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Are Chaplygin gases serious contenders for the dark energy?
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We study the implications on both background and perturbation evolution of introducing a Chaplygin gas
component in the universe’s ingredients. We perform likelihood analyses using wide-ranging, SN1a, CMB and
large scale structure observations to assess whether such a component could be a genuine alternative to a
cosmological constant\. We find that the current data favors behavior in an adiabatic Chaplygin gas that is
akin to a cosmological constant.
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[. INTRODUCTION In Sec. Il we review the background evolution of the
GCG and discuss the implications for supernovae tyae 1

Supernovae observatiofi, 2] first indicated that the uni- (SN1a observations. Although such constraints are impor-
verse’s expansion has started to accelerate during recent cdant, a wide range of proposed theories can generate the re-
mological times. This, and further observations, e.g., of thequired expansion profilésee Ref[3] for dark energy theo-
cosmological microwave backgrourf@MB) or large scale ries and, for example, Ref13] for an alternative to dark
structures(LSS), suggest that the energy density of the uni-energy. In order to better discriminate between theories, per-
verse is dominated by a dark energy component, with a negdurbation dependent observables must be taken into consid-
tive pressure, driving the acceleration. One of the substantiveration. In Sec. Ill we extend our discussion to perturbations
goals for cosmology, and for fundamental physics, is ascerin the Chaplygin gas and discuss the implications for struc-
taining the nature of this dark energy. Maybe the most attracture formation in the presence of an adiabatic Chaplygin
tive option would be a cosmological constant, however fluid. In Sec. IV we consider the effects on radiation pertur-
there are infamous fine-tuning and coincidence problems adations and the CMB spectrum. In Sec. V we present the
sociated with explaining why\ should have today’s energy main results of the paper, likelihood analyses for a CDM
scale. These problems have lead to a wealth of dynamicat; GCG+baryon universe. We include the option of a pure
scalar, dark energgquintessence) models being proposed GCG + baryon scenario{l.=0) for completeness. We ob-
as alternatives ta. (see Ref[3] for a good review. Evenin  tain a clear indication of the strength of the GCG model
these cases, however, explaining why our epoch should be gghen compared to CDM and. In Sec. VI we summarize
crucial in triggering the acceleration still requires fine-our findings and assess the true potential of Chaplygin gases
tuning. as a dark energy contender.

A concurrent problem is the nature of the non-baryonic,
clumping dark matter component required in the standard
model to give large scale structure predictions consistent Il. BACKGROUND EVOLUTION
with observations.

Recently an alternative matter candidate, a generalize
Chaplygin gagGCG), has been proposed as a potential “hy-
brid” solution to both the dark energy and dark matter prob-
lems. The GCG can be seen to evolve in a wide range of
contexts, for example from supersymmetry, tachyon cos-

The generalized Chaplygin models can be characterized
gy three parametersv,, a and Qgh. The equation of state
nowadaysw(a=1)=—|w,| and the indexa specify the
quation of state evolution,

mologies[4] and brane cosmologid&]. A recent letter 6] |W0|Qo 00
dealt with the implications for the matter power spectrum in p=— —Ch, (1)
the absence of cold dark matt@DM) and effectively ruled p*

out the GCG as a CDM substitute.

In this paper we investigate the strength of the GCG as a . .
dark energy candidate. Although there have been a numbdfherepo=3Hg (8mG=1) is the total energy density today.
of papers discussing various aspects of GCG behaviofhe energy conservation equatignt-3H(1+w)p=0, ad-
((7-12)) there has not been, as yet, a full analysis of themits a solution forp(a) specified byjwo|, o and the frac-
constraints that can be placed on such models from the widéonal energy density todaﬁgh,
range of complementary data sets currently available. This is
necessary if such exotic matter types are to be considered as

serious alternatives to th&-CDM scenario. Iwo| +
0

p(a)=0%po )

1U(1+a)
(1—|wg)) |
a3(+a)

