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Abstract:
The retrocausality inherent in the retrodictive description of a quantum 
optical device called the quantum scissors allows this device to be used as 
a non-deterministic time machine. We show how the device can be used to 
model the time travel paradox of retrospective suicide. Here a man goes 
back in time and interferes with his own birth, weakening his infant self in 
such a way that he is killed by the time machine and is unable to interfere 
with his own birth. We find that the paradox is avoided by interfering 
quantum mechanical amplitudes making the time travel event impossible 
in this case. A slight modification that limits the interference with the birth 
so that the infant is only injured by the time machine to give a self-
consistent cycle does, however, render the time travel event possible. This 
lends support to the idea that time travel is only possible if it yields a self-
consistent cycle that avoids a paradox.

Keywords: Time travel paradox, quantum amplitude, quantum scissors, 
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1.  INTRODUCTION 
 In physics we are used to thinking in terms of the future being shaped by past 
events.  Time travel into the past would allow the past to be shaped by some future events 
as well.  There is no need for a person to be physically transported into the past for this to 
occur, it would be sufficient if we could just send information back in time.  In special 
relativity this is forbidden by the principle of weak causality (Cramer, 1980) that does not 
allow a message to be sent at a speed greater than that of light.  There may be ways to 
circumvent this, however.  For example it is well known that general relativity may allow 
backward time travel by means of wormholes.  Also, depending on the nature of the 
universe, Wheeler-Feynman absorber theory (Wheeler & Feynman, 1945) may allow a 
small component of advanced electromagnetic signal to exist that could convey some 
information backwards in time (Heron & Pegg, 1974). 
 If a person, or even just information, could be sent backward in time, for example 
by means of a wormhole, it would be possible to establish a causal loop or cycle which, it 
would seem, could result in a paradox.  The standard grandfather paradox involves a time 
traveller going back and killing his grandfather at the age of twenty, say, before his 
grandfather has had any children.  This would result in the time traveller not being born, 
which means he could not travel back and kill his grandfather and so on.  The possibility 
of such paradoxes has been used in the past to argue against the possibility of time travel.  
Paradoxes could obviously be avoided by assuming that nature is such as to always 
prevent time travel, for example as found in Hawking’s chronology protection conjecture 
(Toomey, 2007) but this would seem to be a rather blunt instrument which could rule out 
much interesting physics.  If we take the grandfather paradox scenario seriously and 
assume that the time traveller has a free choice to kill or not kill his grandfather, it would 
seem to suggest that the grandfather is both alive and dead at the age of twenty-one, 
which is reminiscent of Schrödinger’s cat.  This hints that quantum mechanics might play 
an important part in the resolution.  An interesting idea of Deutsch (1991) invokes the 
Everett-DeWitt multiverse, or the many-worlds interpretation of quantum measurement.  
In the many-worlds interpretation, at the detection event of the state of the cat, the 
universe splits into two branches, one in which the cat is alive and the observer notes that 
it is alive and one in which it is dead and the observer notes it is dead.  Each branch then 
evolves in a way consistent with the noted state of the cat and the state of the observer 
that it contains.  It is the act of observation or measurement that causes the split and it is 
the action of the measuring device that determines how the split will occur. The universe 
splits more and more as time goes on.  Deutsch suggests that the causal loop allowed by 
the time machine can be a gateway between universes. The scenario for the grandfather 
paradox would be that in one universe the grandson enters the time machine and is never 
seen again.  The grandson emerges from the time machine at an earlier time in another 
universe, kills the grandfather and continues to live in this universe in which the 
grandfather is dead and in which he was never born.  This raises the question of violation 
of conservation laws for this scenario and how they apply to each universe and to the 
multiverse as a whole.  However, as this scenario is not how we shall be addressing the 
resolution of the grandfather paradox in this paper, we shall not pursue this question.  We 
note that Politzer (1994) has suggested an alternative mechanism to that of Deutsch.
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 Deutsch’s mechanism above may resolve the grandfather paradox while allowing 
the grandson a free choice of killing or not killing the grandfather.  It is also possible to 
find a resolution to the paradox in a single universe by denying the grandson the choice, 
either by limiting his possible behaviour or by having nature somehow conspire against 
him to prevent him from carrying out his intention.  For example nature might ensure that 
the grandson accidentally trips when he is about to fire a gun at the grandfather.  If the 
physical laws can somehow ensure that all causal loops are self consistent then paradoxes 
can be avoided.  Logically every event in a closed causal loop is both in the past and the 
future of every other event, so it may not be unreasonable that tighter restrictions apply to 
allowed physical behaviour than in the case of an open causal chain of events in which 
the effects of a cause do not include the cause itself.  In an open causal chain of events we 
can choose initial conditions and future events then follow in accord with the equations of 
physics.  In a causal loop initial conditions in the past are also final conditions in the 
future and thus must be restricted such that they follow from themselves in accord with 
the equations of physics.  Thus not all physical behaviour allowed in an open causal chain 
will be allowed in a causal loop.  The self-consistency hypothesis as a way of avoiding a 
time travel paradox has a very long history and has been discussed in the serious 
scientific literature since the middle of the last century, for example by Wheeler and 
Feynman (1949).  It has been argued that, because of continuity in nature, self-consistent 
loops or cycles in these situations always exist.  The next step would then be to postulate 
that these are the only loops that nature allows.  An example of a self-consistent cycle, 
which has been attributed to Feynman is as follows.  A simpler and more direct version 
of the grandfather paradox is auto-infanticide, or retrospective suicide, whereby a man 
travels into the past to shoot himself as a baby.  A self-consistent cycle is the scenario in 
which the man raises his rifle to shoot the baby but, because of his bad shoulder, misses 
the baby’s heart and hits it in the shoulder. 
 Although self-consistent cycles may be available, there is still the huge question 
as to how physics prohibits actions of the time-traveller unless they form part of a self-
consistent cycle.  A simplistic answer would be to say that someone in everyday life 
simply cannot do what he or she chooses to do if it disobeys the laws of physics.  For 
example, a man may choose to jump over a high fence but is doomed to fail because of 
the law of gravity and similarly a time-traveller may be doomed not to enact his chosen 
action because it is against the law of self-consistency.  It may seem strange, however, 
that nothing may prevent the time-traveller from killing the man next to his grandfather 
whom he mistakes for his grandfather, but when it comes to killing his grandfather and 
forming a causal loop a preventative law comes into place.  Novikov’s study of some 
particular cases suggests that the law involved may relate to the principle of least action 
(Toomey, 2007).  In this article we argue that quantum mechanics has an important role 
to play in helping nature ensure that the only type of causal loop possible is a self-
consistent cycle. 
 
