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Abstract

The work presented in my thesis covers two aspects of modern astronomy: Ob-
servations and instrumentation. Part I of this thesis addresses the design, the
development and the qualification of the Low Resolution Spectroscopy Double
Prism Assembly (LRSDPA). From an instrumentational point of view, the pur-
pose of the LRSDPA is to make an integration of two prisms, made of Germa-
nium and Zincsulfide, into the imaging module of the mid infrared instrument of
the James Webb Space Telescope possible. My design of the LRSDPA answers
to several challenging specifications, joining together available envelope, me-
chanical, thermal, optical and alignment aspects. Both prisms are mounted sepa-
rately onto a holder via a semi-kinematic interface. The Aluminium components
of the demonstration, qualification and flight model all have been manufactured
at the mechanical workshop of the 1st Institute of Physics. As it is demanded
of all space equipment, the function and performance of the LRSDPA has to be
thoroughly demonstrated. The qualification campaign that was conducted in col-
laboration with the Centre Spatial de Liége, has just been brought to a successful
finish.

A brief introduction to the James Webb Space Telescope and its mid infrared
instrument are given in Chapters 1 and 2. Chapter 3 then describes in detail the
scientific capabilities, the design and the qualification of the LRSDPA.

The low resolution spectroscopy mode will provide prism slit spectroscopy
at a resolution of R=100 and cover the wavelength range from 5 um-10 ym. This
mode is particularly aiming at spectroscopic analyses of very low surface bright-
ness objects, such as the first light-emitting galaxies that re-ionized the universe
shortly after the big bang. This scenario of re-ionization is supposed to happen
shortly after the big bang, at redshifts of z=10-15. At these redshifts, the mid
infrared wavelength domain gets in particular interesting, because it covers the
rest-frame optical and near infrared wavelengths. Near infrared characteristics
are also well suited to investigate key properties of host galaxies of active galac-
tic nuclei (AGN), which constitute part II of my thesis.

The study of host galaxies of quasi-stellar objects (QSO) is handicapped by
the bright nucleus outshining its host, even with state-of-the-art telescopes. Un-
tangling the host from the nucleus is easier for closer AGN, and in the near
infrared wavelengths, the contrast in spectral energy distributions of active nu-
cleus and host galaxy favor the detection of the host. For these reasons, we have
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II

created a nearby type I AGN sample optimized for near infrared studies, with a
redshift limit of z< 0.06. Chapter 4 gives a short introduction to the background
motivating the selection of this sample.

In Chapter 5, I present large scale, near infrared, seeing limited slit spec-
troscopy and imaging of nine of these AGN, carried out with ISAAC, mounted
at the very large telescope (VLT) of the European Southern Observatory. Hy-
drogen recombination lines are observed in seven of the nine sources of which
five show a broad component. In three sources, extended 1-0S(1) rotational-
vibrational molecular hydrogen emission is detected. Stellar CO absorption is
seen in four sources. In one of these objects, an upper limit of the central mass
can be determined from the stellar velocity field. H- and Ks-band imaging allow
me to determine the morphology class of the host galaxies. Colors (with supple-
mentary J-band 2micron all sky survey images) show that the four galaxies with
detected CO absorption are characterized by an overall strong stellar contribu-
tion. After removal of the nuclear point source, the host galaxies show colors
typical for non-active spiral galaxies.

In chapter 6, I analyze the central kiloparsec of another source included in
this sample, HE 0036-5133, using adaptive optics and SINFONI, the integral
field near infrared spectrograph of the VLT. This source is mostly famous for its
extremely soft X-ray radiation and an X-ray outburst detected during the ROSAT
all sky survey in 1990. With the help of different extinction maps and equivalent
widths of various stellar absorption lines, the data reveals a deeply hidden nu-
clear bar and enhanced nuclear star formation, but no prominent sign of extreme
QSO-like nuclear activity. In addition, the data supports that the origin of the
soft X-ray core is caused by an absent hard X-ray source, rather than a deeply
embedded hard X-ray source.



Zusammenfassung

Ich widme mich in meiner Doktorarbeit zwei Aspekten moderner Astronomie:
Beobachtung und Instrumentierung. Teil I meiner Arbeit handelt von dem De-
sign, der Entwicklung und der Qualifizierung der "Low Resolution Spectroscopy
Double Prism Assembly” (die Doppel Prisma Baugruppe fiir niedrig-auflosende
Spektroskopie, LRSDPA). Die Baugruppe ermdglicht den Einbau zweier Pris-
men aus Germanium und Zink-Sulfid in die Abbildungskamera des mitt-infrarot
Instrumentes des James Webb Weltraum Teleskopes. Mein Design des LRSD-
PA beriicksichtigt viele anspruchsvolle Spezifikationen und kombiniert den zur
Verfiigung stehenden Platz, mechanische, thermische, optische und Ausrichtungs-
Aspekte. Beide Prismen werden iiber eine semi-kinematische Verbindung se-
parat in eine Halterung montiert. Die Aluminium Komponenten des Demon-
strations-, Qualifikations- und Flugmodells des LRSDPA wurden alle in der
feinmechanischen Werkstatt des 1. Physikalischen Institutes hergestellt. Wie es
fiir alle Weltraum-Applikationen iiblich ist, muss die Funktion und Regelgiite
des LRSDPA durch Tests griindlich dargestellt werden. Die Qualifikationskam-
pagne, die ich in Kollaboration mit dem Centre Spatial de Liege durchfiihrte,
wurde kiirzlich zu einem erfolgreichen Ende gebracht.

Ich gebe eine kurze Einfithrung zu dem James Webb Weltraum Teleskop und
seinem mitt-infrarot Instrument in den Kapiteln 1 und 2. In Kapitel 3 wird im
Detail die wissenschaftlichen Mdglichkeiten, das Design und die Qualifikation
des LRSDPA beschrieben.

Die niedrig auflosende Spektroskopie wird Prismen-Schlitz-Spektroskopie
mit einer spektralen Auflosung von R=100 iiber einen Wellenlédngenbereich von
Sum-10 um bereitstellen. Diese Betriebsart zielt speziell auf die spektrosko-
pische Analyse von sehr leuchtkraftschwachen Objekten, wie etwa die ersten
leuchtenden Galaxien, die das Universum kurz nach dem Urknall zuriick-ionisiert
haben. Es wird erwartet, dass dieses Szenario der Zuriick-Ionisierung bei Rot-
verschiebungen von etwa z=10-15 geschah. Bei diesen Rotverschiebungen wird
das mitt-infrarote Licht besonders interessant, da das im Ruhesystem der Ga-
laxie optische und nah-infrarote Licht in diesen Wellenldngenbereich verscho-
ben werden. Charakteristiken im nah-infraroten Licht eignen sich auch gut, um
Schliisseleigenschaften von Wirtsgalaxien aktiver Galaxienkerne (AGK) zu un-
tersuchen, was in Teil II meiner Arbeit behandelt wird.

Die Untersuchung von Wirtsgalaxien Quasi-stellarer Objekte (QSO) wird
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durch die Tatsache, dass der helle Kern seine Galaxie {iberstrahlt, beeintrichtigt.
Auch unter zuhilfenahme neuester Teleskope bleiben solche Studien schwierig.
Den Wirt von seinem Kern zu entwirren, ist leichter fiir nahe AGK, und im nah-
infraroten Licht erlaubt der Kontrast in der Verteilung der spektralen Energie-
dichte der AGK und Wirtsgalaxien die deutlichste Detektion des Wirtes. Aus
diesen Griinden haben wir eine Auswahl an nahen Typ I AGK getroffen, die
mit einer Obergrenze fiir die Rotverschiebung von z< 0.06 fiir Studien bei nah-
infraroten Wellenldngen optimiert ist. Kapitel 4 gibt eine kurze Einfiihrung in
den Hintergrund, der die Auswahl dieser Quellen motiviert.

In Kapitel 5 présentiere ich nah-infrarote, Seeing-limitierte Schlitzspkrosko-
pie und Aufnahmen von neun dieser AGK, die mit ISAAC am Very Large Teles-
cope (VLT) der europiischen Siidsternwarte durchgefiihrt wurden. Wasserstoff-
Rekombinationslinien werden in sieben der neun AGK beobachtet, wovon 5 ei-
ne breite Komponente zeigen. Drei Quellen weisen ausgedehnten molekularen
Wasserstoff auf. Stellare CO-Absorption wird in vier Quellen entdeckt. Fiir ei-
ne dieser Quellen kann daraus das stellare Geschwindigkeitsfeld und eine obere
Grenze fiir die Schwarzlochmasse bestimmt werden. Uber H- und K-Band Auf-
nahmen bestimme ich die Morphologie der Wirtsgalaxien. Farben (mit zusétz-
lichen J-Band Aufnahmen des 2Micron All Sky Survey) zeigen, dass jene Quel-
len mit detektierter CO-Absorption auch insgesamt durch einen starken stellaren
Beitrag charakterisiert werden. Nachdem die Punktquelle des Kernes abgezogen
wurde, zeigen die Galaxien typische Farben nicht-aktiver Spiral-galaxien.

In Kapitel 6 untersuche ich den zentralen Kiloparsec einer weiteren Quelle
aus dieser Auswahl, HE 0036-5133. Hierfiir benutze ich adaptive Optik und SIN-
FONI, den Integral-Field Spektrographen des VLTs. Diese Quelle ist auffillig
durch ihre extrem weiche Rongtgenstrahlung und durch einen Réntgenausbruch,
der 1990 wihrend des ROSAT All Sky Surveys detektiert wurde. Mit Hilfe ver-
schiedener Extinktionskarten und Aquivalentbreiten mehrerer stellarer Absorp-
tionslinien zeigen die Daten einen Kern-Balken und erhohte Sternentstehung im
Kern, aber keine markanten Zeichen extremer, QSO-dhnlicher Aktivitit. Zusatz-
lich unterstiitzen meine Daten, dass die weiche Rontgenstrahlung durch eine feh-
lende harte Rontgenquelle produziert wird, im Gegensatz zu einer stark einge-
betteten harten Rontgenquelle.
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Part I

The LRS Double Prism
Assembly






CHAPTER 1

The James Webb Space Telescope

= ———
P —

|

Figure 1.1: The 1:1 Northrop Grumman James Webb Space Telescope model. In the front, a
scientist (myself) indicates the size of the LRSDPA presented in chapter 3 (the spread of the
fingers).

The James Webb Space Telescope (in short the Webb Telescope, or JWST)
will be a large, infrared-optimized space telescope, scheduled for launch in early
2013." It is developed jointly by the United States National Aeronautics and
Space Administration (NASA), and the European and Canadian Space Agencies
(ESA, CSA). JWST is considered as the successor of the famous Hubble Space
Telescope (HST) and is one of the NASA/ESA cornerstone missions for the next
2 decades.

It will have a 6.5 m diameter primary mirror. It is passively cooled to approx-
imately 35 K, with a large sun-shield protecting the science instruments from the

IThe satellite is named after James E. Webb, NASA head from 1961 to 1968. J. Webb was
responsible for leading NASA into a balanced direction between human space flight and space
science.



1. The James Webb Space Telescope

radiation coming from earth, moon and the sun. For this reason, it will be placed
at the L2 Lagrange point of the earth-sun 2 body system. JWST will provide
the usage of 4 scientific instruments: a Near Infrared Camera (NIRCam), a Near
Infrared Spectrograph (NIRSpec), a Near Infrared Tunable Filter Imager (TFI),
and a Mid Infrared Instrument (MIRI). Although operating at 30K (i.e. 8K for
the MIRI instrument), the launch of the satellite will be performed at ambient
temperatures in an Ariane V rocket. In space, JWST will unfold (c.f. Figure 1.4)
and passively cool down to its operating temperature.

In this chapter, a basic overview over the scientific aims motivating the need
for JWST, and its instrument capabilities is presented. For an in-detail discussion
of the JWST mission, I refer to Gardner et al. (2006).

1.1 Scientific Aims

The reasoning behind the JWST mission is that there are certain astrophysical
questions that cannot be answered with ground-based telescopes alone. The
Webb Telescope will provide insights into 4 distinct fields of modern Astron-
omy:

How did the Universe build up its present elemental/chemical composi-
tion?

How did the first galaxies form, and how do galaxies evolve?

e How do stars and proto-planetary systems form?

How do planets form? How are habitable zones established?

1.1.1 The Reionization of the Universe

Theory and observation predict that the early universe was of very simple nature.
The Big Bang produced (in decreasing order of present mass-energy density):
dark energy, dark matter, hydrogen, helium, cosmic microwave and neutrino
background radiation, and additional trace quantities of lithium, beryllium, and
boron. As the universe expanded, the consequent cool-down allowed for the
formation of hydrogen molecules. After about 100 - 10° years after the Big
Bang, it is thought that the first individual stars could form (Barkana & Loeb
2001). Theory predicts that insufficient cooling mechanisms, caused by the zero
metallicity chemical abundance?, highly favored the production of (so called rype

2In astronomy, usually everything heavier than Helium is considered as metal.
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III) stars with masses between 30 and 500 Mg, burning for only a few million
years before meeting a violent death (Bromm & Larson 2004). These stars ended
either in a core-collapse supernova (type II) or a black hole. Probably, the black
holes started to swallow gas and other stars to become mini-quasars, which grew
and merged to become the supermassive black holes found at the centers of all
massive galaxies (with significant bulge component, Magorrian et al. 1998). The
supernovae enriched the surrounding gas with the chemical elements produced
in their interiors, and future generations of stars consequently showed higher
metallicities. JWST aims at the detection of these supernovae and mini-quasars.

Following the emergence of the first -
bright objects in the universe, hydrogen
in the intergalactic medium was reionized.
Results from the Wilkinson Microwave An-
isotropy Probe (WMAP, Kogut et al. 2003; 08
Page et al. 2007; Spergel et al. 2007, Fig-
ure 1.2) combined with data on quasars at
z~ 6 from the Sloan Digital Sky Survey
(SDSS; Fan et al. 2002) suggest that this
reionization had a complex history (Cen &
2003b). Although there are indications that
galaxies produced the majority of the ul-
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traviolet radiation which caused the reion-
ization, the contribution of quasars could
be significant.

JWST will address the when, how, and
what in this theme: When exactly, and how,
did reionization occur? What are the first
galaxies? What sources were responsible
for the reionization? JWST will conduct
ultra-deep near-infrared surveys with spec-

Figure 1.2: WMAP constraints on the
reionization history. The plot shows the
68% and 95% joint 2-d marginalized con-
fidence level contours for a model in which
the Universe is partially reionized with an
ionization fraction X{ at Zion, and then
fully reionized at z=7. The WMAP data
are inconsistent with a single epoch of
reionization at z ~ 6, and argue for a com-
plex reionization history. (From Spergel
et al. 2007).

troscopic and mid-infrared follow-up to find and identify the first galaxies to
form in the early universe. It will determine the processes that caused reion-
ization through spectroscopy of high-redshift quasars or galaxies, and studies
of the properties of galaxies during that epoch. Low resolution mid infrared
spectroscopy will provide the redshift of bright sources with prominent low/zero
metallicity.
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1.1.2 The Assembly of Galaxies

Theory explains the assembly of galaxies as the hierarchical merging of dark-
matter concentrations (e.g. White & Frenk 1991; Cole et al. 1994). Small ob-
jects formed first, merged together, and grew larger. Throughout this dynamical
process, the chemical composition evolves as more and more heavy elements are
produced in successive generations of stars. The diverse taxonomy and proper-
ties of galaxies found in the present-day universe is considered as the result of
the interplay between the luminous sources and dark matter. Although most of
the observed early galaxies are smaller and more irregular than their present day
counterparts, this scenario is questioned by the presence of extremely massive
ellipticals already at redshifts of z ~6 (e.g. Bouwens et al. 2006, and references
therein). However, there are also antithetic studies that deny a redshift of these
objects of z>4 (e.g. Dunlop et al. 2007).

Despite the recent progress in this field, many questions are still open. How
did the heavy elements form? What physical processes determine galaxy prop-
erties? When and how did the Hubble Sequence of galaxies form? What are
the roles of starbursts and black holes in galaxy evolution? To answer these
questions, JWST will observe galaxies back to their earliest precursors, so that
we can understand their growth and evolution. JWST will conduct deep wide-
imaging and spectroscopic surveys of thousands of galaxies to study morphol-
ogy, composition and the effects of environment. It will conduct detailed studies
of individual ultra-luminous infrared galaxies (ULIRGs) and active galactic nu-
clei (AGN) to investigate the mechanisms behind these sources (Gardner et al.
2006).

1.1.3 The Formation of Stars and Proto-planetary Systems

Despite the advances in stellar astronomy in the last 100 years, the detailed pro-
cesses involved in star formation are yet to be determined. The key objective in
the field of the formation of Stars and proto-planetary systems is to unravel the
birth and early evolution of stars, from infall on to dust-enshrouded protostars,
to the birth of planetary systems.

Already for a single, isolated low-mass star, the evolution to a planetary
system is a complex process (e.g. Shu et al. 1987). More recent observations
show, however, that fragmentation of clouds plays a significant role, giving only
rare occasions where stars can form in isolation. This means stars form in highly
dynamic clusters of protostars, and the situation becomes even more complex.

In addition, observations of the earliest stages of star formation are hindered
by the intrinsic fact that they occur in heavily obscured clouds. In order to pene-
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Figure 1.3: The formation of an isolated planetary system (following Shu et al. 1987; Gardner
et al. 2006).

trate the dust and detect the emission from gas and dust at temperatures between
3000K - 100 K, imaging and spectroscopy at wavelengths between 1 um - 30 um
is crucial.?

JWST will address several key questions in this scheme: How do protostel-
lar clouds collapse? What role does the environment play in star formation?
What is the initial mass function (IMF) of stars at substellar masses? How do
proto-planetary systems form? How do gas and dust coalesce to form plane-
tary systems? JWST will observe stars at all phases of their evolution, from
infall onto dust-enshrouded protostars, through the formation of planetary sys-
tems, penetrating the dust to determine the physical processes that produce stars,
planets and debris disks.

1.1.4 The Formation of Planets

Understanding the origin of the Earth and its ability to support life is an important
objective for astronomy. Mandatory aspects in this scenario include understand-
ing the formation of planetesimals, and how they combine to form larger objects.
We do not know how planets reach their present orbits, and how the large plan-
ets affect the smaller ones in solar systems like our own. We want to learn about
the chemical and physical history of the small and large objects that formed the
Earth and delivered the necessary chemical precursors for life. The cool objects
and dust in the outer Solar System are evidence of conditions in the early Solar
System, and are directly comparable to cool objects and dust observed around
other stars.

JWST will address several key questions in this theme: How do planets
form? How are circumstellar disks like our Solar System? How are habitable
zones established? JWST will determine the physical and chemical properties
of planetary systems, including our own, and investigate the potential for the

3For a blackbody radiator at a given temperature T [K], following Wien’s law, the maximum
of the Planck curve (in um) is roughly given by 3000/ T.
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origins of life in those systems. JWST will use coronagraphy to investigate ex-
trasolar planets and debris disks, and will compare these observations to objects
within our own Solar System.

1.2 JWST Hardware Features

The above mentioned scientific challenges require an extremely sensitive in-
frared telescope, with a wide field of view (FOV), high angular resolution, a
stable point spread function (PSF), and wide wavelength coverage for imaging
and spectroscopy.

1.2.1 The Satellite

The Webb Telescope consists of the optical telescope element, the integrated
science instrument module (ISIM), a sunshield, and a spacecraft (Figure 1.4).
For sufficient resolution and light collecting area, JWST’s primary mirror has a
diameter of 6.5 m. In order to fit into the Ariane V launch vessle, the mirror is
segmented into 18 segments, and foldable (2 segments on each side are flipped
against the satellite). Each segment is made of Beryllium, similar to the ISO and
Spitzer primary mirrors. Figure 1.5 compares the size of the primary mirror to
present day (optical/NIR) space telescopes.

In order to minimize the thermal background observed by JWST, the satel-
lite is passively cooled to a temperature of 40K (and actively in the case of the
Mid infrared instrument which provides its own cooler for cooldown to an op-
erating temperature of 6 K). The location of JWST at the L2 Lagrange point of
the earth-sun system ensures that earth and sun are always aligned along the
same direction. The science instruments and optical elements are protected of
the thermal radiation coming from sun, earth and moon by a 5-layer sunshield
which covers an area of about 22 m times 13 m. This allows the telescope to be
background limited by zodiacal light at wavelengths below 10 um, and provides
high sensitivity up to mid infrared wavelengths of 29 um. The improvement in
sensitivity over Spitzer as well as future 30 m ground based telescopes at wave-
lengths > 2 yum is apparent (Figure 1.5).

1.2.2 The Science Instruments

In this Section, three of the four science instruments contained in ISIM are briefly
described. As member of the European Consortium which is responsible for the
development of the mid infrared instrument, and a member of the MIRI test
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Optical Telescope
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Instrument Module
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Figure 1.4: Left: The composition of the James Webb Space Telescope. ISIM contains the four
science instruments described in Section 1.2.2. The sunshield has about the size of a tennis court
and divides the satellite into a cold (40K) and a warm (300K), sun facing, region (NASA). Right:
the folded JWST inside the Ariane V launch vessel (Jakobsen & Jensen 2008).
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Figure 1.5: Left: A comparison of imaging sensitivities between JWST and a tentative 30 m
telescope (scheduled for ~ 2015-2020) is shown (Mountain 2005). The vertical axis displays
the time gain in relative units (time gain = 1.0 means an observation with the same S/N on a
point source will take the same time with both telescopes; time gain > 1 means JWST is faster).
JWST’s low thermal background becomes prominent at wavelengths > 2 um. Right: The scales of
the primary mirrors of HST, Spitzer and JWST are compared. The JWST primary mirror is made
up of 18 hexagonal segments, each with a diameter of 1.32m (flat to flat). In order to fit into the
launch rocket, the mirror is foldable.
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Table 1.1: The performance of the JWST (Gardner et al. 2006).

Parameter Capability

Wavelength 0.6-29 um
Image Quality Strehl ratio of 0.8 at 2 yum
Telescope FOV  Instruments share ~ 166 squarearcmin FOV

Orbit Lissajous orbit about L2
Celestial Sphere  100% annually
Coverage 39.7% at any given time (Field of Regard)

100% of sphere has at least 51 contiguous days visibility

30% for > 197 days

Continuous viewing zone < 5¢ from each ecliptic pole
Efficiency Observatory ~ 80%

(20% overheads dedicated to slewing, calibrating, etc.)

Overall efficiency > 70%

(10% dedicated to std. star calibration, scheduling, etc.)
Mission Life Commissioning in less than 6 months

5 year minimum lifetime after commissioning

10 year supply of fuel for position maintaining

team that is qualifying the performance of the instrument, I dedicate MIRI its
own chapter in Chapter 2.

