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Entanglement allows two particles to be in a perfectly definite 
joint state, even though each by itself is completely random.   

Like two hippies who are know they are,  like,  in perfect 
harmony, even though neither has an opinion on anything. 

Hippies believed that with 
enough LSD, everyone could 
in perfect harmony with 
everyone else. 

Now we have a quantitative 
theory of entanglement and 
know that it  is  monogamous:  
the more entangled two 
systems are with each other, 
the less entangled  they can be 
with anything else.
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Reasoning from classical mechanics, Laplace thought the future and 
past were fully determined by the present, but attributed the 
perceived ambiguity of the future to our imperfect knowledge of the 
present, and/or our lack of sufficient computing power to calculate 
the future.  An omniscient God would know past, present, and 
future. 

Quantumly,  the future is less determined than Laplace imagined.
Even an omniscient God would not be able to predict whether a 
particular radioactive atom will decay within its half life. 

In our macroscopic world, we remember the past much better than 
we can predict the future.  One can now scan all the books in 
Google Books to see how the frequency of various phrases have 
varied over time.  The phrase “1970” is mentioned rarely before 
that year, often immediately after, then with declining frequency. 



Year of publication: 
1960               1970              1980    1990       

“1969”

“1970”

“1971”



Unlike the future, past macroscopic events are generally regarded as 
definite and unambiguous.  Of course some microscopic “events” in 
the past (e.g. which path an unobserved photon followed through an 
interferometer) are regarded as being ambiguous, not because of 
ignorance, but because they are ill-defined in principle.
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If either path through the interferometer is blocked, 
the photon leaves both exits equally often.
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After the experiment is over, even God doesn’t 
remember which path the photon followed.

But with both paths left open, the photon always 
leaves by the same exit, indicating that while 
passing unobserved through the apparatus, it 
followed a superposition of both paths.   

100%



Like a pupil confronting a strict teacher, a quantum system being 
measured is forced to choose among a set of distinguishable states 
characteristic of the measuring apparatus  (analogy due to Bill Wootters).  

Teacher: Is your polarization vertical or horizontal?

Pupil: Uh, I am polarized at about a 55 degree angle from horizontal.

Teacher: I believe I asked you a question.
Are you vertical or horizontal?

Pupil: Horizontal, sir.

Teacher: Have you ever had any other polarization?

Pupil: No, sir.  I was always horizontal.

Contrast this evanescence with the brutal irreversibility of measurement



This destroys any previous 
entanglement that may have 
existed between internal parts 
of the system, degrading it into 
mere correlated randomness.   
Contrary to the hopes of the 
hippies, the parts of the 
system can no longer be 
entangled with each other. 

These views can be harmonized by the notion of 
entanglement, in particular its monogamy. 
Most systems in nature, other than tiny ones like photons, 
interact so strongly with their environment that they soon 
become massively entangled with it.  
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Monogamy of Entanglement

• If A and B are perfectly entangled with each other, they cannot be 
even classically correlated with anyone else. 

• If B tries to share his entanglement with a third party, or lets it get 
eavesdropped on by the environment, his entanglement with A 
becomes degraded into mere classical correlation.

“Two is a couple. Three is a crowd”.
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entangled only classically correlated
ψ



candy glass

If no one observes the 
photons, their random 
“behavior” can be 
undone. 

Metaphorically speaking, it is the public embarrassment of the pupil, in 
front of the whole class, that makes him forget his original polarization.  

Entanglement and the origin of Quantum Randomness 



ψ System

Environment:
Along one measurement 
axis, the system is 
correlated with each sub-
environment. 
Along other axes it is 
correlated only with 
the whole environment

Information becomes classical by being 
replicated redundantly throughout the environment.
“Quantum Darwinism” Blume-Kohout, Zurek quant-ph/0505031; Riedel, 
Zurek1001.3419v3.    A better name would be Quantum Spam.

Information becomes more classical  
by becoming less private. 

What does it mean for information to be “classical” anyway?



Speaking of Privacy, 
it seems to be in
short supply 
nowadays.  

Cheap, easy-to-use video cameras and cheap data storage lead to the 
temptation  to record everything happening in public or even private 
places and save it forever, with ensuing loss of privacy, and 
potential loss of liberty, if despotic rulers get control of the data.  

But these recordings are sometimes good, deterring governmental as 
well as individual  misconduct.  In many situations the bad guys
want privacy for their misdeeds, while the good guys want 
publicity, with authenticity. 



To the amazement of most of the rest of the world, some 
Americans think it is good for society for everyone to carry a gun.

A better idea would be for everyone to carry a camera.

Public policy would then encourage amateurs to make audiovisual 
recordings, but restrict how the recordings could legally be used. 
(Yes for exposing crime and injustice;  No for blackmail).

CNN billboard in Delhi: 

If you see it, shoot it—
Every citizen a photojournalist.