*Email address: rbean@astro.princeton.edu
TEmail address: olivier@astro.princeton.edu The equation of state then evolves as,
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At early times the GCG’s equation of state tends to zero,” o7 \‘\:::\\:35
mimicing CDM. The value ofe determines the redshift of TTees0d
transition between the two asymptotic behaviors; the greate 06 b
the value ofa the lower the transition redshift. At early | |
times, the total amount of matter witv~0 reaches an I S '
asymptotic value o | D L U |
N - ~—— a=1.0
Qo= Qm+ Qen(1—[wo) V), @ _ esl
Eo \\\\\\‘\\\\ o |
where(),, is the baryonict CDM density fraction. Note that 07 - Tl Tl
the unique ability of the GCG to account for both the dark Teell TR
energylike behavior at late times and for ordinary dark mat- %€ [ TT-2%0
ter at early times motivated the original studies of this par- | | A
ticular equation of state. %7 08 09 1
In previous discussions has often been assigned a posi- Q

tive value in the range € <1, in order to be consistent
with various higher dimensional theories that can produce a FIG. 1. Contours if.,— |w,| space with the same luminosity
perfect fluid stress-energy tensor satisfying the criterion indistance as a fiducial model-CDM model with ),=0.7 atz
(1) (see for example Refl14]). In our study, we extend the =0.5(top) andz=1 (bottom. For =0 (full line) the luminosity
range of values ofr considered to—-1<a<o in order to  distance curve is identical to that of the fiducial model at all red-
obtain a broader assessment of whether Chaplygin gasebifts.
could be a viable alternative to the standard model.

For =0 the background evolution of the Chaplygin gas ll. CHAPLYGIN GAS PERTURBATIONS

is identical to aA-CDM model with Q, 5= Qcp|Wo|, and We treat the Chaplygin gas as a perfect fluid made up of

Qo= Qi t Qen(1=[Wol). Furthermore, as is visible in - oftectively massless particles interacting with the rest of mat-
equations2) and(3), when|wp| tends to 1, the GCG com- yor purely through gravity. We assume purely adiabatic con-

ponent tends to evolve as a cosmological constant, irrespegsp, tions to the perturbations so that the speed of sound for
tive of the value ofa. Note that there is no analogous quin- ihe fluid is

tessencelike behaviofwith wy# —1), thus we are only
comparing GCG to theories includiny. p p

The SN1a observations measure the apparent magnitude, c§:5— =-=—Wa (7)
m(z), related to the luminosity distance, (z) via P p

and the time variation ol is

m(z)=M+5logd, (z)+ 25, (5)
w=—3H(1+w)(cZ—w)=3Hw(1+w)(a+1), (8
z dZ
d.=(1+2) o H(z))’ (6)  where derivatives are with respect to conformal tirdéd(r),

andat=da/dr.
. . . , In the synchronous gauge and following the approach and
where M is the absolute bolumetric magnitude add is  nqtations of Ma and Bertschinggt5], we can write down

measured in Mpc. It is easy to see that, because the bacise eyolution equations for the density and velocity diver-
ground evolutionthroughH) wholly determines luminosity ,once perturbationsi and 6, using the conservation of en-
distance predictions, the degeneracy between a GCG wit _

rgy momentum tensor. , =0,

a=0 and A-CDM will allow the Chaplygin gas to fit the
SNla data well. Indeed the degeneracy also stretches to
#0 when one considers luminosity distance at a specific 5= —(1+w)
redshift. In figure 1 we show Chaplygin models with degen-
erate luminosity distances with a fiducidl-CDM model
with Q,=0.7, atz=0.5 and 1.0. This degeneracy, however,
implies that the SN1a observations cannot be a strong dis-
criminant between the GCG anld; we must look to alter-
native, perturbation-dependent observations to test the validFhe fluid is highly nonrelativistic and therefore we assume
ity of the GCG models. the shear perturbatiomn=20.

h
o+ —3H(c2—w)4, 9

2
S

Trw) k?6— k2o (10)

6=—H(1-3c) o+
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FIG. 2. Late-times evolution as a function o and|w,| for 4 FIG. 3. Late-time evolution envelope fof. The powerngy
scalesk/H=1,10,100,1000 %~300th Mpc~*,h=0.65). Regions =74/4, is plotted for two length scalds’H=10 and 100. In the
[1] and[2] undergo power law growth and decay, respectively, andoscillatory regimen for the bounding envelope is plotted.

[3] undergoes oscillatory decay.

