arXiv:astro-ph/0502227 v1 10 Feb 2005

Mon. Not. R. Astron. Soc. 000, 1–?? (2002) Printed 6 March 2005 (MN L^ATEX style file v2.2)

A full sky prediction of the SZ effect from diffuse hot gas in the local universe and the upper limit from the WMAP data

F. K. Hansen^1,^⋆, E. Branchini^2, †, P. Mazzotta^{3,4}, ‡, P. Cabella^3, §, K. Dolag^5, ¶

1 Institute of Theoretical Astrophysics, University of Oslo, P.O. Box 1029 Blindern, N-0315 Oslo, Norway 2 Dipartimento di Fisica, Università di Roma TRE, Via della Vasca Navale 84, I-00146 Roma, Italy 3 Dipartimento di Fisica, Università di Roma ‘Tor Vergata’, Via della Ricerca Scientifica 1, I-00133 Roma, Italy 4 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA02138, USA 5 Max Planck Institut für Astrophysik, Karl-Scharzschild-Strasse 1, Postfach 1317, D-85741 Garching bei München, Germany

6 March 2005

ABSTRACT We use the PSCz galaxy redshift catalogue combined with constrained simulations based on the IRAS 1.2 Jy galaxy density field to estimate the contribution of hot gas in the local universe to the SZ-effect on large scales. We produce a full sky Healpix map predicting the SZ-effect from clusters as well as diffuse hot gas within 80 h^{−1}Mpc. Performing cross-correlation tests between this map and the WMAP data in pixel, harmonic and wavelet space we can put an upper limit on the effect. We conclude that the SZ effect from diffuse gas in the local universe cannot be detected in current CMB data and is not a contaminating factor on large scales (ℓ < 60) in studies of the CMB angular anisotropies. However, for future high sensitivity experiments observing at a wider range of frequencies, the predicted large scale SZ effect could be of importance.

Key words: methods: data analysis–methods: statistical–techniques: image processing– cosmology: observations–cosmology: cosmic microwave background

1 INTRODUCTION

The first high resolution full-sky observation of the cosmic microwave background (CMB) provided by the WMAP satellite has significantly improved estimates of the angular power spectrum and cosmological parameters (see Bennett et al. (2003) and references therein). It has also put stringent limits on the level of primordial non-Gaussianity and point source contribution in the CMB (Komatsu et al. 2003). Also the hot gas in some nearby clusters was seen through the Sunyaev-Zeldovich (SZ) effect.

In this paper we investigate whether CMB observations, at the frequencies observed by the WMAP satellite, could be used to study the large scale properties of the local universe (< 80 h^{−1} Mpc) through the SZ effect of diffuse hot gas as well as nearby clusters and/or if this effect could contaminate, to some level, the CMB at the largest scales. This is done through cross-correlation tests between an all-sky estimate of the SZ thermal effect induced by the hot gas in the local universe and combinations of the WMAP observations at different frequencies. We also put limits on the contribution of the SZ effect in the local universe to the WMAP data. Uncertainties in the reconstructed positions of local cosmic structures in the currently avaliable constrained simulations are significantly larger than 2 degrees, which corresponds to the smallest angular scale that we consider in our cross-correlation analysis. To circumvent this problem we adopt an alternative reconstruction procedure that uses a further set of constraints provided by the observed positions of PSCz galaxies.

⋆ E-mail: frodekh@astro.uio.no † E-mail: branchin@fis.uniroma3.it ‡ E-mail: pasquale.mazzotta@roma2.infn.it § E-mail: Paolo.Cabella@roma2.infn.it ¶ E-mail: kdolag@MPA-Garching.MPG.DE

© 2002 RAS

2 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

Recently there have been a number of papers focusing on cross-correlation tests to search for the SZ effect in the WMAP data; (Myers et al. 2004) found a detection of the SZ effect out to a 1^∘ angular distance of the cluster centres for clusters in the APM, ACO and 2MASS galaxy catalogues; (Hernandez-Monteagudo & Rubino-Martin 2004) performed a cross-correlation test between 2MASS (out to z ≈ 0.1) and WMAP for small patches on the sky and found a strong detection; (Afshordi et al. 2004a) detected the thermal SZ effect at small angular scales by cross-correlating the WMAP data with the 2MASS galaxy catalogue; (Afshordi et al. 2004b) found an 8σ detection of the SZ effect for 116 X-ray clusters; (Fosalba et al. 2004; Scranton et al. 2004) reported a detection of the SZ effect of high redshift clusters by cross-correlating the WMAP data with large scale structure traced by the Sloan Digital Sky Survey (SDSS). All these detections of the SZ effect were found mainly on small angular scales and mostly due to high redshift clusters. On large angular scales, cross-correlations between WMAP observations and large scale structure have been found (Fosalba & Gaztanaga 2004; Fosalba et al. 2004; Boughn & Crittenden 2004; Nolta et al. 2004; Scranton et al. 2004; Afshordi et al. 2004a; Vielva et al. 2004b; Padmanabhan et al. 2004). These correlations have been interpreted as a detection of the Integrated Sachs-Wolfe effect (ISW) and are not compatible with the signal expected from the SZ effect. Some attempts to detect the SZ effect on large angular scales have also been performed. (Scaramella 1995) used the distribution of Abell/ACO clusters to predict the SZ effect in the local universe and its detectability; (Diego et al. 2003) searched for cross-correlations between the WMAP data and the ROSAT diffuse X-ray background maps but found no correlations; (Hernandez-Monteagudo et al. 2004) used a set of optical and X-ray based catalogues and detected a cross-correlation due to the SZ effect at small scales but failed to detect an SZ signal caused by superclusters at larger scales; (Huffenberger et al. 2004) put limits on the power spectrum of the SZ effect by optimally combining cross power spectra between the different WMAP channels; limits have also been put on gravitational lensing as well as the SZ effect by cross correlating large scale structure traced by SDSS and the WMAP data (Hirata et al. 2004).

