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ABSTRACT

Simulations of galaxy evolution aim to capture our curremderstanding as well as to make
predictions for testing by future experiments. Simulasi@md observations are often com-
pared in an indirect fashion: physical quantities are estioh from the observational data and
compared to models. However, many applications can bemefit & more direct approach,
where the observing process is also simulated, so that tlielsare seen fully from the
observer’s perspective. To facilitate this, we have dgyaiothe Millennium Run Observa-
tory (MRObs), a theoretical virtual observatory which usétual telescopes to ‘observe’
semi-analytic galaxy formation simulations based on tliee ©f Millennium Run (MR) dark
matter simulations. The MRObs produces data that can beegsed and analyzed using the
standard observational software packages developeddiaiservations. At present, we pro-
duce images in forty filters covering the rest-frame UV toanéd for two stellar population
synthesis models, for three different models of absorpbipithe intergalactic medium, and
in two cosmologies (WMAP1 and 7). Galaxy distributions fdaeye number of mock light-
cones can be ‘observed’ using models of major ground- andespased telescopes. The
data include lightcone catalogues linked to structurapprbes of galaxies, pre-observation
model images, mock telescope images, and Source Extractougts that can all be traced
back to the higher-level dark matter, semi-analytic galand lightcone catalogues avail-
able in the MR database. Here, we describe our methods amdiac® a first public release
of simulated observations that emulate a large number o&-@dlactic surveys (e.g. SDSS,
CFHT-LS, GOODS, GOODS/ERS, CANDELS, and HUDF). The MROlmer, an online
tool, further facilitates exploration of the simulated alatVe demonstrate the benefits of a
direct approach through a number of example applicatid)siéep galaxy number counts in
the CANDELS survey; (2) observed properties of galaxy €rsst(3) structural parameters
of galaxies; and (4) identification of drop-out galaxieseTMRObs enhances the range of
questions that can be asked of semi-analytic models, allpabservers and theorists to work
toward each other with virtually complete freedom of whereeet.

Key words: Astronomical Data bases — cosmology: theory — cosmologgefations —
large-scale structure of Universe — galaxies: evolutioalaxges: clusters: general

1 INTRODUCTION one hand, observations become more and more detailed,grodu
ing ever larger images and catalogues that need to be adalyze
On the other hand, theoretical research produces ever rsere r
fined models describing the formation and evolutionary esses
in ever greater detail, often using sophisticated cosnicédgom-
puter simulations that create enormous, physically mttalata
sets. The increasing specialization and technical sopéiiin re-
* E-mail: overzier@astro.as.utexas.edu (RO) quired means that it becomes a problem to successfully rifaésle

Understanding formation and evolution of galaxies is on¢hef
main goals of extra-galactic astrophysics. This study s@gqched
from two sides, an observational one and a theoretical ongh®
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two approaches as few scientists are familiar with all thHaitieon
both the observational and the theoretical side. For exanitpis
often difficult for non-experts to understand detailed gaf@rma-
tion models or to predict how model parameter changes affiect
predictions. Likewise, theorists are often unfamiliarwihe ex-
tensive processing and the inverse methods that need tqpbedap
to observations in order to derive physical properties tzat be
matched to the model predictions.

From an observational perspective, the Sloan Digital Sky Su
vey (SDSS) consortium played a pivotal role in opening up the

results of one of the most sophisticated observational rprog

ever performed to the community. Through a public databdse o

raw measurements, processed results, and ‘value-addedligis,
a great many hurdles were removed for using the results aiithe
vey. From a theoretical perspective, the Millennium Rundbase

(MRDB) was the first to make the results of large scale cosmo-

logical simulations widely accessible to a broad-basedemgé.

Analogous to the SDSS data, the richness of the theoretatal d

sets available in the MRDB has allowed a wide variety of ddien
queries to be performed.

sources and their photometric properties across a set ibf atald
and registered filter images. Due to missed light, it is oftenes-
sary to make corrections to the measured magnitudes. Thetg-p
metric redshifts and physical parameters of the galaxigs, (&el-
lar mass, age, SFR) are estimated by fitting the photometty avi
set of template galaxy spectra. It is important to note thatre-
sults often depend on, e.g., the source detection and plkttpm
method, the choice of template spectra, and the fitting naetimo
order to calculate the number of galaxies detected in diffestel-
lar mass bins over different redshift intervals, it is oftequired to
calculate the ‘effective volume’ of the survey. The latteran es-
timate of the completeness of the sample, and usually depemd
redshift, limiting magnitude, galaxy colour or size in cdiogted
ways. This last step can be performed by estimating the pilitya
of recovering certain sources at a given survey depth. Sath e
mates typically depend on the true source population wtsch i
priori unknown. At the end of the process, the stellar masstfan
estimate is used for comparison with other observationaliss,
or to constrain certain theoretical models or simulatichgataxy
formation. It should be clear from the process outlined atibat a

The comparison between cosmological model predictions and great number of non-trivial steps need to be performed beday

observations has historically been performed mostly in direc-
tion only: physical quantities estimated from observatiare com-
pared with theoretical predictions. The latter are notcéfe by the
issues that affect the observations, such as incompletec@mstam-
ination, cosmic variance, finite signal-to-noise, or lieditresolu-
tion. These are typically assumed to be corrected for induting
the processing of the observations, although some authwesih-

cluded some of these effects in a number of ways in order t@lase a

to more realistically compare data and predictions
11998; LB_Lalzm_el_dlLZDELMaungaLQtJMdi_BQuQ_ddﬂQﬁ

|Guo & White 2009/ Overzier et &l. 2009%a; de la Torre et al. 011

Cucciati et al. 2012; Pforr et al, 2012).

comparison with theory can be made. How better could we test a
these steps than by processing the output from the simuogtfor
which all quantities are exactly known, through the samel kifi
data analysis pipeline as the real observations?

1.1 Goalsof the MRObs

We will take the process of simulating the galaxy population
comparison with observations into largely unexplorediti@y by
simulating the observational process applied to the MR kimu

We propose that the comparison between models and obser-tions. The main aims of the MRObs are as follows:

vations should also be performed in the opposite direcfidre

strength of this method lies in the fact that one can neveube s

to extract the truth out of observations, but one will alwapsw
what the true answer is in a set of synthetic observationsdas
the simulations. Synthetic observations like we proposeldvalso
allow one to explore the uniqueness of possible solutioatsdtre
found, as different models or different parameter sets magiyce
indistinguishable synthetic observations. In this paperpresent
an extension of the MR cosmological simulations projecticivh
we will henceforth refer to as th®lillennium Run Observatory

e Extend the MR project approach by producing data products
most directly corresponding to observations, namely sfith
images and extracted source catalogs

e Aid theorists in testing analytical models to observations

e Aid observers in making detailed predictions for obseprati
and better analyses of observational data

(MRODbs). It aims to bridge the gap between the two approaches e Allow the community to subject the models to new kinds ofgest

by making the final step from realistic simulations to theeska-
tional plane. MRObs consists of a fully connected set of lsgtit
data products combined into a unique online framework trages
from the most fundamental simulations to realistic, sytithabser-
vations.

With the introduction of ‘lightcones’, the comparison beemn
simulations and observations has been greatly enhancesteth-
nigue allows one to project the galaxy distribution preelicfor a
set of discrete simulation snapshots along a virtual olesisriine
of sight, mimicking the main geometric and photometric etffe
present in deep galaxy surveys (Davis et al. 1982,11985; &aié
|1998{ Diaferio et al. 1999; Blaizot etlal. 2005: Kitzbich&White
@). However, even the lightcone approach to model-data c
parisons is still very much idealized. To illustrate thist, lis con-
sider a typical observational scenario of determining ttedles
mass function of high redshift galaxies in a multi-wavelérighag-
ing survey. Such an analysis typically begins with the etioa of

e Allow observers and theorists to work toward each other from
either direction with the freedom of where to meet

e Allow detailed comparisons with synthetic observations-pr
duced by other groups performing cosmological simulations

e Allow calibration of observational analysis methods by mgk
available synthetic data for which the entire underlyireglity’ is
known

e Extend the realism with which semi-analytic models can esfir
guestions such as what is the probability that« 10 galaxy will
be detected within a particular observational data set?

e Provide a framework for future virtual theoretical obséoviees
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1.2 Connection to previouswork

Only recently have simulations become sophisticated emdag
allow realistic visualizations of the galaxy population arcos-
mological scale. In order to illustrate the particular plathat
the MRODbs occupies within this simulations landscape, we gi
a short overview of related work in the literature. Astroriceh
image simulation software has been developed and used- previ
ously, mostly to aid in the development of data processipglpies
for new telescopes and instruments, for proposal planmndpr
testing the accuracy of specific measurement tools
[2009;| Dobke et al. 2010). Within the gravitational lensirgme
munity, it has been standard practice to use simulated dada-t
sess the accuracy of cosmic shear measureml
Heymans et al. 2006; Forero-Romero el al. 2007). Simplexgala
evolution models have been coupled to image simulators o co
pare with observations (e!g. Bouwens et al. 1999,12006)naouk
telescope data based on semi-analytic models (SAMs) areais
rently being used to investigate the significant data andnsei
challenges posed by future surveys (e.g., with the Largeo®yn
tic Survey Telescope (LSST): Connolly et al. 2010; Gibsoallet
@). The detailed morphological and kinematical stmesfuof
gas and stars have been modeled using high-resolutionp-hydr
dynamical simulations (of dark matter, gas and stars), leaup
with radiative transfer models that allow one to study the ef
fects of dust and orientation as a function of wavelengtly. (e.
Jonsson et al. 2006, 2010: Robertson & Bullock 2008; Wuys| et
12009;| Chilingarian et al. 2010; Lotz etlal. 2008, 2010). Heeve
hydrodynamical simulations of sufficient resolution arerently
too small to construct lightcones on cosmological scaléso Ain-
like SAMs, it is @ much more time-consuming process to match
N-body hydro simulations to observations after each chamgfeei
sub-grid physics modeling. As a result current hydro siniores
of the galaxy population are substantially further fromdhserva-
tions than semi-analytical models.

er

[Blaizot et al. 5) pioneered in the production of reaist
artificial telescope data based on lightcones extracte fifweir
semi-analytic model. That paper already laid out most ofitbek-
flow that we use here (see Fig. 1): dark matter particle sitioula
are used to construct halo merger trees on which a semitanaly
model is run. The output from the SAM is used to constructxgala
lightcones that are used as input for artificial telescopgiesimu-
lations. Galaxies are extracted from the artificial imagasgistan-
dard observational tools (e.g. SExtracior; Bertin & Aroli996),
and the resulting galaxy catalogs are compared to the atigim-
ulations at different levels, or to actual observationstddmnately,
however, the methods 05) were never eyeul
on a large scale, and in subsequent years the comparisordretw
SAMs and real observations has been mostly performed atite |
cone level or even at the snapshot level, thereby sidesigppany
of the details involved in analyzing real telescope datd thea
servers typically have to go through. As we shall show, harev
numerous problems in the field of galaxy evolution could fiene
from a simulation that accounts for the entire observatigna-
cess. This leads to new insights involving details that aissed
by higher-level comparisons between data and simulatBynex-
panding on the basic ideas of Blaizot et al. (2005), the MRins
at making this possible.

(© 2012 RAS, MNRASD00, [IH21

1.3 Why theMillennium Simulations?

Although in this paper we lay out the motivation and framekwor
for producing synthetic data from cosmological simulasiongen-
eral, the MRObs is based around the suite of MR simulations.
Through the combination of simulations volume and partiele
olution, an active development of semi-analytic modelsl, @mon-

line database providing access to numerous data prodoetd]R

is ideally suited for most of our purposes, as follows.

(1) Volume and resolution: The MR has an almost ideal com-
bination of volume and particle mass resolution suitabtefaide
range of applications. The resoluffbis sufficient to identify the
> 5 x 10" M, halos believed to host faint galaxies at very high
redshifts [(Ouchi et al. 2005%; Overzier et al. 2006), whileking
significantly down the stellar mass function with good stits at
lower redshifts. The volume is large enough to probe a vedewi
range of environments. The MR contains about 3,000 clsted
objects at = 0, of which about 25 are of the Coma-type (i.e., more
massive tharl0'® Mg). The formation of all these systems can
be traced back to very high redshift for detailed studieslagter
formation (Overzier et 4l. 2009a). The large volume is alsmial
for constructing synthetic galaxy surveys covering manase de-
grees without significant replications_(Kitzbichler & Wéi2007
BML&MWMZMMQAM&UMMOQ

More recent dark matter simulations have been performed.
The MultiDark simulations span a®&x larger volume but with
a 10x lower mass resolution compared to the Nimdsﬂet al.
). The Bolshoi simulations havel@x higher mass resolu-
tion, but are8x smaller (Klypin et all 2011). Neither simulation
has yet released semi-analytic galaxy catalogs that canséeé u
to compare with actual observations. The somewhat limitadsm
resolution of the MR has recently been extended by two orders
of magnltude through the MR-II simulation (Boylan-Kolchenal.
). This simulation is extremely useful for further iraping the
semi-analytic model that can then be re-applied to the malgviR
simulation (Guo et al. 2011). The somewhat limited voluménef
MR has also recently been extended by two orders of magnitude
through the Millennium XXL (MXXL) simulation [(Angulo et al.
@), useful for studies of the rarest, most massive ohjétw-
ever, for the generation of mock lightcones, the MR is cutyen
still our preferred simulationl@5 x larger volume compared to the
MR-Il and 7x higher resolution compared to the MXXL).

