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Testable anthropic predictions for dark energy
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In the context of models where the dark energy densitys a random variable, anthropic selection effects
may explain both the “old” cosmological constant problem and the “time coincidence.” We argue that this
type of solution to both cosmological constant problems entails a number of definite predictions, which can be
checked against upcoming observations. In particular, the anthropic approach predicts that the dark energy
equation of state ipp= — pp with a very high accuracy, and that the dark energy density is greater than the
currently favored valu€lp~0.7. Another prediction, which may be testable with an improved understanding
of galactic properties, is that the conditions for civilizations to emerge arise mostly in galaxies completing their
formation at low redshiftz=1. Finally, there is a prediction which is not likely to be tested observationally:
our part of the universe is going to recollapse eventually, but it will take more than a trillion years of
accelerated expansion before this happens.
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[. INTRODUCTION pp over comoving distances much larger than the size of our
presently observable universe.

The “old” cosmological constant problem—why don’t By itself, P, is not sufficient to calculate probabilities for
we see the large vacuum energy dengity which is ex-  our observations. Selection effects which bias the measure-
pected from particle physics?—and the “time coincidence”ment of pp must be included, and the most important one in
problem—why do we live at the epoch when the dark energyhis case is anthropis—9].> While |pp| may be very large
componenpp starts dominating?—may find a natural expla- in most places, there is nobody there to observe such extreme
nation in models whergy, is a random variable. The idea is values. Ifpp>0, galaxy formation stops once the dark en-
to introduce a dynamical dark energy compon¥nmivhose ergy becomes dominant over the matter density. Some gal-
contributionpy varies from place to place, due to processesaxies are seen at redshifts of order5, but not much

which occurred in the early universe. Then higher, indicating[9] that galaxies will not form in regions
where pp=(1+zec)3po. Here, pg is the matter density at
Pp=patpx the present time,, andzgs~5 is the redshift at the time

tec~(1+2ze6) ¥4, when the earliest galaxies formed.
will also vary from place to place, and the old cosmologicalAlso, for a negativep, the universe recollapses on a time
constant problem takes a different form. The question is noscalety~|Gpp| 2, where G is Newton’s constant. This
why p, is much smaller thany*, where  is some high time should be larger than the earliest tize which is re-
energy physics mass scale, such as the supersymmetry bregkired for intelligence to develop7,13]. Thus, observers
ing scalen~TeV, but why do we happen to live in a place will only exist within a tiny “anthropic range™:
where p, is almost exactly canceled byy. This line of

enquiry is rather quantitative, since we can ask what is the —(Gté,)*lsst(Gtée)*l. (1)
probability for us to observe certain values qfy

~10 (eV)*, or what is the probability for the time coin- It should be noted that, aside from the above minimal
cidence. requirements, anthropic selection includes all other ways in

Explicit particle physics models for a variabpg, have  which py disfavors the existence of observers. For instance,
been reviewed ifl]. Two examples which have been thor- in regions wherepp<0, the matter density is larger than
oughly discussed in the literature are a four-form field|pp| throughout the cosmic evolution. [lfp| is too large, all
strength, which can vary through nucleation of membranegalaxies formed in that region will be very dense, and as a
[2,3], and a scalar field with a very low mags3]. Assuming  result, very inhospitable. This occurs also for a layge
one such mechanism, and using a theory of initial conditions>0, since galaxies must form befopg starts dominating.
such as inflation, one can calculate treegriori” probability We shall come back to this issue in Secs. Il and V.
distribution P, (pp)dpp . This is defined as the fraction of
comoving volume which at some fiducial initial tinfezhich
we conventionally take to be the time of recombinafibad IAnthropic selection effects associated with the possible variation
the value of the dark energy density in the interdaly.  of the amplitude of density fluctuatiof$0,11] and of the baryon to
Inflation is also responsible for smoothing out the value ofphoton ratio[10,17 have also been discussed in the literature.
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The selection effect can be implemented quantitatively byorder »* or larger. Weinberg noted9] that a function
assuming the mediocrity principle, according to which ourP, (pp) that varies smoothly on scaleg,~ 5*, should be-
civilization is typical in the ensemble of all civilizations in have as a constant in the utterly narrower inter{B—
the universe. The probability to find ourselves in a regionunless of course, the function would happen to have a zero or

with given values ofpp is thus given by 14] a pole in that intervalwhich would be an utter coincidence
This led him to conjecture that for values pf, in the an-
dP(pp) =P, (pp)Neiy(pp)dpp - (2)  thropic range the prior probability would be constant,
Here, n.;,(pp) refers to the number of civilizations which Py (pp)~const. (€

will ever form per unit comoving volume in regions where
the dark energy density was equal pg at the time of Outside of this range the form @®, is irrelevant, because
recombinatiorf. the factorn;, vanishes. Weinberg’s conjecture is subject to

Needless to say, the determination of both factors in th&erification. As mentioned in the Introductio®, is calcu-
right-hand sidgRHS) of Eq. (2) leaves room for some un- lable, provided that the dynamics p is known, and as-
certainties. However, we shall argue that there are reasons §/ming an inflationary model which would determine its spa-
be optimistic. If the distributior(2) is to explain both cos- tial distribution at the time of recombination. Analysis of
mological constant problems, then a number of rather geeXplicit models shows that E3) is not automatically guar-
neric predictions can be made, rendering these ideas vednteed4], but it does seem to be satisfied in generic models.
testable. There are basically two reasof,1] why a nonflatP,

