Mon. Not. R. Astron. Soc. 000, 1-19 (2009)

Printed 20 July 2010

(MN IATEX style file v2.2)

Galaxies to the redshift desert and beyond
III. The photometric redshift code GAZELLE

Ralf Kotulla*

Centre for Astrophysics Research, University of Hertfordshire, College Lane, Hatfield AL10 9AB, United Kingdom

Accepted XXX. Received XXX in original form XXX

ABSTRACT

Key words:

1 INTRODUCTION

Something about the history of photo-z

Different methods: Neural nets, training sets, template
codes

Downside: No physical parameters or interpretation
(because interpolation), no errors, no evolution in the tem-
plates

1.1 Why yet another photometric redshift code?

Despite the wealth of publicly available redshift codes such
as HYPERZ (Bolzonella et al. 2000), BPZ (Benitez 2000),
ANNz (Collister & Lahav 2004), ZEBRA (Feldmann et al.
2006), LePhare (Arnouts et al. 2002; Ilbert et al. 2006),
EAZY (Brammer et al. 2008) to just name the more com-
mon ones we decided to create yet another one, which we
called GAZELLE. The difference to the other codes are the
used template set on the one side and an additional SED
fitting functionality on the other hand.
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The template set we use is based on GALEV models.
They contain a full suite of emission lines that are calibrated
to closely match observed line-ratios and hence allow for
an accurate modelling of actively star forming galaxies, in
particular of low-mass and hence low-metallicity systems.
In addition to this line emission we also include continuum
emission, that contribute significantly to the near-infrared
luminosity of young stellar populations, but also affect the
UV and blue spectral range in that they alter the strength
of the Balmer break, and consequently impact on the stellar
population ages inferred from the strength of this break.

Our template set furthermore contains the full spectral
and chemical evolution of galaxies from the onset of star
formation in the early universe until the present day. This
naturally accounts for all observed stages of galaxy evolu-
tion, from the undisturbed evolution of isolated galaxies to
starbursts and in particular the post-starburst phenomena
in galaxies undergoing interactions with one or more nearby
companions. On top of that, isolated galaxies are modeled
chemically consistently, i.e. fully accounting for the increas-
ing initial abundances of subsequently formed stellar popu-
lations.
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To make best use of the wealth of information contained
within these models, GAZELLE not only derives a photomet-
ric redshift for each galaxies, but rather physical properties
such as masses, star formation rates, galaxy types, stellar
population ages, etc. It therefore combines the functionality
of a photo-z code with that of a fully eqipped SED fitting
code in a self-consistent way, using identical templates and
hence fully accounting for all involved and often mutually
dependent uncertainties.

2 THE PHOTOMETRIC REDSHIFT CODE
gazelle

To make best use of the wealth of information supplied by
our GALEV models (Anders & Fritze 2003; Bicker et al. 2004;
Kotulla et al. 2009), we developed a new and innovative pho-
tometric redshift code that we named GAZELLE. Its working
is described below.

2.1 The object photometry catalog: Required and
optional information

As in most other photometric redshift codes the first pro-
cessing step is to read the input catalog. This input cata-
log contains a) an arbitrary number of columns (the num-
ber can be specified via the configuration file) that allow to
identify each individual galaxy, e.g. catalog numbers, coor-
dinates, etc.; b) the galaxy photometry, either as measured
fluxes or magnitudes. Each photometric datapoint needs to
be followed by its uncertainty, either expressed as flux error,
magnitude error or signal-to-noise ratio.

After reading this input catalog, GAZELLE compares
each input photometry against the detection limit of the
respective filter. Detected magnitudes below the specified
detection limit get flagged as suspicious, and non-detections
in one or more filters for an otherwise detected object are
also flagged depending on whether they lie outside the ob-
served field-of-view (usually indicated by a magnitude of
—99 mag) or unabserved because they are too faint (magni-
tudes of +99 mag). The reason for this flagging is detailed in
Sect. 2.4. The format of this file hence is largely compatible
with the requirements of the other codes to allow for easier
inter-comparison of different codes.

2.2 The template set: Galaxy models including
spectroscopic and chemical evolution

As mentioned earlier the major improvement of GAZELLE
compared to all previous photometric redshift codes is that
as comparison templates we use models that include the
full spectroscopic and chemical evolution from the onset of
star formation shortly after the Big Bang until the present
day. For this reason it was inefficient to input the full spec-
tra into GAZELLE and convolve them with the filter curves
on-the-fly. Instead we decided to do this computational ex-
pensive process beforehand and use spectral energy distri-
butions, apparent magnitudes in each of the specified filters
that are generated by our GALEV models, as principle input
into GAZELLE. These SEDs, one for each of the redshift range
corresponding to the time-steps of our models, include both

k- and e-corrections as well as the attenuation due to inter-
galactic neutral hydrogen clouds as shortly described above
and in more detail in Kotulla et al. (2009). Supplementary
input such as dust extinction for each filter as function of
redshift (the SED-equivalent to extinction curves) as well
as physical parameters (masses, star formation rates, metal-
licities, etc.) computed by GALEV are also read from their
individual files and internally merged into a final catalog of
SEDs and physical parameters.

2.3 The algorithm

The algorithm of GAZELLE is based upon a slightly modified
x> minimisation algorithm. For each (observed SED)-(model
SED) combination we derive a x? value by
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where F° _,., and F _ are the fluxes in the i-th filter from
the model grid and the observations, respectively. o;, the
uncertainty of this SED point is given by

J— 2 2
0i = Ui,obs + Ui,modeU (2)

where 0; obs is the uncertainty of the observation, i.e. photo-
metric errors. The additional term ¢; model represents uncer-
tainties of the models to account for variations among galax-
ies of identical spectral types as well as uncertainties prop-
agated from the modelling process, such as uncertainties in
our knowledge of the Initial Mass Function, stellar evolu-
tion, incomplete stellar libraries, changes in metallicity due
to gas infall or outflows, etc. (see Conroy et al. 2008, 2009, for
more details on uncertainties of population synthesis mod-
els). We typically assume a model uncertainty of 0.1 mag in-
dependent of wavelength, although a wavelength-dependent
parametrisation is supported by GAZELLE. The exact value
for the model uncertainty is not crucial in the sense that it
does not significantly affect the best-match solution; it does
however influence the confidence ranges, with smaller model
uncertainty ranges resulting in more closely confined solu-
tions. The inclusion of this additional error term was already
successfully implemented by, e.g., Anders et al. (2004) and
Brammer et al. (2008).

One crucial parameter in eq. 1 is the scaling parameter
a. This parameter directly influences the resulting mass and
all dependent parameters such as star formation rates of the
galaxy by scaling all luminosities with the same factor to
match the average observed luminosity. The a parameter is
computed by

7
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where w; is a weighting factor. Unlike most x? algorithms we
offer, in addition to the normal weighting with all w; = 1 the
possibility to use w; = cri,,bs in anticipation of the upcom-
ing x? computation. Tests comparing both methods showed
that this alternative method yields slightly better results,
in particular in cases where different filters are observed to
very different depths with consequently very different pho-
tometric uncertainties.

o=
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Another crucial step on the way to accurate redshifts
is the determination of the intrinsic reddening, since this is
able to dramatically change both the shape and the nor-
malisation of the SED. To find the minimum x? value for
one particular (observed SED)-(model SED) combination
as a function of reddening we implemented a golden sec-
tion search to sparsely scan the allowed reddening range and
confine the best solution to within a small range (typically
AFE(B —V) < 0.05 mag) of the optimum. In a last step we
fit a parabola to the points near the minimum to obtain the
final, best-match value.

For a typical run, each model in the comparison grid
contains ~ 800 SEDs, covering the redshift range z =0 — 8
in steps of 0.01. For each galaxy we scan the full grid, i.e.
we compute x> values for every SED of every model.

