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Cold big-bang cosmology as a counterexample to several anthropic arguments
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A general Friedmann big-bang cosmology can be specified by fixing a half-dozen cosmological parameters
such as the photon-to-baryon ratjg, the cosmological constart, the curvature scalR, and the amplitude
Q of (assumed scale-invarigrprimordial density fluctuations. There is currently no established theory as to
why these parameters take the particular values we deduce from observations. This has led to proposed
“anthropic” explanations for the observed value of each parameter asrilyevalue capable of generating a
universe that can host intelligent life. In this paper, | explicitly show that the requirement that the universe
generates Sun-like stars with planets does fix these parameters, by developing a class of cosmologies
(based on the classical “cold big-bang” mogei which some or all of the cosmological parameters differ by
orders of magnitude from the values they assume in the standard hot big-bang cosmology, without precluding
in any obvious way the existence of intelligent life. | also give a careful discussion of the structure and context
of anthropic arguments in cosmology, and point out some implications of the cold big-bang model’'s existence
for anthropic arguments concerning specific parameters.
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I. INTRODUCTION third type, which allow for a decoupling between the “ex-
pected” or “natural” value of a parameter and the value we
Current fundamental physical theories and cosmologicabbserve, by incorporating the fact that some parameter val-
models incorporate a number of “parameters” or “con- ues may preclude the existence of observers that could mea-
stants” which could theoretically assume different valuessure those values. These “anthropic” considerations imply
while leaving the mathematical structure of those theorieshat the probability of measuring a given value for some
unchanged. Responses to the question of why any given pgarameter is not simply given by the probability distribution
rameter or constant assumes the particular value it does falf values assumed by that parameter among members of the
into three rough categories: ensemble, but is modified by the probability of observers
(1) Like the laws of physics themselves, the value of thearising in each member. Values of parameters that are very
parameter or constant in question is fundamental, and simplgifferent from the expected values might then be explained
a part of the nature of the universe itself. Whether or not itas being typical values among the set of values that allow the
“could have” been different is unclear but irrelevant, since it formation of observers.
assumes a unique value that is fixed in space and time. Arguments of this sort have been used to explain the ob-
(2) The parameter or constant can ultimately be derivedserved value of\ [3-9], », [10], Q[11], the curvature scale
from a fundamental physical theory with no free parameters[12—14], and the density ratio of non-baryonic dark matter to
Thus the observed “parameter” could not have been differbaryons ny, [15]. Generally, these arguments consider the
ent, as it is a purely mathematical objects. viability of life in a universe in which one of these param-
(3) The parameter varies between members of a spatiakters assumes a value ten times smaller or larger than the
temporal ensemble, of which the region of the universe webserved valuesvith all other parameters fixedf the for-
observe is part of one member. The parameter not only coulchation of observers is strongly suppressed in each alterna-
have been different bus different in other ensemble mem- tive universe, and if the priori distribution of parameter
bers, and the value we observe depends upon which ewalues is fairly flat, it is claimed that the observed value has
semble member we happen to inhabit. been explained. For example, Tegmark and Réé$ (TR)
Explanations of the third type have raised considerablexplain the observed value §f~10° by showing that gal-
interest in cosmology for two related reasons. First, a numbeaixies could not cool sufficiently <1076, and would be
of inflationary cosmology and quantum cosmology theoriesso dense as to disrupt most planetary orbit®3i 10~ 4.
explicitly fail to predict unique values for cosmological pa- Two substantial worries arise with respect to such argu-
rameters such as the photon-to-baryon ratig the cosmo- ments. First, a parameter value differing by many orders of
logical constant\, or the amplitude of density perturbations magnitude(rather than just onemay correspond to qualita-
Q; rather, these theories yield only a probability distributiontively different physical processes that allow a rather differ-
for the parameters, which take different values in causallyent universe in which life could still arise. Second, if more
disconnected “subuniverses1,2]. Second, the observed than one parameter is to be explained anthropically, then
values of some parameters or constdetgh as the cosmo- several parameters must be varied at once, and there is a risk
logical constan{3]) seem to require an incredible degree of that degeneracies will occur in which changing one constant
fine-tuning if they are to admit explanations of the first or counteracts the adverse effect of changing another. This pa-
second type. per argues that these two worries are substantial and serious,
This fine-tuning might be avoided by explanations of theby developing a specific set of cosmological models in which
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one or more of the basic cosmological parameters can bg.e., the cosmology generated by solving Einstein’s equa-
altered by many orders of magnitude, without preventing theions assuming large-scale homogeneity and isodagyar-
formation of observergconservatively assumed to be similar acterized by a spatial curvature scate (evaluated at the
to us in any obvious way. o _ . Planck time, in units of the Planck lengtha photon-to-

To develop this argument, | first discuss in some detail thg, o, ratioz,,, an (electroni) lepton-to-baryon ratioy, ,
logical structure of the “weak” anthropic arguments in ques- . Jiio 774 Of NON-baryonic dark matter to baryonic matter

tion. | then discuss specific contextaflation, quantum cos- o .
mology, etc) in which they may arise. Next | develop a (evaluated when both are nonrelativigti@ cosmological

general class of cosmologies based on the classical “col§onstantA (in Planck unity, and a scale-invariant power
big-bang” (CBB) cosmology and argue that observers like usSPectrum of Gaussian primordial density perturbations with
could plausibly arise in these cosmologies. | then discusgn amplitudeQ on the horizon scale. This definition restricts
several specific anthropic arguments in light of the cold bigthe types of cosmologies that can be considered, but encom-

bang cosmology. passes those for which anthropic arguments have been made
in the literature.
Il. THE STRUCTURE OF ANTHROPIC ARGUMENTS Anthropic arguments in cosmology have raised new inter-
IN COSMOLOGY est due to the possibility that the cosmological parameters

Anthropic arguments concerning fundamental parametergr_enotuniquely_ derivable from more fun(_ja_r_nental co_n_sider-
ations, nor “fixed” as part of the initial conditions

in a theory generally are invoked to explain the particular ) : X
measured value of a given parameter in relation to the Iarg8f the universe, but vary among subuniverses with prob-
range of other possible values that it seems reasonable @pility distribution P(ey, ... ,ay). Here, the set{a;}
expect that the parameteould have assumed. The weak stands for some subset ofR.7,,7.,74m.A.Q}, and
form of the anthropic principlgthe only form this paper dNP(ay, ...,ax)/da; .. .day is the differential probabil-
discussesexplains particular values of some set of param-ity that a randomly chosen barybresides in a subuniverse
eters using a two-part argument. First, the argument requiréa which the parameters; (i=1, ... N) take a given set of
that the parameters in question not omiguld havebeen yalyes in the ranga;,o; +da;]. (The sorts of systems that
different, but in factdo assume a range of values in a physi- constitute subuniverses are discussed below in Sec) Il B.
cally realized ensemble of systems, some of which contaigyt p is notthe probability distribution of observed values of

observers capable of measuring the parameter, and all of | which is insteadby anthropic reasoningproportional
which are similar except for variations in the values of theto Play, " an)=P(ay, ... .a)&(ay, ... .ay), where

