Lniversitat
wien

MASTERARBEIT

Titel der Masterarbeit

,census of the Molecular Gas in
Nearby Galaxies Selected from the
CALIFA Survey”

Verfasser

Johannes Puschnig, BSc

angestrebter akademischer Grad

Master of Science (MSc)

Wien, 2014

Studienkennzabhl It. Studienblatt: A 066 861

Studienrichtung It. Studienblatt: Masterstudium Astronomie

Betreuer: Dipl.-Phys.Univ.Dr. Helmut Dannerbauer






Contents

2 Molecular Gas and Dust in the Interstellar Medium

al Density and Line bilitd . .. ...
2.3.3  Radiative Trapping, Optical Thick Casd . . . . . . . . . . . . ...
|2 3.4  Total Column Density in I.TE Am)roxima,tior] ............

P ——

|3 1 Heterodvne Reoeivers] ..............................
3.3 Solid Angle of a Radio Telescope Bea.ﬁ ....................
|3 5 Observing Modesl ................................




|4 4.2  Algorithm for Subsa.mnle—Selectionl .................. 40

5 Star Formation Rates and Gas Masses of CALIFA Galaxies 45

5.1  Tracers of Star Formation . . . . . . . . .. . ... .. .. ... ...... 45
|5 1.1 Ultraviolet ( UV\l ............................ 45
5.1.2_ Recombination Lines (Hal . . . . oo oo oo 16
5.1.3 Infrared . . . . . ... 46

IﬂZAﬂ__—Skmm_&uvevs ............................ 47
[5.2.1 _The Infrared Astronomical Satellite (IRASY . . . . . ... ... .. 47
|5 2.2 Wide Infrared Survev Explorer ( WISE\' ................ 48

52 SPR from IRAS 4-Channel Datd ... .. ... ... .. ... m

|5 3.3 SFR from WISE 22 ym Data] ...................... 49

|5 4 Performing a Growth Curve Analvsis on WISE Atlas Tmaqes] ........ 51
.41 Comparison and Analysis of SFR Indicatord . . . . .. . ... ... 53
IiZAImn&HLmassss.fmm.Emms.&dems ................... 55
[5.5.1 Digital Archive of HI 21 cm Line Spectral . . . . . . . . . . .. ... 55
.52 HYPERLEDA. . . . oo 55

|5 5.3 Calculating Atomic Gas Masses from HI Observati(msl ........ 55

5.6 Calenlation of the Molecular Gas Masd . . . . ... .. 57
5.6, Difficulties of Deriving Molecular Gas Masses from CO Observations 57
5.6.2 Formula for Molecular Gas Mass Calculationd . . . . . .. ... .. 60

|5 6.3 Aperture Correcti(m] .......................... 61

|5 7 The Conversion Factor Xnnl .......................... 66
9.7.1  Transformation from Xeg to ace and Vice Versa . . .. . .. . .. 67
[5.7.2 Constant Conversion for Normal Spirals and LIRa ......... 68

|5 7.3 __Variable Conversion Factor Depending on [O/ H]l ........... 68

|5 8 Table of Combined SFRs, Atomic and Molecular Masses] .......... 74
.9 The Kennicutt-Schmidt Lad . . . o o oo oo 78
9 nderstanding Kennicutt-Schmidt’s Law Analytically . . . . . . . . 78

(5.9 [Kennicutt-Schmidt Law for CA A Galaxied . . . ... ... ... 79
blﬂ_Bg]_aﬁgu;ﬁ_Mg to Other ParametersJ ..................... 82
|5 10.1 _Optical Diameters and the K-band aninositvl ............ 89
5.10.2 Infrared Tuminositd . . - o - o oo 89
5.10.3 Metallicityl . . . . . . . 93
IEISM Pressure Analvsis Based on Gas and Stellar Dvna.mi(‘sl ......... 93

1



6.1

ﬁ.LLSMA.DaL&M

6.1.2 Calibrationl . . . . . . . . ...

6.5 Molecular Gas Velocity Dispersio

7_Conclusion
[List of figures
[List of tables

B PHP _and Shell Script Development
B Overview of developed Programs and Scripts . . . . . . . . .. .. .. ...
D esting the Subsample Selection with a Huge SD ampld. . . ... ...
B MIRIAD Data Reduction Scriptl . . . . . . . . . . . . . .. ... ... ....

|B.;3,I Part 1, Analysid . . . . . . . . . .

