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Abstract

Consequences of the basic and most evident consistency requirement
— that measured events cannot happen and not happen at the same
time — are reviewed. Particular emphasis is given to event forecast and
event control. As a consequence, particular, very general bounds on the
forecast and control of events within the known laws of physics result.
These bounds are of a global, statistical nature and need not affect sin-
gular events or groups of events. We also present a quantum mechanical
model of time travel and discuss chronology protection schemes. Such
models impose restrictions upon particular capacities of event control.

-

1 Classical Part

1.1 Principle of Self-Consistency

An irreducible, atomic physical phenomenon manifests itself as a click of
some detector. Either there is a click or there is no click. This yes-no scheme
is experimental physics in a nutshell (at least according to a theoretician).
From this kind of elementary observation, all of our physical evidence is
accumulated.

Such irreversibly observed events (whatever the relevance or meaning of
those terms is (Wigner 1961, Wheeler 1983, Greenberger and YaSin 1989,
Herzog et al. 1995)) are subject to the primary condition of consistency or
self-consistency. Any particular irreversibly observed event either happens or
does not happen, but it cannot both happen and not happen.

Indeed, so trivial seems the requirement of consistency that Hilbert
polemicized against “another author” with the following words (Hilbert
1926), “... for me, the opinion that the [physical|] facts and events them-
selves can be contradictory is a good example of thoughtlessness.”
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Just as in mathematics, inconsistency, i.e. the coexistence of truth and
falsity of propositions, is a fatal property of any physical theory. Never-
theless, in a particular very precise sense, quantum mechanics incorporates
inconsistencies in a very subtle way, which assures overall consistency. For
instance, a particle wave function or quantum state is said to “pass” a double
slit through both slits at once, which is classically impossible. (Such consid-
erations may, however, be considered as mere trickery, quantum talk devoid
of any operational meaning.) Yet, neither particle wave functions nor quan-
tum states can be directly associated with any sort of irreversible observed
event of physical reality. We shall come back to a particular quantum case
in the second part of this investigation.

And just as in mathematics and in formal logic, it can be argued that
overly strong capacities of intrinsic event forecast and intrinsic event control
render the system overall inconsistent. This fact may indeed be considered
as one decisive feature in finite deterministic (“algorithmic”) models (Svozil
1993). It manifests itself already in the early stages of Cantorian set theory:
any claim that it is possible to enumerate the real numbers leads, via the
diagonalization method, to an outright contradiction. The only consistent
alternative is the acceptance that no such capacity of enumeration exists.
Godel’s incompleteness theorem (Go6del 1931) states that any formal system
rich enough to include arithmetic and elementary logic could not be both
consistent and complete. Turing’s theorem on the recursive unsolvability
of the halting problem (Turing 1936/1937), as well as Chaitin’s () numbers
(Chaitin 1992) are formalizations of related limitations in formal logics, com-
puter science and mathematics.

In what follows we will proceed along very similar lines. We will first
argue that any capacity of total forecast or event control — even in a totally
deterministic environment — contradicts the (idealistic) idea that decisions
between alternatives are possible; or, stated differently, that there is free will.
Then we shall proceed with possibilities of forecast and event control which
are consistent with both free will and the known laws of physics.

Evidently, some form of forecast and event control is possible — indeed,
this is one of the main achievements of contemporary natural science, and we
make everyday use of it, e.g. by switching on the light. These capacities of
forecast and event control are characterized by a high degree of reproducibil-
ity, which does not depend on single events.

We will concentrate on very general bounds for these capacities, which
follow from the requirement of consistency and do not depend on any par-
ticular physical model. They are valid for all conceivable forms of physical
theories — classical, quantum and forthcoming alike.
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1.2 Strong Forecasting

Let us first consider forecasting the future. Even if physical phenomena occur
deterministically and can be accounted for (“computed”) on a higher level
of abstraction, from within the system such a complete description may not
be of much practical, operational use (Toffoli 1978, Svozil 1996).

