
   “I refute it thus!” Samuel Johnson   famously dismissed Bishop 

George Berkeley’s   argument for the unreality of matter   by kicking 

a large stone (Boswell  ,  1823 ). In the light of modern physics, how-

ever, Johnson’s   simple reasoning evaporates. Apparently solid matter 

is revealed, on closer inspection, to be almost all empty space  , and 

the particles of which matter is composed are themselves ghostly 

patterns of quantum energy  , mere excitations of invisible quantum 

fi elds, or possibly vibrating loops of string living in a ten-dimensional 

space–time   (Greene  ,  1999 ). The history of physics is one of succes-

sive abstractions from daily experience and common sense, into a 

counterintuitive realm of mathematical forms and relationships, 

with a link to the stark sense data of human observation that is long 

and often tortuous. Yet at the end of the day, science is empirical, 

and our fi nest theories must be grounded, somehow, “in reality.” But 

where is reality? Is it in acts of observation of the world made by 

human and possibly non-human observers  ? In records stored in com-

puter or laboratory notebooks? In some objective world “out there”? 

Or in a more abstract location? 

   4.1     The ground of reality 
 When a physicist performs an experiment, he or she interrogates 

nature and receives a response that, ultimately, is in the form of 

discrete bits of information (think of “yes” or “no” binary answers 

to specifi c questions), the discreteness implied by the underlying 

quantum nature of the universe (Zeilinger  ,  2004 ). Does reality   then 
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lie in the string of bits that come back from the set of all obser-

vations and experiments – a dry sequence of ones and zeros? Do 

these observations merely  transfer  really-existing bits of informa-

tion from an external world reality to the minds of observers, or 

are the bits of information    created  by the very act of observation/

experiment? And – the question to which this entire discussion is 

directed – are bits of “classical” information the only sort of infor-

mation that count in the reality game, or does an altogether dif-

ferent form of information underpin reality? In short, where is the 

ontological ground on which our impression of a really-existing 

universe rests? 

 In the well-known parable of the tower of turtles, the search 

for the ultimate source of existence   seems to lead to an infi nite 

regress. Terminating the tower in a “levitating superturtle” requires 

either a leap of faith – accepting the bottom level as an unexplained 

brute fact – or some mental gymnastics, such as positing a neces-

sary being, the non-existence of which is a logical impossibility. 

Classical Christian theology opted for the latter, with God   cast in 

the role of that necessary being, upholding a contingent universe  . 

Unfortunately, the concept of a necessary being is fraught with 

philosophical and theological difficulties, not least of which is the 

fact that such a being does not bear any obvious resemblance to trad-

itional notions of God (Ward,  1982 ). Nor is it clear that a necessary 

being is necessarily unique (there could be many necessary gods), 

or necessarily good, or able to create a universe (or set of universes) 

that is not itself already necessary (thus rendering the underpin-

ning redundant). But if the universe is contingent, another problem 

arises: can a necessary being’s nature, and hence choices, be contin-

gent? In other words, can a necessary being  freely  choose to create 

something? (As opposed to necessarily making such-and-such a uni-

verse.) As a result of this philosophical quagmire, most theologians 

have abandoned the idea that God exists necessarily. 

 Science evaded all these complications by resting content to 

accept the physical universe   itself, at each instant of time, as the 
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basement level of reality, without the need for a god (necessary or 

otherwise) to underpin it. The latter view was well exemplifi ed by 

British philosopher Bertrand Russell   in a BBC radio debate with Fr 

Frederick Copleston   (Russell  ,  1957 ). Russell   expressed it bluntly: “I 

should say that the universe   is just there, and that’s all.” 

 Sometime during the twentieth century, a major transition was 

made. The theory of relativity   undermined the notion of absolute 

time   and the shared reality   of the state of the entire universe at each 

instant. Quantum mechanics then demolished the concept of an 

external state of reality in which all meaningful physical variables   

could be assigned well-defi ned values at all times  . So a subtle shift 

occurred, at least among theoretical physicists, in which the ground 

of reality fi rst became transferred to the laws of physics   themselves, 

and then to their mathematical surrogates, such as Lagrangians  , 

Hilbert spaces  , etc. The logical conclusion of going down that path is 

to treat the physical universe as if it simply  is  mathematics  . Many of 

my theoretical physicist colleagues do indeed regard ultimate real-

ity   as vested in the subset of mathematics that describes physical 

law. For them, (this subset of) mathematics is the ground of being. 

When, three centuries earlier, Galileo   had proclaimed, “The great 

book of Nature can be read only by those who know the language   

in which it was written, and this language is mathematics” (Drake  , 

 1957 ), he supposed that the mathematical laws were grounded in a 

deeper level – a level guaranteed and upheld by God  . But today, the 

mathematical laws of physics   are regarded by most scientists as free-

fl oating – the levitating superturtle to which I referred above. 

 At this point, physics encounters its own conundrum of neces-

sity versus contingency  , as famously captured by Einstein’s   informal 

remark about whether God had any choice   in his creation.   What he 

meant by this was, could the laws of physics have been otherwise 

(that is, different mathematical relationships), or do they  have  to be 

as they are, of necessity? The problem of course is that if the laws 

could have been different, one can ask why they are as they are, and – 

loosely speaking – where these particular laws have “come from.” To 
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use a metaphor, it is as if mathematics is a wonderful warehouse 

richly stocked with forms and relationships, and Mother Nature 

passes through with a shopping trolley, judiciously selecting a handy 

differential equation here and an attractive symmetry group there, 

to use as laws for a physical universe. 

 The problem of the origin of the laws of physics   is an acute one 

for physicists. Einstein’s   suggestion that they may turn out neces-

sarily to possess the form that they do has little support. It is some-

times said that a truly unifi ed theory of physics   might be so tightly 

constrained logically that its mathematical formulation is unique. 