2. INFLUENCE OF QUANTUM MECHANICS   
 How can quantum mechanics make some causal cycles impossible or, more 
precisely, have zero probability of happening?  What quantum physics has to offer, which 
classical physics does not, is that the fundamental entity is amplitude.  This is a complex 
number, the square of the modulus of which is a probability.  Probabilities must always 
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be positive and so cannot cancel each other by addition.  On the other hand the sum of 
two non-zero amplitudes can be zero, giving a total probability of zero even though the 
probabilities associated with each amplitude are non-zero.  This is the well-known 
property of quantum interference.  An important example of this is as follows.  If a 
particle has a definite momentum then it is represented by an extremely long de Broglie 
wave of constant wavelength.  If we wrap this wave around and around in a finite circle 
to represent an electron in a circular orbit in a hydrogen atom, then in general at any 
particular point there will be waves from different wraps with a wide range of amplitudes 
both positive and negative which will sum to zero.  This is destructive interference.  Only 
if the orbits are such that the wave overlaps itself exactly with each wrap will there be a 
net non-zero amplitude.  Thus only orbits of certain radii in a hydrogen atom will have a 
non-zero probability of occurring, that is, the orbits where constructive interference 
occurs.  This is true whether the orbit is circular or not, as long as there is a complete 
cycle.  Now consider a causal cycle as a loop on a space-time diagram representing 
Minkowski world with an amplitude that fluctuates from point to point.  Again, cycles for 
which there is full destructive interference will have zero probability of occurring.  Other 
cycles with constructive interference can have a non-zero probability of occurring.  We 
should note that if there is a break in the loop so the cycle is not complete, there will be 
no such amplitude cancellation to give zero probability even if the broken cycle is very 
close to a closed cycle, that is, there can be a huge difference in the probability for a 
broken cycle and a closed cycle even if they are quite similar.  Thus while there may be 
nothing to prevent the time-traveller using his free will to kill the man standing next to 
his grandfather, whom he has mistaken for his grandfather, there can be a zero probability 
that he can kill his grandfather.  In the closed cycle case, as against the broken cycle case, 
an extra law of physics comes into play that can prevent things happening. 
 An objection to the above argument exploiting quantum mechanics might be 
raised that this only refers to microscopic particles whereas a grandfather and his 
grandson are macroscopic and therefore the quantum laws can have nothing to do with 
the situation.  All classical physical processes, however, are subject to the law of least 
action.  A projectile follows a parabolic path, which minimises the action involved.  How 
the particle “knows” to follow a path in space-time between two given events that will 
eventually minimise the action can be been explained in terms of quantum mechanics 
(Feynman et al. 1964).  Different space-time paths between the two events have different 
associated actions where the action is proportional to a phase with the constant of 
proportionality being Planck’s constant.  For a path with a large enough action, we can 
always find a path with a smaller action so that the phase difference between the paths is 
S , giving complete destructive interference of both paths.  For paths near that of 
minimum action however this cannot be done.  Therefore when we sum the amplitudes 
for all paths to find the total probability, we find that only the paths near that of least 
action give a non-zero probability.  Thus is a very general way quantum mechanics 
influences macroscopic behaviour and it should not be surprising if quantum mechanics 
plays an important part in the physics of macroscopic causal loops.  Of course some 
might object on philosophical grounds that the grandson is not only macroscopic but also 
is animate and has some freedom to choose to kill his grandfather or not.  Such an 
objection might be circumvented by using robots for the paradox with the grandfather 
robot making a son robot which makes the grandson robot.  One might also argue that the 
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quantum mechanical form of the principle of least action is not exact in that paths within 
about Planck’s constant of the least action path are also allowed.  Whether or not this is 
sufficient latitude to allow some free will in an animate object or in a robot with a highly 
sophisticated brain is not a question we shall address here. 
 In this article we shall model the grandfather paradox in the form of the 
retrospective suicide paradox by an accessible quantum mechanical experiment involving 
qubits of light.  This has two advantages.  Firstly it is well within the quantum, as against 
classical, regime so quantum effects are much more evident and secondly there is a 
device available that can send qubits back in time (Pegg, 2001).  While this device lacks 
just sufficient control over the qubit that emerges at the earlier time to prevent it being 
used to send information back, it can nevertheless be used to study time travel paradoxes 
both theoretically and experimentally in the laboratory.  We used this device to study a 
very simple paradox of a robot entering a time machine, emerging at an earlier time, 
waiting and then entering the time machine (Pegg, 2001).  Provided the robot’s memory 
could be erased and the robot restored to its original state there was no paradox.  We 
found that the quantum mechanical amplitude for the cycle to occur was proportional to 
the amplitude that the restored state was the same as the original state.  A different but 
related approach has been taken by Lloyd et al. (2011) and in a review by Ralph and 
Downes (2012) a link between the approaches of Pegg (2001), Lloyd et al. (2011) and 
Politzer (1994) is made.  In the present article the paradox studied, which is much closer 
to the classical grandfather paradox, is more complicated than that of Pegg (2001). 
 
