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ABSTRACT

We create realistic, full-sky, half-arcminute resolutgimulations of the microwave sky matched to the most
recent astrophysical observations. The primary purpoteest simulations is to test the data reduction pipeline
for the Atacama Cosmology Telescope (ACT) experiment; veweave have widened the frequency coverage
beyond the ACT bands and utilized the easily accessible HEAIMmap format to make these simulations
applicable to other current and near future microwave bakgyd experiments. Some of the novel features
of these simulations are that the radio and infrared galapufations are correlated with the galaxy cluster
and group populations, the primordial microwave backgdbisnlensed by the dark matter structure in the
simulation via a ray-tracing code, the contribution to thertnal and kinetic Sunyaev-Zel'dovich (SZ) signals
from galaxy clusters, groups, and the intergalactic mediambeen included, and the gas prescription to model
the SZ signals has been refined to match the most recent Xbsmrwations. The cosmology adopted in these
simulations is also consistent with the WMAP 5-year parameteasurements. From these simulations we
find a slope for thér,go— Mygp relation that is only slightly steeper than self-similathwan intrinsic scatter
in the relation of~ 14%. Regarding the contamination of cluster SZ flux by raditagies, we find for 148
GHz (90 GHz) only 3% (4%) of halos have their SZ decrementsacomated at a level of 20% or more. We
find the contamination levels higher for infrared galaxidewever, at 90 GHz, less than 20% of clusters with
Moo > 2.5 x 10¥*M,, andz < 1.2 have their SZ decrements filled in at a level of 20% or morel148 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 populationrgfhigh flux infrared galaxies, which are likely
lensed sources, contribute most to the SZ contaminatiorgf massive clusters at 90 and 148 GHz. These
simulations are publicly available and should serve as fuliml for microwave surveys to cross-check SZ
cluster detection, power spectrum, and cross-correlatiatyses.

Subject headingsosmic microwave background — galaxies: clusters: geragalaxies: general — intergalac-
tic medium — large-scale structure of universe — methodsulsitions

1. INTRODUCTION (SZ) cluster detections, and cross-correlation studiesof
Simulations of the microwave sky play a crucial role in ©US microwave components. Moreover, these microwave data
accurately extracting constraints on cosmology poteptial sets can be combined with surveys at other wavelengths to

measurable by current and upcoming microwave backgroun ield additional constraints. As such, the accurate regove

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 mentioned above, must be tested with simulations. This

satellitd?. These surveys will have complex data process- n_ecessitates hig.h-resolution, cosmological—scale,Mave
ing pipelines and analysis strategies, and any artifactsezh simulations that include the most accurate astrophysaralc

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 __1he microwave S'r(]y CO'_“SiStZ. plrimarily of thg fokllowingd
with known cosmological and astrophysical inputs, through COmPonents: (1) the primordial microwave background,

the same analysis pipeline. These microwave background exVNich is lensed by the intervening structure between tfte las
periments, which will have finer resolution and higher sensi Scattering surface and observers today, (2) the thermalgSZ s

tivity than achieved to date, can potentially constraimoos ~ n@l from the hot gas in galaxy clusters, groups, and the-inter

logical parameters via their measured microwave power-spec Jalactic medium, (3) the kinetic SZ signal from the bulk mo-
trum, higher point correlation functions, Sunyaev-Zevinn ~ tion of galaxy clusters, groups, and the intergalactic meli
(4) higher-order relativistic corrections to the thermadi &i-
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The additional frequencies have been added to widen the The primary microwave background has the same cosmol-
applicability of these simulations to other microwave back ogy as the large-scale structure and matches the WMAP 5-
ground experiments. The only components listed above thatyear Internal Linear Combination map_(Bennett et al. 2003;
have been excluded from the microwave maps are the GalacHinshaw et al. 2009) on large-scalé€s(20). The microwave
tic synchrotron and free-free emission. These two compo-background is then lensed by the large-scale structureein th
nents are not expected to be significant at ACT frequenciessimulation with a ray-tracing code (Das & Bode 2008).
and we leave their inclusion to future work. The maps them- The Sunyaev-Zel'dovich signal is derived by adding a gas
selves are full-sky HEALPix maps of resolution 0.4 arcmin- prescription to the N-body halos which assumes a polytropic
utes (Nside=8192) and consist of full-sky maps of each com-equation of state and hydrostatic equilibrium. This model,
ponent separately as well as a combined sky map, at eachwvhich is described in more detail in_Bode et al. (2009), ad-
frequency. These HEALPix maps can be interpolated into justs four free parameters which are calibrated againstyX-r
flat sky maps using the bilinear interpolation subroutine in gas fractions as a function of temperature from the sample of
cluded in the HEALPIx distribution (Gorski etlal. 2005). In Sun et al.[(2009) and Vikhlinin et al. (2006). These four free
addition, catalogs of all the halos in this simulation aneith  parameters are the star formation rate (which depends on the
various properties, as well as catalogs of the individual in halo mass and redshift), non-thermal pressure supporn(fro
frared and radio galaxies that populate the halos, aregedvi  cosmic rays or magnetic fields), dynamical energy transfer
These simulations will be public and can be downloaded from from dark matter to gas (a depletion factor which lowers the
http://lambda.gsfc.nasa.gov/. average baryon fraction to less than the cosmic mean), and
There are of course many simulations of componentsfeedback from active galactic nuclei (which is tied to ther st
of the microwave sky (e.g. | Metzler 1993; White et al. formation rate). This model describes the gas prescrifition
2002; da Silva et al._2004; Diaferio et al. 2005; Motl et al. halos with friends-of-friends mass 3 x 1013M, andz < 3.
2005; [Nagail 2006] Hallman etlal. 2007, Pfrommer étal. Smaller halos down to & 10"*M., and the intergalactic
2007; | Roncarelli et all_2007; Malte Schafer & Bartelmann medium forz < 3 are treated with a different method. The
2007; Leach et al. 2008; Pace etlal. 2008; Shawlet al.| 2008yvelocity dispersion of a given simulation particle is cdétad
Wik et all|2008; Carbone etlal. 2009; Peel et al. 2009). Theusing its neighbors, and this velocity dispersion is reldte
simulations discussed here include the components menthe pressure (and thus the thermal SZ signal) via a propor-
tioned above, in an internally consistent manner, matchedtionality constant derived from hydrodynamical simulago
to the most recent observations. These simulations havgTrac et all 2009). The kinetic SZ is calculated from thedine
improved upon the previous simulations discussed in of-sight momentum of the particles. For the<3 < 10 Uni-
Sehgal et al! (2007) in the following ways: verse, the temperature is assumed to be isothermal*&t, 10
and mass density and momentum shells at various redshift
) . ) slices are used to construct the thermal and kinetic SZ lsigna
e radio and infrared galaxy populations are clustered and  The infrared source model has six parameters used to pop-
correlated with the galaxy cluster populations ulate halos, and is partially based(on Righi étlal. (2008)s Th
model satisfies the following observational constrainte t
COBE/FIRAS background aslin Fixsen et al. (1998) is an up-
per limit on the total infrared intensity, the effective spe
tral index for the spectral intensity is 2.6 between 145
o the contribution to the kinetic SZ signal from the inter- and 350 GHz|(Knox et al. 2004; Dunne etlal. 2000), source
galactic medium has been included, in addition to that counts_are compatible with SCUBA counts at 353 GHz
from galaxy clusters (Coppin et all 2006), source counts and clustering are com-
patible with BLAST measured counts and power spectrum
« the gas prescription to model the SZ signals has been(Patanchon et al. 2009; Viero ef al. 2009), and the power of
refined to match the most recent X-ray observations  the infrared sources is below the point source upper limit de
rived by ACBAR at 150 GHz, fixingg to the WMAP 5-year
Theasurement (Reichardt etlal. 2009).
The model for the radio sources is made by creating a halo
occupation distribution and radio luminosity distributiéor
adopted minosity function (RLF) az ~ 0.1. This low frequency was
chosen because at such low frequencies the RLF is dominated
We give a brief summary of the key elements of these by the steep spectrum lobes of the radio sources (as opposed
simulations below, which we expand upon in greater detail to the flatter spectrum cores) and is thus less sensitive-to bi
throughout 82 and 83. ases due to orientation effects. Once the 151 MHz RLF is
The large-scale structure simulation was carried out with matched at low redshifts, the radio sources are divided into
a tree-particle-mesh code (Bode ef al. 2000; Bode & Ostrikertwo populations, FRIs and FRIIs, which are given differing
2003), with a simulation volume of 1008 *Mpc on a number density evolutions with redshift, and the RLF at 151
side containing 10 particles. The cosmology adopted MHz at higher redshift is matched to observations. We use a
is (b, 2,h,ns,08) = (0.044, 0.264, 0.736, 0.71, relativistic beaming modelto separate how much of a sosirce’
0.96, 0.80), consistent with the WMAP 5-year results flux at 151 MHz is from the core as opposed to the lobes, and
(Komatsu et dl._2009). Particles covering one octant of the we adjust the shape of the radio core spectral energy distrib
full sky are saved. Halos with a friends-of-friends massvabo  tion to match source countsat> 151 MHz, where the core
1 x 10"M, and with a redshift below= 3 are identified. The  dominates (Lin et al. 2009a).
octant is replicated to create a full-sky simulation. The Galactic dust emission maps are from the “model 8”

o the primordial microwave background has been lensed
by the dark matter structure in the N-body simulation
via a ray-tracing code

e maps have been created at a wider range of frequencie
to increase the applicability to other microwave back-
ground experiments
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prediction from Finkbeiner et al. (1999), which Bennettlet a

