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What’s the trouble with anthropic reasoning?
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Abstract. Selection effects in cosmology are often invoked to “explaihy some of the funda-
mental constant of Nature, and in particular the cosmoligionstant, take on the value they do in
our Universe. We briefly review this probabilistic “anthiopeasoning” and we argue that differ-
ent (equally plausible) ways of assigning probabilitiesdaadidate universes lead to totally different
anthropic predictions, presenting an explicit exampledas the total number of possible observa-
tions observers can carry out. We conclude that in abserec@uoidamental motivation for selecting
one weighting scheme over another the anthropic principiaot be used to explain the value of
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INTRODUCTION

The existence of observers’ selection effects in cosmotomht appear at first sight a
mere tautology. Indeed, all of our observations of the Ursigeare (implicitly) condi-
tional on the fact that we exist. A Universe without obseswgould never be measured
for the simple fact that there would be no one around to ma&kehtiservations.

We can easily conceive Universes where the laws of physiessach as not to
allow the existence of sentient life. For example, a Unigexgthout an arrow of time
would be extremely hostile to the emergence of an organinetptexity as required
by the existence of intelligent observers, because thedaclkusality would arguably
prevent any meaningful anticipation of physical phenoméNahout going to such
extremes, we might speculate about what the Universe wooklllke if the numerical
value of physical constants were different from what is obse. In particular, a large
number of so—called “anthropic coincidences” have beentpdiout regarding our own
Universe (see e.g.l[1] and references therein): it appéatsany small deviation from
highly fine—tuned values of physical constants in our Ursegarould have catastrophic
consequences for the emergence of life as we know it.

There are a few different viewpoints as to what meaning wellshassign to the idea
that physical constants (such as Newton’s constant or teestmicture constant) could
be different from what we observe. The traditional appraafgbhysics has been to ex-
plain the laws of nature from fundamental principles, sustha existence and breaking
of symmetries. In working out a final theory of everythingeanight have hoped that the
structure of physical reality would naturally emerge asuh&ue logically and math-
ematically consistent possibility. In this case, the vadimatural constants would be
uniquely determined by some deep, underlying principlee thminent realization of
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this positivistic hope seems to have receded as string\thes failed to deliver such a
unique picture of fundamental physics. Indeed, the stangi$cape, with its large num-
ber of different vacua, points to a vast number of possiblizéfees, each with different
properties, for example the values of fundamental const&yinions diverge as to the
physical reality of such alternative realizations of thevegnse. We might think of this
ensemble as causally disconnected patches of this Unj\asseparate sub—universes
(a.k.a. the multiverse) or as a superposition of states(@santum cosmology). It seems
to us that this problem is akin to the (unresolved) integiren of measurement in quan-
tum mechanics, where the physical reality of the many—vegpidture remains unclear.
This has lead some distinguished scientists (such as @& lat Jaynes) to cast doubts
on the completeness of modern quantum theory.

ANTHROPIC REASONING

One of the most outstanding problems in fundamental phystosexplain the incredibly
low energy density of the vacuum compared to the charatiteHanck energy density
— the cosmological constant problem. Lacking an explanatioom fundamental argu-
ments, much effort has been devoted to investigate thelplitysof understanding the
cosmological constant values in terms of selection eff@dis goes usually under the
name of “anthropic principle”, introduced by Brandon Caf# as a necessary limita-
tion to the Copernican principle that we do not hold a spgdede in the Universe. The
argument first given by Weinberg [3] is that in realizatiofith@ Universe with too large
a value of the cosmological constant structure formatiamoaproceed, and hence life
as we know it will not emerge. Although Weinberg’s originglper limit of the value of
the cosmological constant energy dengityis more that 2 orders of magnitude larger
than what is observed, refined versions of this argumenndaisuccessfully “predict”
pa comparable to what is actually observedpjg’Mg, ~ 10-123[4, 5,16].

The rigorous translation of such selection effects in a gbilistic statement is far
from trivial. Let us focus on the case where only the cosmicldgonstani\ is allowed
to vary (see[7./8, 9] for a discussion of how the situatiomgjes when more parameters
are varied). In a Bayesian language, we can write for thespiasirobability forA given
that intelligent life exist,

Pr(A|life) O Pr(A)Pr(life|A), (1)

wherePr(A) is the prior probability distribution function (pdf) ariér (life|A) is the
likelihood for “life” given a certain value foA\, thus encapsulating the selection effects.
The proportionality constant (the “evidence”) is indepemidof A and can be ignored
for the purpose of this discussion. Let us discuss the priddi&elihood in turn.

