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A variety of observations indicate that the Universe is dominated by “dark energy” with negative pressure,
one possibility for which is a cosmological constant. If the dark energy is a cosmological constant, a funda-
mental question is, why has it become relevant at so late an epoch, making today the only time in the history
of the Universe at which the cosmological constant is of the order of the ambient density. We explore an
answer to this question drawing on ideas from unimodular gravity, which entails fluctuations in the cosmo-
logical constant, and causal set theory, which predicts a specific magnitude for the fluctuations. The resulting
ansatz provides a cosmological “constant” which fluctuates about zero, remaining always comparable to the
ambient energy density.
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I. INTRODUCTION sense of this, they typically need to invoke an extremely
small mass scalenf<10 33eV). Even more disturbing,
The most startling discovery to emerge from the recennone of them are connected to realistic particle physics mod-
plethora of cosmological data is that the Universe appears téls. Perhaps then, instead of altering the energy content of
be dominated by a so-called dark enefdy-3]. We know the Universe, we need to look in another direction and
that this dark energy accounts for roughly 70% of the effecimodify gravity in order to explain the appearance of dark
tive energy density in the Universe, does not cluster like€Nergy. _ o
ordinary matter, and has negative pressure. Otherwise, we 1he Simulations reported here flesh out an old heuristic
are in the dark about the nature of this extraordinary phePrediction[7.8] of a fluctuating cosmological term arising
nomenon. from the basic tenets of causal set the%m.t_umv_ely, the
Perhaps the most popular explanation is that the dark ers(yords “cosmological term” refer to a contribution to the

ergy is due to a cosmological constant, for such a paramettffarﬁect've stress-energy-momentum tensor of the farm

A was introduced into general relativity at its biffi#h] and =A(x)g,,, . However, in clas_S|caI general relativitsR)
: . . : such aA (x) must be constant if the total energy momentum
has remained an important tool for cosmologists seeking tQ

- in other components of ,, is separately conserved. Here we
model the observed Univerdé&]. The strongest argument b g b y

. . . - consider a specific modification of GR motivated by the
against the cosmological constant is that naively we expect Eearch for a theory of quantum gravity based on causal sets.
to contribute an effective energy densip,=A, of order

P ) X f Although the ultimate status and precise interpretation of
mp=«"%, wherex=8nG is the rationalized Newton con- the prediction of a fluctuating. must await the development
stant andm, is the corresponding Planck mas%his esti-  of a quantum dynamics for causal sEg§ the basic lines of
mate is some 120 orders of magnitude larger than the olthe argument are simple and general enough that they have a
served value. An equivalent way of stating the problem is tacertain independence of their own. In this paper we review
note that, if we give\ its observed value, then only today is the motivation for a fluctuating\ from causal set theory,
it of the order of the ambient density in matter or radiation.propose an ansatz for the form of these fluctuations, apply
At all past epochsp, would have been sub-dominant and the latter to the Friedmann equation with a time-dependent
immensely so. Many people have felt that no theory couldcosmological term, and find that we can have a viable cos-
naturally predict such a tiny value fok (or equivalently mology for some fraction of the solutions. Finally, we ad-
such a late epoch for it to become releyamithout predict- dress issues related to our choice of evolution equations.
ing A to vanish entirely, and for this reason they have sought
other explanations of the observation_s. Il. CAUSET THEORY

Many alternatives to the cosmological constant have been
proposed. Most significant among these are “quintessence” Here, we will review the arguments leading to a fluctuat-
models in which the dark energy is due to a homogeneouiig cosmological term and then describe the specific ansatz
scalar field shifted away from the true minimum of its po- via which we have chosen to implement their main implica-
tential [6]. Like a simple cosmological constant, many of tion: that A can be expected to fluctuate and with a magni-
these suffer from the “why now?” problem: Why does the tude that diminishes as the Universe grows older.
quintessence field come to dominate only recently? To make In causal set“causet”) theory, the predicted fluctuations