Here we focus on diffuse hot gas in the local low redshift universe (z < 0.05) and perform cross-correlation tests of our predicted full sky SZ-map with the WMAP data on large angular scales (> 2^∘). A similar test was performed in (Banday & Gorski 1996) for the COBE data using a model for a predicted X-ray-emitting halo surrounding the Local Group, but no detection was found. First we test cross-correlations in pixel space for the full sky as well as for limited parts of the sky where the effect is expected to be largest. Then we perform a similar test in harmonic space for different multipole ranges. Finally, we use tests build on wavelets which have proven to be a very powerful tool for detecting cross-correlations (Vielva et al. 2004b). Note that some of the clusters included in our analysis have been detected in some of the above mentioned papers, but only at small angular scales. Here we are interested only in the large angular scale effect introduced by the local hot gas.

The outline of the paper is as follows. In section 2 we describe the data sets used, the WMAP data and the PSCz and IRAS galaxy catalogues and in section 3 we describe how we obtain a prediction of the SZ effect from these data sets. Then in section 4 we outline the cross-correlation tests applied in pixel-, harmonic- and wavelet space and present the results. Finally, these results are discussed in section 5.

2 DESCRIPTION OF THE DATASETS

In this work, we have used the PSCz galaxy catalogue combined with constrained simulations based on the IRAS 1.2Jy galaxy density field to infer the matter densities and hence the gas densities in the local universe. From this we have made a prediction of the SZ effect for which we have been looking using the latest CMB data from the WMAP experiment. In this section, we summarise the properties of these three data sets.

2.1 The WMAP data

The WMAP experiment (Bennett et al. (2003) and references therein) observed the sky at 5 frequencies, 3 of which are interesting to studies of the CMB, the Q-band at 41Ghz, the V band at 61GHz and the W band at 94Ghz. In this work, we have used the foreground cleaned V and W band maps (publicly available at the Lambda website^1 ) which have been co-added according to

M^s = V + AW 1 + A

, (1)

where A is a constant. As the channel Q may be more contaminated by foreground residuals than the other two channels at the scales considered in this analysis, we have chosen to exclude it from the analysis (as was done also by the WMAP team e.g. Hinshaw et al. 2003 for the largest scales). We find that the value of A optimising the ratio of the SZ effect to the variance of the CMB and noise is A = 0.59. We also use the difference map M^d = W − V which does not have a CMB

1 obtainable from the LAMBDA website: http://lambda.gsfc.nasa.gov/

The SZ effect from gas in the local universe 3

component. Note that we use the index s for the optimal map and d for the difference map. Furthermore, the galactic cut and point source mask Kp2 (which we extend by 2 degrees along the rim of the cut) used by the WMAP team (and available at the Lambda website) have been applied to avoid possible sources of contamination. Note that the unobserved region of the PSCz catalogue is already contained within this mask. The maps are all in the Healpix pixelisation (Górski et al. 1998) with resolution parameter Nside = 512 corresponding to pixels with edges of about 7^′ .

2.2 The PSCz catalogue and the galaxy density field

The PSCz redshift catalogue lists the angular positions, redshifts and fluxes of ∼ 15, 500 IRAS PSC galaxies selected with a flux at 60 μm larger than 0.6 Jy. A detailed description of the selection criteria, star-galaxy separation algorithm and the procedures adopted to exclude galactic cirrus, are given in (Saunders et al. 2000) to which we refer the interested reader. For our purposes the most interesting features of the IRAS PSCz catalogue is its very large sky coverage (∼ 84% of the sky, overlapping very well with the part of the sky outside the Kp2 sky cut used by WMAP) and depth (the median redshift is cz ∼ 8500 Km s^{−1}). In this work we consider a subsample of galaxies within a radius of 80 h^{−1} Mpc for which distances have been obtained from redshift using the iterative procedure of (Branchini et al. 1999). The flux-limited nature of the catalogue causes the number of objects to decrease with distance. The average galaxy-galaxy separation of the sample has been computed by (Branchini et al. 1999)

⟨l(r)⟩ = { ⟨l0 ⟩ if r ≤ 6 h^{−1} Mpc A⟨l0⟩ (r)^{−0.36} ( 1 +^{r2}_{r2⋆}

)_{0.61} if r > 6 h^{−1} Mpc (2)

where r is the proper distance in h^{−1} Mpc, r⋆ = 87 h^{−1}Mpc, ⟨l0 ⟩ = 2.17 h^{−1}Mpc and the parameter A guarantees continuity at r = 6 h^{−1} Mpc. To obtain a continuous density field from galaxy positions with constant sampling errors throughout the sample, we have divided our spherical volume into spherical shells 10 h^{−1} Mpc thick and have smoothed the galaxy density field using a set of Gaussian filters of increasing radius. The latter have been fixed by imposing a constant angular smoothing of about 2^∘, as required by our cross correlation analysis. As a consequence the galaxy distribution within the spherical shells with external radii of 20, 30, 40, 50, 60, 70 and 80 h^{−1} Mpc have been interpolated on a cubic grid and smoothed with Gaussian filters of radii (FWHM) 0.7, 1.05, 1.4, 1.75 2.1, 2.45 and 2.8 h^{−1} Mpc. Eq. 2 shows that this filtering procedure guarantees at least one object per resolution element, and thus keeps the shot noise errors at an acceptable level.

