2dr" ' sin((d - 1)), 9yPa(r,0) = 2dr'~" cos((d - 1)6),

(3.10) IVP,(r,6)| = [VCy(r, )] = 2dr*",
(3.11) a—de(r 9l0.0) = 2(d)k!rd—k sin((d — k)8) = (d)k!Pd_k(r 0)
oxk= S k k 257
S (d
(3.12) Pa((t,0) + (1,0)) = Pu(r,0) + ) ( k)tde_k(r, 0).
k=1
Cone Splitting

By simple algebra, it is easy to see that the set of points wrt which P is homo-
geneous forms a vector subspace of R". Indeed, let P be homogeneous wrt 0 and
wrt x # 0, and pick any y € R". By Euler’s formula

(3.13) d-P(y)=VP,-y=VPl,-(y—x) = VP|,-x=0,

and thus the partial derivative of P in the x direction vanishes at every point, making
P invariant wrt the subspace spanned by x. In other words, if P is a harmonic
polynomial of degree d > 1, the set

(3.14) V={veR" st VP-v=0}

is a vector subspace of R”, and it is the invariant subspace of P in the sense that
P(x+v)=P(x)forallxe R*andv e V.

In the next proposition, we prove an extremely important (and simple) relation
between the degree of P and the dimension of V.

Proposition 3.5. Let P be a nonconstant homogeneous harmonic polynomial. Then
P is of degree 1 if and only if V has dimension n — 1.

Proof. The direct implication is evident. As for the reverse, if V has dimension
n — 1, then P is a nonconstant homogeneous harmonic function of one variable,
and thus it is linear. O

Space of invariant polynomials

Definition 3.6. Given x € R" \ {0}, we set P,(X) to be the subspace of P, of
polynomials invariant with respect to the coordinate x. It is clear that this subspace
has a uniquely defined orthogonal complement such that

(3.15) Pa = Pa(X) & Pa()",
where the direct sum is in the sense of L(dB).

In the next proposition, we characterize the elements of P(X1)*.
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Proposition 3.7. The linear function K : Py — P, defined by

(3.16) Kipl=xip = o x?dip = xip+ can i’ d1p
provides a vector space isomorphism between P,_; and P,(X1). Moreover
(3.17) IKTPII < llx1pllz2 8,0y < 1PN -

Remark 3.8. Note that K is, up to multiplicative constants, the Kelvin transform
defined in [2].

Proof. Let p € P41, and let g € Py(x1). We will prove that (K[p]lg) = O by
induction on d.
It is clear that the statement is true for d = 1. By Lemma 3.2 we have

n

(18)  dQ@d+n=-2)(KIpllg) = Y (3 (x1p + cIxf 01 p)|org) =

i
(3.19) Z (x10:p + 2cxid1 p + ¢ x> 019;p|0iq) =

(3.20) -

Zn: (x10:p + a1 1xI> 019;p|0iq) + Y ((can = ca-1.0) 1xP 010:p|0iq) + 2¢ Z (D1 plidig) =
(ig.zzl) - -

Zn; (x10ip + ca-1.01x* 010:p|0iq) + (can = Ca-1.) Z;‘ (010:p10iq) + 2chn21 @1plg) -

The first sum is null by induction, while the second and third sum are null since
they are scalar products of spherical harmonics (hhP’s) of different degrees. Hence
we see that K maps Py_; into Py(¥).

Note now that K[-] in injective. Indeed, let p € P4_; be such that K[p] = 0.
Then necessarily d; p must be divisible by x;, and thus p is a harmonic polynomial
proportional to |x|?, which is necessarily zero by [2, corollary 5.3].

Surjectivity is easily proved by a dimension argument. Indeed

(3.22) dim (Py) = dim (Py(¥1)) + dim (P4-;) .
Finally, since K[p] and 9; p are hhP’s of different degrees,

(3.23) (Ktplleanld® 81p) = can (KIplldrp) = 0.

This immediately implies the estimate on ||K[p]|l. O
This characterization allows us to prove the following important property.

Proposition 3.9. Let h € Py(x1)*, then
(3.24) Al < 1014 .
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Proof. If d = 1, the proposition is easily proved by direct computation.
If d > 2, we write
(3.25) h=2x1p+canlal’ dip,
(3.26) O1h = p+ (2can + 1)x101p + can X 07,p .
Note that for every d,n > 2, 2c4, + 1 > 0. We estimate the norm of 91/ by
(3.27)
1BVAIP = 11PIP + | 2can + Dx181p + can il Papl[* +2 (p|Q2ean + Dx1d1 p+
(3.28) t+ean X 0%p) 2
(3.29)
> IpI? +2(p|2can + Dx101p + canl® 8ap) = IpI* + 2Q2can + 1) {plx101p) .

The last scalar product is nonnegative, as will be shown in the next Lemma (3.10).
This and equation (3.17) conclude the proof. O

Lemma 3.10. Let p € 3, 4, then

(3.30) (PIx101 Py 268, (0) = 5 101 plI* .

1
2d +n—
Proof. We prove this proposition by induction on d. For d = 1, the proposition is
easily proved. Indeed, p = }; p;x; and by direct computation

1
630 o =Y ant v f =il
- 0B, (0) 9B1(0) n

Suppose by induction that the statement is true for d — 1, and let p € I, 4. Note
that the function x;0; p is not harmonic, and its projection Py is

(3.32) X101p + Can X 05p.

Since p and 8%2 p are spherical harmonics of different degrees,

(3.33) (Pleanixl® &%p) = 0.
Thus, by Lemma 3.2, we can write
(3.34)
1
_ 22\ _ 292
(plx101p) = <P|x151P + Can || 312P> = d2d+n=2) <VP|V (xlalp + Can |l 5121?» -

On the right hand side we have

(3.35) (VP|¥ (11010 + can I @ p)) =
(336)  1101pI + (Vplx191Vp) + 2¢an (x - Vp|o%p) + can (V| VO p) .
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The last two scalar products are null by the orthogonality of spherical harmonics
of different degree. Induction and Lemma 3.2 allow us to conclude

2d+n-4

(3.37) (Vplx10:Vp) = (d - 1)2d n—4

d - D o1 pll* .

O

We close this section with a consideration about invariant polynomials and their
norm. Let P : R” — R be a hhP of degree d, and suppose that P is x; invariant.
Then P naturally induces a hhP P : R”"! — R. The following proposition gives
the relation between the L norms of P and P.

Lemma 3.11. Let P : R"™! — R be a hhP of degree d, and denote by P : R" — R
the polynomial P(x1,y) = P(y). Then

d

SI2 2 e 1Rt 2k—2 2 2 2d -2
3.38) ||7 _Jgsl(omn—] 2" = 1Pl g—n+2k_3 <Pl e 1+ ——.

Proof. This lemma can be proved by direct computation, or as a corollary of [2,
Theorem 5.14]. As for the last estimate, it is easy to see that

(3.39)
d d
n+2k-2 1 1 1 2d -2
|2 1+ —— <h@+-Mhf1 .
H(Dn+2k—3]_ n( +n—1)+kZ:2:2k+n—3— n@+s n( " n—l)

O

3.2 Almgren’s frequency and homogeneous harmonic polynomials

In this subsection we recall the classic frequency function and some basic re-
sults about it. Because we will focus on the critical set and not the singular set in
our proofs, we will focus on the normalized frequency function:

Definition 3.12. Given a nonconstant u € H(B(0)), x € By(0) and r < 1 — |x],
Almgren’s frequency is defined by

2
o Js, (o [Vul? @v

- 2
faB,(x) lu|* dS

This function is suitable for studying nodal and singular sets of harmonic functions.
If we want to focus on the whole critical set of u, instead of just the singular set of
u, a normalized frequency is better suited for this job. For this reason, we set as in

[11]

Ng(x,r)

2
r fB,-(x) |Vul> dV
fﬁBr(x) |t — u(x)l2 das

(3.40) Ne(x,r) = N(x,r) =
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Note that N is invariant under blow-up, rescaling, and adding a constant. In
particular, if we define

(341) T)”:’r(y) — Tx,r(y) — u(.x + ry) — u(x)

(f luCx + ry) — u(x)P

then N(x, rs) = Ng (0, s). The monotonicity of N wrt r is standard in literature
(see for example [12]). Moreover, its proof is a simple matter of calculus.

)1/2 ’

Proposition 3.13. For every u € H(B) and x € B, N(x,r) is monotone non de-
creasing wrt r. Moreover, if for some 0 < r < s, N(x,r) = N(x,s), then u is a
harmonic polynomial homogeneous wrt x, and N(x, t) is constant in t and equal to
the degree of the polynomial u.

Since N is monotone, one can define N(x,0) = lim,_,o N(x, r) for all x € B. As
it is easily seen, N(x, 0) is the vanishing order of the function u — u(x) at the point
x. In particular

(342) 1<Nx,0)=d e Vli<k<d,VWy,=0 and V@Du,20.

Polynomials and Frequency

Let P be a harmonic polynomial of degree d > 1. Since N is invariant under
blow-up and rescaling, it is easy to see that N(x, r) < d for all x and r. Indeed, con-
sider the function Py ,(y) = Pla+ry)
(fasl © P(x+ry)2)
the smooth sense to the normalized homogeneous component of P with the highest
degree, and thus, lim,_, N(x,r) = d for all x. As an easy corollary of the previous
proposition, we get that P is homogeneous wrt x if and only if N(x,0) = d.

Sometimes it is convenient to exploit the polynomial expansion of u given in
(3.4) to express its frequency (see for example [12, p 23]). Given that we can
re-write

7. As r — oo, this function converges in

(3.43)
f Vul* = f uVnu = Zafif PaVPs - (r 'y = Z r_]dai,f P,
B-(0) 0B,(0) =0 8B,(0) o 9B,(0)
we obtain
® da*r*d o 42,2
(344) N = 2N gy = 2
Zd:O adr Zd:l adr

Growth estimates

Almgren’s frequency can also be used to get growth estimates on the function
u. Indeed, let

(3.45) h(x,r) = JC u’dx,
0B, (x)
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then by direct computation we get

(3.46) %ln(h(x,t))z 2N (tx’t) — h(x,t)=h(x,r)exp(—2 f ' %s)ds).

Uniform control

An important property of the unnormalized frequency is that N(x, r/2) < c(n, r)(N(O, 1)+
1) for |x| < r < 1 (see for example [12, theorem 2.2.8]). Thus, a bound on N(0, 1)
implies an upper bound on the vanishing order of the function for all x € B away
from the boundary. A similar statement with a similar proof holds also for the nor-
malized version. For the sake of completeness, hereafter we sketch a proof of this
result.

Theorem 3.14. Let u be a nonconstant harmonic function. Then for every r,k < 1,
there exists a constant C(n, r, k) such that for all |x| < r

(3.47) N(x,k(1 -7)) <CN(,1).

Proof. We assume for simplicity that #(0) = 0. First of all, we prove that there
exists a radius S(n) > 0 such that for all |x| < B(n),

1
(3.48) u(x)? < = f u?.
2 Jogy o)

We exploit the fact that u vanishes with order at least 1 at the origin. Suppose for
convenience that ]%Bzﬁ(o) u* = 1. Since N(0, 28) > 1, we have

2 25 o[ s : w,
(3.49) f u- < f dsw,s" (—) =——_(28".
Bap(0) 0 ZB n+2
With a similar argument:
(3.50)

) 1/2—Bd s 2 w 1 n+2 5 2]
. B I R RN e
wa«»“ _f2ﬁ o (2ﬂ) PR +2) (2 P ) e

By geometric considerations, we have

(3.51)
1 1 n
u(x)* < JC u* = u < u? < —a(n) u? <
Bs(x) W JBy(x) W JBy0) Wy B1/>-5(0)
n
(3.52) < Zan) u? = a(n) u? < a(n) u?,
Wn By2(x) By2(x) 0B12(x)

where we have set
23)+2 1 n+2 -
(353) am = SOk - [(5 —ﬂ) - (Zﬁ)””} 2p)°.
epr|(L-8)" - ey
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It is evident that one can choose B(n) sufficiently small in such a way that a(n) <
1/2, which is all we need.

Now we are in a position to prove the theorem with r = §(n) and k generic. The
general case is obtained by repeated applications of this estimate.

