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Cosmological Imprint of an Energy Component with General Equation of State
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We examine the possibility that a significant component of the energy density of the Universe has an
equation of state different from that of matter, radiation, or cosmological congtantAn example is a
cosmic scalar field evolving in a potential, but our treatment is more general. Including this component
alters cosmic evolution in a way that fits current observations well. Unliké evolves dynamically
and develops fluctuations, leaving a distinctive imprint on the microwave background anisotropy and
mass power spectrum. [S0031-9007(98)05521-5]

PACS numbers: 98.80.Cq, 95.35.+d, 98.65.Dx, 98.70.Vc

Inflationary cosmology predicts that the Universe isw < 0 in which a spatially uniform distribution has been
spatially flat and that the total energy density of theassumed, e.g., a decayingor smooth component.
Universe is equal to the critical density. This prediction In this Letter, we begin by arguing that a smoothly
is consistent with current measurements of the cosmidistributed, time-varying component is unphysical—it
microwave background (CMB) anisotropy and may beviolates the equivalence principle. Hence, predictions of
verified with high precision in the next generation of CMB CMB and mass power spectra which have not included
satellite experiments. At the same time, there is growindluctuations in the new component are not valid. We out-
observational evidence that the total matter density ofine the general conditions needed to hawe< 0 consis-
the Universe is significantly less than the critical densitytent with the equivalence principle and stable against
[1]. If this latter result holds and the CMB anisotropy catastrophic gravitational collapse. We show that an
establishes that the Universe is flat, then there must bevolving scalar field automatically satisfies these condi-
another contribution to the energy density of the Universetions. We then compute the CMB and mass power spectra
One candidate that is often considered is a cosmologicdibr a wide, representative class of models [see Figs. 1 and
constantA or vacuum energy density. The vacuum density2(a)], taking careful note of the effects of the fluctuations
is a spatially uniform, time-independent component. Coldn the O component. We show that the fluctuations leave
dark matter (CDM) models with a substantial cosmologicala distinctive signature that enables@ component to
constant ACDM) are among the models which best fit be distinguished from dark matter and a cosmological
existing observational data [1]. However, it should beconstant and makes it possible to resolve its equation
emphasized that the fit depends primarily on the fact thadf state. Comparing to observations of the CMB and
the models have low matter density and are spatially flattarge-scale structure [Fig. 2(b)], we identify a new spec-
the fit is not a sensitive test of whether the additional energyrum of plausible models that will be targets for future
contribution is vacuum energy. experiments.

In this paper, we consider replacidgwith a dynami- Introducing a dynamical energy component is at least
cal, time-dependent, and spatially inhomogeneous compas well motivated by fundamental physics as introducing
nent whose equation of state is different from baryonsa cosmological constant. In fact, the theoretical preju-
neutrinos, dark matter, or radiation. The equation of statdice based on fundamental physics is thais precisely
of the new component, denoted a&s is the ratio of its  zero; if it is nonzero, there is no conceivable mechanism
pressure to its energy density. This fifth contribution toto explain why the vacuum density should be comparable
the cosmic energy density, referred to here as “quinteso the present matter density, other than arguments based
sence” orQ component, is broadly defined, allowing a on the anthropic principle. On the other hand, dynamical
spectrum of possibilities including an equation of statefields abound in quantum gravity, supergravity, and super-
which is constant, uniformly evolving or oscillatory. Ex- string models (e.g., hidden sector fields, moduli, pseudo—
amples of aQ component are fundamental fields (scalar,Nambu-Goldstone bosons), and it may even be possible
vector, or tensor) or macroscopic objects, such as a nete utilize the interaction of these fields with matter to find
work of light, tangled cosmic strings [2]. The analysis a natural explanation why th@ component and matter
in the present paper applies to any component whoskave comparable energy densities today.
hydrodynamic properties can be mimicked by a scalar As noted above, a humber of studies [3,4,8] have as-
field evolving in a potential which couples to matter only sumed a “smooth” (spatially uniform), time-dependent
through gravitation. In particular, we focus on equationscomponent with an arbitrary equation of state (sometimes
of state with—1 < w < 0 because this range fits cur- called xCDM) which does not respond to the inhomo-
rent cosmological observations best [3—7]. This has mogeneities in the dark matter and baryon-photon-neutrino
tivated several investigations [3,4,8,9] of components witHluid. In computing the CMB anisotropy, one finds a near
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FIG. 1. CMB power spectrum{(¢ + 1)C¢/27 vs € where ACDM
C, is the multipole moment, illustrating that the spectrum D
changes significantly as a function of and ,. Thick 05l 3 W=-2
solid lines represent SCDM; thick dashed lines correspond to ' ‘&_0 =-18
ACDM. For thin solid lines, legends list the parameters in Y > e B
sequence according to the height of the curve beginning from W,=0
the topmost. The variation witf), is shown in (a) and (b); (c) 0.0 . Lt .
compares the predictions for@ component with fluctuations 00 02 o04 06 08 10

