PHYSICAL REVIEW D 88, 127301 (2013)
Equation of state of dark matter after Planck data
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In this paper, we loosen the zero equation of state of dark matter to a constant w,,,. By using the
currently available cosmic observations, which include the type-lIa supernovae, the baryon acoustic
oscillation, the WiggleZ measurements of matter power spectrum, and the cosmic microwave background
radiation from the firs release of Planck data through the Markov chain Monte Carlo method, we found the
equation of state of dark matter in 30 regions: wy,, = 0.000707000074570.-00146+0.001%3  The difference
between the minimum of x> between the ACDM and AwDM models is A x2,, = 0.446 for one extra
model parameter w,,,. Although the currently available cosmic observations favor the AwDM mildly, no

significant deviation from the ACDM model is found in 1o regions.
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I. INTRODUCTION

The first release of Planck data improves the quality of
cosmological data extraordinary [1]. It allows us to give a
tighter constraint to the cosmological parameter space.
And the cold dark matter plus a cosmological constant
A, the so-called ACDM model, can almost agree with
the most recent cosmic observations, which include the
type-la supernovae (SN), the baryon acoustic oscillation
(BAO), and the cosmic microwave background radiation
(CMB), successfully at large scales. However, it has
several potential problems on smaller scales [2-6]. How
to explain the discrepancies on large and small scales is
currently still under debate [7]. The warm dark matter has
been proclaimed as a potential solution to the small scale
difficulties of cold dark matter [4,8—12]. It leaves some
space to an alternative to the cold dark matter model. The
focus point is whether it is cold or warm. Actually, the hot
dark matter was ruled out due to the difficulty in forming
the observed large scale structure. To characterize the
properties of warm dark matter, the equation of state,
Wam, 18 an important indicator in a fluid perspective. And
the value of w, should be determined by the cosmic
observations. A significant nonzero value of w,, indicates
the dark matter is warm rather than cold. In the literature,
the equation of state of warm dark matter was constrained
by many groups under the assumption of a constant, w,,;
a time variable, wy,, with a cosmological constant; or
w = constant dark energy. For an example, please see
Refs. [13—-15] and references therein. See also Ref. [16],
in which the difficulties of the small scale behavior of
warm dark matter were pointed out. If the dark matter is
really warm, the model parameters would be different even
it were to have the same background evolution history as
that of the ACDM model. A different large scale structure
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would form due to the different perturbation evolutions.
Therefore, the large scale structure information will be
important to break degeneracies between model parame-
ters and to determine the properties of dark matter, which is
the main part of the large scale structure of our Universe.
We would also like to mention the particle side of dark
matter; please see Ref. [17] for brief reviews.

Thanks to the measurements of WiggleZ Dark Energy
Survey, a total 238, 000 galaxies in the redshift range z < 1
were measured. These galaxies were split into four redshift
bins with ranges 0.1 <z<0.3,03<z<05,05<z<
0.7,and 0.7 < z < 0.9. The corresponding power spectrum
in the four redshift bins was measured; for details, please
see Ref. [18]. We estimate the nonlinear growth from a
given linear growth theory power spectrum based on the
principles of the halo model; actually, the HALOFIT
formula is used in this paper [19]. At the scale of halo,
the growth of halos depends on the local physics and not
on the details of precollapse matter and the large scale
distribution of matter. Thus, in the nonlinear regime, the
growth depends only on the nonlinear scale and the slope
and curvature of the power spectrum [20]. In this paper,
we loosen the constraint to a zero equation of state and
investigate the simplest model for dark matter, i.e., the one
with a constant wy,,. Therefore, the main information is
stored in the matter power spectrum. Also, we assume the
HALOFIT formula is still suitable for this case, although
the formula would be modified due to the freestreaming
of warm dark matter [21]. By a combination of CMB,
Sloan Digital Sky Survey (SDSS) BAO, SN, and
WiggleZ, the equation of state of dark matter will be tested.
In our results, we did not find significant deviation from
Wgn = 01in 1o regions.

Actually, this simplest form dark matter was already
constrained by using 580 SN, CMB shift parameter R, and
BAO distance parameter A [15] (see also Refs. [13,14], in
which a time variable equation of state of dark matter was
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also considered. The authors of Ref. [14] discussed the
degeneracies between model parameters extensively
and found the equation of state of dark matter in the
range of 1 — 20 regions wy, = 0.00075551+0-00 by
using the data combination of WMAPS + SDSS +
Supernovae Legacy Survey (SNLS). It implies the cold
dark matter wg, = 0 is compatible in the 10 region. As a
revisit to the work of Ref. [14] and a comparison to the work
of Ref. [15], here we will use the full information of the
CMB, which includes the recently released Planck data sets,
which include the high-1 temperature angular power spec-
trum (TT) likelihood (CAMSpec) up to a maximum multi-
pole number of [/, = 2500 from [ = 50; the low-1 TT
likelihood (lowl) up to [ = 49; and the low-1 temperature-
polarization cross-power spectrum, E-mode polarization
power spectrum, and B-mode polarization power spectrum
likelihoods up to I = 32 from WMAPY; the data sets are
available online [22]. For the SN data points as ‘“‘standard
candles,” the luminosity distances will be employed. In this
paper, we still use the SNLS3, which consists of 472 SN
calibrated by SiFTO and SALT?2; for details, please see
Ref. [23]. Although the photometric calibration of the
SNLS and the SDSS Supernova Surveys were improved
[24], they are still unavailable publicly. For the BAO data
points as “standard ruler,” we use the measured ratio of
Dy /r,, where r, is the comoving sound horizon scale at the
recombination epoch and D, is the “volume distance”
defined as

Dy(z) = [(1 + 2)’D3%(2)cz/H(2)]'/3, ¢))

where D, is the angular diameter distance. Here, the BAO
measurements from WiggleZ are not included, as they come
from the same galaxy sample as the P(k) measurement.
Because the full information of CMB and WiggleZ power
spectrums is employed, a tiger constraint is expected. Our
results will show that it is indeed the case.

