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1 Preliminaries

1.1 Inner Product Spaces

This chapter provides a brief overview of knowledge needed for subsequent chapters.
Most of the materials are taken from [5].

1.1.1 Inner Product

Let V be a finite-dimensional vector space over a field F, where F denotes R or C. An
inner product on V' is a function that takes each ordered pair (u, v) of elements of V' to a
number (u, v) in IF and satisfies the following properties:

1. (v,v) >0forallv e V;

2. (v,v) = 0if and only if v = 0;

3. (u+v,w) = (u,w) + (v,w) for all u,v,w € V;
4. (av,w) = a{v,w) foralla € Fand v,w € V;
5. (v,w) = (w,v) forall v,w € V.

Conditions 3 and 4 can be combined into the requirement of linearity in the first slot.
Thus an inner product is linear in the first slot and conjugate linear in the second slot,
ie.,

(u,v +w) = (u,v) + (u,w) and (u,aw) = a (u, w) .

Note that in the physics literature people often adopt the condition of linearity in the

second slot and conjugate linearity in the first slot.

1.1.2 Norm

Let V be a nonzero finite-dimensional vector space. A norm on V is a function ||-||: V —
R satisfying the following properties

1. || > 0forv eV,
2. |jv|]| = 0if and only if v = 0,
3. [Jv+w| < |lv|| + [|Jw] for v,w € V (triangle inequality),

4. ||aw]|| = |a|jv|| fora € C,v e V.
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A vector space equipped with a norm is called a normed vector space. Given a normed
vector space V, we can put a metric on V' by

d(v,w) = [[v—wl|, v,weV.
It’s easy to verify that all the properties of a metric are satisfied. In particular,
d(v,w) = [lv —w| = || = (w = V)| = [ = Jw — o] = d(w, v).
Given an inner product on V, we can define a norm on V' as follows

HUH =V <U7U>7 veV.

Properties (1), (2), (4) of a norm follow directly from properties of an inner product. We
check the triangle inequality:
v+ wl|? = (v +w,v+w) = (v,v) + (v,w) + (w,v) + (w, w)
= [lvl* + (v, w) + (v, w) + [Jw]|*
< ol + 2| (v, w) [ + [[wl|* < [|vl|* + 2]jolllw]] + [lw]*
= (l[oll + llwll)?,

where the last inequality follows from the Cauchy-Schwarz inequality:
| (v, w) [ < [ollllwl];

which is true in any inner-product space. So every inner product induces a norm on a
vector space. However, not every norm arises from an inner product. The most familiar
norm on R" is the Euclidean norm, given by

n

Z v? forallv € R™,
i=1

loll =

It’s easily seen that the Euclidean norm arises from the usual inner product on R™:

n
(v,w) = Z vw; for all v, w € R™.
i=1

Another important norm on R" is known as the sup norm, which is defined as
||UHsup = maX{\Ulfa ‘1)2|7 ceey |Un|} .

Note that since

n
Zv? < vnmax {|v1], ..., |vnl},

i=1

lv;| <
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the relationship between the sup norm and the Euclidean norm is given by

[vllsup < [[0]] < v/nl[v]|sup-

The sup norm on R? does not arise from any inner product on R2. If it did, then the
following identity
e+ vllEup + Nl = il = 2 (V)5 + lwl5p) for all v, w € R,

sup sup

known as the parallelogram law would hold (this can be verified simply by expanding
the left hand side using the definition of norm induced from inner product). In the case
where u = (1,0)7 and v = (0,1)7, it’s easily seen that the above equality breaks down.
Thus not every norm on V arises from an inner product on V.

1.1.3 Gram-Schmidt Procedure

Let v be a nonzero vector in V. For any vector u € V, we’d like to write u as a sum of a
scalar multiple of v and a vector orthogonal to v. Suppose

u = av + (u — av) for some scalar a € F.
We want to choose a in such a way that
0= (u—av,v) = (u,v) — a(v,v) = (u,v) —aljv|*.

Since v # 0, we obtain
(u, v)

a= .
o]
Thus
(wo)
U= v 4w
)12 ’
where w is orthogonal to v. The vector
(w.0),
V]l

is called the orthogonal projection of u onto v. Recall that a list of vectors (v1, ..., vy) is
orthonormal if
<vi,vj> = 61‘]‘ for 1 < i,j <n.

The Gram-Schmidt procedure allows us to turn an independent list of vectors to an or-
thonormal list. More precisely,

Theorem 1.1 (Gram-Schmidt). If (v1,...,vy,) is an independent list of vectors, then there
exists an orthonormal list of vectors (ey, ..., €n,) Such that

span(vi, ..., vj) = span(eq, ..., €;)

forj=1,..,m.
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We sketch the construction below. First we construct an orthogonal list, and then turn
it into an orthonormal list by the normalization v/||v||. Put e; = v; and

B (va,€1)
€9 = Vg — ”61”2 €1.
Generally,
(vj, 1) (vj,€j-1)
e; = V; — €] —rr— ————€;_1
T e? lej—1ll? 77

for 1 < j < m. In other words, to obtain e;, we subtract off from v; its projection onto
the subspace spanned by (e, ...,ej—1). It can be shown that (e, ..., e;,) is orthogonal
and

span(vi, ...,vj) = span(ei, ..., €;)

for j =1, ..., m. Thus every finite-dimensional inner-product space has an orthonormal
basis. One important corollary of the Gram-Schmidt procedure is the following

Corollary 1.1. Every orthonormal list of vectors can be extended to an orthonormal basis of V.

To see why, suppose (e1, ..., €,,) is an orthonormal list of vectors. Then it is indepen-
dent and can be extended to a basis of V, say

(€14 ceey €y UTy eeeny Up).

Apply the Gram-Schmidt procedure to the above list of vectors, we obtain an orthonor-
mal basis of V. However, since the the first m vectors are orthonormal, they remain the
same after the procedure. We've extended (ey, ..., €,) to an orthonormal basis of V. [

One of the reasons orthonormal bases are useful is because the elements of V' can be
expressed in a simple form. If (ey, ..., e,) is an orthonormal basis for V and v € V, then

v =aiey + - - + aye, for some scalars aq, ..., a, € F.

Now since (ey, ..., €,) is orthonormal,
n

(v,ej) = <Z aiei,ej> =Y ailei,e) =a;
=1

=1

for j =1,...,n. Thus
v=(v,er)e;+ -+ (v,en) en.

We can also obtain the norm of v:

ol* = ¢v.v) = <Z (v, ) euZ<v,ej>ej> = lwed

i=1 j=1
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1.1.4 Orthogonal Projections

If U is a subset of V/, recall that the orthogonal complement of U, denoted by U+ is
Ut ={veV: (v,u)=0 forallucU}.

The next theorem shows that every subspace of an inner-product space leads to a natu-
ral direct sum decomposition of the whole space.

Theorem 1.2. If U is a subspace of V, then
V=UeU™"
Proof. First we show that every element v of V' can be written as
v =u-+w,
where u € U and w € U™. Let (uy, ..., u,,) be an orthonormal basis for U and put
u = (v,u1) ug + (v, uz) ug + - - + (V, U) Up.
Then clearly u € U. Now we write v as
v=u+(v—u).
We need to show that v — u € UL, Indeed,
(v —u,uy) = (v,u5) = (u,u5) = (v,u5) — (v,u5) =0

for j = 1,...,m. Thus v — u is orthogonal to each element in a basis of U and so it is
orthogonal to every element of U.
Now take z € U NU*L, then
(z,2) = 0.

Hence z = 0 and the intersection of U and U~ is trivial. O

1.2 Linear Functionals and Adjoints

1.2.1 The Adjoint of an Operator

Recall that a linear functional on V is a linear map from V' to the scalar F. For instance,
if w is any element of V, the map ¢: V' — F given by

o(v) = (v,w) forallv e V

is a linear functional due to properties of the inner product. Interestingly, it turns out
that every linear functional is of this form.
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Theorem 1.3. Suppose ¢ is a linear functional on V.. Then there is a unique v € V such that
p(u) = (u,v)
foreveryu € V.

Proof. We first show the existence of v. Let (ey, ..., e,) be an orthonormal basis for V.
For any u € V, it can be written as

U = <U,€1>€1 +-+ <U,€n>€n.
Thus

Qp(u) =@ (<u7 61> er+ -+ <’LL, en) en)
= (u,e1)p(er) + -+ (u, en) (ey) (by linearity of ¢)

= <u, pler)er + -+ + cp(en)en> (because ¢(e;) € IF) .

So v can be chosen as
v=ep(er1)er + -+ @(en)en.

For the uniqueness of v, assume that
(u,v1) = (u,vz) forallu e V.

Then
(u,v1 —vg) =0forallu e V.

Choose u to be v; — v9, we obtain ||v; — va|| = 0. Therefore, v = vs. O

We are now ready to define the adjoint of an operator. Let W be a finite-dimensional
inner-product space and 7': V' — W be a linear map. The adjoint of T, denoted by 7™
is a linear map W — V and is defined as follows. For any w € W, the map ¢: V — F
given by

o(u) = (T'(u),w) forallu e V

is a linear functional on V' since 7' is linear (note that here we use the inner product on
W). Thus there exists a unique v € V such that

o(u) = (T'(u),w) = (u,v) forallu e V.
We define 7*(w) = v. The above equality can be written as
(T(u),w) = (u, T"(w)) forallu € Vand w € W.
We should check that T is linear. Indeed, for any v € V and wy, ws € W,

{u, T* (w1 + wa)) = (T'(u), w1 +wz) = (T(u), wr) + (T'(u), ws)
= (u, T"(w1)) + (u, T*(w2)) = (u, T*(w1) + T (w3)) -

10
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We conclude that 7% (w; + wa) = T™*(w;) + T*(w2). Similarly, for any a € F,

(u, T*(aw)) = (T'(u), aw) = a (T(u), w)
a(u, T*(w)) = (u,aT™(w)) .

We conclude that 7" (aw) = aT*(w). Thus T* is linear.
Let’s try to find the adjoint of a simple operator. Define T: R? — R? by

T(x1, 22, 23) = (72 + 323, 211)
To find the adjoint, consider for any (y1,y2) € R?

(T(x1,2,23), (Y1,¥2)) = ((x2 + 3x3,221), (Y1, Y2)) = T2y1 + 2x1Y2 + 331
= (1,22, 3), (2y2, Y1, 3y1)) -

Thus
T*(y1,92) = (2y2, 91, 3y1)-

We list some simple properties of the adjoint
Proposition 1.1. The function T +— T satisfies

1. (S+T)* = S* + T* (additivity);

2. (aT')* = aT™ for a € F (conjugate homogeneity);

3. (T)* =T (adjoint of adjoint);

4. I* = I (identity)

5. (ST)* = T*S* (product).

Proof. These properties follow from the definition of the adjoint. For instance, property
3 holds because

(x,(T")y) = (T"x,y) = (y, T*z) = (Ty,z) = (x,Ty) .
And for property 5, note that
(x,(ST)*y) = (STx,y) = (Tz,S*y) = (x, T*(S*y)) .
OJ

Recall that the conjugate transpose of a matrix A, denoted by A* is the matrix ob-
tained from A by first taking the transpose and then take the conjugation of each entry.
In symbols,

(A%);; = Aj;, forall i, j.
The notation is no coincidence. We’ll show that the matrix representation of the adjoint
of an operator with respect to some orthonormal bases is the conjugate transpose of
that of the operator.

11
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Proposition 1.2. Suppose T: V. — W is a linear map. If (e1, ..., e,) is an orthonormal basis
for Vand (fi, ..., fm) is an orthonormal basis for W, then

M(T*, (fiy-oes frm), (€15 s €n))

is the conjugate transpose of

M(T, (e1,..c,en), (fiy ey fm))-

Proof. To avoid cumbersome notations, we’ll use M (1) and M (T'). The bases are clear
from context. Note that the (¢, j)-entry of M (T) is given by

(M(T))ij = (T(ej), fi) = (e, T*(fi)) = (T*(fi), e5) = (M(T*)) i,

where the first and last equalities follow from the orthonormality of the bases and the
second equality follows from the definition of adjoint. By definition of conjugate trans-
pose,

M(T)* = M(T*).

1.2.2 Self-adjoint Operators

An operator T’ on some finite-dimensional inner-product space is called self-adjoint or
Hermitian if T* = T. From properties of the adjoint, it follows that the sum of two
self-adjoint operators is self-adjoint and the product of a real scalar and a self-adjoint
operator is self-adjoint. Self-adjoint operators have several nice properties which we’re
going to illustrate below.

Proposition 1.3. Every eigenvalue of a self-adjoint operator is real.

Proof. Suppose T is a self-adjoint operator on V and A is an eigenvalue of 7. Then there
exists some nonzero vector v € V such that 7'(v) = A\v. We have

Aol = A, 0) = (A, ) = (T(v),0) = (v, ")
— (0, T(v)) = (v, M) = X {v,0) = A[Jo]”.

We conclude that A = \. Thus ) is real. O

The next result is only true for complex inner-product spaces.

Proposition 1.4. If V' is a complex inner-product space and T' is an operator on V' such that
(Tv,v) =0
forallv eV, then T = 0.

This property is not true for real inner-product space. Consider the rotation of R? by
/2 counterclockwise. Clearly, (T'v,v) = 0, but T" # 0.

12



1.2 Linear Functionals and Adjoints

Proof. The key is the following equality

(T(u+w),u+w) — (T(u—w),u —w)
4
(T'(u+ 1w),u + iw) — (T'(u — iw),u — w) .

+ 1 1,

(Tu, w) =

which can be verified by expanding the right hand side. Since (T'v,v) = 0forallv € V,
we conclude that (T'u,w) = 0 for all u.w € V. In particular, (T'u,Tu) = 0 forallu € V,
which implies that 7" = 0. O

One important corollary of the above proposition is the following.

Corollary 1.2. Let V be a complex inner-product space and T' be a linear operator on V. Then
T is self-adjoint if and only if
(Tv,v) € R

foreveryv € V.

Proof. Letv € V. Then

(Tv,v) — (Tv,v) = (Tw,v) — (v, Tv)
= (Tv,v) — (T"v,v)
={(T-T")v,v).

Thus the condition (T'wv,v) € R for all v € V is equivalent to (7' —T™*)v,v) = 0 for
all v € V. Since we are over the complex field, the latter condition is equivalent to
T —T* = 0 by Proposition 1.4,i.e., T = T*. O

We remark that an n x n matrix A can be thought of as an operator C" — C” in the
usual manner. The (i, j)-entry of A is given by

Aij = (Aej, €i)

where ¢; is a standard basis element for C" and the (j,¢)-entry of A*, the conjugate
transpose of A is given by

Afy = (A%eirej) = Aij = (ei, Aej) .
Thus if A* = A, we have
(Ae;,ej) = (ei, Aej) foralli, j.
By properties of inner product,
(Av,w) = (v, Aw) forallv,w € C".

Hence the matrix A is self-adjoint if and only if A* = A, as expected.

13
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1.2.3 The Spectral Theorem

One of the nicest properties of complex self-adjoint operators is there exists an orthonor-
mal basis for V' consisting of eigenvectors of the operator. This result is known as the
spectral theorem and it is our aim in this subsection to establish it. We record the theo-
rem below.

Theorem 1.4 (Complex Spectral Theorem). Suppose that V' is a complex inner-product space
and T is an operator on V. Then T is self-adjoint if and only if V' has an orthonormal basis
consisting of eigenvectors of T and all eigenvalues of T' are real.

To prove the theorem, we need several lemmas. The most important one is

Lemma 1.1. Suppose V is a complex vector space and T is an operator on V. Then T has an
upper-triangular matrix with respect to some basis of V.

Proof. We're going to prove the result using induction on the dimension of V. The case
where dim V' = 1 is clearly true. So we assume that dim V' > 1 and the lemma holds
true for every complex vector space of dimension less than that of V' and bigger than 0.
Let T be an operator on V. Since V is a complex vector space, T has an eigenvalue
A (the characteristic polynomial of 7" always has a solution). Consider the following
subspace of V'
U =range (T — \I).

Because )\ is an eigenvalue of 7T, there exists some nonzero vector v € V such that
(T'— X )v = 0. Thus T'— A is not surjective and so dim U < dim V. Moreover, for every
u € U, we can write
T(u) = (T — M)u+ Au.
Clearly (T'— A)u € U and Au € U. Thus U is invariant under 7. We can now apply the
induction hypothesis to (U, T'|;;). Consequently there exists a basis (u1, ..., un,) for U
with respect to which T'|;; has an upper triangular matrix. Extend that basis to a basis
for V
(Ul ey Uppy V1, oy Up).
Now we have
T(ui) = Ty (us) € span(u, ..., u;)
for i = 1,...,m because the matrix of T'|;; is upper-triangular. For the vj, we can write
T?)k as
T(vg) = (T — M )vg, + Avg
for k =1, ...,n. Note that (T'— A\ )v;, € U and hence it belongs to the span of (u1, ..., ).

We conclude that T'(vg) € span(uq, ..., Up, v1,...,v5) for k = 1,....n. We've found a
required basis. O

The next lemma tells us that in fact we can choose the basis to be orthonormal.

Lemma 1.2. Suppose V' is a complex vector space and T is an operator on V. Then T has an
upper-triangular matrix with respect to some orthonormal basis of V.

14
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Proof. We know that there exists a basis (v1, ..., v,) for V with respect to which T is
upper-triangular. In other words, the subspaces (vy,...v;) are invariant under 7" for
i =1, ...,n. Apply the Gram-Schmidt procedure to (v1, ..., v,) we obtain an orthonormal
basis (eq, ..., en) for V. Note that the procedure doesn’t change the span of the vectors,
hence

span(vy, ..., v;) = span(eq, ...,e;) fori =1,...n

Thus span(ey, ..., ¢;) are also invariant under 7" for ¢ = 1,...,n, which implies that 7" is
upper-triangular with respect to (eq, ..., e,). O

We are now ready to prove the complex spectral theorem. Suppose T is self-adjoint
and let (eq, ..., e,) be an orthonormal basis for V' such that M (T) is upper-triangular
(again we omit the basis, it is understood to be (ei,...,e,)). By orthonormality of
(e1,...,en), M(T™) is the conjugate transpose of M (T), i.e.,

M(T*)U —M( )]l for1 <i,5 <n.
Since 7' is self-adjoint,

M(T);j = M(T)j; for1<i,j<n.
Because T is upper-triangular, M (T);; = 0 forn > ¢ > j > 1. For i < j, the above
equation implies that M (T");; is also 0. Thus M (T') is in fact diagonal and the basis
(1, ..., €n) is an orthonormal basis for V' consisting of eigenvectors of 7.

