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1 Quantum dynamics

Our goal is to understand the dynamics of electrons in solids. To that end, we will (mostly) make the following assumptions:
e Electrons do not interacts with each other.
e Real space is a discrete lattice.
e Quantum mechanics is applicable.

As a result of these assumptions, the appropriate setting to explore models of electrons in thus in single-particle Hilbert
space
o =0* (2%

where d is the space dimension. Sometimes we will consider other lattices besides Z%, but in principle this generalization
is not very important right now. At other times it will also be useful to allow internal degrees of freedom on each lattice

site, i.e., that the wave function is a map
.24 N

and one way to write that Hilbert space is as
=02z cV)y=pr(zt-Cc)ech.

To specify a model for the dynamics of electrons on this Hilbert space, we must pick a Hamiltonian, which for us will be
a bounded linear operator H € B (#) which is furthermore self-adjoint.

1.1 Locality

Beyond being any bounded linear operator which is self-adjoint, a Hamiltonian better be local. To discuss locality we
need to single out a basis on Hilbert space, which is the main reason why it is important to stipulate that we are working
with ¢2 (Zd): because otherwise, all separable Hilbert spaces are isomorphic, so in principle we have the isomorphism

ez =e (27

Hence, let us choose the position basis as
{02 Yoeze € € (2)

defined as

1 z=y d
5;5 de = ) z .

With this basis, we may form matrix elements of the Hamiltonian H as
Hyy = (0, Hy) (z,y € Zd) )
Note that if # = ¢2 (Zd) ® CY then H,, is actually an N x N matrix, whose matrix elements are
(Hay);; = (0s @ €i, Hoy @ €;) (i,j=1,...,N)

where { e; }fil is the standard basis of CV. With this definition we may finally make the

Definition 1.1 (Local operator). The operator A € B (¢2 (Z%) @ CV) is called local (or ezponentially-local) iff there
exists some R < oo and p > 0 such that

1
*mlog(HAm,y”) >p (:c,yGZd e =yl ZR) . (1.1)

Here by ||Azy|| we either mean the absolute value (if N = 1) or any matrix norm (they are all equivalent) if N > 1.

Claim 1.2. (1.1) is equivalent to: there exist C, u € (0,00) such that

| Agy || < Cerliz=vl (z,y € zd) ) (1.2)



Proof. Let us assume (1.1). Taking its exponential we find
| Agyll < e ==l (2,9 € 2% : o —y|| > R) .
Since A is bounded, we of course also have
eyl < lAIL (y €27

At those x,y € Z¢ for which ||z — y|| < R we have

Aoyl < [|A]|etle=vlle=nlla=vl
< ||A||euRequﬂc*yH
so if we define
C := max({|Afe*f,1})

then we find (1.2). Conversely, assuming (1.2), we have

1 log (C) d
— i log ([[Azyll) = 1 — T,y €Z%) .
o=y 8 Mel) 20— gy leweZ)
Take now R := % to get that if ||z — y|| > R then
2
log (C) < lu-
|z —yll 2

O

Sometimes it is useful to also have other modes of locality. We shall introduce them as we go along. One can generalize
in two possible directions:

e replace exponential decay with various other rates of decay in the off-diagonal direction

e allow the rate of exponential (or any other) decay to depend on the diagonal position. One way to do so will be
called weakly-local: there exists some p > 0 such that for any € > 0 there exists some C.; < co with which

||Awa < Cge—u\lx—yleHxH (x,y c Zd) )

Why do we call such operators local? Because we interpret the number (or matrix) H,, as the transition amplitude to go
between the state (or space) 0, and J,. Sometimes these terms are also called hopping terms. We may think of them as
the transition amplitude of infinitesimal time, since

(65,71 5,) ~ (8,,08,) —it (0, Hoy) + O (£7) .
=0

Example 1.3 (Kinetic energy). We present the discrete Laplacian on ¢> (Zd) > as

(—AY), =D s — P, (zez?).

y~z

Here 3y ~ = means all vertices y € Z¢ which share an edge with z, i.e., nearest neighbors of z. There are different
ways to denote the discrete Laplacian, as well as normalize it. First, consider { R; };l:l as the right-shift operators

on (2 (Zd). In particular, they are defined as

(Rj1)), = tho—e, (z e z%



where { ¢; };l:l is the standard basis for R?. Then

d
~A=2d1-) R;+R;.

j=1
We shall shortly see that with this normalization,

0 (=A) =0ac (—A) =0,4d] .

Example 1.4 (A potential). Let V : Z% — R be any sequence (with fine print on it later). Then we define on
02 (Z%) > ¢, the operator V (X) as

(V (X)), =V (z)), (z e Zd) )
This may be denoted also using the position operator as follows: Define the (unbounded, vector-valued) position
operator X on /2 (Zd) > as:
(X)), = a1, (xez?).
Then we proceed to interpret V (X)) via the measurable functional calculus (using the fact that [X;, X;] = 0).

Example 1.5 (Non-local operator). It is instructive to consider an example of a non-local operator. To that end,
consider the operator A on £2 (Z) given by the matrix elements

2 (~1 4 cos (m (¢ — ) + 7 (& — y) sin (7 (& — 1)))
(@ —y)*
We claim that this definition yields a bounded operator. But from this equation it is clear that its decay is merely

like n +— % which is very slow, not even summable. We shall never call operators whose integral kernel does not even
decay in a summable way local.

Agy = (amy € Zd) .

1.2 Bloch decomposition—the Fourier series

A basic tool for us to understand and diagonalize certain operators will be the Fourier series. In physics language, this is
“going to momentum space” by way of a Fourier transform. Concretely, we define

F 07 (2%) — L* (T%)

where T¢ = [, 7r)d is the d-dimensional torus, and we take the L? space on it with the Lebesgue measure.

LQ(Td)E{Q/?:Td—>0‘/‘z[}(k)‘dk<oo} .
The definition is then

(FY) (k) =Y e "oy, (keT?).

reZd

To make sense initially we would define & on ¢! N ¢2 and then extend. Its inverse is given by
(7710 = (QW)*d/ eF i (k) dk .
keTd

With this definition, we have

Claim 1.6 (Parseval). & is a unitary operator (up to a constant)



Proof. We calculate

<£7¢757@>L2

| IRCICIDICE

/ker Z etk Z e—ikm(pydk

xezd yezd

[1%

et (@=v) )

[l
]
g
S
T

d
= (277) <1/)7 ¢>E2 :
To complete the proof, in x we should use Abel summation (see e.g. my Complex Analysis lecture notes | |, the

proof of Theorem 8.5; we avoid these details here). O

The big advantage of the Fourier series is in the fact that certain operators are easy to diagonalize using it. These operators
are the periodic or translation invariant operators

Definition 1.7 (Periodic operator). An operator A € B (¢* (Z%)) is called periodic iff

Avy = Astzytz (xa Y,z € Zd) . (1.3)

Lemma 1.8. If A € B (62 (Zd)) is periodic then there exists some a : T¢ — C such that, if M, is the diagonal
multiplication operator on L? (Td) by the function a, i.e.,

(Mod) () =a ()i (k) (ke Thw e 27 (T)
then
FAF* =M, .

In fact,
a(k):= Z ei<k’”’>A0,$ (k: € Td) )

zeZd

a 1s called the symbol associated to A.
Moreover,
0(A) =04 (A)=im(a)={a(k) | keT?}.

Proof. We calculate

(9A9*%5) (k) = Z e ik Z Amy/ e+i(p,y>12)(p) dp

cezd yezd peTd

Y e 3 AO,y—aL‘/ P (p) dp
zezZd yezd petT

= Z e—i(k,w> Z Ao,z/ €+i<p’z+w>¢(p) dp
xeZd z€Z4 peT?

=2 Ao,z/ "6 (k —p) P (p) dp
sezd peTd

= Z e2) Ay ) (k) .
z€Z4



Let us thus define .
a(k):=» e®24,,  (keT?).

z€Z4

The claim about the spectrum follows via the functional calculus of diagonal operators. We leave the part about the
spectrum being purely absolutely continuous as an exercise to the reader. O

Example 1.9. The right-shift in direction j =1,...,d operator R; is defined as
(Rjv), = ty—, (y € 24 € ¢*(2%))
It is a periodic operator and and hence its Fourier representation is a diagonal multiplication operator:
FR;F* = M,
with

(k) = D e (R,

reZd

= Z e_i’” <(50, R]5m>

reZd

_ Z e—ik~w <507 5zfej>

reZd

— § e_lk.w(sz—ej,o

reZd

— E eilk.w(sz,ej

reZd

for all k e T,

Example 1.10. The discrete Laplacian —A defined via

(*qu[})m = Z Yy — % (w S ¢ (Zd) , T € Zd)

Yy~
is periodic. It may be re-written using the right-shift operator as
d
~A = 2) 1-Re{R;}
j=1

with Re {A} = § (A + A*). In momentum (i.e., Fourier) space, it is given as multiplication by the function

d
E(k) = 2> l—cos(k;)  (keT%.
j=1
We note that )
1
2(1—cos(kj)) =4 {sin <2kj)]

so that for infinitesimal &, ,

& (k) ~ [|k|

which resembles the dispersion relation of the Laplacian on L? (R?). Hence, the discrete Laplacian is “accurate” for
small momenta and “distorted” for large momenta (small distances). But in condensed matter physics we are mainly



interested in large scales, i.e., small momenta, so that this distortion is not something we care about: it is just making
our lives easier mathematically speaking.

Example 1.11. The position operator in the jth direction (j =1,...,d)
(X59), = Yty (ye 24y e ?(2%) (1.4)
gets mapped to to derivative with respect to momentum, i.e.,

FX;F =i, (G=1,...,d).

Proof. We calculate

rezd
—
= Y ety (9 w)
zezd iakj

O
Example 1.12. If A is periodic then the commutator [X;, A] is mapped to the derivative:
[Xj, A] — iM@Ja .
Proof. We have
(FXA59) (1) = (F1X5,A159) (k)
= (G”X FrFAF* ¢)( ) — (S"AS"*Q”X]-S"*@ (k)
= (la M, w) (Maiajz/}) (k)
Leigniz iakjaw .
U

Example 1.13. A multiplication operator in real space M, by the function v : Z* — R is mapped onto the convolution
operator C; in momentum space.

Proof. Use the convolution theorem for Fourier series:

(gfv (X) 3*@@) (k)

Il Il
@ @
L L
x Gy
8 8
<
4
—
—

* K
< @
N <
8 ~

8

If we identify



then

(r7 ) ) = X etren™ [ ero@ap(o09),

rezd pETd
_ (2’/T)7d\/ b (p) dp Z o~ i(k—p)-x (9;’*1[))
pET? zeZd *

ol ILOLICLY
(Cov) (k) -

We thus recognize that
FM,F* =Cox,.

O

The following theorem from classical harmonic analysis | , Pp. 27] associates locality in real space to regularity in
momentum space:

Theorem 1.14. (Riemann-Lebesgue) If A is local as in (1.1) and periodic as in (1.3), so that FAF* = M,, then
a:T? = C is analytic in an annulus.

Proof. We have from Lemma 1.8 that

a(z) = Z ]_i‘[z;.choﬂ7 (z € (Sl)d> .

rezd j=1

Now deforming z, we write it instead as of Z = rz where r € (0, oo)d so that

d
la@l < Y | TI757 | 1ol
=

1
d
< Cy H Ty e Hlell (Using ?77)
ezd

Now we use

to get

d
la(®) <Ca[[ 32 e valn
j=lz;eZ

_ha
Clearly this is finite if e vd < max ({ P 7% }) . Hence we get a convergent power series in an annulus about the
J

torus which is equivalent to analyticity on that annulus [TODO: cite this equivalence]. O

Remark 1.15. We also have the converse statement: if a : T — C is analytic in an annulus then F*M,F is
exponentially local. We leave this as an exercise to the reader (see e.g. | ] Lemma 8.4).

Remark 1.16. More generally, any-rate polynomial decay will be mapped to smooth “symbols”, and ¢ locality will be
mapped to C? reguliarty of the symbol.

1.3 Consequences of locality

The significance of locality is clear from the following Lieb-Robinson theorem. It is usually discussed in the context of
many-body quantum mechanics | |, but here in the single-particle setting, obtains a particularly simple guise, which

10



we take from | , Exercises 2.2 (a)]:

Theorem 1.17. (Single-particle Lieb-Robinson) If H = H* € B (52 (Zd) ® CN) is local as in (1.1), i.e., that there
exist Cr, pm € (0,00) such that
| Hay || < Crerallz=yl (z,y € Zd) _

Then there is some velocity vy € (0,00) and some D < oo such that for any v > vy,
P [{ a particle starting at the origin is outside By (0) after time t }] < De~ - (v—vm)t (t>0). (1.5)

Here we mean By, (0) = { z € Z¢ | ||z| < vt }.

Proof. First we interpret the LHS probability. We know from quantum mechanics that the state of a particle starting
in the origin is dy. Since we have internal degrees of freedom we allow for an arbitrary state ¢ in CV so we take the
initial state of the particle as dg ® ¢. We know that after time ¢, its state, according to quantum mechanics, is

eiitH(So ® @
and finally, the probability to measure its position at some y € Z¢ (in some internal state ¢ € CV) is
] 2
(6, © 6,65y & )

We thus bound the LHS of (1.5) by

N x sup Yo Gy ev e o) = ST (6, e )" (1.6)
P HECN lol=l¥l=1 e 5. {0ye Y€ Bug (0)°

Now, we begin with a few preliminary estimates: For any n € N,

H(H”)zy S Hen o He

21,...72»,,,_162‘1
Yo Heull || He |
Z1y000s2n—1E€28

< Z C;}e_“H(Hw—Zl\|+"‘+|\Zn—1—yll) (Locality of H)

21,...727,,_162‘1

< CEG*MTHIII*?JH E o~ Flzz—zll++llzn-1-yll) |

Z15000,2n—1 EZ2

IN

In this last step, we have used the triangle inequality:

e =21l + -+ llzna =9l = llz =yl

as well as dropping the first term since it is clearly positive. Since Z¢ is invariant under translations, we find

n—1

Y evlmmaltetlzanl) = | $ vl

Z1,eens Zn_1€Z9 zezZd

11



but the inner sum is clearly finite. E.g., ||z| > ﬁ”z“l with [|z]|; = 2?21 |zj| which then factorizes:

Dya= Y el (1.7)

ze€Z4d
d
< (o)
zeZ

=Gl

< 0.

Combining everything together we have the estimate for any n € N>,

L n—1
|| < oo (Duy )
1 D
= CuDy ) — 8 ||o—y]|
Next, we have
_itH 2. (—it)" .
1{0y, €™ 60)|| = ZT@”H do)
n=0 °
o0 t"
SZE )y,OH
Z CuDex ;) e 41l Previ .
- n'D;LH d HU g ) € (Previous estimate)

1 tCuDpy ,—"H |yl
= e 2
Du2H d

and hence the RHS of (1.6) is bounded by (using y € B, (0)¢ implies ||y| > vt):

=2 2CyDuy —pulyl ~2 2CHDuy ,—“Hot e
E (Du d) e poas < <DH d) e Zod 2 E efT”y”
2 )

YyEB,(0)¢ yeZa
—2 2tCyDu —BH ¢
< (DMH d) Sl ¥ Dug d
) 20
CaDpg ,
1 —EH [y—4 t
HH
= e
D
Ha
. . CuDepy 4 1
and so we identify vy := 4T2' and D := N4 o O
=i d

While the Lieb-Robinson bound gives an intuitive sense for what locality implies for quantum dynamics, we will find more
for the Combes-Thomas estimate. Again, originally presented in the context of many-body quantum mechanics | I,
the single-particle version (| , Chapter 10.3]), presented here roughly speaking says that the analytic functional
calculus of Hamiltonians preserves locality:

12



Theorem 1.18. (The Combes-Thomas estimate) If H = H* € B (¢* (Z%) @ CN) is local as in (1.1) with decay
estimate pgr, and z € C with
0 :=dist (2,0 (H)) >0 (1.8)

then there is some iy > 0 (which remains finite as 6 — 0) such that

2 .
HR(Z)x geﬂmél\m*y\l (z,y € 2%

with R (z) = (H — 21) ™" being the resolvent operator and o (H) C R the spectrum of H.

The constant iy may be expressed in terms of gy as

1. o 1
6m1n 4CHD%HH,d’ 4MH .

Corollary 1.19. (The analytic functional calculus of a local self-adjoint operator is local) Assume that f: R — C is
real-analytic, i.e., that,

F =32 Z5F @ (eR)

for some closed CCW contour T' which encloses o (H). Then if H = H* € B ((* (Z%) ® CV) is local as in (1.1) then
f(H) is local also as in (1.1).

Proof of Corollary 1.19. Write

) = FPRE L

where I' is a closed CCW contour which encloses o (H). Since H is bounded, o (H) has a finite diameter. Let T" be
a contour which always stays distance 1 away from o (H), so that, say,

¢|dz| <2(|H|+1)+2.
Iy
Then

< —prR oy

| < 5 sup]| Ry [ suplf ()1 f e
L (2 _gutfe—yl
< —|7e 1l oo ry2 (I1H | +2)

—2m \ 1

2 _
== - HI + 2) e Autlle=yll
=01l gy (VE + 2

|# .,

Note we could indeed make the contour bigger so as to make § bigger (and get better exponential decay) but that
would worsen the constants outside the exponential. O

Proof of Theorem 1.18 . Let f:Z% — C be a bounded sequence function such that there is some v € (0, 00) with

f@)—fwl < vie—-yl  (z,yez?.

Define then

13



which is clearly also bounded. A short calculation yields

[(Hf - z]l)fl} (ef(X)He_f(X) - z]l)_l}

Ty L

Ty

= [ef®R(2) ef(X)}

— o /@R (2)ay of W)

Ty

Hence,

frcs

of @ —F®) H R; (2),,
@ IW R (2)]].

zy

IA

But for any ¢ € #,

I(Hy —z0) ol = [I(H = 21) ¢l - [I(H; — H) ¢l

Y

Sllell = 1 Hy — Hllllll

where we have used (1.8) in the last step. Let us remark that
(Hy —H),, = (Hf),,— Hay
ef(’”)H,;ye_f(y) — Hi.,,
— (ef(w)—f(y) _ 1) H,,.
Hence, using Holmgren’s bound (see Lemma 1.20 just below) and the fact that

o] <= le*—1| <’ -1

= maxsupz ‘ef(m)_f(y) — 1’ | Hoyl
y

oY g

we have then

_ < _
Ity — H| < maxsup Y| (Hy — ),
Yy

< maxsupz (e'/\lx*yl\ _ 1) Cpre—Hlle=yl
TEY g

Yy
B N P R W et [
I

< 2CH1/Z o~ (nr—=20)|ly|
Yy
=2CuvDyy 20,4 -

where Do g = 70 el Assuming that v < 1pg we have

Dy 20,0 < Dypya

. 5 1
v o= 1min T
4CH Dy, 4 4"

so we pick v as

14
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we find ||Ry (2)|| < §. Now thanks to the freedom f +— —f we have

IN

‘ %min ({ S @=FW) —F@+I®) })

2
_ ge—\f(x)—f(y)l .

|- ().

If we now take, for any L > 0,

fu (@) :=vmin ({ L, |- — y[| })
then clearly fr, is bounded by vL and

fo(@)=fu(y) = 0—vmin({L,[lz—y|})

since L is arbitrary here, we may take the limit L — co to obtain
2 ~vle—yl a
HR(z)xyHgge Y (z,y € Z2%) .

We recognize that

O
Above we have used the following basic
Lemma 1.20. (Holmgren’s bound) For any operator A on a Hilbert space with an ONB { ; }j we have
41 < fu,pz TOYRIN TS ST
J k j
Proof. Start by the characterization ||A|| = sup ({ [{p, A¥)| | ll¢|| = |[¥|| =1}), and use
s AP < Y lal [Ass | 51
4,J
=5 (1ol y/ist) (/al 1)
,J
< Y leil? 1Al [ 1A ) (Cauchy-Schwarz)
(2] 0,
< SI}PZ |44 (Z |%‘|2> <SUPZ |Aij|> Z |?/1j|2
g i I j
= \/Supz |Aijl, [sup > |Ay].
O

For the sake of concreteness, let us get an estimate on the decay rate for operators which are nearest-neighbors:

15



Claim 1.21. If H is nearest-neighbor, in the sense that
Ty = zyX{0,1} - )
H. Hyyxgony (le—yl)  (z,y €2
and z € C is such that

1
0 < & := dist (2,0 (H)) < e| H|| coth [ —=
st (2.0 (1)) < el ] corh ()

then

_ 2 C
(s =o05)] < Zew(~Chale-ul)  (yez)

(e () -

In particular, for the discrete Laplacian on £2 (Z?) normalized to have spectrum in [0, 4d] we have || H| = 4d and so

with
Cy:

_ 2 1
‘<5 (A —21)" 5y> < Sexp | —————dlle—y] (z,y € 29) .
16ed coth (m)
Proof. The locality estimate is obeyed with
|Hayl < [[Hlxgoy (lz = yll)
< e”H”ewafyH )
We thus recognize
Cy = e|H|
HH = 1

for the locality of H and from this we conclude

- 1 . ) |
= — Imin T r— .
ST e[H|D; ;'

S bl

Now recall that

1d
z€Z4
1_1
< j{: e*éciﬂzm
z€Z4
d
1
z€Z
1
= coth| —= ] .
<4\/E>
Assuming that § < e||H|| coth (ﬁ) then, we find
- 1
g = ;

16



1.3.1 Other regularity classes of functional calculus and their induced locality
We have seen that the holomorphic functional calculus preserves locality in Corollary 1.19. If we don’t pay attention to

regularity we could quickly lose locality, as the following example illustrates

Example 1.22 (Discontinuous function of local is not local). Let —A be the discrete Laplacian on £? (Z) normalized
to have spectrum on [0, 4]. Clearly it is local as in (1.2) since it is nearest neighbor. Consider the spectral projection

P = X[0,2] (*A)

which is merely a bounded measurable function of —A. It corresponds to the Fermi projection with Fermi energy
Er = 2. We can calculate P explicitly to see it does not decay quickly:

1 2 )
P, = 7/ e‘k(””_y)x[oyz} (2 —2cos (k))dk
27 Jk=o
1 [ k\1?
= ik(@=y) 4 |sin | = dk
g e (1o (5)])
ko
— i k@)
27T k=—ko

1 elko(z—y) e—iko(z—y)
2 [iko (@w—y) —iko(z— y)}
1 cos (ko (z —y))

™ ko(z—y)
where kg is the solution to ,
4 {sin <I€20>} =2
It is thus clear that
1 1
[P ko |z — ]

and it hence does not exhibit rapid off-diagonal decay.
What about continuous functions? We shall use the following basic

Claim 1.23. If A C B (#¢) is a C-star algebra then the continuous functional calculus on normal operators within A
lands within A .

Proof. For some A € A normal and f : C — C continuous, since o (A4) is bounded, let { px }, .\ be a sequence of
polynomials converging uniformly to f on o (A). Then pi (A) € A by the algebraic properties of a C-star algebra
and hence f (A4) € A since ||p; (A) — f(A)|| = 0 as k — oo. O

Hence, if we can exhibit our locality as a C-star sub-algebra of B (#) we’ll get locality of the continuous functional
calculus. Is it so? It seems unlikely that one could prove that the condition of (1.2) forms a C-star algebra, essentially
because the norm limit of exponentially decaying elements need not be exponentially decaying. Sometimes [TODO: cite
1D classification chapter| our locality will be given in terms a C-star algebraic condition which makes the continuous
functional calculus very convenient.

However, it is also useful for us sometimes to consider the smooth functional calculus, which more easily preserves
(1.2).

1.3.2 The smooth functional calculus

Let f : R — C be a smooth function, let A : B (#) be a bounded self-adjoint operator. Our goal is to define the operator
f(A).
We define the Wirthinger derivative
Oz = 0, +10y

17



as an operator on any function of a complex variable.
Let x : R = R be an even smooth function of compact support such that X|Bd(0) =1 for some § > 1. Let N € N>;.

We define f : C — C as a quasi-analytic extension of f (which a-priori depends on y, §, N, but we shall see soon that
these choices do not matter):

; N (iy)*
fla+iy) = x(y)Zf““)(w)% (zreRy€ER).

First of all we note this is indeed an extension of f, since for y = 0 we obtain that only the k = 0 term survives, in

which case f () = f(x) as desired. Secondly, it is quasi-analytic in the sense that o=f| =0 (recall that an analytic
R

function g : C — C is one which obeys the Cauchy-Riemann equations, i.e., dzg = 0, so f is quasi-analytic in the sense

that it obeys the Cauchy-Riemann equations only when restricted to the real line).
Now we calculate

k
(0:F) i) = D00 +10,) F) (@) ox ()

1= 11
?T‘

. -1 N . \k
FED (@) k, X (y Zf(’“ y !x(y)+iZf(’“) (z) %x/(y)

N+1 ( k—l k—
= ¥ (@ >( Zf(k) +12f"“) X (y)
k=1
N k
= f<N+1><> (W) +iy_ fH( X ()

So that
(0:F) (@) = X' (0)f(a)

but since x is a constant function (by choice) about zero, x’ (0) = 0 and so (&f) (z) = 0 so that f is indeed quasi-analytic.

Fact 1.24. We assume that f has compact support, which implies now that f*) has compact support for all k > 0.
Now we claim that, in analogy with the Cauchy integral formula, one has the following two-dimensional integral identity
1 ~ _
f@ = — [ (6))@-2"d  (aeR),

27 zeC

where the integral converges absolutely. In fact, this integral must be understood in the improper sense because for z € R,
a — z may be zero, so by writing this integral we really mean the limit

1
2m zeC

(0:F) () (a=2)""az = lim 0=F) () (a = 2) " dz.

=0 z€{2’€C | |[Im{z}|>e } (

By the formula

: (i)™ 3 (iv)*
(0:F) @ +iy) = SV (@) W () +i Y S (@) X ()

k=0

we see that the first term is of compact support in C as f(*) has compact support and so does x and x’. Hence there is
no question of integrability at infinity. Let us call the collective support of all terms involved K. To study integrability
near the real axis, we study

N
; . 1 N 1 k
(0:F) @+in)| <= 5 [F @Y @1+ X2 5 |59 @] 1l 1Y )l
k=0
by assumption we have |x’ ()| =[x’ (¥)| Xr\ B, (0) (¥) Where the second x is the characteristic function. Hence

‘(c‘H‘) (z+ iy)‘ < CnlylY

18



But |a — z| ™" < |y~ so that

% /ZEK (&zf) (2)(a—2)""dz

1 N —
g M
T JzeK

(0.9]

IN

<

where the last bound is because |K| < oo. So the integral converges absolutely.
One verifies that the limit

. 1 -1
hm—/ O f)(z)(a—2) "dz = f(a
€0 27 ze{2’€C | Im{z'}>e } ( ) ( )< ) ( )

:3fa(a)

converges pointwise: Indeed, C 3 2z — (a — z)_l is actually quasi-analytic, so that 05 (a — z)_l = 0. Hence partial
integration (with respect to both x and y, which is tantamount to an application of Stokes theorem) yields only a
boundary term,

@ = o[ Fermma-w | e
Now
N c Nk
Flei) = xa) s @ B
= x(0) f (@) +e (X' (0) f (x) £ ix (0) ' (x)) + O (¢?)
= f(2)tief (z) + O (&%)
so that
fola) = meRf(:v);l]m{(a—x—ie)_ }dz+

+ . I (z) %s ((a —z—ie) '+ (a—x+ ie)_l) dz

The first term is an approximate delta function (in the distribution sense, as ¢ — 07). For the second term we use

1 1 w+w
—t—= = —5
w w \w|
_ 2Re{w}
|w|®
to get
1 ( . =1 .\ —1 (a—l’)
—ecl|l(a—x —1€ +(a—x+1¢ ) =

Hence we learn that
1.[[ =
610+fa(a) f(a)7

as desired.
Now due to the functional calculus, which says that if lim._,o f. = f pointwise then s-lim._,o fe (4) = f (A) for any
self-adjoint operator A, we learn that we may write f (A) as

FA) = o / CHICIEEE R (1.9)

and since the integral converges absolutely, the convergence of the integral on the operator-valued function is in operator
norm.
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1.3.3 The smooth functional calculus preserves locality

Theorem 1.25 (The smooth functional calculus preserves locality). Let f : R — C be smooth of compact support and
A= A* € B(#) be given which obeys (1.2). Then there is some p > 0 such that for any N € N there exists some

Cn < oo such that

|7 (4.,

-N
| < on@ple -y

In particular we are not showing that f (A) obeys (1.2) but in most applications Theorem 1.25 is certainly good enough.

Proof. Using the smooth functional calculus, assuming N > 2,

2/ (o) @ a-eny e
- (o) @) e,
(Apply Combes-Thomas and estimates on ‘(8; f) (z)D
1 2

% Re{z},Im{z}€R |Im {ZH

|£ .,

IN

‘dz

Cn [tm {z}"

IN

e~ Im{z}Hlz—yll gRe {z}dlm {z}

(The integral on the real part cannot be larger than 2||A||)

IN

lCNQHA” llm {Z}|N*1e—ullm{z}l\lx—yl\d|m {z}
Y

Im{z}€R

1 o0
= A—CNQHAH2/1 N temmllz=vlldqy = «
7T n=0

— 2oyl -y (1)N .

pllz =yl

This whole derivation assumed that = # y. If that’s not the case, we replace the Combes-Thomas estimate with the

trivial bound |
S T (z€ C\R).
|lm {z}|

Hence we can combine these two estimates together to conclude that

rxr

WA—zm*1

)7N

|7 4.,

| < ca+ule-yl

for N arbitrarily large, for some C' < oo, p > 0 which depend on A, f and N.

1.3.4 Decay of difference of smooth functional calculus

Next we turn to the question of what can we say about f(A) — f(B) if f is smooth of compact support and A, B are

both self-adjoint, where we assume that we know something a-priori about H (A— B)ry

A, B are local so that we can apply a Combes-Thomas estimate on them.

