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I think I can safely say that nobody understands quantum mechanics.
— Richard P. Feynman, [22].
1. Introduction.

These are the lecture notes that I prepared for a graduate level course on the basics
of mathematical quantum mechanics that I gave in the academic year 1989-90 at the
University of Minnesota. The original notes were typed in Microsoft Word and hence
never distributed widely. After 15 years elapsed, I was finally inspired to convert them
to TEX. Aside from minor editing, corrections, reordering of some of the material, and
updating the references, they are the same as were distributed to the students in the class.

The goal was to provide a broad overview of mathematical techniques used in quan-
tum mechanics. While applications appear throughout, the emphasis is on the fundamental
mathematical tools used in the physical theory. Techniques include Hamiltonian mechan-
ics, quantization, operator theory, stationary phase, inverse scattering and solitons, group
representation theory, Clifford algebras, and much more.

I hope that you, as reader, will find them of use and as enjoyable as when I first
prepared them and gave the course.

2. Hamiltonian Mechanics.
References: [2], [5], [17], [25], [27], [42], [58].

The fundamental insight of Schrédinger’s approach to quantum mechanics was that
the quantum mechanical counterparts to the equations of classical mechanics are most
easily found by writing the latter in Hamiltonian form. Indeed, Hamilton himself could,
in direct analogy with the correspondence between geometric optics and wave optics —
the prototype of wave/particle duality — have straightforwardly written down the equa-
tions of “wave mechanics”, and thus anticipated quantum mechanics by almost a century.
However, the lack of any physical motivation for taking this conceptual leap prevented
such a mathematical advance occurring before its time. We thus begin our study with an
overview of basic Hamiltonian mechanics.

Hamiltonian Systems

We consider a system of first order ordinary differential equations on the phase space
M = R?", with canonical local coordinates (p,q) = (pys---,P,sq1s---»4,)- The system is
called Hamiltonian if there is a smooth function H (p, ¢) such that it can be written in the

form
do, _ _OH  dg, _OH

at g, dt — dp,’

(2

1=1,...,n. (2.1)

Typically the ¢’s represent the coordinates of the particles in the system, the p’s the
corresponding momenta, and H is the physical energy. Essentially, Hamilton’s equations
provide a convenient canonical form for writing the equations of conservative classical
mechanics.

A good example is the motion of masses in a potential force field. Here the ¢’s represent
the positions of the masses. Let U(t, q) be the potential function, so the corresponding force
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field is its negative spatial gradient: F' = —VU = (—0U/0dqy,...,—0U/0dq,). Newton’s
equations are
d?q; ou ,
= —— 1=1,...,n,

m -
v dt? dq;’

(2

where m; is the ¢*" mass. (For three-dimensional motion, n = 3m, and the positions and
masses are labelled accordingly.) To put these equations in Hamiltonian form, we let

b, = mqu

be the " momentum, and the Newtonian dot notation is used for time derivatives: ¢ =
dgq/dt. We define the Hamiltonian function

quﬂrth Zpl (t,q)

=1 1=1
to be the total energy (kinetic 4+ potential). Then Hamilton’s equations (2.1) are

dp;  oU dg; _ Db
dt —  8q,’ at  m,;’

7 ?

1=1,...,n,

and are clearly equivalent to Newton’s equations of motion.

The system of differential equations governing the solutions to any (first order) vari-
ational problem in one independent variable can always be put into Hamiltonian form.
Indeed, consider the problem of minimizing

b
Tlq] = / Lt.gi)dt  qla)=a, qb)=b, (2.2)

where the Lagrangian L is a smooth function of ¢, ¢;, and ¢, = dg;/dt. Sufficiently smooth
minima must satisfy the associated Euler-Lagrange equations

d oL 0L
F(L)=————+—= =1,...,n. .
1,( ) dt aél + aq O? 1 ) , (2 3)

(2

To see this, suppose ¢(t) is a smooth minimizer of (2.2). Then for smooth perturbations
h(t) satisfying h(a) = h(b) = 0 so as to preserve the boundary conditions, we must have

d OL dh,
- = h] t — L | dt
0= | Hate / [aql O 5% i

oL d OL
—/a Z e~ o | MO

where we integrated the second set of summands by parts and used the boundary condi-
tions on h to eliminate the boundary terms. Since the function h(t) is arbitrary, an easy
argument (the so-called duBois—Reymond Lemma) shows that the quantities in brackets
must vanish, implying (2.3).
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In general, we define the momenta via the Legendre transformation

oL

= 2.4
Pi= g (2.4)
and impose the nondegeneracy assumption
0%L
det — # 0, 2.5
( aqiaqj' ) (2:5)

which, by the Implicit Function Theorem, allows us to locally solve (2.4) for ¢ as a function
of t,p, ¢
q; = ¢i(t,p,q)- (2.6)

Define the Hamiltonian function to be

H(t,p,q) = p;d; — L(t,q,9), (2.7)

=1

where we use (2.6) to replace ¢. Then the Euler-Lagrange equations (2.3) are equivalent
to Hamilton’s equations (2.1). The easiest way to see this is to use differentials:

oH oH oH

dH = Edt + a—qidqi + a—pidpi.
But, using (2.7), (2.4),
dH = p,dq; + q;dp; — aa—fdt - g—idqi - g—qudql = q,dp;, — aa—fdt — g—idqi.
Equating the latter two expressions, we deduce that
oOH oL oH oOH oL d OL
oo op M ag ag mop

from which Hamilton’s equations (2.1) follow immediately.

Example 2.1. In particle dynamics, the Lagrangian is the difference of kinetic and
potential energy:

1l & .
L= B Z m;q; —U(t,q).
i=1
The Euler-Lagrange equations are just Newton’s laws F' = ma:

(2

To place this system of second order ordinary differential equations in Hamiltonian form,
in view of (2.4), set

= miQi?
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which is exactly the ith physical momentum. Thus, the Hamiltonian function (2.7) takes
the form

H(p,q) quﬂrth sz +U(t,q),

and is the total energy. As we have seen, Hamilton’s equations (2.1) are equivalent to
Newton’s equations (2.8).

Example 2.2. Geometric Optics: According to Fermat’s Principle, the light rays
traveling between two points follows the path requiring the least time. If the light is
traveling in a medium with index of refraction n(q), which is the ratio of the speed of light
in the medium to the speed of light in vacuo, ¢, then its velocity is ds/dt = ¢/n. Therefore,
taking units in which ¢ = 1, the time to transit between two points A and B is

t:/ABdt:/ABn(q)dS

where ds denotes the element of arc length on the path travelled by the light. Fermat says
that we need to minimize (or at least find stationary values for) this functional. Now ds
is not a very convenient parametrization, as the endpoints of the functional are no longer
fixed. However, the integral does not depend on the particular parametrization of the
path followed by the light ray, so that we can restrict attention to parametrized curves
q(t) where the parameter t varies over a fixed interval [a,b]. Then ds = |¢|dt, and the
functional to be minimized is

b
Tl = [o@lild a0 =4 a0)= B, (29
with Lagrangian L = n(q)|¢|. The Euler-Lagrange equations (2.3) are thus

d n(q)q ¥ on
Cdt [q] 1 oq

0.

It can be seen that the solutions to this equation encode all the usual laws of geometric
optics.

We cannot apply the usual Hamiltonian theory to this variational problem since the
Lagrangian is degenerate: det(9%L/d¢; 0q;) = 0. This is in essence because the solutions
are just the curves followed by the light rays, and hence can be reparametrized without
affecting whether or not they are solutions to the Euler-Lagrange equations. Indeed, this
is a special case of Noether’s Second Theorem, [42], which states that a Lagrangian is
everywhere degenerate if and only if it admits an infinite-dimensional symmetry group. In
this case the symmetry group is that of reparametrizations t — (t).

To proceed, we must remove this degeneracy. The easiest way is to assume that
the curve is given by the graph of a function, and use one of the coordinates ¢; as the
parameter. For instance, if we specialize to a planar medium, so ¢ = (x,y), and suppose
that the path is given as the graph of a curve y = f(x), the variational problem (2.9) takes
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the form

b b
Tly] = / n(z,y)ds = / @) VIt P,  y@) =a,  yb) =B,

Now the horizontal coordinate x plays the role of time, and the endpoints are A = (a, a),
B = (b, 8). The Euler-Lagrange equation of this variational problem is

d [ n(z,y)y on :
— | == | + =—V1+92=0,
dr (Fw oy ¥ Y

where * means d/dz. To compute the Hamiltonian form of these equations, the Lagrangian

1S
L(aj,y,gj) = n(x,y) V 1 +?)27

hence .
oL ny
P=r = ——,
9y \1+792
which can be explicitly inverted:
. p
y n2 — p2
Therefore, the Hamiltonian is
H(p,y) =py—L=—+/n*—p

with canonical equations
. OH n on/dy . OH P
p = — = ) = = .
oy \/n2 —p2 Y o \/n2 —p2

These are the basic equations describing the paths traced by light rays in geometrical
optics.

Poisson Brackets

In classical mechanics, an observable is just a function F'(p,q) of the coordinates in
phase space. If p(t),q(t) are a solution to Hamilton’s equations (2.1), then an observable
F will, in general depend on ¢. Its rate of change is given by differentiation:

d = (0Fdg;, OFdp;\ ~~ (OFOH OFO0H
EF(p’CD_Z (8—%%+6—191 dt ) _iz::l (aQiapi op; an‘>‘

i=1

The summed quantity above plays an extremely important role in the theory, and is called
the Poisson bracket between the functions F' and H, denoted

" /9FOH OF 0H
F H) = _—— — —— ] . 2.1
{ ’ } Z (aQi api 8191‘ aQi ) ( 0)
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Thus we have shown that the dynamical rate of change of any observable along solu-
tions to Hamilton’s equations is given by

dF
— = {F.H}, (2.11)

In particular, Hamilton’s equations themselves, which express the dynamical rate of change
of the coordinates (p, ¢), can be written in Poisson bracket form:

p=1{p,H}, q=1{q, H},

which is sometimes abbreviated

iL:{U,H}, u:(p7Q)'

More generally, the dynamical rate of change of a time-dependent function F'(t,p,q) is
given by

dF OF
=5 t{FH} (2.12)

The Poisson bracket (2.10) satisfies the following fundamental properties:
(i
(i

(ii

) Bilinearity: {aF+bG,H}=a{F,H}+b{G,H},a,beR.
) Skew-symmetry: {F,H} =—{H,F}.
) Jacobi identity: {{F,G}, H}+{{H,F},G}+{{G,H},F}=0.
(iv) Leibniz’s rule: {FG,H} ={F, H}G+ F{G,H}.

Of particular interest are the fundamental Poisson brackets between the coordinate
functions (p, ¢); these are readily seen to be

{pi,pj} =0, {qZ'7qj} =0, {Qi7pj}:5ij7 (2~13)

where 0,; denotes the Kronecker delta, which is 1 if ¢ = j and 0 otherwise. The Poisson
bracket is also non-degenerate, meaning that the 2n x 2n skew-symmetric matrix J whose
entries are the coordinate brackets J;; = {u;,u;}, u = (p,q), is everywhere nonsingular.
Indeed, in canonical coordinates,
0 —1I
(0. -

where 1 is the nxn identity matrix, is the canonical symplectic matriz. Darboux’ Theorem,
[42], shows that, locally, for any nondegenerate Poisson bracket satisfying identities (i)—
(iv), the underlying manifold must be even-dimensional, and there exist local coordinates
u = (p,q) in which it takes the canonical form (2.10).

An observable F'(t,p, q) is called a first integral or conservation law of the Hamiltonian
system if it is constant along solutions. According to (2.12), this requires that

oF
5 AR} =0. (2.15)
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In particular, a time-independent function F'(p, q) is a first integral if and only if
{F,H}=0. (2.16)

Note that by skew symmetry, { H, H} = 0 for any function H, so if the Hamiltonian
function H(p, q) is time-independent, then it is automatically a first integral. This is the
law of Conservation of Energy.

Also, if H and F' are both time-independent, and F' is an integral for the Hamiltonian
flow determined by H, then H is an integral for the Hamiltonian flow determined by F. By
the Jacobi identity, if F' and G are first integrals, then so is their Poisson bracket { F, G }.
For instance, if two components of angular momentum, e.g.,

D142 — P24y, P3q1 — P143,

are conserved, then so is the third since

{p1QQ — P241,P3491 — p1Q3} = P243 — P3qs-

An important (but trivial) observation is the following: if H does not depend on the
coordinate ¢, then the corresponding momentum p; is a first integral. In this case, we
can reduce the order of the system by 2, only looking at p,,q, for i > 2, and integrating
the first equation for ¢; by quadrature. This holds in general: any first integral allows us
to reduce the order of the Hamiltonian system by 2; see [42] for details. Moreover, any
other commuting first integral remains a first integral for the reduced system. If a system
posses n functionally independent commuting first integrals:

{szFj}:Ov i?j:]-w":n?

then it is called completely integrable, and can (at least in principle) be solved explicitly.

Symmetries and First Integrals

We identify an autonomous system of ordinary differential equations
b, = o, (u), i=1,...,n, (2.17)

with a vector field

- 0
V= Z wi(”)%?

=1

whose flow is prescribed by the solutions to the system (2.17). If the flow is global (local),
at each time ¢, it defines a (local) diffeomorphism of R™.

In general, we say a (local) diffeomorphism is a symmetry of the system of ordinary
differential equations (2.17) if it maps solutions to solutions (where defined). A vector field
w is an infinitesimal symmetry if its flow determines a one-parameter group of symmetries.
It is not hard to see that, for autonomous systems, w determines an infinitesimal symmetry
of the system of ordinary differential equations for the flow of v if and only if the two vector
fields commute: [v,w] = 0.
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For an autonomous Hamiltonian system (2.1), we define the Hamiltonian vector field
associated with the Hamiltonian function H(p, q) to be

=3 OH 0 OH 0 2.18)

. 99, 94, 04, 0,

1=

Note that
v(F) = {F,H} = —{H,F}.

We can therefore interpret the Poisson bracket as indicating the infinitesimal change in
the function or observable F' under the flow induced by the Hamiltonian function H.

The following lemma is crucial, relating Poisson brackets and Lie brackets of Hamil-
tonian vector fields:

Lemma 2.3. If F and H are smooth functions with Poisson bracket G = { F, H },
then the corresponding Hamiltonian vector fields are related according to
Vo =[Vy,vpl=—[vp vy]
Proof: Let K be any other function. Then, by the Jacobi identity
VG<K) = {KvG} = {K7{F7H}} = _{Hv{K7F}} - {F7{H7K}}
={HA{FK}}—{F{H K}} =vu(vp(K)) = vp(vy(K)). = [vg, vp](K)
Since this holds for all K it is true in general. Q.E.D.

Noether’s Theorem 2.4. (Hamiltonian version) There is a one-to-one correspon-
dence between Hamiltonian symmetries of a Hamiltonian system, and (time dependent)
conservation laws (first integrals).

Proof: Let F(p,q) be a time-independent first integral. Then, by (2.16), { F, H} =0
and hence Lemma 2.3 implies that v, and v, commute, [vy,vp] = 0, and so v is
a symmetry of the Hamiltonian system. Conversely, assuming v is a symmetry of the
Hamiltonian system, we have v, = 0, where G = { F, H }. This doesn’t quite mean that
G = 0 (unfortunately), but rather that G = g(t) is a function of ¢ alone. However, one
can then replace F' by F' — [ gdt to get a time-dependent first integral. The general case
is left to the reader. Q.E.D.

For example:

Translational symmetry  +——  conservation of linear momentum
This is just the observation that when the Hamiltonian doesn’t depend on one of the

coordinates ¢;, then the associated momentum p, is conserved.

Time translational symmetry +——  conservation of energy

This is the observation that if the Hamiltonian does not depend on ¢, then it is itself
conserved.

Rotational symmetry +——  conservation of angular momentum
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The last one is left to the reader to precisely formulate.

Hamilton—Jacobi Theory

There is an intimate connection between systems of first order ordinary differential
equations and first order partial differential equations. The two subjects are, in essence,
equivalent, and a complete solution to one gives the complete solution to the other. This
relationship, going back to Hamilton, Jacobi, and others in the first half of the nineteenth
century, lies at the heart of wave/particle duality and the interconnections between classical

and quantum mechanics. t
We begin with a first order variational problem L(t,q,q) dt. Define the action
function to be to
St = [ Ltai, (2.19)
2l

where v is an extremal connecting some fixed initial point (gq,t,) to the variable point
(g,t). (We suppress this dependence of S on the initial point.) To prove that S is a smooth
function defined in a neighborhood of the initial point, we need to know that there is a
“central field of extremals” starting at (g,,t,) and not intersecting in the neighborhood.
This can be proved under our prevailing regularity assumptions using standard existence
and uniqueness theorems for ordinary differential equations.

We begin with a key lemma which computes the derivatives of the action function.

Lemma 2.5. The differential of the action function is given by
dS =pdq— Hdt. (2.20)

Remark: The differential one-form on the right hand side of (2.20) is known as the
Cartan form and serves to define Hilbert’s invariant integral.

Proof: This is essentially the formula for the general variation of a functional. Suppose
we are varying both the function ¢(t) and the endpoints for the functional

I[q,a,b]Z/ L(t,q,q) dt, q(a) =a,  q(b) ="b.

Let h(t) be a perturbation, but now we also allow the endpoints to vary, as well as the
imposed boundary conditions. We compute the associated infinitesimal variation in the
integral:

d b+edb - , ) 8L aL
5T = & Lt " B oL, . oLl
de 6—0L+56a <7Q+5 ,q+ €, ) <,q,Q)‘t—a+/a |i8q ()+aq }
oL " braL  d oL
T 90 diog | M)t 92.21
( iz )t_a+/a {aq dtﬁq] ®) (2.21)

Now, we have to be a little careful. It we vary the point (¢,q) to (t + €dt,q + €dq), the
corresponding variation h will be given by

q+edqg=q(t+edt)+eh(t+edt) =q(t)+e[q(t)dt+n(t)].
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Therefore, at the original (unvaried point) ¢, we have
h(t) = dq — q(t) dt.

Substituting this into the variational formula (2.21), we find that

. 0L oL
5T = {(L—qa—é)dtﬁ—a—qdq}

b b
oL d oL
+ — — —— | h(t)dt
t=a /a{aq dt@fJ] Q

- [(L—c']p)ét—i—péq] ‘b:a—i—/ab [B_L_EB_L} h(t)dt.

t

since p = 0L/J¢. In particular, if ¢ is a solution to the Euler-Lagrange equations (2.3),

then
b

61 = [ (L — gp)dt+ pdq] )b

. = (pdq—Hdt)‘

t=a

If we only vary one endpoint, formula (2.20) follows. Q.E.D.
The most important consequence of this result is the following.

Theorem 2.6. The action function is a solution to the Hamilton—Jacobi equation:

oS oS

where H (p, q,t) is the Hamiltonian associated with the variational problem.

Proof: This follows at once from Lemma 2.5, which implies 05/0t = —H (p, q,t) and
0S5/9q = p. Q.E.D.

Example 2.7. Consider the special case of Newton’s equations for the motion of a
mass in a central gravitational force field. The Lagrangian is

Lg.)="ME v gy =Ly (pq)),

where p = m ¢. The Hamiltonian is

H(p,q) =pq—L(g,q) = %‘FV(M\)-

Thus, the Hamilton—Jacobi equation (2.22) takes the form

2

oS 1 |08
+V(|q|) =0. (2.23)

E—i_Qm dq

In spherical coordinates (r, ¢, #), this becomes

0S 1 05\2 1 [0S\? 1 05\?
a*%{(a) W(@) +7¢(%) }*VW—O' (2.24)
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Remark: We will use the mathematical convention for spherical coordinates, cf. [43],
where —7 < 0 < 7 is the azimuthal angle or longitude, while 0 < ¢ < 7 is the zenith angle
or co-latitude, whereby

x =rsiny cosb, y = rsiny sin, Z = 1TCcosp. (2.25)

In many books, particularly those in physics, the roles of ¢ and 6 are reversed, leading to
much confusion when one is perusing the literature.

Example 2.8. In geometric optics, as we have seen, the Hamiltonian is

H(p,q) = —v/n? — p?

with = playing the role of t. The Hamilton—Jacobi equation becomes

oS 052
- _ 2 | 2= =
I n <8y) 0.

which is equivalent to the eikonal equation describing optical wave front sets:

(1) (5 =it

More generally, in n-dimensional optics, the Hamilton-Jacobi equation again coincides
with the eikonal equation
|VS |2 =n

The solutions to the Hamilton—Jacobi equation are directly related to the solutions
to Hamilton’s equations. In fact, they are in a sense equivalent differential equations, and
knowing the complete solution to one allows one to determine the complete solution to the
other. There are several approaches to this; here we invoke the method of characteristics.
We will show that the solutions to Hamilton’s equations are just the characteristic curves
for the Hamilton—Jacobi equation. The physical motivation for this comes from geometrical
optics. In this case, the action function S determines the phase of an oscillatory light wave.
Its level sets {S = ¢} are the wave front sets where the light waves have constant phase.
The characteristics are just the paths followed by the light rays or the photons. This
principle is at the heart of Hamilton’s “optical-mechanical” analogy, and, ultimately, the
basis of the wave/particle duality in quantum mechanics.

Consider a first order partial differential equation

F(z,u,Vu) =0, r=(z,...,2,) (2.26)

where F'(z,u,p) is a smooth function on the (2n+ 1)-dimensional space whose coordinates
are the independent variables z = (x4,...,x,,), the dependent variable u, and the gradient
coordinates p = (py,...,p, ), with p, representing the derivative du/0x;.

The most basic problem associated with such an equation is the Cauchy problem,
meaning the initial value problem in which one specifies the value f of the function u on
an (n — 1)-dimensional submanifold (hypersurface) S of the base space R™. To solve the
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Cauchy problem (classically) one is required to find a solution w with the given initial
values: u|g = f. For instance, suppose we adopt the particular coordinates (f,y) =
(t,yq,---,Y,_q) in which the initial hypersurface is the flat hyperplane S = { (t,y) |t =0}.
In this case the equation takes the form?

F(t,y,u,uyu,) =0. (2.27)

The Cauchy data is specified on the hyperplane S by

u(0,y) = f(y). (2.28)

Suppose we can solve this equation for the normal derivative u,, placing the equation in
Cauchy—Kovalevskaya form

u, = Gy, t,u, u,). (2.29)

According to the Implicit Function Theorem, this is possible (locally) provided the partial
derivative OF/0u, # 0 does not vanish at a point (¢, y, u,u;, u,). In this case, the initial
hyperplane S is called non-characteristic. The Cauchy-Kovalevskaya Existence Theorem,
[17], shows that, for analytic G, the above Cauchy problem (2.28-29) has a unique solution.

More generally, a hypersurface S C R" is called non-characteristic if the corresponding
Cauchy problem

ulg=f
is similarly well-posed. Let us represent
S={z]| h(z)=0}
as the zero locus of a smooth scalar-valued function h with VA # 0 on S. Assuming
without loss of generality that Oh/0x,, # 0 we can locally introduce new coordinates
t = h(x), Y, = x4, Ypo1 =Tp_1,
to flatten out S to be the hyperplane {t = 0}. Then

ou ou  Ou ou ou oh

T _ e MM <1, o h R
or, Yot Tay 1SISnTh g Shgpy Ve G=5

J

The Implicit Function Theorem requires that, to be able to solve smoothly for the “normal”
derivative u,, we must have

OF <~ ., OF
j=1 J

All of this discussion serves as motivation for the following crucial definition.

! We now make use of subscript notation to denote partial derivatives, so that u, represents

Ou/0t, while u,, represents the y gradient Vyu with entries u,, = Oou/0y; .
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Definition 2.9. An n-tuple of numbers £ = (;,...,§,,) determines a characteristic
direction for the partial differential equation F'(z,u,p) = 0 at the point (z,u, p) if

£ Fp(x7u7p) =0.

Then, very loosely speaking, a hypersurface S = {h(x) =0} is characteristic if its
normal & = Vh determines a characteristic direction at each point. In point of fact, the
components of £ transform like a differential one-form dh = ijdxj, i.e., a covariant
1-tensor, and should be treated as such.

Away from singular points where the derivative F), vanishes, the characteristic direc-
tions span an (n — 1)-dimensional subspace of (the cotangent space to) R™. Throughout
this section, we will always assume that F, # 0 so as to avoid singularities of the equation.
The orthogonal complement to this characteristic subspace will be a one-dimensional sub-
space of (the tangent space to) R™. Thus we will call a tangent vector v = (vy,...,v,) at a
point x € R™ a characteristic vector for the point (z,u, p) sitting over z if it is orthogonal
to all the characteristic directions & at this point, i.e., v-£ = 0 for all § such that £ F,, = 0.
Clearly this is true if and only if v is parallel to F, i.e., v.= AF, for some scalar A.
In particular, except in the special case of a linear equation, we need to know the values
of u and p in order to specify the characteristic vectors at a point x. A hypersurface S
is characteristic if and only if the corresponding characteristic vector v is contained its
tangent space at each point.

An alternative, but equivalent definition of a characteristic direction is a direction in
which the derivative of some solution admits a possible discontinuity. Note that, if u is a
continuous solution to the equation that is C! except on the hypersurface S = {t =0},
where the normal derivative u, has a discontinuity, then S must be characteristic, since if
we can solve for u, as above, then it is necessarily continuous, as all the functions on the
right hand side are continuous. Both definitions of characteristics extend to higher order
equations, although they can typically no longer be used to derive the general solution.

The astute reader will have realized that the above discussion is not very precise.
Namely, to determine whether or not a hypersurface is characteristic we need to check
whether or not its normal, which depends on z, is a characteristic direction, but, except in
the special case of linear equations, the condition specifying the characteristic directions
depends on the values of x, u, p, and we have yet to specify u and p. These will come from
the solution u = f(x) of the equation, but the reasoning is starting to get a little circular.
It helps at this point to step back, and describe what we mean by the Cauchy problem
a little more precisely. First we introduce the base (physical) space X = R™, which has
coordinates x = (zq,...,x,). Sitting over X is the (2n + 1)-dimensional space J, which
has coordinates (z,u,p) = (x,...,x,,u, Py, .., p,) representing the dependent variable u
and its first order derivatives p. The space J is often referred to as the first jet space, and
denoted J!. The standard projection 7:.J — X maps 7(z,u,p) = .

Consider a smooth function u = f(x) defined on a domain D C X, so f is a function
from D to R. By the prolongation of f, we mean the function f(V): D —s J, given by
taking the derivatives, so u = f(x), p = Vf(z) for z € D. The graph of f determines
an n-dimensional submanifold of R”*! = X x R. Similarly, the graph of the prolongation
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) determines an n-dimensional submanifold T 5 CJ, given by

Up={(x, f(2),Vf(z)) | zeD}.

However, not every n-dimensional submanifold N C J is the graph of a function; the
derivative coordinates p must match up properly. The easiest way to express this condition
is to use the contact one-form

szu—pda::du—z p; dz,. (2.30)
i=1

Note that if we substitute ©v = f(z), p = Vf(x), into 0, then the resulting one-form
vanishes identically. In other words, the contact one-form 6 vanishes when restricted
to the prolonged graph of a function. Subject to a certain transversality condition, the
converse to this also holds. We formalize this condition into a general definition.

Definition 2.10. A submanifold N C J is called Lagrangian if the contact one form
(2.30) vanishes on it: 6], = 0.

As for the transversality condition, consider the volume form

Q=dx; Ndzy A ... Ndz,,, (2.31)

which is also defined on the jet space J. Note that 2 does not vanish on the (prolonged)
graph of any function u = f(x). Conversely, if we have a parametrized n-dimensional
submanifold N = { (z(sy,...,s,), u(sy,...,8,),p(s1,--,5,)) } CJ, then, by the Inverse
Function Theorem, we can locally express u as a function of the x’s provided the Jacobian
determinant det(dz;/0s;) # 0. This is the same as saying that the volume form €2 does

not vanish on N.

Proposition 2.11. Suppose N is an n-dimensional Lagrangian submanifold of .J
such that 2 # 0 on N. Then, locally near each point x corresponding to some (z,u,p) € N,
we can express N =1I'; as the prolonged graph of a function u = f (x).

Next, consider the standard Cauchy problem u(0,y) = f(y) on an initial hyperplane
S ={(t,y)|t = 0} in the (¢,y) coordinates. If the problem is non-characteristic, then
this Cauchy data will determine initial conditions not only for w on the hyperplane S
but also the derivatives p = (u;,u,) on S as follows. The tangential y-derivatives come
directly from f(y) itself: u, = 0f/0y,. As for the t-derivative u,, we assume that we
have solved the equation for v, = G(t,y, u, uy) Then, on the initial hypersurface S, the
normal derivative is given by u, = G(0,y, f(y), f,(y)). Therefore, the standard Cauchy
data parametrizes an (n — 1)-dimensional submanifold of the jet space J, namely

N ={ (00806 (50,50, 2 ) L ) |-

The solution to this Cauchy problem will then be a function u = f(t, y) such that f(0,y) =
f(y). It is easy to see that this is the same as requiring that the prolonged graph I' s of
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f(t,y) contain the “Cauchy submanifold” Ny, i.e., I'; D Nj. Similar properties hold in the
general coordinates x.

Thus, we are tempted to define the Cauchy data of the partial differential equation
as an (n — 1)-dimensional submanifold of the jet space J. However, as with the prolonged
graph of a function, not every such submanifold can serve as valid Cauchy data. First,
it must itself satisfy the equation, i.e., consist of points (x,u,p) such that F(z,u,p) = 0.
Secondly, in order that the derivatives match up, the Cauchy submanifold must itself
be Lagrangian; otherwise the tangential derivatives will not be correct. Thirdly, it must
project back down to an (n — 1)-dimensional submanifold S = 7w (N,) of the base space X.

This inspires the following important definition.

Definition 2.12. Consider a first order partial differential equation F'(z,u,p) = 0
defined by the vanishing of a smooth real-valued function on the jet space J = R2n+1,
A Cauchy submanifold is an (n — 1)-dimensional Lagrangian submanifold N, C J which
satisfies the equation

NO C { (:L‘,u,p) | F(x,u,p) 20}7

and whose projection S = m (V) is an (n—1)-dimensional submanifold of the base space X.
A solution to the Cauchy problem defined by IV, will be a smooth solution u = f(z) of the
partial differential equation whose prolonged graph contains the Cauchy submanifold: I'y D
N,. The Cauchy submanifold N, is called non-characteristic if for each point (x, u,p) € N,
the characteristic vector v = F is not tangent to its projection S at the corresponding
point z = 7(x,u, p).

It is often convenient to replace the projection condition by a local transversality
condition. In the non-characteristic case, this can be written as

v IQ#0 on S =7(N,).
Here v = F), is the characteristic vector, {} is the volume n-form on R"™, and _I denotes
interior product, so that v _I  is the unique (n — 1)-form that satisfies

(v Qv v, 1) =(Q,v,vy,...,V, 1) (2.32)

» Ym—1 » Yn—1

for all tangent vectors v;,...,v, ;.
If N, is parametrized explicitly by (z(sq,...,5,_1), (S5 --38,_1)sP(S1s---38,_1))s
then the conditions that N, be a non-characteristic Cauchy submanifold have the following

equivalent coordinate versions:
(i) satisfies the equation: F(x(sy,...,8,_1),u(sqy---y8,_1),0(S15.--,8,_1)) = 0.

0 - 0
(i1) Lagrangian: O—U—Zpi—gz(), j=1,...,n—1.
S A J

Op; ‘

j
The Cauchy—Kovalevskaya Theorem now guarantees the unique solution to the Cauchy
problem associated with a non-characteristic Cauchy submanifold, provided the equation

(i17) non-characteristic: det <8—F, $> #0
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and initial data are analytic. Actually, we will see how to solve this problem under much
weaker hypotheses.

Let u = f(x) be any C? solution to the equation F' = 0 defined on a domain D C X.

At each point x € D, the solution will determine (up to multiple) a characteristic vector

= A, (z, f(z), f.(z)). A parametrized curve z(s) whose non-zero tangent vector is

everywhere a characteristic vector for the given solution u will be called a characteristic
curve for the solution. This requires that (s) be proportional to F, at the point:

dx oF
— =\—.
ds op
Now, except in the case of linear equations, the characteristic vectors depend not only
on the base point x, but also on the value of v and its derivatives p at x. This suggests
that, in order to determine a characteristic curve, we not only look at the base curve x(s),
but also its “prolongation” to the jet space J. There will be a unique curve contained in
the prolonged graph I', of the solution sitting over the base curve x(s), namely the curve

(z(s),u(s),p(s)), where

u(s) = f(x(s)), p(s) = 57 (2(s)).

We can use the chain rule to compute how the v and p components of the prolonged curve
depend on s. Thus,

du " du dx; OF
R Z pl

ds - 183:id3 pap

1=
and also,

Ox, ds - dx,0x,, Op,,

dpl Z Op; dxy, \ 0?u  OF

At this stage it appears that we also need to know how the second derivatives of the
solution behave. However, u is assumed to be a solution, so it also satisfies

O:iF(xuu)

oF (9F ou 0%u  OF
ox; Z Ox,01,

o, 8u o, 0z, Op;,

Comparing these two equations, we see that

dp; OF OF

ﬂ = — )\ _|_ Z

ds 8 Ou
Finally, note that we can absorb the proportionality factor A into the parameter s by
reparametrizing the curve, so A = 1 without loss of generality. We are thus left with a

system of first order ordinary differential equations for the components (z(s),u(s),p(s))
which do not refer any longer to the particular solution u = f(x).
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Definition 2.13. A characteristic curve is a solution to the characteristic system of
ordinary differential equations:

dr OF du OF dp <8F OF )

ds ~ Op’ ds T op’ ds

In general, given a point (z,,uy,p,) € J, we will denote by (z(s),u(s),p(s)) the
characteristic curve passing through it, whereby (x,,u,,p,) are the initial conditions for
(2.33) at s = 0. Note that, by standard existence and uniqueness results for ordinary
differential equations, this curve is uniquely defined for s sufficiently small.

Thus, we have demonstrated that any characteristic curve associated with a solution
u of the partial differential equation is a solution to the characteristic system of ordinary
differential equations (2.33). Since the characteristic curves are uniquely determined by
their initial conditions, we deduce that every solution to our partial differential equation
is swept out by an (n — 1)—parameter family of characteristic curves, parametrized by the
initial values of w and p on the (n — 1)-dimensional non-characteristic Cauchy surface.

If F doesn’t depend on u, then the characteristic equations (2.33) are essentially the
same as Hamilton’s equations for a time independent Hamiltonian F' = H(p,q) (with
x = q) since u can be determined from z, p by a single quadrature. For the time-dependent
Hamilton—Jacobi equation

oS oS
F(t,q,58,5,5)=—+H|t,— =0 2.34
( Y Q7 y Mt q) at + < Y aq Y q) Y ( )
we replace S by u to find the corresponding equations for characteristic curves
dt dq _ OH drm OH dp _ OH du

OH
@ — 2t am 92 -2 @i _ 27 (.
ds ’ ds Op’ ds ot’ ds oq’ ds " P op’ (2.35)

where 7 represents S,. Thus t = s+ ¢, and, after we solve the Hamiltonian system for p, ¢,
we can recover the complete expression for the characteristic curves by quadrature.

Now we prove the converse — that every solution u = f(x) to the partial differential
equation can be constructed from the characteristic curves.

Proposition 2.14. Let u = f(x) be a solution to the first order partial differential
equation (2.26). Let z,, u, = f(z,), py = f.(x,) be a point belonging to the (prolonged)
graph of f. Let (z(s),u(s),p(s)) be the solution to the characteristic system (2.33) with
initial conditions (x, uy, py). Then this curve is a characteristic curve for the solution, i.e.,
it is contained in the prolonged graph of f for all s.

Thus if we are given non-characteristic Cauchy data, we will solve the characteristic
system (2.33) for each associated initial point, and then reconstruct the solution by piecing
together characteristic curves. Now, given the initial manifold N, corresponding to the
Cauchy data, let

Ny ={(z(s),u(s),p(s)) | (zg,ug,p9) € Ny }-

be the image under the characteristic flow at “time” s, provided this is defined. For N,
bounded, and s sufficiently small, N, is defined and smooth. Let N* be the union of
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all the (n — 1)-dimensional submanifolds N, for |s| < s*, so N* is an n-dimensional
submanifold of the jet space. Then, as long as N, is a valid Cauchy submanifold and s*
is sufficiently small, the family of solutions N* will (locally) be the prolonged graph of a
solution u = f(x) to the partial differential equation.

Theorem 2.15. Consider the Cauchy problem for the first order partial differential
equation F(x,u,p) = 0 determined by an (n — 1)-dimensional Cauchy submanifold N, of
the jet space J. Let N* = UN, be the n-dimensional submanifold with initial data N,
swept out by the characteristic flow. Then, locally near N, the submanifold N * is the
prolonged graph of a solution u = f(x), that is, N* = I'y near N,.

Proof: There are two basic steps. First, we prove that N* is a solution to the partial
differential equation, i.e., N* C { F = 0}. Second, we show, using the previous proposition,
that N* is locally the prolonged graph of some function. For the first step, it suffices to note
that F'(x,u,p) itself is a first integral of the characteristic system of ordinary differential
equations. Indeed

4, _OFde OF du_ OF dy
ds Ox ds Ou ds Op ds

We conclude that F'is constant along solutions. In particular, if F' = 0 initially, it remains
zero for all s. Therefore, if the initial data N, satisfies the equation, so does each N,, and
hence all of N*.

As for the second step, we need to prove that N* is Lagrangian, and, at least near
N,, satisfies the transversality condition. The Lagrangian condition is equivalent to the
fact that the coordinates p are indeed the derivatives of u. We compute the Lie derivative
of the contact one-form:

=F.F,+ Fu(pr) + Fp(—Fm —pF,) =0.

ds  \ds ds ds
=F,dp+ F,dxz+pF,dv=dF — F,(du—pdx) =dF — F,0.

0 _ d (du) _dp dr —pd (d_x) =d(pF,) —pdF,+ (F,+pkF,)dx

Now, we already know that F' = 0, since we assumed that it was zero initially. Thus,
dF =0, and hence df/ds = —F,, 6. Therefore, if  vanishes on N, it also vanishes on each
N,, and hence on their union N*. Thus N* is Lagrangian.

Finally, to prove transversality, the fact that N, is not characteristic means that the
characteristic vector v is not tangent to its projection S = 7(NN,), and so at each point of
S we can choose a basis w,,...,w,__; for its tangent space and know that the full set of
n tangent vectors v,wy,...,w, ; forms a basis for the tangent space to X = R" at the
point. To check that the n-form Q does not vanish on N*, at least in a neighborhood of
N,, by continuity we need only prove that it does not vanish on N, itself. But, by (2.32)

(Q,v,wy,...,w,_;)=(vI1Q,wy,...,w,_;)#0 on N, Q.E.D.

n—

Note that we cannot, in general, expect the transversality condition €2 # 0 to hold
everywhere. For instance, in optics, the characteristic curves (x(s),p(s)) project to the
light rays z(s). But the crossing of light rays is precisely the phenomena associated with
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focussing and the formation of caustics. The points where €2 = 0 correspond to points
where the submanifold N* in jet space no longer projects to a single-valued function
on physical space, and will thus be associated with such breakdowns of simple physical
phenomena. This could lead us into the study of shock waves and caustics, leading into
catastrophe theory.

Therefore, the integration of a first order partial differential equation is reduced to
the integration of a system of first order ordinary differential equations. Remarkably,
the converse also holds: if we know the general solution to a first order partial differential
equation, we can recover the solution to the corresponding characteristic system of ordinary
differential equations.

First consider one solution u(x) to the first order partial differential equation

F(z,u,p)=0. (2.36)

Then the characteristic curves embedded in the graph of u can be found by integrating a
first order system of ordinary differential equations, viz.

dx OF
= a—p(a:, u(x), u,(z)).

