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Curvature Estimates in Asymptotically Flat
Lorentzian Manifolds

Felix Finster and Margarita Kraus

Abstract. 'We consider an asymptotically flat Lorentzian manifold of dimension (1, 3). An inequality
is derived which bounds the Riemannian curvature tensor in terms of the ADM energy in the general
case with second fundamental form. The inequality quantifies in which sense the Lorentzian manifold
becomes flat in the limit when the ADM energy tends to zero.

1 Introduction

In general relativity, space-time is modeled by a Lorentzian manifold (N, g) of signa-
ture (— + + + ). Gravity is described geometrically by Einstein’s equations

— 1
Ric — =s¢ = =87 T,

\S)

where R is the curvature corresponding to the Levi-Civita connection ¥V on N, Ric
is the Ricci curvature and s the scalar curvature. Here T is the energy-momentum
tensor; it tells about the distribution of matter in space-time and gives a local concept
of energy and momentum. The fact that the local energy density should be positive
is expressed by the dominant energy condition, saying that for each p € N and each
timelike vector u € T,N,

(1.1) Top u’ is timelike and  T(u,u) < 0.

We choose a spacelike hypersurface M C N and let (g, i) be the induced Riemannian
metric and the second fundamental form on M, respectively. In many physical sit-
uations, matter is localized in a bounded region of space, and the gravitational field
falls off at large distance from the sources. This leads to the definition of asymptotic
flatness; for simplicity we consider only one asymptotic end.

Definition 1.1 M is asymptotically flat if there is a compact set K C M and a diffeo-
morphism ® which maps M \ K to the region R* \ B,(0), outside a ball of radius r.
Under this diffeomorphism, the metric and second fundamental form should be of
the form

(12)  (.g)ij = 0ij + O™ "), (Pig)ij = O(™2), 8OI(P.g)ij = O(r)
(1.3)  (D.h)ij = O(r?), H(P.h)ij =00 ).
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Curvature Estimates in Asymptotically Flat Lorentzian Manifolds 709

In asymptotically flat manifolds, one can introduce the ADM energy and momen-
tum, which have the interpretation as the total energy and momentum of space-
time.

Definition 1.2 The ADM energy and momentum (E, P) are defined by

(1.4 E= - lim Z / (0;(®.8)ij — DH(D.g);;) O
(15) Py = gnggo Z / (CROE ZM@ h)jj) dsY,

where dQ¥' = v/ du, du is the area form, and v is the normal vector to Sg C R°.

This definition is indeed independent of the the choice of ® [1].

It is a major problem of mathematical relativity to understand the relation be-
tween (E, P) and the geometry of space-time. A particular aspect of this problem is
the question whether and in which sense E and P control the Riemannian curvature
tensor. In [4] this question was addressed in the time-symmetric case (i.e., when
h = 0). L?-estimates for the Riemannian curvature tensor were derived on M \ D,
where D is an “exceptional set” of small volume. In [5] these estimates were general-
ized to higher dimensions. In the present paper we treat the physically relevant case
with second fundamental form. This is our main result:

Theorem 1.3 We choose L > 3 such that

4ATE + |||

2
kz(k+24HhH3)2 |Hh| + ‘VhHl?’

(L*-17*>C

where

(1+24H’;H3)

Then there is a set U with measure bounded by
L6
u(U)'? < C1F(47TE + [h]]2)
such that on M \ U the following inequality holds,

/ nRuldu < ¢y sup ((Aq| + V)] + n(R| + |k + [Th]) E
M\U M

+csLsup (n(|VRu| + |h|[Rul)) VE
M

1
(szpn) | 11> + VA , 3 VE

Here cy, ..., cq are numerical constants (independent of L and the geometry), n €

C2(M) is a positive test function, Ry is the Riemannian curvature tensor of N restricted
. . . . . 2
to M, and k is the isoperimetric constant k = infA/V 5.
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For the proof we use Witten’s solutions of the hypersurface Dirac equation [8, 9]
and consider second derivatives of the spinors. In order to control the Weyl tensor,
we work similar as in [5] with the spinor operator II, which is built up of a whole
family of solutions of the hypersurface Dirac equation. The presence of the second
fundamental form leads to the difficulty that the function |¥|? is no longer subhar-
monic, making it impossible to estimate the norm of the spinor with the maximum
principle. In order get around this difficulty, we first construct a barrier function F,
which is a solution of a suitable Poisson equation. We then derive Sobolev estimates
for F, and these finally give us control of || |[¥|* — 1||zsap)-

2 Basic Facts about Spinors and the Hypersurface Dirac Operator

In this section we recall some basic facts about spinors and the Dirac operator on
Lorentzian spin manifolds; for details the reader is referred to [3, 6].