20
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We have
‘ 1
N 27 J.ec

(0:F) (=) (4= 2105, — (B=21),) ) dz

(Use the resolvent identity)

|(r )= 1By,

1 x -1
< ||= 0=F) (2) (A—z1) 1, (B=A),, . (B-21), | dz
2m zec( ) IZI:” v
< —ZHB Al | __|(0F) @) Jea -2 8 - 2002 s
< Z (B = A),..]|= chmax({ A, 1B })/Im{Z}ER||m{z}|N-2e—ﬂl'm{z}l(H I+l =vlD q1am {21

Since N may be chosen arbitrarily large, for the last factor we again get polynomial decay (at rate N — 1) so that

~N+1
|F @ =1 B),,|| = €3 NB = Al s (llz = 2/l + " = yl)) ™ (1.11)
As an application of the above, consider for instance the case when we assume that ||(B — A) .|| < Ce=ll='=="llg=v (I« |+]=71)
for some j =1,...,d. Then
|[c@w-r@,| < o> cel =l (55D @4 (lz = ') + 12" =yl =
Now using (many applications of) the triangle inequality (prove this!) we can conclude that
- —N+1
lr @ =7,/ = ca+ula—yl)™ @+ u Gzl + 1y (1.12)

1.4 Types of quantum motion

An important quantity in the study of quantum dynamics is the second moment of the position operator:
My (t) = (59, ™ X; X e 1H 5p) (t>0,i,j=1,...,d) .

It represents the expectation value of X;X; evolved to time ¢ on a state do.
If H is reflection invariant, i.e., Hy, = H_, _, then the off-diagonal elements are zero:

mij (t) = Z ZTilj <(50, eitH(5w> <(593, e_itH(50>
zezZd
= Z il ‘e_itH (.13, 0)|2
zezZd
= 0.

For this reason it is mainly the diagonal (and if H is isotropic, then all of them are the same) that are interesting, so we

focus on
= lz)* |e7* (x,0) \
reZzd

This has the probabilistic interpretation of the variance of the position at time ¢ of a particle starting at the origin at
time zero.
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Definition 1.26 (Types of motion). We say that the particle exhibits ballistic motion iff
m(t) ~ t* (t — 00) .

This is because in classical ballistic motion,

or

Conversely, if

then the motion is called diffusive. Finally, if
m) ~0(1) (t — 00)
then we say the motion is localized.

Proposition 1.27. If H is local and periodic, then the motion is ballistic.

Proof. Since H is periodic, it is judicious to write 771 in momentum space:
mij (t) = <50, eitHXine_itH(50>€2
= (27T)7d <g50,geitHXineiitH§0>L2
= @) YT, FHF FX, T FX; T Fe M F*F o), .

Now,
(Foo) (k) = D e (da),
zezd
= 1
so we get

7’”2‘]‘ (t) (27T)7d/ eith(k)iaiiaje_ith(k)dk
keTd
= —(27r)*d/ eith(k)aie—ith(k) (=it (9;h) (k) dk
keTd
- —(27T)*d/ (=it (0,0;1) (k) — €2 (85h) (k) (9;1) (k) .
keTd

We can proceed in various ways. For example, due to reflection symmetry we could say that [ 9;0;h = 0. Another
possibility is to say that since in real space 11;; (t) is clearly real, and h is real-valued as H is self-adjoint, it must
be the case that [ 9;0;h = 0. It any event, we find that

My, (t) = £ (2m) / (0:h) O,

Td

\/(zw)d/Td (8:h) D

as the velocity. O

which is indeed ballistic. We interpret

Later on we will see non-trivial examples of localized motion, associated with Anderson localization. Here is a trivial
example:
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Example 1.28 (Localized motion). Assume that H is diagonal in space, i.e., Hyy ~ 05y. Then

ml‘j (t) = Z xixj ‘e_itH (LL', 0)|2
zezd
Z T ‘e_itH (z, 0)|2 020

zezd
= 0.

1.4.1 Relation to the diffusion equation

The diffusion equation is given by
on (t,x) = —DAn (t, ) (t>0,z€z2%i,j=1,...,d)

where n is the density of particles (as a function of time ¢ and space x; perhaps one interprets —A as a discrete Laplacian).
Suppose for a moment that this relationship indeed holds. Then, using the n-expectation value

Yosxixin (x,t)

(XiX;), = S n(,0)

we find

8thi:Ejn($7t) Zwixjatn (z,t)

Diffusionzequation Z xiij (—A’fl) (t, l’)

LB.P DY [-A(zzy)]n (t,x)

As a result we find the equation

In deriving this equation we have assumed that D is isotropic and homogeneous (with obvious generalization otherwise).
Integrating this equation we find

<Xin>n = 2tD(5ij +C
so that
(X X)

t—o0

For this reason, we make the following

Definition 1.29 (Diffusion coefficient). Let ¢ € # with ||| = 1. Then if the motion of H and  is diffusion, in the

sense that ' '
<w, eltHXine_ltH¢> ~ 5ijt (t — OO)

then we define the diffusion coefficient associated with 1 as

<w’ eitHXfe—itH¢>

2 t—o0 t

With this we see the relationship between D and 171, whenever the motion is diffusive.

Remark 1.30. It could very well be that for different initial states v the motion has different behavior. The correct
thing to imagine is that v is a wave packet concentrated in energy in a part of the spectrum that is associated with
different kinds of motion (which may well happen).
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1.5 The relationship between dynamics and spectral type

We now turn to an interesting relationship between spectral type (i.e., eigenvalues versus continuous spectrum) and
dynamics, i.e., bound states versus scattering states.
We first remark that if ¢ is an eigenstate of the Hamiltonian, in the sense that 1 € £2 and

Hip = M

for some \ € R, then just by being in 2 we have some form of spatial decay for 1. However, as we apply time evolution
on 1, we merely get a phase

t — e—itHw — e—it}xw
so that
(e e )" = [(, )

is constant in time, regardless of . This is in stark difference to any states in the continuous part of the Hilbert space,
as the following theorem shows. The material in this section is taken from | , |.
We first start by a measure-theoretic result (see | | Theorem 5.5):

Theorem 1.31 (Wiener). Let u be a finite complex Borel measure on R and

At) = /E ) (20

is its Fourier transform. Then the Cesaro time average of ji has the following limit

1t
Jim [ la@Pae= 3 (B

EcR

where the sum on the right-hand side is finite.

Proof. We write

v~ 4 (e (], (o)
(o)

Now, the function in parenthesis is bounded by 1 and converges pointwise to
X{0} (E - E)

so the domincated convergence theorem of the limit 7" — oo yields the result
/ [ X{o0} (E’ — E) dp (E)du (E)

EeR JEeR
L7} (@)

E€R

2

> EY)

EcER

f:
85
N[ =
c\
3
&
I

Remark 1.32. If gy, is the spectral projection associated to the triplet H,1, ¢ as

pH .o (S) = (U, xs (H) @)

then: if f157 4, is continuous, or absolutely continuous (w.r.t. the Lebesgue measure), then so is g, -
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Proof. Let Py be the projection onto the continuous or absolutely continuous part of the Hilbert space, depending
on f. Then, by definition, pg . is § iff ¢ € im (P;). Moreover, P; commutes with the functional calculus of H.
Hence

(e, Pixs (H) )
(Pyp, xs (H) ) .

But since the off-diagonal measure is defined via the polarization identity, we find that (@, x. (H) ) is also f. O

Conclusions for us:
1. If ¢ € im (P;) then for any ¢ € #,
1t
lim —/ “LH%@/J (t)|2 dt=0.
0

2. If ¢ € im (Ppc) then for any ¢ € #, then already using the Riemann-Lebesgue lemma we know that

t i o (t)
is continuous and decays to zero at infinity.

We sharpen this statement with aid of the following intermediate abstract result

Theorem 1.33. Let A be a bounded self-adjoint operator and assume that K is bounded and compact, i.e., that
K (A—21)"" is compact for some (and hence all) z € o (A)°. Then

lim 7/ | Ke 4P| *dt = 0

T—oo T
and .
lim ||[Ke A P,c]| =0
t—o0
for all € #.
Note: this theorem extends to unbounded operators, see [ | for the details.

Proof. Let ¢ € #; with § € {c,ac}. Assume that F is finite rank, with { ¢; } -, an ONB for im (#). Then
F= FZj:l SOJ ® 90] and hence

n

> o Fye; =) (Fropme;  (ne )
j:

Jj=1
i.e., any finite rank operator F' may be written as
n
F=) ¢®Y;
j=1
for some ONB { ¢; }7_, and 1; = F*;. Then
2

||FefitH¢||2— Z%’ (;,e )
Jj=1

n

Z’ P;,e "y |2 (ONB property)

j=1



We recognize that

—

(5,67 Hy) = A Re_ithdMH,wj,w (A) = tiH ;. (t)
S

with p1p 4, 4 the spectral projection associated to the triplet H,;,1. Hence the result follows thanks to the Wiener
theorem above.
Now assume that K is compact and let F,, — K be a sequence of finite rank operators such that

1

IK-Fl<=  (neN)
so that
ety < (e + L)
< o[ Fue= 1y + 2o (Using (a+b)> <2a2+20%)
Take now the limit ¢ — oo and then n — oo to obtain the result. O

One then has the following precise statement due to Ruelle, Amrein, Georgescu and Enss | , , |:

Theorem 1.34 (RAGE). Let H be a self-adjoint operator and K, a sequence of compact operators such that

s-limK, =1.
n—o0
Then
1 T itH
He(H)=q v edt| lim lim T/o | Kne " y||dt =0
and

lim sup||(1 — K,) e_itHz/)H =0 } .

n—o0 t>0

T (1) = { 0 € 7

In particular, it is useful to think of
Kn = XBn(O) (X)

i.e., the projection onto a ball of size n about the origin in position space. This is finite rank (and hence compact) and
indeed converges strongly to the identity. Then the statement is saying that ¢ € #,, (H) iff

lim sup||xp, (o) (X)e ™[ =0

n—r00 t>0

i.e., a particle evolved to arbitrary time, will eventually escape a ball of arbitrary size.

Proof. Assume first that ¢ € #. (H). Then by Cauchy-Schwarz

N

1/THK e tHylldt < 1 /THK e—“HwH2dt /Tldt %dt
T/, """ = T \J, ;
1 T CH 5 2
= (7] el
T:))oo 0

by the previous theorem. Conversely, if 1 ¢ . (H), we may write ¢ = ¢° 4 PP. By the previous estimate it merely
suffices to estimate HKne"tme’H from below. Let us write

WP = oy
J
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where { ¢; }j are the eigenfunctions of H with eigenvalues A;. Then
e—itHlpPP _ Ze—itxj ;.
J

Truncating this expansion after N terms, we find that this part converges uniformly by the strong convergences of
K, — 1:
N N
g —itXj o o)y - 1 1 _ )
Jim_ supl|(t _K”)z;e o) < Z;I%\nlggojglgll(ﬂ Kn) il
= j= = >

K, —1 strongly

0.

By the uniform boundedness principle, we have || K, || < M so that the error can be made arbitrarily small by taking
N sufficiently large.
If ¢ € #,p, then the claim follows by the estimate we have just proven. Conversely, if ¢ ¢ #pp, write again
1 = ¢° + PP and it suffices to show that .
(0= K)oy

does not tend to zero as n — co. Assume otherwise. Then

0 = gim 1 [ ey
c 17 —itH ¢
> ] = im [ (e et
= [l¥°ll
which is a contradiction. O

1.6 AC Spectrum—A vague form of delocalization

As we have seen above, there is great interest in establishing that operators actually have purely absolutely continuous
spectrum, since this is an indication of either ballistic or diffusive motion (and also has far reaching consequences for
scattering theory). In this section we explore various different ways to establish that the spectrum of an operator (on an
interval) is absolutely continuous.

1.6.1 Stability of AC spectrum

We begin with a basic observation:

Theorem 1.35. The essential spectrum of an operator is stable against compact perturbations.

Proof. In a sense this statement is trivial, if we define the essential spectrum appropriately (see | ). One
reasonable definition is

ess (A) = {2 €C|(A—21) ¢ F (5) } (1.13)

where F (7€) is the set of Fredholm operators on a Hilbert space (the space F (#) of those operators F' on # such
that dim (ker (F')) , dim (ker (F*)) are finite and such that im (F) is closed). One basic fact about Fredholm operators
is that they are stable under compact perturbations.

To reiterate, we are trying to prove that if K is compact, then

Oess (A) = Oess (A+ K) .
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Using (1.13) we find that
2&0es(A+K) <— (A+K-=z1)eF(#)
— (A-z1)eF (#)
— 2 ¢ 0ess(A)
so we find the result. O
We ask whether there is an analogous statement for the absolutely continuous spectrum. It turns out that this is indeed
the case, if we replace compactness with the trace class property.

Theorem 1.36. Let A be a normal operator and T be a trace-class operator so that A+ T is also normal. Then

Oac(A) = 04, (A+T).

Proof. We postpone the proof of this fact until we can prove the existence of wave operators implies ac spectrum
(the proof may be found in | |, pp. 542 Theorem 4.4. O

1.6.2 The limiting absorption principle

The limiting absorption principle is the statement that in some sense if one goes into the absolutely continuous spectrum,
the resolvent still has a bounded limit (though not in £2). To warm up, we start with the following characterization of the
spectral measure (see more details in | D:

Lemma 1.37 (Characterization of measure type via the Borel transform). Let u be a finite Borel measure and f its
Borel transform, given by

1

f) = /\eRde(E)~

Then 1
lim —Im{f (A +ie)}

e—0t T

exists a.e. w.r.t. both p and L (the Lebesgue measure). Moreover,
[XER[Im{f(A+i07)} = o0}

and {/\GR’0<|m{f(/\+i0+)}<OO}

are the support of the singular and absolutely continuous parts of p respectively. Moreover, the set of point masses of
W is given by

{)\’61_1)%1+5Im{f()\—|—ie)}>0} .

Proof. See | | O

This we calibrate with the following basic statement about the resolvent implying ac spectrum:

Proposition 1.38. Let H be a self-adjoint operator on a separable Hilbert space #. Assume that for any ¢ in a dense
subset of #, either

sup ’<<p, (H—(E+ie)1)™" <p>’ < 00. (1.14)
E€]a,bl,ec(0,1)

or there exists some p > 1 such that

b1
sup / = [lm {{p, R(E +ie) p)}]P dE < o0 (1.15)
e€(0,1) Ja 7T

With R(z) = (H — z1)~". Then H has purely absolutely continuous spectrum on [a,b).
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Proof. We claim first that (1.14) implies (1.15). Actually it is possible to show that Im {{(p, R (E + i) ¢)} > 0 if
€ > 0 thanks to the Herglotz property, so we can safely take the p power with no absolute value. To show (1.15),
assuming (1.14) holds, we use

Im {{p, R (E +ic) )} < (¢, R(E +ie) p)|
as well as

. 1
(o, R(E +ig) )| < gll%ﬁllg-

Hence we assume (1.15) and work towards showing that

(o, x- (H) p)

is ac on [a, b]. We have for any interval I, by Stone’s formula
. 1 .
(ooxr (H)y) < lim [ —Im{(p, R(E +ic) )} dE.

T oe=0t T

B Hoelder’s inequality, the RHS integral is estimated by
1 1 P g
[ rErnoe < ([[Fmigpreroan) ) i
I I

=il
with ¢ = (1 = %) . Since we know (1.15) we conclude that

(o, x1 (H) ) < C|II?

and hence the measure is absolutely continuous. O

The following material is taken from | |:

Definition 1.39 (Limiting absorption principle). H is said to have the limiting absorption principle at E € R iff
for any v € ¢? sufficiently “nice” (on the lattice, with finite support is enough), and for any o > 0 there exists some
Cy € (0,00) (only depending on o) such that

L

VIEl

supH(H (Etie)n)! wHH <c,

sup 1l

.

where

1l == 1(X)"

and 1

(@) = (14 ]2)?)" .

Claim 1.40. The limiting absorption principle holds for H = —A on ¢2 (Zd).

Proposition 1.41. Any operator H admitting the limiting absorption principle at E has purely absolutely continuous
spectrum in a small interval about E.

Proof. Show that
1
lim = Im {(p, R (- +ic) )}

e—0t T

exists and is finite. O
1.6.3 Existence of wave operators

The material in this section is taken from | | Chapter XI.3. We start with a pedestrian criterion for existence of ac
spectrum.
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Theorem 1.42. Let A, B be two bounded self-adjoint operators on a separable Hilbert space # and assume that

s-lim e—ltAeltB
t—o0

exists. Then 04 (B) C 04c (A).

Let us motivate this statement a bit with scattering theory. We first note that if ¢ is an eigenvector of B with eigenvalue

A, then
e‘tAe_ltho — e‘tAe_”»‘gp

and we know that that limit exists only if ¢ is also an eigenvector of A (which is generically false). Hence we should really

define the wave operator o
QF (A, B) := s-lim e 4P P, (B)

t—too

if the limit exists. We also define
Hy :=1im (Qi) .

Proposition 1.43. If QF (A, B) both exist, then
1. QF are partial isometries with initial subspaces Py (B)# and final subspaces #.. .

2. #H+ are invariant subspaces for A and
OF (D (B)) €D (A)

AQT = O*B
3. #Ho Cim (P, (A)).

Recall that for a partial isometry I € B (), ker (I)" is called the initial subspace and im (I) is called the final subspace.
Hence QF define unitary equivalences between

P, (B) H = %:t
and so the first and third point together imply that
im (Pae (B)) Cim (P (A)) .

Proof. For the first item, let us take ¢ € (Pac (B) %)J‘. Then by definition of the wave operator itself, Q*y = 0.
Conversely, if ¢ € P, (B) #, then by unitarity,

|le"4eE Py (B) ¢|| = |l

so QFare indeed partial isometries are claimed.
For the second item, note that for any fixed s, we have

Qi — e—isAQieisB

!

eisAQE  _  (tisB
since this holds for any s, Stone’s theorem for unitary groups implies that AQ* = Q* B. Next, if ¢ € #., then
p = Oy
for some v, and hence,
Ap = AQF)=Q*By € im (QF) =7,
so that these are indeed invariant subspaces for A. This also shows the statement about the domains.

Finally, by the previous arguments, A| %, 1s unitarily equivalent via OF to B| Pac(B)3: Hence A] %, has purely
absolutely continuous spectrum. O
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Proposition 1.44 (Chain rule). If QF (A, B) and Q* (B, C) exist, then QF (A, C) exist, and
0F (A,C) = 0* (4,B)Q* (B,0) .

Proof. By the third item in the proposition above,

im (QF (B,0)) C  im(Pac (B))

SO

s-lim P, (B)J‘ e tBeltCp (C)=0.

t—+oo
Hence

e—itAeitC’IgaLC (C) © = e_itAeitBPaC (B) e—itBeitCPaC (C) 0+
—l—e_itAeitBPaC (B)l e_itBeitCPaC (C) ©
— QF(A,B)Q* (B,C)¢

since the strong limit of a product is the product of the strong limits. O

Definition 1.45. We say that we have asymptotic completeness if

Ho = = (Pop (A) 7).

Definition 1.46. We say that that the wave operators QF are complete iff
Hy =H_ =1im (P (A)) .
Hence the distinction between these two is that asymptotic completeness further requires that o (4) = @.

Proposition 1.47. Assume that QF (A, B) exist. Then they are complete iff QF (B, A) exist.

Proof. Assume that both QF (A4, B) and QF (B, A) exist. By the chain rule,
Poc (A) = QF (4, A) = QF (4, B) Q* (B, A)
so that
im (P (4)) C im (Q* (4, B)) .

But we also know that im (QF (A4, B)) C im (P, (A)), we have completeness.
Conversely, if QF (A, B) exist and are complete, let ¢ € im (Py. (A4)), Then ¢ = QF (A, B) ¢ for some . This
implies that
He_itAga —e 8P, (B) wH -0

as t — co. But e *F is unitary, so

lim eltBefltASO
t—o0

exists and equals P, (B) . O

Theorem 1.48 (Cook’s method). Assume that A, B are self-adjoint operators and that there exists some set
D C D (B)Nim (Pac (B))
which is dense in im (P, (B)) so that for any ¢ € D, there is some Ty satisfying
1. For any |t| > Ty, e "By € D (A).
2. fTO: (J[(B—A4) e_“BgoH + H(B — A)ePol|) dt < co.

Then QF (A, B) exist.
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Proof. Define 7 (t) := el*4e~ B¢ for some p € D. For t > Ty, e By € D (A)ND (B), so 7 is strongly differentiable
on (T, 00) and

() = —ie(B—-A)e Py,

Hence for t > s > T, we find that

t t
@) =)l < [ I @ldu < [ (B - a)e P p]du
S S
goes to zero as s — oo by the assumption above. Hence 7 is Cauchy as t — oo, so

lim e'*te *BP,. (B) v

t—o0

exists for all ¢ € @. It also exists trivially for all ¢y € im (Pac (B)L), so, for all ¢ lying in a dense set. The

existence in a dense implies the existence for all 1) by a £ argument, which shows that 2~ exists. The proof for Qr
is identical. O

Example 1.49. Imagine that B = —A (the discrete Laplacian) and A = —A + V (X) for some V. Then apparently
to guarantee that A has ac spectrum in [0, 00) we need to verify that

/ (Hv (X) e*i“*Ath n HV(X)ei“*AMpH) dt < oo
1

for all ¢ in a dense subset. For instance, the dense subset could be ¢ with compact support. At this moment it is
probably good to mention that the propagator for the continuum Laplacian has time dependence like

e A () ~ 1
so this is going to be integrable if d > 3. In fact, [Krishna 1992] has shown that for the discrete Laplacian it is
sufficient to show )
SOV @P e A @,0) ~ 7

reZa

as t — oo.

1.6.4 Mourre theory

In this section we want to establish an additional criterion for pure ac spectrum, which, as we saw above, has consequences
for quantum dynamics. The material in this section is mostly taken from [CyconKirschFroeseSimon].

Proposition 1.50. Let H be self-adjoint and assume that for each ¢ in some dense set there exists some Cy, < 00 such

that
limsup sup <g0, Im {(H — (n+1ie) ]l)_l} np> <Cy.

e—0t pe(a,b)

Then H has purely absolutely continuous spectrum in (a,b).

Proof. Stone’s formula says that

(0 (X(arpy (H) + X[arpr) (H)) ) = lim 1/b/ <%|m{(H—(u+ia)ll)71}<p> dp

e—0t T a’

1
2

and using the fact that x (o ,p) < Xjar,p]s if (a',0") € (a,b),

1
(o, X(ar vy (H) @) < —



for a dense subset of ¢’s. But this implies that

1
(0, Xs (H) #) < =C, |9

for any measurable © C (a,b) which implies in turn that the spectral measures 5, , are absolutely continuous.
But since we assume this for a dense subset of ¢’s, the spectrum itself is absolutely continuous. O

Theorem 1.51 (Putnam). Let H and A be bounded and self-adjoint and furthermore assume that
i[H,Al=|C)?=C*C

for some operator C' for which ker (C) ={0}. Then H has purely absolutely continuous spectrum.

Proof. We have, with R (z) = (H — 21)™", we get via the C-star identity,

ICR(z)I* = |R(z)C*CR(=)|

= [R(E)i[H AR

= [RG)i[H - =1, AR (2]

< |[R(RZ)(H - 21) AR (2)| + IR (z) A(H — 21) R (2)]

= [RE)H-EF-2-2)1)AR(Z)| + IR () A]

< AR+ IR (Z) All + 2[lm {z}| ||R (2) AR (2)||

1

S Y }|” I

As a result,
2|ICIm{R(2)}C*|| = 2|CR(z)2ilm{z} R (Z)C"|
< 8Afl.
Now, im (C*) is dense since we have im (C*)™ = ker (C) = { 0 }, so using Proposition 1.50 we find the result. O
Imagine we could show that
i[H,A] > ol (1.16)

for some o > 0. That is, that not only does ker (C) = {0} but also that it is invertible. Then the previous estimates
show us that

IREI = [[c7'CR ()|
< [[eTHICR )
1
< Je7M2—m==VIAl.
|lm {z}
But we also know that for self-adjoint operators,
1
IROI = G
so that
1 1
< eTHl2——==VIAl (z€0C).

dist (z, 0 (H)) [lm {2}

If E € 0(H) and we take z = E + ie for € > 0 we get

1 ) 1
c<2C VIl >0

which leads to a contradiction, i.e., 0 (H) = @. Hence (1.16) is impossible for bounded H, A.
The Mourre estimate is a weak form of this hypothesis for unbounded operators.
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Definition 1.52 (Mourre estimate). Let H, A be two self-adjoint operators (possibly unbounded) on a separable

Hilbert space such that:

1. D (A)ND(H) is dense in D (H).

2. The form of i [H, A] defined on @ (A) N D (H) extends to a bounded operator from @ (H) to @ (H)".

We say that H obeys the Mourre estimate on A (with respect to A) iff there exists a positive number o > 0 and a

compact operator K such that

xa (H)i[H, Alxa (H) > axa(H)+K.

Example 1.53. Let
H=-A+V(X)

on L2 (Rd) where V : R* — R is some function such that
1. V(X)(~A+1)""is compact.
2. (~A4+1)7' X - (VV)(X) (~A+1)"" is compact.

Define A := 5 (X - P+ P - X), which is the generator of dilations. Then

1
2
i[P? 4] = iPQ,%(X-P+P~X)

i
([P P, XiP] + [P; Pj, P Xi])

([P;Pj, Xi] P; + P;[P; Pj, Xi])

DN = DN = N

and now using the fact that [P;, X;] = id;; we get that

(Pj [Py, Xal P + [Py, Xa] PP + PPy [Py, Xa] + P [Py, Xi] P)

i[P?, 4] = % (—P;i6;; P, — i0;,P; P, — P;P;id;; — Pyid;; P;)

= 2p?

so that —A = P? itself easily satisfies a Mourre estimate on any interval not containing zero. Using our assumptions

on V we find furthermore the same is also true for H = P2+ V (X):

i[H, A]

1
2P +i|V(X), = (X-P+P-X)

2
2P? L (X, [V (X), P+ [V (X), P] X)
op? 4 5 (X; (1 (9,V) (X)) + (1 (BV) (X)) X;)

2P? — X - (VV) (X)
2H -2V (X)) — X - (VV) (X)

Now by our assumptions: 2V (X)+ X - (VV) (X) is compact when sandwiched with x(q,4) (H). If furthermore, a > 0,

we find

X(a,p) (H) 2H X (q,5) (H) > 2aX (a,p) (H)

so that the Mourre estimate is satisfied.
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The Virial Theorem Let 1 € £2 be an eigenfunction of H, in the sense that Hi) = Ai). Then

= i((Hw, AY) — X\ (¥, AHY))
= (0, AY) — (¥, AY))
0.

Note that when H, A are unbouned some care must be taken to handle the fact this form is well-defined. We avoid these
subtleties here and refer the reader to [CyconKirschFroeseSimon].

Control of embedded eigenvalues

Theorem 1.54. Assume that H satisfies the Mourre estimate on the interval A (with respect to A). Assume moreover
that there exists some self-adjoint operator Hy (in applications this is usually Hy = —A) such that:

1. (Hy—21)"" @ (A) C D (A) for some z € p(Hy).
2. @ (Ho)ND (HpA) is dense in D (H) and

3. The form i[Hy, A] defined on © (A) N D (H) extends to a bounded operator from @ (H) to #. Then H has at
most finitely many eigenvalues in A and each eigenvalue has finite multiplicity.

Then H has at most finitely many eigenvalues in A and each eigenvalue has finite multiplicity.

Proof. Suppose there are infinitely many eigenvalues of H in A, or that some eigenvalue has infinite multiplicity.
Let { 1y, }, be the corresponding orthonormal eigenfunctions of this space. By the Virial theorem and the Mourre
estimate we get

o
|

(n, 1[H, A] thn)
<wn7 XA (H) i [Ha A] XA (H) ql)n>
ollpnll® + (¥, Kpn) -

Since ||| = 1 and ¢, — 0 weakly, and K is compact, we have (1,,, Kt,) — 0 as n — co. But this is impossible
as a > 0. O

Y

Absence of singular continuous spectrum

Lemma 1.55. Assume that H satisfies the Mourre estimate on the open interval A (with respect to A). Then actually
the Mourre estimate is obeyed with K = 0 away from eigenvalues of H.

Proof. Let A’ C A be any interval which does not contain an eigenvalue. Then
xar (H)i[H, Al xar (H) > axar (H) + xar (H) Kxar (H)

Now since A’ does not contain any eigenvalues, xas (H) Kxa+ (H) tends to zero in norm as A’ shrinks to zero width
about any point. Hence let us pick A’ such that

xav (H)3[H, Al xar (H) > axas (H) = 5o

Now multiply both sides again by yas (H) to get the result. O
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Theorem 1.56. Assume that H satisfies the Mourre estimate on the interval A (with respect to A). Assume moreover
that there exists some self-adjoint operator Hy (in applications this is usually Hy = —A) such that:

1. (Hy—21)"" @ (A) C D (A) for some z € p(Hp).
2. @ (Ho)ND (HpA) is dense in D (H) and

3. The form i[Hy, A] defined on @ (A) N D (H) extends to a bounded operator from @ (H) to #. Then H has at
most finitely many eigenvalues in A and each eigenvalue has finite multiplicity.

4. The form i[i[H, A], A] extends from @D (A)ND (H) to a bounded map from @D (H) to D (H)".

Then if the Mourre estimate actually holds with K = 0 then

Jim sup SupH(|A\ + 1) (H = (p+i6) 1) (JA] + ]1)_1H <C
§—0+T peA

for some constant C, which readily implies pure absolutely continuous spectrum of H within A.

We shall not prove this theorem but rather refer the reader to [CyconKirschFroeseSimon].

1.6.5 The non-zero index method

Here we describe the fact that if
index (AUA + A*) #0

for some projection A and some unitary U, then o (U) = 0, (U) = S'. In particular if U = e'?™4 for some self-adjoint A
then by the spectral mapping theorem, o,. (A) = [0, 1] or a translate of this interval.