For the other direction, suppose that V' has an orthonormal basis (e, ..., €,) consisting
of eigenvectors of 7" and that

T(ez) == )\iei fori = 1, ey 1,
where \; e Rfori =1,...,n. For any v € V, we have
v=aie; + -+ ane, fora; € C.

Thus
(Tv,v) <Za2Tehza]e]> = <zn: ai)\ieiazn:ajej> = Zn: |ai‘2)‘i
i=1 j=1 i=1

by orthonormality of (ey, ...,e,). Since all eigenvalues of T" are real, we conclude that
(Tw,v) € Rforall v € V. Hence T is self-adjoint by Corollary 1.2. O
1.2.4 Positive Operators

Let 7" be an operator on some complex finite-dimensional inner-product space V. Then
T is called positive if
(Tv,v) >0

15
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for all v € V. For an example of a positive operator, take a nonzero vector v € V' and
consider the orthogonal projection onto v given by

U, v
Py(u) = <Hv’2>vfor allu e V.

We have (w.v) o) 2
(Py(u),u) = <||U”2v,u> = ol > 0.

Thus P, is positive. Another important characteristic of positive operators is the fol-
lowing.

Proposition 1.5. An operator T is positive if and only if it is self-adjoint and all of its eigen-
values are non-negative.

Proof. Suppose that T is positive. Since V' is a complex vector space, the condition
(T'v,v) € Rforall v € V implies that T is self-adjoint. If A is an eigenvalue of 7" with
eigenvector v, then

0 < (Tw,v) = A (v,v).

Thus A > 0 since (v, v) > 0.

Now if T is self-adjoint and all the eigenvalues of T" are non-negative. By the spectral
theorem, there exists an orthonormal basis (e, ..., ;) for V' consisting of eigenvectors
of T'. For any v € V, we have

v=aie; +---+ane, fora; € C.

Thus
n n n n n
<T1},7}> = <Z aiTei,Zajej> = <Z ai)\iei, Zajej> = Z ]ai\Q)\i
=1 J=1 =1 7=1 =1

by orthonormality of (e, ..., e,). Since each eigenvalue ); is non-negative, we conclude
that
(Tv,v) >0

forallv e V. O

1.2.5 Functions of Self-adjoint Operators

One advantage of the spectral theorem is that it allows us to define operator-valued
functions of self-adjoint operators in terms of their eigenvalues. Let A be a self-adjoint
operator on V and 3 = (vy, ..., vy,) is an orthonormal basis for V' consisting of eigenvec-
tors of A, i.e.,

Avi:)\ivi, 1= 1,...,71.

16



1.2 Linear Functionals and Adjoints

If f is a complex-valued function that is defined on the eigenvalues of A, then we define
f(A) tobe

f(A)UZ:f()\Z)vlv 1= 177’”‘

and extend to the whole V' using linearity. To have a good definition, we need to show
that it is independent of the choice of the orthonormal basis. Indeed, if w is an eigen-
vector of A corresponding to an eigenvalue ), then w can be expressed as a linear com-
bination of independent eigenvectors

w = Z ajvj,
J
where each v; € 3 is an eigenvector of A corresponding to the eigenvalue . It follows

that
w—Zajf Zajf (MNw

Thus the definition of f(A) doesn’t depend on the choice of basis. From the definition,
we also have

(f +9)(A) = F(A) + 9(A),
(f9)(A) = f(A)g(A),
(f 0 9)(A) = f(g(A)).

Note that our definition doesn’t account for every possible functions on operators. For
instance, the following function
f(A) = PA

for some fixed matrix P is not obtained from any complex-valued function f. We give
several important examples of operator-valued functions.

1. If f is a polynomial
f(z)=ao+arz+ -+ apz,

then f(A) is given by
f(A) =ag+a A+ + akAk.

Note that the left hand side is defined in terms of the eigenvalues of A and the
right hand side is the usual operations of operators. It’s easy to check that they're
in fact the same.

2. If f is given in term of a power series

17



1 Preliminaries
and the series converges on the eigenvalues of A, then we write f(A) as
[e.9]
f(A) = Z ap AF.
k=0

We'll see later that this is just a special case of convergence of operators.

3. If Ais a self-adjoint operator with non-zero eigenvalues, then

flz)==""
is well-defined on the eigenvalues of A. The function
f(Av =11

is the usual A~1.

4. If B is a self-adjoint operator with non-negative eigenvalues, i.e., a positive oper-

ator, then
9(2) =z

is well-defined on the eigenvalues of A (here we just consider the positive square
root). The function

g(B)v =V
is known as the positive square root of B, which we denote by v/B. Clearly,
(VB)* = B,

as expected.

1.3 Norms of Operators

1.3.1 Bounded Linear Opearators

Let V' and W be inner-product spaces. A linear map 7': V' — W is said to be bounded if
there exists a real number c such that

1T ()] < ol

for every v € V. Note that here ||T'(v)|| denotes the norm of 7T'(v) in W. When there’s
no ambiguity, we'll use the same notation || - || to denote the norm. Note that the con-
cept of boundedness here only applies to linear maps and it is different from the usual
definition of boundedness used in calculus. For instance, the map f: R — R given by
f(z) = x is unbounded in the usual sense of calculus since its range is the whole of R.
However, it is a bounded linear map since

If @) = [l=]| < ell]]

for any real number ¢ > 1. Bounded linear maps have a nice property, as given by the
next proposition.

18



1.3 Norms of Operators

Proposition 1.6. If T': V' — W is a bounded linear map, then T is continuous.

Proof. Since T is bounded, there exists ¢ > 0 such that
[T < cllvll, veV
Let € > 0 be arbitrary. For v, w € V such that ||v — w| < ¢/c, we have
1T (v) = T(w)l| = [[T(v = w)|| < ¢llv —wl] <e,
where the first equality uses the linearity of 7'. Thus 7' is continuous. O

The next proposition shows that linear maps between finite-dimensional inner-product
spaces are continuous, as expected.

Lemma 1.3. Let T': V. — W be a linear map between finite-dimensional inner-product spaces,
then T' is bounded.

Proof. Let {v1,...,v,} be an orthonormal basis for V. For any v € V, we have

n
v = Zakvk, a € C.
k=1

Thus

n

n n
ol = {o0,0) = <zz> Sl
k=1 =1

k=1

where the last equality follows from the orthonormality of {vi,...,v,}. The Cauchy-
Schwarz inequality now gives

> arl* = - (Z |ak|>
k=1 k=1
Hence we obtain

lofl > TZ!%!

17 (v)

n
Z |ax T (or) || < czm\
=1 =

where ¢ > 0 is the maximum value of {||T'(v1)]|, ..., ||T(vr)||}, independent of the vector
v. Therefore,

IT(v)] < CZ |ak] < ev/nlv]]

k=1
forany v € V. So T is bounded. O
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1 Preliminaries

Recall that a subset K of a metric space M is compact if every open cover of K con-
tains a finite subcover. Let V be an inner product space and {v1, ..., v, } be an orthonor-
mal basis for V. The following map 7': C* — V given by

T(ek) = Vg, k= 1,...,71,

where {ey, ..., e, } is the standard basis for C", is clearly an invertible linear map. Since
linear maps are continuous, it is also an homeomorphism. Let = be any vector of C"
and suppose

n
xr = E arer, ap € C,
k=1

< (ek),ZalT(el)> = <Z AUk, alvl>
= k=1 =1
|ak|2 <Z akek,zazez> = [lz]I*.

So T preserves the norm. Therefore, the subset

then

I ()|

??‘

{veV:|v|=1}
of V' is the image of the subset
{z e C: ] =1}

of C" under 7. Since the latter set is compact, we know that the former set is also
compact.

1.3.2 The Operator Norm

LetT: V' — W be a linear map between finite-dimensional inner-product spaces. Con-
sider the following set

A:{”ﬂiv‘)’:UEVandv;éO}.

(A is nonempty because we assume that V' is nonzero.) Since 7" is bounded, the set A is
bounded above by some ¢ > 0. The operator norm of T is defined to be

7)) = sup A.
The following inequality is immediate from the definition

[T )| < [ITl[v]| for all v € V.
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1.3 Norms of Operators

We check that || - || is indeed a norm on the space of linear maps V' — W. Property
(1) is trivial because each element of A is nonnegative. For property (2), if ' = 0, then
A = {0}, thus ||T|| = 0. Conversely, if ||T'|| = 0, then

I7@)] < |7)lv] = 0 forall v € V.

Thus T' = 0. To show property (3), take any linear maps 7" and S and note that for any
nonzerov € V,

(T +S)W)[| = IT(v) + S@)[| < |T@)[| + [|S(v)||
< T[l[vll + 1SNl = AT+ [ISDIl-
Thus
(T +S)(v)]

<171+ 1151l
o]

for any nonzero v € V. It follows that
1T+ S <7+ [IS]l

Finally, for any o € C,

T | :sup{w: vEVandv;éO}
:sup{|a|w: vGVandv;éO}

:|oz|sup{”T(U)H:v€Vandv7é0}

o]
= [l T]-

That shows property (4).
It turns out that to find the operator norm, we don’t need to consider every v € V, as
the next proposition shows.

Proposition 1.7. Let T: V' — W be a linear map between finite-dimensional inner-product
spaces. An alternative formula for the operator norm of T is

1T = sup{[|T(v)[|: v € Vand |v]| = 1}.

Proof. We let b denote the right hand side of the above expression. The subset consid-
ered is clearly a subset of A (when ||v|| = 1), thus b < ||T"||. On the other hand, since 7'

iS linear/
1Tl _ ‘ T(v)‘ = HT <!ZH> H =

o]
for every nonzero v € V because the norm of v/||v|| is 1. Thus ||T'|| < b. We conclude
that b = ||T]|. O

b
o]l
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1 Preliminaries

Since {v € V': ||v|| = 1} is compact, we can in fact replace supremum by maximum in
the formula for the operator norm. Some other useful properties of the operator norm
are given in the next proposition.

Proposition 1.8. Let T', S be operators on a finite-dimensional inner-product space V., then

L TS| < TSI,
2. [{T(),w) | < I T[l[vlllw] for all v, w €V,
3TN = M7,

4. ||TT*|| = |T*T|| = |||
Proof. To prove (1), note that
TS ()| = TSN < ITHIS @I < TS ol
forall v € V. Thus || T'S|| < ||T||||S]|. For (2), we apply the Cauchy-Schwarz inequality
(T (), w) | < [T@)[[[[w]| < [IT[[l[o][[w]]
Property (3) is trivial for the case 7" = 0. Assume 7" # 0, we have
IT @) = (T(v), T(v)) = (T"Tv,v) < | TT|||v]|*

for any v € V. Here the last inequality follows from property (2). Taking the squared
root, we get

IT)Il < VIIT*T[|]o]| for any v € V-
Thus by definition of the operator norm,

1T} < V[T

Hence,
T\ < \T*T|| < |IT*T],

where the last inequality uses property (1). Dividing both sides by ||T'|| # 0 yields
1Tl < [T
The same inequality applies to 7%, thus
1T < T = 1T

We conclude that ||T'|| = ||7||. Finally, since ||T'|| = |||,

171 < 77| < | T*T) = |71
Thus ||T||? = |T*T||. Applying the same equality to T* we obtain

IT|* = |1T*(* = | 7T = | TT"|.

That completes the proof. O
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1.3 Norms of Operators

1.3.3 The Operator Norm of Self-Adjoint Operators

So far we haven't given any examples of how to compute the operator norm. If 7' = 0,
then ||T'|| = 0. The simplest non-trivial example is the identity map T'(v) = v for
all v € V. In which case, it’s easily seen that ||7|| = 1. For a general operator, it’s
not a trivial matter to compute the operator norm directly from the definition. In this
subsection, we focus on finding the operator norm of self-adjoint operators. Our main
result is the following.

Proposition 1.9. Let T be a self-adjoint operator on a finite-dimensional inner-product space
V. Then
I|T|| = max{|A|: A1is an eigenvalue of T'}.

Actually this proposition allows us to find the operator norm of every linear operator
T since we know that
77| = | T*T|| = | 7|

and the operator 7T is self-adjoint.

Proof. The proof becomes quite straightforward once we know the spectral theorem.
Let (eq, ..., e,) be an orthonormal basis for V' consisting of eigenvectors of T', i.e.,

Tei :/\iei, 1= 1,...,n.
Then for any v € V such that ||v|| = 1 we have

ITo||? = ||T (Z (v, €) €i>

=1

2 2

n

Z (v,e;) Te;

=1

n 2

= Z <’U, €i> /\iei

=1

n

=D v e) Mif?

i=1

n
< mZaXIAi\Q D {v,e) P = max il
=1

and the equality occurs when v is one of (e, ..., e,). Thus
171} = sup {70 [Jv]| = 1} = max |Aq].
O

For an example, suppose we want to find the operator norm of the following self-
adjoint operator C? — C2
1
(%))

The characteristic polynomial of A is

M _3)2+1=0,
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1 Preliminaries

which has solutions

)\:?,i\/g‘
2
Hence V5
3+ V5
Al = =5

If we apply the definition directly, then we want to find the maximum of
2|ul® + 5[v|* + 3i(vi — uv),

where u and v are complex numbers subject to the condition |u|?> + |v|> = 1, which is
not very easy.

The next proposition gives yet another formula for the operator norm of a self-adjoint
operator.

Proposition 1.10. Let T be a self-adjoint operator on an inner-product space V.. Then
1T = sup {| (Tw, v} |- [lv]} = 1}

Proof. Since T is self-adjoint, we can choose an orthonormal basis for V' consisting of
eigenvectors of 7', i.e.,
Tei :)\iei, 1= 1,...,’0.

For any v € V such that ||v|| = 1, we have

| (Tw,v) | = <Z (v, €;) )\iei,z (v, €5) €j>

i=1 =1
n

=) Al (v,
1=1

and the equality happens when v is one of (ey, ..., e,). Thus

< max |\
(2

sup {{T'v, v) : o]l = 1} = max [\ = |[T].

1.3.4 Convergence of Matrices

Let V be a finite-dimensional inner-product space over C. The set of all operators on V'
equipped with the operator norm is a metric space and thus we can talk about conver-
gence of operators. Let (Bj) be a sequence of operators on V. If we choose an orthonor-
mal basis (ey, ..., e5) for V, then each By, can be represented as an n x n complex matrix
Bk.
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1.3 Norms of Operators

Proposition 1.11. The sequence (By,) converges to some operator A in the operator norm if and
only if
lim (Bg)ij = Asj
5 Lr{olo( k)ij J
forl1 <i,j <n.
Proof. It suffices to prove the proposition in the case where A =0, i.e,,
lim B, =0
k—o0
in the operator norm if and only if

lim (By)ij = 0

k—o0
for 1 <i,j < n. For the forward direction, suppose that
i B=0
in the operator norm, i.e., for every ¢ > 0, there exists some integer N such that
|Br|| <e forall k> N.
Now since (ey, ..., €,) is orthonormal, we have
[(Br)isl = [ (Brej, ei) | < | Brejlllleil] < | Brll <e
for k > N. Therefore

lim (By)ij = 0

k—o00

forl1 <i,j <n.
For the other direction, suppose that

lim (By)ij = 0

k—o00

for 1 <4, < n. Then for any € > 0, there exists some integer /N such that

Z |(Bk)ij|2 < 62 forall k> N.

1<i,j<n

It follows that .
IBrejll> = [(Br)is|* < e® forall k>N
i=1

for j = 1,...,n. Now for every vector v € V such that ||v|| = 1, we have

n
v = E a;€j,
J=1
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1 Preliminaries

where |a1]? + -+ - + |a,|? = 1. Hence
n
IBrol|* = (Brv, Byv) = Y _ ;|| Bre; | < &
j=1
for k£ > N. By the definition of the operator norm, we conclude that

|Bk|| <e forall k> N.

In other words,
lim Bk = 0.
k—o0

Thus if we have
A=Y "B
k=0
then

A= i By.
k=0

(Here the convergence of matrices means the convergence of each entry.) The trace of
A doesn’t depend on the choice of basis, hence

=1 =1 k=0 k=0 i=1 k=0

We also note that if B is a self-adjoint operator such that

A= i aB*,
k=0

consider an orthonormal basis for V' consisting of eigenvectors of B, it follows from
Theorem 1.11 that the eigenvalues of A are given by

{Z axA¥: X is an eigenvalue of B} .
k=0
This is in accordance with our definition of " ax B* given in Subsection 1.2.5.

Proposition 1.12. The set of all operators on V' equipped with the operator norm is a complete
metric space, i.e., every Cauchy sequence converges.

26



1.3 Norms of Operators

Proof. Consider a Cauchy sequence (By), i.e., for every ¢ > 0, there exists some integer
N such that
|Bp — By|| <€ forall p,q> N.

Thusforj=1,...,n,
|(Bp — By)ej|| <e forall p,q> N.

It follows that
[(Bp)ij — (Bg)ij| <e forall p,g>N

for 1 <, j < n. Thus each sequence (B},);; is Cauchy. Since C is complete, we have

(Br)ij = Aij-

lim
k—ro0

By Proposition 1.11, we conclude that
lim Bk = A,

k—o0
where A is the operator on V whose matrix representation with respect to (ey, ..., e, ) is
A. O

Proposition 1.13. If L is an operator on V' such that ||L|| < 1, then
1 o
— = Lk
I
k=0

Note that L° = I, the identity operator.

Proof. This proposition is an analogue of a result for complex numbers for the case of
operators. It says that if ||L|| < 1, then 1 — L is invertible and can be represented by a
power series of operators. To show the result, we first prove that the series on the right
hand side is convergent and then show that its sum is precisely the inverse of 1 — L. For
positive integers ¢ > p we have

q

Z Lk — zp: Lk
k=0

k=0

oD FS N~ P s is

k=p+1 k=p+1 k=p+1

where the last inequality follows from a property of the operator norm. Because the

series
o0
k
> IIL]
k=0

is convergent for ||L|| < 1, we conclude that the sequence of partial sums of the se-
ries Y L* form a Cauchy sequence. By Proposition 1.12, the series converges to some

operator S
S=> IF
k=0
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1 Preliminaries

Multiply through both sides with L we obtain
LS=) F=5-1
k=1

Thus

1.4 Legendre Polynomials

Consider the inner product space X consisting of all continuous real-valued functions
on [—1, 1] with the inner product given by

1
(z,y) = /_lx(t)y(t)dt.

