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Robertson’s derivation of the
indeterminacy relation
Heisenberg’s indeterminacy relation got in 1929 a
precise formulation due to Robertson.
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1. Overview

In his article ,, Uber den anschaulichen Inhalt der quantentheo-
retischen Kinematik und Mechanik“[1] (on the intuitive! content
of the quantum-theoretical kinematics and mechanics), Werner
Heisenberg was the first to derive indeterminacy relations between
those observable quantities, whose’s matrix elements don’t have
well-defined values at the same time in the quantum-theoretical
formalism. He demonstrated, that these relations hold between
those quantities, which are not accessible to precise measurements
at the same time.

! Heisenberg used the notion ,,anschaulich® and ,, Anschaulichkeit* not only
in the title of his article, but also very often within the text. There is
no counterpart for that word in english language. It combines a hint to
»intuitive* and something like ,, visualization®.
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Heisenberg emphasized — as announced in the title of his article
— visualization and intuitive clarity of his considerations. A formal-
ly more precise form of the indeterminacy relation was proposed
in spring 1929 by Howard Percy Robertson in his article ,, The
Uncertainty Principle“[2]. In the section , Indeterminacy relation®,
that relation will be derived as proposed by Robertson. And we
will prove that it is valid for arbitrary hermitian operators and
arbitrary state functions.

Upfront in the section ,,Basics“ some fundamental notions of
quantum theory are compiled, not least to define the notation
which will be used in the sequel. Then in section ,, Indeterminacy* a
quantitatively exact definition of the indeterminacy of a measurable
quantity is presented. This is a purely formal definition; we will
not comment on the intricate epistemological and philosophical
questions, which are related to that key notion of quantum theory.

2. Basics

2.1. The scalar product of state functions

The state functions |1)) of quantum theory are elements of a vector
space H over the complex numbers C. They are called state
functions, because they contain informations on the state of a
physical system. The scalar product S of the state functions is
defined as a bi-linear map from H onto C:

S:H—-C
S(1¥),1¢)) = (o[¢) € C with [¢), |$) € H (1)

These are important properties of the scalar product (the star*

indicates ,,complex conjugate®):

(0ly) = (Plo)* (2a)
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(Yl¢) 20 (2b)

(Pl +x) = (dl¥) + (¢lx) (2¢)

(Pleyy) = c(oly) withceC (2d)

(coly) = c <<z>\w> with c € C (2e)

Do) = (224 + (61 2) (21

Because of (2a), the scalar product of a state function with itself
is in any case real:

(Y1) = (YlP)" e R 3)

Thus (2b) is sensible. Furthermore we prove the Cauchy/Schwarz
inequality

(Wle)(ely) = [{Ylo)* < (Wlv)(dle) | (4)

which is valid for arbitrary vectors |¢)) and |¢). In case of 1)) = |¢)
the inequality holds trivially. Therefore only the case |¢)) # |¢)
needs further consideration. Then at most one of the two vectors
can be the null-vector (which is the only vector with (0|0) = 0).
Without loss of generality, we stipulate

(9l¢) # 0 ()

for the following proof. For arbitrary vectors € H, and for arbitrary
c € C, we have

2b)
0 < (Y +chlY + co)
< (PlY) + @Y) + c(b|@) + c*elp|d) - (6)

Because of ¢*(6l) ‘2 (c(1[¢))", we have (¢*(gl4) + c(i]s)) €
R. And of course c*c{¢|¢) € R holds for the square modulus.
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Consequently we may subtract ¢*(¢|v) + c(v|p) + c*c(p|p) from
both sides of the inequality:

—cN(B|) — c(p|d) — cTe(9ld) <(Y[v) (7)
With the definition
BY) . _ . (W19)

cz—d-<¢‘¢>,cz e with d € C (8)
we find
PRI ) g \Yle) L (olv)
(d* +d—d'd) - (Y]¢)(l) < ([v){d]9) . (9)

As we want to get the inequality as strong as possible, we look for
the maximum (d* + d — d*d). Using the definition

d=a+1ib witha,beR, (10)
we find:

(d* +d—d*d) = a—ib+a+ib—a® — b
=21 —a®> -1

is maximum for b=0and d=a=1. (11)

This proves the Cauchy/Schwarz inequality (4).

