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ABSTRACT

We create realistic, full-sky, half-arcminute resolution simulations of the microwave sky matched to the most
recent astrophysical observations. The primary purpose of these simulations is to test the data reduction pipeline
for the Atacama Cosmology Telescope (ACT) experiment; however, we have widened the frequency coverage
beyond the ACT bands and utilized the easily accessible HEALPix map format to make these simulations
applicable to other current and near future microwave background experiments. Some of the novel features
of these simulations are that the radio and infrared galaxy populations are correlated with the galaxy cluster
and group populations, the primordial microwave background is lensed by the dark matter structure in the
simulation via a ray-tracing code, the contribution to the thermal and kinetic Sunyaev-Zel'dovich (SZ) signals
from galaxy clusters, groups, and the intergalactic medium has been included, and the gas prescription to model
the SZ signals has been refined to match the most recent X-ray observations. The cosmology adopted in these
simulations is also consistent with the WMAP 5-year parameter measurements. From these simulations we
find a slope for ther,o0—Magp relation that is only slightly steeper than self-similar, with an intrinsic scatter
in the relation of~ 14%. Regarding the contamination of cluster SZ flux by radio galaxies, we find for 148
GHz (90 GHz) only 3% (4%) of halos have their SZ decrements contaminated at a level of 20% or more. We
find the contamination levels higher for infrared galaxies. However, at 90 GHz, less than 20% of clusters with
Mago > 2.5 x 10¥*M,, andz < 1.2 have their SZ decrements filled in at a level of 20% or more. At 148 GHz,
less than 20% of clusters wit,qo > 2.5 x 10*M, andz < 0.8 have their SZ decrements filled in at a level of
50% or larger. Our models also suggest that a population of very high flux infrared galaxies, which are likely
lensed sources, contribute most to the SZ contamination of very massive clusters at 90 and 148 GHz. These
simulations are publicly available and should serve as a useful tool for microwave surveys to cross-check SZ
cluster detection, power spectrum, and cross-correlation analyses.

Subject headinggosmic microwave background — galaxies: clusters: general — galaxies: general — intergalac-
tic medium — large-scale structure of universe — methods: simulations

1. INTRODUCTION (SZ) cluster detections, and cross-correlation studies of vari-
Simulations of the microwave sky play a crucial role in ous microwave components. Moreover, these microwave data

accurately extracting constraints on cosmology potentially S€tS can be combined with surveys at other wavelengths to
measurable by current and upcoming microwave background/'eld additional constraints. As such, the accurate recovery
observatories, such as the Atacama Cosmology Telescop@f known cosmological inputs, through the variety of meth-
(ACT)8, the South Pole Telescope (SBTand the Planck ods me_ntloned. above, must be tested vylth S|mulat|0_ns. This
satellit¢®. These surveys will have complex data process- necessitates h|g.h—resolut|on, cosmological-scale, microwave
ing pipelines and analysis strategies, and any artifacts causegimulations thatinclude the most accurate astrophysical com-
by any one of the many analysis steps can best be controlled®©Nents as our current observations will allow. .

by simultaneously running simulations of the microwave sky, 1€ microwave sky consists primarily of the following
with known cosmological and astrophysical inputs, through components: (1) the primordial microwave background,
the same analysis pipeline. These microwave background ex!/Nich is lensed by the intervening structure between the last
periments, which will have finer resolution and higher sensi- Scattering surface and observers today, (2) the thermal SZ sig-
tivity than achieved to date, can potentially constrain cosmo-"&! fro.m the hOt gasin gal_axy.cluster_s, groups, and the inter-
logical parameters via their measured microwave power specdalactic medium, (3) the kinetic SZ signal from the bulk mo-

trum, higher order correlation functions, Sunyaev-Zel'dovich 0N Of galaxy clusters, groups, and the intergalactic medium,
(4) higher-order relativistic corrections to the thermal and ki-
1 Kavli Institute for Particle Astrophysics and Cosmology, Stanford, cA Netic SZ signals, (5) a population of dusty star forming galax-
94305 ies that emit strongly at infrared wavelengths but have signif-
2 Department of Astrophysical Sciences, Princeton University, Princeton, jcant microwave emission (6) a population of galaxies that
NJ 08544 - . ! ' . - .
3 Department of Physics, Princeton University, Princeton, NJ 08540 emit S_tron_gly at radio Wa}vel_e_ngths, II’_IC|l_.IdIng a(;tlve galacuc
4 Max Planck Institut fuer Astrophysik, 85741 Garching bei Muenchen, nUCIG'*_ which also have S|gn|f|cant emission at m'crowave_ fr_e'
Germany guencies, and (7) dust, synchrotron, and free-free emission
5 Department of Physics, University of Miami, Coral Gables, FL 33146 from the Galaxy.

8 Institute for the Physics and Mathematics of the Universe, University of  The simulations discussed here include the above compo-

Tokyo, Japan . - o
7 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138 nents, rgapped at 5|xhd|f;cferent fre_quenmes. 30, 9(;), 148, 212'
8 http://www.physics.princeton.edu/act/ 277, and 350 GHz. The frequencies 148, 219, and 277 are the
9 http://pole.uchicago.edu/ central ACT observing frequencies, as these simulations are
10 hitp://www.sciops.esa.int/PLANCK/ used by the ACT team to inform their data analysis pipeline.
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The additional frequencies have been added to widen theabove 1x 10"M, and with a redshift below = 3 are iden-
applicability of these simulations to other microwave back tified. The octant is then replicated to create a full-sky-sim
ground experiments. The only components listed above thatulation. Thus the large-scale structure components inethes
have been excluded from the microwave maps are the Galacsimulations are unique for one octant, while the primary mi-
tic synchrotron and free-free emission. These two compo-crowave background and Galactic dust are modeled for the
nents are not expected to be significant at ACT frequenciesfull sky.
and we leave their inclusion to future work. The maps them- The primary microwave background has the same cosmol-
selves are full-sky HEALPix maps of resolution 0.4 arcmin- ogy as the large-scale structure and matches the WMAP 5-
utes (Nside=8192) and consist of full-sky maps of each com-year Internal Linear Combination map (Bennett et al. 2003;
ponent separately as well as a combined sky map, at eacldinshaw et al. 2009) on large-scalés(20). The microwave
frequency. These HEALPix maps can be interpolated into background is then lensed by the large-scale structureegin th
flat sky maps using the bilinear interpolation subroutine in simulation with a ray-tracing code (Das & Bode 2008).
cluded in the HEALPIx distribution (Gorski et al. 2005). In The Sunyaev-Zel'dovich signal is derived by adding a gas
addition, catalogs of all the halos in this simulation aneith  prescription to the N-body halos which assumes a polytropic
various properties, as well as catalogs of the individual in equation of state and hydrostatic equilibrium. This model,
frared and radio galaxies that populate the halos, aregedvi ~ which is described in more detail in Bode et al. (2009), ad-
These simulations are public and can be downloaded fromjusts four free parameters which are calibrated againstyX-r
http://lambda.gsfc.nasa.gov/toolbox/tb_cmbsim_aw.cf gas fractions as a function of temperature from the sample of
There are of course many simulations of components of theSun et al. (2009) and Vikhlinin et al. (2006). These four free
microwave sky (e.g. Gawiser & Smoot 1997; Metzler 1998; parameters are the star formation rate (which depends on the
Gawiser et al. 1998; Sokasian et al. 2001; White et al. 2002;halo mass and redshift), non-thermal pressure suppor(fro
da Silva et al. 2004; Diaferio et al. 2005; Motl et al. 2005; cosmic rays or magnetic fields), dynamical energy transfer
Nagai 2006; Hallman et al. 2007; Pfrommer et al. 2007; Ron- from dark matter to gas (a depletion factor which lowers the
carelli et al. 2007; Malte Schéfer & Bartelmann 2007; Leach average baryon fraction to less than the cosmic mean), and
et al. 2008; Pace et al. 2008; Shaw et al. 2008; Wik et al. feedback from active galactic nuclei (which is tied to ther st
2008; Carbone et al. 2009; Peel et al. 2009). The simulationsformation rate). This model describes the gas prescrifition
discussed here include the components mentioned above, ihalos with friends-of-friends mass 3 x 10'*M, andz < 3.
an internally consistent manner, matched to the most recent Smaller halos down to & 10*M, and the intergalactic
observations. These simulations have improved upon themedium forz < 3 are treated with a different method. The
previous simulations discussed in Sehgal et al. (2007)én th velocity dispersion of a given simulation particle is cddétad
following ways: using its neighbors, and this velocity dispersion is relate
the pressure (and thus the thermal SZ signal) via a propor-
tionality constant derived from hydrodynamical simulago
¢ radio and infrared galaxy populations are clustered and(Trac et al. 2009). The kinetic SZ is calculated from thedine
correlated with the galaxy cluster populations of-sight momentum of the particles. For the<¥ < 10 Uni-
) . ] verse, the temperature is assumed to be isothermal*at, 10
e the primordial microwave background has been lensedand mass density and momentum shells at various redshift
by the dark matter structure in the N-body simulation gjices are used to construct the thermal and kinetic SZ igna
via a ray-tracing code The infrared source model has six parameters used to pop-
oo N . . ulate halos, and is partially based on Righi et al. (2008)s Th
¢ the contribution to the kinetic SZ signal from the inter- 46| satisfies the following observational constrainte t
galactic medium has been included, in addition to that coBE/FIRAS background as in Fixsen et al. (1998) is an
from galaxy clusters upper limit on the total infrared intensity, the effectiees-
- ; tral index for the spectral intensity is 2.6 between 145
¢ ﬁgﬁn%adstgﬁz(igﬁ tt'ﬁg ﬁogegggmi_Sriysc')%gzlrsvgt?gngeenand 350 GHz (Knox et al. 2004; Dunne et al. 2000), source
counts are compatible with SCUBA counts at 353 GHz (Cop-

