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Abstract
The universe appears to be accelerating, but the reasonsndayomplete mystery. The
simplest explanation, a small vacuum energy (cosmologimastant), raises three difficult
issues: why the vacuum energy is so small, why it is not q@&te,zand why it is comparable
to the matter density today. | discuss these mysteries, sétheir possible resolutions, and
some issues confronting future observations.

11 Introduction

Recent astronomical observations have provided stromtgpee that we live in an
accelerating universe. By itself, acceleration is easyndeustand in the context of gen-
eral relativity and quantum field theory; however, the vanall but nonzero energy scale
seemingly implied by the observations is completely pediplg In trying to understand the
universe in which we apparently live, we are faced with a fgwoh a puzzle, and a scandal:

e Thecosmological constant problem: why is the energy of the vacuum so much smaller than
we estimate it should be?

e Thedark energy” puzze: what is the nature of the smoothly distributed, persistaetrgy
density that appears to dominate the universe?

e Thecoincidence scandal: why is the dark energy density approximately equal to theéenat
density today?

Any one of these issues would represent a serious challeng®ysicists and astronomers;
taken together, they serve to remind us how far away we ane frederstanding one of the
most basic features of the universe.

The goal of this article is to present a pedagogical (andsseedy superficial) introduc-
tion to the physics issues underlying these questionserrdittan a comprehensive review;
for more details and different points of view see Sahni & &bamski (2000), Carroll (2001),
or Peebles & Ratra (2003). After a short discussion of theeisgust mentioned, we will
turn to mechanisms that might address any or all of them; vlepay special attention to

* “Dark energy” is not, strictly speaking, the most descvipthame for this substance; lots of things are dark, and
everything has energy. The feature that distinguisheselegkgy from ordinary matter is not the energy but the
pressure, so “dark pressure” would be a better term. Howitvemnot the existence of the pressure, but the fact
that it is negative—tension rather than ordinary pressuhat-drives the acceleration of the universe, so “dark
tension” would be better yet. And we would have detectedriglago if it had collected into potential wells
rather than being smoothly distributed, so “smooth terfsiayuld be the best term of all, not to mention sexier.
| thank Evalyn Gates, John Beacom, and Timothy Ferris fove@ations on this important point.
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the dark energy puzzle, only because there is more to sayt #iaiussue than the others.
We will close with an idiosyncratic discussion of issuesfeonting observers studying dark
energy.

12 The Mysteries

121 Classical Vacuum Energy
Let us turn first to the issue of why the vacuum energy is sméilen we might
expect. When Einstein proposed general relativity, hisl #gjuation was

Ry — %Rg,“, =8rGT,, , (1.1)

where the left-hand side characterizes the geometry obsipae and the right-hand side the
energy sources,, is the spacetime metri®,,, is the Ricci tensoRis the curvature scalar,
andT,, is the energy-momentumtensor. (I use conventions in wévch=1.) If the energy
sources are a combination of matter and radiation, there@selutions to (1.1) describing
a static, homogeneous universe. Since astronomers anibebtlieved the universe was
static, Einstein suggested modifying the left-hand sidei®Equation to obtain

Ry — %Rg,“, +Agy, =81GTy, (1.2)

whereA is a new free parameter, the cosmological constant. Thisegg@ation admits a
static, homogeneous solution for whidh the matter density, and the spatial curvature are
all positive: the “Einstein static universe.” The need facls a universe was soon swept away
by improved astronomical observations, and the cosmaibganstant acquired a somewhat
compromised reputation.

Later, particle physicists began to contemplate the poisgibf an energy density inher-
entin the vacuum (defined as the state of lowest attainalelgygh If the vacuum is to look
Lorentz-invariant to a local observer, its energy-momantensor must take on the unique
form

T,Ysc = —pvacuv > (1-3)

where pyac IS @ constant vacuum energy density. Such an energy is asstavith an
isotropic pressure

Pvac = ~pvac - (1.4)

Comparing this kind of energy-momentum tensor to the aresr of the cosmological
constant in (1.2), we find that they are formally equivalastcan be seen by moving the
Ag,, termin (1.2) to the right-hand side and setting

A
pvaC:pA = % . (1.5)

This equivalence is the origin of the identification of thesigmwlogical constant with the
energy of the vacuum.

From either side of Einstein’s equation, the cosmologiocalstantA is a completely free
parameter. It has dimensions of [length]while the energy density, has units [en-
ergy/volume]), and hence defines a scale, while generdiviglais otherwise scale-free.
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Indeed, from purely classical considerations, we canneheay whether a specific value
of Ais “large” or “small”; it is simply a constant of nature we slid go out and determine
through experiment.

1.2.2  Quantum Zeropoint Energy

The introduction of quantum mechanics changes this stomyesdat. For one
thing, Planck’s constant allows us to define a gravitatideragth scale, the reduced Planck
length

Lp=(87G)Y2 ~ 102 cm, (1.6)
as well as the reduced Planck mass
1 1/2
Mp= [ — ~ 10 GeV 1.7
- (m) eV, (L.7)

where “reduced” means that we have included this 8/here they really should be. (Note
that, withh =1 andc = 1, we haved. =T =M™ = E™%, whereL represents a length scalk,

a time intervalM a mass scale, artelan energy.) Hence, there is a natural expectation for
the scale of the cosmological constant, namely

Alquess) L2, (1.8)
or, phrased as an energy density,
plauess), Ma ~ (10" GeVy' ~ 10t % erg cmi® . (1.9)

We can partially justify this guess by thinking about quanfluctuations in the vacuum.
At all energies probed by experiment to date, the world isieately described as a set of
quantum fields (at higher energies it may become stringsraetiung else). If we take the
Fourier transform of a free quantum field, each mode of fixedelemgth behaves like a
simple harmonic oscillator. (“Free” means “noninteragtirfor our purposes this is a very
good approximation.) As we know from elementary quantummaats, the ground-state
or zeropoint energy of an harmonic oscillator with potdnfig) = %wzxz isEp= %hw. Thus,
each mode of a quantum field contributes to the vacuum enemngythe net result should be
an integral over all of the modes. Unfortunately this int¢gliverges, so the vacuum energy
appears to be infinite. However, the infinity arises from thietdbution of modes with very
small wavelengths; perhaps it was a mistake to include swades) since we do not really
know what might happen at such scales. To account for ourégme, we could introduce
a cutoff energy, above which we ignore any potential contiéims, and hope that a more
complete theory will eventually provide a physical justtion for doing so. If this cutoff is
at the Planck scale, we recover the estimate (1.9).