Indeed, if x(s) is the solution to this system, and we define

u(s) = u(z(s)), p(s) = u,(2(s)),

then it is easy to see that (z(s),u(s), p(s)) solves the full characteristic system. This is the
same computation as above:

d_oude _ OF  dp_opde _oudF __(0F oF
ds_ﬁxds_pﬁp’ ds Oxds 0x2 Op or Pou )

For example, consider the Hamilton—Jacobi equation (2.22). If S(¢,q) is a solution,
then the associated characteristic curves (solutions to Hamilton’s equations) are found by
integrating the first order system

dqg OH

— =—(t,q,5,(q,t 2.37

o ap( 14, 5,(q,t)) (2.37)
for the positions, and then substituting

p(t) = % (t,q(t)).

to get the corresponding momenta. The solution ¢(t) to (2.37) will describe the particle
trajectories in physical space.
As another example, if we know a solution S(q) to the eikonal equation
| VS |? =n(q) (2.38)
of geometrical optics, then the associated light rays are found by integrating

dq
_— = 2
I VS(q),
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since F' = p? — n(q), so F, = 2p. We deduce the important fact that the light rays
are orthogonal to the wave front sets {S = c¢}. In fact, (2.37) can be interpreted as the
corresponding “orthogonality” relation for mechanics.

Next, suppose we know lots of solutions to our first order partial differential equation
(2.26). Then we should be able to say a lot more about solutions to the corresponding
characteristic system. For instance, if we have a one-parameter family of solutions u(z, \),
then they all contain characteristic curves in their graphs, so that envelopes of these
solutions will be composed of characteristic curves. Recall that the envelope is constructed
by solving the equation du/O\ = 0 for A as a function of z and substituting back into
u(x, A). This suggests that we look at the quantity u, = Ou/0\ in detail. Its evolution
along characteristics is given by

duy dx
E = U’Am% = p)\Fp7 (239)

where p(z, ) = u,(z, ). On the other hand, differentiating
F(z,u(z,\),p(z,\) =0
with respect to A, we deduce that

du,
ds
Note that u, = 0 is a solution to this equation, confirming our earlier deduction about en-
velopes. In particular, if F' does not depend explicitly on u (as is the case in the Hamilton—

Jacobi equation or the eikonal equation) then u, is a first integral of the characteristic
system.

0= F,uy+ F,p,, hence = —F,u,.

In the more general case, we need a two-parameter family of solutions u(x, A\, Ay).
Then the ratio u, /u,, will be a first integral of the characteristic system, since, by (2.39),

i U’)\l _ u>\18u>\2 - U’)\l U’)\QS _ _F’ILU’)\:LU’)\Q - U’)\l <_Fuu)\2) _ 0
- 2 - 2 - Y
ds uy, uy, uy,

Note that this includes the case when F' doesn’t depend on u, since in that situation, if u(z)
is any solution, so is u(x)+ u for any constant p. Therefore, we can replace our (nontrivial)
one-parameter family of solutions u(z, \) by a two-parameter family u(z, A )+ A, whereby
the ratios reduce to the earlier first integrals. However, the parameters A;, A\, must enter
into u(x, \{, \,) in an essentially independent way for this to be of any benefit. For instance,
if we use just a one-parameter family of solutions, and try u(z, (A, A,)), then the above
first integral is just a function of A;, Ay, and hence of no use.

Now, if we have enough first integrals, then we can solve the characteristic system.
This means that we have a family of solutions with enough independent parameters in it.
We make the following classical definition.

Definition 2.16. A function u(x, \) depending on n parameters A = (A;,...,A,) is
called a complete integral to the first order partial differential equation

n

F(x,u,p)=0
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if for each fixed value of A it provides a solution, and moreover, that the n x (n+ 1) matrix

ou 0%u
<<9T Wimj) (240

has rank n.

The second condition is to ensure that the parameters A\ enter truly independently
into the solution. This condition can be seen to be equivalent to the statement that the
union of the prolonged graphs of the functions u(x, ) fills out an open subset of the locus

{(:c,u,p| F(a:,u,p) :O}

defining the equation.
It can be proved that any solution to a first order partial differential equation can be
obtained from the complete integral. Essentially, one calculates the envelope to a general

n — 1 parameter family of solutions by assigning arbitrary functions \; = %‘(317 ey Sp1)
to the parameters and eliminating the s’s from the envelope conditions
n
ou O\,
2%6—320, k’:]_,,n—l
i=1 9% 9%k

Moreover, the complete integral also gives the solution to the corresponding character-
istic system of ordinary differential equations. Note first that to find the general solution
to the characteristic system, which is of order 2n + 1, we need to find solutions depending
on 2n + 1 arbitrary constants. However, two of the constants are trivial. First, the sys-
tem is autonomous, so we can always specify the initial time ¢, at will; equivalently, we
can use one of the variables q; as the parameter, and rewrite everything in terms of this
new variable, whereby we just deduce the unparameterized characteristic curves. Second,
the function F'(z,u,p) is, as we have seen, always a first integral, so we can fix its value.
Indeed, if we are solving the equation F' = 0, then the value of F' is fixed at 0, but the
more general equation F' = c leads to the same characteristic system, and elucidates the
second constant ¢ more directly. We thus need 2n — 1 additional constants, and these are
provided by the parameters (A,...,,) in the complete integral and the associated first
integrals ¢; = uy /uy, ,i=1,...,n —1, deduced above. Note that there are just enough
to do this, provided they are “independent”.

Theorem 2.17. Suppose u(x,\) is a complete integral to the partial differential
equation F(z,u,p) = 0. Assume we are at a point where u, # 0. Then for each value of

the 2n — 1 parameters (Ay,...,\,,¢,...,¢,_41), the equations

uAi(zc,)\) _.

——— ; =1,...,n—1 2.41
uy (z,\) 7 P T (2.41)

implicitly determine a curve I'y . C X. The complete characteristic curve sitting over I'y
is then given implicitly by

Cre= { (z,u(z,\), p(z, \)) } rel,, } )
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The only thing to prove is that (2.41) really do implicitly determine a curve, which
will, by the Implicit Function Theorem, be the case provided the n x (n — 1) Jacobian
matrix (Jc;/0z,) has rank n — 1. The entries of this matrix are

0 uy, B Un,zpUN, — Ux,UN,zp

Oz, uy, ul

n

It is not hard to see that this is the n x (n — 1) submatrix sitting in the matrix obtained
from (2.40) by applying the elementary row operation of subtracting u, /u, times the
nth row from the ith row, and then deleting the first column and last row. Since the full
matrix (2.40) has rank n, this submatrix must have rank n — 1. Q.E.D.

In the case of a Hamilton—Jacobi equation
St + H(t7 Sq7Q> = 07
a complete integral has the form

S(zx, \) + u, A=A\,

0%u
0q; 0,

is nonsingular. The corresponding solution to Hamilton’s equations is given by

95 _ 9§
N’ P= %8¢

Note that the first equation says that the derivatives of u with respect to the parameters
A are first integrals of Hamilton’s equations.

As an application, we can solve the central force field problem from Example 2.7 in
this manner. The Hamilton—Jacobi equation (2.24) can be solved by additive separation
of variables:

such that the n x n matrix

CcC =

S(t,r,¢,0)=R(r)+ ®(p) +ab + 5t
The functions R(r), ®(y) satisfy the pair of ordinary differential equations

1 [dR\? dd \ 2 2
() voreamo () s e

2m \ dr sin” ¢

where v is the separation constant. These can be straightforwardly integrated by quadra-
ture, resulting in the required three-parameter solution. One can use this to derive all of
Kepler’s laws of planetary motion.
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3. Geometric Optics and Wave Mechanics.
References: [10], [32], [35], [47].

The derivation of the equations for geometric optics from those of wave optics provides
the key to Schrodinger’s establishment of the basic equation of quantum mechanics, and
also the classical limit of quantum mechanical phenomena. Here we outline the derivation
of the geometric optics approximation to the equations of wave theory, and then extend
these results to obtain the Schrédinger equation.

The Wave Equation

For simplicity, we first consider the scalar wave equation
2
Pet — ) Ap=0 (3.1)
in an inhomogeneous medium, where n(x) is the index of refraction. In the homogeneous

case where n is constant, the solutions to this problem are superpositions of plane waves

i(k-x—wect)
)

p=Ae

where the wave number (spatial frequency) k and the temporal frequency w are connected
by the dispersion relation
|k | =nw.

In the geometrical optics approximation, we consider the case when the wave number is
large in comparison to the variation in the refractive index. We begin by restricting our
attention to a simple harmonic wave

iwcet

o(t,x) =u(x)e

This allows us to factor out the ¢ dependence in the wave equation, implying that u satisfies
the Helmholtz equation
Au+n?w?u=0. (3.2)

We seek complex solutions of the form
u(x) = A(x,w) e @S (3.3)

where the amplitude A(x,w) and the phase S(x,w) are real. Substituting (3.3) into the
Helmholtz equation (3.2) yields

Au+n*wu=[w? (=|VSP+n*)A+AA+ iw(2VS-VA+ (AS)A) }ei‘”s.
Since both A and S are real, we have the system
AA+w? (| VS|P +n?) A=0, 2VS-VA+ (AS)A=0. (3.4)

which is, so far, completely equivalent to the Helmholtz equation.
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Now in the high frequency approximation, we introduce asymptotic expansions of the
amplitude and phase,

Alx,w) ~ Ax)+w T A (x) o A (x) +
S(6,w) ~ S(x) +w S () +w G () + -

in decreasing powers of the frequency w. Substituting into the system (3.4), we collect
terms involving the same powers of w. The leading term, in w?, occurs in the first equation.
Since A # 0, we deduce that the leading phase S(x) must satisfy

|VS[? = n?, (3.5)

which is the eikonal equation we already encountered in (2.38). It says that the hyper-
surfaces of constant phase {S = ¢} are the same as the characteristic hypersurfaces for
the wave equation. If we interpret S as the action function, then the eikonal equation is
the same as the Hamilton-Jacobi equation (2.22) for the geometric optics Hamiltonian.
Thus, the phase surfaces propagate along the characteristics, which are just the solutions
to Hamilton’s equations.
The next term, of order w, says that the leading amplitude A(x) will satisfy the
transport equation
2VS-VA+ AAS =0. (3.6)

To solve this equation, suppose the curve (p(s),q(s)) in phase space determines a charac-
teristic for the associated characteristic system, where

F(g,u,p) = p* —n(g)*.

Then, if ®(q) is any function of position, we have

dd
T {®,F}=F%, =2p® =2VS -VO.
Therefore, along the characteristics, the transport equation (3.6) reduces to an ordinary
differential equation
— =—zAAS
ds 2

which can solved explicitly

A(q(s)) = exp [— 5 | As(als)) Alagas

Note that if A(q) = 0, so there is zero amplitude to leading order, then A = 0 along the
entire characteristic emanating from q. Therefore, in the first approximation, the solutions
to the wave equation are concentrated on the characteristics; this reflects the fact that
waves and signals propagate along characteristics.

If the index of refraction n(t,x) depends on time, then we can no longer replace the
wave equation by its stationary counterpart — the Helmholtz equation. Nevertheless,
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we can still investigate the high frequency approximation, assuming that the index of
refraction is a slowly varying function of both position and time. We make the ansatz

u(x) = A(t, x,w) e SExw), (3.7)
where the amplitude A and phase S are real. Substituting into the wave equation,
n? 2 2 1% o iwS
Au—c—zutt: {w (—\VS| +c_25t)+ }Ae“" )
where the omitted terms are lower order in w. Thus, we derive, as a first approximation,
the time-dependent form of the eikonal equation
2

n
VS| = 5582 (3.8)

In particular, if n is independent of ¢, then we can reduce to the time-independent form
(3.5) by setting S(t,x) = S(x) — ct.

Mazxwell’s Equations

A similar derivation holds for Mazwell’s equations for electromagnetic waves. The
electromagnetic field is prescribed by the electric vector E and the magnetic vector H. In
flat space, these satisfy the system of first order partial differential equations

0 .
a(sE)—ccurleélw_], div(cE) = 47 p, 59)
0 : _ :
—(pH)+ ¢ curlE =0, div(pH) =0,

ot
where c is the speed of light, € is the electric permittivity or dielectric constant, p the mag-
netic permittivity or permeability, j is the electric current density, and p the electric charge
density. Assuming that there are no charges and currents, and that the permittivities are

constant in time, we derive the time-independent form of Maxwell’s equations
curlH+ iwE = 0, curlE — iwH = 0, div(e E) =0, div(iuH) =0, (3.10)
for a simple harmonic field
E(t,x) = E(x) e ¥ H(t,x) = H(x)e ¢t

In the case of a homogeneous medium, so that the permittivities €, u, are constant, the
solutions are superpositions of plane waves

E(t,x) = ey eiwkx—cwd) H(t,x) = hy ¢!wkx—cwt)

Y

where e, h are constant vectors, satisfying

ceweyg+hy Ak =0, pwhy, —es ANk =0, e,-k=h;-k=0,
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where A denotes the vector cross product. The vectors e, h, which determine the direction
of the electric and magnetic field are orthogonal to the direction of propagation k, and to
each other. Substituting the second equation into the first, we must have

epnw?ey+ (eg ANk) Ak =0.
Now e, is orthogonal to k, so
(eg Nk) Ak =—|k|%e,.

Therefore, for the four equations to be compatible, the wave number k and the frequency
w must be related by the dispersion relation

k| =nw, where n=-\/ceu (3.11)

is the refractive index of the medium. Note that the speed of the electromagnetic wave is
v = cw/| k|, hence n = ¢/v as it should be.

As in the case of the scalar wave equation, we consider the case when the frequency
is large in comparison to the variation in the refractive index n, and so look for solutions
of the form

E(x) = e(x,w) ein(x,w)7 H(x) = h(x,w) ein(x,w)7 (3.12)
where the amplitudes e, h may be complex, but the phase S is real. Note that
curl E = (curle + iw VS Ae)elv’, divE = (dive + iw VS -e)e*.

Substituting (3.12) into Maxwell’s equations, we find the equivalent system

1 1
ce+VSAh=——curlh, ph—-—VSANe=—curle,

iw iw

1 1

In the high frequency approximation, we make an asymptotic expansion of the amplitude

e(x,w) =e(x) + w_lel(x) + w_zez(x) 4.

and the phase
S(x,w) = 8(x) + w1 (x) + w28, (x) + -

in decreasing powers of the frequency w. The highest order terms in the system are
ce+VSAh=0, ph—VSAne=0, e-VS =0, h-VS=0.
If we substitute the second equation into the first, and use the third equation, we find that
cpe=—-VSA(VSAe)=]|VS|e.
Therefore we deduce that S must satisfy the same eikonal equation
|VS|? =n?
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An alternative approach is to use the second order forms of Maxwell’s equations

c2 2

C

By = 0B =05
62 62

H, - EAH = E[V(H-Vlogu) + Vloge A curlH].

[V(E-Vloge) + Viogu A curl E],
(3.13)

Working as above also leads to the eikonal equation. The corresponding transport equa-
tions can be derived slightly more directly here; they are

de 1 (dlogm

2 ds

=3 —AS)e—(Vlogn-e)VS,

(3.14)

dh 1 (dloge
where d/ds denotes derivatives along the characteristics to the eikonal equation, i.e.,
d
d— =VS- -Vo.
ds

As before, the waves and signals propagate along characteristics.

High Frequency Limit and Quantization

In general, suppose we have a linear partial differential equation
Flp] =0, (3.15)
depending on a large parameter w. The differential operator F can be written as
F=F(z,10,w)

where F(x,p,w) is a smooth function, which is a polynomial in the derivative coordinate
p = 10. We use d = (9y,...,0,) to denote the derivative operators 0; = 9/9x,, j =
1,...,n. There is a problematic ambiguity in this representation, since we have to specify
the order of the derivatives and the function. For instance, if F'(z,p) = zp, then there is
a question as to whether this should represent the differential operator iz 0 or i0-x =
ixd 4+ i. For convenience, we adopt the convention that the derivatives always appear
last, so zp corresponds to the differential operator iz d. (However, this will come back to
haunt us later.)

More generally, if F' is no longer a polynomial in the derivative variable p, then we
can regard!

Pl = = / " Fla,p.w) Bp) e dp. (3.16)

t Here, for simplicity, we specialize to the one-dimensional case, with the evident multi-
dimensional generalization.
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as a Fourier integral operator. Here

~

1 > —ipx
W) = 7= / e (3.17)

denotes the Fourier transform of 1 (x), assuming ¥ € L2. The convergence of the integral
(3.16) requires that the integrand F' satisfy certain global growth conditions.
In the high frequency limit, we make the ansatz

Y(z,w) = A(z,w) ei‘”S(I"”),

where A and S are real, A having the usual asymptotic expansion in decreasing powers of
w. In order to determine the analogue of the eikonal equation, it is helpful to rewrite the

operator in the form
1
]::F(x,,—ﬁ,w) ,
iw

(where F' has changed meanings). We assume that for large w we can expand F' in an
asymptotic series

F({Il,p,w) ~ Fn(fll,p)wn+Fn_1(;1;,p)wn_1+ cee

where we call F, the leading component of the operator. Now, note that if v is given as
above, then

1 8¢_ii iwS
o o, e, (ACT)

s 1 dlog A

(9xj iw 8a:j

.

But the second term has order less that the first. It is not difficult to see that, in general,
F)=F (a:, % 8,w) Y =w"F, (2,V8) 1+ Ow" ).

Therefore, in the high frequency limit, the term w™F, (z, V.S)y will dominate the asymp-

totic expansion. In order that the equation F[¢)] = 0 hold, then, we find the analogue of
the eikonal equation to be

F (z,VS)=0. (3.18)
For instance, the Helmholtz equation is already homogeneous of degree 0, corresponding
to F(x,p,w) = —|p|?> +n% Thus (3.18) is coincides with the eikonal equation (3.5).

Now, what about the Hamilton—Jacobi equation? It will be the high frequency limit
of some linear wave equation. In fact, if we set

F(t7 x’ W,p) =T +H(t7x7p)7
where H is the Hamiltonian function, then
F(t,xz,S,,VS)=S,+H(t,z,VS)=0

is the Hamilton—Jacobi equation. This indicates that the corresponding wave equation is
1 1
— ¢, +H[Y] =0, where H=H|tz,—0|.
iw iw
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We denote w™! = h, which is known as Planck’s constant and has the units of inverse
frequency. (This is motivated by Einstein’s formula F = hw, where we fix the energy E.)
The resulting equation

ihy, =H[Y].

is known as the Schrédinger equation, and is the fundamental equation of quantum me-
chanics. We have found it by requiring that its high frequency (low #) limit reduce to the
Hamilton—Jacobi equation of classical mechanics. This means that we are endowing classi-
cal particles with a wave-like interpretation. The differential operator H = H(t,z, —i1h0)
is known as the Hamiltonian operator for the quantum mechanical Schrodinger equation.

Example 3.1. Consider the case of a particle in a central force field. Here the
Hamiltonian is given by

2
H(p,q) = % + V(r), (3.19)

where 7 = | ¢|. (Recall that this also describes the motion of two interacting masses, pro-
vided we go to center of mass coordinates.) The corresponding Hamilton—Jacobi equation

1S
2

05 +V(r)=0. (3.20)

1|08
ot  2m | Jq

Replacing p; by —1i 8j produces the associated Hamiltonian operator

h,2

where A is the ordinary Laplacian. The Schrédinger equation is

ﬁ2
ihipy == o~ Ap+ V(). (3.22)

In the case V(r) = —e?/r, where e is the charge on an electron, we are in the situation of
the quantum mechanical hydrogen atom, meaning a single electron circling a single (heavy)
proton.

A Word of Warning: The Schrodinger equation looks a lot like the heat equation, but
the complex factor i makes it of an entirely different character. It is, in fact, a dispersive
hyperbolic partial differential equation, not a dissipative parabolic equation. One way to
see the difference right away is to look at the norm of the solution’ |1 |2 = 1. For the
one-dimensional Schrédinger equationt

h2
ihy, = — 2 V., +V(z), (3.23)

T We use an overbar to denote complex conjugate throughout.

! The proof can be easily generalized to the n-dimensional case; see below.
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we have

rxr

‘“@E)+(_2zn

(mz; — P, ).

0 — - _
E‘wﬁzwwt‘kwtw:w( (g;)w)w
h

21m Or

Therefore, the L? norm of ¢(x), such that it and its first derivative tend to 0 as z — oo,
is constant:

d

h — _
Gl =5 [ letd= 2o (B -w¥)| o

o
'—OO
This is in contrast with the heat equation, where the L? norm of solutions decreases as
t~1/2 and they are immediately smoothed out.

At the moment, things seem rather simple. However, there are genuine problems with
the passage from a classical mechanical system to its corresponding quantum mechanical

counterpart. As an example, consider the central force field problem in R?, but written in
polar coordinates. The classical Hamiltonian becomes

_ 1 2 1 2
H = om (pr + 7“2 pg) +V(T>,

where p,.,p, are the momenta conjugate to the 7,0 coordinates. The Hamilton—-Jacobi

equation is
25 1 2S\* 1 [(0S\?
a*%{(a) *ﬁ(%) }*V“‘):O-

If we write the corresponding Schrodinger equation, we have

= — 2 (0t 2z 0) + VD (3.24)

On the other hand, the rectangular coordinate Schrodinger equation involves the Laplacian,
which, in polar coordinates, assumes a slightly different form:

1 1
AY = Yy + ¥y = Yy + =%, + 5 Vi, (3.25)

containing a first order term not present in (3.24). Thus, although the two classical systems
are completely equivalent under the change of variables, the same is not true for the two
corresponding Schrodinger equations.

What is going on? In our derivation of the geometric optics approximation to wave
optics, we only looked at the leading order terms in the partial differential equation, and ig-
nored lower order terms in w = A~!. Therefore, many different equations will reduce down
to the same classical system in the high frequency limit, and we have no way of knowing
from classical mechanics alone what the correct lower order terms are. (These are, as I
understand it, even difficult to determine experimentally in quantum mechanical systems.)
Thus, there is an inherent ambiguity in our derivation of the Schrédinger equation. The
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point is that changes of coordinates will preserve the leading order terms, but will not
preserve the lower order components (even if there are none in one particular coordinate
system). Thus, the rectangular Schrodinger equation, re-expressed in polar coordinates
has the form

.0 1 . 0\? 1 . 0\?
O—{—lhaﬁ-%(—lha) +W<—lh%) +V(’I‘>:|7,[J

h ., 0
+m<—lﬁa>¢

The leading order terms agree with the polar coordinate Schrédinger equation (3.24), but
the final order A term, which does not appear in the classical limit, is absent.

For the early quantum mechanists, this was not viewed as a problem. Basically,
they required one to quantize only in rectangular coordinates only. However, this is far
from a relativistic viewpoint, which asserts that physical laws must be independent of any
particular coordinates system on the space-time manifold. And, to this day, this inherent
ambiguity in quantization is still causing problems with the mathematical foundations of
quantum mechanics.

This is also related to our earlier ambiguity about the ordering of functions and
derivatives when we replaced the Hamiltonian function by the corresponding Hamiltonian
operator. In fact, note that the commutator

lq,—1h0,] = q(—ihd,) — (—ihd,)q = ih

of the operators corresponding to ¢ and p is of higher order in A than the operators
themselves. More generally, we have can show the following.

Proposition 3.2. Let F(q,p), H(q,p) be smooth functions of q¢ and polynomial in
p. Let F,H be the corresponding differential operators. Then

[F. 1] = ihG+O(R?),
where G is the differential operator obtained from their Poisson bracket G = { F, H }.

Proof: Here we present the proof in one dimension; the multi-dimensional version is
analogous. By linearity, it suffices to check the case when

F(g,p) = flg)p™, H(q,p) = h(q)p",
are monomials. Then
G={FH}Y=FH,~F,H, = [nf(q)h(a) —mfla)h'(q)] p" ™"
On the other hand, the corresponding operators are
F=fla)(=ihd,)™, H = h(q)(—ihd,)",
G =[nf'(q)h(q) —mf(q)h (q)] (—iho,)"t™ 1.
On the other hand, the commutator operator is

[F, 1] = [mf(@)h(q) —nf(q)h(g)] (=im)"TmapTm=t 4 ..
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where the omitted terms have the form g;(q) (= ih)" ™97+ ™~ for j > 2. Comparison of
the two expressions establishes the result. Q.E.D.

A similar result holds for the Fourier integral operators defined by non-polynomial
Hamiltonians. Therefore, if we quantize the function F(q,p) by using a different ordering
of the positions and momenta, we obtain a different Hamiltonian operator, but these will
all differ by commutators. For instance, if H(q,p) = h(q)p™, then we can rewrite this as
f(@)p’g(q)p™7, say, where fg = h, leading to the alternative Hamiltonian operator

H = f(q)(—1hd,) g(¢)(—1ha)" .

But
H—H=f(q)[(—ihd,),g(q)] (—ihd,)" 7 = O(h)

by Proposition 3.2. A similar result holds for the Hamiltonian operators obtained by re-
expressing the Hamiltonian function in different coordinate systems. This is because if we
change § = ¢(q), then p = ¢’(q) ' p, and 9, = ¢'(¢)~"' d,. However, if H(q,p) = h(q)p",
then

leading to

H=nle (@) ¢'(¢ @) " (~1hd,)".

whereas transforming the original Hamiltonian operator gives

he™ (@) (—ine' (¢ @)1 9,)"
But these two operators again differ by commutators, and so agree to leading order.

Corollary 3.3. The quantum operators obtained by reordering the q and —ihd,
factors in the formula for H(q,p), or by changing variables, differ by terms involving
commutators that are of order h and higher.

A significant problem, which is still not fully resolved, is whether there is a consistent
choice of quantum Hamiltonian operator. Dirac decided that the consistency might be a
consequence of requiring that the commutators and Poisson brackets match up exactly:
If F(q,p),H(q,p), are smooth functions of ¢, polynomial in p with the Poisson bracket
{F,H} = @G, then we require that the corresponding quantum Hamiltonian operators
satisfy the commutator relationship

[F,H] = ihG.

There are some mathematically reasonable ways to do this, most notably the method of
geometric quantization, [59]. However, some elementary systems, e.g., the helium atom,
are still not covered by this approach, and it has not been significantly developed in recent
years. Moreover, if we impose a few additional reasonable assumptions, then we run into
a roadblock: there are no consistent methods of quantization satisfying this hypothesis.
Another approach is to allow terms of order O(A?) in the commutator. Again, there are
some partial results, but the full theory still seems rather far off.
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Now, return to the Schrodinger equation
ihy, = H[Y]. (3.26)

Assume that the Hamiltonian operator H is independent of ¢t. Then we can separate
variables by setting

(t,z) = () e,
leading to the time independent form of the Schrodinger equation
H[D] = hw.
If we use Einstein’s relation between frequency and energy
E=hw, (3.27)

we see that the energy of a system must be an eigenvalue of the corresponding Hamiltonian
operator. There is thus an intimate connection between the possible energies of a physical
system, and the spectrum of the corresponding Hamiltonian operator. We assume (for
the time being) that the solutions of the time-independent Schrédinger equation must be
smooth and bounded over all space. In the particular case of the hydrogen atom, or a
more general particle in a central force field V (r), with V' — 0 as r — oo, the spectrum of

H=-A+V(r)

consists of two parts:

(i) The discrete spectrum, E < 0, which consists of a finite number of negative eigen-
values corresponding to bound states. The associated eigenfunctions v are in L2,
and, in particular, ¢y — 0 as r — oo.

(it) The continuous spectrum, E > 0, where the associated eigenfunction 1 no longer
goes to zero as r — 0o, but rather its asymptotic behavior is like that of a plane
wave e k% These correspond to scattering states.

The key difference between classical mechanics and quantum mechanics is that in clas-
sical mechanics, the energy can take on any positive value, but in quantum mechanics, the
bound state energies are quantized, i.e. they can only take on discrete values. The investi-
gation of the spectrum of Hamiltonian operators is the fundamental problem of quantum
mechanics. To do this properly, we need to discuss the basics of quantum mechanics and
the theory of operators on Hilbert space.
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4. Basics of Quantum Mechanics.

References: [20], [26], [30], [36], [50].

Classical mechanics Quantum mechanics

Underlying space Phase space M Complex Hilbert space &£
State of system Point (p,q) € M Wave function 0 # ¢ € £
Observable Function F' on M Self-adjoint operator F on &
Result of M ; Deterministic; Probabilistic;

esult of Measuremen always F'(p, q) on average (¥, F1)
Possible values of

physical quantity Any real number Spectrum of F

Time evolution Hamilton’s equations Schrodinger equation

(dynamics)
Change in observable Poisson bracket { F, H } Commutator [F, H ]

Change of coordinates ~ Canonical transformation  Unitary transformation

Phase space

Classical mechanics takes place in phase space M = R" x R"™, with coordinates
(p,q) = (Pys---3Ppy Qs - - -5 4,)- In Schrodinger’s wave mechanics, the corresponding quan-
tum mechanical phase space will be the complex Hilbert space £ = L2(R™), whose elements
are complex-valued square-integrable functions ¢: R™ — C depending on the position vari-
ables ¢ and satisfying

16l = w.0) = [ vida= [ JvPds<oe. (1.1

A nonzero element 1 # 0 is called a wave function of the quantum mechanical system,
and completely determines the dynamical state of the system at a given time. In quantum
mechanics, 1 is interpreted probabilistically; roughly speaking, it measures the (relative)
probability of finding the system in the particular physical state q. For instance, if we have
just one particle, then this will give the probability that the particle is in the position g of
configuration space. More specifically, if we normalize 1) to have unit norm || ¢ || = 1, then
the probability density |(q) |* dq represents the probability that the system will belong to
the element dq of configuration space. Note that a normalized wave function is determined
to within an arbitrary phase factor e'? for 6 € R.

More generally, the phase space of a quantum mechanical system is some (abstract)
complex Hilbert space £, which, by definition, is a complete inner product space, the
simplest example being £ = L?(R").
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Observables

The Hamiltonian operator for a system is an example of an observable physical quan-
tity for the system, representing its energy. In general, an observable physical quantity is
given by a linear operator

L:& — €.

defined on the Hilbert space. Actually, almost all operators of interest are not defined
everywhere on &, but only on some dense subspace of £.

For instance, let us focus on the one-dimensional case, where & = L?(R). The position
operator () corresponding to the classical observable ¢ is given by multiplication by ¢:

Qv(a)] = q(q). (4.2)

However, if 1(q) is an L? function, it is not necessarily true that g1 (q) is in L. Thus the
domain D(Q) of the position operator consists of all functions ¢» € L2 such that ¢ (q) € L2
also. Clearly this is a dense subspace of L2, (Indeed, it includes all smooth functions of
compact support, which already form a dense subspace of L2.) Similarly, the momentum
operator P corresponding to the classical observable p is given by differentiation:
., 0
Plw(e)] = ~in 3. (43)

It is only defined on the domain

P e C a—weLQ},

D(P):{weLQ 9a

which is also a dense subspace. One can also extend P to the Sobolev space H' C L2
consisting of functions ¢ € L2 whose (weak) derivative 9 /9q € L2 also, cf. [3].

If the system is in a state ¢ contained in the domain of the observable L, the expected
value of the observable is, by definition, its average:

(4, Ly)
L=

This formula is motivated by considering specific examples, e.g., the position and momen-
tum operators in the Schrodinger representation. If we assume that an observable physical
quantity can only assume real values, then its mean value must also be real. Therefore,

(¢, Ly) =(L)=(L)=(¢,Ly) =(Ly,¢) = (¢, L)

Here L* denotes the Hermitian adjoint of L, which, for simplicity, we assume to be defined
on the same domain as L. Since this holds for a dense set of states ¢ € £, we conclude
that L must be a self-adjoint operator, meaning that L* = L, and hence

(4.4)

(v, Lx)=(LY,x)=(x,Lv).

To prove this, we let a € C, and so
(¥ +ax, L +ax)) = (¢,Ly) +a(x, L) +aly,Lx) +|al® (x,Lx)
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must be real. The first and last summands are real by assumption, so the only way that
the entire expression can be real for all « is if the self-adjoint property holds.

Thus, observable physical quantities are given by self-adjoint linear operators on the
underlying Hilbert space. For example, in the case of wave mechanics, £ = L?(R"). It is
easy to check that, for all 7, k, the position operators

QJ[@[’(QH =4; ¥(q), (4.5)
the momentum operators -
Pilv@] = =ihg (4.6)

ij[w(q)}z—iﬁ<qja—%—qk aq.>’ (4.7)

are “formally self adjoint” operators, i.e., (3.15) holds for ¢ in a suitable dense subdomain
of £. The fully rigorous definition of self-adjointness will be delayed.

Schréodinger’s Equation

By the superposition principle, the time evolution of a quantum mechanical system
must be governed by a linear wave equation. If we also assume that knowledge of the
initial wave function ¢ at ¢ = 0 is sufficient to determine the time evolution of the system,
then the equation must be first order in the time variable:

Wy :MW’],

where M is some operator. Moreover, assume that the equation preserves the norm; then

0= SIWIP = (0} + {6, %) = (M, 9} + {6, M) = (&, (M + M*)3),

Arguing as above, we conclude that

M* = - M
must be skew-adjoint. It is traditional to write
1

M=_—"MH,
ih

where h is Planck’s constant, and H is called the Hamiltonian of the system, which, owing
to the factor i is self-adjoint:

H* =H.
Thus, the time evolution is governed by the Schrédinger equation
ihe, = H[o]. (4.8)

For the moment, we set A = 1 without loss of generality, since this can be effected by
suitably rescaling the time ¢.
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Theorem 4.1. IfH is a self-adjoint operator on a Hilbert space £, then it generates
a strongly continuous one-parameter group of unitary transformations

U(t) = exp(—itH). (4.9)

Conversely, if U(t) is any strongly continuous one-parameter unitary group on &, then
there is a self-adjoint operator H on &£, such that (4.9) holds.

Unitarity means the operator preserves the inner product and hence the norm, so
that, for each real t,

(Ut)y,Ut)x) = (Y, x), or, equivalently, Ut)y*=u@)"" (4.10)
One-parameter group means that for each real ¢t and s
Uit+s)=U(t)U(s). (4.11)
Strongly continuous means that
Ut)y — Ulty)y whenever t— 1, and Y e€. (4.12)

We can recover H from U (t) according to the limiting formula

Ut)y —¢
t
for ¢ in the domain of H. In fact, since H is self-adjoint, the left hand side approaches a
limit if and only if ¢ is in the domain of H. We call —iH the infinitesimal generator of
the one-parameter unitary group U (t).

— H[Y] as t—0 (4.13)

In the Schréodinger picture, the observables are fixed, and the states of the system
evolve in time according to

P(t) = U(t)4(0), (4.14)
so that the expected value of the observable L is given by
(L)(6) = (9(t), Lp(t)) = (U@, LU ) = (¢, UG LU ). (4.15)

Alternatively, in the Heisenberg picture, the states are fixed, while the observables evolve
in time according to

Lt)=U®*LU@®) =Ut)"'LU(t), (4.16)
satisfying the dynamical equation

ihL, =M, L) (4.17)

Spectrum

Let L: £ — £ be an observable. The statistical fluctuations of the measurement of
L when the system is in a state ¢ is determined by the root-mean-square deviation AL,
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defined by
(AL = ((L—(L))*)=(L*) + (L) (4.18)

When the deviation vanishes, AL = 0, there are no fluctuations, and the quantity L takes
on a well-defined value, namely ( L ), with certainty. For this to hold, according to (4.18),

K AR
or, since (¢, L*¢) = (L, L) = || LY |?, we find

(b, L) =& [ L.

This means that we have equality in the Cauchy—Schwarz inequality, and the only way for
this to happen is if ¥ and L1 are parallel, which implies that v is an eigenfunction of L:

Ly =\ for some scalar A € C.

Theorem 4.2. An observable physical quantity assumes, with certainty, a well-
defined value if and only if the state of the system is represented by an eigenfunction of
its associated quantum mechanical operator L. In this case, the value of the quantity is
the eigenvalue:

(L)=M\.

Recall that the eigenvalues of a self-adjoint operator are always real. Moreover, the
eigenfunctions corresponding to different eigenvalues are orthogonal. We can further as-
sume, without loss of generality, that the eigenfunctions have been normalized: || ¢ || = 1.

In general, given a state v, an observable L will take on values A € R with various
probabilities. In other words, the observable will determine a certain probability measure
du(X) = duy, (M) on the space R of possible values for L. This measure must satisfy

/00 du(\) = 1. (4.19)

— 00

The expected value of L then is the same as the first moment of the corresponding measure:

<L>:/oo Adu(\) = (\). (4.20)

—o00
The deviation of L is related to the variance of u:

oo

(AL)? = o? :/ (A= (X)) du(N), (4.21)

— 00

T Note: (L) is a scalar, so we should write L — (L ) I for the operator appearing in the middle,
but the identity operator is commonly omitted from such formulae since it is clear from the
context.
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which, as in (4.18), is calculated from the second moment

<L2>=/O° N2 dp(A) = (32,

— 00

In general, the moments of the probability measure du are given by the analogous formula

<L”):/OO)\”du()\):(>\">, n=0123,....

— 00

To reconstruct the probability distribution, the easiest way is to use the characteristic
function, which is essentially the Fourier transform of the measure:

x<s>=/oo e du(A) = (1),

— 00

from which we can reconstruct p by Fourier inversion. For instance, if we have a discrete
probability measure

u(A,) =c, >0, v=1,...,n, with chzl,

v=1

then

n

X(€) =) e

v=1

Thus, to determine the probability distribution associated with an observable L in a
dynamical state v, we need to calculate the expected value {e!¢%) of the solution to the
Schrodinger equation for L. For instance, suppose

b= ¢,

is a superposition of states 1, associated with eigenvalues A,. Since L is self-adjoint, the
1, are orthonormal. Assume that ) is normalized, so that

lol?=> =1

ey =Y e 1Ny,

hence the characteristic function associated with the corresponding probability distribution

will be . ) .
<61£L> _ <?,[J,6_I€L’I7D> :Z Cie_”’:)\".

We conclude that the associated probability measure is purely discrete, concentrated on
the eigenvalues ), each of which has probability ¢2. Therefore, we have the following
fundamental principle: for a state built up entirely of discrete eigenfunctions, the only
values that an observable may take on are the associated eigenvalues. In particular, we
have deduced the basic superposition principle of quantum mechanics: If measurement of

Then
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a system in state 1); leads to result 1, while measurement in state i, leads to result 2,
then every linear combination ¢, + ¢y, gives a state in which the same measurement
leads either to result 1 or result 2.

Only very special operators will have a purely discrete spectrum. (An example is the
harmonic oscillator, considered below.) Thus, in general, we must widen our scope beyond
just the eigenvalues of an operator. For instance, consider the one-dimensional momentum
operator P = —1hd,. If ¥(q) is to be an eigenfunction for P it must satisfy

—ihy, =\,

which implies that 1 is a multiple of the complex exponential exp(—ih~*Aq). But this
function, while bounded, is not an L? function, and thus does not lie in our Hilbert space.
Things are even stranger for the position operator Q) = ¢. If 1/(q) is to be an eigenfunction
for @), it must satisfy

q¥(q) = AY(q),

for some constant A\. But this implies that ¥(q) = 0 except possibly at ¢ = 0. This
would imply that ¢ = 0 as an L? function, which is not normalizable. Therefore, we would
conclude that the position operator cannot have physical values, which is clearly untenable.

There are two ways out of this dilemma. A physicist would, at this point, introduce
the Dirac delta function, which is a “function” §(q) which satisfies

d(q) =0, q#0, whereas /OO d(q)dg = 1. (4.22)

— o
In point of fact, there is no classical functions that simultaneously satisfies both of these
properties. More rigorously, §(q) defines a distribution or generalized function, namely a
continuous linear functional on the space C3° of smooth functions with compact support,
satisfying

o= T H@6(@dg=f(0), forall feCE. (4.23)

An alternative approach is to note that while the position operator (Q does not have any
eigenfunctions per se, it does have “approximate eigenfunctions”. Indeed, given A € R, if
we set

0 1 —(g—N)?/(20%
wa(Q):me(q /e, o >0,

so that || @U | =1 for all o, then

-~ -~ * (g—=N)? —(g=N)?/o? 12
1Q0, D, P = [ U2h et g — o,
o o f 2

— 0

using the fact that

/ x? e_I2 dr = g

-0

Therefore, for every € > 0, we can find a normalized function v, satisfying
QY. — Ay || <&, e | = 1.
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We just set 9, = @Za for any o < v2e¢.
A similar statement holds for the momentum operator P = —ihd,: we just use the
approximate normalized eigenfunctions

-~ 1 2 2 :
_ —q7/(207) ,iXg/h
wa(Q) - 7_‘_1/4 0_1/2 € € ’
for any 0 < o < h/(v/2¢). The existence of such approximate eigenfunctions is one way of
characterizing the continuous spectrum of such an operator; see below.