Returning to Science, it seems there are 3 levels of privacy.

• Classically Private: Information that has been 
amplified to the point of becoming classical, but is not 
widely distributed in easily recoverable form. Humans 
can erase it, then lie about it with impunity, although 
perhaps not without guilt. 

• Public: Information that is so widely distributed that 
it is infeasible to conceal. Lying about it only makes you 
look foolish. 

• Quantum:  Information like the path of an 
unobserved photon, that exists only temporarily, and 
afterward can best be thought of as never having existed.



Nowadays, it is tempting to 
believe that once information 
has become public, and 
entered the blogosphere, it can 
never be wholly destroyed.   

The modern world appears 
very different in this regard 
from the ancient pre-
Gutenberg era, when major 
literary works were written 
down, performed, and widely 
known, but then lost.  

Ancient Greek poet Sappho, ca 620-525 BC, 
as depicted by Gustav Klimt ca 1900.



In China, the Classic of Music, or Sixth Classic,  is thought to have 
been lost in the book-burning instigated by Emperor Qin Shi Huang 
in the 3rd century BC, though some general knowledge about it 
survives.  Fortunately, Confucian scholars had memorized, and later 
managed to reconstruct, many of the other destroyed works.  

Sappho’s poems were lost more gradually, through neglect :     once 
widely reproduced and taught, they fell out of favor when  her 
Aeolian dialect of Greek died out.  They were no longer taught, and 
the existing manuscripts were discarded or repurposed. 

More recently, after surviving over 1000 years in India, the Carvaka 
school of philosophy is thought to have died out around the 15th

century, along with all its original texts, except for fragments quoted 
in the writings of its Hindu and Buddhist opponents, who disliked it 
because of its denial of the afterlife, reincarnation, and gods.



But I think some information really is lost, not from the universe but from 
the world (i.e. the planet Earth).    Why?  Because most information we 
might care about is washed away by much larger entropy flows into and out 
of the Earth. 

The Earth has finite information storage capacity, but it exports a lot of 
randomness (generates a lot of entanglement with its environment, in the 
quantum way of speaking) in the form of thermal radiation into the sky. 

Thermal entropy export rate  ≈ 300 watts/sq meter at 300K
≈ 1030 bits per square meter per year.

Geological information capture rate in “hard” degrees of freedom, stable for 
geological times against thermal motion (e.g. atomic substitutional disorder 
and crystal lattice defects in solid rock of earth’s crust) = crust thickness 
(≈10 km) ×
rock information density (≈1 bit/cubic nm) / rock lifetime (≈ 108 yr)                         
≈ 1022 bits / per square meter per year.    



To catch up with the 
thermal radiation 
leaving Earth, one 
would need to travel 
faster than light.   So 
the information is 
still in the universe, 
but not recoverable 
by us.



So we are motivated to add a new level of privacy. 

• Classically Private: Information that has been amplified to 
the point of becoming classical, and still resides on earth in a
few places, though it may be infeasible to recover with current 
technology.

• Public and Permanent Information that is so widely distributed 
that it is infeasible to erase all the copies. 

• Quantum:  Information like the path taken in an 
interferometer, that exists only temporarily, and afterward can 
best be thought of as never having existed. 

• Classical but Escaped: Information that has been 
amplified to the point of becoming classical, but has escaped 
from Earth in thermal radiation.  Humans have no way of 
recovering it.   



Mysteries of the Past:

Still recorded on earth, though unknown to any human and 
inaccessible with current technology:

• Locations of gold rings, dropped in an annual ceremony into 
the Venice Lagoon over a period of several centuries, to 
symbolize Venice’s marriage to the Sea. 

Maybe still recorded on earth, maybe escaped:
• Lost classic writings of many cultures
• Fates of mysteriously disappeared persons, such as

• Physicist Ettore Majorana disappeared 1938
• Labor leader Jimmy Hoffa disappeared 1975
• Computer Scientist Jim Gray disappeared 2007

Escaped:  
• Unrecorded raindrops from past rain storms. 
• Pattern of rice grains in yesterday’s lunch. 



How to obliterate earthly evidence of Jimmy Hoffa’s demise?
(Former US labor leader disappeared in 1975, presumed 
murdered by the New York City Mafia, but  body was never 
found. Police are still searching.)

• Cremate his body and let the smoke and heat escape

• Dissolve the ashes to make a clear liquid, with no solid 
fragments, then pour the liquid into the ocean

• Don’t tell anyone you did it, even on your deathbed

• For good measure, have yourself cremated and your ashes 
dissolved to make sure physical traces of your memory are 
thoroughly gone. 



Can we arrange for escaped information to be reflected 
back to us later, making it again accessible?