The plan of this paper is as follows. In Sec. II, we present
the main background evolution and perturbation equations
for dark matter with an arbitrary equation of state. In
Sec. III, the constrained results are presented via the
Markov chain Monte Carlo (MCMC) method. Section IV
is the conclusion.

II. BACKGROUND AND PERTURBATION
EQUATIONS

The equation of state of dark matter is given as

Wap = 221, @
Pdm

The Friedmann equation for a spatially flat Friedmann-
Robertson-Walker universe reads

H?> = H}[Q.a™* + Qua3 + Qa0 Hva) 0,1 (3)
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where O; = p;/3M}H* are the present dimensionless en-

ergy densities for the radiation, the baryon, the dark matter,
and the cosmological constant, respectively, where ), +
Q,+Q,+Q,=1is respected for a spatially flat universe.

In this paper, the dark matter is taken as a perfect fluid
with a constant equation of state, and then, in the synchro-
nous gauge, the perturbation equations of density contrast
and velocity divergence for the dark matter are written as

. h )
5dm = _(1 + de)<0dm + 7) - 33{( Pdm _ wdm)adm’
2 5pdm
4)

. o o
adm = _g‘[(l - 3C%ad) + Mkzﬁdm - kz(Tdm
o 1+ Wam

(&)

following the notations of Ma and Bertschinger [25], in
which the definition of the adiabatic sound speed

2 m W m
2 Pa d (6)

Copd =7 = Wym —
S " 31+ wy)

is used. Here, the equations are also ready for a general
form of dark matter. When the equation of state of a pure
barotropic fluid is negative, the imaginary adiabatic sound
speed can cause instability of the perturbations. To over-
come this problem, one can introduce an entropy perturba-
tion and assume a positive or null effective speed of sound.
Following the work of Ref. [26], the nonadiabatic stress or
entropy perturbation can be separated out,

pdmrdm = 5pdm - Ciad‘spdmr (7)

which is gauge independent. In the rest frame of dark
matter, the entropy perturbation is specified as

— 2 2
Wamlam = (C&eff - Cs,ad)éff,flt, ®)

where ¢2 . is the effective speed of sound. Transforming
into an arbitrary gauge

0
St =5, 4+ 3H (1 + wy,y) ZZ’" 9)
gives a gauge-invariant form for the entropy perturbations.
By using Egs. (7)—(9), one can recast Egs. (4) and (5) into
Wdm_ 5

. h
Sum = —(1 + Oum + =) +
dm ( de)( dm 2) 1+ W

0
- 3.’7—[(cieff - Cf,ad)[@zm +3H 1+ wy,) dm],

K2

(10)
04, = —FH(1 -3¢0 +£k25 - Koy,
m s,eff/Ydm 1+ Wam dm dm

(an
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FIG. 1. The one-dimensional marginalized distribution on

individual parameters and two-dimensional contours with
68% C.L., 95% C.L. for the AWDM model by using CMB +
BAO + SN data points.

and Fig. 3. The difference of the minimum x> between
the ACDM and AwDM models is Ax2; = 0.446 for
one extra model parameter, w,,. Although the currently
available cosmic observations favor the AwDM mildly, no
significant deviation from the ACDM model is found in 1o
regions.

To show the effects of w,, on the matter power spec-
trum, we fix the other relevant model parameters to their
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FIG. 3. The same as Fig. 1 but with the WiggleZ measure-
ments of the power spectrum for the ACDM model.

mean values as given in Table I and vary the values of w,,
from the negative to the positive. Their effects on the
matter power spectrum due to different values of w,, are
shown in Fig. 4, where the redshift is fixed to z = 0. The
constrained result showed the values of w,, is very close to
the cold dark matter wg, = 0; then, the linear matter
power spectra of them will not be too different as expected.
As shown in Fig. 4, larger negative values of w,,, move the
matter and radiation equality to later times and oscillate the
matter power spectrum (blue, dotted line). And large posi-
tive values of w,,, move the matter and radiation equality

10

P /(hMpc™)?

ACDM mean
AwDM wdm:—0.01

101 — — — AwDM mean
AwDM wdm:0.01

10 10 107 10 10
kh™" Mpc]

FIG. 4 (color online). The matter power spectra at redshift
z = 0 for different values of the equation of state of dark matter
Wam» Where the other relevant model parameters are fixed to their
mean values as shown in Table 1.

Qm 03 W,

FIG. 2. The same as Fig. 1, but with the WiggleZ measure-
ments of the power spectrum.
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to earlier times and increase the matter power spectrum.
Therefore, it can be easily understood that hot dark matter
is ruled out due to the significant difference on the obser-
vations of the large scale structure of our Universe.

IV. CONCLUSION

In this paper, we have investigated the constraints to the
equation of state of dark matter by using the currently
available cosmic observational data sets, which include the
CMB of the first 15.5 months from Planck, SNLS3, SDSS
BAO, and WiggleZ measurements of power spectrum. The
previous results were updated. We have found that the latest
data provide the constraints wg, = 0.000707*3900748 at

95% C.L.. This result is compatible with the previous

PHYSICAL REVIEW D 88, 127301 (2013)

results, but a relative tighter constraint was obtained due to
the high quality of the currently available data points.
The difference of the minimum x> between the ACDM
and AwDM models is A sznin = (.446 for one extra model
parameter w,,. Although the currently available cosmic
observations favor the AwDM mildly, no significant devia-
tion from the ACDM model is found in the 1o region.
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