Recently, it has become possible to re-cast the suite of
MR simulation results in more updated cosmologies relative
WMAP1 thanks to the re-scaling technique hite
(2010, se¢Z13).

(2) Semi-analytic models: As we will show, the Guo €t al.
dZTli) semi-analytic model applied to the MR is key to pradgc
our synthetic observations. This model gives detailed iptieths
for the evolving sizes and spin axes of the stellar mass iksdis
and/or bulges that are crucial for calculating angularssibelge-
to-disk ratios, inclinations and position angles.

(3) MR database: The dark matter and galaxy cata-
logs of the MR project and related simulations have been
made widely accessible to the community through the MRDB
(Lemson & Virgo Consortiufi 2006). Interested users can yjuer
the data in this database through various online servideg s&n-
dard Structured Query Language (SQL). Regular updateseto th
MRDB holdings provide public access to the latest modelltesu

1 Full convergence between the MR and the much higher resaliR-11
simulation is neat 0! M.
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ensuring that anyone can analyze the MR data and use itésresul
in their publications. We have now added to this system oor sy
thetic imaging data and extracted source catalogs thatearolss-
correlated with the underlying simulations data in the MRDB

In summary, despite the age of the original MR (Springel &t al
), more recent dark matter simulations do not yet peovid
equivalent data sets or the infrastructure required foeldging
a facility such as the MRObs.

1.4 Thispaper

In this paper, the first in a series comparing theory and ebser
tions in the observational plane, we lay a framework for prag
synthetic data from cosmological simulations, describe roain
methods for future reference, present a number of user dgamp
and announce the public release of a large number of sindulate
surveys (synthetic images and catalogs). We also presenusa
new online services that allow one to interact with the sgtithob-
servations and the underlying lightcones, semi-analylexy and
dark matter catalogs in the MRDB. The structure of this paper
as follows. In§2 we will present a concise overview of the MRObs
and describe in detall all the steps that are needed in oodgo t
from a pure dark matter simulation and semi-analytic gakzata-
log to producing realistic synthetic observations§&we present

a detailed simulations example focusing on our synthetages
produced for the on-going CANDELS HST program.ghwe il-
lustrate the new types of questions that can be asked of tHebdR
through a number of examples related to galaxy and galaxyeriu
evolution. In§5 we present the public data release and the inter-
active online tools we have developed.§B and§7, respectively,
we present a brief outlook to future developments relatethéo
MRObs project and summarize our results.

2 STRUCTURE OF THE MILLENNIUM RUN
OBSERVATORY

The MRObs makes available a fully interconnected set of data
products covering the entire chain from dark matter sinmmet

to synthetic observations and extracted data. In the MR€dsh
subsequent step uses data products produced by previqss ste
and almost all the data products are available for intetioga
and public download for further analysis. A schematic oiew

of this process is given in the workflow diagram in Hig. 1, veher
rectangles indicate an action and tilted rectangles reptegata
products that in each step can be linked to products elsewher
along the chain. The main steps are:

1. Dark matter particle simulation (DM density fields)
2. Identifying of friends-of-friends (FOF) groups

3. Identifying (sub-)halos

4. Constructing halo merger trees

5. Applying semi-analytic galaxy models

6. Observing galaxies on a synthetic light-cone

7. Producing synthetic telescope images

8. Extracting sources from synthetic images

In this section we will describe each of the steps in moreildeta
focusing on the newly developed components that are moshess
tial to bridge the gap to real observations (steps 6-8), afat to
other work for the components described in detail elsewfsteps
1-5).

2.1 TheMillennium suite of dark matter simulations

The evolution of the dark matter distribution with time is
believed to be mainly driven by the initial matter power spec
trum, gravity, and the expansion rate of the universe, and
can be taken either from directV-body simulations (e.g.
Davis et al.| 1985] Jenkins etldl. 1998: Springel et al. 20@5),
from (semi-)analytically constructed dark matter haloesre
(e.g. |Press & Schechterl 1974t _Kauffmann & White 1993;
Lacey & Cole |1994; | Somerville & Kolatt| 1999] Sheth et al.
[2001;[Neistein & Dekél 2008). In the suite of cosmologicahisi
lations centered around the MR project, the dark matter Isitiom
was performed with versions of the cosmological simulatiode
Gadget [(Springel et Al. 2005). The suite of simulations isons
of (1) a 2160 particles simulation with particle mass6 x 10°
h~" Mg and periodic box length of 508~ Mpc I.
[2005), (2) a 2160 particles simulation with mas&9 x 10° 4"
Mg, and periodic box length of 100~ Mpc (the Millennium-Il
(MS-I1); Boylan-Kolchin et al.[ 2009), and (3) a 672(articles
simulation with mas$.2 x 10° h=! M and periodic box length
of 3h~! Gpc (the Millennium-XXL (MXXL);/Angulo et al[ 2012).
All simulations follow the gravitational growth as tracey these
particles fromz = 127 to 0 in aACDM cosmology (2., = 0.25,
Qpr = 0.75, h = 0.73, n = 1, og = 0.9) most consistent with
the Wilkinson Microwave Anisotropy Probe (WMAP) year 1 data

(Spergel et 2l._2003). The dark matter particle distrimgiovere

stored at 64 discrete epochs (‘snapshots’).

2.1.1 Scaling of cosmological parameters

The suite of MR simulations were performed using the nowadisf
vored WMAP1 cosmology. While the lower value @f preferred

by the more recent WMAP7 data will cause the growth of dark
matter structure to be delayed with respect to a WMAP1 cosmol
ogy, its effect on galaxy formation models is less straighward

to infer. Running simulations with multiple cosmologiesaigme-
consuming process. Instead, the MRObs project uses a Itecknt
nique introduced by Angulo & White (2010) in which the output
from a cosmologicalV-body simulation in one cosmology (e.g.,
WMAP1) can be scaled to represent the growth of structur@in a
other cosmology (e.g., WMAP7). Tests comparing dir¥ebody
simulations done in two cosmologies with a simulation thasw
scaled from one to another cosmology show that power spectra
are reproduced to better than 3% at all scales. In the MRQ#bs th
technique is applied to halo catalogues. Properties suchaass,
concentration, velocity dispersion and spin are scaledreeo-
duced at about the 10% level or better (Angulo & White 2016%(s
alsd Ruiz et al. 2011). Guo etlal. (2012) give the propertisgmi-
analytic galaxies in the MR and MR-Il scaled to the WMAP7 cos-
mology.

© 2012 RAS, MNRAS0O00, [THZ71
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Figure 1. Schematic overview of the Millennium Run Observatory wawfl The blue rectangles indicate an action, while the réettitectangles represent
data products that in each step can be linked to producteleése along the chain. Thick arrows indicate that there aextlinks between data products,
while thin arrows indicate that indirect links can be madmgi€ross-correlation. Dashed lines link products to astirom which they result, or by which
they are used. Shaded rectangles indicate products onsttiat have been updated or are introduced in this papérddirst time. The workflow starts with
an N-body dark-matter-only simulation (s¢€.1). Dark matter particles are grouped together usingeads-of-friends group finder and decomposed into
halos and sub-halos using a halo-finder algorithm {&€8). This results in positions, velocities, spin vectard enasses of dark matter halos in an evolving
ACDM universe. A dark matter halo merger tree is constructetistored in a database. Optionally, a scaling of the coggi@abparameters can be applied
to the halo merger tree (s¢g.1.1). The merger tree forms the backbone for a semi-anatyddel of galaxy formation that tracks the growth of gadexi
inside halos based on simple recipes for, e.g., gas coatagformation, supernova and AGN heating, gas strippind naerging between galaxies ($g£3).

In each time step or snapshot, the resulting physical ptieseof each galaxy in the semi-analytic galaxy populatica wsed to select appropriate stellar
population templates from a library of spectral energyritigtions to model the rest-frame, dust-attenuated spectcolours of each galaxy (s§2.3.2). A
pencil beam-shaped ‘lightcone’ is carved out through thauation volume using a modified version of the code MoMalgaimg only galaxies from those
snapshots that correspond to the cosmic time at the co-galigtances along the line-of-sight in the observer’s fraihesference (se§2.4). Multi-band
apparent magnitudes are calculated and corrected forgtmsoby neutral hydrogen in the intergalactic medium (§&&). This lightcone is then projected
onto a plane giving virtual sky positions for each galaxyemis of right ascension and declination. The positiongehesizes and observed-frame apparent
magnitudes are used to build a ‘perfect’ pre-observatioagienof the sky using a modified version of SkyMaker (§&8). The perfect image is fed into the
telescope simulator that applies a detector model (pixaksceadout noise, dark current, sensitivity, gain), alskgkground model, PSF convolution, and
Poissonian object and sky noise for a particular surveyrieem (see§2.6.3). The MRObs produces a realistic, synthetic telesamage in. f i t s format

for further scientific analysis. Source Extractor is run lo@ simulated image and the output catalogs can be analyzéobans to the catalogs constructed
from real observations (s€2.1).

2.2 Dark matter halos (Davis et all 1985) with a linking length parameter equal be o
fifth of the mean inter-particle separation. Within each Hf#o,

The MR simulations output the dark matter phase-spaceitlistr self-bound substructures are identified using the SubRgatithm

tion at 61 different epochs at < 60. The spacing between these MILZ_DQD.

outputs is roughly equal in the log of the expansion factoec- For each subhalo, at each output time, a unique descendant in

ically, ~300 Myr for z < 2 and=a100 Myr for z > 6. In each subsequent snapshots is assigned as the subhalo whicmsdh&a

of these snapshots, DM haloes are found using a FOF algorithm majority of the most bound patrticles (slightly differenffidéions

(© 2012 RAS, MNRASD00, [IH21
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have been used among the different Millennium simulatioRs)
nally, these pointers are arranged in a tree-like datatstreigvhich
allows to access the full mass evolution of a given objecossr
time. This structure — a halo merger tree — represents thébae
and starting point for our post-processing simulationsaddigy for-
mation.

2.3 Synthetic galaxy catalogues
2.3.1 Semi-analytical galaxy formation models

The N-body simulations used in the MRObs follow dark matter
particles only. To add predictions about the baryonic auntd
the model universe, we rely on an approach that generallg-is r
ferred to as semi-analytical modelling (SAM) (

11991;| Kauffmann et al._1903; tal
[1999:[ Somerville & Primack 1999; Kauffmann 000;
'Somerville et al L29_¢1l_Spung§LelldL_2bd:L._HaLth;éﬂ_aID_3zo
IKang et al. 2005; Cattaneo ef al. 2005, 2006; De Lucia & Blaizo
[2007;] Monaco et al. 2007: Guo etlal. 2011; Somerville Bt 81220
and references therein). Using simplified descriptiorec{fye’) for
the baryonic physics, these models follow the evolution hef t
galaxies within the skeleton provided by dark matter halagne
ing trees defined in the previous steps. These recipes imgad
cooling, star formation, reionization heating, supernfaedback,
mergers, black hole growth, metal enrichment and feedbaxch f
active galactic nuclei. The recipes are constrained byl loloser-
vations and by physical insight.

This technique is much less computationally expensive than
adding full hydrodynamics to the basic simulations. Oneetthck-
bone formed by the dark matter structure has been estat/itie
semi-analytic modeling of the galaxies can be repeated rilcu@s
in order to find the recipes and parameters that are requiredtch
the observations.

The MRDB (Lemson & Virgo Consortium_2006) contains
galaxy catalogues from two SAMk; GALAXI ES, created at the
Max-Planck-Institute for Astrophysms in Garchl

2001;| Croton et al. 2006:

g (Spehet al.
07; Bertonelét a
[2007;|Guo et all_2011), anGALFORM created by the Univer-

sity of Durham [(Cole et al. 2000; Benson eflal. 2003; Bauglhlet a
[2005] Bower et al. 2006). Compared to earlier models, ats@st

in the MRObs, the latest version of the Munich model by
IGuo et al. |L2_Q1|1) that we focus on here, includes improved pre
scriptions for supernova feedback, gas stripping, galagyging,
and bulge formation (see Croton etlal. 20 & Blhizo
2007;/ Bertone et al. 2007; Guo efal. 201.1; Henriques!et 412 20
for successive versions of the Munich model applied to the. MR
The output of the SAM is stored for each of the 64 snapshats, th
sampling the evolution of the galaxy population every feWw Lyr.
The SAM calculations, however, are computed on a finer gnid co
sisting of 20 steps of about 10 Myr each between each pairagf-sn
shots. This ensures that the properties of galaxies arelgtbde
time-scales appropriate for a wide range of star formatistoties,
including brief bursts of star formation that may happendtween
snapshots.