2.2. Operators

A map
A:H—-H

Alp) = |¢) with [¢),|¢) € H (12)
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is called an operator. We often will alternatively use this notation:

|Ay) = Al) (13)

If the considered system is described by the state vector |¢), then
the expectation value or mean value of the operator A is defined as

(]| Ag)
(¥]¢)
To simplify our formulas, we will in the sequel exclusively use nor-

malized state functions, which are defined by (¢|¢)) = 1. Thereby
(14) simplifies to

(A)y =

eC. (14)

(A)y = (Y[Ay) e C. (15)

To each operator A an adjoint operator A% is assigned due to the
relation

(ATgly) = (p|Ay) . (16)

2.3. Hermitian operators

In case of AT = A, the operator A is called self-adjoint or hermi-
tian.

Definition: A is hermitian <= A" = 4 (17)

Now we are going to prove: The expectation value of an operator
is real for arbitrary state vectors, if and only if the operator is
hermitian.

(A)y = (WIAY) ERVIB)eH > AT=A  (18)

First we demonstrate, that the expectation value of an hermitian
*

operator A is necessarily real, by demonstrating that (4), = (4)},
holds:
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(A "2 (w1 ag) 2 Aty © (agf) E @Ay S ay;
(19)

In inverse direction, the proof is only slightly more difficult. We
must demonstrate that A is hermitian, if it’s expectation value
is real for arbitrary state functions. For that purpose, we first
calculate the expectation value (A), for the state |x) = [¢) + c|¢)
with ¢ € C:

(A) 2 (x| 4x)
Q) () A + (DAY + c(|Ad) + Felp|Ad)  (20)

We stipulated (A), € R for arbitrary state functions. Thus the first
and the fourth term on the right-hand-side of (20) are certainly
real. Therefore also the rest of (20) must be real, and consequently
identical with it’s complex conjugate:

(B AY) + o] Ad) = ¢8| A" + ¢ (] Ag)"
) cAvl) + cAgly) (1)

Alternatively, we can write both terms by means of the adjoint
operator A*:

(16)

{(DlAY) + c(P|Ad) = " (ATol) +c(ATlg)  (22)

Only if A is hermitian, both (21) and (22) hold at the same time
for arbitrary ¥, ¢, ¢

(17)

(A)y eR CLE2 4+~ 4 A is hermitian. (23)
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2.4. Antihermitian operators

As our last step in preparation for our discussion of the indeter-
minacy relation, we now will demonstrate that the commutator
of two hermitian operators is antihermitian, and it’s expectation
value is imaginary for arbitrary state functions. For that purpose,
we first define what is meant by an antihermitian operator C':

Definition: C is antihermitian <= C* = -C (24)
We consider the commutator of two hermitian operators:
(AB — BA) with AT = Aand BT =B (25)
The expectation value of (AB — BA) for an arbitrary state function
) is
(WI(AB — BAW) ) (WIABY) - (4|BAY)
2 (AtylBY) - (B*|Ap)
2B AT Y| - (AT BFYl)
Y —((A*B* — B AN ly)
2 (4B - BAy|v)

(16)

= ((AB — BA)"y[y)

= (AB—-BA)t = —(AB— BA). (26)
Thus the commutator of two hermitian operators is antihermitian.

The expectation value of an arbitrary antihermitian operator is
imaginary for arbitrary state functions.

(Chy = (PICY) = (CTY[) = —(CYly) = —(Y|CY)" = —(C)},
= (CO)y is imaginary, if CT = - C . (27)
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3. Indeterminacy

Quantum theory assigns to any observable quantity a hermitian
operator. If the operator A is assigned to an observable quantity,
and if the considered physical object is in state |¢), then the mean
measured value of that quantity will be the expectation value

(A)y = (V[Ay)  €eR. (28)

Thereby ,, mean measured value®“ indicates, that in general not each
measurement will give the result (A4), . Instead the measurement
results will scatter around (A), , and only the mean value of many
measurements will be equal to (A), .

