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We review the implications of having a nontrivial matter component in the Universe and the potential for
detecting such a component through the matter power spectrum and integrated Sachs-Wolfe effect. We adopt a
phenomenological approach and consider the mysterious dark energy to be a cosmic fluid. It is thus fully
characterized, up to linear order, by its equation of state and its speed of sound. Whereas the equation of state
has been widely studied in the literature, less interest has been devoted to the speed of sound. Its observational
consequences come predominantly from very large scale modes of dark matter perturb&tions (
<0.01h Mpc™1). Since these modes have hardly been probed so far by large scale galaxy surveys, we
investigate whether joint constraints can be placed on those two quantities using the recent cosmic microwave
background CMB) fluctuations measurements by the Wilkinson Microwave Anisotropy Probe as well as the
recently measured CMB large scale structure cross correlation. We find only a tentative 1 sigma detection of
the speed of sound, from CMB alomﬁ<0.04 at this low significance level. Furthermore, the current uncer-
tainties in bias in the matter power spectrum preclude any constraints being placed using the cross correlation
of CMB with the NRAO VLA Sky Survey radio survey.
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I. INTRODUCTION A positive detection of such a cross correlation using WMAP
data, assuming a cosmological constant as the dark energy,
With the recent unveiling of the Wilkinson Microwave has recently been measurgd-11].
Anisotropy Probe(WMAP) results, measuring the cosmic ~ However the underlying cause of the dark energy is still
microwave backgroundCMB) anisotropy[1], the ongoing Unknown; and such observational inferences offer rich pros-
supernovae Search&] and the upcoming Comp|etion of the pects for gwdlng and Ieading the theoretical effort. A wide
Sloan Digital Sky Survey, amongst others, we are seeing gariety of models have been propos_ed to explain observa-
wealth of precision observational data being made availablions. from the unperturbed cosmological constant to a mul-
To a great extent the standard cold dark matter model with Litude of scalar field quintessence and exotic particle theories

cosmological constantN\CDM) scenario fits the data well (see[12] for a review. . - .
3] g N ) Much effort has been put into determining the equation of
. state of dark energy, in an attempt to constrain and direct

However, the WMAP data might suggest that some mOd'gweories. Since the equation of state affects both the back-

fications to the standard scenario are needed. One possih found expansion and the evolution of matter perturbations

hint at 'requ]nred modifications is thg ‘?'ef'c" .Of Ilargehscflethere are a wealth of complementary observations available
power in the temperature map, and, in particular, the OWagain sed12] and references thergin

CMB quadrupole whose posterior probability is less than a “an equally insightful, but less investigated, characteristic
few hundredthgsee e.g. for possible interpretatiddss] and  of gark energy is the speed of sound within it. This does not
[6] for a discussion of this numberOne possibility is that  affect the background evolution but is fundamental in deter-
this lack of large scale power might point to some particularmining a dark energy’s clustering properties, through the
properties of the dark energy. The dominant contribution tqjeans scale. It will, therefore, have an effect on the evolution
fluctuations on these scales is the integrated Sachs-Wolfsf fluctuations in the matter distribution.
(ISW) effect which describes the fluctuations induced by the Following the papers laying the foundations for cosmo-
passage of CMB photons through the time evolving gravitajogical perturbation theor13,14], the effect of the speed of
tional potential associated to nearlm(5) large scale struc- sound on observables was considered in more detail for the
tures(LSS). One property we expect of dark energy is that it CMB and large scale structufé5,16 and in the context of
suppresses the gravitational collapse of matter at relativeliensing [17]. Observational implications of the speed of
recent times, which in turn suppresses the gravitational posound in a variety of dark energy models have also recently
tential felt by the photons, thereby leaving a signature in thébeen discussed: for example, feessencg19,20, conden-
ISW correlations. Since this signature is created by the tim&ation of dark matte21] and the Chaplygin gas, in terms of
evolving potential associated with relatively close LSS, itthe matter power spectruf@2—24 and combined full CMB
should be intimately correlated with any tracer of LES]. and large scale structure measuremés26.
Minimally coupled scalar field quintessence models com-
monly have a nonadiabatic speed of sound close or equal to
*Email address: rbean@astro.princeton.edu unity (in units of c, the speed of lightsee for examplg27)).
"Email address: olivier@astro.princeton.edu By contrast however, the adiabatic Chaplygin gas méelgl.
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motivated by a rolling tachyofi28]) has a speed of sound wTi=(c2—c2)6 (4)