Once all x? values for each possible (observed SED)-
(model SED) combination has been computed we derive raw
probabilities for each SED by

A2
Pw o () @

and, in a next step normalise all raw probabilities P, to
yield

Pl
> Pl X Azi
with Phorm fulfilling the condition

ZPnorm(z) x Az(z) = 1. (6)

Az(z) is the width of the redshift interval corresponding
to this SED point. This is necessary as consequence of a
potentially inhomogenous redshift sampling of our model.
Optionally we offer the possibility to first normalise all %2
to yield x2;, = 1, in analogy with the approach presented
in Le Borgne & Rocca-Volmerange (2002).

We now sort the resulting array of probabilities by in-
creasing probabilities or equivalently decreasing x? values.
The model SED with the highest probability determines the
best-match values for all parameters, i.e. for redshift, extinc-
tion, galaxy type, masses, star formation rate, etc. To derive
confidence ranges we progress down this sorted list and in-
tegrate probabilities until 0.68 (in the case of 1 o uncertain-
ties) have been reached. The confidence range is determined
by the minimum and maximum values for each parameter
reached within this interval. This implies that the extreme
values covered by the confidence ranges do not necessarily
result from the same point in the model grid. We also point
out that we do not make any assumptions on the distribu-
tion of values around the best-match value. This leads to
generally asymmetric confidence intervals that also do not
need to be gaussian distributed.

J _
Pnorm -

(®)

2.4 Treatment of non-detections

The x? algorithm described above is not able to work with
non-detections that occur frequently for a number of rea-
sons, either because

e a) the galaxy intrinsically does not emit flux in the
observed wavelength range or all emitted flux is absorbed on
the way towards us (e.g. shorewards of the Lyman break);
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e b) the survey is not sufficiently deep to observe the faint
flux from the galaxy; or

e ¢) the galaxy happens to lie outside the field-of-view
covered by the observations in one or more of the filters (for
instance in the case of a wide-field optical survey that was
only partially followed up in the NIR).

Similar criteria also apply to the models, that can predict
the galaxy to be undetected in one or more bands, for above
reasons a) and/or b). Each of these cases contains informa-
tion by itself and hence deserves proper inclusion.

In all above cases where either the model and/or the
observed data are not detected in one or more bands, these
filters are excluded from the computation of the mass scaling
parameter o.

For the following x? calculation we implemented the
following behaviour:

e Reason a) and/or b) for both model AND data:
In case that both observations and model agree on a non-
detection (reason a) or b) apply to both e.g. for dropouts or
non-detections due to too shallow data) this filter is taken
as a perfect match and assigned x? = 0.

e Reason a) and/or b) only apply to model OR
data: In the case of disagreement, e.g. the model predicts a
magnitude brighter than the detection limit but the obser-
vations did not detect it, or vice versa, the model predicts
too faint a magnitude but the object was detected, GAZELLE
offers two possibilities: The x? value for this filter can be
assigned a fixed value to account for this mismatch or alter-
natively can be computed by the difference between mag-
nitude limit and observed (or predicted) magnitude divided
by the model uncertainty.

e Reason c): In the case the object was not detected
because it does not fall into the observed area, this data
point is excluded from the x? calculation.

This process ensures best use of the available data.

2.5 Treatment of bandpasses beyond NIR

While non-detections are more relevant for the shortest
wavelength filters there are also potential problems with
bandpasses at long wavelengths. At rest-frame wavelength
beyond K-band or A =~ 2.5um the spectra of galaxies are
increasingly affected by non-stellar emission, most promi-
nently due to dust, that is currently not yet included in our
chosen template set. We therefore exclude all filters from
both the mass determination as well as the x? computa-
tion for which the central wavelength, as derived form the
filter curve, exceeds a certain maximum rest-frame wave-
length (we chose a conservative value of Apmax = 3um as
default value). Observations at longer wavelengths, for ex-
ample from IRAC on board the Spitzer Space Telescope, are
hence only used in the comparison with model SEDs above
a certain redshift.

2.6 Implementation

The above algorithm is implemented in the software pro-
gram GAZELLE. GAZELLE is programmed in C/C++ to allow
easy modification and adaptations to more specific projects.
However, most parameters that determine the behaviour



4 Ralf Kotulla

of the algorithm (e.g. the maximum allowed wavelength,
model uncertainties, etc.) can be configured via a param-
eter file so that GAZELLE is simple to use. For large datasets
and/or large model grids GAZELLE can also be run in a MPI}-
compliant multi-processor environment or even large CPU
clusters to decrease the required wall-clock—time consider-
ably. While GAZELLE is available on request from the author
we also plan to implement a web-compatible version into
the GALEV webpage (http://www.galev.org) to enable even
easier access to the wider community.

2.7 Output of results

Once the algorithm described above has been applied to each
SED of the model grid GAZELLE is able to derive a wealth
of information about the object. The resulting output hence
typically contains

e The best-match photometric redshift including its re-
spective uncertainty ranges, typically including 68% of the
total probability. Other and/or further confidence limits can
also be configured.

e The galaxy model containing the best-match model
SED. From this model we immediately can infer the most
likely past star formation history and, in the case the galaxy
contained a starburst or star formation truncation event, the
age since this event.

e The mass scaling factor a.. Since our undisturbed galaxy
models are calibrated to match the properties, in particular
masses and luminosities, of a typical 1L, galaxy of their
respective spectral types in the local universe we can directly
infer the mass relative to the characteristic mass of galaxies
of this type.

e Physical parameters inferred from the above mass scal-
ing factor a in combination with the galaxy type. These
are both stellar and gaseous masses and hence total bary-
onic masses, star formation rates and stellar population ages.
We furthermore can derive both integrated stellar and gas-
phase metallicities as well as stellar population ages. Since
we compute a complete probability density distribution we
also obtain confidence ranges for each one of the above pa-
rameters, fully accounting for redshift, galaxy type, mass
and dust reddening uncertainties.

e Optionally the full probability distribution function
(PDF) for each object from the input catalog to enable
follow-up studies. Another optional output is the best-match
SED, including the effects of the mass scaling and dust ex-
tinction to allow for easy presentation and visualisation of
the fit.

This enables us to not only derive the redshift of a galaxy,
but also its star formation history, mass assembly history
and chemical enrichment history.

2.8 GAZELLE as SED-fitting code

Based upon the above described functionality GAZELLE of-
fers several other features more applicable to studies of

1 Message-Passing Interface, see http://www.mcs.anl.gov/
research/projects/mpi/ or http://www.mpi-forum.org/ for
further details

galaxies with available spectroscopy and/or known dis-
tances. Among those features is the ability to also include
spectral indices, e.g. in the Lick-system (Trager et al. 1998),
in the comparison. The main difference between the treat-
ment of observed magnitudes and spectral indices is that
the latter do not scale with mass, and hence excluded from
the calculation of «.. The second feature is a generalisation
of the above approach to enable fitting of spectra to a grid
of GALEV models.

While the internal working, i.e. the x? algorithm, is
the same for all operation modes, the treatment of non-
detections and the scaling of the input models with the fac-
tor « changes from case to case. A detailed description of
each of these analysis modes will be given with the respec-
tive applications to data.

3 THE SAMPLE

To study the variation of the inferred mass functions on the
deepfield at hand we compiled a large catalog from read-
ily available public catalogs published by the teams of each
respective survey. For each of the fields we used the filter
functions for the according telescope and instrument to not
include additional uncertainties due to colour transforma-
tions. Photometric redshifts as well as physical parameters
were then derived individually for each field, so the accuracy
of our photo-z compared to the true (spectroscopic) redshifts
also varies from field to field as consequence of the varying
filter coverage. In the following we detail the data we used
for the presented analysis. A summary of field sizes, number
of spectroscopic redshifts, filter sets and obtained accuracy
can be found in Table ??. For more details on data reduc-
tion, source selection, and alike we refer the interested reader
to these papers.

In Fig. 1 we show the filter sets covered by each of the
fields to give an overview of the covered wavelength basis
and sampling of each of the SEDs.

