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Toward a possible solution to the cosmic coincidence problem
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We suggest a paradigm that might allow for a nonanthropic solution to the cosmic coincidence problem of
why the density of vacuum energy and matter are nearly equal today. The fact that the half life of uranium 238
is near to the age of the solar system is not considered a coincidence since there are many nuclides with a wide
range of half lives implying that there is likely to be some nuclide with a half life near to any given time scale.
Likewise it may be that the vacuum field energy causing the universal acceleration today is just one of a large
ensemble of scalar field energies, which have dominated the Universe in the past and then faded away.
Predictions of the idea include the following: the current density of vacuum energy is decreasing, the ratio of
vacuum pressure to vacuum density,is changing and not equal tel, there were likely periods of vacuum
domination and acceleration in the past and may be additional periods in the future, and the eventual sum of all
scalar field vacuum densities may be zero.
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INTRODUCTION The goal of this paper is to propose a new class of solu-
tions to the cosmic coincidence problem which is not an-
The discovery that the Universe is acceleratiig2],  thropic and which may allow removal of fine-tuning. The

probably due to dominance of vacuum energy, has pusheidea presented here is similar to, but somewhat more general
two uncomfortable fine-tuning problems to the forefront ofthan, that of the tracking oscillating potential model of
the physics community. The first probldi8] is that the scale Dodelson, Kaplinghat, and Stew48]. This class of models
of this vacuum energy density, (.002 éY)s vastly different ~also makes it possible to change the current cosmological
from the MeV to Planck scale particle physics vacuum enerconstant problem from why the vacuum energies sum to a
gies that must sum to give this number. In the past, onéMmall number, back to the older problem of why the vacuum
hoped that some unknown symmetry principle would requireenergies sum to zero. We do not have anything to say about
these energies to ultimately sum to zero, but the existence ¢fe basic cosmological constant problem of why this sum
a nonzero sum naively dashes these hopes. The second firould be zero in the first place. To understand our class of
tuning problem occurs because traditional vacuum energpotential solutions, an analogy may be helpful.
density does not change with time while matter and radiation

d_ensity chan_ge rapidly as_th_e Universe expands. At_ early AN ANALOGY
times the Universe was radiation and then matter dominated,
and only recently, az~1.7, did it become vacuum domi- Suppose we demand a nonanthropic solution to the cos-

nated. The importance of this “cosmic coincidence” is thatmic coincidence problem. What would such a solution look
in the normal scenario, once vacuum energy becomes domlike? Physics offers several examples of potential cosmic co-
nate, it stays dominate, and if this had occurred at any earligncidences that we do not consider as such. For example,
epoch, the evolution of the Universe would have been comU238 is a common radioactive substance with a half life of
pletely different and most likely we would not be here to 4.5 Gyr, almost exactly the age of the solar system. The
discuss it. Currently, there is no convincing fundamentalreason that this is not a cosmic coincidence is clear in this
physics idea for why vacuum dominance happened only recase. There are thousands of nuclides with half lives ranging
cently, and this has led many workg#s—6] to conclude that over an enormous range of time scales, from microseconds
some sort of anthropic principle must be at work. The an{e.g. U222,7=1 us), to secondge.g. U226,7=0.5s), to
thropic ided 3] is that there is an ensemble of universes withdays(e.g. U231,7=4.2 d), to millennia(e.g. U233,7=1.6
different values of the vacuum energy, most of which do notx 10° yr) to the age of the Universée.g. U238, to 1G°
allow life to develop. Therefore the cosmic coincidence isyears(e.g. Se827=1.4x 10%° yr), and up.