For simplicity of notation, we will assume k = 1/2 and let c¢(n) denote a constant
that depends only on n, that may will change several times throughout the proof.
Given the obvious inclusions

(3.54) B1/4(0) C By2(x) C B3ja(x) € B1(0),
and the growth estimates

(3.55)

J[ u2 < 42N(O,I)JC MZ N MZ < C(I’l)42N(O’])JC MZ,
9B1(0) 3B1/4(0) BI(0) B1/4(0)

one has

(3.56) f u* < c(ny4*NO-D f u* .
B3/4(x) BI/Z(X)
Since J% B,(0) u? is an increasing function of r (if u is harmonic), we can estimate
3.57) f u? > f u? > c(n) u,
B3 ja(x) B3ja(x)\Bs3(x) 0Bs5(x)
(3.58) f u? < c(n) u?.
By2(x) 0By 2(x)

Thus we obtain that
(3.59) JC u* < c(ny4*No-D JC u* .

0Bs5/3(x) 0B1)2(x)

With some easy computations as in [12], this implies Ns(x, 1/2) < C(n)(N(0, 1) +
1). In order to obtain a similar estimate for N = Neg, consider that

(3.60) u(x)? = lim u? = yJC u,
0B, (x) 0Bs;8(x)

r—0

5

: 8 e
where we set for convenience y = exp (—2 fo / st). Note that, if u is not

constant, 0 <y < 1. Using (3.59), we obtain

(3.61) f u? — u(x)? < c(md*™N O (1 - ) W =
0Bs3(x) 9B 2(x)

(3.62) = c(n)4*NO.D ( JC u — y'u(x)z) ,
0B12(x)
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5/8 N(x,s)
-2 1/2

where y' = exp( ds), and again 0 < 7’ < 1. Given Equation (3.48),

we can estimate

(3.63) J[ u? — u(x)? < 2c(n)4*N O ( JC u? — u(x)z) ,
0Bs/3(x) 0B12(x)

By the growth conditions related to N, we obtain the inequality
(3.64)

2N(x,1/2) 5/8 u? — u(x)?

( : ) o (2 [ ds) _ Jomow T o,
1/2 S JCaBl/z(x)” — u(x)

By taking logs on both sides, we complete our estimate. Indeed we obtain

(3.65) N(x,1/2) < c(n)(N(0,1) + 1) = c(n)(N(, 1) + 1) < c(m)N(0, 1).

3.3 Frequency pinching for harmonic functions

In the previous section, we have seen that if NV is constant, then the function u is
homogeneous. The aim of this section is to prove a quantitative “almost” version of
this statement, with particular care on how the parameters involved depend on the
frequency N(0, 1). The results of this Section may be viewed as a generalization of
the quantitative pinching in [3, theorem 2.8].

Definition 3.15. Given a nonconstant harmonic function u, we say that its fre-
quency is o-pinched at x on the scales [r, r(] if

(3.66) N(x, 1) = N(x, 1) < 6.

As we have seen, if 6 = 0, u is, up to an additive constant, a homogeneous har-
monic polynomial of degree d and N(x, r) = d for all r. Using a simple compact-
ness argument (see [3, theorem 2.8]), one can prove that if ¢ is small enough, then
u is close to a homogeneous harmonic polynomial. In particular, for every € > 0
there exists 6(n, A, €) > 0 such that if (3.66) is satisfied, then for all r € [2r;, 1]
there exists a hhP P of degree d such that

(3.67) 7%, - PP\ <€ and, |N“(x,r)-d|<e.

By exploiting some improved monotonicity properties of N, we make the pre-
vious argument effective. First of all, we prove that N(r) can be pinched only when
it is close to an integer.

Lemma 3.16. Let mingey |[N(r) — k| = € > 0. Then

dN

(3.68) r—| =2e(l-e¢).
d t=r

As a corollary, if N(r) < d — €, then

(3.69) N( r)sd—1+e.
1-€
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Proof. By the scale invariance properties of N, we can assume for simplicity r = 1
and i(1) = 1. Let d be the integral part of N(1), i.e., the largest integer < N(1). By
hypothesis, d < N(1) — €.

Define the following functions.

(3.70) o= g, =) art
k>d+1 k<d—-1
Sisart kajr* Sksd-1 kajr**
371 Np=282 & N =2E=E k.
(3.71) +(1) N0 () ()
hy () h_(1)

(7)) S = s W =d) . f()= s @ NAD) .

Note that f,(#) > 0 for ¢ > 0, with lim,_,¢ f;(#) = 0. As for f_, it is either a strictly
positive function or it is zero. In the first case lim,_,o f_(f) = co. The derivatives of
[+ are easily computed directly. Indeed, we obtain

(3.73) f=2 Z (k—d - D)k - dya22*4-D"1 > o
k>d+1

(3.74) =2 Z (k—d - 1)(d - ka2l < 0.
k<d-1

We rewrite the frequency N(f) in the following convenient way.
N_(h_(t) + da’** + N.(Dh..(1)

(3.75) N@) = o
(3.76) _ N-0Oh-(0) + d [h(t) = h-() = he (D] + N+ (D (1) _
h(t)
@ he() 0
=0 (N-()-d)+d + 0 (Nu(1) —d) =
0, h® o
(3.77) g (d—-N_(t))+d+ 0 (N;:(t)—d) .
In particular, we obtain the simple formula
2d+2
(3.78) N@®-d= o) (f+(@) - f-@) .
By (3.46), we obtain the equality
h(t) 'N(s)-d -1
(3.79) i h(1)exp (—2[ fa’s) .

This and the fact that 4 (f,(f) - () > 0 imply that

t

1 —d-
(3.80) 0< % [(N(t) —d)exp (—2[ %ds)} =

1
= exp (_Zf Mds) [%N(t) + 2(N(t) — d)w] ‘
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As a consequence we obtain

(3.81) %N(z) > 2(N(f) - d)w .

As long as N(t) € (d,d + 1), the ths is positive. Define for convenience p(f) = In(t),
and r = ¢”. We have

d
(3.82) d_N >2(N@p)—d)(d+1-N(p)) .
p
Let N(p) be the solution of the corresponding differential equality, i.e.,

3.83 Np)=d+——,
(3.83) ©) ce™? + 1

where ¢ > 0 is chosen in such a way that N(0) > N(p = 0). Since N(p = 0) <
d + 1 — €, we can pick

(3.84) c=

A standard comparison for ODE implies that N(p) < N(p) for all p < 0. Thus if
satisfies

1 €
. P o<1  ——
(3-85) e +1 ¢ = P= Og(l 6)’

then N(p) < d + €. This concludes the proof. O

As a corollary of the proof, we obtain the following

Corollary 3.17. Let dist (N(r),N) = 2¢ > 0. Then N(r) — N(r/e) > e.

Proof. Note that by definition 0 < € < 1/2. By (3.82), as long as dist (N(p),N) > €
we have the lower bound

d
(3.86) —N > 2e.
dp
This and the monotonicity of N immediately imply the thesis. O

Using a similar technique, we can prove that either u is close in the L? sense to
a homogeneous harmonic polynomial P at a certain scale, or the frequency drops
by a definite amount after some definite number of scales.

Lemma 3.18. Given a harmonic function u : B.(0) — R, for every € > 0 one of
these two things can happen

(1) either there exists d such that afirz‘l > (1 — 6¢) h(r);
(2) or N(O,r) — N(0,r/e) > €.
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Proof. Suppose without loss of generality that r = 1 and 2(1) = 1. Fix an index
d, and define h. and N. as in (3.70), (3.71). By analogy with the usual frequency,
both N, are monotone nondecreasing functions. Moreover, it is easily seen that

(3.87) N.h-d>1 d-N_(H>1.

Simple considerations on the definitions of 4 and /.. imply that

(1) if A4 is not identically zero, hi:((r? is increasing with respect to ¢, and, if h_

is not identically zero, it has limit O for t — O,
h_(1)

(2) if h_ is not identically zero, Y0l is decreasing with respect to ¢, and it has
limit 1 for ¢t — 0.
By (3.75) we have
h_(1) h. (1)
3.88 Nit)=——=([d-N_-(0)) +d Ni()—-d) .
(3.88) (0 h(t)( (1) + +h(t)(+() )

If a,% < 1 — 6¢ for all k, then there exists an index d such that either 4. (1) €
[3€,1/2] or h_(1) € [3¢,1/2]. Suppose that the first case is true, with a similar
argument one can deal also with the second case.

By monotonicity of N_, positivity of d — N_(t) and since h_(¢)/h(¢) is a decreas-
ing function of ¢, we have for ¢ < 1

h_(1) h_(1)

Thus

h. (1) h. ()
(3.90) N() - N(@) = 0 (N+(1) =d) - no) (N+() - d).
Note that for all # < 1:
3.91) 1<N,(t)-d<N.(1)-d,
(3.92)
hi(t) 2 h, (1) < h.(1) < 2h.(1) <2821 1)

h(t) — 24h (1) + a3+ r 240 ()~ 24h () + a2 T 2ho(1) + d}

where the last inequality follows from the assumptions 2(1) = 1 and 4.(1) < 1/2.
Thus we obtain:

(3.93) N(1) = N(@®) > h.(1) [(N+(1) —d) = 22 (N4 (1) - d)] >
(3.94) > 3e(N, (1) — d)(1 = 2¢%) > 3e(1 = 2¢%).

1

If we choose t = e™, we obtain

(3.95) N(1) = N(1/e) > 2€.
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In case h_(1) € [3€, 1/2], a similar computation holds. Indeed, by monotonicity
of N, positivity of N, (f) —d and since h,(¢)/h(f) is an increasing function of ¢, we
have fort < 1

hy(1) hy (1)
(3.96) 70 N+() —d) - 0 (Ny(H)—d)=>0.
Thus
h_(1) h_(1)

(3.97) N(1)-=N@®) = —W(d—N_(l))+ W(d—N_(t)).
Note that for all # < 1:
(3.98) 1<d-N_(1)<d-N_(1),

ho(t) 2h_(1)
(559 TRty 24 (n) + a’+ 172 (r)

-2d -2d
(3.100) h_(t) S h_(t)

> .

T2 () + ad + 2he (1) T o) + 1= ho(1)

Since the function x/(1+x) is an increasing function for x > 0, and since t2?h_(f) >
12h_(1), we have

ho(t) 2h_(1)

h(@®) — 1+ 2h(1)

Since h_(1) < 1/2, for t = e~} we obtain

(3.101)

h-(t) 4
(3.102) o) > §h_(1).
Thus we obtain:
(3.103)
N(1)-N(1/e) > h_(1)|-(d - N_(1)) + g(d - N_(1/2))| = %e(d - N_(1/2)) > €.
This concludes the proof. O

As a consequence of Lemma 3.16 and 3.18, we see that if the nonnegative quan-
tity N(r)—N(r/e) is sufficiently small, then the function u is close to a homogeneous
harmonic polynomial at scale r, and N is close to an integer. We now generalize
this point to our effective tangent cone uniqueness statement for harmonic func-
tions, which is our main result for this subsection.

Theorem 3.19. Let u : B, (0) — R be harmonic, and assume that |N(0, r) —

N(O, 1”2)’ < e with ry < r1/&>. There exists an absolute constant €y > 0 such that if
€ < g, then

(i) There exists an integer d such that for all t € (ry,r1), IN(t) — d| < 3¢,
(ii) Forallt € (erp,r1/e) we have af,l‘Zd > (1 — 6¢€)h(2),
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(iii) For all t € (era, r1/e) we have that u is close in the L? sense to the homo-
geneous harmonic polynomial P;. More precisely, for all t € (erp,r1/e),

(3.104) f |78, - Pf <7e,
aBI0)

(iv) up to a factor d, u and P, are also W' close. More precisely, for all
1€ (ery,ri/e),

(3.105) f VTY, — VP, < 7Tde.
B1(0) '

Remark 3.20. The key aspect of this Theorem is the sharpness of the closeness of
u to Py depending on the frequency drop. That is, after dropping one scale either
the frequency drops by € or u is € close to a homogeneous harmonic polynomial,
where € is independent of d, compare for instance to [3].

Remark 3.21. The second key aspect of this Theorem is that if u is pinched on
many scales, then u is automatically close to the same homogeneous harmonic
polynomial on all scales. This is a key point to the proof of the main Theorem.

Proof. Let us begin with the observation that if we prove the Theorem for e*r; =
ri = r, then the result is proved for any rq, r,. Indeed, since we are proving that u
is close to the d"*-order part of its Taylor expansion, the radii are unimportant, and
thus we will make this assumption in the rest of the proof.