(2003) show to be a reasonable template for dust emission in

the WMAP maps. 103
In €2, we discuss the construction of each component of

these simulations and comparison to observations in mere de

tail. In 3, we discuss further properties of the simulagion

and in §, we summarize and conclude. 102 & E

o § 3

2. SIMULATIONS < - ]

2.1. Primary Unlensed CMB 2 1o i

| |

We follow the method of Sehgal etlal. (2007), construct- &, 1

ing a primary microwave background map with the observed J

large-scale structure and small scale structure consistém T oo

theoretical expectations. For large scales, we use the WMAPZ ,

5-year Internal Linear Combination (ILC) map (Bennett et al
2003; Hinshaw et al. 2009). Fbk 20, we take the harmonic
coefficients &) from the ILC map with no modification. At 1071
smaller scales, where the ILC map is smoothed significantly, i
a Gaussian random realization is added, so that the ensemble
average power equals the theoretical power spectrum which

107*

maximizes the WMAP 5-year likelihood. Harmonic coeffi- 0 1 2 3
cients are computed 1g.x = 8192, and we synthesize a map z

with HEALPix parameteiNsjge = 4096 (0.859pixels). Then

we convert to a map with HEALPix parametslgge = 8192 FiG. 1.— The halo abundance above a minimum mass per unit regehif

. . A . square degree measured from the large-scale structuriasonts compared
(0'429 plxels) using thal t er —al msubroutine included in with the semi-analytic fitting formula from Jenkins et al0(@.). From top to

the HEALPIx distribution/(Gorski et @l. 2005). The lower+es  hottom, the four sets of points are for the minimum madégg, = 6.82 x
olution (Nsjge = 4096) map is used to generate the lensed mi- 1012, 2 x 10'3, 1 x 101, and 3x 10 h™M,.

crowave background map (seE_§l2.3), as that is more efficient

than working with theéNsiqe = 8192 map directly and resultsin - mass and momentum in each pixel of the shell are computed
no significant loss of accuracy. The lensed map is then alsoand saved to disk (as described previously in Das & Bode

converted to amNsige = 8192 map. 2008). There are 579 such shells for postprocessing, specifi
_ _ cally to model the gravitational lensing (§R.3) and SZ disto
2.2. Large-Scale Structure Simulation tion (§2.4) of the microwave background.

A simulation of the large-scale structure of the Universe is For lower redshifts < 3, the positions and velocities of
performed using the same methods as previously described!l particles in the light cone are also saved to disk for post
in Bode et al. [(2007) and Sehgal et 4l. (2007), and we referProcessing. The approximately 55 billion particles thuesa
the reader to their papers for additional details. Withirea p ©¢Cupy 1.3 TB of disk space and are used to model the SZ
riodic box of comoving side length = 1000h~*Mpc, 1024 effect (§2.4) in detail. A friends-of-friends (FoF) haloder,
dark matter particles are evolved using the Tree-Partitgsh ~ With @ standard linking lengtheor equal to 1/5 of the mean
(TPM) N-body code[(Bode & Ostriker 2003). The particle interparticle spacing, is used to identify dark matter balnd
mass is 82 x 10° h"'M,, and the gravitational spline soft- tag the particles belonging to them. This halo catalog isluse
ening length is set te = 16.276 h™'kpc. This simulation has 0 model infrared (&215) and radid (§2.6) point sources.
been previously used By Bode et al. (2009) in developing a. AS shown in Figuréll, the halo mass functions measured
model for the intracluster medium. from particles in the light cone agree well with the semi-

A putative observer at redshitt= 0 is placed at one cor- analytic fitting formula from_Jenkins etlal. (2001) for_a_ link
ner of the periodic box, and the mass distribution along & pas N9 lengthbror = 0.2. The number of halos above a minimum
light cone, covering one octank,,z > 0) of the sky, is saved =~ Mass per unit redshift per squar;a degree3 is pIott(id for four
during the course of the simulation. For comoving distances’T“r“”“{{“_T‘"‘SseMrnin =6.82x 10", 2x 10*%, 1x 10", and
~ 1000h*Mpc, there can be some duplication in structures as 3 < 10/ h™ Mg The first limit, the equivalent of 100 parti-
the periodic box is repeatedly tiled. The tiling of the pei cles, is the lowest mass of halos that are populated witht poin
box is done without random rotations to preserve the period-SOUrces. The second value corresponds to massive halos with
icity and prevent discontinuities in the large-scale e enough resolution to model the_ intrahalo gasin greate_nld_eta
However, any repetition is usually at a different redshiftia For any cluster survey, th_e minimum detectable. mass is/likel
evolutionary state. In cases where a halo or filament appeard0 Pe & function of redshift, and the last two minimum mass
twice at the same redshift, it is viewed at two differentasgl ~ values reflect the range expected for upcoming SZ surveys.
making each projected image unique. Data is saved both aJhe, data points are measured using all halos in the octant to
pixelized shellsZ < 10) and as individual particleg & 3). minimize sample variance, but then are normalized per squar

In a given simulation time step spanning the redshift range degree.
7 > z2> 2, particles are found in a thin spherical shell span- . .
ning the comoving distance randéz) > d > d(z). Within 2.3. Lensing of the Primary CMB
the shell, particles are then subdivided by angular coatdi Gravitational lensing is a secondary anisotropy of the mi-
using the HEALPix scheme for pixelation of a sphere. For crowave background caused by the deflection of primary
every time step in the redshift range 2@ > 0, the projected = microwave background photons by intervening large-scale-
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structure potentials (see_Lewis & Challinor 2006, for a re-
cent review). Lensing produces non-Gaussianities, snesoth
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 in-
clude the effect of lensing for performing precision cosmo-
logical tests with such datasets. By studying the lensisg di
tortions in the microwave sky, we should also be able to re-
construct the projected matter distribution or the deftecti
field in the Universe (Hu & Okamato 2002; Okamoto & /Hu
2003; Hirata & Seljak 2003; Yoo & Zaldarriaga 2008). Such
reconstruction will help break parameter degeneracielsan t
microwave 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 wdld to
better understanding of galaxy environments, structurade
tion, geometry and gravity on large scales (Acquaviva et al.
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 simulagjdhe
other simulated secondary components, such as the thermal
and kinetic SZ effects and infrared and radio point sourises,

Sehgal et al.

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 fromt> 10 structure). At the
end of this process, we have a realization of the effec-
tive convergence(n) 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[83.

. We invert the relatiory = %Vng, 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.

5. We use the deflection field to find the source-plane po-
sitions, 85 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.

essential for training the power spectrum and parameter est For the results presented here, we have performed the above
mation pipeline. Such simulations are also necessary -ingre steps at the HEALPix resolutidNsige = 4096. Then we con-

dients in developing realistic lens reconstruction alonis

vert to a map with HEALPix parametkige = 8192 using the

(Amblard et al. 2004; Perotto etlal. 2009). Here we presental t er _al msubroutine included in the HEALPix distribu-
the salient aspects of a full-sky microwave background-lens tion (Garski et al. 2005).

ing simulation at arcminute resolution.

A simulation of the lensed microwave background es-
sentially consists of remapping the points of the primary
microwave background sky according to deflection angles
derived from a simulated convergence field. Several ap-
proaches have been proposed for implementing the remap
ping as well as for generating the deflection field (Lewis 2005
Das & Bode| 2008 Carbone et al. 2007, 2008; Basaklet al.
2008). In this work, we follow Das & Bode (2008) in all re-
spects, except that we create a full-sky convergence map (in
stead of the polar cap geometry adopted in that paper) anc
lens a full-sky primary microwave background map. The de-
tails of the algorithm can be found iin_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 parsicle
in a thin shell (of width corresponding to the time step)
are recorded onto the octant of a HEALPix pixelated
sphere. Knowing the particle mass and the number of
particles falling into each pixel, we generate a surface
mass density plane (expressed in mass per steradian) by
dividing the total mass in a pixel by the solid angle sub-
tended by it. We then subtract the cosmological mean
of the surface density to generate a surface overdensity
on each shell.