3H?
- _ 2
At early times, when the Chaplygin gas has=0, the B=——1Qent[7+Qcn+ (13- 3Qcp) @+ 627w
GCG perturbations evolve similar to those of ordinary dust )
Witf21 {9=.6=0, and 5=—h/2. In the radiation eras(a) — 301+ 2a)WAHt Z“W(E ] (14)
«a?, while Sxa in the early GCG dominated era. At later 3 \H

times, when the GCG'’s equation of state starts to decrease,h h bscri ¢ Id dark
the perturbations stray drastically from this dustlike evoly-Where the subscript refers to cold dark matter. .
tion. For w=0, Eq. (14 reducgs to Ehe expected, scale |_nde-
We can understand the late-time behavior more clearly iPendent, CDM evolu_tli)n withooc 77, For w0 we retain
we evaluate the second order differential equationsfoBy ~ Sc@le independence if=0 and just get suppression of den-

differentiating equatior(9) with respect to time we find, as SIy Perturbations. However for+0 the pertzurbation evo-
outlined in the Appendix, for a general, shearless, fluid,  ution becomes scale dependent with thé{)” term domi-
nating the others for scales greater than a characteristic scale

. H?
9H2(c2—w)2+3H(c2—w) k2 ~Taw]’ (15

S5+[1+6(c2—w)HS+

There are 3 possible solution types, fork, ,

.
+35(C§—W)+c§k2 5

(1) growing mode, a<0,

2 (2) decaying mode, a~0,

a
=-3c(1+ +—(1+w)(36P+8p). (11
Co(L+w)Ho 2 (L+w)( P) (D (3) oscillatory decay, a>0. (16)

o ] ) ] In Fig. 2 we show the asymptotic behavior at late times
Numerical integration shows that the couplingétan Eq. (takingw~ — |wo|) as one increases the sclé+. In Fig. 3

,Erlli) ghzgildg??énzfsnt for all scales that we are interested. I:()\5ve show the associated scaling&fplottingngz= 751 8. For

|[wo|#0, anda>0(<0) GCG perturbations are suppressed
(promoted in comparison to those for A-CDM model.

. . ) 3H?2 The GCG also has an effect on the CDM perturbations

2

. . 3H
A=1-6w(a+1), (13) et Hoe— —5[Qedet (1-3aw)Qepd]=0. (17)
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FIG. 4. Evolution of Ny =758./8, for |we/=0.5 and a= FIG. 5. Large scale ISW effect for GCG withi=— 0.5 (long

—0.1 (short dash 0 (long dash, 0.1 (long-short dash 0.5 (dot dash, 0 (short dash-dgtand 1(long dash-dgtcompared against a
dash in comparison to pure CDM modéfull line). Three length CDM+baryon(short dashand “fiducial” Q,=0.7,=0.3 (full
scalesk=10"4,10"2,10 *h Mpc™! are considered. line) models.

If |wo|#0 and a>0(<0) the GCG drives suppression d ) )
(growth) in 8. In Fig. 4 we show the power law evolution L@ dpl~a

of &;, plotting neﬁ,C=T'5C/5C for 3 scales as one varies

The strong growth inj; effectively rules out a GCG with  \yheren, is the power law index anp= "7 as described in
a<0 as a dark energy candidate. _ Sec. lIl. Equation(19) shows why in a standard CDM sce-
Note that thex=0 degeneracy present in the backgroundnario, withw=0 andn.; andp both ~2, there is no appre-
evolution is not found in the perturbations. The matter poweriaple 1ISW effect. In Sec. I, however, we saw fex 0 that
spectrum and CMB spectrum will therefore be better dis—neﬁ>2 giving a negative ISW effect, while for>0, nyg

Hp$, (19)

Negt
1+3w)— —
( ) 0

criminators betweerh and the GCG than SN1a. <2 producing an increase in the ISW temperature anisot-
ropy. These effects are shown in Fig. 5.
IV. IMPLICATIONS FOR TEMPERATURE ANISOTROPIES The position of the first peak will be altered through ad-

justments to the sound horizony,,, and angular diameter

A Chaplygin gas matter component would change thejistance at the last scattering surfatg, The position of the
temperature anisotropy specturm in a number of ways; altefirst peak in multipole space is given by

ing the late-time integrated Sachs-WolfiSW) effect, the

peak positions and relative heights. 70A (2100
The GCG’s late-time evolution will alter the evolution of |A:$ (20)
the gravitational potential the CMB photons pass through to I shof Zred)

reach us, inducing an ISW effect. Following REi6] and )
again using the terminology of Reff15], the ISW tempera- Wit
ture anisotropy is given by a source,
da=To— Trec