But this claim is readily refuted. It is easy to construct artifi cial 

universe models, albeit impoverished ones bearing only a superfi cial 

resemblance to the real thing, which are nevertheless mathematic-

ally and logically self-consistent. For example, many papers are writ-

ten in which four space–time dimensions are replaced by two, for 

ease of calculation. These simplifi ed “universes” represent possible 

realities, but not the “actual” reality (Davies  ,  2006 ). 

 Given that the universe   could be otherwise, in vastly many 

different ways, what is it that determines the way the universe actu-

ally is? Expressed differently, given the apparently limitless number 

of entities that can exist, who or what gets to decide what  actually  

exists? The universe contains certain things: stars, planets, atoms, 

living organisms … Why do  those  things exist rather than others? 

Why not pulsating green jelly, or interwoven chains, or fractal hyper-

spheres? The same issue arises for the laws of physics. Why does 

gravity obey an inverse square law rather than an inverse cubed law? 

Why are there two varieties of electric charge rather than four, and 

three “fl avors” of neutrino rather than seven?   Even if we had a uni-

fi ed theory that connected all these facts, we would still be left with 

the puzzle of why  that  theory is “the chosen one.” Stephen Hawking   

has expressed this imponderable more eloquently: “What is it that 

breathes fi re into the equations and makes a universe for them to 

describe?” (Hawking  ,  1988 ). Who, or what, promotes the “merely 

possible” to the “actually existing”? 
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 There are two circumstances in which the problem of the 

“fi re-breathing actualizer” – the mechanism to dignify a subset of 

the possible with the status of becoming “real” – is circumvented. 

The fi rst circumstance is that  nothing  exists. However, we can rule 

that out on the basis of observation.   The second is that  everything  

exists, that is, everything that  can  exist  does  exist. Then no pro-

cedure is needed to select the actually existing things and separate 

them from the infi nite set of the merely-possible-but-in-fact-non-ex-

istent things. Is this credible? Well, we cannot observe everything, 

and absence of evidence is not the same as evidence of absence. We 

cannot be sure that some particular thing we might imagine does 

not exist  somewhere , perhaps beyond the reach of our most powerful 

instruments, or in some parallel universe. 

   Max Tegmark has proposed that, indeed, everything that can 

exist does exist, somewhere within an infi nite stack of parallel worlds. 

“If the universe is inherently mathematical, then why was only one 

of the many mathematical structures singled out to describe a uni-

verse?” he challenges. “A fundamental asymmetry appears to be built 

into the heart of reality” (Tegmark,  2003 ).   Tegmark’s suggestion is one 

of many so-called multiverse models, according to which the universe 

we observe is but an infi nitesimal fragment amid a vast, possibly infi n-

ite, ensemble of universes. In most variants of this theory, the laws of 

physics   differ from one universe to another. That is, the laws are not 

absolute and universal, but more like “local by-laws” (Rees,  2001 ). 

 A knee-jerk reaction to Tegmark’s version of the multiverse   

is that it fl agrantly violates Occam’s razor  . But Tegmark points out 

that everything can actually be simpler than something. That is, the 

whole can often be defi ned more economically than any of its parts. 

(The set of all integers, for example, is easily described, whereas a sub-

set of integers consisting of, say, prime numbers, selected or not by a 

random coin toss, is not.) However, the notion of “everything” runs 

into formal conceptual problems when infi nite sets are involved, 

and Tegmark’s proposal is very ill defi ned, perhaps to the point of 

meaninglessness. In any case, very few scientists or philosophers 
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would subscribe to Tegmark’s extreme view. Even those who believe 

in some sort of multiverse usually stop short of supposing that liter-

ally  everything  exists.       

 The orthodox position seems to be that the actually-existing (as 

opposed to possible but non-existent) laws   should simply be accepted 

as a brute fact, with no deeper explanation at all. Sean Carroll   has 

expressed support for this position, in addressing the question, why 

those laws of physics? “That’s just how things are,” replies Carroll. 

“There is a chain of explanations concerning things that happen in 

the universe, which ultimately reaches to the fundamental laws of 

nature and stops” (Carroll,  2007 ). In other words, the laws of physics 

are “off limits” to science. We must just accept them as “given” and 

get on with the job of applying them. 

   4.2      Hidden assumptions about the laws of 
physics 

   The orthodox view of the nature of the laws of physics contains a 

long list of tacitly assumed properties. The laws are regarded, for 

example, as immutable, eternal, infi nitely precise mathematical rela-

tionships that transcend the physical universe, and were imprinted 

on it at the moment of its birth from “outside,” like a maker’s mark, 

and have remained unchanging ever since – “cast in tablets of stone 

from everlasting to everlasting” was the poetic way that Wheeler   put 

it (Wheeler  ,  1989 ). In addition, it is assumed that the physical world is 

affected by the laws, but the laws are completely impervious to what 

happens in the universe. No matter how extreme a physical state may 

be in terms of energy or violence, the laws change not a jot. It is not 

hard to discover where this picture of physical laws   comes from: it 

is inherited directly from monotheism, which asserts that a rational 

being designed the universe according to a set of perfect laws  . And the 

asymmetry between immutable laws and contingent states mirrors 

the asymmetry between God and nature: the universe depends utterly 

on God for its existence, whereas God’s existence does not depend on 

the universe. 
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 Historians of science are well aware that Newton   and his con-

temporaries believed that in doing science they were uncovering the 

divine plan for the universe   in the form of its underlying mathemat-

ical order. This was explicitly stated by René Descartes  :

  [I]t is God   who has established the laws of nature  , as a King 

establishes laws in his kingdom … You will be told that if God 

has established these truths, he could also change them as a King 

changes his laws. To which it must be replied: yes, if his will can 

change. But I understand them as eternal and immutable. And I 

judge the same of God. 
 (Descartes,  1630 )  

