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Zusammenfassung

OMEGA2000 ist eine Weitfeld-Nahinfrarot-Kamera, angebracht im Primaerfokus des 3.5m-Te-
leskopes auf Calar Alto. In der Fokalebene befindet sich ein 2k x 2k HAWAII-2 CCD-Detektor, der
in dem Wellenléngenbereich vom 2z- bis zum K-Band empfindlich ist. In dem ersten Teil der Dis-
sertation beschreiben wir unsere Anstrengung, die Funktionsweise des HAWAII-2 Detektors zu
optimieren. Dafiir haben wir drei Exemplare aus der HAWAII-2-Familie getestet und miteinander
verglichen. Um die Ergebnisse der Durchmusterung COMBO-17 mit Hilfe von OMEGA2000 zu
héheren Rotverschiebungen zu erweitern, wurde eine tiefe Durchmusterung "MANOS", genannt
auch COMBO-17+4, geplannt. Die gegenwirtig vorhandenen Daten beschrinken das urspriingl-
iche Projekt auf die COMBO-17+2 Nahinfrarot-Durchmusterung. In dem zweiten Teil der Arbeit
besprechen wir die ersten Ergebnisse von COMBO-17+42 NIR. Wir présentieren hier die Rotver-
schiebungsverteilung der hellen Infrarotgalaxien im COMBO S11 Feld und analysieren die An-
zahlentwicklung von vier Galaxientypen, die auf Grund von Ruhesystem-Farben definiert sind.
Wir stellen einen Riickgang fest in der Zahl der alten elliptischen und der entwickelten Spiral-
Galaxien bei der Rotverschiebung Dies steht in Ubereinstimmung mit friiheren Ergebnissen. Fiir
die "Extrem Roten Objekten" (EROs) im COMBO S11 Feld, die durch R — H < 4 ausgewéhlt
wurden, beobachten wir dhnliche Rotverschiebungsverteilung und Hiufungssignal, wie sie auch
aus den anderen Durchmusterungen abgeleitet wurden. In unserer Auswahl von ERO’s sind
keine Galaxien mit heftiger Sternentstehung enthalten, was die Ergebnisse der frithere Beobach-
tungen bestaetigt. Die vollstindige Abwesenheit der Sternentstehungssysteme kann auch eine
Folge der ausgewihlte Spektralschablonenbibliothek sein, die fiir die Multi-Farben Klassifikation
in der COMBO-17+2 NIR eingesetzt wurde.

Abstract

OMEGAZ2000 is a prime-focus, near-infrared, wide-field camera, mounted on the 3.5m telescope
at Calar Alto. The camera uses a 2kx2k HAWAII-2 Focal plane array with a sensitivity from
z to K band. In the first part of the thesis, we discuss the work aimed at optimizing the op-
eration of the HAWAII-2 detector installed in the camera. We tested the operation of three
speciemen from the HAWAII-2 family and compared their performances with each other. The
MANOS Deep Field Survey, called COMBO-17+4 NIR, is planned to to extend the results of
the COMBO-17 project to higher redshifts by using this camera. The currently available data
restricted the original project to the COMBO-17+2 NIR survey. In the second part of the thesis
we discuss the results produced by COMBO-17+2 NIR. We present the redshift distribution of
bright infrared galaxies observed in the COMBO S11 field and analyse the evolution of their
number counts for four galaxy types defined by their restframe colors. We find a decline in
the number of the old elliptical and evolved spiral galaxies at z > 1.5, whereas the actively
star-forming galaxies become the dominating population at z > 1. This is in a broad agreement
with earlier results. For Extremely Red Objects (EROs) in the COMBO S11 field selected with
R — H < 4, we measure similar redshift distribution and clustering signal to those derived in
other surveys. Our ERO sample does not contain starburst galaxies, confirming the results of
earlier observations. The total absence of the star-forming systems may also be attributed to
the spectral template library used in the COMBO-17+2 NIR multi-color classification.
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Introduction

Infrared Astronomy is the study of the infrared radiation emitted from objects in the Universe.
All of the celestial objects radiate some amount of energy in the infrared wavelength regime.
Studying the infrared part of their emitted energy provides interesting information on their
physical properties and helps us to understand the astrophysical processes associated with them.
The infrared regime lies between wavelengths of about 1 and 300 pym. It is usually divided into
3 spectral regions: near (0.7-4 ym), mid-infrared (4-40 pm), and far-infrared (40-350 pm).

Many objects in the universe which are much too cool and distant to be detected with
visible light, can be studied in the infrared wavelength range. These include cool stars, clouds of
dust particles around stars, nebulae, interstellar molecules, brown dwarfs, planets, and evolved
galaxies. In space, there also are many regions which are hidden from optical telescopes because
they are embedded in dense regions of gas and dust. However, infrared radiation can pass
through dusty regions of space without being significantly scattered. Infrared astronomy can
observe optically hidden parts of our galaxy and regions of newly forming stars.

In the infrared regime we can gather information about the early Universe and study the
evolution of galaxies as well. As a result of the Big Bang, the universe is expanding and most
of the galaxies within it are accelerating away from each other. This recession of galaxies away
from the Milky Way causes a redshift in the in the wavelength of the light emitted from these
galaxies. At large redshifts, all of the ultraviolet and much of the visible light is shifted into the
infrared part of the observed spectrum. So the study of infrared light from these distant sources
is important. Telescopes observing in infrared regime can locate more galaxies, which are at a
sufficiently large distance as to be indetectable with visible light. Therefore infrared astronomy
will provide a great deal of information on how and when the universe was formed and what the
early universe was like. In addition, it allows us to observe the old stellar component in evolved
massive elliptical galaxies. Such discoveries may help to find new constraints on the theories
about galactic evolution. It is believed that the bulk of most galaxies is composed of cool stars.
Infrared telescopes can see these cool stars very clearly since they emit more infrared than visible
frequencies of light. Thus infrared astronomy will play a role in determining the mass of the
universe.

Infrared detectors are also well suited to looking at distant objects, such as quasars. These
unusual objects with incredibly high red shifts may be the most distant (and therefore the oldest)
objects in the universe. Observing them in visible light is very difficult since the quasars’ red
shifts have stretched their visible light into the infrared part of the spectrum, but this makes
them ideal targets for an infrared telescope. Both the determination of the universe’s mass and

the observation of quasars assist cosmologists in refining the big bang theory - the currently
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accepted description of the evolution of the universe.

Unfortunately the Earth’s atmosphere causes a problem for ground based infrared obser-
vations. The atmosphere lets visible light, most radio waves, and small wavelength ranges of
infrared light through whereas the rest is absorbed by water vapor and carbon dioxide. The
atmosphere itself radiates strongly in the infrared as well, often producing a more intensive in-
frared background noise than the light of the objects in space being observed. This atmospheric
infrared emission peaks at a wavelength of about 10 microns. The observers can use only a few
windows in the infrared wavelength regime with both high sky transparency and low sky emis-
sion. These windows, called J, H and K bands, are mainly at Near Infrared (NIR) wavelengths
below 4 microns. All the ground based NIR observations are adapted to these windows and

obtain information from only these wavelength intervals.

Astronomers in the 1970s began making observations of the sky using infrared detectors, but
in order to produce an image they needed long exposures. Because of the small size and therefore
the small field of view of the infrared sensors, they produced small pieces of mosaics that had to be
fit together to form a larger image with low resolution. The situation improved in the 1980s when
large infrared detectors were developed for military use. Astronomers were able to adapt these
new instruments for their own purposes. The new devices are tuned to specific near or far infrared
wavelengths. Combined with satellite technology, these new imaging devices are extending to
prospects of the observation of the Universe. Nowadays infrared detector technology has a rapid
development. Astronomers use InSb and HgCdTe detectors for the 1 to 5 micron range, which
are much more sensitive then the traditional infrared CCDs. The development of infrared array
detectors from the 1980’s to now has been increasing the sensitivity of infrared observations to
a great extent. During this time detector arrays were introduced, as a combination of several
single detectors. They, together with the sophisticated optical systems built in cameras, allow

astronomers to produce high resolution images containing tens of millions of pixels.

Infrared instrumentation at Calar Alto is essential for German and Spanish astronomy in the
northern hemisphere. In recent years, the MPIA and Calar Alto Observatory have made a great
leap in the development of infrared instrumentation and astronomy. The principal instruments
used until 2003 were Omega Cass and Omega Prime. These cameras have 1kx1k HAWAII-1
HgCdTe arrays manufactured by Rockwell Science Center in the USA. These were the largest
available arrays of their type at the time, and the Omega Prime camera still has one of the
largest field of view (6.8 arcmin) on a 4m class telescope for infrared astronomy. However, this
is small compared to optical cameras (e.g. 33 arcmin for the Wide Field Imager on MPG/ESO
2.2m at La Silla), and only now are larger arrays being fabricated. As a continuation of these
achievements, the MPIA started the OMEGA2000 project. In the framework of this project the
OMEGA2000 instrument has been built and mounted on the 3.5m telescope in Calar Alto. The
OMEGAZ2000 is a wide field NIR imaging camera, which uses a 2kx2k HAWAII-2 HgCdTe Focal
Plane Array from Rockwell. The camera was successfully installed and is already in operation,

producing valuable data in observations runing in the last two years.

The goal of this doctoral thesis is to present the work I made as a participant in the
OMEGAZ2000 projects and as a scientific user of the instrument. As a project member, I had
the technical task to implement and test the operation of the OMEGA2000 camera and as an
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astronomer I carried out observations with the wide field imager, reduced, evaluated, and in-
terpreted the observed data. According to this twofold task, the thesis consists of two parts.
The first part is devoted to the technical side of the project - discussing how to impelement and
optimize the operation of the HAWAII-2 Focal Plane Array (FPA) installed in the OMEGA2000
instrument and to test its performance. The first part of thesis starts with an overview on the
HAWAII-2 detector, describing its architecture and operation. Then I give the detailed specifica-
tions of this work, where we discuss the solutions of the problems related to the operation of the
camera. We also describe the methods and techniques applied to optimize the detector operation.
MPIA had an opportunity to test three specimen of this type of FPA which were used in different
scientific projects and compare their performance. In the end of the first part we also present
the results of the performance tests of these detectors. The second part of the thesis presents a
scientific application of the OMEGA2000 instrument. This application was the COMBO-17+2
NIR survey, a preliminary study of the MANOS Deep or COMBO-17+4 NIR project. MANOS
Deep Field Survey was planned to extend the results of the COMBO-17 galaxy survey, which
provided reliable photometric redshifts derived from an optical data set of 17 filters for about
25,000 galaxies in three fields. The aim of COMBO-17+44 NIR survey is to extend the statistics
of various astrophysical properties in this galaxy sample to higher redshifts and to improve the
measurement of these properties by supplementing the optical data set of the COMBO-17 survey
with NIR band data of 4 filters. In the preliminary survey the OMEGA2000 camera produced
NIR data in two bands for a COMBO-17 field which already have a full set of optical data. In
the second part of the thesis we review the results of the COMBO-17 survey and discuss the
technical and astrophysical results of the preliminary survey. We analyze the improvement in
the measurement due to the NIR-band extention and the increase of the number of filters, com-
paring the measurement process based on only optical data with that based on the optical and
the NIR-band data. Due to the still limited depth of the NIR observations, the original plan to
extent the results of the COMBO-17 survey to higher redshifts was postponed. We restricted the
aim of thesis to the study of objects which are especially bright in H band. Therefore we discuss
the preliminary results produced by COMBO-17+2 NIR survey in astrophysical context. We
present the redshift distribution of bright infrared galaxies selected from the COMBO-17 sample
and analyse the redshift evolution of their number counts for four galaxy types defined by their
restframe colors. As a special astrophysical application related to the bright infrared sources,
we study the sample of the Extremely Red Object (EROs) detected in the COMBO-17+2 NIR
survey and complete the thesis with some results on their properties and nature, which were

derived from survey data.
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Chapter 1

OMEGAZ2000 Instrument

The OMEGA2000 instrument is a prime focus near infrared (NIR) wide-field camera mounted
on the 3.5 m telescope at Calar Alto in Spain (Fig. 1.1). The camera uses a HAWAII-2 2kx2k
HgCdTe Focal Plane Array (FPA), which is a new generation of the large format NIR image
sensors developed by the Rockwell company. The instrument, designed particularly for survey
observations, has an excellent optical quality and high sensitivity over a wide field. In order
to archive an outstanding performance of OMEGA2000, many requirements must be met by
the optical, mechanical, and the electronic components of the camera system. The first chapter
reviews the set-up and operation of these carefully designed and produced mechanisms. In the
first section we begin with a short account of the mechanical design of the dewar containing the

camera system. The cryogenic optical system, consisting of a four-lens focal reducer located in

Figure 1.1: The OMEGA2000 NIR camera mounted on front ring (In Réser, 2004).

the prime focus, will then be discussed briefly in the second section. The third section presents
the mechanical design of the filter wheels and the warm mirror baffle system as well. The chapter
is ended with a concise description of the multi functional data acquisition system and control

software of OMEGA2000, which performs the readout and the data saving simultaneously at a
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14 CHAPTER 1. OMEGA2000 INSTRUMENT

high data rate.

1.1 Cryostat

One of the most important problems in ground based Infra Red (IR) imaging is to reduce the
photon noise from the background. A significant part of this noise is from the bright sky, which
is predominantly OH air-glow at nights in the wavelength regime below 3 ym. The thermal
radiation from the warm telescope mirrors, structure, and dome is dominant longwards of about
2.2 pm, causing problems for the K-band imaging. In an effort to insulate the detector and
the optics of OMEGA2000 from the latter, they are enclosed in a cryostat and cooled by liquid
nitrogen to the operating temperature, 77 K (Baumeister et al., 2002). The cryostat contains
three shields nested into each other whose purpose is to reduce the thermal radiation (Fig. 1.2).
The liquid nitrogen is stored in two vessels, which can be filled on the telescope through the
upper side of the dewar. The inner vessel is directly connected to the inner radiation shield and
the outer one to the second shield. The outer shield is passive, since it is not thermally connected
to the vessels. The lower end of the inner vessel also serves as a base for the cold plate of the
detector unit. Both vessels are filled up to a level which allows a tilt angle of the telescope for
taking the service position. After filling up the vessels, the dewar keeps the cold parts at thermal
equilibrium for about 34 hours. In order to control the axial and radial shrinkage of the vessels
and the shields, epoxy spacers carrying the axial loads are attached to the vessels. This allows

the inner parts to be supported flexibly in the axial direction and rigidly in the radial one.

filling tubes

outer nitrogen vessel

dewar i
readout electronics

inner nitrogen vessel —
detector unit

filter unit

cold plate

cold baffle

entrance window =

Figure 1.2: The OMEGA2000 cryostat mounted on front ring (In Baumeister et al., 2002).
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1.2 Optics

Since the primary science goal was for OMEGA2000 to be a IR wide field imager, producing
high quality images with the largest reasonable pixel scale, it is placed at the prime focus of the
telescope. The optics consists of a cryogenic focal reducer providing a 15.4 x 15.4 arcmin field
of view with a resolution of 0.45 arcsec/pixel (Baumeister et al., 2002). It has four corrector
lenses made of CaF, fused silica (FS), BaFs and ZnSe with diameters between 106 and 150 mm,
which are achromatic between 850 and 2500 nm (Fig.1.3). Each lens is fixed by a spring-loaded

retainer ring in a single assembly. To achieve an excellent optical image quality and to minimize

CaF2 lens

retainer ring -

lens mouni

FS lens

Figure 1.3: Four lens reducer with spring loaded cryogenic lens mount (In Baumeister et al.,
2002).

the lens diameters, the focal reducer unit is located in the dewar, as close to the detector as
possible. This means it is cooled down to a temperature of about 80 K, so the most difficult
task of the lens mount design was to make sure that the lenses survive cooling and at the same
time achieve the tight tolerances required for high optical quality. As a solution to this problem,
chamfers with angle of 45° are used for both outer edges of each lens, the lens mount and the
retainer ring. The lenses sit on the conical surfaces of the mount and the retainer keeps them
in this position. Temperature changes result in diameter changes in the parts and lenses can
slide on the chamfer surfaces relative to each other, which leads to an axial displacement. Tests
have shown that changes in the accurately aligned lens positions (£0.0lmm) caused by multiple
cooling cycles and changes in dewar orientation cannot be measured down to the accuracy of
+0.005mm. With these tolerances, the optical quality produced by the focal reducer together
with the dewar window completely fulfills the requirements. To determine the optical distortion,
during the operation of the camera distances between a star at the center and all the other
objects in the field of view were calculated both from the measured positions on the detector
and directly from the differences of the RA and DEC positions. The ratio of the two distance
measurements was plotted as a function of distance from the field center. The center to corner
image distortion was measured to 0.12” for the maximum distance of 600”, which is less than
one pixel (Fig. 1.4). This is an exceptionally low distortion level. However scattered light and

reflections could be seen in the flat-field images, which were attributed to the shining aluminum
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Figure 1.4: The left hand panel shows the center to corner image distortion of the OMEGA2000
optics (In Roser, 2004) and the right hand panel is a flatfield frame with the ghost image of the
primary mirror.

surface of the optics mount. The largest accessible areas were covered to reduce the scattering
but the bevels defining the lens positions could not be painted and they were still reflecting
surfaces. There were also reflections between the filter surface and the innermost lens producing

ghost images of the primary mirror in the flatfields (Fig. 1.4).

1.3 Baffle system

The OMEGA2000 was designed without a cold pupil or re-imaging optics. This means the
camera has no cold-Lyot-stop, which would be able to prevent the detector from receiving the
thermal radiation from the warm telescope structure and dome. While only the sky background is
significant for J and H band imaging, the surrounding thermal noise causes problems in K band
without re-imaging. As a solution, OMEGA2000 is equipped with a baffle system to minimize
the amount of background radiation reaching the detector in the K band (Baumeister et al.,
2002). The baffle system consists of one cold and two warm mirror baffles (Fig. 1.5). The cold
baffle is located inside the dewar to reduce thermal background emitted by the surroundings of
the telescope pupil. The position of the cold baffle is as far from the detector as possible but the
distance between them is limited by the size of the dewar window, feasible dewar dimensions, and
a maximum tolerated central obscuration. The warm baffles of the camera are annual sections
of an oblate ellipsoid with the edges of the cold baffle as the foci. The first baffle (diameter 750
mm) is at a fixed position and does not vignette the field of view. The second baffle has a smaller
inner diameter and it is designed to vignette the entire field of view uniformly. It prevents the
detector from seeing the warm surroundings, which improves the S/N ratio in the K band. For
J and H band observations, the baffle can be moved closer to the dewar to a position where it
does not vignette at all (Bailer et al., 2000).
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det ect or

— movable baflle
in lower position war m 1 baffl es

fixed baffle \\\ / /

floor L Y floor

Figure 1.5: The warm baffles of OMEGA2000 (In Baumeister et al., 2002) and the working
principle of the movable warm baffle (In Roser, 2004).

1.4 Filter Mechanism

The OMEGA2000 contains 17 filters of 3 inch diameter for wavelengths between 0.8 and 2.4 ym
and one closed blank, which are distributed over three filter wheels. The filter unit containing the
wheels, the cryogenic stepper motors and the locking/cooling mechanisms is placed between the
detector and the focal reducer. Fach wheel, mounted on a cryogenic ball bearing, contains seven
equally spaced locking positions (six for filters and one free opening) and each filter position has
a 3-bit magnet arrangement for determining the selected filter by three Hall sensors. The filters
can be repositioned with an accuracy of less than 22 arcsec. With the pixel size of the HAWAII-2
detector of 18um, this angle corresponds to 0.78 pixels at the outer edge of a filter.

ball bearing
(not in contact with cam)

cam

surface for cooling and positioning

locking mechanism unlocked

and filterwheel slightly turned

Figure 1.6: The filter wheel with its spring mechanism for positioning and cooling (a), mechanism
locked (b) and unlocked (c) (In Baumeister et al. 2002).
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1.5 Detector Mount

The detector fanout board holds a Zero Insertion Force (ZIF) socket mount for the HAWAII-2
detector, which allows us to connect the HAWAII-2 chip without any friction on the pins. Before
the chip is inserted, a lever on the side of the ZIF socket is moved, pushing all the sprung
contacts apart so that the chip can be inserted with very little force. The lever is then moved
back, allowing the contacts to close and grip the pins of the FPA. The central pins of the chip
carrier and the socket are used for thermal contact, whereas the outer two rows on each side are
electrical contacts. The detector unit consists of a rigid aluminum base plate or "cold plate"
which carries the fanout board on 12 identical cylindrical supports (Fig. 1.7). A spring-loaded
cooling mechanism is used to cool the detector. A copper bar, which is preloaded by springs,

presses an indium foil against the central detector pins.

detector

chip carrier

spring

fanout board

indium foil —
copper bar

copper band -

Figure 1.7: The detector unit with the base plate, fanout board, detector and its cooling mech-
anism (In Baumeister et al., 2002).

1.6 The Readout Electronics and Control Software

The general readout electronics at MPIA were designed not for only OMEGA2000 but a number
of different instruments, including MIDI and LUCIFER. Although the electronics contain univer-
sal functional units, they were configured to fit the particular requirements. The data acquisition
system of the OMEGA2000 consists of several hardware layers through which the data transfer
is controlled: the hardware components located in the dewar, the detector front-end electronics,
the data acquisition and control electronics, and a computer data interface connected to the
network via I/O ports (Fig. 1.8). The video outputs of the HAWAII-2 FPA from the fanout
board (first layer) go to the front-end electronics consisting of two preamplifier boards and clock
drivers via 32 channels and the amplified signals organized in four cables are sent to the readout
electronics containing eight boards of AD converters, which receive the video signals. The output

range of the amplified video signal is 3.5 - 4.5 V. After the amplification, subtraction and an
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Figure 1.8: The block diagram of the read-out electronics of OMEGA2000 (In Réser, 2004).
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AD conversion the range of the video output is £32767, which is mapped into the range 0-65535
ADU. Thus, one count represents about 76 pV (Fig. 1.9).

A Digital Signal Processor (DSP) clocks the readout process of the chip and the timing of
the data transfer through control channels and triggers the AD conversions. These tasks are
implemented as control patterns in the instruction tables and macros handled by the DSP. The
patterns are sequences of control signals of the chip and the instruction tables consist of linear
sequences and loops of instructions which determine the timing and repetition of these patterns.
The macros for the pattern generator contain instructions for more general purposes such as
running instruction tables in the DSP memory or controlling the DSP itself. The digitized video
outputs from two BUSLINK cards, via FDDI cables, arrive at a signal converter which transforms

them to a proper data format for a Sun workstation. The DSP is controlled by a microprocessor
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Figure 1.9: The conversion range between the analog output of HAWATII-2 detector, 3.5-4.5 V,
and digitized data, 0-65535 ADU.

which communicates with the IR control software running on the workstation.

The data acquisition and control software used for OMEGA2000 is the Generic Infra-Red
camera Software (GEIRS) developed for the general readout electronics. The software is able to
sustain a high data transfer rate continuously, have data visualization control, and save the data
in time to hard disks. These tasks have been implemented by efficient organization of shared data
buffers and parallel processing with optimal usage of the multiprocessor capabilities. Besides the
command line prompt, the control software has a graphical user interface with control panels and
a display for the video output. The parameters of the readout process can be set and modified in
the control panels (Fig. 1.10). Each readout mode is implemented in corresponding instruction
tables, which the control software can load and send to the DSP. The parameter files of GEIRS
contain these instruction tables, different clock and control patterns for the 1 and 8 output
modes, and macros calling the instruction tables in different output, readout and idle/non-idle
modes. The control software stores the parameters in variables, such as the integration time,

the repetition number of readout, the actual readout and output mode or the filter and baffle
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positions. During the initialization process of the clock and control patterns, the instruction
tables and the macros required for the actual output and readout modes are sent to the DSP by
the software.

If a parameter is changed via the control panel, the software reinitializes the electronics
and sends the new instruction tables and macros to the readout electronics before starting any
readout process. The readout frames are stored in a memory buffer and saved interactively or
by GEIRS commands. The commands of the control software can be organized batches, i.e., in
predefined series of readout commands with given integration times, repetition counter and other
commands to synchronize the different steps or move the telescope. We used the environment of
GEIRS to test and characterize different HAWAII-2 detectors but the observations were carried

out with MIDAS utilities controlling the camera software.
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Figure 1.10: The scheme of the control interface of GEIRS. The two main control panels of
GEIRS are shown in the left hand side. The files containing the macros, instruction tables, files
for initialization, and variables for the readout electronics are represented with yellow boxes.
whereas the blue arrows indicate their dependencies on each other.
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Chapter 2

The HAWAII-2 Focal Plane Array

In the history of the developement of InfraRed (IR) image sensors several architectures of different
properties and performances were born with various advantages and drawbacks. In this chapter
we introduce the basic concepts of wide-spread IR detector families, considering their layouts
and operations. This helps us to present the HAWAII-2 Focal Plane Array (FPA) applied for
the OMEGAZ2000 instrument and understand the principles of its operation. The first section of
this chapter starts with comparison of the Charged-Couple Device (CCD) and Complementary
Metal Oxide Semiconductor (CMOS) architectures developed for the IR imagers and goes on to
describe the layout and readout architecture of the HAWAII-2 sensor in details. In the second
section, all the readout modes of the detector are presented which the team of the OMEGA2000
project implemented for engineering or scientific purposes. The optimization of the different
readout modes will be discussed in the subsequent chapter, as an issue which determines the

detector performance.

2.1 Design and Operation of the HAWAII-2 FPA

CCD sensors had been fairly widespread in IR imaging until the mid eighties when CMOS
detectors started to supersede the traditional technology. It was due to the fact that CMOS
technology allows simplification of the sensor interface and increase of on-chip integration while
enhancing the performance of infrared detectors to a great extent. As a result of this development,
a continuously broadening family of the HAWAII Focal Plane Arrays (FPA) has been brought to
the market recently by Rockwell Science Center. The HAWAII-2 FPA, the latest member of this
family, is the largest high-performance detector available for infrared astronomy at the moment
(Fig. 2.1). With an array size of 36 x 36 mm? and 2048 x 2048 pixel format, it provides unrivaled
spatial resolution and sensitivity and is a good candidate to satisfy the requirements of the next
generation scientific projects.

Here, we present the setup and operation of the HAWAII-2 detector in three sections. In
order to give an overview on the motivations which lead to the design of the HAWAII-2 FPA | we
start with a short comparison of the CMOS technology that makes the HAWAII-2 image sensor
so outstanding in its category within the traditional CCD paradigm. In the second section there
is a brief summary on the design issues of the HAWAII-2 layout. In the last section we describe

internal architecture of the chip circuits and their operation.
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Figure 2.1: HAWAII-2 FPA mounted on its fanout board (Photo: Peter Bizenberger).

2.1.1 Infrared detectors

In a general setup of IR detectors a photosensitive semiconductor layer is grown on a transparent
substrate. Incident photons are absorbed in this semiconductor material and generate charge
carriers, which are collected in the well capacities of each pixel during the integration time. In
the readout process the accumulated charge is transferred to the pixel row and column shift
registers, where a sense node capacitance converts it to photo-voltage. The CCD chips, the
traditional solution in the IR imaging, operate according to the above described passive pixel
sensor (PPS) scheme. They absorb photons and store charge in the same bulk material with a

simple pixel layout and use an external amplifier circuit for data acquisition.

However, this architecture has some drawbacks. The amplification of the video output by
off-chip circuits causes the readout noise of the large format CCD chips to be dominated by the
wide band thermal noise of the output amplifier and the excess noise of the video electronics.
Both noise sources can be minimized by maximizing the conversion gain, i.e., minimizing the
sense node capacitance but this approach has its limits. If the photo-voltage is read before and
after the integration and only the difference of these values is sampled as a video signal, some
the reset noise and the 1/f noise can be mitigated but the thermal noise remains the same.
Another problem is the leaking of the collected charges from a pixel to the adjacent ones in case
of saturation, which smears the photo-signal over the area of that pixel group. Normally the
saturation of the whole chip is avoided during the operation of CCDs but pixel arrays alway
contain hot pixels which can be saturated even if the exposure time is short enough to prevent
the saturation of the normal pixels. It is hard for CCDs to avoid the smear-off effect caused by
hot pixels. Besides these problems, the readout process of CCDs is destructive, i.e., the collector
capacitance in pixels has to be recharged to measure the voltage of the pixels, which might affect

the charge collection.

While CCD imagers use only passive pixel sensors (PPS), CMOS detectors can have either
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Figure 2.2: Low noise APS Circuits for hybrid and monolithic FPAs. SF detectors (a), CTI
Amplifiers (b) and the solution of MOSFET Gate Modulation (c) (In Hodapp, 2000).

active or passive pixel based architectures. Active pixel sensors (APS) with a higher on-chip
integration can amplify photo-voltage at each pixel before reading out. They therefore provide
a more efficient readout noise reduction. Depending on the degree of on-chip integration there
are three different types of APS (Fig. 2.2). The simplest is the source follower detector (SFD)
using three transistors. Two of them are for accessing and reseting the pixel and the third
provides amplification. Capacitive TransImpendance Amplifiers (CTIA) have a fourth transistor
besides the SF amplifier to amplify voltage further and have a negative feedback to suppress the
kT'C noise generated by setting the detector. The resetting of the integration capacitance also
produce K7T'C' noise but a fifth transistor can reduce it by modulating the gain of the video signal.
Hence the APS consisting of five transistors achieves the lowest output read noise, about 1 e~
depending on the combination of detector, feedback and integration capacitance. Nevertheless,
if the total capacitance consisting of the detector capacitance and input capacitance of a three-
transistor APS is in the order of 10 fF the read noise produced in a double correlated read is only
in the order of 10 e™. It is therefore the most advantageous to implement a three-transistor SFD

by the virtue of its relatively simple pixel layout and good performance (Hodapp et al., 1995).

The APS design allows for the usage of the reverse bias mode, where the capacitance of each
pixel is completely charged by applying a constant reset voltage in the whole array. Incoming
photons discharge the capacitances of pixels, reducing the voltage measured on them. The photo
signal is inverse proportional to the remnant charges or voltages. Saturated pixels are completely
discharged without causing any leakage in the adjacent pixels, which is a further advantage of
the CMOS technology, compared to CCDs. Another advantage of using the APS scheme, is the
non-destructive readout, i.e, the preservation of charges in the pixel capacitances, in which the
voltage on pixels can be measured without affecting the charge collection. However, the simple
pixel architecture is very important because it allows for minimazation of the gap between the
optically sensitive regions of the pixels, called photo-sites. This increases the optical collection
efficiency, characterized by the fill factor, to as high an extent as possible. The passive pixel based

imagers have pixels consisting of only one photo-diode and a MOSFET switch, which allows for
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a high fill factor. The pixels of APSs contains many components, making the gaps between
them large. This bulkiness reduces the fill factor considerably, even in the case of the more
compact three-transistor SFD. However, this problem can be solved by application of a hybrid
layer structure for signal detection and readout functions, which separates them instead of using
a single bulk material. The gap between the unit cells is thereby reduced, which results in a
higher fill factor of the sensor. The HAWAII FPA family belongs to the first generation products
of hybrid technology for IR imagers and the next sections will describe its latest member, the
HAWATII-2 FPA, in details.

2.1.2 Layout of the HAWAII-2 FPA

Besides the capability to optimize the optical fill factor efficiently, there are other advantages
of the hybrid structure. The photosensitive layer can be grown separately from the multiplexer
layout itself, which allows fine tuning of the composition and thickness of the stratum. The
properties of the detector material are optimized so that it could meet various requirements of
the operation (Hodapp, 2000).

A CdTe layer is grown on a lattice-matched sapphire substrate by metal organic chemical
vapor deposition and the result, due to Hg vacancies, is a p-type semiconductor material (Fig.
2.3). The band gap of HgCd can be adjusted by controlling the molar fraction of the Hg and Cd
and the uniformity and thickness by controlling the melt temperature during the evaporation.
This fine tuning also allows reduction of the number of defects in the photosensitive layer whose
presence decreases the performance of the detector. The band gap determines the cut-off fre-
quency of the detector and the spectral response of the HAWAII-2 is 0.85-2.6 um (the sapphire
substrate is transparent for visible and infrared radiation to beyond 5.5 ym). The photosensitive
layer must be thick enough to absorb as much IR radiation as possible, i.e., few times greater
than the absorption length of IR photons. Nevertheless, its thickness should be no more than
the diffusion length of minority charge carries generated by absorbed photons in order to avoid
diffusing of the minority carriers into neighboring pixels, which causes image blurring, or their
recombination before they can be collected, reducing the quantum efficiency. HAWAII-2 has a

IR Photons

g

HgCdTe IR Detector Layer } (~0.02mm)

Silicon Readout, MUX with BCS (~1.45mm)

Figure 2.3: The cross-sectional view of HAWAII-2 (in Kozlowski et al., 1998).
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~ 10 pm thick photosensitive layer, which meets these requirements.

An important issue is the thermal and mechanical interface between the detector array and
the silicon multiplexer. As the chip is cooled down to its operation temperature (77K), high
mechanical pressure allowing tight thermal contact between its two main parts can cause high
mechanical stress between them owing to their different thermal expansion coefficients. Weak
mechanical forces applied to clamp the two parts reduce thermal coupling, which makes the
detector temperature difficult to control. The choice of sapphire as a substrate makes this
problem less severe, since its thermal expansion coefficient matches that of the silicon MUX.
reasonably well. The application of indium columns as inter-connectors and backfilling the
hybrid with epoxy futher mitigates the problem. Additionally, the HAWAII-2 array is mounted
on a pin-grid chip carrier. While its outer pins provide electric connection, all its inner pins
are used to connect the chip carrier thermally. The hybrid sandwich structure also allows an
optimal design of the multiplexer of HAWAII-2, which is an array of MOSFET switches with SF
amplifiers separated by other MOSFET switches. This kind of architecture has a minimal glow
during its operation because the voltage can be lowered below 5 V. The multiplexer contains SF
amplifiers for all unit cells of the detector layer (Fig. 2.5).

The pixel array is organized in a CMOS read architecture, which consists of four electrically
independent quadrants (1kx 1k pixels) with either 1 or 8 outputs per quadrant (Fig. 2.4). Each
quadrant contains a horizontal and a vertical shift register for addressing the pixels in the array.
During the detector readout, the horizontal register is clocked in the fast direction and the
vertical register in the slow direction. All of the four quadrants are operated in parallel (Haas,
2002).

Figure 2.4: The quadrant and channel layout of HAWAII-2 (In Haas, 2002).

2.1.3 Internal Architecture and Operation of the HAWAII-2 FPA

The internal architecture of the HAWAII-2 FPA shown in Fig. 2.5 consists of three main parts:
the unit cell, the shift registers, and the output SF amplifier. These functional units are controlled

with thirteen logic signals and they also have two power supplies and three DC biases.



28 CHAPTER 2. THE HAWAII-2 FOCAL PLANE ARRAY

VDDA GELLDRAIN  VRESET

0 0

Legend
e RESET
PAD
—
21
Internal Logic Gonnection o
o8 Indium Bump
= 1aCdT WVertical Register
Analog Bus Connection HgCdTe Gchics i
b Detector &
Diode 3
Extemnal Supply Connection ik 5 2 G
s nit
Cell
E— vosua

Horizontal Register

zﬂ 1 “:<I‘ﬁ' +—{____|DRAIN
— . oo |

1
OUTPUTN Horizontal Bus

| \ °

! o DRAIN Veoltage Table
3 ] 1t put | X ;

i T ok i mLT-;P-J- '7 5.0 VDC = Qutput Amp Off
| i e VDDA 0.0 VDC = OQutput Amp On
| External | L
| Resistor | [ Jeuscare
| o 1

o !

i

| VEDA Current |
| Soure |
L =ovree |

BIASPOWER

Figure 2.5: HAWAII-2 internal architecture (In Haas, 2002).