directly proportional to the equation of state, both of which

are approximately zero up until late times when the dark pi [ Sp  Sp;

energy starts to dominate. It is conceivable therefore that =; ? b_ . (5)
I i i

distinctions between such models might be able to be made
through the detection of a signature of the dark energy speed g the intrinsic entropy perturbation of the matter com-
of sound in the large scale ISW correlations and in the Cros§gnent representing the displacement between hypersurfaces
correlation of the CMB with the distribution of large scale ¢ nitorm pressure and uniform energy density. In this pa-
structure]8]. , , - per, we are solely interested in probing the intrinsic entropy
In Sec. Il we briefly review parameters describing a gen+ the gark energy component. It is worth noting that in a
eral fluid and the issues that arise when establishing a fluid's, , iifiuig scenario, in addition to the intrinsic entropy per-
speed of sound. In Sec. Il we describe the implications Ok, hations denoted by, , further contributions to the total

the lequati_on hOf f?tgte and speed of sound on perturbat'l()@ntropy perturbation of the system can arise from the relative
evolution in the fluid and CDM. We consider a toy mode volution of two or more fluids with differenadiabatic

with a slowly varying equation of state and sound speed speeds, and through nonminimal couplseg for ex-
applicable in a wide variety of minimally coupled scalar field ample[29]).

theories. In Sec. IV we discuss the potential for detecting the
speed of sound using late time perturbation evolution, in thesC
ISW effect, through the autocorrelation of the CMB tempera-
ture power spectrum. In Sec. V we extend the analysis to th
cross correlation of the WMAP CMB data with distribution.
Finally, in Sec. VI we summarize our findings.

Whereas the adiabatic speed of souog, andT’; are

ale independent, gauge invariant quantitigscan be nei-

her. As such the general speed of sound is gauge and scale
8ependent and issues of preferred frame arise. Looking at
Eq. (5), since the fluid rest frame is the only frame in which

&; is a gauge invariant quantity, this is the only frame in
which a matter component’s speed of sound is also gauge-

Il. THE SPEED OF SOUND WITHIN GENERAL MATTER invariant. _ _ _
A useful transformation14] relates the gauge-invariant,

For a perfect fluid the speed of sound purely arises fromggt frame density perturbatios,, to the density and veloc-
adiabatic perturbations in the pressyseand energy density ity perturbations in a random frame, and 6,
p, and the adiabatic speed of sounﬁi, is purely determined

by the equation of state, - 0
w;= P (1)  where we assume that the component is minimally coupled
Pi to other matter species and henceforth dark energy rest frame
quantities are denoted using a circumfley.(
P, W Using Egs.(5) and(6) we can rewrite the pressure pertur-
ciiz.—'zwi— # (2 bation in a general framejp;, in terms of the rest frame
pi H(1+wi) speed of sound,
. . - - 0;
where the subscript denotes a general specie of matter, 5pi:C§i5Pi+3H(1+Wi)(cgi_cgi)Pi_;- 7)

where dots represent derivatives with respect to conformal

time and whereH is the Hubble constant with respect to

conformal time. Ill. THE SPEED OF SOUND AND PERTURBATION
In imperfect fluids, for example most scalar field or quin- EVOLUTION

tessence models, however, dissipative processes generate en- .

tropic perturbations in the fluid and this simple relation be- €réin, we use the synchronous gauge and follow the

tween background and the speed of sound breaks down af@tation of[30]. CDM rest frame quantities are denotéd
we have the more general relation and 6, , while dark energy rest frame quantities use the cir-

cumflex (*). The two are related by E@6).
The energy density and velocity perturbation evolution of