(i) is a direct consequence of Corollary 3.17. By Lemma 3.18 (ii) is valid with
d replaced by another integer ¢ which, a priori, might be different from d. We are
left to prove that g = d. In order to do so, we will prove that |N(r/e) — d| cannot be
small if d # gq.

For simplicity, we assume that r = e and 4(1) = 1. A simple computation yields

(3.106) N()-d =) (k-dai=d-qa,+ . (k-dxa;.
k+d k#d.q

By Cauchy inequality, we estimate the last sum as follows

(3.107) Z (k- d)al| < Z (d - k)a? + Z (k- d)a? <
k#q,d k<d-1, k#q k>d+1, k#q
(3.108)
1/2 1/2 1/2 1/2
< [ > (d—k)Zai] [ > a,EJ +[ > @- k)za,f} [ > a,%] <
k<d—1, k#q k<d—1, k#q k2d+1, k#q k>d+1, k#q

1/2 1/2
(3.109) 3\/6?[[ > (d—k)zaiJ +[ > (d—k)zai] ‘

k<d—1, k#q kzd+1, k#q
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In order to estimate the sums with (d — k)>, we exploit the growth conditions on
h(t). Recall that, for all r € (e7!, ), kg ait”‘ < 6¢h(t). Moreover, by (i) and
(3.46), we can estimate h(f) by

(3.110) h(e) < e2476¢ < 21— Za%eZk—Zd—l < 6e.
k#q
3.111) h(e—l) < o 2d+6€ L ,=2d+1 — Zaie—2k+2d—l < 6e.
k#q

It is evident that there exists a universal constant C such that

2k—2d—1
e fork>d+1
3.112 k—d?<C - ’
( ) ( )< {e‘2k+2d_1 fork<d-1.
Thus we obtain
(3.113) > k-da<C ) ape ! < 6Ce,
k>d+ Lk #q k#q
(3.114) > (k-dya; <C ) ate ! <6Ce.
k<d-1.k #q k#q

By (3.106) and the triangle inequality, we obtain
(3.115) IN(1) - d| > |g — d| (1 - 6¢€) — 12 VC,

and the conclusion follows immediately by (i) and the fact that ¢ and d are both
integers.

(iii) is a simple corollary of (ii). Indeed, for all ¢ € (r/e?, 1)
(3.116) f |78, - aqPa| < 6,
0B1(0)
and g > V1 — 6€ > 1 —4e for € < . This and the normalization of Py imply that

1/2
(3.117) (JC |Tg,—Pd|2) < V6e +4e < VTe.
0B1(0)

The W2 estimates in (iv) are an easy consequence of the harmonicity of u and
P. Indeed, we have

(3.118)
f Ve, - VP, = f vre |* + f VPP - 2f (V1 |VP) =
B1(0) ' B1(0) ' B1(0) B1(0) '
(3.119) = N(t)+d—2f Ty V,P.
9B1(0)

By homogeneity, V,,P(x) = d |)c|_1 P(x), thus

(3.120) f VTE, = VP, <2d + 3¢ - 2day < 3e + 4de.
B;(0) '
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As it is clear from the proofs of this subsection, the same results proved here
are valid also if we replace N with the unnormalized frequency, the only difference
is that in this second case the unnormalized frequency is bounded below by 0, not
1, and the integers appearing in the propositions can take the value 0.

3.4 Almost cone splitting

As we have seen before, a cone splitting theorem is valid for hhP’s. In particu-
lar, if P is homogeneous wrt 0 and x, then P is invariant wrt the line defined by x,
and thus 0,P = 0. An almost cone splitting holds for generic harmonic functions,
where homogeneity is replaced by quantitative frequency pinching.

Lemma 3.22. Letu : B,2;,1(0) = R be a harmonic function, and let d > 1 be an
integer such that

e N(0,e*d) — N(0,e7") < e with IN(0, 1) — d| < € as well,
e there exists ¥ € B (0) such that N(X, e*d)—N(x,e™!) < ewith|N(%, 1) — d| <
E.

After rotating we may assume without loss that X = (t,0,---,0). If € < e(n), then
u is almost x invariant, in the sense that:

(1) The d-th degree part in its expansion is almost constant. In particular

(3.121) f 440 Pao(y) — as(®Paz) dy <
0B1(0)

(3.122) < C(n)et® f laa(@)Pao)| dy = C(nyetaq(0);
9B1(0)

(2) The function itself is almost invariant under translation with respect to X.
In particular

(3.123) f ju(y) = u(x + y)I* dy < Cyer® f () dy;
8B1(0) 0B,(0)
(3) The X derivative of P is almost zero, more precisely

(3.124)  ||81Pao| < C)™ Ve ||VPao| = Cn)r™ Ved2d + n —2)||Pyy -

Proof. Let u = Y, a; Py be the expansion at zero. By the pinching conditions and
Theorem 3.19, we know that for all s € [e™!, ed] we have

(3.125) Z 2 <edds?! = Z (ed) D <edl =
k#d k>d+1
(3.126) Vk>d+1, aj <eaj(ed)™ ™.

In order to compute the expansion u at X, we expand all the polynomials Pj using
Taylor’s formula.

k ti 4
(3.127) Pi(x + X) = Pr(x) + l (01)' Px,
i=1
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where (9;)’ Py is again a homogeneous harmonic polynomial of degree k — i. By
an iterated use of Lemma 3.2, we can estimate

i 2 i—1
(3.128) M < (k)i! l_[(Z(k—j)+n—2) =

2 .
1Pl i)

WP n_2 0P P\
(3.129) = [(Z_)zz] 2 ]J:(!(l+ 2(k_j))Sc[(i)l!] 2 (m) .

Now, when we re-expand, we obtain

(3.130) u(x + ) = Z A Pu(x + X).
k

The degree d part in this expansion is

(3.131) a4(DPas = aaPa+ ) 7aaek @) Paci.
k=1""

By (3.125) and (3.128)

(3.132)

ok
t

E ] e+ (O Pasx

=

0o n/2
< Ve tk(d Z k)d—ke—k (1 + S) .
k=1

Simple and very rough algebraic manipulations lead to

(3.133) ay' |aaPa - aa(®)Pas|| <
& d+k)d+k—1)---(d+1 k\"?

G13) < va S R +dkk') @+ )e—"(1+;l) < C(n) Vet ,
k=1 :

which concludes the proof of point 1.

Proof of (2). This point is a simple corollary of the fact that pinching implies
the dominance of the d-th term in the expansion. Thus, if the d-th term in the
expansion is almost constant, the whole function is almost constant.

Proof of (3). In order to prove this last point, we consider also the d — 1 order
part in the expansion of u around X.

In detail, it is easy to see that

sl k+1

(3.135)  ayg-1(X)Py-15 = ag1Pg-1 + aqt 01 Py + Z madﬂc @) Py
=1 :

Given the pinching in the frequency around X, we obtain

(3.136) lad-1®Pa-r5| < Cellaa®Pas = Ced?.
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Moreover, the triangle inequality implies the easy estimate

(3.137)
|@a-1(®)Pa-1.5|| = laat 1Pall = llaa-1Pa-1ll - i Lacﬂk @D Pas]| -
’ = (k+1)!
By computations similar to before, we obtain
(3.138) llagt 81P4ll < Clagl Ve + Cdlagl Ve.

Given Lemma 3.2, we can conclude
(3.139)  tlagll01Pall < C()lagld Ve = 1|01 Pall < Cm)r~" Vel[VPll .
]
With this Lemma, we are in a position to prove a quantitative version of Propo-
sition 3.5. In particular, we will see that the points where the frequency is almost
pinched around d are almost contained in a n — 2 dimensional plane. In order to do

s0, we start by proving that if a harmonic polynomials has n — 1 partial derivatives
suitably close to zero, then it has to be linear.

Lemma 3.23. Let P; : R" — R be a (nonconstant) hhP of degree d such that
(3.140) 10:Pall < VelIVP4||
fori=1,--- ,n—1ande < g(n) =[2n(n — DI™Y. Then P, is linear, i.e., d = 1.

Proof. For simplicity we assume that P; is normalized. By Lemma 3.2

B141) PP =1 = VPP = ) 0Pl =d@d+n-2) =
i=1

(3.142)

— |V?P = > 6:0,Pd||” = d(d - 1)2d +n - 2)2d - 1) +n-2).

i.j=1

Also, for each i,

(3.143) 10:Pall* = (d = 1)(2(d — 1) + n = 2) [[VO;P4ll* =

(3.144) =(@d-Dd-1)+n-2) ) |93 .
j=1

Thus we obtain that fori =1, --- ,n—1:

(3.145) IVaiPall = [[V2(Po)leil]| < Ve|[V2Pd]| -

This in particular implies that V2P, = (h; ;) s a symmetric matrix (whose elements
are hhP’s) with [|y||* < ellhll if either i or j are not n, so for all i, j) # (n,n).
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This last term is small as well since P, is harmonic. Indeed, >; h;(x) = O for all x
implies Wil < (n — 1)%el|h]|. Summing everything up we obtain

n
2
(3.146) A% = Z i||” < (0 = De+ (n = 1)) lIAI1> .
i,j=1
If € < c(n) = 2n(n — 1), then ||A|? = 0, which implies d = 1.
O

One could rephrase this Lemma in the following way: the almost invariant
directions of every nonlinear hhP P, are always contained in a neighborhood of a
subspace V of dimension < n — 2. It is easy to see that this notion is in some sense
stable wrt the polynomial P,.

Proposition 3.24. Let d > 2 and Py, P, : R" — R be two nonlinear hhP’s with
IP4ll = ||P;|| = 1. Let Ite) ¢ S = {Ivll = 1} C R” be the set of almost invariant
directions for Py, i.e., the set of unit vectors v such that

(3.147) 18, Pall < VelIVPll

and let I'(€) be the corresponding set for P. Then for every T > 0, there exists
e(n, ) > 0 such that if 0 < € < g and

(3.148) |Pa - P < Ve,

then there exists a subspace V < R" of dimension < n — 2 such that I1(€) U I'(¢€) C
B (V). We say that this subspace V as is the almost invariant subspace of Py and
P,

d

Remark 3.25. Note that this proposition is a quantitative version of Proposition 3.5
which is also stable wrt the L norm of the polynomial P,. Note also that V is only
well defined up to an e-perturbation.

Proof. Recall that, by Lemma 3.2 and the normalization of the polynomials, the
following equality holds
(3.149) IVP4IP = VP = d2d +n-2).

Thus it is easy to see that

(3.150) ||0vPy — 8,PY|| < Vd(2d +n—2)||Py — P|| = VelVPI = Ve|VP,| .

which means I(e/4) C I'(e) C I(4€). Thus, up to an inconsequential change in ¢,
it is sufficient to prove the statement for /.

The inclusion I(e€) € B.(V) is an easy corollary of the previous Proposition.
Suppose by contradiction that for every n — 2 dimensional plane V, I \ B:(V) # 0.
Then there exists n — 1 unit vectors v; with

(3.151) 16:Pal| < VElIVP4ll  and v, ¢ By (span(vi,--- ,vi-1)) -
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By a simple orthonormalization argument, it is easy to see that there exists n —
1 orthonormal vectors w; satisfying ”aw,-Pd” < ¢(n,7)Ve||[VP,||. The previous
Lemma concludes the proof. O

As a Corollary of this Proposition and Lemma 3.22, we obtain that the points
with pinched frequency have to be close to an n — 2 dimensional plane.

Corollary 3.26. Letu : B,2;,1(0) = R be a harmonic function, fix some T > 0 and
set 'V to be set of points x € B1(0) such that

(3.152) N(x,e’d)— N(x,e Y <e with |N(x,1)-d|<e€.

If d > 2, there exists €y(n, T) such that if € < €, then there exists a subspace V of
dimension at most n — 2 such that for all x € V

(3.153) VN Bi(0) C x+ B(V).

Note that the subspace V may be chosen independently of x. Moreover, if
N(x,e*d) — N(x,ry) < e with 0 < ry < e”!, the subspace V may also be cho-
sen independently of r.