The strategy of decomposing a free field into individual meoaled assigning a zeropoint
energy to each one really only makes sense in a flat spacesickgiound. In curved space-
time we can still “renormalize” the vacuum energy, relatthg classical parameter to the
quantum value by an infinite constant. After renormalizatilhe vacuum energy is com-
pletely arbitrary, just as it was in the original classida¢dry. But when we use general
relativity we are really using an effective field theory tasdegbe a certain limit of quantum
gravity. In the context of effective field theory, if a paraerehas dimensions [mas8sjve
expect the corresponding mass parameter to be driven up sxtie at which the effective
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description breaks down. Hence, if we believe classicabg@nelativity up to the Planck
scale, we would expect the vacuum energy to be given by oginafiguess (1.9).

However, we believe we have now measured the vacuum enexgygth a combination
of Type la supernovae (Riess et al. 1998; Perimutter et 89;1Rnop et al. 2003; Tonry et
al. 2003), microwave background anisotropies (Spergdl &083), and dynamical matter
measurements (Verde et al. 2002), to reveal

P29~ 1078 erg cmi® ~ (103 eV)*, (1.10)
or
o) ~ 107205357 (L1

For reviews, see Sahni & Starobinski (2000), Carroll (200tPeebles & Ratra (2003).

Clearly, our guess was not very good. This is the famous X@86re-of-magnitude dis-
crepancy that makes the cosmological constant problemaugtdring embarrassment. Of
course, it is somewhat unfair to emphasize the factor 8f°%L@hich depends on the fact
that energy density has units of [energyVe can express the vacuum energy in terms of a
mass scale,

Pac= Myac , (1.12)
S0 our observational result is

M) 103 eV (1.13)
The discrepancy is thus

Mo ~ 1073OM(Gees9). (1.14)

We should think of the cosmological constant problem as erejmmncy of 30 orders of
magnitude in energy scale.

1.2.3 The Coincidence Scandal

The third issue mentioned above is the coincidence betwezaliserved vacuum
energy (1.11) and the current matter density. To understaisd we briefly review the
dynamics of an expanding Robertson-Walker spacetime. ¥bleition of a homogeneous
and isotropic universe is governed by the Friedmann equatio

81G
sz%p—i (1.15)

wherea(t) is the scale factokl =d/ais the Hubble parametes,is the energy density, and
k is the spatial curvature parameter. The energy density isradd different components,
p =Y _;pi» which will in general evolve differently as the universepards. For matter
(nonrelativistic particles) the energy density goespasx a2, as the number density is
diluted with the expansion of the universe. For radiatianghergy density goes ag oc a™,
since each particle loses energy as it redshifts in additithe decrease in number density.
Vacuum energy, meanwhile, is constant throughout spaegtimthap, oc a°.

It is convenient to characterize the energy density of eachponent by its density pa-
rameter
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0= (1.16)
Pc
where the critical density
3H2
=—— 1.17
e (1.17)

is that required to make the spatial geometry of the univees#lat = 0). The “best-fit
universe” or “concordance” model implied by numerous obatons includes radiation,
matter, and vacuum energy, with

Oro ~ 5x10°
QMO ~ 03
Qro =~ 0.7, (1.18)

together implying a flat universe. We see that the densitiesdtter and vacuum are of the
same order of magnitudeBut the ratio of these quantities changes rapidly as thecusév
expands:

Q
T

Om  pm
As a consequence, at early times the vacuum energy was itdgyligcomparison to matter
and radiation, while at late times matter and radiation &gligible. There is only a brief
epoch of the universe’s history during which it would be plossto witness the transition
from domination by one type of component to another. Thiflustrated in Figure 1.1, in
which the various density parametéXsare plotted as a function of the scale factor. At early
times(g is close to unity; the matter-radiation transition happetetively gradually, while
the matter-vacuum transition happens quite rapidly.

How finely tuned is it that we exist in the era when vacuum anttenare comparable?
Between the Planck time and now, the universe has expandadawmyor of approximately
10°2. To be fair, we should consider an interval of logarithmipamsion that is centered
around the present time; this would describe a total expanisy a factor of 16*. If we
take the transitional period between matter and vacuumctadee the time fronf2, /Oy =
0.1 to Q4 /Qw = 10, the universe expands by a factor of ¥86- 10°%”. Thus, there is
an approximately 1% chance that an observer living in a rantiglgelected logarithmic
expansion interval in the history of our universe would bekijuenough to hav@y andQ,
be the same order of magnitude. Everyone will have his owarfe/way of quantifying
such unnaturalness, but the calculation here gives soraepidie fine-tuning involved,; it
is substantial, but not completely ridiculous.