The Near Infrared Camera - NIRCam

NIRCam provides imaging in the wavelength range from 0.6 um to 5.0 um. The
camera splits the incoming light into a short wavelength arm (0.6-2.3 yum ) and
a long wavelength arm (2.4 -5.0 um) and is capable of performing simultaneous
imaging in both arms. In addition to various narrow, medium and broad band fil-
ter observations, it will provide a coronagraphy mode. NIRCam’s Field of view
is 2.2 X 4.4 arcminutes (Burriesci 2005; Steakley 2005). NIRCam is provided
by the University of Arizona.

The Near Infrared Spectrometer - NIRSpec

NIRSpec is a multi-object spectrometer in the near infrared wavelength. It
will provide simultaneous spectroscopy of > 100 sources - selected with a mi-
croshutter array, and additional slit spectroscopy (with slit widths of 100, 200
or 400 milliarcsecs) of a 3 X 3 squarearcmin FOV. The achieved resolutions
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are R ~ 100 (over the full NIR band from 0.6 -5.0 um) and R ~ 1000 (1 - 1.8 um;
1.7-3.0um; 2.95.0um). A supplementary integral field unit (IFU) provides
imaging-spectroscopy over a 3 X 3 squarearcsec FOV, at a spectral resolution of
R ~ 2700 over the 3 NIRSpec bands (Bagnasco et al. 2007). NIRSpec is provided
by ESA (with additional component contributions from NASA).

The Tunable Filter Imager - TFI

TFI is the science instrument attached to the fine guidance sensors (FGS) which
are used for the pointing of the telescope. The tunable filter imager provides
narrow band imaging over a 2.2 X 2.2 squarearcmin FOV (spectral R ~ 100).
The filter-wavelengths can be selected in wavelengths between 1.6-2.6 and 3.1 -
4.9 um (Rowlands et al. 2004). TFI/FGS are provided by CSA.

11
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CHAPTER 2

The Mid Infrared Instrument

Figure 2.1: The Verification Model (VM) of JWST’s Mid Infrared Instrument (©Rutherford
Appleton Laboratories).

MIRI is a lightweighted, all aluminium, instrument that will provide imaging
and spectroscopy over the 5 - 25 ym wavelength range (Wright et al. 2008b). Its
design consists of two main modules, an imager and an integral field unit (IFU)
spectrometer.

MIRI is mounted to the ISIM structure (via a carbon fiber hexapod) and thus
is located in JWST’s 40K environment. The operating temperature of MIRI
for science observations, however, is between 6 -8 K. For this reason, MIRI in-
corporates its own dedicated active cooler (located at the sun facing side of the
sunshield). The organization of the optical system of the MIRI instrument is
presented in Figure 2.2.

The MIR-instrument is developed in a 50/50 share between ESA and NASA.
NASA provides the cryogenic cooler, the programming of the MIRI flightsoft-
ware & the detectors (Raytheon MIR detectors), and ESA the optical system.

13
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Figure 2.2: The basic layout of the MIRI optical system (MIRI image from MIRI optical system

critical design review, CDR).
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Figure 2.3: The European Consortium (EC) involved in the development of MIRI. It consists

of 21 institutes, distributed over 10 European nations.

Concerning hardware, the EC provides

the optical system (Figure 2.2), the cryo cooler is provided by the Jet Propulsion Laboratories.
MIRI flight software is developed at NASA, with EC contributions in the form of performance
and functional scripts (Image from MIRI optical system CDR).
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2.1. The spectrometer

Due to the enormous costs, ESA has distributed the development of the MIRI
instrument over institutes from all Europe. Figure 2.3 gives an overview over
the contributions of the various nations. Almost each component of the optical
system is provided by a different institute, requiring a lot of communication be-
tween the different members and meticulous documentation. Astrium has been
appointed with the task of the overall management of the consortium (Wright
et al. 2008a).

For the evaluation of the performance of MIRI, a dedicated test-team has
been established inside the EC, with additional NASA personnel. At the time
of writing of this thesis, the MIRI verification model (VM) functional and per-
formance tests are carried out (August - October 2008). The cold test sequence
alone requires a consecutive test-time of 2 months, with data being taken 24h a
day (first results can be found in Lim et al. 2008).

2.1 The spectrometer

The medium resolution spectrometer (MRS) is an integral field spectrometer
which provides spectroscopy from 5 - 25 um with an average resolving power of
R~2000 (Kroes et al. 2005). The MRS field of view is about 3.5 X 3.5 squarearc-
seconds.

The spectrometer is divided into the Spectrometer Pre-optics (SPO) and
Spectrometer Main-optics (SMO, c.f. Figure 2.2). Spectral filters for pass-band
selection and the image slicer are included in the SPO, the actual dispersion of
the light is applied in the SMO via diffraction gratings. For optimized perfor-
mance over the broad MIRI wavelength range, the spectrometer is split into four
separate channels with an optimized spatial sampling.

The spectrometer will have a sensitivity (i.e. S/N of 10 after 10* s of integra-
tion) of 0.8-1072° Wm=2 at 9.2 um and 4.3-1072° W m~2 at 22.5 um respectively.
It will provide the following spectroscopy modes:

e 2000 < R < 7000 @ 5um < A < 10 um;
e 1800 < R < 6000 @ 10um < A < 15 um;

e 1600 < R < 5000 @ 15um < A < 27 um.

2.2 The imager

The MIR-imager (MIRIM) provides not only, as the name might imply, the imag-
ing capabilities of the MIR-instrument, but also coronagraphy and low resolution
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Table 2.1: MIRIM bands for imaging, coronagraphy and spectroscopy. In the MIRIM filterwheel,
there are 18 different positions, with 10 imaging filters, 4 coronagraphy filters, one double prism,
a neutral density filter, an alignment lense and a closed position.

Mode Center Bandwidth

Imaging 5.6 1.2
Imaging 7.7 2.2
Imaging  10.0 2.0
Imaging 11.3 0.7
Imaging  12.8 24
Imaging  15.0 3.0
Imaging  18.0 3.0
Imaging  21.0 5.0
Imaging  25.5 4.0
Imaging  25.5 4.0
Coron. 23.0 4.6
Coron.  10.65 0.53
Coron. 11.4 0.57
Coron. 15.5 0.78
Spect. 7.5 5.0

spectroscopy (LRS) (c.f. Table 2.1, Amiaux et al. 2008).

The detector is a 1024x1024 pixels array, with a sampling of 0.11 arcsec/pixel.
It will be Nyquist sampled at 7 um. The FOV of the imaging mode is 1.25x1.88
squarearcmin. The coronagraphic mode has a dedicated field on the MIRIM de-
tector, with one region for Lyot and three 4-Quadrant-Phase-Mask coronagraphy
(each region is optimized for a respective wavelength).

The low resolution spectroscopy mode is described in detail in Chapter 3. In
particular, Figure 3.5 shows the optical layout of the imager, with the filterwheel
in the LRS-position, and a raw frame of the VM MIRIM detector to illustrate its
illumination and the dedicated regions.
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CHAPTER 3

The Low Resolution Spectroscopy
Double Prism Assembly

Figure 3.1: The flight model of the Low Resolution Double Prism Assembly during its assembly.

3.1 Introduction

The purpose of the Low Resolution Double Prism Assembly (LRSDPA) is to po-
sition two prisms, made of Zinc-Sulfide and Germanium, accurately in the filter-
wheel of the MIRI imager. The low resolution spectroscopy mode of the MIRI
imager then will allow to perform prism slit-spectroscopy in the wavelength-
range from 5-10 microns at a resolution of R=100. This mode is particularily
aiming at spectroscopic analyses of very low surface brightness objects, such as
deeply embedded (proto-)stars, or the first light-emitting galaxies that re-ionized
the universe shortly after the big bang.
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A general problem in the design of sientific satellites is the limitedness of
available room. The other main challenge is that the prisms, intrinsic fragile
crystals, will be exposed to extremely high levels of vibrations during the launch
of the rocket. The double prism assembly compensates for this and provides a
safe mount of the prisms, with as few induced stress into the optical component
as possible. Springs provide a safe fixation - without overload - of the prisms,
while gold-foils provide a smooth contact between crystal and Aluminium parts.

Starting with a scientific motivation on why the low resolution spectroscopy
mode is essential for the science aims of JWST, the following chapters will ex-
plain in detail how the prisms are mounted, what critical aspects I had to consider
in the development of the design and what test campaigns we made to qualify the
performance of the LRSDPA. This chapter has been published in part in Fischer
et al. (2008), Rossi et al. (2008), and in several documentation papers for the
European MIRI consortium.

3.2 Science Drivers

For an extensive discussion of the scientific objectives of JWST, I refer to Gard-
ner et al. (2006). The natural field of appliance for a sensitive MIR spectrometer
is to spectroscopically study higher-redshifted counterparts of the galaxies in our
local universe. For example, at a redshift of z = 3, the near infrared J, H and K-
bands (4 = 1.25 — 2.4 um) are shifted into the 5 - 10 um band of the LRS mode.
These observations yield information on the evolution of galaxies and AGN over
cosmic timescales. Hence, local spectroscopic infrared studies (e.g. Rodriguez-
Ardila et al. 2000a) can be expanded to larger lookbacktimes with a reasonable
amount of integration time compared to ground-based MIR telescopes, which
suffer from the high thermal background of the atmosphere and the telescopes.
However, one of the most ambitious scientific objectives of the James Webb
Space Telescope is the detection of the first bright objects in the universe - which
ended the cosmic 'Dark Ages’: At about 180 million years after the Big Bang
(Barkana & Loeb 2001), the initially hot universe expanded and cooled down
below the sublimation temperature of hydrogen molecules. This allowed for the
formation of the very first stars in the universe, which consisted only of hydro-
gen and helium. Due to the lack of sufficient cooling mechanisms in these zero
metallicity stars, their effective temperature is of the order of 10° K (Bromm
et al. 2001, e.g.). On the one hand, this causes the Jeans mass to be much higher
than for solar mass metallicities. Hence, zero metallicity stars favor masses
of > 100 My. On the other hand, this means that these sources are very ef-
fective in ionizing hydrogen and helium. However, the high effective temper-
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atures imply also low UV /optical fluxes: The spectral energy distribution of
these stars at temperatures of ~ 103 K follows that of a black body of corre-
sponding T.sr. Here, UV and optical band fall into the Rayleigh-Jeans limit,
where the flux of the bolometric luminosity function scales with Te‘ﬁ = Most
recent results from the Hubble Ultra-Deep Field observations predict that this
process of re-ionization was ignited at redshifts of z,.;,, = 15 = 5 (Panagia
et al. 2005); WMAP observations of the cosmic microwave background result
in a redshift of Z.cjon = 10.93:; (Spergel et al. 2007). At these redshifts, the
restframe UV /optical gets shifted into the mid-infrared. Still, the faintness of
these stars makes observations challenging, even for JWST. Panagia (2003) dis-
cuss that JWST will not be able to determine metallicities for low-metallicity
starburst objects at a spectroscopic resolution of R=1000. Here MIRI’s double
prism low resolution spectroscopy mode (R=100) becomes crucial due to its in-
crease in sensitivity. For the brightest zero-metallicity star clusters and dwarf
galaxies, the LRS mode is able to not only determine redshifts, but also to give
estimates on their metallicity. For example, as can be seen in Figure 3.2, the
[OIlI]- and Hell lines are sensitive indicators to changes in metallicities and at
the expected redshifts readily accessible for the LRS mode.

3.3 Design Drivers

The fundament of the LRSDPA are the requirement specifications defined by
the French imager team (Section 3.3.1).* The design presented in this thesis is
the result of a redesign of the LRSDPA’s demonstration model structure (Fischer
et al. 2006¢): Initially, the accelerations expected at the level of the optical el-
ements of the MIRIM filterwheel were of the order of 20 gRMS (c.f. Section
3.3.1). An anomaly during vibrational tests of the demonstration model of the
filterwheel disk required a redesign of the filterwheel that affected the vibrational
loads on the optics significantly (the load increased to 55 gRMS). At this stage,
the demonstration model of the LRSDPA, designed for the initial levels, was al-
ready manufactured. During the demonstartion model vibration test campaign
of the LRSDPA, one of the two prisms (the Germanium prism) was not able to
withstand the final applicable axial random vibrations (Figure 3.3).

“The responsabilities of the development of the LRSDPA have been shared between University
of Cologne (UoC), which conducted the development of the design and the manufacturing of all
LRSDPA parts except the prisms, and the Centre Spatial de Liege (CSL), which provided the
interface to the discussions with the commissariat a I’énergie atomique (CEA), the procurement
of the prisms and the procurement of the coating of all components. The qualification campaign
oh the LRSDPA has been performed in a team effort between UoC and CSL.
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Figure 3.2: Taken from Panagia (2003): The synthetic spectrum of a zero-metallicity HII region
(top panel) is compared to that of HII regions with various combinations of stellar and nebular
metallicities (Iower panels). The long-dashed and short-dashed lines represent the stellar and neb-

. . L . . 5 (red)
ular continua, respectively. In addition, the 5-10um band corresponding to a redshift of 15" 5 (que)
is overlayed.
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Figure 3.3: The LRSDPA demonstration model (DM) before (left) and after (right) the axial
random vibrations. Both images show the Germanium side of the LRSDPA, on the right hand
side, the cover has been removed. The DM was designed for vibration levels of 20 gRMS. Due to
a change in the filterwheeldesign, the vibration levels changed to a maximum of 55 gRMS in axial
direction (Section 3.3.1). These high accelerations have shattered the prism completely.

The redesign has addressed this problem and optimized the prisms’ mechan-
ical robustness against vibration loadss. Its success has been proven by the suc-
cessful qualification of the vibratonal test campaign (Section 3.4.2). Naturally,
some of the requirements are much more crucial and design-driving than others.
The positioning accuracy of the prisms inside the holder, the enormous levels of
accelerations and the tight allocated outer envelope all have serious impacts on
the final design. The compliance of the design to these most critical requirements
is described in detail in sections 3.3.2, 3.3.3 and 3.3.4.

3.3.1 Requirements

General criteria concerning design, performance and qualification of space equip-
ment are defined by the European Cooperation for Space Standardization (ECSS)
guidlines - e.g. structural aspects to be considered in the design can be found in
ECSS-E-30, Part 2.

While I always have taken these general rules into account, LRSDPA specific
requirements have been defined by CEA, in conformity to their optical design of
the MIRI imager, of which the LRSDPA is an official subcomponent. These re-
quirements are described in detail in Dubreuil et al. (2008) and listed as brief
overview in table 3.1. Some requirements are only of a formal nature, such
as that CEA are provided with all test results. Mandatory specifications deal
with dimensions, positioning and according tolerances of the two prisms (Sec-
tion 3.3.4). However, some minor requirements cannot be met, e.g. due to the
small available room, the size of the screws mounting the LRSDPA to the filter-
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wheel had to be decreased to M3 screws (cf. spec 77), and a small exceedance
out of the allowed outer envelope is inevitable. Any of these discrepancies to the
requirements has been discussed and agreed upon with the imager team of CEA.

For additional qualifications, on the other hand, the ECSS standards always
form the main guideline. For example, the qualification of a modified screw
that is in use to mount the LRSDPA onto the filterwheel, has been performed in
accordance to ECSS-Q-70-46A.

Table 3.1: Requirement Specifications of the LRSDPA, defined by CEA (Dubreuil et al. 2008).

Spec No. Requirement Value
Spec 01 Dimensional Parameters given at 20° C
Spec 02 The prisms are unpolished along the generating direction
Spec 03 (Ge) Material is Ge Standard Optical Grade
Spec 04 (Ge) The optical requirements apply to the useful optical aperture taking
into account the 3.8 % pupil shear
Spec 05 (Ge) Entrance face angle 2.7337° + 0.017°
Spec 06 (Ge) Refractive index value -@5m, 7K 3.851 +£0.001
Spec 07 (Ge) Refractive index homogeneity -@5m, A[n] < 107
7K
Spec 08 (Ge) Flatness of the entrance face A/30(@ 633 nm) RMS
Spec 09 (Ge) Thickness of the prism 7 mm + 0.05 mm
Spec 10 (Ge) Output face angle -14.4830° + 0.017°
Spec 11 (Ge) Flatness of the ouput face A1/30(@ 633 nm) RMS
Spec 12 (Ge) Scratch/Dig requirement 60-40
Spec 13 (ZnS) Material is MultiSpectral Grade
Spec 14 (ZnS) The optical requirements apply to the useful optical aperture taking
into account the 3.8 % pupil shear
Spec 15 (ZnS) Entrance face angle -22.3270° + 0.017°
Spec 16 (ZnS) Refractive index value -@5m, 7K 2.208 +£0.001
Spec 17 (ZnS) Refractive index homogeneity -@5m, A[n] < 107
7K
Spec 18 (ZnS) Flatness of the entrance face A/30(@ 633 nm) RMS
Spec 19 (ZnS) Thickness of the prism 13 mm + 0.05 mm
Spec 20 (ZnS) Output face angle 311.02687° + 0.017°
Spec 21 (ZnS) Flatness of the ouput face A1/30(@ 633 nm) RMS
Spec 23 (Ge) Positioning Ax, Ay + 100 um
Spec 24 (Ge) Positioning Az +70 um
Spec 25 (Ge) Positioning Aa, AS + 1.6 arcmin
Spec 26 (Ge) Positioning Ay + 15 arcmin
Spec 27 (ZnS) Positioning Ax, Ay + 100 um
Spec 28 (ZnS) Positioning Az +70 um
Spec 29 (ZnS) Positioning Aa, AB + 1.6 arcmin
Spec 30 (ZnS) Positioning Ay + 15 arcmin
Spec 31 (Holder) Positioning Ax, Ay Az + 60 um
Spec 32 (Holder) Positioning A, A + 30 arcmin
Spec 33 (Holder) Positioning Ay + 34 arcmin
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Spec No Requirement Value

Spec 34 The material used for the AR coating shall avoid hygroscopic material and
if possible radioactive material.

Spec 35 To avoid straylight, the useful area of the AR coating shall cover the whole
optical apertures of the faces of the prisms with a margin of at least 300 um.

Spec 36 A minimum transmission of 80% is required for the double prism at 7K
between 5 ym - 10 um

Spec 37 Below 5 um, the specifications are driven by the straylight analysis

Spec 38 Above 14 um, the transmission of the double prism shall be less than 10~
to avoid straylight towards the detector unit

Spec 39 DPA components shall perform without permanent degradation after expo-
sure to two times their mission Total Ionizing Dose

Spec 40 A material certificate of the prism materials will be delivered with the dif-
ferent models

Spec 41 The prisms holder will be made in aluminium alloy 6061 T6

Spec 42 A material certificate of the Aluminium will be delivered with the different
models

Spec 43 The blank holder will be tempered between 77 K and 423 K

Spec 44 A description of this stabilisation treatment will be provided for CEA

Spec 45 The mass of the DPA shall be 69 g +20%

Spec 46 This mass will be measured for each model

Spec 47 The position DPA center of mass shall be determined by calculations

Spec 48 The DPA moments of inertia shall be determined by calculations

Spec 49 The Double Prism Assembly shall withstand a Quasi-Static Load of 200 g
along each axis

Spec 50 The Double Prism Assembly shall have a first resonant frequency greater
than 200 Hz.

Spec 51 The first resonant frequencies will be determined by Finite Element Analy-
sis

Spec 52 A technical note containing the whole results of this analysis will be pro-
vided to CEA

Spec 53 The first resonant frequencies shall be checked by low level sine vibrations
tests

Spec 54 The levels applied will be a constant acceleration of 0.5 g between 5 and
2000 Hz, with a sweep rate of 2 octaves per minute

Spec 55 The results of these vibration tests will be provided to CEA

Spec 56 Dynamic responses shall be determined by sine and random vibration tests

Spec 57 Random vibrations qualification will be performed with qualification levels
(cf. spec 90)

Spec 58 The levels will applied along the 3 orthogonal axis of the DPA

Spec 59 Qualification test duration is 2 minutes

Spec 60 the heat conduction from the interface with the filterwheel to the prisms
shall be as easy as possible

Spec 61 Conductive surfaces will be coated with Alodine 1200

Spec 62 Contact surfaces under bolts will be coated with Alodine 1200

Spec 63 Non operational temperatures range from 4 K to 364 K
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Spec No. Requirement Value

Spec 64 Operational temperatures range from 6.85K to 15.5K

Spec 65 10 thermal cycles between 6 and 313 K, minimum temperature rate of
20 K /hour

Spec 66 The whole results of these thermal cycling tests will be provided to CEA

Spec 67 The AR coated prisms have to work under vacuum at a temperature of 7K

Spec 68 All non-contact surfaces of the holder shall be black anodized

Spec 69 Diaphragms shall be implemented in the design of the holder

Spec 70 Position of prisms wrt dowel pins + 100 um

Spec 71 Position of prisms’ bearing surfaces +20um

Spec 72 Flatness of prisms’ bearing surfaces +5um

Spec 73 Angular position of the flat surface +0.25°

Spec 74 Size and the shape of the hole in the filter wheel disk defined by UoC
Spec 75 The fixation of the DPA on the wheel disk shall be ensured by 3 bolts

Spec 76 The position of the 3 bolts is given in a CEA interface drawing

Spec 77 The 3 fixation bolts will have a diameter of 4 mm

Spec 78 The tightening torque of the 3 bolts will be calculated

Spec 79 The alignment of the DPA shall be ensured by 2 pins with a diameter of 2
mm

Spec 80 The pins will be mounted in interference fit in the wheel disk structure

Spec 81 The position of the pins is given in a CEA interface drawing

Spec 82 The holder will have corresponding holes,one circular, one oblong

Spec 83 Bolts and pins are provided by CEA

Spec 84 The position of the interface surface between the prism holder and the filter
wheel disk is defined in a CEA interface drawing

Spec 85 The roughness Ra of the interface surface shall be less than 1.6 um

Spec 86 Flatness of holder-filterwheel interface sur- < 20um
faces

Spec 87 The design of the Double Prism assembly shall respect the room available
around the prisms

Spec 88 The envelope available for the DPA will be described in a CEA interface
drawing

Spec 89 The DPA design shall respect the CEA Interface drawing

Spec 90 The DPA design shall consider the design random vibration levels

Definition of random vibration spectral densities

During the launch of the rocket, the burning of the fuel creates soundwaves
which travel through the rocket and are responsible for creating vibrations. Ini-
tially, these random vibrations are only of low magnitude, but when transmit-
ted to the satellite, each component starts vibrating itself, such that the sub-
components experience higher degrees of vibration. This is especially important
for the LRSDPA, which is integrated into the filterwheel of the MIRI imager and
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is the lowest order of sub-components. Due to the amplification through higher
order sub components, and especially the flexibility of the filterwheel disk, the
initial 3-4 gRMS of the rocket are amplified to ~50 gRMS at the level of the LRS-
DPA.