The unit cell consists of the HACdTe detector diode, the drain transistor and MOSFET
switches for reset and read and its basic control inputs are the digital signals READ and RE-
SET and the bias voltage CELLDRAIN. The multiplexer is connected to the unit cell via the
horizontal and vertical shift registers. The horizontal register has four basic clocks (CLK1/2
and CLKB1/2) and the control signal LSYNC for line synchronization. Two of the basic clocks
(CLK1 and CLKBI) provide the same clock signals and the other two (CLK2 and CLKB2) are
the complement of them. The readout of a pixel takes one full clock cycle, i.e., two clock edges
per pixel. The register is reset by lowering LYSNC. When LSYNC goes high, the register is
released and a single bit starts shifting down in the register. The vertical register is controlled
by two external clocks, FSYNC and VCLK (frame synchronization and vertical clock). FSYNC
has an active low state and it is pulsed once every frame. This pulse is propagated down in the
vertical register by ticking of VCLK, i.e., a single positive pulse on VCLK addresses on row of
the multiplexer for readout or reset. The control signals RESET and READ are for the line reset
and read function of the multiplexer. RESET is an active high clock resetting all of the pixels
in the selected row to the voltage set by VRESET. If READ is high then video signals from
the current row are transferred to the vertical buses, which are inputs to the horizontal register.
In turn, the horizontal register controlled by transmission gates produces input signals to the
output SF amplifier.

There are two biases that can be adjusted for the SF amplifier, BIASGATE and VRESET.
BIASGATE is the voltage gate of the "pull-up" P-FET for the SF amplifier and BIASPWR is
the source voltage of the P-FET. The speed and the dynamical range of the unit cell SF can
be adjusted by changing BIASGATE. VRESET is the reset voltage applied to the full array

during the reset operation. Although external circuits can also be used instead of the output



2.2. THE READOUT MODES OF HAWAII-2 FPA 29
Signal Name | Minimum | Nominal | Maximum | Comment
VDD TBD 5.0 5.5 Digital Power Supply,
must be < VDDA
VSS 0.0 0.0 0.0
MUXSUB 0.0 0.0 0.0
VDDA TBD 5.0 5.5 Analog and input protection
network power supply,
must be > all other voltages
DSUB 0.0
DRAIN 0.0 0.0,5.0 5.5 Output amplifier selection
and amplifier drain voltage
(5.0=0fF chip amplifiers)
CELLDRAIN 0.0 0.0 5.5
Bias Voltages
BIASPOWER TBD 5.0 5.5
BIASGATE 0.0 3.5 5.5 Current control for unit cell
VRESET 0.0 0.5 to 1.0 5.5 PACE bias voltage range

Table 2.1: Nominal Bias Voltages for the HAWAII-2 (In Haas, 2002).

SF amplifier by raising the DRAIN signal, the latter is applied for OMEGA2000 configuration
because of its more advantageous noise properties. When the internal SF amplifier operates, all
the outputs are pulled up by using an external resistor so as to provide a proper bias for the
amplifier.

The self-emission from these amplifiers can be minimized by turning them off during integra-
tion via the READ signal, which means the gate of the unit cell access P-FET is pulled "high"
when not in use. This occurs when the READ input clock is "low", hence disconnecting all of the
column buses from the gate of the SF amplifier. The gate will be pulled up via the BIASPWR

bias input.

2.2 The Readout modes of HAWAII-2 FPA

There are three output modes available for the chip, which can be controlled via the readout
patterns. In the Single Output Mode all data is routed to only one channel per quadrant. If the
chip is set to Eight Output, Unshuffle Mode the data is spread across all the output channels of the
detector, namely eight per quadrant. Each output provides data from 128 consecutive columns.
The FEight Output, Shuffled Mode is similar to the previous one, except the data from each block
of 128 columns is cyclically shifted to the next output bus. In normal operation of OMEGA2000
the Eight Output, Unshuffled mode is preferred because of its high speed. These output modes
are controlled by the digital inputs O1 and O2, which can be set at the initialization of the whole
readout process (Tab. 2.2). The background limit will be reached in broad-band imaging with
HAWAII-2 array on OMEGA2000 in a few seconds. Series of images are therefore required to
achieve sufficient S/N, so it is very important that the array can be read out with minimal dead
time. The minimal integration time is given by the duration time of readout for a complete

frame, which is on the order of one second for all readout modes. There are several readout
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Output Mode 01| 02
Single Output Mode 1 0
Eight Output, Unshuffled Mode | 0 0
Eight Output, Shuffled Mode 0 1

Table 2.2: Output Mode Control Signals for HAWAII-2 (In Haas, 2002).

modes feasible for OMEGA2000 but some of them are used only for engineering function. This
section will describe all of these modes in details. First we give an overview on how the readout
process of the HAWAII-2 FPA is organized. Then we present the readout modes of the FPA
which were to be implemented for the operation of the OMEGA2000.

2.2.1 The General Readout Scheme of the Detector

The HAWAII-2 chip is built up in electrically independent quadrants and they are controlled in
parallel. This means the sequence of the control signals sent the HAWAII-2 chip by the readout
electronics contains a readout patten only for one quadrant and this sequence is distributed
in multiplexer to each quadrant in parallel. Therefore, the basic scheme of a readout mode
consists of a reset and readout of a full quadrant and not the whole array. The implementations
of all the readout modes are based on this general scheme for each quadrant, as shown in the
timing diagrams in Figs. 2.6 and 2.7. Here, the frame synchronize signal, called FSYNC, has
a pulse (negative logic) before starting the readout of the frame, indicating its beginning. The
line synchronize signal, called LSYNC, is set high (positive logic) at the beginning of each row,
which shifts the vertical shift register (slow direction) and allows to scan through the lines in the
vertical direction. The pixel clocks CLK1, CLKB1, CLK2, and CLKB2 are clocking the vertical
shift register (fast direction), scanning the actual row addressed by the horizontal register. The

algorithm implementing this basic timing can be written as:

1. once FSYNC & LSYNC & RESET

2. 1024/128 times Pixel CLK & SCON (2.1)
3. 1022 times FSYNC & LSYNC & jump to step 2.

4. 1024/128 times Pixel CLK & SCON

This sequence of control patterns contains a loop scanning through each row of the array (the
second and the third line), in which the clocking and pixel readout are repeated 1024 or 128
times according to the Fight or One Output Mode. Here, SCON denotes the pixel readout, that
is the input signal of the A/D converter for starting the conversion of the video signal.

The readout process of the HAWAII-2 chip is organized in readout cycles, which are defined
as sequences of control patterns providing a complete image. Of course they have different timing
patterns for different readout modes. In the non-correlated modes the readout cycle is a complete
readout of the full array with or without resetting the array. Whereas for the modes applying
double correlated sampling the readout cycle refers to two frames which are needed to produce
a complete image: the readout of the reset level and the readout of the integrated signal. The

readout cycles therefore consist of different control sequences, depending on the readout mode.
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Figure 2.6: Timing diagrams for the readout of the first and second rows of HAWAII-2 FPA
quadrant (In Haas, 2002).
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Figure 2.7: Timing diagram for the readout of the last and first rows of HAWAII-2 FPA quadrant
(In Haas, 2002).

Each mode can be characterized with its efficiency, that is the ratio of integration time to the
duration time of the readout cycle.

In order to increase the efficiency of the readout modes, we tried to maximize this ratio. There
are three readout modes, the single pixel read, the reset level read and single correlated read,
which are non correlated modes and used only for testing the operation of the chip. The double
correlated read with two different implementation of the resetting, the line interlace read, and
multiple end point read provide different solutions to operate the chip for scientific applications.
We describe these read out modes in the following and compare them with each other in terms

of their advantages and disadvantages.

2.2.2 Single Pixel Read (spr)

The read out cycle starts a full frame reset then only one pixel is read out in each channel or
quadrant depending on whether the Four or Eight Output Mode is used. As a result, the data of
a full channel or a quadrant consists of the value of only one arbitrarily chosen pixel. This mode
is only for engineering purpose and used to test the stability of the readout process, comparing
the data transfer of the same pixel value with that of the abruptly changing video signal due to

the transient states in beginning the readout process of a whole quadrant.

2.2.3 Reset Level Read (rlr)

The readout of the reset level of a complete frame has the simplest readout scheme: we reset the
full array then read it out. For HAWAII-2 FPA a line reset is implemented, which means that
one reset pulse always resets each pixels in a line of the array and the chip needs 1024 pulses to

reset the full array while clocking through the horizontal shift register. It allows the reset-readout
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cycle to be accomplished in two ways. Either the whole array is reset and then read out or the
reset-readout cycle is run line by line: one line is reset and then read out and the next line is
reset and read out and so on up to the last line. The latter way means the whole array is reset
and read quasi-simultaneously. In the first case the elapsed time between resetting and reading
out of the same pixel is equal to the resetting time of the full array. The reset-readout scheme
is faster in the second case, where each row is read out immediately after being reset (Fig. 2.8).
The timing diagram of the integrated signal represents only the theoretical reset-readout scheme
where the reset means a complete frame reset which is followed by the readout of the full array.
As the video signal is sampled after resetting contains the reset noise and reset bias this readout
mode has only engineering purpose for studying the the line reset scheme in a simple readout

process of one frame.
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Figure 2.8: The timing diagrams of the signal (upper) and the control pattern (lower) for the
reset level read (reset-read).

2.2.4 Non-correlated Sampling or Single Correlated Read (rr)

In the normal operation of the image sensor there is some exposure time between the frame reset
and the readout of the full array so that more photo signal can be collected. The readout cycle
of non-correlated sampling implements this reset-integration-read scheme (Fig. 2.9). Here, the
reset is separated from the readout process by integration, which prevents the application of the
fast reset method. Since the exposure lasts from the resetting of the first line of pixels until their
readout, the resetting time of the full frame should be added to the integration time to obtain the
total exposure time. The integrated frame contains not only the signal collected during exposure
but also the reset bias and noise as in the previous mode, therefore this readout scheme is also

applied only for engineering function.

2.2.5 Correlated Double Sampling or Double Correlated Read (o2dcr)

The Correlated Double Sampling (CDS) is introduced to eliminate reset bias which is present in
any image taken in the previous readout mode. This scheme consists of a complete frame reset,
a readout of the full array, an integration and a readout of the complete integrated frame. The
reset and the first readout of the frame are not simultaneous, i.e., a slow reset is applied (Fig.

2.10). The output signal is obtained by the subtraction of the reset frame from the integrated
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Figure 2.9: The timing diagrams of the signal and the control pattern for non-correlated sampling
(reset-read).

one, which eliminates the reset bias from the signal value. Since the whole array must be clocked
three times (one full frame reset and two readouts of the full frame) the efficiency of this readout

scheme is only 33% at the minimum integration time.
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Figure 2.10: The timing diagrams of the signal and the control pattern for CDS (reset-read-read).

2.2.6 Correlated Double Sampling with Fast Reset (fcr)

The CDS can also be implemented with the fast reset scheme. This means that the reset and the
readout of the reset level are carried out simultaneously and followed by the integration and the
readout of the integrated video signal (Fig. 2.11). The result frame is provided by subtraction
of the reset level from the integrated signal. Since the whole array is clocked only two times -
once for the reset with the first readout and once for the second readout, the efficiency of this
readout scheme is 50% for the minimal integration time. This readout mode was planned for

scientific operation
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Figure 2.11: The timing diagrams of the signal and the control pattern for CDS with fast reset
(reset-read-read).

2.2.7 Line-interlaced Read (lir)

The technique of the line interlaced read should guarantee the a more stable operation of image
sensors because each line in the frame is read out twice before and after the integration. The
readout cycle of this mode consists of two main parts: the clocking through the full array with a
read-reset-read scheme and the integration (Fig. 2.12). The read-reset-read scheme means that
each line in the complete frame is read out, reset and read out again, where the second readouts
provide the reset level of the detector. The integration completes the first readout cycle then
the second readout cycle starts with its read-reset-read scheme. The integrated photo signal is
obtained by the first readouts of this scheme and the second readouts, after resetting, provide
the reset levels for the next readout cycle. The result frame is produced by subtracting the reset
level obtained in the first cycle from the integrated signal read out in the second one. The second
cycle is also completed by integrating of the photo signal and a third readout cycle starts, which
provides the integrated signal for the second cycle. Concerning the result frames, the reset level
of the first frame comes from the first readout cycle and its integrated signal value form the
second cycle. The reset level of the second frame comes from the second cycle and its integrated
signal value from the third cycle, etc. As can be seen, the readouts of the lines in the adjacent
readout cycles are interlaced in contrast to the previous modes, where each cycle carried out a
complete readout of a frame line by line. After reading the whole array there is a pause if the
integration time is above the minimal value and the cycle is repeated for as many images as
required. Essentially no time is wasted, and for any integration time the efficiency of this mode
is almost 100%. Since the line-interlaced mode also provides correlated double sampling, it is

also used for scientific purpose.

2.2.8 Multiple End-point Read (mep)

This read out mode is similar to the double correlated read but here the readout cycle contains

2 x n readouts instead of two. After the complete frame reset the full array is read out n times
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Figure 2.12: The timing diagrams of the signal and the control pattern for the line-interlaced
read.

and the average of the n frames provides the bias values of the pixels after reset. After the
integration the complete array is read out n times again and the average of these frames is taken
as the integrated signal (Fig. 2.13). The video signal is the difference of the two averaged frames.
Since the averaging of more frames helps to reduce the readout noise in the image, this read out
mode provides a more accurate flux detection, which is advantageous for scientific purpose. This
solution allows the chip to have a stable operation as well but the duration of one readout cycle is
on order of seconds even if a fast reset is implemented, which may cause the minimal integration

time to be too long.
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Figure 2.13: The timing diagrams of the signal and the control pattern for the multiple end-point
read.
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2.2.9 The choice of the readout modes for scientific operation

The aim of the technical part of this doctoral thesis was to implement and test the readout
modes for HAWAII-2 FPA descried above. Since there were various readout modes available
for scientific purposes, we tested them in order to choose the one of them allowing for the best
performance of the detector. We used several criteria to measure the performance. The most
important criterion we used to compare the different solutions with each other was the image
quality produced in these readout modes. The multiple-end point read with the averaging of
the measured pixel vaules provides a stable operation of the HAWAII-2 chip and the best image
quality, comparing with the other readout modes in the same conditions.

Considering the efficiency of the readout modes, the line-interlaced read is the favorable with
its almost 100 % efficiency comparing with the Correalted Double Sampling with normal reset
and fast reset providing efficiencies of 33% and 50% for the minimal readout time. The multiple-
end point read have also only an efficiency of 33% or 50%, depending on the realization of normal
or fast reset. However, the readout time of the full array is a critical parameter as well and its
length depends on the scheme of the readout mode. The minimal readout time is longer in the
line-interlaced mode than that of the CDS with and without fast reset which may be enough to
saturate the detector in K-band imaging. This problem is more pronounced for the multiple-end
point read, where the readout time is even longer. Therefore the implementation of these readout
modes involves an optimization of the readout process aiming for the reduction of the readout
time of the full array as much as possible. The efficiency and the readout time together give
the effective time needed to produce an image during observations. By increasing the efficiency
and the reducing the readout time, we also reduce this effective time, which is important for an
optimal usage of the telescope time.

Thus the performance of the HAWAII-2 image sensor operating in these readout modes
is measured in terms of the three criteria, the image quality produced in a stable detector
operation, the efficiency of the detector operation, and an optimal readout time of the FPA. A
compromise between the best image quality, the maximal efficiency, and the shortest readout
time results in the best choice of the readout modes. In the next chapter we present our solutions
to the implementation of these readout modes together with their tests, where we consider the
techniques which can facilitate the optimal performance of the detector with respect to the three

criteria mentioned above.
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Chapter 3

Optimizing of the Operation of
HAWAII-2 FPA

In this chapter we present results related to the optimization of the camera operation for the
OMEGA2000 instrument. The aim of this optimization was to achieve the best possible perfor-
mance of the HAWAII-2 FPA installed in the camera. The OMEGA2000 NIR wide field imager
was designed for a background-limited operation, which determined the possibilities for the im-
plementation of its optimal readout process. A very slow operational mode of the imager could
not be a goal, even if it would assure a stable operation with favorable noise-properties, since a
readout of full HAWAII-2 array taking too long might saturate the detector with the incident
signal, especially in the K-band imaging. Therefore, the main task was to achieve as fast and
stable operation of the HAWAII-2 detector as possible while keeping its readout noise below the
photon shot noise of the background and producing the best possible image quality. This task
constituted the technichal part of this dissertation and we will discuss it in this chapter. In the
fist section of the chapter we concentrate on the optimal design of the readout process and in-
vestigate how the maximal attainable frame rate for the HAWAII-2 FPA can be realized. In the
second section, we present the techniques applied for optimization of the camera operation and
consider the problems related to the image quality produced at high data rate and then describe
the solutions to these problems. As a result of these optimizing techniques, the OMEGA2000
camera could operate at an appropriate frame rate, i.e., the K —band imaging was feasible, and
the image quality was also satisfactory for scientific purposes. MPIA had the opportunity to test
the operation of OMEGA2000 camera with three different HAWAII-2 focal plane arrays with the
serial numbers #37, #48 and #77. Here, we describe the probelms occurred in the operation
of these specimen installed in the OMEGA2000 camera and discuss their solutions. The tests
of the camera performance with the various image sensors after optimization of readout process

will be presented in the next chapter.

3.1 Optimizing of the Detector Readout

In the previous chapter presenting the HAWAII-2 FPA, we saw that the operation of the chip
is based on several factors. Its different output modes or the different implementations of the

readout process provide some free parameters for the optimization of the camera operation. In an
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optimal design of the control of HAWAII-2 FPA all the free parameters in readout process of the
array had to be fine-tuned so that the best performance of the image sensor could be achieved.
These free parameters are incorporated in different possibilities to implement the operation of
the chip, such as the choice of the output mode, application of different mode of the idle cycles
of the image sensor, adjustment some of the analog signals operating the chip and implementing
of an optimal timing of the readout process, i.e., design an optimal pattern for its digital control
signals. In the followings these possibilities will be discussed. We start with the considerations
related to the choice of the output mode of the data transfer from the HAWAII-2 chip. Then
we present the solution of the handling of idle cycles in the readout process of the FPA. It is
followed by a brief summary on the on fine-tuning of the analog controls signals of the chip and
we finish this section with the discussion how we found the optimal design of the clocking of the
digital control signals of the HAWAII-2 FPA.

3.1.1 The Choice of the Output Mode

The first step for the optimal design of the readout process was and the choice of the output mode.
As described in the previous chapter, the HAWAII-2 chip has three output modes, the Single
Output Mode, the Eight Output, Unshuffie Mode and the Eight Output, Shufled Mode. Since
in the Single Output Mode only one channel is used for the data transfer, the array operates at
a lower data rate than in the other two modes. In the specifications obtained from the Rockwell
Company the maximal data rate (or frame rate) of the HAWAII-2 FPA is 100 kHz (or 0.25 Hz)
for the Eight Output Modes. This gives a readout time of 4 s for a full frame with CDS and it
is even more in the Single Output Mode. The Shuffled Mode with eight outputs was provided
for the detector so that accidental stripe patterns in the images due to systematic effects could
be eliminated. However, the shuffling increases the data transfer time and we expected the
systematics effects will be suppressed by the dominating background noise.

Therefore we implemented only the Single Output Mode and the Eight Output, Unshuffled
Mode for the purpose of the detector test. We created two sequences of instructions initializing
the readout process of the detector for both the modes. The digital inputs O1 and O2 of the
HAWAII-2 FPA for controlling its output modes are set to the proper values (see Tab. 2.2) in
these sequences sent to the HAWAII-2 chip by the readout electronics.

Although we preferred the Eight Output Modes to the Single Output Mode for scientific
operation of the HAWAII-2 FPA by virtue of its speed, some artifacts due to the higher data
transfer rate appeared in the frames and these unwanted effect could only be reduced by applying
the Single Output Mode. This was the case during the scientific operation of HAWAII-2 FPA
#77, where a gradient appeared in its each quadrant in the Eight Output Mode. This will also

be discussed in the last section of this chapter.

3.1.2 Application of different modes for the idle cycles

We saw in the previous chapter that the readout process of the HAWAII-2 chip is organized in
units, so called readout cycles. Each readout cycle provides a complete image information, i.e.,
one or two frames depending on the readout mode. However, the control patterns of these cycles

can implemented without reading the pixel values as well, where the full array can be clocked
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through without sampling the video signal. The difference between the implementations of the
control patterns is the presence or the absence of the start of conversion signals (SCON) sent
to the A/D converters. The other control signals are all the same in the both cases so they
operate the chip in the same way. The readout cycles implemented without the sampling of
the video signal are called idle cycles. Since the HAWAII-2 FPA can run in idle cycles between
the readouts without any interrupt, the idle cycles are useful to stabilize the state of the image
sensor. If the readout of the FPA is started and finished without changing its operation, we can
avoid the transient feature in the video signal due to the modifying the state of chip circuits.
There are two solutions applied to start of the readout process in idle-mode: the idle-wait and
idle-break mode. In the first mode the software waits for the end of the current idle-cycle before
starting the readout of the chip while in idle-break mode it interrupts the running of the actual
idle-cycle and starts the readout immediately. The camera uses the idle-wait mode for normal
operation, which assures the stable operation of the chip. However, if a series of frames with long
integration times are taken the idle cycles between the readouts have also long duration times,
which causes a long dead time in the readout process. In order to avoid this dead-time, the idle
break mode should be used, in which the control software always stops the long idle cycles and
starts the readout. We used idle-break mode to take series of dark frames of the HAWATI-2 chips

with longer integration times increased up to 1000 s.

3.1.3 Fine tuning of the Analog Signals

In the previous chapter on the operation of the HAWAII-2 FPA the role of the analog control
signals of the chips are discussed, among others. These analog signals, namely the bias voltages
of the detector, can also be used to optimize the operation of the image sensor. The task is then
to adjust them in the range of their nominal values and check performance of the detector with
different timings of the digital control signals.

As seen in the Table 2.1, two of the bias voltages, BIASPWR and BIASGATE, have nominal
values of 5 V and 3.5 V, respectively. In fact, BIASPWR should not be changed since it is
the source voltage of the P-FET for accessing the unit cell. Nevertheless, BIASGATE can be
modified in its nominal range (0-5.5V) without any problem, which changes the current control
for the unit cell. By fine-tuning the current control, the speed and the dynamical range of
the SF amplifier can be adjusted. The other analog input is VRESET, the reset level of the
unit cells, which has a nominal range between 0.5 and 1 V. This means the BIASGATE and
VRESET can be used together to find an optimal range of the operation of the detector. In
order to assure a fast operation, the speed of the discharging of the unit cell should be increased.
If fact the P-FET with BIASPWR and BIASGATE is a voltage driven current source and the
current is proportional to the difference in the voltage between BIASPWR and BIASGATE (Fig.
2.5). By decreasing BIASGATE with constant BIASPWR, e.g. 5 V, the current discharging the
unit cell capacitance can be increased. As a consequence, if BIASGATE is adjusted to a lower
value, it increases the speed of the operation. The minimal value of BIASGATE could be 0V
in its nominal range. However, at about its nominal value, 3.5 V, the P-FET starts to saturate
and cannot increase the discharging current. Thus its optimal value must be in the near of the

nominal one. Besides increasing the rate of the discharging, a smaller reset value could also make
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shorter the discharging time. It means the value of VRESET should be set as small as possible.
On the other hand the video signal must have a maximal dynamical range which allows us to
measure the video signal more precisely. This requirement maximizes the value of VRESET.
A trade-off between these two requirements gives roughly the values of the analog inputs. An
optimal dynamical range, which takes about 4 ps, VRESET is set its maximal value, 1V, and
BIASGATE is adjusted to 3.2 V. These values were used for the operation of the HAWAII-2
FPA in the OMEGA2000 camera.

3.1.4 Optimal Design of the Basic Timing

Besides the choice of the output mode with the fastest data transfer and the fine-tuning of the bias
voltages, the main task was to design an optimal basic timing for the readout of HAWAII-2 sensor.
As a goal of this task, we wanted to ensure a detector limited operation of the OMEGA2000
camera, i.e., we reduced the time needed for the readout of the full FPA while the operation
of the chip had to remain stable. Hence, the main purpose for optimizing the pixel readout
cycle was to increase the sampling frequency of the video signal to an upper limit beyond which
the sampled signal would be distorted due to the interference and the transient behavior of the
circuit components. Here, we discuss the solutions we applied to achieve this detector limited
operational mode.

As already described in the previous chapter presenting the HAWAII-2 FPA, it operates in
reverse bias mode. It means the capacitance of each pixel in the array is charged by applying
a reset voltage and the charge carriers induced by the incident IR photons discharge these
capacitances in an amount proportional to the number of the photo charges. The video signal
is the voltage measured on the capacitances after discharging. The theoretical upper limit of
the sampling and clocking frequency of the video singal of the HAWAII-2 FPA is determined by
its transient time. After pulling the video signal up with the reset voltage at the beginning of
the readout cycle of a pixel, we cannot sample the signal until it has reached its stable value,
which takes about 4 ps with an optimal dynamical range adjusted with 1 V reset voltage and
3.2 V bias-gate voltage. The readout cycle time of one pixel is therefore altogether minimum 6
us corresponding to a clock frequency of 166 kHz. Since the readout cycle of a pixel starts at the
rising edge of the clock signal but the video signal is pulled up only at the falling edge, it allow
us to increase the clocking frequency. We can use not only the time period of the low state of
the clock signal (between the falling and rising edges) but also that of the high state of the clock
signal (between the rising and falling edges) in the next cycle to cover the whole transient time
of the video output. By applying a shorter low state of the clock signal, the next readout cycle
will start earlier and the video output can be sampled before the falling edge of the clock signal
in the next readout cycle. As a result, we have a readout cycle with a shorter duration time.

Fig. 3.1 compares the original readout process using the normal triggering with this solution.
The FSYNC pulse (plotted with magenta in both the oscilloscope screens) controls the start of
the readout of the full array with negative logic. The cycle time of a pixel readout spans the
time axis from the first rising edge of the clock signal (plotted with green color) to the second
one. The left hand panel shows the normal triggering where the cycle time covers the whole time

needed for the video signal (plotted with yellow color) to decrease to its stable value after its
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pulling-up. The transient time of the video output is delimited with the orange vertical markers.
Here, the SCON signal (plotted with purple color) triggers the sampling of the video output at
the end of the first readout cycle. The right hand panel displays the triggering delayed until the
second falling edge of the clock signal. In this case, the video singal is also sampled in its stable
state (SCON pulse plotted with magenta) but the next readout cycle starts (rising edge of the
second clock pulse) before the video signal reaches its stable value. The only difference between
the two pictures in Fig. 3.1 is the position of the FSYNC pulse. By positioning the trigger of the
sampling in the second readout cycle, we eliminate the dead time between the sampling and the

pulling up of the video output. As a result, we can decrease the cycle time in the second case.
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Figure 3.1: The left hand panel displays the normal triggering of the video signal conversion of
the first pixel in the FPA and the right hand one the triggering with delay. The clock signal
(CLK1) is plotted with green color, the output singal of the video amplifier with yellow, the start
signal of the sampling (SCON) with purple, and the frame synchronization signal (FSYNC) with
magenta.

Another possibility to minimize the cycle time is to decrease the transient time of the video
signal. It is about 4 us when the signal RESETEN is high, i.e., we reset the column bus to cell-
drain while there is no readout. If RESETEN is low the voltage difference between the pixels
and the cell-drain becomes smaller, which decreases the transient time to roughly 2 us. Thus,
a minimal value of symmetric clock signal is reduced to 2 x 2us = 4us, i.e. the clock frequency
can be 250 kHz. Although a stable video signal is sampled with all the methods, we used a pixel
readout time of 6 us (166 kHz) because ramps and stripes appeared at the edge of the frames
taken with higher clock frequency. This problem will be discussed in the next section.

With a pixel readout time of 6 us, the readout time of a full quadrant is 128 x 1024 x 6 us
= 786,432 us =~ 0.79 s in the Eight Output Mode and eight times more in the Singe Output
Mode. This gives the minimal time needed to readout the HAWAII-2 FPA since its quadrants are
read in parallel. However, the readout modes implemented for the OMEGA2000 camera contain
more steps than a simple readout of the full array. Thus, the minimal readout time of the
camera’s readout modes is inherently longer than a read of the full array. In order to determine
the time elapsed in a readout cycle of a given readout mode, we had to sum up the duration
times of all the instructions used in that readout cycle. Since it was an important criteria to
avoid the usage of any built-in interpeter making more complicated GEIRS (the control software
of the OMEGA2000 instrument), this task had to be implemented with an externally runing

program. I wrote a simple interpreter which processed the content of the instruction tables
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Readout Mode Min. readout time [s] Min. readout time [us]

Single Output Mode Eight Output Mode
Single pixel read (spr)* 15.9 2,065,076
Reset level read (rlr) 6.31 799,945
Non-correlated sampling (rr) 6.31 792,249
CDS (o2dcr) 6.32 799,970
CDS with fast reset 6.32 799,945
Line interlaced read (lir) 12.6 1,599,771

Table 3.1: The minimal redout times of the implemented readout modes of HAWAII-2 FPA.
* For the single pixel read this value depends on the position of the pixel to read out. Here, we
read out the 10.-th pixel located in the 6.-th line of each quadrant.

used for the various readout modes and calculated the total duration time of the readout cycle
from the duration times of the instructions organized in loops. We could determine the minimal
integration times for each implemented readout mode with this interpeter, which are shown in
Tab. 3.1. In the table, the first three readout modes are for engineering purposes. The minimal
readout times of the reset level read and the non correlated sampling are only negligibly higher
than the theoretical limit. We need much longer time for the single pixel read depending on the
position of the pixel specified to read out. The series of the line synchronization signals applied
for reaching a given pixel of the array in each quadrant is very time-demanding, which increases
the minimal readout time considerably for this mode. However, this time is critical only for the
other three readout modes as they are to be used for scientific applications. CDSs with and
without fast reset in the Eight Output Mode have minimal integration times of about 0.8 s,
which are short enough to avoid the saturation of the FPA in K-band imaging. These readout
modes in the Single Output Mode with ~ 6.3 s provide acceptable readout times for J- or H-
band observations but cannot be applied in K-band surveys. In spite of that, the line-interlaced
read is the most efficient readout mode and produces the minimal overhead between the frame
readouts. The minimal frame readout time is 1.6 s in the Eight Output Mode, which still allows
us to use this mode in J- and H-band imaging but might cause problems in K band. The Singe
Output Mode is not available for the the line interlaced read because its minimal readout time
is very long, 12.6 s, and during this time the HAWAII-2 FPA will saturate in all broad NIR
bands. Altough the multiple end-point read with its frame averaging provides the most accurate
photon flux detection, we did not implement it since this mode has the longest readout time.
In the multiple-end point mode we need to read out at least four frames in order to produce
one averaged image, which, considering the theoretical limit of the minimal frame readout time,
gives a readout cycle time of 4 x 0.79 s = 3.16 s for the Eight Output Mode. This long duration

time would make the application of this readout mode difficult even in J and H bands.

In this section we have considered how to design the basic timing of the readout process of
the HAWAII-2 chip optimally. With the techniques described above, we minimized the duration
time of the frame readout cycles of each readout mode implemented for the FPA. For the optimal
design, there are three readout modes available for the OMEGA2000 camera for the scientific
observations. In the Eight Output Mode the readout using CDS with or without fast reset can be

applied in all NIR bands, while in the case of the line interlace read we must check if the properly
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positioned bafle reduces the background noise enough to avoid the saturation of the detector in
K-band imaging. The OMEGA200 instrument is still able to operate with both types of CDS
in Single Output Mode but only for J and H-band surveys. The line interlaced read cannot be
used in Single Output Mode. In the next section we present the test result of the operation of
the HAWAII-2 FPA in these available readout modes and examine the quality of the imaging the
camera produces. This will help us to chose the optimal configuration of the readout and output
modes, thereby providing the best image quality for scientific purpose, without any feature or

artifact.

3.2 Improving of the Image Quality

Even if the video signal is sampled correctly, artifacts might appear in the images, due to the
transient effects in electric circuits operating at high clock frequency. Other unwanted couplings
between the different parts of the electrical circuits can also degrade the image quality. In
this section we consider these problems together with the techniques applied to eliminate these
artifacts. The first part presents the problems due to the transient behavior of the electrical
circuits of the HAWAII-2 FPA and the solutions to eliminate the artifacts related to the transient
phenomena. In the second part we describe the problems caused by internal couplings between
the electrical circuits of the FPA and the readout electronics. We also describe the solutions to

this problem.

3.2.1 Transient Features in the Images

We saw in the previous section that the transient phenomena of the electrical signals limit the
time resolution of the readout process. The video signal cannot be sampled until it reaches its
stable value and this imposes a time constraint on the pixel readout. Besides this transient
feature, there is another effect related to the video signal which must also be considered. In
the beginning of each line, indicated by a pulse of LSYNC, a drift in the video signal can be
measured, even if we sample the signal in the stable range. Fig. 3.2 showing the control singals
and the video output of the HAWAII-2 FPA demonstrates this feature. The left hand panels
shows the start of a frame readout after resetting the full array. In the left hand side of the
oscilloscope screen we can see the video signal measured in the last few pixels in the whole frame
to be reset. The FSYNC pulse, plotted with magenta, starts the readout of the next frame. The
right hand side of the screen shows this readout process, where the video signal of the first few
pixels are increasing only gradually up to the average value of the local area in the next frame.
The right hand panel shows the same phenomena but after the integration of the video signal.
Here, the video output is not active during the integration and has a gradual increase in its value
for the first few pixels, as in the previous case.

Since the same drift occurred both after reset and after integration, it should not cause any
problem for the readout modes with CDS. By subtracting the reset frame from the integrated
one, the gradient in the pixel values could be eliminated if the rate of the drifts were the same
in both frames. However, narrow stripes appeared at the border of the image as a result of the

subtraction, indicating that the drift rates were different. Since the amplitude of this difference
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Figure 3.2: The left hand panel shows the drift in the video signal after reset and the right hand
one displays it after integration. The clock signal (CLK1) is plotted with green color, the output
singal of the video amplifier with yellow, and the frame synchronization signal (FSYNC) with
magenta.

was on the order of 100 mV, representing about 1300 ADU, it became dominant only in low

signal level, as demonstrated in Fig. 3.3.

Figure 3.3: The left hand panel shows a frame taken with the FPA #37 with higher incident
flux, 20,000 ADU on the average, and the right hand one displays a frame taken with the weakly
irradiated detector, producing only ~ 5000 ADU. The latter exhibits drifts at the outer edges of
the quadrants.

A similar behavior was observable for the last pixels in each row, where the signal value was
considerably higher than the average signal of the previous pixels. Fig. 3.4 shows the readout
of the last few pixels in a row. The last pixel value is on the order of 100 mV, i.e., ~ 1300
ADU, higher the those of the previous pixels in the same row. The origin of this anomaly is
hard to explain. While in the previous case, the drift was due to the transient features of the
electrical circuits after changing their state, this explanation does not apply to this situation.

The triggering of line synchronization signal at the end of readout cycle of the last pixel cannot
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effect on the pixel value already at the beginning of the readout cycle. In any case, this difference
did not cause any feature in the frames taken in the readout modes with CDS, since it was only
a bias value superposed in the reset frame, which could be eliminated by subtracting it from the

integrated frame.
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Figure 3.4: The deviation of the value of last pixel from those of the previous pixels in an
arbitrary row of the array. The the line synchronization signal LSYNC is plotted with green
color, the output singal of the video amplifier with yellow.