1.7 Linear response theory: the Kubo formula

We now want to derive various formulas for the DC conductivity of a system using perturbation theory. In order to do
so we first derive a general form of perturbation theory known as the Kubo linear response formula | |. The main
reason for this hurdle is the following

Example 1.57. We are interested in calculating the electric conductivity of, say,
H = (P—A)°—-EX;

which is a magnetic system with electric field of strength Fy on the jth axis. If we have e.g. constant magnetic field
with

A = X261

then there is no dependence on X (if j = 2) in the Hamiltonian, so the spectrum would not be discrete in this case.
Hence we cannot use Rayleigh-Schroedinger perturbation theory.

Hence even though the perturbations we will consider (the electric field) eventually do not depend on time, for
regularizing purposes we consider them being ramped up with time very gradually. The order of limits prescribed by this
procedure is :

First the perturbation becomes constant in time and only then small in norm. (1.17)

Before proceeding we explain why traces with the Fermi projection P = X(_oo, £, (H) are of use to us.

1.7.1 Density matrices

Usually one talks about states of quantum mechanical systems as vectors 1 in a separable Hilbert space # with ||| = 1.
Equivalently we could speak about rank-1 projections:

P=¢yy*.
Then the quantum expectation value of the observable A on the state v is given by

(W, AY) = tr(PA)=tr(v @y A).
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Sometimes it is useful however to speak of a classical statistical mizture of states: let N € N and { p; }fvzl C [0,1] such
that Zivzl p; = 1. Let also {9; }fvzl C # be some ONB of some subspace. Then

N
> pithi @ ¢

=1

is such a statistical mixture of states. Note that
N
tr(p) = Y pitr(Pr@y)) =1
i=1
and actually

{0, p0) sz (i, 0 (¢ € 7)

so p > 0. This leads us to the

Definition 1.58 (Density matrix). A density matriz p on a separable Hilbert space is a positive trace-class operator
of trace 1.

1.7.2 The many-body Fermionic ground state in single-particle universe

In quantum mechanics, the state of a particle is described by a vector in a Hilbert space # (or a density matrix, as we
have just seen). Conversely, to talk about the state of M distinguishable particles simultaneously, we need to consider
a vector in the M-fold tensor product Hilbert space ®jvi1 #. However, if we have M indistinguishable particles which
are Fermions, which is the situation for electrons in a solid, then the state of these particles is actually a vector in the
M-fold exterior product Hilbert space /\]]Vi1 #t, since the state must be anti-symmetric with respect to exchange of any
two particles (as a basic axiom of quantum mechanics).
If the single-particle Hamiltonian H = H* € B (#) is acting on each particle separately, then the many-body Hamil-

tonian is given by

M

dr (H) := Y 1" A H A 1AM

j=1

i.e., the single particle Hamiltonian acts on the jth particle and doesn’t do anything on all other particles.

Then, if we are interested in the many-body expectation value of a mon-interacting single-particle observable, say, B,
we would first raise it to the many-body Hilbert space just as above:

M
B = > 10D ABA1NM) = dT'(B)
j=1

and then if our system was in the state U € /\]M:1 #, we would calculate
(¥,dI" (B) ¥) .

Now, if ¥ itself is a product state, i.e., U = ¢ A---Atpr, where { ¢); } _, is an orthonormal collection, then this simplifies
to

(W,dl'(B)¥) = Z%B%

r<§:¢%®¢?3>

i=1

where we recognize ZZ 1 ¥i ® 9 as the projection operator onto the space spanned by the orthonormal set { v; }] 1
Now, say our Hamiltonian of the solid we wish to describe is H € B (#), and say its eigenstates are { ¢; },y (ordered
so that ¢ has the lowest energy, etc). Since no two Fermions can occupy the same quantum mechanical state (this is the
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Pauli exclusion principle), if we fill the solid with M electrons, the ground state (i.e., the state of least energy, at zero
temperature) is the one where the M electrons occupy the M first levels of H, i.e., ¢1,...,¢on. The corresponding state
on the many-body Hilbert space A\ # (the exterior algebra generated by #) is thus

S WARRENAN ¥

(which is called the Slater determinant).

In conclusion we recognize that the many-body zero-temperature expectation value of a non-interacting observable B
in a the ground state corresponding to M filled electrons is tr(Py;B) where Py := Z]Nil ©j @ ;. More generally, if we
work in infinite volume we have an infinite number of electrons and it is more judicious to speak of the Fermi energy
Ep: that energy of the most energetic electron in the system. Then the appropriate expression is the preempted tr(PrB)
where Prp = X(—o0, ) (H).

Indeed, in infinite volume the range of this operator is infinite dimensional. In order to define this operator rigorously
one has to apply the measurable functional calculus of bounded self-adjoint operators, see | |. It will turn out that
the Fermi projection Pr contains most of the properties we care about in regards to topological insulators. At non-zero
temperatures the Fermi-Dirac distribution should be used--we won’t make use of this here.

1.7.3 Electric conductivity

We wish to study insulators, for which we would like to calculate their electric conductance, which is phenomenologically
defined via Ohms law:

with I being the current and V' the voltage. More generally, the conductivity o is defined as the matrix relating the
current density j with the electric field as follows:

j = oF.
In principle each of these calculations of o depends on the Fermi energy p to which we fill the system.

Definition 1.59. An electric insulator at Fermi energy u is a material filled to g whose conductivity matrix at that
energy is zero on the diagonal:

oii () = 0.

Why do we only talk about the diagonal conductivity will become clear later when we consider the Hall conductivity.

In the physics literature, for historical and possibly physical reasons, one usually separates the objects of study in an
experimental setup where there is a material (a solid) which is described by a Hamiltonian H and the external driving
electric field. Hence, if we calculate the conductivity associated with H alone, it should be zero (since it would typically
have no spontaneous currents) and only once we perturb with an external electric field it does it actually make to calculate
o. Thus, we are at the task of perturbation theory, by, say a constant electric field. As we know from undergraduate
quantum mechanics, this means adding a term of the form

EoX;

if the field is of strength Fjy in direction i =1,...,d.

Typically, however, the type of perturbation theory taught in undergraduate quantum mechanics (Rayleigh-Schrédinger
perturbation theory) is inappropriate for most systems we want to deal with, since it only deals with systems with discrete
spectrum (finitely degenerate isolated eigenvalues). Also, generally one likes to do perturbation theory of the more general
density matrices. The general theory under which this is done is called linear response theory | ]

1.7.4 Linear response theory

As we have said the perturbation we are mostly concerned with is something proportional to the position operator and
the observable should be the current density, i.e.,

g o= nilH,X:]  (i=1,....d)

where n is the density of particles. Indeed, H being the generator of time-translations, i[H, X;] is associated with %Xi,
i.e., the velocity.

Furthermore, the perturbations we shall consider are not constant in time. Instead, they will be turned on very slowly
from being zero at the beginning of time.
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Theorem 1.60. (The Kubo formula) Assume a system governed by H is in state described by density matriz po.
Assume further that it is perturbed by the time-dependent operator ef (t) A, i.e.,

H(t):=H+ef(t)A

where f: R — [0, 1] is some smooth time-modulation function which obeys f(—o00) =0 and f(0) =1, € > 0 is some
small order parameter, and A is a time-independent self-adjoint operator. Then the first order (in €) coefficient of
the expectation value of an observable B = B* for which tr (poB) = 0 to the perturbation at time zero is given by

XBA = —i/o tr (e " Be A, po]) f () dt. (1.18)

— 00

Remark 1.61. Note that this corresponds to the wrong order of limits in (1.17). We would have liked instead to
calculate the limit first of f — 1 and only then € — 0. Unfortunately addressing this problem is yet a completely
different story. We refer the reader to [Teufel et al NESS etc].

Proof. The state of the system at time ¢ is governed by the Schrédinger equation for the density matrix, which is
ip(t) = [H+ef(t)Ap()
with initial condition p (—o0) =: pg. We assume that pg is an equilibrium state for H in the sense that
[H,po] = 0.
We write explicitly the first order term as
p(t) = po+ep(t)
where pg is independent of time since the zero order in £ has no time dependence in the Hamiltonian. Hence

eipi (t) = [H+ef(8)A po+epi ()] =elH, p1(8)] +ef (t)[4 po] + O (%)
= eH”pi(t)+ef (t) A"po + O (£?)
where we used the notation O* () =[O, -] (sometimes also denoted by the adjoint notation ado for O)

Claim. € b = e%he=¢

Proof. One can proceed either in a pedestrian way by computing the explicit expression for (a*)" (make guess
and proof by induction) or by defining

F(t) = e%e ' vVt eR
and
G() = b  VteR
Next note that F' and G both solve the differential equation
F'(t) = a*F(t)

with initial condition F (0) = b. Since the solution to a first order ordinary differential equation is unique,
F = G and in particular F (1) = G (1). O
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Claim. The solution for p; is given by:

p1(t) = z/_ exp (—i(t —t')H*)eA"pof (') dt’
= z/_ exp(—i(t—t')H)e[A, polexp (i (t —t')H) f (') dt’

Proof. Using the fact that
d [rb@
dx a(x)

we have

8ti/t exp (—i (t —t') H*) eA po f (t') dt’
= A pof (1) +i/ exp (=i (t — ) H*) (—i) H*e A" pof (t') dt

= ieA%pof (t)+ H* / exp (—i(t —t')H*)eA"pof (t') dt’
using the fact that

lexp (—i(t—t)H*),H*] = 0
and also note that the initial value is obeyed: Ap(—o0) = 0.

Then we have

(B)poy = Trlp(0)B]
= Tr[(po+ep1(0)+0O (%)) B]
= Tr(poB]+eTr[p (0) B]+O (?)
(B) AXBA
so that
xsa = Trlpn(O)B)
0
= éTT [z/ exp (=i (0—t')H*)eA*pof (t') dt' B
0
- zl Tr { [exp (itH*) (A% po)] BY £ (1) dt

0
2/_ Trexp (itH) [A, polexp (—itH) B] f (t) dt
0
= z/_ Tr[exp (—itH) Bexp (itH) [A, pol] f (t) dt
— /O " T fexp (itH) B exp (—itH) [A, po]l f (—t) dt

We now take care of the limit:

e—0

o0
lir% XBa = lim 2/ Trlexp (itH) Bexp (—itH) [A, po]] exp (—et) dt
E— 0
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We now use Lebesgue’s dominated convergence theorem (| | pp. 26) with the dominating function being
t — |Tr[exp (itH) Bexp (—itH) [A, po]]| (need to show it is L!) to take the limit ¢ — 0 into the integrand and
obtain our result. O

1.8 Zero temperature DC conductivity

1.8.1 time-reversal invariant case

We now want to apply the formula (1.18) in order to calculate the conductivity of a system. As explained above, the
appropriate initial density matrix pg to use is the Fermi projection, i.e.,

po = P= X(foo,u} (H) .
At non-zero temperature one replaces X (oo, With the Fermi-Dirac distribution:

1

frp (E) 15 i

where 8 = W with kp the Boltzmann constant and 7" the temperature. Of course

511_{1;0 fFD = X(—oo,u]

The observable B should be the current density, which is related to the velocity operator in direction ¢, so we shall
take

B = i[H X|].

The perturbation shall be the electric field in direction j, i.e., X, so that all together we find that to first order in the
electric field,

f—=1

oij (1) = lim tr/o “H X e T (X, P () dt . (1.19)

The reason why we take the limit is that eventually we are interested in the static case, where the perturbation is not
time dependent (or alternatively in the adiabatic limit where the perturbation is turned on infinitely slowly). We shall
make the choice f (t) = e°* and take the limit ¢ — 0%.

To proceed further, we shall also make use of the notion of time-reversal in quantum mechanics. Since this hasn’t been
introduced yet, let us formally

Definition 1.62 (Time-reversal). Time-reversal © is an anti-unitary operator © : # — #. That means it is anti-C-
linear:

O(a+p) = aO () +0O(p) (aeC,ped)

and obeys

(©9,00); = (¢, ¥)% (Y, p € dt) .

Generally in condensed matter physics, ©2 = —1 for Fermions and ©2? = +1 for Bosons by the spin-statistics theorem
coming from QFT. A Hamiltonian H is said to be time-reversal invariant (with respect to the fixed time-reversal
operator O) iff

[H,6] = 0.

Theorem 1.63. If H is time-reversal invariant as in Definition 1.62 then

1 T
oij (n) = 51—1>I(I)1+ ; Z x;T Lh_)rr;O m Z |G (y + z,y; p+1€)|” . (1.20)
zezd yeZ4 |yl <L

We first note that generically, the operator within the trace appearing in (1.19) is not expected to be trace-class. For
that reason, we should rather work with the
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Definition 1.64 (Trace-per-unit-volume). Given an operator A € B (62 (Zd) ® CN), we define its trace-per-unit-
volume (if the limit exists) as

- 1
tr(A) = lim —— tren ({04, Ady))
L—oo (2L + 1)d xezd§|l<L

where ||z||; = 2?21 |z;| and tren ((0,, AS;)) means the trace within CV of the N x N matrix (d,, Ad,).

Proof. In the proof below we assume N = 1 for simplicity. Given the comment above regarding the trace-class
property, our starting point is the following modification of (1.19):

0
oij () = lim tr (e Hi[H, X;] eV i [X;, P]) e*dt

e—=0t J_

with P = X(—oo,, (H). We assume that the limit involved in tr exists and start off by re-writing the regulator as

et at<eet_1>
€

to perform integration by parts and find

0

i L (o—itH WH - et — 1
oij (1) = fsli%lJr - (5,5‘61‘ (e 2:5 [H, X;]e" tH; [vap])) -
Now
Oytr (e*itHi [H, X;]eTitHi [Xj,P]) = O, tr (i [H, X;] et} (X, P efitH)
Optr (i[H, X;)i [eH X e 17 P))

tr (i [H, Xii [e i [H, X;] e, P])
_ tr (i[H, X;] e i [i[H, X;], P]e ")
V7::i[:H7XJ] Ei‘ (‘/'ie+itHi [V77P] efitH) .
Let us write
f(H) = f(E)dQ(E)
E€eR

where (@ is the projection-valued measure associated to H, and f is any bounded measurable function. Then

tr (Vie i [V, Ple™ ™) = t~r<Vi / dQ (A\)etitHi[V;, Ple~itH /
A1 ER A2€R

d@ (/\2))

/ / O =2) 6 (V2.dQ (M)i [V, P1dQ (A2))
A1ER JA2€R

[ e i (ha) - g () B (VidQ ()Y@ ()
A eER JAs€eR
Here we are using

gA) = X(—oo (A) -

Moreover, we also write
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to get

0 15
. - ~ t
oij(u) = —ilim /t__oo/MeR/heRet“l A2) (g()\g)—g()\l))tr(VidQ()\l)deQ()\g))g/ etdn.

e—0t+ 0
The time integral we can do explicitly to get

0 1
/ dtteit(kl—kg—in) — 5
t=—o0 ()\1 - )\2 - in)

so we get
(W) = il [ (g0 — g ) dmy (1,
oii(n) = 1 lm — T v w2 WYl — g(A2))dmy; (AL, A2
! e=0% S aeRIn=0 € ()\1—)\2—17])2 ’
where we define the velocity measure
dmg; (A, A2) =t (VidQ (M)V;dQ (A2))

and by P (A\) we mean now the function
RoA— X (=00, ()\) o

Now for well-behaved functions f we may replace

lim fmdn = 0:l._ / f(n)dn
n

e—0t € Jp—o =0
= nlirggf (n) -
Moreover, we have the so-called Kramers-Kronig relation | | (Corollary 7.61)
lim — 2 ins (z)+ > <1>
e—0+ T L ie %

where ® is the Cauchy principal value of an integral. If we take the derivative of this relation w.r.t. x we get
1 1
m 2 Find (@) + () |
e—0t (g; + 15) T
Finally, if our Hamiltonian is time-reversal invariant, then using Lemma 1.65 right below we get
dmij ()\1, )\2) = dmij ()\27 )\1) o

Then the function &’ (l) is even (seen from the derivative of the Kramers-Kronig relation) so that we integrate the

odd function of Aj, Ao ‘
(9 (A1) =g (X)) dmi; (A1, A2)

against P’ we get zero. we are thus left only with the 6’ term to get
oij (1) = 77/ 8" (A1 = A2) (9 (M) — g (A2)) dmiz (A1, Ag) -
A1,A2€R
Next we write

5’ ()\1 —)\2) 2 hml(é()\l —)\2+E) —(5()\1 —)\2))

e—=0 ¢
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and we get

o35 (1)

= lim E/A [(g (M) — g (M +€))dmyj (M, A+ )] = [(g (A1) — g (A1) dmyg (M, M)
=/ O X(—o0,p) (A1) dmgj (A1, A1)
= 7 [ 6 —p)dmi; (A, M)

A1
= 7T/ 1) ()\1 — /,L) 1) (/\2 — /.L) 5dmij (/\1, /\2)
)\1 )\2

e—0t

= 7w lim / (55 ()\1 — /.L) (55 ()\2 — /.L) 5dmij (/\1, /\2)
)\1 )\2

e—0t

= 7w lim / (55 ()\1 — /.L) (55 ()\2 — /J) (5dmi]‘ ()\1, /\2)
A1 J A2

= mir (55 (H_/J') [H7Xz] de (H_/J') [XWH]) 0

Here we have used the identity of distributions for the approximate delta function

We now have

5. (H—p) = %Im{R(u—i—ia)}.

— i (2 (R + 30} H, X0 3 b (R -+ i2)) X, )

= ?tNr(R(M+ie)R(ufis) [H,X;] R (u— ie) R (u + i) [X;, H])
2

= = (R(u+ie) R(u—ie) [H, Xi) R (u— i€) R (u+ i) [X;, H])
= SE(R(u— i) [ X R(u— ) R+ 1) X, H R (i + i)
2

= ZH&(R(u—ie), X [X;, R(u+ie)]) -

We proceed by plugging in

1= > 608

zeZd
and the definition of the trace-per-unit-volume to get
. g2~ . .
oy (W) = lim S8 (R (u—ie), X [X;, R (u+ i)
e—0+ T

2

lim i lim % Z Z <6y7[R(M_i5)aXi] 5.L> <5za[vaR(,U+i6)} 6y>

+ L
e=0t T L—oo (2L + 1) yezd:|y|l, <L zezd

2

.t 1 . .
lim — lim —— Z Z Gy, z;p—ie) (z; — yi) (z; — y;) G (z,y; u + ie)

d

0T T L2 QL+ 1T qd ), <p aeze

52 1 2

lim — lim —— Z Z (@i — i) (xj —y;) |G (z,y; o+ ig))|
7 i i J 5 s Yy

e—0+ T L—oo (2L—|— 1) yezd:|yll, <L zezd

. &2 . 1 .

lim — Z @ity T ———— Z |G (y + z, y; o+ ie)|°

yeZ4:|yll, <L
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Lemma 1.65. Assume H is time-reversal invariant as in Definition 1.62 and let dm;; (A1, A2) be the associated
velocity measure

dmij (A1, A2) = tr (VidQ (A1) V;dQ (A2))
where
Vi = i[H X

1s the velocity operator in the ith direction and @ is the projection-valued measure associated to H.
Then

dmij ()\17 )\2) = dmij ()\2, )\1) .

Proof. TODO O

Corollary 1.66 (Random ergodic operators). We will have a thorough discussion later about random ergodic oper-
ators, but let us just remark here that if H is actually a random ergodic operator, so that Birkhoff’s theorem applies
on it (in the sense that space averages may be exchanged for disorder averages) then we get

oij (k) = lim = Z x;x E [\G(x 0; 1 + ie)] ] . (1.21)

Proof. We employ Birkhoff’s theorem

: 1 _
AT iy EO D]

where f is any measurable function of the Hamiltonian. We thus start from the last displayed equation in the above
proof to get B
tr ([R (n —ie) , Xi] [X;, R (p +i€)]) = E[(0o, [R (p — ie) , Xi] [X};, R (p + ie)] 6o)] -

With that we have

oy () = lim *E[<507[( —ie), Xi] [Xj, R (1 + i€)] do)]

e—0t T

_ hm Sk <60,[R(,u—i5),Xi] 3 6. ® 6% [X,, R (1 + ie)) 50>

e—0t T ae2d
€ . .
= hm = }eZd E (0o, [R (1 — ie) , Xi] 6z) (8a, [X;, R (1 + ig)] bo)]
2
X;80=0 .. € . .
20 51_1>I(I)1+ — GEZdEK(SO,R(M—le) Xi0z) (02, XjR (p + i€) o)
2
. € . .
= lim — §EZd ziz;B[G (0,23 1 — ie) G (2,05 p + i€)] -

But H = H* so G (z,y;2) = G (y,x;Z) and hence

o (p) = Eli%{r? ;dij {|G x0u+1£)|}

which is what we were trying to show. O
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Remark 1.67 (Gapped systems are insulators). It is clear that if u ¢ o (H), then o;; (1) = 0. Indeed, in that case we
may invoke the Combes-Thomas estimate Theorem 1.18 to obtain

. 4 -
SlilgIG(ﬂw;qulﬁ)l2 < ﬁexp(—%ullx—yll) (z,y € Z2%)
£

where § := dist (1,0 (H)) > 0 is the gap size. Since this is an estimate uniform in € > 0, we get summability in the z
variable before even taking the limit € — 07. Then end result is then

oy (p) = gl_i>%1+ €2 x (something uniformly bounded as ¢ — 0+) =0.

Remark 1.68 (DC conductivity for ballistic motion is infinite). What might happen if we have ballistic motion? For
instance, can we show that o;; (1) = 0if 1 € o.c (H)? As a case study, take the discrete Laplacian in 1D, whence we
have

2

2
&
o (p) = ;Zfﬂz

zeZ

((—A - 1&]1)*1)36 )

3

To proceed we have two options, we could either first calculate

1 1
_A—)E = — bz - 4k
( o 271'/kzoe 2—2cos (k) — 2

where z = p + ie and say, p lies in the middle of the spectrum, say, at 2, and doing a residue calculation. Instead, we
may bring this integral to momentum space as

>’

reZ

((—A — oyl — ie]l)*l)

= ter@xRE®),

= (F60,FR(Z) F*FX’F*FR(2) F*Fbo) . -

We now re-call from the proof of Proposition 1.27 that

FX2Fr = -0
Foy = k1
so that (with z = 2 + ie, say)
? 1 [ 1 1

— L 2
B 27 kZOZ—QCos(k)—Ea 2—2COS(/€)—de

((—A ol - ie]l)_1>

>

0
z€Z ©

Mathematica 2

e3Vi+e?

We see clearly that as ¢ — 0T, the expression

. 2
lim & x
T

e—0+ e3via+te?

This is not an accident: periodic operators in general will exhibit infinite DC conductivity, i.e., zero resistivity.

1.8.2 The general case: IQHE application

Before proceeding we make an important modification:

Definition 1.69 (Switch function). A switch function on the jth axis (j = 1,...,d) is a projection
Aj = xn (X5)

to the jth positive half-space.
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We want to replace X; with A; so that will turn out to yield trace class operators. For the perturbation (i.e., the
application of the electric field) the justification is easy. It replaces the constant field with a delta field. For the observable,
it means calculating the amount of charge accumulated on the half-space rather than velocity.

Theorem 1.70. For two-dimensional systems that do not have time-reversal-invariance, such as integer quantum
Hall systems, if u is within a spectral gap of H, one can bring (1.19) to the form

oij (1) = itr (P [[As, P, [A;, P]]) . (1.22)
Here, Aj is a projection operator onto the positive half-space defined by the jth axis:

’(/Jz .%'j>1

(Av), = {O . <o

Part of the statement of the theorem is that the above expression is indeed trace-class in two-dimensions (in higher
dimensions it is not and one should rather use the trace per unit volume).

We delay the proof of this statement until we go on to talk about the Chern number of integer quantum Hall systems.

2 Random operators and Anderson localization

In this chapter we set up the necessary machinery for discussing the phenomenon of Anderson localization: this is the set
up of random ergodic operators. We shall then present different proofs of this fact in various regimes and dimensions and
conclude by presenting the big open problem of delocalization.

The theory of localization started with the ground breaking work of Anderson | ]. Roughly speaking it says that
if electrons are placed in a sufficiently disordered medium-neglecting electron-electron interactions—they will get “stuck” in
confined regions rather than flow throughout space (compare this with translation-invariant media where Bloch theorem
says that electrons are blind to the crystal structure and flow through it freely). One important consequence is that the DC
electrical conductivity at the corresponding Fermi energy is zero (1.21), which means we should associate such materials

with insulators. Mathematically the first proof of localization appeared in | |; a simpler, different proof appeared in
[ | which was further developed in [ |, allowing for the understanding of the role of localization in the plateaus
of the IQHE.

2.1 Why random operators?

Anderson’s strategy to understand a disordered material was to toss coins in order to generate a random potential,
and make statements which hold almost surely with respect to the probability distribution of the coins or alternatively
statements about expectations (w.r.t. disorder) of physical quantities. While an actual experiment is performed on one
single material (and hence corresponding to a deterministic Hamiltonian), the theory should describe the outcome of
an average over many experiments so that such theoretical statements about inherently random objects could actually
describe (an ensemble of) experiments. The individual macroscopic sample contains in itself many microscopic subsamples,
and hence the averaging. Indeed, the actual process with which disorder is formed in materials is likely described by some
probability distribution (ultimately relating to a quantum stochastic process) and our probabilistic model is merely a
(gross) simplification of the real one. Another philosophical justification for this approach is via Wigner’s random matrix
theory. It says that in the absence of better knowledge about the actual physical laws, we pretend the unknown part of
the model is given by a collection of random variables. General physical principles (e.g. locality) will then give constraints
on these random variables (e.g., their independence). For an introduction to random operators, see | |.

2.2 Basic setup for random operators

2.2.1 Abstract definitions

A probability space is a triplet (2, F,P) where Q is a set (of possible basic events), F C # (Q) is a sigma-algebra' and
P:¥5 — [0,1]

is a probability measure. On such a probability measure we put additional structure as follows

1Recall a sigma-algebra is a collection of subsets of Q containing € which is closed under complements and countable unions. The smallest
sigma-algebra is { @,Q } and the largest one is 2.
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Definition 2.1 (Measure-preserving morphism). A map 7 : Q — Q is called measure-preserving iff
P(S) = P(I'(S) (Se9)

where T—1 (9) is the pre-image of S under T'. The tuple (Q, F,P,T) is called a measure-preserving dynamical system.

Definition 2.2. Let G be a group and that T : G — Aut () is a a group morphism, where Aut (£2) is the group of
automorphisms of € (i.e., each element T (g) is measure-preserving). Then the tuple (2, F,P,T) is called a measure-
preserving G-dynamical system.

Definition 2.3 (invariant RV, ergodic dynamical systems). A measurable map X : Q — R is called a random variable.
A random variable on a measure-preserving G-dynamical system (2, F,P,T) is called invariant iff

XoT()=X (geG).
A measure-preserving G-dynamical system (Q, F,P,T) is called ergodic iff every invariant random variable is constant

P-almost-surely.

Definition 2.4 (Random operator). Let (€2, F,P) be a probability space. That means that € is a measure space, &
is a given sigma-algebra on it and P : & — [0, 1] is a probability measure. Let # be a fixed separable Hilbert space.
A random (self-adjoint) operator A is a weakly-measurable function

A: Q= {Be®B(#)|B=DB"}
i.e., for any ¢, € #, for any measurable f : R — C
Q3w (o, f(AWw)Y)eC

is a measurable function.

Definition 2.5 (Ergodic operator). A random operator A : Q — B (#) (where Q has the structure of a measure-
preserving G-dynamical system (Q, F,P,T)) is called ergodic iff for all g € G, and for allw € 2, A (w) and A (T (9) (w))
are unitary conjugates (the unitary may well depend on both w and g).

Theorem 2.6 (Birkhoff). Let an ergodic measure-preserving Z*-dynamical system (2, F,P,T) be given. Let X €
L' (Q,P) be a random variable. Then the following limit exists P-almost-surely and equals

1
i o Y X(Tw) - E
< xz
Lo L+1)" L czdin) <

Theorem 2.7 (Pastur). Let an ergodic measure-preserving Z%-dynamical system (Q,F,P,T) be given and H = H* :
Q — B(#) be an ergodic random self-adjoint operator. Then there are (deterministic) subset s,sy C R such that
P-almost-surely,

oy (H (W) = sy

where § is either nothing (in which case we mean the entire spectrum) or pp, sc, ac.

Proof. [TODO: fix this| Consider, for any a < b € R the map

Q5w — dim(im (x(@p (H (w)))) € [0, 0]
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which is measurable. Since H is presumed ergodic, these functions are invariant under translations. Indeed, we have

dim (im (x(a,5) (H (Tzw)))) = tr (X(ab xW)))
= tr (X( w) Us))
tr (U X(a b (H (W) Us)

= tr (X ) .

So this is an invariant random variable and since our system is ergodic, it implies there are constants v, 3y € [0, o0]
such that

P [{ dim (im (X(ap) (H @) = @@p }] = 1.
Since o (H (w)) is identified as the essential support of the spectral projections of H (w), we identify
s = {EER|Va,bEQ:a<E<b,o¢(a7b)>O}.

We choose rational end points to make sure the countable intersection still has probability one:

ﬂ {dim (im (X(op) (H W)))) = (ap) } € {o(H(W))=s}.

a,b€Q:(4,5)>0

2.2.2 Concrete application: the Anderson model

We now consider the main setup which will concern us. We are interested in random operators H,, on ¢? (Zd) which are
of the form

H,:=-A+ )V, (X) (2.1)
where —A is the discrete Laplacian, A > 0 is a coupling constant, and
Vo () i= wy (z € Zd)
where { Wy },c7a is a point in the random configuration space
Q = { w : Z¢ — R measurable } ~ RZ"

Moreover, we are interested in the following product measure

f@dPw = ] / ) @

weN rezd
where p is a fixed probability measure on R. Formally we write
P = u®zd .

