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1 Probabilities of results

Physicists observe, measure and analyze properties of systems which are prepared in
such a manner that they are simple enough.

Let us consider for definiteness that the system which is to be measured, the state,
is a particle in a beam and that the instrument, which is used to measure the state
splits the beam like a Stern-Gerlach device into different partial beams. The results
a;,az,...,0Qn,... of the measurement are the discrete angles of deflection.

/ a

State ‘
Source Device

\

Figure 1.1: Setup of a Measurement

Quantum mechanics accounts for the following experimental observations

1. For all results a; of an ideal measurement A one can prepare corresponding states
/\; for which the result a; is certain.

2. Even if the state W which is to be measured has been prepared ideally then there are
always measurements A with results a7, ay,..., a,,... which cannot be predicted
with certainty.

and assumes the following Fundamental equation:

If the state ¥ is measured with an instrument A then
w(i, A, W) = [(A W) . (1.1)

is the probability that the i result a; occurs.

For simplicity we suppose that the instrument A distinguishes precisely enough such
that to each result a; there corresponds only one state A;. This state is called eigenstate
of A corresponding to the eigenvalue a;. If there is only one state corresponding to a
given result of the measurement then this result is called non-degenerate.






2 Basic mathematical facts

2.1 Orthonormal basis

The formula (1.1) for probabilities has to be read in the following way: states like A;
and W correspond to vectors in a Hilbert space H. A Hilbert space is a vector space
which means that for any two vectors A and ¥ their sum A + ¥ and each complex
multiple c¥ = Wc¢, ¢ € C are vectors in Hilbert space. Moreover there is a scalar
product (A[¥) € C for all pairs of vectors with the following properties

(AlW)" = (YA, (2.1)
(/\|C1\y1 + Czly2> = (3 (/\|\P]> + Cz(/\|\y2> VC1 ,Co € C. (2.2)

The scalar product is linear in the second argument and because of (2.1) antilinear in
the first argument

<C1\y1 + Cz\y2|/\> = CT <\y1 |/\> + C;(‘y2|/\> . (23)

The scalar product of a vector with itself is positive definite and is used to define the
length of vectors

0< (VW) = [¥|P <0, [¥|=0c¥=0. (2.4)

If a state ¥ is measured with an instrument A, then, according to (1.1), the probability
w(i, A, V) for the i-th result a; is the square modulus of the scalar product (A;[¥) of the
state W, which is being measured, with the eigenstate A; corresponding to the i-th result.
The scalar product (A;[¥) is called the probability amplitude of the corresponding i-th
result.

Equation (1.1) implies that the states A; are normalized and mutually orthogonal.

_ i J 0 b i)

(AilAj) =85 _{ 1 if i=j

For if an eigenstate /\; is measured then one is certain to obtain the result a;, all other

results occur with probability 0, the probability distribution is w(i, A, A;) = &';. From

these probabilities and from (2.4) one derives the probability amplitudes (2.5) of the
states A\j.

In addition to (1.1) one assumes in quantum mechanics that the eigenstates A; con-
stitute a basis. Each state ¥ can be written as a linear combination of the states Aj;.

Y=3 Ay W €C (2.6)
j

(2.5)
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Using (2.5) the components 1; are obtained as scalar product with Ay
Py = (A Y) . (2.7)

The components of ¥ in the basis of the eigenstates of the measuring device are the
probability amplitudes of the corresponding results.

If the state W is still unknown, then the modulus of the components in the basis
corresponding to the measurement can be taken from the probability distribution of the
results. The phases of these components have to be taken from other measurements.

2.2 Bracket notation

If we insert the components into (2.6) we obtain

Y=> AN . (2.8)

)

The scalar product with each vector @ yields the following formula

(QY) = (D] (Z Ay (A N’>>> = > (DA (A[Y) (2.9)

j

Because this equation holds for all @, one skips the symbol “(®” and obtains the
suggestive formula

W) =3 IAN A =D 1A (2.10)

j j
If one decomposes ¥ in the scalar product (W|®@), and uses (2.1) one obtains analogously

(W=D (WIANA =D WAl (2.11)

)

Dirac has introduced the name ket vector for the part [¥) in the scalar product and the
name bra vector for (®[. The scalar product is a bracket (®[¥), composed out of bra
vector and ket vector. The admittedly trivial bijective map! of vectors to ket vectors
Y — W) is linear, the map to bra vectors ¥ — (¥| is antilinear:

(cW|=c" (Y. (2.12)

The map of bra vectors to ket vectors is a conjugation [W)* = (Y|.

IThe map is similar to a military promotion where a chevron and a stripe are added.
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2.3 Matrix algebra

Equation (2.9) expresses the scalar product in terms of components.

(O[V) = Z b7 (2.13)

If one writes the components of a ket vector as a column and the components of a bra
vector as row — according to (2.11) they are the complex conjugate components of the
ket vector — then the scalar product is obtained by multiplication of the row with the
column.

If one applies an operator A to a vector ¥ then one also obtains the components
(AY),, from matrix multiplication.

(AY¥),, = <An|A\y> - Z(An|A/\m>ll)m = Z AnmPm (2'14)

m

The column vector of components of AV is obtained by matrix multiplication of the
matrix, which contains the matrix element A, = (AL|AA) in the n*® row and the
m™ column, with the column vector of components of V.

The hermitean adjoint operator AT of a linear operator is defined by
(ANAY) = (ATAJY) VYA, ¥ (2.15)
Hermitean conjugation reverses the order of factors of a product.
(AJABY) = (ATAIBY) = (BTATAJY), (AB) =BTAT. (2.16)
The hermitean adjoint of a complex number is the complex conjugate number. Her-

mitean adjoint matrices, i.e. the transposed and complex conjugated matrices, corres-
pond to hermitean adjoint operators.

(Af)nm = </\n|ATAm> = <A/\n|/\m> - </\m|/q/\'r1>>k = ATnn (2'17)

In bracket notation the operators A are written in terms of their matrix elements and
the basis as

A=) [A)Anm{Anl, (2.18)
or, more conventionally
AtY =Y AAnn(AnlY) . (2.19)

nm
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2.4 Projectors, resolution of the identity

By (2.10) the operator 3 _; |[A;){A;| maps each vector [¥) to itself, the operator therefore
is the identity 1.

1= Y IANAL- (2.20)

)

The single parts
Pi = A (A (2.21)

are projectors
P? =P (2.22)

which project to mutually orthogonal subspaces.
PiP; =0ifi#j. (2.23)

The representation (2.20) of the I-operator as a sum of projection operators is called a
resolution of the identity.

By help of a resolution of the identity and in bracket notation a change of basis is a
simple algebraic task: If [I}) and |A;) are two orthonormal bases, then the components
of a state ¥ in the two bases are related by an insertion of a resolution of the identity.

(M) = Y (TA) (A 1¥) (2.24)

2.5 Finite norm

Depending on the states which are prepared, the Hilbert space is often not finite di-
mensional and the infinite sums which express vectors in terms of a basis have to be
checked for convergence. In our discussion of quantum mechanics we neglect nearly all
complications which are connected with questions of convergence. We only remark that
vectors in Hilbert space have a finite scalar product

(VW) = > Py < o0 (2.25)

and that their components 1; have to be square summable. Conversely, for given or-
thonormal basis, each square summable sequence P,,, n = 1,2,..., defines a vector in
Hilbert space.

More restrictively the square modulus of the components of physical states are the
probabilities for the corresponding results of a measurement. Probabilities satisfy a sum
rule: the sum of probabilities over a complete set of mutually exclusive events gives the
overall probability 1.

1= wL,A W) =) [if* = (¥¥) (2.26)
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Each vector in Hilbert space which corresponds to a physical state is normalized.

There is no correspondence which attributes to each vector in Hilbert space a physical
state, though one can sometimes hear such statements. In particular the vector 0 in
Hilbert space does not correspond to a physical state though it is tempting to mistake
it for the ground state which is often denoted |0).

2.6 Rays in Hilbert space

By (2.5) and (2.26) states correspond to vectors on the unit sphere in Hilbert space.
From the formula (1.1) for the probability of a result of a measurement one concludes
that the unit vector ¥ and the vector which is multiplied by a phase ¢!*¥ correspond to
the same physical state because for all measuring devices A the probability distribution
of both vectors agree

w(i, A, ¥) = w(i, A, eY) VacR. (2.27)

Therefore physical states correspond to equivalence classes of unit vectors with equival-
ence relation

Y~y o JaucR: Y=Y, (2.28)

A more elegant notion than “unit vector up to a phase” is the equivalent concept of
a “ray in Hilbert space”. The ray corresponding to a vector W # 0 is the set of all non-
vanishing complex multiples of W. If one attributes to physical states rays in Hilbert
space then one has to adjust the formula (1.1) for the probabilities of results a; such
that it becomes independent of the normalization of the vectors.

[(AW)?

w(i,A¥) = (AdAL) (YY)

(2.29)

For normalized vectors A; and W this formula agrees with (1.1). The probability does
not depend on which vector one chooses as representative of its ray.

The linear structure of Hilbert space does not allow to add physical states! Physical
states are rays in Hilbert space or, expressed less elegantly, unit vectors up to a phase.
Vectors on the unit sphere do not form a linear space, one cannot combine states with
a unique prescription which has the mathematical properties of addition and there is no
physical correspondence to multiplication of a vector with a complex number.

These remarks are not just a mathematical subtlety. Quantum mechanics is not linear
in all respects. The physical state behind a double slit is not the sum of two physical
states though it can be written as sum of two parts. These parts are not physical
states. The physical state passes both slits. The state which is composed of several
parts depends sensitively on the phases of the parts, which in the example of a double
slit one can control by the distance of the slits. In short: there is no natural addition of
physical states.



8 2 Basic mathematical facts

Rather than to use a vector Ay or ¥ as representative of a ray in Hilbert space one
can represent rays by the projectors

ERASIGY
Pia = m (2.30)
wnd ) (¥
P=TuTe) (2.31)

In this notation the probability for the i-th result a; is given by the trace of p times the
projector P; A to the corresponding subspace.

w(i,A,p)=trpPia . (2.32)
We recall: the trace tr A of an operator is defined as

trA =) (§|AL), (2.33)

where &; constitute an orthonormal basis (e.g & = A;). The trace of an operator does
not depend on the basis and is cyclic tr AB = tr BA.

Equation (2.32) gives the probability distribution also in case of a degenerate result
when several states Aq i, k =1,2,..., which can be distinguished by finer instruments
and are therefore mutually orthogonal, yield the same result a. Then the projector Pq A
has to be generalized to the operator which projects to the subspace of the states for
which the result a is certain.

|/\a k></\a k|
Py A = E rrak/\ ra,kl 2.34
A k </\a,k|/\a,k> ( k )

It the state p is measured then the probability for the result a is

w(a,A,p) =trpPqa . (2.35)
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3.1 Statistical sources

The probability (1.1) of a result can be compared to the frequency with which it occurs
in repeated measurements only if one prepares repeatedly the same state W. For many
sources, in particular if the source is an oven, this is not the case. If the source in
figure (1.1) contains a random generator which prepares the state Wy with probability
1, the state W, with probability p, and so on then the case that the state W; is
produced and result a; is obtained occurs with probability pyw(i, A, ¥1), pow(i, A, ¥3)
is the probability that W, is produced and a; is measured and so on.Considering all
possibilities for the occurrence of the i-th result one obtains the probability

Wi, A p) =) Pawi, A Wn) =) pnlAd¥n) (WnlAs) = (AilpAs) . (3.1)

The density matrix p characterizes the mixture in all measurable properties.

p=D) Pnl¥n)(¥nl (3.2)

The probability to obtain the i-th result of a measurement is the corresponding mat-
rix element (A;i|p/A;) on the main diagonal of the density matrix in the basis of the
eigenstates of the measuring device.

The probability (3.1) can be compared with the frequency of the result only if the
production probabilities p,, are unchanged during the series of measurements and if the
mixture can be prepared sufficiently often and if there exist instruments which are not
part of the quantum mechanical system which is being measured.

It remains therefore unclear how to interpret a “wavefunction of the universe”. We are
mercifully saved from this problem how to interpret the wave function of the universe
because we do not know it.

The term mixture applies to the generic case that different states W, are prepared
with probabilities p,,. If in a series of measurements one always prepares the same state
Y then one calls the system which is to be measured a pure state. Pure states are special
mixtures where one production probability is 1 and all the others vanish.

The states W, which constitute the mixture are normally not mutually orthogonal
and normally do not constitute a basis. In the generic case one cannot reconstruct
the individual parts pn|[Wn)(Wa| from the density matrix p similar to a sum which
does not allow to tell its terms. One can, however, determine the eigenvalues p,, and
orthonormalized eigenvectors Y, of p

OYn = pnYn  with (YY) = 8™, (3.3)
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and use them to write the density matrix in a confusingly similar form
p= Z pn’Yn> <Yn| . (34)
n

The eigenvalues p,, and the projectors to the corresponding eigenspaces are determined
by p and the eigenvalue equation.
Each main diagonal element (A|pA) of the density matrix is non-negative

(AlpA) = 3 (Alpn¥n) (YnlA) = 3 pul(Al¥R)F 0. (3.5)

n

Therefore all eigenvalues p, of a density matrix are non-negative. A main diagonal
element (A|pA) vanishes if and only if all products p,, (Wn|A) vanish which means that
p/\ vanishes

(AlpA) =0 < pA=0. (3.6)
The trace of the density matrix is fixed by the sum rule for probabilities.

tr p= Z(Al’p/\l> - Z<A1|pnwn><wn|/\1> = Z \;[/ ’pn an

i in

trp=1 :an (3.7)

3.2 Mixing mixtures

Let us imagine two sources in figure (1.1) which prepare mixtures p and p and a device
which combines the two beams in a random way such that with probability A particles
are taken from the first beam and in the remaining cases with probability (1—A) particles
are taken from the second beam.

If the mixture, which is prepared by mixing two mixtures, is measured then the case
that the first beam is chosen and a; is measured occurs with probability A(A;|pA;), the
case that the second beam is chosen and a; results has probability (1 — A)(A;|pA;).

Altogether the result a; is measured with probability

AAPAL) + (1= A)(AulpA) = (Asl(Ap + (T —=A)pIAY) (3.8)

Mixing two mixtures with mixing parameter A yields for all measuring instruments the
probability distributions of the density matrix

P(AA) =Ap+ (1—=A)p. (3.9)

We will see that mixing increases the entropy, the lack of knowledge about the under-
lying states, and the uncertainty or standard deviation of each measurement.
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4.1 Expectation value

Equation (2.32) specifies the probability distribution for all measurements and contains
the complete information on the results of series of measurements. Often one is interested
in less information, for example the mean value of the results of the measurement. For
many probability distributions the most probable result is near the mean value and the
mean value is then the result which one expects. Therefore physicists call the mean value
expectation value. However, one should be warned that there are distributions with two
or more humps, for example the fanned out beam after a Stern-Gerlach device, where
results near the mean value are improbable and where the expectation value cannot be
expected.

The mean value (A) of the measured values of an instrument is the sum of the results
weighted with their probabilities

Zal w(i, A, p) Zal (AilpAy) <Z ail A (A |> (4.1)

The mean value is therefore
(A) =trpA, (4.2)

where A does not only denote the instrument but also the operator
A= Z ai|Ay) (A4l (4.3)

The operator A is characteristic for the instrument. The possible results and their
probabilities for a given mixture p can be calculated from the operator. Succinctly, to
each measuring instrument there corresponds an operator in Hilbert space.

It is, however, sobering, that producers of measuring instruments do not include the
corresponding operator with their instructions of use.

Contrary to widespread hearsay the application of an operator to the physical state
Y does not correspond to the act of measuring.

The notation (A) for the mean value tr Ap originates from the pure state. In that
case, if one employes a normalized ¥, one has more specifically

(A) = (YAY) . (4.4)

Without changing anything one writes in bracket notation an additional “|” and stresses
with the notation (A) = (W|A[Y) that it is irrelevant whether the operator A acts on
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the first or second argument of the scalar product. For A is a linear, hermitean operator
(2.15)
A=AT", (4.5)

One easily confirms that the projection operators (2.21) are hermitean (@[P;¥) =
(OIA) (AY) = (P DY) and that real linear combinations (4.3) of hermitean operators
are hermitean.

By the same reason the density matrix p (3.2) is hermitean.

p=p' (4.6)

From (2.5) one concludes immediately that the states A; are eigenstates of the operator
A and that the eigenvalues are the possible results a; of the measurement.

A/\i = ai/\i (47)

This is how we have constructed the operator A (4.3) from eigenstates and corresponding
results.

Conversely, the results a; and the corresponding eigenvectors A; up to a complex
factor, i.e. the corresponding ray in Hilbert space, can be determined from the given
operator A as solutions to the eigenvalue equation.

The eigenvalues a of an hermitean operator A = AT are real. This can be seen from

AA = aA and (AJA) # 0 and the following chain of arguments.
(a* — a)(AIA) = (aAIA) — (AlaA) = (AAIA) — (AJAA) =0 (4.8)
Eigenstates corresponding to different eigenvalues are mutually orthogonal.
(ai — a;)(AilA;) = (AAIA;) — (AJAA;) =0, ay # a5 = (A4fA) =0 (4.9)
Unitary operators UT = U~ leave invariant all scalar products.
UoUY) = (UTUDNY) = (DY) (4.10)

Therefore W and UY have the same length and UY =AY, A € C, is only possible with
Al = 1. This is why eigenvalues of unitary operators have modulus 1.

U=U"and U¥Y =AY = A=¢*, acR. (4.11)

Each unitary operator U can be written as e with some hermitean operator H = HT.

4.2 Unbounded spectrum

The set of all eigenvalues of an operator — or to be more precise, the complement of the
set of complex numbers A € € for which the resolvent (A — A)~! exists as operator in
the whole Hilbert space — is called spectrum of A. If the spectrum is not bounded, then
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the operator is not defined on all vectors W and a arbitrarily small change of a state, on
which A is defined, can give an arbitrary large change of the expectation value.

From every day life such a discontinuous behaviour of mean values of probability
distributions of unbounded results is well known. One single student in his 40" term
spoils the average. In statistics one masters this problem with additional arguments
such as “A student in his 40 term is no longer a student” and just skips his data.
Analyzing measured values one often proceeds similarly and drops runaway values from
the determination of mean values.