Let (N,g) be a Lorentzian spin-manifold with spin structure Qy — N. Let
k: Spin(l,n — 1) — A, ,_; denote the spinor representation and

YN =0Qn X Ayt

the associated spinor bundle. We denote the Clifford multiplication of a tangent
vector X with a spinor ¢ by (X, %) =: X - 2. On A ,_, there exists an indefinite
scalar product ( -, - ) of signature (2, 2), which is invariant under Spin* (1,7 — 1) and
is unique up to a constant. This inner product induces on Xy an indefinite scalar
product, which we again denote by (-, -). For a timelike vector field v, the inner
product

(2.1) (9,9) = (¢, v - 1)

is positive.
The scalar products (-, -) and (-, -) also define scalar products on the fibres of
the bundles of k-forms A¥T*N © Yy and the bundle of k-linear mappings

(é T*N ® Yy)

by
0,9p =Y (e e),Eleqs - )y

A

and analogously

0,8p =D (lei,....e), &, ),

i1y

where ey, . .., e, is an orthonormal frame. The Levi—Civita connection on N induces
a covariant derivative V on I'YXy.
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This covariant derivative is isometric with respectto (- - -), i.e.,

X<90a Z/1> = <vX90a 7/1> + <¢aﬁX’l/}>

for all sections @, ¥ in Xy. Its curvature tensor R e Q2(N, Xy) is defined by
=5 —2 —2
R(X,Y)y = (V ¥)(X,Y) — (V)(Y, X),

where (qup)(x ,Y) = VxVy — Vﬁxy. It is related to the curvature tensor R of the
Lorentzian manifold (N, g) by the formula

_ 1 &
(2.2) R = 1 2 (Reaeshen - e

a,f=1

The Dirac operator on the Lorentzian manifold N is defined by the composition of
the covariant derivative V with the Clifford multiplication t,

D: TSy % I(T*N @ Sy) —= TSy,

where the cotangent bundle T*N has been identified with the tangent bundle TN via
the metric. In a local orthonormal frame (ey, . . ., e,), the Dirac operator is given by

D= iea Ve,
a=1

We point out that, in contrast to the Riemannian case, the Dirac operator on a
Lorentzian manifold is not elliptic.

In what follows, we restrict attention to the physically relevant case of a 4-di-
mensional Lorentzian manifold with a given 3-dimensional asymptotically flat space-
like hypersurface M C N. We choose a normal unit vector field v on M and consider
the corresponding positive definite scalar product (2.1). We set || = (1, ER

The covariant derivative V is not compatible with (-, -), but

X(p, ) = (Vxp, ) + (9, Vxt)) + (. v - Vv - 1))

holds for spinor fields ¢, € I'(Ey|M). Using the definition of the second funda-
mental form -
I’l,‘j = —(ei, Vejl/>

for an orthonormal frame (e;, e,, e3) on M, this formula can be written as
(23) ei(@v,(/)) = (vm(p?,(/)) + (@av&"lp) - h:](% v ej : w)
This leads us to define the adjoint of V by V};w = —Vx¥ —v-Vxv - orinan

orthonormal frame,

ﬁ:’w = —Veiz/; + h,‘jl/ e ’l/l
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On a spacelike hypersurface, there exists an intrinsic Riemannian Dirac operator, but
we shall not consider it here. Instead, we will only be concerned with the so called
hypersurface Dirac operator Dy,

It is the restriction of the Dirac operator of the Lorentzian manifold N to M; more
precisely,

P(Sx|M) L D(T*M & x| M) — D(Sy|M),

where V denotes the covariant derivative in direction M. According to [8], the square
of the hypersurface Dirac operator satisfies the Weitzenbock formula

(2.4) Dy =A+R.

Here A’ is the Laplacian st = ﬁ*ﬁp = tr(—v2 —v-Vv-V) or, in an orthonor-
mal frame,

A =— Z(vejveﬂ/} - vvejeﬂ/J — hijv-ei - Vo),

irj

and R is the curvature expression R = i(? + 2Ric(v,v) +2 21‘3:1 Ric(v, e)(v - &).
The dominant energy condition (1.1) yields that & > 0.