- Simulation
— Theory
Linear Theory
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£

FiG. 2.— Power spectrum of the simulated effective kappa mags)do

10*

compared to theory, with (solid line) and without (dasheed)inonlinear cor-
rections to the matter power spectrum.

Fig.[@ compares the power spectrum of the simulated ef-

fective x map with two theoretical models: one with and

. We then generate the effective convergence map ( the other without nonlinear corrections (following Smitraé

up to the maximum redshift in the large-scale-structure 2003) to the matter power spectrum. The theoretical spec-
simulation ¢=10) by combining the surface overdensi- tra have been computed with the publicly available CAVB

ties in the octant shells with proper geometrical weight- code. As expected, the simulated power spectrum agrees bet-
ing (see, egns. 15 and 20lin Das & Bode 2008). To ter with the theory curve with nonlinear corrections. There
accurately lens the microwave background we need toare two things worth noticing in the plot: the large scatter a
include the contribution to the convergence from red-
shifts beyond the farthest simulated shelt(10). We

11 www.camb.info



Simulations of the Microwave Sky

6000

10* ; ; . .
- Unlensed Simulation - Unlensed Simulation
- Lensed Simulation - Lensed Simulation
10° — Unlensed Theory — Unlensed Theory
~ Lensed Theory Lensed Theory
— o
g 2 ~ 10°
10° F —
2 g
— 3
e =
N N —
= 10' ¢ g
N
) <
—~~ =
=l S
~ S
[0
10"
10° |
-2 L L L L L L n n n n
10 1000 2000 3000 4000 5000 1000 1500 2000 2500 3000 3500

500

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 linéscibe 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.

the low multipole end of the power spectrum, and the excessscatters against free electrons.
power in the simulation beyonti~ 2000. The scatter is ex-
pected because we generated the full-sky convergence map h¥972).
replicating an octant. The apparent high multipole excess i
consequence, partly of the nonlinear corrections to therthe

slightly underpredicting the nonlinear power, and parflihe
shot noise due to the discrete nature of the particles.

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 with the param-
eterk_eta nmax_scal ar setto 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; thes power spectrum is suppressed beyond
£ ~ 1000, and the lensed microwave background power spec-
trum beyond ~ 4000.

A particularly interesting quantity is the difference be-
tween the lensed and the unlensed microwave background
maps. Fig[# shows this quantity on a 7 degree de-
gree patch projected onto a cylindrical-equal-area godhfr
the HEALPIix sphere. The figure shows the striking large-
scale non-Gaussian features that lensing induces on the mi-
crowave sky. Lensing reconstruction techniques use these
large-angular-scale correlations of small-scale featurghe
microwave background to recover the lensing potential.

2.4. SZ Signal

The SZ effect is a secondary distortion of the microwave
background that results when cosmic microwave radiation
It is commonly considered
to have two main components (Sunyaev & Zeldovich 1970,
The thermal SZ (TSZ) term arises from inverse
Compton scattering of the CMB with hot electrons, predomi-
nantly associated with shockheated gas in galaxy clustets a
groups. The kinetic SZ (KSZ) term is a Doppler term coming
from scattering with electrons having fast, peculiar magio

We computed the power spectrum of the lensed microwaveAnother common distinction is that the KSZ effect has a non-
background map and compared it with theoretical expecta-linear component associated with the small-scale ICM and a
tions. Fig[33 shows the excellent agreement between the themore linear component coming from the large-scale IGM. The
oretical power spectrum from CAMB and the power spec- signal arising from the latter was first calculated for timer
trum generated from the simulated lensed map. For completeregime by Ostriker & Vishniac (1986) and Vishniac (1987)
ness, we also show the power spectrum of the unlensed inpuand is often referred to as the OV effect. Below, we first write
map and the theoretical power spectrum used to generate itdown the formalism for the nonrelativistic limit and thereth
The simulation confirms the theoretical prediction thaslag more general relativistic case.
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Modeling the SZ effect requires knowing the number den-
sity ne, temperaturd,, and velocityve of the electron distri- T
bution. In the nonrelativistic limit, the change in the CMB
temperature at frequenayin the directionn on the sky is B -
given by

s0=(rr) +(20) =tyb @
Tems TemB /s, \TcMB / ks,

where the dimensionless Comptgmand Doppleb parame-
ters,
y= % / neTedl = / fedr, )

= U_(;r/nevlosdl :/ﬁlosdﬂ (3)

are proportional to integrals of the electron pressure aod m
mentum along the line of sight (los), respectively. The dime

11+1)C,/(2m) [uK?]

sionless temperature, line-of-sight peculiar velocityd éhe 1= .
optical depth through a path lengthate given by i a
_ kBTe _ —3 Te L L]
O = @ =1.96x 10 kev )’ 4) 103 104
= Yos _ 3345 1074 ( Voo 5 1
Blos = T =9o.04X m ) ( ) Fic. 5.— Power spectra of the Sunyaev-Zel'dovich signals at 148
GHz. Shown are the power spectra of the thermal SZ compomed], (

the kinetic SZ component (blue), and the full SZ signal (kJac The
dr = ornedl =2.05x 10‘3( Ne ) ( d ) (6)

TA3 3 — solid lines represent the model in this simulation, and thshéd lines
103 cm? Mpc represent a model with no feedback or star formation (ati@baodel

: : Bode et al.[ 2009{ Trac etlal. 2009). The green line shows tha-co
respectlvely. For a typlc"?ll cluster, the Compgopar.ameter parison with the thermal SZ power spectrum derived analyicfrom
is expected to be approximately an order of magnitude largetkomatsu & Seljak [(2002) and taken from the WMAP LAMBDA welssit
than the Doppleb parameter. (http://lambda.gsfc.nasa.goviproduct/map/curtent/).

The nonrelativistic TSZ component has a frequency depen-
dence as specified by the function,

f, =xcoth/2)-4, x=hv/(keTems), @) 2.4.1. Gas model for massive halos atz3

which has a null at ~ 218 GHz. The distortion appears as _1he hot gas distribution associated with massive dark mat-
a temperature decrement at lower frequencies and as an int€r halos is calculated using a hydrostatic equilibrium glod
crement at higher frequencies relative to the null. The non-(OStriker etal. 2005; Bode etial. 2007, 2009). Here we sum-
relativistic KSZ component is independent of frequency, bu Marize the general method and refer the reader to Bode et al.
the sign of the distortion depends on the sign of the line-of- (2009) for additional details, in particular on calibratistar

sight velocity. We chose the convention whegg > 0 if the ~ formation and feedback against recent optical and X-ray ob-
electrons are moving away from the observer. servations. In the large-scale-structure simulation, simas

L . . i 3p-1
Inthe general, relativistic case, the change in the CMB tem- dark matter halos witMeor > 2 x 10" h™*M, andz < 3 are
perature at frequenayin the directiom is given by postprocessed to include intrahalo gas and stars. These hal

are expected to be the dominant contribution to the TSZ terms

AT o 2 3 4 in Eqs[1 and8 for the scales of interelsk(10000). Lower
Tems ("= / [96(Y0+9€Y1 +0eYo+0c¥s+0cYa) mass halos are accounted for differently, as we explain late
1 5 2 For each massive halo, the collection of N-body particles
+62 [—YOH% (—Y0+ —Ylﬂ tagged by the FoF finder are enclosed in a nonperiodic, Carte-
3 6 3 sian mesh that is centered on the center of mass, has one axis

parallel to the line of sight, and a cell-spacing that is antice
N-body spline softening length. The particles are assigned
, , using a cloud-in-cell scheme to define the matter density
where theY's andC's are known frequency-dependent coef- o the mesh. The gravitational potentais then calculated
ficients (Nozawa et al. 1998). Note that E¢|. 1 contains only \ising a nonperiodic Fast Fourier Transform (FFT), and the lo
the first-order terms in Eg] 8 and thiat=Yo. We use EALI810  ¢ation of the potential minimum is chosen as the halo center.
calculate the full SZ signal in these simulations. . This procedure preserves the concentration, substryetude
Sky maps of the SZ effect are made by tracing through iayiajity of the dark matter halo.
the simulated electron distribution and projecting theuacc Assuming hydrostatic equilibrium and a polytropic equa-

mulated temperature fluctuations onto a HEALPix grid with jon of state. the corresponding aas densitand pressure
Nside = 8192. Using the saved simulation data described ingp, the samé mesh aregiven b%/g piand p 9

§2.2, SZ maps are constructed with contributions from 3 com-
ponents: massive halosat 3, low-mass halos and the inter- pg = pgotp’ T, (9)

galactic medium at < 3, and the high-redshift Universe for _
3<z<10. Py = Pyoy™/ 7Y, (10)

- 5|os(1+oec1+ogc2>] dr, ®)
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respectively, where the dimensionless temperature Jariab

v=1-(15) (R2) oo,
5.0

r
is related to the gravitational potential. _Bode €t 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-
rameters for the polytropic model, namely the central gas de
sity pg0 and pressur€y o, by matching the gas mass fraction
and temperature to recent X-ray observatmt
[2006; Sun et al. 2009). For calculating the KSZ terms in Eq.
[Mand 8, the velocity of the gas on the mesh can be taken frorr
the dark matter particles. However, the dispersion would be
inconsistent with the hydrostatic equilibrium assumptibn
stead, the gas distribution is assigned a single, masdategig
average peculiar velocity. The electrons are assumed ® hav
the same distribution of temperatures and velocities as the
fully ionized gas.

