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In a recent paper, S. Gao has claimed that, under the assumption that the initial state of the universe is a
pure quantum state, only the many worlds interpretation can account for the observed arrow of time. We show
that his argument is untenable and that if endorsed it potentially leads to undermine the search for a scientific
explanation of certain phenomena.

I. THE PAST HYPOTHESIS

It is generally known that, despite the fact that both in
classical (also relativistic) and quantum mechanics the equa-
tions of motion are invariant under time-reversal, we per-
ceive a clear asymmetry between past and future and time
seems to point toward a direction, the so-called arrow of time
[1]. This is customarily explained in statistical terms by the
fact that, although the motion of the single particles remain
fully reversible, an increase in the macroscopic quantity en-
tropy has a higher chance to occur (second law of thermo-
dynamics).1 More precisely, the second law asserts that if
at time t1 the Boltzmann entropy S(t1) of a system is low,
then at some later time t2 > t1, the probability that the entropy
S2 = S(t2)> S(t1) = S1 is high (close to 1), provided that ini-
tially the entropy was even lower. It should be noted that this
has the form of a conditional probabilistic law, namely it reads

P(S2 > S1|S0� Smax)≈ 1, (1)

where S0 is the entropy of the initial state of the system (at
time t0) and Smax is the maximum entropy corresponding to
the system reaching the thermal equilibrium. Hence –as noted
by J. Earman, among others– assuming a mere statistical va-
lidity of the second law of thermodynamics does not fully ex-
plain the problem of the arrow of time away, for “the ground-
ing of the relevant temporal asymmetries in entropic behavior
observed today is to be found in the fact (posit?) that the early
universe was in a low entropy state (the ‘Past Hypothesis’).”
[5]. (See also [6] for a thorough discussion). The ‘Past hy-
pothesis’, however, seems problematic, since such an initial
low-entropy state of the universe is very unlikely [6–8],

P(S0� Smax)≈ 0, (2)

and, hence, incompatible with typicality arguments concern-
ing the beginning of our universe. When applied to our uni-
verse the observed arrow of time means it must have been in
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1 Note that alternative explanation in terms of modifications or reinterpreta-

tions of classical physics [2, 3] and of quantum physics (such as objective
collapse theories [4]) can also explain time asymmetry in terms of funda-
mental irreversibly of physical process at the microscopic level.

a low entropy state at the beginning:

∀tn > tm : Sn > Sm =⇒ S0� Smax. (3)

This is the same as to say that the probability that our universe
started in an initial state with low entropy is very high:

P(S0� Smax|Sn > Sm, ∀tn > tm)≈ 1. (4)

While this might create a sense of unease, it can for exam-
ple be argued via some form of “anthropic principle”: pos-
sible initial configurations of our universe that had not a low
enough entropy (i.e. distant enough from the equilibrium),
would have not allowed the formation of complex thermody-
namic systems (like living beings) that we observe today.

Note that everything stated so far is known, has nothing to
do with quantum theory and can be addressed without resort-
ing to the latter. For instance, a simple classical thermody-
namic explanation of the past hypothesis states that, under the
assumption of ergodicity, there is a time at which the micro-
scopic configurations will actuate any macro-state (including
one with arbitrarily low entropy). Poincaré’s recurrence theo-
rem then ensures that, given a sufficiently long time, the sys-
tem will be found in a arbitrarily small neighborhood of said
state, leading to a recursive arrow of time (see [5] for a de-
tailed discussion).

II. COMMENT ON “TIME’S ARROW POINTS TO MANY
WORLDS”

In a recent preprint [9], however, S. Gao has claimed that
the “the past hypothesis is not necessary, and the initial state
of the universe may be a general superposition of both low-
entropy states and high-entropy states. In this case, the many-
worlds interpretation of quantum mechanics (MWI) can still
account for the thermodynamic arrow of time, although the
single-world quantum theories cannot.” [9]. While the first
part –that the initial state of the universe is in a quantum
superposition– is potentially arguable, the latter is clearly
false, as we will argue below.

