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1. Introduction

If the universe is roughly time symmetric in its geometry and if the thermodynamic arrow of time
follows the cosmological one, then one can equally derive information about the present from the
past or from the future. Presumably the relative (temporal) proximity of the big bang compared to
the big crunch makes it easier to work from the past.1 Nevertheless, it is of interest to ascertain
whether there is anything that can be deduced from or imposed by the future. Both the answer to
this question, and the very issue of connecting cosmological and thermodynamic arrows, are best
formulated as two-time boundary value problems, with those two times near the beginning and
(speculative) end of our universe. Many years ago (Schulman, 1973) I sought to justify the connection
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between the arrows from this perspective and tried as well to evaluate the possibility of discerning
contemporary effects of the distant future (Schulman, 1976, 1977).

More recently, those ideas have been woven into a quantum measurement theory (in which there
is no ‘‘measurement,’’ only unitary time evolution) that is most plausible in a (roughly) time-
symmetric universe.

Two aspects of retrocausality will be discussed here. In Section 2 I will show that the direction of
causality follows the direction of entropy increase. After reviewing how geometry can induce the
thermodynamic arrow, it will be shown that causality itself is a consequence of that arrow. For a
system that has entropy increase during one epoch and entropy decrease during another, causality
follows the entropy arrow. In particular, when the system is perturbed, the macroscopic effect of that
perturbation will be seen on only one (temporal) side of the perturbation, the selection of that side
being governed by the direction of entropy increase. The consequences of these ideas for study of our
actual universe will be taken up in Section 3. Here we will examine whether particular kinds of
observations can be used to say anything about the long-term future of the universe; or perhaps in
our present context this should be phrased as saying that the far future may provide us with
contemporary observational evidence of its nature.2

One topic I will not discuss here is postselection. This is a trivial kind of retrocausality, in the sense
that it is mathematical, and like much of mathematics, tautological. Postselection can be formulated
in classical mechanics or in quantum mechanics. The quantum examples have a kind of exoticness,
but in principle are no different from the following. Suppose I have a casino in which all tables, all
slot machines, are surveilled all the time and the tapes saved for a month. Now select 10 people who
walked out with essentially the same amount of money they came in with and who played for at
least three hours. Then I can make a prediction about their capital as a function of time. The
prediction (Schulman, 1991b) is that they will have less money in the middle, but there is no physics
in this (or anything else,3 except mathematics). For quantum examples, where say the z-component
of spin is measured at one time and the x-component at another, the only mystery (when the particle
is free in between) is how it could get from one to the other. I would say the answer is to be found in
the measurement apparatus and environment, but questions about the intermediate state are no
richer than for the classical case (cf. Eq. (5.2.3) in Schulman, 1997, and Eq. (2.4) in Aharonov,
Bergmann, & Lebowitz, 1964).

2. Causality and retrocausality

The second law of thermodynamics purports to give a precise statement of a dominating fact of
experience. But the statement of the law requires a distinction between macroscopic and microscopic,
a feature smacking of the subjective. There are a number of ways of making this distinction,
corresponding to various formulations of the second law. If it is entropy increase you are talking about
you must define entropy. Generally it is the logarithm of the number of microscopic states associated
with a macroscopic state, which means you need to coarse grain (or do something equivalent), which
means you have to define your coarse grains. If you prefer to phrase the second law in terms of the
impossibility of converting heat to work, you need to define those concepts. Generally, ‘‘work’’ is
energy at zero entropy, which is to say, the energy is sequestered in a small number of macroscopic
degrees of freedom, while ‘‘heat’’ is energy held jointly and indistinguishably among a large number of
(microscopic) degrees of freedom. So again there is the micro/macro distinction.

Definitions of causality have similar problems. I am not referring to formulations in which
causality corresponds to the vanishing of commutators at spacelike distances. I do mean that if you
step on my toe I say ouch–afterwards. So I want to assign a macroscopic meaning, and again there is
the issue of defining macroscopic.
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of an electron (due to radiation reaction terms in its equation of motion) is suppressed by the demand of future good behavior.
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affect the prediction given.
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If you are thinking about retrocausality there is yet another problem. I take this concept to be
meaningful only if one has a view of Nature in which all events, past, present, future, simply are.
There is not any other way they could be. I have recently heard this (rather old) notion called the
block universe. But then what can it mean to say that the response to a perturbation is later than the
perturbation? There are no perturbations. This point has been emphasized in Zeh (2005a).4

The formulation I have given (Schulman, 2001) does require a perturbation, although as explained
below one way to think about this is in ensemble terms. But before discussing this and other issues,
let me review the formulation.