Yn this paper, we will use units in which=c=my=1. 2For an introduction to the causal set hypothesis[3et0].
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arise, as a kind of residugand nonlocal quantum effect, or “renormalized” A represents nothing more than a con-
from the underlying spacetime discreteness. More specifistant of integration.

cally, the basic inputs to the argument are spacetime discrete- If this were the whole story, then our conclusion would be
ness leading to a finite numbdf of elements, the interpre- thatA is subject to quantum fluctuatioriist like energye
tation of spacetime volumg as a direct reflection dfl, the  in ordinary quantum mechanigsut it would not be possible
conjugacy ofA to spacetime volum®, and the existence of t0 say anything about their magnitude or about the magni-
fluctuations in coming from Poisson fluctuations M. (Of ~ tude of the mean\ about which the fluctuations would oc-

these four inputs, the first is not peculiar to causal sets, bfu"
the remaining ones all are to a greater or lesser extent. But here there enters a second aspect of the causal set

The two most basic tenets of causal set theory are, ﬁrs{?ypothesis that we have not mentioned earlier. In order to do

that the causal ordering of macroscopic events reflects Wségﬁ rfﬁnlq?;,ceilah%ﬁgﬁ&”gi;ﬁﬂgfbéhgxggrﬁonqs;ngg sbjb
more fundamental order relation among the elements of a '

. ; . . . “Ject to Poisson-type fluctuationsyhich, as is known, have a
underlying discrete structure to which continuous spacet|mé ) i i ] ]
is only an approximation and, second, that the four-volumdyPical magnitude ofN. This means that, in holding{
of a region of spacetime reflects the number of discrete eldix€d at the fundamental level, we in effect fikonly up to
ments of which the region is “composed.” The hypothesizedfluctuations of magnitude- vV (Notice that these are not
discrete substratum arausal setis taken to be a partially dynamical fluctuations. Rather they occur atkimematic
ordered set and its dynamics is conceived of as a kind ofVel: that of the correspondence between order theoretic and
growth process in which elements come into being one at &Patio-temporal variablgsHence, we do end up integrating
time. Although a classically stochastic dynamics expressin@Ver Some limited range of after all, and correspondingly

these ideas is by now fairly well developéifl], a corre- W€ do determine\ to some degree—but only modulo fluc-

sponding quantum dynamics is only just beginning to betuations that grow smaller a8grows larger. Specifically, we

sought. Any prediction of quantum fluctuations An must have
therefore rest on an anticipation of certain features of this
“new QCD” (quantum causet dynamics

Let us begin by assuming that, at some level of approxi-
mation, this dynamics will correspond to a spacetime “path
integral” in which one is summing over certain classes of
four-geometries. At the deeper level, however, this will still
be a sum over causal sets. Then let us take from the alrea
developed classical growth models for causal sets the featu

th?t thfe evlsr grm;vmg num:)N ?.f cau?ﬁt etlgments pLe_lyrS] ttr;]e must assume, as the evidence overwhelmingly suggests, that
r?eho ? Ind o pararr]r?eher 'Tﬁ_ ? llrre In-whic ¢ ?this “target value” is zero, for reasons still to be understdod.
stochastic process which mathematically represents h?hen we end up predicting fluctuations about zero of a mag-
growth unfolds and with respect to which the probabllltlesnitude given by Eq(1)

are normalized. Just as one does not sum over time in ordi- Independent of specifics, the spacetime volusghould

nary quan.tum _mechanlcs, one WOUId not expect to sum OVEle roughly equal to the fourth power of the Hubble radius,
causets with different values dfin the quantum theory. But H L. Therefore, at all times we expect the cosmological con-

because number corresponds macroscopically to volume
. . stant to be of order
this translates into the statement that one should Widiged
in performing the gravitational path integral. Any wave func- A~V Y22 @)
tion that arises will therefore depend not only on suitable

boundary data(say a three-geometrybut also on a four-  the critical density(recall that we are setting®8G=1). We

volume parametep. Such a restricted path integral may be thys obtain a prediction for today which agrees in order

called “unimodular.” o _ of magnitude with current fits to the astronomical data. And
Now the unimodular modification of ordinary GR has thjs argument is not limited to today: at all times we expect

been fairly well studiedi12], and it is understood that, within e energy density in the cosmological constant to(ine

it, A and) are conjugate in the same way that energy andypsolute valugof the order of the critical density.