3.1 COSMOS

The Cosmic Evolution Survey (COSMOS, Scoville et al.
2007b) covers a 2 sq.deg. equatorial field centred on a =
10"00™29° and § = +02°12'21"”, and features a very wide
wavelength coverage from X-rays (Brusa et al. 2007; Cap-
pelluti et al. 2007; Finoguenov et al. 2007; Hasinger et al.
2007), UV (Zamojski et al. 2007), optical both ground-based
in broad- and narrow-band filters (Taniguchi et al. 2007) as
well as HST (Koekemoer et al. 2007; Scoville et al. 2007a),
near-infrared (Capak et al. 2007), mid-infrared from Spitzer
(Ilbert et al. 2009) to radio (Schinnerer et al. 2004, 2007;
Bondi et al. 2008). As such, many spectroscopic redshifts
have been obtained by various groups, e.g Lilly et al. (2007).

Our catalog is based on the latest (Release April 2009)
i-band selected UV-optical-NIR catalog? including photom-
etry in 16 broad- and 12 narrow-band filters. We restricted
the catalog to sources that are also detected in the K-band
to ensure the large wavelength coverage necessary to obtain
reliable photo-z (our COSMOS catalog). We also matched

2 http://cosmos.astro.caltech.edu/
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Figure 1. Response curves of the filters used in each of the survey.

the i+K-band selected catalog with the catalog of [3.6um]
detected sources (yielding our SCOSMOS catalog), so that
we have two slightly different source catalogs for the COS-
MOS field.

3.2 FIREWORKS: GOODS-CDFS

The FIREWORKS-catalog® (Wuyts et al. 2008) contains
K-band selected and aperture-matched photometry of the
GOODS Chandra Deep Field South (CDFS, Giacconi et al.
2000) region and covers the wavelength range from U
through 24pm with in total 18 filters. For reasons outlined
in Sect. 7?7 we do not use the [5.8um], [8.0um] and [24um)|
filters, though. The catalog furthermore contains spectro-
scopic redshifts for XXX sources (see Wuyts et al. 2008, and
references therein), allowing for easy comparison of the ob-
tained photo-z, making this catalog very convenient to use.

3 http://www.strw.leidenuniv.nl/fireworks/
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3.3 MUSYC: CW1255, SDSS1030, EHDF'S and
ECDFS

The Multiwavelength Survey of Yale-Chile (MUSYC*) cov-
ers a total area of ~ 1sg.deg. spread out over four fields
(Extended Hubble Deep Field South (EHDFS), Extended
Chandra Deep Field South (ECDFS), plus an additional two
fields centred on a = 10"30™27%, § = 05°24'55" [SDSS1030]
and o = 12"55™40°, § = 01°07'00” [CW1255]). For this
study we use the K-band selected deep and wide catalogs
presented in Quadri et al. (2007), Blanc et al. (2008), and
Taylor et al. (in prep.). The deep versions differ from the
wide versions by a K-band detection limit ~ 1 mag deeper
(22.8 vs. 21.7 mag) and the additional availability of J- and
H-band photometry in addition to the UBVRIzK photome-
try common to all fields.

3.4 SXDF/UDS

The Subaru-XMM Deep Field (SXDF?®, Sekiguchi & et al.
2004) covers a 1.3 sq.deg. equatorial field centred on o =
02"18™00°, § = —05°00’00” in four optical filters (BRiz)
to great depth (Kashikawa et al. 2004). This field overlaps
with the Ultra Deep Survey (UDS) of the UKIRT Infrared
Deep Sky Survey (UKIDSS®, Lawrence et al. 2007), adding
deep near infrared data in the J- and K-bands (), and was
also covered by the Spitzer Wide-Area Infrared Extragalac-
tic (SWIRE", Lonsdale et al. 2003) survey, extending the
wavelength range into the mid-infrared. For this study we
use the public catalog presented in Williams et al. (2009).

3.5 FIRES: MS1054

The Faint Infra-Red Extragalactic Survey (FIRESS, Franx
et al. 2000; Rudnick et al. 2001) covers the HDF-South and
a field centred on the intermediate redshift galaxy cluster
MS1054 with extremely deep NIR J-, H-, and K-band data.
The catalog we use here is described in Forster-Schreiber
et al. (2006) and contains the UBVRIJHK filters.

3.6 Hubble Deep Fields

The Hubble Deep Field (HDF) North covers the area of
one WFPC2 footprint (=~ 6 sq.arcmin) on the northern
hemisphere, centred on a = 12"36™49°%, § = 4+62°12'58"
(Williams et al. 1996). For the present study we use the cat-
alog of Ferndndez-Soto et al. (1999), that supplements the
optical HST data in UBVI with NIR-data in J, H, and K.
The catalog also contains spectroscopic redshifts from 103
galaxies. The Hubble Ultra Deep Field (HUDF, Beckwith
et al. 2003) was taken a few years later with the Advanced
Camera for Surveys (ACS) onboard HST and observed an
area of XXX arcmin of the southern sky in BVRI to even
greater depth. In our study we use the catalog compiled by
Coe et al. (2006), also containing J- and H-band data from
HST-NICMOS.

'

http://www.astro.yale.edu/MUSYC/
http://www.naoj.org/Science/SubaruProject/SDS/
http://www.nottingham.ac.uk/astronomy/UDS
http://swire.ipac.caltech.edu/swire
http://www.strw.leidenuniv.nl/ fires/
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3.7 AEGIS and DEEP-2

AEGIS, the All-wavelength Extended Groth Strip Interna-
tional Survey, covers an elongated patch of sky centred on
a = 14"17™00° and § = 52°30'00” with multi-wavelength
data spanning the range from X-ray, UV, optical, near- and
mid-infrared to radio (Davis et al. 2007). It was also covered
by the Deep Evolutionary Exploratory 2 Galaxy Redshift
Survey (DEEP2 Willmer et al. 2006), supplying spectro-
scopic redshifts for a large sample of R4ap < 24.1 mag galax-
ies. The data we use in this study was compiled from two
independent catalogs covering the Optical ugriz bands ob-
served from CFHT (Davis et al. 2007) and the near-infrared
J and K-bands from Palomar (Bundy et al. 2006). This com-
pilation differs from the previous catalogs in that no PSF-
matching between the different filters could be performed,
and we will in the following discuss the implications of this.
For the matching we started with the NIR catalog, and
cross-correlated it with the optical catalog, using a match-
ing radius of 2. In the next step we cross-correlated the
NIR+Optical catalog with the DEEP2 redshift survey (us-
ing data release 3), again using a matching radius of 2”. The
final catalog hence contains only such galaxies that are de-
tected in the NIR and the optical and where a spectroscopic
redshifts is available from DEEP2.

4 THE GALEV MODEL SET

For each of the aforementioned fields we used a homoge-
nous set of model templates and, with exception of field-
dependent detection limits, the same GAZELLE configuration
between the fields to ensure that differences between the in-
dividual fields only reflect changes in the data and not in
the configuration.