Yes.  For specific items of non-thermalized outgoing radiation 
(e.g. optical earth views, old TV broadcasts) , this could be 
arranged, with advance planning, or it might happen accidentally.
Such information could be called  extraterrestrial fossils. 



But for fully 
thermalized 
radiation, we 
would have to 
catch and  reflect 
back so much of 
it, to reconstruct 
any particular 
item of interest, 
that the earth 
would have a 
serious climate 
change problem. 



Randomizing dynamics in a representative case.  

Though the raindrop originates in 
quantum and thermal fluctuations, it 
does not fall in a superposition of 
places.  Independent observers would 
agree where it fell, and as long as the 
drop or its crater exists, reflected light 
will generate a torrent of replicas of the 
information that escape into space.

However, unless the crater is lucky enough to get fossilized, it will 
be washed away, and its former location will then lose any stable 
earthly embodiment.  The torrent of optical replicas will cease, and 
the old optical replicas will escape into space.  So it would appear 
that the classical information, of where it formerly was, remains in 
the universe, but not on Earth.



(LLLL+RRRR) /√2 Drop forms, falls and begins to emit radiative 
replicas into space.  All observers, terrestrial and celestial, will see the drop as 
having fallen in one of two places. God sees a cat state-like superposition in 
which both outcomes happen.

Ontological Status of Escaped Information
Consider a raindrop that may fall in one of 2 locations L or R.
Suppose that it forms, falls, and finally evaporates, so that all earthly 
record of where it fell is lost as radiation into the sky. 

(LLLLL+RRRRR) /√2 Drop begins to evaporate, emitting 
further radiative replicas. 

(LLLLL+RRRRR) /√2 Drop has entirely evaporated.  No 
terrestrial information remains about where it fell.  

• Conclusion: Escape of last replica from Earth restores terrestrial observers to a 
more detached, Olympian viewpoint in which both outcomes are equally real.     
Escaped information is not so different, after all, from which-path information. 

J. A. Wheeler: “The past exists only insofar as it is recorded in the present.”





Enough about information & remembering and 
forgetting.

Can we find a non-anthropocentric definition
of what kind of information is worth 
remembering?

How should we define the kind of  complexity
that increases during “self-organiztion”

What is its connection with the universe not 
being at thermal equilibrium? 



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.



Two
Lower
Neigh-
bors

Future

Two
Upper
Neigh-
bors

Past

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



“Complexity” cannot be identified with situations of 
maximum order, or maximum disorder, or indeed any 
intermediate amount of order.  

It is not a thermodynamic potential, like entropy or free 
energy.  

O2 CO2



Defining complexity:  use a computerized version of the 
old idea of a monkey at a typewriter eventually typing the 
works of Shakespeare.  Of course a modern monkey uses 
a computer instead of a typewriter.  

A monkey randomly typing 0s and 1s into a universal 
binary computer has some chance of getting it to do any 
computation, produce any output (Chaitin 1975)



The input/output graph of this or any other universal computer 
is a microcosm of all cause/effect relations that can be 
demonstrated by deductive reasoning or numerical simulation.



A sufficiently big piece of the wake (red) contains enough evidence 
to infer the whole history.  A smaller pieces (blue) does not.

Subjectively complicated structures typically are “logically deep,”
containing evidence of a nontrivial causal history.



In the philosophy of science, the principle of Occam’s Razor 
directs us to favor the most economical set of assumptions able 
to explain a given body of observational data.

Alternative 
hypotheses

Deductive 
path

Observed 
Phenomena

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



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.  

101101100110011110

111010100011

1000111

101101100110011110

Logical depth of X



To make the quantitative definition of logical depth more 
stable with respect small variations of the string x, and the 
universal machine U, a two-parameter definition is used:

A string x has depth  d  at significance level s  if all
programs p for computing  x in time less than  d are 
compressible by at least  s bits, in other words, if  
(U(p)=x & T(p)<d ) ⇒ (∃q U(q)=p & |q|<|p|−s). 
Here U(p) denotes the output and T(p) denotes the 
run time of the standard universal computer U on input p, 
while |p| denotes the length of string p in bits.

This formalizes the notion that all hypotheses for producing 
x in less than d steps suffer from at least s bits worth of ad-
hoc assumptions. 

Thus defined, depth obeys the slow-growth law.



A trivially orderly sequence like 111111… is logically shallow 
because it can be computed rapidly from a short description.

A typical random sequence, produced by coin tossing, is also 
logically shallow, because it essentially its own shortest description, 
and is rapidly computable from that.   

Trivial semi-orderly sequences, such as an alternating sequence of 
0’s and random bits, are also shallow, since they are rapidly 
computable from their random part. 

(Depth is thus distinct from, and can vary independently from 
Kolmogorov complexity or algorithmic information content, defined 
as the size of the minimal description, which is high for random 
sequences.  A sequence’s Kolmogorov complexity measures its 
randomness, not its complexity in the sense intended here.)  