3.  PREDICTIVE AND RETRODICTIVE QUANTUM PICTURES 
 Before proceeding with the detailed description of the paradox model, we outline 
some of the basic ideas of quantum mechanics and measurement theory relevant to it.  In 
classical physics, if a gyroscope is prepared such that its spin is in the z direction, a later 
measurement will also find its spin to be in the z direction provided there is no other 
action on the gyroscope in the meantime.  The direction of the spin in the time between 
preparation and measurement can then be safely assumed by both the person who does 
the preparation and the one who does the measurement to be in the z direction.  If we do a 
similar experiment on an electron, however, we find that although the electron is 
prepared in a state in which its spin is in the z direction, it could be found by the 
measurement to have its spin in a different direction z  that depends on the measurement 
device used.  In quantum notation we use  to mean a general state and, for example, 

z  to mean a state in which the spin is in the z direction.  With this notation we can say 

that although the prepared state is z  the measured, or detected, state could be z .  Each 
measurement device can produce a number of possible outcomes, each associated with 
some state that we call a measurement state.  If the prepared state is aligned with, that is 
identical to, a possible measurement state then the associated measurement outcome can 
occur.  If the prepared state is completely different from a measurement state then the 
associated measurement outcome can not occur.  In the above case if the two possible 
measurement outcomes are associated with measurement states z  and z�  then the 
former outcome would occur and the latter would not.  If the prepared state is neither 
aligned with nor completely different from a measurement state then the associated 
measurement outcome has some non-zero probability of occurring.  For example if the 
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measurement device in the above case has two possible outcomes associated with x  and 

x�  then each of these has a probability of ½ of occurring.  The closer the states are to 
alignment, the greater the probability. 
 What is the state between the preparation and measurement times for the quantum 
case?  Unlike the classical case, we now have a choice.  In the predictive formalism we 
take the state to be the state in which it was prepared that is, z  in the above example; in 
the retrodictive formalism we take the state to be the state in which it is found by the 
measurement, that is, the measurement state z  in the above example.  In the predictive 

formalism the predictive state z  propagates forwards in time and “collapses” to become 

the state z  at the later time of measurement.  In the retrodictive formalism the 

retrodictive state z  retroevolves, that is evolves backwards in time, and collapses to 