IC_Deutsche Zusammenfassung
D oo viad

11

123

127

129

131

138

155
156
158
159
159
164

175

177



Abstract

The presented master thesis is based on the statistically representative galaxy sample
of CALIFA, the “Calar Alto Legacy Integral Field Area survey” consisting of 600 local
galaxies with redshifts ranging from z=0.005 to z=0.03. The CALIFA survey has been de-
signed to obtain maps of stellar populations, ages, metallicities, ionized gas distributions,
gas excitation mechanisms, chemical abundances as well as kinematic properties from
stellar and ionized gas components. However, a key piece for the complete understanding
and interpretation of the nature and properties of the star formation in the investigated
sample is missing: the cold molecular gas reservoir, the fuel for star formation. This
is subject to this work which is a preliminary study of the ultimate goal of obtaining
interferometric CO maps with ALMA, PdBI and CARMA with matching spatial reso-
lution of the optical IFU data of 2” (corresponding to a physical scale of 200-760 pc)
to investigate molecular gas properties of local galaxies on a statistical basis. Within
this thesis, an extended archival search on CO detections and non-detections of CALIFA
galaxies was fulfilled and for 159 galaxies out of CALIFA’s mothersample (consisting of
939 targets), CO data was found. Infrared data from the IRAS and WISE satellites are
available for 497 and 924 galaxies, respectively. These datasets were compiled in order
to derive star formation rates for all galaxies of the mothersample. 21cm magnitudes
were taken from two different sources (Springob et al. 2005 and HYPERLEDA) in order
to calculate atomic gas masses for 2/3 of the CALIFA sample. All previously published
data was homogenized and molecular masses were derived by means of a sophisticated
CO aperture correction. Additionally, for 26 galaxies for which metallicities were recently
published by Sanchez et al. (2013), an empirical relation was used for a CO conversion
factor derivation and a subsequent metallicity-dependent molecular gas mass calculation.
Furthermore, all mentioned data was organized in a MySQL database, which was made
accessible through a web-interface to the CALIFA collaboration. A physically motivated
subsample of 65 galaxies was defined for future interferometric investigation. For that
purpose, an algorithm was developed which assures that the found subsample is as homo-
geneous as possible in the constraining parameters of stellar mass, star formation rate and
morphology. Based on that subsample, observations at several submm facilities such as
APEX, IRAM and PdBI were proposed. All used methods and calculations are described
and discussed. The Kennicutt-Schmidt relation for CALIFA galaxies was established
and analyzed. Star formation efficiencies and gas depletion times based on the molec-
ular and the total gas were derived and discussed. Finally, three conclusions could be
drawn. First, the SFR scales nearly linearly with Hs, even where most gas is atomic.

Second, the star formation threshold is independent on the scale and coincides with an
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atomic-to-molecular transition. And finally, to first order, the SFR/MH2 ratio is fixed in
“normal” spiral galaxies. These findings were exhibited from integrated, hence averaged
quantities. Thus, to first order, even from integrated values, basic properties of the ISM
can be derived which can be an asset for high-redshift investigations.

Beside that global perspective of star formation, a comparison between the ionized
and the molecular gas in the merger pair NGC2623 was performed. Based on CALIFA’s
IFU data and archival SMA data, it was possible to unveil a kinematic feature confirming
the prospect that during a major merger event, hot gas is most likely moving outwards,

whereas cold, molecular gas streams inwards into the central region.



Constants
¢ speed of light 299792458 x 108ms~!
h Planck constant 6.626 075540 x 1073*Js
h reduced Planck constant 1.054572666 x 10734 .J s
AU | astronomical unit 1.495978 7066 x 10m
pc parsec 3.0856776 x 10'6m
G constant of gravitation 6.67259 x 107 1m3 kgt s72
Mg | solar mass 1.9891 x 10% kg
Lo solar luminosity 3.8458 x 10¥ergs!
my | mass of 'H atom 1.6735344 x 102" kg
m, mass of e~ 9.109389754 x 1073 kg
Conversions
erg energy of 1 erg 1077 J
eV energy of 1 eV 1.6021773349 x 10719 J
Jy flux density in Janksy 1072 Wm2Hz!
Ao wavelength associated with leV 12398.4282 x 1071%m
2 frequency associated with 1eV 2.4179883672 x 10 st
Cosmological parameters
Hy Hubble constant 70 km st Mpc™!
Qur matter density parameter 0.3
Qa dark energy density parameter 0.7

Table 1: If not otherwise stated, physical constants as indicated here were used throughout
this work. An extended list of quantities can be found in |Allen and Cox (2000). The
cosmological parameters applied for all calculations were recommended for the CALIFA
collaboration by J. Walcher at the “Califa Busy Week 5”7 in April 2013.