3.2.2 Artifacts caused by internal Couplings

All the implemented readout modes were tested with the three HAWAII-2 FPAs operating .
with clock frequencies between 150 and 250 kHz and we checked the quality of the images
they produced. The noise statistics of the frames taken with different clock rates did not change
dramatically but some artifacts degrading the image quality appeared at higher clock frequencies.
In the case of FPA #37 and FPA #77 , a typical problem was that the different groups of channels
had different offsets in the frames of low signal level taken in CDS mode with fast reset (Fig.3.5).
With slow reset or in line-interlaced mode, only a gradient or a ramp in the pixel values appeared
in the quadrants but this artifact had a non-linear behavior, i.e., it did not scale with the average
signal level. We used slower clock rates down to 150 kHz but the ramps could not be eliminated.
This phenomenon might be caused by some unknown coupling problem between the multiplexer
of the detector and the data bus of the readout electronics. Whatever the cause, we did not
observe any similar feature in the images produced with the FPA #48 in the traditional CDS
with the clocking frequency of 166 kHz.

In the case of the specimen #48 another issue emerged. Here, the readout in CDS mode with
fast reset also caused some drift in the dark fames which could be observed in each channel (Fig.
3.6). This indicated that there is drift in the reset level along the rows of the pixel array in all
the quadrants. The drift was not present in the traditional CDS mode, so we used this mode in
the the science run, even though it is more time-consuming because of its less efficient readout
scheme.

The observations carried out with two of the HAWAII-2 detectors are listed in Tab. 3.2. FPA
#48 was used for the observations in September 2003 and OMEGA2000 provided data of good
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Figure 3.5: Dark frames produced by the FPA #37. The left hand panel shows a image taken
with fast reset and the right side one displays an image taken in conservative CDS mode.

Observation Used filters FPA

September 2003 J, H, K #48
November 2003 Ji, H #7177
April 2004 Ji, Jo, H H#T7

Table 3.2: Observations with two specimen of the HAWAII-2 FPA in the OMEGA2000 camera.

quality. In November 2003 and in April 2004, the camera was operating with the FPA #77 in the
Single Output Mode because the ramps present in the frames were less steep in this mode. The
ramps could not be completely flatfielded out, but the preliminary results of the data reduction

were satisfying. The one drawback was the increased overhead due to the slower output mode.
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Figure 3.6: The two upper panel display the right lower quadrants of the dark frames taken in
CDS mode with fast reset (left hand panel) and in conservative CDS mode (right hand panel)
with FPA #48. The lower panels give cross sectional views of the summed signal values over the
whole arrays for the same frames.
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Chapter 4

Performance of the HAWAII-2 FPA

In this chapter we present the results of the detector tests and discuss the performance of the
HAWALII-2 FPAs operating in the OMEGA2000 camera. In order to give a comprehensive view
of the performance of a detector, we have to test its operation by measuring its various prop-
erties. As we optimized the operation of the HAWAII-2 FPA in the OMEGA2000 camera, we
carried out a series of tests with the three specimen of HAWAII-2 FPAs, #37, #48, and #77,
to characterize their most important properties. During the tests, we measured and compared
their noise properties, dark current statistics, quantum efficiency and linearity, providing a more

comprehensive view on the performance of this detector family.

4.1 Noise Properties of the Image Sensor

In astronomy the goal of the imaging is to measure the photon flux, i.e., the rate at which
photons impinge on each point in the field of view. Focal plane arrays are therefore designed and
manufactured in that way to reach as maximal sensitivity to illumination as possible. However,
there is always a wide variety of features and artifacts appearing in the captured images, which
was not present in the incoming photon flux. These unwanted features and artifacts superimposed
on the input signal by the imaging system are specified as noise degrading the image quality.
Besides the sensitivity, another aim of the detector design is to minimize or control the sources
of noise, since noise is what ultimately limits the overall performance of a camera. In an ideal
digital camera, the performance is limited by the photon noise or the noise of the image sensor
and not by that of the system electronics.

The noise sources are usually classified in two categories: temporal or random noise sources
and spatial or pattern noise sources. The temporal or random noise is not constant from frame
to frame in the image and it can be reduced by applying longer exposure time for a frame, i.e.,
increasing the signal-to-noise ratio, or averaging successive frames. Statistical momenta, such as
the average, root mean square and median, are useful tools to describe the statistical properties
of random noises. Typical temporal noises are the shot noise, reset noise, output amplifier noise
and dark current shot noise. The spatial noise does not change significantly from frame to
frame and it cannot be reduced by increasing the exposure time or averaging successive frames.
However, frame subtracting and gain or offset correction techniques are able to reduce some kinds

of spatial noise. The pattern noise is described in terms of the variation in the signal values of
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the individual pixels under uniform illumination. This kind of noise has major components, such
as fixed pattern noise, photo-response non-uniformity and dark current non-uniformity. In this

section we give a short overview on some of the noise types

4.1.1 Photon Shot Noise

There exists a noise source which is not associated with the intrinsic properties of light detection
systems but with the discrete nature of photons. The random arrival of the photons at any
detector causes a random generation of the photo-electrons in the detector material and therefore
an inevitable statistical fluctuation in the rate of the photo-charge accumulation and in turn in
the video signal. The shot noise of the photons draws a fundamental limit on the performance of
imagers and it is important to determine its contribution to the total noise of the system. This
type of noise does not depend on the frequency of the light illuminating the detector, so it is a
white noise.

If the photon flux incident on a unit area of the sensor during a unit time is I(¢), then the

number of photons received on that unit area during the exposure time between ¢y and t¢; is

n— / "ot (4.1)

Since the shot noise has a Poisson statistical distribution, i.e., the time between photon
arrivals is specified by Poisson statistics, the uncertainty in the number of photons collected
during the given period of time is

Tshot = /1 . (4.2)

The useful data range of HAWAII-2 resides between 0 and 65535 and its linear regime is
measured to be up to about 40,000 ADU for each specimen, as we will see it in the Section 4.4.
Since the output signal conversion gains of the detectors are roughly 5e~ /ADU, their linear full
well capacities are about 200,000e~. If we take the quantum efficiency of the photo sites to
be almost unity, the average number of photons in the incoming flux has the same order and
the shot noise will be o4, = /200,000 = 400 (~ 100 ADU). We use only about two third of
the full dynamical range of the detector for the observations. Therefore, the shot noise of the
signal coming from the target objects typically \/2/—3 times smaller than o,; derived for the full
dynamical range, which gives about 80 ADU. This value should be compared with the infrared
background noise so that we could determine whether the observations will be limited by the

shot noise of the singal or by the background.

4.1.2 Reset Noise

As mentioned in the previous chapter, a typical active pixel sensor applies a source-follower
amplifier with a sense node capacitance to convert the photo-generated signal from the charge
domain to the voltage domain. In the beginning of every readout cycle each pixel of the camera
is reset to some reset level, V,..;. It means that the sense node capacitance is charged through
the resistance of the reset MOSFET channel to reach the voltage V,.s. Nevertheless, there is

always an uncertainty in this voltage due to thermal noise generated by the MOSFET channel
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resistance. This uncertainty is referred to as the reset noise and it depends on not only the
temperature but also the noise equivalent bandwidth (NEB) Af of the channel. The latter is
defined defined by the expression

__1 > 2
Af= e |, 1AGPaE (4.9

where A(f) the transfer function of the cannel, and it gives the cut-off frequency of an ideal filter
with a power spectral density equivalent to a real one. Any real filter can be replaced by its ideal
pair if its response to the white noise superimposed on its input has the same power spectral
density as the real filter. The definition of the noise equivalent bandwidth can be seen in Fig.
4.1, where this cut-off frequency of the ideal filter has the value for which the two shaded areas
are equal. Then the RMS of the reset voltage is expressed as

20log |A(D|2 [dB]

the response of an ideal low passfilter

/

the response of areal low pass filter

/

B f [Hzl

Figure 4.1: The definition of the noise equivalent bandwidth. The shaded areas are equal.

Ores = JAKTAFR | (4.4)

where k is Boltzmann’s constant, T is the temperature and R is the effective channel resistance.

Normally a RC low pass filter with the transfer function

1 1

A(f):m fozm,

(4.5)
provides a good approximation of the noise channel models for resetting of the output nodes of
CCDs or Active Pixel Sensors. Its noise equivalent bandwidth has the simple form

Af_/o ‘m df—/o T = g h (4.6)

f/fo)

that is )
= — 4'
af 4RC (4.7)

which can be substituted in Eq (4.4) and we obtain that
kT

=4\/— . 4.
Ores C ( 8)
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It is more convenient to express this value in terms of electrons so that we can compare it with
the number of electrons accumulated in the well capacitance. Since the accumulated charge in
the sense node capacitor is ng = C'V,..s, where n is the number of electrons, ¢ is the fundamental

charge and C is the sense node capacitance, the RMS of the reset noise in terms of electrons is

VETC
. .

Ores =

(4.9)

Because the two free parameters are only the temperature and the sense node capacitance in this
equation, the reset noise is also called k7T'C noise. By reducing the free parameters, the reset
noise can be decreased. The tradeoff is that the lower the sense node capacitance, the smaller the
dynamical range of the photo-sites. According to the specification of HAWAII-2 detector, its unit
cells have a sense node capacitance of 28-35 fF (Haas, 2002). Therefore, at the temperature of
77K we expect a maximal reset noise generated on the sense node capacitance to be g,..s & 40e™,
i.e., about 10 ADU. This value is one order less in magnitude than the expected photon shot

noise, hence it is negligible in the background limited operation of the imagers.

4.1.3 Readout Noise

The two primary sources of the readout noise of the imaging sensors are the thermal and the
flickering noise generated in the output amplifier. The thermal noise is a white noise, i.e., it
is independent of the operation frequency of the circuit, while the flickering noise is frequency
dependent. This means their contribution to the total readout noise is varying in different

domains of the frequency scale.

Thermal or White Noise

Not only the reset MOSFET but also the transistor of the output amplifier of the detector has a
resistance that causes thermal noise. This kind of white noise, sometimes called Johnson noise,

can be described with a similar expression in volts as the reset noise,

Oth = \V 4kTAfRout [V] 5 (410)

but here the resistance R,,; denotes the output impedance of the source follower amplifier. If

the g is the gain of the image sensor, then the thermal noise in electrons can be written as

O = w e7] . (4.11)

With the output impedance of a few Ohms and about the same noise equivalent bandwidth as
the reset noise has, this noise for the HAWAII-2 detector with a gain of ~ 44V /e~ has the same

order as its reset noise.

Flicker or 1/f noise

Another natural noise source in electrical circuits produces a noise with an amplitude approx-

imately inversely dependent on the frequency. It is called flicker or 1/f noise because of its
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frequency dependence. The higher clock frequency a system is driven on, the lower the noise,
hence it causes no problem for fast readout circuits and it can only be the dominant noise com-
ponent for the imagers operated with low pixel rate. Quantitatively, if we increase the clock
frequency by one order of magnitude then the noise power decreases also by a factor of 10 and

the RMS of the noise current is

A
o1/f = s Tf, (4.12)

where i, is the signal current, A f is the noise equivalent bandwidth of the output amplifier and
f is its operational frequency. The typical source of the 1/f noise is any junction in the circuits,
namely the traps of electron states at the silicon-oxide interface of the MOSFET switches. The
variations of the electron states exhibit different characteristic time constants related to the dif-
ferent charge traps and the superposition of these variations, each with its own time constant,

generates the 1/f noise spectrum.

If the detector is clocked slowly the 1/f noise is the natural noise limit but by increasing the

frame rate at the 1/f corner frequency the device becomes white noise limited.

4.1.4 The Photon Transfer Curve

An efficient analysis for the noise characteristics of an imager is to determine its photon transfer
curve, which provides the read noise floor, the conversion gain, the full well capacity and the
dynamical range of the detector. Such a plot can be obtained by taking a series of flatfielded
images with different exposure times, or with different signal intensities, and measuring the
mean and the variance of the pixel values in a fixed area of all the images. The photon transfer
curve then, is the graph of the variance as a function of mean pixel values. The method of
determination of the read noise and the gain from this plot is very simple. The conversion gain
of an image sensor is defined as the ratio of the number n, of the photo generated electrons to
the video signal s in ADU,

g="c [AGI;U} . (4.13)

Since the number of the photoelectrons also exhibits a Poisson’s distribution caused by the

photon shot noise, its variance can be expressed in the term of the gain and the video signal

02 =ne=gs . (4.14)

e

The major noise components of a bias subtracted image should be this random noise exhibiting
Poisson statistics and the readout noise of the detector. By adding their standard deviations in

quadrature, we obtain the noise of the total signal in electrons,

gos =\ o2+ 02, , (4.15)

or the the variance of the total signal

(4.16)
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which is a relation between the variance and average signal intensity. In fact, the photon transfer

1500 ‘ ‘ ‘ 1500 ‘ ‘ ‘

RQuad. 1

H
o
O
O
T
N
Q
Q
@
T

o

o Ch.
Ch.

o Ch. 500

1
2
3
4
Ch.5 1 i
6
I
8

Variance [ADU]
Variance [ADU]

a

O

O
T

o Ch.
Ch.

o Ch.

I I I T R N R I T ! T N1 TR R B
o]

0 2000 4000 6000 8000 0 2000 4000 6000 8000

Signal [ADU] Signal [ADUI

O ~NOYJT A WN

o Ch.
\

Ruad. 4 2

1000 — 7 — 1000 —

o Ch.
o Ch.

ch.
o Ch.

Cch.
o Ch.
ch.
o Ch.

I TR N1
00 6000 8000 0 2000 4000 6000 8000

Variance [ADU]
Variance [ADU]

500 —

o ~NOJ N WN -
I
T

o ~NOJ N WN -

o Ch.

T
0 2000 40
Signal [ADU] Signal [ADUI

O

Figure 4.2: The photon transfer curve for each quadrant of the FPA #37.

curve is not linear but it has different characteristic regimes. In the first regime, at lowest signal
values, the operation of image sensors is dominated by the readout noise and the curve is flat.
The intersection of the transfer curve and ordinate axis gives the theoretical value of the readout
noise floor, (0,,/9)%. As the signal level increases, the camera operation becomes shot noise or
background limited. This is the second regime, where the photon transfer curve has a slope

of g1

, 1.e., its tangent determines the signal conversion gain of the detector. The third range
represents the pattern noise limited operation of the imager. Here, the noise is proportional to
the signal level, which means the slope of the photon transfer curve is unity in the log-log plot.
In order to determine the readout noise and the gain of the HAWAII-2 detectors, flatfield
images were taken with constant illumination through a narrow band filter (NB1083) with dif-
ferent exposure times. After flatfielding them, the median and the variance of the pixel values in
each channel of the arrays were measured in the frames and averaged for each quadrant. These
values gave the photon transfer curves of the imager. The first, readout noise limited regime
was very small compared to the shot noise limited one. Even if the detectors were very weakly

illuminated, on the order of 1000 ADU, the operation of the imagers were shot noise limited.
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Quad./Ch. Fitted (1/g9) g Fitted (0,./g)?> o2
(e~ /ADU) (ADU)
Quad. 1
Ch. 1. 0.1786 5.60 1.7130 53.7
Ch. 2. 0.1773 5.64 2.1369 67.98
Ch. 3. 0.1751 5.71 3.5764 116.65
Ch. 4. 0.1755 5.70 2.9699 96.42
Ch. 5. 0.1733 5.77 3.9987 133.14
Ch. 6. 0.1679 5.96 4.5716 162.17
Ch. 7. 0.1775 5.63 1.9586 62.17
Ch. 8. 0.1713 5.84 3.5667 121.55
Quad. 2
Ch. 1. 0.1966 5.09 -2.0739 -
Ch. 2. 0.1892 5.29 1.1052 30.87
Ch. 3. 0.1843 5.43 3.1954 94.08
Ch. 4. 0.1882 5.31 0.7883 22.26
Ch. 5. 0.1849 5.41 1.4673 42.92
Ch. 6. 0.1905 5.25 -2.1159 -
Ch. 7. 0.1815 5.51 1.4328 43.49
Ch. 8. 0.1826 5.48 0.6488 19.46
Quad. 3
Ch. 1. 0.1864 5.36 5.9957 172.56
Ch. 2. 0.1818 5.50 0.2913 8.81
Ch. 3. 0.1883 5.31 3.8819 109.48
Ch. 4. 0.1862 5.37 2.9250 84.37
Ch. 5. 0.1849 5.41 2.7540 80.55
Ch. 6. 0.1908 5.24 -1.0344 -
Ch. 7. 0.1862 5.37 0.7624 21.99
Ch. 8. 0.1813 5.52 2.2328 67.93
Quad. 4 3
Ch.1. 0.1945 5.14 2.4648 65.15
Ch.2. 0.1934 5.17 1.9898 53.2
Ch.3. 0.2007 4.98 -2.1223 -
Ch.4. 0.1976 5.06 -1.9213 -
Ch.5. 0.1874 5.34 3.3340 94.94
Ch.6. 0.1922 5.20 1.9204 51.99
Ch.7. 0.1933 5.17 -1.2340 -
Ch.8. 0.1924 5.20 -3.2398 -

o7

Table 4.1: The gain g and the readout noise o, measured for each channel of the HAWAII-2 FPA

#37.
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Quad./Ch. Fitted (1/g9) g Fitted (0,/g)®> o2
(e~ /ADU) (ADU)

Quad. 1

Ch.1 0.2344 4.27 1.9979 36.35
Ch.2. 0.2301 4.35 1.8634 35.20
Ch.3. 0.2201 4.54 1.8648 38.51
Ch.4. 0.2330 4.29 1.7869 32.90
Ch.5. 0.2415 4.14 1.8383 31.53
Ch.6. 0.2418 4.14 1.8636 31.87
Ch.7. 0.2202 4.54 1.6704 34.46
Ch.8. 0.2482 4.03 1.8523 30.06
Quad. 2

Ch.1. 0.2029 4.93 1.5180 36.86
Ch.2. 0.2121 4.72 1.7969 39.96
Ch.3. 0.2039 4.90 1.7956 43.19
Ch.4. 0.2352 4.25 1.7484 31.60
Ch.5. 0.2404 4.16 1.6821 29.12
Ch.6. 0.2451 4.08 1.6565 27.57
Ch.7. 0.2489 4.02 1.6740 27.03
Ch.8. 0.2476 4.04 1.7355 28.32
Quad. 3

Ch.1. 0.2130 4.70 1.0705 23.60
Ch.2. 0.2143 4.67 1.0794 23.52
Ch.3. 0.2037 4.91 1.1203 27.00
Ch.4. 0.2304 4.34 1.2721 23.97
Ch.5. 0.2013 4.97 1.3732 33.88
Ch.6. 0.2258 4.43 1.5482 30.36
Ch.7. 0.2114 4.73 1.5859 35.49
Ch.8. 0.2169 4.61 1.3775 29.29
Quad. 4

Ch.1. 0.2077 4.81 1.5186 35.20
Ch.2. 0.2483 4.03 1.1290 18.32
Ch.3. 0.2319 4.31 1.4456 26.87
Ch.4. 0.2067 4.84 1.4966 35.04
Ch.5. 0.2444 4.09 1.5238 25.52
Ch.6. 0.2451 4.08 1.6973 28.25
Ch.7. 0.2465 4.06 1.7926 29.50
Ch.8. 0.2306 4.34 1.8150 37.60

Table 4.2: The gain g and the readout noise o, measured for each channel of the HAWATII-2 FPA
#48.
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Quad./Ch. Fitted (1/g9) g Fitted (0,./g)? o2
(e~ /ADU) (ADU)
Quad. 1
Ch.1. 0.2059 4.86 2.1565 50.8
Ch.2. 0.2102 4.76 1.4323 32.48
Ch.3. 0.2166 4.62 3.2364 69.01
Ch.4. 0.2084 4.8 0.2134 4.92
Ch.5. 0.2041 4.9 -2.2312 -
Ch.6. 0.2066 4.84 3.8764 90.83
Ch.7. 0.2200 4.54 2.3432 48.4
Ch.8. 0.2082 4.8 5.6544 130.41
Quad. 2
Ch.1. 0.1883 5.31 1.3214 37.26
Ch.2. 0.1872 5.34 -2.4325 -
Ch.3. 0.1957 5.11 3.2784 85.59
Ch.4. 0.1921 5.21 2.4324 65.93
Ch.5. 0.1983 5.04 6.3476 161.45
Ch.6. 0.1946 5.14 1.7654 46.63
Ch.7. 0.1887 5.3 8.5436 239.82
Ch.8. 0.1971 5.07 -1.3221 -
Quad. 3
Ch.1. 0.1942 5.15 4.5435 120.45
Ch.2. 0.1956 5.11 3.4656 90.54
Ch.3. 0.2059 4.86 -1.4324 -
Ch.4. 0.2105 4.75 2.4343 54.92
Ch.5. 0.1966 5.09 0.8776 22.71
Ch.6. 0.2043 4.90 2.3243 55.7
Ch.7. 0.2028 4.93 1.4355 34.91
Ch.8. 0.2102 4.76 4.3463 98.35
Quad. 4
Ch.1. 0.2234 4.48 1.9615 39.32
Ch.2. 0.2352 4.25 2.7455 49.63
Ch.3. 0.2256 4.43 6.8767 135.07
Ch.4. 0.2101 4.76 -1.2423 -
Ch.5. 0.2089 4.79 4.3651 100.01
Ch.6. 0.2122 4.71 2.5433 56.5
Ch.7. 0.2132 4.69 3.1213 68.66
Ch.8. 0.2274 4.40 1.6456 31.81

Table 4.3: The gain ¢ and the readout noise o, measured for each channel of the HAWAII-2 FPA
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The transfer curves for all the three arrays had very similar characteristics. Fig. 4.2 shows the
photon transfer curve for each channel of the FPA #77. The gain and the readout noise statistics
derived from this curve are listed in Tab. 4.1, whereas Tabs. 4.2 and 4.3 display these values for
the specimen #48 and #77. The gains of the detectors were 4-5 e~ /ADU and their values at

zero gave a readout noise of 10 e~ on the average, as expected (Hodapp, 2000).

4.1.5 Feedthrough and crosstalk

Although the flicker noise is not a problem for the electric circuits driven with high frequency,
unwanted signals might appear in data transfer of one part of the circuit due to the operation
of another part. The feedthrough of digital signals from the clock and the control lines into
the analog parts of the circuit can deform the output waveform. The feedthrough is normally
the result of the varying loads due to the different signal levels and the variability in the clock
edge placement due to jitter. Besides the high frequency control and clock signals the high
data transfer rate also causes similar problems: the crosstalk between some analog channels can
produce moderate distortion in the waveform of the video output. The noise associated with the
feedthrough and crosstalk is roughly a function of square root of the clock frequency.

The pixel clock of HAWAII-2 FPA operates at 160kHz, which is high enough to produce
some crosstalk events. Although bright stars can saturate the detector during its operation,
resetting of the full array prevents this high excess in the pixel values from causing any residual
image effects in the following image of the dithering. Nevertheless, the saturated pixels generate
a crosstalk between the data transfer lines of the different channels of the quadrant in which
they are situated. The data lines of the channels are organized in parallel and there might be
an interference between the data lines transferring the high video signal and the neighboring
ones. As a result of this crosstalk, a series of spots with the distances of 128 pixels from each
other appears in the whole quadrant, corresponding to each channel. The average values of the
spots were lower than the background signal and their difference was a few percent, which is
large enough to degrade the photometric correctness at the places they are situated. These spots
could not be measured in the raw images but they were well discernible in the reduced frames
(Fig. 4.3). This effect was a general feature of the operation of all the HAWAII-2 detectors
which were tested and it should be considered for the choice of pointing positions in any field of

the observations.

4.1.6 Fixed Pattern Noise (FPN)

There is a noise type which does not depend on the illumination of the detector and exhibits fixed
patterns instead of random properties. This type of noise, called fix pattern moise, is normally
due to operation of the sensor circuitry. In spite of the carefully performed growing process of
the sensor layer structure, there may be variations in the detector dimensions, the doping con-
centrations, the contamination during the fabrication and the characteristics of the MOSFETs.
These non-uniformities in the physical properties of the photo-sites also cause variations in the
voltage between the MOSFET components in the unit cells and in the column circuits. The
output voltage can further distorted by repeating irregularities in the array clocking and, in very

large arrays, resistive drops in the reset buses may lead to a fall in the reset voltage. As a result
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Figure 4.3: A series of pots caused by the cross talk during the transfer of the high signal values
of saturated pixels.

of all these effects, a spatial variation can be measured in the output voltage produced by the
pixels over the entire array even if in the absence of illumination. This spatial noise has a fixed
pattern, which does not change appreciably image to image.

A typical fixed pattern noise of the HAWAII-2 FPAs is the difference of the bias levels in
the 32 channels after resetting the detector, which appears in the frames taken in uncorrelated
readout mode. This spatial noise besides other the noise features superimposed on the reset level

can be eliminated by applying the double correlated readout mode.

4.1.7 Photo-Response Non-Uniformity and Quantum Efficiency

The non-uniformity of the pixel properties also results in a variation of their sensitivity to light.
Besides the properties, such as the detector dimension, the doping concentration and the thick-
nesses of the over-layers, the sensitivity of the photo-sites depends on the illumination, both on
its intensity and its frequency. This variation in the response of the pixels to the photo signal is
called photo-response non uniformity (PRNU).

The image sensor technology uses some important quantities for the adequate characterization
of the sensitivity of the detectors. The first one is the responsivity R, defined as the ratio of the

electrical output signal i, of the detector to the IR incident radiation power P,

Z‘S()\7 f)

-1
Poup AW (4.17)

R\, f) =

where X\ and f are the wavelength and the modulation frequency of the irradiation of the imager,
respectively. For unmodulated signals (f =counst.), the responsivity is called spectral response,
which describes the wavelength dependence of the response function of detectors. For a fixed
wavelength of the incident radiation, i.e., when photons fall in with the same energy, the Respon-
siwe Quantum Efficiency n (or RQE) of the image sensors can also be introduced as the ratio of
number of the detected photons to the number of the incident ones. It gives the relative efficiency
in which incident photons are collected and converted into electrons or an electric output signal.

In Figs. 4.4, 4.6, and 4.6 we show the RQE of HAWAII-2 FPAs #37, #48, and #77 mea-
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sured in J, H, and K bands by the Rockwell company together with the histograms of flatfield
images taken with the same detectors mounted in the OMEGA2000 camera. We used dome flats
which were taken with the J;(A/AA=1190/80nm), H and K filters installed in the OMEGA2000
instrument. Since the IR sources illuminating a screen for the flatfielding in dome of the 3.5 m
telescope were not calibrated and we cannot measure the incident photon flux needed to derive
the RQE of the image sensors. We therefore give the histrograms of the dome flats normalized
with their median for a qualitative comparison between the sensitivies of the three detectors.
When the histograms of the flatfield frames are compared with each other, the difference be-
tween the distribution of the sensitivity of the imagers can be established: the narrow peak of
the histogram belonging to FPA #48 shows that this chip has the most uniform distribution of
the sensitivity. The left wing of the histogram of FPA #37 indicates a higher non-uniformity in
its upper left quadrant while the broad, less pronounced bump in the histogram of FPA #77 is

caused by a global variation of the quantum efficiency in the whole array.

4.0 105 ——— L L L s e s e Bt s B e 25000 T T I
: EFPA 137 : F EFrPA ®37 B
r FPA 148 7 - FPA 48 N
r = 20000 — —
3.0 105 EFPA 77 4 r EFPA 77 b
0 r 19 = 7
o r 1 o - N
X H 4 215000 - —
) L 4 o - B
52.0 105 |- -4 5 L ]
0 i 1 & r ]
@ - 4 810000 (- -
€ L 1 € H B
S 3 L i
z L 1 Z
L ) il
1.0 105 - i ‘ ]
r = 5000 —
ol L/f\ L1 \\\T‘\l L1 0 L / | [ T S L
6] 0.2 0.4 0.6 0.8 1 1.2 0.6 0.8 1 1.2 1.4
RRE [e~/phl Signal [med]

Figure 4.4: The left hand panel shows the Responsive Quantum Efficiency (RQE) of the HAWATI-
2 FPAs, #37, #48, and #77 measured in J band by the Rockwell company. Theright hand panel
displays the histograms of the flatfield images taken in J; band with with the same detectors
installed in the OMEGA2000 camera.

By comparing the histograms of the normalized flatfield images with those of the RQE for each
detector in each NIR band, we see the characteristics of RQE measured by the Rockwell company
are similar to the distributions of the pixel values in the dome flats. The RQE histograms exhibit
similar shapes and broadenings to those of the measured intensities in normalized flatfield images.
In Fig. 4.7 we illustrate the different distributions of the pixel values by presenting the the flat

field images for each detector.

However, neither the responsivity nor the RQE gives any information about the noise prop-
erties of image sensors, hence they cannot indicate their sensitivity. We need a quantity which
can characterize not only the sensitivity of the detectors but also describe the noise degrading
the quality of the measured signal. In an ideal imager the noise of the input signal, i.e., the

photon shot noise o, of the incident radiation is the only one noise source. The S/N of the
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Figure 4.5: The left hand panel shows the Responsive Quantum Efficiency (RQE) of the HAWAII-
2 FPAs, #37, #48, and #77 measured in H band by the Rockwell company. The right hand
panel displays the histograms of the flatfield images taken in H band with the same detectors
installed in the OMEGA2000 camera. .
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Figure 4.6: The left hand panel shows the Responsive Quantum Efficiency (RQE) of the HAWAII-
2 FPAs, #37, #48, and #77 measured in K band by the Rockwell company. The right hand
panel displays the histograms of the flatfield images in K band with the same detectors installed
in the OMEGA2000 camera.
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Figure 4.7: Flatfield images of FPA #37 (upper-left), #48 (upper-right) #77 (lower-left) taken
with K filter and their histograms (lower-right)
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ideal detector, by virtue of the Eq. (4.2), is given by

S/Npp := s/opn =n/v/n=+/n (4.18)

where n is the number of the incident photons. A real image sensor has other noise sources, such
as the dark current, reset, and readout noise, all of which decrease the theoretical S/N. The
Detective Quantum Efficiency (DQE) of a real detector is defined as the square of the ratio of
two S/Ns, the S/N of the output singal S/N,,¢, and that of the input radiation S/Ny,,

s~ () - (352)

which measures the effectivity of a real image sensor relative to that of idealized, noiseless photon-
detecting system. If a calibrated IR source is used to adjust the incident flux, then the photon
shot noise S/N,y, is also given and the average DQE can be calculated by measuring the S/N of
the output signal.

Since the European Space Observatory (ESO) is determined the wavelength dependency of
the RQE of the HAWAII-2 family. The quantum efficiency in the measurements was obtained
by varying the temperature of a blackbody and measuring the photon response of the detector
for different levels of photon flux. The filter transmission curves used to derive the photon fluxes
were also measured at 77 K, the operational tempererature of a HAWAII-2 detector. For the
known photon flux with Poissonian noise statistics, S/Np, could be derived. The photon transfer
curves of HAWATII-2 imagers were also determined, which provided their readout noise floors and
gains. The gains were used to convert the detector singal to electrons. The ratio of the measured
singal to the readout noise provided the S/N of the output. In Fig. 4.8, the average RQE of
each FPA was measured in J, H and K broad bands and more detailed wavelength dependence
of the RQE measured by ESO, which are consistent with the histograms

The average RQE given here is only an integrated value of the RQE distribution over the whole
HAWAII-2 arrays. In order to obtain a more detailed characterization of quantum efficiency over
the full pixel arrays, DQE maps have to be created for the NIR broad bands. Perhaps the most
effective technique for mapping the DQE is to apply celestial signal sources. The OMEGA2000
camera needs only to scan a specified field containing many calibrated sources in a fine grid of
pointings, i.e., with small offsets for each NIR filter, and the variation of these sources over the
series of frames taken with different pointings can be used to create a high resolution DQE map
over the whole detector area in each band. Since a detailed DQE map needs to have a great
number of frames, the observations for this purpose demand a large amount of telescope time in

nights when the weather allows for photometric observations.

4.2 Dark current

Dark current in image sensors is the result of imperfections and impurities occurring in the
bulk material or at the Si-SiOs interface of the detector. These defects produce energy levels
in the forbidden gap of the semiconductor which can be filled by thermally excited valence

electrons. From this intermediate state the electrons with enough thermal energy jump to the
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Figure 4.8: The left hand panel shows the average RQE in J, H, and K bands for the HAWAII-2
FPAs #37, #48, and #77 measured by Rockwell. The right hand panel displays the RQE vs.
wavelength plot of a HAWAII-2 imager reported by ESO (Finger, 2002).

conductive band and produce a measurable signal in the well of the unit cells even in absence
of illumination. The dark current due to the thermal excitation of the electrons located in the

valence band strongly depends on the temperature of the detector,

_ Egq(T)

Tgary = const - A - Tgopc - TH5 -7 267 le” /pixel - 5] , (4.20)

where A is the pixel area in cm?, I3pox the reference dark current measured at 300K (nA/cm?),
and Fj is the band gap energy at temperature 7. The band gap energy can also be expressed

in terms of the cut-off frequency A. of the detector material

he 1.24
E, = SR or E (eV) = () (4.21)

There is an empirical expression for the energy band gap of Hg;_CdyTe as a fit function of

temperature and the mol fraction =,
E4(eV) = —0.302 + 1.93z + 5.35 - 10747(1 — 2z) — 0.8122 4 0.83223 | (4.22)

which is valid over the full composition range and for temperatures from 4.2 to 300K (Hansen
et al. 1982). Therefore, the band-gap energy and in turn the cut-off wavelength can be adjusted
by controlling the mol fraction of Hg and Cd, as mentioned in the previous chapter. For the
HAWATII-2 chip the cut-off wavelength A. is 2.5 um, which needs a band-gap energy of 0.496
eV. According to the empirical formula, the mol fraction = = 0.458 provides the required en-
ergy band gap at 77 K, the operational temperature of the HAWAII-2 FPA. At A\, = 2.5 um
the energy gap of the HgTeCd semiconductor does not exhibit strong temperature dependence,
hence E, can be considered at constant band-gap wavelength (Hodapp et al. 1995). At lower

temperatures and longer cut-off wavelengths the tunneling currents between defect states and the
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HgTeCd valence and conduction bands increase with decreasing temperature according to the
temperature dependence of the HgTeCd band-gap. The tunneling current has, in fact, relatively
weak temperature dependence but it depends on bias voltage strongly. Nevertheless, the cut-off
wavelength of the HAWAII-2 FPA is relatively short and any changing in the bias voltage does
not really effect the contribution of tunneling current to total amount of dark current.

In this section we discuss both the temporal and spatial noise associated with dark current.
The dark current shot noise, as a random and temporal noise, is negligible for the HAWAII-2
FPA and will be considered briefly. Then we characterize the dark current non-uniformity for
the three HAWATII-2 chips. We present the measurements of the dark current statistics for each

FPA and explain how to eliminate the contribution of dark current in the frames.

4.2.1 Dark current shot noise

Shot noise arises not only from the photon statistics but also from the presence of thermal
electrons within the depletion region. The dark current shot noise also has Poisson statistics, so

its amount can be expressed as

Odark = v/ Ndark (423)

where ngq- is the integrated dark current over a give time and measured in electrons. It is
a temporal noise and averaging of more frames can reduce this effect. As will be seen in this
section, the mean dark current of each specimen of HAWAII-2 FPA is about 0.03-0.04 ¢~ /s which
gives 044, =0.17-0.20 e~ /s. These values are less then one ADU and much smaller than the net
current from other noise sources, therefore the shot noise arisen from the statistical fluctuation

in the dark current is negligible for integration times on the order of 10 s..

4.2.2 Dark current non-uniformity

On account of the variation in the physical properties of the unit cells, the same thermal energy
excites valence electrons in the semi-conductor layer, producing varying amounts of dark current
in each pixel. This dark current non-uniformity, due to the global variation of the physical
properties of the individual unit cells, has a fixed spatial variation. In other words, the fixed
pattern noise is the same in all the frames and can be eliminated by subtracting a dark reference
frame from the illuminated image if both of them are taken with same exposure time and at the
same temperature. Of course, this method has as an expense that subtraction of two images
increases the dark current shot noise by factor of v/2 and the readout noise.