Now consider two different observables, represented by operators L and M. In order
that they simultaneously have a definite value on a given state v is that ¢ be a common
eigenfunction of L and M:

Lip=Xy, My =py.

In particular, this implies that
[L,M] =0,

i.e., the commutator between L and M vanishes on . Conversely, if the operators com-
mute, [L, M] = 0, then, assuming a purely discrete spectrum, they possess a complete
set of common eigenfunctions, upon which they simultaneously can be measured with
precision. In this sense, we say that commuting operators correspond to simultaneously
measurable quantities.

For example, in the canonical quantization, the position and momentum operators
(4.5), (4.6) satisfy the canonical commutation relations
ih, j =k,
[Qj?Qk]:O:[Pj7PR]7 [ijpk]: ihéjk:{ . (4-24)
0, j# k.
Therefore, one can simultaneously measure all position operators or all momentum oper-
ators, or some positions and momenta as long as a position and its conjugate momentum
are not both measured. In the latter case, we have the famous Heisenberg Uncertainty
Relations, to be discussed next. For similar reasons, one cannot measure more than one
angular momentum with certainty; see below for details.

The Uncertainty Principle

The justly famous Heisenberg Uncertainty Principle lies at the heart of quantum
mechanics, and serve as the crux of many of its strange experimental manifestations and
possible philosophical interpretations.

Theorem 4.3. Let QQ, P be operators satisfying
[Q,P]=ih (4.25)

Then the variations in the measurements of the two corresponding observables is restricted
by the Uncertainty Relation

AQ-AP > 1h, (4.26)
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Proof: By definition

AQ=((Q-(Q)2) =\(Q)2,  AP=\J(P—(P))2)=1/(P)2,
where
Q=0—-(Q), P=P—(P).
Since (@ ), ( P) are scalars (or, rather, represent scalar multiples of the identity operator),
[Q,P] = ih, AQ = AQ, AP = AP.

By the Cauchy—Schwarz inequality,

(AQ)? (AP)* = (4,Q%¢) (v, PPv) > [(v,QPv) .
Moreover, A o R R

QP=4(QP+PQ)+3[Q,Pl=R+3ih,
where R = % (@ P+P @ ) is the self-adjoint component of @ P. Therefore,
(¢, QPy)=(R)+3ih
prescribes the real and imaginary parts of the left hand side, and hence
(AQ)* (AP)* = (R)* + 1 1%,

which implies the uncertainty relation. Moreover, the uncertainty relation (4.26) will be
an equality if and only if

(a) @ =\ P 1, so that Cauchy—Schwarz is an equality, and
(b) 0=(R)= A+ (P?), so A is purely imaginary. Q.E.D.

Remark: By a slight modification of the above proof, one can generalize the Uncer-
tainty Relation (4.26) to produce

(Q,P]=1S implies that AQ-AP > 1 (8S). (4.27)

5. Linear Operators and Their Spectrum.

References: [26], [45], [46], [50].

Hilbert Space and Linear Operators

We work with a complex Hilbert space &£, i.e., a complete inner product space. For us,
convergence means convergence in norm, i.e., ¥, — 1 means that for every € > 0, there
exists an N_ such that ||, — 9| < e whenever n > N_. We will usually also assume that
£ is separable, meaning there exists a countable dense subset, which is equivalent to the
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existence of a countable orthonormal basis ¢, ¢,, ¢3,.... If the basis is finite, then & is
isomorphic to C™; if the basis is infinite, then £ is isomorphic to the space

02 =4 (2,29, 23, ) Z|zj|<oo (5.1)
j=1

consisting of all square summable sequences of complex numbers. For instance, L2[0,27] is

separable, since the complex exponentials ¢! /v/27 form a basis, by Fourier’s Theorem,

which implies that the Fourier series for an L? function converges in norm to that function.
A linear operator L: & — & is bounded if there is a ¢ > 0 such that

| Ly || <c| v forall ¢ €f&. (5.2)

The smallest such c is called the norm of L, denoted || L ||. It is not hard to see that || L ||
defines a norm on the linear space of bounded operators on £, and moreover

LM< ([ L] Ml (5.3)

for any operators L, M. Bounded operators are the same as continuous linear operators.
In finite dimensions, every linear transformation is continuous, and hence bounded; indeed,

I LI =sup { | Lyl [[9] =1} < oo,

where we use the fact that the unit ball in a finite-dimensional metric space is compact.
This is no longer true in infinite dimensions. If L is only defined on a dense subspace, but
satisfies (5.2) there, then it can easily be extended to a bounded operator on all of £.

Unfortunately, most of the operators in quantum mechanics are unbounded. In fact,
we have the following result:

Theorem 5.1. Let (Q, P be linear operators defined on a common dense subspace

of a Hilbert space £, which satisfy the canonical commutation relation [Q, P| = o where
a # 0. Then Q and P cannot both be bounded.

Proof: By induction, starting with the canonical commutation relation, we find
QP" — P"Q =naP" L. (5.4)

First note that P (and @) cannot be nilpotent, i.e., P™ # 0 for all n. Indeed, if P* =0
for some n, then (5.4) would show that P"~! = 0 also, which is absurd. If both Q and P
are bounded, then, using (5.3),

nlal PP = naPr < 2lQII P <2]QIIPI P
Now, by the first remark, P"~1 £ 0, so || P"~! || # 0. Therefore,
20Q I Pl =nlal, foral n=0123..

which is not possible if both are bounded. Q.E.D.
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Corollary 5.2. There is no realization of the canonical commutation relations (4.24)
on any finite-dimensional Hilbert space.

Corollary 5.2 can also be easily proved by taking traces.

Even though we must in the end deal with unbounded operators, it is nevertheless
extremely useful to have the easier theory of bounded operators under control. If L: £ — &£
is a bounded linear operator, then its kernel K = ker L and range R = rng L are subspaces
of £. In general, we can determine a unique inverse to L if and only if = {0} is trivial,
since then there will be a unique solution to the equation L = 1 whenever ¢v» € R. In
this case, the inverse of L will be the (possibly unbounded) linear operator M: R — &
defined on the range R C &, such that ¢ = M1 is the unique solution to L¢ = 1. In finite
dimensions, L has an inverse if and only if R = £. In infinite dimensions, things are much
more subtle, since R could be a subspace of £ even when L has an inverse. For example,
consider the shift operator

L(zy,29,253,...) = (0,29, 25, 23, .. .) (5.5)

on the space £? of square summable sequences (5.1), which clearly has an inverse on its
range
R ={(wy,wy,w3,...) | wy :O}QKQ-

On the other hand, the inverse M can, in general, be extended to a bounded operator on
all of £ if and only if R = €.

The Spectral Theorem

In finite dimensions, the Spectral Theorem asserts that every symmetric (Hermitian)
matrix possesses a basis of eigenvectors, and hence can be diagonalized, [44]. In terms
of the eigenvector basis, the associated linear transformation just looks like multiplication
by the eigenvalues, i.e., acts as a diagonal matrix. The Spectral Theorem for bounded
operators on Hilbert space asserts essentially the same result.

Theorem 5.3. Let L be a bounded operator on Hilbert space £. Then there is a
finite-dimensional measure space (X, ) and a unitary map U:L2?(X, u) = € such that
U*TU is multiplication by a complex valued function f € L>(X, ).

If L is self-adjoint, then f is real. Thus, in its spectral representation, L is given by
multiplication by the function f. It is not hard to see that the spectrum of a multiplication
operator is the same as the essential range of f, defined by

essrngf:{)\‘ p{z| A—e< f(z) <A+e} >0 forall 5>0} (5.6)

since the inverse of f — X is just 1/(f — A), which is bounded provided A is not in the
essential range of f. Just as any measure p can be decomposed into a pure point part and
a continuous part, so the spectrum of an operator decomposes into a discrete part (the
eigenvalues) and a continuous part. We will have more to say on this later.

The Spectral Theorem 5.3 can also be formulated in terms of spectral projections.
Given theset { x| f(x) < A}, let x, () denote its characteristic function, so that x, (z) =1
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if f(x) < X and is zero otherwise. Thus, x, € L*(X, ), and we can consider the cor-
responding bounded operator E, = Ux,U™ which is a projection on £. (For a finite-
dimensional Hilbert space, E, would be projection onto the subspace spanned by all
eigenvectors corresponding to eigenvalues < \.) Then,

L= /AdEA (5.7)

where the integral is a Riemann-Stieltjes integral. Using this representation, we can develop
a functional calculus of bounded, self-adjoint operators, so that if F' is any bounded, Borel
measurable function on R, then

F(L) = /F()\) dE, (5.8)

is the operator whose spectral representation is multiplication by the function F'o f. For
example,
dE,

E, =x,(L), L™ = /)\” dE,, L1 = X

the latter as long as 0 is not in the spectrum of L. (In fact, the functional calculus
makes sense provided F' is only defined and bounded on the spectrum of L.) Note that
the functional calculus of operators immediately provides a proof of the existence of the
unitary group e'*, when H is a bounded self-adjoint Hamiltonian. We just set

eltH :/ei“‘dEA. (5.9)

The most interesting operators in quantum mechanics are unbounded operators. For
example, the momentum operator —ih 9, does not act on all of L2, only on the dense
subspace of C! functions whose derivatives are also in L? (or, more generally, the Sobolev
space H'). Nevertheless, for certain operators, a version of the Spectral Theorem 5.3 still
holds. For instance, the momentum operator can be transformed into a multiplication
operator by using the Fourier transform

F:12(R,dg) — L3(R,dk) FLf(a)] = f(k)

() -min

Thus the spectrum of the momentum operator is entirely continuous, consisting of the
entire real line, with spectral measure dk. This means that any value of the momentum
of a quantum particle is observable, with equal probability. Moreover, since the function
k is not bounded, the momentum operator cannot be bounded. For a direct proof of this,
let () be any L? function which is also C! and whose derivative ¢’ is also L2. Consider
the functions

v RO

so that

Y, (x) = Vo p(ox) for o> 0.
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These all have the same norm since

[ ||2Z/UISO(M)Ide:/Iw(y)IQdyZ e ?.
However, their derivatives are
by =0 p(ow),

and have unbounded norm since

(Ke H22/03\90’(056)\26&6202/\@’(y)\zdy=02|lw’l|2~

Spectrum of Operators

In finite dimensions, the spectrum of an operator (matrix) L coincides with its set of
eigenvalues. These are the complex numbers A such that L—AT is not invertible. In infinite
dimensions, things are more delicate. Given a bounded operator and a complex number
A € C, the operator L — A1 could be invertible, with either bounded or unbounded inverse,
or not invertible at all. We distinguish these possibilities with the following definitions.

Definition 5.4. Let L be a bounded linear operator on a Hilbert space £. The
resolvent set of L is defined as

p(L)={X| (L —AI)"" exists as a bounded operator } . (5.10)

The operator R, = (Al — L)™' is called the resolvent of L. The complement of the
resolvent set

o(L)=C\ p(L) (5.11)
is called the spectrum of L.

Lemma 5.5. If L is an operator with range & and L™" is bounded, then for ¢ € C
sufficiently small, L + €1 also has a bounded inverse.

Proof:
(L+el) ' =L " (T+eL™) ' =L ) (—eL™H™
n=0
Since ||e L7 || = |e||| L7t || < 1 for € sufficiently small, the operator series converges, and
defines (L +e1)~! as a bounded operator. Q.E.D.

Corollary 5.6. The resolvent set of L is an open subset of the complex plane, and
so the spectrum is a closed subset.

If L is self-adjoint, its spectrum o(L) C R is a closed subset of the real line. We
further divide the spectrum into three disjoint pieces.
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Definition 5.7. Let L be a bounded operator on the Hilbert space £. The point
spectrum of L is

o,(L) ={A| L—AI hasnoinverse } = {A| Ly = Ay forsome 0#¢ €’ }.
The (naive) continuous spectrum of L is

o.(L)={A| L—AI hasan unbounded inverse whose domain is dense in € }.

The residual spectrum of L is

o,(L)={A| L—AI has an inverse whose domain is not dense in £ }.

Thus, the spectrum is the disjoint union
o(L)=0,(L) Vo.L)V o,(L) (5.12)
of the point, continuous, and residual spectra.

Remark: Later, we will introduce a more sophisticated definition of the continuous
spectrum, which will allow a number to be in both the point and continuous spectrum.
As it stands, if we take the direct sum of two operators L @ M such that A is in the point
spectrum of L and in the continuous spectrum of M, then, by the current definition, it
ends up just in the point spectrum of the sum, which is not really correct.

Proposition 5.8. If L is a self-adjoint operator, then L has no residual spectrum.

Proof: Choose 0 # ¢ € £ which is orthogonal to the domain of the inverse of L — AT,
which is the same as the range of L — A1. Thus,

0= (p,(L—-AD)Y)y=((L—=—Al)p,v) forall ¢ €é&.

This implies that (L — A1)¢ = 0, and hence ¢ is an eigenfunction of L which means that
A is in the point spectrum of L. But the three subsets are disjoint, so A couldn’t have been
in the residual spectrum. Q.E.D.

As above, we define an approximate eigenfunction for the operator L to be a sequence
of elements ¢, ¥, 15, ... € & satisfying

|, 1l =1, | Ly, — A, || — 0 as n —s 0o, (5.13)
for some A\ € C.

Proposition 5.9. Let L be a bounded linear operator on a Hilbert space £ with
no residual spectrum. Then L has an approximate eigenfunction corresponding to the
complex number X if and only if A is in the spectrum of L.

Proof: Let
A=1L-\I, Xn, =AY, =L, — A,,.
If A& o(L), then B = A~! is bounded, hence
L={l¢, I =11 Bxu [l < B I xnll-
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Thus, we cannot have || x,, || — 0, and so there are no approximate eigenfunctions asso-
ciated with A.

Conversely, if A is in the point spectrum, we just choose 1, = 9 to be the associated
eigenfunction for all n, so that || x,, || = 0 for all n. If X is in the continuous spectrum, let
X,, be elements of the domain of B = A~! such that || x,, || = 1 and || By,, || — oo. Now,
setting ¥, = || x,, | ! Bx,,, we find

Awn = || Xn ||_1 Xn — 07
so the sequence 1),, defines an approximate eigenfunction. Q.E.D.

Remark: A point in the residual spectrum may or may not have an approximate
eigenfunction. For instance, consider the shift operator (5.5). One finds that 0 belongs to
its residual spectrum, but || L || = || ¢ || for all ¢ € £2.

Finally, we define the genuine continuous spectrum. Given a bounded operator L on
the Hilbert space &, let £, C £ be the subspace spanned by the eigenfunctions of L. Note
that &, is invariant under L . If L is self-adjoint, its orthogonal complement £, = 5; is also
invariant. These two subspace correspond to the point and genuine continuous spectrum
respectively. We define the continuous spectrum o ,(L) to be the set of all A for which there
exist approximate eigenfunctions orthogonal to £, i.e., 1, € £, for all n.

The most interesting operators in quantum mechamcs are unbounded operators. For
example, the momentum operator —i%h 9, does not act on all of L2, only on the dense
subspace of C! functions whose derivatives are also in L? (or, more generally, on the
Sobolev space H'). Let € be a Hilbert space, and let L be a linear operator from a subspace
D(L) C € into &. In general, the domain D(L) is not closed, but we do assume that it is
dense in £. An operator L is called an extension of L, written L C L, if D(L) C D(L)
and L = L on D(L). The operator L is called closed if its graph { (¢, L) | € D(L)}
is a closed subset of &€ x £. We call L closable if the closure of its graph is the graph of
an operator, denoted L, which is of course an extension of L. This is equivalent to the
condition that if ¢,, € D(L) with ¢,, — 0 and Ly, — 1, then ¢ = 0.

The adjoint L™ of a densely defined linear operator is the linear operator defined as
follows. Its domain is given by

D(L*) ={ | there exists xy € £ such that ( L1y, ¢) = (1, x) for all » € D(L) }.

For ¢ € D(L*), we set L*(¢) = x as defined above, verifying that it is uniquely specified
and linear.

The linear operator L is symmetric if L C L*. It is self-adjoint if L = L*. It is
essentially self-adjoint if L = L*, or, equivalently, L** = L*. The Spectral Theorem 5.3
only holds for self-adjoint operators, and only self-adjoint operators may be exponentiated
to give one-parameter unitary groups.

The condition of self-adjointness is rather subtle. It depends not only on the operator
being symmetric (formally self-adjoint), but also very much on the domain of definition,
which in turn includes the boundary conditions we impose.
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Example 5.10. Consider the momentum operator P = —id,. (We set h = 1
for simplicity.) First consider a system on a finite interval [a,b], so the Hilbert space is
& =12 =1?%a,b]. Let A = Ala,b] denote the set of absolutely continuous functions on
[a,b], i.e., functions 9 of the form

P(x) =(a) + /m o(y) dy with pell (5.14)

where ¢ = 1)’ almost everywhere. These are the functions one can integrate by parts.
Consider the domain

D(P)={v¢| v e A ¢ eL? ¢(a)=(b)=0}.

The boundary conditions are to ensure that the operator P is symmetric. Indeed, if
v, € D(P), then integration by parts implies

b b

- _ b _
<¢,P¢>:/w<x><—i>w<x>dw: i o(2) B(a) _a+/(—i)w'($)¢(w)dfﬂ=<P90,¢>-

=

However, the boundary conditions are too strong for self-adjointness. Clearly the above
computation does not depend on ¢ vanishing at the endpoints, although we do need ¢ to
still be absolutely continuous with L? derivative. Therefore the adjoint P* has domain

DP )Y ={¢| peA ¢ el?}.

and P C P*, so P is not self-adjoint on the above domain. Moreover, if we compute the
adjoint P** of P* we find that we must reimpose the boundary conditions, so P** = P,
and hence P is closed. Thus P is a closed, symmetric, but not self-adjoint operator. Its
adjoint P* is a proper extension of P, but is not symmetric since P** C P*.

__ However, it is possible to extend P to be self-adjoint. For instance, extending P to
P, defined on the domain of periodic functions

D(P)={v| b e v eL? d(a)=v(b)}
will do. Indeed, the same integration by parts argument will be valid if and only if ¢ is

also periodic, so in this case P = p*. However, this is not the only way to extend P. We
can also apply the same argument for

DP)={v¢]| veA ¢ eL? y(a)=ay(®)}

for any complex number of modulus |a| = 1. Thus, P has an entire “circle” of different
possible self-adjoint extensions, P C P, C P*, but no maximal self-adjoint extension.

What do these different self-adjoint extensions mean physically? If we take P to be
the Hamiltonian, then the solutions of Schrédinger’s equation'

T The factors of i cancel.
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are just translated waves
bit,x) = fla—1). (5.15)

On a finite interval, a localized wave packet will, for small ¢, translate unchanged. However,
after it reaches the endpoint 1, since the norm must be preserved, it has to reappear at
the other endpoint 0, i.e., the interval should be viewed as bent into a circle. The different
self-adjoint extensions of P then tell how the wave reappears, with o endowing it with an
extra phase factor. Therefore, different self-adjoint extensions lead to different physics.
Next consider the same operator, but on the half line [0, 00). We have the domain

,D(P):{w‘ ¢€A7 ¢/€L27 w(o)zo}
The integration by parts argument proceeds as before:
(0. P0) = [ @ T DT @ = 100 T@)[ + [ ()@@ B)ds = (Po.,b).
0 0

Again, the boundary conditions are too strong for self-adjointness, and

0

DP*)={¢| peA ¢ eL?}.

Then PC P*, so P is a closed, symmetric, but not self-adjoint operator. Its adjoint P* is a
proper extension of P, but is not symmetric since P** C P*. However, in this case there is
no possible way to extend P to be self-adjoint. (This will follow from Weyl’s Theorem 5.11
on deficiency indices stated below.) In this case, the solutions to the Schrédinger equation
run into problems when they hit the endpoint x = 0, and there is nowhere for them to go
while simultaneously preserving the norm.

Finally, if we look at P on the entire real line, then no boundary conditions are needed,
and P is self-adjoint on its natural domain of definition

D(P)={y¢| veA ¢ eL?*R)}.

Now there are no endpoints to worry about, and the corresponding solutions to the
Schrodinger equation are just translations (5.15) of the initial state (0, z) = f(x).

There is a useful criterion for an symmetric operator to admit self-adjoint extensions,
due to Weyl, which we state without proof.

Theorem 5.11. Let L be a symmetric operator on a Hilbert space £. Then the
following three conditions are equivalent:
(i) L is essentially self-adjoint;
(i1) ker(L* 4 1) ={0};
(1) rng(L £ i) is dense in £.
More generally, we define the deficiency indices of a closed symmetric operator to be

m = dimker(L* + 1), n = dimker(L* — 1). (5.16)

Then L has a self-adjoint extension if and only if m = n, in which case there is a (real)
m?-parameter family of different possible extensions corresponding to different possible
isometric mappings of ker(L*™ — i) onto ker(L* + i).
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For instance, the momentum operator P has deficiency indices (1,1) on the finite
interval, since e™® lie in the kernel of P* + i. This results in the 1-parameter family P,
of self-adjoint extensions which map e® to ae™® for |a| = 1. On the half line, P* + i
has no kernel (since e® is not in L?), whereas P* — i still has e~® in its kernel. Thus the
deficiency indices are (0, 1), and no self-adjoint extension is possible. On the entire line,
neither operator has a kernel, so the deficiency indices are both 0, and P is self-adjoint.

Example 5.12. Consider the operator L = —d?/dz? on the entire real line. A
domain is given by

D(L)={w]| beCl, v el2(®)}.

(This can be weakened by admitting functions in the Sobolev space H?, consisting of L2
functions whose first and second (weak) derivatives are also in L2.) Then L is self-adjoint
on D(L) since

(.20 = [ o) [Z07@)] do = [¢ @) - o) T@)[_ - [ o)) da

[ ¢ @B de= (L),
Note especially that the assumption that ¢ and ¢ are C! is required so that no extraneous
boundary terms show up inside the interval. The spectrum of L is continuous, and consists
of the nonnegative real axis. Each A = k% > 0 is doubly degenerate. Note that, for A < 0,
the solutions to L1 = A1 are real exponentials, so to obtain an element of the spectrum,
we would need to have 1 decaying at both 00. We cannot piece them together to form
an eigenfunction, e.g., by setting

{ e ke x>0,

N where k>0, —k*=\
e’ r <0,

which, while certainly L2, is no longer C!, and lies outside the domain of definition of
L. If we try to extend the domain of definition of L to include such piecewise smooth
functions, we would no longer have a self-adjoint operator since the integration by parts
would produce an extra contribution at = 0. In the language of distributions, the second
derivative of such a function is not, in fact in L2, since it has a delta function discontinuity
at x = 0 and hence is not a constant multiple of the function. Again, we see that domains
of definition for self-adjointness are extremely important.

Here, one can explicitly construct the resolvent. For A not on the nonnegative real
axis, let k2 = — X with Re k > 0. Then, given ¢(z) € L?, the L? solution to

Ly —Ap=—y"—Ap=9p
is given by convolution with the Green’s function:
S e_k‘ r—y ‘

T o(y) dy. (5.17)

Y(z) = Ryp(z) = (L — )\I)_lgp(a:) = /

— 00
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Thus, for A not on the nonnegative real axis, the resolvent is a bounded operator on L?,
and hence the spectrum is contained in the nonnegative real axis.

It is also instructive to consider the operator on the half line [0, 00). We begin with
L = —d?/dz? defined on the domain of C* function of compact support in (0, 00). In this
case, the deficiency indices are both 1 since the L? solutions of —1” = i1 are multiples

" v —ew (=10 ).

It is not hard to see that the resulting one-parameter family of self-adjoint extensions of
L have domain

D(L,)={¢| vel? v €A ¢ €L ¢/(0) +au(0)=0}.

where a € R U {00}, with the boundary condition for a = oo being 1(0) = 0. Now, for
a # 00, a bounded solution to the stationary Schrodinger equation in this domain is

elk.’E +B€_lkm,

where § = (ik 4+ a)/(ik — a), and k = v/A. This corresponds to a wave of momentum
k coming in from oo, and reflecting at * = 0 with the change of phase given by 5. The
case o = oo corresponds to a hard wall potential, where the induced phase change for all
momenta is § = —1.

So far we have been dealing with approximate eigenfunctions for these operators.
However, these will not serve as legitimate state variables since they do not belong to
L2. To construct a bona fide wave function, we must sum up a collection of approximate
eigenfunctions, weighted by their phase. Specifically, we look at the combination

wmzjfiwnmww

corresponding to the weighting factor @Z(k) € L2, which is just the Fourier transform of
¥ (z). Depending on the nature of the weighting factor, we will have different probability
distributions. For instance, if (k) is concentrated near k = ko, then 1 (z) corresponds
to a quantum particle whose momentum has, when measured, a value near hk, with very
high probability. This is because application of the momentum operator P = —ihd,
to the approximate eigenfunction yields hkel*?, so its “expected value” is hk. Thus,
except for the factor of h, we can identify the wave number k with the momentum of the
corresponding particle. Similarly, if ¢(x) is localized near z,, then it corresponds to a
quantum particle whose position measurements are concentrated near z,. Note that, by
the Uncertainty Principle, if the momentum is concentrated, the position is spread out
over the entire line, and vice versa.

Now, consider the time evolution of such a wave function under the Schrodinger equa-
tion

ih, = —h*y,,
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where we have restored the factors of & so as to be better able to compare with the physics.
The approximate eigenfunctions individually evolve according to

Witz k) = et ke 1Ak (5.18)

which corresponds to a traveling periodic wave having wave velocity c¢(k) = hk, which
coincides with the momentum of the particle. Again, these solutions are not in L2 and so
are not physical. To construct a physical solution to the Schrodinger equation, we take a
suitable superposition

Y(t, o) = /Oo D) eI

corresponding to the weighting factor IZ(k) € L2. Now, the behavior of this solution is less
clear, although for specific weighting functions the integral can be evaluated explicitly, of
course. For instance, if

P(k) = e~ k=ko)® a >0,

is a (un-normalized) Gaussian, then, completing the square in the integral yields

/ m .
t — p+io
¢<7x) Oé+ihte )

where ) ) S )
p:_oz(a:—QhkOt) ’ 02_404 kox —4a”hkit+ hx t' (5.19)
402 + h2t2 4a? + h?t?
The corresponding probability density on position space is
2p
|t 2) |2 de = ——C da.

Va2 + h?t?
Note that the probability density is the highest where p = 0, i.e., where z = 2At. Therefore,

the probability wave moves with combined velocity 2 A, which is twice the velocity of the
individual wave with wave number k.

Dispersion and Stationary Phase
References: [28], [40], [57], [60].

At first sight the preceding discussion may seem paradoxical (or even wrong), but
is merely a manifestation of the well-known distinction between phase velocity and group
velocity for a packet of waves in a dispersive medium. In general, a linear partial differential
equation governing the propagation of waves is called dispersive if the individual Fourier
modes move with different velocities, corresponding to complex exponential solutions of
the form

Y(t, x, k) = etkemivt (5.20)

where the wave number k and the temporal frequency w are related according to the
dispersion relation w = w(k). For example in the case of the Schrédinger equation, in view
of (5.18), the dispersion relation is w = h k2. The individual wave (5.20) moves with wave
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speed or phase velocity ¢, = w(k)/k, but a packet of waves with wave numbers concentrated
near k moves with the group velocity c, = w'(k), which, except in trivial cases, e.g., the
linear wave equation, is not the same. (It can be higher or lower, depending on the precise
dispersion relation.) The energy in the system also travels with the group velocity, not
the phase velocity. A familiar example is when you drop a rock into a still pond. The
individual waves move with the phase velocity, but the group of waves corresponding to
the disturbance moves with the group velocity. Thus, one observes (in the deep water
case, where the phase velocity is approximately twice the group velocity) individual wave
crests appearing at the back of the main disturbance, moving through the disturbance
first growing in size and then decreasing, and finally disappearing at the front of the
disturbance. (Try it!) In quantum mechanical contexts, a similar phenomena happens for
the wave function solutions to Schrédinger’s equation, except that the group velocity is
now larger than the phase velocity, and so the waves appear at the front of the disturbance,
and retreat to the back before disappearing.

Furthermore, there will be some spreading out of the wave due to dispersion. For
the exponential e_o‘(m_“)z, the larger o is, the more concentrated it is near z = x,. In
the present case, if a is small, then the initial wave function ¢ (z) is concentrated in
position space near x = 0. (To introduce a phase shift to concentrate ¥ (x) near z =
§, we would multiply the original weighting function by a complex exponential e~ 1°.).
However, as soon as ht gets to be of any negligible size, the corresponding coefficient
a(t) = a/(4a® + h*t?), as prescribed in (5.19), becomes small, and the wave packet has
spread out over a large region of position space. This reflects the fact that, by specifying
the initial position of the particle rather precisely, the Uncertainty Principle implies that we
have very little knowledge of the initial momentum, and so after a time the particle could
have ended up almost anywhere. On the other hand, if « is large, so the initial momentum
is well specified, although we have little knowledge of the initial position, then it remains
reasonably localized in momentum space, but with a slight spreading as t increases. But
the observed momentum of the particle is governed by the group velocity, not the phase
velocity corresponding to its initial momentum!

For more general weighting functions, we can no longer evaluate the basic integral
directly. However, our qualitative conclusions still hold. To derive these we need to
analyze oscillatory integrals of the above and more general type. This can be done using
the method of stationary phase, that dates back to Lord Kelvin in the nineteenth century.

Consider a superposition of the individual harmonic waves (5.20):

Y(t,x) = / f(k)etko—iw®)t gp (5.21)
We are interested in the behavior for large ¢, x. The interesting limit is as t — oo with the

speed ¢ = x/t held fixed, so we are looking at waves traveling with velocity c¢. Accordingly,
we rewrite the integral as

o(t) = / fk)e TR gk, where n(k) = w(k) — ck. (5.22)
According to Kelvin, the main contribution to the oscillatory integral (5.22) will be at the
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stationary points of n(k), i.e., those points for which
n'(k) = w'(k) —c=0;

otherwise, the the complex exponential oscillates rapidly and makes no net contribution
to the integral. Let us assume that there is just one such point k, for a given c. Note
that, by the earlier discussion, these are precisely the points corresponding to the group
velocity ¢ = w/(k) of the wave packet. Then we expand

(k) =nke) + 31" (ko) (k = ko)* + -+
near k;,, and assume f(k;) 7 0. The dominant contribution to the integral will be

ko+e
o(t) = /k Flko) exp (it [n(ke) + Su" (ko) (k — ko)?]) dk

0—¢E&

ko-I—E :
= (ke 00 [ e (— k) (k Wt) n

ko—E 2

o) 160 [ ey (= Lt (o= ko )

2m
tln" (ko) |
The last integral (which is not absolutely convergent!) is evaluated by changing it into a real

Gaussian integral via rotating the path of integration through 4+ /4, the sign depending
on the sign of 7" (k;). This can all be rigorously justified, [40].

Fk) e~ in(ko)t,—imsignn” (ko)/4

Theorem 5.13. Consider the integral

o(t) = /_OO f(k) et k. (5.23)

where n(k) is real, while f(k) can be complex. Assume that
(i) nec
(i) n' has a finite number of nondegenerate zeros: n'(k;) = 0, 0" (k;) # 0;
(i1i) f € C® with f,f,f” bounded;
(i) (f/n') €Lt for |x|> 0.
Then
imsignn”(k;)

o(t) ~ Z f(kj)eXp{ 1 } tm?,zrkj)‘ , t — 0. (5.24)

Proof: Using a partition of unity argument, we can assume that 1 has either one or
no zeros in the support of f. If ' # 0 everywhere, then we can integrate by parts:

/ f(k) et n® gk = / g(k) e Wt qr,

t) o
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where g(k) = (if(k)/n'(k))’, which is L' by assumption. Thus the integral is O(¢~!) at
least. (In fact, if f € C* and of compact support, the integral is O(t~") for any n € N.)

If n'(ky) = 0 is the only zero of i’ in the support of f, we proceed as follows. Without
loss of generality, we assume k, = 0, n(k,) = 0, and so n(k) = +£ak? + O(k®) near the
critical point ky = 0, where a = 3 [7”(0) | # 0 by assumption. By a Lemma of Morse, we
can introduce new coordinates k = ((u) near 0, such that

(¢ (u)) = £u.

If n € CF, then it is not hard to see that ¢ is at worst C*~!. Then, changing variables, the
integral becomes

/ h(w) =1t gy

where h(u) = f(¢(u)) ('(u) is bounded, with its first two derivatives bounded.

Lemma 5.14. Suppose h(u) is a C? function on R such that h,h', h'"" are bounded.
Then

/ h(w) eIt gy = h(0) \/§ etim/4 L O(t=3/?), t — oo. (5.25)

Proof: For brevity, we just do the case where the sign is positive. We first need to
show that the integral exists. To prove that it converges uniformly in t for ¢ # 0, let a, b
be real, a large negative, b large positive. Integrating by parts, we find

b
1 ["h(u) 1 b(h(u))’eiu%du

b
. . 1 h ;
/ h('LL)GIUth'LL — 5T ” (eluzt)/du — I E;u’) elu2t

R ()]

(h(u))’ _ W b <1 (M)) W) W () k()

2it U

a

i [ (A1) )

a

Now

U U u? U U u? u3 ut

Therefore, provided h,h', h” are bounded, the boundary terms go to zero as a — —o0,
b — oo, and the final integral is absolutely convergent. Therefore, the original integral
converges uniformly as a — —oo0, b — oo.

The second step is to show that

/ eIty = \/geii“/‘{ (5.26)

To do this, note that the integral
F(\) = / v’ du
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is convergent for Re A < 0 except for A = 0, is continuous as a function of A\, and, moreover,
is an analytic function of A for Re A\ < 0. Moreover, for 0 > X real, we know that

Therefore, to evaluate F'(\) on the imaginary axis A = +it, we must analytically continue
the square root +1/—A\ to the imaginary axis, which leads to the branch

VEit = VteTi™/4,

This proves formula (5.26).

To prove the Lemma, we replace h(u) by h(u) — h(0), which accounts for the leading
term in the asymptotic expansion. Therefore, we need only show that if A(0) = 0, then
the integral can be bounded by a multiple of t=3/2. We perform the same integration by
parts as above, to deduce that in this case

oo o0 ’
/ h(u) et du = . h(u) el du, where  h(u) = ( Y )

o 21t J_ U

which, since h(0) = 0, is C!. Iterating, we find that

/ h(u) el vt dy = h(0) \/§ etim/4 377 / h(u) el vt dy,
— 0 1 —0

where

As before, the last integral is absolutely convergent, so that it can be bounded by a constant
K independent of ¢t. Therefore,

N i ROING SOV
‘/_oo’““)e d“‘SWH—z—WH—w
which establishes Lemma 5.14, and hence Theorem 5.13. Q.E.D.

6. One—Dimensional Problems.
References: [26], [36], [45], [46], [50].

Consider a one-dimensional Hamiltonian of the form

p2

H(p,q) = o T Vi(g), (6.1)
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corresponding to a particle of mass m in a potential force field V(q). The corresponding
stationary Schrodinger equation is

—5 s T V(@) v =29 (6.2)

For simplicity, we choose units so that h? = 2m; equivalently, rescale both V() and \ by
2m/h? times themselves. Thus, we look at the equation

'+ [A=V(z)]Y=0 (6.3)
on the entire line, so z € R.

Example 6.1. Step potential: Consider the case of potential in the form of a step
function:
a, x>0,

6.4
b, r <0, (6:4)

Vi) -
where we assume that a < b. We want a solution ¢ (x) to Schrédinger equation (6.2) which
is (at least) C1. There are three cases:

Case 1: If A < a, then the solution is exponential in both regions. However, it is
not hard to see that it cannot be C! and exponentially decaying at both +o0c. A similar
statement holds if A = a.

Case 2: If a < A < b, then the solution is exponential for + — —o0, and oscillatory
for ¥ — 400. Up to multiple, there is exactly one function which remains bounded for
all x. Therefore, each such A is in the continuous spectrum, with multiplicity 1. Similar
remarks hold for A\ = b.

Case 3: If b < A, then the solution is oscillatory in both regions. Thus there are two
bounded C! solutions for each such A, which is hence in the continuous spectrum, with
multiplicity 2.

Now we analyze the behavior of the quantum system, and contrast it with its classical
counterpart. In Case 2, a classical particle will come in from the positive z axis with speed
k =+ A —a, will rebound elastically at the barrier x = 0, and then travel back out to oo
with the same speed.

The corresponding quantum solution takes the form

e—ikm_l_Reikm, $>0,

Ve = { Te ™, x <0,

where k = /b — \. Because ¢ € C!, we find

. Pk —
Rze”=1k+3 T=1+R.

The corresponding time-dependent solution has the form

¢(t,$) _ e—ikm—i)\t + eik(m—l—é)—i)\t for x>0,
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which consists of an incident wave traveling with velocity A/k, and a reflected wave trav-
eling with the opposite velocity, but suffering a time delay § experienced upon collision.
Furthermore, for x < 0, the wave function ¥ (t,z) # 0, and so there is a nonzero prob-
ability of finding the particle o the other side of the potential barrier. Of course, these
solutions are not C' as they stand, and so, to have a physically meaningful statement, we
must superimpose several solutions and apply the stationary phase approximation to the
integrals. We leave it to the reader to verify that the statements we have made carry over
to this approximation.

In Case 3, a classical particle will come in from the positive x axis with speed k =
VA —a, and will continue on to —oo with reduced speed [ = v/ A — b, or the reverse. The
corresponding quantum solution takes the form

e~ kT L Relk® x>0
y(z) = . ’ ’
Te''?", x <0,

where, because 1) € C!, we find

k—1

k + l? + 9
are real. The quantity R is called the reflection coefficient, and measures the probability
that the particle will be reflected by the barrier, whereas T is called the transmission

coefficient, and represents the probability that it will be transmitted. Note that | T'|?

measures the probability of the particle being transmitted though the barrier, while | R |2
measures the probability of the particle being reflected. In all cases, there is a nonzero
probability of the particle bouncing off the potential barrier.

Example 6.2. Penetration of a square potential barrier or square well.
Suppose

V(r) =

h, 0<z<a,
{ (6.5)

0, <0 or x>a.

Again, we seek a solution v(z) which is C'. There are two cases:

Case 1: If h > 0, we have a square potential barrier. For A < 0, the quantum
mechanical solution (x) is exponential all three regions. However, it is not hard to
see that a C! solution is monotone, and hence the spectrum can only be positive. For
A = k2 > 0, the solution is oscillatory and hence each such A belongs to the continuous
spectrum, with multiplicity 2.

Consider the solution of the form
e 1k 4 Relke, x> a,

Te ke, z <0.

v = {

In the region 0 < x < a the solution will be either exponential or sinusoidal depending on
whether A is less than or greater than h. The transmission coefficient can be straightfor-
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wardly calculated to be

a . A>h
9 1+ h2sin?(ka) k=+|A=h|,
T = L where
A< h, =4 (\—h).

1+ h?sinh?*(ka)’

Also
|RIP+|T|* =1,

so the probabilities of being transmitted or reflected add up to 1, as they should.

As before, we can contrast the behavior of a classical and quantum particle. The
classical particle coming in from +oo will rebound off the barrier if its energy A is less than
the potential height h; otherwise it will be slowed down in the barrier, but traverses it and
continues on to —oo. In contrast, the quantum particle always has a nonzero probability of
penetrating the barrier. As A increases from 0 to h, the transmission coefficient increases
monotonically from 0 to ( 1+ % h\? )_1. This effect is known as the tunnel effect and plays
an important role in radioactivity. For A > h, complete transmission, | T |* = 1, occurs
only for special values of the energy, namely when xa is a multiple of w. As the energy
increases, the transmission probability oscillates between 1 and a minimum value on the
order of p(2X\ — h)~2. The effect is particularly marked when the barrier is very high or
thick, and when the kinetic energy A — h in the region of the barrier is small.

Case 2: If h < 0, we have a square potential well. For A\ = —k? < 0, the solution is
exponential in the regions x < 0, x > a. If A < h, then it is also exponential in the well,
and as before, any C! solution must be monotone, so it cannot be exponentially decaying
at both ends. If h < A < 0, then any bounded solution must, up to multiple, take the form

ek x> a,
Y(x) =< Asin(kz +6), 0<z<a, where  k=+vVA—h,
Bek®, x <0,

and A and B are real. If ¢ is to be C!, we must have
Asind = B, Akcosd = BE, Asin(ka + 60) = B, Ak cos(ka +0) = — Bk.