As we will discuss below, there is room to imagine that we ateally not observing the
effects of an ordinary cosmological constant, but perhagiark energy source that varies
gradually as the universe expands, or even a breakdown efgeelativity on large scales.
By itself, however, making dark energy dynamical does négrod solution to the coin-
cidence scandal; purely on the basis of observations, ihsedear that the universe has
begun to accelerate recently, which implies a scale at wéidchething new is kicking in.
In particular, it is fruitless to try to explain the matteatét energy coincidence by invoking

(1.19)

* Of course, the “matter” contribution consists both of oedinbaryonic matter and nonbaryonic dark matter,
with Qp & 0.04 andQ2pm =~ 0.25. The similarity between these apparently independeantifies is another
coincidence problem, but at least one that is independeiithef we have nothing to say about it here.
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Fig. 1.1. Density parametefy for radiation (R), matter (M), and vacuumY, as a function
of the scale factoa, in a universe withf2,g = 0.7, Qmo = 0.3, Qro =5 x 107°. Scale fac-
tors corresponding to the Planck era, electroweak symnbe¢igking (EW), and Big Bang
nucleosynthesis (BBN) are indicated, as well as the pretsnt

mechanisms that make the dark energy density time depeimdanth a way as talwaysbe
proportional to that in matter. Such a scenario would eiitgty that the dark energy would
redshift away aggark < a2, which from (1.15) would lead to a nonaccelerating univeose
require departures from conventional general relativitthe type that (as discussed below)
are excluded by other measurements.

13 What Might be Going on?

Observations have led us to a picture of the universe thirdifiramatically from
what we might have expected. In this section we discuss lplessiays to come to terms
with this situation; the approaches we consider includé bttempts to explain a small but
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‘ Is the universe really acceleratin)g? n9
lyes

| Does GR work on cosmological scale*s? 9
lyes

| Is the dark energy (locally) constarh? n9
lyes

|Are there domains with different vacuum energiks? 9

lyes

Fig. 1.2. A flowchart classifying reasons why the universghihbe accelerating. The pos-
sibilities include: 1. misinterpretation of the data; 2.e&kdown of general relativity; 3.
dynamical dark energy; 4. unique vacuum energy; 5. envigrial selection.

nonzero vacuum energy, and more dramatic ideas that mowmbeysimple cosmological
constant. We certainly are not close to settling on a favesgdlanation, neither for the low
value of the vacuum energy nor the recent onset of univecsalaration, but we can try to
categorize the different types of conceivable scenarios.

The flowchart portrayed in Figure 1.2 represents a classditaf scenarios to explain
our observations. Depending on the answers to variousiquestve have the following
possibilities to explain why the universe appears to belacating:

(1) Misinterpretation of the data.
(2) Breakdown of general relativity.
(3) Dynamical dark energy.

(4) Unique vacuum energy.

(5) Environmental selection.

Let us examine each possibility in turn.

1.3.1 AreWeMisinterpreting the Data?

After the original supernova results (Riess et al. 1998lnRdter et al. 1999) were
announced in 1998, cosmologists converted rather quickiy skepticism about universal
acceleration to a tentative acceptance, which has growstantially stronger with time.
The primary reason for this sudden conversion has been themence of several com-
plementary lines of evidence in favor of a concordance mddetmost among the relevant

7
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observations are the anisotropy spectrum of the cosmicomiare background (Spergel et
al. 2003) and the power spectrum of large-scale structuzed@/et al. 2002), but a number
of other methods have yielded consistent answers.

Nevertheless, it remains conceivable that we have draatligtimisinterpreted the data,
and the apparent agreement oftan= 0.7, Qy = 0.3 cosmology with a variety of observa-
tions is masking the true situation. For example, the superobservations rely on the na-
ture of Type la supernovae as “standardizable candles frguirigal fact about low-redshift
supernovae that could somehow fail at high redshifts (aljinorumerous consistency checks
have confirmed basic similarities between supernovae aaghifts). Given the many other
observations, this failure would not be enough to invaédair belief in an accelerating uni-
verse; however, we could further imagine that these othéhoas are conspiring to point
to the wrong conclusion. This point of view has been taken lapéhard et al. (2004), who
argue that a flat matter-dominate@dy = 1) universe remains consistent with the data. To
maintain this idea, it is necessary to discard the supenesidts, to imagine that the Hubble
constant is approximately 46 kritsMpc™ (in contrast to the Key Project determination of
70+ 7 km st Mpc™; Freedman et al. 2001), to interpret data on clusters agg{scale
structure in a way consistent wity = 1, to relax the conventional assumption that the
power spectrum of density fluctuations can be modeled aggéegiower law, and to intro-
duce some source beyond ordinary cold dark matter (such ssivaaneutrinos) to suppress
power on small scales. To most workers in the field this coaspiof effects seems (even)
more unlikely than an accelerating universe.

A yet more drastic route is to imagine that our interpretatibthe observations has been
skewed by the usual assumption of an isotropic universeadtideen argued (Linde, Linde,
& Mezhlumian 1995) that some versions of the anthropic ppiedn an eternally inflating
universe lead to a prediction that most galaxies on a spa&cklipersurface are actually at
the center of spherically symmetric domains with radialypendent density distributions;
such a configuration could skew the distance-redshifticelat large distances even without
dark energy. This picture relies heavily on a choice of memasudetermining what “most”
galaxies are like, an issue for which there is no obviousambrchoice.

The lengths to which it seems necessary to go in order to aaidluding that the uni-
verse is accelerating is a strong argument in favor of theaalance model.

1.3.2 IsGeneral Relativity Breaking Down?

If we believe that we live in a universe that is homogeneaatropic, and accel-
erating, general relativity (GR) is unambiguous about thedfor some sort of dark energy
source. GR has been fantastically successful in passiagiclkexperimental tests in the solar
system, as well as at predicting the amount of gravitaticadiftion emitted from the binary
pulsar (Will 2001). Nevertheless, the possibility remabpgn that gravitation might devi-
ate from conventional GR on scales corresponding to theisaafithe entire universe. For
our present purposes, such deviations may either be relevéime cosmological constant
problem, or to the dark energy puzzle.