In the next section, we review the calculation of the priormay result from the process of randomizationpef which
probability distribution P, (pp). The anthropic factor —occurs during inflatiorithis randomization is due to quantum
Neiv(pp) is discussed in Sec. lll. In the same section, wediffusion in the case wher¥ is a scalar field, or to nucle-
argue that the anthropic approach can succeed only if thation of membranes in the case wheis a four-form). The
conditions for civilizations to evolve arise mostly in galaxies first reason is the differential expansion induced by the dark
formed at low redshiftsz~1. The reason is quite simple. If energy component. During inflation, the expansion rate is
most civilizations could form much earlier, then the cosmo-determined byH?=(87G/3)(Vins+pp). Although pp is
logical constant could in fact be much larger than observedvery small compared with the inflationary potentifl, its
In Sec. IV we discuss the equation of state of dark energy. I®ffect may build up over time, in such a way that more
models where both cosmological constant problems arghermalized volume is generated with high valuepgt In
solved anthropically, the time variation of the vacuum energythis way, P, (pp) could be biased towards large values. Let
pp is generally slow on the Hubble scale. We argue that thigis denote byr(X,H) the characteristic time needed for the
condition is likely to be satisfied by excess, rather than mardynamics ofX to sample(at a fixed point in spagell values
ginally. This leads to the prediction that the dark energyof pp within the anthropic rangeXpp)antn- The differential
equation of state ipp = — pp to very good accuracy. In Sec. expansion is characterized by the parameter
V we discuss the predictions for the dark energy density
and for the Hubble parametér These follow from a quan- q=(AH)7=(47GB)H H(App)ann(X,H). (4
titative determination ofP(pp), based on the standawl
cold dark matter picture for structure formation. A key input If g>1, thenP, is exponentially steep in the range of inter-
in this picture is the amplitude of primordial density fluctua- est. This case is ruled out by observations, because it predicts
tions, which is inferred from cosmic microwave backgrounda very largepp, even after selection effects have been fac-
(CMB) measurements. This inference depends on the vald@red in. Ifg~1, the distributionP, may have a moderate
of the Hubble parameter, and therefore our predictions havedependence opp within the anthropic range. This depen-
some dependence ¢mA common feature of anthropic mod- dence affects the position of the peak of the distribution for
els is that the universe is bound to a big crunch once negativiie observed values @iy, Eq. (2), and hence it affects our
values ofpp are achieved. We elaborate on this prediction inpredictions. While models of this sort are not ruled out, they
Sec. VI. Finally, our conclusions are briefly summarized andequire a very unnatural adjustment of parameters, sirise
discussed in Sec. VII. determined by a combination of rather different pieces of
dynamics. Hence, we shall disregard this marginal possibility
as nongeneric. Finally, there is a wide class of models where
g<1 is satisfied without any fine tunirig,1], and hence we

The first task in determining Ed2) is to estimateP, .  shall take this to be the generic case. Numerical simulations
The vacuum energy density is of ordgi~ 7*=(TeV)4,  confirm that in this case the bias effect due to differential
and thereforepp, must have a natural range of variation of €xpansion is insignificarftl5].

The second reason wiy, may be nonflat is the follow-
ing. Even if the differential expansion is negligible, and the
2As we shall argue, in models where both cosmological constanPrior distribution forX is flat, this does not automatically
problems can be solved anthropicapy, has not varied appreciably guarantee that the prior faip will be flat, unless the relation
since the time of recombination, and therefore it can be treated dgetweenX andpp, is linear in the range of interest. Through
constant in time. this effect, it is possible to have a moderate variation of

Il. THE PRIOR DISTRIBUTION
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P, (pp) within the anthropic range. But again, this would whereH is the present Hubble rate, and in the last step we

require a contrived adjustment of parameters and we shallave usedd~10"'m,, corresponding to a grand unified

dismiss this case as nongendsee als¢16] for a discussion theory(GUT) scale of inflation. The conditiond1) and(12)

of this issue. leave very many orders of magnitude available for the pa-
As an example, let us consider the case whpge rameteru, and so fine tuning is not necessary. From €.

=V(¢) is the potential energy density of a scalar field )

Po=pa+ V(). ©) po=r(b—do)+ (6= d0)?, (13)

The field must .change very slowly on a cosmological t'm.ewhere ¢>S= —2p,/u2 and k= u2d,. We are interested in
scale, so that its potential energy behaves as an effectiy, C Y v L

. . > ... the vicinity of pp=0, where it is easy to show from E)
cosmological constant. This requires the slow-roll condition

o hat[4]
|V'|<10pD/mp, |V"|<102PD/m;2J (6) Py (pp)dpp*[1+O(pp/pa)ldpp~dpp . (14

to be satisfied up to the present titfvehen pp ~ po, With pg Sincepp<<p, in the anthropic range, the distribution is in-

the present matter densityThe constrainj<1 on the dif- deed flat to a very good accuracy. ) _
ferential expansion yieldg] For contrast, we may consider the “washboard” potential

V/2HYGVE> 1. (7) pp=pa+ kp+Msin(¢/7), (15)

During inflation, the scalar field is randomized by quantumwhere k was given above aniMl and » are different mass
fluctuations, and at recombination it is distributed accordingscales. Let us assume that
to the “length” in field space,

M4<H2m, 7~ (5/m,)po. (16)
P, ($)dgde. ® o e
Then the field will typically be found away from the local
Therefore; minima, with a probability distribution
Py (pp)dpp — . (©) doo
V' (o)l Py (pp)dpp= (17

|1+ (M* m)cos ¢l )|~
Thus, the flatness of the prior depends on how mwc¢h 4 _
changes in the anthropic range. As we shall see, variations g0t « and M*/ should be much smaller thafomy in
this range may occur, but they do not bias the probabilityorder to satisfy the slow roll condition. In the case
distribution for pp, in any significant way, unless we adjust >M"/ 7, the distribution(17) is still flat, as in Eq(3). In the

some parameters specifically for this purpose. opposite case, whetd“/ 7> «, thea priori distribution can
Consider a potential of the form have a sizable variation within the anthropically allowed

range. Ifp<<m,, this range is very wide in the field space,
1.,., d¢p=py/k>m,. This means that the oscillations 7, will
V(g)= Pl ¢, (10) average out on scales much smaller than the anthropic range,
and effectively we recover E@3). Clearly, the only way to
whereu?p, <0, so that it is possible to haypp| very small  avoid this averaging effect is if=m,, and
even if|p,| is large. Eqs(6) lead to the conditio4]
M4~(APD)anth- (18

| <107 2m3] p, |12 (12)