« maps have been created at a wider range of frequencie®in et al. 2006), source counts and clustering are comgatibl
to increase the applicability to other microwave back- With BLAST measured counts and power spectrum (Patan-
ground experiments chon et al. 2009; Viero et al. 2009), and the power of the in-

frared sources is below the point source upper limit derived
e standard HEALPix format for the maps has been by ACBAR at 150 GHz, fixingrg to the WMAP 5-year mea-
adopted surement (Reichardt et al. 2009).
The model for the radio sources is made by creating a halo
We give a brief summary of the key elements of these occupation distribution and luminosity distribution fadio
simulations below, which we expand upon in greater detail sources at 151 MHz to match the 151 MHz radio luminos-
throughout 82 and 83. ity function (RLF) atz~ 0.1. 151 MHz was chosen because
The large-scale structure simulation was carried out usingat such low frequencies the RLF is dominated by the steep
a tree-particle-mesh code (Bode et al. 2000; Bode & Os-spectrum lobes of the radio sources (as opposed to the flat-
triker 2003), with a simulation volume of 1000Mpc on ter spectrum cores) and is thus less sensitive to biaseodue t
a side containing 1024particles. The cosmology adopted orientation effects. Once the 151 MHz RLF is matched at
is (b, m, Qa,h,ng,08) = (0.044, 0.264, 0.736, 0.71, 0.96, low redshifts, the radio sources are divided into two popula
0.80), consistent with the WMAP 5-year results (Komatsu tions, similar to the types | and Il of the Fanaroff & Riley
et al. 2009). The mass distribution covering one octantef th (1974) classification. These are given differing number-den
full sky was saved, and halos with a friends-of-friends mass sity evolutions with redshift, and the RLF at higher redsisif
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matched to observations. We use a relativistic beaming mode
to separate how much of a source’s flux at 151 MHz is from
the core as opposed to the lobes, and we adjust the shape of the
radio core spectral energy distribution to match sourcetsou
atv > 151 MHz, where the core dominates (Lin et al. 2009a).
The Galactic dust emission maps are from the “model 8"
prediction from Finkbeiner et al. (1999), which Bennettlet a 102
(2003) show to be a reasonable template for dust emission inss
the WMAP maps. o
In 82, we discuss the construction of each component of &
these simulations and comparison to observations in more de &
tail. In 83, we discuss further properties of the simulated &
maps, and in 84, we summarize and conclude.

2. SIMULATIONS
2.1. Primary Unlensed CMB

We follow the method of Sehgal et al. (2007), construct- 101
ing a primary microwave background map with the observed i
large-scale structure and small scale structure consisitn
theoretical expectations. For large scales, we use the WMAP
5-year Internal Linear Combination (ILC) map (Bennett et al 102
2003; Hinshaw et al. 2009). Fbk 20, we take the harmonic 0
coefficients &) from the ILC map with no modification. At
smaller scales, where the ILC map is smoothed significantly, ric. 1. The halo abundance above a minimum mass per unit regehif
a Gaussian random realization is added, so that the ensemblgjuare degree measured from the large-scale structuréaionu(points) is
average power equals the theoretical power spectrum ""hiCrfé’é?fi?reﬁrivﬁ,ﬂhté';eée&i&%'rf'ytﬂ"e ffigiurlgsfeotrsmélflall) éliwésyrféozgpﬁgsi rﬁltj rﬁl-
maximizes the WMAP 5-year likelihood. Harmonic coeffi- ' " ' _
cients are computed fa,a = 8192, and we synthesize a map MaSSeMmin = 682 1072, 2 105, 1x 10, and 3x 104 h' M.
with HEALPix parameteiNsjge = 4096 (0.859pixels). Then
we convert to a map with HEALPix parametsgige = 8192 Az < 0.005 forz < 0.8. For comoving distances larger than
(0.429 pixels) using thel t er _al msubroutine included in  the box sized > 1000h™Mpc, there can be some duplica-
the HEALPix distribution (Gérski et al. 2005). The lower+es tion in structures as the periodic box is repeatedly tilekisT
olution (Nsige = 4096) map is used to generate the lensed mi- tiling is done without random rotations to preserve thequeri
crowave background map (see § 2.3), as that is more efficienicity and prevent discontinuities in the large-scale stice
than working with thé\sige = 8192 map directly and resultsin  However, any repetition is usually at a different redshiftla
no significant loss of accuracy. The lensed map is then alscevolutionary state. In cases where a halo or filament appears
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w

converted to aMsige = 8192 map. twice at similar redshifts, it is viewed at two different deg)
| imulati making each projected image unique.
2.2. Large-Scale Structure Simulation For all the shells{ < 10) particles are subdivided by angu-

A simulation of the large-scale structure of the Universe is lar coordinates using the HEALPix scheme for pixelation of
performed using the same methods as previously describe@ sphere. The projected mass and momentum in each pixel of
in Bode et al. (2007) and Sehgal et al. (2007), and we referthe shell are computed and saved to disk (as described previ-
the reader to their papers for additional details. Withirea p ously in Das & Bode 2008). These pixelized shells are used
riodic box of comoving side length = 1000h™*Mpc, 1024 to model the gravitational lensing (82.3) and high-red<uf
dark matter particles are evolved using the Tree-Parkitdsh distortion (82.4) of the microwave background.

(TPM) N-body code (Bode & Ostriker 2003). The particle  For lower redshifte < 3, the positions and velocities of
mass is B2 x 10'° h™*M,, and the gravitational spline soft- all particles in the light cone are also saved to disk for post
ening length is set te = 16.276 h™*kpc. This simulation has  processing. The approximately 55 billion particles thusesa
been previously used by Bode et al. (2009) in developing aoccupy 1.3 TB of disk space and are used to model the SZ
model for the intracluster medium. effect (82.4) in detail. A friends-of-friends (FoF) halodir,

A putative observer at redshift zero is placed at one cornerwith a standard linking lengthgor equal to 1/5 of the mean
of the periodic box, and the mass distribution along a pastinterparticle spacing, is used to identify dark matter balnd
light cone, covering one octant (box coordinategz > 0) tag the particles belonging to them. This halo catalog isluse
of the sky, is saved as the simulation is running. To createto model infrared (§82.5) and radio (82.6) point sources.
full-sky maps this octant is replicated, as described in §3. As shown in Fig. 1, the halo mass functions measured from

At each simulation time step, spanning the redshift rangepatrticles in the light cone agree well with the semi-analyti
7z > Z2> 2, particles are found in a thin spherical shell at the fitting formula from Jenkins et al. (2001) for a linking lehgt
comoving distance corresponding to the light travel time to  bgor = 0.2.  The number of halos above a minimum mass
this observer, spanning the rardfg;) > d > d(z). Forz< 3 per unit redshift per square degree is plotted for four min-
all of these particles are saved to disk andAer10 pixelized  imum massesMmin = 6.82x 101, 2 x 1013, 1 x 1014, and
versions of the shells are saved, as described below. Ther& x 10 h™*M,. The first limit, the equivalent of 100 parti-
are 579 such shells in all; the range = z; — 7, of each shell  cles, is the lowest mass of halos that are populated witht poin
depends on the time step size set by the TPM code. It de-sources. The second value corresponds to massive halos with
creases from\z~ 0.08 atz~ 9 to Az~ 0.03 atz~ 3, and to enough resolution to model the intrahalo gas in greateildeta
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For any cluster survey, the minimum detectable mass is/likel
to be a function of redshift, and the last two minimum mass
values reflect the range expected for upcoming SZ surveys
The data points in Fig. 1 are measured using all halos in the
octant to minimize sample variance, but then are normalized
per square degree.

2.3. Lensing of the Primary CMB

Gravitational lensing is a secondary anisotropy of the mi-
crowave background caused by the deflection of primary
microwave background photons by intervening large-scale-
structure potentials (see Lewis & Challinor 2006, for a re-
cent review). Lensing produces non-Gaussianities, snsooth
out features in the power spectrum and moves power from
large to small scales. High resolution microwave backgdoun
experiments, such as ACT, SPT, and Planck, will probe the
scales corresponding to the multipole range 500< 10000
with unprecedented precision. It will be necessary to idelu
the effect of lensing for performing precision cosmologjica
tests with such datasets. By studying the lensing distustio

the projected matter distribution or the deflection fieldha t
Universe (Hu & Okamoto 2002; Okamoto & Hu 2003; Hi-
rata & Seljak 2003; Yoo & Zaldarriaga 2008). Such recon-
struction will help break parameter degeneracies in the mi-
crowave background, making it sensitive to dark energy dy-
namics and neutrino mass (Smith et al. 2008; de Putter et al.
2009). Also, the cross-correlation of microwave backgrbun
lensing with various tracers of large scale structure witid

to better understanding of galaxy environments, strudture
mation, geometry and gravity on large scales (Acquavivh et a
2008; Das & Spergel 2009; Vallinotto et al. 2009). A realis-
tic simulation of microwave lensing internally consisteuith

(i.e. based on the same large-scale-structure simulatjdhe
other simulated secondary components, such as the thermal
and kinetic SZ effects and infrared and radio point soutises,
essential for training the power spectrum and parameter est
mation pipeline. Such simulations are also necessary-ingre
dients in developing realistic lens reconstruction alonis
(Amblard et al. 2004; Perotto et al. 2009). Here we present
the salient aspects of a full-sky microwave background-lens
ing simulation at arcminute resolution.

A simulation of the lensed microwave background essen-
tially consists of remapping the points of the primary mi-
crowave background sky according to deflection angles de-
rived from a simulated convergence field. Several appraache
have been proposed for implementing the remapping as well
as for generating the deflection field (Lewis 2005; Das &
Bode 2008; Carbone et al. 2007, 2008; Basak et al. 2008). In
this work, we follow Das & Bode (2008) in all respects, ex-
cept that we create a full-sky convergence map (insteadeof th
polar cap geometry adopted in that paper) and lens a full-sky
primary microwave background map. The details of the algo-
rithm can be found in Das & Bode (2008) — here we delineate
the main steps:

1. As described in §2.2, at each time step of the large-
scale-structure simulation, the positions of the paricle
in a thin shell (of width corresponding to the time step)

10° ‘
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L
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FiG. 2.— Power spectrum of the simulated effective kappa mags)do
in the microwave sky we should also be able to reconstruthompared to theory, with (solid line) and without (dasheé)inonlinear cor-

rections to the matter power spectrum.

tended by it. We then subtract the cosmological mean
of the surface density to generate a surface overdensity
on each shell.