(Note that X is an infinite-dimensional vector space.) We want to obtain an orthonor-
mal sequence in X which consists of functions that are easy to handle. Polynomials are
of this type and we start from the linearly independent sequence of powers:

zo(t) =1, x(t)=t, .. z@t)=tF .. te[-1,1].

Applying the Gram-Schmidt procedure (Theorem 1.1) we obtain an orthonormal se-
quence (e;). Each e, is clearly a polynomial since it is just a linear combination of (xy,)
and we claim that (e,,) have the following explicit form:

en(t) = 1/2n2+1Pn(t) n=01,.., (1.1)

1 a
~onpl din

where

[(#2 = 1)"].

The polynomial P, is called the Legendre polynomial of order n and the formula for P,
given above is known as the Rodrigues” formula. The explicit form of the polynomial
en, may be found by applying the Gram-Schmidt procedure directly. However here we
present another method. For this the following proposition is crucial.

P(t)

Proposition 1.14. Let (y,,) be an orthonormal sequence in X, where each y,, is a polynomial of
degree n for n = 0, 1, 2... Then we have

Yo = e, n=0,1,2...

28



1.4 Legendre Polynomials

Proof. From the Gram-Schmidt procedure we have
Y,, = span {zg, ...,z } = span{eg, ...,en}

for all n. Then Y, is vector space of dimension n + 1. Since each y,, is a polynomial of
degree n, we conclude that
Span {y(b ey yn} C Yn

Moreover, yo, ..., yn, are linearly independent since they are orthogonal. Thus
Y, =span{yo,...,yn} n=0,1,...

It follows that we can express y, as a linear combination of e,,:

n
Yn = Zajej, aj € R.
j=0

Now by the orthogonality

Yn L Y1 =span{yo,...,yn—1} = span{eg, ..., en—1},

we obtain for k =0,1,....n — 1,

n
0= (yn,€r) = <Z ozjej,ek> = ag.
=0

Therefore,

Yn = QpEp
forn = 0,1, ... (The case n = 0 can be checked manually.) Since both y,, and e,, are unit
vectors, we have

L= {lynll = lemlllenll = o]

Because o, is real, o, is +1. ]

In our case we can let y,, to be the right hand side of (1.1). Then clearly each y, is a
polynomial of degree n since P, is a polynomial of degree 2n and we differentiate it n
times. If (y,) is orthonormal, then

Yn = tep

by Proposition 1.14. Furthermore, the coefficient of ¢" in e,, is positive (recall the for-
mula of the Gram-Schmidt procedure) and so is the coefficient of " in y,, (the coefficient
of t?" is positive). By equating the coefficients of ¢ in both polynomials we conclude
that

Yn = €n
for n = 0,1, 2... Thus now we just need to prove that the sequence (ys,) is orthonormal.
For that purpose the following observation is useful.
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1 Preliminaries

Proposition 1.15. Put u(t) = t* — 1. Then we have
W) ®(£1) =0, k=0,..,n—1

and
(™)™ = (2n)!,

where (u™)*) denotes the k-th derivative of u™.
Proof. We recall the general Leibniz rule for repeated differentiation:
EoseN .
(fg)® = ( .>f(J)g(kJ)7

which can be proved easily by induction. Applying this formula to «™ we obtain

dk k
U=l =Dt + )"
k
I N AT w1 (k=)
jzo(j)w DD+ 1)
k
:Z(l;)rr-'(n—j—f—l)(t—1)"_jn-~(n—k:+j+1)(t+1)”_k+j.
§=0

Now for 0 < k < n — 1, both n — j and n — (k — j) are positive. Hence every term
of (u™)®*) contains the factor > — 1 and thus vanishes when ¢ = +1. For the second

equality, note that
(un)(Qn) _ (th)(2n) _ (271)'

Proposition 1.16. The sequence (yy) is orthonormal.

Proof. Put u(t) = t? — 1. Applying integration by parts n times we obtain

1
(@) Pl = / (@) )

1

1
_ (un)(n—l)(un)(n) _/ (un)(n-i—l)(un)(n—l)dt
-1
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1.4 Legendre Polynomials

where we've used (u”)*)(£1) = 0 for k = 0,...,n — 1 and (u")®") = (2n)!. Now for the
integral

1
I, :/ (1 —t*)"dt,
0

by integration by parts we obtain the following recurrence relation

2n
I, = T 1In_1, n > 1.
Since Iy = 1 we obtain
[ 2n 2n — 2 2
" \2n+1)\2n—-1 3
Plug in everything we get
92n+1 (py1)2
22| P2 = =————L
@l Pl = ==
Thus 5
P = ——.
It follows that

2
lymlI* = =1

2n+1
VI )
Now for the orthogonality, we'll show that (P,,, P,,) = 0 for 0 < m < n. Since P, is a
polynomial, it suffices to prove that (z,, P,) = 0 for 0 < m < n. Applying integration
by parts m times we obtain

1
(s P) = / £ (Y ) g

1

1 1
_ tm(un)(nfl)’_l o /1 mtmfl(un)(nfl)dt

= (=1)"m! / 1 (u™) =™ gt

where the last equality follows because 0 < m < n. O

We can expand (t? — 1)" using the binomial theorem:

n

@-1r =3 (M),

=0 N
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1 Preliminaries

Thus

7=0
= Snpl <.>(—1) 712§(2j — 1)+ (2 — n + 1)t¥
Jj=0 J
1 n n oo . 2in
= gl ) j (=1)"725(2j = 1)+ (2 —n+1)t77"
i=[3]

Here [z] denotes the ceiling of z, i.e., the smallest integer greater than or equal to z. A
tirst few Legendre polynomials are

1 1 1
1,t, =(3t2 — 1), =(5t3 — 3t), =(35t* — 30t +3), ... p .
2 2 8
Proposition 1.17. The Legendre polynomials satisfy the following recurrence relation:

{PO(t) - (1.2)
(n+1)Pog1(t) = 2n + 1)tP,(t) — nPy—1(t), n>1.

Proof. The recurrence relation can be checked by direct computation and the proof is
quite tedious. We'll show for the case n is odd and the same idea can be applied to
when n is even. When n is odd, note that

{ﬁ—‘ :n—l—l’ [n—l-‘ :n—l’ {n—l—l-‘ :n+1.

2 2 2 2 2 2

Thus we have the following;:

(2n+ 1)tP,(t) = ntl i (n) (=1)"7725(2j — 1) -+ (2j — n + 1)+,

2nn! J
=2
-n s
—nP,_1(t) = ————— ( . )—1nj12j2j—1~--2j—n+2t2j"+17
i) = gy 2 ()0 0 )
2
1 = n+1
_ _1\J(9; . - 2j—n+1
(n+ D P (t) = Sy ;ﬂ; <j+1>( D25 +2)(25 +1)--- (2§ —n+2)t .

2

Now since the powers of ¢ in the three polynomials are the same, we just need to show
that the sum of the first two coefficients gives the third coefficient. (Note that the case
j = (n—1)/2and j = n need to be checked separately.) With some patience we should
obtain our result. O
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1.4 Legendre Polynomials
Note that Py(t) = 1 forall ¢t € [-1,1] and P;(1) = 1. Suppose that P,_1(1) = P,(1) =
1, it follows from the recurrence relation that
m+1)Pi1(1)=2n+1)—n=n+1.
Thus we have P, (1) = 1 forn =0, 1,2, ... Moreover, it can be shown that | P, ()| < 1 for
all n. Hence for a fixed ¢ € [—1, 1], the following series

Qi(x) =D Pa(t)z”
n=0

is convergent for all z € R and |z| < 1. We’d like to find the function @Q;(z). First,
differentiate Q;(z) with respect to x and multiply both sides by = we obtain

o0
2Qi(x) = nPy(t)a", |z| <L
n=1
Using the recurrence relation (1.2) we obtain

2Qi(x) =tz + Y _(n+1)Poy(t)a™t!

n=1

=tz + i [(2n + 1)tPy,(t) — nPy_1(t)] 2™

n=1
=D 2Pyt Y tPu()2" T =) nPooa (2" 4 ta
n=1 n=1 n=1
= 2t2%Q}(z) + tz(Qu(z) — 1) — (z°Q}(z) + 2°Qu(x)) + tz
= (2t2® — 2°)Qj(2) + (tw — 2*)Qu(x)

Thus,
(1 -2tz 4+ 2H)Q)(x) = (t — 2)Q¢(x), |z| < 1.

(Note that this holds for x = 0 because Q;(x) is continuous.) Now
12tz +2°=(x—t)°+(1-t*)>0
because |t| < 1 and |z| < 1. It follows that Q;(x) satisfies the initial value problem
Q) = (153 ) @)
¢ 1 — 2tz + 22 ’
Q+(0) = Py(t) = 1.

By separation of variables we get

Q(ﬂf)_;
TV —2tr+ 1
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Therefore,

ZP )z, x| <1, Jt] < 1.
vV —th—i-

The function Q;(x) is called the generating function of the Legendre polynomials.
From the generating function perspective, we can derive another important property
of the Legendre polynomials. We have

ZP = Q1) = S = Qo) =2 A
By uniqueness of power series expansion we conclude that
(=1)"Pa(t) = Pu(=1).
Thus P, is an odd polynomial if n is odd and is an even polynomial if n is even.
Proposition 1.18. The Legendre polynomial P,, satisfies the following differential equation:
(% = 1)y" + 2z —n(n+ 1)y =0,

or equivalently,
! ’ [(wQ — 1)y’]/ —n(n+1)y=0.

Proof. Put u(z) = (2% — 1)", then u(™) = 2"n!P, and
(22 — D (z) = n2x(z? — 1)" = 2nau(z).
Differentiate the above equation n + 1 times using the general Leibniz rule for repeated

differentiation: i
(fo)® =>" (Z) F gn=h)
=0

we obtain

n+1 n+1
”+1> 2 \(G) (o (nt1d) _ <’“+1> () gy (n1-7)
. 22 1)U ntl=j) _ 9, ) gy (17
E < ( ) () E j

=0\ =0

Expand and combine the terms we get our desired differential equation. O
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2 A Simple Case of the Atiyah-Singer
Index Theorem

2.1 Introduction

The Atiyah-Singer (AS) index theorem is one of the great landmarks of twentieth cen-
tury mathematics. The theorem was proved by Michael Atiyah and Isadore Singer in
1963, for which they were awarded the Abel prize (the “mathematician’s Nobel prize”)
in 2004. The index theorem includes several important theorems in differential geome-
try as special cases, such as the Riemann-Roch theorem and has many applications in
theoretical physics. In a nutshell, it asserts that we can obtain some information about
the number of solutions to a certain type of partial differential equations (a.k.a. the an-
alytical index) by essentially looking at the shape, or topology of the domain (a.k.a. the
topological index). In this sense, the index theorem connects two important branches
of mathematics: analysis and topology. The general statement of the AS index theorem
is quite complicated and lies beyond the scope of this note. Nevertheless, we can get
some feeling for the AS index theorem by looking at some elementary examples that il-
lustrate the same idea, i.e., relating analytical information and topological information.

Let V and W be complex vector spaces (think of spaces of smooth functions) and
L:V — W be alinear map (think of differential operators). The cokernel of L is defined
as

coker L = W/Im L.

The map L is called Fredholm if both ker L and coker L are finite-dimensional. In that
case, we define the (analytical) index of L to be

Index L = dim ker L — dim coker L.

At first glance, the index of L is purely analytical since it concerns with the number of
(independent) solutions to Lv = 0. It's surprising that Index L also carries topological
information. Let’s first look at the case where V and W are finite-dimensional. In this
case, every linear map L is Fredholm. More specifically, suppose V. = W = C2. We
consider three different linear maps L and calculate their indices.

1. L = 0. It's clear that ker L = C? and coker L = C?/{0} = C2. Hence Index L =

2-2=0.
1 3
r=(y 4)-
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2 A Simple Case of the Atiyah-Singer Index Theorem

By elementary linear algebra we obtain
ker L = span {(—3,1)"}
and
Im L = span {(1,2)"} .
Thus Index L =1-1=0.
3. L =1Id. Then ker L = {0} and coker L = C?/C? = {0}. Thus Index L =0 — 0 = 0.

We see that three completely different linear maps all have the same index! (Their
kernels are very different, having different dimensions.) This is in fact an instance of a
more general result.

Proposition 2.1. Let V and W be complex finite-dimensional vector spaces and L: V. — W
be a linear map. Then
Index L = dim V — dim W.

Proof. This is just an application of the famous dimension theorem in linear algebra:
dimV = dimker L 4+ dimIm L.
Now since coker L = W/Im L, we have
dim coker L = dim W — dimIm L.
It follows that
Index L = dim ker L — dim coker L = dimker L — (dim W — dimIm L) = dim V' — dim W.
O

Since dimension of a vector space is a topological property (it is unchanged under
homeomorphism), we see that the index of L also encodes topological information.
This proposition however doesn’t make sense when V' and W are infinite-dimensional.
In that case L will carry a different type of topological information. Let’s look at one
example.

Suppose V. = W = C>(S!), where C*°(S!) denotes smooth complex-valued func-
tions on S!, which can be thought of as periodic smooth complex-valued functions on
R with period 27. Let L: C*®(S') — C*(S') be the differentiation map f +— f’. The
kernel of L is given by

ker L={feC>®S"): f'=0}=C

by elementary calculus. The calculation of coker L is more involved. We first show that
for f € C>=(SY),
2w

fd9 =0« feImlL.
0
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2.1 Introduction

If f € Im L, then f = F’ for some periodic function F' with period 2x. It follows that
2 2
fdd = / F'df = F(2r) — F(0) = 0.
0 0

Conversely, if
2T

fdo =0,
0

we want to find a function periodic function F with period 27 such that F’ = f. In-
spired by the fundamental theorem of calculus, we can put F' to be

F(z) = /0 " rdo.

Then clearly F' = f. To see that F is periodic, note that

F(:n+27r)—F(:n):/:Jr%fdﬁ:/:fd0+/02ﬂfd9+/;+2ﬂfd9:/O%fdezo,

™

where the third equality follows because f is periodic. Let [f] denote the equivalence
class of fin C*°(S')/Im L. Thus [f] = [g] means f — g € Im L. Consider the following
linear map T': C*°(S')/Im L — C given by

2w

[f] — fde.

0

Note that this map is well-defined since if [f] = [g], then

/O%(f—g)dez/o%hdezo

since h € Im L. The map 7 is clearly nonzero. To show that 7" is an isomorphism, it
suffices to show that T is one-to-one. If follows because

/QW(f—g)d9—0:>f—g€ImL.
0

Thus [f] = [g] and so coker T' = C. Hence the index of Lis 1 — 1 = 0.

What topological information does the index of L carry in this case? Recall the Euler
characteristic of the circle S', which is a topological invariant. To calculate the Euler
characteristic of S, put a finite number of dots on the circle and count the number of
dots subtract the number of edges formed between adjacent dots. The result doesn’t
depend on how many dots are put on the circle. For instance, if we put 3 dots on the
circle, then we have 3 edges and the Euler characteristic is 3 — 3 = 0, which is precisely
the index of L!

We give one final example. Consider the following operator

d o0 o0
Loy = a— +b: C%(R) » C*(R),
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2 A Simple Case of the Atiyah-Singer Index Theorem

where a and b are arbitrary complex numbers and a # 0. The kernel of L, ; consists of
the solutions to the differential equation

d
a—f+bf =0.
dx
By separation of variables we obtain

f(z)=Ce 3%, CeC.

Thus dim ker L, ;, = 1. To find the cokernel of L, ;, we observe that for any f € C*(R),
if we put

then g
a—F +bF = f.
dzx

Thus Im L, = C*°(R). It follows that dim coker L, = 0 and hence Index Lqp = 1 —
0 = 1. This example illustrates the fact that the index is stable under deformations.
Moreover, the number 1 is also the Euler characteristic of the real line R. (To compute
the Euler characteristic of R, we proceed analogously as in the case of S!. However, we
need to discard the two unbounded edges.)

The AS index theorem also finds its applications in Quantum Chromodynamics (QCD),
which is a physics theory that studies the behaviors of various subnuclear particles in-
teracting via the strong nuclear force, one of the four fundamental forces of nature. The
AS index theorem plays an important role in explaining why certain particles have a
larger mass than expected. In the remaining sections, we aim to describe a simple case
of the AS index theorem within the context of gauge theory in theoretical physics. We
first need the concept of gauge fields (a.k.a. connections in the mathematics literature).

2.2 Gauge Fields

Consider the complex vector space consisting of all smooth functions R? — C?. Recall
that a function R? — C is called smooth if its real and imaginary parts are smooth in the
usual sense, i.e., partial derivatives of all orders exist and are continuous. A function
R? — C? is smooth if each component function is smooth. Let V denote the vector
subspace consisting of all smooth functions R?> — C? satisfying the following twisted
periodicity conditions:

{f(:m + 1Lxg) = f(21,22), 2.1)

f(x1, 20 + 1) = g(a1) f (21, 22),

for z = (z1,72) € R? and g(x1) € U(1). Here U(1) is the multiplicative group of
complex numbers whose moduli are 1:

U(l)={z€C: |z|=1}.
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2.2 Gauge Fields

Topologically, U(1) is the same as S!, the unit circle in R?. Since ¢ is continuous, there
exists a continuous function : R — R such that

g(x1) = e,

From condition (2.1) we deduce that

f(xl n sz + 1) — f(xl,xz + 1) = eie(m)f(ggl,xz)
_ 6¢9(11+1)f(x1 + 1,$2) — ei@(m1+1)f(x1,x2).
Hence
0(z1+1) = 0(z1) + 27Q

for all z; € R and @ is some integer. (To be more precise, () should depend on z;.
However, since 6 is continuous and () is an integer, it is constant.) With that condition
the map R — C given by x1 + ¢"(1) is just a continuous map S' — S! and the integer
Q is just the winding number (the number of times the map wraps around S!), which
characterizes homotopy classes of maps S! — S!. For an example of V, we can choose
0(z1) = i27rQx; for some integer ). An element of V is

ei2mz1 (1+Qx2)
f(xlv $2) = <ei27rm1(2+Qx2)>

It’s clear that f satisfies the twisted periodicity condition. (To find such a function, write
fi(z1,22) = €'P1717P272) and use the twisted condition to specify p; and p».) Finally, we
can turn V into an inner product space by

(f,9) = / g(x)* f(z)dx forall f,g €V,
[0,1]2

where g(z)* denotes the conjugate transpose of g(x) (recall that g(x) is a two-component
column vector) .