What I will now show is how the future need not influence the past and how with a two-time
boundary value problem one can have widely separated and opposite-pointing arrows of time. In this
case the past and future are macroscopically independent. Then I will show how these arrows,
characterized by entropy change in the examples given, also correspond to the direction of causality.
The case in which the arrows do influence the past will be treated in the next section.

The forthcoming discussion is rather technical. Its purpose is to show that the conclusion of Fig. 1,
which supports and illustrates the relation of macroscopic causality and the thermodynamic arrow
(as just stated), has validity well beyond the simple model (the ‘‘cat map’’) with which I generated
the figure. Since this is an important conceptual issue, I feel it worth the detailed demonstration.
However, the reader prepared to take my word on the mathematics can at this point skip to the
penultimate paragraph of this section.

The context is a dynamical system on a phase space, O, with a measure m. The phase space has a
collection of disjoint subsets (whose union is O) called coarse grains. The word ‘‘macroscopic’’ refers
to coarse grains. The rule for the dynamics is fðtÞ : O! O, with fðtÞ, �1oto1, a family of invertible
measure-preserving maps satisfying fðtÞfðsÞ ¼ fðtþsÞ.5 The boundary conditions are given by the
demand that the system be found in particular coarse grains at separated times: �0, at time-0 and �T

at time-T. I focus on thermodynamic behavior between these times.6 For symmetry take
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Fig. 1. Two-time boundary value problems for the cat map, with and without a perturbation. In the left-most figure is shown

the entropy dependence, sans perturbation, for the two-time boundary value problem described in the text. The next two

figures show the entropy dependence of both unperturbed (i.e., the left-most figure) and perturbed time evolution,

superimposed. With a perturbation at an early time (center figure) effect follows cause in the direction of increasing t-

parameter, which is the direction of increasing entropy. In the right-most figure, the perturbation occurs close to the end, and

the macroscopic effect is at an earlier t value than the perturbation, but is subsequent when time is measured in the direction

of increasing entropy at this epoch.

4 My response (Schulman, 2003) to Zeh’s comments on this and other topics appears in the same online journal (Entropy,

at http://www.mdpi.org/entropy) as his article. Zeh continued the discussion in Zeh (2005b), but I am afraid his stamina

exceeds my own and I do not plan further response in that forum.
5 In this discussion, t and s are times. For the usual classical mechanics of N particles in three dimensions, points o 2 O are

of the form ðx1 ; p1 ; . . . ;xN ; pN Þ, the positions and momenta of the particles. The measure m is Lebesgue measure on this 6N-

dimensional (‘‘phase’’) space, and the preservation of the measure under Hamiltonian dynamics (which is the mapping fðtÞ) is

a consequence of Liouville’s theorem. Other realizations of O, fðtÞ , etc., are possible, for example, the ‘‘cat map’’ discussed

below. One thus looks upon the cat map as a simplified form of classical mechanics.
6 In discussing the relation of the thermodynamic and cosmological arrows, these times are taken to be cosmologically

remote.
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mð�0Þ ¼ mð�T Þ. The points of O satisfying this two-time boundary condition are

� ¼ �0 \ f
ð�TÞ
ð�T Þ. (1)

I will assume that fðtÞ is mixing,7 and that there is a time t such that for all coarse grains the
characteristic decorrelation property holds for t4t. Specifically, for t4t and for A and B macroscopic
(i.e., unions of coarse grains)

mðA \ fðtÞðBÞÞ ¼ mðAÞmðBÞ. (2)

The usual mixing condition only demands the above factoring, or decorrelation, for t!1. The
equality in Eq. (2) is shorthand for ‘‘equal up to negligible quantities’’ which here corresponds to
numbers much smaller than the measure of any coarse grain. The time-t image of the set � is