The last equation is to ensure that a significant range of val-
Such a small mass parameter may seem unrealistic, but it caes of ¢/# is sampled in the anthropic rangé gp)antn
naturally arise, for instance, in a low energy effective theory<10°p,, so that changes in the slope of the potential are
with a suitable discrete symmetfg] (for other proposals, appreciable. Otherwise the distribution 8} will be almost
see[1,16,17 and references thergirNote that Eq(11) does  flat. Thus, aside from the fact that the washboard potential is
not correspond to a fine tuning, but just to a strong suppresalready a somewhat contrived examfié], Eq.(18) implies
sion. The conditior(7) translates into an otherwise unnecessary adjustment of the pararivkter

|u|>HIH 2~10 %%, (12

“If M*>HJ3m, 7, the slow roll condition is not satisfied today and
the field ¢ will be in any one of the local minima of the washboard.
SNote that near the points whei' (¢)=0, we havepp~A With some generic requirements on the inflationary parameters, the
+B¢? and V' (¢)~ ¢~ (pp—A)*? which is integrable. Hence, minima will have equak priori probability within the anthropic
the zeroes oV’ (¢) are not a concern. range[1].
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In what follows, we shall only consider models where distant future, our understanding of galactic evolution and
there is no suclad hocadjustment. In this sense, our predic- morphology may improve to the point where we can tell with
tions may not be completely inescapable, but they can beome confidence which galaxies are suitable for sustaining
considered generic. The situation can be compared with thplanetary systems similar to our own, where civilizations can
predictions of inflation that the density parameter)s- 1 develop. The anthropic approach to the cosmological con-
and the spectrum of density perturbations is nearly flat. It isstant problem$CCP$ predicts that the conditions for civili-
certainly possible, in the context of inflation, to have an operzations to emerge will be found mostly in galaxies that
universe with(Q <1, or to have a markedly non-flat spectrum formed (or completed their formatignat a low redshift,z
of density perturbations. But to achieve this, additional pa—~1.
rameters must be introduced and adjusted to the desired out- In the standard cold dark matter cosmology, galaxy for-
come. mation is a hierarchical process, with smaller objects merg-

ing to form more and more massive ones. We know from
IIl. THE ANTHROPIC FACTOR observations that some galaxies existed already=&, and
) ) ) the theory predicts that some dwarf galaxies and dense cen-

We now consider the effect of the anthropic faat@f, in  tra) parts of giant galaxies could form as earlyzs10 or
Eq. (2). The physical situation is rather different for positive ayen 20. The fraction of matter bound in giant galaxii (
and negatiyg)D, S0 we con_sider thesg two cases sepa}ratelyN 10'M ) atz=1 (~20%) is somewhat less than that in

For positivepp , the main change introduced by, IS gpjects of mass~10°M, at z=3, or in objects of mass
that the time of earliest galaxy formatiogg in the anthropic  _1¢7\j , atz=5 [19]. If civilizations were as likely to form
range (1) is effectively replaced by the time at which the j, early galaxies as in late ones, then E2{l) would indicate
bulk of galaxy formation occurs. This is because a few earlythat, for a typical observer, the cosmological constant should

birds will not make a difference once we apply the principlesiart dominating at a redshif,=5. The corresponding dark
of mediocrity. More precisely, we should take into consider-energy density,

ation that the morphology of some galaxies could make them
less suitable for the development of civilizations, and there-

~(14+25)%p0, 23
fore po~(1+25)°po (23

would be far greater than observed. Clearly, the agreement
nciu(pD):f da n(a,pp)Ngj,(@). (199  becomes much better if we assume that the conditions for
civilizations to emerge arise mainly in the types of galaxies

Here,a denotes the set of parameters characterizing the typ&hich form at lower redshiftsz~1.

of galaxy(e.g. its size, density, el¢n(a,pp) is the number We now point to some directions along which the choice
density of such galaxies that form per comoving volume inof Zg~1 may be justified. One problem with dwarf galaxies
regions characterized hy,, andN;,(a) is the number of is that if the mass of a galaxy is too small, then it cannot
civilizations per galaxy of typer. Suppose that the above retain the heavy elements dispersed in supernova explosions.

integral receives a dominant contribution from galaxies ofNumerical simulations suggest that the fraction of heavy el-
type ag. Then ements retained is-30% for a 1M, galaxy and is negli-

gible for much smaller galaxi¢20]. The heavy elements are
Nci,(pp)*=N(ag,pp), (20 necessary for the formation of planets and of observers, and
_ _ ) . . _thus one has to require that the structure formation hierarchy
and the relevant time for anthropic considerations is the timgnould evolve up to mass scales(°®M , or higher prior to
at which this type of galaxies form, which we shall denote byine gark energy domination. This gives the condition
tg . With the assumption of a flat prid?, , it was shown in <3, but falls short of explainingg~1.