In the coordinates induced by the diffeomorphism ¢ of Definition 1.1, we choose
a constant spinor v, of norm one in the asymptotic end and consider the boundary
value problem

The existence and uniqueness of a solution of (2.5) is proven in [8]. The solution
decays at infinity as

V=1 +00"), 0¥ =007, Oup=0"").
Using the Weitzenbock formula (2.4), it is shown in [8] that for a solution of (2.5),
(2.6) IVl Z2an = 47 (E [0]® + (3o, P+ 9h0)) — (3, Rep)
S 4 (E+ (¢07 P wO)) )

where P = Py - ¢ is the momentum as defined by (1.2). If we choose 1 such that
(10| P - 1) = —|P|, we obtain the positive mass theorem [8, 9]

(2.7) 0 < 4m (E— |P|).
For general 1, (2.6) and (2.7) give rise to an L?>-bound of V1),

(2.8) IV 2ap) < 47 (E+ |P|) < 87E.
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3 A Priori Estimates for Harmonic Spinors

In what follows, we let 1) € I'Sy|M be a solution of the boundary value problem
(2.5). We refer to v as a harmonic spinor. We begin by deriving an upper bound for

the measure of the set where a harmonic spinor is large. For any L > 1, we introduce
the set Q0 = Q.(¢) by

(3.1) Q) ={xeM: ()] >L}.

Lemma 3.1  For any harmonic spinor 1 and every L > 1, the volume of Q. is bounded

by
L 192 47E+ A3
Q) <
,LL( L) = (La — 1)2 k2 )
where the exponent v is
_ [LIIER

The proof uses the the following Sobolev inequality, which is derived in [5].

Lemma 3.2  Let M be an asymptotically flat manifold of dimension n > 3. Then
every non-negative function g € C°°(M) N H"*(M) with lim,| . g(x) = 0 satisfies
the inequality

2n

n—2

q .
lglly < I1Vell2 with q=
and k the isoperimetric constant.

Proof of Lemma 3.1 Applying the Schwarz inequality in (2.3), we obtain for every
a €R,

V1" < aly[* 2 (IV ] + k).

We take the square and use the inequality (x + y)? < 2(x? + y?),
[VI[*[? < 202 (VP[22 + [BP[p*?) -
Choosing x € Q; and « € (0, 1], the factor |1)(x)|>**~2 < 1, and thus at x,
[VI*]? < 202 (V9 + [RP) -

We integrate over 2; and apply Lemma 3.2 as well as (2.8),

7207
1917 = 1y < T @B+ [ HE P 0,

The last inequality has the disadvantage that the spinor also appears on the right.
Therefore, we apply the inequality [¢)|** < 2(|¢)|* — 1)? + 2 and Holder to obtain

« 2 720[2 2 « 2 2
1117 = 1))y < S (87E+ 2UAIRII = Dl + 21H1B)
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Now we can combine the terms involving the spinors,

12202

5 (anE+ [n]B)

122 2 !
63) (1= I = 1, < -

We choose o according to (3.2). Then the second term in the square brackets
in (3.3) is bounded by
122 ’ 1

e I
and thus
|| lw* - 1HMZL) < 192k (4mE + ||n]]3) .

We finally apply the estimate

Q) 1817 = 1 52 =

(L” _ 1)2 ‘
In the time-symmetric case, Lemma 3.1 reduces to the inequality

192  4rwE

(3.4) WO < T

showing that for large L, 1(€2;) decays at least ~ L™° On the other hand, it was
shown in the time-symmetric case [4] that the function [t|? is subharmonic, and
thus the maximum principle gave the bound

(3.5) WP <1

This shows that if h = 0, u(€2;) is indeed zero for all L > 1. We conclude that the
estimate (3.4) is certainly not optimal if & = 0. We shall now improve Lemma 3.2
such that in the time-symmetric case we recover (3.5). We let (e;, e;, e3) be an or-
thonormal frame in a neighborhood of x with (viej)(x) = 0. Then the Laplacian of
|)|* at x is computed as follows,

3
Al =>"0;((Vjp, ) + @, V) + (W, v - Vv - )

=1
= 2|V1/)|2 + ZRC(v]‘v]‘@/}, 77/}) + Z(Vﬂ/), V- Vju . 1/))
+ W, vV - Vi) + @, V(- Vv ) — Vv |y
= 2|V — 2Re(V Vb, ) + 2Re(V b, v Vv - 4h) + (4, v - Vv - ).

