
Found Phys (2016) 46:1495–1501
DOI 10.1007/s10701-016-0031-x

Looking for the Source of Change

L. S. Schulman1,2 · M. G. E. da Luz3

Received: 26 February 2016 / Accepted: 23 June 2016 / Published online: 29 July 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract In most theories of the quantum measurement process changes in an
observer’s perception of a state can take place without forces, as for example if a
state is prepared in an eigenstate of Jx (x component of angular momentum) but Jz is
measured. In the “special state” theory (explained in the previous article) any change
in wave function requires forces. This allows experimental tests to distinguish these
ideas and in the present article two examples of such tests are considered. The first is a
kind of double Stern–Gerlach experiment, the second a check for angular momentum
changes in a polarizer.

Keywords Special states · Arrow of time · Foundational experiments

1 Introduction

A companion article [1] includes an introduction to the special state theory of quantum
measurement—basically that there is no such thing as ameasurement, and there is only
unitary time evolution [2]. In this the theory is similar to themanyworlds interpretation,
except that there is only one world. How this can be is explained there. The principal
feature we focus on here is the fact that while most theories of the measurement
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process allow force-free changes in the observer’s perception of the value of certain
observables, despite their being conserved, the special state theory does not.

The fact that both “Copenhagen” and “manyworlds” allow changes in an observer’s
perception of an observable’s value should come as no surprise. As an example, con-
sider angular momentum. Let a Stern–Gerlach apparatus measure the z component of
angular momentum (Jz) and send in an atom with its spin already oriented in (say) the
+z direction. There is no transfer or change in the world’s total Jz and in particular no
transfer of z component of angular momentum between atom and apparatus. The same
is true if the spin is sent in oriented in the −z direction. Now send in a superposition
such that the orientation is (say) in the x direction. By the superposition principal,
there is still no transfer of angular momentum. However, to an observer there has been
a change: from (the perception of) Jz = 0 to Jz being plus or minus h̄/2. (More details
of this argument are given below and in [1].)

Section 2 of this paper considers details of a double Stern–Gerlach experiment in
which the detection of an appropriate signal would support the special state theory
over the alternatives. Following that, Sect. 3 considers whether a similar effect could
be noted for photons, using polarization, or angular momentum, as the conserved
quantity. The last section is a discussion.

2 Angular Momentum in the Stern Experiment

This involves a double Stern–Gerlach (SG) experiment, with something similar having
been performed by Stern, Segrè, Frisch and Phipps in the early 1930s [3]1 in Stern’s
Hamburg laboratory. In our proposed setup one magnet prepares the spins (riding on
K or Ag atoms) at some angle by appropriate orientation and by discarding half the
output beam. A secondmagnet analyzes them along a different direction. The practical
challenge in [3] was to create a region of zero magnetic field—otherwise the spins
follow the field direction adiabatically.

The spin state, between magnets, can be taken to be

uθ = eiθσx/2
(
1
0

)
= cos

θ

2
|↑〉 + i sin

θ

2
|↓〉 , where σx =

(
0 1
1 0

)
(1)

is one of the Pauli spin matrices and θ is a real number, related to the configurations of
the twomagnets. Other ways of arriving at the state uθ are certainly possible, for exam-
ple Bohm’s version of the Einstein–Podolsky–Rosen experiment [4].2 For definiteness
though, we take the preparation to have occurred by means of a second Stern–Gerlach
setup. Also, for simplicity at this stage, we assume that the state in Eq. (1) really is

1 This article summarized previous work in which at first Phipps and Stern did not succeed [20] but later
Frisch and Segrè did [21]. The latter also relied on theoretical work of Majorana [22] in the analysis of the
experiment. Translations of [21] and [22] are available from LSS although they should not be relied upon
(the translator is not fluent in either language and relied on Google Translate for much of the task).
2 A spin-0 system decays to two spin-1/2 particles and the measurement of one of these shows it to be
spin-up (in the x direction). A measurement of the second particle made in another direction can be used
to define a z-axis.
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the state—this will be examined later. In conventional quantum mechanics no force is
required for a later reading of either spin up (|↑〉) or down (|↓〉),3 where we assume
the second magnet sorts the spins according to their z-axis orientation. For example,
in the many worlds interpretation (MWI) an observation of spin-up would lead that
(copy of the) observer to say, “Oh, I guess I’m on the cos(θ/2)|↑〉 branch.”

On the other hand, in the special state theory the wave function had to evolve under
unitary dynamics to the spin-up state (or spin-down, as the casemay be),meaning there
must be some Hamiltonian such that exp(−i Ht/h̄) takes it there. Bear in mind that
the Hamiltonian involves far more degrees of freedom than the spin alone. Moreover,
at the end of the experiment there is only one observer and no entanglement.

As emphasized in [1], among the rare states that might accomplish this one should
choose the least rare. To find such a state some familiarity with the experiment is
necessary. What needs to be accomplished is to have all atoms end in one of two
places, the targets for spin-up and spin-down on the final detector. This can be done in
a number ofways.Whatwe think happens is that amagnetic field acts on the spin before
it enters the second magnet and rotates it to an up or down configuration. But other
possibilities exist and we want to argue that they are less likely than that suggested.