The same conception was expressed by Spinoza  :

  Now, as nothing is necessarily true save only by Divine decree, 

it is plain that the universal laws of nature   are decrees of God 

following from the necessity and perfection of the Divine nature 

… nature, therefore, always observes laws and rules which 

involves eternal necessity and truth, although they may not all 

be known to us, and therefore she keeps a fi xed and immutable 

order. 
 (de Spinoza, 1670)  

Clearly, then, the orthodox concept of laws of physics   derives dir-

ectly from theology. It is remarkable that this view has remained 

largely unchallenged after 300 years of secular science. Indeed, the 

“theological model” of the laws of physics is so ingrained in scien-

tifi c thinking that it is taken for granted. The hidden assumptions 

behind the concept of physical laws, and their theological prov-

enance, are simply ignored by almost all except historians of sci-

ence and theologians. From the scientifi c standpoint, however, this 

uncritical acceptance of the theological model of laws leaves a lot to 

be desired. For a start, how do we know the laws are immutable and 

unchanging? Time-dependent laws   have been considered occasion-

ally (see, for example, Smolin  ,  2008 ), as well as observational tests 
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carried out to look for evidence that some of the so-called fundamen-

tal constants of physics may in fact have changed slowly over cosmo-

logical time scales (Barrow  ,  2002 ).   Particle physics suggests that the 

laws we observe today may actually be only effective laws, valid at 

relatively low energy, emergent from the big bang as the universe 

cooled from Planck temperatures  . String theory suggests a mathem-

atical landscape of different low-energy laws, with the possibility of 

different regimes in different cosmic patches, or universes – a vari-

ant on the multiverse   theory (Susskind  ,  2005 ). 

 But even in these examples, there are fi xed higher-level meta-

laws that determine the pattern of lawfulness (Davies  ,  2006 ). Thus 

in the popular variant of the multiverse   theory, called eternal infl a-

tion, there are many big bangs scattered through space and time, 

each “nucleating” via quantum tunneling, and thereby giving birth 

to a universe. As a universe cools from the violence of its origin, 

it inherits a set of laws, perhaps to some extent randomly (that is, 

as frozen accidents). To make this model work, there has to be a 

universe-generating mechanism operating in the overall multiverse   

(and in the case cited, it is based on quantum fi eld   theory and general 

relativity  ) and a set of general laws   (like a string theory     Lagrangian) 

from which a lucky dip of low-energy effective laws within each uni-

verse is available  . Clearly this meta-law structure of the multiverse   

merely shifts the problem of the origin of the laws up a level. 

 Another strong infl uence on the orthodox concept of physical 

law is Platonism. Plato located numbers and geometrical struc-

tures in an abstract realm of ideal forms  . This Platonic heaven 

contains, for example, perfect circles – as opposed to the circles we 

encounter in the real world, which are always fl awed approxima-

tions of the ideal. Many mathematicians are Platonists, believing 

that mathematical objects have real existence, even though they 

are not situated in the physical universe. Theoretical physicists 

are steeped in the Platonic tradition, so they also fi nd it natural 

to locate the mathematical laws of physics   in a Platonic realm. 

The fusion of Platonism and monotheism created the powerful 

orthodox scientifi c concept of the laws of physics as ideal, perfect, 
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infi nitely precise, immutable, eternal, state-immune, unchanging 

mathematical forms and relationships that transcend the physical 

universe and reside in an abstract Platonic   heaven beyond space 

and time. 

 It seems to me that after three centuries we should consider the 

possibility that the classical theological/Platonic model of laws is an 

idealization with little experimental or observational justifi cation. 

Which leads naturally to the question: can we have a  theory  of laws? 

Instead of accepting the laws of physics   as a levitating superturtle at 

the bottom of the stack – an unexplained brute fact – might we push 

beyond at least one step, and try to account for why the laws are as 

they are, to show that there are  reasons  for why they have the form 

that they do? To think creatively about this, it is necessary to jetti-

son all the above-listed hidden assumptions. For example, we must 

allow that the asymmetry   between laws and states may be incorrect, 

and refl ect on what the consequences might be if the laws depend 

(at least to some extent) on what happens in the universe: that is, to 

the actual physical states. Might laws and states co-evolve  , in such 

a way that “our world” is some sort of attractor in the product space 

of laws and states? 

 To illustrate a possible agenda along these lines, I want to con-

centrate on one aspect of the standard theological model of laws that 

is most vulnerable to falsifi cation: namely, the assumption of infi n-

ite precision (Davies  ,  2006 ). The laws of physics are normally cast as 

differential equations, which embed the concepts of real numbers, 

and of infi nite and infi nitesimal quantities, as well as continuity 

of physical variables  , such as those of space and time  . This assump-

tion extends even to string theory  , where the link with the world 

of space, time, and matter is long and tenuous in the extreme. As 

any experiment or observation can be conducted to fi nite accuracy 

only, to assume infi nitely precise laws is obviously a wholly unjus-

tifi ed extrapolation – a leap of faith. To the extent that it may be a 

technical convenience, that is all right. But as I shall show, there are 

circumstances where the extrapolation may lead us astray in a test-

able manner. 
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 To focus the issue, consider Laplace’s famous statement about a 

computational demon. Laplace   pointed out that the states of a closed 

deterministic system, such as a fi nite collection of particles subject 

to the laws of Newtonian   mechanics  , are completely fi xed once the 

initial conditions   are specifi ed:

  We may regard the present state of the universe as the effect of 

its past and the cause of its future. An intellect which at any 

given moment knew all of the forces   that animate nature and the 

mutual positions of the beings that compose it, if this intellect 

were vast enough to submit the data to analysis, could condense 

into a single formula the movement of the greatest bodies of 

the universe and that of the lightest atom; for such an intellect 

nothing could be uncertain and the future just like the past 

would be present before its eyes. 
 (Laplace  ,  1825 )  

If Laplace’s   argument is taken seriously, then everything that hap-

pens in the universe, including Laplace’s   decision to write the above 

words and my decision to write this book chapter, are preordained  . 