We can determine A, B provided

K

tand = 7= —tan(ka +9).
We have
. 9 tan? § K2 h+X k2
sin® d = 5= = = -
1+tan®d K2+ k2 h h
Eliminating the phase shift ¢,
ka4 2sin~! Lo =nm, (6.6)
Vh
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for some integer n. There are a finite number m > 0 of solutions x, n to (6.6), corresponding
to a finite number of negative eigenvalues \; < Ay < ... < A, < 0 of the Schrodinger
equation — m may be zero if the well is too shallow — and so to a finite number of
negative energy bound states of the quantum mechanical problem. In the classical picture
of a potential well, there are bound states corresponding to all values of the energy greater
than the minimum of the well. Thus, the Schrédinger equation has served to quantize
the bound states of the classical system into discrete energy levels, while retaining the
continuous character of the non-bound or scattering states.
Consider a scattering solution

e_lkx—l—Relkx, x> a,
Te ke x <0,

v ={

with reflection coefficient R and transmission coefficient 7. For A > 0, the transmission
and reflection coefficients can be straightforwardly calculated to be

TE=—2"r IRZP=1-|TP,  where "= VA™M
2 2k
p+ h?sin® ka p=4X(\—h).

Note that, in contrast with a classical particle, a quantum particle usually has a non-zero
probability of being reflected by the potential well. Exceptions occur when sinka = 0, at
which points, the reflection coefficient is zero and the particle is completely transmitted.
Thus, there is a resonance effect in the quantum probabilities of transmission/reflection.

The Harmonic Oscillator

The classical harmonic oscillator has energy

1

H(p,q) = %(p2 +m*w?q?), (6.7)
leading to the Hamiltonian system

dt dt  m’
with is a linear system of first order ordinary differential equations. The resulting motion
is oscillatory of frequency w.
The corresponding quantum mechanical Hamiltonian operator takes the same form,
but where ¢ and p are operators satisfying the canonical commutation relation

[q,p] = ih.
Let us rescale to eliminate the inessential constants:

mw 1 1
— _ y P: 9 H: H?
@ h 1 mhwp vVhw

so that
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where @), P are operators satisfying

[Q,P]=1i.
In the Schrodinger representation
d
= P=_—i—

Q x? ldx,
and the stationary Schrodinger equation is

1 d? 5

§<—@+$ )¢_A¢ (69)

As we will see below, the solutions to this eigenvalue problem are expressed in terms of
Hermite polynomials. It is convenient to proceed a little more abstractly as follows:

Define the “creation” and “annihilation” operators

* i —j — i i
A _\/ﬁ(Q P), A \/§(Q+ P), (6.10)

SO
[A,A%] =1,

and
H=N-+ %, where N = A*A.

Note that eigenfunctions of N are eigenfunctions of 4, but the eigenvalues are shifted by
%. Furthermore, note

AA* =N +1, NA=A(N —1), NA® = A*(N +1).

Now suppose 1, is an eigenfunction of N corresponding to the eigenvalue A. Then ¢, _; =
Aty (if not zero) is an eigenfunction of N with eigenvalue A —1, and ¢, | = A*p, (if not
zero) is an eigenfunction of N corresponding to the eigenvalue A + 1:

N@D,\—l = NA?»[J)\ = A(N— 1)¢A = (/\— 1)A¢,\ = (/\— 1)¢A—1,
Nipypg = NA™ Y, = A (N + 1)y = A+ 1) A%, = (A + 1)1, ;.

Moreover,

||¢A—1 ||2 = HA¢>\ H2 = (A%,A%> = <¢A7A*A¢A> = <¢A7N¢A> =A||% H2

which implies that A > 0, with Ay, = 0 if and only if A = 0. Applying the same argument
to ¥,_q, with ¥, _5 = A, _;, we deduce that, if A # 0, then A > 1. Continuing in this
fashion, we conclude that every eigenvalue of N is a nonnegative integer, and, moreover,
every nonnegative integer belongs to the spectrum, since

R 1 = (A%, A%y ) = (), AA™ Y, ) = (0, (N +1)1hy ) = (A+ 1) ||y |7
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is never zero for A > 0. We normalize, so that ¢, is now the normalized eigenfunction
corresponding to the eigenvalue 0 < n € N. Then

A/lvbn =vn—1 /lvbn—lv A*/lvbn =vn+1 /lvbn—i—l' (611)

If one interprets the state v, as having n quanta, then the operator A* “creates” an
additional quantum, while the operator A* “annihilates” one, hence the names creation
and annihilation operators. One can also interpret the Hamiltonian as describing a system
of indistinguishable particles, all in the same dynamical state, whose energy is hw. In
this case 1, represents the state having n particles, with 1), being the vacuum state. In
this case, the operator N represents the number of particles, and the operators A* and A
“create” and “destroy” particles.
In the Schrodinger representation,

A*:%(—%+x), A*:\%(%—i—x). (6.12)

The vacuum 1, must satisfy Ay, =0, i.e.,

d% 1 —z2%/2
e — g, hence Yo(x) = pyri /
is a normalized Gaussian. Then
_ 1 *\n —x2/2 _ 1 —x2/2
Yp(r) = —F—F—=(4")"e = A H, (z)e : (6.13)

Copl/4/pl

where H,, is the ntt Hermite polynomial

2 d" 2
H =(=1)"e" —e . 14
(2) = (1) e e (6.14)

The eigenfunctions (6.13) form a complete orthonormal basis in L2. The operator N, and
hence also H, is essentially self-adjoint, and can be extended to a self-adjoint operator on
a suitable subdomain of L2.

Scattering and Inverse Scattering
References: [1], [14], [21], [48].

We return to the one-dimensional Schrédinger equation
'+ [ A=V(z)]y=0. (6.15)
The potential V(x) is required to tend to 0 sufficiently rapidly as | z | — oo, in order that

/OO (14 2%) | V(2)|dz < oco. (6.16)

— 00
We are interested in the quantum scattering problem for this equation. Thus, we will look
at solutions having the asymptotic form

—ikx ikxz
b(z) ~ { e + R(k)e'™®, xr — +00 (6.17)

T(k)e ke, T — — 00,
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where k% = X. As in Example 6.1, R(k) is known as the reflection coefficient and T'(k)
the transmission coefficient. Physically, | R(k)|? gives the probability of a particle with
momentum k reflecting off of the potential V(x), while | T'(k) |? gives the probability of
the particle passing through the potential.

The asymptotic form (6.17)is to be expected because of the decay of the potential at
+00. The rigorous result is the following.

Theorem 6.3. Assume that the potential V (z) satisfies (6.16). Given k € C with
Im k > 0, there exist unique solutions ¥ (x, k), ¢(x,k) to the Schrédinger equation

Y’ + [kQ—V(a:)] Y =0
satisfying the uniform asymptotic estimates
@D(x,k)weikm(l—l—o(l)), @Dm(x,k)weikm(ik—i-o(l)), x — +o0,
go(as,k)we_im(l-i-o(l)), gom(x,k)we_ikm(—ik-i-o(l)), T — —o0.

Moreover, for each fixed x, the solutions v, ¢, and their x derivatives are analytic functions
of k for Im k > 0 and continuous for Im k > 0.
Furthermore, for Im k < 0, the complex conjugate solutions

E(x7 k) = 1?(% _k) = ¢($,E)7 @(.’L‘, k) = (p(x7 _k) = ()0(337E)7
satisfy the alternative asymptotic estimates
Blak) ~ e F (140(1),  Bylak)~ e F (—ik+0o(1)), o — +oo,
P(x, k)~ e (1+0(1)),  B.(z,k) ~e™ (ik+o(1)), z — —o0,

and are analytic for Im k < 0 and continuous for Im k < 0. For k = 0, one also requires
solutions which asymptote to x at + oo or at —oo. The solutions 1, ¢, 1, p are known as
the Jost solutions for the problem.

Proof: This is fairly standard result from the theory of ordinary differential equations.
We replace the Schrodinger equation by the linear integral equation

Y(z, k) = elhe 4 % /00 V(y)Y(y, k) sink(y —z) dy (6.18)

which is solved by the method of successive approximation. In the course of the proof, we
establish the important estimate

‘e_ikxw(a:,k)‘§exp<%/:o|V(y)\dy). (6.19)

This proves the existence of the Jost solution v, and the uniqueness also follows from
the standard theory of ordinary differential equations. The corresponding result for ¢ is
similar; details appear in the references, especially [21]. If we substitute (6.19) into the
integral equation (6.18), we deduce that

oo

e_i’”w(x,k)zl—i—ﬁ V(y)dy+O(|k|7?). (6.20)
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Similarly, we find

ei’”@(az,k)zl—i ’ V(y)dy+O(|k|7?). (6.21)

— 00

In particular, we can recover the potential V' (z) by differentiating either of these formulas
and letting k — oo:

V()= -2 lim_ <ika%[ei“<p(x,k)]) = -2 lim_ (ma%[e—”fw(x,k)}).
(6.22)

For k # 0, the Jost solutions 1 (z, k) and 1) (z, k) are linearly independent, since their
Wronskian

W, ] =i, — b, ¢
satisfies the asymptotic estimate

Wi(x, k), (x, k)] ~ =21k + o(1), xr — +o00.

However, the Wronskian of any two solutions to the Schrédinger equation is a constant,
independent of x, hence we have

Wi(x, k), (x, k)] = —2ik.

The key to the scattering theory is to write the Jost solution at — oo, i.e., p(z, k), in
terms of the Jost solutions at +00. Now these are only all defined for real values of k.
Thus, we know that for real k # 0, there exist functions a(k), b(k) such that

o(z, k) = a(k)Y(z, k) + b(k) Y (z, k).
In fact, by the asymptotic formulas, we see that
2ik ’ blk) = 2ik ’ (6.23)

We note that the reflection and transmission coefficients are given in terms of a and b by

a(k) =

b(k) 1

R(k) = —=% Tk)=—. 6.24

=20 T = (6.24)

Moreover, the function a(k), which is the key to the problem, as defined by the Wronskian

relation (6.23), is analytic on the upper half plane Im k& > 0, and continuous down to the

real axis, except possibly at £k = 0. (On the other hand, b(k) is only defined on the real

axis.) Note also that, on the real axis, a(—k) = a(k)]. In fact, the elementary Wronskian
relation

Wl ¥] W[, v] = W, ¥] W([B,9] = W[, 9] W, 7]

implies that, for k real,

la(k)|* = | b(k)[* =1,
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which is equivalent to the probability relation
| R(k)[2+ T (k) [* =1, (6.25)

between the reflection and transmission coefficients. This mathematical formula encapsu-
lates the physical statement that the collision of the particle with the quantum potential
is perfectly elastic; either the particle reflects or is transmitted with no loss of energy.

Theorem 6.4. The spectrum of the Schrodinger equation is composed of the con-
tinuous spectrum, which is the positive real axis A > 0 (k real) and a finite number of
simple negative eigenvalues \; < Ay < ... < A, < 0. These correspond to the zeros of
a(k), which are all purely imaginary: k; = irk; = i\/=\;.

Proof: First note that the bound states of the Schrodinger equation correspond to
solutions which, for Im k > 0, are asymptotic to e'*? as © — +o00, and asymptotic to
e 'F? as x — —o0o. In other words A = k2 will be an eigenvalue if and only if the Jost
solution p(x, k) is a multiple of the Jost solution ¢ (x, k). But this is equivalent to their
Wronskian vanishing, so that eigenvalues of the Schrodinger equation correspond to zeros
of the function a(k), or, equivalently, to the poles of the reflection coefficient R(k) in the
complex plane. We therefore need to analyze the behavior of the analytic function a(k).

First, if ¢ = ¢(z, k), @Z = 7,[1(:::’,7%) are any two solutions corresponding to different
values of the eigenvalue, we have

b b
Wi, 3] (v, — 0, 9) =/ (Wm—wm{ﬁ)darz(kz—%?)/ ¥ dx.

b
r=a

b
r=a

(In particular, choosing k = k proves the constancy of the Wronskian.) Now, let k= —k,

and evaluate this identity for the Jost solutions ¢(z, k), ¢(z,—k) = o(z, k). Then

xT

Wl h)o(o 0] = (B =F) [ Jotwb) Py
Now, if k is an eigenvalue, then ¢(z, k) is a multiple of ¥ (z, k). Therefore, the Wron-
skian on the left hand side of the previous equation is a multiple of the Wronskian
W[zp(a:,k),w(aj, —k)] But, as *+ — 400 this latter Wronskian goes to 0, hence we
conclude that if k is an eigenvalue,

(k?—EZ)/_an)(y,dey:o.

Since ¢ is not identically 0, this implies that k is purely imaginary, and so A = k? is real,
negative. We note that it is not possible for 0 to be an eigenvalue since the solutions in
this case are never exponentially decreasing at +£00. We conclude that all the eigenvalues
of the Schrédinger equation (6.15) are strictly negative.

We next show that there are only a finite number of eigenvalues, which is equivalent
to proving that the function a(k) has at most a finite number of zeros for Im k£ > 0. This
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will follow from an estimate of its asymptotic behavior as | k| — o0o. We begin with the
connection formula

o(x, k) = a(k)p(x, k) + b(k) Y(z, k) ~ al(k)e” *2 4 b(k)e'F®, r — 400,

which is valid for real k # 0. On the other hand, consider our earlier integral equation for
the solution:

ol k) = / e HEHY) ik oy 1] dy

Vi(y "kyw(y,k)dy)

\ ”\
= [
Pyl

.w(

Comparing these two expressions as © — 0o, we deduce that

[\
o

i —oo

st (1o [ Ve ey ).

1 & :

1 > _
b(k) = ik V(y)e ky@(y, k) dy.

By analyticity, the formula for a(k) is valid for Im & > 0. In particular, if we use our
exponential estimate on | e'** p(x, k) | we deduce the key estimate

1 oo

(k)—l—ﬁ V(y)dy+O(|k|_2), Im k> 0.

i
Therefore, as | k| — oo, the function a(k) is asymptotic to the constant 1. Finally, we
must also eliminate the possibility that a(k) has zeros accumulating at £ = 0. Under our
assumption on the potential, the integral

M= /_OO V(y)(y,0)dy

exists and is finite since the solutions for k = 0 are asymptotic to linear functions ax + 3
as x — £oo. Then, as k — 0,

oo elky _
alk) = 1 M 1/ Viy) w(y,ljg w(y,O)dy'

Using some further estimates on the integrand, which, in the limit as &k — 0 reduces
to the derivative of e!*¥(y, k) with respect to k at k = 0, which can be bounded by
C(1+ y?) for Im k > 0, we conclude that if M = 0, then the limit a(0) exists; whereas if
M # 0 then a has a simple pole at k = 0. In either case, the zeros of a are bounded away
from k = 0. This completes the proof that the analytic function a(k) has at most a finite
number of zeros.
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We prove next that the zeros of a(k) are all simple. First we differentiate the
Schrédinger equation with respect to k:

where 1, = 0v/0k. Multiply the Schrédinger equation by 1, and subtract this equation
multiplied by ):

wdjmmk - djkd]mm = _2k¢2'
Integrating from a to b, we have

b

b
B :—Qk/ V2 d.

In particular, for the Jost solution v (x, k), this implies

lim W[ (e k) (o 0)] =2k [ (P e
Now, if k; = ik; is a zero of a(k) corresponding to the eigenvalue A= —/i?, then
o(x, k;) = c;¢p(z,k;) for some constant c; # 0. On the other hand, differentiating the
identity W[y, ] = 2ika(k) with respect to k, we find

Wiew, ]+ Wle, ] =2ia(k) +2ikad (k).

Suppose A = k? is an eigenvalue, so a(k) = 0. Evaluating this expression at — oo, using
the previous formula and noting that the first term, which is proportional to Wy, ¢]
vanishes there, yields

ia'(k;) = cj/_ P(x, kj)? do # 0.

2

Let x(x) be the normalized real eigenfunction corresponding to the eigenvalue Aj = —Kj,

50 || x; > = 1. The associated normalization constant d; is defined so that

Xj(x) = djw(w, kj)‘
Since x; is only defined up to sign, we can choose d; > 0 without loss of generality. Then

1 C:
d2~ = = ] J . 6.26
ST TR E - k) (6.26)

We have now defined all the important quantities for the scattering problem.

Definition 6.5. Given a potential V' (z), the scattering data S consists of
(i) The reflection coefficient R(k) defined for k > 0, with R(k) = o(1) as k — oc.

(ii) The eigenvalues A, ..., A,, which are negative.

(#it) The normalization constants d, ..., d,, which are positive.
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The basic result is that the potential is uniquely determined by its scattering data S.
Moreover, to reconstruct the potential from S, it suffices to solve a certain linear integral
equation known as the Gel’fand-Levitan-Marchenko (GLM) equation. The key to this are
the transformation operators which map solutions of the trivial Schrodinger equation with
zero potential to those of the Schrodinger equation with potential V. Define the Fourier
transforms

K+($,y>:i/ [¢(x7k>_eikm}e_ikydk7 92%

2
17T oo (6.27)
K_(:E?y):ﬂ/ [Sp(x7k>_e_lkm]elkydkv ny

The existence of these functions follows from the estimates on the Jost solutions. Moreover,
the Payley-Wiener Theorem from Fourier analysis proves that Kt (z,y) = 0 for y < =,
and similarly K~ (z,y) = 0 for y > x. (The precise result is in [52], which proves that

the Fourier transform f(y) of the function f(k) vanishes for y < z if and only if f(k) is

oo

entire for Im k£ > 0, and / | f(a+1b)|?>da = O(e2Y). In our case, ¥(x, k) — ek

—o00
satisfies these conditions.) Therefore, inverting the Fourier transforms, we deduce the
transformation formulas

w(w,k)zeik“r/ K (z,y)e'™ dy, @(x,k):e‘i’”qt/ K~ (z,y)e”*v dy,

expressing the Jost solutions as Volterra integral operators applied to the “bare solutions”
et kT Note that both K and K~ are real, since taking complex conjugates and replacing
k by —k leads to the same expressions. The asymptotic expansion of these integrals shows
that

Yo, k)e™ M = 1o K () + O([k[72),

Comparison with our previous expression (6.20), we deduce that
d
Viz) =2 %KJr(x, x). (6.28)

Therefore, knowledge of the kernel KT allows us to reconstruct the potential V. The goal
now is to derive an integral equation for K.

Now, since T'(k) — 1 and hence R(k) — 0 sufficiently rapidly as k — oo, we can
ensure the existence of the Fourier transforms

I(y) = %/_Oo [T(k)—1]e” ™ dy,  R(y)= i/_oo R(k) e ¥ dy.

We now take our fundamental physical solution

T(k)p(x, k) = ¢z, k) + R(k) ¢z, k),

which we write in the form

[T(k) = 1] (. k) = [Pl k) — ™57
+R(k)[¢(.’lf, k) - eik‘r] + R(k)elkl’ - [gp(w,k) - e—ikl’],
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which is amenable to Fourier transform. We compute the Fourier transform of the indi-
vidual terms, in order of difficulty:

1 [ o .
o R(k)e'*Te'FY dk = R(z + v),

1 [ . .

5o | lelek)—e e dk = K- (z,y)

n

1 Rag— —ikz] ik 1 > ikx] —ik

or ) [Pk - edk= o | [e(@ k) -t ]e  dk = K (a,y),

since KT is real, and
1 o0

P [¢(z, k) — e "™ |R(k)e'*¥ dk = /_O; K*(x,2)R(y + 2) dz

by the convolution theorem for Fourier transforms. The final integral is a bit harder. We
evaluate
1 o0

5 [T(k) — 1] p(z, k)e' ¥ dy

by contour integration. Let I' = I', be the contour in the upper half plane consisting of a
semi-circle C of radius R > 0 and the line segment from — R to R. Then, by the residue

theorem, since T'(k) = 1/a(k) has poles at the eigenvalues k; = i,

1 - = -
j=1
n 1k:jy n
=3 T = X S = X vtk
j=1 a’( Jj=1

We then re-express 1 in terms of the kernel K, to finally deduce

1
% 4 [T(k:)—l} (x ]{7) 1k:ydy_ i Z dQ[ —Kg(x+y)+/ K+ x Z) —kj(y+z) dz
R =1

We now plug all these formulas back into the original Fourier transform formula. To this
end, we define the function

o~ n 1 oo ) n
F(z)=R(x)+ Y dje " = ﬂ/ R(k)e'* dk+ Y die

j=1 j=1

Note that F is entirely determined by the scattering data. Finally recall that K~ (x, y) van-
ishes for y > x. Then, our formula becomes the celebrated Gel’fand—Levitan—Marchenko
(GLM) equation

K+(a:,y)—i—F(:c—i—y)—|—/OOK+(a:,z)F(z—|—y)dz:0, y > . (6.29)
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Therefore, to find the kernel KT (z,y), one needs only solve a linear integral equation. To
recover the potential, we continue K to the diagonal z = y and use formula (6.28). Thus,
the reconstruction of the potential from the scattering data is a linear procedure! There
are now some technical matters to be overcome in proving the existence of a solution to
the GLM equation, and verifying that the potential satisfies the growth assumption. This
will be the case provided the Fourier transform of the reflection coefficient satisfies

/ | R(z) |dz < oo for a> —oo,

and one more technical condition to get the transmission coefficient behaving properly as
k — 0. We refer to the references for details.

Example 6.6. Reflectionless potentials. The GLM equation allows us to solve the
following problem: characterize those potentials V (z) for which there is no quantum me-

chanical reflection, i.e., all particles are transmitted with probability 1.

Consider first the case of just one bound state corresponding to the eigenvalue A = —x?

with £ > 0. According to the formula for the kernel in the GLM equation, we have
F(z) = d*e™"".

where d > 0 is the normalization coefficient. The GLM equation (6.29) reduces to

Kt (x,y) + d?e " @+y) 4 / Kt (x,2)d?>e™ ") 4z = 0, y > x.

To solve this, note that we can factor
K™ (z,y) = ~(z)e™",

where v(z) satisfies

oo

2
0=y(x)+d*e"* +/ y(x)d?e " dz = y(x) <1 + ;1_& 6_2”) +d?e "7,

x

Therefore,
d2 e ke d2 e—"‘@(m'i‘y)
7($):—d2—, K+(5’3,y):—d2—,
1+ — e~ 2kx 1+ —_ e—2kw
2K 2K

and so the potential is

d
V(z)= —Q%KJF(&;, x)

d d2 6—21%1’ —4I<Ld2 e—QI{I _41%2

2 2 2 — 9
d$1+ d_e—me (1—|— d_e—Qk:x) 2K ekm+ e~ KT ?
2K 2k d V2
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or, more compactly,

1 d
V(z) = —k?sech? k(z — §), h §=-1 (—) 6.30
(z) K* sec (x ) where k: og o ( )

Note that the normalization constant only enters into the phase d of the potential. Thus,
the sech? potential (6.30) has no quantum mechanical reflection, and sustains a single
bound state.

In the case of several eigenvalues, the solution of the GLM equation also reduces to an
algebraic problem, but the computations are a bit more complicated. The kernel is now

F(x) = Z d?e_kjm.

j=1
We look for a solution of the form

n

KT (z,y) = Z wj(x)e_kjy.

Plugging into the GLM equation (6.29), and separating out the exponentials in y, we
deduce that the column vector of functions w(z) = [w,(z),...,w, (z)]T must satisfy the
linear system

M(x)w(x) = —e(x),

where
e(z) = [ey(),...,e,(x)]" has entries e;(z) = d? e ki
and M (x) is an n X n matrix with entries
My (2) = 6, + /OO pmrus g2 gt gy — g E T
Jjk ik i, j ik Hj n o

Therefore

The corresponding potentials are

d d — d &

V(r) = -2 %K‘*‘(x,x) = —2% Z wj(x>e—mjm _ _25 Z M(w);kl di o= (s
j=1 k=1
d dM d 1 d 2
= —2tr | M(2) "' | = -2 | - det M(a) | = —2 7 logdet M(a).
dx o { (z) dx } dx [det M (z) dx det (l‘)} dr2 og det M (x)

A slight modification of the matrix M leads to a simpler formula. Let T'(z) be the matrix
obtained from M by multiplying the jth row by e "% and the kt column by ez, so
d? 6—2/{jx

(6.31)
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Clearly det T'(x) = det M (x), hence

2

V(r)=-2 % log det T'(z). (6.32)
This gives a general formula for all the reflectionless potentials. In general, these are
pretty complicated, although they can be viewed as certain nonlinear combinations of the
basic sech? potentials, each one providing one of the eigenvalues. For certain values of the
normalization constants, these can be effectively separated into n disjoint one-eigenvalue
potentials.

Isopectral Flows

Let V(t,x) be a one-parameter family of potentials, where we identify the parameter
t with time. These are called isospectral if they all have identical eigenvalues. The GLM
equation (6.29) characterizes (at least in principle) all such potentials. The problem of
isospectral flows is to construct such families as solutions to certain differential equations.
There is an efficient method due to Lax for realizing an isospectral flow, [31].

Theorem 6.7. Let
L(t) =02+ V(t,x) (6.33)

denote a one-parameter family of Schrédinger operator depending on the time-varying
potential V. Suppose B is a skew adjoint operator such that the commutator [ B, L] is a
multiplication operator. Then the flow determined by the Lax representation

L,=[B,L] (6.34)
is isospectral.

Note that the Lax representation will reduce to a (typically nonlinear) evolution equa-
tion 5V
— = K[V 6.35
= K[V] (6.3

for the potential V(¢,z), where K is a certain operator arising from the form of the
commutator: K[V | =[B,L].

Proof: Let L(t) be a solution to the Lax equation (6.34). Then these operators are
unitarily equivalent, meaning that there is a one-parameter family of unitary operators
U(t) such that

L(t)=U@)LO)U(t)"". (6.36)

Indeed, by Theorem 4.1, the skew adjoint operator B generates a one-parameter unitary
group of operators
U,=BU, U)=1I.

Defining L(t) by (6.36), we see that

L,=BULO)U'~UL0O)U'B=BL- LB,
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so that L(t) satisfies the Lax equation e.qLax Suppose A is an eigenvalue for L(0) corre-
sponding to the eigenfunction 1,(x). Then A is also an eigenvalue for L(t) corresponding
to the eigenfunction (¢, z) = U(t),(x), because

L(t)d(t,x) = (UE) LO)U @) U) po(x) = U () L(0) () = AU (£) () = A(t, ).
This completes the proof. Q.E.D.

A simple example is provided by the operator B = J,. Note that
[B,L] = Vy

is the operator of multiplication by the derivative of the potential. The corresponding
isospectral flow (6.35) coincides with the unidirectional wave equation

‘/;:Vx7

so we deduce the easy result that any translation of a potential has the same eigenvalues.
The next example is the third order differential operator

B=09+3Vo, +3V,. (6.37)
Note that B is skew-adjoint. A short computation shows that

[B,L] =31V, . +3VV,

1
4 Vzxx
is also a multiplication operator. The corresponding isospectral flow (6.35) is the celebrated
Korteweg-de Vries equation

V,=1iv  +3VV,

xrxrx

which models long surface waves on shallow water and a broad range of other physical
phenomena, [57]. In fact, there are operators B of all odd orders, which in turn give
rise to higher order isospectral flows, [24]. All of these flows are, in fact, completely
integrable, possessing an infinite number of symmetries and conservation laws, and can thus
can be viewed as infinite-dimensional counterparts of the classical completely integrable
Hamiltonian systems.

Moreover, these isospectral evolution equations can all be solved by the method of
inverse scattering. The eigenvalues of the corresponding Schrédinger operator are con-
stant, independent of t. The rest of the scattering data, while not constant, has a rather
elementary time evolution. Note that the (generalized) eigenfunctions will evolve in time
according to 1, = B, where B is the Lax operator. Taking the Korteweg-deVries example
(6.37), we have

Now suppose that ¢(z) is the physical solution

e P L R(k)e'F®, T — 400,
P(x) ~ —ika
T(k)e , T — — 00,
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as before. For |z | large, V(x) is negligible, and hence 1 evolves according to the linear
equation v, = 1. If the initial data (0, z) is physical, then (¢, z) will be a multiple
of this solution

w(tv .’E) ~ {

.13 . .13 .

elk te—lkx+R(k)e—1k telkx, T —|—OO,
. 1.3 .

T(k)elF temike xr — — 00,

which is e'*’ times the physical solution for V(¢,x). Therefore, we conclude that the
transmission coefficient T'(t, k) corresponding to V(¢,x) is constant in time, while the
reflection coefficient has the elementary time evolution

R(t,k) = e 2*'R(0, k).

Similarly, the normalization constants were defined as d; = || ¢(z, k;) | =1, hence

_ 2kt
d;(t) = e*""d;(0).
Therefore, to solve the Cauchy problem for the Korteweg-deVries equation:

(i) Compute the scattering data S(0) for the initial potential V' (0, z).
(ii) Determine the time evolution for the scattering data S(t) as above.
(i17) Solve the GLM equation to determine V (¢, z).

For example, the n-soliton solutions correspond to the case when the reflection coef-
ficient is identically 0, and so these can be explicitly found as above. In particular, the
one-soliton solution corresponds to the reflectionless potentials with a single bound state,
and hence have the sech? profile (6.30) moving to the left as a traveling wave unchanged in
form and with constant speed. Moreover, the larger the amplitude of a soliton, the faster
it moves. For n > 2, it can be shown that, as ¢ — + 00, the n-soliton solutions break
up into a distinct collection of one-soliton traveling wave solutions, ordered by size, each
soliton corresponding to one of the eigenvalues. As t — — oo, a similar break up occurs,
but the solitons are in reverse order. Also, there is a phase shift of the individual solitons
reflecting the effect of the nonlinear collision. See [1,21] for further developments.

7. Symmetry in Quantum Mechanics.
References: [9], [36], [37], [39], [42], [49], [53], [54], [55].

Why is Symmetry Important?

For a classical mechanical system, a symmetry group is a group of transformations
which leaves the Hamiltonian function invariant!. Thus, for example, the group of ro-
tations in space leaves the Kepler Hamiltonian invariant, and the group of simultaneous

T More accurately, this defines a canonical symmetry group. The symmetry condition requires
that the group map solutions to solutions, but there may also be non-canonical symmetries not
of the form discussed here. See [42] for full details.
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translations leaves the Hamiltonian energy for the n-body problem invariant. The most
important symmetry groups are continuous groups of canonical transformations. Consider
a one-parameter group

(r,q) — (p(e),q(e))

generated by the Hamiltonian function F'(p,q), meaning that as functions of the group
parameter ¢, the transformations are solutions to Hamilton’s equations (2.1) with Hamil-
tonian F' and e playing the role of . The condition that the resulting transformations
form a symmetry group (for H time-independent) is that their Poisson bracket vanish:

{F,H} =0, (7.1)

which is equivalent to the conservation law that F(p,q) = constant. For example, transla-
tion invariance of the Hamiltonian is equivalent to conservation of linear momentum, and
rotational invariance of the Hamiltonian is equivalent to conservation of angular momen-
tum. Invariance under time translations is equivalent to conservation of energy, where H
does not depend explicitly on ¢. Thus, there is an intimate relationship between symmetry
and conservation laws. This is the essence of Noether’s Theorem.

For the corresponding quantum mechanical system, the classical Hamiltonian H and
the associated conserved function F' generating a symmetry group are replaced by self-
adjoint operators H and F on an appropriate Hilbert space £. The Poisson bracket sym-
metry condition (7.1) is replaced by the commutation condition

[H,F] =0. (7.2)

(For simplicity, we ignore potential technical difficulties with domains of definition of these
operators.) As a first consequence of this condition, we see that the physical quantity
represented by the operator F is conserved in the quantum mechanical equation; indeed,
if (0, ) is an eigenfunction for F with eigenvalue p, and (¢, x) is the solution of the
Schrodinger equation for H, then (¢, x) remains an eigenfunction for F with eigenvalue
. We also discover that the operator F maps the space of solutions to the stationary
Schrodinger equation

5,\:{¢| sz)\w}

to itself (where defined): F(&,) C &,. This means that we have a “representation” of
the group on this space, and can thus apply the powerful methods of group representation
theory to study the solutions to the Schrodinger equation. Indeed, representation theory
enables us to deduce consequences of the symmetry conditions which do not depend on the
particular quantum mechanical realization of the physical system, but only on the pure
symmetry properties of the Hamiltonian. This is similar to our earlier treatment of the har-
monic oscillator, where most of the the quantum mechanics was derived abstractly without
knowledge of the particular realization in physical coordinates. This will be particularly
important when we generalize the Schrodinger equation to wave functions with more than
one component, and, indeed, various physically observed phenomena will necessitate such
a treatment. In this case, the underlying symmetry and representation theory will serve
as very important guides to the construction of physically meaningful models.
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Initially, the two most important groups are the rotation group (and its covering
group) and the discrete group of permutation of identical particles. However, many other
symmetries arise naturally, e.g., crystallographic groups, the Lorentz group in the relativis-
tic regime, the Heisenberg group, which appears in the harmonic oscillator, etc. Whereas
continuous symmetry groups in quantum mechanics always have classical analogues, based
on the associated infinitesimal generators, discrete groups and certain global aspects of
continuous groups often do not.

Group Representations

Let G be a group. By a representation of G we mean a (continuous) group homomor-
phism
p:G — L(V)

to the space of (bounded) linear transformations of a (complex, normed) vector space V,
satisfying
plg-h)=plg)-ph),  plg™")=p(e)~", ghed. (7.3)

If V is finite-dimensional, and hence we can identify V ~ C™ where n = dimV, the
representation p maps G to the group GL(n) of complex n x n matrices in such a way that
group multiplication gets mapped to matrix multiplication. Two representations p on V
and o on W are called equivalent if there is a (bounded) invertible linear transformation
A:V — W such that p(g) = A o (g)A for all g € G. In the finite-dimensional case, this
means V and W have the same dimension, and A just amounts to a change of basis.

By the direct sum of two representations p,, p,, we mean the representation

p=prepyG — LV eV)), p(g) = p1(g) @ pa(9), (7.4)

on the direct sum vector space. In finite dimensions, this means that the matrix represent-
ing p(g) assumes block diagonal form with respect to the appropriate bases. A subspace
W C V is called invariant if p(g)W C W for all ¢ € G. Note that the restriction of
p to any invariant subspace is also a representation of GG. A representation p is called
irreducible if the only closed invariant subspaces are the trivial ones, namely {0} and V
itself. A representation is called completely reducible if it decomposes as a direct sum of
irreducible representations. (In the infinite-dimensional situation, we mean Hilbert direct
sums.)

Theorem 7.1. If G is a finite group, or a compact Lie group, then every irreducible
representation is finite-dimensional. Moreover, every (continuous) representation is com-
pletely reducible.

The compact case is a consequence of the celebrated Peter—Weyl Theorem.
A representation p on an inner product space V' is called unitary if it maps

p:G — UV)
to the space of unitary linear transformations on V', meaning that

(p(9)0,plg)Y) =(,) forall geG, PeV. (7.5)
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It is not difficult to show that every unitary representation is completely reducible, as a
consequence of the following result.

Proposition 7.2. Let p be a unitary representation of G. If W is an invariant
subspace, then its orthogonal complement W+ is also invariant, and hence p decomposes
as the direct sum of two smaller representations: p=p | Waep | W+,

The complete reducibility of all representations of finite and compact Lie groups fol-
lows from the fact that all their representations are equivalent to unitary representations.
This is not true for non-compact groups; see below.

Theorem 7.3. IfG is a finite group, or a compact Lie group, then every (continuous)
representation is equivalent to a unitary representation.

Proof: In the finite case, we define the new inner product

(p39) = # S (o(9)e, plg)), (7.6)

geqG

on V, where #G denotes the number of elements of G. It is straightforward to check that
(7.6) defines an inner product, and each p(h) for h € G then is a unitary map. For G a
compact Lie group, we replace the summation in (7.6) by integration with respect to the
invariant (Haar) measure.

To deduce equivalence, we let A be the map taking the orthonormal basis of V' in the
new inner product to that in the old. In the infinite-dimensional case, we also need to show
that A is continuous, which is the same as the two inner products being equivalent. Q.E.D.

Example 7.4. Let G = SO(2) be the group of rotations in the plane R2. Since every
rotation in the plane is uniquely prescribed by its angle, SO(2) is topologically a circle,
S1, parametrized by the angular coordinate 6. Since SO(2) is abelian, every irreducible
representation is one-dimensional. (This is because commuting unitary operators can be
simultaneously diagonalized.) The representations are given by

p,(0) =e'mf where n € Z. (7.7)

Any other (complex) representation can be decomposed into a direct sum of these
irreducible representations. For instance, the standard representation in terms of rotation

matrices . "
cos —sin
p(0) = (sin9 COSQ)

can be rewritten in terms of the complex eigenvectors e; + ie, as the direct sum of the
irreducible representations corresponding ton =1 and n = —1:

in6
PO =@ er @)= (g ).

(&

Similarly, the representation of SO(2) on the space of quadratic polynomials ¢(z, y) is given
by
P2 (0)q(z,y) = q(p(0) " (z,y)) = q(z cos§ + ysin 0, —z sin 6 + y cos 6).
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It takes the matrix form

cos? 6 —cosf sinf sin’ 6
p2(0) = [ 2cosb sinf cos?0 —sin20 —2cosh sinf
sin? 6 cosf sinf cos2 0

relative to the standard monomial basis consisting of 2, zy, y2. It can be decomposed into
the following direct sum of irreducible representations (check!):

P = pyepgep .

From now on, we will restrict our attention to finite-dimensional representations so
as to avoid problems with unbounded operators, etc. Also, unless otherwise stated, all
representations will be on complex vector spaces, even though the Lie group may be real.
The following technical result is absolutely crucial.

Schur’s Lemma 7.5. Let p be a complex unitary representation of G on the finite-
dimensional vector space V. Then p is irreducible if and only if the only linear transfor-
mations A:V — V satisfying

p(g) A= Ap(g) forall ge€Q@G, (7.8)

are multiples of the identity: A = AI. Furthermore, if p and p are two irreducible
representations of G on spaces V, V respectively, and B:V — V is a linear map such that

p(g) B = Bp(g) for all g €@q, (7.9)
then either B is invertible, so that p and p are equivalent representations, or B = 0.

Proof: To prove the first statement, let A be an eigenvalue of A, andlet {0} #W C V
be the associated eigenspace. It is easy to see that the condition above implies that W is
invariant under p. Therefore, if p is irreducible, W = V, and A = AI. (Note that this
part does not require unitarity of the representation p.) Conversely, if p is reducible, there
is a nontrivial invariant subspace {0} # W C V, whose orthogonal complement is also
invariant. Setting A to be orthogonal projection of V' onto W, it is easy to check that
condition (7.8) holds.

To prove the second statement, it is easy to see that ker B is an invariant subspace
of V under p. Thus, since p is irreducible, either ker B = V, in which case B = 0, or
ker B ={0}. In the latter case, rng B is also seen to be an invariant subspace of V', hence,

by irreducibility, rng B = V', and B is invertible. Q.E.D.

Lie Algebra Representations

Let g be a finite-dimensional Lie algebra. By a Lie algebra representation, we mean a
linear map

p:g — gl(V),
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to the Lie algebra gl(V') consisting of all linear operators on the vector space V (i.e., the
space of all n x n matrices if V' is n-dimensional) which respects the Lie bracket. Explicitly,

p[A, Bl =[p(A),p(B)] = p(A) p(B) — p(B) p(A), (7.10)

where the right hand bracket is the matrix commutator: [A,B] = AB — BA. If G is a
Lie group, and p a representation, then p induces a representation of the associated Lie
algebra g, also, for simplicity, denoted p. Explicitly, if A € g generates the one-parameter
subgroup exp(tA) C G, then

d
p(A) = — plexptA) .

This follows easily from the standard commutator formula for the Lie bracket:
[A,B] = %exp(—\/%B) exp(—\/%A) exp(\/%B) exp(ﬂA) )
t=0

which also works for matrices. Conversely, if p is any representation of the Lie algebra g,
then exponentiation induces a local representation of the corresponding Lie group G:

p(exp A) = exp p(A),

using the fact that the exponential map exp: g — G is one-to-one in a neighborhood of
the identity, which defines the Lie group representation in such a neighborhood. If G is
connected, then every element can be written as a finite product of such exponentials, and
hence each representation of a connected Lie group is uniquely prescribed by its associated
Lie algebra representation. However, a Lie algebra representation may not extend to a Lie
group representation!