2.3 Constrained simulation

In this work we also use a third dataset generated by the cosmological hydrodynamic simulation of our local universe performed by (Dolag et al. 2005). The simulation is based on a previous numerical experiment performed by (Mathis et al. 2002) aimed at reproducing the mass distribution within 12,000 Km s^{−1} traced by the IRAS galaxies in the 1.2Jy redshift survey (Fisher et al. 1995). The original galaxy distribution was smoothed with a Gaussian filter of radius 5 h^{−1} Mpc and traced back in time at z = 50 using the method of (Kolatt et al. 1996). This initial field was used as Gaussian constraint for an otherwise random realisation of a flat ΛCDM cosmology with Ωm = 0.3, Hubble constant of H0 = 70 Km s^{−1}Mpc^{−1} and a rms density fluctuation σ8 = 0.9. The initial density field, specified in a box of 240 h^{−1}Mpc with a high resolution region covering a sphere of 80 h^{−1} Mpc, has been evolved forward in time using the latest version of GADGET code (Springel et al. 2001) including gasphysics with smoothed particle hydrodynamics in the high resolution region. As shown by (Mathis et al. 2002) the simulated mass distribution at z = 0 reproduces well the main characteristics of the most prominent nearby cosmic structures, including clusters like Virgo and Coma, the Perseus-Pisces and the Great Attractor complexes. The hydrodynamic re-simulation of these initial conditions has been used to study the propagation of cosmic rays through the local universe (Dolag et al. 2005). In this work, we have considered the simulated mass and gas distribution at z = 0 within the high resolution spherical region of radius 80 h^{−1} Mpc and applied the same procedure adopted for the PSCz datasets, with the purpose of smoothing the mass density and gas density and temperature fields on an angular smoothing scale of 2^∘. To minimise boundary effects in the smoothing procedure we have assigned gas density and temperature to dark matter density also in each resolution element beyond 80 h^{−1} Mpc according to the gas vs. mass relations measured in the high resolution region containing the simulated gas particles. The end product consist of values of the dark matter density, gas density and temperature specified at the same locations as the PSCz galaxy density field, within the same set of spherical shells and smoothed with the same Gaussian filters specified in Section 2.2.

4 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

3 METHOD TO OBTAIN THE SZ EFFECT FROM THE GALAXY CATALOGUE

In this section, we describe how we use the galaxy catalogue to derive an estimate of the gas density and temperature in the local universe. From this estimate, we make a spherical projection to make a prediction for the SZ effect. The projection is made onto a Healpix-pixelised sphere with resolution parameter Nside = 64 corresponding to pixel edges of roughly 0.9^∘ .

3.1 Mapping the local hot gas

The goal of the smoothing procedure specified in the previous sections is to obtain a (Gaussian FWHM) 2^∘ resolution map of the predicted, cumulative SZ effect generated by all cosmic structures within 80 h^{−1} Mpc. Since the SZ distortions are fully specified by the density and temperature of the gas along the line of sight, one may think that reliable SZ maps can be obtained directly from the constrained hydrodynamical simulations. This is certainly the case for most statistical analyses but for cross-correlation studies like the one we wish to perform here. Indeed, the constraints in the simulations are only effective above a (Gaussian) resolution scale of 5 h^{−1} Mpc, corresponding to an angular scale > 3.5^∘ within our spherical volume. Since the actual positions of cosmic structures within each resolution element are essentially random, we cannot directly cross-correlate the SZ maps obtained from the hydrodynamical simulation with the temperature fluctuations of the CMB with the desired angular resolution of 2^∘. The PSCz galaxy density maps described in section 2.2 can be used to circumvent this problem. The mass overdensity field, δm in the constrained simulation has been obtained from the IRAS 1.2Jy galaxy density field assuming that IRAS galaxies trace the underlying mass distribution. On the other hand (Teodoro et al. 2003) have shown that the IRAS 1.2Jy and PSCz galaxy density fields are in very good agreement (apart from a monopole mismatch that does not affect our analysis) and thus that a tight relation exists between δPSCz and δm . We can therefore specify the gas properties at the correct spatial locations by rank ordering the overdensity field δP SCz and δm while keeping the original spatial association between δm and the gas density and temperature in the simulation. As a result, we are able to specify the temperature T , and the electron density ne in the gas associated to the cosmic structures traced by PSCz galaxies, hence allowing a cross correlation analysis with a resolution of 2^∘.

3.2 The SZ effect from line of sight integrals

The Sunyaev & Zel’dovich effect (Sunyaev & Zeldovich 1972) arises due to the inverse Compton scatter of CMB photons against the hot and diffuse electron gas trapped in the potential well of the cosmic web and of each cluster of galaxies. In the latter case these electrons are also responsible for their X-ray emission. The CMB temperature change across a single line of sight is given by: ΔTCMB TCMB = ycs(x) (3) where x = hν/kTCMB . The Comptonization parameter is yc = ∫ kT mc^2 neσT dl, (4) where ne and T are the electron density and temperature respectively, σT is the Thomson cross section, and the integral is over a line of sight. The spectral form of this “thermal effect” is described by the function s(x) = [x · coth(x/2) − 4], which is negative (positive) at values of x smaller (larger) than x0 = 3.83, corresponding to a critical frequency ν0 = 217GHz. At the frequencies considered here, the temperature variation is always negative with values s(x) = −1.55 in the W channel, s(x) = −1.80 in the V channel and s(x) = −1.91 in the Q channel.