2_ % a general matter component in the CDM rest frame is given
o= G
Pi y
; ; y 2 272 219 h n2
In order to establish the speed of sound in these cases wé=—(1+w){ [k“+9H (cs—ca)]—2+ > —3H(cs—w)6S
must look to the full action for the fluid described often k
through the form of an effective potential. In this case, the ®)
speed of sound can be written in terms of the contribution of ~p
the adiabatic component and an additional entropy perturbdi: —H(1—362)£+ Cs s 9
tion I'; and the density fluctuation in the given fradig14], k2 k2 1t+w
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FIG. 1. Rel ¢ dark b FIG. 2. Evolution of the ISW source term, in comparison to the
elative suppression of dark energy perturbations tq.2 _ f2_

those in CDM as one increase&from 0 to 1(top to bottom in both Eottgmsff?sgf] ;’:I]Iéhgx arg}?);efgr;; in0|':i2§.’ 35 0.75 and 1 from

panel$ for w=-0.8. The top panel shows perturbations in the

CDM rest frame, which due to entropy perturbations can becomeate obeys an effective power laaw ™ and we find that the

negative. The bottom panel shows perturbations in the dark energ@'volution equations admit a solution of the foidge: 5, /(1

rest frame which are always positive but for<0 are a fraction of 4+ w) 72 , and 0, x 3

the CDM perturbationsh and (), are fixed so as to fit the WMAP

constraints onQ,h? Q.h? and angular diameter distance to last

scattering 3].

Equatlon(8) shows howw and 6§ affect the relative size
of dark energy and CDM perturbations. In Fig. 1 we see that,
as one expects, increasing the speed of sound accentuates
this suppression produced by reduciwg lowering 6, /6 .

This set of equations illustrates clearly that linear perturbaNote that the dark energy density perturbation is well defined
tions can be fully characterized by two numbéasid their  (remaining positivein the rest frame, while the transforma-
potential time evolution the equation of state and the rest tion into the CDM rest frame can mak& negative; this is
frame speed of sound. just a foible of the frame one chooses, however.

Let us now consider a toy m9de| with a general fluid in The presence of dark energy perturbations leawssaad
which the time variation irw andc? is small in comparison ¢ dependent signature in the ISW source term. This can be
to the expansion rate of the Universe so that we can model iritten in terms of the time variation of the anisotropic stress
with constantw (i.e. c2~w) andcZ. Such models are not and the rest frame density perturbations of each matter com-
impractical and can be used as the basis for comparison witRonent,
scalar field theories such as those with scaling potentials and
Chaplygin gases during the radiation and matter dominated 01 2
eras. O—V ~ _ﬁd_[H (Q8:.+0,8)]. (11

In the matter dominated era, ignoring baryons for simplic-

ity, CDM density perturbations are affected by the speed of Sincesd, is suppressed in comparisondg, the dominant

sound of dark energgdenoted %" ) through the relation contribution to the ISW will come from the CDM perturba-
tions. Subsequently it will be suppression of théisecom-
332 parison to al).=1 scenarip through the effect of the dark
St HE— —— 0.5, energy speed of sound and equation of state that will leave a
2 signature in the ISW. Figure 2 shows how as one increases
3120 c2 the ISW effect increases.

X ~2 ~9 Oy
5 (1+303)5X+9H(1+w)(cs—w)ﬁ .

IV. CONSTRAINTS USING WMAP TEMPERATURE
(10) FLUCTUATIONS AT LARGE SCALES

In this section, we investigate the joint constraints on the
In the radiation and matter dominated eras the expansioaquation of state and the speed of sound that can be inferred
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using the CMB temperature power spectrum. As was dis- Err T T T T T

cussed earlier, the main effect of a sound speed smaller tha 6000 w=-0.3
the speed of light will be felt at late times and large scales 5000 & ---  c=1 A
and will thus only affect the very large scale CMB tempera- 4000 E —— c;=0 !
ture fluctuations arising from the late ISW effect, for which
WMAP already provide us with full sky cosmic variance 3000 -
limited measurementl]. The Fourier component of the fluc- f‘si 2000 _ £y
tuations arising from the ISW effect is given kfor this wb S s
equation only, we ignore the well known issues related to the% 1000
sphericity of the observed sky N 0 E—
= 6000 E-
5T 0 . % = 0
—(z,k)=f 2d(n,k)d7y (12 & 8000 --- %
To s € 400 — &
3Hgﬂg’1 . 2dg 3000 ;—
= 2 5°(k)JoEdz (13 2000;_
wherec? is the square of the speed of light, is the Hubble 1000 [ | .
constant todayg?(k) = 6.(z=0k) and Q% is the fractional T
energy density in matt(ilCDM+baryons$ today andg(z,k) log 1
=(1+2z)D(z,k) whereD(zk) is the linear growth factor
given by 6,(z,k)=D(z,k) 82(k). In the limit thatw tends to FIG. 3. CMB TT spectra forw=-0.3 (top panel and
—1, D(z,k) is scale independent and can be approximatedv=—0.9 (bottom panel with cZ=0 and 1, all other parameters
by fixed to give the best fit at smaller scales. All spectra are normalized

to Cgy for comparison.