In distinguished phrases this procedure is called regularization. If one intends to
analyze sufficiently well behaved problems such as “Do students understand the subject
faster after the introduction of the new curriculum?” then the old student is unimportant
anyhow and the regularization is acceptable.

The mathematical difficulties with operators with unbounded spectrum show them-
selves for example with the expectation value of the energy of the harmonic oscillator.
The energies are the eigenvalues of the Hamilton operator H = hwa'a. They are non-
negative, integer multiples of hw

HIAL) =EqAL), En=nhw, n=0,1,2,.... (4.12)

We assume that the eigenvectors A, are normalized. Then they constitute an or-
thonormal basis (2.5) and a general vector can be written as linear combination
W) =), IAw) Py with square summable components .

The Hamilton operator maps ¥ to HY with components

(AnHY) = hon (AL YY) = hwnp, . (4.13)

One can easily specify square summable sequences, e. g. P, = 1/(n+ 1), such that the
sequence N, is not square summable. The operator H is not defined on the corres-
ponding vectors. If one takes from this sequence only terms until some large N and adds
it with a small coefficient to a physical state, one recognizes that in each neighbourhood
of each state there exists another state whose energy expectation value surpasses each
given bound. This is a mathematical nuisance but unimportant for physics: the large
expectation value results from very rare results with high energy.

Better behaved than operators with unbounded spectrum are projectors (2.21) to the
eigenspaces corresponding to the results of the measurement. If one measures a mixture
p then only these projectors are needed to calculate the probability distribution of the
results.

4.3 Uncertainty

Next in importance to the mean value is the deviation A,A, which characterizes the
spread of the results if a mixture p (3.2) is measured with an instrument A. More
precisely the square of the deviation is

(ApA)? = (A= (A)?) = ) pu(Wnl(A = (A))7W,) = (A?) — (A)? (4.14)
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A, A is called deviation or uncertainty of A in the mixture p. The uncertainty depends
on both the hermitean operator A and the mixture p.

The quantity (A,A)? is non-negative, for (4.14) is a sum of squares |(A — (A))¥,||?
weighted with non-negative probabilities.

(WIA = (A)?Y) = (A — (A)WIA — (A))Y) = [|(A — (A))¥||? (4.15)

The uncertainty vanishes if and only if the mixture is mixed from eigenstates A, with
the same eigenvalue a = (A)

O—anH NAR? < (A—a)An =0o0r py=0. (4.16)

The sum ), pnl[(ca(A — (A)) +icg(B — (B)))Wn||? is non-negative. If one inspects
hermitean operators A and B and real numbers ca and cg then this observation yields
a general, lower bound for the product A,AA,B of the uncertainties of A and B in the
mixture p. With the notation

[A,B] = AB — BA (4.17)

for the commutator of A and B one has
O S anH (CA(A - <A>) + iCB(B - <B>))\yn”2
= Pu(¥al(CA(A—(A))* +c§(B— (B))* +icacs[A,B)Wn)  (413)

= (cAApA + cBAB)? —cacs(24,AAB —i ) pn(WnllA, BIW,)) .

We exploit this inequality for ca = —A,B and cg = A,A. Then the first term vanishes.
If neither AA nor AB vanish then —2cacpg > 0 and we obtain the general uncertainty
relation

ApALB > (A, B (4.19)

This relation holds for the modulus of ([A, B]) because we can repeat our considerations
with B and A exchanged. Thereby the left side is unchanged and the commutator
[A, B] changes sign. The inequality also holds for vanishing uncertainty A,A = 0 (or
A,B = 0) for then the mixture p consists of eigenstates to A (or B) with eigenvalue a.
The expectation value of a commutator [A, B] vanishes in each eigenstate of A or B.

anw [A, B]Y anw (aB—Ba)¥,) =0 (4.20)

Mixing does not decrease the deviation. The square uncertainty of a mixture of
mixtures

(ApnA)? = trp(M)A? — (trp(A)A)?  with p(A) =Ap+ (1 —=A)p (4.21)
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is a polynomial in A with non-positive second derivative —2(tr pA —tr pA)? and therefore
a convex function of the mixing parameter

(ApnA)? = MAGA) + (1= N)(ApA) . (4.22)

The square uncertainty of a mixture of mixtures is at least the proportionate sum of the
square uncertainties and coincides with the proportionate sum only if the mean values
tr pA and tr pA agree.

4.4 Commutator

In spite of the mathematical complication which originate from unbounded operators
one prefers to specify properties of quantum mechanical systems in terms of operators.

The simplest algebraic relation is that one can exchange the order of two operators
AB = BA. “The operators commute” or, in other words, the commutator

[A,B] = AB — BA (4.23)

vanishes. If A and B commute and if they are diagonalizable, e. g. because they are
hermitean or unitary, then the eigenvectors of A can be chosen to be also eigenvectors
of B and vice versa. For B maps the eigenspace H; of A with eigenvalue a; to H;

and can be diagonalized in this subspace. If the dimension d; of J; is larger than 1,
then a; is degenerate and there are linearly independent eigenvectors Aj; for A and B

ANy = ai\y; BAy =byAy j=1,...,di. (4.25)

One can then construct a finer instrument which measures in one measurement A and
B and decomposes the beams a; in figure (1.1) into finer beams by;.

If B is degenerate in the same subspaces as A then B = f(A). In this case B in
not essentially different from A. It only uses a different scale similar to a Volt- and
Ampere-meter.

With respect to a set of measurements, which correspond to mutually commuting
operators quantum mechanical systems behave like classical statistical systems. All
states W are characterized with respect to these measurements completely by classical
probability distributions given by the square modulus of the scalar products (A[Y) with
the eigenstates A of the commuting operators. Only measurements corresponding to
non-commuting operators become sensitive to the phases of the complex components of
Y.

The main algebraic properties of the commutator are antisymmetry, linearity and the
product rule

[A,A\1B +ACl = A[A,B] +A2[A,C] VA, A, € C, (4.27)
[A,BC] = [A, BIC +BIA, C] . (4.28)
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Taking the hermitean adjoint reverses the order (2.16) and therefore and because the
commutator is antisymmetric the commutator of hermitean operators is antihermitean.
Because of the product rule and because of linearity the operation “taking the com-
mutator with an operator” behaves like a derivative. This derivative does not change
the order of factors.
The product rule implies the Jacobi identity

(A, [B, Cl] = [[A, B, C] + [B, [A, CJ (4.29)

4.5 Creation annihilation algebra

Algebraic relations generate structure in the Hilbert space of states and restrict this
space. For example the Heisenberg commutation relation

X, P] = ih (4.31)

of a hermitean position operator X with the corresponding hermitean momentum oper-
ator P cannot hold in a Hilbert space H with finite dimension n. In a finite dimensional
space one would calculate tr(XP — PX) = 0 in contradiction to tr(ih) = nih. In an
infinite dimensional space the trace cannot be defined on all operators.
If for a real number xg € R, xo # 0 there exist the complex linear combinations
1 X i 1T X i
a:_(__|__XOP) , aT:—(———Xop) 4.32

\/z X0 h \/z X0 h ( )
of the position operator and the momentum operator, then these combinations satisfy
the creation annihilation algebra

[a,al =0, [a',a']=0, [a,a]=1, (4.33)
and there exists an orthonormal basis
fin
/\n,’r = ﬂ/\O,T y L= O) 1 ) 2) e (434)

vnl
on which the operator a acts as annihilation operator and a' as creation operator
ANAne = VA1, aAnc=Vn+I1Ag .. (4.35)

This results from the following analysis of the hermitean operator a’a. In anticipation
of later results we call a’a the number operator and denote its eigenvalues with n.

alaA, =nA, . (4.36)

From the creation annihilation algebra (4.33) one concludes that the commutator with
the number operator a’a maps the operators a and a’ to multiples of themselves.

[afa,a] = —a, [a'a,a]l=al. (4.37)
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Therefore the states aA,, and aA, either vanish or are eigenstates of the number
operator with eigenvalues n — 1 and n + 1 respectively.

a'aaA, = ([a'a,al + aa’a)A, = (=1 +n)aA, (4.38)
alaa’A, = ([aTa,all +af a’a)A, = (1 +n)a'A, (4.39)

Because the operator a lowers the eigenvalue of the number operator it is called annihil-
ation operator. Analogously a' is the creation operator. For a normalized state A, one
can calculate the norm of aA, and a'A,, from the algebra and the eigenvalue equation

(aAn]aAy) = (AnlaTaA,) =n (4.40)
(afAnla’An) = (Anlaa’AL) = (Anl(la, al+ afa)AL) =n + 1. (4.41)

All these norms are non-negative (2.4). Therefore n is non-negative. However, repeated
application of the annihilation operator a decreases the eigenvalue of afa in integer
steps and, before n becomes negative, has to lead to a state Ay # 0 which by further
application of a is mapped to O.

aNo=0. (4.42)

Such a state is called ground state. According to (4.40) it has number eigenvalue n = 0.
Therefore each eigenvalue n is integer and non-negative. The spectrum of the number
operator a'a consists of the integer and non-negative numbers.

a'aAn =nA., n=01,2.... (4.43)

In the space of all ground states one chooses an orthonormal basis Ay » and considers
the vectors (4.34), which are generated by n-fold application of the creation operator a
from the ground state A . Up to a factor these states coincide with the states from
which the ground states had been generated by n-fold application of a

(@) "a™An = (ah)* Hafa)a™ Ay = ()" T — (n = 1))a™ A, =

4.44
=1 (a)"?(afa)a™ A, =1-2- (a3 (a’a)a™ 3A, = = nlA, ( )

Therefore the ground states are degenerate in exactly the same way as all other eigen-
states of the number operator.

4.6 Angular momentum algebra

Another example for algebraic relations is the algebra of angular momentum
“_i,Lj] = iheijkLk , 1,j,k€ {1,2,3} . (445)

A vector space endowed with a bilinear product [A, B], which is antisymmetric and satis-
fies the Jacobi identity (4.30), is called a Lie algebra. The angular momentum operators
therefore are a basis of a Lie algebra, more precisely of the Lie algebra corresponding to
the group SO(3) of rotations in three dimensions.
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Provided the hermitean angular momentum operators L; exist, the Hilbert space H
has an orthonormal basis Ay . T is an index of degeneracy. 21 is non-negative and
integral, thus 1 can take the values 0,1/2,1,3/2,.... The algebra does not imply which
one of the allowed values of 1 occurs and how they are degenerated. For fixed 1, m takes

the values —1l,—1+41,...,+1. On the orthonormal basis Ay 1, . the angular momentum
operators can be given explicitly.

LiAim- = hmA| m~ (4.46)

(L1 +i) AL = AU+ —m(m+ DAL i (4.47)

(L = i) A me = RVULHT) —mim— DA m 1« (4.48)

This can be deduced from the angular momentum algebra in the following way. One
verifies that the total angular momentum L? = (L5413 +1%) commutes with each of the
angular momentum operators Ly, L, and L3, for angular momentum operators generate
rotations and leave invariant the square of the length of vectors such as x? +y? + z% or
|

L, L% =0 (4.49)
The angular momentum operators therefore (4.24) map angular momentum multiplets,
i.e. subspaces H, of eigenstates of L? with eigenvalue h?1(1 + 1), to themselves. Hence,
one can find common eigenstates A of L2 and L3

LA = R2U1+ DA,  LiApn = hmA, . (4.50)

The denomination of the eigenvalue of L? is chosen in anticipation of later results.
The angular momentum algebra (4.45) implies that the commutator with L3 maps the
complex linear combinations L, and L_ = (L,)T

L, =L, +il,, L.=L;—il; (4.51)
to a multiple of L, and L_, respectively, and that their commutator gives 2kl
[L5,L ] =4+hL,, [L3,L_]=—-hlL_, [L,,L_]=2hl;3. (4.52)

Therefore L, Ay and L_Ay,, are either zero or eigenstates of L3 with eigenvalue h(m-+1)
and h(m — 1), respectively
L3y Avm = ([L3, Ly ] + Ly L) Ay = h(1 + m)L; Ay (4.53)
LgL,/\[m == ([Lg, L,] + L,Lg)/\hn = T"L(—] + m)L,/\Lm . (454)
Since L, and L_ raise and lower the eigenvalues of L3 by a constant amount, they are

also called ladder operators or raising and lowering operators. If Ay, has unit length,
the norm of L, Ay, and L_Ay,, follows from

[?=1,L +Lf—hlz=L1,+L5+hl;. (4.55)
(L ALy Atm) = (At L LiAL) = (Aiml(L2 — L — hL3)Ay) =
= (A (UL+ 1) —mm+ 1)A) =h*(L1+1) —m(m+ 1)) (4.56)

(LAl Apn) =211+ 1) —m(m —1)) . (4.57)
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These norms are non-negative (2.4), so for given 1 the quantum number m is bounded
from above and below.

Applied to the eigenstate Ay, with maximal eigenvalue of L3, L must vanish, and
thus U1+ 1) — mMuyax (Mpax + 1) = 0. Similarly, 11+ 1) — mupin (Mpin — 1) must be zero.
Hence, the quadratic equations

1 1 1
2 2 2
max 5 - min — A =1l 1 - =1 = . 4.
(Mo + )7 = (Mo — )7 =1L+ 1) + 7 = (L+ ) (4.58)
hold. We choose 1 + % to be positive. Because of My + % > Mypnin — % the unique
solution is

Mpax = l) Mpin = —1. (459)

Since repeated application of L, to the state with minimal eigenvalue of L3 increases the
quantum number m in integral steps until one obtains the state with my,,, = 1, the differ-
eNnce Muyax — Muin = 21 must be integral and non-negative. Thus 1 € {0, %, 1,...}is integ-
ral or half-integral. The angular momentum operators act in a 214 T-dimensional space,
the angular momentum multiplet with total angular momentum 1, which is spanned by
the basis states Ay, with m=—1,—1+1,... +L

For 1 = 1/2 the angular momentum operators, the spin-1/2 operators S7,S;, and
S3, act in a two-dimensional space on the spinors of the spin-1/2 multiplet with basis
states Ay m with 1 =1/2 and m = £1/2. Because of (4.46), (4.47) and (4.48), the spin

operators are given in this basis by /2 times the Pauli matrices 07, 02 and 03

0 1 0 —i 1T 0
01:<] 0), GzZ(i 0)’ 03:(0 _1), (4.60)

h
Si=oi, i€{1,2,3). (4.61)

The Pauli matrices satisfy the algebraic relations
0i05 = 6ij]]- + ieijk(rk . (462)

Angular momentum operators generate rotations of states. If the axis of rotation
points into the direction of the unity vector €, then to a rotation around an angle «
there corresponds the unitary operator

. o
u(e, o) = exp(—ﬁl_ - €) . (4.63)

For spin-1/2 the matrix corresponding to (4.63) can be easily given, since due to
(i - €)% = —1 the exponential series can be summed similarly to the Euler formula
e % = cos ¢ — isin «.

Uy (€ ) = exp(—%c‘f -€)=1cosax/2 —i€- 0 sin/2 (4.64)

A rotation of a spin-1/2 spinor around o« = 27 results in its negative Uy 5 (€, 27r) = —1.
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4.7 Measurement of a spin-1/2-mixture

For a system with two basis states Ay, A, all measurements of all states can be character-
ized by a few parameters. A prominent example for systems with two states are spin-1/2
particles, which are examined with Stern-Gerlach devices, another example are atoms if
due to the experimental setup only two of the energy states need to be considered.

In a Stern-Gerlach device a beam of spin-1/2 particles is split into two separate beams
(n = 2) as shown in picture (1.1). The intensity of the upper beam divided by the
intensity of the incoming beam is the probability with which the spin points up into the
direction into which the Stern-Gerlach device splits the beams. For given beam p we
would like to know how the intensity depends on the direction of the device.

The density matrix p, which characterizes the mixture in the two state system, is
given by a hermitean matrix, once an orthonormal basis has been chosen, with trace 1.
Hermitean n x n matrices constitute a real n?-dimensional vector space. This means in
our case that one can write each hermitean 2 x 2-matrix as real linear combination of
4 basis matrices. We choose as basis the 1-matrix and the traceless, hermitean Pauli-
Matrices (4.60). Because of the normalization condition trp = 1 the coefficient of the
I-matrix is 1/2 and the most general density matrix of a two state system has the form

1
p==14ao; +boy+co3 =

2

1/24+c¢c a—ib
a+ib 1/2—c¢

) a,b,ceR . (4.65)

By choice of the basis in the two state system we can simplify the density matrix. As
long as there is no other choice of a basis we just choose the eigenvectors of p as basis.
Then the matrix corresponding to p is diagonal and simplifies

o= <1/20+ c 1/20_ C) . (4.66)

More precisely we choose as first eigenvector the one which corresponds to the larger
eigenvalue of p, then c is non-negative. Moreover the second diagonal element 1/2—c is
non-negative (3.5). So the density matrix is characterized by the basis and the eigenvalue
p1=1/24¢,0<c<1/2.

The values of the results a; and a, are not particularly important for the measuring
device: the instrument does not change in an essential way if we introduce new scales.
Important is the probability with which the first result occurs. According to (3.1) we
need the first normalized eigenvector A of the device A to calculate it. We write the
components of A as modulus times phase. The square modulus have to add up to one
because of (AJA) = 1. The modulus are therefore sine and cosine of some angle 6/2. A
common phase of the components is irrelevant!, the relative phase of the two components

IThere is no choice of the phases of the components, such that the components are continuous, 27-
periodic in @ and independent of ¢ for 6 = 0 and 8 = . So the components cannot be chosen as
continuous functions on the unit sphere. The problem comes from the phases of the vector. The
corresponding rays in Hilbert space vary continuously on the sphere.
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is split and attributed to both components in opposite parts.

0/2)e¢/2
A= (e (10

The angles 0 and @ have geometric meaning. The state A (4.67) is eigenstate corres-
ponding to the result h/2 of the spin-1/2-operator

h [/ cos® sinBe '® h
Se.0 = 2 (sin Pel®  —cosB ) 2 (Gxex toyey + crzez) ’ (4.68)

which measures spin in the direction of €(0, ¢).

€x sin O cos @
€0,p)=|ey, | =|sinOsing (4.69)
e, cos 0

The vector €(0, @) forms an angle © with the z-axis and its projection into the x-y-plane

forms the angle ¢ with the x-axis.