parameters in question. The second part of the argument IS — . ; )
the self-evident statement that only systems capable of prdi(@1: - - - ,an) iS the total number, integrated over time, of
ducing observers can have their parameters measured. ThRESErvers per baryon that are capable of making independent
observers will never measure a parameter to have a valBéasurements of; in a region of space in which the cos-
which would preclude the existence of observéFor ex- ~mological parameters are given by. One can straightfor-
ample, assuming that atoms are required for life to exist, ngvardly normalizeP to yield a true probability distribution,
living observer will ever measure a value of the electronprovided thatP¢ is integrable over the space of values at-
charge incompatible with the existence of atoms. tained by theqa; in the ensemble(The method of defining
The argument is simple, but immediately raises the issug@robabilities | have chosen is probably most similar to that of
of to which parameters describinghich physical systems Vilenkin [17]; other authors have formulated anthropic argu-
the argument might be applied. For the purposes of this paments in ways that are similar in spirit but different in dejail.
per, let us categorize parameters into three groups. First are The functionP will presumably follow from the(cur-
parameters that are known to vary in space or time and maently unknown fundamental physics describing the uni-
be derivable from more fundamental parameters; for exverse as a whole. In this paper, | concentrate dthough |
ample, the “solar constant” or the “Hubble constant.” Sec- draw some conclusions aboR); determiningé requires a
ond, the constantsised in the currently accepted fundamen-criterion for the existence of an observer and a method by
tal physical theoriegthe standard model of particle physics which to calculate the density of such observers for a given
and general relativity[16]. Third, the key parameters de- set of ; and their valuese;. Determining what sort of
scribing the current “standard model” of cosmolo@efined  physical configurations could give rise to a being capable of
presently. This study concerns parameters in the third catmeasuring cosmological parameters is a rather difficult task
egory, and addresses anthropic arguments in cosmologyat | will sidestep by confining my criteria to those which

which attempt to explain their values. are obviously essential for the existence of life similar to
_ humans. This assumption is conservative in the present con-
A. The general argument applied to cosmology text in that it grants the anthropic argument maximal predic-

| take the cosmological “standard model” to be a
Friedmann-Robertson-WalkefFRW) big-bang cosmology
2| assume for simplicity that the other species have lepton num-
bers small compared to the electronic leptons.
1ExceptingA (which is assumed to vayyl will hereafter reserve 3Any number which is conserved during the cosmological expan-
the term “constant” for parameters with fixed values. sion could be used here.
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tive power, and is tantamount to assuming that the frequencyhile keeping others fixed at their maximally probable val-
of independent human-type observers greatly exceeds that aés(presumed to be close to the observed values

all other types of observers the universe may produce. The The anthropic program, however, can fail in three clear
specific criterion adopted here is to require the formation of avays. First, there mayot be any well-defined maximum:
main-sequence star with a moderate fraction of heavy elethere may be degeneracies among two or more parameters
ments such as C, N, O, etc. The star must burn steadily anslich that there are multi-dimensional surfaces of congtant
without significant disturbancée.g., which would disrupt spanning a relatively large region of parameter space. In this
planetary orbitsfor more than an “evolutionary time scale” case, anthropic arguments still do not provide a satisfactory
Tev; | take 75,=5 Gyr (the single available observation for explanation of the observed value of those parameters in
the time scale on which observers arise after the formation dight of the large range allowed by fundamental physics and

a staj. Adopting this criterion, | set anthropic constraints. Second, the well-defined global maxi-
mum of dVP/da; .. .day may not lie near the observed
&(ay, ';i):J dZJ er max Tev M. valuesa? ™. This would imply either a flaw in some element
dtdrdz of the computation ofP, or that we live in a region of pa-

(1) rameter space with low probability, or that there is something
fundamentally wrong with the whole anthropic approach
(e.g., that there areot other subuniverses with different val-
ues of the parameters in questiomhird, 7 may have two or
more well-defined local maxima. This would not be a prob-
lem inprinciple as long as one of the peaks was much higher
. ) than the rest. But a similar and important practical difficulty
of allowed metaliicities. Thusf(_al, - a) s the tc_)tal can arise if¢ has multiple local maxima. This is because
number of stars per baryon Withpy=Z=Zmax that live  5nihronic arguments in the literature typically make simpli-
=5 Gyr in relative isolation, in a subuniverse with cosmo- fying assumptions regarding, on the grounds thag must
logical parametersy; [18]. For example, in the observable have a peak with a width which is very narrow compared to
universeé~0.0Im, /My, since about 1% of baryons form the scale over whictP varies (e.g., [6]). But if multiple
single stars a solar mass o less. peaks(even narrow on@soccur in widely separated regions
Having defined the ingredients, | now discuss theof parameter spac® becomes crucial and the implications
hope of what | will term the “anthropic program.” The of computations based on anthropic reasoning become more
hope is that given a priori calculations of ambiguous.
dVP(ay, ....an)/da; .. .day and &(ay, ... ,ay), their This paper argues that multiple regions of large
product dNP(a, . .. ,ay)/da; .. .day will have a well- do, in fact, exist in the set of parametersy

defined global maximum at some set of paramealS. For By Qe B RO B SO e
each parametery,, one might then integrat® over the y P q

other as (k#1) 1o obtain a one-dimensional probability different values than those we observe, without preventing
(according to the criteria define abguhe existence of ob-
dP(er)/dar . If the > peak surrounding the global maximum gepers. Before developing this cosmology and its implica-
is very sharp, P(ay) can be used to define a range tions for the anthropic arguments, | will first outline the cos-
of a containing(say 99% of the probability. If(and only ~ mological contexts in which anthropic arguments are

if) each observedvalue of a® falls inside its “highly ~ tyPically made.

probable” region, and if weassumethat we observe

the value that a typical observer does, then anthropic argu- B. Contexts for cosmological anthropic arguments
ment has explained their values. In this case, for example
the “natural” value of A would be reconciled with its
observed value(which if nonzero is many orders of
magnitudes smallgr Note that this procedure is very dif-
ferent from the calculation of theonditional probability

Here, dn(t,7,z; «;)/dt d7dZ is the differential formation
rate (per baryon at timet of stars with metallicityZ which
will live undisturbed for timer; tp.yis the lifetimé of the
sub-universe in question, aix,;, andZ,,,, define the range

" Any attempt to implement the anthropic program de-
scribed above requires that the “universg@’e., everything
that exists throughout all timeontains an ensemblef re-
gions that may be treated as individual Friedmann-
2obs B —be —b ) Robertson-Walke(FRW) cosmologies. A number of such
Plala?™, ..y, ooy, o ay ) of measuring a “meta-cosmologies” have been proposed. For example, the
single ay= ak with the other parameters fixdde., by their ~ “oscillating universe” model consists of a series of finite-
observed valugsMaking an anthropic argument using such volume, finite-age cosmologiege.g., [19]). Here, each

a conditional probability is only logically consistent under “big crunch” is followed by a new “big bang” in which
theassumptiorthat the anthropic program will be successful, the parametersy; might be newly drawn from the proba-
and that one can look at variations in a single parameter