[11,18 that the most probable value for a positjvg is the Another point to note is that smaller galaxies, formed at
one characterized by earlier times, have a higher density of matter. This may in-
crease the danger of nearby supernova explosions and the
tDNtG . (21) .
rate of near encounters with stars, large molecular clouds, or
This fact was used in order to explain the observed timelark maitter clumps. Gravitational perturbati(_)ns of planetary
coincidence systems in such encounters could send a rain of comets from
the Oort-type cloud towards the inner planets, causing mass
to~to. (22)  extinctions?
Our own Galaxy has definitely passed the test for the
The last relation follows from Eq21), assuming that stars evolution of intelligence, and the principle of mediocrity
and civilizations develop on a timescale not much greatesuggests that most observers may live in galaxies of this
thantg, and thereforeg is comparable td,, defined as the
time when most civilizations make their first determination
of pp. 5The cross section for disruption of planetary orbits is much
Connected with the above discussion, there is a predictioBmaller, and it would take a rather substantial increase of the density
of the anthropic approach, which can be checked by a confor this process to become statistically important. A.V. is grateful to
bination of observations and theoretical analysis. In a not s@avid Spergel for a discussion of this issue.
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type. Our Milky Way is a giant spiral galaxy. The densewheretp=(1/67G|pp|)¥% The matter density,, initially
central parts of such galaxies were formed at a high redshittiecreases while the universe expands, btit=att/2, when
z=5, but their discs were assembledzatl or later[21]. it reaches the valug,,= — pp, the universe stops its expan-
Our Sun is located in the disc, at a distane8.5 kpc from  sion and starts recontraction. The matter density grows in the
the galactic centé.If this situation is typical, then the rel- contracting phase, and thps,=|pp| throughout the evolu-
evant epoch to use in E(R3) is the epocleg~1 associated tion. The structure formation in a universe with a negative
with the formation of discs of giant galaxies. pp proceeds as usual untity, but then the growth of

The above remarks may or may not be on the right trackdensity perturbations accelerates during the contraction, so
but we emphasize once again that if CCPs have an anthropthat all overdensities collapse to form bound objects prior to
resolution, then, for one reason or another, the evolution ofhe big crunch. Fotp=t,, giant galaxies will form at about
intelligent life should require conditions which are found the same time as they did in our part of the universe and will
mainly in giant galaxies, which completed their formation athave similar propertieévith a possible caveat indicated be-
zg~1. low). However, fortp<t, halos of the galactic size will be

In order to estimat@(ag,pp) in Eq. (20), we shall need forced to collapse at a much earlier time ty, and their
a simple quantitative criterion to specify the relevant type ofdensity will therefore be much higher than that of our Gal-
galaxies. The most important parameter characterizing a gaéxy. This would probably make such halos unsuitable for
axy is its massM. For the Milky Way it is My, life.
~10 Mg, [23], and the above discussion suggests that we These considerations suggest that the anthropic factor ef-
identify the relevant galaxies with gravitationally bound ha-fectively constraing to be in the range
los of this mass(Note that this is also the typical masslaf
galaxies, which contain most of the luminous stars in the
Universe) It should be recognized, however, that the choice
of this characteristic mass scale is somewhat uncertain, so we
shall illustrate how our results are affected by choosing dor both positive and negativpp . There is, however, an
larger or a smaller mass. additional factor that could make negatipg less probable.

Our Galaxy is a member of the local group cluster, whosd&~or pp>0, structure formation effectively stops ait-tp,
mass has been estimated[84] M g~4x 10> M. Itis  and the existing structures evolve more or less in isolation.
conceivable that the gas captured in this cluster is later acFhis may account for the fact that disks of giant galaxies take
creted onto the member galaxies and thus affects the propeheir grand-design spiral form only relatively late, at
ties of their disks. There seems to be no justification to con—~0.3. The disks are already in placezat1, but they have
sider larger mass objects, and we shall regslid; as an  a very unsettled, irregular appearan@i]. On the other
upper bound on the potentially relevant mass scales. On theand, forpp<<O the clustering hierarchy only speeds up at
lower mass end, we shall usél~10'"" M, which is t>ty, and quiescent disks which may be necessary for the
roughly the mass of the bright part of our Galaxy, up toevolution of fragile creatures like ourselves may never be
~10 kpc from the centekWe note thatM,, is probably a  formed.
more reasonable choice, because the properties of the disk Another factor to consider is the characteristic titme
depend on the total mass of the haky].) needed for intelligence to develop. For positp, this fac-

We now consider negative, . The scale factor of a uni- tor is unimportant, since the time after the dark energy domi-
verse filled with nonrelativistic matter and dark energy withnation is practically unlimited, but for negatiyg, the avail-
pp<0 is given by able time is bounded biy< 7ty , and the effect of, requires

a closer examination.
t We first note that;<t, is unlikely, since then it is not
a(t)=sin2/3(t—), (24)  clear why it took so long for intelligence to develop on
D Earth.(The total time of biological evolution, from the origin
of life on Earth till present, is estimated at3.5x 10° yr.)

6 o ] _ Fort,;>t,, we note that the main sequence lifetime of stars
It has been notefR22] that this distance is close to the corotation believed to be suitable to harbor life s~ (5—20)x 10° yr

ra?iij.s’ V‘llherle t.?e ?rt?:tal V.elcidtytt()f thle Stt?]rs Comgideirs] Witht.the~to (see[11] for a discussion of this pointIf t;>t,~t,,
rotational velocity of the spiral pattern. in other words, the mo 'On[nost of these stars will explode as red giants before intelli-

of the Sqn relative to the sp_lral arms is ratht_ar slow, and as a resul ence has a chance to develop. Cdiéhas argued that this
the periods between spiral arm crossings are rather lon

(~10° yr). Spiral arms are the primary sites of supernova explo-S the most likely ScenarIZ)J_n this case, the numbei, is
sions. They are also rich in giant molecular clouds, and are theres_uppressed by a f‘?lCtOFm'n{t* Ao}t ~to/ty ' yvhere we
fore very hazardous to life. It has been arguef2i] that spiral arm ~ nave used E_Q(25) in the last step. For positivep, the
crossings are responsible for the major mass extinctions observed f{PPression is by a factert, /t,, which is of the same order
the fossil record. Then one expects that habitable planetary syster@ magnitude.

are to be found mainly in the vicinity of the corotation radius, since

mass extinctions at a rate much greater than oncerydfay be

too frequent for intelligent life to evolvgNote that it took us 6.5 "The coincidence, ~t, is unlikely, since the evolution of life and