We use the following template set:

e 5 galaxy types representing the local spectral types E
and Sa through Sd, using our chemically consistent (c.c.)
models that include a self-consistent treatment of the chemi-
cal evolution and fully account for the increasing abundances
of subsequently formed stellar populations. These c.c. mod-
els are closely calibrated to reproduce a wide range of ob-
servables in the local universe as described in Kotulla et al.
(2009) and Kotulla & Fritze (2009). However, we can not
a priori know whether the relation between galaxy spectral
type and stellar mass holds out to arbitrary high redshifts.
This could mean that galaxies at higher redshifts are more
or less massive than predicted by our models, leading to dif-
ferent metallicities as a consequence of the mass-metallicity
relation. To account for this uncertainty we also add, for
each type, models with the same SFH, but with metallici-
ties fixed to (0.2,0.5,1.0) X Zg.

e A range of starburst and post-starburst models with 16
different burst ages ranging from 0 Gyr (i.e. at the peak of
star formation activity) to 10 Gyrs, (i.e. old and red galaxies
as typically found for ellipticals in the local universe). This
sequence naturally includes strong post-starburst at ages
of 0.5 — 1.0 Gyrs when their spectra show strong Balmer
absorption lines typical for k+a type galaxies in the low-
redshift universe (Dressler et al. 1999; XXX missing refer-
ence XXX 2035; Falkenberg et al. 2009a,b), but that are
increasingly found in high-redshift ellipticals (XXX miss-

ing reference XXX 2035). Again we allow 3 metallicities of
(0.2,0.5,1.0) x Zg for each of these models. Using our c.c.
approach for these models is not appropriate, as these star-
bursts are likely triggered by mergers, hence rendering our
assumption of closed-box evolution invalid. However, we are
currently working on implementing a multi-zone approach
into GALEV, that could lift this limitation in the near fu-
ture.

e A sample of stellar spectra from the Lejeune et al.
(1997, 1998) library, covering the full range of effective tem-
peratures from 2000 — 50000 K. Adding these templates
aims at finding remaining stellar contaminants that were
not flagged as such based on morphological criteria.

For all galaxies we assume star formation to begin at z = 8
and then track the full evolution from there formation to the
present day. We hence naturally include evolutionary correc-
tions, accounting for the younger ages towards higher red-
shifts and increasing look-back times. This naturally ensures
that all galaxies are younger than the age of the universe
at each redshift. It also means that the number of avail-
able templates changes with redshifts, as, for instance, older
post-burst galaxy templates are restricted to lower redshifts
than models of ongoing bursts or undisturbed galaxies.

Our assumption of a fixed, universal formation red-
shift for galaxies of all types and across the mass-spectrum
is supported by a wealth of evidence found in both the
local and higher redshift universe, ranging from the exis-
tence of stars and star clusters as old as the universe in
our own Galaxy (Harris 1996; Mackey & Gilmore 2003) and
in nearby giant- (Kotulla et al. 2008; Woodley et al. 2010)
and dwarf-galaxies Grebel (1997). Based on integrated light
we have evidence for already old stellar population in high-
redshift galaxies (e.g. Shapley et al. 2001; Cimatti et al.
2002; Forster-Schreiber et al. 2004). Furthermore the detec-
tion and spectroscopic confirmation of galaxies at redshifts
z 2 7 (Iye et al. 2006) furthermore point towards the same
redshift range, as do determination on the end of the epoch
of reionization via the Gunn-Peterson effect (Gunn & Pe-
terson 1965) derived from high-redshift quasar spectra (Fan
et al. 2006). Small variations of the exact value of zform be-
tween z = 6 — 10 have negligible impact on our results and
the conclusions drawn from them, as the difference in galaxy
ages and hence evolutionary states imposed by these changes
are small.

All models (spectra, apparent magnitudes, k- and e-
corrections for all filters of the presented fields, stellar
masses, SFRs, etc as function of time and/or redshift) are
freely available from our website http://www.galev.org.
Additional models for different assumptions and/or in dif-
ferent filters can also be computed via this web-site.

4.1 Comparison of predicted colour evolution
with observations

The most important factor to derive accurate photo-z from
templates is to ensure the models accurately trace the evolu-
tion of the observable SED with redshift. GAZELLE in this
respect differs from all other photo-z codes currently avail-
able (see Hildebrandt et al. 2010, for an overview and short
description of most other codes) in that it does not limit the
template set to a few templates representing galaxies at dif-
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ferent ages and then use the redshift as free parameter, but
it rather assumes a fixed relation between galaxy age and
redshift. Doing so eliminates one essential free parameter,
and in turn imposes stringent requirements on the underly-
ing star formation history, but at the same time makes the
derived SFH more meaningful. Several codes (e.g. EAZY,
Brammer et al. 2008) interpolate between templates to im-
prove the quality of their photo-z fits, and while these in-
terpolation factors can basically be used to derive SFHs,
smooth SFHs are likely better representations of the true
SFH than such consisting of only a few individual bursts.

In Fig. 2 we show observed colours of galaxies in the
COSMOS field in a range of filter combinations, using both
broad- and intermediate-band filters. We overplot a small
selection of the models we use to derive photometric red-
shifts. All shown models are computed with fixed metallic-
ity of 0.5 Zs and, as mentioned above, assume a formation
redshift of zz = 8.

Fig. 2 clearly shows that our models offer a best-possible
match to the observations without requiring any additional
free parameters or a-posteriori calibration (except the zero-
point matching described above). We particularly note the
close match to the bumps and wiggles that are caused by
emission lines in the star-forming templates. Without emis-
sion lines many of the features that closely determine the
photo-z accuracy, such as the P-Cygni like evolution of the
starburst template in the bottom row panels, can not be
explained. This was also found by Ilbert et al. (2009), who
also found a significant improvement in photo-z accuracy
after inclusion of emission lines into their templates.

4.2 Advantages of this model coupling

The intended close coupling between GALEV evolutionary
synthesis models on the one hand and GAZELLE as photo-
z code on the other hand furthermore allows us to extract
more information out of each SED than “only” a redshift.
We already showed that in order to match the overall nor-
malisation of the SED we need to apply a scaling parameter
« (see eq. 77). This factor not only scales the galaxy’s stel-
lar mass as source of the emitted light, but by linking to the
galaxies SFH also affects the current SFR, and other mass-
dependent parameters. Furthermore from our knowledge of
the SFH we can get a handle on mass- and light-weighted
stellar ages. Mass-weighted ages in this context are derived
by weighting the age of each stellar population with its mass,
while light-weighted ages are obtained by weighting each
age with its luminosity. As stellar population of different
ages dominate different parts of the emitted spectrum (e.g.
young stars dominating the emission in the UV and Blue,
while NIR is dominated by older, evolved giant stars), these
light-weighted ages generally depend on the filter at hand,
with longer wavelength bands generally yielding older ages
than bluer bands. Furthermore if we assume that galaxies
evolve as closed-boxes as done in this study®, or alterna-

9 Note, however, that as consequence of the fraction-of-visible-
mass parameter (see Kotulla et al. 2009, for details) the chemical
evolution, but not the gas fraction, of our models is essentially
equivalent to the model of Erb (2008) that assumes gas infall and
outflows to be proportional to the star formation rate.
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tively assume some some prescription for gas infall and out-
flows, we can also infer the currently available gas-mass and
gaseous metallicity. Although this approach introduces spu-
rious relations merely reflecting the initial assumptions (e.g.
a one-to-one relation between gas-mass and SFR in the case
of our Sa-Sc templates) that have to be carefully considered
during the analysis, it still allows to derive a wealth of phys-
ical information from the data at hand in a self-consistent
manner.

Fig. 3 exemplifies this approach. Using the probability
distribution derived from the SED fitting, we assign identical
probabilities of each (observed SED)-(model SED) combina-
tion to each of the physical parameters of this model point,
in this case the stellar mass and SFR. Confidence ranges for
these paramters are then derived simultaneously with the
photo-z confidence ranges by integrating probabilities from
highest to lowest probability and deriving the extreme val-
ues reached within the 68% range.

This self-consistent and more realistic approach there-
fore also accounts for the uncertainties in the photo-z de-
termination. This leads to generally larger uncertainties for
each parameter as compared to the more common, sequen-
tial approach of first obtaining a (photometric) redshift, and
then deriving masses and SFRs via SED fits at fized redshift
that ignores redshift uncertainties as major source of uncer-
tainty for all other parameters.

Fig. 3 also demonstrates three out of four possibili-
ties of principal shapes of probability distribution functions
(PDFs), two of which lead to an correct photo-z estimate.
In each of the panels, line-colours indicate the galaxy tem-
plate, with red lines representing our E-type model, green
lines early-type spirals Sa and Sb, dark blue lines late-
type spirals Sc and Sd, brown lines early burst-models with
burst ages < 500Myr, turqoise intermediate-age bursts with
500 < burst age < 1500 Myrs, and finally violett lines
post-starburst models with burst ages > 1.5 Gyrs. In each
sub-panel the upward facing arrows indicate the best-match
value; the red, downward facing arrow in the top P(z) panels
marks the spectroscopic redshift. We furthermore indicate
the 1o confidence intervals with the grey-shaded regions.
The bottom sub-panels give the observed photometry data
and their errors with red points; the best-match model SED
is given by blue open circles. Note that the lines connecting
the model SED points are only meant to guide the eye.