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 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 right 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 and not-concisely 
describable.  Therefore this description of the state  
is short-circuited (in terms of Occam’s razor) by 
other concise descriptions specifying the state via 
a universal computation other its actual evolution. 



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 temper-
ature, relaxes to a unique phase of lowest bulk free energy.  

=> no long term memory 
=> as  N, t →∞, depth remains 
bounded
(Possible quantum exception, 
in 3 or more dimensions) 

p

T

ice

water

steam

Red phase 
stable 

Blue phase 
stable 

Field or parameter

1st order Phase 
transition

Red Phase 
metastable

Blue Phase 
metastable

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

both phases 
stable



At equilibrium, complexity still persists in 2-time correlations.  
Two time slices of the equilibrated system contain internal 
evidence of the intervening dynamics, even though each slice itself 
is shallow.  The inhabitants of this world, being confined to one 
time slice, can’t see this complexity.  (Also they’d be dead.) 

complex intervening dynamics



In an equilibrium world with 
local interactions (e.g. a thermal 
ensemble under a local 
Hamiltonian) correlations are 
generically local, mediated 
through the present.  

Equilibrium
correlations 
mediated 
through 
present
only

time

Grenada
1999

Canada 
2002

By contrast, in a non-
equilibrium world, local 
dynamics can generically      
give rise to long range 
correlations, mediated not 
through the  present but   
through a V-shaped path 
in space-time representing 
a common history. 



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 thermal equilibrium.  

Neglecting geothermal energy 
sources, 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 Earth+cavity system.  
Such states are typically highly 
entangled and contain only short-
range correlations.



Conclusions – in place of Laplacian determinism, 
quantum mechanics gives us a world where:

• Many aspects of the future are inherently ambiguous:  even God 
doesn’t know which radioactive atoms will decay, or who will win 
next year’s elections.  It is unreasonable to want to know some of 
these things.

• In a world out of thermal equilibrium, the monogamy of 
entanglement leads to the emergence of classical correlations, and 
paradoxically makes overtly quantum phenomena hard to notice. 

• Even though the earth retains a great deal of deep information 
about its past, a much larger amount escapes into space, making 
many aspects of the earth’s past nearly as ambiguous as its future.  

• Thermal disequilibrium enables both complexity and classicality.   
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Going beyond science, can logical depth be used as a 
measure of as a non-anthropocentric criterion of 
esthetic or ethical value? 

Depth nicely attributes value to literature, cultural artifacts,
evolved genomes, ecosystems, species, and complex thoughts 
and emotions (treated in an utterly materialist way, as patterns of 
atoms in people’s brains).  Destroying the last copy of a good 
book, or the last individual of a species or human culture, is 
especially bad, because it destroys complex information not 
available elsewhere.

In many cases such losses are prevented by biological and 
cultural replicative processes.  Even a major asteroid impact 
would probably not destroy all copies of Shakespeare’s works, 
of the human genome, or all Model-T Fords. 



Possible answer:  People’s experiences are so different that they 
scarcely overlap.  An adolescent, on falling in love for the first 
time, thinks “I am the first person ever to feel this.” We elders 
smile.  But for other kinds of experience it probably really is 
true.  For example I find that my friends are all different, 
complicating my life in ways that overlap only slightly from one
friend to another.

Problem: scaling with number: we would like to believe that 
many people’s happiness is not like many copies of a good book, 
scarcely more valuable than one copy.  

Jerusalem Talmud, Sanhedrin 4:1 (22a)

כל המאבד נפש אחת מעלין עליו כאילו איבד עולם מלא  

וכל המקיים נפש אחת מעלין עליו כאילו קיים עולם מלא 
Whoever destroys a life, it is considered as if he destroyed an entire world.  

And whoever saves a life, it is considered as if he saved an entire world.



Three Kinds of Entropy are more similar than they first appear

• Thermodynamic entropy difference between equilibrium states

∆S = ∫ rev.
dQ/T 

• Statistical entropy of a distribution P or mixed state ρ
H(P) =  -Σx P(x) log P(x),   or quantumly  H(ρ) = -Tr ρlogρ

• Algorithmic entropy or Kolmogorov complexity of a bit string x

K(x) = min {|p|: U(p)=x}  i.e. the size in bits of the smallest program 
p causing a standard universal computer  U to compute exactly  x as  
output.  
If  P is a concisely describable ensemble, its statistical entropy is 
nearly equal to the average algorithmic entropy of its members. 
H(P)  <  Σx P(x) K(x)  <  H(P) + K(P).   (Zvonkin & Levin ’70, cf also Bennett ‘82)

Relation to statistics: isothermally 
compressing a gas to half its 
volume transfers N bits of entropy 
to environment, with the reversible 
flow of  NkT log 2 of heat.