X 107 yr to evolve since the last great extinctipn. evolution of stars are governed by completely different processes.

tp=tg (25
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We conclude that the precise valuetphas little effect on  marginal values will not be preferred generically. We can
the relative probability of positive and negatipg . If the  actually consider a more general form of the potentialifor
accelerated clustering hierarchy is detrimental for life, therand ¢,
the probability for negative is suppressed; otherwise the
two signs ofpp are equally likely. In either case, we should po=pArt V(). (28
not be surprised thatp is positive in our part of the uni-
verse. In the following sections we shall focus on the posi-Around any point (/y,¢,) on the curvey defined by

tive values ofpp, . V(4,¢)=—p, , the potential can be approximated by a lin-
ear function of the fields. Moreover, we can always rotate
IV. PREDICTION FOR THE EQUATION OF STATE coordinates in field space so thatis directed alongy, and

is orthogonal to it,
A generic prediction of models where both CCP’s are¢ g

solved anthropically is that the equation of state of dark en- - _
ergy is given bypp=wpp, with P~V (o, o) (P— bo).

dpp - (29)

W=—1-+10"5 (26)  HereV,is the gradient of the potential at that point. During
The error bars correspond to the precision to which the obfluctuations. Hence, the prior probability distribution is given
servable universe can be approximated by a homogeneot¥ the area in field spack, dyd¢=dyde, which leads to
sity of a four-form field, this equation of state is guaranteed
by the fact that the four-form energy density is a constant and Py (pp)dpp=
it behaves exactly like an additional cosmological consgtant .
If px is a generic scalar field potential, the slow roll condi-AIo.ng the curvey, the vglues oMy tha't will carry more
weight are those for which the slope is smaller, since for
of magnitude, rather than marginally. For instance, for the;z’.qual intervals opr.they correspond to larger portions of
quadratic potential(10), these conditions imply the con- leld space. Thus, given a model where the slope of the po-
tion to be satisfied marginally, since the whole point of theggggi:ci(?r?sd ;ﬁg&? d Iks)enga{iizzgno;? en):gfcitngrlat the slow roll
present approach is to haye, canceled regardless of its y ginatly.
magnitude. If the slow roll conditions are satisfied by excess V. PREDICTIONS FOR Qp AND H
by just more than three orders of magnitude, then the kmetl;f: Currently favored values for the dark energy density and
h ; f - follows. or the Hubble parameter afey~.7 andh§ .7[28,29, poth
by ﬁgree ta;ncselﬁsi;?; rri:derrsafgorlltcljje(\jri, sr?edrgc;%ﬁ ;o?ngvg?therﬁfv'th error bars of the order of 10%. While observations are
stance, Kallosh and Lindgl 3] recently considered a super- and _bo_IdIy use the anthropic approach to the CCP's to mak_e
gravity model where the time coincidence problem is solveamed'ctlons for these two parameters. As we shall see, this
their model does not solve the old CCP, since it is assumeand thath is likely to be smaller than those currently favored
that the cosmological constant vanishes in the observabl\éalues'
Eq. (26) does not hold in the usual quintessence mof8% lowing [14,30. The growth of density fluctuations in a
which have no anthropic input at all, but which do not ad_universe with a positive cosmological constant effectively
only the time coincidence is partially addressed. dom_inating. This is given by (£2p) ~(Qp/Q)"™, where
A possibility worth discussing is the case of models where'm ~ 1~ €p is the matter density parameter. According to

inflation, both fieldsys and ¢ are randomized by quantum

and isotropic model. In models whepg is the energy den-
[

can only change by the nucleation of bragether than that, A
tions (6) are likely to be satisfied by excess, by many orders
straint (11). It would be contrived to arrange for the condi- tential is variable, smaller values of the slope are prefeared
precise valugwhich is not known to us even by order of
energy of the scalar field will be less than its potential energ
with anthropic input, were Eq26) is not satisfied. For in- not very accurate, we would like to challenge the status quo
anthropically, and where Eq26) does not hold. However, approach predicts thdd,, is likely to be somewhat higher,
matter sector due to some unspecified mechanism. Likewis%lThe basic reason why we expep, to be larger is the
dress the CCP'EL,16], or in models ok essenc&27], where stops at the redshift, when the cosmological constant starts
the slow roll parameters are themselves random fields. Cori=d- (21, we expectp~2zg, wherezg is the epoch when the

sider, for instance, the following model: relevant galaxies were formed. Wit~ 1, this corresponds
’ ' to (Qp/Qy)~8, which in turn impliesQp~.9. (For zg
pPp=pa+ 1) P2 (27) >1, we would obtain an even higher value fof.) This

prediction can be made more quantitat[34,32 by using
If the probability distribution for the new scalar fieldwere  the distribution(2). As we shall see, the precise predictions
such that all values of.® are equiprobable, then one might depend not only o) but also onh.
imagine that the order of magnitude pf would be such Throughout this section, we shall assume thgt-0 as
that the slow roll conditions would be marginally satisfied. part of our prior. In a universe filled with pressureless matter
However, this new field must also be a light field and henceand with a dark energy componept >0, the scale factor
its distribution is calculable. It is then easy to show that thebehaves as
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t dP/dln y
a(t)= sinh2’3( —) ,
tp
0.08
where ty=(1/67Gpp)Y2 A primordial overdensity will 0.06
eventually collapse, provided that its value at the time of
recombination is larger than a certain valgg®. In the 0.04
spherical collapse model, this is estimated &$°(pp) o 02
=1.132 | wherex,oc=x(t;ec) [33]. Here, we have intro- '
duced the variable y
0.01 0.1 1 10 100
Qp(t) ] t FIG. 1. The distribution(34).
x(t)ED—(=S|nhz(—). (30)
Qu(t) o

In this context, the generic expectation that the prior does not

The number of galaxies(M,pp) of massM that will form i(::ﬁ(r))end ofpp in the anthropic ranggsee Eq/3)], translates

per unit comoving volume in a region characterized by the
value pp of the dark energy density, is proportional to the
fraction of matter that eventually clusters into this type of

galaxies. In the Press-Schechter approximaf&#$34), this Substituting Eq(31) into Eq. (32), we have

is given by
1/(.80\% [.80%
dP(pp,0rec)~ = erf

\ \ Orec Orec

X Py (0rec)AXrecdoec, (33

Pe(pPp+0rec) =Py (0rec)-

5{:ec(PD)

\/Ea'rec( M) ) . .