A spin measurement in direction € (0, @) yields the result spin up with probability
w(Te,e) which, according to (3.1), is given by the matrix element (A|pA) Using (4.66)
and (4.67) one calculates

W(Te,o) =1/2+ccosB . (4.70)

This probability distribution does not depend on the angle ¢. It is invariant under
rotations around the z-axis.

Figure (4.1) shows for the values ¢ = 0, ¢ = 1/2 and ¢ = 1/4 the probability to find
spin up as a function of the angle 8 which the direction, into which the beam is split by
the Stern-Gerlach device, forms with the z-axis.

The choice to employ the eigenvectors of p as basis for the spin states turns out to be
a choice of the z-axis. The z-axis is the direction in which most particles in the mixture
p are measured to have spin up.

The representation of the probability in the range 0 < 8 < 27t is redundant. The angle
0 to the z-axis only ranges in the interval 0 < 0 < 7t and denotes for values m < 0 < 27
angles 0/ = 2w — 0.

In figure (4.1) the range 0 < 0 < 27t has been chosen to show that results of meas-
urements of a spin-1/2-system and the probabilities of the results are unaltered by a
rotation around an angle 27t.

Spin-1/2-spinors (4.67) are mapped by a rotation around 27 to their negative (4.64).
Take for example the eigenstate Ag o = Az o with spin up in x-direction and rotate it
around the z-axis around an angle 271, then the angle @ increases from 0 to 27t and Az o
is mapped to its negative.

1 1 27 1 —1
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W(Te,o) =1/24 ccos(0)

c=1/2

0

Figure 4.1: Probability of spin up of spin 1/2 particles

This does not mean that after the rotation the spin points down in x-direction —Az o #
Az n. The negative sign is an unmeasurable phase. It is the ray in Hilbert space, that
is the vector ¥ up to a non-vanishing number, which corresponds to a physical state.
This ray is mapped to itself by a rotation around 27t. The negative phase can only be
measured if one splits the spin-1/2-state, e.g. in a double slit, rotates one part around
27 and detects the change of phase relative to the second part in an interference pattern.

For ¢ = 1/2 the density matrix p describes a mixture in which spin up is found with
certainty if one measure spin in z-direction (6 = 0). The probability w(Te—o, ) for
¢ =1/2is 1 and the mixture is a pure state, the eigenstate spin up in z-direction.

Plecr/z = ((]) 8) = ((])) (10). (4.72)

It is not always so simple to see whether a density matrix p = }_; p;j[¥;)(¥;| has rank
1 and can be written with one term. In such a case one probability p; is 1, the other
terms vanish and p = ppyre is a projector pgure = Ppure- Because of tr p = 1 we then also
have

trpipe =1 (4.73)

If one evaluates the trace in an eigenbasis of p one can see that this equation is also
sufficient for p to be a pure state. The trace is the sum of the eigenvalues of p. These
eigenvalues lie between 0 and 1 and sum to 1. Therefore their squares sum to 1 if and
only if one eigenvalue is 1 and if all other eigenvalues are 0.
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The difference between the maximal probability wy .. and the minimal probability
Whin in relation to the maximal probability is the polarization P of the beam of spin-
1/2-particles.

o Wmax — Wmin

p= (4.74)

Wmax
For a pure state (¢ = 1/2) the polarization is 100 % . For ¢ = 0 the beam is completely
unpolarized and each spin measurement irrespective of its direction splits the beam into
two equally intense beams.

The difference between a pure state and a mixture is seen experimentally only after
measuring with different, in the case at hand rotated, devices. The corresponding prob-
ability distributions depend strongly on the apparatus, in our example on 0, if a pure
state is measured. This contrast becomes smaller if mixtures are measured. Another
example is the interference pattern of light behind a double slit: the interference pattern
fades if the ligth, as in the case of light from the sun, is a mixture of different colours.

4.8 Perturbation theory

We investigate discrete eigenvalues and normalizable eigenstates of a differentiable set
H(A) of hermitean operators. If one knows the spectrum for A = 0, for instance, one
may try to approximate the spectrum and the eigenstates for neighbouring values of A
by a Taylor series.

(H(A) —Ex(A)) ¥n(A) =0 (4.75)

We assume that the operator H(A), its eigenvalues E(A) and its eigenstates W, (A) de-
pend on A in a differentiable way. All results of stationary perturbation theory follow
from (4.75) by repeated differentiation with respect to A, because the expansion coeffi-
cients of a Taylor series around A = 0 are given there by repeated differentiation.

The eigenvalue equation does not fix the corresponding eigenvector W, (A) # 0 com-
pletely. All complex multiples of W,,(A) also satisfy the equation. To fix the normaliza-
tion and the phase of W, (A) we require

(YmN[Wa(AN) = ™y (4.76)
W NS Ny, = 0. (@)

The condition (4.76) is satisfied for E,, # E,, since eigenvectors of a hermitean operator
with different eigenvalues are orthogonal (4.9). In every subspace where an eigenvalue
is degenerate, an orthonormal basis can be chosen and (4.76) can be satisfied.
Differentiation of (4.76) for n = m shows that (‘Pn(A)!%‘PnO\)) =1f(A) is imaginary.
By choosing the phase
A
Y (A) = *My (A) «(A) = —J dNf(N) (4.78)
0
equation (4.77) can be satisfied with V... We assume that the equations (4.76) and (4.77)
hold already without a redefinition of the phases.
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Differentiating (4.75) with respect to A results in

d d d
(aH — aEn)wn + (H—En) o n=0. (4.79)

Taking the scalar product with ¥,, leads to <‘Pn!(%H — %En)‘l’n) =0, hence

d d

aEn = <\yn|(aH)\yn> : (4.80)
The scalar product with W,,,, m # n, gives
(‘Pml(iH)‘l’TJ + (Em — En) (‘PmIE‘Pn) =0. (4.81)
dA dA
If an eigenvalue E is degenerate, i.e. if £, = By, = --- = By, = E holds for a value

of A for some orthonormal states W.,, which span a k-dimensional subspace, then these
states can depend on the perturbation parameter in a differentiable way only if the
perturbation operator (%H) does not lead to transitions between these states, i.e. if

d

(‘Pmi|(aH)‘l’mj> =0for By, =By and my #m; . (4.82)

In the subspace where an eigenvalue is degenerate, the orthonormal basis is to be chosen
such that the perturbation operator %H restricted to this subspace is diagonal.

Equations (4.81), (4.82) and (4.77) fix the scalar products of =W, with all basis
vectors ¥,,. Therefore

Ly oy, Sl (459

The coefficients of %‘Pn are square summable if the vector ¥, depends on A in a
differentiable way,

2
(Yol (FXH)Wn)
E,.. —E.

< 00 (4.84)

)

m: Eqm#En

The equations (4.80) and (4.83) are a coupled system of differential equations for E,,
and ¥,,, from which by means of repeated differentiation all higher derivatives and thus
the series expansion in A can be determined algebraically.

If the Hamiltonian H(A) depends linearly on A, the second derivative of the ground
state energy Eo(A) is negative and it is decreased in second order. The ground state
energy therefore is a convex function of the perturbation parameter.

d?E,
dA?

Yool (S H)Wo)|?
Em - EO
m: Eq>Ep
In relativistic theories one wants a Poincaré invariant ground state with vanishing en-
ergy for every value of the coupling constant. The equation H(A)¥, = 0 should hold
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identically in the coupling A. Then H cannot simply depend linearly on A, otherwise the
ground state energy would be a convex function of A.

If we consider the spin operator Sg , for 8 = 7 as a function of ¢ and vary ¢ on a
full circle, then the operator is mapped to itself

Sz0 =135z 2x . (4.86)

The corresponding eigenstate with the spin pointing upwards, whose phase and normal-
ization are fixed by (4.77) and (4.76), changes into itself only up to a phase, or more
generally in the case of an operator with degenerate states up to a unitary transforma-
tion,

\P%yo == eiﬂ\y%yzﬁ . (487)
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5.1 Wave function

Many measurement devices, in particular the measurement of position or momentum,
have a continuum of possible results, which may be measured together with discrete
values, called spin in the following. In the basis of eigenstates of the commuting operators
that correspond to the measurement, ¥ is given by the probability amplitude {;(x) for
continuous real measured values x and for the i-th discrete measured values a;, 1 € I,
counted by an index set 1. The state ¥ is given by a map from the set of jointly
measurable real values D C (I x R™) into the complex numbers C.

W (1, %) — i(x) (5.1)

If x belongs to the position measurement, the functions \;(x) are called position wave
functions.

The square modulus b;(x)|= is a probability density, i.e. the probability to measure
the position within a domain A and to measure the i-th spin result a; is

| 2

w(i,AV) :J d™ [Py (%)% . (5.2)
A
For a small domain A which is so small that the probability density p;(x)[* is nearly

constant there, the integral can be approximated. Denoting the size of the domain with
d™x, we obtain

w(i, A, W) & i (x)]2d™x . (5.3)
The probability to measure the particle around x within a small domain and that the
spin has the i-th value a; is the square modulus of the wave function [\p;(x)|* multiplied
with the size d"x of the domain.
Since probabilities are dimensionless, wave functions carry dimension
. . no\—1/2
dim(i(x)) = (dlm(d x)) . (5.4)

If the domain A comprises the set of all possible continuous measurement values and
if one sums over all possible spin values, the sum rule for probabilities implies that ¥ is
normalized.

3 Jd“x iR =1 (5.5)

i
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Here one can read off the scalar product.

(1) = 3 [ i (xnbs(x (5.6)

i

Strictly speaking, one integrates only over all possible measurement values (i,x) € D C
I x R™. We can easily take into consideration this restriction by confining ourselves to
the Hilbert space of square integrable functions that vanish outside of D.

Applied to wave functions the operators X', 1 € {1,2,...,n} corresponding to the con-
tinuous measurement values give the probability amplitude multiplied with the measured
value

Xy Xy X' (%) — xMpi(x) . (5.7)
Functions f(X) of the operators X!, for example the potential V(X) or a plane wave e*X,
act by multiplication with f(x)

f(X): W = FX)Y FX)V: (i,x) — F)bi(x) . (5.8)

The operators X' are defined only on states ¥ whose corresponding wave function
Pi(x) remains square integrable after multiplication with x'. The operators e*X are
defined for all k € R™ in the entire Hilbert space.

5.2 Transformations of position

The notion of a position wave function easily transfers to manifolds. Equation (5.3)
gives the probability of finding a particle with i-th spin quantum number a; in the range
of points that belong to the coordinate interval A. The equation holds in all coordinate
systems if under general coordinate transformations x’(x) the wave function transforms
as a density of weight 1/2

W) = [det ] Eapy(x() (5.9

This defines unitary transformations U(T) of states corresponding to invertible maps
of the manifold onto itself.

T:x—x =T(x) (5.10)

If AT denotes the Jacobi matrix of partial derivatives

axl k

ATk, =
A = S

(5.11)
the unitary transformation is

WTY = |[detdT| 2 Wo T (5.12)
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The operators U(T) are linear and unitary. Linearity in ¥ is obvious. Unitarity means
invariance of scalar products. This invariance follows from the definition of U(T) and
the integral substitution theorem

uouw) =y Jd“x’ (UD): (x') (UW);(x')
ox * n *
=> Jd“x/ [det =21 b7 (x(x)) Wi (x(x')) = > Jd x () hi(x) = (@) . (5.13)
Invertible maps T of the manifold onto itself form a group with successive application
of transformations as the group multiplication and the identity map as the unit element.
The unitary transformations (5.12) are a representation of this group in the Hilbert space,

i.e. they are linear transformations of the Hilbert space and satisfy the multiplication
law

U(T)U(Ty) =U(T20Th), (5.14)

which connects successive transformations.
If we use the chain rule

ox"kox'™  ox'k
= 3™ ol — ol = (d(T o T))% (5.15)

the representation property follows from
W(T)W(T))Y = |det dTo| 2 (U(T7)¥) o Ty !
= |det dTo| 2| det dTy[ 2Wo T, ' o T,
= [detdT, - dTy[ *Wo (T, 0 Ty) "
= |detd(T20T))| 2¥o (T,oT) ' = UW(T, 0 T))¥ . (5.16)

(dT; - dTh)*y

We consider a one-parameter continuous group T, of transformations, for example
rotations or translations, which are parameterized such that Ty, p = Ty Tg. Then o =0
corresponds to the identity mapping Ty = id and one has (T4)™' = T_4. If « varies,
then Tox = x/(«, x) as a function of « for each fixed x traces out a curve, the orbit, with
tangent vectors

d(Tox)™
do
The tangent vectors to these curves define a vector field, which due to Ty e (X)—Tx(Xx) =
To o (Te(x) —To(x)) = (Te — To) o To(x) depends on o and x only via T, (x). The vector
field is obtained by differentiation at o« = 0.

d(Tex)™
do oo

= &M (Tu(x)) (5.17)

E™(x) = (5.18)

The vector field £™(x) is called an infinitesimal transformation. The solution x(«) to
the corresponding system of differential equations
dx™

doc = &M (x(a)) (5.19)
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defines T, as a map of the initial values x(0) to x(«).
Ta(x(0)) = x() (5.20)

If we differentiate the transformation law (5.12) for a one-parameter continuous group
Ty at o = 0, or if we expand X' ™ = x™ + «&™ and U(Ty) = e **N with respect to «,
we obtain the infinitesimal form

i 1

—(NW):(x) = ——

Here N = ihU~'9, U denotes the Hermitean operator which generates the unitary trans-
formation U(Ty)

(5m5m)11)i(x) - E.mamlpi(x) . (5-21>

U(Ty) = e **N (5.22)
It is Hermitean, as follows from the unitarity condition Uf = U~'. The derivative of
| det dToc|*% contributes the term —% (0xm&™) in (5.21), because the determinant det dT
has the expansion (D.5)

x/m

det

s =1+ X0 E™ + O(a?) . (5.23)

On manifolds the components X* of the position operator loose their significance since
coordinates x serve only as labels of the positions, their value is irrelevant. On the circle,
for instance, there exists no Hermitean position operator: spinless states on a circle with
circumference 1 are rays in the Hilbert space of the l-periodic position wave functions
P(x) = P(x + 1), which are square integrable in the interval 0 < x < 1. But x{(x) is
not periodic. X is not an operator in the Hilbert space of the wave functions on a circle.

The fact that there is no operator X on the circle is the solutionzto the puzzle of why
1 ig%Xn

for a normalized momentum eigenstate on the circle P, (x) = et with momentum

= ZWThn the expectation value of [X, P] ~in gives, depending on the calculation, ih

on the one hand and 0 on the other.
(WW) < (WX, PIW) = (W|(XP — PX)W) = (¥|(Xp — pX)¥) =0

If one examines the same calculational steps on the real axis instead of the circle, then
the Hermitean operators X and P do exist, but there is no normalized eigenstate of P or
X.

The position measurement on the circle measures an angle and corresponds to a unit-
ary operator

U:¥—UY, UY:x— e T¥(x). (5.24)

From its eigenvalues e* one can read off the position x = % up to multiples of 1.
To a periodic potential V(x + 1) = V(x) there corresponds the operator V¥(x) =

V(x)(x). The potential can be written as a Fourier series V(x) = ) cne™ T and the
operator V therefore as a series in U

V=> c.ur. (5.25)

iA



5.3 Translation and momentum 31

5.3 Translation and momentum

The requirement that translations can be defined and that no translation, apart from
To = id, keeps a point fixed Ty : x — Tgx = X + a determines the possible values of
position measurements: D =1 x R™, where n is the dimension of the space.

According to (5.12) translations map states W unitarily to shifted states U(T,)¥ in
a natural way. One has det(dT,) = 1 and the transformed wave functions have at the
point Tgx = x + a the same value as \; at the inverse image x.

(U(T)W)i(x) = i(x — a) (5.26)

We obtain the infinitesimal form (5.21) of this transformation if we differentiate the
one-parameter transformations Ty., at & = 0. The generating vector field £ = a* is
x-independent and thus divergence-free 9, & = 0. Hence, the right-hand side of (5.21)
is simply —a*0yi(x). Therefore the operator N, which generates the unitary trans-
formation U(Ty), is linear in a*: N = Pya®. Here the generating operators Py, which
belong to translations in the coordinate direction x*, are by definition the momenta Py
belonging to the coordinates. A comparison of coefficients at the parameters a* in (5.21)
implies that the momentum operator differentiates the position wave function.

(P¥W)i(x) = —ihoxi(x) (5.27)

The operators Py generate the unitary transformation U(T,) (5.26), which corresponds
to finite translations. '
U(Ty) =e wPe (5.28)

The momentum operators are defined on vectors in the Hilbert space which corres-
pond to differentiable wave functions with a square integrable derivative. The operators
U(T,) = e ®7® are defined for all a € R™ in the entire Hilbert space, if D admits
translations.

On vectors which allow multiple applications of position and momentum operators,
the components of the position operator as well as the components of the momentum
operator commute due to x*x' = x'x¥ and 0,0, = 9,0x. Because of

(X¥P— PuX)W)i(x) = —ihx*0ui(x) + ihdu(x i (x)) = (6 W):(x)
position and momentum operator satisfy the Heisenberg commutation relations
[X*, X1=0, [P, P =0, [X* P =ihok . (5.29)

Thus the position uncertainty AX* and the momentum uncertainty APy in the same
direction cannot be made small simultaneously by preparation of the state, because the
Heisenberg uncertainty relation

h
AX*AP, > zzs‘f (5.30)
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follows from the general uncertainty relation (4.19) and the Heisenberg commutation
relation. It is certainly possible to focus the position in a plane by means of an aperture
and to prepare a definite momentum perpendicular to this plane in the third direction.
In this way one prepares particle beams. If one narrows the aperture, the unfocused
momentum in these two directions is noticeable as diffraction at the aperture.

5.4 Rotation and angular momentum

Rotations are linear transformations of the position D : x — Dx, which leave invariant
all lengths squared.

Y (DX =DM DR x'x™ = x*x* ¥x & D¥\D¥,, = b1 (5.31)
k

The corresponding matrices D thus satisfy the orthogonality relation
DT=D"". (5.32)

They form the group O(n) of the orthogonal transformations of R™. Here and in the
following we allow ourselves to employ the convenient and, among physicists, customary
convention and do not distinguish between the transformations and the corresponding
matrices.

Equation (5.32) implies that detD = (detD)~', so det D = £1. Orthogonal trans-
formations whose determinant has the special value 1 form the subgroup SO(n) of the
special orthogonal transformations.