The galaxies resulting from the semi-analytic model ndiyra
span a wide variety in star formation histories (SFHs),espond-
ing to the different gas accretion and merger historiesdif/idual
galaxies. The relational database of the MRODbs allows uscon-
struct these SFHSs in great detail. It is important to keep indm
the distinction between the SFH of the galaxy that forms thém
branch in a galaxy merger tree, and that of the stars in alptbe

0.4

[Bew gy] J - B swel-1sey

'
o
n

60

Figure 2. The merger history of a single galaxy selected from the MRe Th
dark matter halo properties stored in a database are usiee lbadkbone for
a semi-analytic model of galaxy formation that tracks ttengh of galaxies
inside halos based on simple recipes for, e.g., gas coaliag formation,
supernova and AGN heating, gas stripping, and merging legtvgalax-
ies. In each time step or snapshot of the simulation, thdtieguwhysical
properties of each galaxy in the semi-analytic galaxy aelts select ap-
propriate stellar population templates from a library ofctpal energy dis-
tributions to model the rest-frame spectra or colours ohegaxy. In the
example shown here, the colour coding indicates the restdtg’ —r') 4
colour of all the galaxies that are part of the merger tree sihgle galaxy
selected in the simulation snapshot 63 0), starting from 10 £ ~ 12).
The other two axes show the 2D positions of these galaxidseirsimula-
tions volume.

genitors of a descendant identified at some snapshot. Asshpw
De Lucia & Blaizot (2007) this typically results in large fdifences
between the time it took for the stellar mass to be formedti
tion time’) and the time it took for that mass to assemble ato
single galaxy (‘assembly time’). An example is shown in .
showing the stellar populations of all the different braeethat
form the merger tree of a single galaxyzat= 0. When observers
study the star formation history of a particular galaxy sedd at
some redshift, they do thus not necessarily study the SFHsof-a
gle galaxy, but rather the SFH of all its progenitors (wedghby
stellar mass).

Similar to real galaxies, galaxies in the MRObs span a very
large range in SFHs. In Fifll 3 we show the average SFHs for star
forming and quiescent galaxies in the MRObs. These SFHs were
determined by summing the SFRs of all the progenitors of 100
galaxies selected at~ 2. For systems having SFRs ofl0 M,
yrtand M., ~ 10'° M (e.g., similar to Lyman Break Galaxies,
LBGs), the SFHs are rising (blue line in F[d. 3), roughly as de
rived from observations of LBG$ (Papovich etlal. 2011). Rars
tems having SFRs o£10 My, yr—! and M. ~ 10" Mg (e.g.,
similar to Distant Red Galaxies, DRGSs), the average SFHihapi
declines afte: ~ 5 (red line) analogous to the best-fit SFHs of

DRGs observed (e.f. Kriek et/al. 2006).

© 2012 RAS, MNRASO00, [THZ71
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Figure 3. The average SFHs of star-forming and quiescent galaxies ide
tified in the SAMs atz =~ 2. The LBG-like systems (blue line) show a
rising SFH, analogous to that derived from observati

[2011, dashed line). DRG-like systems have SFHs that shdealyne after
z &~ 5.

2.3.2 Multi-wavelength model predictions

SAMs predict physical properties of galaxies, such as thil
lar masses, ages, metallicities, and gas content. One conap

of testing the models is to compare them to the same physical

properties derived from the SEDs of observed galaxies. At th
least, this approach depends on having well-establishexsune
ing techniques and accurate stellar population synthesidels
(seemmm. In practice, this sort of analysis tgfbycin-
cludes numerous assumptions, and certain features of tadem
can never be recovered from the observations in full (engir £x-
act star formation history or dust attenuation). In the MRGte
application of stellar population synthesis models and ce@pes
allow one to make detailed spectro-photometric predistion the
model galaxies by adding up synthetic spectra correspgridithe
different generations of stars that these galaxies coniat any
moment. The great predictive power of SAMs in terms of the ob-
servable, photometric properties of galaxies is in large pased
on the spectral synthesis modeling of the stellar popuiatlzeing
formed in the semi-analytic model galaxies according tor BERs
at any given time (see Figl 2 for an example of a typical gglaxy
The predicted multi-wavelength properties of galaxiesetep
on the spectral synthesis model used. These models arattyirre
still affected by gaps in our understanding of stellar etiohu
(e.g., se 09), preventing us from makingrina
biguous predictions for the main galaxy observables. Twd-we
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Figure4. The choice of stellar population synthesis model affe@<tiour
distributions of galaxies. We illustrate this by showing thptical-infrared
colour-colour diagrams for galaxies at~ 1.9 selected from the light-
cones modeled using BC flot 2003, left pPaaedl using
MO05 M-S right panel). Galaxies are colour- doaier:ordlng to
thelr mass-weighted age (see legend on the right). See _aisas

, Fig. 2 in that paper). The MRODbs offers the choice bemdlfferent
spectral synthesis models.

12007;|Guo et al. 2011; Henriques etlal. 2012), and we note that
in calculating the extinctions, a random inclination wasigised

to every galaxy to determine the extinction relative to theefon
value (assuming a slab geometry). It is important to noté tthe
dust modeling in semi-analytic models is currently perfediin a
highly simplistic manner. Even though models have showneto b
fairly successful in reproducing the overall colours of évelving
galaxy population in some bands, a more realistic treatroktiite
effects of dust could easily alter the spectral energyidistions of
certain galaxies at any given time significantly.

The significant uncertainties in the stellar populationtbgsis
models and the dust modeling techniques limit us in prodpain
curate models of the real universe. For the same reasonsvhow
they also limit our ability to derive exact physical quaiettfrom
real observations. At the very least, the MRObs will thusvalbne
to test the accuracy of current techniques designed toatxiheys-
ical quantities from a given set of broadband magnitudeghén
future, the highly modular approach of the MRObs (see[Figyill)
make it straightforward to add alternative or improved niede

In the current version of the MRObs, the SFHSs, stellar synthe
sis models, and dust extinction models mentioned abovesa@ u
to generate multi-wavelength filter catalogs (

2011 -) These catalogs cover the FUV to the mid-IR as ob-
served by major telescopes and instruments (Table 1). Tiee fil
bandpasses are illustrated in Hiy. 5.

2.4 Lightconeconstruction

The snapshots of data (in time or in redshift) that are preduzy

known synthesis models implemented in the MRObs are those by numerical simulations present an idealized view of the \aéxg|

Bruzual & Charldtl(2003, ‘BC03') and Hy Marastdn (2005, ‘Mp5
These models are illustrated in Fig. 4, where we show therobde
K-4.5m vs. B-K colour-colour diagram for galaxies at~ 2
in our simulations. The M05 model shown right predicts digni
cantly redder colours compared to the BC03 model shownédst,
pecially for galaxies between 1 and 2 Gyr in age (for disaussee
Tonini et all 2010; Henriques etlal. 2011, and referencesiine

We model the effect of dust on the predicted colours and mag-

universe that is different from data resulting from obsgore of
the extra-galactic sky. In order to allow for more realisticl direct
comparisons between the model predictions and obsergatica
construct so-called ‘lightcones’ in which galaxies thatreveim-
ulated at discrete snapshots are re-arranged in order tacrttim
relation between the distance along an observer's Iinegd;itsind
cosmic time as accurately as possible (e.qg.

Blaizot et all 2005; Kitzbichler & Whi t-tm_ield@@j}

nitudes using the dust treatment recipe detailed in Guo &&Vhi

IGuo & White [2009;| Overzier et al. 2009a; Teyssier etial. 2009;

(2009) (see alsb_De Lucia & Blaizét_2007;_Kitzbichler & White

(© 2012 RAS, MNRASD00, [IH27

ICarlson & White 2010; Henrigues et al. 2012).
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Figure 6. The construction of the lightconekeft panel: The lightcone is constructed by replicating the simulatiax until the co-moving distance corre-
sponding to the desired limiting redshift is reached. Iis thiample, the original co-moving size of the MR simulatieextended from 500 Mpc/h 87000
Mpc/h, corresponding te ~ 10 for h = 0.73. A conical volume is carved out from the volume that has noenbexpanded through the box replication
process, and galaxies are selected from the overlap betiveeonne and the replicated volume. In order to model thésalbetween co-moving distance and
redshift, at any point along the cone galaxies are selectbdfimm that snapshot that is closest in redshift to the mreasponding to the co-moving distance
along the line-of-sight. We do not interpolate over phylsmraperties of the galaxies (they are assumed to be rdlatbanstant between two consecutive
snapshots), but apparent magnitudes and colours areatdtg, to make sure that galaxies have the right valuesiéar tedshiftsMiddle panel:The starting
position and orientation of the lightcone through the sitioh box can be chosen such that the entire replicated ohan be constructed out of conical
segments (drawn in blue and yellow) drawn from the origirilimne without passing through any region twice. Differesi¢ws’ of the simulated universe can
be created by changing the starting points or orientatidéiseocones. Narrow pencil beams can be constructed out yogh redshift without replications,
while very wide-field surveys can be made by keeping the ilgitedshift low. Much larger volume surveys can be gendriitthe scientific application of
interest allows some degree of replicati®ight panel:Multiple lightcones can be extracted from the simulations by choosing different starting positions
(the position of the observet, = 0) and orientations (specified by the two angle®). The 24 ‘field’ lightcones fro Mblz) eadgth an
opening angle of.4° x 1.4° are indicated.

Ll OALEX [Blaizot et al.[(2005). Because of its importance to the MR®bse
5 we give a short review of the technique, and describe a useoef M
= o5 MaF that allows us to create lightcones aimed at specificctdjef
0.0 interest in the simulations and which is specially devetbfue the
0.1 0.2 MRObs.
Lok GALEX
¥ el
0.0 2.4.1 Summary of our lightcone method
0.1 02 03 0.5 1 2 3 ) . )
e = The MR predicts the detailed properties of the dark mattertha
- LoF galaxies it contains for a closely spaced set of snapshatsatie
= o5k sufficient to compare with observations from= 0 to the high-
0.0 est redshifts currently observed. In principle the simate box
02 03 0.5 probes a sufficiently large volume to construct large peinedm
surveys. For example, the total simulations volume of (500
2 LoF Mpc)? is equivalent to that probed in a pencil beam survey out to
=05k ! z = 10 and measuring 4 square degrees on the sky. On the other
0.0 PR s i i hand, the co-moving distance to= 10 of ~7,000h~* Mpc is
03 05 1 2 3 5 much larger than the side of the simulations box of 500 Mpc
Wavelength (m} (900A~! Mpc when taking the diagonal through the box).

. MS) suggested ‘replicating’ the simuast

Figure 5. Examples of filter sets currently available in the MRObs:cepa
based UV (GALEX, HST WFC3-UVIS), ground-based optical ([@ain,
SDSS, VIMOS), space-based optical (HST WFPC2, ACS), grdased
near-IR (Johnson, VISTA), space-based near-IR (HST NICM@EC3-
IR), and mid-IR (Spitzer/IRAC). Typical model galaxy specatz = 0,
z =1,z = 2, andz = 4 are shown for reference (black curves).

In this paper we use lightcones introducem etal
@), to which we add structural properties, and a set of ne

lightcones pointed at specific objects. These lightcone® \ailt
using a version of the Mock Map Facility (MoMaF) code of

box along an artificial observer’s line of sight until the rimaMm
co-moving distance desired is reached, and then extraatoun-
ical pencil beam out of the enlarged volume. They explairt tha
care must be taken to avoid ‘perspective effects’ causee ica-
tion of the same part of the universe in certain directionkeY&as
[Blaizot et al. MS) solve this by adding random rotationsl a
translations of the boxes, thereby introducing discoiitiiesiin the
galaxy distribution! Kitzbichler & White| (2007) showed thior
certain orientations of the lightcones through the MR bosa for

a small enough opening angle of the cone, the lightcone can be
constructed without passing through any region of the satrarts
twice (or at least ensuring that copies are widely sepaiiateeld-

© 2012 RAS, MNRAS000, [THZ71
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Figure 7. Lightcone construction further explaineteft panel: The lightcone in the expanded co-moving coordinate fraifiedle panel: Projection of
the lightcone onto a virtual celestial spheRight panel:Galaxies in the lightcone as seen projected on the sky. Thwircbar on the right illustrates
which particular snapshot was used to populate each of ffexatit sections along the lightcone. For clarity, we onligt ghe lightcones out ta ~ 0.3
(snapnum= 52). In reality our lightcones extend to beyond= 10 following the same procedure.

volume and without passing through any region of the boxewic

%m (as illustrated in the middle panel). Many pencil beam sys\v@n

© be constructed from the MR by changing the angles or therooifyi
the cone (right panel).

