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Zusammenfassung

Die Bestimmung kosmologischer Rotverschiebungen ist farviele Untersuchungen in der
Kosmologie und extragalaktischen Astronomie essentiellDies sind z.B. Analysen der gro skali-
gen Struktur des Universums, des Gravitationslinsene ekt oder der Galaxienentwicklung. In
der Kosmologie statistisch aussagekmaftige Volumina wetden heutzutage meist durch Breit-
band Iter beobachtet. Mit diesen photometrischen Beobachungen kann man nur Aussagen
wber die grobe Form des Spektrums machen, weshalb man sichasistischer Mittel bedienen
muss um die Rotverschiebung zu schatzen. Eine Methode zur &timmung photometrischer
Rotverschiebungen ist es, Flasse von Modellgalaxien in deFiltern bei verschiedenen Rotver-
schiebungenz vorherzusagen und mit den beobachteten Flassen zu verglelien (template
tting ). Danach wird eine Likelihood-Analyse durchgefahrt, in der die Vorhersagen mit den
Beobachtungen verglichen werden, um die Wahrscheinlichkisdichte P (z) und die wahrschein-
lichste Rotverschiebung zu bestimmen. Um mit template tti ng Methoden meglichst genaue
Ergebnisse zu erzielen, massen die Modellspektren, sowie zugeherigen a priori Wahrschein-
lichkeiten sorgfaltig ausgewahlt werden.

In dieser Arbeit nutze ich photometrische und spektroskopsche Daten leuchtkraftiger roter
Galaxien (LRGs) aus demSloan Digital Sky Survey(SDSS). Ich untersuche die Genauigkeit
photometrischer Rotverschiebungen, die mit Modellspekten erreicht werden, welche von mir
speziell far den Satz LRGs beiz . 0:5 (SDSS-II) entwickelt wurden, und vergleiche sie mit
publizierten Ergebnissen. Diese Modelle wurden ohne Infonationen aus Wellenlngenberei-
chen, die kurzwelliger als das SDS®& Band sind, erstellt. Die Galaxieneigenschaften, die wir
aus den Modellen far den UV Bereich vorhersagen kennen dde®n sich allerdings mit denen
aus anderen Beobachtungen. Damsber hinaus analysiere ictlie sich daraus ergebenden Eigen-
schaften der am besten ttenden Modellspektren und verglethe sie mit den spektroskopischen
Daten. Aus den Ergebnissen ist abzuleiten, dass leuchtsclashere rote Galaxien bei niedriger
Rotverschiebung im Mittel gm ere Anzeichen von Sternentstehung zeigen als leuchtkraftige,
was durch Analysen der Spektren bestatigt wird. Uberdies kannen wir einen Abfall im UV
Fluss von heheren zu niedrigeren Rotverschiebungen hin lmachten, welcher durch die Al-
terung der Galaxienpopulation erzeugt wird.

Desweiteren generiere ich Modellspektren far leuchtkrdtige rote Galaxien aus SDSS-III bei
heheren Rotverschiebungen @5 z  0:9. Ich modi ziere hierzu die Form theoretischer
spektraler Energieverteilungen um die Farben der untersuaten Galaxien mit den Modellen
bestmeglich wiedergeben zu kennen. Ich reduziere die Diransion des Raums, der durch die
Farben und absoluten Helligkeiten aufgespannt wird, auf zwi Dimensionen mit einer selbst-
organisierenden Karte. Diese wird mit einemk-means Algorithmus partitioniert indem wir
Haufungspunkte der Daten identi zieren. Aus den sich ergdenden Partitionen selektiere ich
einzelne Modellspektren, die die zugrundeliegenden Gal&én reprasentieren. Eine Auswabhl
aus den erstellten Modellen wird danach ar die Schatzungphotometrischer Rotverschiebun-
gen verwendet, deren Genauigkeit uber die von SDSS publierten Ergebnisse hinausgeht.






Abstract

The determination of photometric redshifts is essential fo many subjects in cosmology

and extragalactic astronomy, like the large scale structue of the Universe, gravitational lens-
ing, or galaxy evolution. If the spectral energy distribution (SED) of a galaxy is measured
with high enough spectral resolution, the redshift can be esily derived through the absorp-
tion and emission lines which are created by the elements inhie galaxy. However, currently
more telescopes are equipped with large cameras with chargeoupled devices (CCDs) that
observe the sky through optical Iters. With these photometric observations it is possible to
detect much fainter astronomical objects than with spectrescopy. Furthermore, photometric
observations are less time consuming and cheaper in compaon, wherefore they are pref-
erentially used for observations of statistical meaningflicosmological volumes. Nonetheless,
photometric data, which are often gained by observations tlmough broadband lters, are not
as precisely resolved as spectra. Therefore one does not kanformation about the accurate
position in wavelength of spectral lines, but only about the overall shape of the SED. This is
the reason why so-called photometric redshifts have to be da/ed by statistical means.
One approach to estimate the redshift through photometry abne are template tting methods
which compare the uxes predicted by model spectra with the doservations. After that, a
likelihood analysis is performed with which a probability density function P (z) and the most
probable value ofz can be derived. To achieve high accuracies with photometricedshift tem-
plate tting techniques, the model spectra as well as their ®@rresponding prior probabilities
have to be chosen carefully.

In this work | use photometric and spectroscopic data of lumnous red galaxies from the
Sloan Digital Sky Survey(SDSS). | analyze the precision of photometric redshifts d@gnated
with model SEDs speci cally designed to match the set of lumhous red galaxies of SDSS-
Il at redshifts z . 0:5 in color and | compare them with published results. These mdels
were created without information on their properties at wavelengths shorter than the SDSS
u band. However, the galaxy UV characteristics derived from he model SEDs match those
of other observations. Furthermore, | investigate the SED poperties derived from the best
tting models with respect to spectroscopic data as functions of redshift and luminosity. At
lower redshifts less luminous galaxies from our sample on avage show increased signs of star
formation in comparison to galaxies with higher luminosities. This is supported by analyses of
the line strengths in the spectra. Moreover, star formationactivity increases with increasing
redshift which is caused by the aging of the galaxy populatio from higher to lower redshifts.
| also generate model spectra for red galaxies from the SDS8-located at even higher red-
shifts 0:45 z 0:9. For this | modify the shape of theoretical spectra to matchthe data of
the analyzed galaxies to a better extent. The multidimensimal space de ned by the colors and
the absolute magnitude of the galaxies is reduced to two dimasions through a self-organizing
map. The map is then partitioned by a k-means algorithm which identi es clusters in the
data. From the cluster cells | select model spectra which regesent the galaxies from within
the same cell. A selection of the models is then used as a tenapé set for photometric redshift
estimation. | nd that our models improve the redshift accur acy in comparison to the results
published by SDSS.
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Chapter

Preface

Throughout history mankind has gazed into the nightly sky wondering what might be its
nature. It has been a long way to understand that there are maw stars just like our sun, and
to accept that there are many structures holding accumulatons of stars just like our Milky
Way, furthermore, that these galaxies are part of bigger stuctures known as the cosmic web,
and that our location in the Universe is not unique. With the advancements in technology our
telescopes and instruments are able to observe celestial jgigts up to unprecedented distances
and enable surveys to cover the full sky. However, the questfainderstanding our Universe
and its constituents is far from over.

We observe that matter in the Universe is homogeneously andsbtropically distributed on
scales larger than a few hundred megaparsecs, out at least & as the present horizon scale
of 10?8 cm. The horizon encompasses a volume which is causally coroted to us and which
is determined by the distance which light and other signals lave had time to travel to us. On
smaller scales however, matter is no longer homogeneousliya isotropically distributed but
accumulated in environments like stellar systems, galaxi® and galaxy clusters.

We show the history of the Universe schematically in Figuré_Ill. After the Big Bang the Uni-
verse entered a stage of accelerated expansion, known as ation, which ended in a smooth
\graceful exit". In ation preserves homogeneous patches ad expands them onto the present
horizon scale, while stretching quantum uctuations to galactic scales. These small inhomo-
geneities are the seeds of structure formation. The primoril Universe was very dense and
hot, such that photons could not travel freely through the plasma, but were scattered shortly
after emission. As the Universe expanded, it cooled down. Athe time of recombination, after
378 000yr, or at 3600 K, protons could capture electrons and forrmeutral hydrogen atoms.
At this stage the photons decoupled and the Universe becameadnsparent to radiation. These
photons are still observable today in the[ cosmic microwave ackground (CMB)| and exhibit
a blackbody spectrum of a much smaller temperatureT 2.7 K, where the decrease in tem-
perature is due to the past expansion of the Universe. The vaations in the CMBlis believed
to trace variations in the matter density and reveal that the Universe was homogeneous and
isotropic at the time of recombination with  T=T 10 °. The nonlinear structure of today's
Universe is caused by these variations in the matter densityand the e ect of gravity, which
attracts matter to regions of higher density such that inhomogeneities grow with time.
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Figure 1.1: Schematic imagof the history of the Universe. The cylindric hull in the image qualita-
tively illustrates the expansion of the Universe as a functon of time.

Structures in the Universe have formed hierarchically fromlow mass objects to higher
masses. The rst structures to form are believed to be quasa and population Il stars
which are devoid of metals (except for Lithium from the early Universe). Stars are only small
structures that accumulate in stellar clusters and galaxies, which themselves form galaxy
groups and clusters. Finally, the biggest structures knownare sheets and laments leaving
sparsely populated voids and de ning the foam-like large-sale structure (LSS) of the matter
distribution (see Fig. .2). The biggest structures denotethe so-called End of Greatness
because on scales larger than that, the matter distributionis homogeneous and isotropic.

We are able to observe only stars and gas on account of their dlly to interact electro-
magnetically. However, the luminous baryonic matter consttutes only a small fraction of the
total mass present in the Universe. The dominant part of the matter content is a compo-
nent that interacts gravitationally but not electromagnet ically, therefore it is invisible and
was dubbeddark matter. It was rst postulated to explain the high rotational veloc ity of
spiral galaxies, as well as the orbital velocities of galaes in clusters, which both demanded a
higher mass than that of the observable luminous matter. Afeer this discovery, many di erent
independent observations could nally be explained by a noAluminous mass component (like
structure formation). A very important tool for the analysi s of the dark matter distribution
is gravitational lensing, which uses the e ect that space-tme is curved in the presence of a

Yimage credit NASA/WMAP Science team |http://science.nasa.gov/missions/wmap/ ; modi ed


http://science.nasa.gov/missions/wmap/

Figure 1.2: Simulation of hierarchical structure formation (from left to right) in a box of 43 Mpc
sizél. The simulation is sampled at di erent ages of the Universe fom 0:5 Gyr until now (13:7 Gyr).

gravitational eld, and therefore light is bent near mass overdensities. The nature and prop-
erties of dark matter are nowadays among the topics of greast interest in cosmology and
particle physics.

The Cosmological Redshift

In 1927 Georges Edouard Lematre rst proposed the theory 6 an expanding Universe. At
that time General Relativity (Einstein, 1916) was already established, and di erent coso-
logical models were proposed, all of which considered a siatUniverse. Lema’tre also derived
the so-calledHubble-lawoften misattributed to Edwin Hubble who published it only tw o years
later. The Hubble law applies to a homogeneous and isotropit/niverse and reads

v=H() r; (1.2)

with the Hubble parameterH . It states that the recession velocities of galaxies are lger at
greater distances.

Curiously, the Universe is not just expanding, but entered astage of accelerated expansion
shortly before the present time, which was con rmed from the observation of the light curves
of supernovae type la (e.g./ Perlmutter et al., 1999). Befoe that, the Universe was matter
dominated, a period needed for structure formation to take pace. The accelerated expansion
of the Universe is one of the greatest mysteries of contempary cosmology (aside from the
nature of dark matter) and one of the most heavily researchedubjects. For an explanation,
a component in the mass-energy content of the Universe was timduced which has negative
pressure and is driving the expansion. Thisdark energy is the prevalent constituent of the
Universe, making up 70 % of the mass-energy content, where the rest consists of dkamat-
ter and baryonic matter (e.g., |IPlanck Collaboration et all, 2014).

The expansion of the Universe leads to a redshift of light. Tls cosmological redshiftis
therefore not a result of a motion of galaxies away from eachther, but a consequence of
the expansion of space-time itself. Features in the spectm of a galaxy appear at higher
wavelengths for an observer not located in the rest frame of the galaxy. Fathermore, the
greater the distance of a galaxy from the observer, the great is the redshift of the spectrum,
since the journey of the photon is longer (cf. Eq[ILIL), and tle Universe expands by a larger

2Simulations were performed at the National Center for Super computer Applications by Andrey Kravtsov
(The University of Chicago) and Anatoly Klypin (New Mexico Stat e University). Visualizations by Andrey
Kravtsov. Image was modi ed.
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factor during the light travel time.
We introduce the redshift parameter z that represents the fractional shift in the wavelength
of a photon emitted by a galaxy at time tey, and observed attgps:

obs _ a(tobs).

z+1 ;
em a(tem)

(1.2)

where a(t) is the scale factor which describes the distance between ebrvers at timet. The

second equality can be easily derived by integration over th geodesic (the path in space-time
with the shortest length) equation of a photon (cf. IMukhanov, 2005).

In the following, we will use the term redshift unambiguously for redshift parameter, because
we will not concern ourselves with Doppler redshifts causedy the peculiar velocities of

galaxies. From Equation[I.2 we can infer thatz directly corresponds to tey,. Therefore,

we can express time-dependent quantities as functions af which is directly measurable, in

contrast to t for which we have to know the cosmology. To derive a relation btween redshift

and time we can combine the energy conservation equation anthe Friedmann equation

following the textbook of Mukhanovl (2005):

Z Zem dZO
t= S
Zobs H (Z() (1 + Z()

where z,ps corresponds to the observed redshift, whereforeg,s = 0. Knowing the light-travel
time, we can easily derive also the distance to the light sowre, the so-calledight travel time
distance and thereby usez also as a measure of distance.

(1.3)

Redshift Measurements in Cosmology

Observing galaxies that are located at higher distances fnm us also means that we observe
backwards in time. As redshift measurements can be translad into distances, assuming a
cosmology and thereforeH (z), they carry information about the three-dimensional nature of
the Universe as well as its history. Since greater distancesannot be measured directly this
makes redshift information a very important prerequisite in many cosmological contexts.
Redshift information is most directly used in analyses of the large scale structure of the
Universe. Apart from the angular coordinates at which galaxes are observedz holds the
information about the third spatial dimension. From the thr ee-dimensional distribution of
galaxies their two-point and three-point correlation functions can be computed. Thereby, we
can investigate the clustering of galaxies as a function ofheir properties, like luminosity,
colors, or mass. Also, we can compare to simulations and ewate dark matter models on
the basis of the formation and evolution of galaxies (locatd within their dark matter halos),
and on their clustering. Furthermore, with redshift inform ation one can determine the scale
of [baryon acoustic oscillations (BAOs) which are imprinted on today's matter distribution.
originate from sound waves in the primordial Universe kefore the photons decouple
and can travel freely. These sound waves are created by the @ssure in overdense regions in
the plasma that drove the baryonic matter spherically outwards from the center of the region
before the decoupling of photons. The sound horizon scale aecombination is preserved by
the [CMBI (see above), and was increased afterwards by the expaion of the Universe. By
comparing with the sound horizon today which is imprinted in the large scale structure, we
get information about the expansion history of the Universeand therefore dark energy.




Another important area of application of redshift informat ion is in the context of grav-
itational lensing. General Relativity predicts a curvatur e in space-time around gravitating
objects. Therefore, light paths are bent in gravitational elds and distorted images or even
multiple images of objects behind gravitating masses can bebserved. The space-time curva-
ture is not only caused by baryonic matter but also dark matter, which makes gravitational
lensing an important tool for the detection of dark matter and for analyses of its distribution
around galaxies and in galaxy clusters. The distances of thienses and the sources enter the
lens equation and have to be determined by redshift measureemts (Eq. 8 in|Schneider et al.,
2006).

As shown in Equation [1.3, the redshift can be regarded as a meare of time as well.
When we analyze galaxy properties such as age, metallicitycolors, but also morphology, as
a function of redshift we can analyze the evolution of galax@és. Looking backwards in time,
we get information about, e.g., their stellar content as a function of time and therefore their
star formation history. We will carry out such an analysis in Section[5.5.2, where we observe
that the spectra of our investigated galaxies behave as sp#a of aging galaxy populations
with decreasing redshift.

There are many applications in cosmology and galaxy evolutin where redshift informa-
tion is crucial, wherefore we aim to determinez as precisely as possible. A further goal is
that redshifts have very low systematical errors, while keping statistical errors small. This is
especially a challenge when redshifts cannot be measuredegmisely but have to be estimated
statistically. The statistical derivation of redshifts fr om photometric data and the analyses
of physical properties of the galaxies are the main topics othis work. In the next chapter
we rst give a brief overview of astronomical observations ad then introduce the concept of
estimating redshifts from photometry. We will detail templ ate tting techniques, which will
be used particularly in this work. Since we will work mainly with data from the Sloan Digital
Sky Survey (SDSS), we will present the survey and the seleadhn of the galaxy samples in
Chapter [3. After that, we shortly discuss galaxies in Chapte @], concentrating on elliptical
galaxies which are the predominant focus in this work. In Setion B.2lwe describe the approach
of galaxy stellar population synthesis to create model spdra of galaxies, and we analyze how
well existing model spectra can describe the luminous red daxies (LRGs)l from the SDSS.
After that we describe how we create model spectral energy dfributions that are generated
speci cally for the Sloan [LRGlsample in Chapter[3. We will usethese in the estimation of
redshifts from photometry in Section[5.3, and compare with te results of other techniques in
Section[5.4. To conclude this Chapter we analyze the novel nuels in terms of their spectra
and properties in the|ultraviolet (UV) vavelength range (Section 55). In Chapter Elwe create
model spectra for SDSS galaxies at higher redshifts. Sincdi¢ usual semi-empirical models
cannot match the colors of the data, we modify the slope of thecontinuum of the spectral
energy distributions. We then generate and select a small $®f models for redshift estimation
and compare our results with those from SDSS. We turn our focs to the redshift estimation
with Dark Energy Survey science veri cation data in Chapter [7. Finally, we present the
results of estimating the physical properties of a high redkift, gravitationally lensed system
in Chapter B, which was the focus of a strong lensing analysisin the last chapter (Chap. @)
we give a summary and conclusions.

Throughout this thesis we adopt a CDM cosmology, where den otes the cosmological
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constant that accounts for dark energy, and the universe cotains cold dark matter (CDM).
We assume , =0:3, =0:7,andHg = 70kms Mpc ! forthe cosmological parameter@.

3These are not the latest values from the [Planck Collaboratio n et all (2014) which read 0:32 and
Ho = 67:3kms Mpc . The dierence in values would alter the rest frame results i n this thesis only at a
negligible level, which is much smaller than the errors of th e derived rest frame properties.



Chapter

Photometric Redshifts

In this chapter we introduce the concept of photometric redsifts which are the main subject
of this thesis. Before that, we describe the concept of toddg astronomical observations in
Section[Z.1 and give an introduction on observational data. We explain why many surveys
take photometric data and motivate why we estimate redshifts from photometry. After that,
we introduce two main concepts that are being used in photomiic redshift determination
(Sec.[2.2) and detail the photometric redshift code used in his work. Finally, at the end
of Section[ZZ2 we brie y mention also a technique that is aplicable only to high redshift
objects.

2.1 Introduction to Astronomical Observations

Astronomical objects, such as stars and galaxies, can be datted explicitly by observing the
light (or photons) they emit. We only are able to observe a fraction of the total amount of
radiative energy emitted by the source, since the light is entted in all directions. Therefore,
the total observed radiative energy of an object is measureds energy per time and unit
area, that is % in Sl units, or Cg{gs in cgs units, where 1erg = 10 ” Joule. As a function of
wavelength (or frequency ) we get the spectral ux density f (or f ), which we will term
ux for simplicity in the following. Unless stated otherwise ux will be used interchangeably
for f . Observing the ux of an object as a function of wavelength orfrequency, yields the
spectrum, or [spectral energy distribution (SED)| of that object. It is usually given in units of
[f 1=1 5% or[f ]=1 72 = 10% Jansky = 102 Jy.

However, astronomers most often usenagnitudesinstead of uxes to describe the brightness
of astronomical sources. The origin of the magnitude systendates back 2000 years to the
Greek astronomer Hipparchus, or the Alexandrian astronome Claudius Ptolemy (depending
on the reference), who de ned the brightest stars as rst clas (or magnitude) to barely visible
stars to sixth class (or magnitude). The human eye was beliead to perceive brightnesses
logarithmically and therefore in the middle of the 19th century the astronomer N. Pogson
introduced the log;o magnitude system still used today (Pogson| 1856), where heedned a
star of magnitude 1 to be 100 times brighter than a magnitude 6star. Afterwards, it was
discovered that some magnitude 1 stars were brighter than diers, and furthermore stars
fainter than mag = 6 were found, such that the magnitude rangehad to be extended outside
the range of 1 6. E.g., Vega (or Lyrae) has magnitude zero which is unintuitive, but can
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serve as a standard ruler (see below).
The di erence in magnitudes m-; of two astronomical objects can be expressed in terms of
their uxes fo;

o

M21 Mo2= 25 logg : (2.1)

fan

where the factor in front of the logarithm is approximately t he fth root of 100 due to Pogson's
magnitude system. Using Vega as second star in this equatioyields

fo

m> = 2:5 logg ; (2.2)

f Lyr
the magnitude of a star in the Vega system. Therefore, the magitudes of any survey can be
calibrated by the observed uxes on Vega, which serve as zerpoints. Nowadays however, a
calibration to a theoretical AB star (Gunn & Peterson| 1965) is more commonly used, since
the observational results of Vega can vary from survey to swey and a universal calibration
is dicult. This theoretical AB star is de ned to have zero ma gnitude and f = 3631Jy,
whereforemo.ag = 2:5 1004 (f .2 =3631Jy). Throughout this work, magnitudes are given
in the AB system.

Often we want to compare the intrinsic brightnesses of galabes located at di erent redshifts
(i.e., distances) with each other. We therefore compute theabsolute magnitudewhich is the
magnitude the object would have were it located at 10pc. 1 Pasec (Lpc 3:08 10'%m) is
the distance at which one astronomical unit (the distance ofthe earth to the sun) is observed
at an angle of 2 The absolute magnitudeM is then computed by

M =m 5 logyp (2.3)

r .
10pc '’
wherer is the distance of the object, and therefore depends on the dshift and cosmology.
The magnitude system has some caveats compared to uxes. Fkes of zero cannot be ex-
pressed in terms of magnitude since the logarithm of zero derges. Furthermore, also nega-
tive uxes, which can arise due to errors in the measurementcannot be converted into the
magnitude system. | Lupton et all (1999) circumvent this by introducing arsinh magnitudes,
sometimes informally called\luptitudes" , which use the arsinh instead of the logarithm in
Equation 2.2. They are used in the Sloan Digital Sky Survey (8SS) discussed in Chaptef13
and we will give a description in Appendix[E.

A galaxy color is de ned by the ux ratio, or the magnitude di erence betwee n two wave-
length ranges:

f.
m m;= 25 Ioglof—_': (2.4)
j

i and j denote the wavelength ranges, i.e., the optical Iters thraugh which the object has
been observed.

After this introduction on uxes, magnitudes, and colors we show an exemplary spectrum
of a galaxy at redshift z = 0:46 from the[SDS$ spectroscopic survey (ID 7304 in our catalog
or SDSS object ID 587725505018986933) in the upper panel ofgk2Z1. If the reader would
like to access further information about our exemplary objet, we would like to point her/him
to the SDSS-II Sky Server Object Exploreﬂ. We can see from Fig[ZIl that the ux is not a

Uhttp://skyserver.sdss2.org/dr7/en/tools/explore/obj.asp?id=587725505018986933
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Figure 2.1: Upper Panel: Spectrum of a red galaxy from the[SDSB-II spectroscopic suey (SDSS
object ID 587725505018986933, or 7304 in our catalog) loeat at z = 0:46. The light blue area shows
the error of the measurement. Selected spectral lines are diicated by vertical lines (see legend for
identi cation). The 4000 A break is highlighted by a solid red line. Negative ux values are, of course,
not physical but due to noise in the background. The data is oty available for wavelengths between
3800A and 9200A which is covered by the[SDSS-II spectrographs.Lower Panel: The same galaxy
but observed through the ve Iters (u, g, r, i, and z). The Iter curves are plotted in gray
and scaled such that they are visible in the plot. Error bars cenote the photometric measurement
uncertainties.
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smooth distribution as a function of wavelength, but instead exhibits many sharp variations
and even stronger features which originate from the chemidacomposition of the observed
galaxy. These features are elicited byspectral lines which are created by the absorption or
emission of photons by chemical elements present in the gatg. From atomic physics we know
the (discrete) energies of electron transitions (and hencéhe wavelengths) within the atoms
of several elements and can therefore associate the obseaivabsorption or emission lines with
their corresponding elements. By identifying the lines andcontinuum features in the spec-
trum and relating their positions in the observed wavelengh g, with their rest frame (or
emitted frame) wavelength ¢y, through ops= em = 1+ z, one can determine the redshift
z. The error in the redshift measurement thus only depends onlte measurement error of
the spectrum, and therefore the position of the spectral lires, as well as the resolution of the
spectrum =

However, today statistically meaningful volumes of the Unierse are being probed by pho-
tometric surveys. These are well-known projects like the Slan Digital Sky Survey (SDSS;
York et al., 2000; Abazajian et all,(2009; Ahn et al., 2014), he Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS; Kaiser et al., 2002010), the Dark Energy Sur-
vey (DES;|Flaugher,|2005| Flaugher et al., 2012; Diehl & DarkEnergy Survey Collaboration,
2012), or the plannedLarge Synoptic Survey TelescopdLSST; [Tyson et al!, [2003) that use
ground-based telescopes, as well as thieuclid mission (Laureijs et all,|2011) of the European
Space Agency that will survey the Universe from space. The fescopes and cameras are
equipped with the latest detector technology and are able tosurvey large areas of the sky
with deep multicolor photometry in several broad passbands In contrast to spectroscopic
surveys, photometric surveys can observe 100 times more astronomical sources in the same
time, while the instrument costs are signi cantly lower. Al so, the signal-to-noise is lower in
spectroscopy where the ux is distributed over several pixés, and the sensitivity varies re-
ciprocal to the resolution. With imaging one can detect muchdeeper (less luminous) sources
in the sky, which also minimizes selection e ects. For these@easons most current surveys are
photometric.

Nevertheless, photometric surveys have caveats compared tspectroscopic observations.
By observing through photometric Iters one has limited information about the spectrum
of an object, since spectral lines cannot be resolved by broaband Iters. The uxes in
the passbands give an idea about the overall shape of tHe_ SEut no information on the
positions of features that are narrow in wavelength and theefore need a higher resolution in
order to be detected. Figure 2.1 gives an example of the di e¥nce between spectroscopic and
photometric observations. While the upper panel shows the glaxy spectrum, in the lower
panel the photometric uxes in the ve Iters (u, g, r, i, and z), are plotted along
with the lter throughput curves. Features in the lter curves are due to atmospheric
extinction, whereas the overall shape of the whole Iter sysem (low throughput at lower and
higher wavelengths) is due to the detector quantum e ciency. From the data plotted in the
lower panel of Figure[2Z.1 we may not be able to infer the positin of speci c spectral lines
from the upper panel, but we can observe features in the ovetlashape that the underlying
must exhibit. l.e., we can see that there is a big increasen ux between the g and the
r band, therefore this feature must be visible also in thé_SED bthe galaxy. We can associate
this step in ux with the 4000A break (described in more detail in Section[4.1.11) which is
due to the accumulation of absorption lines and the stellar ppulation. These break features
in the observed uxes and the overall shape of thé_ SED gives ua means of determining the
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redshift of a galaxy by photometric data alone, a so-calledphotometric redshift.

2.2 Photometric Redshifts

It has been more than 50 years since the inception of photomat redshifts (photo-zs). [Baum
(1962) estimated the rst redshifts of galaxies by comparirg the mean galaxy spectra of
six bright elliptical galaxies in the Virgo cluster with pho tometry in 9 medium-band Iters
from the cluster 3C395, which was extracted from photograplt plates. The cluster redshift
estimated such to bez  0:44 is close to the actual value of @16. This process is known today
as SED or Template Fitting (see Sed2.212).

It was Puschell et al. (1982) who, by estimating redshifts offaint radio galaxies through
broad-band photometry, were the rst to use the term photometric redshift. In the paper of
Loh & Spillar! (1986), who also used SED tting to get redshifts through photometry in six
medium bands, the term photometric redshift rst entered a paper title. Since then, a huge
amount of papers have been published on the topic and variousiethods to estimate photozs
have been presented. Kaol (1999) suggests the following ddtion for photometric redshifts:

[...] photometric redshifts are those derived from only imaes or photometry with
spectral resolution = < 20. My choice of 20 is intended to exclude redshifts
derived from slit and slitless spectra, narrow-band imagesramped- Iter images,
Fabry-Rerot images, Fourier transform spectrometers, et.

As mentioned before, there are several methods of determing photometric redshifts applied

by the astronomical community these days. These techniquesre usually divided into two

main categories: Template Fitting and Empirical Methods. We will discuss both approaches
in the following Sections (Z.2.1 andZ.Z2). We will start, dthough not chronologically correct,

with empirical methods and will then turn to the template tt ing technique afterwards, since
we will work with a template tting code in this thesis. This ¢ ode will be described in
Section[Z.Z2.

2.2.1 Empirical Methods

Generally speaking, empirical methods derive a relation bsveen photometric observables
of a galaxy and their redshift. When this relation is established, it can be used to map
the same observables of galaxies without measured redshifbformation to z values or a
[probability distribution function (PDF) | P(z) from which z can then be extracted. If aP(z)
is derived, the resulting photoz value is usually determined by the mode, median, or mean
of the distribution. The photometric observables used in enpirical approaches are typically
colors and/or magnitudes or uxes, but can also be other obse/ables, like half-light radii,
galaxy morphology, etc..

Earliest approaches with empirical methods were made by Camlly et al. (1995), who iden-
ti ed iso- z layers in the multidimensional color space and used polynomal tting to derive
redshifts. Shortly afterwards, |Brunner et all (1997) introduced piece-wise tting of 2nd or-
der polynomials of galaxy colors, and _Wang et al. [(1998) devied redshifts using a linear
function of three photometric colors. |Csabai et al. (2003) erformed linear ts to k nearest
neighbors in color space for th&€ SDSS early data release (s@sults on[SDS$ data in Se¢. 514).
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We are living in the digital age and processor power and memg@rcapacity has increased
roughly exponentially during the last decades. Therefore computationally expensive codes
became feasible and resulted in the birth of machine learnig techniques which can be applied
to photo-z estimation. The rst published machine learning photometric redshift algorithm
is ANNZCollister & Lahav| 2004), which uses an arti cial neural network (ANN) for the es-
timation of photometric redshifts. Since then, many more mahine learning technigues were
used for photozs:

" Support Vector Machines | e.g.,|Wadadekar (2005) and Zheng & Zhangl (2012)
Relevance Vector Machines , e.g.,.Sanchez et al. (2014)| Rau et al.|(in prep.)
Boosted Decision Trees , e.g.,/Gerdes|(2009ArborZ)

Gaussian Processes , e.g.,/\Way et all (2009)

Di usion Maps |, e.g.,[Richards et al. (2000) and Freeman et al.[(2009)

" Random Forests , e.g., Carliles et al. (2010, results om_SD3S data see S&c3&) and
Carrasco Kind & Brunner (2013, in combination with decision trees, TPJ

Self Organizing Maps , e.g.,.Carrasco Kind & Brunner (2014b, SOMg

We will not go into a review of the di erent techniques becaus, as mentioned before, this
work will concentrate on photo-z estimation with template tting. Nevertheless, we want to
emphasize some subtleties of empirical methods, and pointub advantages and disadvantages
in the following.

As explained above, empirical methodslearn" or train a relation between photometric ob-
servables and spectroscopic redshifts (spexs)|, in order to apply this relation to objects with
unknown z. These estimators are in general regression methods, whigstimate the condi-
tional mean of the redshift given photometric observables . Instead of predicting the con-
ditional mean only, which is just a statistic of the underlying conditional PDFI P (zj ), some
e orts were made in determining the whole[PDH (Carrasco Kind & Brunner}, 2013;/Bonnett,
2013; Rau et al.,.in prep.). Since the point predictions and he[PDF are constructed on the
basis of a training sample with known spectroscopic redshi$, it is of paramount importance
for accurate photozs that the provided training set is a good representation of he galaxies
in the query set. This is not an simple task, since, as mentioed earlier, spectroscopy is only
feasible for more luminous objects and a spectroscopic saneptherefore is bound to su er
from selection e ects. On the bright side, e ects of dust or Pectral evolution are taken into
account explicitly, and the physical properties of the undelying galaxy sample do not have
to be known. Furthermore, precise knowledge about the photmetric system of the telescope
is not necessary (unlike template tting where this knowledge is of great importance). Also,
the data need not necessarily be well calibrated as long as ¢htraining and the query set
su er from the same calibration errors. The downside of this feature is that one cannot
simply apply an already learned parameter-redshift relaton to any other data set, since the
photometry of an object varies with di erent telescope and aamera combinations. Therefore,
one has to train the empirical code again with a representatre training set of that specic
survey. Another downside is that most of the empirical codesurrently available do not take
photometric measurement uncertainties into account.

While most of the (dis-)advantages of template tting metho ds have implicitly been covered
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in the previous paragraph, the next section will provide moe detailed information about
template tting codes in general and, speci cally, the code used in this work.