For example, the one-dimensional representation of the one-dimensional Lie algebra
50(2) ~ R, with generator J, given by

does not extend to a representation of the group SO(2). Indeed,
p(et?) = etPl) = ¢t but 2™ = 1.

This representation does extend to the simply connected covering group of SO(2), which
is just the (non-compact) additive group of real numbers G = R:

p(t) = e,

It is an example of a non-unitary representation of a non-compact group which cannot be
made unitary by any choice of metric: there is no inner product on R! such that

le'y | =¥ for all ¢y € R! and all t € R.

The obstructions to extending a local representation induced from a Lie algebra rep-
resentation to the entire Lie group are topological in nature. If we were to work with
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just simply connected Lie groups, then every Lie algebra representation would extend to
a Lie group representation and there would be a one-to-one correspondence between the
two. However, many of the important groups, e.g., the group of rotations, are not simply
connected, and, moreover, by going to the simply connected covering group, we may well
lose compactness.

A Lie group representation p is irreducible if and only if the corresponding Lie algebra
representation is irreducible. The Lie group representation p is unitary if and only if the
corresponding Lie algebra representation is skew-adjoint, i.e.,

pg — u(V),

maps g to the space u(V') of skew-adjoint operators on the inner product space V', using
the fact, cf. Theorem 4.1, that a skew-adjoint operator generates a one-parameter unitary
group. In the finite-dimensional case, where V' ~ C™, by using an orthonormal basis so
that the inner product is in canonical form, u(V) ~ u(n) can be identified as the Lie
algebra of skew-adjoint, complex matrices under the commutator bracket.

Representations of the Orthogonal Group

The first important case of a non-commutative compact group is the special orthogonal
group of rotations in three-dimensional space:

SOB)={A| ATA=1, detA=1}. (7.11)

Its Lie algebra so(3) can be identified with the space of skew-symmetric matrices, and is
spanned by the matrices

00 0 00 1 0 -1 0
L,=[0 0o —-1], L,=| 0 0 0], L.=|1 o0 0], (712
01 0 -1 0 0 0 00

generating the one-parameter subgroups of rotations around the z,y, xr axes respectively.
They satisfy the commutation relations

z)

Note that these are the same as the Poisson bracket relations among the three components
of angular momentum?

Jj=9qAp.

The corresponding quantum operators are

T =77, 7.) = —ihqA v, (7.14)
which satisfy the commutation relations
[ T,, T, = ih ., (., T,) = ihJ,, (7, J.) = ihT,.  (7.15)

f As above, we use A to denote the vector cross product.
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Note that if we rescale by ih, setting J, = ih L,, we recover the commutation relations
of the Lie algebra s0(3), and hence the quantum angular momentum operators give a
representation of the Lie algebra s0(3) on (a subspace of) the Hilbert space of state vectors.
(Note that the angular momentum operators 7, are self-adjoint, whereas the generators
of s0(3) are skew-symmetric matrices, so the factor of i is essential.)

Because the angular momentum operators do not commute, according to the Uncer-
tainty Principle, we cannot simultaneously measure all three components (except in the

case when all three vanish). Indeed, according to the general Uncertainty Relation (4.27),
AJ, ATz > %h(j7>, a, B, all different.

Thus, if we know one component, say J, exactly, so AJ, = 0, then measurements of the
other two components are completely random, except in the special case when they all
vanish. This poses an interesting conceptual conundrum: the angular momentum “vector”
can never have a well-defined direction, in contrast to the position and momentum vectors.
The only time it can be well-defined is when it is zero.

The square of angular momentum is the operator

T =T+ T+ T2 (7.16)
It commutes with all three angular momentum operators. Therefore, one can measure the
square of angular momentum and one component of angular momentum exactly, but not
the other two components! Similarly, for a system composed of a number of particles,
the total angular momentum and its square obey the same commutation relations as the
individual pieces.
It is customary in quantum mechanics to ignore the particular realization and define
an angular momentum operator to be a vector of self-adjoint operators

J= (Jm,Jy,Jz),
which obey the commutation relations

where we suppress the Planck factor of A by either choosing units in which it is 1 or by
rescaling the operators. This includes the case of a single particle, as well as systems of
particles, where J represents (up to a factor of i) the total angular momentum of the
system. If we set J = iL, then the components of L are skew adjoint operators, and com-
prise a representation of the Lie algebra so(3) satisfying the commutation relations (7.12).
Therefore, according to our general results, the underlying Hilbert space decomposes into
a direct sum of irreducible finite-dimensional subspaces. If our Schrodinger equation is
rotationally invariant, and so the Hamiltonian operator commutes with the angular mo-
mentum operator J, then the same is true for the solution space for each value of the
energy. Thus, in order to understand the angular momentum of the system, we need to
understand the irreducible representations of so(3).

Their construction is facilitated by introducing the following alternative basis of the
(complexification of) so(3):

T =J,+iJ, J_=J,—iJ, J,. (7.18)

z
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Observe that these operators satisfy
J_=(J)% (7.19)
along with the commutation relations

[J.,J_]=2J, [, = J,, [J,,J_|=—J_. (7.20)

The operators J, ,J_ are called, respectively, raising and lowering operators, for reasons
that will soon become clear. (This will also be reminiscent of our treatment of the harmonic
oscillator.) Further,

P =L+ I+ Il =5(J I+ T J )+ JZ, (7.21)
Thus, (7.20,21) imply
J_J, =J*—J,(J, +1), J.J_=J*—J,(J, - 1). (7.22)

Now, suppose we are looking for a (necessarily finite-dimensional) irreducible repre-
sentation of these operators. (For simplicity, we suppress p in the formulas.) Since each
J? is a positive definite self-adjoint operator, their sum J? is also positive definite, and
hence has only non-negative eigenvalues. For later convenience, these eigenvalues will be
denoted as A = j(j+1), where j is known as the azimuthal quantum number. Since J? also

commutes with J,, we can find a simultaneous eigenvector ¢, ;, without loss of generality

assumed to be normalized, ||, ;|| = 1, associated with the eigenvalues j(j + 1) and [,
respectively:
J2¢j,l =7+ 1), T =1, (7.23)
where [ is called the magnetic quantum number. Set
¢j7l+1 = J+1pj’l. (7.24)

Then, as the notation indicates,

J? %‘,H-l = j(j + 1)¢j,l+17 Jz¢j,l+1 = (l + 1)¢j,l+1'

Thus Jj’ 141, if non-zero, is also a simultaneous eigenvector with corresponding eigenvalues
j(j+1)and I + 1. A similar statement holds for

~

/d]j,l—l — J—d]j,l’ (7.25)

which has corresponding eigenvalues j(j + 1) and [ — 1. The net effect is that J_ raises
the magnetic quantum number [ by 1, while J_ lowers it by 1.
Now consider

JJZJ',ZH = J—J+¢j,z = J2¢j,z - Jz<Jz + 1)¢j,l
=[G+ =W+ D) ] =0 - DG +1+1)dy,

By a similar computation,
J+¢j,l—1 = (J + l)(] -+ 1)¢j,l'
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Therefore, using (7.19),

I @-,m 12 = (Jyptby g Tty ) = (b, Ty ) = (G =D+ 1+ ) [k
II%I P =Ty T ) = (b T T ) = GG+ DG — 1+ >|| ¥ II7
=G+ —-1+1).
Since || {p\j,l—i—l I, | {p\j,l—l | >0, we deduce
G—DG+1+1)>0, G+DG—1+1)>0,

which imply
—j <1<y

Moreover @Zj,lﬂ = Jy 4, =01if and only if [ = j, while @Zj’l_l = J_v;, =01if and only if
| = —j. Thus, when || < j, we can normalize the two new eigenvectors by setting

~ o~

¢j,l+1 . _ ¢j,l—1
VG-DG+I+1D) M GG -1+ 1)

Now, if we start with ¢, ; and apply J, successively, we produce a sequence of eigenvec-
tors 0 # ¢, 4y, k= 0,1,2, ... unless [+k = j. Therefore, to maintain finite-dimensionality,
we must require 7 —[ to be an integer. Similarly, if we start applying J_, we infer that j+1

is also an integer. Adding these two integers, we deduce that 2j must be an integer, so j

must be a non-negative integer: 0,1,2,3,..., or half-integer: %, %, %, .... In this fashion,

¢j,l+1 =

we have constructed all the irreducible representations of so(3).

Theorem 7.6.. Every irreducible representation of the Lie algebra so(3) is charac-
terized by the azimuthal quantum number j which can assume any non-negative integral
or half-integral value:

i=0,3 13, 2§

The representation p; corresponding to a given value of j has dimension 2j + 1, and is
characterized by the fact that the squared angular momentum operator J? has eigenvalue
j(j 4+ 1). There is an orthonormal basis of corresponding representation space V, ~ Cc2+t

provided by the eigenvectors ¢, for I = —j,—j +1,...,j — 1,j, of the operator J,,
satisfying
T2 =36+ 1), T = Vil +1) =1+ 1) ¢, (7.26)
sz’j,l - l%}l’ J—¢j,l = \/j(j +1)=1(l-1) djj,l—l‘

For example, 7 = 0 is the trivial one-dimensional representation in which J = 0. The
case j = 1 is equivalent to the standard three-dimensional representation of the orthogonal

group.
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Consider the standard realization of the generators of s0(3) as the quantum operators
of angular momentum,
J=—-iqAV, (7.27)

acting on the Hilbert space £ = L2(R3) of square integrable functions of q = (z, v, z) € R3.
If we go to spherical coordinates (r,p,#), as in (2.25), then the constituent irreducible
representations are spanned by joint eigenfunctions of the operators

. 9 1 0 . 0 1 02
JZ——I%, J ——<Sln¢8—¢81n@%+m%) (728)
The operator J? is known as the spherical Laplacian, since it ca be identified as the
Laplace—Beltrami operator on the unit sphere S? C R? with induced constant curvature
Riemannian metric.

We now seek the eigenfunction v, (i, ) satisfying (7.23). (When looking for these
eigenfunctions, we can safely ignore the radial coordinate.) Now, J, is just differentiation
in the 6 direction, hence

i (0,0) = x;,(p) e’

Since 6 is periodic of period 27, the magnetic quantum number m must be an integer, which
implies that the azimuthal quantum number j must be an integer too. Therefore, for the
standard angular momentum operators (7.27), there are no half-integral representations!
The functions Xj,z(SO) must satisfy the ordinary differential equation

1 d d n 12 (G +1)
— sinp— X, + —5— X = .
sin ¢ dp 7 dp Xt T G2 ® X = IV X

If we set u = cos ¢, then this becomes the Legendre equation

d? d . 12
—2u—+](]+1) - —l_uz}Xj,l =0,

J— 2 [
(I-u )du2 du

whose solutions are the associated Legendre functions, [41]. However, we can find their
formulas directly. First, x;; is an eigenfunction for J, with eigenvalue j. In spherical

coordinates,
; 0 . 0
J:t:e:t 9(:}:%+1C0t§0%),

and so x; ; is a solution to the first order ordinary differential equation

% —j(cotp)f =0.
Solving, we find
Xj,j(@) =C; Sinj ®, wj’j(@, 0) = Cjeije sinj ©.

The other eigenfunctions are found by applying the lowering operator J_ repeatedly
wl(()O?g):']i_lw((p?g)? lz_]? 7]
3 3,
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This implies

di=!

Wsin%gp:cj’lpf(cosgp), l=—7j, ... ],

Xj,l(‘P) =G sin~’ 2
where the P; are the associated Legendre functions

1 12 di+t

Bil) = g =) g

J

(u? —1)7. (7.29)

For normalization, we take

254+ 1)(5 = 1)!
A (j+1)!

V(. 0) =Y (0,0) = (—1)l\/( e''? Pi(cos ), (7.30)

where le (p, 0) is a certain trigonometric polynomial in cos ¢ and sin ¢, known as the (j,)th
spherical harmonic.

The reason that no half-integral representations appear in this particular example is
a general property of the rotation group that is easily established.

Theorem 7.7. There are no representations of SO(3) possessing half integral az-
imuthal quantum number j.

Proof: Note that exp(27iJ,) = I, since L, = iJ, generates the rotations around

the z-axis. Therefore p[exp(27r iJ,) }Jw = ¢ for all ¢ in the representation space. On the
other hand,

plexp(27iJ,) )7y = exp(27ij) v,
hence j must be an integer. Q.E.D.

The problem is that the group SO(3) is not simply connected. Its simply connected
covering group is the special unitary group

SU(2)={A€GL(22,C)| ATA=1, detA=1}. (7.31)

Every matrix in SU(2) can be written in the form

b @

Therefore, topologically, we can identify SU(2) with the three sphere S3 C C2, which is
compact and simply connected. If we write « = s+ it, f=wu+ iv, then

A:( 4 é), where a2+ 8% = 1.

A=sl+tio, f+uio, +vio,, S22+ u 0% =1,

where I is the identity matrix, and

0 1 0 —i 1 0
0'1,—<1 O)’ O'y—<i 0)’ UZ—<0 _1), (7.32)
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are the so-called Pauli matrices. The Lie algebra of SU(2), denoted su(2), consists of all
trace-free skew-adjoint (skew-Hermitian) 2 x 2 matrices

su2)={Aegl(2,C)| ST=-5, trS=0}. (7.33)

Thus, its general element has the form

B iz iz—y\ . . .

S_(ix—l—y i )—m:ax—l—lyay—f—lzaz,

which implies that the matrices io,,10,, 10, form a basis for su(2). In calculations, it is
slightly preferable to use the scaled basis

i i i 734

LI——EUI,, Ly——EO'y, LZ__§0-27 ( . )

which have the same commutation relations (7.13) as the Lie algebra so0(3). Therefore,
50(3) ~ su(2)

are isomorphic Lie algebras, and hence SO(3) and SU(2) are locally isomorphic Lie groups.
To exhibit the isomorphism explicitly, consider the adjoint representation of SU(2) on
its Lie algebra su(2) ~ R3:

p(A)S=ASA™Y S € su(2), A € SU(2). (7.35)

(The adjoint representation is a general construction of importance in the theory of Lie
groups. The reader should check that it defines a valid representation.) Now

det[p(A)S] =det S =2 + y* + 2°,

and hence p(A) is a real orthogonal transformation on su(2) ~ R3. Moreover, as p(A) is
continuous and SU(2) is connected, det p(A) =1 for all A € SU(2), so

p:SU@2) — SO3).

It is easy to see that p covers SO(3) since p reduces to the identity on the Lie algebra
level, and every matrix in SO(3) can be written as a product of exponentials. Moreover,
p(A) = p(—A), so p covers each rotation matrix twice. In fact, it can be readily checked
that p(A) = I if and only if A = £1, so p is a double covering and

SO(3) ~ SU(2)/Z,, (7.36)

where Z, denotes the discrete subgroup consisting of 1. Therefore, as SU(2) was topo-
logically a three-sphere, SO(3) is topologically the real projective space RP3.

The standard representation of the Lie algebra su(2) ~ s0(3) is two-dimensional, and
hence must be the half-integral representation corresponding to j = % Indeed,

2 1.2 1.2 1.2 3
JU=—gsi—gsa 383 = 3L

which implies that j(j+1) = %, and hence j = 1. In fact, the representations of so(3) can
all be written as symmetric powers of the basic representation of su(2), i.e., if we view the

[\

1/3/23 89 @ 2023 Peter J. Olver



2 X 2 matrices in su(2) acting on the vector space of linear polynomials in u, v, then the
representation p; will act on the homogeneous polynomials of degree 2j in u,v. Given

2 2j—1 2j-2.2 . 2j
P(u,v) = agu™ + aqu™ " v + ayu™ v + + ag, v,

a b

then @ = p;(A)P, where A = (c d) € SU(2) is given by

Q(u,v) = P(au+ cv,bu + dv).

Indeed, the representation has dimension j + 1, and is irreducible, since the monomials
uFv?~F form (up to scale) the basis constructed above:

PP ) = Goept I )P | = PG tute)|  =ul
Similarly, we deduce
pj(J+)P:uaa—];, pj(J_)P:vaa—];, p,(J)P = gg—f+%g_f, (7.37)
and so, as required,
(T eI = (2 — R TR p ()uheE  ( — )ube,
pj(J_)ukvzj_k = kol ty¥ kL pj(Jz)ukvzj_k = j(j + 1) uko?~F,

There is one remaining question: are these the only representations which appear?
This is related to the issue of completeness, which is answered by the following result:

Theorem 7.8. The spherical harmonics le(cp,e), i=0,1,2,..., Il =—4,...,7,
form a basis for the space L?(S?) of square integrable functions on the sphere.

In other words, every square-integrable function f (¢, 8) can be expanded in a “Fourier
series” in terms of the spherical harmonics, which converges in norm. This theorem is a
consequence of the celebrated Peter-Weyl Theorem, which states that the matrix elements
of the irreducible representations of a compact Lie group G form a complete orthonormal
basis for the space L?(G) of square-integrable functions on G. The simplest example is
the group G = SO(2), where these functions are e'"? and we are back to the theory
of Fourier series. The spherical harmonics constitute the next important example of this
general theory.

However, there is a fairly elementary direct proof of Theorem 7.8, cf. [49]. Consider
the space of homogeneous harmonic polynomials of degree j:

P;={p(z,y,2) | Ap=0, p(Az, Ay, \2) = Np(z,y,2) }.

If we write a polynomial p in spherical coordinates, we see that it has the form

p(r,,0) =17 h(p, 0),
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where, according to the formula for separating Laplace’s equation in spherical coordinates
J?h=j(j+1)h,

where J? is the spherical Laplacian (7.28), and the j(j+1) comes from the radial component
of the Laplacian operator:

9 20 1
A= =—=+-=|-=J% )
(3r2+r8r) / (7.38)
We conclude that h is a linear combination of spherical harmonics, and so a basis for P;
is provided by the basic harmonic polynomials
p(x7y7z):7ajyjl((p79)7 l:_]v 7j'

To establish completeness, let g(p, ) be any continuous function on the unit sphere.

We define
f(x,y,z) =rg(p,0),

so f is continuous on all of R3. Now, by a Theorem of Weierstrass, we can approximate f
uniformly by polynomials over any compact domain, which we assume contains the unit
sphere. To show that g can be approximated by spherical harmonics, then, we need only
show that any polynomial can be expressed as a sum of harmonic polynomials multiplied
by powers of r. Specifically, if P(z,y,z) is any polynomial of degree n = 2m or 2m + 1,

then there exist harmonic polynomials p,,p,,_5, ... ,P,_9,,, indexed by their degrees,
such that

P(xv Y, Z) = pn(x7 Y, z)+r2pn_2(a:, Y, z)—l—r4pn_4(a:, Y, Z)+ T +T2mpn—2m(xv Y, Z) (7'39)

We prove this claim by induction on the degree n. The result is obvious for n = 0 or 1 since
every constant or linear polynomial is automatically harmonic. Suppose P has degree n.
Then AP has degree n — 2, hence, by induction,

AP(Z’,y, Z) = qn—2(xv Y, Z) + T2 qn_4(l', Y, Z) + -+ T2m_2 Qn—2m(x7 Y, Z):
where the g, are harmonic polynomials. Set p, = ¢,/[(n — k)(n+ k + 1)], so that

k
A[TZ pn—Zk] = qn_2k:

Then, if we define p,, by (7.39), we compute AP to find Ap,, = 0. Q.E.D.

The Hydrogen Atom

The simplest system with a Coulomb interaction is the hydrogen atom, which consists
of a single proton and a single electron. By going to center of mass coordinates, the
Hamiltonian reduces to
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where we are considering the case of an attractive potential between two oppositely charged
particles of charge +e. The stationary Schrédinger equation is then

K2 e?
—Aw+<—+E)w=0, (7.41)
2m T

where we interpret the eigenvalue as the energy: A = E. Equation (7.41) can be solved by
separation of variables in spherical coordinates r, ¢, 6. We write

’Qb(?“, ©; 9) = §(T> X((p? 9)

The Laplacian separates into
1
~WA=P =P+ L7
r

P :—ihlgr:—ih(g+1)

T r Or

is the radial momentum operator, so

where

whereas

L2:h2J2:—h2(
is the total moment of angular momentum:
2 _ 12 2 2 _ —
L* =L, + L, + L%, L—(LI,Ly,LZ)——mq/\V. (7.42)

For a general spherically symmetric potential, then, the stationary Schrodinger equation
separates into the angular component

L*x = px, (7.43)
where p is the separation constant, and a radial component
1

%(p3+rﬂ2)g+v<r>£=E£,

which is the same as

(o9 20
2m or?2  ror 12

If we set

then the equation becomes

[ R4 K

—%W W‘FV(T‘)—E}UIO. (7.44)
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Note the resemblance with the usual one-dimensional Schrédinger equation (6.15).

The angular equation (7.43) does not depend on the particular potential under con-
sideration. Since L? is just a multiple of the spherical Laplacian (7.28), its solutions are
the standard spherical harmonics le(gp, 0), as in (7.30). Therefore, the separation constant
p only achieves the values j(j + 1), where j, the azimuthal quantum number, is integral,
corresponding to the integral representations of SO(3).

In the case of a Coulomb interaction, V(r) = —e?/r, and the radial equation (7.44)

becomes ( ) )
/ Jj+1 2me 2mkE
- =0. 7.45
n" + a t et | (7.45)

If the energy E > 0, then the solution to this equation is oscillatory, and represents an
unbound scattering state, assocaited with the continuous spectrum of the Schrédinger
operator. If F¥ < 0, then the asymptotic form of a solution which is regular at the origin
will be a linear combination of exponentials e"” and e™"", where kK = v/—2mFE /h. For
this to be an acceptable eigenfunction, the coefficient of the increasing exponential must
vanish; this will only happen for certain discrete values of the energy F.

If we make the change of variables

2rv/—2mkFE

rT=2KrT = ——F7—

h

then the radial equation reduces to one only involving the dimensionless parameter

,,_i _m_
~ h\ —2E’

jG+1) v 1
- _ - =0. A4
o +x 1 n=20 (7.46)

namely
7]// + |:_
If we make the change .
n(z) = a?tle "2 ¢(x),

then ( satisfies the Laplace ordinary differential equation (not to be confused with the
Laplace partial differential equation!)

(" +2j+2-2) - (G+1—-v)(=0. (7.47)

The solution which is regular at the origin can be written in terms of the confluent hyper-
geometric function

i l;<j+1+¢_y)(2j+1)!$i (7.48)

JTZF.+1_V,2.+2,$: B N . .y
@)= F( j+2w) 2 T(+1-v)(2j+1tili
In general, this represents an infinite series, asymptotically behaving as 277~ 1=%e® for x
large, and hence cannot represent an eigenfunction. However, if j + 1 — v is a negative
integer, then the series terminates, and the solution reduces to a polynomial, and we have
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an eigenfunction. Thus the bound states of the hydrogen atom are prescribed by the
quantum condition

v=n=j5+k+1, where k=0,1,2,...,
is the radial quantum number. The solutions have the form
:L'ﬂ'le_”c/zLijJrl (), (7.49)
where L% denotes the associated Laguerre polynomial:

k i
LY(x) = em%xke_m, Lj(z) = (-1)%’%5@(@. (7.50)
They represent orthogonal polynomials on the interval (0, 00) with respect to the weight
function z,e~®. Moreover, L! is a polynomial of degree k having exactly k zeros on the
interval (0, 00).
If we replace the parameter v by its assumed value in terms of the angular momentum
7 and the radial quantum number k, and solve for the energy E, we deduce the complete
energy spectrum of the hydrogen atom:

me4

E.,=— . 7.51

3ik 2h(j + k+1)? (7.51)
Therefore, the energy takes on a denumerably infinite number of values, since both the
azimuthal and radial quantum numbers can take on any non-negative integral value. The

energy itself only depends on the principal quantum number

n=j+k+l, (7.52)

with the energy level corresponding to

me* e
E =-c _ @° .
" 2h2n2 2n2’ (7.53)
where
e =mc* = .51072 MeV (1 MeV = 10° electron volts) (7.54)

is the rest energy of the electron (m is actually the reduced mass), and the dimensionless
number
- e? 1
“The T 13T

known as the fine structure constant. Numerically, the ground state energy, n = 1, has
the value Fy = —13.5983eV.

The energy level E, is degenerate, since the angular momentum quantum number j
can assume values from 0 up to n — 1; the order of degeneracy is

(7.55)

n—1

> (2j+1)=n%

7=0
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In traditional spectroscopy, the various eigenstates are designated by the positive integer
n followed by a letter, s,p,d, f,g,..., indicating the value of j = 0,1,2,.... The mag-
netic quantum number [ appearing in the spherical harmonic component, indicating the
orientation of the state, is simply not mentioned. Thus we have the following states:

Energy j=0 4g=1 73=2 j=3

E, ls

E, 2s 2p

E, 3s 3p 3d

E, 4s 4p 4d 4f

The energy levels (7.53) accumulate at 0, after which the continuous spectrum starts.
(This qualitative behavior is common to all “short-range potentials”.) The normalized
eigenfunctions corresponding to the quantum state labelled by n, j,[ is

2j+1 (’I’L—]—l)' i r2j5+1 27°
— —r/(na)y/!
Ut = e\ By " i <na) e e f), (756)
where
h,2
a=—5=0529%x10"° cm, (7.57)
me

This number, which has the units of distance, is known as the radius of the hydrogen atom,
or the Bohr radius.

If the system is in the pure state ¢,, ; ;, the mean value of the radius r gives the average
radial distance of the electron from the nucleus. A calculation proves that the expected
value of the radius in the eigenstate (7.56) is

3n?—j(j+1)
<T>n,j,l = 2 a, (758)

independent of [. In particular, % a is the mean value of the radius of a hydrogen atom in

the ground state (n = 1,j = 0). Note that the radii are not monotone in n, so states of
higher angular momentum and higher energy may lie “closer” to the nucleus than ones of
lower energy. (However, this only happens for n > 7, which is rare in physical situations.)

We also have
) Cn?[Bn?+1-35(G+1)] ,
<T >Tl,j,l - 2 a )

When j = n — 1 is maximal, the wave function is especially simple. We find
<r>n:n2(n—|—%)a, (rz)n:nz(n—i—%)(n—i—l)az,
hence the root-mean square deviation in 7 is

(7 )n
r,o= r —(r)2 =1ny2n a=—.
Ar, =/(r?), —(r)z =3nVv2n+1 ST
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Thus, for large values of n, Ar, /(r), becomes small, and the electron remains practically
localized in a sphere of radius n?a, whereas the energy of the level, —e?/n2a, is the same
as that of a classical electron describing a circular orbit or radius n2a. This gives an
illustration of the general correspondence rule that the quantum system reduces to the
classical laws of motion for very large quantum numbers. The states of maximal angular

momentum correspond to the classical circular orbits.

The Zeeman Effect

In the physical measurements of a quantum system, we can never detect the degenera-
cies of a given energy level directly without some physical operator to distinguish the wave
functions for that level. The magnetic quantum number of the basic hydrogen atom needs
some additional physical effect to make itself manifest. This is provided by the Zeeman
effect, obtained by measuring the spectrum of the hydrogen atom in a magnetic field. The
cylindrically symmetric magnetic field has the effect of breaking the spherical symmetry
of the atom and reducing the symmetry group from SO(3) to SO(2). Each representation
of SO(3) corresponding to the azimuthal quantum number j then splits up into 25 + 1
distinct one-dimensional representations of SO(2).

We begin with the classical Hamiltonian for a hydrogen atom:

lpl*? €

2m r

The Hamiltonian of the same atom placed in a static magnetic field with potential A(q)
is given by replacing the momentum p by p — eA(q)/c. In particular, for a constant
magnetic field, A = %H A q, and we have

2 (& 62
2 I
- p - - H ° o
‘ ‘ C 4c2

where q, denotes the projection of q onto the plane perpendicular to the field H. There-
fore, the corresponding quantum Hamiltonian takes the form

e
p- A HEq, P

(& 62

H-L+

2 2
me 8mC2|H| |qL|7

where H, denotes the Hamiltonian for the free atom, and L denotes the usual angular
momentum operator (7.42). In the present situation, the third term plays a negligible role,
(even for a very strong field and a very heavy atom) and can be ignored. Thus, we consider

the reduced Hamiltonian .

2me

Now, the eigenfunctions v, ;, of H, have energy eigenvalue £, ;. Actually, for a hydro-

%:HO_

H-L. (7.59)

gen atom, accidental symmetry implies that the energy E, ; = E, only depends on the

principal quantum number n, cf. (7.53). This is no longer the case when dealing with mul-
tiple electron atoms, where one can distinguish the energy levels associated with differing
azimuthal quantum numbers j. Since the ensuing argument remains valid, we retain the
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dependence of the energy on both n and j. If we assume H = hjk is in the direction of the
z-axis, then these remain eigenfunctions of the modified Hamiltonian, but with eigenvalues

4
me . .
E,;=phl=—gms —uhyl, l=—j ... .j (7.60)
where the constant .
= 26 = 0.927 x 10™° erg/gauss (7.61)
mc

is known as the Bohr magneton, and can be identified as the magnetic moment of an
electron. Therefore, each degenerate level has split into an odd “multiplet” of 25 4+ 1
equally spaced levels, whose spacing is independent of the atom under consideration, and
whose average energy is E, ;. These theoretical predictions are only partly confirmed
by experiment. For atoms with an odd number of electrons, the multiplets are all even
(the anomalous Zeeman effect), which is what one would expect if the azimuthal quantum
number were a half integer. Also the spacing of levels varies from multiplet to multiplet.
These are all handled by the hypothesis of electron spin, to be discussed below.

Addition of Angular Momenta

Suppose we have a system consisting of several particles. The total angular momentum
of the system will be a sum of the individual angular momenta,

J=> 1,

The underlying representation space will be the tensor product of the individual Hilbert
spaces. Indeed, by separation of variables, we can write the general wave function as a
sum of products of wave functions for the individual subsystems.

Let G be a group. By the tensor product of two representations p,, p5, we mean the
representation

p=p1opyG — L(V o)), p(g) = p1(9) @ pa(9), (7.62)

on the tensor product vector space. The matrix entries of the tensor product are the prod-
ucts of the corresponding entries of the individual representations. If the representations
are unitary, then we can decompose the tensor product into irreducible representations

P1® Py = @ P>
k

where the factors may appear with various multiplicities. In particular, the tensor product
of irreducible representations is not necessarily irreducible, and we have formulae of the
form

pP;®p; = D a?,j P> (7.63)
k

known as the Clebsch-Gordan series (although in finite dimensions, it is necessarily a finite
sum).
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Remark: This is a bit of a misnomer, since Clebsch and Gordan only worked in clas-
sical invariant theory, and didn’t have representation theory in mind at all. It appears
that the terminology comes from a remark in Weyl ’s book [54] in which he says that this
series is “... essentially identical with the Clebsch-Gordan series in ... [classical] invariant
theory.”

In order to compute the Clebsch-Gordan series, we need to know how to recognize
which irreducible representations occur in a general reducible representation. The simplest
approach to this is through the theory of group characters, which is of importance in its
own right.

Definition 7.9. Let p: G — L(V') be a representation of the group G on a finite-
dimensional vector space V. The character of the representation p is the map obtained by
taking the trace:

x:G — C, x(g9) = trp(g). (7.64)

Note that since tr S~'AS = tr A, the character of a representation is independent of
any basis on V, and so equivalent representations have the same character. For finite or
compact Lie groups, the converse also holds, as we will see below. Also, if the representation
is unitary, then

X(g™h) =trp(g™h) =trp(g) "t = trp(g)* = x(9).

Given a representation p of a compact Lie group or finite group G and a basis
{eq,...,e, } of the representation space V', we define the corresponding matrix elements

ng(g)7 i,jzl,...,’n,

which are continuous functions on the group G. We define an inner product on G by using
the invariant integral

(o= [ 5@ ho)* dg (7.65)
given by the Haar measure on G to average over the group. (This is normalized so that

the total measure of GG is 1.) For a finite group, we use the analogous averaging sum.

Theorem 7.10. Let p* and p* be irreducible representations of the compact Lie or
finite group G. Then their matrix elements satisfy the following orthogonality relations:

<p2>\]7pllil>:07 unless /\:,uv 7':-77 k:l’

1 (7.66)
A A
<pijapij>_di V)\'

Proof: Let B:V* — V be any linear transformation. Define A: V* — VA by

A= /ka(g)Bp“(g)‘ldg = /ka(g)Bp“(g)*dg. (7.67)
The invariance of the integral readily implies that
p(9) A= Ap*(g)

1/3/23 98 @ 2023 Peter J. Olver



for any g € G. Therefore, according to Schur’s Lemma 7.5, A = 0 if A # p, while A = a1

if A = p. Choosing B to have all zero entries except for a single 1, the last integral in
(7.67) reduces to

AikZ/Gp?j(g)piz(g)*dg:<p?j,piz>-

This implies the first set of zero orthogonality relations. To check the latter set, we need
to compute «, which is done by taking traces:

adimV* =tr(al) =trA = / trp*(g) Bp*(g) " tdg = / tr Bdg = tr B.
G G
Taking B as before completes the proof. Q.E.D.

The matrix elements of the irreducible representations of standard Lie groups can
be expressed in terms of the special functions of mathematical physics, e.g., spherical
harmonics, Bessel functions, hypergeometric functions, etc. Many of the fancy addition
formulas, recurrence relations, differential equations, etc. satisfied by these functions are
then simple by-products of standard representation theory. See the book by Talman, [49],
for an introduction to this “unified theory of special functions”.

Corollary 7.11. The characters x* of the irreducible representations p* of a finite
or compact Lie group G satisfy the orthogonality relations:

(x> x*) =0y - (7.68)

Theorem 7.12.. Let p be an arbitrary finite-dimensional unitary representation of
G with character x. Then p decomposes as a direct sum of irreducible representations

A
p=EP ny
A
The number of times the irreducible representation p* occurs in p is given by

ny = <X7X>\>

Proof: Since y is a trace, and the p* occur in block diagonal form in p, we have
X = Z nAXA'
A

The result then follows from the orthogonality relations (7.68). Q.E.D.

Theorem 7.12 can be used to compute the Clebsch-Gordan coefficients for tensor
products of representations; we need only determine the character of the tensor product,
and rewrite it in terms of the characters of the irreducible representations. Note that the
character of the tensor product of two representations is just the ordinary product of the
two characters:

X" ex?(9) = x'(9) X*(9)-

1/3/23 99 @ 2023 Peter J. Olver



Therefore, to determine the Clebsch-Gordan series of the tensor product of two irreducible
representations, we need only decompose the product of their characters into a sum of
irreducible characters:

X' =@ af ;"
k

where, according to the previous result

af = (x"x7 . x").
In practice, though, it is often easier to determine the Clebsch-Gordan series directly from
the character expansion.

In the case of SU(2), we proceed as follows. (The same arguments apply to the orthog-
onal group SO(3).) Consider the irreducible representation p7 on the space of homogeneous
polynomials of degree 27, as described above. The character x? of p? can be computed
explicitly by taking the trace relative to the standard basis ©*v?/ =% but this expression
is too complicated to make practical use of. A better way to proceed is as follows. Let
A € SU(2) be diagonalized by a similarity matrix

iT/2
B:SAS—1:<€O 6_97/2), or<r<2m

(Note that 7 represents the angle of the corresponding rotation in SO(3).) Then the
representation of B is diagonal:

,OJ(B) uk,UQJ—k: — el(]—k)TukUQ‘]—k.

Therefore
27 i . . 1
. ) ) L . +1
V) = (B =pl(B) = 3 1607 = 3 gikr - SUUE)T
= et sing 7

Therefore, to determine the Clebsch-Gordan series, we need to rewrite the product x* x’
in terms of the x*. We compute, assuming j > i:

i J Jj+i k Jjti
X exI(A) = x'(A) X7 (A)= Y D elrTeltT = Yoot =3 XA
p=—1t q=—j k=j—i n=—k k=j—1
Therefore, we conclude:
plopl = pitiepti-le ... 69,0| i—jl (7.69)

Theorem 7.13. The tensor product p'ep’ of two irreducible representations of
SU(2) decomposes as a direct sum of one copy of each of the irreducible representations
Pk fork=i+ji+j5—1,...,]i—j|

Corollary 7.14. In a system of two particles, if the first particle has total angular
momentum ¢ and the second has total angular momentum j, then the system has possible
total angular momenta ranging from |i — j | to i + j.
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Note that this holds for both integral and half-integral values of < and j. In particular,
two half-integral representations combine to give a direct sum of integral representations.
In fact, we can write this decomposition even more explicitly. Suppose we have intro-
duced the basis vectors ¢, ; of the representation p; as above. Then the tensor product of
basis elements must decompose into a sum of basis elements of the component representa-

tions, i.e., we have
J+i

- Z Z ,] l, mwk n- (770)

k=j—i n=—k

The coefficients CZ lm are known as the Wigner coefficients, also known as Clebsch-
Gordan coefficients or vector coupling coefficients. They are uniquely determined up to
a phase factor, since the normalized eigenvectors Y, m are determined up to a phase. In
fact, it possible to consistently choose the phases such that all the Wigner coefficients
are real. Note first that by orthonormality, which is guaranteed by the unitarity of the

representations,

C,J,l,m - <¢zl ¢jm7¢kn> (7.71)

Hence, assuming reality — otherwise the coefficient would have a complex conjugate —
we have the converse expansion

wk’n - Z Ozka.;?lamw%l ®¢jam' (7'72)
%,7,l,m

Next, note that

Applying J, to both sides of (7.72), we conclude that

k’n —_— JE—
C’m’l’m =0 unless l+m=n.

A slick way to compute the Wigner coefficients is to use an invariant theoretic argu-
ment.

Theorem 7.15. Let (u,v), (z,y) and (§,n) denote independent variables. Define the
function

F(u,v,2,y,2,h) = (uy — o) (Eu 4 o) 7 (Ex +ny) T (7.73)
Then the coefficient of
gk—i—n nk—n (774)
\/(k +n)! (k—n)!
is given by a multiple, depending only on 1, j, k, of
i+l ,,0—1 Jj+m , j—m
S ol i . (7.75)
i7,l,m o \/(Z—I—l)!(z—l)! \/(J+m) (j —m)!
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For the proof, one demonstrates that the function (7.73) is invariant under the group
SU(2) acting covariantly on u = (u,v) and x = (z,y) and contravariantly on w = (&, 7n):

u— Au, x — AX, wi— AW, A € SU(2).
This implies that the quantities
uAX =uy — vz, u-w=~&u+nv, x-w=~¢x+ny,

are invariant under SU(2), and, indeed, under all of SL(2,C). On the other hand, the
simpler function

k+n k n gk—i—nnk—n

Cutmo) =Y e TR

is also clearly invariant under the same group. Therefore, the coefficients of (7.74) in
each expression have the same covariant transformation rules, which suffices to prove the
theorem. Q.E.D.

Evaluating (7.73), we find a closed form expression for the Wigner coefficients.

Corollary 7.16. Forl+m = n, crro g equal to a multiple a ; of the sum

i,9,l,m

S (-1 ViD= DG +m) (G —m)! (k+n)! (k—n)!
(i—=l=-p)n+l—j+pG+m—pln—i—m+p)'p(i+j—n—p)!
(7.76)
The (finite) sum is over all integers p such that no negative factorials occur. To obtain
normalized eigenvectors, one chooses

kti— ) (k—i+5)! (i+5—k)
b BRIy :
Vi * \/ (i+j+k+1)

p

Another common quantity associated with the Wigner coefficients are the 3-j symbols
defined by

k, . i—j+n ./ { j k
Cijam = (1" 2k+1(l m —n)'
The 3-j symbols are so called because 4, j, k are often denoted j,, j,, j5. Note that they
are zero unless the sum of the three lower indices is 0. They are invariant under circular
permutations of the columns, and get multiplied by (—1)**/** under transposition of two
columns, or under simultaneous change of the signs of [, m,n.

Another convenient means of computing these coefficients is the “step down method”.
Note first that if we have maximal values for k, n, so that ¢ + 7 = k = n, then there is only
one term in the sum (7.76). Therefore, we can set

47,147 _ ; _
Cijig =1L lew =909,
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If we then apply J_ to this, we find, using formula (7.26),

J i i = V204 2] U050 = V20t e+ /250 01 5.