The left hand panel of Fig. 4.9 shows the dark current histograms for HAWAII-2 FPAs #37,
#48, and #77, measured by the Rockwell company. We also present the statistical momenta of
the dark current characteristics of these detectors in Tab. 4.4. The dark current of these detectors
is reported to be only about 0.02 e~ /s at 77 K (Hodapp et al., 1995) and the median values
of the dark current provided by Rockwell for these specimen are in the interval 0.03-0.04 e~ /s,
i.e., they are a factor of 1.5-2 larger than the specified value. However, these detectors still have
negligible dark currrent contribution for integration times of 1-5 sec, which are in the range of
the typical exposure times for scientific imaging. We also determined the dark current statistics
for these HAWAII-2 chips under the control of the readout electronics of OMEGA2000. We took
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Figure 4.9: The left hand panel shows the dark current characteristics of the HAWAII-2 FPA #37,
#48, and #77, measured by the Rockwell company. The right hand panel shows the histograms
of dark frames taken with the detectors #37, #48, and #77 installed in the OMEGA2000 camera.

FPA Min. value Max. value Mean value

Median value Std. dev.

No. (e™/sec) (e~ /sec) (e~ /sec) (e™ /sec) (e~ /sec)
#37  0.000 1.000 0.035 - 0.065
#48  0.000 1.000 0.059 0.043 0.065
#7177 -0.50 1.000 0.050 0.032 0.075

Table 4.4: Dark current statistics of the HAWAII-2 FPAs #37, #48, and #77 measured by the
Rockwell company.
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FPA Min. value Max. value Mean value Median value Std. dev.

No. (e /s) (" /s) (" /s) (" /s) (" /s)
#37  -1.11 1.09 0.163 0.15 0.21

#48  0.000 3.35 0.069 0.212 0.075
#7717 471 1.22 0.191 0.087 0.09

Table 4.5: Dark current statistics of the HAWAII-2 FPAs #37, #48, and #77 measured by
MPIA.

dark frames for each HAWAII-2 imager with different integration times from the minimal frame
readout times up to 2000 s by using a blank disk inserted in the filter wheel. As an example, Fig.
4.10 shows a dark frame of the FPA #48, which demonstrates the high uniformity of the dark
current generated in the HAWAII-2 detector family. In the color coded figure, the areas with
lowest measured counts are represented with dark blue color, while the lighter colors indicate
the highest pixel values. The most prominent features are the glowing output transistors of each
channel at the borders of the of the pixel array and the group of hot pixels with a dead core
in the upper left quadrant. Aside from these artifacts, the dark current has a rather uniform
characteristic over the whole array. The histograms of the dark frames, shown in the left hand
panel in Fig. 4.9, have different characteristics from the ones specified by the Rockwell company.
This is demonstrated with the statistical momenta of the distribution of the measured signal
as well, which we present in Tab. 4.5. The median values we measured for the three detectors
were one order of magnitude higher than the specified values and the distribution of the dark
current histograms are broader than those measured by the Rockwell company. With the median
value of dark current of 0.03-0.04 e~ /s for these detectors, the median of the dark signal with
the integration time of 2000 s is expected to be 60-80 e~. However, the median values in the
dark frame histograms of each FPA were normally measured to 200 e~ for the integration time
of 2000 s. This means the the dark signal of the image sensor was completely dominated by
other noise sources (Fig. 4.9). Besides the non-uniformities of dark current, the individual
channels building up the quadrant structure were also well discernible due to slightly different
offset voltages in amplifier circuits. Other typical noise features were the periodic noise patterns
over all the frame caused by a coupling between the pre-amplifiers and the power supply and the
glowing of the output transistors. The glowing gave only a small excess on the right wing of dark
frame histograms and did not change their mean values, which were determined by the noise of
the external amplifiers. In fact, it is possible to eliminate their thermal radiation by switching
the output transistors of the HAWAII-2 FPA off during the integration time but a more stable
operation of the chip can be ensured without switching the transistors off and on in each readout
cycle. The glowing for exposure times of some minutes is small and it can easily be subtracted

from the video signal.

There are two basic methods for the subtraction of the dark frame from the raw images. If
the exposure time is fixed, it is enough to take a series of dark frames with the same integration
time as the scientific frames, average them to reduce the dark current shot noise and the result
can be subtracted from the image frames. For raw frames taken with different exposure times, it

may be more convenient to produce a thermal frame from a stack of dark frames with different
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Figure 4.10: A dark frame of the FPA #48 taken with an integration time of 320 s. The left
hand panel shows the whole array whereas the right hand one displays the upper left quadrant.
The glowing of the eight output transistors can be seen in all the quadrants.

integration times. Since the signal measured in healthy pixels is proportional to the integration
time, we can make a linear fit on the series of pixel values of each good pixel in the stack of
frames. Then we can produce a map by taking the slope of the linear fit for each pixel. This
map is the thermal frame of the image sensor, which contains the distribution of its dark current
in ADU/(pixel - s).

The linear fit fails for those pixels which exhibit a highly non-linear response to the illuniation.
The signal of these pixels will have a large scatter around the linear fit and they can be clipped
out from the thermal frame by defining a threshold of the scatter, as we will discuss in the next
section. The more dark frames we use for fitting, the more efficiently the dark current shot noise
is suppressed in this map as in the case of the averaging dark frames. Then the thermal frame
can be scaled according to the different exposure times of the raw images and subtracted from
them. For the data reduction in the scientific applications thermal frames were used, which will

be described in the next chapter.

4.3 Bad and hot pixels

In scientific-grade imagers the dark current is low and more or less uniform but some photo-sites,
called hot pizels, always produce a dark current of some orders of magnitude higher than the
average value. They are represented by the wider right wing of the dark current histogram in
Fig. 4.9. Although the rate of accumulation of the thermal electrons in these photo-sites is much
higher than the one of other pixels, it is constant in time. This means the hot pixels have also a
linear response, which allows us to subtract the dark level from the photo signal as in the case
of the normal pixels. Nevertheless, every image sensor contains a few photo-sites which have a
highly non-linear response. They are considered to be dead or bad pizels because their non-linear

behavior prevents us from subtracting the dark level correctly from the photo signal. Hot pixels
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scatter in the array of the photo-sites individually or form groups but individual bad pixels are
very rare and they compose particularly the cores of hot pixel groups. Sometimes a complete
column or line of a quadrant is also dead. These features appear in a typical bias subtracted dark
frame of a HAWAII-2 chip taken with long integration time at 77K. The upper left quadrant in
Fig. 4.10, there is a large group of hot pixels with dead cores and all the quadrants contain some

bad columns and lines.

30000

20000

Frequency

10000

1 ! L I )

Pixel value (rms [counts] 3

Figure 4.11: The histogram of RMS map calculated form the the fitting of a stack of dark frames
taken different integration times for the HAWAII-2 FPA #48. The vertical dashed line denotes
the upper limit of the RMS value above which the pixels are defined to be bad pixels. The latter
are represented by the blue shaded area of histogram.

Besides the dark current subtraction, the thermal frames of the detectors also served to
separate bad pixels from healthy ones. For each pixel in a stack of dark frames taken with
different integration times, a root mean square map of the deviation from the values in the
scaled thermal frames can be computed. Since a thermal frame is the result of a linear fitting, an
RMS map contains the scattering of the signal values around the scaled fit. Its histogram at high
values represents the pixels for which the linear fitting failed because of their highly non-linear
response, so the map helps to discriminate the bad pixels from the hot and the normal ones.
The histogram of the RMS map contains a well pronounced peak of the healthy pixels (Fig.
4.11). The wing of the peak at the right hand side is less steep because the major part of it
represents the hot pixels. By defining an upper and lower limit in the histogram so that the
chosen interval contains the peak and the wing representing the hot pixels, the pixels which have
RMS values out of this interval can be considered as bad ones. The bad pixel masks created
by using this method contained about 1000, 3600 and 5000 bad pixels for FPA #37, #48 and
#77, respectively. This means more than 99.8% of the pixels could be corrected by dark current
subtraction and flatfielding for all the three detectors.

4.4 Linearity

Besides the map containing the slope of the linear fitting, it is also useful to create another one

with the additive constant of the fitting and third one with the root mean square describing the
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scattering of the pixel values around the fit line. These maps together characterize the linearity
of response of the photo-sites satisfactorily and provide a simple method to separate the bad
pixels from the healthy ones. The histograms of the slope and the constant maps have a peak
representing the great number of well-behaving pixels. Its tails at the left and right hand side
consist of the cold, hot and bad pixels. The histogram of the RMS map also has a similar shape
but its tail at high values contains only the pixels with very non-linear responses. Therefore this
map can be used to estimate the number of pixels which still have a linear response. However,
the saturation of the unit cells at high gives a limit, which determines the linear dynamical range
of image sensors.

The linearity of the HAWAII-2 detectors is measured by taking flatfields with different in-
tegration times and constant illumination through a narrow band filter (NB1083). Since the
dark current of the HAWAII-2 chips is very low and the maximal exposure time was 2000 s, the
dark current contribution had a negligible effect on the measured signal. We measured the non
linearity of the signal with increasing exposure time, i.e., the deviation of the signal value from
the linearly scaled values with time. All of the detectors #37, #48 and #77 were linear within
1% of the signal up to about 40000 ADU, which means the linear full well capacity of each FPA
is ~ 200000 e~ (Fig. 4.12).
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Figure 4.12: Linearity tests for the three HAWAII-2 FPAs.
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Chapter 5

The MANOS Deep Field Galaxy
Survey: COMBO-17+4 NIR

Observational cosmology is a study of all the astrophysical phenomena using astronomical instru-
ments which are relevant for developing and testing theoretical models on the origin, structure
and evolution of the Universe. Some of these phenomena, such as the matter distribution in
large co-moving volumes or the patterns in the cosmic background radiations, indicate that,
although our space-time can be considered homogeneous and isotropic above length scales of
about 100 Mpc, at lower distances the structure of matter exhibits a hierarchical clustering. It
constitutes galaxies, clusters of galaxies and clusters of galaxy clusters, so called super-clusters.
If we consider galaxies as the fundamental building blocks of this hierarchy, it is obvious that
the studying of the formation and subsequent evolution of galaxies is essential in understanding
the organization of the matter in the Universe. For the last ten years, several extragalactic
surveys have aimed to obtain a comprehensive statistical description of the physical properties
observed in the galaxy samples. Two of them, the CADIS (Calar Alto Deep Image Survey) and
the COMBO-17 survey (“Classifying Objects by Medium-Band Observations in 17 Filters”), were
projects at MPIA and their results served as a basis to start a new extragalactic survey. This
new project, called MANOS (MPIA NIR-Optical Survey), is the extension of the wavelength
range beyond that of the old surveys from optical to the near infrared, combining a relatively
deep field survey, the MANOS Deep or COMBO-174+4 NIR, with a shallower but much wider
cluster survey, MANOS Wide or the HIROCS (Réser et al., 2003). The near infrared data is pro-
vided by the OMEGA2000 instrument for both the MANOS Deep and MANOS Wide surveys.
From these two sub-projects, the COMBO-17+44 NIR deep field galaxy survey was chosen as an
astrophysical application of the NIR wide field imager OMEGA2000, presented in the second
part of the thesis. However, technical difficulties and bad weather prevented us from obtaining
the complete NIR data set for the deep field survey. Hence, we restrict the discussion of the
MANOS-deep project to a description of the improvements due to the extension of the wave-
length regime to the NIR bands and make a case study on luminous infrared objects. The second
part of the thesis compares the results based on the optical COMBO-17 data set with the NIR
supplemented data. It consists of two chapters. In the first chapter, we describe the COMBO-
17+4 NIR project and then present the preliminary scientific results of this galaxy survey. We
start with a short overview on the COMBO-17 project by discussing the basic concepts along
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Field Q72000 972000 lgal byal Ep v
CDFS 03h32m25s —27°48'50" 223°.58 —54°.45 0.01
A 901 09h56m17s —10°01'00" 248°.04 +33°.59 0.06
S 11 11h42m58S —01°42'50" 270°.45 +56°.78  0.02
SGP 00h45m56s —29°35'15" 328°.80 —87°.26  0.02
A 226 01h39m0(]s —10°11700" 183.60°.60 —77°.20 0.02

Table 5.1: Positions and galactic reddening for the three COMBO-17 fields. Fields shown in
bold face are already completed in optical regime.

with the observations, multi-color classification, and results and limitations of the survey. Then
follow the details of the COMBO-17+4 NIR project, where we summarize the observation and
describe the strategy of data reduction and photometry and the multi-color classification based
on the NIR-band-extended data. The first chapter will be closed by an analysis of the survey
from a technical viewpoint, comparing the results derived from the pure optical COMBO-17 and
the COMBO-17+4 NIR data set.

5.1 The COMBO-17 Project

Traditionally, multi-color surveys applying broad-band photometry to obtain spectral informa-
tion have only been used to search certain types of astronomical objects, e.g. high-redshift
galaxies or AGNs, and always needed follow-up spectroscopy to specify the nature of these ob-
jects and measure their redshifts. The latest multi-color surveys carried out by MPIA, such as
the CADIS or the COMBO-17 projects, are usually equipped with 15-20 filters, which allows
them to sample the visual spectrum with a resolution comparable to that of low resolution spec-
troscopy. These deep field surveys can detect objects above high S/N (typically 10-o limits) and
measure their photometric redshifts accurately enough that follow-up spectroscopy is not needed
for deriving sample properties, e.g. the clustering statistics or the galaxy luminosity functions.
The COMBO-17 survey running since January 1999 has already covered 0.8 deg? of the sky
and produced detailed statistics of the objects detected in that area. The aim of the COMBO-
17 project was to provide precise photometric redshifts with an accuracy of o, 44 ~ 0.03 and
0..0s0 S 0.1 based on 17 colors for a sample of ~ 50,000 galaxies and < 1,000 quasars. Its
morphological and spectral data set is primarily intended for studies of gravitational lensing and
evolution of galaxies and quasars. In this section we will give a short overview of the COMBO-
17 project, describing the observation, photometry, multi-color classification, and results of this
survey compared with that of other galaxy surveys. We close this section with a summary of the
limitations of the COMBO-17 survey. These limitations were one of the factors which motivated

the extension of the project to include a NIR band survey.
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5.1.1 The COMBO-17 Survey
5.1.1.1 Observations

The COMBO-17 survey has produced multi-band data using 17 optical filters in three fields,
the Chandra Deep Field South (CDFS) and the fields of the super-clusters Abell 901 and S 11.
Another two, covering the super-cluster Abell 226 and the South Galactic Pole (SGP), are yet
to be completed (Tab. 5.1.1.1). All five together cover an area of 1.4 deg? of the sky. The
filter set applied for the survey consists of five broad-band filters (uBV RI) and 12 medium band
filters covering the wavelength range between 400 and 930 nm (Fig. 5.1). All the observations
were carried out with the Wide Field Imager (WFI) at the MPG/ESO 2.2-m telescope on La
Silla, Chile. The total exposure time per field was about 160 ksec. The field of view of WFI is
34’ x 33’ on an array of eight 2kx2k CCDs with about 67 million pixels altogether and a scale
of 0”.238/pixel. Observations and data analysis have been completed for three fields covering
an area of 0.78 deg?. A catalogue of about 200,000 sources was compiled as a result of the
photometry with SExtractor on the deep, high-resolution R-band images of ~ 20 ksec exposure,
which have 50 point source limits of R ~ 26 (Vega mag.). The photometry of COMBO-17 is

based on this R-band selected source catalogue.
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Figure 5.1: COMBO-17 filter set: Total system efficiencies are shown in the COMBO-17 pass-
bands, including two telecope mirrors, WFI instrument, CCD detector and average La Silla
atmosphere. Combining all observations provides a low-resolution spectrum for all objects in the
field (In Wolf et al. 2003).

5.1.1.2 Photometry

The photometry of COMBO-17 sources from the R-band selected catalog was obtained in the
17 bands by projecting the object coordinates into the frames of reference of each image and
measuring the fluxes at the locations of objects. The seeing variation during the observations is
a typical problem for ground-based telescopes, hence the measured fluxes must be corrected so
as to avoid color offsets. Instead of the flux correction, the seeing-adaptive weighted aperture
photometry is used in the COMBO-17 survey, as implemented in the package MPIAPHOT (Roser
& Meisenheimer 1991). The method first determines the Point Spread Functions (PSF) of stars
on each individual input frame and smoothes them with a Gaussian of a FWHM corresponding

to an effective PSF of 1”.5 diameter. This technique, providing a common effective PSF of 1”.5
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diameter for all the frames in all bands, guarantees that always the same fraction of the light
distribution of an object is probed in the measurement of its central surface brightness in an
aperture of ~ 1” diameter. Therefore, it represents a measurement of the peak brightness in an
aperture of ~ 1” diameter in 1”.5 seeing for all objects.

The photometric calibration is based on a system of faint standard stars in COMBO-17 fields,
which were established by spectrophotometric calibration with respect to spectrophotometric

standard stars in photometric nights.

5.1.2 Multi-color Classification

We give a short overview on the multi-color classification, deriving some astrophysical properties
of the detected objects in the COMBO-17 fields. We then discuss the library of the model spectra

applied in the classification for different classes of celestial objects.

5.1.2.1 Classification Scheme

Multi-color surveys provide fluxes and colors on objects measured in different filters together with
their morphology. All the astrophysical information (like redshift, spectral energy distribution,
dust extinction etc.) are extracted from these data. The method applied for extracting this
information is the multi-color classification of the detected sources. Here, we give a brief summary
on the scheme of this classification method and describe its implementation in the COMBO-17
survey.

The multi-color classification scheme essentially compares the observed colors of each object
with a color library of known objects. Objects are classified by locating them in the n-dimensional
color space and comparing the probability for each class. Given the photometric error ellipsoid
in the color space, each library object can be assigned a probability to cause an observation of
the measured colors. For a whole class, this probability is assumed to be the average value of
the individual class members, resulting in relative likelihoods for each object to belong to the
various classes. The scheme assigns to an object the class which provides the largest sum over
all probabilities for each members within that class (see details in Wolf et al., 2001).

The reason the classification method of the COMBO-17 uses local color indices as input
rather than fluxes themselves is that the influence of the overall flux normalization is minimized
in this way and the color-based classification still has the same performance as a flux based
algorithm for the case of high S/N.

The classes for the multi-color surveys are defined as the classes of galaxies, stars, and quasars
and the task of the classification in the COMBO-17 survey is to sort the objects in the R-band
source catalog into these classes by using their measured colors. Besides the colors, morphological
information is also available for galaxies but it is only used to estimate their total flux. The
internal structure of each object class is spanned by its individual parameter set, which consist
of the redshift, spectral energy distribution (SED), and the extinction for galaxies and quasars.

The COMBO-17 survey applies five broad bands, uBV RI, and as well as observations in 12
medium bands, which together give a low resolution spectra of the observed sources. Two sets of
color indices are calculated from the measured fluxes. The first set consists of the colors derived

from only the broad bands which were neighboring one another on the wavelength axis, (u — B,
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B—-V,V —R,and R—I), while the second one contains the colors combined from a broad band
(taken as a base filter) and some medium bands most nearby it in terms of wavelength. These
color definitions allow the classifier to apply the deep broad bands to fit the global shape of
predefined spectral templates, then use a few groups of medium bands around each deep broad
band to fit the smaller-scale shape of the model spectra.

As a result of the spectral template fitting for each class member, a likelihood function,
depending on redshift z, a spectral energy distribution and a flux normalization parameter, will
be calculated from the squared photometric distance between the observation and the model in
the color space. The likelihood function gives the probability that the spectral energy distribution
of a source producing the measured colors can be best represented by a given spectral template.
The classifier sorts the sources into classes which provides the largest sum over all probabilities
for each spectral fit within that class. The choice of the best spectral template fit for a given
object in the source catalog is based on the minimization of the y2-parameter derived from the
squared photometric distance. Such a simple y2-minimization prevents unreliable assignments
of any class when it has only one well matching template with a high probability value but all
its other templates fit very poorly. Therefore the choice of spectral templates is very important

for an unambiguous classification and a correct parameter estimation.

5.1.2.2 The Classification Libraries

The spectral templates are organized in libraries, which contain star, galaxy and quasar tem-
plates for sorting the objects into these three classes. The libraries are expected to contain a
representative variety of objects covering a complete class. The classes cover as many odd mem-
bers as possible but there is a trade-off between classifying the odd ones right and introducing
more spatial overlap between the classes, i.e, causing more confusion among normal objects.
The spectral libraries employed in the COMBO-17 multi-color classification are based both on
observations and model calculations. In this passage we describe briefly the latest version of
these libraries.

The star library was compiled from the UK spectra of the Pickles catalogue (1998 PASP
110, 863). It contains 96 stars of spectral types F,G,K and M having luminosity classes I to V
from the spectral atlas of Pickles. In addition to the original library derived from the catalogue,
template spectra of white dwarfs, subdwarfs, and blue horizontal branch stars are also included.
Since the atlas is not structured as a regular grid in stellar parameters, the resulting color library
is also unsorted set without internal structure.

The galaxy library used in the COMBO-17 multi-color classification contains a sequence of
model spectra calculated with the stellar population synthesis code PEGASE (Fioc & Rocca-
Volmerange 1997). The sequence of spectral templates spans a two dimensional grid with a range
of ages and a range of extinction levels. The input parameters of the PEGASE code are chosen
as suggested by simple star population models with a Kroupa (1993) IMF, an initial metallicity
of 0.01 dex, and no extinction. The star formation rate (SFR) follows an exponential decline
with a timescale of 7 =1 Gyr. The SEDs are calculated by PEGASE for various time steps since
the beginning of the first star formation. As templates, a sequence of spectra for galaxies is

used with 60 logarithmically spaced ages, i.e., elapsed time since onset of star formation, form
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50 Myr to 15 Gyr. These templates cover typical local galaxy SEDs from elliptical galaxies to
starbursts and their scale form 0 to 59 can be mapped onto the Kinney et al. (1996) templates
used in the older version of the galaxy library. The extinction is applied afterwards as a screen
following the SMC law from the 3-component model by Pei (1992) with six equidistant levels of
Ep_y =10.0,0.1,...0.5]. With Ry ~ 3 for the SMC law, the color excess Ay has values in the
interval [0 — 1.5] of the extinction given in V-band magnitudes. The redshift range 0.0 < z < 1.4
of the templates is covered by 177 steps with a 0.005 resolution on a log(1 + z) scale.

5.1.3 Scientific Results of COMBO-17 and Other Deep Field Surveys

The COMBO-17 survey produced a very deep imaging over an area approaching 1 deg?, reduced
field-to-field variations. It allowed the survey to give a comprehensive picture about the galaxy
formation and evolution in the last half of the age of Universe. As a result, the COMBO-17
galaxy survey derived a detailed statistics on the redshift evolution of the galaxy number density
and luminosity function, which provide strong constraints on the evolution of galaxies and mean
efficient tests of galaxy formation models (Wolf et al. 2003).

Since the survey sample was divided into four classes via the parameter of the galaxy spectral
templates used in the multi-color classification, i.e., a fixed, present-day spectral sequence for
galaxies from ellipticals to starburst, all the results are phrased in terms of these four spectral
types. These are the early-type galaxies, defined as redder than a present-day reference Sa
spectrum, the galaxies resembling present-day Sa-to Sbc-colors, the galaxies with SEDs similar
to the present-day spectral templates between Sbc-SB6, and starburst galaxies (SB6-SB1). The
survey established that the luminosity function (LF) depends strongly on the spectral energy
distribution (SED) of galaxies at all redshift covered. Although the shape of the LF is similar for
all spectral types, the characteristic luminosity above which the number of galaxies falls sharply
is different. There is a steep increase in the number density of the early-type galaxies by factor
of 10 towards low redshifts from z = 1.1 and by a factor of 4 in their contribution to the co-
moving r-band luminosity density j.. The starburst galaxies decrease towards low redshift both
in luminosity and density, and by a factor of 4 in their contribution in j,, while these quantities
for the second (Sa-Sbc) and third (Sbc-SB6) classes of galaxies do not vary much with redshift.
The COMBO-17 survey also provided more precise constraints for the trend of the global star
formation rate (SFR) in the Universe. Although the survey measured a SFR declining by the
order of five to ten from z ~ 1 to now, it appears gentler compared to the result of CDFS,
where near-UV luminosity density used as a tracer for young stellar population, is found to drop
by a factor of five from z ~ 1 to now. These findings confirm earlier results that the epoch of
galaxy formation, or star formation of galaxies, has been declining over the last half of the cosmic
evolution with a strong decrease of starburst galaxies and a similar emergence of older galaxies,
whose SED is redder than an Sa template spectrum.

However, the multi-color classification of COMBO-17 is based on a set of non-evolving tem-
plates, which are not well suited to early spectral types and particularly at visible wavelengths,
where passive evolution results in significant color evolution. The non-evolving spectral types
correspond to constant rest-frame color cuts at all redshifts, where the early types galaxies have

the colors of present day luminous elliptical and lenticular galaxies, but are significantly redder



5.1. THE COMBO-17 PROJECT 81

than the reddest galaxies at higher redshifts. Therefore, the fact that these galaxies are extremely
rear in the distant Universe and exhibit a rapid evolution in the luminosity density is due mainly
to the passive evolution of their colors. Bell et al. (2004), using the COMBO-17 survey to derive
evolving luminosity functions, separated the galaxy population into blue and red components
on the basis of an empirically determined color distribution. The red field population shows
a color-magnitude trend similar to the that seen in clusters, and this red sequence evolves as
expected from passive evolution. They found little evolution in the red galaxy LF, particularly
at the bright end and showed that the large decline in the number of red galaxies as reported by
Wolf et al. (2003) is heavily influenced by passive evolution in the colors of the earliest spectral
types. As a consequence of the usage of the color based definition for the red sequence instead of
the one based on non-evolving spectral templates for the early type galaxies, the result stating
that galaxies redder than a fixed threshold have a rapidly evolving luminosity density from z ~ 1
to now is consistent with the statement of a roughly non-evolving rest-frame B-band luminosity

density in the red-sequence galaxies.

This picture on the passive color evolution of the red sequence is confirmed in other surveys
as well. Lilly et al. (1995), studying the evolution in the LF of galaxies with colors redder than a
present-day Sbc galaxy, also measured very little evolution but they had large uncertainties from
small number statistics and cosmic variance. Pozzetti et al. (2003) used the K20 spectroscopic
sample to derive J- and K-band LFs for galaxies and estimated the evolution of the red galaxies
out to ~ 1. They found mild evolution in the number of the luminous red galaxies to the highest
redshifts, implying that the space density of these systems has declined in a limited extent. Chen
et al. (2003) in the Las Campanas Infrared Survey derived the rest-frame R-band co-moving
luminosity density of the E/S0 and Sa galaxy population and found that the early-type galaxies
exhibit only moderate evolution with redshift. It was at most a factor of two in red galaxy
density, so the passive evolution of this sample cannot be ruled out. According to these results
there appears to be a consensus that the LFs of the red galaxies show little apparent evolution
to z ~ 5, which is in some disagreement with the predictions of hierarchical merging models for

galaxy formation and evolution.

Besides the LF and the co-moving luminosity density, the mass evolution of the stellar content
of galaxies is also a useful ingredient in the studies of the galaxy evolution because it provides
a key gauge of the process of galaxy building and imposes a constraint on models of the cosmic
star-formation history, the synthesis of heavy elements, and merger rates. In the COMBO-17
analysis of the red sequence, Bell et al. (2003) obtained a modest evolution in M/L (about a
factor of 2) since z ~ 1 and from this they inferred an increase in the total stellar mass in red
galaxies since z ~ 1 by a similar amount. Rudnick et al. (2003) measured the mass evolution in
the red sample of the Faint IR Extragalactic Survey (FIRES) and concluded that there has been
a factor of ~ 3 growth in the stellar mass of galaxies since z ~ 2.5. A more dramatic increase in
stellar-mass density since z ~ 3 was found in the Hubble Deep Field Data (HDF) by Dickinson
et al. (2003), measuring only 3-14% of the present density at z ~ 2.7.

At z 2 1 the difference between the stellar masses of elliptical galaxy progenitors in the

hierarchical and monolithic collapse models becomes substantial. At sufficiently large redshifts

there should be few or no massive red galaxies in the hierarchical models since these models
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predict both a decline in the total stellar-mass density to high redshift and a decline in the
maximum mass observed in galaxies. The analysis of stellar-mass evolution for the COMBO-17
galaxy sample, together with the results obtained from the FIRES and HDF samples, confirmed
the latter model. The increase of the stellar mass in the red sequence since z ~ 1 is consistent
with the rate expected from the hierarchical build-up of stellar mass via galaxy mergers in a
ACDM Universe.

5.1.4 Limitations of the COMBO-17 Survey

As a main result of the COMBO-17 project, redshifts for ~ 25,000 galaxies with R < 24 were
determined together with their SED classifications in three independent fields of 0.26 deg? each.
The redshifts are derived from high-precision photometric redshift estimates using the multi-color
method with 17 filters. However, the filter set employed in the COMBO-17 survey lies entirely
in the optical regime and this restricts the results of the survey for various reasons.

The first problem is the limitation of the available redshift range for the optical survey. Since
the multi-color method for the reliable redshift determination requires at least 2 filters placed
longwards of the redshifted 4000 A break, the second reddest filter of COMBO-17 centered at
Ae = 865nm restricts the maximal reliable redshift to z ~ 1.1.

The other restriction comes from the fact that galaxies containing a significant population of
old stars at z > 1 become too faint in the optical regime to be measurable with optical filters
alone. Their flux keeps rising into the NIR regime and we can measure them only with an
extended filter set.

Considering these basic limitations, it is immediately clear how the COMBO-17 survey should
be extended. In order to extend the redshift range, the existing optical data base of COMBO-17
should be supplemented with infrared data which are deep enough to detect a typical early-
type galaxy at higher redshifts with comparable signal to noise ratio over the whole extended
wavelength range. In fact, this was the main motivation for MPIA to start the MANOS project
with its two parts, the deeper COMBO-17-+4 NIR survey and a shalower HIROCS project.

5.2 The COMBO-17+4 NIR Project

In the previous section we gave a short overview on the COMBO-17 project and in this section
we discuss the COMBO-17+4 NIR project extending this optical survey to the NIR regime. We
start with some remarks on its motivation and we describe the details of the new project from the
observations obtained with the OMEGA2000 camera in the NIR regime via the data reduction
of the NIR data to the photometry of the optical4+NIR data.

5.2.1 Motivations for COMBO-17+4 NIR Project

As discussed above, the main goal was to extend the range of reliable multi-color redshifts be-
yond the current limit of COMBO-17 survey, z ~ 1.1. The NIR-band filter set of COMBO-
1744 NIR consists of three medium-band filters Y/ (A\/AX = 1040/80nm), J1(1190/130nm),
J2(1320/130nm), and one broad-band filter, H(1650/300nm), covering the wavelength range
between 1 ym and 1.8 um (Fig. 5.2). The J; filter, centered on A, = 1320 nm, extends the
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Figure 5.2: The NIR filter set of COMBO-17+4 NIR: Total system efliciencies are shown in
the NIR passbands, including the telecope mirror, OMEGA2000 instrument, CCD detector, and
average Calar Alto atmosphere.

available redshift range to z ~ 2.1. From the results of COMBO-17, 1400 galaxies with R < 24
and 1.1 < z < 2 are expected on average per survey field. About the same number of galaxies
is expected at R > 24 in the extended redshift range for which the multi-color classification
could derive reliable redshift from the combination of the optical and NIR data sets. Hence, the
COMBO-17+4 NIR will provide a large sample of galaxies at 1 < z < 2.

Besides this main motivation, there are other promising advantages of the supplement of the
COMBO-17 data set in NIR regime. The first one is related to the improvement of the stellar
mass estimation in galaxies. Back-tracing the assembly history of stars and determining the
mass growth of the stellar component in galaxies are very important issues for studying galaxy
evolution. Since the blue-band luminosity may depend on short burst of star formation, we need
also information on old stellar populations containing most of the mass to obtain a comprehensive
picture of the stellar evolution in galaxies. Even in the redshift range 0.7 < z < 1.1, the old stars
have a dominant contribution for galaxy spectra only in the NIR regime, hence the optical data
cannot provide the best tracers of the old stellar component in galaxies. Therefore, the NIR filter
combination introduced for COMBO-17+4 NIR will significantly improve the determination of
the stellar mass in galaxies.

The extended wavelength range of the measurement between 700 nm and 1300 nm also covers
the most interesting part of the spectra for Extremely Red Objects (EROs), which may help to
answer the question of whether the extreme colors of these objects can be attributed to the
dust-extinction in starburst galaxies or they are early-type galaxies dominated by an old stellar
population.

The NIR-band filters of COMBO-17+4 NIR with the broad I-band filter seem useful for
searching AGNs at redshits z > 6.5, but the survey area of 0.77 deg? may be too small to detect
these rare objects. However, the photometry of COMBO-17+4 NIR data helps to measure the
quasar rest-frame B-band luminosity function out to z ~ 2.6 or the 250 nm rest-frame luminosity
in the range 0.5 < z < 5.5. This will be useful for studying the redshift evolution of AGNs in
the Universe.

Besides the extra-galactic projects, the COMBO-174+4 NIR survey has prospects for the
detection of extremely red stars (brown dwarfs), as a consequence of the improvement in the

object classification due to inclusion of the NIR bands.
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Field Q72000 0.72000 lgal bgai Ep_v
A 226 01h39mOOS —10°11700" 183.60°.60 —77°.20 0.02
A 901 09h56m17s —10°01'00" 248°.0 +33°.6 0.06
S11 11h42m58S —01°42'50" 270°.5 +56°.8 0.02

Table 5.2: Positions and galactic reddening for the three COMBO-17+4 NIR survey areas.

5.2.2 Observations

The NIR extension of the COMBO-17 survey was planned to produce multi-band data in 4 NIR
filters on three equatorial fields covering 0.77 deg? which have been or are going to be observed
by COMBO-17 (Tab. 5.2.2). Since each of these fields measures 31 x 30 arcmin?, a mosaic of
2 x 2 OMEGA2000 pointings is required to cover one entire COMBO-17 field. The quadrants
of the COMBO-17 fields, denoted with the letters A, B, C, and D, have overlaps for preventing
the dithering of the OMEGA2000 pointings to cause too much loss in intergration time for the
stripes at the boundaries of the four OMEGA2000 pointings inside the COMBO-17 field (Fig.
5.3 ). As already mentioned, the survey is designed to use a filter set of the medium-band Y, Jp,
Jo filters and the broad-band H filter. In order to combine the existing optical database from
COMBO-17 with observations in the four NIR bands, 100 magnitudes in the four NIR bands,
Y =220, J; =21.2, J, = 21.0, and H = 20.5 (Vega mag.) have to be obtained. Based on the
experience with CADIS, where broad J-band observations with OMEGAprime reached a 100-
magnitude J = 21.5 after 10 ksec integration time, it is expected that about 10ksec integration
time in each of the medium bands Y, J; and J> will be enough to obtain this source point limit.
An integration of < 20 ksec should suffice to reach the target magnitude limit in the H band.
Thus, the four NIR bands add up to 50 ksec per pointing, and the 2 x 2 mosaic necessary to
cover one entire COMBO-17 field needs 200 ksec.

The observations with the 3.5m telescope equipped with the OMEGA2000 wide field imager in
Calar Alto, Spain started in September 2003. Because of technical difficulties, only the medium-
band Ji, Jo and the broad-band H filters were available for the observations. The project had
guarantee times in the fall and winter of 2003 and in the spring of 2004 for the observation of the
Abell 226 and S 11 fields. The weather conditions allowed us to obtain data with an integration
of ~ 3ksec on average for both fields in each session (Tab. 5.2.3). The J;- and H-band data
provided in the Abell 226 field in September 2003 has a very good quality with a seeing of ~ 1
arcsec on average. The observations of the same field in November 2003 could produce only data
with poor quality because of the bad weather conditions. In April 2004 the COMBO S11 field
was surveyed but we could obtain data with a quality fulfilling the requirements of COMBO-
17+4 NIR only in the third quarter of the total field, in the quadrants B, C, and D. Since that
time optical data was not available for the Abell 226 field we were restricted our analysis to the
optical and NIR-band data of COMBO S11 field. We used only the NIR-band data provided by
the observations in April 2004, (see Tab. 5.2.3).

