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1 Linear spaces: basic definitions

Let £ be a set whose elements will be called vectors. £ is a linear space on the field K
(usually R or C), if it is closed with respect two operations, namely the sum (+) between
elements of £

z,yc€cé = ax+yecét

and the product (no symbols, or at most -) between the elements of £ and the elements
of K
reEENEK = Az el

such that (A, 4 € Kand z,y € £)
Mz +y) =z + Ny

A+ )z =z + px

Apz) = (Ap)z

It follows A0 = 0 for any A € K and 0z = 0 for any = € £. Note that the field K is itself
a linear space. From now on, no special symbols will be used to identify vectors, i.e. x
will be everywhere used in place of z.

1.1 Linear independence

Let {x;}"; C € be a set of vectors. The vectors can be combined to give other vectors,

N
y=>_ i
i=1

for given \; € K. We call the r.h.s of this expression a linear combination of the vectors
x;. The vectors {z;}7_; are said to be linearly independent (of each other) if

N
i=1

It is clear that any subset of a linearly independent set is linearly independent. If n is the
maximum number of linearly indepedent vectors, the space £ is said to have dimension
n, and we write n = dim&; such n can be inifinite.

If £ is a n—dimensional space any set of n linearly independent vectors is called a
basis of €. It follows from the definition that:

e every vector of £ can be represented as a linear combination of basis vector,



e the coefficients of this linear combination are uniquely determined by the basis
vectors themselves.

For the first result, just notice that Vg € £ the set {xo} J{x:i}l_; is linearly depedent,
since {x;}!" ; is maximal. Then, there exist non-vanishing \; € K such that > " j \jz; =
0. If \g = 0, it follows \; = 0 for i = 1,n since {z;}"; is a basis, i.e. \; = 0 for any 1,
in contradiction with the hypothesis. If Ao # 0 we get the desired result, z = > | ¢;x;
where ¢; = —\;/Ao. For the second result, suppose x = > " | ciz; = Yy cixy; it follows
0=>""(ci — ), ie. ¢; = for i = 1,n. Basis vectors are usually denoted as e;, in
place of x;.

1.2 Subspace

Let be V' C £. V is a subspace if it is closed with respect to the sum and the product
of &,
z,yeV = x+yeV

reEVIEK = Mx eV

A necessary condition for V' to be a subspace is that 0 € V.

1.3 Dual space

Let f be a linear functional, i.e. a map from £ to K

f: &€ —K

Edxz~ f(x)eK
which is “compatible” with the linear structure in &,
flaty)=f=)+ fy)

fAz) = Af(x)

Note that on the r.h.s. the sum and product are those defined in the field K, whereas
on the Lh.s. they are those of £.

Let £* be the set of all linear functionals above with two operations, a sum (f + g)
and a product for elements of K (\f), defined pointwise

(f+9)(x) = f(z) + 9(z)
(Af)(@) = A" f ()



i.e. Vo € £. With these operations £* becomes a linear space, closely related to &,
called the dual space of £. To emphasize that f € £* is a linear functional we write

flx) =< fz>

With this notation < f + g,z >=< f,z >+ < g,z >, < Af,z >= X" < f,x > and so
on.

Let £ be an n—dimensional vector space, and {e;}_; one of its basis. A linear
functional is known if and only if its “action” on the basis elements is known, since
Vo € £, we may write x = Y " | ¢;e; and

n
<fix>=) ¢ < fe>

i=1

i.e. it suffices to know the values < f,e; > for i = 1,n.
Given the basis {e;}" ; let’s then define the following functionals f; (i = 1,n)

fi(ej) = dij

It follows that if £ 3 x = > | ¢je;, the coefficients ¢; are simply given by ¢; = f;(z),
however we choose € £. The set {f;}}'; is linearly independent, for Y " ; X;f; = 0
means y ., Aifi(z) = 0 Vo € £ and we may select x = e; to get \; = 0 (j = 1,n).
It also follows that the set is maximal, since if {fo} {fi}}-,; were linearly indepedent
there would not exist a non-vanishing set of coefficients A; such that >~ (X fi = 0.
However, for A\g = 1 and \; = — fy(e;) we have, Vz € &,

fola) = folei) fi(x) = fo(x) = fo(Y_ ciei) =0
i=1

=1

since for ¢; = f;(z) we have > 7" | cie; = .

2 Scalar product
Given a vector space &, an application u from £ x &€ to K (what is called a 2-form)

u: ExE—K

ExEsdx,y~ux,y) €K

is said to be sequilinear if it is linear in the second variable and antilinear in the first,
namely
u(Az,y) = Au(z,y)



u(r +vy,2) =u(x,2) + uly, 2)
u(z, \y) = Au(z,y)
w(z,z+y) =u(z,x) +ulz,y)

The application u is a scalar (or inner) product if the following properties hold
u(z,y) = u(y,z)"

u(z,x) >0, u(z,z) =0=2=0

The first represents the hermitian symmetry and guarantees that u(z, x) is a real number;
with the second property, one asks that the scalar product satisfies positivity and non-
degeneracy. For such u the following notation is widespread

(z]y) = u(z,y)

and in the following we adopt such convention.
From its very definition, it follows the Schwarz inequality,

|(2ly)” < (2]a)(yly)
Proof. Let us consider the special case (z|z) = (y|y) = 1. For any A € K it holds
0 < (2= Myle—y) = (zlz) + A (yly) — A" (ylz) — Mzly)
=1+ AP = X (yla) — Azly)

Choosing A = (y|z) we get the desired result. In general, z and y do not satisfy
(z]z) = (yly) = 1; however, if (z|z)(y|ly) > 0, the vectors 2/ = x/+/(z|z) and
v = y/+/(yly) are such that (z'|2') = (y'|y') = 1 and we get |(z'|¢/)]?> < 1 i.e.
l(z|y)]? < (z|z)(yly). Of course, if (z|x) = 0, it follows 2 = 0 and the above
inequality holds again.

Note that the above inequality becomes an equality if and only if the vectors x and y
are linearly dependent, i.e. x = \y.
2.1 Topology and limits

Once a scalar product is given in the vector space £, a norm naturally follows. Remember
that a norm (usually denoted as ||-||) is a functional on € with the properties

z]] =0, ||z]| =0 =2 =0

[Az]] = |Al[|]
Iz +yll < [lz]l + [lyll



It is casily verified that ||z]|* := (z|z) does define a norm; for the third condition -the
so-called triangle inequality, for obvious reasons- , just notice that

(z+ylz+y) = (z[r)+ (yly) + 2Re(z(y) < (z[z) + (yly)+2l( y)]

(x
< (a]z) + (yly) + 2(]2) 2 (y|y)V? = (V(z]z) + V(yly))?

where in the last step we have used the Schwarz inequality above. The norm itself
induces a distance in £, i.e. an application d from £ x £ to R with the properties

d(z,y) = d(y,z)
d(z,y) >0,d(z,y) =0=z=1y
d(z,y) < d(z,z) + d(z,y)

Indeed, it is easily verified that d(x,y) = ||z — y|| is a proper definition of distance,
one which is translationally invariant. Note, however, that a distance can be defined
without the help of an underlying linear structure; in such cases one talks about metric
spaces. Linear spaces with a norm are called normed space or, apart from some subtle
distinction to be detailed below, Banach spaces. With the same token, linear spaces
with a scalar product are called Hilbert spaces.

A distance, such as the one induced by the norm above, allows one to define a
very simple topology (a metric topology), i.e. to introduce the concept of convergent
sequences and their limits. This is extremely important in inifinite-dimensional spaces,
in that it is the only way to give a meaning to linear combinations of infinite number
of vectors. Remember that, with the distance above, {x, },en is said to converge to z -
and we correspondingly write x = lim,, z,, or x,, — x - if

Ve > 03N, such thatn > N = ||z — z,|| <€
Notice that if {z, }nen is a convergent sequence, then
Ve > 03N, such thatn,m > N, = ||z, — zp|| <€

i.e. the sequence “gets denser” as n increases. Indeed, for a given € let be N, such that
|z — xn|| < €/2; then for n,m > N

[m — x|l = |(2m — ) + (@ — zn)[| < ll2m — 2] + |z —2a] <€

A sequence which gets denser in the sense above is called a Cauchy sequence, and the
condition above is known as Cauchy criterion. It is much easier to check as it does not
require any prior knowledge of the supposed limit . We have thus shown that any
convergent sequence is a Cauchy sequence; if the converse is true, i.e. that any Cauchy
sequence is convergent, we say that the space is complete. The name is very suggestive,
in that if the space is “complete” (without “holes”) any sequence which gets denser must



converge to some point in the space. The names Banach (B) / Hilbert () spaces given
above actually refer to normed / inner-product spaces which are complete in the metric
topology induced by the norm.

We say that M C & is closed, and write M = M, if any convergent sequence
{Zn}nen C M has limit in M, i.e. if

{Zp}neyn C M, limz, =2 — 2 € M
n

This concept basically means that a closed subset contains “its own limits”. It follows
from the definition that a closed subset of a complete space is complete. Indeed, let be
{zp}nen € M C & a Cauchy sequence; it converges since £ is complete and its limit
x € M, since M is closed. In general, for any given M one can realize the closure of M,
written as M, by adding the limits of (convergent!) sequences {x,}neny C M. In this
context, M C & is said to be dense in £ if M = €&.