We want to define a differential operator on V. However, as we can see, the partial
derivatives don’t preserve the condition (2.1):

O1f(z1, 22 + 1) = 81 (V) f (a1, 22)) = @V (i (1) f (21, 22) + 01 f (21, 22)),

which is different from (1) 9, (21, z2). To remedy the situation, we introduce the con-
cept of gauge fields. A gauge field A can be thought of as a collection of smooth functions
A, R? = R for u = 1,2. We replace the partial derivatives by

Vi =0, +iA, forpu=1,2.
We want the V,, to map V to itself, i.e.,

Vif(z1+1,22) =V, f(z1, 72), (2.2)
Vuf(ri, 20+ 1) = eie(“)vuf(xl, x2) (2.3)
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2 A Simple Case of the Atiyah-Singer Index Theorem

forall f € V and o = 1,2. These requirements will impose certain conditions on the
gauge field, as we are about to find out. Let’s first consider requirement (2.2), writing
everything out we obtain

Ouf(z1+1,29) +iA,(x1 + 1, 22) f(x1 + 1, 22) = Ouf (21, 22) + 1A, (21, 22) f (21, 22).
Plugging in f(x1 + 1,22) = f(x1,22) yields
Auy(xy +1,20) = Ap(x1,22) forp=1,2.

Now for requirement (2.3), writing everything out we obtain

Ouf(xy, w2 +1) +iAy (21,20 4+ 1) f(x1, 22 + 1)
= @9, f(z1,22) + 1A (21, 22) f (21, 72)).

For this case we need to consider i = 1 and p = 2. For 1 = 1, plugging in f(z1,z2+1) =
@) f (21, x9) yields

A1 (0@ f(xy, x0)) + 1A (21, T2 4+ 1)@V f (21, 29)
= eie(rl)((?lf(azl, x2) + iA1(z1, z2) f (21, 22)).
The left hand side of the above equation becomes
@ (i) (1) (21, 22) + O f (21, 02)) + A (w1, w2 + D@D (a1, 25).
Equating with the right hand side we get
Aj(z1, 29 + 1) = Ay(21,22) — ' (7).

For the case u = 2 we have

Do (@) f (21, m9)) + 1Az (1, 9 + 1)@ f (21, 29)
= @Dy f (w1, 29) + i Ag(w1, 22) f (21, 22)).

Expanding everything we obtain
A2($1,{L‘2 + 1) = Ag(ml,x2).

To summarize, the gauge field A needs to satisfy

Ar(z1 + 1, 22) = A1(21, 22),
Ar(z1, 20 + 1) = Ay (21, 22) — 6'(21), (2.4)
Asg(x1 + 1,29) = Ag(x1,x2),
Az(ml,xg + 1) = AQ(])l, xg).
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2.3 Gauge Transformations

For an example, if we take 6(z1) = 2nQz; for some integer (). It can be verified that the
following smooth functions

Ay (xq,22) = —2mQuxo,
AQ(SEl,CCQ) = 0

satisfies condition (2.4) of a smooth gauge field. The choice of a gauge field is however
highly non-unique. For instance, we can choose

Ay (z1, 22) = —27Quo + sin(27(z1 + 22)),
Ao (1, 29) = sin(2m (1 + x2)).

Then we have

A1 (2141, 22) = —27Quo+sin(2m(z1+1422)) = —2rQua+sin(2m(z1422)) = A1 (21, 22),

and

~

Ai(z1, 20+ 1) = —27Q(x2 + 1) + sin(2w(z1 + 22 + 1))
= —2mQxy + sin(2m (1 + x2)) — 27Q
= Ay (21, 22) — 0 (21).
Clearly Eg(acl, x9) is periodic in both directions. In general, we can choose Eﬂ to be
A1, 22) = Au(wr, 22) + (a1, 2),

where p(z1, z2) is periodic in 27 and x2.

2.3 Gauge Transformations

One important type of operations associated with gauge fields is known as gauge trans-
formations. A gauge transformation is a smooth map R? — U(1). We can write this map
as €?(®) for some smooth function ¢. Our vector space will be transformed into

V= {ewf: fGV}.
(Note however that elements of V no longer satisfy the twisted periodicity condition.)
The gauge field A will also be transformed into A according to:
Vu(€?f) =e’V,uf, fevV,
where V,, = 9, + iA,,. Expanding the left hand side we obtain
Vi€ f) = 0u(e f) + i A, f

= i(au@(@wf) + ewauf + iewguf

= ¢ [0 + ’L(gu + Oud)] f-
Thus A, = A, — 3,,¢.
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2 A Simple Case of the Atiyah-Singer Index Theorem

2.4 Topological Charge

Although we have many choices for a gauge field, they all share the following impor-
tant property.

Proposition 2.2. The following quantity

1
o Fiao(x1, z2)dz1dzo,
T [071]2
where
g, 0A2 0
127 81‘1 81‘2

is an integer and doesn’t depend on the choice of gauge fields.

Proof. We perform a direct computation:

DA, &41) / dA, / DA,
— — —— | dxidxe = ——dx1dzry — ——dxodr
/[071]2 <85L‘1 8:1/‘2 12 [0,1]2 81‘1 1o [0,1]2 8%2 201

1
- /0 (As(1,25) — As(0, 2)) d
1
_/0 (A (21,1) — A1(21,0)) dy

1
_ /0 0/ (21)day = (1) — 6(0)
= 27TQ7

where we’ve used the twisted periodicity conditions (2.4) in the third equality. The
integer ) obtained is precisely the winding number of z; + ¢(®1) and hence doesn’t
depend on the gauge field. O

We call the integer @) the topological charge of the gauge field A. It's worthwhile to see
how @) changes under a gauge transformation. Note that

O1 Ay — By Ay = (81 Ag — 01090) — (02A1 — 82010)
= 0145 — O A
- F127

where we've used (0102 — 0201)¢ = 0 since ¢ is smooth. Thus @ is unchanged under a
gauge transformation. We say that Q) is gauge invariant.

2.5 Dirac Operators

In this section we describe a particular class of differential operators which are going to
be our main focus, namely the Dirac operators. In order to define a Dirac operator, we
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2.5 Dirac Operators

tirst need the notion of the principal symbol of a differential operator. Roughly speak-
ing, the principal symbol of a differential operator is a matrix of polynomials determined
by the most “important part” of the operator. More precisely, let L be a differential
operator of order m on smooth functions R" — C (the highest partial derivative is of
order m). The principal symbol of L is a matrix of n real variables &, ..., £, obtained by
replacing in the highest ordered terms of L:

Oz, by ©&1, Op, by i&o, ..., Op, by i&,.
The resulting principal symbol is denoted by
o(L)(&,....&n) or o(L)(§),
where € = (&1, ..., &,). Let’s calculate the principal symbols of some operators.

1. Consider the operator
Ly = —02 — 9y, +sin(2? + ¢?). (2.5)
According to our definition, its principal symbol is given by
o(L1)(€) = —(i&)* = &
Note that we only consider the highest ordered terms.

2. Consider the Laplacian
A=-9;-0;. (2.6)

Its principal symbol is
o(8)(€) = —(i&)* — (i&2)* = [|¢]1*.
3. Consider the Cauchy-Riemann operator
Dcg = 0y +10y. (2.7)
Its principal symbol is

o(Dcr)(§) = i€ +i(i&2) = i&1 — &2

4. Finally, consider the following operator L g acting on pairs of smooth functions

R? - C: s Y
_ — Ozg
Les (g) _ < o 6yg) . 2.8)

We can rewrite Lgp in matrix form

_(0y —0z\ (0 -1 10
ton= (3 )= (1 ) or (o D)o
Hence the principal symbol of L¢p is given by

oon€1= (& )
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2 A Simple Case of the Atiyah-Singer Index Theorem

A differential operator L is called elliptic if its principal symbol o(L)(&) is invert-
ible for all £ # 0. For instance, from the examples above, the Laplacian and the
Cauchy-Riemann operator are clearly elliptic. The operator L; is not elliptic since
o(L1)(0,1) = 0 is not invertible. For the operator Ly, we can compute the deter-
minant of its principal symbol:

det(o(Lap)(€)) = —& — & = —[€[I* # 0

for £ # 0. Thus Lgp is ellipticc. Now we are ready to give our main definition. A
tirst order differential operator L is called a Dirac operator if the principal symbol of L
satisfies

o(L)(€) a(L)(€) = lI€].

Note that for £ # 0 we can rewrite the above equation as

1
— 50
1€

Therefore o(L)(§) is invertible for £ # 0 and a Dirac operator is elliptic. Also, a Dirac
operator is first order, so for instance L; and the Laplacian are not Dirac operators. Let’s
see whether the Cauchy-Riemann operator satisfies the requirement of a Dirac operator,
we have

(L)(&)*a(L)(€) = 1.

o(Dcr)(€) 0 (Der)(€) = |i& — &I = [l¢]*.

Thus D¢ is a Dirac operator. Finally, for the operator Lgp:

* _ (& —i& (€2 —i&) _ o2 (1 O
o(Lam(©oan© = (ot T8) (2 o) =tk (y 1)-
Hence Lgp is also a Dirac operator.

The Dirac operator of our interest is
D =7Vi+7Vy,

where
V,=0,+1iA, foru=1,2.

Here v, are any 2 x 2 complex matrices that satisfy

7; =% p=12
va=1, pn=12, (2.9)

Y172 = —7271-

For instance, we can choose v, to be
(0 1 (0 —i
Y1 = 1 0 ’ Y2 = i 0 .
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2.6 Chirality

Another choice of v, is given by

(10 (0 et
Nn=\g ~1)> =0 ¢/

Note that the gamma matrices can also be considered as operators on the space of
smooth functions V' in the usual way:

(vuf)(x) = yuf(z), forzeR?

and f € V. The right hand side is just matrix multiplication. (It’s usually clear from the
context whether we refer to 7, as a matrix or as an operator.) From the relation 72 =1
It follows immediately that v, as an operator on V' is also invertible, with the inverse
given by

(0 @) =, f(z)  forz € R?

and f € V. It should be noted that different choices of v, give us different operators.
However, they all satisfy the requirement of a Dirac operator:

a(D)(€)*a(D)(€) = (=i — v3ika) (mir + 2iba) = [I€]1%,

where we’ve applied properties (2.9).

2.6 Chirality

Our main goal of this section is to define the (analytical) index of Dirac operators. For our
discussion we need the following theorem, which we’re going to state without proof.

Theorem 2.1. Let D be the Dirac operator (as defined in section 2.5) acting on the space of
smooth functions satisfying the twisted periodicity condition (2.1). Then ker D is finite dimen-
sional.

The following matrix
V3= —INY2

is called a chirality matrix in the physics literature. As a matrix, y3 satisfy

V3 =3

"Yg = 1a

V3V = —VuV3, M= 17 27
tr (y3) = 0.

These properties follow directly from definition of v3 and (2.9). For instance,

*_

73 = (—inye)" =it = e =~y = 3.
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2 A Simple Case of the Atiyah-Singer Index Theorem

For the second property, we have
7 = (—im72)® = —mremrz =11 = L.
For the third property, for = 1,

Y3Y1 = —IY1Y2Y1 = Y112 = —Y17Y3,

and for p = 2,
V3Y2 = —1Y17Y272 = 1Y2V17Y2 = —i7Y273-

Finally,
tr (y3) = tr (=in172) = tr (in2m) = tr (im72) = —tr (73).
Thus tr (y3) = 0. One important property of -3 is the following:

¥3D = —Dns.
This can be seen by direct calculation. We have

13D = y3(11 Vi +72V2) = 1371 V1 + 1372V
= —7173V1 —72713Va = —(M1 Vi +72Va)ys
= —Dns.

(Note that 7, as operators on V' commute with V, because V, act on the elements of
V' component-wise.) One important consequence of the above property is that ker D
(known to be finite dimensional) is invariant under ~3, i.e.,

v31p € ker D, for all ¢ € ker D.

To see why it’s true, take any ¢ € ker D, then
D(ys¢) = =v3D(¥) = 0.
Thus 739 € ker D. Now we define the projection operators
1 1
Pr=c+m),  Po=5(-m)
We should check that P* are indeed projections:
Py=2U+)" = (I+2y3+73) = 5(I +73) = Py,

and

1 1 1
PE21(1—73)2:1([—273+7§):§(I—73):P,,

where we've used 3 = 1. Other properties of Py are

1 1
P++P_:§(I+73)+§(I—73):I,
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2.6 Chirality

and .
PiPo= (I +7) —n3)=0=P_P,.

Put (ker D)+ = Py (ker D). Since ker D is invariant under 73, we know that (ker D)4 are
subspaces of ker D. Even more is true:

Proposition 2.3.
ker D = (ker D)4 @ (ker D)_.

Proof. Take any ¢ € ker D, we have
¥ = I(y) = (P + P_) = Py + P_y.

To show the intersection of (ker D), and (ker D)_ is trivial, take any ¢ in the intersec-
tion, then

¥ = Pyé1 = P_o,
for some ¢1, ¢2 € ker D. Now apply the properties of Py we obtain

Y= Pyp1 = Pl = PP ¢ = 0.

Note that for an element ¢, € (ker D),

1 1
Y3y =3P = 735(1 +73)¢ = 5(1 +3)¢ = Yy,

and for an element ¢)_ € (ker D)_,

1 1
13- = 1P =5 — e =53 — Dy = —y-.

For this reason, an element in (ker D) is said to have positive chirality and an element
in (ker D)_ is said to have negative chirality (corresponding to the eigenvalues 1 and —1
of 73, respectively). Now the (analytical) index of D is defined to be the quantity

Index (D) = dim(ker D) — dim(ker D)_.
It follows that Index (D) can also be expressed by
Index (D) = tr (v3: ker D — ker D).

Under a gauge transformation e?, we have
D(ef) = uVulef) = €93 7, V,uf = €D,
u 1

where the second equality follows from a property of gauge transformations. It follows
that o
D(e?f)=0« Df =0.
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2 A Simple Case of the Atiyah-Singer Index Theorem

Thus N ‘
ker D = e'® ker D.

Consequently,
(ker D)4 = ¢*®(ker D), (ker D)_ = ¢'%(ker D)_.

We conclude that Index D is the same as Index D and hence Index D is gauge invariant.

2.7 The Atiyah-Singer Index Theorem

Regarding the index of the Dirac operator D, we have the following surprising fact:

Theorem 2.2.
Index (D) = —Q.

Recall that @) is the topological charge (section 2.2) associated with our data. Thus
the index of D does not depend on our choice of the gamma matrices and gauge fields!
(The dimensions of (ker D)+ may be dependent on these factors but their difference is
always a constant.) This theorem is amazing since it tells us that we can extract some
information about the number of solutions of the system essentially by looking at the
shape, or topology, of the domain, without having to actually find the solutions. In
particular, if @ # 0, then we know that the system has to have some solutions. This
is a special case of the celebrated Atiyah-Singer Index Theorem. The general proof is
complicated and uses a different technique. In what follows, we attempt to illustrate
the theorem for the case of no gauge field A = 0, the topological charge @ = 0 and the
functions are periodic, i.e., f(z +¢€,) = f(x) for p = 1,2.

We first need to talk about hermitian (self-adjoint) operators in infinite-dimensional
vector spaces. Similar to the finite-dimensional case, an operator 7" on V, the space of
periodic functions (infinite-dimensional), is called hermitian if

(Tf,g)=(f,Tg) forallf,geV.

Analogously, an operator 7 is anti-hermitian if

(Tf,g)=—(f,Tg) foralfgeV.

In other words,

T =T.
(We will not discuss the notion of adjoint in general vector space in this note, which
requires the Riesz representation theorem. More details can be found in [14].) We first
show that the gamma matrices considered as operators on V' are hermitian. Indeed, by
properties of the gamma matrices:

ufo)= [ o@rusee= [ gy

[0,1]2

N / (Vg (@))" f(@)dz = (f,3u9) -
0.1
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2.7 The Atiyah-Singer Index Theorem

Slightly more involved is the following proposition, which is true when we restrict
ourselves to functions satisfying the twisted periodicity condition.

Proposition 2.4. The operators 0,, are anti-hermitian.

Proof. Since the functions are periodic in one direction and twisted periodic in the other
direction, we need to consider ¢ = 1 and p = 2 separately. First for ;1 = 1 we have

Ot = [ oy anss

— /[0 . [01(g(x)* f(x)) — (Brg(x)) f(x)] dz  (by Leibniz rule)
r1=1

1
_ / o@) f@)|  dws— / (Drg(x))" f (x)da
0 z1=0 (0,1]2

_ / (Org(x))" f(x)dx
[0,1]2
= - <f7 81g> 3

where we have used ¢(1,z2)* f(1,22) = ¢(0,z2)* f(0, z2). Similarly, for u = 2,
@uf.9)= [ o) 0uf(@)do
[0,1)2

= /[0 . [02(g(x)* f(x)) — (B29(x))* f(x)] dz  (by Leibniz rule)
To=1

1
:/ g(x)* f(z) dml—/ (O2g9(x))" f(x)dx
0 z2=0 [0,1]2

. / (Oag(2))" f(x)dx
[0,1]2
= - <f7 82g> .

Note that here we have

g(x1,1)" f(21,1) — g(x1,0)" f(21,0)
= e_ia(wl)g(xbO)*eie(wl)f(xbo) - g(xl,O)*f(l‘l, O) = 0.

O]

One important consequence of the above result is
Corollary 2.1. The Dirac operator is anti-hermitian, i.e.,

D*=-D.
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2 A Simple Case of the Atiyah-Singer Index Theorem

Proof. The Dirac operator is given by
D =mVi+72Va.

Now
V5 =0y +iAy)" = —0, —iA, = =V,
Thus
D* = -y Vi — Ve =D,
where we’ve used the fact that v, are hermitian. O

Now let’s return to our case with A = 0, () = 0. We want to show that
Index (D) = 0.
We need to investigate the kernel of D. The main theorem is

Theorem 2.3.
Dwzo(:)D*DzZ):O(:)VZV,ﬂb:0<:>V,ﬂ/):0.