The first case, shown in the left panel, illustrates the
ideal case of having only a single template that can repro-
duce the observed SED. In essentially all cases this is caused
by one or more strong features in the SED, either a strong
break (as in the case of dropouts) or, as for this galaxy,
strong emission lines that dominates the flux in at least one
filter. These features can only be reproduced over a very nar-
row redshift range (typically Az ~= AN/ of the filter that
covers the feature) and hence lead to very peaked PDFs.
We remark that the SFR PDF splits up into three compo-
nents that coincide in their redshift- and stellar mass PDF's.
These represent three young bursts at different stages or
burst ages, that despite their different physical parameters
show indistinguishable observables in form of their SEDs.

The second case shown in the middle column of Fig. 3
is a more typical case where no sharp features are detected
and the photo-z determination is dominated by a fit to the
continuum. This also allows for dust extinction as additional
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Figure 2. Comparison of the colour evolution with (spectroscopic) redshift as observed in COSMOS for a range of filter combinations:
Top row: B —r (left), V — K (right); middle row: IB505 — IB574, IB574 — IB624; bottom row: 1624 — r, IB738 — IB767. For comparison
we show three of the models in our grid, a starburst at peak SFR and two post-starburst models 1 Gyr and 4 Gyrs after the SFR peak,

each using a metallicity of 0.5 Zg.

degree of freedom to come into play. Dust reddening affects
the spectral slope globally, but does not affect the shape
and/or position of spectral lines or breaks, so we naturally
expect and indeed observe a much wider PDF in these cases.
The stellar mass PDF is not symmetric around the best-
match value, but rather skewed due to the width of the
photo-z distribution.

The third, right column in Fig. ?? is characteristic for
a case where the PDF has more than one peak. Reasons
for this can be found in degeneracies due to large photo-
metric errors and/or insufficient sampling of the SED, e.g.
too few filters not allowing to discriminate effects of stellar
population age and dust reddening or confusing the Balmer
and Lyman breaks due to lacking/too shallow UV coverage.
In most of these cases the PDF still shows a local but no
global probability maximum at the correct redshift. If both
peaks are close in redshift space this effect is likely to aver-
age out for larger samples, as the scattering of best-match
values from the correct into the wrong peak is proportional
to their relative amplitudes. For larger distances (e.g. as in
the case of confused Balmer and Lyman-breaks) the effects
are more severe, because nearby, low-mass and galaxies that

get interpreted as high-redshift galaxies are more numerous
than massive galaxies at high-redshift. However, in most of
these cases the resulting photo-zs are assigned very large un-
certainties to represent this degeneracy and can be excluded
from any subsequent analysis.

The fourth case not shown here are “catastrophic fail-
ures”, where the spectroscopic redshift does not correspond
to even local maxima and lies outside the confidence ranges.
This can be the case, e.g, for strong AGNs or typically late-
type stars that are not represented by the template grid.
In particular the latter can potentially be excluded if high-
resolution imaging, e.g. from HST or using adaptive op-
tics, are available, e.g. using the Stellarity parameter from
SExtractor (Bertin & Arnouts 1996) or by comparing the
FWHM to the FWHM of bona-fide points sources. However,
doing so from ground-based observations alone with typical
seeing of < 1 arcsec is less straightforward, explaining the
significant fraction of objects falling into this category.

Another source of discordant photo-zs are wrong spec-
troscopic redshifts. Ferndndez-Soto et al. (2001) compared
spectroscopic and photometric redshifts for a sample of 140
galaxies in the HDF-N. They find for 5 out of 9 discordant
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Figure 3. Examples for typical probability distribution functions for three galaxies in the COSMOS field. The top three panels show
the probability distribution as function of redshift (top), stellar mass (second row) and star formation rate (third row); the bottom panel
shows the observed (filled red circles) and corresponding best-fit SEDs (blue open circles, connected by lines). Black upward arrows mark
the best-fit parameters (redshift, stellar mass and SFR), the downwards pointing red arrow in the top panel marks the spectroscopic

redshift. The 1-0 confidence ranges are marked as gray-shaded regions.

The three galaxies are (ID [from zCOSMOS DR2 catalog], RA [deg], DEC [deg]): left: (811415, 150.242065, 1.826618); middle: (807424,

149.718628, 1.638003); right: (810153, 150.517227, 1.876145).

redshifts the spectroscopic redshift is at fault, while only
in 1/9 the photo-z is incorrect. This fraction is particularly
troublesome for training-set based photo-z techniques such
as ANNz (Collister & Lahav 2004). XXX

5 PERFORMANCE EVALUATION

To test the accuracy and reliability of our code we applied
GAZELLE to a range of different surveys with available spec-
troscopic redshifts. The fields under investigation are the
original Hubble Deep Fields North (HDF-N, Ferndndez-Soto
et al. 1999) and South (HDF-S, Labbé et al. 2003), the Hub-
ble Ultra Deep Field (HUDF, Coe et al. 2006), Chandra
Deep Field South (CDF-S, using the FIREWORKS catalog
by Wuyts et al. 2008) and the AEGIS (All-wavelength Ex-
tended Groth Strip International Survey, data from Bundy
et al. 2006; Davis et al. 2007). The wavelength coverage of
each of these fields is summarised in Table 1.

For each of these fields we first ran a calibration run,
in which the redshift of all templates is fixed to the spec-
troscopic redshift of each object. This allows to derive em-
pirical zero-point offsets that need to be applied to the data
to minimise systematic offsets between the photometric and
spectroscopic redshifts. Possible reasons for these zero-point
shifts are imperfect calibration of the data with respect to
the quoted magnitude system (as is the case, e.g., for the
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SDSS u- and z-filters, (Doi et al. 2010)). On the modeling
side small changes to the filter response curves as conse-
quence of different airmasses or insufficient knowledge of the
response of telescope mirrors and/or detector as function of
both time and wavelength can also lead to minor offsets.
However, the required offsets are typically small (< 0.05
mag) and well within the assumed uncertainties of our mod-
els of 0.1 mag.

The resulting one-to-one comparison is shown in the left
panel of Fig. 4 and also summarised in Table 1. We gener-
ally find a very good agreement between the spectroscopic
and our derived photometric redshifts. Two notable cases
are SCOSMOS and AEGIS/DEEP-2. SCOSMOS shows by
far the best performance, which we attribute not only to
the large number of filters that finely sample the SED in
much the same way as a low-resolution spectra does, but
also to its large wavelength coverage from FUV (0.15um)
to Mid-Infrared at 8.0um (note, however, that in particular
the [5.8um] and [8.0um] bands are mostly excluded from
the fitting due to the low redshifts of the spectroscopic sam-
ple). This greatly helps to constraint dust extinctions, al-
leviating degeneracies of dust extinction, stellar population
age and redshift. On the other end of the spectrum is our
AEGIS/DEEP-2 sample, showing a relatively large number
of objects with large derivations from the ideal case. We
attribute this to the way the photometry sample was as-
sembled, as described earlier in Sect. 3.7.
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Table 1. Surveys in comparison