. We then generate the effective convergence map (
up to the maximum redshift in the large-scale-structure
simulation ¢=10) by combining the surface overdensi-
ties in the octant shells with proper geometrical weight-
ing (see, egns. 15 and 20 in Das & Bode 2008). To
accurately lens the microwave background, we need to
include the contribution to the convergence from red-
shifts beyond the farthest simulated shel(10). We
do this by adding in a Gaussian random realization for
this extra convergence based on a theoretical conver-
gence power spectrum (calculating the contribution to
the convergence power fromr> 10 structure). At the
end of this process, we have a realization of the effec-
tive convergence(h) on the octant.

. We replicate the octant to create a full-sky convergence
map. The detailed mapping of the octant to the full-sky
is described in §3.

. We invert the relatiory = %V%, between the conver-
gence and the effective lensing potentiah harmonic
space to obtain the harmonic componentsppfand
generate the deflection fieldy(n), using the relation
a=-Vo.

. We use the deflection field to find the source-plane po-
sitions, 8, corresponding to the observed positiofis,
of the rays (centers of pixels) according &= 6 + a.

. Finally, we sample the unlensed microwave back-
ground at the source-plane positions using an accu-
rate interpolation technique to produce the lensed mi-
crowave background map.

are recorded onto the octant of a HEALPix pixelated For the results presented here, we have performed the above
sphere. Knowing the particle mass and the number of steps at the HEALPix resolutioNsjqe = 4096. Then we con-
particles falling into each pixel, we generate a surface vert to a map with HEALPix parameték;qe = 8192 using the
mass density plane (expressed in mass per steradian) bgl t er _al msubroutine included in the HEALPIx distribu-
dividing the total mass in a pixel by the solid angle sub- tion (Gdrski et al. 2005).
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FiG. 3.—Left Lensed and unlensed microwave background power spediaed from the simulation compared with the theoreticatlei®. The blue dots
represent the power spectrum obtained from the simulategtemicrowave background map while the red solid line ssprs the theoretical lensed microwave
background power spectrum from CAMB. The red dots represenpower spectrum of the input unlensed map and the greihlisel is the theoretical input
power spectrum. Note that the simulation and theory linéscite to high precisionRight: A smaller section of the spectra on the left. Note that thetspm
is multiplied by the fourth power of the multipole to makeanler the difference between lensed and unlensed spectra.
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FiG. 4.— Difference between the lensed and the unlensed primary
crowave background map ina 10 degreex 10 degree patch.

shot noise due to the discrete nature of the particles.

We computed the power spectrum of the lensed microwave
background map and compared it with theoretical expecta-
tions. Fig. 3 shows the excellent agreement between the the-
oretical power spectrum from CAMB and the power spec-
trum generated from the simulated lensed map. For complete-
ness, we also show the power spectrum of the unlensed input
map and the theoretical power spectrum used to generate it.
The simulation confirms the theoretical prediction thaslag
smoothes out acoustic features in the microwave background
and moves power from large to small scales. Parenthetjcally
we would like to remark that the theoretical power spectra
in Figs. 2 & 3 were generated with CAMB using the param-
eterk_eta_max_scal ar set to 20x | _max_scal ar.
Fork_eta_max_scal ar = 2x | _max_scal ar (which
is normally used) the power spectrum, as well as the lensed
microwave background power spectrum, become inaccurate
at high multipoles; the: power spectrum is suppressed be-
yond/ ~ 1000, and the lensed microwave background power
spectrum beyond~ 4000.

A particularly interesting quantity is the difference be-
tween the lensed and the unlensed microwave background
maps. Fig. 4 shows this quantity on a 7 degse& de-
gree patch projected onto a cylindrical-equal-area gdhfr

Fig. 2 compares the power spectrum of the simulated ef-the HEALPix sphere. The figure shows the striking large-

fective x map with two theoretical models: one with and the scale non-Gaussian features that lensing induces on the mi-
other without nonlinear corrections (following Smith et al crowave sky. Lensing reconstruction techniques use these
2003) to the matter power spectrum. The theoretical spec-arge-angular-scale correlations of small-scale featim¢he

tra have been computed with the publicly available CAMB  microwave background to recover the lensing potential.

code. As expected, the simulated power spectrum agrees bet-
ter with the theory curve with nonlinear corrections. There 2.4. SZ Signal
are two things worth noticing in the plot: the large scatter a ) o ) ) .

the low multipole end of the power spectrum, and the excess The SZ effect is a secondary distortion of the microwave

power in the simulation beyon@~ 2000. The scatter is ex- background _that results when cosmic microwave rad_lat|0n
pected because we generated the full-sky convergence map b§catters against free electrons. It is commonly c.on5|dered
replicating an octant. The apparent high multipole excessi {0 have two main components (Sunyaev & Zeldovich 1970,

consequence partly of the nonlinear corrections to thertheo 1972). The thermal SZ (TSZ) term arises from inverse

slightly underpredicting the nonlinear power, and parflihe =~ Compton scattering of the CMB with hot electrons, predomi-
nantly associated with shockheated gas in galaxy clustets a

11 www.camb.info groups. The kinetic SZ (KSZ) term is a Doppler term coming
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from scattering with electrons having fast peculiar magion
Another common distinction is that the KSZ effect has a non-
linear component associated with the small-scale intshetu
medium and a more linear component coming from the large-
scale intergalactic medium (IGM). The signal arising frdra t
latter was first calculated for the linear regime by Ostriger
Vishniac (1986) and Vishniac (1987) and is often referred to
as the OV effect. Below, we first write down the formalism for
the nonrelativistic limit and then the more general relatiz

case.

Modeling the SZ effect requires knowing the number den-
sity ne, temperaturd,, and velocityve of the electron distri-
bution. In the nonrelativistic limit, the change in the CMB
temperature at frequenayin the directionn on the sky is
given by

£ = ( AT ) +( AT ) = ny—b’ (1)

Tems TemB /s, \TcMB / ks,
where the dimensionless Comptgmand Doppleb parame-

ters,
a
y= % / NeTedl = / fedr, )
a

= %/nevlosdl :/ﬁlosdﬂ 3

are proportional to integrals of the electron pressure aod m
mentum along the line of sight (los), respectively. The dime
sionless temperature, line-of-sight peculiar velocityd éhe
optical depth through a path lengthate given by

kgTe Te

= —= -3
O = e 1.96x 10 (keV) , 4)
_ Vios _ 4 Vios
Blos = < 3.34x 10 (7100 km/S> ) 5)
_ _ 3 Ne d
dr = omnedl =2.05x 10° (¢ ) (Mpc) ., (6

respectively. For a typical cluster, the Comptpparameter

etal.

—
(V]

el
210t

11+ 1)C,/(2m)

1

Fic. 5.— Power spectra of the Sunyaev-Zel'dovich signals at 148
GHz. Shown are the power spectra of the thermal SZ compomedj, (
the kinetic SZ component (blue), and the full SZ signal (kJac The
solid lines represent the model in this simulation, and thshéd lines
represent a model with no feedback or star formation (ati@baodel
Bode et al. 2009; Trac et al. 2009). The green line shows tmepeo
ison with the thermal SZ power spectrum derived analyticélbm Ko-
matsu & Seljak (2002) and taken from the WMAP LAMBDA website
(http:/lambda.gsfc.nasa.gov/product/map/current/).

first-order terms in Eq. 8, and th&t =Yy. We use Eq. 8 to
calculate the full SZ signal in these simulations.

Sky maps of the SZ effect are made by tracing through
the simulated electron distribution and projecting theuacc
mulated temperature fluctuations onto a HEALPIx grid with
Nside = 8192. Using the saved simulation data described in
§2.2, SZ maps are constructed with contributions from 3 com-

is expected to be approximately an order of magnitude largerponents: massive haloszat 3, low-mass halos and the inter-

than the Doppleb parameter.

galactic medium at < 3, and the high-redshift Universe for

The nonrelativistic TSZ component has a frequency depen-3 < z< 10.

dence as specified by the function,

f, = xcothk/2)-4, x=hv/(ksTcme), (7

2.4.1. Gas model for massive halos atZ3
The hot gas distribution associated with massive dark mat-

which has a null av ~ 218 GHz. The distortion appears as ey halos is calculated using a hydrostatic equilibrium etod

a temperature decrement at lower frequencies and as an iNcOstriker et al. 2005: Bode et al. 2007, 2009). Here we sum-
crement at higher frequencies relative to the null. The non-5rize the general method and refer the reader to Bode et al.
relativistic KSZ component is independent of frequency, bu (2009) for additional details, in particular on calibragistar
the sign of the distortion depends on the sign of the line-of- {ormation and feedback against recent optical and X-ray ob-
sight velocity. We chose the convention whegg > 0 if the  gervations. In the large-scale-structure simulation, sives
electrons are moving away from the observer. dark matter halos witMgor > 2 x 102 h™'M, andz < 3 are

In the general, relativistic case, the change in the CMB tem- ginrocessed to include intrahalo gas and stars. These hal
perature at frequenayin the directiomis given by are expected to be the dominant contribution to the TSZ terms

AT in Egs. 1 and 8 for the scales of interest (1G00< 10000).

= Lower mass halos are accounted for differently, as we explai

T (n= / [ee(Yo +0oY1 + 02, +03Y5 + 02Y,)
M later.

+ 32 [}YOH% (§Y0+2Y1>} For each massive halo, the collection of N-body particles
3 6 3 tagged by the FoF finder are enclosed in a nonperiodic, Carte-
sian mesh that is centered on the center of mass, has one axis
= Bios(1+6C1 + chg)] dr, (8) parallel to the line of sight, and a cell-spacing that is atice

N-body spline softening length. The particles are assigned
where theY’s andC'’s are known frequency-dependent coeffi- using a cloud-in-cell scheme to define the matter density
cients (Nozawa et al. 1998). Note that Eq. 1 contains only theon the mesh. The gravitational potentjais then calculated
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using a nonperiodic Fast Fourier Transform (FFT), and the lo
cation of the potential minimum is chosen as the halo center.
This procedure preserves the concentration, substryctude
triaxiality of the dark matter halo.