Once a topology is introduced, the linear space £ above becomes a topological vector
space’. Along with convergent sequences, the notion of continuos maps can be intro-
duced for applications between such kind of spaces. For instance, let us consider two

Hilbert spaces H; and He and a map f: H; — Ha . f is said to be continuos (in x) if
Ve > 036, such that ||z — x’”l <6 = Hf(x) - f(ﬂf/)||2 <€

Equivalently, this e — § definition means that for any convergent sequence {xz, }nen with
limit x the sequence f(x,) is convergent and its limit is f(z). Note that the first norm
is that defined in H; whereas the second one is that of Hs. It is not hard to show that:

e the sum and the product by scalars are continuos operations in #H (luckily!);

e the scalar product is a continuos operation from H to K
For the second property, note that for a fixed y and a convergent sequence {x,, } nen with
limit  we have for n — oo
[(yl=) = (ylen)| = [(ylz — zn)| < llyll |z — 20l = 0

that is, lim, (y|z,) = (y|z) = (y| limy, z,,).
For a linear map f : Hi — Ha the following sets are important. The first is a
subset of H1, the kernel,
Kerf = {x € H1|f(x) =0}

and the second is a subset of Hs, the image,
Imf ={y € Haly= f(x),z € Hi}

It is not difficult to verify that both sets are linear, and that if f is continuos Kerf is
closed, i.e. it is a true subspace of H;. Notice, however, that the continuity of f does
not guarantee any property on Imf.

'From now on, if £ is such a topological space the notion of subspace will be used to mean any closed,
linear subset of £.



2.2 Orthogonality (geometry)

Let H be a Hilbert space. x,y € H are said to be orthogonal to each other (one often
uses the symbol zLy) if

(z[y) =0

This simple definition actually entails a very important geometric result, the famous
“Pitagora’s theorem”
2 2 2
[z +yllI” = [l=]" + llyll

which holds for any two orthogonal vectors x, y.
Let V' C H be an arbitrary subset. We call the orthogonal complement of V' (denoted
as V1) the set
Vi={zeH|(zly) =0VyeV}

It is easily verified that

e V=1 is a linear space, no matter whether V is linear or not.

VANV = {0}V, i.e. the only element in common between V and V= is 0 (if
0eV).

{0}+ = H and H* = {0}

o V=1is closed, i.e. V* is a subspace.
eVCW=Wtcvt

e VcCVH

For the fourth property, e.g., let {xy, }neny C VL be convergent, x, — x; it follows that,
for any y € V, 0 = lim,,(z,|y) = (z|y), that is z € V+ .

Finally, let V' C H be an arbitrary subset, as before, and let V be the closed lin-
ear space spanned by the elements of V' (sometime denoted as span{V'}). Then, an
important result is

Vi =V
This follows from the last property above, once it is shown that if V' is a subspace (a
condition which we can now write as V = V) V++ c V. In practice,

V subspace = V = V++

This result is not really trivial, and won’t be proved here. Note, however, that V is
necessarily closed if it has to coincide with an orthogonal complement of some set. This
result is useful for the following



Projection theorem. Let V C H a subspace and V* its orthogonal complement.
Then, for every x € H there exists one and only one pair of vectors xy € V and
z}, € V' such that
r=zy+ay

or, in other words, # = V @ V+ where @ stands for the (inner) direct sum?.

Proof. Let V # {0}, otherwise {0} = H and the proof is trivial. Let be S =V @
VLt c H. S is closed since it is the direct sum of two subspace (i.e. closed

set) and the sum is continuos; then S is a subspace. From S D V, V< it follows
Stcvivit=v ie St cVNVE={0},oralso S =5+ > {0}t =H.

Finally, the following results are often very useful in applications. Let {uy,}neny C H be
an orthonormal set?, i.e. such that (un|um) = 6nm. For any c-sequence {c,}neny C C
which is square-summable (i.e. such that Y, .y |ca|? < 00) the vector = 3 cptin
is well defined* and

cn = (up|z)

] = lel”

neN

and

{un}nen C H defines a subspace of elements which can be obtained from the (closed)

set of the linear combination of its elements, i.e. the space V = {un}#é-N Applying the

projection theorem above to the space V and noticing that for any x € H ||z||*> > ||zv||?

we arrive at
> (unl2)? < ||z

neN

We say that the set is complete if {“n}rJ{GN = {0}. For any such set it easily follows that:
(i) any vector @ can be written in the form @ = Y, un(up|z) (hint: {u,}idy = H); (i)

][ = 32, [(unlz) 2.

2Given V and V' two linear spaces on the same field the direct sum V @ V'is the cartesian product
V x V' equipped with a linear structure “induced” by the linear structures of V and V’. In other words,
V@V’ is the set of pairs (z,y) with an “exterior” sum defined to be (z1,y1)+ (z2,¥y2) = (z1+T2,y1 +y2)
and A(z,y) := (Ax, \y). Note that the zero vector is given by (0, 0). If the spaces V and V' are subspaces
of the same vector space £ and V (V' = {0} , then V & V' can be identified with the ordinary sum
as defined in £. For, consider the linear map ¢ : V @& V' — £ defined by (z,2') ~ t(z,2') = = + 2’
with the property t((z,z') + (v,y')) = t(z,2) + t(y,9y') = z + 2’ + y + y'. The map is iniettive, since
t(z,z')=z+ 2" =0forx € V and 2’ € V' implies z = —z' € V,V' | i.e. x = 2’ = 0 or, equivalently,
(z,z') must be the zero of V & V'. The linear space Imt is actually span{V [JV’}, and one identifies
the inner sum as t o &.

3We have assumed that the orthornormal set is numerable. This requires an additional property on
H which has to be serapable. H is said to be serapable if there exists a numerable dense set A C H,
i.e. cardA = Xy and A = . It can be shown, then, that H is separable if and only if any orthonormal
set is numerable.

“The sequence of partial sums s, = 3, . crus is a Cauchy sequence, since for m > n ||sn — sm||* =

) lek|® = |y — Sim| where S, is the converging sequence of complex number S, = 3", . |cx|*.



2.3 Dual space

The presence of a topology in the Hilbert space suggests to re-define the dual space in
such a way to include only those functional which are continuos in the above topology.
We say then f € H* if f:H — K is linear and

f(zyn) — f(x)whenever z, — x
In other words, with the help of linearity,
Ve > 035, such that ||z]| < 6 = |f(x)] < €

Thus, continuity has to be checked just for z = 0 and if holds it does for any = € H.
Note that this condition is also equivalent to

IM > Osuch that |f(x)] < M ||z|| Vo € H

The proof is simple: if the first holds, consider € > 0 and 2’ = xd./2 ||z||, x arbitrary;
since [|2'|| = §¢/2 < 0 we get |f(x)| < (2€/0¢) ||z]|, i-e. we have found M = 2¢/5. > 0
for the second condition. Conversely, if the second condition holds, consider € > 0; then,
for ||z|| < e/M := dc we get |f(z)| < e.

The second condition is useful for introducing a norm in H*,

[flloe = nf{M >0, [f(z)| < M |[z]| € H}

such that we can write |f(z)| < || fll |lz]| or, equivalently, | < f,z > | < ||flly |z
That |||, here defined is actually a norm is not hard to show .

As an important example of a continuos linear functional, let be y € ‘H and consider
fy : H — K defined as

< fyw >i= (ylx)
Such f, is indeed (linear and) continous, since | < fy,z > | = |(y|z)| < ||y| ||=||, and
HfHSO < |ly|l; actually, we can be more specific, since from | < f,,y > | = |(yly)| =
IyIZ < 1A, sl it follows [[flleo > llyll, i-e. [1fylleo = llyll. This functional can be
defined for any given y € H, that is we can consider the map T : H — H* defined by
y~Ty=fy
or equivalently
<Ty,x >= (ylr)Ve € H

This map is linear and continuos, since
<T(y1 +y2),2 >= (1 +y2l2) =<Ty,x >+ <Tyz,z >

<T(\y),z >= (Aylz) = A" (y|lz) =< ATy,z >

and isometric, ||Ty|locc = ||y||. This implies that T is invertible, since for Ty = 0
necessarily ¥ = 0, and thus there exists a map 77! : H* D ImT — H such that
T~ 'Ty =y for any y € H. A very important result is the following

10



Riesz theorem. T defined above is suriettive, ImT = H*, i.e. Vf € H* there exist
yy € H such that

< frw>=(ysle)Ve e H o and |[[flloo = |[yyll

In other words T is an isometric isomorphism between Banach spaces. Thanks to it, we
can equip the space ‘H* with a scalar product,

(@lB)s == (T T B)

(where on the r.h.s. the scalar product is that defined on H) and in this way T' becomes
an isomorphism between Hilbert spaces. H* can thus be identified with H.

Before leaving this section, it is worth noticing that with the above definition of
the dual space one can introduce a topology in ‘H which differs from the usual norm
topology®. This is the weak topology and can be defined as follows. We say that
the {z,} C H converges to z if for any f € H*< f,x, >—< f,x >, and we write
x = w — lim, x,. Clearly, if {z,} C H converges “properly” (i.e. in norm) to x
it also weakly converges to the same limit, since in that case | < f,z —z, > | <
|| fllso||x — zn|| — 0. The converse is not true: for instance, consider a sequence of
orthonormal vectors, {e, }nen, where (ep|en) = Onm; this sequence is not converging in
norm, since ||e, — em|| = V26um, but 3, |(z|u,)|? < ||z|/? implies |(z|u,)| — 0 for any
x, t.e. w—lim, e, = 0. The topology is weaker than the usual one since it contains less
(more) open (closed) sets.