Survey / Field wavelength filters N(zspec) Az Oy # outliers!
coverage 1+2spec
HUDF B-J 6 86 -0.013 0.108 30
HDF-N U-K 7 103 -0.027 0.056 17
HDF-S U-K 7 49 -0.021 0.059 7
AEGIS/DEEP u-K 7 5026 -0.037 0.067 1285
FIREWORKS U - [8.0] 16 582 -0.057 0.062 117
SCOSMOS FUV - [8.0] 16412 2375 -0.003 0.017 148
combined - - 8221 -0.018 0.052 1604
Kitzbichler+06 B-K 5 112k -0.013 0.054 14345
1 defined as having Az = |2Zspec — Zphot| > 0.1 X (1 4+ 2)
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Figure 4. Comparison of spectroscopic and photometric redshifts. Direct comparison of z,p0t and zspec for the surveys listed in Table
??. The mean deviation (zspec — Zphot) = —0.03X X X, the scatter is XXX. Right panel: Histogram of the deviation

The right panel of Fig. 4 shows the distribution of pho-
tometric redshift offsets 0. = (2phot — Zspec )/ (Zspec +1) for all
six fields. All fields show a minor bias of 0, median = —0.02
towards slightly underestimated photo-z as compared to the
true spectroscopic redshift. This bias however does not sig-
nificantly impact on the derived physical parameters, in par-
ticular at z > 0.5; small deviations in redshift do not change
the overall evolutionary state of the galaxy, and the resulting
error in the distance modulus (6(m—M)/dz < X X X ) which
affects masses and mass-dependent parameters is small com-
pared to the uncertainties from different model types, i.e.

star formation histories (also see Fig. 3). The dispersion of
o, =~ 0.05 is comparable to other state-of-the-art photo-
z codes on the same and/or similar datasets (Hildebrandt
et al. 2010).

5.1 Distribution of photometric redshift errors

One important factor during the derivation of photo-z is
to determine how robust that redshift estimate is, or what
its confidence ranges are. As mentioned earlier (Sect. 2.3)
GAZELLE derives confidence ranges directly from the prob-
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Figure 5. Cumulative distribution of |Az|o. = |zspec — Zphot|0=
for all galaxies in our sample with available spectroscopic red-
shift. For comparison we show the expected distribution in case
of gaussian errors.

ability distribution, accounting for potential multiple prob-
ability maxima.

In Fig. 5 we show the cumulative error distribution de-
rived from all galaxies with available spectroscopic redshifts.
When compared to the theoretical expectations we find that
for most fields the curves lie left of the gaussian distribution
(shown as thicker grey line), meaning that for these we gen-
erally overestimate the uncertainties and photo-z are more
accurate than could be expected from the error bars. This
is most likely due to PDFs with multiple peaks, in particu-
lar in cases where distinguishing between the Balmer- and
Lyman-break is difficult based on the available photome-
try. Another contributor are degeneracies intrinsic to the
template set and parameter space; for instance, galaxy age,
redshift and dust reddening to first order have similar im-
pacts on the observed SEDs. Only in the case of the HUDF
are errors underestimated, feigning overly accurate results.
However, this field also has the lowest number of spectro-
scopic redshifts and is selected differently from all the other
fields, and so our result for this particular field has lower
statistical significance.

We also note that at large deviations our estimated er-
rors drop below the gaussian distribution. This originates
from the fraction of “catastrophic failures” or outliers from
the photo-z vs. spec-z identity. For these cases the quoted
error bars are often significantly underestimated.

5.2 Systematic uncertainties in stellar mass and
star formation rate due to simplified SFHs

As GAZELLE simultaneously serves as SED fitting code to
derive physical parameters, we need to make sure that our
assumption of smoothly varying star formation histories is
capable to deal with the often complex star formation histo-
ries observed in detailed studies of individual galaxies. For
this purpose we chose a large sample of galaxies from semi-
analytical models. These galaxies have more realistic SFHs
derived from the Millennium simulation (Springel et al.
2005), but, owing to their model nature, well known pa-
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rameters, making them advantageous over real galaxies for
this comparison. We use a sample of galaxies from the De
Lucia & Blaizot (2007) and Bower et al. (2006) models. For
all cases we correct the stellar masses and star formation
rates for differences in the IMFs, following the prescription
in the respective papers. In all cases we use the simulated
photometry and apply the photo-z and SED fitting using
identical parameters as in the real analysis of the deepfields.

The comparison with the models from De Lucia &
Blaizot (2007) are shown in Fig. 6. The redshift for the
four runs, i.e. z = (0.36,0.76, 1.50, 3.06), have been chosen
to as closely as possible match the central redshifts for the
redshift bins of the subsequent analysis, to not introduce
uncertainties. We chose the photometry in the SDSS ugriz
and 2MASS JHK filters, as these filters more closely repre-
sent current observations as compared to the Buser BV and
Johnson RIK filters.

We find that, for galaxies more massive than 10°Mg,
stellar masses can be reproduced with a typical 1o scatter
of 0.07 dex; 99.9 per cent of all galaxies have stellar masses
within 0.17...0.24 dex (with lower values towards higher
redshifts) of the true model mass. Star formation rates for
the Mgienar > 10°Mg selected sample are typically good
to 0.5 dex (1o) but show logarithmic large scatters, mostly
due to very low SFR that have very little effect on the SED.
Restricting the sample to galaxies with SFR > 1 Mg yr—*
significantly improves this situation, with scatter being re-
duced to 0.18 dex (1o), and > 0.999 of all galaxies agreeing
to better then 0.5 dex.

The results using the models of Bower et al. (2006) and
our fits to the UBRIJHK photometry are shown in Fig. 7.
These models do not give star formation rates, so we have to
restrict the comparison to stellar masses. The scatter here
amounts to 0.08...0.12 dex. In all cases essentially all galax-
ies have photometric stellar masses within 0.25 dex of the
true value.

While these results are already more than encouraging,
so far we could only fit rest-frame photometry for which
we had to restrict the redshift range to match the models.
This prevented us from determining the true accuracy with
redshift as additional free parameter. To overcome this we
also applied GAZELLE to synthetic light-cones from Kitzbich-
ler & White (2007). These light-cones are also based on the
Millennium simulation, but account for redshift by using ap-
propriately shifted BVRIK filters. The results derived from
these relatively sparse SEDs are shown in Fig. 8.

We generally find very good agreement of the true val-
ues and those derived from the galaxy SEDs.

6 RESULTS
6.1 Redshift distribution

The first step in our comparison of the individual fields is the
distribution of the derived photometric redshifts. To make
the samples comparable for all subsequent analyses, we se-
lect a K-band bright sample of mx < 22 mag galaxies. This
brightness is reached in all samples except the HUDF that
only extends to the H-band. Furthermore the HUDF cata-
log combines galaxies in any of the BViz frames (Coe et al.
2006) and hence should be considered carefully. Also note
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comp_smass.pdf

comp_sfr.pdf

Figure 6. Comparison of stellar masses (left panels) and star formation rates (right panels) taken from a semi-analytical galaxy formation
model (De Lucia & Blaizot 2007) based on the Millennium simulation with the parameters obtained by fitting the synthetic rest-frame
SEDs to a set of GALEV models using GAZELLE. All data were corrected to use the same cosmology and a Salpeter IMF. Data points
are shown with blue dots, perfect one-to-one agreement is shown by the solid line, and dashed lines mark 0.3 dex offsets to either side.

plots/comp_smass_bower06.pdf

Figure 7. Comparison of stellar masses taken from the semi-
analytical galaxy formation model of Bower et al. (2006) with
the parameters obtained by fitting the synthetic rest-frame SEDs
to a set of GALEV models using GAZELLE. Other details as in
XXX Fig. 6.

that the COSMOS field is actually based on a combined i-
band and K-band selection. However, the i-band selection
reaches significantly deeper than the K-band (26.1 vs 23.8
mag at 100, Capak et al. (2008, in preparation), also see Il-
bert et al. 2009), which in turn is nearly 2 mag deeper than
our conservative limit and hence will not likely affect the fol-

kitzbichlerO6a.pdf

Figure 8. Comparison of values obtained from the obtained pho-
tometric redshifts with the true values as given by the semi-
analytical models for a 2 sq.deg. light-cone from Kitzbichler &
White (2007). Top left: true and photometric redshifts; bottom
left: stellar masses; top right: star formation rates; bottom right:
specific star formation rates (= SFR/Mgtellar). The solid black
line shows the identity between true and photometric values; dot-
ted lines mark confidence ranges of £0.1(1 + zspec) and 0.3 dex
(Mstellar, SFR, and sSFR).
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Figure 9. Projected density of galaxies per unit redshift, nor-
malised by the area of each field in arcmin? (top panel) and by
total number of galaxies in each field (bottom panel) as a func-
tion of redshift. The thick grey line marks the average of all fields
(using the wide fields where both wide and deep are available);

lowing results except in the case of extremely red (i —K > 4)
object.

