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Abstract. For gapped periodic systems (insulators), it has been estab-
lished that the insulator is topologically trivial (i.e., its Chern number is
equal to 0) if and only if its Fermi projector admits an orthogonal basis
with finite second moment (i.e., all basis elements satisfy [ |z|?|w(z)|* dz
< 00). In this paper, we extend one direction of this result to non-periodic
gapped systems. In particular, we show that the existence of an orthogo-
nal basis with slightly more decay ([ |z|*"“|w(z)|* dz < oo for any € > 0)
is a sufficient condition to conclude that the Chern marker, the natural
generalization of the Chern number, vanishes.

1. Introduction

In electron structure theory, we are often interested in studying the subspace
of low energy states spanned by the range of Fermi projector P. For numerical
and theoretical purposes, we are in particular interested in finding a basis for
the occupied space range (P) which is as well localized in space as possible. The
elements of such a basis are known as Wannier functions or generalized Wan-
nier functions (see review [8] and references therein). Typically for insulating
materials (i.e., materials with a spectral gap), the existence of a spectral gap
implies the Fermi projector P admits an integral kernel which is exponentially
localized in the following sense (see, for example, [7]):

|P(2,y)| < e Corlevl. (1)
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Here, the constant c4qp depends on the size of the gap and vanishes as the
gap closes. Therefore, we might expect that these insulators admit a basis
which decays exponentially quickly in space. Somewhat surprisingly, even if
P satisfies an estimate like Eq. (1), it is not necessarily true that range (P)
admits a basis which decays exponentially quickly in space due to the existence
of so-called topological obstructions.

In two-dimensional periodic insulators, it is now well understood [1,9,10]
that the existence of a well-localized basis for range (P) is fully characterized
by the Chern number which is defined as follows:

c(P) = % /Btr<P(k) [8k1P(k),8k2P(k)])dk1 A dks,

where B is the first Brillouin zone and P(k) is the Bloch decomposition of P
(see, e.g., [11]).

For periodic systems, P possesses a basis with finite second moment
(known as Wannier functions) if and only if ¢(P) = 0, as established in [9].
Furthermore, ¢(P) = 0 if and only if there exists a basis of range (P) which
is exponentially localized [1]. These results, which connect the existence of a
basis with finite second moment to the vanishing of the Chern number and to
the existence of an exponentially localized basis, are known as the localization
dichotomy in periodic insulators.

Since the notion of the Chern number depends on the Bloch decomposi-
tion, the Chern number is no longer well defined for non-periodic systems. For
generic systems, the Chern marker was proposed in [3,6] as an extension.

Definition 1 (Chern Marker). Let P be a projection on L?(R?) and x, be the
indicator function of the set [~L, L)?. The Chern marker of P is defined by
. 2m
C(P) = Jim 5 tr (xu P X, P) [V Pl Pxs )
whenever the limit on the right-hand side exists.

Note that this generalizes the Chern number as for periodic systems the Chern
number and the Chern marker agree [6,7]. Therefore, parallel to the periodic
case, it is conjectured that the Chern marker characterizes the existence of lo-
calized Wannier basis for gapped systems [6,7]. Before continuing to state the
conjecture more precisely and state the main result of this paper, which con-
firms the conjecture in one direction, let us start by making some definitions:

Definition 2. Suppose that A is a bounded linear operator on L2(RY) —
L?(R?). We say that A admits an exponentially localized kernel with decay
rate v, if A admits an integral kernel A(-,-) : R? x RY — C and there exists a
finite, positive constant C so that:

Az, )| < Ce 7=l ge.
Definition 3 (s-localized generalized Wannier basis). Given an orthogonal pro-

jector P, we say an orthonormal basis {14 }aer € L?(R?) is an s-localized
generalized Wannier basis for P for some s > 0 if:
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(1) The collection {tq } ez spans range (P),
(2) There exists a finite, positive constant C' and a collection of points
{1t }aer € R? such that for all « € 7

[ o= papa@)P e < c. )

where (z — p,) := (Jx — p,|> + 1)'/? is the Japanese bracket.
We refer to the collection {pt,, }aez as the center points of the basis {14 facz.