Neiy(pp)<N(M ,pD)Merfc(

Here, erfc is the complementary error function, angd.(M) where we have used thély(t,.c)~1 in all regions of in-

is the dispersion in the density contrast at the time of reCoMsarast so thatdpp > dx Introducing y=x,o.o, the
binationt,e.. As argued in the preceding section, we Sha"chanée of variablgsx( re(CT' ) (Y, 000) proéai:ergca’l Jaco-
assume that most civilizations are formed in galaxies charg. - proportional toefr’g rec and vwrgc have dP(y, o,e.)
i —~ ~ 2] rec’ »Yrec

Zggr::zoendsi?j)é? srl?gahs'ﬁ/ Ial\rﬂghé\r/vanl(jdsmgle(?lmggg:swe shel ~f(y)P+ (0rec)dydore,, wheref(y) does not depend on

The factorn,;, depends on the parameey,., which in T(;T’]C. Integrating ovelo,. leads to the normalized distribu-
turn depends on the amplitude of density perturbations gen-
erated during inflation. The value ef,.. can be inferred d — (8037 Y2eric 8ov3)v din 34
from the normalization of CMB anisotropies, but for this Py)=(.80%m o80Ty Y, (34
task, both the present value 6fp and the value of the | .. 1 is uncorrelated withr

: rec-

Hubble parameteh would be needed. Since these are the = 15 \ariabley can be expressed in terms of observable
parameters we wish to make predictions about, it would bequantities as we shall see below, and from E2f) we

somewhat contrived to use them at this point to make ahould expecy~ 1 by order of magnitudésee Fig. 1 More

inference aboutre. recisely, we expect>.79 with probabilit
Another factor to consider is that,.. may be different in P y pegt=. P y

distant regions of the univers@vhere, as a consequence, P(y>.79=.68 (1o C.L), (35

galaxies would form earlier or laterin models where the

inflaton field has only one component, the valuesf; is  andy>.07 with probability

the same in all regions of the universe. However, if the in-

flaton field has more than one component, the amplitude of P(y>.07=.95 (20 C.L.). (36)

density perturbations depends on the path followed by the

inflaton on its way to the minimum of the potential. In such We shall denote these two equations as theahd 20 con-

models, it is possible foer. to vary over distances much fidence level predictions foy. Let us now show how these

larger than the presently observable universe. translate into confidence level curves for the expected values
To make our discussion sufficiently general, we shall conof the parameter§), andh. Here, and in what followsQ

sider thato e is itself a random variable with unspecified will denote thepresentvalue of the dark energy density pa-

prior. This prior may be determined by processes occurringameter in our observable universe.

during inflation, or it may just reflect our ignorance of the et us first express the “observed” value wf which we

actual value of the fixed parametete.. Then, EQ.(2) is  shall denote ay,, in terms ofQp andh. The density con-

generalized to trast at present is given by,= G(Xg,Xec) 0rec, Where, as-

suming z,..>1, the growth factor is given by[{32]
dP(pp 1) =Neiv Pa (D 1 01ed)dppdoiec. (32 G(Xo,Xrec) =Xree F({p), with
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_ O 1[0/ 00) dw o.esh
F(Q0)= 505" | e
0.8
Therefore,
0.75
F(Qp)|?
Yo 7o (38) 0.7
The linearized density contrast at presegtcan be inferred 0. 65
from measurements of CMB temperature anisotropies, as de-
scribed e.g. if32,35. Since the spectrum is expressed as a 0.6
function of wavelength, the mass scale has to be converted
into a length scale. A halo of ma$8 corresponds to a co- o 55l
moving radiusR(M) = (3M/4mpo)*3. The mean matter den-
sity of the universe is given by py=1.88 FIG. 2. Contours of the functiogy(Qp ,h) given in Eq.(398),
X 10 2% yh? g/en?, which leads to corresponding to thed (lower curve$ and 2o (upper curvespre-
U dictions represented by Eq®5), (36). The excluded region lies to

the left of the curves. The thick solid lines assume that the dominant
Mpc. contribution tong;, is in galaxies of masil =M ;= 10M, . For
comparison, we show the predictions for different choices of the

. . . . . .. mass. The short dashed curves correspond to the mass of the local
Assuming an adiabatic primordial spectrum of scalar denS|t)ér0upMLG:4x 10°M,,, and the long dashed curves correspond

perturbations, characterized by a spectral indewe have to the mass of the bright inner part of our galay=10"M, . A
scale invariant spectrum of density perturbations is assumed.