time are conjugate in ordinary quantum mechanitleed, This is the basic idea, but any attempt to implement it

this is almost obvious from the fact that theterm in the  jmmediately raises questions whose answers we can at
general relativistic action is just the produetA).) In par-

ticular, this means that, to the extent thats held fixed in

the gravitational path integral, the effective cosmological sthe correspondence between the underlying causet and the ap-
constant will remain undetermined by the fundamental papoximating spacetime is defined via a Poisson process of “sprin-
rameters of the theoryAgain this is almost obvious by ref- kling” at unit density; see Refd7,13] for details.

erence to the classical limit of unimodular gravity, where the “one possible mechanism is that onty=0 is stable against the
Lagrange multiplier used to implement the fixéaonstraint  destructive interference induced bgn-manifoldfluctuations of the
combines with any “bare’A in such a way that the observed causal set.

AA~T/AV~1NY. (1)

As any proper dilemma should, that of the cosmological

constant has two horns: Why is so nearly zero and why is

it not exactly zero? None of what we have said so far bears

n the first question, only on the second. All we can conclude
that partially integrating ovey in the effective gravita-

fonal path integral will drive us towarsomevalue of A. We
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present only guess at, pending the development of a fullel
guantum dynamics for causets. At a conceptual level there i¢
first of all the question of precisely how to interpret the
that figures in Eq(1) and second of all the question how to
incorporate a fluctuating\ into some suitable modification
of the Einstein equations. At a more practical level, if we aim T
to understand, for example, how fluctuations An would
have affected structure formation, we need to know not only
their typical magnitude at each moment of cosmic time, but
also how the fluctuations at one moment correlate with those. a,pi A,
at other moments. 1

Concerning the conceptual questions, we will, for present
purposes, resolve them provisionally as follows. First we im- T
pose spatial homogeneity, so that the Einstein equations re
duce to a pair of ordinary differential equations for the scale
factora. Of these two equations, the first, the so-called Fried-
mann equation or Hamiltonian constraint, is first order in
time and embodies the energy law in this setting, while the0 Big Bang

second involvesa and, in the case of aon-fluctuatingA,
adds no information to the firéexcept at moments whem FI(_B. 1. Scheme}tlc'representatlgn of the backward light-cone at
two different cosmic times. Evolution of the scale factor between

=0). _NOWA enters th_e Friedmann equathn in its role ?S Mhe two time slices is determined by the Friedmann equation while
effective energy densityp,=A, whereas it enters tha A varies stochastically.

equation in its role as an effectiyessure p=— A. Unfor-
tunately, these equations taken together imply thatannot

vary.wnh time-’ Therefore, to allqv\A to fluctuate, we mu_st .discrete quantum gravity theory that incorporates the equal-
modify at least one of the equations. We choose to malntau&y N=1 between volume and number of elements

the F“edma”” equation qnd the relatn_ms,hA;FA. We can With reference to the Einstein-Hilbert Lagrangian, one
then retain the second Einstein equation as well if we makeq ;4 describe the cosmological constant as the “action per
the ansatzp, = —A—A/3H, H=a/a. (Equivalently, we ig-  unit spacetime volume which is due just to the existence of
norep, and drop the second Einstein equation entifely.  spacetime as such, independent of any excitations such as
The quantity) which governs the magnitude of the fluc- matter or gravitational waves.” Re-interpreting volume as
tuations inA we will identify (up to an unknown factor of number of elements, we can say, then, thais the “action
order unity with the volume of the past light cone of any per element.” One would expect this to be of order unity in
representative point on the hypersurface for which we wanfundamental units, and if we identify the latter with Planck
the value of), as illustrated in Fig. 1. Although this inter- units, we get the old answer which is off by some 120 orders