(6Q # 0) to a smooth componensQ = 0). The differences QQ

due to6Q at large angular scales change COBE normalization

which is responsible for the substantial variation of the acousti¢-IG. 2. (a) Variation of mass power spectrum for some
peaks withw, as shown in (d). Panel (e) shows the resultsrepresentative QCDM examples. (b) The variatiorogfwith

for time-varyingw(n) as determined by specifying a potential Q,. For ACDM, Q, is Q,. The suppression ofrg in
V(Q) and initial conditions, wheré’(Q) is an exponential or QCDM compared to SCDM makes for a better fit with current
cosine functional oD in the examples shown. Included also is observations. The gray swath illustrates constraints from x-ray
the prediction for a constamt = —1/6, which differs from the  cluster abundance.

results wherev(n) is time varying andv(ny) = —1/6. In (f)

is shown the polarization (amplified 100-fold) far = —1/2

compared to SCDM and CDM. possibilities and the range of imprints on the CMB and
large-scale structure.
degeneracy [3] wittA\CDM for a wide range ofv. In this The class of cosmological models we consider in

Letter, we show that the degeneracy is significantly brothis work are spatially flat, Friedmann-Robertson-Walker
ken when fluctuations in th@ component are included. (FRW) space-times which contain baryons, neutrinos, ra-
However, it is important to realize that the smooth anddiation, cold dark matter, and th@ component (QCDM
Q scenarios are not competing models. A smooth, timemodels). The space-time metric is given log> =
evolving component is ill defined, since the smoothnessﬂ(n)( dn® + dx?) wherea is the expansion scale fac-
is gauge dependent, and unphysical, because it violatésr and n is the conformal time. For the purposes of
the equivalence principle to ignore the response of th€MB and mass power spectrum prediction, we model the
new component to the inhomogeneities in the surrounding? component of the fluid as a scalar fieft] with self-
cosmological fluid. Hence, a fluctuating, inhomogeneousnteractions determined by a potentia(Q). In an ideal
component is the only valid way of introducing an addi- adiabatic fluid withw < 0, a concern would be that the
tional energy component. sound speed is imaginary? = w < 0, and small wave-
There have been some discussions in the literature of dength perturbations are hydrodynamically unstable [13].
energy component consisting of a dynamical, fluctuatingHowever, a scalar field is not an ideal fluid in this sense.
cosmic scalar field evolving in a potential [5,10,11], or The sound speed is a function of wavelength, increasing
an energy component evolving according to a specifirom negative values for long wavelength perturbations
equation of state [4,8,12]. In the case of a scalar fieldand approaching; = 1 at short wavelengths (shorter
the CMB anisotropy and power spectrum were computethan the horizon size) [14]. Consequently, for the cases
by Cobleet al. for a cosine potential [5], and by Ferreira considered here, small wavelength modes remain stable.
and Joyce for an exponential potential [11]. Here we gdn general, our treatment relies only on propertieswof
beyond these isolated examples to explore the range aind c2, and so it applies both to cosmic scalar fields and
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to any other forms of matter-energy (e.g., nonscalar field®’ = 0, as occurs forACDM, the scalar field remains
or topological defects) withw and ¢2 which can also be unperturbed. In the implicit approach wheleis given,
obtained by a scalar field and some potential. Otherwisdhe energy density, pressure, and momentum perturbations
we make no special assumptions about the microscopiare
composition of the) component. !