- SQSE(z)fw (1+2)dz
=— Z

D(z) 3 (14)  the change in the first peak height ISW plateau ratio. We
E(2) considerw values between 0 and 1 andc? between 0 and

H(2) 12 1. Given this grid of model, we can then deduce easily the

E(z)= = Q0(1+2)30+w) (15  likelihood of the data using the publically available code
Ho i provided by the WMAP tearf32], from which we can de-

- . . "2
however this approximation does not provide the degree Oguce some joint constraints (v_ma_md Cs -
precision that is required fav>—1, even in the absence of In Fig. 3 we ShOW_ the variation of the CMB TT power
dark energy perturbatiori81]. Because of this and in order SPE€Ctrum as one varieg from 0 to 1 for a rrlodel withw
to factor in the late time effect of dark energy perturbations= — 0.3 and—0.9. One can see that increasigincreases

and their scale dependence, ﬁ:ﬁ‘#O, we exp||c|t|y calcu- the SupprESSion of the CDM perturbations and therefore in-
late the linear growth functiorD(z,k;f:§ w) for each model. creases the power on large scales. The eﬁe_ct decreases
Note that the effect of the speed of sound comes in solelthOngh as one decreasasat low w, the suppression due to

through the value oY while the equation of state affects the equation of st.ate ftself W'", generate .a d.ommgnt. ISW
both 62 and the linear growth factor effect on top of which a subdominant contribution frafis
. :

The associated autopower spectrum is given subsequentzgﬁﬂe ds?rf)ﬁr%nposed. Those results agree with the one ob-
by In Fig. 4 we show the likelihood plot from the WMAP
data in thew-6§ plane. The low quadrupole, and other low

€ C,'s, lead to a value 0f:§<0.04 being preferred by the
data, at the & level, although as one moves to lowgrthe

In order to probe solely the effect of on C] ", we will  ability to distinguish between different values of the speed of
compare to WMAP observations a family of models lying sound disappears, because of cosmic variance. Note that fol-
along the angular diameter degeneracy surface present in thawing the posting of this work, similar results have been
CMB spectrum. To do so, we kedp;h?=0.135 andQ,h?  found varying more parameters, including the tilt with which
=0.0224 to be consistent with the WMAP best[f%] and the 6§ is degenerate. It was also found that the speed of
choosew and h such that the angular diameter distance tosound is poorly constrained by current measuremik@b
last scattering is the same. Other parameters correspond to The cosmic variance thus limits our ability to constrain
the best fit model of3] (table 7. Doing so, we ensure that the dark energy speed of sound using tempera@renly.
only the large scale correlations vary with each model andHowever, given the fact that all the constraints come from
that in all other respects they fit the WMAP data well. Notethe ISW effect, it is natural to consider the cross correlation
that we also have varied slightly the overall amplitude due taf the CMB with the large scale distribution of matter near

°°dk<5T oT

TT_ Y _ ’ i 2
c —4wfo k To(k)TO(k)>J«(k7I)- (16)
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FIG. 4. Likelihood contour plot for the dark energy component
in thew-c§ plane showing 1, 2 anda@contours(heaviest to faintest
lines respectivelyafter marginalizing over the power spectrum nor-
malization.

FIG. 5. Matter power spectra COBE normalized. Top panel:
= —0.9(dashegland — 0.3 (full) with c§:0 and 1(top and bottom
lines respectively Bottom panel: ¢c2=0,w=—1,—0.75-0.5,
—0.25 from top to bottorfat large scales on both plots

us. The correlation is a direct probe of the late ISW. Irltheory,[ions induced by the same potential through the ISW effect.
then, this might give us a better and different probe t#0  The angular dependence of this cross-correlation function
so that both should be combined eventually. We consider thistCP) and its amplitude both depend on the tracer properties
in the next section. (bias and redshift distributiorand on the particular cosmo-

logical model considered. In particular, we would expect an
important dependency on the dark energy properties which
drive the evolution of the Universe at those late times and
large scales. Modeling the tracer properties, we can thus in