R(M)=.98h ",

102M

7o(R) = (C00) "5, KYA(R). (39
_ ; ; ; ; Sec. lll. The short dashed curves correspond to the mass of
Here, ¢100=2.9979 is the speed of light in units of
100 kmlsgg and . g the local groupM s=4X10"M, and the long dashed
curves correspond to the mass of the bright inner part of our
I'=Qyhexd —Qy(1+v2hQ, Y] galaxyM =10"M, . The effect of a tilt in the spectral index

is plotted in Fig. 3. Both of these figures ignore the effect of
is the so-called shape parameter, with the density param- tensor modes in the normalizati¢#0). Tensor modes tend to
eter in baryons. For numerical estimates, we shall takéower the value oféy, and hence they tend to make the
Qph%?~.02. The dimensionless amplitude of cosmologicalbounds somewhat less stringent. The effect, however, is not
perturbations inferred from the COBE DMR experiment isdramatic. Even for as large as .5, the effect on the curves is

given by[35,36 comparable to the effect of lowering the spectral index by
.05.
e exqg 1.01(1—n)] 80~ 0510 Expressions similar to Eq$34)—(38) were already con-
op=1.91X10 VTrr( 75 1a02) M tained in the exhaustive analysis of the problem given by
X[1-.181-n)Qp—.03Qp]. (40) . Bsh

The parameter denotes the ratio of tensor to scalar ampli-
tudes. Note that the effect of tensors is to make a bit 0.8
smaller(although not very significant)y Finally,

K(R)=fo g™ AT%(q)W3(q I' hR Mpc Y)dg,

where the transfer function is given
by T(q)=(2.347) In(1+2.349)[ 1+ 3.8+ (16.1q)?
+(5.460)%+ (6.719)*]~ Y and the window function is given
by W(u)=3u"3(sinu—ucosu).

Substituting Eq.(39) in Eq. (38), and usingQp+Qy
=1, we obtain the functiogy=yy({p ,h). Contour lines of
this function, corresponding to theocland 2r predictions FIG. 3. Effect of a tilt in the spectral index of density perturba-
represented by Eq35), (36), are plotted in Fig. 2, assuming tions. As in Fig. 2, the thick solid lines correspond to a scale invari-
that the dominant contribution ta, is in galaxies of mass ant spectrumn=1, and a massvl=My=10°My. The long
M =M yw=10"M, (thick solid lines. We also consider the dashed line and the short dashed lines correspond to tilted spectra,
predictions for different choices of the mass, as discussed iwith n=.95 andn=.9 respectively.
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Martel, Shapiro and WeinbergMSW) in [32], where o ¢ d(t)=—, [1—(t/t,)]?3, (44)
was treated as a fixed parameter. However, our use of these
expressions is somewhat different. MSW noted that the ex- a(t)=exp[4qrm,§2(¢i — $2(1))], (45)

isting observations indicate a value €¥;~0.6—-0.7 and

used Eq.(33), with h=0.7 to show that this range corre- where— ¢, is the present value ap and

sponds to probabilities from 2% to 12%, depending on the

values chosen for the galactic scdleand the spectral index t, =87tp( b, /mp)2 (46)

of perturbations. They concluded that “anthropic consider-

ations do fairly well as an explanation of a cosmologicalis the time from the present to the beginning of recollapse.

constant with[()p] in the range 0.6-0.7.” However, one  The slow roll condition(6) implies thate, =m,. As we

cannot help but feel disappointed by the somewhat low valdiscussed in Sec. IV, we do not expect this condition to be

ues of the probabilities. only marginally satisfied, and thu, >m,. Then it follows
Our approach here is that anthropic models should bg&om Egs. (46) and (45) that t, >8mtp and therefore we

used as any other models—to make testable predictionghould expect our region of the universe to undergo acceler-

Thus, the goal is not so much to explain the valuef  ated expansion for at least another trillion years before
after it is determined by observations, but to predict thatecollapsé.

value at a specified confidence level. The contour lines in  The slow roll approximation breaks downét-—m,, so
Figs. 2,3 indicate the & and 2 predictions of the model. If the above equations cannot be used to describe the evolution
M~My proves to be the relevant mass giving the domi-at ¢>0, where the potential becomes negative. A general
nant contribution tang;, , then the currently favored model analysis of models with negative potentials has been given in
with 0p~.7 andh~.7 is virtually excluded by the anthropic [39], where it is shown that ap>m, the dynamics becomes
approach at the @ level. Instead, this approach favors lower yominated by the kinetic energy of the field2>|V(¢)|.

values ofh and higher values of)p, . The corresponding evolution is described by
These predictions can be turned around. If the values

0p=<0.7, h=0.7 are confirmed by future measurements,

m
then our model will be ruled out at a 95% confidence level, P(t)= —pln(tc—t)+const, 47
again assumingM ~Myw and a scale invariant spectrum. \/a

For a tilted spectrum, slightly lower values 6¥, are al-

lowed at the same confidence level. The observational situa- a(t)=(t,—t)¥2 (48

tion at the time of this writing is far from being clear. CMB
and supernovae measurements yje8,37 Q,~0.7 , while  wheret, is the time of the big crunch. The linear approxi-
the observations of galaxy clustering gi{@8] (0,,=0.18 mation (41) for the potential breaks down at sufficiently

+0.8, and thug€)~0.8. large ¢, but in this regime the form of the potential is unim-
portant and Eqs(47), (48) still apply.
VI. THE FUTURE OF THE UNIVERSE During the dark energy dominated expansion, the ordi-

. ] ) o o nary nonrelativistic matter is diluted by the exponential fac-
We finally discuss the anthropic prediction which is notyoy (45). When the contraction starts, the density of matter

likely to be tested any time soon. In all anthropic modgls,  pegins to grow agy,«(t.—t) L. However, the kinetic en-
can take both positive and negative values, so the observ%

itive dark i tally start d . d will qu of the field¢ grows much fasterg?s(t.—t) 2, and
positive dark energy will eventually start decréasing and willy, o ordinary matter forever remains a subdominant compo-
turn negative, and our part of the universe will recollapse t

X %hent of the universe.
a big crunch.

To be specific, we shall consider a scalar field model with
a very flat potential. In the anthropic ran¢B, the potential VII. CONCLUSIONS
can be approximated as a linear function,

V(d)~—Voo, (41)

whereV| is a constant and we have sgt0 atV=0. Once
the dark energy dominates, the evolution is described by the

We now summarize the predictions that follow from the
anthropic approach to the CCP’s.

