Schrodinger’s cat versus photon.
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Although, quantum mechanics is the same for microscopic and macroscopic objects, there is a
perception that the later do not exhibit basic quantum properties like superposition or interference.
Historically this view has been encapsulated in a story called Schrodinger’s cat paradox, where a
cat is, in full agreement with the rules of quantum mechanics, prepared in a superposition of two
states: dead and alive. The paradoxical part is that no one has ever seen such a situation in the
real world where large object would be simultaneously dead and alive or in two distinct places at
the same time. Here I show that there is no difference, in principle, between large and tiny objects.
In fact, quantum features absent for large objects can be easily suppressed for microscopic objects
as well. Moreover, I demonstrate that in transition from micro- to macro-world there is no need for
any arbitrary quantum-classical border or any assistance from an external environment to resolve

the paradox.

INTRODUCTION

Quantum mechanics (QM) is being developed for over
80 years, but one cannot say that the theory has ma-
tured by now. To the contrary, fundamental issues within
quantum mechanics are still debated. What is the mean-
ing of wave function — does it represent only ensembles
or also individual objects? How to deal with the mea-
surement process — should the measuring apparatus be
classical or quantum? Is the measurement process part
of quantum mechanics at all? Even if the correct reso-
lutions of those problems can be found in the literature,
none of them are uniformly accepted by physicists.

In such circumstances, an argument that hopes to set-
tle one of the great issues in QM in an easily reproducible
way may be of interest to the scientific community.

In the following, a superposition of two spatial states
will be considered rather than the dead and alive states.
This choice comes with no harm to the generality of the
solution, still it is simpler to quantify position of an ob-
ject than vitality of an animal.

The well known Young double-slit experiment is one
of the core examples of intrinsic workings of QM. It
is also suitable for illustrating the resolution of the
Schrédinger’s cat paradox.

A SINGLE PHOTON ”"PARADOX”

Two slits, that are placed in the way of photons, pro-
duce an illumination pattern on a screen or a detector
array. See Fig.1. Each photon passing the slits will leave
a single dot on the screen. The relative position of slits
and the screen affect the pattern.

In particular, if the screen is close to the slits, two
fringes will appear. The fringes are just projected images
of the two slits, Fig.1. For each yellow point on the screen
there is no doubt where the photon, that produced it,
came from. The left fringe corresponds to the left slit,
the right fringe to the right slit. If one blocks, say, the

FIG. 1. Young experiment setup with screen either close to
the slits (t = 0.02) or far away from them (¢ = 2.2).

right slit, the left fringe will stay the same.

If the screen is far enough from the slits, many interfer-
ence fringes appear and there is no way to determine the
origin of any photon that has reached the screen. In fact,
the presence of the interference fringes is a manifestation
of that indeterminism. Any successful attempt to track
the photons back to a slit would destroy the interference
pattern.

In both cases, screen close to the slits and far from
them, the quantum state of the photon is a superposition
of two possibilities: photon originated from the left slit
and photon originated from the right slit. However, in
the first case, one can tell from which slit did the photon
emerge because the two superposing states are spatially
separated, Fig.2 a).

Therefore, if one formulated a single photon paradox
in this fashion: Why don’t we see a superposition of a
photon when the screen is close to the slits? After all, it
has been prepared in the superposition of the left slit +
right slit states. the answer is clear. We don’t see any
superposition with a single photon because it leaves only
one mark, in the left or the right fringe. It could hap-
pen that the mark will be left in the region between the
fringes. In such case one may not be able to determine
which slit the photon has passed through. It is, how-
ever, less and less probable with the increasing L /o ratio.
We could infer about the superposition by repeating the
single photon experiment many times and recording the
two fringes that indicate the superposition (or mixture
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FIG. 2. Probability density along the dashed line in the screen
of Fig.1 with screen a) close to the slits (¢ = 0.02) or b) far
away from them (¢ = 2.2).
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of states).

If, in the single photon paradox, we replace the word
”superposition” with ”interference” then the answer is
that the two superposing states are spatially separated
and there is no interference possible. One can firmly tell
which slit the photon has originated from. There are only
left-slit-photons and right-slit-photons and each mark on
the screen belongs to one of the two.

For the far away screen, we still will not see any super-
position with just one photon, because a single spot on
the screen does not reveal any. However, after many rep-
etitions of the same experiment, we can learn that the
interference pattern emerges, Fig.2 b). To prove that,
one can block one of the slits and the interference fringes
will not form.