With these definitions, the localization dichotomy conjecture for non-periodic
systems is as follows:

Conjecture (Localization dichotomy for non-periodic gapped systems). Let P
be an orthogonal projector which admits an exponentially localized kernel. Then
the following statements are equivalent:

(a) P admits a generalized Wannier basis that is exponentially localized.

(b) P admits a generalized Wannier basis that is s-localized for s = 1.

(¢) P is topologically trivial in the sense that its Chern marker C(P) exists
and is equal to zero.

Note that obviously (a) implies (b). For the other equivalence, there have
been a few works devoted to the study of non-periodic localization dichotomy.
In particular, recent work [7] has shown that (b) = (c¢) with s > 4. Addition-
ally, our previous work [4] has shown that (b) = (a) (and hence (b) = (c))
with s > 5/2. In this paper, we improve upon these previous works by showing
that (b) = (c) for s > 1. Formally stated, the main result of this paper is the
following:

Theorem 1. Suppose that P is an orthogonal projection on L?(R?) which ad-
mits an exponentially localized kernel. If P admits an (1 + §)-localized gener-
alized Wannier basis for some § > 0, then the Chern marker C(P) vanishes.

We note that Theorem 1 establishes only one part of the localization
dichotomy, while the other direction, C(P) = 0 implies the existence of a
localized generalized Wannier basis, is still quite open in the most general
setting. We remark that for Hamiltonians with both rational and irrational
magnetic flux it has been shown that C'(P) = 0 implies exponential localization
of a generalized Wannier basis [2].

Notations

Vectors in R¢ will be denoted by bold face with their components denoted
by subscripts. For example, v = (vy,v2,03,...,v4) € R% For any v € RY,
we use | - | to denote its £>norm and | - |» to denote its /*°-norm; that is,

lv| = (Zle 01-2)1/27 |V|0o 1= max; |v;|. For any « € R? and a € R*, we define
Xa to be the indicator function of the set [—a,a)? and B,(x) be the ball of
radius a centered at x.

For any f : R? — C, we will use ||f| to denote the L?-norm. For any

bounded linear operator A on L?(R?), we adopt the following conventions:
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e Let [|A]l denote the spectral norm of A, ||A|| := sup s [[Af]l-

e If A is compact, let {0,(A4)}52, denote the singular values of A in de-
creasing order (i.e., if i < j then 0;(A) > 0;(A)).

e If A is compact, let ||Alle, = (3,2, on(A)P) P denote the Schatten
p-norm for any p > 1.

Note that with this convention ||A|| = ||4||s.. -
In our estimates, C is used as a generic constants whose value may change

from line to line. We also write A < B if there exists a constant C' such that
A<CB.

Organization

The remainder of this paper is organized as follows. In Sect. 2, we outline the
proof of Theorem 1 relying on a number of propositions (Proposition 2.4, 2.5,
2.6). Next, in Sect. 3 we state and prove three important technical estimates
which are central to the proofs of these propositions. We provide proofs of
Proposition 2.4 in Sect. 4, Proposition 2.5 in Sect.5 and Proposition 2.6 in
Sect. 6, respectively.

2. Proof of Main Theorem

We begin our proof by recalling the notion of bounded density which was
introduced in [4] to simplify the analytic estimates. After recalling the con-
sequences of bounded density (in particular, Lemma 2.2), we will use these
results to prove the main theorem.

2.1. Bounded Density
We begin with the definition of bounded density

Definition 4. We say that a collection of points {p, }oez has bounded density
if there exists a constant M < oo such that for all € R? we have

#{a:p, € Bi(x)} <M

Importantly, if orthogonal projector P has an exponentially localized ker-
nel, one can show that the center points of every well-localized basis must have
bounded density.

Lemma 2.1. Let P be an orthogonal projector which admits an exponentially
localized kernel. If {1t }aer is an s-localized generalized Wannier basis for P
for some s > 0, then the center points for {1 tact have bounded density.