We say that in this case, the stochastic process { wy } ¢ is @id: it is independent and identically distributed (according
to the “single site” probability measure p). We usually ask that p obeys some regularity condition, for example,

Definition 2.8 (uniform 7-Hoelder continuity). Let 7 € (0,1]. The probability measure p : B (R) — [0,1] (B (R)
being Borel measurable subsets of R) is said to be uniformly 7-Hoelder continuous iff there exists some constant
Cy > 0 such that

p(J)<C, I (J C R interval with |J| < 1)

where |J| is the Lebesgue measure of J.

In this case, the group we are interested in is

i.e., the group of lattice translations:

T:2% - Aut(Q)
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is defined as
(T,) (W) = w_, (ze Zd) .

These shifts are measure preserving since {2 is merely a product space with the product measure. The unitary transfor-
mation which relates H,, with Hr,,, is of course lattice translations (recall they commute with —A).

Remark 2.9. It is appropriate to look at independent identically distributed random potential values due to the
homogeneous (in distribution) nature of materials: we presume that on the whole they obey the same laws of physics
throughout space. We can of course generalize this to decaying correlations etc. We avoid doing so here unless
otherwise specified.

Theorem 2.10 (Kunz-Souillard). If we normalize —A such that
o (—A) =[-2d,2d]

then P-almost-surely, the spectrum of the Anderson model (2.1)

o(—A+ AV, (X)) = [-2d,2d]+ Asupp (p) -
Here we mean the set addition as
A+B = {E+E6R’E€A,E€B}
and
supp () = {ueR|Ve>0,u(B:(u) >0} .

Note we have

{ Vo (z) |z €Z?} =supp ()

P-almost-surely.

Proof. [TODO: fix this| This statement shall be proven in two steps: C and D. Let us begin with the former. Let
E ¢ [—2d,2d] + Asupp (1) -

That means that
dist (F, Asupp (p)) > 2d.

But then,
AN (X)—E1 = (W, (X) - E1) (1 — (AW, (X) — E1)™! A)

and we have

|-oveco-Ena|| < |ow o - Bn7fi-al
< 1

so the operator
(11 (A, (X) - E1)"! A)

is invertible and hence
E ¢ o(-A+4+)\V,(X)).

For the other inclusion, let E € [-2d,2d] = o (—A). We thus build a Weyl sequence | | for —A: for any
£ > 0 there exists some ¢ € ¢% (Z%) with |[¢|| = 1 such that

[(=A-EL) 9| <e.
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Let us assume for a moment that ¢ is supported within a large finite box A (otherwise approximate and use locality
of —A). Then if E € supp (¢), we must have

P[{weﬁ Sup)\wm—E‘<5}] = Hu(Bs(E>)>O.

zEA zEA
H (—A + AV, (X) - (E + E) ]1) wH < [(~A - BL)y| + H (Vw (X) - En) w” < 2%

For such w’s, we have

so that actually 1 is a Weyl sequence for —A + V,, (X) and hence
P [{w €0 ‘ dist <E+E,cr(fA+>\Vw(X))> < 25}} > 0

and so by ergodicity, must equal 1. O

2.3 The main results known so far and conjectures
2.3.1 Criteria for localization

Here we survey various criteria for localization. Some imply the others automatically (as we discuss momentarily).
Let w — H,, be an ergodic random operator on /2 (Zd) and F € R be an energy value. We have

1. Spectral localization: There exists some € > 0 such that
B.(E)No(H) = B.(E)Nop, (H)
almost-surely (or an analogous statement about the almost sure spectrum).

2. Decay of eigenfunctions: If Hiyp = Ev then there exists some C, u € (0,00) such that
¥ (@) < Cevlel (zezd)

almost-surely. Presumably it is impossible that this happens merely at a single energy and one should rather ask
that this holds for every eigenfunction with energy E € B, (E) for some € > 0.

3. High inverse participation ratio: In finite boxes A C Z%, if Hiy = Ev with ||¢|| = 1, then for any = € A, | (as)\2

could take the values between 0, ﬁ, 1. If the state is fully localized in one position, there would be a single x¢ € A
where |1 (z9)| = 1 and otherwise if it is fully delocalized, it would be completely spread out throughout space so
that

¥ (@) ~ (x €A)

Al
so that ) . |¥ (z)|* = 1. Hence, to measure how “flat” the wave-function is, we introduce
IPR (v) := Y |v ()] . (2.2)
zEA
If IPR (¢)) ~ 1 we say the state is localized. However, if it is fully delocalized we expect
_1\4 _ -
IPR (1) ~ > (JAI72) = [AIA]* = Al
TEA
which should be tiny if |A| is large.

4. Localization of transport| |: The diagonal elements of the zero-temperature DC conductivity matrix vanish

2
oi(B) = lim = 3" o2E[|G(@,0E+ie)f’| =0 (i=1,....d).

e—=0t T
zeZd
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5. Localization of position: The second moments of the position operator evolved with time around bounded. That is,
there exists some £ > 0 such that

supE [[(xB.(z) (H) 60, " X; Xje T x g1y (H) b0)|] < o0

6. Dynamical localization| ]: The probability to reach far away places via time evolution decays with distance,
uniformly in time. Le., there exists some ¢ > 0 such that there exist C, u € (0,00) with which

E Eg}g <6$,e_itHXBE(E) (H) 5y>@ < Ce Hlz—vll (w,y € Zd) )

7. The fractional moment condition| |: There exists some € > 0, s € (0,1), C, p € (0, 00) such that
sup E HG (x,y;E + in) s} < Qe Hlz—yl (z,y € 2%) .

n>0,E€B. (E)

8. The second moment condition| |: There exists some € > 0 and C, u € (0, 00) such that
sup nE “G (x,y; E + in) ‘2] < CeHlz—vll (z,y €27 . (2.3)

n>0,E€B. (E)

9. The many-body ground state exhibits decay of correlations | |: As we have seen above, we should associate
P = X(oo,p) (H)

with the many-body ground state reduced one-particle density matrix of the system filled to Fermi energy E. Then
we expect decay of correlations in the many-body ground state to manifest itself as follows: there exists some
C,p € (0,00) such that

El[(6,, Po,)|] < Cerle=vl (34 ez

10. The bounded measurable functional calculus exhibits exponential decay | |: More generally and abstractly, there
exists some € > 0 such that if B (B, (E)) is the space of measurable functions f : R — C which obey | f[|,, <1
as well as being constant above and below B, (F) (with possibly different constants) then there exist constants
C, 1 € (0,00) such that

E[ swp @ fE)S)| < Cotlvl (ayezd)
fEB1(B:(E))
11. Poisson statistics | ]: Coming from the direction of random matrices, there appears to be a dichotomy in the

stochastic process of gaps between gaps of eigenvalues as follows. Let Hy be a matrix resulting from H restricted
to a finite box with N sites (eventually N — o). Then we consider the random measure

Ny (B) == tr (xu (N (Hy —E1)))  (BCR). (2.4)

Then ¥y converges, as N — oo, to a Poisson point process on R with intensity equal to the local density of states
at E times the Lebesgue measure.

2.3.2 Criteria for delocalization

Unfortunately for delocalization we have way less conditions. We merely state
Let w — H,, be an ergodic random operator on /2 (Zd) and F € R be an energy value. We have

1. Spectral delocalization: There exists some £ > 0 such that
B.(EYNo(H) = B:(E)Noa (H)

almost-surely (or an analogous statement about the almost sure spectrum).
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2. Low inverse participation ratio: In finite boxes A C Z%, if Hy = Ev with ||¢|| = 1, then

PR() ~ oo

where the inverse participation ratio was defined in (2.2).

3. Delocalization of transport: The diagonal elements of the zero-temperature DC conductivity matrix are finite and
non-zero:

2
0 (E)= lim = 3 sz[\G(x,o;EHa)ﬂ >0 (i=1,....d).

e—0t T
zeZd

4. Delocalization of position: The second moments of the position operator evolved with time around unbounded. That
is, there exists some € > 0 such that

21;18 E [[{xB. ) (H) 60, e X; X6 " xp_(g) (H) 60)|] = o0.

We could also boost this to diffusion if we ask that the quantity behaves linearly in ¢.

5. The many-body ground state exhibits no decay of correlations:

> Ello, PSs)] = oo.

reZd

6. GUE statistics : The measure defined above as (2.4) converges, as N — oo, to the GUE statistics point process:
The joint probability density of the eigenvalues { E; }j is given by

N
1 1 2 2
Lo (455 -,

i<j
where Z is a normalization constant. In particular eigenvalues repel as the density is zero for F; = E;.

2.3.3 Established mathematical facts
Consider the Anderson model
H, = —-A+\V,(X)
on 2 (Zd) and A > 0 the coupling strength. Here { w; },.7a is an IID sequence of real random variables. Then

1. Complete localization in 1D: For d = 1, for any A > 0, the system is localized at all energies (see | | and
references therein).

2. Complete localization at high A: For d € N>i, there exists some A, > 0 such that if A > A, then the system is
localized at all energies (see | ) D.

3. Localization at arbitrary X for extreme energies: For d € N>, given A > 0, there exists some non-empty subset
Sy C o (H) such that the system is localized for all energies within Sy. The set Sy will typically lie near the
boundaries of the spectrum (see [ ) D-

2.3.4 Conjectures

For the same Anderson model, one conjectures that
1. Complete localization in 2D: For d = 2, for any A > 0, the system is localized at all energies.

2. Delocalization for 3D and higher: For d > 3, there exists some A\, > 0 such that if A < A, there exists some energies
where the system is delocalized. These energies will typically be in the middle of the spectrum.

Establishing either one of these statements would mean a huge breakthrough in mathematical physics.
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2.4 The a-priori bound

A basic tool in the approach to Anderson localization we will consider is the a-priori bound, developed by Aizenman
and Molchanov | ]. It is built on the following basic observation: the average of the Greens function may not exist,
because it is a singularity that behaves like % at * = 0, which is not integrable. However, as it turns out, a fractional
moment of the Greens function is just as good at controlling many dynamical properties, and that object is integrable at

the origin. Indeed,

1
/ 1dx -2 (s<1).

_y el L—s

To begin the analysis, we state the basic tool from linear algebra, the Schur complement.
Lemma 2.11. Let # = #1 & #H> be a Zy-grading of a Hilbert space and let
A B
L= [e o)

be a block operator on #. Then if D is invertible and the Schur operator

S = A*BD7102%1 *)(761
1s invertible, we have
-1 S—1 —-S~'BD!
~ |-D7'cs™' D'+ D 'CS'BD!

Proof. Note the identity

1, BD'][S 0 1, 0 _ (1, BD7'1[S 0
0 1, 0 D DilC 1, o _0 1, C D
B [S—-BD™'C B
o i C D
s=a-Bp~'c [A B
- |C D]
. 1, BD™! 1, 0 . . .
But the matrices {0 1, } , [D_IC 1, are both invertible regardless of B, D, C"
1, BD1"' 1, —-BD! 1, 0] _[ 1. o0
0 1, — o 1, ’ D~'C 1, T |-D7'C 1,
Hence we may take the inverse of the previous identity to get
A B]™" _ ([1, BD'Y[S o][ 1, 0]\ "
C D N 0 1, 0 D||D'C 1,
I I O o][s~* o0 ][, -BD!?
o _—D‘lC 1, 0 D! 0 1,
_ S=r 0 1, —-BD™!
~ |-D7'cst Do 1,
= s -S~'BD-!
o _—D’lCS’1 D 'CS='BD '+ D71~

In analyzing the properties of

G(z,y;2) = (H-z21),,
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it turns out it is useful to isolate the dependence of G (z,y;2) on just w, and w,, and integrate on them explicitly,
before performing all other integrations. This leads to the following theorem, taken from | ] but also appears in

[ Ik
Theorem 2.12 (Aizenman-Molchanov, Graf). There exists some s € (0,1) such that

sup E(IG(z,y:2)]] < o0.
z,y€Z4,zeC:lm{z}>0

As a warm up, let us first study the case x = y. In this case, we define
#1 = span({d,})
and #y := #i-. Clearly the diagonal part of H restricted to #; is precisely
AWy
whereas the off-diagonal part includes all hopping terms from the Laplacian that may lead into or out of x: We write this

generally as

q - AWz P, (—A) Pj]

[P; (=A) P, H
where P, 1= J; ® §; and H= PrHPec® (€2 (Zd \{z })) is a random operator that, by definition, does not depend on
the variable w,. Then by Lemma 2.11

_ 1
(H - 21),,) =

—) (zeC:lm{z} >0). (2.5)
oy = 2= Py (~A) P (H = 213,) P (-A) P,

This hinges on verifying the invertibility of the Schur operator as well as H — z1. Let us check those: H = PrHP} is a
self-adjoint operator so if lm {z} > 0 it is automatically invertible. As for the Schur operator, since lm {z} > 0 and

z <¢,(H*Z]l)_11/)>

is a Herglotz function (see | |) then necessarily it has a positive imaginary part. This implies that
. -1
hm{m 2P, (-A) Pt (Hfzﬂ%) Pt (=A) Pz} >0

and is hence invertible. Hence we are justified in employing the Schur complement.
The particular form of the operator

P, (—=A) P (H - Zﬂ;@) "PL(-2)P,

is unimportant except that it is independent of w,, by construction. Just for fun let us study it anyway. We begin with
the discrete Laplacian:

—AG, =2d5, — Y 4,

y~z
then
(Buwy —A0.) = 2d0.0 — Y Suy

yn~z

and so

Py (-A)P, = Py (-A)§,®4,

= Pt <2d5w -y 5y> ®

Y~z

Y Pl @0

y~z

= = 6,00

y~z
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and similarly

o - (-Sae)

y~z

= =) 6®0.

y~w
Hence

SN w6 (ﬂ—z]lgg2>_152 ® 07

Y~IT 2T

Pon > (H = 214,)

Y~T 2T

<0
|
b
<7
—
uafl
|
N
=
&
~—
|
o)
T
b
<0
I

-1

Yyz

We thus find
1
)\ww — Rz Zymaa: ZZNCD (PJ}HPwL - zﬂ%z)y_zl .

(H—z1),) =

We emphasize again, we will not make use of any information about

SN (PrHPS - zn%z);j

Y~T 2T

except that it is independent of w,,.

Theorem 2.13 (a-priori bound, diagonal version (Aizenman-Molchanov)). For any s < 7, we have
s T s (2\°
s s E[GGaa] < —0f ()
zeZd zeC:lm{z}>0 T— S A

where C,, < 00 is the constant of regularity of the single-site probability measure p which is assumed to be tau-Holder
reqular as in Definition 2.8.

Proof. Thanks to (2.5) we find that
1

Ay — W

G(z,z;2) =

for some w € C which is independent of w,. Hence in taking the expectation E which is essentially an integral over
all variables { w; } .74, we may first integrate over w, before all other variables. Hence we must bound

1
sup ——dp (w
weC /wzeR [Awg — wl )

where p obeys some 7-Hoelder regularity as in Definition 2.8. To that end, let us estimate

1 1
o——du(w) <D+ [ S -
/wT,ER I)‘wﬂﬂ - U}| ( wg ER: 4 >D I)‘Wac - U}| ( )

Nog —wl®

which holds for any D > 0. The reason for separating into above and below D is in order to regularize the second
term, as will become apparent momentarily. The second term then may be rewritten using the so-called layer-cake
representation

[ t@ae) = [ adzerii@zenar.
2 f () >t ¢
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Indeed, the two expressions are equal by re-writing

f(x) ee} [e’s)
f (=) Z/t dt = /t_o X[0,f(z)] (t) dt Z/ XUveR | fw)>t) (z)dt

=0 =

and so

/ f@)dp(z) = / / X{yer | f(y)>e} (@) dt'dp ()
z: f(x)>t z:f(x)>t Jt'=0
= / / X{yeR | >t} () dt'dp (z)
t'=t
xOO
= / /X{yemf(y)>t'}($)du(w)dt’
t'=tJx
— [ wlyerifw) >t yar.
W=
But now,

Mg —w|™% >t Awg — w| ™ > ts

[Aw, —w| < s

[

The 7-Hoelder regularity then implies

so that

[T T (s
wg ER 1 >D |)\U.}w — ’LUls r t'=D \)\wz — U}ls

oz —wl® =

INA
52
8
Q
/N
)
>| =
X
|
o=
S~
3
o
X

Together we find

1 2\ .
/ _ ! duwn<p+-C () D%

=€R [Awz — w|s

Note that s <7 so —a:=1— % <0 and hence, even though D > 0 was arbitrary, we actually have

inf (D + CD“’) = (1 + 1) Ct= .
D>0 [0 o

Hence
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Since this upper bound is independent of w, integrating over all other variables and taking sup,.c does not change
the bound. We also see that it is the regularity of p which dictates the allowed values of s: any s € (0,7) would
do. O

Remark 2.14. Of course once we now that E[X®] < oo for some s € (0,1) then the same holds for all s’ € (0,s).
Indeed this is merely a consequence of the Hoelder inequality: Let p := % > 1 and ¢ so that % + % = 1. Then

E {X} E [XS/ : 1}

< E[X*]F E[19]9

Proof of Theorem 2.12. We now turn to the proof that

sup sup E[|G(z,y; E +ie)]’] < o0 (Ee€R).

e>0 g,yczd
We shall follow | |. We begin by extracting the dependence of G (x,y;z) on both w, and w,. Assuming that
x # y, we need to study the rank-2 perturbation theory. Let us rewrite
Ho = Foyddt,,
where
Hyy = im(Pyy)

with P, = 6§, ® 03 and P, = P, + P,. With this notation, we may write

/\wag; + )\WyPy Pwy (_A> ley

H = L 1 1

If Im z > 0 then again thanks to the Herglotz property, Pé; (H —21) Pé/ will be invertible and so will the Schur
operator
=1
Awa Py + Awy Py — 2Py — Poy (—A) (Pyy (H — 21) Py} (—=A) Poy .

Hence we find thanks to the Schur complement Lemma 2.11 that

N 1 -1
ot (5 2]ow)

for some 2 x 2 matrix AM = —zPyy — Py (—A) (P, (H — 21) P;&)fl (—A) P, with the following properties:
1. It has a positive imaginary part lm {M} > 0 thanks to the Herglotz property.

2. It does depend on z € C and on w; for all & # z,y.

Hence if we manage to come up with an upper bound by integrating over only w;,w, and uniformly in M, z we’d be
finished. We have

M o= [mm mwy:|
Myz  Myy
and
1 *
m{M} = (MM
i
_ 1 fmee may|  |Maz My
N My Myy
_ {1 Im {m. } zll(mwu_mya:)] .
2 (Mys — May) Im {m,, }
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Hence

i = [(f 2+ fo )]

_ma:y

top right corner

(Mg + wz) (Myy + wy) — Maymys

Using the trivial |w| > |Re {w}| or |w| > |Im {w}| and the notation &, := w; + Re {m,,} and &, := w, + Re {m,}
we get the two possible estimates

My |
MG (@,y32)] < .
IRe { (122 + wa) (Mmyy +wy) — Maymy. |
— |May|
|0p@y — lm {myy } lm {m,} — Re {myymy,}
as well as
|may|
MNG (z,y; < — - . 2.7
G2l S G T gy + @y T {maz] — T {mayrrge]] &)
Moreover, since lm {M} > 0, we have
0 < det(lm{M})
1
= Im{mg,} Im{my,} + 1 (May — Mya) (Mye — May)
1 2 2
= 1m {ma} 1 {myy } + 7 (Maymye + gty — Imay | = Imyal?)
1 1 2 2
= Im {map} m {myy ) + 5 Re {maymya} = 7 (Imay  + Imyel?)
Case 1: Assume that q
max ({ [lm {mgy }[, [lm {myy}| }) < 5 [may] - (2.8)
Then
c E= Im {mgz} lm {my,} + Re {mgymy,}
det(lm{M})>0 1]
S0 5 (Imel® + yal?) — 1m0 {mag} tan {my, }
* 1
> 1 |m-7:y|2 .
Hence
2c 2¢71
MG ' < = .
Gz y2)] < |Galy — 2| |2ty — 1]
Next, define f (w) := < min ({ 1,w? }). Then we claim
lab—1] = min({|a—fO),[b—-f(a)]})  (a,b€R). (2.9)

Indeed, if ¢ > 1 then
1
b f@l= o= 3| <lab -1/
a

Similarly if 62 > 1. If, however, both a?,b? < 1 then

(a—f ()" =(a—1b)?
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and
(b f(a)) = (a—b)*

which equals
(a—b)%=(ab—1)> - (1—a?) (1-0%) < (ab—1).

We conclude that Section 2.4 holds. We use it as
1
min ({ |a — f ()], [b— f (a)| })
max ({ Ja = ®) 7,1~ f (@) })
la—f @) +1b—f(a) " .

lab—1|7"

IA

We conclude that

2¢1

c2at, — 1]
2¢71 (’c_loﬁz —f (c_ldzy)rl + ’c_lfby — f(c7'@y) ’71>

= 2(|@ —of (70| + [@y - of ()| ") -

MG (z,y;2)] <

IN

But we have just seen above in (2.6) that

/|wz — 2 du(wn) < - = 80525.
Case 2: Conversely, if (2.8) we must have
0 (M}l > 5l (a=zVa=y).
Assume that a = y. Then using Section 2.4 we get
|y |

MG (z,y;2)] <

|0z lm {myy } + @y Im {mae } — Im {maymy, }
2 [lm {my, }|
|6z I {myy } + @y Im {mye } — lm {mgymy, }|
2

Wg + 7hm{izyy} (@y lm{myy} — lm {my,my,})
and again we know how to estimate the s moment of this. O

2.5 Sub-harmonicity in space

The next ingredient we will need is a basic statement about integral kernels of operators, called sub-harmonicity. The
basic statement is essentially that if a kernel decays faster than the massive Laplacian would then it exhibits exponential
decay (because the massive Laplacian does).
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Lemma 2.15 (Subharmonicity implies exponential decay). Assume that an integral kernel B : Z¢ x Z% — [0, 00)

obeys the sub-harmonicity bound

By <7 Z By (x,y € Zd)

u~x

for some v < 2—1d; u ~ x means u,x share an edge on Z%. Then

2 . _
B,, < Ee smllz—yl| (x,y c Zd)

with m := L — 2d.
v

Proof. With the Laplacian —A defined so that

o (—A) = [0,4d]

we have
—A=2d1-A

where A is the adjacency matrix with o (A) = [—2d, 2d] and

(Ay), = Zﬁ’y (z € Zd) 0

YB

With this notation,

ZBM = (4B),,

u~x

and so we find that (2.10) is equivalent to

By, < 7« (AB)my
!
!
1
(), <
gl *y
+
1
{<1_A)zﬂ < by
v zy
But we may re-write the operator as
l]l—A = (2d+1—2d>]1—A
v v
1
= A+ <2d)]1.
gl

The condition v < 2*1(1 implies that the mass term m := % — 2d is positive, so we find by Theorem 1.18 that

_ 2 N
(~A+ml);) < Zexp(—fmle—yl)  (a,y€Z).
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Since the integral kernel obeys (—A + m]l) > 0, we learn that

2 .
Buy < — exp (—fim|lz — yll) (z,y €27 .

> 0, note that —A > 0 so —A +m1 > m1 and hence (—A +m1)™" > 4d+m]1 Indeed,

To see that (—A + m]l)
the integral kernel of the Laplaman is positive for all positions. To see this, we write

“A+ml) ! :/ e t(=A+ml)) gy
( oy - ( ).

0
— / e—tm - / elk~($—y)—t8(k)dkdt
t=0 (2m)2 JkeTd

where & (k) = 2d — 2?21 2cos (k;). Hence

00 d 2
(—A +m]l);()1 _ / otme—2dt H ( / 1ijj—2tcos(kj)dkj> d+
t=0 =1 kj=0
oo d
_ m —2dt ( ) dt
el

where I, (2t) is the modified Bessel function of order x;, which is known to be positive, for instance using the

representation
I, (2t) = —_— e
(2t) mX::Om!F(m—Fa-i-l)
O
Another related result is
Lemma 2.16. Assume that f: Z¢ — [0,00) with ||f| . < oo obeys
(2.11)

f@<g@+ > K@yfu) (zezf

yezd

for some kernel K : Z% x Z4 — [0, 00) which obeys
sup Z K(z,y) < 1

v€zd yezd
as well as
w
r = sup (I)K( ,y) <1
zeZd czd W( )
and

for some W : Z¢ — [0, 00).
Then

]
=
&
~
&
IA

1—r"
reZd
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Proof. We apply the estimate (2.11) repeatedly many times to get

f g+ Kf

g+ K(g+Kf)

IA N IA

> Kig+K"f  (n€Nsy).
j=0

IN

Now,

[K™f (2)] =

T1,0%n

IN

L1y Tm

171 <sgp2|f<<x,y>|>

- 0 (n — o0) .

IN

Hence

Thus

N
=
&
~
&
IA

N
=

NE
A

Z K (z,71) K (21,%2) -+ K (Tn-1,%n) f (Tn)

Yo 1K @ @)K (@1,22)] - |K (@01, 20)| |f (20)

= ZZW ZvK(x,m-~-K<xj_1,xj>g<xj>

W (z;_1)

= ZZ Z W 33901)"'WK(%—M%)W(%)Q(%)

IA
I M
ﬁ&n
o

Wi(z) f(z) < Z:‘V(f)f(f)ﬁ 1fr
fx) < 1E7°W1(x) (IGZd)

2.6 The decoupling lemma

In the sequel we will use the so-called decoupling lemma which goes as follows:
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Lemma 2.17 (Decoupling lemma). Let s € (0,7) and o, 8 € C. Then

/“ bzol @y > 7 c%ﬁ*/ 1 duw)

€R |W*5|S T—=3S eR |w*5|s

where C is a constant independent of o, 8 coming from the a-prior bound.

Proof. We first claim that

|o]° Juf”

|U_ms(|u|““'+|u—ﬂ|‘8)+|u_ﬁ|s

for all u,v, 3 € C unless the denominators vanish. To see this, multiply by |v — §]° |u — 8|° and re-arrange to get the
equivalent claim

v—B""+u—B"" <

(lel™ + v - ™) (2.12)

0 < (Pl ™ = 1) ju—B1° + (Jul° ol ™ = 1) [o = BI° + Jul® + [v]° .

Since this expression is symmetric in u <> v, suffice to show it for |u — 8| > |v — 8|. By the triangle inequality, we
have

ju=pB" = (v=B+u—vl)’
< (v =B+ ul +v])°
< o= B A ful” + ol

or |u|® + [v|® > |u— B|° — |v — B|°. Applying this we find that our equivalent claim reduces to

(Il ol ™ = 1) Ju= B + (Il [o]™* = 1) Jo = BI° + Jul® + o]’

> (lol® Jul™ = 1) Ju—B81° + (Jul’ [o|™* = 1) o = BI° + [u— BI° = |o — B
= ol" ful ™ fu = B+ (Jul* ol ™~ 2) o - B

> ol [uf ™ o = B1° + (ful’ ol —2) jv - B

= (ol ™+l ol ™ = 2) Jo - BI°

> 0

where in the last line we have used ¢ + % > 2 for all ¢ > 0. Hence (2.12) is proven. We use it by replacing v with
v — «, u with v — o and finally replace 8 with § — « to get

oo (ol + = 87) + P20k (jo—al~ 10— 1)

We then integrate on both u, v with respect to p (using u (R) = 1) (after renaming some variables and dividing by

2)
[ro-8auw < ([ﬁjgﬁmuw)é(w—a|5+w—ﬂ|ﬁdum»

On the latter integral on the RHS we use the same proof as in Section 2.4, in particular (2.6), to get

=B+ lu-BI" <

_ T _a lv —al®
_ g < - 7—23+1 .
/U|v Bl dp(v) < 7_756‘ /U ‘U_msd,u(v)

There is a converse type of decoupling lemma that we shall also need
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Lemma 2.18. For the regular probability measure u, assume further that it has some fractional moment in the sense
that for some s € (0,1),

By ::/ [v]* dp (v) < o0
veER

Then there exits some s € (0,1) and constant Dy < oo (independent of o below) such that

[o]° 1
ve ve

Proof. Using the Cauchy-Schwarz inequality, we have

/v ﬁdu (v) < @\//q)eR v — a2 dp (v).

er [Av — a|s

Now by assumption the first factor is bounded whereas the second one was shown to be bounded above in Theo-
rem 2.13. We get an upper bound of the form

|v]® T 2 (2%
——d < Bos\| ——C,7 (=] .
/UGR A — o nlw) = N r—2s "\

Conversely, we seek a lower bound on

/ A —a| *du(v) > / [Av —a| ®du(v)
vER v:|Av|<Q
1
—d
= /v:|)\v§Q (1Av] + |e])® #(v)
1
—_— du (v
> G iz
S ({ eR
IRCE AN

=)
et (<o 1)

Now, by Markov’s inequality,

Hence if we pick @ such that

B _ 1
CON
Q = (A %B,)*
We find
[ po-almww = ; 1 ..
2 (@2A~2B2,) % + o)

1
If |a] < (2/\_25325) 2 we get

L

(2A"2Bo) % +]a] < 2(2A"%By,)*
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and hence

s 1 L\ S
/ A —a| Pdu(v) > = (2 (2A72°Bay) 25)
veER 2
and we need to define D, so that
D 1(2(2x2’53 )i)fs > /By ——cF (2 }
59 s = #\r—2s * X '

1
If, on the other hand, |o| > (2)\*25B25) 2s we can estimate

"Uls < 2 >s/ A < 2 )S/ |7}|28
——du(v) < — v|"dp (v) + | — ———du (v
[ A0 o) et T O G s o —ar B

() ()
- (|2|> Me:

D.: ! > <2>5M
2 ((QA—QSBQS)% + |a‘)s a ‘Oé|

Then we ask that

which can clearly be fulfilled for large |a]. O

Example 2.19 (Gaussian distribution). Consider the case where

dp (v) 1

W - ﬁexp (—v?) .

2.7 Complete localization at sufficiently strong disorder

We are now ready to prove complete localization (i.e., at all energies) for sufficiently strong disorder using all the ingredients
at our disposal.

Theorem 2.20 (Aizenman-Molchanov 1993). Let H = —A + \V,, (X) be the Anderson model on (? (Z%) with X > 0
and { wy },cza an 1D sequence with common single site measure p which obeys Definition 2.8. If

2d :
o <02+>

then for any E € R there exist C,p € (0,00) and s € (0,1) such that

supE[|G (z,y; E +in)|°] < CeHlle—yll (J;, RS Zd) )
n>0

In particular, we have exponential decay of the fractional moments of the Greens function for all energies.