Assuming hydrostatic equilibrium and a polytropic equa-

tion of state, the corresponding gas dengjfyand pressurgy
on the same mesh are given by -15
Pg = Pg,Owl/(F_l)a ) g -30
Py = Pyoy™/ 7, (10  S- %
: —45
respectively, where the dimensionless temperature Jariab g
r-1 Pg,0
=1-( — — - 11
v=1- () () oo

is related to the gravitational potential. Bode et al. (2009
adopted a polytropic indek = 1.2 (consistent with the value
of I adopted by other workers and the value found in hydro- ¥ -
dynamic simulations) and determined the other two free pa- 01" 40™ 01" 20
rameters for the polytropic model, namely the central gas de R-A. (J2000)

sity pgo and pressur®yg, by matching the gas mass fraction  Fic. 6.— The full Sunyaev-Zel'dovich signal at 148 GHz, inclagither-
and temperature to recent X-ray observations (Vikhlinialet mal and kinetic SZ contributions from both the galaxy clustnd the inter-
2006; Sun et al. 2009). The electrons are assumed to have th@actic medium, in a- 10 degreex 10 degree patch.

same distribution of temperatures and velocities as tHg ful

ionized gas. : ; -

. _ stead, an alternative approach motivated by the virialrér@o
| For calc#latlng ﬁhe KSbZ tern&sllndljiq. 1 and8, th?‘ gas I"e' is adopted, one that can also be extended to particles not as-
ocity on the mesh can be modeled in two ways. The veloc- g eiated with identified halos. The intergalactic medium is

ity fielﬁ Cﬁm beftakenl from thg dark mattelr rr])arti(ﬂeﬁ; tgi_s ap- expected to contribute only a small fraction of the TSZ signa
proach allows for velocity substructure, although the eisp 1, ;4 it js very important to include it for calculating the KSZ
sion would be inconsistent with the hydrostatic equilibriu signal.

assumption. Alternatively, the entire gas distribution te& According to the virial theorem, the internal energy of a

assigned a single, mass-weighted average peculiar Welocit \;riajized halo is twice its gravitational potential engréur-

this is the approach we adopt for self-consistency. Compari g the formation of a halo, the dark matter undergoes violen

the two options, we underestimate the temperature varianCejaxation and the gas gets shock-heated. The gas tempera-

< ATy, > from massive halos alone by only4% when ig- 16 can be estimated directly from the halo mass and used

noring velocity substructure. Correspondingly, the KSg@n 5 model the TSZ signal (e.g. Cohn & White 2009), but we

lar pov(\;ert')spectlrutr)n frogn mlafswe halo;\?lczne '? also underesgpgge to calculate the gas temperature from the velocity dis

tlmaae , buton yh y|< 1% 3td —d100?l and-~ 6% atl = 1000% persion of the dark matter. This approach is then applicable
When a given halo is added to the SZ maps, mass and Moy, 4| particles rather than just ones in identified halos.

mentum are conserved by requiring that the baryonic mass g each particle, the local density, and velocity disper-

be equal to the cosmic baryon fractit/m times the halo  gjon ;. are calculated using 32 neighboring particles. For cal-

massMeor. This is accomplished by first sorting the mesh ¢,jating the Sz terms, the effective pressure and momentum
cells by their gravitational potential, from most negattee ¢ e gas is taken as
S

least negative. The mesh is then traversed in order and cell

Olh oo™

m

to accurately apply the hydrostatic equilibrium model. In-

are tagged until the accumulated baryonic mass, in gas and _ O [(y=1)pmo?

stars, reaches the mass limit. The outer radius of the gas is T O {m] ' (12)
usually beyond the cluster virial radius. Remaining cetis d 0

not contribute any SZ signal. This procedure results in-a tri (pV)g = _b(pv)m, (13)
axial halo gas distribution with a physically-motivatedafti Om

We find that the gas associated with these massive halo§\,he.re7 =5/3 is the ideal gas adiabatic index and 4/(3+
makes up approximately half of the TSZ flux, but it is the 5x,,) = 0,588 is the mean atomic weight for a fully ionized

dominant contribution to the TSZ angular power spectrum. gas. Helium reionization is assumed to occur instantarigous
It accounts for~ 90% of the total TSZ power for the scales atz=3. A temperature floor of YOK is imposed for the

of interest (100G | < 10000). On the contrary, this gas ac- photoionized intergalactic medium.

counts for only~ 15% of the total KSZ power because of the ~ \when tracing through a given particle and projecting onto

relative importance of the IGM to this signal, as discussed i 3 HEALPix grid, the effective solid angle subtended by the

§2.4.2and §2.4.3. particle is taken into account. A nearby, low-density [wieti

. : . can span a number of map pixels and simply assigning it to
2.4.2. Low-mass halos and intergalactic medium at 3 a single pixel will result in a large and incorrect temperatu
Low-mass halos and the intergalactic mediunz &t 3 are fluctuation. Mass and momentum are also conserved. Since

modeled using all other saved N-body particles not associ-the entire gas distribution at< 3 is accounted for, the maps

ated with the massive dark matter halos discussed in §2.4.1have a smooth transition from the concentrated halos to the

While we are able to identify halos down Mg = 6.82 x diffuse intergalactic medium.

10" h™Mg, (100 particles), there is insufficient resolution ~ We find that the low-mass halos and the IGM make up ap-
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proximately half of the TSZ flux, but contribute to the angula
power spectrum only by 10% atl = 1000 and~ 15% at
| =10000. This is in agreement with Hallman et al. (2007)

electron distribution is warm rather than hot, the SZ temper
ature fluctuations are nonrelativistic and Eq. 8 reducegto E
1. There is only a very small contribution to the TSZ signal

who used a high-resolution hydrodynamic simulation and from the warm electron distribution. The average Compton

found that while roughly one-third of the TSZ flux comes
from low-mass halosM < 5 x 10'3M.,) and the IGM, these

components adgt 10% to the TSZ angular power spectrum
(for og = 0.9). Hallman et al. (2009) also found that the angu-
lar power spectrum of the filamentary warm-hot intergatacti
medium (WHIM Cen & Ostriker 1999; Davé et al. 2001) is

parameter is only- 1077 over this redshift range. However,
there is a substantial contribution to the KSZ signal beeaus
of the large, coherent velocities in the IGM.

Since the light cone is constructed by replicating and stack
ing from the periodic simulation box without random rota-
tions, this procedure introduces excess power in the KSZ sig

only < 1% of the total. Furthermore, Hernandez-Monteagudo nal atl < 500. The excess power shows up in the intergalactic

et al. (2006) found that while lower density gas{ 10)

medium component, but not in the halo component previously

makes up approximately half of the baryon budget, it gives discussed in §2.4.1. Therefore, the intergalactic medwm-c

rise to only~ 5% of the TSZ flux in the local universe.
For low-mass halos in the mass rang8%x 10 <

ponent of the KSZ, from the full redshift range<0z < 10, is
filtered before adding it to the final SZ maps. A simple filter

Meor (h™IM) < 2 x 103, there are adequate particle numbers w(l) = 1-exp[-(I /500¥] is chosen to suppress the large-scale

(100 to 282) to estimate the halo velocity dispersion. ThE TS
signal from this component is sufficiently well approxinthte
with the above method, considering that these halos carérib

< 10% to the TSZ angular power spectrum. However, for fila-

ments with typical overdensities of 10, there are only 1@ipar
cles per comoving(*Mpc)3. While it is difficult to calculate
the velocity dispersion accurately, an approximate sofuit
acceptable since the filaments contribute gl¥% to the an-
gular power spectrum.

excess, but preserve powerd at 1000. The remaining low-
power is now more consistent with the level expected for the
large-scale OV signal.

Since the simple filtering modifies the signallat 1000,
the maps should not be used to predict the KSZ signal at these
scales. Furthermore, we have neglected to model the con-
tribution from the inhomogeneous reionization epoch. This
componentis expected to be larger than the contribution fro
the reionized universe K 6) atl < 1000 (e.g. Santos et al.

The KSZ signal from the low-mass halos and the IGM are 2003; McQuinn et al. 2005; Zahn et al. 2005). The KSZ signal

relatively more important. We find that bt 1000, they ac-
count for~ 15% of the total power, comparable to the con-
tribution from massive halos, and lat 10000, they account
for ~ 40%. The majority of the KSZ signal is from the high-

redshift universe (3 < z < 10), which we discuss in §2.4.3. The

KSZ signal is relatively less sensitive to resolution sitioe

bulk peculiar momentum is well captured in the large-scale-

structure simulation. While velocity substructure is nalw

on these larger scales is subdominant compared to the lensed
microwave background and to the TSZ signal at frequencies
away from the null.

2.5. Infrared Point Sources

Star formation in the Universe leads to the production
of dust grains which absorb the ultraviolet radiation in
the environment and re-radiate it in the infrared range. In

resolved, we have already demonstrated in §2.4.1 that-ignorthe context of microwave background observations, the

ing it only results in percent level differences. Howevéreg
the modest resolution of the large-scale-structure sitiona

redshifted infrared emission of these sources constitares
important contaminant on small angular scales at freqesnci

we caution against using the maps for detailed studies of thehigher than~ 150 GHz. In this section, we attempt to model

SZ signal from the WHIM and IGM.

2.4.3. High-redshift Universe a8 < z< 10

The high-redshift universe at 8 z < 10 is modeled us-
ing the redshift shells containing the surface density $iéba
massX, and line-of-sight momenturii,,,. At these higher
redshifts, it is very reasonable to assume that the gasstthee
matter distribution because the scales of interest arelynost
still in the linear regime. Furthermore, since both the menl

ear mass and the collapsed mass fraction above a fixed mass

rapidly decrease towards higher redshifts, the typicaptm
ature of the gas is predominantly set by photoionizatidmaiat
than shockheating.