�ðtÞ ¼ fðtÞð�0Þ \ f
ðt�TÞ
ð�T Þ. (3)

Entropy is defined in the usual way, based on the coarse graining. Let the coarse grains be called Da,
a 2 1; . . . ;G. Let wa be the characteristic function8 of Da and let va ¼ mðDaÞ ð40Þ. The coarse graining
of a function, f ðoÞ, (with o 2 O) is defined to be

bf ðoÞ �X
a
waðoÞhf ia; with hf ai �

1

va

Z
o2O

dmwaðoÞf ðoÞ. (4)

Let the system’s distribution in O be described by a density function rðoÞ. Due to the coarse graining,
r is replaced by br and an information entropy is defined by thinking of br as a probability
distribution.

SðrÞ � �
Z
O
br log brdm. (5)

It is easy to show that9

SðrÞ ¼ SðrajvaÞ, (6)

where ra �
R
Da
rdm, and the function SðpjqÞ is the relative entropy defined by

SðpjqÞ � �
X

x

pðxÞ log
pðxÞ

qðxÞ

� �
, (7)

with p and q probability distributions such that qðxÞ vanishes only if pðxÞ does. Note that
P

ra ¼R
r ¼ 1 (it is easy to show that SðbrjvÞ is nondecreasing when br is propagated forward and the

resulting density coarse grained a second time; Schulman, 2001).
From Eq. (3) I obtain r, which is the characteristic function of �ðtÞ divided by mð�ðtÞÞ. To calculate

the entropy, coarse grain by computing raðtÞ

raðtÞ ¼
mðDa \ �ðtÞÞ

mð�Þ
¼
mðDa \ f

ðtÞ
ð�0Þ \ f

ðt�TÞ
ð�T ÞÞ

mð�Þ
. (8)

For T � t4t

mðDa \ f
ðtÞ
ð�0Þ \ f

ðt�TÞ
ð�T ÞÞ ¼ mðDa \ f

ðtÞ
ð�0ÞÞmðfðt�TÞ

ð�T ÞÞ,

mð�Þ ¼ mð�0Þmðfð�TÞ
ð�T ÞÞ.

Using the measure-preserving property of fðtÞ, a factor mð�T Þ appears in both numerator and
denominator leading to

ra ¼ mðDa \f
ðtÞ
ð�0ÞÞ=mð�0Þ.

ARTICLE IN PRESS

7 Let A;B � O; then fðtÞ is said to be mixing if limt!1 mðA \ fðtÞðBÞÞ ¼ mðAÞmðBÞ. The intuition is that the map f mixes B

thoroughly throughout the space O, and all correlation with A is lost.
8 The characteristic function wAðoÞ of a set A � O is defined to be 1 for o 2 A, 0 for oeA.
9 The two functions ‘‘S’’ in Eq. (6) are distinguished by their arguments.
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This is precisely what one gets without future conditioning, so that all macroscopic quantities, and in
particular the entropy, are indistinguishable from their unconditioned values.

Working backward from time-T one obtains an analogous result. Define s � T � t and set
~�ðsÞ � �ðT � sÞ. Then

~�ðsÞ ¼ fðT�sÞ
ð�0Þ \ f

ð�sÞ
ð�T Þ.

If s satisfies T � s4t, then when the density associated with ~�ðsÞ is calculated its dependence on �0

drops out. It follows that

raðsÞ ¼ mðfð�sÞ
ð�T ÞÞ=mð�T Þ.

For a time-reversal invariant dynamics this gives the entropy the same time dependence coming
back from T as going forward from 0. This symmetric entropy increase is illustrated in detail in
Schulman (1997) and in an abbreviated form below, when we discuss causality.

The proximity to low entropy boundary conditions thus induces the usual entropically defined
thermodynamic arrow, where ‘‘proximity’’ is based on the equilibration time scale, t. Physical
systems typically have more than a single time scale. In fact, as suggested by Schulman and Gaveau
(2001), the definition of coarse grains generally depends on the existence of a scale shorter than t,
such that on that smaller scale the system relaxes within the grain.10

We turn to causality. I try to mimic the idea that ouch follows the hurt toe. Of course, if the toe is
not stepped on there is no ouch. So it is necessary to contemplate a world with a stepped-on toe and
one in which this misfortune does not occur. With a single universe one either cries ouch or does not.
So we have in mind an ensemble of systems which are to be compared to one another. Note though
that our retrocausality discussion in the next section does not require an ouch/no-ouch ensemble.

