ASK A FOOLISH
QUESTION. . .

Herman Feshbach and
Vicror F. Weisskopf

Quantum physics holds a unique
position in intellectual history as the
most successful framework ever de-
veloped for the understanding of nat-
ural phenomena. Devised more than
60 years ago, it has been used to study
the world of the atom and the mole-
cule, the physics of chemical reac-
tions, the properties of the various
forms of matter—liquids, solids and
gases. Quantum mechanics has been
applied to determine the structure of
the nucleus and the nucleons, thus
extending its range of validity from
systems of macroscopic dimension to
systems whose radii are of the order of
10-3 cm. Quantum electrodynamics,
the study of the interaction of electro-
magnetic radiation with matter, has
been verified to 10~ ' em. Yet one
finds statements in the popular and
not-so-popular literature, as well as
by some philosophers, that quantum
theory is not deterministic and that it
is acausal. In a recent publication a
writer states: “At the level of atoms
and nuclear particles, quantum me-
chanics replaced surety with uncer-
tainty. Researchers learned that
events within that minuscule realm
do not flow smoothly and gradually;
rather they change abruptly and dis-
continuously. Nature became a game
of probability.”

That assessment is vastly exagger-
ated. Surely certain quantities can
only assume discrete values, such as
the angular momentum, or nearly
discrete values, such as the energy of
atomic states; surely some predictions
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about certain quantities are some-
times probabilistic. It does not follow
that the predictions of quantum me-
chanics are necessarily uncertain. In
fact quantum mechanics leads to ex-
tremely accurate results; for example,
it predicts the energy of the hydrogen
atom in its ground state to one part in
10", Such results follow from the
fundamental equation ifiv = Hv,
whose solutions are unique, contin-
uous and incorporate the principle of
causality. The wavefunction ¢ of a
given state incorporates all there is to
know about the system in that state.

To make use of the fundamental
equation one must relate the wave-
function to observations of the sys-
tem. Quantum mechanics provides
the rules for determining the initial
wavefunction from the initial condi-
tions and the rules for predicting the
results of observations at a later time.

The proponents of an acausal inter-
pretation will point to the Heisenberg
uncertainty relation and to Born's
probabilistic interpretation as exam-
ples of the indeterministic character
of quantum theory. Let us now look
at the significance of these conse-
quences of quantum mechanics.

At the conceptual level, the most
important issues that serve as the
cornerstones of a physical theory are,
What are the questions that make
sense and thus can be answered? and
its corollary, What are the relevant
degrees of freedom? Ask a foolish
question and you will get a foolish
answer. It was the great discovery of
Galileo and Newton that acceleration
is the fundamental quantity of inter-
est. From this followed the notions of
inertial mass and force. Other char-
acteristics, such as the shapes of the
bodies under study, are of secondary
importance. The sensible question
posed by classical mechanics is, What
is the position and velocity of a
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particle at a certain time, given its
position and velocity at an earlier
time? Even in classical mechanics
this question generally cannot be
answered with complete precision.
As we now know from the studies of
deterministic chaos, for many me-
chanical systems two orbits whose
initial conditions differ infinitesimal-
ly will separate exponentially with
time. If under these circumstances
one were asked to predict the position
and velocity of a particle, the initial
conditions would have to be given
with an accuracy that cannot be
achieved physically. Thus, for sys-
tems exhibiting chaos, a more sensi-
ble question is, Given the distribution
of positions and velocities of a system
at a time f, what is that distribution at
another time separated by a finite
amount from t? Even in classical
mechanics probability distributions
are obtained in such cases.

Observations are formulated in the
language of classical physics because
that is the language used to record
measurements with macroscopic in-
struments. That statement does not
imply that the measuring instru-
ments follow classical physics instead
of quantum physics, a wrong opinion
some writers ascribe incorrectly to
Bohr. Instead our statement implies
that the special nature, in particular
the larger size, of measuring instru-
ments allows the description of their
behavior in classical terms. But clas-
sical physics concepts are not always
appropriate for the description of
atomic situations. Thus the results of
measurements may not fully describe
the atomic reality.