5This is not an ensemble of imagined identical systems in the
4 max— is allowed for subuniverses that do not recollapse, but IGibbs-Einstein sense, but rather a canonical or micro-canonical en-
assume that each baryon is incorporated into a finite number ademble of weakly or non-interacting subsystems of a large or infi-
stars. nite physical system.
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bility distribution P(ay, .. .,an)/Np(ay, . ..,ay), where Some regions. The global structure of the universe ap-
proaches an ensemble of thermalized regions separated by
) — - — inflating regiond 20], and the values of cosmological param-
ogy with parametersa;. Then &(ay, ....an) can be  eters describing each region can vary throughout the en-
straightforwardly taken to be the number of stars that formsemple. This is a natural context for anthropic arguments, but
(with Zmin=Z=<Zma and a lifetime greater than,) in the  as discussed at length in R¢R1] (see alsg22)), it is a
cosmology with parameters;, divided byN, . Current as- subtle matter to unambiguously define probabilities in such
tronomical data weighs strongly against a closed, recollapssosmologies because the probabilities for many proposed
ing cosmology, so this context is of value primarily becauseschemes depend strongly upon the coordinate choice: de-
it is fairly unambiguous. pending on this choice, 8&=0 hypersurface can intersect

The regions constituting members of the ensemble coul@ne, many, or no thermalized regions having different param-
be separated in space rather than time. For example, an infifer values. Vanchuriet al. [21] propose a scheme that ap-
nite (or extremely largeuniverse in which the parametess ~ Parently circumvents this problem and gives unambiguous
vary spatially could be partitioned into finite regi6ref dif- prol_)abllltles_ by calcula_tlng probabilities within any one ther-

Soo—= . .. malized region. For this to work the parameters must vary
fering «; which are uniform enough to be treated as indi-

vidual FRW cosmologies with the same initial time eachContinUOUSIy in.such a way that there is a finite range of
with a fixed number of baryons. The relative numt;ers Ofvalues over.wh[ch the probability r_]as nonzero measure, so

) ) o i — that the(arbitrarily) chosen thermalized region will contain
regions described by FRW cosmologies with parametgrs many sub-regions with different parameters spanning that
and o would then giveP(a?)/P(a?), and probabilities as range. Referencg23] extends this scheme to compute prob-
described in Sec. Il A can be defined unambiguously as longbilities for situations in which parameters take on different
as the universe can be coordinatized in such a way that thediscrete values in different thermalized regions.
is a time after which no stars form. Open or critical globally
FRW universes with small density inhomogeneities would IIl. THE COLD BIG-BANG COSMOLOGY
(for example satisfy these criteria. ) )

Anthropic arguments can also be made in quantum cos- AS described above, modern cosmology provides several
mology (e.g.,[7,8]). Here the universe begins in a superpo-Plausible (if speculative contexts in which the universe
sition of states which “decoheres” into an ensemble of clas-could consist of an ensemble of regions, each describable as
sical cosmologies with different properties. The hope is thaf" FRW cosmology with different initial conditions. The the-
for a compelling initial condition, the wave function can be SiS Of the present study is that regions with quite different
represented as a superposition(of at least dominated by ~Parameters may support life, thereby greatly complicating or
FRW-type cosmologies with different values @f. If these mvahdatmg_ severa}l anthropic arguments. | support this thesis
cosmologies were closed, then the situation would closelyY developing a big-bang type cosmology in which some or

resemble the first example of the oscillating universe, and th@ll of the parameters,, Q, 74m, 7., R, andA may differ
probability P(ay, ... an)/Ny(ay, . . ..a) of a compo- by at least several orders of magnitude from the current

. . — “standard model” of cosmology in which they take approxi-
nent of the ens_emble being described by parameters ate  values of |R|~2x10%%(1—Q—Q,)Y2 7,~2
would be proporponal to the square of. the ampl_nude of they 10°, 7 ~1 [24], 9g~5-10, A=3x10 12 (ie., O,
term corresponding to that cosmology in the initial superpo-soj) andQ~1075.
sition. Note, however, that it is not entirely clear how to ’
extract probabilities if the superposition contains both open
and closed cosmologies, nor is it clear that the squared am-
plitudes can be straightforwardly interpreted as relative fre- Consider an FRW cosmology with physical baryon num-
qguencies in an ensemble of classical cosmologies. But aser densityN(t;) at some initial timet, after which the co-
suming that these problems are not fatal, quantunmoving baryon number is conserved, and at which the
cosmology does provide a possible framework for anthropighoton-to-baryon ratio is smalkyf,<10) relative to that we
arguments. currently observe. Choosing(t;) =10* cm 2 ensures also
Applying anthropic arguments to FRW cosmologies em-that nucleons are nonrelativistic, that known baryonic spe-
bedded in an arbitrary global geometry is much more diffi-cies other than nucleons have decayed, and thatzipr
cult because there may not be a unique globally defined ini=0.01 a state of nuclear statistical equilibrium hdl2s,26].
tial time at which to begin the integration of EQ). Thisis  The expansion is dominated by relativistic matter for
the case in models of “eternal inflation” in which inflation

Nb(zl, ce ,ZN) is the total number of baryons in a cosmol-

A. Initial conditions

does not end globallywhich would provide an initial time N, =10%% 7+ 7;‘;/3)‘3 cm 2 2)
for the subsequent FRW cosmolgglput always continues in
or cosmic time
4, 43, 43
The volume of space with a given set @f need not be finite, t=10"%(7"+ 7} s. (©)

because the ensemble may contain an infinite number of finite re- _ o
gions with the samey; . | assume that “edge effects” associated A cosmology with 7, ~»,~1 could result from efficient
with the boundaries separating these regions are not important. baryogenesis after an inflationary epoch, or might simply be
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HBB model which has been processed by stéDd.course
the ratios of different heavy elements will be different in the
CBB model, but C, N, and O would be produced in abun-
i dance. Primordial metal synthesis is suppressed by either
. high 7, or high 7,,.

] C. Initial perturbations

_ Whereas in the standard HBB model structure formation
. cannot begin until the time of matter-radiation equality
= (~10's), significantly lowery, allows much earlier and

] more efficient structure formation. In making the present ar-
gument | have assumed that there are scale-invariant primor-
: : dial density perturbations of amplitud® on the horizon
L scale. It is interesting to note that structure may form in CBB

100.00 10_66' 1.00 0.10 0.01 models evernwithout primordial perturbationgi.e., Q=0),
t [s] because of phase transitions either in the QCDO 27aor (if

n,<1) later as the cosmic medium approaches the density
of solid hydroger]{28,29; in either case the cosmic medium
shatters into “chunks” with random velocities that induce