The necessary information is already contained in the state of the 

universe at any previous time. Laplace’s   statement represents the 

pinnacle of Newtonian   clockwork   mechanics  , with its embedded 

assumption of infi nitely precise theological laws – I would say the 

pinnacle of absurdity. It is the starting point for my challenge to the 

orthodox concept of physical law  .  1     

   4.3     It from bit   
 The basis of the challenge, which builds on the work of   John Wheeler 

( 1979 ,  1983 ,  1989 ,  1994 ) and Rolf Landauer   ( 1967 ,  1986 ), sprang 

  1     Although orthodox Newtonian   mechanics assumes infi nitely precise laws, 
Newton himself was more circumspect. He considered that the solar system 
might require an occasional divine prod to maintain its stability, a suggestion 
that incurred the derision of some of his contemporaries. Later Laplace   would 
famously remark to Napoleon that he “had no need of this [divine prodding] 
hypothesis.”  
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originally from the theory of information and computation. The 

traditional relationship between mathematics  , physics, and infor-

mation   may be expressed symbolically as follows:

  Mathematics → Physics → Information  

According to this orthodox view, mathematical relationships   are the 

most basic aspects of existence. The physical world is an expression 

of a subset of mathematical relationships, whereas information   is 

a secondary, or derived, concept that characterizes certain specifi c 

states of matter (such as a switch being either on or off, or an elec-

tron spin being up or down). However, an alternative view is gain-

ing in popularity: a view in which  information    is regarded as the 

primary entity from which physical reality is built. It is popular 

among scientists and mathematicians who work on the foundations 

of computing, and physicists who work in the theory of quantum 

computation  . Importantly, it is not merely a technical change in per-

spective, but represents a radical shift in world view, well captured 

by Wheeler’s pithy slogan “It from bit  ” (Wheeler   and Ford  ,  1998 ). The 

variant I wish to explore here is to place  information  at the base of 

the explanatory scheme, thus:

  Information → Laws of physics → Matter  

After all, the laws of physics    are  informational statements: they tell 

us something about the way the physical world operates. This shift 

in perspective requires a shift in the foundational question I posed 

concerning the origin of the laws of physics  ; we may now ask about 

the origin and nature of the  information content    of the universe, and 

I refer the reader to Seth Lloyd’s   essay in Chapter  5  of this volume for 

one perspective on that question. Here I wish to address a more basic 

aspect of the problem, which is whether the information content of 

the universe is fi nite or infi nite. 

 In the standard model of cosmology  , in which there is a single 

universe that began with a big bang   (representing the origin of space 

and time), the universe contains a fi nite amount of information. To 



Paul Davies76

see why, fi rst note that the universe began 13.7 billion years ago, 

according to the latest astronomical evidence. The region of space 

accessible to our observations is defi ned by the maximum distance 

that light has traveled since the big bang: namely, 13.7 billion light-

years. Because the speed of light   is a fundamental limit, no informa-

tion can travel faster than light, so the volume of space   delimited by 

the reach of light defi nes a sort of horizon in space beyond which we 

cannot see, or be infl uenced by in terms of causal physical effects. 

Expressed differently, we cannot access any information beyond the 

horizon at this time. The horizon does expand with time  t  (like  t  2 ), 

so that, in the future, the causally connected region of our universe 

will contain more information. In the past, it contained less. The 

technical term for the light horizon is “particle horizon,” because 

it separates particles of matter we can see (in principle) from those 

we cannot see because there has not yet been enough time since 

the cosmic origin for the light from them to reach us on Earth. It 

is likely that there is another type of horizon, technically termed 

an “  event horizon.” It arises because the rate of expansion of the 

universe seems to be accelerating, implying (very crudely speaking) 

that some galaxies we now see fl ying away from us are speeding up, 

and will eventually recede so fast that their light will never again 

reach us. They will disappear across the event horizon for good. At 

some stage in the next few billion years, the event horizon effects 

will come to dominate over the particle horizon effects. By an odd 

coincidence, the radii of the particle and event horizons are roughly 

the same at the current epoch, and given the incompletely formu-

lated nature of what I shall propose, either or both horizons may be 

regarded as the basis of the discussion (so I simply use the generic 

word “horizon” from now on). 

 A well-defi ned question is: how much information is there 

within the volume of space limited by the horizon? Information is 

quantifi ed in bits, or binary digits  , exemplifi ed by a coin toss. The 

coin is either heads or tails, and determining which amounts to 

acquiring precisely one bit of information. So how many bits are 
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there in the causally connected horizon region of our universe at 

this present epoch?   The answer was worked out by Seth Lloyd ( 2002 , 

 2006 ) using quantum mechanics. This is key: quantum mechanics   

says that the states of matter are fundamentally discrete rather than 

continuous, so they form a countable set. It is then possible to work 

out (approximately) how many bits of information any given volume 

of the universe contains by virtue of quantum discreteness. The 

answer is 10 122    bits for the region within the horizon at this time. 

This number has a neat physical interpretation. It is the area of the 

horizon divided by the smallest area permitted by quantum discrete-

ness, the so-called Planck area, 4π Gћ /c 3 , which is roughly 10 −65  cm 2 . 

So the cosmic bit count   is a dimensionless ratio, and a fundamental 

parameter of the universe. 