Proof. We begin by writing

(“A+ ANV —z1) R (%) 1
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for R(z) = (A 4+ AV — z]l)fl. Separating this equation to its diagonal and non-diagonal parts we find

(2d — 2 + dwy) G (z,y;2) = 0uy + Z G (7', y;2)
Raise this to some power s € (0, 1) after taking absolute values to find

12d — z + dwy |” |G (2, y; 2)|° = |62y + Z G (2',y;2)

z/~x
< <5xy + Z |G(m’,y;z)> o
Next, note that if a,b > 0 then (a + b)® < a® + b°. Indeed, we have
a+b > a
!
(a + b)s_1 < a7t

and so
a® =aa* ' >a(a+ b)s—1

Similarly b* > b (a4 b)*"" and so adding those two inequalities we find
a®+b* > (a+b)°

Hence

12d — 2+ Mwy|* |G (2,55 2)[° < by + Y |G (2, y52)[°

z'~x

Now take E[-] of both sides of the equation to get

E[|2d — z + Mz | |G (z,y; 2)|°] < Ouy + Z [1G (¢, y; 2

x/~x

(x— x® monotone increasing)

I

Now we want to integrate the LHS only over w, to get a lower bound. For that we need the explicit dependence of

G (z,y;2) on w,. Similarly to how we handled G (x, z; z) in Section 2.4, we find

4 g Py (=A)] T
(H=z1) " = [(—A) P, A
and hence
-1
Gayz) = |- [dww—2-3 3 (PrEP: - z]lpé);,; P, (-A) Pt (PLrHPS — z1p,) ' PE

y'~x 2~z

-1

Yy~ 2l ~ox

-1

’

y'~x 2 ~ox T/~

&

| M —2= 3 S (PrHPE - z]l,););,lz, [(—A) Pl (PLHPE - z]lpf)‘l]w

Mog—z— > S (PFHPF —zpy) " | N (BFHBS 215y

Again the particular form of this expression is unimportant, since we only care where w, dependence appears. In

that sense, we shall write

G @,y2) = ——B.

Ay — &
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Using now Lemma 2.17 we find then that, with M := in 2s+1

E[|2d — z + M|’ |G (z,y;2)|°] E [/ du(wx)|2d—z+)\wwS|)\wm—oz_sﬁs|w4
wzER

Y

AN ME [/ dp (wz) [Awgy — o] ™° ﬁs|w4
wz€ER
= XNME[G (z,5;2)’] -
Collecting everything together we have

NME[G (z,y;2)]] < Suy+ Y E[IG(@,5;2)] -

x/~x

Let us define g (z,y) := E[|G (z,y;2)|°] > 0. Then we have

(—Ag+ (MM — 2d) g)xy < gy -
Now from Lemma 2.15 we learn that if A> M > 2d we have exponential decay, as desired. O

2.8 Localization at weak disorder and extreme energies

Another regime in which localization may be established is at arbitrarily small A but at extreme energies. We first start
with a technical lemma
Using Lemma 2.18 and the Combes-Thomas estimate Theorem 1.18, we find:

Theorem 2.21. If A > 0 there exists some E.(\) € R such that if E > E. ()\) then there exists some s € (0,1) and
C,p € (0,00) such that

supE[|G (2,y; E +ie)|"] < Ce el (z,y €27 .

e>0

Proof. We start by writing the resolvent identity between the operators

H, = —-A+)\V,(X)
and
Hy = -A
It yields, at some z € C\ R,
Ry, (2) = Ro(2)+ Ro(2) (Ho— Ho) Ro (2)

= Ro(2) — Ro(2) \V, (X) Ry (2) .
Taking the z,y matrix elements, expectation w.r.t some s € (0,1) moment and using the triangle inequality, we find

E(IGw (2,5;2)]] < |Go (@,y;2)" + A° D Go (2, & 2)|" E [|ws|* |Go (2,45 2)|°] -
zezZd

We already know the dependence of G, (Z,y; z) on wz from our study of finite rank perturbation theory above in
(2.14):
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for some «, 8 € C which are independent of w,. Using the regularity condition (2.13) we then find

E(IGo (x,5;2)]°] < |Go(2,y;2)° + A°Ds Y |Go (2,3 2)|" E[|Gu (35 2)[°] -

zezd

Using now Theorem 1.18, assuming Re {z} ¢ o (—A), we find that there exists some ¢ (z) > 0 such that

Co@ua)l < FoyeniE -y (myez?).
Hence
E(IG, (z,4;2)°] < % exp (—sd (2) ||z — y||) + %Ds)\s Z exp (—sfid (2) ||z — Z||) E[|Gw (7, 9; 2)|7] -

zezd

Such a condition implies in itself exponential decay of E [|Gy, (z,y; 2)|"] if A is sufficiently small. Indeed, let us re-write
it as

f(.]?) = EHGw (x’y;z)|s]

to get

fl@) < Qelemvll Qxe D e lE—aly (g)

for some ) < oo and v > 0. Let us define

Wi(z) = exp(+&[z—yl)
K(z,y) = Qxe vl
g(z,y) = Qe vlz=vl

with which we verify:

sup Z K(xz,y) = sup Z QNsevllz—vll

d a
T€Z yezd reZ yezd
= QN § eVl
zeZ?
!
< 1

which implies

@l

A< (@ 3T el

zezZd

Moreover,

r = sup Z exp (+&||z — y||) QA*e eyl
zeZd yezd

is indeed smaller than 1 iff £ < v and ) is even smaller. Finally,

b = Z exp (+€]|z — y||) Qe *I* ¥l < 0.
zezd
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Hence Lemma 2.16 applies and we find

@) < o exp(~Elz—yl).

1

2.9 What about localization at the edges of the Laplacian’s spectrum?
The argument we presented just above manages to establish localization when
E ¢ o(-4)

essentially using the Combes-Thomas estimate for —A. It turns out that localization also holds for E € o (—A) but at its
fringes, but through a somewhat more intricate mechanism: very low density of states due to the so-called Lifschitz tails.
To better study this phenomenon, we need to study finite volume restrictions of H onto boxes

Ap:=[-L,L]"nz".

The boundary conditions don’t matter a lot, it turns out, so pick Dirichlet for simplicity. Denote by Hy, the operator H
restricted to £2 (Ay) with Dirichlet boundary conditions. Clearly Hy is just a finite matrix which has (2L + 1)% eigenvalues.

We do not show the full argument but just explain the mechanism which enables this other form of localization. The
full argument will be found in [ |, Corollary 11.6:

1. First of all, through a finite rank perturbation theory argument,
G (z,y;2)] < ClGL(2,y;2)]

and
|G (z,y;2)| < C|GL (0, Ley; 2)|

for some constant C' independent of disorder and independent of L.
2. Sufficiently fast polynomial decay of |Gy, (0, Le;; z)| implies that actually it has exponential decay.

3. Hyp, has very low density of eigenvalues at the fringes of o (—A). This is called Lifschitz tails.

2.9.1 Low density of states implies polynomial decay of Greens function

Fix some energy E € R, size of box L € N and § := CL~# for some C < oo and 3 € (0,1). Using the deterministic
Combes-Thomas estimate, we know that on the set of realizations w such that

QE, ) ={weQ|dist(c(Hy),E) >0}
we have exponential decay of the Greens function:
2
|GLw (0,2; E)| < 5 OxXP (=cdl|z|) (reAL,weQ(E,0)) .

Hence we get

E(lGLw (0,25 B)[]

IN

E[|GLw (0,25 E)|° xap.5)] +E [|GLw (0,2 E)|® xa(5.6)]
2% spy L 1ol
< S e (—esdlall) + E(Gr. (0.2 B)| )7 PIQ(E.0)]

for some p > 1 to make Hoelder work. To deal with E [|GL ., (0, x; E)|5pﬁ we use the a-priori bound Theorem 2.12 (which
necessitates p < ). Hence if we managed to show that

P{weQ|dist(o(H,),E)<CL P} <CL™ (2.15)
then we would have the estimate
1—1

E[|GLw (0, Lej; B)|°] < %Lﬁs exp (—esCL'* ) + C (C’L*a> :

which yields polynomial decay in L.
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2.9.2 Fast enough polynomial decay implies exponential decay

[TODO]: This proceeds by a finite rank perturbation argument.

2.9.3 The Lifschitz tails argument
[TODO]: Establish (2.15) for energies in the fringes of o (—A).

2.10 Complete localization in one dimension for arbitrary strength of disorder

In this chapter we show yet another mechanism of localization: complete localization in one-dimension. We largely follow
[ | in its mechanism but restrict our attention to the one-dimensional Anderson model instead of the random band
matrices treated in that reference. Another standard technique (which we do not present here) is the transfer matrix
approach. It is harder and gives less quantitative information, but it came beforehand, see | |. Tt is also more
robust.

Consider then

H = —A+\V,(X)

on ¢? (Z). To facilitate the discussion, it will useful to restrict this to [1, L] N Z and thus discuss the L x L matrix

2+)\UJ1 -1
-1 2—1—)\(,02 -1
Hyp = -1
2+ wp_1 -1
—1 2+)\wL

Furthermore assume also that w; has a standard Gaussian distribution (for simplicity):
exp (—m_ﬁ) dw, .
We have seen above that it is only necessary to study the corner element

Gr(1,L;E) = {(HL - E]l)*l} .

and establish that its fractional moment has exponential decay with L. Note that since we have a finite matrix we do not
need to go off the real axis to get an invertible operator: almost surely any given E does not hit an eigenvalue of Hj, so
we may contend ourselves to real E. Hence our goal is to establish

EIGL (LLE)] < e f
for some ¢ > 0.
2.10.1 Lower bound on fluctuations implies exponential decay
Let us begin with a remark about Hoelder’s inequality: For 0 <r < s <1 and Y > 0 we have
EY] < (EN)°.
We shall require a strengthening of this into

Lemma 2.22. Let0<r<s<1landY >0. Then

E[Y"] = (E[Y®])" exp (- /O ’ frys(q)Varq[log(Y)]dq>

where

fro (@) i= Smin({r,q}) (s~ max({ra})  (¢€(09)
and

var,(X) = B [X-E )], E =
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Proof. [TODO| O

If we apply this lemma on Y := |Gy, (1, L; E)| we find, using Theorem 2.12, that thanks to f,s (¢) > 0, it suffices to prove
Var, [log (|G (1, L; E)|)] 2 CoL
for some constant C; > 0 where ¢ € (0, s).

To get a lower bound on fluctuations, we shall use the basic

Lemma 2.23. Let X be a real-valued RV distributed according to a probability measure P and such that there are
some
0<a<a

and e € (0,1), B € (0,00) with which

P{IX[<a}] <BVPH{X>a}]P[{X < —a}]+e.
Then I—e

E[XQ]Z a”.
1+ 35

(SIS

Proof. TODO O

2.10.2 Factorizing the Greens function

Symplectic transfer matrices For the sake of completeness, let us first study the usual factorization, which is using
the transfer matrix. We have the eigenequation

HY = By
~Pr1 — Vo1 + 2d+ M) Y = Bty
1/114_1 = — (E — 2d — )\wz) ¢z — 7;[}.%—1 .
If we define ’
. x+1
Vo= [ v, ]

then we find the Schroedinger equation is equivalent to

[~ (E-2d— M) -1
= :

] U, 4 (xeZ).

We call the matrix

a transfer matriz. We note a few properties of it:
1. It has real entries for the usual Anderson model at real energies.

0 -1
1 0
probability preservation in quantum mechanics. The symplectic condition implies that its eigenvalues are symmetric
about the unit circle.

2. Tt obeys the symplectic condition A, (E)" QA, (E) = Q for Q = which ultimately is a consequence of

From the Schroedinger equation it is apparent that the product of many transfer matrices controls the eigenfunctions as
U, =A,(E)--- Ay (E)T;.

To understand better the decay and growth properties of these matrices, we study the Lyapunov exponents

V(E) = lim >log(|As (E)-- Az (B)|)

Tr—00 U
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where we note that due the symplectic condition, it is only the top singular value that is necessary to extract since the
bottom one is symmetric about the unit circle. By (abstract arguments we do not want to get into, see manuscript by
Lacroiz) we also have almost-surely

1(B) = lim ~Ellog (|14, (B) - Az (E)|)] -

It turns out that the Greens function can similarly be enlarged as

G(x,y; E) = {ng(; ;’%)E)]

in order to yield
Gr,y; B) = A (E)--- Ay o (E)G(y— 1,y; E) (z<y—1).

Thanks to this identity and the a-priori bound Theorem 2.12, after some manipulations it is sufficient to prove that
v(E)>0. (2.16)

Indeed, [TODO: explain how].

Establishing (2.16) is covered by Furstenberg’s theory [ | which shows that the Lyapunov spectrum of sufficiently
rich sequences of random matrices is simple and hence avoids zero by the symplectic condition. We shall not take that
route here.

The self-adjoint factorization Instead of the symplectic factorization of the Greens function, we instead factorize the
Greens function using Gaussian elimination.

Claim 2.24. We have
Gr(L,L;E) =TT}

where
Fl = )\w1 —F
T, = X—-E-T;} (j=2,....,L).
Proof. Consider Hy,_1 as an L X L matrix with 0 added:
H; 160.

Then the resolvent identity yields
(Hp—21)"" = (Hp_1®90—21)"" + (Hp_1 90— 21)" " (Hy_1 ®0— Hp) (Hy — 21) " .

But now, take the 1, L matrix elements. Since Hy_; @& 0 does not couple the site L with the ret of the matrix, that
matrix element will be zero. Hence

L
Gr(L,Liz) = Y {(HL,1 ®0— zﬂ)—l} (Hi ®0-Hy);, G (kL) .
jk=1 7
Moreover,
0 0
0 0 O
H, ,0-H, = 0o -
0 1
1 —(2+)\UJL)
and [(HL,l d0— 211)71 = 0 if j = L, whereas by the above, (Hp_1 @0—HL)jk =0if j < L —1 but then
2J ’
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k = L, so we get

GL(L,Liz) = [Hpae0-20)7'|  Gu(LLi2)
= Gr1(1,L—-1;2)Gy (7L7L;z) .
Iterating this identity L — 1 more times we find
GrL(L,L;z) = Gi1(1,1;2)---Gp1(L—1,L—1;2)GL(L,L; 2) .
Hence, let us define
Ly = G;(j,42)7

Let us now use the Schur complement formula Lemma 2.11 on H; (decomposing C/ = C/=! & C) to find

. . _ L
G;(4,5;2) = ()\wj*Z*Gj—l(]*L]*l;Z) ) :

2.10.3 The change of variable argument
Since the numbers I'; are also real, we make a change of variable
wj = Fj .

Since the dependence of the I'; is only on the past, the determinant of the Jacobian is identity and we find now the
distribution of the random variables

exp(—FE ([))dly ---dTg,

where
L
ET) = mA[C+E)?+ma 2y ([ +E+T7)°
j=2
and
X = log(|I7'---T7Y) -

Let us define a collective change of variables on {I'; }, as follows
I = exp (£0F)) T (j=1,---,L)
where §, F; are to be determined. Then

X* = log(rf ' 1571
= X 46F

with F":= 3", F;. Moreover, we also have

1 1
X=-Xt+_-X".

2 2
We are interested, thanks to Lemma 2.23, in
|Y| < «
|X —Eq [X]] < @
E, [ X]—«a <X< E, [ X]+a
E,[X]—a <XTF6F< E/[X]+a
E; [ X]£0F —a <X*< E; [ X]|£0F +a
+0F — « < XE< +0F + «



Finally, we estimate

P {|IX|<a}nM] = ~ /FERLOM eqX—E(F)X{ I¥|<a} (DL
We now make the following replacements in this integral
L X=3XT+3X".
2. RD):=iETH)+LiET")-E(D).

3. X{|X|<a } (I) = \/X{ §F—a<XT<6F+ta} ) X{ 6F—a<X-<-6F+a} ().

4. If ny : T+ TF then let J* := |det (Dn*F)| be the Jacobian.

i ; |er(y 1
With all of these, we get, with Rys = ||e \/WHLoo(M)’
(Xl <abnar) ghm = [ @0 ] ey 07
q = E [eaX] rens e {o0F—a<X7<osF+a} Jo

< RM H \/eng—E(FU)X{ 06F—a<X°<o§F+a } (F) JodI'

reM
ce{+}

Cs

< Ru H / eqXLE(FU)X{ 0dF—a<X7<o6F+a } (I') Jodl'
se{ 4}/ TEM =0 =

Now we would like to apply the change of variables formula, but the set
{SF—agﬁgéF—i—a}
depends in a complicated way on F, and through that I". Instead of using that, we note that this set is a subset of
{ 1) i?/[f F-a<X*t }

and similarly for the other sign. Hence this set is defined non-randomly, and we may apply the change of variables formula
to get

Pol (X <a}nnr] gy < B | TT [ e 500 g ooy DT
ce{+}
where we have applied
/ fon.J?dl' = /de‘.
RL
Finally, we estimate
P [{[X[=a}] = P [{|X[<a}nM]+P,[{[X|<a}nM]
and
- L I P
PQ[{|X|§O‘}QM} = E [erX] :
Now,

2q

E [eqx] > E[e%X} s

Let us further assume, by contradiction, that
E l:e%X} Z ech

since if that is false then we are anyway finished with localization. Hence, as g € (%, s) we have

E [eqX] > e~ eHL
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For the numerator we have

E [X{ |X|<a }mMCeqX} < \/E [e20X] P [{ ]Y‘ <a } ﬂMc]

E [e20X] P [M]

IN

< Cy/P[M¢]
where in the last step we have invoked the a-priori bound Theorem 2.12. Combining everything together we find
P {[X<a}] < eroy/PIMT+

+RM H / eqX_E(F)X{ odinf s Ffagy} (F) dr.
O'E{ i} rrem

It is readily seen that this estimate is of the form Lemma 2.23 if we can arrange that:
1. Ry is bounded in L.
2. e¥LC VPIMe] < z.
3. infpr F > oL for some fraction ¢ € (0,1) independent of L.

To fulfill these, we need to ask that

dpL —a =2«
which fixes § as
s = 3a-31
oL ¢VL

2.11 Consequences of the fractional moment condition

2.11.1 Decay of the Fermi projection

Theorem 2.25. For a given random operator w — H,, for which

supE[|G (z,y; E +ie)|)] < Ce#lz=vl (z,y € Z2%)
e>0

we have

E (|8 Xy (B[] < Gl (nyezt).

Proof. We know that almost surely E is not an eigenvalue of H (... TODO, explain why). Then we may use the
contour formula

X(—o0,E) (H) = %R(z) dz

= omi

where the contour is a rectangle with vertices on the complex plane given by
{-IIH|-LE -1, E+i,—|H|+1i}.

It passes through E vertically and otherwise passes through another vertical line below —| H||. Thanks to the
Combes-Thomas estimate Theorem 1.18 we only need to obtain exponential decay estimates of the vertical line that

passes through E:
1 1
— R(E +ie)de.

27T e=—1
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Taking the x,y matrix elements we get

1 [t .
’ (oo (H)],,| < 5= : |G (z,y; E + ic)| de + other legs
E=—

1 ! . s . 1—s

= o |G (z,y; E +ie)|° |G (z,y; E +ie)| " de+ -
2m e==1

< L[ GepErior ——d
o5 T,Y; )| —g—gde

= 2m Jo_ g le|'~*

Now we take expectation and we find, using Fubini’s theorem and the trivial estimate
. =il
|G (z,y;2)] < R ()] < (dist (2,0 (H)))

that

E H [X(=o0,m) (H)]

Ty -

1
1
e E (G (3 B+ 16)] sl
5 &
! 1
< / ——de sup E[|G (z,y; E +ie)|°]
e=—1le|" 7" eel-1,1]

2 s
= = sup E[|G(z,y; E+ie)|’] .
S e€[-1,1]

2.11.2 Decay of the measurable functional calculus

Theorem 2.26. Let A C R be an interval on which the second moment condition (2.3) holds for every energy E € A
for some random Hamiltonian w — H,,. Let By (A) be set of measurable functions f : R — C which obey: (1)
I flloo <1, (2) There are two constants C,Cy € C such that f(t;) = C; for all t; < inf A and for all ty > sup A.
Then for any interval A C A there are constants C, p € (0,00) such that

E sup |(0z, f (H) dy)]| < Ce Hlz—vl (:v,y € Zd) .
fEBl(A)

Proof. [TODO: finish this proof] Pick some interval A such that A C A C A and let g : R — [0,1] be some smooth
function with the following properties:

1. g restricted to A is 1.
2. g restricted to A€ is 0.
and let us note that the function f (1 — g) is zero on A and constant otherwise. As such the operator
f(H) (L —g(H))

is a multiple of the identity below and above A and hence its matrix elements are proportional to d,. We thus need
only concentrate on h = fg which is supported within A, the interval where (2.3) is obeyed. To that end, let us

write
h(E) = /EEAh(E)6<E—E)dE
= Jim [ (£)o, (B~ E)aE

)
= lim h (E)

n—0" JEeA



Hence, by the functional calculus, replacing E with H in the above equation yields a strong limit of operators whose

matrix elements are given by

3

m{R(z)} = o [R(z)-R()]
1 -
— - [R()-RE)]
1
= S[R()(E-2)RE)
= —Ilm{z} R(2)R(Z)
Taking now the matrix element
1 o) 1 = =
h(H)wy = nllg)l* EeAh(E)Wigzsz<x,x,E+1n)G<m,y,E
So that
. n
o] = elamtf, 5ol selofens
..o n
< I;Hiélif;E /EA~Zd xxE—l—ln)HG(my,

I/\:

C.S
liminf LE / Z ’ T,T E—i—ln)‘ ‘G(m y; B
n—0t T EeAiEZd

2.11.3 Almost-sure consequences

lIlm{G(m,y;E—i—in)}dE.

in) dE

177) ‘ dE

177) ‘ dE

177) ‘ dE

One thing that will be useful for us in the sequel will be the following almost-sure consequence

Theorem 2.27. Let { A; },¢;
such that there exists some C, p € (0,00) with which

e [supl6., 41| < cerll (nyez).
el

be a sequence of random operators (for I countable or uncountable) on 2 (Zd) ®Ccl

Then almost-surely, for any i’ € (0,p1) and any a € £* (Z%) there exists some (random) C, < 0o such that

1
sg?||<5x714i6y>|| < Cop meXp(—u’Hw -yl (zyez?.
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Proof. Let a € ¢* and 1/ < p. Then by the Fatou’s lemma, the following expectation is bounded from above by

E[ S supll(de, Aid,) e 171 | ()]

|z,yezd s

= E|I 8y, Ai8,) et ==yl
Jim o Y supl(3, Aidy)lle ja ()]
z,y€BL(0)NZd

Fat ’
<" liminfE Y supll(Ea, Aidy) et 1o g (a))
L—oo iel ‘
z,y€Br (0)NZd

= liminf Z E [sup”(éz,Ai(Sy)@ et le=ull g (z)|

L—oo g
zyeBL(0)nze €l

hypo /

= T —(p=p") ==yl

< 1Lni1£f E Ce la (z)]
z,y€BL (0)NZ4

- ¢ Z e~ (r=t)llz=vll g (z)]

z,yezZd

C(M_M/7a) .

IN

We find that the function

w =Y supl(d, Aid,) e I o (@)
wyezd i€l

is an integrable, non-negative function. As a result it must be finite for almost all w. I.e., there is some random
constant w — D, < oo such that

> supll{8, Aidy) et 17 a (2)] < D,
zyezd el

for almost-all w. Thus, however, implies thanks to non-negativity, that for any z,y € Z¢,

sup|| (8, Aiy) et 1+~ a ()]
el

< Y supll(ds, Ay e 17 fa (@)
&,gezd €1
< D,
and so
1 g
o 5m,A15 < Dw767H llz—yll .
iel;ll( wll < @ @)

2.11.4 The SULE basis

Definition 2.28 (SULE basis). A semi-uniformly localized basis for a vector subspace V C # = ¢? (Z%) ® CV is an
ONB { ¢y, },,cn such that there is a sequence of “localization centers” { z,, },, € Z% such that for any a € (' (Z4 — C)
there is a Cy, € (0, 00) such that

1

- Hx—mnﬂ
Hwn (l‘)” S Cae " |a(xn)|

(zxez'neN). (2.17)

This notion was originally defined in | ]
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Claim 2.29. The localization centers { x,, }, .y of a SULE basis of some vector space V' C N obey

S x>0,

d+e
nen (1 [[zn])

Proof. Let € > 0 be given, and decompose the sum using

1= x¢ky (lzal)
k=1

to get

1
Zﬁ = ZZX{H A T ” n”)d+s

N (L4 [zl neN k=1
= D ZX{H lznll) —— 7=
neN k=1 ( )
= Zl{neNlean—k}l e
k=1 (1+ )
= 1
= (HneN|lzn)| <k} —-HneN||an| <k-1}) ——7F.
= (1 +k)d+5
Let us thus derive upper and lower bounds on
N>L — [{neN]||z,| <L} .
For the upper bound, let us study, for any L € N and § > 0,
3 on (@)
nEN:”ajf"En”Z‘s(HInH+L)
Thanks to (2.17) we get
1
lon ()7 < Cpe#le=onl —~— (zeZ%neN).
la (z5)] ( )
In particular taking a (z,) = e~¢l#»Il for some & > 0 yields
|on (9v)|2 < Cge_“”””_“;””%‘l““ (z € Zine N) .
But now, if ||z — @[l 2 6 (|2all + L), then
1 1 1
e~ all > Slle — all + 6leall + 36
whence
2 — T—T, Ty
Z lon (@) < Z Cge 2ul| I+2€] @]
neN:|lz—zp | >8(|lzn|l+L) neN:[lz—zn || >6(|lznll+L)
= Z Cgcfﬁl\r*rnl\%mlzn\I*5#L+2E|\wn|\

neEN:|lz—zn ||>6(||zn | +L)
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Choosing & = 1u yields
> |on (2) ] > %; e

neN:|z—azn | 26(l|lzn||+L) neN:(|lz—z, || 26(|lzn||+L)

Ciéue—tsuL E e~ Hlz—znll
2
nEN:|lz—z4 ||>6(||zn || +L)

_ 2 —ouL —pk
C%[sue E e
E>5(llznll+L)

2 —ouL —uk
< C%Me E e
k>5|2y ||

IN

IN

_suL eh—ndllzal
et —1

= 3, e~tub-udleall,
0H1

_ 2)
= C%Me

We conclude o
2 — — x,
> [on (@) < CF 5 e 0wEmrollznll, (2.19)

neN:|lz—zn |26 (lenll+L)

Next, assume that ||z, || < L and ||z|| > (1 + 20) L. Then

el = llza
(1+20)L—L
20L

5(L+ [l -

|z — @l

(AVANIY)

Y

This implies that for ||, | < L we get

Y len(@I® > lpn ()

llzl|>(1+26) L lz—zn || 26(L+]lzn )

IN

e_(SFLL_HéHan

IA
Q
0

IA
Q
- O

Next, since [|¢,||> = 1, we have

and hence
Z |SO” ($)|2 = 1= Z |§On (l‘)|2
lzll<(14+26) L lz||>(14+28) L

-
1 C%Me .

IV
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But also, D, N ¢©n ® @}, is the self-adjoint projection onto V, so in particular,

<5x,2wn®go:;5x> < 1
neN
i
> len (@) < 1
neN
I
Y Slen@P < Y 1=@a+2)L+1)".
llz||<(14268)L neN lz||< (14-268) L

This last equation yields

ea+2)L+0* > Y Yl @)

llz||< (1+28) L neN

> Y lea@f

[|z]|<(1428)L neN:||z, ||[<L

> Yo len@l’

neN:||z, ||[<L ||z||<(1+26)L

z, (=)

neN:||z, || <L

{neNllzall < L} (1- C3,e7%E) .

Y

In particular we find some C' € (0, 00) with which

IN

— —1
d —ouL
{neN||z.] <L} (2(1+26) L+ 1)* (1= CF, e™F)

< CL*  (LeN).

~

We now turn to the lower bound. Using again the fact that »_ _\ l¢n (z)]* < 1 we sum up this inequality for
lz|| < L to obtain

2L+1)* >

Theorem 2.30. Let A C R be an interval on which H has simple pure point spectrum and on which H exhibits
localization in the sense that its bounded measurable functional calculus exhibits decay in the deterministic sense

of Theorem 2.27 applied to Theorem 2.26. Then there exists a SULE basis to the space im (xa (H)) consisting of
eigenfunctions of H.

Proof. Since x{ 3 is a bounded Borel function on A, we conclude that

1
la ()]

| (xony @),

‘ < O e Hlz—yl (x,y c Zd) .

Now, all eigenfunctions are of finite multiplicity, so

tr(X{A}(H)) < 0.

Hence
2452 || Oeray () | < o ((xgry (H)),,,) = 6o

is a summable sequence. Let xg € Z¢ be the point where a, attains its maximal value and let vg € CV be [Jvg] = 1
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with

Define then

Then

(x(xy (H)),,, vo

ﬁ

Az,

— (Hxqxy (H)),,, vo

= (Mxgay (H)),,, vo

Hence, Hy = A and moreover,

ll® = >l @)

2

(x(ay (H)),,, vo

NS

= (vo, X{ 2} (H) 2o Vo)

Zo

x

If
=

Moreover,

IN

max |(d, ® v, X( ) (H) dr, ® v0)|

llvll=1

max |(xq ) (H) 8 @0, x(x} (H) 8z @ v0)]

llvl=1

Vs /az,

Qg -

Ix¢ 2y (H) gy vo|

IN

[VANVAN

Hence

X

V | Gy (), 0

Qg

1 emulo—aol L
U, la (zo)|

X /g

1 1
ao,)} ([ Cuerllz=aol .
(020) \/ & o)

Now apply the process again to x1xy (H) — 1 ® ¥* whose rank is smaller by 1 compared with x x1 (H) we obtain
the result by induction. O

1@ < \/H L (xgry ()., v

IN

IN

2.12 The physics argument for delocalization

[TODO]
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Fermi projection

Figure 1: The topology of two-dimensional periodic two-level insulating systems.