FIG. 1. Early evolution of a sample FRW cosmology withi-
tial) »,=1.0, 7 =2.5, andny,<1. Baryon, photon, electron, and

neutrino densities are given in g crh The Jeans mass is in solar . . _ —76
units, the temperature is in units of 1K, and X, andX; indicate density perturbations of the foriM/M =(M/m) ona

mass fractions of baryons bound into helium and into elementdnass scaleM,_ wherem is the_chunk masEBO,?;]]_. If these_
heavier than lithium. chunks survive they can directly coagulate into the first

structures, which heirarchically generate larger dia8s; if

the chunks dissipate they leave behind the density fluctua-
: . ; ==~ tions that can see later structure format|@7]. The former
Sec. IV)'. Cosmlc_ expansion domlnated_ t_)y nonrelatlwstlccase would lead to qualitatively different formation of the
matter will steadily decreasg, (though it is constant for g syrctures; in the latter case the general picture of early
7,>1), while non-equilibrium processes may increase itgy ctyre formation would be affected quantitatively but not

slightly [25-27. _ ___qualitatively. For simplicity and continuity with the HBB
| leave the rest of the cosmological parameters relativel ase, and to investigate general values;ofl will focus on

unconstrained, except for_generally assuming- 7, and the case of “primordial” scale-invariant perturbations with
74m= 100 (both for conveniengeand Q<1 (to avoid com- SM/M oM —2/3

plications involved with significant primordial black hole
formation). | also assume thaR and A ~* are large enough
for the expansion to be radiation or matter dominated, until
explicitly stated otherwisésee Secs. VIl and Vi)l The early history of star formation in a cold FRW cosmol-
ogy of the described type has been worked out in some detalil
. by Carr[33]. The key point is that the Jeans mass when it
B. Nucleogenesis first falls below the mass enclosed by the horizdt,, is
The evolution of a big-bang cosmology with these initial ~(2—10) (7. + 7,)*> Mo (Hogan 1982 att~10" s, rather
conditions through the epoch of nucleogenesis is describethan ~10° M at t~10"s in the HBB. Stars in a CBB
in detail in Ref.[26]. If 7,=0.01 atN~10* cm 3, the = cosmology can therefore begin to form soon after regions of
medium will be hot enough to reach nuclear statistical equistellar mass enter the horizon.
librium, and will be dominated by free neutrons and protons Density perturbations on scales smaller than the initial
(their ratio depending upor, ). In this case a standard nu- Jeans length are converted into acoustic waves they enter the
cleogenesis calculation, generalized to treat degenerate leporizon and do not grow subsequenthence are suppressed
tons, yields the products of primordial nucleogenesis at latéelative to larger modegstherefore the first collapsed regions
times[26]. For certain combinations of, and 7, nucleo- have mass of ordeM ;. Subsequently, larger and larger re-
genesis yields a helium fraction of 25%, just as in the stangions collapse hierarchically. Carr argues that for objects be-
dard hot big-bangHBB) model. However, forp, <10, nu-  low a critical massM(Q), the cooling time exceeds the
cleogenesis also produces heavier elemeftsetaly, free-fall time, and a single object tends to form; fist
yielding metallicity of Z=0.1Z for a 25% helium yield. >M, fragmentation is expected and the collapsing object
By varying 7, and 5., almost any desired yield of primor- can form a cluster. FoM <M., Carr further argues that the
dial helium and metals can be obtained. As a particular exsuccessive hierarchical collapse of regions will lead to a
ample, for»,~1 and n_~2.5, the cosmic medium would mass function of protostellar clumps peaked néAg.
emerge with~15% helium by mass, ané solar metallicity ~ (Carr’s analysis gived N/dMoM ~1 whereN is the number
(see Fig. 1 Thus the cosmic medium in a CBB cosmology density of collapsing clumps of madé; a Press-Schecter
can start out with the same level of enrichment as gas in thanalysis would give the qualitatively similadN/dM

“assumed” as the initial state for an FRW cosmologsee

D. Structure formation
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-6 MMM T Carr’s criterion will be dominated by objects of2000
—5x10° M, which begin to collapse at cosmic time®1§.

In the absence of significant rotation, those 10° M,
should collapse directly to black holes; the rest should form
supermassive stars. Either type of object will emit large
amounts of radiation afprobably Eddington luminosity,
converting a fractione of its rest masgor of a mass of
accreted matter similar to its own massto energy over a
time te~4ex 10 yr (Rees 1978 Assumingt, greatly ex-
ceeds the formation time for the objects, this leads to a
photon/baryon ratio of

log (@)

7,~5€4x 10%. (4

Cannot cool

0 1 2 3 4 5
log (M/M,) Such a large energy release would probably evaporate small

) ] ] ) structures and suppress further structure formation until later,
FIG. 2. Cooling of primordial clouds in a CBB fom, \yhen |arger masses go nonlinear and structure can form
=17 am<1. The characteristic temperatuieand densityp as 1y ,ch as'in the HBB but with the remnants of the initial
masses of 108100 Mo begin collapse yield an absorptiaffT,p)  g\;hermassive objects as dark matter. The same basic scenario

using the fits of .BeII .and L|r[32]..C0nder.1$§t|ons in the region should occur for any,, <50 and 165 Q8$104- though later
indicated by vertical lines are optically thick; others are optically . Y
ucture formation will depend oQg.

. X o ) ; tr
thin. The shaded regions indicate condensations for which the dy= . . . .
g ¥ The presence of primordial dark matter can modify this

namical time exceeds the cooling time. . . .
9 picture substantially, but the effect depends crucially on the
«M~43) For each clumpM provides an upper limit to the massmyy, of the dqu matter partlcle_s, anc_i gualitatively on
n4m- Dark matter in a region of a given size can only col-

mass of one or more stars which form from_ its collapse; forIapse if the dark particles free-stream less than that distance
clumps withM>M_, the stellar mass function depends on during a dynamical time of the system. This gives a dark

chZ(l:/tleta"eSecr)rf] f_f:(ee(lpr(esrl:g;eggtrqgmﬁg’iaetllonet;lrjt ?obf;tz %fc matter “Jeans mass” in terms of the temperatliyg, of the
c S IKEIYLSI IS W ppears V€ OC Jark matter particles, o9~ (kT gm/G Mg 2~ 2. Con-

curred in observed globular clusters and galaxies sidering only the dark matter contribution to the density

If we accept this basic picture, we may consider in ; . . . .
slightly more detail the early history of the example cosmol-and assuming that the expansion is roughly add|abat|c
since the formation of the dark matter, | finW§™

i ig. i =1. =2. <1.
ogy plotted in Fig. 1, withy,=1.0, =25, andrygy<1 ~4(my/1 GeV) 2 Mg . Consider the casepg,>1. If

At t<0.1 s, the Jeans mass is constantigt- 100 M, and dm oy . ;
fluctuations below this mass are strongly suppressed. Dé\ﬂJ <M; (where the latter is co_mputed neglecting dark r_n_at—
ter, then the dark matter will just decrease the initial

ending uponQg=Q/10 8, two scenarios then suggest _ _
Fhemseglvesp. Q=0 9 (baryonict-dark Jean massM};, by a factor (1 74,)*? so