Every one-parameter subgroup of rotations is a set of matrices D, = e*® with gener-
ating matrix w, which because of D' = ¢ *® = DT = %" (5.32) is antisymmetric.

() = —(w)'x (5.33)

In n=3 space dimensions the matrix w is therefore a linear combination of three anti-
symmetric basis matrices T,,, whose matrix elements we write using the e-tensor

WAL =@M ekmt,  (Tm) 1 = exmt - (5.34)

If @ = €is a unity vector, then « is the rotation angle, for D, = e*% has the following
properties: w acts on every vector V as a vector product wv = € x V. Thus w€ vanishes
and € marks the rotation axis D4€ = €. A unit vector 1y orthogonal to € is mapped by
w to the unit vector M, which is orthogonal to both.

(Uﬁ] = T_fz s wﬁz = —ﬁ] . (535)

If one applies the series e*® to M7 and 1M, and separates the even and odd powers of w,
one obtains the series of cosine and sine

e =fjcosax+Mrsina, e*Yf, = —7;sin o+ My cos . (5.36)
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In particular a rotation about 27t is the identity Do, = 1.

The vector field £(x) = 04D «x|,_, corresponding to the transformation x" = Dyx is
& = wkixt = (@ x ¥)*. The vector field has vanishing divergence 9. & = 8L w™ = 0
and the infinitesimal transformation (5.21) of the wave function is

L (NW)() = —@Mix Db (x) = — @™ emx'Duab(x) (5.37)

The right-hand side is linear in @™, thus the operator N is linear in @™ and of the form
N =L,@™. By definition the operators L,, that occur here are the components of the
orbital angular momentum: they generate rotations around the coordinate axes, L-¢
generates rotations around €. A comparison of coefficients of @™ gives

(Ln¥W)i(x) = —ithemux*0,abi(x), Lm = €miaX Py . (5.38)

With the Heisenberg algebra (5.29) it follows that the components of the orbital angular
momentum satisfy the angular momentum algebra (4.45).

[Li, L] = €ix1€5mn X Py, X™P,,]
= €i1€jmn (X, X™PLIP + X* [Py, X™P,,])
= iheik1€5mn (X™0KPL — X 6" P,)
= ih(€ik1€jmk — €imk€jk) X Py
= i (0imOy — 01j01m + 8ij0m1 — di1dm; ) X™ Py

= iheijkekmnXmPn = iheijkl_k .

(5.39)

The finite unitary transformation belonging to a rotation around the axis € with an
angle o is

S s _
(U(€, o)¥)i(x) = (exp(——-L - E)¥)i(x) =i (De« '(x)) . (5.40)
Rotations around o« = 27t map positions to themselves Dg 2.~ 'x = x. For orbital
angular momenta (5.38) one therefore has the restriction U(€, 27t) = exp(—%l_ <€) = 1.
Applied to Lz-eigenstates this means for rotations around the z-axis exp(—2mim) = 1.

Thus the m-quantum numbers of the orbital angular momentum and hence also the
l-quantum numbers can take integer values only.

5.5 Continuum basis

If we introduce suitable generalized basis elements A; y, we can write states ¥ with the
position wave functions as expansion coefficients.

Y= Z Jd“x Ai b (x) (5.41)
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The scalar product (5.61) with a similarly expanded vector @ fixes the scalar products
of the basis elements.

3 [ 010 (A i) = 3 [t wite) v
i,j i
S (AixlAje) = 8™ (x—x)8} (5.42)
We see that A; x has no finite length and is not a vector in the Hilbert space, but that
Ai x is a distribution. Only the integral (5.41) with the square integrable wave functions
P (x) yields a vector in the Hilbert space. A generalized basis with scalar products given
by &-functions as in (5.42) is called continuum normalized.

Because of (5.42) the position wave function {;(x) is given by the scalar products of

Y with the position basis
Pi(x) = (Aix¥) . (5.43)

In particular the position wave functions of the basis elements A; . are delta-functions
oM (x —x/ )6]1 The basis elements are generalized eigenvectors of the position operator

XA o = XM o (5.44)
If we insert into (5.41), we obtain in bracket notation
Wy =3y Jd“x Ai) (AL W) . (5.45)
Analogously to (2.20) the identity can be resolved with the continuum basis A; .
1=y Jd“x A (A (5.46)
The generalized eigenstates [ ,, of the momentum operator
Pkrj P = pkrj ) (547)

with the eigenvalues py, p € R™ form a continuum basis similar to the position states
A k. Their position wave functions (I3 ,)i(x) = (Ai «I[j ) are solutions to the eigenvalue
equation

—ihbxk(rj )p)i(X) = pk(rj )p)i(X) (548)

and, after a suitable choice of normalization factors c}, are given by

.
(AixIlp) = (I p)ilx) = Wé}ehp (5.49)
As one sees with "
X i (y—y) — 5" (U —u’ 550
J(zmne (vy—v") (5.50)
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the basis I, is continuum normalized
(FiplTp) = 8™ (p —1')8; (5.51)

and yields a resolution of the identity.

=) Jd“p T o) (Tipl (5.52)
i
Analogously to the position wave function one defines the momentum wave functions'

of a state ¥ as the scalar product with the continuum basis of momentum eigenstates

Pi(p) = (Gpl¥) =D Jd“x (T 51 A ) (Ai W) (5.53)
i
So the momentum wave function is the Fourier transform of the position wave function
and, up to a sign, vice versa

~ d™x i d“p i ~
i = |——e nP*¥ ilx), ilx :Ji enPx i . 5.54
) = [, bl = [l (551)
We may represent a state ¥ by the momentum wave function ﬂ)i(p) or the position wave
function Pi(x). One can construct one from the other.

Due to (I5 ,|Px¥) = pi (5 »[¥) the momentum wave function that belongs to PV is
PrW;(p). The momentum wave function that belongs to X*V¥ is

(X = 3 Jd“x (5 oA (A X<W)

o d™x —ih]:»x kaly. — U
_J T Wil = abi(p),

(PY)™;(p) = prbi(p),  (XW)™(p) = ihdy, Wi (p) - (5.55)

The square modulus of the momentum wave function is the probability density for
momentum measurements. The probability to find the momentum in the interval A,
and to obtain the i-th discrete result a; is

wii, Ay, ¥) = L ap pi(p)F - (5.56)

The orbital angular momentum L = X x P rotates the arguments of the momentum wave

function ﬂ)i(p) in the same way as the position arguments of the position wave function
(5.40).

(Lo¥)"(p) = —ihemupka%xbi(p) (5.57)
(U(&,00%)",(p) = [exp(— T €9)(p) =hi(Dee (). (559)

ITo distinguish the position wave functions from the momentum wave functions we mark the latter
with “7”.
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5.6 Multiparticle states

The consideration of measurement results in a higher dimensional contiuum, such as the
six position coordinates of a two particle system, and the consideration of additional
discrete measurement values, like the spins of the two particles for instance, is obvious.
Such a two particle state W assigns a probability amplitude for results in a six dimensional
continuum with two discrete quantum numbers

and is given by wave functions ;;(X,y). Here
W(lv 7_(’) d3X) ) ) g) d3y ) \P) ~ N)l] (7_{, g) |2d3X d3y (560)

is the probability of measuring the first particle with spin i at X in the range d3x and
the second particle with spin j at § in the range dy. From the probability formula one
reads off the scalar product

(1) = 3 [@x Py b %,9)70,(%.9) (5.61)

i

One has identical particles, if for all two-particle states the probability of measuring the
first particle at X with spin 1 and the second particle at § with spin j coincides with the
one of measuring the first particle at §j with spin j and the second particle at X with spin 1,
i.e. if for all states of the two identical particles the wave function ;i (U, X) coincides with
Pi;(X, U) up to a phase. If the phase is 1 the particles are called bosons, if it is —1 they
are called fermions. More precisely the wave functions for n-particle states of identical

bosons are invariant under every permutation 7t: (1,...,n) — (7(1),...,7t(n)).
(11)Boson)i1 ,,,,, in (X1 yoe e >Xn) - (wBoson)iﬂm ,,,,, L(m) (XnH )y oo )XT[(TI)) (562>
Upon odd permutations sign(7) = —1, n-particle wave functions of identical fermions

are mapped to their negative.

(ll)Fermion)i] in (X1 yooe. ,Xn) - sign(n) (ll)Fermion)iﬂ n (XnH Yy oo )XT[(TI)) (563)

As a consequence fermions are subject to the Pauli exclusion principle, which prohibits
that multi-fermion states contain a product of the same one-particle states or, collo-
quially, that two identical fermions occupy the same state. But it is possible for the
ground state wave function of the two electrons in the helium atom, for instance, to be
a product of the same position wave function ¥, since it is antisymmetric in the spin
quantum number

Py5(X,§) = eyx(X)x(F), ey =—€5, €, =1, 1,je{l,l}. (5.64)
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Slater determinants are totally antisymmetric n-particle states. They arise from a
product (7.1) of orthonormal one-particle states x; which is antisymmetrized.

1 )
Y, = ﬁ Z Sign(70) X (1) @ Xr(2) ® * - @ Xne(m)
1
= ﬁ&ﬁz...in)ﬁl ®Xi, @ ® Xin (5.65)

The Pauli exclusion principle and the fact that electrons carry spin 1/2 explain the basic
structure of the periodic system of the elements, if one has understood the hydrogen
atom, and are crucial for chemistry. Similarly condensed matter physics is ruled by
the Pauli exclusion principle, for instance with the implication that in the ground state
electrons occupy all one-particle states up to the Fermi energy.

Fermions carry half-integer spin, bosons have integer spin.  This is first of all an
experimental result. As the spin-statistics theorem these properties follow from the
basic assumptions of relativistic quantum mechanics.

For states of identical particles there exist no operators which measure individual
quantum numbers, say the momentum p; of the first particle, because the eigenstates A
of the measurement operators are also subject to the Bose- or Fermi-symmetry and the
operators preserve the Bose- or Fermi-symmetry of the states. The individual quantum
numbers p; and p, can be reconstructed only up to particle permutation from the
eigenvalues of the symmetric operators Py + P, and P;2 + P,2.






6 Time evolution

6.1 Schrodinger equation

In figure (1.1) we can vary the distance between the source and the measuring device
and thereby vary the time of flight. We want to discuss how the probability to obtain a
result a; depends on this time and consider for simplicity pure states. The input of the
measuring device is a state W(t) which depends on the time of flight t.

The time evolution maps rays W(0) in Hilbert space to rays W(t). If we represent rays
by normalized vectors then one has to have

(YW(t) =1 (6.1)

for all times and a changed phase of W(0) must change W(t) by a phase at most. With
these restrictions the time evolution maps the unit sphere in Hilbert space to itself.
If we differentiate with respect to time we obtain

(0 () [W(t)) + (Y(t)[oW(t)) = 0. (6.2)

The infinitesimal time evolution should be given by a differential equation of first
order, otherwise W(0) would not characterize the system completely at time t = 0 and
additional data such as 0¥ could be prepared and would become measurable in the
course of time.

The assumption that the time evolution is linear in ¥ is the true content of the
superposition principle of quantum mechanics. It postulates the Schrédinger equation.

ihoW =HY H=HI (6.3)

For if 9:¥ = OV holds for some linear operator O then this operator is antihermitean by
(6.2). The Schodinger equation expresses this fact after factorization of i and Planck’s
constant h. The Hamilton operator generates the time evolution. It has the dimension
of an energy.

A mixture p = 3 _; p;j[¥;)(¥;| changes with time because the states ¥; change. The
probabilities p; are the probabilities with which the states W;(0) are produced in the
source and with which W;(t) occurs at time t. These probabilities remain unchanged by
time evolution which is generated by the Hamiltonian.

p(t) = Y p;I¥; (1)) (¥;(t)] (6.4)
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If one differentiates with respect to time and observes that bra vectors are antilinear
(2.12) and therefore satisfy

—ihd (Y(t)| = (iho Y (t)| = (HY(t)] (6.5)

then one obtains from the Schrodinger equation (6.3) the von-Neumann equation for the
time evolution of the density matrix

ihoyp = Hp —pH =[H, p] . (6.6)

It is compatible with the basic structures of quantum mechanics that W(t) depends
non-linearly on ¥(0) and is given by a map ¥Y(t) = ®(¥(0)) of H — {0} to itself, which
maps rays in Hilbert space to rays

D (AY) = f (A, W)D, (W), V¥ £0, VA£O, (6.7)

where the complex factor fi(A,¥) € C does not vanish. The corresponding differential
equations for the time evolution are called “non-linear Schrédinger equation”. Non-
linear time evolution is studied in ongoing research, its physical relevance is unclear. We
follow the widespread terminology and restrict the term quantum mechanical system to
physical systems with a linear time evolution.

It is one of the peculiarities of quantum mechanics that time is not measured as a
property of the physical state in figure (1.1) but that time and the measuring device is
part of the outer world. From measuring the state one cannot tell the time though one
can compare the evolution of the system and a clock and tell from the clock how much
time has passed.

In quantum mechanics there is no operator which corresponds to the measurement of
time. This has the welcome consequence that there are no eigenstates of time. Such
states would be at one and no other time, for these states time would not pass.

From the general uncertainty relation (4.19) and the Schrodinger equation one can
deduce a lower bound of the product of the uncertainty of time and the uncertainty of
energy. One defines the uncertainty of time At to be given by the time which passes in
a state until the expectation value (A) has changed by the uncertainty of A.

At = (6.8)
(A
Then (4.19) and (6.3) imply
1 h d
> - = .
AAAH > S[(IA, H) = 21(A)l (6.9)
and from the definition of At one concludes
AtAE > TZ—I (6.10)

irrespective of which device A is used for the measurement.



6.1 Schrédinger equation 41

Even in relativistic quantum mechanics the variable t of time dependent wave func-
tions is basically different from the position variables x. Multiparticle states have wave
functions with several position variables but with one and only one time. In the scalar
product t is no integration variable, w(A, ¥(t)) is not the probability to find the result
t in an interval dt. The time t rather parameterizes the states ¥(t) between source and
measuring device. Where exactly the source ends and the device starts is irrelevant. The
setup in figure (1.1) is not changed essentially if we count part of the evolution of the
state to the preparation in the source or to the measurement in the device. The time t
between preparation and measurement is positive.

If the Hamilton operator H does not change with time and if the initial state ¥(t = 0)
is an eigenstate of H then the probabilities of all results do not depend on time, because

ihd, ¥ = HY = EY (6.11)

implies W(t) = e *F'W(0) and the ray in Hilbert space corresponding to ¥(t) does not
change with time. Energy eigenstates are therefore termed stationary states.

If the Hamilton operator is time independent and if it commutes with a hermitean
operator A

H,Al =0, (6.12)

which corresponds to a time independent measuring device then the probability
w(i, A, ¥(t)) (1.1) to obtain the i-th result a; does not change with time. This holds
because the corresponding normalized eigenstate /A; can be chosen as eigenstate of H
(4.24) HA; = EyA; and the probability amplitude (A4[W(t)) changes by a phase only

M0 (AW (1)) = (AHY(1)) = (HAJW(1)) = E(AW(t))
(AW(t)) = e *EHAW(0)) . (6.13)

In particular if W(0) is eigenstate of A corresponding to the result a then it stays ei-
genstate and the quantum number a is a conserved quantity. This is the reason for
the outstanding role of energy, momentum and angular momentum. Outside of interac-
tion regions, in particular before and after scattering, energy, momentum and angular
momentum are conserved.

If the Hamilton operator is time independent and if one knows its eigenvalues
{E1,E2,...,Eq, ...} together with their corresponding, orthonormalized eigenstates
A1, A2,...Ay,..., then the problem to determine the time evolution of an arbitrary
state W is simplified to the task to determine the components of the initial state in the
eigenbasis of the Hamilton operator and to compose the state at later time with phase
shifted components

Y=Y e E A, = (AWt =0)) . (6.14)

Consequently there corresponds to each given Hamilton operator the standard task to
determine its spectrum and its eigenstates.
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The eigenvalue equation of the Hamilton operator
(H-E)A; =0 (6.15)

is the time independent Schrodinger equation. Contrary to widespread opinion this
equation does not allow to calculate the state of the quantum mechanical system. Un-
stable particles or wave packets of free particles or more generally all non-stationary
states are no energy eigenstates. However, parts of a state with different energy sep-
arate automatically, if one just waits sufficiently long, if these parts are separated by a
finite energy difference and if their velocity is different. In this way energy eigenstates
are often prepared automatically.

If the quantum mechanical state is a particle moving in one dimension without spin,
then the most general state (5.41) is a linear combination of position eigenstates A, with
expansion coefficients given by the wave function {(x)

Y= de AP(x) . (6.16)

The Hamilton operator which corresponds to motion in a potential consists of kinetic en-
2 . . o .
ergy 2P_m and potential energy V(X). Applied to position wave functions the momentum

operator acts as derivative (P¥)(x) = —ih%ﬁ:‘) (5.27) and the potential multiplies the
position wave function (V¥)(x) = V(x)(x) (5.8). So the stationary Schrodinger equa-
tion (H—E)¥ = 0 reads

h? d?

(_Rd_xz +V(x) —E)(x) =0. (6.17)
The solutions have to be normalizable, if they are to correspond to vectors in the Hilbert
space of square integrable wave functions. In addition, all solutions are of interest, which
do not grow with x — 400, because from these solutions one can construct wave packets
Y which approximate the energy eigenvalue equation ||[(H — E)¥||? < e to each given
precision € > 0. For example, if the potential vanishes then the generalized momentum
eigenstates P, (x) = \/2171—he%px are generalized energy eigenstates with E = %. They
belong to the continuous spectrum of the kinetic energy which consists of the real, non-

negative numbers E > 0.
To keep the mathematical problems simple one prefers to investigate the time inde-
pendent Schrodinger equation (6.17) for simplified potentials like the potential well or

the potential barrier.

6.2 Schrodinger picture, Heisenberg picture

In quantum mechanics one cannot decide whether the probability distributions of results
change because the state ¥ changes in the course of time or because the measuring device
changes and the state remains unchanged.
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In the Schrodinger picture, which we use in our discussion, one attributes the time
evolution to the states and uses time independent operators for the measuring devices.