(11)

When a given halo is added to the SZ maps, mass and mo-
mentum are conserved by requiring that the baryonic mass

be equal to the cosmic baryon fracti®p/Qn, times the halo
massMgor.  This is accomplished by first sorting the mesh
cells by their gravitational potential, from most negatiee

-52°F8

Dec. (J2000)

Rt

01" 40"

01" 00™

01" 20™
R.A. (J2000)

FIG. 6.— The full Sunyaev-Zel'dovich signal at 148 GHz, incluglither-
mal and kinetic SZ contributions from both the galaxy clustnd the inter-
galactic medium, in a- 10 degreex 10 degree patch.

gas. Helium reionization is assumed to occur instantargous

least negative. The mesh is then traversed in order and cellgt ;=3 A temperature floor of YOK is imposed for the
are tagged until the accumulated baryonic mass, in gas an‘bhotoionized intergalactic medium.

tribute any SZ signal. This procedure results in a triaxébh
gas distribution with a physically-motivated cutoff.

2.4.2. Low-mass halos and intergalactic medium at 3

Low-mass halos and the intergalactic mediunz &t 3 are
modeled using all other saved N-body particles not associ-
ated with the massive dark matter halos discusse@in §2.4.1
While we are able to identify halos down Mg = 6.82 x
10'2 h™*M, (100 particles), there is insufficient resolution
to accurately apply the hydrostatic equilibrium model. In-
stead, an alternative approach motivated by the virialrém@o

is adopted, one that can also be extended to particles not asp,

sociated with identified halos. The intergalactic medium is
expected to contribute only a small fraction of the TSZ signa
but it is very important to include it for calculating the KSZ
signal.

According to the virial theorem, the internal energy of a
virialized halo is twice its gravitational potential engr@ur-
ing the formation of a halo, the dark matter undergoes violen
relaxation and the gas gets shock-heated. The gas temper
ture can be estimated directly from the halo mass and use
to model the TSZ signal (e.g._ Cohn & White 2009), but we
chose to calculate the gas temperature from the velocity dis
persion of the dark matter. This approach is then applicable
to all particles rather than just ones in identified halos.

For each particle, the local densijty, and velocity disper-
sionoy are calculated using 32 neighboring particles. For cal-

culating the SZ terms, the effective pressure and momentum

of the gas is taken as

_ Y [(y=1)ppmo?
e o | e (42
(W)o = g—;@v)m, (13)

wherey =5/3 is the ideal gas adiabatic index ane 4/(3+

a HEALPiIx grid, the effective solid angle subtended by the
particle is taken into account. A nearby, low-density parti
cle can span a number of map pixels and simply assigning it

to a single pixel will result in a large and incorrect temper-

ature fluctuation. Since the entire gas distributiorz at 3

is accounted for, the maps have a smooth transition from the
concentrated halos to the diffuse intergalactic mediumssvia
and momentum are also conserved.

2.4.3. High-redshift Universe a < z< 10

The high-redshift universe for 8 z < 10 is modeled us-
g the redshift shells containing the surface density $iéa
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 moenl
ear mass and the collapsed mass fraction above a fixed mass
rapidly decrease towards higher redshifts, the typicaptem
ature of the gas is predominantly set by photoionizatidmeat
an shockheating.
For each redshift shell, the electron temperature, line-of
sight peculiar velocity, and column density are taken to be

Te=10'K, (14)
EI'T]V
Vios = E—m’ (15)
Qp Xu | Yhe
Ne= | — —+— | 3 16
(Qm) <mH * mHe) (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 WMAP 5-year results_(Dunkley etlal. 2009). Since the
electron distribution is warm rather than hot, the SZ temper
ature fluctuations are nonrelativistic and Ely. 8 reducesjto E

5Xy) = 0.588 is the mean atomic weight for a fully ionized [I. There is only a very small contribution to the TSZ signal



8 Sehgal et al.

from the warm electron distribution. The average Compton This window however gives more weight to the redsfhift
y parameter is only- 1077 over this redshift range. On the rangez < [1,2] if compared to the data bf Hopkins & Beadom
contrary, there is a substantial contribution to the KSaalg  (2006), due mainly to the absence of halos in our simulation
because of the large, coherent velocities in the IGM. atz> 3.

Since the light cone is constructed by replicating and stack  In practice, given the simulation halo catalog, our appnoac
ing the periodic simulation box without random rotations, consists of populating each halo with a number of galaxies
this procedure introduces excess power in the KSZ signalwith a given infrared luminosity. We adopt a mass range lim-
atl <500. The excess power shows up in the intergalacticited by M;,M, (M1 < My), in such a way that halos below
medium component, but not in the halo component previouslyM; will host no infrared galaxies. Halos with masddsc
discussed in[82.4.1. Therefore, the intergalactic medinmm-c ~ [My, M2] will typically host oneinfrared galaxy of total in-
ponent of the KSZ, from the full redshift range<0z < 10, is frared luminosityLir(M, 2) = Wsgr(2) - Weooi(M) - Ly - (M /My).
filtered before adding it to the final SZ maps. A simple fil- For more massive halos, the average number of infrared
terw(l) = 1-exp[-(I /500¥] is chosen to suppress the Idw- galaxies will be given bV /M,, each of them with a total in-
excess, but preserve power at 1000. The remaining low-  frared luminosity given by r(M, 2) =Wsrr(2) - Weooi(M) - L.
power is now more consistent with the level expected for the The functiontW;(M) = expM/Mcoo) accounts for the fact
large-scale OV signal and relatively small compared to more that bigger halos need longer times to cool down before being
relevant signals. The filtering ensures that the KSZ sighal a able to form stars.L, defines a luminosity parameter. The
low-I is truly subdominant compared to the lensed microwave parameterd;, My, L, and Mgy, combined with the spec-
background and to the TSZ signal at frequencies away fromtral parameterg and Ty introduced above, will define our
the null. infrared model. In the simulations, the actual number of in-

frared galaxies present in a given halo is driven by a Poisso-
2.5. Infrared Point Sources nian realization of its average number. We also introduced

Star formation in the Universe leads to the production 0 €ffective scatter of 15% in the mean adopted value for
of dust grains which absorb the ultraviolet radiation in the dust spectral index and in the infrared luminosity ofeac
the environment and re-radiate it in the infrared range. In 9alaxy, partially motivated by the scatter in the effecpec-
the context of microwave background observations, the tral index of the intensity found in the analyses by Knox et al
redshifted infrared emission of these sources constitates ~(2004).
important contaminant on small angular scales at freqesnci
higher than~ 150 GHz. In this section, we attempt to model ]
the angular anisotropies that infrared (IR) galaxies i Below we calculate the angular power spectrum of our in-
in the microwave sky by combining the cosmological simu- frared model theoretically. This allows us to approximéate t
lation presented above with a model for the infrared galaxy Power spectrum efficiently, after adjustments to the model p

population, which is partially based upon Righi et al. (2008 ~ 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:
2.5.1. The basics of the infrared model Lir(M,2)