First, if 10 3<Qg=1, the first collapsed regions of that smaller primordial objects can form. If, howevist§™
presumably forming stars of much smaller mass. These prican form, since the Hubble drag due to the dominant dark
mordial groups of stars collapse beginning at timeMatter component prevents the growth of smaller baryonic
~10°Qg *°s, and hierarchical clustering continues, with perturbations. Now considefy,<1. Dark matter perturba-
masses-101°Q1% M., collapsing around~5 Gyr. In this  ions on @ mass scaliél with MI"<M <MY cannot grow
scenario, depending on the details of fragmentation, a suf2ecause of Hubble drag due to baryons, but will not free-
stantial fraction of the cosmic baryon mass can formStr€@m away. This is important because the baryonic jeans
~1 Mg stars at very early times. mass decreases with time, reachind My att~30 s in

A second, qualitatively  different scenario would result ©Ur example cosmology. Without dark matter fluc.tuat|ons on
from 10<Qg=10%, in which case masses well aboMa} this scale ha\{e been supprgssed early on; but with dark mat—_
~100 M, can form single systemsee Fig. 2 The mass ter, the small-scale fluctuations are preserved, and have am

function of the first objects not expected to fragmé&by plitude NQ”d’.“/(1+7’dm)' _Thus solar mass objecte)r
smalle) can still collapse fairly early, as long ag, is non-

negligible. Since the collapse time scales wittbut M ; falls
slightly more slowly than 1/ these objects will collapsaf-

"It is not entirely clear to the author whether or not fragmentation he | bi o b i Ve if thev f
should, in fact, occur in such systerteee, e.g., the arguments of _tert e larger objects di;, but can still survive it they form

Layzer[34] and the recent simulations by Abel, Bryan, and Normanin regions that are underdense on a sédlgbut overdense
[35]); but as discussed below solar mass primordial objects can b@n the solar mass scale.

obtained without invoking fragmentation if dark matter of sufficient ~ Whether the first stars form as100 M, groups or as
mass and density exists. individual Jeans mass objects, they will soon find themselves
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in a growing hierarchy of stellar systems, and we must checkery early times. Adding dark matter with massl GeV
that any nascent planetary systems or proto-planetaryields objects with baryonic massM < 100[ 741
disks are not disrupted through stellar encounters. Using- 5, 2] M and preserves density fluctuationssri Mg,
standard linear theory and spherical collapse, a masggions. Structure formation depends crucially on the primor-
perturbation of mass 100,00 Mo turns around at dial perturbation amplitudeQ. For 10 '<Q=<10"8 and
roughly — t~10°Qz**Mygos, and  virializes  at 4, <1 the first collapsed objects are formally unstable to
radius ry~ 1015leM 100 CM at density py  fragmentation. In this picture there are three distinct ways
~5x 10 1Q3M 4 gcm 2. If such a clump fragments into  solar mass stars can form: first, by the fragmentation of the
100M 100/ (1+ 74y) Protostars of solar mass, each protostarfirst ~100 M, objects; second, as solitary objects in large
forms from a volume with characteristic radius dark matter halosif 74,=1); third, as solar-mass overden-
~2% 1014Q§1|\/|%30(1+ 7am) 2 cm, and can therefore con- sities embedded in “void” regions, when the Jeans mass
tract by a factor of ten or more to produce a protoplanetan@rops to a solar mass. These stars generally form beginning
disk of =1 AU for Qg=1. The protostars will have velocity at time~100 yr, and should be able to survive without ex-
dispersion~Q%c, and the system will quickly relax after a periencing encounters which disrupt their planetary systems,
time of as long a=10"8 and/orypg=1. ForQ=10"’ very mas-
sive primordial stars and quasars could form, inhibiting
Tox=10°Qg MM 3o 1+ 7gm) xS, (5)  structure formation until much later, when it would form as
in the HBB (but with Population Il remnants as dark matter
where y=(log 40)[log 40M 199/ (1 + 74w ] [36]. The mean and with arbitrary primordial metallicity
time between(protostellar encounters with impact param-  In the notation introduced in Sec. Il A, these arguments
eterb~1 AU (which would disrupt the formation or orbits suggest
f Earth-like planetsi . 54:
of Eart e planetsis (see[36], p. 541 g(777~1,1(Tllst10*5)~§(777~109,Q~1O*5),
@2 (8)
1+60

1+ g where ¢ is the number of solar mass stars per baryon, and
where where the parameters not listed can(bet are not necessar-
ily) the same in both cases. While the argument for btars
G Mo in a CBB is not incontrovertible, it seems doubtful that a
O0=— ~0.7Qz * (AU/b). (7)  much stronger argument for M star formation could be
2v°b made in the HBB model without the benefit @bservations

) ) ) of solar mass stars and the assumption that the HBB model
Thus 7.4<5 Gyr, which would bode ill for any forming yescribes the observable universe.

planets. However, approximately 1/100th of the cluster’s

stars would evaporate each relaxation tif8é], so at least

some stars will avoid collisiongby being evaporatedfor IV. ARGUMENTS CONCERNING THE ENTROPY
Qg=1, and the entire cluster will evaporate before signifi- PER BARYON

cant collisions occur iQg<1 (or 7gy=>1). This evaporation
occurs as the relaxation of the cluster moves stars into the
high-energy tail of the Maxwell distribution, and does not

require close stellar encounters to proceed. After the evapcﬂjument that attempts to rule out cosmologies wijh

r.atlon(lor if _formeq alone in its halp a glven(pro_to)s';tar W'". < 7;°b5 using anthropic arguments. It is therefore interesting
likely find itself in a larger mass condensation; but since, 7 ; . :
) A : . to discuss how cosmologies with,~1 might come about,
Teoll/ TevapinCreaseslogarithmically) with M, it cannot expe- Y :
: p i ) : and what arguments have been forwarded against them.
rience a planet-disrupting encounter before this new mass . . . .
: A major challenge in cosmology is to understand the ori-
condensation evaporates, and sd’on. . ;
gin of the observed nonzero baryon number, given that al-
most all models incorporate an early baryon-nonconserving
E. Summary of CBB models GUT phase and/or an inflationary phase, both of which erase
In summary, | have argued that for valuesipfand ., of baryon number. One of the more attractive scenarios for gen-
order unity, an FRW cosmology can begin with solar orerating the baryon number is the Affleck-Dif&D) mecha-

greater metallicity and with a Jeans mads=<100 My, at  Nism[37,38, which emerges somewhat naturally from su-
persymmetric models and is compatible with the rather low

reheating temperatures that may be required by some infla-
8Nearby supernovae might also disrupt protoplanetary diskstionary models[10]. The simplest versions of this mecha-
When the first supernovae explode-al®’ yr, most stars would be  Nism, however, tend to generatg~1 rather than the much
in clusters of~10'QY4(1+ ngm ~* stars with radii~100Q32 pc, ~ greater observed value. This finding led to a number of ex-
i.e. large globular-cluster type objects. It is not presently clearPlanations involving either a modification of the theory
whether or not this might be fatal to forming planets. Note also thawhich suppresses its efficien¢®8], or entropy generation
supernovae may also help unbind clusters by removing gas. after baryogenesif39], or an anthropic argument such as

Trix » (6)

Teoll™ 3.2 |0%

| have outlined a cosmological model with,~1< n‘;bs

10°, which appears to allow the formation of life-
supporting stars. This serves as a counterexample to any ar-
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that by Linde[10]. | will discuss Linde’s argument first, then =2.5(see Ref[43], p. 189 for details Thus the desire8/L
make a few comments on the general possibility of lpy- can be obtained by tuning/3—L; for each familyi. This is
cosmologies since they are a crucial ingredient of the repossible as long as weak interactions are not fast enough to
mainder of the paper. equalizeL, L,, andL ,.

