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Abstract
We study the internal dynamics of a hypothetical spaceship traveling on a close
timelike curve in an axially symmetric Universe. We choose the curve so that
the generator of evolution in proper time is the angular momentum. Using
Wigner’s theorem, we prove that the energy levels internal to the spaceship
must undergo spontaneous discretization. The level separation turns out to
be finely tuned so that, after completing a roundtrip of the curve, all systems
are back to their initial state. This implies, for example, that the memories
of an observer inside the spaceship are necessarily erased by the end of the
journey. More in general, if there is an increase in entropy, a Poincaré cycle
will eventually reverse it by the end of the loop, forcing entropy to decrease
back to its initial value. We show that such decrease in entropy is in agreement
with the eigenstate thermalization hypothesis. The non-existence of time-travel
paradoxes follows as a rigorous corollary of our analysis.

Keywords: closed timelike curves, Poicarè recurrence,
axially symmetric spacetimes, eigenstate thermalization hypothesis

1. Introduction

It is often assumed that, in a Universe with Closed Timelike Curves (CTCs), people can ‘travel
to the past’. On the surface, this seems to be an obvious implication, since (on sufficiently large
scales) one may view a timelike curve as the worldline of a hypothetical spaceship traveling
across the spacetime. If such curve forms a loop, the spaceship returns to its starting point, in its
own past. However, to confirm that this is an actual journey to the past, we must first discuss
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what happens to the passengers (i.e. to macroscopic systems of particles) as they complete
the roundtrip. For example, consider the following question: ‘Can Alice meet her younger
self at the end of the journey?’ Answering this and similar queries ultimately boils down to
determining the statistical evolution of non-equilibrium thermodynamic systems on CTCs [1],
which is what we aim to do here.

An insightful thermodynamic picture was proposed in [2]. Let us briefly review the main
idea. We start by noticing that, according to our current understanding of physics, entropy
increase is the only physical law1 that enables us to draw a fundamental distinction between
past and future [3, 4]. This gives us a local criterion2 to determine the direction of time. Namely,
if a thermally isolated system (see [5, section 11] for an operational definition) occupies an
event x in spacetime, the ‘future’ lightcone at x is the one that points in the direction of increas-
ing entropy of such thermodynamic system. Let us apply this principle to a CTC, assuming
that the spaceship can indeed be approximated as a thermally isolated system.

Since a CTC is a compact set, and the entropy S is a continuous function, there exists an
event x0 in the curve where the entropy of the spaceship is minimal, and another event xf
where it is maximal3. Let us then break the closed curve into two open segments, which begin
in x0 and end in xf. Since S(x0)⩽ S(xf), the entropy grows (on average) from x0 to xf on both
segments. Hence, the thermodynamic time begins in x0 and ends in xf on both branches of
the CTC, see figure 1. Based on this fact, it is argued in [2] that, if an observer begins their
journey in x0, and travels counterclockwise on the green line in figure 1, then, after they cross
the event xf, we are no longer allowed to say that their subjective time ‘keeps growing’. Instead,
all thermodynamic processes (including biological processes such as memory formation and
aging) are reversed. For this reason, strictly speaking, the story of this observer ends in xf. The
blue line contains an alternative story, where another (time-reversed) version of the observer
travels from x0 to xf clockwise. In conclusion: From the perspective of an observer traveling
on the CTC, a closed timelike curve is not a loop in (entropic) time. Rather, it is two parallel
entropic timelines, both of which begin and end in the same events (namely x0 and xf).

The purpose of the present article is to show, using quantum statistical mechanics, that
the qualitative picture of [2] outlined above is ‘correct’, in the sense that it agrees with our
current understanding of the laws of physics. To achieve this goal, we study the evolution of a
‘spaceship’ (i.e. of a closed quantum system) traveling along a CTC that is the orbit of a local
Killing vector. We will use, as our reference spacetimes, the Gödel-type universes [6, 7], since
they have a very simple geometry. However, our main conclusions apply to a wide variety
of spacetimes, notably Kerr and [8–12]. To be as rigorous as possible, we will ground all our
claims on commonly accepted quantummechanical principles and theorems, without invoking
any assumption that may be regarded as controversial. We will verify that the thermodynamic
picture of figure 1 emerges naturally.

Let us stress that, given our purposes, a quantum approach is needed, as it provides the
most practical way to prevent the insurgence of self-contradictory timelines. To see why this
is important, note that, despite grandfather paradoxes are formally avoided within the under-
standing of figure 1, analogous puzzles may still arise. For example, consider an observer,

1 Ignoring phenomena that may depend on the chosen interpretation of quantum mechanics.
2 Here, ‘local’ means that the criterion applies to regions of spacetime that are small compared to the spacetime
geometry, but still large enough to host a closed thermodynamic system.
3 To keep the discussion simple, we assume that x0 and xf are unique. The generalization tomore complicated scenarios
withmultiple extrema is straightforward. The case where the entropy is constant along thewhole CTC is not interesting
for us, since this article focuses on non-equilibrium processes on CTCs.
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Figure 1. Entropic arrow of time (gray arrows) along a CTC. The positive sense of the
arrows follows entropy increase, i.e. dS(‘arrow’)>0. These time arrows must flip some-
where on the CTC, because dS is an exact form, i.e.