3.5 Almost n — 2 invariant hhP’s

In the previous section, we have seen that if some hhP is almost n — 1 invariant,
then it depends only on 1 variable and thus it is linear. Here we will explore the
properties of almost n—2 invariant polynomials. Although an almost n—2 invariant
polynomial is not necessarily a polynomial of 2 variables, such a function has to
be close to an hhP of 2 variables. Exploiting the properties of hhP’s in dimension
2, we will then use this statement to get some control over the critical and almost
critical sets of such functions.

Lemma 3.27. Let P : R" — R be a hhP of degree d such that
(3.154) 161 PII* < €llVP|* = ed2d +n—2)||P|]* .
There exist constants €y such that if € < y/d>, then

(3.155) P=V1-60+ VR,

where Q and R are hhP’s of degree d with ||Q|| = ||R|| = ||P|l, Q is x;-invariant and
0 < ne.

Proof. We will assume for simplicity ||[P|| = 1. Let P = Q + R, where Q € P,
is independent of x|, and R is orthogonal to all x; invariant polynomials. Then
01P = d1R, and so, by Proposition 3.9, ||R|| < ||01R|| < vVned||P|| £ Vn&||Pll. O

Proceeding by successive steps, one can prove the following.

Proposition 3.28. Let P : R" — R be a hhP of degree d such thatfori=1,--- k <
n—2

(3.156) 10:PII* < €|[VP|? = ed2d + n - 2)||P|]* .
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There exist constants € such that if € < €/ d*"*, then

(3.157) P=+1-620+6R,
where Q and R are hhP’s of degree d with ||Q|l = IRl = ||IPIl, Q is x1,---, xk
invariant and 6 < Vc(n)e.

Proof. For k = 1, this is exactly the content of the previous lemma. Thus we can
write P = V1 —-0101 + V61R;, where Q) is invariant wrt x; and 6; < €/d* 0.
This in particular implies that

(3.158) VI =61 10201 < 110:2P) + 51 02R ]| <

(3.159) < Vnd Ve||Pll + nd® Ve|Rill = Ve(Vnd +nd®) 1101 -
Given the hypothesis on d1, we have the rough estimate

(3.160) 1020111 < V2 Ve (Vad +nd®) Q1] -

Note that Q; (and thus also d, Q1) is independent of x;. As in Lemma 3.11, let Q1
and 9,0, be induced hhP on R"!. By Lemma 3.11, (3.160) is equivalent to

(3.161)

“azAQIH < \/§n+2d—2

2\ A 2
i 2d—3 Ve(Nnd +nd®)[[ 0] < 2Ve(Vnd + nd?)
Thus we can apply again the previous Lemma and obtain that

(3.162) 01 = 16,0, + \6aR,,

with 6, < ¢(n)ey/d** 8. Moreover, O, is both x| and x; invariant.
By induction, we obtain the thesis. O

[

3.6 Symmetry and Critical Points

In this section, we study the properties of functions close to n — 2 symmetric
hhP’s and obtain estimates on the critical radius r.(x) for suitable x.

Let P be a hhP of degree d depending only on two variables, where for sim-
plicity we choose the coordinates (x,y) € R? x R"2 = R” in such a way that P
depends only on x. As we have seen in (3.10), the gradient of P has absolute value
IVP(x,y)| = 2d||Pll;298) |x|%~!, thus P has no critical points outside its n— 2 dimen-
sional invariant plane V. The aim of this section is to obtain a quantitative version
of this property.

Harmonic functions in R?

First of all, we restrict ourselves to harmonic functions in RZ, since in this
situation the statements are stronger and easier to prove. In the previous sections,
we have seen how the pinching on Almgren’s frequency affects the expansion of
a harmonic function at a point. Here we prove an important connection between
pinching and the critical points (or better, the lack thereof).
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Proposition 3.29. Let u : B,2(0) € R?> — R be a harmonic function. There exists
an €y independent of d such that if

(3.163) N(@,e*) —=N(,e %) < e

with € < €y, then u does not have critical points on dB1(0).

Proof. As done previously, we consider the Taylor expansion of u
(3.164) u= ZakPk,
k=1

where without loss of generality, we assume #(0) = 0 and ||u|| = A(1) = 1.
By Theorem 3.19, there exists an integer d such that

(1) forallz € [e72, €], IN(t) — d| < 3¢
(2) forallz e [e7!,e'],
(3.165) Z a2 < 6eh(r),
k#d

or equivalently
(3.166) ait*® > (1 - 6€)h(t).

With this relation we can compare the gradient of u with the gradient of its leading
term, Py:

(3.167) §=u—aPa= ) aPy = V6| < ) Il VPl ,
k#d k#d
In particular, for x € dB;(0), we have
(3.168) [VPy| (x) =2d, |Vo|(x)<2 Z klay| .
k#d

In order to estimate the last sum, we split it in two parts: the sum from d + 1 to
infinity, and the sum up to d — 1. We can estimate

1/2 1/2
(3.169) Z klax| < [ Z laxl* eZk_Zd] [Z k2e2d_2k] :

k>d+1 k>d+1 k>d+1

The first term on the rhs can be estimated using (3.165). Indeed by this equation,
(3.46) and the pinching on the frequency we have

(3.170) Z a2 e < 6ee?dt0e — Z |l €2 < 6ee,
k>d+1 k>d+1
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where we assumed gy < 67!. As for the second term, we can use the comparison
with integrals.

(3.171) Y e f 2oy = -1 (x2 fxm %)e—h] _
k>d+1 d d

1 1
(3.172) =-3 (d2 +d- 5)e—zf’ <cd*e ™.

In a similar way, we can deal with the sum up to d — 1. As before, we use Cauchy
inequality to split the sum and get

1/2 1/2
(3.173) Z klag| < [ Z |ak|2 eZd—Zk] [ Z kZeZk—Zd] ‘

k<d-1 k<d-1 k<d-1
The first term on the rhs can be estimated using (3.165). Indeed by this equation,
(3.46) and the pinching on the frequency we have
(3.174) Dl e < 6ee 0 = N oy e < Gee.
k<d-1 k<d-1

As for the second term, we can use again the comparison with integrals.
(3.175)

d 1
Z ke < f x2ePdx = <
k<d-1 0 2

1 | 1
P-x+ || ==|d*-d+=|e¥ < cd*e®.
2], "2 2

Summing up, we obtain

(3.176) Z klai| < cde.
k#d

If €y < (4¢)~!, we have for all x € dB;(0):
(3.177) IVul (x) > aq|VP,4| (x) — V| (x) = d — 2cde > 0.

O

It is possible to improve the previous theorem to obtain information not only on
the gradient of u at x € dB1(0), but also on its critical radius r.(x).

Proposition 3.30. Let u : B,.(0) C R? — R be a harmonic function. There exist
€, 1o independent of d such that if

(3.178) N(0,¢*) = N(0,e?) <€
with € < €y and |N(0, 1) — d| < 1/2, then for all x € 0B(0), r.(x) > rod™".

Remark 3.31. By studying hhP of two variables, it is easy to realize that the lower
bound on r.(x) cannot be independent of d. however, in our computations this only
adds a polynomial error to the final estimate.
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Proof. The proof of this theorem is very similar in spirit to the proof of the previous
proposition. However, in order to get estimates on r.(x), it is not sufficient to
concentrate on the gradient of the function u. We need to estimate all the terms in
the Taylor expansion of the function u at x.

As before, we start by writing the expansion of u at the origin and at some point
x € 0B1(0):

(3.179) ) = D aPiy),  ux+y) = ) a®PLG).

k k
The pinching condition implies that
(3.180) Z a,%e‘”k_d' < ceafl.
k#d
For simplicity, we will assume that afl = 1, and that x = (¢,0,---,0). By re-
expanding u at x, we get
[ee) l‘s
(3.181) U()Pex() = D a0} Pres
pord s!
- fk+s
(3.182) k()] < D lagelt .
S
s=0
Sincet = 1, for k > d + 1 we obtain
(3.183)

Iak(x)|<cx/_2 -2(k=d),, —2s(k+S) < \/—Z —2(k=d) ,~ ( _) < cVee™ k+2dz

For k < d, it is convenient to separate the contribution coming from the expansion
of the degrees < d — 1, =d and > d + 1. In such a way we obtain

(3.184)
d—k—1 s

r
UOIPLs0) = D s 03 Pres + 1175 = 010 Py + Z akﬂs O Prs
s=0 s=d—k+1

& d—s - d+s
(3.185) laxl < Zad_s( B ) ( ) + Zadﬂ( )

s=1

(3.186) ()+c«f Z —Zb(d_s) +ie ( )k <

s=1

(o)

Z Ske—Zs

s=1

d* X
< — +cved

d d
(3.187) S(k)+cxfgﬁ c+ <4

1
— 427k
k!

By the previous proposition, it is easy to see that

(3.188) (1-ce)d < lai] < (1 +ced.
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Putting together these estimates, we obtain the following very rough bound on the
frequency N(x, rod~"):

| kag(x)*r¥ © tan(x)2r2k
(3.189) NG, ry = D ka7 Bicy ka7
Zkzl ak(x)Z"Zk al(x)er
(3.190)
4 ak 4k o0
N(x,rod™") <1+ crg kz;‘ (kﬁﬁ) +cVerg kZ; at k27 + kzd:] ke—+2d k|
= = =d+

It is clear that ry can be chosen in such a way that N (x, rod‘l) <1+ 3/2, and this
proves the thesis.
O

Harmonic functions in R”

For general n, with similar computations we can obtain similar results. How-
ever, in this case the results we obtain are somewhat weaker, in particular the con-
stant €y will not be independent of the degree d of the polynomial.

Proposition 3.32. Let u : B1(0) ¢ R® — R be a harmonic function which can be
written as

(3.191) w=Qq+ ) aPs,
k

where Py are normalized hhP’s of degree k, and Qg is a normalized hhP of degree d
invariant wrt the n — 2 dimensional plane V. For 0 < T < 1, there exists a constant
c(n) such that if

(3.192) Z lag|? el < ¢
k

with € < (c(n)t)*72, then u does not have critical points in B1(0) \ B:(V).

Proof. The proof of this Lemma follows closely the proof of Proposition 3.29.
Indeed, define 6 = }; ai Pk, and consider that

(3.193) Vo] < Z la| VP .
k

The normalization on Py, along with Lemmas 3.2 and 3.3, imply that
(3.194)  ||[VPP <kQk+n—-2)<nk®> = |VPu(x)| < c()k™?|x" .
Thus for all x € B1(0):
(3.195) V()| < e(n) Ve ) e 2 < c(n) Ved"" .
k



38 AARON NABER AND DANIELE VALTORTA

On the other hand, let |x — V| be the distance from x to V. By the properties of
hhP’s of two variables

(3.196) IVQu(x)| > 2d |x — VI*! |

thus, if x € B1(0) \ B(V),

(3.197) Vu()l > |x = VI*"! (2d = 7'~ cm)d™? Ve)

which implies the thesis. a

As for the n = 2 case, also for general dimension it is not difficult to improve
the previous statement in order to get estimates on the effective critical set.

Proposition 3.33. Let u : B1(0) ¢ R" — R be a harmonic function which can be
written as

(3.198) u= Q4+ Z aiPy,
k

where Py are normalized hhP’s of degree k, and Qg is a normalized hhP of degree d
invariant wrt the n — 2 dimensional plane V. For 0 < T < 1, there exists a constant

c(n) such that if

(3.199) Z > 2K < €
k

with € < (c(n)t)*2, then forall x € B1(0) \ B:(V), re(x) > c(n)t?.

Proof. The proof follows as in the n = 2 case using the results of the previous
proposition. O

3.7 Volume estimates on the effective critical sets

In this section, we prove the main volume estimates on the effective critical set.
The proof is obtained by successive covering of “good” and “bad scales”.

We start with the definition of a good scale for the function u relative to the
degree d. As we will see, on these scales we will have nice covering arguments for
the set S,(u).

We fix 7 = 1/100, and set € = €(n,d) given by the minimum of €(n)/2 in
Theorem 3.19, €(n)/2 in Lemma 3.22, €y(n, 7)/2 in Proposition 3.24 and e(n, d) =
(c(n)1)**2 from Proposition 3.33.