= Besides these geometric considerations, one must takiakpec

< care that each galaxy is seen at the evolutionary phase ahd wi

© the photometric properties corresponding to its redshifihg the
lightcone. In the MR, snapshots are separated-thp0—-400 Myr,
meaning that the evolving galaxy population is sampled ialyfa

gﬂ frequent intervals out to very high redshifts. Higj. 7 ilhases how

e we connect data from many individual snapshots to obtaivaive
ing galaxy population as a function of co-moving distanaeréal-
shift) along the lightcone. Each section consists of thadaxies

o having redshiftSz; + zi+1)/2 > 2z > (z; + zi—1)/2), wherez;

= is the redshift corresponding to snapshofhe physical proper-
ties that these galaxies have are then also those they haven
shoti. Because the large-scale structure does not evolve rapidly

< between snapshots, it is safe to neglect any changes augumnri

) the distributions of galaxies. However, due to the reldyigparse

© number of snapshots, especially at very high redshifts,haseto
be aware of the fact that there may be discontinuities or gisim
in the absolute numbers of sources as one moves from one light

gﬂ cone section to the next. The physical properties of thexgeda

w can also fluctuate heavily between snapshots, but as longes o

is interested in the evolution of the global population ttés be

32 34 Redshift 56 38 60 safely ignored|(Kitzbichler & White 2007). However, in ord®

ensure that ‘observed’ galaxy properties are correctiteelto red-
Figure 8. Detail of a lightcone from Henriques ef dl. (2012) shown ie th ~ Shift we perform small interpolations of the observed-feamag-

redshift versus declination plane. Galaxies plotted h&¥®$Z-band mag- nitudes, shifting each galaxy in both redshift and lumitoslis-
nitudes of < 26.5 (AB). The range in right ascension was limited to  tance from the snapshot corresponding to redshitb the redshift
+0.1 deg for easier viewing. at which it actually appears on the lightcone (Blaizot eR&I0%;

Kitzbichler & White[200¥). In addition to this step, we makerc
rections to the observed magnitudes due to absorption biGikle

shift if replication occurs). It is the latter method that uee for all (seef2.5).
pencil-beam light cones in the MRObs. The final step required is to project the cone onto a virtual
We illustrate the box-replication process in [ify. 6. In thag sky seen by a fictitious observer placed at the center of tlesce
on the left, a virtual lightcone is drawn in a much enlarged MR tial sphere (middle panel of Fif] 7). It is now straightfordiao
volume constructed using the box replication method. Tleno assign WCS coordinates (right ascension and declinatioeyery
angle of the cone, its origin and angles of intersect wittottiginal object in the cone (see Kitzbichler & White 2007). The prigec
MR box are chosen such that every cone segment (indicated bylarge-scale structure can be seen in the sky distributiogat#x-
the blue-yellow segments) can be extracted from the ofligiti ies plotted in the right-hand panel of F[d. 7. Now that we know

volume in such a way as to almost cover the complete simulatio both the sky coordinates and the redshifts to every objecigathe

© 2012 RAS, MNRASO00, [IHZ7
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Figure 9. The effects of galaxy peculiar velocities on the apparetishéts of galaxies in the lightcone. The top panel showdir@on vs. the geometric or
cosmological redshift for galaxies in and near a massivaxyatluster at: ~ 0.4. The bottom panel shows the redshift-space distortionsbarereer would
see due to the peculiar velocities of galaxies moving thindhe gravitational potential well of the cluster.

lightcone, we can show the details of the large scale streithat 2.4.3 Inclinations and position angles
would be probed in a deep pencil beam survey as it would appear
in a large galaxy redshift survey out to~ 8. In Fig.[8 we plot

the redshifts of objects versus their declination on thefekyne

of thelHenriques et al. (2012) lightcones. Points repregalaixies
havingz’-band magnitudes brighter than 26.5 (AB) mag.

One of the unique features and key science drivers of the MROb

that it aims to produce detailed predictions for the obstgadaxy

population without having to make assumptions that are npt s

ported or naturally accounted for by the model. The SAMs.ided

in the MRODbs allow us not only to predict morphologies an@siz

of galaxies, but also their inclinations and position asgie seen

by a virtual observer. The latter are derived from the od&ah of

the galaxy as defined by the angular momentum vector of its ste

lar disk. The SAM that we use here tracks the change in thé tota

angular momentum vector of both gas and stellar disks. Neswv ga

2.4.2 Aiming at a specific object condensing within a halo is assumed to carry the specificlangu
o momentum of that halo. The total angular momentum change of

We have made a small modification to the MOMAF code that al- a5 gisks in each time step is the sum of the change in angular

lows for the construction of lightcones not only in arbifratirec- momentum due to gas condensation, gas accretion and gas that

tions as described above, but to also ‘aim’ a lightcone shahit transformed into stars. The change in total angular momerti

crosses through a specific point of the MR box at a specific co- gtg|jar disks is given by the change in angular momentum due t

moving distance (or redshift) from the origin. This new teicjue gas that gets transformed into stars in each time step.
enables us to model observations toward specific objecegarns

by choosing a location within the simulations volume at oeé-r As a consequence, the SAM predicts not only the spatial po-
shift and ‘observing’ it within a lightcone with origin at ather sitions but also the orientations of all galaxies with resge the
redshift. Obvious uses of this technique are to study theapp three-dimensional, co-moving, Cartesian coordinateesysif the
ance of a particular galaxy cluster selected at 0 and observed simulation box. From this we can then calculate the obseived
atz = 1, or to study thez = 0 descendant of a halo (or galaxy) clinations and position angles of each galaxy based on tgkesn
selected at = 6. It is important to take into account the peculiar between the line of sight of our lightcone and the simulatior.

velocities of galaxies when constructing the lightconethag can Our method ensures that the orientations of galaxies in tRObs
heavily distort the observed redshift distributions, esgléy in the are, atthe very least, physically motivated. This allows tmstudy
vicinity of massive objects such as galaxy clusters (sed%ig in detail if the MR predicts any observable correlationsiesn the

The MRDB allows one great flexibility in selecting such tar-  orientations of galaxies, their parent halos or the lag@esstruc-
gets, and even allows one to the define the complete geontetry o ture. Such models are also suited for, e.g., conducting tieyp
the light cone in a single SQL query. Our new lightcone aiming ness tests as a function of inclination, for testing galaxycsure
technique thus greatly enhances the application of the MRuto decomposition codes, and for paving the way for more elabpra
merous new problems. Examples related to galaxy clustdrbevi orientation-based dust screening models that may be inguitad
shown in§4.2. into the SAM at a later stage.

© 2012 RAS, MNRAS0O00, [THZ71
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25 |IGM absorption models

The spectra of galaxies short-ward of 1246in the rest-frame
are primarily affected by photoelectric absorption by tleaitnal
hydrogen associated with dampedalLgbsorbers (DLAS), Lyman
Limit Systems (LLSs), optically thin systems, and resoraline
scattering by the Ly forest along the line of sigﬂt This ab-
sorption affects the magnitudes and colours of galaxiesrobg

in bands corresponding to these rest wavelengths. Theggtren
and shape of this so-called ‘Lyman Break’ depend on the i&dsh
of the source, the intrinsic source spectrum, and the digtdns

in redshifts and optical depths of the absorbing systemsrin
der to ensure that these effects are properly accounteah fibrei
MRObs lightcones, at least in a statistical manner, we hanpde-
mented three different models for the IGM absorption. Wévide
two models based on the recent IGM transmission calculgtign
(2006, ‘MEIKSIN') and_Inoue & Iwatal (2008, ‘INOUE-
IWATA) that are conveniently made available in code form by
Harrison et al.|(2011, GM r ansni ssi on). We also include the
IGM transmission model m%, ‘MADAU’) that is $til
the most widely used in the literature today even though & ha
been shown to significantly over-predict the absorptiorin'leZ—

12168 range compared to the updated models etal.

11999; Meiksif 2006 Inoue & Iwata 2008).

For an intrinsic galaxy spectrurfy,, the attenuated spectrum
observed will be of the formfx. = fx - e~ 7N where the
effective optical depth of the IGM transmission functiomdae
taken from any of the three IGM models. In Fig] 10 we show the
mean transmissions for sources at different redshifts MABAU
model implies significantly less transmission than the othedels.

In the current release of the MRObs, the IGM absorption
correction is calculated only after the filter magnitudes eom-
puted. We approximate the spectral shape within the filter re
sponse with that of a 100 Myr old, continuously star-forming
solar metallicity stellar population modeled using Stask®0
(Leitherer & Heckman 1995). For most practical purposes (i
the case of galaxies with significant far-UV emission fronoaryg
stellar population), this is a reasonable assumption, amdaete
that the same assumption is typically made by observers wihen
terpreting the broad-band colours of high redshift drogaiaxies
(e.g/Bouwens et &l. 2003). In any case, the corrections tisigo
nificantly change when assuming a 3 Myr old instantaneous low
metallicity starburst model(0.05 mag change). Although refine-
ments to this method will become available in the MRObs in the
future, users can already also apply their own IGM correstidi-
rectly on the unattenuated lightcone catalogs that we geoaind
then use these as the basis for their own image simulati@mmBe
the inclusion of the IGM attenuation is so important for ¢iegre-
alistic mock catalogs and images in the MRODbs, a brief reaéw
the MEIKSIN, INOUE-IWATA. and MADAU modeling recipes is
given in Appendix A.

2.6 Construction of thevirtual telescope data
2.6.1 Galaxy models

Now that we have obtained all the necessary informatiorapert
ing to the positions, sizes, viewing angles, bulge-to-dédlos, and
IGM-corrected magnitudes across different filters, we agpupate

2 In our model approximations we neglect the much smallerrimriton
from intergalactic metals and He absorption.

(© 2012 RAS, MNRASD00, [IH27
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Figure 10. Attenuation of the UV continuum short-ward of &ydue to neu-
tral hydrogen along the line of sight, which affects the cefoof high red-
shift galaxies. Panels show the average transmission dGtheaccording
to the analytic approximation given -995 bluehddscurves)
and the more recent Monte Carlo modeling techniqu

black solid curves) armm)os red dotted cs)r¥er exam-
ple galaxies at = 1 (top panel),z = 3 (middle panel), and = 5 (bottom
panel). The MRODbs offers the choice between the differeM i@plemen-

tations.

simulated images with galaxies. We follow a two-step precEsst
we simulate noise-free galaxy profiles projected onto a 2Bgin
plane at very high pixel resolution using a modified vefiof
Skymaker9). We will refer to the result of thi®pess
as the ‘perfect’ or ‘pre-observation’ image. Once the pariimage
has been made, it is straightforward to apply all the obsienal
effects such as the PSF, binning, sky background, and rmisey
type of observation. This last step is done using our ownocuoist

codél

In line with thel.l) semi-analytic predictipns
galaxies in the MRObs are composed of an exponential praifile
the disk (D) and a De Vaucouleurs profile (S) for the bulgerif)a
each having a surface brightness profileR) in mag arcsec?

given by:

ps(R)

o (R)

—+

+

m — 2.51log,,(B/T) + 8.3268(R/R.)"*

5log,o(Re) — 4.9384 Q)
m — 2.5log,,(1 — B/T)
1.0857(R/Ry) + 5log,o(Rn) + 1.9955, @)

wherem is the total magnitude (mag /7 is the bulge-to-total
ratio, R. is the bulge half-light radius (arcsec), ait), the disk

3 We optimized Skymaker for dealing with very large inputdigh .csv
format provided by the MRDB, and for generating extremetgdaimages.
4 Although Skymaker was specifically designed to handle pspread
function convolution, sky backgrounds, and simulatingedgdr noise, for
various practical reasons we do not currently make use sfftimctional-
ity but use our own custom IDL and Python codes for these siépise
simulation.
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scale height (arcsec). Skymaker builds these profiles gutiesll
shapes at pixel position’ = z — z., ¥y’ = y — y. projected on
the sky with position anglé and inclination¢ according to (see

):
Cxx -2+ Cyy -y* + Oxy -2’y = R?,

©)
such that the algorithm for calculating the projected ligtdfiles
for disks and bulges becomes:

e*(CXX'1'/2+CYY'y/2+CXY'y/x/)1/2

Ip[z',y]
Isle',y] 677.6693(CXX-x/2+ny-y/2+CXy-y/w/)1/87 (4)
with
_ cos’(0) | sin®(0)
Cxx = A2 B2
_ sin®(0) | cos?(0)
Oy = TRt
B e (L L
Cxy = 2cos(#)sin(0) =5

A andB are the projected major and minor axes, with= R, for
disks and4A = R. for bulges, andB = A cos(¢) with cos(¢) the
projected aspect ratio of the system.

Our modified version of Skymaker performs this process effi-
ciently for typical MRObs simulations that are based ontlighes
containing several millions of galaxies per square degheeex-
ample of the ‘perfect image’ produced is shown in the leftgdanf
Fig.[13, where the white shapes indicate the simulated gaiax
ages. The corresponding final (‘noisy’) telescope imagelyced
following the process detailed below is shown in the middiagd.

