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Conference Idea: Is nature fundamentally analog or digital?

Analog or digital?O seems like an old

fashioned question, perhaps last posed
a steregequipmentstore circa 1992. But
when it comes to the Uiverse, OAnang
or digital?O may be the most cuttiedge
question in cosmologyotiay.

Paul Davies, a physicist and Directo
of the Beyond Center for Fundamental
Concepts in Science at Arizona State
University,considered this question
when starting to write a book a few
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years ago. At the time, Davies thought
he already knew the answeinalogOl
had an image of the world of physics il
terms of infinitely precise matheatcal
relationships existing in some sort of
transcendent Platonic realm,O recalls
Davies, adding that most physicists sti
view the world in this way.

Indeed, much of the mathematics th
underpins physics, particularly calculu:
conjures up an analpgr smoothly vay-
ing, vision of the universe. For instanci
the differential equations important to
calculations of NewtonOs Laws can be
thought of as analestyle Ocomputers,(
because the resulting answers appear
a continuous spectrum. OThe divisidn
intervals [on this spectrum] can be ma
infinitely precise,O Davies points out.

But Davies soon changed his mind.
While mulling material for his new book,
The Cosmic Jackjpayies spent some
time thinking about the Oholographiari
ciple,O a conjeatederiving from 1970s
work on black holes by Jacob Bekenstei
and Stephen Hawkirigand which, sadly,
has nothing to do with the Ohologram
deckO where Data played poker agains!
Hawking inStar Trek Next Generation.

Bekenstein and Hawking discoverei
that all information contained within a
black hole may be completely repr
sented on the holeOs surface. In other

Suppose you're a bi-
ologist and you’re
asked whether Austra-
lopithecus was really
an ape or really a hu-
man? Should you say
it was both or neither?
- Scott Aaronson

words, a black holeOs informatiomeo
tent is proportional to the holeOs
(smaller) surface area, not its (larger)
volume. Physicists later extended the
holographic principle beyond black hol
to any volume of space, implying that 1
information density of the universe is
significantly less than previously belie\
That did it for Davies. O[The] totah4
formation processing capacity of the
universe is not only a finite thihgthere
is also a finite quantity of information
that can be accommodated within the
observable universe,O Davies says. A
limit on the ultimate allotment of infie
mation should impose a limit on the
ability of physical laws to make infinite
precise prelictions, he reasons. So eve
equation, every experiment, every piec
of matter in the universe must have a
fundamental limit beyond which vigor
any informatiorgathering system for
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that matterb could even in principle
discern any finer detail. That ithe uri-
verse is digital.

OTaken at face value, if the universe
a finite state machine,O asserts Davie:
Othen whatever future it has will get
repeated again and again and again.C

If Davies is right, the past should-r
peat itself as welD perhaps givig hope
to the wax lovers haunting that 1992
stereo-equipment store.

Ape or Human?

As Davies admits, not all physicists sh
his view. For Scott Aaronson, assistan
professor of electrical engineering and
computer science at MITthe answer to
the question OAnalog or digital?O mig
be:Depends.

OOur basic framework for almost all
of physics is continuous at one level
(that of the wavefunction) but discrete
at another (that of observable quantitie
like the light particles in thslit expei-
ment),O he says. According to Aarons
this apparent duality is not a paradox k
an Oartifact of trying to force a precise
mathematical theory into vague, pre
mathematical categories.O

To illustrate, Aaronson refers to the
famous and decepely simple double
slit experiment, in which a strong light




shone upon two razor slits in front of a
screen. When one of the slits is blocke
the light appears as a single bright line
the screen. But when both slits are
open, a surprisingly intrita pattern
develops. The reason? Light is both a
particle and a wave: The single slit allc
light®s Oparticle sideO to shine, so to
speak, while the double slit highlights
light®ds Owave nature.O

OlIf you measure which slit a photon
goes through,O Aaronsaays, Oyou ge
a discrete answer; but if you donOt
measure, then it can be in any contin
ous linear combination of going throug
one slit and going through the other
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one. Quantum mechanics tells us that
the univese can be discrete at the leve
of measurement outcomes, yet contin
ous at the level of the wave function
from which the measurement outcome
are computed.O