3 Tensor product

There is a further important structure between linear spaces, one that allows us to
build vectors of a linear space by “multiplying” vectors of other spaces. This kind of
multiplication, called tensor product and denoted as ®, is required to behave similarly
to an ordinary product

TR (Y1 +y2) =@y +TRYs

(T14+22)@y=21Qy+22®y
r®(A\y) =)@y =Nz ®y)

i.e. to be a bilinear (in general, multilinear) map t from £ x & to some other linear
space (t: & x & — &), whose action is simply denoted as t(z,y) =z ®y.

A general, though rather abstract formulation, is the following®. Let us consider
three vector spaces &;(i = 1,3) and let F' be a multilinear function from & x & x &3 to
K

F:€1><52><83—>K

SHere the scalar product is irrelevant, and the result holds for any Banach space.
5The use of three vector spaces allows sufficient generality and remove “singularities” which may
appear in the case of two vector spaces.

11



(1‘1, €2, 332) M F($1) x2, 133)
that is a function which is linear in each “position”. Clearly, F'(0, z2, z3) = F(z1,0,23) =
F(l‘l,l‘Q, 0) =0.
Then, under quite general conditions, it can be proved that there exists a linear space
£ and a multilinear map from & x & x &3 to &,

t:E& xEyxE3— &

(21,22, 22) ~ t(z1, T2, 23)

such that any multilinear function F' above can be written as
F=fot

where f is a linear functional on &, determined only by F'. In other words, it is possible
to “decompose” any multilinear function as composition of two maps: a multilinear map
to some vector space £ and a linear functional on this vector space. The above map ¢,
called tensor product, and the corresponding space £ are “universal” in the sense that if
another pair (¢, ") is found with the same properties then there exists an isomorphism
between the two spaces £ and &'.

As already said before, t(z1, z2, x3) is usually denoted as 21 @ xa ®x3. These elements
1 ® T2 ® x3 € Imt C £ are called decomposable or simply product elements. Any linear
combination ( (z;,z;,2r) € &1 X £ x E3)

Z CijkTi @ Tj & Ty
i7j7k

may or not belong to Imt, but nevertheless they span the whole linear space needed for
the above relation to hold. The space span{Imt}, which is in general a subspace of &, is
called the tensor product of the spaces &;, written as

&1 ® & ® E = span{Imt}

We can identify such space with the space £ above” and the map ¢ with ®.
An important result is

Theorem If {e1;}it; C &, {eg;}j2, C & and {egp}y2, C & are three linearly
independent sets, the set

E1®E ®E3D {e1; ®ezj @ ek timimng;jm1n0k=1n3

is linearly independent.

"In general, one starts with some “large” space F which allows the “transfer” of the multilinear
functions, F = fot . Once this is found, the subspace span{Imt} C F is the linear space of the theorem
above.

12



Proof. Let us consider the linear combination

E Cijk€liQex; ez =1u
i7j7k

The condition u = 0 implies f(u) = 0 for any linear functional f on & ® & ® &s.
Let us take, then, three functionals (on &1,€9 and &3, respectively) satisfying

a(el,m) = Oim /8(62,777,) = 5jm and’)/(e?),m) = Okm

for some indeces (i,7,k). They are well defined since the sets {ei7j}?;1 C & are
linearly independentd. The function

F(x1,22,73) = afz1)B(w2)7(23)

is a multilinear applications of £ x & x &3 to K. According to the result above,
there exits a linear functional f on & ® & ® &3 such that

f(x1 @ xo @ x3) = F(x1, 22, x3) = ax1)P(22)7(23)

It is not hard to check that f(u) = ¢; j, since

flu) = Y crguflay®ey@eyp)=

il7j/7k/
= Y cogwaleni)Bleag)ylesw) = Y ey iy o
i/,j/7k/ i/,j/’k/

Therefore v = 0 implies ¢; j ; = 0, and this holds for any arbitrary choice of indices

(4,5, k).
It follows that if the spaces £1,€2 and &3 have dimension ni,ns and ng, respectively,
dim(&; ® & ® E3) = ningns, and the theorem above shows how to build a basis in the
tensor product space, given a basis in each defining space.

If £1,E5 and £3 have some structure the tensor product £ ® £ ® £3 can be equipped

with the same structure. For example, let us consider three Hilbert spaces Hq,Ho and
Hs; the space Hi1 ® Ho ® Hs can be equipped with a scalar product, defined to be

(1 ® 22 @ 23|lY1 @ Y2 @ Y3) 1= (w1|y1)(22|y2)(23|y3)

where on the r.h.s. we make use of the scalar product defined in each space H;. This
formula actually defines a functional on Im® XIm®; however, it can be linearly extended
to the whole tensor product space, namely if u,v € H1 ® Hao ® Hs then

u = E Cix1i X T Q X34

)

8They are also uniquely defined if the sets are basis of the spaces. In general, a basis can always be
built which has the above vectors among its basis elements; in that case, the functionals above can take
arbitrary values on the remaining basis elements, but this does not matter for the proof below.
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v = Z diy1i @ Yoi @ Y3

()

and, therefore, we may set

(ulo) = cfdj(@1i ® w2 @ w3ily1; @ y2j @ y3;)
1,J
More subtle questions concern topological properties. For that purpose, for instance,

Hi ® Ho ® Hs is best defined as the closure of span{Im®}, in such a way that it always
includes its limits.

4 Operators: basic definitions

Let A be a linear map between two vector spaces, A: & — F, x ~ A(z). To emphasize
that A is linear, and distinguish it from more general maps, one usually writes A(z) =
Azxz. A is called an operator from £ to F. For any such A, there are two important
spaces related to it

EDKerA = {x € ] Az = 0}

FolmA={ye Fly=Az,z €&}

It is easy to verify that both of them are linear. In the following we suppose that
A is defined on the whole space £ (something which is not always true in practical
applications). If £,F are topological vector spaces (Banach spaces in the following), A
is said to be continous if, for any convergent sequence x,, — x, we have Ax, — Az.
Equivalently, thanks to the linearity,

Ve > 030, such that ||z|| < e = ||A(2)| < e

or also

dM > Osuch that [[Az| < M ||z|| Vz € H

The proof is analogous to the one already given for functionals, and allows one to
introduce an operator norm |||, such that

[ Az|| < || Alfool[]]

namely

|Alloo = inf{M € R] |[Az|| < M||z||, Ve € £}

It easily follows that if A is continous (or, equivalently, bound) KerA is closed, i.e. it
is a subspace of £. ImA is more difficult to characterize and continutiy of A does not
really help in this context: the properties of any sequence {y,} C ImA can be in no way
related to any property of the (possibly many) sequences {z,} C & of elements such
that y, = Ax,.
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KerA is important for the existence of the inverse operator. Remember that, in
general, a map f: Hi — Ha is invertible if and only if it is iniettive,

f(x1) = f(z2) = 71 = 12

and its inverse f~! will be a map f~' : Ho O Imf — H; where Imf = {y € Haly =
f(z), x € H1} is the image of f. For a linear map A : & — F this condition can be
re-written as

Ar=0=2z2=0

that is, A71 : FDImA — £ exists if and only if the kernel is trivial, Ker4 = {0}. If this
is case, then, A preserves linear independence, for if {z;} C £ is linearly independent it

follows

0= ZCZ(sz) = A(Z cixi) = Z cx; =0
1 (2 1

and the latter implies ¢; = 0. This means that, in this case, ImA is isomorphic to £ and,

in particular, that ImA and £ have the same dimensions. In general, if KerA # {0} we

can always split £ as € = KerA @ V'’ where V' is the supplementary space®, and then it

is not hard to see that the restriction of A to V', what we call A’ : V! — F, satisfies

KerA" = {0}, ImA" = ImA

threby estabilishing an isomorphism between V' and ImA. For finite-dimensional vector
spaces, it follows

dim& = n(A) +r(A)

where the “nucleus” n(A) and the “rank” r(A) are the dimensions of KerA and ImA,
respectively.

When it comes to topological properties, the following result is useful: A is invertible
and A~ is continuos if and only if

Jp > 0 such that |[Az|| > ul|x||

Indeed, if A~! exists and is continuos, there exists M > 0 such that ||A~ y|| < M||y||,
which for y = Az gives the condition above with M = p~'. Conversely, from the
condition above, A is invertible (||Az|| = 0 = ||z|| = 0) and the inverse is bound,
1471y)] < llyll/p-

Notice that continuity of A is irrelevant for this result; if A is continuos and satisfies
the condition above then it is easily verified that ImA is closed: if {y,} C ImA converges
to y then =, = A1y, is convergent because of the continuity of A~!, and Alim,, z,, =

lim,, Az, = lim, y, € ImA, thanks to the continuity of A.

9For Hilbert spaces V' can be identified with (KerA)J‘. In general, for every vector x one can
define V(z) = {2’ € €|z’ = 2+ 1y, y € KerA}. The set of all sets V(x) is a linear space with sum
V(z)+V(a') = V(z+2') and product AV (z) := V(Az) (notice that V(z) = 0 if and only if z € KerA).
The newly defined vector space is isomorphic to the above V.
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4.1 Product, commutators

We now focus on the cases where A : £ — &, i.e. on those operators working within the
space €. For such operators, not only the sum and the product can be defined to give
operators of the same kind,

(A+ B)x := Ax+ Bx Yz € &

(AM)x = \(Ax) Vx € &

but also the (composition) product
(AB)x := A(Bz) Vx € &

has the same property. For bound operators it also follows that the operators defined
above are bound too, since for example

[A(Bz)|| < |4l [ B[l < [[Allo Bl 1]

(this also implies [|AB||, < ||Allo ||Bll)- Therefore, bound operators form an algebra,
usually denoted as L(E). L(&) is non-commutative since, in general, AB # BA, but is
a topological algebra thanks to the presence of a norm. This allows one to define limits
and series of operators A € L(€) such as

o0 oo An
-1 _ n A _
(1—A) —ZA and e —ZF
n=0 n=0
and possibly to show that the latter is always convergent whereas the first converges
provided ||A]| < 1. Usual algebraic rules hold for operators, though care has to be taken

to handle non-commutavity. Notice, for example, that for non-commuting operators

€A+B 7&€A€B

as may be guessed from the fact that when expanding the L.h.s. the operators A and B
appear in all possible orders, whereas on the right the powers of A always precede those
of B.