3
—=(p+ P)azo'—azﬁp 1 da

.. d
S|SWOC_\I,+(D°C_ 2

dr

Ho Arec

1— |yl ) 1/(l+a)‘| 2

Qa+ Qgha“( |wo| —

0 a3(l+ a)
—3Ha%(p+P)—|, (18)
k (21
where® and¥ are the Bardeen variabl¢$7]. Tree 1 ae. c2Pda
At late times the sheatr, is negligible and it is the den- rshor:j clPdr~ 5 j 51/2 , (22)
sity perturbation that drives the ISW effect: 0\/Qm,efr o a
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where Q) .« is defined in Eq.(4) and c?® is the speed of O Ry T T T T
sound for the radiation-baryon system, not to be confusec . [ - =05 wy-05 i

with ¢4 for the Chaplygin gasat this time the Chaplygin gas
is behaving similar to dust and ha:§:O). For fixed wy,
=0ph? andw=0Qch?(h=Hy/100), 1, increases as one in- < |
creasesy or |Wy|. The position of the first peak would be the 3 ,, L
same for scenarios with the same value\/zﬁomyeﬁdA. -
Because the Chaplygin gas mimics matter at early times & 20 -
there is no simple degeneracy, governed by the peak posi§
tions, as there is for quintessence modske, for example,  —100
Ref. [18]). The peak heights, when compared to the low
“plateau,” depend uporw and|wg| through their influence
on the ISW effect, the horizon scale at matter-radiation
equalityl (throughQ?n’eﬁhz) and the depth of the potential |
well at last scatteringalso throughQOm,eﬁhz). w0k
We follow the phenomenological discussion in Réf9],
to predict how the peak heights will alter for fixee, and 20 -
w.. Increasinga, increaseﬂ?n‘eﬁ, so that matter-radiation
equality happens earlier, increasihg, and curtailing the °5
driving effect that the decay of the gravitational potential has
on &, oscillations during the radiation era. This lowers the
height of the first peak, a decrease which is compounded by FIG. 6. Comparison of CMB power spectra, normalized to
the raising of the plateau from the ISW effect. An earlier COBE atl = 10, with varyinga and|w,|, keeping all other relevant
matter-radiation equality also decreases the depth of the poantities fixed. The behavior of peak heights and positions is dis-
tential well at last scattering, which combined with the re-cussed in the text.
duction in radiation driving, increases the height of the third
peak in comparison to the first and second ones. component in order to calculate CMB power spectra and
As one increaselsv,| one decrease@ﬁmeﬁ, loweringl g, matter power spectra. As input data, we considered the ap-
and increasing the height of the first peak. This is temperedyarent magnitudes of 51 Supernovid, CMB data sets
however, by the increase in plateau height from the 1SWrom Cosmic Background Explor¢COBE) [26], MAXIMA
effect. Reducing ¢ acts to decrease the height of the third[27], BOOMERANG [28], and VSA[29] and large scale
peak in comparison to the second and first ones. These bstructure data from 2dF30]. We consider only flat models,
haviors are confirmed by the full analysis, as is shown in Figi-e. Q=0 with scale invariant initial power spectrum, i.e.
6. The multitudinous effects that the GCG has on the CMBns=1. We use stringentGaussiah priors onH, using the
spectrum make comparison with CMB observations a strondflubble Space TelescogelST) Key Project result$i=0.72
test for the GCG models as will be seen below. +0.08[31] and onw,=Q,h?=0.02+0.001 using big bang
nucleosynthesi$BBN) constraintg 32].
We normalize the matter power spectrum usihg the
V. CHAPLYGIN GAS LIKELIHOOD ANALYSIS initial power spectrum normalization, and following Ref.
[33], we useB andb; to parametrize redshift-space distor-

+b|n order now to asstess :he V'?b'“tty tﬁf a fo_DM tions and(linean bias respectively. The power spectrum is
aryon universe, we turn to evaluate the probabilitye then related to the transfer functiof(k) (computed with

posterioj of these models given some current observationsCAMB) by

namely, SN1a, CMB, and LSS probed through galaxy sur-

vey. To study the posterior distribution, we use the Baye’s 28 2

theorem and rewrite it as the product of the likelihood and P(k):As( 1+ 245

the prior(we assume the evidence is constant and thus ignore 3 5

it). To probe this posterior, we consequently compute both

the likelihood and the prior at various positions in the choserin order to alleviate the natural degeneracy betwagand

restricted parameter space. This sampling is conducted via, (as far as LSS constraints are concejnage use the 2dF

the construction of a Monte Carlo Markov chain through theresults[34,35 to impose strondGaussiah priors ong and