Another scenario that might seem likely is a force that acts after the atom emerges
from the second magnet. At that point the wave function has divided into two portions
and if one of them is acted on by a force it could be sent to the target region of
the other. Since the final detector does not measure spin, but only location, this would
seem to accomplishwhat is needed.A rough calculation (based on typical experimental
conditions—about whichmore later) shows that at the exit from the secondmagnet the
separation of the two portions of thewave functionwould be about 1mm, big by atomic
standards. Itwould be traveling in the transverse direction at about 7m/s (in its principal
direction the velocity is about 500m/s). If the force acts for a microsecond, its strength
should be about 10−19 N. That such a deflection is possible seems reasonable—after
all, scattering by a single (other) atom could deflect it in pretty much any direction.
But this idea fails entirely because of entanglement. Whatever acts on this portion of
the wave function should not act on the other, since that is already traveling in the right
direction. This means that the degrees of freedom that apply the force to this branch
of the wave function are now entangled with those of the spin-bearing atom (see [5]
for similar issues in detection). For the special state theory residual entanglement is
forbidden. More complex interactions in which the the same degrees of freedom act
differently on the two branches of the wave function, which then separate unentangled,
seem yet more unlikely.

One could also imagine that the forces within the magnet are somehow changed.
But those forces are large, with the principal field about half a tesla and the gradient
more than 1 tesla per cm. By comparison—as we shall see—much smaller fields are
needed to rotate the spin before it enters the strong field.

We therefore turn to the idea that a short term magnetic force acts to bring uθ to |↑〉
or |↓〉 (up to phase factors). The first point to investigate is how large a field is needed.
Unfortunately we do not know much about the special state that does this rotating;

3 By “force” we mean force that affects angular momentum. For both up and down spin orientations there
will be very small, but different, forces in the z direction, conserving linear momentum.
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presumably it involves quite a few degrees of freedom. However, we do know that
in the end it must affect the spin through its interaction Hamiltonian which is simply
−µ · B. What will be demanded of the field is that it causes the angle in Eq. (1) to
rotate by an angle φ = −θ + nπ (with n an integer) in order bring the spin entirely to
an up or down state. Therefore we require that φ be at least of order unity, i.e.,

|φ| =
∣∣∣∣−µ · B�t

h̄

∣∣∣∣ = O(1) , (2)

where�t is the time duringwhich the special state acts. This assumes that B is roughly
constant during its action. From the known values of h̄ and µ this requires that

B�t ≥ 10−11 Ts . (3)

This is a lower bound. If, as argued in [1], the φ’s are Cauchy distributed then the
distribution has neither a first nor a second moment. This implies that occasionally
therewill be largevalues ofn (hence B) occurring,makingdetection easier. In an earlier
article [6] the expectation value for the angles involved in the kick are computed, but
the sums involved only exist when matching positive and negative kicks (n’s) are
added.4 As a result large fluctuations are expected.

Without knowing the source of the B field (in Eq. (3)) it is difficult to estimate
�t , but whatever it is, it must not be longer than the traversal time from one (SG)
setup to the next. The distance scale is centimeters (call it L and take L = 10cm) and
velocities are about 500 m/s,5 so that �t ≤ 2× 10−4 s. Using Eq. (3) this implies that
B must be at least 5 × 10−8 T or about 0.0005 gauss.6 This is about one thousandth
the earth’s field, but is well within the range of measurement. Presumably this field is
also time-dependent, so that by Maxwell’s equations there is necessarily an electric
field. From ∇ × E = −∂B/∂t we make the rough estimate E ∼ BL/�t ∼ Bv ∼
2.5 × 10−5 V/m.

A number of practical issues enter and it is not clear whether any of them presents
an insurmountable problem. Nevertheless, in the interest of full disclosure, We list
anticipated problems.

1. Vacuum. This measurement must be done in a vacuum. Molecular beams require
a good vacuum (10−6 Torr in the references mentioned in footnote 5).

2. Zero field along the way. In Stern’s double SG experiment [3] there was consid-
erable difficulty in creating a region of zero magnetic field, necessary to avoid
having the spins adiabatically follow the magnetic field.

4 The sum in evaluating the expectation is not absolutely convergent. It is of the form
∑N2

n=−N1
n/(1+n2).

So long as N1 = N2 the answer is zero, but otherwise it can be any real number.
5 The numerical estimates in our article are based on information in references [23–25]. There are dif-
ferences among them. References [23,24] are for contemporary students reproducing the experiment and
generally use K atoms and lower temperatures. On the other hand, [25,26] tell the story of the original
Stern–Gerlach experiment, which involved Ag atoms.
6 This corrects an error in [6] where a shorter time, hence larger field, was given. LSS thanks Amos Ori of
the Technion for pointing this out to him.
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3. Fluctuations in the field near the magnets. The fields along the principal direction
in the SG experiment is about 1/2 T, and the gradient about 1/6 T/mm. With such
strong fields you would need considerable stability to distinguish the relatively
small fields that provide the kicks. This is especially true for the regions where the
atom enters and exits the magnets, where considerable variation is expected [6].