In this context the following property is interesting

oATB _ LA B,—3(AB]
Here the crucial commutator [A, B] := AB — BA is supposed to satisfy [A, [4, B]] =
[B,[A,B]] = 0. The result can be proved as follows. Let us first show that when
[A,[A,B]] =0
MBe M = B+ \A, B
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Indeed, let F(\) = eMBe 4 and consider the derivative!® F/()\) = e} ABe ™ —
eMBAe M = eM[A, Ble ™ = |A, B], which does no longer depend on A (in the last
step we have used [A, [A4, B]] = 0) . This shows that

F(\) = F(0) + AF'(\) = B + \[A, B]

Let us now consider G(\) = e*e*P and its derivative, G'(\) = AG()\) + G(\)B =
(A+ F(N)G(\) = (A+ B+ AA, B])G(N). Upon integration (which is straightforward
since for H(A\) = A+ B + A\[A, B] we have [H()\), H(\)] =0)

G(N) = G(0)ANAHBIHFIAB] _ AA+B)+ A B
Setting A = 1 we get the final result
ATB _ G(l)e—%[A,B] — oApB—3lAB]

We see from the above example that the commutator [A4, B] plays a crucial role in
the theory. It satisfies the following properties

[A7 B] = _[B,A]
[A,AB] = \[A, B|
[A,B+C] = [A,B] +[A,C]
[A,[B,Cl] + [C,[A, B]] + [B, [C, A]] = 0
Therefore, it is a kind of (antisymmetric) product satisfying the special Jacobi identity
written in the last equation. With this product L(&) is a so-called Lie algebra'!.
4.2 Transpose operator

Let a € £* be a continuous functional on £, A € L(E) a bound operator and consider
Edx~<a,Ax > K

This defines a linear, continuous map from & to K, i.e. a functional 5 = a0 A € £,
since
| <a, Az > | < alleo||Az]| < [|af|oo|[Allso [|2]]

holds for any = € £ (notice further that it also follows ||5]|cc < ||||oo||Allco)-

Derivatives with respect to a parameter can be defined as usual, A’(t) = lims_0(A(t+h) — A(t))/h
and satisfy “standard” rules as long as they do not require commutativity.

1n general, a Lie algebra is a vector space equipped with a special product satisfying the rules given
in the text. An example is R® with the “vector product” . When starting from an ordinary algebra, the
commutator defined above always provides a Lie product.
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This is true for any a € £* and thus we can consider the map in E*
E—=¢&"
o~ ﬁ = O A

It is easily verified that such map is linear, i.e. it defines an operator A* which is called
the transpose of A, namely Ao := a0 A, and which by definition satisfies

< Ala,z >=<a, Az >
for any 2 € £. The map is also continuous (or equivalently At € L(£*)),
1A% < [lod|oo 1Al

and obviously ||A%||sc < ||A[|co; more precisely, one can show that ||A!||s = [|A|| as a
consequence of the so-called “Hahn-Banach theorem”.

5 Operator algebra in Hilbert spaces

When the vector space is a Hilbert space, the operator L(H) has intriguing properties
that come from the mentioned Riesz isomorphism between H and H*. This allows us
to define an operator Af which is just the Riesz image of the above transpose operator,
i.e. a new operator on H closely related to A, which is known as the adjont of A. The
presence of a conjugation operation (1) in L(H) makes this algebra very attractive from
many points of view. In the following, we shall focus on such structure!2.

5.1 Adjoint operator

Let then £ = H be a Hilbert space and consider A and A’ the operators defined above
and T : H — H* the Riesz isomorphism. The composition map

At=T"1oAtoT
is linear and continuos, and thus defines a linear operator AT in H ( the adjoint of A)
“closing” the diagram

T
H — H*
At 1 At
-1
H — H*

2Notice that in this case, thanks to the presence of an inner product, one can formulate the results in
terms of expressions involving scalar products between arbitrary vectors. For instance, A and B are equal
to each other if and only if (x|Ay) = (x|By) for any z,y € H, as it follows from (A — B)y € H* = {0}
for any y € H. This is, however, a rather cumbersome way of proceeding and we try to avoid it as much
as possble.
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In other words, let y, and yg be the Riesz images of an arbitrary functional o and of
B = Ala (that is, such that (y|z) =< o,z > and (yg|lz) =< B,z > hold for any z € H)
and consider the map Af : y, ~ yg. This defines a linear, bound operator Al satisfying

(Alylz) = (y|Az)

for any x,y € ‘H, and
1A oo < [1 4]l

Note that the following properties hold

(ANt =4
(A+ B)f = AT + BT
(ANA)T = X AT
(AB)T = BT Af
kerAT = ImA*

as can be easily verified. For the second last property, for instance,
(AB)'y|z) = (y|ABx) = (A'y|Bx) = (B'ATy|x)

Though trivial, they have important consequences, for instance from the first it follows
|A||sc = ||AT||so. These properties are characteristic of a conjugation operation: the
adjoint is for operators what the conjugation is for complex numbers. Correspondingly,
the L(H) algebra becomes a C*—algebra.

Given A € L(H) we can always write

AL AT A AT

A
2 T

or, defining the real (ReA) and imaginary (ImA) parts of A (for reasons which will

become soon clear) as

A+ Af A— Af
* ImA = 5
7

ReA =

we can write

A = ReA +iImA

This expression is very suggestive of the complex number representation with the help
of real and imaginary parts, since it is easily verified that (ReA)’ = ReA and (ImA)! =
ImA, i.e.

A = ReA —ilmA
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The similarity can be made stronger by considering the expectation values of an operator,
defined as the values taken by (z|A|x) when x lies on the unit sphere ||z|| = 1, or
equivalently

(z]Az)
(]x)

<A>,= (:E’A|LE)|||m‘|:1 =

Indeed, it readily follows
1 ; 1 1 .
< Red >,= 5(35](14 + ANz) = §(x|Ax) + 5(:U|Ax) = Re(z|A|x)

< TmA >,— %m(A _ Af)z) = %@;Aw)
YA

1

1 f S
- Z(.T‘A.T) = Im(z|Alx)

5.2 Self-adjoint operators

According to the above results, operators such that A = A' have a special role in the
theory, as they play the same role that real numbers play in the complex plane. These
operators are called self-adjoint operators and thus satisfy

< A >;=Re(z|Alz) e R

since A = ReA. The set of these operators form a real linear space in L(#), since
aA + BB is self-adjoint if A, B are self-adjoint operators and «, 8 € R. However, this
cannot be an algebra, since for A = A and B = B it follows at most

(AB)' = BA

which is generally different from AB; the only algebra(s) that can be built are those of
commuting self-adjoint operators or, in the language of quantum mechanics, of compat-
ible observables.

The analogy between self-adjoint operators and real number can be pushed forward
by defining inequality expressions such as

A<B

if
(z|Az) < (z|Bx)

holds for any x € H. In particular, if A > 0 (A > 0) the operator is said to be positive
(semipositive) defined'3. Examples of positive operators are ATA and AAT, as can be
easily checked by a direct calculation. The converse is also true, namely that if A is
positive defined there exists an operator S such that A = STS, but we need to consider
the spectral theory of self-adjoint operators to prove this result; as we shall see, this
representation is not unique and one can even choose S = ST.

130bviously, for positive operators the condition (z|Az) > 0 is meant to hold for any x # 0.

20



With this result we can prove the “generalized Schwartz inequality” for any semipos-
itive defined operator'?, i.e.

(2] Ay)|* < (2] Alz)(y] Aly)

Proof. The proof is analogous to that of the Schwartz inequality. Let us consider the
special case (z|Ax) = (y|Ay) = 1; if either (z|Az) or (y|Ay) are null, Az = 0
(Ay = 0) follows with the help of the representation A = STS, and the above
inequality is satisfied. For any A\ € K it holds

0 < (z—AMylz — Ay) = (z]Az) + [A*(y|Ay) — X*(y|Az) — A(z| Ay)
=1+ AP = N (y|Az) — Mz|Ay)

Choosing A = (y|Az) we get the desired result. In general,  and y do not satisfy
(x|Az) = (y|Ay) = 1; however, if (z|Ax)(y|Ay) > 0, the vectors ' = x/+/ (x| Ax)
and y' = y/+/(y|Ay) are such that (z'|Az’) = (/| Ay’) = 1 and we get |(2'|Ay")|> <
Lie. |(zlAy)P < (s142)(y|Ay).