Therefore
H—J t+j— ; j Z 1—1 JJ i4+j 5,J—1
z—i—] 45— 1 CH—],H—] 1 J
7] i— 1’.7 j 2,7,%,0 — 1 Z _l’_] :

There is another eigenvector for .J, corresponding to the eigenvalue ¢ 4+ j — 1, namely
Yiyj_1,itj—1- Lhis will be orthogonal to ¢, ;. 1, and hence can be taken to be

hence

J /)
Yis it -y, e .
i+j—1i+] i+ i-1% P4 b J,j—1
hence
C@—H Litj—1 _ i+j—lit+j—1 _ i
2,7,0— 17.7 Z"l‘] 7.]27.7 1 /L_l_j

One can continue this process of applying J_ and using orthogonality to deduce recurrence
relations for the Wigner coefficients:

Vk+n)(k—n+1)ckrtt

2,7,l,m

—\/Z—Z 2+l+1)czj llm+\/]_ j+m+1)023lm1

A similar recurrence comes from applying J, :

V(kE=n)k+n+1)CPn !

i,5,l,m

= /(i +1)( z—l+1)C”+1lm+\/]+m(J—m+1)0,glm+1

When k = n, the left hand side of the first recurrence vanishes, Wthh allows one to derive
all the Wigner coefficients C; Jkl ., in terms of one of them, say Cl 4. say, which is given
by the general formula above

1

Example 7.17. For two particles of angular momentum ¢ = j = =, each particle has

two possible states corresponding to m = , which we denote by +,¢_, respectively.
The combined system has angular momentum k = 1 or 0, with eigenfunctions 1, for
k =0,and p_,pgy, ¢, corresponding to k = 1, m = —1,0, 1, respectively. The Wigner
coefficients for this simple case correspond to the rules

<P+:¢+®¢+7 @O:\/gw+®¢_+\/g¢_®¢+,

RN RN
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More complicated is the case of two particles of angular momentum 1. The combined
system has total angular momentum 0, 1, or 2, and we find:

7»[’2,2 = 7»[’1,1 ®¢1,17

Yoy = \/g Yy e o+ \/g Yy 00y 1,

¢1,1 = \/g ¢1,1 ®¢1,0 - \/gwm ®¢1,1v

¢2,0 = \/g ¢1,1 ®¢1,—1 + \/g ¢1,0 ®¢1,0 + \/g ¢1,—1 ®¢1,1v

7»[’1,0 = \/%%,1 ®7»[’1,—1 - \/gd’l,—l ®¢1,1:

¢0,0 = \/g ¢1,1 ®¢1,—1 - \/g ¢1,0 ®¢1,0 + \/g ¢1,—1 ®¢1,1v
Yy g = \/g Yy et ot \/g Yy oYy 1,
¢1,—1 = \/g ¢1,—1 ®¢1,0 - \/gwm ®¢1,—1v

7»[’2,—2 = 7»[’1,—1 ®7»[’1,—1-

The 3-j coefficients also arise naturally in the addition of three angular momenta.
Specifically, suppose we have a system of three particles, with azimuthal quantum numbers
J1sJo2s J3 and magnetic quantum numbers [, [,, [;. For the system to have zero total angular
momentum, we must have [, +1,+[; = 0, and the j’s must satisfy the triangular inequalities

|]1_]2|§]3 §j1+j27 etc.

Then the wave function of the system is

thy = Z (gi gz ?j)%l,ll@%z,zz@%s,zs-

l17l27l3

Note that the 3-j symbols are zero unless [; + I, + I3 = 0.

Intensities and Selection Rules

If a hydrogen atom emits a light photon by transition from one energy level to another,
the frequency v is determined by the rule

o?e (1 1
hv=E —FE, = 5 <m2 n2)’ (7.77)
provided n > m; see (7.54,55). The observed spectra of hydrogen are known as the Balmer
series when m = 1, which is in the ultraviolet part of the electromagnetic spectrum, the
Lyman series when m = 2, which is in the visible part, the Paschen series when m = 3,
which is in the infrared part. The theory and data fit very accurately. The same relation
holds when the atom absorbs energy from a photon of frequency v.

The intensities of these spectral lines are measured by a standard quantum mechanics
formula. For dipole radiation, the probability of an atom jumping from a state v to a
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state x with lower energy in a given time period is proportional to the sum of the norms
of the “matrix elements” of the position operator Q, i.e.,

(4, Qx) |

The intensity of the emitted light corresponding to this transition is proportional to the
transition probability. In particular, if the matrix elements are all 0, then there can be
no transition. This leads to certain “selection rules” which prescribe which transitions are
possible, by saying which matrix elements are non-zero.

Now suppose we are in a system with rotational symmetry. Suppose 1 corresponds
to azimuthal quantum number j and x corresponds to azimuthal quantum number k, i.e.,
1 lies in the representation space corresponding to the irreducible representation p? and
similarly for y. Now the operator Q corresponds to multiplication by the linear polyno-
mial z, whose angular components correspond to the three-dimensional representation p'.
Therefore, we can regard Qx as an element of the tensor product representation p' e p¥,
which decomposes as the direct sum of three representations

1

N[

pteph = phtlepkaph unless k=0 or

In the exceptional cases,
ptepd = pt, ! ®p1/2 _ p3/2 @pl/Q.

Now, according to the orthogonality conditions, the elements of different representa-
tion spaces are always orthogonal. Therefore, the matrix elements (1, Q x ) are necessarily
zero unless j = k + 1,k, or k — 1. Therefore, only the following transitions of azimuthal
quantum number are allowed:

j — j—1, 4, 7+1, with the transition 0+~ 0 not allowed. (7.78)

To get the selection rules for the magnetic quantum number, we need to look at
how the individual basis elements in the tensor product decompose. According to the
construction of the Wigner coefficients (7.71), we see that the basis element ¢, will be
represented as a linear combination of 1, ,,,’s in the tensor product representation ol epk

only when [ = m — 1, m, or m + 1. Therefore we have the corresponding selection rule for
the magnetic quantum number

I — 1—1,1, 1+1. (7.79)

This implies that, in the Zeeman effect (7.60) governing the splitting of spectral lines due
to a magnetic field, instead of the (25 4+ 1) (25’ + 1) lines one would expect without the
selection rules, the intensities of these lines are all zero (in the approximation we are using)
and so one would only expect to observe three lines in all, symmetrically arranged around
the unperturbed lines. However, many of the observations do not follow this rule, but
are rather manifestations of the “anamolous Zeeman effect” which requires electron spin.
One can, through a more detailed analysis of the Wigner coefficients, find the different
probabilities of the various transitions. Also, physically, the emitted photon corresponding
to the transition m —— m is polarized in the z direction, whereas in the other two cases,
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an observer in the xzy plane will observe linearly polarized light, whereas an observer in
the z direction will observe circularly polarized light. This is because the first transition
only gives nonzero values for the operator Z corresponding to the z coordinate, while the
other two correspond to the operators X £ iY.

Parity

For most physical systems, the Hamiltonian is not just invariant under the rotation
group SO(3), but under the full orthogonal group O(3), consisting of rotations and reflec-
tions. Topologically, O(3) consists of two disjoint copies of SO(3) with the second compo-
nent generated by multiplying a rotation by the reflection represented by —I. Therefore,
it is not hard to see that the representations of O(3) will be determined by representations
of SO(3) along with a representation of — I, which must take one of the values +£1 on the
representation space.

The complete list of representations of O(3) is labelled by a non-negative integer
7=0,1,2,..., and a sign £1, where

PIEA) = pI(4),  PE(-A) =%pi(4),  Ae€SOE). (780

The sign + associated with a state ¢ in a particular representation p’** is known as the
parity of the state. For systems with O(3) symmetry, it is a conserved quantity for the
Schrédinger equation. As with all non-infinitesimal quantum mechanical objects, it has no
classical analogue.

Interestingly, only half of the representations of O(3) appear among the spherical
harmonics, which is why we failed to observe it when we treated the hydrogen atom before.
Indeed, the representation corresponding to the spherical harmonics with total angular
momentum j consists of polynomials (in z,, z) of degree j, and so has parity (—1)7. The
other representations cannot arise among scalar-valued functions. Thus, in a scalar wave
theory, only the representations p®+,p1—,p%%, 53, ... actually occur. Under tensor
products, the parities multiply, i.e., p*® e p7* where 6,6 = %1, will decompose into the
direct sum of p**, where k runs from |i —j| to i + 4, and k = de. Thus, two particles
both in a state of even or of odd parity will combine to give an even parity state, whereas

if the particles have opposite parity, the combined system will have odd parity.

This immediately gives the selection rule for parity. Since the position operator Q
corresponds to the representation p!*~ given by the linear polynomials, the tensor product
pl~ep?e will decompose into three (or two or one) representations all with opposite

parity to p7¢. Therefore, the selection rule for parity is
€ —> —¢,

i.e., for any transition to occur, the system must change parity! In particular, for the
scalar wave theory of the hydrogen atom, the selection rule j — j is ruled out by reasons
of parity. More generally, this is known as Laporte’s Rule: for O(3) symmetric systems
governed by the scalar wave equation, the azimuthal quantum number can only change by
an odd integer.
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In terms of the spectral lines of the hydrogen atom, this gives the observed transi-
tions. Recall that each energy level E_ has states labelled s,p, d, f, etc. corresponding to
azimuthal quantum numbers 7 = 0,1,...,n — 1. For hydrogen, the energy levels are given
by the formula

E =—-, (7.81)

for some constant 5. For an alkali atom, e.g., lithium, sodium, potassium or cesium, which
has just one valence electron moving in a central field due to the nucleus and the other
electrons, it is observed that the energy levels are given by a formula of the form
B

E,;= (k)2 (7.82)
where k depends on j (and, technically speaking, n as well, but not significantly). This
formula follows from the perturbation theory. The wave lengths of alkali spectral lines can
be obtained from terms like these, which were arranged into series, called s, p, d, f series,
of the form 1s,2s,3s,...,2p,3p,4p,...,3d,4d,5d,...,..., where the integer indicates
the value of the principal quantum number n. Now, the selection rule (7.78) for j says
that transitions only occur between neighboring series, i.e., for radiation, we can have a
transition from a p state to an s state or an f state, but we cannot have a transition from
a p state to another p state. Similarly, an s state can only change into a p state. Note that
the main quantum number n is still allowed to change in any fashion (although it must
decrease for emission, and increase for radiation, as energy must be conserved). This is
what is physically observed.

Spin

Spin manifests itself in quantum mechanics as an “intrinsic angular momentum” of a
quantum particle or system. It is needed to explain a number of experiments whose results
do not corroborate with the scalar form of the Schrodinger equation. One can, however,
account for these observations by assuming that an electron has its own internal angular
momentum or spin which does not depend on its orbital motion or azimuthal quantum
number. This was originally proposed by Goudsmit and Uhlenbeck in the 1920’s. If the
direction of magnetization of a ferro-magnetic bar is reversed, the bar acquires an angular
momentum. The observed ratio between the induced angular momentum and the magnetic
moment are as i to 2, where p is Bohr’s magneton (7.61), rather than as & to pu, as it
would be if the magnetization were due to the orbital angular momenta of the electrons.
To explain this using electron spin, one assumes that the magnetic moment of a spinning
electron is twice as large as the magnetic moment of a corresponding state with only
angular momentum.

The Stern—Gerlach experiment is another important indicator of the existence of spin.
In this experiment, a beam of silver atoms in the ground state is sent into a magnetic field
varying in a perpendicular direction. The beam splits into two components, corresponding
to the values of +u for the internal magnetic moment. It can be assumed that only
one electron in this ion is responsible for the magnetic moment because the spins of the
other electrons cancel out. (This assumption is plausible because a silver ion Ag* shows no
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Zeeman effect.) This implies that the magnetic moment of the electron in any direction can
only take on the discrete values + p, i.e., the angular momentum is quantized. Moreover,
since the ratio of magnetic moment to angular momentum is as u to %h, it follows that
the mechanical spin momentum in any direction is i—%h. Now, in the theory developed
above, the azimuthal quantum number j for the single electron could assume any integral
value, and for such a value there are 2j + 1 different values of the magnetic quantum
number m. The perturbation due to a magnetic field would then split the beam into
27 + 1 smaller beams. But the splitting into just two beams does not fit this theory, and
why no beam corresponding to ;1 = 0 existed under the perturbation remained unexplained
by the spinless theory.

Another experiment which does not fit the spin-free theory is the anomalous Zeeman
effect. Alkali atoms — the series with nonzero angular momentum j # 0, i.e., the p, d, etc.
series — are observed to have the following fine structure. The individual spectral line
is composed of two very close spectral lines, known as a doublet. Moreover, if the atom
is placed into a magnetic field, one of the lines of each doublet splits into 2j + 2 lines,
whereas the other line splits into 27 lines. The existence of a doublet could be explained in
the spin-free theory by allowing two electrons in each distinct energy level. However, each
electron would have azimuthal quantum number j and so each line in the doublet would
split into 27 + 1 finer lines under the external magnetic field.

All of these anomalous effects can be easily explained by introducing the concept
of electron spin. Essentially, spin is an intrinsic angular momentum associated with any
quantum mechanical particle or system. In contrast to the classical angular momentum,
spin is allowed to assume both integral and half-integral values in the quantum theory,
so the underlying symmetry group is SU(2), the double covering of SO(3). The different
values of spin correspond to the different irreducible representations of SU(2). Because the
spin is proportional to A, it goes to 0 as A — 0, and so has no classical analogue.

In order to incorporate spin into a quantum system, one postulates that the wave
function 1 of the system depends not only on the spatial coordinates q = (z,y, z), but
also on a discrete “spin variable” o, so we write

Y(q,0)  or  ,(q),

for the wave function; alternatively, we can regard the v as a vector containing the spin
components of the wave function, indexed by the spin variable o. Their spatial integral

[ 10 da

determines the probability that the particle has a certain value o of the spin. Similarly,
the probability that the particle is in a given region 2 C R3 is given by the integral

|3 1@ P da,

found by summing over all possible values of the spin.
The spin operator S = (S, Sy S.), when applied to the wave function, acts on the
spin variables. Since it satisfies the same commutation relations as the angular momentum
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operator J, i.e.,
[S,,8,] = iS5, [5.,5,]=iS,, [S,,5.]=i5,, (7.83)

we can decompose its representation on the state space into irreducible representations.
Since our discussion of the representation theory of the Lie algebra su(2) only depended on
the commutation relations, the same results hold for the spin operator. Each irreducible
representation is characterized by the eigenvalues s(s+1) of the square of the spin operator
S? =82 + SS + 52, where the spin quantum number s can take on any integral or half
integral value. Moreover, the irreducible representation p® corresponding to a given value
of s, is (2s + 1)—dimensional, with canonical basis provided by the eigenvectors of the
z-component of the spin S, whose eigenvalues are —s,—s +1,...,s — 1,s. Accordingly,
the wave function of a particle of a given spin s has 2s+4 1 components. Thus a particle of
spin 0, e.g., a p-meson, has a single wave function, the spin is well-defined and the theory
reduces to the standard Schrodinger theory. The majority of elementary particles have
spin %, including electrons, protons, neutrons, pu-mesons, etc., and so are represented by
a wave function with two spin components: 9, /5(X) = (¥1 1 /2(X), 11 /2 _1/2(x)), indexed
by the two possible values i% of the z-component. (The x and y components also take
on the possible values :I:%, but their eigenvectors are certain linear combinations of the
components of 1. In particular, if the particle has a well defined spin in one direction,
the spin has equal probability of being ﬂ:% in the other two coordinate directions.) Spin 1
particles, e.g., photons, are characterized by three wave functions, 1) = (@bl,—l’@bl,o: 7,[1171)
and so on for higher spins corresponding to other particles or nuclei. In general, the
components of the spin operator act on the components ws’t, t=—-s,—s+1,...,s—1,s,
of the wave function as our earlier angular momentum operators did, cf. (7.26):

S2 ws,t = S(S + 1)¢s,t7 S—|—¢5,t = \/S<S + 1) - t<t + 1) ws,t—l—l? (7 84)
Szws,t = tws,t’ S—ws,t = \/8(8 + 1) - t(t - 1) ws,a—l' .
Here
S, =S, +1i8,, S_ =S5, -1i8,. (7.85)

In the case of a particle with spin %, the action of the spin operator S coincides with %
multiplication by the corresponding Pauli matrices (7.32).

For a particle with spin, its total angular momentum, denoted by L, is the sum of the
orbital angular momentum operator J and the spin operator S:

L=J+S. (7.86)

Thus L is also a general “angular momentum operator”, and acts on the wave functions ac-
cording to the tensor product rule for the angular momentum operators J and S. Therefore,
for a particle with orbital angular momentum j and spin s, the total angular momentum
can take on the values | = |j —s/|,|j—s|+1,...,5+ s. In the case of an electron with
orbital angular momentum j, the total angular momentum can be [ = j + %, unless j = 0,
in which case [ = % is the only possible value. Similar results hold for systems of particles;
one sums the individual spin operators to get the total spin, and the individual orbital
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angular momentum operators to get the total orbital angular momentum operator for the
system; the sum of these latter two operators is the total angular momentum for the sys-
tem. Note that a system consisting of an even number of particles always has integral spin,
and hence integral total angular momentum.

Thus, the group SU(2) will act on the space of “spinor fields” 9 = (¢,) with in-
finitesimal generators iL = i(J + S), given by the tensor product of the standard three-
dimensional physical representation p' on the angular momentum component J, and the
spin representation p® on the spin components S. Its action on the physical coordinates
reduces to the standard rotations SO(3), whereas its action on the spinor components re-
mains SU(2) for half-integral spin, and reduces to SO(3) in the case of integral spin. In
other words, the representation is

p(A) (@) =p*(A)Y(R™'a),  where  R=m(A)€SO0(3).

For example, if we have a particle of spin %, and we “rotate” the coordinate system

through an angle 27, i.e., A = — I, then the physical variables remain fixed, while the spin
components of the wave function change sign. However, a rotation through 47 returns
everything to its original state. The same holds for any particle with half-integral spin; in
the case of integral spin, everything is unchanged under just 27 rotations.

Remark: In fact, this behavior is even manifested as a classical phenomenon, known
as the “spinor spanner”. Attach an object, e.g., a spanner or, as it is known in North
America, a wrench, by strings to the walls of a container. If the object is rotated about
an axis through an angle of 27, one cannot disentangle the strings without moving the
object, whereas a rotation through 47 does allow a disentangling! (Try it.) This is, of
course, another manifestation of the double connectivity of the rotation group SO(3).

The claim is that physical rotations of a system will act on a particle with spin
according to the exponential map of the given representation of the total angular momen-
tum operator L. For instance, consider a particle of spin s = %, which has wave function
»(q) = (zp_(q),er(q) ), where the £ subscripts are shorthand for the indices o = :I:%,
respectively, and we suppress s. Under a rotation of our coordinate system q = Rq, the
wave function will transform into the rotated wave function ¥(q) = A¥(R™1q) = A (q),
where A = p(R) is a linear transformation (2 x 2 matrix) depending on the rotation R.
Now the quantity

([v_(a) |+ |vi(a)]?) dg

measures the probability of the particle being found in the infinitesimal volume dq. Since
this must be invariant under rotations of the coordinate system, we conclude that

[V (@) [P+ (@) P = [9_@ ]+ ¥, @

This implies that the matrix A = p(R) is unitary. Note also that there is some indeter-
minacy in the definition of A since each state is only determined up to a multiplication of
a phase factor e!®, hence we conclude that p(R) forms a “projective unitary representa-
tion” of the orthogonal group. Moreover, we can assume that p(R) has determinant 1 by
multiplying it by a suitable phase factor. Composing two rotations, we conclude that

p(RS) = £p(R)p(S5),
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where the £ follows because both sides must have determinant 1, so the only freedom
is to replace A by —A. Thus, p determines a (possibly) double-valued two-dimensional
representation of the rotation group, hence it is either trivial, or the representation p'/2.
But we know from experiment that a rotation around the z-axis through an angle 7 reverses
the spin, so the action cannot be trivial. Therefore, p is the representation generated by
the spin operator S.

The invariance of the probability density under rotations motivates a general definition
of an algebra of spinors analogous to the standard tensor algebra of covariant and con-
travariant tensors. Note the analogy of the equation governing the action of spinor fields
under elements of SU(2) with the behavior of vector fields v under ordinary rotations:

p(R)v(q) = Rv(R™'q), where R € 50(3).

Since the representations of SU(2) are given by polynomials in the basic representation
p'/2, we deduce that if we multiply spinor fields together, we get “decomposable” higher
spin fields. Thus, given a spinor ¢ = (1_,1, ) corresponding to a linear polynomial in u, v,

its tensor square 1 2 = (2,2¢_1 o 7,[1_%) will transform according to the representation

p', once we rewrite it in terms of the orthonormal basis u?/v/2, wv, v2/v2. In other

words, the square of a spinor field of spin % is an ordinary vector field. In this way we can
index spinor fields of arbitrary spin s by the powers of the basic spin % fields.

Consider an electron in a state with a fixed angular momentum j, corresponding
to the representation p’ of SO(3), where j is integral. These correspond to the 2j + 1
solutions of the scalar Schrodinger equation. Now, for a spinning electron, if we neglect
the interaction of spins and orbits, its components 1), are each solutions to the same scalar
Schrédinger equation, hence they each assume the 25 + 1 possible values. Therefore, the
full wave function ¢ transforms according to the tensor product representation p/2e p7.
This decomposes into p? T2 e p7=1/2 unless j = 0, in which case there is only one term,
p'/2. The states with j = 0 are known as singlet states, whereas those with j > 0 are
known as doublets, owing to this splitting. This is manifested in the fine structure of the
spectral lines of the alkali atoms, where the lines split into two for the doublet states,
but remain one for singlet states. For atoms with several (free) electrons, there are further
possible splittings, triplet, etc., corresponding to combinations of these electrons into states
of higher spin. Moreover, if the atom is placed into a magnetic field, one of the lines of
each doublet splits into 25 + 2 lines, corresponding to the representation p?*!/2, whereas
the other line splits into 2 lines, corresponding to the representation p?~'/2. Note that
the spin-free theory would predict that each line corresponding to a given value of j would
split into 25 + 1 finer lines under a magnetic field. Thus, the spin theory explains the
anomalous Zeeman effect.

Proceeding as we did earlier analyzing the normal Zeeman effect, recall that the spin-
free quantum Hamiltonian had the form

Here H, denotes the Hamiltonian for the free atom, p is the Bohr magneton, H = hyk
is a uniform field, which is taken parallel to the z-axis, and J denotes the usual “orbital”
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angular momentum operator, and we are (as before) ignoring a small term. To incorporate
spin, we use the modified operator

where S is the spin operator. The factor of 2 follows from the observed correspondence
between the spin and the mechanical angular momentum, or can be derived directly from
the relativistic theory. The extra term involving the spin operator S, which now couples
the Schrédinger equations for two components of the wave function v is referred to as
spin-orbit coupling, which refers to the fact that the spin and the magnetic fields interact.
Note that we have now moved beyond our earlier “naive quantization”, in which we could
readily replace classical Hamiltonians by simple quantum ones according to the standard
quantum rules. The spin terms have no classical analogue, and so cannot be derived by
inspection of the classical Hamiltonian.

The change in energy AFE due to the splitting is determined as follows: recall that we
only needed to determine the eigenvalues of the modified Hamiltonian, which was originally

H - HO + /Jho JZ’
but in the spin theory has become

On the irreducible (25 + 1)—dimensional space corresponding to the angular momentum
Jj, the operators J, S commute, and so determine two irreducible representations of su(2).
According to Schur’s lemma, they are equivalent representations, i.e., there is an invertible
map taking one to the other. However, since the operators J, and S, commute, they can
be simultaneously diagonalized, and so, by Schur’s lemma, the representations of su(2)
corresponding to the operators J and S must be proportional:

J=)\S.
In particular, if we label the states by the representation corresponding to L, then
J+2S=gL,

where the number g is called the Landé factor. The energy levels corresponding to the
different magnetic quantum numbers will then be
m e
 2hn?
differing from the spin-free theory (7.60) only by the Landé factor.
To compute the Landé factor g, we note the elementary identity

E,;—gpmhol = —gphyl,  l=—j, ... .7 (7.87)

L-(J+28)=31%+15"—-1J%
since L = J + S, hence, on the given representation space

L-(J+2S)=21(+1)+Lis(s+1)—2(G+1).

1/3/23 112 @ 2023 Peter J. Olver



On the other hand,
L-(J+2S)=gL?>=gl(+1).

Therefore the Landé factor is
s(s+1)—j5(+1)
20(1+1)

Note that if there is no spin, so s = 0 and 57 = [, then ¢ = 1. On the other hand, if the
orbital angular momentum is 0, then g = 2. We have
mgp

AE = .
hg

3
g = 5 + (788)

Note that if ¢ = 0, then splitting does not occur.

This result, coupled with the earlier selection and intensity rules serves to describe
the observed spectral lines of the alkali elements — except for the “hyperfine structure”
due to interactions with the nucleus.

Systems of Identical Particles

When a quantum mechanical system consists of two or more indistinguishable parti-
cles, some special considerations come into play. In classical mechanics, identical particles
do not lose their individuality, despite the fact that they have identical physical properties.
Once we label each individual particle, we can follow it through any interaction, and say
with precision which particle is which at all times. In quantum mechanics, this does not
apply, since we cannot measure everything about a particle at any instant. Thus, when
we observe two electrons at one time, and so label them, and then we make another ob-
servation at a later time, there is no way to say which electron is which. Thus in quantum
mechanics, identical particles have completely lost their individuality, and there is no way
of distinguishing them with certainty.

Consider first a system of two particles. If the particles are different, then the wave
function of the system will be the product (&, &,) = 1¥,(&;) ¥5(&,), where 1, () represents
the individual state of the first particle and ¥, (&) the state of the second particle. Here
¢ is used to denote the spatial coordinates (x,y, z), as well as any spin coordinates that
might be required. The underlying state space is just the tensor product of the individual
state spaces. Now consider what happens if the particles are identical. Suppose we make
an observation of the system, and determine that one of the particles is in the state given
by the wave function 1, (§) while the other particle in the state given by the wave function
15(€). Since the particles are identical, there is no way of determining which of the two
particles is in the first state, and which in the second. In practice, these wave functions
will be localized in different regions of space, so that the combined wave functions

¢(§17§2) = ¢1(§1) @Dz(fz), ¢(§17§2> = 7»[’1 (52) ¢2(§1)7

are independent and represent two possible states of the system giving the same observa-
tion. Thus, the observation does not allow us to distinguish between the state 1) and the
state 1, or, for that matter, any linear combination a¢) + B of these two states. Thus
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we are unable to precisely determine the state of the system by observation, and we say
that there is an exchange degeneracy of the system.

In order to analyze this situation, it is useful to introduce the symmetric and anti-
symmetric combinations of these two possible states:

wS(gl,gz) — ¢1(§1) ¢2(§2)\—/i_§¢2(§1> ¢1(§2> , wS(gQ,gl) — ws(£17§2)7
P1(81) ¥o(§2) — ¥o(&1) 1 (&2)

7 ,

the factors v/2 coming from the normalization constraint. Note that since the Hamiltonian
must be invariant under the interchange of particles, if the system starts out in a symmetric
or anti-symmetric state, it must remain there. In general, the system will be in a linear
combination of these two states:

y = ap’ + Bt ||+ |87 =1,

where the parameters a, 8 will be constant in time. The probability density of finding one
particle at position £; and the other at position &, is

|V(€1, &) P+ [9(&,&) [P =2 (] 2 [9%(&, &) P+ B |26, &,) |2)

Now, if the probabilities are going to be independent of the particular linear combination of
symmetric and anti-symmetric wave functions giving the state of the system, this quantity
must be independent of the parameters «, 5. This only happens if

‘¢S<£17§2) | = ‘wA(§17£2) |

However, the latter equation is rarely true. For instance, if the two wave packets overlap,
then at the point &, = &, we have ¥9(£,,&,) # 0, whereas ¥4 (£,,€,) = 0, which is not
consistent with the above equation. Therefore, the existence of an exchange degeneracy is
a real problem, as it does not allow one to make predictions of the statistical distribution
of measurements of the system, even after observing the initial state of the two particles.
One way to overcome this difficulty is to introduce a symmetrization postulate that,
for a system of two particles, the possible states are necessarily either symmetric or anti-
symmetric. Particles that are symmetrical under interchange are said to obey Bose—
Einstein statistics, and are called bosons, whereas those that are anti-symmetrical un-
der interchange are said to obey Fermi—Dirac statistics, and are called fermions. (The
statistics refer to the statistical mechanics of a large number of these particles. Ordinary
classical particles obey yet another kind of statistics, in which one can distinguish the
particles by label, called Mazwell-Gibbs statistics.) According to relativistic quantum me-
chanics, particles with an integral spin are always bosons, whereas those with half integral
spin are always fermions. Note that an important consequence of the nature of fermions is
the Pauli Exclusion Principle: two fermions cannot be in the same state. This is because
any anti-symmetric wave function must vanish identically when &; = &,. Note that as a
consequence, we deduce that in any system, two electrons cannot have the same quantum
numbers n, j, [, and the same spins. This leads to the explanation of the periodic table.

¢A(fla§2) = ¢A(§27§1) = _¢A(§1:§2)7
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For a system of two particles the symmetric and anti-symmetric states are the only
two possibilities, since we can always decompose any wave function of two particles into
a purely symmetrical and a purely anti-symmetrical part. For three or more particles,
things are even more complicated, as this is no longer true. Indeed, the number of possible
permuted versions of the product ¢, (&) ¥5(&) -+ ,,(&,) is n!, but there is only one
completely symmetrical linear combination, and only one completely anti-symmetrical
linear combination. The other possible combinations decompose into other representations
of the group of permutations, as discussed below.

Let S, denote the symmetric group consisting of all n! permutations of {1,2,...,n}.
The Hamiltonian must be invariant under permutations of the particles, i.e., H- T =7-H
for every m € S,,, where

7?77[](517767) :77[](577175#27"'75#11)‘ (789)

Therefore, we can decompose the space of solutions to the associated Schrédinger equation
into irreducible representation spaces for the symmetric group S,. It is thus of great
interest to study the representation theory of this group. The Symmetrization Hypothesis
states that only the completely symmetric or completely anti-symmetric wave functions
are of interest. Thus in systems of identical particles, many of the possible eigenvalues of
the Hamiltonian or energies of the system are excluded on symmetrization grounds.

One way to physically justify this restriction to purely symmetrized or anti-symmetr-
ized wave functions is as follows. The normalized wave function of a system of two particles
has the form ¢ (&;,&,). Interchanging the particles amounts to interchanging their coor-
dinates, giving the wave function ¢(&,,&,), which is also clearly normalized. Now the
principle of indistinguishability of identical particles says that ¥(&;, &) and (&5, ;) must
be the same physical state, hence

V(&1, &) = ap(§y, &),

where « is some complex number of modulus 1. Performing the interchange again, we
deduce that a® = 1, hence @ = +1. In the case a = 1, the wave function ¥(&;,&,) is
symmetrical with respect to interchange, whereas in the case @« = —1, the wave function
P (&, &5) is anti-symmetrical with respect to interchange. Similar arguments hold for sys-
tems of more than two particles. The wave function (& ,...,§,,) of a system of n bosons
must be symmetrical under permutations, and is so given by

bEr, . E,) = % S () UalErs) + n(Enn). (7.90)

' TwES,
Similarly, the wave function of n fermions takes the form

1

) _L o e
w<£1,...,£n>—ﬁgfﬁgm)wl@ﬂ)wz(&ﬁ) () = 5 d t[v;(&)], (7.91)

the latter expression known as a Slater determinant. Again, the Pauli exclusion principle
holds: no two fermions can be in the same state, as otherwise the combined wave function
would vanish.
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The analysis of systems of identical particles in more detail requires a knowledge of
the representation theory of the symmetric group S,,. Intimately tied to this theory is the
theory of symmetry classes of tensors, of which the completely symmetric and completely
anti-symmetric ones form just a small part. These will now be discussed, but first we
need to present a brief outline of the representation theory of finite groups, which also has
applications to the crystallographic groups, molecules, etc.

Representation Theory of Finite Groups
References: [15], [19], [37], [53], [54].

Given a finite group G with n = #G elements, the group ring R is identified with the
n-dimensional complex vector space C". Its basis elements can be labelled by the group
elements, so we conventionally write

x:ngg

geG

for an element of R, where the T, € C are complex numbers. Thus, there is a one-
to-one correspondence between elements of the group ring and complex-valued functions
z:G — C, with z(g) = z,. Note that G acts on R by right multiplication

pr(h) -z = Z z,(g- h™'), or, equivalently, (p*(h)-z)(g)=z(g-h) for heGQG.
geG

This defines a representation of G, called the (right) regular representation p*. (There
is also a left regular representation.) Since G is finite, p™ can be made into a unitary
representation on R using the inner product

1 -
(z,y) == 2(9)y(9), ,y € R, (7.92)
geqG
which also makes the left regular representation unitary.

As with any representation of a finite group, the right regular representation decom-
poses into a direct sum of irreducible representations. The claim is that every irreducible
representation of G appears in this sum.

Theorem 7.18. Let p* acting on V*, for A = 1,...,m, be a complete system of
inequivalent irreducible representations of a finite group GG. Then m < oco. Moreover, the
right regular representation p* decomposes

p* =P n,p, ny = dim V?*, (7.93)
A

where the representation p* appears in p* with multiplicity n, equal to its dimension.
Thus,

Z n3 =n = #G. (7.94)
)
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Proof: Each irreducible representation p* can be taken to be unitary by suitably
introducing an inner product on V*. Relative to orthonormal bases of the representation
spaces, the matrix elements of the representations pf‘j(g), for i,7 = 1,...,n,, form an
orthogonal system of functions on G, as was shown above for compact groups. (The
same proof goes through with averaging over the group replacing the invariant integral.)
Therefore, each function pg‘j can be viewed as an independent element of the group ring

R, i.e.,
Py = Y P9)- g
geqG

and, as such, they are all linearly independent. Therefore, they are bounded in number by
the dimension of R. Since each p* has n3 distinct matrix elements, we find

Znign:dimR:#G.
A

In particular, this proves that there are at most finitely many irreducible representations.
We next show that the p;\j (g) form a basis for R. Indeed, let M C R be the subspace
spanned by the matrix elements. The subspace M is invariant under the right (and left)
regular representation of GG, since

pE(h) -l = ph(9)g-hT =D p(g-h)g =YY (9o (h) g =>_ pp;(h) P,
k

geG g€eEG geG k

so p*(h)- pf‘j is a linear combination of the matrix elements and so lies in M. Note further
that, for each 1 < i < n,, the elements v, = p}\,. C Uy, = pf‘m of M can be regarded
as the basis vectors for a copy of the representation p*, since by the definition of matrix
elements,

p*(h) v; = Z sz(h) V-
k

Therefore, there are n, copies of each irreducible representation p contained in M, and
so M has the direct sum decomposition into irreducible representations given for R in the
statement of the theorem.

It remains to show that M = R. Consider the orthogonal complement to M (rela-
tive to the inner product making the right regular representation unitary). Since M is
invariant, M~ is therefore also invariant, and therefore decomposes into irreducible repre-
sentations. We can therefore find a suitable orthonormal basis vy,...,v, € M L for one
of the irreducible representations p* contained in M=, transforming under G according to
the associated matrix elements. However, since g = ¢ - g,

Uj(g) = [p*(9) Uj](e) = Z P?j(h) vg(e),

hence
A
vy = Z vy, (€) Pijs
k
which is a linear combination of the matrix elements, and hence is an element of M. This
is a contradiction unless M+ = {0}, which completes the proof. Q.E.D.

1/3/23 117 @ 2023 Peter J. Olver



Our earlier results concerning the characters of the irreducible representations also
hold here. In particular, the characters form an orthonormal subset of functions on G, i.e.,
an orthonormal basis of a subspace of R. It is easy to characterize this subspace.

Theorem 7.19. The characters of the irreducible representations form an orthonor-
mal basis for the subspace

S = {x €R } x(h_lgh) = z(g) }
consisting of functions on G which are invariant under conjugation.

Proof: Let x € S. Expand x in terms of matrix elements

L= Z azypw

’J7

Then, since x is conjugation-invariant,

z(g) = - Z (h™'gh) = Z > al pl (k' gh)

hGG hGG B0,
A

= - Z Z azg sz )pkl( Plg Z azg pkl Z P?i(m plj(h>

" heG ig kA 0,4,k 1A " hea

A ay A ap
= > a0 (i) =D Eole) =D —ExM9):
0,5,k ik A i A
Thus z is a linear combination of the irreducible characters. Q.E.D.

Corollary 7.20. The number of inequivalent irreducible representations of a finite
group G equals the number of conjugacy classes in G.

Definition 7.21. Let p be a representation of G on the vector space V. An equiv-
ariant projection operator is a map P:V — V satisfying P2 = P, and P - p(g) = p(g) - P
for all g € G.

The range and kernel of a projection operator are easily seen to be invariant subspaces
for the representation p, with V = rng Pe ker P, and so p is irreducible if and only if
there are no non-trivial projection operators. (P = I and P = 0 are trivial projection
operators.) Furthermore, rng P is an irreducible representation of G if and only if P
cannot be decomposed into the sum of two projection operators P = P, + P, satifying
P,P,=0=P,P, and P, P, #0.

In the special case of the group ring under the right regular representation, there is
another characterization of projection operators. An element of the group ring € € R is
called an idempotent if it satisfies € - ¢ = €.

Lemma 7.22. FEvery projection operator for the right regular representation of G
on its group ring R is given by left multiplication by the idempotent ¢ = Pe.
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Proof: Since P commutes with right multiplication,

Px:ngPg:Zxg(Pe)g:ngegzex. Q.E.D.

Note that the image V =¢R = {ez|x € R} of an idempotent is invariant under the
right regular representation, and hence is a representation of G. Note also that e itself is an
element of V', being the image of e. The idempotent is primitive if it cannot be expressed as
the sum of two nonzero idempotents, € = £, +&,, with €2 = &,, €5 = &,, £,6, = £, = 0.
Primitive idempotents determine irreducible representations and conversely. It is useful to
have an alternative characterization of a primitive idempotent.

Lemma 7.23.. An element € € R is a primitive idempotent if and only if exe = ke
for every x € R, where k =k, € C is a scalar (depending on x).

Proof: Let V. =g P. = {ze|z € R}. Then the operator y — yexe commutes
with the left action of g and maps V' to itself. Therefore, by Schur’s lemma, when restricted
to V, it must be a multiple of the identity map and hence is a multiple of P. on all of
R. Conversely, if we have such an idempotent ¢ = ¢, + ¢,, with €65, = e56; = 0, then
cee = (g, +€4)e1(e; +€5) = €4, hence €, is a multiple of e, which implies that either ¢,
or g, is zero, so € is primitive. Q.E.D.

Lemma 7.24. Two irreducible representation subspaces V' and V define equivalent
representations if and only if their primitive idempotents have the property that there exist
non-zero elements of the form € xe # 0 for some x € R.

Proof: Let A:V ==V be an equivalence. Let y = A(e) € V. Then for any v € V,
A(v) = A(ev) = A(e)v =y,

so the equivalence is given by left multiplication by y # 0. Moreover eye = y, so y is of
the proper form. Conversely, given y = exe # 0, it is easy to see that left multiplication
by y commutes with the right regular representation, and so, by irreducibility, defines an
equivalence between the two subspaces. Q.E.D.

Finally, an element o is called an essential idempotent if 02 = ko for some nonzero
scalar k # 0. Note that in that case, ¢ = o/k is then an idempotent. Therefore, the classi-
fication of irreducible representations of a finite group can be reduced to the determination
of a sufficient number of primitive essential idempotents of the group ring.