¸
dS=0. Indeed, there must be at

least two points x0 and xf where dS changes orientation. These are the minimum and
the maximum entropy events, and they mark the beginning and the end of two parallel
histories (blue and green) of the same spaceship.

called Alice, whose life begins at x0, together with a coin and a notebook. Suppose that the
version of Alice that evolves clockwise along the loop flips the coin and gets heads, thereby
writing ‘H’ on the notebook, while the other version of Alice gets tails, and writes ‘T’. Which
letter appears on the notebook when the two timelines meet in the event xf?

The onlyway out of these paradoxes is to appeal to a self-consistency principle, according to
which the only histories of the Universe that actually happen are those where everything works
out consistently [13, 14]. For example, in Alice’s experiment above, it may be assumed that
the coin must always give consistent outcomes on both parallel histories. In a classical world,
this must be enforced as an additional constraint on the Cauchy problem [15–18], while in
a quantum world self-consistency automatically holds as an intrinsic feature of the evolution
operator [18–21]. Indeed, we will show in section 2.3 that, in our spacetimes of interest, self-
consistency of histories follows as a corollary of Wigner’s theorem [22], and it holds for any
initial quantum state |Ψ⟩. This is crucial for us, since it would be hard to make statistical
mechanical claims for a system with constraints that are non-local in time.

Throughout the article, we adopt the metric signature (−,+,+,+), and work in natural
units: c= ℏ= kB = 1.

2. Quantum mechanics in a Gödel-type Universe

In this section, we show that the energy levels of a closed system traveling along a CTC are
quantized, beingmultiples of a fundamental discrete unit, whose value is inversely proportional
to the length of the curve. Since the present article is not concerned with the backreaction
of the system on the spacetime geometry, we treat the spacetime metric as a fixed classical
background, and assume that the quantum system has very small mass.

3
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2.1. Brief description of the metric

A Gödel-type Universe [6, 7, 23] is a rotating Universe that admits CTCs. We work in a cyl-
indrical coordinate system {t,ϕ,r,z}, where t ∈ R is a time coordinate, ϕ = [0,2π] is the cyl-
indrical angle (with 0≡ 2π), r⩾ 0 is the distance from the cylindrical axis, and z ∈ R para-
metrizes the axis. For the physics we are interested in, it will suffice to postulate the following
general metric:

g(∂µ,∂ν) =


A(r) B(r) 0 0
B(r) C(r) 0 0
0 0 1 0
0 0 0 1

 , with ∂µ =


∂t
∂ϕ
∂r
∂z

 , (1)

where A, B, C are generic functions of r. Gödel’s metric can be expressed in the above form
[24, section 5.7], with

A=−1 , B=
√
2sinh2 r , C=sinh2 r−sinh4 r . (2)

Closed timelike curves are guaranteed to exist whenever C(r0)< 0 for some r0 [23]. In fact,
when this happens, g(∂ϕ,∂ϕ)< 0, meaning that ∂ϕ is timelike at r0. Its integral curves are
therefore timelike, and have the form

γ (ϕ) = (const,ϕ,r0,const) . (3)

From the identification 0≡ 2π, we conclude that the event γ(0) coincideswith the event γ(2π),
meaning that the curves γ(ϕ) are indeed CTCs. In Gödel’s metric,C(r) becomes negative when
r> ln(1+

√
2), see equation (2).

2.2. Symmetries of the metric and their quantum realizations

The Gödel metric is known to possess 5 linearly independent Killing vectors [25]. For the
purposes of our work, only one is relevant, namely ∂ϕ, which is the generator of rotations
around the z axis in all Gödel-type universes of the form (1). This family of transformations is
an abelian one-parameter group of symmetries of the spacetime, which act as follows:

Gb (t,ϕ,r,z) = (t,ϕ+ b,r,z) . (4)

If we treat the spacetime as a fixed background, the laws of physics must be invariant under
all transformations Gb. According to Wigner’s theorem, if a quantum theory is invariant under
a group of symmetries, its Hilbert space is the carrier space of a unitary representation of such
group [22, section 2.2]. For the group (4), the corresponding unitary representation takes the
form (by Stone’s theorem [26])

U(b) = eiJb , (5)

for some Hermitian operator J. This operator is the quantum generator of rotations around the
z-axis, and it can be identified with the angular momentum.

A key feature of the group Gb is that, due to the identification 0≡ 2π for the variable ϕ,
we have the relation G2π = 1. The group (5), being a representation of (4), must reflect this
constraint. In particular, the action of the operatorU(2π) on a quantum state |Ψ⟩must return the
same state |Ψ⟩, up to a constant phase eiα independent of |Ψ⟩ [22] (if there are superselection
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rules, we must work within a coherent space with constant α [27, sections 1–2]). Therefore,
we have the following operatorial identity:

ei2π J = const= eiα . (6)

A more detailed proof of (6), which makes explicit use of the definition of symmetry in
quantum mechanics, is provided in appendix A.