5.3 Projectors

We recall the projection theorem, which states that for any given subspace V € H we
can write H = V @ V1, that is, any vector z € A is uniquely decomposed into its
components in V and V*, z = zy + Zy L, where zy, 1 are unique. This theorem
allows us to define the following operator

Ple—>H

T~ Ty

which projects any given vector onto the subspace V. The projector Py is a linear,
bound map, since
[Pyl = [lzv]] < |l

(from which it also follows ||Py||ec < 1). It is a self-ajoint and idempotent operator,
Py =P} Py =P}
as can be easily checked by direct computation that
(@|Pvy) = (zlyv) = (zviyy) = (2v]y) = (Pra(y)

Pyxy =xy = PyPyax = Pyx

!4The unsatisfied reader may add the condition (z|Az)(y|Ay) # 0 and later on consider the case
where either (z|Az) or (y|Ay) is null. The case of a positive operator does not cause, of course, any
problem.
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hold Vz,y € H. Furthermore, for any x € V' Pyx = x holds and thus ||z|| = ||Pyz|| <
|| Pv||sol |||, i.e. necessarily ||Py||oo = 1.

In addition, it holds KerPy = V+ and ImP, = V. For the first notice that if
z € V=L it follows x = xy 1, i.e. xy = 0 and thus x € KerPy, and, on the other hand, if
x € KerPy, by definition we have Pyx = xy =0 and thus z = z,1 € VL. Analogously,
for ImPy =V, if x € ImPy x € V by constuction and, on the other hand, x € V implies
xr = Pyx € ImPy,. Notice that in this case both KerPy, and ImPy are closed: the first is
a general result already proved for arbitrary bound operators, whereas the second can
be checked explicitly by noticing that if {y,} C ImPy is convergent to y, after applying
Py to the sequence we obtain Py lim, y, = Pyy = lim, Pyy, = lim,y, = y € ImPy,
where in the last equations we have used continuity and idempotency.

In general, we can state the following imporant result: P is a projector if and only
if P = PT = P2, and in that case ImP is the subspace onto which it projects.

Proof. We have already shown that if P is a projector on V it satisfies P = P = P?
and ImP = V. Conversely, consider the following decomposition which holds for

any vector
r=Pr+(1—-P

Here 2/ = Px and 2” = (1 — P)x are orthogonal to each other ( (Pz|(1 — P)x) =
(z|P(1 — P)z) = (z|(P — P?)x) = 0 ) and are legitimate condidates for the
projections we are looking for. P is bound, since from the above decomposition

lll|* = [[Px|* + |1 = Pl > [|Pz|f?

and ImP is a subspace, since (as before) if {y,} C ImP converges to y, when
applying P to the sequence and using P? = P, we get

Py = Plimy, = lim, Py, = lim,y, =y

i.e. y € ImP. Thus, applying the projector theorem with V = ImP, namely
x = 2y + xy 1, we conclude -from the above decomposition- that zy = Pz and
zyL = (11— P)x.

Note also that a projector P is positive defined (P = P'P) and for z such that ||z|| = 1
we have
(2] Pz) = (2|P?z) = (Pz|Pz) = || Pa|]* < [a]| = 1

which suggests to write
0<P<1

with reference to the expectation values < P >= (z|Pz)/(z|z) for z # 0.
The following properties characterize completely the algebra of projectors. Let Pg
and Pg be two projectors, then
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e P4+ Pgp is a projector if and only if P4Pg = PgP4 =0

Proof. P4 + Pg is self-adjoint and (P4 + Pg)? = Pa + P + PaPg + PgPa. For this
to be a projector, then, we need

P,Pp+ PgP4 =0

Multiplying by P4 on the left, we obtain P4 Pg+ P4PgP4 = 0 and, using PoPp =
— PPy, we arrive at P4Pg — PgPy = 0, i.e. P4Pg = PgP4 = 0. On the other
hand, it is obvious that if this condition is satisfied P4 + Pp is idempotent. Notice
that the condition P4Pp = 0 means that P4 and Pp project onto orthogonal
subspaces, since

(Paz|Ppy) = (z|PaPpy) =0

and, in that case, P4 + Pp projects onto the direct sum of these subspaces.

e P4 Pp is a projector if and only if [P4, Pg] =0

Proof. Sufficiency is obvious. For the necessity notice that self-adjointness requires
PoPg = (PoPg)! = PgP,4. Notice that if V4 = ImP, and Vg = ImPp are the
subspaces onto which P4 and Pp project, then an operator P4 Pp satisfying the
condition above projects onto V4 (| V. Indeed,

ImP4 D ImPyPg = ImPgP4 C ImPpg

and, on the other hand, if x € V4 (Vg * = Pgx = Ppx and thus, upon multiplying
by Py, it follows x = Pax = PaPpx € ImPsPp.

e P4 — Pgp is a projector if and only if P4Pgp = PgP4 = Pp

Proof. P4 — Pp is self-adjoint and (P4 — Pg)? = P4+ Pg — P4Pp — PgP,. Sufficiency
is therefore obvious. For the necessity notice that from

Py+ Pg — P,Pg— PgPy = P4 — Pp

it follows
2Pp = PyPp + PPy

Left multiplication by Pp gives
2Pp = PgPsPp + PPy
whereas right multiplication gives

2Pp = PyPp + PpPsPp
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Hence, P4Pg = PpP,4 and, using this result in the first equation, Pg = P4 Pp.
Notice that, if the above condition is satisfied, the space onto which P4 — Pg
projects is V4 (Vg and

Vg C Vy

where, as before, V4 = ImP4 and Vg = ImPpg. Indeed, let x € Vg, from z =
Pz it follows Pgax = P4Ppx = Pgx = x € V4. On the other hand, to prove
Im(P4 — Pg) C VaN Vg, let @ € Im(P4 — Pg), i.e. * = (P4 — Pp)z. It follows

Ppx = (PgPsy— Pp)z =0
and
(1 — Pa)z = (1 — P4)(Pa — Pg)x = (Pa — Pg — P4+ PaPp)z =0
or, equivalently, = € Vé‘ and x € V4. Conversely, to prove Im(P4 — Pg) D
VaN Vg, let € V4V, that is (1 — Pg)z = z (or, equivalently, Pgx = 0) and
x = Pax. It follows
(1—(Pa—Pp)la=(1+Pplx—Prx=2—2=0
which implies

x=(Py—Pp)x+ (1 —(Pa— Pp))x=(Ps— Pp)x € Im(Py — Pp)

Finally, the following property is interesting in applications. P is a projector if and only
if there exists an orthonormal set {u,} C H such that

Px = Zun(un|x) Ve e H

Indeed, if such a set exists it is easy to show that the above relation defines a map P
satisfying P = P! = P2; on the other hand, if P is a projector ImP is an Hilbert space
and it is enough to introduce an orthonormal system in such space and verify that the
above relation holds for any x € H.

5.4 Unitary operators

A unitary operator is an operator U : H — H with the following properties:
o (Uz|Ux) = (z|a') for any z, 2" € H

e U is suriettive, i.e. ImU =H
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Notice that the first condition is equivalent to the isometric property
U] = [[«]| Vo eH
which follows from the above condition by setting 2’ = x. Indeed, if U is isometric,
|U(z + X2))||*> = ||(z + \2")||* Vz,2’ € H,VA €K

and upon expanding the square and evaluating for A = 1,7 we get the desired result.
It then easily follows that if U is unitary (isometric is enough) U is invertible, and the
inverse is a map U~! : H D ImU — H. Notice further that ||[Uz|| < ||z|| implies
[Ulloo < 1 and [|z]| = [[Uz]| < ||U][colx|] imples [|Uf|oc > 1, i.e. [[Ulloo = 1.

Equivalently, we can say that U is unitary if and only if
Ulv =1=0U"
The first is the isometric property of above
(z]z') = (Uz|U2") = (x|UTUx) Va,2’ € H

and shows that U™! = UT, since for any y € ImU there exists £ = U~y such that
y = Uz and Uly = UlUz = 2 = U~y holds. The second equality above, on the other
hand, is the suriettivity of U. Indeed, if U is suriettive Vy € H there exists x € H such
that y = Uz but we have seen above that x = U~y = U'ly, i.e. UU'y = y holds for
any y € H; on the other hand, if U(UTz) = 2 holds it follows x € ImU.

There are no interesting “algebraic” properties of unitary operators but the following
fundamental one: the product of two unitary operators U, V is a unitary operator, as can
easily verified by applying the conditions above. This means that the unitary operators
form a group in L(#), usually denoted U(H), which is the group of automorphisms of
H.

Notice that in finite-dimensional vector spaces the above equalities UTU = UUT = 1
are equivalent to each other since the isometric condition implies, in particular, that
ImU and H have the same dimensions, i.e. that U is also suriettive. This is no longer
true in infinite dimensional vector spaces and it is not hard to define an isometric map
(UTU = 1) which is not suriettive. For instance, let {u,}neny C H be a complete
orthonormal set; a map can be defined by fixing its values on the elements of this set
and we define

Uup = tpt1 n >0

Clearly, this map is isometric but not suriettive since ug ¢ ImU. In this context, it is
also worth noticing that U is unitary if and only if it transforms complete orthonormal
sets {un fnen in complete orthonormal sets {Uuy, }rnen; the proof is simple and will not
be given here.

Finally, of interest are also the antiunitary operators. Analogously to the unitary
operators above, U is said to be anitunitary if it is antilinear and
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o (Uz|UZ') = (x|2') for any z, 2’ € H
e U is suriettive, i.e. ImU = H
Hence, the true difference is in the antilinearity property, namely
Ulx+y) =Uz+Uy
UAx) = XN"Ux

for any z,y € H and A € K. Equivalently, it is not hard to show that U is antiunitary
if and only if UTU = UU' = 1. Here, the adjoint of an antilinear operator satisfies

(UTz|z') = (x|Uz")*

Notice that the conjugation is needed on the r.h.s. in order to leave the above expression
linear in both x and z’.