Representations of the Symmetric Group

The symmetric group S, consists of the permutations of {1,2,...,n}. A transposition
is the permutation (ij) which interchanges i and j. Any permutation can be decomposed
into a product of transpositions; if 7 € S,, can be written as a product of £ transpositions,
its sign is defined as signm = (—1)*. (The decomposition and the number & are not unique,
but the sign is well-defined.) A cycle is a permutation (ijk...lm) which takes i to j, j
to k, ..., l to m and m to i. Any permutation can be uniquely written as the product
of disjoint cycles. For example, the permutation p taking (123456) to (516423) can
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be written as p = (125)(36)(4). (The cycles of length 1, e.g., (4), are just the identity
element.) Since disjoint cycles commute, the order is irrelevant, and we assume that they
are arranged in decreasing order: A\, > A\, > --- > X . The cycle length of a permutation
is the non-increasing sequence of integers A = (A, Ay, ..., A,,), giving the lengths of the
cycles. Note that \; + Xy + -+ + X, = n, so A is a partition of n. It is easy to show
that two permutations m and 7 are conjugate, i.e., 7 = s 7 s~ !, if and only if they have the
same cycle length. Therefore, the conjugacy classes of S, are indexed by the partitions A
of n. Therefore, to each partition of n there corresponds a unique conjugacy class, and
hence a unique irreducible representation of the symmetric group S,,.

It is convenient to represent a partition A = (A, Ay, ... A,), Ay > A >0 > A,
A+ A+ oo 4+ A, = n, by a corresponding shape or Young diagram’, which consists
of a a planar arrangement of n boxes, with A\; boxes in the first row, A, boxes in the
second row, etc. For each shape A\, we construct a tableau by filling in the boxes in A by
the integers 1,2,...,n in any order. Clearly there are n! tableaux corresponding to each
shape. A tableau is called standard if its rows and columns are strictly increasing. The
number n, of standard tableaux of shape A will play a key role, and is given by the hook
length formula due to Frame, Robinson, and Thrall, [23]:

(7.95)

The denominator is the product of the hook lengths for all boxes (7,7) in A, where the
(i, 7))t hook consists of all the boxes (i,5), (i',7), i >4, (i,5"), j' > j which lie in A,
and the hook length is the number of such boxes. This formula can be straightforwardly
proved by induction on n.

Given a tableau T' let R(T) C S,, denote the permutations which just permute the
rows of T and C(T') C S,, denote the permutations which just permute the columns of 7T'.
Define the element

op = Z Z (signx) 7 X, (7.96)

TER(T) x€C(T)
known as the Young symmetrizer associated with the tableau T'.

Theorem 7.25. For each tableau T, the element o, is a primitive essential idem-
potent. The invariant subspace Vo, = o R is equivalent to the irreducible representation
space p* for S,, corresponding to the shape A. The dimension n, of p*, and its multiplicity
in the right regular representation p*, equals the number of standard tableau of shape A:

p* =@ ny,p, and so R= € V. (7.97)
A T standard

T Named after the early twentieth century mathematician Alfred Young, and not an indication
of its youth!
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Proof: Given a tableau T" and 7m € S,,, let 771" denote the tableau obtained by per-
muting the entries of T" according to 7. It is not hard to show that

R(xT)=nR(T)x~', CET)=nC(T)n~', hence o, p=mopm .

This immediately implies that if 7" and T have the same shape A, and hence there is a
permutation 7 taking 7' to T', then the representations corresponding to V. and V; are
isomorphic. Q.E.D.

Next we investigate the structure of the components of the Young idempotent.

Lemma 7.26. Let T be a tableau. A permutation ™ € S, can be written as m = T
where T € R(T'), x € C(T), if and only if no two entries which lie in the same row of T
end up in the same column of T

Proof: First suppose m = 7x. An important tricky point throughout the proof is that
7x T is not obtained by first using x to permute the columns of T, and then using 7 to
permute the rows of x 7', since 7 is not necessarily in R(x 7). (Try this on an example!)
However, we can rewrite 7xT = (7x7 !)7T, and first use 7 to permute the rows of T,
and then, by the above remark, 7x7~! € C(rT) will permute the columns of 77. In
particular, since 77 has the same rows as T, but arranged in different order, and 7y 77!
acts on 7T by permuting its columns, the different row elements of T" must end up in
different columns of 7T = 7xT = (tx7 )7 T.

Conversely, if no two elements of the same row of 7' lie in the same column of 77T,
the integers in the first column of 7w 7T lie in different rows of T', so we can perform a row
permutation on 7' to put them all into the first column. Similarly for the second and
subsequent columns of 7T. Therefore, there is a permutation 7 € R(T) such that 77T
has the same column elements as w71', but in different order. This implies that there is a
column permutation ¥ € C(77T) such that 7T = x7T. but C(rT) = 7C(T)7~ . Thus,

X =7x7 ! for some x € C(T), hence m = X7 =7x7 '7 = 7Y, as desired. Q.E.D.
Lemma 7.27. An element x € R satisfies
Txx = (signy)z, for all 1€ R(T), x € C(T), (7.98)

if and only if ¢ = ko for some scalar k.
Proof: First note that o satisfies (7.98) because
TOp =0, T € R(T), orx = (signx) oy, x € C(T).
Conversely, note that (7.98) implies that
x(7Tx) = (sign x)z(e), T € R(T), x € C(T).

Setting k = x(e), we need only prove that z(m) = 0 whenever 7 is not of the form 7x. But
this implies that there are two entries in some row of 1" which lie in the same column of 7 7T'.
Let 7 denote the transposition of these two entries, so 7 € R(T), and x = 7177 € C(T)
is also a transposition. Then, using (7.98), x(7) = (77 x) = — (7). Q.E.D.
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As a corollary, we prove that the Young symmetrizer o is a primitive essential idem-
potent. Indeed, from our earlier equations

TO'%X = Topopx = (signy) U%, T € R(T), x € C(T),

so by the lemma, 02 = ko,. To show k # 0, it suffices to prove that the trace of the linear
transformation defined by o is not 0:

tI“O'T:Z<7T,JT7T> :Z 1 =nl

T

Finally, to show the primitiveness, we only need show y = o,z 0 is a multiple of o, for
every x € R. But

TYX =TorpropX = (signx)orrop = (signx)y, 7€ R(T), xe€C(T),

so by the lemma y is a multiple of 0.

The last item to check is that the irreducible representations corresponding to tableau
having different shapes are not equivalent. By Lemma 7.24, it suffices to prove that if T’
and T are tableaux with different shapes, then ;20 = 0 for all z € R. First note that
if T has two entries in the same row which lie in the same column of T , then o0, = 0,
since the transposition of these two entries, denoted 7 € R(T) N C(T), which implies
that of0p = 05770 = —070p. Now, if these tableaux have different shapes, then it is
not hard to see that, by possibly interchanging the two tableau, this condition will always
hold. (Just look at the first row of different length, and assume that that row of T" is longer
than that of f) The same holds for 7T, so o mop = 070, 7 = 0 for all permutations
7, which is enough to prove inequivalence. Note: We can also reprove equivalence of the
representations corresponding to tableau of the same shape. Choose m € S, mapping 7' to

T. Then ooy =nopn *wop =krop #0. Q.E.D.

Symmetry Classes of Tensors
References: [4], [13], [15], [33], [34], [53], [54], [56], [61].

There is a deep connection between the representation theory of the symmetric group
and the classification of symmetry classes of tensors, based on the representation theory
of the general linear group. Note first that if W is a finite-dimensional vector space, the
general linear group GL(W) consisting of all invertible linear transformations A: W — W
is not a compact Lie group, and hence our earlier statements about representations for
finite groups and compact Lie groups do not necessarily apply. Indeed, it is not true that
every representation of GL() is unitary; nor is it true that all irreducible representation
are finite-dimensional; nor is it true that every reducible representation decomposes as
the direct sum of two representations! However, there is an important special class of
representations of GL(W') for which analogues of these statements hold, the “polynomial
representations” or “tensor representations”.

Let

QW =Wsg --- aW
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denote the n-fold tensor product of W with itself. Then GL(W) has a natural representa-
tion on this space, namely the tensor product representation, which is uniquely determined
by its action on decomposable tensors:

(®"A)(wy® -+ ew,)=(Aw,)e - e(Aw,), A e GL(W). (7.99)

As we will see, the tensor product space @ W decomposes into a direct sum of irreducible
subspaces, and, moreover, this decomposition is (essentially) identical with the decompo-
sition of the regular representation of the symmetric group S,,.

Indeed, S, acts on ®"W by permuting the factors:

pw(m)(wye -+ ew,) =w,-17® -+ W, __1,, T™ES,. (7.100)

(The inverse is needed to make py;, a true representation.) We can therefore decompose
®"W into irreducible representations of S :

Pw = @ k.)\pAv
A

where the direct sum is over all partitions A of the integer n.
The group ring of S, acts on ®"W by linearity. In particular, the Young symmetrizers
(7.96) will determine projection operators

o "W — Q"W.

The range of o will be denoted by W.. Since the actions of S, and GL(W) commute, W,
is invariant under GL(W), and so forms a representation space. The claim is that this is an
irreducible representation. Moreover, two such subspaces are equivalent representations if
and only if their tableaux have the same shape. Since the subspaces will be independent if
and only if the corresponding projections are independent, we conclude that there is a one-
to-one correspondence between standard tableaux and the different irreducible components
of the tensor product space.

Theorem 7.28. The tensor product representation of GL(W') decomposes into a
direct sum of irreducible representations

Q"W =& n,L,W (7.101)
A

where the sum is over all shapes which have n boxes and at most dim W rows. The
representation space L,W corresponding to the shape A\ has multiplicity n, equal to the
number of standard tableaux of shape \. Projection operators realizing this decomposition
are provided by the Young symmetrizers corresponding to all the standard tableaux.

In particular, when A = (n) has only one row, then L, W = Q"W is the nth symmetric
power of W, that is, the space of fully symmetric tensors. On the other hand, when
A= (1,1,...,1) has only one column, then L, W = A"W is the nt® exterior power of W,
that is, the space of fully anti-symmetric tensors. Each of these occurs with multiplicity
ny, = 1 in (7.101) because there is only one standard tableau of the given shape, namely
that obtained by filling in the integers 1, ..., n in increasing order along the row or column.
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In fact, one can use the fact that @ W is a representation space for the product group
S,, X GL(WW) to give a more invariant description of the above decomposition:

Q"W = M,sL,W (7.102)
A

where M, is the representation space, known as the Specht module, corresponding to the
irreducible representation p* of S,,. In this form, S,, only acts on the M, s, whereas GL(W)
only acts on L, W, the Weyl module corresponding to the partition A. The operation L,,
which in simple cases gives the symmetrization or skew-symmetrization operation, is known
as the shape functor or Schur functor and has very general functorial properties.

The proof of (7.102) follows from some more general results about commutator alge-
bras. Let p be a representation of a finite group G on the vector space V. Then p induces
a representation of the group ring R on V by linearity:

p(a:)v:z z,p(9)v, vev, xzz r,g € R. (7.103)

Let
K=KR)={AcL(V)| [A,p(x)]=0 forall z€ R} (7.104)

denote the commutator algebra of R, which forms an algebra of linear maps of V.

For the action of S, on ®"W, the commutator algebra K is spanned by the tensor
product action @"GL(W) of the general linear group, i.e.,

K:{ZciAi@, - 8A;| ¢ €C, AieGL(W)}. (7.105)
i=1
To see this, given a basis e, ..., e, of W, we introduce a basis

ep=¢€;,® - ®€ 1<q, <m,

of ®"W. A linear transformation B: @"W — Q"W is written in matrix form (B7)
relative to this basis. It is easy to see that B commutes with the action of S, on "W if
and only if its matrix elements are symmetric:

BrY) = B, TeS

n

Such transformations are referred to as bisymmetric. But this means that B can be viewed
as an element of the space of symmetric tensors in the tensor space ®" L(W) of the vector
space L(W) of linear transformations on W, and it is well known that the set of powers
Ao --- A span the space of symmetric tensors over any vector space.

Now, we can decompose V' into irreducible representations of G (and hence irreducible
representations of R), or into irreducible representations of the commutator algebra K.
(The definitions for K are similar.) Remarkably, these two decompositions are, although
not identical, essentially “isomorphic”, in the following sense.
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Theorem 7.29. Suppose p decomposes V' into irreducible representation spaces
V= @ kAVa,
A

where V, is the representation space for the irreducible representation p*. Then there is
a corresponding decomposition of V' into irreducible representation spaces for the commu-

tator algebra K:
V= @ [ Xy
A

where each X, is an irreducible representation space for K. The multiplicity k, of V, is the
same as the dimension of X, and the multiplicity |, of X, is the same as the dimension
of V. Moreover, each copy of X, can be realized as the image of a primitive idempotent
€y in the group ring R, i.e.,

X\ =pE)V={ple)v| veV},
corresponding to all independent primitive idempotents € € R such that p(e) # 0.

Suppose we decompose
N )
V=@ V=D D Vi
A X =1

where p | Vf is isomorphic to p*. Given B € K, we decompose it into block matrix form
(Bf\l;) relative to this decomposition, where each block

i,k . k 7
Byt vE — Vi

satisfies ‘
BLF L P(g) = ™ (g) B;\’k forall ge€@G.

By Schur’s Lemma 7.5, this implies that BZ = 0if A # 1, while B ., is a multiple of the
identity if A = p. Now choose a basis {eA | k =1,...,n, } for each V/\ Set,

szspan{e;’k , i=1,...,n,.

Then each X¥ is invariant under K and S | X§ = L£(X¥) consists of all linear transfor-
mations, so X¥ is an irreducible representation space for K. Note that this immediately
implies that the commutator algebra of K coincides with the space of linear transforma-
tions restricting to £(V5') on each irreducible representation space of G. This is the same
as the action of the group ring R on Vy since the matrix elements of each irreducible repre-
sentation p* form an orthogonal basis of the space £(V,), and hence R | Vi = £(V}). Thus
we have shown that p(R) and K are commutators of each other: K(K(p(R))) = p(R).
Now, consider a K--invariant subspace U C V. We know that V is the direct sum of
suitable Vf’s, hence there is an associated invariant complement UL, so that V = U e U~*.
Let P:V — V be the projection corresponding to this direct sum decomposition of V.
Then the invariance of U and U~ shows that P commutes with all operators in K, i.e.,
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P lies in the commutator algebra of K, so that P corresponds to an idempotent element
e € R, with P = p(¢). Moreover, the image of P is an irreducible representation space for
K if and only if (a) € is a primitive idempotent and, (b) p(e) # 0. The second condition
depends on the precise nature of the representation p under consideration.

Lemma 7.30. Let dimW = m. Let ¢ denote the standard representation of S,, on
®"W. Let e denote the Young idempotent corresponding to the tableau T of shape .
Then p(e) = 0 if and only if A\ has more than m rows.

Proof: By suitably relabeling the copies of W in ®"W, we can assume without loss of
generality that T is the simplest standard tableau of the given shape A, obtained by filling

in A with the entries 1 to n row by row, so the first row has the integers 1, ..., A\;, in order,
the second has A\; +1,...,A\; + \,, etc. Let e, ..., e, be a basis for W. If A has less than
m rows, then it is easy to see that the element e* = ¢, @ -+ e, ee,® -+ ve €30 -+,

having \; copies of e; followed by A, copies of e,, etc., gets mapped to a nonzero element
upon multiplication by e,. Indeed, applying the first factor Y (signx)x of e to e*
leads to a combination of basis elements, only one of which, namely e* itself, still has e,
in the first A; copies of W in ®"W. The second factor > 7 only permutes the factors
corresponding to the different rows of )\, so the element e* gets mapped to a nonzero
multiple of itself, and none of the other elements in > (sign x) x(e*) can cancel this out.
On the other hand, since the factor > (sign x) x skew symmetrizes the columns, if W has

fewer basis elements than the number of rows of 7', each basis element will be automatically
mapped to zero by this factor, and so p(e,) = 0. Q.E.D.

Tensor Products

The Clebsch-Gordan series for the symmetric group S,, will determine the decompo-
sition of the tensor product of two irreducible representations:

prept =@ aptp, (7.106)

where A, u, v denote shapes corresponding to n. (In combinatorics, this is also known
as the “inner product” of the representations p*, p*.) Remarkably, very little is known
in general about the coefficients af)’“, aside from special isolated results, tables for lower
order ones, and some computational rules for finding them.

More interesting is the theory of the tensor products of irreducible polynomial repre-
sentations of the general linear group:

LWeL W = b L W. 7.107
A uw A,uv

Note that since L, W C ®"W, LW C Q"W , where n, m are the number of boxes in
A, p respectively, then terms in the sum on the right hand side only include the L, AW
when v has n 4+ m boxes. Quantum mechanically, the above decomposition corresponds to
determining the possible permutational symmetries of a total system when the symmetry
classes of two constituent subsystems are known. This decomposition corresponds to an
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operation on the representations of the symmetric groups known as the “outer product”
to distinguish it from the inner or tensor product. In group theoretic language, the outer
product of the irreducible representation p* of S,, and the irreducible representation p*
of S,, will give a (usually reducible) representation of S obtained by “inducing” the
nam 2 S, XS,

The coefficients in the tensor product deomposition (7.107) can be explicitly computed
using the Littlewood—Richardson Rule. To implement the algorithm, we do the following:
First, fill in the (simpler) shape p with 1’s in the first row, 2’s in the second, etc. Then
append the resulting indexed boxes one at a time to the blank shape A in order subject to
the restrictions:

(i) The resulting diagram is standard (strictly increasing columns; non-decreasing rows.)
(i) When the symbols are read in order right to left, top to bottom, at no stage does
the total number of j’s exceed the total number of ¢’s for any 7 < j.

n+m
representation of S, x S, on the tensor product p* & p* to S

The final collection of shapes constructed this way gives the decomposition of the tensor
product. Interestingly, except for the shapes with more than dim W columns giving zero
Weyl modules, this decomposition is independent of the underlying dimension of W.

Example 7.31.
WeL W = @LMI/V, (7.108)
w

the sum being over all shapes y obtained from A by appending a single box. More generally,

O'"WeL,W=@L,W, (7.109)
I

the sum being over all shapes u obtained from A by adding on k boxes such that no two
of these boxes appear in the same column. These special cases (7.108,109) are known as
the Pieri formulae.

A more complicated example is:
[21] © [21] = [42] o [41%] ©[3%] ©2[321] & [31%] & [27],

whose justification is left as an exercise for the reader.
Suppose we have two vector spaces W,Z. We seek a decomposition of the Weyl
modules associated with their tensor product:

Ly\WeZ)=@ &L, WeL,Z. (7.110)
v

where we are decomposing with respect to GL(W) e GL(Z) C GL(W eZ). This formula
can be reduced to the earlier question about the tensor product of representations of S,,.

We prove that

H‘7V j— >\a.u‘
C}\ — CLV 5

where the a’s are as in (7.106). Indeed, we know that

Q" WeZ)= Vy,oL,(WsZ).
A
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On the other hand,
Q" WeZ)=Q"We®"Z=P V,oV,e L, WelL,Z,
[TN%

from which the result follows immediately. The most important cases can be done directly:

N'(WeZ) =@ L\WelZ, O"(WeZ)= L\WeL,Z (7.111)
A A

In both cases the sum is over all partitions A of n, and in the first, X denotes the “dual”
partition to A obtained by interchanging the rows and columns.

Plethysm

Yet another mechanism of combining irreducible representations of the general linear
group together is though the operation of plethysm. Essentially, given a vector space W,
one views L,W as a vector space in its own right, and so forms LM(LAW) which is an
irreducible representation for GL(L,W). Restricting back to GL(W), this decomposes
into irreducible representations:

Again, except for special cases, the general form of this plethysm is unknown. However,
there are various ways of reducing this formula to just symmetric plethysms. A very useful
fact is the formal determinantal formula:

LW = “det” (OMT W), (7.113)

Here, in computing the “determinant” of the indicated m x m matrix, m being the number
of rows in A, one uses tensor products to multiply the entries, ordered by their row number.
For example,

2 3
L(271)W - “det,7 (Q W @ W)

o'w oO'w

='W O'W - O’ WeQ'W = O°*WeW — O°W.
But by the Pieri formula (7.109), O°W o W = L(Q’I)WeaOSW, so the formula is correct.
Extensive tables’ of plethysms can be found in [12].

Orbital-Spin and Total Angular Momentum Coupling

These denote different methods of decomposing the states of the electrons of an atom.
In the orbital-spin coupling scheme (or LS—coupling), we want to treat the orbital angular

! The tables are stated in the combinatorial language of Schur functions, [33], but can be
directly translated into the identical formulas for Schur functors.
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momenta and spins separately. Therefore, we want a decomposition into summands of the
form
oepd

where the second factor refers to the irreducible representation spaces for the spin operator.
The particular summands
p’ @ p®

corresponding to a system of electrons with total orbital angular momentum j and total
spin s are denoted by symbols of the form 2t1 X, where X = S, P, D, ..., are the capital
versions of the letter series s, p, d, .. ., used to denote the different orbital angular momenta
of the individual electrons. The number 2s + 1 denotes the multiplet for the state, so we
get singlet, doublet, triplet, etc. states corresponding to 2s+1=1,2,3,.... Note further
that each such state decomposes into irreducible representations

1 ot o its

pl]_'s'@pl]_s @IO ,

corresponding to the eigenvalues of the total angular momentum operator L =J + S. To
distinguish these, a subscript is used: 2**1X;. Thus the symbol 2P, /2 denotes a system

with j =1, s = %, and [ = % For example, if we have one electron in the p shell and one
in the d shell, this corresponds to the state space

o= (p'ep'?)e(p®ep'?).

If j > s, then the multiplet will indeed split into 2s + 1 parts, but for j < s, there will be
fewer parts than the multiplet terminology indicates. The splitting is basically the same
as the splitting of the spectral line under a magnetic field, as in the Zeeman effect for a
one electron atom. The initial orbital-spin coupling decomposition leads to

o=(plep?)ep’e(p'ep’)op' = (p'ep’ep’)ep’e(p'ep?ep’)ep!
corresponding to states 'P,'D,'F 3P, 3D, 3F. The complete decomposition has states
'p,1D,, 1F3, etc.

Example 7.32. For a helium atom, (or other atom with two free electrons), the
orbital angular momentum bound states for a single electron will be indicated by

o=pleplep’e -
corresponding to the s,p,d, ... series. With spin, these become
gop'/? = (p0ep'?)e(ptep'?) e (p?ap/?)e -

which can be further decomposed according to the total angular momentum. For two
electrons, the Pauli exclusion principle states that we should use the state space

N (o op?) = (N eO’p'/?) e (O o N°p/?),
which we decompose according to the principle of orbital-spin coupling. Now
2 2
A2pH2 = o0 O2pt/2 = b,
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so the state space splits into a sum of two spaces, one having total spin 0, i.e., a singlet, and
one having total spin 1, i.e., a triplet. The singlet states can all be regarded as symmetric
in the orbital wave functions, while the triplet states are anti-symmetric in the orbital
wave functions. Note that the orbital symmetry character y, corresponding to the two
different representations of S,, will have the selection rule x —— X, since the position
operator QQ amounts to multiplication by the symmetric sum of the individual positions
q + q of the two electrons, and so preserves the symmetry of the state. This implies that
any matrix elements corresponding to states with different symmetry will be automatically
zero. Therefore, spectral lines will only come from transitions within the singlet series and
the triplet series, i.e., there cannot be a transition from a triplet term to a singlet term.
Similar remarks hold for more complicated electron configurations.

If both electrons have angular momentum j, then we are in the representation space

N(p? e p'/?) = (Np? e O%p'/?) & (O%p7 o N*p!/?) = (N?p7 0p°) & (O°p7 & p).
Therefore the singlet terms are anti-symmetric in the orbital wave functions, whereas the
triplet terms are symmetric(!). Furthermore, it can be shown that since

A2pi e ®%pi = plapl = pPaple - opd,
we have the singlet and triplet terms decomposing as

Npl=plepde - op~t, Q) = plepe ... ep¥,
respectively. The selection rules for the symmetry character will require that the spectral
lines coming from the singlet series and the triplet series, i.e., corresponding to different

values of j, are distinct.

Furthermore, we can split the different lines for each series by decomposing the angu-
lar momentum pieces of the representation, which can be obtained from the orbital-spin
coupling scheme by further decomposing the representations. Alternatively, in the total an-
gular momentum coupling scheme, (“j j coupling”) we first decompose p7 © p'/? according
to the usual rules, and then use the known plethysm for the exterior power. For instance,
if 7 > 0, then

N2(p o pM2) = N2(pTH1/2 6 pi=1/2) = N2pit1/2 g (pit1/2 g pi=1/2) 6 \2pi=1/2,
these can be further decomposed according to the usual rules.

In general, we need to determine a plethysm of the form L,p’, i.e., a “restricted
plethysm”. There is a trick for su(2) = so(3) which can reduce this to a nonrestricted
plethysm computation. Note that the complexification of this Lie algebra is the same as
the complex Lie algebra sl(2) = sl(2, C), so the representation theory is basically the same.
Moreover, the analytic irreducible representations of GL(W) remain irreducible when re-
stricted to the special linear group SL(W); the only difference is that some previously
different representations become isomorphic. Indeed, it is easy to show that for GL(m),

the representations [k"] corresponding to a rectangular shape with m rows of length k are
all one-dimensional, corresponding to the determinantal representation

A — (det A,
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and hence, on restriction to SL(m) are all trivial. Moreover, the Littlewood-Richardson
Rule shows that for any shape A with at most m rows

A+ k™ ~ [N e[k™] as representations of GL(m),

since all the other terms have more than m rows. Here A+k™ denotes the shape obtained by
sticking A onto the shape £™, having rows A\, +k for v =1, ..., m. Thus, for SL(m) we can
always delete rectangles with m rows from any shape and get an equivalent representation.
In the case of SL(2), this means that all three-rowed shapes reduce to zero, and the two-
rowed shape representation (p, q), p > ¢, of GL(2) becomes equivalent to the representation
(p—q,0) = (p—q) when restricted to SL(2). This observation permits an easy computation
of the plethysm formulas for SL(2), and hence SO(3), using known plethysm formulas for
GL(2), as given in [61].

For example, consider the case of three p electrons. This requires the decomposition
of

N (phep'?) = (Np' e O°p' ) o (Lip1yp" o Lz 1yp'/?) 0 (O%p a Np'/?)

= (N°p" 0 p®?) o (Lig1)pt o p'?).

Thus the states split into a doublet, S = %, and a quadruplet, S = % Note that this arises

since .
® p1/2 _ p1/2®p1/2 ®,01/2 _ p1/2 ®(p0 @pl) _ 2,01/2 ®p3/2,

hence 3
3
O°pl/2 = pP/2, Lpqyp'? =p'/?, Npt/? =0,

the final equality coming from the fact that p'/? is only two-dimensional. Alternatively, we
can use the identification of p'/? with the standard representation of GL(2) on W = C?2,
and so identify O*W with p®/2, while L, ;)W identifieswith W, and hence with pl/2.

To decompose the orbital angular momentum components, we identify p' with the
representation O°W of GL(2), so that we need the plethysm formulae

3 2 2
/\ (Q W) = L(373)W€BL(4’1’1)W, L(2’1)(© W) - L(37271)W@L(472)W€BL(5’1)W

Hence, ignoring the three-rowed shapes which all give zero since dim W = 2, and converting
the equivalent two-rowed shapes according to the earlier rule, we deduce

3
Np' = p°, Ligpyp' = p'ep’.

Actually, the first of these is trivial, as p' is a three-dimensional representation, so A? plis
one-dimensional, and hence must be the trivial representation p°. This gives the complete
orbital-spin decomposition

N (p' op'?) = (0% p*?) o (p' ©p'/?) 0 (p? 0 p'/?).
Therefore, a state describing 3p electrons splits into the terms 4S,2P,2D. The sub-terms
are then found to be 4S5 /5, 2P, /9, 2Ps /o, 2D4 o, 2D- ;5. Note that the quadruplet term does
3/20 F1y2, 4372, 372, Vs

not actually split any further as it has zero orbital angular momentum, but each of the
doublets do split.
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In the case of four or more p electrons, there is a trick. Note that if W is a vector
space of dimension m, the natural pairing

ANW e N FW — AW

allows us to identify A"*W with /\mW®/\kW*, where * denotes the dual space. In
particular, if we restrict to SL(W), then the space AW is the trivial representation,
hence A" FW ~ AFW*, Finally, if our representation is unitary, then we can identify W
with its dual W*, so A *W ~ A*W. Taking W = p7 » p1/2, corresponding to electrons
with orbital angular momentum j, we know that dim W = 2(2j + 1), which is the total
number of electrons which can occupy the shell indexed by j. For the p shell, this number
is 6. We conclude that the possible states occupied by k electrons having orbital angular
momentum 7, i.e., the decomposition of /\k(pj ®p1/2), are the same as the states occupied
by 2(2j+1)—k electrons in the same shell, i.e., the decomposition of A22ITV=F(pi ¢ p1/2),
Thus, the possible states of 4p electrons are the same as the states of 2p electrons, which
we already analyzed. Physicists refer to this as electrons being equivalent to “holes”.

8. Relativistic Quantum Mechanics.
References: [7], [8], [20], [36].

The fact that velocities are limited by the speed of light introduces new twists in the
quantum mechanical interpretation of physical phenomena. In the non-relativistic case,
the uncertainty in measuring the energy of a particle or system is related to the length of
time in which the measurements are made according to the Uncertainty Relation (4.26):

Ap Aq > h.
For small changes, the speed v is given by
v ~ %
TAt
and thus 5
A —. 1
vAp > & (8.1)

Now if we make a measurement of the momentum of a particle, we must in general affect
its velocity. Since the uncertainty in momentum is the same both before and after the
measurement, we conclude that the measurement of the momentum of a particle results
in a change in its velocity, and the change becomes greater the shorter the duration of the
measurement process.

In the relativistic case, the limit imposed by the speed of light implies that we can
never measure the momentum of a particle with precision! Now, v is limited by ¢, and

hence, by (8.1),
h

cAt’
which gives a limit to the highest accuracy theoretically available in measuring the mo-
mentum of a particle in a given time span. In particular, the shorter the time interval in

Apz
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which we try to measure the momentum, the less accuracy we are able to attain. For a
particle whose momentum is changing, this is extremely worrying, since the only way to
get a good measurement of the instantaneous momentum is to measure it in a short time
period. And an exact measurement is possible only if the measurement takes place over
an infinite time intervall!?!

In fact, there is as yet no logically consistent and complete relativistic quantum theory.
Nevertheless, we are able to apply some basic techniques to analyze the relativistic features
of quantum mechanical states, and deduce new features which, remarkably, do compare
favorably with experiments. The most striking was Dirac’s prediction of the positron,
based on his relativistic equation for the electron, and which he initially discounted due to
lack of experimental evidence!

The Lorentz Group

The fundamental symmetry groups in special relativity are the linear Lorentz group
and the Poincaré group, which includes translations. Here we concentrate on the proper-
ties, representation theory, and applications of the former in relativistic quantum mechan-
ical systems.

The pseudo-metric on flat Minkowski space-time R* is

ds* = c2dt* — dx? — dy* — d2?, (8.2)
where c¢ is the velocity of light. It is useful to scale time, and introduce the notation

q = (¢*) for the position vector, with

q" = ct, q' =, =y, ¢ = 2.

Relative to these coordinates, the Minkowski metric has matrix
G =(g,,) =diag(1,-1,-1,-1) = G~" = (g"), (8.3)

of signature (1,3), which indicates the numbers of positive and negative eigenvalues. We
define the dual coordinates (using the Einstein summation convention and tensorial raising
and lowering of indices throughout)

G = I so  qg=ct, ¢ =-x  G=-Y,  q3=—2
whereby the Minkowski metric (8.2) is
ds* = g, dq" dq" = dg,, dg".

The linear group L C GL(4) that leaves the Minkowski metric invariant is known as
the Lorentz group. It consists of the 4 x 4 matrices A satisfying

ATGA=G. (8.4)

In mathematics, the Lorentz group is identified as L = O(1, 3), where, in general, O(k, 1)

denotes the linear group of isometries of the diagonal metric of signature (k, ) on R", with
1

n = k+ 1. As with the ordinary orthogonal group, O(k,[) is an 5n(n — 1)-dimensional
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Lie group; in particular, the Lorentz group is a 6-dimensional Lie group. The Lie algebra
of the Lorentz group is the 6-dimensional Lie algebra [ = o(1,3) consisting of all 4 x 4

matrices X satisfying
XT'G+Gx =o. (8.5)

For n > 3, the only other isometries of a nondegenerate quadratic form are the trans-
lations. In particular, the group of isometries of the Minkowski metric is known as the
Poincaré group, and is the semi-direct product of the Lorentz group and the translation
group:

P(1,3) = O(1,3) x R™. (8.6)

The defining relation (8.4) for a Lorentz transformation immediately implies that
det A = +1. Moreover, if we look at the (0,0) entry, we find

2 2 2 2
agy — ajg — Ay — azg =1,

hence |aqq| > 1. Thus L = O(1, 3) has four connected components, depending on whether
A has determinant +1, and whether a, is positive or negative. These are often denoted
as
) 0 1 1
L, L', L7, L,

where the + and — refer to the sign of det A, and correspond to spatial orientation, and the
1 and | refer to the sign of a,, and correspond to time orientation. The proper Lorentz
group Ll is the connected component of the identity. There are three two-component
subgroups, all generated by the proper Lorentz group and an additional discrete symmetry.
The group L, = SO(1,3) = Ll U Li, known as the special Lorentz group, requires
det A = +1, and is generated by the inversion map —1I. The orthochronous Lorentz group,
LT = L1 U LT_, characterized by ay, > 1, is generated by the space reversal or parity map

P which has matrix G, as in (8.3). The group L, = Ll U Lf, known as the orthochorous”
Lorentz group, is generated by the time reversal T' which has matrix —G. Included in the
Lorentz group is the subgroup O(3) of rotations (and reflections) and the boosts, which
are hyperbolic rotations between the t-axis and a space axis. Every transformation in the
proper Lorentz group can be represented uniquely as B R, where B is a boost and R is a
rotation. Note that the boosts are positive definite symmetric matrices, so this result is
just a restatement of the polar decomposition of matrices. Warning: The boosts do not
form a subgroup of L.

We next prove that the Lorentz group is, like the three-dimensional rotation group
SO(3), a doubly connected Lie group. Moreover, its simply connected covering group is
the group SL(2,C) of 2 x 2 complex matrices of determinant 1, considered as a real Lie
group, even though it comes equipped with a complex structure. Note that SL(2,C) has
complex dimension 3, hence real dimension 6, so at least the dimensions match.

Consider the action of the group SL(2,C) on the space M(2,C) of 2 x 2 complex
matrices given by

p(A)X = AXA*, (8.7)

where * denotes the Hermitian adjoint (conjugate transpose) matrix. This defines a re-
ducible eight-dimensional representation of SL(2,C). The subspace of Hermitian matrices
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H ={X|X* = X} forms a four-dimensional invariant subspace of M (2, C). Note that the
determinant of X is invariant under the representation p. If we coordinatize the subspace
‘H “correctly”, we find

det X = det (;_ fy xtilzy) =12 — 2?2 —y? - 22 (8.8)
which is just the Minkowski length. Therefore (8.7) defines a Lorentz transformation of
the matrix X viewed as an element of Minkowski space. Moreover, it is not hard to prove
p(A) = p(B) if and only if A = +B, so p defines a double covering of the Lorentz group by
SL(2,C). Note that on the subgroup SU(2) C SL(2,C) this action reduces to the earlier
adjoint action (7.35) used to construct the double covering of SO(3).

The discrete transformations generating the full Lorentz group O(1, 3) have analogues
as follows. Note that the transformation corresponding to the matrix

= (1)
produces the Lorentz transformation
t, 2y, 2) — (6, —x,y,—2),
which is still in the proper Lorentz group. However, the operation
C: X — X
of complex conjugation preserves the subspace H, and produces the Lorentz transformation
(t,z,y,z) —> (t,x,—y,2).

Therefore, we can identify S o C' with the parity reversal Lorentz transformation P. Simi-
larly, the operation
0 X — =X

also preserves the subspace H, and produces the Lorentz transformation
(t7x7y7z) — (_t7 - T, =Y, _2)7

which is the Lorentz transformation —I. Finally, to get time reversal, we use the relation
T = — 1P, so its representative is oS oC. Thus, the group generated by SL(2,C) com-
bined with the discrete transformations SoC and ¢ forms the simply connected covering
group of the full Lorentz group O(1,3).

Observe that neither SL(2, C) nor O(1, 3) is compact. Thus, not every representation
is fully reducible, nor is every representation unitary. For example, the standard represen-
tation of the Lorentz group is not unitary as the matrix entries are unbounded. Indeed,
except for the trivial representation, no finite-dimensional representation is unitary, but
there do exist infinite-dimensional irreducible unitary representations. Doubled-valued rep-
resentations of the proper Lorentz group appear as ordinary representations of SL(2,C),
and will be discussed later.
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The Dirac Equation

We now try to deal with the problem of quantizing the equation for the motion of
a relativistic particle. In relativity, the spatial momenta (p;,py,p;) are the last three
components of a four-vector p = (pu), the relativistic momentum, with p, = ¢ 'F being
the scaled energy. The Minkowski length of this vector is the constant m ¢, which is positive
since the particle moves slower than the speed of light. This leads to the relativistic form
of the energy equation

p, P = m?c?, ie., E? = p? + m?c,

where p? = p? + p3 + p3 is the classical momentum. Therefore, the relativistic Hamiltonian

1S
E=+p*+m?c,

where we take the positive square root to give the particle positive energy, which indicates
that it moves forward in time. In classical relativistic dynamics, a particle with initially
positive energy always has positive energy.

To quantize this energy equation, we use the Schrédinger representation

P ——in2

of the momentum operators, leading to the first order wave equation

—ihy, = V—hA+m2c2 ), (8.10)

where A is the usual Laplacian. We will not try to interpret this integro-differential
equation too rigorously. As a relativistic model, it has some severe problems, since it
is not symmetrical with respect to the four momenta P,, so much so that one cannot
generalize it in any relativistic way when external fields are present.

An alternative approach is to work with the original energy equation, the quantized
wave equation for which then takes the form

2.2\ (o 2 2\, _
(P, P" +m*c’)p = (¢"P,P,+m"c)y = 0. (8.11)

Equivalently, we obtain this by applying the pseudo-differential operator

—1h0, + vV —hA+m2c?. (8.12)

to (8.10). In explicit form, the resulting partial differential equation is the well-known
Klein-Gordon equation
—h2ep,, = — W2 AY + mPct (8.13)

first proposed as a relativistic quantum equation by Schrodinger. As we will see, the
equation is invariant under general Lorentz transformations. It contains the solutions to
(8.10), but has additional solutions since the operator (8.12) is not invertible. Moreover,
the Klein-Gordon equation now includes the negative energy modes, which are outlawed
in special relativity. Classically, this does not present a significant problem due to the
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conservation of energy. However, quantum mechanically, this is a serious issue, since the
energy can leak from positive to negative values. However, the pricipal difficulty with the
Klein-Gordon equation is that it is second order in time, and so the time evolution of a
state is not determined solely by its initial value; one must also prescribe 0 /0t, which
does not have a physical interpretation. Moreover, it can only describe particles of spin 0,
since there is just one component to the wave function .

Dirac proposed factoring the wave operator, i.e., looking for an equation of the form

4
Z VP, =mcp, (8.14)
pn=1

whose square is the Klein-Gordon equation (8.13). Multiplying out the factors produces

(y*P, —mc) (V' P, + mc) = $(+*4" + 4/ 4*) P, P, — m*c’.
For the summation given by the first term on the right hand side to be the wave operator
on Minkowski space, we must have

PAY YAt =2g", (8.15)

where the g"” are the components of the Minkowski metric (8.2). The condition (8.15)
implies that the v# form the generators of the “Clifford algebra” relative to the Minkowski
inner product, a concept that was introduced by the English mathematician William Clif-
ford in the mid-nineteenth century. We now turn to a detailed study of Clifford algebras.

Clifford Algebras
References: [6], [16], [18].

Let V' be a vector space over a field K (we assume K = R or C for simplicity). Let
Q:V — R a quadratic form over V', with associated symmetric bilinear form obtained by
polarization:

Qz,y) = 3[Qz+y) —Q(2) —Qy) ], so Qz)=Q(z,z), for z,yeV. (816)

Think of Q(x) as a possibly degenerate norm, || z||?, with Q(x,y) the associated “inner
product” (z,y).
Given V and @, the associated Clifford algebra is the quotient space of the tensor

algebra
Q) =®V/I(Q), (8.17)

where Z(Q) € ®*V denotes the two-sided ideal generated by the relations
rer — Q(x). (8.18)

We use juxtaposition to denote the induced product in the Clifford algebra, so x y denotes
the image of z ey in C(Q), and C(Q) is prescribed by the fundamental relation 2% = Q(z).
Note that, by polarizing, this implies the fundamental defining relations

zy+yzr=2Q(z,y). (8.19)
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Note that if the quadratic form is trivial, @Q(x) = 0 for all z, then C(0) is the same as the
exterior algebra A"V. In all cases, the dimension of the Clifford algebra is the same as the
exterior algebra, namely 2", where n is the dimension of V', since we can clearly use the
products e; e, --- e, for1<iy <iy < --- <1, <n as basis elements. Both the scalars
K and the vector space V are contained in C(Q).