Fig. 9 shows the resulting redshift distribution for all
fields, normalised by the area of each field (top panel) and
the total number of galaxies of each respective field (bottom
panel).

As can be seen from this figure, the photo-z distribu-
tions of most fields roughly agree in that they show a rise
at low redshifts to a maximum at z =~ 0.5, and a sharp
decline towards higher redshifts. This agrees well with re-
sults from other groups for the same fields (Grazian et al.
2006; XXX missing reference XXX 2035), re-emphasising
that both the code and our underlying model grid compare
well with other solutions currently available, but with the
added benefit of physical parameters from the intimate cou-
pling to our models. A striking feature of both number- and
area-normalised plots is the large scatter between the fields.
Despite our restriction to a homogeneous, mg < 22 mag
selected sample we still find differences of a factor of three
near the peak of the distribution at z ~ 0.5 — 0.8. This
discrepancy between the individual grows larger still with
increasing redshift, but with reduced statistical significance
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due to the smaller number of detected galaxies at these red-
shifts. Possible reasons for this effect are 1) differences in the
selection of the sample; 2) different reduction steps from the
data data to the actual catalogs, including calibration uncer-
tainties; 3) photometric redshift errors that scatter galaxies
between the individual redshift bins; 4) real physical dif-
ferences in the high-redshift galaxy populations at higher
redshifts;

The first suspect was largely ruled out by our restric-
tion to a well defined sample as outlined above. In particular
the chosen magnitude limit is significantly brighter than the
quoted incompleteness limits of the individual fields (see,
e.g., Quadri et al. 2007 for the MUSYC fields). Further-
more the reduction steps that lead to these catalogs largely,
i.e. not considering certain steps necessary to account for
the different instrument characteristics (XXX missing refer-
ence XXX 2035), follow widely-accepted standard reduction
procedures, so that also the second point seems unlikely to
cause the large observed discrepancies.

The third point of photometric redshift uncertainties
shuffling galaxies among the bins can be addressed by com-
paring two nearly identical fields. For this purpose we chose
the MUSYC CW1255, SDSS1030, and EHDFS fields, as they
were both published by Quadri et al. (2007), are based on
data from the same instrument, and have photometry of
equal quality in identical filters, and hence should be affected
by photo-z scatter in very much the same way. However, even
among these fields we still find significant (3—50) differences
at redshifts z = 0.8...2.5. At higher redshifts z < 2.5 the
redshift distributions from the wide catalogs agree very well,
while the deep catalogs still show some differences, but due
to the small number of galaxies the statistical significance
of this finding is questionable.

We will discuss the evidence for the fourth point below
in the light of mass functions derived from the data for each
of the fields.

Another interesting feature in several fields (CW1255
D/W, SDSS1030 W) is a deviation at z ~ 1.5...2 in the
decrease rate towards higher redshifts. This can be more
clearly seen in Fig. 10 where we show the area-normalised
redshift distribution of each individual field.

To test whether this is indeed a real feature or an arte-
fact of our photo-z determination we created a large mock-
catalog of simulated observations for each of our input tem-
plates. For each we started from our model SED, added
dust extinction with E(B — V) = 0 — 0.4 mag drawn from
a flat distribution, varied the mass function to represent
a Schechter-function with faint-end slope a = —1.0 and a
typical mass of 3 x 101'Mg. Finally we added photometric
noise, drawn from a gaussian distribution with zero mean
and a standard deviation that depends on the filter and the
apparent magnitude (see Kotulla & Fritze 2009, for a more
detailed description). We used the same filter set and detec-
tion limits as in the MUSYC-ECDFS field. These catalogs
were then used as input catalog for GAZELLE and we deter-
mined photometric redshifts and physical parameters with
parameters identical to what we used for the real data. The
very last step then culled only these galaxies that fulfil the
mk < 22 mag criterion to make the simulation compara-
ble to above findings. In Fig. 7?7 we show the comparison
between true, input redshift distribution and the retrieved,
photo-z distribution.
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Figure 10. Redshift distribution for each individual sample, nor-
malised by the are of each field. Poisson errors have been plotted
for each individual field, but are too small in the case of SCOS-
MOS, ECDFS and SXDF+UDS to be recognisable.

6.2 Comparison with simulated light cones

Now that we have obtained all these redshift distributions
the next step is to compare them with predictions from cos-
mological simulations. For that purpose we use the artificial
light-cones from Kitzbichler & White (2007) that are based
on the Millennium simulation. Each of these light-cones cov-
ers a simulated region of 2 sq.deg., hence are well matched
to the area covered by our combined sample. To make the
comparison as realistic as possible, we use the simulated pho-
tometry from these light-cones and process them in the same
way as we did with the real observations. We furthermore
added different levels of sophistication to check how well
we are able to reproduce the underlying distribution. In a
first step we use the dust-free photometry, while disabling
dust extinction as free parameter in the analysis. The sec-
ond step was using the photometry including intrinsic dust
reddening, and also allowing for reddening in the analysis.
Both these steps directly operated on the ideal photometry,
and hence not accounting for photometric scatter as ma-
jor source of uncertainty. We remedy this in a second set
of simulations where we add photometric scatter to each of
the SED points. The amount of scatter was drawn from a
gaussian distribution with zero mean and standard devia-
tion Am, which depends on the apparent magnitude and
the filter:

Am(m) = 0.03 4 3.75 x exp (0.75 X (M — Miimit)) - (7)

Mmumit was chosen such to reproduce 5o detections
(Am = 0.2 mag) for an (B,V,R,I,K) magnitude of
(26.5,26.5,26,24.5,22.5) mag.

The results for these different runs are shown in Fig.
11. Overall we find a good agreement between the underly-
ing, true redshift distribution and the composite distribution
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Figure 11. Comparison between the observed (thick grey line)
projected density of galaxies per unit redshift, normalised by to-
tal number with the results from the artificial light-cones from
Kitzbichler & White (2007) that are based on the Millennium
simulation. The different lines represent results from different sim-
ulations also accounting for dust-extinction of photometric noise.

compiled from our sample. Only towards higher redshifts
do both distributions start to separate, with more observed
galaxies at high redshift than expected from the simulations.
However, this disagreement is solved when we account for
all involved observational effects, in particular dust extinc-
tion and photometric noise. Dusty galaxies are fainter than
their less dusty counterparts, leading to larger photomet-
ric uncertainties and hence to a greater chance of being as-
sociated with an incorrect redshift, leading to comparably
low-redshift galaxies being scattered up to higher redshift.

We therefore conclude that our derived redshift distri-
bution agrees with what we find for the simulated light-
cones. The next step to ensure is that we also reproduce the
mix of galaxy types, and the distribution of stellar masses,
star formation rates, dust extinctions etc, and while we will
address stellar mass functions below we leave a discussion
of the other mentioned factors for an upcoming paper.