In Linde’s scenario, the universe is comprised of a vast Thus we see that given an ensemble of subuniverses with
number of exponentially large and causally disconnected redifferent cosmological parameters, members wjtf- 1 are
gions carrying random values of the fielti which deter- quite possible, and anthropic arguments do not rule out their
mines the photon-to-baryon ratio after AD baryogensisobservation even if all other parameters are fixed. And as
“Typical” domains with G~ + Myjank gENETater ~+1 but discussed beIovy, if othgr parameters vary, valueg oh few
much more rare subuniverses could camy~ = 10°. Fixing orders of magnitude different are also allowed.

Q, Linde argues thay, < 10” would lead to extremely dense

galaxies, with(densitye 1;;3. This could prevent the sur-

vival of planetary systemésee also TR and Sec. V belpw V. ARGUMENTS CONCERNING THE AMPLITUDE
and thus anthropically limity,, to large values. OF PRIMORDIAL FLUCTUATIONS

This argument is subverted in two ways by fltleeoreti-
cal) existence of the CBB cosmologies outlined in Sec. Il
First, even ifQ~10"°, low 7, can lead to most of the early
cosmic medium collapsing into Population Il objects whic

A second anthropic argument which is directly contra-
dicted by the claim that a cosmology with,~1 and Q
h= 108 can support life is the argument that o@y~ 10 ° is

generate entropy and can increasgto ~10°, thus restoring anthlrgPécally allowed(TR). In els(jsenc(je,dTﬁR argue tha}t f;)f_r
a semblance of the “standard” picture of galaxy formation atQ< structures are too cold and diffuse to cool effi-

. . > 75 .
much later timegsee Sec. Il and40]. For a discussion of Ciently into galaxies, whereas f@>-10"" galaxies are too

the possibility thatour Universe is of this type, sefg6—  dense for planetary systems to survive for 5 Gyr. However
29,33,41,4. Second, ifQ varies in addition top, andQ  (and as noted by TRlimits on Q depend on the other cos-
<107 % is allowed, solar mass stars cgausibly form pri- ~ mological parameters; for example, while low@rimpedes

mordially in the CBB. While the stars may exist in clustersthe formation of structures that can cool, lowgy enhances
that are extremely dense, | have argued that these clusteits Indeed, the lower limit orQ of TR depends or’r;‘;/3 if all
would evaporate into larger, less dense structures before stather parameters are fixdtheir Eq. (11)], so a very low
lar collisions destroy planetary systems around their compovalue ofQ can be accommodatedif, is lowered in tandem.
nent stars. Thus there is no clear obstacle to the generation of Against this possibility, TR offer two comments. First,
life-supporting stars in cosmologies with,~1, and the an-  thatQ must be large enough that the characteristic energy of
thropic argument cannot explain the observation »f  virialized structures exceeds the atomic energy scale of
~10°. ~1 Ryd, lest cooling be very inefficient. This giveQ

A possible objection to the assumptions of this paper is=10 8 [their Eq. (6)]. But this assumes that only atomic
that it might be difficult to produce cosmologies with,  transitions can cool the gas; for the high densities and low
~1 and#n_~1 in the ensemble. This is because electroweakemperatures of the first objects in the example cosmology of
“sphaeleron” interactions which violat8+L but preserve Sec. Ill, molecular vibrational and rotational cooling, and
B—L (whereB= 77;1 and L=, B) are in equilibrium at dust cooling, all with characteristic energy scales orders of
temperatures= 100 GeV and tend to wash oBt+L, giving ~ magnitude below atomic energy scales, would be very effi-
B/L<0 and requiringB—L+#0 for there to be any baryons cient, particularly since the objects can have arbitrarily high
left [43,44). Generation of largl8—L is quite possible in Mmetallicity. TR’s second objection is that lowering, in-
Affleck-Dine baryogenesis, but a negative lepton number cagreases the likelihood of planetary disruptions, the frequency
cause problems in the CBB model because abundant aef which increases roughly ag, “Q"?[see TR's Eq(18) or
tineutrinos lead to neutron domination during nucleogenesi&q. (6) of Sec. Il givenM ;o< ni]. Like the cooling con-
and hence to a metal-dominated medi{27,33. It is un-  straint, this allows lowery, in combination with lowerQ,
clear whether or not such a cosmology could support life likebut with a different scaling, and the region f, satisfying
our own. There are, however, at least three possible ways teoth cooling and disruption constraints vanishe®ifs too
avoid this difficulty. First, Davidsort al. [45] have argued low. But as argued in Sec. Ill, for sufficiently lo® or high
that the AD condensate can survive long enolggfore de- 7, stellar clusters should always evaporate before planet-
caying into baryonsto suppress sphaeleron interactions be-disrupting collisions can occur, removing the disruption con-
low their critical temperature. Second, so-calleB-balls”  straint and allowing very low;,, and Q.
can form from the condensate and protect the baryon number Thus it seems that while TR have provided plausible ar-
from erasurg46], then later decay into baryons. Third, since guments whyQ could not vary by one or two orders of
B—L is preserved family-by-family, it is possible to obtain magnitude without suppressing the formation of Sun-like
B/L>0 while B/L<0, by compensating for the positive starsif the other cosmological parameters are fixed at their
electron lepton numbeddesired for neutron suppressjars-  observed values, their calculations do allow somewhat dif-
ing large negativer and/oru lepton numbers. For example, ferent(by 1—2 orders of magnitudevalues ofQ if 7, is
settingL ,=B/3, L¢=B/3+1, andL,=B/3—25/13 yields, also somewhat differerithis is another argument against a
after B+L erasure,B=6/13,L=15/13, and hencd./B strict anthropic constraint om,). Furthermore, the argu-
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ments of this paper indicate that variationsQnand »,) of ~ ~ ) should be interpreted asP(a,)/dey, integrated over
manyorders of magnitude are allowed because qualltatlvelyak within an order of magnitude of.] This can be seen

new physics becomes important. either as evidence against an anthropic argumengjgror,
if preferred, as a constraint dP( 7ym, Q).