Gao’s initial assumption seems to be that since (i) quantum
physics is our best theory of mechanics and (ii) there are no
limits of validity to the domain of application of quantum the-
ory (in terms of scales of mass, energies, number of particles,
etc.), the initial state of the universe should be a quantum state.
He considers a general pure state at the initial time t0 to be in a
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quantum superposition of all possible macroscopic states with
a well-defined entropy, i.e.,

|ψ(t0)〉= ∑
i

ai|ψL〉i +∑
j

b j|ψH〉 j, (5)

where |ψL〉i and |ψH〉 j are, respectively, low entropy macro-
states (that would lead to the observed arrow of time) and high
entropy macro-states (that would not lead to the observed ar-
row of time), while ai and b j are the associated coefficient
that fulfill the normalization condition. A typicality argument
implies that ∑i |ai|2 � ∑ j |b j|2, since low entropy states are
much less likely among the possible macroscopic configura-
tions.

Gao then proceeds to claim that single-world interpreta-
tions of quantum theory –either with unitary evolution (like
Bohmian mechanics) or objective collapse theories– require
that our universe was initially in a high entropy state and
continues to be so. This means that they cannot account for
our observation of the arrow of time. Furthermore, adopting
a many-worlds interpretation of quantum theory supposedly
would imply that our universe (thought as one branch of the
multiverse given by equation (5)) may have started in a low
entropy initial state and, hence, we observe an arrow of time.
In the author’s words, “the key is to notice that single-world
quantum theories predict that our universe is typical, and it
evolves from a high-amplitude decoherent branch of the initial
universal wave function which has a large squared amplitude.
While MWI predicts that our universe may be atypical, and
it may evolve from a low-amplitude decoherent branch of the
initial universal wave function which has a very small squared
amplitude.” [9].

The claim about single-world interpretations is based on the
initial assumption that ∑i |ai|2 � ∑ j |b j|2 (typicality) which
can be viewed as the quantum analog of equation (2). Note
that the same is, of course, true in a MWI where the number
of universes starting in a high entropy macro-state is much
higher than that of those starting in a low entropy macro-state.

In his article, Gao further states that the probability of our
universe starting out in a low entropy state in a MWI “may
be equal to one”. This is not justified further in the main text
but was later clarified to refer to the conditional probability
in equation (4), justified as to be “similar to the reasoning of
the quantum suicide thought experiment” [10]. The latter, to
us, appears to be essentially an argument based on (a quan-

tum version of) the anthropic principle. Since this probabil-
ity assignment is conditioned on the fact that we do observe
an arrow of time, the same assignment can be made within
a single-world interpretation using arguments similar to the
classical ones stated in section I.

The seeming advantage of a many-worlds interpretation is
based on allowing to condition the probability of the initial
state of our universe on the fact that we do observe an arrow
of time, while disallowing to do so for single-world interpre-
tations, in practice unfairly comparing the two different prob-
abilities given by equations (2) and (4), respectively. If one
accepts the proposed initial state of the universe as given by
equation (5), any interpretation of quantum theory would state
that our observed universe has an overwhelmingly low prob-
ability amplitude. This probability is to be understood as a
measure of likelihood for our universe to have started in a par-
ticular state among all potentially conceivable initial configu-
rations. However, given that we do observe an arrow of time,
our universe (either to be understood as the only existing uni-
verse, or as a branch of the multiverse) must have started in a
low entropy initial state.

In conclusion, while Gao manages to rephrase the problem
of the past hypothesis for a MWI, this, contrary to his claim,
does not constitute evidence that a many worlds theory is
empirically favored by our experiencing an arrow of time.
Said claim is not only wrong but we regard it as inherently
problematic. The author of [9], in fact, seems to draw more
general conclusions from it, when suggesting that “besides
the thermodynamic arrow of time, the matter-antimatter
asymmetry may be another example” of “evidence” for
many worlds. However, by the same line of argument every
atypicality at the cosmological scale (i.e. where certain
parameters or boundary conditions, independently of how
unlikely they may be, should be fine-tuned to fit with ob-
servations) would just “strongly support MWI and disfavor
the single-world quantum theories” [9] rather than requiring
a scientific explanation. This appears to be detrimental to
scientific inquiry.
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