The idea behind modifying gravity to address the cosmokigionstant problem is to
somehow allow for the vacuum energy to be large, but yet raat te an appreciable space-
time curvature (as manifested in a rapidly expanding us&erOf course, we still need to
allow ordinary matter to warp spacetime, so there has to eegong special about vacuum
energy. One special thing is that vacuum energy comes widigjative pressurpyac = —pvac

8
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as in (1.4). We might therefore imagine a theory that gawetosa modified version of the
Friedmann equation, of the form

H?~p+p. (1.20)

With such an equation, ordinary matter (for whiglvanishes) leads to conventional expan-
sion, while vacuum energy decouples entirely. Such a thkasybeen studied (Carroll &
Mersini 2001), and may even arise in “self-tuning” modelseafra dimensions (Arkani-
Hamed et al. 2000; Kachru, Schulz, & Silverstein 2000). Unfioately, close examination
of self-tuning models reveals that there is a hidden finéatynexpressed as a boundary
condition chosen at a naked singularity in the extra din@ndrurthermore, any alternative
to the conventional Friedmann equation is also constrayedbservations: any alterna-
tive must predict the right abundances of light elementsnfBig Bang nucleosynthesis
(BBN; see Burles, Nollett, & Turner 2001), the correct evmn of a sensible spectrum of
primordial density fluctuations into the observed spectafrtemperature anisotropies in
the cosmic microwave background (CMB) and the power spectilarge-scale structure
(Tegmark 2002; Lue, Scoccimarro, & Starkman 2003; Zahn &dZaiaga 2003), and that
the age of the universe is approximately 13 billion years.e Tiost straightforward test
comes from BBN (Carroll & Kaplinghat 2002; Masso & Rota 20G3hce the light-element
abundances depend on the expansion rate during a reldtriefperiod (rather than on the
behavior of perturbations, or an integral of the expansa® over a long period). Studies of
BBN in alternate cosmologies indicate that it is possiblenfiodifications of GR to remain
consistent with observations, but only for a very narronadgtossibilities. It seems likely
that the success of conventional BBN, including its agregmwith the baryon density as de-
termined by CMB fluctuations (Spergel et al. 2003), is not sleaiding accident, but rather
an indication that GR provides an accurate description sfcdogy when the universe was
of the order of one minute old. The idea of modifying GR to edlve cosmological constant
problem is not completely dead, but is evidently not prongsi

Rather than trying to solve the cosmological constant gmoblve can put aside the issue
of why the magnitude of the vacuum energy is small and focetead on whether the
current period of acceleration can be traced to a modificaifoGR. A necessary feature
of any such attempt is to include a new scale in the theorgesatceleration has only
begun relatively recently.From a purely phenomenological point of view we can imagine
modifying the Friedmann equation (1.15) so that accelendticks in when either the energy
density approaches a certain vahje

H2= ? [p+ <p_”*> T , (1.21)

* One way of characterizing this scale is in terms of the Hulphl@meter when the universe starts accelerating,
Ho ~ 10718571, It is interesting in this context to recall the coincidermainted out by Milgrom (1983), that
darkmatter only becomes important in galaxies when the accelerati@ntalgravity dips below a fixed value,
ap/c < 1078 51, Milgrom himself has suggested that the explanation far fiture of galactic dynamics can
be explained by replacing dark matter by a modified dynanaiod, it is irresistible to speculate that both dark
matter and dark energy could be replaced by a single (as getaovered) modified theory of gravity. However,
hope for this possibility seems to be gradually becomingendificult to maintain, as different methods indicate
the existence of gravitational forces that point in diresi other than where ordinary matter is (Van Waerbeke
et al. 2000; Dalal & Kochanek 2002; Kneib et al. 2003)—a pimeenon that is easy to explain with dark matter,
but difficult with modified gravity—and explanations areefid forag/c ~ Hp within conventional cold dark
matter (Scott et al. 2001; Kaplinghat & Turner 2002).
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or when the Hubble parameter approaches a certain thlue

H\? 8rG
2, () 9o
H <H> 2 (1.22)

The former idea has been suggested by Freese & Lewis (20@2ptter by Dvali & Turner
(2003); in both cases we can fit the data for appropriate elsa the new parameters. It
is possible that equations of this type arise in brane-wortdiels with large extra spatial
dimensions; it is less clear whether the appropriate paemean be derived. An even
more dramatic mechanism also takes advantage of extra diame) but allows for separate
gravitational dynamics on and off of our brane; in this cass/igy can be four-dimensional
below a certain length scale (which would obviously have to be \arge), and appear
higher-dimensional at large distances (Dvali, GabadafBgrrati 2000; Arkani-Hamed et
al. 2002; Deffayet, Dvali, & Gabadadze 2002). These sceaaan also make the universe
accelerate at late times, and may even lead to testableideg&rom GR in the solar system
(Dvali, Gruzinov, & Zaldarriaga 2003).

As an alternative to extra dimensions, we may look for anmandi four-dimensional mod-
ification of GR. This would be unusual behavior, as we are ts¢hinking of effective field
theories as breaking down at high energies and small lergtless but being completely
reliable in the opposite regime. Nevertheless, it is worpl@ing whether a simple phe-
nomenological model can easily accommodate the data.dfirssequation can be derived
by minimizing an action given by the spacetime integral ef¢rrvature scaldr,

s:/d“x\/@R. (1.23)

A simple way to modify the theory when the curvature beconegg 8mall (at late times in
the universe) is to simply add a piece proportional tR 1

s:/d“x\/@ (R—“-Q) , (1.24)

whereu is a parameter with dimensions of mass (Carroll et al. 2008&) straightforward
to show that this theory admits accelerating solutionsprtaohately, it also brings to life
a new scalar degree of freedom, which ruins the success oh@feisolar system (Chiba
2003). Investigations are still ongoing to see whether gpmmodification of this idea
could explain the acceleration of the universe while refingiconsistent with experimental
tests; in the meantime, the difficulty in finding a simple esien of GR that does away with
the cosmological constant provides yet more support fostéiedard scenario.

1.3.3 IsDark Energy Dynamical?

If general relativity is correct, cosmic acceleration ireplthere must be a dark
energy density that diminishes relatively slowly as thevarse expands. This can be seen
directly from the Friedmann equation (1.15), which implies

& o a?p+constant (1.25)

From this relation, it is clear that the only way to get acratien @increasing) in an expand-
ing universe is ifp falls off more slowly thara™?; neither matter gy o a) nor radiation
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(pr o< @#) will do the trick. Vacuum energy is, of course, strictly stant; but the data are
consistent with smoothly distributed sources of dark eydrgt vary slowly with time.