Theprior distribution

The whole point of the anthropic program is to go from a fl&iigrior pdf — either
describing insufficient knowledge (from the Bayesian pecspe) or assumptions about



the frequency of realizations of a fundamental theory (ierist) — to a strongly peaked
posterior, hopefully centered around the observed valua fo

But to start with, how are we to assign the prior? Most of ttexditure has interpreted
the prior in a frequentist sense, and calculated in varicustive relative number of out-
comes for a large number of realizations. However, the vencept of probability as a
limiting frequency of outcomes, though natural when agpleerepeatable experiments,
is not obviously appropriate to describe the Universe as alevi©One way out of the
problem that we have only one Universe to study is to make tisegodic arguments
in order to derivePr(A) [Q]. This is an approach whose validity remain unproven. A
more radical point of view is the Multiverse scenario, adoag to which there is an in-
finite collection of, by definition inaccessible, universkss difficult to see how vastly
increasing the number of universes could help determin@ithygerties of the one uni-
verse we actually can observe, i.e. our own. This approaahyhseems economical in
terms of explanatory power. From an operational point ofvwyibe idea of a “random”
distribution of values foN\ is meaningless unless a mechanism for the generation of the
different values is also specified.

Some of these conceptual difficulties might be addressedlgg a fully Bayesian
approach to the problem, and understanding the prior as pression of our state
of knowledge before we see the data, in this case represbytdte observation that
sentient life does exist in the Universe. Here, however, menaainly concerned with
issue arising from the choice of the likelihood function,wich now we turn out
attention.

Thelikelihood function: dependence on reference class

In order to computé®r (A|life) in Eq. (), we need to specify exactly the meaning of
“life”. This is a fundamental issue that all too often is gded over, by simply using a
more readily calculated surrogate — the physical numbesitieof galaxies, or more
precisely the collapsed gas fraction. One then assumesghinakensity of observers is
proportional to this quantity. So if “life” really standsrftintelligent observers just like
us”, we need to ask ourselves wiesactly counts as an observer. Do future generations
of humans count as separate observers or not — after all,wie jgass on the information
we gathered to them. Or perhaps, the whole human civilizaiimht to be counted as
one single, collective observer? Do the ancient Egyptiausicas separate observers?
What if past observers die out, or if they forget previous soseements?

These considerations can be put in a more formal way by usiagconcept of a
reference class of observers. The reference class contains all observers that are fieést |
you” in all relevant respects. It is clear that the resultpagterior pdf will depend on
the chosen reference class, as shown by [10]. In other wthrds;hoice of reference
class is equivalent to giving different probabilistic Weig to different realizations of
the Universe (in a frequentist perspective). Here we ptesepecific example of this
effect — we argue that there are many plausible weightingpfacor reference classes)
for universes, and that the answers to questions such agpbeted value of\ depends
enormously on the weighting. Ih_[11] we introduced a weightscheme based on the



maximal number of allowed observations (MANO) in a univefid@s quantity is clearly
relevant to the expected value of a constant, Aawince a value that allows more
observations to be carried out will be measured more oftaisd has the advantage of
being independent of how one defines constant time hypexssf As we show below,
the resulting posterior pdf fak is peaked arbitrarily close to 0, thus giving a completely
different result that the usual weighting by number densitgalaxies.

MAXIMUM NUMBER OF ALLOWED OBSERVATIONS

We wish to evaluate the probability that an observer will suga his or her universe to
have a vacuum energy density no smaller than what we measate Universe. As the
selection function for observing in the different realizations we put forward the total
number of observations that observers can potentially carrover the entire life of that
universe (called MANO for brevity, for “Maximum Allowed Nuber of Observations”).
This maximum number is the product of two factors — the nundfesbservers and
the maximum number of observations that each observer cie.ma argued above,
there is a fundamental difficulty in determining the totahrher of observers in a given
reference class, since we can neither compute nor meastevitever, in the limit
where observers are rare (in a way we quantify below) therapit prediction for the
probability of observing\ will be independent of the density of observers. Below we
focus on the second factor — the maximum number of obsenstlat each observer
can make — and offer some further comments about the manyvalosescenario in the
next section.