“explained” by saying the existence of intelligent life selects  Thus there is no surprise that for any given time scale,
only those values of vacuum energy density near that whiclksuch as the current age of the Solar System, there is some
has been measured in the supernova typé€Sh la) obser-  nuclide which is decaying on just this time scale. Note that if
vations. Many nonanthropic ideas have been proposed)238 were the only nuclide in existence and everything were
which reduce the coincidence, usually by having the vacuunmade of it, then there would be a cosmic coincidence prob-
energy “track” the matter density in some way so that thelem quite similar to the vacuum energy cosmic coincidence
ratio is not so larg¢7], but all of these have been criticized problem. Also, if the range of radioactive decay constants
as in fact involving fine-tuning in some wdy—6]. At this  were not exponentially distributed over such a wide range of
point, some workers have concluded that only anthropidime scales, then again even with hundreds of nuclides, find-
ideas have a chance of explaining the cosmic coincidencig one with7=4.6 Gyr would be unlikely. In this example,
[5]. it is the exponential sensitivity of radioactive decay to the
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nuclear wave function that allows a small change, such as thguintessence/dark energy mod¢l. However, given that
addition of one neutron, to make a large change in the hafive do not have a specific model, we will not attempt an
life. accurate tallying of the constraints, but only mention a few
Thus we are inspired to seek a possible class of models toconstraints that should be considered.
solve the vacuum energy cosmic coincidence by positing not First, if the density of scalar field energy, .., is more
just one scalar field whose vacuum energy is making its apthan a few percent of the radiation densjiy,q, at the time
pearance today, but an ensemble of fields, whose vacuuof big bang nucleosynthes{8BN), the universal expansion
energies span an exponentially large range of energy dengiate will increase enough to make a significant difference in
ties, some of which have dominated the Universe for shorthe predicted abundances of helium and deuterium. Since
periods of times at many time scales in the past. We note thahese abundances are fairly well measured, we demand
we have noa priori reason for the existence of such an p,,./praq<-02 when 18<z<10%[9].
ensemble of vacuum fields, but we are using the cosmic co- Second, the equation of statemust be sufficiently nega-
incidence problem as a clue that such an ensemble mighitve for the scalar field energy solutions to match the current
exist. type la supernova measurements and be consistent with the
In this class of models, the specific fie{dr fields re-  cosmic microwave backgroud€MB) and large scale struc-
sponsible for the current acceleration is not special, but justure measurements. We require< —0.79 (95% C.L) [10].
happens to be the one dominant at this time. We note that im addition we can directly calculate the absolute magnitude-
this context, the purported inflaton field responsible for cosredshift relation and compare to the supernovae reported in
mic inflation in the very early Universe could be just anotherPerlmutteret al. [1], demanding that, within errors, it be as

one (or more than oneof these fields. good a fit as a cosmological constant model. Also, since the
This type of solution to the cosmic coincidence problemgrowth of large scale structure can be reduced by periods of
makes some interesting predictions: vacuum dominance, or near vacuum dominance, there are

(i) The vacuum energy is not a cosmological “constant.” several observational constraints on the power spectrum that
The current phase of acceleration is temporary and will evenare possible. For simplicity we will merely calculate the lin-
tually finish; w=p/p is notw= —1 exactly. ear growth factor from the time of matter-radiation equality

(i) There probably were several periods of acceleratioruntil the present, and compare it to that expected from a
and vacuum dominance in the past, followed by radiatiorcosmological constant model.
and/or matter domination, and finally vacuum dominance Next, additional vacuum energy at the time of photon de-
again today. coupling can shift the well measured acoustic peaks in the

(iii) There will likely be additional periods of acceleration CMB, providing the constraintp,c/pother<0.64, at z
in the future. Thus predicting the ultimate fate of the Uni- ~1100[11,12 wherepe, includes dark matter, radiation,
verse will not be possible without an understanding of theand baryons. To preserve the peak positions, we can also
origin of all these fields and their vacuum energies. demand that the angular diameter distance to the surface of

(iv) The sum of all these changing vacuum energies mayast scattering at~ 1100 not be too different from that im-
well eventually be zero; that is, the minimum of the potentialplied by a cosmological constant model.
of all these fields may be a zero that we are evolving toward. We easily find models in which these constraints are sat-
Just as even very long lived nuclides will eventually decay, itisfied, basically by choosing the field content and parameters
is thus possible that the actual cosmological “constant” issuch that none of the additional scalar fields is very impor-
zero, and we are just part of the way there. We offer naant during either the decoupling or nucleosynthesis epochs,
suggestion here as to why the sum should be exactly zerand such that the field that dominates today has an
we just note that in this scheme it is possible. However, jushppropriate range. From one point of view it thus requires
as some nuclides are stable, it is also possible that the fingihe tuning of many parameters to satisfy these constraints
cosmological constant is not zero. and so these restrictions are a weakness of our idea. How-

We note that the tracking oscillating model of Dodelson,ever, from another point of view, these constraints and the
Kaplinghat, and Stewaf8] is similar to our class of models. data from which they derive are actually just measurements
It uses a single scalar field with a potential with many of the initial scalar field content and parameters. That is, had
wiggles and also predicts many periods of acceleration in théhese values been different, then the present values of our
past. It addresses the cosmic coincidence problem in a wayurrent cosmological parameters and the positions of the
similar to ours. One difference is that the single potentialCMB peaks would now be different.
must be quite complicated to allow such behavior, and it
seems interesting and somewhat more generic and flexible to EXAMPLE MODEL

consider an ensemble of scalar fields with simple potentials. ) ] ) )
Since this class of solutions is motivated purely by solv-

ing the cosmic coincidence problem, there are no restrictions
CONSTRAINTS on the types of fields or forms of potentials that may be used.

h | ob . h . As a simple example consider an ensemblé&l acalar fields
There are several observations that constrain vacuum en . i=1,... N that do not interact with ordinary matter or

ergy density in the Universe a}nd which any model_ of ANaach other, and which have potentials of the form
accelerating Universe must satisfy. Our model contains sev-

eral fields and so differs somewhat from single field Vi(d) =N\, ;" (1)
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FIG. 1. The fraction of energy density in various components vs redshift for simple two-field models. The thick dark line represents
(false vacuum energy, the dashed line represents matter, and the thin dotted line represents radiation. See text for model descriptions.