become the state z  at the earlier time of preparation.  Sometimes when there is 
movement involved we use the term retropropagate in place of retroevolve.  As the two 
formalisms lead to identical physically detectable consequences, there is no reason to 
prefer one over the other except for convenience.  For example the retrodictive picture is 
useful in quantum communications in which the receiver of a quantum state has to 
retrodict the state prepared by the sender. 
 Another concept is entanglement.  A suitable preparation device can prepare two 
neighbouring objects a and b in a joint state such that measurement on b would 
immediately affect the state of a.  Such a joint state is called an entangled state.  If a and 
b are allowed to move a large distance apart as time goes on before a measurement on b 
is made, then in the predictive picture they will remain in an entangled state, so a 
measurement on b would still immediately affect the state of a.  As this seemingly 
violates the principle that an effect cannot travel faster than light, we have a paradox 
known as the Einstein-Podolsky-Rosen paradox (Einstein et al. 1935).  We can, however, 
invoke the retrodictive viewpoint to obtain a different picture.  We can consider the 
measured state of b as retropropagating back to the time to when a and b were together at 
the preparation device, at which time it collapses onto the prepared state, affecting the 
state of a, which then propagates forwards in time.  In this picture there is no 
instantaneous propagation of an effect over a large distance and so there is no paradox.  
Entanglement thus provides a way in which a state travelling backwards in time can have 
an effect on another state travelling forwards in time.   
 In the fully retrodictive picture the time inverse of the Einstein-Podolsky-Rosen 
situation is also possible.  A suitable measurement device can produce an entangled 
retrodictive state, one component of which collapses to a prepared state, which 
immediately affects the state of the other retropropagating component.  This allows a 
prepared state to have an effect on a state travelling backwards in time.  Combining both 
of these above effects allows us to construct a device that allows a prepared predictive 
state in  to affect a retropropagating state which in turn can affect, at an earlier time, a 

predictive state in such a way that it becomes the state out , say.  If the setup of the 

device is arranged such that out is the same state as in  then we can say that the 
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prepared predictive state, over which we have full control, is sent back to an earlier time.  
This is essentially the basis for the quantum time machine used in this paper. 
 The time machine in this paper consists of beam splitters, light sources and 
photon detectors.  The entities which enter and exit the time machine are pulses of light.  
These pulses can be in a one-photon state 1 , a zero-photon (or vacuum) state 0  or a 

superposition of these two states 10 10 cc � , sometimes called a qubit.  A beam splitter 
can be considered as a partially silvered mirror that reflects some of the incident light and 
transmits the rest.  A beam splitter can be used to prepare an entangled state, an example 
of this in the predictive formalism being as follows.  When one photon is incident on a 
beam splitter at an angle of  45 degrees it has a chance of being reflected into a path, or 
mode, r at 90 degrees to the incident path t and also a chance of being transmitted 
through the beam splitter to remain in the path t.  If no other photons are incident on the 
beam splitter then, if the photon were reflected the combined state of the light would 
become 

tr
01 , that is, one photon in mode r and none in mode t.  Similarly if the 

photon were transmitted the state would become 
tr

10 .   In general for partial reflection 

the final state will be a superposition of these two possible states, 
tr

f 01  + 
tr

g 10 , 
where f and g depend on the reflectance.  This is an entangled state.  If one photon is 
detected in mode r by a measurement, the state in mode t immediately becomes 

t
0 . 

 
4.  QUANTUM RETROCAUSALITY 
 For those interested in a formal proof that both pictures give the same measurable 
probabilities, we give a brief one before discussing retrocausality.  A fundamental rule of 
quantum mechanics is that the probability of an outcome j of a measurement made on a 
system at time t, given some outcome i of a preparation procedure at an earlier time 0t is 
given by 
  ]ˆ),(ˆˆ),(ˆ[Tr)|( 00 ji ttUttUijP 3 U           (1) 

where iÛ  is a density operator representing the prepared state, ),(ˆ
0ttU is the time 

evolution operator and j3̂  is the measurement operator, which is an element of a 
probability operator measure.  The right side of Eq. 1 represents the prepared state 
evolving forward in time from 0t  to time t when the projection onto the measurement 
state occurs with the associated collapse of the prepared state.  In this picture, that is, the 
predictive formalism, the state between preparation and measurement is the forward 
evolved prepared state.  The cyclic nature of the trace also allows Eq. 1 to be written as  
  )],(ˆˆ),(ˆˆ[Tr)|( 00 ttUttUijP ji 3 U      (2) 
representing evolution backward in time, or retroevolution, of the measured state back to 
the time of preparation, when the collapse occurs.  In this picture, the retrodictive 
formalism, the state between preparation and measurement is the backward evolved 
measured state.  Both formalisms give precisely the same measurable probabilities and 
there is no way of distinguishing between the two experimentally.  The backward time 
travel involved in the retrodictive formalism cannot, however, be exploited to send a 
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message back in time but does allow alternative interpretations of physical experiments, 
such as Schrödinger’s cat (Pegg, 2008). 
 It is useful here to distinguish between weak and strong causality as done by 
Cramer (1980).  The principle of weak causality is that a message cannot be sent at a 
speed greater than that of light; strong causality proposes that a cause must always 
precede an effect in time whatever the circumstances.  We only require weak causality to 
obtain agreement with all present observations, that is, some retrocausality accompanying 
retroevolution is allowed in circumstances where it cannot be exploited to send a message 
at greater than light speed.  Retrocausality is useful in quantum communications for 
deciding, by means of retrodiction, the state sent by a sender to a receiver based on the 
measurement of the received state.  This can also be done by use of the usual predictive 
formalism with the aid of Bayes’ theorem.  The results are precisely the same but the 
retrodictive approach is more direct.  There are no observations that favour one 
formalism over the other even though the retrodictive formalism with the retrocausality 
involved with the retroevolving states based on the measured states is not in accord with 
strong causality.  Accordingly the retrodictive formalism, on which our quantum time 
machine will be based, is just as legitimate as the predictive formalism. 
 