If one is given a set of unitary operators which depend in a differentiable way on the
time t

uf(t) =u-'(t) (6.18)
and if one uses W'(t) as state and A}(t) as eigenstate of the operator A’(t)
V() = U)W(t), ALt)=Ur)A;, A'(t)=URAU(t), (6.19)

rather than W(t) and A; and A, then one obtains for all times and all measuring devices
and all physical states unchanged probability amplitudes and unchanged eigenvalues of
the operators corresponding to the measuring devices

(ALBIY' (1) = (UDAJURW(E) = (AJUT R URW(L) = (MY (1)) .
AAL = aiAL < UBAUTT (1) U(H)AL = aiU(t)A; .
Differentiating 0 (U(t)U~"(t)) = 0 one obtains from the product rule
U =—u'(,uyu'. (6.20)
Therefore the product U~'(t)9,U(t) is antihermitean.
(U, u)" = (3, u"Hu=-u-"oa,U. (6.21)

If we write
U~ (t)ihd U(t) = —Ho(t) Ho = H] (6.22)

then the Schrodinger equation for W(t) implies the time evolution

iho ¥ = H'(t)¥ where H' = U(H —Hy)Uu™". (6.23)
Operators which correspond to measuring devices satisfy

ihd.A’(t) = —[H, A’(t)] where H = UH,U" . (6.24)

In particular, if one chooses Hp = H and determines U(t) as solution of iho,U = —HU
with U(0) =1, then ¥ is time independent and H = H. The primed quantities are the
states and measuring operators in the Heisenberg picture. They satisfy

At t = 0 the states and measuring operators in the Heisenberg picture and in the
Schrodinger picture coincide.

If states traverse an interaction region then for early and late time the interaction
H;,: vanishes. In the interaction picture one chooses Hp in such a manner that H;, =
U(H — Ho)U~". Then the states become time independent for early and late times
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and the limit lim;_, 4o Ww(t) exists. This picture is advantageous for the discussion of
scattering.

Even if all pictures are mathematically equivalent they are nevertheless differently
intuitive. In the Schrodinger picture one can intuitively understand that a free wave
packet of a massive particle spreads because the wave packet consists of parts with
different momentum and, because the mass is not zero, with different velocity. The
spread of the wave packet is completely analogous to a race where the competitors start
at the same line and finish one after the other. In the equivalent Heisenberg picture the
state does not change but the measuring instrument as if not the competitors but the
referees at the finishing line separated from each other.

6.3 Groundstate energy

Strictly speaking the eigenvalues of the Hamilton operator which generates the time
evolution, the energy, is not measurable. Only differences of energies can be determined.
In particular the energy of the ground state cannot be inferred from the time evolution.

For one cannot distinguish the states W(t) from W' (t) = '**/MW(t) for arbitrary, real
x. ¥ and ¥ yield at all times and for all measuring instruments the same probability
distribution of results. If ¥ satisfies the Schrodinger equation (6.3) with some Hamilton
operator H then ¥'(t) satisfies the Schrodinger equation with H" = H — «. Therefore
one cannot distinguish between H and H — . Discussions about the magnitude of the
ground state energy are therefore similar to medieval considerations, how many angels
fit on the tip of a needle. At least we know that we cannot determine the ground state
energy from any measurement of the time evolution.

In the Heisenberg picture it is even simpler to see that the time evolution of the
measuring operators is unchanged, if one adds a number « to the Hamilton operator,
because a number & commutes with each operator.

Not the time evolution but other effects can fix the absolute value of the energy.
Density of energy or more precisely the energy momentum tensor contributes in general
relativity to gravity and curvature of spacetime. From the observations one concludes
that contribution of the energy density of the ground state to the curvature of spacetime
is small and compatible with a vanishing ground state energy. However, there is no
theory which successfully unites quantum mechanics and general relativity.

To a free, non-relativistic particle with momentum p one attributes the energy E =
P2/(2m) > 0 and has thereby chosen the groundstate energy such that the energy at
rest vanishes.

The hydrogen atom has a continuous non-negative energy of motion of the center
of mass. In bound states the relative motion of proton and electron has a discrete,

negative spectrum with energies By | = —% and eigenstates Ay | m. In this formula

Ry = 5‘—,:;;1 is the Rydberg constant. For each natural number n =1,2,... and for each
1=0,1,...,n— 1, which ranges in integer steps between 0 and an upper bound n — 1
for each fixed energy, there are 21 4 1 states corresponding to m = —1,—1+1,...,L If

more precisely one takes into account the spin of the electron, then the number of states
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double and if one considers the spin of the proton, they double again. The spin of the
electron is crucial for the periodic system of the elements, the spin of the proton makes
itself felt only in the hyperfine structure of the energies and is often not even mentioned
in text books. Above the discrete spectrum there is the continuous spectrum of positive
energies of the ionized electron proton pair. It is natural to attribute the energy 0 to
the lowest ionized state.

In relativistic theories in flat space the energy of the groundstate is fixed. There the
Hamilton operator H = cP? is a component of the four vector P™, m =0, 1,2, 3, which
satisfies together with the generators of Lorentz transformations M™" = —M™™ the
following commutation relations

[M™ PY = —i(n™P™ —n™'P™) m,n,1€{0,1,2,3}. (6.26)

These relations do not allow to add numbers to P™. In relativistic theories the
groundstate, the vacuum, must have energy O if a normalizable groundstate exists at
all. Moreover, a free particle with momentum P and mass m must have the energy
E = /m2c* +p2c2.

Traditionally the groundstate of the harmonic oscillator is attributed the energy hw/2.
In his derivation of the black body energy density, with which quantum mechanics was
founded in 1900, Planck knew this better: he attributed to states with n photons the
energy nhw rather than (n + 1/2)hw, which moreover would be incompatible with a
relativistic covariant description of photons.

We have already argued that the energy of the groundstate is not measurable, therefore
one should choose it such that calculations become simple and finite. A finite volume
allows for infinitely many frequencies w; of photons. If one attributes to each frequency
a contribution hw;/2 to the groundstate energy then already the state without photons
has infinite energy ) ; hw;/2 = oo.

The misconception that the groundstate energy is well defined starts already in clas-
sical physics. The choice of the Hamilton function

2
H— ;Tm + %mwzxz (6.27)
disposes of the energy in such a way that the state with lowest energy, the point (x =
0,p = 0) in phase space has energy 0. This choice simplifies the algebraic expression for
the potential energy V(x). However, one could have chosen V(x) = 1/2mw?x? —hw/2
equally well.

6.4 Canonical quantization, normal order

The misconception that the groundstate energy is well defined is continued with canon-
ical quantization. Canonical quantization is the prescription to read in the algebraic
expression for the Hamilton function H(p,x) the symbols p and x as hermitean oper-
ators P and X which satisfy the Heisenberg commutation relations (5.29). From the
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Hamilton function of the one dimensional harmonic oscillator one obtains for example

the Hamilton operator
Pz 1
Hossliator = 5— + s mw?X* . 6.2
Oszillat m + 7 mw (6.28)

This operator has eigenvalues (n+ 1/2)hw, n=0,1,2,... .

Simple as canonical quantization seems to be, it is not even defined: canonical quantiz-
ation is not a map of Hamilton functions to Hamilton operators. The result of canonical
quantization does not only depend on the function in phase space H(p,x) but on its
algebraic form.

We can write the Hamilton function of the harmonic oscillator as square modulus of

complex phase space coordinates using xo = ,/% #0

x 1
=~ “xop) (6.29)
X0

. Xop) al = n

a= —
\[
H=hwa'a (6.30)

7

If we quantize the Hamilton function is this algebraic form then a and a become anni-
hilation and creation operators (4.33) and the Hamilton operator corresponding to (6.30)
has eigenvalues nhw (section 4.5).
If we write the Hamilton function as H = hw((1 — A)afa + Aaa’) with some A € R,
then we obtain an arbitrary ground state energy Ahw upon canonical quantization.
In any case the groundstate satisfies the equation a¥y = 0, which determines the
position wave function
X
(x_ + %00+ )Po(x) =0. (6.31)
0
The groundstate wave function of the harmonic oscillator is a Gaufl function

XZ

Polx) = (gt e 24 . (6.32)

The result of canonical quantization and in particular the groundstate energy depend
on the algebraic form of the classical Hamilton function. Canonical quantization is
therefore no map of a function of phase space to a corresponding operator.

There is, however, a different, very simple rule of quantization, which attributes op-
erators to analytic functions H, the normal order : H: . The normal order is linear

ZC]H] + CszI = Cq H] +Co: Hz 1. =1 , (633)
and is declared recursively on monomials in a, af
caH: =:Ha:=:H:a, :a'H:=:Ha':= a':H: VH. (6.34)

The normal order of a monomial is a product of creation and annihilation operators a'
and a, in which the creation operators stand on the left and the annihilation operators
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stand on the right. The definition of normal order is easily extended to several creation
and annihilation operators ai and aj, as long as the order among the creation operators
and the order among the creation operators is irrelevant.

lai, a1 =0, [a],afl=0, [a;,all=0;. (6.35)

The arguments of normal order consist of commuting variables, for if the argument is a
product of factors Hy, Hy, H3 then one has

ZH] HzHgI = IHzH] H3 = IH3H1 HzZ . (636)

In particular the argument of normal order cannot satisfy an identity such as XP —PX =
ih (5.29) because the normal order of XP — PX vanishes.

Normal order is linear, but the normal order of a product factors is not the product
of the normal order of the factors.

‘HyH;: # :Hy::Hy: (6.37)

This is welcome. Otherwise all products of normal order operators would commute by
(6.36). Then quantum mechanical systems would behave like classical statistical systems
because with respect to commuting operators all states W are characterised by classical
probability distributions given by the square modulus of the scalar products (A[Y).

Normal order (6.27) implies a vanishing groundstate energy. It is nevertheless an ar-
bitrary prescription of quantization which regrettably depends on the chosen phase space
coordinates. Classical systems before quantization can be cast into different, equivalent
forms by canonical transformations. The quantization of the system in the different
forms leads to quantum models which can be inequivalent. My disappointment about
the lack of a unique quantization prescription and the arbitrariness of the quantization
prescription is limited. One does not need a correspondence principle between clas-
sical and quantum systems. Otherwise one could tell the quantum properties from the
classical system and two different quantum systems could not coincide in their classical
regime. Canonical quantization leads the intuition which quantum system one should
investigate. No matter how such a model is constructed, whether such a model is right
is decided by the observations which have to agree with the theoretical conclusions from
the model.

6.5 Reduction of state

Some authors postulate as axiom for quantum mechanical systems the reduction of
state, that as a result of an ideal measurement with a device A the state instantaneously
changes into the eigenstate corresponding to the measured value.
This axiom implies seemingly paradoxical conclusions such as the Einstein-Rosen-
Podolsky paradox. The axiom can be replaced by an unspectacular physical analysis.
If in figure (1.1) we mask all rays which correspond to results a,, as,... and only
consider the ray with the result a; then we have prepared a new source consisting of the
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original source, the beam and the device. The properties of the state which is prepared
in this fashion depend on the device and should not be fixed by axioms. For example,
a homogeneous magnetic field orthogonal to the outgoing beam would not influence
the splitting of the beam into the partial beams and the distribution of the results a;.
Therefore the homogeneous magnetic field would not change the reading of the device.
However, it would rotate the spin in the outgoing beams. Without changing the results
one can change the measuring device and change the states which are prepared by the
measurement.

One can, of course, restrict the term “ideal measuring device” to such devices which
prepare eigenstates to a repeated measurement with a similar device. But then the
axiom of state reduction turns into a definition of a class of devices which happen to be
ideal. For each real measuring device one has to measure whether it prepares eigenstates
for a repeated measurement with a similar device.

Which state results after a measurement depends on the experimental setup. If all
partial beams behind the device are combined to a new beam and if there is no fixed
relative phase of the different beams and if the device prepares eigenstates to a repeated
measurement then the combined beam behind the device is a mixture

paw =) Wi, AW)IANA . (6.38)

In such a mixture the conditional probability, to measure again the result a; if one had
measured a; at first, is 1. The restriction of the set of possible events to the subset of
events where a; was measured in the first measurement is the reduction of state. This
reduction can be made long after the measurement if only the result of the measurement
has been recorded. The reduction can take place instantaneously after the result of the
first measurement is known. It can also retroact: if the result fo the second measurement
is known and the first is unknown then one can predict the first result and confirm this
prediction later from the records.

Some devices are so simple and controllable that phase relations of the different par-
tial beams which correspond to the results a; can be controlled. The state which one
combines from the partial beams depends sensitively on the process of combination. In
the extreme case, e.g. a double slit, the partial beams combine to a pure state where
the parts interfere with each other. If the possible results a; can really be read off then
the phase relations between the corresponding partial beams become uncontrollable and
the combined beam is a mixture such as (6.38).

Numerous devices do not prepare eigenstates for a repeated measurement. This is true
in particular for measurements which determine the number of photons, which cross a
given area within a given time: photosensitive layers and photomultipliers count and
destroy photons.

The measuring device in figure (1.1) has input and output. For each state it takes
time to cross the device and to split the beam into separate partial beams. This time
depends on the internal details of the device. However, for no device does this time
vanish, as assumed in Zenon’s paradox. The idealization that the duration between the
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begin and the end of a measurement can become infinitely short contradicts the quantum
mechanical uncertainty relation (9.10) AtAE > h/2.

6.6 Time evolution of the two state system

The time evolution of a two state system is simple enough to obtain for each time
independent Hamilton operator an overview over the time dependence of the probabilities
of results of all measuring devices and all states.

For our discussion we use the eigenbasis of the Hamilton operator. In this basis it is
diagonal and has in all conceivable cases the form

_[E; 0
H_<O Ez) E,E,€R. (6.39)

We choose the eigenstates Aj, 1 = 1,2, of H time independent, then the components
Pi(t) = (A4¥(t)), 1 = 1,2, of each state satisfy the following, decoupled Schrédinger
equation

ihobi(t) = Epdi(t), i=1,2, (6.40)

and have the solution
Pr(t) =1 (0)e v BTy (t) =P (0)e w2t (6.41)

If the state ¥ is measured at time t then the first result of any measuring device occurs
with probability

w(t) = [T (t) + d3wa(t)* . (6.42)
In this equation ¢1 and ¢, are the components of the first eigenvector of the measuring
device. Elementary calculation shows that w(t) has the form

w(t)=a+bcos(wt+a), a>b>0, w,aeR (6.43)

with a = [¢7P1(0)12 + 312 (0)%, be'™ = 21 d311(0)*h2(0) and

 E-E
-

w (6.44)

The probability for the occurrence of the first result oscillates with the Rabi frequency
w /27 which is given by the energy difference. No absolute value of the energy appears
in the time evolution of a measurable quantity.

The amplitude b of the Rabi oscillation vanishes if W(0) or the eigenstate @ of the
device is an energy eigenstate.

Rabi oscillations occur in physically different situations whenever the time evolution
concerns only two states. In particle physics the phenomenon is termed particle oscilla-
tion. It is observed at the neutral K-mesons and also at neutrinos. In quantum optics
the phenomenon is called “quantum beat”.
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If a mixture p with eigenvalues p; and eigenstates Y; is measured rather than a pure
state then the Rabi frequency remains unchanged. The parameters a, b and « are
a = p1a; + p2a; and be'* = pibiel® + prbye!*2, where ai, by and «; correspond to
Y = 7Y;. Taking into account that (Y;|Y;) = 0 one confirms that the amplitude b of
Rabi oscillations is proportional to the difference (p; — p2) of the eigenvalues of the
density matrix. The amplitude decreases with decreasing polarization.

6.7 Energy bands

Let us investigate the spectrum (6.17) of a Hamilton operator of a one dimensional
spinless system in a periodic potential [2, chapter XIII.16]

Vix+1) =V(x) Vx. (6.45)

The differential equation (6.17) with a periodic function V(x) is called Hill’s equation.
It occurs in mechanics in the context of oscillations with time dependent, periodic fre-
quency, for example in the calculation of the orbit of the moon.

Because of the periodicity the Hamilton operator commutes with the translation U,
(5.26) by the length 1

2 2 2 2
(HWY) (x) = (—;—m% + V(x)) (WY¥)(x) = (—;—m% + V(x)h(x — 1)
2 2
= ( 2%% +Vx—1D)p(x —1) = (UHY)(x) . (6.46)

Therefore, the Hamilton operator and the unitary transformation U; can jointly be
diagonalized (4.24).

The translation is a unitary transformation (5.26) with complex eigenvalue with mod-
ulus 1 (4.11). We write these eigenvalues as e '*! with a real k. Then the eigenvalue
equation U_ ¥y = e'*'Wy reads

Pr(x + 1) =™y (x) . (6.47)

This is a periodicity condition for the wave function which among physicists is called
Bloch theorem, to mathematicians it is known as Floquet theorem. The condition is
compatible with the eigenvalue equation and can be imposed to simplify the mathemat-
ical analysis. The condition does not state that each wave function in a periodic potential
is periodic up to a phase. As a counterexample one can consider a free particle with
vanishing potential. The potential V = 0 is trivially periodic. Nevertheless the wave
packets of free particles are not periodic, they are composed of periodic functions.

The eigenvalue equation (6.17) is a real, linear, homogeneous differential equation of
second order for the wave function {(x). Therefore the wave function and its derivative
at x = 1 are linearly related to the initial values at x = 0. If we combine the wave
function and its derivative to the components of a vector u then we can write the linear
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relation with a matrix A

WP(x)
u(x) = <1P'(X)) , (6.48)
u(l) =Au(0) . (6.49)

The linear map A of initial values u(0) to u(l) is termed return map or stroboscopic
map.
The 2 x 2 matrix A is real, because real initial conditions u(0) have real solutions
u(x).
a b
AzA*z( ), a,b,c,de R . (6.50)
c d
The matrix elements of A are differentiable functions of the energy E, because the
solution P (x) and its derivative at x = 1 are differentiable functions of the parameter E
of the differential equation.
From the eigenvalue equation (6.17) one easily concludes that the quantum mechanical
current j, the Wronski determinant, does not depend on x

S B = "0 — 0™ = ul ()T u(x), where I = (_01 (‘)) ,
Ox (uf(x)Tu(x)) =0. (6.51)

In particular the value of uf(x)Iu(x) at x = 0 coincides with the value at x = 1.
Therefore for all initial conditions uw = u(0) one has

(Aw)TAu=u'Tu Yu (6.52)
and therefore
ATTA=1. (6.53)

This matrix relation is satisfied for real 2 x 2 matrices A if and only if the determinant
has the special value 1.
ad —bc =1 (6.54)

The matrix A is an element of the group of special linear transformations of a two
dimensional real vector space.

