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Abstract

The generalized Chaplygin gas (GCG) model explains the recent accelerated expansion of the Universe via an exotic
background fluid whose equation of state is giverpby —A/p®, whereA is a positive constant and©« < 1. The model is
an interesting alternative to scenarios involving scalar field potentials, with the ensuing unnatural fine tuning conditions for the
underlying particle physics theories. We derive constraints on the parameter space of the model from bounds on the location
of the first few peaks and troughs of the cosmic microwave background radiation (CMBR) power spectrum arising from recent
WMAP and BOOMERanG data.
0 2003 Elsevier B.VOpen access under CC BY license.
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1. Introduction siders an exotic background fluid, the GCG, which is
described by the following equation of state
It has recently been proposed that the evidence A
for a dark energy component to the total energy den- Pch=——¢, (1)
sity of the Universe at present might be explained ch

by a change in the equation of state of the back- Wherea is a constant in the range @« < 1 (the
ground fluid rather than by a cosmological constant Chaplygin gas corresponds to the case 1) andA
or the dynamics of a scalar field rolling down a poten- @ positive constant. Inserting this equation of state into
tial [1]. This allows, at least in principle, to avoid well- the relativistic energy conservation equation, leads to

known fine-tuning problems associated witf€CDM a density evolving as [2]

and quintessence models. Within the framework of B 1/(1+a)

Friedmann—Robertson-Walker cosmology, one con- poch = <A + m) , 2

- wherea is the scale-factor of the Universe aBdan
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(o # 1) [7]. Notice that even though Eqg. (1) admits In this Letter, we extend the analysis carried out in
a wider range of positiver values, the chosen range Ref. [17] (see also Ref. [18] for a study based on the
ensures that the sound velocitf &= aA/,ocer“) does CMBfast code) aiming to constrain the parameters of
not exceed, in the “soft” equation of state phase, the GCG model from recent bounds on the positions
the velocity of light. Furthermore, as pointed out in of peaks and troughs of the CMBR power spectrum,
Ref. [2], it is only for 0< « < 1 that the analysis employing basically the same methods that have
of the evolution of energy density fluctuations is been used to constrain quintessence models (see, e.g.,
meaningful. Refs. [19-22]). Restricting the analysis of the CMBR
Furthermore, as discussed in Ref. [2], the model power spectrum to the locations of peaks and troughs
can be described by a complex scalar field whose ac- rather than considering the structure of the whole
tion can be written as a generalized Born-Infeld ac- spectrum turns out to be a simple but very powerful
tion. Recently, it has been shown that a curvature self- tool in constraining the model parameters basically
interaction of the cosmic gas can mimic the GCG because of the precision with which these positions are
equation of state [3]. It is quite clear that the GCG is a now determined, especially following WMAP results.
candidate for explaining the observed accelerated ex-We find that the model is compatible with WMAP
pansion of the Universe [4] as it automatically leads bounds on the locations of the first two peaks and first
to an asymptotic phase where the equation of state istrough, and BOOMERanG bounds on the location of
dominated by a cosmological constant @A/t |t the third peak provided: < 0.6, thus ruling out the
has also been shown that the model admits, under con-Chaplygin gas model. The allowed range of model
ditions, an inhomogeneous generalization which can parameters depends, in particular, brand ng; for
be regarded as a unification of dark matter and dark instance, fos = 0.71 andn; = 1, we obtainx < 0.4,
energy [2,5] without conflict with standard structure 0.76 < Ay < 0.88. These bounds become tighter for
formation scenarios [2,5,6]. Hence, it is fair to con- n; < 1, e.g., forny, = 0.93, we gete < 0.2, 079 <
clude that the GCG model is an interesting alterna- A; < 0.82. The allowed regions of model parameters
tive to models where the accelerated expansion of the become slightly larger for smaller values/of
Universe is explained via an uncanceled cosmologi-  Finally, we should like to mention that, in order
cal constant (see [7] and references therein) or a scalarto make the Chaplygin gas model consistent with the
field potential as in quintessence models with one location of peaks and troughs in the CMBR power
[8] or two scalar fields [9]. Recently, some questions spectrum as measured by WMAP, valuegafmaller
have been raised concerning the viability of the GCG than the ones suggested by WMAP data are required,
model. For instance, in Ref. [10], it is claimed that the namelyk < 0.65, together with the condition thaf
model produces a matter power spectrum inconsistentis close to 1.
with observation; however, the authors did not include
the effect of baryons, which should play a crucial role
and, in particular, would require a two-fluid analysis, 2 CMBR congraintsfor the GCG model
as was done in Ref. [11], with the conclusion that the
GCG can be quite different from th& CDM model
and still reproduce 2dF large scale structure data. On
the other hand, in Ref. [12], it is argued that the GCG
model is indistinguishable from tha CDM model,
which is not surprising as the authors did not consider
the GCG as an entangled mixture of dark matter and
dark energy as expected in a unification model. 0 — Tis
The possibility of describing dark energy via the la=m
GCG model has led to a wave of interest aiming to
constrain the model using observational data, particu- wheret = fa_ldt is the conformal timerg and 7is
larly those arising from SNe la [13—-15] and gravita- being its value today and at last scattering, respec-
tional lensing statistics [16]. tively, while ¢, is the average sound speed before de-