We now are looking for an appropriate expression to quantify
how the measured values scatter around the mean value. A poor
expression would be the mean deviation from the mean value,
because that is zero:

(A= (Ap)y = (A)y = {A)p)yp = (A)y = (A)y =0 (29)
A much better expression is the mean square deviation:
(A= (A)y)? )y = (A% = 24(A)y + (A)] )y

(
= (A% — 2(A)y(A)y + (A)]
= (4%), — (A)? (30)

Therefore we will quantify the scattering AA, of the measured
values around the mean value in state 1 due to this

Definition: AAy = +\/< (A—(A)y)2)y = +\/<A2>w —(4)2 (31)
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4. Indeterminacy relation

Let A and B be hermitian operators. We define the hermitian
operators

A'=A-(A)y, and B'=B-—(B)y, (32)

and apply the Cauchy/Schwarz inequality (4):
2
(A'p|AY) (BY|B'Y) > (AG|BY)BYAY) = [(A]B'v))

As the hermitian operators A’ and B’ are self-adjoint, we may
write this inequality as

(VA AG) (0B BY) = (AAL(AB,) = [(Av[B)| . (33)

Here (32) has been inserted, and the definition (31) was applied.

According to Pythagoras’ theorem, the square modulus of a
complex number is equal to the sum of the square modulus of it’s
real part plus the square modulus of it’s imaginary part. Using
this theorem, we expand the right-hand-side of (33):

") A Blg) (Bl A = (34a)

(B'p|A"Y) 2 ‘ ‘ (A'Y|B'Y) — (B'Pp|A'Y) |2 ’

(| B'y)

_ ‘ (A")|B"p) +
- 2 2

We first analyze the nominator of the real part:

(AY|B'Y) + (BY|A'Y) = (W] A'B'y) + (| B'Ay) E

= (YI(A — (A)y)(B — (B)y)¥) + (Y[(B = (B)y)(A — (A)y)¥) =
= (Y[(AB — (B)yA — (A)y B + (A)y(B)y|¢)+

+ (WI(BA = (A)yB — (B)y A+ (B)y(A)y|v) =
= (AB+ BA)y —2(A)y(B)y (34b)
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Next we analyze the nominator of the imaginary part of (34a):

(A"P|B'yp) — (B'p|AY) =
= (V[(A = (A)y)(B = (B)y)¥) — (Y[(B = (B)y)(A = (A)y)¢) =
— (AB — BA), (34c)

Inserting (34) into (33), and computing the positive square root,
we get

AA, - ABy >
> 1 s+ Bay, - 20a,8), [+ s - a3

This form of the indeterminacy relation has been indicated in 1930
by Schrédinger [3].

Robertson started as well from the Cauchy-Schwarz inequality
(33), but then he proceeded like this: He assumed that the operators
A and B can be written as functions of the operators z,y, z of
position and %g—z, %g—y, %% of momentum, integrated (33) by parts,
and neglected the surface term of his result. Thereby he arrived at

1
AAy-ABy > 3 (AB - BAy| | . (36)

Obviously we arrive with Schréodinger’s simpler and more general
method at the same result, by simply neglecting the first square
modulus under the root in (35). Let’s estimate the value of that
term:

(AB+BA), —2(A)y(B)y| =

=|(AB - (B)yA) —(A(B), - BA>w‘ (37a)

(]
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If the commutator [A, B] = 0, then (37a) is zero, and the right-
hand sides of (35) and (36) both are zero. If [A, B] # 0, then we
will in most cases still have

(4B - <B)¢,A>w — (A(B)y - BA>w‘ < [(AB - BA)y| . (37b)

If we want to have a slightly stronger inequality than Robertson’s
result (36), then we can of course use Schrodinger’s full inequality
(35) with no term neglected.
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