There are good reasons to consider dynamical dark energyateanative to an honest
cosmological constant. First, a dynamical energy densitylze evolving slowly to zero,
allowing for a solution to the cosmological constant probtbat makes the ultimate vacuum
energy vanish exactly. Second, it poses an interestinglealtbaging observational problem
to study the evolution of the dark energy, from which we milglatrn something about the
underlying physical mechanism. Perhaps most intriguinglipwing the dark energy to
evolve opens the possibility of finding a dynamical solutiorithe coincidence problem, if
the dynamics are such as to trigger a recent takeover by theedargy (independently of,
or at least for a wide range of, the parameters in the theoFg)date this hope has not
quite been met, but dynamical mechanisms at least allowhfopbssibility (unlike a true
cosmological constant).

The simplest possibility along these lines involves thees&md of source typically in-
voked in models of inflation in the very early universe: a acdield ¢ rolling slowly in a
potential, sometimes known as “quintessence” (Friemalh, &Watkins 1992; Frieman et
al. 1995; Caldwell, Dave, & Steinhardt 1998; Peebles & Rh888; Ratra & Peebles 1998;
Wetterich 1998; Huey et al. 1999). The energy density of sasdld is a sum of kinetic,
gradient, and potential energies,

1., 1
po = 567+ 5(VOP+V(@) (1.26)
For a homogeneous field@ ~ 0), the equation of motion in an expanding universe is
. . av
¢+3H¢+@-0. (1.27)

If the slope of the potentidV is quite flat, we will have solutions for which is nearly
constant throughout space and only evolving very graduatlytime; the energy density in
such a configuration is

pe = V(¢) ~ constant (1.28)

Thus, a slowly rolling scalar field is an appropriate cantiidar dark energy.

However, introducing dynamics opens up the possibilityntfaducing new problems,
the form and severity of which will depend on the specific kifiadnodel being considered.
Most quintessence models feature scalar fieldgith masses of order the current Hubble
scale,

my ~Ho~ 103 eV. (1.29)

(Fields with larger masses would typically have alreadlerbio the minimum of their poten-
tials.) In quantum field theory, light scalar fields are unnalt renormalization effects tend
to drive scalar masses up to the scale of new physics. Thekwelln hierarchy problem
of particle physics amounts to asking why the Higgs massjghbto be of order 18 eV,
should be so much smaller than the grand unification/Placale s16°~1F7 eV. Masses of
10733 eV are correspondingly harder to understand.

Nevertheless, this apparent fine-tuning might be worth tlee pif we were somehow able
to explain the coincidence problem. To date, many investiga have considered scalar
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fields with potentials that asymptote gradually to zero, haf forme? or 1/¢. These
can have cosmologically interesting properties, inclgditmacking” behavior that makes
the current energy density largely independent of theaih@onditions (Zlatev, Wang, &
Steinhardt 1999). They do not, however, provide a solutioiiné coincidence problem, as
the era in which the scalar field begins to dominate is stillsefinely tuned parameters
in the theory. One way to address the coincidence problemtaske advantage of the fact
that matter/radiation equality was a relatively recentunence (at least on a logarithmic
scale); if a scalar field has dynamics that are sensitivegdiffierence between matter- and
radiation-dominated universes, we might hope that itsgnaensity becomes constant only
after matter/radiation equality. An approach that takésrbute isk-essence (Armendariz-
Picon, Mukhanov, & Steinhardt 2000), which modifies the farfithe kinetic energy for the
scalar field. Instead of a conventional kinetic eneh‘\gy%(gii)z, in k-essence we posit a form

K = f(¢)g(4?) . (1.30)

wheref andg are functions specified by the model. For certain choicehedée functions,
thek-essence field naturally tracks the evolution of the totdiation energy density during
radiation domination, but switches to being almost contsiane matter begins to dominate.
Unfortunately, it seems necessary to choose a finely tunegtikiterm to get the desired
behavior (Malquarti, Copeland, & Liddle 2003).

An alternative possibility is that there is nothing spe@hbut the present era; rather,
acceleration is just something that happens from time te.tifhis can be accomplished
by oscillating dark energy (Dodelson, Kaplinghat, & Stes2000). In these models the
potential takes the form of a decaying exponential (whicht&sif would give scaling be-
havior, so that the dark energy remained proportional tdo#tkground density) with small
perturbations superimposed:

V(¢) =€ ?[1+acosp)] . (1.31)

On average, the dark energy in such a model will track that@tiominant matter/radiation
component; however, there will be gradual oscillationsfinegligible density to a domi-
nant density and back, on a time scale set by the Hubble p#eaieading to occasional pe-
riods of acceleration. In the previous section we mentidhedsuccess of the conventional
picture in describing primordial nucleosynthesis (whea skale factor wagggy ~ 1079
and temperature fluctuations imprinted on the CMB at recoatiin @cys ~ 10°3), which
implies that the oscillating scalar must have had a nedégilensity during those periods;
but explicit models are able to accommodate this constrainfortunately, in neither the
k-essence models nor the oscillating models do we have a dlimgpgarticle physics mo-
tivation for the chosen dynamics, and in both cases the li@hstil depends sensitively on
the precise form of parameters and interactions chosenermless, these theories stand
as interesting attempts to address the coincidence prdbjeiynamical means.

134 Did WeJust Get Lucky?

By far the most straightforward explanation for the obsdraeceleration of the
universe is an absolutely constant vacuum energy, or cagiuall constant. Even in this
case we can distinguish between two very different scesane in which the vacuum
energy is some fixed number that as yet we simply do not knowtbaovalculate, and an
alternative in which there are many distinct domains in thigerse, with different values of
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the vacuum energy in each. In this section we concentratheofirst possibility. Note that
such a scenario requires that we essentially give up on firmlshynamical resolution to the
coincidence scandal; instead, the vacuum energy is fixeel@ma for all, and we are simply
fortunate that it takes on a sufficiently gentle value thiat ias enough time and space to
exist.