2.2.2 Template Fitting

The idea of template tting has already been brie y broached at the beginning of this chapter,
where we explained how Baum|[(1962) estimated the rst photonetric redshifts. The basics
of the technique have not changed signi cantly since Baum'srst attempts. Simply speaking,
template tting searches for the minimum value of the di ere nce between observed colors and
synthetic colors derived from model (or template)[SEDS. Moat! are being redshifted
through (z) = restframe (1 + z) for various values of z, equivalently to if we would move
a galaxy emitting that model spectrum further away from us (increasing the redshift) and
observe it at these distances. Then the spectrum is projectethrough the lter functions of
the survey, e.g., thelSDSRI, g, r, i, z Ilter throughputs (see also the lower panel of Fig.[Z.1)
to obtain a simulated photometric observation of a galaxy wih that SEDJ] To predict the
uxes of an in a Iter i itis multiplied by the Iter throughput and integrated over :

Z,

fi = thrpt;( )f ( )d:
1

The synthetic colors are then calculated and compared to theolors of the observation, which
yields a 2 value for each redshift step and mode['SED. The best model-tshift combination
is then obtained by searching for the minimal value in the 2 distribution:

X fobsi ar fri(z) 2

2 _ obs;i T Tii )
Z) = ; 25
T( ) i2f Iter g obs;i ( )

wheref gps; iS the observed ux in Iter i with corresponding observational errors , and f
are the predicted uxes of the template T. at is a scaling factor with which the model[SED
is multiplied to t the data.

Many of the currently used template tting photometric reds hift codes employ aBayesian
approach, where theBayesian Theoremis applied to the probability distribution:

PCICm)/L (Cmj ) P(); (2.6)

where C and m denote the colors and magnitudes of the photometric data. is the array
of the model redshift z and luminosity (or absolute magnitude M) in a speci c Iter band.
L(C;mj ) denotes the likelihood function which is proportionalto exp ~ 2=2 , with 2 from
equation[2.5. The second factor in Equatior.Z6 is the prior étribution of a template T

P IT)= Pu(MJT) P(ZT): (2.7)

These priors are speci eda priori and enable us to assign speci ¢ probability distributions
in redshift and absolute magnitude for everylSED template. h general, any functional form
can be used for the priors, but not all are sensible. We will eglain the prior distributions
used in this work later in this section.

By making use of priors one can assign additional probabilies to the individual templates,
making sure that degeneracies in colors are lifted. These deneracies can arise when several
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types at various redshifts can produce the colors of an aerved object equally well.
Therefore, it is very important to optimize the redshift and the luminosity priors for each
galaxy type, depending on the Iter set and the data, i.e., photometric depth and galaxy
properties (which, in turn, depend on the galaxy selection @inction). E.g., the Lyman-break
of a galaxy shifted to high redshifts can look like the 400\ break of an older galaxy at
lower redshifts, at least if one does not have photometry in he[infrared (IR)] We can assign
a higher probability to the model of older (redder) galies at lower z, whereas young
(bluer) galaxies can also be found at very high redshifts. Wewill make particular use of the
z prior in Sections[5.3 and[6.3.11 when using_SEDs speci cally esigned for di erent redshift

ranges. Furthermore, the[SED§ of luminous galaxies can di efrom those that are fainter (cf.

Sec[5.5.2). This can also be accounted for by setting the lumosity prior accordingly.

There are several template tting photometric redshift codes which di er mainly from
one another through the template[SEDS$ provided. The rst published, and still widely used,
photo-z codes areLePhare@ (Arnouts et al., 1999; |libert et al., 2006) and BPZE (Bayesian
Photometric Redshifts; Bentez, 2000;Bentez et al., 2004; Coe et al.; 2006). Sice then many
more photometric redshift codes have been devised. Here, weant to name a few popular
template tting algorithms used by the astronomical community:

- Hyperﬂ solely a maximum-likelihood method, by/Bolzonella et al. (D00)

PhotoZ Bayesian photoz code used in this work and explained in Section 2212 by
Bender et all (2001).

Z-PE@ by Le Borgne & Rocca-Volmerange [(2002), a combination with he stellar evo-
lution code PEGASE

IMPZa galaxy-quasar approach including extinction byl Babbedgeet al. (2004)

ZEBF@\by Feldmann et al! (2006), Bayesian code that adjusts spect to better match
the photometry

EAZEBayesian code that improves on templates through linear coiinations of them,
Brammer et al. (2008)

Template tting methods are, in principle, very simple to im plement and can be applied
to any photometric data without the need of a training set and hence, spectroscopic redshifts.
The fact that spectroscopic information is unnecessary istie greatest advantage of template
tting codes (compared to empirical approaches). However,one has to have a set of model
which are able to represent the observed galaxy types. Hen, parallel to the estimation
of photo-zs, one is provided also with the rest frame properties of the bst t models such
as the[SED type, since it is known for the mode[[SEDSs, and the adolute magnitude which
can easily be derived. We will look in more detail into availdbble model [SED$ and their
performance in matching the[SDSS luminous red galaxy sampjeand the CMASS

Znttp:/fwww.cfht.hawaii.edu/ ~arnouts/lephare.html
3http://www.stsci.edu/  ~dcoe/BPZ/
“http://webast.ast.obs-mip.frihyperz/
®http://imacdib.iap.fr:8080/cgi-bin/zpeg/zpeg.pl
®http://www.astro.ethz.ch/research/Projects/ZEBRA/
"http://www.astro.yale.edu/eazy/?home
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sample in Sectiong4.2]2 an@ 6.711.

Apart from the template set being representative, it is alsoimportant to have a detailed model
of the photometric system of the telescope to predict the cars of the models accurately.
Furthermore, the zero point o sets have to be well known. As nentioned earlier in this
Chapter, the data are calibrated to a specic star that serves as a zero point. However,
systematic o sets from that zero point are not unusual and have to be corrected for. If the
data set is badly calibrated, one can recalibrate the zero piots a posteriori if a catalog with
spectroscopic redshift measurements is available. We camén t the models to the data with
known specz and calculate the o set between the magnitudes predicted bythe models and
the observed magnitudes. These corrections can then be apetl to the photometric data set.
The same procedure can also be done using a data set with acetie photometric redshifts, as
shown by|Molino et al! (2014). They used the precise photomeic redshifts of blue galaxies
with prominent emission lines from the narrowband survey ALHAMBRA (Moles et al.; 2008)
to correct the zero points (and thereby the redshift estimaion) of the whole galaxy sample.
This is of course only possible where accurate photometricedshifts are available, which is
feasible for a narrowband survey like ALHAMBRA where emisson lines can be resolved,
but not for broad-band surveys like [SDS$,[Pan-STARRS, of DES The correction of the
zero points in this manner is real if one has a representativanodel set for the underlying
data, but can introduce magnitude shifts that are non-existent if the model set is not a good
representation. We will perform this correction on the[DES-SV data in Chapter [7], where we
have a spectroscopic calibration set, and where the applied sets greatly improve the quality
of the photometric redshifts of the query set.

The PhotoZ Code

In this section we want to brie y detail out the properties of the Bayesian template tting
photometric redshift code used in this thesis,PhotoZ (Bender et all, 12001). We mentioned
in the last section that PhotoZ uses a Bayesian approach and enables the user to set prior
probabilities to the individual model Parallel to the photo-z estimation, one can name
a library of stellar and t those to the photometry with v arious extinction values. This
can be very useful as a means of separating a catalog into semand galaxies. We will not
need to use this feature since we will deal with preselectedagpxy catalogs throughout this
work.

Furthermore, we can assign additional errors g to the data if we feel they are underesti-
mated, or to change the weights of di erent Iters in the maxi mum likelihood t. We can also
de ne additional uncertainties 1 for the templates. Then the denominator of Equation[Z.%
reads

ar  1+( obsi* dat:i): (2.8)

In principle any template set can be introduced to the code, wvhile it is recommendable
to adjust the prior probabilities sensibly and according to the individual model (see
Sec[2.2.2). The priors of thePhotoZ code are parameterized as

X o5 ™
Px(XjT)! exp In(2) ; (2.9)

X

wherex = z;M.  is the most probable, i.e., expected value ok, whereas x controls the
width of the prior distribution and py its steepness. We use only even values fg@, as the
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integral over the probability would diverge for odd values d px. The priors were chosen in this
functional form to be able to vary the transitions between regions of di erent probabilities in
such a way that they may be both smooth and have a box-like shap. Figure[Z.2 demonstrates
the prior probability distributions for di erent values of  « and px.

An example output of the PhotoZ code is shown in FigurdZB for the exemplary galaxy
7304 whose spectrum and photometry was already presented Fig. Z.1. In the upper panel of
Figure 2.3 one can see the_ PDIF as a function of redshif? (z). It is plotted for the eight best
tting models, where the PDF]of the best tting model is highl ighted by a light green line.
The stacked[PDH of all[SEDS in the model set is drawn by a dashedine. The lower panel
of Figure [Z.3 shows the best tting model[SED at the best ttin g redshift z,est, the mode of
its PDFEIfrom Equation £29] The underlying photometry in the Iters is represented by
red points with error bars that denote the photometric measuement uncertainties of[SDSS.
If a second solution exists Withjzongpest  Zbesti > 0:2 (1 + Zpest), Zandbest IS included in the
output of the code (dark green line in Fig.[2Z.3). The second bst tting model can be useful if
one has to deal with degeneracies of colors (cf. Section22®.and the second best solution is
more close to the spe@. The values in brackets afterzpest and zongpest are the photometric
redshift errors z estimated by the PhotoZ code. They are calculated as the root of the mean
squared deviation from the best tting value,

X ! 1=2
z = (z z)? P(2) : (2.10)

z

where z denoteszpest, OF Zongpest Fespectively, and z runs over discrete redshift steps. The
best tting $SED bf the t to the spectroscopic redshift is plo tted in black in Figure E-3] and
the best star is shown by a dashed gray line. The predicted prtometric uxes in the
Iters and four additional Iters are presented by circles ( or crosses in the case of the stellar
model).

The PhotoZ code has been successfully applied in the past to a variety gihotomet-
ric catalogs (Drory et al., 12001; Gabasch et al., 2004; Dronet al., [2005; Feulner et al.| 2005;
Brimioulle et al., 2008;/Gabasch et al.| 2008; Brimioulle efal., 2013; Gruen et al./ 2013, 2014,
Sanchez et al.,[2014). Itis also part of the PS1 PhotometricClassi cation Server (Saglia et al.,
2012) and the Astro-WISE package ((Saglia et al., 2013).

Dropout Technique

Before concluding the chapter on photometric redshifts, wevant to brie y describe the dropout
technique to estimate redshifts from photometry. It can be gplied only to star forming
galaxies at high redshifts, but it should be mentioned for the sake of completeness. The
neutral hydrogen (HI) in the intergalactic medium (IGM) abs orbs photons with wavelengths
shorter than the Lyman- line, y =1216A. Even very small densities of HI (X} 10 )
can result in the complete absorption of the_ UV part of the gabxy spectrum (Fan_et all,12006)
and create the so-calledsunn-Peterson Trough (Gunn & Peterson,|1965). These galaxies are
named Lyman-break galaxies [(Steidel et al.,l 1996b; Dunlop| 2013). The dropoutechnique
(Steidel et all, [1996a; Steidel| 1996) is then simply the seeh for objects that are detected
by redder lters, which are not detected in bluer lters, so- called dropouts. The redshift
is determined by the rst (bluest) Iter in which the galaxy ¢ an be detected, in which the
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Figure 2.2: Prior probability distribugions for absolute magnitude M and redshift z. The probabilities
follow P(x) / exp In(2) X—xx ’ , for x = z; M. The left panels show the luminosity prior Py

with v = 20 for dierent \ (upper panel) and py (lower panel). The upper right panel shows
the redshift prior for varying ,, while p, varies in the lower panel, both with , = 0. The dashed
black lines in the left panels denote the peak of the distribtions, and P,(x) = 0:5 in the right panels.
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Figure 2.3: Output of the PhotoZ code on the example of object 7304 (SDSS object ID
587725505018986933, see also Hig.12.Upper panel: The probability distributions P (z) of the eight
best tting model §EDs]are shown as functions of redshift by slid black lines, where the[PDRH of the
best tting model is highlighted in light green as is its in the lower panel. The stacked PDF
Pstack () of all models in the model set is represented by a dashed lineLower panel: Red points
show the data with error bars in the [SDS$ lter systemu, g, r, i, and z. The solid black line is the
best tting $ED Iwvhen models are tted to a known spectroscopic redshift. The best tting SED for a
photo-z tis highlighted in light green, as well as the uxes predict ed by the model which are shown
by circles. The second best tting[SED is colored in dark grea, whereas the best tting stellar SEDlis
represented by a dashed gray line. In the upper left corner werint the resulting photo- z values (with

the estimated gyror in brackets), reduced 2, and model numbers (taggedtype). tzi is the median

redshift where ZZ' Pstack (z) dz = 3. Also, the relation between the probabilities of the t and t he

2
best tting model are given.
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Lyman- line is located.

As mentioned above, breaks in the spectra of galaxies can besdenerate in the sense that
they can yield similar colors for di erent galaxy types and redshifts. The dropout technique

can su er from the same degeneracies, since the Lyman-break can be confused with the
4000A break if the spectral ux bluewards of the 4000A break is below the detection limit

(Kriek et al.| 2006). The degeneracies can be lifted if cola redwards of the break feature are
taken into account which give information about the precisenature of the break.






Chapter

The Sloan Digital Sky Survey Data

In the predominant part of this work we use photometric and spectroscopic data from the
Sloan Digital Sky Survey(SDSS; York et all,|2000).[SDSE has been carrying out a numbef
di erent projects, and we will concentrate on galaxy obsenations, namely the Legacy survey
and the Baryon Oscillation Spectroscopic Survey(BOSS).

The Sloan Foundation telescopel(Gunn et al., 2006) is situad at the Apache Point Ob-
servatory in New Mexico, located in the northern hemisphereat latitude 32°46'49.30" N, lon-
gitude 105°49'13.50" W, and elevation 2788 m. It has a 2.5m hyperbolic gmary mirror and
1.3m secondary mirror in a Ritchey-Chetien con guration and is mounted altazimuthally,
typical for telescopes with attached heavy instruments. Fist light of the telescope was in
1998, it began main operations in 2000 and has been operatirgyer since. The 120-megapixel
camera (Gunn et al.,[1998) is made up by six columns and ve row, one for every lter, of
CCD chips with a resolution of 2048 2048 pixels each. Observations are carried out in a
drift-scan mode where the camera is moved in such a way that anbject travels along a row
of CCDs (and therefore the ve Iters) while the CCDs are being read out. The movement
speed is such that every observed object has an e ective expare time of 54 seconds in each
Ilter.

The Iter curves are presented in Figurd_3.11, which show/the Iter throughputs with
applied CCD sensitivity and atmospheric extinction. We also plot additional Iters which we
will use in this work in Figure B.Il These are two lIters from the Galaxy Evolution Explorer
(GALEX, Martin et al.,|2005) in the far ultraviolet (FUV) ahd the |near ultraviolet (NUV),
the Johnson-Morgan lter B (Johnson & Morgan,|1953), and the Cousins lter R. The[SDS$
system consists of ve lters, u, g, r, i, z, with central wavelengths of 3551, 4686, 6166,
7480, and 893A (Fukugita et al., 1996; ISmith et al., 2002). They cover the visible part of
the spectrum as well ag NUY (i.e.,u band) to near infrared (NIR, i.e., z band) wavelengths,
with a total range of 2980 to 11,230A. We give an exemplary image of an elliptical galaxy
observed through the[SDSE lters in Chapter[4.1.1, Figure43.

Additionally to the imaging camera, there are two spectrogaphs mounted on the telescope
with a blue and a red channel each allowing to observe a wavelgth range of 3800 to 920\
with a spectral resolution = of 1850 to 2200. Both spectrographs are equipped with two
CCDs with 2048 2048 pixels each, and objects are observed through 3" diamet bers. Un-
der good conditions typically three 15 minute exposures ar¢gaken from each object. Figurd 3.2
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Figure 3.1: Throughput of Iters used in this work. $DSS]ugriz Iters with applied atmospheric ex-
tinction and CCD sensitivity are highlighted by thick lines in the plot. Additionally, we often convolve
our models with other lters to calculate the uxes we would get if we observed the galaxy through
them. These are shown by thinner lines. One is the Johnson-Mgan Iter B (Johnson & Morgan,
1953), and the second the Cousins IterR. For the analyses of the higher energy part of model spectra
we also include theLlGALEX NUV and FUV lters.

shows the spectrum of our exemplary galaxy 7304 (which we absplotted in Figure 2.1) as
created by the[SDSS$ Finding Charfl. Further information is provided on the webpaged
and in [York et al. (2000). A detailed description of the camem can be found in[Gunn et al.
(2998).

We mentioned previously the multiplicity of projects carried out by [SDS$.[SDSS was
initially planned for six years from 2000 to 2006 [(SDSE-I), ad was extended until 2008
(EDSS-11) due to the success in the earlier stage. The surveywere concluded with the nal
data release 7 (DR7. Abazajian et al.| 2009) of SD3S-II (whitis why we often use the term
[SDSS-II interchangeably for[SDSB-I/II). At this time the Sloan Legacy survey had taken
photometric and spectroscopic data of 930,000 galaxies, @D00 quasars, and 225,000 stars,
detected in 8,400 square degrees of the sky, which is about emuarter of the total area. An
image of the imaging and spectroscopic footprint of thé SDS® DR?7 is provided in Figure B3

1SDSS-I/II: [hitp:/iskyserver.sdss2.org/dr7/en/tools/explore/obj.asp
SDSS-III: |http://skyserver.sdss3.org/drl0/en/tools/chart/chartinfo.aspx
2SDSS-I/II: |hitp:/iwww.sdss2.org/ |, SDSS-III: http://www.sdss3.org/


http://skyserver.sdss2.org/dr7/en/tools/explore/obj.asp
http://skyserver.sdss3.org/dr10/en/tools/chart/chartinfo.aspx
http://www.sdss2.org/
http://www.sdss3.org/
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Figure 3.2: Spectrum of Object 7304 (SDSSobjID 587725505018986933) as provided by tihe SDSS
website. The spectral absorption and emission lines are hidighted in the spectrum by dashed vertical
lines. The spectroscopic redshift iszspec ~ 0:46, determined with a con dence of 99%. At 5800A
one can see the 4008 break feature (near the K, H lines) which is shifted to a higher wavelength by
1+ Zspec  1:46. The green line atf 0 is the residual of the spectrum to the continuum and shows
the épectral lines. The spectrum can be accessed via tlhe SD$ISSkyServer website's Finding Chart
tool.

After 2008, funding for subsequent surveys was accepted, amng them the Baryon Oscil-
lation Spectroscopic Survey(BOSS, |Eisenstein et al.| 2011; Dawson et all, 2013) from woln
we will also use data in this work. The latest public data release of BOSS (DR10, Ahn et al.,
2014) targets galaxies within 14,555 square degrees of thkysobtaining spectra for 1,848,851
luminous red galaxies. We show thé SDSS-I11I DR10 footprintm Figure[3.4. The two spectro-
graphs used ifBOSS are rebuilt from the origina [ SDSIS speatgraphs and cover a wavelength
range of 3600 to 10400A at a resolution of 1560 to 2650A (Smee et al.,|2013). The ber
diameter is X%instead of F%n BDS3-Il with 1000 bers per plate instead of 640, CCDs are
more sensitive in the blue and the red channels and have 4K4K pixels.

%image credit: |http://skyserver.sdss2.org/dr7/en/tools/explore/obj.asp?id=587725505018986933


http://skyserver.sdss2.org/dr7/en/tools/explore/obj.asp?id=587725505018986933
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Imaging

Spectroscopy

Figure 3.3: DR7 footprint for the imaging (red, upper panel) and spetroscopic (green, lower
panel) part of the Legacy surveﬂ.

In the following (Sec.[3:1) we will introduce the selection citeria of the luminous red
galaxy sample of . SDSE-II. After that, we will discuss thd BOS LOWZ and CMASS samples
in Section[3.2.

3.1 The SDSS-Il LRG Sample

In Section[3 we will create mode[ SEDs on the basis of tHe SDSI$fuminous red galaxy (LRG)]|
sample to use with photometric redshift template tting tec hniques. Therefore, we present
here the selection criteria used to seledi [RGs from the_SDS$§alaxies. We already mentioned
in Chapter 2 the prominent feature at 4000A (the 4000A break, cf. Fig. 2Z1), below which
uxes have lower values than for wavelengths greater than 400A (the origins of this feature
will be explained in Section[4.1.1). The[LRG selection criteia are de ned in such a way
that galaxies exhibit prominent 4000A breaks, and therefore red spectra. Spectra which have
higher uxes in longer wavelength ranges compared to shortewavelengths are dubbedred,
and blue for the opp03|te case. |_Eisenstein et al. L(ZDJ)l) developed tuin magnitude and
color separating[LRG$ from the other galaxy types taking ther evolution with redshift into
account. Objects passing these criteria are agged accordgly and can be obtained via the

4image credit: |http://www.sdss2.org/dr7/coveragef/index.html , modi ed


http://www.sdss2.org/dr7/coverage/index.html
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Figure 3.4: [SDS$ DR10 footprinﬁ. The BOSS survey area is highlighted in green.

Catalog Archive Servefd (CAS). In Appendix EZ]we list the SQL query used to create the
[LRGIsample to enable the reader to download the same cataloghat are being used in this
work.

From the resulting sample we remove objects that do not passtte cuts of Padmanabhan et al.
(2005), which di er marginally from the selection criteria of [Eisenstein et al. (2001). We will
list them in the following, but we make three color de nition s in advance (analogous to
Padmanabhan et al.,| 2005):

¢, (r i) (g r=4 018
& 07 (g r)+1:2 [(r i) 0:18] (3.1)
d (r i)+(g =B r i

The de nitions are chosen in such a way that they track a passiely evolving stellar popu-
lation with redshift, i.e., solely an aging stellar population without star formation after the
birth of the galaxy (cf. Section[4.2). Furthermore, the colar de nitions ensure that ¢, =g r
if ¢, =0.

The colorsc, ¢, , and d, are shown as functions of redshift in the lower panel of Figue[3.5,
which is a reproduction of Figure 2 inlPadmanabhan et al. [(208). In the upper panel we plot
the colors of the[LRG model by Maraston et al. (2009) when progcted through the [SDS$
Iters. We set the formation redshift to z; = 3:64 (corresponding to an age of 12 Gyr at
z = 0) and assume solely passive evolution of the stellar popakion, i.e., no further star

®image credit: |http://www.sdss3.org/dr10/ , modi ed
®http://cas.sdss.org/astrodr7/en/


http://www.sdss3.org/dr10/
http://cas.sdss.org/astrodr7/en/
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Figure 3.5: This gure is reproduced after Figure 2 in Padmanabhan et al. (2005) Upper panel: In
yellow to red dots ther i versusg r colors of the passively evolving LRG model by Maraston et al.
(2009) with formation redshift of z; = 3:64 (corresponding to an age of 12 Gyr az = 0) is shown as
a function of redshift. Redshift steps of width 0.1 are indiated by crosses and labeled accordingly.
The dashed line showsCutl, whereas the solid line isCutll . Lower panel: ¢, (blue), c; (green), and
d, (red) of the model are plotted as a function of redshift.
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formation. We can observe a turning point in the color track at about z  0:4 which is where
the 4000A break moves from theg into the r lter. This is the reason why Eisenstein et al.
(2001) developed two di erent color cuts, one for a lower reghift sample (Cutl for z. 0:4)
and one for higherz (Cutll for z & 0:4). Intuitively, one could suggest making a cut in the
U gversusg r space to isolate early-type galaxies at lower from late types at higher
redshifts. Unfortunately, the u band magnitude is very close to the detection limit of SDSS
(u  22) for galaxies of interest ¢ 19). Therefore, one would use the well-measured i
color to resolve the problem, but there is an accidental degeeracy in colors atz . 0:4 due
to the SDSS lters (see Eisenstein et al., 2001, and discussis therein). However, one can
bypass this issue by making use of the bivariate color-magtide relation of galaxies and im-
pose additional magnitude-color cuts (see Equation 3.3 intie following).

Padmanabhan et al. (2005) propose the following cuts for thdower redshift sample Cutl ):

jcrj < 0:2 (3.2)
IPetro < 197, (3.4)

where rpeyro IS the Petrosian magnitude (Petrosian, 1976) in ther band explained in Ap-
pendix E.1. It is used for consistency with the SDSS target dection. The cut in ¢, ensures
that we are focusing on the low redshift regime (shown by daskd lines in the upper panel of
Figure 3.5). The ux cut in Equation 3.3 is mainly to ensure good spectroscopic performance.
For the higher redshift portion of the LRG sample Padmanabhan et al. (2005) use Cutll ):

d, < 0:55 (3.5)
g r>04 (3.6)
i< 183+ 2d, 8.7)

i< 20 (3.8)

The rst two cuts are shown in the upper panel of Figure 3.5 by slid lines, where the second
of the two ensures a separation from the stellar locus. In th8 redshift regime, the 40007
break moves through ther band lter, which implies that the K -correction (the correction
in magnitude of a galaxy in the rest frame) to ther band magnitude is sensitive to redshift.
Since thei band magnitude is not sensible to redshift, a selection in is more robust (Egs. 3.7
and 3.8). All selection cuts are imposed on the SDSS extinatn corrected (Schlegel et al.,
1998) model magnitudes, extracted from the better t between an exponential and a de Vau-
couleurs pro le to the surface brightness of the galaxy imag (see Sec. 4.1 and App. E.1).
For a reasonable evaluation of the photometric redshift quéty later on, we require that the
spectroscopic redshift errors fulll  zspec  0:002, the resolution of the photometric redshift
estimations in Chapter 5.3, and that the spectroscopic redsifts were determined with high
con dence (> 99%). The resulting LRG sample contains approximately 140000 objects.

Figure 3.6 presents the colors of the LRG sample and their madn as a function of redshift.
The lower panels of the four major panels also show the colorsut with the median colors as
o sets. From the slope in the mediang r andr i colors, we can observe how the 4009
break moves from theg into the r band lterat z 0:4. Furthermore, g r can be considered
as a bijective function of redshiftuptoz 0:4. The same holds for ther i color throughout
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Figure 3.6: The upper parts of the four major panels show theu g,g r,r i,andi z colors

of SDSS-II LRG Sample versuszspec. The median color as a function of redshift is highlighted byred
dashed lines. In the lower panels we plot the residual colorrém its median (therefore the median
color is they = 0 line). Error bars denote the median color errors in ve redshift bins.
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'$ %

B B

Figure 3.7: Spectroscopic redshift distribution of the BOSS catalog ued in this work. The LOWZ
sample is highlighted by a blue line, whereas the CMASS sameplis plotted in orange. The total BOSS
sample is plotted in gray.

the considered redshift range with an increase in steepnes$sr z & 0:4. From this we can infer
that these two colors are a good redshift indicator (at leastfor LRGs) and that photo- zs can
be determined to a high precision. We will con rm that this is true in Section 5.3, and that
the photo-z accuracy of red galaxies outperforms that of blue galaxiesi Chapter 7.

3.2 The BOSS LOWZ and CMASS Samples

BOSS was designed to measure the spatial distribution of LRG and quasars to investigate
the baryon acoustic oscillations that are imprinted on the large scale structure of today's Uni-
verse (cf. Chap. 1). We already mentioned that BOSS is a spentscopic survey that observes
luminous red galaxies out to an approximate redshift ofz . 1:0. Figure 3.7 shows the spec-
troscopic redshift distribution of the BOSS catalog used inthis work by a gray histogram. In
Appendix E.2 we present the SQL query used to generate the catog from the SDSS database.

BOSS target galaxies are selected from SDSS-Il imaging daia such a way that they have
high luminosities and masses. Furthermore, the BOSS targeselection requires approximate
uniform stellar masses throughout the redshift range of 2. z . 0:6 (Eisenstein et al., 2011).
Above z  0:6, the BOSS sample is magnitude limited. Similar to the cuts ¢ the SDSS-II
LRG sample (see Section 3.1, Eisenstein et al., 2001; Padmalphan et al., 2005), a number
of magnitude and color cuts are applied to ensure the above cgiirements are ful lled. As
with the SDSS-II sample, the BOSS sample is selected in two wa yielding two subsamples,
a lower redshift sample taggedLOWZ for z . 0:4, and a higher redshift sample, dubbed
CMASS for the constant mass requirement (Eisenstein et al., 2011)

For the selection cuts the colorsc; , ¢, and d, are de ned in the same way as in Section 3.1,
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Equation 3.1. The only di erence is that Eisenstein et al. (2011) use composite modelgmodel|
Abazajian et al., 2004, cf. Appendix E.2) magnitudes insted of model magnitudes for the
calculation of colors, and model magnitudes in magnitude cts. Where the SDSS model
magnitudes are extracted from a better t of a de Vaucouleursand an exponential pro le to
the surface brightness of a galaxy, the cmodel magnitudes arderived using the best tting
combination of both. The selection cuts in colors for both sanples are the same as for the
LRGs (see Section 3.1, and Figure 3.5), only the magnitude da dier. The LOWZ sample
is selected by:

jcrj< 02 (3.9)
r< 136+ ¢=0:3 (3.10)
16<r< 195: (3.11)

Note, that the magnitude cuts are not anymore made with Petrcsian magnitudes (as in
Sec. 3.1) but model magnitudes. The CMASS sample is de ned hy

jd>j > 0:55 (3.12)
i< 1986+1:6 (dr 0:8) (3.13)
175<i< 199 (3.14)

Some of the galaxies passing these cuts were already spedtopically observed by SDSS-II,
and are not re-observed in BOSS if the spectroscopic redstsf were already measured to a
high accuracy in SDSS-II. For further information about the BOSS target selection we refer
to Eisenstein et al. (2011) and the DR10 target selection wesite’.

Our BOSS catalog comprises 65%32 galaxies (see App. E.2 for the SQL query and further
requirements). The redshift distributions of the LOWZ and CMASS samples are shown in
Figure 3.7 together with the distribution of the whole BOSS sample.

"http://www.sdss3.org/dr10/algorithms/boss_galaxy_ts.php



Chapter

Model Spectral Energy Distributions

In this chapter we investigate the properties of galaxies wth emphasis on their spectra. In
Section 4.1 we will give an introduction to galaxies in geneal and on elliptical galaxies in
detail, since we will mainly focus on them in this work. We will particularly address their

spectra which hold important information about the galaxy properties, e.g., star formation
history and chemical abundances. But spectra also compriselues for the estimation of
photometric redshifts, speci cally with template tting m ethods. In Section 4.2 we will focus
on the star formation history of galaxies and the creation ofsynthetic model spectra. We
will also analyze a number of public empirical, semi-empical, and synthetic model SEDs in
terms of their colors, and analyze how well they can represdrthe SDSS-1I LRGs.

4.1 Galaxies

It was in the middle of the 18th century when Kant and Wright r st suggested that the Milky
Way is a nite-sized accumulation of stars. Kant raised the notion that the observed di use
objects, termed \elliptical nebulae" at that time, could al so be limited conglomerations of
stars very like the Milky Way. There was a long ongoing debateabout the potential ex-
tragalactic nature of those \elliptical nebulae", which was nally resolved by Edwin Hubble
in 1923 who measured the distance of the Andromeda galaxy (MB using Cepheid variable
stars. Shortly afterwards Hubble suggested a classi catin of galaxies in terms of their mor-
phology which is still used today (the Hubble Tuning Fork, Hubble, 1926, see Figure 4.1). The
left side of the fork comprises elliptical galaxies. They eRibit spheroidal shapes on the very
left side to more skewed elliptical shapes on the right. Ellptical shaped galaxies have the
designation En, where n denotes 10 times the ellipticity of their isophotes, i.e.,n =10
with 1 =, and being the apparent major and minor axes of the ellipse when
projected onto the sky. Spiral galaxies carry the designattn S and SB for those exhibiting
a bar in the galaxy center. Furthermore, there is a transitional class between the ellipticals
and spirals, the SO or SBO lenticular galaxies, also having theB su x when exhibiting a bar.
Lastly, there are irregular galaxies (rr ), who show non-regular features in their morphology
that do not fall into the other two classi cations. The Hubbl e Tuning Fork is only a rough
classi cation, and there are various galaxy subclasses whin could enter the diagram and sev-
eral other attempts to classify galaxies (e.g., Morgan, 198, from which only the designation
of the di use supergiant cD ellipticals is still used today) that di er from Hubble's Tuning
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Figure 4.1: Galaxy classi cation in the Hubble Tuning Fork 1. Galaxies on the left side of the fork
are called early-type, whereas galaxies with a morphology from the right part of the fork are called
late-type galaxies. These designations are a historical artifact andhot descriptive of the age of the
galaxy (see text for an explanation). Irregular galaxies (rr ) do not t in the classi cation scheme,
but are appended on the right side of the fork.

Fork.

Hubble falsely thought of the Tuning Fork as an evolutionary path, wherefore elliptical and
lenticular galaxies are often called early type galaxies (EGs), and spiral galaxies are called
late type galaxies (LTGs). This has been proven wrong, and reent studies found that el-
lipticals are likely a result of major mergers of late-typesand also early-type galaxies (e.g.,
Toomre & Toomre, 1972; Barnes & Hernquist, 1996; Naab & Burket, 2003; Bell et al., 2004).
There are further shortcomings of the Hubble diagram, such a the subjective classi cation:
A galaxy viewed edge-on, can look very di erent from the faceon view. Furthermore, the
morphology depends much on the wavelength range covered byé Iter through which it is
observed. Despite all this, the classes still correlate wit physical properties of the galaxies
such as star formation, luminosity, color, and masses (Roliés & Haynes, 1994), which is why
the tuning fork is still being used today.

In the following, we will describe selected properties of diptical galaxies which will be in the
main focus of this thesis.

4.1.1 Elliptical Galaxies

Until the late 1970s elliptical galaxies were seen as simplgystems, i.e., rotationally attened
ellipsoids without a disk, and with cores of constant densiy. They were also believed to be
devoid of gas and dust. However, nowadays we know that elliptals are in no way simple,

!image taken from the Galaxy Zoo Blog Website http://blog.galaxyzoo.0rg/2010/05/12/types-of-galaxies/
Image credit: Zookeeper Rob
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but exhibit complicated stellar motion, core features, and can be divided into an array of
subclasses that do not depend on their ellipticity.