A € SL(2,R) (6.55)
The eigenvalues of A
a+d a+d,2
Ao = + —1 .
o= (5 (6.56)
are real, if [trA| = |a + d| > 2. Because of det A = 1 these eigenvalues are inverse to

each other and the modulus of one of the real eigenvalues is larger or equal to 1.

1
Al =2 =N =2 = - (6.57)
2



52 6 Time evolution

Solutions w(x) which correspond to eigenvalues with |A] > 1 grow for x — oo exponen-
tially u(x +nl) = A™u(x). The solution corresponding to the other eigenvalue A, = A~
grows according to u(x — nl) = A, ™Muy(x) for x — —oco. One cannot combine these
exponentially growing solutions to normalizable wave packets.

If the modulus of the trace of A is smaller than 2, then the eigenvalues are complex
and, because A is real, one eigenvalue is the complex conjugate of the other. Because
their product is det A = 1, the modulus of the complex eigenvalues is 1

trAl < 2= Ay =A, Al=1. (6.58)

The periodicity condition (6.47) states that the function P (x) belongs to eigenvectors
of the matrix A with complex eigenvalues e'*! with modulus 1.

i Y(0)) _
(A — o) (w/(0)> ~0. (6.59)

This restricts the energy E to bands which in our one dimensional system is determined
by [tr A(E)| < 2 such that the eigenvalues of A lie on the unit circle in the complex
plane.

In the neighbourhood of the band edge, e.g. where trA = 2 holds, the matrix A has

the form
_(a b x 3
A= (c 2 a) + OE (Y 5) . (6.60)

Here OE is the deviation of the energy from the band edge, the matrix elements b and ¢
are restricted by det A =1 or bc = —(1 — a)?, and «, B, v and & are the derivatives of
the matrix elements a, b, ¢ and d. If [trA| — 2 changes sign and if diEtrA =a+0#0,
then ]the eigenvalues of A vary in the neighbourhood of the band edge in lowest order in
(6E)2 as

A2 ~ sign(trA) £ /8E (o« + 8)sign(trA) . (6.61)

At the lower band edge one has (o + d)sign(trA) < 0 and energies above the lower band
edge lead to complex eigenvalues e*'*' ~ 1 4 ikl. If here one solves for the energy as a
function of k then one obtains in lowest order

h?k? h? d

M + ... where M = ﬁ'd_EtrN . (6.62)

E(k) = E(0) +

This is the energy momentum relation of a particle with an effective mass M.
If the value of |k| increases together with the energy in an allowed band then for
k = £7 the upper band edge is reached. If [trA|— 2 changes sign and if o+ & # 0, then

the derivative i—E vanishes and the second derivative % is negative.
dE d’E d
=0, — = 2V —trA| " (6.63)

Ak ey ARy dE
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Within each band k(E) is a monotonous function. To see this, one writes the eigenfunc-
tion of (6.17) and (6.47) as a product of e** and a periodic function wy(x + 1) = w(x).

P (x) = \/;eikX Ui (%) (6.64)

The eigenvalue equation then reads

h2k? —h? 42 hk d
5 Juk, H(k) — + —(—th—) + V(x) . (6.65)

T 2md | m dx
The Hamilton operator H(k) acts as a hermitean operator on l-periodic functions u and
v which have a scalar product

1
(upy) = J dxu*(x)v(x) (6.66)
0
these are position wave functions on a circle with circumference 1.

Within a band k(E) is a differentiable function, for k is a differentiable function (6.56)
of the matrix elements of A which in turn depend in a differentiabe way on E. If we
differentiate the eigenvalue E — hzz—;‘lz of H(k) with respect to E then, because of (4.80),
we obtain for normalized wy

d
Puy(x) = —ih&uk(x) (6.67)
h?k dk dH(k) . dk h dk
1l——— = — = Pu)—— . .
m dE (e dk Uy) dE (i uk>de (6.68)

This equation excludes zeros of S—E because the matrix element (uy|Puy) is finite. There-
fore k(E) is invertible within each energy band and the energy is a strictly monotonous
function of k between k =0 and k = 7.
The group velocity of wave packets
ow 10E 1
Vgroup = a = ﬂa = H(hk‘}— <Uk’PUk>) (669)

is a combination of the momentum carried by the factor €** and the expectation value

of the momentum within a periodicity interval. Near k = 0 it is proportional to k

m

(ulPu) = k(0 = 1)+ O(k?), (6.70)

at k = £% it compensates the momentum of e™*

<u%!Pu%> = —<u,7Tr|Pu,%> =—h

% (6.71)

The functions uy are periodic and can be written as a Fourier series (5.25)

we(x) =) e T (6.72)
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The corresponding eigenfunctions Py (x) = ,/ﬁ e (x) with —T <k < T are there-

fore continuum normalized on the real line if the wave functions u, are orthonormalized
in the periodicity interval.

<\yk|\yk/> —= %[ de (eikX Z CneinzTnX)*(eik/X Z Cineisz”X)
n m

=1) chchd(K —k+ (m— n)ZT”)
= (1) cheh)d(k — k) = (wehu)d(k' — k) . (6.73)

If the wave functions belong to the same band then uy and uj, agree and from (uyjuy) =
1 one concludes

(W W) = 5(K — k) . (6.74)

If the wave functions belong to different bands then u, and uj are orthogonal because
they solve the eigenvalue equation (6.65) of an hermitean operator with different eigen-
values E — h;l‘f.

If [trA| — 2 changes sign at the edge of a band then a gap separates this band from
the next. This gap vanishes if [trA| = 2 has a local maximum.

To each energy within the band there correspond two eigenvalues e*! and e=* of Uj.
The dispersion relation E(k) = E(—k) is therefore an even function of k.

To each eigenvalue e*! £ 41 of the translation U; (6.47) there correspond denumer-
ably many energy eigenstates with non-degenerate energies. These eigenstates belong to
the different bands. At the eigenvalue e’*! = +1 the energy is degenerate if and only if
A(E) = £1.
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7.1 Product space

Often a quantum mechanical system is composed of identifiable parts, for example of
two different particles whose properties can be measured separately. Then the Hilbert

space H is a product space
H=H H; (71)

and has an orthonormal basis Ai 4 = Ay ® Ay, where i counts an orthonormal basis
A; of H; and o« an orthonormal basis A, of H,. States W in the product space have
components

Pia = (A, o¥) (7.2)
If the components i « can be written as a product uivy, i.e. if the matrix 1; « has
rank 1, then ¥ = u ® v is a product state with u = Y ; Aju;y and v = ) | Agva.
More generally, states in product spaces are sums of product vectors. States that are
not product states are called entangled states. All many-particle states of identical
bosons or fermions which are composed of different one-particle states, such as slater
determinants (5.65) for instance, are entangled.

The index i counts possible results a; of a measurement of the first subsystem, the
index o counts results b, of the second subsystem. Let the operator A represent a
measuring instrument which measures the first subsystem, i.e. which maps J; onto H;,
and let B represent a device to measure the second subsystem, then their tensor product
A ® B is defined by the matrix elements

(A®Bliajp =AijBap (7.3)
They act on product states u ® v by
(A®B)(u®v) =(Au) ® (Bv) (7.4)

and are declared on sums of product states, i.e. on entangled states, by linearity.

Operators of the composite system H; ® H, of the form A ® 1 correspond to the
measurements of the first subsystem, the operators of the form 1®B to the measurements
of the second subsystem.

(A X ]]-)/\i,oc = ai/\i,a Yo y (]]. X B)/\i,(x = boc/\i,oc Vi (75)

The results a; and b, are degenerate. The degree of degeneracy of each eigenvalue a; of
A ® 1 is a multiple of the dimension of H,, the degree of degeneracy of the eigenvalues
by of 1 ® B is a multiple of the dimension of J;.
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7.2 Addition of angular momentum

Let us consider the quantum mechanical system which is formed by two spin-1/2 particles
that, for simplicity, cannot move. The Hilbert space of the one-particle states is then
spanned simply by basis states Ay and A|. A basis of the product space of the two-
particle states is

Ags Ay Ay Ay (7.6)

The basis is chosen such that the spin operators for the first and the second particle S,
and S, act by multiplication with the Pauli matrices.

SiAy = z/\kj Oxi, S92\ = z/\iko—kj . (7.7)

All spin operators of the first particle commute with all spin operators of the second
particle.
[S1a»32b] =0 a)b 6{1)2>3} (78)

Hence, the sums Sy = S7 4 + Sz 4 are components of angular momentum operators that
satisfy the angular momentum algebra (4.45).

[Sa, Sb] - i’heabcsc (79)
The spectrum of S3 = S713 + S, 3 can be read off immediately

SsAyp =hAyr, SsA;p =0hA;;, SsA; =0hA;, S3A; =—hA, . (7.10)

Accordingly, Ayp belongs to an angular momentum multiplet with total spin s = 1,
because the total spin s can be read off the highest Ss-eigenvalue (4.59). Similarly, the
state A} with lowest Ss-eigenvalue —h belongs to total spin s = 1. The state with
s = 1 and S3-eigenvalue 0 is obtained with a factor \/1 I+ —101-=1)=+2 (4.48)
by applying the ladder operator S_ to Ay

11 11
S—ATT = (S] — +SZ—)ATT B \/z(z ‘|‘ ]) - z(z - ”(ALT +/\Tl) (7'11)
1
/\s:1,53:1 - ATT» /\s:1,53:0 — —(ALT + ATl) y /\5:1,33:_1 = All . (7.12)

V2

These three basis vectors span a total spin-1 multiplet. As eigenstates of S2, further
total angular momentum multiplets are orthogonal to this total spin-1 multiplet if they
belong to different total spin, or can be chosen orthogonal to this total spin-1 multiplet.
In our example they are therefore spanned by the state

1
Ns=0,53=0 = ﬁ(/\“ AR (7.13)
It is an S3-eigenstate belonging to the eigenvalue 0. Since the total spin in an angular
momentum multiplet can be read off the highest and the lowest S3 -eigenvalue, this state
belongs to total spin 0. This one can easily check, for S3, S,y and S_ vanish on this
state.
The states Ag—o,s,—0 and As—7 s,—0 are entangled.
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7.3 Independent composite systems

Mixtures p of composite systems are composed independently, if for all measurements
A ® 1 of the first subsystem and for all measurements 1 ® B of the second subsystem
the probabilities factorize with which one obtains the i-th result a; of device A and the
-th result b, of device B

W(1) (X,A,B, p) =W (i)A) b) : WZ(OC>B> b) . (714)

Here wi(i, A, p) = ), W(i, &, A, B, p) is the probability of measuring the i-th result a;
with device A, wy (e, B, p) = >, w(i, &, A, B, p) is the probability of measuring the «-th
result with device B and w(i, &, A, B, p) is the probability of measuring both a; and b.
If a mixture is not composed independently, we call the subsystems correlated.

Let us analyze what it means mathematically that systems are composed independ-
ently. The probabilities are given by main diagonal elements (A|pA) (3.1). The condition
(7.14) must hold for all A that are eigenstates of an operator A ® 1 and an operator
1 ® B, thus (7.14) must hold for all A that are product states u ® v.

{VaPia j,pUjVe = Uj Zploc]oc : Zplalﬁ (7.15)

Both sides of the equation are bilinear forms in u and in v and are equal for all u and
v if and only if the mixture is a tensor product of mixtures.

Pindependent = @ ® 5 (716)

Pi, j,p = (ﬁ)ij(())oc(i where 1) —Zploc) o and ocB —Zp1a16 (717>

Only for independently composed systems there are no correlatlons of probabilities
for results of measurements of the first and of the second subsystem. Then one can
restrict oneself to one subsystem and analyze its properties isolated from the second
subsystem. For instance in picture (1.1) one first has to check whether the combination
of two particles in the beam to a two-particle system does not exhibit correlations which
are not observed if one presupposes that the beam just contains repeatedly prepared
one-particle states.

If the systems are not composed independently, the measurement results of the first
and second subsystem are correlated. In the extreme case one can predict after a meas-
urement of the first subsystem the result of the measurement of the second subsystem.

In the formulation “By measuring the first subsystem the second measurement is pre-
determined” such a correlation seems paradoxical, in particular if the result of the first
measurement is unknown at the second device and could not have any effect. The denom-
ination “Quantum teleportation” suggests a non-classical faster than light transmission
of quantum properties. The denomination insinuates that the first measurement is the
cause of the second measured value. In fact even in retrospect, long after the first and
second measurement, one can derive from the protocol of the one measurement what
has been measured at the other device and vice versa.
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State reduction is the transition from probabilities to conditional probabilities. It
happens instantly and also in retrospect, as soon as the outcome of the first measurement
is known. The first measurement does not cause the second measured value, however.
The correlation of the measured values results since the two subsystems have not been
prepared independently.

The claim that the first measurement determines the result of the second, contradicts
quantum mechanics. Quantum mechanics does not know of a reason for the probability
distribution (1.1) of the results of a measurement. If there were a reason and if the
results of the measurement were predetermined as in classical physics, then the state W
would be an incomplete description of the physical system that is to be measured.

Among the surprising properties of correlated composite systems is the fact that a
pure entangled state W appears to be mixed if one measures only the first subsystem.
Incomplete measurement has the same effect as ignorance of the system that is to be
measured.

wi(L,A¥) =) Wi, A,BY) =) (AW =) hhiol (7.18)

X

So for all measurements of the first subsystem one obtains probability distributions as
from the density matrix

(P = Zﬂ)i,aﬂ)}k,a (7.19)
x
This density matrix corresponds to a pure state u of the first subsystem

D Wi}y =win] (7.20)
X

only if ¥ is a product state. This one concludes as follows. Equation (7.20) implies with
the definition vg = ) ; uf1ipg that u and v are normalized because ¥ is normalized. In
addition it follows from (7.20) that 3 _;Pipgvp =u; and

D (Wig —wivg) (Wi —ujvy) =0 (7.21)
B

For 1 = j this is a sum of squares. It vanishes only if 1, = uivy holds, i.e. if Y =u®v
is a product state.

7.4 Bell Inequalities

Bell inequalities are bounds for expectation values which follow from the seemingly
irrefutable supposition of classical physics that the results of all measurements of single
particles in a two particle system are in principle determined by hidden local parameters.
In such a picture the outcome of a measurement is uncertain because one does not know
the hidden parameters and the measured results of one particle do not depend on the
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kind of measurement performed on the other particle because the parameters have only
local effects.

We consider two spin-1/2 particles which are generated by the decay of a spin-0
particle. We measure in a series of measurements the individual spins in several directions
and denote with %cu i the resulting spin of the first particle in the i-th measurement, if
we measure in the direction @. With %Cz]' we denote the result of the spin measurement
of the second particle in the j-th experiment, if there we measure in direction €. Because
the particles are generated by the decay of a spin-0 particle the resulting spin of the
second particle is opposite to the spin of the first particle, for all directions b and in all
experiments one has by; = —by;.

Because the results a;i, bo; and c,; take only values T or —1 one has in all cases,
irrespective whether by; = ¢, or by = —cay,

ari(bai —c2i) <1—baic2i =T+ byicai . (7.22)

The inequality makes only use of the supposition that for each experiment and for all
directions d, b and € there exist the corresponding results aji, b2y and c2; and that
these results are do not depend on the direction which is chosen for measuring the other
particle.

If we sum the inequalities for N experiments and if we devide by N then in the limit
N — oo we obtain a Bell inequality for the expectation values

(A1B2) — (A1C2) < 1+ (B1Ca) . (7.23)

Here A; is the device with reading 1 if the spin of the first particle is up in direction @
and —1 otherwise. The device C, shows 1 if the spin of the second particle, measured
in direction C, is up and so on.

In quantum mechanics the individual results a;; and by are not determined in each
case. They have to be measured in different experiments a;; and by; with i # j. The
quantum mechanical expectation values are therefore not subject by Bell inequalities.

In fact, in the spin-O-state (7.13)

1
Y= ﬁ“ THh =11 (7.24)

the result that the spin of the first particle is up and the spin of the second particle is
up in direction (0, @) (4.67) occurs with probability

0 e 0 e 1 . ,0
W(1T(e.¢)) =1{TT(0.¢) |‘1/)|2 = | cos zelz (17 W) +sin ze 2(1] |‘1/)|2 =3 sin? 5 (7.25)

More generally both spins are found up in direction @ for the first particle and b for
the second particle with probability

sin” = (7.26)
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where 3 is the angle enclosed by @ and b. For the state ¥ is invariant under rotations

and | T#Tg) can be rotated by a unitary transformation into the state | 17T(o—p,p—0)) in

which the first spin points up in z-direction and the second in direction (0 = 3, @ = 0).
This probability yields the expectation value

(A1B2) =w(TaTg) —wllalg) —w(lalg) +wllalg) =
T LB 1T LB 1 LB 1 5B (7.27)

= =sin“ = — zcos” = — s cos” = + =sin” = = —cosf} .

22 2 2 2 2 2 2

The combination of expectation values
(A1B2) — (A1Cy) — (B1Cy) = —cos B+ cosy + cos(p —v) , (7.28)

where v denotes the angle between @ and € and p —<y the angle between b and ¢, takes
the value 3 for B = Z* and v = T and violates the Bell inequality (7.23). Quantum
mechanics is not compatible with the supposition that the results of each measurement
is determined in principle by unknown parameters with local effects.

That quantum mechanical expectation values coincide with experimental results and
violate Bell inequalities shatters classical views of physics. The physical probability
distributions cannot be caused by hidden, unknown parameters which have only local
effects, i.e., which determine each individual result and do not depend on which kind of
measurement is performed elsewhere.
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8.1 Entropy

Lack of polarization (4.74) or the variable 1 — (tr p?) can be used as a measure for how
much the prepared state differs from a pure state. A better suited measure of the lack
of knowledge about the prepared state is the entropy S. The entropy is additive, if two
independent systems are combined, it stays constant during the time evolution according
to the Schrodinger equation and increases by mixing and by random perturbations.

Lack of knowledge or entropy is defined as a function of the eigenvalues p; of the
density matrix

S:—Zpilnpi =—trplnp. (8.1)

The function x Inx is continuously completed for x = 0 and vanishes there. The entropy
is non-negative because the eigenvalues p; of the density matrix vary between 0 and 1.
The entropy of a pure state vanishes.