One important aspect of the requirements is that two of the above specifica-
tions define random vibration power spectra’. Specification 57 defines spectral
density qualification levels, whereas specification 90 defines the design levels,
cf. Figure 3.4. The reason for this is that the design levels have been estab-
lished shortly before the demonstration model vibration test campaign, when the
demonstration model already was manufactured. After surviving both lateral
directions, the Ge prism broke during the axial direction random vibrations, de-
manding for a redesign. During the following non conformance review (Renotte
et al. 2006), the board was convinced that a redesign of the LRSDPA alone was
not enough and the levels had to be re-evaluated. To keep the schedule and not
to produce a delay affecting the delivery of MIRI and eventually the schedule of
the whole JWST, it was agreed that for the design-phase, the *design levels’ form
the base for all calculations, whereas the (at that time not available) ’qualifica-
tion levels’ would be deduced from a close to final filterwheel design. For this
procedure, the liability of the design levels was crucial - the final qualification
levels must not exceed the design levels.

3.3.2 Design Overview
Optical Design

The optical design of the MIRI imager, which includes the optical design of the
LRSDPA, has been developed by CEA, i.e. Didier Dubreuil, Sebastien Poupar,
Samuel Ronayette and Jerome Amiaux.

The great two advantages of the low resolution spectroscopy double prism
assembly which motivated its implementation into JWST are that it

1. yields a very effective light-throughput and allows spectroscopy of very
faint targets;

SThe term power spectral density is historically driven, originating from times when accel-
erations were measured electronically and derived from the measured power. When looking at
accelerations, the term acceleration spectral density is more accurate.

To derive peak levels of accelerations from random vibration spectral densities, a 3 o noise of the
total gRMS value is considered. This means that with respect to the design levels, the LRSDPA
will experience peak excitations of 166 g (!) within a 30~ probability.

The European PI, Gillian Wright, took over the responsability for this (Wright 2007).
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Figure 3.4: Comparison between Design (left, according to specification 90) and Qualifiation
(right, specification 57) random vibration power spectral density levels. The black and green
colored lines represent excitation in the lateral axes of the LRSDPA, orange the vertical axis. For
the qualification levels, the filterwheel has been notched (excitation has been cut off at certain
frequencies) to protect the optical components, with the aim of resulting in the lowest possible
excitation at the location of the LRSDPA. Hence the peaks containing most of the energy on the
left have been reduced, which can be seen in the overall (integrated) power, which diminishes
from 55.1 gRMS to 44.0 gRMS for the vertical excitation direction. The fact that the curves on the
left and the corresponding curves on the right are not resembling each other much is not important
for the LRSDPA, because in this frequency range, it behaves completely rigid (i.e. it has no
Eigenfrequency). See Section 3.4.2 for results of the Qualification test campaign. In addition, the
gray curve in the left diagram shows the initial levels for which the demonstration model had been
designed (same excitation for all directions).
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2. provides spectral dispersion witout altering the beam angle what allows a
similar treatment like a photometric filter, i.e. it can be implemented into
an imager without the need for additional optics.

The use of a grism, although more compact, would lead to an unrealistically
low number of grooves per mm to achieve the desired resolution (4 grooves per
mm would be required). The optical layout of the low resolution spectroscoy
mode is presented in Figure 3.5. The first of the two prisms is made of Ger-
manium (Standard Grade), the second prism’s material is Zinc Sulfide (Multi-
Spectral Grade). Characteristic for both prisms is an extremely high refractive
index in the mid infrared (at ~ 50K and 7.5 um: ng, = 3.92, nz,s = 2.22 see
Figure 3.6).” The diameter of the prisms are 23.4 mm (Ge) and 24.5 mm (ZnS).
To reduce the amount of straylight in the spectrum, the two optical surfaces of
each prism are coated with an antireflective coating optimized for the wavelength
range from 5 um - 10 um. In addition, the optical design foresees diaphragms in
the shape of the footprint of JWST’s primary mirror on the front and exit faces of
the prism. One of these diaphragms is completely sufficient, and in the LRSDPA
this diaphragm is incorporated into the cover of the Ge prism. For sensitiv-
ity as well as straylight reasons, the surfaces of all mechanical parts are black
anodized. The pixel scale of the resulting spectrum is roughly 28 pixels/um.
According to the Rayleigh criterion, which defines the minimum separation of
two resolved spectral lines to the full width at half maximum (FWHM) of the
line, the spectrum will show a resolution of 100 at 7.5 um. This implies that the
spectrum will be Nyquist sampled (2 pixels sample the FWHM). The sensitivity
of the spectrometer aims at 0.6 - 10729 W/m? for line flux and 1.35uJy on the
continuum flux (100 detection after 10000s). The operating temperature of the
double prism is, like the operating temperature of the whole MIRI instrument, ~
7K.

Structural Concept

The goal of the structural design is to induce as little mechanical stress as pos-
sible into the optically active volume of the prisms, while poviding an accu-
rate alignment. Therefore, a semi-kinematical mounting of the prisms via an
interface-flange attached to the prisms is chosen. In particular, the design ac-
complishes that under all appearing accelerations, the LRSDPA behaves com-
pletely rigid, i.e. no displacement of a prism (which would inevitably lead to its

"However, a disadvantage of especially the ZnS crystal is a large spread of refractive inho-
mogeniety which claims much of the tolerance budget distribution of the requirements specifica-
tions (table 3.1).
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Figure 3.5: Optical Layout of the MIRI LRS mode. The mid infrared light enters the imager from
a pick of mirror through the LRS slit. After several reflections and collimation, the light enters the
double prism assembly (entrance Ge prism, exit ZnS prism), gets spectrally dispersed, and after
3 more reflections is focussed onto the detector. Note that the double prism light dispersion does
not alter the angle of the beam, what allows for an implementation into an imaging unit. On the
top right, the imager CAD model with its filterwheel is shown in the same orientation. The top left
displays a MIRIM VM raw trame (without background subtraction). The detector is illuminated
by a point source, and the region of the LRS slit is indicated. The coronagraphy region is located
to the left of the detector. The VM detector has a bad response at the bottom right corner.
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Figure 3.6: Temperature dependent refractive index (top) and transmissivity curves (for different
thicknesses, but at a temperature of 290 K, bottom) for the two prism materials Zinc Sulfide and
Germanium. The LRS wavelength range is marked in gray. (Plots © by University of Reading,
Infrared Multilayer Laboratory)

destruction) occurs.

Figure 3.7 shows an exploded view of the LRSDPA. All individual compo-
nents of the LRSDPA are shown in the order of their implementation. The struc-
tural concept is summarized as follows (any tolerancing is explained in detail in
Section 3.3.4):

e The main mounting structure houses the two prisms and provides the in-
terface to the filterwheel. The LRSDPA is attached to the filterwheel via 3
M3 hexagonal socket head screws (steel AISI 316 A4). The alignment is
secured by two dowel pins in the filterwheel.

e Most components of the LRSDPA (with the exception of the prisms them-
selves, the screws, the springs and two gold-foils located on the prisms
flanges) are made of Al 6061 T6. The Aluminium parts have been ther-
mally tempered to improve the structural hardness prior to fine machining
(cooled down to 77 K for >20h, then cycled several times between 423 K
and 290 K).

e The prisms’ optical alignment is provided by the fit of the prism into the
holder. No further manual adjustments / alignment are required.

e The two prisms each have a large flange attached to the optically active
volume. The interface to the holder is completely realized using only this
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Ge prism

Figure 3.7: An exploded view of the LRSDPA and its components.
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flange-area. In particular, the entrance and exit faces of the prisms are free
from any contact.

In order to avoid the creation of microcracks, which could propagate through
the crystal during vibrations or thermal cycling, the surfaces of the prisms
are lapped where this is feasible. This includes the flange and the main
body of the prism (in fact, this is in contradiction to specification 02, but
highly favorable to improve the prisms structural capabilities).

A hard Aluminium-crystal contact is not desired. Gold foils with a thick-
ness of 25 ym are placed on bottom and top of the prisms’ interface flanges.
Since the prism shape will be imprinted onto the Gold washers, the wash-
ers can be used only once. Should the LRSDPA be dismounted and re-
assembled, new washers have to be used.

The semi-kinematical mounting is realized with one CuBe 2 ondulated
spring per prism. The springs contract to a height of 1.5mm under their
respective preload. The overall contraction is only 0.100 mm = 0.05 mm.

The spring compensates a quasistatic force of 3 - 55 g in axial direction di-
rectly. 3-33.1 g quasistatic forces in lateral directions are compensated via
static friction. Since the prisms differ in size and mass, different springs
for the Ge prism and the ZnS prism are needed.

According to simulations, both prisms will survive the expected accelera-
tions with a positive margin of safety > 2.4 (3.4 for the Ge prism, 3.8 for
the ZnS prism, see Section 3.3.3).

Due to the small available space, the springs have only 6 waves. In order to
avoid point-loads induced onto the prisms, an A16061 T6 washer (0.5mm
thickness) is placed between prism and spring.

To minimize straylight, diaphragms are needed at the outer surfaces of the
prisms. A mask representing the beam (including pupil shear) is included
in the cover of the Ge prism. On the exit surface of the ZnS prism, an
elliptically shaped mask, surrounding the telescope footprint, is sufficient
for the avoidance of straylight and allows for an technically easier manu-
facturing.

The LRSDPA approaches the allowed outer envelope defined in [AD17]
to a mimimum distance of 25 um - with one exception: The LRSDPA
inevitably exceeds its allocated envelope at one point on the ZnS side of
the holder by 0.3mm. This protrusion has been accepted by CEA.
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Table 3.2: Material properties of the materials in use for the LRSDPA. Contraction refers to a
cooldown from 290K to 10K and is given in per 10*. Source: Database of material properties,
www.matweb.com.

Material Density Contraction  Poisson Ratio  Young’s Modulus
[g/cm?] (per 10%) [10'0Pa]
Al6061 T6 2.71 414 0.3 6.89
Steel AISI 316 A4 7.8 30 0.29 21.50
CuBe 2 8.81 0.341 11.0
Ge std-grade 5.323 9.3 0.28 10.27
ZnS MS-grade 4.09 9.5 0.29 7.45
Material Ultimate Tensile Strength ~ Specific Heat ~ T. Conductivity
[N/mm?] [J/g/K] [W/m/K]
Al6061 T6 430 0.964 180.07
Steel AISI 316 A4 580 0.500 16.3
CuBe 2 205 0.389 259
Ge std-grade 95+48 0.310 58.61
ZnS MS-grade 69 0.515 27.2

Based upon calculations, the mass of the LRSDPA is 75.9 g. The qualifica-
tion model’s mass has been measured to 75.3 g. Considering all manufacturing
steps and tolerances, this is a very accurate result. Based upon calculations, the
center of gravity is located at

(—0.17444,-151.02637,91.85781) mm

with respect to the global MIRI imager coordinate system (Figure 3.5). Based
upon calculations, the principal moments of inertia are

(8.5307, 12.2903, 12.87266) kg/mm?>.

Due to the compactness of the LRSDPA, its Eigenfrequencies are high. The sim-
ulations presented in Section 3.3.3 predict a first Eigenfrequency of the LRSDPA
lies at a frequency of 6.04 kHz (Table 3.3). This is conform with the qualfica-
tion tests, where in a frequency-sweep from 20-2500 Hz, no Eigenfrequency has
been found. For these calculations, I have made the assumption that the LRS-
DPA behaves as one rigid component, where no movement of any sub-part is
allowed. As long as the excitation loads do not exceed the design loads, this as-
sumption is reasonable. The mass participation factors given in table 3.3 provide
an indication for the significance of the vibration. An Eigenmode with a high
mass participation factor implies that the mode can readily be excited along that
direction.
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3.3.3 Geometric Elements Method Analyses

During the design phase, I studied the characteristic response of the two prisms
to the expected maximum acceleration levels using the software Pro/Mecha-
nica. The simulation technique applied by Pro/Mechanica is a geometric ele-
ments method simulation (GEM simulation). This means that convergence of
the simulation is acquired by increasing the polynomial order of the mesh which
represents the structural part (in contrast to finite model simulations, where con-
vergence is achieved by decreasing the size and increasing the number of ele-
ments). Simulations of the complete LRSDPA in assembly-mode were too time-
consuming and did not converge. Hence, the prisms are investigated individually.

Ultimate ambition of the design of the two prisms is that simulations verify
the prisms’ ability to withstand appearing accelerations and induced stresses by
a safety factor of 2.4 concerning the ultimate stress limit (Astrium / ESA agree-
ment).® The actual prisms are mounted using a spring which presses onto the
prism’s flange. For the GEM-study, this semi-kinematic mount has been ideal-
ized:

e The prism is constrained versus displacement in x- direction’ via the un-
derside of the prism’s interface flange and in y- and z-direction via the
vertical edge of the same flange.

o The required preload, which in reality is provided by the CuBe 2 spring, is
applied axially onto the flange. According to the definition of the random
vibration design levels (chapter 3.3), 55 gRMS in axial and 33.1 gRMS in
radial direction must be expected. For the calculation of the preload of the
spring, the following aspects are considered:

— The radial fixation of the prism is accomplished via static friction,
and here a conservative coefficient of static friction of u = 0.25 is
used to represent the prism-goldfoil-Aluminium contact.!®

— A safety margin of an increased load of 10% is multiplied to the
random levels.

8For optical materials, there is no general ECSS safety factor defined, here case-by-case mar-
gins have to be agreed upon. For comparison, ECSS-E-30, Part 3 suggests a saftey-factor of 1.5
concerning ultimate stress limits for any metallic materials used in mechanisms.

For each prism, a dedicated coordinate system was used for the simulation. The x-axis of this
coordinate system coincides with the generating axis of the prism’s cylinder and the z-axis lies in
the symmetry-plane of the prism.

10Since 33.1gRMS /0.25 > 55gRMS, the radial random vibration levels are driving the
preload of the spring!
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Preload of 121N I

Figure 3.8: The constraints and loads used in the GEM analysis of the ZnS prism to idealize the
interface of the prism to the holder and the preload of the CuBe 2 spring.

— Due to manufacturing and tolerancing budget, only 85% of the preload
are effectively mounting the prism.

This leads to a preload of:.

33.13gRMS -3 - 1.1 1

Fpreload[N] = :
preload [V ] p 085

- 9.81m/ s* - mass prism kgl

e In addition, 166 g (= 55.13 gRMS - 3) gravity are considered in axial di-
rection.

In this way, preload and gravity are acting in the same direction, inducing the
largest amounts of stress into the prisms (i.e. worst case study). For both prisms,
convergence of the simulation was reached within 10% in the criteria of edge
displacement, element strain energy, and global RMS stress. This is sufficient
for a rough estimate of the prisms survivability during random vibrations. The
maximum polynomial order for the simulations is 9 (see Figures 3.10 & 3.13).

The ZnS Prism’s GEM Analysis

The weight of the ZnS prism is 24.4 - 1073 kg, which results in a preload of
121 N for the ZnS prism. This preload is applied axially, in +X direction, onto
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Figure 3.9: The Maximum Principal Stresses are shown color coded in units of MPa. Highest
levels of stress are located at the prism’s flange, whereas the main body of the prism is kept free
of stress. With respect to an ultimate tensile strength for ZnS of 68.9 MPa, the prism will survive
the applied loads within a safety factor of 3.8.

the bearing surface of the prism’s flange that is in contact with the spring; 166g
gravity are working in the same direction (Figure 3.8).

The ultimate tensile strength of ZnS multi spectral grade is 68.9 MPa. The
result in Figure 3.9 shows that the highest stress-values occur at the edge of
the flanges surfaces which provide contact to the holder, near its front-edge.
However, the maximum principle stresses do not exceed 18 MPa (maximum
model value is 6.4 MPa, minimum model value is -17.2 MPa). According to this,
the ZnS prism will survive the applied loads within a safety factor of 3.8 (a safety
factor of the demanded 2.4 results in an effective stress limit of 28.7 MPa). The
mesh and the polynomial order of the simulation are displayed in Figure 3.10.

The Ge Prism’s GEM Analysis

The weight of the Ge prism is 18.6 - 1073 kg, which results in a preload of 86 N
for the Ge prism. The preload is applied axially, in +X direction, onto the bearing
surface of the prism’s flange that is in contact with the spring; 166g gravity are
working in the same direction (Figure 3.11).

The ultimate tensile strength of Ge standard grade is (95 +16) MPa (1o
error). To be conservative within a 3 o error, we consider an ultimate tensile
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Figure 3.10: The mesh and the according polynomial order of the ZnS GEM study are shown. The
flange-area, where most of the stresses are concentrated, required the highest order of polynomial
to achieve convergence.

/ Preload of 85N |

Figure 3.11: The constraints and loads used in the GEM analysis of the Ge prism to idealize
the interface of the prism to the holder and the preload of the CuBe 2 spring. On the right, the
simplified prism model which is used to improve the convergence of the design study is shown.
The large roundings at the front face of the flange have been removed. It was carefully paid
attention not to artificially (and unrealistically) increase the contact surfaces of the flange. Only
those surfaces are constrained/loaded which have contact in the model with included roundings.
The actual stress distribution hence should be more uniform than the distribution presented in the
results of this simulation.
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Figure 3.12: The Maximum Principal Stresses are shown color coded in units of MPa. Similar
to the ZnS prism analysis, highest concentrations of stress are located at the prism’s flange, while
the main body of the prism is kept free of stress. With respect to a 3 o ultimate tensile strength for
Ge of 47 MPa, the prism will survive the applied loads within a safety factor of 3.4.

strength of 47 MPa. With a SF of 2.4, we aim at a stress limit for our study of
19.6 MPa. In Figure 7, the maximum principal stresses are shown. The stresses
are distributed similar to the distribution in the ZnS prism, at the inner edge of
the constrained contact areas (near the front face of the flange). The simulation
geometry is somewhat idealized due to a rounding at the edge of the flange caus-
ing a singularity during the run (Figure 3.11). Hence, the real-life situation with
rounded edges should have an even better stress distribution than the simulation
shown here. The maximum principal stresses do not exceed a value of 14 MPa
(model max. value is 4.5 MPa, model min.value is -13.8 MPa), equal to a safety
factor of 3.4 with respect to the 3 o ultimate tensile strength limit.

GEM analysis of the LRSDPA Eigenfrequencies

To be sure that no catastrophic excitation of the the LRSDPA in one of its Eigen-
frequencies occurs, the Eigenfrequencies have to be simulated prior to any test-
ing. For this simulation, it has been assumed that the complete LRSDPA behaves
rigid, i.e. no individual movement of any part is allowed. This is reasonable as
long as the design levels are not exceeded. The resulting first three Eigenfre-
quencies are presented in Table 3.3. The first Eigenfrequency only happens at
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Figure 3.13: The mesh and the according polynomial order of the Ge GEM study are shown. The
flange-area, where most of the stresses are concentrated, required the highest order of polynomials
to achieve convergence.

a frequency > 6 kHz. Within the range where the filterwheel transmits signifi-
cant amounts of accelerations (20-2000 Hz), no Eigenfrequency-excitation of the
LRSDPA is expected.

3.3.4 Tolerancing

My design foresees that the requirements of positioning of the prisms are met
just by integrating the prism into the holder, no further alignment of the prism
is necessary (and possible). The positioning requirements are defined for cold
conditions (8 K) of the LRSDPA. Since no metrology of the alignment of the

Table 3.3: Modal Modes and Mass Participation Factors of the LRSDPA. Z is the vertical axis
(along the prism generating axis, X and Y the lateral axes. From the mass participating factors,
one can see that the 1st Eigenmode is an oscillation along the axial direction, whereas the 2nd and
3rd Eigenmodes are almost completely oscillating in the lateral direction.

Eigen- Frequency Participating mass factors
mode [kHz] X[%] YI[%] Z[%]

1 6.403 13.6 4.8 1.7
2 6.582 0.0 17.7 28.6
3 8.110 0.1 28.5 1.8
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prisms in an assembled LRSDPA at can be achieved at cold conditions, it is
important to prove that the strategy of radial alignment by design is in accordance
with these requirements. How these requirements are realized is described in
this chapter. I have performed the distribution of the tolerance budget between
the different components in close communication with AMOS, the commercial
supplier of the prisms, and the workshop of the 1st Institute of Physics. For most
dimensions, the philosophy was to allow the manufacturing of the prism crystals
to constrain the distribution of the tolerance budget, i.e. the larger budget is
allocated to the prism manufacturing.

To meet the required vertical positioning accuracy of 0.07 mm, the holder
provides a rigid contact to the prism (i.e. the prism’s flange) with a respective
bearing surface inside the holder. The holder’s bearing surfaces are machined to
a precision of 10 um with respect to the dowel pin holes, which is the accuracy-
limit that can be reached with the 5-axis CNC milling machine of the 1st Institute
of Physics (UoC). The bearing surface of the prisms’ interface flanges have a tol-
erance of 0.03mm with respect to its optical surface. Considering the flatness of
the contact surfaces, 0.005 mm each, the prisms are placed in z-direction to an
accuracy of +0.05 mm. In lateral direction, the prisms are positioned against
displacement via their cylindrical shape. The machining tolerances are calcu-
lated such that the positioning at 8 K fulfills the required +0.100 mm with an
additional restriction that a warm prism still fits into a cold holder!!. AMOS
is able to machine the diameter of the prism up to an accuracy of ¢ ig:g% mm,
where the smaller upper limit again avoids the risk of a too small gap between
holder and prism. This transfers to the tolerances for the respective hole of the
Ge prism in the holder as follows (all dimensions are given in mm):

arm — o
W Cold

. — +0.005 . — 23.365
¢pr1sm = 23.400 —0.020 —_ ¢przsm ~ 23340

aGge @8 K
3
Ax=Ay=0.100
= . —
¢h016’max 23 596 aq @290 K { Pholemax = ¢Prism,min +Ax=23.440
Oholemin = 23.561 — Pholemin = ¢prism,warm max = 23.405
as @290 K

Analogous calculations for the ZnS prism lead to a respective hole with a diam-

eter of @poe = 24.680 70927 mm.

The rotational movement around the axis of the prism (roll) is restricted by
the front face of the prism’s flange. Figure 3.14 displays a schematic view of the

"'"To avoid any risk of thermally induced stresses due to differential thermal expansion between
the Aluminium holder and the prism materials.
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worst possible alignment of the prism inside the respective hole in the holder. At
ambient temperatures, the maximum gap between the two cylinders, including
all machining tolerances and their respective worst case of combinations (e.g.
smallest prism with largest hole), calculates for the ZnS prism to

Ax = 8.0124 — 7.980z,5 + 0.5[(24.680 + 0.027)4; — (24.50 — 0.02)z,5]

= 0.1455

and, corresponding to the nomenclature of
Figure 3.14,

a=7980;b =289/2; c = 8.012 + 0.1455.