Proof. For this proof, let xp, (q) denote the characteristic function of the ball
B,(a): XB,(a)(x) = 1 if x € B,(a) and zero otherwise. We start by observing
two important facts.
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(i) If {¢a}aez is an s-localized basis for s > 0 with center points {p,, tacz,
then we have that

_ 2s
11 = X8, () ¥all = /W(l — XBT(HQ)(w))M

<.’13 _ )u*a>25 W)oz(wﬂ de

S [ @ o) loa@) do

Since the collection {t,}aez is s-localized, there exists a constant C,

uniform in «, so that [[(1 — xp,(u))¢all* < Cr~2*. Thus, we can find a
radius R > 0 so that for all a € I and all r > R
1
10 = X VP < 5 3)

Since [[(1 = x5, (u))%all® + X8, (u,)¥all* = 1, have that for all r > R,
IXB, (u ) Yall* > 5

(ii) Since P admits an exponentially localized kernel, one easily checks that
there exists a constant K so that for all a € R?:

X8, PlI%, = /L/X& 2)|P(, ) de dy < Kr? (4)

Now let {¢n}aecz be an s-localized basis for some s > 0 and toward a con-
tradiction suppose that the center points of this basis does not have bounded
density.

Since the center points for this basis do not have bounded density, we can
find a point * € R? so that the ball By(x*) has more than 4K (R+1)? center
points where the constant R is from Eq. (3) and the constant K is from Eq.
(4). Let us denote the set of these center points by A := {a : u, € Bi(x*)}.

Due to Eq. (3) we have that

HXBRJrl(w*)PHQGQ < K(R+ 1)2
but on the other hand we have that
HXBR+1($*)PH262 — Z ||XBR+1 m )1;[}(1H2
acA

where we have used that o € A implies that Br(u,,) € Brt1(2*) and Eq. (3).
This is a contradiction, and hence, the center points of {1, }oez must have
bounded density. O

(#A) > 2K(R+1)?

l\J\H

The usefulness of the notion of bounded density is that we can effectively
treat any basis with bounded density to have its center points on the integer
lattice.

Lemma 2.2. Let {t4}act be an s-localized basis with center points {p,, tacz-
For each m € 72 define

1 1 1 1
Im::{aeI:uae[m1—2,m1+2>x{m2—2,m2+2>} (5)

If the center points {p,, }acz have bounded density, then:
o There exists a constant M, so that for all m € 72, #|Z,| < M
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o [fa €I, then the center point of 1, can be treated as m without loss
of generality.

Proof of Lemma 2.2. Since the basis {1 }acz has center points with bounded
density, we know that for each m € Z? there are at most M center points
contained in the square [my —1,m1 +1) x [ma— 3, ma+3) as it is contained in
Bi(m). If 1, initially had center point p,, € Z,, , by construction |m — g |2 <
g. Therefore, using triangle inequality, it is easy to check that the collection
{ta} is s-localized if we choose m as the center point of v, instead of p,

(perhaps with a slightly larger constant in Eq. (2)). O

Remark 2.3. As a consequence Lemma 2.2, we can relabel the set of basis
functions {¢4 }aecz as wﬁ,]l) where j € {1,...,#|Zmn|} whenever Z,, is non-
empty (and 1/),(,]1) is undefined if Z,,, is empty).

Throughout our proof, we will assume that #|Z,,| = 1 to simplify no-
tation. Considering the case #|Z,,| # 1 only has the effect of introducing a
multiplicative factor of M to some of our upper bounds and does not change
the overall argument or results.

2.2. Proof Outline

As discussed in the previous section, as a consequence of bounded density, any
s-localized basis may be written as {i,, } where 1, has its center point at
m. Given a fixed choice of basis, we can now define the projector Py which
projects onto the basis functions centered within the box of size L:

Pr = Z |wm><¢m| (6)

|m | <L

Throughout the rest of this paper, we will assume that projector Py, is fixed
and defined through a basis {¢,, } which is (1 + d)-localized for some § > 0.