In the preliminary observations of the COMBO-17+4 NIR project using the OMEGA2000
camera, the Ji- and H-band imaging is not as deep as planned, which restricted our possibilities

further. We will give some accounts on the consequences of this restriction in the next chapter.



5.2. THE COMBO-17+4 NIR PROJECT

——

85

Figure 5.3: The COMBO S11 field (deep R-band image form the COMBO-17 survey) covered

by the four OMEGA2000 pointings A, B, C and D.
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Field Observation  Filter At [sec] Seeing [arcsec]
A 226 (A) September 2003 H 3000 1.0
November 2003 H 3000 0.9
A 226 (B) September 2003 H 3000 1.1
November 2003 H 6000 1.1-1.2
A 226 (C) September 2003 H 3000 0.6
November 2003 H 5700 1.2-1.6
September 2003 J1 2520 0.9
A 226 (D) September 2003 H 3000 0.9
September 2003 J1 3000 0.9
S11(A)  April 2004 H 3000 1.7
April 2004 J1 3000 1.5
S11(B)  April 2004 H 3000 1.1
April 2004 J1 3000 1.2
S11(C)  April 2004 H 3000 1.2
April 2004  J, 3000 1.1
April 2004 Jo 3000 1.1
S11 (D) April 2004 H 3000 1.1
April 2004 J1 4500 1.3

Table 5.3: NIR-band observations in the A 226 and the S 11 fields with 3.5m telescope equipped
with the OMEGA2000 camera carried out for COMBO-17+4 NIR survey between September
2003 and April 2004. We used the NIR-band data which were provided by the observations
shown in bold face letters.

Moreover, because the currently available data in the COMBO-17+4 NIR project are limited
to only two of the four NIR bands, J;- and H, we shall henceforth refer to the survey as,
"COMBO-17+2 NIR".

5.2.3 Data Reduction

For the reduction of the data produced by the OMEGA2000 camera, we applied the MPTAPHOT
package, as was also the case in the COMBO-17 project. This package, developed for the MIDAS
environment, provides complete facilities for handling bad pixels, eliminating dark current and
flatfielding stacks of frames converted into a MIDAS specific data format (Roser & Meisenheimer
1991). The OMEGA2000 data indeed required both additive and multiplicative corrections and
these tasks could be carried out efficiently with MPIAPHOT. The standard scheme implemented
in MPTAPHOT was used in the data reduction process, which consists of bad pixel correction and
dark current subtraction of the raw frames, a subtraction of the reflected image of the primary
mirror of the 3.5 telescope, flatfielding for global and pixel-to-pixel variation of the detector
sensitivity and fringe pattern correction. This section gives an overview of these steps of the
data reduction, presented in the block diagram in Fig. 5.4, together with the calibration and
photometry of the OMEGA2000 data.
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5.2.3.1 Bad Pixel Correction

As already seen in the first part of the thesis describing the performance of the HAWAII-2 FPA,
the yield of the HAWAII detector family is extremely high. About 98% of the pixels in arrays
are useful for imaging and only the remaining 2% have to be considered as bad pixels. However,
even a small number of pixels with incorrect values can cause problems for the photometry, hence
they have to be handled properly in the data reduction. The standard method is to mask them
out from the original images, i.e., drop their values and substitute them with the median value
of the neighboring pixels. The preparation of bad pixel masks for each HAWAII-2 sensors tested
for the OMEGA2000 project was already discussed in the first part. We use these masks to mask
the bad pixels out in the frames by setting their value above the threshold of the xo-clipping
applied for the images in flatfielding. As a result, the bad pixel values are replaced with the
median of that in predefined array neighboring the given bad pixel.

5.2.3.2 Dark Current Subtraction

In order to eliminate the dark current of the images, we subtracted a thermal frame from them.
In the first part of the thesis we already described how the thermal frames for the HAWAII-2
detectors are derived from a series of dark frames, i.e. exposed images without input signal. A
linear fit is produced on the values of the dark signal for each pixel in the dark frames taken
with different integration times. Each pixel of the thermal frame contains the value of the linear
fits for the integration time of 1000 s. The thermal frame was scaled according to the exposure
time of the science frames and subtracted from all of the images, as the first additive correction

in the data reduction.

5.2.3.3 Correction of Mirror Reflection

In the short overview on the performance of the optics in the OMEGA2000 camera we mentioned
the problem of the ghost images in each frame which are identified as the reflection of the primary
mirror. Since this reflection is an additive pattern superposed on the incoming photon flux, it
must be subtracted from the signal. However the superposed signal of the reflected and the
emitted radiation has also a variation due to the photo-response non-uniformity of the detector.
In order to remove the mirror reflection in the images, we have to correct this variation in the
image as well. However, only the flatfielding can eliminate this effect, which is a multiplicative
correction. We need flatfield frames for this correction, which are free from any additive noise,
such as the mirror reflection, but all of the images produced with the OMEGA2000 camera
contain the mirrors reflection, as do the series of flatfield images. Therefore we made only an
additive correction of the ghost images without flatfield correction. As a simple method for the
reduction of the mirror reflection, we modelled the mirror image as a disk with a hole in the
center. The edges at the boundaries of the disk are smoothed to avoid any abrupt changes in
the pixel values which could cause problems for the photometry. Then we subtracted the disk
with different amplitudes from the images and sample the subtracted images in both sides of the
disk boundary. We adjusted the amplitude for the disk by minimzing the standard deviation of

the differences between the juxtaposing points at the outer and the inner part of the disk. The
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global variation, due to the residues of the ghost images after this correction, remains below 1

% of the background of the flatfielded images. So this additive correction works well.

5.2.3.4 Flatfielding

The flatfield correction was carried out in two steps for the J; and H-band images provided by the
OMEGA2000 camera. The first step is the correction of a global deviation in the frames due to
the photo response non-uniformity of the HAWATI-2 detector and the second one is the correction
of pixel-to-pixel variation of the detector sensitivity. For the correction the global photo-response
non-uniformity, we created a median frame of a series of images from the observation of the S11
field and smoothed it with a ko-clipping. The pixel values were set by the bad pixel masking
so that they exceed the x-threshold and therefore they were dropped, preventing any bias in the
median filtering caused by the bad pixels. We divided the result by its median value to obtain a
normalized flatfield image. The result was used to make a multiplicative correction on each dark
current subtracted science image, which eliminated the large scale deviations in the images due
to the global variation of the detector sensitivity. If the sky variation is very strong because the
moving clouds in the field of view a strong quadrant structure, i.e, gradients in the quadrants
might still remain in the frames after the global sensitivity correction. We reduced this effect
for each globally corrected frame by fitting two dimensional surfaces to the variable backgrounds
and subtracting them from the images. The median value of the surface was added to the result

for preserving the norms of the images.

In the next step we corrected the pixel-to-pixel variation of the detector sensitivity in the
frames. The stack of frames corrected for the global sensitivity were used to create a local
sensitivity map containing only the average pixel-to-pixel variation of the frames. If there was
a mirror image in the averaged frame we subtracted it by applying again the simple disk model
of the primary mirror. We used as many images for the local sensitivity map as needed to
keep the reduction of the S/N below 1%. The flatfielding can be described by the function
f(Fraw; Frf) = Fraw/Ftf, where Fq, and Fy¢ denote the fluxes measured in the raw frame and
the flatfield frame with the standard deviations 0,4, and oy, respectively. Thus the standard

deviation of the flatfielded image can be written as

af \? af \? , 1, Fraw\?
f— —_— = — . -].
Oraw/ff \/<8me> O raw + 8Fff O'ff Fff Oraw + —Fff Uff (5 )

If n raw images with the same integration time and standard deviation o,4, are used to create

a flatfield image the noise of the result will be

P \/ﬁaraw _ Oraw
fr= = )
nFraw \/ﬁFraw

(5.2)

which, together with the Eq. (5.1), gives

Oraw 1 / 1
o ff = 1+ ~ O 1+ — (53)
raw/ Fff nF]?f raw n
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for a normalized flatfiled frame, Fr; ~ 1. Let € be represent the increase in noise of the flatfielded
images,

Jraw(1+€) = Oraw/ff > (54)
then we obtain from the Eq. (5.3)

1

T (5.5)

n =

For ¢ ~ 0.01 n is equal to 50. Therefore we used 50 dithered science frames to create a
flatfield image for the pixel-to-pixel correction, which increases the noise of the flatfielded images
only by 1%. After normalizing the pixel-to-pixel variation map by its median, we used it for a

multiplicative correction of the globaly flatfielded images.

5.2.3.5 Sky Subtraction or Fringe Pattern Correction

After the multiplicative correction of the images, they might contain additive fringe patterns
mainly due to the many narrow nightsky emission lines. They do not affect the object signal
itself only the sky background and thus are to be subtracted from the images. If the science
frames also contain the additive pattern of the mirror reflection it is subtracted from them in this
step. In order to eliminate them we created an average image from the flatfielded frames taken
in different dither positions and subtracted the result from them. For this additive correction we
also applied as many images as needed to keep the degradation of the S/N of the averaged frame
below 1%. The sky subtraction of the a raw image can be written as f(Fyquw, Fsky) = Fraw — Fsky,
where F.4,, and Fy, are the fluxes measured in the raw image and the averaged image containing

only the sky background. Then the noise of sky subtracted frame is

of \? af \* , 5
Trawsky = \/<8Fraw> Ugaw * <6F8ky USky - V 0-7%‘”” + JSky ) (56)

where 0.4, and oy, are the noise of the pixel values in the raw and the sky background,

respectively. Similarly to the formule (5.2), the noise of n averaged raw images used to extract

the average background of them is
= Jraw (5.7)

which can be substituted in the Eq. (5.6):

/ 1
Oraw—bgd = Oraw 1+ E . (58)

Since this equation has the same form as the Eq. (5.3), for 0,quw(1 + €) = 0rquw—sky We obtain
the same formula as in Eq. (5.5). For e = 0.01 we averaged 50 dithered science images to create
a frame containig only additive noise, i.e, the fringe and the mirror patterns. We subtracted the
result from the science images and added the median value of the sky background to them. After
the sky and the mirror pattern subtraction of the science frames, they are prepared for the flux

measurement.
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5.2.4 Photometry

For the photometry of the Ji- and H-band imaging of the COMBO-17+42 NIR survey we used
the MPIAPHOT package. Since the R-band frame is deeper than the NIR-band images of
the COMBO S11 field, the flux measurement is based on the R-band selected catalogue of the
COMBO-17 data base. The object coordinates were projected into the frames of reference of
each single exposure, and the object fluxes were measured at the given location. We employed
the seeing adaptive, weighted aperture photometry as for the optical bands of COMBO-17. We
also chose a common effective PSF of 1”.5 as in the case of the optical data and convolved each
frames with it in order to obtain the same seeing in every images. We used the spectra of nine
faint star for the calibration of the fluxes in the quadrants B, C, and D in the S11 field. The
measured Ji- and H-band fluxes in the different quadrants were united in one data table and
then inserted into the optical data base of COMBO-17.

5.2.5 Multi-color Classification Including 2 NIR Bands

In multi-color surveys, the reliability and precision of the derived galaxy properties depend on
many factors, such as the number of bands, the wavelength coverage of the observed data, the
measurement uncertainties, and the degeneracies between different features of galaxy spectra.
By increasing the number of filter bands and wavelength coverage, we can extend the color
space of the observed objects and impose more constraints on the galaxy properties derived
from the color information. This helps to disentangle different types of degeneracies which are
present due to the smaller amount of information extracted from the smaller color space. The
color degeneracies entangle astrophysical properties such as the age of galaxies (defined as the
epoch at which a galaxy has started to form stars), the extinction caused by the dust content of
galaxies, and stellar mass and metallicity measured in galaxies, which have already been studied
for broadband photometry in multi-color surveys by Gil de Paz & Madore (2002).

The COMBO-17 survey uses a filter set covering only the optical regime (uBV RI), which
introduces a significant age uncertainty for galaxies even though the medium band filters can
probe the finer features of galaxy spectra. The optical data do not give information about the
spectral contribution of the old stellar population containing most of the mass in galaxies for
z 2 0.7. By supplementing the optical data with NIR-band data (Y J1JoH), we can sample
galaxy spectra in the wavelength range dominated by old stars up to z ~ 2.1. The new color
information derived from the optical and NIR fluxes allows us to measure the abundance of
the old stars in early-type and evolved spiral galaxies at the redshift range 0 < z < 2.1. The
COMBO-17+4 NIR survey increases the number of bands and extends the wavelength regime
of the original COMBO-17 data base by using the three medium band filters Y, J;, and Js, and
the broad band H filter. Although the first observations of the COMBO S11 field for this survey
produced only J;- and H-band imaging, it enlarged the color space of the measurement enough
to produce redshift evaluation for the galaxies detected in this field up to z ~ 2.1. Therefore,
we expect the introduction of the NIR bands to reduce the uncertainties in measurement of the
physical properties of galaxies and disentangle the degeneracies between these properties.

In this section, we will analyse the improvements in the measurement caused by the better

detection of the old stellar content in galaxies for z > 0.7. These improvements are studied for
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the redshift measurement, the determination of the spectral types of galaxies in the extended
redshift range 0 < z < 2.1, and the break of the age-extinction degeneracy. We begin the analysis
with a comparison of the redshifts based on the optical and the optical +NIR data sets for the
same galaxy sample. Then we study the improvements in the redshift measurements and select
some interesting groups exhibiting significant differences between the redshifts derived from the
optical and the NIR-supplemented fluxes. These groups can demonstrate the influence of the
introduction of the NIR colors in the multi-color classification. The rest of this section analyses
the spectral template fitting via examples chosen from each group, comparing the redshifts,
spectral types, and extinctions, based on the two data sets. We finish this section with an
overview on the impact of NIR-extention of the data set of the COMBO S11 field and conclude
that the improvements in the redshift measurement and the spectral classification of galaxies
live up to the expectations, which makes the COMBO-17+4 NIR survey a promising extension
of the already successful COMBO-17 survey.

5.2.5.1 Comparison of the Redshift Measurements

The COMBO S11 field (see Tab. 5.1.1.1) covering 4x OMEGA2000 pointings contains more then
50,000 galaxies with 50 point source limits of the aperture magnitude R = 25.8 but NIR band
data were available for only three quarters of this field, as described in the previous section.
Since the H-band imaging is the relevant for the NIR-band extension of the optical data set, we
use an R- and H-band selected sample with the limits R = 25.8 and H = 21.4. This sample of
~ 8700 galaxies is further restricted to the galaxies which have errors in their NIR fluxes small
enough to derive reliable color indexes for spectral template fitting. By considering the error
limits o < 0.2 and o1 < 0.2 for the aperture magnitudes in the two NIR bands, we obtain a
sample with better template fits but reduce the number of the available galaxies for the analysis
to ~ 4300. This R- and H-band selected galaxy sample is used to study the improvements of
the spectral template fitting.

We measured the redshifts and determined the spectral energy distributions in our sample
by using the optical and the optical+NIR data. The multi-color classifier provided redshifts,
spectral energy distribution, and extinction levels extracted from both data sets by chosing
the best fitting spectral templates for the measured colors of each object in the sample. We
compared the results obtained from the optical and the enlarged data bases and tested how
well the spectral templates match on the measured fluxes, i.e., how much the measurement
was improved by increasing the number of bands and extending the wavelength coverage from
the optical regime to the NIR one. The analysis also involved checking how significant the
differences in the redshifts, SEDs and extinction parameters derived from the two data sets are.
The comparison of the figures derived from the two data sets allowed us to describe how the
detection of the old stellar content is improved and how the age-extinction degeneracy in the
determined galaxy properties is disentangled by introducing the NIR colors.

Before studying the improvement in the redshift evaluation due to the introduction of NIR
colors, we have to consider the error propagation of the measurements in order to restrict our
statements to the examples fulfilling some reasonable criterion related to the quality of the

measured data. As a result of the spectral template fitting, the photometric redshifts z,,; and
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Zopt+NIR With their standard deviations oy and o4 n1R) are calculated for each object
in the R-band selected sample of the whole S11 field. Here, 2z, and zop+nrr refer to the
photometric redshifts based on optical and optical +NIR fluxes, respectively. For the comparison

of the redshift values coming out of the two data set, we take their difference,

AZgal = |Zopt+NIR - Zopt| ) (59)

and use it to give a criterion for limiting the galaxy sample further to the interesting cases. If
we derived this redshift difference for any galaxy from two independent measurements, then the

error of the redshift difference Az,, would be given by the expression

_ 2 2
OAz,gal = \/Uz(opt) + Jz(opt-i—NIR) : (5'10)

In fact, the two measurements are not independent since all the information used for determining
Zopt Were also needed for the measurement of 2,pt4 N7r- This means that o (op) > 0 (opt4-N1R) fOT
each galaxy in the subsample. Therefore, the formula (5.10) provides a conservative estimation
of the error for Azy,. By applying the ratio of the redshift difference to its error, we introduce
the criterion
Bgal g (5.11)
OAz,gal
for selecting galaxies with large redshift differences and small errors in their redshift measure-
ments. This criterion provides a galaxy sample which exhibits a significant improvement in
spectral template fitting caused by the inclusion of NIR-band colors in the data set. In the
following subsections we will study the effect of the NIR extension of the optical data base on
the redshift, SED, and extinction evaluation for this group of galaxies.

Fig. 5.5 compares the photometric redshifts z,,; and z,p+nrr in our sample consisting of
~ 4300 galaxies. In the left zop 4 NTR VS. 2opt diagram of Fig. 5.5, the majority of the galaxies
form a diagonal branch up to z ~ 1.4, which is plotted with black color. Its small spread for
Zopt S 0.7 indicates that the redshift measurement could not be considerably improved in that
interval. Nevertheless, the diagonal branch broadens for z,,; 2 0.7, and a prominent group

scattering above it over the interval 0.8 < 2z, < 1.1 exhibits considerable differences between
the redshifts based on the original and NIR-extended data sets. By applying the criterion (5.11),
this interesting group can be found together with other small ones plotted with different colors,
as the right hand panel of Fig. 5.5 shows. The groups plotted here with blue, yellow, red, and
green colors will be used for the analysis of the improvement in the redshift measurements. The
selected galaxy population consits of three prominent groups and contains some objects scattering
around the diagonal branch as well. The most important group, designated with blue circles in
Fig. 5.5, is the one above the broadening diagonal branch for 0.6 < z, < 1.2. These objects
obtained higher redshifts from the measurements on the extended data set, compared with the
results of the redshift determination based on optical data. A smaller group, plotted with yellow
color in the Fig. 5.5, can be found below the broadening diagonal branch for 0.7 < 2o S 1.1
This shows a counter tendency - the redshifts of the galaxies in this group are derived to be
greater than 1 based on the optical colors alone but less than 1 when we apply the NIR-band-

extended data set. Another group, denoted with red circles in Fig. 5.5, is located in the top left
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Figure 5.5: The plots of redshifts based on optical colors vs. the ones based on optical and
NIR band data for galaxies in COMBO S11 field. The left hand panel shows the R- and H-
band selected sample, which is further restricted by the criteria oy < 0.2 and o1 < 0.2. The
different colors designate the interesting groups for the improvement analysis. The right hand
panel displays all the galaxies from the same sample which satisfy the criterion (5.11). The colors
designate the group members found by applying the criterion.

corners of the 2o+ N1R VS. Zopt Plots and represents objects with enormous variations in their
photometric redshifts. They are identified as low-redshift galaxies by using only the optical data
but the measurement with NIR fluxes assigns high redshifts to them. Some objects, designated
with green circles in Fig. 5.5, scatter above the diagonal line too, according to the moderate

variations in their redshifts.

If we compare the redshift distribution of the galaxy sample in Fig. 5.6 derived from the two
databases we find noticeable differences over the whole available redshift range, as a consequence
of the improvement of the redshift evaluation. Both the redshift histograms in Fig. 5.6 have
local maxima at z ~ 0.1, 0.6, and 0.8, since the optical data set is also enough to find galaxy
cluster canditdates up to ~ 1.2. However, the number of galaxies has an excess from z ~ 1.1 for
the optical+NIR measurement compared with that for the pure optical data. In return for this
excess, the redshift bins between z ~ 0.8 and 1.1 contain less galaxies for the evaluation of the
NIR-band-extended data set. This redistribution in the redshifts comparing the two data sets
with each other is another representation of the dominant group of galaxies (denoted by blue

circles) above the diangonal branch in Fig. 5.5.

As already mentioned, the extension of the optical data with NIR fluxes has a twofold impact
on the photometric redshift measurement. On the one hand, it makes the multi-color classifica-
tion capable to detect the spectral features due to the old stellar population up to z ~ 2.1 and
on the other hand, it can also disentangle the age-extinction degeneracy in the galaxy colors.
These capabilities enhance the determination of the spectral properties, i.e., improve the quality
of the spectral template fitting and increase the reliability of the redshift measurement in the
interval 0.7 < z < 2.1.
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Figure 5.6: The redshifts distributions of galaxies derived from the optical and optical+NIR
band data. The left hand panel shows the R- and H-band selected sample, which is further
restricted by the criteria oy < 0.2 and o1 < 0.2. In the right hand panel, only the interval
0.9 < z < 2.1 can be seen, which is the most interesting redshift domain for the analysis.

Hence, the next step of the analysis is to study the spectral properties of the groups located
in the 2,pi+NI1R VS. Zopt Plots in Fig. 5.5. In the COMBO-17+2 NIR multi-color classification the
spectral properties of galaxies are represented by two parameters, the spectral energy density
(SED) and the dust extinction. They together give the proper characteristics of the spectral
types of galaxies, which can be associated to the morphological types. The zopi+N1R VS. Zopt
diagrams of the total galaxy sample in Figs. 5.7 and 5.8 binned by the SED parameter and
extinction derived from the optical+NIR data set show the most noticeable difference between
the two redshift measurements in the intervals 20<SED<50 and Ay < 0.6. Here, the range of
SED parameter just maps the Kinney et al. (1996) templates onto a sequence of values from 0
(SB1 starburst template) to 59 (E galaxy template). There is a limited range of the SED and
extinction parameters, over which the groups defined in the zoyt+N1R VS. Zopt Plots in Fig. 5.5
concentrate. This indicates the correlation between the improvement of redshift measurements
and the SED/Ay parameter evaluation for these groups . In the next section we will study this
correlation by giving an analysis on the evaluation of the astrophysical properties and the quality
of the spectral template fittings for both the optical and the optical+NIR data sets.

In the SED vs. extinction plot of our galaxy sample for the measurement on the optical +NIR
data the galaxies are not distributed uniformly, as shown in the left hand panel in Fig. 5.9. They
form a diagonal stripe located between the upper left and the bottom right corners, following
the trends of the SED vs. extinction relation of the spectral templates (the diagonal light blue
lines) derived from Kinney spectral tempates of galaxies in the local Universe. The comparison
of the SED vs. Ay relations for the data and the template spectra suggests that E/S0 galaxies
with lower extinction are almost missing and we can find hardly any dust-free starburst galaxies
in the sample.

The differences between the spectral properties based on the two data sets can be seen well
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Figure 5.7: Zopt+NIR VS. Zopt Plots of the R- and H-band selected galaxy sample split by bins of
different spectral types derived from the optical+NIR-band data (o < 0.2 and o1 < 0.2).
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Figure 5.8: zZopt+NIR VS. Zopt Plots of the R- and H-band selected galaxy sample split by bins of
extinction parameter derived from the optical+NIR-band data Ay (og < 0.2 and o1 < 0.2).
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Figure 5.9: Distribution of galaxies in the SED vs. extinction plot. The left hand panel shows
the R- and H-band selected sample with oy < 0.2 and 01 < 0.2. Here, the SED and extinction
values are derived from the optical+NIR colors. The panel in the right hand side displays only
the galaxies selected with the criterion 5.11. The blue circles denote galaxies with SEDs and
extinctions based on the optical data while the same galaxies are represented with red squares
for the parameteres derived from the NIR-band-extended data set. The light blue lines show
the SED range vs. extinction relations of the present-day spectral templates (z = 0) used in the
COMBO-17+2 NIR multi-color classification.

in the SED vs. Ay plot in Fig. 5.9, which displays only the objects fulfilling the criterion
Azga1/OAz gat > 3. By comparing the SED vs. Ay distributions derived from the optical and
the optical+NIR data for the same galaxies, we see that the measurement on the optical data
(blue circles) identified a great number of objects as starburst galaxies with a wide range of dust
extinction while the evaluation of the NIR-supplemented data (red squares) produced a large
quantity of evolved spirals with low extinction. This general tendency along with other subtle
trends in the parameter evaluation will be associated with the groups of galaxies denoted with
blue, yellow, red and green colors in the zo,; VS. Zopi+n1R Plot in Fig. 5.5. Henceforth we study
the distribution of these groups in SED vs. extinction diagrams for both the optical and the
optical+NIR data sets and check the improvement of their spectral template fittings.

We continue this section with an analysis of the most prominent group located above the
diagonal branch at high z,,, denoted with blue dots in Fig. 5.5. Then we analyze the group
scattered below the diagonal branch, represented by yellow dots in Fig. 5.5. The group in the
top left corner of the diagram 5.5, plotted with red color, will be discussed afterwards. Finally,
we consider the small group denoted by green dots, which is scattered above the diagonal branch
at lower z,p;. In the concluding remarks the results of this analysis are extended to the galaxy
sample in the whole COMBO S11 with deeper NIR-band imaging.

5.2.5.2 High-redshift Galaxies with an Increase in the Redshift

The most dominant group plotted with blue color in the 2z, vs. zop+n1r diagram in Fig. 5.5

consists of about 500 galaxies and it can be found in the redshift domain 0.7 < zp < 1.1 and
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1.1 S zopt+n1r S 1.8. By applying the selection criterion (5.11), we chose ~ 180 objects from this
group, represented by blue dots in Fig. 5.10, for studying the impact of the NIR-band extention
of the measurement. If we compare the redshift diagram and SED vs. extinction plots of these
galaxies in Fig. 5.10 derived from the optical data set (blue circles) and the NIR-supplemented
one (red squares), we see a general tendency of the differences in the spectral types and the
extinction levels, represented with the arrows A, B and C. According to the evaluation of the
purely optical data, most of the objects are identified as starburst galaxies (S1-S6 types) with
moderate or high extinctions in the redshift range 0.7 < 2o S 0.9. After the combination of

the optical and NIR bands, these galaxies become spirals with lower extinction levels and are

located at higher redshifts, 1.1 < zopi+nir S 1.7.
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Figure 5.10: The left hand panel shows the z,p: — 2opi+N1R plot for the R- and H-band selected
sample with o < 0.2 and 071 < 0.2. The blue dots denote the galaxies for which Azyy / OAz,gal >
3 in the domain z,,; > 0.7 and zypynrr > 1.1. The right hand panel is the SED vs. extinction
plot for these galaxies derived from the optical data set (blue circles) and the optical+NIR colors
(red squares), respectively. The arrows A, B, and C indicate the general tendencies in their
relocations due to the inclusion of the NIR colors in the measurement.

This general tendency in the differences between the SED parameters and extinction values
derived from the two data sets is an expected consequence of the NIR-band extention of the
optical color information. We access the wavelength regime of galaxy spectra which is dominated
by old stars only up to z < 1.1 with optical filters. By applying the NIR-band colors in addition
to the optical ones, we can sample the galaxy spectra in the wavelength regime as well, which
is relevant for measuring the spectral contribution of the old stellar population in the redshift
range 0.7 < z < 2.1. The above shown trend indicates the three medium-bands filters in Johnson
I band along with the I-band filter itself are not enough to correctly detect the presence of the
old stellar content of quite a few objects for z 2 0.7 and the multi-color classification identifies
them as less evolved spiral or starburst galaxies. The spectral types derived from the NIR-
supplemented data set indicate that we already measure the contribution of old stars to the total
fluxes of these galaxies, which allows us to identify these object as more evolved systems.

We demonstrate this improvement in the measurement in more details with three pairs of
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Figure 5.11: The z,,t — Zopt+N1Rr and the SED vs. extinction plots of the galaxies given here as
examples for the demonstration of the improvement of the spectral template fitting. The dashed
lines connecting the data points with the diagonal in the left hand plot measure the difference
between z,,; and zp+nrr. The arrows in the right hand plot indicate the direction of the
relocation made by the objects, compared the optical data (blue circles) with the NIR-extended
one (red squares). The galaxies moving along the SED-Ay relations of the spectral templates
Sa/Sb (the light blue lines) to lower extinction values in the SED vs. extinction plane are denoted
with (1a) and (2a), while (1a’) and (2a’) sign the galaxies obtaining higher extinctions. The two
examples referred by (1b) and (2b) are starburst galaxies with lowered dust content and increased
mean age.
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examples of the spectral template fitting of galaxies. Fig. 5.11 shows the 2,y — 2opi+N1R and the
SED vs. extinction plots of the galaxies chosen as examples, where they are denoted by (1a)-(2a),
(1a’)-(2a’), and (1b)-(2b). We display and compare the results of the spectral template fitting
based on the optical and the optical+INIR data sets for each pair of galaxies in the followings.
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Figure 5.12: Two examples of the spectral template fittings for spiral galaxies, which are denoted
with (1a) and (2a) in Fig. 5.11. The fits on the optical data are displayed in the left hand side
and they represent the spectra of dusty Sa (upper plot, 1a) and Sbc (lower plot, 2a) type galaxies
with high dust extinctions, Ay ~ 0.8, at redshifts z =~ 0.8. The plots in right hand side are the
results of the data evaluation in the optical+NIR bands. The spectral type of the example (1a)
in the upper plot exhibits no changes while the example (2a) in the lower plot is identified as an
Sa/b galaxy. The dust extinction are drastically reduced for both of them, Ay < 0.3 and higher
redshifts were measured for them at z ~ 1.3.

The first pair, denoted with (1a) and (2a), is chosen to demonstrate the tendency indicated
with the arrow A in the SED vs. extinction plot in Fig. 5.10. Fig.5.12 shows the results of
the spectral template fitting for this pair of galaxies. The left hand plots contain the fittings
of model spectra based on the optical fluxes. In both cases the filters in the optical bands can
sample the redshifted Balmer jump only in the redward part, below A < 900 nm, which is not
enough to detect the increase in the spectrum caused by the old stellar content of the galaxies.
As a result, the sources of these optical fluxes are identified as dusty Sa (upper plot, 1a) and Sbc
(lower plot, 2a) galaxies at redshifts below 1, which have spectral shapes poorly matching the
J1- and H-band fluxes. By supplementing the optical data with the NIR-band colors, we will
detect the redshifted 4000 A break and a considerable part of the galaxy spectra dominated by
the old stars up to z ~ 2.1. Therefore the multi-color classification results in synthetic spectra
which fit on the J;- and H-band fluxes, as shown in the right hand side plots in Fig 5.12. The
spectral types here are of Sa/b galaxies with a mild decrease (upper plot, 1a) and increase (lower
plot, a2) in the mean age but the dust extinctions are reduced drastically and the redshifts have
values of z =~ 1.1. These modifications in the results of the measurements are represented with
the arrows belonging to (1a) and (2a) in Fig. 5.11.

For the most part the inclusion of the NIR colors in the measurement causes the members of

the group plotted with blue color in Fig. 5.10 to have the usual decrease in the extinction value.

There are, however, some objects from this group exhibiting a counter tendency. The plots in



5.2. THE COMBO-17+4 NIR PROJECT 101

T o1 1% oal T
£ £ L 4
< <
E 42t L 1
< 0.05 - é + <005 P %’ -
- 1 r 1
g B ‘f%? 1 r 1t 1
o e et L 1 0 NN e 2 2 L ]
1000 1000
A (am) A (nm
T T T ] T T T
o.ts [ {HE 015 [ st
H - H S
3 o1f 4% o1l E
3 & 3 7
008 [ —= 3 “oos [ +;; —
P L

. - T . . .
1000 1000
A (am) A (nm)

Figure 5.13: Template fittings of spiral galaxies, where the upper two plots belong to the object
denoted by (1a’) and the lower two plots belong to the object denoted by (2a’) in Fig. 5.11. The
plots in the left hand side, derived from the optical data, show two spectral templates for a Sb
galaxies with low dust extinctions, Ay =~ 0.3, at redshifts z < 1. By supplementing the optical
data with the NIR-band colors, we obtain template fits, shown in the right hand side, which
have the same spectral types but higher extinction levels, Ay = 0.5, and are located at higher
redshifts, z =~ 1.1

Fig. 5.13 show the spectral template fitting for two of them at z < 1, denoted with (1a’) and
(2a’) in Fig. 5.11. The template spectra in the left hand side are derived from the optical data
and belong to Sb type galaxies with low extinction values. The right hand plots in Fig. 5.13
contain the model spectra fitted on the optical4+NIR colors. These templates also represent Sb
galaxies but at redshifts higher than 1 and with slightly increased dust extinctions, as seen in
Fig. 5.11.

The third example describes the improvement of the template fitting for starburst galaxies.
This pair of galaxies, denoted by (1b) and (2b) in Fig. 5.11, are identified as S2 galaxies with
moderate extinctions and redshifts greater than 1 in left hand plots in Fig. 5.14 showing the
results of the measurement on the optical data. Here, the local maxima of continuum spectra due
to the younger stellar content are redshifted to the redward part of the optical regime but the
templates do not match the reddest optical fluxes around 800 nm. Because of the slow fall-off of
the continuum spectra, the discrepancy between the measured fluxes and the model spectra even
becomes more considerable in the NIR band. By including the J;- and H-band data, we can
better determine the position of the local maxima of the continuum spectra. The right hand plots
in Fig. 5.14 show spectral templates with these maxima redshifted to the NIR band, at z ~ 1.3,
which belong to more advanced S3-type starburst (upper plot, 1b) and Sc-type spiral galaxies
(lower plot, 2b). The dust extinction levels are also reduced indicating the disentanglement of

the age-extinction degeneracy of the colors for these galaxies.

5.2.5.3 High-redshift Galaxies with a Decrease in the Redshift

If we consider the zyp vs. zZop+nrr diagram in Fig. 5.5, we also find a less prominent group

below the diagonal branch in the redshift interval 0.7 < zop S 1.1, plotted by yellow color.

~

The galaxies in this group have a tendency in the redshift differences calculated from the two
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Figure 5.14: Two examples of the spectral template fittings for starburst galaxies, which are
denoted with (1b) and (2b) in Fig. 5.11. The plots in the left hand side, based measurements in
optical bands, show model spectra of S2-type galaxies with moderate extinctions, Ay = 0.4 and
0.7, and at z = 0.8. With the extension of the wavelength range of the measurement the mean
age of the systems is considerably increased and they are identified as S3 (upper plot, 1b) and S6
(lower plot, 2b) types, as seen in the right hand plots. At the same time their dust extinctions
were reduced, while the redshifts evaluations provided higher values, z ~ 1.3, than those derived
from the optical fluxes.
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Figure 5.15: The left hand panel shows the z,,; — zopt+N1R Plot for the R- and H-band selected
sample with oy < 0.2 and 051 < 0.2 in the COMBO S11 field. The yellow dots denote the
galaxies fulfilling the criterion (5.11) in the domain z,y; > 0.7 and zgp+nrr < 1.1. The right
hand panel is the SED vs. extinction plot for these galaxies derived from the optical data set
and the optical+NIR colors, respectively. The arrows indicate the general tendencies in their
relocations due to the inclusion of the NIR colors in the measurement.
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measurements opposite to that of the most prominent group discussed in the previous section.
They are identified as galaxies located at redshifts higher than ~ 1 in the measurement applying
only optical data but they obtain redshifts only up to ~ 1 in the evaluation of optical +NIR data.
In this section we compare their spectral properties and extinction levels derived from the two

data sets.