pretation is somewhat at odds with the meaning thaas in ~ ©f magnitude. On the other hand, if we suppose that each
the unimodular context, it seems more in accord with causalélément makes its own contribution and these contributions
ity, and it is the only number accessible to observation in anyluctuate in sigrf, then the relative smaliness of will be
useful sense. explained, but one would also expect a resid@ contri-
With these choices made, the only remaining question iution toSto remain uncanceled. Consequently, there would

what sort of random process we want to use to simulate ouiemain a residual contribution to the action per element of
fluctuating A. Ideally, perhaps, this would be some sort of \/N/N=1/\/N, in agreement with our earlier argument.
“gquantal stochastic procesgsince the underlying physicsis ~ To implement such an ansatz is now straightforward.
quanta), but here we do the simplest thing possible and letWhat we need for the sake of the Friedmann equation is just
the fluctuations inA be driven by those of an unadorned A as a function oN (or equivalently of))). To produce such
random walk. In fact the ansatz we will use has some apped function we need only generate a string of random numbers
in its own right as an independent “story” of why the cos- of mean 0 and standard deviatior(shy and identify A (N)
mological constant might be expected to fluctuate in anywith the ratioS(N)/N, whereS(N) is the sum of the firsh

of our random numbers. Modulo implementational details

this is the scheme we have used in the simulations on which

SWe assume here that whatever matter or radiation is prese€ report next.
obeys its usual equation of motion so that its energy is separately
conserved. This implies, via the two Einstein equations, that\the
component of the effective energy is also conserved, which in turn It would probably be more suitable to speak not in terms of
forces A to be constant unless we modify its “equation of state,” action S but rather exg&%) and say that the contributior(®ow
PA=—Pa - multiplicative rather than additiyefluctuate inphase

. Bty P> Ny
i+1

i+l
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FIG. 2. Evolution of the energy densities in the Universe. The
thick curve is the absolute value of the energy density in the cos-

mological constant. The fluctuating, is always of order the am-
bient density, be it radiatiofearly on or matter(later). Here the
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FIG. 3. The ratio of the energy density in cosmological constant
to the total density as a function of scale factor. Here0.02.

Hidden in the gross structure of Fig. 2 are the fluctuations

dimensionless parameter which governs the amplitude of the aPout this average scaling. These fluctuations are crucial if

fluctuations has been set to 0.01.

Ill. SIMULATIONS

We take as the spacetime volume

3

V(t)= %fot dt’a(t’)® jtdt”/a(t”) ®)
t/

the theory is to describe the real Universe for two reasons:
First, there cannot be too much excess energy-at0 ° or

else the successful predictions of big bang nucleosynthesis
(BBN) will be destroyed. Second, i, scales exactly as
matter today, it will not have the correct equation of state to
account for the cosmological observations. Figure 3 shows
the ratio of the energy density it to the total energy den-
sity as a function of the scale factor for another realization,
this time with a slightly larger value of. This ratio,Q, ,

wherea(t) is th_e scale factor of the Universe at proper timefctuates about zero with an amplitude of order &S we
t. Note from this formula that the backward light-cones de-,;, shortly see, this amplitude is a function af). In this

picted in Fig. 1 are quite deceptive: becaag€) was much o icylar realizationA accounts for over 50% of the energy
smaller in the past and vanishes at the big bang, most of thgggjty today and changes very littlle going back to redshift
four-volume V' of these light cones accumulates recently.,_ 1 (a=0.5); thus it behaves recently as a true cosmologi-

. . _4 .
One consequence of this is that-H " recently, even if .5 constant, and therefore satisfies the observed cosmologi-

there was a period of cosmic inflation in the early Universe .| constraints.