Unlike xr P which appears in the definition of the Chern marker, the
projector Pj, has finite rank and range (Pr,) C range (P). In some sense, the
orthogonal projector P, captures the local information of P in more controlled
way than multiplying P by the cutoff xr as in the definition of the Chern
marker. Importantly, thanks to the decay property of the basis functions {¢, },
approximating x P with Py, incurs an error which is subleading compared to
the area of x:

Proposition 2.4. Suppose that P admits a (1 + &)-localized basis where § > 0.
There exists a constant C such that for all L > 1:

IxLP - Prls, < CL*?
Proof. Proved in Sect. 4. O

As a consequence of this proposition, we can show that replacing xp P
with Pp in the definition of the Chern marker does not change the overall
limit:
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Proposition 2.5. If P admits a (1 + §)-localized generalized Wannier basis
where 6 > 0, then

Jim 7 [ P[P Pl Pre = [ PLIY P 2| =00 ()

Hence,

lim %tr (XLP[[X, PlL[Y, P]]PXL) - Llif;o%tr (PL [[X, P[Y, P]]PL)

L—o0o
(8)
whenever at least one of the above limits exists.
Proof. Proved in Sect. 5 O

Hence, to prove Theorem 1 it suffices to show that if P admits an (1+4)-
localized generalized Wannier basis then

Lliiréoj—zétr (PL[[X, Py, P]]PL) ~0. 9)

Toward proving Eq. (9), we begin by observing that since Py, is defined through
a (1 4 0)-localized basis, the position operator X is a bounded operator on
range (Pr,) for each L. In particular, we have that

IXP* < > (1X¢ml?

|m|oe <L
2

< 3 (I =)l + sl
|m oo <L

2
< Y (I =miuml+1)
|m oo <L
S L

Similarly, it is easily checked that Y is also a bounded operator on range (Pr,).

We will now use the fact that X and Y are both bounded operators
on range (Pr) to perform some algebraic manipulations. Using the fact that
P? =P and [X,Y] = 0, one can verify that (see also [7], [5])

P[[X, Py, P||P = [PXP,PYP]
Therefore, since P, = PP = PPy, we have the following:
P, |IX, PLIY, P]| P,
= P,[PXP,PYP|P,
= PLXPYP, — PLYPXPy

= PLX(P — P+ PL)YPL — PLY(P — P+ PL)XPL
= [PLXP,, PLY P + PLX(P— P,)YP, — PLY (P — P)XPy.
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These manipulations are justified since X and Y are bounded operators on
range (Pr). Since Pr, is finite rank, [Pr X Pr, PrY Pr] is traceless, and hence,

r (PL {[X, Pl[Y, P]] PL) — tr (PLX(P —PLYP,— PY(P— PL)XPL).
(10)
Hence, using Hélder’s inequality and (P — Pp) = (P — Pr)?, we have that
tr (PL|[X, P, [V, P)| PL) |
<|PLX(P— PL)YPrls, +||PLY(P— PL)XPL|e,
<2l(P— PL)XPLe, (P — PL)Y PLs,- (11)

Proposition 2.6. If P admits a (1 4+ §)-localized generalized Wannier basis
where 6 > 0 then

. 1 2
Jim ﬁH(P_PL)XPLHez =0 (12)
. 1
Jim 5 [[(P = Pp)Y Pri§, =0. (13)
Proof. Proved in Sect. 6. O

Since the mapping x — /x is continuous for z > 0, Proposition 2.6 and
Eq. (11) imply that

li !
Py

tr(PL [[X, Py, P]}PLN ~0

which proves Eq. (9), completing the proof of Theorem 1.

3. Technical Estimates

In this section, we prove two technical estimates (Propositions 3.1 and 3.2)
which are fundamental in our proofs of Propositions 2.4 and 2.6.