To date, there are not any especially promising approachealtulating the vacuum
energy and getting the right answer; it is neverthelessungte to consider the example of
supersymmetry, which relates to the cosmological congteotilem in an interesting way.
Supersymmetry posits that for each fermionic degree ofifseethere is a matching bosonic
degree of freedom, andce versa. By “matching” we mean, for example, that the spin-1/2
electron must be accompanied by a spin-0 “selectron” wighsdime mass and charge. The
good news is that, while bosonic fields contribute a posita@ium energy, for fermions the
contribution is negative. Hence, if degrees of freedom txatatch, the net vacuum energy
sums to zero. Supersymmetry is thus an example of a thedws titan gravity, where the
absolute zeropoint of energy is a meaningful concept. (€aisbe traced to the fact that
supersymmetry is a spacetime symmetry, relating partaflddferent spins.)

We do not, however, live in a supersymmetric state; theraisatectron with the same
mass and charge as an electron, or we would have noticedgitdga. If supersymmetry
exists in nature, it must be broken at some sd&dgsy. In a theory with broken supersym-
metry, the vacuum energy is not expected to vanish, but td beder

Myac ~ Msusy , (theory) (1.32)

with pyac = MZ,.. What shouldMsysy be? One nice feature of supersymmetry is that it helps
us understand the hierarchy problem—why the scale of el@eik symmetry breaking is
so much smaller than the scales of quantum gravity or graifidation. For supersymmetry

to be relevant to the hierarchy problem, we need the supengfrg-breaking scale to be just
above the electroweak scale, or

Msusy ~ 103 GeV. (133)

In fact, this is very close to the experimental bound, andehe good reason to believe
that supersymmetry will be discovered soon at Fermilab oRREIf it is connected to
electroweak physics.
Unfortunately, we are left with a sizable discrepancy betnviheory and observation:
M)~ 105Msysy . (experiment) (1.34)

vac

Compared to (1.14), we find that supersymmetry has, in som&esaolved the problem
halfway (on a logarithmic scale). This is encouraging, aat iteast represents a step in
the right direction. Unfortunately, it is ultimately dise@ging, since (1.14) was simply a
guess, while (1.34) is actually a reliable result in thisteat] supersymmetry renders the
vacuum energy finite and calculable, but the answer is stilafvay from what we need.
(Subtleties in supergravity and string theory allow us td achegative contribution to the
vacuum energy, with which we could conceivably tune the amsw zero or some other
small number; but there is no reason for this tuning to altirsppen.)

But perhaps there is something deep about supersymmetryétao not understand, and
our estimateM5c ~ Msysy is simply incorrect. What if instead the correct formula ver
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M
Myac ~ ( ,fAUSY> Msusy ? (1.35)
P

In other words, we are guessing that the supersymmetrykimgacale is actually the geo-
metric mean of the vacuum scale and the Planck scale. Bebkuisd 5 orders of magnitude
larger thanMgsysy, andMsysy is 15 orders of magnitude larger thbfy,c, this guess gives
us the correct answer! Unfortunately this is simply optimisumerology; there is no the-
ory that actually yields this answer (although there areslagions in this direction; Banks
2003). Still, the simplicity with which we can write down tffi@mula allows us to dream
that an improved understanding of supersymmetry mighttenadly yield the correct result.
Besides supersymmetry, we do know of other phenomena thatmmarinciple affect

our understanding of vacuum energy. One example is the iflEage extra dimensions
of space, which become possible if the particles of the Stahtodel are confined to a
three-dimensional brane (Arkani-Hamed, Dimopoulos, & ID¥898; Randall & Sundrum
1999). In this case gravity is not simply described by foimehsional general relativity,
as alluded to in the previous section. Furthermore, cuerpérimental bounds on simple
extra-dimensional models limit the scale characterizhmg eéxtra dimensions to less than
1072 cm, which corresponds to an energy of approximately? #Y; this is coincidentally
the same as the vacuum-energy scale (1.10). As before, pblasd solid reason why these
two scales should be related, but it is worth searching fex. drhe fact that we are forced
to take such slim hopes seriously is a measure of how difftbeltcosmological constant
problemreally is.

135 AreWeWitnessing Environmental Selection?

If the vacuum energy can in principle be calculated in terfnstieer measurable
quantities, then we clearly do not yet know how to calculateAlternatively, however,
it may be that the vacuum energy is not a fundamental quaritysimply a feature of
our local environment. We do not turn to fundamental theaty&n explanation of the
average temperature of the Earth’s atmosphere, nor arenggsad that this temperature is
noticeably larger than in most places in the universe; gestiae cosmological constant is
on the same footing.

To make this idea work, we need to imagine that there are mifieyeht regions of the
universe in which the vacuum energy takes on different \&lieen we would expect to find
ourselves in a region that was hospitable to our own existeAtthough most humans do
not think of the vacuum energy as playing any role in theidiva substantially larger value
than we presently observe would either have led to a rapallegise of the universe (fyac
were negative) or an inability to form galaxies fifoc were positive). Depending on the
distribution of possible values @f,c, one can argue that the observed value is in excellent
agreement with what we should expect (Efstathiou 1995nkile 1995; Martel, Shapiro, &
Weinberg 1998; Garriga & Vilenkin 2000, 2003).