For each redshift shell, the electron temperature, line-of
sight peculiar velocity, and column density are taken to be

Te=10'K, (14)
)
V|05=E—r::, (15)
Qb)<XH YHe)
Ne= (-2 (22 + )5, 16
. (Qm Xy e ) (16)

Hydrogen reionization is assumed to occur instantanea@isly
z=10 and helium is only singly ionized. The Thomson opti-
cal depth for electron scatteringis ~ 0.08, consistent with

the angular anisotropies that infrared (IR) galaxies uhiice

in the microwave sky by combining the cosmological simu-
lation presented above with a model for the infrared galaxy
population, which is partially based upon Righi et al. (2008

2.5.1. The basics of the infrared model

We first approximate the spectral energy distribution (SED)
of the infrared galaxies by a modified black body of the form

Ll/ X ¢(U1Tdust) = Vﬁ [Bu(TdUSI) - Bu(Tcmb)] ) (17)
whereg is a spectral indexJcmp is the primary microwave
background monopole temperature, gl is the dust tem-
perature evolving in redshift as in Blain (1999):

((1+Z)4+ﬁ _ 1):| 1/(4+03) . (18)

HereTy is the dust temperature if the galaxy waz at0, and
the symboB, (T) denotes the black body spectral intensity at
temperaturd@ . As we shall see below, the free model parame-
tersg andTp will determine the spectral index for the effective
power law describing the change of the infrared intensity ve
sus frequency,, o« v (i.e.,a = a8, Tp)).

The star formation rate (SFR) in a given galaxy seems to
be linearly correlated with the dust luminosity (Kennicugtt
lation, Kennicutt 1998). At the same time, there is observa-

Taus(2) = [T04+ﬁ T

cmb

the WMAP 5-year results (Dunkley et al. 2009). Since the tional evidence that the SFR reached a maximum at epochs
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corresponding ta ~ 2—-4 (Hopkins & Beacom 2006). These being the frequency observed at redstif). L, (M,r) is de-
two factors combined suggest introducing a redshift window termined by the model described in §2.5.1 and Eq. 20.
function for the infrared luminosities in galaxies closethe However, we are interested in the angular fluctuations of
measured SFR behavior. In our model, we adopt the depenthe infrared spectral intensity, and this is linked to thguan
dence lar variation of the number of infrared sources. The numiber o
infrared galaxies is drivea priori by Poisson statistics. How-

This window however gives more weight to the redsfhiftrange |5tion in the infrared galaxy number density that is known as
atz> 3. easy to show that the Poisson term for the angular anisesopi
with a given infrared luminosity. We adopt a mass range lim-
p 2 dn anL, (M,

C = [drr° [ dM m(r) Ng(M) ) (23)
[My1, M3] will typically host oneinfrared galaxy of total in- T
galaxies will be given by /M,, each of them with a total in-
that bigger halos need longer times to cool down before being (24)
tral parameters and Tqust introduced above, will define our  thatb?(M,r) is defined as the ratio of the halo power spec-
nian realization of its average number. We also introducedvides a good fit (few percent accuracy) to the simulated halo
galaxy, partially motivated by the scatter in the effecipec-  better than 2% for > 20 (e.g., Verde et al. 2000).

2
WseR(2) o exp(-1/2) exp(— (z/35) ) (19)  ever, halos tend to cluster in overdense regions of the large
scale matter density field, and this introduces another modu
z ¢ [1,2] if compared to the data of Hopkins & Beacom {necorrelationterm (Haiman & Knox 2000; Song et al. 2003;
(2006), due mainly to the absence of halos in our simulation Righi et al. 2008). In terms of the spectral intendity it is
In practice, given the simulation halo catalog, our apphoac generated by the infrared galaxy population can be written a
consists of populating each halo with a number of gaIaX|es(Righi etal. 2008)
ited by M1, M, (M1 < My), in such a way that halos below
M; will host no infrared galaxies. Halos with masddsc
frared luminosityLir(M, 2) =Wser(2) - Weooil(M) - L, - (M/My). whereas the correlation or clustering term depends upon the
For more massive halos, the average number of infraredhalo power spectrum:
2
frared luminosity given by.ir(M, 2) = Wsrr(2) - Weool(M) - L. QC:/ﬂPm(k,r) [/dMﬂ(r)b(M,r)Ng(M)a(r)L’/(M’r)}
The functionWeeo(M) = expEM /Mcgor) @ccounts for the fact r2 dM A
able to form stars.L, defines a luminosity parameter. The Wwherek= (I +1/2)/r. The bias factob(M,r) expresses how
parameterdfl;, Mo, L, and Mo, combined with the spec-  halos are distributed compared to dark matter, in such a way
infrared model. In the simulations, the actual number of in- trum and the matter power spectruRn(k,r)). Here we have
frared galaxies present in a given halo is driven by a Poisso-adopted the model by Sheth & Tormen (1999), which pro-
an effective scatter of 15% in the mean adopted value forpower spectrum. The last two equations are obtained after us
the dust spectral index and in the infrared luminosity ofeac ing the Limber approximation, which should be accurate to
tral index of the intensity found in the analyses by Knox et al
(2004).

2.5.2. The angular power spectrum

Below we calculate the angular power spectrum of our in-
frared model theoretically. This allows us to approximate t
power spectrum efficiently, after adjustments to the model p
rameters, without generating HEALPix maps. For each IR
galaxy, the spectral luminosity, can be computed from the
bolometric luminosity and the adopted form of the SED:

L= Lir(M,2)
: fd’/ (v, Taus)

whereTy,st is a function of redshift (Eq. 18). For a flat Uni-
verse, the measured spectral flux is therefore given by

L,
Fo=—,
4712 (1+2)

wherev =1/ /(1+2) andr is the comoving distance to the IR
galaxy placed at redshif{r). Theaveragespectral intensity
generated by the IR galaxy population can then be written as
the sum of the contribution of all galaxies per unit solid leng

I’V:/drr2 /dl\/l :—,\r/]l(f) Ng('“)% (22)

The comoving halo mass function is given tp/dM, and
Ng(M) provides the average number of infrared galaxies in a
halo of masdM. The cosmological scale factor is expressed
by a(r), and the typical spectral luminosity for each of the
infrared galaxies in the halo is given hy, (M,r), with »/

o, Tausy), (20)

(21)

2.5.3. Observational constraints

The parameter space is swept in such a way that our infrared
model satisfies the following observational constraints:

e The Cosmic Infrared Background (CIB), as estimated

in Fixsen et al. (1998) from COBE/FIRAS, is the up-
per limit for all total infrared intensity that our model
provides.

The choice for spectral parametgssand Tyyst must

be such that the effective spectral index for the spec-
tral intensity (, « v®) is close toa = 2.6 in the range

v € [145,350] GHz. This value is found in Knox et al.
(2004), and is based on the projection to high redshifts
of the analyses of Dunne et al. (2000) of a low redshift
infrared galaxy sample. Nearby galaxies show harder
spectral indexes, while highsources are closer to the
peak of the dust SED and hence provide a shallower
slope. The quoted value of the spectral index is prac-
tically equivalent to the slope of the CIB at the same
frequency range. Thus, imposing~ 2.6 makes the
infrared background generated by our infrared sources
have a slope close to that of the CIB in the frequency
rangev € [145,350] GHz.

The source counts of our infrared model must be com-
patible to the source counts provided by SCUBA (Cop-
pin et al. 2006) in the flux rang®s3cHz € [1,50] mJy.
These source counts are in agreement with a number
of other submillimeter observations (e.g. Austermann
et al. 2009).
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FiG. 7.—Left panel:Cumulative source counts of our infrared model at 353 GHgugflux (red triangles) . The solid line corresponds to the flhe SCUBA
data at the same frequency (Coppin et al. 2006). The high @urces match the observed BLAST counts (Patanchon et a0, &0 BLAST team, private
communication) Middle panel:Contribution of our infrared source population to the taaémic infrared background observed by COBE/FIRAS (Fixateal.
1998). We show the three observing frequencies of ACT pld&@Hz. Dashed lines indicate 68% confidence regiftight panel: Theoretical estimate of the
angular power spectrum of our mock infrared source pomatihe thick black solid line corresponds to the clustetegrgn, and the thin line to the Poisson
term. The total is given by the red line, which is below the erdpmit suggested by ACBAR at= 2600 (Reichardt et al. 2009).

e The source counts of our infrared model must be com- mass close td;, we computed the average number of ha-
patible with the high flux infrared source population los present in each of those low mass bins, and subsequently
recently seen by BLAST (Patanchon et al. 2009 and made a Poissonian realization of this average. The masses
BLAST team, private communication). of these new mock halos are randomly distributed uniformly

within the corresponding mass bin width. These mock halos

* The clustered component of the the angular power specyere randomly distributed (with a Gaussian profile) in spser

trum should dominate over the Poisson term Ifor of roughly 100 times the parent (resolved) halo virial ragiu
1000 as observed Wypitzer(Lagache et al. 2007) and  \yhich should correspond te 10 Mpc. Therefore, for each
BLAST (Viero et al. 2009). real halo of mass close td., we populated @loud of lower

R Mass halos in an sphere of roughly 10 Mpc radius and cen-
; tered on the parent halo itself. This procedure provides our
simulation with a low mass halo catalog that is not Poisson
distributed, but rather is correlated to the populationroéh
but resolved halos close td = M. In practice, only mock
halos of mass abowel; were generated, since they are the
ones eventually hosting IR galaxies.
The very high flux population consists of few @00 in the
whole octant) infrared galaxies above 200 mJy at 353 GHz.
2.5.4. Final model This very high flux population models the tail observed by

We modeled two different source populations: thesic BLAST at 250, 350 and 500m (BLAST team, private com-
population essentially defines the properties of the whidle | mg;'fg/tg?%' tlgelzgrlﬂzuz)i)tghszhgﬁfnggg ggﬁﬂgﬁ;gesg
model, whereas theery high fluypopulation matches the high ifi | h S f ,h' hiah fl
IR solrcecounts detectd by BLAST (BLAST team, r- "SI 1o e pover Shecthu Some f s vey g T,
vate communication). Each of these two models requires af. . . :
different choice for the parameter set, as shown in Table 1. f|e_|c_ihbey :Qtea:néirr\:]%ﬁ'é?i%gtrs%c&lrjgg ((I:‘(')Tr?tset :lla'oz\/%og). ven flux