  5.  A QUANTUM TIME MACHINE 
 A device that works as a time machine in the retrodictive picture is the “quantum 
scissors” device (Pegg et al. 1998) shown in Fig. 1.  This consists of two 50:50 beam 
splitters BS1 and BS2 separated by an integer number of wavelengths of the input light.  
Light in a one-photon state 

c
1  is in input mode c of BS1 and a zero-photon, or vacuum, 

state 
b

0  is in input mode b of BS1 at time 0t .  The state of the light qubit chosen at a 
later time t to be sent back in time is a superposition of a one photon and a vacuum state 
in input mode a of BS2 and is given by  
 

aaa
aain 10 10 �  .       (3) 

The time machine works when one photon is detected in detector D1 and no photons are 
detected in D2 and the occurrence of this joint event indicates that the time travel has  
successfully taken place.  In this case the state in output mode c of BS1 at the earlier time 

0t  is  
 

ccc
aaout 10 10 �         (4) 

which is identical to the state 
a

in  and the time travel has been accomplished.  That is, a 
qubit has been produced in the past in the identical state to that which has been freely 
chosen for a qubit produced in the future.  This is effectively teleportation into the past.  
It is the state of the light pulse in the future, which is destroyed, that is transferred to a 
light pulse in the past.  To illustrate what occurs we note that if a device could somehow 
be made that could transfer the present state of a human, say, into the past, the human 
would enter the device in the present, be destroyed and a human would emerge from the 
device in the past in exactly same state, that is, with exactly the same physical structure, 
memory and intentions, as the future human.  Returning to our case of the time-travelling 
qubit, we should note that this is a purely quantum mechanical effect: no light from mode  
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Figure 1.  The quantum scissors device for sending qubit states of light back in time.  BS1 and 
 BS2 are 50:50 beam splitters.  The rectangles are light sources and the semi-ovals are 
 photon detectors.  A single photon state and the vacuum are in the inputs to BS1.  The 
 state 

a
in , a superposition of the vacuum and one photon states in mode a, is sent into 

 BS2.  In the event that detector D1 detects one photon and D2 detects zero photons in the 
 outputs of BS2, the state 

c
out  emerging from BS1 at an earlier time is identical to 

 
a

in .  This is a purely quantum mechanical effect as no light from the input mode a of 
 BS2 reaches BS1. 
 
a reaches mode c, it is either transmitted through the beam splitter to D0 or is reflected to  
D1.  No physical object is sent into the past so there is no problem with conservation 
laws. 
 The details of the mechanism by which this device works are as follows.  By use 
of the standard beam splitter relations given by Barnett and Radmore (1997) we can show 
that the measured state 

ba
10  retroevolves through BS2 to become 

)0110(2 2/1
baba

i�� .  Projection onto 
a

in  produces the retroevolving state 

bb
aia 0*)(1*)( 10 �  at the time t.  The retroevolution of this state just produces a phase 

shift, which we have arranged to be zero at time 0t  by separating the beam splitters by an 
integer number of wavelengths.  The input state 

cb
10 to BS1 becomes the prepared 

state )0110(2 2/1
cbcb

i��  in the output of BS1 at time 0t .  Projection of the above 

retroevolved state onto this state collapses it to the output state 
c

out  in Eq. 4. 
 The working of the device has been verified experimentally (Babichev et al. 
2003) and all experiments are consistent with the output state at the earlier time being 
given by Eq. 4.  We should note that although the device violates the notion of strong 
causality, it does not violate weak causality and cannot be used to send a message back in 
time.  This is essentially because the sender of the message has no control over whether 
or not detectors D0 and D1 detect zero and one photon respectively and the receiver will 
not know whether or not the state received is the correct state until after the measurement 

1out

b 

in

0
c 

a 

D1 

D0 

BS1

BS2
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has occurred.  To study the working of the device in the usual predictive formalism, we 
would start at time 0t  and work through with entangled predictive states until the time of 
the measurement.  At that time, even though the output light in mode c can in principle be 
a very large distance away from the device it will be collapsed into a phase-shifted 
version of the state given by Eq. 4 instantaneously if the detectors D0 and D1 detect zero 
and one photons respectively.  It should be remembered, however, that what is 
instantaneous in one reference frame is no longer instantaneous relative to a distant 
relatively moving observer, so even in the predictive formalism strong causality will be 
violated in some reference frame. 
 