VI. ARGUMENTS CONCERNING THE RATIO
OF BARYONIC TO DARK MATTER VII. ARGUMENTS CONCERNING THE COSMOLOGICAL

- . CONSTANT
While little is known about the nature of tHgrobably

cold, dark,(probably noninteracting dark matter that is pos-  Anthropic arguments have been forwarded a number of
tulated as part of the standard cosmological modeisit times[3-9)] to explain the vast difference between the “natu-
known that it seems to have4— 10 times the mass density ral” value of the cosmological constafioughly the inverse

of baryons inferred from primordial nucleogenesis con-Planck length squaredipjz), and its small or vanishing ob-
straints. For most dark matter candidates there is no obviouserved value o£3x 10 %93 ‘,2. Because the energy density
reason why the dark and baryonic matter densities should bef clustering matter decays more quickly than vacuum en-
similar, so one might appeal to anthropic arguments for arrgy as the medium expands, in any FRW cosmology with

explanation. . A >0 structure formation ceases after some tifig; «;) at
L|nd_e [15] constructs S_UCh an argument to explain why\yhich vacuum energy dominates the cosmic energy density

the axion-to-baryon density ratio could take a valuermgh, (4, are the cosmological parameters other tAgn It is ar-

~10 rather than theyy,~ 10° expected if the axmn_fleltzb gued that this gives an anthropic “upper bound” Anif this

is in the natural range of-10'°— 10" GeV. Assuming the  time occurs before the collapse of structures capable of form-

other cosmological parameters—and in particuiar and  jng solar mass stars and planets, no observer like us can

Q—to be fixed, Linde considers a hypothetical subuniversgneasure the corresponding valuefofin the notation of this

with ¢ ten times its “observed” value, which leads tgy, if the first f t ; L
~400-1000. By his reasoning, structures should then pdaPer 1 the II’S- structures form at cosmic dengify a;) in
ogy with parameters;, then &(A,«;)=0 for A

~10P times more dense than observed galaxies and thus pré- €0Smol ! I
sumably incapable of supporting intelliggent life. i EBWprS/?Z.(See Ref.[4] for a more precise criterign
As discussed in Sec. V, however, changes in the ratio (i\/lore sophisticated versions of this argument attempt to cal-

+ nam)/ 17, Of matter to radiation can be largely compensateocmatep(/\iaiOb_s), i.e., the conditional probability of an ob-
for by changes inQ, since the virial density isxQ3(1 server measuring a valuk, with the othere; fixed at their

+ 74w 7%, [TR, Eq. (5)] and hence the number density of “Observed”values. In these papelis,6,9, 7 is computed by
stars is=Q*ngm 27, * (for 74,>1). So in Linde’s example, calculatingé(A ; ) and multiplying by an assumeRi(A);

the increase in density due to the increaseyjp, could be they find a probability function which peaks atcomparable
offset entirely by a decrease @iof a factor 10°2. According  to—but somewhat larger than—the value indicated by obser-
to TR’s analysis the structures would still be able to cool forvations.

this combination ofQ and 74, (though for much higher It is simple to see how the anthropic upper bound\to
nemi—and hence much lowe&)—atomic cooling would fajl. can change if cosmological parameters other tAawary
This weakens Linde’s anthropic argument for layy,. The  between members of the ensemble of subuniverses postu-
degeneracy seems also to allow for valuesygf<1, since lated by the anthropic program. As noted, for example, by
the matter-to-photon ratio would only change by a factor of TR, sincepys varies with thee; (excludingA), so does the
=10. Note, however, thatpy,<1 would qualitatively —anthropic upper bound td. To make this ambiguity con-
change the HBB because structure formation may begin terete, consider the hypothetical cosmology with,
become “top down” since fluctuations in the baryons below=1.0, 7 =2.5, Q=108 and 74,=10 developed in Sec.

the Jeans mass at matter dominatienlQ*®> M ) would be  lll. In this cosmology, the firstsolar maspstars may form at
suppressed. time tx~10°Qg*°s when the cosmic density igj
The CBB model can also form stars wheg,<1 if frag- ~10*12Q§ gcm 3. Once this first generation of stafer

mentation of primordial objects is effective, and it is possiblestar clusters forms, subsequent domination of the cosmic

to construct a CBB model withyq>>100 by properly tuning expansion by vacuum energy should not affect the develop-

other parameters. But because variations about the standarent of life (as also argued by Weinbefd]).® Allowing

HBB model can already give cosmologies witfy,,~1000 vacuum domination soon after the turnaround of these first

or nym<1 that can form stars efficientlfas long asQ can  structures yields an anthropic upper bound of

also vary, the CBB scenario does not add anything particu-<4Q3x 10~ (in Planck unit$, about 17 orders of magni-

larly useful. tude larger than the upper bound on the observed value of
Because of the degeneracy betwegp, andQ, it seems

that the observed value ofy,, cannot be explained by an-

thropic means unless the probability distributins peaked  9weinberg also noted the requirement that the stellar clusters be

more strongly toward higher values Qfthan toward higher massive enough to retain metals generated in supernovas. This re-

values of 74y, i.e., unless P(74y~1000,Q~10 ") quirement is unnecessary in the present case because ample metals

<P(7gm~10,Q~10 °) [where here and henceforf( a, can be generated primordially.
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In Sec. Il | argued thaté(n,~10°, Q~10"°)~&(7,  cosmology of Sec. Il in which stars form beginning tat

~1,Q=109), i.e., similar numbers of life-nurturing stars ~10°Q;¥? s and using Eq(3) for teq, the constraint be-
per baryon might plausibly arise in the example CBB model:gmes

and in the HBB. Weinberd4] has conjectured tha®(A)
= const., thereforéf we assume that independent &fthe R=1074Qg *2. (12

two cosmologies have similar priori probability, i.e., ) _
Thus the curvature scale can bel0® times lower in a cold

P(7,~10°, Q~10 %)~P(5,~1,Q=<10"9, (9  cosmology, and measurement of a small valuekond a
7 ’ cold cosmology will be much more probable than measure-
ment of largerkR and a hot cosmology, in any universe in

Then it would be about 0 times more likely for an ob- . T . S
server to find themselves in a cold cosmology with an enorWhICh thea priori probability of hot and cold cosmologies is
similar and in which thea priori probability distribution of

mousA than in a cosmology like the one we observe. ThusR_ ked at Il valugthe latter being th v sit
the anthropic explanation for a small value A&ffails if the is peaked at small valudshe latter being the only situa-

ensemble of cosmologies comprising the universe containkon I which anthropic arguments abaRtin open cosmolo-

cosmologies with values o and », much smaller than gies are usefil
those we observe, unless theindependent probability of
forming those cosmologies is many orders of magnitude IX. WHAT IF 5, DOES NOT VARY?

smaller than that of forming standard HBB cosmologies. The difficulties for the anthropic program pointed out in

this paper all depend on the assumption that bpyeos-
VIIl. ARGUMENTS CONCERNING THE CURVATURE mologies exist in the ensemble comprising the universe
SCALE which is posited in any cosmological anthropic argument.
i ) Can all of the difficulties be avoided if it is assumed thgt
As for A, anthropic arguments have been invoked t0 exyg the same in all ensemble members? Perhaps, but this is by
plain the difference between the “natural” value for the cur- ,5 means clear. For exampllend to note yet another worry
vature scale ofga Planck lengtfR¢-1), and its observed regarding the anthropic prograntonsider cosmologies with
value of R=10?°. This large difference has been termed theQ~0.01 andA~10"*4 The cosmology wouldby TR’s