2.5.2. The angular power spectrum

We first approximate the spectral energy distribution (SED) L= [ dv ¢(v, Tausy) O, Taus), (20)

of the infrared galaxies by a modified black body of the form whereT,.« is a function of redshift (EG18). For a flat Uni-
L, o ¢, Taus) = v [Bu(Taus) = Bu(Temp)] , (17) verse, the measured spectral flux is therefore given by
where 3 is a spectral indexXTcmp is the primary microwave = %, (21)
background m_ono_pole temperature, a’a@tis the dust tem- 4rrz(1+2
perature evolving in redshift asiin Blain (1999): wherev =/ /(1+2) andr is the comoving distance to the IR
1/(4+8) galaxy placed at redshiffr). Theaveragespectral intensity
Taus(2) = {TO‘”[’ +T 0 (1+20*F - 1)} (18) generated by the IR galaxy population can then be written as

the sum of the contribution of all galaxies per unit solid leng
HereTy is the dust temperature if the galaxy waz at0, and - dn a(r)L, (M,r)

the symboB, (T) denotes the black body spectral intensity at I, = /dr r2 /dM —(r) Ng(M)”iz’ (22)
temperatur@ . As we shall see below, the free model parame- dM 4

ters andTo will determine the spectral index for the effective  The comoving halo mass function is given dy/dM, and
power law describing the change of the infrared intensity ve  Nyg(M) provides the average number of infrared galaxies in a

sus frequency,, o« v (i.e.,a = a(8,Tp)). halo of masdM. The cosmological scale factor is expressed
The star formation rate (SFR) in a given galaxy seems toby a(r), and the typical spectral luminosity for each of the
be linearly correlated with the dust luminosity (Kennicugt infrared galaxies in the halo is given hy,(M,r), with »/

lation,|Kennicuit 1998). At the same time, there is observa- being the frequency observed at redsiif). L,.(M,r) is de-
tional evidence that the SFR reached a maximum at epochsermined by the model described in §2]5.1 and[Ed. 20.
corresponding ta ~ 2—-4 (Hopkins & Beacom 2006). These However, we are interested in the angular fluctuations of
two factors combined suggest introducing a redshift window the infrared spectral intensity, and this is linked to thgwan

function for the infrared luminosities in galaxies closethie lar variation of the number of infrared sources. The numiber o
measured SFR behavior. In our model, we adopt the depeninfrared galaxies is drivea priori by Poisson statistics. How-
dence ever, halos tend to cluster in overdense regions of the large

2 scale matter density field, and this introduces another modu
WseR(2) o exp(-1/2) exp(— (z/35) ) (19)  Jation in the infrared galaxy number density that is known as
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FIG. 7.— Left panel: Cumulative source counts of our infrared model at 353 GHzuefflux (red triangles) .

The solid line corresponds to thofthe

SCUBA data at the same frequenty (Coppin &t al. 2006). Thee fhigx sources match the observed BLAST couhts (PatanchdinZ8@® and BLAST team,
private communication).Middle panel: Contribution of our infrared source population to the tatasmic infrared background observed by COBE/FIRAS
(Fixsen et al._1998). We show the three observing frequer@fidCT plus 353 GHz. Dashed lines indicate 68% confidenc®megRight panel: Theoretical
estimate of the angular power spectrum of our mock infracedlce population. The thick black solid line correspondghéoclustering term, and the thin line to
the Poisson term. The total is given by the red line, whicteis the upper limit suggested by ACBARIat 2600 (Reichardt et £l. 2009).

thecorrelationterm (Haiman & Knok 2000; Song etlal. 2003;
Righi et al. 2008). In terms of the spectral intendity it is
easy to show that the Poisson term for the angular anisesopi
generated by the infrared galaxy population can be written a
(Righi et al. 2008)

qP—/drr/dM (r)Ng(M)(M) (23)

whereas the correlation or clustering term depends upon the
halo power spectrum:

a(r)L,,f(M r)]

(24)
wherek = (1 +1/2)/r. The bias factob(M,r) expresses how
halos are distributed compared to dark matter, in such a way
thatb?(M, r) is defined as the ratio of the halo power spec-
trum and the matter power spectruRy(k,r)). Here we have
adopted the model by Sheth & Tormen (1999), which pro-
vides a good fit (few percent accuracy) to the simulated halo
power spectrum. The last two equations are obtained after us
ing the Limber approximation, which should be accurate to
better than 2% fof > 20 (e.g.| Verde et al. 2000).

ce= [ Sr )[ [ a4 N

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 upper
limit for all total infrared intensity that our model pro-
vides.

e The choice for spectral parametefsand Tq,st 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 for the effective spec-
tral index of the intensity is found In Knox etlal. (2004),

and is based on the projection to high redshifts of the
analyses of Dunne etlal. (2000) of a low redshift in-
frared 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
compatible to the source counts provided by SCUBA
(Coppin et al. 2006) in the flux rand®szcuz € [1,50]
mJy. These source counts are in agreement with
a number of other submillimeter observations (e.g.
Austermann et al. 2009).

The source counts of our infrared model must be com-
patible with the high flux infrared source population
recently seen by BLAST! (Patanchon etial. 2009 and
BLAST team, private communication).

The clustered component of the the angular power spec-
trum should dominate over the Poisson term Ifet
1000 as observed bypitzer(Lagache et al. 2007) and
BLAST (Viero et al. 2009).

The angular power spectrum introduced by our IR
source population should not exceed the upper limit
derived from ACBAR observations at 150 GHz after
fixing og to the WMAP 5-year best-fit value with a
running spectral indexog = 0.81), i.e. 12C/(2r) <
31(uK)? atl = 2600 (Reichardt et &l. 2009).

2.5.4. Final model
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TABLE 1
PARAMETERS FOR THE TWO POPULATIONS CONSIDERED FOR THE INFRAR
POINT SOURCE MODEL

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

Very High Flux 13 40 5x10¥ 1x10Y% 8xi10% 6x10“

We modeled two different source populations: thesic Devlin et al! 2009), which indicate that most, and perhaps al
population essentially defines the properties of the whele | of the CIB is generated by infrared sources.
model, whereas theery high fluypopulation matches the high In the right panel, we display the expected angular power
flux IR source counts detected by BLAST (BLAST team, pri- spectrum of our total IR source population. At very high
vate communication). Each of these two models requires amultipoles the Poisson term must dominate, whereas the clus
different choice for the parameter set, as shown in Table 1.  tering term takes over dt~ 1,000. Again due to the con-

In order to avoid the limitation imposed by the minimum struction of the light cone by replicating and stacking tiee p
mass of the halo resolved in our simulation, we added ariodic N-body simulation box without random rotations, ex-
mock catalog of halos of masses betweef WQ, and the cess power is introduced in the infrared point source signal
minimum resolved halo mas$min = 6.82 x 10*? h™*M,, = atl < 300, as was the case for the kSZ signal from the inter-
9.61x 10" M. In order to do this, we assumed that the galactic medium (see[82.4.3). We do not filter this signal to
mass function in this mass range was dictated by the fit of suppress the lowexcess as we did for the kSZ, as this signal
Jenkins et al.| (2001). We used the population of low massconsists of discrete sources instead of a smooth component,
halos resolved in the simulation as tracers of the mock ha-and such a filter would disturb the real space point source dis
los appended in this low mass range. We divided the masdribution. Forl > 300, the theoretical expectation of the angu-
range [18 Mo, Mmin] in logarithmically spaced bins, and, in lar power spectrum coincides with the actual power spectrum
each of these bins, computed the average number of pafos  from the simulated infrared map.
resolved halo that is found in a thin mass interval centered The particular values for the model parameters for each of
atM. = 1.10x 10** M. That is, for each resolved halo of the two populations are displayed in Table 1. Note that the
mass close tdVl;, we computed the average number of ha- masses in this table refer to friends-of-friends halo masse
los present in each of those low mass bins, and subsequentlifor the basic population, the values of the dust tempera-
made a Poissonian realization of this average. The masseture and infrared luminosity are not far from those found by
of these new mock halos are randomly distributed uniformly IDye et al. [(2009) when comparing BLAST infrared sources
within the corresponding mass bin width. These mock halosto radio and mid-infrared counterparts in the Chandra Deep
were randomly distributed (with a Gaussian profile) in speer  Field South. For the few galaxies in the very high flux pop-
of roughly 100 times the parent (resolved) halo virial ragiu  ulation, characteristic masses and infrared luminositiest
which should correspond te 10 Mpc. Therefore, for each  be increased by roughly an order of magnitude, whereas the
real halo of mass close td;, we populated &loud of lower typical dust temperature increases from 25 td<40
mass halos in an sphere of roughly 10 Mpc radius and cen-
tered on the parent halo itself. This procedure provides our 2 6. Radio Point Sources
simulation with a low mass halo catalog that is not Poisson

distributed, but rather is correlated to the populationmét Our model for radio point sources follows in spirit the treat
but resolved halos close td = M.. In pracﬁicz only mock ment of the subject by Wilman etlal. (2008, hereafter W08).

halos of mass abovil; were generated, since they are the Similar to W08,we separate the radio-loud active galactic
ones eventually hosting IR galaxies. ’ nuclei (AGNSs) into two populations, a high-power family