This transfers, with a cooldown to a temperature
of 8K, to:

Ax = 0.037

a = 7.9694; b = 28.861/2; ¢ = 7.9952
N

a = arcsin(a/b) = 33.5477°

b% = arcsin(c/b) — a = 0.12°

Similar calculations for the Ge prism result in
a possible roll around its axis of y = 0.19°.
Around the other two axes, the possible roll is
easily calculated by the tangent of the flatness
of the contact surfaces and the diameter of the

Figure 3.14: Radial positioning.
The worst case condition of posi-
tioning of the prism is shown (for
rotation around z axis, z axis is per-
pendicular to view plane). Blue is
the prism, black the holder.

prisms’ flanges. Table 3.4 gives an overview over all positioning requirements

and design positioning accuracies.

Besides the demand for high accuracy positioning, there is another critical
aspect concerning the manufacturing tolerances. Taking all tolerances into ac-
count, the spring which mounts the prism onto the holder has to be contracted
sufficiently. Otherwise, its purpose of fixing the prism against movement during
launch vibrations, is not guaranteed, and with the enormous expected accelera-
tions, any movement of a prism can eventually lead to the prism’s destruction'?.

Still, this poses extremely high demands on the manufacturing accuracy.

12 Although it seems that the current design of the prisms is indeed rather robust, and small
amounts of movement do not critically affect the integrety of the prism, see chapter 3.4.2.
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Table 3.4: The required positioning accuracy is compared to the achieved accuracy by the design.
These values are for cold conditions and hence cannot be verified through measurement at ambient
temperatures. However, careful transter of these requirements to ambient temperatures (see text
for details) provides that metrology of the individual LRSDPA components (ctf. chapter 3.4.1) can
verify the compliance to the requirements. The positioning accuracy concerning roll « is a bit
larger than the roll-accuracy concerning 3, because the prism’s flange is not fully closed.

Achieved Accuracy
Description Requirement Ge Prism  ZnS Prism

Ax, Ay + 100 um +100um =100 um

Az + 70 um +50 um + 50 um
Aa +0.027° +0.021°  +0.020°
AB +0.027° +0.026°  +£0.026°
Ay +0.250° +0.19° +0.12°

Tolerance Budget Comments:

goal is a free height of (1.5 +/- 0.05)mm for the spring,

that results in a compression of the spring of 0.2mm (+/- 25%).
The budget adds up as indicated below:

SEEDETAIL A

DETAIL A
SCALE  20.000
Ge-prism side

0.475 £0.003
Al-washer

Figure 3.15: The overall tolerance budget distribution for the (significant) vertical dimensions of
all participating components are shown, exemplary for the Ge-prism (ZnS prism is analogous).
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3.4 Qualification Campaign

A lot of effort has been put into the qualification of the LRSDPA hardware.
Alltogether, 4 different assemblys have been built and tested:

o the demonstration model (DM), which failed the vibration along the z-axis
and demanded for a redesign in 2006. It was thermally and mechanically
representative, but the prisms were neither coated nor polished, and all
Aluminium parts were coated with Alodine1200 (i.e. no black coating);

o the qualification model (QM), which was the result of the above mentioned
redesign. In contrast to the DM, here the prisms are polished to avoid
microcracks, but still no antireflective coating is applied. The holder is
partly covered with a black anodization and Alodine1200;

o the flight model (FM), which will be integrated into the satellite, and its
identical counterpart, the flight spare (FS).

From a structural point of view, QM, FM and FS are all identical. Similar to the
description of the design (Section 3.3), I will concentrate on the qualification of
the final design, i.e. QM, FM and FS.

With the delivery of the LRSDPA to CEA, it has to be demonstrated that all
specifications given in table 3.1 are fulfilled. In particular, this means that the
manufacturing has to be evaluated, and it has to be verified that the LRSDPA
will survive the launch and the cooldown of the satellite with vibration tests and
thermal cycling between ambient and cryo temperatures (i.e 8 K). Further control
of the performance of the LRSDPA is achieved with optical qualification. Figure
3.16 gives a schematic view of all qualification procedures provided with the
LRSDPA assembly, integration and verification (AIV) test campaign.

The first spectrum of the low resolution mode is only provided along the
MIRIM flight model tests. These tests are scheduled for the end of 2008 and
cannot be presented here.

3.4.1 Manufacturing Verification

Crucial for the LRSDPA is that the different components meet their specified
dimension limits. In this section, 3D metrology results of the 3 structural main
components (two covers and a mount structure), and characteristic plots of the
CuBe 2 springs of the LRSDPA are presented.
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Figure 3.16: Flowchart presenting the manufacturing, assembly, integration and verification
(AIV) plan of the LRSDPA QM, FM & FS.

3D Metrology

To achieve a machining precision of 5 um on the complicated structure of the
mount and covers, exceptional experience and manufacturing skills are required,
in addition to a high precision 5-axis drilling machine. During all machining
steps, metrology was obtained using a 0.75 mm rubin-ball head inside the same
machine that was used to drill the parts from solid. Indeed, even though all
machining steps were optimized to require as few manual intervenings as possi-
ble (in fact, the holder only had to be removed from the machine once), it was
determined that even slight daily temperature-changes due to the surrounding
ongoing work in the workshop caused uncontrollable manufacturing-defects and
we decided to schedule the manufacturing work of the LRSDPA to night shifts
and weekends.

However, to control the manufacturing accuracy and avoid systematic errors,
it was necessary to obtain metrology in a way independent of our drilling ma-
chine. The detailed structures and small surfaces of the holder make ordinary
metrology impossible. The only possibility to achieve a complete metrology of
the Al parts of the LRSDPA was a 3D scanning. These measturements were
performed at the Institut fiir Bildsame Formgebung, University of Aachen, using
an ATHOS SO 3D camera system. The achieved measurement accuracy of this
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type of metrology is of the order of 5 um - 10 um.

Alltogether, we produced 6 sets of LRSDPAs out of which the best 3 sets were
selected for OM, FM and FS according to their metrology results.

Prior to the 3D measurements, the blank Al-part is covered with a thin layer
of white charcoal (see Figure 3.17).!3 The part is mounted onto the Athos refer-
ence table, and a (time-variable) wireframe is projected onto the part. The part is
photographed using a CCD camera-system. Afterwards, the images are electron-
ically combined and a 3D model is reconstructed. This 3D model is compared
to the nominal design via a 3D-CAD file (iges-files for holder, Ge-cover and
ZnS-cover, files of 14-6-07).

It should be noted that the diameter of the M3 holes in the holder had to
be increased after the metrology was achieved, in order to compensate for the
tolerances of the respective holes in the filterwheel disk. Since the placement of
the LRSDPA is ensured by the two dowel-pins, the change at such a late stage in
development is not critical for the LRSDPA.

The model is referenced to the 3D-CAD file such that the accordance be-
tween both models is optimized (i.e. most surfaces show 0 discrepancy, see fol-
lowing figures). The values given in Table 3.5 represent averaged values over the
corresponding surfaces. However, the flatness of the interface flunge represents
the difference between minimum and maximum measured data. For the covers,
only two dimensions are identified as critical for the design (Figure 3.18).

Only small differences in all 6 holders were determined. Especially the bear-
ing surfaces of the prisms were of outstanding quality for all parts. The largest
notable discrepancy between the different parts is the flatness of the interface
flange. Accordingly, the selection of the models for QM, FM and FS were mostly
based on the quality of the interface flange. The selection of the QM, FM and FS
covers was mainly based upon a as flat interface surface to the holder as possible.

BIn the course of the anodization process, the to-be-coated surface is roughened by a very
agressive chemical attack which can affect a partial degradation of the accurateness of other sur-
faces. However, to avoid a contamination by charcoal, the metrology had to be performed on
the blank Al parts, before the black anodization. Indeed, the bearing surfaces of the holders suffer
from a partial roughening. There is no possibility, however, to determine the amount of this degra-
dation. By hand correction under a microscope had to be applied to make sure that there are no
peaks on these surface higher than 3 um which could lead to a point load onto the prism’s flange.
Since the 3D metrology shows that the FM, QM and FS blank parts all are of equal quality (Table
3.5), the final selection of which part becomes QM, FM and FS, was decided upon the quality
of the black anodization, with the best one being FM and the worst one being QM. Note that it
appears that the quality of the anodization correlates with the wavefront error performance of the
assembled prisms (Section 3.4.3).
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Table 3.5: Metrology results of the QM, FM and FS parts. The presented values represent av-
eraged values over the corresponding surfaces,with the exception of the flatness of the interface
flunge which represents the difference between minimum and maximum measured data. In case
of a deviation to the nominal value that exceeds the tolerance margins, the deviation is still con-
sidered as not critical for the LRSDPA. The quality check of presented parts is considered as
succestul.

Dimension Nominal DM68011 DM68013 DM68015
Inner diameter ~ 24.68%0:027 24.68 24.68 24.70
(ZnS side)

x/y prism bearing 8.05+0.01 7.90/8.00 8.05/8.05  7.90/8.05
surface (ZnS side)

Z prism interface 2.79 £0.02 2.79 2.79 2.78
surface (ZnS side)
Cover interface 1.209 + 0.005 1.21 1.21 1.21
surface (ZnS side)
Inner diameter ~ 23.58*0-016 23.60 23.57 23.58
(Ge side)

x/y prism bearing  8.55 +0.01 8.55/8.55  8.55/8.55  8.55/8.55
surface (Ge side)

Z prism interface 5.98 £0.02 5.98 5.96 5.96
surface (Ge side)

Cover interface 2.025 +0.005 2.02 2.02 2.02
surface (Ge side)

Flatness of the 0.02 0.01 0.02 0.03

interface flunge

Nominal ZNS066 ZNS068 ZNS069

Inner free height  4.820 + 0.005 4.82 4.82 4.82
Height of sinks Max 1.980 1.97 1.97 1.95/1.96
Nominal GE044 GE045 GE048
Inner free height  4.00 + 0.005 4.00 3.99 4.00
Height of sinks Max 1.980 1.95 1.95 1.94/1.95
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Figure 3.17: Setup for the 3D metrology. A holder, covered with a thin layer of white charcoal,
is mounted to the Athos Camera System. The white dots on the frame are used for referencing
during the reconstruction of the 3D model.

Spring Verification

Besides manufacturing errors in the production of the different parts, the most
critical item of the LRSDPA concerning failure management is the performance
of the springs mounting the prisms to the holder.

To avoid a qualification of the springs, the supplier provided us with cer-
tificates demonstrating that all springs are in accordance to their specifications.
However, during the course of the QM vibration test campaign (Section 3.4.2,
it showed that the springs in use were not providing the specified load, leading
to a movement of the Ge prism during vibrations. Following this, a test setup
was installed at the Ph1l workshop to verify the spring performance. It could
be demonstrated that out of the batch of 10 springs we bought (5 springs per
prism), only 2 springs were within the specifications.'* Due to the time-pressure
of the program, we decided to produce a demonstration batch of CuBe 2 springs
in the local workshop of the institute. After the springs of this demonstration
batch proved to be well conform with their requirements, ESA, Astrium, CSL
and UoC jointly decided that the best solution was that UoC provides the springs

14This was either caused by a manufacturing error, or the springs changed in their performance
due to handling. Since it was only decovered 1 year after the procurement, the source of the error
was untracable.
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Figure 3.18: Exemplary results of the 3D metrology of the holder (top) and the covers (bottom
left: ZnS, right: Ge). Colour-coded is the deviation (in mm) between nominal 3D-file and the
digitized actual part. In the case of the presented Ge cover (GE047), the deviation on the interface
surface which provides the contact to the holder is ~ 20um, hence it has been rejected for further
usage. The presented holder and ZnS cover are among the sets delivered to CSL (DM68013,
ZNS069). The thin layer of charcoal (Figure 3.17) can produce some unrealistic local results,
such as the (red) spot in the top right view of the holder. The evaluation of such local deviations
always was discussed with experienced personnel of the University of Aachen.
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Figure 3.19: Characteristic contraction-force diagrams. The diagrams on the left present the influ-
ences the different tests had on the springs (Ge spring on top, ZnS spring on bottom). After a first
contraction to the nominal height of 1.5mm, one can see that, if any, only the shock-cooling with
liquid nitrogen had a noticable effect on the performance. On the right, the final force contraction
diagrams for the FM and FS springs are presented. The grey lines indicate the requirements the
springs have to meet.

for the LRSDPA themselves.
To evaluate the the newly produced springs, we conducted different tests that
could affect the characteristic spring performance:

e Contraction of the spring to 1.500 mm;
e (Over-) Loading the spring with 39 kg for a time period > 1 day;
e Shock cooling the spring in liquid nitrogen.

Before and after all of these tests, characteristic diagrams of the springload as a
function of compression were taken. After all these tests, the exact free height
of the spring was adjusted by fine polishing. The interim and final characteristic
diagrams are presented in Figure 3.19 and show that the change caused by the
different tests is of minor degree and in particular the final springs all meet there
requirements of the design and its tolerance budget.
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3.4.2 Vibration Tests

Several vibration tests of the LRSDPA shall demonstrate that the LRSDPA will
survive the launch of the satellite (qualification tests) and that the FM and FS are
free of any defects (acceptance tests; specifications 53-59 in table 3.1). Hence,
full vibration levels are always applied onto the LRSDPA QM, while -3 dB re-
duced levels are applied onto FM and FS.!> In addition to the random vibration
levels that are explained in Section 3.3.1, sine-vibrations, i.e. a sinusoidal ac-
celerations from 20-100 Hz, with a sweep rate of 2 octaves per minute and an
acceleration of 20 gqualification acceleration are applied onto the LRSDPA. Prior
and following each vibration test, low level sine vibrations'® monitor the char-
acteristic acceleration response of the LRSDPA and should reveal any change in
geometry of the LRSDPA. All of these tests are applied to the LRSDPA in its
three main axes.

First QM vibration campaign

In February 08, the (first) qualification vibration test campaign was started. With
the procurment of the QM prisms from AMOS, the LRSDPA was assembled by
CSL staff in a class 100 cleanroom. After initial visual inspection, we mounted
the LRSDPA via an interface plate onto the CSL shaker table (Figure 3.20) that
is located in the large class 10000 CSL facility hall. Since the QM prisms are
not coated, the QM is not fully optically representative and cleanliness is not an
important issue. For the vibration campaign of FM and FS, however, a class 100
cleanroom is installed surrounding the shaker table. Due to our experience with
the random vibration tests of the DM, we decided that it would be wise to do
complete test sequences at reduced levels of -6 dB and -3 dB for a duration of
1 minute first. Although time consuming and therefore costy - the installation
and setup of the shaker table had to be performed twice - the following problems
proved it to be worth the effort. Starting with vibrations in Y-direction (see
Figure 3.20 for definition of the axes), the first high-level sine vibrations were
finished succesfull. However, during the first random vibration test, the sensors
glued onto the holder were showing an unexpected response (Figure 3.21), with
extremely high excitation in transeverse direction. A direct vibration test at full

SThe dB values refer to the gRMS values. Random vibration acceleration spectral densities
are given in power (i.e. amplitude squared), hence dB calculate to

G2
dB,, = 10-log,y =
G,

16Sine sweep from 20 Hz - 2000 Hz with an acceleration of 0.5 g and 2 octaves per minute
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Figure 3.20: The setup of the shaker table and the LRSDPA for the vibration tests. The images
show the shaker table in its vertical (z axis) orientation. For horizontal vibrations, the shaker is
turned 90°. No matter in which direction the vibrations are applied, the LRSDPA and all sensors
remain fixed on the interface plate (pink in left image). The color-highlight on in the right image
refers to the purpose of the individual sensors: Red marked sensors are used to control the input
vibrations to the shaker in a closed loop; blue marked sensors are glued onto the LRSDPA in
order to verity the vibrations the LRSDPA is ’seeing’; green marked sensors are used to monitor
the reaction of the interface plate.

levels would probably have destroyed the QM prisms already at this early stage,
and the true reason of failure would never have been determined.

Nobody could think of any physical reason that would lead to such a strange,
linear response of the LRSDPA, even the vibration experts at ESA and in the
MIRI consortium were puzzled by these curves. It was concluded that the feed-
back had to be caused by malfunctio caused by the accelerometers.

However, CSL was offering extensive test time on their shaker table, and
we decided to investigate the problem further. With more and more tests, we
excluded malfunctioning sensors, interface problems between black coating and
accelerometer or intrinsic holder response and isolated the root of the problem
until only a problem with the LRSDPA itself was left open. After one week of
tests, a disassembly of the LRSDPA immediately revealed that the LRSDPA was
not correctly assembled. Besides traces of a jamming of the ZnS cover in the
holder, like scratches and galling marks, too long screws were used to mount
the ZnS cover onto the holder. In this way, the spring of the ZnS prism was not
compressed up to its specification, and the applied accelerations caused the ZnS
prism to move inside the LRSDPA. Figure 3.22 shows how severe these move-
ments. A fine layer of ZnS-dust which was rubed off from the prism’s main body
and contaminated the holder completely. The prism itself, amazingly, showed
only two small broken pieces at the prism’s flange, indicating that indeed, the
design of the prism is quite robust.



3.4. Qualification Campaign

100 1.002: MNT1_X
[g°/Hz]
MNT1_Y
[g*/Hz]
MNT1_Z
[g°/Hz]

10

o
N

o
=}
=

0.001

0.0001

Acceleration Spectral Density [g%/Hz]

20 100 1000 2000
Frequency [Hz]

Figure 3.21: The response measured by one of the two accelerometers glued onto the LRSDPA
is shown. The excitation is applied in Y direction (Figure 3.20), at -3dB with respect to the
qualification levels. The red, dashed line represents the input excitation. The solid green line
represents the in-axis response at the level of the LRSDPA. At high frequencies, the response
follows the input excitation, while at low frequencies, the LRSDPA is exposed to an increased
amount of vibrations. For the transverse directions, the response is almost linear; the response in
vertical direction is even higher than the in-axis response! The amplification at low frequencies is
neither caused by an Eigenfrequency of the LRSDPA in this frequency range (low level sine did
not show any Eigenfrequencies between 5-2500 Hz, conform to the simulations), nor is it caused
by the interface plate (the amplification is only seen by the two sensors glued onto the LRSDPA).

Figure 3.22: The QM holder and ZnS prism after the initial random vibrations. On the left, the
ZnS side of the holder is shown (the Ge prism can be seen at the bottom of the holder). White dust
has contaminated the interior of the holder. Coarser dust grains can be spotted on the Ge surface.
On the right, the arrows point to the two broken pieces at the ZnS prism’s flange.
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In general, a lose part that is vibrated and hits another component is sim-
ilar to a shock-excitation what causes an amplified excitation at high frequen-
cies. In the beginning, this fact lead us to the conclusion that the linear, low-
frequency amplified feedback of the accelerometers was unphysical, and we ex-
cluded the connection to a lose part inside the LRSDPA. However, it seems that
the high-frequency vibrations caused by the moving prism simply overload the
accelerometers.

In between all of these tests, metrology of the position of the prisms inside
the holder was obtained at AMOS (cf. AIV plan, Figure 3.16). For this mea-
surement, a feeler head sensor scans the surfaces of the prisms at several points.
None of these measurements revealed a movement of the ZnS prism, hence we
considered these measurements as futile and canceled them for the following
tests. Since this was a contact measurement, it was not considered for the FM
anyways.

Fortunately, both prisms were still intact and could be used to continue with
the vibration test campaign. Yet, it was unclear if these tests did not introduce
microcracks into the prisms which could lead to a failure in the following tests.
An advantage of the QM ZnS prism, however, is that it is transparent at visible
wavelengths, and no cracks could be spotted at visual inspection. Nevertheless,
a possible failure would always have had to be interpreted in consideration of
this overtesting.

QM vibration campaign, continued

After cleaning of all parts and production of new gold-foils (cf. Section 3.3.2),
Damian Moratschke (lead technician of the LRSDPA efforts at the 1. Physikalis-
che Institut) and I correctly re-assambled the LRSDPA QM. Vibration tests in
X- and Y- direction were successful, both random and high level sine vibrations
showed no indication of mis-behaviour. Successful high level sine vibrations in
vertical direction were followed by reduced random vibrations, when, at -6 dB,
the LRSDPA accelerometers showed a similar response to the first vibration tests
(Figure 3.23). Now knowing that this indicates that something could be mov-
ing inside the LRSDPA, we immediately aborted the test. However, to clearify
which prism was responsible for the anomaly, we removed the ZnS prism and
performed a short vibration of holder + Ge prism. Since the characteristic signal
remained, this time it was the Ge prism that was moving. Despite disassambly
and a detailed inspection, no direct sign of movement of neither the ZnS nor the
Ge prism could be spotted. Since the amount of transverse excitation was by
orders of magnitudes lower than in the case of the ZnS prism, and with the expe-
rience that Ge crystal is a very fragile material, we concluded that there probably
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Figure 3.23: The response measured by one of the two accelerometers glued onto the LRSDPA,
during vertical excitation at - 6dB random vibrations, is shown. Color code is similar to Figure
3.21, only this time, Z-axis represents in-axis excitation. The behaviour at low frequencies is strik-
ingly similar to that presented in Figure 3.21, only that the transverse directions are not completely
dominated by the linear response.

was a movement of the prism, but to a much lower degree than during the first
run. The only possibility to allow for such a movement was that the springs did
not deliver sufficient pressure to compensate for a movement.

Measurements of the force-contraction correlation of the springs in use in-
deed revealed that the springs (which had been procured by a commercial sup-
plier) were not conform to their specifications. New springs were thus manufac-
tured at the workshop of the 1st Institute of Physics (Section 3.4.1). Since we
noticed that the interface plate of the shaker table had an Eigenfrequency at ca.
1980 Hz, we also produced a new, thicker interface plate (which would also be
used during the FM acceptance tests). After a successful vibration test of the
new springs with Aluminium dummy prisms!’, -3 dB random vibrations of the
real prisms were performed. The outcome was successful, and qualification of
the LRSDPA at full levels followed. Since the QM was dismounted beween the
tests, we again performed a full qualification, with high level sine vibrations as
well as vibrations in the horizontal directions. All tests were successful, i.e they

171t should be noted that we also vibrated the combination of these dummy-prisms together with
the old springs, but it was not possible to reproduce the linear feedback of the accelerometers. The
hardness of the prisms’ crystals is much higher than that of Aluminium, probably the characteristic
response is intrinsic to the holder-prism combination.
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Figure 3.24: Final, full level random vibrations of the QM in vertical direction. The top diagram
displays, similar to Figure 3.23, the acceleration power spectral density. The in axis excitation
matches the input excitation perfectly, and the excitation in transverse direction is not significant
(ct. integrated gRMS values). In addition, the response to low level (0.5 g) sine vibration in Z-
direction are presented; the curves in the middle diagram have been taken before, in the bottom
diagram after the random vibrations. The accelerometers on the interface plate show identical
features in transverse direction, what implies a correlation to the control of the shaker table. The
random vibrations caused no significant changes. The photo on the top right hand side shows the
setup with the new interface plate (mounted to the shaker via 8 M 10 bolts).
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did not show any unexpected feedback (cf. Figure 3.24, and from the outside
view, the prisms were still intact. Final success was pending on the final detailed
inspection. In order not to interfere with the flight representative test campaign,
a disassembly of the QM is only possible after the thermal cycling. The final
disassembly after these cryogenic tests revealed that the prisms were completely
intact, no additional broken pieces, and no dust contaminated the LRSDPA. This
was of particular interest, because dust can have significant impact on the optical
performance of the LRSDPA, and in a worst case scenario could even contami-
nate the whole MIRI instrument.