3 Topology in condensed matter physics

In 1979 von Klitzing conducted an experiment | | of the Hall effect which is nowadays considered famous and won
him the Nobel prize. Explaining this experiment has led condensed matter theoretical physicists down a rabbit hole which
is by now known as “topology in condensed matter physics”. We shall go on to describe the classical and quantum Hall
effect in detail, but let us briefly describe the gist of the idea.

It turns out that there are certain ezotic materials (e.g. 2D Gallium Arsenic) which exhibit macroscopic stability of
certain physical observables (e.g., electric conductivity). This macroscopic stability is manifested in two ways:

1. It is quantized in appropriate physical units to a discrete additive group (e.g., Z or Z3). This is an example of a
macroscopic quantum mechanical effect.

2. Tt is constant with respect to various experimental tweaks (e.g. doping, impurities, etc).

To explain this experimental phenomenon from the theoretical point of view, one is led to the following general mathe-
matical program:

1. Define a space of quantum mechanical Hamiltonians & which describe the space of all models for materials.
2. Define an ambient topology Open (§) on this space.
3. Define a continuous map f : & — G where G is a discrete additive group. It is automatically locally constant.
4. To connect f to experimental physics, exhibit f as a physical observable associated to an element H € &.
5. Bonus: show that f is a complete invariant, i.e., show that f lifts to a bijection
fimo($) = G
where g (8) is the set of path-connected components of 8, defined via Open (§).

This is one way to think about the mathematical theory of topological insulators. Of course there are many additional
facets to it. Another important aspect is the bulk-edge correspondence: the fact that the geometry of the sample (whether
it has a boundary or not) describes different physical effects, different experimental observables, and different topological
classification. Despite all of these a-priori differences, it turns out (this is the bulk-edge correspondence) that if one starts
from a bulk system (defined on an infinite, boundary-less geometry) and truncates it to have a boundary, then these
various aspects agree.

Example 3.1 (The topological classification of periodic systems leads to vector-bundle K-theory). To illustrate our
point above, let us briefly explain the situation in the context of periodic systems as in Definition 1.7. These systems
are not realistic from the physics point of view, but their analysis reduces to classical algebraic topology and in that
sense it is appealing. We have seen above in Proposition 1.27 that any periodic

H=H"e®(*(z") oC")
stands in one-to-one correspondence with a symbol
h:T? = Hermnyn (C) = RN

via
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Altland-Zirnbauer Symmetry space dimension
A7 (C] = II 1 2 3 4 5 6 7 8
A 0 0 0 o z o0 zZ2z 0 Z 0 Z
AIIl | 0O 0 1 Zz 0 zZz 0 Z 0 Z 0
Al 1 0 0 0o o0 0 Z 0 Zy 2Zy Z
BDI | 1 1 1 Z 0 0 0 Z 0 Zy Z
D 0 1 0 Zy, Z 0 0 0 Z 0 Z
DIIT | —1 1 1 Zy, Zo Z 0 0 0 Z 0
All | -1 0 0 0 2, 2, 2 0 0 0 Z
cir | -1 -1 1 Z 0 Zy Zo, Z2 0 0 O
C 0 -1 0 0 Z2 0 Zy Zo Z 0 O
CI 1 -1 1 0 0 Z 0 Zy Zo Z O

Table 1: The Kitaev table of topological insulators. The entries indicate only the strong, i.e., top-dimensional, topological
invariants.

Moreover, the Riemann-Lebesgue lemma Theorem 1.14 implies that h has a certain regularity due to the locality of
H. In particular if H is exponentially local as in (1.2) then h is analytic. Let us suppose for convenience that H is
as local in such a way so that h is continuous (if we insisted to proceed with h analytic we could also just use an
approximation theorem, e.g., see | |. E.g. the Whitney approximation theorem says that for smooth manifolds
X and Y (with 9Y = @), any continuous map X — Y is (continuously) homotopic to a smooth map X — Y'). Hence
we see that (vaguely) local periodic Hamilotonians stand in one-to-one correspondence with continuous maps

h:T¢ — Hermpyyn (C) = RN .

Since we are dealing with continuous maps there is a natural topology induced on the space of such maps, which is
the compact open topology. This topology in our case is induced by the metric

[l == ksél_ll_)dHf(k)“MatNxN(C)'
Clearly with no further constraint we find that the homotopy classes of such maps are trivial:
7o (periodic local Hamiltonians) = {Td — RNQ] ={0}.

To find something interesting, let us further suppose that our systems are insulators, by employing the gap condition
(we have seen in Remark 1.67 that if H is gapped at EF then the zero-temperature conductivity is zero o;; (Er) = 0).
So let us fix Ep = 0 and always assume that 0 ¢ o (H), which means at the level of the symbo

0# E; (k) (j=1,....,N; keT%

where E; (k) are the energy eigenvalues of h (k). This is still not enough because if we always have all the spectrum
above zero or all the spectrum below zero then we don’t expect we should be able to deform between these two
scenarios without closing the gap. Hence we need to restrict to the case when there is spectrum both above and below
zero, so the most interesting case is apparently if

El(k)gSEm(k)<0<Em+1(k)§SEN(k)

Le., if the gap is precisely in between the mth and m + 1th level for m = 1,..., N — 1. We would then divide the
analysis based on the value of m. We ultimately find our space of Hamiltonians stands in one-to-one correspondence
with

h:T% = Snom

where
Snm i ={M e Hermnxn (C) | Ay, (M) <0 < Apg1 (M) }
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and where \; (M) is the jth eigenvalue of the matrix M in ascending order. We identify that Sy ., has a deformation
retraction which is the Grassmannian manifold: the space of m-dimensional vector subspaces within CV, denoted by
Gr,, (CN ) Indeed, this is obtained by considering the straight-line homotopy

[07 1] St (1 - t) M+ (7X(—oo,0) (M) + X (0,00) (M)) .

As such, we now find that the space of periodic local insulators at Er = 0 which are gapped after m levels stands in
one to one correspondence with the space of continuous maps

T¢ — Gr,, (CV) .

For example if d = N = 2 and = 1 we find
T2 — Gry (CQ) =

This last homeomorphism proceeds by writing any rank-1 projection which is a two-by-two matrix using the Pauli
matrices times a unit vector. We thus arrive at a picture as in Figure 1. It turns out that because S? is simply-
connected, the one-dimensional loops that generate T? are unimportant and

T* =8 =[8* 58| =m(S?) =2

the last bijection being the degree of the map. In fact in we shall see that this degree has the physical interpretation
of the Chern number. We also see that if d = 1 then we get for the case m = 1, N = 2 (with T! = S!)

[S' =8 =m (s?) {0}

since the sphere is simply-connected. This somewhat explains why one-dimensional insulators (with no further sym-
metry) are trivial whereas two-dimensional ones exhibit the non-trivial integer quantum Hall effect.
To proceed further one should allow N to be arbitrarily large (these levels are unoccupied anyway). Doing so
lands us with
[T? = Gry, (C)] 2 Vect,, (TY)

the isomorphism classes of rank-m vector-bundles over the base space T¢. This is because Gr,, (C*) is the classifying
space for vector bundles. At this stage one may employ Atiyah’s K-theory | |, the classification scheme of vector-
bundles. K-theory yields a stable and relative classification of Vect,, (Td) (apparently the space of periodic local
insulators at Er = 0 which are gapped after m levels) whose result is

Ko (T%) = z*°
However, only some of these copies of Z are “top” dimensional and the rest are called weak (they explore only lower
dimensions of the system). It turns out that if one counts only the top dimensional copies of Z one obtains

z d € 2N
{0} de2N+1"

KO (Td)top dim. = KO (Sd) = {

Furthermore, one might want to take symmetries into account (which would means working in an equivariant
version of Gr,, (CN ); e.g., time-reversal symmetry on Fermions implies a quaternionic structure on Gr,, (CN ) which
the maps under homotopy should respect). In this case one is led to real K-theory. All together people have worked
out a whole table of topological insulators, which Kitaev organized | ] in a periodic way patterned after K-theory
and the Clifford algebras | ]. Tt is depicted in Table 1 and we shall get back to it later on to explain the various

symmetry classes in detail.

We begin the discussion from the important case of the Hall effect and later on we shall return to this abstract program.

3.1 The classical Hall effect

The classical Hall effect is the phenomenon that two-dimensional electrons in a constant perpendicular magnetic field
exhibit a transversal current. To measure the current, one applies an electric field in one direction and measures a current
in the transversal direction.

Let us derive this:
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3.1.1 Classical motion in constant electric and magnetic fields
Classically, the equations of motion for the trajectory of an electron 7 : R — R? are given by

¥=E@)+7AB(»)

where E : R? = R is the electric field and B : R> — R? is the magnetic field. For more generality, let us also add a friction
term

Y=EM+yAB()+ry
for some r € R (related to the resistance of the material). Since we are running an experiment where we want a constant
perpendicular magnetic field, we choose

B (JJ) = Bges (.I S R2)

where By > 0 is the magnetic field strength. Furthermore, the experiment is set up with the electric field in some direction
within the plane. For simplicity we pick the easiest case scenario, which is a constant electric field too, so we just have

E(Z‘) = FEper (l‘ S R2) .
Since v only has components within the plane, we can already find that

YAB(v) = (Y€1 + Y2e2) A (Boes)
= —DBop¥ie2 + Boaer .

We find the equations of motion given by

Y1 = Eo+ Boy2t+rin
Y2 = —Boynnt+riy2.
This may be written as
. 0 1. . Ey
¥ = By {_1 0}7+r7+ {O} .
It will be algebraically easier to re-cast this equation as v : R — C instead, so that in those coordinates we have
¥ = (r—DBol)y+ Eo
whose solution is
Ey -
t) = ————t+erTiBig 4 tcR).
v (t) 1By +e 1+ Cs ( )

where C1,Cs € C are two constants. We write them in terms of the boundary conditions which yields

v(t) = —%t + (e(’"iBO)t - 1) <<r _Ez;o)g +o jiBOV (0)> +7(0)  (teR).

We conclude that:

1. If r = Ey = 0, then we have simply circular motion:

1 .
Y1) = g (e = 1)5(0) +7(0)
0
1 iBot 1
= i— 0 0)—i=—%(0
e (0) +7/(0) =i (0)
the initial position of which is
1
7(0) - 1]3707(0)
and the radius of motion is )
17 (0)]
By

2. If r = 0 and Ey # 0 then there is an overall drift motion, on top of the circular motion in the direction of the
negative vertical axis.

3. If r = By = 0 we get the free Newton equations which yield

v(t) = ﬂ@+&@ﬂ+%%¥.
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3.1.2 The classical hall conductivity

Now we imagine that the electric field is applied and the system is allowed to relax. As this happens, more and more
electrons accumulate on the two upper and lower vertical edges of the sample. Suppose it has width w. Then such an
accumulation will continue until the external magnetic field is balanced with the voltage building up, at which point we
will reach equilibrium, and the forces are equal:

—(r—1iBg)% = Ey. (3.1)
Moreover, the two-dimensional current density is
Jo= ny

where n is the charge density, and we have the basical Ohm’s law

j=0F
where o is the conductivity matrix (for us a complex number) and so putting these two together we find
1
E=—n%y.
o

Comparing this with (3.1) we find
1
—n = —(r —iBy)

o
or
n
0= —-
—(r—iBy)
We conclude the following:
1. If Bp = 0 then 0 = — which makes sense, since r was related to friction, hence resistivity, and thus it is real.

Moreover, it diverges as r — 0, of course.

2. If By # 0 then o does not diverge even as r — 0. Indeed, it becomes purely imaginary (i.e. it corresponds to
transversal conductivity. We define

. n
OHall = —}1_1)1% Im{c} = By

Le., it is the off-diagonal matrix element of the conductivity matrix. We see moreover that the longitudinal conduc-
tivity (the diagonal matrix elements) is zero (of course) when r = 0.

In conclusion, from this classical calculation we expect

OHall

to behave linearly as n, the density of electrons, is increased.

3.1.3 Conductivity versus conductance in two-dimensions

TODO

3.2 The quantum Hall effect

Our goal now is to repeat the above calculation of the Hall conductivity within a quantum mechanical framework. We
choose to work with non-interacting particles since that already yields some non-trivial results.

The easiest generalization to quantum mechanics of the model above (already with the limit » = 0) leads one to the
Hamiltonian on L? (RQ) given by

H = (P-ByA(X))?+ EyX;
where P = {gl} is the momentum operator, X = {?1} is the position operator, and A : R? — R? is the magnetic vector
2 2
potential which corresponds to a constant magnetic field via
curl (A) = e3.

There are two common choices for A: the symmetric gauge which is A (z) = %63 Az and the Landau gauge A (x) = z1es.
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3.2.1 Explicit diagonalization of this Hamiltonian

We choose the Landau gauge A (z) = z1e3 so that we have
H = (P-ByXies)>+ EyX;

= P!+ (Py— BoX1)* + EoX;.

Since this Hamiltonian does not depend on X5 it makes sense to perform partial Fourier transform along the 2-axis so as
(3.2)

to obtain
H(ky) = P2+ (ko — BoX1)®>+ EoXy.

We complete the square on X; to get
R 2 B\ 2
H(ky) = P2+ (BoXi—hot oo ) —(ko— —2) +i2
2B,
Ey \° Eo

P+ ( BoX1 — ko + —- —ky— —
1+< 0X1 2+2Bo> + 2~ 1p?
ks Ey\° E E2
2+0> Eo, _ Eo

= P12+Bg <XlBo 252
0

This operator in turn may also be diagonalized: it is merely a 1D harmonic oscillator whose origin has the transformation

X, = BoX; —ky+ 2
0X1 2+2BO

X1
and which is also shifted in energy by
Ey E?
7k2 - 72 .
By 4B;

Since we are applying the current along the 1-axis, to calculate the Hall conductivity we should calculate the expectation

value of the velocity in the 2-axis (perhaps per unit area), i.e.,
tr (Ppi [H, Xo] X[~ 1,,2.) (X1) X[~ L2,12) (X2))

Vo) = i
< 2>F L1,Igri>oo 4L1L2

Here, Pp is the Fermi projection
X(=o0,Ex) (H) -

Pr

Since we have moved to momentum space, we should perform the partial Fourier transform also in this calculation. In

momentum space, we have

(X[~ 1,10) (X2)) (K, p) / ei(kw2_pi2)x[—L2,L2] (22, Z2) daodis
Zg,iQER

/ eiUC_ID)MX[—LQ,LQ] (x2) dzo
r2€R

2sin (Ly (k — p))
k—p
P22 5 (k — p) in distribution.
This then yields,
W = ) (e (7089 () 100
1 ~
/ dk2trL2(R ) (X(foqEF) (H (k2)> (kZ - BOXI)X[le,Lﬂ (Xl))
k2€R o

- Ll,lll,f[imo 2L1L2
(05 (k) , (k2 — BoX1) X{—L,,24) (X1) ¥; (k2>>Lz(RT )

dk
fonte 2

= lim
Ly,Ly—oc0 2L1L2 .
JEN>0:E;(k2)<EF
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where Ej (k2) and 1; (k2) are the eigen energies and eigen wave-functions of the ks-dependent 1D harmonic oscillator
given in Section 3.2.1. The energy levels are given by

Ej(s) = Bo@j+1)+ - E8 (&N
j(k2) = 0 (27 Bo 2 152 J >0
and recall that ko € R. Hence
E; (k) < Ep

means

Va)p = Q/k edez > X(B(k)<Be (U5 (k2), (k2 — BoX1) 1), (k2)) L2 (r, )

x
JEN>o

2y /I%R dkaX( (k) <Br ) (V (K2) s (k2 = BoX1) 5 (k2)) 2 (g, )

JEN>o

dka (45 (k2), (k2 = BoX1) ¥ (k2)) 2 (r,, ) -

2 /
B E BZ .
jENso k2 S Eg Brtapg — 5y (27+1)

Since all the states are normalized,

<wj (kQ)ka'(/}j (k2)>L2(R ) = ko

Ty

whereas by the centering we choose,

(W) (k) BoX1thj (k2)) par, ) = ko — 2%00
so that
Ey
(W5 (k) s (k2 = BoX1) Wy (ko)) pa(r,,) = 5.

As such we find 5
0
(Vo)p = Eo/f . dka > X{ B (ka)<Er } -
2

JEN>o

This expression is now obviously infinite, but (this is the part of the argument that is hand-wavy) we recognize

Z X{ E;(k2)<Er }de

JEN>o

as the differential density of states, which (at least according to the calculation for the Landau Hamiltonian) should
correspond to % for each Landau level included. Since it’s not clear how to make sense of this for the present Hamiltonian
we proceed instead using a perturbative argument. I.e., since in the experiment By > 1, we treatment Fj as a perturbation.
As such, let us solve the case Ey = 0 first, which corresponds to the famous Landau Hamiltonian.

3.2.2 The Landau Hamiltonian
We now study the Landau Hamiltonian, which is the operator on L? (RQ) given by
H = (P-bA(X))’ (3.3)
with A : R? = R? the magnetic vector potential corresponding to
B =curl(4) (z) =e3.

There are two basic choices for the gauge of A:
. 1| —22
1. Symmetric gauge A (z) = 5 [ }

1

2. Landau gauge A (z) = x1e5.
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Let us choose the symmetric gauge and diagonalize the Hamiltonian.

Let B € R be given. Then we define A(z) := 1Bez A x for all # € R? (symmetric gauge). One verifies that

curl (A) = Begs (i.e. constant magnetic field).
Then

H = (P-AX)’
1 2
(Recall the angular momentum L = X A P)

B2
= P2+—IX2—BL3

Solution Define

7z = X1 +1X2

!
75 = X, —iX,

Note that Z is not self-adjoint but normal, as [X7, X2] = 0. Also note that
1
Re {Z} = B (X1 41X + X7 —i1X>)
= X3
and

1
= X2

z? = z*z
= (X1 +1Xy) (X1 —1Xy)
= X{+X3
= X2

We also define
D::%@—@)
so that
D = L(R+iP)
Again D is not self-adjoint but normal as [Py, Po] = 0. We calculate
1 /i _ i

Re {D}

= Y —ip,— P —iPy)

Im{D} = 1<%au@+;gaﬁg0
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D> = D*D

i . i .
= —§(P1 +1P2)§(P1—1P2)
1 . .
= Z(Pl +1P2) (P1 —IPQ)
1
= 1 (P?+ P5)
— EPQ
T4

and finally

L3

X1P,—XoP
2(Re{Z}Re{D} — Im{Z}m{D})

= 2(;(Z+Z*);(D+D*)—;(Z—Z*);(D—D*))

1
= 3 (Z+Z")(D+D")+(Z—-Z")(D— D))
1
= 3 (ZD+ZD*+Z*"D+ Z*D*+ZD — ZD* — Z*D + Z*D*)
1
= 3 (ZD+ Z*D* + ZD + Z*D")
= ZD+ Z*D*
We find that, using the fact that
D,Z] = %(P1 —iPy), X; +iXs
i
= 5 [P1, X1] + [P, Xo]
——
= 1
that
Ls = ZD+ Z*D*
= 2Re{DZ}-DZ+ZD
= 2Re{ZD}+[Z, D]
= 2Re{ZD} -1
so that finally,
BQ
H = P2+TX2—BL3

82
= 4|D]* + o8 |Z|* = B(2Re {DZ} — 1)

B2
= - |Z|* + 4|D*|” — BZ*D* — BDZ + B1

B B
<2Z* — QD) <2Z — 2D*) + B1

2
+ B1

(/2 3

92

B
= ‘Z—?D*
2

2
B2 +1




We redefine /27 + Z and /2D +— D (the commutation relation [D, Z] = 1 is unchanged) to get that

2

1 1
—H = 2|-Z-D* 1
B ‘2 *
Define the ladder operator C' := $Z — D*. Then we find
LN C)? +1
i =

Note that we have the canonical commutation relations:

Z*—D lZ—D*

. _ 1
[c7.c] = 2 2

(z*,D"] - D, Z))
= -1

N |

Indeed, we can map the C-star algebra generated by C' to B (62 (Nzo)) by C — R*\VX where R is the unilateral right
shift and X is the position operator. We can then calculate that |C |2 — X, the position operator. We thus find that

0(2|C’|2+]l>:0(2X+]l):{2n—|—1\n€N20}.

and so we have found the full spectrum of the Landau Hamiltonian.

Density of states We proceed to calculate the degeneracies.
Let us assume we have a ground state 1y of %H . Then

(2IC1® +1) %o - o
IC1? 4o = 0
(C* is invertible)
Cto = 0
Now let us calculate
C = 1Z— D*
= —exp (|Z| (exp \Z| D* — —Zexp (|Z|2>)
— 2 * 2 ]. ]_ 2
= —exp 77|Z| exp |Z| — |D*,exp §|Z\ fiZexp §|Z\
[D=,z*]exp(|21?) 1 2
1
- - - D* Z
exp (=3 121°) 0" o (3 121°)

So that

1 1
—exp (3 121 ) Do (5127 ) o = 0

Since the first exponential is invertible, we find

1
D* exp <2|ZZ> Yo = 0

Define v (z) =: exp (—% |z|2) Yo (2). Then
D*o(z) = 0
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But actually, D* o« 0z &< 01 + 09, i.e. the Cauchy-Riemann equations—we get that 1/;0 is any analytic function. Since the
polynomials are analytic and dense in that set, we span the first Landau level with, e.g., the orthogonal polynomials

Yom (2) = \/% exp <—i |z|2>

The next Landau levels are obtained by applying the creation operator to ¥g;,:

1 ok
wkm — ﬁ (C ) 1Z)Om
and one verifies that indeed %¢km = (2k + 1) 1k, via the canonical commutation relations.
The density of states at energy F is the number of states per unit area, that is, Y 7 o |¥km (2)°. One can show that

Z |7/}Om (Z)|2 = Z WJOm (0)|2
m=0 m=0
0 om 2
- mz::() Vam!
= 7{'71
Note that Lo, = mibg,, using the commutation relations. Now [Ls, C*] = —C* so
Lykm = (m—k) Yrm

Since by rotational invariance Lgtg, = 0, ¥ (0) may only be non-zero when m = k. We can calculate that ¥y (0) =

% (—l)k so that similarly

> Wm G =
m=0

Density of states per area per energy:

p(B) = S 5(E- By
k=0

p(E) = trace per unit area (xy<o (H — E))
) 1
Ahglcm/[\x@ (H—E)(z,2)dz

) 1 s 2
tm - [ O W 9 o (@ 1= B

We find that each Landau level is infinitely degenerate with % eigenstates per unit area.
and so

k

trace per unit area (projection onto lowest £k L.LL) = B-—
T

Alternate solution to explain degeneracies We go back to

B2
H = P2+TX2—BL3
= P?4+w?X?_-BL4
1 1 1
= 2 *P2 - QXQ_*BL
(2 oY 9

We saw above that the precise ratio between w and B was important for the degeneracy of the Landau levels: % = 2. Let
us solve the general problem where % may be different than 2 and see what kind of degeneracies we get.
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2
P2+ WX ZP2 +w2X2
j=1

Let us define the ladder operator
and calculate
2 _ *
AP = 434
= o (X; —iBP)) (X; +iBP;)
= o (X7 +B°P; +iB[X;, P;])
([X;, Pjl = 1)
= o (X7 +5°P] - B)
= oz2Xj2 + 04252Pj2 —a?p

So that
w (\Aj|2 + ’y) = wonX]2 + wonBQPjQ — wa?B 4wy
Let us pick a such that wa? = lw2 that is, o = \/> and S such that wa?8? = %, so 3 =
—i— wy=—3 +wy. Hence if we pick v := 5 we find
2 1 Lo 1 950

and so

We verify the commutation relations

[4;,47] = [@(Xj+iin>7 :(Xj_iipj)]

Il
IS

|
=
v
+
G
e

N

We note that

ﬂRe{Aj} = \F(A +43)
- WS (et B (o

and

V2w Im {A;} \/%% (4; - A))

V2w w 1 w 1
- Cx;+i-p ) — /2 (x; —i= P
21( Q(J—Ho.)]) 2(3 '
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We thus find

L

(X AP),
Eginij
X1P — XoPy

\/ER(B{Al} V2wim {A} — \/ERGE {A2} V2w Im {A;}
2(Re{A1} Im{As} —Re{As}Im{A;})
2(21 (A1+A*{)(A2—A;)_L(AQJFA;)(AI_AD)

1
2i

(ArAy — Ay A5 + AJAy — ATAS — As Ay + A2 AT — AS Ay + ASAT)

1
T (—A1 A5 + ATAg)

So that the full Hamiltonian is given by

H

1 1 1
= 2 <2P2 + *w2X2 - 2.BL3>

2

w (2 141 + 11) tw (2 |As)? + 11) — 2B 1m {A} Ay}

Note that without the Zeeman term there is no infinite degeneracy.
The Zeeman term is a bit painful to handle so let us rotate to another basis where it’s easier to see the spectrum.

Then

We find that

yet

B, |

3

1

B = — A + .A
1 \/»( 1 1 2)
By = —(A; —i4y)
2 f 1 2

1 * .
5 (A +142)" (A; +142)

(A7 —143) (A1 +1A2)

(140 +1(A745 — 4541) + 4o

NN~ DN~

(141 + 142 + 21m {A3.4:})

(AT +143) (A1 —i4,)

(141 + 4] + 21m {47 42})

N =N =N =

(142 + |42 — 21 {A434:})
|Bif’ + |Ba> = A1)+ |A)?
1Bi)* = |Bo]* = 2lm{AjAs}
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The moral of the story is that

H

W (2 1A% + 11) tw (2 | Ao|? + 11) — 2B 1m {A} Ay}

- 2w (|A1|2 n |A2|2> + 2wl — 2B Im {A] Ay}

2 (1B1f* +|Baf +1) = B(1Bi[ - B
and here lies the miracle: if B = 2w, then
H = B (2\32|2 + 1)

and since H does not depend on |B;|*, we get infinite degeneracy for each level of | By|*.
The case B = 2w only happens when we have pure magnetic field and no perturbing harmonic potential. Otherwise,
if we do have additional harmonic potential, i.e., if the whole Hamiltonian is of the form

B? 1
H = P’+ TX2 — BL; + fQQXQ
32
= pPZ4 (4 + 92> — BL;

2
B2 1
P2+< 4+292> X% - BL3

Then asking for B = 2w means (solving for )

B = 24/— 92
1 +
B2 B2 1
Z = 402
4 4 2
Q =0

I.e. any non-zero value of  will lift the infinite Landau degeneracy.
In conclusion the energy levels of a 2D harmonic oscillator with frequency 2 in uniform magnetic field B are given by

B2
Enl,n2 = 2HT+ Q2 (n1 +n2+1) B(n1 777,2) (nl,ng € Nzo)

The first level equals

B2 1
E = 2/ —+ =02
00 1732
the second level equals
B2 1
E = M/ —+=-02-B
1,0 1 + 5
B2 1
E = M —+=-02+B
0,1 1 + 2 +
Hence the first gap size is
Bz 1 Bz 1
Eig— FE = 4 —+=02-B-24/—+ =02
1,0 0,0 1 + 5 1 + 5
B2 1
= 2 92
4

— m_
~ VA2 4202 —
- A (v3-1)
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3.3 A double-commutator formula for the Hall conductivity
We now go back to Theorem 1.70, which says that
onan = itr (P [[A1, P], [A2, P]])

where we mean the Hall conductivity at zero temperature at Fermi energy Er (so that P = x(_s, g, (H)). Let us derive
that formula.
In order to do so, we start from the expression for the linear response (1.18) which says that

0
OHall = —i/ tr (e_itHBeitH [A, PD f (t) de
—00
where B is the observable and A is the perturbation. For us, the observable is the velocity along the l-axis and the
perturbation is the electric voltage across the 2-axis.
Our model for an electric field can be either a constant one, in which case we would have

E (ZL’) = E()@Q
or instead we can consider a delta function
E(x) = Eyd(x2)es
The integral of this (the voltage) is given by
A= _EO (C] (1’2)

Moreover, the observable is going to be the amount of charge passed from left to right, per unit time, i.e., the time
derivative of that. So we can take that observable as

B =i [H, Al] .
Hence all together we have
0
OHan = lim tr (e "Hi[H, A1) i [Ag, P]) e*'dt.

e—=0t J _ o

Observe that
d, (e—itHAleitH _ Al) —  oTitHj (H, A4] oltH
using that and integration by parts, and the fact that
t o e HHAM A

is zero at t = 0 (so there is no boundary term) we get

e—0t

0
Oman = lim istr/ et (e*itHAleitH — Al) [Ag, P]dt.

—00
Next, we claim that

Claim 3.2. We have
[Ag, P] = P [Ay, P]P + P[Ay, P] P+,

so we find
owar = lim itr /_ OOO e (A1 (t) — Av) (P [A2, P]P + P[Ay, P) P dt
— 813& ietr /Ooo e (P (A1 (t) — A1) P+ P (Aq (t) — Ay) PY) [Ag, P)dt.
Next,

Claim 3.3. We have 0
lim istr/ " (PHA1 (t) P+ PA; (t) PH) [As, P]dt = 0.

e—0t o
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Proof. Each term is zero separately. We write using the projection-valued measure that

"
P = / dP (\)
A=—00
so we get
0 0 “w oo
lim iEtI‘/ eEtPAl (t) PL [A27P] dt = lim iEtI‘/ eat/ dP ()\1)A1 (t)/ dpP ()\2) [AQ,P] dt
e—0t —oo e—0+ —00 A1=—00 Ao=p
" 0o m 0 .
= lim tr / / dP (M\)A1dP (\2) [Ag, P)ice / estmiGe =t gy
e—0t A=—o0 JAa=p J A1=—00 —o00
1 /“ /OO AP (M)AAP (M) [Ag, P — =5
= im tr 1) 2) A2, N S o as
e—0t A1=—o00 JAa=p JA1=—0c )\2 — )\1 + 1
e—0F if Aa>Np .
O
So we find
onan = —itr (PA{P* + PAP) [As, P))

Now we claim that
PAP* + PLAP = [[Ay, P], P]

and moreover,
w(A,B]C) = —tr(B[A,C)
from which we finally find
opan = itr (P [[Ay, P],[A2, P]]) .