2.6.2 Input parameters: positions, magnitudes, inclioasi,

orientations, sizes, and bulge-to-disk ratios

The center positions of all objects in the image plane arerdet
mined from the right ascention and declination relativenmlight-
cone centres and the pixel scale of the desired instrumeiina-
tions and position angles are uniquely determined from tigeilar
momentum vector of the stellar disks relative to the oritoitedi-
rection of the lightcones through the MR volume (iib. 6). Alay
sizes are determined from the physical size and the diardeter
tance,D 4, at the redshift of each source in the lightcone.

We list the specific parameters required by Skymaker for sim-
ulating each galaxy, and give a brief explanation of how pas
rameter follows from our models.

e z.,y. . The source position in image pixel coordinates. This
position is defined by the sky coordinates of a galaxy in thktdi
cones, the desired pixel scale of the image, the field of véaw,
the position of the image center relative to the lightcongee

e m : The total apparent (AB) magnitude of the source in the
desired filter. This magnitude includes the attenuation tst é&s
well as the IGM absorption.

e B/T : The bulge-to-total ratio of the source. This parameter,
for which we take the ratio of the fluxes predicted for the leuagd
total in each filter, is needed for assigning magnitudeseditlige
(my = m —2.5log,,(B/T)) and disk (ng = m — 2.51og,,(1 —
B/T)) components.

. The scaleheight of the disk in arcseconds.
with

o Ry disk
This is defined by stellardiskradius/3Da,

stel | ardi skradi us taken from the Guo2010a.. MR
tablg in the MRDB and is in units of kpc.

e Rebuige : The equivalent (or half-light) radius of the bulge
measured in arcseconds. This is calculateth@sgesi ze /D4,
wherebul gesi ze is taken from theauo2010a. . MRtable and
is in units of kpc.

e cos(¢aisk) : The projected aspect ratio of the disk that is
uniquely determined by the angles of intersection of thkttigne
with the MR volume and the intrinsic spin axis of the galaslisr
disk.

e O4:s : The position angle of the disk, defined by the angles of
intersection of the lightcone with the MR volume and theiirgic
spin axis of the galaxy stellar disk.

° cos(@ml%ez : The projected aspect ratio of the bulge. Because
all bulgesii Iml) are spherical, we set thise/aiu..0.

: The projected aspect ratio of the bulge. Because all

® Ohuige
bulges iI1) are spherical, we set this val@eto

2.6.3 The virtual telescope model (sky, PSF, noise, antha) t

The MRODbs produces realistic telescope data by applyinglan *
servation description’ (OD) to the perfect image createtth@pre-
vious step. The OD consists of a set of instructions that detely
defines a particular observation to be mimicked, e.g.,¢ef@s, de-
tector, filter, exposure time, number of sub-exposurebgedistrat-
egy, and sky conditions. Although the exact modeling methagt
vary depending on the details of a specific instrument oresurv
here we list the basic observational effects typically geidded in
sequence:

(1) The first step is to scale the perfect image populated by ou
bulge+disk surface brightness simulations to their prdhetes
measured in detector electrons by multiplying the modelEdn
[ by the factor

F_ = 1070A4(mAB+ZP) . Texp. G’/ Z Z ][;c;7y;]7
i€S jeSs

©)

wherem 4 g is the AB magnitude of the disk/bulge, ZP is the zero-
point in AB magnitudes that gives a detector count rate of LJAD
s Texp the image exposure time in secondsjs the detector
gainine” ADU™', andz; andy) are the coordinates of pixél
belonging to each source.

(2) We add a sky background. The value of the background is usu
ally kept constant across the field (we use gnomonic prajes}i
based on the average conditions at a particular site orctgles
or is based on the sky background level measured in a paticul
survey that is being modeled.

(3) The image is convolved with a point spread function (PSR
PSF can have various origins: it can be taken from a PSF sianula
(e.g. TinyTim in the case of HST), from (a stack of) stars &cted
from a fully reduced observation, or modeled with a simplecfu
tion (e.g., a Gaussian).

(4) The image is rebinned to the desired pixel scale. If thE BS
taken from an actual observation and is not available atpéxsdi-
resolution, the rebinning step is performed before the R8v@
lution step.

(5) Detector dark current is added to the image.

(6) Poisson noise is calculated for each pixel value.

(7) Gaussian-distributed readout-noise is added.

5 TheGuo2010a. . MRtable stores the galaxy catalogue obtained by ap-
plying the SAM fro@lml) to the MR halo merger $tee
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Figure 11. Single filter simulated image constructed from a lightcdredt panels:The ‘perfect’ image modeled using Skymaker. Galaxies atingj of disks
and bulges are placed at the proper position, inclinatiadentation, brightness and apparent size that are all efygietermined by the semi-analytical model

and the angles of intersection between the lightcone ansitinglations volume.

The only information that is not coasted by the model is the bulge shape,

which we set to sphericaMiddle panels:The perfect image as seen by our telescope simulator. Heshowe a mock HST/WFC3 F160\Wf i t s image
having the same detector properties, point spread funcsionbackground, and signal-to-noise as the ERS obsenga(@l/5 x 1/5 region is shown at
a spatial binning of D09 pixel~1). No stars were added to this observatiRight panels:The SExtractor ‘segmentation’ image showing the locatiamg
shapes of objects that were detected in the simulated infagels on the bottom row show a zoom of the full images showmeinop row. Although there is
a good correspondence between objects seen in the simtéigedope image and objects detected by SExtractor, tfecp@nage that was used as the input
for the image simulation contains many more sources thabartint to be seen in the simulated image.

(8) WCS astrometry is added to the image header based orx#ie pi
scale and the astrometric system of the lightcone.
(9) Scientificimages infi t s format are created, optionally with
corresponding background and noise maps. Complex obsTsat
having the proper noise characteristics can be createddosauds
of multiple exposures made following the same above pr

The middle panels of Fig.11 show a mock HST/WFR3s0-
band image corresponding to the perfect image shown on the le
The mock HST image was modeled after tHeso-band observa-
tions of the GOODS ERS survey|of Windhorst €t al. (2011).

2.6.4 Galactic extinction and stars

Optionally, we apply Galactic foreground extinction to tin@ut
galaxy models by specifying the amount of reddening in uoifits
E(B-V)and assuming the Cardelli et MSQ) attenuation curve
with Ry 3.1. If desired, Galactic stars can be added to the
image, either based on a user-specified input distributidrased

on an accurate Milky Way model (e.qg., TRILEGAL; Girardi et al
2005).

6 Although the original version of Skymaker is capable of dating
bleeding, blooming and saturation, we do not currentlyudel these ef-
fects for practical purposes. However, we do release thecbbjput lists
and the ‘perfect’ images for all our simulationgj, such that interested
users can perform their own modeling of these (or othergtffe

(© 2012 RAS, MNRASD00, [IH21

2.7 Sourceextractor

With the synthetic images produced in the previous secttas,
straightforward to analyze the data analogous to real vasens.
Sources in the images are detected by using the Source fextrac
(SExtractor) softwarel (Bertin & Arnouts 1996), which eféiotly
decomposes a pixel image into ‘objects’ detected at somei-spe
fied threshold of flux above the image background. Photonatdy
other basic measurements are performed on all the deteject®
yielding a source catalog corresponding to the image. Tlaetex
way in which objects are defined and how measurements are per-
formed depend on the setting of various of the parametergia S
tractor, while the total number of objects that can be re/&om

the image and the errors on their photometry largely depertti®
image quality itself. The MRObs makes it convenient to test t
different detection and photometry techniques availabltné lit-
erature, especially because the properties of the galtha¢svere
used to create the mock image are exactly known (as opposed to
galaxies in real observations).

We have run SExtractor on the mock HST/WF83s,-band
image shown in Fid_11 (middle panels). Panels on the rightvsh
the SExtractor ‘segmentation image’, indicating all thgeots that
were detected in the mock image. While there is good correspo
dence between the two (nearly all objects seen in the mock im-
age are also seen in the detection image), the perfect Jinput
age shown on the left contains many more galaxies, most aftwhi
are too faint to be detected in the mock observation. By eross
correlating the positions of detected objects listed inSEatractor
output catalogs with the positions of objects in the undegdyight-




Overzier et al.

Mag (lightcone) - Mag (detected)

22 23 24 25
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Figure 12. ‘Trumpet’ diagram showing the difference between the input
magnitudes (from the MR lightcones) and the magnitudes anedsy run-
ning SExtractor on a simulated HST/WFC3 H-band image.

cone (both available in the MRDB), we can find out which of the
semi-analytic galaxies (identified by theBALAXYI D) were de-
tected in the image. This enables us to perform various Ot
tests between measurements extracted from the synthetcwab
tions and the corresponding intrinsic physical properfiem the
lightcone. One such test is to study how well the real mage#u
are recovered from the synthetic images by SExtractor. g2
we show a so-called ‘trumpet’ diagram indicating the défece in
magnitude between the ‘true’ input value and the total ntagei
given by SExtractor. The test shows, quantitatively, baitv tthe
amount of flux lost due to missed light, and how the photoroetri
scatter due to increased noise increases toward faintamitaegs.

GANDELS UDS F125W

10 arcmin (10,000 pixels)

CANDELS UDS F160W

Figure 13. CANDELS UDS inverse variance weight maps. The total field
of view measures 2% 10, and is constructed from 44 individual tiles ob-
served with HST/WFC3 in the filters F125W and F160W.

12064, 12440; PIl: S. M. Faber) that primarily observes wiid t
WFC3 on HST.

3.1 TheCANDEL Sobservations

Part of the ongoing HST CANDELS program, the UKIDDS Deep
Survey (UDS) field measures approximately 230 in the fil-
ters F125W {125) and F160W Hi60). This field of view is cov-
ered with 44 individual pointings with HST/WFC3 resulting i
the tiling pattern shown in Fig.13. For each tile, four expes
were obtained in both filters, resulting in average totalosxpe

Because the cross-match between the SExtractor catalog andimes across the field of 1900 s in F125W and 3300 s in F160W.

the lightcone catalog gives us ti@LAXYI D of each galaxy in
the images, this provides us also with a direct link to all akiail-
able physical quantities in the semi-analytic snapshatlags, the
dark matter halo catalogs, and the underlying dark mattesitie
fields, such that it becomes possible to perform numerousrexp
ments related to how well we can extract such physical paeme
starting from any kind of observation that can be modeledgigie
MRObs.

3 EXAMPLE: SSMULATING CANDEL S DATA

Large extra-galactic surveys often have complicatedgitiatterns,
exposure time variations, and masked regions across tieifield
of view that complicate the analysis. It can be conveniemdude
these kind of effects into the image simulation. This ensthiat the
signal-to-noise properties and the geometriy of the redlranck
data sets are comparable. Here we will illustrate the teglenthat
we use to accomplish this by performing a mock image simula-
tion of the ongoing multi-cycle treasury program Cosmic &as
bly Near-Infrared Deep Extragalactic Legacy Survey (CANISE

\Grogin et all 2011; Koekemoer et al. 2011, HST Programs 12060

The data were combined onto a common output frame measuring
about 22,006:10,000 pixels with a pixel scale @06 using the
MULTI DRI ZZLE software |(Koekemoer et fal. 2003; Fruchter ét al.
[2009). The resulting PSF in the drizzled data measufes 0
(F125W) and 018 (F160W) in FWHM (Fig[I4). How well can

we simulate these kind of data based on cosmological sirookat
using the MRObs?

3.2 TheCANDELSsmulation

Using the procedures outlined §8.8 we can produce highly accu-
rate mock ‘CANDELS’ data in a number of complementary ways.

(1) The first and most cumbersome method would be to pro-
duce each individual CANDELS tile at the correct telescopsip
tion and roll angle, and then to process the entire data smidgh
MULTI DRI ZZLE analogous to the processing performed on the
real data. While this is certainly possible, for many sdfenappli-
cations a good match between the simulated and real dataasets
already be obtained by side-stepping the laborious dnigztiro-
cess.

(2) The simplest and most straightforward way is to directly
generate mock images the size of the entire UDS field basedron o
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F125W F160W

Figure 14. Images of the PSF in the filters F125W and F160W of the
CANDELS UDS field. Our mock ‘perfect’ images are convolvedhwhese
PSFs.

Figure 15. Simulated and real CANDELS UDS data in the filters F125W
(top) and F160W (bottom). At a qualitative level the imagppear already
remarkably similar. Note that this is not only the result af accurate im-
age simulation technique, but also because our input gaagylation ap-
parently has a striking resemblance compared with the ebdane (e.g.,

in terms of number density, clustering, size and shapeilligions, and
brightness). Shown here is a region of abaltx 2’ extracted from the
wider 23’ x 10" UDS field.

model for the HST/WFC3 camera, the main UDS survey parame-
ters, and a mock lightcone as input. This method producek moc
UDS images for which the properties (e.g., noise, resallitae,

on average, very similar to those of the real survey. Thisisxa
tremely fast method for generating mock data sets that qn@=ip
mately similar to the observations that are being modetés also

a powerful method to simulate images for a survey that hag/eot
been performed, or for simulating a survey at an arbitraptider
field size.