Indeed, suppose that free will exists. Suppose further that an agent could
predict all future events, without exceptions. We shall call this the strong
form of forecasting. In this case, the agent could freely decide to act in such a
way as to invalidate any prediction. Hence, in order to avoid inconsistencies
and paradoxes, either free will has to be abandoned, or it has to be accepted
that complete prediction is impossible.!

Another possibility would be to consider strong forms of forecasting which
are, however, not utilized to alter the system. Effectively, this results in the
abandonment of free will, amounting to an extrinsic, detached viewpoint.
After all, what is knowledge and what is it good for if it cannot be applied
and utilized?

Recent advances in the foundations of quantum (information) theory have
shown that, due to complementarity and the impossibility to clone generic
states, single events may have important meanings to some observers, al-
though they make no sense at all to other observers. One example for this
is quantum cryptography. Many of these events are stochastic and are pos-
tulated to satisfy all conceivable statistical laws (correlations are nonclassi-
cal, though). In such frameworks, high degrees of reproducibility cannot be
guaranteed, although single events may carry valuable information, which
can even be distilled and purified.

1.3 Strong Event Control

A very similar argument holds for event control and the production of “mir-
acles” (Frank 1932). Suppose that free will exists. Suppose further that an
agent could entirely control the future. We will call this the strong form of
event control. Then this agent could freely decide to invalidate the laws of
physics. In order to avoid a paradox, either free will or some physical laws
would have to be abandoned, or it has to be accepted that complete event
control is impossible.

1This argument is of an ancient type (Anderson 1970). As has already been mentioned,
it has been formalized recently in set theory, formal logic and recursive function theory,
where it is called the “diagonalization method.”
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1.4 Weak Forecasting and Event Control

Already from what has been said, it is reasonable to assume that forecast and
event control should be possible only if these capacities cannot be associated
with any paradoz or contradiction.

Thus the requirement for consistency of the phenomena seems to impose
rather stringent conditions on forecasting and event control. Similar ideas
have already been discussed in the context of time paradoxes in relativity
theory (cf. Friedman et al. 1990 and Nahin 1998, p. 272: “the only solutions
to the laws of physics that can occur locally ... are those which are globally
self-consistent” ).

There is, however, a possibility that the forecast and control of future
events is conceivable for singular events within the statistical bounds. Such
occurrences may be “singular miracles” which are well accounted for within
the known laws of physics. They will be called weak forms of forecasting and
event control. In order to obey overall consistency, such a framework should
not be extendible to any forms of strong forecast or event control, because,
as has been argued before, this could either violate global consistency criteria,
or would make necessary a revision of the known laws of physics.

The relevant laws of statistics (e.g. all recursively enumerable laws)
impose rather lax constraints, especially on finite sequences, and
do not exclude local, singular, improbable events. For example,
a binary sequence such as 11111111111111111111311111111111 is just
as probable as the sequences 11100101110101000111000011010101 and
01010101010101010101010101010101, and its occurrence in a test is equally
likely, although the “meaning” an observer could ascribe to it is rather dif-
ferent. These sequences may be embedded in and be part of much longer
stochastic sequences. If short finite regular (or “meaningful”) sequences are
embedded into long irregular (“meaningless”) ones, those sequences become
statistically indistinguishable for all practical purposes from the previous
sequences. Of course, the “meaning” of any such sequence may vary with
different observers. Some of them may be able to decipher a sequence, others
may not be able to do so.

It may seem evident that by definition any finite regularity in an other-
wise stochastic environment should exclude the type of high reproducibility
characteristic of the natural sciences. On the contrary: single “meaning-
ful” events, which are hardly reproducible, might indicate a new category of
phenomena dual to the usual “lawful” and highly predictable ones.?

%In this context compare the contribution by Primas (particularly sections 6-8) in this
volume.
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Just as it is perfectly all right to consider the statement “This statement
is true” to be true, it may be perfectly reasonable to speculate that some
events are forecasted and controlled within the domain of statistical laws.
But in order to be within the statistical laws, any such method need not be
guaranteed to work at all times.