The CMBR peaks arise from acoustic oscillations
of the primeval plasma just before the Universe be-
comes transparent. The angular momentum scale of
the oscillations is set by the acoustic scdlg,which
for a flat Universe is given by

3

= )
CsTls
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coupling:
Us

& =15+ | cydr, 4)
0

where

_ 9 pp (1)
2
= b , 5
“ 40,0 ©

with ps/p, the ratio of baryon to photon energy
density.

In an idealized model of the primeval plasma, there
is a simple relationship between the location of the
mth peak and the acoustic scale, hamgly~ ml4.
However, the peaks position is shifted by several
effects which can be estimated by parametrizing the
location of themth peak/,,, asin [19,23]

(6)

where ¢ = ¢1 is the overall peak shift andy,, =

om — ¢ is the relative shift of thenth peak relative to
the first one. Eq. (6) can also be used for the position
of troughs if one setsy = 3/2 for the first trough and

m = 5/2 for the second trough. Even though analyti-

Ly, =Lam —@m) =La(m — @ — S¢p),

cal relationships between the cosmological parameters
and the peak shifts are not available, one can use fitting X(a) =
formulae describing their dependence on these para-

meters. We use the formulae given in Ref. [20] for the
first three peaks and first trough, which we reproduce
in Appendix A, for convenience. It is relevant point-

ing out that although these formulae were obtained
for quintessence models with an exponential potential,
they are expected to be fairly independent of the form
of the potential and the nature of the late time acceler-

ation mechanism as the shifts are practically indepen-
dent of post recombination physics. We should stress
that the analytic estimators we are using, determined

by comparison with CMBfast for standard models, is
less than one percent [20].

Following our dark matter-energy unification sce-
nario, we rewrite the energy density, Eq. (2), as

(1-Ay)
aS(l—&-o{)

1/(14a)
) , @)

Pch = PchO(As +
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where Ay = A/p5 and peho = (A + B)Y+e, In
terms of the new variables, Friedmann equation reads

8tG[p0  pvo
g2 =2 2o Pro
3 |: a*  ad
11— A\ Y+
+ PchO(As + aBTﬂxs) . (8)

where we have included the contribution of radiation
and baryons as these are not accounted for by the GCG
equation of state.