5.5 Remarks on common operators

Up to now we have considered operators A : &€ — F defined in the whole space £ which
are continuos (bound), and showed that the corresponding set is a normed topological
linear space; the set even became an albegra when F =& (L(£)). Apart from continuity,
the most important situation which is often found in applications is that in which A is
not defined in the whole space, rather on some linear subset D4 of £. This requires
some extension (and weakening) of the properties mentioned so far.

According to above, a linear operator A is properly defined if a domain Dy C £ is
given, it is a linear space, and for each x € D 4 there exists a linear map x ~~ Ax € F.
It is clear that traditional pointwise operations between operators have to be re-defined,
e.g.

(A+ B)x := Az + Bx Vx € DAﬂDB

and this prevents the set of operators of this kind, call it O(€ — F), to be a linear
space. Indeed, the zero operator O is defined with Dy = £ but for an arbitrary operator
A no opposite operator —A exists such that A — A = 0, unless D4 = £. In addition
one defines operator extensions and restrictions: B is said to be an eztension of A (in
symbols B D A) if D D Dy and Bx = Az for any z € D 4; B is said to be a restriction
of A to the linear space D C & (in symbols B = A|p) if D C D4 and, for any x € D,
Bx = Ax.

It turns out that the interesting properties of the operators seen so far are related
to the combination of a closed domain (D4 = £ so far) and continuity. Generalizations
require to consider, for any operator A, the operator graph G4 which is a subset of £ ® F
defined in this way

Ga={(z,y) €eED Flr € Da,y = Az}

This set has the following two important properties:
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1. G4 is linear
2. (0,y) €Ga=y=0

They can be easily verified: for the first notice that if (z,y) and (2/,y’) are elements of
Ga,y = Az, y = Az’ and their sum (z,y) + (2/,y') = (x+ 2/, A(z +2')); for the second,
just notice that for z =0, y = Az = 0.

Conversely, given a set G C £ & F with the above two properties one can define an
operator. This can be realized with the help of the “natural” projections mg and 7

Tg:EDQF =&

(‘T)y) ~ 7"-E(J"7g/) =z

and similarly for 7. Indeed, an operator A can be defined by noticing that condition 2
means that for any = (z,y) € G

(x,y1) = (T,92) = y1 = ¥2
i.e. mp(x) =7np(@) if mp(x) = 7g(a’). Thus
Djp={x€&lx=mg(x),x G}

Az =7p(x), € Dy

is a properly defined map since for any x € D4 (z = wg(x)) there exists a unique 7 ().
It is also easily verified that the map is linear.

Then, important classes of operators are provided by the closed operators and the
closable operators. A is said to be closed if its graph is closed (and one writes A = A)
or, in other words,

Ty — T T € Dy

if Ga D {(@n, Yn) tnen — (2,y), i.e. = (x,y) € Ga, i.e.
Axy, —y y = Ax

A is closable if the closure of G4 (G4) is an operator graph, i.e. it satisfies conditions 1
and 2 of above. Notice that condition 1 is trivial but condition 2 reads as

z, — 0

ifGaD {(:Umyn)}nEN — (an)a i.e. =y=0
Ax, —y

If A is closable the operator defined by the graph G4 is called the closure of A, and
denoted A. It is the “smallest” closed extension of A, A D A, and of course G5 = Ga.

One can then define continuity with reference to D 4 in the usual way, and introduce
a “norm”

|Alloo = Inf{M > O[||Az|| < M||z||, z € Da}
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which however cannot be a true norm since O is not a linear space. This property is
closely related to the topological properties of the domain and of the graph, e.g. if D4
is closed (Da = D4) and G4 is closed (A = A) then A is continuous.

For operators in a Hilbert space A : H — H the graph G4 is a subset of H & H. For
bound operators the adjoint A' is well defined and the graph of Af, G4+, is related to
that of A by the relation

(a'y) = (a'|Az) = (AT2'|2) = (y/|2)

where (2/,y') € G4+ and (z,y) € G4. In other words, by introducing the (unitary)
operator

VHOH >HDIH
(x,y) ~ V(z,y) = (—y,x)

the above condition can be rewritten as
0= (ly) - Wla) = (/1) |V (,9)

where (.|.)g is the scalar product naturally defined in H @ H. Thus, G4 = (V(Ga))™,
where V(G4) is the “image of G4 through the map V7, i.e. V(Ga) = Imgeg, V.

Then, in general, one says that A is adjointable if (V(Ga))* is an operator graph
(i.e., again, it satisfies properties 1 and 2 above) and its adjoint is the operator defined
by such graph. Notice that AT defined in this way, when possible, is a closed operator
(AT = AT) since its graph is an orthogonal complement of some subset, i.e. a closed
space. In addition,

and thus, for the validity of condition 2, it follows that Dj = {0} or, equivalently,
Dy = Djl = H. In other words, a necessary condition for defining the adjoint is that
the operator domain has to be dense in #, i.e. Dy = H. Notice that if this property
holds, A can be closed to an operator A which is defined on the whole space H and
AT := AT can be defined. Thus, A is adjointable if and only if its domain is dense
in H. The domain of the adjoint, on the other hand, reads as

Dai ={y e H|F € H, (y|Az) = (y'|z) Vo € Da}

One can then show that the main properties of the adjoint hold provided some
conditions are given. For instance, Af is closed but not necessarly adjointable. For A to
be adjointable

(V(Ga))" = V(V(Ga) ") = V3(Ga) ™ =Ga
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(we have used V2 = —1) has to be the graph of an operator, i.e. A has to be closable,
and in that case AT = A. Notice that A closed and D4 closed implies A continuos, so
if A is closed and adjointable D4 cannot be H unless A is continuous.

The interest, therefore, is in operators densely defined (adjointable) and closed (or
closable), and in particular, in those operators for which A = AT which are closed (self-
adjoint operators) or at most A C AT = AT which can be closed to give a self-adjoint
operator (essentially self-adjoint operators).

6 Spectral theory of operators

In the following we focus on complex Hilbert spaces H and on many interesting properties
of the operators in # that follow from the simple question'®: does the operator (a— A)~!
exist for a given a € C?

If the answer is positive, G4(a) = (o — A)~! is called the resolvent of A, since it
solves the problem (o — A)x = y for the unknown z, provided y € Im(a — A).

If the answer is negative, we have found a special value of A (and corresponding
special vectors x € ker(aw — A)) which characterizes A.

6.1 [Eigenvalues and eigenvectors

Let A € L(#H) be a bound operator, a € C and consider the equation
Az = ax

If this equation is satisfied for z # 0 then z is called an eigenvector of A and « is
the corresponding eigenvalue. By definition, eigenvectors are the “natural” vectors of
an operator, i.e. those for which the action of A is just a contraction/expansion. For
a given eigenvalue «, the set of vectors satisfying the above equation, namely, VaA =
{z € H|Az = az} (or simply V, if no possibility of confusion arises) is linear and
closed, i.e. it is a subspace, called the a—eigenspace (in fact, V,, = ker(aw — A)). Here,
closedness is a consequence of continuity, since for any converging sequence in V,, i.e.
{zn}nen C Vo, zn — , it follows

Ar = Alimz,, = lim Az, = alimz, = az, ie.x €V,
n n n
The set of the eigenvectors of an operator, o4 = {a} C C is called the spectrum

of A. Of interest are also the expectation values of A, previously introduced. For any
x € H, E4(z) is the (non-linear) functional defined by

(z]Az)
(]x)

5Traditionally, one writes o — A to mean the operator al — A.

x€H,x#0x~ Eyg(x) =
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We call the set of the possible expectation values, ImE4 C C, the range of A; clearly,
o4 C ImEy4, since if z is an eigenvector with eigenvalue o, F4(z) = a.
Notice that for A € L(H) and = # 0

(z]Az)
(z]z)

that is, the range (and the spectrum) of a bound operator is bound!®.

Simple properties arise for normal operators N € L(H). An operator is said to be
normal if [N, Nt] = 0; important examples are of course the self-adjoint operators and
the unitary operators. It is not hard to show that IV is normal if and only if

[Ea(z)] = < [[A]l

INa|| = [|Nta]| v € A

This is a consequence of the following simple result: if A and B are self-adjoint operators,
then A = B if and only if (z|Ax) = (x|Bx) for any z € H 7. Thus, sufficiency can
be proved by noticing |[NTz||> = (NTz|Ntz) = (2| NNTz) and analogously ||[Nz||?> =
(z|NTNz), where both NTN and NNT are self-adjoint; necessity is trivial.

It thus follows that if x is eigenvector of N with eigenvalue v, x is also eigenvector
of NT with eigenvalue v*: indeed, the operator A = v — N is normal and ||(v — N)z|| =
0 = ||(v* — NT)z||. Tt further follows that if A = AT the spectrum is real, 04 C R, a
result which could be also anticipated since we have already seen that for a self-adjoint
operator ImE 4 C R.

Same cases are of particular interest. For a projector P = P? = P! which projects
onto ImP, if x is eigenvector with eigenvalue m we have

Pl—-Pjz=n(l-mz=0

i.e. m = 0,1 are the only possible eigenvalues. Of course, m = 1 if and only if x € ImP
and 7 = 0 if and only if z € (ImP)! = Im(1 — P). Similarly, for a unitary operator U, if
x is eigenvector with eigenvalue 7

(UTU =)z =(n'n—1)z =0

i.e. the only possible eigenvalues are those of unit modulus, || = 1.

Eigenvectors of normal operators have interesting properties, too. If x, and x,, are
eigenvectors corresponding to different eigenvalues, v # v/, then (x,|z,/) = 0. The proof
is simple:

V/(xV’*'UV’) = (y|Nz) = (NTJCVWV’) = (V'wylzy) = v(wy|2y)

16For any normed space M (C in this case), a bound set B C M is a set that can be included in a
sphere, i.e. B C Sg where Sg = {z € M|||z|| < R} for some R > 0.