 Lloyd’s number is not new in physical theory  . It is roughly  N  3/2 , 

where  N  is the so-called Eddington  –Dirac   number  : the ratio of elec-

tromagnetic to gravitational force   between an electron and a pro-

ton. It is also the current age of the universe expressed in atomic 

units. Both Arthur Eddington   ( 1931 ) and Paul Dirac   ( 1937 ) attempted 

to build fundamental theories of physics using this number as the 

starting point. Neither attained any long-term success, so we must 

be careful to learn that lesson of history. However, Eddington   and 

Dirac   did not have the benefi t of our better understanding of the 

relationship between gravitation   and the concept of  entropy   .   That 

understanding stemmed from important work done in the 1960s and 

1970s on the physics of black holes. By 1970 it was obvious that black 

holes possess fundamental thermodynamic properties, and that the 

event horizon area of a black hole – roughly, the surface area of its 

boundary – plays the role of entropy. In standard   thermodynamics, 

as applied to heat engines, say, entropy is a measure of the degree of 

disorder in a system, or, alternatively, the negative of the amount of 

useful energy that may be extracted to perform work. In the early 

1970s, Jacob     Bekenstein discovered that if quantum mechanics   were 

applied to black holes, a specifi c expression could be given for its 

entropy (Bekenstein,  1973 ).   This work was fi rmed up by Stephen 
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Hawking ( 1975 ), who discovered that black holes are not perfectly 

black after all, but glow with heat radiation. The temperature of the 

radiation is inversely proportional to the mass    M  of the black hole, so 

that small black holes are hotter than large ones. The corresponding 

Bekenstein–Hawking entropy of an uncharged, non-rotating black 

hole is 

  S  = 4π kGM 2 /ħc 3   = ¼ kA  (4.1) 

 where  A  is its area   in Planck units, and  k  is Boltzmann’s   constant, 

which converts units of energy to units of temperature. Signifi cantly  , 

in the black hole case entropy is a function of the boundary  area , as 

opposed to volume. By contrast, the entropy of two masses of gas in 

identical thermodynamic states is the sum of the two  volumes  of 

gas.   

 I now come to the link with information. It has been known for 

many decades that entropy   can been regarded as a measure of ignor-

ance (Szilard  ,  1929 ,  1964 ). For example, if we know all the molecules 

of a mass of gas are confi ned to the corner of a box, the gas is ascribed 

a low entropy. Conversely, when the gas is distributed throughout 

the volume and its molecules are thoroughly shuffled and distributed 

chaotically, the entropy is high. Ignorance is the fl ip side of informa-

tion  , so we may deduce a mathematical relationship between entropy 

and information    I . As given by Shannon   ( 1948 ), that relationship is 

  S  = − I  (4.2) 

 One may think of the entropy   of a gas as the information con-

cerning the positions and motions of its molecules over which we 

have lost cognizance. In a similar vein, when matter falls into a black 

hole, we lose track of that too, because the black hole surface is an 

event horizon through which light cannot pass from the inside to the 

outside (which is why the hole is black). The Bekenstein–Hawking 

formula   (4.1) relates the total information swallowed by a black hole 

to the surface area of its event horizon. The formula shows that the 

information   of the black hole is simply one-quarter of the horizon 

area in Planck units. 
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 The association of entropy   and information with horizon area 

may be extended to  all  event horizons, not just those surrounding 

black holes; for example, the cosmological event horizon, which I 

discussed above (Davies   and Davis  ,  2003 ; Gibbons and Hawking, 

 1977 ).   Bekenstein proposed generalizing equation 4.1 to obtain a  uni-

versal  bound on entropy (or information content  ) for  any  physical 

system (Bekenstein,  1981 ). The black hole saturates the Bekenstein 

bound, and represents the maximum amount of information that 

can be packed into the volume encompassed by the horizon. A simi-

lar statement may be postulated for the cosmological horizon (where 

so-called de Sitter space   saturates the bound).   

 The link between information (loss) and area seems to be a very 

deep property of the universe, and has been elevated to the status 

of a fundamental principle by Gerhard ’t Hooft   ( 1993 ) and Leonard 

Susskind   ( 1995 ), who proposed a so-called  holographic principle   , 

according to which the information content   of a volume of space 

(any volume, not just a black hole) is captured by the information 

that resides on an enveloping surface that bounds that volume. (The 

use of the term “holographic” is an analogy based on the fact that a 

hologram is a three-dimensional image generated by shining a laser 

on a two-dimensional plate.) The holographic principle implies that 

the total information content of a region of space cannot exceed one-

quarter of the surface area (in Planck units)   that confi nes it (other 

variants of the holographic principle have been proposed, with differ-

ent defi nitions of the enveloping area), and that this limit is attained 

in the case of the cosmological event horizon. If the holographic 

principle is applied to the state of the universe today, one recovers 

Lloyd’s     cosmic information bound of 10 122  bits.   

   4.4      What does the finite information content of 
the universe tell us about “reality”? 

     The fact that (in the standard cosmological model at least) the infor-

mation content of the universe is fi nite would seem to be a very 

important foundational fact about the universe. What are its impli-

cations? For a start, it means that nothing in the universe (as defi ned 
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by the bounding horizon  ) can be specifi ed or described by more than 

10 122  bits of information. By “nothing” I refer to actually-existing 

physical structures or states. The bound does not apply, for example, 

to merely hypothetical specifi cations, such as all possible hands of 

cards, or all possible combinations of amino acids making up a pro-

tein (>10 130 ) because there is no claim that all such combinations 

might be physically present in the universe. Thus the universe could 

not contain a hotel with 10 130  rooms, for example. In fact, the uni-

verse contains only about 10 90  particles in total (including photons 

but not gravitons), and the fi nite information bound says they could 

not be confi ned to the “corner of a box” very much smaller than the 

universe, to borrow from the example of classical thermodynamics, 

because we would then know their locations to a better-than-per-

mitted level of description. Note that the informational properties 

of the quantum universe differ fundamentally in this respect from 

the classical universe of Laplace’s   demon. Laplace   assumed that the 

state of the universe at one instant could be specifi ed to  infi nite pre-

cision   ; that is, the position and velocity of each particle could be 

ascribed a set of six real numbers. (It is easily shown that even tiny 

imprecisions lead to exponentially growing errors in the demon’s 

prediction.) But almost all real numbers require an infi nite amount 

of information to specify them. 