The vibration test campaign of the FM at acceptance level (i.e. all test lev-
els are reduced by 3 dB) was successfully completed on the 20th of May 2008,
without any problem.'®

3.4.3 Optical Tests

Two optical measurements of the LRSDPA have been performed in order to
characterize the alignment of the prisms and the wave front error (WFE) of the
prisms’ outer optical surfaces. Since these measurements have been carried out
in the assembled state, no information on the two optical surfaces inside the
holder can be obtained. All measurements have been performed before and after
the vibration tests to monitor any significant impact on the optical performance.

The alignment has been evaluated using theodolyte measurements. Three
theodolytes have been used simultaneously in order to be able to measure the an-
gles of the prisms with respect to each other directly. The results are presented in
Table 3.6. It showed that the measurements with respect to the interface structure
were depending on the process of assembly of the LRSDPA onto the interface,
hence these values have a larger uncertainty than the actual measurement error
suggests. The alignment of the QM prisms is largely out of its specifications.
This is probably caused by

o the worst quality prisms out of the batch of prisms produced (although
each prism alone meets its requirements);

o the bad quality of the bearing surfaces of the holder which were attacked
strongly by the black anodization;

o the excessive overtesting of the QM due to the several vibration campaigns
with moving prisms.

18 After the QM vibration test campaign, which took more than 1.5 months, the full sequence of
the FM test campaign was finished in 1 day.
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Table 3.6: Theodolyte measurements of the angles of the prisms, assembled in the holder. The
values are given for before and after the final vibration sequence. The most important value is the
alignment of the Ge-surface with respect to (WRT) the ZnS-surface (ZnS-Ge), since values given
with respect to the interface are highly dependant on the process of assembly onto the interface.
The QM is largely out of the specifications, which is probably caused by a combination of the
quality of the prisms, the quality of the bearing surfaces of the holder, and the many vibration
tests of the QM (see text for details). For the FM, the alignment of the two prisms with respect
to each other meets the requirement within 2”. The requirements, are given for 8 K, while the
measurements are performed at ambient temperatures. The design foresees that the final alignment
is achieved due to the shrinkage caused by the cooldown. The vibrations do not have any influence
on the positioning.

Model = WRT  before vibrations after vibrations  requirements
QM Ge-If 2°44°497+1” 2°44°427 437  2°44°027+1°
ZnS-If 16°39°52”+6”  16°39’50”+1” 16°39°52”+1°

ZnS-Ge 13°55°037+6”  13°55°077+3” 13°53°24”+2’

M Ge-If 2°45°317+2” 2°45°387+3” 2°44°027+1°
ZnS-If 16°38°537+3”  16°39°017+2” 16°39°52”+1°

7ZnS-Ge 13°53°227+4”  13°53°237+4” 13°53°24”+2’

The WFE of the prisms has been evaluated using a fizeau phase shift interfer-
ometer. The reconstructed height profiles of the QM prisms are shown in Figure
3.25, the corresponding RMS values are presented in Table 3.7. The QM Ge
prism’s wave front error is completely out of the specification. Obviously, the
above mentioned problems of the QM affect the wave front of the Ge prism ex-
tremely. The WFE of the ZnS prism, on the other hand, is not severley degraded,
the RMS value of ~30 nm is similar to the values of the FM. Knowing of the QM
Ge prism values, we took intermediate WFE measurements of the FM during its
assembly, with a gap between the covers and the holder of 0.05mm. For both
prisms, a RMS value of 18-20 nm was obtained, what means that the deforma-
tion of the wavefront is caused in part by the pressure wo which the prism is
exposed to by the spring (the GEM analyses of the prisms that I performed using
Pro/Mechanica are not sensitive enough to evaluate a deformation on nm-scales,
so the deformation could not be cross-checked with simulations). However, the
30nm RMS obtained for the FM have been (at the time of writing of this thesis
still unofficially) agreed to by CEA, the official request for a waiver has been
raised.
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Figure 3.25: Reconstructed wave front errors from fizeau phaseshift interferometer measurements
of the QM prisms, assembled in the holder. The Ge prism’s wave front error is shown on the left,
ZnS on the right. The symmetric structure in the deformation suggests a relation of the deviation
to the mount. Important is the RMS value in these images. Results are presented in Table 3.7.

Table 3.7: Fizeau phaseshitt interferometer measurements of the prisms, assembled in the holder.
The RMS values have an error of about + 3 nm. The QM Ge prism is largely out of specs, probably
due to similar reasons as mentioned in Table 3.6. However, the effect is definitely related to the
force of the spring pressing onto the prism, as intermediate measurements during the assembly
revealed. The situation for the FM is much better, but still out of the specified 21 nm. A waiver
has been raised to CEA to increase this margin and is awaiting final approval.

Model surface before vibrations  after vibrations  requirements

QM Ge input RMS =118nm RMS = 133.8nm 21 nm
optical surface

ZnS output RMS =30.3nm  RMS =29.5nm 21 nm
optical surface

FM Ge input RMS =31.1nm RMS =35.1nm 21 nm
optical surface

ZnS output RMS =30.8nm  RMS =26.3nm 21 nm

optical surface
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Figure 3.26: Qualfication thermal cycles. The QM has been thermally cycled 10 times continu-
ously between 300K and 6 K. On the bottom right, the setup with the LRSDPA mounted onto a
Copper-interface and the location of the 5 temperature sensors is shown. The FM was exposed to
only 2 cycles, but with the same cooldown rates and temperature limits.

3.4.4 Cryo Tests

Cryo tests shall demonstrate that the LRSDPA will survive the cooldown of the
telescope to its operating temperature of 8 K (MIRI operating temperature).

For the qualification campaign of the LRSDPA, 7 thermal cycles between
313K to 6 K have been performed. For the FM, the acceptance test consists of
only 2 cycles.!” The minimum rate of temperarture change for these tests is
20 K/h (i.e. it is allowed to cool down faster, but not slower to provide in-space
representative conditions). The only success criterium for the thermal cycles is
that the prisms remain intact. Figure 3.26 shows the thermal cycles the QM has
been exposed to.

The final disassembly of the QM after the cryo tests showed that both prisms
were completely unharmed, no dust was found inside the mount (c.f. Figure
3.22) and therewith the qualification campaign was successfully finished.

19 After delivery to CEA, the LRSDPA FM will be exposed to 14 more thermal cycles in the
course of the continued acceptance tests at filterwheel-, imager-, MIRI optical system-, MIRI- and
JWST-level.
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CHAPTER 4

Host Galaxies of Active Galactic Nuclei

Figure 4.1: Hubble ACS image of HE 1237-0504, a prominent source of the nearby/borderline
QSO sample. Data from the ESO Science Archive Facility.

One of the major achievements in astrophysics of the last years is the re-
alization that every galaxy with substantial bulge-component harbors a massive
black hole in its core. In principle, this makes every center of such galaxies a
potential active galactic nucleus. However, the majority of these nuclei exhibit a
low luminosity or almost no activity at all.

Although the detailed physics of AGN-evolution are still unclear, several
links between galaxy and QSO-evolution have been revealed.?’ Early in the field
of AGN-studies, the idea that interaction can trigger the AGN activity was sug-
gested. There are indications to an evolutionary scenario from ULIRGs to QSOs
(Sanders et al. 1988), in which strong interaction between galaxies is responsible
for gas-infall towards the nuclear region and the ignition of the AGN. But ob-
servations of QSOs and their host galaxies remain, even with most modern tele-

20 A brief overview over the taxonomy of active galaxies is presented in the glossary.
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scopes, challenging. While the cores of AGNs/QSOs at redshifts z > 1 have been
subject to several studies, revealing e.g. luminous accretion onto (super) massive
black holes, disentangling host properties from the strong nuclear emission has
shown to be problematic for the more distant QSOs and Seyfert galaxies. Hence,
the importance of interaction for the activity-phenomenon in general is still a hot
topic, with contradictory results from different studies. The determination of host
properties and their connection to the AGN phenomenon is thus easier accom-
plished by studying QSOs in the nearby universe, where hosts can be observed
spatially resolved. But the fraction of galaxies that produce QSO-level activity
in the local universe is only 0.1 percent. Due to the small number of QSOs and
luminous Seyfert galaxies in the nearby universe (e.g. the closest QSO-classified
object in the SDSS has a redshift of 0.078), there have not yet been reported any
systematic studies on a significantly large and complete sample of nearby QSOs
without selection biases which would allow extrapolations on the further distant
QSO-population. Jahnke et al. (2004) analyzed multicolor data (BVRi, JHK) of
19 low redshift (z<0.2) QSO hosts using various ground based telescopes. They
found that the disk dominated host galaxies show colors similar to average colors
of inactive galaxies of the same type, whereas bulge dominated host galaxies ap-
pear significantly bluer in V-K than their inactive counterparts and similar blue
as the dis dominated hosts, suggesting a connection between galaxy interaction,
induced star formation and nuclear activity. Dunlop et al. (2003) on the other
hand deduced from extensive Hubble Space Telescope data on 33 radio-selected
galaxies/QSOs at 0.1 < z < 0.25 that interaction does not play a significant role
and denies a ULIRG-QSO evolution.

In order to study host galaxy properties of QSOs, we created a sample se-
lected from an extended list of the Hamburg/ESO Survey (HES: e.g. Reimers
et al. 1996; Wisotzki et al. 1996, 2000). 2! The only selection scheme for
our sample was their small cosmological distance: only objects with z < 0.06
were chosen. This limit grants an observability of the prominent CO(2-0) stellar
(rotational-vibrational) absorption band in the K-band.

Many other QSO samples (e.g. PG Bright Quasar Survey, 10k catalog, 2dF
QSO Redshift Survey) apply a ’point-like morphology’ selection onto their QSO
identification routines, resulting in a significant incompleteness at low redshifts.
HES does not discriminate against extended objects and hence shows a high
volume density of luminous type I AGN at low cosmological distances, i.e. HES
builds a good foundation for the study of nearby QSOs.

2THES is a wide angle survey for optically bright QSOs, with a well defined flux limit of B, <
17.3, varying from field to field, and a redshift coverage of 0 < z < 3.2. QSO candidates were
identified in digitized objective prism plate data by applying color- and spectral feature based
selection criteria.



In the redshift volume of 0.01 < z < 0.06, a total of 99 objects can be found
in the HES catalog. These sources build our nearby QSO sample and repre-
sent some of the closest known QSOs for which detailed astrophysical studies
(i.e. spatially resolved imaging and spectroscopy) of the host galaxies’ physical
properties are still possible. It clearly probes the lower luminosity QSO popu-
lation (—18 < Mp < —23, hence the nomenclature *borderline QSOs’), but it is
remarkably different from local Seyfert galaxies and more luminous PG QSOs,
as our studies of the molecular gas content revealed (Bertram et al. 2007).

Due to its redshift limit, this sample is intrinsically well suited for studies in
the near infrared. In the following chapters, I present near infrared observations
of some of these sources. In Chapter 5, results from K-band slit spectroscopy
and seeing limited JHK imaging are shown. This chapter is based upon the
results published in Fischer et al. (2006b) and Fischer et al. (2006a). In Chapter
6, I discuss in detail near infrared integral field data of HE 0036-5133, a source
that is also selected from the nearby/borderline QSO sample (paper in prep.).

Throughout this thesis, I use Hy=75 kms~! Mpc™! and a flat universe with
Qr=0.3, Qys=0.

63



4. Host Galaxies of Active Galactic Nuclei

64



CHAPTER 5

ISAAC’s view on nearby borderline
QSOs

HE 1029-183 HE 1248-135¢ HE 1328-2508

HE 1338-1423 HE 2211-3903]

Figure 5.1: The ISAAC H-band images of the 9 observed AGN. Additionally indicated are the
slit positions of the spectroscopy run (the slit width was 1”"). For HE 1248-1356 the K s-band
image is shown.

The global importance of determining physical properties of host galaxies
is described in Chapter 4. A major advantage of observations in the NIR is
that in this wavelength regime extinction is much smaller than in the visible
(Ax = 0.112Ay, Rieke & Lebofsky (1985)), and that it traces the mass domi-
nating stellar population. E.g. Reunanen et al. (2002) present NIR-spectroscopy
of two Seyfert 1, three Seyfert 2 and one Seyfert 1.5 and show that in Seyfert
2 galaxies Fe II is generally stronger than Bry or H, lines, while apparently
in Seyfert 1 galaxies Bry is stronger. Rodriguez-Ardila et al. (2004) also stud-
ied Hy and Fe II line emission in a sample of 22 (mostly) Seyfert galaxies and
concluded that these lines originate in different regions due to systematically dif-
ferent linewidths. They detected molecular Hydrogen in 90% of their sources,
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with the majority being excited by thermal excitation processes. They also find
a correlation between H,/Bry and Fe 1I/Pa which can be useful to distinguish
emitting line objects by their level of nuclear activity.

Here, the first near infrared (NIR) observations on 9 Seyfert 1 galaxies se-
lected from the nearby QSO sample are presented.

Low resolution (R=500) spectroscopy in the Ks-band (2.2um) yields analy-
sis of several diagnostic lines such as hydrogen recombination lines (Paa & Bry)
and rotational-vibrational molecular hydrogen lines. The stellar CO absorption
bands (12CO(2-0)) allow analysis of dominating stellar spectral classes and of
stellar dynamics. Moreover, J- (1.25um) H- (1.65um) and Ks-band imaging
provides information on extinction in the galaxy and on whether the nuclear or
the stellar component dominates the galaxy’s radiation.

Section 5.1 of this chapter describes the details of the performed NIR ob-
servations as well as the data reduction and calibration procedures for imaging
and spectroscopy. In Sect. 5.2, general spectroscopic results and in Sect. 5.3
results of the photometry are presented. Sect. 5.4 gives a short discussion on the
individual sources and is followed by a general summary and conclusion in Sect.
5.5.

5.1 Observation, reduction and calibration

9 AGN drawn from the Nearby Borderline QSO sample were observed in see-
ing limited mode®? with the Infrared Spectrometer and Array Camera (ISAAC)
mounted to ANTU (UT1) at the Very Large Telescope (VLT) in Chile of the Eu-
ropean Southern Observatory (ESO) during April the 18th-20th 2003. ISAAC’s
1024x1024 pixel detector provides a pixel scale of 0.1484” /pixel with a field of
view (FOV) of 152 x152 arcsec®. Our data consist of H- and Ks-band imaging
and Ks-band low resolution long slit spectroscopy with a 1’ slit, resulting in a
resolution of R=1/AA1=500.

The 9 observed sources are selected from the Nearby Borderline QSO Sam-
ple to comply to observational constraints; all targets are classified as Seyfert
1/narrow line Seyfert 1 galaxies.

Data reduction was carried out with IRAF & IDL using standard procedures.



5.1. Observation, reduction and calibration

Table 5.1: Integration times (ti,) and seeing conditions for the photometric and spectroscopic
observations. For spectroscopy, also the position angle PA of the 1” slit is listed. In all tables
and figures throughout this thesis, the source VCV(2001) J204409.7-104324 is labeled as VCV
J204409.7...

Source Imaging Spectroscopy

H-band Ks-band Ks-band
tinn  Seeing  tiy Seeing tint Seeing PA

HE 0853-0126  7.2s 1.0 7.2s 09” 3900s 1.8” 34°
HE 1013-1947  7.2s 1.07 7.2s 0.8”7 2700s 1.6” 2°
HE 1017-0305 8s 1.0” 8s 0.8” 2700s 0.7  108°
HE 1029-1831 8s 0.9” 8s 0.77  2700s 1.8” -1°
HE 1248-1356 12s 1.7 8s 0.6” 2880s 1.7 103°
HE 1328-2508 8s 0.6” 8s 0.5” 2880s 2.7” 40°
HE 1338-1423 8s 0.5” 8s 0.4” 2880s 0.8” 162°
HE 2211-3903 8s 0.6” 8s 0.6” 3840s 0.8” 52°
VCV J204409.7...  8s 0.6” 8s 0.7 1440s  2.6”  165°

5.1.1 Imaging

The main objective of the observing run was to obtain spectroscopic data, there-
fore only a small fraction of the observation time was assigned to imaging. The
images of each object were taken using position jittering in an ABBA source
pattern, integration times are shown in Tab. 5.1. The background was subtracted
from the individual frames by subtracting consecutive frames from each other.
After shifting the resulting frames with respect to one reference frame, a me-
dian image was created. Since visual inspection of the flat fields showed that the
ISAAC detector pixels do not add significant multiplicative signal variations to
the images, no flat field was applied. The resulting images are shown in Fig. 5.1.

The images were flux calibrated using the data from the 2 Micron All Sky
Survey (2MASS). With H- and Ks-band 2MASS-flux values for apertures with
a diameter of 14”"(see Tab. 5.2) zero points (ZP) were calculated for each ob-
ject. The H-band 2MASS and ISAAC filter match perfectly. Compared to the
ISAAC Ks-band filter, the 2MASS filter is slightly broader on the blue side. If
the sources show a flat spectrum, the transfer into the 2MASS system does not

22 Atmospheric turbulences produce variations in the refractive index of the air. During the
passage of light through the Earths atmosphere, these variations distort the incoming plane wave
fronts from their straight propagation. This effect is called seeing.

67



5. ISAAC’s view on nearby borderline QSOs

68

Table 5.2: The 2MASS flux in magnitudes for a 14" aperture for J-, H- and K s-band

Source J-band H-band Ks-band
HE 0853-0126 14.02+0.04 13.36+0.06 12.82+0.07
HE 1013-1947 13.53+0.03 12.86+0.04 12.30+0.04
HE 1017-0305 13.29+0.03 12.52+0.03 12.03+0.04
HE 1029-1831 12.30+0.02 12.21+0.02 11.70+0.03
HE 1248-1356 12.24+0.01 11.49+0.01 11.15+0.02
HE 1328-2508 12.17£0.01 11.41+0.01 11.02+0.01
HE 1338-1423 12.65+0.01 11.80+0.01 11.06+0.02
HE 2211-3903 12.69+0.01 11.80+0.02 10.96+0.01
VCV J204409.7... 11.74+0.01 10.95+0.01 10.11+0.01

result in any error. By the means of the slope of our K-band spectra, we estimate
that the relative flux error through calibration does not exceed 3%. From the
background noise, the flux calibration and taking into account that the images
were not flatfielded, a conservative error-estimation for H- and K-band fluxes is
10%. In addition to our own ISAAC data we relied on J-Band 2MASS images to
generate a 2-color diagram. Due to high noise in these images, the error is esti-
mated to 15%. Hence the errors for the extracted colors are Ampy_g,= +0.14™M28
and Am;_p= +0.18™M38,

5.1.2 Spectroscopy

If the host galaxies showed prominent structures already in the acquisition im-
ages, an alignment of the slit along this structure was preferred. The slit angles
are indicated in Fig. 5.1 and presented in Tab. 5.1, together with the integration
times and the seeing conditions for the spectroscopy.

Similar to the imaging, the sky-subtraction was achieved with a nodding
technique and no flatfielding was applied. The individual spectra were corrected
for slit-curvature, shifting and creating a median then resulted in the final spec-
trum. Telluric correction was performed with B-type stars of which observations
directly followed or preceded the observations of the targets. Hydrogen absorp-
tion lines in the telluric star’s spectrum were removed by fitting a Lorentz-profile
to the line prior to the telluric correction. After division by the spectrum of the
telluric standard, the galaxy’s spectrum was multiplied by a blackbody of tem-
perature equal to the effective temperature of the star.

The spectra were wavelength calibrated using OH-lines from the sky. Flux-
calibration was applied with the zero points calculated from the imaging.
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Figure 5.2: Ks-band spectra of the 9 AGN, extracted at the central region (left) and at a distance
of 1.5 seeing-FWHM (right, 3-pixel-boxcar-smoothed). Indicated are the detected lines in this
sample, the Pac and Bry lines as well as the CO absorption and the H, (1-0)S(1)-emission line.
The spectra are presented in restframe and the region at ~2 um is blanked out due to imperfect
atmospheric correction. The normalization was carried out at 2.2um in observer frame. Note
that the features at > 2.25um in HE 0853-0126 probably are not CO absorption features but
noise caused by the atmosphere. See section 5.4 for spectra integrated over the whole galaxy.
Remarkable are the red continua in most central regions.

In most of the observations, the seeing was much larger than the used slit
width of 1”(see Table 5.1). Hence, the contribution of the AGN to the spectra
is diluted and overall the observed spectra will be more influenced by their host-
galaxy properties. Any flux measurements along the slit depend on the seeing.

5.2 Spectroscopy
With the integration times given in Tab. 5.1, we achieved signal-to-noise ratios
(S/N) on the continuum of 15-40 (the values represent the central spectrum with

the highest signal).
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Table 5.3: Hydrogen recombination lines in the 9 AGN. Listed Paa and Bry fluxes are for spectra
integrated over the entire galaxy. The widths of the broad and the narrow component of the Pax
line are for the central spectra. For investigations of the spatial dependency of the line fluxes along
the slit, see respective diagrams in Section 5.4.