(3) Our third method, the one that we will use for our demon-
stration, is an extremely powerful technique for genegairmore
precise simulation in which the pixel-to-pixel noise vénas and
geometry of the simulated images can be exactly matcheaseth
of the real data. For this method we make use of ‘weight maps’

associated with the science data for many surveys. The CAN-

DELS UDS weight maps (shown in Fig.]13) record the inverse
variance of each pixel calculated during the image redngpim-
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Figure 16. The background noise versus aperture size in the real CAN-
DELS images (red solid lines) and our mock CANDELS imagesigbl
dashed lines). The noise in the mock and real data is neahtigal. The
true image noise in the absence of correlated noise intemtlby the driz-
zling process is somewhat higher (blue dotted lines).

cess|(Koekemoer etlal. 2011). The HST inverse variance isrmge

units of (e~ s~*) ) are usually calculated as follows

(/1)
(D+fB)+ofon’

where f is the inverse flat-field; is the exposure timeD is the
accumulated dark currenB is the accumulated background, and
oron IS the read-out noise (Koekemoer ef al. 2011). The weight map
includes all sources of instrumental and background noisenot

that of the science objects themselves to allow proper pheto
try with tools like SExtractor. As a first step we thereforeguce
simulated images that include the PSF-convolved objeatdu@-

ing the Poissonian object noise) but not the simulated backg

and read-noise we would normally apply. Instead, we addéseh
sources of noise by directly taking them from the inverséavere
maps. As a final step we need to take into account that in the rea
CANDELS images the noise is spuriously correlated as atresul
the drizzling process used to combine the many individupbex
sures. The amount of noise correlation depends on the mimttiel
parameters, which for the CANDELS UDS data amounts to a pixel
rms noise reduction of a factor of |2 (Casertano &t al. [200@)ind/
troduce this noise correlation in our mock images by smagthi
the mock images with a small Gaussian kernel (of about 1 &lpix
FWHM, in this case).

In the left panels of Fig. 15 we show a portion of the final sim-
ulated CANDELS images in the filters F125W and F160W. In the
panels on the right, we show a region of the real CANDELS UDS
images, displayed at the same zoom level and at the samer colou
stretch as the mock images shown on the left. At a qualitéaivel
the images are remarkably similar. Note that this is not timdyre-
sult of our accurate image simulation technique, but alsabse
our input galaxy population apparently has a striking rdsante
to the observed one (e.g., in terms of number density, ciagte
size and shape distributions, and brightness). Howevésrdoave
can compare the galaxy populations in the simulated andetie r

Inverse Variance ~

(6)
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Figure 17. The isophotal signal-to-noise ratio ih 25 and H160 versus the
total magnitude of detected objects as measured by SExtrdcte signal-
to-noise ratio distributions in the mock and the real CAN[3Emages are
very similar.

data, we need to ensure that the image properties of our ataaul
data are indeed quantitatively similar to the real data.itn [E§
we show the measured background noise fluctuations as adanct
of aperture diameter as measured in the real CANDELS images
(red solid lines) versus that measured in our simulatedskita he
blue dotted lines indicate the (true) noise level in the abseof
correlated noise. When we introduce the correlated nomdtieg
from the drizzling process, we get a near perfect match hketwe
the simulated (blue dashed lines) and real (red solid li@2s)-
DELS UDS images. As a second test, we look at the distributfon
signal-to-noise (S/N) for objects detected in the real amiligted
images. We ran SExtractor using identical detection patermen
the real and simulated images, and plot the isophotal S/dusehe
measured magnitudes. The result is shown in[Eiyy. 17 for thekmo
data (left panels) and the real data (right panels). Agai@,S/N
distributions are very similar between the real and sinedatata,
indicating that our image simulations are accurate.

In §4.7 we show an application of these CANDELS simula-
tions by comparing the galaxy number counts in our semiygical
mock lightcones with those extracted from our mock imaged, a
with those in the real CANDELS images. The simulated CAN-
DELS data produced here are part of our first scientific ddtase
as announced I§5l

4 EXAMPLESOF APPLICATIONS
4.1 Galaxy number countsin CANDELS

One of the most basic tests that are used to test the accufacy o
semi-analytic model predictions is to compare the numbantso
of galaxies observed as a function of apparent magnituderires
band with those predicted by a mock lightcone observatian co
structed from the semi-analytic model as describe@@id. How-
ever, as discussed in the introduction, these light-conasoti suf-
fer from any of the observational effects afflicting real @bstions.

The MRObs approach to modeling discussed in secfiods 2.5

to[2.4 allows us to make comparisons between observaticths an
semi-analytic predictions in a highly realistic way. By sillating

a mock survey matched to the real observations that one wants
compare with, and then running source extraction and phetigm
software on the mock and real images in identical manner,ame c
in principle assess how certain observational biasestaffednter-
pretation of the real data, and how this impacts on our coisgar

of those real data with the simulations. Of course, one hdsto
aware that other biases may be introduced simply due to tte fa
that the models are likely no perfect match to the real data.

As a first example, we compare the number counts measured
from a mock lightcone to those derived from our mock images
based on that lightcone. Fig.]18 shows the two types of number
counts from our simulated CANDELS UDS data in blue compared
to the plain light cone data in black. The counts extractethfthe
simulated image were not corrected for completeness. Aghbri
magnitudes {125, Hiso < 22 mag) the counts are in good agree-
ment, but they diverge toward fainter magnitudes countsated
in the images compared to the lightcone on which the mock é&mag
are based. The extracted counts are about a factor of 2 Ibaer t
the lightcone counts ati 25, Hiso ~ 26.5 mag.

The red lines in the figure show number counts measured in
the real CANDELS UDS data (no completeness corrections ap-
plied). At the faint end, the lightcone substantially opeedicts the
observed counts, similar to discrepancies between seafytan
predictions and observations found in earlier studies. él@w it
is very interesting to note that the difference between treis
analytic predictions and the real number counts become#iesma
when we compare the real data to our mock data. Simply by ‘ob-
serving’ the lightcone we already lose a significant numbler o
galaxies that would not be detected in a real observatiothéf
lightcone was an accurate reflection of reality).

The results presented in FIg.]18 suggest that it is impottant
take observational effects into account when comparingdaia
with simulations. These effects need to be quantified beboe
can change the parameters in a semi-analytic model to Inedtieh
the observations. With the mock data produced by and pwddish
through the MRODbs these tests can now be performed easily. A
more detailed analysis of the number counts in synthetierwbs
tions as predicted by the MRObs compared to those predigted b
ordinary semi-analytical models will be presented in adiwHup

paper.

4.2 Thepropertiesof galaxy clustersat low and high redshift

Our new lightcone ‘aiming’ technique describedjii4.2 offers an
efficient way for predicting the detailed observationalgeuies of,
for example, galaxy clusters. Here we present mock SDSS &Td H
observations of a massive galaxy cluster at different riédsiind
orientations. The cluster was selected from the roughl@Bus-
ters in the MR, and has a total dark matter mass afx 10** M,
atz = 0. The selection was performed using the table of friends-of-
friends groups in the MRDB. After finding FOF groups in thehtig
mass range, a random selection was made of a cluster. Tlsat clu
ter was traced backwards in time using the table with halagyerer
trees. At desired redshifts the position of the cluster'srpeogen-
itor was returned. That position, together with a direcod using
the co-moving distance corresponding to the redshift, veasl tio
define a light cone that had the cluster at its center and atlgxhe
correct redshift. This cone was then observed using a feerdiit
virtual telescope configurations.

In the first example, we have produced mock SDSS images in
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Figure 18. Galaxy number counts id125 and H1g0 as a function of magnitude in the lightcone (black solid)jribe real CANDELS UDS data (red solid
line), and those extracted from the simulated CANDELS UDt dalue solid line). While the lightcone data is known to epeedict the observed number
counts to some extent, the discrepancy between the obsesaind the model predictions is significantly reducedr déiteling the lightcones through the
MRObs and performing object detection and photometry froenrhock images as performed on the real images. The largedliffe between the real and
simulated data at the bright end is due to Galactic starsatieabsent in our simulations.

Figure 19. A high-mass galaxy cluster as it would appear at redshifts &f 0.02 (panel a),z ~ 0.09 (panel b), and ~ 0.21 (panel c) in an SDSS-type
survey. These cluster images are based on our lightconegtechnique described §2.4.2.

g'r’i’ showing what this cluster would look like at redshifts from these type of galaxy clusters suitable for data-miningr&esl! be
z = 0.02'to z = 0.21 (Fig.[I9). These mock data can be compared able to use mock observations such as these to compare e pro

directly with real clusters found in the SDSS. Itis cleanfrBig [19 erties of simulated and real clusters in a quantitative raar@ur
that the study of galaxy clusters in the SDSS survey becoims ¢ third example highlights another unique feature of our iovpd
lenging already at moderately high redshifts. As a secoadele, lightcone technique, which allows us to produce obsermatiof
we therefore show a mock image of the same cluster, now seen atstructures seen from different directions. Each light dsrexeated
z = 0.4 and observed with HST/ACS in the filtegg757625 2850 following the same principle as above, the only differeneint

(Fig. 20, left panel). In the right panel we show an actual HST that the cluster is observed from different directions. ig. E1 we
image of the well-studied = 0.4 cluster Cl0024 with a compara-  show mock HST images iWsosi775 2350 Of the same cluster shown

ble dark matter mas’s (Jee el al. 2007; Harsono & De Pllopr)200 before, but now at ~ 1.07. Panels show the exact same cluster

The images were produced using identical parameter sgitirge viewed from three different directions, with (proto-)deisgalax-
software that produces the colour images from thet s files (see ies having lod/. > 10Ms marked with white circles. The large
§5.4.1). Although both clusters have a dominant populatioed yellow circle marks the virial radius of the central halo. Nghhe
sequence galaxies that appear almost identical in theséACST projected distribution of cluster galaxies appears roygpherical
colours, the real cluster appears to have a greater numlmusf in the first two orientations (left and middle panels), it iseh more

ter galaxies than the mock cluster. The MR contains thousahd  filamentary in the third orientation (right panel). The liaksight
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Figure 20. Mock HST/ACS ga7576252850 image of a massive galaxy cluster in the MR simulations seéen & 0.4 (left) versus a real HST/ACS
ga757T6252850 image of the galaxy cluster Cl0024 at= 0.4 (Jee et al. 2007) (right). These cluster images are basedilightcone aiming technique

described irfl2.4.2.

. . [:! - r
1 arcmin _., . X 4 1 arceiiin L]

Figure 21. Mock HST/ACS V064775 2850 colour composite image of a massive galaxy cluster at 1.07 viewed from three different directions. While
the projected distribution of cluster galaxies appearespal in the first two orientations (left and middle pangisappears highly filamentary in the third
orientation (right panel), indicating that projectionegffs can be important. The virial radius of the central halmarked by a yellow circle.

velocity dispersions in the three cases are 807, 704, ankki568
s !. This example illustrates that projection effects are irtguat
to take into account when studying the assembly of galasteis,
especially at high redshift where both the samples of dlssiad
the number of identified cluster galaxies are relatively IEriihe
multi-wavelength nature of the MRObs data allows for theailed
testing, calibrating and tuning cluster detection aldponis using
physically-motivated cluster samples.

4.3 Coloursand structural properties of galaxies

Another new test facilitated by the MRObs is comparison @f th
structural properties of galaxies in the semi-analytic elod those
in real observations. In Fi_22 we show a stellar mass ve3&ls
diagram for galaxies between= 1.5 andz = 2.5 selected from
one of our mock lightcone catalogs. In the panel on the rigkt,

show1” x 1” postage stamps indicating the appearance of these
galaxies in our simulated HST data (the image stamps arendraw
from a mock Buss, i775, Hiso COlour-composite image based on
the HST/ERS survey). These mock data can be used to measure
galaxy structural properties (e.g., Sersic index, butgdisk ratio,
inclination), sizes and colours in exactly the same way pE#jly
performed on real data only. By comparing measurements made
based on the mock images with the exact physical quantites g

by the semi-analytic model users could test how well suchesl
can be recovered for a given data set, or for a given galaxy-pop
lation. It also allows users to compare the structural prige of
mock and real galaxies in a relatively unbiased way.

© 2012 RAS, MNRASO00, IHZT



The Millennium Run Observatory: First Light 19

rrrrprrrrrrrrrrrrrrrrrt

1.5<z<2.5

rrrrrrrrryrrrrrrrrerjrrrrrrrrr[rrrrrrrrrrrrr

-2
9.0 95 100 105 110 9.0 95 100 105 11.0 115

log Stellar mass

II.."I".I"I.II.IIIIil]llllillll

Figure 22. MRObs visualisation of the structural properties of gadaxas predicted by the semi-analytic model. In the left paeshow the stellar mass
versus SFR diagram for galaxies betweer= 1.5 andz = 2.5 made directly from the lightcone catalog. In the panel onrtgbt, we show the actual
morphologies of the galaxies as predicted by the SAM by shgiA’ x 1’ postage stamps extracted from a simulated HST image (thgeistamps were
taken from amockByss, 1775, H16o colour-composite image based on the HST/ERS survey). Gnésbjects that lie below the main star-forming sequence
appear both redder and more compact compared to objecte atathformation sequence. The colours, sizes and staligaperties of these type of galaxy
images can be compared directly to those of galaxies founehindata.

