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Sunyacv-Zerdovich (SZ) duster !'urveys will bec·ome Nl import.ant cosmological tool over next 
few yean- . and it will be ~"'iential to relate th~e new ~urvcys to duster sun·cys in other 
wctvehamk \Ve prew.ut au emµirical mo<lcl of du!<!ter SZ .u1<l X-ray uL~rvalJI~ c.:011sl:rud.c<l 

to ~0.dr~-. thii'i flllffit.inn ;md t.o motiWttP, rlimPn.c;ion anti ~lli<IP X-rny follow-up of SZ :<illrvPys. 

As a11 ~Xitlllplt> applit atiou of th~ mod .. J, wt• 11i~·1L'"' J>ot~nt.ial XMM-Nr~wt.mt fol111w-11p of 
I'lanck c:l u."tcrs. 

1 Introduction 

Galaxy clusters a.re powerful cosmological probes: observatiollS of their internal structure provide 
information on dark matter and can be used to estimate distances, whHe studies of their evolution 
gauge the influence of dark energy on structure formation - us rare objects at the top of the 
mass hierarchy, their number density and its evolution are extremely sensitive to the underlying 
cosmology. For these reasons, the Dark Energy Task Force included cluster surveys among the 
four primary methods for constraining dark energy. In this context, massive clust.ers arc the 
most. pertinPnt b.,,-a1L'lf' t.heir propert.iPS are lit.tlP affpet.P.Cf by non--grnvitational prorPS.~PS. 

Today, we do not yet have the large samples of clusters, most notably massive clusters, 
out to high redshifts (e.g, unity and beyond) needed to fully realize the potential of cluster 
studies. This is changing, thanks in large part to Sw1yaev-Zel'dovich (SZ) cluster suvcys. The 
SZ effect1•2•3 is a distortion of the cosmic microwave backgrow1d (C}.IB) black body spectrum 
due to inverse Compton SC'.attcring of CMB photons off electrons in the intrn-duster medium 
(ICM). It is one of the most promising ways of finding new galaxy clusters, since its amplitude 
{in terms of surfa.::e brightness) and spectrum are independent of redshift (in the non-relativistic: 
case). As SZ surveys begin to open this new window on cluster science, rclatinr; them to surveys 
in other wavebands becomes a critical issue, both to understand what we a.re finding and to fully 
exploit. their scientific potential. 

2 An SZ/X-ray Cluster Model 

Observations of the SZ effect give only two-dimensional information projected onto the sky, and 
follow-up in other wavebands is essential for most studies. Obviously, optical/NIR follow-up is 
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nee<led 1 o obtain r<>clshift.s. Mnd1 can also be gain<>cl by combining X-ray ancl SZ data s~t.s, for 
instance to better understand various survey selection functions. Follow-up with X.\/M-Newton 
and Chandm will enable us to probe the ICM with unprecedented precision, e.g, its thermal 
structure and the gas mass fraction. Moreover. with X-ray data we ean estimate duster masses 
through application of hydrostatic equilibrium. 

In order to inform such SZ/X-ray comparisons and follow-up of SZ surveys, we have con
structed an empirical and easily adaptable model'1 relating the SZ and X-ray properties of 
dusters. This section briefly summarizes its most relevant aspects. 

2.1 Description of the model 

Our model is based on several ingredients, derived from observat.ions. numerical simnla1.ions and 
theory. We employ scaling laws in order to relate observed propertks with the fundamental 
dust.er para.meters, mass and redshift: the A/500 - T 5•6 , Lx - T 7 and f9 as - T 8 relations. The 
evolution of all these scaling relations is still poorly constrained. However. recent obscrvations9 10 

indicate that se!f--;;imila.r evolution tends to reproduce well the data. Given this, we adopted 
self-similar evolution in all cases, and we subsequently validated this choice (see next section). 

We approximate the spatial structure of the gas with an isothermal 3-modcl" with {3 = 
2/3 Fitting the Lx - T relation then requires a deviation from self--;;irnilarity in the f 9as - T 
relation, i.e., the gas mass fraction varies with cluster total mass; this variation is allowed by 
present observations. For the dark matter, we adopt a KF\V profile and use the Jenkins mass 
function 12 . Local cluster counts in tern1~ of the X-ray Temperature Func:tion 11 (XTF) then fix 
the normalization oft.he fluctuation power spectrum (using the measured Msoo - '1'). 

By combining these different ingredients we constrain all free parameters of the model, 
namP.ly 1ho:w. dP.'<crihing dn.,t.er physicc• -like the corn rarlius r, an<l th" central Pl.,,:tronic <len.,ity 
ne - and those describing population stRtistics, such as <78 (see below). We took particular care 
\\it.h the various mass definitions available in the literature, related to theoretical studies (e.g. 
Mrir). observations (e.g. Msoo) or numerical simulations (e.g. masses estimated by the fricnds
of-friends method), transforming among them with the NF\V dark matter profile. This was 
indispensable for coherently combining the variety of corn;traints. 

2.2 Model validation 

To v-alidate the model, we checked it against additional observational constraints, not used to 
fix its parameters. We dis<.:uss below the n1<JSt relevaut of these, hut <.:ite another notable one 
in passing: fitting the local XTF 11 we find o-s = 0.78 ± 0.027, in complete agreement with 
W:\IAP-5 results 15 • !\lore specifically, we tested the model by comparing the observed redshift 
distributions from the REFLEX1'l and 400 square--<legree14 surveys to the predict.ions of the 
model. Figure 1 shows the predicted and observed counts in both cases. In the former case, the 
observed total number of clusters is 447 with a completeness estimated to be at least 903: the 
predicted number is 508 clusters, which corresponds to 457 clusters for a completeness of 90'7c. 
Yloreover. the shapes of the two distributions are in very good agreement. 