Definition 3.34. Let u be a harmonic function defined on some domain D with
By/(x) € D. We say that (x,7) is a good scale for u (or equivalently we say that
B(x) is a good scale ball for u) relative to the degree d if N(y,t) < d + € for all
Y € Bi(x).
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Definition 3.35. Fix some positive r and suppose that B,(x) is a good scale ball for
u relative to d. Then we define

(3.200) ro=sup{s >0 s.t. N(x,s) >d—¢€}, ry=max{r,r},

where as a convention we set 7, = oo if N(x, s) is never > d — € on the domain of
u. Moreover, for any positive r, we also set

(3.201) S8,(w) =8 ={xe By(0) s.t. N(x,r) >3/2},

(3.202) Squ) =8, ={xe8 st Vye 8N Bs, (x), ry21./7},

(3.203) 8p(u) = 8 = 8(u) \ 8g(u) = {y €8 s.t. Axe 8N Bs, (y), rx < ry/7} .

The following proposition gives us a covering of the set S(u) on a good scale.
Later on, we will deal with bad scales.

Proposition 3.36. Let B1(0) be a good scale ball for u relative to the degree d.
Then there exists x; € S,(u) and s; > 0 such that

(3.204) S e(myer (1) C U By, (x), Z 72 < 2C(nyd”
i i
and such that for every y € By, (x;), either s; < r or N(y, T les)y<d—-1+e

Proof. We can assume that r < (e’d)”!, otherwise a simple Vitali covering of
8, N B1(0) will do the trick.

Consider the collection of balls B, (x) with centers in x € S,(u), and pick a
Vitali subcovering of 84(u), i.e., a finite collection of balls such that

(3.205) Sew) < | JBsy(x) and B, (x) N By (x)) =0,

where r; = r,,. For each r; we have two options, either this radius is smaller than
(ed)~! or not. In the first case, we say that i € G, in the second, i € Gy,
An immediate volume argument allow us to estimate

(3.206) > < cmd”.
i€Gy
As for the indexes in G, we can partition this set further in subfamilies, in such a
way that for each i and j in each subfamily, d(x;, x;) < @d). Again, the number
of such subfamilies is bounded above by C(n)d".
Now, pick i, j in the same subfamily, and consider that

(3.207) ri+r <dx,x) < @d)7.

By definition of good scale and r;, N(x;, 1) — N(x;, ;) < 2¢, and the same holds for
x;. Thus we can apply Theorem 3.19 to obtain the existence of a unique normalized
hhP P, such that for all s € [r;, (e3d)"'], HTxi,s - Pd” < V7e. A similar statement
is true for x;, and we denote P/, the approximating polynomial in this case.
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By the almost cone splitting proved in Corollary 3.26, there exists a common
almost invariant subspace V < R" of dimension at most n — 2 for P; and P:i, and
x; is effectively close to x; + V, in the sense that

(3.208) dx;—x;, V) < 1d(x;, xj) = IOO_Id(xi,xj).

Since this argument holds for any i, j in the same subfamily, by the Lipschitz
extension theorem there exists a Lipschitz function f : V — V= with Lipschitz
constant < 107! such that all x; in the same subfamily belong to the graph of f,
which we denote by I'(f).

This allow us to estimate the sum ) r;"z, where i belong to the same subfamily.
Indeed, this sum is bounded above by a constant depending only on the Lipschitz
constant of f and on the n — 2 Lebesgue measure of an n — 2 dimensional ball of
radius (e3d)~!. Summing over all subfamilies we obtain

(3.209) >t < comd.
i€G,
In the end, we have
(3.210) > A< coma.
iEGKUGb
As for the drop in the frequency, let z € Bs,,(x;). By definition of 8, r, > r;/7,
which with Lemma 3.16 proves the frequency drop.

Covering of 8. Now we turn our attention to the set 8. We divide this argu-
ment in two subcases.

If V has dimension < n — 3. . It is easy to see that for each y € 8, there exists a
point x € 8, such that

(3.211) d(x,y) < (5 > 7—’<] ry<6r, and r.<7'r.
k=0

In turn, there exists some Bs,,(x;) in the covering of 8, such that x € Bs,,(x;) and
r; < 77'r,. This implies that

(3.212) ri<r, and  d(x,y) < 11ry.

For all y € 8§, define ¢, = 55~ min; d(y, x;) < ry/5, and consider the covering of
Sp given by Uyeg, By (v). A Vitali subcovering has the property that

(3.213) Spc | JBs(v) and  By(y)) N Bu(u) = 0.
j

We partition the index set J into Ji, with k = 0,--- , 00 such that j € J; only if
tj € (27%1,27%]. Denote by I'(f) the union of all the graphs of the functions f in
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the subfamilies described above. By (3.212), d(y;,I'(f)) < 55¢;, and so for every k
we can estimate the number of balls elements in J; by

Vol (Bssxo:I'(f)) kG-n) 2
3.214 H( ) < ——=222X2 2 < o(n)2k3-m g2 |
( ) (Ji) < Vol By (0) S c(n)
Thus we obtain
(3.215) DT < kD) < eyd?.
jeJ k

Now consider any z € B5tj(yj)082. Evidently for all i: d(z, x;) > d(y;, x;)—5t; >
50¢;. Moreover, since r, > d(z, x;)/11, we have that r, > 5¢;, thus proving the
frequency drop.

If V has dimension = n — 2. In this case, we see that all the hypothesis of
Proposition 3.33 are satisfied.

Thus in particular, if z € B{(0) is such that there exists i with

(3.216) 5ri<d(zx) < (@' and  dzxi+ V) > tdzx),

then r.(z) > (c(n)7)?r;, which means that, by definition, z & 8,7,

As for the points such that d(z, x; + V) < 7d(z, x;), we can cover them as we
covered S, in the previous case and obtain easily the n — 2 Minkowski estimate on
them. Indeed, these points are effectively close to an n — 2 dimensional subspace.

O

With this proposition, we are ready to prove our main theorem.

Theorem 3.37. Let u : B1(0) — R be a harmonic function with N(0, 1) < A. There
exists a constant C(n) such that

(3.217) Vol (B, (8:(u)) N By 2(0)) < C(m)™ 2.

Proof. We are going to prove the theorem by successive covering of the set S, N
B1,2(0), in such a way that in each step we will cover a ball of radius s in the
previous step with balls of radia s; > r with

(3.218) Dt <cmtsm
As we will see, the number of steps in the induction will be bounded above by
C(n)A, thus the estimate follows. Define for convenience 7 = c(n)r%r.

First of all, observe that, by Theorem 3.14, N(x,1/3) < C(n)A for all x €
Bj/2(0). Let d* be the integral part of C(n)A, then by Lemma 3.16 N(x,€/4) <
d* + e. This in particular implies that for every x, B/4(x) is a good scale ball
relative to the degree d*. We cover 8; N By2(0) with C(n)e™ such balls, say
By, (x0,;) such that

(3.219) s Cme? < cmyt.

i
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Fix one i, the previous proposition gives us a covering of 8z N By, (xo,;) by balls
By, ;(o.j) such that

(3.220) D cmtsy?.
J

Evidently, if we consider all the balls By, (yo,;) in the coverings of all By, (xo,;) we
obtain

(3.221) > <cmt.

1
Moreover, for each x € By, (yo,), either #o; = r (and in such a case we keep this
ball untouched in the successive steps), or the ball of radius #y;e/7 is a good scale
ball relative to d* — 1. Since we can cover each Byy;(vo,i) by C(n)e" such balls, we
obtain a covering of 8z N By/2(0) by balls By, ,(x1,;) which are good with respect to
d* — 1 and such that

(3.222) D st < Ccomt

1
Recall that € = g(n)72%2 < e(n)C(n)~>. We repeat this argument d* — 1 times,
and obtain a covering of 8z N B} /2(0) made by balls By, (y;) such that either t; = r or
for all x € B, (y;), N(x, €ot;) < 3/2. Thus if t; > €, then B, (y;) N 87 = 0. Otherwise,
87 N By, (y;) can be easily covered by at most C(n)e™" balls of radius r > et;.

By induction, it is easy to realize that at this last step we obtain a covering
of 8 N By;2(0) by at most M balls of radius r, where M2 < C (n)AZ. Since
7 < rC(n)™, we obtain the thesis.

O

Remark 3.38. If we deal with functions in R, we can obtain better estimates.
Indeed, in this case the e-regularity theorem works for € < €y(n), without any
dependence on d, and one does not need to use the cone splitting Lemma in 3.22.
In the next two statements, we briefly describe how to modify the arguments stated

previously in order to obtain these better estimates.

For the next proposition, fix () to be the minimum of € (n) given by Theorem
3.19 and Proposition 3.30.

Proposition 3.39. Let Bi(0) C R? be a good scale ball for u relative to the degree
d, fixr > 0 and let 7 = rry/d, where ry = ro(n) is the one in Proposition 3.30.

There exists a single x € S, such that 8y C B, (x) and either r, = r or for all
ye Brx(x)’ N(ya ery)<d-1+e

Proof. If for all x € §,, r, = oo, then we obtain our estimate just by considering
B1(0) as a cover for itself.

In the other cases, let x € 8, be (one of the) points for which r, is minimum.
By definition of r, and good scale, we have that N(x, 1) — N(x,ry) < €, and thus,
by Proposition 3.30, Bi(x) \ B, (x) has empty intersection with Sz(u).
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Moreover, since r, has minimum value, the statement about frequency drop is
trivial. =

With this proposition, using the exact same argument as before, we can prove
the following improved estimate in dimension 2.

Theorem 3.40. Let u : B;(0) € R?> — R be a harmonic function with N(0, 1) < A.
There exists a constant C(n) such that

(3.223) Vol (B, (8,(1)) N B 2(0)) < C(n)™r*.

4 More general elliptic equations

Using the same technique as in the harmonic case, one can obtain similar re-
sults also for solutions of more general elliptic equations of the form (1.1). The
most important tool in the estimates proved in the previous sections is Almgren’s
frequency and its monotonicity properties. For this reason, we start our analysis
of elliptic equations by recalling the definition and basic properties of the gener-
alized frequency. For convenience, we follow the notation used in [3], which is a
generalization of similar constructions given in [5, 6, 11, 12, 10].

4.1 Generalized frequency

Fix an origin %, and define the function > by
.1 r? = 4%, %) = a;(Dx - D' (x - 3,

where x = x'e; is the usual decomposition in the canonical basis of R”, and a;;
is the inverse matrix of a"/. Note that the level sets of r are Euclidean ellipsoids
centered at x.

Definition 4.1. Given d'/ satisfying (1.2), set
Or(x, x) Or(x, x) _

Oxk oxl
4.3) gij(xX, x) = n(X, X)a;;(x) .

ags(Fay(D)(x — H)*(x - %)

42 nGxx) =d'(x) a“(x) > :
r

Remark 4.2. This metric has been introduced in the work [1]. It is important to
underline that the geodesic distance dx(¥, x) in the metric g;;(%, x) is equal to (X, x)
for all x, . In particular, the geodesic ball {x s.t. dz(X, x) < r} coincides with the
Euclidean ellipsoid {x s.t. a;;(®)(x - §(x - &)/ < r} = £+ 07'(B.(0)).

Now we are ready to define the generalized frequency function for a (weak)
solution u to (1.1). For ease of notation, we will keep using the symbol N also for
the generalized frequency.
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Definition 4.3. For a solution u : B;(0) to equation (1.1), for each ¥ € B;(0) and
r < A7Y2(1 — %)), define

(4.4) I(u,x,8,1) = f IVallgsy + (= (@) Ag(a )V
B(g(%),%,r)

_ B 2

“.5) Dsen= [ wul,
B(g(%),%,r)
@6 Husgn= [ u-umids
0B(g(%),%,r)
_ ri(u,x,g,7)

4.7 N s Ny & = T =
4.7 (. %, 8,7) H(u,x,g,7)

where for convenience of notation we write B(g, x, r) for the ball of radius r cen-
tered at x wrt the metric g.

Remark 4.4. If the operator £ in (1.1) is the usual Laplace operator, then it is easily
seen that this new definition coincides with the old one. This is why we call N the
generalized frequency for solutions to (1.1).
Note that N has the same invariance properties than u. In particular,
4.8) N(u,x,g,r) = N(T,,0,gr,1),
where g7 is the metric defined according to the equation satisfied by T (see (2.2)).
For convenience, from now on we will use the notation
4.9 N(u,x,g,7r) = N*(x, r)

when there is no risk of confusion regarding the metric g.