The SED vs. extinction plot in Fig. 5.15 of the 13 objects selected from this group, with
the criterion (5.11), suggests that the majority of them are evolved spiral galaxies and some are
Sbc- or S6-type systems in both of the measurements. The right hand panel in Fig. 5.15 shows
similar trends in the variation of the SED and Ay values, represented here by the arrows A and
B, to those of the prominent group. The evaluation of optical+NIR data provides older stellar
populations and lower dust extinction for the galaxies than the ones coming from the optical
colors only. The trend denoted with the arrow A in the SED vs. extinction diagram follows the
main stream of the prominent group, but with lowering of the redshifts. The measurement based
on the optical data identifies these objects as Sa and Sb galaxies and the NIR-band-extension
of the wavelength regime modifies only slightly their spectral types by decreasing the mean ages
of their star populations to a small extent. Only their high dust reddening together with the
redshifts are reduced considerably. As described in the previous section, this tendency indicates
that the measurement of the NIR fluxes can sample the spectral contribution from the old stellar
components in galaxies, which helps to determine the correct SEDs of systems with older mean
age. Since the galaxies following the tendency in the direction of the arrows A and B in Fig.
5.15 have only minor changes in their spectral types, only the lowering of their redshifts and
extinction levels can produce better fits on their J;- and H-band fluxes. In SED vs. extinction
plot in Fig. 5.15, the tendency represented by the arrow A is the mainstream of the Sa and Sb
galaxies in the group discussed here. However, there are some galaxies in this plot following a
counter tendency. The direction of this tendency is denoted by the arrow A’, which illustrates
the galaxies which have slightly redder rest-frame colors and an increase in their extinction level

caused by the inclusion of the NIR colors in the data set.

The examples given in the zy; — zopt+n7r and the SED vs. extinction plots in Fig. 5.16
illustrate these trends for both the groups of evolved spirals and starburst galaxies. The pair
of galaxies denoted with (la) and (2a) is an example for the redistribution in the direction of
the arrow A while the pair denoted with (1b) and (2b) follows the trend represented with the
arrow B in Fig. 5.15. The last examples, referred to as (1a’) and (2a’) in Fig. 5.16, are given
for the counter tendency indicated with the arrow A’ in Fig. 5.15.  The plots in Fig. 5.17
show the results of the spectral template fittings for the first pair of galaxies, (1a) and (2a). The
model spectra in the left hand plots are fitted on only the optical data and match them well. In
the NIR regime both of the templates have an excess, which is reduced in the right hand plots
by including the NIR colors in the measurement. As the galaxies in the example obtain only
slightly bluer rest-frame colors in SED vs. extinction plot in Fig. 5.16, the cumulative effect of
the reduction in redshift and extinction level caused the spectral template to fit on the J;- and
H-band fluxes.

The plots in Fig. 5.18 display the results of the spectral template fittings for the next
examples denoted with (1b) and (2b) in Fig. 5.16. In the left hand plots derived from the optical



104 CHAPTER 5. THE MANOS DEEP FIELD GALAXY SURVEY: COMBO-17+4 NIR

L B 60 — 1
1.4 — = L B
L i L . i
L E B 13 i
— — Q B
1.2 12"\ S o
L B 40 — za 7
|- — Za’ a
. L i
— |- hl a
z
- 18 1 2 |
0
5 L i
N L \ o F z‘b\o ° :
| N, eib S
13 20 —
0.8 - °1a ] B i
r 2b 7
[ ) r O Optical b
0.6 - - r [ Optical+NIR 7
’/\ [ T T ! T T 0 L1 | | | | L
0.6 0.8 1 1.2 1.4 0 0.5 1 1.5
Zopt Ay

Figure 5.16: The zop — 2opt+nN1r and the SED vs. extinction plot of the galaxies - given as
examples for comparing the spectral template fittings derived from the optical and optical+NIR
data sets. The left hand plot measures the difference between z,,; and z,p¢+n7r With the dashed
lines connecting the data points to the diagonal for each galaxy. The right hand panel is the
SED vs. extinction plots for these galaxies derived from the optical data set (blue circles) and
the optical +NIR colors (red squares), respectively. The arrows indicate their relocations due to
the inclusion of the NIR colors in the measurement. The pair of galaxies denoted with (1a) and
(2a) are examples for the redistribution in the direction of the arrow A while the pair denoted
with (1b) and (2b) follows the trend represented with the arrow B in Fig. 5.15. The galaxies
referred to as (la’) and (2a’) are examples for the counter tendency indicated with the arrow A’
in Fig. 5.15.
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Figure 5.17: Two examples of the spectral template fittings for galaxies following the trend
represented by the arrow A in the SED-Ay plot in Fig. 5.16. The fits on the optical data are
displayed in the left hand side where we see spectra of dusty Sa/Sb galaxies, Ay ~ 0.6 — 0.8
at the redshifts z ~ 1.1. The templates have a high excess in the NIR regime, which has been
corrected in the right hand plots displaying the results of the evaluation of optical+NIR data.
The galaxies here have a slightly younger stellar content but obtain much lower extinction levels,
Ay < 0.4, and redshifts, z = 0.78 and 0.91.
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Figure 5.18: Two examples of the spectral template fittings for galaxies following the trend
indicated with the arrow B in in the SED-Ay diagram in Fig. 5.16. The plots in the left hand
side, derived from the optical data, show two spectral templates of S6- (upper left plot, 1b )
and Sc-type (lower left plot, 2b) galaxies with moderate extinctions at redshift z ~ 1.1. By
supplementing the optical colors with the NIR ones, the right hand plots display templates of
Sc-type galaxies with much lower extinctions and redshifts, z ~ 0.8.
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Figure 5.19: The spectral template fittings for galaxies given as examples for the tendency
indicated with the arrow A’ in in the SED-Ay diagram in Fig. 5.16. The fits on the optical
data are displayed in the left hand side where the templates represent spectra of Sa galaxies
with moderate dust extinctions, Ay ~ 0.2, at redshifts z 2 1.1. The plots in right hand side
are the results of the data evaluation in the optical+NIR bands. The spectral types exhibit
moderate changes, as the objects were identified as Sa/b galaxies with older stellar content,
higher extinctions, Ay ~ 0.3 and 0.9, and lower redshifts, z = 0.76 and 0.92.
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data, the spectral templates of Sc/S6 galaxies also exhibit an excess in the NIR band as in the
previous example. The right hand plots show its correction due to the NIR-band-extention of
the optical data, which is not so considerable since these galaxies are less abundant in old stars.
Their spectral types remain the same, whereas the redshift and extinction values are reduced

moderately.

The last examples, referred to as (1a’) and (2a’) in Fig. 5.16, demonstrate the improvement
of their spectral template fittings. The left had plots in Fig. 5.19 are the results of the fitting
on the optical data and show model spectra of Sa/Sb galaxies with similar overshots in the
NIR regime as in the case of the first pair of examples. The Ji- and H-band fluxes give proper
constraint for the abundance of the old stellar content in the host galaxies and their application
results in better fits in the NIR regime, as seen in the right hand side plots. However, these fits
have slightly lower values in the J; medium band than the measured fluxes, which could indicate

imperfections in the templates of the galaxy spectral library.

5.2.5.4 Galaxies with Large Redshift Variation

In our R- and H-band selected galaxy sample, the group plotted with red color in Fig. 5.5 is
completely isolated from the rest of the galaxies in the 2z, — Zopt+nN1r plane. The members
of this group are determined as less evolved spirals or starburst galaxies for z,,; < 0.4 by the

evaluation of the purely optical data but the inclusion of the NIR bands redistributes them in
the redshift interval 1.5 < zopryn1r S 1.9, as shown in Fig. 5.20.
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Figure 5.20: The left hand panel shows the z,,; — zopt+N1R Plot for the R- and H-band selected
galaxy sample, which is further restricted by the criteria o < 0.2, 051 < 0.2 and ¢ = 3. The
red dots denote the group of the galaxies with Az/ OAzgal > 3 in the domain 2z, < 0.5 and
Zopt+NIR > 1.3. The right hand panel is the SED vs. extinction plot for these galaxies derived
from the optical (blue circles) and the optical +NIR colors (red squares), respectively. The arrows
A and B indicate the general tendencies in their relocations due to the inclusion of the NIR colors
in the measurement. The blue lines represent the SED vs. Ay relations of the galaxy spectral
templates used in the COMBO-1742 NIR multi-color classification.
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As in the case of the previous groups, we study this enormous variation in the redshift
determination of these galaxies by associating it with the trends of the differences between the
spectral types and extinction levels derived from the two data sets. These trends, denoted by the
arrows A and B in the SED vs. extinction diagram in Fig. 5.20, separate the objects into two
groups. Some objects, following the direction of the arrow A in the SED-Ay, plane, are identified
as starburst galaxies in the measurement on the optical data and they become less dusty systems
with older stellar content at much higher redshifts in the evaluation of the optical +NIR fluxes.
Other objects follow the tendency denoted by the arrow B in the SED vs. extinction diagram
in Fig. 5.20. These are evolved starburst and Sc galaxies, considering their spectral types
derived from the optical fluxes. They obtain younger star populations while their extinctions are
reduced in the measurement based on the optical +NIR data. The 2, — Zopi+N1r and SED vs.
extinction diagrams in Fig. 5.21 show the data of two pairs of galaxies chosen as examples for the
demonstration of the improvement in the fitting of the model spectra. Here, the objects denoted
with (1a) and (2a) follow the tendency represented by the arrow A and the ones with (1b) and
(2b) are examples for the tendency referred by the arrow B in the SED-Ay plane in Fig. 5.21.
We can see the spectral template fitting for the first pair of galaxies (la and 2a) in Fig. 5.22,
where the left hand plots are derived from the optical colors and the right hand ones display
template fits on the optical+NIR data set. Both of the model spectra in the left hand plots
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Figure 5.21: The zopt — Zopt+N1r and the SED vs. extinction plot of the galaxies given here
as examples comparing the spectral template fittings derived from the optical and optical +NIR
data sets. The left hand plot measures the difference between z,pt and z,,:4 n1r for each galaxy
with the dashed lines connecting the data points to the diagonal. The right hand panel is the
SED vs. extinction plot for these galaxies derived from the optical data set (blue circles) and
the optical +NIR colors (red squares), respectively. The arrows indicate their relocations due to
the inclusion of the NIR colors in the measurement. The galaxies with an increase in the mean
age of their stellar content are denoted with (1a) and (2a), whereas the other pairs obtaining
younger star populations are referred by (1b) and (2b).

belong to starburst galaxies with moderate (upper plot, 1a) and small dust extinctions (lower

plot, 2a) for which the continuum spectra with the emission lines are not redshifted out from the
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optical regime. These templates match the optical fluxes but have much lower values in the NIR
regime than the measured fluxes. In the first example (upper right plot, al) the introduction of
the Ji- and H-band fluxes helps to detect the old stellar content in the host galaxy and, as a
result, provides the spectal template of an Sc-type system with a lower extinction level at much
higher redshift. In the second example (lower right plot, 2a), the NIR filters sample the fluxes
dominated by the high-redshifted continuum spectrum, and we obtain here a dust free S2-type

starburst galaxy at z ~ 1.8.
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Figure 5.22: Spectral template fitting for the galaxies denoted with (1a) (upper plots) and (2a)
(lower plots) in Fig. 5.21. The fittings based on the optical fluxes provide spectral templates
corresponding to starburst galaxies with a relatively moderate and low dust extinctions, Ay =
0.73 and 0.15, with low redshifts, z = 0.25 and 0.03, which are shown in the left hand side. The
plots in the right hand side derived form the optical+NIR data display spectral template fits
corresponding to Sa/b galaxies with reduced extinction, A, = 0.26 and 0.1, and with a raise of
the redshifts to < 1.7.

The other two examples, plotted in Fig. 5.23, demonstrate that the NIR extension will help in
case the multi-color classification using only the optical data fails and cannot find any matching
spectral template on the optical fluxes. Both the examples are starburst galaxies, where the left
hand side plots show incorrect fits, while we see starburst galaxies with moderate dust content
at high redshift in the right hand side plots derived form the optical+NIR data set.

5.2.5.5 Galaxies at z < 1 with Moderate Redshift Variation

The last group we analyze is denoted by green dots in the zyp — 2opt+nrr diagram in Fig. 5.5
and contains galaxies scattered above the diagonal branch for z,,; < 0.7. The members of this
group have moderate differences between their redshift values derived from the optical and the
NIR-band-supplemented fluxes. Since the criterion Azgq /Ao gu > 3 selects only 9 objects in
this group, their presence could have been considered as a noise in the measurement. However,
the evaluation of the optical+NIR data provided satisfying spectral templates matching better
on the NIR fluxes for these galaxies, compared with the fits derived only from the optical colors.
Therefore, they are worth being studied in more details.

In the SED vs. extinction diagram of this group, shown in Fig. 5.24, most of the objects are

identified as early-type galaxies and evolved spirals with high dust extinction by the evaluation
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Figure 5.23: Two examples, where the fittings with the optical fluxes provide spectral templates
corresponding to Sb2 galaxies, shown in the left hand side. The galaxies obtain a relatively
moderate or lower dust extinction, Ay = 0.52 and 1.07, and are located lower redshifts, z = 0.04
and 0.03. The plots in the right hand side, derived form the optical+NIR data, display spectral
template fits corresponding to galaxies with bluer rest-frame colors and reduced extinctions,
A, = 0.29 and 0.1, at higher redshifts, z = 1.75, 0.64.
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Figure 5.24: The left hand panel shows the z,,; — 2opt+N1R Plot for the R- and H-band selected
galaxy sample with o < 0.2, 071 < 0.2. The green dots denote the group of the galaxies with
Azgal /0A27gal > 3 in the domain 2,y < 0.7 and zopi+n7r < 1.1. The right hand panel is the
SED vs. extinction plot for these galaxies, derived from the optical data set (blue circles) and
the optical+NIR colors (red squares), respectively. The arrows A and B indicate the general
tendencies in their relocations due to the inclusion of the NIR colors in the measurement. The
light blue lines represent the SED vs. Ay correlation of the galaxy spectral templates applied in
the COMBO-17+NIR multi-color classification.
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of the optical data (blue circles). These objects exhibit two tendencies with respect to the
differences in their spectral types and extinction levels comparing the results from the two data
sets. The first one, denoted with the arrow A in the SED - Ay plot in Fig.5.24, is typical
for the objects which are identified as early-type galaxies with extremely high extinctions in the
measurement based on the optical fluxes and become dust-poor Sa/Sb galaxies at higher redshifts
(red squares). The galaxies following the tendency indicated by the arrow B in the SED vs. Ay
plot in Fig.5.24 are dusty early-type systems, spirals or starbursts in the evaluation of the optical
fluxes. The measurement on the optical+NIR data determines all of them as starburst galaxies

at higher redshifts while their dust reddenings undergo only slight variations or even remain the
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Figure 5.25: The 2ot — Zopt+N1r and the SED vs. extinction plot of the example galaxies
comparing the spectral template fittings derived from the optical and optical+NIR data sets.
The left hand plot measures the difference between z,,; and 2.+ nrr With the dashed lines
connecting the data points to the diagonal for each galaxy. The right hand panel is the SED
vs. extinction plots for these galaxies derived from the optical data set (blue circles) and the
optical+NIR colors (red squares), respectively. The arrows indicate their relocations due to the
inclusion of the NIR colors in the measurement. The galaxies with extremely large decrease in
their extinctions are denoted with (1a) and (2a) and the other pair with moderate changes in
their dust extinction are referred by (1b) and (2b).

As examples of the spectral template fitting, we show two pairs of galaxies for each tendency
to demonstrate an improvement of the redshift mesaurement due to the NIR-band-extension of
the optical colors. The zyp: — zopr+N1r and the SED vs. Ay diagrams in Fig. 5.25 characterize
the differences of the astrophysical properties of the galaxies chosen as examples, comparing their
data derived from the two data sets. The first pair of galaxies, designated with (1a) and (2a)
in Fig. 5.25, provides examples for the tendency represented by the arrow A in the SED - Ay
plot in Fig. 5.24. The plots in Fig. 5.26 show the fittings of the model spectra for the examples
based on the optical and optical+NIR fluxes in the left and right hand plots, respectively. The
left hand plots display spectral templates of dust-shrouded E/S0 galaxies at z ~ 0.2 and 0.3.

The templates match the optical fluxes well but have an excess in the NIR band, which is caused
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by the abundance of the old stellar content associated to these model spectra. By applying the
J1- and H-band data, we can measure the spectral contribution of the old stars in the NIR band
and chose templates with younger mean age. These already match the fluxes measured in this
wavelength regime, as demonstrated by the right hand plots in Fig. 5.26. The objects here are
identified as Sa/Sb galaxies and their redshifts are increased by a factor of three. Although,
these spirals are completely free from dust, it has no effect on galaxy spectra in the NIR regime.
The matching of data and the model spectra in that wavelength range is due to the improved

detection of the old stellar population up to z ~ 2.1.
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Figure 5.26: Two examples for spectral template fittings for the galaxies denoted with (1a) and
(2a) in Fig. 5.25. The plots in the left hand side, derived from the optical data, show two
spectral templates for E/S0O galaxies with very high extinction levels, at redshifts lower than 0.3.
By supplementing these data with the NIR-band colors, we obtain template fits, shown in the
right hand plots, which represent galaxies with the same spectral type but without dust, Ay ~ 0
and at higher redshifts, z > 0.5.

Another pair of galaxies is also given as an example for the other tendency represented by
the arrow B in the SED vs. extinction diagram in Fig. 5.24. The zyp — 2opt+N1Rr and the SED
vs. Ay plots in Fig. 5.25 denote this pair of galaxies as (1b) and (2b) and show that they are
identified as dusty spiral and starburst galaxies, respectively. The plots in Fig. 5.27 display the
spectral template fittings for these galaxies based on the optical fluxes (left hand plots) and on
the optical+NIR data (right hand plots). Even though only optical fluxes are used for the fitting,
there is no significant discrepancy between the measured fluxes and the spectral templates of the
Sa- (upper left hand plot, 2a) and Sc-type (lower left hand plot, 2b) galaxies. However, the NIR-
extension of the wavelength regime in the measurement provides better fits in the NIR band, as
the right hand plots show in Fig. 5.27. Since the J;- and H-band fluxes of the Sbc type galaxy
(upper right hand plot, 2a) at z ~ 0.4 are still dominated by old stars, the improvement in the
template fitting is considerable in the NIR regime. In the case of the S6 starburst galaxy (lower
right hand plot, 2b), which is less abundant in old stars, the inclusion of NIR-band information

in the optical data set does not have such a significant effect on the template fitting.
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Figure 5.27: Two examples of the spectral template fittings for the galaxies denoted with (1b)
and (2b) in Fig. 5.25. The plots in the left hand side, based on the measurements in optical
bands, show model spectra of E/SO- (upper plot, 1b) and Sb-type (lower plot, 2b) galaxies with
old stellar populations and high dust extinctions, at redshifts lower than ~ 0.4, respectively. The
NIR-extention of the wavelength range of the measurement provides templates of galaxies with
bluer rest-frame colors, as seen in the right hand side plots. The extinction level is increased
in the first case to and does not change at all in the second one, while the redshifts evaluations
provides higher values, z > 0.4.

5.2.6 Concluding Remarks

In this section, we have studied the improvement in the redshift determination and the fitting of
the synthetic spectra on the measured fluxes for galaxies due to the supplement of the optical data
with the NIR-band colors. We chose a population from the R- and H-band selected galaxy sample
in the COMBO S11 field for which the variation in the astrophysical properties derived from the
optical and the optical+NIR data sets was significant. We split this galaxy population into
smaller groups with respect to the trends observed in the differences between their photometric
redshifts, zop and zopi N1R, and analyse the results of the SED and extinction evaluation based
on the optical and the NIR-band combined fluxes for the galaxies in each group.

The most significant group contains galaxies with the 4000 A break in their spectra redshifted
to the redward end or even out of the optical regime, i.e., at z 2 1.2. The measurement based
on only optical bands could not detect the spectral features of their old stellar content at these
redshifts. They were identified mainly as actively star-forming systems with large variation
in their dust reddening and some of them as dusty early-type or evolved spiral galaxies. By
including the NIR colors, we obtained mainly spiral galaxies in this population from Sa to Sbc
with low extinction and some starburst galaxies with more dust as well. Hence, the improvement
in the determination the physical properties can be summarized in the following statement. If
we compare the redshifts, spectral types, and extinction levels measured in the optical band with
the ones measured in the optical and NIR bands, we find a prominent group of galaxies for which
the redshifts are redistributed from the interval 0.7 < z < 1.1 to 1.1 < z < 1.8 while their mean
ages are increased or remained the same and their dust reddenings are reduced.

Other minor trends in the redshift variation caused by the NIR-band-extension correspond

to a moderate decrease, an enormous increase, or a similar increase in z - but at lower redshifts.
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These trends are either associated with the main tendency or with other patterns in the SED
and extinction variation. The latter means that there are some galaxies in the population we
analyzed which exhibit lowering in the mean age, i.e., they obtain bluer rest-frame colors, or
their extinction level are increased, as a result of the improvement in the measurement.

However, considering the statistics of the different groups in the discussed population, the
minor trends are far less important than the main tendency. We studied about 4300 galaxies
in this section and found ~ 500 of them belonging to the dominant group and the number of
the objects in the smaller groups is on the order of 100. This means about 14% of the studied
population has a significant improvement in the measurement where ~ 12% shows the main
tendency and only ~ 2% follows other trends, when the properties obtained from the optical and
the NIR-supplemented data set are compared with each other.

We can extrapolate these numbers for the whole COMBO S11 field with a NIR band data
deep enough to assure that the multi-color classification could produce reliable redshifts, SEDs,
and extinction levels for each galaxy with R < 24 in the R-band selected catalogue. For R < 24
and 0.2 < z < 1.2, the S11 field contains ~ 13,400 galaxies of the catalogue with photometric
redshifts derived from optical colors. If we have enough NIR band data to produce reliable
redshifts for these objects in the range 0.2 < z < 2.1 then ~ 1600 galaxies or ~ 12% of the
them, mainly starburst or Sbc galaxies in the redshift range 0.7 < z < 1.1, will be identified as
evolved spirals (Sa-Sb) at higher redshifts, 1.1 < z < 1.8. Only a small number of the entire
population, less than ~ 270, transforms from spiral galaxies to actively star-froming system or
obtains higher dust reddening.

The detection of more faint red galaxies in the deeper NIR-band imaging might increase
these numbers but we expect a lot of systems with small fluxes in the NIR bands to have bluer
rest-frame colors or to be located at higher redshifts than ~ 2.1. This makes the measurement
of their astrophysical properties relatively insensitive to the introduction of the NIR colors in
the data evaluation. However, these raw statistics are derived from the analysis of the data set
supplemented only with the J;- and H-band fluxes. We suppose that the quality of the spectral
template fitting will be further improved by including the other NIR-band filters, Y and Jo, as
well. As a net effect, we therefore expect the extension of wavelength coverage and the increase
of the number of bands will have a deep impact in the redshift and SED determination for at
least 15% of the entire galaxy population.

According to our prediction the COMBO-17+4 NIR survey can achieve a significant improve-
ment in the redshift measurement for ~ 15% of the R-band selected galaxies in the COMBO S11
field, compared to the data provided by the COMBO-17 optical survey.



114 CHAPTER 5. THE MANOS DEEP FIELD GALAXY SURVEY: COMBO-17+4 NIR



Chapter 6

Scientific Results of the COMBO-17-4-2
NIR Project

The previous chapter was devoted to the analysis of the first results obtained in the COMBO-
17+2 NIR survey from a technical viewpoint, as it focused on the improvement of the redshift
measurement due to the extension of the wavelength coverage and the increase of the number
of the bands in the NIR regime. In this chapter we consider the results of the first NIR-band
observations carried out in the COMBO S11 field for the COMBO-17+2 NIR project from
scientific viewpoint. Here, we discuss our results in two steps. The first section of this chapter
gives a general overview on the evolution of the astrophysical properties derived from the survey
data for the galaxy population in the target field, whereas the second section concentrates on a
special application of this results. There we study the Extremely Infrared Objects detected in
the S11 field on the basis of the information from the new NIR-band data.

6.1 Astrophysical Discussion of the Results

In the COMBO-17 survey the evolution of the galaxy luminosity function and the stellar lumi-
nosity density was derived for galaxies of different SEDs over the last half of the Universe’s age
(0.2 < z < 1.2). Since the NIR-band imaging of COMBO-17+2 NIR is still not deep enough to
produce reliable luminosity functions and densities we cannot extend the results of the COMBO-
17 survey to higher redshifts. Here, we restrict our discussion on the redshift evolution of the red

galaxy counts measured in COMBO-17+2 NIR and compare it with the results of other surveys.

We begin with a short description of the R- and H-band selected galaxy sample of the
COMBO S11 field. Some extrapolations are made for the expected number of galaxies which
can be detected with the planned 100 point source limit in the NIR bands for the whole survey
volume of the S11 field. We give a modified definition of the galaxy SED types used in COMBO-
17 and present the co-moving number counts of the total sample and of these SED types. This
section is completed with the comparisons of our findings with the results of previous work in
the K20 and MUNICS surveys and the other studies of Hubble Deep Field.

115
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6.1.1 The Galaxy Sample

The available area to collect a sample of galaxies in the COMBO S 11 field for the MANOS
deep project consists of three OMEGA2000 pointings (B), (C) and (D) and contains almost 27
000 galaxies with fluxes in the optical and the NIR bands. In order to extend the COMBO-17
data set with the NIR band data for that area, we have to adapt the selection criteria for the
sample used for the analysis of the COMBO-17 data, which is defined by limits in aperture
magnitude, in redshift and in luminosity. Objects are selected to have an aperture magnitude
of 17 < R < 24 so that the saturated or the noise affected faint sources with lower fluxes than
100-limit should be excluded from the sample. Since the NIR band observations could not
produce significantly deeper imaging than that obtained in R band, this aperture magnitude cut
is kept for the COMBO-17+2 NIR data as a selection criterion. The redshift range studied in the
COMBO-17 survey was limited to 0.2 < z < 1.2, where the lower limit is used to avoid working
with too small co-moving volume and the higher one to restrict the sample to the objects whose
spectroscopic information was available for checking the accuracy of the redshift measurements.
This higher limit is raised to ~ 2.1 by supplementing the optical data with the NIR band fluxes,
therefore the criterion 0.2 < z < 2.1 is applied for restricting the R-band selected COMBO-17+-2
NIR sample further.

The COMBO S11 field contains about 13,400 galaxies with 17 < R < 24. The aim is to
measure the redshifts of all galaxies in this sample which have redshifts lower than 2.1. The
OMEGA2000 pointings B, C, and D in the S11 field produced optical- NIR-band imaging over
an area of 710 arcmin?, giving a co-moving volume of 1.89 x 10° k3, Mpc? in the redshift range
0.2 < z < 2.1 for the standard ACDM cosmology (2 = 0.3,Q24 = 0.7). About 9000 galaxies
are located in the three quarter of the S11 field with NIR-band data from the 13,400 galaxies
in the R-band selected catalogue but there are only ~ 6000 object with 50 source point limit
of H = 21.4. Therefore we restrict our analysis in the following sections to the R- and H-band
selected population with R < 24 and H < 21.4 in the S11 field.

The aim is to supplement the optical data set of COMBO-17 with medium and broad-band
NIR data which are deep enough to detect a typical early type galaxy at z ~ 0.8 with comparable
S/N in all filters between A\ = 600 and 1650 nm. In order to fulfill this requirement, we have to
reach the 100 limits R = 24.0, Y = 22.0, J=21.0, H=20.5. If more data are delivered with the
OMEGA2000 instrument we will achieve deeper NIR-band imaging for the correct extention of
the COMBO-17 optical data set. Then we obtain data in each NIR band for all the galaxies in
the R-band selected catalogue with 100 point source limits at R = 24, which allows us to provide
good spectral template fittings on the measured fluxes of all the selected objects and derive more
reliable astrophysical properties for them. This means if we can increase the deepness of the Ji-
and H-band imaging with the specified 100-limiting magnitudes in the B, C, and D quadrants
of the S11 field, we can determine the redshifts for almost 9000 objects over the area of 710
arcmin®. Considering the redshift distributions for galaxies derived in deep surveys, such as the
Las Campanas IR Survey or the K20 survey, we expect that the dominant part of these 9000
galaxies has redshifts below 2.1. Thus we can provide reliable redshifts for these galaxies. If we
extend the NIR-band imaging over the whole S11 field, covering a co-moving volume of 2.52 x 10°
h7_03 Mpc? for 0.2 < z < 2.1, we can extend the redshift evaluation to the 13,400 galaxies with
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R < 24 detected in the S11 field. The quality of the redshift determination will be increased
further if the medium Y- and Js-band data with the specified 100-limiting magnitudes is also
available, besides the Ji- plus H-band imaging for the whole S11 field. With the complete optical
and NIR data set of the COMBO S11 field, we will be able to give a more comprehensive analysis

of the evolution of different galaxy properties measured in the S11 field.

6.1.2 The Distribution of Infrared Bright Galaxies above z ~ 1.1

The determination of the redshift range over which the most massive galaxies were assembled can
give a clue if the hierarchical merging scenario or the pure passive luminosity evolution should be
preferred for the models of the galaxy formation and evolution. According to recent observations,
the effects of the merging in the build up of galaxies are minor at late epochs. The luminosity
function of the red galaxies (defined as redder than a present day Sbc galaxy) shows a very little
change in either number density or luminosity over the redshift range 0 < z < 1 as reported
by the Canada-France Redshift Survey (Lilly et al. 1995). This indicates that their luminosity
function has gone predominantly through a passive evolution since z ~ 1. The spectroscopic
studies with the LRIS spectrograph on Keck of HAWAII deep survey fields also found that the
substantial fraction of the galaxies formation occurred between z = 0.8 and 1.6 (Cowie et al.
1996). The more massive galaxies formed at higher redshift while the late galaxy formation
accounts for the rapid evolution galaxy colors, confirming the PLE model at lower redshifts. As
summarized in Sect. 5.1.3, a dramatic decline in the number and luminosity density was reported
for extreme early-type galaxies form z ~ 1 to the present in the COMBO-17 survey (Wolf et al.
2003). By separating the galaxy population into blue and red components on the basis of an
empirically determined color distribution, Bell et al. (2004) showed that the red sequence in the
COMBO-17 galaxy sample evolves as expected from passive evolution. They established that
the galaxies with colors of present-day luminous elliptical and lenticular galaxies are significantly
redder than the reddest galaxies at higher redshift. Consequently, the rapid evolution of the
galaxies with colors of present-day early-types is due to the fact that the passive evolution of
their colors makes them extremely rare in the distant Universe. Therefore Bell et al. (2004)
concluded the large decline in the number of red galaxies detected by Wolf et al. (2003) is
heavily influenced by passive evolution in the colors of the earliest spectral types. The first
analysis of the infrared data with redshifts and rest-frame luminosities from the observations of
the Spitzer Space Telescope, combined with colors from COMBO-17, and with morphologies from
HST images for ~ 1500 galaxies, also confirm the rapid evolution in the number of luminous
infrared galaxies at intermediate and high redshift and the drastic decline in the space density
of intensely star-forming galaxies. The COMBO-17+2 NIR survey with its NIR-supplemented
optical data provies a possibility to back trace the redshift evolution of these types of galaxies
as well.

In the following, we analyze the bright infrared galaxy counts in terms of redshifts in the
COMBO 511 field. We split the galaxy sample into the four types defined by SED and the
extinction level of the non-evolving spectral templates of COMBO-17+2 NIR. We study the
redshift evolution of the relative fraction of these types in terms of co-moving number densities.

The results are discussed in the next section, where we compare them with the finding of other



118 CHAPTER 6. SCIENTIFIC RESULTS OF THE COMBO-17+2 NIR PROJECT

SED

T

|
M2g0-B

i Tdpe 3 Sbhe r : R
20 H % Z Z

o ]
el b SB2 e 1

Figure 6.1: Type definition and rest-frame color of spectral templates. The left hand side plot
shows SED vs. extinction relations of the present-day spectral templates, where the domains
shaded with different colors represent the four ranges of morphological types of the synthetic
spectra. The E-Sa range is color coded with red, the Sa-Sbc range with yellow, the Sbc-SB6
range with green, and the SB6-SB1 range with blue color. The two plots in the right hand side
shows the rest-frame colors mogg — B vs. (B —r) of the template sequence (left hand panel) and
those measured for the galaxy sample with R < 25.8, H < 21.4, and z = [0.2,0.4] (right hand
panel). Here, the four types are also rendered in different colors.

surveys.

Since the distribution of the SED values in the COMBO-17 samples shows no obvious struc-
tures suggesting particular bins, Wolf et al. (2003) derived a set of four SED types by comparing
the observed evolutionaly patters for the study of differential behavior between these types. The
four SED types were mapped into four ranges of spectral templates from E/S0 to SB1 by dividing
the SED parameter of the spectral template library into four intervals and assigning the ranges
E-Sa, Sa-Sbc, Sbc-SB6, and SB6-SB1 to them. However, the analysis of dusty star-forming galax-
ies in the red-sequence defined by Bell et al. (2004) showed that the dust reddening is a second
independent factor besides the age in galaxy colors (Wolf et al. 2005). We therefore use both the
SED parameter and the extinction levels to define the four types in the two-parameter family of
spectral templates. The lines representing the SED vs. extinction relations of the present-day
synthetic spectra of galaxies divide the SED vs. extinction plane into different regions, as seen
in the left hand panel in Fig. 6.1. If we consider the areas separated by the lines belonging
the Sa, Sbec, and SB6 templates, respectively, we obtain four domains of SED-extinction value
pairs, which are considered to be typical for four ranges form E/SO to SB1. These domains are
color-coded with red (E-Sa), yellow (Sa-Sbc), green (Sbc-SB6), and blue (SB6-SB1) colors in the
SED vs. Ay plane. The two small plots in the right hand side in Fig.6.1 show the relationship
between the four types and the rest-frame color indices, demonstrating that the definition of
the four ranges E-Sa, Sa-Sbc, Sbc-SB6, and SB6-SB1 based on two parameters is still consistent

with the galaxy library, as the template sequence (left hand panel) covers the color distribution
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of the observed galaxies (right hand panel).
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Figure 6.2: The left hand panel shows the redshift distribution for the galaxy sample for R<25.8
and H<21.4 (hollow histrogram) and for R<24 and H<21.4 (shaded histrogram) in the COMBO
S11 field. The right hand panel shows the redshift over luminosity M, in the rest-frame SDSS-r
band for the COMBO S11 galaxy sample for R<24 and H<21.4. The photometric redshifts for
this sample are derived from 17 optical and 2 NIR fluxes. The dashed lines at z = 1.1 denote
the upper limit of the reliable redshift determination of the COMBO-17 survey.

We begin the statistical properties of the total galaxy sample in the S11 field and then split
the population into the four types defined above. The observed N(z) for ~ 6000 galaxies with
photometric redshifts and the redshift evolution of the luminosity in the rest-frame SDSS-r band
for R < 24 and H < 21.4 are shown in Fig. 6.2. The peaks in the reshift histrogram at z ~ 0.11,
0.46, 0.58 and 0.82 are due to clusters or prominent filaments in the large scale structure. The
median redshift of N(z) for this galaxy sample is z;,.q = 0.59. We can identify finer structures
in the redshift vs. luminosity diagram as well, such as the galaxies concentrating at the redshifts
of 0.24, 0.32. 0.38, 1.1 and 1.4. These groups are good candidates for the cluster searching in
the HTIROCS project, the shalower but much wider part of MANOS survey.

