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Disequilibrium  enables:

• Classicality  via Quantum Darwinism 
• Stable memory  via evasion of Gibbs phase rule
• Growth of complexity  (defined as logical depth 

via a computerized Occam's razor)

Anything that can happen can un-happen, 
and will do so when a system equilibrates 

Boltzmann Brain problem---Nonequilibrating
cosmologies are needed to avoid it. 

Reason for believing the BB problem still exists in 
quantum thermal states (e.g. de Sitter)
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System

Massive eavesdropping 

causes system to get 

classically correlated 

with many parts of its 

environment in one basis, 

obfuscating correlations 

in other bases.  See Jess 

Riedel’s talk and paper. 

This happens when the environment is not at thermal 

equilibrium, and contains many subsystems that interact in  

a commuting fashion with the system but only weakly with 

each other and…  The earth’s environment is like that.

Quantum Darwinism:  Information becomes classical by 

being replicated redundantly throughout the environment. 

(a better name would be Quantum Spam)
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system’s
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Riedel and Zurek have pointed out the role of non-thermal illumination 
in creating classical correlations in everyday life. 

Scenario for emergence and decay of classicality via QD

• A dust grain at temperature T1 is placed in box filled with thermal 
radiation at temperature T2.

• Eventually box and system come to equilibrium at an intermediate 
temperature.

At first the radiation field builds up a redundant record of the dust 
particle’s location, but this eventually decays as the dust grain 
repeatedly emits and reabsorbs the photons and system returns to 
equilibrium.

Moral:  Whatever happens can un-happen, and will do so,              
as the system in which it happened equilibrates.   



Self-organization:  the growth of “complexity”



Simple dynamical processes (such as this 1 dimensional reversible 

cellular automaton) are easier to analyze and can produce structures of 

growing “complexity” from simple initial conditions.          time

Small irregularity (green) in otherwise periodic initial 

condition produces a complex deterministic wake.
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Range-2, deterministic, 1-dimensional Ising rule.  Future
differs from past if exactly two of the four nearest upper and
lower neighbors are black and two are white at the present time.  

Time



Occam’s Razor 

Alternative 
hypotheses

Deductive 
path

Observed 
Phenomena

The most economical hypothesis is to be preferred, 
even if the deductive path connecting it to the 
phenomena it explains is long and complicated.  

But how does one compare economy of hypotheses in 
a disinterested way?   



In a computerized version of Occam’s Razor, the hypotheses 
are replaced by alternative programs for a universal computer 
to compute a particular digital (or digitized)  object  X.  

Alternative 
programs

Computational 
Path

Digital
Object  X

The shortest program is most plausible, so its run time

measures the object’s logical depth, or plausible amount 

of computational work required to create the object.  
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Logical depth of X



Initially, and continuing for some time, the logical depth of a time 

slice increases with time, corresponding to the duration of the 

slice’s actual history, in other words the computing time required 

to simulate its generation from a simple initial condition. 



But if the dynamics is allowed to run for a large random time after 

equilibration (comparable to the system’s Poincaré recurrence 

time, exponential in its size), the typical time slice becomes 

shallow and random,  with only short-range correlations.  

The minimal program for this time slice does not work by retracing its 

actual long history, but rather a short computation short-circuiting it. 



Why is the true history no longer plausible?

Because to specify the state via a simulation 

of its actual history would involve naming the 

exact  number  of steps to run the simulation. 

This number is typically very large, requiring 

about  n bits to describe. 

Therefore the actual history is no more 

plausible (in terms of Occam’s razor) than a 

“print program” that simply outputs the state 

from a verbatim description. 



In a world at thermal 

equilibrium, with local 

interactions, correlations are 

generically local, mediated 

through the present.  

Correlations 
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present

only

time
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By contrast, in a non-

equilibrium world, local 

dynamics can generically      

give rise to long range 

correlations, mediated 

through a V-shaped path 

in space-time representing 

a common history. 
Eliz. I

Elizabeth II



The cellular automaton is a classical toy model, but real 
systems with fully quantum dynamics behave similarly, losing 
their complexity, their long-range correlations and even their 
classical phenomenology as they approach equilibrium.  

If the Earth were put in a large 
reflective box and allowed to come 
to equilibrium, its state would no 
longer be complex or even 
phenomenologically classical.  

The entire state in the box would    
be a microcanonical superposition  
of near-degenerate energy 
eigenststates of the closed system.  
Such states are typically highly 
entangled and contain only short-
range correlations.