Source Paa FWHMy,;0a4 FWHM, 110w Bry
[103 W m2] [kms™] [kms™] [102* W m™2]
HE 0853-0126 3.3(x3.6%) 523(x20%) [4.0(x£16.3%)]
HE 1013-1947 13.3(£2.5%) 3190(x20%)  437(£20%) 7.6(x£14.6%)
HE 1017-0305 28.9(£3.3%) 3736(+20%) 42.7(£5.1%)

HE 1029-1831  56.9(+7.1%) 2081(x20%)  92(+40%) 49.1(£5.3%)

HE 1248-1356

HE 1328-2508

HE 1338-1423  63.6(x3.5%) 2249(x20%)  288(+30%)  82.7(+5.0%)

HE2211-3903  54.0(8.0%) [21.3(x18.3%)]
VOV 1204409.7...  102(+3.1%)  2353(x20%)  101.3(+5.0%)

For a comparison between central and off-nuclear spectra, see Fig. 5.2. The
spectra are integrated over apertures matching the FWHM of the seeing (see Tab.
5.1), centered on the nucleus (left) or at a distance of 1.5 times the seeing-FWHM
(right). Because of low signal to noise in the off-nuclear regions, these spectra
are smoothed with a 3-pixel boxcar. With respect to the continuum slope, most
of the central spectra in Fig. 5.2 show a reddened continuum. The CO-detected
galaxies appear bluer than the other galaxies (see Section 5.2.3). However, this
effect cannot clearly be separated from the influences of the seeing (see Section
5.1.2).

For details on the analyses of the individual galaxies, as well as spectra inte-
grated over the whole galaxy (i.e. 3 times seeing-FWHM), see Section 5.4.

5.2.1 Hydrogen recombination lines

Prominent gaseous diagnostic lines are the hydrogen recombination lines Bry
(12.1661um) and Paa (A1.8756um). Assuming case B recombination, typical
electron densities of 10*cm™> and temperatures of 10000K (Osterbrock 1989),
line ratios of Paa/Bry are calculated to 12/1. We calculated the extinction with
an extinction law that follows A~-7> (Draine 1989) and using the screen model
(e.g. Thronson et al. 1990), values are shown in Tab. 5.3.

Paa and Bry both are detected in seven of the observed galaxies (see Tab.
5.3). The shape of these lines varies strongly, though. The strong Pae emission
allows (with the exception of HE 0853-0126 and HE 2211-3903) a separation
into a broad and a narrow component. However, the broad components of HE



5.2. Spectroscopy

1013-1947 and HE 1029-1831 could be influenced by an unresolved He line
(11.868um), since the broad component is rather asymmetric towards the blue.

The broad components of HE 1013-1947 with a FWHM of 3190 kms™'+
20% and HE 1017-0305 with a FWHM of 3740 km s~! +20% show widths char-
acteristic of ordinary Seyfert 1 galaxies. In the cases of HE 1029-1831, HE 1338-
1423 and VCV(2001) J204409.7-104324, the broad components show widths
around 2000 kms~!, typical for a narrow line Seyfert 1 galaxy (e.g. Rodriguez-
Ardila et al. 2000b).

Only the integrated spectra supplied sufficient S/N to calculate extinction in
the galaxies within reasonable errors. Case B approximation is only valid for
the narrow line region (NLR), but in our Bry lines, no separation between NLR
and broad line region (BLR) is possible. Although Paa and Bry are detected
in most of the sources, only in HE 0853-0126 and HE 1029-1831, where the
line emission is clearly dominated by the NLR, case B is a valid approximation
and conclusions on the extinction can be drawn. Using the screen model, and
following an extinction law oc A=!"7| the latter one shows a visual extinction
smaller than 3"%. For HE 0853-0126, I can only determine a lower limit of
Ay > 0, i.e. there is some extinction.

Because of their low redshift, the Paa line in HE 1248-1356 and HE 1328-
2508 is shifted into a region of low atmospheric transmission and high variability.
This could explain why we did not detect this line in these sources.

5.2.2 Molecular hydrogen

In three sources, HE 1013-1947, HE 1029-1831 and HE 1328-2508, extended
molecular hydrogen is detected in the rotational-vibrational H, emission line
1-0S(1) at 2.1218um (see Figs. 5.8,5.12,5.16). It is thought that molecular Hy-
drogen can be found in 70-80% of all Seyfert 1 galaxies, Rodriguez-Ardila et al.
(2000a) detected H, in 90% of a sample of 22 AGN (19 Seyfert 1). Comparingly,
with expected Hj (1-0)S(1)/Bry line ratios between 0.6 and 2, our molecular Hy-
drogen detection rate appears lower. But due to the fact that only two of the five
galaxies with Bry show also a Hj-line, the small sample-size has to be taken
into account. With the mere detection of the 1-0S(1) emission line, we cannot
distinguish between any excitation-mechanisms.

5.2.3 Stellar CO absorption

The 2CO(2 - 0) (42.295um) absorption feature of red, evolved stars is by far
the strongest absorption feature in the range of 1-3um (Gaftney et al. 1995).
The absorption is depending on the effective temperature of the star, but also on
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its luminosity class (Kleinmann & Hall 1986). Absorption rises towards lower
temperatures and from dwarfs to supergiants.

After Doyon et al. (1994) and Goldader et al. (1995), the spectroscopic CO
index, corresponding to the equivalent width (EW, Origlia & Oliva 2000), can be
used to determine the continuum-dominating stellar luminosity class. However,
due to the possible contamination of the stellar light by non-thermal radiation,
the calculated CO equivalent widths for the AGN in this chapter are lower limit
estimates for the intrinsic CO band strength. In our sample, CO absorption is de-
tected in five AGN at a 20 level with respect to the continuum??® (HE 1013-1947,
HE 1017-0305, HE 1029-1831, HE 1248-1356 and HE 1328-2508). The EWs of
the CO absorption are presented in table 5.4, together with additional upper lim-
its for the remaining sources. With the exception of HE 1328-2508, all sources
show the described effect that the equivalent width decreases towards the center
(but to different extents). Therefore, it is difficult to draw conclusions on the un-
derlying stellar composition (Origlia et al. 1993) since it is not clear whether the
change in the CO absorption is caused by a rising non-stellar continuum and/or
a change in spectral class. Assuming that the values deduced in the outer regions
of the galaxy are rather free from non-stellar continuum, a depth of (6 + 3) A as
it can be found in HE 1029-1831 and HE 1328-2508 corresponds to the value
expected for that of KO-3 giants (Kleinmann & Hall 1986). The comparatively
deep CO-absorption in HE 1248-1356 with a width of (11 + 2) A points to
late K or early M giants. In starburst galaxies , deep CO absorption is linked to
young red supergiants. A typical starburst galaxy such as M82 shows an equiva-
lent width of (15 £ 1) A (Tamura et al. 1991) which is significantly deeper than
found in HE 1013-1947, HE 1029-1831 and 1328-2508. Their values are con-
sistent with those found in ordinary elliptical and spiral galaxies (Frogel et al.
1978). Therefore, the absorption in HE 1248-1356 can most likely be attributed
to ongoing starformation in its host galaxy. A narrow EW of ~3 A as it can be
found in the host of HE 1017-0305 is typical for G/K dwarfs (Kleinmann & Hall
1986). In HE 0853-0126, the absorption at wavelengths >2.25 um is probably
caused by atmospheric noise. The line-shape does not resemble that of stellar
CO-absorption.

The CO(2-0) bandhead is also a useful feature for investigations of the un-
derlying stellar dynamics. The observed CO absorption in the galaxy is (in a
rough approximation) the convolution of the star that dominates the CO absorp-
tion with the line-of-sight velocity profile (LOSVP), so the LOSVP can either
be determined by basic deconvolution processes, or via comparison to a con-
volved spectrum of a star or a stellar population. For best results with our galaxy

23The RMS is determined in the region from (2.00-2.29) um (restframe).
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Table 5.4: The CO equivalent width in A for the four sources with detected stellar CO absorption.

The values in italics are upper limits.

Source Central EWp Off-nuclear CO EW o
HE 0853-0126 (7) CEN))
HE 1013-1947 4+£2 7+4
HE 1017-0305 1.2+0.2 3+1
HE 1029-1831 5+2 6+3
HE 1248-1356 4+1 11+£2
HE 1328-2508 6+2 6+3
HE 1338-1423 1.3 4.9
HE 2211-3903 1.2 1.5
VCV J204409.7... 2.8 1.8
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Figure 5.3: HE 1248-1356: In a) the stellar velocity dispersion and in b) the stellar rotation curve

is shown. In the central spectrum, the velocity dispersion is calculated to 411+150 kms™",
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spectra of low resolution and S/N ratios, we fitted a stellar template spectrum,
convolved with a Gaussian distribution (representing the LOSVP), to the galaxy
spectrum (Gaffney et al. 1995) with the Nelder-Mead downhill simplex algo-
rithm. Note that in this procedure, the selection of the correct stellar template is
essential since template-mismatch produces significantly too high velocity dis-
persions. The characteristic for the selection of the stellar spectrum is an ac-
cording equivalent width of the CO(2-0) absorption bandhead to the galaxy’s
spectrum (Gaffney et al. 1993). Hence our deduced velocity dispersion is an
upper limit to the intrinsic velocity dispersion of the galaxy. For the analysis
in this sample, we relied on spectra of K- and M- giants and supergiants in the
K-band from Hinkle & Wallace (2001) (native resolution of R=3000)?*. Convo-
lution with a Gaussian distribution result in K-band stellar template spectra at a
resolution of R=500.

Among the sources with detected CO absorption, HE 1248-1356 is the only
object in our sample where the stellar velocity field is resolved. Fig. 5.3a) and
5.3b) show the resulting velocity dispersion and stellar rotational curve of HE
1248-1356. The seeing during the observations of HE 1248-1356 was 1.7” (see
Tab. 5.1). The deduced velocity dispersion of c=400 km s~! yields an enclosed
virial mass of 2:10'® My, in the seeing disk (= 0.5 kpc), a typical value for Seyfert
galaxies. However, this mass estimate has to be taken with caution because the
seeing during observations was large and the shown data-points are strongly cor-
related. Depending on the exact shape of the rotation curve and the distribution
of the velocity dispersion, o is likely to increase under better seeing conditions
(i.e. smaller R). Here clearly investigations under higher angular (and spectral)
resolution are required.

5.3 Photometry

ISAAC H-band images of each source are presented in Fig. 5.1. The images
clearly resolve structures of the underlying host galaxy like bars and spiral arms,
even without a subtraction of the nucleus; for a morphologic classification of
the individual host galaxies, see Tab. 5.5. The sample is mostly dominated by
spiral galaxies. Since all our galaxies are lower luminosity AGN, this supports
the theory that the probability to find disk dominated host galaxies increases
towards lower luminosity nuclei (e.g. Jahnke et al. 2004, and references therein).
For more details on the morphology, see Sect. 5.4.

In combination with the J-band data from 2MASS we derived colors for

24These sources can be found online in the SIMBAD database, which is operated at CDS,
Strasbourg, France; url: http://simbad.u-strasbg.fr/Simbad.
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Figure 5.4: The NIR 2-color diagram for the 9 Seyfert 1 galaxies. The three different sized data
markers for each galaxy represent the flux measurements in apertures of 14", 8"and 3", centered
on the nucleus. Additionally, the regions of normal galaxies and Quasars and the arrow specifying
a visual extinction of 1™ are indicated in the graph. The locus of the three crosses (in gray) is
based upon calculations by Hyland & Allen (1982) and refers to the radiation output from normal
galaxies with gradually increased Quasar contribution (+,s: 25% nuclear radiation...).

Table 5.5: Morphology and redshifts. The morphological classifications are deduced in this study.
The references for the redshifts are as follows: [1]: LEDA/SIMBAD 2002 comparison, [2]: QDOT
all-sky IRAS galaxy redshift survey, [3]: Wisotzki et al. (2000), [4]: NED team.

Source morphological  redshift references
classification
HE 0853-0126 SBb/c 0.059903 [1]
HE 1013-1947 SB 0.055 [3]
HE 1017-0305 interacting (S) 0.0468 [4]
HE 1029-1831 SBc 0.040134 [1]
HE 1248-1356 Sa/SBa 0.014557 [1]
HE 1328-2508 interacting (S)  0.026485 [1]
HE 1338-1423 SB 0.041752 [1]
HE 2211-3903 SB 0.038473 [2]
VCV J204409.7... E3 0.034373 [2]
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each of the 9 AGN in apertures centered on the nucleus. In the NIR, colors of an
active galaxy consist of several components: A stellar component, a Quasar-like
component, an extinction-component and a component associated to hot dust.
Hyland & Allen (1982) calculated mean colors of Quasars to (J — H) = 0.95
and (H — Ks) = 1.15 (corrected for redshift), while ordinary galaxies have colors
of (J - H) = 0.78, (H - Ks) = 0.22 (Glass 1984). Wavelength dependent
extinction is expressed by a shift along the direction of a vector representing a
visual extinction of 1™? (following Ay : Ay : Ay : Ay =1 :0.282 : 0.175 :
0.112 (Rieke & Lebofsky 1985; Binney & Merrifield 1998)). Re-radiation of
hot dust at temperatures of ~300 K in the surroundings of the nucleus results in
an increased flux especially in the K-band, so in the 2-color diagram this effect
manifests itself in a horizontal shift in H-Ks (Glass 1984).

We measured the flux of each galaxy in apertures of three different sizes,
always centered on the nucleus: One aperture size basically encloses the whole
object (14" diameter), one encloses only the nucleus (3”) and one intermediate
size (8”") was chosen. A K-correction was not applied because at the redshifts of
the sample its effect is contained in the photometric error bars. To compare the
ISAAC seeing limited images (resolution: (0.6-1)"") to the 2MASS J-band im-
ages (resolution: (2.3-2.8)"") the ISAAC images were smoothed with a Gaussian
distribution such that the H- and Ks-band images show resolutions correspond-
ing to their respective J-band images. The smallest used aperture measures 3,
according to the resolution limit of the 2MASS data. The resulting 2-color di-
agram is shown in Fig. 5.4. For HE 1338-1423 and HE 1248-1356 only the
color value extracted from the largest aperture is shown because the J-band col-
ors in smaller apertures do not provide physical results.

As expected for Seyfert 1 galaxies (cf. Ward et al. 1982) the global colors
of the 9 sources are located in between the regions of Quasar colors and colors
of ordinary galaxies. They all are distributed along the line connecting the two
extreme cases, thus indicating a varying importance of the Quasar component in
each object. The colors of HE 2211-3903 and VCV(2001) J204409.7-104324
show that these galaxies are dominated by their non-stellar nucleus. A domi-
nating stellar component in HE 1248-1356, HE 1328-2508, HE 1013-1947 and
HE 1029-1831 could be connected with the detection of stellar CO absorption in
the spectra of exactly these sources, because the strong contribution of the non-
stellar nuclei in the other sources can prevent such detection. The continuum
slopes of the K-band spectra demonstrate similar tendencies.

Rising influences of the nucleus are expressed in a shift of the color towards

ZDue to unfortunate shifting in the observations of HE 1248-1356, no H-band image could be
generated. Here we additionally relied on a 2MASS H-band image.



5.3. Photometry

Table 5.6: Measured JHKs magnitudes of the aperture photometry in the 8" (first line) and
3" (second line) aperture (since the photometric calibration was performed in reference to the
2MASS 14" aperture data, according magnitudes can be found in Tab. 5.2). In addition, the
H — Ks-colors of the host galaxy are presented (see text for details on the process of subtraction

of the nucleus).

Source J-band H-band Ks-band H - Ks
HE 0853-0126 14.451 13.813 13.228 0.31
15.721 15.102 14.470
HE 1013-1947 13.838 13.153 12.547 0.51
15.005 14.342 13.653
HE 1017-0305 13.690 12.941 12.386 0.55
15.002 14.315 13.646
HE 1029-18311 13.232 12.422 11.856 0.31
14.337 13.551 12.909
HE 1248-1356 (12.765) (12.853) (11.601) -
(14.132) (14.588) (12.856)
HE 1328-2508 12.551 11.778 11.341 0.28
13.865 13.094 12.591
HE 1338-1423 (12.950) (12.189) (11.364) 0.48
(14.120) (13.588) (12.671)
HE 2211-3903 12.998 12.016 11.086 0.34
14.220 13.041 12.012
VCV J204409.7... 11.908 11.097 10.212 1.20
12.934 12.154 11.193
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the region of Quasars with decreasing aperture size. This effect is superposed
onto the effect of hot dust. All targets show increased nuclear radiation (in
comparison to the stellar radiation) or re-radiation of hot dust but no significant
amounts of extinction towards the nucleus, with the exception of HE 2211-3903
with a visual extinction of ~ 2.5™%. Especially, HE 1017-0305 does not stand
out with extraordinary amounts of extinction as the spectroscopically determined
Ay would imply, but the photometric colors are averaged over larger apertures.

We also estimated H-K colors of the host galaxies by subtracting the con-
tribution of the nucleus. Here we used the fact that the nucleus is unresolved,
i.e. star like in extent. Hence the subtraction was performed by taking a star
in the vicinity of the galaxy, shifting it to the center of the nucleus within sub-
pixel accuracy and subtracting it scaled to the flux of the nucleus such that just
no "hole” is produced in the galaxy. Ideally, this results in a smooth bright-
ness distribution representing the contribution of the host galaxy. The flux of the
host was determined in a 14" aperture, values are shown in the last column of
Tab. 5.6. The spiral galaxies show host-colors similar to or slightly redder than
the colors of non-active spirals. The color of the elliptical galaxy VCV(2001)
J204409.7-104324 is probably influenced by difficulties in removing the nucleus
in the K-band. For HE 1248-1356 no host colors were calculated due to the lack
of a high-resolution H-band image.

5.4 Notes on individual objects

The spectra, integrated over 3 times the seeing-FWHM, the line fluxes and the
flux of the continuum of the objects, extracted along the slit, are presented in
Fig. 5.5-5.22. In addition, a short discussion of each galaxy is given. Note that
in most cases, the seeing during the spectroscopic observations was larger than
the slitwidth (c.f. section 5.1.2).

e HE 0853-0126

HE 0853-0126 shows a prominent bar structure (the slit was not placed
along this bar because the structure was too faint to be resolved during
acquisition). Two spiral arms can be seen reaching symmetrically out to
the east and the west. The view on the galaxy is rather face-on. The
region of the CO absorption is redshifted to the long wavelength cutoff of
the K-band. In the resulting high noise, no CO absorption can be detected.
Hydrogen recombination is seen in Paa and Bry, a broad component in the
Pac line is not detected, the galaxy is classified as Seyfert 1 in Wisotzki
etal. (2000). A weak broad component could either be hidden in the noise
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Figure 5.5: The spectrum of HE 0853-0126, integrated over 5.3" (= 5 kpc). In addition to the
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Figure 5.7: The over 4.9"(= 5 kpc) integrated spectrum of HE 1013-1947. In addition to the
overall K-band spectrum, the region of the 1-0S(1)H, line and the Bry line as well as the CO
absorption are shown.

of the spectrum, or the AGN is variable. In the region of (2.0-2.2)um, the
spectrum shows a S/N of 21 on the continuum. This causes high errors in
the Bry flux measurements and in the calculated visual extinction.

HE 1013-1947

The galaxy is a barred spiral galaxy and shows a very bright nucleus. Na-
gao et al. (2001) as well as Rodriguez-Ardila et al. (2000b) find HE 1013-
1947 to be a narrow line Seyfert 1 galaxy with a broad component in Ha
and HB of about 1900 km s~!, which is narrower than the line width we ex-
tracted using Paa.s The difference between the optical and NIR-linewidths
could be explained by extinction effects. The slight blueshift of the center
of the broad component versus the center of the narrow component could
indicate that an unresolved He line (11.838um) influences our measure-
ment.

The integrated spectrum in Fig. 5.7 also shows CO absorption at wave-
lengths >2.29 ym. In the central spectrum, the equivalent width of the



5.4. Notes on individual objects

1,510

1,040

0,510

0,010 -

0,010
-0,5*10°

1,040 -
1,54107 -

4*10™

3107 -

2:10™'

1710™" |

0*10™'

Figure

deficit in CO(2 — 0) is presented in units of Wm™2, the continuum flux is in units of Wm™ um™".

On the

2% |

l Br
R
i o LI h
s 2] 1 [ 2 5010 BT IS :
= = Pao 1% 23 s
120010 : -
, . " FEC AT B,
L - - . 0:5*10:2 AL " ;
1 1 1 0,010 - ’ @ v
LT ] GO(2-0) |
E i [] . - . . .
BRI o
T T T %4024
I 1-0 s(1)7 1,0*10 A SN
P bt L - 0,510% ST BTN, v B
T E . . y .. : . L
E | ' | - 0,0¢107% ‘ . g 100"
[ - Continuum | 2 i . s .
u - at2.2 ym o oy, £ 05 4 _E."
n | |
L] L] -
1,0 0,5 0,0 0,5 1,0
Position [arcsec]
5.8: Flux of HE 1013-1947. The flux of the Pax, Bry, (1-0)S(1) H,-line and the the flux

-1

right, a DSS2(red) image of the galaxy’s large scale environment is shown.

CO(2 — 0) absorption is (3.7 + 2.4) A, rising to an equivalent width of (7.5
+ 4) A in the outer regions of the galaxy (see Tab. 5.4). The equivalent
width at the center of the galaxy is diminished due to a larger contribution
of the non-thermal continuum at the nucleus (the overall absorption in the
CO(2 — 0) transition rises towards the nucleus, as can be seen in Fig. 5.8).
An equivalent width of 7 A corresponds to the value found for that of
KO0-3 giants (Kleinmann & Hall 1986).

The galaxy also shows extended H, emission in the (1-0)S(1) transition
with a total flux of (7.4 + 1)107>* W m™2, the line ratio to the Bry line is
calculated to 1.0 = 0.2. According to Rodriguez-Ardila et al. (2000b), this
ratio is a typical value for a Seyfert galaxy. Since this is the only detected
molecular hydrogen line, excitation processes cannot be discussed.

HE 1017-0305

The radio quiet (Wadadekar 2004) galaxy shows a very prominent bar ex-
tending from east to west. Spiral arms are also resolved, but their shape
is rather asymmetric which implies a disturbance possibly caused by a re-
cent merger event. At a distance of 42” to the NW of the object, the
galaxy LEDA 1072782 with a redshift of z=0.04925 (Falco et al. 1999)
can be found which supports the idea of an ongoing merger event. In Fig.
5.2, the continuum slopes at the center and away from the nucleus change
significantly, with the spectrum being much bluer towards larger distances
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Figure 5.9: The over 2.2" (= 2.6 kpc) integrated spectrum of HE 1017-0305. In addition to the
overall K-band spectrum, the region of the Bry line and the CO absorption are shown.
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from the nucleus. This is also represented by the calculated extinction of
(16 + 19)™4_ but the high noise on the broad Bry line (see Fig. 5.9) pro-
duces large errors in the measurement of its flux. In the region between
2 yum and 2.2 um, the S/N on the continuum is 40. The two broad hydro-
gen recombination lines make HE 1017-0305 a typical representative for
a Seyfert 1 galaxy. In the 2-color diagram (Fig. 5.4), the galaxy shows no
strong amounts of reddening (note that due to the 2MASS-limited resolu-
tion, the extinction is derived from a larger area).