"The proof is simple, just use the condition (z + Ay|(A — B)(x + Ay) = 0 for A = 1,4. Notice though
that self-adjointness is essential for this property to hold: indeed, we are just asking equality between
“diagonal” elements.
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i.e. if v # V' necessarily (x,|z,/) = 0. In other words, different eigenspaces of a normal
operator are orthogonal to each other, V,, 1 V,, for v # /.

There remains to characterize the spectrum o4, which is a quite subtle issue. In
finite-dimensional Hilbert space (dimH < oo) we know from algebra that the distinct
eigenvalues are at most dim? in number since they are the zeros of a polynomial of
degree dim#, the so-called characteristic polynomial, pa(«). The latter is defined as

pa(a) = det(a — A)
where A is a matrix representation of the operator, i.e.
Ay = (up]Aup,)

where {u,} is an orthonormal basis of . Note that the polynomial is basis-dependent
but its zeros are not.

This finite-dimensional case is a special case of a more general result which holds
for any compact operator!®, a special class of bound operators, L.(H) C L(#). The
important result is

Theorem If A € L.(H) is a compact operator o4 is at most numerable (cardoy < Np).
If cardoq = Wy there exists a sequence of eigenvalues {a,} such that a,, — 0,
though a = 0 is not necessarily an eigenvalue.

The finite-dimensional case discussed above follows from the property that any operator
in a finite-dimensional vector space is compact.

In general, however, this result cannot be extended to arbitrary vector spaces and op-
erators in those spaces, and we have to admit the possibility that in infinite-dimensional
Hilbert spaces operators can have a “continuous” (non-numerable) part of the spectrum.
These eigenvalues are not true eigenvalues — 4.e., there are no “proper” eigenvectors at-
tached to them— and G 4(\) is actually defined for X in the continuos spectrum, though
not “nicely behaving”. It is however much more useful to consider them as improper
eigenvalues because in that way one can write a sort of spectral representation which ex-
actly parallels the one rigorously holding for compact operators, provided self-adjointness
is satisfied. In the following we use, when needed, Uffl and o¢ for the “discrete” and the
“continuos” parts of the spectrum, respectively.

18 An operator is said to be compact if it transforms bound subsets of H in relatively compact subsets.
A bound set is a set which can be included in a sphere; a relatively compact set is a set K whose closure
K is compact. A set is said to be compact if for any open covering {Qa}acr (Qa open set, {Qa}acr is
a covering if |J_, Qa D K) there exists a sub-covering with a finite number of elements, {Qa}a—1 D K.
Note that a relatively compact set is always bound and thus a compact operator is necessarily a bound
operator.
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6.2 Spectral representation of observables

Let A be a compact, self-adjoint operator, o4 its spectrum and {V, }aeo, its eigenspaces.
We have seen above that if o # o’ V,, L Vs holds, i.e. if P, is the projector in the a-th
eigenspace (“eigenprojector”) it holds

Po Py = baar Pa
Let then V = Ef@m V. be the space spanned by the projector P = Zaem P,. For
any r € V
T = Z P.x
aco A
and
Ax = Z AP,z = Z aP.x
a€op acohg
i.e.
A= Z aP,
aco

holds in V. This is the spectral representation of A in terms of its eigenprojectors. A
fundamental theorem is

Theorem If A € L.(H) is a compact, normal operator, V =59V, = #H.

a€o g
1:213(2

aco

A= ZaPa

aco

Thus, for any such operator

hold in H. The first equation is a completeness relation: it says that for any opera-
tor of this kind there exists a complete orthonormal set of eigenvectors. The second
equation expresses the action of the operator in terms of its elementary components,
the eigenvectors, which define the “main” directions of the operator. This is the spectral
representation of the operator A.

For the expectation values we have, for any 2 € H (||z|| = 1 in the following),
1= ol = D @|Paz) = Y pala)
aco (1< acop

where we have introduced
1> pa(z) = (x|Paz) >0

and

Ey(x) = Z a(z|Pyr) = Z apa(x)

aEo aco
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Thus, pa(x) can be considered the “fraction” of = in the a—eigenspace and E4(x) can
be regarded as the average value of {a}qes, as given by an x—dependent probability

distribution {pa}acos (Pa = Palz) = Ep,(7)).
Notice that
0< P, <1, ZPaZL PoPor = daar Pa

aEo A

or equivalently,

@
VaCH, > Va=H, VolVyfora#d

aco 4

are suggestive of a “probability measure”. Indeed, in general, a probability measure can
be defined as follows: let 2 be a space (the sample space) and A a c—algebra on that
space. A is a set of subsets of Q, A = {A,, A, C Q} with the following properties

e Noec A
o A, Aye A= Aj|JAg, A1V A2, Ai\A2 € A
e {AlhenC A= U Ane A
The sets 2 D A; € A are called events and a probability measure is a function
p:A—RY
A3 A~ p(A;) eRT
such that
o u(Q) =1, u(¢)=0;0=<p(A) <1

e for any sequence {A,}nen C A such that A, (A, = ¢ for n # m, pu(U, ey An) =
2 nen #(An)

Notice that the fact the p is real-valued is not essential, provided is “positive” valued in
some sense. The results obtained above for compact operators indeed identify P, as a
projector-valued probability for a vector lying in V,. In this case {2 = o4, the events
are sets of eigenvalues w = {..cy, ..} with their associated spaces V,, = ..V; @ V}.. and
projectors P,,. The map defined by

p:A— L(H)

Adw~ p(w)=F,
satisfies

e ploa)=1,pu(¢)=00<F, <1
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e for any sequence {wy }nen C A such that w, wy = ¢ for n #m, pu(U,cxwn) =
ZneN pwn) = ZnGN P,

and is thus a measure.

The results obtained so far can be generalized to generic self-adjoint operators, which
we now call observables, provided we abandon the condition that the spectrum is solely
discrete. As already mentioned above, this creates serious problems if we look for true
eigenvectors, as can be seen by the following heuristic argument. Let z, € V, be an
eigenvector of the self-adjoint operator A; it satisfies

EA(xa) =« pa’(l'a) = Oaa

If we have to generalize the completeness relation and the spectral representation to

1= ZPanL/ P.da

aEcri TA
A=Y aPa+/ aPyda
ae(ffl U'L“

we necessarily have, for o € 0,

Ej(zy) =a= / o' por (20)da!
o4

1.€.

Par(Ta) = (Ta| Para) = 6(a’ — @)
This implies that x, cannot be normalizable (||za||?> = limy/—sq par(2a)), or in other
words, zo ¢ H (!).

Fortunately, these problems can be overcome and it turns out that one can introduce

improper vectors'® x, which do not belong to H but are such that

1 at+Aa
- do/
fooda m/ Fove
o
belongs to H and

Al(ilrgo(xa,Aa ‘xa,Aa) < o0

9The possibility of “extending” the Hilbert space is related to the following observations. First, for
any vector space £ we can define a “non-orthodox” dual space £* on the basis of a non-orthodox topology.
For instance, we can set by definition a € £* if « is the weak-limit of some sequence {a,} C £*, i.e.
if there exists a sequence of ordinary functionals such that lim,—ec < an,z >= a(z), Vz € £ (clearly,
if the sequence converges properly, it also weakly convergent or, in other words, £* C £ *). Secondly, if
& C M properly, then it holds £ D £* D H*. Thus if the &£ space is dense in the Hilbert space, £ = H,
the extended dual £*is larger yet close to H* = H; vectors in this extended space correspond to the
improper vectors.
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The orthogonality properties can be re-stated in the form
(Zo|Zor) = Oaer @, 0’ € 04

(Zalta) =0 acol,d €09
(To|za) = 0(a—ad) a,d’ €05

Correspondingly, the “projectors” P, (for a € ¢§) become improper projectors
P,Py =6(a—d)P, a,d €05

such that
1 at+Aa

POL,AOLZ \/T
a Jo

is a true projector. The quantity P,do := dP, is then called a differential projector.