2.3. Quantum mechanics on a CTC

Consider a spaceship that travels along the closed timelike curve (3), with r0 such that C(r0)<
0. For an observer on that spaceship, the spacetime is stationary, but the generator of time
evolution is ∂ϕ (and not ∂t). In fact, the worldline of the spaceship is tangential to ∂ϕ, and a
clock inside the spaceship measures proper time intervals as follows:

∆τ =

ˆ ϕ2

ϕ1

√
−g(∂ϕ,∂ϕ)dϕ =

√
−C(r0)∆φ . (7)

This implies that, if the spaceship is thermally isolated, it evolves in proper time τ according

to the unitary operators eiJτ/
√

−C(r0), up to an arbitrary phase. The formal proof is provided in
appendix B. Thus, the Hamiltonian operator generating the spaceship’s evolution is

H=−2π J
T

+ const , (8)

where T = 2π
√
−C(r0) is the interval of proper time that the spaceship takes to perform a

whole revolution around the z axis. Plugging (8) into (6), and adjusting the constant in (8)
appropriately, we obtain

e−iHT = 1 . (9)

This equation implies that history ‘always works out’ self-consistently. In fact, according to
equation (9), after the spaceship makes a loop around the closed timelike curve, its interior
must evolve back to its original state. Note that, according to equation (9), self-consistency
of history does not require that we impose constraints on the initial state. Instead, all stor-
ies are automatically self-consistent due to the operatorial identity (9), which constrains the
microscopic motion of all particles.

We remark that, in order to achieve self-consistency, we did not need to invoke any exotic
physics. Instead, the identity (9) follows from (6), which is a well-known property of the angu-
lar momentum operator. Indeed, this same quantum identity causes all objects in our world to
go back to their original state (up to a global phase) after a 360◦ degree rotation [22]. Violating
this identity would entail violating the same assumptions that underlie the foundations of the
standard model of particle physics.

2.4. Spontaneous discretization of the energy levels

Let E be an eigenvalue of the Hamiltonian H. According to equation (9), the following fact
must hold:

E=
2πn
T

, n ∈ Z . (10)

5
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This means that the spectrum of H is necessarily discrete, and the spacing between two arbit-
rary energy levels is an integer multiple of 2πT −1. This spontaneous quantization is a neces-
sary and sufficient condition for the self-consistency of history, since it is mathematically
equivalent to (9). To understand its meaning, consider the following example. Suppose that
the spaceship carries a harmonic oscillator. Self-consistency demands that, after a round-trip,
the oscillator must come back to its initial position. The only way for this to happen is that its
oscillation frequency ω be an integer multiple of 2πT −1. The energy levels of the oscillator
are multiples of ω (up to an irrelevant additive constant ω/2), leading to (10).

Note that, in the limit in which the round trip takes a very long time (i.e. T →+∞), the
minimum quantization spacing 2πT −1 tends to zero. For example, for a CTC whose duration
is 1 year, the minimal energy spacing is ∼10−22 eV. In order to have a spacing of 1eV, we
need a CTC that lasts ∼10−15 s.

2.5. Comment on finite-size effects

In the above derivation, we treated the spaceship as a point-like system. However, in reality,
the spaceship has a finite size, and the revolution period may be different on opposite edges of
the spaceship. When this effect is relevant, all the above equations still hold, but we need to
reinterpret r0 as the exact location of a clock somewhere in the spaceship, and define T there.
Then, our analysis above still applies (see appendix C.1 for the proof). The only subtlety now is
that we need to revise our interpretation of τ . In particular, if a physical process in the spaceship
lasts a time ∆τ , this does not coincide with the proper time experienced by the particles that
participate in the process. Instead, it is the duration of the process as perceived by an observer
located in the proximity of the clock (at r0). The proof is provided in appendix C.2. For our
purposes, the present distinction is irrelevant.

3. Spontaneous inversion of the entropic arrow of time

In this section, we show that the thermodynamic picture illustrated in figure 1(and introduced
in [2]) is valid (at least in axisymmetric universes), and follows directly from equation (10).
In the following, we will model the spaceship as an idealized box with perfectly reflecting
walls. This is necessary, because the second law of thermodynamics applies only to thermally
isolated systems, to which we can assign a Hamiltonian [5, section 11].

3.1. A simple example: spontaneous recombination of an unstable particle

Suppose that the content of the spaceship at τ = 0 amounts to one single particle, called Ψ,
with zero kinetic energy, and which can exist in one single (normalized) quantum state |Ψ⟩.
Suppose that such particle is unstable, and can rapidly decay into N≫ 1 lighter particles,
which we call ψ. From a statistical perspective, the probability that the daughter particles
will spontaneously recombine into Ψ should tend to zero in the large-N limit. In fact, in the
microcanonical ensemble [28, 29], the probability of observing the particle Ψ is given by

PΨ =
1

1+ eSNψ
∼ e−N N→+∞−−−−−→ 0 , (11)

where SNψ ∼ N is the entropy of N particles of type ψ. An intuitive way to see this is that it
is extremely unlikely that all N particles ψ will spontaneously meet in the right location and

6
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Figure 2. Spontanenous decay and later recombination of an unstable particle traveling
on a CTC, according to equation (14), with Z=10 (red), Z=30 (blue), and Z→+∞
(dashed).

with the right momenta to recreateΨ. Yet, according to equation (9), after one loop around the
CTC, this must happen. Let us see how this works.