In ordfe;r;co ?]V(l)id the :imga.tion imppsefl tl_ay the mincijn(;u&n threshold for the sum of the basic and the veryghigh flux
mass of the halo resolved in our simulation, we added a : ; . d
mock catalog of halos of masses betweef 0, and the populations are displayed in the left panel of Fig. 7. We
minimum resolved halo mas#l.. = 6.82 x 102 h-1M... = show fluxes above 1 mJy (which is about SCUBA's detection
9.61x 102 M. In order to d’om't”his 'We assumed tﬁat the threshold), although our IR source population extendstto di

i P ' . . —.mer fluxes. Itis actually the numerous but dim IR source pop-
Teansksinfsg(t:tg)ln(goglg mﬁ:%g?&g%%gﬁ;?gg (E}ylécveggg;ulation that is respons_ible for most of the CIB. In our model,
halos resolvéd in the. simulation as tracers of the mock ha-ou IR source population generates between 50% and 80% of
los appended in this low mass range. We divided the massthe total CIB detected by FIRAS (middle panel). This IS con-
range [18 Mo, Mmin] in logarithmically spaced bins, and, in s:fstent \fVltzfz)ggLAS'rl;.or?.seéyatlonﬁ (Marsden ?jt aI.hZOOsgﬁllli)e-
each of these bins, computed the average number of pafos viin et al. ), which indicate that most, and perhapsoéll,

' the CIB is generated by infrared sources.

resolved halo that is found in a thin mass interval centered . .
atMc = 1.10x 108 M. That is, for each resolved halo of In the right panel, we display the expected angular power

e The angular power spectrum introduced by our |
source population should not exceed the upper limi
derived from ACBAR observations at 150 GHz after
fixing og to the WMAP 5-year best-fit value with a
running spectral indexsg = 0.81), i.e. 12C/(2n) <
31(uK)? atl = 2600 (Reichardt et al. 2009).
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TABLE 1
PARAMETERS FOR THE TWO POPULATIONS CONSIDERED FOR THE INFRAR
POINT SOURCE MODEL

Model B To M1 Mo Mcool Ly
(K) Mg) Mg) Mg) (Lo)
Basic 14 25 25x101 3x108 5x104 125x 1012

Very High Flux 13 40 5x 10 1x10Y% 8x10% 6x10“

spectrum of our total IR source population. At very high
multipoles the Poisson term must dominate, whereas the clus
tering term takes over dt~ 1,000. Again due to the con-
struction of the light cone by replicating and stacking tlee p s
riodic N-body simulation box without random rotations, ex- — 10
cess power is introduced in the infrared point source signal
atl < 300, as was the case for the kSZ signal from the inter-
galactic medium (see § 2.4.3). We do not filter this signal to
suppress the lowexcess as we did for the kSZ, as this signal 2,
consists of discrete sources instead of a smooth componentZ
and such a filter would disturb the real space point souree dis & 1077
tribution. Forl > 300, the theoretical expectation of the angu-
lar power spectrum coincides with the actual power spectrum 5,
from the simulated infrared map. 2 10-8
The particular values for the model parameters for each of?
the two populations are displayed in Table 1. Note that the £
masses in this table refer to friends-of-friends halo masse 10-¢
For the basic population, the values of the dust temperature
and infrared luminosity are not far from those found by Dye | | | | B
et al. (2009) when comparing BLAST infrared sources to ra- T T
dio and mid-infrared counterparts in the Chandra Deep Field 10 10 10 10 10 10
South. For the few galaxies in the very high flux population, P (W/Hz)
characteristic masses and infrared luminosities must be in
creased by roughly an order of magnitude, whereas the typica
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FIG. 8.— The 151 MHz RLF at < 0.3 constructed from the 3CRR survey,

dust temperature increases from 25 tak40 using data from Laing et al. (1983). The blue squares areRoli$; and the
green triangles are for FR Is. The red pentagons are the npoeliction
2.6. Radio Point Sources (sum of the two populations).

Our model for radio point sources follows in spirit the treat  (LD) of the sources. Below we outline the most important
ment of the subject by Wilman et al. (2008, hereafter W08). aspects of the model.
Similar to W08,we separate the radio-loud active galaatic n o )
clei (AGNs) into two populations, a high-power family that ~ 2.6.1. Compact versus extended emission of radio sources
evolves strongly with redshift, and a low-power one withdnil  The extended lobes of radio sources are characterized by
redshift evolution. These two populations can be roughly a steep falling spectrum. On the other hand, the emission
identified with the type Il and | classification of radio soesc  from the core region of a radio source is usually flatter and
by Fanaroff & Riley (1974), respectively (however, see dis- can exhibit a more complex spectral shape (see e.g., Lin et al
cussions in Willott et al. 2001). We also follow W08 and Jack- 2009b). In addition, when the jet axis is close to the observe
son & Wall (1999) to employ a relativistic beaming scheme to |ine-of-sight, the fluxes from the core (and/or the base ef th
separate the contributions to the total flux from the compactijets) will be Doppler-boosted.
core and the extended lobes of radio sources. Following W08, we assume the observed core-to-lobe flux
Unlike W08, we do not consider radio-quiet AGNs and ratio, Ryps, is related to the intrinsic valudRin:, via Rops =
star-forming galaxies in the radio source model. As our pri- R B(6), whered is the angle between the jet axis and the
mary goal is to simulate the microwave sky at relatively btig  jine-of-sight, B(d) = [(1 - Scos#) 2+ (1+ ScosH)?] /2, 3 =

flux limits (e.g., 2 0.1 mJy), ignoring these populations has 7——= : .
i ~ . v/1-~72, and~ is the Lorentz factor of the jet.
negligible effects. Furthermore, the infrared source nhode Given the intrinsic luminosityin = Len¢+ L1 ine Of @ SOUICE,

ing presented in §2.5 is a self-contained model for the Star-\ here the subscripts ¢ and | refer to the core and lobes, the
forming galaxies, and therefore the combined infrared and r beamed luminosity is then '

dio source models should adequately account for the mgjorit

of sources of interest to the current generation of micr@vav Lbeam= Lcbeam™ Lijint
exgerimergjtsl.. ate dark hal " = (1+ RobgLp int
r model is a way to populate dark matter halos with ra- ’
“ s aay o popy " = Lint(L1+ Ropd /(1 + Ru) (25)

dio sources in a Monte Carlo fashion, according to simple

prescriptions on (1) the spectral energy distribution & th We use empirically derived values Bf,; and~ from W08,
sources, (2) the number of radio sources as a function of haleand we assume a uniform distribution of éas order to sep-
mass and redshift, and (3) the (radio) luminosity distidout ~ aratel ¢ peamandL, jnt givenLpeam
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Once our model successfully reproduces the low redshift
151 MHz RLF, the radio sources are divided into two popula-
tions, roughly corresponding to the type | and Il classifaat
of Fanaroff & Riley (1974). These populations are given dif-
ferent number density evolutions with redshift, so thathbot
the highz RLFs and source counts at 151 MHz can be fit-
ted. For FR | sources, we consider an evolution of the form
(1+2°upto Z, (and constant at > zp); for FR lIs, we find
that a much stronger redshift evolution is needed and, fior co
venience, adopt an asymmetric Gaussian centergg afith
dispersions andon atz < z, andz > z,, respectively. (Note
that there are many more FRIs and FRIIs at high redshift;
for example, the comoving density of model FRII sources is
~ 200 times higher at, = 1.3 compared to a ~ 0.) In our
model,z, is a free parameter, which is adjusted to match ob-
servations.

Having matched the high151 MHz RLF, we assume each
source at 151 MHz is described Wyeam= Lcpeam™ Liint,
where the lobe component dominates. Gifgpand~y from

W08, and co8 picked from a uniform distribution, we de-
ol sl sl sl termineLcpeam We next adjust the shape of the core SEDs
10-% 10-2 10-' 10° 10! 103 102 10-t 10° 10! .7 . .
s (Jy) (by varying the coefficients;) so that the source counts at
v > 151 MHz are reproduced. These source counts at higher
FIG. 9.— Source counts at four frequencies (1.4, 33, 95, and HH G he frequencies are. dominated by the rad_lo_cores. In Flg' 9.’ we
model prediction (one realization &f’s - see Table 2) is shown as red solid ShOW a comparison of our model prediction (red solid points)
points. All other symbols are observed source counts. The exception with observed source counts at 1.4, 33, 95, and 145 GHz (see
is the curve in the 95 GHz panel, which is itself a model fronZodéi et al. Caption for observation references). In genera| the model p

(2005), as shown in Sadler et al. (2008). The data used in.th&Hz panel ; :
are from Katgert et al. (1988); Windhorst et al. (1993); Bogidal. (2003); vides a gOOd fit to the datd We note that for the 95 GHz

Huynh et al. (2005). The data for 33 GHz is from Wright et a0q@); Cleary panel, we are comparing our model to the predictions of the
et al. (2005). The data for 145 GHz is from ACBAR (ReichardaleR009). de Zotti et al. (2005) model.