Quantum mechanics was discov-
ered by Heisenberg when he realized
that certain questions were not ad-
missible even in principle. Designing
an experiment that would measure
simultaneously and precisely the po-
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sition and momentum of a particle is
not possible. Quantum mechanics
states that such proposals, and the
equivalent for any pair of canonically
conjugate variables, are not sensible.
If one asks such an inappropriate
question, quantum mechanics pro-
vides a probability distribution rather
than a definite answer. The Heisen-
berg uncertainty relations are sign-
posts saying: “You are allowed to use
classical conjugate variables up to
here, but go no further. The use of
such variables beyond this limit is
inappropriate. If you ask an inappro-
priate question, you get a probability
distribution as a response.” On the
other hand, if an appropriate question
is asked, quantum mechanics gives a
crisp, precise answer such as the
energy of a hydrogen atom in its
ground state.

A word about quantum jumps. It is
often said that an atom abruptly
jumps from an excited state to a lower
state, but the time of the jump is
distributed according to a probability
law. This is a response to an inappro-
priate question: When did the elec-
tron change its state? The energy of
the excited state is reasonably well
defined, and therefore the time of the
quantum jump is correspondingly un-
defined within the lifetime of the
state. The quantum state is given by
the state function

W =alti, + b,

where ¢, and ¢, are the state func-
tions of the upper state a and the
lower state b. ¥ changes continuous-
ly. There is no jump; a(t) is a decreas-
ing and b(¢) is an increasing function
of time. The probabilities of finding
the atoms in a or b are |a|” and |5/~
Thus the answer is probabilistic.

The same is true about a particle
undergoing radioactive decay. Its en-
ergy is defined with great but not
infinite accuracy. But the time at
which the decay occurred is predict-
able only with wide margins. Asking
for the exact time of decay is an
inappropriate question. Quantum
mechanics distinguishes questions
that are appropriate for a given ex-
perimental situation from those that
are not. The former will have an
exact answer; the latter will have a
probability distribution as a response.
Once this is realized the paradoxes
traditionally discussed are readily
resolved.

Another source of misunderstand-
ing is the attack on the superposition
principle posed by the Schrodinger’s
cat paradox. The state vector describ-
ing the cat is a superposition of a state
in which the cat is alive and one in
which it is dead. This superposition

expresses the obvious fact that we are
not sure whether the cat is alive or
dead. The foolish question asks if
there can be interference between the
two states. There cannot be any since
the two states are of such complexity
that any overlap is negligible. How-
ever, such interferences are of impor-
tance in simpler macroscopic situa-
tions, such as the Josephson effect.
The Einstein-Podolsky-Rosen ge-
danken experiment provides another
example. Two particles of spin ', are
emitted in the spin-0 state from a
source and move in opposite direc-
tions. Obviously the two spins are
oriented opposite to each other. But
it is typical of quantum mechanics
that the question, In what direction
are the spins opposed to each other? is
inappropriate. The spins are distrib-
uted with equal probability over all
directions, as one can show by using
thoroughly tested properties of spin-
'/, particles. Only if the spin of one
particle is measured and found to be
+ Y% in the x direction can one
conclude that the other particle must
have opposite spin in the x direction.
Quantum rules then predict the prob-
abilities for the measurement of the
spin of the second particle in any
other direction. Had the spin of the
first particle been measured in a
different direction, the probability
distribution of the second would be
different. Thus the measurement of
the spin of one particle is correlated
with the probability distribution of
the spin of the other, even if it is far
away. It is highly improbable that
any experiment testing these spin
correlations would contradict the pre-
dictions of quantum mechanics since
those predictions rest on well-estab-
lished properties of spin-%, particles.
Perhaps deviations from quantum
mechanical predictions will be uncov-
ered eventually. But that will involve
studies for a range of experimental
parameters that have not yet been
investigated. In the investigated
ranges, quantum mechanics has been
more than amply verified. It will not
be easy to discover deviations since
one’s inclination will be to blame any
observed deviation on the Hamilto-
nian employed rather than on the
quantum mechanical framework.
After all, quantum mechanics was
created because of the striking incon-
sistencies with classical electromag-
netic theory and classical mechanics
posed by the photoelectric effect, the
Compton effect, the properties of
blackbody radiation. atomic spectra.
the Franck-Hertz effect and so on.
Such massive paradoxes do not exist
at this time, and there is precious
little evidence for a breakdown n
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