According to equation (10), the Hamiltonian of the system takes the general form [26,
section 3.1, theorem 3.7]

H=
2π
T

∑
n∈Z

nPn , (12)

where Pn = P†
n are orthogonal projectors, such that PnPm = δnmPn and

∑
n∈ZPn = 1 [30,

chapter 1, section 6.9]. Note that the spectrum of H does not need to be the whole set 2πZ/T ,
because some projectors Pn may vanish. The probability amplitude of observing again the
particle Ψ after a proper time τ has passed [31] is given by

⟨Ψ|e−iHτ |Ψ⟩=
∑
n∈Z

e−i2π nτ/T ⟨Ψ|Pn|Ψ⟩ . (13)

The quantity ⟨Ψ|Pn|Ψ⟩ is the probability of obtaining the outcome 2πnT −1 when measur-
ing H on the state |Ψ⟩. We already see that equation (13) reduces to ⟨Ψ|e−iHτ |Ψ⟩= 1 when
τ=T . However, we are interested in understanding how the process unfolds. To this end, we
assume, for clarity, that ⟨Ψ|Pn|Ψ⟩= 1/Z for n between 0 and Z−1, and zero otherwise. Then,
the probability of observing a particle Ψ after a time τ is

PΨ (τ) = |⟨Ψ|e−iHτ |Ψ⟩|2 = 1
Z2

∣∣∣∣1−e−i2πZτ/T

1−e−i2πτ/T

∣∣∣∣2 , (14)

which is plotted in figure 2. As one would expect, the particle spontaneously decays close to
τ = 0, and it remains decayed for almost the whole journey. However, as τ approaches T , the
particle is spontaneously reconstructed, over the same time that it took for it to decay. This
mechanism is a direct consequence of the discretization (10) of the energy levels, and it does
not require us to fine-tune the initial conditions. The same qualitative behavior is observed
with different choices of ⟨Ψ|Pn|Ψ⟩.

7
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3.2. Thermodynamic evolution assuming eigenstate thermalization

Let us go back to the general case, and assume that the spaceship’s interior is an arbitrary closed
system. Fixed an observable of interest A, and a normalised initial state |Ψ⟩, the average value
of A after a time τ is

⟨A⟩τ = ⟨Ψ|eiHτAe−iHτ |Ψ⟩ . (15)

Again, it is clear that ⟨A⟩T = ⟨A⟩0. Hence, if the system is initially out of thermodynamic
equilibrium, it must also be such at the end of the journey (i.e. for τ = T ). The goal is to
understand what happens in between. Equation (12) still holds, since it follows solely from
equation (10). Thus, we have the following decomposition:

⟨A⟩τ =
∑
n,m

ei2π(n−m)τ/T ⟨Ψ|PnAPm|Ψ⟩ . (16)

To be able to make general qualitative statements about the evolution, let us assume for clarity
that the Hamiltonian H and the observable A fulfill the eigenstate thermalization hypothesis
[32–35]. Namely, let us assume that H is non-degenerate, with eigenprojectors Pn = |n⟩⟨n|,
and that the following approximation holds:

⟨n|A|m⟩ ≈ Āδnm +Rnm , (17)

where Ā is the microcanonical average, and Rnm is a random variable with mean zero and
small variance (see [34] for more precise statements). Equation (16) becomes

⟨A⟩τ = Ā+
∑
n,m

ei2π(n−m)τ/T ⟨Ψ |n⟩Rnm⟨m|Ψ⟩ . (18)

We can use the quantity δAτ = ⟨A⟩τ−Ā as a measure of the distance of the system from ther-
modynamic equilibrium. In figure 3, we show a numerical example, for a system that starts
far from equilibrium. The initial behavior is standard: The system rapidly relaxes to equilib-
rium, and, after that, undergoes stochastic fluctuations (which become negligible in the ther-
modynamic limit). However, as the end of the journey approaches, we observe a sudden large-
amplitude fluctuation, which brings ⟨A⟩τ back to where it started. The existence of large fluc-
tuations of this kind in Hamiltonian systems was already pointed out by Poincaré, through his
well-known recurrence theorem [28, 36–38]. In ordinary conditions, such fluctuations occur
in a time that is exponentially long in the number of particles. On a CTC, this is no longer the
case. The discretization of the energy levels (10) enforces Poincaré cycles to occur over the
period T , no matter how many particles occupy the spaceship.