Fig. 6.3 shows the sample in terms of redshift over the rest-frame SDSS r-band luminosity,
but split by SED type. Here, the faint selection limit of the rest-frame color exhibits a strong
dependence on the spectral type. The faint limit is the very flat for the E-Sa galaxies, whereas
it is steepest for the SB6-SB1 population. The lower number of the detected fainter red galaxies
at higher redshifts may be due to the that the R < 24 limit suppresses the red galaxies at high
redshifts. This effect may also be enhanced by redshift effects on the galaxy rest-frame colors.
At higher redshifts the redder galaxies are selected in their fainter rest-frame UV and need to
be intrinsically more luminous to enter the sample. Therefore we are able to observe starburst
galaxies at M, ~ 21.5 up to z ~ 1.7, but in contrast, E-Sa galaxies with the same brightness
limit can be traced only to z ~ 1. This effect is demonstrated in the redshift distributions of the
different types in Fig 6.4.

Since the definition of the spectral types here are based on galaxy colors, it is interesting to
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Figure 6.3: The redshift over luminosity M, in the rest-frame SDSS-r band for the the galaxy
sample with R<24 and H<21.4 in the COMBO S11 field. The photometric redshifts for this
sample are derived from 17 optical and 2 NIR fluxes. The dashed lines at z = 1.1 denote the
upper limit of the reliable redshift determination of the COMBO-17 survey.
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compare their evolutional properties with those of types based on morphological classification.
The nearby bright galaxy population, defined as galaxies brighter than Mp < —20, is becoming
morphologically well characterized with recent surveys such as the Two-Degree Field Survey
(2dF) and the Sloan Digital Sky Survey (SDSS) (e.g. Bell et al. 2003). An analysis of the
largest morphological catalog of galaxies, the Third Reference Catalogue of Bright Galaxies (de
Vaucouleurs et al. 1991), shows that approximately 75% of nearby bright galaxies are spirals,
while about 23% are ellipticals and the remainder are irregular galaxies (Marzke et al. 1998).
The nearby bright galaxy population is clearly bimodal, with two large populations of old massive
systems and less massive galaxies with younger stellar content (Kauffmann et al. 2003, Baldry
et al. 2004). We investigate how the relative fractions of the spectral types in the COMBO S11
galaxy sample with Mp < —20+ 5log h has been evolved from z ~ 2 to present, comparing with
the development of the morphological distribution observed in other surveys at z ~ 0, and how

this is related to the mass assembly history of these systems.
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Figure 6.4: The redshift distribution for the galaxy sample with R<24 and H<21.4 in the
COMBO 511 field split by SED types defined in Fig. 6.1.

To determine the faint end limit we can use in our analysis without missing objects, in
Fig. 6.5 we check how the rest-frame Johnson B-band luminosity varies with redshift for each
spectral type. Here, the steepness of the faint end limits for the different spectral types, showing
similar tendencies as seen in Fig. 6.3. The faint end limit intersects the brightness limit Mp =
—20+5log h between z ~ 1.0 and 1.5. Since we can detect only few E-Sa galaxies with redshifts
above ~ 1 and the number of the galaxies with bluer rest-frame colors decreases considerably
above ~ 1.5 as well, all the galaxies brighter than Mp = —20 + 5log h appear to be detected
without a significant incompleteness at redshift z < 1.8.

Fig. 6.6 displays the number densities of the galaxies brighter than Mp = —20 + 5logh
for the total S11 galaxy sample with R < 25.8 and H < 21.4 and for each SED types. We
computed the galaxy counts in the redshift slices Az = 0.05 from z = 0.05 to 2 over the area of

2

710 arcmin?, covering a co-moving volume of 8.54 x 106 h7_03 Mpc?. It is listed in Tab. 6.1.2. The

redshift evolution of number counts of the total sample rises from present to z ~ 0.8, exhibits
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Figure 6.5: The redshift over luminosity Mp in the rest-frame Johnson band for the the galaxy
sample split by spectral types with R < 25.8 and H < 21.4 in the COMBO S11 field. The
vertical dashed lines indicate the absolute magnitude limit that we use for the analysis.
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a maximum in the redshift range 0.8 < z < 1.3 and declines from 1.3. Examining the galaxy
counts for the E-Sa and Sa-SBc type systems reveals a deficit of ellipticals and evolved spirals
and a moderate decline of less evolved spirals at redshifts larger than z ~ 1.1. The decline in the
number of Sbc-SB6 and SB6-SB1 galaxies is milder and their relative fractions are increasing at
z > 1, which makes them the dominate population at higher redshifts. The difference between
their number densities is smaller over the whole redshift range from z = 0.5 to 2, compared with
those of the two redder spectral types. The counts of Sbc-SB6 galaxies have stronger decrease
only above z ~ 1.5. However, the relative number densities of the Sa-Sbc, Sbc-SB6, SB6-SB1
are quite similar, as N(z) for these types is between 40 and 50 h§0104 Gpc™? in the redshift bin
z =[1.4,145].
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Figure 6.6: Co-moving number density evolution of galaxies brighter than Mp = —20 + 5log h.
The left hand panel shows the R- and H-band selected COMBO S11 sample for the total galaxy
population and the different by SED types defined in Fig. 6.1. The black squares represent the
total sample while the red, yellow, green, and blue circles refer to the E-Sa, Sa-Sbc, Sbc-SB6, and
SB6-SB1 type of galaxies, respectively. The error bars show the 95% confidence interval assuming
Poisson statistics. The right hand panel shows the HDF-N I-band selected galaxy sample for
Mp < —20 analyzed by Conselice et al. 2005. Here, the sample is split by morphological classes
such as ellipticals, spirals, and peculiars.

The redshift evolution of IR bright galaxy counts derived from the optical and NIR data of
COMBO-17+2 NIR can be considered as a consistent extension of the results COMBO-17 up
to z = 2.1. The drastic decrease of E-Sa galaxies continue above z = 1.2, which may partly be
attributed to the passive evolution of their colors and to the R-band limit, as mentioned formerly.
The number of Sa-Sbc systems do not vary much in the redshift range 0.5 < z < 1.2, also shown
in the analysis of the COMBO-17 data, but their number density has a continuous increase from
z =~ 2.1 to z = 1.2. A milder increase in the counts of the Sbc-SB6 and SB6-SB1 type galaxies
can be seen in this reshift range as well, but the number of these systems starts to decrease at
lower redshifts, as already found in the COMBO-17 survey.

These trends in the co-moving number densities of the four spectral types can be interpreted
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Redshift  Total E-Sa Sa-Sbc Sbc-SB6 SB6-SB1
[h3,10% Gpc™?]
0.05-0.10 03.84%32 110753 - - 2.7447 52
2.35 2.12 2.12
0.10-0.15 01.18%252 - - 0.591 222 0.591 222
0.15-0.20 00.6473%3 - 0.6412-13 - -
3.34 3.02 2.16 2.16
0.20-0.25 04.83%_% 345%_Zg 00.69}%% 00.69 g3 -
0.25-0.30 02.257270  1.50%%3%  00.7575 80 - -
0.30-0.35 07.34%3%7  1.63177,  03.2617% 0245%770 -
0.35-0.40 21317555 7100508 07.99%55¢ 05337555 0.897%7%
0.40-045 22277505 L94TT5L 09.6875¢ 10.657350 -
045-0.50 49.697305  2.11%75%  21.1573% 16.927500  9.52%503
0.50-0.55 34.66705d 116755 1271750 1271758 8.0975%
13.69 4.64 8.06 9.07 6.89
0.55-0.60 160.42%7562  12.63735) 049.267 500 064.427907  034.11185)
0.60-0.65 055.26757  02.767152  022.1075 7 013.8273%%  016.581503
0.65-0.70 084.635%2% 03.02%;% 030.23%2; 031.74%;% 019.65£§:§§
0.70-0.75 160.3571553  06.6175:5)  069.437557 057.8675%  026.4575%)
0.75-0.80 207.9271%11  10.85733)  068.707353 083.1773%0%  045.2077-7¢
0.80-0.85 343.97F1920 13847180 154 197134 085.00%1%2°  090.93F1%:57
0.85-0.90 319.76759% 12,9613  090.7475%0 0972215557 118.83% 12
0.90-0.95 295.02%2&% 04.72%;;’;; 068.441_:%;2% 101.49%5%% 120.37%36%2
0.95-1.00 198.407 1511 05157340 056.69752 061.841530  074.727983
1.00-1.05 205217153 19.68T550  39.367 753 053.417%3%  092.77135:66
1.05-1.10 2451777588 06.13750  67.4275% 098.07F 5% 073.55 508
1.10-1.15 373.917203% - 96.821 3057 166.921 1501 1101711532
1.15-1.20  276.167150 - 58.141551 112.6515%  105.387 1550
1.20-1.25  312.1971589  03.9573-18 39,527 15¢ 1541271598 114.601 100
1.25-1.30  330.6271370 04.297322  72.997928 1459971501 107.347 1539
1.30-1.35 284.3271088 32.631577 111.8671181  139.83+135
1.35-1.40 212.3171529 - 15177531 085.9479%3%  111.211752%
1.40-1.45 180.75%%;% 05.483-5¢ 49.30%% 065.73%;@% O60.25§§§
1.45-1.50 130.44 71245 . 41,5014 047.43%53% 041,507 049
1.50-1.55 153.8971535 - 32.0615-12 64.127900 577158
1.55-1.60 187.05T75 40 6.937570  62.357507 83.13H10.05 34,6475
1.60-1.65 0822573520 - 14.9615 % 44.8715E 22431050
1.65-1.70  120.9671363 - 16.1315-07 48387500 56.451550
1.70-1.75  086.8711%3° - 08.69754 69.507950  08.6975%
1.75-1.80  046.757058 - | 28.05+030 18707540
1.80-1.85 060.3375%) - 20.11+5-52 3017185 10.067571
1.85-1.90 03241787 - - 21.6115%  10.80733%
.88 5.88
1.90-1.95 023.197288 . - - 23.1973 75

Table 6.1: Co-moving number densities and their Poissonian confidence intervals of 95% for
galaxies brighter than Mp = —20+ 5log h in the in the COMBO S11 sample with R < 25.8 and
H < 214.
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as a gradual decline in the numbers and the relative numbers of normal galaxies, i.e., morphologi-
cally defined ellipticals, early- and late-type disks, at z > 1.5. At the same time peculiar galaxies
become the dominating population at z > 1 (van den Bergh et al. 2001, Kajisawa & Yamada
2001). Since we defined the galaxy spectral types in terms of colors and not of morphology,
the SB6-SB1 type consisting of actively star-forming systems and even the Sbc-SB6 type might
easily contain peculiar or irregular galaxies as well. The deficit in the number of our E-Sa type
galaxies at z > 1 and the growing relative fraction of the Sbc-SB6 and SB6-SB1 at z > 1.5 is
therefore consistent with the general statement about the decline of the normal types at z > 1.5.

In the case of the morphologically defined types, it should be examined how much of the drop
of normal galaxies is due to redshift effects. The morphological classification is able to identify
lower fraction of ellipticals and spirals at higher redshift and with lower resolution and S/N,
which might cause significant difference between the number of Hubble types expected and those
found. This is not a problem for the four spectral types defined in terms of SEDs and extinction
levels.

Now we compare our result with the findings of other surveys and analyse its consequences

in the light of previous work.

6.1.3 Comparison to the Previous Results

The census of bright IR galaxies from z = 2.1 to present in COMBO-17+2 NIR survey is in broad
agreement with the results of other comprehensive IR surveys, such as K20 and MUNICS, or that
of other studies of galaxy samples selected in Hubble Deep Field. In this section, we compare
our findings with their results and draw some conclusions on the galaxy evolution from z ~ 2 to
present. If we associate our SED types with the Hubble sequence of galaxies, we can compare
the evolutional patterns derived from surveys using galaxy classification based on morphology
with that of our SED types.

In the analysis of the galaxy population with Mp < —20 in the Hubble Deep Field North
and South (HDF-N and HDF-S), Conselice et al. (2005) recognized similar tendencies in the
evolution of the co-moving densities of ellipticals, spirals, and peculiars to those we found in
the case of the four spectral types. They showed a gradual decrease of peculiar galaxies at the
expense of the normal Hubble types and considered it as circumstantial evidence that at least
some fraction of ellipticals and spirals at lower redshifts originate from peculiar galaxies. The
same tendencies were observed both in HDF-N and HDF-S, thus they are unlikely to be purely
the result of cosmic variance. In these survey fields the galaxy population is also found to be
evenly distributed in co-moving number densities for all types at z ~ 1.5. This appears to be
some equilibrium point between the number of ellipticals, spirals, and peculiars, which breaks
down at higher and lower redshifts. We obtained similar results at at z ~ 1.4 but only for the
types with rest-frame colors redder than the present day Sa galaxies. Conselice, et al. (2005) also
studied the relation between the change in relative number and luminosity densities of peculiars
and normal galaxies and the evolution of stellar mass as a function of morphological type. They
found that the most massive galaxies are ellipticals, with disks generally of lower mass, and
peculiars having the lowest masses at redshifts z ~ 1. At z > 2, the most massive galaxies are

peculiars and contain the 50 - 80% of total stellar mass in the Universe. At z < 1, this fraction



126 CHAPTER 6. SCIENTIFIC RESULTS OF THE COMBO-17+2 NIR PROJECT

drops close to zero with a corresponding rise in the fraction and density of mass in ellipticals
and disks, suggesting that peculiar galaxies have evolved into modern galaxies.

Large IR surveys like K20 and MUNICS, tracing the mass assembly history in galaxies out
to z ~ 2, provided a similar picture on the redshift evolution of Hubble types. The K20 survey
derived the spectroscopic redshift distribution of about 550 K-selected objects with K < 20, in
a 52 arcmin? area. Giallongo et al. (2005), using a composite sample of I, H, and K selected
galaxies from the K20 and Hubble Deep Field samples, also confirmed that the volume and
luminosity densities of early and late populations with Mp < —20.6 appear to have a bifurcation
at z > 1. While the star-forming galaxies slightly increase or keep constant their luminosity
density, early-type galaxies decrease in luminosity density by a factor of ~ 5 —6 from z ~ 0.4 to
z~ 2.5 —3.

The evolutionary patterns of the bright IR galaxy counts for our spectral types in the COMBO
S11 field show similar features as the those of the morphologically defined types, hence our
results appears to be consistent with the findings of other surveys. Therefore, we can draw
similar conclusions on the galaxy evolution from z ~ 2 to present as in the other IR surveys.
The change of the relative fraction of E-Sb-type galaxies and the actively star-forming systems
defined via their bluer rest-frame color probably indicates that some massive early-type galaxies
originate from peculiars at high redshift. The dramatic decline of the E-Sb type systems with
increasing redshift also demonstrates the important role of the passive evolution of galaxy colors

besides the merging processes in the variation of the relative fractions of different spectral types.

6.2 Studying of Extremely Red Objects in the COMBO-17+2
NIR Project

The extragalactic objects with extremely red optical-NIR colors are among the most interesting
topics in the modern cosmology and their nature is still controversial. The Extremely Red Ob-
jects (hereafter EROs) were discovered in the K-band survey of Elston, Rieke & Rieke (1988)
and at that time thought to be good candidates for primeval galaxies at extremely high redshifts.
Subsequent observations (Elston, Rieke & Rieke 1989), however, showed these objects are ellipti-
cal galaxies at z ~ 0.8. Although many groups also confirmed that bright objects with extremely
red colors are old ellipticals (Spinrad et al 1997; Cimatti et al. 1999; Soifer et al. 1999; Liu et al.
2000), other surveys identified them as dusty starburst galaxies (Spinrad et al. 1997, Cimatti et
al. 1999; Smail et al. 1999; Gear et al. 1999). Indeed, such red colors, originally defined by high
R — K values, are consistent with the SEDs of both types of systems and can be explained by
two mainly opposing scenarios of galaxy evolution. The relative fraction of these two classes in
the ERO population is therefore very important for the modeling of the galaxy formation in the
Universe and more and more studies reporting the results of the latest (mainly) infrared surveys
are also devoted to the analysis of the nature of their ERO sample.

The development of large format and high resolution NIR cameras with wider field instru-
mentation, such as OMEGA2000, has enabled systematic field surveys to cover enough area to
assemble significant samples of EROs, which has given new prospects for their study. However,

we focus on only objects which are bright in the NIR regime, mainly because the H and J; band
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data collected in the COMBO-17+2 NIR survey is not yet as deep as aimed for the extension
of the optical data set of COMBO-17. The COMBO-17+2 NIR project, using the OMEGA2000
camera, indeed detected a population of galaxies with very red colors in the COMBO S11 field.
In this section we study some properties of these objects, such as their redshift distribution and
SEDs, by exploiting the facilities of the COMBO-17 multi-color classification. Before the de-
tailed analysis, we give the selection criterion used to define our ERO sample. Then we describe
the results of the quality test of the spectral template fitting for these extremely red galaxies,
which helped us to characterize the reliability of their redshift measurement together with their
SED and extinction determination. In the first part of the analysis of our ERO sample, we
present the redshift distribution of EROs and compare it with the results of other surveys. This
is completed with the classification of the ERO types by applying color-color selection methods
based on both models and observations. Based on this information there is a discussion on the
old elliptical-dusty starburst dichotomy in the last part, where describe the nature of the ERO
population detected in the COMBO 11 field, and draw some conclusion on the constraints which

it imposes on cosmological models.

6.2.1 ERO Selection

Elston, Rieke & Rieke (1988) found a new class of extragalactic objects in the K band selected
sample of their deep 2 micron survey which had R — K colors of about 5 at K ~ 17 (in Vega
magnitudes). In the R — K vs. K diagram these objects are located above the group of red
elliptical galaxies at moderate redshifts. They are separated from the red ellipticals by a "red
envelope" representing a passively evolving brightest cluster galaxy without ongoing star forma-
tion (taken from Bruzual’s model 1983). Since the color R — K = 5 means considerably redder
spectra than that of the "normal galaxies" scattered below the red envelope, the selection crite-
rion for Extremely Red Objects was introduced as R — K > 5 and K < 18.5. In the last decade
this criteria became a general definition of very red galaxies with slightly different color cuts and
luminosity thresholds, R — K <4 — 6 and K < 20 — 22, e.g. in the K20 survey (Cimatti et al.
2002) or the Subaru/XMM Deep Field Survey (Miyazaki et al. 2002).

Besides these traditional ERO definitions based on the R — K color, other galaxy surveys also
used other NIR band filters for ERO selection. In the NIR observation of CDF/HDF, Saracco
et al. (2001) selected EROs as objects redder than J — K, = 2.3 at K < 22.0, which would in
principle be a color threshold for passively evolving galaxies at z > 2. The Las Campanas Infrared
(LCIR) Survey provided H band imaging, hence the color cuts R—H > 4—5and I—H > 3-3.5
were applied in the magnitude range 19 < H < 20 in the survey sample (Firth et al. 2002).
These colors are still considered to be characteristic of elliptical galaxies at z 2 1, high-redshift
star-forming galaxies reddened by dust at high redshift, and obscured AGNs. Nevertheless, the
filter pairs R — H and I — H are closer together than the more traditional R — K and they are
therefore less sensitive to the smoother break in spectra of dusty galaxies compared with the
strong Balmer jump in those of evolved galaxies at z ~ 1. The I — H cut is also more sensitive
to evolved galaxies which, as a result of small amounts of residual star formation following late
merger events, would be missed from an R — K color cut.

The ERO population studied in the COMBO-17+2 NIR survey was chosen from an R- and
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Figure 6.7: In the left figure the color R — H plotted against H for the galaxies with low
measurement error in their NIR-band fluxes, op,051 < 0.2 in the COMBO S11 field. The
dashed horizontal line corresponds to the threshold R — H = 4 for selecting EROs. The dashed
skew and vertical lines indicates the R = 25.8 and H = 21.4 limiting magnitudes, respectively.
The red dot denotes the EROs selected with this criterion. The right figure shows the R — H
color distribution of the galaxy sample with R < 25.8, H < 21.4, and op,051 < 0.2. The red
shaded area represents the ERO population in the S11 field.

H-band selected galaxy sample of the COMBO S11 field. For the deep imaging in R band
the 50 detection limit is 25.8 mag while the shallower H-band imaging produced an 5o limit
of 21.4 mag. Therefore we restricted the galaxy population with R < 25.8 in the S11 field to
~ 4700 objects by applying the natural magnitude limit H < 21.4 together with the criteria
oj1,0 < 0.2. In this R- and H-band selected sample we defined our ERO population with the
color cut R — H > 4 which provided 620 objects for our analysis (Fig. 6.7). The R — H color
distribution of the total sample with a median of ~ 2.5 demonstrate that the selection criterion
applied here probes about the 13% of the galaxies with the reddest SEDs

6.2.2 Testing of the Spectral Templates for EROs

Since the techniques applied to classify EROs as early-type ellipticals or dusty starburst galaxies
are based on the measured colors, it is crucial to know if the result of this method is consistent
with the statistics of the astrophysical properties derived from the COMBO-17+2 NIR multi-color
classification for the ERO population. The reliability of the redshift measurements and SED and
extinction determinations highly depends on the quality of the spectral template fitting. This
means the model spectra have to match the measured data in order for the data analysis to
provide reliable redshift information for all the galaxies in the COMBO S11 field, including the
ERO population. In Section 1.2.5 we have already investigated the improvement in the quality of
the spectral template fitting due to the extension of the wavelength range into the NIR regime. In
this section we check whether it applies for the ERO sample as well, by studying the improvement

in the redshift measurement and the SED determination.
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Figure 6.8: The redshift and SED vs. extinction diagrams based on optical and optical+NIR
data for the ERO population defined by the R — H > 4 in the COMBO 511 field. The light blue
lines in the left diagram represent the galaxy spectral templates for various Kinney types used
in the COMBO-17 multi-color classification.

We start again with a comparison of the redshift measurements of EROs based on optical and
optical +NIR data. In the zopirN1R VS. Zopt pPlot of the ~ 600 EROs detected in the S11 field the
vertical branch between z ~ 0.8 and 1.2 and the diffuse group above it are the two characteristic
features which have already been studied in the previous chapter (Fig. 6.8). Almost 100 objects
in the diagram belong to the group above the diagonal branch, indicating the influence of the
inclusion of NIR colors on the redshift determination. The different distributions of the ERO
population plotted in the SED vs. extinction diagram for both the optical and optical+NIR data
also demonstrate this impact on the determination of the spectral types.

The measurement based only on optical data identified the objects in the ERO sample mainly
as early-type galaxies (Sa) and evolved spirals (Sb) but numerous younger spirals (Sc) and
starburst galaxies were also detected among them. The extension of the wavelength range of
the measurement to the NIR regime reduced this broad variation in the SEDs. The galaxies in
ERO sample represent more evolved galaxies (Sa-Sb type) without star-forming systems. So the
inclusion of NIR band data results in a more uniform distribution of the spectral types. This is
consistent with the expectation that the ERO definition based on the R— H color selects galaxies

with older stellar population to dusty starbursts.

Comparing the two results, we see the NIR-supplement of the optical data base has a double
influence on the measurement. The old stellar population dominating galaxy spectra in the
NIR regime became detectable with the extension of wavelength coverage to the NIR bands.
This allowed us to identify early-type galaxies or Sa/Sb-type spirals, which were erroneously
detected as starburst galaxies on the ground of the optical colors. Furthermore the additional
color information also helps to disentangle the age-extinction degeneracy. That is, several objects
which had been determined as dust shrouded spirals in the analysis based on the optical data

are identified as early-type galaxies with lower extinction with the inclusion of NIR data.
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Figure 6.9: The upper and the lower pairs of the plots are two examples of the template fittings
for EROs. In the first example the plot in left hand side, derived from the optical data, show
a dust poor S6-type galaxy, Ay = 0.1, at the redshift of 1.05. By supplementing the optical
data with the NIR-band colors, we obtain a template fit, displayed in the right hand side, which
belongs to an extinction free Sb galaxy (Ay ~ 0) but at a higher redshift, = = 1.41. In the second
example we can see a spectral template for an Sa galaxy with a higher extinction, Ay = 0.7, at
z = 1.12 in the left hand side plot, as a result of the measurement on the optical colors. The
NIR-band extension of data set produced a template fit, plotted in the right hand side, which
represents an early-type galaxy but with a lower extinction, Ay = 0.4, and a lower redshift,
z = 0.87.

We demonstrate these two characteristic improvements in the measurement with the examples
of the spectral template fitting for EROs, shown in Fig. 6.9. Here, the upper plots give an
example how the appearance of old stellar population influenced the template fitting. The left
plot shows a model spectrum of a starburst galaxy. This result of the template fitting is based
on the optical data and therefore matches to the optical fluxes well but is not consistent with
the redshifted 4000 A break in the J; and H bands. With the new information in the two NIR
bands, we can also probe the fluxes in the NIR regime too and detect the bump for A = 800
nm caused by the old stellar population in the host galaxy, as shown in the right hand panel.
The second pair of plots is a typical example for the disentangling of age-extinction degeneracy.
Here, the spectral template fits on the optical fluxes. The rise from A =~ 500 nm in the spectrum
due to the old stars is also detected since the Balmer jump is not redshifted out from the optical
regime completely. However the measurement based only on optical colors cannot determine the
steepness of the rise and the model spectrum has an excess in the J; and H bands, caused by the
high dust extinction. By including the two NIR bands in the measurement, we can adjust the
fitting in that regime, which produces a template spectrum of a galaxy with less dust content
and a more advanced stellar population.

Before analyzing the redshift distribution of the ERO samples in the COMBO S11 field,
we have to check if the objects with mismatching spectral templates cause any artifacts in the
redshift measurement.

In order to characterize the quality of the y?-fitting, we use a distance function d calculated
in the multi-color classification as follows: The classifier determines the differences between the

template values and measured fluxes for each filter. These differences are then weighted with
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respect to color errors and added in quadrature providing the square of the distance function.
The quality of a fit is considered satisfactory for d < (4 — 5)o, where o is the dispersion of the
differences between the fit and the data points. In the case of the ERO sample, we checked the
result of the template fittings fulfilling the criterion d < 40 and found the quality of the fittings
evaluated by eye inspection was satisfactory for d < 20. If we compare the histograms of the
ERO sample with a subsample where the y2-fitting produced well matching results with d < 20,
we see some variations in each case (Fig. 6.10). The redshift distribution of the ERO population
contains a peak around z ~ 0.9 with a steep rise in the left hand side and a slowly descending
tail to higher redshifts. The amplitude of this peak is decreased by the exclusion of the objects
with non-satisfactory template fitting, but it is still present in the histograms of the restricted
samples with bluer color cuts. We conclude that the full ERO sample can be used to study the

properties of the ERO populations, at least in their qualitative analysis.
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Figure 6.10: The observed redshift distribution of two EROs sample with different color cuts in
the COMBO S11 field. The blue histograms show the total ERO sample selected by the corre-
sponding criterion, while the red ones represent subsamples with matching spectral templates.

6.2.3 The Redshift Distribution of EROs

In Section 2.1.2 we discussed the redshift distribution of the total R- and H-band selected galaxy
sample in the COMBO S11 field. Here, we concentrate on the ERO population in this sample.
As already mentioned in the introduction, a large fraction of EROs are thought to be passively
evolving galaxies at high redshift, thus the study of their redshift distribution helps to place
constraints on the evolution of elliptical galaxies at z 2> 1.

In this section, we discuss the observed redshift distribution, N(z), of the ERO populations
in the COMBO S11 field, defined by the selection criterion R— H > 4. The shape of N(z) for our
ERO sample has a strong peak around its median value z,, with a steep rise at lower redshifts
and a slowly descending tail towards the higher ones, for each brightness limit (Fig. 6.11). The
median redshifts were measured to be 1.02, 1.01 and 0.97 for the brightness limits H < 21.4, 20.5
and 20.0. Although, the number of the red galaxies detected in the COMBO-17+2 NIR survey is
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lower at z ~ 1 than that measured in the LCIR survey, the semi-analytic model still underpredicts
our observed ERO counts by a factor of two. The PLE models generally overpredict the number
of EROs even in the case of the LCIR survey, no matter if E/SO population is modelled by a
burst of a simple star population (SSP) at high-redshifts or an exponential starburst with 7 =1
Gyr (McCarthy et al. 2001). Nevertheless, by adjusting the e-folding time and zy, it is possible
to produce results in the PLE models which fit the observed ERO numbers (Sommerville et al.
2004).
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Figure 6.11: The observed redshift distribution of ERO samples in COMBO S11 field (left hand
panel) and the LCIR survey (right hand panel) with the color cut R — H < 4 for different
brightness limits in H band.

The shape of N(z) for our ERO sample would also suggest that a color cut of R—H > 4 selects
mainly early-type galaxies with advanced stellar population. Our ERO sample has a sharply
peaked redshift distribution around z,,, while N(z) for the spiral-like galaxies and irregular ones
is broader as there is a lower level clustering among the dusty star-forming EROs. The weak
clustering of high redshift blue galaxies does not support our EROs being major mergers building
up an elliptical galaxy. In contrast, the clustering amplitudes we derive later will show that our
EROs are much more positively correlated, indicating they are early-type galaxies at z ~ 1.

Similar redshift distributions were measured for ERO population in the H-band selected
sample of the Las Campanas Infrared Survey as well (McCarthy et al. 2001, Firth et al. 2002).
The median redshifts of the EROs with the color cuts R — H > 4,4.5 and I — H > 3,3.5 and the
flux limits H < 20,20.5 are typically 1-1.2, where the redder samples, dominated by luminous
spheroidals, have medians at the higher redshifts. The redshift range is relatively restricted,
especially for the redder populations, also confirming the strong angular clustering observed for
these objects.

The shape of the redshift distribution of galaxies indicates stronger or weaker clustering prop-
erties in a particular field but the cosmic variance in their abundance can only be characterized
with their differential number counts and surface densities measured in different fields. In the
COMBO 8§11 field 292 EROs, defined by the color cut R — H > 4 with the brightness limit
H < 20.0, were found in an area of ~ 710 arcmin? of 3 OMEGA2000 pointings. It gives the
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total surface density of 0.411017 arcmin~2 for EROs with the uncertainties corresponding to 1o

confidence limits.
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Figure 6.12: The differential number counts (left hand panel) and the cumulative surface density
(right hand panel) for EROs as a function of H magnitude over 0.2 deg? of the COMBO S11
field. The red circles are the H counts from the COMBO S11 field for R — H > 4 and the black
squares represent the total galaxy sample. The blue circles are the H counts measured in the
LCIR survey for R — H > 4 (McCarthy et al. 2001). The error bars show the 95% confidence
interval assuming Poisson statistics.

In Fig. 6.12, we present the H-band differential number counts and the cumulative surface
brightness for the ERO sample of the COMBO-17+2 NIR and the LCIR surveys. The left hand
panel contains the red galaxy counts measured in the COMBO 511 field and in the LCIR survey
for R— H < 4. Both the magnitudes and the slopes of the galaxy counts are almost the same for
the COMBO and LCIR ERO sample. The red galaxies have steeply-rising number counts with
the H magnitude in both surveys. The steeper bright end slopes are due to the shape of the
bright-end luminosity function of the red population, and to the fact that most of the foreground
galaxies (z < 1) have been excluded from the red samples. The consistent slopes between the
two red subsamples suggest that the underlying luminosity function is very similar. The right
hand panel in Figure 6.12, shows the cumulative surface density measurements of the galaxies
with R — H > 4 as a function of the H-band magnitude (red circles) for COMBO S11 field and
the LCIR survey. The surface density of EROs were measured to be 0.5 arcmin™2 in the LCIR
ERO population for R — H > 4 and H < 20.0 over an area of 744 arcmin? (Firth et al. 2002),
in a good agreement with results of the COMBO-17+2 NIR survey.

In the K20 survey of a flux-limited sample with K < 20, Cimatti et al. (2003) obtained spec-
troscopic redshifts for a subsample of 47 EROs with R— K > 5. The redshift distribution of their
ERO population split into E/S0, spiral-like and irregular types by morphological classification is
strongly peaked at about 1.3 (Fig. 6.13).

Moustakas et al. (2004) likewise constructed a large sample of EROs in the GOODS-South
field using U’- trough K,-band imaging with the selection criterion R — K > 5.0, 5.6 and 6.0
for two magnitude limits K < 21 and 22. Their full sample (R — K > 5.0, K < 22) consists
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Hlower - Hupper N [mag_ldeg_2] N(S Hupper) [deg_2]

18.6-18.8 2031100 40701
18.8-19.0 4821137 1361035
19.0-19.2 6347151 2647007
19.2-19.4 1039155 4727 005
19.4-19.6 11667198 7051150
19.6-19.8 16731232 10397755
19.8-20.0 1952+249 14301573
20.0-20.2 2028233 18357302
20.2-20.4 2332720 23021300
20.4-20.6 16991231 2641755
20.6-20.8 12427201 28905,
20.8-21.0 68451129 30271
21.0-21.2 3042+ 010 30887157
21.2-21.4 25351250 30931529

Table 6.2: The differential number counts and the cumulative surface density for EROs as a
function of H magnitude over 0.2 deg? of the COMBO S11 field. The quoted errors are Poisson
with 95% confidence interval.
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Figure 6.13: The observed redshift distribution of the ERO populations in the K20 Survey (left,
In Cimatti et al, 2003), and the Las Campanas IR survey (right, Doherty et al. 2005.). In the
shaded histograms of the K20 sample indicate the photometric redshifts. The ERO sample of
the LCIR Survey is defined by I — H > 3, H < 20.5.



6.2. STUDYING OF EXTREMELY RED OBJECTS IN THE COMBO-17+2 NIR PROJECT135

of 275 objects, where 66 have spectroscopic redshifts and the rest have photometric ones. The
redshift distribution for their ERO populations has a fairly sharp edge at about 1 and a median

value of z,, ~ 1.2, which is comparable to the value found in our sample.

The LCIR, the K20, and the GOODS surveys also found that this narrow redshift distribution
of their ERO sample is due to the strong clustering properties of this galaxy type. Here, we derive
the angular clustering signal for the ERO population detected in the COMBO S11 field as well.

The angular two-point correlation function w(f) gives the excess probability over a random
Poisson distribution of finding two galaxies in the solid angle elements d2; and d{2s separated

by an angle 6:
dP = N*[1 + w(#)]dQ,dQ; , (6.1)

where N is the mean number density of objects per steradian. For the estimation w(f) of the
ERO population detected in the COMBO S11 field, we used a standard procedure. In the first
step, we generated a random sample within the same area covered by the observations (tiles B, C,
and D) and the objects locating near the bright stars were removed from the random catalogue.
Then, we counted the number of the data pairs for the data-data sample DD, the data-random
sample DR, and the random-random sample RR in logarithmic distance intervals, [6,60 + df)].

From these normalized counts we estimated the angular correlation function with the expression

DD -2DR+RR

“(0) =

(6.2)

which was proposed by Landy & Szalay (1993). At low redshifts w(f) can be approximated by

a power law with a bias
w(@) = A -C) , (6.3)

where A is the clustering amplitude and C is the integral constraint

C= % / / 0-3d0d0, . (6.4)

Typically, 0.6 < < 0.8, depending to some extent on Hubble type. In the NIR galaxy surveys,

like the K20 or the LCIR surveys, it is fixed to § = 0.8 for EROs and we also chose this value.

The intergal constraint is ~ 0.15 for the area of 710 arcmin® observed in the COMBO S11

field. After fitting the w(f) values over the angular range 3-300 arcsec, we derived the clustering

amplitude for EROs at 1 arcmin of w(f) and the 1o error of A were derived from the formule
14+ w(8)]/DD.

Fig. 6.14 shows that the angular two-point correlation functions of the COMBO S11 ERO
sample are consistent with those derived in the LCIR survey for different H magnitude limits and
without redshift selection. We obtained high clustering amplitudes for EROs as well. The values
listed in Tab.6.3 demonstrate that as we move to fainter H magnitudes the A decreases - a fainter
sample covers more objects with lower clustering signal than the brighter sample. Comparing our
values with the clustering amplitudes A = 0.33 for H < 20 and 0.17 for H < 20.5 measured in
the LCIR survey, we see this trend in both surveys but the difference of the clustering amplitudes
for the COMBO S11 sample is more moderate.