The Surface Brightness Pro le

The surface brightnessl is a measure of luminosity per unit area and gives informatia about
the distribution of stars in a galaxy. As a function of radius | (r) the surface brightness
of ellipticals can be described (when a more detailed modelfd (r) is not required) by the
empirical r¥*-law or de Vaucouleurs Pro le (de Vaucouleurs, 1948, 1953):

h i
I(r)=1e exp T7:67 (r=rg)t™ 1 4.1)

re denotes the so-callede ective radius, within which one half of the total light is enclosed
under the assumption that the galaxy is circularly symmetric and the pro le is valid at all
radii (Caon et al., 1993). | is then the surface brightness atr.. Although the de Vaucouleurs
pro le ts the majority of elliptical galaxies remarkably w ell, there are galaxies whose surface
brightness pro les deviate signi cantly from the r'=* law (e.g., Capaccioli et al., 1988, Fig. 2).
Today, the surface brightness pro le of ellipticals is most often described by a generalized
version of the de Vaucouleurs pro le, the Srsic prole (Sersic, 1963, 1968):

h
I(r)=le exp by (r=rg)t™ 1I : (4.2)

The constant by, is de ned in terms of the model parametern, which describes the concentra-
tion of the stellar content, and therefore varies for di erent kinds of ellipticals. l.e., galaxies

with low luminosities are better tted by a Sersic pro le wi th a concentration index lower than

4, whereasn > 4 provides a better t to high-luminosity ellipticals (e.g. , Schombert, 1986;
Caon et al., 1993; Binney & Merri eld, 1998; Kormendy et al., 2009; Bender et al., 2014).

Parameter Correlations

Elliptical galaxies show a number of parameter correlatiors which distinguishes them in com-
parison to later types. We want to discuss a few in the followng.

There is a relation between the central radial velocity disgersions of stars in early-type galaxies
and their luminosity L. We assume that the mass-to-light ratioM=L and the average surface
brightness are constant. Furthermore, we assume a constannass density as a function of
radius. From the Virial Theorem, hJi + 2HKi = 0, we can then derive the Faber-Jackson
Relation (empirically found by Faber & Jackson, 1976):

L/ § (4.3)

where ¢ is the central value for the radial velocity dispersion.
Given the assumptions made in the derivation, it is not surpiising that several authors found
that the relation is not exactly true. l.e., for luminous ellipticals the exponent was derived
to be 5 (e.g., Schechter, 1980; Malumuth & Kirshner, 1981), wheras studies of their faint
counterparts yield a value lower than 4 (e.g., Tonry, 1981).

Removing the assumption of the constant surface brightnesfrom the above derivation of
the Faber-Jackson relation, we get a correlation between té e ective radius re, the central
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velocity dispersion ¢ and the luminosity L (or e ective surface brightness|lg) spanning a
two-dimensional surface in the three-dimensional paramedr space:

L/ ore (4.4)

rel  ole; (4.5)
written in general form with variable exponents. This relation is called thefundamental plane
of elliptical galaxies, with ; ' 3; 0:7 (Dressler et al., 1987; Djorgovski & Davis, 1987).

Dressler et al. (1987) de ned the photometric parameterD, the aperture which encloses a
mean surface brightness of 205 magrarcse€ in the B band (cf. Fig. 3.1). In general, D,
will depend exponentially onre and I ¢, and the relation of the fundamental plane can thereby
be rewritten as D, /' le, with ; ' 1:4; 0:07. Hence, the fundamental plane relation is
sometimes also called théD relation.

Lastly we want to mention the tight correlations between the Mg, line strengths and
B V colors (where theV band is centered in the visual at 5510A), and central velocity
dispersions ¢ reported by Bender et al. (1993). This is rather surprising $nce the Mg, indices
were measured in the galaxy centers, wherea® V was observed to much larger radii. The
data was taken from ellipticals spanning a large variety of nasses and surface brightnesses.

The Shape of Elliptical Galaxies

Although nearly elliptical in shape, the isophotes of elligical galaxies exhibit slight variations
from true ellipses. Expanding the deviations of the observe isophotes from perfect ellipses
(#) in a Fourier series (e.g., Bender & Moellenho , 1987) yield
as cos(4#) a cos#
r(#) bsin# '’
where a and b are the (semi-)major axes of the ellipse# is the angle in [Q 2 ], and r (#) is
the radial distance of the isophote to the center of the ellige. The majority of galaxies show
small deviations from a perfect ellipse, i.e.jay=g) 0:01. Depending on the value ofay 7 0
the isophote has aboxy (a4 < 0) or disky (a4 > 0) shape. We show a schematic image of disky
and boxy isophotes in Figure 4.2 which is a reproduction of Fj. 5 in Bender et al. (1988).
We introduce the rotation parameter (V=) ,

#)= 1+ (4.6)

! (Vrot= )observed; (4.7)
(Vrot= )isotropic

with the rotational velocity V. Bender (1988) and Kormendy & Djorgovski (1989) found
that (V=) strongly correlates with the shape of the isophotes. Disky glaxies generally
have (V=) of order unity, and are therefore in part rotationally supported. Furthermore,
their mass-to-light ratios are higher on average comparedd the mean M=L of ellipticals
with comparable L. Galaxies with disky isophotes are also less luminous in rad and X-
ray wavelengths. Boxy galaxies on the other hand show smaltevalues of (V=) , and can
therefore not have been attened by rotation. In fact, most boxy galaxies are not rotationally
symmetric, and their shape is due to random stellar motion. Gten boxy galaxies exhibit
counter-rotating cores which cannot be observed in disky daxies. They are also more radio-
loud and have higher X-ray luminosities. The structural di erences between disky and boxy
ellipticals may be a result of di erent progenitors in the merging of two galaxies from which
the elliptical is formed (Khochfar & Burkert, 2003).
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Figure 4.2: Schematic drawing of disky (red) and boxy (blue) isophotes b an elliptical galaxy
(recreated after Bender et al., 1988, Fig. 5).

The Content and Spectra of Elliptical Galaxies

It was initially believed that elliptical galaxies are essentially devoid of gas and dust. However,
several studies found that ellipticals contain gas and alstayers of dust, but at a lower fraction

than spiral galaxies (e.g., Trinchieri & Fabbiano, 1985; van Gorkom, 1992; Franx et al., 1994).
Gas in ellipticals is predominantly present in a very hot 10K ionized state, presumably
heated by supernovae and stellar winds, which can be detedleby its X-ray emission (e.g.
Trinchieri & Fabbiano, 1985; Schweizer, 1987). In this hot evironment stars are not able
to form. Furthermore, H emissions from warm ( 10*K) HIl regions are being observed,
as well as cold gas 100K from the HI 21cm and CO lines. In many ellipticals, as wel

as in lenticular galaxies SO, also dust can be detected, whicis partially located in a dust

disk. Furthermore, the central regions of elliptical galaxies are redder and more metal-rich
in comparison to the outer parts (Franx et al., 1989; Davies ¢al., 1993), where the term
\metals" refers to elements heavier than He.

The colors of ellipticals appear yellow-red in the visual raage of the spectrum which is an
indication of an old stellar population. The composite SDSSimage of our exemplary galaxy
7403 is given in Figure 4.3, where the galaxy appears even reer than in the rest frame due to
the cosmological redshift ofz = 0:46. The spectral energy distributions of elliptical galaxies
are similar to those of relatively cool stars that resemble bat of black body at 5000 K, but

with prominent absorption features. This suggests that mapr star formation has not occurred
within the last billion years. Elliptical galaxies have basically completed star formation after

an initial star forming phase or burst, and they shine mainly with their aging stars. The

spectrum is dominated by the light of red giants which have meed o the main sequence
in the Hertzsprung-Russell diagram(HRD, Fig. 4.4). Blue O and B stars have essentially
died out leading to the notable lower uxes shortwards of 40@A. The absence of young
stars is the reason why ellipticals were (wrongly) believedo be devoid of gas. elements
(atomic number Z 22, O, Mg, Si, Ca, ...) are likely over-abundant with respectto iron

(e.g., Faber et al., 1992; Worthey et al., 1992), especiallyn massive ellipticals. Supernovae
type 2 produce predominantly elements but also iron on relatively short timescales, whi

supernovae type 1A produce signi cantly more iron, but on longer timescales. This di erence
in timescales is the reason why an over-abundance of elements is an indicator for short star
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Figure 4.3: Composite image of the exemplary elliptical galaxy 7304 ashserved by the SDSS in the
g, r,andi lters. The image was created by the SDSS Finding Chart tooP. Colors were exaggerated
to improve the clarity.

formation timescales.

The spectra of ellipticals (cf. Figure 2.1 in Chapter 2.2.2)exhibit primarily absorption
lines with no, or only sparse emission line features. The atos and molecules in stellar
atmospheres and the cold interstellar gas siphons o the stibar radiation at key frequencies
resulting in the absorption features that are superimposedn the continuum of the black body
spectrum. Conspicuous absorption lines in the spectra of Bptical galaxies are the lines of
singly ionized Calcium (Call, designatedH and K by Fraunhofer) at wavelengths 3934 and
3969A respectively, as well as the Balmer lines of hydrogen, elited by the changing opacity
in stellar atmospheres. These, together with the lack of ble stars, are the cause for the 4008
break which is the most prominent feature in the spectra of diptical galaxies and the reason
why we can estimate photometric redshifts to a relatively high precision (cf. Sec. 2.2.2). The
4000A break tells us at a glance something about the underlying stllar population. If a galaxy
spectrum shows an absence of metal lines and a strong blue cponent, the 4000A break
vanishes. Furthermore, if an active galactic nucleus is preent, its spectrum continues right
across 400@& and the break is diluted by whatever fraction of light the nucleus contributes.
In the presence of quasars the break can be very weak or evenmeasurable, because so little

2http://skyserver.sdss2.org/dr7/en/tools/explore/obj.asp?id=587725505018986933
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Figure 4.4: Schematic Hertzsprung-Russell Diagram. Isochrones are \@n by dashed lines. Own
sketch.

light comes from the surrounding galaxy. Elliptical galaxies show prominent 400@\ breaks,
and hence do not own a young stellar population, nor do they fom stars in a signi cant
amount. Nowadays, it is believed that elliptical galaxies brm their stars early and fast.

4.2 Model Spectral Energy Distributions

In this chapter we want to present di erent sets of model spetral energy distributions that
are publicly available. We present a number of model SEDs thhare being used to estimate
photo-zs. We compare their colors to those of the SDSS-Il LRG data, ath motivate why
we need to construct new templates. Before that, we expand orsection 4.1.1 where we
discussed the content and the spectra of elliptical galaxi® and give an introduction into
stellar population evolution with focus on stellar population synthesis.

4.2.1 Galaxy Stellar Population Evolution

To interpret spectral data, knowledge about how the spectrd features translate into the
physical parameters of a galaxy and its star formation histey (SFH) is required. The fea-
tures emerge as result of evolution of the galaxy and its stér content, wherefore we can
derive spectra given a comprehensive library of SEDs with kawn properties and a theory
about the evolution of stars in the HR diagram (cf. Fig. 4.4). The stellar population from any

star formation history can be described by summing over vamus in nitesimal star bursts.

Given an initial mass function (IMF) which describes the probability distribution of masses
of newly formed stars, one can derive the galaxy SEDs with a sllar evolution prescription.

This is a non-trivial task however as stars evolve o the main sequence. With a theoretical
model about the stellar evolution as a function of time or age the galaxy SED can then be
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constructed by adding spectra from an extensive stellar lilbary in the predicted proportions.
The relative hydrogen and Helium abundances of stars and gakies can be described by their
mass ratiosX = my=M andY = mye.=M respectively, whereM is the total mass. Themetal-
licity, i.e., the abundance of elements heavier than Helfhetals" ), isthen Z =1 X Y.
The elemental contents of the sun areX =0:73,Y =0:25,andZ =0:02.

Figure 4.5: SEDs of BC0O3 SSP models with solar metallicity sampled at eigt di erent ages. Note
that the scaling is logarithmic on both axes. Ages run from 1 M/r to 13 Gyr and are color-coded from
blue to red (see legend). Fluxes are normalized to the SDS&band. Younger galaxies are dominated
by light from the blue part of the spectrum, and vice versa for older galaxies.

Figure 4.5 shows the spectrum of a galaxy with solar metallity sampled at di erent
ages which was created with the evolutionary stellar popultion synthesis code GALAXEV
(Bruzual & Charlot, 2003, BC03). We will give a more detailed description of the code in
Section 4.2.2 when we compare the predicted model SED colovgith observational data and
introduce the technique used by GALAXEYh more detail. For the SEDs in Figure 4.5 we
assumed a single stellar population (SSP), meaning that alktars in the galaxy were formed
at the same time (or age,t = 0) in a single -functional star burst. After that, the spectrum
is only changed by the age evolution of the stars on and o the min sequence, without subse-
quent star formation (passive evolution). We mentioned already in Section 4.1.1 that we can
observe the dying out of stars from the upper main sequence asfunction of time. These mas-
sive stars dominate the spectrum shortwards of the 4008 break for young ages 1 Myr, and
we can see that the light is dimmed in this regime for increasig ages. As these stars are short

Shttp:/ww.cida.ve/  ~bruzual/bc2003 or http://www.iap.fr/ ~charlot/bc2003
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Figure 4.6: SEDs of BC03 SSP models sampled at various metallicities andges. The SEDs are
normalized to the SDSSg band Iter, and o sets to the SEDs have been applied for clarity of the
gure. Both axes are scaled logarithmically. Furthermore, the SDSSugriz Iter curves are plotted in
gray. Note, that the color-code is di erent from Fig. 4.5, it goes from blue to red for increasing values
of Z (not age).

lived, the most massive ones have left the main sequence at abt 10 Myr, causing the ux in
the UV to decline and to rise in the NIR. Until a few Gyrs the UV | ight is still continuously
dimmed and the NIR ux is maintained by stars on the asymptoti c giant branch (AGB). Af-
ter several Gyrs the uxes redwards of the 400\ break are dominated by red giants who
have short lifetimes and the luminosity is determined by therate at which stars evolve o
the main sequence. On the other hand, the light in the UV risesagain due to post-AGB
stars and hot dwarf stars which cause the upturn in the UV att & 1 Gyr. Although the
changes in the redder part of the spectrum are not signi cantat ages of 4 13 Gyr, we can
observe an increase in the strengths of the absorption linesThis is due to the abundances
of metals and because light is absorbed mostly through elersin scattering in younger stars.
While increases in line strengths are elicited by an aging €llar population they can also be
caused by an increase in metallicity leading to the age-metlcity degeneracy discussed in the
following.

In Figure 4.6 we show the SEDs of SSPs with di erent metallicties Z sampled at various
ages, and the SDSS lter curves. We can observe that the SED®bk very much alike in the
wavelength range covered by the SDSS lIters, wherefore we oaot expect that the degeneracy
between the age and the metallicity can be lifted through SDS colors. However, we could
resolve this issue by the inclusion of di erent colors outsile the visible part of the spectrum.
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Furthermore, if a spectrum is available, one can determine he age and the metallicity of a
galaxy without degeneracies, e.g., by means of the Hindex, which is more sensitive to age
than to metallicity.

In the precedent analyses we always assumed a single stelfaopulation originating from a
single star burst at the birth of the galaxy. However, although (as mentioned above) elliptical
galaxies are believed to form their stars at low ages and fastassuming that their stellar
content is created at a single moment in time is not realistic The colors and SEDs of ellipticals
may be reproduced well to some extent by an SSP, but we can expethat star formation
occurred for a longer duration. Since the gas content in a galky is more and more consumed
and bound in stars, it is generally assumed that the star fornation rate (SFR) decreases over
time. Usually, an exponentially decreasing star formationrate is used to describe the SFH of
a galaxy (e.g., Shapley et al., 2005; Longhetti & Saracco, Z1D):

SFR(t) (1) M Loexp( t=); (4.8)

normalized to a mass of M at t =0, while is the e-folding timescale which is a measure
of how long stars are typically formed. These populations tlat do not originate from one

single star burst are so-called composite stellar populatins (CSPs). The functional form of

Equation 4.8 is also some times called the model of star formation history.

4.2.2 Various Model SEDs in Comparison to the SDSS-II LRG Data

In this section we compare the colors of publicly available mdel SEDs, and potential template
SEDs, with the colors of the SDSS-II LRG data, where we searclior a good representation
of the data. Most of the text was published already in Greiselet al. (2013). We extended it
in some details.

The PZstandard Red Templates

The rst set of models we investigate are three red models thawere and are used with
the PhotoZ code of Bender et al. (2001) in a great number of publicationgDrory et al.,
2001; Gabasch et al., 2004; Feulner et al., 2005; Brimioullet al., 2008; Gabasch et al., 2008;
Saglia et al., 2012; Brimioulle et al., 2013; Gruen et al., 203, 2014) and which will be in-
cluded in our model set when we estimate the photas of the DES SV dataset in Sec. 7. We
want to see whether they can represent the LRG data in terms otolor, and therefore if they
are a suitable representation of the LRGs for photoz estimations. In the following they are
tagged PZstandard as they are part of the usually used models with theP?hotoZ code we work
with in this thesis.

There are three red models currently in thePZstandard template set. One is an SED of an
SO0 galaxy (see Fig. 4.1) which was created by Mannucci et al.2001). The other two are
SEDs of elliptical galaxies created by Bender et al. (2001)ni order to account for two slightly
di erent subsets of red objects in the Hubble Deep Field Norhhat z 0:2 0:4. They are
based on SSP models of Bruzual & Charlot (1993).

Figure 4.7 shows the SDSS g,g r,r i,andi z colors as functions of redshift, similar
to Figure 3.6, but with the model colors plotted on top. Concening the u g color all three
models t the data well at very low redshifts and lie well between the median data errors for
redshifts greater than 0:3. In between, all three models are bluer than the LRG data and
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Figure 4.7: Colors versus redshift of the SDSS-II LRG sample (gray, seelso Fig. 3.6) and of the
PZstandard model set. The upper parts of the four major panels showzs,ec versus theu g, g r,
r i,andi z colors. The median colors as functions of redshift are highdhted by green dashed
lines. On top of that the colors of the PZstandard models are plotted. In the lower panels we show the
residual color from the median color of the data (therefore he median color is they = 0 line). Also,
the models are plotted on top of the data, where the data media was applied as an o set. Error bars
denote the median data color errors in ve redshift bins. The SEDs will be shown in the upper left
panel of Fig. 7.1 in Sec. 7.
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fall outside the error bars as well as the densely populatedegion. Theg r andr i colors
have the greatest impact on photometric redshift estimation since those colors are varying as
a function of redshift (at least in the z-range considered), and thus a relation between color
and z can be established. These colors are represented best by tiannucci et al. (2001)
SED, although deviations from the LRG colors can be observedth g r for z lower than  0:3
where the SED has a redder color and foe higher 0:45 where it is redder. Furthermore the
r i color is redder forz & 0:3. These deviations seem not to be of great signi cance, but
i zisonly matched atz 0:25 and the form of the function di ers strongly from the data
median. The other two elliptical templates behave similar to the SOc SED inu g but are
shifted greatly into bluer color values for the other three investigated colors.

We summarize that these models cannot represent the LRG dataalthough they are useful for
the photometric redshift estimation of less luminous red g#axies in di erent data sets (e.qg.,
Chap. 7 and Brimioulle et al., 2013).

CWW Templates

The templates used in almost every photometric redshift esmation with template tting
methods are the SEDs of Coleman, Wu, & Weedman (1980, hereaft CWW). We will con-
centrate on the elliptical CWW SED that is the mean spectrum of a number of local elliptical
galaxies and should represent our data best. It was modi ed ad extended by a number of
authors and we will have a look at three variations. TheBPZcodée*® (Bentez, 2000) provides
a variation of the CWW elliptical spectrum which was extended to the UV through linear
extrapolation, and to the near-IR with synthetic templates created with the GISSELcode.
Extinction was accounted for following Madau (1995). The curent public version of BPZ
(Bentez et al., 2004) includes a repaired version of this #iptical SED, which was calibrated
with an array of ground based data. The colors of both the extaded and the repaired red
CWW SED, are shown in Figure 4.8. Both match the data well inu gandr i, with
the exception of the former for higherz. There are deviations from the data ing r over
the whole consideredz range, except forz & 0:45 for the original CWW SED, and for small
to medium redshifts for the repaired version. Furthermore,they are able to match the data
median ini  z only for medium and high redshifts.

Another Bayesian photoz software is LePhare® (Arnouts et al., 1999; llbert et al., 2006),
which uses a wide range of template SEDs. One SED based on CWVpeactra was generated
by a linear interpolation of the four CWW SEDs and a star-forming galaxy which was con-
structed with the population synthesis code of Bruzual & Chalot. It was extended to the IR
with the GISSELcode. The resulting colors of the interpolated red CWW SED ae shown in
Figure 4.8 together with the colors of the BPZCWW models. Its colors are very similar to
the original model and the repaired BPZversion, except inu g, where it is bluer for higher
z. The fact that these observationally created SEDs can reprduce the LRG colors well, and
are therefore in principle well suited for photoz estimations, was also pointed out by Bentez
(2000).

4v1.98b: http://acs.pha.jhu.edu/ ~txitxo/
®v1.99.3: http://www.its.caltech.edu/ ~coe/BPZ/
®http://ww.cfht.hawaii.edu/ ~arnouts/lephare.html
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Figure 4.8: Colors versus redshift of the SDSS-II LRG sample and of sevalt CWW based models.
The blue line shows the colors of the original CWW model of an Hiptical galaxy extended by Bentez
(2000), whereas the other two SEDs are modi ed versions of i{a more detailed explanation is given
in the text). A more detailed description is given in Figure 4.7.
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BCO03 Models

In this section we compare the colors of models from Bruzual &harlot (2003, hereafter
BCO03) with the SDSS LRG colors. BC03 models can be created byhe software GALAXEV
provided by BC03 on the websited. Since we will use BC03 models in Sections 5.1 and 6.2.1 as
a basis to create model SEDs speci cally designed for the S[EIl LRGs and BOSS CMASS
galaxies respectively, we want to give a brief introductioninto their creation. For further
details we refer to Bruzual & Charlot (2003), as well as to thedocumentation of GALAXEV
BCO03 models can be created from a variety of huge stellar liaries, empirical as well as
theoretical. Metallicities range from subsolar (i.e., Q005Z ) to supersolar (i.e., 25Z ).
Initial mass functions available are from Salpeter (1955) ad Chabrier (2003). The Salpeter
initial mass function (IMF) follows a simple exponential law, dN=dm/ m 23% whereas the
IMF of Chabrier (2003) varies depending on the stellar masssimilar to an IMF by Kroupa
(2001). The Chabrier IMF follows the same function as a Salpter IMF for masses above the
solar mass, and has log-normal form fom <M

dN (logm logmg)?
_ 4,
dlogm) | &P 22 ! (4.9)
with a characteristic massm¢; = 0:079 and = 0:69 for single stars, andm. =0:22, =0:57

for binaries. The BC03 models are available for ages ranginffom 0 to 20 Gyr, although we
will extract SEDs only for ages lower than or equal to 13 Gyr, kelow the age of the Universe
(13:8 Gyr, Planck Collaboration et al., 2014).

In the creation of model spectra BC0O3 use the so-calledsochrone synthesis techniquect.
also Charlot & Bruzual (1991) and Bruzual & Charlot (1993), where a spectrum of an SSP is
obtained by summing up the individual stellar spectra alongan isochrone. A series of SSPs can
then be chosen to recreate the stellar population of a CSP, wh a given star formation history.
Assuming the IMF does not depend on time (which may not be accrate, e.g, Weidner et al.,
2013) the spectral ux per unit wavelength as a function of time can then be written as (see,

e.g., BCO3): 7
t

f(t)= t t9s % ¢ t9Y dt’ (4.10)
0
where (t)isthe SFR, and (t) describes the metal enrichment (e.qg., Tinsley, 1980)S (t% Z;))
is the spectrum of an SSP, hence the sum of the stellar spectr@ong an isochrone, per unit
mass. An SSP can then also be described by Equation 4.10 with(t t9 = (t t9. The
stellar content of the galaxy is prescribed by the IMF, and sellar SEDs are assigned to the
individual stars.

In the following analysis and in the model creation later on wve use BC03 models created
from the theoretical BaSelL 3.1 stellar library, which covers a wavelength range from 94 to
160 min 1221 wavelength steps. We use the Padova 1994 evolutionatracks recommended
by BCO03, which provide a larger variety in metallicity than t he Geneva tracks, and which are
favored over the Padova 2000 tracks, since the integrated K colors of ellipticals of the
latter can only be matched at ages higher than the currently stimated age of the Universe.
For further information about the stellar library and evolu tionary tracks we refer the reader

"http:/www?2.iap.fr/users/charlot/bc2003/ , and http://www.bruzual.org/ ~gbruzual/
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to BCO3 and references therein. We extract model SEDs with a @abrier IMF, and metallic-
ities of Z = 0:2,0:4;1,225Z . SFRs are either SSPs or CSPs with exponentially decreasing
SFHs with e-folding timescales 2 [0:5;1.0; 2:0; 3:0; 5:0; 8:0; 20:0; 50:0] Gyr, where the latter
approximate nearly constant SFRs. The BC03 models most fregently used in this work
are sampled at ages from @1 to 13Gyr. We will encounter deviations from this setup in
Chapter 8. The code used in the creation and extraction of theBC03 models is presented in
Appendix F.1.

SEDs become redder in color with increasing metallicitiesages and decreasing-folding
timescales (cf. Figs. 4.5 and 4.6). We compare only those witthe data that match their
median best. Hence, we compute the residual between the datnd the BC03 models for the
u gg r,r i,andi z colors.

X X (Gd Cj; mod)?
Res'(T) = jidata mod/_. (4.11)

objects j2fu g;g rr ii zg J; data

The model with the lowest residual is an old (13 Gyr) SSP with sibsolar metallicity (Z =
0:4Z ). The model that matches the colors of the data second best ia CSP with a compa-
rably small e-folding timescale = 0:5Gyr. It has the same age as the SSP, and therefore it
is expected that both models have very similar colors, sincetar formation has taken place
in the CSP only for a short term in comparison to the age of the glaxy. The colors of both
populations are presented in Figure 4.9. The two models areat easily distinguishable in the
plot due to their similar colors. They show a reasonably goodnatch in the u g color, but
are too blue ing r at higher redshifts. Their r i color is bluer than the data throughout the
whole z range, except forz & 0:45. Finally, in i  z they are too blue within 0:1. z. 0:35,
and too red for small z.

In the plot we also show the third and forth best tting models . The third has solar metallic-
ity, =2:0Gyr, and an age of 12 Gyr, whereas the forth best has a supepiar metallicity of
2:57 an e-folding timescale of Q5 Gyr, and a young age of 3 Gyr. Both are bluer than the
best two models inu g for the upper half of the z-range. In their g r color the third and
forth best model are similar to the rst two, and the supersolar metallicity model provides a
better match to the color median of the data. Furthermore, the third and forth best models
better describe the data in the medium redshift range. Howeer, the deviations in thei z
color are much higher than for the two rst best tting models .

We conclude that we could not isolate a single or a small set dBC03 models that are able to
recreate the SDSS-II LRG colors. As with the previously invetigated model SEDs, the track
in iz deviates strongly from the data.

LePhare Templates

As mentioned previously (Sec. 2.2.2), theLePhare code is one of the earliest published, and
widely-used template tting photometric redshift codes. It comes with a large variety of
template SEDs which we want to analyze. We adopt the nomenchtare of the models used
within the LePhare code in the following. Again, we investigate only red SEDs tlat produce
the smallest residuals from the data according to Eq. 4.11. Tie SED delivering the lowest
residual originates from CWW models and was shown in Fig. 4.8 Figure 4.10 presents the
colors of three other SEDs that yield the second, third and farth smallest residuals from
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Figure 4.9: Colors versus redshift of the SDSS-II LRG sample and of sevel BCO3 models, which
are chosen for the plot in such a way that the error weighted rsidual between model and data colors
is minimal. The solid lines are a selection of BCO3 models tharepresent the data best, from which
the blue line is an SSP and the other lines are CSPs. Parametsof the models are given in the gure
and we refer to the text for detailed information. A more detailed description is given in Figure 4.7.
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Figure 4.10: Colors versus redshift of the SDSS-II LRG sample and of somefdhe model SEDs
from LePhare. The LePhare model SEDs were selected from the large variety of templates such
a way that the error weighted residual between model and datacolors is minimal. A more detailed
description is given in Figure 4.7.
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the data. The one termed COSMOS is from the LePhare set called COSMOS_SED. Models
from this set were used in llbert et al. (2009) for photometric redshift estimates in the 2 deg
COSMOS eld. The model tagged GRASILs a 13 Gyr old elliptical galaxy that was created
with the GRASILcode (Silva et al., 1998). The SED describing the data fourthbest comes
from the LePhare 42 GISSEL set. It has an e-folding timescale of 1 Gyr, a metallicity of
Z =0:02 (Z ), and an age of 7 Gyr. From Figure 4.10 one can infer that theg r colors of
those three models are redder than the data for lovz. Inr i, the three model SEDs are too
blue for lower redshifts. Theiri z color is redder than the data atz . 0:07 andz & 0:45,
and bluer at 0:07. z. 0:3

Maraston 2009 Model

The problem of the color mismatch between the SDSS-1lI LRG daa and available model SEDs
was also addressed by Maraston et al. (2009, tagged M09 hericgh). In their paper they
focused ontheg r andr i colors, and could neither nd a synthetical nor an empirical
SED that could represent the data throughout the whole redslift range. M09 added blue,
metal-poor stars to CSP models at a mass fraction of 3% to créa a modef that matches
the LRG colors to a better extent. We present the model colorsas a function of redshift for
two di erent constant ages, 8 and 13 Gyrs in Figure 4.11 (blueand violet lines). The data
seems to be represented best by SEDs with ages 14 and 15 Gyrsitlwe omit showing these
since in our cosmology the Universe is 13 Gyr old. All considered models show very similar
u gcolors. The 13 Gyr version of the M09 model produces g r color which is redder than
the data. It has r i colors that are too blue in comparison to the data at low redslifts, it
ts the data well around z 0:38, and is too red for higherz values. Thei z values of the
data are reproduced best by the 13 Gyr model, but still too ble in the lower redshift range.
In contrast to that, the 8 Gyr model matches g r very well, but is too blue in r i until
z 045,aswellasini zforz. 0:3.

Additionally to the model at specic constant ages, we want to present the M09 model
evolving with redshift. Therefore we interpolate the model in between the available ages
with the galaxy evolution software EzGal(Mancone & Gonzalez, 2012). We use formation
redshifts of zz = 3:0 and 20, which correspond to an age of the Universe of:2Gyr and
0:2 Gyr respectively and assume passive evolution afterwardsAs mentioned earlier, theu ¢
color is very similar for all versions of M09 considered. Bdt passively evolving models match
the data very well in g r, but show deviations to lower values inr i except for the lowest
and highestz values, and ini  z for z. 0:3 (similar to the 8 Gyr SED).

Summary

Altogether, we conclude that we could not nd models that are able to represent the SDSS
LRG data within their errors at all redshifts. The reason for this is that the colors of the
SEDs di er from the data median as a function of z. The M09 models describe the SDSS
LRGs best compared to the templates examined before, but the also su er from notable
deviations within some redshift intervals. The lower redshft range (z . 0:1) and theu ¢
and i z colors were not considered in Maraston et al. (2009). But theM09 model is the
only model considered that can recreate the shape of the z redshift-color track. The two
passively evolving versions of the M09 model match the dataalors best, but they also su er

8http://ww.icg.port.ac.uk/ ~maraston/Claudia’s_Stellar_Population_Model.html
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Maraston 2009 LRG
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Figure 4.11: Colors versus redshift of the SDSS-II LRG sample and variatins of the M09 LRG
model. We plot the colors of the M09 model for xed ages of 8 andl3 Gyrs. The other two lines
are the same model evolving with redshift at formation redslifts of zz = 3 and 20. A more detailed
description is given in Figure 4.7.
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from notable deviations within some redshift intervals. Furthermore, if only the age of a SED
is varied, one just obtains a one-dimensional sequence inloo-color space. Instead, the colors
of true SEDs are spread in two dimensions, which is a clear hinthat not only the age of
the LRGs, but also the SFH, and maybe metallicity, vary. A wider spread can thus only be
produced if di erent SFHs and metallicities are considered which are not publicly available
for M09 models. We therefore conclude that in order to get SEB which represent the data
at all redshifts and in all colors, one has to consider di erat SED template sets for di erent
redshift bins. We will do this in the next chapter.



Chapter

Novel SED Templates for SDSS-II LRGs

We describe the generation of SED templates for the SDSS-II RGs sample in this chapter.
An analogous procedure for the creation and the selection fte SED tting and model selec-
tionin u gversusr i color space in the following) of the models was content of my m&ster
thesis but was performed on a subsample of the SDSS-Il LRGs wine u  24:5. Here, we
create models for the whole sample without theu band magnitude cut, and additionally select
SEDs that should account for galaxies with more peculiar calrs than what is covered by the
majority of LRGs. This chapter was published (together with a slightly di erent version of

Sec. 4.2.2) in theAstrophysical Journal together with Stella Seitz, Niv Drory, Ralf Bender,

Roberto P. Saglia, and Jan Snigula in 2013 (Greisel et al., 2[B).