“flatness problem,” and is one of the prime motivations for arguments be dominated by black holes, witlat best ex-
con3|der|ng_ inflationary mode!s. Anthropic arguments CaNyremely dense F6 M., galaxies forming just after matter
however, still be made either in the absence of inflation, Oomination and just a8 -domination begins. This cosmol-

within open inflation models. , _ ogy would be rather inhospitable to life, i.€(Q~0.01, A
If an arbitrary FRW cosmology is closed, a straightfor- ~10 1Y <¢(Q~1075 A~10"1?4. However, differences
ward anthropic constraint oR arises from the requirement ;, p might compenéate: consider a univ'erse in which

that the time before the big crunch must exceed the tim%ZP(A Q?)/dA dQ? is flat [as per Weinberg's conjecture

scale for the development of mtelh_gent litee,~ 5 Gy_r. _ . applied to Linde’s[1] fiducial chaotic inflation model with
For open cosmologies, anthropic arguments quite S|m|Ia(/(A):)\¢4/4]. Then P(Q~0.01,A~10 14~10'£(Q

to those concerning\ have been formulatefil2—14. In ~1075%, A~10"'?%, and such co'smologies must produce

simplest form, these arguments require that structures &nly one life-supporting statperhaps by some extremely
pable of forming stars and planets form before the Cosmi%aroque and unlikely procesper 138 M, of baryons to

medium becomes curvature dominated; this gives an ansgmpete with our cosmology. It seems difficult to rule out
thropic lower limit on R. Curvature domination occurs such a possibility.

roughly when
X. SUMMARY AND DISCUSSION
Rla(t)/a(ty)]ly~ct, (10 - -
_ o _ In Sec. Il A | denoted by¢(ay, ... ,ay) the number of
wheret is cosmic timea(t) is the scale factor anlg, andt,  solar-mass, metal-rich stars per baryon that would form over
are the Planck length and time. This yields the anthropighe lifetime of a universe described by a FRW model speci-

constraint fied by N parametersy; with valuesa; . If there is a prob-
12030\ 12 ot ability P(ay, ... ,ay) that a given baryon finds itself in a

Rz(ﬂ) (_p' (_fs) (12 cosmology described by «;, the probability P
ts teq o =P(ay, ..., an)é(ayq, ... ,ay) should describe the prob-

. i L L ability that a randomly chosen observer measures the values
wherete, is the time when relativistic domination enfisee  — | then defined the “anthroi " as th ta-
Eq. (3)], andt is the time when the first star-forming bound &1 e.n_ etined the “anthropic program- as the computa
structures form. For the standard cosmological model witi‘pon (ipf’ i th's probability distribution has a S'@IG peak at
7,~10° and Q~ 10", the first structures form ati~10° a seta; andif these are near the meas_ured valud¥, then
—10° yr andteq~ 10* yr, giving the constrainR = 10%. it could be clalme_d that the anthropic program has “ex-

If we allow very different values 0@ and ,,, then the  plained” the valuesx®® of the parameters of our cosmology
constraint weakens considerably. Considering the exampley showing that it is extremely likely for typical observers to
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measure values very neaf*~ o, so that(assumingwe

are typical observeJst is not surprising that we do.

In Sec. Il | developed a class of cosmologies in whic
many of theq; take values quite different from those de-
duced from observations. Setting  «;
={71,,Q,74m 7., R,A}, the observable universe can appar-

ently be described by a FRW model wiih®={~10°,
~10%,~10<10°,>10°°, <10 %6 cm2}. Observationally,

ori confidence in a particular form @, one could rule out

the anthropic program itself if that form & favors any of
pthe cosmologies | have developed here which are unlike our
own; this might imply, for example, that we simply happen
to be “improbable” observers and/or that there aat other
universes in which the parameters vary as assumed, or that it
is misguided to consider as possible only “observers” quite
like ourselves. For those committed to the anthropic pro-
: gram, the CBB cosmologies could be used constructively to
we bsee Eabt ~1% of baryons form_ bstgrs, 1€, constrainP: any model in whictP is very strongly weighted
5(0{(1) ® e ay 5)70.O]mp/M@ - Let “iEai./O‘i0 *(i.e., the  toward one of the “alternative” sets af; is ruled out.
a; in units of their observed valugsThen in Sec. llI Ifmr- This paper has largely addressed anthropic arguments
gued that similar values foré can arise if @  concerning cosmological parameters, but many of the issues
~{1079,1,0,1,1,} if supermassive population Ill objects raised here clearly apply to anthropic arguments concerning
form primordially and heat the cosmic medium up 49~ more fundamental constants. The construction of specific
~10°. Alternatively, solar-mass stars might form primordi- counterexamples to these argumetiss., cosmologies with
ally (with primordially formed metals plausibly giving very different fundamental constants yet with obseryers
similar values of¢ for ai~{10—9,10—4,0,1,1,]} (if primor-  analogous to the CBB cosmologie_s .developed. here, would
dial clouds fragment into M stars or i seem to bg an enormously more difficult technical task and
~1107°,104,1,1,1,1 (if not). Furthermore, structure forms would require a much more careful assessment of what could

: e . . bly constitute an obser{47]. This difficulty would,
very early in such cosmologies, implying thatan be high reasona e .
even in drastically different cosmologies such (& ex- however, be greatly exceeded by the difficulty of rigorously

~ ing thatn h alt ti | i8]
ample that described bw; ~{10°,10 4,0,1,16,10'"}. Less arguing thano such altemative cosmology exigi3]

q icallv. b fte il velv. th leulati FTR In conclusion, | have noted that one cannot simulta-
ramatically, but quite Tllustratively, the calculations of T neously anthropically explain the values of several param-
show that one can construct a whole four-dimensional regio

. o Bters if the argument for each parameter requires all others to
of parameter space in which is within a few orders of g fiyaq |t is possible, then, to explain at most one parameter
magnitude, defined by(y,x,1,1w,z)~(cons} and param-

) ¥ T8 7 1 3/ using such an argument. To explain more than one parameter,
e>tr(|)zled P},’ZX’ wger<e %9 SX= 100, 0.x™=y=10x™, W  more than one parameter must be varied among the ensemble
=0.1yx Y2 andz=y~*x%.

o ) ) . members, and degeneracies can arise in the probability dis-
At minimum, the existence of many independent maximagitions. In the case that all six of the parameters specify-

and planes of degeneracy a—widely separated in param- g the standard FRW cosmology are allowed to vary, | find
eter space—should be discouraging for proponents of thg it is possible to construct a cosmology in which all of the
anthropic program: it implies that it is quite important to parameters vary byat least several orders of magnitude

know the probabilities, which generally depend on poorly from their “observed” values, yet in which stars, planets,
constrained models of the early universe. The hope that anynq intelligent life can plausibly arise. This greatly compli-

thropic considerations would lead to only a small allowedcates, and reduces the explanatory power of, anthropic argu-
region of parameter space—i.e., a small, sharp peak if,ents in cosmology.

&(a)—is not realized, and it seems that anthropic arguments
alone cannot simultaneously constrain multiple cosmological
parameters, even when many assumptions that are quite sym-
pathetic to the anthropic program are made. | thank David Layzer, Eliot Quataert, Joop Schaye, Martin
Drawing further conclusions from the arguments | haveRees, and Michael Dine for helpful suggestions. This work
presented requires assumptions alfuGiven stronga pri-  was supported by a grant from the W. M. Keck foundation.
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