Aaronson offers another analogy.
OSuppose youOre a biologist and you
asked whether Australopitttus was
really an ape or really a human? Shou
you say it was both or neither?0 Aaro
son says the question isnOt fair: Whicl
characteristics define apes, which defi
humans, and how so? If the categories
don®t fit, then Aaronson thinks that
maybe the gastion itself should change

One Lump or Two?
Caslav Brukner, a professor of physics a
the University of Vienna, answers the qu
tion OAnalog or digital?0 by drawing a tt
analogy, with the world of real mbers.
Real numbers are comprised ofeOr
tiona numbers,O those that can bepre
resented as a fraction of two integers
and thus having a finite or periodic
decimal expansion, and Oirrationatmu
bers,O those that can®t. For example,
number ® O is rational, because it ma
be completely represented asdecimal
by 00.50; in contrast@is irrational, fo
its value can only be approximately
specified as 03.1415E.0 The ellipsis i
cates that the number OpiO continues

forever without any periodicity: at last
check, for over a trillion places moi@
andcounting.

According to Brukner, measurement
resultsmust be expressed in rational
numbers. OEven when we make very
precise measurements, we obtaiar
tional answers,O says Brukner, Obeca
we can only use finite resources to pe
form our measurements angte can
understand and communicate results ¢
our observations using only finite
amounts of information.O

Yet, despite the impossibility of mea
uring irrational numbers, physicists lon
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incorporated them into an imaginar
Ogagpess description of physical reality
Din classical mechanics at least. As a1
example, Brukner describes an exper
ment to determine the OspinO of a pau
cle along an arbitrary direction in three
dimensional space. In classical physic
the particlehas definite spin values alo
all possible directions independent of
observation. But the discovery of gua
tum mechanics in the early twentieth
century put an end to all that: it was
found that it is impossible to infer at th
same time the spin compongtmnalong
two different directions in space, say, t
x andy direction.

As Bruknerputs it: Oln quantum ¢a
ory, the set of all possible experiments
questions that can be asked about a-s
tem is continuous, but the number of
possible answers the systenncprovide
is finite and discrete.O What was once
thought to be a smooth spectrum of all
possible measurement outcomBghe
hallmark of classical theofypixelates,
in quantum mechanics, into choppy se
of possible and impossible observatior

OHow can &iny microscopic quantun
system OknowO the answers to an inf
(continuous) number of possiblece
perimental questions?0 asks Brukner
rhetorically. It can®t. Rather, Brukner
says that conceptual problems arise
when insisting on a description in whic
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the particle has definite spin ("up" or
"down") along every possible direction
the continuum of the real numbers pric
to and independent of observation. It i
natural to assume that the quantunssy
tem contains a finite amount of infoamn
tion, and that ths is the reason why
outcomes are definite only along a finit
number of measurement directions.

In other words, perhaps an idealizec
vision of an uninterrupted set of Oreal
numbersO has no place in the OrealO
(quantum) world. Ol would not besu
prised ifit turns out that relying our
theories on numbers that have a clear
operational meaning such as integers
fractions, rather than on idealized real
numbers of pure mathematics,O says
Brukner, Oultimately helps us to unde
stand the message of quantum ¢ing.O

Deal or No Deal?

Double slits, apes, irrational numbers:

The analogies just pile up. But to what
end? Is the question OAnalog or digita
just a parlor game, like DataOs poker

match with Hawking?

"Well, the history of thought in phrsr
ics has shownsuthat confronting such
questions, which may force us to look
issues from a very different perspectivi
can be extremely important in creating
new theories,O says Anthony Aguirre
the University of California at Santa
Cruz. OIf, fundamentally, the Wais not
of this character, it will be both difficult
to get used to, and will require us to
continue to open our minds if we want
to really understand Nature."

Or, as the denizens of that stereo
shop might say, OFar out, man.O

EditorOs Note: Juligddin contiited
interviews for this article.

A record
. store, circa the early 1990s