Thus, one can introduce a generalized, orthonormal complete set of special vectors
for each observables. We write a “ket” |¢) for any proper or improper vector and (¢|¢)for
the corresponding proper or improper scalar product between two kets, |¢) and |¢). For
the observable A with eigenvalues {a1,as..ap,..} = 0% and {a} = 0 we write |ay,)
for a proper eigenvector and simply |a)for an improper one. On account of the possible
degeneracies we write

P, dd’

gn
P, = Z lan, k) (o, K|
k=1

9(a)

Po=)_la,k) (o, k|

k=1
and, eventually, re-write the completeness relation and the spectral decomposition above
in terms of these vectors. Clearly, the formulation in terms of projectors is much simpler
and can be further shortened by writing

1:LfMW@A:Lﬁ&@@

Py Py = 0,(a — ') Py,
where it is meant that p turns the integral into a sum when a € of‘.
Example: Position and momentum operators

Let g, p be the ordinary position and momentum operators of quantum mechanics and
|qo) an eigenvector of ¢ with eigenvalue gg. |qo) cannot have a finite norm, since from
the fundamental commutator

lq,p] = ih
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it follows
ih {qo|g0) = (qol[a,P]|20) = o {q0|p|q0) — (90|Plq0) 20

i.e. if (go|qo) < oo mnecessarily (qo|qo) = 0 follows. Thus the only possibility left to us is
that both (qo|qo) and (go|p|qo) are infinite. Let us determine the spectrum of ¢. From
the above commutator the following equations

g, p"] = ihnp™ !

and

MJ@ﬂzﬁ@Qm

are readily proved. The first follows by induction; the second holds for any analytic
function f

f(p) = Z cnp"”
n=0

upon applying the first equation term by term. Let us then consider £ € R and the
following unitary operator _
Te(p) = e P

Using the above equation for f =T we obtain

0 Telp)] = in% () = €72(0)

or, equivalently,
qTe(p) = Te(p)(g +¢)

q(Te(p) |q0)) = (q0 + &) (Te(p) |q0))

This shows that T¢(p) |qo) is eigenvector of ¢ (with the same norm of |gg) since T is
unitary) and qo + & is eigenvalue, for arbitrary & € R. Therefore, the spectrum of ¢ is
continuous, o, = R, and the eigenvectors can be generated by T¢(p) once an eigenvector
lgo) is given,

|90 + &) := Te(p) [40)

Clearly, the same holds for p with the help of the operator T¢(z) = et ¢ . We write

1—4@@@—4@@@
q—/quqlq> (q] p—/dep\m (p|

Correspondingly,
P(q) = (al¥)

Y(p) == (pl)

are the representations of 1) in the g, p eigenvector basis, respectively.
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Example: (improper) momentum vectors

In the above coordinate (Schrdinger) representation (set now x = ¢ as usual) the mo-
mentum operator reads as

o 0
= —inZ(x) = —in
(alps) = ~in 2 (2) = —in " (afuy
Thus, the coordinate representation of the operator p follows upon setting [¢)) = |2),

namely

(z|p|z’) = —ihai (z|2) = —ihaaxfs(x —a)

The eigenvectors |p) in this representation follows from

(alplp) = p (alp) = ~ih2" ()
- (zlp) o ei?®
Clearly,
i) = [ de (o) (alp) = [ dol (alp) 2 = o

1 p+Ap A
VYp(x) = /7Ap/ enPrdp
p

are proper vectors with finite norm even in the limit Ap — 0. To see this, consider for
simplicity the case p = —Ap/2,

but the vectors

+Ap/2

1 i 1 2h Ap
= — px = -
V-p2(0) VAp /Ap/2 erdp = Vapz " ( 2h ;E)

4h? Ap \ dz
27 2
/R]z/}_Ap/g(x)\ dr = 5 /Rsm <2hm> 2 < 00

2
since the integrand goes as o (%—5) when z — 0 and as oc 72 when  — oco. Specifi-

We have

cally, the integral remains finite even when Ap — 0,

.9
/R o npjo) P = 20 /R 3“’52(%5

Thus, the above function represents a legitimate “improper” eigenfunction of p. The
normalization N (p) in

(elp) = N(p)eh*”
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can be fixed by the requirement

W) = 6(p—p) = N*G)N) /R dzetPet P =

NN 2ed (P55 ) = NG P2es(o - )

t.e. we can set

1 i
(zlp) = en”
2T

St

Example: free particle

For a particle in 3D the Hamiltonian operator reads simply as

g P
2m
Thus
p2
H = —
p) =5 p)

shows that |p)’s are eigenvectors of H and
2
p
H= [ d’p-—
[l v v

(plp’) = 03(p — ')

Such vectors are normalized as

We can also write (E, = p?/2m implies dE, = pdp/m; furthermore, p below is the unit
vector running over the sphere which specifies the direction of p)

H = / p) (p| = /dpp /dp \pD) (pp| =

=/ dE,mpE, /dp\pp (pp| = / dEyE, /dp\EppH Epp|
0 0

where
|Epp) == /mp [pp)
In this form

P(E,) = / dp | E,) (|
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must be the (improper) projector on the energy E,. To see this, notice that |E,p) is of
course eigenvector of H with eigenvalue E, and, from

2 /2
- m
6(Ep — Ep) =9 (p 5 P > =2mé((p—p)p+p'))=—b(p—p),
m p
it follows
(Epp|EyD’) = my/pp (pplp'D’) = mpds(p —p') =

1 . ..
= mpﬁé(p —p')02(p— ') = 6(Ey — Ey)da(p — D)

Here we have used
d*pés(p — p') = dpdpp®53(p — p') = dpdps(p — p')02(p — P')

6.3 Functions of observables and commuting observables

Let now A be a seld-adjoint operator, o4 its spectrum and

A:/ aP,du(a)
oA

its spectral representation, with

1= /0 Pud(o)

PoPy = 0u(a — ') Py

Let then f : ¢ — C be a “measurable” function on the spectrum of A; we define a
function of the operator as

£ = [ fa)Padnta)
oA
This definition is sound since for f(a) = o™ it gives back the results expected from

algebraic considerations: for n = 0 it gives back the completeness relation, for n = 1 the
spectral representation and for n = 2

2
A% = (/ aPadu(a)> ://aa/PaPa/d,ud,u’:/aa’Pa/5(a—a/)dudu/E/a2Pad,u

The function

fl@) = du(ap — )
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allows us to re-write the projector on the eigenvalue «q (either proper or improper,
depending on whether «q is a proper or an improper eigenvalue),

dulag — A) == / du(ag — o) Padp = P(ay)

so, it is usual to write the completeness relation and the spectral representation in the
form

1= / dula—A)dp
oA

A= / ad, (o — A)dp
oA

Example For a free particle in 3D one usually writes
+o0o
H = / dES(E — H)
0
with

S(E—H) = / dp | Ep) (Ep| = / dpmp pi) (Pl

co  +l

=> > |Elm) (Elm)|

=0 m=-1

where in the last line we have used the angular momentum eigenstates |Elm).

We can also check that if 0 ¢ o (i.e. if KerA = {0}) the function f(a) = a~! correctly
defines the inverse

</ oz_lPadu> A :/ a 1P, Adp :/ a AP, du E/ alady =1
oA oA oA oA

where we have used [A, P,] = 0 and AP, = aP, which are easily proved for any operator
which admits a spectral representation.

With the same token, one can define e4, (1—A)~!, etc. and verify that if A is bound
and f analytic this definition is equivalent to the power-series representation. However,
it is worth stressing here that the above definition of a function of operator based on its
spectral representation is more general, since it does not require the analyticity of f to
work; this is evindent, for instance, for the case above where we used f(a) = d,(ap— ).
Obviously, f(a)* is related to f(A)T since

FAy = ( / f(oz)z%zc@T - ( / Af(a)*Padu> v
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Furthermore, if f and g are functions of the same observable, it holds

[£(A),9(A)] =0

as can be easily checked with a direct calculation (just notice that [Py, Py] = du(a —
o) (Py — Py) =0).

Conversely, it is easy to see that if two observable commute with each other they have
a common set of eigenvectors. Indeed, suppose [A, B] = 0 and let |a) be an eigenvector
of A with eigenvalue «; we have

0=[A4, Bl|a) = A(Bla)) — a(Bla))

that is, B|a) is eigenvector of A with the same ecigenvalue . Now, if VA is non-
degenerate we simply have B|a) = B|a) for some constant 3 (3 € R since B = BT)
and thus |«) is a common eigenvector. Otherwise, and more generally, consider By,
the restriction of B to the Hilbert space V.A: such operator is still self-adjoint and its
eigenvectors |(; «) satisfy

By |B;0) = BB o) = B8; )

(with 8 € R) i.e. they are simultaneous eigenvectors of A and B.
In such cases, therefore, one can introduce a common set of eigenprojectors P, such
that
PyPy = 0,(y =) Py

/Pwdﬂv =1
APy =a()Py,  BP, = ()P,
A= / a(y)Pydpy B = / B(v) Pydpiy
(for some appropriate set o and functions a: 0 — 04 and 8 : 0 — op) and consider the
functions of both observables

FA.B) 1= [ £(a().50) Pydns

(A and B are special cases with f(«, 8) = « and f(«, 8) = 3, respectively).

With the same token, if [A, B] = 0 and every eigenvector of A is eigenvector of
B then B = f(A) for some function f. Indeed, we have seen above that if |a) is an
eigenvector of A, the same is true for B |a). If Vo’f"s are non-degenerate, we simply have
the desired result, since B|a) = («) |a) holds for any «; otherwise, we have

B ’Bm a> = Bn(@) ‘Bm 04>
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for any {|Bn;a)} C VA, i.e. however we choose a complete, orthonormal set {|3,; )}
of vectors in V2. Thus, for any such complete set, and arbitrary coefficients {..c,..} =
ccl?)

chﬁn |ﬁna a) =B (Z Cn |/Bna Oz>> = /B(C; a) (Z Cn |Bna a>>

n n n

that is
en(Bn(a) = Bla)) =0 neN
from which it follows that 5, = f2 = .. = B(c; @) must be independent on the vectors
and can only depend on a, i.e. again § = f(«).
In general, if {A;}Y, is a set of commuting observables, [4;, A;] = 0, we say that

the set is complete if any other commuting observable is a function of these observables,
[AZ,B] =0 :=1,2,.N = B= f(Al,AQ, AN)

Equivalently, the set is complete if and only if each common eigenspace is non-degenerate.
Indeed, if Vo (¢ = {a1,ag,..an}) were such degenerate eigenspace common to all the
observables in the set, the projectors Py.1,Pa;2..Pa;g defined by any basis in Vi would
define operators that commute with all A;’s without being a function of A;’s. Conversely,
if Vi, is non-degenerate and B commutes with any A; we can write

Blag, ag,..an) = Bag, ag, ..ay) |ag, ag, ..an)

thereby showing that B is necessarily a function of A;’s.
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