As stated earlier, the dark energy affects very large scal@rinciple constrain the cosmology. This has been advocated
modes of dark matter density perturbations. As shown in Figfirst in [8], studied in detail i{35,36 and performed effec-
5, those modes are outside the range of current wide fieltively using as a tracer the NVSS sour¢@s10,37, HEAO-
galaxy surveys. For example, the SDSS measured the galayX-ray source$38,39 or APM galaxies[11].
power spectrum down te=0.01h Mpc~! “only” (see e.g. So far, this correlation has been probed to prove the very
[33]). Full sky surveys exist, though, but their particular €xistence of dark energy and to constrain its overall density.
properties and intrinsic limitations restricted their use as di\We here extend this approach and try to investigate the po-
rect probes of the matter power spectrum at those scales. Figntial constraints on its very perturbative properties, i.e.
example, the NRAO VLA Sky SurvegNVSS) [34] encom- jointly its equation of state and its sound speed. We will use
passes such a wide variety of objects that the difficulties iRs @ dataset the ACF and CCF measuremen{d @f per-
modeling the biases at stake prevented its usage to directfprmed using the NVSS catalog and the WMAP 1-year
measurddark matter density fluctuations at those scales andnaps. For the sake of simplicity we will follow the same
infer this way any precise cosmological constraint. Howeverhotations that we recall briefly.
their use in conjunction with large scale CMB fluctuation ~The measurements of fluctuations in the nearby matter
measurements allows us to circumvent somehow this diffidistribution from measuring the radio sources distribution
culty. can be expressed in terms of the fractional source count per-

Indeed, within a given cosmological model, one can lookturbation given by
at the surveyed objects as a simple linearly biased tracer of
dark matter perturbations, a reasonable approximation on SN . _rzdN A
those very large scales. By measuring the autocorrelation N—(n)=b,62(n)f d—D(z,n)dz (17)
function (ACF) of those objects on those scales, one can 0 0dz
infer the model-dependent effective bias for this composite
population. Since this population traces the large scale gravinhereb, is the linear bias in the matter distributidyy is the
tational potential, it should correlate with the CMB fluctua- mean source count per pixgl47.9 for 1.8 deg square pixels

V. CONSTRAINTS USING CMB AND LARGE SCALE
STRUCTURE CROSS CORRELATION
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used in[10]), anddN/dz is the normalized redshift distribu- —

tion of galaxies, such thgt(dN/dz)dz=1. For the latter we
adopt the model of40].
The dimensionless two point correlation function between

two quantitiesX andY with background valueX, andY, in
positionsn andn’ in the sky is given by

()= <5X(n) 5Y(n )>

n-n’=cosé

~ 40 \ 1

™o

1 ﬁ 21+1)CX'P 6 18 s
= a7 2, (A DCIP(cosh).  (18) | | | . |
. 0 5 10 15 20
For the fractional source count and CMB temperature cross P
and autocorrelations,
FIG. 6. Predicted ACF for the NVSS radio source catalog as a
CNT=47TJOC% ﬁ(k)ﬂ(k’) jz(k ) function of angular separatiom, in degree. The linear bias factor
¢ o K\ Ng To R has been accounted for. The various models correspond, in light
gray, tow=-0.9 andc§:0.9,0.l(respectively in triple dot-dashed
=dk or dot-dashed lings or, in dark gray, tow=-—0.3 with c§
:47Tf ?Az(k)f?(k)f}( k), (19  =0.9,0.1(respectively in triple dot-dashed or dot-dashed lin€ke
0 black line corresponds to our fiduciAlCDM model. Measurements
dk (¢©) are from[10].
cMe—an [ —<—<k)—(k )>Je(krz)
Fig. 6. We obtain a bias range and a bias evolution similar as
the one obtained b}10], i.e.b,=1.4 for our fiducialA CDM
=4wa%A2(k)f?(k)f2‘(k), (20) model, andb, tends to decrease wheanincreasesin a range
o K between 1.4 and 2)2Note that the plotted error bars are
heavily correlated. The knowledge of the correlation matrix
where computed in[10] allows us however to compute a well de-
5 ) s 5 fined y? statistic. Note also that those error bars include cos-
A%(k)=(82(k) 82(K)) = 8(k—k")k*P(K)/l2m®  (21)  mic variance only but do not take into account the shot noise

and where the filter functions for the temperature and num-

ber count fluctuations respectively are given by 50T T T ]