The very high flux population consists of few @00 in the ~ that evolves strongly with redshift, and a low-power one
whole octant) infrared galaxies above 200 mJy at 353 GHz. With mild redshift evolution. These two populations can be
This very high flux population models the tail observed by roughly identified with the type 1l and I classification of rad
BLAST at 250, 350 and 500m (BLAST team, private com- ~ Sources by Fanaroff & Riley (1974), respectively (however,
munication). The high flux tail should be at or above the 10 S€€ discussions In Willott etial. 2001). We also follow W08
mJy level in the 145 — 220 GHz channels, contributing sig- and Jackson & Wall (1999) to employ a relativistic beaming

nificantly to the power spectrum. Some of this very high flux scheme to separate the contributions to the total flux fram th

R ; ; t core and the extended lobes of radio sources.
population includes sources believed to be lensed and magni¢®mpPac . radio
fied by the intervening structure (Lima eilal. 2009). Unlike W08, we do not consider radio-quiet AGNs and

The total cumulative source counts above a given flux Star-forming galaxies in the radio source model. As our pri-
threshold for the sum of the basic and the very high flux Mary goalis to simulate the microwave sky at relatively btig
populations are displayed in the left panel of Fig. 7. We flux limits (e.g.,2 0.1 mJy), ignoring these populations has
show fluxes above 1 mJy (which is about SCUBA's detection negligible effects. Furthermore, the infrared source nhode

threshold), although our IR source population extendsrte i INd presented in[§2.5 is a self-contained model for the star-
mer fluxes. It is actually the numerous but dim IR source forming galaxies, and therefore the combined infrared and r
population that is responsible for most of the CIB. In our di0 source models should adequately account for the mgjorit
model, our IR source population generates between 50% an®f sources of interest to the current generation of micr@vav
80% of the total CIB detected by FIRAS (middle panel). This €XPeriments.

is consistent with BLAST observatioris (Marsden ét al. 2009;  Our model is a way to populate dark matter halos with ra-
) dio sources in a Monte Carlo fashion, according to simple
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FIG. 8.— The 151 MHz RLF at < 0.3 constructed from the 3CRR survey,
using data from Laing et Al. (1983). The blue squares areRoll$; and the
green triangles are for FR Is. The red pentagons are the npoeliction
(sum of the two populations).

prescriptions on (1) the spectral energy distribution af th
sources, (2) the number of radio sources as a function of hal
mass and redshift, and (3) the (radio) luminosity distitut
(LD) of the sources. Below we outline the most important
aspects of the model.

2.6.1. Compact versus extended emission of radio sources

11

2.6.2. Halo occupation number and the 151 MHz RLF

Our first task is to reproduce the local 151 MHz radio
luminosity function (RLF), which is effectively a convoilah
of the halo mass function, the halo occupation number,
and the radio luminosity distribution. The main reason
for targeting the RLF at 151 MHz is because at such low
frequencies, one can safely assume that the fluxes are mostly
dominated by the steep spectrum, extended sources, and the
resulting RLF is not very sensitive to biases due to oriéomat
effects. In addition, this RLF is not greatly affected by
synchrotron/inverse Compton losses (Blundell &t al. 1999)
For both FR | and FR Il populations, we assume their halo
occupation number (HON) is given BYy(M) = No(M/Mp)~.
As for the LD, we assume it is independent of halo mass,
and adopt two-segment power-laws that roughly mimic the
observed RLF:

(L= {

We explore the parameter space spanned by the HON and
LD for both radio source populations, until the combined RLF
fits the observed one at~ 0.1, which is based on the 3CRR
survey (Laing et al. 1983). A comparison of the model pre-
diction and the observed 151 MHz RLF is shown in Eig. 8.

(L/Lb)m if L> Ly

(L/Lp)" otherwise (26)

2.6.3. Redshift evolution and source number counts

Once our model successfully reproduces the low redshift
151 MHz RLF, the radio sources are divided into two popula-

Qions, roughly corresponding to the type | and |1 classifarat

of [Fanaroff & Riley (1974). These populations are given dif-

W
w

145

The extended lobes of radio sources are characterized by
a steep falling spectrum. On the other hand, the emission
from the core region of a radio source is usually flatter and
can exhibit a more complex spectral shape (see’e.g., Lin etal %
2009b). In addition, when the jet axis is close to the obg&rve T
line-of-sight, the fluxes from the core (and/or the base ef th ™,
jets) will be Doppler-boosted.

Following W08, we assume the observed core-to-lobe flux
ratio, Ryps IS related to the intrinsic valueRi:, via Rops =
RntB(6), where@ is the angle between the jet axis and the
line-of-sight, B(d) = [(1 - Bcosd) 2 + (1 + Bcosd)?] /2, B =
v/1-~72, andv is the Lorentz factor of the jet.

Given the intrinsic luminosityy = L¢jnt + L int Of & sSource,
where the subscripts ¢ and | refer to the core and lobes, the
beamed luminaosity is then
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Loeam= Lcpeam™ Liint
= (1+ Rob9Liint
=Line(1+ Robs)/(l +Rint) (25)

We use empirically derived values &, and~ from W08,
and we assume a uniform distribution of éds order to sep- S0 it 1o : ,
model prediction (one realization af's - see Tabl&l2) is shown as red solid

arat.el‘c'rbeam andLinc given Lbear.“ . points. All other symbols are observed source counts. Theexeption
_Since the compact core emission is usually observed to eX1s the curve in the 95 GHz panel, which is itself a model ffon¥déi et al
hibit a complex spectral shape (Lin etlal. 2009b), we model it (2005), as shown in_Sadler ei al. (2008). The data used in.th€Hz panel
: o : _ 3, i are from_Katgert et all (19B8): Windhorst et al. (1993): Bicetchll [2003);
W'Fh a third-order ponnomlaI, IO@V - Zi a.(Iogu) » Wherey Huynh et al. [(2005). The data for 33 GHz is fram_Wright et al0G9);
is in GHz. We assume the extended sources dpey v 08, Cleary et al.[(2005). The data for 145 GHz is from ACBAR (Reicft et al.
which is also consistent with observations (Lin et al. 2()09b

LR AL B S AL B B A1) e B

v v vl vl o
10-% 102 10-' 10° 10!
S (Jy)

10-% 10 10-! 10° 10!

F1G. 9.— Source counts at four frequencies (1.4, 33, 95, and HH G he

2009).
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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)° up toz, (and constant a > z,); for FR Ils, we find
that a much stronger redshift evolution is needed and, fior co
venience, adopt an asymmetric Gaussian centergg wafith
dispersions andoy 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 tyeam= Lcpeam™ Liint,
where the lobe component dominates. GiRRpandy from
W08, and co8 picked from a uniform distribution, we de-
termineL¢peam We next adjust the shape of the core SEDs
(by varying the coefficients;) so that the source counts at

v > 151 MHz are reproduced. These source counts at highel
frequencies are dominated by the radio cores. In Fig. 9, we

Sehgal et al.

-48°f

-52°F

Dec. (J2000)

-56°f
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01" 40™

show a comparison of our model prediction (red solid points) FiG. 10.— The simulated Galactic dust emission ir-d.0 degreex 10

with observed source counts at 1.4, 33, 95, and 145 GHz (se
caption for observation references). In general the moael p
vides a good fit to the data We note that for the 95 GHz
panel, we are comparing our model to the predictions of the
de Zotti et al. (2005) model.

There are 24 free parameters in the model, which fit 24 ob-
servational constraints (12 RLFs at various frequencigs an
redshifts, and 12 source count observations at 12 fregegnci
(Note thatay, a1, a2, az, anda are set to be the same for both
FRIs and FRIIs.) Several of the parameters are degenarate; i
Table[2 we present a parameter combination that can repro
duce the results presented here.

For a more complete description of the model and fur-
ther comparison with available observational constrasets
Lin et al. (2009a).

2.7. Galactic Emission

For the contribution of Galactic thermal dust emission, we
use the “model 8” prediction from_Finkbeiner et al. (1999),
an extrapolation to microwave frequencies of dust maps from
Schlegel et al.[ (1998). We use the software included with
these maps to interpolate onto an oversampled HEALPix grid
with Nsige=8192. This model is a two-componentfit to IRAS,
DIRBE, and FIRAS data, and is shown by Bennett et al.

éiegree patch.

3.1. General Map Properties

Below we list some general properties of the maps them-
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 HEALPix
# and ¢ coordinates and right ascension and declination is:

=ra, 90-0 =dec. We store all maps in units of flux per
solid angle (as Jy/sr). To convert to temperaturei &y we
use the conversion:

dT _ & (e-17°
dl ~ 2kgr? X2

wherex =hv /kgTems. To convert from Sl to more convenient
units requires:K sr/Jy = 16° K sr n? Hz / W. When cal-
culating the power spectrum with Polspié@r anafast’, a
correction for the pixel window function is required.