From now on, we will always assume that the quadratic form @ is non-degenerate,
meaning that Q(z,y) = 0 for all y € V if and only if = 0. For complex vector spaces,
there is, up to change of basis, only one non-degenerate quadratic form, so all nondegen-
erate Clifford algebras of a given dimension are isomorphic. For real vector spaces, the
nondegenerate quadratic forms are classified by their signature (k,[), and we denote as
C(k,1) the corresponding real Clifford algebras.

Let us start by investigating what are the possible real, non-degenerate, low-dimen-
sional Clifford algebras. There are two non-degenerate one-dimensional Clifford algebras,
denoted

C(1,0) ~ReR, C(0,1) ~C, (8.20)

This is because the Clifford algebra is spanned by 1 and e, subject to e? = £1. The
second case is clear if we identify e with i = \/—1; in the first case, we introduce the basis
f=3+e), g=2i(1-e), which satisfies f2=1f ¢>=g, fg=gf=0to produce the
decomposition. These are sometimes referred to as the hyperbolic complex numbers.

The three two-dimensional Clifford algebras are

C(2,0) ~ C(1,1) ~ M(2,R), C(0,2) ~ H, (8.21)

where M (2,R) denotes the algebra of real 2 x 2 matrices, and H denotes the quaternions.
This is because the Clifford algebra is spanned by 1,e;,e,,€;€,, subject to the relations
e? = +1. If the metric is negative definite, these can be identified with the quaternions
1,1, j, k. Alternatively, one can represent these generators by multiples of the Pauli
matrices (7.32), namely o, io,, io,,—ic,. In the other two cases, we identify the basis
elements with real 2 x 2 matrices, according to the following table:

1 € €y €169

ceo- (1) (Vo) () (V7)
cav (31) (Vo) () ().
o (1) (Ta) (40)

For higher dimensions, the classification of real Clifford algebras is based on the fol-
lowing key result.

Theorem 8.1. As algebras,
Clk+2,1)~C(2,0)2C(l, k),
Clk+1,14+1)~=C(1,1)eC(k,1), (8.22)
C(k,l+2)~C(0,2)eC(l, k).

~—
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Proof: Let Q be a quadratic form on R?, and let e, e, be an orthonormal basis. Let
Q, be a quadratic form on R"~2. We identify R" = R2eR""2 and write 2 = 2 +y € R",
where r = ae; + bey and y € R"72. Define the linear map

A:R" — C(Qq)#C(Q,), Alz+y)=zel+ (e ey) @y. (8.23)

The object then is to extend A to be a Clifford algebra isomorphism from C(Q) to
C(Q,) #C(Q), by defining a suitable quadratic form @ on R"™, so that the above de-

composition is orthogonal with respect to ). Thus we need to check that A maps the ideal
Z(Q) to 0. Now A(z?) = A(Q(z)) = Q(2). On the other hand,

A(z)z =a’el — (e% eg) ®y2 +(ejew +TE10y) 0Y = z? — Q1(61)Q1(62)y27

where the third summand vanishes owing to the orthogonality of e, e, and the fact that
x i8 a linear combination of them. Therefore, A will extend to an isomorphism of Clifford
algebras provided we define

Q(2) = Q1(z) — Q1(ey) Q1 (e2) Qa(y)-

Thus if @), is indefinite, then Q = @, + Q,, while if @}, is definite, then @ = Q; — Q5.
This suffices to prove the result. Q.E.D.

Example 8.2. For the case of R? with positive definite inner product,
C(3,0) ~C(2,0)2C(0,1) ~ M(2,R) eC ~ M(2,C).

Using the above representation of C(2,0) and the form (8.23) of the map A, we find an
explicit representation to be given by the Pauli matrices

1 —=1¢l — oy = 10 . el == g = 0 1
0 — 0 1 I 1 1 x 1 O )
— . 1 0 — _ 0 —i
€y —> €0l = 0, = 0 -1/ ez = €jep8l = o, = C0 )

For example, for the Clifford algebra on anti-Minkowski space, i.e., for the metric
(+ + + —), we have

C(3,1) ~C(2,0)eC(1,1) ~ M(2,R) e M(2,R) ~ M (4,R),
is isomorphic to the algebra of 4 x 4 real matrices. An explicit form of this isomorphism is
given by the proof of Theorem 8.1, i.e., if we let e;, e, be a basis for R? with the positive
definite metric, and e}, e}, be a basis for R? with the indefinite metric, then the above
isomorphism is

/ !
e, — e; 91, eq —> €901, es — (e1ey) @€y, e, — (ejey) ey,

1/3/23 139 @ 2023 Peter J. Olver



Using the earlier representations for C(2,0) and C(1,1) as M(2,R), we find the associated
representation of C(3,1) to be

1 0 0 O 01 00
0 = 0 -1 0 O o = 10 0 0
! 0 0 1 0]’ 2 00 0 1)
0 0 0 -1 0 010
0 0 01 00 01
0. == 0 0 -1 0 0 = 0 0 -1 0
3 0 -1 0 0]’ 4 0 1 0 0
1 0 00 -1 0 0 0

On the other hand for the Clifford algebra on Minkowski space, we have
C(1,3) ~C(0,2)2C(1,1) ~He M (2,R) ~ M(2,H),
is isomorphic to the algebra of 2 x 2 quaternionic matrices

e, = iel, ey = jol, es = k o€, eg = k @€,

— (i 0 — (i 0 — (0 Kk — (0 Kk
“1 0o i) © 0o i) kK o0) ~k 0/

If we use the isomorphism of H with a subalgebra of M (2,C) as given above, this leads to
one form for the Dirac matrices

0 = io, O ~ io, 0
L 0 o, )’ 2 0 o, )’
Y (8.24)
0. = 0 —1o, o = 0 —io,
3 —io, 0 ’ 0 io, 0 '
Alternative representations include the Dirac form
—~ 0 o, ~ 0 o,
“ -0, 0)’ ©2 -0, 0 )’
Y (8.25)
o= (Y % o= (% O
3 —o, 0 )’ 0 0 —o,)’
and the Weyl form
e, — 0~ €y — 0 =9,
1 o, 0 )’ 2 o, 0 )’
(8.26)
o= [V O N L
3 o, 0 )’ 0 o, 0 )°

For many purposes, it is the last form which is the most convenient, as the Dirac matrices
exhibit a common block structure.

All these different representations are really equivalent. This is because there is only
one irreducible representation of the algebra of n x n matrices.
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Lemma 8.3. Every irreducible representation of the matrix algebra M (n) by n X n
matrices is given by p(A) = SAS™L.

Idea of proof: Given a representation p on V', let X:R™ — V be any linear map. Set
S =73 p(E;;) X E;;, and show that S intertwines the two representations: p(A)S = S 4,
hence by Schur’s Lemma 7.5, S must be a multiple of the identity. We then choose X so
that S # 0. Q.E.D.

Another interesting example of a Clifford algebra is
C(2,2) ~C(2,0)2C(2,0) ~ M(2,R) e M (2,R) ~ M (4,R),
~((0,2)2C(0,2) ~ HeH,

leading to the isomorphism
HeH ~ M(4,R).

Theorem 8.1 implies that there is an eight-fold periodicity among Clifford algebras:
C(k+8,1) ~C(k,1)=C(8,0), C(k,l1+8)~C(k,1)eC(0,8), (8.27)

which lies at the foundation of some deep results in algebraic topology and K-theory, e.g.,
the Bott Periodicity Theorem, [11]. From this, we are able to construct a complete table
of real Clifford algebras:

k—1 mod8 C(k,l) where k+1=2m or 2m+1

o M (2™, R)

S O s W NN = O

7

Note that these algebras are simple except for kK — [ =1 or 5 mod 8.
For complex Clifford algebras, there is just one non-degenerate C(n) for each dimension
n, and the above results simplify:

C(2m)~ M(2™,C), C2m+1)~M(2™ C)sM(2™, C), (8.28)

and so there is a periodicity of 2. Note the curious fact that the complex odd-dimensional
Clifford algebras do not occur as real Clifford algebras!

The Clifford algebra C(Q) comes equipped with a natural grading into odd and even
order parts, stemming from the grading of the tensor algebra, since the basic relations take
even order tensors to even order tensors. We let C*(Q) denote the even subalgebra, which
includes the scalars, but not V itself.
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Proposition 8.4. As algebras,

CH(p+1,q) ~Clq,p), CH(p,q+1) ~C(p,q), (8.29)

Proof: Let Q, be a quadratic form on R"~!, and let Q, be a quadratic form on R.
Form the decomposition R" = R"~! ¢ R, with e, the normalized basis vector for R. Define
the linear map

Ax) =xe,, AR — C(Q),

where () is a suitable quadratic form on R™, making the decomposition orthogonal. Then
A(z?) = A(Q (z)) = Q (2).

On the other hand,
A(x)? = —2%e2 = —Q(e,) Q).

Therefore, A will extend to a map between Clifford algebras provided we define

Q(r +y) = Qu(y) — Qa(e,) Q (), zeR", y=Ae,.

In other words, if Q(e,,) = +1, then @), has the opposite sign to @, while if Q(e,) = —1,
then (), has the same sign as Q). Q.E.D.

For example, we find
Ct(3,1)~C"(1,3) ~C(3,0) ~ M(2,C),
even though C(3,1) and C(1, 3) are not isomorphic. In general, for k > 1,
Clk, 1) ~CT(k,l+1)~C(+1,k—1),
which can be checked in the table. For complex Clifford algebras, the same proof shows
that C*(n) ~C(n —1).
Clifford Groups and Spinors

There are a couple of important maps on any Clifford algebra. The transpose is defined
by

A=), AEK, vl =, veV, (zy)T =97 2T, x,y € C(Q).
The automorphism
aA)=A, AeK, alv)=-v, veV, alzy) =al)aly), zyeClQ),
is also important. Note that
CHQ)={z| alz) ==}, C(Q)={z] ale)=—a}.

The Clifford group G(Q) associated with a Clifford algebra C(Q) consists of all invert-
ible elements g € C(Q) such that

p(g)v=alg)vgteV for all veV.
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Note that p defines a representation of GG on the vector space V.

We let O(Q) denote the group of linear isometries of the (nondegenerate) quadratic
form @, meaning those A € GL(V') that preserve it: Q(Av) = Q(v) for all v € V, and
SO(Q) those of unit determinant. If @ is real, of signature (k,[), then O(Q) ~ O(k,[) and
similarly for SO(Q).

Lemma 8.5. Given g € G(Q), the map p(g) is a linear isometry of the underlying
quadratic form ().

Proof: Note that since p(g)v € V,

and hence

Therefore, since Q(v) is a scalar,

Q(p(g)v) = (p(g)v)* = (a(g)vg ") (gvalg™)) =

which shows that p(g) is a linear isometry of Q. Q.E.D.

We also define the restricted Clifford group, denote G (Q), to be the intersection of
G(Q) with C*(Q), the space of even rank elements of the Clifford algebra.

Theorem 8.6. We have

p(6(Q)=0@@Q), p(67(Q)=850(Q), kerp=p '(I)=K"=K\0. (830)

Proof: Note first that V' N G(Q) consists of all non-isotropic vectors w € V, since the
inverse of w is w/Q(w) if Q(w) # 0, whereas w? = 0 if Q(w) = 0, so w € G. Now, for
weV Nng),

() . wouw w(QQ(w,v)—wv) 2Q(w,v)
plw)v=—-w "vw=———=— =w— —>

Q(w) Q(w) Q(w)
The last map is just the reflection in the hyperplane Q-orthogonal to w. The first two
results now follow from a Theorem of Cartan and Dieudonné that states that every or-
thogonal transformation of an n-dimensional space can be written as the product of m <n
such reflections.

Next, to show ker p = K™, we need to characterize those g € G such that

alg)v=vg, for all velV.

Write g = g, + g_, where g, € C*(Q). Then a(g) = g, — g_. Thus the above condition
becomes
g v=vg,, g_v=—vg_, for all veV.
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Introduce an orthonormal basis e; of V' relative to ). Given any e;, write

g, =a, +e;b_, where a, €CT(Q), b_eC (Q),
are such that they do not involve the basis vector e;. Then
gie;=(ay +e;b_)e;, =aye; —Qe;)b_,
whereas
¢jgy = aye; +Qe;)b_.
Therefore, the above condition proves that b = 0, so the basis vector e; does not appear in

g.- The only elements with no basis vectors in them at all are elements of K, so g, € K *,
A similar argument proves that g_ has no basis vectors in it, so g_ = 0. Q.E.D.

Given z € C(Q), define
N(z) = a(z)’z. (8.31)

For example, if = vyv, - - - v, is decomposable, then
N(vyvy -+ vy) = (_1>k(vk o UgUp) (Vg c e vy) = (‘URQ(Ul)Q(Uz) w Q(uy)
is an element of K. However, not every element has N(z) € K; for example
N(ejey +ezeq) = (egey + €4€5) (€169 + e5e4) = Q1) Qles) + Q(e3) Qley) — 2€1e5e5e4.

Lemma 8.7. The function (8.31) defines a map N:G(Q) — K™ called the induced
spin norm on the Clifford group G.

Proof: Using the previous result, we need only show that N(g) € ker p. Note that

a(N(g)) =g alg).

Now
a(g)vg™ = plg)v = (p(9)v)" =g~ valg)”,
hence
v=yg"a(g)v(alg) g)™ = a(N(g)vN(9)~" = p(N(g))v,
for all v € V. Therefore p(N(g)) = I. Q.E.D.
Note that if g is any element with N(g) € K™*, then we have the useful formula
g l= a(g)”
N(g)
If g € G, then this gives
T
-1 gvg
plg)v=gva(g™) = :
(90 =gvaly™) = 555

It is not usually true, however, that N(g) € K™* implies that g € G(Q) or G*(Q). For
instance, in C(2,0),

N(e; +Aejey) = (—ey + Aegey) (e + Aejey) = A% — 1,
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which is nonzero for \ # +1, but
ple; +Aejey)e; = (—ey + Aegey) e, (e + Aejey) = (A2 — 1) e; — 2Xee,.
For a real vector space, define the groups

Pin(Q) ={g€d(Q)| N(g)=+1},
Spin(Q) = { 9 € G7(Q) | N(g)=+1}.
Theorem 8.8. The representations
p:Pin(Q) — 0(Q).  p*:5pin(Q) — SO(Q), (8.33)

are two-to-one coverings, with p(A) = p(B) if and only if A = 4+ B. Moreover, p° induces a
nontrivial double covering of SO(Q) as long as dimV > 3, or dim V' = 2 and Q) is definite.

(8.32)

Proof: In the first case, it suffices to note that Pin(@) includes all vectors v € V
with Q(v) = £1, and p(v) is just the reflection through the hyperplane orthogonal to V.
Moreover, p(A) = I if and only if A= X € R, and N(A) = A = £1. For the second result
we proceed the same way, using the fact that every element of SO(Q) can be written as a
product of an even number of reflections, since each reflection has determinant —1.

Note that these imply that every element of Pin(Q) can be written as v,v, - - - v, for
k < n, where Q(v;) = £1, i.e., Pin(Q) is generated by the unit “sphere” in V. Similarly
for Spin(Q), except that k must be even.

The nontriviality of the covering follows from the fact that we can connect 1 and —1
by the curve

cost + eje, sint, 0<t<m,
which is contained in Spin(Q) as long as Q(e;)Q(ey) > 0, Q(e,e5) = 0. Therefore,
Spin(Q) is the simply connected covering group for SO(Q). Q.E.D.

Example 8.9. Consider the case V = R3, with positive definite inner product. Then
C*(3,0) ~ H, and consists of all elements of the form

T =a-+beje,+ ceze; +deyes.
Note first that p(z)v € V for all v € V. We find
N(z) = (a+beye, + cejeq +deges,) (a+bejey + cesey +deyes) = a® +b% + ¢ + d?,

hence every nonzero element is in G (3, 0). The representation p: H* — SO(3) reproduces
the well known correspondence between quaternions and rotations. Alternatively, we can
identify 1, e5eq, €51, €€, respectively with the unitary matrices

1 0 . 0 i . 0 1 . i 0
0'0—(0 1), 1033—<i O)’ 10y—<_1 0), 10’z—<0 —i)' (8.34)

Also note that C*(3, 0) is the same as the real matrix algebra spanned by the Pauli matrices,
and the G (3,0) is the subgroup of invertible such matrices since

det(aoy +bo, +co, +do,) = a® +b° + ¢ +d°.
Furthermore, we can identify the double covering group Spin(3) with the group SU(2) as

before.
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In the case of Minkowski space, the general element of C*(1,3) has the form
T =a+beje, +cejes +deses +eege; + fege, + geges + hege eqes.
Then
N(z)=(a*+b*++d* —e* — f2—g* —h?) +2(ah —bg+cf — de)eye, eqes.

We also find that p(z)v € V for all v € V if and only if N(z) € R. Therefore, G*(1,3)
consists of those elements with

A+ +E+PAE+ P2+ 12, ah—bg+cf—de=0.
We can identify CT(1,3) with the algebra of 2 x 2 complex matrices. The explicit isomor-

phism is given by identifying 1, e,e5, e,€4, €,€5 with the matrices (8.34) as before, along
with identifying ejeq, ege,, €pes, €geq €563, respectively, with the matrices

/(0 1 A (1 0 . (i o0
9% =\ 1 0 ) %=\=i o) %27\o 1) 'Y= \o i)

Under this identification
N(z) = Re (det X) + Im (det X ) eye eqe5,

we see that G1(1,3) is the set of such matrices which have real, non-zero determinant.
Furthermore, we can identify Spin(1,3) with the group

{X| detX =1} =SL(2,C) U SL™(2,C),

which is just two disconnected copies of SL(2,C). The representation p takes G (1,3) to
SO(1,3), which also has two connected components. Finally, G(1,3) maps onto the full
Lorentz group; the formulas are left to the reader.

Representations of the Lorentz Group
References: [29], [37], [38].

The (finite-dimensional) real representation theory of SL(2,C) proceeds as follows.
First note that if we consider SL(2,C) as a complex Lie group, then its complex analytic
representations will correspond to the real analytic representations of any real form. In
particular, we can use the tensor representation theory of SL(2,R), or, better the repre-
sentation theory of the compact Lie group SU(2), both of which are real forms of SL(2, C).
Thus the complex finite-dimensional representations of SL(2,C) are indexed by a half-
integer 7 = 0, %, 1, %, .... We can explicitly realize these representations on the space of
homogeneous polynomials p(z), where z = (z,,2,) € C?, of degree 2j by

p?(A)p(z) = p(A™"2). (8.35)

It is a preferable to use homogeneous (projective) coordinates, so write
f(2) =p(z,1) = 25 7 p(zq, 29), where z = 2,/%,
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so that f is an inhomogeneous polynomial in z having degree 2j. The representation p’
becomes the linear fractional representation

P = e (SE0) an= (2 ) s

Next consider the complex representations of SL(2, C) considered as a real Lie group.
In general if g is any complex m-dimensional Lie algebra with real form gg, let g denote it
considered as just a real Lie algebra, of dimension 2m. If A,,..., A, form a basis for gg,
then they also form a complex basis for g. Therefore, A,,..., A, ,B, = iA,,...,B,, =

m
iA,,, form a real basis for § ~ ggeigg. The complexification of g, denoted as g¢ is
therefore isomorphic to geg, and we can use C,, = A, + iB, and C; = A, — iB, as a
basis implementing this decomposition. Therefore, the analytic irreducible representations
of g are realized as tensor products of irreducible representations of g.

In our case, this implies that the Lorentz algebra so(1, 3) is a real form of the complex
Lie algebra s[(2, C) e5l(2, C), whose other real forms include su(2) esu(2). The irreducible
representations of so(1,3) are parametrized by two integers or half integers:

113

pj’k:/)j®pk, where j7k20757 35y v e

It is usually more convenient to identify the second factor with its complex conjugate
(since the generators are complex conjugates of the generators for the first factor), and so
we write
pik = plapk, where j,kzO,%,l,%,....
Note that the dimension of p/** is (25 4+ 1)(2k + 1). The complex conjugate of the rep-
resentation p’* is the representation p*+. In particular, the only real representations are
the ones where j = k.
The Clebsch-Gordan series (7.63) for tensor products of these representations are

readily computed from those of su(2), so

K L ‘7+‘7/ k+k/ il
p’teplt = P Pp o (8.37)
i=1j=g'| 1= kK|

The restriction of p/** to the subgroup SU(2) C SL(2,C) decomposes as p’ ® p¥, since
SU(2) is essentially the diagonal subgroup for the direct sum decomposition.

The standard representation of the Lorenz group L = SO(1,3) on four-dimensional
Minkowski space is equivalent to the irreducible representation p/%1/2. One way to verify
this (see below for an explicit approach) is to note that this representation is clearly
irreducible. The only four-dimensional representations of so(1,3) are p/21/2 p3/29 and
p%3/2. But on Minkowski space, the subgroup SO(3) (which corresponds to SU(2) in the
double covering) decomposes into a physical representation and a trivial representation
on the time axis, i.e., has the representation p'ep®. The only one of the above three
representations which has the same property is p'/?1/2; the other two remain irreducible
upon restriction to SU(2).
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In view of (8.35), the real representation p’*¥ of SL(2,C) can be realized on the space
of homogeneous polynomials p(z,z) of degree 2j in z = (2, 2,) and 2k in zZ = (Z,,%,) by

p?*(A) p(2,2) = p(A~ 'z, A7) (8.38)
As above, it is preferable to use homogeneous coordinates, and write
f(2,2) =p(2,1,%,1) = 25 72,2k p(2), 29, 21, Zy), where z = 2,/%,

so that f is an inhomogeneous polynomial in z, Z, having degree (27,2k). The representa-
tion p7* becomes the linear fractional representation

P FD) = O+ 07 (i (SRR A (20 )

Thus, to check the earlier assertion about the representation p'/?/2 being that of the
usual Lorentz group, we use the space of complex bilinear polynomials

az1Zy +b21Zy + c25Z) + d2,Z.

as the basic representation space p'/29 ¢ p%1/2. This can be identified with the space of
2 x 2 complex matrices X, which transform according to X —— AT X A under SL(2,C).
Therefore the determinant is invariant. The subspace H of Hermitian matrices is the real
form of this representation, which is equivalent to its complex conjugate, and hence real;
we use the earlier formulation (8.8) to identify this quantity with the Minkowski metric,
whereby

(a,b,c,d) corresponds to (ct+z,z+ iy, z — iy,ct — 2).

Since SL(2,C) is not compact, not all of its irreducible representations are finite-
dimensional. For example, the analogous representation

. . e _ i —+ 6 az + 6
7,k A — 5 j+ic—1 5 j+ic—1 az 8.40
P [(2) = (0o (e et (L R s
where j = 0, %, 1,..., and c is any real number, is defined on the Hilbert space of L?

functions of the real variables z,y, where z = x 4+ iy, and defines an irreducible infinite-
dimensional unitary representation. The only finite-dimensional unitary representation is
the trivial representation p®°. A complete classification of these and other representations
can be found in [38]. In general, the representations of the group SL(2,C) are double-
valued representations of the proper Lorentz group Ll. Note that this will be the case if
and only if p(—1) = I, where —1I is the element of SL(2,C). From the above realization,
this clearly holds if and only if j + k is an integer.

Next consider the group LT generated by Ll and the parity reversal matrix P =
diag (1,—1,—1,—1). Recall that P corresponds to the transformation SoC" acting on the
space H of Hermitian matrices. On the associated representation spaces, this transforma-
tion is equivalent to the operation

21 7 29, Z9 7 T2
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which maps the representation p?* to the conjugate representation p*7. If j # k, then
we form an irreducible representation by summing these two representations: p7* e p*7; it
can be shown that, for j # k, this is an irreducible representation of L. If j = k, then this
representation decomposes into two irreducible representations; the representation space
splits into invariant subspaces

Vi e Vii =Vl e VI, Vil ={ (v,£v) | veVII}.

The two resulting representations, pi’j and pj J are then irreducible representations of the
simply connected covering group for LT. (Unfortunately, our use of + does not quite agree
with the standard use; see [37].) These representations are single-valued if and only if

j + k is an integer. The usual representation of LT on Minkowski space is equivalent to
1/2,1/2
P+

, since we identify a 2 x 2 matrix with the bilinear polynomial
a(z1Z) +w W) +b(2,Zy + w Wy) + ¢(29Z; + woy) + d (2925 + wyTy),

where (a,b,c,d) represents (ct + z,x + iy,x — iy,ct — z). The action of P, which then
takes z; to w, and z, to —w,, and vice versa, has the effect

(CE, b: C, d) — (dv _bv —C, CL),

which is the same as the parity reversing map P on (t,x,y, 2).

The full Lorentz group is obtained from the group LT by adding in total inversion —1I.
Since this commutes with all elements, and its square is the identity, to each representation
of LT there corresponds two representations of L, one where total inversion is represented
by the identity I; the other where it is represented by —1I.

Relativistic Spinors

For the Lorentz group, one introduces two kinds of basic spinors: those corresponding
to the standard representation p'/2° = p/2 of SL(2,C) on the two-dimensional vector
space C2, and those corresponding to the complex conjugate representation p®'/2. These
are then multiplied together in the obvious way to give spinors of higher rank. Traditionally,
one uses regular spinor indices to denote the former and dotted spinor indices to denote
the latter. Thus, the representation space of p7* is the same as the space of completely
symmetric spinors in j undotted and k dotted indices. In particular, ordinary vectors are
written as spinors with one undotted and one dotted index. Therefore, two-dimensional
spinors in the representation p'/2° will have components (aq,ay) corresponding to the

linear polynomial a, 2, +a,z,, whereas those in the representation p%1/2 will have the dotted
components (aj,a3) corresponding to the linear polynomial aj Z; + a3%,. The ordinary
vectors in Minkowski space will have the four components (a7, a3, ayi, ao5) corresponding
to the bilinear polynomial

A7 2121 T Q15 2129 + Qo] 2921 + Qg5 2925,

In terms of the ordinary x, vy, z,t coordinates, we use the identification of this polynomial
with a 2 x 2 complex matrix, and restrict to the Hermitian matrices to deduce

a;] = ct —z, a5 =1 + 1y, Ay] =T — ly, A9y = ct+ z. (841)
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Lorentz—Invariant Equations

Since the fundamental symmetry group of special relativity is the Lorentz group (or
its double covering), it is of great interest to classify equations which are invariant under
it. In the present approach, we will look for first order equations of the form

(AP, + B)y =0, P,=1iho, (8.42)

where A", B are matrices, which are invariant under some representation of SL(2, C).
Note first that the differential operators P, transform under SL(2, C) according to the

representation p'/2:1/2. Indeed, if ¢ = Aq is any change of variables, then the derivatives

transform according to the contragredient representation & = A~79. Observe that if
A € SL(2,C), then

AT = JAJ = JAJ,  where J= (_01 (1]) .
Therefore, passing to the contragredient representation of SL(2,C) amounts to changing
bases by

and similarly for the complex conjugate representation. Thus, in the spinor form of the
representation p’**, the contragredient representation is obtained by interchanging the
1’s and 2’s, with appropriate plus or minus sign. In particular, the spinor form for the
momenta are the operators

alizcat+az’ 812:—(9x+ lay, 821 :—(936— iﬁy, 82§:Cﬁt—8z. (843)

If the wave function 1) transforms according to the irreducible representation p7-*,
then the associated momenta P9 will transform according to the representation

p1/2’1/2 o pik = pj—|—1/2,k:—|—1/2 ®pj—1/2,k—|—1/2 ®pj+1/2,k—1/2 ®pj—1/2,k—1/2, (8.44)

with obvious modifications if j or k is 0. Now if B is invertible, we can rewrite (8.42) in
the form
KMP, ) = A (8.45)

The parameter A\ represents the mass. If we decompose 1 into irreducible representation
components, we see that, for massive particles A > 0, the equation (8.45) will couple the
p?"F component of ¥ to the components in the representations appearing in (8.44), and thus
1 cannot transform according to a single irreducible representation of s[(2, C). We deduce
that a Lorentz-invariant equation for a particle with mass will involve a combination of
various representations. On the other hand, massless particles, i.e., when A = 0, can be
formed from a single irreducible representation.

For example, if we start out with ¢ a scalar, i.e., transforming by the trivial represen-
tation p%°, then P,y =14 , will transform according to the representation pt/21/2 The

components of Py, wil transform like p'/2:1/2 ¢ p1/2:1/2 and to obtain a simple closed
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system we need to single out the p° summand of this tensor product. This is done us-
ing the Clebsch-Gordan coefficients computed in (8.37). The result is the Klein-Gordon
equation (8.13) written in the first order form

Pb=1v,, Pry = Ay (8.46)

This describes the simplest system for a particle of spin 0.

For a particle of spin %, we need to look at the representation p'/29. To construct a
Lorentz-invariant equation for a field 1 transforming according to this representation, we
need to consider

p1/2’1/2 ®p1/2’0 _ p1’1/2 0,1/2

®p
Thus, if we single out the p®!/2 component, we can obtain a massless two-component

equation whose left hand side transforms according to p®'/2. This is the Weyl equation,
ot'P =0, (8.47)

where the o#’s are the Pauli matrices (7.32), which was originally rejected as a physical
equation, since it does not conserve parity. However, it was subsequently vindicated when
the neutrino was observed not to conserve parity, and is used there.

An electron, however, has spin %, but does conserve parity. Therefore, it should
transform under the four-dimensional irreducible representation p'/20e p%1/2. Similar
arguments lead to a system of two coupled sets of Weyl equations:

o' Pap = A, 9" " Pab = M, (8.48)

where the \’s are equal to maintain invariance under space inversion. This is another form
of the Dirac equation, based on the Weyl representation (8.26) for the Dirac matrices, i.e.,
this is equivalent to

VP, =mp,

where 1) represents the pair of spinors (1), @Z) The individual components of 1 satisfy the
Klein-Gordon equation (8.13).

Another important example of an invariant equation is Maxwell’s equations for an
electromagnetic field in a vacuum. The details can be found in the references.

Symmetries of the Dirac Equation

The Dirac equation (8.14) is invariant under the full Lorentz group. Indeed, by our
results on the Clifford group, we know that the Lorentz group acts on the Dirac matrices,
which generate the Clifford algebra, according to the standard representation, including
the discrete symmetries of parity reversal, P, and time reversal, T'. In addition, it also has
the symmetry of charge conjugation, denoted by C'

Note that each Dirac matrix anti-commutes with the product
7P =09y (8.49)
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We also need a matrix C' which transforms y* to its complex conjugate F*, i.e.,
" =CFCL

Such a matrix exists since both y# and 7" will be realizations of the Clifford algebra for
Minkowski space (which is real). In the Weyl representation (8.26),

0 io . 0 1
=0 m) = (00 @50

y
Now the operator of charge conjugation is the composition of C' and complex conjugation.
It leaves the Dirac matrices invariant, and transforms the wave function to its complex
conjugate. Therefore it transforms the Dirac equation under an external field to the same
equation, but with the sign of the charge e reversed, hence its name.

The discrete symmetries P, C,T played a key role in the development of relativistic
quantum mechanics. It was originally thought that every system always admits all three
as symmetries. However, in the early 1950’s, it was experimentally discovered that the
weak interaction does not conserve parity in general, so non-parity-symmetric equations
such as the Weyl equation (8.47) for the neutrino are allowed. However, there is a general
result, the PC'T Theorem, that states that all theories must have the combined operator
PoCoT as a symmetry, even if they do not admit the individual operators.

Relativistic Spin

Note that the action of the Lorentz group SO(1,3), or, rather, SL(2,C), on a Dirac
wave function v is given by the representation

p(A)[Y(a)] = pi(A) ¥(py(4) " ),
where p; = pt/2:0 6 p0:1/2 ig the spin action, and Py = p'/21/2 is the usual representation
on Minkowski space. The corresponding conservation law for this action will consist of two

pieces. For the rotation group SU(2), we have the usual angular momentum

Jy :l’aaﬁ _xﬁa

o
and the spin components
Sy = 1 [Var V8-
Note that S, = 10, when o # 3. Thus we re-derive the conservation of total angular

momentum L = J+ S for the Dirac equation. In particular, the electron spin of % appears
as it should.

Particle in an FElectromagnetic Field

As with the non-relativistic theory, we obtain the corresponding equation for an elec-
tron or particle of charge e in a electromagnetic field with potential A, by replacing the
ordinary momentum operator Py, = ihd, by the perturbed operator
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The Dirac equation in this case is
AD _
(V*Py—m)y =0. (8.51)

Each component of v will then satisfy a scalar wave equation, which, however, is not
obtained by replacing the momentum operators in the Klein-Gordon equation by their
perturbed form! The spin will now appear, as follows. Operating on the above equation
by v* P, + m, we find

0= (y*Py +m) (P, —m)yp = (Y'4"P, P, +m?)y
= ($(P" + )PP, — L[ Py, P, +m?) ¢
= (g’\“ﬁxﬁu + iheS’\“FAH +m?),

)

where S is the spin operator, and F\, = 0,A, — 9,A, is the electromagnetic field; the
electric components E correspond to the case 0 = A < u, the magnetic components H when
0 < A < p. Thus we recover the appropriate spin terms, which were added in somewhat
ad hoc in the non-relativistic Schrodinger theory, directly from the Dirac equation!

Solutions of the Dirac Equation

We begin by considering the simplest solutions of the Dirac equation, which are plane
waves (free particles), and are given by complex exponentials of the form

Y(t,z) =ue HPA), (8.52)

Here p is the relativistic momentum, q the position, and u # 0 is a non-zero vector which
must be determined by substituting into the Dirac equation. This requires that

(v*p,, —mcl)u=0, (8.53)
hence the matrix 4*p, —mcl is not invertible. But

Pp —mel)(v*p, +mel) = 2 m2? =p? —m2
(Y'p,, p,, P p :

hence the matrix is not invertible if and only if
p? =m2e, i.e., E? = 2p? + m2ct,

which shows that the relativistic formula for the energy has been preserved. The Dirac
equation has both positive and negative energy solutions, corresponding to

E =4+/c2p? + m2ct.

Each of these is doubly degenerate because of the charge conjugation (spin in direction
of the momentum) symmetry. Therefore the eigenvalues of the Hamiltonian for this value
of the energy are classified by the sign of the energy + F and the sign of the spin £ %
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If we use the Dirac representation (8.25), then the explicit solution to (8.53) when the
momentum is parallel to the z axis is a linear combination of the solutions

1 0 - 0
0 1 0 leY
¢++ - o ) ¢+_ = 0 ) ¢_+ = 1 ) 7»[]__ = 0 5
0 - 0 1
where

B cp _[E- mc?

“TEime VEtme

The first two have positive energy, indicated by the first +; the second sign indicates the
sign of the spin. The normalization factor for all these solutions is v/2E/(E +mc2). In
the positive energy solutions, the first two components are called the “large components”,
and the second two “small components”, since, in the non-relativistic limit, « is small.

Spherically Symmetric Potential

The motion of an electron in an atom is a special case of the motion of a particle in
a spherically symmetrical potential. The Dirac equation in this case is

[Y*P, —mc+V(r)]y =0. (8.54)

As in the non-relativistic Schrédinger equation, one looks for solutions which are joint
eigenfunctions of the angular momentum operators J2,.J_, and the parity reversal P, i.e.,

Py=jG+0e,  Lp=1p,  Py=(-1)7y,
where j is the angular momentum quantum number, [ the magnetic quantum number, and

w = +1 indicates the parity of the state. Separating variables in the Dirac equation leads
to a solution of the form

eiEt/c alr
blt,r,0,0,8) = — < 5&2&@?), (8.55)

where FE is the energy, Y(p,0),Y(p,0) are suitable spherical harmonics combined with

spin components for the two representations p'/20 and p®1/2 respectively. The functions

a(r), B(r) satisfy the system of first order ordinary differential equations

w(j+ E

—ha' + =it 3) a= [— —mc— V(r)] B,
r c

(8.56)

1
h5’+L]j2>5= [E

Z+mc—V(r)] a,

For V(r) = 0 (i.e., a free particle), the solution to this system can be expressed in terms
of Bessel functions. For the Coulomb potential V(r) = — Ze?/r, a formal series solution
takes the form

a=r%e""(a,+ayr+ ), B=re "(by+br+ ---), (8.57)
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where, from the indicial equation,

m2ct — E?

K=
c2

, S:\/(j+%)2—2264.

As with the non-relativistic Schrédinger equation, it can be proved that the series (8.57)
will correspond to a bound state if and only if it terminates. Calculating the recursion
relation for the coefficients, we find that this happens precisely at the energy levels

m62

WE, = . (8.58)

! Z2e*
\/1+ . 1\2
(n+s—3-3)

If we expand this in inverse powers of n, we find

mc? VAT ATS n 3
E =" |1- _ _2 o )
n,j hz { 2n2 2n4 (] + % 4) + } (8 59)

The first term is the relativistic rest mass of the electron, which must be ignored in any non-
relativistic calculation of energy levels. The second term coincides with the non-relativistic
formula for the energy levels of the hydrogen atom; in particular it retains the accidental
degeneracy in that it does not depend on the orbital angular momentum quantum number
j. The following term is the relativistic correction to the energy levels. Note that the
energy level is slightly decreased, with the larger decrease happening for smaller angular
momenta j. This agrees broadly with the experimental results on the fine structure of the
spectrum. The agreement, however, is not perfect, and additional corrections, to account
for the so-called Lamb shift, are based on “radiative corrections” taking into account the
interactions between the electron, the nucleus, and the quantized electromagnetic field.

Non-relativistic Limit

In the non-relativistic limit, the energy F differs little from the relativistic rest energy,
i.e., the kinetic energy K satisfies

K=FE—mc < mdc.

This implies that the velocity of the particle is small:
K
E = %VZ < 1

In this case the small components of the wave function ¢ have size O(v/c).

The easiest way to compute the non-relativistic limit is with the Dirac form (8.25) of
the Dirac matrices, where

N op O e = 0 o
0 0 _O-O ’ k _Uk O )
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The relativistic energy of the electron will includes its relativistic rest energy mc?, which
must be excluded to arrive at the non-relativistic approximation. Thus we set

A _imczt
o= () e (-5

for the wave function, where ¢ is the large and y the small component. Substituting into
the Dirac equation, we deduce a system of two two-component equations

110,04+ co”P,x =0, (ihd, +2mc*)x +co"P o =0, (8.60)

which are so far identical with the Dirac equation. Now in the second system, only the
term 2mc?y is comparable in magnitude to ¢, so we can neglect the first term, solve for
x and substitute into the first system. This gives

ihoe = 5—(c"P)%e.
However, using the identity
(c%a,) (o"b,) =a-b+ io-aAb,
we deduce that the system reduces to
1700 =— ﬁpkp’f @,

i.e., it decouples into a pair of scalar Schrodinger equations.

If we perform the same analysis for an electron in a magnetic field, with four-potential
A = (E,B), then an additional term due to the cross product in the above identity enters
the equation:

oF(curl B), | . (8.61)

1 e 2 eh

oo [ () e

The additional term coming from the curl of the magnetic potential is exactly the terms

introduced ad hoc earlier to account for the electron spin. Thus the Dirac theory, in the
non-relativistic limit, reduces to the Pauli theory!

A significant problem is to figure out what to do with the negative energy states
predicted by the Dirac equation. Dirac postulated that all these states are full, and so, by
the Pauli exclusion principle, no positive energy states can cross over. This is referred to as
the “Dirac sea”. However, this does allow the possibility of a negative energy wave function
becoming one with positive energy, leaving behind a hole in the Dirac sea. These holes
correspond to positrons, but were initially discounted by Dirac due to lack of experimental
evidence. The theory was dramatically vindicated after their discovery the following year.

Acknowledgments: Many thanks to my good friend Tryphon Georgiou for attending
my original class, sharing his views and suggestions, and then consistently encouraging me
to distribute these notes further afield.
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