(1) The dark energy equation of state is predicted to be
that of the vacuum,

usual slow roll equations Po=Wpp, (49
3Hp=V, (42) wherew= —1 with a very high accuracy. This distinguishes
0 the anthropic models we discussed here from other ap-
8 proaches, such as quintessefi2@] or k essencg27].
H?=2 5Vos, (43)

p

) . 8This is in contrast with the model of Kallosh and Linfi&3]
whereH=a/a anda(t) is the scale factor. The solution of discussed in Sec. IV, where the universe is expected to recollapse
Eqgs.(42), (43) is within 10—20 billion years.
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(2) The anthropic predictions for the dark energy densitymodel. The model does predict recollapse of the universe,
Qp and for the Hubble paramethrare given in Figs. 2 and but the corresponding timescale (0% yr) is much shorter
3 of Sec. V¥ We show the areas in tHep—h plane that are than the anthropic predictiof#).
excluded at & and 2r confidence levels. The excluded ar- Here we have made predictions which apply to all pres-
eas depend on the assumed galactic fvaasd on the spec- ently known mechanisms for generating a range of values of
tral index n of the density fluctuations. FoM=Myy A, and which allow for a solution of both CCP’s. In prin-
=10"M, the currently popular valueQ ,=0.7, h=0.7 are  ciple, the predictions are vulnerable to the discovery of new
marginally excluded at @ confidence level for a scale in- mechanisms. For instance, the prior distribution Aomight
variant spectrurm=1. Lowering the spectral index relaxes not be flat for some particular new mechanisms. However,
the bounds somewhat. Fbe>0.65 andn>.95, the I1r pre-  from the general arguments given by Weinbgdg this pos-
diction isQ2p>0.79. These anthropic constraints get weakesibility seems quite unlikely. Likewise, our prediction for the
when the relevant mass scalkis increased. For example, equation of state of dark energy may also be vulnerable.

with M=4x10"M, a value as low a€),=0.63 is still Here we have restricted attention to the case where the ran-
allowed at the 2 level for a scale invariant spectrum. The dom values are generated by four-forms or light fields which
1o prediction in this case i§p>0.78 (for h=0.65). fluctuate during inflation. In the context of inflationary mod-

(3) Conditions for intelligent life to evolve are expected to €ls, it seems hard to imagine anything different: either the
arise mainly in giant galaxies that forer complete their dark energy takes discrete values, in which case it has the
formation) at low redshiftszg=<1. equation of state of a cosmological constant, or it behaves as

(4) The accelerated expansion will eventually stop ance light field (otherwise its value would change too fadtin-
our part of the universe will recollapse, but it will take more der these hypotheses, our prediction for the equation of state
than a trillion years for this to happen. Of course, this prefollows. It is conceivable that the theory of initial conditions
diction is not likely to be tested anytime soon. which randomizes\ is not inflation. In this case, one is free

The above predictions apply to models where both CCP’$0 speculate that a different equation of state might be pos-
are solved anthropically. For comparison, we may considegible. For example, in a model with several light fields, as in
other models. For instance, it is conceivable that a smalEg. (28), the equation of state could be different frgyp=
value of the cosmological constant will eventually be ex-— pp if the prior distribution did not favor small slopes of the
plained within the fundamental theoryVe note the interest- potential(as it does in the case of inflatipn
ing recent proposal by Dvali, Gabadadze and Shifi0j Anthropic arguments are sometimes perceived as hand-
in this regard. Even then, the coincidence problem will still waving, unpredictive and unfalsifiable lore, of questionable
have to be addressed. One possibility is thgtis truly a  scientific validity. In our view, the results presented in this
constant, while the amplitude of the density fluctuations, ~ Paper should dispel this notion. Here, we have used the an-
is a stochastic variable. With some mild assumptions abouhropic approach to make several quantitative predictions,
the prior probability distributiorP, (o), it can be shown some of which may soon be checked against observations. It
[1] that most galaxies are then formed at about the time oghould also be emphasized that, for the particular case of
vacuum domination. In this class of models, predictiéhs ~ dark energy, there are at present no alternative theories ex-
and (3) still hold, while the other two predictions no longer plaining both CCP’s, or making generic predictions of com-
apply. parable accuracy.

Another possibility has been recently discussed by Kal- The present bound on the equation of state paranveter
losh and Linde[13]. They assumed aM-theory inspired from the CMB and supernovae measurementf4ly w<
potential —0.7, which is consistent with the anthropic prediction of

w=—1. The value ofw=—1 is usually associated with a
V( ¢>)=A(2—cosh\/§¢) (50 plain cosmological constant. However, if in addition to this
. ) . ) } _equation of state, observations confirm some of the other
with a stochastic variablé.. An interesting property of this  predictions presented above, this may be taken as an indica-
potential is that its curvatqre is correlated with its helm_ tion that the dark energy is dynamical. Thus, a better under-
¢=0). As a result, the universe tends to recollapse within &tanding of structure formation and galactic evolution may in

few Hubble times after the dark energy comes to dominateact reveal a crucial property of dark energy, with important
Assuming that other contributions to the vacuum energy argmpjications for particle physics.

somehow cancelle@hat is, that the old CCP is solved by
some unspecified mechanignKallosh and Linde argue that
the coincidencép~t, is to be expected, whetgis the time
it takes intelligent life to evolve(they assume it to be We are grateful to Steven Barr, David Spergel and Ro-
~10%yr). Predictions(1)—(3) are not applicable to this sanne Di Stefano for useful discussions. This work was sup-
ported by the Templeton Foundation under grant COS 253.
J.G. is partially supported by MCYT and FEDER, under
®These predictions are implicit in the earlier analysis by Martel,grants FPA2001-3598, FPA2002-00748. A.V. is partially sup-
Shapiro and Weinberf2]. ported by the National Science Foundation.
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