Chapter 1
Introduction

For the purpose of studying molecular gas in nearby galaxies, a unique galaxy sample is
used as a basis. CALIFA, the “Calar Alto Legacy Integral Field Area survey”, see also
Sénchez et _al. (2012), is obtaining integral-field spectroscopic data in the optical (from
370-700nm) of a diameter selected (45”7 < D25 < 80”) sample of 600 galaxies of all
Hubble types, from elliptical to spiral galaxies, in the local universe (0.005 < z < 0.03).
This ongoing survey has been granted 250 nights with the 3.5m telescope at the Calar
Alto observatory, using the PMAS/PPAK TIFU (Roth et all, 2005; [Kelz et all, 2006) with a
hexagonal field-of-view (FOV) of 64” x 72”. This large FOV covers the full optical extent
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of the selected galaxies down to a 30 depth of 23 magarcsec™, at a spatial resolution of

about 2 arcsec.

The workhorse of CALIFA, Integral Field Spectroscopy (IFS), is able to tackle a large
number of relevant issues on galaxy evolution, as shown in, e.g., [Sdnchez et al. (2012).
However, some fundamental questions are essentially not reachable by IFS techniques,
and must rely on, or be combined with, observations at other wavelengths. The CALIFA
galaxies have a large multi-wavelength coverage from the UV to the infrared including
legacy surveys such as GALEX, UKIDSS and WISE. However, a key piece for the complete
understanding and interpretation of the nature and properties of the star formation in
the investigated sample is missing: the cold molecular gas reservoirs, the fuel of star

formation.

Hence, the present work foremost motivation is to fill this gap and build-up a basement
for future molecular gas studies based on CALIFA galaxies. In order to achieve this aim,
within this work some major steps were performed. First, an extensive archival search
on CO detections and non-detections of all CALIFA galaxies was fulfilled. Previously
published data from the centimeter to the optical spectral domain were compiled and
calibrated to a homogeneous galaxy sample in order to investigate correlating parameters,
with an emphasis on the cold and neutral interstellar medium. CO observed at ~ 115 GHz

rest-frame frequency, corresponding to its J=1-0 rotational transition at ~ 2.6 mm, is used
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as an astrophysical tool for deriving general properties of galaxies and the ISM they are
containing. Star formation laws (Kennicutt-Schmidt) and star formation efficiencies and
gas depletion times were derived and analyzed. For the bulk of CALIFA galaxies, which
were not observed in CO previously, CO luminosities could be estimated, which was an
essential support for proposals submitted during my master thesis for the APEX, IRAM
and PdBI facility.

Furthermore, a reasonable subsample of 65 CALIFA galaxies for future CO follow-
up observations was defined obeying the criteria to be as homogeneous as possible in
the parameters of stellar mass, star formation rate and morphology. For this kind of
galaxy selection, an optimization algorithm was developed in order to assure the desired
distribution.

Beside that global perspective, gas kinematics within NGC2623, a merging galaxy
pair, were studied in detail on a sub-kiloparsec scale. To do so, the ionized gas component
detected through Ha within the CALIFA program is compared to the molecular gas traced
by CO. To achieve the same resolution (subkpc) in both, the IFS data and CO maps,
interferometric data gained with the Submillimeter Array was reduced and evaluated
leading to a discussion on the origin of the gas and star formation timescales. This
proto-study shows the capabilities of combining interferometric millimeter data and IFU
data.

In addition, a MySQL database accessible through the Internet was created that sum-
marizes all calculated and collected information on CALIFA galaxies. The database which
supports several selecting and sorting features was provided to the whole CALIFA collab-

oration.