If a mixture is composed of two independent parts

P=pRp, (8.2)

then the eigenstates are product states Y ® Y\j of eigenstates of the density matrices p
and p. The eigenvalues of the composite density matrix are products of the eigenvalues
of the separate density matrices.

py =pify, Y pi=1, > pj=1. (8.3)
i j

Therefore the entropy of independently composed systems is the sum of the entropy of
its parts.

S = —Z@iﬁjln(@iﬁj)Z—Z(ﬁiﬁjlﬂ@i‘f'@iﬁjlnﬁj)
ij ij

1Y)
= =) ) pilnpi— (D> p)Y pilnp=S+S (8.4)
j i i j

The density matrix changes in the course of time (6.6), its eigenvalues p;, however,
do not change on account of the Schrodinger equation. If one adapts the notation then
(4.80) and (6.6) and the eigenvalue equation pY; = p;Y; imply 0¢pi(t) = 0, because in
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eigenstates of an hermitean operator p the expectation value of each commutator [H, p]
vanishes.

ihopi(t) = ih(Yi[d¢p(t) V) = (YVil(Hp — pH)Yy) = (Vil(Hps — piH) Vi) =0 (8.5)

So the entropy does not change in the course of the time evolution of the states which
is generated by the Hamilton operator.

The entropy increases by true mixing. If a mixture p(A) is mixed out of different
mixtures p and p, p # P

PN =Ap+(1—A)p with O<A<T1, (8.6)

then the entropy S(p(A)) is larger than the proportionate sum by the entropy generated
by mixing

S(p(A)) > AS(p) + (1 =A)S(p) . (8.7)

Before we prove this assertion we make two remarks: If p # p and A # A’ then one

also has p(A) # p(A). In the range 0 < A < 1 the kernel, the space which is mapped to
0, of p(A) does not depend on A.

The second remark holds because p and p and therefore also p(A’) vanish in the kernel
of p(A) for each chosen A.

(ANAp+(1T=A)p)A) =0 = (AlpA) =0 and (A[pA) =0
= pA=0and pA =0
The first implication follows because A and (1 — A) are positive and main diagonal ele-
ments of density matrices are non-negative (3.5). The second implication holds because
main diagonal elements (A|pA) of a density matrix p vanish only if pA vanishes (3.6).

After these preparatory remarks we prove for different density matrices p and p’, p #
p’, if p’ has only non-vanishing eigenvalues, the inequality

trplnp’ <trplnp. (8.8)

To show the inequality we evaluate the trace in the eigenbasis Y of p and insert a
resolution of the identity with the eigenbasis Y} of p’.

trp(lnp’ —Inp) = Y (YVilp¥§)(Yj/(Inp’ —Inp)Yy)
i
= Z’(Yiwmzpi(lﬂp;—lnpi)
i
I\ 2 p;
= > 1Y)l piln .
ij t

For positive x the inequality Inx < (x — 1) is strict if x # 1.
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If the matrices p and p’ are different then there exists at least one pair of eigenvalues
pi and pi, pi # pi, with eigenvectors Y4 and Vi which have a non-vanishing scalar
product. This implies the inequality we want to show.

P!
trp(lnp’ —lnp) < ) (VTP = 1) = D YD (05 — 1) =

ij t ij
=Y (VT (Vi Y] = > (YY) (Vi V) =trp’ —trp=0.

ij ij

If p# p and 0 < A < 1 holds then one also has p # p(A) # p. We use the inequality
(8.8) for the density matrix p(A) in place of p’ and p and p in place of p. We take the
trace over the space orthogonal to the kernel of p(A).

The inequality (8.8) implies

trpIn(Ap + (1
trpln(Ap + (1

Ap) < trplnp (8.9)
Ap) < trplnp. (8.10)

If we multiply (8.9) with A, 0 < A < 1 and (8.10) with (1 — A) and if we add the
resulting inequalities we obtain

tr(Ap+ (1 —=A)p)In(Ap+ (1 —A)p) <Atrplnp+ (1 —A) trplnp (8.11)

Finally we change the sign and obtain for the entropy of a mixture of p with p, p # p,
for 0 <A <1
S(p(A)) > AS(p) + (1 —A)S(p) . (8.12)

The entropy of a mixture is larger than the proportionate sum of the entropies of its
parts. Entropy increases by true mixing.

A mixture p(A) can be mixed from p(A;) and p(A,) with neighbouring mixing para-
meter 0 <A1 <A< A; <1,

Ay —A A=\
) = o )+ 550 () (8.13)
A2 —A A=A
S(p(N) > 525 S(p(M)) + 13- S(p() (8.14)

So the entropy S(p(A)) is a convex function of the mixing parameter A.

Random perturbation of the time evolution is a mixing process and increases the
entropy. We consider in figure (1.1) a beam in a vacuum which is not perfect and take
into account only the two possibilities that with probability A no atom of the rest gas
perturbs the beam and with probability (1—A) the case that an atom perturbs the beam.
If we denote the mixtures which develop with and without perturbation as p and p, then
the input to the measuring device is the mixture Ap + (1 — A)p if the perturbation by
the rest atom occurs at random, independent from the preparation in the source.
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A

Figure 8.1: Entropy as convex function of the mixing parameter

8.2 Equilibrium

If the state in figure (1.1) is repeatedly and randomly perturbed before the measurement
then ultimately the probability distribution of the results w(i, A, p(t)) no longer depends
on the time t at which the measurement is performed. By the von-Neumann equation
(6.6) the density matrix p commutes in such a situation with the Hamilton operator

ihoip(t) =[H,pl =0 (8.15)
and both operators have joint eigenstates A
H/\i = Ei/\i, p/\l = pi/\i . (816)

Because with each random perturbation the entropy has increased one expects to find
a mixture p with an entropy which is as large as possible. Time independent mixtures
with maximal entropy define thermodynamic equilibrium.

If for example the mixture exchanges energy with its environment in such a way
that the mean value has the constant value (E) then in thermodynamical equilibrium
the entropy is maximal as a function of the eigenvalues p; which are subject to the
constraints ) . p; = 1 and ) ; piE;i = (E). We take these constraints into account by
Lagrange multipliers o« and 3 and determine the maximum of

S=—) pjlupj+a(1—=> p;) +B(E)—> pE;) . (8.17)

The derivatives with respect to & and 3 are zero if the constraints hold. Differentiating
with respect to p; gives
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So py is a Boltzmann distribution.

efﬁEl
PBoltzmann i = 7 (8 ]_9)

The factor Z is determined by the constraint ) ; p; =1, Z is the partition sum.
Z(p)=) e P (8.20)

The partition sum is the Laplace transformed density of energy eigenstates. The
parameter [3 is the inverse temperature

== 8.21
=1, (821
which is determined implicitly by the constraint ) ; p;Ei = (E) as a function of the mean
value (E) of the energy.

1 ‘ 1 B
(E)=) piEi= - D e PRE = ~0 D e PR =—35InZ(p) (8.22)

The logarithm of the partition sum is a function of 3, its derivative determines the mean
energy.

The entropy of the Boltzmann distribution is closely related to the partition sum and
the mean energy.

e_BEl

S=—) pilnpi=-— (—BEi—InZ) =B (E)+InZ (8.23)

Z

In terms of the free energy F = (E) — TS one has
Z=cFF (8.24)
and the Boltzmann distribution can be written as
pp=e PETT (8.25)

The probabilities p; only depend on differences of energy, not on the absolute value of
the groundstate energy. The claim “Cold helium does not become solid because the
groundstate energy is not zero” is wrong.

If no heat bath guarantees the mean energy of the mixture p then in (8.17) there is no
Lagrange factor 3, the other algebraic steps to determine the maximal entropy can be
taken over as if 3 = 0. The entropy becomes maximal for equal distribution p; = 1/N,
where N is the dimension of the Hilbert space. The maximal entropy is

S=InN. (8.26)
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If the dimension N is infinite then there is no mixture with maximal entropy.

Important examples of thermodynamical systems in thermal equilibrium are the har-
monic oscillator and the two state system. If one chooses the groundstate energy to
vanish then the energies of the harmonic oscillator are given by

E,=né n=012,... (8.27)

In the two state system the energies E, are of the same form, but n can take the
values 0 and 1 only. The energies are the energies of free, identical bosons and fermions.
€ = hw is the energy of one particle. A state with several particles has a multiple of
the one particle energy because the particles are free and have no interaction. The Pauli
exclusion principle forbids n > 2 for fermions.

The partition sum of the harmonic oscillator is a geometric series,

1
_ E —BEN __
Zboson — € - -l 67(58 (828>

n=0

the partition sum of the two state system is as simple as simple can be.
Zfermion =1 + e—BS (829)

The energy expectation value is determined by (8.22).

& &
<E>boson - eBS 1 <E>fermion - m

(8.30)

More complicated systems often consist of several, different bosons and fermions, for
example of photons with different wave vector K, with no interaction among each other.

More precisely we call a system freely composite if the Hilbert space is a product space
H = H; ® H; and if the Hamilton operator H = H; ® 1 + 1 ® H; is the sum of the
single Hamilton operators . Then there are energy eigenstates /A; 4, where 1 enumerates
a basis of H; and « a basis of H;, and the energy is a sum of the single energies.

Ei,oc = E] (1) + Ez((X) (831)

In such a case the partition sum of the composite system is the product of the single
partition sums

7 — Z e BEI()+E2(a)) — Ze*BEl(iJ Ze*BEz(CXJ =717, (&32)
i, i [

and the expectation value of the energy is the sum of the single expectation values.

(E) = (E1) + (E2) (8.33)



9 Decay of an unstable particle

9.1 Lorentz resonance

We consider a Hamiltonian with continuous energies and continuum normalized energy
eigenstates Ag p,

HAep, =EAe, (AeplAe ) =8(E—E)S(p—p') . (9.1)

The variable p distinguishes states with degenerate energy. If we represent states W(t)
that satisfy the Schrodinger equation as a linear combination of this continuous basis,
then W¥(t) has the following form

W(t) = JdEdp Aep$(Ep)e v B(E,p) = (Ac,1¥(0) . 9.2)

A measurement device which examines whether the normalized initial state W(0) is
present, finds this state at the instant t with the probability

wi(t) =la(t)]?, (9-3)
a(t) = (Y(0)[¥(t)) = JdE F(E)2e wEt | (9.4)

where we use the notation
FIEP = [dp (e (0] (9.5)

The probability w(t) decreases exponentially with the time t if the state is a Lorentz

Eo is the resonance energy and |I'| > 0 the width of the resonance curve. However,
the resonance energy and width are not defined as the energy expectation value (H)
and energy uncertainty AH. These quantities diverge, since the function F(E) does not
decrease fast enough (cf. section (4.2)). W(t) = exp(—iHt/h)W(0) satisfies the integrated
Schrodinger equation, but W(t) is at no instant differentiable, |[HW(t)|| diverges.

One can evaluate the amplitude

(1) = JdE e (9.7)
ALorentz — .
e T T (E—Ee)2 + I
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with the theorem of residues, since for positive (negative) times one may close the in-
tegration path in the lower (upper) complex half-plane, and obtains

i ITt]
aLorentz(t) - eiﬁEOteiﬁ . (98)

So the probability w(t) of still finding the Lorentz resonance at the time t > 0 decreases
exponentially.

YT for >0 (9.9)

The lifetime is the inverse width T = h/|I"|, which is read as the uncertainty relation

WLorentz(t) =€

AtAE > /2 . (9.10)

This uncertainty relation is problematic, however: AE diverges and one does not measure
t but the property of still being the Lorentz resonance W(0) at the time t.
The width [I'] is the decay rate of the exponentially decaying state

1 d
I =— maw(t) . (9.11)
From equation (9.4) one infers that the phase of P (E,p) is irrelevant. This is under-
standable, because any continuum normalized basis Ag |, = e ?(BP AL o with arbitrary
real function @(E,p) could have been used as well. In contrast to position and mo-
mentum there is no operator T conjugate to the Hamiltonian with commutation relation
[T, H] = ih. Such an operator would be T = ih0¢ in an energy basis and would fix the
relative phases of the basis Ag ;.

Similarly, the sign of T is without significance, as (9.7) shows. The decay rate is [I'].

9.2 Deviation from exponential decay

Strictly speaking, there is no Lorentz resonance, since every realistic Hamiltonian has a
spectrum that is bounded from below (W (E,p) =0 for E < E;,), and since the energy
expectation value must be finite. So the Lorentz resonance is unrealistic for small and
large energies. Strictly speaking, there is no exponential decay, either.

There are no states which satisfy the differential Schrédinger equation iho{¥ = HY
and which satisfy a law of exponential decay for all times. The probability w(t) is
differentiable if W(t) is differentiable and is maximal w(0) = 1 at the time t = 0.
Therefore its time derivative vanishes then

d w
dt
and exponential decay is impossible for small times.

All deviations from exponential decay occur because the decay products regenerate
the original state. This one sees with the following decomposition of the amplitude

(t))o =0 (9.12)

a(t+t') = (WO)W(t+t)) = (W(0)le *Hte wHYy(0)) . (9.13)
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If one inserts in between the e-functions a resolution of the identity

1= (O (WO + Y M) (Yul, (9.14)

where the states Y, complement the initial state W(0) to an orthonormal basis and
represent the decay products, one sees

alt+t) = +Z 0)fe " MY W (Yl FHYW(0)) | (9.15)

The last term is the amplitude for the decay and reproduction of the initial state. If
this last term were zero, the relation a(t+t’) = a(t)a(t’) would follow and would imply
exponential decay. Since the decay products leave the site and thereby reduce their
density, one should guess for local interactions that deviations from exponential decay
are observed only for time resolutions that are small as compared to the time of flight
in which the decay products are diluted so that the reproduction can be neglected.

There must be deviations from the exponential decay also for large times if the de-
caying state was created by the action of the Hamiltonian H during times t < 0. The
requirement that the Schrodinger equation was valid also at negative times is not man-
datory, however: what happens at the preparation and measurement depends on the
setup of the source and the measurement device and is not necessarily described by the
Hamiltonian (cf. section (6.5)).

If however we accept (9.2) for all times, the modulus of the amplitude a(t) decreases
exponentially for positive times and is bounded by Ce™/T with positive constants C and
T, if and only if |a(t)| < Ce™'YI/T holds for all times. In this case the Fourier transform

o dt _iEt
a(E) J\/He a(t) (9.16)
is an analytic function of complex energies E in the range |J(E)| < h/7, which in addition
vanishes for real energies E = E* < Ep;, below the minimal energy, if the energy is
bounded from below. Thus a(E) must vanish. This, however, is in contradiction to
f\/—eflet a(E) and a(0) = 1. Therefore the modulus of the amplitude a(t)
cannot be bounded exponentially but has to decrease more slowly for large times.

9.3 Golden Rule

An energy eigenstate cannot decay, since from W(t) = e ®E*W(0) it follows for real
energy E that w(t) = 1. So derivations of the law of exponential decay for a state
which is assigned a definite energy are self contradictory. The energy E cannot have a
negative imaginary part /2, either. While this would imply w(t) = e and is being
used to parameterize decaying states without having to describe the decay products, a
Hamiltonian which completely describes the time evolution of a decaying state has to
describe also the decay products and their time evolution. It has to be hermitean, so
that W(t) remains normalized for all times, and can have only real eigenvalues.
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Let us consider a Hilbert space which is spanned by a normalized state ¥ and con-
tinuum normalized basis states Ag , orthogonal to it with E > By

YYy=1, (YAep) =0, (AeplAep)=0E—-E)Sp—7p). (9.17)
Let this basis be adjusted to the decomposition
H = Ho + Hint (9.18)

of the Hamiltonian and be chosen such that Y is a normalized Hp-eigenstate with eigen-
value By > Epiy in the continuum and that Ag ;, are generalized eigenstates with energy
E in the continuous spectrum of Hy and with an index p to discriminate states with
degenerate energy

H()Y - E()Y, HO/\E,p - F—/\E,p y E Z Emin- (919)

For example Hy can contain the rest energy of the decaying particle and the kinetic
energies including the rest energy of the decay products with continuous kinetic energies
of the relative motion. The variable p can be taken in the example as angles under which
the decay products are emitted.

We consider the amplitude

(A ple 1Y) (9.20)

for the transition of the normalized Hp-eigenstate Y into the orthogonal continuum

normalized Hgy- eigenstates A p to lowest order in the interaction Hj,, and expand for
Lt

this purpose e »"" into a Taylor series in tH;,. We extract the coefficients of the series
by repeated differentiation from the relation

1
AN = J dze*A M 9y A e1-2IAMN) (9.21)
0

One proves this relation by expansion of both sides

1

1 &
Zﬁ AMT(9,A)A Z]UZUJC{ZZ —2)' AR (0,A) Al (9.22)

1=0

with the combinatorial formula

! k!l
Jo dzz*(1—2)' = SrEaEsh (9.23)

If we expand the time evolution operator e~ wHt with respect to tHi, using (9.21), the
transition amplitude vanishes to lowest order and is given up to terms of higher order
by
. 1
i 1 i i
(Ag ple MYy = _T_1t<AE’p|HintY>J dze wetEemw(1-2)tRo 4 (9.24)
0
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Here we have employed the Hp-eigenvalue equations.

In this order of approximation the reproduction of Y from the decay products and the
interaction of the decay products is not taken into account.

The z-integration gives

%Et _ e—ihEot

i e
(A ple” ") = (Ag p[HineY) ETE T (9.25)

The probability of finding a state Ag,, in the Hp-energy range A at the time t is de-
termined by the modulus squared of this amplitude and given to lowest order by

Sinz (l (E—Eo) )
WA, 1) :J QEdp [{Ac [y )2 A2 (9.26)
A (55)
Due to (B.3) one has for sufficiently large times approximately
w(A,t 2m
(t ) _ - JdEdp {AE pHin Y)*8(E — Eo) . (9.27)

However, the limit t — oo must not be taken, since otherwise higher powers of tH;y
cannot be neglected anymore. In particular the time t has to remain small as compared
to the lifetime of the decaying state: for larger times the probability of finding decay
products does not increase linearly with time. For small times t that are large enough
for the approximation (B.3) we interpret M as the derivative —‘il—vt" of the probability
of still finding the decaying state and read off the decay rate.