3H30Y, zdg(z,k) . 40F 5

fi(k)=— sz jlkn(2]dz (22

- = E

zdN . 5 R0f E

No=b [ ‘Goenidm@na @ & % ]

10F 3

whereD(z,k) has been previously defined in Sec. IV. :

The results of this approach are summarized in Figs. 6 Og‘ E
and 7. As was used in Sec. IV, we consider here a family of 5 ¢

models lying along the CMB angular diameter degeneracy 0 5 1'0 1'5 2'0

surface, and move along it by varying simultaneowslgnd

h. For each of these backgrounds, we then consider variou
cg and compute the linear transfer function using a modified
version of thecMBFAST [41] or cAMB [42] softwares. For a
sample of those models, we plotted both the predicted ACIJ
CcNN(#), from which we infer the biagFig. 6), and the sub-
sequent predicted CCRZN'(6), which one can compare go_dashed lings or, in dark gray, tow=—0.3 with c2=0.9,0.1
with the measurements ¢10] (Fig. 7). Obviously, even if  (respectively in triple dot-dashed or dot-dashed I)n%ey largely
this signal does indeed have some dependence with regard ¢Qerlap. The black line corresponds to our fiduclalDM model.
the dark energy perturbations parametersndcZ, most of  Data points fron{10] are in diamonds as well dsorrelated error
the effect is absorbed in the bias measurement illustrated ibars.

FIG. 7. Predicted CCF for the NVSS radio source catalog as a
unction of angular separatiom, in degree. The linear bias factor
has been accounted for. The various models correspond, in light
gray, tow=-0.9 andc2 0.9,0.1(respectively in triple dot dashed,
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in the radio source catalog which is “negligible” given the we obtain a & “constraint’ on the speed of soun&§
fact that cosmic variance account for 99% of our total error< 04, using scenarios that minimize contributions to the
budget. This can be derived easily given the fact that radigelinood on small scaleéfrom the peaksas much as pos-
source shot noise accounts for 11% of the sigirabounts  sjpje by using well known degeneracies to follow the WMAP
for the NVSS survey39]. Nevertheless, given the fact that pest fit model as closely as possible. The main limitation in
all our models lie within the one sigma error bars, we will gptaining constraints from the autocorrelation is the cosmic
not illustrate here by a contour plot those weak joint con-ygriance.
straints onw andc?. We have also investigated the cross correlation of the
A natural and important question that arises at this leve|arge scale CMB with fluctuations in the nearby mass distri-
concerns the future prospect for the measurements of thisution using the NVSS radio source catalogue. We here
correlation, depending on the used LSS tracers as well as thgyain find that cosmic variance is a strong limitation and
survey considered. Although some studies have already be?ﬁ*events us from placing any strong constraint in \theg
done[16,35,36, more specific investigations are necessarypiane.
In particular an independent measurement of the bias, along However, since the potential of such an analysis might be
with improved scale and depth of survey, will all contribute ynique in unveiling the mysteries of the dark energy, it is
to vastly improving on the current observational uncertainimportant to explore further the prospect of a future potential
ties. large scale probe of the gravitational potential and so of the
ISW (LSST, PLANCK, CMBPOL. We have presented some
VI. CONCLUSIONS estimates of prospective constraints that one might obtain
We have reviewed the effect of the speed of sound of darl‘irorn crosl,s correr:atlon cl)f Iarge sfcalfe probes Vﬁ'th CMB, how-
energy on CDM and dark energy perturbations. While a posi—ever we leave this exploration for future work.
tive dark energy speed of sound suppresses the CDM pertur-
bations, it is the deviation from adiabaticity, in combination
with the equation of state, that determine the degree of sup- We would like to thank Robert Caldwell, Sean Carroll,
pression of the amplitude dark energy perturbation in comAnthony Challinor, Rob Crittenden, Joe Hennawi, Mike
parison to those of the CDM. Nolta, Hiranya Peiris, Martin White, and, especially, David
We have found the CMB large scale temperature fluctuaSpergel for very helpful discussions and questions in the
tions, dominated by the ISW effect, are a promising tool tocourse of this work. O.D. acknowledges the Aspen Center
measure the speed of sound. The suppression of CDM mattésr Physics where part of this work was pursued. R.B. and
perturbations drive the late time ISW effect. O.D. are supported by WMAP and NASA ATP grant NAG5-
From the autocorrelation of the WMAP data with itself 7154 respectively.
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