To put it pointedly: it may be perfectly reasonable to become rich, say,
by singular forecasts of the stock market, future values or the outcomes of
horse races, but such an ability must necessarily be irreproducible, secretive,
and not extendible; at least to such an extent that no guarantee for an overall
strategy and regularity can be derived from it.

The associated weak forms of forecasting and event control are thus be-
yond any global statistical significance. Their importance and meaning seems
to lie mainly on a “subjective” level of singular events. This comes close to
what Jung imagined as the principle of “synchronicity” (Jung 1952), and is
dual to the more reproducible forms one is usually accustomed to.

1.5 Against the Odds

Let us review a couple of experiments which suggest themselves in the context
of weak forecast and event control. They are all based on the observation
whether or not an agent is capable of correctly forecasting or controlling
future events such as, say, the tossing of a fair coin.

In the first run of such an experiment, no consequence is derived from
the agent’s capacities despite the mere recording of the data. The second
run of the experiment is like the first run, but the meaning of the forecasts
or controlled events is different. The events are taken as outcomes, e.g., of
gambling against other individuals (i) with or (ii) without similar capacities,
or against (iii) an anonymous “mechanical” agent such as a casino or a stock
exchange. (As a variant of this experiment, the partners or adversaries of
the agent are informed about the agent’s intentions.)

In the third run of the experiment, the experimenter attempts to counter-
act the agent’s capacities. Let us assume the experimenter has total control
over the event. If the agent predicts or attempts to bring about a particular
future event, the experimenter causes the event not to happen and so on.

It might be interesting to record just how much the agent’s capacities are
changed by the setup. An expectation might be defined from a dichotomic

observable
+1 correct guess

e(4,7) = { —1 incorrect guess

where A stands for agent A and 7 stands for the ¢th experiment. An expecta-
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tion function can then be defined as usual by the average over N experiments;
ie.
N

B(A) = %Z e(4,4).
=1

From the first to the second type of experiment it should become more
and more unlikely that the agent operates correctly, since his performance
is leveled against other agents with more or less the same capacities. The
third type of experiment should produce a total anticorrelation. Formally,
this should result in a decrease of E when compared to the first round of
experiment.

Another, rather subtle deviation from probabilistic laws may be observed
if correlated events are considered. Just as in the case of quantum entan-
glement, it may happen that individual components of correlated systems
behave totally at random and exhibit more disorder than the system as a
whole (Nielsen and Kempe 2001).

If once again one assumes two dichotomic observables e(A4,1) and e(B, %)
of a correlated subsystem, then the correlation function

LA
C(4,B) =+ > e(4,1) e(B,4)

=1

and the associated probabilities may give rise to violations of the Boole-Bell
inequalities — Boole’s conditions of possible (classical) experience (Boole 1862,
Hailperin 1976, Pitowsky 1989, 1994) — and may even exceed (Krenn and
Svozil 1998) the Tsirelson bounds (Cirel’son 1980, Tsirel’son 1987, Cirel’son
1993) for conditions of possible (quantum) experience. There, the agent
should concentrate on influencing the coincidences of the event rather than
the single individual events. In such a case, the individual observables may
behave perfectly random, while the associated correlations might be nonclas-
sical and even stronger-than-quantum, and might give rise to highly nonlocal
phenomena. As long as the individual events cannot be controlled, this does
not need to violate Einstein causality. (But, even then, consistent scenarios
remain (Svozil 2000)).

In summary, it can be stated that, although total forecasting and event
control are incompatible with free will, more subtle forms of these capaci-
ties remain conceivable even beyond the present laws of physics; at least as
long as their effects upon the “fabric of phenomena” are consistent. These
capacities are characterized by singular events and not by statistically re-
producible patterns, which are often encountered under the known laws of
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physics. Whether or not such capacities exist remains an open question.
Nevertheless, despite the elusiveness of the phenomenology involved, it does
not appear unreasonable that the hypothesis could be operationalized, tested
and even put to use in particular contexts.