Proof. We first prove the first equivalence. Clearly Dy = 0 implies D* Dy = 0. For the
other direction, assume that D* Dy = 0, then
|DY||? = (D, D) = (¢, D*Dyp) = (,0) = 0.
Thus Dy = 0.
For the second equivalence, note that
D*D = —D? = — (11V] +72V3)?
== (V%V% +717%2V1Va + 792711 VaVy + vgvg)
= — (Vi +m1712ViVa + (—1172) V1Va + V3)
=—(Vi+V3) = ViV + V;iV,.
We have used the fact V;Vy; = V3V and this is only true in the case where A = 0.
(In the general case, they differ by i(0142 — 9241).) Now clearly ViV, ¢ = 0 imply
D*Dnp = 0. To prove the other direction, consider
= (ViViy,¥) + (V5Vay),¢)
= (V1¢, V1h) + (Varh, Vo))
= [[V1yl* + [ V2>
Thus D* Dy = 0 implies V,3) = 0, which in turn implies that V;V ;¢ = 0.

Now we prove the third equivalence. It’s clear that Vi) = 0 implies V;V ¢ = 0.
For the other direction, we have

(1, ViV u) = (Vyuih, Vyuib) = [V, ||,
Thus V;, V¢ = 0 imply Vi) = 0. O
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2.7 The Atiyah-Singer Index Theorem

We're now ready to compute the index of D. Since A = 0, V, are just d,,. Therefore,
Dy =0« 0, =0

for i = 1, 2. In other words,
ker D = C2.

To get the index of D, we need to apply the projection operators P. to ker D. Because
v3 # £ (tr (y3) = 0), Py(ker D) # 0. Thus

dim(ker D)4 = dim(ker D)_ = 1.

Hence,
Index (D) = 0.
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3 Discretization of the Atiyah-Singer
Index Theorem

3.1 Motivations

In this section we give several reasons for developing a discrete version of the Atiyah-
Singer index theorem. One of the main motivations comes from gauge theories of par-
ticle physics. Various subatomic particles like protons, neutrons etc. are made up of
quarks bound together by the strong nuclear force, which is described by a gauge the-
ory called Quantum Chromodynamics (QCD). The index theorem plays an important
role in explaining why certain subnuclear particles have a larger mass than expected.
The calculation of particle masses in the theory requires a discrete lattice formulation
of QCD in order to be implemented on a computer. Therefore we need to have index
theorem in discrete setting to get correct masses from lattice QCD calculations.

From the mathematical point of view, discretization is a technique which appears
frequently. For instance, to solve PDE numerically, we need to discretize the domain
and the differential operators. In topology, we can decompose topological spaces into
discrete “cells” and then can describe some topological invariants combinatorially (the
Euler characteristic is a famous example). If a discrete version of the AS index theorem
is established, the usual AS index theorem will be recovered in the continuum limit and
that gives us a new proof of the AS index theorem.

In the remaining sections, we’ll develop the discrete counterparts of gauge fields,
topological charge, index etc. required for the formulation of the discrete index theo-
rem. There may be several ways to discretize a continuous entity. Nevertheless, they
should all reproduce their continuous counterparts in the continuum limit.

3.2 Lattice Gauge Fields

A lattice on R? is the following collection of points
L= {(nla,nza) c R?: (n1,n9) € 72, a = 1/N} .

Here N is some positive integer. We call an element of the lattice a lattice site and a the
lattice spacing. The line segment that connects « and = + ae,, is called a link. The number
of lattice sites on each unit interval is

1
-+1=N+1.
a
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3.2 Lattice Gauge Fields

Here we consider the vector space V of functions L — C? satisfying the twisted peri-
odicity condition:
f(z1+ 1, 22) = f(z1,32), (3.1)
fzy, 2o+ 1) = 9@ f (21, 29) .
for (x1,22) € L. Similar to the continuum case, the function ¢ has to satisfy the consis-
tency requirement

flar+ Loz +1) = flar,a + 1) = €70 f(21,0)
_ eie(a;l—i-l)f(xl + 1,%2) _ 6i9(x1+1)f(331,x2).
We deduce that
O(z1+1) = 0(z1) + 27Q(x1).

Note that in the discrete case, the integer () doesn’t have to be a constant since the
notion of continuity no longer applies for the function f. We can turn V into an inner-
product space by

(f,9) = a? Zg(x)*f(:c), for f,ge V.

zel

where
I'={(nia,n2a) € L: 0 <nj,ne < N}.

To justify our definition of the inner product, recall that in the continuum case we have
()= | 9@ f@)in = tim a3 glma,naa)’f(ma,ma)
[07”2 o 0<ny,na<N
for continuous functions f and g. The discrete inner product satisfies the following

property
(f,9) =a*) g(a) f(x) =a® ) gl tae,) flx+ae,), p=12 (32

zel’ zel

which can be checked by direct computation. Contrary to the continuum case, the
vector space V' is no longer infinite dimensional since a function on the lattice sites is
determined by its values on I'. An orthonormal basis for V' can be given by

5i .
“Z:relandi=1,2;,
a

where 6! is a function on the lattice sites given by

0 ify#zx,

e, ify==x

5;(9) = 5wyei = {

for y € I' and extend to the whole lattice using the boundary conditions. (Here e;
denotes the standard basis element of C2.) Thus the dimension of V is 2N2.
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3 Discretization of the Atiyah-Singer Index Theorem

In the lattice we replace the partial derivative operators by finite-difference operators:
1
Ouf(x) — %[f(x +ae,) — f(x — ae,)].

However, similar to the continuum, the twisted periodicity condition is not preserved.
For instance

1
%[f(xl +a,z2 +1) — f(r1 — a,r2 + 1)]
1 . .
— %[619(ac1+a)f($1 +a, 332) _ ezG(xl—a)f(l,l o (I,SL‘Q)],

which is different from

iew(“)[f(m +a,x2) — f(x1 — a,x2)].

We need to introduce a lattice version of the gauge field A. By a lattice gauge field U
we mean a collection of U(1)-valued functions on the links of the lattice. The twisted
periodicity condition will impose certain conditions on U, as we're going to see below.
We’ll use the notation

e B -'-'Ff‘a-su ‘“‘:_ - %4%
L}A(x) = U(x,ma;u) L}u(x o u(ma;‘,x)

Figure 3.1: The link variables U, (z) and U, (z) !

Uu(z) < Uz, + aey)

to denote the element of U(1) associated with the link that goes from z + ae,, to z. The
element of U(1) associated with a link that goes from z to « + ae, is naturally defined
to be U, (x) !, hence the notation

Uu(2)™t < Uz + aey, 2).

We also call these U, link variables (Figure 3.1). Now the finite-difference operators are
replaced by

1

Vuf(z): = %(U#(x)f(:n +ae,) —Uy(z — aeu)_lf(:v — aey)). (3.3)

We can write V, as

V=5 (Vi + V),

N
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3.3 Relation to Smooth Gauge Fields
where
Vi f(z) =

Vi, f(x) =

(Uu(l‘)f(ff + aeu) - f(2)),
(f(z) = Uplx — aeﬂ)_lf(x —aey)),

QIR

We want the V,, to map V to itself, i.e.,
Viuf(z1+1,22) =V, f(x1, 72),
Vil @y, 22 +1) = "0V f (21, 22)

forall f € V and 1 = 1,2. Proceed analogously as in the continuum case, we obtain the
following requirement for the lattice gauge field:

Ui(xz1 + 1, 29) = Uy (21, x2),
Up(z1, 29 + 1) = @D U (21, x9) e~ 0 @1+a) (3.4)
Us(z1 + 1, 22) = Ua(x1,72),
Us(x1, 29 + 1) = Us(x1, x2).

If we define 0(z1) = 27Qz; (note that now z; is a lattice point) for some integer (), then
a lattice gauge field can be given by

( — efiQﬂng/N
U2(131,{L‘2) =1.

for (x1,x2) € L. Observe that U,(x) is essentially the exponential of A,(x). Of course
the choice of U is not unique, we can replace U by

{ﬁl ($17 1,2) — 6—1‘27rQ$2/NeiR(:c)7

Up(z1,z9) = @)

where R(z) is a real-valued function on the lattice which is periodic in both directions.

3.3 Relation to Smooth Gauge Fields

A lattice gauge field can be obtained from a continuum gauge field by taking transcript.
Specifically, U, is given by

U, (x) = e=(®) where o, (z) = / Ay(z+ (a—t)e,)dt.
0
Thus o, () is just the integral of A, over the link that goes from = + ae,, to . When we
reverse the direction of the link, the integral will pick up a minus sign. That explains

our notation:
Uz, +ae,) = U(x + aey,x)
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3 Discretization of the Atiyah-Singer Index Theorem

It can be checked that {U, } satisfy the conditions for a lattice gauge field. Indeed,

Ui(zy,29+ 1) = exp (z/ Aj(xy +a—t,zo + 1)dt>
0

= exp (z /Oa(Al(:vl +a—t,zs)—0 (1 +a— t))dt>

= exp <2 /Oa Aj(z + (a — t)el)dt> exp (—i /Oa 0 (1 +a— t)dt)

= Ul(xl, 51:2)61'(9(‘%1)—9(%1-‘,-@))‘

The other conditions can be shown similarly. Since A, are smooth, we can use the
Taylor expansion around the point x:

Ay(z+ (a—t)ey,) = Au(x) + g;lg(m)(a — 1)+ O((a — t)?).

Hence
a 2
/ Al + (a = t)en)dt = ad, (@) + S22 ) + 0(a?),
0 2 Oz,

Now exponentiate both sides we obtain an expansion for Uy, (z)

U, (x) = exp (z /0 " Ao+ (a - t)eu)dt)

, a® 0A, 3
=1+ (aAu(ﬂ:) + ?Txu(x) +O(a )>
ot + S0y o)+
) a m X 9 axu X a
) ,a28AM a? 3
=1+iaA,(x) + Z?T%(x) - ?Au(x) + O(a®).

Thus up to first order,

Uu(x) =1 +iaA,(z) + O(a?).

Similarly,

Uu_l(x) =1 —iad,(z) + O(a?).

When a lattice gauge field U is the transcript of some continuum gauge field A, we’ll
show that our discrete operators approach its continuum analogues 9,, +iA4,, as a tends
to 0 (IV tends to oo). Indeed for a smooth function f, using the expansion of U, we
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3.4 Gauge Transformations on the Lattice

obtain

1
= o (Uu(@)f(x +ac,) = Uy (@ — ac,) f(x — ac,))

_ 2%(1 Y iaA,(z) + O(a2)) f(x + ae,)

- %(1 —iaA,(z — ae,) + O(a?)) f(z — ae,)
fx +ae,) — f(x —aey,) i

= 5 + B (Au(x) f(x +aey) + Au(x — aey) f(z — aey))

+ O(a)(f(z + aey) — f(x —aey)).

vuf(x)

Thus when a — 0,
Vuf(x) = 0uf(x) +iAu(x) f(x).

3.4 Gauge Transformations on the Lattice

We also have the concept of gauge transformations for lattice gauge fields. Similar to
the continuum case, a gauge transformation is a function from the lattice sites to U(1),
which we can write as ¢'#(*). Our vector space will be transformed into

V= {ei‘z’f: fEV}.
The lattice gauge field U will be transformed into U according to:
Vulef) = €9V ,.f.

The left hand side is given by

1 r~ ‘ ,
[U,L(a:)ew(ﬁae“)f(x +ae,) — U,z — ae,) " Let®@aen) f (g — aeu)} ,

2a
and the right hand side is given by

1

%eid’(x) [Uu(m)f(:v +ae,) — Up(x — aeu)_lf(x - aeu)] )

By comparing the left hand side and the right hand side we obtain

O, (2) = 9@, (2)e 60 +oew)

for all lattice sites « and that is how a lattice gauge field is transformed under a gauge
transformation.

In the case where U is the lattice transcript of some smooth gauge field 4 and €' is
a gauge transformation in the continuum, we’ll show that the lattice transcript of A is
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3 Discretization of the Atiyah-Singer Index Theorem

precisely the lattice gauge field U obtained from U by the gauge transformation ¢’ (the
restriction of €'? to the lattice sites). Indeed, the lattice transcript of Ais given by

() — oxp <'/aﬁ (:c+(a—t)eﬂ)dt>

e (i [ (ule + (0 =160 - 000 + (= )]t
_ exp( / A+ ( a—t)e,)dt) exp <—z/ B,6(z (a—t)eu)dt>
U,.(x) exp <_Z / 9,6(x + (a —t)e#)dt>
Now the term
[ aute+ = eyt = = [ a6 = o+ ae,) - o(0),

where [ is the line segment from z + ae, to x and the second equality follows from the
fundamental theorem of calculus. Thus

) — [ ()06 +oe)] = 7, (z).

3.5 Naive Index
We can define the Dirac operator in the discrete case as
D =yV1+7%Va.

Here V, are our finite-difference operators (3.3) and the gamma matrices are the same
as in the continuum case. As operators on V, the gamma matrices are hermitian because

(Wufrg) = a > g@)yuf(x) =a® > gl)

zel’ zel
=a®) (9@ = (f,u9)-
zel

For any unit vector 1) € V we have

I l1? = (v, yub) = (b, vpyudb) = (,9) = 1.

Thus ||,|| = 1. Since the vector space V is finite-dimensional, ker D is finite-dimensional.
The (analytical) index of D can be defined verbatim as in Section 2.6 of Chapter 2. Thus

Index (D) = tr (y3: kerV — ker V).

Naively, if the lattice gauge field is the transcript of some continuum gauge field, we
hope that the index of D will agree with the index of its continuum analogue. However,
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3.5 Naive Index

it turns out that in the discrete case, the index of D defined in this way is always 0, as
we are going to show below. First, we have (Theorem 1.2)

V =ker D @ (ker D)*.

Recall that we have
v3D = —Drys.

Thus ker D is invariant under ~3. As an operator on V/, v3 is hermitian. Moreover since
72 = 1 we also have

sl = 1.
Now for any w € (ker D)+ and z € ker D,
<'73’UJ, Z> = <w7732> =0,

where the last equality follows because w € (ker D)+ and ker D is invariant under ~s.
We conclude that (ker D)= is also invariant under ~3. It follows that

tr(y3: V= V) =tr(y3: ker D — ker D) + tr (v3: (ker D)+ — (ker D)1).
We should check that D is anti-hermitian as in the continuum case, i.e.,
D* = —D.
For this we need the following property of Vf:

Proposition 3.1.
£\F _
(vu) - —V;F.

Proof. 1t suffices to show that
(Vi) =-v,.

Taking the adjoint of both sides we obtain
(V) ==(V)™" ==V
Now we have

(£,=Vyg)=a*) (~V,g(x)) f(2)

zel
_CLQZ :L'—CLG# lg($_aeu) —g(az))*f(x)
zel
=a? Z (x —aeu)g(x —aey)” — g(x)*) f(x)
zel
zel zel’
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3 Discretization of the Atiyah-Singer Index Theorem

Note that since U(x) € U(1), we have U(z)~! = U(x). Now it can be verified by direct
computation that

ZU —aey)g(x —aey,)” ZU flx +ae,), p=12.
zel zel
Hence
(f,-V, g =a (ZU f(x +ae,) — Zg(a;)*f(:c))
zel zel
=a*) g(x)'V} f(x
zel
=(Vit.9).
Therefore (V})* = —=V,. O
Proposition 3.2.
D*=-D.

Proof. Recall that
1 -
Vi=35(Vi+V,).
Thus

* 1 — +
V=5V =V =-V,

for u = 1, 2. It follows that

=D V==V
j j

Now take any v € (ker D)+ and w € ker D. Since D is anti-hermitian,
(Dv,w) = (v, D*w) = — (v, Dw) = (v,0) = 0.
Thus Dv € (ker D). In other words, (ker D)= is invariant under D. More importantly,
Proposition 3.3. The operator D: (ker D) — (ker D)= is invertible.
Proof. Since (ker D)* is finite-dimensional, D| (ker )~ 18 invertible if and only if its ker-
nel is trivial. Take any w € ker (D[ (ker D)L), then
D’(kerD)i w = Dw = 0.

Thus
w € ker D N (ker D).

Hence w = 0. O
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3.6 Spectral Flow

Proposition 3.4.
tr (y3: (ker D)* — (ker D)*) = 0.

Proof. To avoid cumbersome notations, in what follows we abbreviate D|, p). to D.
We have:

tr (v3: (ker D)* — (ker D)*) = tr (13DD™!) = tr (D13D)
(D D (ke DI (ke D))
= —tr (ys: (kerD)J‘ — (ker D)L)a

where we’ve used y3D = — D3 in the second equality. Thus

tr (v3: (ker D)+ — (ker D)) = 0.

We conclude that
tr(y3: V= V) =tr(vs: ker D — ker D).
To finish up, we need to show that
tr(y3: V — V) =0.

This is a simple exercise in linear algebra. Recall that V' has the following orthonormal
basis -
{5;,53; ze r},
a a

where §¢ is a function on the lattice sites given by

0 ify=#zx,
e; ify==zx

55(3/) = Ogy€i = {

for y € I" and extend to the whole lattice using the boundary conditions. Then it’s not
hard to verify that with respect to this basis, 73 isa 2N? x 2N? (here N is the number of
lattice sites) block-diagonal matrix where each block is the matrix ~3. It follows that

tr(y3: V — V) = N*tr(y3: C2 - C?) =0.

3.6 Spectral Flow

In Section 3.5 we see that no matter what the index of the continuum Dirac operator
is, the index of its discrete analogue is always zero. Thus the discrete Dirac operator
doesn’t give any meaningful information about the continuum and that prompts a need
for a new definition of the index. This section aims to motivate our new definition of
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3 Discretization of the Atiyah-Singer Index Theorem

the index in the lattice setting. The treatment is not entirely rigorous and intuitive
understanding is emphasized.

For our new definition of the index, we first need to discuss the notion of the spectral
flow. Let H(m) be a family of self-adjoint operators depending smoothly on some real
parameter m. (For concreteness, we can take a basis for the vector space and hence
H(m) is a family of matrices whose entries are smooth functions of m.) Assume we
have k eigenvalues A;(m), ..., \x(m) which depend smoothly on m. (The characteristic
polynomial of H(m) is a polynomial whose coefficients are functions of m and we can
solve that polynomial to get the eigenvalues depending on m. These are smooth real-
valued functions because the operators are self-adjoint.) Intuitively, the spectral flow of
H(m) in some interval (a, b) is the difference between the number of eigenvalues that
cross the z-axis with positive slope and the number of eigenvalues that cross the z-
axis with negative slope, counting multiplicity. (There’s some ambiguity regarding the
word multiplicity that we use here. For self-adjoint operators the algebraic multiplicity
is the same as the geometric multiplicity and it can be shown that the multiplicity of
A(m) is constant except for a finite number of points [13].)