To obtain a map of the SZ effect, we need to integrate equation (4) along the line of site in all the shells described in section 2. Each of the shells are pixelised in a 3D grid of 128 × 128 × 128 pixels. Before making the line of sight integral, we made a 3D linear interpolation to obtain the shells on a 1280 × 1280 × 1280 cubic grid. From this, we performed the following integration: yi = 1 ΔΩ kσT mc^2 ∑ jϵi T^j n^j_eδΩj δlj , (5) where i is pixel number on the Healpix grid, j is grid element in the interpolated 3D grid and the sum is performed over all elements j contained in the solid angle spanned by Healpix pixel i. The temperature and electron density at gridpoint j are given by T^j and n^j_e (obtained from the procedure described in section 3.1), δΩj and δlj are the mean solid angles and distances for each gridpoint j and finally ΔΩ = 4π/(12N^2_{side} ) is the solid angle of each Healpix pixel. As all shells were smoothed with a 3D filter corresponding to Gaussian angular beam of FWHM 2^∘ , our final map has this resolution.

In figure 1 we show the resulting map of the Compton y parameter. We can see that the most dominant structure is the Virgo cluster on the upper right side. We have also plotted the power spectrum of this map at two different frequencies in

The SZ effect from gas in the local universe 5

Figure 1. Our prediction of the Compton y parameter from the local SZ effect (the colour scales indicate log[y]). The plot is in galactic coordinates with galactic longitude l = 0 in the middle and increasing leftwards.

Figure 2. The power spectrum of the local SZ-effect. The solid line shows the CMB power spectrum with the best fit WMAP parameters. The dashed and dotted lines show the power spectrum of the predicted local SZ-effect at the WMAP Q (41GHz) and W (94GHz) frequencies respectively.

figure 2. The dashed line corresponds to the Q (41GHz) frequency and the dotted line to the W (94GHz) frequency. Because of the very limited redshift range considered, the power spectrum starts to fall of at the smallest scales. We see that the predicted effect is considerably lower than the CMB power spectrum (solid line) and could not be distinguished from the cosmic variance at these scales.

4 UPPER LIMITS ON THE SZ EFFECT FROM THE WMAP DATA: CROSS CORRELATIONS IN PIXEL, HARMONIC AND WAVELET SPACE

Having obtained a map of the predicted SZ effect from gas in the local universe, the next step is to make a cross-correlation test between CMB data and the SZ map. We perform this cross-correlation in pixel, harmonic and wavelet space, using the two less foreground contaminated WMAP channels, V and W. We apply the test both on the optimally combined map which

6 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

is dominated by the CMB and on the difference map in which the CMB disappears and only components which depend on the frequency remain.

4.1 Estimating the SZ contribution in the WMAP data: Method

Before cross-correlating the WMAP data with the SZ prediction obtained above, we must smooth both maps to a common resolution. As described above, the map of the SZ effect has been smoothed with a Gaussian beam of 2^∘ FWHM. Due to the limited resolution of the PSCz map, this is also the highest resolution which can be used in the cross-correlation procedure. For the CMB data, we have deconvolved the map with the beam of the experiment (being of the order 14^′ FWHM) and convolved it with a 2^∘ FWHM Gaussian beam. Before performing the deconvolution/convolution operation, the map was multiplied with the Kp2 galaxy and point source mask, and a refilling procedure, described in (Hansen et al. 2004b; Cabella et al. 2004a), was applied. In the refilling procedure, the parts of the map just outside the point source holes where mirrored into the holes. The galactic cut was filled mirroring the data north and south of the cut. After the convolution, the map was degraded to Healpix resolution Nside = 64 which is the resolution of the SZ map and the Kp2 galactic cut extended with 2 degrees along the rim (accounting for the inaccuracies introduced by the smoothing inside the galactic cut) was applied.

We now describe the cross-correlation tests that we performed in the three different spaces, pixel space, harmonic space and wavelet space. The pixel space approach has the advantage that different regions of the sky can be tested for a possible detection whereas the harmonic space method can test cross-correlations at different multipoles. Finally, the wavelet test can check for correlations at different wavelet scales.

4.1.1 Cross correlation in pixel space

We model the CMB map obtained by combining optimally the the V and W channels (see Section 2) as the sum of three components, CMB, noise, and SZ:

M^s_i = m^{CM B}_i + n^s_i + Cm^{SZ}_i , (6)

where i is pixel number on the Healpix grid, m^{CM B}_i is the pure CMB contribution, n^s_i is the noise and m^{SZ}_i is the predicted SZ effect normalised in such a way that C = 1 if the prediction is correct. Our aim is to estimate C from the WMAP data. Consequently the difference map is modelled as:

M^d_i = n^d_i + Cm^{SZ}_i , (7)

where again m^{SZ}_i is normalised so that C = 1 is the expected value of C. We use a χ^2 approach to estimate C;

χ^2 = (m − Cm^{SZ} )^T C^{−1}(m − Cm^{SZ} ) (8)

which is minimised for the best estimate Ĉ;

Ĉ = mC^{−1}m^{SZ}

m^{SZ} C^{−1}m^{SZ}

. (9)