 The above-mentioned whimsical example (a hotel) refers to 

a classical state. How about a quantum state  ? After all, the infor-

mation bound is quantum mechanical in nature. Consider a series 

of photon beam splitters labeled  i , each of which permits a photon 

to traverse it (or be destroyed) with a certain probability  p   i  . Each 

encounter between a given photon and a   beam splitter reduces the 

probability that the photon survives to exit the entire assemblage of 

beam splitters. After  N  such encounters, there is a probability  P ( N ) = 

 p  1  p  2  p  3  …  p   N   that the photon will have traversed the entire series. This 

becomes an exponentially small number as  N  rises. For example, if 

 p   i   = ½ for all  i  and  N >400, we fi nd 2 − N  <10 –122 . Can the universe con-

tain such a small number? Of course it can in a sense: I just wrote 
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it down! But how can we test if the prediction for the photon’s pene-

tration probability is correct? That is, how do we know quantum 

mechanics accurately describes this experimental set-up? We would 

have to perform >10 122  experiments to verify it, and that is certainly 

not only impossible for us, it is impossible  even in principle for a 

Laplace  -type demon . Now consider that the  p   i   are not all exactly 

½, but numbers chosen randomly from the interval [0, 1]. Then for 

almost all of the set { p   i  } the total probability  P ( N ) could  not  be accom-

modated in the universe. If a demon chose to write out the answer 

using every bit of information contained in the universe – every par-

ticle, say – the demon would run out of bits before the number could 

be expressed. Actually, the information would be very likely to be 

exhausted even for a  single  beam splitter, given that the real number 

 p  1  could almost always be expressed only by stipulating an infi nite 

number of digits: for example 0.37652583 … 

 The question then arises, is the number  P ( N ) in some sense 

unknowable, not just in practice, but in principle? Expressed differ-

ently, could a demon even know that number? And if not – if the 

number is fundamentally unknowable – does that signal a funda-

mental limit in the level of precision at which quantum mechanics   

may be applied even in principle? The immediate answer to the latter 

question is no, because a  probability  is not an actuality; it is merely 

a relative weighing of actualities, and in that respect it possesses the 

same status as the number of possible combinations of amino acids. 

The demon (or for that matter a laboratory technician) can merely 

look to see whether or not the photon has survived, and the answer 

requires only one bit of information (“yes” or “no”) to express it. But 

there is a subtlety buried here. Quantum mechanics   generally can-

not predict  actualities , only  probabilities . What it can predict – in 

principle with perfect accuracy – are wave-function   amplitudes, from 

which the probabilities can be computed. In the example of the beam 

splitter, the wave function is a superposition   of amplitudes, and the 

number of branches of the wave function, or components summed 

in the superposition, is 2  N  . For  N >400, this number alone exceeds 



Paul Davies82

the information-carrying capacity of the universe  , never mind the 

information required to specify the amplitudes of each component 

of the superposition.   

 So my question now is, can the  quantum state    (the superpos-

ition   of amplitudes that make up the wave function  ) be contained 

in the universe? The standard answer is yes. After all, what would 

prevent us from assembling 400 random beam splitters and sending 

in a photon? It is true that we can create such a state, but can we 

specify, or describe it? Presumably not – not even the demon can 

do that. Which brings me to the crux of the matter. Is the quan-

tum state in any sense real, given that it is in principle unknowable 

from  within  the universe? Or is it merely a Platonic   fi ction, use-

ful (as is the concept of infi nity) for doing calculations, its fi ctional 

nature safely buried beneath very much larger experimental and ini-

tial condition errors? Given that a full specifi cation or description 

of the beam-splitter   experiment requires more information than the 

universe contains, my question becomes the following: is informa-

tion something that  really exists , independently of observers, or is it 

merely our description of what can in principle become known to an 

agent or observer  ? If the latter is the case – if information is merely a 

description of  what we know  about the physical world – then there is 

no reason why Mother Nature should care about the cosmic informa-

tion bound, and no reason that the bound should affect fundamental 

physics. A Platonic Mother Nature can be all-knowing. And accord-

ing to the orthodox view of laws  , in which the bedrock of physical 

reality is vested in  perfect  laws of physics inhabiting the Platonic   

domain, Mother Nature can indeed compute to arbitrary precision 

with the unlimited quantity of information at her disposal. But if 

information is “real” – if, so to speak, it occupies the ontological 

basement (as I propose) – then the bound on the information content 

of the universe is a fundamental limitation on  all  of nature, and not 

just on states of the world that humans perceive. 

   A scientist who advocated precisely this position was Rolf 

Landauer, who adopted the view that “the universe   computes in the 
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universe,” and not in a Platonic   heaven, a point of view motivated by 

his insistence that “information is physical  .” Landauer was quick to 

spot the momentous consequences of this shift in perspective:

  The calculative process, just like the measurement process, is 

subject to some limitations. A sensible theory of physics must 

respect these limitations, and should not invoke calculative 

routines that in fact cannot be carried out. 
 (Landauer,  1967 )  

In other words, in a universe limited in resources and time – for 

example, a universe subject to the cosmic information bound – con-

cepts such as real numbers, infi nitely precise parameter values, dif-

ferentiable functions, and the unitary evolution of a wave function   

are a fi ction: a useful fi ction to be sure, but a fi ction nevertheless. 