The properties of the halos that are specified in the halo cat-
alog are redshift, ra, dec, position of the halo potential-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 freqeiea
(the latter three integrated within the virial radil&qo, and

(27)

(2003) to be a reasonable template for dust emission in theRsog), the stellar mass, and the central gas density, tempera-

WMAP maps.

The Galactic synchrotron and free-free emission is compa-

rable to the Galactic dust emission-aZ0 GHz and becomes
dominate/subdominant at lower/higher frequencies (sge e.

ture, pressure, and potential. In the radio and infraredxyal
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

Smoot 1998). Thus these signals are not expected to be a signaps as follows:

nificant contaminant for ACT or SPT (which surveys target

regions away from the Galaxy), although they will be impor-

tant to consider for the Planck low-frequency channels. We
leave the inclusion of these signals to later work, and note
work by, for example, Leach etlal. (2008), which discusses
the inclusion of these signals in microwave simulations for
Planck.

3. DISCUSSION

12 We have also compared our source count predictions withredtiens
at0.15, 0.6, 2.7, 4.9, 8.4, 15, 20, 41, and 61 GHz, and found ggreement.

6‘N=90

T
N —¢0+n§

(28)

9527T—90
™ T
= — - +N—
$s= 5 =Pty

13 http:/ivww.planck.fr/article141.html
14 http://healpix.jpl.nasa.gov/html/facilitiesnoderht
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TABLE 2
MODEL PARAMETERS FORRADIO SOURCES
Type Rmt 7 @ af ap' ag’ No Mo o Lo m n 5§ zp o on
(hziMe) (W/H2)
FRI 1026 6 0 (-0.120.07) (-0.340.99) (-0.75-0.23) 1 4x 10 01 104 -155 0 3 08 .
FRII 10%% 8 0 (-012007) (-0.340.99) (-0.75-0.23) 0.015 3x10® 0.1 1¢’> -16 -065 1.3 04 0.73

T We draw random uniform variates in this range when assigtiegpectral shape for cores.

10*
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&

& 1ot
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1<)

T 1
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FIG. 11.— Power spectra of the lensed microwave backgroundkhla
radio galaxies (blue), infrared galaxies (green), andSulhyaev-Zel'dovich
signal (red) in this simulation at 148 GHz.
the blue radio source power spectrum gives the radio souraemfrom

Lensed CMB
Radio Sources
Infrared Sources
SZ Signal

‘HH‘

1000

{

The magenta lihneugh

with Polspice on the full-sky maps. The power from the in-
frared and radio sources, without masking out bright s@jrce
is comparable to the lensed microwave background between
| ~ 2000 and ~ 3000. In Fig[IlL, the magenta line through
the blue radio source power spectrum gives the radio source
power suggested by the Toffolatti et al. (1998) model scaled
by 0.64, which was found hy Wright etlal. (2009) to be a good
fit to the WMAP 5-year source counts. The two power spectra
are in excellent agreement.

3.3. Y-M Relation and Scatter

We investigate the SZ flux versus cluster mass scaling re-
lation for this simulation below. An accurate calibratioh o
this relation off observations is important for assessimgste-
lection function of a potential SZ selected cluster samjde v
simulations. The gas physics input into the simulation$ wil
determine the surface brightness of a given cluster based on
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 Comptaram-
eter to cluster mass for the halos in the one unique octamt. Th
integrated Comptopparameter is given by = ([ yd2)d3(2),

the [Toffolatti et al. [(1998) model scaled by 0.64, which wasirfd by
Wright et al. (2009) to be a good fit to the WMAP 5-year sourcents.

wheren=0, 1, 2, and 3, and the subscriptsandSrefer to
the northern and southern hemispheres of the map. The sub-
script O refers to the coordinates in the original octantr Fo
the power spectrum analysis, this method for repetitiohén t
Southern hemisphere is preferable to reflecting the North. A
though simple mirroring eliminates real space discontiesii
across the equator, it makes the simulated sky an even func-
tion with respect to the polar axis. In the spherical harrooni
transform, the associated Legendre functions are evencbr od %
depending on. Integrating mirrored hemispheres over them '~
yields zero for odd-harmonic coefficients. Because rotating
the sky transforms harmonics with commiainto each other,
odd{ harmonics will be zero regardless of the orientation of
the mirroring.

3.2. Power Spectra of Simulated Components

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

—~
4V

10~
(o
2

()
~

N
=
><O

&
>~ 10-5 -

15

Mgy (M)

FIG. 12.—Ypg versusMyqg relation for all the halos from one octant of this
simulation withMzgo > 2 x 10“M¢,. The points with error bars represent

(Viero et al. 2009). No infrared or radio sources have beenbins of width Alog(Mag) = 0.05 and errors on the bin mean. The best-fit
removed in creating the power spectra, which were madeparameters for this scaling relation and the scatter aengiv TabléB.
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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
Yo00—Mzgo 1.682 0.004 -5.648 0.002 1.2 12970 19 0.14
Ys00—Msgp  1.668 0.009 -5.509 0.004 1.9 4900 8 0.17
Ys00—Mogo  1.693 0.004 -5.765 0.002 1.8 12970 19 0.3

wherey is defined in Eq.2dQ2 is the solid angle of the clus- We also find the scatter in this—M relation about the best-
ter, andd3(2) is the cluster's angular diameter distance. For fit relation. Specifically we calculate
the self-similar model, we expect a virialized halo of mass

o N o 1/2
Myir to have a virial temperature of [Zizl(InYA -InY A)?
oym =

N=2 (34)

Tuir o [Mi E@]7>, (29) . . , -
as discussed in e.g._Shaw et al. (2008), wh&yres the pro-
where for a flan CDM cosmology jected SZ flux measured within a disk of radRs, Ya is the
E() = [Om(1+ 2%+ 0] 2. (30) fitted SZ flux of for a cluster of masd A using the best-fit pa-

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

Y o fgasMhanTa (31)

where fgas is the cluster gas mass fraction. Combining the
above equations, we would expect

5]
o

[\N)
o

Y o« fgadMZPE(2)?3, (32)

vir

—_
o

for the self-similar relation. Deviations from the selfrsiar
relation are not unexpected as clusters are not isothenwial,
always in virial equilibrium, andfgss 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 [n 2.4 and Bodel et al. (2009). For
each halo wittMgor > 2 x 1083 h™M, andz < 3 (whose gas
model is described if§2.4.1) we calcul#gy andYsgg, which
are the projected Comptgrparameter in a disk of radilgg
andRsog respectively. Her@&po0 andRsgo are the radii within
which the cluster mean mass density is 200 and 500 times
the critical density at the cluster redshift. We then rar th
clusters by mass and bin them in mass bin&\tdg(Mg0) =
0.05 andAlog(Msgg) = 0.1 for Mygg and Msgg respectively.

The mean oMa as well as the mean and standard deviation
on the mean ofa x E(2)™%/2 are then calculated for each bin.
These values, foogg andYa,gg, are plotted in Fig_12, along
with all the individual halos wittM,g0 > 2 x 10*M, in the
octant.

The binned values are then fit to the power-law relation

YA -1 MA a

E(2)2/3 (1014M@ )
ForMago > 2 x 10'M,, we find for theYago versusMago rela-
tion o =1.682+0.004 and3 = -5.6484-0.002, with a reduced 14 142 14.4 14.6
x? of 1.2 for ~ 13,000 clusters divided into 19 bins. This
slope is slightly steeper than that expected for the saiflai log M (M )
case. Itis also consistent with thfe-M relations derived from 200 ©
hydrodynamical cluster simulations (e.g. White et al. 2002
da Silva et al. 2004; Motl et &l. 2005; Nagai 2006; Shaw st al. FiG. 13.— Fraction of halos in this simulation that host radidages

_ ; e ; : whose combined flux equals 20% or more of the halo’s SZ fluxedeent
2008). TheY —M relation calculated within a disk of radius 37/} (top), 90 GHz (middie). and 148 GHz (bottom). Bin thidare

R250QiS also consistent with the observégoo— Mgas_(< Ros500) Alog(Mygo) = 0.2, and the error bars assume a Poisson distribution. Red,
relation of [Bonamente et al. (2008), as showmn_in_Bode/et al. blue, and green dots indicate the redshift ranges.4#0.8, 0.8-1.2, and
(2009). 1.2-1.6 respectively.
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rameters for Eq._33, and N is the total number of clusters. We
find a scatter for th&p0— M2go relation of about 14%, and a I IR A N E L
slightly larger scatter of about 17% for thigo—Msgg relation. I i
We find a lower scatter of roughly 13% for thggo — Moo
relation, which has been suggested by Shawi/et al. (2008) to
have less scatter than thigy—Mogg relation. We list the best-

fit parameters for Eq_33 and the scatter for Yag — M2qo,
Y500~ M50, andYsgo— Magg relations in Tabl€13. Note that the

Y values discussed above are intrinsic to the cluster andtdo no
include any contamination from foreground or background SZ
signals along the line of sight. Inclusion of this projeatio
contamination will increase thé —M scatter somewhat, but
for clusters with masses greater than roughly 0*M,, an
optimistic mass limit of current SZ surveys, this projentio
contamination should be below 20% over a wide range of
possiblerg values (0.7-1.0) and redshifts{ 2) (Holder et al.
2007; Hallman et al. 2007).