The correlation matrix C is given by C^s_{ij} = ⟨(m^{CM B}_i + n^s_i )(m^{CM B}_j + n^s_j )⟩ for the optimal combination map and C^d_{ij} = ⟨n^d_i n^d_j ⟩ for the difference map. Different sets of pixels will be included in the vector m and the correlation matrix C in order to test both the full sky as well as only the areas where the SZ effect is expected to be largest. It is important to say that the map resolution Nside = 64, corresponding to a pixel size of 0.9^∘, is much smaller that the smoothing length of 2^∘ used to generate the SZ maps (see section 3.1). This creates singularities in the correlation matrix. Thus for this case only, we degrade the maps used for the cross-correlation test to the Healpix resolution Nside = 32 (that correspond to a pixel size of 1.8^∘). We neglected the contribution from the noise correlation matrix to the total correlation matrix C for the optimal combination map as this allowed us to calculate its elements fast using the theoretical formula for the CMB two point correlation function. Comparing to the total correlation matrix including noise obtained from 1000 Monte-Carlo simulations, we found that the error was at most a few percent. For the difference map, we found from Monte-Carlo simulations that the pixel-pixel correlations in the noise introduced by the smoothing was limited to the 2-3 neighbouring pixels which justifies using the diagonal approximation.

In order to test the variance of Ĉ on maps with no SZ effect, we produced 1000 simulated maps. We estimated Ĉ on each of these maps applying the following procedure:

• We generated 1000 realisations of the CMB from the best fit WMAP power spectrum, convolving with a beam and adding noise according to the specifications of the WMAP experiment.

• We multiplied the map with the Kp2 mask and performed the refilling procedure described above for the data. • We deconvolved with the beam and convolved with the 2^∘ FWHM Gaussian beam, degrading the map to resolution parameter Nside = 32 and multiplied with an extended galactic cut, following the same procedure as for the data.

• We used this map to estimate Ĉ according to equation (9).

The SZ effect from gas in the local universe 7

4.1.2 Cross correlation in harmonic space

In this second analysis we apply a spherical harmonic transform to the data and SZ map, obtaining a set of coefficients aℓm aℓm = ∑ i MiY^i_{ℓm}, (10) where Mi is the map, Yℓm are the spherical harmonic functions, all taken at pixel i. The sum is performed over all pixels i outside the mask given by the extended Kp2 cut at resolution Nside = 64. We apply the procedure described in the previous section with the aℓm as the elements of the vectors m and the correlation matrix now beeing given by C_{ℓm,ℓ}′_m′ = ⟨aℓm a_ℓ′_m′ ⟩. Here we use the diagonal approximation of the correlation matrix. To test the correlations at different scales, we performed the analysis in a set of different multipoles ranges.

4.1.3 Cross correlation in wavelet space

The ability of the wavelets to amplify features at particular scales makes them a very powerful tool for CMB analysis. In this context, they have been used for denoising (Sanz et al. 1999), extracting point sources (Cayón et al. 2000; Tenorio et al. 1999; Vielva et al. 2003), detecting non-Gaussianity (Cabella et al. 2004a; Vielva et al. 2004a; Cruz et al. 2004; Martínez-González et al. 2002; Barreiro & Hobson 2001; Forni & Aghanim 2001; Starck, Aghanim & Forni 2004), estimating the non-linear coupling constant fN L (Cayón et al. 2003; Mukherjee & Wang 2004; Cabella et al. 2004b) and to put constraints on the topology of the universe (Rocha et al. 2004). Furthermore, the strongest detection of the ISW effect was found using a cross-correlation test in wavelet space (Vielva et al. 2004b), showing the power of wavelets for cross-correlation analysis.

The wavelet coefficients of a spherical function T (θ, ϕ) can be defined as, w(R, θ, ϕ) = ∫ dΩ^′ψ(Δθ^′ , R)T (θ^′ , ϕ^′), (11)

where the integration is performed over the whole sphere in (θ^′, ϕ^′), Δθ^′ is the angular distance between the points (θ, ϕ) and (θ^′ , ϕ^′), R is the wavelet scale and ψ is the Spherical Mexican Hat Wavelet given by (Martínez-González et al. 2002) ψ(Δθ, R) = 1 √ 2πN(R) [ 1 + ( y 2 )_2]2 [ 2 − ( y R )_2] e^{−y2/(2R2)}, (12)

where y = 2 tan(Δθ/2) and N(R) = R √ 1 + R^2 /2 + R^4 /4. The starting point for the wavelet analysis is as above, the convolved and degraded CMB map. We construct the cross-correlation coefficients defined as cR = ∑ i wi(R)w^{SZ}_i (R) (13) where wi and w^{SZ}_i are the wavelet coefficient in pixel i and scale R for the observed (simulated) map and the SZ map respectively. The sum is performed over all pixels outside the wavelet mask at scale R defined as the Kp2 mask (without point sources) extended with 2 degrees as well as the angle 2.5R (to account for inaccuracies introduced by the convolution inside the galactic cut, see Vielva et al. 2004a) around all edges.

As for the previous tests, we aim at estimating the constant C by minimising a similar χ^2 function to obtain the following best estimate Ĉ

Ĉ = cC^{−1}c^{SZ}

c^{SZ} C^{−1}c^{SZ}

, (14)

where the elements of the vector c are the coefficients cR of equation 13, the elements of the vector c^{SZ} are given by c^{SZ}_R = ∑ i(w^{SZ}_i (R))^2 and the scale-scale correlation matrix C_{RR}′ = ⟨cRc_R′ ⟩ is obtained from 1000 Monte-Carlo simulations.