We saw that several characteristics of the ERO population detected in the COMBO S11



136 CHAPTER 6. SCIENTIFIC RESULTS OF THE COMBO-17+2 NIR PROJECT

H magnitude limit N zpeq  A(l arcmin)  A(1 arcmin) /LCIR/

H <20 292 094 025+£0.1 0.33 £0.11
H <205 498 0.95 0.18 £0.09 0.17 £ 0.09

Table 6.3: The number of galaxies N, median photometric redshift z,,.4, and the amplitude A
of w(#) at 1 arcmin for the ERO population detected in the COMBO-17+2 NIR and the LCIR

surveys.

field, such as the redshift distribution, the differential number counts, the cumulative surface
brightness, and the angular clustering are in good agreement with the results of the LCIR survey.
This means the properties of the COMBO S11 ERO sample provide very similar constraints on
the galaxy evolution models to those of the LCIR survey data. However, the LCIR survey finds
higher clustering amplitude for the brighter ERO sample, thus their results lead to stronger
constraints. The strong clustering of EROs measured in both surveys may be an evidence that
the majority of them are indeed massive galaxies in a restricted redshift range. This supports
either the early mergings of their progenitors or their passive evolution after forming at high
redshift since the relative fraction of actively star-forming systems to the evolved ellipticals in
the ERO population is different in these models. It is therefore important to investigate the

nature of the EROs as well, which we will do in the next section.
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Figure 6.14: The angular two-point correlation function of EROs with R — H > 4 for H limiting
magnitudes of 20 and 20.5. The red circles denote the COMBO S11 sample and the blue ones
are the ERO population detected in the LCIR survey (Firth et al., 2002). The solid lines are
the power low fits on these data points with § = 0.8. The dashed lines indicate the value of w(1
arcmin). For H < 20 we ignored the two outlier values in the bins at smaller angular separations
where there are too few data-data pairs to obtain a reliable measurement.
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6.2.4 The Nature of EROs

Since the first reports on the detection of EROs, there has been a controversy over their nature.
As mentioned in the introduction, they were first thought to belong to the classical primeval
galaxy population at very high redshift. Since then several surveys have shown that the EROs
consist of a heterogeneous galaxy population of old ellipticals and dusty starburst. The iden-
tification of some EROs as early-type galaxies is based on the fact that the broadband spectra
of these galaxies can be fitted well for old stellar populations, such as is found in present-day
elliptical galaxies. Assuming their colors are not affected by dust reddening, we can attribute the
high R — K color and K magnitude to intrinsically red SEDs of old, passively evolved elliptical
galaxies at high redshifts, 1 < z < 2. In this scenario, the redshifted strong 4000 A break, falling
between the R and H band, and the lack of any appreciable rest-frame UV light from a young
population of stars are responsible for the extremely red colors. The alternative interpretation
considers these objects as dust shrouded starburst galaxies or AGNs perhaps in a very active
phase or during a merging event. In this case, the extremely red colors (and the relatively high
K-band magnitudes) can be explained by the presence of the large amount of the interstellar
dust, which hides the star-forming regions or AGNs and considerably reddens either the starburst
population or the AGN itself, and therefore their observed SEDs. These objects would also lie at
higher redshifts (1 < z < 2), shifting their rest-frame UV and optical-NIR bands into the optical
and the K bands, respectively. In both cases, the EROs are most likely to lie in the redshift
range 1 < z < 2, since it is difficult to produce such red colors at lower redshifts and objects at

higher redshifts than z > 2 would need to be extremely luminous.

The nature of various ERO samples was studied in great detail in some spectroscopic surveys
which confirmed that both the two classes described above contribute to the ERO population
but their relative fraction remains still unconstrained. The basic dichotomy between evolved
early-type galaxies and dusty starbursts remains one of the central questions in the study of
these objects and it is still not clear if they can be divided so simply. Because of their completely
different evolutional histories, the determination of the relative fractions among the two classes
of galaxies is indeed essential. If we knew this relative fraction we could give a correct interpre-
tation of many statistical properties of EROs, such as space densities, luminosity functions and
clustering strength. In fact, clarifying the contribution of the different classes to the total ERO
population will also provide a crucial test for the models of structure formation and galaxy evolu-
tion, since it has contrasting implications of the mass assembly history of galaxies. The presence
of a widespread population of high-redshift ellipticals among EROs would support the models
based on the old merging scenario or monolithic dissipative collapse (Eggen, Lynden-Bell and
Sandage 1962), in which the present day massive spheroidals formed at very early cosmological
epochs (z > 2 — 3) through merging or only a relatively short episode of star burst followed by a
pure and passive luminosity evolution (PLE) to nowadays. If the ERO population is dominated
by dusty starburst galaxies at intermediate redshift, it would confirm the standard hierarchical
merging scenario of galaxy formation and evolution in the CDM paradigm (White & Frenk 1991;
Kauffmann, Charlot & White 1996), where the most massive present day ellipticals were assem-
bled through a series of mergings of pre-existing less massive systems at later times (z < 1), even

though the bulk of their starts may already be very old at the time of the last major merging.
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Although the color degeneracy between these two very different galaxy populations makes
the classification of EROs difficult, either spectroscopically or morphologically, there are several
observational features which help to distinguish the two classes. Their spectra could show either
the presence of emission lines, indicating on-going star formation activity or sharp spectral breaks
owing to old stellar population. The submillimetre observations can also detect far-IR emission
from the hot dust heated by the starburst regions, while the optical and near-IR images reveal the
morphology, which is expected to be regular and centrally peaked for old ellipticals or irregular
and disturbed for dusty starburst galaxies. However, EROs are normally very weak at optical
wavelengths, therefore spectroscopy is not a viable method for classifying a large number of EROs.
We can apply broad band colors not only for the ERO selection but also for the separation of
old ellipticals from the dusty starburst population. In photometric methods measuring color
properties, the different spectral shapes near 4000 A are used as the primary discriminant. The
spectra of early-type galaxies with ages of ~ 1 Gyr or more become flatter in the 4000-5000 A
range and have a steep drop shortward of 4000 A. The galaxies with younger stellar population
and sufficient reddening and redshift have steeper slopes longward of 4000 A but may exhibit

similar slopes to that of the ellipticals in the rest-frame UV regime.

The two-color approach developed by Pozetti & Manucci (2000) measures these differences
in terms of colors. They separated the two classes of EROs on the basis that the two populations
in the redshift ranges 1 < z < 2 and 2 < z < 2.5 fall in different regions in both I — K vs. J — K
and R — K vs. J — K two-color diagrams for sources in the lower redshift range and in H — K
vs. J — K plots in the higher redshift range. Pozetti and Manucci studied these relations for
a variation of dust contents, star formation histories, formation redshifts, and metallicities and

found that their result is viable in a wide range of them.

Pierini et al. (2003) extended the study of the color-color method for ERO classification by
considering galaxies formed in short bursts as well as old and multiple-burst population in the
1 < z < 2 interval. Besides the nominal dust-free evolved ellipticals and dusty starbursts, they
also included dusty post-starburst galaxies in the analysis and studied the effects of various dust
distributions within the model galaxies. However, it did not have a large impact on the overall
results, as the validity of the two-color method originally proposed by Pozetti & Manucci is not
strongly dependent on the the geometry of the dust and the degree of mixing between gas and
stars. They could establish only that the separation of old, dust-free systems and dusty starburst

systems is less distinct because of the presence of dusty post-starburst systems in their model.

Bergstrom & Wiklind (2004) carried out a comprehensive analysis on the separation of EROs
based on their broad band color-color properties by studying the selectivities of all possible
color-color combinations of the five broad band filters RIJH K for ellipticals and dusty starbursts
derived from PEGASE2 spectra with two IMFs and a range of metallicities and extinctions. They
found that among the configurations of filter triplets, the ones with the center waveband as pivot
band (i.e. the H band in the R — H vs. H — K configuration) perform best as discriminators.
Bergstrom & Wiklind determined the separation line of the two ERO populations in the two-color
diagrams for each each filter set by minimizing the misclassification. These separation criteria
are valid for given redshift ranges, 0 < z < zpqe, Where 2,4, is the redshift beyond which the

color regions become entangled for a specific two-color diagram. The test of the different filter
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Filter set Separating line: color of Zma
ERO ellipticals at z < zjqz

{(RJH} R—J>177(J—-H) +110 21
(RIJ}  R-I>-038(—J)+205 16
(RIHY R-1>025(I—H) 4056 1.2
(RIJHY R-J>065(I—H) +120 18

Table 6.4: The separation lines of the ERO classification given by Bergstrom & Wiklind (2004)
for all the color configurations available in the COMBO-17+2 NIR survey. The last column
contains the redshift limits beyond which the color regions become entangled, 2,4z-

configurations showed that the R— H vs. H — K colors provide a fundamental criterion for EROs
and have a very small overlap between the different galaxy populations up to redshifts of 2.9 for
E(B —V) < 2. Nonetheless, from the different NIR broad bands used in the test, the K band is
not present in the COMBO-17+2 NIR imaging. Only the broad band H band filter is available
and the medium band J;(1190/130nm) filter can also be taken into account. We consider the
difference between the colors containing the J; or the broad J (1250/380nm) bands negligible for
the spectra of the COMBO galaxy sample. The table 6.4 shows the separation lines of the ERO
classification into old ellipticals and dusty starburst given by Bergstrom & Wiklind for all the
configurations excluding the broad band K filter and containing the H and J filters. We used
these configurations to check the consistency between the criteria given by Bergstrom & Wiklind
(2004) for ERO separation and the result of the multi-color classification of COMBO-17+2 NIR
for EROs.

First we present the results of the two-color separation method applied for our ERO sample.
In Table 6.4 we list the separation criteria adapted from Bergstrom & Wiklind. These criteria
are represented with diagonal lines in the color-color diagrams in Fig. 6.15. The R—Ivs. [ — H
color diagram contains only evolved EROs for z < zn.:- This is a good agreement with the
expectation that the filter pair R — H, being more sensitive to the 4000 A break in the spectra of
evolved galaxies than the smother spectral breaks in dusty star-forming systems, selects mainly
early-type galaxies. Nevertheless, the other three color configurations give a slightly different
view. In the R — J; vs. J; — H diagrams only about 60 % of the population, with z < znaq,
belongs to the class of ellipticals, while this number is about 80 and 88 % for the separation
criteria applying the R— 1 vs. I —J; and R— J; vs. I — H color pairs, respectively. By checking
the overlap between the objects classified as starburst galaxies in the three color-color diagrams,
we find that all the objects detected as the star-forming systems in the R — J; vs. I — H plot
are also identified as dusty starbursts in the R — I vs. I — J; diagram. In turn, all the star-
forming galaxies in the R — I vs. I — J; plot belong to the starbursts in the R — J; vs. J1 — H
two-color plot as well. The SED vs. extinction plot of these objects in Fig. 6.16 demonstrates
this selectivity of the ERO classification criteria. The criterion based on the R — Jy vs. J1 — H
colors selects the widest range of galaxies as elliptical from E/S0 to Sbc while R — J; vs. I — H
color pair probes a more bluer subset of this population, mainly Sb-Sbc galaxies. The R — I vs.

I — J; colors are sensitive to bluest subset of the previous subgroup and help to find manly Sbc
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Figure 6.15: Two color plots of the ERO sample selected with the color cut R — H > 4 in the
COMBO S11 field. The red circles denote the EROs with z < 2,4, for the given two color
configuration. The blue circles represent the EROs with z > z,,4., for which the separation
criteria become uncertain. The diagonal solid lines separating the EROs into ellipticals and
dusty starbursts are from Bergstrom & Wiklind (2004).



6.2. STUDYING OF EXTREMELY RED OBJECTS IN THE COMBO-17+2 NIR PROJECT141

galaxies.
60 — —
R-H>4
L 5’8 %o B
© % 00 ® 8o o
L o ) B
°3 o o0 &DO e ° oo °
0o O o 0
40 = o 8 Q)C% D"@ 8 D%Oo gow S 7
° ggo)og o® DQOO%@ B0
L ° Poo %Sg B o L°% % i
@) LR SR §%o0

[ - © o %9° OO B

0 ° © o 45 °

o
|- o o 1

o
20 — —
© C I | I | L]
0 0.5 1 1.5
Ay

Figure 6.16: The SED vs. extinction diagram for the EROs in the COMBO S11 field, which
are identified as starburst galaxies by the separation criteria proposed by Bergstrém & Wiklind
(2004). The red circles denote the EROs determined as starburst with respect to their R — J vs.
J — H color pair. The green circles represent the EROs classified as starburst in both the R — J
vs. J —H and the R—J vs. I — H two-color plots. The blue circles are coding the EROs, which
are considered starburst with respect to three criteria, the R—J vs. J—H, R—Jvs. I — H,
and R — I vs. I — J color pairs.

The limits of the two-color separation method for EROs proposed by Bergstrom & Wiklind
are the consequence of their definition of the elliptical and dusty starburst galaxies used in the
test. They modelled the elliptical galaxies as ones that, after an instantaneous burst of star
formation, evolve passively without any interstellar gas or dust. They are considered ellipticals
100 Myr after the starburst, and are then let to evolve for a Hubble time. The starburst galaxies
are modelled as galaxies with constant star-formation during 100 Myr. The spectral templates
for galaxies applied in the COMBO-17+2 NIR multi-color classification were also derived from
the PEGASE2 stellar synthesis model, but with an exponential decline in the star formation law
(tr = 1) instead of using a simple star population. By comparing the results of the two-color
separation method and the multi-color classification, we see the definition of ellipticals applied
by Bergstrom & Wiklind still covers the series of early-type galaxies and evolved spirals for EROs
but the galaxies determined as dusty sartbursts by the ERO separation criteria are identified as
E/S0-Sc galaxies in the COMBO-17+2 NIR multi-color classification.

Fig. 6.17 shows the SED vs. extinction diagram of the total ERO population found in the
COMBO 511 field. It demonstrates that the galaxies are identified in the multi-color classification
as E/SO galaxies and mainly Sa- and Sb-type spirals with some Sbc galaxies, while the actively
star-forming systems (S1-S6) in this ERO population are completely missing. Fig. 6.17 the SED
vs. R — H color plot of the R- and H-band selected galaxy sample for z > 0.8 shows the colors
of dusty starburst galaxies (with E(V — B) > 0.4 or Ay 2 1.11) in the expected redshift range
of EROs are not red enough to enter the ERO sample.

This result may be due to various factors. The first one is the selectivity of the R — H filter
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Figure 6.17: The left hand panel shows the SED vs. extinction diagram for the EROs selected
with R — H > 4 color cut in the COMBO S11 field. The red circles denote the ERO population
and light blue lines represent the the spectral templates at z = 0 used for the COMBO-17+2
NIR survey. The right hand panel shows the SED vs. R — H color for the total R- and H-band
selected galaxy sample for z > 0.8 in the COMBO S11 field. The points are color-coded on the
basis of their extinction: E(B —V) < 0.1 (cyan open circles), 0.1 < E(B —V) < 0.2 (green open
squares), 0.2 < F(B—V) < 0.3 (yellow filled triangles), 0.3 < E(B —V') < 0.4 (red filled circles)
and 0.4 < E(B —V) < 0.5 (blue filled squares). The vertical dashed line separates the EROs
from the bluer part of the galaxy sample.

pair. As already mentioned, the color cut R — H > 4 is more sensitive to the spectral features of
the advanced galaxies than those of the dusty starbursts dominated by younger stellar population.
In the spectroscopic analysis of the LCIR Survey Doherty et al. (2005) find that most of their
I — H selected ERO sample contains a clear signature of old stellar population and only 16 % of
the EROs appear to be dusty stary starburst systems. Since we used the R — H color to select
EROs in the COMBO 511 field, we would expect a similar result. This means the choice of this
color could explain that low number of the actively star-forming systems in the COMBO S11

sample but not their total absence.

Another important factor causing this absence may be the usage of non-evolving spectral
templates for the galaxies in the COMBO-17+42 NIR multi-color classification. The previous
chapter discussed the improvements of the spectral template fitting for the COMBO-17+2 NIR
data. We saw there that a large amount of objects classified as S1-S6-type galaxies by using only
optical colors become Sb-Sbc-type or even more evolved spiral galaxies in the classification based
on the NIR-supplemented data. We interpreted this result as the improvement in the detection
of spectral contribution of the the old stellar population. However, the reduction in the number
of the starburst galaxies might also be heightened by the imperfections of the template libraries.
The non-evolving templates may characterize the spectral properties of the galaxies in the local
Universe satisfactorily but there is no guarantee that they will fit the spectra of starburst galaxies
at higher redshift as well. If the discrepancy between them is too strong it is likely to cause these

to be misclassified. There is already a plan to replace the non-evolving spectral template library
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with a template set derived for a wider redshift range, which can help to avoid any occurrent
false fitting due to the imperfections of the synthetic spectra obtained for z = 0.
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Figure 6.18: The V — I vs. I — H colors for objects with 19 < H < 20.5 in the COMBO S11
field (left hand panel) and the CDF-S field in the LCIR Survey (right hand panel). The points
are color-coded on the basis of their photometric redshift: stars (black crosses), z < 0.25 (cyan
open circles), 0.25 < z < 0.75 (green open squares), 0.75 < z < 1.0 (yellow filled triangles),
1 < z < 1.5 (red filled circles), and 1.5 < z < 2.0 (blue filled squares). The model curves show
the loci of evolving population models with various star formation laws: a single burst with
zy = 30 (red curve), exponential decline with 7 = 1 and 2 Gyr (yellow and blue curves), and
continuous (black curve).

The lack of the dusty starburst population in our ERO sample may be attributed to a third
factor as well, which is more closely related to the nature of the EROs. We have seen that the
COMBO S11 ERO sample defined by R — H > 4 contains only evolved galaxies but these are
mainly spirals and not ellipticals. Among the early forming and slowly evolving systems, there
might be galaxies with periods of a modest star-formation or even massive starbursts due to
merger events. As a result, these galaxies depart from the color tracks of the PLE models in
the rest-frame UV and may in addition produce strong emissions lines in their spectra. If the
strength of the starburst remains small, the NIR-band fluxes can still be dominated by the old
stellar population. Since the merger-rate appears to increase with look back time (e.g. Calberg
et al. 2000), these composite objects might be more numerous at high redshifts. The two-color
V — 1 vs. I — H diagram of the COMBO-17+2 NIR and LCIR galaxy in Fig. 6.18 infers the
high redshift red I — H population has bluer rest-frame UV colors. The objects with blue V' — T
and red I — H colors are more likely to be at high redshifts than those lying closer to the track of
the E/SO templates plotted in the COMBO sample or to that of passively evolving model with
single starburst of z; = 30 plotted in the LCIR sample. The red galaxies with I — H > 3 in
the LCIR survey sample and with I — H 2 2 in the COMBO sample span more than 3 mag in
V — I. This wide range of optical colors covers that of the templates from early-type systems
to spirals (E-Sb) in the redshift interval 0.8 < z < 1.5. This means the ERO population is not
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clearly divided into the two simple classes. Whereas the younger galaxies (Sa and Sb) can have
the similar broadband colors to those of older systems (E/S0), some early-type systems can be
identified erroneously as spirals in rest-frame UV emission line and continuum spectra. Hence
the separation of the ERO population into PLE and actively star-forming models is blurred and
may be artificial.

As some concluding remarks, we can claim that the H-band selected NIR surveys, using
the R — H color to define ERO samples, find a dominant population of old ellipticals and
evolved spirals whereas they can only detect a small fraction of dusty starburst among the ERO
population. The ERO population found in the COMBO S11 field does not contain any dust
reddened star-forming systems at all but it may be due to the imperfections of the spectral
templates used in the multi-color classification. In order to obtain a more reliable result for
the relative fraction of these types in the ERO population, the spectral library with redshift
evolution must be used in the multi-color classification. However, the COMBO-17+2 NIR survey
also indicated that the debate on the dichotomy of the nature of ERO needs to be reinterpreted.
Instead of two well defined morphological types of EROs, we have to consider a wide range of
morphological types or types defined by internal colors (Bell et al. 2004), where the ellipticals
and the dusty starburst galaxies represent only the two opposite endpoints of the broad scale.
If the following surveys observing various ERO populations concentrate on the study of the
relationship between color-color properties and the full scale of the expected ERO types, a more

comprehensive picture can be drawn about the nature of these mysterious objects.
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galaxies derived from the optical data set and the optical4+NIR colors, respectively.
The arrows indicate the general tendencies in their relocations due to the inclusion

of the NIR colors in the measurement. . . . . . . . . . . . . . . .. ... .. ... 102

5.16 The zopt — 2opt+n1r and the SED vs. extinction plot of the galaxies - given as
examples for comparing the spectral template fittings derived from the optical and
optical+NIR data sets. The left hand plot measures the difference between z,,;
and zopi+N1r With the dashed lines connecting the data points to the diagonal for
each galaxy. The right hand panel is the SED vs. extinction plots for these galaxies
derived from the optical data set (blue circles) and the optical+NIR colors (red
squares), respectively. The arrows indicate their relocations due to the inclusion
of the NIR colors in the measurement. The pair of galaxies denoted with (1a) and
(2a) are examples for the redistribution in the direction of the arrow A while the
pair denoted with (1b) and (2b) follows the trend represented with the arrow B in
Fig. 5.15. The galaxies referred to as (1a’) and (2a’) are examples for the counter
tendency indicated with the arrow A’ in Fig. 5.15. . . . .. .. ... ... .. 104

5.17 Two examples of the spectral template fittings for galaxies following the trend
represented by the arrow A in the SED-Ay plot in Fig. 5.16. The fits on the
optical data are displayed in the left hand side where we see spectra of dusty
Sa/Sb galaxies, Ay ~ 0.6 — 0.8 at the redshifts z &~ 1.1. The templates have a
high excess in the NIR regime, which has been corrected in the right hand plots
displaying the results of the evaluation of optical+NIR data. The galaxies here
have a slightly younger stellar content but obtain much lower extinction levels,

Ay < 0.4, and redshifts, 2 =0.78 and 0.91. . . . . . .. ... 104

5.18 Two examples of the spectral template fittings for galaxies following the trend
indicated with the arrow B in in the SED-Ay diagram in Fig. 5.16. The plots in
the left hand side, derived from the optical data, show two spectral templates of
S6- (upper left plot, 1b ) and Sc-type (lower left plot, 2b) galaxies with moderate
extinctions at redshift z ~ 1.1. By supplementing the optical colors with the NIR
ones, the right hand plots display templates of Sc-type galaxies with much lower
extinctions and redshifts, 2 ~0.8. . . . . . . ..o Lo 105

5.19 The spectral template fittings for galaxies given as examples for the tendency
indicated with the arrow A’ in in the SED-Ay diagram in Fig. 5.16. The fits on
the optical data are displayed in the left hand side where the templates represent
spectra of Sa galaxies with moderate dust extinctions, Ay =~ 0.2, at redshifts
z 2 1.1. The plots in right hand side are the results of the data evaluation in the
optical +NIR bands. The spectral types exhibit moderate changes, as the objects
were identified as Sa/b galaxies with older stellar content, higher extinctions,
Ay =~ 0.3 and 0.9, and lower redshifts, 2z =0.76 and 0.92. . . . . . . . . ... ... 105
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The left hand panel shows the z,,; — zopt+n1R plot for the R- and H-band selected
galaxy sample, which is further restricted by the criteria oy < 0.2, 071 < 0.2 and
q = 3. The red dots denote the group of the galaxies with Az/oa, 4 > 3 in
the domain 2., < 0.5 and zgpi+n7r > 1.3. The right hand panel is the SED vs.
extinction plot for these galaxies derived from the optical (blue circles) and the
optical+NIR colors (red squares), respectively. The arrows A and B indicate the
general tendencies in their relocations due to the inclusion of the NIR colors in the
measurement. The blue lines represent the SED vs. Ay relations of the galaxy
spectral templates used in the COMBO-17+2 NIR multi-color classification.

The zopt — 2opt+N1R and the SED vs. extinction plot of the galaxies given here as
examples comparing the spectral template fittings derived from the optical and
optical +NIR data sets. The left hand plot measures the difference between z,pt
and zopi+N1R for each galaxy with the dashed lines connecting the data points to
the diagonal. The right hand panel is the SED vs. extinction plot for these galaxies
derived from the optical data set (blue circles) and the optical+NIR colors (red
squares), respectively. The arrows indicate their relocations due to the inclusion
of the NIR colors in the measurement. The galaxies with an increase in the mean
age of their stellar content are denoted with (1a) and (2a), whereas the other pairs

obtaining younger star populations are referred by (1b) and (2b). . .. .. ...

Spectral template fitting for the galaxies denoted with (1a) (upper plots) and (2a)
(lower plots) in Fig. 5.21. The fittings based on the optical fluxes provide spectral
templates corresponding to starburst galaxies with a relatively moderate and low
dust extinctions, Ay = 0.73 and 0.15, with low redshifts, z = 0.25 and 0.03, which
are shown in the left hand side. The plots in the right hand side derived form the
optical+NIR data display spectral template fits corresponding to Sa/b galaxies
with reduced extinction, A, = 0.26 and 0.1, and with a raise of the redshifts to
ST e

Two examples, where the fittings with the optical fluxes provide spectral templates
corresponding to Sb2 galaxies, shown in the left hand side. The galaxies obtain a
relatively moderate or lower dust extinction, Ay = 0.52 and 1.07, and are located
lower redshifts, z = 0.04 and 0.03. The plots in the right hand side, derived form
the optical+NIR data, display spectral template fits corresponding to galaxies
with bluer rest-frame colors and reduced extinctions, A, = 0.29 and 0.1, at higher
redshifts, z = 1.75, 0.64. . . . . . . . . L
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5.24 The left hand panel shows the z,,; — zopt+ N1R plot for the R- and H-band selected
galaxy sample with oy < 0.2, 051 < 0.2. The green dots denote the group of
the galaxies with Azgq/0az gar > 3 in the domain 2z, < 0.7 and ZepyNirR <
1.1. The right hand panel is the SED vs. extinction plot for these galaxies,
derived from the optical data set (blue circles) and the optical4+NIR colors (red
squares), respectively. The arrows A and B indicate the general tendencies in their
relocations due to the inclusion of the NIR colors in the measurement. The light
blue lines represent the SED vs. Ay correlation of the galaxy spectral templates
applied in the COMBO-17+NIR multi-color classification. . . . . ... ... .. 109

5.25 The zopt — Zopt+N1rR and the SED vs. extinction plot of the example galaxies
comparing the spectral template fittings derived from the optical and optical +NIR
data sets. The left hand plot measures the difference between z,,; and zopi+NIR
with the dashed lines connecting the data points to the diagonal for each galaxy.
The right hand panel is the SED vs. extinction plots for these galaxies derived
from the optical data set (blue circles) and the optical+NIR colors (red squares),
respectively. The arrows indicate their relocations due to the inclusion of the
NIR colors in the measurement. The galaxies with extremely large decrease in
their extinctions are denoted with (1a) and (2a) and the other pair with moderate

changes in their dust extinction are referred by (1b) and (2b). . . ... ... .. 110

5.26 Two examples for spectral template fittings for the galaxies denoted with (1a) and
(2a) in Fig. 5.25. The plots in the left hand side, derived from the optical data,
show two spectral templates for E/S0O galaxies with very high extinction levels, at
redshifts lower than 0.3. By supplementing these data with the NIR-band colors,
we obtain template fits, shown in the right hand plots, which represent galaxies
with the same spectral type but without dust, Ay =~ 0 and at higher redshifts,
2> 000 o e e e e e e e 111

5.27 Two examples of the spectral template fittings for the galaxies denoted with (1b)
and (2b) in Fig. 5.25. The plots in the left hand side, based on the measurements
in optical bands, show model spectra of E/S0- (upper plot, 1b) and Sb-type (lower
plot, 2b) galaxies with old stellar populations and high dust extinctions, at red-
shifts lower than ~ 0.4, respectively. The NIR-extention of the wavelength range
of the measurement provides templates of galaxies with bluer rest-frame colors, as
seen in the right hand side plots. The extinction level is increased in the first case
to and does not change at all in the second one, while the redshifts evaluations

provides higher values, 2 > 0.4. . . . . . . . . .. . .o 112
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Type definition and rest-frame color of spectral templates. The left hand side plot
shows SED vs. extinction relations of the present-day spectral templates, where
the domains shaded with different colors represent the four ranges of morphological
types of the synthetic spectra. The E-Sa range is color coded with red, the Sa-Shc
range with yellow, the Sbc-SB6 range with green, and the SB6-SB1 range with blue
color. The two plots in the right hand side shows the rest-frame colors mogg — B
vs. (B —r) of the template sequence (left hand panel) and those measured for
the galaxy sample with R < 25.8, H < 21.4, and z = [0.2,0.4] (right hand panel).

Here, the four types are also rendered in different colors. . . . .. .. ... ...

The left hand panel shows the redshift distribution for the galaxy sample for
R<25.8 and H<21.4 (hollow histrogram) and for R<24 and H<21.4 (shaded
histrogram) in the COMBO S11 field. The right hand panel shows the redshift
over luminosity M, in the rest-frame SDSS-r band for the COMBO S11 galaxy
sample for R<24 and H<21.4. The photometric redshifts for this sample are
derived from 17 optical and 2 NIR fluxes. The dashed lines at z = 1.1 denote the
upper limit of the reliable redshift determination of the COMBO-17 survey.

The redshift over luminosity M, in the rest-frame SDSS-r band for the the galaxy
sample with R<24 and H<21.4 in the COMBO S11 field. The photometric red-
shifts for this sample are derived from 17 optical and 2 NIR fluxes. The dashed
lines at z = 1.1 denote the upper limit of the reliable redshift determination of
the COMBO-17 survey. . . . . . . . . ittt e

The redshift distribution for the galaxy sample with R<24 and H<21.4 in the
COMBO S11 field split by SED types defined in Fig. 6.1. . . . .. ... ... ..

The redshift over luminosity Mp in the rest-frame Johnson band for the the galaxy
sample split by spectral types with R < 25.8 and H < 21.4 in the COMBO S11
field. The vertical dashed lines indicate the absolute magnitude limit that we use

for the analysis. . . . . . . . . . . .o

Co-moving number density evolution of galaxies brighter than Mp = —204-5log h.
The left hand panel shows the R- and H-band selected COMBO S11 sample for
the total galaxy population and the different by SED types defined in Fig. 6.1.
The black squares represent the total sample while the red, yellow, green, and
blue circles refer to the E-Sa, Sa-Sbc, Sbe-SB6, and SB6-SB1 type of galaxies,
respectively. The error bars show the 95% confidence interval assuming Poisson
statistics. The right hand panel shows the HDF-N I-band selected galaxy sample
for Mp < —20 analyzed by Conselice et al. 2005. Here, the sample is split by

morphological classes such as ellipticals, spirals, and peculiars. . . . . . .. . ..
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6.7 In the left figure the color R — H plotted against H for the galaxies with low
measurement error in their NIR-band fluxes, 07,051 < 0.2 in the COMBO S11
field. The dashed horizontal line corresponds to the threshold R — H = 4 for
selecting EROs. The dashed skew and vertical lines indicates the R = 25.8 and
H = 21.4 limiting magnitudes, respectively. The red dot denotes the EROs se-
lected with this criterion. The right figure shows the R — H color distribution of
the galaxy sample with R < 25.8, H < 21.4, and og,01 < 0.2. The red shaded
area represents the ERO population in the S11 field. . . . . .. .. ... ... .. 128

6.8 The redshift and SED vs. extinction diagrams based on optical and optical+NIR
data for the ERO population defined by the R — H > 4 in the COMBO S11 field.
The light blue lines in the left diagram represent the galaxy spectral templates for
various Kinney types used in the COMBO-17 multi-color classification. . . . . . . 129

6.9 The upper and the lower pairs of the plots are two examples of the template
fittings for EROs. In the first example the plot in left hand side, derived from
the optical data, show a dust poor S6-type galaxy, Ay = 0.1, at the redshift of
1.05. By supplementing the optical data with the NIR-band colors, we obtain a
template fit, displayed in the right hand side, which belongs to an extinction free
Sb galaxy (Ay ~ 0) but at a higher redshift, 2 = 1.41. In the second example we
can see a spectral template for an Sa galaxy with a higher extinction, Ay = 0.7,
at z = 1.12 in the left hand side plot, as a result of the measurement on the optical
colors. The NIR-band extension of data set produced a template fit, plotted in the
right hand side, which represents an early-type galaxy but with a lower extinction,
Ay = 0.4, and a lower redshift, 2 =0.87. . . ... .. ... .. ... ... . 130

6.10 The observed redshift distribution of two EROs sample with different color cuts
in the COMBO S11 field. The blue histograms show the total ERO sample se-
lected by the corresponding criterion, while the red ones represent subsamples

with matching spectral templates. . . . . . . . . .. . ... 131

6.11 The observed redshift distribution of ERO samples in COMBO S11 field (left hand
panel) and the LCIR survey (right hand panel) with the color cut R — H < 4 for
different brightness limits in H band. . . . . . . . . . ... ... L 0oL 132

6.12 The differential number counts (left hand panel) and the cumulative surface den-
sity (right hand panel) for EROs as a function of H magnitude over 0.2 deg? of the
COMBO S11 field. The red circles are the H counts from the COMBO S11 field
for R — H > 4 and the black squares represent the total galaxy sample. The blue
circles are the H counts measured in the LCIR survey for R — H > 4 (McCarthy
et al. 2001). The error bars show the 95% confidence interval assuming Poisson
statistics. . . . . L L e e e 133

6.13 The observed redshift distribution of the ERO populations in the K20 Survey
(left, In Cimatti et al, 2003), and the Las Campanas IR survey (right, Doherty et
al. 2005.). In the shaded histograms of the K20 sample indicate the photometric
redshifts. The ERO sample of the LCIR Survey is defined by I — H > 3, H < 20.5.134
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The angular two-point correlation function of EROs with R—H > 4 for H limiting
magnitudes of 20 and 20.5. The red circles denote the COMBO S11 sample and
the blue ones are the ERO population detected in the LCIR survey (Firth et al.,
2002). The solid lines are the power low fits on these data points with 6 = 0.8.
The dashed lines indicate the value of w(1 arcmin). For H < 20 we ignored the
two outlier values in the bins at smaller angular separations where there are too
few data-data pairs to obtain a reliable measurement. . . . . ... ... .. ...
Two color plots of the ERO sample selected with the color cut R — H > 4 in the
COMBO S11 field. The red circles denote the EROs with z < 2,4, for the given
two color configuration. The blue circles represent the EROs with z > 2,44, for
which the separation criteria become uncertain. The diagonal solid lines separating
the EROs into ellipticals and dusty starbursts are from Bergstrom & Wiklind
(2004). . .
The SED vs. extinction diagram for the EROs in the COMBO S11 field, which are
identified as starburst galaxies by the separation criteria proposed by Bergstrom
& Wiklind (2004). The red circles denote the EROs determined as starburst with
respect to their R —J vs. J — H color pair. The green circles represent the EROs
classified as starburst in both the R —J vs. J — H and the R — J vs. I — H two-
color plots. The blue circles are coding the EROs, which are considered starburst
with respect to three criteria, the R—Jvs. J—H, R—Jvs. I —H,and R— 1
vs. I —Jcolor pairs. . . . ...
The left hand panel shows the SED vs. extinction diagram for the EROs selected
with R — H > 4 color cut in the COMBO S11 field. The red circles denote the
ERO population and light blue lines represent the the spectral templates at z = 0
used for the COMBO-17+2 NIR survey. The right hand panel shows the SED vs.
R — H color for the total R- and H-band selected galaxy sample for z > 0.8 in the
COMBO 8511 field. The points are color-coded on the basis of their extinction:
E(B —V) < 0.1 (cyan open circles), 0.1 < E(B — V) < 0.2 (green open squares),
0.2 < E(B—-V) < 0.3 (yellow filled triangles), 0.3 < E(B — V) < 0.4 (red filled
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