6.3 Stellar mass functions

In a next step we compare the galactic stellar mass functions
for each of the fields to search for mass-dependent differences
between the individual fields. This is done in four redshift
intervals (0.2,0.5), (0.5,1.0), (1.0,2.0), and (2.0,4.0), each
covering a timespan of ~ 2 Gyrs in our chosen cosmology,
and avoiding both the redshift extremes at very low and very
high redshifts were even small redshift uncertainties have
significant effect, or source densities are low, respectively.
Stellar masses for each of the galaxies is taken to be
the best-match value. To account for incompleteness at low
stellar masses we used the V/Viyax technique (Schmidt 1968)
and computed, for each galaxy, its space density in the vol-
ume over which the galaxy fulfils the detection- and selec-
tion criteria for our sample. To derive this maximum volume
we derived the maximum redshift out to which the best-
match galaxy model would be observable. This ensures that
we fully and consistently account not only for the chang-
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Figure 12. Mass functions for each of the fields in four different redshift bins (0.2, 0.5), (0.5,1.0), (1.0,2.0), and (2.0, 4.0). Points represent
the actual data, while lines represent the best-fit Schechter functions. The grey-shaded regions mark the regions where incompleteness
affects a) passive and predominantly old galaxies at the upper end of the redshift bin (light grey) and b) actively star-forming galaxies
at the lower end of the redshift range (darker grey), both assuming no dust extinctions. Symbols in the lower panels are identical with
those in the upper panels. Small black error bars near the top of each panel indicate the additional uncertainty for each datapoint as
result of cosmic variance, assuming a rectangular field size of 10 X 10 arcmin, and using the recipe of Moster et al. (2010).

ing luminosity distance, but also for k- and e-correction, i.e.
changes to the observed magnitude due to a shift in filter
position relative to the rest-frame spectrum and due to the
younger galaxy age towards higher redshifts. We then fit-
ted each mass function with a Schechter profile (Schechter
1976). The results are shown in Fig. 12.

For each field we show the derived mass-function as data
points with error bars (assuming Poisson noise) and our fit-
ted Schechter profile as line. The two different gray-scale
regions indicate two extreme mass completeness limits for
an old, passively evolving galaxy at the upper end of the
redshift range in light grey and a starbursting galaxy at the
lower end of the redshift range in darker grey. For both mod-
els we do not assume any dust extinction; for the old galaxy
with little to no ongoing SF we do not expect significant
amounts of dust, in agreement with spectroscopic observa-
tions (Kriek et al. 2006, 2009). For the starburst on the
other hand the case without dust represent the extremely
blue case, as in a more general case the addition of dust
would shift the mass completeness limit to higher masses.

Comparing the mass-functions we generally find good
agreement between the individual fields for masses M <
5 x 10" Mg. At low redshift (z = 0.2 — 0.5) we find a small
offset between the SCOSMOS, ECDFS and SXDF fields as
compared to the remaining fields. The reason for this is that
these fields were particularly chosen to be devoid of bright
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and hence mostly nearby sources, leading to a lower source
density in our lowest redshift bin. All higher redshift bins,
in which galaxies are generally faint and would not inter-
fere with this field selection criterion, do not show the same
offset, hence strengthening this interpretation.

6.3.1 Massive galaxies: Cluster formation at work

The population of the highest-mass galaxies with Mgtellar >
3 x 101 Mg gets more prominent from z = 0.2 — 0.5 to
z = 0.5 — 1.0, while quickly decreasing towards higher red-
shifts z > 1.0. A closer look at the galaxy types these galax-
ies were fitted with reveals, that, for instance in the case of
the 641 galaxies of the ECDFS field that fall into that cat-
egory, 70/641 (11%) are best described by our Sa-Sd tem-
plates, only 8/641 (1.2%) with starbursts and young post-
starbursts less than 1 Gyr after the peak of the burst. All
remaining galaxies or > 87% of this high-mass population
are assigned either our Elliptical models or post-starburst
templates, and this fraction rises to 100% at even higher
masses of Myierlar > 10"2Mg. As most of these galaxies in
the local universe are found in dense environments such as
galaxy clusters, we take this as strong evidence that with
these galaxies we observe the formation of the galaxy clus-
ter population. This agrees with spectroscopic findings by
Andreon (2006) and De Lucia et al. (2009) finding well es-
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tablished red-sequences in several high-redshift clusters at
z = 0.4 — 0.8. In our next higher redshift bin z = 1.0 — 2.0
this population has decreased in number by nearly two or-
ders of magnitude, in fair agreement with spectroscopic re-
sults from Arnouts et al. (2007) who also find a major
build-up of the quiescent galaxy population from z = 2 to
z = 1.2. Also the galaxy population mix has changed, with
the number of galaxies best fit by our spiral or starburst
models increasing to 61/524 (12%), and ongoing starburst
to 47/524 (9%). Furthermore, if we also consider our E-type
model at redshifts z > 1 as star-forming (the specific SFR
at z = 1 is 10" yr™*, resulting in a SFR> 3Mg at these
masses and increasing to SFR> 30Mgyr~' at z = 2) this
would add another 176/524 (34%) galaxies to this category.
Passive post-starburst galaxies account for 233/524 galaxies
(44%) at Mstertar > 3 x 101" Mg and for 15/29 (51%) of the
most massive (Mgtellar > 1012M@) galaxies. Comparing the
two redshift intervals we find a significant increase in the
fraction of star-forming, yet massive galaxies from 13% at
2z =0.5—1.0 to 21% and possibly up to 55% at z = 1.0—2.0.
XXX Downsizing XXX.

A closer look at the distribution of galaxy types reveals,
that the number of the oldest galaxies as determined by the
post-starburst ages increases towards lower redshifts, while
the number of galaxies with intermediate post-starburst ages
remains roughly constant. This supports the scenario, that
massive and passive galaxies predominantly grow by dry-
mergers, as wet mergers, i.e. the merging or accretion of
gas-rich galaxies would likely trigger a starburst that in turn
would decrease the stellar population age, in agreement with
conclusions by Bell et al. (2004) and Faber et al. (2007).

Extending this analysis to lower redshifts and trying to
match them to observations of galaxies in the local universe
is problematic due to the small survey volume as result of the
small angular extents of most of the fields presented here.
A second important factor are selection effects inherent to
the individual fields, i.e. to contain no bright source at ei-
ther UV /optical, X-ray and radio-wavelengths. For instance,
fields containing a galaxy cluster at low- and intermediate
redshift would likely be excluded for a number of reasons,
e.g. due to the brightness of the most massive galaxies in-
side the cluster, the diffuse X-ray emission from the ICM
of the cluster or potentially the radio-emission of a radio
galaxy as member of the cluster. Extension to higher red-
shifts is not less problematic, not only due to the faintness
of the galaxies at these redshifts, but also due to the limited
rest-frame wavelength coverage for these galaxies. A pas-
sive galaxy with negligible UV emission shortwards of the
4000A-break at redshift z = 2 for instance would, without
mid-infrared photometry as in most surveys , only be de-
tected in the H- and K-bands, hence yielding insufficient
photometry do obtain a photometric redshift, let alone a
galaxy type or physical parameters. Furthermore, beyond
redshift z = 3 we do not expect to find ANY passive galax-
ies since the age of the universe at that redshift is still to
small to harbour “old” (age > 1 — 2 Gyr; see, e.g., New-
berry et al. 1990; Barger et al. 1996; Poggianti et al. 1999;
Falkenberg et al. 2009a,b) galaxies.

6.3.2 Cosmic variance

Larger scatter at higher masses: field/cluster variations?

what’s wrong with fireworks?

z > 1 outliers at high masses are photo-scattered lower-
mass low-z galaxies

6.4 Comparison to semi-analytical galaxy
formation models

6.5 A combined MF across all fields

Somehow 77?7 combine all fields into one MF that covers all
galaxies in all fields, then derive MF, fit parameters and hope
the resulting values agree with the average of the individual.
with present and explain, show how well models at given
redshifts are recovered, what range of uncertainties is.

7 DISCUSSION

GALEV models are for Mg galaxies of every type. Use ob-
served L-Z relations for SFing and passive galaxies to es-
timate effects for super/sub-luminous galaxies: how much
higher/lower is their metallicity ? L-Z relation available for
local galaxies and for z=1 (Tremonti+)

Estimate from models changes expected for L-Z and TF
(and FJ) relations: luminosity changes/ metallicity changes,
compare to models with Zg only.

Extrapolate to z = 2.5 7777

8 CONCLUSIONS
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