4.4  Selection of high redshift dropout galaxies prediction (top panels) and what an observer actually dsstom
panels). The colours of galaxies extracted from mock images
The last example we show here is the use of the MRObs significantly scattered compared to their true (input) aodo mak-
in the selection of high redshift dropout galaxies from ing it harder to distinguish between low and high redshiftsto
deep multi-wavelength imaging surveys and predictionsetbfe ~ derive their physical properties (e.g., redshift, masst,dstar for-
(e.g.|Baugh et al. 1908; Blaizot et al. 2004; Guo & White 2009; mation history, SFR) based on fitting their observed coldara
Overzier et all 2009a). In Fif. 23 we show the colour-coloar d  set of spectral synthesis models. It is straightforwarditidy and

grams typically used to isolate galaxy samples at 4 (Bazs- quantify such effects through the use of these kind of mock.da
dropouts),z ~ 5 (Vrrs-dropouts), anc: ~ 6 (iz75-dropouts). In the MRDB SQL queries can be performed to cross-match the
Objects at these high redshift suffer severe attenuatiom fihe SExtractor output catalogs to the lightcone or semi-ai@lpput

IGM in their spectra blue-ward of Ly (seef2.8). Consequently, catalogs, allowing one to investigate in detail the offdssveen
these objects can be isolated from lower redshift galaxyufeep ~ intrinsic and apparent properties, and to study which gesaare
tion, as their Lyman break redshifts through a strategiczibsen included and excluded by certain observational selectideria
set of filters. Panels on the top show colour distributionsaib (e.g. colour-colour selections).

objects found in one of our mock lightcones. The bottom panel

show those objects that were detected in a mock survey based o

the same lightcone. The limiting magnitudes used for thedigne

and for the extracted catalog were the same. This figureigtyhl

some of the main differences between a pure semi-analytidemo
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Figure 23. Colour-colour diagrams commonly used to select galaxy $esraiz

~ 4 (Byss-dropouts, left panels) ~ 5 (Vsos-dropouts, middle panels)),

andz ~ 6 (i775-dropouts, right panels). Panels on the top show the colstrilslitions of all objects in the lightcone. Panels on th&dm show the colour
distribution of the objects detected in mock images basethersame lightcone. Tracks indicate the typical coloursirapte galaxy templates for various
low redshift populations (red lines; irregulars: solidcStotted, Elliptical: dashed) and high redshift dropobitsi€, with redshifts marked along the tracks).
Shaded regions mark the colour-colour selection windowsnaonly used to select high redshift dropout candidates.

5 PUBLIC ACCESSTO THE MROBSDATA
5.1 MRObsdatabase

As described above, the MRObs builds upon and extends the pop
ular MRDB. Apart from the images, all the datasets produced b
the MRObs and described in this paper are stored in a dat#imtse
is accessible through the same interface as the MRDB[Ttseif
can be directly joined to the existing data sets. Here we @sam-
mary description of the database and access methods, rigonisi
the new data products and how they are linked to the existieg.o

The MRDB is a relational datab&kewhere data sets are
stored in tables (relations). A table generally stores aibjef a
particular type, with properties of these objects storecolimns.
For example we have tables storing the the positions andivelo
ties of particles from an N-body simulation, albeit a smakkoWe
have tables with FOF groups and sub-halos as well as galamis
many more. The web site giving access to these tables prowitie
information about the structure of the database.

An important feature of relational database design in gdner

7 Seé http://gavo.mpa-garching.mpg.de/Millennjum for blioly accessi-
ble website giving access to the milli-Millennium database information
on how to gain access to the full database.

8 This is not the place to describe relational databases mildttere is
sufficient information available online.

and the MRDB in particular, is the possibility to manifestare
tions or links between objects in different tables. For eplama
galaxy in the Munich semi-analytical model is always emleetd
in a subhalo. This relation is stored in the tables with gatas
a column storing the (unique) identifier of the correspogdialo.
The MRDB has a particularly rich set of such relations, eslgc
where it deals with the relations between objects of the dgpe
at different times! (Lemson & Virgo Consortitim 2006).

Recent additions to the database were the results of the lat-
est version of the Munich SAM froin Guo et dl, (2011) and pencil
beam and all sky light-cones derived from the
-) The images produced by the MRODbs from such Ilghe:;on
do not lend themselves easily for storing in a database. Mevtbe
SExtractor catalogues extracted from the images have hiemds
and we also have tables storing the different IGM absorptiod-
els described i2.5. More information and examples on how to
apply and cross-correlate the various MRDB and MRObs dasa se
are documented at the URL given below.

5.2 Data productsof the MRObs

The MRObs delivers a number of entirely new data productieo t
community that are useful for independent analysis, or éoviag
as the starting point for new simulations. Here we will byiafe-
scribe the different types of new products.
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5.2.1 Multi-wavelength lightcone catalogs with structura
properties

The random field lightcones released as part of this papédemné-
cal to the 24 multiwavelength lightcones measuring x 1.4° on
the sky from Henriques etlal. (2012), but with structurabimfia-
tion added. The new structural information (sizes of thd disd
bulge components, inclinations and position angles) isiatdor
building the accurate galaxy models predicted by the MR Emu
tions. These lightcones can be used, for example, to conspaie
tural properties measured off the simulated images to thesitput
values. They can also be used as the starting point for usengg
to perform their own image simulations using realistic inpata-
logs based on the MR. In addition to the ‘random’ lightcones,
also release entirely new lightcones that specificallyetgglaxy
clusters at a range of redshifts ($2e4.2 andj4.2). All these light-
cone catalogs are made available through the MRDB.

5.2.2 IGMtables

We provide tables that list the mean IGM attenuation as atimmc
of redshift for a range of models (sé€@). The IGM tables are
applied to the lightcones to predict accurate colours arghitizdes
of galaxies with redshift.

5.2.3 Object lists

Information from the structural light cones, the IGM tahlasd
a plate scale are combined to generate the input to the SlegiMak
code that we use to create our synthetic ‘pre-observatinages.
These object lists may be used by other synthetic image atorsl

5.2.4 Pre-observation maps (‘perfect’ model images)

As described indZ.8, for each filter we build a so-called pre-
observation or ‘perfect’ image that is based on the inpuedbj
list. These images can be seen as a representation of theesky f
of noise, PSF, or background. As such, they are easily coespl
rebinned, and scaled to match an arbitrary observationcéip a
combination of a given telescope, camera, and exposure).

5.2.5 Simulated images

The ‘perfect’ images are turned into synthetic images timatikte

real observational data. These images can be downloadéddrfor
ther analysis. We also provide the PSF images that were vsed t
convolve the perfect images to the instrument resolutismell as
documentation providing full details of how the images were-
duced.

5.2.6 SExtractor products

The simulated images are processed using SExtractor taiqeod
the so-called segmentation maps identifying which imagelgi
correspond to which detected object, as well as the starsiaxd
tractor output photometry catalogs. The SExtractor cgtalare

5.3 Simulated surveys currently available in the MRObs

In its current deployment, the MRObs offers a number of data s
conveniently matched to some of the most popular extractala
surveys (e.g. the SDSS, CFHT-LS Wide and Deep, GOODS, UDF,
GOODS/ERS, and CANDELS) for use by the community. Updates
and future data releases will be announced through the MR web
portal (URL given below), and in forthcoming publications.

5.4 TheMRObsimage browser

A special feature of the MRODbs is that many of the data sets can
also be accessed directly by means of our interactive MR@bs i
age browser. This is an online tool that allows users to sean o
and zoom into the synthetic images. These images are lirked t
the backend database (the MRDB) through a simple point-and-
click function that allows retrieval of detailed informari about

the galaxies that are displayed. This is useful, for exanfptefa-
miliarizing oneself with the relation between physical ahderved
properties of different types of galaxies or galaxies ded#nt red-
shifts, for selecting interesting objects from the MR siatigdns

for subsequent analysis, for comparing the quality expkfciedif-
ferent types of data sets or telescopes, and for didactichbat-
reach purposes. Here we describe the main features of theb8IRO
browser in brief.

5.4.1 Deep zoom RGB image pyramids

The images produced by the MRObs are typically very large. Fo
example, a simulated HST survey covering an arezbfx 30" at

a (drizzled) pixel scale of’09 already measures 20,00Q0,000
pixels (400 Megapixels), and in principle the MRObs couleate
much larger fields at much higher resolution than this. These
ages therefore do not fit on a standard computer screen. @sing
technology similar to, e.g., Google Maps, the MRObs broveser
lows users to efficiently pan around and zoom in such larggh hi
resolution images. We here describe in some detail how we hav
implemented this truly virtual telescope.

First the simulated, multi-wavelength filter images are eom
bined into false-colour RGB composites. We use the pubdiebil-
able codeSTI FA] that handles the conversion from arbitrarily
large scientific FITS input images to standard TIFF formapot
imagesZISTI FF automatically (or manually) applies
contrast and brightness adjustments, colour balance amcsan,
and gamma corrections producing colour images that ardyhigh
formative of the level of detail present in the mono-chramatput
fits images. When we have multiple bands available for anpef t
three RGB channels (for example when making colour comg®sit
of data sets based on more than three filters), we reduce the nu
ber of input images to three by creating variance-weightedages
and use those as the input for each channel.

From this high-resolution image we then create a so-called
‘image pyramid’ consisting of representations of this higholu-
tion image at ever decreasing resolution. The method istitited
in Fig.[24. The top of the pyramid (level 0) consists of a singl
s x s pixels low resolution image that is a heavily rebinned \@tsi
of the original or full-resolution’NV x N pixels image. The next
level containg® x p' image tiles each gf times higher resolution

made available through the MRDB where they can be searched orcompared to the previous level. At th¢h level (corresponding to

cross-matched with other data, such as lightcone cataseysi-
analytic snapshots, dark matter halos, or density fields. S¢u-
mentation images are available for download.

(© 2012 RAS, MNRASD00, [IH21

9 http://astromatic.net/software/stiff



22

Overzier et al.

Mlllennlurm Aun Database Lookup

Figure 24. An image pyramid consisting of three levels is shown. At its
lowest resolution level, the image consists of a sirgjlé x 256 pixels tile
having 1/4th of the true image resolution. At the base of ymmid, the
image is divided intat x 4 full-resolution tiles each measurirg6 x 256
pixels. The MRObs deep zoom image browser makes heavy usess t
kinds of tilings for an efficient viewing of the data. The bissv also makes
a translation between pixel coordinates and WCS coordinaithin each
viewport. This conveniently enables the user to retrieghiével proper-
ties of any object found within the image by matching its skprdinates
to the underlying lightcone catalog, and by querying thexgabr halo cat-
alogs stored on the MRDB server based on@é&AXY!I D or HALO D of
any matches found.

the base of the pyramid), there will p& x p™ tiles each represent-
ing only a small portion of the original image but now at itgtnest
resolution.

The browser softwald uses this data format to download
only those tiles that at the current zoom level are requioezshbw
the image. This significantly reduces the download time aed c
ates a smooth transition between the different levels deraift

5.4.2 User interface of the MRObs browser

The MRObs Browser offers the user the choice of a large number
of image pyramids, based on sets of different mock images fo
variety of virtual telescopes and with different waveldngands.
Each mock image is derived from a light cone stored in the MRDB
and the MRObs Browser allows interactive querying of thesess.
Screen-shots of an HST simulation viewed through he MRObs
Browser are shown in Fifl_ 5. Clicking the image leads to ah SQ
query being submitted to the database that searches foretite n
est galaxy to the selected (virtual) sky position, up to aimam
radius (currently 1). If a galaxy is found a large amount of infor-
mation is retrieved and displayed in a table on the screehtnex
the image, as shown on the right hand side of the screenshots i
Fig.[28. The selected galaxy is indicated on the image witit-a |
tle white square (top panel). The table includes infornmatibthe
galaxy on the light cone, such as redshift, apparent sizeéuam-
nosities in up to 40 bands. The observed-frame SED is shown in
graphical form above the table. It also includes, throughitiking
of the light-cone galaxy to the underlying semi-analytigalaxy
catalogues, information about physical parameters sucsteds
lar mass, gas mass, metallicities and rest frame magniindés
SDSS bands. The information also includes details aboudrige
nal dark-matter subhalo and friends-of-friends group tidexy/ be-
longs to. The latter information can in its turn be used toceéor
all other galaxies in the image that belong to the same FOkpgae
the selected galaxy. In the bottom panel, the positions| afeddx-
ies that were retrieved are indicated on the screen. Thetsteu
turns out to be a galaxy group at 0.5.
The query capabilities of the MRObs Browser will be ex-
tended over time and will be tied to the plain SQL query caiss
of the MRDB.