Several important features of Eq. (7) are worth
remarking. Firstly, we mention thad; must lie in
the interval 0< A; < 1 as otherwisepch would be
undefined for some value of the scale-factor. Secondly,
for A; = 0, the Chaplygin gas behaves as dust and,
for A; = 1, it behaves like a cosmological constant.
Notice that the Chaplygin gas corresponds t0GDM
model only fora = 0. Hence, for the chosen range
of «, the GCG model is clearly different from the
ACDM model. Another relevantissue is that the sound
velocity of the fluid is given, at present, hyA;
and thusaA; < 1. Using the fact thap,o0/0cho =
20/ (1— 20— $250) @andppo/ pcho = 2p0/ (1 — £2,0—
£250), We obtain

H? = QchoHga *X?(a), (9)
with
20 250 a
1-92,0—S2%0 1-—$,0— 20
1/14«
4 (1-Ay)
+a (AS + m . (10)
Moreover, since? = a~4(4%)2, we get
da
dt = 1/27, (11)
QU2HoX (a)
so that
1 J ajs J -1
Ih=2= / a f i I (12)
Cs X(a) X(a)
0 0

whereqys is the scale factor at last scattering, for which
we use the fitting formula [24]

1= zjs = 104§1+ 0.00124w, *"%9]
x [1+ g1w;i?],

-1
ds —

(13)
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Fig. 1. Contour plots of the first three Doppler peaks and first trough locations its2hek) plane for GCG model, wits = 0.97, for
different values ofv. Full, dashed, dot-dashed and dotted contours correspond to observational bounds on, respgctivghy, € ), andéy, ,

see Egs. (15) and (16). The box on the- 0 plot (corresponds t&.CDM
WMAP and other experiments, Eq. (18).

where

g1 =0.0783w; °%1+ 395w 73,

g2 =056[1+211wi81 (14)

andwy, , = .Qb,mhz.

Let us now turn to the discussion of the available
CMBR data. The bounds on the locations of the first
two peaks and the first trough, from WMAP measure-
ments of the CMBR temperature angular power spec-
trum [25], are

€,, =2201+028,
€, =546+ 10,
g, =4117+35, (15)

where all uncertainties arerland include calibration
and beam errors. The location of the third peak, from
BOOMERanG measurements, is given by [26]

€p, = 825775 (16)

model) indicates the bounds @rand$2,,h2 from a combination of

From the computation of the acoustic scale,
Eg. (12), the equation for the shift of the peaks, Eq. (6),
and the fitting formulae given in Appendix A, we
look for the combination of GCG model parameters
that is consistent with observational bounds. Our re-
sults are shown in Figs. 1-4, where have assumed that
wp = 0.0224 and used the fact that ands$2,, are re-
lated by

_1_-Qm_~Qr
T 1-02,— 2,

which is obtained by noting that far = 0 the model

is just the ACDM model; thus, one should identify
the Chaplygin gas parameters with the usual density
parameters when substituting= 0 in Eq. (8) (for
the presentqp = 1), taking into account tha®,,
2p + 2cpm-

In Fig. 1, we plot contours in th@:, £2,,) plane cor-
responding to the bounds on the first three peaks and
first trough of the CMBR power spectrum, Egs. (15),
(16), forny = 0.97 and different values af. The box

Ay (17)
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Fig. 4. Contour plots of the first three Doppler peaks and first trough locations {@the) plane for GCG model, witth = 0.71, for different
values ofns. Full, dashed, dot-dashed and dotted contours correspond to observational bounds on, resgggtively, £,; and ¢y, , see
Egs. (15) and (16).

Fig. 5. As for Fig. 4 but withh = 0.6.
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on thea = 0 (ACDM model) plot corresponds to the
bounds om andw,, arising from the combination of
WMAP data with other CMB experiments (ACBAR
and CBI), 2dFGRS measurements and Lymdorest
data [25]:

h = 0.7l+0'04

—0.03 W = 0-135f8:883 (18)

Notice that the above bound dnis slightly more
restrictive than the bound obtained from WMAP data
alone [25]

h =0.72+0.05. (19)

Figs. 2 and 3 show the same contours buifos 1
and 103, respectively. In Figs. 4 and 5, contours are
shown in the(A;, o) plane forh = 0.71 andh = 0.6.