Proposition 3.1. If P admits a (14§)-localized generalized Wannier basis, then
for all a,b > 1:

H(l - Xa+b)Pa||262 S a?p=20+0)
Proof. We can expand the Hilbert—Schmidt norm we want to bound as follows:

10— Xaro) Palle, = D (1 = Xaso)tom .

m|<<a

(14)

Because of the separation between the sets {m € Z? : |m|, < a} and
supp (1 — xatb), we can show that each of the terms in the above sum are
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small. In particular,

10~ Xa)em?
= 0= xea@)ln @) do

(1 + |$1 - ml‘ + |l‘2 - m2‘>2(1+6) W} (33)|2 dx
(]. + |£C1 — ml\ + |£C2 — m2‘)2(1+5) m

— [ 1= (@)
R2
Since |m|s < a, we have the pointwise bound

(- xern@) 1 o
(I+ |z —ma|+]za—ma|) ~ 1+ (a+bd)—|m|e ~ 140

Therefore, for each since 1, is (1 + §)-localized we have that:

11 = Xa+)tm |12

< (@020 [ (1 o= |+ o2 = mal 204 o (2) P da
R2
< Cb—2(1+5)
for some absolute constant C. Using this bound in Eq. (14), we conclude that

(11— Xa+b)Pa||262 < Z COp—2(1+9)

[m | <a

< 220149
which completes the proof. O

Proposition 3.2. If P admits a (149)-localized generalized Wannier basis, then
for all a,b > 1:

IXa(P = Pass)lI&, S b0 +ab=(+)
We start by stating a lemma which we prove at the end of the section.

Lemma 3.3. Suppose that {tm, } is a (1 + §)-localized basis. For any a > 1,
we have the following bounds depending on the location of m in relation to

supp (Xa):
(i) If I/m1| > a and |mz| > a, then
a¥Pm 2 < mi|—a —(149) mo| —a 7(1+5).
[Xatm 1”5
(ii) If |m1| > a and |m2| < a, then
Ixatm |* S (fma| = a) =20+
(iii) If |m1| < a and |mz| > a, then
IXatm |* S (|| —a)~20+)

With this lemma in hand, we can now prove Proposition 3.2.
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Proof of Proposition 3.2. By the properties of the Hilbert—Schmidt norm, we
see that

IXalP ~ Pus)lB, = 3 Ixatbm?

[[m||>a+b

We now split the set {m € Z? : |m|. > a + b} into three parts and bound
each part separately

Sy = {m:|m1|>a—|—band |m2|>a+b}
Sy 1= {m:|m1|>a—|—band |m2|§a+b}
Sz 1= {m:|m1|§a+band |m2|>a+b}

(

We start with controlling S1; by applying Lemma 3.3(1), we have that

C
2
<
E [Xatm [I* < § : (Im1] _a>7(1+5)<|m2| —a)*(1+5)

meES meS,

1
-5
<Cb Z (Im1] — @)F572) (|my| — a)(+3/2)

meS;
1
<Cbh?
SO D T = @ (] = a7

where in the second to last line we have used that since m € Sy, min{(|ms| —
a), (lmz| — a)} > b. Therefore,

S Xt |2 S 57
meS,

We now turn to bound the sum for m € S;. Applying Lemma 3.3(2), we
have that there exists a constant C such that

C
> Iatml?< XY W

meSs [m1|>a+b|m2|<a+b

(145) L
< Cbh™ Z Z |m1| — a)(1+9)

|m1|>a+b |m2|<a+b
< —(1+4) -
2C(a + sz:Z |m1| — @)1+
where in the second to last line we have used that (Jmq| — a) > b. Therefore,
Y Ixatm|® S (a+b)p~F
meESy

Repeating the same calculation for S3 making the obvious changes, we
have that

> Ixetmll? S (a+0)p~ 1+

meSs
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Hence,
[Xa(P — Payp)||E, < C1b7° + Ca(a+ b)b~ T + Cy(a + b)b~(H+9)
which proves the result. O

It remains to prove Lemma 3.3 to finish the proof.

Proof of Lemma 3.3. We will focus on the case when |mq| > a and |ms| > a
and note the changes which must be made for the other cases. For these esti-
mates, we will introduce the strip characteristic functions 35>~ and x5
defined as follows

: 1 <D ; 1 |zl <D
NASTOES Sl AT N
0 otherwise 0 otherwise

Next, let us define the distances D, := |mi| — a and D, = |ms| — a. With
these definitions, it is clear that up to a set of measure zero:

XoiP ¥ (@ —m)xa() =0 and x5 (@ — m)xa(z) = 0

Therefore,
X2t |2 = / Yol@) [ ()] de
]R2
= [ @) (1= x5 @ - ) ()
]R2

. (145)
= [ @) (1= ) S (@) da

(x1 —ma)

By definition of Xstrlp X we have the pointwise bound:
LY m)
(z1 —ma) = (lma] —a)
Therefore,
1
Ix£tm [1* < (| = a9 /R2 Xa(@)(1 = m1) 0 g, () dee.