3.3. Discussion

Both plots figures 2 and 3 confirm the qualitative picture outlined in [2], and illustrated in
figure 1. In fact, we recall that, if the non-equilibrium deviation is not too large, the entropy of
a macrostate with a given value of A can be expanded as follows [5, section 110]:

S(A) = S(Ā)− 1
2
|S ′ ′ (Ā) | (A−Ā)

2
. (19)

Hence, we can identify the instant τ = 0 with the minimum-entropy event x0, and the entropy
grows in both time directions within a finite neighborhood of x0 (see [34] for quantitative

8
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Figure 3. Numerical evolution of a generic quantity A in a thermodynamic system that
fulfills the eigenstate thermalization hypothesis and travels along a CTC. The y-axis
shows the deviation of ⟨A⟩ from the equilibrium value, in units of the initial deviation.
The observable is assumed to be maximally out of equilibrium at τ = 0. The microca-
nonical ensemble is set to contain 100 energy levels. Increasing the number of levels
sends the relative amplitude of the thermal noise to zero.

claims). However, as wemove far from x0, at some point wemeet an event xf where the entropy
is maximal, and the second law of thermodynamics begins to turn back. In figure 2, the event
xf occurs at τ = T /2. In fact, around T /2, the probability PΨ is closest to 0, which is the ther-
modynamic equilibrium value, see equation (11). In figure 3, the interior of the spaceship is in
thermodynamic equilibrium across the interval τ/T ∈ [0.05,0.95]. Thus, there is no preferred
direction of time in this historical age, and we can pick xf at will.

Note that the qualitative behavior in figure 3 is essentially universal to all statistical systems
fulfilling the eigenstate thermalization hypothesis and such that (9) holds. In fact, all such
systems must (a) evolve back to their initial state at time τ = T , and (b) spend most of their
time in the most likely state, which is ⟨A⟩= Ā.

4. Selected topics on time travel

Let us discuss some general implications of our work.

4.1. Clocks

It was noted in [2] that, on a CTC, the ticking frequency of all ‘good’ clocks must be an integer
multiple of 2π/T . In fact, self-consistency demands that, at the end of the trip, the hand of the
clock must be back where it started. This leads one to the following logical implication: If the
CTC’s period T lasts a non-integer number of seconds, all second-based clocks traveling on
the CTC must suffer from ‘production defects’, since they will tick an integer number of times
over a non-integer number of seconds. These defects have a microscopic origin and arise due
to quantum effects. Let us show this with a quick example.

Consider an Einstein’s clock, namely a photon bouncing between two static mirrors with
distanceD [39]. If such mirrors are perfectly reflecting, they act as Casimir plates, discretizing
the energy levels of the electromagnetic eigenmodes in the space between them. One finds that
the lowest such eigenmode has excitation energy π/D [40]. However, this can be a genuine
eigenmode of the evolution operator H only if (10) holds, i.e. if

2D= T /n , n ∈ N , (20)

9
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which is precisely the condition for the bouncing photon to be back in its initial location at
the end of the loop. If (20) does not hold, then π/D cannot be an exact eigenenergy of the
Hamiltonian, meaning that either the mirrors are not perfect, or they are not static (i.e. they
vibrate). Either way, the Einstein clock cannot work perfectly.

4.2. Spontaneous memory erasure

Memory may be schematically modeled as the result of an interaction, where an object leaves
traces of its initial state in the later state of a ‘memory-keeper’ [3], which may be a measure-
ment device or a living being. Let us assume, for clarity, that the state space of the spaceship
can be (approximately) decomposed as the tensor product between the object’s state space and
the memory-keeper’s state space. Then, given an orthonormal family of object’s states |m⟩,
which the memory-keeper can distinguish through senses, memory collection can be schem-
atically modeled as the following process4:

e−iHτ |m⟩⊗|No knowledge⟩= |Ψm⟩⊗|‘It was m’⟩ , (21)

where τ is the duration of the interaction originating the memory. Using equation (9), we find
that

e−iH(T −τ)|Ψm⟩⊗|‘It was m’⟩= |m⟩⊗|No knowledge⟩ . (22)

Thus, anymemory that is collected along the CTCwill be erased by Poincaré recurrence before
the end of the loop. This confirms the claim of [2] that the experienced time ‘runs backward’
after the event xf, see figure 1.

4.3. The minimum-entropy event

In the introduction, we stated that, since a CTC is a compact set, there is an event x0 where the
entropy of the spaceship is minimal. In the proximity of such event, our macroscopic notion
of causation breaks down. This is evident in figures 2 and 3, where the existence of the low-
entropy state at proper time T does not have any macroscopic cause in its near past or future.
It just ‘fluctuates into existence’. Indeed, any form of order that the event x0 carries (including
objects and people) has no logical cause that can be expressed in purely macroscopic terms.
For example, if there is a book, nobody wrote it. If a person has a memory, this memory is
illusory, and its content is meaningless (by human standards). This is because our notions of
‘writing’ and ‘forming a memory’ implicitly rely on increasing entropy [1], and there is no
event with lower entropy than x0.

Note that none of the above constitutes a real paradox. Complex structures (like brains)
fluctuate into existence in all ergodic systems. The difference is in the waiting time τW before
these structure forms. On CTCs, τW≡T . In an ergodic system with N particles, τW∼eN [28,
section 4.5].

4.4. Speculation: can i meet myself from the future?

One of the most confusing issues surrounding time travel is the possibility that an observer
might interact with a version of themselves coming from the future. It is often suggested that

4 Of course, this is only a simplified picture, since the problem of how observables are measured and memory is kept
is more delicate than what equations (21) and (22) may suggest. However, the main result should hold in general.
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this eventuality may give rise to retro-causality paradoxes. Let us see what quantum statist-
ical mechanics has to say about this eventuality. We must warn the reader that the following
discussion is rather speculative. Yet, we believe that it is worth pondering.