Miotdon Rle — 271 jdEdp {Ae o Hine V)P 8(E — Eo) (9.28)

The decay rate is composed additively of partial decay rates dI' of various processes
dl" = 27t 8(E — Eo) [(Ag p[Hin Y)|* dEdp . (9.29)

For this standard derivation of the Golden Rule the time t is sufficiently large, because
no quantum mechanical system can decay exponentially for small times (see section
(9.2)). In addition this time t is small against the lifetime T. It is remarkable how
obediently this textbook derivation of the Golden Rule is accepted by students and
recited by lecturers. The assumptions on t exclude each other in the limit and errors
that one makes for intermediate times, which are both sufficiently large and sufficiently
small, are not easily estimated.

9.4 Decay into the continuum

One can solve the time evolution of the decaying state exactly in terms of integrals
without approximations. The Golden Rule arises in the limit of small and non-resonant
transition amplitudes.
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A general state is written with an expansion coefficient Py = (Y[W) and a wave
function P(E, p) = (Ag ,[¥) in the basis (9.17) as a linear combination

Y=Y+ JdEdp At W(E,p), W(E,p) =0 for E < Ep . (9.30)

The probability wy(A,V¥) of finding the energy belonging to Hy in the open interval
A upon measuring ¥ amounts to

2 .
wo(AW) :{ J AdEdp WH(E, p)| if Eo¢A

. (9.31)
bol? + [ JdEdp RP(E,p)P if EoeA

So the part Y1y contributes to the probability density of the energy a sharp line at Ey,
which is sharper than any detector resolution A and whose area amounts to [\po|?.

The interaction H;,, = HiTnt causes transitions from the normalized Hp-eigenstate Y
into the continuum and vice versa

Hi ¥ = JdEdp At o (E,p), HiArp = v (E,p)Y, (9.32)

V(E,p) = (Ag plHinY) - (9.33)

The matrix elements (Y|HiyY) and (Ag/ p/|Hing/Ag p) vanish in our computation. This
is no essential restriction, we can imagine such a part of the interaction to be absorbed
already in Ho. Similarly, v(E,p) = (Ag p|HintY) vanishes for E < Ein.

The operator Hyy is defined on Y only if |H;n V|| < 0.

JdEdp V(E,p)* < oo (9.34)

No matter how small the amplitude v(E,p) is for transitions into the continuum, if
at an energy E; it does not vanish for all p, there is no normalizable H-eigenstate with
this energy. For the equation (H — E;)¥ = 0 determines the energy wave function

v(E,p)

E,p)=— 9.35
q)( )p) E_ E] 11)0 ( )
and the energy E; by means of the gap equation
> v(E,p)?
Ei—Ey=— dEdp ————— . 9.36
Eo=- | deap SRR (9.36)
P(E, p) is a square integrable function only if [dp [v(Ey,p)[* vanishes.

If the interaction v(E, p) is sufficiently large, then there is a normalizable H-eigenstate
below the continuous energies, here v(E,p) vanishes, since the gap equation (9.36) has
for By < B exactly one solution, if

[ v(E, p)?
1 dBEdp —————— > Eo — Enin 9.37
g, [, deaw e 950

Emin
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Namely, the left side of (9.36) is a monotonically increasing function of E; and the right
side decreases monotonically. In addition for strongly negative E; the left side of (9.36)
is smaller than the right, for E;y = E,;, the left side is larger than the right, if the
interaction v(E, p) is sufficiently large.

We now investigate the time evolution of the state W(t) = e*ithY’, which was prepared
at the time t = 0 as a normalized eigenstate Y of the unperturbed Hamiltonian Hy. The
amplitude a(t) for finding the initial state in a measurement at the time t is the matrix
element

alt) = (Ve nHey) (9.38)
We use the theorem of residues and represent e~ wHt asan integral along a curve I' which

surrounds the spectrum in the complex plane in the counter-clockwise direction.

i 1 i 1
“wHt — ) dze wtr .39
¢ 27[1 %r ze z—H <9 3 )

The formula can easily be verified with the theorem of residues in the case of a discrete

spectrum HA, = E Ay, with W(0) =) | Andn
1 ; 1
Py d Tt /\n n —
2mi g% ze t z—H w

— ﬁz% dze—%ztz_ Anbn = Z/\nlpne WE

and holds also for a continuous spectrum.
The negative resolvent (z — H)~' can be written as a geometric series. Namely, one
has for operators A and V, provided A and A —V are invertible,

A-V) T=AQ-ATTV) 'T=1-ATTV)TA T = i(A‘V)“A1 (9.40)
n=0

on states on which the series converges. We thus write

1 > 1
Hin . 9.41
z—H z—HO— Zoz Ho t Z—Ho ( )

int

The powers of (z — Ho) "Hiy are easily applied to Y, since Y is eigenstate of ((z —
Ho)"Hine)?. With the notation

V(E)R = Jdp (E, p)P (9.42)

one has

E
Hu¥ = JdEdp At.p VZ( = ?

43
Y (9.43)

1 20 1 IV(E)?
(rche)T = g [ES T (9.44)
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Hence, to the matrix element (Y|(z—H)~"Y) only the even powers of (z—Ho) "Hiy
contribute.

1 B 1 IV(E)2\n 1
<Y|Z—HY> N ;(Z—Eo JdE z—E) z—Ey
V(E)]?

p— ) (9.45)

= (z—EO—JdE

For a(t) it then follows due to (9.38) and (9.39)

1

a(t) = 2—m+rdze_ih1t

1
z—Eo + [dE MEE

(9.46)

We choose the path of integration I' around the spectrum in the counter-clockwise
direction such that we traverse with fixed imaginary part € > 0 the points z = x + ie
from x = oo to x = —oo and then the points z = x — ie from x = —o00 to x = co. Then
the complex path integral is the difference of two integrals along the real axis.

The integral does not depend on € and we evaluate it in the limit € — 0+.

i [ s 1
t) = lim — | dx(e ntlxtie) — — 9.47
alt) = lip, 271Joo M x+ie — Eo + [dELAES (€= =) (04D

E—x—ie

As shown in appendix A, the denominator

V(E)]?
f(x) =x+ie—Ep + JdEEy(in, (9.48)
—x — 1€
tends in the limit € — 0+ to
V E/ 2
f(x) =x — Eo + ][ dE/% +imV(x)]? | (9.49)

where § denotes the principal value integral. The denominator f does not vanish if V(x)
is small enough such that no bound state exists, which solves the gap-equation (9.36).

The second contribution to a(t) which is obtained with € replaced by —e yields the
complex conjugate denominator f*. Therefore the integrand is of the form

1 fr—f

eiﬁtx(¥ o f_*) = eiihtx( ff* ) (9-5())

and a(t) is of the form
a(t) = JdE e~ wEYF(E)? (9.51)
F(E) = VIE) : (9.52)

E—Eo + f dB/MMEZEE 4 iv(E) 2
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Due to the coupling to the continuum the decaying state is no longer an energy
eigenstate, but a resonance similar to the Lorentz resonance, because for small transition
amplitude V(E), F(E) is nearly the function Fpoent,(E) given in (9.6). The deviations
from the Lorentz resonance lead to deviations from the exponential decay.

In the denominator of F(E) the real part dominates

V(E'+ )1

= (9.53)

f(E) :E—Eo—i—J[dE/
except in the small neighbourhood of the root E of f(E). The numerator V(E) eliminates
the unphysical aspects of the Lorentz resonance. It ensures that the energy wave function
vanishes for E < E,;;;, and improves the high energy behaviour, such that HY has finite
norm. Then there exist the expactation value (H) and the uncertainty Ay, however,
these quantities depend on the behaviour of V(E) for E # E and need not coincide with
the resonance energy and the width.

If in the neighbourhood of the root of f(E) the imaginary part of the denominator
of F(E) does not vary strongly, we can approximate it there by 7V(E)|? and obtain
approximately

F(E) ~ VIE) (9.54)

(E—E)(1+0¢ dE/'VE7+E) + irt|V(E)[]2

with the resonance energy E, which is defined implicitly by the gap equation f (E) =0,
and the width .
27t [dp |v(E, p)|?

= ST (9.55)
1+ 0 jt dt/dp———%
To lowest order this is the Golden Rule.
Motden Rule = 27 JdEdp 5(E — E) [(Aep Hiue Y) 2 (9.56)

The decay rate of a state, which decays by transitions into a continuum of energy states,
is a 27-multiple of the integral of the square modulus of the transition amplitude v(l::, P)
at the resonance energy E times a delta function for the conservation of energy. More
exactly, equation (9.52) shows that the decaying state is not an energy eigenstate but a
resonance similar to the Lorentz resonance.

This derivation of the Golden Rule shows that an exact computation of the transition
amplitude (Ag ,/HineY") at higher order in perturbation theory is to be supplemented by
an exact computation of the time behaviour of the decaying state. The Golden Rule is
valid to lowest order of the transition amplitude.

The approximation (9.54) assumes not only that V(E) is small, but also that V(E) is
smooth and is not by itself a Lorentz resonance with resonance energy E; and width TI7.
Otherwise the denominator f(Eq) ~ (E; — Eo) in (9.52) suppresses the contribution of
the resonance at Ey to be sure, but if the width I is small against 27|V(E E)|2, first the
state Y decays quickly as a resonance with energy E up to a small, longer living remnant
of the resonance with energy E; and width T75.
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9.5 General validity

In (9.51,9.52) we have computed in full generality the amplitude for some normalized
state W(t), which as a wave packet is composed of continuous energy eigenstates, to
coincide with the state W(0). Namely, let the normalized initial state ¥ = W(0) be
composed of continuous energy eigenstates of the Hamiltonian H. The projector

P=|Y)Y|, PP=P, 1 =P+ (1—-P), (9.57)
is used in the definition of the unperturbed Hamiltonian
Hy =PHP + (1 —P)H(1 —P) . (9.58)
The state Y = PY is a normalized eigenstate of Hg
HoY = PHPY = Y(Y|HY) = E,Y (9.59)

with eigenvalue Eg = (Y|HY'), which lies in the continuum of the eigenvalues of Hy.
The interaction
Hiy,. = H—Hy =PH(1 —P)+ (1 — P)HP (9.60)

makes transitions from Y to states orthogonal to it.

So every state YV and every Hamiltonian H with continuous spectrum satisfy the as-
sumptions we made in section (9.4). By choice of the arbitrary state Y the function F(E)
in (9.51) with the restrictions F(E) =0 for E < Ey, and [dE|F(E)|* =1 can be chosen
arbitrarily. Therefore the amplitude usually does not decrease exponentially.

The state decreases exponentially if the amplitude v(E, p) for the decay into the con-
tinuum of the decay products is small and does not show resonant behaviour by itself.

9.6 Decay of moving particles

In relativistic quantum mechanics the Hamiltonian H = cP? is a component of the four-
momentum. To Lorentz transformations A, which satisfy A% > 1 and thus do not
reverse the time direction, there correspond unitary operators U(A) which represent the
Lorentz transformations on states with integral spin.

U(AAT) = U(AZ)U(A) (9.61)

For half-integral spin and for Lorentz transformations which reverse the time direction
the situation is more involved [3, chapter 2]: time reversal can only be realized as an
antiunitary transformation and on states with half integer spin the universal covering
group SL(2, C) of the Lorentz group is represented. These complications do not matter
here, however.

The unitary transformations generate time direction preserving Lorentz transforma-
tions of the four-momenta

U "(A)P™UA) = A™,P™ . (9.62)
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Hence, applied to a four-momentum eigenstate @, with P™"®,, =p™d,,, U(A) gives an
eigenstate with Lorentz transformed four-momentum.

PPU(A)D, = U(A)A™, P D, = A™ p"U(A)D, (9.63)

For decaying particles which move with velocity v it follows from this that their lifetime
T, is increased by time dilation.

The relation is not mathematically exact due to quantum mechanical reasons. Strictly
speaking, a particle at rest cannot be prepared, to this there would correspond a constant
and thus non-normalizable position wave function. If in order to keep the localization
energy small one works with wave functions which are constant in a large domain and
go to zero outside the domain, a Lorentz transformed observer sees the state in this
large domain before and after a long period of time. If the idealization that the state
decays exponentially has already been made, then for a Lorentz transformed observer
there corresponds to this decay a wave function which increases exponentially in the
opposite direction of motion of the particle. One encounters similar difficulties if one
wants to describe a decaying state as a momentum eigenstate and as an eigenstate of a
non-hermitean Hamiltonian. If the energy has a negative imaginary part, the Lorentz
transformed state has a complex momentum eigenvalue. The corresponding wave func-
tion then increases exponentially in some direction.

If one considers wave packets and works with normalized states, the amplitude a(t)
(9.4) is time-dependent already for stable particles. This is because wave packets of free
massive particles spread in time since they are composed of parts with different momenta
and thus different velocities. Apart from this the amplitude

(W, (0)[¥y(t)) (9.65)

of a state moving with velocity v is time-dependent simply because it moves with velocity
v and thus overlaps less and less with the wave packet at time t. In order to determine
the amplitude of the state to still be present at the time t for a nearly monochromatic

wave packet, ¥, (t), one therefore has to compare with the state e_hﬁVt‘P\,(O) shifted by
x = vt (5.26).

ay(t) = (e FPYL(0)[W, (1)) = (W, (0)]erPVte "MW, (0)) (9.66)

One obtains the states W, moving with velocity v from states Wy at rest, they are
eigenstates of the spatial momentum PW¥, = 0, by means of the unitary transformation

Y, = U(AWV))Y , (9.67)

which belongs to the rotation-free Lorentz transformation A(v), for instance

rl i)
Aw) = [ VimE e

—_0<

(9.68)
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for a state moving in x-direction. ¥, is no momentum eigenstate if ¥, is unstable, since
Yy is no energy eigenstate.
If we insert (9.67) into (9.66) and employ (9.62), it follows with w,, = (ct, —vt,0,0)

(WolU e RumPT UWo) = (Wole™ RumU P Uy — (o wum APy ) (9.69)

From u,A™ P = /1 — z—i tcP? and cP® = H we finally obtain

Clv(t) = <\yo|€7%1 v 17‘C)étH\yo> = ao(\/ 1— ﬁt) . (970)

So the moving particle decays more slowly than the one at rest. If the probability of
survival of the particle at rest decreases exponentially with a lifetime T, i.e. if [ag(t)|?> =

Sz,
2 _ c

e~ =, then one has for the moving particle |a,(t)[* =e "= . So it has a lifetime of

Ty = —F/— . (9.71)

There is no universal answer to the question whether the acceleration influences the
lifetime or whether quantum mechanical particles are ideal clocks and measure the length
of the world line. One has to expect that the kind of acceleration is essential. For example
a magnetic field changes the energy differences of atomic levels. Therefore acceleration
in a magnetic field changes the rates of clocks which measure the time by counting
atomic transitions. If one brings to mind that the notion of proper time makes use of
the localization of the clock on a world line, but that such a localization at different
times contradicts quantum mechanics, one realizes that already the question whether
quantum mechanical clocks measure the length along a world line is problematic.
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A lim o, ' =PV{—ind(x)

In order to examine the limit lim¢_, o X—:T we apply - ji - = X)Z:f:z to a real test function
t(x).

The imaginary part is identified by substitution of variables.

qum—:i—:—Jﬁw@Q——l—z:ﬁ@ma}uua)

x? + €2 € 1+ (%) 1+ x2

For continuous, bounded test functions t(x) this tends for € — 0+ to

—t(0) L j—xxz =—7t(0) = — det(x) 7o (x) . (A1)

The real part 72— is an odd function of x. Hence, applied to a test function t(x) which

decreases fast enough for large x, only the odd part xt(x) of the test function contributes.

t(x) — t(—x) = 2x t(x) (A.2)
det(X) 5 :_ = :J % Xt(XX)Z——'—X;EE—X) de1 fx_;t(x)
= Jaxtx) — el [a(¥)—rte() (43)

For differentiable test functions t, t is continuously completed at x = 0 and assumes the
value g—i there. The integral over t is the principal value PV% integrated with a test
function t(x).

del t) —t=x) _ lim (J_edx tx) + JOO dx @) = ][ dx ) (A.4)

2 X e—0+ ) o X te X X

This proves the assertion.

1
lim

1
— =PV — —ind(x) (A.5)
e—0+ X+1€ X



)
B |imtﬁm% — 715(x)

The integral with a test function f(x) is written as
.2 )
sin” tx X, sin”x
—— = [dxf(=

(tx)2 J (t) x2

and, if f is a continuous and bounded test function, it tends for t — oo to

in?
def(x) > tx(;cx) = Jtdxf(t%)

sin® x

£(0) de — £(0)7 .

x2

So one has




C Remark on Fourier transformation

Fourier transformations map square integrable functions 1 unitarily to square integrable
functions

~ dy d o
blx) = J%{ EVP(y), i) = j%[ e (y) 1)
because the scalar product
~ ~ d . o
Jitx 00 = [ duay’ T e e (i) (€2)

coincides due to (5.50) with the original scalar product [dy ¢*(y)(y). Because of

f(x) = f(—x) a Fourier transformation repeated four times leads back to the original
function f. Since the Fourier transformation is unitary, it can only have eigenvalues

A with absolute value 1 which moreover satisfy A* = 1. So the possible eigenvalues
are +1,4i. If one decomposes a function f = g + u into an even g(x) = g(—x) and
an odd u(x) = —u(—x) part, one can write f as a sum of four eigenfunctions under

Fourier transformations with eigenvalues +1,4+i: g = 1/2(g + g) + 1/2(g — g) and
u=1/2u—iu) +1/2(u+iu).

It is therefore not exceptional that Fourier transformations map a function such as
the Gaufl function to itself.



D Derivative of the determinant

The determinant of a matrix M is a polynomial function of the matrix elements M.
From its definition

det M = €i1izminMi]1Mizz...Mi“n (Dl)
it follows by differentiation that
0detM . N . )
ML €1y, iy in M1 M MY MY (D.2)
j

If one multiplies this derivative with M'; and sums over i, one obtains again the de-
terminant, if | =j. In all other cases 1 # j one obtains zero, since in the sum with the
e-tensor MYy already occurs and since € is totally antisymmetric. These observations

suffice to identify the derivative aad,fflz\j/l.

ddet M
oMY,

=det M(M 1)} (D.3)

Together with the chain rule one obtains the derivative of the determinant of matrices
M () which depend on a parameter

dndet M(a) = det M(M ™)1 3, MY . (D.4)

If for « = 0 the matrix is M(0) = 1, as in one-parameter matrix groups, then the
derivative of the determinant at o« = 0 is the trace of the differentiated matrix 0oM,__,

dudet My =1-850,MY__, =0, MY, =tr 0 M,_, . (D.5)

jl(x:O
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