Using the Weitzenbock formula, we obtain for a harmonic spinor the inequality

3
AP = 2Re(Re, ) + 2V = 2[Ve [l Vo] = vl - (32 1V}01)
j=1
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where we set
_ — )
|Vv|* = thj and |V, v|= 31/2(81}1%)2.
ij k

Using the short notation

A
|h| :=|Vv| and |Vh|:= Z Vvl

=1

we can write the last inequality in the compact form

Al = 2Re(Rey, ) + 2|V = 2[Vebl[o||A] — [ | VA
1
> Re(R, ¥) — (5 1h +|Vh) [

In the special case h = 0, we recover that |1|* is subharmonic, and the maximum
principle gives (3.5). Our method for treating the general case is to construct a bar-
rier function F by solving the Poisson equation and to estimate F using Sobolev tech-
niques and the volume bound of Lemma 3.1.

Proposition 3.3  Suppose that L > 1 is chosen so large that

(3.6) @ -1 » c2TE~ e

R TEE

with « as in Lemma 3.1 and C = 6 - 482, a numerical constant. Then the harmonic
spinor 1) is bounded on € by

72
H19P = 1] g,y < 7@+ AP + [V -

Proof Weset p = —(|h|*> + |Vh]) and let g be the solution of the Poisson equation
Ag = p|y|* with boundary conditions lim,_,, g(x) = 0 (For the existence of this
solution see [2, Theorem1.7]). Then A(|¢|2 — g) > 0, and the maximum principle
yields that

(3.7) VPP <1+g.

The Sobolev inequality of Lemma 3.2, Gauss’ theorem, and the Holder inequality

give
36 36 36
lglle < = IVgll = —2/ pllvPgdM < = |lplv[l<glls
k kK Ju k 5
and thus
36
(3.8) lglls < k—2\|p|¢|2|\g~
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Combining (3.7) and (3.8), we obtain for any L > 1,

36
H |¢|2 - 1||L6(QL) < ||gHL6(QL) < k?”ﬂh/"z”g

36

< 7 (Lllpll s ey + 019 lsss )
36 ,
< 7 (Lllpllssaaen + 1000 = Dl + lolles@y))

IN

36
ﬁ((L+ Dllplls + llpllse@plllorP = @) -

We collect all the terms which involve || [¢]* — 1]| s@y

36 36
(1 - FHPHU/Z(QL)) || |7/’|2 - 1HL6(QL) < F(L+ I)HPHg-
This inequality gives a bound for ||[¢]* — 1|| Ls(q,) Only if the prefactor is bounded

away from zero. Thus we want to arrange that

36
(3.9) FHPHLW(QL) <

N —

The Holder inequality gives

lollr) < llpllsp€)s.
Substituting in the volume bound of Lemma 3.1, one sees that (3.6) indeed guaran-
tees that (3.9) holds. [ |
4 Estimates of the Spinor Operator

We choose an orthonormal basis of constant spinors (%)ﬁl,m,% (%, 1/)3) = §;j at
the asymptotic end and denote the corresponding solutions of the boundary prob-
lems (2.5) by (¢")i=1,.._4-

For every x € M we introduce the spinor operator 11, by

4
Me: Sy — S = Y (0 (x), )9 (x).
=1

At infinity, (W) goes over to an orthonormal basis, and thus

lim II, = id.

|x]—o0

The next elementary lemma bounds the spinor operator in terms of the ||
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Lemma 4.1 The sup-norm of I1,; is bounded by

N

4 4
ST < L) <> il
j=1

j=1

Proof Since I, is positive,
1 -
L, | > i I, = 1 Z [i|?.
i=1

This is the lower bound.
In order to derive the upper bound, we define the matrix A by

A= (aij)i=1,.a with a;j; = (5, ¥)).

By definition, A is Hermitian and all eigenvalues of A are real and nonnegative. Let
vi= (v,...,m)T € C v = 1. Then ¢ := Xv;9" is a solution of the boundary
problem (2.5) with ¢y = Xv;9f. Then

4 4
> Tvai = [ <30 L =0 A
j=1

ij=1

Therefore the eigenvalues of A must be smaller or equal to .
Now let ¢ be an arbitrary spinor at x € M. We let ¢ := Xv;9)! be the orthonormal
projection of ¢ onto the span of (!, ... 1) and set vI = (v},...,v4). Then

4
ML =Y (6, ) (WL, v (W, ¢) = (An)TA(Av)

i,j=1

< N4y = Vb < N[

and thus |TI,¢| < A|¢]. [ |
Next we derive an estimate for the Hilbert-Schmidt Norm || - || of the operator
[T = TL|].