In the past, optimal template SEDs have been obtained by \regiring" individual SEDs
empirically using the mismatch of observed and model colorge.g., Csabai et al., 2003). In
addition, or alternatively, a larger variety of template SE Ds has been obtained by interpolating
between a smaller number of template SEDs (e.g., Brammer etlg 2008). However, there are
some caveats. If the models that one starts with are a bad matt to the data, it is unlikely
that a combination of them will be any better. Moreover, if one introduces SEDs that do not
match the data, one deteriorates the photometric redshift quality. Furthermore, the question
of how many SEDs are needed to match the data remains undecide

5.1 Generating Best Fitting SEDs for Individual Objects in
the LRG Catalog by SED Fitting

We start with SEDs that match the photometry of individual ga laxies as well as possible, and
subsequently select a small subset of these SEDs with the dgahat they together describe the
whole data set. To derive SEDs for individual galaxies, we mke use of the largest appropriate
freedom to describe a SED with ve band data. l.e., we describ the SED of an LRGs by
a superposition of an SSP or CSP (main component) and a burst wdel. Furthermore, we
allow for extinction of the main and the burst component. The burst and its extinction are
physically motivated by the fact that LRGs can contain some young stars. The extinction of
the main component is mainly there to increase the degree ofédedom and allows to change
the continuum slope (i.e., to introduce a \variance" of the main component) of the main
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Figure 5.1: Example Output of SEDfit. The main component is plotted by a red line, whereas
the burst is shown by a green line. The superposition of the tw components plus the extinctions for
both is shown by the blue SED. The blue points are uxes of the siperpositioned SED in the SDSS
Iters. Black dots with error bars show the observed photomdry in the SDSS u, g, r, i, and z with
measurement uncertainties. The ID and the redshift are give in the upper left corner of the plot. In
the upper right corner we print the e-folding timescale ( = 0:0 depicts an SSP), the aget(= 1:4 Gyr),
and the extinction in the V band (Ay =1:2) of the main component.

stellar population.

We generate SEDs for LRGs with the SED tting routine SEDfit (Drory et al., 2004). It
chooses the best tting SSP/CSP+burst combination through 2 minimization, concurrently
allowing for dust reddening of both components following the extinction law of Calzetti et al.
(2000). We present in Figure 5.1 an exemplary result of an SEDt with SEDfit .

In Section 4.2.2 we pointed out that for each model there is alays a discrepancy between
the model and data colors at somez, and we are not able to pick a set of models which
describe the data equally well at allz. Thus, we create templates speci cally designed to
represent di erent redshift regions. We do so by splitting the spectroscopic SDSS LRGs sam-
ple into ve subcatalogs, all of them containing objects within redshift intervals of width
0:04, centered onz = 0:02, 01, 0:2, 0:3 and 04. These catalogs contain 9660, 3883, 9292,
15,093, and 11667 objects. They are then divided into two equally sized subatalogs; one
serving for template generation (derivation half) and the aher one serving as reference when
estimating photometric redshift accuracies (validation half). Subsequently, we run SEDfit
with a model set consisting of 864 BC03 models from the BaSelibrary (Bruzual & Charlot,
2003) with Padova 1994 evolutionary tracks and an IMF from Chabrier (2003). They have
ages between @1 and 13 Gyr, e-folding timescales of =0:0,and = 0:5to 50 Gyr, and four
di erent metallicities, Z = 0:004, Q008, Q02 (Z ) and 0:05 (see also Sec. 4.2.2). In order to
t the photometry, these models can be superposed by a fractn of the burst model, with
an essentially constant SFR (i.e., = 20Gyr), solar metallicity, and an age of 50 Myr. The
burst mass-fraction is constrained to [00; 0:01] with steps of Q002. Both the CSP and the
burst component can be extincted separately. This tting procedure results in a SED that
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reproduces the data as well as possible. We end up with one \ls¢ tting SED" for each
object in the template generation catalog.

The relative performance of the SED tting process with modds sets of BC03, M09, and
Maraston & Stemmback (2011, hereafter M11) is demonstrated in Appendix B.1, where we also
justify why we prefer BC03 models over M09/11 for our SED conguction procedure. From
Figures B.1 to B.3 in Appendix B.1 we conclude that BCO3 mode$ allow a better coverage
of the colors of the LRGs than M09/11 models do, and t the data better (Figure B.4).

5.2 Selection of Best Fitting SEDs for the Novel Template Set

We want to select a set of models from all the SEDs we produceaf the template generation
subcatalogs such that this set represents the ve redshift gbcatalogs in color space. We
explain our procedure for thez 0 redshift interval using Figure 5.2.

First we plot the distributions of the measured colors of the galaxies in ther i versus
u g plane. Objects which have au band error smaller (larger) than the median are dis-
played with light (dark) blue points. Second, we plot the colors of the best tting SED for
each object with red points. If the best tting SEDs are a good match to the galaxy data,
then the distribution of them in color space should be simila to the observed distribution,
once the spreading by photometric errors is taken into accoot. The mean photometric errors
for the two subsamples (with high and lowu band errors) are shown in dark and light blue in
the lower right corner of the panels in Figures 5.2, and B.5{B9. It shows that galaxies with
larger photometric errors in u in general also have larger photometric errorsir i andi z,
which implies that these objects are fainter in all observedbands, rather than just in the u
band.
We conclude from the shown sizes of the mean photometric erre on one hand that the spread
in colors is of physical origin, and not due to photometric erors. This also holds for higher
redshifts where the error bars are of signi cant size. In oreér to conrm that, we simulate
galaxy colors by assuming that the spread in color space is asult of the photometric errors
only. We simulate the data by assuming that each object in fat has a color value of the
average color. Then we assign a random deviation from this pgnt, based on a Gaussian
probability distribution with the measured error as standard deviation. Since the spread in
the simulated data is smaller than that of the data, we con rm that the spread within the
colors is of physical origin. On the other hand, we infer thatthe color distribution should
hardly be broadened by photometric errors, and that the bestt SED color reproduce the
variety of 'true’ galaxy colors well. Only for the reddest colors (u g > 1:5andr > 0:45)
we nd mostly objects with larger than median photometric errors, such that some of these
data points will be scattered out from the true distribution by large photometric errors.

We now select model SEDs for the \main galaxy" population. Therefore, we de ne an
area in the ugri-plane which contains the majority of objects (black box), and then set a grid
within this area (black grid). The chosen area is selected bgye and was con rmed to include
at least 70% of the objects from that redshift bin. We want to select one object per cell which
shall represent the other objects within that cell. We carry out this procedure only for cells
that contain at least 20 galaxies. From each of those cells wpick the SEDs best tting the
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Figure 5.2: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs
(red) for 0:0 z 0:04. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The dol (upper panel) and the boundary
(lower panel) within which the models are selected are showin black. The dark green dots are the
preselected models, whereas the light green points repregethe models that are left over after the
removal of redundant SEDs. The yellow dots are models that sall account for objects outside the
selected boundaries inugri and griz.
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ve objects from that cell which have the lowest u band error.

As mentioned above, our objective is to produce photometriagedshifts with biases as small as
possible, and we therefore try to single out SEDs that produe smallh zi on the catalogs of
the regardedz range. Hence, we perfornPhotoZ runs on the derivation half and on the vali-
dation half of the z  0:02 subcatalog, the latter to con rm that we did not unintenti onally
divide the catalog into halves with di erent object propert ies. We perform the photomet-
ric redshift estimation with each of the preselected modelseparately, thus tting only one
model per run. Afterward, we pick the SED that renders the smalest bias on both subcatalog
halves out of the ve originating from the same cell. The seleted model shall represent the
objects within its neighborhood in color space in the folloving PhotoZ runs. Repeating the
same procedure for all cells and redshift bins, we select rghly 20 to 35 model SEDs per bin.

In order to save computation time for a PhotoZ run, we want to keep the number of
templates to a minimum. Therefore, we calculate the root mea squared ux di erence of
each SED combination at every de ned wavelength. The most shilar SEDs are then removed
from the nal set, leaving typically about 10 models per redshift bin with a total number of
49 templates.

The colors of the models is plotted versus their redshift in kgure 5.3. Color{color relations
of the new models in comparison to the LRGs are displayed in Ejure 5.2, and Appendix B.2,
Figures B.5{B.9. The templates represent the LRGs colors ad their spread for most values
of z. The exceptions atz  0:4 are discussed in Appendix B.1, Figure B.9. We test the
performance of the new models with respect to photometric rdshifts in the next section.
As an alternative we also selected template SEDs with a kd-tee. We generated one hyperplane
for each of the four colorsu g,g r,r i,andi z, thus a four-dimensional tree with
16 template SEDs for each redshift bin. One model was seleaefrom each branch of the
tree by the same criteria as already described. As this techique yielded SEDs not too much
di erent, we kept our hand-selected set.

5.3 Photometric Redshift Precision with the Novel Template
SEDs

In this section we use the newly created model SEDs to estimat photometric redshifts.
Before analyzing the results however, we introduce some qlity parameters. The photo-z
erroris dened as  Z = Zphot Zspec @nd  zg =  Z=1+ Zgspec) in the rest frame respec-
tively. To de ne badly estimated photometric redshifts we use the rest frame error threshold
iz j > 0:15 introduced by llbert et al. (2006). Objects that ful ll th is inequality are tagged
\catastrophic outliers”, and their number fraction will be called . ( 2z) shall denote the
root of the sample variance of the photometric redshift erre  z. A parameter that quanti es
the distribution perpendicular to the zspec = Zpnot line without the inclusion of catastrophic
outliers is nwap = 1:48 median( i), outiers (Il0€rt €t al.,, 2006). With  ywap oOne
can make conclusions about the redshift uncertainty excluihg the tails of the distribution. A
detailed summary of the photoz quality metrics used in this work is provided in Appendix A.

After these de nitions we turn to the integration of the newl y created model SEDs into
PhotoZ. In Section 2.2.2 we mentioned the redshift priors we can impse on each template
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Figure 5.3: Upper panels: Colors of the novel template SEDs as a function of redshift_Lower panels:
Color residuals between models and data versus redshift. L&s are represented by the density plot,
whereas the solid line is their median. The error bars show ta mean data errors in ve redshift bins.
The colors and the color residuals of the new template SEDs arrepresented by points. They are
plotted at the mean values of the redshift bins from which they were created.



5.4. COMPARISON TO SDSS DATABASE RESULTS 57

(cf. Egs. 2.6 and 2.7). The total probability for a model-redshift combination is proportional
to the prior redshift and luminosity (or absolute magnitude) probabilities P(z) and P(M).
For the luminosity prior we set y = 21 in the CousinsR band (cf. Fig. 3.1), m = 3,
and py = 6, as luminosities Mg 2 [ 24; 18] are very rare among LRGs (see also Sec-
tion 5.5.2, Figure 5.9) and are thereby excluded. Within this interval however, the luminosity
probabilities are virtually equally distributed. We set th e z prior to have a Gaussian shape
(pz = 2), in order to create a shallow transition from high to low p robabilities. Although the
LRGs sample contains only objects withz . 0:5, the allowed photometric redshift range for
all PhotoZ runs is [0, 5:0]. In this way we can assure that the photometric redshift results
truly are below z 0.5, although a larger redshift range is allowed. This is impotant for
future work with deeper surveys where the redshift range is at known a priori. The expected
values of , are set to the centers of the according redshift interval foreach model, thus

z =0:02,0:1;0:2;0:3; 0:4. The redshift prior probability of the model is equal to 1=2 at the
corresponding , 0:2.

The photometric redshift results are shown in the upper panéof Figure 5.4. With the
new red templates, the described priors, and a resolution d¥:002 we indeed get very accurate
redshifts. The catastrophic outlier rate is very small at = 0:12%. The dispersions are

( z)=0:027 and nvap = 0:017 respectively. The mean absolute deviation ofpho from
Zspec iN the rest frame readshj z;ji = 0:015. We show the bias as a function of redshift in
the middle panel of Figure 5.4. It exceeds @1 only for the highest redshifts ¢ 0:47). The
reason for the small positive bias atz . 0:02 is that there are no negative photometric redshifts
that can cancel out overestimation. The total mean bias read 0:0004. At Zspec & 0:36, the
4000A break position in wavelength cannot be determined to high pecision. This is because
at z 0:36 the 4000A break is observed at 5500A and thus lies in the gap between the
SDSSg and r Iter. We therefore expect that the error distribution wide ns at this redshift.
The reason for the error becoming bimodal is likely becausetdhis redshift we do not have
\perfect templates" and thus the photometric redshifts are either over- or underestimated.
Luckily the errors nearly average out for every redshift bin
The bottom panel of Figure 5.4 shows the dependence of the star ( z) and nmap On
z. Atlow z (. 0:01) it is up to 0:04, which is likely due to contamination of the LRGs
sample with non LRGs. This is supported by the fact that the 2 values in this region are
signi cantly higher than for z & 0:01. Apart from very small redshifts, the scatter stays more
or less the same for all redshifts.

5.4 Comparison to SDSS Database Results

We now compare our photometric redshift results with those n the SDSS database. There
are three kinds of photometric redshifts available in the daabase: One was obtained through
template tting (i.e., a hybrid technique of template ttin g and a reparation of templates,
see Csabai et al. 2003), and the other two are results of an artial neural network (ANN)
approach (Oyaizu et al., 2008). The results of the template tting are shown in Figure 5.5.
On average, the ( z) and nwap Of these redshifts are smaller than for our method, but
the bias is more unevenly spread in redshift space. Also forhis method the median bias is
smaller than 0:01 only in the redshift range of Q07 z  0:32. For other redshifts the bias
exceeds that of our redshifts considerably.
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Figure 5.4: Photometric redshift results of a PhotoZ run with the newly created templates and
140,331 SDSS LRGs. We removed 20 objects that had unde ned photostric redshifts. ( 2),
nmap , and  are explained in Section 5.3 and Appendix A.
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Figure 5.5: Photometric redshift results of the SDSS template tting method. We removed ob-
jects with unde ned photometric redshifts. , wwap , and ( z) are explained in Section 5.3 and
Appendix A.
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Figure 5.6: Photometric redshift results of SDSS ANN(D1). We removed olects with unde ned
photometric redshifts. , nwap , and ( z) are explained in Section 5.3 and Appendix A.
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Figure 5.7: Photometric redshift results of SDSS ANN(CC2). , wnwmap , and ( z) are explained
in Section 5.3 and Appendix A.
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The SDSS database values for photometric redshifts obtairge with the ANN are shown in
Figures 5.6 and 5.7, where we display the results of two techliques, D1 and CC2. The
ANN(D1) method usesu, g, r, i, and z magnitudes and the concentration indices of all ve
bands for the determination of photometric redshifts. A corcentration index of a passbandi
is de ned as the value of the ratio between the radii encirclng 50% and 90% of the Petrosian
ux. The CC2 approach on the other hand is basedonthe g,g r,r i,andi zcolors
and the concentration indices in theg, r and i bands. Photometric redshift results are shown
in Figures 5.6 (D1) and 5.7 (CC2), respectively.

The ANN(D1) performs excellently in terms of scatter and bias fromz = 0:01 to z = 0:3,
but it yields a considerably larger bias than our redshifts br z > 0:3. Photometric redshifts
from the CC2 method are signi cantly overestimated for z  0:08, where the bias exceeds
0:01. Additionally, the nmap is particularly high at small spectroscopic redshifts ¢  0:06),
which is probably due to the overestimation in this range. Atz 0:3, z surpasses @1,
whereas at intermediate redshifts, the photometric redshits from the ANN(CC2) are slightly
overestimated.

We conclude that PhotoZ with the new set of LRGs templates delivers results competitve
with empirical approaches.

5.5 Properties of the Novel Template Set

In this section we want to discuss the properties of our new tmplate SEDs in the UV wave-
length range and analyze how well they represent objects wht UV data. Being able to match
the UV colors of observed objects justi es that we discuss tle novel SEDs from a physical
point of view and with regard to the underlying galaxy population in Section 5.5.2.

5.5.1 UV colors of the Novel Templates and M09 Models

We show color{magnitude and the color{color relations of ou nal template SED set down
to UV wavelengths within 0:05  zspec  0:12 and compare our ndings to those of Ree et al.
(2012, hereafter R12). We want to evaluate if the novel moded are able to represent the
Galaxy Evolution Explorer (GALEX, Martin et al., 2005) data, since we used no information
about the UV in the creation of our SEDs, as even the GALEX UV | ter central rest frame
wavelength is nuv :central = 2544 A at a redshift of 0:12, whereas the SDS$I band Iter has
a much larger central wavelength of . centrai = 3546 A.

R12 selected ETGs in the SDSS data on the basis of morphologsequiring fracDeV.r 1
(see App. E), and removed contamination by late-types throwgh visual inspection. The sample
galaxies were then classi ed into active galactic nucleusAGN), star-forming, quiescent, and
composite categories on the basis of their emission line cracteristics. Quiescent ETGs were
selected in such a way that they do not exhibit emission lines
Figure 5.8 shows the data medians and their spread of the fOUETG categories of the galaxy
sample of R12 in color{magnitude 4 r vs. Mr and FUV r vs. MR) and color{color
diagrams U gvs. u r and FUV NUV vs. FUV r) in analogy to Figure 1 in R12.
Mgr denotes the absolute magnitude in theR band (cf. Fig. 3.1 for the lter curve and
Sec. 2.1 for a de nition). Additionally to the data of R12, Fi gure 5.8 presents the colors and
magnitudes of our nal templates after tting them to the spe ctroscopic redshift of the LRGs
within 0:05 z  0:12, as well as their intrinsic colors within that z range. The median
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Figure 5.8: UV colors of the new template SEDs from a t to the spectroscopc redshift of the LRGs
within 0:05  zgpec  0:12 (gray/black). Yellow lled circles with error bars indic ate the median
colors and magnitudes with standard deviations. Medians ad spreads of R12 are displayed in red
(quiescent), green (AGN), cyan (composite) and blue (starforming) ETGs. The orange sequences
of dots joining a line segment in the lower two panels indica¢ the new models from SED tting,
whereas those in purple illustrate the colors of M09 modelshoth within the same redshift range. The
solid line represents the UV red sequence of R12, the dottednles are 3 MAD. The criterion of
recently star forming (RSF) galaxies (NUV r < 5:4) found by Schawinski et al. (2007) is displayed
by a dashed line. Plotting ranges correspond to those of R12Hg. 1).
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values ofu gandu r coincide with those of the quiescent and AGN ETGs of R12 (lowe
left panel), and we are able reproduce the observed UV-coler The median of M) on the
other hand is about 04 mag lower in this work when compared to the quiescent and AGN
ETGs of R12 (upper panels), visualizing that the objects in aur sample are de nitively LRGs.
Furthermore, the median UV excess (FUV r) of SEDs of this work is signi cantly smaller
than that of R12 ( 1 mag compared to the quiescent galaxies; upper right panel)The lower
right panel displays FUV NUV versus the UV-excess, as well as the UV red sequence found
by R12 (solid line) which is derived empirically through a linear t to the observed colors
with width 3 MAD (dotted lines). A fraction of our models however lie above the UV red
sequence. Also the FUV NUV color is higher than in R12, due to the fact that our models
have higher uxes in the NUV band and lower uxes in FUV. Accor ding to Schawinski et al.
(2007), RSF galaxies ful ll the semi-empirical criterion NUV r < 5:4, which is plotted in
Figure 5.8 (dashed line). A considerable part of our modelssi thus classi ed as RSF.

The lower panels of Figure 5.8 show M09 models on top of the SEDof this work. In
comparison to R12, M09 models neither cover the region of higer UV-excess (FUV r . 6),
nor those where FUV NUV . 1.7, and nearly all of them exhibit no RSF following the
criterion of Schawinski et al. (2007). M09 models account fopassive evolution only, which
is why they do not populate these RSF regions. However, the M® SEDs match theu ¢
versusu r colors of quiescent, AGN and composite ETGs from R12. Neveheless, at low
redshifts the LRGs sample consists not only of passively eWing galaxies, but shows signs
of recent star formation. M11, which have a large variety of &¥Hs, ages, and metallicities,
should be able to cover these regions.

5.5.2 Dierences in the SEDs within z Mg Bins

By construction our new template SEDs do not necessarily cosist only of old CSPs (which
are necessary to match the 4008 break of the LRGS), but can have imprints of young stellar
populations (i.e., more UV-excess relative to old populatbns) and dust extinction, changing
the slope of the CSP and the burst. Instead of examining what knd of combination the LRGs
are tted by, we present how di erent the SEDs of galaxies are when matched by our tem-
plates. Therefore, we determine the best tting SED for evely LRGs by tting our new SED
set at the spectroscopic redshifts of the objects and calcating the absolute magnitude in the
R band lter thereafter. We then bin objects within the z versusMg plane (Figure 5.9) and
calculate the mean SED of that bin, by adding up all best ttin g SED templates of objects
from that bin with weights given by their ux in R. Doing this for di erent redshift and
luminosity bins, we obtain the luminosity weighted light di stribution of all objects within a
given redshift and luminosity range, under the assumption hat they are well described by
one of the SEDs from our template set.

The results for luminosity bins with z  0:1 are shown in Figure 5.10. The SEDs which
match the SDSS data best exhibit a strong dependence on the lyhtness of the object: The
fainter galaxies are, the more ux they have at . 3500A relative to the brightest Mg 24
bin, and the steeper the slope of the SED gets for & 5000A on average. Both observations
can be explained by star formation in these galaxies, i.e.,Hat low mass LRGs still build
stars at low z in contrast to the more massive LRGs. Hence, the diversi caton in the u g
color is not reached by simply selecting smoothly varying SHs, but rather by adding to
these single starburst events of di erent amounts. We will on rm this result in Section 5.5.2.
Figure 5.11 shows the superposition of the models faz  0:1 and 245 Mg 22.7 in
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Figure 5.9: Density plot of absolute R band magnitude versus spectroscopiz. Mg is obtained from
the template SED which matches a galaxy best at its spectrosupic redshift. The solid lines show
bins within z or My intervals. The luminosity weighted means of the template SBDs that match each
objectin a givenz Mg bin best are shown in Figures 5.10 and 5.11.

six consecutive redshift bins. At blue wavelengths ( 3000A) the SEDs from objects at
higher redshifts exhibit more ux than those at lower redshifts, which indicates increasing star
formation turning on to higher z. These e ects are in accordance to what one would expect
for older stellar populations at low z and younger objects at higherz. Older red populations
have (nearly) completed star formation and hence show low xes in bluer bands, whereas
their uxes in the red ( 6000A) exhibit a smaller continuum slope compared to younger
galaxies. The SED from the rst redshift bin (0:1 < zgpec < 0:17) is slightly bluer than the
following (0:17 < z spec < 0:23), because there are still star forming objects within tha bin.
This can be seen in Figure 5.9: there are still fainter galaxas in this bin, wherefore not all
of them are passively evolving. Additionally, Figure 5.12 n Section 5.5.2 con rms that there
are still star forming galaxies in this z/ Mr-range.
To support the latter discussion quantitatively, we perform a 2 t to the variety of BC0O3
models that are the basis of our template generation in Seoabn 5.1. We keep the metallicity
xedat Z=2Z aswellas =0:0Gyr to avoid degeneracies betweed, , and age. (We dis-
cussed these degeneracies in Section 4.2.2.) The best ttinages for the redshift{luminosity
bins at z < 0:1 are 9, 9, 7, 45, 45, and 35 Gyr from brighter to fainter bins. Keeping
only the metallicity xed at Z = Z , we observe that the best tting models nearly all have
= 1:0 Gyr, which supports the claim that they all exhibit ongoing star formation. The rst
(most luminous) bin has a best tting  of 0.0 Gyr, which is due to the very red SED we
calculated for it. Anyway, since this bin contains only one dject we cannot assume the SED
to be representative, although it would be in good agreementvith the sequence the super-



66 CHAPTER 5. NOVEL SED TEMPLATES FOR SDSS-Il LRGS

Figure 5.10: Flux weighted superposition of model SEDs (normalized tof 4) for objects with 0:0
Zspec  0:1 within consecutive luminosity bins. The solid gray lines ae the normalized SDSS lIter
curves, whereas the dashed gray lines represent the lter awes at z = 0:1. The bins contain 1, 6943,
23,501, 1757, 123, and 33 objects (from higher to lower luminoses).

positioned SEDs form, and it would not contradict the obsenation we make in Section 5.5.2
where we deduce from the relations between emission linesdahno star-forming galaxies lie
in this particular z Mg range.

We also performed the 2 tting of BCO3 models to the superpositioned SEDs forz > 0:1
and 245 Mg 227 keepingZ at Z and = 0:0Gyr xed. The best tting ages
are then: 12, 13, 11, 9, 9, and 9 Gyr with increasingg. As was mentioned above, the rst
redshift bin (0:1 < zgpec < 0:17) still contains objects with ongoing star formation, which is
why the best tting age is lower than in the second bin (0:17 < Z spec < 0:23). Nevertheless,
the ages from the other ve redshift slices are monotonicalf decreasing. By keeping only the
metallicity xed, the values increase from lower to higher redshift, which also wlds to bluer
spectra. Furthermore, the di erences in the light travel ti me between the centers of the rst
and the last redshift bins is  3:1 Gyr, which is in agreement with the 2 t results, and also
supports what we expect when we assume that the underlying gmulation of our sample at
z > 0:1 predominantly consists of passively evolving galaxies,ral that the variations in the
SEDs are a result of aging.

Comparison to SDSS Star Forming LRGs

We want to compare our ndings of the previous chapter to the doserved spectra of SDSS
LRGs. Therefore, we download the SDSS spectral subclassiations of our LRGs sample
that were produced by the SpecBSpipeline, where galaxies are further categorized by their
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Figure 5.11: Flux weighted superposition of model SEDs (normalized td ) for objects with  24:5
Mg 22:7 within consecutive redshift bins. The solid gray lines arehe normalized SDSS lter curves
at z = 0:1, whereas the dashed gray lines represent the lter curvestaz = 0:5. The bins contain 7927,
14,750, 20328, 30793, 19648, and 8702 objects (from lower to higher redshifts).

emission lines. Galaxies that ful Il
09190l =H ) < 0:7 1:2(logio(NII=H ) 0:4)

are tagged as\star forming" . If they furthermore have an H equivalent width of equal
or greater than 500A, they are classi ed as\starburst" . In our LRGs sample only 10 ob-
jects ful ll the \starburst" criteria. In the following, we  will refer to both tags (\star form-
ing and \starburst") as star forming. Since the spectral wavelength coverage of SDSS is
[3800A; 9200A], the H line drops out of the sample atz > 0:4. From the previously in-
vestigated 140,000 objects, 120000 remain in the sample when we cut o LRGs that
have z > 0:4. From these, 4000 show indications of star formation. The pper panel of
Figure 5.12 shows the density of LRGs in thez Mg plane, and the lower panel displays the
relative abundances of LRGs exhibiting star formation. Hele, one can observe that the frac-
tion of local star forming LRGs increases toward smaller lunmnosities. Additionally, we show
in Figure 5.13 the percental fractions of star-forming LRGsfor the same redshift-absolute
R band magnitude bins that we investigated in Section 5.5.2, kgures 5.9 and 5.10. The
errors in the intermediate bins are Poissonian errors. The mors of the outer two luminosity
bins, which do not contain as many objects, are Binomial witha con dence level of 84 %. In
principle, the highest and lowestMg bins could be neglected, since they contain only 1 and
33 objects, respectively. Except for the region of faint gadxies (the lowest luminosity bin),
the frequencies of star-forming LRGs shows an increase towe fainter magnitudes. This is in
agreement with what we would expect from Figure 5.10, where & saw that the mean model
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Figure 5.12: Density plots of absolute R band magnitude versusz of LRGs. Upper panel: all LRGs
where H lies within the wavelength coverage of SDSSLower panel: Relative abundance of LRGs
fullling log 14(Olll =H ) < 0:7 1:2(log;o(NII=H ) 0:4) and hence showing star formation activity.

Figure 5.13: Percental fraction of z < 0:1 star forming LRGs as a function of luminosity. Bins are
the same as in Figure 5.9 and 5.10. For a de nition of \star foming" see the text. Error bars indicate
the Poissonian errors for the intermediate bins, and Binomal errors (with 84 % con dence) for the
outer bins which are not as highly populated. The bins contan (from higher to lower luminosity) 1,
6917, 23429, 1751, 122, and 34 objects in total (star-forming and norstar-forming).
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SEDs for faint LRGs are bluer and show more star-forming actwity, as well as with the results
of the 2 twe performed in the last section.

Figure 5.14: Stacked rest frame spectra for SDSS LRGs at < 0:1 and within the samez Mg bins
as in Figures 5.9, 5.10, and 5.13. The SEDs were normalized tg, interpolated to a resolution of 50A,
and weighted by the calculatedfr (likewise as those in Figure 5.10) in the stacking. Di erent colors
represent di erent Mr bins. The spectra are shown within the combined SDSS wavelgth coverage
for objects betweenz = 0:0 and Q1, whereas plotting limits are the same as in Figure 5.10. SDS
Iter transmissions are displayed by solid (z = 0:0) and dashed ¢ = 0:1) gray lines.

In addition to that we downloaded spectra for random subsampes of the objects with
Z < 0:1 and stacked them. Thereby we weighted them by the best t SED ux in the r
band as we did with the superposition of our models in Sectiorb.5.2. In each luminosity
bin the spectra of a subsample containing 100 objects (les#, the bin contains less objects)
were superpositioned. We show the results in Figure 5.14, wdre we consider the added
spectra in the rest frame wavelength range which is coveredybSDSS for objects withz < 0:1.
Comparing Figure 5.14 to Figure 5.10, we observe that the steked SDSS spectra show a very
similar behavior as the average best tting SEDs that were irspected previously, supporting
that our novel SEDs are able to describe the data of this popution.
At greater redshifts (z & 0:1), no faint galaxies are observable, and only 370 ( 0:5%) LRGs
are classi ed as star forming. This region is therefore stragly dominated by objects that
show no recent star formation. The variations we saw in Figue 5.11 are not caused by
di erent fractions of star forming galaxies (which are anyhow of very low abundance), but
result from aging only, which was also supported by the 2 tto BCO3 models we performed
in Section 5.5.2.
We also stacked spectra of objects from these Mg bins in the same manner as above.
Unfortunately, one cannot see the e ect of a atter NIR and declining UV ux at low z
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compared to a declining NIR and increasing UV ux at high z as clearly as in Figure 5.11,
because the NIR part is only observable for objects with lowz, and the UV only for objects
with high z. However, the trends at lowz (i.e., at NIR ux) and at high z (increasing UV
ux) are qualitatively there.

5.6 Summary

In Chapter 4.2.2 we analyzed the colors as a function of redsth of a number of publicly
available red model SEDs in the SDSS lter system and compard them to the colors of
spectroscopic SDSS LRGs at redshifts fromz = 0 to 0:5. We found that no investigated model
setcan describethar g,g r,r i,andi zcolors of the data at all redshifts. Thus we created
new red model SEDs for ve redshift bins on the basis of the LRG photometry by tting

a superposition of a BC03 CSP model and a burst SED, while alling for dust extinction
of both components. We estimated photometric redshifts wit the Bayesian template tting
code PhotoZ and a template set containing the created SEDs with accordig redshift and
luminosity priors. The resulting catastrophic outlier rat e is = 0:12%, whereas the scatter
reads ( z) = 0:027 and nwap = 0:017 for non-outliers. The overall absolute rest frame
error reacheshj z:i = 0:015. We compared our results with photometric redshift estinates
available in the SDSS database, both for the template tting approach and for the neural
networks. Our hj zsi, ( z), and nwap are of the same order as the SDSS database
template tting values, although with a slightly higher cat astrophic outlier rate. Nevertheless,
the medium bias varies signi cantly less from z = 0 with our template SEDs. The total
values of our scatter, bias and outlier rates marginally di er from the SDSS ANN(CC2)
photometric redshifts and are worse than the results of ANND1). However, the bias of the
ANN redshifts reaches higher values within some redshift rages.

We investigated the properties of the novel SEDs and demonsated that they also describe
the variety of GALEX NUV and FUV colors well. Performing an SE D t at the spectroscopic
redshift of the LRGs, we observed that the ux weighted mean E£Ds of local galaxies ¢
0:1) vary notably as a function of luminosity, meaning that faint galaxies show increasing
indications of ongoing star formation. The stacked spectrafrom the SDSS show a very
similar behavior. Furthermore, we nd that the fraction of s tar forming SDSS LRGs at
Z < 0:1 increases with decreasind? band luminosity. This is in agreement with our nding
that the mean SED is bluer for faint local galaxies. We also oberve a di erence in the ux
weighted mean SEDs as a function o, which is an e ect of aging only and not due to recent
star formation. In Appendices B.1 and B.2 we showed that BCO3models cover the data
better than M09 and M11 in color space, which is why we favoredhe BCO3 relative to the
M09 and M11 model sets for the creation of our new SEDs. Fina}i we also showed how our
new template SED colors compare to the datainther ivs.u g,i zvs.g r,r ivs.
g r,andi zvs.r i planes.



Chapter

Novel SED Templates and Precise
Photometric Redshifts for BOSS CMASS
Galaxies

In this chapter we present the e orts made to create Model SE that match the BOSS
CMASS sample galaxies described in Section 3.2. The contend part of a paper which was
recently submitted to the Monthly Notices of the Royal Astronomical Societytogether with
Stella Seitz, Niv Drory, Ralf Bender, Roberto P. Saglia, andJan Snigula . The introduction of
the article is severely shortened, since it was in most part leeady covered in previous chapters.

We generate again a model set which is designed to match the thain question. In
Chapter 5 (and Greisel et al., 2013, hereafter G13) we create model SEDs for spectro-
scopically observed luminous red galaxies (LRGs) from the BSS-II DR7 (York et al., 2000;
Eisenstein et al., 2001; Abazajian et al., 2009). The LRG samle of SDSS-II included LRGs
only up to redshift z  0:5. In this chapter we extend the work done in Chapter 5 and
generate a set of model SEDs on the basis of the CMASS sample ttie Baryon Oscillation
Spectroscopic Survey(BOSS, Eisenstein et al., 2011; Dawson et al., 2013; Ahn et al2014)
presented in Section 3.2. These templates are selected ongibasis of the colors of the CMASS
galaxies. They are speci cally designed to match the colorof the CMASS galaxies and se-
lected to produce accurate photometric redshifts with tempgate tting techniques.