Consider the case of Laplace’s   demon, and the key phrase, “if this 

intellect were vast enough to submit the data to analysis.” If Mother 

Nature – in effect, Laplace’s   demon – inhabits the Platonic realm of 

perfect, infi nitely precise mathematics  , then the fi nite information 

bound of the universe matters not at all, because the Platonic Mother 

Nature is, to paraphrase Laplace  , certainly “vast enough,” because 

she is omniscient and possesses  infi nite  intellect, and can therefore 

submit an infi nity of bits of data to analysis. She can indeed “carry 

out” the “calculative processes” to which Landauer refers. But if 

information is physical, if it is ontologically real and physically fun-

damental, then there  are  no Platonic demons, no godlike transcend-

ent Mother Nature computing with real numbers; indeed, no real 

numbers. There is only the hardware of the real physical universe 

doing its own calculation itself, in the manner that Lloyd   describes in 

Chapter  5  of this book. Expressed differently, the laws of physics   are 

inherent in and emergent with the universe, not transcendent of it. 

 Landauer made his original comments as part of a general 

analysis; his ideas pre-dated the holographic principle   and the fi nite 

information bound on the universe. But the existence of this bound 

projects Landauer’s point beyond mere philosophy and places a real 
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restriction on the nature of physical law  . For example, one could not 

justify the application of the laws of physics   in situations employ-

ing calculations that involve numbers greater than about 10 122 , and 

if one did, then one might expect to encounter departures between 

theory and experiment. For most purposes, the information bound 

is such a large number that the consequences of the shift I am pro-

posing are negligible. Consider the law of conservation of electric 

charge, for example. The law has been tested to about only one part 

in 10 12 . If it were to fail at the 10 122  bit level of accuracy, the implica-

tions are hardly signifi cant. 

 Nevertheless there are situations in theoretical physics in 

which very large numbers do crop up. One obvious class of cases 

is where exponentiation occurs. Consider, for example, statistical 

mechanics  , in which Poincaré’s   recurrence times are predicted to 

be of the order exp(10  N  ) Planck times   (chosen to make the num-

ber dimensionless) and  N  is the number of particles in the system. 

Imposing a bound of 10 122  implies that the recurrence time predic-

tion is reliable only for recurrence times of about 10 60  years. Again, 

this is so long we would be unlikely to notice any departure between 

theory and observation. 

   A more striking and potentially practical application of the 

same principle is quantum computation. Quantum computers hold 

out the promise of possessing exponentially greater power than clas-

sical computers, because of the phenomena of quantum superposition   

and entanglement. The latter refers to the fact that two quantum 

systems, even when physically separated, are still linked in a sub-

tle way. The arithmetic of the linkage reveals that there are expo-

nentially more possible states of entangled quantum systems than 

their separate components contain. Thus an  n -component system 

(for example,  n  atoms) possesses 2  n   states, or 2  n   components of the 

wave function   describing the system. The fundamentally exponen-

tial character of the quantum realm has been eloquently addressed 

by   Scott Aaronson ( 2005 ), using the pithy question: “Is the universe   

a polynomial or exponential place?” to discuss what he calls “the 

ultimate Secret of Secrets.” He goes on to say:
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  For almost a century, quantum mechanics   was like a Kabbalistic 

secret that God revealed to Bohr  , Bohr   revealed to the physicists, 

and the physicists revealed (clearly) to no one. So long as the 

lasers and transistors worked, the rest of us shrugged at all the 

talk of complementarity   and wave–particle   duality, taking for 

granted that we’d never understand, or need to understand, 

what such things actually meant. But today – largely because 

of quantum computing – the Schrödinger’s   cat is out of the bag, 

and all of us are being forced to confront the exponential Beast 

that lurks inside our current picture of the world. And as you’d 

expect, not everyone is happy about that, just as the physicists 

themselves weren’t all happy when they fi rst had to confront it 

in the 1920s. 
 (Aaronson,  2005 )  

The question I now ask is whether Aaronson’s   “exponential Beast” is 

compatible with a Laplace  -type demon located  within  the real uni-

verse and subject to its fi nite resources and age – a Laplacian demi-

urge would be a more accurate description. Let me call this Beast 

  “Landauer’s demon.”   Suppose it is required to predict the behavior 

of a quantum computer subject to the above discussed cosmological 

information bound. The key to quantum computation   lies with the 

exponential character of quantum states, so here we have the crucial 

exponentiation at work that is vulnerable to the cosmic information 

bound. To be specifi c, a quantum state   with more components than 

about  n  = 400 particles is described by a   wave function with more com-

ponents than Lloyd’s     10 122  bits of information contained in the entire 

universe. A generic wave function of this state of 400-particles  could 

not be expressed in terms of bits of information , even in principle. 

Even if the entire universe were commandeered as a data display, it 

would not be big enough to accommodate the specifi cation of that 

quantum state. So a generic 400-particle quantum state cannot be 

described, let alone its evolution   predicted, even by a Landauer demon. 

It could, however, be predicted with a truly god-like transcendent 

Platonic   demon with  infi nite  resources and patience at its disposal.   
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 The conclusion is stark. If the cosmic information bound is set 

at 10 122  bits, and  if information is ontologically real , then the laws 

of physics   have intrinsically fi nite accuracy. For the most part, that 

limitation of the laws will have negligible consequences, but in cases 

of exponentiation, like quantum entanglement  , they make a big 

difference, a difference that could potentially be observed. Creating 

a state of 400 entangled quantum particles is routinely touted by 

physicists working on building a quantum computer (their target is 

10 000 entangled particles)  . I predict a breakdown of the unitary evo-

lution of the wave function at that point, and possibly the emergence   

of new phenomena. To quote Wittgenstein ( 1921 ): “Whereof one 

cannot speak, thereof one must remain silent.” We cannot – should 

not – pronounce on, or predict, the state, or dynamical evolution, 

of a generic quantum system with more than about 400 entangled 

particles, because there are not enough words in the entire universe 

to describe that state! 