The family of operators of our interest is

H(m) =~3(D—m), meR,

where D is our naive Dirac operator as defined in Section 3.5. Recall that D is anti-
hermitian, i.e.,
D*=—D.

Similar to hermitian operators, D can be represented as a diagonal matrix with respect
to some orthonormal basis of V. To see why, consider the operator D, then

(iD)* = —iD* = iD.

Thus iD is hermitian and so there exists an orthonormal basis for V' consisting of eigen-
vectors of ¢D. It follows that D can be expressed as a diagonal matrix with respect to
the same basis. If 1 is an eigenvalue of D, then for some nonzero vectorv € V,

w= (Dv,v) = (v, D*v) = — (v, Dv) = —L.

Thus an eigenvalue of D is purely imaginary, i.e., it is of the form i\ for some real
number \. Moreover,

Proposition 3.5. The eigenvalues of D are symmetric about the real axis.

Proof. We have the relation
V3D = —Ds.

Now suppose X is an eigenvalue of D, i.e., there exists some nonzero vector v € V such
that
Dv = M.
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3.6 Spectral Flow

Hence
D(y3v) = —y3(Dv) = —y3(Av) = =A(730).

It follows that y3v is an eigenvector of D corresponding to —\. Since ~3 is invertible,
the eigenspaces for A and —\ are isomorphic and thus A and —A have the same multi-
plicities. O

For any m € R, we have
H(m)? = 43(D — m)y3(D —m) = (=D — m)(D —m) = —D? + m?,

where we’ve used 73D = —Dv3 and 72 = 1 in the second equality. Choose an or-
thonormal basis for V' consisting of eigenvectors of D, then for any element ¢ in that
basis,

H(m)*p = (=D* + m*)y) = (=(i0)” + m*)p = (W + m*)).
Thus the eigenvalues of H(m)? are A? + m? for some real numbers \. Specifically, these

are the real numbers that satisfy
Dv =1i)lv

for some nonzero vector v. Note that different A give us different eigenvalues of H(m)?.
Thus the possible eigenvalues of H(m) are £v/ A2 +m?2. We are interested in those
eigenvalues that cross the z-axis and that occur when

A+ m?=0.

Since m and A are real, it is equivalent to A = m = 0. It follows that the only possible
eigenvalues that cross the z-axis are

f(m) =+m

and the crossings only occur at the origin. We now compute the spectral flow of H(m)
in the interval (—o0, 00). From the above argument, for a fixed m # 0,

H(m) = mp

implies that
H(m)* = m*)

and so A = 0 and ¢ € ker D. Moreover, for ¢4 € (ker D),
H(m)vy =v3(D = m)vq = —mrygthy = —mapy
and for ¢)_ € (ker D)_,
H(m)y— =v3(D —m)yp— = —myzp— = my_.

Hence the multiplicity of m is dim(ker D)_ and the multiplicity of —m is dim(ker D).
It follows that
Index (D) = dim(ker D)4 — dim(ker D)_
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3 Discretization of the Atiyah-Singer Index Theorem

is the difference between the number of eigenvalues of H(m) crossing the z-axis with
negative slope and the number of eigenvalues of H(m) crossing the z-axis with positive
slope, which is precisely minus the spectral flow of H(m) in (—o0, 00).

In our case of course

dim(ker D)4 = dim(ker D)_

and the spectral flow of H(m) is zero because the index of D is always zero. Hence be-
sides the elements of (ker D)., which we call smooth solutions, that give us the solutions
to D = 0 in the continuum (when we take a — 0), there are elements in (ker D) that
don’t correspond to any solutions of D = 0 in the continuum and we call those rough
solutions. To get a meaningful definition of the index in the lattice setting, we need a
way to separate the rough and smooth solutions. We do that by introducing a modified
version of our naive Dirac operator, the so called Wilson-Dirac operator:

Dy = D + gA.
Here A is a lattice version of the second derivative:

A=A, A =-VV,.
pn=1,2

The explicit formula for A, is given by

Anf(z) = %(—Uu(x)f(a: +ae,) +2f () — Un(e — ae) ™ f(x — aey)).

The operator A has several important properties.
Proposition 3.6.

Ay =-ViV, =-V

Proof. These equalities follow from direct computation. We have:

Vi (Vi D) = - (Uu() Vi £+ ae) — Vi ()
1 1

a

_ 2 [U#(x) (a [f(z + ae,) — Uﬂ(x)_lf(x)o

_ (i [f(z) = Uulz — ae,) ™ fla — aeu)])}

1

) [Uu(:p)f(a: +ae,) = 2f(z) + Up(z — aeu)_lf(x - aeu)] )
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3.6 Spectral Flow

and
V(A @) = (V) ~ Unle — ae,) "V, fx — ac,)
=2 (S w@ (ot ae) - )
- Uyl =)™ (5 10l = a)f(0) — Flo -, ] )|
= % (U (2) f(z + aey) — 2f (2) + Un(x — ae,) ' f(x — aey)] -
Finally,
LT = V) = ¢ (5 0+ a6) - )

_1 [f(x) —Up(x — aeu)_lf(:r - ae;)})

a

= % [U#($>f($ +ae,) —2f(x) + Up(x — aeu)_lf(x - aeﬂ)] .

O

Proposition 3.7. The operator A is positive, i.e., || A|| > 0. Here || || denotes the operator norm
(Section 1.3). In particular, A is hermitian.

Proof. Proceed by definition of positive operators:

(Buf 1) =(=VVL 1) = (Va £ (V0 ) = (Vi £,V f) 2 0,
where we again use Proposition 3.1. Since sums of positive operators are positive, A is
positive. 0

Unlike the naive Dirac operator D, D,, is no longer anti-hermitian:
Dt = <D+9A) =D+ 2A.
2 2
And the relation v3.D = —D~3 becomes
a a X
Y3 Dw = 73 (D + §A> =—Dvy3 + §A73 = D 73.

Note that A and 73 commute since A does not contain any gamma matrices. This
equality means that ker D,, is no longer invariant under y3 and hence we can’t define
the index of D,, in terms of chirality. The positivity of A has another consequence:
suppose m is a real eigenvalue of D,,, i.e.,

Duﬂ/} = m¢
for some nonzero vector ¢ € V such that ||¢|| = 1. Then

(@AY, ¥) = ((Dw + D), ¥) = (Duwth, §) + (1, Dwtp) = 2m.

Since A is positive, we conclude that m > 0. Thus D,, has only non-negative real
eigenvalues.
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3 Discretization of the Atiyah-Singer Index Theorem

3.7 Hermitian Wilson-Dirac Operator

Similar to the Dirac operator we consider the following family of operators:
Hy(m) = 15(Dy —m), m € R.
Using the relation 3D, = Dj;~y3, we have
Hy(m)" = (Dyy, = m)y3 = 73(Dw —m) = Hy(m).

Thus H,,(m) is hermitian and so all its eigenvalues are real. We are interested in the
eigenvalue flow of H,,(m). First, if

Hy(m)y =0
for some nonzero vector ¢) € V, then

Dy = mab.

So m is an eigenvalue of D,,. Thus the eigenvalues of H,(m) cross the z-axis at real
eigenvalues of D,,. Since real eigenvalues of D,, are non-negative, eigenvalue crossings
of H,,(m) can only occur when m > 0. Another important property of the eigenvalues
of H,,(m) is given by the next proposition.

Proposition 3.8. Let A\(m) be an eigenvalue of H,,(m), then
IN(m)| < 1.

Proof. We have
H(m)y(m) = A(m)i(m),

where 1(m) also depends smoothly on m and ||¢)(m)|| = 1 (think of ¢)(m) as a vector
whose entries are smooth functions of m). Thus

(H(m)y(m),d(m)) = A(m) ((m), $(m)) = A(m).

Now we can differentiate A(m):

N(m) = lim & (H(m 4+ h)g(m -+ h), gm + ) — (H(m)g(m), v(m)))

h—0
~ lim % ((H (m + W) (m + h), ¥(m + B)) — (H (m + h)ib(m + h), vo(m))

+ (H(m+h)p(m + h), ¢ (m)) — (H(m)p(m + h), (m))
+(H(m)y(m + h),p(m)) — (H(m)y(m )¢( )>)
= (H(m)p(m),y'(m)) + (H'(m)p(m), v(m)) + (H(m)y' (m), (m)) .

Now note that

(H(m)y'(m),p(m)) = (¢'(m), H m)) = Am) (' (m),$(m)) .
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3.7 Hermitian Wilson-Dirac Operator

Thus X' (m) becomes

Now we have
d d ,
Tl m)I” = = (), w(m)) = (& (m), $(m)) + (¢ (m), ' (m)) .
Since ||v»(m)||? = 1, its derivative is 0. Thus

X (m) = (H'(m)ip(m),p(m)).

Moreover,
d
H ! - -D w = - .
(m) - ~3( m) Y3
Consequently,

X (m) = — (y3p(m), d(m)) .
Now by Cauchy-Schwarz inequality,

(N (m)| < llys(m) [l (m)]| = s (m)]| < 1

since

s (m)]| < [lysllll(m)]] =1
(recall that ||y3|| = 1). ~

As was mentioned previously, the introduction of A was meant to separate the smooth
and rough solutions to Dy = 0. The separation is going to be reflected in the spectral
flow of H,,(m). To illustrate the idea, we consider the case where there is no gauge
tield. In the continuum, that corresponds to A = 0, the functions are periodic in both
directions and in the discrete setting U = 1. Recall that the equation Dy = 0 has
only the constant solutions in the continuum (Theorem 2.3). However, as we know,
the discretized equation D1 = 0 will produce rough solutions. These solutions can be
computed explicitly. First we have the following observation

Proposition 3.9. The following collection of functions on the lattice
{eimei: p = (2mky,27ky), 0 < ki,ko < N,z €L, i = 1,2}
form an orthonormal basis for V. (Here px = p1x1 + pax2.)

Proof. We first notice that

ezp(ac—i—eu) — Tt — T iPu — ipT
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3 Discretization of the Atiyah-Singer Index Theorem

since p,, = 2mk,, for some integer k,,. Hence these functions are periodic. If they are all
distinct, then there are 2?2 functions, which is precisely the dimension of V. To show
that they form an orthonormal basis, it suffices to show that
: : 1 ifp=yg,
<€pr, ezqa:> — 6pq — ‘ p q
0 ifp+#q.
By the definition of the inner product,
<€ipx’ eipx> _ a2 Ze—ipxeipx _ a2N2 -1,
zel

When p # g, put (k1,k2) = ¢ — p # (0,0) we have

<ezpz’ ezqa:> _ CL2 § :efzpacezqa: — CL2 § :el(qu)x

zel zel
— a2 Z 6i(27rak1n1+27rak2n2) (here n; = QTZ/CL)
zel
N—-1 ‘ n N—-1 ' no
— CL2 Z (6127rak1> Z <6127rak2) )
n1=0 no=0

Now suppose k; # 0, then
N-—1 — n 1— (eiQTrakl)N
Z (6 ) - 1— ei27rak1 = 0’
n1=0

where the last equality follows because (e’%akl)N = iV — 1, O

To find solutions to D1 = 0, recall that D+ = 0 if and only if D*D = 0 and
D'D=> V.Y wVe==Y wVuy wV.=—) Vi
7 v 7 v 7

In the case where U = 1 we have
_ 1
 2a

Thus we obtain a complete list of eigenvalues of V. It follows that

vueipm (eip(m+ae,,) o eip(x—aeu)) 4 ipr

= — S'
 sin(ap,)e

. 1 .
D*De™* = — E sin?(ap,,)e™”.
a
I

(Note that here we omit the unit vector e; for simplicity.) Hence D*De®® = 0 if and
only if sin(ap,) = 0 for all x. The latter equations imply that p, € {0,7/a} (recall that
0 <k, < N). Therefore

p €{(0,0),(7/a,0),(0,7/a), (r/a,7/a)}
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3.7 Hermitian Wilson-Dirac Operator

and the kernel of D is generated by
{1, et ela ™, eig(“”?)}

(with the unit vectors e;). Note that apart from 1, which gives the constant solutions in
the continuum, the remaining solutions are of the form ¢™* = (—1)¥, which don’t even
converge when a — 0 and these are the rough solutions.

The functions e?® are also eigenvectors of H,,(m)?. Indeed,

Hw(m)2 = v3(Dy — m)y3(Dy — m) = Dy Dy, — m(Dy, + D},) + m2,

where we’ve used the relation v3D,, = D ~v3. Now in the case of no gauge field,
[D, A] = 0. Hence

2
* . * g * g - _ 2 af 2
DD = (D" +3A%) (D+35A) EM i+ A

and A, acts diagonally on e*?:

) 1 ) ) ) 2 )
A‘uezpz _ ﬁ (_ezp(x-l-aeu) _ ezp(x—aeu) + 2ezpa:> _ ?(1 - Cos(ap#))e”’x.

Evaluating H,,(m)? on ¢'P* we obtain the complete list of eigenvalues of H,,(m)>:

2
, 1 1 ,
H,(m)%e?® = [m o E (1 — cos(apy) Jrﬁ g sin(ap,) | e?*.
o

o

Therefore the eigenvalues of H,,(m)? cross the z-axis only if sin(ap,) = 0 for all 1, i.e.,

p €{(0,0),(r/a,0),(0,7/a), (r/a,m/a)}.

We summarize the information in the following table:

p 0,0) | (7/a,0) (0,7/a) (m/a,m/a)
eigenvectors 1 exp <i§x1> exp (z’%m) exp (ig(xl + $2))
eigenvalues | m? | (m—2/a)? | (m —2/a)? (m —4/a)?

We see that the possible eigenvalues of H,,(m) that cross the z-axis are £m, +(m —a/2)
and +(m — 4/a) and the crossings occur at 0, 2/a and 4/a respectively. Also from the
table we see that the constant solutions correspond to eigenvalue crossings at 0 and the
rough solutions correspond to eigenvalue crossings far away from 0. This is what we
mean by saying that A separates the smooth and rough solutions.

Now when the gauge field is no longer trivial, the spectral flow of H,,(m) will be dis-
torted. Nevertheless, it’s been found that when the lattice gauge fields do not differ too
much from the trivial case, in other words, when the lattice gauge fields satisfy certain
“smoothness condition”, the spectral flow of H,,(m) retains certain useful features of
the trivial case. In particular, the eigenvalue crossings of H,,(m) occur close to 0, 2/a
and 4/a. Since crossings at 0 correspond to smooth solutions in the case of no gauge
tield, that suggests to us how we should define the index of D in the discrete setting: by
the spectral flow of H,(m) in a neighborhood of 0. We’ll make this idea more precise
in the next section.

69



3 Discretization of the Atiyah-Singer Index Theorem

3.8 Approximate Smoothness Condition

Given a lattice gauge field, the quantity
U, 1,v) = Up(@)Uy (& + ae)Un(@ + ae,) " Wo(x) ™), 1<pv<2  (35)

is called a plaquette variable. Note that this is just an oriented product of the link vari-

- )
x+a.¢7, L&“(Itacl’} I .L‘i‘ag.('!'aey

™| | Uletag,)

3 !&:(x) I'I‘GC/M

Figure 3.2: A plaquette

ables along a 2-cell in the lattice:
pa,pv)={yeR®:0<y,—2,<a, 0<y,—z,<a}, 1<p#v<2,
hence the name “plaquette’ (Figure 3.2) . It can be checked easily that
Uz, p,v) =Ulz,v,pm) "t
Our main goal of this section is to establish the following result:

Theorem 3.1. There exists a positive real number € such that for all lattice gauge fields satisfy-

ing

I;léﬂi(‘l—U(.’L’,/J,,I/)’ <g, (36)

the operator H,, = H,, () has no zero eigenvalue.
Note that since U,,(z + €1) = U, () for p = 1,2 (recall condition (3.4)), we have
Uz +er,p,v) =Ul(z, pu,v).
For the ey-direction,

Uz +e2,1,2) = Up(z + e2)Usz(z + aer + e2)Us(z + aex + €)' Uz(z + €)™
= @)y, (x)e_w(“'m) Us(x + ael)e_ie(”“)Ul (x+ aeg)_leie(“”)Ug(a})_l
=U(z,1,2).
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3.8 Approximate Smoothness Condition

Hence
Uz + ek, p,v) =U(z,p,v), k=12

It follows that we can restrict our attention to these lattice sites = € I" in (3.6). Condition
(3.6) is also called the approximate smoothness condition. Since the plaquette variables
are unchanged under gauge transformations, gauge transformations don’t change the
smoothness condition.

The proof is unfortunately long and we need to make some preparations. We intro-
duce the following operators on V'

{Tjw(m) U(2)9(z + aey),
T () = Uyl — aey) ' (x — aey,).

We have
TH(T ) (@) = Un(2) T, v(x + aey) = Up(2)Uu(2) " p(x) = 9 ()
and similarly,
T (T ) (@) = Up(z — ae,) T (x — aey) = Up(z — ae,) ™ Up(z — ae)(z) = 9 ().

Therefore,
R N S R
THT, =T, T = 1.

One nice property of these operators is that they all have unit norm. Indeed, choose
any ¢ € V such that |[¢|| = 1, then

1T l1* = (T 0, T, 1)

=a® ) [T, ¢(@)]'T, ¢()
zel
= a? Z Uu(z — ae,)v(z — ae,)* Uy, (z — aey) ' o(z — aey,)
zel’
= vl =1,
where we’ve used the fact that U, (z — ae,,) = Uy(x — ae,) ! in U(1). It can be shown
similarly that ||7;]|| = 1. We are going to need the commutators of Tf, so we compute
them here:
[T, T, W) = T,(T, )(2) - T, (T,/¢)(2)

Un(2)T,, Y(x + aey) — Uy (x — aey)*lszp(x —aey)
Uu(2)U,(x + aey, — ae,) " (x + ae, — aey)

—~Uy(z — ae,) U, (z — ae,)¢(z — ae, + ae,)
= (Uu(z)U, (2 + ae, — ae,) ™t = Uy(x — ae,) ' Uu(x — ae,))¢(x — ae, + ae,,)
=U,(z — ae,) N (U(x — aey, v, 1) — U, (x — ae, ) (x — ae, + aey,).
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3 Discretization of the Atiyah-Singer Index Theorem

Similarly, it can be verified that

[T,5, T () = (U2, p,v) = DU (2)Up(@ + aey )(z + aey + aey)

and

1,1, 1y(z) = Uy (z—ae,) U, (z—ae,—ae,) (U(z—ae,—ae,, g, v)—1)(z—ae,—ae,).