Our algorithm for calculating the cosmological constantat |, haif the realizationsA will be positive today. Whether

time stepi +1 is then to set or not it is positive enough to explain the observations then
becomes a question of probability. Fer=0.02, it clearly is

ONi=Ni 1= Ni =Wt y0) = W) @ hot that improbablgindeed, in the same run, we see another
and then write spike in the energy density at=0.1).
The same qualitative argument applies to the BBN and
CMB constraints. Consider first BBN where the situation
a1V ON; . .
Ajiq= Si“: Stadin L (5) appears even a little better. Half of the time the extra energy

Nii1 N;+ 6N; density from the fluctuatings will be negative, thereby re-
ducing the total energy density in the Universe. This in turn
Here a is an unknown dimensionless parameter which gov-yij| slow the expansion rate and reduce the predicted abun-
erns the dynamics of the theor§, . ; is a random number gance of“He. There is some disagreement at present as to
with mean 0 and standard deviation 1, &hds set to zero at  whether the current observations agree with the standard cos-

some very early time,. We then expand the Universe ac- mological model or nof15], with some cosmologists argu-

cording to ing that the observed abundances are too low. A negative
S\ 2 would fix this problem.
H2= E _ E + o 6 Constraints from cosmic microwave backgroui@MB)
la) 3(’)”“5‘“er Pradiatior™ ), ©) observations are more difficult to predict. Let us consider

primary anisotropies—those associated with the last scatter-

recompute the new spacetime volume and repeat. ing surface itself—and secondary anisotropies—those im-
Figure 2 shows the evolution of the energy density in oneprinted latter—separately. A principle contribution of scaling
such realization. During the radiation ergp,| scales fields to modifying primary anisotropies comes from shifting
roughly asa™#, while during the matter era it scalesas®. the epoch of matter-radiation equality: as most scaling field
Thus at all times it is comparable to the ambient energymodels contribute extra radiation prior to matter-radiation
density. If the recipe we have devised for implementing theequality, they delay its onset. This directly affects the CMB
ideas of causal set theory and unimodular gravity is an accuy changing, for example, the amplitudes and positions of

rate approximation to the ultimate quantum theory, therthe acoustic peaks. Unlike most scaling fields, however, our

these modifications of GR do indeed lead toemerpresent
A, a cosmological term which is always with [4].

fluctuatingA can be negative prior to matter-radiation equal-
ity. This means that matter-radiation equality will not neces-
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1500

AL I B B dimensional frequency plot with both , andw on the axes.

We have not done so here because the definitiom fofr our
model requires reference to the particular experiment de-
signed to measure it. It has no instantaneous meaning as
formulated here.

There is therefore a tension: if we pushtoo low, it
becomes very unlikely that, will be large enough today to
agree with observations. If we pushtoo high, there inevi-
tably comes a time at which the total effective energy density
e in the Universe becomes negative and the simulation cannot

a, continue. Of course we are dealing with probabilities, so for
any value ofa there is always the chance that the total en-

FIG. 4. A histogram of the final value &1, , the ratio ofpy to  ergy density remains positive throughout the history of the
the total density. The dimensionless parameter governing the fluqniverse and the final value of, is large enough to account
tuations inA has been set ta=0.01. for observations. Fortunately, this happens reasonably often

for « in the range 0.01—0.02. Nonetheless, we suspect that
sarily be delayed by the presence of the dark energy compgge will ultimately have to deal more directly with the pos-
nent. On average, we expect the standard result. sibility that p,o goes negative.