Proposition 4.5. There exist constants ry, C depending only on n and A such that

(1) N is almost monotone, in the sense that ¢“"N(x,r) is monotone for all
solutions u and for all r € (0, rg];
(2) N controls the growth of u, in particular for 0 < s < r < ry:

H(s) f " N(1)
4.10 -2 —=dt]|-1|<C
( ) ‘H(r)exp( T t) <Cr,
(3) I and D are almost equal, in particular
[1(r) = D(r)|
4.11 ———~—<Cr.
(4.11) Dy Cr

Moreover, by the existence and uniqueness of the tangent map proved in [8],
the limit N(x,0) = lim,_0 N(x, r) exists for all x and it is the vanishing order of
u — u(x) at x (thus, it is an integer > 1).

It is important to underline that a generalization of Theorem 3.14 is available
also for general elliptic equations, although it is necessary to restrict ourselves to
r < ro(n, 4). The proof of the following is analogous to the proof of Theorem 3.14,
up to some minor technical modifications.
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Theorem 4.6. Let u solve (1.1) with (1.2), and assume for simplicity that a'/(0) =
0Y. There exists ry = ro(n, ) and C(n, A) such that if ri < ro and N(O,r)) < A,
then

(4.12) N(y,r1/2) < CA
for ally € (B,,(0)).
4.2 Frequency pinching for elliptic equations: growth estimates

Generalizing the definition given for harmonic functions, we say that a solution
u to (1.1) has frequency -pinched on the scales [r, (] around x if

4.13) IN(x,s) = N(x,r))| <6 VYselrnnr].
Given the almost monotonicity of N, a sufficient condition for pinching is
)
4.14) N(x,r1)=N(x,r2) <6/2 and r; <ro(n,A) .
N(x,ry)

The aim of this section is to generalize in this context the properties enjoyed
by harmonic functions with pinched frequency, with particular emphasis on the
quantitative versions of these properties.

Throughout this section, we fix some 0 < 6 < 1/7 and we will assume that

N(0,7p) < A and that ry < o min {2, L1,

Lemma 4.7. Set for convenience T = T;"r], and let £ be any real number, and

suppose that for some ry < r1, N(x,rp) = €—38/2 (or equivalently that N(x, s) > {—0
forall s € [ry,r1]). Then

-2 orte |2 1|,
(4.15) f 724V < 221 +26), 20252 forte |31]
B, n ( ) "2 forte [O, 2

2
r

Proof. The almost monotonicity of N (or equivalently of N7) and the fact that
NT(x,0) > 1 for any x give the bound:
T0,r) -6 forrel[r,ml,

4.16 NT©O,r) >
( ) ©.n {e‘cr for r € [0, r2].

The lemma is an easy consequence of the L? estimates in Proposition 4.5. Indeed,
we have

!
4.17) f TP = f dswys"™! JC IT(x)]> <
B;(0) 0 0B4(0)

t L AT
NT(0
(4.18) < wa(1 +Cry) f dss"_lexp(—Z f Mds).
0 s

N
O

By standard elliptic estimates (see [7, theorem 8.24]), we obtain the following
corollary.
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Corollary 4.8. Under the assumptions of Lemma 4.7, we have that

|x|“° for x| € [2712ry /1y, 271/7],

4.19) T < C(n, )22 ~o-
@y fl=cnd {(rm‘l)”]w for d € 10,27 2ry /()] .

Proof. These estimates are an easy consequence of the standard elliptic estimates

(4.20) sup{IT (I} < Cn, DT llpp,, . ) 7
X€EB,
We refer the reader to [7, theorem 8.24] for a proof of these estimates. |

By W?” elliptic estimates, we can easily use the previous Corollary to obtain
L? estimates on the Laplacian of u.

Lemma 4.9. For any fixed p € (1, ), under the assumptions of Lemma 4.7, the

Laplacian of T = T . satisfies

()" e fore [0,r2/2r)]

4.21) AT |l 0p < C(n, 4, pyri2°
LP(B,(0)) pr (l=6=1n/p fort e [r/(2r1), 1/2]

Proof. By w2p elliptic estimates (see for example [7, theorem 9.11]), we have
(4.22) PV T i 0 * IV T llos, 0 < €O A PIT o,y 5 0

The estimates on the Laplacian are an easy consequence of the previous corollary
and the fact that

(423) AT = AT - L(T) = (a(0) - @/(x)) 8:0,T + (b'(x) + 8;a"(x)) &, ,
where the coefficients @/, b’ are the ones defined in (2.4).

By the Lipschitz condition on @'/ and the definition of 7', we have that
(4.24) @ (0) — a"(x)| < AC(n, Dyry || .

Moreover, the uniform bound on the coefficients b’ and the Lipschitz bounds on a'/
imply that
(4.25) |6'(x) + 9a" (x)| < AC(n, Myr .

Plugging in the estimates (4.22) in (4.23) we obtain the result.

4.3 Frequency pinching and approximating harmonic functions

Following [8], we use the Green’s kernel of the Laplacian in order to produce
a harmonic function which approximates the solution u under suitable pinching
conditions.
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Theorem 4.10. Let u be a solution of (1.1) with (1.2). Suppose that ry < ro(n, A),
and that for some ry < r1/4, N(x,ry) > €, where € is any real number. Denote
Jor simplicity T = Ty, . Then there exists a function w(x) such that for |x| €
[r2/r1,1/2]

(4.26)  w(x)| < Con, )8%ry 1613, [Vw(x)] < C(n, D167 67113

and with A(w) = A(T') on By1/2(0). Moreover, w(0) = 0.

Remark 4.11. As it will be clear from the proof, the function w depends linearly
on the function 7', and in particular on its normalization. Recall that T satisfies

2 _
J%BI(O)T =1.

Proof. We prove the theorem for n > 3. Similar estimates hold in the case n = 2
by replacing G(x,y) = c(n) |x — ylz_" with the Green’s kernel in dimension 2, i.e.,
G(x,y) = clog(lx — y).

Estimates on the Green’s kernel. Let us recall some facts and estimates about
the Green’s kernel. Let G(x,y) be the fundamental solution of the Laplace operator
in R”, i.e., the Green’s kernel. By standard theory, G(x,y) = c(n) |x — ylz‘”, where
c(n) is chosen in such a way that

4.27) AG(x,y) =0(x—y).
Fix some y # 0, and consider consider the function G,(x) = G(x,y) on the ball of

radius By (0). G, is harmonic on this ball, and so we can write

(4.28) Gy() = > gk(IPk(),
k

where Pi(x) are homogeneous harmonic polynomials of degree k normalized by
3531(0) P =1.Forr<|yl,

2 _ 2
(4.29) D JgB,(O) Gy,

In particular, if we choose r = 2 |y| /3, we obtain

3 k 1/2 3 k
(4.30) gk(y) < (—) i (JC Gy(x)z] < c(n) (—) [k
2 0B3)12(0) 2

Note also that the function
d

4.31) Sya(x) = G(x,) = D gMP)

k=0
is a harmonic function with vanishing order > d + 1 at the origin. Moreover, by the
orthogonality properties of Py,

c(n)
(4.32) JC Sya(x)* < f G Y)Y < —i
0B2)y13(0) 0Ba}y13(0) vl
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By growth conditions related to the frequency of S and standard elliptic estimates,
we have for |x| < [y] /2:

1/2
(4.33) IS y.a(0)| < c(n) ( f sy,d(x)z] <
0Bu4jy/3(0)
4 1|)C|d+l 5 1/2 sl |X|d+l
(4.34) < ()2 —— (J[ Sy.a(x) ) < c(n)2** — .
|y|dJrl 9B21/3(0) ’ |J’|n+d !

Construction of w. Denote for convenience

(4.35) f) = AT ().

By Lemma 4.9, f € LP(B(0)) for all p < co. Let d be the closest integer to £ (so
that |£ — d| < 1/2), and define the function w by

(4.36)
d

w(x) = f [G(x = y) = G=»)] fG)dy - ) f 8P f()dy .
[yl<1 =1 Yr2/n<hl<l
Assuming that both integrals converge, the sum on the rhs is a harmonic polynomial

of degree < d, and, by the properties of the Green’s kernel, A(w) = A(T). In order
to finish the proof, we only need the C° estimates on w.

Rewrite w as

(4.37) w(x) = fl . (G(x=y) = G(=y)) f(ndy+
yI<ra/ri

(4.38) f
ra/r <yl

Fix ry/r; < |x| < 1/2, and split the integral in the following fashion:

d
Gx=3) = > gPx(x)| fG)dy.
k=0

(439) W= GG oy,
VI<2|x]
d
(4.40) n=-[ > G IPOSOy
r2/n<I<2ix 35y

d
(441) h= [ ea-n-Y ampw| rouy.
2hrislyl<1 =



ESTIMATES ON SOLUTIONS TO ELLIPTIC PDES 49

Let p = n+ 1 and let p’ = (n + 1)/n be its conjugate exponent. Using the L”
estimates on f(y) we obtain

1 1/p’ 1/p
(4.42) |11|Sc<n>|x|( f Wdy) ( f f(y)"dy) <
bl=2 [x =y bi<2ix
(4.43)
1/p
< c(n) | ( f| o 7 dz) Cln, )2yl = D < Cn, )y 22 10
z|<3|x

In order to estimate I, we write

C 183
(4.44) |12|Sc<n>2( ) |Pk<x>|z | Dy <
k=1

n+k—2
2-ilxi<lyl<2!=]a] |yl

(4.45)
Zd: o i . Uy 1p
<c(n) ) 2% x| ( f fd)’) ( f lfmIP dy) ,
— I\ Jo-ityepi<at-in [yl 2P <211

where A is the smallest integer greater or equal to log, (71 |x]) — log,(r2).
We use the estimates in Lemma 4 9 in order to obtain

=6
(4.46) L] < C(n, 124y Z| |’<Z(|2xl|) (%)

k=1 i=0

d o .
(447) < COuL 242 170 % " (2971 ) < Cn, a2 10
k=1 i=0
Note that the bounds on the infinite series are a direct consequence of |d — €] < 1/2,
which implies 2k+0-1-¢ < 27173,
With a similar technique, we can estimate /3. Indeed, by (4.33) we have

o)l
(4.48) 3] < C(m)2 |x|™*! Z f f(ﬁ a1
-igpyl<2- [yl

where A is the first integer > — 10g2(|x|) — 1. Thus we have

(4.49)
A

1/p 1/p
1
5] < Cln, 2%y ! ( f —,dy) ( f If(y)l”dy) <
Z 2-1-igly|<2-i |y|(n+d_1)p Iyl<2~

i=0

A
S C(n, /l)2d+fr1 |X|d+1 Z 2[(d+6—f) .
i=0
The last sum can be estimates via integrals. In particular, it is easily seen that

N —log, (|x) 1
(4.50) 2M < f 25ds <
; 0 nIn(2)

(™" = 1) < clxl™ (~log(IxD) .
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In the end we have
4.51) II] < C(n, )r 2% 1170 (— Tog(|xl)) -

n 1

rn’2|

With analogous estimates, it is easy to prove that |w(x)| = O(|x]) as x — 0.

The estimate on the gradient of w is a simple corollary of the elliptic estimate

valid for any p > n (see for example [7, Theorem 9.11])

452)  [Vw)l < Con, A, p) I~ (Iwlleogyop + X277 1AW Lo (sy00)) -

Since |€ — d| < 1/2, we have proved the C estimates for |x| € [

O

As a corollary, we obtain the existence of an approximating harmonic function &
for u. For convenience of notation, we state the theorem with the function 7 = T7,.