In the next section we brie y expand the description of the properties of the CMASS sample
of Section 3.2 and explain the selection of the CMASS catalogsed in the following. We will
then go into detail about the generation of model SEDs and howwe modify them in order to

t the data colors to a better extent. Our goal is to derive a model set which is to be used
with template tting photometric redshift codes, whose selection we will focus on at the end
of Section 6.2. In Section 6.3 we present the photometric rezhift results of our new models
and compare them with the two di erent photo- zs available on the SDSS database. We also
predict the colors of our models when tted to the more accurde one of the SDSS photazs
in comparison to their prediction with the redshifts of this work. Finally, we give a summary
and conclusions in Section 6.4.
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6.1 The BOSS CMASS Sample

We use the spectroscopic BOSS data of the CMASS galaxies pegged in Section 3.2 which
can be acquired the SDSSCasJobs website! For the selection of our sample we employ the
SDSSclean photometry ag. This ag ensures that we do not have duplicates in our sample
by removing multiple detections on di erent frames. Also, objects with deblending problems
are removed, as well as the ones where more than 20 % of the pbspread function (PSF?)
ux is interpolated over (that is, only 80 % of the ux is actua lly detected). Additionally to
that, we demand that resulting objects were detected in the rst pass (unbinned image), are
not saturated, and that a radial pro le could be constructed.

We require furthermore that objects in our sample have speabscopic redshifts determined
to a high accuracy. Therefore, we chose only objects for ouratalog whose spe@ warning
ag is equal to zero. We want to create models speci cally degned for galaxies at higher
redshifts than in G13. CMASS galaxies are furthermore very parse at redshiftsz & 0:8,
which is why we reduce the sample to galaxies at:@5 z 0:9. The resulting catalog then
contains 486 934 CMASS galaxies. TheCasJobs SQL query used to acquire this catalog is
given in Appendix E.2.

Figure 6.1 shows the redshift distribution of the such seleied CMASS galaxies. In the upper
panel we plot the density of the sample inr band absolute magnitude versuszspec. M; is
derived by tting the LRG models of G13 to the data at known spectroscopic redshifts. The
lower panel of Figure 6.1 presents the normalized frequenciyn specz (cf. Fig. 3.7).

6.1.1 Colors of M09 Models and BOSS CMASS Galaxies

In this section we want to compare the predicted colors of modl SEDs to the colors of the
BOSS CMASS sample. In Figure 6.2 we show the case of the M09 LR@odel which is used
in the de nition of the color cuts of the BOSS galaxy sample. The M09 model is sampled at
ages of 10 and 80 Gyr and we predict the colors while redshifting the SED (ke@ing the age
xed). Furthermore, we consider two passively evolving vaiations of the M09 model with
formation redshifts of zz = 1:0 and 30. Since the M09 model is available only at distinct
ages, we have to interpolate between them to determine the SBs as a function of redshift.
The passive evolution was computed with theEzGal software (Mancone & Gonzalez, 2012).
MO9 speci cally created this model to match the colors of theSDSS-II LRGs, and it ts their
median colors well (cf. Fig. 4.11 in Sec. 4.2.2, or Fig. 1 and & M09). This is also true for
the colors of the CMASS sample, where we nd that the model wih zz =1:0 tsthe u g,
g r,andi zcolors bestin the observed cases. In the case of tlee r andi z colors there
are deviations from the data for z & 0:8, but also the sample size of the CMASS galaxies in
this region decreases signi cantly. However, the predictd colors inr i are too blue up to
aredshift of z 0:72 and lie outside the median uncertainties of the data. Furhermore, the
color errors are too small to be responsible for the spread inolor, wherefore the color values
of the data is due to the galaxy population not the photometric uncertainties.

Therefore, the data cannot be matched by the M09 model simukineously in all colors, also
not when taking evolution e ects into account. The spread in color can be explained by
di erences in ages of the galaxy, but could be also due to di eent stellar populations, i.e.,
the metallicity and distribution of stellar ages.

http://skyserver.sdss3.org/CasJobs/
2The point spread function describes the blurring of an image of a point source on a CCD.
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Figure 6.1: Upper panel: Absolute magnitude in the r band versus spectroscopic redshift derived
from a t of G13 LRG models to the CMASS catalog of this work. Lower panel: Normalized frequency
in spectroscopic redshift of the catalog.

6.2 New SED Templates

We aim to create a set of templates that can be used for photoméc redshift estimation of
galaxies with similar properties as the CMASS sample. To crate models speci cally designed
to match the colors of the BOSS data, we t a number of model SE® to the data at their
known spectroscopic redshift and select from the best tting models a subset that should
represent the data in terms of colors, while yielding accurte photometric redshifts.
We expect the galaxy population to vary as a function of redslfift. In the process of photoz
estimation with template tting we can account for that by as signing di erent redshift prior
probabilities to individual model SEDs. One could be temptal to use a huge amount of
SEDs with di erent properties that can match the data in question and yield reliable photo-z
results (while heavily increasing the computation time). However, this is not the case since
one has to deal with degeneracies in colors resulting from dirent galaxy properties, e.g., age
and metallicity. Also, introducing peculiar templates can deteriorate the P(z) of a galaxy.
Therefore, one has to carefully select a small set of templat able to match the galaxy catalog
in question. In order to create a set of models that match the @ta at di erent redshifts we
t a variety of model SEDs to the CMASS galaxies within four redshift bins. The bins are
centered onz = 0:5;0:6;0:7; 0:8 (continuing the sequence from G13) with interval widths of
z=0:04.
In the following we rst give a short introduction of the SED tting procedure and turn
afterwards to the description of the models we used as a basis construct new model SEDs.
After that we explain how we select models to represent the dia that should then serve as a
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Maraston 2009 LRG
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Figure 6.2: In the upper panels of the four major panels the CMASS colors i plotted as a function of
redshift in gray, where the median is shown by a green dashedhle. The lower panels are normalized to
the median color and show the residuals. Error bars show the edian data errors in ve redshift bins.
On top of that the predicted colors of the Maraston M09 are pldted for several ages and formation
redshifts. The M09 model variations with constant ages of 1 ad 8 Gyr are plotted by a blue and a
violet line respectively. Furthermore, the red and yellow ines show passively evolving versions with
formation redshifts of zz =1:0 and z: = 3:0.
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template set for photometric redshift estimation.

6.2.1 Generating Model SEDs for CMASS Galaxies by SED Fitting

To t model SEDs to the data we use the SED tting software SEDfit (Drory et al., 2004)
explained in Section 5.1. The setup of theSEDfit code is the same as in Section 5.1. We
perform the SED tting procedure in such a way that signal-to-noise ratios smaller than 1
are considered upper limits.

The 4000A break is the most signi cant feature in the spectra of red gdaxies and the reason
why we can estimate photozs from broad band photometry to a high accuracy. At redshifts
populated by the CMASS galaxies the 400@ break lies within the r band, wherefore the
g band is the bluest band needed to derive the position of the rak in wavelength. Theu
band is very shallow and it may deteriorate the quality of the SED tting results and the
photometric redshifts if the errors are not determined accuately. For these reasons we decide
to omit it in the following SED tting and photometric redshi ft estimation. Furthermore, the
SED ts are not performed on the whole data of az bin because of the high computation
time, but we randomly select subsamples from within eaclz bin containing 2000 objects.

SED Fitting Results with BC03 Models

We tried a variety of available model SEDs in the SED tting pr ocedure. The most extensive
public libraries originate from BC03, Maraston (1998, 2005 hereafter M05), and M11. We
t all of these models in separate trial runs in order to sele¢ a basic model set to proceed
further, since large sets of models require enormous compation times.

We create synthetical BCO3 models from the BaSeL 3.1 library using the recommended
Padova 1994 evolutionary tracks and the IMF by Chabrier (20B). We generate models with
four di erent metallicities, Z = 0:2, 0.4, 1, and 25Z (see also Sec. 4.2.2). From these we
produce SSP, as well as CSP models. SSPs assume that all stare formed instantaneously
in a delta-functional star burst at the birth of the galaxy an d are passively evolving afterwards
(cf. Secs. 4.2.1 and 4.2.2). Usually, the star formation rag¢ of a CSP is assumed that behaves
proportional to exp( t= ) (at least for galaxies at lower redshiftsz . 1), wheret is the age of
the galaxy and is the e-folding timescale (e.g., Shapley et al., 2005; Longhetti & &racco,
2009). We produce models with varying values, = 0:5;1:0;3:0;5:0;8:0;20;50 Gyr, where
the latter simulate an almost constant SFR. We sample the moels at ages ranging from
10Myr to 13 Gyr. In order to exploit the maximum freedom available, we also create model
SEDs with increasing SFR, hence < 0. This kind of SFH is mostly important for high(er)
redshifts (z & 2) and yields more physical results (e.g., Maraston et al., @10; Monna et al.,
2014, and Chap. 8), but was used for SED tting also at lower ralshifts (e.g., Pforr et al.,
2012). In our case the increasing SFR models do not signi cdly increase the range in color
space needed to match the CMASS galaxies which is why we omitiem in the following to
save computation time.

We create the same variety of CSPs for the MO5 and M11 models (aeast where possible)
using the stellar population synthesis codeEzGal (Mancone & Gonzalez, 2012), and t them
to the data as well. We show the distribution in likelihoods in Figure C.1 in Appendix C for
the SED ts of BC03, M0O5, and M11 models to the CMASS data in the four redshift bins.
The BC03 models outperform the M05 and M11 models in terms offieir 2 values marginally
at most. Figure C.1 shows that the ts with BC0O3 models have a dightly higher frequency of
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lower 2 values than M05/11. Furthermore, considering Figure 20 in GL.3, the BC0O3 models
are a better match to the SDSS-Il LRG data in terms of 2 values (this is not so evident
here, as seen in Figure C.1). Because of the versatility in th model creation with GALAXEV
and the variety of provided ages and metallicities, we choasto use the BCO3 models in the
remainder of this work.

In Figures 6.3 and 6.4 we present the SED tting results with BCO3 SSP and CSP models
with increasing and decreasing SFRs. The data color is plotd in gray scales with according
contours, and the median color errors are shown by error barfn each panel. The predicted
colors of the best tting models are plotted over the data digribution in colored contours.
Both sets of contours are plotted at the same frequency levsl
The blueri z color range populated by the CMASS galaxies in the redshiftins at z  0:5.
z O06andz 07 is not populated by the best tting BCO3 models. Additional ly, the
redderg r colorsatz 0.7 are also not matched by the BCO3 models. All these o sets in
color cannot be accounted for by the photometric errors whib are also given in Figures 6.3
and 6.4.

In Appendix B.1 we show in Figure B.3 that the predicted i z color of the SDSS-II LRG
sample cannot be matched by the models for the highest redshibin  0:4, at least not while
the other three colors are tted simultaneously. The model ®lors were too red in comparison
to the data, which means that the decrease in the continuum sipe redwards of the 400@
break of the model SEDs is not strong enough. The mismatch in  z is also present for
the CMASS sample which is located at even higher redshifts tan the SDSS-Il LRGs. The
slope of the continuum is changed by variations in the model prameters, metallicity, SFH,
and age, as well as by the amount of dust, but we have exploitedll these degrees of freedom.
We will explain in the following section how we modify the cortinuum slope to produce SEDs
which match the colors of the CMASS galaxies to a better exten

Modi cation of the Red Continuum Slope

The red continuum slope of SEDs follows a function proportimal to ° heavily modi ed
by absorption lines. Therefore, we can also change the sterpss of the continuum by varying
O This is done in such a way that we multiply the SED redwards ofa wavelength ; with
a , Wherea is chosen such that the uxes of the underlying model SED and he modi ed
SED coincide at ;. In this way we can change the continuum slope for i, Wherefore
the created SED on average follows ( * 9. We will term the such modi ed models \

models” in the remainder of the text.

We exemplary show the resulting SEDs of an LRG model from G13 wen modied by
a for i =4000A and =0:5;1:0;1:5 in Figure 6.5. We also plot the SDSS lters
as positioned in wavelength in the observed frame of = 0:5 and z = 0:9, the approximate
extreme redshift values of the CMASS sample. We can see thabof 4000A the change in
slope mostly a ects the i and z band at lower redshifts. For higher redshifts ; = 4000A has
moved in the r band. Therefore, we create variations of the BC03 SSP and th€SP models
with decreasing SFR explained above, with ; 2 [300Q 350Q 4000 450Q 500Q 5500 6000]A
such that the variation does a ect the uxes in dierent Ite rs for similar redshifts. Further-
more, the values span a range from & to 2:0 with a step size of 05. Larger ranges for
values of ; and/or do not improve the results further, since the location in cobr spaces they
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Figure 6.3: Color-color plots for CMASS galaxies at 048 z  0:52 (upper panel) and 058

z 0:62 (lower panel). The BOSS data is shown by gray shades and ammpanying gray contours.
Error bars denote the median error in color in this redshift bin. The resulting colors of the SED tted
unmodi ed BC0O3 models are shown by colored contours. Both g8 of contours are drawn at the same

frequency levels.
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Figure 6.4: Color-color plots for CMASS galaxies and best tting BC0O3 models at 068 z 0:72
(upper panel) and 678 z 0:82 (lower panel). See Figure 6.3 for a detailed description.
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Figure 6.5: The black line is an LRG model SED from G13. The dotted blue, geen, and red lines
show the function with = 0:5;1:0; 1:5 for 4000A. The solid lines are the above SED
multiplied by , also for 4000QA. In gray (dark gray dashed line, and light gray solid line) the

SDSSugriz Iter curves are shown for a galaxy atz = 0:5, and z = 0:8 respectively.

would inhabit is already covered by the other models or not p@ulated by the CMASS galaxies.

In Figure 6.6 we show the colors of the CMASS data (gray). We fathermore plot the
colors of an exemplary SED from G13 (red), and the colors of th same model when modi ed
by , for =0:5and 1 (green and blue). The data in Figure 6.6 is split into far redshift
bins, and we plot the mean color and corresponding root meangeiare values of each bin. The
points are color-coded in such a way that they darken with ineeasing redshift. This is shown
in the gray color bar on the right of Figure 6.6, where white lines denote the mean redshifts
within the bins. On top of the data, the color tracks as functions of redshift are plotted for
the models. The model colors at thez values of the data are highlighted by crosses, and the
tracks in the color spaces are again color-coded as a functioof redshift. The track of the
original model is plotted by varying intensities of red, whereas those of the corresponding

models are plotted in green shades for = 0:5, and blue shades for = 1 respectively.
All plotted models have ; = 3000A. While the data colors (gray) are well matched by the
original model (red track) at lower redshifts, the deviations from the mean color increase
with increasing z. The modi cation by produces a better agreement with the mean data
colors. The value of necessary to t the data best is somewhat ambiguous in this pbt, but
has to be decided individually for each galaxy together withthe best tting model.

SED Fitting Results with the Modi ed BC03 Models

We now introduce the modi ed versions of the BC03 models togther with the original SSPs
and CSPs with decreasing SFHs from Section 6.2.1 in th8EDfit code with the same tting
parameters as in Section 6.2.1. Figures 6.7 and 6.8 show theEB tting results in color
spaces of the CMASS data in the fourz bins. We see that the contours of the data and
the best tting models (which are located at the same steps infrequency) almost coincide in
Figures 6.7 and the upper panel of 6.8.
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Figure 6.6: Color-color plots of the CMASS data and model SEDs. The BOSS ata is split into four
equally sized redshift bins. From these bins we calculate th mean color and plot it as points in the
panel. The error bars denote the accompanying root mean sque values of the color in each bin. The
points and the error bars are color-coded with redshift (seehe color bar on the right, where white
lines indicate the mean redshift in each bin). The red shadedrack shows the colors of the model
SED of Figure 6.5 with varying redshift, where the crosses a at the samez as the data. Again, the
redshift of the track is color coded and shown in the color bar The green and blue shaded tracks
originate from the same model, when multiplied by with = 0:5;1 for 3000A. A more
detailed description is given in the text.
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Figure 6.7: Color-color plots for CMASS galaxies at 048 z 0:52 (upper panel) and 058 z
0:62 (lower panel) analogous to Figure 6.3. The BOSS data is sl by gray shades and accompanying
gray contours. Error bars denote the median error in color inthis redshift bin. The resulting colors
of the best tting BC03 and BCO03 models are shown by colored contours. Both sets of contours

are drawn at the same frequency levels.
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Figure 6.8: Color-color plots for CMASS galaxies and best tting BC0O3 models at 068 z
0:72 (upper panel) and 078 z  0:82 (lower panel) analogous to Figure 6.4. See Figure 6.7 for a
detailed explanation of the plot.
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Comparing Figures 6.3 and 6.4 to Figures 6.7 and 6.8, we can ebrve an improvement
on the match between the locations in color space populatedybthe best tting models and
the data. This is additionally con rmed by Figure C.1 in Appe ndix C, where we see that
the resulting 2 values of the ts are more frequently found at lower 2 values for the BC03

models than for the original ones, hence improving the goodess of t. Here, we want
to specically analyze the osetsinthe g r,r i,i 2z, andg 2z colors of the best
tting BCO3 models and their modi ed variations from the dat a. We show in Figures 6.9
to 6.12 the deviations of the model colors, predicted by the bst tting SEDs, to the data,
col = col model COlyata, fOr both setups and in all four consideredz bins. The distribution
in col of the original BCO3 models (SSPs, as well as decreasig and increasing SFR CSPSs)
are presented by red histograms, where the Gaussian curve $tetting the histogram is shown
by a dashed orange line. The color o sets of the BC03 models are plotted by a gray
histogram, with an according Gaussian drawn in black. col = 0 is shown by a dashed black
line, and we print the parameter values of the Gaussians in tk plots.
While the mean deviations are more or less the same in all coitered redshift bins, the stan-
dard deviation of col is about 2 to 3 times higher for the orig inal BCO3 SEDs. Furthermore,
the BCO3 distributions of col resemble a Gaussian much more closelythan that of the
original BCO3, especially inther iandi zcolors, butalsoing z. We already pointed out
that the i z color is overestimated by the BC0O3 models analyzed in G13 far  0:4. This is
still true for z  0:5 to 0:7, observable in Figures 6.9 to 6.11 (cf. Figs. 6.7 and 6.8). @cur-
rently, the predicted r i colors of the unmodi ed BCO3 models are too blueuptae 0.6, and
tooredinz 0:7. In contrast to that, the colors of the BC0O3 SEDs yield very symmetric
distributions, although with increased anks in comparison to a Gaussian for higher redshifts.

In summary, we investigated two additional degrees of freedm, apart from the model
SED parameters metallicity, SFH, age, burst, and dust, by mali cation of the red continuum
slope through multiplying with at i to match the colors of the CMASS galaxies to
a better extent. When tted to the data, the SEDs predict colors that deviate less from
the data than the unmodi ed models they originate from, and yield lower 2 values. We will
use the variety of best tting SEDs (including the additiona | burst and dust components) as
a basis to select from when we de ne a model set for photometei redshift template tting
codes.

6.2.2 Selection of Best Fitting SEDs for the New Template Set

We want to select a set of model SEDs from the best tting modes of the previous section
that represent the data in terms of colors for each redshift ln. Since the color space we can
construct from the SDSS colors is many-dimensional, we wanto reduce the dimensions to
two for simplicity of the selection process. In principle, aprincipal component analysis (PCA)
could be used for this task, but it has the caveat that the PCA dgenvectors are orthogonal.
That means that if we chose to select models in the space whids spanned only by the two
eigenvectors with the lowest variance, we could miss infor@tion carried by the third (or
forth) component. In order to lose as few information as posble in the dimension reduction,
we chose to map the data colors on a two-dimensional surfaceitlv a self-organizing map
(SOM or Kohonen-map, Kohonen, 1982, 2001). A self-organiag map (SOM) is an ANN
that provides a discrete representation of a set of higher dhensional data values in a plane
(usually, but the output space can have higher dimensions to). The network is trained using
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Figure 6.9: Deviationsing r,r i,i zandg z colorsfor BCO3 models and BC0O3 models
from the data within 0:48 z 0:52. The col distribution for the BC03 models are plotted

in gray, and the best tting Gaussian is indicated by a solid black line. The same distribution, but
for unmodi ed BCO3 models is given by a dark red line, where weplot the best tting Gaussian by a
dashed orange line. The black dashed vertical line highligis col = 0. The best tting parameters
of the Gauss curves are given in the plots.
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Figure 6.10: Deviationsing r,r i,i zandg z colorsfor BCO3 models and BCO3  models
from the data within 0:58 z 0:62. A detailed description of the plot is given in Figure 6.9.



86 CHAPTER 6. TEMPLATES AND PHOTO-ZS FOR CMASS GALAXIES

Figure 6.11: Deviationsing r,r i,i zandg z colorsfor BCO3 models and BCO3  models
from the data within 0:68 z 0:72. A detailed description of the plot is given in Figure 6.9.
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Figure 6.12: Deviationsing r,r i,i zandg z colorsfor BCO3 models and BCO3  models
from the data within 0:78 z 0:82. A detailed description of the plot is given in Figure 6.9.
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unsupervised learning to map the data onto the two-dimensioal surface in such a way that
data points with similar values are located in nearby areas. Unlike the plane of the rst
two components of a PCA, the SOM still entails the information of the underlying many-
dimensional data in its points. We create maps of the galaxy atalogs from theg r,r i,
and i z colors of the four considered redshift bins. Furthermore, w can easily introduce
also the absolute magnitudesM of the galaxies as a forth quantity to be mapped, sinceM
can also hold information about the color (e.g., Baldry et al, 2004). We have to take care of
the errors in the data by normalizing the colors to their meanvalue and dividing through the
color errors determined by the uncertainties in the photoméry. The absolute magnitudes of
the galaxies are calculated by tting the LRG model SEDs of G13 to the data at their spec-
troscopic redshifts. From the best tting models we extract the absolute magnitude in the
SDSSr band, which has to be normalized to a standard normal distrilution to be comparable
to the color values. Once this is done we train the SOM and crea a surface with 30 30
discrete x- and y-values with assigned input values (i.e., colors andM,). The positions of
data points in the SOM are then determined by performing a neaest neighbor search.

We use a SOM algorithm implemented in python and provided in the PyMVP/Aackage
(Hanke et al., 2009). Figure 6.13 presents the SOM trained orthe catalog with 0:48

z 052ontheg r,r i,andi zcolors and onM,. The four panels are representations

Figure 6.13: SOM with 30 30binsforg r,r i,i z,and M, for galaxies within 0:48 z 0:52,
where the parameter values are color-encoded (see colorisapn the right of each panel). M, is
computed by tting templates from G13 to the spectroscopic redshift. Contours show the number
density N of the data in the map (note that the contours are smoothed to mprove the clarity of the
gure).
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of the same SOM, but with the values of the four mapped parametrsg r,r i,andi z

colors andM, encoded in color. The mapped underlying data are shown by cdours. We can

see from Figure 6.13 that the extreme values off r andr i have the greatest separation
in the map which is due to these colors having the largest rang in values, also when taking
measurement errors into account (which we did). We can see foexample that the dense
region in the middle of the panels corresponds to a higher camntration of the data at the

respective color values. Thesearg r 1.7,r i 09,andi 2z 0:45, which represent
also the areas of highest density in the color-color plots irthe upper panels of Figure 6.7.

As previously mentioned, we aim to select a sample of model 9B from the best tting
models explained in the last section, we want to take these desity variations in the population
of the data into account. Therefore, we want to identify clusters in the mapped data to select
a model from each cluster that should represent the galaxiewithin the same cluster cell in
terms of color and absoluter band magnitude. To perform the cluster search we employ
a k-means clustering algorithm (Steinhaus, 1957) that partiions the two-dimensional maps
into cluster cells. Each cell is a Voronoi bin (Voronoi, 1908, where two bins or clusters are
separated from one another by a border orthogonal to the lineconnecting the cluster centers.
Every data point belongs to the cluster with the nearest cener. Speci cally, we use the python
k-means clustering algorithm included in thescikit-learn package (Pedregosa et al., 2011).

Figure 6.14 presents the bins of th&k-means clustering algorithm with k = 6 clusters applied

4 \

\\/_/f—\\\

Figure 6.14: k-means clustering of the SOM for 48 z 0:52 from Figure 6.13. The Voronoi bins
are highlighted by di erent colors, and cluster centers aremarked by black crosses. Contours show
the number frequency of the data (note that the contours are snoothed to increase the clarity of the
gure).
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to the SOM of Figure 6.13, where the cluster centers are indated by black crosses. The
density of the data in the SOM is shown by contours in the plot.

To select a set of SEDs from the best tting model SEDs which wewill use in the following
as template set for photozs. Therefore, for each cluster bin we take all models into a@unt
whose corresponding data points also lie in the same bin. The for each of these models
separately, we estimate photometric redshifts on all objets within the cell and determine
some resulting quality parameters, i.e., mean error, scattr and catastrophic failures of the
photo-zs. For each cluster we chose a model that yielded the best phoiz results. Thereby,
we have for each of the four redshift bins six models, hence 2dodels in total. The such
selected SEDs will be used in the following to estimate photas.

6.3 Photometric Redshifts

In this section we analyze the photometric redshift resultswe get using our novel templates
in combination with the PhotoZ code on the whole CMASS sample detailed in Section 6.1.
Afterwards, we compare our photozs with the photometric redshifts provided by the SDSS

database.

6.3.1 Photometric Redshifts with the Novel Template SEDs

To introduce the models created in the previous section intahe PhotoZ code, we de ne the
z prior such that , of a model SED is the central value of thez bin of the catalog from
which the model originates, wherefore , = 0:5;0:6;0:7;0:8. As ., we set a default value of
0:2 which leads to a prior P;(zjT) function wide enough to avoid focusing e ects at certain
redshift bin centers, while ensuring a smooth transition béween them. The resolution in
redshift of a photo-z run is 0:002 in the range ofz 2 [0:0; 3:0]. The allowed redshift range is
much wider than that which is populated by the CMASS galaxies such that we can analyze
if the photo-z accuracy is diminished byzphot values that are highly over- or underestimated.
This is done because we would like to be able to run phota- codes with the new models
on catalogs with galaxies from larger redshift ranges and wtihh more variations in SED type.
We therefore want to make sure that small errors inzpnot are not due to a restriction in the
redshift range.

To improve the priors by adapting them iteratively, we analyze the outcome for subsamples
of objects which are tted best by a speci c model. Thereby we can adjust the redshift and
luminosity priors for each model SED in order to reduce outlers and bias. Essentially, we
decrease the value of ; whenever a model yields lowezyno: accuracies for redshifts further
away from its bin center. Additionally, we allow , to vary if the photo-z performance of a
speci ¢ model can be enhanced. Furthermore, if we observe #t a speci ¢ template provides
very bad redshifts which cannot be resolved by adjusting therespective prior, we omit these
models completely in following runs. This is mostly the casefor models created from the
highest two redshift bins. Since we chose the models only orcaount of their photo-z perfor-
mance on a redshift bin, they might still yield a bad estimate in other redshift ranges. The
resulting model set then consists of nine SEDs with adaptededshift priors. The luminosity
priors where set initially to y =20:0, m =6:0, and py = 6:0, to allow for a wide range
of higher luminosities. The high exponent leads to a very atfunctional behavior within
and to steep decreases ilPy (M) at v m - Adjusting Py (M) in the iteration is not
necessary, since we cannot detect outliers that are caused la speci c model which can be
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Figure 6.15: Upper panel: The nine surviving model SEDs within the range of the SDSSugriz Iter
system at redshifts @45 z 0:9 (the z range of our galaxy sample).Lower panel: Correspondingz
prior parameters, , and .. The color code is the same as in the upper panel.

avoided through a di erent luminosity prior.

The model SEDs are shown in Figure 6.15, where we plot them inhe wavelength range
covered by SDSS at the redshifts of our catalog:@5 z 0:9. In the lower panel we present
the redshift prior parameters ., and , which correspond to the model SEDs. Additionally,
Figure 6.16 shows the colors of the nine models as a functiori cedshift. With the nine models
we can account for the large spread of the data in most cases.uRhermore, we cover also the
bluer partsing r,r i,andi z (cf. Fig. 6.2). For lower redshifts, our models produce
colors that cover only the bluerr i andi z ranges of the data. The physical parameters
and the ; and values of the nine model SEDs are summarized in Table 6.1. Thaodel
parameters explain the behavior of the SEDs in Figure 6.15. & see from Figure 6.15 that
the model SEDs roughly follow a trend and become bluer with icreasing redshift (except
for the red colored SED with , = 0:8), which is mirrored in the values of Table 6.1. The
e-folding timescale also roughly increases, as well as the burst fraction, makmthe resulting
SEDs bluer on average. The red highlighted SED has lower uxs than the orange and the
light green SEDs in the UV part of the spectrum, not continuing the sequence. It is redder
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model no. Z [Gyr] age[Gyr] A v burst A v purst i [A]

1 (black) 0.008 SSP 2.0 1.2 { { 5000 2.0
2 (violet) 0.004 SSP 6.0 06 1.0% 2.0 5500 1.5
3 (blue) 0.008 1.0 6.0 1.0 1.0% 0.0 5000 1.5
4 (turquoise) 0.05 SSP 8.0 0.7 1.0% 0.0 3500 2.0
5 (dark green) | 0.02 SSP 4.0 00 1.0% 1.0 5000 1.5
6 (green) 0.05 SSP 3.0 1.3 2.0% 0.0 3500 2.0
7 (light green) | 0.05 3.0 5.0 14 1.0% 0.0 5000 2.0
8 (orange) 0.004 50.0 4.0 27 1.0% 0.0 3000 1.5
9 (red) 0.02 3.0 4.0 22 2.0% 2.0 4500 2.0

Table 6.1: Physical parameters of the nine surviving templates. The rst column gives the numbering
of the models according to Figure 6.15 and the plot color fromFigures 6.15 and 6.16. The column
"burst\ is the mass fraction of the burst, whereas Ay. purst IS the burst extinction in V.

because of the high extinction values and because of its (r&ively) high metallicity, Z = Z .
In summary, although we can see a qualitative trend in the SEB as a function of redshift
prior (which originates from the spectroscopic redshifts & the underlying z bin with small
adaptions), the trends in the physical parameters are not ttat evident. This is because they
are degenerate and changes in one parameter can yield simil@sults to a variation in another
parameter (e.g., the well-known age-metallicity degenerey).

Before analyzing the photoz performance of the new models, we want to introduce several
metrics which we use to assess the photometric redshift quid, additionally to those intro-
duced in Section 5.3. We decide to provide a large number of ndcs to enable the reader to
compare with other publications. The mean errors are charaterized by the biash zi and the
mean absolute errorhj zji, as well as by their corresponding values in the rest frameh zg i
and hj z;ji. The root of the sample variance is denoted ( zs), and g is the half of
the width of the z+ distribution where 68:27 % of the sample is located, corresponding to
a 1l condence interval. We furthermore calculate the fractions , , 3 of galaxies within
h z¢i i ( z¢), wherei =2;3 (cf. Carrasco Kind & Brunner, 2014b). If zs behaved
as a perfect Gaussian, then 2 ( z¢) and 3 ( z¢) would be the 2 and 3 con dence
intervals and therefore hold 9545 % and 9973 % of the objects. But the distribution of  z4
can be non-Gaussian and still yield reasonable values for, and 3 (compare Figs. 6.18 and
6.23 later on).

To evaluate the precision of the photoz errors z estimated by the code from the PDF (cf.
Eqg. 2.10 in Section 2.2.2), we introduce z° z=z. If the errors are estimated correctly,
the distribution of  z° should resemble a standard normal distribution (cf. Sancrez et al.,
2014). We will therefore analyze the values of the meam z4 and the standard deviation

,0 of the distribution of  z°
Lastly, we perform Kolmogorov-Smirnov (KS) tests on the didributions N (Zpnet) and P (Zphot)
(cf. Carrasco Kind & Brunner, 2014b), where the latter is the zyo distribution derived by
stacking the PDFs for all objects. The KS fest value is the maxmum absolute di erence be-
tween the cumulative distribution functions i P (2)d2 of the probability density of N (zphot ),
or the stacked P (Zphot ), to the cumulative distribution of N (zspec). All the metrics are sum-

marized in Appendix A.
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Figure 6.16: In the upper panels of the four major panels the CMASS colors i@ plotted as a function
of redshift in gray, and the median is shown by a green dashednle. The lower panels are normalized
to the median color and show the residuals. Error bars presdrthe median data errors in ve redshift
bins. On top of that the predicted colors of the nine selectedmodels are drawn. The color code
matches that of Figure 6.15.
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After this introduction of photo- z quality metrics we present the photometric redshift
results of the CMASS sample with the novel template set and piors of Section 6.2.2 and
Figure 6.15 in Figure 6.17. The upper left panel showszpnot VErsus zspee, the middle left
panel shows the photometric redshift rest frame error as a faction of specz, and the lower
left panel presentsj zy j versuszspec. We indicate the median z¢ andj z;sj values in the
middle left panel by solid and dashed black lines, whereas ithe lower panel we highlight the

esrf and nmap Values as a function of the spectroscopic redshift also by 8d and dashed
black lines. Finally, the right panel presents the normalizzd redshift distributions for zspec
(gray lled histogram), the distribution derived from the s ingle-value photometric redshifts
Zmode (gray line) derived by the mode of P(z), and the stacked PDFs (black line). The pho-
tometric redshift quality metrics discussed above are prited in the plot as well.

The bias has a small positive value for the lowest consideretkedshifts, then is close to zero,
and is decreasing to negative values for higher redshiftz  0:7. The overall mean value is
still positive due to the small sample size at higher redshif, visible by the number density
in Figure 6.1 or the right panel of Figure 6.17. The scatter (bwer left panel in Fig. 6.17)
increases slightly with increasing spe@, while the value of nvap Stays more or less the
same. This means, that the outliers (which are not consider@ in the calculation of Nmap )
are predominantly responsible for an increase in ( z;). The fraction of catastrophic out-
liers however is very small = 0:22%. In the right panel of Figure 6.17 we observe that the
photo-z predictions from the mode of the PDF yield deviations fromN (zspec) larger than for
the case where the whole PDFs are considered. The excesseseafted in N (zphot) are due
to the overestimation mentioned previously. They are not arymore visible when we use the
posterior P (z) distributions in the N (z) reconstruction, which means that the PDF should
be favored for science analyses (cf., e.g., Mandelbaum et. a2008; Hildebrandt et al., 2012).
As for the error estimation of the PhotoZ code, we see from the values df z4 and o, that

z°behaves very close to a standard normal distribution, whichis the goal in the photometric
redshift error predictions. This means that not only the approach for the calculation of z
is legitimate, but also that the models and priors create a rasonableP (z) (from which z is
extracted).
Table 6.2 in Section 6.3.2 holds a summary of the derived quidy metrics, together with re-
sults of public photo-zs from the SDSS, which we will analyze in Section 6.3.2.