The idea of understanding the vacuum energy as a conseqokeecgronmental selec-
tion often goes under the name of the “anthropic princided has an unsavory reputation
in some circles. There are many bad reasons to be skeptitltiscpproach, and at least
one good reason. The bad reasons generally center arourdkthéhat it is somehow an
abrogation of our scientific responsibilities to give up afcalating something as funda-
mental as the vacuum energy, or that the existence of mameardomains in the universe
is a metaphysical construct without any testable consemsgiand hence unscientific. The
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problem with these objections is that they say nothing aldngther environmental selec-
tion actually happens; they are only declarations that weelitddoes not happen, or it would
be difficult for us to prove once and for all that it does. Thedoeason to be skeptical is
that environmental selection only works under certain gpe@dcumstances, and we are far
from understanding whether those conditions hold in ouvense. In particular, we need
to show that there can be a huge number of different domaittsshghtly different values
of the vacuum energy, and that the domains can be big enoagloth entire observable
universe is a single domain, and that the possible variafiather physical quantities from
domain to domain is consistent with what we observe in éurs.

Recent work in string theory has lent some support to thetititghere are a wide variety
of possible vacuum states rather than a unique one (BoussalchiRski 2000; Giddings,
Kachru, & Polchinski 2002; Kachru et al. 2003; Susskind 20&3ring theorists have been
investigating novel ways to compactify extra dimensionsyhich crucial roles are played
by branes and gauge fields. By taking different combinatafrextra-dimensional geome-
tries, brane configurations, and gauge-field fluxes, it sggessible that a wide variety of
states may be constructed, with different local values eflicuum energy and other phys-
ical parameters. (The set of configurations is sometimewkras the “landscape,” and the
discrete set of vacuum configurations is unfortunately kmaw the “discretuum.”) An ob-
stacle to understanding these purported solutions is teeofsupersymmetry, which is an
important part of string theory but needs to be broken toinlataealistic universe. From the
point of view of a four-dimensional observer, the compaaiifions that have small values
of the cosmological constant would appear to be exactly tdtes alluded to in the previ-
ous section, where one begins with a supersymmetric stéteawiegative vacuum energy,
to which supersymmetry breaking adds just the right amotipbsitive vacuum energy to
give a small overall value. The necessary fine-tuning is mdished simply by imagining
that there are many (more than'8®) such states, so that even very unlikely things will
sometimes occur. We still have a long way to go before we stded this possibility; in
particular, it is not clear that the many states obtaine ladthe desired properties (Banks,
Dine, & Motl 2001; Banks, Dine, & Gorbatov 2003), or even iEthare stable enough to
last for the age of the universe (Hertog, Horowitz, & Maed@30

Even if such states are allowed, it is necessary to imagineianrse in which a large
number of them actually exist in local regions widely sepedadrom each other. As is
well known, inflation works to take a small region of space ardand it to a size larger
than the observable universe; it is not much of a stretch tgine that a multitude of
different domains may be separately inflated, each witledbfit vacuum energies. Indeed,
models of inflation generally tend to be eternal, in the sehaethe universe continues to
inflate in some regions even after inflation has ended in stf\dlenkin 1983; Linde 1985;
Goncharov, Linde, & Mukhanov 1987). Thus, our observableerse may be separated by
inflating regions from other “universes” that have landedifferent vacuum states; this is
precisely what is needed to empower the idea of environrhegiection.

Nevertheless, it seems extravagant to imagine a fantastitbar of separate regions of
the universe, outside the boundary of what we can ever ggsdiserve, just so that we may
understand the value of the vacuum energy in our region. gaihathis does not meaniitis

* For example, if we have a theory that allows for any possibleer of the vacuum energy, but insists that the
vacuum energy scale be equal to the supersymmetry breadate sve have not solved any problems.
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not true. To decide once and for all will be extremely difficaind will at the least require
a much better understanding of how both string theory (oresafternative) and inflation
operate—an understanding that we will undoubtedly reqaigreat deal of experimental
input to achieve.

14 Observational |ssues

From the above discussion, it is clear that theorists areapérate need of further
input from experiment—in particular, we need to know if tharldenergy is constant or
dynamical, and if it is dynamical what form it takes. The atvational program to test
these ideas has been discussed in detail elsewhere (Sahaidb®ski 2000; Carroll 2001;
Peebles & Ratra 2003); here we briefly draw attention to a leooftheoretical issues that
can affect the observational strategies.

141 Equation-of-state Parameter

Given that the universe is accelerating, the next immedjaéstion is whether the
acceleration is caused by a strictly constant vacuum ermrggmething else; the obvious
place to look is for some time dependence to the dark energitgteln principle any behav-
ior is possible, but it is sensible to choose a simple pararizetion that would characterize
dark energy evolution in the measurable regime of relgtimebrby redshifts (order unity or
less). For this purpose it is common to imagine that the daekgy evolves as a power law
with the scale factor:

Pdark X an". (1.36)

Even if pgark iS Not strictly a power law, this ansatz can be a useful ctiariaation of its ef-
fective behavior at low redshifts. We can then define an éguatf-state parameter relating
the energy density to the pressure,

p=wp. (1.37)
Using the equation of energy-momentum conservation,
. a
p==30+p), (1.38)
a constant exponentof (1.36) implies a constamt with
n=3(1+w). (1.39)

As nvaries from 3 (matter) to O (cosmological constamtyaries from 0 to-1. Some limits
from supernovae and large-scale structure from Melchétral. (2003) are shown in Figure
1.3; see Spergel et al (2003) for limits froMAP observations of the cosmic microwave
background, and Tonry et al. (2003) and Knop et al. (2003)fore recent supernova limits.
These constraints apply to tis,-w plane, under the assumption that the universe is flat
(O +Qqgark=1). We see that the observationally favored region featgg~ 0.3 and an
honest cosmological constamt,= —1. However, there is room for alternatives; one of the
most important tasks of observational cosmology will bestuce the error regions on plots
such as this to pin down precise values of these parameters.