3. Discussion and conclusions

In this work we have shown that current bounds on
the location of the first few peaks and troughs in the
CMBR power spectrum, as determined from WMAP
and BOOMERanG data, allow constraining a sizable
portion of the parameter space of the GCG model.
Our results indicate that WMAP bounds imply that
the Chaplygin gas modek(= 1 case) is ruled out
and so are models with > 0.6. For low values of
ng, o = 0.6 is also ruled out. However, far, > 0.97,

a = 0.6 becomes increasingly compatible with data.
Hence, one can safely state that models wit 0.2
are always consistent.

Our analysis shows that results depend strongly on

the Hubble parameter and since WMAP’s bound on
this quantity was obtained fox CDM models and, on

the other hand, there are recent determinations of the

M.C. Bento et al. / Physics Letters B 575 (2003) 172-180

central value for WMAP’s bound oh), « = 1 is not
allowed for any combination of parameters; however,
for h = 0.6 (slightly below WMAP’s preferred range),

o =1 is allowed provided:; is around 1. In fact, a
deeper analysis shows that, in order for the Chaplygin
gas model to become consistent with peak and dip
locations of the CMBR power spectrum, it is necessary
thath <0.65 andn; ~ 1.

These results are compatible with the ones found
in Ref. [17] using bounds on the third peak from
BOMERanG and the first peak from Archeops [29]
data as well as bounds from SNe la and distant quasar
sources, namely .2 <« <06 and 081 < Ay <
0.85. We find,in particular, that bounds from SNe la
data, which suggest that®< A, < 0.85 [14], are
consistent with our present results fay = 1 and
h=0.71, namely 0.7& A, <0.87.

Note added

After we had completed this work, a related study
has appeared [30] which makes a likelihood analysis
based on the full WMAP CMB data set using a
modified CMBfast code, with results similar to ours.
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Appendix A

We reproduce here the analytic approximations for

Hubble constant, combining Sunayev—-Zeldovich and the phase shifts found in Ref. [20]. The overall phase
X-ray flux measurements of clusters of galaxies, that shift is given by

give much lower values aflp, namely [27]

Ho =60+ 4713 km/(sMpo), (20)
and [28]
Ho = 66"17+ 15 kmy/(sMpo, (21)

it is relevant to examine the implications, in particular
regarding the exclusion of the Chaplygin gas model,
of relaxing the bound (19) and allow for lower values
of h. Figs. 4 and 5 show that, fok = 0.71 (the

¢ = (1.466— 0.466n,)[a1r?2 + 0.2912%),
where

a1 = 0.286+ 0.626wy,

az=0.1786— 6.308wp, + 174902 — 11684F (A.2)
are fitting coefficients,

(A1)

Ts
2e=13" f 2cn(7) d7, (A.3)
0
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and
(A.4)

is the ratio of radiation to matter at decoupling and
is given by Egs. (13), (14).

There is no relative shift of the first acoustic peak,
3¢1 = 0, and the relative shifts for the second and third
peaks are given by

s« = prad(zis)/ om (2Is)

S@2 =cog— c1r« — c2r, @ 4+ 0.05(n; — 1), (A.5)
where
co=—0.1+ (0.213— 0.12322")

x exp|—(52— 636 2 wp},
c1 = 0.015+ 0.063 exff—35004f),
¢2=6x107°+0.137(w, — 0.07),
c3=0.8+ 232+ (70— 1262wy, (A.6)
and

893 =10—d1r® 4+ 0.08(n; — 1), (A7)
with
d1=9.97+ (3.3 32wy,
dp = 0.0016— 0.006725"+ (0.196— 0.22 25" w,
+(225+ 27722 x 1050, . (A.8)
The relative shift of the first trough is given by

8@a/2 = bo + birs! > exp(bor,) +0.158(n — 1) (A.9)
with
bo = —0.086— 0.07925,

— (22218125 )w, — (140+ 40325 w7,
b1 =0.39—0.982%5 — (181 - 2922w,

+ 440¢f,

by = —0.57— 3.8 exp(—2365¢f). (A.10)
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