Consider a hypothetical quantum state |Young Bob⟩, where a single human being lives
inside the spaceship. As we evolve this state in time using e−iHτ , Bob’s life unfolds. No matter
how complicated Bob’s story is, equation (9) implies there is only young Bob at time τ=T :

e−iHT |Young Bob⟩= |Young Bob⟩ . (23)

So, either old Bob dies before meeting young Bob, or he rejuvenates, becoming young Bob
himself. Either way, we failed to arrange a meeting between two Bobs.

Let us try again. This time, we consider the quantum state |Bob and Bob⟩, where two people
occupy our spaceship. The first is again Bob. The second is an older version of Bob, who
believes he is Bob from the future. This state of belief of ‘old Bob’ is not a reliable account
of his own past. In fact, based on our argument of section 4.3, we know that all the memories
of old Bob before some past event x0 are probably false. The very existence of old Bob has
no (macroscopic) causal link with the life of young Bob, because our notion of macroscopic
causation breaks down around x0, and order emerges with no apparent cause. Therefore, young
Bob has no reason to believe that old Bob is really himself from the future. Old Bob is more
likely to be an ‘older clone’, who fluctuated into existence at x0 for incomprehensible reasons.

5. Conclusions

For the first time, we have an intuitive understanding of what happens to macroscopic objects
as they travel along closed timelike curves. The derivation carried out here is non-speculative,
being based on the same logical procedure that underlies the unification of quantummechanics
with special relativity [22], namely:

(i) Fix a background spacetime of interest.
(ii) Find its symmetry group.
(iii) Construct a unitary representation of such group.
(iv) For a given observer, find which generator of the group plays the role of the Hamiltonian.

No additional postulate has been included. The resulting quantum theory was proven to
be self-consistent, in the sense that all states undergo non-contradictory histories, and retro-
causality paradoxes are forbidden at the quantum level (in agreement with [18–21]). As sug-
gested in [2], the entropic arrow of time undergoes spontaneous inversions along closed time-
like curves (if the interior of the spaceship is thermally isolated). From a statistical mechanical
viewpoint, this inversion is a manifestation of the Poincaré recurrence theorem, according to
which, in a finite Hamiltonian system, any initial non-equilibrium deviation must fluctuate
back into existence an infinite number of times (the so-called Poincaré cycles [28]).

We stress that the present article does not argue in favor or against the existence of closed
timelike curves. In fact, a proper discussion of the chronology protection conjecture [41, 42] in
Gödel-type universes would require that we express the operator J (defined in section 2.2) in
terms of quantum fields, and that we study the backreaction of the vacuum fluctuations on the
spacetime metric [43–45], which is beyond the scope of this article5. Rather, the take-home

5 Indeed, CTCs are known to generate pathologies in interacting quantum field theories (see [46] for a review). The
reader can see [47–49] for derivations of the chronology protection conjecture within string theory and holography.
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message is that, in a hypothetical Universe with CTCs, time travel would not take place in the
form that is usually depicted in science fiction. In fact, on CTCs, thermal fluctuations destroy
macroscopic causation, and erase all memories (as conjectured in [50]). As it often happens,
Nature is more creative than us.

Finally, we stress again that our main results are valid in an arbitrary background spacetime
(including charged Kerr black holes [51, section 12.3]), provided that the CTC of interest is
the orbit of a periodic one-parameter family of symmetries of the metric. This happens in all
axisymmetric models whose rotation Killing field ∂ϕ becomes timelike somewhere.
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Appendix A. A more ‘in depth’ proof of (6)

Let us first recall what a symmetry is, in the words of Steven Weinberg [22, section 2.2]:
A symmetry transformation is a change in our point of view that does not change the result

of possible experiments. If an observer O sees a system in a state represented by a ray R or
R1 or R2…, then an equivalent observer O′ who looks at the same system will observe it in
a different state, represented by a ray R ′ or R ′

1 or R ′
2…, respectively, but the two observers

must find the same probabilities

P(R → Rn) = P(R ′ → R ′
n) . (A1)

In our case, we are considering the spacetime symmetry ϕ ′ = ϕ− b. This corresponds to a
change of perspective from an observer O located at ϕ=0 to an equivalent observer O′ located
at ϕ=b. In the case where b=2π, the second observer is located at ϕ=2π, which is the same
as ϕ=0. Hence, there is no change of perspective in this case, because the observers O and
O′ coincide. Thus, we have that R = R ′ and Rn = R ′

n , and the identity ei2π J = const= eiα

follows immediately from the definition of ray and the ability to make superpositions.

A.1. Parallel realities are incompatible with relativity…

Looking at the above proof, the careful reader may spot the following potential loophole:What
if we treat the observers O and O′ as genuinely different, by assigning to them a ‘winding
number’ of the phase ϕ? In this case, there might be two ‘parallel’ quantum evolutions (and
two parallel realities) related to the fact thatO andO′ are formally occupying the same location
ϕ=0 in spacetime, but carry a different winding number, and thus observe the system to be in
a different quantum state. Wouldn’t this invalidate the proof?