In this spirit, causality is defined by imagining a pair of two-time boundary condition universes.
They have the same macroscopic boundary conditions (the �0 and �T of the previous discussion). But
in between one of them has only the map f operating. The other, for a single time step, introduces an
additional map, which we call c. This is the perturbation.

When solving the perturbed and unperturbed boundary value problems, there will be different
microscopic solutions. Thus in principle the macroscopic solutions could differ at all intermediate
times. However, we will soon see that in a system with causality they differ on only one side of the
perturbation.

As before, let the time interval for the boundary value problem be ½0; T�. Call the unperturbed
system A, which is identical to what we previously discussed. It evolves under fðtÞ, its boundary
conditions are �0 and �T , and its microstates are

�ðAÞ ¼ �0 \ f
ð�TÞ
ð�T Þ (9)

(this was formerly called �). System B, the perturbed case, has the transformation c act at a single
time, t0. It should not be dissipative—I do not want an arrow from such an asymmetry.11 c is thus
invertible and measure preserving and for simplicity is assumed instantaneous. Solutions of the
boundary value problem evolve from �0 to �T under fðT�t0Þcfðt0Þ. The microstates for system B are
therefore in the set

�ðBÞ ¼ �0 \ f
ð�t0Þc�1fð�Tþt0Þð�T Þ. (10)

Clearly, �ðAÞa�ðBÞ. But as I now show, for mixing dynamics and for sufficiently large T, the following
hold: (1) for t0 close to 0, the only macroscopic differences between A and B are for t4t0; (2) for t0

close to T, the only macroscopic differences are for tot0. This means that the direction of causality
coincides with the direction of entropy increase.

ARTICLE IN PRESS
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equation, a remark that applies as well to derivations of decoherence.
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The proof is nearly the same as above. Again use the time t such that the mixing decorrelation
holds for time intervals longer than t. First consider t0 close to 0. The observable macroscopic
quantities are the densities in grain-Da, which are, for tot0,

rA
aðtÞ ¼ mðDa \f

ðtÞ
ð�0Þ \ f

ðt�TÞ
ð�T ÞÞ=mð�ðAÞÞ,

rB
aðtÞ ¼ mðDa \ f

ðtÞ
ð�0Þ \ ½f

ðt�t0Þc�1fðt0�TÞ
�ð�T ÞÞ=mð�ðBÞÞ.

As before, the mixing property, for T � t4t, yields

rA
aðtÞ ¼ mðDa \f

ðtÞ
ð�0ÞÞ=mð�0Þ,

which is the initial-value-only macroscopic time evolution. For rB
a, the only difference is to add a

step, c�1. Unless c�1 is diabolically contrived to undo fð�uÞ for large u, this will not affect the
argument that showed that the dependence on �T disappears. Thus A and B have the same
macrostates before t0.

For t4t0, rA
aðtÞ continues its behavior as before. For rB

aðtÞ things are different:

rB
aðtÞ ¼ mðDa \ ½f

ðt�t0Þcfðt0Þ�ð�0Þ \ f
ðt�TÞ
ð�T ÞÞ=mð�BÞ ðt4t0Þ.

Now I require T � t4t. If this is satisfied the �T dependence drops out and

rB
aðtÞ ¼ mðDa \ ½f

ðt�t0Þcfðt0Þ�ð�0ÞÞ=mð�0Þ.

This shows that the effect of c is the usual initial-conditions-only phenomenon.
If we repeat these arguments for t such that T � t is small, then just as we showed above, the

effect of c will only be at times t less than t0.
In Fig. 1 we show the results of a simulation of this phenomenon using the cat map. Clearly, in this

formulation, causality is not a primary concept, but follows the direction of entropy increase for the
epoch of the perturbation.