To investigate if the estimated errors are reliable in identfying outliers, we assume the
null hypothesis that an object is a photo-z outlier. The probability of an outlier being falsely
classi ed as a non-outlier on account of z is then the type | error . Additionally, the type Il
error  gives the probability of a non-outlier being misclassi ed & an outlier by the estimated
error. For the photo-zs of this work we get =0:93 and =3:5 10 4. This means that
an outlier is falsely classi ed as a non-outlier with probahlity , but also that a non-outlier
is almost never classi ed as an outlier (). Although ( 29 is close to, but slightly smaller
than, 1, the deviation is probably caused by to shallow peaksaround the mode of P(z) for
outliers, such that their errors are underestimated. The and value are summarized to-
gether with the results of the SDSS (Sec. 6.3.2) in Table 6.3.

The distribution of the photometric redshift errors in the r est frame is shown in Figure 6.18
by a gray lled histogram. In red we indicate the bias and the ranges oth zsi 1 ( zz),
wherei = 1;2;3. Furthermore, we calculate the real interval widths where 95:45 %, and
99:73 % of the galaxies are located and introduce them in the ploi{black dash dotted and
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Figure 6.17: Photo-z results with novel templates, based on the BC03 models and selected
through a SOM. Left Panels: The upper panel shows the photometric versus the spectrospic redshift,
where the dashed line is atzpnot = Zspec. The middle panel is the distribution of the rest frame photo-
z error as a function of the spectroscopic redshift, where welpt the bias (solid line) as well as the
mean absolute error (dashed line). Finally, the lower panekhows the absolute rest frame error versus
Zspec, Where we plot g (solid) and nmap (dashed) on top. Right Panel: The relative frequency
distributions of zspec (gray lled histogram), zpne (dark gray line), and the stacked PDF of all objects
(black line). Additionally, the photo- z quality metrics are printed in the gure. We provide two valu es
for the KS test, for the predictions of single z,n: values (from the mode of the PDF, gray), and for
the PDF (black).
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Figure 6.18: Photometric redshift rest frame error distribution (gray lled histogram) estimated
with the novel templates and priors. z = 0 is highlighted by a solid black line, whereas the bias
is shown by a solid red line. The steps at z; ( z¢),2 ( z¢), and 3 ( z¢) are represented
by dashed, dash dotted, and dotted red lines, and the correggnding number fractions are given in
the legend. We also plot a Gaussian with = h z;i,and = ( zs) with a dotted black curve.
Furthermore, dash dotted and dotted gray vertical lines shav the real o5.4 and g9, intervals. Since

95:1f 2 ( zs) we cannot discern the red and the gray dash dotted lines. The z; derived from
the stacked PDFs is shown by a green solid histogram, to whicltwe t a Gaussian highlighted by a
dashed green curve. The best tting parameters of the Gaussin are given in the legend.

dotted vertical lines). Finally, we calculate the z; distribution from the stacked PDFs and
t a Gaussian to the histogram (green lines). The peak of the z; distribution is slightly
shifted to the right, which is again due to the overestimated photo-zs at the lowest red-
shifts. Concerning the resemblance to a Gaussian, we obsenfrom the values given in the
plot that g5 2 ( zf) (which is why we cannot discern the lines in Figure 6.18) and
gorf > 3 ( zgf). The latter is due to the outliers which can be scattered farfrom the specz
value due to the allowed tting range. The fractions , and 3 of objects within 2 ( z;)
and 3 ( z¢) have reasonable values. While , =95:23% is very close to the desired value
of 95459%, 3 =98:98% is slightly smaller by only 0:8%. The z: distribution derived
from the PDFs is slightly broader than the distribution of th e individual photo-z results.
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This is a consequence of the asymmetry of the PDFs that often &wve higher probabilities for
redshifts greater than the most probablez.

Figure 6.19 presents the deviations of magnitudes, prediedd by the models in a photoz
run, and the data. A Gaussian is tted to the histograms whosebest tting parameters are
printed in the panels. For the r and i band magnitudes the mag distributions are very
narrow, while the expectation values of the Gaussians are @& zero. This is due to the
depth of the photometry in these Iters, which is greatest in i and r, and the photometry has
the smallest measurement uncertainties. For theg and the z band magnitudes however, the
broadness of the mag distributions increases, which is modly an e ect of the more shallow
photometry in these bands, but also of the respective magniide ranges of the galaxies.
Furthermore, the mean magnitude deviations in these two bans are higher than inr and
i. While of the best tting Gaussian is still small in comparison to  for the g band, it
is relatively high in the z band. We selected the models for the phot@ estimation only on
account of their photo-z performance, and not how well they match the data in terms of
magnitudes. However, this does not necessarily imply thathe BC03 models are not able
to t the data in terms of magnitudes. Indeed, calculating th e average magnitude o sets of
the SED tting of Section 6.2.1, yield maximum values of [0:6;0:9;0:3;1:1] 10 2in g, r, i,
and z for the four redshift bins.

e R . e — |
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Figure 6.19: Deviations of the predicted magnitudes of the novel model SBs from the data.
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6.3.2 Comparison to SDSS Photometric Redshifts

We present the photometric redshifts from the SDSS-I1I datebase in comparison to the results
of our code-template combination. The SDSS database provies photozs from two di erent
empirical methods. One code uses l-d tree nearest neighbor t to derive the redshifts (here-
after KF after Csabai et al., 2007).

The SDSS-KF results for our catalog are shown in Figure 6.20which is equivalent to Fig-
ure 6.17 and also shows the quality metrics. From the middle pnel of Figure 6.20 we see that
the location of the densest part of the population lies closdo the z = 0 line for low redshifts
z . 0:6. In all higher zspec regions the photometric redshift is systematically understimated
which leads to the low negative value in the bias. An underesination is also present in the
results from Section 6.3.1, but it is slightly higher in the SDSS-KF case. From the lower panel
of Figure 6.20 we see that also here the rise ingg,t is mostly caused by outliers, which are
not considered in the calculation of yvap (Which stays more or less constant). Taking the
estimated photometric redshift errors into account, the rdatively high bias does not decrease,
which is mirrored in the higher absolute value ofh z%, but even still increases. Hence, the
bad estimates of the photozs are not recognized by the error estimation. This can also be
seen in the value of o which is well beyond 1 and means that the errors are on average
underestimated. This also a ects the results of a signi carce test on outlier classi cation (cf.
Sec. 6.3.1). The errors type | and Il read (at two signi cant gures) =1:0and =7:9 10 4
(see also Tab. 6.3 for comparison with other results), con ming that the errors are underes-
timated.

In terms of N (zpnot) the low photo-z values at higher zspec do not change the shape signif-
icantly, which is due to the low sample size in these regionsand results in the low value of
KS. We cannot compare to theN (z) results for PDFs, since they are not provided.

As before, we show in Figure 6.21 the z; distribution. Comparing with our case from
Figure 6.18, we see that here the results are slightly shife to the left, an e ect due to the
underestimated photozs at higher redshifts. Also in the case of the SDSS-KF redsh#, the

o5 and ggyf Values do not perfectly coincide with 2 ( zf) and 3 ( zs), but are el-
evated. o, = 95:25% is very close to the desired value, whilez = 98:43% deviates by

1:3%.
In comparison to the redshifts we get with our novel templates and code, the quality metrics
for bias, error, and scatter are all higher in the case of the BSS-KF photo-zs. Furthermore,
the estimated redshift errors are more reliable in our codégemplate combination. The KS test
yields better results in the case of this work, since the SDS&F photo- zs are systematically
underestimated.

The second photometric redshift results published by the SI3S are from another empir-
ical code by Carliles et al. (2010), which uses random forestto predict photo-zs (hereafter
SDSS-RF). Figure 6.22 presents the results of the SDSS-RF de. In this case, the outlier
rate is signi cantly higher than in both previous cases, as vell as the mean and the absolute
rest frame errors. Abovez 0:55 the photo-zs are systematically underestimated to a greater
extent than in the former two cases, yielding the low bias. Futhermore, the scatter values

( z#), esrf,and nmap have also increased in comparison to the results of this workas
well as compared to the SDSS-KF redshifts.

In the distribution of N (zynot) We can observe the lack of higher phot@ values which ac-
cumulate around z  0:55. Because of that, the KS test value is higher. In terms of tlir
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Figure 6.20: Photo-z results published by the SDSS from the KF approach. The KS vale is
determined from the single-value photoz estimates. See Figure 6.17 for a detailed caption.
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Figure 6.21: Photometric redshift rest frame error distribution (gray lled histogram) estimated by
the SDSS-KF method. A detailed explanation is given in Figue 6.18.

estimated photometric redshift errors, the SDSS-RF methodoutperforms the SDSS-KF ap-
proach, but still produces a larger bias inh z4. The errors are furthermore overestimated,
visible in the 0 value which is lower than the desired value of 1. Again, this acts also the
outlier classi cation derived from z. In the case of SDSS-RF photaes, the null hypothesis of
an object being an outlier yields =0:86 and = 0:015 (shown together with the previous
results in Table 6.3). The higher values of z yield a smaller probability of an object being
misclassi ed as a non-outlier, but also raises (although only to a small value). So although
the errors are overestimated on average, outliers are stilnisclassi ed at a signi cance level
of 0:86.

In Figure 6.23 we plot the z; distribution. The shift to the left is present to an
even greater extent than in the previous case, and strongly eviating from a Gaussian with

= h z¢i and = ( z) also plotted in Figure 6.23. This is a result of the under-
estimation of the photo-zs. Furthermore, as in the previous cases, the value of g5t is
marginally higher than 2 ( zs ), while the deviation is greater in g9, . On the other hand
2 = 95:35% is even closer to 985 % than in both previous cases, while 3 = 97:93%
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Figure 6.22: Photo-z results published by the SDSS from the empirical SDSS-RF appach. See
Figure 6.17 for a detailed description.
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Figure 6.23: Photometric redshift rest frame error distribution of the e mpirical random forest method
(SDSS-RF) and published by the SDSS. A detailed explanatioris given in Figure 6.18.

deviates more strongly, 1:8%.

We present a summary of the photometric redshift quality metrics of the results from
the template tting of this work and the two SDSS photo- zs in Table 6.2. Our model-prior
combination produces the lowest outlier fraction, bias, aml mean absolute error compared to
the SDSS photoz results. When considered as a function of spez-the photometric redshifts
derived in this work are slightly biased to lower zpnot Values for higher zgpec, but not to the
same extent of the SDSS codes. Furthermore, the di erent sdger values calculated ( ( zy),

e6s:rf » and nwvap ) are also lower for photozs of this work. The distribution of redshift errors
are more similar to a Gaussian for the models, priors, and caalof this work, which can be ob-
served in Figures 6.18, 6.21, and 6.23. Considering the nureb fractions within 2 ( z;) and
3 ( z¢) all three codes perform similarly well. However, this doesiot mean that the  zg
distributions are necessarily good approximations of Gausian distributions with = z;
and = ( zf) which can be observed in Figures 6.18, 6.21 and 6.23.
When we evaluate the similarity between the redshift distributions, from which spectroscopic
and photometric redshifts are sampled, through a KS test, tke photozs of this work yield
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setup | %] h zgi hj zqji egrf hz G ( 29 KS

this work 0:22 00020 Q023 Q026 Q050 Q98 0067 (0074)
SDSS-KF | 0:91 0:011 Qo027 Q029 0:54 15 0:082
SDSS-RF| 3.0 0:023 Q035 Q036 0:27 061 014

Table 6.2: Summary of photometric redshift quality metrics of the template tting results with the
novel templates and priors used with thePhotoZ code, the SDSS photas of the KF code, and the
random forest code (SDSS-RF). Values foKS in the case of this work are derived fromP (z), whereas
the values in brackets are calculated using only themoge predictions.

| this work SDSS-KF  SDSS-RF
0:93 10 0:86
35104 79 104 141072

Table 6.3: Signi cance test results for outlier classi cation. The null hypothesis is that an object is
an outlier, and and are the type | and Il errors respectively (rounded to two sigrni cance gures).

the best results for predictions of the mode which are improed when considering the whole
P (z) distribution.

The results of a signi cance test with the null hypothesis beng that an object is a photo-
metric redshift outlier is shown in Table 6.3. Not one of the mdes produces errors that can
reliably predict outliers. Albeit the SDSS-RF produces thebest , this is mostly due to the
overestimated errors (cf. Tab. 6.2).

6.3.3 Deviations in Color Predictions

In the last section we analyzed the photometric redshift resilts with our code in comparison
to the SDSS photozs. The redshifts from the SDSS-RF method were outperformed ypthose
derived with the SDSS-KF code. We want to analyze if the photezs of this work can produce
the CMASS galaxy colors to a better extent than if we t the same models to the photometric
redshifts of the SDSS-KF method.

Figure 6.24 presents the di erences between the model prediions and the data in the

g r,r i,i z,andg z colors. The prediction of the photozs of this work are plotted
in gray, the best tting Gaussian is presented by a black cune, and its parameters are given
in the plot. When tted to the photometric redshifts of the SD SS-KF approach, the BC0O3

models predict colors that are represented by a red histogmas in Figure 6.24, to which
we also t a Gauss curve. In all four colors, the standard devation of the col distribution
is larger for SDSS-KF. Furthermore, the mean deviation fromthe data colors is greater for
SDSS-KF results in thei  zandg 2z colors. is of the same order inr i for both cases.
It is smaller for SDSS-KF photo-zs in g r, but there both values are very low. The fact
that the SDSS-KFr i,i z,andg z colors are shifted bluewards from the distribution in
colors of this work is a result of the SDSS-KF photozs being more heavily underestimated.
All considered col distributions resemble their best tti ng Gaussians well in the inner parts,
with increased anks. However, this increase is more signicant in for the SDSS-KF photo-zs
in r i. Therefore, the photometric redshifts derived in this work not only generally have
better quality metrics than the SDSS photo-zs, but can furthermore recreate the colors of the
CMASS galaxies to a better extent.
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Figure 6.24: Deviationing r,r i,i z,andg z colors for photometric redshift results with the
novel templates (gray lled histogram) and model predictions when tting the same templates to the
SDSS-KF photozs (blue histogram). Gaussians are tted to both distributio ns, and are shown by a
solid black line and a dashed green line respectively. The Isé tting parameters of the Gaussians are

printed in the panels.



6.4. SUMMARY 105

6.4 Summary

In this work we created a set of model SEDs that are designed tmatch the colors of the BOSS
CMASS sample and provide accurate photometric redshifts. & rst analyzed the colors of the
LRG model of Maraston et al. (2009) which was created to matcithe g r andr i colors of
the LRG sample of SDSS-II (Eisenstein et al., 2001), and fouththat we cannot use a singular
age and evolution con guration that matches the data in all colors. Therefore, we created
models for four redshift bins of widths z = 0:04 centered onzspec = 0:5; 0:6; 0:7; 0:8 with the
stellar population synthesis code from Bruzual & Charlot (BC03, 2003). We generated SSPs
and CSPs with decreasing SFHs at various metallicities, andampled the models from a wide
age range. These models were then tted in superposition to durst component and dust
extinction to the data at known spectroscopic redshifts. Inorder to better recreate the colors
of the CMASS galaxies we introduce additional degrees of felom in modifying the model
SEDs by multiplication with for > ; with several values for ; and . We showed that
the BCO3 models modi ed in this way indeed are a better match b the colors of the CMASS
galaxies (Figs. 6.3 and 6.4, 6.7 and 6.8, and 6.9 to 6.12) andsa yield better 2 values from
the tting (Fig. C.1).

From these best tting SEDs we selected a small subset that sbuld cover the region in
color space and absolute magnitude i of the CMASS sample. We therefore projected the
CMASS galaxy colors andM, of the four z bins onto two-dimensional planes using a self-
organizing map. Afterwards we partition the plane in six clusters for each redshift bin with
a k-means clustering algorithm and select one model SED per chter cell that produces the
best photoz for galaxies within the same cell. We estimate photometric edshifts with a
template tting code and with the selected models and analyz their individual performance.
Thereby we modify their redshift priors to improve on the photo-zs, but also decide to omit
some of the templates which do not yield accurate photaes on the whole sample, regardless
how the priors are modi ed. We then compared the photometric redshift results with the
photo-zs two empirical method published by SDSS and calculate seval metrics that assess
the quality of the photo-zs, their estimated errors, and their distribution. We found that
the photo-zs with the generated models of this work produce better valus in all quality
metrics. Furthermore, we observed that including the stacked PDFs yield better results
in the reconstruction of N (zspec) and yield better results in a KS test. Concerning the
estimated errors z, a signi cance test shows that none of the three consideredz results
provides a signi cant classi cation of outliers. However, the probabilities of a non-outlier
being misclassi ed is very small for all three considered cses.

Finally, we compared the predicted colors of the novel modeSEDs when tted to the photo-
zs of this work and to the better of the two SDSS redshifts, to the data. We found that the
deviations from the data are smaller for photozs of this work.






Chapter

Photometric Redshifts from Dark Energy
Survey Science Veri cation Data

| participated in a project comparing the photometric redshift performance of numerous
photo-z codes with data from the Dark Energy Survey (DES, Flaugher, 2005). It was pub-
lished by Carlos Sanchez et al. in the Monthly Notices of the Royal Astronomical Society
(S|anchez et al., 2014). The work presented in this chapter $ part of this publication, but

presented in less detail, and with a focus on my contribution

Introduction

DES aims to improve our understanding of the nature of dark errgy, and therefore the accel-
eration of the Universe. Combining Clusters, BAOs, Weak Lersing, and Supernova analyses,
the DES forecast predicts errors of, e.g., ( pe) = 0:004 on the dark energy density, and
(wg) = 0:061 on the dark energy equation of state. The survey is carrk out with the 4 m
Victor M. Blanco Telescope, situated at the Cerro Tololo Inter-American Observatory (CTIO)
high in the Chilean Andes. It will probe the southern sky during a ve year period. DES
started o cially in August 2013, after a science veri catio n (SV) phase from November 2012
to February 2013 following the commissioning of the cameraThe Dark Energy camera (DE-
Cam, Flaugher et al., 2012; Diehl & Dark Energy Survey Collaloration, 2012) takes images
in the grizY Iters during the survey, where griz are Sloan lters, and the central wavelength
of the Y lter is at 9899 A, i.e., redwards of the z band. For science veri cation, imaging
data were also taken in theu band, although this is not part of the main survey. DES will
observe 5000 ded, which is about one eighth of the sky, out to an depth ofi < 24. It will
survey approximately 300 million galaxies up to a redshift d z  1:4. The SV footprint was
chosen such that it overlaps with several spectroscopic sueys, the VVDS (Le Fevre et al.,
2005), zCOSMOS (Lilly et al., 2007), and ACES (Cooper et al.,2012), with an approximate
survey area of 3ded for each eld. The exposure times, and therefore photometrt depths,
vary between Iters and elds and we would like to refer the reader to Sanchez et al. (2014,
Sec. 2, Tab. 1) for details.
The SV data consist of two subsamples, anain sample with the same depth as in the main
survey, and adeep sample with three or more times the exposure time of thanain sample.
Furthermore, the data are divided into a calibration or trai ning sample and an validation or
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query sample. The former (where the nomenclature depends awhether one uses a template
tting or empirical photo- z method) should be used to re-calibrate the zero point o setsand
prior probabilities, or, in the case of empirical methods, br the training of the estimator.
To re-calibrate the zero points of the data is often useful ifthe data is not well calibrated
but shows systematic o sets. After the calibration/traini ng the photometric redshifts are
estimated for the query sample, using the recalibration (ortrained model respectively) from
the training sample.

Since spectroscopic samples su er from selection e ects ahare shallower than the photo-
metric data (cf. Sec. 2) a weighting scheme is applied to the alibration data to ensure its
magnitude and color distributions are the same as those of th full sample (Sanchez et al.,
2014, Sec. 3.1). The weighting procedure compares local dgties in magnitude and color
spaces of the training sample with the full sample, and assits a weight to each galaxy ac-
cording to the ratio between the density of the calibration to the full data set using a nearest
neighbor algorithm (Lima et al., 2008). These weights are ao used when the photometric
redshift quality metrics are calculated.

The DES photo-z working group proposed several tests from which we presenhe most im-
portant ones in this chapter. The rst (second) test consists of calibrating/training on the
main (or deep sample and validating on the main (or deep sample. The main-main test
(rst test) is the most important, because it corresponds to the real con guration of DES.
The reason for the deep-deeptest (second test) is to analyze the photoz performance for
higher S=N ratios. In the third test we calibrate on the deepsample and validate on themain
sample. The reason for thisdeep-main test is to evaluate whether the photoz performance
is enhanced when the calibration/training is done on a samg@ with higher S=N. For the rst
three tests, second phota runs including u band data were performed, in order to inves-
tigate their importance for the accuracy of photometric redshift estimates. It is reasonable
to assume that the photozs will improve for lower redshift galaxies when using theu band,
since the 400 break lies in the g band for small redshifts, wherefore data inu gives im-
portant information about the uxes bluewards of 4000A, i.e., helps to distinguish between
intrinsically red and blue galaxies.

We emphasize that the tests performed are blind tests: Althaigh spectroscopic redshifts are
available for the validation sets, we do not use their infornation in the photo-z estimation,
but solely to evaluate the photoz performance.

Setup of Photo-z Runs

Before discussing the results, we summarize the setup of thBhotoZ code used here. The
model set we use contains SEDs ranging from star forming (bkj) to passively evolving (red)
galaxies. It includes model SEDs from Bender et al. (2001), hich were created from spec-
troscopically observed objects in the Hubble Deep Field Nah. Another three templates (an
S0, Sac, and an Sbc galaxy) are from Mannucci et al. (2001, whe we already analyzed the
colors of the SO galaxy in Section 4.2.2), and two empirical BEDs (of an Scd and an Shc
galaxy) are from Coleman et al. (1980). Our model set additimally includes 13 SEDs from
llbert et al. (2006) which are based on CWW spectra and are ogmized to match local star-
forming galaxies. This model setup is essentially a combirteon of template sets already used
in the past for photometric redshift estimation (e.g., Bender et al., 2001; Brimioulle et al.,
2013, and Sec. 2.2.2 and references therein). The models gmeesented in Figure 7.1, where
we (loosely) classify them according to their SED shape. Fuhermore, we incorporate the
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template SEDs created for LRGs in Chapter 5. We do not show then in Figure 7.1 since
they were discussed extensively in the sections of Chapter. =urthermore, we do not use the
models created in Chapter 6, since they were not yet establiged at the time the work on the
DES-SV data was done.

The redshift and luminosity priors have the form (cf. Sec. 22.2, Eq. 2.9)

. X o5 ™
P(xjT)! exp In(2) ;

wherex = z;M, and 4, , and p are de ned individually for each model SED. Setting ,

x,» and py accordingly, we can, for instance, decrease the probabiiitof observing red models
at higher redshifts (z & 0:9), or avoid ts that are too bright in absolute magnitude. In addi-
tion to that, we adapt the z and M (absolute magnitude) priors for every model SED in such
a way that photometric redshift outliers in the main and deepDES-SV training sets are less
likely. Therefore, we identify their location in the M vs. z space and modify the priors in such
a way that they assign smaller probabilities to those regios. This is done solely if the outliers
of a template are isolated from good photometric redshift esmates of the same template in
the M vs. z space. In Figure 7.2 we show an example of a model SED in our tetate set
and its photo-z performance on the DES-SV data with and without including u band data.
To assign lower probabilities to the location in Mg vs. z space inhabited by photoz outliers,
we chose to include the model twice with high exponents to crate steep anks of the z prior.
The prior parameter values for this speci c model are ;.1 =0, ;1 =0:5, and p;1 =60, as
wellas ;2=2:0, ;2 =1:35, andp;;2 =60. Not all the priors had to be adapted in similar
harsh manners, we presented here an extreme case.

The calibration is performed by an iterative adaption of the zero point o sets for the
training catalogs. We use the median magnitude o sets betwen the data and the model
predictions when tting to spectroscopic redshifts, while optimizing the photo-z performance.
The calibration is done separately for photoz runs on catalogs with and without u band data.
The zero point derived from this method are summarized in Taltke 7.1 for the main and the
deepsample, with and without the u band.

u g r [ z Y
main | 0.00187 0.00492 -0.0257 0.0362 0.101
-0.198 0.0157 0.00651 -0.0262 0.0332 0.0987
| 0.0111 0.00404 -0.0236 0.0409 0.115
deep

-0.191 0.0296 0.00925 -0.0234 0.0377 0.111

Table 7.1: Zero point o sets of the DES ugrizY lIters derived from the median di erences between
the data and the magnitudes predicted by the models when tted to the spectroscopic redshift. The
upper main row is calibrated on the main and the lower main row is calibrated on the deep sample.
The two upper sub rows are calibrated without usedu band data, whereas the lower sub rows are the
results including u.
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Figure 7.1: Model SEDs used to determine photazs for the DES Science Veri cation data. We
classi ed the models loosely according to the SED propertig into red, orange, green and blue The

template SEDs taggedred are the same we showed in terms of color versus redshift in Figl.7. They

show strong 4007 breaks and only absorption lines. Yellow SEDs exhibit an increase in ux in the

bluer parts of the spectrum, and mostly only small emissionihes. The SEDs termedgreen have even
more ux in the blue wavelengths and more prominent emissiorlines. Lastly, blue templates show very
strong emission lines and a very high ux in the blue part of their spectra, such that the continuum of
their SEDs is (apart from the spectral lines) almost proportional to . The SEDs were normalized
to their ux in the z band.
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Figure 7.2: Example for the prior probability adaption in Mg vs. z space. The left panel shows
results without the u band, whereas the right panel hasu included. Black dots are derived from the
model when tted to the spectroscopic redshift and blue dotsare from photometric redshifts. Magenta
stars highlight outlier in the photo- z estimation.

Photometric Redshift Results

In the following we present the photometric redshift results obtained in the three tests, and
focus on the main-main test, for which we also show the corresponding plots. We omit
to include plots for all tests to prevent a cluttering of this chapter. The resulting quality
metrics (already introduced in Secs. 5.3 and 6.3, see also Apndix A for a summary) of the
main-main test are summarized in Table 7.2 and are calculated using theveighting scheme
of Lima et al. (2008) discussed above and in Sanchez et al. (®4). Furthermore, we cut
0 10% of the galaxies with highest estimated photoz errors which is allowed by the DES
photometric redshift requirements. The bias for both runs (with and without u) is relatively
high, but does not di er remarkably from one another. We can e, however, a signi cant
improvement on the scatter when includingu band data. The quality of the errors estimated
by the PhotoZ code are also very similar in both setups. The average of thearmalized error,
which is the ratio between actual and estimated photoz error z°= z=z (where z was
de ned in Sec. 2.2.2, Eqg. 2.10), has a relatively high negate value, but the scatter is nearly
that of a normal distribution. The fact that the average valu e of z%is negative means that
the estimated photo-z error does not cancel out the bias. The root mean square (RMSpf
the normalized error is nearly one, which means thatz only slightly overestimates the real
photo-z error. The KS value is the result of a Kolmogorov-Smirnov test, which is a neasure
for how similar the distributions N (zpnot) and N (Zspec) are. KS diers only marginally for
runs with and without u band data. This is shown also shown in Figure 7.4, which we wlil
discuss later.

We plot photometric versus spectroscopic redshift in Figue 7.3, where the upper panel
shows photoz results without using the DECam u band data, and the lower panel shows
results including u. We observe that the photoz results improve particularly for zspec. 0:6,
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‘ hz i (z) hz% (29 KS

without u band | 9:8% 0:029 Q14 0:28 095 0051
with u band | 5:2% 0:029 Q12 0:26 095 0052

Table 7.2: Photometric redshift results for main-main test without u band and including the u
band. De nitions of the metrics can be found in Appendix A. They are calculated using the weights
of Lima et al. (2008) discussed in the text.

where the u band gives important information about the spectral range below 4000A. The
4000A break moves between theg and r band at about z  0:4, where the importance ofu
band information decreases. Still, we can see from Figure ¥ (e.g., from the green SEDs) that
u band data entails clues about the steepness in the blue partsf the spectra, i.e., the UV slope
=log(f )=log( )where 2 [1276 2490]A (Calzetti et al., 1994). Figure 7.3 also highlights
the di erence in the photo-z quality of red and blue galaxies. Galaxies best tted by a red
model, i.e., LRG models from G13 orred PZstandard models from Figure 7.1, are plotted in
red, whereas the rest of themain sample is blue in the plots. The red galaxies generally have
better photometric redshift estimates, which is due to the D00A break. The blue galaxies
on the other hand do not exhibit such strong features in their SEDs (cf. Figure 7.1) in the
wavelength range observed by DES. Their spectral featureshiat could serve as good phota
indicators mostly consist of emission lines that are not reslved by broadband observations.

Figure 7.4 shows the redshift distributions N (z) of zgpec and zpnet With and without u
band data. While we often concentrate on predicting the redsifts of individual objects
correctly, for some science, e.g., cosmic shear studies,etfoverall redshift distribution is of
greater interest. In contrast to the estimation of individu al redshifts, we cannot observe an
improvement on N (z) when we includeu band data in the photo-z estimation. This is mostly
because the errors in the photometric redshifts withoutu are not systematic o sets and small
in comparison to the width of the overall distribution, and t herefore only slightly change the
shape ofN (z) in comparison to the results including u.

In Figure 7.5 we show the deviations in magnitude mag of the predicted model magni-
tudes from the validation data when tted to the spectroscopic redshift and after applying
our zero point o sets. The upper panels present the results whout the u band data, whereas
the lower panels includeu. We t a Gaussian to every mag histogram and include the
resulting parameters in the respective panels. We see thathtough our zero point o sets we
achieve very small mean mag values of orderO(10 3). This is reassuring and means that
our model set is able to represent the data. The histograms ahe r, i, and z band magnitude
o sets are very well tted by a Gaussian, whereas we observe igher anks in the histograms
of the other Iter bands, which is likely due to an increase in the photometric measurement
errors.

Table 7.3 presents the photoz quality metrics for the deep-deepand the deep-maintests.
We observe that deviations in the metrics do not di er more than at the 10% level from the
main-main test in most cases. The results in outlier rate and bias imprge when we consider
higher S=N data in the deep-deeptest, whereas the scatter is more or less the same. The
absolute values ofh z% slightly decreases compared to Table 7.2, and o is also nearer to
the desired value of 1. The KS test value worsens in comparisowith the main-main test in
the case without u, and stays the same for the run withu band data.
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Figure 7.3: Photometric versus spectroscopic redshift results of thenain-main test on the DES-SV
data without using u band data (upper panel) and includingu (lower panel). Galaxies with best tting
red models (LRG models andred PZstandard models in Fig. 7.1) are highlighted in red, whereas the
rest of the sample is plotted in a blue mesh.
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Figure 7.4: Photometric redshift distribution for main-main test without u band (blue) and including
the u band (green). The spectroscopic redshift distribution is pgotted in gray.

In the deep-maintest also the rst two metrics improve, whereas the scatter gays the same
compared to the calibration on the main data. The bias in h z4 worsens slightly, whereas

-0 improves to a very small degree. Finally, theKS values show an increase in their values
compared to Table 7.2.

hzi (z) hz% (29 KS

deep-deeptest

without u band | 8:7% 0:020 Q15 0:25 10 0:065
with u band | 3:9% 0:017 Q12 0:24 I1 0:052

deep-main test

without u band | 9:7% 0:031 Q14 0:30 096 0056
with u band | 5:1% 0:026 Q12 0:28 096 0055

Table 7.3: Photometric redshift results for deep-deepand deep-main tests without u band and
including the u band. De nitions of the metrics can be found in Appendix A. They are calculated
using the weights of Lima et al. (2008) discussed in the text.

Summary

In comparison to the other template tting codes tested in Sanchez et al. (2014), our template-
prior combination is among the best 30% concerning bias and scatter. Our photometric
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Figure 7.5: Deviations of predicted magnitudes from the model SEDs to tke validation main data
after zero point calibration on the main calibration set. The upper ve panels show mag for a
calibration without u band, whereas the lower panels use th& band data. The curves represent
Gaussians when tted to the histograms of mag. and of the Gauss curves are given in each

panel.
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redshift results can reproduce theN (zpnot) distribution best compared to the other investi-
gated template tting methods.

In conclusion we can say that photoz results of higher S=N data are more accurate than of
lower S=N data, which is not surprising given the precision of the data The errors of the
photometric redshifts show no systematics, i.e., are not sstematically over- or underestimat-
ing the real errors. However, the absolute values of the biasannot be decreased by taking
the estimated errors into account, hence the negative valueof z°% The metrics describing
how close theN (zpnot) and N (zspec) distributions are, worsen when we consider the deeper
calibration data, except for the KS value in the deep-deeprun if we include u band data
in the photo-z estimation. In the deep-main test this is probably due to the fact that we
calibrate on deeper data than the validation data and therebre these two samples di er from
one another.

Finally, in all runs the inclusion of u band data signi cantly improves the quality of the in-
dividual photo-z predictions in terms of catastrophic outlier rate, bias, ard scatter. u band
information is speci cally important for any template based photo-z code to be able to dis-
tinguish between red and blue galaxies on account of their xes redwards of 400@ for lower
redshifts, but it also includes clues about the steepness ithe blue part of the spectrum for
higher z.