We also estimate Ĉ independently at each scale R to detect possible correlations limited to certain scales.

4.2 Estimating the SZ contribution in the WMAP data: Results

In this section, we show the results of the cross-correlation tests outlined above.

4.2.1 Cross correlation in pixel space

The pixel space analysis has been carried out on three different sets of pixels, (a) all pixels outside the extended Kp2 cut, (b) all pixels outside the extended Kp2 cut where the expected Compton parameter y > 10^{−7} and (c) all pixels outside the extended Kp2 cut where the expected Compton parameter y > 10^{−6} . The predicted SZ effect in the W channel outside these

8 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

Figure 3. The masks used in the pixel space analysis. The mask (a) shown in the upper figure excludes only the pixels inside the extended Kp2 cut. The mask (b) shown in the middle excludes in addition all pixels where the expected Compton parameter y < 10^{−7} and finally the mask (c) shown in the lower figure excludes all pixels with y < 10^{−6}.

The SZ effect from gas in the local universe 9

Table 1. Estimates of Ĉ in pixel space with 1σ errors

mask a b c combined map 0.40 ± 1.03 0.36 ± 1.12 −0.45 ± 1.60 difference map −1.00 ± 1.44 0.00 ± 1.44 −1.69 ± 1.69 combining the two estimates −0.07 ± 0.85 0.23 ± 0.93 −0.46 ± 1.66

Figure 4. The estimate of C in harmonic space using the co-added V+W map (left plot) and the difference map (right plot). The grey bands show the 1 and 2 σ level set from 1000 Monte-Carlo simulations of pure CMB maps, the dotted line shows the average of 1000 simulated CMB maps with the expected level of SZ-effect added. The crosses show the result from cross-correlation with the WMAP data. The multipole ranges corresponding to the abscissa values are given in table 2.

masks is shown in figure 3. In table 1 we show the resulting Ĉ for each of these sets of the optimal map and the difference map. We find that the error bars are too large to say anything on a clear detection of the expected SZ effect from hot gas in the local universe.

As the error bars of Ĉ on the combined map mainly comes from the variance of the CMB whereas the error bars of Ĉ on the difference map only comes from instrumental noise, we would expect these two estimates to be rather uncorrelated. In fact, Monte-Carlo simulations show that they are correlated at less than the 3% level which means that combining the two statistics could yield smaller error bars on the total estimate of Ĉ. The lower row in table 1 shows the estimate Ĉ found by combining the two statistics (weighting with variances and covariances). The strongest result in this paper is found for the smallest mask (a), we find C = −0.07 ± 0.85 at the 1σ level, that is, we find an upper limit of C < 1.63 at the 2σ level. Thus, at the 2σ level, the local SZ effect cannot exceed the prediction by more than 63%.

4.2.2 Cross correlation in harmonic space

In the previous section we showed that taking the whole map into account, we do not find any significant cross-correlation between the CMB and the predicted SZ effect. If some multipole ranges are contaminated by the Galaxy or if for some reason the SZ prediction is too inaccurate at certain scales, the pixel space test could give a negative result even if a cross-correlation can be seen at some multipoles. In this section, we have check the possibility of detecting the SZ effect in certain limited

Table 2. Multipole ranges

bin 0 1 2 3 4 5 6 7 8 9 10 11 12 ℓ_{min} 2 2 2 2 2 7 7 7 7 7 10 20 30 ℓ_{max} 10 20 30 40 63 10 20 30 40 63 20 30 40

10 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

Figure 5. The estimate of C in wavelet space using the co-added V+W map (left plot) and the difference map (right plot). The grey bands show the 1 and 2 σ level set from 1000 Monte-Carlo simulations of pure CMB maps, the dotted line shows the average of 1000 simulated CMB maps with the expected level of SZ-effect added. The crosses show the result from cross-correlation with the WMAP data.

multipole ranges. In figure 4 (left plot) we show the distribution of the estimates Ĉ for 1000 simulations of CMB in the 12 different multipole ranges indicated in table 2, the grey bands correspond to the 1 and 2 σ levels. The crosses show the data values. Note that for some of the multipole ranges, we have excluded the first 5 multipoles which could have galactic residuals present (see i.e. Schwarz et al. 2004, Hansen et al. 2004). The results of a similar test on the difference map is shown in the same figure (right plot).

As the CMB is dominating the variance on the largest scales whereas the noise dominates the variance on smaller scales, the map ’contaminated’ with CMB (left plot) has larger variance than the difference map (right plot) for the large scales. For the smaller scales, we see that the optimal map containing CMB does better. As in the previous section, we do not find any significant detection in any multipole range, but note further that the error bars on some ranges are too large to make any conclusion about the cross-correlation.

4.2.3 Cross correlation in wavelet space

Fig 5 is analogous to fig 4 for different wavelet scales. We see that wavelets give much stronger limits on the constant C at a single scale than does the harmonic space test, but still we do not find any detection at any scale. Also for the difference map, we can only put upper limits. Combining all the scales as described in section 4.1.3 gives C = 0.87 ± 1.3 for the combined map and C = 0.17 ± 1.69 for the difference map, all at 1σ, in agreement with the pixel space analysis. This was expected as the results from cross-correlation tests in different spaces are highly correlated when all information is included. Note again that the for the larger scales, the map containing CMB has larger variance whereas for the smaller scales the difference map containing only noise has largest variance.