By similar logic,

[ xel@)as = mi) i (o) dz
. oy — ) (1+0) ,
= [ xal@) (1= (=) ) o ) (@)

: /]Rz Xa(@){z1 — m) T (zg — mo) 1T [y, ()] da.

= (Ima| = @)+
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Hence,
1
(Ima] = @)+ (Jma| — a)(+9)

/ Xa(@) (@1 — m1) T (@y — ma) O by, ()] dew.
RQ

Xatm ||* <

Now recall that the geometric mean is bounded by the arithmetic mean so
(@1 —ma) T (wy — ma) ) < %((961 —m)*H 4 (s — m2>2(1+5))
Therefore,
(X = ma) O |2+ [[(Y — ma) ey, |2
2(lma| — @) (jmy| — a) (1)

which implies the result since ¢y, is (1 + §)-localized.

The case [m;| > a and |mg| < a follows by inserting (x1 —m; )20+ (z; —
my) 72040 instead  of (w1 —my) 3T (g —mp) ) (zy —  my)~(1F9)
(xg —ma) =49 the case |m;| < a and |ma| > a follows similarly. O

[ Xa¥m ||* <

4. Proof of Proposition 2.4

Let us start by fixing some ¢ where ¢ € [1, L) to be chosen later. We can split
the quantity we would like to bound into four parts:

IxeP — Prlls, < |IxL(P — Pp)lle, + (1 — xz)Prlls,
<|Ixe(P = Pryo)lle, + Ixe(Prye — Pr)lls,
+ (1= xz)(Pr — Pr—o)lle, + [[(1 = x£)Pr—tl s,

The first term is bounded by Proposition 3.2; by letting a = L, b = ¢, there
exists a constant Cp so that:

IXL(P = Pryo)lle, < Ci(£7° 4+ L=+, (15)
The next two terms are bounded by observing that
rank (Ppy, — Pp) < 4((L + 0)* — L?) < 12L¢
rank (P, — Pp_g) < 4(L* — (L — £)?) < 12L¢
where we have used that ¢ < L. Hence, there exists a constant C so that
XL (Prie = Pr)lle, + (1= x2)(Pr — Pro)|le, < Co(LOY?. (16)

As for the final term, we can apply Proposition 3.1 with a = L — ¢, b = ¢ to
conclude that there exists a constant C3 so that

I(1 = xz)Pr—tlle, < Ca(LP¢720+)1/2 (17)
Combining the bounds in Egs. (15), (16), (17), we have that
IxLP — Prlle, < Cr(£7° + Lo~ (FONY2 4 Oy (Le)Y/2 4 Oy (L2020 0))1/2,
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Now in the above equation, we have four different terms each which have
different big—O as L — oo:

O~ OLe=*y oLy  O(L2¢~21+9)

Since ¢ > 1, it is clear that the two dominating terms are O(L{) and
O(L*¢~2(1+9)) . Since we are free to choose £, we will make a choice of £
so that these two terms balance. A simple calculation shows that choosing
0= LY/ (3+20) gives

Ll = L2(2+5)/(3+25)

129~ 2(1+0) — [ 2(246)/(3+29)

Lo—(1+6) _ [,(2+8)/(3+26)
This valid choice for ¢ since § > 0 so ﬁ < 1. With this choice of £, we have
that
Xz (P — Po)lla < Cy(L~=5/(+26) L o[ (248)/(3+26)y1/2 | 0, [ (248)/(3+26) | 1, [(2+8)/(3+26)
Hence, for L > 1