Lemma 4.2 ForeveryL > 3 and e € (0, 1) there is a subset U C M with

| >
o]

L*(4+1%)°

pU)* < 5 (UmE+ [[h]3) =

2

>

such that forallx € M\ U,
11 —TILJ <e.
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Proof We set p(x) = ||1 — II,||*. Then the same calculation as in [5, Lemma 4.2],
shows that

4 4
plx) =4 =2 (L) + > |l v
i=1 i,j=1
Differentiation gives

4 4
Vp=—4Y Re(Vy),¢))+4)  Re(Vy)', Ty

i=1 i=1
4 4
=2 (W V) +2> (¢TI - Ve - ).
i=1 i=1

We define the function p by truncating p,

e (5-3))
2)°

Then V p(x) vanishes unless p(x) < ( L4—2 — . In this case, we have

2

L 2
(Z - 2) > p(x) > ([Tl = [I1])?

and thus ||TI,|| < LZZ. According to Lemma 4.1, this implies that |¢'| < L for all

i=1,...,4. We conclude that
VHx) A0 = ['(x)| <L
The last inequality allows us to estimate V p as follows:

4 4
<ALY |V + L) V| + 8L2|h| + 2L |

i=1 i=1

VP

with |h|> = Y h%. Integration gives
ik

4
IV < 202+ 127 (3 0013 + 427 ]}
i=1

= 8L*(4 + L*)*(47E + ||h||3).

The Sobolev inequality yields
2 o 48L%(4 + L*)*
S
Hence p(x) < ¢ except for x € U, where the measure of U is bounded by
4817%(4 + I*)?

e2k?

Clearly, on M \ U, also p(x) < e. [

A

(47E + ||h[|3).

p(U)'? < (47E + ||h])3).
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5 Estimates of the Curvature Tensor

We denote the curvature tensor of Xy restricted to M by

o)) .

Ry, = i"R € Q(M,End(Xy)),

where i is the natural inclusion i: M — N. Recall that R is related to the Rieman-
nian curvature tensor R by (2.2). We denote the pull-back of R to M by Ry, and define
its norm by

3003
Rul> =" > Rijap)™.

i,j=1a,3=0

We now derive a pointwise estimate for the curvature tensor in terms of the system
of Dirac spinors )"

Lemma 5.1

4
(1= |1 = TID[Rul* < 8 IV [y
i=1

Proof The identity E%,I(v, w)p = va(v, w) — vzz/}(w, v) immediately yields that
— —2
Ry < 4V 92,

In order to estimate the term on the left, we choose for given x € M an orthonormal
frame (v, e, €5, e3) with Ve;(x) = 0 and an orthonormal basis (¢,).—1
Then for any linear map A € End(Xy ),

4 4

Tr(ATD(x) = > (o, ATL)(x) = > (i), Ay (x)).

a=1 i=1

Thus
4 . 4 3 ) . . ]
G > Ry =03 @ Ry (e, er)Rylej, ex)ts’)
i=1 i=1 jk=1

3
=> Tr(Ry (e, ex) Ry (e, ex)D)
jk=1

3
- —x -
> E (IIRy (e el — [ Ryr(ejs e)Ryy (ejyen)|[|1 — TI||) .
e
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Next we compute the appearing Hilbert-Schmidt norms.
-5 ->
Ry (e, ¢))Ry(ei, e))
] 3

3
=16 (- E RijaiRijmner - € - em - en +2 E RijokRijimV - ek - €1 - em
k,l,m,n=1 k,l,m=1

3 3
+2 Z RijkiRijomex - €1~ v - ey + 4 Z RijoxRijomv - ex - v - em)

k,l,m=1 k=1
1,3 3 3
=3 ( Z RijuRiju + 2 Z RijokRijimV - ex - €1+ em +2 ZRijOkRijOk) :
kl=1 klm=1 k=1
Since the trace of the second term vanishes, we conclude that
3 . ]
5.2 Ry (e; 2= Z|Ru|%
(5.2) > IRu(es, el = 5 [Rul
k=1
Moreover,
& » ¥ : ) 1
5.3 Ry (ei, e0)Rys (e < Ry(ej,en)||> < =|Rul*.
(5.3) Z Ry (ej, et)Ryy (e, ex)|| < Z IRy (ej> )| < 5 [Ru
jok=1 jok=1
Substituting (5.2) and (5.3) into (5.1) gives the result. [ |

6 Integration by Parts

In this section we derive an L? bound for the second derivative of a solution of the
boundary value problem (2.5). The argument is similar to that given in [4].