In passing I mention the relation between the demonstration just given and arguments on the
relation between the thermodynamic and cosmological arrows. If one wants to discuss cosmology,
the piece of the argument that needs to be added to the foregoing is a justification for low entropy
boundary conditions. This is a physical argument and is related to the changing nature of the
dominant forces during the early development of the universe. An event called recombination took
place about 380 000 years after the big bang. At that time the temperature of the universe had cooled
to the point that protons and electrons could combine, making the universe substantially transparent
to photons. The cosmic microwave background (CMB) radiation gives us a picture of the distribution
of matter at that time, and it is quite homogeneous. (A lot of the research on the CMB concerns itself
with inhomogeneities, but at the present epoch they are a mere 1 part in 105.) At the time of
recombination the dominant interparticle forces were short range. The homogeneity is in fact a
testimony to that fact, since under short range forces the state of maximum entropy is homogeneous.
What happened next, or more precisely, what continued to happen, is that the universe expanded.
Soon gravitational forces become relatively more important and matter began to clump. Under
gravity homogeneity is an extremely unlikely configuration. I cannot say that the state of maximum
entropy is inhomogeneity, because the concepts of entropy maximization and equilibrium become
problematic in the presence of long range forces. Nevertheless, under gravity systems evolve to ever
more clumpy and inhomogeneous configurations. In this way, no special act is required to get a rare
initial condition (and by symmetry, if the geometry is symmetric, final condition). One starts from a
state of (nearly) maximum entropy, well equilibrated, and by the expansion alone, that same state
becomes an extremely unlikely one.

3. Are there observable effects of the future?

The nature of our actual cosmology is one of the great scientific (and philosophical) questions.
Notwithstanding the discovery of accelerated expansion (Perlmutter & et al., 1999), the question
remains open (Cardena, Gonzalez, Leiva, Martin, & Quiros, 2003; Geshnizjani & Brandenberger, 2002;
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Guberina, Horvat, & Stefanic, 2003; Khoury, Steinhardt, & Turok, 2004; Steinhardt & Turok, 2002). If
we live in a time-symmetric geometry and if the arrow of time follows that of the geometry, there
may be ways to know about this through contemporary observations.

There are two kinds of observations that have been suggested. One possibility is to find extremely
slow phenomena that do not equilibrate as quickly as (theoretically) expected. A second way would
be to find regions where the arrow of time is opposite to ours. I will discuss both.

3.1. Precursors of contraction

In the left-most image of Fig. 1 I showed how future conditioning does not affect the early
equilibration of a system. (This was also shown analytically in the text.) Intuitively, it is easy to see
why. Besides being initially located in a particular rectangle in phase space, the initial macroscopic
set of points has a cryptic constraint, namely that all points will ultimately end in another particular
rectangle. Now the relaxation time (about 5 for the dynamics and coarse graining of Fig. 1) is such
that a point in the initial rectangle can get to any other rectangle with roughly equal likelihood. But
that is why the future does not affect it: 5 is also the time for which it can get from anywhere in phase
space to any particular rectangle. So as long as the total time interval is more than twice the
relaxation time, the future conditioning is unimportant.

Consider then what would happen if the total time is less than twice the relaxation time. In Fig. 2, I
show the entropy as a function of time for the cat map with the future conditioning time set at a
number of values. As is evident, when the time interval is too short the relaxation is not normal.
When equilibration is dominated by a single exponential, it is easy to show that the usual decay
function expð�gtÞ (for some real, positive g) is replaced by cosh½gðt � T=2Þ�= coshðgT=2Þ, with T the
time interval for conditioning (Schulman, 1976, 1977, 1991b, 1997).
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Fig. 2. Effect of the final boundary condition on entropy as a function of the time at which that boundary condition is imposed.

The system is a gas of particles with cat map dynamics (so phase space is a product of unit squares). For the dashed line, all

particles start in a particular coarse grain, but no final boundary condition is imposed. (The coarse grains are rectangles

partitioning the unit square and are also used in the entropy evaluation.) The other, solid-line, curves result from conditioning

the system at various times. From the figure the relaxation time of the system is seen to be about 5 and when the conditioning

time is more than twice that, the initial relaxation is not distinguishable from that of the unconditioned system. However,

with shorter conditioning times the relaxation is anomalous. Since the relaxation for this system is not exponential one does

not get a hyperbolic cosine, but an observer studying this system would have no trouble noticing that an unusual statistical

phenomenon was underway. (Nevertheless, if this observer could check the microscopic dynamics, only bona fide cat map

dynamics would be seen.) The dotted line near the top of the figure is the maximum possible entropy, the logarithm of the

number of (equal area) coarse grains. Fluctuations maintain the entropy below this line.
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Carrying over this logic to the universe as a whole, one does not have many time intervals, but
rather many processes, having many characteristic relaxation times. If there are any processes whose
relaxation times are on the same scale as the cosmological time scale, then indications of a future
contraction (or entropy reduction) could be seen through abnormal relaxation.