Recall that if a system’s dynamics is allowed to run for a long time after 
equilibration (comparable to the system’s Poincaré recurrence time) its 
actual history can no longer be reliably inferred from its present state. 

Conversely, a deep structure, one that seems to have had a 
long history, might just be the result of an unlikely thermal 
fluctuation, a so-called Boltzmann Brain.



A diabolical conundrum:  Boltzmann fluctuations nicely explain the low entropy state 

of our world, and the arrow of time, but they undermine the scientific method by 

implying that our picture of the universe, based on observation and reason, is false. 



People began worrying about equilibration in the 19th Century, 

calling it the “heat death of the universe”, but thought of it as a 

problem for the far future.  

But it is already a problem in the present, undermining our 

ability to make inferences make about conditions in the past or 

elsewhere, based on those here and now.  The inhabitants of 

any universe that will ultimately equilibrate to a positive 

temperature, must make the additional postulate, unsupported 

by observation, that they are situated atypically early in its 

history. 

Boddy, Carroll, and Pollack (BCP2014) propose to escape this 

problem by suggesting that the asymptotic de Sitter state, 

which our universe seems to be heading for, does not have 

fluctuations because there is no external measuring apparatus 

observer to record them.   “If a tree  falls.”



Jess Riedel’s scenario suggesting why Boltzmann brains 

ought to be present in quantum thermal states at any positive 

temperature, even without an external observer. 

• Let  pBB be a projector onto some state representing a 

fluctuation, for example a copy of the Solar System pasted 

into a much larger patch of de Sitter vacuum.  

• Any finite temperature thermal state  r of this patch can be 

expressed as a weighted sum 

r= l pBB + (1-l) s   

where s is a thermal state “depleted” in pBB . 

• An all-powerful Preparator tosses a  l-biased coin, and 

prepares  pBB or  s according to the outcome.  

• Before departing, the Preparator takes away, in reference 

system R,  a record of all this, including, for example, souvenir 

photos of the just-created Earth and its inhabitants.  



Since this is a valid preparation of the thermal state,  and 

keeping in mind that it is impossible in principle to 

distinguish different preparations of the same mixed 

state, it is hard to see why the inhabitants of the de Sitter 

patch do not have some small probability of experiencing 

a life resembling our own, at least for a while.

Jason Pollack’s reply to this argument:  BCP 2014, 

alleging the absence of de Sitter fluctuations, does not 

apply to all thermal states, but only those purified by a 

reference system R of a particular form, so that state 

YRS corresponds to a Bunch-Davies pure state.   

This may be viewed as an Occam-type argument 

from simplicity, favoring simplicity not of the accessible 

system S, but of it and the purifying system R.  



Internal vs External views:  Our suggested internal 

criterion for a state  r to have nonzero participation of a 

Boltzmann brain state  pBB ,  namely

$s,l>0:   r= l pBB + (1-l) s

is more restrictive than the usual criterion that  r

have  a positive expectation when subjected to an 

external measurement of pBB,  namely,

tr(r pBB) > 0.  

Even a zero temperature vacuum state (e.g. Lorentz 

vacuum) would have a positive Boltzmann brain probability 

when measured externally.  The energy for creating the 

Boltzmann brain out of the ground state would come from 

the measuring apparatus.  



The Boltzmann brain menace arises from a doomsday argument 

for temporal typicality.  Such arguments have been used to 

argue, weakly but with some validity, that simple life is likely 

but complex life relatively unlikely on an earth-like planet.

4 billion

years ago

1-2 billion

years in 
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Earth cool enough for life to exist

Simple Life
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years ago

A more severe doomsday question occurs for civilization, which has 

existed only a few millionths of the time potentially available. 
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How strong is the connection between 
disequilibrium and complexity, in the 
sense of logical depth?

Are thermal equilibrium states generically 
shallow?  Yes, by the Gibbs phase rule.
For generic parameter values, a locally interacting 
classical system, of finite spatial dimensionality 
and at finite temperature, relaxes to a 
unique phase of lowest bulk free energy.  

=> no long term memory 

=> depth remains bounded
in large N limit 
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stable 
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1st order Phase 
transition

Red Phase 
metastable
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metastable

Dissipative systems are exempt from
the Gibbs phase rule (cf BG85)

both phases 
stable

d+1 dimensional “free energy” 
from system’s transfer matrix 