5 CONCLUSION

We have used the galaxy density field obtained from the PSCz galaxy survey and hydrodynamical simulations based on the observed distribution of IRAS 1.2Jy galaxies to make a full-sky prediction of the SZ effect from diffuse hot gas in the local universe (< 80 h^{−1}Mpc). We have studied whether this effect could be observed and studied by the CMB observations performed by the WMAP satellite and if it could be a contaminating factor in the study of the CMB at large angular scales.

We have cross-correlated our map of the predicted local SZ-effect with the WMAP data at different frequencies taking into account the frequency dependence of the SZ effect. We have performed the cross-correlation test in three spaces, enabling us to test certain parts of the sky (pixel space test), certain multipole ranges (harmonic space test) and certain wavelet scales (wavelet test). Applying the pixel based cross-correlation test, we checked the full sky including all pixels outside of an

The SZ effect from gas in the local universe 11

extended galactic cut as well as smaller areas of the sky where the SZ effect was expected at a higher level. None of these tests gave a significant detection. The harmonic space test has the advantage that a cross-correlation occurring only at certain scales can be detected, but no detection was found for any multipole range. Finally, the wavelet transform is very efficient at amplifying structures at a specific scale and the cross-correlation test in wavelet space could reveal a possible correlation between the CMB and the SZ-effect from local hot gas, but no correlation was found at any scale. We found that the different tests have a very similar power to detect a possible cross-correlation when all the information is added and the three tests are strongly correlated as the same information is used in three different spaces. But as the map of the SZ effect could be inaccurate at certain scales or certain parts of the sky due to limited knowledge of temperature and gas densities, a test of cross-correlation at different scales or at different spatial positions is necessary.

In general, we find the predicted effect too small to expect a clear detection using the 1 year WMAP data and only an upper limit can be set: at the 2σ confidence level, the SZ effect from diffuse hot gas in the local universe cannot exceed our predictions by more than 63%. We find that the power specrum of our SZ prediction in the WMAP channels is 3-4 orders of magnitude lower than the power spectrum of the CMB. The local SZ effect is hence far too small to influence the estimate of the cosmological parameters from the WMAP data.

In this paper we have combined constrained simulations with data from the PSCz galaxy catalogue to obtain the temperature and gas densities. One could also obtain maps of gas in the local universe from constrained simulations directly. The problem with this approach is that the structures are slightly shifted with respect to their real positions. For this reason, such maps are not very useful for cross-correlation studies, but they can be utilised for studying general statistical properties of the SZ effect from the local universe (Roncarelli et al. 2005). This was also studied using random Hubble volume simulations by (Schäfer et al 2004) where they were able to go deeper and to smaller scales than in the work presented here.

We also note that the WMAP frequency range is very limited. The Planck satellite experiment, scheduled for launch in 2007, will provide high resolution maps of the CMB in the frequency range from 30GHz to 857GHz. The SZ effect is zero at 217GHz, negative below and positive above. By taking advantage of a set of frequencies below and above the zero point, we expect to greatly enhance the detection power. Further, some of the Planck channels are expected to have a considerably lower noise level than the WMAP data which will improve the possibilities for seeing small signals such as the SZ effect from gas in the local universe. Finally, the huge range of frequency channels planned for the Planck experiment will allow subtraction of galactic foregrounds with a much higher precision. In this way, the risks for false detections due to foreground residuals is greatly reduced. Also the SZ map prediction can be improved by merging all sky galaxy redshift catalogues like PCSz used here with all sky cluster catalogues like the Abell/ACO one. Not only CMB data will be improved in the future, also the galaxy surveys will go deeper with a high resolution. Including all these effects, we expect that CMB data could even be used for studying the properties of gas in the local universe. This will be investigated in a future paper.

ACKNOWLEDGEMENTS

We are thankful to Saleem Zaroubi and Lauro Moscardini for useful discussions. FKH acknowledges financial support from the CMBNET Research Training Network. PM acknowledges support by European contract MERG-CT-2004-510143 and CXC grant G04-5155X. We acknowledge use of the HEALPix (Górski et al. 1998) software and analysis package and the CMBfast software package (Seljak & Zaldarriaga 1996) for deriving the results in this paper. We acknowledge the use of the Legacy Archive for Microwave Background Data Analysis (LAMBDA). Support for LAMBDA is provided by the NASA Office of Space Science.

REFERENCES Afshordi N., Loh Y. S. & Strauss M. A., 2004a, Phys. Rev., D69, 083524 Afshordi N., Lin Y.-T. & Sanderson A. J. R., 2004b, pre-print astro-ph/0408560 Banday A. J. & Gorski K. M., 1996, MNRAS, 283, L21 Barreiro R.B., Hobson M.P., 2001, MNRAS, 327, 813 Bennett C. L. et al., 2003, ApJS, 148, 1 Boughn S. & Crittenden R., 2004, Nature, 427, 45 Branchini E., Teodoro L., Frenk C. S., Schmoldt I., Efstathiou G., White S. D. M., Saunders W., Sutherland W., Rowan-Robinson M., Keeble O., Tadros H., Maddox S., Oliver S., 1999, MNRAS, 308, 1 Cabella P., Hansen F., Marinucci D., Pagano D., Vittorio N., 2004a, Phys. Rev., D69, 063007 Cabella P., Liguori M., Hansen F. K., Marinucci D., Matarrese S., Moscardini L.& Vittorio N., 2004b, preprint astro-ph/0406026 Cayón L., Sanz J.L., Barreiro R.B., Martínez-González E., Vielva P., Toffolatti L., Silk J., Diego J.M., Argüeso F., 2000, MNRAS, 315, 757 Cayón L., Martínez-González E., Argüeso F., Banday A. J. & Grski, K. M., 2003, MNRAS, 339, 1189 Cruz M., Martínez-González E., Vielva P. & Cayón L., 2004, astro-ph/0405341, in press Diego J. M., Silk J. & Sliwa W., 2003, New Astron.Rev., 47, 855