 The orthodox position on the accuracy of predictions is that the 

laws of physics   themselves are infi nitely precise, but the concept of 

a perfectly isolated physical system and precisely known initial con-

ditions   are an idealization. In practice, so the argument goes, there 

will inevitably be errors, which will normally be enormously greater 

than one part in 10 122 . In the case of quantum computation  , these 

errors are tackled using error-correcting procedures and redundancy. 

The position I am advocating is that the fi nite information bound 

on the universe limits the accuracy of the laws themselves, render-

ing them irreducibly “fuzzy.” This is a type of unavoidable cosmo-

logical noise, which no amount of error correction can remove. It 

would manifest itself as a breakdown in the unitary evolution of the 

wave function  . What I am suggesting here seems to be close to the 

concept of unavoidable intrinsic decoherence   proposed by Milburn   

( 1991 ,  2006 ). Some clarifi cation of these issues may emerge from 

the further study of the recent discovery that the entropy   of quan-

tum entanglement   of a harmonic lattice also scales like area rather 

than volume (Cramer   and Eisert  ,  2006 ), which would seem to offer 



Universe from bit 87

support for the application of the holographic principle   to entangled 

states. It would be good to know how general the entanglement–area 

relationship might be. 

 Finally, I should point out that the information bound (1) was 

derived using quantum fi eld   theory, but that same bound applies to 

quantum fi eld theory  . Ideally one should derive the bound using a 

self-consistent treatment. If one adopts the philosophy that informa-

tion is primary and ontological, then such a self-consistency argu-

ment should be incorporated in a larger program directed at unifying 

mathematics and physics. If, following Landauer  , one accepts that 

mathematics is meaningful only if it is the product of real compu-

tational processes (rather than existing independently in a Platonic   

realm) then there is a self-consistent loop: the laws of physics determ-

ine what can be computed, which in turn determines the informa-

tional basis of those same laws of physics. Paul Benioff   ( 2002 ) has 

considered a scheme in which mathematics and the laws of phys-

ics co-emerge from a deeper principle of mutual self-consistency, 

thus addressing Wigner’s   famous question of why mathematics is so 

“unreasonably effective” in describing the physical world (Wigner  , 

 1960 ). I have discussed these deeper matters elsewhere (Davies  , 

 2006 ).     

   4.5     Conclusion 
 Let me fi nish with a personal anecdote. A vivid memory from my 

high-school years was learning how to calculate the gravitational 

potential energy   of a point mass by integrating the (negative) work 

done transporting the particle radially inwards from infi nity to the 

Earth’s surface. I raised my hand and asked how a particle can actu-

ally be transported from infi nity. The answer I received is that this 

mode of analysis is a device designed to make the calculation sim-

ple, and that the error involved in taking infi nity as the starting 

point rather than some fi nite but very great distance is negligible. 

And so indeed it is. But this little exchange set me thinking about 

the use of mathematics as a device versus the actual mathematical 
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nature of physical laws  . I wanted to know whether the “real” poten-

tial energy   of gravitation – the one based on the laws that Mother 

Nature herself uses – is the one that takes infi nity as the start-

ing point, or somewhere closer. In other words, although we human 

beings could never, even in principle, carry out the physical process 

involved in computing the exact potential energy  , maybe nature 

somehow “knows” the answer without actually doing the experi-

ment. That is, the exact answer is there, “embedded” in the laws 

of physics, and the business about infi nity is a problem only for 

humans (and perhaps only for the likes of troublesome students 

such as the young Paul Davies). 

 The fl ip side of infi nity is the use of infi nitesimal intervals  , 

which form the basis for the calculus. In view of the fact that all 

the fundamental laws of physics   are expressed as differential equa-

tions, the status of infi nitesimals   is crucial. Again the question 

arises as to whether they are artifacts of human mathematics, or 

correspond to reality. A philosopher might express it by the ques-

tion, What is the ontological status of infi nitesimal intervals? This 

question is closely related to the use of real numbers and the prop-

erty of continuity. Can an interval of space or time be subdivided 

without limit? 

 Over the years there have been many speculations by physicists 

that space–time   may not in fact be continuous and differentiable, 

and that the application of real numbers and differentiation might 

be merely a convenient idealization. Most of these ideas remained 

restricted to small groups of devotees. The serious challenge came, 

however, not from physicists but computer scientists. Digital com-

puters cannot, by their very nature, handle infi nite and infi nitesi-

mal quantities because they manipulate discrete bits using Boolean 

algebra  . This is in contrast to analog computers such as slide rules. 

The study of the performance of digital computers, which began 

with Turing  , matured into an entire discipline in its own right in the 

decades after 1950. In recent years, theoretical physics and the the-

ory of computation have been brought together, raising many deep 

conceptual issues that are as yet unresolved. The most basic of these 
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is the following: Is the universe   itself some sort of computer, and if 

so what? Analog, digital, quantum, or something else? 

 Lloyd   advocates that the universe   computes itself, but it does 

so quantum mechanically – the universe is a  quantum  computer   (see 

Chapter  5  of this volume). We can envisage a corresponding quan-

tum Landauer   demon, able to observe all the branches of the wave 

function   – in effect, all possible worlds, rather than a single actual 

world (this is precisely the ontology adopted in the Everett   many-

universes   interpretation of quantum mechanics  ) (Everett  ,  1957 ). If 

that ontology is correct, if the ground of being is vested in the quan-

tum wave function rather than the informational bits that emerge 

via measurement and observation, then the information bound on 

the universe is exponentially greater, and nothing would “go wrong” 

to an entangled state of 400 particles. Whether reality does lie in a 

quantum realm, to which human beings have no access, or whether 

it lies in the realm of real bits and real observations, could therefore 

be put to the test with a sufficiently complex quantum system. If the 

quantum computation   optimists are right, it maybe that within a 

few years a new discipline will emerge:  experimental ontology . 
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