Note that in terms of the left, right difference operators:

V= 2(Tj —-1I), V,= %(I —-T,).
Hence . .
V.= 5(V;r +V,) = %(Tj ~-T,),
and ) .
A, = E(V; -V = ﬁ(—Tj — T, +2I).

Written in terms of Tj, we obtain several nice relations between V, and A,.
Proposition 3.10.
2
2 | A" 42 _
-V, + ZA” - A, =0.

Proof. Put
SM:Z(T/" _TN )7 Cu:i(T//' +T;Uf )
Then
Sr+Cr=1,
where we've used T, T, = T, T,f = I. (Note the similarity with sine and cosine.)
Now,
|
VM - %(TN - T;U' ) - ES/“
and ) 5 5
— + — —
A, = ;(—Tu =T, +2I)= —gcu +3
Plug everything in the left hand side of the equality we get 0. ]
Proposition 3.11.
[V, Aul = 0.
Proof. We have
L. 1 " .
[v,uaA,u] = %(T/L - T/L )a ?(_T/L - Tu + 21) .

Now it’s clear that:
[T5, 1] =T, ,1] =0,
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3.8 Approximate Smoothness Condition

and

+ =1 _ - —t _
[, T =T, Ty — T, T =1—1=0.

d

We're now ready to prove our theorem. It suffices to show that H2 has no zero
eigenvalue, i.e.,

1w > 0

for all 1y € V such that ||p|| = 1. First we compute H2:

1 1
H =13 <Dw_) V3 <Dw_>
a a
(o)
a a
a 1 a 1
(—D+2A—a> <D+2A—a>

2
— _D? 4 g(—DA +AD) + <‘2‘A - 1)

a
a a 1\?
=-D?’—Z[D.A A - =
2 [ ) ] + (2 a) )
where in the second equality we've used v3D,, = —D},y3 and 73 = 1. Now we evaluate

each term of the right hand side. We have:

D2 = Z "}/,uvu Z ’}/yvy
m v

= Z Vi + Z Y YV Vy,  (since 72 =1)
o

pFEV
=> V24D 9wV, Vil (since vy = —y0),
I p>v
and
[Da A} = Z'Yuvm Al = Z 'V,u[vua A]
I 1
=D Vi D AL =D Vi A,

7 v nFv
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3 Discretization of the Atiyah-Singer Index Theorem
where we’ve used [V, A,] = 0 in the last equality. Finally,
a 1\* a2 9 1
<2A—a> =ah AT
2 2 1
a
1
2
—ZA+—ZAA Z%+§
o

pFEV

Note that generally A, A, # A,A,,. Hence the operator H2 becomes

—~ ZW > W[V Vo Z% Vi A

p>v 2 i

+fZM+fZAA ZA+

HFV
3 (_v,a - 8,) = Y TV
1 p>v
2
S A Y A
wFEV nF Y

_—Z’Yu'}/uvuav Z’YMVM’A ZAA +

p>v M#V “7@

where in the last equality we’ve used
2 a? AQ A, =
-V, + TR A= 0.
Now we can write A, A, as
AN, = (V) VA,

= ( :[)* [ViA, — ANV +A, V]

= (VD) IV, A+ (V) AV
Put P, = (Vj)* ALV}, then P, is positive since

(Putb, ) = (V)" AV, 80) = (A(V4), Vi) > 0
because A, is positive. Thus we can write H2 as
1

H2 *‘FP Z'Yu%/ V/uv Z’Yﬂ V#,A Z(V:)*[VZ,AV]
u>v u#v u#v
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3.8 Approximate Smoothness Condition

where P is a positive operator. Now for any vector ¢ € V with ||¢|| =1,

!\H2w1>H< +P)¢H 5 Il Vol — & 3 Il A

pu>v wFv

S @V A

pFEV

Now since P is positive,

|G+ r) el =(Gaer)o(r) )
< 12¢>+< w,P¢> <Pw,a12w>+<P¢,P¢>

S|
=2

Also we have the following (recall that ||| = 1 and [|v,|| = 1):

199 IV s VO < vl TV VI = 1TV, VI

and
1YV s AL < vl 1TV s ALl = ([ Vs A
and )
(VO IVE AR < [(VOHTIVE, Al < gH[VI,Au]H,
where
-+ * — 1 — 1 _
(V) =1V, = 5(I—Tu) < 5(1 + 17,1 =~

(Recall that HTjH = 1.) Consequently,

1
120 = = = 31V Vll = 5 2 1190 A = 5 DIV AL

pu>v p#EV wFv
Now note that
V+V*—_1T+ D, L T*-— Lire
[u? u]* 5(/1_)’5(_1/) *_E[uvu]ﬂ
' 1 :
Vi V1= o0 =0 D = ST,
o (1 .1 _ |
[v,uvvu]: E(I_Tu)’g(I_Tl/) :ag[T,ule/}'
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3 Discretization of the Atiyah-Singer Index Theorem

Thus we need to investigate the norms of the commutators of T/jt. Put R = [T,},T,].
Then for any vector ¢ € V such that ||¢|| = 1, we have

IRY|)> = (R, Ry)) = a® > Rep(x)* Rej(x)

zel

=a’ Z U (x — ae,, v, 1) — 12(z)*1p(x)

zel

< max |U(x — ae,, v, p) — 1)* = 2.
zel

Thus ||[T,7, T, ]| < e. Similarly we can show that

I T <& T T <e

wno Ty wnoTv

Now we can bound the commutators:

1 1 _ 1 1 e
109901 = | [307 + v 3w+ w0 <3 (45 de) - 5
and X ) 1 1 ,
_ + - — + . I
11981 = | [ 5075 + 9 295 =900 | < 5 (4% 3e) = 5,
and X 1 1 ,
M = B A VAt v § | I gt e
v H[v”’a(v” V,,)”’_a<2><a2€> P
Hence
1 € a 2¢  a 2¢e
2
1

Soif 0 < ¢ < 1/5, then ||H2%|| > 0 or in other words, H,, has no zero eigenvalue and
our proof is complete. O
One important consequence of Theorem 3.1 is

Corollary 3.1. There are no eigenvalue crossings of the x-axis in the interval
1 1 1 1
- ——V1-5 -4+ —-Vv1-25¢
a a a a

for0 <e<1/5.

Proof. Put b = 1/a+/1 — be. Suppose A(m) is an eigenvalue of H,,(m). From Theorem
3.1 we have for some unit vector ) € V,

1 1
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3.8 Approximate Smoothness Condition

Now suppose there’s an eigenvalue crossing of the z-axis in the interval (1/a —b,1/a +
b),i.e.,
)\(l‘o) =0

for some zp € (1/a —b,1/a+b). By the Mean Value Theorem, there exists { between x
and 1/a such that

A(1/a) = Ao) A(1/a)
N = = .
s ‘ 1/a — xg 1/a —
Since
[A(L/a)l > b > |1/a — xol,
we obtain |\ (£)| > 1, contradicting the fact that |\'(z)| < 1 (Proposition 3.8). O

Thus it makes sense to talk about eigenvalue crossings close to 0 (specifically eigen-
value crossings in the interval (0, 1/a)). Generally, it’s proved in [4] that the eigenvalue
crossings of H,,(m) only occur close to 0, 2 and 4 in unit of 1/a (here we are working
with 2 dimensional lattice, in the case of d dimensional lattice the crossings occur close
to 0,2,...,2d). We define the index of D to be minus the spectral flow of H,,(m) in the
interval (0,1/a).

We’d like to find an explicit formula for the spectral flow of H,,(m). Since H,,(m)
is hermitian, the operator H,,(m)? is positive and hence it has the positive square
root v/ H,(m)? (Subsection 1.2.5). The eigenvalues of \/H,,(m)? are |\;|, where \; are
eigenvalues of H,,(m). In the case where H,,(m) has no zero eigenvalue, the operator

/ Hy(m)? is invertible and the eigenvalues of H,,(m)/+/H,(m)? are

i . +1 if)\i>0_
Nl =1 ifx <0

sign (\;).

Therefore the following quantity

Hy(m)
tr | ————
Hy(m)?
equals the difference between positive eigenvalues and negative eigenvalues of H,,(m).
Recall that eigenvalues of H,,(m) only cross the z-axis when m > 0. Therefore when

m < 0 H,(m) has no zero eigenvalues and the difference between positive eigenvalues
and negative eigenvalues of H,(m) is constant. Even more is true:

Proposition 3.12. H,,(m) has the same number of positive and negative eigenvalues when
m < 0.

Proof. From the above discussion we have that the quantity
H
tr | —2 L (m)
Hyy(m)?
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3 Discretization of the Atiyah-Singer Index Theorem

is constant when m < 0. We have

- H,(m
— <Hw<m>> o e [ et

m——oo Hw(m)Q m——o0 #Hw (m)2

ﬁ’Y:aDw - Wmﬂs

= lim tr
H_
m s\ Di Dy — A (Dh + D) + 1
=tr(y3: V—=V)
=0.

Thus H,(m) has the same number of positive and negative eigenvalues when m <
0. O

We now come to our important result:
Proposition 3.13. The index of D is given by

Index (D) = —%tr ( H > ,

H2

w

where H,, = Hy(1/a).

Proof. Note that the right hand side is well-defined since we proved that I, has no zero
eigenvalue. Recall that Index (D) is minus the spectral flow of H,,(m) in the interval
(0,1/a). Put

n(m) = #+ve eigenvalues of H,,(m) — #—ve eigenvalues of H,(m)

when m is far away from 0, 2/a, 4/a. We know that n(m) = 0 whenm < 0. Whenm > 0,
every time there’s an eigenvalue crossing with positive slope, 7(m) will increase by 2
and it will decrease by 2 every time there’s an eigenvalue crossing with negative slope.
Thus we conclude that 1(1/a) is twice the difference between eigenvalue crossings with
positive slope and eigenvalue crossings with negative slope in (0, 1/a). In other words,
the spectral flow of H,,(m) in (0,1/a) is precisely

1 1 H,,
Zn(1 — W
5(1/a) = St ( T{%)
and that completes the proof. O

By defining the (discrete) index of D in term of the spectral flow of H,,(m), we hope
to obtain some meaningful information about the index of D in the continuum. Specifi-
cally, we expect that when the lattice gauge field is the transcript of some smooth gauge
field, the (discrete) index of D will reproduce the correct index when we take a — 0.
Proving this rigorously is not so trivial and a detailed proof can be found in [2].
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We remark that under a gauge transformation ¢, a basis /3 for V consisting of eigen-
vectors of H,, will be transformed into ¢’?3, which can be verified easily to be a basis
for V. Moreover, if H,, f; = A f;, then

Hy(ef;) = e Hy f = Nie™ fi

by properties of gauge transformations. Thus H,, and H,, have the same eigenvalues
counting multiplicities. It follows that the index of D is gauge invariant.

3.9 Discrete Topological Charge

In this section we aim to give a meaningful notion of the topological charge associated
to a lattice gauge field. Recall that for lattice gauge fields the usual definition of the
topological charge based on the twisted periodicity condition does not work since in
the discrete case

O(x1 + 1) = 0(z1) + 27Q(21)

and in general the integer () depends on z;. To facilitate our discussion, we restrict our
attention to lattice gauge fields whose plaquette variables (3.5) are different from —1
and we consider the principal branch of the logarithmic function:

log e’ = ig,
where ¢ € (—m, 7). The next proposition plays an important role in our definition of
the discrete topological charge.
Proposition 3.14. The following quantity
1
% Z log U('Ia My V)
zel’, u<v
is an integer.
Proof. The key observation is the following identity
H U(z,p,v) =1.
zel',u<v

This identity is best explained visually. When we multiply the plaquette variables,
because of the orientations that we chose for the plaquettes as well as the fact that the
product of two link variables with opposite orientations is one, we end up with product
of the link variables along the boundary of the square [0, 1]2. Now using the twisted
periodicity condition (3.4) we obtain

H U(x, 1, V) _ ei(9(11+a)79(:p1))6i(0(:p1+2a)79(:p1+a)) L ei(@(lerl)fG(:vlJr(Nfl)a))
zel',u<v
_ 0@+ D)-6(z) _ 27 Q)
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3 Discretization of the Atiyah-Singer Index Theorem

It follows from the properties of the exponential function that

exp( Z logU(x,,u,,y)) H exp (logU(z, p, v))

zel,u<v zel,u<v
= JI v pv
zel,u<v
=1.
Thus
Z logU(z, p,v) = i27Q
rzel',u<v
for some integer Q). O

Note that although we only consider « € I, U(z, i, v) is unchanged when we go in
a distance of one in any direction. Thus the integer () that we obtain is independent of
the lattice sites and we define it to be our topological charge. Thus the topological charge
of a lattice gauge field is given by

1
Q= o Z logU(x, p, v).

zel',u<v

Of course we assume that U(x, i, v) # —1 (so that its angle lies in (—m, 7)).

To justify our definition of the topological charge, we need to show that our discrete
topological charge agrees with its continuum analogue when we take the limit a — 0.
When the lattice gauge field U is the lattice transcript of some smooth gauge field 4,
recall that (Section 3.3):

Upla) =1+ iady (@) + 1% 20 ) - 42(@) + O(a?)
u(x) =1+1a > o, 5 Aul a’),
and 254
-1_1_ _ e 098u, N A7 49 3
Uu(x)"" =1—iaA,(x) i 3x#( ) 2AH($)+O(Q)
Thus we have
a2 a2
Uu(x)Uy(x + aey) =1 +iaA,(x) +iaA,(z + aey) +12%4(SU) +i 5 ?;;1 (x + aey)

2 2
- %Ai(x) - %Ag(a; +ae,) — a2A,(2) Ay (z + aey) + O(a),

and
2 2
1 -1 _ 1 _ - . . &OA“ _ aiaA,,
Uiz +ae,) U(x) =1—1iaA,(x+ ae,) — iaA,(x) 5 —axu (x+aey) — i > O, ()
a® o a® 5 2 3
- ?A#(x +aey,) — ?Ay(az) —a”Ay(r + ae,)Ay(x) + O(a”)
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3.9 Discrete Topological Charge

Now since A, are smooth, we have the following Taylor expansions:

Ay(xz+ae)) = Ayu(z) + O(a),

and
A% (x + aey) = (Ay(2) + O(a))? = A% (z) + O(a),
and 0A oA
%Z(x +aey) = %:(x) + O(a).

Plug these expansions in the expressions for U, (z)U, (z+ae,,) and U, (z+ae,) " U, (z) 7!
and multiply them together we obtain the expression for the plaquette variable U (z, i, v):

Uz, p,v) = 1+ia[(Au(x) — Au(z + aey)) + (Au(z + ae,) — Ay(z))] + O(a®)

=1+ id? (gﬁ: (z) — ({;if (:c)) + O(a®)

=1+ia*F,,(z) + O(a®),

where
0A, 0A,

= 50 @)~ @)
(recall Section 2.4). Actually these O(a?) should depend on z. However, since the

partial derivatives of A,, are bounded, we can write O(a?) independent of z. What it
means is that for a small enough there exists some M > 0 such that

FW(@”)

\U(z, pt,v) — 1 —iaF,,(z)| < Ma®

for all z. To proceed we recall the following series expansion of the principal logarithm:

oo
-1 n+1
log(1+2) = Z ( T)l 2" |zl < L
n=1

In our case we can choose a to be small enough so that
1—U(x,p,v)| <1
for all z. Therefore,
log U(z, pt,v) = ia*F,, + O(a®).
Now we have

1
Qlattice = E Z log U(CC, L, l/)

zel',u<v

:% S @Fu (@) + 0@a?)

zel,u<v
1
i0> -— Flg(x)dxldmg
27T [071]2

= Qcontinuum .
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3 Discretization of the Atiyah-Singer Index Theorem

Note that for a small enough the term

> 10(@®)| <> Ma* = MN?a® = Ma,
zel’ zel

which tends to 0 when a tends to 0. We’ve shown that the discrete topological charge
reproduces the topological charge in the continuum. Note however that contrary to
the continuum case, our definition of the topological charge may depend on the lattice
gauge field (and so does Index D). Since the plaquette variables U(z, i1, v) don’t change
under a gauge transformation, as can be checked easily, the topological charge is also
gauge invariant.

3.10 The Main Problem

Having developed all the necessary ingredients, we want to establish a counterpart of
the Atiyah-Singer Index Theorem on the lattice. In other words, we want to show

Index (D)iattice = Qlattices

where 1o
1 H,(1/a

Index (D)jattice = — =T ——mm—r,
( haﬂme 9 }{%(1/a)

and ,
Qlattice = 5 E logU(x, p,v).

%)

zel,u<v

For the index and the topological charge to be well-defined, we require the lattice gauge
field to satisfy an approximate smoothness condition:

max |1 — U(z,p,v)| <e

T, U,V
for some small positive real number e. The difficulty lies in the fact that the lattice gauge
fields are quite arbitrary, so it’s not easy to write down explicitly the eigenvalues of H.
One possible approach to the problem is as follows.

e Given a lattice gauge field U, we first construct a continuum gauge field A (actu-
ally piecewise smooth suffices) whose lattice transcript is U and whose topologi-
cal charge @ 4 is the same as that of U.

e Equipped with a continuum gauge field A, we’ll try to show that the (discrete)
index of Dy is unchanged under successively halving the lattice, i.e., halving the
lattice spacing a. More specifically, starting with a lattice with spacing a, we con-
struct a lattice with spacing a/2 on which we put the lattice gauge field U’ ob-
tained from taking the transcript of the continuum gauge field A. We need to
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3.10 The Main Problem

make sure that U’ still satisfies the smoothness condition so that the index of Dy
is well-defined. We want to show that

Index Dy = Index Dy.

The same proof can be applied to lattices with spacings a/4,a/8,...,a/2",... It
follows that
Index Dy = linb Index Dy
a—r

We know that in the continuum limit, the index of Dy reproduces the topological
charge of the continuum gauge field A, which is the topological charge Qy of U
in this case. Thus

Index DU = QU-

We note that in the lattice setting, it’s possible to convert the twisted periodicity con-
ditions associated with the lattice gauge field to periodicity conditions via the gauge
transformation:

9@ =1 forzel

and extend to the to the whole of R? by the condition

€i¢(m+el) — eid)(x)7
ei¢(w+eg) — €7i9(z1)ei¢(x)_

Our vector space becomes
V= {ei¢f: fEV},
which consists of periodic functions since
et f(a + 1) = @) f(2),

and . . . . .
62¢>(w+62)f(x + 62) _ 6710(x1)62¢(2)619(21)f(x) _ ezd)(z)f(l,).