6.  TIME TRAVEL PARADOX 
 It is reasonable to query the value of having an uncontrollable time machine, that 
is, one that does not work deterministically.  Its value here is that it can be used to study 
the grandfather paradox, at least in the form of auto-infanticide or retrospective suicide.  
The scenario that we shall model is as follows.  A mother gives birth to a healthy son, 
who grows up and goes back in time in a time machine to the place of his birth but before 
his birth.  He then arranges to interfere with the birthing process so that the son produced 
is not healthy enough to survive the time travel process and thus cannot interfere with the 
birth.  This allows the birth of a healthy son who grows up and goes back in time and so 
on.  To model this, we need to set up the time travel device so that the output at the 
earlier time interferes with the original production of the input, thereby affecting the 
output and the ability of the output to interfere with the input and so on. 
 To set up a quantum model of a retrospective suicide causal cycle we first need a 
mother qubit state m  producing an infant state in which can then grow up and either 
live his life at a later time or go back in time and try to interfere with his own birth.  We 
do this as shown in Fig. 2.  We let the mother qubit state of light 

a
m  be 

)10(2 2/1
aa

�� , which enters a 50:50 beam splitter with the vacuum 
d

0  in the other 
entry port.  We note that the mother state is normalized but it is sufficient to use 
unnormalized states in most parts of the cycle.  The output is the unnormalized entangled 
state 

da
00  +

da
01(2 2/1�  )10

da
i� .  We disentangle this state by defining a birthing 

process as one accompanied by the detection of zero photons in detector D2.  Then we 
can project the entangled state onto 

d
0  and obtain for the output infant state 

a
in  the 

unnormalized state   
 

a
in  = 

aa
120 2/1�� .         (5) 

The infant son with this state has a lower mean photon number and thus lower energy 
than his mother.  Growing up into an adult can be modelled by amplification. 
 We are interested in the case where the grown son goes back in time successfully 
by entering a time machine, emerges and then interferes with his birth.  This is shown in 
Fig. 3.  With BS1 as a 50:50 beam splitter the unnormalized state 

c
out  in mode c at the 

earlier time with a successful time travel event would be just 
cc

120 2/1�� .  The 
quantum scissors device, however, can act both as a time machine and as an amplifier 
(Ferreyrol et al. 2010, Xiang et al. 2010) which we can use to simulate growth.  To 
amplify the original state we need only replace the 50:50 beam splitter BS1 with one that 
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Figure 2.  The birthing procedure.  The mother qubit state is 

a
m  in the mode a at the entry to 

 beam splitter BS3.  A vacuum state 
d

0  is in the other entry port.  If detector D2 detects 
 zero photons in the output mode d then the mother has given birth to the infant son in 
 state 

a
in  in output mode a. 

 
favours the transmission of the single photon state in mode c over its reflection.  We 
choose a beam splitter that converts the unnormalized output state of the son to the state 

cc
10 � , which now has the same energy as the mother state.  To allow the son 

represented by 
c

out  to interfere with the birth we choose a geometry such that the 
output mode c is the same as the input mode d  in Fig. 2.  This is shown in Fig. 3, which 
also includes a phase shifter PS that can be used to adjust the phase of 

c
out .  We let the 

phase shifter be set so that the son state 
c

out is  )10(2 2/1
cc

i��  at the entry to beam 

splitter BS3, which replaces the original vacuum input 
d

0 of Fig. 2.  This completes the 
first round of the cycle. 
 To follow the second round of the cycle, we need to find the effect of retaining 
the mother state 

a
m  as one input to BS3 but replacing the vacuum state at the other 

input with the state )10(2 2/1
cc

i�� .  Using the usual beam splitter relations (Barnett & 
Radmore, 1997) we find that the unnormalized entangled state emerging from BS3 is 
given by 

 outBS3  = )0110(2)1001(200 2/12/1
cacacacaca

iii ���� ��   

   )2002(2 2/1
caca

�� � .     (6) 

As before, if the detector D2 detects zero photons we project this onto 
c

0  and obtain for 

the output infant state 
a

in  the unnormalized state   

 
a

in  =  
aa

220 2/1�� .       (7) 
Comparison with Eq. 5 shows how the interference with the birth has altered the state of 
the infant son.  Following the new cycle, the son enters beam splitter BS2 of the quantum 
scissors time machine.  The quantum scissors is a versatile device which not only acts as 

a

D2 

m

d
0

inBS3
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Figure 3.  The paradox cycle.  The mother qubit in state 

a
m  gives birth to the infant qubit in 

 state 
a

in  who proceeds along mode a, enters the time machine at beam splitter BS2 and 
 exits from the time machine at an earlier time in the output mode c of BS1 in an adult 
 state. The adult qubit proceeds along mode c, which is arranged to be the input mode of 
 the beam splitter BS3, through the phase shifter PS and interferes with his own birth in 
 such a manner that the afflicted infant is killed later by the action of the time machine. 
 