Rare observersscenario

For illustrative purposes and computability, we hold fixdd parameters of the
universe other than the vacuum energy density, considéliahdg.emaitre-Friedmann-
Robertson-Walker universes with exactly the same materagiation contents and the
same fluctuations as our own at the time of matter—radiatipral@y. This is a com-
mon setup in the literature. We consider only the c&se 0. This restriction can only
increase the probability of observifg equal to or greater than the observed one, so
we should interpret the probability we calculate as an ufipet. We refer to [11] for
further details.

In a/ > 0 universe, the minimum temperature at which a systeg &n observer)

can operate is the de Sitter temperaflye= p,l\/ 2/ (2rMp)). (Refrigerated subsystems
can run cooler, but the energy consumption of the refrig@mahore than compensates).
As discussed in detail in [12] and |13], the maximum energhsan observer can collect
is given by
l4m
Emax™ 55 [(Mo — N)2) (@) 2)

wherern, is the value of conformal time when the observer starts ctitlg energy and
a(Nw) = . The factor of~ 1/8 arises because we assume that the decision to collect



the energy is made by the observer at the origin, and mustite@ommunicated out
into space. During this time-consuming process, mest (8) of the volume currently
within the apparent horizon is swept out of it by the acceiegeexpansion. (There is an
additional suppression factor ef 1/8 if one wishes to transport the energy back to the
central location, rather than useritsitu) We will ignore the’(1) geometric prefactors
and focus on the functional dependence. In the “rare obs&rseenario we assume that
there is at most one observer within the comoving volumessibke to each from the
time that they first become capable of making observatiomsah otherwise there is a
cut—off to the maximum collectible energy introduced by patition among observers
(see below).

The number of thermodynamic processes (such as observafidn an observer can
carry out is maximized if the observer savesHyx until the universe has reached the
de Sitter temperature. Thus

Nmax < Emax/kBTdS~ (3)

Following the arguments given above, we adbiptx as a probabilistic weight in the
selection function, and since we have assumed a flat priompdfwe have that the
posteriorPr (Allife) O Niax-

The asymptotic limit folNax can be calculated analytically (seel[11]), and one finds

2 3p-2
5 R R>1
Pr(Rla.) O 3(“0/0*) ) ) 4
( | *) { 54R71, R<< 1 ( )

Here we have introduceR as the ratio of the value of the cosmological constant in
an hypothetical universe with respect to the value it takesur own,R= A/Ag. The
quantitya, is the value of the scale factor when smart observers sthetctiag energy
(normalized to matter—radiation equality), and it is careetly expressed as

o, = ao(SR)_1/3sinh<In(\/§+ 2)ﬁer)2/3, (5)

wheret =t, /tg is the physical time until observers smart enough to begilecing
energy arise, in units of 13.7 Gyrs, the age at which suchrebse(us, or our descen-
dants) are known to have arisen in our Universe. Howevendnealization integral in
@) diverges logarithmically, and is dominated by the minimcut—off value Ryin, if
such exists. In the landscape scenario (seele.g. [14] am@dnekes therein), for instance,
the number of vacua is estimated to be of ordet’d,Gand therefore the corresponding
minimum value ofA can perhaps be taken to Bain ~ 107°0°M3,, or Ryin ~ 107377,
One could of course go frorl(4) to a joint posterior Band 1, but this would involve
the specification of a prior om, thus introducing further uncertainty in the problem,
given our ignorance about when smart observers are likedyise. We prefer instead to
evaluate the posterior probability &> 1, equivalent to the probability of measuring
N\ > Mo, for a few representative choices nfWith the above choice of cut-off value,
and for a few values of = 0.1,1,10 we obtain a very small probability of observing a
value of A as large or large than in our Universe, and it falls furtherltnger it takes
for intelligent observers to arise (ie, for largex For T = 1 we obtain a probability of
9-10-5, which drops to 410~12for T = 10. The situation is only marginally better in the



optimistic situation where intelligent observers evoleddse one—tenth of the current
age of the universe, siné& (R> 1|t =0.1) =5-10~%.