2 Quantum Part

2.1 Quantum Information

By coherent superposition, quantum theory manages to implement two clas-
sically inconsistent bits of information by one quantum bit. For example,
consider the states |[+) and |—) associated with the proposition that the spin
of an electron in a particular direction is “up” or “down,” respectively. The
coherent superposition of these two states (|+) +|—))/+v/2 is a 50:50 mixture
of these two classically distinct possibilities and at the same time is a perfect
quantum state.

Based upon this feature, we speculate that we may be able to solve some
tasks which are classically intractable or even inconsistent by superposing
quantum states in a self-consistent manner. In particular, we could speculate
that diagonalization tasks using not-gates may become feasable, although the
capacities of agents within such semi-closed time loops may be limited by
requirements of (self-)consistency, which translate into bounds due to unitary
quantum time evolution. These quantum consistency réquirements, however,
may be less restrictive than in the classical case (Svozil 1995a,b).

2.2 Mach-Zehnder Interferometer with Feedback Loop

In what follows we shall consider a Mach-Zehnder interferometer as drawn in
Fig. 1 with two input and two output ports (Greenberger et al. 1993). The
novel feature of this device is a feedback loop from the future of one output
port into the past of an input port. Thereby we leave open the question
of such a feedback loop into the past and how it can (if ever) be realized.
Indeed, if one dislikes the idea of backwards-in-time communication, one may
think of this feedback loop as a channel which, by synchronizing the beams,
acts as if a beam from the future enters the input port, while this beam
actually was emitted in the past from the output port.

If one merely introduced feedback as in classical electrical engineering,
this would defy unitarity, as two input channels would be going into one
forward channel, which could not be uniquely reversed. So one needs a
feedback coupling that resembles a beam-splitter, as in Fig. 1. The operator
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Figure 1: Mach-Zehnder device with backwards-in-time output 14 (t2)
which passes M and serves as input 4(t; ).

M generates the effects of the feedback in time. These “beam-splitters” are
figurative. Their role is to couple the two incoming channels to two outgoing
channels. The operator Gy represents the ordinary time development in the
absence of time feedback. The operator G represents an alternate possible
time evolution that can take place and compete with G; because there is
feedback. We want to find ......... in the presence of the feedback in time
that is generated by the operator M. At the beam splitters, the forward
amplitude is «, while the reflected amplitude is 3. The beam splitters are
shown in Fig. 2. They perform the unitary transformation:

|a) = ald) + iflc)

1
) = alc) + i6ld) 2
Here we assume for simplicity that « and § are real. We can invert this to
obtain: _
@) = ala) —i6]) @)
e} = a|b) —if|a)

The overall governing equations can be read from Fig. 2. At time to the
second beam-splitter determines 13(t2) and ¥4(t2). We have

Y3(t2) = ¥5 = anpi(t2) — iBya(te) = oy — By, (3)
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Figure 2: Reflection and transmission through a mirror
with reflection coefficient 8 and transmission coefficient c.

where the prime indicates the time ¢ in the argument, and no prime indicates
the time ¢;. The wave functions 7); and 15 are determined at time o by

Pi(t2) =9y = Gihr(t1) = G, (4)
Pa(t2) = ¥ = Gata(t1) = Gave, (5)
so that from eq. (3),
Y3 = aG1th1 — iBGa2, (6)
and equivalently: :
Py = aGavhs — iBG1Yy (7)

The propagator M is what produces the feedback in time, propagating from
to back to t1, so that ¥4(t1) = Ma(ts), or

P = My, (8)

At the beamsplitter at ¢;, we have:
Y1 = ayp —ify, (9)
W = oy —iBY. (10)

2.3 The Solution

First, we want to eliminate the /4 in egs. (9) and (10), to get equations for
1 and 2. Then from eq. (6) we can obtain 5. From egs. (7) and (8), we
have:

Yy = My = aMGatpy — iBMG19; (11)
We plug this into egs. (9) and (10),
P = o —if(aMGaths —ifMG111), (12)

P2 = a(aMGayps —iBMG11) — if, (13)
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and rewrite these as:
1 = (1+PPMG1) 7 (—iafMGa)e + ol + BZMG) Yy, (14)
Yo = (1—a?MGy) Y (—iaBMG ) —if(1 ~ 2MGy) 1p.  (15)

These two simultaneous equations must be solved to find 7; and 9 as
functions of 1. To solve for 1, substitute eq. (15) into (14) such that

Y1 = (14 MG H—iaBMG)|(1 — o2MG2) ™ (—iaBMG1 )i
~iB(1 — &2 MGo) ] + a(1 + BZMG1) 19 (16)
or.
1 + 2321+ B2MGL) 1 (MG)(1 — o2 MGs) Y (MGt
= (1+ /MG -aofPMG2(1 - o2?MGs)™ + oftp (17)
If we rewrite this as
(Xt = (V) 7H[2]9, (18)
we can simplify the equation as:
XY = 14+ MG +?B2MGy(1—o2MGy) MG,
= 1461+ (1 - a?MG) 1a? MG MGy

= 146201 —a?MGy) 1 MGy, (19)
and -
Z = ol —a?MGy) (1 —a? MGy — B2MGs)
= ol —c2MGy) (1 — MGy). (20)
Thus,

P =l + F(1 - 2MG)TMG] ™11 — ?MG2) "1 (1 — MGa)y. (21)
Then, using the identity A~ B~! = (BA) ™1, we finally obtain

P1= ol — 2MGa + B2MGy)"1(1 — MGa)¥. (22)
We can solve for 1) similarly, by substituting eq. (14) into (15):
Yo = —if(1l — a?MGa + 2MG1) ™ (1 + MG1)9. (23)

Notice that in the denominator terms in egs. (22) and (23), a and g have
reversed the role of the operators they apply to. We can finally use eq. (6)
to solve for 9§ = 13(t2):

Wa(ta) = [02G1D(1 — MGs) — B2G2D(1 + MGY)(ty), (24)
where D = (14 MG — o®?MG3) L.
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2.4 Important Special Cases
(i) For commuting M, G; and Go, D = (%(1 + MG1) + o?(1 — MG5), and
, 0?Gy — 3Gy — MG1Gy

Ys = 1 BMG, —aZMC, P(t1). (25)
(ii) For a =1, 8 =0, there is no feedback. Here
Y3 = Gi(1 - MGp) ' (1 - MGa)p = G (26)
(iii) For 8 =1, a =0, there is only feedback. Here
P3 = ~Ga(l+ MG1) ™ (1 + MG1)¢p = —Go¥p. (27)
iv) Gi1=G2 =G
Y3 =G+ (6% - P)MG]| ™ (& - f° — MG)3. (28)
(iv') If also o = B? = 1, then
Py = —~GMGY. (29)

(v) If B <« 1, which is expected to be the usual case, then the solution only
depends on 3?2 = . Also, a® =1 — 32 = 1 — v, Then, to lowest order in -,
the denominator D in eq. (24) becomes

D = [1+yMG; - (1 —-~)MGy]™!
(1 — MG2)™ — 4(1 — MG2) Y(MG1 + MG2)(1 — MG3)™1(30)

so that

¥y = {(1-7G1[l — (1 - MGy)" (MG1 + MGy)]} %
— {7Ga2(1 — MG2)™'(1 + MG1)} %
= [G1—v(G1+ G2)(1 -~ MG2)(1+ MG1)] 9. (31)

(vi) The case that corresponds to the classical paradox that an agent shoots
his father before he has met the agent’s mother, so that the agent can never
be born, has an interesting quantum-mechanical resolution. This is the case
G1 = 0, where there is a perfect absorber in the beam so that the system
would never get to evolve to time f;. But quantum mechanically, there is
another path along G, at which the agent does not shoot his father, that
has a probability # without feedback. The solution in this case is