IxLP = Pp|e, < LE3T0)/(3+20),

The proof is completed by observing that for all 6 > 0:
2456 < g
3+20 — 3

5. Proof of Proposition 2.5

For this proof, let us abbreviate the commutator in the definition of the Chern
marker as C, that is:

C= [[X,P],[Y, P
With this notation, we have that:
xtPCPx1 — PLCPL = (xp. P — Pp)CPxr + PL.C(Pxr — Pr)

Applying Holder’s inequality to the trace norm we want to bound, we have
that

IxL PCPx, — Pr.CPLls,
< NxeP = PL)CPxL|e, + I1PLC(PXxL — PL)lls,
< lxeP = Prlle,lIClls . 1Pxclle. + [ Prlle. ICle. IPxL — PLlls,-
The right-hand side can be upper bounded by observing that
(i) Since P admits an exponentially localized kernel,

IClle.. = lIC] = I, PL, [Y; P < 2[|[X, PIIY, Pl < 1.

(ii) Additionally, since P admits an exponentially localized kernel, one easily
checks that

IPxrlle, S L



3924 J. Lu and K. D. Stubbs Ann. Henri Poincaré

(iii) Since rank (Pr) < 4L? and || P.|| < 1, we have that
[Prlle, <2L.
(iv) Proposition 2.4 implies that
IxeP = Prlle, S L*°
Combining these four bounds, we conclude that
IxtPCPxL — PLCPL||s, S L*/?

Hence,

I 1 ”
LI—)H;O L2

and the proposition is proved.

XLPCPXL - PLCPLHﬁl =0

6. Proof of Proposition 2.6

Our main goal in this section is to show that the following quantity is o(L?):
(P — Pp)XPL|%,

The corresponding bound for Y follows by an analogous argument.

Similar to the proof of Proposition 2.5, our first step will be to introduce
a length parameter ¢ € [1, %L) to be fixed later. For any such choice of ¢, by
the properties of the Hilbert—Schmidt norm we have that:

I(P = PL)XPL|E, = (P~ PL)X P2,
(P = Pp)X (P — Pr—20)|3, (18)

The second of these terms can be shown to be O(L{) using that (P— Pr)(Pr —
Pj,_9¢) = 0. In particular:

I(P = PL)X (P — Pr—d)|l, > (P = PL) Xt |?

L—20<|m |0 <L
= > P = Po)(X —ma)gm |

L—20<|m|0<L

(swp X —mppum?) 3

L—=20<|m|o0<L

IN

< L.

Therefore, this term is o(L?) so long as we choose ¢ = o(L).
Returning to the first term in Eq. (18), using that (P — Pr)Pr_2¢ = 0
we have that
I(P = PL)XPraellE, = > (P —Po)(X —mi)im?
Mmoo <L—2¢

We will now show that each of the terms in the above sum are small using
Proposition 3.2. In particular, we have the following easy lemma
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Lemma 6.1. Ify, is (1+0)-localized with center point m where |m|. < L—2¢,
then

I(P = PL)(X —ma)m | S €70 + Lo~ H)
Proof. We start by inserting xr—¢+(1—xr—¢) and applying triangle inequality
[(P = Pp)(X —mi)dm|
S NP = Pr)xp—e(X = ma)m || + [[(P = Pp)(1 = x2-e)(X — ma)tbm ||
By Proposition 3.2, we have that

(P — Pr)xz—e(X —m1)tm || < (P — Po)xr—ell[l(X — m1)m || S €70+ Lm0

By repeating a similar argument as used in the proof of Proposition 3.1, it is
easily verified that

I(P = PL)(1 = x2—)(X = m1)m |l < (1 = x2—) (X —ma)m || S €7°

which proves the lemma. 0

Using Lemma 6.1, it follows that:
(P = PL)X P g||g, S L2070 + Lo~ 402,

~

For our final step, we will choose £ = L?/(?*9)_ Since § > 0, note that this
choice of ¢ is o(L) consistent with our previous requirement. Furthermore, we
have that

(P — P)XPp_¢|%, S LA(L720/C+0) 4 [=9/(20))2,

Since § > 0, we conclude that

. 1
Jim I~ PL)XPr|[g, =0

which completes the proof.
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