The upper limits for the IRAS fluxes (IRAS Vol. II catalog) yield an up-
per limit for the far-infrared luminosity of Lr;p=6 10'°L, similar to the
values found in starburst galaxies (Deutsch & Willner 1987).

There is an absorption feature detected at 2.3 um, but its shape does not
resemble a CO absorption band. Moreover the CO(3-1) and CO(4-2) ab-
sorption features are missing. Probably high noise in this region hides the
absorption.

HE 1029-1831

The spiral arms and the bar structure are prominent features in the im-
ages, implying a face on view onto the galaxy. The flux ratios [NII]A/Ha
and [OI]A/HB indicate that HE 1029-1831 is an AGN. Using flux ra-
tios of [SII]A16717.31/Ha and [OIII]A5007/HB, the galaxy is classified as

HIl/borderline galaxy, while the flux ratios of [OI]16300/He [OIII]15007/HfB

lead to a classification as AGN/borderline galaxy Kewley et al. (2001). In
our spectrum, the Pae line can be separated into a broad and a narrow
component with the broad component showing a width of 2081 kms™!
which is typical for a narrow line Seyfert 1 galaxy. This is consistent with
the findings of Nagao et al. (2001) and Rodriguez-Ardila et al. (2000b)
who determined the FWHM of Ha to be 1870 kms™! and classified the
object as a narrow line Seyfert 1 galaxy, too. As in HE 1013-1947, the
broad component’s shape looks slightly asymmetric what could be caused
by an unresolved helium-line. The Paa/Bry line ratio implies no signifi-
cant reddening, which is consistent with the appearance of the continuum
in Fig. 5.2 as well as with the results of the photometry (see Fig. 5.4).

The equivalent width of the CO absorption feature decreases from (6 +
3) A at distances of 1” away from the nucleus to (4 + 2) A at the center.
The small variations of the equivalent width also substantiate only minor
amounts of reddening. An equivalent width of 6 corresponds to equivalent
widths found in early KO-3 giants (Kleinmann & Hall 1986).
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Figure 5.11: The over 5.3" (= 7.3 kpc) integrated spectrum of HE 1029-1831. In addition to the
overall K-band spectrum, the region of the 1-0S(1)H, line and the Bry line as well as the CO
absorption are shown.
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84



5.4. Notes on individual objects

10000 \ T \ T \ T \ T \ T \ T
4000 3000
3750 Wm
8000 3500 2500 \f' —
A il T
3250 ‘M rJUw“M\MM . 2000 WMW\H’«%
— 3000 Wl ! v U
-]
9): 6000 -‘ 2780 215 220 20T 23 2 .
= L .
[
€ 4000 o -
W%‘WWM T
0 1 1 1 1 1 1 1 1 1 1 1 1
1,8 1,9 2,0 2.1 2,2 2,3 2,4

A [um]

Figure 5.13: The over 5.2" (= 18.8 kpc) integrated spectrum of HE 1248-1356. In addition to the
overall K-band spectrum, the region of the Bry line as well as the CO absorption are shown.

HE 1029-1831 also shows extended emission in the H, 1-0S(1) transition
with a total flux of (13.9 + 1.4) ‘1072*Wm™2 (see Fig. 5.12). The H; 1-
0(S(1)/Bry line ratio is calculated as 0.29 + 0.03. After Rodriguez-Ardila
et al. (2004), a line ratio of 0.3 marks the transition from starburst galax-
ies to Seyferts, hence HE 1029-1831 shows only a comparatively small
amount of activity for a Seyfert galaxy. In the 2-color diagram, the galaxy
is located close to that of ordinary galaxies, revealing only small influences
of the nucleus, too.

HE 1029-1831 is also an IRAS source with Fy3,,, = (139 £ 39) mly, Fas.
= (411 * 40) mly, Feoum = (2545 = 15) mly and Fjgoum= (3704 + 333)
mlJy. This results in a far-infrared luminosity of Lyjg=1.9 10 L.

In summary, HE 1029-1831 probably is a luminous infrared galaxy with a
weak narrow line AGN.

o HE 1248-1356
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This galaxy is the closest one of the observed sources. It shows very
prominent spiral arms at the west and east, the galaxy is inclined (i=63+6)
and the velocity curve calculated from the CO(2 — 0) bandhead (Fig. 5.3b
) implies that the eastern arm is moving towards the observer. Rodriguez-
Ardila et al. (2000b) as well as Maia et al. (2003) classified the object as
a broad line Seyfert 1 galaxy. We do only detect a very faint but broad
Bry line (Fig. 5.14), though a weak Paa line could be hidden in the noise
produced by atmospheric absorption (see Fig. 5.13). The CO absorption
bands are very prominent features. The value of the CO-equivalent width
at a distance of 1” to the center is close to values typical for ongoing
starformation. The depth decreases strongly towards the center, what in-
dicates rising non-stellar continuum emission (Fig. 5.14). However, the
slope of the continuum remains rather unaffected by this trend, the nuclear
spectrum is already rather blue compared to the other observed sources.

HE 1328-2508

The galaxy shows strong signs of interaction, an indication of a tidal tail
can be seen, extending towards NE. The bright nucleus is not located at
the center of the galaxy, the source at a distance of 3”’SE of the nucleus is
either a foreground star or a second nucleus. We tried to subtract a point
like source from this possible second nucleus with the same process as for
the other nuclei. The contribution could not completely be removed here,
which supports the theory of a real second nucleus (or at least an extended
object along the line of sight). At 7”in the same direction, an additional
source is located. This could be attributed to either a possible companion
galaxy or a foreground star (cf. Jahnke & Wisotzki 2003). No Hydrogen
recombination lines are observed and the spectrum shows stellar CO ab-
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Figure 5.15: The over 8.0" (= 16.2 kpc) integrated spectrum of HE 1328-2508. In addition to the
overall K-band spectrum, the region of the Bry line as well as the CO absorption are shown.
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Figure 5.17: The over 2.5” (= 3.3 kpc) integrated spectrum of HE 1338-1423. In addition to the
overall K-band spectrum, the region of the Bry line as well as the CO absorption are shown.

sorption. In HE 1328-2508, however, the equivalent width of the CO(2-0)
bandhead does not change with distance to the center as dramatically as it
is observed in the other sources. In addition, the continuum slope shows
no strong dependency on distance to the center. This could indicate only a
small non-stellar contribution and is consistent with the location in the 2-
color diagram near to the location of ordinary galaxies. The spectrum also
shows molecular Hydrogen in emission at 2.122um. Absorption makes
the X-ray emission rather hard, its ROSAT hardness ratio (HR1) is deter-
mined to 0.63 + 0.03 (Fischer et al. 1998).

HE 1338-1423

The ISAAC images resolve a clear bar structure and the host galaxy hence
is classified as SBO galaxy. Bade et al. (1995) derived a spectral power-law
index from the RASS of 1.41+0.29. In comparison to the continuum, HE
1338-1423 shows very strong recombination lines. The equivalent widths
are (21814.4)10% for Paa and (18.110.1)1& for Bry. The non-detection of
CO-absorption, the strong change in continuum slope toward the center
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Figure 5.18: Flux of HE 1338-1423. The flux of the Paa and the Bry line is given in units of
Wm™2, the continuum flux is in units of Wm™ um™". On the right, a DSS2(red) image of the
galaxy’s large scale environment is shown.

and the location in the 2-color diagram close to quasars all indicate to a
strong non-stellar component. Our detected host galaxy colors are well
in agreement with the results of Jahnke et al. (2004), who derived optical
magnitudes of B=15.1, V=14.5, R=14.0 and /=13 .4.

e HE 2211-3903

The galaxy shows a bar extending from NE to SW and very faint indica-
tions of two spiral arms.

Despite a high S/N ratio of ~45, the only feature resolved in the spectra is
the Paa line which shows a highly non-Gaussian shape, implying compli-
cated kinematics in this galaxy. Continuum slope changes are similar as
in HE 1338-1423. Maia et al. (2003) classified HE 2211-3903 as a Seyfert
1 galaxy via a broad He line.

The upper limits for the IRAS fluxes in the IRAS Vol. 1II catalog (F60 is
0.77 Jy, F100 is an upper limit of 1.08 Jy) yield an upper limit for the far
infrared luminosity of Lp;g=5.210'"Ls, similar to HE 1017-0305 and to
the values found in starburst galaxies (Deutsch & Willner 1987).

e VCV(2001) J204409.7-104324

The host is an elliptical galaxy with a very bright nucleus. J204409.7-
104324 is better known as Mrk 509. It is an IRAS source with fluxes
F12=0.34 Jy, F25=0.74 Jy, F60=1.42 Jy and F100=1.43 Jy resulting in a
Lrr=0.910"" L.

Our colors are consistent with the results of Glass (2004), who classified
Mrk 509 as Sy 1.5 galaxy and found average, de-reddened NIR colors
of J — H=091, H — K=0.88 and K — L=1.35, significantly redder than
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3.6 kpc) integrated spectrum of HE 2211-3903. In addition to the

overall K-band spectrum, the region of the Bry line as well as the CO absorption are shown.
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Figure 5.21: The over 7.7" (= 12.2 kpc) integrated spectrum of VCV(2001) J204409.7-104324.
In addition to the overall K-band spectrum, the region of the Bry line as well as the CO absorption

are shown.
. - ?
7 5*10-24 * i\ T Br‘/ .l s
5,010 P aa ] - : o
2,5410™ n e Lh ann 1 ". :
- L} . -
0,0410% ——= T L T STRIrT 4
a1, Paa 23 . “
L =" = - 5,010 % i
- ’
] [ ] ed (123 X
F . -y +2,5*10 s .

PO LDl | - - LTS PP -, 3 ooy *
i’*}g-u F LI NI Continuum { . 1 X o
3107 " at2.2 um : o N
207" " "u E ‘ N

A 21 " "y 1 4
1410 am "ag
0*102 . L | | I I L 5 - 100" |

20 15 10 -05 00 05 10 15 20 .
Position [arcsec] ot E i

Figure 5.22: Flux of VCV(2001) J204409.7-104324. The flux of the Bry and the Pac line is given
in units of W m™2, the continuum flux is in units of Wm™ um™". On the right, a DSS2(red) image
of the galaxy’s large scale environment is shown.
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colors of an ordinary in-active galaxy and consistent to our findings of a
very strong non-stellar contribution. In their long term monitoring of the
object, strong variations of AJ=0.65"% and AK=0.62"% were detected.
Collins et al. (2004) find strong absorption in O/V and column densities
of multiple ionization stages of silicon (Si//, /11, and IV) and Carbon (1,
111, and V) which are interpreted as a multiphase medium containing both
collisionally ionized and photoionized gas in the bulge.

Broad Paa and Bry lines can be seen in the spectra. The broad component
of the Paa line shows a width of 2353 km s~!+20%, the width of the Bry
line is estimated to a similar value of 2009 km s~! +30%, both being typical
for a narrow line Seyfert 1 galaxy. The continuum slope indicates rather
strong nuclear influences even at a distance of 2.4kpc from the nucleus,
but the seeing during the observations was not very good with 2.6,

5.5 Summary and conclusions

The Nearby Borderline QSO sample is well suited for spatially resolved studies
of AGN. The close distance of the objects allows for a photometric detection
of the host galaxy even with only very short observation times. Low resolution
spectroscopy of the stellar CO absorption band can give an upper limit to the
central enclosed mass and first limited information on the dominating stellar
population. The results of our observations can be summarized in the following
points:

1. The dominating morphological class in this sample are disk dominated
galaxies. Four of the nine hosts show a bar structure and spiral arms.
Only one galaxy is found to be an elliptical galaxy. An underrepresenta-
tion of ellipticals is consistent with the results of other samples (e.g. Smith
et al. 1986; McLeod & Rieke 1995; Taylor et al. 1996; Schade et al. 2000;
Jahnke et al. 2004), since most of the observed sources are lower lumi-
nosity AGN and the probability to find an underlying disk-dominated host
galaxy increases with lower luminosity nuclei.

2. In at least two galaxies, the appearance suggests that these objects are
interacting galaxies, in one galaxy a possible second nucleus is found.
This supports the theory that nuclear activity may be triggered by merger
events.

3. Seven of the nine galaxies show hydrogen recombination lines in either
Paa, Bry or both. In three cases, the Paa line shows a composition of a
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broad and a narrow component, while in two cases only a broad compo-
nent and in HE 0853-0126 only a narrow component is observed. For HE
2211-3903, the shape of the Paa line points to more complicated kinemat-
ics.

. Three galaxies show extended molecular hydrogen emission in the 1-0S(1)
transition. This appears to be a lower detection rate of Seyfert 1 galaxies
with molecular hydrogen emission lines in comparison to the findings of
other surveys (e.g. Rodriguez-Ardila et al. 2004). For significant conclu-
sions, though, a larger sample size is needed.

. In five galaxies, stellar CO absorption is detected. With the exception of
HE 1328-2508, all sources show a strong increase of the CO-equivalent
width with growing distance to the center. In HE 1328-2508, HE 1029-
1831 and HE 1013-1947, the CO(2-0)-equivalent width resembles the
value found in ordinary elliptical or spiral galaxies. In HE 1248-1356,
the value can be associated to ongoing star formation. Only in the case
of HE 1248-1356, the CO absorption allowed a determination of an upper
limit to the central enclosed mass.

. The continuum slopes show a correlation to the detectability of the CO-
absorption. In galaxies with significant reddening, the CO-absorption is
diminished by the strong non-stellar continuum.

. In the J — H/H — Ks 2-color diagram, the Seyfert galaxies are broadly
distributed over the region between normal galaxies and Quasars.

. The H — K5 colors of the spiral hosts are typical for their non-active coun-
terparts or slightly redder.
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CHAPTER 6

SINFONI observations of
HE 0036-5133

Figure 6.1: The optical image shows the environment of HE 0036-5133 which is marked by the
green arrow. In the direct vicinity, a faint extended companion can be guessed (indicated by the
ellipse, but no redshift information is available for this source). Most of the bright, point like
objects in the image, however, are probably foreground stars. DSS2 (red) image.

Chapter 5 showed how difficult it is to spectroscopically disentangle con-
tributions of an AGN and its host galaxy, even for very nearby objects. Bad
seeing dilutes host and AGN properties significantly, and in the case of long slit
spectroscopy, information of the host galaxies is limited to the (spatially) very
outer regions of the spectra. Hence, appropriate quality spectra always require
long integration times. To spatially resolve the spectroscopic features of a host
galaxy has only recently become feasible (in reasonable amounts of integration
time), with the establishment of integral field units which provide imaging and
spectroscopy of an object simultaneously.

In this chapter, I present H+K s-band imaging spectroscopy data on the cen-
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tral 3”of HE 0036-5133, obtained with the spectrograph for integral field obser-
vations in the near infrared (SINFONI, Eisenhauer et al. 2003).

The use of SINFONI yields several advantages over mere imaging or spec-
troscopy. Integral field data provides spectral information for each of the spatial
pixels forming the FOV. With the help of adaptive optics (AO)?°, the influences
of the AGN are reduced to the (almost) diffraction limited, central point source.
An upper limit estimate of the performance of the AO is provided by the extent
of narrow emission lines, since these are supposed to originate in the galaxy’s
point like nuclear region.

For our sample of nearby borderline Syl QSOs we do not expect to resolve
significant kinematics, since type-1 objects exhibit rather a face-on view of the
hosts. Nevertheless, in order to get an impression of the feedback between host
galaxy and the AGN, the spatial distribution of emission lines, absorption lines
and continuum together is a crucial tool to be analyzed.

6.1 HE 0036-5133

HE 0036-5133, also known as WPVS007, is classified as a Seyfert 1 (Win-
kler et al. 1992) and as a narrow-line Seyfert 1 (Grupe et al. 1995) via op-
tical spectroscopy, with a redshift of z=0.0288 (comoving radial distance =
113 Mpc). Known optical and NIR magnitudes are V=15.6 (Grupe et al. 1995),
and J=13.34+0.06, H=12.74+0.09, K=11.93+0.07 (2MASS), resulting in the
NIR colors of / — H = 0.6 and H — K = 0.8, which places the object in the
middle between regions occupied by Quasars and elliptical galaxies in the NIR-
2-color diagram (c.f. Figure 5.4).

HE 0036-5133 is known to be an X-ray transient source. In 1990, the ROSAT
All-Sky Survey (RASS) detected a peak luminosity of Ly > 10*3 ergs™!, com-
parable to bright Sy 1 galaxies, while ROSAT pointed follow-up observations
in 1993 detected a luminosity of only Ly ~ 10%~*! ergs~! (Grupe et al. 1995),
similar to values found in low luminosity AGN (LLAGN). Besides this longterm
soft X-ray variability, soft X-ray variability on a time scale of days has been
observed. HE 0036-5133 has the steepest AGN spectrum found in the RASS
(asofrx = —T7), neither internal absorption on cold gas nor a hard X-ray tail are

26The seeing (Chapter 5.1) significantly affects the image quality of ordinary ground-based tele-
scopes: distortion blurs out any structure in objects which have angular scales of less than about
one arcsecond during exposures. In AO systems, the deformation of the distorted wavefront (of a
nearby natural or artificial guide star) is monitored by a wave front sensor. This information is an-
alyzed and delivered to a deformable mirror which can compensate for the distortion. Ideally, the
resulting wavefront in the telescope is planar again, and a point source is imaged with diffraction
limited resolution.
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detectable. Grupe et al. (1995) suggest a thermal origin of the X-rays, favoring a
low mass black hole with high (near Eddington) accretion during the RASS ob-
servation. The reason for the turn off remains mysterious, with various possible
reasons such as obscuration, change in accretion rate, or change in the nature of
radiative transfer. Follow up CHANDRA observations in 2002 (Vaughan et al.
2004) showed no significant change in the X-ray emission in comparison with
the Grupe et al. (1995) observations. The existence of long-lasting, high ioniza-
tion optical line emission from the nucleus of HE 0036-5133 further suggests
that it may harbor some kind of long-lived AGN (Crenshaw et al. 1999).

6.2 Observations, data reduction and calibration

HE 0036-5133 was observed in the night of the 14th of August, 2005. The AO
guiding was carried out on the nucleus of HE 0036-5133. The average seeing
was around 1.1”. The 100 mas pixel scale with FOV of 3” x 3” was used (2
pixel=100mas). The observations were performed in the H+Ks band with an
integration time of 24 minutes. The same time was spent on the sky. In this
mode, a spectral resolution of Ryyx ~ 1500 is achieved. Successive object
(O) and sky (S) observations (OSSO) were acquired to produce sky-subtracted
frames.

Using small mirrors, SINFONI slices the 2D image on the sky into 32 slitlets,
which are then imaged onto a pseudo-slit and dispersed onto the 2kx2k detec-
tor. The reduction of the data and reconstruction of the 3D cubes were carried
out similar to Zuther et al. (2007), using ESO’s SINFONI instrument pipeline
in combination with GASGANO?’, IDL, and QFitsView?®. Bad pixel, cosmic
rays, and flat field corrections were applied to the 2D raw frames. The 3D cubes
were reconstructed using calibration frames for the slitlet distances and the light
dispersion. Wavelength calibration was performed using calibration lamp spec-
tra. The telluric absorption was accounted for similar to the ISAAC observations
(Chapter 5) by the use of intermediate standard-star observations (near in both
time and airmass to the target exposures) of a G2V star (HD 14398). In contrast
to the telluric stars used during the ISAAC observations, a G2V star has plenty
intrinsic features in the H- and K- band, hence prior division by an atmospheric-
transmission-corrected solar spectrum (i.e. a very well characterized G2V star,
Maiolino et al. 1996) and interpolation with a black body with a temperature of
5800 K was applied in the range of reduced atmospheric transmission between
the H- and K- band

27

www.eso.org/sci/data-processing/software/gasgano
Zwritten by Thomas Ott (MPE Garching, www.mpe.mpg.de/ ott/QFitsView).
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Flux calibration was performed using 2MASS (H- and) K-band images, ig-
noring a possible variation of the source. It showed that applying separate flux
calibrations to H- and K- band resulted in a steep drop of the spectrum from
H- to K-band. Hence, the less extended K-band flux calibration was applied
onto the H-band data for more consistent results. The SINFONI data cube
was calibrated such that, after being convolved with the 2MASS K-band fil-
tercurve, the collapsed 2D K-band image matches the total 2MASS K-band flux
(i.e. 1.12- 1072 Jy). This assumes that the object is completely resolved in the
3”x 3” SINFONI FOV, which was taken into account by a factor of 100 (angular
size 0.3”/3.0”). However, relative line ratios are our prime objective, and here
the error is dominated by the noise in the spectra. In addition, corrections for
airmass and galactic extinction according to Schlegel et al. (1998) were applied.
For the analysis, only features exceeding 30 are considered.

6.3 Continuum and emission lines

Figure 6.2 shows the spectrum of HE 0036-5133, integrated over a variable, cir-
cular aperture with a radius corresponding to 3XFWHM(PSF). Various lines are
detected in the spectrum, strongest being the Hydrogen recombination lines>
Paa and Bry. Line maps of these two lines, together with H- and K-band con-
tinuum maps, are presented in Figure 6.3. Considering that the Paa and Bry
emission is concentrated in the nuclear component, their line maps yield infor-
mation on the AO performance and the achieved spatial resolution. For Pac, a
Gaussian fit results in a FWHM of 6.6 pixels along the major axis and 5.9 pixels
along the minor axis, i.e. ~0.31”. The Bry line map shows a FWHM of 0.27”
(major) and 0.24”(minor).Accordingly, the datacube achieves a spatial resolu-
tion of ~140 pc (17°~0.534 kpc at z=0.0288) at 2.2 um, but it also shows that this
value is wavelength dependent and becomes worse towards shorter wavelengths.
A rough estimate of 200 pc for the H-band is a reasonable assumption, as line
maps of the (weaker) recombination lines in the H-band show.

The morphology of the Hydrogen recombination lines is unresolved and cen-
tered on the nucleus of HE 0036-5133. The spectral width of the Paa line, de-
rived from the 3FWHM Paq line map, is 1380+80 km s~ (FWHM=(9.0+0.4) nm
at (1875.0+0.1) nm and corrected for a spectral resolution of R=1572.8). The
line width suggests that HE 0036-5133 is a NLS1 galaxy, consistent with the
optical classification.

Most of the H- and K- band continuum is similarly concentrated on the

®For a discussion of the possible excitation mechanisms of Hydrogen recombination lines see
Section 5.2.1.
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Figure 6.2: Integrated spectrum of HE 0036-5133. Various emission (green) and absorption
(orange) lines are labeled.

galaxy’s core, but in particular the H-band continuum shows an extended com-
ponent along the NE-SW direction.