Corollary 4.12. Let u be a solution of (1.1) with (1.2), and 0 < § < 1/7. Suppose
that r1 < ro(n, ), and that for some r, < r1/4, u has frequency 6-pinched on

[r2, 1], ie., IN(x,8)— N(x,r)| < 8 for all s € [ra,r1]. There exists a constant

-1
C(n, A) such that if r| <6 (C (n, /1)16/\) , then there exists a harmonic function h
such that for ry/r; <|y| < 1/4:

(4.53) |h(y) = Ty < & f T?dS  and IN"(0, Iy) = N0, yD)| < 5.
9By,(0)

Proof. Define the function h(y) = T(y) —w(y), which is evidently a harmonic func-

tion on Bj,2(0), and let £ = N(x, rp). By the estimates on [w(x)|, the pinching of the

frequency and the L? estimates in 4.5, we obtain immediately the first inequality.
Indeed

1/2
(4.54) W)l < Cln, 8L [y (Jf Tz) .
0B1(0)
1/2
(4.55) < C(n, )8y (f T2) (1+C(n, Dry)y'*70
(’)BN(O)

As for the frequency of &, consider the ratio between the frequency of /# and the
generalized frequency of T

2 2

N"0,r) _ D'(n) fBr(O) VA" dV faB,(O)m ds g

T - T 2 2 s
NT©.r) 1T fp IVTlgdVy [y o 1P dS

(4.56)

where we have used the notation introduced in Proposition 4.5. Since | g’/ (y) — 64 | <
C(n, 1) |y|, we can easily replace all the integrals wrt g with standard Euclidean in-
tegrals up to some small multiplicative constant. More precisely

VT[> dV T2 dS
(4.57) fB“’)—z — 1| < Cn, Dy, f(’B“’)—Zg — 1] < Cn, Dy .
fBr(O)HVTllngg faB,«» T dS
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As for the ratio of the Dirichlet integrals, by definition

(4.58) f IVh|> = f IVT? + f IVw|? =2 f (VT|Vw) .
B,(0) B,(0) B, (0) B, (0)

The C! estimate in the previous theorem and the L? growth estimates in 4.5 give
forall my/ri <r<1/4

2
(4.59) JC Vwl> < (€167 777 1704113) JC ITI* <
B,(0) 0B,(0)
5 2
(4.60) < (1+Cn)(C165r~1-0417) % JC VTP .
- B,(0)
In a similar way, one can estimate also the second fraction. O

Corollary 4.12 also immediately leads to a generalization of Lemma 3.16:

Lemma 4.13. Let u be a solution to (1.1) with (1.2). There exists constants ro(n, 1)
and C(n, ) such that if N(O,ro) < A, ri < 6C(n, )™ and for some integer d,
N(@,r)) € [d+6,d + 1 — 6], then N(0,e*r;/4) < N(O,r)) — 6/10. Moreover, if
N(O,r) <d+1=6, then N(0,6°"Vr ) <d +56.

Proof. This lemma is an easy consequence of the previous corollary and of Lemma
3.16 applied to the approximating harmonic function for 7. O

By applying Corollary 4.12 and the above Lemma, and combining with The-
orem 3.19, we immediately obtain our main result for the subsection, namely the
effective tangent cone uniqueness statement.

Theorem 4.14. Let u be a solution of (1.1) with (1.2), 0 < € < 1/7 and N(x,r;) <

-1
¢+ 1. If 100r; < r; < rop(n, e (C (n, /1)16€) , and if u has frequency e-pinched
on [ry, ri], i.e., [N(x,r) — N(x,r1)| < €, then there exists a unique homogeneous
harmonic polynomial P; such that:

(i) There exists an integer d such that for all t € (r, r1), IN(0, 1) — d| < 6¢,
(ii) Forallt € (4ry,r1/16)

4.61) JC T8, — Pl < 14e,
9B1(0) "

Proof. Let h be the harmonic approximation of 7y . built in Corollary 4.12. This
harmonic function satisfies

(4.62) N"0,1/4) = N0, r,/r)) < 2e.

As a consequence, we can apply Theorem 3.19 to 4. The approximation properties
proved in 4.12 immediately imply the thesis. O

Another application of Theorem 4.10 leads us to the following:
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Lemma 4.15. For any 6 > 0, there exists ro(n, A) such that if for some r; < Ory,
N(x,r1) < 3/2, then

2 n
(4.63) IVTY, )| = 71 +0).
Proof. First note that if 4 is harmonic with N(x, r) < % then we have that
(4.64) VAR > 2 f (u — u(x))>.
2 OB.(x)

Now in general let 4 be any suitable harmonic C! approximation of 7. One
possible way to obtain the approximation # is to adapt the proof of Corollary 4.12.
Indeed, even though we are not assuming any pinching of the frequency, we can
use theorem 4.10 with N = 1 and obtain the existence of a function w such that
h =T —wisagood C'* approximation of 7. Then applying the above to / and ro
sufficiently small gives us our Lemma.

Although it is not necessary for the scope of this Lemma, it is worth notic-
ing that equation (4.54) is still valid also in this context. Indeed, by the previous
corollary, there exists a constant c(n, 1) < 1/2 such that

(4.65) N(x,Fr) <1 +27% 1,

This and the L? growth conditions in Proposition 4.5 imply that there exists a con-
stant C(n, 1) (not close to 1, but still a constant) such that

(4.66) f TP < Cr? f T .

0B,(0) 0B,(0)
Using this estimate, it is easy to check that the proof of Corollary 4.12 carries over
also in this context. O

4.4 Almost cone splitting

The aim of this section is to obtain a generalization of Lemma 3.22 for elliptic
equations which will allow us to extend Corollary 3.26 also in this context. The
basic idea is quite simple: if we pick a solution u to (1.1) such that on a small
enough ball its generalized frequency is pinched around some x, then by Theorem
4.10 we obtain an approximating harmonic function 2 with standard frequency
pinched as well. All we need to prove is that if the frequency of u is pinched also
at some other point x’, then the frequency of # is pinched as well around x’.

Throughout this section, we will assume that the solution u of (1.1) has fre-
quency o-pinched on [rp,r(], with r{ < ro(n, 1), r; < r1/32 and N(O,r;) < A.
Moreover, we fix the notation 7 = T(')"rl and N = N(O, ry).

Proposition 4.16. Suppose that N(0,ro) < A, ri < 6C(n, )™ and N(O,ry) —
N@,r/32) < 6/2. Let T = T(’)‘r1 and h be its harmonic approximation, as in
Corollary 4.12. There exists a f(n) > 0 such that if X € Bg,)(0), then

(4.67) INT(%,1/8) - N"(x,1/8)| < 6/2.



ESTIMATES ON SOLUTIONS TO ELLIPTIC PDES 53

In particular, if for some r < 1/16 we have NT(%,1) — NT(%,r/2) < /2, then
N"(x,1/8) — N'(%,r) < 26.

Proof. Although philosophically very similar to the proof of Lemma 4.13, the
proof of this proposition has some minor (albeit annoying) technical details to be
addressed. In particular, the fact that a’/(X) # a/(0) will force us to deal with
different ellipsoids instead of balls.

Consider the function T = Ty o

ties of the frequency and the Lipschitz assumption on a*/,

which solves (2.4). By the invariance proper-

S Joen VTP AV
fopn T~ T@FdS
(4.69) where  E(y,s) = {z s.t. aijfly(z—y) - j)y < s}

(4.68) NT(x,s) -

<C(n,D)r A,

Since a(0) = 6V by definition, there exists € < C(n, A)r; such that for all y € B(0)
(4.70) B(1-65(y) C E(y, 5) C B(1+¢)s(y) .

Moreover, by standard elliptic estimates and the L? growth condition in Proposition
4.5, we can bound the gradient of T by
4.71)

2 =2 A )
VT o 0 < €0 f 1T =T < Cln. 08 JgE()_WS) T -T(P .

We can use this bound to estimate the L>(QE(X, 1/8)) norm. Indeed
4.72)

T - T(D)P dS IV llcoes, 4o
(fEiE(x,l) T - T®)P dS)l/z

By using the estimates on w = T — &k from Theorem 4.10, we obtain

faB 1/8(X)

< Cn, D) ry .

1‘ <C(n, e

) -
faE(x,l/S) |T — T(%)|*dS

4.73) f Ih— k() - f IT - T(®)| <
0B1/3(%) 0B1/3(%)
(4.74) < Cn, H™ry f Ih)> < C(n, D) ry f % .
B (0) 0B1/16(0)

As shown in the proof of Theorem 3.14, there exists S(n) < 1/8 such that for
x| < B(n):

1
475 h@?*< = f h? = Ih? <2 f lh - h(x)) .
2 0B1/3(%) 0B /3(%) 0B1/3(%)
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Moreover simple geometric considerations and the growth estimates related to N
lead to

(4.76) JC 1> < c(m)A JC > .
0B1/16(0) 0B /3(%)

Putting together these estimates, we obtain

Jowy s IT = T@P
4.77) OB15®) — 1| < C, DMy
Jomy o 1= (D)

Arguing as in the proof of Corollary 4.12, we conclude

NT(%,1/8) _

4.78) —Nh()'c, 13)

1' < C(n, H™r
as desired. ]

As a corollary of this proposition, we can easily prove a generalization of
Lemma 3.22.

Corollary 4.17. Fix some 0 < € < g(n, 1) << 1, and suppose that N(x,rg) < A
for all x € B,(0). Let r1 < roC(n, )A€, and assume that for some integer d we
have

e N(0,71) — N0, xB(n)r1) < € with y = c(n, )A~" and |IN(0,ry) —d| < ¢,
e there exists X € By, (0) such that N(%,r1) — N(X,xB(n)r1) < € with the
extra condition [N(X,r1) —d| < 1/3.
Let h be the harmonic approximation of Ty, and h’ be the harmonic approxima-
tion of Txy,,. Set also X = (r1) "' Qo(X). After rotating we may assume without
loss that x = (¢,0,---,0), with |t| < B(n). If € < €(n), then u is almost X invariant,
in the sense that:

(1) The d-th degree part in the Taylor expansion of h is dominant. In particular
if h = Y agPy, then
(4.79) ag 2 (1= 1201172 . ) -

Similarly for .
(2) The d-th degree part in the Taylor expansion of h is almost constant. In
detail:

(4.80) f l4a(O)Pao() — as(®Pus )] dy <
0B1(0)

(4.81) < C(n)et® JC laq(O) P’ dy = C(nyeraq(0)? .
9B1(0)

Similarly for h'.
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(3) The two functions h and W' are almost the same. In particular

;o2
(4.82) f o -woPdyscme £ oy
4B,(0) 0B,(0)
(4) The X derivative of P4 is almost zero, more precisely
4.83)  ||01Pao| < C)™ Ve ||VPso| = Cnye™ Ved2d +n = 2)||Pyy|| -

Proof. This Corollary is an easy consequence of the previous proposition and
Lemma 3.22. Note that point 1 is the content of Lemma 4.13.

Set for convenience T = Ty,, and T* = T%,,, and set h and A’ to be their
harmonic approximations. By Corollary 4.12, we can estimate

(4.84) N0, r1/(2r2)) = N"(0,1/5) < 2e.

Letx=r, 'Qo(%). In other words, ¥ is the point in the domain of T corresponding
to ¥ in the domain of u. Note that X € Bg(,)(0). Proposition 4.16 guarantees that

(4.85) N"(x, r1/(2r2)) = N'(x,1/5) < 2e.

As a consequence, we can apply Theorem 3.19 to 4 and prove point 1, and by
Lemma 3.22 applied to 4, we immediately prove points 2 and 4.

As for point 3, Lemma 3.22 ensures that

(4.86) f () — h(E + VP dy < Cmyer? f )P dy
0B1(0)

8B1(0)

Arguing as in the proof of 4.16, we can easily prove that

- NT
@sn  f fpen-wof dscwer £ poP .
9B1(0) 9B,1(0)
and this concludes the proof of point 3. O

In turn, we are now in a position to generalize Corollary 3.26 to generic elliptic
equations.

Corollary 4.18. Fix some 0 < T < 1 and some integer d > 2, and suppose that
N(x,rg) < Aforall x € B,(0). Let r1 < ryC(n, )A€ and set V to be set of points
x € B,,(0) such that

(4.88)
N(x,r) = N(x,r) <€ with re<cn, DA 'ry  and |N(x,r)-d| <1/3,

There exists €y(n, T) such that if € < &y, then there exists a subspace V of dimension
at most n — 2 such that for all x € 'V

(489) VN Bc(n,/l)A’lm (0) Cx+ BT(V) .

Note that the subspace V is independent of x and ry
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4.5 Critical Points and Symmetry for Elliptic Equations

In order to complete the generalization to elliptic equations, we only have to
show that given enough symmetry there cannot exist critical points away from
an n — 2-plane. See Section 3.6 for the corresponding statements for harmonic
functions.

Since the harmonic approximation given in Theorem 4.10 is a C'** approxima-
tion for the function 7, it is evident that Propositions 3.29 and 3.32 remain valid
for elliptic equations under minor modifications.