Since the compact core emission is usually observed to ex- There are 24 free parameters in the model, which fit 24 ob-

Py ; . servational constraints (12 RLFs at various frequencigs an
hibit a complex spectral shape (Lin et al. 2009b), we model it redshifts, and 12 source count observations at 12 fregegnci

) : . _ <3 i
with a third-order polynomial, log, =3 3" a(logv)', Whe_r(?sV (Note thatag, a1, @y, as, anda are set to be the same for both
is in GHz. We assume the extended sources dbey v, FRIs and FRIIs.) Several of the parameters are degenanate; i
which is also consistent with observations (Lin et al. 2009b  Table 2 we present a parameter combination that can repro-
: duce the results presented here.
2.6.2. Halo occupation number and the 151 MHz RLF For a more complete description of the model and further

Our first task is to reproduce the local 151 MHz radio comparison with available observational constraints see L
luminosity function (RLF), which is effectively a convolah etal. (2009a).
of the halo mass function, the halo occupation number,
and the radio luminosity distribution.  The main reason 2.7. Galactic Emission
for targeting the RLF at 151 MHz is because at such low o the contribution of Galactic thermal dust emission, we
freqqenues, one can safely assume that the fluxes are mostlysa the “model 8” prediction from Finkbeiner et al. (1999)
dominated by the steep spectrum, extended sources, and thg, eytrapolation to microwave frequencies of dust maps from
resulting RLF is not very sensitive to biases due to oriémmat  gepjeqge| et al. (1998). We use the software included with
effects. In addition, this RLF is not greatly affected by hese maps to interpolate onto an oversampled HEALPix grid
synchrotron/inverse Compton losses (Blundell et al. 1999) | iy Nsige = 8192. This model is a two-component fit to IRAS,
For both FR | and FR Il populations, we assume their halo 5 RBE and FIRAS data. and is shown by Bennett et al.

occupation number (HON) is given BY(M) = No(M/Mo)®. (2003) to be a reasonable template for dust emission in the
As for the LD, we assume it is independent of halo mass, \\\ap maps.

and adopt two-segment power-laws that roughly mimic the * e Galactic synchrotron and free-free emission is compa-

observed RLF: rable to the Galactic dust emission-a70 GHz and becomes
L/LO™ if L > L dominate/subdominant at lower/higher frequencies (sge e.
p(L) = { (L/Lb)” Iothe>rwige (26) Smoot 1998). Thus these signals are not expected to be a sig-
(L/Lo) nific;ant contaminant for ACT or SPT (which surveys target
We explore the parameter space spanned by the HON andiegions away from the Galaxy), although they will be impor-
LD for both radio source populations, until the combined RLF tant to consider for the Planck low-frequency channels. We
fits the observed one at~ 0.1, which is based on the 3CRR leave the inclusion of these signals to later W_ork, gnd note
survey (Laing et al. 1983). A comparison of the model pre- Work by, for example, Leach et al. (2008), which discusses
diction and the observed 151 MHz RLF is shown in Fig. 8.  the inclusion of these signals in microwave simulations for
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2.6.3. Redshift evolution and source number counts 12 \We have also compared our source count predictions withreditiens
at0.15, 0.6,2.7, 4.9, 8.4, 15, 20, 41, and 61 GHz, and found ggreement.
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TABLE 2
MODEL PARAMETERS FORRADIO SOURCES
Type Rm v @ ' a' ag’ No Mo a Lb m n § zp o on
(hziMe) (W/H2)
FRI 1026 6 0 (-0.120.07) (-0.340.99) (-0.75-0.23) 1 4x 10 01 164 -155 0 3 08 ..
FRII 1028 8 0 (-012007) (-0.34099) (-0.75-0.23) 0.015 3x10*®* 0.1 1¢’> -16 -065 -.- 13 04 0.73

TWe draw random uniform variates in this range when assigthiegpectral shape for cores.

catalogs, the properties given for each source are redshift
dec, and the flux in mJy at the six frequencies.

The large-scale structure octant is mirrored into full-sky
maps as follows:

-48°f

On = 0o (28)
s ¢N:¢O+ng
S
S 52°f fs=m—bo
G =T T
A ¢S_§ ¢0+n2

wheren =0, 1, 2, and 3, and the subscriptsandSrefer to
the northern and southern hemispheres of the map. The sub-

-56°1 script 0 refers to the coordinates in the original octantr Fo
‘ : ‘ 0 the power spectrum analysis, this method for repetitiohén t
01" 40" 01" 20" 01" 00™ Southern hemisphere is preferable to reflecting the Norkh. A
R.A. (J2000) though simple mirroring eliminates real space discontiesii
FIG. 10.— The simulated Galactic dust emission in-a0 degreex 10 across the equator, it makes the simulated sky an even func-
degree patch. tion with respect to the polar axis. In the spherical harroni
transform, the associated Legendre functions are evendr od
depending on. Integrating mirrored hemispheres over them
Planck. yields zero for odd-harmonic coefficients. Because rotating
the sky transforms harmonics with commiointo each other,
3. DISCUSSION odd{ harmonics will be zero regardless of the orientation of
3.1. General Map Properties the mirroring.
Below we list some general properties of the maps them- 3.2. Power Spectra of Simulated Components

selves. The full-sky HEALPix maps for this simulation are in

the Celestial coordinate system with RING ordering (Gorski
et al. 2005). The conversion between the HEALPRiand

¢ coordinates and right ascension and declinationds:

ra, 90-6 = dec. We store all maps in units of flux per solid

angle (as Jy/sr). To convert to temperaturey (3 we use the

In Fig. 11, we show the power spectra of the lensed mi-
crowave background, infrared galaxies, radio galaxied, an
the full SZ signal from the simulated maps at 148 GHz. The
SZ power peaks at arourhid- 3000 and the clustering of the
infrared galaxies is apparent for< 1000, consistent with
measurements b$pitzer(Lagache et al. 2007) and BLAST

conversion. dT 2 (oY (Viero et al. 2009). No infrared or radio sources have been
ar__¢ ( ) (27) removed in creating the power spectra, which were made
dl - 2kgr? X% with Polspice on the full-sky maps. The power from the in-

wherex = hv /ksTews. To convert from S to more convenient frared and radio sources, Witho_ut masking out bright s@jrce

units requiresuK sr/Jy = 16° K sr m? Hz / W. When cal- is comparable to the lensed microwave background between

| ~ 2000 and ~ 3000. In Fig. 11, the magenta line through

culating the power spectrum with Polspiéer anafast, a the blue radio source power spectrum gives the radio source

correction for the pixel window function is required.

by 0.64, which was found by Wright et a{I. (2009) to be a good
fit to the WMAP 5-year source counts. The two power spectra
are in excellent agreement.

alog are redshift, ra, dec, position of the halo potentiai-mi
imum, peculiar velocity, friends-of-friends mass, vinass,
virial gas mass, virial radius, integrated Compygrarameter,
integrated kinetic SZ, integrated full SZ at the six freqien 3.3. Y-M Relation and Scatter

(the latter three integrated within the virial radil&qo, and . ) .

ture, pressure, and potential. In the radio and infrareaxyal lation for this simulation below. An accurate calibratioh o
’ ’ this relation off observations is important for assessimgse-

13 http:/iwww.planck.fr/article141.html Igction _function ofa potenti_al Sz selt_acted clus_,ter sa_miﬂe v
14 http://healpix.jpl.nasa.gov/html/facilitiesnodesrht simulations. The gas physics input into the simulation$ wil
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are the projected Comptgrparameter in a disk of radiuRgg
andRsog respectively. Her@&,o0 andRspo are the radii within
which the cluster mean mass density is 200 and 500 times
the critical density at the cluster redshift. We then rark th
103 T e N clusters by mass and bin them in mass bin&\dg(M2oo) =

A 0.05 andAlog(Msgo) = 0.1 for Moo and Msgg respectively.
The mean oM as well as the mean and standard deviation
on the mean o x E(2)™/2 are then calculated for each bin.
These values, fokyg0 andYzgo, are plotted in Fig. 12, along
with all the individual halos withVl,p0 > 2 x 10M, in the
N octant.

104

102

S
1 \HHH‘

\
XJ\

U+1)C, /(2m) (uK)?

1
10 \ 3 The binned values are then fit to the power-law relation
\\ E Y M [e7
A A
- _ = =107 (o) 33
le E(22/3 10MM,, (33)
L — Lensed CMB N ForMago > 2 x 10M,, we find for theYago versusMgo rela-
107! & — Radio Sources tiona =1.682+0.004 and3 = -5.648+0.002, with a reduced
F Infrared Sources 1 x? of 1.2 for ~ 13,000 clusters divided into 19 bins. This
- — 87 Signal : slope is slightly steeper than that expected for the saiflar
1072 & case. Itis also consistent with tife-M relations derived from

‘HH‘

hydrodynamical cluster simulations (e.g. White et al. 2002
da Silva et al. 2004; Motl et al. 2005; Nagai 2006; Shaw et al.

l 2008). TheY —M relation calculated within a disk of radius
Fic. 11.— Power spectra of the lensed microwave backgroungihla  RosoiS also consistent with the observégoo—Mgad < Rosoo)

radio galaxies (blue), infrared galaxies (green), andSulhyaev-Zel'dovich relation of Bonamente et al. (2008), as shown in Bode et al.
signal (red) in this simulation at 148 GHz. The magenta lmeugh the blue (2009)

radio source power spectrum gives the radio source powertfie Toffolatti ’

et al. (1998) model scaled by 0.64, which was found by Wriglat.e(2009)

to be a good fit to the WMAP 5-year source counts.

1000

determine the surface brightness of a given cluster based on L
its mass and redshift, which in turn determines how likely it
is to be detected by a given observation strategy.

To characterize the SZ flux - cluster mass scaling relation in
this simulation we compare the integrated Compt@aram-
eter to cluster mass for the halos in the one unique octamt. Th
integrated Comptop parameter is given by = ([ ydQ)d2(2),
wherey is defined in Eq. 2d€2 is the solid angle of the clus-
ter, anddz(2) is the cluster’'s angular diameter distance. For
the self-similar model, we expect a virialized halo of mass
Myir to have a virial temperature of

Tuir o< [MvirE(Z)]z/Sa (29)
where for a flanCDM cosmology =
E@ = [m(1+2°+ 2] (30) ]

If galaxy clusters were isothermal, then the Compyopa-
rameter would satisfy the relation L

15
Y o fgadVhhaioT (31) 10
. ) ’ , . Mg (M.)
where fgas |s.the cluster gas mass fraction. Combining the FIG. 12.—Y>00 versusMyoq relation for all the halos from one octant of this
above equations, we would expect simulation withMago > 2 x 10"Mg. The points with error bars represent
5/3 bins of width Alog(Mzgg) = 0.05 and errors on the bin mean. The best-fit
Y o fgadVyi E(2?3, (32) parameters for this scaling relation and the scatter agngiv Table 3.

for the self-similar relation. Deviations from the selfrsiar
relation are not unexpected as clusters are not isothenwial,
always in virial equilibrium, andfgas need not be constant
with variations in cluster mass and redshift.