The total scalar field potential is then just=Z2;V(¢;).
To first approximation(ignoring gravity, finite temperature
effects, parametric resonance, gteach field is governed

by the standard equationgy+3Hd;+V/(¢)=0, H?2
= 1U3MB[ pomert 3Zi4°+ZVi())], where H(z)=a/a,

radiation (or mattej energy density p,,q~8.6
X107 %a %pgito. That is, supposing for simplicity that
the scalar field kinetic energy is not large compared
with the potential energy, we have;(vacuum dom
~[ N\ ;%(init)/8.6X 10 5pciro] Y4 Thus if the values of
! _ A V;(init) are distributed over a wide range of values so that
in](-jolg g‘gv gr!?jn\fvlaerggs;e ;igglfa((:?oq:(sfhl'zhe Unizvlg:lse the ai(vqcuum dom are distributed over epochs from the
is the, total energy density of the other contributinb Planck time ata=10"*" to today ata=1, then our sug-
ﬁgligé the dot represent)é differeztiation with respect to timegested scenario might take plgce. Qf course thgre are many
and the prime indicates differentiation with respectdip. tways that thek; and the ¢;(init) might be distributed to
make this work, and we will not speculate on the precise

Note that witha=4, theh;¢;* form for the potential is that - ¢\ ¢ the distribution since we have no understanding of it
used in ChaOt'C inflatio13], and if ¢; starts at a nonzero fexcept for possibly at two points: the inflaton in the very
yalue, It W'” eventually qpproach Zero under the'lnfluence oearly Universe and the current vacuum dominated epoch.

its potential as long as; is an even integer. Thé; field may For illustration purposes we consider two simple two-field

comc? to domlphate the _tendergyf _?ef“’fgyl of Ithe U(r:}l}[/r?rse de'ases, both of which satisfy the above constraintsvoffit
pending upon thé magnitude of Its initial valué and € Speeg, gN1A data as well as a cosmological constant model

at which it goes toward zero, which is determinedNyyand with Q=0 ,=0.7, have nearly the same distance to CMB

a; . Thus in this model, the period of vacuum dominance WIIIIast scattering, and satisfy the constraints on the fraction of

not_last forever, since even_tuallzyi reac_hes_ zero and then | - \im energy at decoupling and BBN. The first example,
oscillates around zero. During the oscillation phageef-  con in Fig. 1a), has a;=6, \y=10"%75 V,(init)=5

fectively behaves as material with;=(a;—2)/(2i+2),  x10°% ay=4, \,=10" 125 V,(init) = 10~%, whereV, (init)

and density scaling ag;<a ") [14], unless it couples is given in units ofm3 Mpc~2 to help with numerics ang;

and decays into ordinary particles. Thus any potential withs found from Eq.(1). In these unitspgijo=1.6X10"8,

a;>4 will eventually fade away faster than radiation or mat-Mp=1.94x 10?%, ¢ has units of (n,lp’lepc‘ Y2 “and\ units

ter unless particles are produced. _ _ (mEMpc~ )4~ This example has the current accelerat-
Naively, with more than one scalar field this dominance Ofing expansion coming frong,, but earlier, az~1000, ¢,

the *false vacuum” can happen several times, with f#st  started to become important, reaching more than 30% of the

coming to dominate and then fade away, and thgrtoming  matter density az~300, and then fading away. Today this

to domlnance_ and so on. Since the vaIuesﬁﬁﬁmt), Ni, model givesQ, = .67 andw= —.97. This example might be

anda; determine when and how long eaghdominates, an  ryled out since the linear growth factor calculated from

appropriate ensemble of such values could give a series ghatter-radiation equality is about 30% smaller than for the

periods of vacuum domination and universal acceleratlonQA:0_7 model(about the same as for &h, =0.78 model.

followed by periods of radiation and/or matter domination, of course the value o¥/,(init) could be reduced to lessen

depending upon how each decays and when the next field ihe size of these effects.