In the case of the 400deg2 sun-ey, the model reproduces extremely well 1 he high redshift 
distribution (z > 0.4), although its seems to predict too many low redshift clusters. 2\oting that 
this is a serendipitous survey, in which known local clusters are by construction missing, we 
conclude once again that the model is in reasonable agr<.'Cment with the data. This last result 
is particularly satisfying since the high redshift clusters contained in this deep surrny are of the 
kind expected t.o be found in SZ surveys like Planck (as discussed below). 

"This will hP. improved in a fut.UH' VP.rsion of the mod.cl, to at r.onnt. for rP.r.~nt observations showing: t.hat. this 
profilt:: is inadequate, especiaJly in the core and outer parts of clust£"rs. 
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Fig,urc 1: Two examples of the redshift distrihution of duster~ from TlOSAT survr:ys (red) cnmparnd to model 
prP<lir:t.ions (hlw~) Lt-ft Thf: REFLEX survl'y Ri9ht ThP 400 squarr-O~rf"P. survr.y. 

3 An application of the model 

The model is completely general and can be usrd to predict the results of any S<'t. of SZ and 
X-ray observations. As an example of its application, we discuss potential follow-up of Planck 
SZ clusters with XMM-Newtor~ 

3. 1 The Planck cluster cataloq 

To accurately model the Planck cluster catalog. we employed the selection function deri vcd 
using the detection algorithms developed by :Melin et al. 16 and applied to detailed simulations 
of Plan~k ohsiervat.ioIL~ (t.he Plaru:k Sky l\1odd17) . We fin<! that a non-negligihl" fra('.tion of 
otherwise bright SZ clusters remain undetected: these are resolved. low to intermediate redshift 
clusters whose SZ flux is diluted over several pixels This selection effect is shown in the left-hand 
panel of Figure 2, where we plot the cumulative redshift distribution of Planck clusters. 

The result is that. the Planck catalog is exped.ed to contain -2350 clusters, of which -180 
are at z > U.6 and -15 at z > l; there is, of course, a certain amount of model uncertainty 
assoeiated with these predictions, in particular from the normalization of the SZ-111ass relation 

3.2 Follow- up with XMM-Newton 

\V"' wish to i<lPntify th" X-ray oat.urn of t.hffiP. nP.w Plnnr:k clnst.P.rs and •walnat"' thP. ahility of 
XMM-Newton to observe a significant number of them. We therefore examine those clusters 
with X-ray fluxes below the ROSAT All Sky Survey (RASS) limit, which we take to be /x(O.l-
2.4]keV = 10- 12 erg s - 1 cm- 2 (i.e., the lowest limit of the MACS survey18). The distribution 
of this sub-catalog of new Planck clusters is given as a function of redshift and predicted 
temperature in the central panel of Figure 2. Most of the (-520) clusters are relatively cool and 
local; however, -His clusters lie at z > 0.6 and have temperatures T > okeV. Note that only 
six such dustets are pre.;e11tly known. 

In the right-hand panel of Figure 2, we show the expected X-ray flux of these objects in 
the XMM-Newton [0.5-2]-keV band as contours projected onto the redshift-temperature plane. 
This allows us to evaluate their detectability, and we sec that all of these Planck clusters have 
fl11Xffi largf'!r than 10-13 P.rg s-1 cm-2. ThP..V arP. bright , falling in thP. finx clP.cadP.j11st. bP.low the 
ROSA:l' limit. This has important consequen~es for follow-up programs. 

Using observations of :MS1054-032119 and Cl.Jl226.!l+33.3220 - two clusters of the same kind 
"s the newly-<liscow.red high redshift Planck clusters - as a guide. we estimate that XMM
Newlon could measure the temperature of Planck clusters at z > 0.6 to 103 with a relatively 
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Figure 2: Left Prc<lictcd cumulative rc<lsl1i~ d.il:itributio11 uf the Pla7td: duster catalog. The <la .. ..;hcJ fl'tl line 
currcsµuu<ls to the case where a11 duslcrs arc (falsely) imagilll"tl tu be mm.$U]vcJ (µuint-suurcc apµroxirna.tiuu); 
the blue line is the realistic case, accounting for the fact that some clw:tcrs arc rcsoh.·cd. Middle: The Planck 
newly-discovered cluster catalog (in which clusters are observed by Planck but not by ROSAT) <listributed in 
bin.-. over temperature and red.shift. Ri_qht The same distribution projected over the (z. T)-planc with contours 

nf i<o-Hnx in I.he XMM-Newton [O !'i-2]-keV han<l. 

short exposure of 25-50 ks (per cluster) . It should also be possible to obtain m~sses and mass 
profiles for the reasonably relaxed clusters by appi}ing hydrodynamic equilibrium equation. 

4 Summary 

V\le presented a model for the SZ and X-ray signals of galaxy clusters based on current X-ray 
data. Using a realistic mork Planck cluster catalog, we employed the model to predict, firstly, 
that ~168 newly-discovered clusters lie at z > 0.6 with '1' > 6keV, and secondly, that these 
dusters can be observed in some detail in only 25-50 ks with XMM-Newton. Thus we r.ould 
follow-up the majority of these new Planck clusters with a dedicated program of several "-Iscc 
on XMM-Newton; thls falls in the category of Very Large Programme now possible with the 
satellite. Follow-up observations with XMM-Newlon would therefore dramatically increase the 
sample of well-studied, massive, high redshift (0.6 < z < 1) clusters, key objects for precise 
cos111ology with dusters au<l for t""tiug gravitational µroce::;ses in duster for111atio11. 
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