6 FUTURE DEVELOPMENTS

Future refinements of the modeling recipes in the MRObs ntlyre
in preparation include the calculation of extinctions lethee the
physically motivated inclinations of galaxie§2(4.3), as well as
the inclusion of strong gravitational lensing based on fis&ridu-
tion of dark matter halos along each lightcone. Althoughciimeent
simulations span the observed far-UV to the observed riRarl-
provements in the dust-modeling should eventually allovou®n-
struct images out to far-infrared and sub-mm wavelengthture
simulated surveys will be made available through the MRO&s w
portal. Ultimately, fully interactive, online versionsibie SAM, the
lightcone generator, and the telescope simulator wilkallsers of
the MRObs even greater flexibility in performing the simidas
that best suit their needs.

regions of the image when viewed in a web browser. For exam-

ple, if we adopt a factor gf = 2 scalings between levels, tiles of

s = 256 pixels, and an original image o = 32, 768 pixels, the
last level (level 7) will consist 0f 28 x 128 tiles of 256 x 256 pixels.
This means that only about 0.1% of data needs to be downloade
at any time to display a particular region at its fullest tegon on
a1024 x 1280 resolution display.

10 We use the Deep Zoom technology developed by Seadragonéditr
embedded in custom written java script libraries.

7 SUMMARY

In order to make predictions in the observational plane ardlow
dunbiased comparisons between semi-analytic models ahdatsa
we have developed the Millennium Run Observatory (MRObs), a
new virtual telescope facility that can be used to simulat-r
istic observational data based on the semi-analytic moalieixy
catalogues associated with the dark matter MR simulati®hs.
MRObs allows one to producsientificimage data setsinfi ts
format. These artificial data can be analyzed using the atdnd
tools routinely used for analyzing real observations veilhg a rel-
atively unbiased comparison between SAMs and real data Thi

© 2012 RAS, MNRAS0O00, [THZT1
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Millensium Run Obiservatary - Meeh Image Browss: v0.9
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Figure 25. Screenshots of the MRObs v0.9 image browser available enliop panel: basic view of the browser showing a small regioour synthetic
HST GOODS observation (the particular colour image pyrashiown here is composed of the filtérsos, i775, 2850). Users can pan around and zoom the
synthetic observation, and directly query the MRDB by éligkon a galaxy. Information about the selected object (edutky a white square) is retrieved
from the MRDB, and displayed in the information panel on tightrhand side of the screen. The MRObs shows a broad-baudrem of the object, as well
as about one hundred attributes of this object retrievenh fitte MRDB (e.g., size, SFR, stellar mass, age, redshiftninates, black hole mass and dark
matter halo virial mass and radius). Bottom panel: One cghlight all galaxies belonging to the same FOF group as tteeteel galaxy. In this case, the
selected galaxy is the central galaxy of a galaxy group =t 0.5 (red squares: galaxies that are orphan (type 2) galaxidgedafentral halo; yellow squares:
galaxies that are satellite (type 1) galaxies of the cehtald; white square: the central (type 0) galaxy).

contrasts with previous studies that compare highly idedliSAM e Allow detailed comparisons with synthetic observations-pr
predictions to observational data. The new technique wlip k- but duced by other groups performing cosmological simulations

is by no means limited — to: o Allow calibration of observational analysis methods by mak

ing available synthetic data for which the entire undedyphysical

. . . . ‘reality’ is k .
e Extend the MR simulations project approach by producing reality’ 1S Known

data products directly corresponding to observations,efasyn- e Extend the realism with which semi-analytic models can ad-
thetic images and extracted source catalogs dress questions such as what is the probability that-al0 galaxy

e Aid theorists in testing analytical models against obstioua will be detected within a particular observational dat& set

e Aid observers in making detailed predictions for obseprai e Allow one to explore the uniqueness of certain physical mod-
and better analyses of observational data els that are based on the analysis of astronomical image#fers

e Allow the community to subject the models to new kinds of ent models or different parameter sets may produce indisish-
tests able synthetic observations.

(© 2012 RAS, MNRASD00, [IH27
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e Provide a framework for future virtual theoretical obséova
ries

(3) We showed how the MRObs allows one to study the
detailed structural properties of semi-analytic galaxiesynthetic
images (Fig[ 22 andi4.3). In these synthetic images one can
measure colours, sizes, bulge-to-disk ratios and profiEpeh

One of the great advantages provided by our extended mod-ysing standard observational techniques. The outcome esfeth

eling approach is that for the synthetic observations prediby
the MRObs, the physical properties (e.g., dark matter halesn
SFR, stellar mass, size, redshift) and photometric prigsete.g.,
magnitudes and colours) of every galaxy are precisely knamn
contrast to real observations where one does not know thet exa
or ‘true’ answer. This makes the MRObs an ideal facility fafic
brating many of the measurement and analysis techniquearéna
applied to real observations. The MRObs will allow obses\and
theorists to approach a problem from different directioitf fee-
dom in deciding where to meet.

We have introduced a modified lightcone technique that allow
us to create lightcones aimed at selected objects or regiaoed at
any desired position or orientation. The new techniqueésuligor
extending the range of questions that can be asked of the I[FROb
such as what would be the appearance of a particular galagiec!
at z ~ 1? What does this same cluster look likezat~ 6 or at
z = 0?7 How is the interpretation of observations of such strastur
affected by viewing angle or chance superpositions? Shemees
centred on clusters at a range of redshifts have been added to
MRDB for studies of cluster evolution.

Attenuation by the IGM is applied to the lightcones statis-
tically using the baseline model fro995), as wsll a
two more recent implementations based on Monte Carlo nmugleli

of the IGM by!Harrison et al! (2011). Our IGM attenuation bl

measurements can then be compared to the intrinsic values
provided by the MRObs, or to measurements performed on real
galaxies.

(4) We showed how the MRObs images can be used to search
for high redshift dropout galaxies in a manner that is diyect
analogous to that used for real high redshift doprout sear¢fig.

[23 and§4.4). This enables a much more realistic comparison with

the data, and allows us to assess how well we are able to deeve
intrinsic physical properties from the observations.

Extending the successful open-access approach of the MR
project, we make available new data products for use by the co
munity. As part of our first data release, we have produced-sim
lated data that emulates a number of key surveys, includb§S
CFHT-LS (Wide and Deep), GOODS, HUDF, GOODS/ERS, and
CANDELS (UDS, COSMOS and GOODS-S). The data sets are
modeled using two different cosmologies (WMAP1 and WMAP7),
two spectral synthesis models (BC03 and MO05), and three IGM
absorption models (MADAU, MEIKSIN, and INOUE-IWATA). In
specific cases, we provide synthetic images that have thet exa
same geometric and identical noise properties as the refersur-
vey. The MRObs data can furthermore be explored using an on-
line image browser that allows users to interactively esltihe

have also been added to the MRDB such that they can be used tcavailable mock observations. The browser graphicallysiokjects

apply ‘on the fly’ IGM absorption corrections to lightconeseé
the MRObs URL for a tutorial on how to apply the IGM absorp-
tion corrections to the lightcones fram Henriques et al1¢9(lso
available in the MRDB). This is essential for making companis
with high redshift observations.

In order to allow the community to use our predictions as the
basis for other mock observation experiments, we providenly
our final image products, but also the intermediate stefdsasithe
input object lists and the pre-observation model images.

In order to introduce the communities of theoretically and
observationally inclined researchers to the ‘added vabfethe
MRObs modeling approach, we have provided the following fou
example user cases:

(1) We compared the galaxy number counts in the CAN-
DELS/UDS survey with the predicted counts taken directiyndfr
the semi-analytic lightcone and with the counts extractemnf
synthetic CANDELS images (Fid._18 anr§#t.1). Interestingly,
the counts recovered from the synthetic images are lower tha
those predicted by the lightcone that was used to consthect t
synthetic observation, suggesting that the discrepantweeas
semi-analytic model predictions and observations may kedlem
than previously claimed. The implications of this will betaited
in a followup paper (Overzier et al., in prep.).

(galaxies) in the synthetic images to various types of imfation
available in catalogs in the MRDB. For each synthetic galéhig
information includes the physical properties of their darktter
halos, the intrinsic properties of the galaxy itself, thealbte and
apparent photometric properties, and the observed piepegcov-

ered from the synthetic images using SExtractor.

The public data and the MRObs browser can be accessed at

the following URL:

http://gal f or rod. mpa- gar chi ng. npg. de/ nr obs/

In conclusion, the MRObs allows us to study our simulated
universes through the eyes of our telescopes. We hope that th
methods and data presented in this paper will encouragesatihe
take advantage of the new opportunities offered by thiscaa.
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Table 1. List of filters currently available in the MRObs and theLTERI D
under which they are known in the MR database.

FI LTER D Description FI LTERI D Description

U JohnsonJ ACS435 HST/ACS-WFC F435W
B JohnsonB ACS475 HST/ACS-WFC F475W
\Y JohnsonV ACS606 HST/ACS-WFC F606W
Rc CousinsRk ACS625 HST/ACS-WFC F625W
lc CousinsI ACST775 HST/ACS-WFC F775W
z UKIDDS Z ACS814 HST/ACS-WFC F814W
Y UKIDDS Y ACS850 HST/ACS-WFC F850LP
J UKIDDS J GFUvV GALEX FUV

H UKIDDS H GNUV GALEX NUV

K Johnsonk NIC110 HST/NICMOS F110W

Ks UKIDDS K NIC160 HST/NICMOS F160W

i1 Spitzer/IRAC channel 1 VIMOSU VLT/VIMOST

i2 Spitzer/IRAC channel 2 WFC105 HST/WFC3-IR F105W
i3 Spitzer/IRAC channel 3 WFC125 HST/WFC3-IR F125W
i4 Spitzer/IRAC channel 4 WFC160 HST/WFC3-IR F160W
SDSSu SDSSu’ WFC225 HST/WFC3-UVIS F225W
SDSSg SDSSg’ WFC275 HST/WFC3-UVIS F275W
SDSSr SDssr’ WFC336 HST/WFC3-UVIS F336W
SDSSi SDSSi’ WFPC300 HST/WFPC2 F300W
SDSSz SDSSz’ WFPC450 HST/WFPC2 F450W
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APPENDIX A: INTERGALACTIC MEDIUM A/AL — 1, and zen is the redshift of the source. Eg._A10 is the
CORRECTIONS approximation given for Eq. 16 [n Madalu (1995, see footnoite 3

The MEIKSIN and INOUE-IWATA models [(Meikgin 2006; 2t Papen).

linoue & Iwatd 2008) discussed {23 are both based on a Monte . .
Carlo approach that distributes LLSs chosen from a reddlsifti- This paper has been typeset fromgX/MATEX file prepared by the

butiondN/dz and an optical depth distributiahV/dr (both con- author.
strained by observations), and averages over the IGM trigsgm

measured along a large number of random lines of sight. The IG

effective optical depthr. at observed wavelengthis taken to be

the sum of the Lyman continuum (LC) optical depth due to LLSs,

the optically thin IGM, and the Ly forest as follows:

Te(N) = () + M) + DR, (A1)

The optical depth due to photoelectric absorption by LLSs
along the line of sight to a source at redshifs given by

W) =

z < 9N 1 3
/ dz’ / drr, 1—exp|—7 ( * ZL) ,
2L 1 ot 0z’ 1+ 2

(A2)

with z;, = A/912 A — 1, andd>N/d7.0z' the number of ab-
sorbers per unit redshift and optical depth. In the MEIKSIhdwsl
the LLSs are randomly drawn from the distributions

dN

— = 025(1+ 2)t° (A3)
% o< 751'57 (A4)
while INOUE-IWATA assumes
(11;;21)“/1 (0<2<2)

dN A L\

@ ~omsa | Vi (1 <z2<z) (A9

: 1420 2 142 3
1421 1429 (Z > 22)

% o< 751‘37 (A6)

with A = 400, Y1 = 0.2, Y2 = 2.5, Y3 = 4, z1 = 1.2, and
z2 = 4. The mean IGM transmission due to the LLSs typically sta-
bilizes after averaging over10,000 random lines of sight. Follow-

inglMeiksin (2005) ant Harrison etlal. (2011), both modetsiide

a static contribution from the diffuse or optically thin IGMhd the

Ly« forest:
1 1
IGM A = (1 4.4 |: _ , A7
TG (A (1+2L) (112032 (14 2)3/2 (A7)
(A) = —In{exp(=n(}))), (A8)
with C' = 0.07553 and the Lyman transitions — 1 up ton = 31
are included.
For completeness, we also give the MADAU modeling ap-
proximation mm%):
A 3.46
w) = meM+ 3 4 (r) (A9)
j=1,i J
o)~ 0.252 (e’ — 23 *0) + 9.408% (20 — 20 1F)
0.722 (2512 — 0 ®?) — 0.023(wer” — ),
(A10)
with A; = (0.0036,0.0017,0.0012,0.00093) for X\; =

(1216, 1016, 973,950) A, zc = 1 + ze, Tem = 1 + Zem, 2c =

(© 2012 RAS, MNRASD00, [IH27
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