We implicitly assume that any couplings to other fields Spo = — Q080" + V0,
are negligibly small, so that the scalar field interacts with a

other matter only gravitationally. The average energy 1,

density is pp = 7-0” + V and the average pressure Opo = ;200 ~ Vo0,

is pg = 2—(112Q’2 — V, where the prime represenigdy. 1

As O evolves down its potential, the ratio of kinetic (po + po)(vg)i = = 0'(80),. (4)

(Z—;Q’z) to potential ) energy can change; this would
lead to a time-varying equation of state = py/po.

In this paper, we consider constant and time-varying - ; . :
w models for whichw = py/po € [—1,0], since this ocity perturbationv. For cases where(n) is provided

range includes models which best fit current observation€XPlicitly, the same relations may be applied where an ef-

We have modified numerical Boltzmann codes for comJ€ctive V is computed by the code from(s) [18].

puting CMB anisotropy and the mass power spectrum. In_Although we have examined many models [18], we re-
one approach, we use axplicitly defined equation of StCtourselves here toa representative spectrum. Figure 1

; ; illustrates CMB studies showing Cosmic Background Ex-
statew(n), which spans all models but requires that the' ; .
equation of state as a function of time be known. All plorer (COBE)-normalized [19] CMB anisotropy spectra

properties of the model are determined by the proscribeassuming adiabatic initial conditions in the matter with
w(n) = wla(n)] and tit » = 1, Hubble constantd, = 1004 kms™! Mpc™!

with & = 0.65, and Q,h?> = 0.02, where ), is the ratio
ro = Qgp, ex;{3|n o 3[ da w(a) } (1)  of the baryon density to the critical density. Because the
a a models are spatially flat, the angular size of the sound
where p, and a, are, respectively, the critical energy horizon at last scattering is nearly the same for all our
density and scale factor today. An effective scalamodels and, consequently, the acoustic oscillation peaks
potential which produces thipy is computed as a by- are at nearly the sam@s as in standard CDM (SCDM)
product. A second approach uses iamplicitly defined [20,21]. However, the shape of the plateau for I6wnd
equation of statén which we specify the potentidf(Q)  the shapes of the acoustic peaks at Higire distorted by
directly, which is useful for exploring specific models three effects: a combination of early and late integrated
motivated by particle physics. Sachs-Wolfe effects [21] due to having a fluid component
A series of codes has been developed for synchronousith w # 0 and the direct contribution o6p, on the
and for conformal Newtonian gauge by modifying standardCMB. Figures 1(a) and 1(b) show how the spectra vary
algorithms [15-17]. In the synchronous gauge, the linavith Q,, the ratio of the energy density i@ to the
element is given by [18] critical density, for fixedw. The behavior is different
2_ 2 42 i for different equations of state. Fer = —1/6 the first
ds” = a(ml=dn” + (yij + hyj)dx'dx’],— (2) acoustic peak rises and then steadily decreasékyas-

These quantities must be included in the evolutior: pf
he total fluctuation density contraét and the total ve-

a[?

wherey;; is the unperturbed spatial metric, aag is the  creases; fow = —2/3, the acoustic peak rises uniformly
metric per_turbation. The scalar field fluctuati®® obeys gasg Q. increases. Figure 1(c) compares predictions
the equation assuming a smooth, nonfluctuating component (a case we
al 1 argued is unphysical) with the full spectrum including
50" + 2= 8Q' = V260 + a’V b0 = ) h'Q". fluctuations inQ, illustrating the substantial difference