Our lattice gauge field will also be transformed accordingly:

U,(z) = @), (z)e @ lrtoe)
and it is also periodic. For ﬁl we have
Up(z + e1) = @0, (1 + ey )eP@taerten) — (0@ (g)e~i(rtaer) — [ (),

and

[71(27 +e) = ez‘(b(ac—l—eQ)Ul(:E + 62)8—i¢(1‘+ael+62)
_ e—z‘e(a:1)ei¢(x)€i9(x1)U1 (x)e—ie(x1+a)ei@(x1+a)€—i¢(z+ael)

= eid’(m)Ul(x)e_w(m”el) =0 ().
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3 Discretization of the Atiyah-Singer Index Theorem

For [72 we have
(72(95 +e1) = ei‘z’(”el)Ug(x + el)e_w(x*e”“e?) = €i¢($)U2(x)€—i¢(w+a€2) = (72(30),
and

(72 (w + 62) _ 6i¢(z+e2)U2(x + 62)67i¢(m+62+‘162)
— 6—i9($1)6i¢(2) U2 ($)ei9(£1)e—i(j}($+aeg)

= @Oy (z)e 0@ tae2) = [, (1),

Since the index of D and the topological charge @iy are gauge invariant, we can work
with the periodicity conditions instead of the twisted periodicity conditions. (This is
another reason why we don’t define the topological charge in terms of the boundary
condition, it’s not gauge invariant.) One advantage of working with the periodicity
condition is we can use the basis functions e’?*. This trick however doesn’t work in the
continuum. Suppose A is has nonzero topological charge @ and A is periodic, then it

follows that )

% [ Pﬁlg(a}l,xg)dl’lda}zzo,
0,1

which is a contradiction since gauge transformations don’t change the topological charge.
(This is true because gauge transformations are smooth. In other words, if we want to
change the topological charge via a gauge transformation, we have to introduce dis-
continuities somewhere.)

3.10.1 Piecewise Smooth Gauge Fields from Lattice Gauge Fields

Given a periodic lattice gauge field U with topological charge @7, which satisfies the
approximate smoothness condition, we can write

Uu(x) = elon(®),

Note that «, can be defined up to an integral multiple of 2. Here we assume that o,
can be chosen in such a way that the sum of the angles around a plaquette lies between
—7 and T, i.e.,

—m < aq(z) + az(z + aer) — ai(x + aex) — ag(z) < 7.

(The detailed description will be given below.) It suffices to construct the gauge field A
for each plaquette p(z, u, v). The construction is quite simple: we want the gauge field
A to be constant along the boundary of the plaquette and vary continuously along a
straight line inside the plaquette. Since the transcript of A is U, we have

a,(z) = /Oa Ay(x+ (a —t)ey)dt.
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3.10 The Main Problem

Hence )
Az +(a—t)e,) = 5au(x), t €[0,al.

Similarly for p # v,
1
Ay(x+ (a—t)e, +ae,) = Eozu(ac +ae,), te]0,al.

Inside the plaquette, A, is given by

Az +(a—s)e, + (a —te,) = <aa;> ayu(r + ae,) + %au(m), 0<t,s<a

for i # v. The gauge field A is smooth everywhere except for a set of jump disconti-
nuities of measure 0. Specifically, A; is discontinuous along the vertical links and Aj is
discontinuous along the horizontal links. The topological charge of A is however still
well-defined:

1

1
A=5 o 12(z1, v2)dz1dxs o Z 1o (a1, )y s

zel’ p(a:)

Now for each plaquette p(x),

/ Flgdxldxg = / Flz(.%‘ + (CL — t1)€1 + (Cl — t2)62)dt1dt2,
p(z)

[0,a]2
a a aA
:/ 72($1+a—t1,962+a—t2)dt1 dto
o \Jo 911
a a A
/ < 81($1+at1,$2+at2)dt2> dtq
0 0 0z

= as(z + aer) — as(x) — aq(z + aez) + a1(x)

1
== IOgU(fE, ]-7 2)7
7

where the third equality follows since A, is constant along the p direction and the last
equality follows from the sum of the angles is between —m and 7. Thus

1 1
= — E Fiodridry = — E 1 1,2) = .
Qa o /(x) 120X14T2 %in ogU(x, , ) Qu
zel' VP zel

The topological charge of A is the same as that of U.

Now we investigate the effect of halving the lattice (Figure 3.3). After we halve the
lattice, we can put on it a lattice gauge field obtained by taking the transcript of the
gauge field A constructed above. Notice that A, is constant along the  direction, thus

a/2 .
Uz, + (a/2)e,) = exp (Z/o Ay(x + (a)2 — t)eu)dt> — lou(@)/2.
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3 Discretization of the Atiyah-Singer Index Theorem

x4 96y x tag,tag; xtag, 224% 7 tagctas,
f v L4
a a
/ _ xt 76 b— «——t xtag t 26,
'1/ Y Y
L————é————?ﬁ asu £ xr ie /“‘ xtag,

Figure 3.3: Halving the lattice

Similarly,
U(x +a/2eu,x + ae,) = elon(®)/2.

So along each old link of the lattice, the angles are half the original ones. Along each
new link,

Au(x + (a/2)ey + (a —t)e,) = % (Oéu(l‘ + ae,) N au(a;)> |

a a

The lattice transcript is

Uz + (a/2)es, z + (a/2)e, + (a/2)e,) = exp (Zg oz + aeQI;) + au(:v)>

— exp (i%(@ + oz:(w + aeu)> .

So the angles along each new link are given by

ayu(z) + oz + aey)
4
=a(z+ (a/2)e, + (a/2)e,, x + (a/2)e, + aey,).

a(z + (a/2)ey, x + (a/2)e, + (a/2)e,) =

Let us focus on a particular plaquette. In Figure 3.4, o; denote the angles with orien-
tations (so it will pick up a minus sign when the orientation is reversed) and

a1 — Q3 a9 — 0y
Qg4 =
2 7 2

Q13 =

By assumption, we have a1 + a2 + a3 + au is between —m and m. We label the subpla-
quettes of the divided plaquette according to the figure. The sums of the angles along
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3.10 The Main Problem

o &
s s 3
> > T >
W
%A 3 f‘? Z‘ V%
, o
A \/0(2. 7 { j—}
*‘:‘_Eﬁ——!__ - .
2, %ag Yy 22
Dé’“ Z’- 'z 11z
. | ¢
Z <
P % %
I 2 2

Figure 3.4: Subplaquettes and their angles

each subplaquette are computed below (in the order of the subplaquettes):

Qap g o3 4 0 iy a1 — a3 p— o4 o toaztaztoy

I R R R B T - 1 ,
a13 Qa a3 Q24 Q1 — Q3 Qo Qa3 (12—064_041+062+063+Oé4
2 22 2 4 >t T T T 4 ’
a13 Q24 (0%} (o7} a1 — Q3 Qp — Oy a3 (e %1 a1+ g+ a3+ ag
R TR T 1 T2t T 1 ’
(03] Q24 a13 Qa4  Qp Qg — Oy a1 — Q3 Oé4_041+062+0é3+044
272 22Tt e T TaT 4

Thus the sum of the angles along each subplaquette is also between —7 and 7. Also,

’1 _ ei(a1+a2+o¢3+a4)/4| < ‘1 _ ei(a1+042+043+044)| < e,

(Note that this is only true if —m < a3 + a2 + a3 + oy < 7.) Hence the smoothness
condition max |1 — U(x)| < ¢ is still satisfied. It follows that the index of D is well-
defined under successively halving the lattice. The proof in [2] still applies to the case
of piecewise smooth lattice gauge field and we have

lim Index D = Q4.
a—0

Now we describe how to choose the angles o, in such a way that the sum of the
angles around a plaquette lies between —7 and 7. We first start with the plaquettes
p(x) for z lies on the horizontal axis. For the upward direction, let oy (z), aa(x + aeq),
az(x) be the unique angles in [—7, 7] and choose «; (z + aez) such that

— < a1(z) + az(x + aer) — aq(x + aez) — ao(x) < 7.

Note that «v; (z + aez) is not necessarily in [—, 7]. (The approximate smoothness condi-
tion ensures that the angle of a link variable lies between —7 and 7 up to some integral
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3 Discretization of the Atiyah-Singer Index Theorem

multiple of 27 and hence the choice of o (x + aez) is unique.) For the downward direc-
tion, let oy (z), ap(z — aez), aa(z + ae; — aez) be the unique angles in [, 7] and choose
a1 (z — aez) such that

—m < ay(z — aez) + as(x + aey — aez) — aq(z) — as(r —aey) < .

(Again the choice of o (z —aez) is unique.) We continue this process in both the upward
and downward directions and then move on to the next lattice site on the horizontal
axis. The angles of the vertical links are not affected by this construction and always lie
in [—m, 7.

3.10.2 Deformations of Lattice Gauge Fields

We want to show that the trace of H,,/+/H?2 is unchanged when we halve the lattice. To
do that, we’d like to continuously deform the divided lattice gauge field to something
simpler, which contains a lot of zeros and resembles the original lattice gauge field. The
intuitive idea is illustrated in Figure 3.5. In particular, a plaquette will be deformed

o3

=l r B8]

1 7 A
_} | %: ',”[ q44\ \ 0(7_

R A

— — wl 1 Pl |

i | —_— 2. ;}im . d i) )
AR RE 1 0

1 L Lr74 978 & 17748 2 e Pl

Figure 3.5: Deformation of the lattice

as in Figure 3.6. There are two conditions that need to be satisfied throughout the
deformation: the topological charge () is unchanged and max |1 — U(z)| < €. The con-
dition max |1 — U(z)| < e guarantees that the operator H,, will have no zero eigenvalue
throughout the deformation and so H,,/\/H2 is well-defined. Furthermore, the trace
of H,/\/H2 will change continuously and since it is an integer, it will be unchanged
throughout the deformation. The simplest deformation is the straght line deformation,
specifically:

ay(z,t) = (1 —t)au(z,0) + tay(x,1), 0<t <1
To check the two conditions, it suffices to look at one plaquette at a particular time ¢

between 0 and 1, as illustrated in Figure 3.7.
First we compute the sum of the angles around each subplaquette. For the first sub-
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3.10 The Main Problem

o
: 2 o %
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°_(5A z.\I( vz 0(‘*" \/"(2.
e L B .
T —— e e ey
%A 2 ‘:,ogi, A 0% 0 A o yO0
'z !
rd i < < [ (

Figure 3.6: Deformation of a plaquette

plaquette:

[(1 - t)% +ta1] +(1- t)% - [(1 - t)% +ta1} (- t)%

() a0 -0Z - (M) e - (252

1—1t
= (4) (a1+a2+a3+a4).

For the second subplaquette:

[(1 _ s +m1] + [(1 — 422 +m2] + [(1 _pH® +ta3] - [(1 s —ta4}

2 2 2 2
o] —« 14+t 1+4+¢ a2 —«
:(1—t)< 14 3>+ta1+(2>a2+<2>a3—(1—t)< 24 4>+ta4
1-+3t
= (4) (al +062+(13+044)'

For the third subplaquette:

(1 —t)% + [(1—t)% —ta4} —i—(l—t)% + [(1—t)% —ta4]
—(1-1) <O‘1;O‘3> +(1—t) (“i“) —toz4+(1—t)%+(1—t)%+ta4
= (T) (a1 + ag + a3 + o).
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3 Discretization of the Atiyah-Singer Index Theorem
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Figure 3.7: A plaquette at a particular time ¢

For the fourth subplaquette:

a1 Qo4 13 Qa4
-2+ (1-)2 -t ra-pn2
-0 +0-0%2 -2 a-nT
a1 Qg — Oy o] — a3 oy
—(1l-tH2+01- —(1—t 1—t)—
-0+ -0 (27 a0 (“72) +a-05
1—1¢
= 1 (1 + ag + az + ay).
Since 0 <t < 1, we have
1—1¢ 1 1 14 3t
< — < - d -< < 1.
Os——=sg and gs——=
Thus
1-t (1 +a2+a —Foz)<E
4 1 2 3 4 47
and i3
+ 3t
<4> (1 +ag +az +ay)| <.

Hence log U(x) is precisely the sum of the angles around each subplaquette. If we
sum the angles of all the subplaquettes, we obtain o + a2 + a3 + a4, and so @ stays
unchanged. Finally, since —m < oy + oo + a3 + a4 <,

1-—1t .
‘1 — exp [z (4) (a1 + az + a3 + a4)] < ‘1 _ eilartastaztas)| e,
and
; 41 + 3t i(a1+aztas+ay)
1—eXp 1 4 (O[1+a2+a3+a4) <‘1_€ 1 2 3 4 < €.

That shows max |1 — U(z)| < e.
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3.10 The Main Problem

3.10.3 Index Density

Consider the vector space W of functions from the lattice sites to C with periodic
boundary condition and A is an operator on it. We know that an orthonormal basis

for W is given by
ﬁ:{léx:xéf}.
a

If ¢ is an element in W, then it can be expressed as
0
= ()
zel’

Thus with respect to 3, ¢ is represented by a vector whose entries are the values of
1 on the lattice sites in I'. Let A be the matrix representation of A with respect to .
The entries of A can be labelled by the lattice sites and we let A(z,y) denote 1/a? the
(x,y)-entry of A, i.e.,

With that notation, we have

r) = a’ ZA(x,y)@ZJ(y), xel.

yel’

In our case, 1 is a function from the lattice sites to C2. The basis element d, acquires
another index ¢ '
(S; = 53361'.

By representing A with respect to the new basis, taken into account the new index, we
obtain the same formula

v)=a>Y Alz,y)v(y), zel.
yel

However in this case A(z,y) is a 2 x 2 matrix, i.e., an operator on C2. The (4, j)-entry of

that matrix is given by
5 oL
A(z,y)ij a2<Aa’a>'

The trace of A is obtained by taking the sum of the diagonal entries of A, thus
trA =a? Z tr A(z, x).
zel

Recall that the index of D is given by

1 Hy,(1/a w(l/a
Index (D)iattice = — 5 tr L = Z Hullje)

2" \JH2(1/ =~ \/HQ 1/a
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3 Discretization of the Atiyah-Singer Index Theorem

The term . Ho(1/a)
1) = =5 )

is called an index density. The formula for the index becomes

Index (D) = a? Z q(z).

zel

(z,z)

The reason we want to express the index in this form is because in the continuum, the
index (which is the same as the topological charge) is

1

- F12 T1,T2 d.%ldxg.
2T [071]2 ( )

If we define the continuum index density as

1

A
=_F
q" () o 12(7),
then the continuum index becomes
1- 2 A
lim a > ¢ (@),
zel

which resembles our formula in the discrete case.

3.10.4 Computational Approaches

In this subsection we present some computational approaches to the index of D. Since
the index involves 1//H2, the key is to find different ways to express the inverse
square root of H2 into a more manageable form. (In a computer, we can compute the
eigenvalues of H,, for certain gauge fields approximately.) We're going to discuss two
ways to represent the inverse square root, one via integral representation and one via
Legendre polynomials (Section 1.4).

We first talk about integration of matrices. Consider a family of operators {A(z)} on
V depending smoothly on z, i.e., if we choose a basis for V, then { A(z) } becomes a fam-
ily of matrices and each entry is a smooth function in z. This definition of smoothness
doesn’t depend on the choice of basis since if we change the basis, then each matrix
A(z) becomes Q'A(x)Q, where @ is some invertible matrix not depending on . We

define
/A(a:)dx: :/A(x)d:z:,

where the integral on the right hand side is applied to each entry of the matrix A(x).
Again this definition doesn’t depend on the choice of basis since it can be shown easily

that
/Q*M@@M=Q4</A@MOQ

for some invertible matrix () not depending on z.
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3.10 The Main Problem

Proposition 3.15. Let A be a strictly positive operator (the eigenvalues are positive), the inverse
square root A~/? has the following integral representation

AT1? = 2/ (A + %)~ Ldt.

T Jo
Proof. Let (v1,...,vy) is an orthonormal basis for V' consisting of eigenvalues of 4, i.e.,
Av; = N, i=1,...,n.
The eigenvalues of (A + t?)~! are smooth functions of ¢:
N+t i=1,..,n.

Thus to show the equality, it suffices to show that

f / )\+t2

We evaluate the integral of the right hand side:

/°° dt _/OO dt
2 - 2
o Ao A((\% +1>

. %)
I CORS
1 t\ |~

:\?/\arctan )\)0

T

_2\—5.

O

Now we present another way to express 1/1/H2, via the Legendre polynomials. Re-
call that the Legendre polynomials have the following generating function:

ZP x| <1, Jt] < 1.
vV —2t:1;+

From Section 3.6 we know that there exists a constant u independent of the choice of
the gauge field such that
H:>u>0

provided the gauge fields satisfy the approximate smoothness condition

max |1 —U(z,p,v)| <e
Z, [,V
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3 Discretization of the Atiyah-Singer Index Theorem

for some appropriately chosen € > 0. (Here the inequality of H,, means the corre-
sponding inequalities for its eigenvalues.) The operator H,, also has an upper bound
independent of the gauge fields as follows:

”‘”’( >‘ SV + 2SI+ =2

(Consider Section 3.6 for the bounds used for V and A.) Let v > u be an upper bound
for H2 and consider the following operator

[Hull =

T= (v+u—2H2).

v—u
The operator T is self-adjoint. If ) is an eigenvalue of H2, then
u<A<o.

Therefore,
u—v<v+u—22<v-—u.

Thus the eigenvalues of 7' lies in [—1, 1]. It follows that

Z "P(T), |z| < 1. 3.7)
Va2 —22T +1

(This is true because 7' is hermitian and the equahty holds for all eigenvalues of T'.) The
expansion is true for any |z| < 1 and so we can choose z to simplify it. Since

v+u

> 1,
v —U
there exists a unique 6 > 0 such that
0 —0
v+ u e e
+ = coshf = ;
vV —U 2

Put z = e~ %, then clearly |z| < 1 and we have

0 —0
J}2—2J}<U+u>—|—1:€_29—26_6 <e+€>—|—1:().
vV—U 2

With that choice of z, the expression on the left hand side of (3.7) becomes

22— 2T +1=2>—2z (v4+u—2H2)+1

v—u
4
:$2—2x(v+u>+1+xH3}
v —u v—1u
4x
= H2.
v—u ¥

We finally obtain an expansion of 1/4/H?2 in terms of the Legendre polynomials:

1 dr &
=4/ z"P, (T
«/H% v—u; n( )
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