4. Looking for the kick along the whole path. Using Eq. (1) we assumed a particular
orientation for the spin. But the onlyway of knowing this is the preparation process
itself. Therefore one must look along the entire path of the atom, from the exit
from one magnet, to the entry of the other.

5. Perhaps the magnetic field does its rotating after the atom enters the strong mag-
netic field. This too seems unlikely because it would demand a complicated
choreography involving both spin and translational degrees of freedom—once
in the field, its gradient tends to separate the differing spin components.

3 Angular Momentum for Photons

Consider an experiment with photons, using the relation of polarization to angular
momentum. Send a single circularly polarized photon through a birefringent crystal.
For definiteness, let the direction of motion be ẑ and the plane of incidence the y-z
plane. Let û ≡ (x̂ + ŷ)/

√
2 and v̂ ≡ (x̂ − ŷ)/

√
2. Then up to constants the electric

field of the photon at some time prior to its incidence on the crystal can be described
by E0φ(r)(û + i v̂), with φ a function of position. The photon thus has helicity 1,
i.e., angular momentum h̄ along the z-axis. Now let it pass through a beam splitter
(e.g., calcite) that separates it into S and P polarizations, in this case along the x̂
and ŷ directions, respectively. Each of these linearly polarized states has zero helicity
along the z-axis. If necessary, the exit angle of the P polarized field can be adjusted
so the direction of travel is collinear with the original source of the photon—this to
avoid issues of orbital angular momentum. Now someone measures this split photon
and finds it in one of two locations—the beam splitter breaks the photon into two
separated wave packets, as was the case for the Stern–Gerlach setup.

Conventionally, however, as for the Stern–Gerlach setup, the observer need not
see any force for this change. From the Copenhagen standpoint, since z-axis helicity
was not measured it was not defined. Of course it was prepared in a helicity state,
but that does not matter: Jz does not commute with the observable being measured.
From the MWI perspective we could again analyze the what would happen if linearly
polarized photons had been put through and then for the helicity state, after the mea-
surement, each (copy of the) observer would attribute the outcome to having been on
the appropriate branch.

For the special state theory these explanations do not work and to change the wave
function something has to act. The questions are, what is the least unlikely way for
this to happen and how to detect the appropriate force.

In general, changes in helicity are best accomplished through the collective action
of many atoms or molecules arranged in repeating patterns, as in a crystal. Assuming
that the special state is a cooperative effect of this sort, the mechanism would be
some unusual movement taking place within (say) the birefringent crystal. Given
current efforts at miniaturizing such devices the experiment may well be feasible.
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Microscopic birefringent crystals are now made [7] and transfers of tiny amounts of
angular momentum are being measured [8,9]. In fact, since the work of Beth [10]
showing that light’s angular momentum could be translated into mechanical energy,
there has been a remarkable level of miniaturization as well as applications [11–15].
Moreover, the mechanism of this detection, the torsion pendulum, is itself the subject
of recent activity, especially in connection with gravitational wave detectors [16–19].

The formof detection thatwe have inmindwould be the observation of the change in
the polarizer’s angular momentum. Since (in the special state theory) there is only one
world, a change in the photon’s angular momentum would have to be matched by a
change in the polarizing device. By coupling the miniature polarizer to a sensitive
torsion pendulum such a change could be detectable. There would be competing
sources of rotation, including thermal noise as analyzed in several of the papers cited.
While this experiment seems less feasible than the Stern–Gerlach test, the fact that so
much work is now being done with photons suggests that it might be attempted.

One factor that should be useful is the boson character of the photons. If one could
place a large number of them in the same state, the corresponding change in angular
momentum would be that much greater.

4 Discussion

In the special state explanation for the definiteness of quantum measurement there is
only unitary time evolution and only one world. This has experimental implications.
In particular, if the observer—the only version of this observer that there is—prepares
a state in an eigenstate of one operator and finds it in an eigenstate of a non-commuting
operator, then there must be a Hamiltonian that acts on the wave function to make the
change. (This is not necessary in the MWI interpretation, nor, as far as we know, in
the various versions of the Copenhagen interpretation.)

In this article we have given two examples of the implementation of this idea, both
involving angular momentum. In both cases it was necessary to find the least unlikely
way to accomplish this change. For the Stern–Gerlach variation the signal strength of
the special state seemed larger, but for the photon polarization example, the fact that
minuscule photon effects are now being actively studied suggested that this test could
more easily be implemented.

Finally, it must be said that we are realistic about the possibility that some version
of this test will take place. Experimentalists are generally under funding pressure and
long-shot experiments, whatever the payoff of success, can ill be afforded. Still it’s
remarkable how many fundamental experiments do take place, so perhaps optimism
is warranted
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