The first to suggest this possibility was Wheeler (1975). He suggested that if you take a sample of
a slowly decaying nuclide (his example had a lifetime of about 1011 yr) into your laboratory, you
could study its decay pattern and determine whether it resembled the exponential or the hyperbolic
cosine. You did not even have to open a window; the information about the universe was built into
that laboratory sample. In the 1990s he changed his mind (Wheeler, 1994) based on questions he had
about nuclear decay. However, the idea would not have worked anyway. If you could have measured
the overall abundance of that nuclide in the universe, then the future boundary condition indeed
imposes constraints. However, for a small sample it does not. I showed this (Schulman, 1976, 1977)
for the Kac ring model (Schulman, 1997). This is a lovely model, invented by Kac (1956, 1959) to help
understand irreversibility and the Boltzmann H-theorem. It is simple enough for one to be able to
solve two-time boundary value problems. You have two kinds of balls (black and white) evolving
under a color-changing dynamics. For (a large number) N balls, you define an order parameter,
d � ð1=NÞ½#white balls� # black balls�. With initial conditioning (e.g., d ¼ 1) the asymptotic
equilibrium state is d ¼ 0. If one demands that d ¼ a at time-0 and at time-T (with 15T5N and
jajo1), then the time dependence of d is (after averaging over initial configurations and color
changing effectors which together satisfy the constraints)

dðtÞ ¼
a cosh½gð12T � tÞ�

coshðgT=2Þ
(11)

with g the rate for the unconstrained system to go to equilibrium. What would a laboratory sample
be in this context? You would take a fixed set of balls to be white at an intermediate time t0 and
check on their subsequent fate. Suppose I take a set of K balls, numbered 1;2; . . . ;K , with K large, but
still extremely small compared to N (as would be the case for a laboratory sample). Now I once again
solve the constraint equations. Of course, this selects slightly different initial conditions and slightly
different color changing effectors, but the behavior of these K balls has no discernable effect on the
overall dependence of d, nor does the constraint effect the behavior of these K balls. Our sample decays
(to half black, half white) exponentially with the usual rate, g. The logic here is simple enough, but I
also found it useful to have an explicit model on which to check that logic. For details of the
calculation see Schulman (1977).

The fact that Wheeler’s specific proposal does not work does not detract from the overall idea.
One then considers what kind of observation or measurement could work. One possibility would be
to follow Wheeler’s suggestion, but look at overall abundance of the nuclide. If one had a good
enough idea of the modes of formation of this nuclide that might be possible.

My own suggestion (Schulman, 1976, 1977, 1997) was to look at large scale structure, the
dynamics of galaxies in the universe. The time scale for this is the time scale for the universe as a
whole (unless things progress so far that there are no galaxies, which is one of the scenarios that has
been discussed Dyson, 1979; Krauss & Starkman, 1999). The trouble with this is that one would have
to be able to say that the distribution of galaxies is relaxing more quickly than expected—but what is
‘‘expected’’? With dark matter, dark energy, perhaps phantom energy, no one can make solid
predictions. My speculation has been that there may be qualitative features about which firmer
statements could be made, for example the local fractal dimension or its time dependence.