Chapter

Physical Properties of a Youag 6
Galaxy Quintuply Lensed by the Cluster
RXC J2248.7-4431

This chapter presents work | have done to estimate the physial properties of a galaxy lensed
by the cluster RXC J2248.7-4431. This section was publisheds part of a strong lensing
analysis led by Anna Monna, Stella Seitz, Natascha Greiseland Thomas Eichner, et al. in
the Monthly Notices of the Royal Astronomical Society(Monna et al., 2014, hereafter Mo14).
We refer to Mo14 for a detailed description of the data reducion, photometric and strong
lensing analyses of the highe quintuply lensed galaxy. We also refer to Balestra et al. (2Q3),
Boone et al. (2013), and Karman et al. (2014) for details abotithe spectroscopic con rma-
tion of the z 6 nature of this source and the properties inferred by its obsrved spectra.
Here we want to give a very brief introduction into gravitati onal lensing and a short summary
of the strong lensing part of Mo14.

Light is bent while passing through the gravitational elds of masses gravitational lens-
ing). Therefore, if a massive object lies in the line of sight beteen a light source and an
observer, the image of the source will be aected. The mass sictures, the gravitational
lenses can be other galaxies, galaxy clusters, or even stars or phets. Gravitational lensing
will cause a distortion and magni cation of the image or evencreate multiple images of the
background source §trong lensing). For a very conclusive introduction to gravitational lens-
ing we would like to refer to Schneider et al. (2006).

Lensing analyses are used to derive the projected total masdistribution of the structures

acting as gravitational lenses. Strong gravitational lengng allows to reconstruct the density
pro le of galaxies and galaxy clusters. In parametric lensing techniques, analytic mass pro les
are used to describe the cluster smooth dark matter halo andhe structures within.

In Mol4, a strong lensing analysis is performed to reconstret the cluster mass pro le
of the cluster RXC J2248.7-4431. This is a very massive clust with a virial mass! of
Mogo > 2.5 10'°M (Guzzo et al., 2009), which is located at a redshift ofz  0:384. It
was observed as part of theCluster Lensing And Supernovae survey with Hubbl¢CLASH,

1The virial radius rae is the radius of a sphere with mean mass density is = ¢ it = 200 ¢t . The
virial mass M is then the mass enclosed in a sphere with radiusrzo0, M200 =4 =3 ¢ it 300-
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Figure 8.1: CLASH lter transmission curves.

Postman et al., 2012) targeting 25 clusters with theHubble Space TelescopéHST) and com-
bining ground- and space-based photometry for the reconstrction of the cluster mass pro les.
Photometric data was taken through 16 overlapping broadbaml Iters ranging from 2000
to  17,000A, which are shown in Figure 8.1. Mol4 identied ve lensed images of a star
forming galaxy in the core of RXC J2248, employing the dropoti technique (cf. Sec. 2). An
image of the inner part of the cluster and the ve images of thebackground galaxy are given
in Figure 8.2. The central image lies in the cluster center, ad is detectable only after remov-
ing the brightest cluster galaxy (BCG) in the NIR images. Unfortunately, the photometry
of ID1 is strongly contaminated by the nearby galaxy, wherea ID4 is detected only at a 3
level in the rst detection band f 814 at 814 nm. From the ve images of the lensed galaxy,
ID2 and ID3 have the best photometry, which is detected at a 5 level in the rst detection
band f 814. The photometric redshift estimate for the lensed galay lies at z  5:88 and
z 6:04 for the two images (ID2&3 henceforth) with non-contaminated photometry. The
photometry is shown together with the photometric redshift results in Figure 8.3. The object
was spectroscopically con rmed after the publication of Mdl4, and the spectroscopic redshift
was measured tozspec = 6:11 for the images ID2-4 (Balestra et al., 2013; Boone et al.,@.3;
Karman et al., 2014).

In the following we estimate the physical properties of the énsed system by SED tting
to the observed photometry in the CLASH Iters with SEDfit . The SEDfit algorithm was
explained in Section 5.1. We use the approximate mean phota-value of the four images
(ID1-4) of zphot = 5:9 for the SED tting. As noted already above, the images ID2 and ID3
are the ones with the best photometry, which do not su er from any contamination by nearby
sources, so we focus on these images for the SED t. As basisrfthe template set for the
tting we chose the SSP model SEDs of BC03 with a Chabrier IMF (Chabrier, 2003) and
Padova 1994 evolutionary tracks. From these we create CSPsith the software GALAXEAs
mentioned in Section 4.2 the SFH of galaxies is commonly desbed by a so-called model
that follows:

(t)/ exp( t=); (8.1)

where (t) is the star formation rate, and the (positive) e-folding timescale. t is the time
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Figure 8.2: HST color composite images of the inner region of RXC J2248Upper Panel: critical
lines (blue) and caustics (red), for the source atz 6, for the best strong lensing model. The green
squares show the ID1-4 positions, while in cyan we show the iages that the strong lensing model
predicts for the source. Lower Panel: Predictions of the images for the system ID1-4 from the nal
best model. The green squares are the observed positions atige cyan contours are the predicted
images for the source. We show the zoom on the predicted imagg8:0°° 8:0% in the HST/ f 110w
image. The red arrow indicates the position of the 5th centrdimage predicted for this system.
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Figure 8.3: Photometric redshift results with the software LePhare (Arnouts et al., 1999; libert et al.,
2006). Black squares are the observed magnitudes, open des are the predicted magnitudes, and
arrows represent upper limits in the detection. The black, geen and magenta lines are the galaxy,
guasar and stellar templates respectively. The PDF of the rdshift for the galaxy template is given in

the lower right corner of each t.
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that has elapsed since the start of star formation, i.e., theage of the galaxy. This function de-
scribes well the SFHs of local galaxies, but likely does notdid for z & 1 (e.g., Maraston et al.,
2010; Lilly et al., 2013). In fact, Maraston et al. (2010) shaved that tting model SEDs with
exponentially decreasing SFRs to star-forming galaxies az 2 yields unrealistic young ages
because the galaxy spectrum is then dominated by the young stlar population. Moreover,
they showed that models with negative lead to more physical results.

Here we create CSPs for models with both positive and negative values, and therefore
decreasing and increasing SFR, as these should set lower andper limits to the SFR of the
investigated galaxy. We generate CSPs with metallicities 6Z = 0:005, 002, 02, 04, 1, 25Z
and e-folding timescales of = 0:01, 0:1, 05, 1.0, 2.0, 3.0, 4:0,and 5:0Gyr for
the model. The created CSPs are extracted at 24 di erent ages edlly distributed in log-
arithmic space between 0L Myr and 3 Gyr. Additionally to the CSPs, we extract SSPs with
the same metallicities and ages. For model ages that are high than the age of the Universe
at redshift 5:9 the SED tting code will assign probabilities of zero. The extinction is allowed
to take values betweenAy = 0:0 and 30 with steps of Q1. In this case we do not include a
burst model, since the galaxy is expected to be very young (tb age of the Universe az = 5:9
is  1.0Gynr).

We perform the SED tting for model sets containing the SSPs and CSPs with increasing
and decreasing SFH separately, and afterwards with all mode combined. The results are
summarized in Table 8.1.

Using the SSPs models, the best ts yield subsolar metallidgies (0.2 and Q005Z for ID2 and
ID3 respectively) and very young ages (0.1 and 1.5 Myr for ID2and ID3 respectively). The
results when using the CSPs with increasing and decreasing-R are similar to one another.
The best ts yield the same values for the metallicities (0.2and 0.005Z ) and comparable
small ages (05 and 15 Myr). In summary, for the three di erent model sets (SSPs, and CSPs
with 7 0) the results for metallicities, extinctions, and ages areessentially the same (ex-
cept for the age of ID2, which is 01 Myr for the CSPs, and 05 Myr for the SSPs). Actually
this is what we would expect given the small ages resulting frm the best ts. Within these
short timescales ( ) the galaxies could not evolve signi cantly which is why the stellar
populations (and therefore SEDs) of the CSPs are very similato one another and also to the
SSPs. When including all models (CSPs and SSPs) in the SED ting, we get that ID2 is
better tted by a CSP model with increasing SFR, while an SSP nmodel is preferred for ID3.
In any case, the di erences in the stellar populations are, a mentioned above, not very high
at these young ages which is why the results for ID2&3 are in god agreement.

All the results are shown in greater detail in Appendix D, Figures D.1 to D.8, where we plot
the best tting SEDs and the marginalized likelihood distri butions in parameter spaces, as
well as in Figure D.9 which displays the PDFs of the model agesThrough interpolation of
the age PDF, we calculate that ID2&3 have ages within the inteval of [0.1, 330] Myr (centered
on the PDF) at a 2 condence. The same was done for the masses, which we estineato
be within [0:3; 7:5] 10°M at the same level of con dence. The best tting masses and the
age and mass intervals are also summarized in Table 8.1. Theduced 2 values of all tting
results lie between 10 and 1Z and di er only marginally when the underlying model set is
changed.

We furthermore estimate the UV slope (Tab. 8.1) from the best tting SED of each run
by a linear t of log( f ) versus log( ) within 2 [1276 2490]A (see Calzetti et al., 1994),
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ID [Gyrl Z[z ] ageMyrl M -[10°M ] uv Av

SSPs

ID2 SSP 0.2 0.1[0.1,45] 0.093[0.17,0.28] 2:90 0:02 0.2
ID3 SSP 0.005 1.5]0.1,111] 0.21[0.034,0.79] 2:64 0:02 0.4

< 0 model CSPs

ID2 -1.5 0.2 0.5[0.1,274] 0.093 [0.034,0.25] 2:90 0:02 0.2
ID3 -0.1 0.005 1.5[0.1,301] 0.23[0.059,0.71] 2:62 0:.02 0.4

> 0 model CSPs

D2 0.1 0.2 0.5][0.1,291] 0.093[0.034,0.27] 290 0:02 0.2
D3 0.1 0.005 1.5[0.1,383] 0.23[0.059,0.78] 2:62 0:02 0.4

all combined

D2 -1.5 0.2 0.5[0.1,270] 0.093[0.033,0.26] 2:90 0:02 0.2
ID3 SSP  0.005 1.5[0.1,330] 0.21[0.058,0.75] 264 002 0.4

Table 8.1: Best tting parameters from SED tting CSPs, SSPs, and all mo dels combined. Positive
values for stand for an exponentially decreasing SFR with (t) / exp( t= ), while negative values
denote an increasing SFR. We interpolate the PDF of model age(see also Fig. D.9 in Appendix D)
and calculate the age interval within which the probability of a tis 95:45% (corresponding to a 2
con dence interval). These 2 intervals are given in brackets in the columnage The same was done
for the stellar masses, where the corresponding intervalsra in column M,. Note that the age and
mass values of the best tting model do not necessarily lie inthe calculated intervals.

getting results which are in very good agreement with = 2:89 0:25 estimated using the
observed NIR colors in Section 4 of Mo14.
We also combine the likelihoods from the SED ts of the two cardidates, and the results
are the same as the previous ones, with equal constraints orgas and masses. Moreover, we
repeat the SED ts with SSPs and CSPs, using this time the comlined photometry of the
two lensed images ID2&ID3, and the SED ts lead to same constaints on masses and ages.
We supplement our photometric dataset with mosaic mid-IR imaging data from Spitzer ob-
tained with the Infrared Array Camera (IRAC) in channell (3:6 m) and channel2 (45 m),
from the survey Use of massive clusters as cosmological less(PI: G. Rieke, program ID 83).
We analyze whether the inclusion of additional information through the shallow data from
the IRAC of the Spitzer Telescope a ects our results. We repat the previous SED tting
but include the upper limits estimated in the 3:6 m and 45 m Iters in the photometry. In
this step we only focus on ID3, since the ID2 IRAC photometry & signi cantly contaminated
by the nearby cluster members. The best tting SSP model has a age of 15Myr within
the 2 interval of [0:1; 30] Myr and mass of 22 10°M within [0:4; 5:2] 10°M . For the
increasing and decreasing SFH we get respectively = 2:5Gyr and = 2:5Gyr, ages of
2:5Myr within [0 :1; 222] Myr and 2:5 Myr within [0 :1; 212] Myr, and masses of 2 10°M
within [0:6; 4:7] 10®M . In these cases, the best tting models require a higher than the
previous results, in which we get = 0:1Gyr. However, in Appendix D (Figures D.1 to
D.4 for increasing and decreasing SFH models) we show that ehprobability distributions of
are very at, so that slight changes in the input photometry can change the best tting
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[Gyr] Z[Z ] age [Myr] M 5[10°M ] oV Av Ref.
Riy SSP 0.005 3.5[® 13 10°] 0.2[0.3,11.4] 203 0:02 0.8 Mol4

0.5 | [640, 940] 6:3%8 2 | R11
s1p 01 0.005 300 [4.7, 700] 1.3[0.2,1.5] 2:32 0:02 0.0 Mol4

| 0.5 180 1 250 0:.06 | 2z12

Table 8.2: Best tting parameters for the objects of R11 and Z12 in the clusters A383 and MACS0329
respectively. Columns are the same as in Tab. 8.1, and the lagolumn gives the reference.

values for very easily. Finally, when combining all the models, the bes t is provided by
the SSP model with age of 35 Myr within [0 :1; 211] Myr, and best mass of 2 10°M within
[0:6; 4:8] 10°M . The metallicities and the dust contents of all the cases rerain the same as
in the previous results. Thus, the inclusion of IRAC upper limits for ID3 leads to best tting
parameters which are in agreement with the previous ones foall the cases, and to slightly
smaller 2 intervals for the age and mass.

It it planned to observe the cluster RXC J2248 with the Spitzer telescopé in the future.
These observations will give photometry in the visible wavéength region in the rest frame of
the spectrum, and will enable us to constrain the galaxy progrties (like age and stellar mass)
more accurately.

To compare our results with properties of young galaxies frm the literature, we perform
the same tting procedure (using CSP and SSP models) on otheknown z 6 lensed sources
selected in the eld of the CLASH clusters (i.e., Richard et d., 2011; Zitrin et al., 2012;
Bradley et al., 2014), for which we have the same photometry s for our candidate. The SED
tting performed in our work uses similar model parameters & Zitrin et al. (2012, hereafter
Z12). The main di erence is in the lowest model ages, which i€:1 Myr in our work and 5 Myr
in Z12. Forthe z  6:2 quadruply lensed galaxy in the eld of MACS0329, we get reslis that
are consistent with 212, for a low mass (M 10°M ) young galaxy. Our best age (300 Myr)
is slightly higher, but still consistent within the 2  con dence level.

Richard et al. (2011, hereafter R11), unlike us, adopt in thér SED tting models a Salpeter
IMF and smaller ranges for the metallicity (Z within [0:2; 1]Z ) and ages (within 10 Myr and
1 Gyr). Our best age is much younger than the age range predied in R11, although our 2
con dence level age interval of [3; 10%] Myr covers the age range of [640, 940] Myr given in
R11. As a consequence, also the stellar mass is found to be tudi erent, given that our best
value is much smaller than the mass estimated by R11 (althoulg they are anyhow consistent
within our 2 con dence level mass interval). In Table 8.2 we summarize ouresults for these
two lensed systems, and provide the physical properties eishated in the reference works.

We also perform the SED tting for the 208 galaxy candidates & z 6 from Bradley et al.
(2014, hereafter B14). We plot in Fig. 8.4 the best tting masses versus ages for these
candidates, together with the results we get for our systemR11 and Z12. Our candidates
have age and mass similar to many young candidates from B14.nlFigure 8.5 we show the
histograms for best age, with the lower and upper age limitsfor B14 and our candidates.

2http://ssc.spitzer.caltech.edu/warmmission/scheduli ng/approvedprograms/ddt/frontier/
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Figure 8.4: Age and mass results for SED tting runs with all SFHs combined on the objects from the
literature and the system discussed in this paper. The plot kows the objects of R11 (green triangle),
Z12 (purple square), B14 (green diamonds), and ID2&3 (red pmts). Error bars show the intervals
in mass and age within which the total probability reads 9545 % (corresponding to a 2 con dence
interval). Note that the best tting values therefore do not necessarily lie within these intervals. To
improve on the clarity of the gure we did not plot the interva Is for the B14 objects.

Albeit the 2 con dence level intervals are large, we see that our multipé lensed system is
de nitely among the young sample ofz 6 galaxies. We also estimate the UV slope from
the best SED tting templates for all the sources and we get that our candidate belongs to
the sample of galaxies with very steep UV slope (  2:6 2:9). Moreover, despite the large
2 con dence level intervals on the ages, our SED tting suggets a very young best age for
our system, compared to the otherz 6 multiply lensed galaxies (Z12 and R11), while the
Z12 and R11 have con rmed older ages, in agreement with the mlts from the literature.

Summary

We estimate the physical properties of the highz system, lensed by the galaxy cluster
RXC J2248.7-4431, which may very well be a progenitor of premt massive ellipticals. We
perform a SED tting of the observed photometry of the system, using SSP and CSP SED
templates, and derive that our candidate has subsolar metdicity (Z < 0:2Z ), low dust
content (Ay 0:2 0:4), stellar massM, 108M and best age of 1Myr. Although the
age is not well constrained, we can set an upper limit of 300 Myr, given the 2 uncertain-
ties we get. The young age is an indication that the highz galaxy could be a progenitor of
present massive elliptical galaxies. We verify that includng the shallow IRAC photometric
upper limits in the SED tting leads to similar results, with slightly smaller 2 intervals
on the mass and age. Finally, we compare our predicted ages dmasses, with thez 6
candidates selected up to the date of the publication in the eld of all CLASH clusters, and
we nd that our multiply lensed galaxy has a young age and low nass, similar to some of the
objects from B13. However, compared to the other known mulply lensedz 6 galaxies,
our SED tting suggests a younger age for our multiple lensedsystem. This source adds to
the several multiple lensed objects known at highe, characterized for being ve times lensed,
with a central image identi ed in the very inner region of the lensing cluster.
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Figure 8.5: Upper panel Histogram of the best ages for thez 6 candidates from R11, 212, and
B14 (in black). We plot in lighter and darker blue the age lower and upper limits respectively for the
2 condence level intervals of thez 6 candidates. In green we plot ID2&3. The 2 con dence level
intervals are too large to well constrain the ages of the souwes, however our multiple lensed system
surely belongs to the young sample ok 6 galaxies. Lower panel: Histogram of the UV slope as
measured from the best tting SED templates for the B14 canddates (in black) and for our high-z

galaxy (in green).






Chapter

Summary and Conclusion

The main goal of this thesis was the estimation of accurate pbtometric redshifts with tem-

plate tting methods through an improvement of the template set. Concurrently, we aimed
to improve our knowledge on the physical and the rest frame poperties of the studied galaxy
samples. We therefore searched for spectral energy distuitions (SEDs) with known proper-

ties that matched the photometry of the galaxies. Furthermore, we tried to nd small model

sets that represent the analyzed galaxy samples while progling accurate photozs when used
in template tting codes.

In the beginning we analyzed the colors as functions of redst of public model SEDs
that are used with photometric redshift template tting cod es in comparison to SDSS-II
luminous red galaxy (LRG) data. We found that no model was abk to produce the colors
of the LRGs throughout the redshift range of the sample. Eventhough the passively evolv-
ing Maraston et al. (2009, M09) model showed promising rests, it neither could match all
the colors nor could it account for their spread. This gave rase to the need of new model
SEDs that can match the SDSS-II LRG colors and for SEDs that ae speci cally designed
for di erent redshifts and hence galaxy populations. We theefore performed ts of single
and composite stellar population models of Bruzual & Charld (2003, BC03) with decreasing
star formation histories (SFHs) to the photometry of the SDSS-II LRGs with the software
SEDfit . Apart from the SFH, the tting process included extinction by dust, a burst model
in superposition and extinction of the burst as degrees of #gedom. We performed the t on
ve di erent redshift intervals to account for evolution wi th redshift. From this large set of
best tting models we chose a much smaller subsample that ref@sents the data within a grid
that includes the region inther i vs. u g color spaces which is densely populated by the
LRGs. We additionally selected models outside the grid to acount for galaxies with peculiar
colors.

The selected models were then used in a photo-estimation with the Bayesian template tting
code PhotoZ. The overall bias in the photo-z error is very smallh zi = 0:0004, but it lies
between 0:01 and Q01 when tracked as a function of redshift. Furthermore, the faction of
\catastrophically” wrong zpnot estimates is small =0:12 9%, as is the root mean square (RMS)
scatter ( z)=0:027. The SDSS published phot results from a template tting approach
and two empirical methods. Compared to the redshifts of SDSSthe bias of the photozs of
this work changes much less strongly as a function oz which is important for any science
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application in which the redshifts are used.

Since we created the model SEDs without any prior knowledgelzout their properties at wave-
lengths bluer than the SDSSu band, we compared the predicted ultraviolet (UV) colors to
GALEX observations of early-type galaxies at 005 z 0:12 of Ree et al. (2012, R12). We
found that the UV colors of our LRG models match the colors of he quiescent, star-forming,
and composite samples of R12. After that, we analyzed the betvior of the new models when
tted to the spectroscopic redshift of the LRG sample as fundions of luminosity and redshift.
For local LRGs with z  0:1 we observed that the best tting models show increasing uxes
in the blue part of the spectrum with decreasing luminosity. The uxes in the blue spectral
region are mostly caused by young stars in the galaxy. We comrmed this observation by
inspecting the observed SDSS spectra from the same galaxiadich exhibit the same trend.
Another con rmation was obtained by investigating the fraction of LRGs that show signs of
star formation on account of their line indices (from the SDSS spectra), i.e., the LRGs with
logo(Olll =H ) < 0:7 1:2(log;o(NIl=H ) 0:4).

Afterwards, we generated model SEDs for the BOSS CMASS gal@s which are similar
to the SDSS-II LRGs, but extend to higher redshiftsz . 0:9. We analyzed the colors of the
MOQ9 model for di erent formation redshifts and also constart ages and observe (similar to the
SDSS-II LRGSs) that it cannot produce the same color range thathe data shows and that it
di ers from the data in some redshift ranges and colors. In oder to create a set of template
SEDs for photoz estimation we again tted model SEDs to the data similar to the SED
t previously performed on the SDSS-II LRGs. The mismatch in colors of the best tting
models and the data, which was already present for the LRG saple, is even more prominent
for the CMASS galaxies. It is predominant in thei z color, wherefore we modi ed the red
continuum slope in order to match the data. The observed z colors require smaller values
(bluer SEDs) and we modi ed the models by multiplication wit h for i. Introduced
in the SED tting, the best tting models match the color space inhabited by the CMASS
galaxies to a much better extent than the original BC03 modes.

We selected a subset from the best tting models which shouldrepresent the data in terms
of their colors and absolute magnitude. Therefore, we projeted the four-dimensional space
spanned byg r,r i,i z, and absolute magnitudeM, onto a plane with a self organizing
map. We then used ak-means clustering algorithm to identify six clusters of thedata in the
SOM and create Voronoi cells around them. From each cell a maa which yields accurate
photometric redshift results was selected for the later phto-z template set. Afterwards, we
analyzed the photoz performance on the whole CMASS sample for each model sepasy
and concurrently adopted redshift priors where it improved the redshift quality. Additionally,
when a change in priors could not improve the bad photaz quality of a model, we erased it
from the nal template set which consists of nine models in the end.

We then analyzed the photoz accuracy of the new models in comparison to the two phota
results from SDSS. The redshifts estimated with our novel mdel set outperform those pub-
lished by SDSS in terms of bias and scatter. Furthermore, theredshift errors derived from
the probability distribution functions (PDFs) of the resul ts from this work are much more
reliable than the SDSS errors, albeit they are not reliable m classifying outliers.

Finally, we compared the colors that are predicted from our nodels with our photo-zs and
those with the better of the two SDSS photozs respectively to the data. Also in this analysis
the photometric redshifts from this work provide better results.
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We furthermore estimated photo-zs for mixed samples of red and blue galaxies, where we
present our photometric redshift results for the DES sciene veri cation data. The models
of the SDSS-1I LRGs were combined with three further red tempates as well as a number of
SEDs showing few to very high star formation activity. The DES provided a main sample
which was observed at the main survey depth, and aleep sample with deeper photometry.
Recalibration of the photometric zero point o sets was performed on separate samples with
main and deep photometry, after which we estimated the photozs for the query main and
deep samples, yielding the combinations: main-main, deep-deepand deep-main The latter
was a test to evaluate if the calibration/training on deep data could improve the photometric
redshifts of the main catalog. We could not observe an improvement in the photaes of the
main catalog when we recalibrated on thedeepgalaxies, in fact the Kolmogorov-Smirnov (KS)
test value increased slightly. Calibrating on and evaluatng redshifts of the deepsample pro-
duced photozs that ware more accurate than those of themain sample in terms of their
outlier fraction.

We also studied the impact ofu band data on the photoz accuracy which is important for
the distinction of blue and red galaxies at lower redshifts. Indeed, including u band data in
the zpnot estimation approximately reduced the outlier fraction by a factor of 2 and decreased
the scatter noticeably.

In the last chapter we studied the physical properties of a gintuply lensed system located
at high redshift z 6. We found that the galaxy has subsolar metallicity and a low dust
content. The SED tting results suggest an age of 1 Myr which is not well constrained, but
is lower than 300 Myr at a 2 con dence. Therefore, the lensed system is possibly a proge
tor of massive red elliptical galaxies at of low redshift Futhermore, we derived a low stellar
mass ofM, 10°M . Compared to results for highz galaxies in the literature, our galaxy
is similar to some of the galaxies investigated by B13, but ha lower ages in comparison to
samples from other publications.

We discussed the advantages and disadvantages of templatdting codes and empirical
methods in Chapter 2. From Chapters 5 and 6 we learned that temlate tting methods
can outperform empirical approaches, although large repr&entative spectroscopic training
sets are available, if only the template SEDs match the datam question. However, some
studies indicate that empirical approaches outperform tenplate tting methods, especially
when mixed samples of blue and red galaxies are analyzed antle spectroscopic training
sample is representative (Abdalla et al., 2011; Sanchez eal., 2014). This is mostly the case
if the model set in template tting methods is not a good representation of the data and/or
the accuracy su ers from degeneracies in colors that are nolifted by the prior probabilities
(Hildebrandt et al., 2010). In the future, a combination of empirical and template tting
approaches seem to be most promising in providing precise pko-zs, to incorporate the ad-
vantages of both methods. This can be done, e.g., by combininthe P (z) distributions of one
or more empirical and a template tting method, or by decidin g the goodness of the phote
estimate on the basis of the shape of the PDF (e.g., Carrascoild & Brunner, 2014a).
Furthermore, adaptive improvements of the redshift and luminosity priors of templates on
the basis of a spectroscopic training set (or a set with accuate photometric redshifts) could
improve the photo-z accuracy with the caveat that the priors would have to be retrained for
di erent observations. As can be seen from Figures 5.9 in Séion 5.5.2 and Figure 6.1 in
Section 6.1, the redshift and luminosity are not independehfrom one another, as treated by
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the function of the prior P( jT)= P(MjT) P(zjT) (Eg. 2.7 in Sec. 2.2.2). Instead, the prior
probability should be set up as a 2-dimensional functionP( jT) = P(M;zjT).

Estimating the physical properties of galaxies from photonetry requires a good model for
the SFH and therefore the stellar content. While we do not clam to be able to recover the
physical properties from SDSS broad-band lters, we saw thathere are systematic o sets of
the colors from the models to the data with the considered modl SEDs. These have to be
addressed in a more physical way by changing the function fothe star formation rate (SFR)
and/or by superposition of SEDs with di erent properties. W e already took the latter into
account when we tted a star burst component in superpositian to a main SED component,
but the burst should primarily a ect the light in the blue par t of the spectrum and not the
red part which causes the o sets. In future analyses a more aguoplex star formation history
could be considered, or multi-component SEDs (Daz Garca et al., submitted 2014), since
age or metallicity can vary within galaxies (e.g., Tamura et al., 2000; Sanchez-Bhzquez et al.,
2014). However, if the color mismatch would be an e ect of a falty SFH, we would at least
expect that we bracket the galaxy population in color space. Therefore, we expect that
the modelling of the stellar evolutionary tracks is not entirely correct, most probably in the
asymptotic giant branch (AGB) phase. In any event, progresson the subject of galaxy pop-
ulation studies has the most prospect for spectroscopic orarrow-band photometric surveys,
because of their ability to resolve spectral lines which gig important clues for the derivation
of the underlying stellar population.



Acronyms

AGB asymptotic giant branch

AGN active galactic nucleus

ANN arti cial neural network

B14 Bradley et al. (2014)

BAO baryon acoustic oscillation

BCO03 Bruzual & Charlot (2003)

BCG brightest cluster galaxy

BOSS Baryon Oscillation Spectroscopic Survey
CLASH Cluster Lensing And Supernovae survey with Hubble
CMB cosmic microwave background

CSP composite stellar population

CWW models of Coleman et al. (1980)

DES Dark Energy Survey

ETG early type galaxy

FUV far ultraviolet

G13 Greisel et al. (2013)

GALEX Galaxy Evolution Explorer

HST Hubble Space Telescope

IMF initial mass function

IR infrared

IRAC Infrared Array Camera
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KS Kolmogorov-Smirnov

LRG luminous red galaxy

LTG late type galaxy

MO5 models of Maraston (2005)
M09 model of Maraston et al. (2009)
M11 models of Maraston & Stemback (2011)
Mol4 Monna et al. (2014)

NIR near infrared

NUV near ultraviolet

Pan-STARRS Panoramic Survey Telescope and Rapid Response System
PCA principal component analysis
PDF probability distribution function
photo- z photometric redshift

R11 Richard et al. (2011)

R12 Ree et al. (2012)

RMS root mean square

RSF recently star forming

SDSS Sloan Digital Sky Survey

SED spectral energy distribution
SFH star formation history

SFR star formation rate

SOM self-organizing map

spec-z spectroscopic redshift

SSP single stellar population

UV ultraviolet

Z12 Zitrin et al. (2012)
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Appendix

Photometric Redshift Quality Metrics

We summarize the metrics we use in Chapters 5, 6, and 7 for theuglity assessment of the
photometric redshift estimations. In the text as in the following z denotes the real deviation
of the photometric redshift from the spectroscopic redshif, z = Zpnot  Zspee and  z is
the error in the rest frame  zs = zX1+ Zspec). The estimated error from any photo-z code
is termed z.

Catastrophic Outlier Rate

The percental fraction of so-calledcatastrophic outliers is de ned by their absolute photo-
metric redshift error in the rest frame, | z¢] 0:15. While the value of Q15 is somewhat
arbitrary, we chose to adopt it in consistency with llbert et al. (2006).

Bias

The bias is the mean deviation ofzphot from zgpec,

I
h2|=ﬁ_ Zi, or

i=1

A
thf|:W Zyf -

i=1

in the rest frame respectively, wherei runs over the total number of objectsN in the inves-
tigated sample.

Mean Errors

The calculation of the mean errors is as for the bias above, hwith j zj instead of z, and
] zg:ij instead of z;s.; respectively.
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Square Root of the Sample Variance

The square roots of the sample variance of z, and zs in the rest frame are:

" LR #1=0
(2)= ——  (z h zi)? or
N 1i:1
! L X #1=
(z)= = (ztq h zi)?
N1,

Normalized Median Absolute Deviation

Similar to the root mean squared error, the normalized media absolute deviation (NMAD)
for non-outliers (photo-z estimations that do not ful Il the outlier criterion above) gives clues
about the z distribution, but without taking the anks (the outliers) o f the distribution
into account. It is calculated as

nmap = 1:48 median ( er)non outliers

Gaussian Distribution of z

To analyze how well the distribution of z resembles a Gaussian distribution, we de ne,
1 X

P P( z Zy) N

11 . zx]( 2);

z

where x can hold any percental value of the distribution. 1x (x) is the indicator function
which equals 1 forx 2 X, and zero otherwise. Let 2zs9 denote the median of z, then
Pso = % We introduce the half of the interval in  z where 6827 % of the galaxies of a
sample are enclosed, corresponding to a 1con dence, by

1
68 = E( Zg6 Z16):

Then, we can check how similar the distribution of z is to a Gaussian function by calculating
the fractions g5 and g9, Wherej zj 2 ggandj zj 3 gg respectively, and which should
read 9545 % and 9973 % to coincide with 2 and 3 intervals.

Kolmogorov-Smirnov Test

In order to quantify the similarity of the distribution N (Zpnot) t0 N (Zspec), from which et
and Zgspec are drawn, we adopt the Kolmogorov-Smirnov (KS) test. It de nes a value that
measures the maximum di erence between both cumulative digibutions:

KS = m:;lx (IFphoto-z(Z)  Fspecz(2)]) ;
where z runs over the array of both zgpec and zpnot values, and

F (Z) = 1[0;2[(Z );

z

with  either being specz or photo-z. The KS test can also be performed on the PDF# (z) of
the galaxies. Fphoto-2z(2) is then the cumulative probability distribution of the sta cked PDFs.
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Quality of Redshift Error Estimation

Most photo-z codes also estimate the error of their photometric redshiftestimate, mostly
from an underlying PDF. To measure the quality of the estimated error we introduce a
normalized error, Zz° z=z. The distribution of  z%should be nearing a standard normal
distribution, if the estimated z values are correct. Therefore, the meam z84 and the square
root of the sample variance

" #1:2

( %= — 22h 24?2

where N is the number of galaxies, give a measure of the accuracy.






Appendix

SED Fitting the SDSS-II LRG Data

B.1 SED Fitting Results with Di erent Model Sets

In Section 5 we created templates by tting model SEDs to the photometry of the SDSS
LRGs in order to produce SEDs matching the colors of the data.Here we want to show the
tting results and how well the models are able to cover the olserved colors. In Figures 4.9
and 4.11 we saw that both the BC03 and the M09 model SEDs can repsent the LRG data,
at least for a large part of the investigated redshift range. Both sets have a large variety of
ages (pluse-folding timescales and metallicities in the case of BC0O3 maels), thus they o er
the perspective to provide a well matching model set for eachedshift.