It is worth noting that the conclusion that lotvis favored does not depend on the
observer civilization foolishly squandering all of its oesces on observing. Rather, it
requires only that civilizations spend a fraction of theisources doing so which does
not depend on (or at least does not decrease WNtiPne might wonder why a civi-
lization would bother “observing/A more than once. First, since we have calculated
the maximum number of thermodynamic processes, we muststade that “observ-
ing” should be rather broadly defined. In particular it woirldlude “remembering” the
cosmological constant (i.e. consulting permanent regpoiscommunicating the value
of the cosmological constant to other members of the catilan, including one’s de-
scendants. Thus, it would actually be difficult for a civdion to stop “observing” the
cosmological constant. Secondly, there is actual motwdtr continuing to observe the
rate of expansion to check to see if the dark energy densitgl@nged, since this alone
will allow one to take advantage of the decline in the de Bittenperature to prolong
the civilization’s existence.

Many observersscenario

So far, we have worked exclusively in the rare observer hmithere each intelligent
observer is free to collect all of the energy within their aggnt horizon without com-
petition from other observers. One might imagine that asldesity of observers rose,
one would mitigate the preference for lagw but the case is by no means so clear. If the
observer density is high, then the observers will come intogetition for the universe’s
(or at least their Hubble volume’s) same scarce resouragsoin historical experience
is that such competition never leads to negotiated agreetoerse those resources as
conservatively as possible. More likely is that the contpatifor resources will lead to
some substantial fraction of those resources being squeshdewarfare until only one
of the observers remains. Moreover, unless they eliminapoasible competitors, ob-
servers will continue to spend their finite supply of energy eate exceeding that which
would otherwise be necessary. What is clear is that giveimaibility to predict or mea-
sure either the density of intelligent observers or the wawlich they would behave
when they meet, our ability to use anthropic reasoning canlmnfurther compromised.

Indeed, it is (not surprisingly) impossible to escape thgchslogy and sociology
questions when the density of observers is high. No doubtoondd perform some
particular calculation of such a scenario — assuming, farmgde, that all the observers
agree to use only their local resources and not to poach dnagher, or by drawing
inspiration from a game—theory approach about compegwobl/ing in an environment
with limited resources. But any such assumptions would theratrong, and it would be
effectively impossible to test. The point is, that sincetsguaestions inevitably intrude,
one cannot do a meaningful calculation. But certainly ththpic prediction will
depend on the answer to these effectively unknowable aqunssti

Finally, in our MANO approach we must specify what fractiohits available re-
sources a civilization would devote to measuring the cosgioal constant. We have



used here as measure the maximum possible number of obsesydiut the argument
would be unchanged if civilizations used only a fixed fract{bowever small) of that
maximum. Of course a civilization would be stupid to sperdtalenergy in this task,
and clearly the answer one gets in terms of the posterioigpdf iepends on the fraction
of the energy consumption of the civilization as a functidriime. We have assumed
that the fraction is zero until the ambient temperaturelreadhe de Sitter temperature
and then a constant (it need not be 100% — the probabilityilalisiton for A would re-
main unchanged if it were any other constant value.) Sincangenot trying to prove
that MANO isthe correct way to weight universes, we make no attempt to jugiht
this isthe correct functional dependence of the observation rateroa, tjust that it is

a perfectly reasonable dependence. Other observatidagita — such as observe once
and never observe again — may also be perfectly reasonaféec@ld also argue that
instead of counting every observation one should count onte each observation in
a causally connected region. But this is part of the problerar-we ever hope to un-
derstand, nay predict, the psychology of all intelligertl@ations from first principles,
predict which psychology will produce the longest lastifigofninant”) civilizations,
and so infer the distribution of observation—strategias would result? We fear not.

CONCLUSIONS

We have argued that anthropic reasoning suffers from thielgmothat the peak of the
selection function depends on the details of what exactéyahooses to condition upon
— be it the number of observers, the fraction of baryons indal the total number of
observations observers can carry out. A weighting schermerding to the maximum
number of possible observations implies that the expea&d\ofA is logarithmically
close to its minimum allowed non—negative value (or is zera@gative), contrary
to the usual result. In its usual formulation, the anthropitciple does not offer
any motivation — from either fundamental particle physicpobability theory — to
prefer one weighting scheme over another, and in partianarthat does not lead to
paradoxical or self—contradictory conclusions of the tgescribed inl[10]. Lacking
either fundamental motivations for the required weightimgother testable predictions,
anthropic reasoning cannot be used to explain the valueeoédsmological constant.
We expect that similar statements apply to any conclusioaisane would like to draw
from anthropic reasoning.
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