3.2. Opposite arrows of time

There is a second, exotic, possibility that emerges from the idea that in a contracting universe the
arrow of time is reversed. The universe is a big place (Adams, 1987). Imagine that I get into a personal
rocket ship which is extremely isolated; while the rest of the universe is ‘‘turning around’’ (i.e., it
expands, contraction begins and for most matter the arrow of time is reversed, as in my cat map
simulations, Fig. 1), my little island hardly interacts with anything else. If I have arranged that my
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rocket and its contents do not go to equilibrium, I will be an isolated opposite arrow inclusion in the
larger universe (at the least I would have to undergo cryogenic suspension—what kind of alarm clock
wakes me up to observe imploding supernovas, I do not know). In any case, my arrow will be
opposite to the dominant tendency. I have shown (Schulman, 1999) that this can happen,12 and that if
my interaction with my surroundings is not too strong I can retain my arrow and the rest of the world
can retain its arrow. See Fig. 3. Now turn things around. Suppose that at some distance from us there
is an object that has been isolated for a long time—a ‘‘remnant’’ from the contracting phase of our
own universe.13 We would see this remnant as a strange object. For example it might manifest itself
as a cloud of gas that contracted to become a star—a reverse supernova. An observation of such an
object would be strong evidence for a future contracting universe—the principal argument being our
inability to imagine any other reason for this strange phenomenon.

4. Quantum mechanics

The Schrödinger cat problem is the conflict between the quantum prediction of super-
positions—no matter how large the state—and the apparent existence of a single definite state as
a result of a measurement. Many explanations have been offered. I have proposed (Schulman, 1986,
1991a, 1997) that definite states exist as a result of the appearance of ‘‘special states.’’ It would be too
great a digression to explain these ideas here; see especially the second half of Schulman (1997).
Such ‘‘special states’’ occur as initial conditions in all possible grotesque14 state-inducing situations.
A possible explanation of this occurrence is based on a particular future conditioning, and so on
retrocausality. The particular condition, which is symmetric, is that at some epochs, both early and
late in the life of the universe, there was substantial absence of entanglement among large objects. If
this explanation of the measurement process is correct then the role of the future in setting our
present is significant, in fact omnipresent.
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Fig. 3. Opposite arrows of time. The upper row shows the state at successive times of a system that begins in a low entropy

state (all points in a small region of phase space). For the lower row a final, low entropy, boundary condition has been given.

The dynamics governing the points is a modified cat map, with the motion of one system dependent on that of the other.

Notwithstanding this coupling, each system retains its arrow. The only effect of the coupling is to hasten the equilibration; in

other words, they see each other as noise. The ‘‘t’’ in the figure refers to the entropy-direction thermodynamic arrow for each

system. For details see Schulman (1999).

12 I have shown that there is no logical bar to the simultaneous presence of opposite arrows. I have not shown how to

build rockets or alarm clocks!
13 The word ‘‘remnant’’ is imprecise; as you can imagine, ordinary English is not well adapted to deal with this scenario.
14 The term ‘‘grotesque’’ refers to a quantum state that is a superposition of two or more macroscopically distinct states.

This usage was coined by Griffiths (1984).
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5. Discussion

There is an underlying conceptual problem whenever one uses probabilistic ideas in treating the
universe as a whole (unless you are into multiverses; Weinberg, 2007). One justification for the use
of probability is that our universe should not have exceptional properties beyond those we have
reason to demand, so that average or typical properties of an ensemble of such universes should tell
us about our actual universe. A point of the same nature (replacing the single laboratory system by an
ensemble) is made by Kac (1956, 1959) in his ring-model treatment of the paradoxes in the
Boltzmann H-theorem. I do not have a better way to avoid this problem. But I do want to make the
point that doing this for two-time boundary conditions is no different from doing it for conventional
initial conditions. I also point out that there is an implicit use of a concept of macroscopic (i.e., some
assumed coarse graining). This is because to have an ensemble there has to be something you do not
know about the microscopic state of the system. (I am not considering the ensemble often associated
with a single given wave function in quantum mechanics.)

The kind of retrocausality discussed in this paper and which has concerned me since the early
1970s is physical. Is there anything happening today that results from events in our future? As
indicated, in a completely deterministic ‘‘block’’ universe this is not a meaningful question since the
present is as well a ‘‘result’’ of the future as of the past. So again there is a notion of macroscopic that
is needed. With loss of information one certainly has the impression that to solve macroscopic
problems initial conditions are appropriate, not final conditions (cf. the ice cube discussion in
Schulman (1997, Chapter 2)). So the quest has been to see whether macroscopic properties of the
future can affect macroscopic properties today. In a periodic universe that possibility does exist in
principle, although at present no one has identified the appropriate experiment or observation.
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