Integrated line fluxes of all detected emission lines are presented in Table
6.1. The derived line ratios of the recombination lines (Table 6.2) all agree with
an unobscured case-B recombination scenario (Osterbrock 1989). The errors in
the measured line-fluxes are too high to determine gas temperature and densi-
ties. The absence of significant extinction HE 0036-5133 is in agreement with
the optical spectrum (Grupe et al. 1995). The spatial distribution of the Paa/Bry
line ratio is shown on the left of Figure 6.4. Where detected, the line ratio stays
uniform throughout the center, again supporting the unobscured theme. In ad-
dition to the recombination line ratios, the continuum yields information on the
reddening. Figure 6.4 also shows flux ratios derived from H- and K-band con-
tinuum, for broad (i.e. (1.4-1.8um)/(1.85-2.35um), middle image) and narrow
(1.6um/2.2um, right image) wavelength regions. The H- and K-band continuum
ratios reflect the H-K color information. Both maps indicate a red continuum in
the central region compared to off-central regions. Moreover, the red continuum
extends in the NW-SE direction, perpendicular to the H-band extent (c.f. Section
6.4 and Figure 6.5). In combination with the fact that no significant obscuration
is detected, this red continuum can fully be attributed to re-radiation of hot dust.

Drawing detailed conclusions on the excitation mechanisms of the molecu-
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Figure 6.3: Left and middle image: H- and K-band continuum maps. In both images, contours
range from 1-1072 -20- 1072 Wm™2 nm™'. The H-band continuum clearly resolves an extended
component which is weakly off-centered from the nucleus in the NE and SW regions. The ther-
mally dominated K-band is more point-like and concentrated on the nucleus. The two images on
the right show continuum subtracted Pac and Bry line maps. The recombination lines are unre-
solved point sources, with a spatial FWHM of 0.3”(Paa) and 0.257(Bry) respectively. Each of
the four images shows the full SINFONI FOV of 3"x3”. The dark, vertical pixel columns in the
continuum images are artifacts of the data reduction.

Pao/Bry H/K continuum H/K

Figure 6.4: Different reddening maps. The image on the left displays the reddening map deduced
from the Paa/Bry line ratio, in the middle a broad band H-band/K-band ratio (i.e. color map),
and on the right the distribution of the ratio of the eftective H-band and K-band wavelengths
(1.6um/2.2um) is shown. All images are smoothed with a 3x3pixel Gaussian.
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lar Hydrogen is useless due to only the 1-0 S(1) line being detected. However,
we can use the characteristic NIR line ratio diagram (Rodriguez-Ardila et al.
2005), which compares line ratios of Hy/Bry with [Fell]/PaB. The here consid-
ered [Fell](41.257) line and the Pag line both fall into the J-band and are not
accessible with our observations, but we can rely on the [Fell](11.644)/Bry line
ratio instead. In starburst galaxies the value of this ratio typically falls in the
range 0.5-2 (Simpson et al. 1996), in agreement with the starburst models of
Colina (1993) which predict ratios between 0.1 and 1.4. In these objects, the [Fe
II] emission originates in supernova-driven shocks (Mouri 1994). AGN usually
show larger values of [Fe II]/Bry than starburst galaxies. The [Fell](11.644)/Bry
line ratio of 0.37+0.01 found in HE 0036-5133 indicates that most of the [Fell]
emission is attributed to star formation. [Fell] and H; probably originate in dif-
ferent parcels of gas, but can be dominated by the same excitation mechanisms
(Rodriguez-Ardila et al. 2004). The weak H, line detected in HE 0036-5133
results in a value of log(1-0S(1)/Bry)=-1.16+0.04. This value is considerably
different from values expected for LINERS or Seyfert galaxies’, and our ratio
is typical for a photoionization scenario - which again supports that these emis-
sion lines originate in nuclear star formation (starbursts have line ratios log(1-
0S(1)/Bry) <-0.3).

In general, [Fell] and H, emission could be produced by (hard) X-ray heat-
ing. No hard X-ray component was detected in HE 0036-5133. Together with
our result that the [Fell] and H, emission can be attributed to nuclear star forma-
tion, this supports the theory that there is no/only a very weak hard X-ray source
in this NLS1 (Grupe et al. 1995).

The morphology of the [Fell] and H; lines is, similar to the recombination
lines, point-like and unresolved.

Supposing that the recombination lines are excited due to star formation trig-
gered photo-ionization, we can calculate star formation rates (SFR) from the line
fluxes of Paa and Bry. We adopt the calibration introduced by Panuzzo et al.
(2003), following Valdés et al. (2005)3':

SFR(Pac) = 5.06 - 10~ L(Pac) Mo yr~"/(erg s™")
SFR(Bry) = 6.60 - 107 L(Bry) Mg yr~'/(erg s71).

The deduced star formation rate values are SFRp,, = 3.0 + 0.2 Mg yr~! and

S0LINERS, which are interpreted to be dominated by shock excitation, show line ratios of >2,
Seyferts 0.4-2 (Rodriguez-Ardila et al. 2004).

31 These calculations refer to a Salpeter IMF between 0.1 M, and 120 M, and take into account
an increment of 16% due to the lower IMF limit with respect to the value of 0.15 M, from Panuzzo
et al. (2003).
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SFRg;, = 3.2 £ 0.3 My yr‘l. Since the SFR is calculated from absolute flux
values, the error in the flux calibration becomes important here (c.f Section 6.2)
and the actual uncertainty in the SFR is significantly higher than the calculations
suggest. Nevertheless the SFR is not high. Typical values found in luminous and
ultra-luminous infrared galaxies (LIRGs, ULIRGs) range from tenths to hun-
dreds Mo yr~'.32 However, those values give star formation rates for the whole
galaxies. Our SFR is limited to the central ~ 140 pc, and is comparable to the
star formation deduced from He in normal spiral galaxies (Kennicutt 1983).

With respect to the X-ray properties of HE 0036-5133, the non-detection of
[SiVI] (41.962um) is interesting. This coronal line is uniquely associated with
Sy 1 and Sy 2 nuclei, and can only be produced by photoionization by a hard (X-
ray/UV) continuum (Marconi et al. 1994). It is used as a tracer of Seyfert activity
even in obscured Sy 2 nuclei, e.g. Oliva & Moorwood (1990) report detection
of strong [SiVI] emission in NGC 1068, despite its heavily obscured nucleus.
Due to the redshift of HE 0036-5133, the [SiVI] feature falls into a wavelength
range of low atmospheric transmission. However, our telluric standard corrected
for this effect exceptionally well and the noise in the spectra is comparable to the
wavelength region surrounding the Bry feature. The non detection of this feature
is in striking conformity with the non detection of a hard X-ray component and
supports the theory that this hard X-ray component really is absent in the nucleus
of HE 0036-5133.

6.4 Absorption lines

In addition to the emission lines which all can be attributed to the nuclear star-
burst, several stellar absorption lines are detected in the spectrum of HE 0036-
5133. In principle, these allow for an estimate of the stellar content, although
possible influences of an underlying continuum have to be considered (c.f. Chap-
ter 5.2.3). To allow a comparison of the absorption depth to other galaxies, we
consider equivalent widths (EWs), which compare the stellar absorption in the
respective line to the surrounding continuum. Three stellar absorption features
can be spotted, Mgl(11.5040), CO(6-3) and CO(2-0), in addition a very weak
Sil(11.5890) absorption can be found. The definition of the respective EWs is
presented in table 6.3.

Deduced from Paa and Bry. Goldader et al. (1995) as well as Valdés et al. (2005) report a
photon deficit of SFR values calculated from NIR lines when compared to SFRjz. In extreme
cases, less than 10% of the star formation are detected in the NIR. However, their samples are
based on LIRGs and ULIRGs and it is suggested that extinction can explain the missing photons
in the NIR, so these influences may not be as significant for HE 0036-5133.
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Table 6.1: Line fluxes of various emission lines measured in the integrated H+K s band spectrum.
For 1-0S(2) and [Fell] (12.06059), only upper limits can be given. The flux has always been
extracted in an aperture of 3xPSF FWHM of the respective line map.

A Flux Flux error
[um]  [1078¥Wm™2] [1078 Wm™2]

Brl3 1.61137 0.73 0.03
[Fell] 1.64406 1.21 0.03
Brll 1.68111 blended
[Fell] 1.68778 blended

Br10 1.73669 1.5 0.03

Paa 1.87561 39.6 0.1

Broé 1.94509 2.4 0.03

1-0S(2) 2.03376 <0.02

[Fell] 2.06059 <0.02

1-0S(1) 2.12183 0.23 0.01
Bry 2.16612 3.24 0.02

Table 6.2: Emission line ratios (c.f. Table 6.1). In addition, two more extreme theoretical values
for case B recombination (according to Osterbrock 1989) are given for the recombination line
ratios.

Lines Ratio Theoretical value
N~102ecm™> N~ 10*cm™
5000 K 10000 K
Paa/Bry 122 £ 0.1 12.4 12.1
Paa/Bré 16.2 £ 0.1 19.2 18.4
Br10/Paa 0.039 + 0.001 0.025 0.028
Br10/Bry 0.47 £ 0.01 0.318 0.33
Bré/Bry 0.76 + 0.01 0.65 0.68

[Fell](1.644)/Bry  0.37 + 0.01
log(1-0S(1)/Bry)  -1.16 + 0.04
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Table 6.3: Definition of equivalent widths. References: [1]: Kleinmann & Hall (1986), [2]:
Origlia et al. (1993), [3]: Ivanov et al. (2004).

Line Alum]  AA[um] Continuum [um] Reference
2CO0 (2-0) 22957 0.0052  2.2873-2.2925 [1]
2CO (6-3) 1.61975 0.0045  1.6145-1.6175, 2]

1.6255-1.6285

Sil 1.5890  0.0040  1.5830-1.5870, [2]

1.5910-1.5950

Mgl 1.5040  0.0040  1.4990-1.5020, [3]

1.5060-1.5090

The spatial distribution of all detected absorption features varies strongly
with the position in the galaxy (Figure 6.5). In general, the EWs become smaller
towards the nucleus. This is caused by the same red continuum that can be seen
in the continuum-reddening maps (Figure 6.4 middle & right). Of particular in-
terest is the NW-SE extend of a red continuum which can be seen in the decrease
in EWs. This trend is detected in all 3 stellar absorption lines. A weak corre-
spondence can already be spotted in the reddening maps, but it is much more
pronounced in the EWs of the stellar absorption features. We interpret this as
significant contribution of warm dust (~ 1200 K), which is in agreement with the
findings of other studies of QSOs and Sy 1 (Riffel et al. 2006; Glikman et al.
2006); e.g. Boisson et al. (2002) conclude from H-band spectra of 5 Seyfert
galaxies that a significant dust component is characteristic of type 1 AGN, while
Seyfert 2 galaxies show no dust reddened continuum. Nevertheless, its strong
influences on the H-band absorption lines (4 < 1.7 ym) are surprising (c.f. Oliva
et al. 1995).

This dust component probably is evidence for a hidden, nuclear bar. Nuclear
bars are thought to be important tools to allow dust-infall into the nuclear region
of galaxies (Shlosman et al. 1989), possibly driving both nuclear star formation
and feeding the nuclear supermassive black hole. Martini et al. (E.g. 2003) re-
port that barred galaxies show significantly less frequent ring structured nuclear
regions, suggesting that bar-driven inflow does not commonly stall in a circum-
nuclear ring. The detailed connection between bars and AGN-activity, however,
is still under evaluation (e.g. nuclei-of-galaxies, NuGA, studies).

In the regions where CO absorption can be detected (i.e. NE and SW of
the nucleus), the equivalent widths have mean values of EWcpo—g) = 8.5 £
0.6 A and EWcoe-3) = 5.1 £0.8 A. Both values are typical for early M gi-
ants/supergiants (Origlia & Oliva 2000). This result can be interpreted as either
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Figure 6.5: Spatial distribution of the equivalent widths (EW, in Angstroms) of the stellar absorp-
tion lines. The images are smoothed with a 3pixel FWHM Gaussian, and regions with insufficient
S/N are grayed out. The EWs of CO(2-0), CO(6-3) and Mgl all show a decrease towards the central
region as well as in NW/SE direction, very similar to the H/K reddening maps of Figure 6.4.
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an indication of an old and metallic bulge population similar to that of ellipti-
cal galaxies (being mostly red giants), or members of a few Myr old starburst
(being mostly red supergiants). Following Oliva et al. (1995), the line ratio
log (EWCO(6—3)/EWC0(2—O)) of -0.21+0.17 in combination with the EWC0(6—3)
indicates that dilution by a red continuum is small in these regions. Hence an old
bulge population seems to be more reasonable as origin of the CO absorption.
Unfortunately, the Sil feature is too weak to be detected in a spatially resolved
way and we cannot determine the temperature-sensitive log (EW co6-3)/EWsir)
ratio to deduce the amount of underlying continuum in the procedure described
by the same authors. With respect to the decrease in equivalent width towards
the center, it should be noted that they report that NIR stellar absorption features
become unmeasurable with a contribution of an underlying continuum of more
than 90% (which is, of course, also depending on the S/N in the spectra).

6.5 Conclusions

The results of our SINFONI data on HE 0036-5133 can be summarized in the
following points:

o [Fell] and molecular Hydrogen are clearly dominated by excitation mech-
anisms attributed to star formation. No signs of AGN influences can be
found.

e The Hydrogen recombination lines show no direct evidence of reddening.
Deduced nuclear star formation rates are moderate. Line-widths are typi-
cal for a narrow-line Sy 1.

e Stellar absorption lines and continuum-reddening maps both indicate a
significant contribution of a red continuum at the center. In addition, these
features reveal a nuclear bar. CO absorption features point to an old bulge
component.

In combination, these arguments lead to a qualitative model of the central
kpc of HE 0036-5133 that is schematically presented in Figure 6.6.

Several studies of NLSy1 (e.g. Komossa & Xu 2007, and references therein)3?
suggest that narrow-line Sy 1 galaxies have lower-mass massive black holes, but
accrete at accretion rates larger than the average value appropriate to Sy 1 galax-
ies. HE 0036-5133 fits well into this picture, because it explains the NIR/optical

33 Although, these studies have recently been questioned by new studies which explain NLSy1
by orientation effects (Decarli et al. 2008).



6.5. Conclusions

Figure 6.6: Two schematic models for the central kiloparsec of HE 0036-5133. The core region
is dominated by emission lines attributed to star formation and continuum emission of warm dust.
Additional dust emission is detected in the form of a nuclear bar that extends ~500pc in the
NW/SE direction. The absorption lines indicate the presence of an old stellar bulge component.
The H-band contours show that the NE and SW extend both are not exactly centered on the
nucleus. This, together with the rather blue color (the large extend and the asymmetry are not
detected in the K-band), could suggest that there are two spiral arms attached to the nuclear bar
(displayed on the right).

classification and the quiescent phase X-ray emission. However, I have to re-
mark that the broad recombination lines are the only sign of AGN activity in our
NIR data. Historically, a broad component of Bra and He lines with a FWHM of
> 1000kms~! had also been reported for the galactic center in our Milky Way
galaxy, but later it was shown that this line width could be attributed to strong
stellar winds of He-stars (Hall et al. 1982; Geballe et al. 1984).

Only the integral field data made the revelation of the nuclear bar possible.
The presence of the bar agrees well with the theme of nuclear bars feeding nu-
clear star formation and the AGN. In order to allow gas infall from the outskirts
of a galaxy to the center, it is necessary to lose angular momentum, and interac-
tion and nuclear bars both provide necessary non-axial symmetric gravitational
potentials. The fact that the nuclear bar is so well hidden in the galaxy, how-
ever, could imply consequences on the results of studies analyzing bar fractions
in AGN samples in the optical or NIR (e.g. Malkan et al. 1998; Knapen et al.
2000). If conducted with instruments like SINFONI, the fraction of bars could
become higher than initially suggested. In addition, the data shows prominently
the success of the approach of the nearby QSO sample: At higher redshifts, the
detection of such embedded nuclear bars quickly becomes unfeasible.
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Glossary

AGN

LINER

Quasar/QSO

Galaxies are classified as Active Galactic Nuclei
(AGN) if showing energetic properties in their
central regions that cannot be described by pure
stellar radiation.

Low-ionization nuclear emission-line region
galaxies represent a very low luminosity class
of AGN. Spectroscopically similar to Sy 2,
with relatively strong low-ionization lines (e.g.
[OI]A6300A), LINERs are very common and
might be present in nearly half of all spiral
galaxies. They can be distinguished from normal
HII regions and AGN on the basis of emission
line ratios.

Quasars represent the most luminous subclass of
AGN, with nuclear magnitudes Mg < -21.5 +
Sloghg. In the late 1950s, quasi stellar objects
(QSOs) were distinguished from Seyfert galax-
ies by being generally spatially unresolved on the
images of the Palomar Sky Survey, resulting in
a maximum angular size of <1”. Today, quasars
can be classified by their SED. In contrast to stars
or normal galaxies AGN cannot be described by
thermal emission. The broad band SED can be
described by F, ~ v=® with a being the power-
law index or spectral index and F, the specific
flux, usually given in units of Wm™2Hz! or Jy
(=Jansky, 1Jy= 1072Wm™2 Hz™'). A positive
spectral index then characterizes a source whose
flux density decreases with increasing frequency.
Typical values of @ range between 0 and 1.
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Radio galaxy

Seyfert galaxy

Starburst galaxy

Strong radio sources are typically identified with
giant elliptical galaxies (including quasars). The
assignment to elliptical galaxies rather than to spi-
rals is an important difference to Seyfert galaxies,
as in terms of basic phenomenology, radio galax-
ies can be seen as radio loud Seyfert galaxies.

Seyfert galaxies have a absolute brightness of
Mp > —21.5 + 5loghy and represent lower lu-
minosity AGN. A Seyfert galaxy has a quasar
like nucleus, but also a clearly detectable host
galaxy (in the optical Ly, = Luucleuss typi-
cally ~ 10" Ly). Seyfert I and Seyfert II galax-
ies differ in the broadness of emission lines, i.e.
Sy I show a superposition of permitted broad
(FWHM> 1000kms™!) and forbidden narrow
(FWHM~ 500kms™') emission lines, whereas
emission lines in Sy II show only narrow compo-
nents. In addition, narrow line Seyfert I (NLS1)
galaxies are distinguished from Seyfert I galax-
ies, if the broad component shows a width of
<2000kms™".

Similar to AGN, galaxies can have rather blue
colors, strong, HII-region-type emission line
spectra and strong radio emission, if recent, large
scale star formation occured. Emission lines are
produced ub the star burst by a large number of
O and B stars, and the radio emission is caused
by super nova remnants. Sometimes, the starburst
takes place in an unresolved region at the galac-
tic center, appearing similar to an AGN. There are
theories predicting an evolution from starburst to
AGN, while other theories suggest that AGN and
starburst are two different manifestations between
an identic phenomenon.



Glossary

ULIRG

Unified scheme

Ultraluminous infrared galaxies emit a sub-
stantial fraction of their energy in the far in-
frared. ULIRGs have far-infrared luminosities of
Lg_10004m > 10'?Lg, and exceed their optical lu-
minosities by a factor of 10 or more. The far-
infrared emission in these galaxies is caused by
thermal radiation from dust (T~100 K or less) that
is heated either bay massive star formation or by a
’hidden” AGN which cannot be observed directly
through the dust.

The difference in type 1/2 AGN can be explained
by different viewing angles between line of sight
and the rotational axis of the host galaxy/jet.Basic
components of this model are: A supermassive
black hole (10° — 10'° My); a small (< 1pc),
hot accretion disk around the SMBH, origin of
the strong UV and otical continuum emission;
gaseous clouds, moving around the SMBH and
being ionized by the central source - ensemble
clouds closer to the center show broad emission
lines due to their higher velocities; molecular gas
and dust, assembled in a dusty torus with a sym-
metry axis aligned with the direction of the jet,
blocking the view to the center if viewed edge-
on, and with temperatures of 1500 K origin of the
observed infrared thermal radiation; two highly
collimated jets, origin of the synchrotron radia-
tion.
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Abbreviations

ACS
AGN
AlV
AO
BLR
CAD
CDR
CEA
CFRP
CSA
CSL
DM
DPA
EC
ECSS
ESA
ESO
EwW
FGS
FM
FOV
FPM
FS
FWHM
GEM
HES
HR1
HST
ICE
ICP
IFU
IMF
I0C

Advanced Camera for Surveys
active galactic nucleus
assembly, integration and verification
adaptive optics

broad line region
computer-aided design

critical design review
Commissariat 2 1'Energie Atomique
carbon fibre reinforced plastic
Canadian Space Agency

Centre Spatial de Lige
Demonstration Model

Double Prism Assembly
European Consortium
European Cooperation for Space Standardization
European Space Agency
European Southern Observatory
equivalent width

fine guidance sensors

Flight Model

field of view

Focal Plane Module

Flight Spare

full width at half maximum
geometric elements method
Hamburg ESO survey

ROSAT hardness ratio

Hubble Space Telescope
Instrument Control Electronics
Interface Connector Panels
integral field unit

initial mass function

Input Optics & Calibration
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ISAAC
ISIM
ISO
JWST
LIRGs
LLAGN
LOSVP
LRS
LRSDPA
MIR
MIRI
MIRIM
MRS
MTS
NASA
NED
NIR
NIRCam
NIRSpec
NLSI1
NLR
OTE
PSF

QM
QSO
RASS
RMS
ROSAT
SDSS
SF

SFR
SINFONI

SMBH
SMO
SPO
Syl/Sy2
TFI
ULIRGs

Infrared Spectrometer and Array Camera
Integrated Science Instrument Module
Infrared Space Observatory

James Webb Space Telescope

luminous infrared galaxies

low luminosity AGN

line-of-sight velocity profile

low resolution spectroscopy

Low Resolution Double Prism Assembly
mid infrared

Mid Infrared Instrument

MIR-imager

medium resolution spectrometer

MIRI Telescope Simulator

National Aeronautics and Space Administration
NASA/IPAC Extragalactic Database
near infrared

Near Infrared Camera

Near Infrared Spectrograph

Narrow line Seyfert 1

narrow line region

Optical Telescope Element

point spread function

qualification model

quasi-stellar object

ROSAT All-Sky Survey

root mean-squared

Rontgensatellit

Sloan Digital Sky Survey

star formation

star formation rate

Spectrograph for integral field observations in
the near infrared

Super Massive Black Hole

Spectrometer Main-Optics

Spectrometer Pre-Optics

Seyfert 1/Seyfert 2

Tunable Filter Imager

ultra-luminous infrared galaxies



Abbreviations

UoC
VCV
VLT
VM
WFE
WMAP
WRT
7P

University of Cologne

Veron-Cetty & Veron

Very Large Telescope

Verification Model

wave front error

Wilkinson Microwave Anisotropy Probe
with respect to

zero point
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