The story is similar for the secondary anisotropies. A prin-  \we would also like to comment here on the possible ob-
ciple source of secondary anisotropies is the integrategbction that ana around 0.01 is “unnaturally” small. Actu-
Sachs-Wolf(ISW) effect. As a first approximation, let us ajly, « can be thought of as the ratio of two conceptually
consider our fluctuating and tracking to be just an addi- gjstinct magnitudes, oneall it s) being the “contribution to
tional dark matter component after last scattering. Then, age action of a single causet element” and the other biing
we consider flat cosmological models, there should be nQynere| is “the linear size of a causet element in Planck
contribution to the ISW effect. Hence, we again find no con-pjts.” Presumably, “naturalness” would then require that
tribution on average. Of course, a more careful analysis ofoths andl be of order unity. But to obtair=0.01 it would
structure formation would be required to confirm this. We dosufﬁce, for example, to take=1/2 andl =50"4=2.66, nei-
not attempt this here as it would require our first constructingner of which is a particularly big number.

a set of evolution equations that include the influence of
inhomogeneities. Our fluctuation ansatz so far is valid only
in the flat isotropic case. As we discuss in the next section, it
is not clear how our ansatz should be extended to inhomo- We can think of two ways to deal with the possibility of a
geneous cosmologies. negative py,; Without having to terminate the simulation:

Why have we chosen in the range 0.01—0.02? In part, change the implementation so that this never occurs or rein-
our choice responds to a fundamental incompleteness in owrpretp,,, going to zero(or negative so as to give a viable
implementation. Ife exceeds 0.01 by very much, there will cosmology.
inevitably be times during which the total effective energy  One possibility would be to suppose thatfluctuates but
density, the sum of the terms in parentheses on the right side positive semi-definite. This is the position adopted by Ng
of Eq. (6), goes negative, thereby invalidating the equationand van Dam in Ref{16]. There, they argue that the kernel
(Whenever this happens, we terminate the )rim.the next  for the Euclidean gravitational path integral overhistories
section we offer some thoughts on this problem; here weakes the form
simply spell it out.

Figure 3 shows a history fox=0.02 going back to the s F{24772>

e “Exex ,

1000

500

Number
LI B B B B B B

IV. COMPLICATIONS

()

time of decoupling. If we had started earlier, say at the A
“Planck time” a~ 102, we would have had only about a 1

in 3 chance of completing the run without hitting a time atin our units. From this, they argue that the most probable
which p,; went negative. Takinge=0.01 evades this prob- value of A is zero and that, if it is not zero, it must be
lem; for that parameter choice, very few runs hit a time atpositive. As they observe, however, this result is peculiar to
which the total energy goes negative. However, tor the assumptions of Euclidean quantum gravity with all its
=0.01, the fluctuations are smaller. Figure 4 shows a histouncertainties and controversy. In particular, this result does
gram of final values of), for 6000 realizations, each with not seem to follow from causal set theory or unimodular
a=0.01. Only rarely does the final value 6¥, approach gravity by themselves and we do not favor it.

those necessary to explain the observations. In saying this, Another possibility would be to suppose that the cosmo-
we have naively equated the observational value quoted fdogical term comes from a decrease in the local energy of
Q , with the contemporary value of our fluctuating variable one of the matter fields or gravitational waves. This is the
Q, . However, because neithdrnorw=p, /p, is constant philosophy of, for example, Frees al. (first reference in

in our model, a more careful comparison with observation6]) and Chen and W[L7] who consider non-fluctuating, but
could be done. Current observations constrain dthand  time dependent, cosmological termgt)ca™"(t). As men-

w. For our model, it would be interesting to have2a-1)-  tioned above, this supposition is forced upon us if all of
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Einstein’s equations are to be simultaneously satisfied and the classical theory. Consider, for example, a dust filled, flat
the standard equation of state fdr is to obtain. That is, universe with a negative cosmological consteg 0 (a true
Einstein’s equations—the contracted Bianchi identity inconstant The 0-0 component of Einstein’s equations gives
particular—require that total energy-momentum be conys the Friedmann equationH3=p,,. Meanwhile, thei-i
served. Thus, in classical GRR, cannot fluctuate without a component gives us the deceleratic/@= — |\ o| — H2. We