The gas physics in this simulation has been calibrated off
of X-ray observations of cluster gas fractions as a funation
temperature as discussed in §2.4 and Bode et al. (2009). For l

oYm =

We also find the scatter in th¥s—M relation about the best-
fit relation. Specifically we calculate

- 1/2
SNL(INY A =INY A)?

each halo wittMgor > 2 x 1013 h™*M, andz < 3 (whose gas N3

modelis described in §2.4.1) we calculsigo andYsgo, Which

(34)
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TABLE 3
BEST FIT PARAMETERS FOR THEYA —MA RELATION, WITH Ma > 2 X 1014M@,
FITTED USING THE POWERLAW GIVEN IN EQUATION 33

Relation o Oa B o3 Reducedy? Clusters Bins oym
Ya00-M2oo 1.682 0.004 -5.648 0.002 1.2 12970 19 0.14
Ys00—Msgo  1.668 0.009 -5.509 0.004 1.9 4900 8 017
Ysoo—Mzoo 1.693 0.004 -5.765 0.002 1.8 12970 19 0.3
as discussed in e.g. Shaw et al. (2008), whéyés the pro- SZ clusters that may be substantially contaminated by radio

jected SZ flux measured within a disk of radig, Ya is the or infrared galaxy populations. We first add the flux of all
fitted SZ flux of for a cluster of madd A using the best-fitpa- galaxies of a given population residing in a given halo. Then
rameters for Eq. 33, and N is the total number of clusters. Weusing each galaxy cluster’s integrated SZ flux witRio (in

find a scatter for th&,p0— Moo relation of about 14%, and a  units of mJy), we calculate the fraction of halos whose com-
slightly larger scatter of about 17% for thigo—Msgg relation. bined flux from resident galaxies equals 20% or more of the
We find a lower scatter of roughly 13% for thggo — M2 halo’s SZ flux decrement at 30, 90, and 148 GHz. Such halos
relation, which has been suggested by Shaw et al. (2008) tawill be harder to detect by SZ surveys, and their signal isamor
have less scatter than thigo—Mzgg relation. We list the best-  likely to be masked out in attempts to measure the SZ power
fit parameters for Eq. 33 and the scatter for Yhg — Maoo,
Ys00— Msoo, andYsgo— Mogg relations in Table 3.

Concerning the scatter given above, we assume hydrostatic
equilibrium for the gas; however, we do not assume the same
entropy level for all the halos. The kinetic energy of the gas
is derived from that of the dark matter, so for a non-viriatiz
merging halo with a high kinetic energy relative to the cust
potential, the gas will also be given a high energy and thus
temperature. Thus merging of halos is taken into account at
some level, although a full treatment of the gas physics doul
give more scatter. Also, the repetition of halos as the pério
box is tiled to fill the octant, even though these halos are of-
ten at different redshifts and evolutionary states, mayester
slightly decrease the scatter.

Note that theY values discussed above are intrinsic to the
cluster and do notinclude any contamination from foregtbun
or background SZ signals along the line of sight. Inclusibn o
this projection contamination will increase thfe- M scatter
somewhat, but for clusters with masses greater than roughly
2 x 10"*M,, an optimistic mass limit of current SZ surveys,
this projection contamination should be belew20% over a
wide range of possibleg values (0.7-1.0) and redshifts €
2) (Holder et al. 2007; Hallman et al. 2007).

= [\N) [}
o o (=}

Q

3.4. Point Source Contamination of SZ Clusters

An important question for both determinations of an SZ
cluster sample’s selection function and measurementseof th
SZ power spectrum is the correlation and contamination of
the SZ cluster signal by infrared and radio galaxies. Olzserv
tions suggest we should expect some preference for radio and
infrared galaxies to reside in galaxy clusters (e.g. Cobéd.e
2007; Lin & Mohr 2007; Daddi et al. 2009), and these sources
could potentially fill in the SZ decrement at frequencieohel
the null. This point source contamination of the SZ flux could 0
both affect cluster detection and bias a measured SZ flux -
mass scaling relation. If these effects are significant aradu 14 14.2 14.4 14.6
counted for, then inaccurate cosmological conclusiondavou
result from measured SZ cluster samples. Regarding mea- log M (M )
surements of the SZ power spectrum and derived values of 200 ©
og, typically a significant number of high flux point sources
are masked out of micrawave maps before determining the,F. 1 e e 0 o
power spectrum. If these sources reside preferentiallyds-m > L7 o
sive clusters, a significant portion of the SZ signal could be Alsg(Mse) = 02, and the ertor bars assume a Posson distibution. Red,
masked out and a biased determinationgfvould arise. blue, and green dots indicate the redshift ranges.4£0.8, 0.8—1.2, and

Here we investigate, via these simulations, the fraction of 1.2—1.6 respectively.

’ 5} %
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P
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fraction of halos withM,qp > 2.5 x 10M, andz < 1.2, that
are contaminated at a level of 20% or more, is less than 20%.

80 '_I I I I I ] In all mass bins, the general trend is for the contamination
— i | fraction to increase at higher redshifts where more inftare
DN - () z2=0.8-1.2 - galaxies reside. There is no appreciable contaminatian fro
~ = 7=0.4—0.8 infrared galaxies at 30 GHz. At 148 GHz, less than 20% of
o 60 : : halos withM,go > 2.5 x 10'*M, andz < 0.8 have their SZ
) r ] decrements filled in at a level of 50% or more (see Fig. 15). It
o— i . A should be noted that the above estimates only include galaxi
"5 40 B ® ] that reside in halos and does not include contamination from
S i i galaxies along a halo’s line of sight. In this regard, theae-f
< L _ tions should be viewed as lower limits. The one exception to
G - . this is for the very high flux infrared galaxies that most like
- 20 - s - represent a lensed population of galaxies. These galardes a
o r ] placed in massive halos and are the main source of contami-
c— | 90 GHz ® § | nation in the most massive bins. These sources should more
- oL . | properly be placed behind massive halos, however, the con-
© N U IR EUEIN PRI R tamination effect in projection will still be similar.
E 100 L ! ! ! ! ! N Such contamination fractions as discussed above should to
E [ = e :
© I ) ]
-+ 80 e ® — — T T
g [ { ] 100 - .
L i 8 s .
© 60 L ® i 80 - s () 50% cont. 1
ge, - 1 . eof 100% cont.
o 40f ’ 3 - ’ ]
© - ¢ 1 ~ F ° E
%' 20 |- . g 20 .
— [ 148 GHz ] O oj—lzll'lzll'él?””l”—j
0 |_| o v v b b by |_ m 100 I ! ! ! ]
14 142 144 146 148 <t C - ]
— 80 . .
log Mgy, (M) = eop ° E
FIG. 14.— Fraction of halos in this simulation that host infaagalaxies O 40 :_ . () _:
whose combined flux equals 20% or more of the halo’s SZ fluxedeent at L E
90 GHz (top) and 148 GHz (bottom). Bin widths and redshifigesare the © 20 - % ]
same as in Fig. 13. An absence of an indicated fraction iteicao halos in ~ C . 1
that mass and redshift interval. ha 0 ZZIO 8-1.2 7 | >
- S | | 1
spectrum. We choose a 20% contamination fraction as that is - 80 [ .
roughly where the uncertainty in the expected SZ flux for a O - - .
cluster of a given mass becomes dominated by point source © 60 [ .
contamination as opposed to the intrinsic scatter invthé o B - ]
relation or projection effects. — 40 |- . .
For the contamination due to radio sources, we find that for B i
halos withMzqo > 1 x 10'“M,,, roughly 3% or less of clusters 20 £ - ]
with z < 1.6 have their SZ flux decrement at 148 GHz filled C ® > E i ]
in by more than 20% (see Fig. 13). At 90 GHz, this fraction ok z:IO.4—O.8 e o ]

increases slightly, and less than 4% of clusters with 1.6
have a contamination of 20% or more. At 30 GHz, one may
expect 20 to 30% of clusters witl,go ~ 1 x 10**M, to be so
contaminated, with a decrease in this fraction as the hagsma
is increased. These contamination fractions exhibit a weak
redshift dependence, with slightly larger fractions athieig

14

14.5

log M,,, (M)

—_
[0}

redshifts.

Infrared galaxies seem to be a significant source of contam

FIG. 15.— Fraction of halos in this simulation that host infdugalaxies
whose combined flux is greater than 10% (green), 50% (blu€)0@% (red)

“of the halo’s SZ flux decrement at 148 GHz. Bin widths are thmesas in

ination for SZ clusters at 90 and 148 GHz (see Figs. 14 andFig. 13. This is shown for the redshift ranges o024 1.6 (top), 08~1.2
15). However, these simulations suggest that, at 90 GHz, themiddle), and ¢4-0.8 (bottom).
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be factored into sample completeness estimates and the scatross-correlation studies between the lensed microwasie ba
ter in theY —M relation in order to use SZ detected clusters ground and tracers of large-scale structure. Moreover, the
for precision cosmology. The models presented here shouldsimulations as a whole, matched to the most recent observa-
give areasonable approximation to the expected levelsref co tions, will inform, through a variety of means, measurement
tamination from the different galaxy populations. However of the angular power spectrum, higher point correlatiorcfun
these estimates should be cross-checked and made more préens, and the cosmology thus derived.
cise with multi-wavelength observations of SZ clusters. Cosmic microwave background experiments are entering an
exciting time of finer resolution and higher sensitivity whhi
4. CONCLUSION will open up the Sunyaev-Zel'dovich Universe, microwave

The simulations discussed here have been created for th@ackground lensing, an assortment of cross-correlatiad st
use of the ACT team to test their data analysis pipeline. To!€S, and deeper probes of inflation through tighter paramete
this end, we have modeled the primary astrophysical Signa|scpnstra|nts. These simulations shou_ld_ provide a use_flhtd)oo
as realistically as possible by matching closely to recént o aid analyses in these new and promising areas of discovery.
servations. We have also expanded the frequency coverage
beyond the ACT bands and created maps and catalogs in an
easily accessible format. As such, other current and upcom-
ing microwave background experiments may find these simu- NS thanks Steve Allen, Olivier Dore, Joanna Dunkley, Joe
lations useful for a variety of purposes. Fowler, Gil Holder, Andrew Lawrence, Toby Marriage, Dan-

From the gas prescription in these simulations, which hasica Marsden, Lyman Page, and David Spergel for useful dis-
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