It is clear thatw = -1 is a special value; fow > -1 the dark energy density slowly
decreases as the universe expands, whilenfer -1 it would actually beincreasing. In
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Fig. 1.3. Limits on the equation-of-state parametén a flat universe, wher@y +Qx = 1.
(Adapted from Melchiorri et al. 2003.)

most conventional models, unsurprisingly, we hane —1; this is also required (for sources
with positive energy densities) by the energy conditiongerieral relativity (Garnavich et
al. 1998). Nevertheless, it is interesting to ask whetheshrild bother to consider < -1
(Parker & Raval 1999; Sahni & Starobinski 2000; Caldwell 20Carroll, Hoffman, &
Trodden 2003b). Ifv is constant in such a model, the universe will expand evéerfamtil

a future singularity is reached, the “Big Rip” (Caldwell, id@nkowski, & Weinberg 2003);
but such behavior is by no means necessary. An explicit medelen by so-called phantom
fields (Caldwell 2002), scalar fields with negative kinetidaradient energy,

po =38~ S(V6P +V(6) (1.40)

in contrast with the conventional expression (1.26). (Amben may be thought of as a
physical realization of the “ghost” fields used in some clattans in quantum field theory.)
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A phantom field rolls to the maximum of its potential, rathear the minimum; if there is a
maximum with positive potential energy, we will hawe< -1 while the field is rolling, but
it will settle into a state witlw =-1.

However, such fields are very dangerous in particle phy#iesexcitations of the phan-
tom will be negative-mass particles, and therefore allowitie decay of empty space into a
collection of positive-energy ordinary particles and negaenergy phantoms. Naively the
decay rate is infinite, because there is no boundary to thevedl phase space; if we impose
a cutoff by hand by disallowing momenta greater thar® Y, the vacuum can be stable
for the age of the universe (Carroll et al. 2003b). Of coutisere may be other ways to
getw < -1 other than a simple phantom field (Parker & Raval 1999; D&dalurner 2003),
and there is a lurking danger that a rapidly time-varyingagigun of state might trick you
into thinking thatw < —1 (Maor et al. 2002). The moral of the story should be thattise
proposing models witlv < —1 should be very careful to check that their theories are-suffi
ciently stable, while observers should be open-mindediaciddew < -1 in the parameter
space they constrain. To say the least, a convincing maasuig¢hat the effective value of
w were less thar-1l would be an important discovery, the possibility of whigkeavould
not want to excluda priori.

1.4.2 Direct Detection of Dark Energy

If dark energy is dynamical rather than simply a constaii, dble to interact with
other fields, including those of the Standard Model of plriphysics. For the particular ex-
ample of an ultra-light scalar field, interactions introdube possibility of two observable
phenomena: long-range “fifth forces” and time dependentigso€onstants of nature. Even
if a dark energy scalag interacts with ordinary matter only through indirect gtational-
strength couplings, searches for these phenomena shotddalvaady enabled us to detect
the quintessence field (Carroll 1998; Dvali & Zaldarriag@2)) to avoid detection, we need
to introduce dimensionless suppression factors of ordet d0less in the coupling con-
stants. On the other hand, there has been some evidencedasargbsorption spectra that
the fine-structure constantwas slightly smaller fa/a ~ -107°) at redshiftsz~ 0.5-3
(Murphy et al. 2001). On the most optimistic reading, thipagent shift might be direct
evidence of a quintessence field; this would place strongtecaints on the quintessence
potential (Chiba & Kohri 2002). Before such an interpretatis accepted, however, it will
be necessary to be certain that all possible sources ofrsgtiteerror in the quasar mea-
surements are understood, and that models can be condtthatdit the quasar data while
remaining consistent with other experimental bounds (1 2G08).

More likely, we should work to construct particle physicsdaets of quintessence in which
both the mass and the interactions of the scalar field witlnarg matter are naturally
suppressed. These requirements are met by Pseudo-NanhisigBe bosons (PNGBS)
(Frieman et al. 1992, 1995), which arise in models with apipnate global symmetries of
the form

¢ — ¢ +constant (1.42)

Clearly such a symmetry should not be exact, or the potentiald be precisely flat; how-
ever, even an approximate symmetry can naturally supprasses and couplings. PNGBs
typically arise as the angular degrees of freedom in Mexltatrpotentials that are “tilted”
by a small explicitly symmetry breaking, and the PNGB patdékes on a sinusoidal form:
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V(¢) = u'[1+cos@)] . (1.42)

Fields of this type are ubiquitous in string theory, and ipassible that one of them may
have the right properties to be the dark energy (Choi 200@; 2000; Kim & Nilles 2003).
Interestingly, while the symmetry (1.41) suppresses massiple interactions with ordinary
matter, it leaves open one possibility—a pseudoscalatreleagnetic interaction in which
¢ couples tcE - B. The effect of such an interaction would be to graduallytethe plane
of polarization of light from distant sources (Carroll 199&ie, Wang, & Kamionkowski
1999); current limits on such a rotation are not quite samsgénough to tightly constrain
this coupling. It is therefore very plausible that a psewdés quintessence field will be
directly detected by improved polarization measurementise near future.

Even if we manage to avoid detectable interactions betweek ehergy and ordinary
matter, we may still consider the possibility of nontriviateractions between dark matter
and dark energy. Numerous models along these lines havepnepased (Casas, Garcia-
Bellido, & Quiros 1992; Wetterich 1995; Anderson & Carrofid8; Amendola 2000; Bean
2001; for recent work and further references, see Farrar&bleée 2003; Hoffman 2003).
If these two dark components constitute 95% of the univéheeidea that they are separate
and noninteracting may simply be a useful starting pointiestigations thus far seem to
indicate that some sorts of interactions are possible, dnstcaints imposed by the cosmic
microwave background and large-scale structure are &¢ttale to exclude a wide range
of possibilities. It may be that the richness of interacticmobserve in the ordinary-matter
sector is an exception rather than the rule.

15 Conclusions

The acceleration of the universe presents us with mystandopportunities. The
fact that this behavior is so puzzling is a sign that thereisething fundamental we do not
understand. We do not even know whether our misunderstgdiginates with gravity as
described by general relativity, with some source of dyraifror constant dark energy, or
with the structure of the universe on ultra-large scalegardless of what the answer is, we
seem poised to discover something profound about how thversa works.
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