compensating fluctuation in Fhe energy-momentum denSIt3§ee that, once the matter has red-shifted enough that the total
of one or more of the matter fields. Ou_r ?‘proaCh has _been t(‘-,?ffective energy density vanishes, the universe stops expand-
solve this problem by, in effect, mothymg.the equatlon_ inng and begins to contract. As it contracts, the energy density
state forA. Nevertheless, let us consider briefly the possibil-. it in bedins t dth itude of th
ity of instead adapting the solution above to our case. Sup'—n matter once again begins to exceed the magnitude ot the

pose that some matter component—let us take gravitati0nz?losmolog'caI term angg never becqmes negative. )
waves as a concrete example—were somehow converted into W& €xpect that something like this phenomenology will
the energy density of a cosmological term. Meanwhile, weCaTy OVer into our case except that, with a fluctuating cos-
suppose that the energy density in every other componefiological term, it seems likely that the collapse can reverse
(dust, radiation, etg.is separately covariantly conserved. itself if the cosmological term later becomes sufficiently

Then, the first law, negative a second time. This is in contrast with the classical
example above where once the universe starts to collapse, the
d " 34 .3 dpiot matter term always dominates and keépss negative. In our
gt (Pt Po)a]=a’ ==, model, however, we would expect the amplitude of the cos-
mological term’s fluctuations to track the matter or radiation
applied to these two components becomes energy density in the collapsing universe.
) ) Of course, none of this follows from the simple evolution
Pgrav= — 4Hpgra— A(1), (8) ansatz we have implemented in this paper. Such detailed dy-

namical understanding must await further developments.
whereH is the Hubble parameter. As could be expected, arNevertheless, it is reasonable to suppose that the complete
increase i\ must lead to a decrease in the energy density irtheory will reduce in stages: a full theory with non-metric
the gravity waves. However, for a generic fluctuatif@t), structures at the Planck scale and a semi-classical theory de-
the cosmological term might increase enough that the energgcribing metric structures at larger scales. Furthermore, it is
density in gravity waves is forced to become negative. It iseasonable that the semi-classical theory will be describable
not clear how this could be interpreted and it appears that was some sort of sum-over-histories, where the intermediate
would simply exchange one problem for anothlote that, states are three-geometries. We can envisage the evolution
in the case of Freeset al. and Chen and Wu, this is not a equation we propose as some sort of classical approximation
problem, since their cosmological terms decrease monotonto propagation in a stochastic potential. In the sum-over-
cally with the expansion of the Univergé&hus, we see that histories theory, we expect that,<0 will correspond to a
this solution might work with a fluctuating. if we demand tunneling-type solution. Our difficulty in handling,,;<0
that A <0. In fact, relaxation processes of this sort have beefere is, in this sense, no different from the more venerable
considered for some time. The earliest we are aware of is th@roblem of finding an effective, classical description of bar-
of Abbott[18]. Recently, there has been renewed interest in dler penetration.
similar suggestion of Brown and Teitelboift9] where do- Beyond our inability to deal with “tunneling” behavior, a
mains of four-form flux decay spontaneously, relaxing thesecond, potentially more serious incompleteness of our
effective local value of the cosmological term; §@8] for ~ implementation is its assumption by fiat of spatial homoge-
recent references. The difficulty with these proposals is agaif€ity: we have allowed\ to fluctuate in time but not in
the “why now?” problem: relaxation rates and/or boundary Space. To overcome this limitation, one would have to gen-
values must be tuned for any hope to obtain a viableeralize the ansatz we have made for th& ‘tquation of
cosmology. state” to the case of a spatially varying cosmological term,