Wy = —B°Ga(1 — o> MGo) ™14 (32)
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We assume for simplicity that G5 is the standard time evolution operator
G2 — e—iE(t2~t1)/h, (33)
and M is the simplest backwards-in-time evolution operator
M = e—iE(h—tz)/fH-i(p’ (34)

where we have also allowed for an extra phase shift. Then

"p:,.’» — _ﬁe-—iE(tz—h)/ﬁ[l _ a2ei<p]—1,l’b,
/12 )64 2
l¢3l (1 _ azei‘»")(l _ aze-—i(p) hM
— 1 2
= @) 9

Note that for ¢ =0, ¥ = —e ARy, for gy value of B. This means
that no matter how small the probability that the agent ever reached here in
the first place, the fact that he is here (o # 1) guarantees that, even though
he is certain to have shot his father if he had met him (G; = 0), the agent
will not have met him! The agent will have taken the other path with 100%
certainty. _

How can we understand this result? In our model, with ¢ = 0, we have
G1 =0, and MGy = 1. Also, we will assume that § < 1, even though this
is not necessary. The various amplitudes are

il =0, la/9] = 1/B,
e/l = /B, W/l =1.

So we see that the two paths of the beam-splitter at #; leading to the
path 7, cancel out. But of the beam 1, a passes through, while of the beam
4, only [ leaks through. So the beam )4 must have a very large amplitude,
which it does, as we can see from egs. (36). In fact, it has a much larger
amplitude than the original beam. Similarly, in order that |95 = ||, P2
must have a very large amplitude. Thus we see that there is a large current
flowing around the system, between 5 and 4. But does this not violate
unitarity? The answer is that if they were both running forward in time, it
would. But one of these currents is running forward in time, while the other
runs backward in time, and so they do not in this case violate unitarity. This
is how our solution is possible.

So, according to our quantum model, if one could travel into the past,
one would only see those alternatives consistent with the world one left. In

(36)
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other words, while one could see the past, one could not change it. No
matter how unlikely the events are that could have led to one’s present
circumstances, once they have actually occurred, they cannot be changed.
One’s trip would set up resonances that are consistent with the future that
has already unfolded.

This also has consequences for the paradoxes of free will. It shows that
it is perfectly logical to assume that one has many choices and that one
is free to take any one of them. Until a choice is taken, the future is not
determined. However, once a choice is taken, it was inevitable. It could
not have been otherwise. So, looking backwards, the world is deterministic.
However, looking forwards, the future is probabilistic.

The model also has consequences concerning a many worlds interpreta-
tion of quantum theory. The world may appear to keep splitting so far as the
future is concerned, however once a measurement is made, only those his-
tories consistent with that measurement are possible. In other words, with
time travel, other alternative worlds do not exist, as once a measurement has
been made, they would be impossible to reach from the original one.

Another interesting point comes from examining eq. (35). For small an-
gles  we see that

712 1 2' 1 2
= 2 b 37
|%5] 1742 s’ (p/2) |9 e, 7 | (37)

so that the above result is strongly resonant, with a Lorentzian shape, and
a width Ay ~ (2, since a ~ 1. Thus less “deterministic” and fuzzier time-
travelling might be possible.

(vii) Sustained case: if we require the input and output state to be identical,

ie. ¢3(t2) = ¥(t1), then we obtain a sustainment condition (for commuting
M ) Gl 3 G2) of

1=Gy(a? — B2M) + Go(a?M — %) — MG, Gs. (38)

Another case is G; = Gg = 1, a phase shift in M = €*, and o= § = 1//2,
for which we obtain || = |¢|. For = V1 —a? =1/4,

112 — 113 cosp — 15isinp

I —
sl = 54|1 — Teie /8|2

|1 (39)

We summarize by stating that the structure of a quantum time travel
through a Mach-Zehnder device is rich and unexpectedly elaborate. This
suggests totally new szenarios for the possibility of free will and the capacities
available to an agent acting in such a time loop.
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