rises to dominance. . The second example shows a typical period of complete
Very roughly the time of vacuum dominance for aly  yacuum dominance in the early Univeriig. 1(b)]. Here

occurs when its energy density=V,(¢;) + 3 ¢;> equals the the parameters used are;=10, \;=10 275 V (init)
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=10 a,=4, \,=10 124 V,(init)=10 8. Here the false thropic solution to the cosmic coincidence problem as the
vacuum dominates between redshifts of 26d 1J and also Main motivation. However, we do note that the Higgs field in
nearz=0, and is again a small contributor at the time ofthe standard model of particle physics is a scalar field that
BBN and photon decoupling. Today this model giv@g  contributes to the universal vacuum energy and whose con-
=.65 andw=—.91. The linear growth factor is nearly the tribution must be cancelled by a Iarge negative contribution
same as for a cosmological constant model. Note in all thes&om either a cosmological constant or from the vacuum en-
plots we took the initial values ofp;(init) to be zero at ergy O.f "?‘”Otf‘ef fieldor fields. Incl_uding the inflator_l and the
a,,= 1019 but very similar results are obtained when we field giving rise to the current ynlversal accelere}tlon we thgs
use equipartition of kinetic and potential energy by settingpr.Obably have at |east three |mpor'§ant scalar f|elds. contrip-
Y Pt uting to standard cosmology, making our suggestion of a
$i(init)==[2V;(init) ] large ensemble of such fields more palatable.

This idea has several advantages, including a “unifica-
DISCUSSION tion” of the inflaton field and the field that currently causes

This paper suggests a class of models that might eXp|(,ii|.|niversal accele'ration, as well as perhaps de.te_ctable periods
the cosmic coincidence problem without invoking the an-Of vacuum dominance in the past, and predictions that the
thropic principle. The basic idea is that there is an ensemblEUrTent era of vacuum dominance will end and twas not
of scalar(or pseudoscalafields with exponentially distrib- Precisely unity. This last prediction might be testable in pro-
uted parameters that cause them to dominate the universd sed experiments to measure the value and time derivative
expansion at random times throughout the history of the Uni® Wh[ls]' ibilit . h
verse. This paper does not attempt to solve the basic cosmohT Iere are many possibi |t|e|s and open ?]ueit'lons ft at
logical constant problem of why the energies of all the scalapould be addressed. A general question is what kind of po-
fields sum to near zero today, but does allow for consistencgnt'als and initial values can give rise to realistic implemen-

between the present accelerating expansion and a zero suflions of this idea, and what kind of theories could give rise
The simple polynomial models used here do require finelo such an ensemble of fields and initial data? Other impor-

tuning of their initial values and coupling constants. The ini-{&Nt guestions are probably difficult to address without a

tial values determine the time of domination and the value&°re SPecific field theoretic framework; for example, one
of the \’s determine whether or not vacuum domination should consider how each of these small periods of vacuum

takes place and for how long. Note that in models with at.dominance end: Are particles created? Do substantial adia-
' batic or iso-curvature fluctuations result? Is the Universe re-

tractor potentials there is no need to fine-tune the initial val- .
eated? Is the power spectrum affected? Even in a model

ues, and so these models have received the bulk of the atte@ f h h
tion of the community. In our scenario, we could probably 9€Pendent way it would be interesting to explore how much
and what kind of late time vacuum domination, or near

remove this fine-tuning by considering an ensemble of hy-

brid potentials which have tracking behavior at early timesdom'nat'on' is allowed by current observations. It may even

and then asymptote to polynomials witi>4 after domi- be that periods of vacuum dominance, or near dominance,

nance, but for simplicity’s sake we did not pursue this optionCOUId help the fit between theory and observation, or that the

in this paper. The basic point is that if one wants a nonan[eftover oscillating fields could make up some of the dark

thropic solution to the cosmic coincidence problem, onematter. In ge_nerql one could ask WhaF sets of fields and initial
probably wants an ensemble of fields with properties such agata could give rise to our current Universe and what observ-
we discussed. This clue may motivate field or string theorist&P!€ effects would remain today?
to find a way of naturally generating such an unusual set of
initial conditions and coupling constants, or to find an en-
semble of hybrid potentials that switch from tracking to de-
cay in the right way. We thank Andy Albrecht, Neal Dalal, Saul Perlmutter,
In summary, we have not investigated any models in deEwan Stewart, Martin White, and Art Wolfe for discussion
tail and have no first principle reason for why such an en-and valuable suggestions. This work was supported in part
semble of fields should exist or why their parameters shouldby the U.S. Department of Energy, under Grant DOE-FGO03-
be properly distributed, but we are using the idea of a nonan97ER40546.
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