Such a scenario does not fit within standard relativity, as it would imply that two observers
at the same spacetime point can disagree on the value of a Lorentz scalar at that point. It
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also invalidates the way we conceptualize the spacetime manifold, since according to Einstein
himself a spacetime point (or event) is uniquely identified by the list of all ‘facts’ that happen
in it [52], and two observes cannot disagree on such facts. About this, Misner et al [53, section
1.2] wrote:

Happily, nature provides its own way to localize a point in spacetime, as Einstein was the
first to emphasize. Characterize the point by what happens there! Give a point in spacetime
the name ‘event’. Where the event lies is defined as clearly and sharply as where two straws
cross each other in a barn full of hay.

A.2. … or not?

While the above argument rules out parallel realities at the same eventwithin standard physics,
it also allows us to define a more conservative notion of ‘parallel realities’ that fits perfectly
well within canonical relativity.

Suppose that O is located at ϕ= 0 and O′ is located at ϕ = 2π. Assume that O measures,
say, the Faraday scalar FµνFµν , and gets 5, while O′ measures the same scalar Fµ

′ν ′
Fµ ′ν ′ ,

and gets −3. Then, O and O′ are not occupying the same event in spacetime. Instead, we
should interpret the disagreement betweenO andO′ as a signal that {ϕ = 0} ̸≡ {ϕ = 2π}, and
the spacetime manifold is actually a multi-sheeted Riemann-type surface, where the winding
number ⌊ϕ/(2π)⌋ determines which sheet an observer is on. As a result, the geometry of the
system is now very different from the one considered in section 2.1, in that:

(a) The spacetime is no longer a Gödel-type Universe, since it possesses multiple ϕ−sheets,
and consequently a conical singularity at r= 0.

(b) The curve (3) is no longer a CTC, since it never goes back to where it started. Instead, it
just ‘winds’ around the Riemann-type surface like a helix, with ever-increasing ϕ.

In conclusion, the parallel-reality scenario where O ̸≡O ′ is formally allowed in relativity,
but it corresponds to a geometry without CTCs. Clearly, this is not the type of spacetime
considered in the present article.

Appendix B. The Hamiltonian of the spaceship

Fix an observable scalar field of interest, F(xµ), and evaluate it along the CTC (3). The result
is a one-parameter family of Hermitian operators F(ϕ) that an observer can measure during
their journey.Working in the Heisenberg picture (which is the fundamental picture in relativity,
where no preferred time is given a priori), the action of the operator J on F is determined by
the following identity (see [22, section 2.4], [54, section 3.2], and [55, section 2]):

e−iJbF(ϕ)eiJb = F(ϕ+b) . (B1)

This is the defining property of the unitary group (5), since it makes manifest the link
between the operators U(b) (left-hand side) and the spacetime symmetries Gb (right-hand
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side)6. Averaging the above equation over a generic quantum state |Ψ⟩, and setting ϕ= 0,
we obtain

⟨Ψ|e−iJbF(0)eiJb|Ψ⟩= ⟨Ψ|F(b) |Ψ⟩ . (B2)

This equation allows us to define the Schrödinger picture for observers traveling along world-
lines of the form (3). In fact, on the right-hand side of (B2), we have a quantum average
expressed in the Heisenberg picture, where the state |Ψ⟩ contains the whole history of the
system, and the observable F is evaluated on a spacetime point of interest. On the left-hand
side, the observable F is fixed on the ‘initial time hypersurface’, and the quantum state eiJb|Ψ⟩
changes depending on the ‘time’ b where the measurement takes place. Thus, expressing b
in terms of the proper time τ=

√
−C(r0)b, see equation (7), and introducing Schrödinger’s

notation, i.e. FS:=F(0) and |Ψ(τ)⟩=eiJτ/
√

−C(r0)|Ψ⟩, we finally obtain

⟨Ψ(τ) |FS|Ψ(τ)⟩= ⟨Ψ|F(xµ (τ)) |Ψ⟩ . (B3)

This demonstrates that the operator eiJτ/
√

−C(r) plays indeed the role of Schrödinger’s evolu-
tion operator for an observer traveling along the worldline (3).

Appendix C. Finite-size corrections

In this appendix, we expand the discussion of 2.5.