Metropolis-Hasting algorithm. Once converged, this chainb,, i.e. 3=0.54+0.09b,;=1.04+0.11.

provides us with a collection of independent samples from Throughout this analysis, we ensured the chains’ conver-

the posterior(see Refs[20—22 for an introduction to this gence by generating and comparing several of ttigpi-

technique in this context and Ref&3,24 for general guid-  cally containing 10 elementsand by checking the so-called

ancse. “parameter mixing” amid them. After several trials, we
Our code uses some likelihood computation elementshoose the proposal density for each parameter to be a

from the code described in R¢R22], and relies on a version Gaussian whose width is close to the final one and whose

of the camB code[25] extended to include a Chaplygin gas center is the last chain values. This allows a full exploration

60 -

mb

g1

baT(k)>2. (23
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FIG. 7. Joint posterior of the and —w, parameters considering only SN1a détp-left pane), LSS datatop-right panel, CMB data
(bottom-lefd, and jointly CMB and LSS datébottom-righ}. The contours represent the subsequent 68 and 95 % confidence regions. While
SNla data induce constraints that are quite loose, LSS and CMB constraints are much tighter and tend to favor a cosmological constantlike
scenario.

of the parameter space. To pick-up the next chain elemen{h,wy,,wcpm,a,Wq,b,8,As} and impose the priors stated
we allow only 1 to 3 directiongthis number is randomly above. We allow a free proposal distribution ey, includ-
chosen to vary. This gives us an acceptance rate aroundng »,=0 consistent with a unified matter universe purely
25%, a good target value for efficiency’s sd@8]. The first  containing a GCG and baryons. This allows the full breadth
4000 elements of the chain, prior to its convergence, aref GCG roles(as both a dark matter and dark energy candi-
thrown away and no extra thinning is appli€23]. Once date to be tested. Following the discussion of Sec. Ill, we
converged, the chains provide a fair sampling of the fullrestrict ourselves to€ <1 and—1<wy<0. In Fig. 7 we
posterior distribution so that we can deduce easily from it allplot the marginalized joint distribution of the, |w,| param-
the quantities of interest, e.g. tif@int) marginalized distri-  eters(which is in this case just the joint number density of
bution of any parametés). those parametersas well as the 68 and 95 % confidence
As stated above, we are interested in finding the compateontours, considering separately SN1a, LSS, CMB data sets,
ibility of a Chaplygin gas+ CDM + baryon universe with and also jointly CMB and LSS. Note that for visual purposes
current data. For this we vary only 8 parametersonly the displayed surface has been build by oversampling
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our samples using cubic interpolation. This does not affect-0.075 at the 68% level, thus greatly reducing the ability of
the quantitative interpretation since the distributions turn ouea Chaplygin gas to explain the “cosmic conundrum” prob-
to be smooth. lem as proposed in Ref37].

The interpretation of the contours is nicely consistent with Our analysis assumed adiabatic perturbations for the
the theoretical prospects discussed above. First, the SN&ghaplygin gas; it remains to be seen how enriching this
observationgtop-left panel offer very light constraints on model by considering non-adiabatic perturbations, as men-
the GCG parameters, since they are sensitive only to thioned in a paper presented after the initial posting of this

background evolution. Any value appear viable, extending WOrk [38], might alter the analysis. On the basis of current
thus the obvious degeneracy betwe&rCDM model and obser\_/atlons however, Chaplygin gases, with adiabatic per-
GCG models witha=0 discussed in Sec. le.g., see Fig turbations at least, do not seem to provide a favored alterna-

1). As soon as density perturbations are considered, the co@%/:mto scenarios involving CDM and a cosmological con-
straints tighten drastically. For both LSS and CMB, the iso- '

contours are roughly centered on the=0, wo=—1 model, ACKNOWLEDGMENTS

that corresponds to the GCG acting similar td derm. This ) ) ) )

fact is emphasized in the joint CMB- LSS analysis. Note ~ We would like to thank Elena Pierpaoli, David Spergel,
that in the limit thatw, tends to— 1 (we, however, impose and Licia Verde for very helpful discussions in the course of
lwo|<1), the GCG component tends to behave similar to NS work. R.B..and O.D. are supported by MAP and NASA
A term, irrespective of the precise valueafthus leadingto  ATP Grant No. NAGS5-7154, respectively.