All in all, neither of these possible solutions really seemssomething we do not know how to do. Were this to be done,

to come to grips with the central difficulty: Within the con- an important question would be how the resulting spatial
texts of causal set theory and unimodular gravity, the sign ofluctuations inA would affect the isotropy of the cosmic
the total effective energy density is fundamentally not con-microwave background radiation and the power spectrum of
strained. We see no good reason to assume either\thiat ~ matter fluctuations. Since the overlap of the pasts of regions
positive definite or tha will always decrease. Thus, let us in different parts of the sky could easily be very small, one
seek instead to understand what happens whpgnap-  might worry that too great a degree of spatial inhomogeneity
proaches and perhaps goes through zero. Our guide will baould develop in both matter and radiation. On the other

hand, the temporal fluctuations a&f might tend to average

out the effects of its spatial fluctuations; a recent positive
7Of course, back when Abbott and Brown and Teitelboim first Might reduce an otherwise excessive “structure formation,”
made their suggestions, there was no compelling evidence for @nd the uneven expansion induced by the tempdréluc-
non-vanishing cosmological term. One needed only to make it smafuations might plausibly act to increase the overlap of the
enough. past light conegenlarge the “horizonj. Finally, quantum
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effects might induce correlations betwegnin different re-  tably will confront anyone wishing to implement this idea.
gions, even without major overlap of their pasts, given thatUntil these issues are resolved, it will be difficult to make
the fluctuations we are studying arise from an underlyinginambiguous, robust predictions. Nevertheless, one can al-
mechanism that is both nonlocal and quantal. In the absend€ady see that this theory of a fluctuatingdiffers signifi-

of further simulations or an extension of the theoreticalcantly from most other solutions to the dark energy problem.

framework, it is difficult to go beyond a mere statement ofMost important for its testability is the notion that it may
some of these possibilities. have affected the evolution of the Universe at early times.

Thus, the primordial generation of perturbations during a
possible inflationary phase, production of light elements in
big bang nucleosynthesis, acoustic oscillations in the back-
It is still too early to understand the full implications of ground radiation, and the evolution of structure at more re-
recent cosmic discoveries that point to dark energy in th&ent times all may yield clues and tests of the idea of an
Universe. A number of possibilities have previously beeneverpresenti.
explored in detail, including a non-zefbut truly constant If the idea of an everpresent is correct, it will manifest
cosmological constant and zeroA with dark energy hid- @ pleasing symmetry between the very small and the very
den in a scalar field. large. For then, not only will gravity, which is largely absent
It is also possible, though, that the measurements are telld the micro-world, become once again important on Planck-
ing us that we need to mod|fy our understanding of spacéan scales under the influence of quantum meChamCS, but
and time. In particular, the notion that spacetime is continuduantum mechanics, which is largely absent in the macro-
ous may be simply an approximation that breaks down onvorld, will become once again important on cosmic scales
scales as small as the Planck scale. If so, drawing on idea#der the influence of gravity.
from causal set theory—which postulates a discrete
spacetime—and unimodular gravity, we have shown that the

cosmological “constant” need not be a fixed parameter. This work was supported by the DOE at Fermilab, by
Rather, it arguably fluctuates about zero with a magnitudgyasa grant NAG5-10842 and by NSF grant PHY-0079251.
1/\/1—2, V being some measure of the past four-volume. Thdt was also supported at Syracuse University by NSF grant
amplitude of these fluctuations is then of the right order ofPHY-0098488. S.D. and R.D.S. would like to acknowledge
magnitude to explain the appearance of dark energy in ththe hospitality of the Aspen Center for Physics where their
Universe. This argument is so general that it would apply atollaboration began, and R.D.S. would like to acknowledge
all times, and, indeetas confirmed by our simulationsve  the hospitality of Goodenough College, London, where part
expect the effective energy density in the cosmologicabf this work was done. P.B.G. would like to acknowledge
“constant” to always be of order the ambient density in the useful conversations with J. Moffat at the University of Tor-
universe. onto and the hospitality of Lev Kofman and the Canadian
In Sec. IV, we presented a number of issues which ineviinstitute for Theoretical Astrophysics while there.

V. CONCLUSION
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