C.1. Scale ambiguity of Hamiltonians in general relativity

Consider a generic spacetime manifold, with a Killing vector field K that is locally timelike.
Then, there exists a local coordinate system {x0,x1,x2,x3} such that K = ∂0, where x0 is a
local time coordinate. Correspondingly, we can define a Hamiltonian H such that e−iHθ is the
unitary operator representing the translation x0 → x0 + θ. On the other hand, if K is a Killing
vector, then also K̃ = aK is a Killing vector, for any spacetime-independent constant a>0.
Therefore, we can define a new coordinate system {x̃0, x̃1, x̃2, x̃3}={x0/a,x1,x2,x3} such that
∂0̃ = a∂0 = aK = K̃. The associated Hamiltonian operator H̃will then generate the transform-

ations e−iH̃θ̃, which represent the translations x̃0 → x̃0 + θ̃. But since x̃0 = x0/a, the unitary
operator e−iH̃θ̃ must coincide with the unitary operator e−iHaθ̃ (for all θ̃), so that H̃= aH.
We conclude that, in general relativity, there is an intrinsic ambiguity in how to define the
Hamiltonian operator, related to our ability to rescale the time coordinate7. This ambiguity is
expressed by the following group of redefinitions:

6 Note that (B1) can directly be used to derive (6). In fact, if we set b= 2π in (B1), and use the periodicity of ϕ
together with the single-valuedness of fields, we obtain e−i2π JF(ϕ)ei2π J = F(ϕ). Thus, ei2π J must commute with all
local observables. If we assume that all physical observables are built out of local ones (which is the case for quantum
field theory), we conclude that ei2π J must be proportional to the identity, giving again (6).
7 In the non-relativistic limit, this ambiguity becomes the freedom of adding an arbitrary constant to the gravitational
potential. Here is the proof. Write H= m+Hnr (m is the rest mass, and Hnr is the non-relativistic Hamiltonian) and
a= 1+ϵ. Then, H̃= m+Hnr + ϵm+ ϵHnr. In the non-relativistic limit, ϵ andHnr tend to zero, and the term ϵHnr may
be neglected, being quadratic in infinitesimals. Therefore, we can write H̃≈ m+ H̃nr, with H̃nr = Hnr +mϵ, where
the latter term can be reabsorbed in the definition of the gravitational potential.
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
K̃ = aK ,
H̃= aH ,

x̃0 = x0/a .

(C1)

So, how do we choose the ‘most natural’ value of a? We would like our time coordinate to
coincide with the proper time of a stationary observer. Equivalently, we would like to choose
the scale a such that g(aK,aK)=−1. However, in general, it may be impossible to enforce this
identity simultaneously at all locations, since

∂α [g(aK,aK)] = a2∇α (KµKµ)
= 2a2Kµ∇αKµ
= − 2a2Kµ∇µKα ,

(C2)

which does not vanish if the stationary observer is accelerating. Therefore, we need to choose
a preferred stationary worldline (x1p,x

2
p,x

3
p), where g(aK,aK) equals −1, and this uniquely

specifies the value of a. When we make this choice, the time coordinate will agree with the
proper time measured by the observer traveling on (x1p,x

2
p,x

3
p), but it may not be the proper time

of the neighboring observers. Similarly, the associated Hamiltonian will quantify the energy
measured by detectors located at (x1p,x

2
p,x

3
p), while in other locations it will be a redshifted (or

blueshifted) energy.
In section 2.3, we employed the ambiguity (C1) to adjust our definition of H in (8). In par-

ticular, we have chosen a such that g(a∂ϕ,a∂ϕ) =−1 on the CTC of interest. In an extended
object, one may set g(a∂ϕ,a∂ϕ) =−1 in the object’s ‘center’ (in the proximity of a central
clock), and there will be some redshift (or blueshift) near the boundaries. However, the spec-
trum of H will still have the form En = const× n, since a is just a constant factor.

C.2. Gradients in the perceived time: a thought experiment

The following argument is a straightforward adaptation of the derivation of the gravitational
redshift formula in stationary spacetimes, see e.g. [56, section 5.3].

We assume that the support of the spaceship is contained within the spacetime region where
∂ϕ is timelike. Suppose that there are two passengers, Alice and Bob, who take two different
seats in the spaceship. Alice sits on the worldline γA(ϕ) = (tA,ϕ,rA,zA), and Bob sits on the
worldline γB(ϕ) = (tB,ϕ,rB,zB). Alice sends two light pulses to Bob, the first time when she is
on the event (tA,ϕA1,rA,zA), and the second time when she is on the event (tA,ϕA2,rA,zA). The
first lightpulse travels along a null geodesic γ1 that begins at (tA,ϕA1,rA,zA) and terminates on
Bob’s worldline, at some event (tB,ϕB1,rB, tB). Now, we note that γ1 is a null geodesic if and
only if Gbγ1 is also a null geodesic, for any b [53, section 25.2]. Therefore, since the second
light pulse is generated in the event (tA,ϕA2,rA,zA), and points in the same direction as the
first, it will follow the null geodesic γ2 = GϕA2−ϕA1γ1, thereby reaching Bob in the event

(tB,ϕB2,rB,zB) = GϕA2−ϕA1 (tB,ϕB1,rB, tB)

= (tB,ϕB1+ϕA2−ϕA1,rB, tB) .
(C3)

Hence, the coordinate delay ∆ϕ = ϕB2−ϕB1 = ϕA2−ϕA1 between the two pulses is the same
for Alice and Bob. This implies that, if Alice, e.g. has lunch in the time interval between
sending the two pulses, the quantity
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∆τ =
√
−C(rB) (ϕA2−ϕA1)

=
√
−C(rB) (ϕB2−ϕB1)

=
√
−C(rB)∆ϕ

(C4)

is the duration of Alice’s lunch as perceived by Bob, see equation (7). This completes our
proof.
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