at large angular scales. Figure 1(d) shows spectra for
(3) fixed 0o = 0.6 and varyingw. When fluctuations in
Here, h is the trace of the spatial metric perturbation, asQ are not included, the curves forl < w < —1/2
described by Ma and Bertschinger [16]. are very nearly degenerate [3], but the degeneracy is
We have found the observable fluctuation spectrum to beubstantially broken in Fig. 1(d) by the contribution of
insensitive to a broad range of initial conditions, includingQ fluctuations at large angular scales at a level much
the case in which the amplitudes 610, §Q’ were set greater than cosmic variance. Figure 1(e) illustrates re-
by inflation. All of the examples shown in this paper sults for a time-varyingv(n) obtained using exponential
havesQ = §Q' = 0Oinitially as measured in synchronous [10] and cosine [5] scalar potentials. The exponen-
gauge. With this choice of initial conditions, the imprint tial potentials are of the forn¥V(Q) = m*exp[—B0]
of §Q on the CMB anisotropy would be negligible if we where Q = Q' = 0 initially; for the examples shown,
did not include the response @i to the matter density (m, 8) = (0.00358 eV, 11.66m;1) for the case with
perturbations through th&'Q’ source term in Eq. (3). If w(no) = —1/6 and(m, B) = (0.00243¢V, 8.0m;1) for
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w(no) = —2/3 as expressed in Planck mass,j units.  how well future CMB experiments can resolvedacom-
For the cosine potentialy(Q) = m*(1 + cos[Q/f]),  ponent and how well one can simultaneously resolve other
where(m, f) = (0.004 65 eV, 0.1544m,)with Q = 1.6f  cosmic parameters; numerical simulations of galaxy for-
andQ’ = 0O initially [5]. Two of the curves are especially mation and evolution in the presence oflacomponent;
interesting because they compare the CMB anisotropgnd search for quintessential candidates in models of fun-
for two models with the same value of today but damental physics.
with different values ofw in the past. One model has We thank P.J. E. Peebles, J. P. Ostriker, and M. White
constantw = —1/6, whereas the other model, based onfor useful comments. This research was supported by the
a scalar field rolling down an exponential potential, hasDepartment of Energy at the University of Pennsylvania,
w evolving from —1 to —16. The two models produce Report No. DE-FG02-95ER40893.
easily distinguished CMB power spectra even though the
equation of state is the same today due to the difference
in past evolutionary history and the direct contributions of
8Q. Hence, the evolution ofv can also be determined [1] See, for example, J. P. Ostriker and P. J. Steinhardt, Nature
from CMB measurements. Also shown are examples (London)377 600 (1995), and references therein.
of other exponential and cosine potentials compared[2] D- Spergel and U.-L. Pen, Astrophys.4B1, 67 (1997).
with SCDM which illustrate that the CMB anisotropy [3] P-J. Steinhardt, inCritical Dialogues in Cosmology,
is sensitive toV(Q). Figure 1(f) illustrates an example edited by N. Turok (World Scientific, Singapore, 1997).

. = . S - . [4] Michael S. Turner and Martin White, Phys. Rev. 38,
of CMB polarization, which has similar variations with R4439 (1997)
parameters as the temperature anisotropy. :

’ | . [5] K. Coble, S. Dodelson, and J.A. Frieman, Phys. Rev. D
Figure 2 illustrates the mass power spectrum predic-" * 55 1851 (1997).

tions. The key feature to note in Fig. 2(a) is that the power [6] J. Frieman, C. Hill, A. Stebbins, and I. Waga, Phys. Rev.

spectrum is sensitive to all parameters: the value ahe Lett. 75, 2077 (1995).
time-dependence of; the effective potentiaV(Q) and [7] L. Wang, R.R. Caldwell, J.P. Ostriker, and P.J. Stein-
initial conditions; and the value d,. Hence, combined hardt (to be published).

with the CMB anisotropy, the power spectrum provides a [8] V. Silveira and I. Waga, Phys. Rev. 86, 4625 (1997).
powerful test of QCDM and its parameters. An important [9] C. Wetterich, Astron. AstrophyS01, 321 (1995).
effect is the suppression of the mass power spectrum artg®l B. Ratra and P.J.E. Peebles, Phys. Rev.3D) 3406

. - 1988).

o (the rms mass fluctuation &' Mpc) compared to ( .

SCDM, which makes for a better fit to currentobservationéll] 2£5)Ferre'ra and M. Joyce, Phys. Rev. L@®, 4740

[1]. The gray swath in Fig. 2(b) represents.the constralnhZ] T. Chiba, N. Sugiyama, and T. Nakamura, Mon. Not. R.

from x-ray cluster abundance f&«CDM [22]; in general, Astron. Soc289, 5 (1997).

the constraint is weakly model dependent. [13] See, for example, J. C. Fabris and J. Martin, Phys. Rev. D
While QCDM and ACDM both compare well to cur- 55, 5205 (1997).

rent observations of CMB and of large-scale structurg14] L. Grishchuk, Phys. Rev. B0, 7154 (1994).
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