Now that we have derived this formula, it might be a good idea to argue why at all it makes sense, i.e., we want to
show that

Claim 3.4. If P is a local operator (as in (1.2)) and Ay, Ay are the two projections on ¢2 (Z?) onto the right and upper
half planes respectively, then
[Al,P] [AQ,P} € gl ((76) .

As a result, clearly that means (by the ideal property of ¢y (#), see | ]) that P[[A1, P],[A2, P]] € §1 (#) so that
the formula makes sense.

Proof. First we derive the fact that a commutator with such a projection exhibits decay also in the diagonal direction:

H[Aj»P]

| = 18 @ = A @Iy
< JAs (@) - A; (y)| CemHI=ul,

&y

Now the expression

1 (x]-§0/\yj>0)\/(xj>0/\yj§0)

1A (2) = A (y)| = { :

0 else

Since we have
1 1

=yl = mllx—ylll =7 (lz1 = 1] + |22 — w2l)
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then we find that under the constraint of |A; () — A, (y)| we get

rj—y; x; >0Ay; <0
lzj —y;| =
yi—x; x; <0Ay; >0
= |z;] + ly;| -
As such, we find
|, PL, | < 185 @) — A5 @) Ceml=w
< A (= )—A-(y)|Ce—%u\lw—yue—%ﬁ(\wjlﬂyj\)
< (Ce~ sullz— y”e*lf(|a:1\+|yJ|)

Next, we use the estimate on the trace-class norm as

1Al < D 1Aeyl-

z,ycZd

Indeed, this is true since (using the definition of the trace of an operator as in | D

IAlly tr (JAl)

Z (@ns |A] @)

ZIIIAI%H
= ZIIA%H

HT/}H<E,L\ o) |
Z| (P Apm) |

Cauchy—Schwarz

As a result, we get

IiAs, Pl Az, Pl < D0 (141, Pl 1A, P,

z,yezZd
< Y A PL||iae 2L, |
z,y,2€Z%
s e L IR LGRRURE TG
T,y,2€2%
< 0 Y e dmllesltleugmd (D
z,y,2€2%
= * Y el FlalteaD
x,y,z€Z4
9 2 2
<
< C(Dya) (Pyp)
< ©0.

where in the penultimate line we have used the definition (1.7)
Dyai= 3 eIl

Anyway we see we obtain a finite sum so that we indeed derived the trace-class property. O

Next, we want to justify that the expression for oyay is actually insensitive to the choice of A1 and As. In particular they
do not have to be step functions, they can be finite rank or even trace-class perturbations of step functions.
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Claim 3.5. If A; and ]\j differ on a finite number of sites, then

(e[ [ 7 )
tr (P {[Al,P} : [AQ,PH) .

tr (P [[A1, P], [A2, P]])

Proof. We show the proof changing only one of the axes. We have

P[[A1,P],[A2, P]] = P[A1, P][As, P]— P[As, P][Ay, P] (34)
= PAyPAsP — PAfAsP — PA1PAs + PA1PA; —
—PAsPAP + PAsA{ P+ PAoPAy — PASPA4
— PAPA,P — PAyPAP
— [PALP,PAsP] .

Then consider
A = tr(P[[A1,P],[Ag, P]]) —tr (P HZNM,P] ’[AQ’P]D

S ({P (A1 - Al) P, PAQPD .

Now, by hypothesis, A; — A, is a finite rank operator, so in particular it is trace-class so that we could open the
commutator and use cyclicity for free, to get

A

tr ([P (A1 - [\1) P, PAQPD

= tr (P <A1 - ]\1) PAsP — PAoP (A1 - ]\1) P)

— ir (P (A1 _ [\1) PAQP) —tr (PAQP <A1 _ Al) P)

= t(P (A1 - ]\1) PAQP) —tr (P <A1 - ]\1) PAQP)

= 0.

]
3.4 Integrality of the Hall conductivity via the Kitaev formula
Theorem 3.6. We have
OHall = %index (Ale_%iAzPA?Al + Af) (3.5)

so in particular
2no e € Z.

In particular the RHS of (3.5) is called “the Kitaev index” taken from
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Proof. Inserting Section 3.3 into the definition of oy, we get

1
—ogan = tr([PA1P, PAyP])
i
1 27
= (/ da) tI‘([PAlp,PAQP])
2w 0
1 27 . .
= - & (e7iePA2P [PA, P PA, P *PA2P) da
s
1 2m . )
= — | tr(Gae PRI PA PP da
27
1 2w ) )
= —tr Dpe i aPAzP p A, pelaPAzP g
2m Jy
1 3 )
= ——tr (67127TPA2PPA1P6127TPA2P o PAlp)
2mi
_ L efiQﬂ"PAQP [PAlp, ei27rPA2P]
27
P[Al’ei%rPAzP]P
1 —i2rPAy P i2r PAy P
= %tr(Pe 2 P[Al,e 2 })
Next, note that
efiQTrPAQP — Z 7' IQTI'PAQ )
- Z — (—i2rPA,P)
= n!
= P+P-+P Z (—i2mPA,P)" P
n= 1
— P+PJ_ +P (e7127rPA2P _ ]1) P
— PL + Pe—iQTrPAQPP .
However,
tr (PL [Ah eiQﬂ'PAgP]) — tr (PL [Ah eiQ‘n'PAgP} PL)
— tr (PJ_Alei2TrPA2PPJ_) —tr (PJ_ei27rPA2PA1PJ_)
0—-0.
Hence,
1 . )
OHal = %tr (efl2Tl'PA2P [Ala elePAQP]) )
Now, this expression is of the form
tr (U™ [Q,U])

where U is a unitary and @ is a projection, so we can finish using the lemma Lemma 3.7 right below.
The following lemma is taken from | , Prop 2.4]:

Lemma 3.7 (Index of pair in the easy case). If U is a unitary and Q is a projection such that [Q,U] € §; then

tr (U* [U,Q]) = index (QUQ + Q") .
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Proof. Since §; (#) C K (#) (see | ]) we may employ ???? right below to find that QUQ + Q* is Fredholm so
the right hand side makes sense at all. Next, using Fedosov’s formula | , Theorem 9.78§]:

index (QUQ + Q") tr ((QUQ + Q) (QU*Q + Q1) — (QU*Q + Q1) (QUQ + Q™))
= tr(QUQU'Q - Q) —tr(QUQUQ - Q) .

Let us denote the projection R := U*QU so we get

index (QUQ +QY) = tr(U* (QUQU*Q - Q)U) — tr (QRQ - Q)
= tr(RQR—R) —tr (QRQ — Q) .

Actually, note that

QQ-R? = QR-R(Q-R=(Q-QR)(Q-R)
Q- QR—QRQ+QR

Q- QRQ

= Q- QRQ—-RQ+RQ

(@ - R)(Q - RQ)

= (@-R)(Q-RQ

Q-R1’Q.

As a result, {Q, Q- R)z} = 0. Similarly, also [R7 (Q— R)ﬂ = 0. As such,

Q-QRQ = (Q-R’Q
R—RQR = (Q—-R)’R
and taking the difference of the two, we find
Q-QRQ—(R-RQR)=(Q-R’(Q-R)=(Q-R)’.
But Q — R=Q — U*QU = U* [U, Q]. Hence, we find that
tr(RQR-R) - tr(QRQ-Q) = tr((@-R)*).

Next, we claim that

Indeed,
(Q-R)?® = Q- R-QRQ+RQR
= Q- R-[QR,RQ
= Q-R-[QR,[RQ—-R].

Since @ — R = Q — U*QU = U* [Q, U] is trace-class by assumption, the second term is a total commutator with a
trace-class operator which therefore vanishes, and so we get the result. O

Lemma 3.8. If Q is a projection and U is unitary such that [Q,U] is compact then QUQ + Q= is Fredholm.

Proof. Using Atkinson’s theorem | , Theorem 9.51], to show that QUQ + Q* is Fredholm it is enough to show
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that it has a parametrix. Indeed, QU*Q + Q* is the desired parametrix:
1-(QUQ+Q)(QUQ+QY) = Q-QU*QUQ
= QA-UQU)Q
= QUU-UQU)Q
- QU 1-Q)UQ
= QU'Q'UQ
QU*Q* [U, Q)]
e K(#).

and similarly for 1 — (QUQ + QL) (QU*Q + QL). We get that QUQ + Q* indeed has a parametrix so it is
Fredholm. O
3.5 The Laughlin index

On £2 (ZQ), define the operator
U =exp (iarg (X7 +1X2))

called the Laughlin flux insertion. This allows us yet another expression for the Hall conductivity as a Fredholm index,
alternative to (3.5).

Theorem 3.9. We also have
1
OHall — Z—index (PUP + PJ')
T

where U is the Laughlin flux insertion.

Proof. The first order of business is to show that PUP + P+ € &. To that end, we show that [P, U] € X, since, then
we could employ ??777. To that end, we use Lemma 3.11 just below, applying the locality of P and the properties
of U = f(X) with f the polar part of a complex number (see Lemma 3.10 just below) we find that [P, U] is indeed
Schatten-3, hence compact, so that PUP + P~ is Fredholm.

Next, we wish to perform a norm-continuous deformation from the Fredholm operator

PUP + Pt — Aje2mifePAa ) 4 AL
For convenience, we introduce some notation:
PU = PUP + P+, W= AMWA; + AL

Let us start by deforming U. We have
U=f(X)

where f(z) = g forall z € C \ {0}. Replacing f(X) with f (X —a) for any a € C\ Z? is a norm continuous
perturbation since

If (X)—g(X)]| < sup |f (z) —g ()] .

Hence we have
index (PU) = index (Pf (X — a)) (aeC\Z?%) .

Next, let ¢ : S' — S! be any continuous function of winding 1. Then

index (Pf (X — a)) = index (Peiéf’(arg(x*a))) _
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In particular, choose, for some v < 5

—T 0<—v
©(@) = [ linearly 6€[—v,v] .
™ 0>v

If a € R\ Z is positive and large, let us show that
index (Pei‘/’(arg(x_a))) = index ( 1Pei9"(arg(x_“))> .

To that end we want to show that

| Pei¥(@8(X—a) _ peivarg(X—a))  _ A peiv(ara(X—a))p, 4 AL
_Al|:>eiw(arg(X—a))A1 _ Allpeiso(arg(X—a))Al _ Alpeiw(arg(X—a))All _ Aleeiso(arg(X—a))AlL

Af‘ (]1 _ peiw(arg(X*a))) All _ Af—|Deiso(arg()<’ﬂ1))A1 _ Alpeiw(arg(X*a))AlL ]

First we analyze
AL (]1 _ pew<arg<X—a>>> AL = AL ( P — Pei#(ars(X—a)) p) AL

AL ( P (ew(arg(Xfa)) _ ]1) _p [ew(argw*a)), pD AL,

But the commutator is compact by Lemma 3.11 and by construction,
i = 1L
(ew<arg<x a)) _ ]1) AL =o0.

Similarly, the cross terms A%Pei‘p(r‘"g(x —a) A, are compact.
Next, we claim that we can add another flux on the left, that is,

index( lpew(argw—a))) — index( P (ew(arg<x—a))e—iwarg(ma»)) ,
We again show the difference of the two operators is compact:
Pei(ars(X—a)) _ p (eiw<arg<X—a>>e—i¢<arg<X+a>>> — A Pev(ars(X—a) (]1 _ e_warg(ma))) PA,
— A, Peilarg(X—a)) K]l _ e—isa(arg(X+a))> 7P} A+
4 A, Pei#@rs(X—a) p (11 _ efiwarg(ma))) A

but
(1 _ efi@(arg(XJra))) Ay =0

by construction. In summary, so far we have found that
index (PU) = index ( 1P (ei“’(arg(X*“))e*i‘P(arg(XJra))))

where ei¢(arg(X—a))g—iv(arg(X+a)) i5 5 function which winds about a in some rightward cone, and then winds about
—a with some leftward cone. We write it out explicitly as

elr(arg(X —a)) ,—ip(arg(X+a)) _ exp (i€ (X))
with £ as in 77.

Next, we claim
index( P (eig(X))) = index( 1eiP£(X)P> .
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We show the difference is compact:
P (eig(x)> _ e PEXOP A (PeiE(X)P+PL _ ein(X)P) Ay
= Ay (PP peiPEOPP) 5,

Now,

mn

P p _ pePEPp = S % (P& (X)" P — (PE(X) P)") .
n>2 "

Note that P¢(X)" P — (P& (X) P)" always contains a factor of P¢ (X) P, which is always compact, since ¢ obeys
Lemma 3.10.
Finally, we want to deform & (X) to —27As, i.e., we claim that

index( 1eiP£(X)P) — index( 1efi27rPA2P) ]

This is done continuous by closing the cones, i.e., taking v — 0. O

Lemma 3.10. If f: C\ {0} — S! is defined as the polar part, i.c.,

z

f(z):= m = exp (arg (2))

then there exists some D < oo such that

|2 = wl

z)— f(w)| <D z,weCNZ?) .
FG) @)l <D )
Proof. Write z = re? and w = pe'?. Then
lz—w]® = |2]>+|w]® — 2Re {zw}

= 724+ p%—2rpcos (0 — )
= 124 p2—2rp+2rp[l —cos (6 — )]

= ot aaro(an(252)).

|z —w| > 2/rpsin (9;p> .

Thus,
. o . e O—
Now, according to Jordan’s inequality, if =5% € [O, g] then

6 — —
sin(“’)z"%
2 T

Lemma 3.11. Let P be local as in (1.2) and such that |[P|| < 1 and f € €>° (Z?) be such that there exists some
D < oo with which

@)~ fl)] < DS (3.6

Then [P, f(X)] is Schatten-3. In particular it is compact.
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Proof. We have [P, f(X)]zy = Pyy(f(x) — f(y)) and using Lemma 3.12 just below, we have

1/3
IR fX)ls < (ZIIPm+bz|| |f(z) — (fc+b)|> :

bez2 \zez?

Now we have
IPball® < CBe=3ulll

so that together with (3.6) we have the estimate

P70, < Z(Z gt ps 7 )

bez? \zez? (1 + [|l[])
L\
- OCD e+ )| < >
3
b;p ; (1+ll=l)
< 0.

Lemma 3.12. For any operator A € B (52 (Zd) ® CN), with
zy = <617A(5 > € Matyxn (C)

and { 0z },c7a the position basis, we have the estimate

=

HAHp < Z Z |Aw+k>z|p

kezd \zezd

where ||A||, = (tr (|A|p))% is the Schatten-p norm.

Proof. Let us decompose A to its diagonals as

A= Z AK)

kezd

defined via (A(k))my = Ayybu_y i for all k € Z4. Since H||p is a norm, applying the triangle inequality we find

i, < 3 ||a®]| .
kezd P

But now,

41, = (tr(!f“

I
A/:\
=
/\

107



But note that

()
Ty

Since ‘A(’“)
its powers. Indeed,

’ 2

and so

T,

(SIS

Collecting everything together we find

1Al

IN

IN

((amy o),
= (). ("),

z€Z4

Z (Azwdz—a;,k)* Azyéz—%k
zezd

6w,y Z (Azw(sz—x,k)*Azyéz—%k
z€Z4

6:v,y |Aw+k:,w |2 .

is a-posteriori a diagonal operator, it is easy to calculate its Schatten-£ norm, since it is easy to take

p

(‘A(k)F) 2] = 0oy [ Astr,zl”
zy

(1))
> [(af)]

zezd

Z |Ax+k,r|p .

zezd

T

2

Z |Ax+k,:v|p
zezd

>

kezd
1
2 : 2 : p
|Aa:+k7:v
kezd \zezd

Corollary 3.13 (Additivity of the index). If P L Q and both [P,U],[Q,U] € K then

index ((P +QUP+Q)+(P+ Q)L) = index (PU) + index (QU) .

Proof. We have

index ((P +QUP+Q)+(P+ Q)J—)

index (PUP + QUQ + PUQ+ QUP +1 — (P + Q))

index (PUP + QUQ + [P,U]Q + [Q, U] P+ 1 — (P+Q))
index (PUP + QUQ +1 — (P +Q)) .
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But by the logarithmic property of the Fredholm index,

index (PU) + index (QU) = index ((PU) (QU))
index ((PUP+1—-P)(QUQ +1-Q))
index (PUP+QUQ+1—-Q - P) .

3.6 Calculation of Hall conductivity of a Landau level

Theorem 3.14. If Er does not intersect any Landau level, then the Landau Hamiltonian (3.3) has Hall conductivity
equal to

1
onai (Er) = 5 (Er)

where m (Er) is the number of Landau levels below Ep.

Proof. Clearly we need the condition that
Er ¢ Bo(2N+1)

to be in a spectral gap and thus have well-defined Hall conductivity. Thanks to Corollary 3.13 we may treat each
Landau level separately. Now, since each Landau level n is spanned by angular momenta [ > —n, it is isomorphic to

2(Zs_,) .

Moreover, on it, the Laughlin flux insertion U acts as a unilateral right shift. Indeed,
ei arg(X) ~ eiG

with [ the angular momentum, is precisely a shift [ — [ 4+ 1 of the angular momentum [, since the real space polar
angle # is the conjugate variable to the angular momentum [. So if P is a projection onto just one Landau level,

PUP+P-~R

where R is the unilateral right shift operator on ¢? (Z>_,,) and hence its Fredholm index is —1. O

3.7 Constancy of the Hall conductance within the strongly disordered regime—the plateus

Thanks to Corollary 3.13 we know that if
Pll = X(—o0,u) (H)
then
index (PNJrEU) = index (P#U) + index (X[/L,/L+E) (H) UX[,U,,,M"FE) (H) + Xp,pute) (H)J—)

assuming that both p and p + ¢ are in a gap of H. Actually, we have

Theorem 3.15. If H has only Anderson localized states within [u, p + €) then

. iR
index (X[#7H+E) (H) UXpptey (H) + Xpu,pte) (H) ) =0.

Proof. For convenience set Q := X[, +e) (H). Using Theorem 2.30 we find that
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with {4, },, a SULE ONB as in Definition 2.28. In particular, we have

thn (z)|| < Cperllz=2nll (z € Zhne N) .

|a (zn))|
Let us define an operator V : im () — im (Q) via
Vi oy s @28y,
Since 1, is localized near x,, it is to be expected that U, =~ V,. This is indeed the case, in the sense that
QU - QV e K. (3.7)

However, QV =V @ 1,,(@+) and it is hence invertible, so its Fredholm index is zero. Let us thus prove (3.7). Let
us define B := (U — V) Q. Then it suffices to show

AL
3 (Dot <o
k a3
for some p € N thanks to Lemma 3.12. We have, with f () := el28(®)

Hence
|Bayl” < (Zlf(w)—f(xn)llwn (@) ¥ (y))
< Zlf f @)l [¥n ()] [¥n (v)]

where we have used in the last step Hoelder’s inequality in the form

p—1 p—1
p Pl 2

d_agbje; | < Doafbe; | [ D03 >4
J J J J
as well as the fact that > [, (2)]> <1, ie., YontUn @1y =Q < 1. But f obeys (3.6) so

IIw — x| L ool —plle—y—
|BI’I+y|p S p 2 Z = 28 N”z wn” MHiE Y wn” .
(L+ (2% (1 + [zl la (za)]

This last expression is readily seen to be decaying in both ||z|| and ||y|| thanks to applications of the triangle inequality
as well as (2.18). O

3.8 The edge system and its index

A major feature of topological insulators is the bulk-edge correspondence. In order to discuss it we must discuss “edge
systems”. So far, all systems we have considered were spectrally gapped (at the Fermi energy Fr) and geometrically,
their configuration space contained no edge. That is, they were defined on the entirety of either R? or Z¢. It turns out
that a different mechanism of electric conductivity takes place if the system is truncated to have a boundary. There is
a discussion to be had about what are admissible geometries of truncation to take, but the easiest choice is to take the
half-space, which for us means the replacement

R? — R x [0, 00)

in the continuum or

Z¢ 57471 ¥ N

110



on the lattice. Since we are talking about Hall systems, we have d = 2 and hence we now want to consider “the edge”

Hilbert space as R
#H =0 (ZxN)oCcV.

There is clearly a partial isometry that takes us from the edge Hilbert space to the bulk Hilbert space # = (2 (ZQ) ®CVN
given by extending a wave-function by zero:

- #H
> <Z29xi—>{¢(x) erxN)O
0

else

J: 3

<

One easily verifies that
P =J0=1y,

yet
|J*|* = JJ* = projection ontospan ({02 Yoezxn) = Az

It is then natural to make the

Definition 3.16 (The Dirichlet edge Hamiltonian to a given bulk one). Given any bulk Hamiltonian H € B (#), the
associated Dirichlet edge Hamiltonian is given by J*H.J.

It goes without saying that any edge Hamiltonian we want to consider exhibits locality in the sense of (1.2), and that
the Dirichlet truncation preserves that property.

Claim 3.17. If H is local (as in (1.2)) then J*HJ is too.

Proof. We have

H, ZxN ZxN
| = {n M T€ZxNAyezx

0 else

< CeHll=z—vl (z,y e ZxN) .
O

In principle one may also want to consider more general boundary conditions. A reasonable constraint on such definitions
is that they be local too and decay away from the truncation, i.e.,

Definition 3.18. H € B (3%) is a general truncation of a bulk Hamiltonian H € B (#) iff

H=J"HJ+ Hpc
where Hgc = (Hpc)" is a local operator which also obeys

< Cev(@2ty2) (x,y € ZxN) .

H(HBC)zy

As we mentioned, as a rule, edge systems are nmot insulators: they exhibit spontaneous currents which correspond,
roughly speaking, to electrons bouncing along the edge of the sample. However, edge systems have a special property:
they are to be envisioned as truncations of spectrally gapped bulk Hamiltonians. This yields two possible definitions of
edge Hamiltonians which “descend” from bulk Hamiltonians, as it were:

Definition 3.19 (bulk-spectral-gap for edge Hamiltonian, alt 1). The edge Hamiltonian He® (32’) has a bulk-gap

on the interval A C R iff there exists some operator K € B (#) such that: (1) K has a spectral gap on A and (2) If
we truncate K onto the edge via J*KJ, the it converges to the given edge Hamiltonian H as we go into the bulk, in
the sense that

< CeHllz=yllg—v(zatys) (r,y € ZxN) . (3.8)

ry

H(J*KJ— )
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There is a more elegant alternative which corresponds to the following fact. If we take a bulk Hamiltonian H which
has a gap on A and truncate it to H, then we expect that even if the gap closes, the states which are in it are “localized
near the edge”, which means, that if g : R — C is any smooth function supported only within A, then we expect

ls(#),,

< Coplz=vlgvmltl) (70 cZ xN).

This motivates

Definition 3.20 (bulk-spectral-gap for edge Hamiltonian, alt 2). The edge Hamiltonian He® (92’) has a bulk-gap
on the interval A C R iff for any smooth function g : R — C supported within A, we have

JON

Lemma 3.21. The first definition implies the second definition.

< CeHle—yllgv(@2+y2) (x,y € Zx N) .

Proof. Let us assume that H obeys Definition 3.19. That means there exists some bulk Hamiltonian K gapped on A
such that the two obey (3.8). One may write the smooth function of the Hamiltonian H via the smooth functional

calculus (1.9) as
)= [ (o) 2 (-1)

where f : C — C is a quasi-analytic extension of f which is supported in some strip about the real axis. l.e., we
have, for all N € N,

<Oy |Im{z}|Y (2 € C with [Im{z}| small) .

[(2:F)

Moreover, .
JHJ : # — H
is a bulk operator given by matrix elements

(ar),, ~{ e

Moreover, we note that
g(ﬁ) :g(JfIJ*) (z,y € Zx N)
Ty Ty

since g(A® B) = g(A) ® g(B) and JHJ* = 0@ H. Now since by definition g (K) = 0 as 0 (K) N A = & and
supp (g) € A, we have, and for z3,y2 > 0 we get

g (H) L = (J]:IJ*)W
= g (Jﬁj*)wy —g(K),,
= % . (029) (2) <{(JI:IJ* - zﬂ)l} . - [(K - le)_chy> dz
_ % @) 3 {(Jﬁj* - z]l>_1L£ (k- Jﬁj*)ig [ - z]l)*l]gy dz.

z,§€Z?
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Now, we have

~~
=
<
=
<
N——
I
£
<
/N
<
=
<
*
SN—

CFKJ—ﬁ) #,5€ZxN
else .
Next, we also have

. =i
[(H—z]l) } 2,5 €ZxN

—1
Z]l) } A £, 82€Zx2Zs "
0 else

Collecting these together we find, using the fact that xs,ys > 0,

(bracket) = Z [(JFIJ* - z]l)l} ] (K - J}AIJ*)@ [(K - z]l)_l} i

S5 [ ] i), -],
+ZZ (=) g [0 —e ]

-5 )] (v, o],
fz > (=) [ -]

TEZXNYEZXZ o

Applying now the Combes-Thomas estimate on the resolvents and using locality of K as well as (3.8) we find, with
n = lm{z},

|| (bracket)|| < Z 2 £ o rnllle—&l ce—nllE— yHe*V(IfrzHlyzl)ie uhnlllg—yll

ey ||

—pnlllz—2|| pllz— y\li —unlllg—yl
=+ Z Z e Ce™ |me

TeZXN yEZXZ<0

We claim that if A is local and B is local and decays into the bulk, then AB decays into the bulk. This is a simple
application of the triangle inequality. So the first line already obeys the desired decay into the bulk. Let us therefore
focus on the second line. We have 5 > 0 and g < 0, and so

)
:
IV

S\

1z — gl (|331—y1|+|372—y2\)

= (|$1—y1|+l‘2+|y2\)

S\

= == (|531 — 41| + |T2| + 172]) -

Sl

As a result, by downgrading the rates of decay we can rewrite the second line in the same way as the first line. [
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Claim 3.22. The edge Hall conductivity is given by
oo () 0]

where g is a smooth function approximating X(—oc,r,)- In particular the expression in the trace is trace-class if H
has a bulk-gap on A 5 Ep.

Proof. Tt is clear that ¢’ (ﬁ) [f[, Al} is trace-class. Since H is local, [fAI,Al} decays in the 1-axis, and since g’ is
supported only within A and hence Definition 3.20 is obeyed.

Next we may ask why that formula is the edge Hall conductivity. On an intuitive level, i[Al,]fI ] may be
understood as the rate (in time) at which charge accumulates from the left to the right of space, i.e., AQ. This is

then calculated with an expectation with the density matrix ¢’ (ﬁ) = XA (f[), i.e., all states in the bulk’s gap.

Note that we may not use xa (E[ ) directly because that would not yield a trace-class expression (since ya is not

continuous). O
Theorem 3.23 (Kellendonk, Richter, Schulz-Baldes | ). The edge Hall conductivity is quantized, via the
formula

_— 1. —2mig(fl
O Hall = %mdex( 1€ 27ng(H)) .

Proof. First we ask why is e~ 2719 (#) Fredholm at all? We want to apply Lemma 3.7 so we’d like to verify that

|:A1’e—27'rig(f{)i| — I:Al,e_Qﬂ-ig(ﬁ) _ ]l:| c gl (;%) ]
But this is indeed the case if we can establish that
6727rig(l:l) -1

which is automatically local by the smooth functional calculus Section 1.3.2, also exhibits decay in the 2-axis. To
that end we use Lemma 3.24 right below, to focus on showing that

(9° - 9) (H)

has decay into the bulk. But this is basically Definition 3.20. As such we learn that e~ 2™ () is indeed Fredholm,

. —2rig(H
and moreover, with U := e~ ™Y (#) we have

index ( 1U) = tr (U" [A1,U]) .

Moreover, we also have

tr ((U")" [A, U"]) = ntr (U" [A,U])  (n€Z\{0}).

Indeed, use
[A7 Un] = [A’ U] Unil +eeet Unil [A7 U]

and the cyclicity of the trace.
By the same argument, we may replace U* by U* to get

tr ((U")" = 1) [A, UT])) = ntr (U = 1) [A, U])  (n€Z\{0}).
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Next, by Duhamel, we have

tr ((U)" —1)[A,U"]) = ntr (((U*)” -1) /1 Unsi [Ah —2rig (H)} U"(l‘s)ds>

s=0

arnte (0 - %) [0 (1)])

Using the smooth functional calculus, we have

(g (1) [Alv;ﬂ/zec (0=3) (=) (ﬁ—zﬂ)ldz]
— [ e [Al, (7 - zll)l} dz

27 zeC

_217T/Z€c (0z9) (2) (ﬁ—z]l)il {Al,f[} (ﬁ—z]l)i1 dz

But now we may use the cyclicity of the trace (recall Hand U commute) to get the derivative of g, so
index ( 1U) = 2ntr ((U" 1) (H) [Al,ﬁ]) .

Let now ¢ : [0,1] — R be any differentiable function such that ¢ (0) = ¢ (1) = 0. Its Fourier series may be written

as .
© (3?) — Z e—27rmzan
nez
with )
an, E/ et2mine o, (1) de .
x=0
Then
0=¢(0) :Zan:>a0:—2an.
nezZ n#0
We thus find
apindex ( 1U) = — Z ap, | index ( 1U)
n#0

= - Zanindex( 10)

n#£0
_ =3 a2nt ((U"—ﬂ)g’ (H) [Al’ﬁD
n£0
_ ~ " an2ntr ((U” -1)4 (H) [Al’ H])
Z%Z:an=0 —ontr ((Z anUn> g (I:I) [Ahfjf})

= —2ru(p(o(f)) g (A1) [A0,21])

But since ¢ was arbitrary, we may replace it it with a sequence converging to x[o,1) pointwise so that

1 1
ag = / o (z)dz — / X[0,1) (z)dz =1
0 0

and since im (g) € [0,1], ¢ o g — 1. O

115



—27iA

Lemma 3.24. If A is almost a projection in the sense that A2 — A is small then so is e — 1, in the sense that

e ™A 1 = (A% - A) h(A)

for some holomorphic h.