In addition to that, Maraston & Stremback (2011, M11) prov ide a large variety of single stellar
populations (SSPs) created from di erent stellar libraries and with varying metallicities and
ages. The M11 models are promising candidates to represerité LRG data in terms of colors,
wherefore we analyzed them in this regard and compared to theesults with BC03 models.
We could only use those M11 model SEDs that are provided for a awelength range su ciently
large to cover all SDSS lters at all LRG redshifts. These aretwo ux-calibrated empirical
stellar spectral libraries, Pickles (Pickles, 1998) and MLES (Sanchez-Bazquez et al., 2006),
and the theoretically derived MARCS (Gustafsson et al., 208) library. The Pickles models
have solar metallicity, either an initial mass function (IM F) of Chabrier (2003) or Salpeter,
and were extended in the near infrared (NIR) by M11. A versionwith a theoretical UV part
was additionally created by M11. The MILES single stellar pgulations (SSPs) in question
were extended in the NIR and UV, have a revised infrared (IR) $ope, and solar metallicity.
The MARCS models have metallicities ofZ = 0:0004 0.02, and Q04, and IMFs of Salpeter
and Kroupa (2001). A more thorough description of the SSPs awell as the SEDs can be found
in M11 and at http://www.icg.port.ac.uk/ ~maraston/M11/. These models are a subset
of all M11 covering a wavelength range wide enough for photoetric redshift estimation.

We produced composite stellar populations (CSPs) from the alected M11 models with the
software EzGal' (Mancone & Gonzalez, 2012). We apply exponential SFRs and # samee-
folding timescales that were used with BC0O3 (Sec. 4.2.2). Té whole range of available ages,
IMFs, and metallicities were exploited where possible in oder to cover the greatest variety
within the resulting SEDs.

These CSPs were then tted to the photometry in the same way aghe BC03 CSPs in Section 5

Ihttp://www.baryons.org/ezgal/
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(i.e., superposed by a burst model and with additional extirction) for each stellar library and
IMF separately. The same was also done with M09 models.

The SED tting results for the di erent redshift bins and col or spaces of M09/11 are
shown together with those of the BC03 models in Figures B.1 toB.3. From the M09/11
models in all cases the one with the smallest? result is chosen for the plot. The upper panel
of Figure B.1 (z  0:02) shows that the BC03 models cover the LRG colors better in his
z range, with the exception of riiz , where M09/M11 account for the lower right part that
is not covered by BC03. Furthermore, the BCO3 color contourstrace the LRG distribution
better than M09/11 in grri and griz. In the upper right and middle left panel the colors are
shown for the redshift binsatz 0:1, andz 0:2. Both model sets perform similarly well,
except forz  0:2, where M09/11 produces a slightly wider spread irugri. Apart from that,
the BCO3 contours follow well the density of the LRGs in the cdor spacesgrri and griz. At
z 0:3 the M09/11 models outperform BCO3 inriiz , whereas both describe the data colors
similarly in the other spaces (middle right panel). Here, the M09/11 SEDs produce two peaks
in riiz which cannot be observed for the LRGs. Finally, Figure B.3 slows the redshift bin
around 0:4, where M09/M11 still produce a wider spread inriiz , but are not able to match
the bluer part of the LRG's r i color. In addition to that, neither BC03 nor M09/11 models
cover the bluer part of thei  z color.

In Section 5.2 we already mentioned that the spread in the calrs of the data cannot be
completely accounted for by the photometric errors in this redshift range. The reason for the
spread must thus be of physical origin. Unfortunately, not the whole range ofi z of LRGs
at z 04 can be tted by the investigated models sets while simultareously matching the
g r andr i colors (where the latter has smaller errors thani  z). This is a feature of
BCO03 and M09/11 models, and the reason why we could not creat8EDs with blueri z in
Section 5.

The distributions of the 2 results of the tting to the various model sets are shown in
Figure B.4. Each analyzedz bin is displayed in a di erent panel, whereas the 2 distributions
for all redshift intervals combined is shown in the lower richt panel. BC0O3 outperforms the
other models (M09 and M11), regarding the 2 values, in every redshift slice except for
z 0:4, where the M11 Pickles models t the LRGs better, but only marginally. We would
like to add that the M11 Pickles models t the data best compared to the other M09/11
SEDs, and outperform the Pickles models with a theoretical W/ part of the spectrum for
each tted object.

Finally, the lower right panel of Figure B.4 shows that the 2 values are best also for alz
bins combined, as expected from the previous results. Folleing these results, and because of
the previous analysis of the colors of the produced SEDs, wedapted the BC03 models for
the creation of photo-z template SEDs.

B.2 Color-Color Relations of the New Models

Here we present the color{color relations of our models andhte LRG data. Figures 5.2, and
B.5{B.9 show the colors of the best tting SED models, the preselected models, and the
selected models after the removal of redundant SEDs in compeson to the LRG data itself
in the ugri, griz, grri, and riiz color spaces. We display the LRGs withu band errors below
the median and those with errors above with di erent colors to visualize the di erence in the
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Figure B.1: Color distribution of LRGs (gray) at z 0:02 and Q1. Contours show the SED tted
BCO03 (green), and M09/11 (red) models superposed with a butsmodel to t the LRGs.
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Figure B.2: Color distribution of LRGs (gray) at z 0:2 and 03. Contours show the SED tted
BCO03 (green), and M09/11 (red) models superposed with a butsmodel to t the LRGs.
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Figure B.3: Color distribution of LRGs (gray) at z  0:4. Contours show the SED tted BCO3
(green), and M09/11 (red) models superposed with a burst modl to t the LRGs.

populated loci within the ugri space, which becomes evident ax  0:3 (Figure B.8, upper
panel) andz 0:4 (Figure B.9, upper panel).

The grids we imposed on theugri plane within which we selected templates (see Section 5.2)
are displayed in the upper left panels of Figures 5.2 , and B{8.9, whereas the color bound-
ariesing r andi z are drawn in the lower panel of Figure 5.2, in Figure B.5 and inthe
lower left and in the right panels of Figures B.6{B.9.

In order to account for objects with peculiar colors which lie outside the boundaries as well,
we select additional SEDs by eye and con rm that they yield a ghotometric redshift bias lower
than 0.01, when used as single template for the subcatalogdm the samez range. If they do
not meet that requirement, we chose the SED of another objecfrom the color neighborhood
of the rst one, test for the bias, and so on until we nd a model from that color locus which
creates only a smallzpnot -bias.

Brightest cluster galaxies (BCGs) with very low UV-excess (.e., in the lower part of the UV
red sequence; see Section 5.5.1, Figure 5.8)at 0:1 are not matched by the models already
selected for that z range. But we nd that two SEDs originating from z  0:2 are able to
cover the considered region. Therefore, we add these tempéss toz  0:1, i.e., we assign the
same redshift priors as forz  0:1 models in addition to their former priors (see Section 2.2),
thereby covering the lower UV red sequence. The colors of tlse two models are shown by
yellow triangles in Figure B.6.
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Figure B.4: 2 distribution of SEDfit results of di erent model-sets: BC03 (black), M11 MARCS
stellar library with Salpeter IMF (blue), MARCS with Kroupa IMF (light blue), M11 MILES (green),

M11 Pickles (yellow), Pickles with theoretical UV (red), and M09 (light red). The di erent panels
show the various redshift slices in which the tting was performed. The lower right panel nally
displays the 2 results in all redshift intervals combined.
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Figure B.5: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs
(red) for 0:0 z 0:04. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The nan error bars of all objects are shown in
the lower right corners in dark blue, and the mean errors of olects with u band errors smaller than
the median in light blue (although they cannot be resolved inthis gure, since they are very small).

The boundaries within which the models are selected are showin black. The dark green dots are
the preselected models, whereas the light green points repsent the models that are left over after the
removal of redundant SEDs. The yellow dots are models that sall account for objects outside the
selected boundaries inugri and griz.
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Figure B.6: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs

(red) for 0:08 z 0:12. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The nan error bars of all objects are shown in
the lower right corners in dark blue, and the mean errors of olects with u band errors smaller than the
median in light blue (although they cannot be resolved in allpanels). The grid (upper panel) and the
boundary (lower panel) within which the models are selectedare shown in black. The dark green dots
are the preselected models, whereas the light green pointgpresent the models that are left over after
the removal of redundant SEDs. The yellow dots are models thiashall account for objects outside the
selected boundaries inugri and griz. Yellow triangles are models fromz  0:02 that lie in the lower

part of the UV red sequence of R12 (see Section 5.5.1, Figure8) and are added additionally in this

redshift range.
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Figure B.7: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs
(red) for 0:18 z  0:22. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The nan error bars of all objects are shown in
the lower right corners in dark blue, and the mean errors of ofects with u band errors smaller than
the median in light blue. The grid (upper panel) and the boundary (lower panel) within which the
models are selected are shown in black. The dark green dotsethe preselected models, whereas the
light green points represent the models that are left over akr the removal of redundant SEDs.
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Figure B.8: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs
(red) for 0:28 z  0:32. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The nan error bars of all objects are shown in
the lower right corners in dark blue, and the mean errors of ofects with u band errors smaller than
the median in light blue. The grid (upper panel) and the boundary (lower panel) within which the
models are selected are shown in black. The dark green dotsethe preselected models, whereas the
light green points represent the models that are left over akr the removal of redundant SEDs.
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Figure B.9: Color vs. color plots for SDSS data (blue) and their individual best tting SEDfit -SEDs
(red) for 0:38 z  0:42. Objects with u band errors lower than the median are indicated in light
blue, whereas those with greater errors are dark blue. The nan error bars of all objects are shown in
the lower right corners in dark blue, and the mean errors of ofects with u band errors smaller than
the median in light blue. The grid (upper panel) and the boundary (lower panel) within which the
models are selected are shown in black. The dark green dotsethe preselected models, whereas the
light green points represent the models that are left over akr the removal of redundant SEDs.






Appendix

SED Fitting Results for the BOSS CMASS
Sample

In Chapter 6 we created models that should match the BOSS CMAS galaxies in terms of
their colors in redshift bins with widths 0:04 centered onz = 0:5;0:6;0:7;0:8. We do so by
tting sets of model SEDs with di erent properties like meta llicity, SFHs, and ages to the
data (Sec. 6.2.1). In superposition to the SEDs, a burst modeand additional dust extinctions
for the burst and the main component are further degrees of feedom. In Figure C.1 we show
the distributions of the 2 values returned by the SED tting code, when we t the BCO03,
MO05, and M11 models in equal setups to the data. The setup of tb SED tting and the code
are detailed in Sec. 6.2.1 and are equal for all cases.

In Section 6.2.1 we modify the BC03 models, changing their adinuum slope by multiplying
with a for i with various and ; values. This is done to introduce further degrees
of freedom and to create models that match the colors of the da to a better extent. We t
the modi cations of BC03 SSPs and CSPs with decreasing SFRs to #1 CMASS galaxy
colors with the same setup as mentioned above and as detailed Section 6.2.1. The resulting

2 values of the t are shown together with the previous resultsof the BC03, M05, and M11
models in Fig. C.1, where they are highlighted by orange hisigrams.

While the results of the original BC03 models, M05, and M11 poduce similar results in terms
of 2, they are signi cantly improved by using the BC0O3 models. This is also shown in
terms of colors in Figures 6.9 to 6.12 of Sec. 6.2.1.
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Figure C.1: 2 distributions of SED tting runs (at zspec) detailed with BCO3 (gray), BC0O3
(orange), MO5 (blue), and M11 (green) models for the four cosidered redshift regions. The frequency
is normalized and plotted logarithmically. We can see that dthough the distributions for BC03, M05,
and M11 are similar, the ? values are improved by including the BC03 models.
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SED Fitting Results for the Quintuply
Lensed High-z System in RXC J2248

In Chapter 8 we estimated the physical properties of the highz quintuply lensed system in
RXC J2248 by SED tting with SEDfit. We present here the results of the SED tting in
greater detail. We concentrate again only on ID2&3 which hae the cleanest photometry.
Figures D.1 to D.4 display the results for exponentially inaeasing ( < 0) and decreasing
( > 0) SFRs. Figures D.5 D.6 show the tting results with SSP modds only, whereas
Figures D.7 and D.8 display the results when we perform the SB t to all models (SSPs
and CSPs) combined. In the lower panels of Figures D.1 to D.8 @ plot the best tting
SED and the photometry. The panels in the middle and upper rove show the 2-dimensional
likelihood distributions of tting parameters ( Z, , model age,Ay), whereas the probability
distributions of the mass-to-light ratios (M=L) in the V band are shown in the upper panels.
The blue contours in the likelihood distributions outline the 1 (solid), 2 (dashed), and 3
(dotted) con dence levels. The lter bands in which the S=N ratio does not exceed 1 (the
dropout Iters f225w to f775w) are considered upper limits in the SED t (lower panels) and
are highlighted by empty circles.

Figure D.9 shows furthermore the probability distribution s of the model ages, marginalized
over the other tting parameters. The upper limits of the 2 interval in age is smallest for
the t with SSP models (third panel of Fig. D.9). This is because all stars are assumed to
form at the time of formation and therefore the mean stellar age of a SSP is higher than that
of a CSP with the same formation redshift observed at the same&osmic time.
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Figure D.1: SED tting results for ID2 and models with negative =~ SFRs. The lower panel shows
the input photometry and errors with black points. Empty cir cles denote the uxes in the dropout
Iters where the uxes are considered upper limits. The best tting model SED is shown in blue and

the convolved uxes in the detection bands are displayed by lled circles. The density plots in the

upper panels show the likelihood distributions of the SED t in two-dimensional parameter spaces.
Blue lines denote the 1 (solid), 2 (dashed), and 3 (dotted) con dence levels. Finally, the likelihood

distribution of the mass-to-light ratio in the V band is plotted in the upper right panel. The dotted

line in this panel denotes theM=L ratio of the best tting model.



167

Figure D.2: SED tting results for ID3 and models with negative = SFRs. For a detailed description
of the plot see Fig. D.1.
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Figure D.3: SED tting results for ID2 and models with positive ~ SFRs. For a detailed description
of the plot see Fig. D.1.
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Figure D.4: SED tting results for ID3 and models with positive ~ SFRs. For a detailed description
of the plot see Fig. D.1.
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Figure D.5: SED tting results for ID2 and SSP models. For a detailed desciption of the plot see
Fig. D.1.
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Figure D.6: SED tting results for ID3 and SSP models. For a detailed desciption of the plot see
Fig. D.1.
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Figure D.7: SED tting results for ID2 and all models (CSPs and SSPs). Fora detailed description
of the plot see Fig. D.1.
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Figure D.8: SED tting results for ID3 and all models (CSPs and SSPs). Fora detailed description
of the plot see Fig. D.1.
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Figure D.9: PDF of the model age for ID2&3, marginalized over the other tting parameters for a
twith < 0, > 0 CSPs, SSPs models, and for all models combined (from uppeo tower panel).
The dashed lines are the ages of the best tting models. Betwen the dotted lines the total probability
is 9545 % (corresponding to a 2 con dence interval).
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SDSSCasJobsQueries

This chapter contains the queries used for the acquisition bthe SDSS data from the SDSS
database in order to give the reader more information about he catalogs and to provide the

means to duplicate any SDSS catalogs used in this work. SDSSqvides the Java program

CasJobs on their database websité which enables the user to write database queries in the
Structured Query Language (SQL). If desired, queries can ab be executed on theCasJobs

website. These queries will be demonstrated in the followig, where we will also give an
explanation of the di erent data values acquired as well as he tables in the SDSS database
from which they originate.

E.1 SDSS-Il Spectroscopic LRG Sample

In Section 5 we worked with the Spectroscopic LRG sample fronSDSS-II Data Release 7
(DR7) presented in greater detail in Section 3.1. Thereforewhen executing this query one
must set the context to DR7, the latest data release of SDSSH For additional information
on the parameters and tables we refer to the SDSS-Il Schema Bwserf. When using these
codes,<fil> has to be replaced by eitheru, g, r, i, or z, since<fil> is just a placeholder to
shorten the codes.

select sp.ObjID, sp.SpecObjID, so.z, so.zErr, so.zConf, so.zSta tus,
Sp.RA, sp. Deg
sp.ModelMag_<fil >, sp.ModelMagErr_ <fil >,
sp.Extinction_  <fil >, sp.Dered_ <fil >,
sp.PetroMag_<fil >, sp.PetroMagErr_ <fil >,
po.FracDeV r,
pz.z as PhotozTF, pz.zErr as PhotozTFErr, pz.absMag_r, pz.KCorr_r,
pz2.PhotozCC2, pz2.PhotozErrCC2, pz2.PhotozD1, pz2.Pho tozErrD1,
Ha.EWas Ha6565 EW, Ha.EWEms Ha6565 EWErr,
Hb.EWas Hb4863_EW, Hb.EWErms Hb4863_ EWErr, sppP.zbSubClass,
so.PrimTarget

from SpecPhoto as sp

Lhttp://skyserver.sdss3.org/CasJobs/default.aspx
2http://skyserver.sdss2.org/dr7/en/help/browser/browser.asp
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join  SpecODbjAll as so on sp.SpecObjID = s0.SpecObjID

join  Photoobjall as po on sp.ObjID = po.ObjID

join  Photoz as pz on sp.ObjID = pz.ObjID

join  Photoz2 as pz2 on sp.ObjID = pz2.0bjID

join  sppParams as sppP on sp.SpecObjlD = sppP.SpecObjlD

join  SpecLine as Ha on sp.SpecObjlID = Ha.SpecObjlD

join  SpecLine as Hb on sp.SpecObjID = Hb.SpecObjID
where Ha.LinelID = 6565 and Hb.LinelD = 4863

and so.zErr <0. 01 and so0.zConf >0. 99

and (so.zStatus =4 or so.zStatus =7 or so.zStatus =9)

and so.zWarning =0x00000000 and so.Specclass =2

and ((so.PrimTarget & x00000020)>0 or (so.PrimTarget & x04000000)>0)

ObjID, SpecObjID SDSS object IDs. In case of the Photometric ID QbjID) these are
unique object identi ers that stem from the camera column, run, and eld. SpecObjlD
is an identi er for the spectroscopic sample.

RA, Dec Right ascension (RA) and declination (Dec) are the coordinges in the J2000 equa-
torial coordinate system.

PrimTarget  Primary target category bit mask. Set to select objects fromthe LRG sample
only. That is the object is either selected byCutl TARGEGALAXYRED0x00000020, or
Cutll TARGEGALAXREDI (0x04000000, or both. The color and magnitude cuts of
the LRG sample are explained in Eisenstein et al. (2001), Pagianabhan et al. (2005),
and in Section 3.1.

SpecClass A spectroscopic classi cation of 2 ensures only galaxies are selected.

ModelMag The model magnitude is the magnitude extracted from determning the better
t between an exponential | (r) = Igexp( 1:68r=r¢) and a de Vaucouleurs pro lel (r) =
loexp 7:67[(r=re)'™] (de Vaucouleurs, 1948) to the surface brightness of the obgft.

FracDev _r The FracDev value is the weight of the de Vaucouleurs component in the bds
composite (exponential + de Vaucouleurs) model in ther band.

extinction  Galactic extinction inferred from extinction maps of Schlegel et al. (1998).
dered Extinction corrected model magnitudes.

PetroMag The Petrosian magnitude Petrosian (1976), modi ed as in Blaaton et al. (2001)
and Yasuda et al. (2001). In order to measure a constant fragon of the light of a galax-
ies, a radius is set which de nes a circular aperture within vhich the ux is measured.
The Petrosian Ratio Rp is the ratio between the azimuthally averaged surface brigt
ness prole | (r) at radius r to the mean | (r) within r. In the SDSS,rp is determined
by Rp;"m =0:2.

EW, EWErr  Equivalent width and error of the desired spectral line.

LinelD Identi er for spectral lines. In this case it is the H line at = 6563A (LinelD
6565) and the H line at 4863A (LinelD 4863).
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Z, zZWarning, zStatus, zConf Spectroscopic redshiftz and associated measurement pa-
rameters. zWarning set to zero means that no problems were encountered during th
determination of the spectroscopic redshift. zStatus setto 4 or 7 or 9 ensures that
the spectroscopic redshift was measured with high con dene. Additionally, one can set
the con dence level zConf of the specz measurement to a desired value.

z, AbsMag _r from Photoz = Photometric redshift and r band absolute magnitude deter-
mined by a combination of a polynomial k-d tree nearest neighbor t and template t-
ting (Csabai et al., 2000). The results on the LRG sample are gsented in Section 5.4,
Figure 5.5.

PhotozCC2, PhotozD1 from Photoz2 Photometric redshifts from a neural network code
(Oyaizu et al., 2008). Both use concentration indices for tle photo-z estimation. The
CC2version furthermore includes galaxy colors, whereas th®1 method includes only
magnitudes. The results are shown in Section 5.4.

All magnitudes extracted from SDSS areasinh magnitudes or sometimes informally called
luptitudes (Lupton et al., 1999). They were introduced to account for uxes equal to, or lower
than zero which cannot be converted into Pogson's log, magnitudes (Pogson, 1856), because
of the logarithm. The asinh magnitudes are de ned as

2:5 . f=f 0
inh = h —— +I ; E.l

Masinh In(10) asin b n(b ; (E.1)
wherefg is the log;, zero point ux. bis a softening parameter, i.e., the typical 1 noise of
the sky in a PSF aperture in 1°°seeing. It is listed in table E.1 (from Stoughton et al., 2002
together with the asinh magnitude for objects with f = 0.

lter | b[10 °] mag(f = 0)
u 14 24.63
9 0.9 25.11
r 1.2 24.80
i 1.8 24.36
Z 7.4 22.83

Table E.1: Asinh Magnitude Softening Parametersb in the SDSS Filters and the asinh magnitude
for an object with f =0 (from Stoughton et al., 2002).

At high signal to noise ratios the asinh are aimed to be virtudly identical to the log 1
magnitudes’. However, we found that the error of log, magnitudes behaves more realistic for
objects with low S=N which is why we prefer the Pogson log, system for the BOSS CMASS
galaxies in Chapter 6.

E.2 SDSS-lIl BOSS CMASS Galaxy Sample

In Chapter 6 we work with data from the BOSS CMASS galaxy sampé also discussed in
Section 3.2. The information given here can be also accesséu the SDSS DR10 Schema

Shttps:/iwww.sdss3.org/dr10/algorithms/magnitudes.php#asinh
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Browser*. Query requirements for the selection of the LOWZ and CMASS amples are given
also on the SDSS-IIl websité and in Eisenstein et al. (2011), where we refer to for more
details on the target selection. Again, magnitudes downloded from the SDSS database are
given in units of luptitudes, uxes in nanomaggies

select p.ObjID, s.SpecObjID, s.RA, s. Deqg s.z as zSpec, s.zErr as zSpeckErr,
s.ModelMag <fil >, s.ModelMagErr_ <fil >,
s.CModelMag<fil >, s.CModelMagErr_<fil >,
s.PetroMag_<fil >, s.PetroMagErr_ <fil >,
s.Extinction_  <fil >, s.Dered_ <fil >,
p.ModelFlux_ <fil >, p.ModelFluxlvar_ <fil >,
p.CModelFlux_<fil >, p.CModelFluxlvar_ <fil >,
p.PetroFlux_ <fil >, p.PetroFluxlvar_ <fil >,
pz.z as zPhot, pz.zErr as zPhotErr,
pzrf.z as zPhotRF, pzrf.zErr as zPhotRFErr,
p.FracDev_r, a.BOSS Targetl, s.Tile
from specPhotoall s, spa a, Photoobjall p, Photoz pz, PhotozRF pz rf
where s.SpecObjlD =a.SpecObjID and s.0bjID =p.ObjID and pz.ObjlD =p.ObjID and
pzrf.ObjID =p.ObjID and s.zWarning =0 and s.z >0 and
(a.BOSS_TARGET& 2>0or (a.BOSS_TARGET& 1>0 and
s.Tile >=10329) and a.BOSSPrimary-1 and a.zWarning_NoQS&0 and
a.Chunk!="BOSS1' and a.Chunk!="BOSS2' and p.Fiber2Mag_i <21. 5 and
p.Clean =1 and
(p.CalibStatus_ u & 1)!=0 and (p.CalibStatus g & 1)!=0 and
(p.CalibStatus r & 1)!=0 and (p.CalibStatus_i & 1)'=0 and
(p.CalibStatus_ z & 1)!=0

Many of the value names in the code above are also in the SDS$-LRG sample query
(App. E.1) and can be looked up there. The rest is explained irthe following:

CModelMag, CModelFlux A composite model magnitude/ ux derived from the best t-
ting combination of a exponential and de Vaucouleurs surfae brightness pro le (cf.
ModelMagn App. E.1).

*Flux _lvar Inverse variance of the ux.

z from Photoz  Photometric redshift from a k-d tree nearest neighbor t (KF). Results are
presented in Section 6.3.2 and color predictions in Sectiof.3.3.

z from PhotozRF  The photometric redshifts based on a random forest code (RFCarliles et al.,
2010). The photozs are shown in Section 6.3.2.

BOSS _TARGET1 BOSS target ag that ensures the galaxy is either from the LOWZ (1)
or CMASS (2) sample.

Tile >=10324 Since in the beginning of the BOSS survey LOWZ galaxies wereatgeted
incorrectly, one must select only the higher tiles to get a uiformly targeted sample.

“http://skyserver.sdss3.org/dri0/en/help/browser/browser.aspx
Shttp:/iwww.sdss3.org/dr10/algorithms/boss_galaxy_ts.php
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BOSSPrimary  Set to 1 gives the best version of the spectrum.

Chunk The BOSSTARGETIag diers for chunks bossl and boss2, which are therefore
excluded.

Fiber2Mag _i The magnitude in a ber radius of 2 arcseconds. The cut inisjpo diers
between BOSS chunks and is therefore set below the currentniit of 21:5.

Clean clean=1 ensures a \clean" photometry. The ag removes multiple detections on
di erent frames. Also, objects with deblending problems ale removed, as well as objects
where more than 20% of the PSF ux is interpolated over (that is, only 80% of the ux is
actually detected). Furthermore, objects have to be detectd in the rst pass (unbinned
image), are not saturated, and a radial pro le could be constucted.

CalibStatus Ensures that one gets an actual photometric observatiof.

As mentioned earlier, the SDSS provides magnitudes only inte asinh system, for which
errors seem to be underestimated for low5=N. Therefore, we download also the uxes and
convert them into log;o magnitudes with

m = 22:52:5log;o(f ): (E.2)

Fluxes themselves are given imanomaggieg, where onemaggyis the ux relative to the zero
point of the magnitude scale. Magnitudes in the SDSS are givein the AB system, wherefore
one nanomaggy corresponds t0:831 10 °Jy.

®https://www.sdss3.org/dr10/algorithms/bitmask_calib_status.php
" https://www.sdss3.org/dr10/algorithms/magnitudes.php#nmgy






Appendix

Creation of SSP and CSP Models

In the predominant part of this thesis we analyze, or work with model spectra created from
sets of SSPs by stellar population synthesis. We detailed #hisochrone synthesis technique in
Sec. 4.2 and give here simpli ed versions of the codes used tweate the models. These are
written such that they enable the reader to extend them eas¥y to her/his preferences.

F.1 Generation of BCO3 Models

We created BC0O3 models (Bruzual & Charlot, 2003) in many conéxts in this work (Secs. 4.2.2,
5.1, 6.2 and Chap. 8). This can be done with the FORTRAN codeGALAXEWhich is public
and can be downloaded at the websites of BE We present here the C shell (csh or tcsh)
scripts used to control GALAXEWhich are based on the codes written by Niv Drory, but have
been heavily modi ed. They are exemplary but can be easily canged to re ect the specic
setup. For the installation of GALAXE¥YInd the setup we refer the reader to theGALAXEV
documentation. In the case of exponentially increasing SFR, one has to write the SFR as a
function of time in a two-column le with t and (t), normalized to 1M at t = 0. In this
way any functional form of the SFR can be provided.

# set up to your environment
setenv bc03 <path to galaxev>/src
source $bc03/.bc_cshrc

# define IMF
setenv IMF chabrier
setenv IMFshort chab

# set up model parameters
setenv. MET'm42 m52 m62 m72# metallicity (see doc)

setenv SFH 1 # exponentially decreasing SFH
setenv SFH2 6 # user defined SFH

setenv TAU'0.5 1.0' # tau values in Gyrs

setenv RES'Ir' # low resolution SEDs

Ihttp://www.cida.ve/  ~bruzual/lbc2003 and http://www.iap.fr/ ~charlot/bc2003
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setenv  AGES0.10,10.0' # an array of ages in Gyrs (max. 24)

# if bcO3 models are only in ASCII format convert them
# with bin_ised routine to binary needed by csp_galaxev
pushd $bc03
Jbuild_filterbin
popd
pushd $bc03/../models/Padoval994/ $IMF
foreach i (*_${RE$_*ASCII)
$bc03/bin_ised $i
end

popd

# create SSPs with the csp_galaxev routine
foreach Z ($MET
csp <<END
..Imodels/Padoval994/${IMF}/bc2003_${RES} ${Z} ${IM Fshort} ssp.ised
N
0
bc2003.${RES}.${Z}.${IMFshort}.sspSFH.ised
END

# create CSPs with exponentially decreasing SFR
# with the csp_galaxev routine
foreach Z ($MET

foreach tau ($TAU

csp <<END

..Imodels/Padoval994/${IMF}/bc2003_${RES} ${Z} ${IM Fshort} ssp.ised
N
$SFH
$tau
N
20.0
bc2003.${RES}.${Z}.${IMFshort}.decSFH.tau${tau}.ise d
END

end
end

# create CSPs with exponentially increasing SFR
# with the csp_galaxev routine
foreach Z ($MET
foreach tau ($TAU
csp <<END
..Imodels/Padoval994/${IMF}/bc2003_${RES} ${Z} ${IM Fshort} ssp.ised
N
$SFH2
<file with SFR(t)>
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bc2003.${RES}.${Z}.${IMFshort}.incSFH.tau${tau}.ise d
END

end
end

# extract spectra at the specified ages with gpl routine
foreach 1 (*ised )
gpl <<EOF
$i
91,30000
$AGES
"basename $i .ised .sed
EOF
end

F.2 Generation of Maraston CSPs

In Appendices C and E.1 we show the SED tting results using the extensive model sets of
Maraston & Stemback (2011, M11). They are provided only as SSPs, wherefore we have to
create CSPs in order to be able to make a meaningful comparisowith the CSP models of
BCO03. Furthermore, in Sections 4.2.2 and 6.1.1 we also invégate the colors of the model by
Maraston et al. (2009, M09) passively evolving with redshif. To create the M11 CSPs as well
as the SEDs of the passively evolving M09 model we use the publstellar population synthesis
codeEzGal (Mancone & Gonzalez, 2012) written in python. We refer to Mancone & Gonzalez
(2012), the websité, and the documentation for details on the EzGal code. In the following
we give only a brief introduction to EzGal and the code used to control it and to create the
M11 CSP models, as well as the passively evolving M09 model.

As inputs, the EzGal software needs a le where the SSP model SEDs are given as a fttion
of age. This can be an ASCII le, but EzGal can deal with dierent le types as well. In
the case of ASCII, the rst column of the le has to include the wavelength steps of the SSP
SEDs, whereas the following columns are the uxes with the coesponding age values in the
rst row. The entry in the rst column of the rst row is a place holder which can hold any
value. Given such a model le, one can create a CSP followingrgy arbitrary user de ned
SFH. In the next paragraph we show a skeletal example on how tereate a passively evolving
SSP and CSPs with exponentially decreasing SFRs, both samgdl at two ages. The code is
written in python with dependency on the numpypackage.

import numpyas np

import ezgal
modfile = '<model filename>"' # string, SSP model file in EzGal format
taulist = np.array([ 0.5, 1.0]) # array of taus in Gyrs for an exp. SFH

agelist = np.array(] 0.01, 12.0]) # array of ages in Gyrs to be sampled at

# function returning an exponential SFH

2downloadable at http://www.baryons.org/ezgal/
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def exponential_sfh (t, tau):
return np.exp(-1.* t/tau )

# MAIN function creating a passively evolving SSP and CSPs
def mkmodelmodfile, taulist, agelist):

# set up EzGal model

ezmodel = ezgal . model(modfile)
# get model wavelengths

I = ezmodel. Is

# set up SED arrays for SSP and CSP

sedssp = np. zeros((Il . shape[0], agelist .shape[0] +1), dtype =float' )
sedssp[;, 0] =1l

sedcsp = np. copy(sedssp)

# MAKE SSP FILES at given ages (passive evolution)
# loop through ages and get respective SSP SED
for i in range(agelist .shape[0]):
sedssp[:,i +1] = ezmodel get_sed(agelist[i],age_units ='gyrs'
units =" )[:: -1]
# write to SSP file with ages from agelist
np. savetxt( '<SSP output filename>' ,

sedssp,
fmt="9%5.1f" +(agelist .shape[0]) *'\t %1.3€ ,
header='ages = ' +str (agelist) + Gyr \nlambda[A] fluxes(age)' )

# MAKE CSP FILES at given ages
# loop through tau values in taulist
for tau in taulist:
cspmodel = ezmodel. make_csp(exponential_sfh, args =(tau,)) # create CSP
# the age array for an EzGal model is in units of years - convert to Gyrs
cspmod_ages= ezgal . utils . convert_time(cspmodel . ages, incoming =years'
outgoing ='gyrs' )
# loop through ages and get respective CSP SED
for i in range(agelist .shape[0]):
sedcsp[:,i +1] = cspmodel. get_sed(agelist[i], age_units ='gyrs'
units =fl' [ -1]
# write to CSP file with ages from agelist
np. savetxt( '<CSP output filename>.tau' +str (tau),

sed,
fmt="%05.1f" +(agelist .shape[0]) *'\t %1.3€ ,
header='ages = ' +str (agelist) + Gyr \nlambda[A] fluxes(age)' )

# EXECUTE MAIN FUNCTION mkmodel
mkmodel(modfile, taulist, agelist)
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