12 F. K. Hansen, E. Branchini, P. Mazzotta, P. Cabella, K. Dolag

Dineed P., Rocha G. & Coles P., 2004, astro-ph/0404356 Dolag K., Grasso D., Springel V. & Tkachev I., 2005, Journal of Cosmology and Astroparticle Physics, Issue 01, 009 Fisher K., Huchra J., Strauss M., Davis M., Yahil A., Schlegel D., 1995, ApJS, 100, 69 Forni O., Aghanim N., 2001, A&AS, 137, 553 Fosalba P. & Gaztanaga E., 2004, MNRAS, 350, L37 Fosalba P., Gaztanaga E. & Castander F., 2003, ApJ, 597, L89 Górski, K. M., Hivon, E., Wandelt, B. D., in ‘Analysis Issues for Large CMB Data Sets’, 1998, eds A. J. Banday, R. K. Sheth and L. Da Costa, ESO, Printpartners Ipskamp, NL, pp.37-42 (astro-ph/9812350); Healpix HOMEPAGE: http://www.eso.org/science/healpix/ Hansen F. K., Banday A. J. & Gorski K. M, 2004, MNRAS, 354, 641 Hansen F. K., Cabella P., Marinucci D. & Vittorio N., 2004b, ApJL, 607, L67 Hernandez-Monteagudo C., Genova-Santos R. & Atrio-Barandela F., 2004, pre-print astro-ph/0406428 Hernandez-Monteagudo C. & Rubino-Martin J. A, 2004, MNRAS, 347, 403 Hinshaw G. et al, 2003, ApJSS, 148, 135 Hirata C. M., Padmanabhan N., Seljak U., Schlegel D. & Brinkmann J., 2004, Phys. Rev., D70, 103501 Huffenberger K. M., Seljak U. & Makarov A., 2004, Phys. Rev., D70, 063002 Kolatt T., Dekel A., Ganon G. & Willick J. A, 1996, ApJ, 458, 419 Komatsu E. et al. 2003, ApJS, 148, 119 Martínez-González E., Gallegos J. E., Argüeso F., Cayón L. & Sanz, J. L., 2002, MNRAS, 336, 22 Mathis H., Lemson G., Springel V., Kauffmann G., White S. D. M., Eldar A., Dekel A., 2002, MNRAS, 333, 739 Mukherjee P., Wang Y., 2004, Apj, 613, 51 Myers A. D., Shanks T., Outram P. J., Frith W. J. & Wolfendale A. W., 2003, pre-print astro-ph/0306180 Nolta et al., 2004, ApJ, 608, 10 Padmanabhan N., Hirata C. M., Seljak U., Schlegel D., Brinkmann J. & Schneider D. P., astro-ph/0410360 Rocha G., Cayón L., Bowen R., Canavezes A., Silk J., Banday A. J. & Grski K. M., 2004, MNRAS, 351, 769 Roncarelli M. et al., 2005, in preparation Sanz J.L., Argüeso F., Cayón L., Martínez-González E., Barreiro, R.B., Toffolatti L., 1999, MNRAS, 309, 672 Saunders W., Sutherland W. J., Maddox S. J., Keeble O., Oliver S. J., Rowan-Robinson M., McMahon R. G., Efstathiou G. P., Tadros H., White S. D. M., Frenk C. S., Carraminana A., Hawkins M. R. S., 2000, MNRAS, 317, 55 Scaramella R., 1994, Proc. Of the XXIX Rencontre de Moriond, Eds. Durret A., Mazure, A. Tran Thanh Van, J., pag. 327 Schwarz D. J., Starkman G. D., Huterer D. & Copi C. J., 2004, Phys. Rev. Lett., 93, 221301 Scranton R. et al., 2004, preprint astro-ph/0307335 Schäfer B. M., Pfrommer C., Bartelmann M., Springel V. & Hernquist L., 2004, preprint astro-ph/0407089 Seljak U. & Zaldarriaga M., 1996, ApJ, 469,437 Springel V., Yoshida N., White S. D. M., 2001, New Astronomy, 6,79 Starck J.-L., Aghanim N., Forni O., 2004, A&A, 416, 9 Sunyaev R. A. & Zeldovich Y. B., 1972, Comments on Astrophysics and Space Physics, 4, 173 Tenorio L., Jaffe A. H., Hanany S. & Lineweaver C. H., 1999, MNRAS, 310, 823 Teodoro L., Branchini E., Frenk C., 2003, pre-print astro-ph/0308027 Vielva P., Martínez-González E., Gallegos J. E., Toffolatti L., Sanz J. L., 2003, MNRAS, 344, 89 Vielva P., Martínez-González E., Barreiro R. B., Sanz J. L. & Cayón L., 2004a, ApJ, 609, 22 Vielva P., Martínez-González E. & Tucci M., 2004b, preprint astro-ph/0408252