As for the effective critical points, we need to show that if N h(x, r) > 3/2, then
also N7 (x,r) > 3/2 (or something similar). One may think that as r gets smaller,
h must be closer and closer to T in order for this statement to be true. However,
we will see that since we are concerned only with points of frequency 3/2, and not
points with generic frequency, the size of r does not matter. Indeed, in some sense
the condition N*(x,r) > 3/2 is a C' condition on the function £, it states that the
gradient of /& does not vanish in a quantitative way.

Proposition 4.19. Under the hypothesis and notation of Proposition 4.16, suppose
that x € By(0) is such that |Vh(x)]* > a? JgBl o Ih> > 0. If r; < C(n, ) e, then
rl > c(n, )k,

Proof. By the arguments in the proof of Proposition 4.16, for | < ro(n, D)™, x €
B1(0) and r < 1 we have

(4.90)

T
N'(x,r) 1l < i
NT(x,r) 10
Since £ is harmonic, by the properties of its L> expansion for any x and r
(4.91) f lh—h(x)P = VR, [VA@)P < JE VA .
0B, (x) B (x)
This implies that
fs0 W= WP VW 5
fip, ol =P~ VAP
2
Toio VP IV,

2 = 2 2
Jo.0 VA @2 £

With these estimates we can conclude that, for ro(n, A) is sufficiently small,

NT(x, r) B
Ni(x,r)

(4.92) < Cn, Dria™?,

(4.93) < C(n,)rta™?.

(4.94)

1|S1/7.

This in particular implies N T(x,re(x)) < 1 +5/7 < 2. The thesis follows from
Lemma 4.13. |
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As a Corollary, we obtain immediately the following generalizations of Propo-
sitions 3.30 and 3.33.

Corollary 4.20. Ifu : B;(0) C R2 — R is a solution to (1.1) such that for all
X € B1)2(0) N(x,r9) < A, there exists €y(n, A) such that N(x,r1) — N(x,r1/10) <
implies r.(y) > c(n, 1)/ Ary for all y € 0B, 5(x).

Corollary 4.21. Let u : B1(0) c R" — R be a solution to (1.1) such that N(x, rg) <
A for all x € B1;2(0) and v < 1. Suppose also that € < €(n, D™ and rp <
c(n, )\e. Let h be the approximating harmonic function for T, and suppose that

(4.95) h=Qa+ ) &Py,
k

where Py, are normalized hhP’s of degree k, and Qg is a normalized hhP of degree
d invariant wrt the n — 2 dimensional plane V. If

(4.96) Z lag? 244 < ¢
k

then for all x € B1(0) \ B:(V), rCT(x) > c(n)7.

4.6 Volume estimates for the effective critical set for elliptic equations

The approximation theorem and the generalization proved in the previous sec-
tions allow us to extend the proof of the volume estimates also for elliptic equa-
tions. The proofs are the essentially same as in the case of harmonic functions, it is
sufficient to replace the propositions and lemmas for harmonic function with their
generalizations for generic elliptic equations proved in this section.

In particular, we need to

(1) replace the uniform control given by Theorem 3.14 with Theorem 4.6,

(2) replace the statement about frequency drops in Lemma 3.16 with Lemma
4.13,

(3) replace the tangent cone uniqueness of Theorem 3.19 with the one in The-
orem 4.14,

(4) replace the almost cone splitting in 3.26 with 4.18,

(5) replace the e-regularity theorems in Propositions 3.30 and 3.33 with Corol-
laries 4.20 and 4.21 respectively.

With these modifications, it is easy to prove that

Theorem 4.22. Let R < ro(n, A) and consider u : Bg(0) C R" — R be a solution
to (1.1) with (1.2) such that N(0,R) < A. There exists a constant C(n, A) such that

4.97) Vol (B,(8,(w)) N Br/2(0)) < C(n, )Y (r/R)? .

Proof. The proof is almost identical to the one carried out for harmonic functions
in 3.37.

However, there is one point which needs a little attention. In many of the state-
ments for elliptic equations, we require that r; < C(n, )™ e. In order to satisfy
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this request, we cover the ball B, (0), with a minimal covering of balls of radius
r1 = C(n, ))~Me. Tt is evident that the number of these balls can be bounded above
by C(n, el < C(n, AN,

On every ball of this covering, we can apply all the statement proved for ellip-
tic equations, and, by the same proof as in the harmonic case, obtain the desired
estimate. Given the bound on the number of such balls, the estimate remains es-
sentially unchanged also on Br(0).

O

As it is easily seen, also the improved estimate in dimension 2 can be general-
ized in a similar way.

Theorem 4.23. Let R < ro(n, A) and consider u : Bg(0) ¢ R* — R be a solution
to (1.1) with (1.2) such that N(0, R) < A. There exists a constant C(n, A) such that

(4.98) Vol (B/(8,(u)) N Bry2(0)) < CLONr/R) .

As a corollary, the number of critical points of such a function is bounded above
by C()M
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Appendix: Nodal sets

As anticipated in the introduction, with similar arguments one can obtain Minkowski
estimates on the effective nodal set of a solution to an elliptic PDE. The results do
not depend on whether (1.1) is critical or not, which is to say, whether ¢ = 0 or not.
One needs only change the symmetry results of Sections 3.6 and 4.5 to reflect the
nodal set as opposed to the critical set, and then, with exactly the same technique,
it is possible to prove effective n — 1 volume estimates on the tubular neighborhood
of the set #~'(0). In particular, consider the two following simple propositions.

Proposition A.1. If u is a nonconstant harmonic function and N(0, 1) < 1/2, then
1
(A.1) u(0)* > = J[ u(x)*ds > 0.
0B,(0)

If u solves (1.1), then there exist constants c(n, A), ro(n, 1) such that if N(O,r;) <
1/2 with ry < rg, then

1
(A.2) u(0)? > = f u(x)’ds > 0.
2 JoBer, 0)

Proof. The proof of the statement for harmonic function is analogous to the proof
of Lemma 2.3. As for more general solutions, one can exploit the approximating
harmonic function for u to generalize the previous statement. O

In a completely similar way, one can prove the following proposition.

Proposition A.2. Let u be a harmonic function. For every T > 0, there exists
e(n,7) > 0 such that if 1 — € < N(0,e7%) < N(0,¢*) < 1 + €, then u does not have
zeros in B1(0) \ B:(V), where V is some n — 1 dimensional linear subspace of R".
Moreover, there exists ro = ro(n) such for all x € B1(0) \ B,(V), N(x, rg) < €.

In a similar way, if u solves (1.1), there exists ry, €y and ¢ depending only on n, A
and T such thatif 1 —e < N(O,r/c) < N(O,cr) < 1 +¢€, withr < ro, then there exists
an n — 1 dimensional plane V such that for all x € B,(0) \ B:(V), N(x,cr) < 1/2.

Proof. If uis harmonic, let u = u(0)+a; Py + > ;>» axPx. The pinching on N implies
that u(0)> < cea% and > >» aie”‘ < € as well. This in particular implies that

(A.3)

lu(x) — a1 P1(x)| < |u(0)] + Z lax| |Pr(x)] < ec(n) (1 + Z e_Zkk"/z) < c(n)e.
k=2 k=2
Since Py(x) = (L|x), where L is a vector of length +/n, then we easily obtain the
thesis.

Again, for more general solutions, the proposition follows from an easy appli-
cation of the approximation Theorem 4.10. O
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With these ingredients, it is easy to generalize the estimate proved for the effec-
tive critical set and obtain the following

Theorem A.3. There exists ro = ro(n, A) such that if u solves (1.1) with (1.2) on
B,,(0) C R" and if N(0,r9) < A, then

(A4)
Vol (B, (u™'(0)) N Byy/2(0)) < Vol [B, (N(x,7) < &) N By, 2(0)] < (C(n, VA r/rg .

Proof. The proof follows closely the proof of Theorem 1.1. In this case however
we are interested in n — 1 Minkowski estimates, thus in the covering arguments
for the good balls we make a distinction only between functions with n — 1 or n
symmetries, and functions with at most n — 2 symmetries. In this latter case, a
simple covering argument of the whole good ball will do, while if a good ball is
close to having at least n — 1 symmetries, then by the cone splitting proved in 3.24
the dominant degree of this ball is either O or 1. Thus the e-regularity theorems just
proved allow us to conclude the estimate. O

Appendix: Volume estimates on the critical and effective critical set
forn=2

In this appendix we give an alternate, simplified, proof of the main results for
n = 2 which allows for an easy improvement of the constants. Namely, we prove
that

Theorem B.1. Let u : B1(0) ¢ R? — R solve (1.1) and satisfy (1.2). There exists
ro = ro(n, ) > 0 with ro(n,0) = co and C = C(n, A) such that if A = N*(0, s) for
some s < 1y, and if (1.1) is critical, then

(B.1) #{x € By(0) : [Vul(x) = 0} < M.
If (1.1) is not critical, then we have the estimate
(B.2) #{x € By2(0) : [Vul(x) = u(x) = 0} < A,

Proof. As before we will focus on the critical case, and we will assume u is har-
monic. The technique is such that, verbatim as in Section 4 of the paper, with the
appropriate approximation arguments the results all pass over to the general case.

By theorem 3.14, N(x, 1/3) < C(n)A for all x € B1/2(0). According to Proposi-
tion 3.30, there exists an ¢ independent of A such that

(B.3)
N(x,re®) = N(x,re>) < g forsome 0<r<rg = Cu)N B (x)\ B c(x)=0.

This, and monotonicity, means that every point can have at most

4cA
(B4) K< —
€
critical scales. That is, for each critical point there are at most K numbers i such

that B,-i(x) \ B,-i-1(x) contains a critical point.
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Now we proceed by induction on i. Let Ay < oo be the cardinality of C(u) N
By2(0). Define T; to be an infinite vector of zeros and ones, and let [T = 32, T(i).

For i = 1, consider all the balls of radius e~/ centered at x € C(u) N B; /2(0), and
refine this covering of C(u) by considering only a maximal subcovering such that
B,-i-1(x;) are disjoint. This is obviously possible, and by simple volume estimates
the number of balls in this covering are at most ¢ = ¢*/4.

Then refine further the covering by extracting a minimal subcovering with the
property that each ball covers at least a point which is not covered by any other
ball.

Now consider the ball in this covering that contains the largest number of criti-
cal points, say B,-i(y1), containing A; critical points. If A; = A;_1, then set 7; = 0,
otherwise evidently we have

(B.5) Ai1>A; >cAig.

Moreover in this case (i.e., if T'(i) = 1) there also exists a critical point x; such that
e > d(x, yi) > e”'. Indeed, we assumed that the covering was minimal in this
sense.

Now we repeat this process by induction and stop when A; = 1. Since the
number or critical points is finite, the number of induction steps is finite. Set i to
be the index relative to the last step. Evidently we have the estimate:

(B.6) Ag < T

In order to get a bound on |T|, consider what happens if 7() = 1. As seen
before, in this case there exists two critical points x;, y; such that

(B.7) e > d(x, i) > et
Thus either x; or y; have the following property (call z; the one with the property):
ALL the points in B,-i-1(y;+1) have distance € [, ¢*1] from z;.

Now consider the critical point y;. Since it belongs to all the balls B,-i(y;),

We know that this point has at least |T| critical scales, and now we can conclude
IT| < K <4cA\/eg. |

With a similar argument, we can prove an effective version of this theorem.

Theorem B.2. Let u : B1(0) — R solve (1.1) and satisfy (1.2). There exists
ro = ro(n, 1) > 0 with ro(n,0) = co and C = C(n, ) such that if A = N*(0, s) for
some s < ry, then

(B.8) Vol (B, (8,(w)) N By/2(0)) < e“(r/s)*.

Proof. Consider the set 8,(«) and cover it with a Vitali covering of balls of radius
R = Ar/(5rp). In detail
M

(B.9) Sr(u) C U Br(xi), Xi € 8,(u), Bg,/5(xi) N B;/s(x;) # 0.
i=1
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Lety ¢ Bg,/5(x;), and suppose that |y — x;| is a good scale for x;, meaning that
(B.10) N(xi, e’ ly — x,-l) - N(xi, e? [y — xil) <e.
Since we know that N(x, 1/3) < A for all x € B;»(0), then r.(y) > I% >r.

By using the argument of the previous theorem, one proves that the number M
of centers of the covering has a uniform upper bound. Thus we obtain that

(B.11) Vol (Bg(8,(1)) N By 2(0)) < e*R* =
(B.12) Vol (B,(8,()) N By 2(0)) < CA%e™r? < &M
O
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