the observed degeneracy in thevy=1 direction. APPENDIX: PERTURBATION EVOLUTION FOR A

The other varigd parameters, ih_a.z_ub ,ar,‘d‘”C[?M , as yvell GENERAL, ADIABATIC FLUID
as the flatness impose@_h, exhibit (joint) distributions _ N o
similar to those found in typicak-CDM model studiegsee, We use the basic background equatitime derivatives

e.g., Ref[22]). This leads us to the main conclusion of this With respect tor).
study: the current data tends to favor ordinakytheory. 5
When marginalized over all other parameters, We_indeed H+H2=—=H— 1_32 (Qw))
find, ®<0.5,0.93, andv,<—0.85—-0.8, both respectively a 2 i

at the 68 and 95 % confidence level.

QD

(A1)

and equation of state and speed of sound equations

VI. CONCLUSIONS SP P

c?=—=— (assuming adiabaticijy (A2)
We have investigated the effect of a Chaplygin gas matter 5p p
component in the universe’s ingredients, to see if such a o
component is consistent with observations and whether it is a . p(P P} 2
feasible alternative to CDM anAl. W= p ;_ 5| = 7 3H(I+w)(cs—w).
Through inherent degeneracies within the background (A3)

evolution, the Chaplygin gas models have a good fit with
SN1a data. These degeneracies are not present, however, inFollowing Ref.[15] the first order perturbation equations
the perturbation evolution. In particular the growth/ are
suppression of both GCG and CDM density perturbations

proves distinctive when comparing against large scale struc- 5=—(1+w) 0+E —3(c2—W)HS (A4)
ture observations; this statement is valid, of course, for all 2 S '

casedfor all @) except, naturallyw,= —1 which is identical 5

to A, and has no perturbations. The GCG also introduces a 4 a2 Cs

number of distinguishing differences from theCDM CMB f=—(1=3c)Ho+ (1+w) k=o. (A5)

spectrum through altering the potential at last scattering, the . ) o
ISW signature, the equality scale, and the angular diameter©._ that the second order equationdr{differentiating Eq.
distance to last scattering. Combined, these differences pré9] is given by

vide a strong test for the GCG scenario.

We performed likelihood analyses using SN1a, CMB and 5= —(1+w) ;9+E —w 9+E —3(c2—w)(HS+HS)
LSS datasets and found that the current data strongly prefers 2 2
-li ity <<0. < cy
a A-like dark energy component, witk<<0.5 andw —3(c§—w)H5. (A6)

—0.85 at the 68% level and with CDM as the preferred pres-
sureless matter component. Note that, in comparison, thye eliminate the time derivatives of the metric perturbations,
unified dark matter model, with.:=0, is highly disfavored h and 5, using the perturbed Einstein equations

by the data. This result is consistent, but considerably tight-

ens, previous constraints from supernovae, CMB peak posi- 2 E S } 2

tion and matter power spectrum shape parameter analyses Ko7 ZHh_ 24 ops (A7)
[7-11]. Our constraints can be recast in terms of the )

“statefinder” parameters of Ref[36], r<1.20 and s> h+2H—2k?>»=—3a26P (A8)
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which give a H?
H - a= 7(1— BQchW)! (AlZ)
(1+w)§:H5+(1+w)H0+3(c§—w)H25
ci=—aw, (A13)
8.2
—(1+w) = (S8p+368P). A9 :
(1+w) 7 (dp ) (A9) 2= —3aHW(1+w)(1+ ) (A14)

Collecting terms together we obtain the general evolutioqu find
equation foré for any fluid with equation of statev and
speed of sounds, 2

. : 3H
S+[1—6w(a+1)HS—| awk®+ > {Qept+ (T+ Qe

5:—3c§(1+W)H0—[1+6(c§—w)]7—[5—{cgkz
) +(13-3Qn) a+6a2)W—3Q(1+2a)W?} |6
. . a
+9(c§—w)2H2+3(c§—W)H+35(c§—W)}5 372

H
, = 5 (L W) QS+ 3aw(1+w) Ho. (A15)

a
+(1+w)?(5p+35P). (A10)
Similarly if one applies Eq(A10) to CDM with w=c?

Specializing to the Chaplygin gas in the matter dominated™0. we find

era
. . 3H?
a2 32 , O+ Ho.— T[Qcéch (1-3aw)Q,6]=0.
?(5p+35P)%T[Qch(1+3CS)5+ 061, (A11) (Al6)
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