To summarize, a single photon behaves similar to a hy-
pothetical Schrodinger’s cat [1] when the screen is close
to the slits. Despite being described by a superposition
of left-slit plus right-slit states it cannot show any signs
of the superposition or interference. If experiment is re-
peated many times, only left-slit or right-slit photons are
detected. Likewise, only alive or dead cat can be seen
in the paradox. The similarity is explained in the next
section.

SCHRODINGER’S CAT STATE

There are many possible and equivalent versions of the
Schrédinger’s cat state. The essential part is that they in-
volve superposition of an object consisting of large num-
ber of quantum elements.

Within the setup of the Young experiment, one can
produce such a state, too. It corresponds to the follow-
ing arrangement: N photons passing through the left
slit and no photons passing through the right slit plus
no photons passing through the left slit and N photons
passing through the right slit. IV is of order of Avogadro
number i.e. about 10%4. Symbolically, the Schrédinger’s
cat state can be denoted as

[N, 0) +10,N), (1)

where the left slot in the |...,...) ket stands for the left
slit, later represented by a Gaussian centered in position
—L/2, and the right slot for the right slit, later repre-
sented by a Gaussian centered in position L/2.

Conveniently, the state of a single photon considered
in previous section has the same form but with NV = 1.

Fringes appearing on the screen are completely deter-
mined by the state from Eq.1. For NV = 1 the probabil-
ity density across the dashed brown line in plane of the
screen in the Fig.1 has this form:
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where z7 is a position variable along that line, L is the
slits separation, o < L corresponds to the width of the
slits and parameter ¢ describes distance of the screen from
the plane of the slits. The Eq.2 has an interesting struc-
ture, it is a sum of three components. First two compo-
nents describe the two fringes that are projections of the
slits, the third one is an interference term. For example,
if the distance of the screen from the slits is small i.e.
t < o, the interference term is suppressed by the expo-
nent with L? > ¢2 and only two fringes remain, Fig.2
a). On the other hand, for far away screen i.e. t/o > L
the interference term dominates, Fig.2 b).

When more than one photon state is considered, there
is a slight complication with the picture. Each photon
brings an extra dimension to the probability density. For
N photons the Eq.2 turns into
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where index ¢ counts the photons. Despite the multidi-
mensional character, the probability density has a similar
structure to that of one-photon state: the first two terms
in the sum correspond to the projection of the slits on
the N-dimensional space span by x1, ..., zx variables and
the third term is an interference component. The mul-
tidimensional analysis of the Eq.3, even for N ~ 1024,



is quite straightforward. The interference term is sup-
pressed even faster than before due to the IV factor in the
exponent with L?. The two remaining multivariate Gaus-
sians have radius of y/02 + (¢t/0)? and centers at (z; =
—L/2,..,xny = —L/2) and (x1 = L/2,....,axy = L/2).
The geometric distance of the centers is Lv/N which is a
large number as compared with the radius for moderate
values of t. Thus, the two components of the probability
density are spatially separated due to the large number
of photons comprised by the Schrédinger’s cat.

Another way of inspecting the probability density is to
use its one-dimensional cross section 2/vN = z; = ... =
xy along the line (the /N scaling factor comes from the
fact that along the cross section line the "unit” vector
[1,...,1] has length v/N) that connects the centers of the
two multivariate Gaussians i.e. passing through points
(xv1 = =L/2,....,axy = —L/2) and (1 = L/2,...,any =
L/2)
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The cross section shows that large N will supress the in-
terference term and expand the distance of the remaining
Gaussians by factor v/N. Again, the two Gaussians will
be spatially separated for moderate values of ¢. That, in
turn, implies that even if the screen is far away from the
slits there will be neither interference pattern nor any

ambiguity as to where each cat came from, the left or
the right slit. All the events that are somewhere in the
middle of the two Gaussians are highly improbable.

CONCLUSIONS

By varying N in Eq.3 or Eq.4 from 1 to 10** one can
explore the transition from micro- to macro-world all in
terms of the Young experiment. The spatial separation
of the multivariate Gaussians in the probability density
goes from L to 10'2L. Therefore, in macroscopic case,
an experiment with one cat will necessarily reveal the
cat passing through the left or the right slit.

The transition is smooth an has no place for the
quantum-classical border. In fact, the end result for the
Schrédinger’s cat state is very similar to the single photon
state with the screen close to the slits. The lack of super-
position and interference has exactly the same explana-
tion in the two cases. One can say, that the Schrodinger’s
cat state is as mysterious as a single photon state with
the screen close to the slits.
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