Proof. We rewrite

e2mA _ 1 i (—27id)" .

= n!
But we also have e ™2™ =1, i.e.,, > 00 | (727;?)” = (0. Hence
—2miA = (—2mid4)"
—1 = Y
¢ ngl n!
= (—2mA)” > (=2mi)"
- Z - - Z 7l A
n=1 n=1
o0 N
B (—2mi) n
= Z — (A" — A)

3
I

n—2

= (:i — (=2mi)" kZ:O Ak> (42 - 4) .

3.9 The bulk-edge correspondence

The bulk-edge correspondence refers to the fact that calculating the bulk topological index, or truncating a bulk Hamil-
tonian and then calculating an edge topological index, should yield the same number. This was first proven for the

IQHE by Hatsugai in the early 90s | |]. Later on it was proven in more generality by Kellendonk-Richter-Schulz—
Baldes | | and by Elbau-Graf | |. Finally it was proven for strongly-disordered systems (mobility gapped
systems) by Elgart-Graf-Schenker | |. Here we present a simplified proof using Fredholm theory, which appeared in

[ J

Definition 3.25 (Local operators which decay into the bulk). We say that a local operator A € B (c?%) decays into
the bulk iff there exists some pu, v > 0 such that for any N € N there is some Cn < oo such that

1Azl < On (L4 pllz —y) ™ (14 v (22 +92)) ™ (z,y€ZxN).

We denote all such operators as LOC,. Note that this is an ideal within local operators [TODO: prove this, from
[ | Section 3].

Definition 3.26 (quasi-projections). We say that a local operator is a quasi-projection, denoted by A € P5 iff

A2_A€LOCQ.

Claim 3.27. If A, B € #5 such that A — B € LOC; then

index( 167271—114) = index( 167271—13) .
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Proof. Define the homotopy [0,1] >t +— t (A — B) + B. Then
(t(A—B)+B)2—(t(A—B)+B) = tQ(A—B)Q+t((A—B)B+B(A—B))+32—B—t(A—B) .
Each term on the right hand side is separately in LOCs so that at any ¢ € [0, 1] we have
t(A—B)+Be€®,.

But now,
[O, 1] ) t — 18—27Ti(t(A—B)+B)

is a norm continuous family of Fredholm operators and hence its index is constant. O

Theorem 3.28 (The bulk-edge correspondence). Let H be a local (as in (1.2)) operator on ¢* (Z?) ® CN and gapped

on some interval A CR. Let H be a local operator on 02 (Z x N) @ CN. Assume further that H has a bulk-gap on A
as in Definition 3.20. Finally assume that H and H are compatible at infinity, in the sense that

H (f[ - J*HJ) < CeHle—yllg=v(@aty2) (x,y € ZxN) .

Yy

Then the bulk Hall conductivity associated with H equals the edge Hall conductivity associated with H:

o (H) = Grzai (1) -

Proof. Using Theorem 3.9 and Theorem 3.6, we know that

1 1 .
onan (H) = gindex(PU) = gindex( 1e—2mPA2P)

where P = X(_oo,p,) (H) is the Fermi projection (with Er € A). Unsurprisingly, it is the latter expression that is
most convenient to start from. For the edge, in Theorem 3.23 we saw that

— - 1 . = i 3
OHall (H) = %mdex< 1€ 27”9(H))

where g is a smooth version of x(_oc,g,) With the constraint that supp (¢') € A. Hence we are trying to show that
index;aqy (1672P27) = indesa ) (1e7270()

where we write the subscripts to emphasize the indices are calculated on different Hilbert spaces.
Step 1: Since o (H) N A = & and supp (X(—oo,EF) — g) C A, we have

P=g(H)

and hence

—27TiPA2P>

indeXZZ(gg)( 1€ —27T19(H)A29(H)> ]

= indexez(gg) ( 1€

Step 2: Replace g (H) A2g (H) with Asg (H) Ay. To do so, we use Claim 3.27 above, so that we need to verify
that
9(H) Asg (H), Aag (H) Ao, g (H) Aag (H) = Aog (H) A2 € Py
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Then (with P =g (H))

(PAyP)®> — PAyP = PAyPA,P — PA,P
P (AyPAy — Ay) P
= PAy(P—1)AP
—PA,PYA,P
—PAyPL[Ay, P

e LOGC,.

Similarly,

(AgPA3)®> — AyPAy = AyPAyPAy — Ay PA,
= Ay (PAP—P)A,
= AP (Ay —1)PA,
= —AyPALPA,
= —[As, P]A3PA,
e LOGC,.

Finally, the difference also decays into the bulk, since

PAyP — Ay PAy P[Ag, Pl + PAy — Ay PA,
P[Ay, P+ Ay PA,
P Ay, Pl + Ay [P, As]

€ LOGCs.

So Claim 3.27 implies we have
indeXp(yf) ( 16727ﬁg(H)A29(H)) = indexp(;e) ( 1672W1A29(H)A2) .

Step 3: Replace Aog (H) Ay with Asg (AoHA2) As. For convenience let us denote G := g (A2 HAs). Note that
since Ao HAs maybe have spectrum on A, G is not necessarily a projection. This is OK. We have already seen that
Ao PAy € BP5. This is also true for AoQAs:

(A2QA2)° — A2QAs = AsQA2QA2 — A2QA,

Az (QA2Q — Q) Az

= A (Q[A2, Q]+ Q%A — Q) Az

= MQ[A2, QI Az + Ay (Q2 - Q) As.

Now, [A3, Q] € LOC, since Ay HAs is local and g is smooth. Moreover,

Q*—Q = g(A2HAy)g(A2HA2) — g (A2HA)
= (9°—9) (A2HAy) .

However, the function g obeys supp (92 — g) C A and so by Lemma 3.21 we learn that
Q*—-Q e LOC,.

Finally,

A2PA2 — AQGAQ = A2 (g (H) —4g (AQHAQ)) AQ 0
Now, if we write
ALHAS ALHA,

H=\\JHAY A HA,
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and note that

ALHAL 0
togialilis) i = a0 ([ o0 A2HA2]> A2

then we learn that

B APHAF AFHA, AFHAF 0
AaPAs = AsGAz = Ay (9 ([AQHA; AHA ) TN 0T mmEMs))) A

Now we invoke Section 1.3.4 to get

AfHAy AsHAS]\  ([A+HAF 0 S S B AfHAy AFHAS) ' ([AfHAS
I\ [AsHA:  AHA,|) 7 0 AwHAs|) = 27 ) YV AgHA: A HA;| ~° 0
1 i AFHAS ALHA, - 0

T o zec(a%g)(z)«[AgHA; ApHA, | 7L AL HAL

But now, the middle term contains Ay HAy = [Ag, H] Ay € LOC;y so that by the ideal property this decays into the
bulk too.
Step 4: Replace

—27riA2_q(A2HA2)A2) —27rig(J*HJ))

= indexlg(ﬂ) ( 1€

Actually we will make a statement that does not involve a homotopy, but directly relating the kernels as

indeng (#) ( 1€

( 1eq:2wiAQg(A2HA2)A2> = ker,, ( LeF2mig(J HJ)) '

kerp (#)

(%)
Let us define
F:J( 1e1F27'rig(J*HJ)) J*-i—Aé‘

as an operator on /2 (#). We claim it is Fredholm and has the same kernel on £2 (#) as 1eF279(/"HJ) does on
22 (c?%) To see it is Fredholm, let us define its parametrix

G::J( le:tQﬂig(J*HJ)) J*+Aj.

Then
1-FG = 1- (J (eT2mig(JTHI) Y +A2l) <J( 1ei27rig(J*HJ)> J* +A2L)
= Ay —J i*,‘l( le:tQWig(J*HJ)) J*

- J (Al _ Ale:FQTrig(J*HJ)AleiQﬂ-ig(J*HJ)Al) J*
_ JAle$27rig(J*HJ)AlLe:i:erig(J*HJ)Alj*

= J [Al,eq:?ﬂig(J*HJ)] Ai_eiZ‘n'ig(J*HJ)Alj*

X
e XK.

To see that 1eF279(/"HJ) hag the same kernel as F, let us setup a bijection

n:ker( 1e$2”ig(J*HJ)) —  ker (F)
b i,

119



First, this is well-defined since
( le$27rig(J*HJ)> J* +A2l) Ji

FJy = (J
J( 1ei|ZQﬂig(J*H.])) J*Jw_i_&i{w
(

~—~
=1 -0

- 1e$27rig(J*HJ)),¢

=0
= 0.

It is a bijection since it has an inverse n~! : ker (F') — ker ( 1e¥279(/"H))) given by
Tt @) = T
The inverse is well-defined since
( 1e:|:27rig(J*HJ)) T = (( 1e:|:27rig(J"HJ)) T+ A2L> ¥

_ {fi(( 1e$27'rig(J*HJ)) J*+A2L)w

= J"Fy
—
=0
= 0.
We verify that
177101] = 1

1

Indeed, J*J = 14 and conversely, non~" = As which acts trivially on

ker (J ( 1e$2”ig(‘]*H‘])) J*+ AQL) :

As a result, 7 is indeed a linear bijection and so the two kernels are isomorphic. But now we have, using the fact
that [J, A1] = [J*, A1] = 0, we have the operator as

J (AlejFQ”ig(‘]*H‘])Al + Af) J*+ AL

J( 1e$27rig(J*HJ)> J*+A2L

= A JeTPmOTHD Jr Ay 4 A T Ay
=Asy
= A JePP9UTHD) A L AL A + Ag

Next, note that g (J*HJ) = J*g (A2 HA3) J. Indeed,

1 _
g(J*HJ) = — [ (8:8)(z) (J*HJ — 21,) " dz
27 zeC
1 y i _
= (829) (z) J* (AoHAy — 215) ' Jdz
z€eC

So we get that our kernel equals

ker ((Ay JeF2m s AN P gy 4 AL A, + AF))
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But if we expand the exponential we get

JeF2miT g(A2HAR)T v JZ :|Z27nJgA2HA2) J)"J*

oo

= I+

n=1

J (F2miT* g (Ao HA5) J)" J*

3‘H

oo

1 . n
- Ag—i—AgZE(HF%UAQQ(AQHAQ)AQ) %

n=1
— Ayt Ay (e:FQTFiAzg(AzHAz)Az _ ]1) Ay
e:FQﬂ‘iAzg(AgHAg)Ag _ Aé_ .
Finally, we use
Af = —AAF +AFA+AS

to get
kergg <Ale:|:27"iA29(A2HA2)A2A1 + Af‘)

which is what we wanted. R
Step 5: Replace g (J*HJ) with g (H ) This amounts to the same lemma Section 1.3.4 because we assume that
J*HJ — H € LOC5. We are thus finished. O

3.10 Chiral 1D systems
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The following section might have some overlap with | | but we include it here for convenience of the reader.

A Fredholm theory

In this section, we temporarily forget about the spatial structure of our Hilbert space. Thus, # is any separable Hilbert
space, which schematically is usually denoted as C* as above. If we want a concrete choice it could be £2 (N) with ONB
{e; };’il On # we consider B (#), the C-star algebra of bounded linear operators # — # together with the operator
norm

[Al = sup({[|[A¢ll|p€dt:[p=1}).

Definition A.1. An operator A € B (#) is called Fredholm iff ker A and cokerA are finite dimensional. These are
the two vector spaces defined as

kerA = {pedH|Ap=0}
and
cokerA = J/imA
with imA = {p € # | T : A = ¢ }. Recall that the quotient vector space is defined as:
p~1Y = p—1 €imA
and

bl = {ved]p~v}
cokerA = {[p]|loe#}.

For every Fredholm operator, we define the index, an integer associated with that operator, as
index (A) := dimker A — dimcokerd € Z.
We denote the space of all Fredholm operators as F (#).
The kernel of an operator ker A should not be confused with its integral kernel
Apy = (eq,Aey)

in the context of PDEs, i.e., its matrix elements in the context of quantum mechanics.

Intuitively speaking, the kernel measures how much an operator deviates from being injective, whereas the cokernel
measures how much an operator deviates from being surjective. Hence, Fredholm operators are those that are injective
and surjective (and hence invertible) up to some finite dimensional “defect”, and the index of the operator measures the
severity of this defect, so to speak (in a signed way). The fact that one has a difference of two numbers instead of just one
number should be associated with the Grothendiek construction of a group out of a semigroup, or with the construction
of Z out of N as pairs of naturals which should be identified with the difference.

The following result allows us to speak only of kernels of operators instead of the more mysterious cokernel:

Lemma A.2. cokerA is finite-dimensional iff imA € Closed (#) and ker A* is finite dimensional.

Proof. Assume that imA € Closed (#). Then via Claim B.1,

L
(ker (A*))" = ((imA)L)
=imA (Via Claim B.4)
=imA. (By hypothesis)
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Now, we always have
H = (ker A) @ ((ker A)L) = (ker A*) @ ((ker A*)l>
= (ker A*) @ imA.
Hence

cokerA = #/imA
(imA)*"
ker A .

Il

Hence if dim ker A* is finite, so is dim cokerA.
Conversely, assume that dim cokerA is finite. We want to show that imA € Closed ().
Define a map

n:(#/ker A) & (imA)"- — #
(el ) = Ap+y.

It is easy to verify that n is a bounded linear bijection (it is in verifying that 7 is bounded that we used the fact
cokerA = (imA)" is finite dimensional). Hence

imA = n((#/ker A) & {0}) € Closed (#)

where the last statement is due to the open mapping them which says that the inverse of 7 is also continuous, i.e.,
71 is a closed map and hence maps closed sets to closed sets. O

See also | , Corollary 2.17].
The Fredholm index is continuous, as well shall see, but only half of it is not:

Lemma A.3. dimker : F (#) — N>q is upper semicontinuous.

Proof. Decompose # = ker (A) @ ker (A)" = ker (A*) & ker (A*)". Since im (4) 2 ker (A*)", we have

a 0

=l
for some isomorphism a : ker (A)J‘ — im (A). Taking any norm perturbation B of size at most Ha_1H_1 will
mean that A + B is injective on ker (4)" and hence dimker A + B < dimker A. O

To characterizer the the image of an operator being closed, we have
Lemma A.4. For A € B(¥), the following are equivalent:

1. imA € Closed (#).

2.0¢0 <|A|2) or zero is an isolated point of o <|A\2)

8. Je > 0 such that

lell = el (ve (era)t).

Proof. ((1)=>(3)): Assume that im (A) € Closed (7). Then A : ker (A)™ — im (A) is a bijection. Since im (A) €
Closed (), im (A) is a complete metric space, which implies that A~! : im (4) — ker (4)" is bounded by the

“bounded inverse theorem” | |. Le., ‘A*IH < 0o, which is tantamount to saying that 3¢ < oo such that
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HA’H,OH < c||¢| for all ¢ € im (A). Now if ¢ € ker (A)", then At € im (A), and so A=A = 1. Hence

2l < cllAy]|
!
<

1
Ll A

((3)==>(1)): Let { ¢y },, € im (A) such that lim,, ¢,, = 1) for some ¥ € #. Our goal is to show that 1) € im (A).
If ¥ = 0 we are finished so assume ) # 0. Since { ¢, } C im(A), I{n, },, € # such that An, = ¢,. We assume
WLOG that n,, € ker (A)J‘ (if this is false for all n,, then ,, = 0, so if necessary take a subsequence of such 7,,). Hence,
|Anpn|| > €l|mn|| by hypothesis. We claim { 7, },, is Cauchy. Indeed, ||, — 7|l < 2|A (10 — 1) || = Lllon — @mll-
But { ¢, },, converges and is hence Cauchy. Hence lim,, n, = £ for some £ € # (because regardless of the status of
im (A), # certainly is complete and hence Cauchy sequence converge). Since A is bounded it is continuous, and so
we find that

A = Align Mn
= li7rln Anp,
= limey,
We obtain then that ¢ € im (A) as desired.
((2)<=>(3)): We have ker (|A\2>L = ker (A)" using Lemma B.5. Now, since |A]> > 0, (2) is equivalent to
|A|* > 1 on ker (A)*. Hence

AP —e1>0 <m(mf_5@¢>w¢emuAf
= [ AY|* > &[] *ve € ker (4)©
0

Thus, we could alternatively define A to be Fredholm when ker A, ker A* are finite dimensional and imA is closed, and we
could just as well write for its index

index (A) = dimker A —dimker A* € Z.

From this formula it is clear that if a self-adjoint operator is Fredholm then its index must be zero.

Example A.5. Here are a few trivial examples for the notion of a Fredholm operator:
1. The identity operator 1 is Fredholm and its index is zero.

2. The zero operator # 3 v +— 0 is not Fredholm.

3. Recall the position operator X from (1.4), which is not even bounded. Its inverse A := X! is however bounded:
|A]| < 1. Tt is however not Fredholm, even though it is self-adjoint and has an empty kernel. To see that imA ¢

Closed (€2 (N)), use the second characterization of Lemma A.4 and note that while zero is not in ¢ (|A|2), it is an

accumulation point and hence not isolated in o (|A|2) What is the cokernel of A? Is it finite dimensional?

4. The right-shift operator R from Example 1.9 on £2 (N) is Fredholm. Indeed, one checks that
IR? = R‘R=1
and hence by the second characterization of Lemma A.4 it has closed image. Its kernel is empty and the kernel of
its adjoint, the left shift operator, is spanned by d; and is hence one dimensional.
index(R) = -—1.

Note that, considered on ¢? (Z), R is also Fredholm, but it is now invertible and hence has zero index. The right shift
operator is the most important example of a Fredholm operator, and in a sense, all other non-zero index operators
may be connected to a power of the right shift, as we shall see.
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Claim A.6. If A € B(H; — F2) with Fq,H5 finite dimensional, then A is Fredholm and its index equals

index (A) = dim (#;) — dim (#2) .
Proof. The rank-nullity theorem | | states that
dim (#;) = dim (ker (A))+ dim (im (A)) .

Furthermore, since coker (4) = #5/im (A), we have
dim (coker (4)) = dim (#3) — dim (im (A)) .
Thus, we have

index (A) = dim (ker (A)) — dim (coker (A))
= dim (#;) — dim (im (A)) — dim (#(2) + dim (im (A))

as desired. O

In particular, any square matrix is Fredholm with index zero: finite dimensions are not very interesting for Fredholm
theory. Be that as it may some mechanical models in physics have been studied of finite non-square matrices, which have
a non-zero index.

Definition A.7. An operator F' € B (#) is called finite rank iff dim (im (F')) < oo iff it may be written in the form
N
F = ) fipi®u;
i=1
where { f; }ivzl > 0 are the singular values of F' and { ¢; },, { ¢; } are orthonormal bases of #.

For the next definition, we use the open ball definition

B:(v) = {ue#||u—v|<e}.

Definition A.8. An operator K € B (#) is called compact iff K (31 (0)) is compact in F iff it is the operator-norm

limit of finite rank operators iff it may be written as
N
K = ngnoo;fm ® ¢}
i—

where the limit is meant in the operator-norm and f; may accumulate only at zero. The set of all compact operators
is denoted as K (#). It is a two-sided ideal within #¢.

Lemma A.9. (Riesz) 1 — K € F (#) for all K € K (#) and index (1 — K) = 0.

Proof. Write K = lim,, F, (in operator norm) where F;, is finite rank. Hence 1 — K 4 F,, is invertible for n sufficiently
large since || K — F),|| may be made arbitrarily small. Then,

1-K = (11—K+Fn)(11—(]1—K+Fn)_1Fn>
so that
1-K = G(1-F)

with G invertible and F finite rank. Hence ker (1 — K) = ker (1 — F'). Now, v € ker (1 — F) iff v = F'v which implies
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that v is an eigenvector of F' with eigenvalue 1. But this if I is finite rank its eigenspaces are finite dimensional.
Same for 1 — F*. The two kernels are of the same dimension since F is of finite rank. O

Theorem A.10. (Atkinson) A € F (#) iff A is invertible up to compacts, i.e., iff there is some operator B € B (),
called the parametrix of A, such that,
1- AB,1- BAe K (%) .

We note that we may have 1 — AB # 1 — BA indeed. Furthermore, index (B) = —index (A).

Proof. If 1 — AB,1 — BA € K (#) then BA = 1 — K for some compact K and using Lemma A.9 we have that
BA is Fredholm of index zero. Hence ker (BA) is finite dimensional. But ker (A) C ker (BA) so that ker (A) is finite

dimensional. Also, K (7€) is closed under adjoint, so that ker (A*) is also finite. Finally, let v € ker (A)". Then
v € ker (BA)J‘. Since BA is Fredholm, it has closed image, so that by Lemma A.4 we have

IBA|
1Bl A¢l| -

ellell <
<

Consequently, A has closed range. Thus A is Fredholm. Now, using the logarithmic law Theorem A.18 further below,
since AB =1 — K, 0 = index (AB) = index (A) + index (B).
Also

ker (B) C ker(AB)
ker (B*A*)

Conversely, assume A € F (#). Want to construct two partial inverses: let P, @ be the orthogonal projections
onto ker (A) and ker (A*) resp. We claim that |A|*+ P and |A*|* +@Q are bijections. Indeed, ker (4) = ker (|A|2) so if

L
H = ker (\A|2> @ ker (|A|2>7 |A?+P =~ |4 o~ @1 and similarly for the other operator. Hence B := |A|* + P

is invertible, and
1 = B 'A*A+B7'P.

But now, B~!P is of finite rank and C := B~!A* is the sought-after parametrix. O

Definition A.11. The essential spectrum oess (A) of an operator A € B (#) is the set of all points z € C such that
A — 21 is not Fredholm.

Claim A.12. If A € F (#) and index (A) = 0 then A = G 4+ K for some G invertible and K compact.

Proof. Since index (A) = 0, dimker A = dim ker A*. Thus,
F = ker(A) @ ker (A)" = ker (A*) @ ker (4%)* .

But we know that since dimker A = dimker A*, there is a natural linear isomorphism 7 : ker (4) — ker (4*). We
also know that im (A) = ker (A*)". Hence, Alyer(ayt 18 just an isomorphism

ker (A)" — im(A4) .
Hence, the map

G =T D A|ker(A)J‘ H = H

is an isomorphism and # > (v1,v2) & (n(v1),0) € # is compact and hence the result. O
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Theorem A.13. We have the inclusion
F(FH)+K(FH) C F(H)

and the Fredholm index is stable under compact perturbations.

Proof. If A € F(#) and K € K (#), then by Atkinson Theorem A.10, there is some parametrix B such that
AB —1,BA —1 is compact. But B will be a parametrix of A+ K too:

(A+K)B-1 = AB+KB-1

which is compact since K B is compact (as the compacts form an ideal). Hence A + K is Fredholm. We postpone
the proof that the index remains stable until the next theorem. ]

We see from Atkinson’s theorem that the essential spectrum is stable under compact perturbations.

Theorem A.14. (Dieudonne) index : F (#) — Z is operator-norm-continuous and if B € F (#) is any parametric
of A€ F () then

Byp1 (A) € F(@).

In particular, & (#) € Open (B (#)).

Proof. Let A € F (#) and B be any parametrix of it. Take any A € By -1 (4). We have

|5 (-2 < sia 4] <

=

~ 2N\ =1L ~
by assumption, so that 1 — B (A — A) is invertible. We claim that (]1 - B (A — A)) B is a parametrix for A.

Now,

0 = index(1)
= index (1 — K)

— dex ((1-5(4- 4)) " 54)
— index (BA)

Now, via Theorem A.18 further below we have index (B) + index (A) and since index (B) = —index (A) we obtain
the result. O

Finally, we finish the proof of Theorem A.13: if A € & (#) and K € K (#), the homotopy [0,1] >t — A+ tK € F (#)
interpolates in a norm continuous way between A and A+ K and thus the index is constant along this path.

Claim A.15. A is invertible up to compacts iff it is invertible up to finite ranks.

Proof. Since finite rank operators are compact one direction is trivial. Now, assume that there is some B € F (#)
with which 1 — AB,1 — BA € K (#). Let { F,, }, be a sequence of finite rank operators which converges to
K := 1 — BA in operator norm. Then ||F;,, — K|| can be made arbitrarily small and hence W,, := 1 — K + F,, is
invertible for n sufficiently large. Then,

BA = 1-K
= W,(1-W'F,)
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and hence
1-W,'BA = W'F,.

Since finite rank operators form an ideal, W, 1 F}, is finite rank too. This same logic shows that
1-ABW;! = F,W;!

where now F,, W, is finite rank. So Now, W,; ' B is a partial left inverse and BW,, lis a partial right inverse. Then

W,'BA = 1-W'F,
W 'BABW;' = BW;!'- W 'E,BW;!
wolB (11 - an—l) = BW'-WlF,BW!
W 'B-BW,! = W, 'BE,W,!-WF,BW!

and since the finite rank operators form an ideal within ® (#), we find that W, ' B equals BW, ! up to finite rank
operators and hence there is just one parametrix, say, W, ! B.
The following is taken from | |: O

Theorem A.16. (Fedosov) If A € F () and B is any parametriz of A such that 1 — AB,1 — BA is finite rank,
then

index (A) = tr([4,B]).
Proof. First we note that if B, B’ are two such parametrii, then B’ = B + F for some F finite rank. Then
[A,B’] = [A,B] + [A, F] and since F' is finite rank, tr ([A4, F]) = 0. So we are free to choose any such finite rank
parametrix.
We claim there is a finite-rank parametrix B such that A = ABA. If we can find such a parametrix, then 1 — AB
and 1T — BA are idempotents, and their traces equal the dimension of the cokernel and kernel of A respectively and
hence the result.

To find this special B, since A induces an isomorphism ¢ : ker (A)J‘ — im (A), by the bounded inverse theorem,
™1 is bounded. Let B be any extension of ¢! to #. Then it fulfills A = ABA. O

Another useful trace formula is the following:
Claim A.17. If there is some n € N such that 1 — |A|2 and 1 — |A"‘\2 are n-Schatten class, then
index (A) = tr((L—]A]D™) —tr((1L—|A")").

The proof is left as an exercise to the reader.

Theorem A.18. (Logarithmic law) If A, B € & (#) then

index (AB) = index(A) + index (B)
index (A@® B) = index(A)+ index(B) .

Proof. The easiest proof is via Fedosov Theorem A.16: If A is a parametrix for A and B is a parametrix for B then
BA is a parametrix for AB. If we let F':= 1 — BB be finite rank, then some algebra implies

index (AB) = index(A) + tr (AABB — BAAB)

the last trace is seen to equal index (B) since AA —1 is finite rank.
The statement about the direct sum is trivial. O
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Theorem A.19. (Atiyah-Jihnich) We have mo (F (#)) =2 Z.

Proof. We already know that index : & (#) — Z is continuous and is constant on the path-connected components of
F (#). Thus index lifts to a well-defined map on 7o (F (#)). To see that it’s surjective it suffices to consider powers
of the right-shift operator. So we only need to show it is injective.

First we claim that if index (A) = 0 then there is a path from A to 1: Via Claim A.12 we have A = G + K for
some invertible G and compact K. By Theorem B.6, there is a path v from (A — K)f1 to 1, and vA is a path from
1 — K to A. From there we can define a further homotopy to reduce K to zero.

Next, we need that if index (A) = index (B) then there is a path between them. To that end, let B be the

parametrix of B. Then index (AB) = 0, whence by the above there is a path v : AB ~— 1. The path 7 := vB
interpolates between A — K and B. Again, a further homotopy brings us to A. O

B Some linear algebra

Claim B.1. ker (A*) = (imA)™ for any operator A : # — .

Proof. We have the following sequence of equivalent statements for any v € #:
1. v € ker (A").
2. A*v=0.
3. (u, A*v) =0 for all u € #.
4. (Au,v) =0 for all u € #.

5. v e (imA)".
O
Claim B.2. W+ € Closed (#) for any subspace W C #.
Proof. Write
W= (){ued|(wu=0}
veW
= () ) ({oh. (B.1)
veW

But {0} € Closed (C) and (v,-)”" : # — C is continuous, so that (v,-) " ({01}) € Closed (#). But now, arbitrary
intersections of closed subsets are again closed (cf. ?7). O

Claim B.3. For any subspace W C #, (W)L =wt.

Proof. Since W C W, (W)L C W+ via (B.1). Conversely, let v € W+, WTS v € (W)l, i.e., that for all w € W,
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(v,w) = 0. Let { wy, },, € W such that lim,, w, = w. Then

(v, w) = <U, lim wn>
= lim (v, w,) ({(v,-) is continuous)

=1lim0=0.

Claim B.4. For any subspace W C #, (Wi)L =W.

Proof. Let w € W. Then (w,v) =0 for all v € (W)J_, which, via Claim B.3, implies that (w,v) = 0 for all v € W+,
which is equivalent to saying that w € (WL)L.

Conversely, by | , 12.4], for any closed subspace,
= __ /=L
H=Wao (W)
=Weowt. (Via Claim B.3)

Now since W+ € Closed (#) via Claim B.2, we may also write
F=wte W',
Hence we learn that
wte (Wh)t = wieW.

Now if W were a proper subspace of (WL)L, this line would lead to a contradiction. O

Lemma B.5. We have ker (A) = ker (|A|2) with |A]> = A* A.

Proof. We have the chain of implications

© € ker (A4) Ap =10

—
— A*Ap=|APp=0
= v € ker (\A|2> .
Conversely,

¢ € ker (|A\2> —= |APp=0
— <|A\2<p,¢> — OVep € H
— (Ap, AY) =0V € #.

In particular, choose 1) = ¢ to get ||Ap|| = 0 which implies Ap = 0 and so ¢ € ker (A) as desired. O

Theorem B.6. (Kuiper’s theorem) The invertible operators are contractible within B (#).
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Proof. Let A € B(d). We wish to find a continuous path to 1. Using the polar decomposition, write

A = |AU

where |A| = VA*A and U = A|A|™" is unitary. By the Hille-Yosida theorem | |, there is some self-adjoint
operator H such that U = e/, Define the map

v:[0,1] = GL(B(#))

via
y(@#) = (1-t)]Al+1)e0DF.
Then 7 (0) = A and v (1) = 1, « is norm continuous and + (¢) is invertible because |A| > 0. O
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