- . z=0.8-1.2 A

6o 2=0.4-0.8

40 |- e .

20 |- - |

T T

©

(@]

()]

T

N
e

Hé

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. Cobél e
2007 Lin & Mohi12007; Daddi et al. 2009), and these sources
could potentially fill in the SZ decrement at frequenciehel
the null. This point source contamination of the SZ flux could
both affect cluster detection and bias a measured SZ flux -
mass scaling relation. If these effects are significant aradu
counted for, then inaccurate cosmological conclusiondavou
result from measured SZ cluster samples. Regarding mea-
surements of the SZ power spectrum and derived values of
og, typically a significant number of high flux point sources S T T
are masked out of microwave maps before determining the 14 142 144 146 148
power spectrum. If these sources reside preferentiallyas-m
sive clusters, a significant portion of the SZ signal could be lo M (M )
masked out and a biased determinatioagivould arise. g 200 O}

Here we investigate, via these simulations, the fraction of
SZ clusters that may be substantially contaminated by radio Fic. 14.— Fraction of halos in this simulation that host infrhgalaxies
or infrared galaxy populations. We first add the flux of all whose combined flux equals 20% or more of the halo’s SZ fluxedeent at
galaxies of a given population residing in a given halo. Then 90 GHz (top) and 148 GHz (bottom). Bin widths and redshifgemare the

. o . . same as in Fig.13. An absence of an indicated fraction itecao halos in
using each galaxy cluster’s integrated SZ flux witRino (in that mass and redshift interval.
units of mJy), we calculate the fraction of halos whose com-
bined flux from resident galaxies equals 20% or more of the
halo’s SZ flux decrement at 30, 90, and 148 GHz. Such halos Infrared galaxies seem to be a significant source of contam-
will be harder to detect by SZ surveys, and their signal isamor ination for SZ clusters at 90 and 148 GHz (see Higs. 14 and
likely to be masked out in attempts to measure the SZ powelfl5). However, these simulations suggest that, at 90 GHz, the
spectrum. We choose a 20% contamination fraction as that isfraction of halos withVlogp > 2.5 x 10'*M, andz < 1.2, that
roughly where the uncertainty in the expected SZ flux for a are contaminated at a level of 20% or more, is less than 20%.
cluster of a given mass becomes dominated by point sourcdn all mass bins, the general trend is for the contamination
contamination as opposed to the intrinsic scatter invthé fraction to increase at higher redshifts where more inftare
relation or projection effects. galaxies reside. There is no appreciable contamination fro

For the contamination due to radio sources, we find that for infrared galaxies at 30 GHz. At 148 GHz, less than 20% of
halos withMzqo > 1 x 10'“M,,, roughly 3% or less of clusters  halos withMaoo > 2.5 x 10*M,, andz < 0.8 have their SZ
with z < 1.6 have their SZ flux decrement at 148 GHz filled decrements filled in at a level of 50% or more (see[Eig. 15). It
in by more than 20% (see Fig.]13). At 90 GHz, this fraction should be noted that the above estimates only include gedaxi
increases slightly, and less than 4% of clusters with 1.6 that reside in halos and does not include contamination from
have a contamination of 20% or more. At 30 GHz, one may galaxies along a halo’s line of sight. In this regard, theae-f
expect 20 to 30% of clusters witygo ~ 1 x 10**M, to be so tions should be viewed as lower limits. The one exception to
contaminated, with a decrease in this fraction as the hagsma this is for the very high flux infrared galaxies that most like
is increased. These contamination fractions exhibit a weakrepresent a lensed population of galaxies. These galardes a
redshift dependence, with slightly larger fractions athieig placed in massive halos and are the main source of contami-
redshifts. nation in the most massive bins. These sources should more
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ing microwave background experiments may find these simu-
lations useful for a variety of purposes.

100 - I I I 7 From the gas prescription in these simulations, which has
C s ] been matched to recent X-ray observations, we find a scaling
80 [~ - ® 50% cont. A relation between Comptonparameter and mass that is only
80 F 100% cont E slightly steeper than self-similar and has a scatter of 1% t
> - i 17% around the best-fit relation fsoo—M200 andYs0o—Msgg
é 10 i E respectively. This low intrinsic scatter suggests thatsnea
C [ ] ment of the cluster SZ flux may be a relatively clean clus-
N 20 £ ] ter mass proxy. The correlation of radio galaxies with SZ
T F,—12-16 @ ] clusters suggests that at 148 GHz (90 GHz), for clusters with
&) o : : - Mago > 10%M,, less than 3% (4%) of these clusters will have
A ——————+——+—+——+H their SZ decrementfilled in by 20% or more. We find the con-
o0 100 E tamination levels higher for infrared galaxies. HoweveB@
~ 80 [ . E GHz, less than 20% of clusters witfl,oo > 2.5 x 10"*M,
A B = . andz < 1.2 have their SZ decrements filled in at a level of
+—~ gL * E 20% or more. At 148 GHz, less than 20% of clusters with
e C . Mago > 2.5 x 10**M, andz < 0.8 have their SZ decrements
. 40 F @ ] filled in at a level of 50% or larger. We also find that a pop-
O C ® ] ulation of very high flux infrared galaxies, which may have
© 20F - been lensed, contribute most to the SZ contamination of very
~ - . % . massive clusters at 90 and 148 GHz. Multi-wavelength obser-
h 0 ZTO 8-1.2 7 | @ vations of SZ clusters will help to make these contamination
o LA A DA RN estimates more precise. This information is crucial foedet
c 80 [ E mining SZ cluster selection functions and the actual scatte
o) - 1 the observed —M relation, which in turn are vital to efforts
O 60 [ . E to extract cosmology from SZ cluster counts. The inclusion
B ] of the lensing of the microwave background in a manner in-
0 C s ] ternally consistent with the large and small-scale stmacts!
— 40 e ] necessary to verify the accurate recovery of cosmology from
C ] cross-correlation studies between the lensed microwasle ba
20 - e . » i i 7] ground and tracers of large-scale structure. Moreover, the
C ] simulations as a whole, matched to the most recent observa-
0 _—IZTO;4T018 . ? AT tions, will inform, through a variety of means, measurement
14 14 5 15 of the angular power spectrum, higher point correlatiorcfun
tions, and the cosmology thus derived.
lo M (M ) Cosmic microwave background experiments are entering an
g 200 ® exciting time of finer resolution and higher sensitivity i

will open up the Sunyaev-Zel'dovich Universe, microwave
FiG. 15.— Fraction of halos in this simulation that host infcagalaxies background lensing, an assortment of cross-correlatiaah st
whose combined flux is greater than 10% (green), 50% (blug))@% (red) ies, and deeper probes of inflation through tighter paramete
of the halo’s SZ flux decrement at 148 GHz. Bin widths are thmesas in Constraints' These Simulations Shou'd provide a useflutmo

Fig.[I3. This is shown for the redshift ranges 024 1.6 (top), 08 -1.2 : : i :
(middle), and 04-0.8 (bottom). aid analyses in these new and promising areas of discovery.

properly be placed behind massive halos, however, the con- Ng thanks Steve Allen, Olivier Dore, Joanna Dunkley, Joe

tamination effect in projection will still be similar. Fowler, Gil Holder, Andrew Lawrence, Toby Marriage, Dan-
Such contamination fractions as d|scuss_ed above should t9.5 Marsden Lyman Page, and David Spergel for useful dis-

be factored into sample completeness estimates and the scafy ssjons, SD thanks David Spergel, Chris Hirata, Paul Bode

ter in theY — M relation in order to use SZ detected clusters 5, Hy Trac for help and guidance during the development of

for precision cosmology. The models presented here shoulcﬁ]e original lensing code. CHM is grateful to R.E. Smith for
give areasonable approximation to the expected levelsrsf co insightful comments on the power spectrum modeling. HT

tamination from the different galaxy populations. However inanks Kavi Moodley and Ryan Warne for helpful discus-
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