Lemma 6.1  Suppose that L satisfies the hypothesis of Proposition 3.3. Then any solu-
tion W of the boundary value problem (2.5) satisfies the inequality

/ NV dp < ¢ s;p (|An| + [Vnl|h| +n(R| + |k + |Vh|) E
M

+ coLsup (n(|VRuy| + |h|[Ru|)) VE
M

VI+1 — _
tom— (s;p /[ B2+ Vh|| ¢ s|| [V Raal + 1l[Ra]| 5, VE.
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Proof A calculation similar to the one following (3.5) yields that

(6.1) Vel =S Re(V; V50, Vi)
ji
(6.2) + %AWW
(6.3) - % Z(V,-w, vV v Vi)
ji
(6.4) S Re(V 4, v - Vv - Vi),
ji
where (ey, ..., e,) is a smooth orthonormal frame on M.

In order to estimate the integral [, 77|v2w|du with a positive test function n €
C?(M), we consider the summands in the above equation separately. Integrating by
parts in (6.2) and using the decay properties of 1, we obtain

1 — 1 _
3 | nAIVUPdn =3 [ AoVuldn < amsup Auk.
2 Jm 2 Jm M

To estimate (6.3) and (6.4), we first calculate
%vj(vﬂﬁa v-Vv Vi) = %vﬂvﬂﬂ,vﬂ/ - Vi)
= Re(V, 0, v - Vi - Vith) + %(Wp, V-V - Vi)
Therefore, integration by parts gives

|5 [ (5 (Vi T30 Fi0) +Re(T - V- Vi) )
irj

1 — _ _
< 3 Z/M |@m) (Vi,v- Vv - Vﬂ#)] du < 47TS}\1,IP (|Vn||h]) E.
ij

It remains to control (6.1). Commuting the covariant derivatives, we obtain, as
in [4, eqns. (31)-(35)],

V0 = VTV + 5V (R (e, e00)

_ 1_ _ _ _
+ Ric(e;, ex) Vi) — ERZ(ej, eVip+v- Vijl/ Vi,

where Ric denotes the Ricci curvature of the hypersurface M C N. If ¢ is a solution
of (2.5), the first term can be simplified with the Weitzenbdck formula. Using the
Gauss equation, we thus obtain

(W;viiw,ﬁw) < & ([R+|h[* + |Vh|) VY |* + & ([VRi| + |h|[Ri]) (¥, Vi) ,
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with suitable constants ¢; and ¢, which are independent of the geometry. Now we
choose L > 0 as in Proposition 3.3 and calculate

/nRe(V;viiqﬁ,viw)dugE3sup(77(\R|+|h|2+|vh\)E+52(/ +/)
M M me, Jo

% (I Rual+ |1l Rael ) 111970

< &sup(n(|R| + |h|2 +|Vh|)E
M

+ E4Lszp (n(|VRm)| + |h|[Ru])) VE
‘e / 0 ([FRad] + [B][Ra) /07 — 1V s,
Qp

where we have used the inequality || < 1/|¥|?> — 1+ 1. In the last integral, we apply
Holder’s inequality,

/Q 0 ((VRal + 1l [Rual) VTOFE — 1V ds
S S}\J/Ipn H‘WM| + ‘hHﬁMm% |||¢|2 - 1Hze(QL) vaHZ

Finally, the factor ||[1)|* — 1||1s(q,) is controlled by Proposition 3.3. [ |

Proof of Theorem 1.3 For L as in Proposition 3.3 and ¢ = 3, we choose U as in

Lemma 4.2 to obtain

1
2

[ lRudi <2 [ g - Rl d
M\U M\U

We now apply Lemma 5.1,

4
— =2
[ ilRldu<s [ 030 9ok, dn
M\U Mo

Lemma 6.1 completes the proof. ]
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