a time machine and an amplifier, in accord with its name it also truncates the expansion 
in photon number states by cutting off all photon number states greater than the one 
photon state.  In this case the second term in Eq. 7 is cut off and the son emerges from 
beam splitter BS1 in the vacuum state 

c
0 , that is, the son is killed by the quantum 

scissors.  The interference with the birth is such that the altered son does not survive the 
time travel and all that exits the time machine is the vacuum state.  The state 

c
0  is then 

unaffected by the phase shifter and enters beam splitter BS3 exactly as at the start of the 
first cycle allowing a normal birth with no interference, thereby producing the normal 
infant state Eq. 5.   
  We thus have the succession of cycles; a son is born, grows, goes back in time, 
interferes with his own birth so that he is killed by the time travel, is thus not able to 
interfere with the birth and therefore allows a normal son to be born who grows and goes 
back in time and so on.  This retrospective suicide cycle is essentially the same as the 
grandfather paradox situation. 
 
7.  PROBABILITY OF THE PARADOX 
 The question now is whether or not such a situation can occur.  As with all causal 
loops there will be an earliest point from which we can follow both parts of the loop to 
the latest point.  In our case the earliest point is at BS1 with two paths to the latest point 
at BS2.  Our setup provides two paths for a photon to go from BS1 to detector D1, which 
allows us to treat the setup as an interferometer, with amplitudes associated with the two 
paths interfering to give a total amplitude for D1 to detect one photon and D0 to detect 
zero photons, with the square of the modulus of the total amplitude giving the probability 

Mirror 

b

m  

D2 

c 

b 

PS 

0
 

1

c 

a 

D1 

D0 
in

BS1

BS2 BS3

rhawnjoseph
182



 

for the successful time travel event required for the cycle to occur.  We find that there is 
zero amplitude for one photon to be detected in detector D1 and zero photons in D0. Thus 
there is zero amplitude and thus zero probability for a successful time travel event and 
therefore zero probability for our retrospective suicide, or grandfather, paradox cycle to 
occur. 
 The details of the calculation are as follows.  As we are only interested in whether 
this probability is zero or non-zero rather than its actual value, we can use unnormalized 
states.  We have seen before that if BS1 were a 50:50 beam splitter, the unnormalized 
state at the exit of BS1 would be )0110(

cbcb
i� .  Now however, BS1 is such as to 

give the output state 
c

1  a boost by a factor of 2/12 , that is, which gives an unnormalized 

state at the exit of BS1 of )01102( 2/1
cbcb

i� .  The phase shifter in mode c changes 

c
1  to become 

c
i 1  at the entrance to BS3 giving the total unnormalized state entering 

BS3 as 
 inBS3  = )10(

aa
� )01102( 2/1

cbcb
� .    (8) 

Beam splitter BS3 does not affect the state of mode b  and by use of the usual beam 
splitter relations we find the output state of BS3 to be   

 )001010)110101(2100 2/1
bcabcabcabcabca

ii ���� �   

  + 
bcaca

i 0)2002( � .      (9) 

The detection of zero photons by D2 in mode c projects this state onto 
c

0  yielding as 
the final state entering BS2 
 

bababa
i 0111210 2/1 �� �  + 

ba
i 02 .     (10) 

In our case of interest just one photon is detected in D1 and zero in D0 so we shall be 
projecting the output of BS2 onto the state 

ba
10 . From conservation of photon number 

the output states arising from each of the second and fourth terms in Eq. 10 must have a 
total of two photons in the two output modes and thus will give zero when projected onto 

ba
10 .  The first term gives an output from BS2 of )0110(2 2/1

baba
i��  and the 

third term gives )1001(2 2/1
baba

ii ��  so the total from the two terms is )012 2/1
ba

i .  

The projection of this onto 
ba

10  is zero.  Thus there is zero amplitude and thus zero 
probability for our retrospective suicide, or grandfather, paradox cycle to occur. 
 We have seen, therefore, at least for this case, how nature works to prevent an 
inconsistent cycle from happening.  Starting from the earliest point in the cycle and 
following both sides of the cycle to where they join at the latest point we see that the total 
amplitude for a successful time travel event from the two sides for the cycle is zero. 
 The next question is whether or not there is a possible consistent causal loop 
similar to the scenario in which the man raises his rifle to shoot his baby self but, because 
of his bad shoulder, misses the baby’s heart and hits it in the shoulder.  In our case it 
would be where the interference by the time travelling adult son causes the state of the 
infant to be different from the normal, or healthy, state Eq. 5, causing the state of the 
adult to be different from the normal adult state in such a way that the interference with 
the birth by the adult consistently reproduces the different, less than healthy, infant state.  
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To find a solution which can possibly occur we let the phase shifter PS change the phase 
by a general angle T , that is, the effect is multiply the state 

c
1  by )exp( Ti at the entry to 

BS3 instead of i as was done previously.  This has the effect of changing Eq. 10, the state 
at the entry to BS2, to 
 

bababa
i 01)exp(11210 2/1 T�� �  + 

ba
i 02)exp( T .   (11) 

The coefficient of the term in 
ba

10  in the exit of BS2 is then proportional to 
)exp(1 Tii�  which is proportional to the amplitude for the time travel event to occur.  As 

long as ii z)exp( T  a cycle is possible. 
 To see if a self-consistent cycle exists, let the unnormalized adult state in mode c 
at the input to BS3 be 

cc
10 �J .  We find after projecting the entangled state emerging 

from BS3 onto 
c

0  that the output infant state 
a

in  is the unnormalized state   

 
a

in  = 
aa

i 1)(20 2/1 �� � JJ   
a

i 22 2/1�� .     (12) 
The quantum scissors does not reduce this state to the vacuum, that is, it does not kill the 
son, it just wounds the son by cutting off the last term and sends the truncated state back 
in time, amplifying it to become the adult state 

bb
i 1)(0 �� JJ .  The phase shifter PS 

changes this to 
bb

ii 1)exp()(0 TJJ ��  at the entrance to BS3.  Consistency with the 

state 
cc

10 �J  shows that a self-consistent cycle exists with ii �� )exp( TJ .  
Substitution into Eq. 12 gives the less than healthy infant state.  For example if 0 T , 
that is no phase shift, the unnormalized less than healthy infant state is 

a
0  +  

a
i 1)1(2 2/3 ��  + 

a
i 2)1(2 2/3 �� , after dividing by J , compared with the healthy infant 

state Eq. 5.  The wounded infant becomes an adult in state 
aa

i 1)1(20 1 �� �  at the 
entrance to BS3.  Other self-consistent cycles are possible that depend on the value of the 
phase shift T  with different probabilities of occurring.  In other words, how hard it is to 
have a self-consistent cycle depends on the physical circumstances that the time traveller 
encounters.   As shown above, the amplitude for a cycle is proportional to )exp(1 Tii� .  
The minimum amplitude is zero for ii  )exp( T  and is a maximum for ii � )exp( T .  It is 
interesting to see that for the former case there is a self-consistent cycle with the adult 
state at the entrance to BS3 being 

cc
i 120 1�� even though the probability for this cycle 

is zero.  In the case with the maximum probability to occur, 0 J  for a self-consistent 
cycle and the adult state is just the one photon state 

c
1  at the entrance to BS3.  For this 

model at least, we have shown that for a cycle to be possible it must be self consistent but 
not all self-consistent cycles are necessarily possible. 
 
8.  CONCLUSION 
 In our retrospective suicide paradox, which is essentially the same as the 
grandfather paradox, a man is born in a healthy state, grows up, goes back in time by 
means of a time machine and interferes with his own birth in such a way that his afflicted 
infant self cannot survive the trip in the time machine and thus cannot interfere with the 
birth.  We have been able to model this paradox by means of a non-deterministic 
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quantum time machine that can be constructed in a laboratory.  A calculation of the 
probability of this scenario by means of quantum mechanical amplitudes shows that it is 
impossible, essentially because the probability of a successful time travel event becomes 
zero in these circumstances.   
 By slightly altering the manner in which the son interferes with his birthing event, 
that is, by adjusting a phase shifter in the model, we find that a self-consistent solution is 
possible.  In this case the baby is born in a less than healthy state but nevertheless healthy 
enough not to be killed by the time machine and emerges, wounded, from the time 
machine as an adult still able to proceed and interfere with the birth, producing the baby 
in the same less than healthy state.  This scenario has a non-zero probability of 
happening. 
 The paradox model studied in this paper suggests that quantum mechanics may 
play an important role in the resolution of time travel paradoxes.  Essentially this is 
because of interference of quantum mechanical amplitudes.  Any closed causal cycle will 
have an earliest point and a latest point, behaving like a quantum interferometer in which 
the amplitudes associated with the two arms can interfere.  Although a fundamental law 
of classical physics is that of minimum action, which has a quantum mechanical origin, 
quantum effects may be largely ignored for macroscopic objects with a unidirectional 
causality.  We might speculate, however, that the presence of causal loops may make 
quantum effects more evident.  In conclusion, for the model studied here at least, 
quantum mechanics makes time travel impossible if it leads to a paradox.  When time 
travel is possible, a self-consistent causal loop can be found that avoids the paradox.  
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