Chapter 2

Molecular Gas and Dust in the

Interstellar Medium

In this introductory chapter, at first, a short outline of the observational history of
molecules and dust in the interstellar medium (ISM) is given in section 211  Subse-
quently, the most important components of the ISM and its basic properties are rendered
in a tabular form in 2.2l Since a substantial part of the present thesis is based on obser-
vational CO data, the physical concept behind CO line emission is treated in some detail
in 2.3 T want to point out, that, for the sake of simplicity, in this section all considera-
tions are based on a molecule model with two levels, upper and lower state, only! T aim
to give an overview of the theoretical tools needed to understand diatomic energy levels
and rotational transitions (2.3.]), the critical density (2.3.2]) and calculations of the total
column density within the LTE approximation (23.4]). Since CO emission is generally
optically thick, a view words on the topic of radiative trapping can be found in 2.3.3] The
distribution of molecular gas within galaxies of different Hubble Type is the topic of this
chapter’s last section 2.4]

2.1 Historical Remarks

The existence of molecules in the interstellar medium (ISM) was first recognized by Swings
and Rosenfeld (1937) through absorption bands originating from electronic transitions of
various species (e.g. CH, CN). Later on, in the 1960’s, also rotational transitions were
observed at wavelengths in the millimeter and centimeter domain. Nevertheless, it was
not before 1970, that Carbon monoxide (CO) was discovered for the very first time by
Wilson et all (1970).

In the same year, molecular hydrogen Hy was observed by its Lyman resonance ab-
sorption lines in the ultraviolet (UV) by (Carruthers (1970) for the first time, but it was

not until the late 1990’s, when more sensitive IR array detectors were available, that
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molecular hydrogen was also detected in emission from forbidden rotational-vibrational
transitions in the Near-Infrared (NIR).

Why is Hy hardly seen in emission, though obviously it is the dominant, most abundant
molecule in the ISM? This is, because its first rotational level, accessible only through a
quadrupolar transition, is more than 500 K above the fundamental. Thus, Hy due to its

physical properties is not as easily excited as CO (see section 2.3]).

It is a homo-nuclear and linear molecule, which is lacking of a permanent dipole mo-
ment. All lower energy levels are quadrupole transitions with very low probability and
relatively high excitation energies. Hence, they are only excited at high temperatures or
in strong UV radiation fields which are uncommon to the ISM. Thus, the most abun-
dant molecule in the ISM, which is carrying most of the mass and playing a major role for
physical processes like pressure- and thermal balance, is virtually invisible to direct obser-
vation. As a consequence, most of what we know about the ISM comes from observations

of other molecules, so called ”tracers”.

Beside the gas, the ISM also consists of a macroscopic component — dust grains. In
1911, J. Hartmann, discovered Ca absorption lines in rest when observing ¢ Orionis, a
double star system. The consequences of these observations were firstly underestimated
and it was not before 1930, when Triimpler discovered that interstellar extinction increases
with distance, which leaded to the only reasonable concept, that there must be matter

along the line of sight. The ISM was discovered.

Interestingly, our knowledge of dust grains in the interstellar medium is still quite
poor. Our understanding of the gaseous ISM is mainly due to the success of quantum
physics during the last decades. But dust has to be treated by solid body physics. Since
grain compositions and physical properties are mostly unknown, this is still left as a task
for the future. Up to now nobody has yet been able to produce grains in the laboratory,

much less reproduce the conditions they would experience in the ISM.

Dust, although its mass distribution to the ISM is only about one percent in the
Milky Way, is intimately linked to the molecular phase of the ISM, because molecules
are believed to grow on dust grain surfaces. A fact, which is confirmed by the empirical
CO-IR relation which will be described in section Further readings on this topic
can be found in [Draine (2003).



2.2 Components of the ISM

Medium Temp [K] | Density [cm ™3] | Observable
cold molecular gas 10-20 103 - 10* low rotational transitions
of CO (J=1-0 and J=2-1)
warm molecular gas | 50-300 ~ 10* high rotational transitions
of CO (above J=3-2)
cool neutral gas 50-100 1-100 hyperfine transition of H (21cm)
warm neutral gas 100-5000 0.1-1 hyperfine transition of H (21cm)
warm ionized gas 103 - 104 ~ 0.01 emission lines
hot gas 106 0.0001 X-ray emission

Table 2.1: Components of the ISM.

2.3 Physical and Chemical Properties of Carbon

Monoxide

Following the classical theory of electrodynamics, an electron moving in its nuclear orbit,
should emit radiation continuously. Thus, the electron would loose energy and fall into
the nucleus within a very short time. No stable atoms would exist. This fundamental
problem was already known in the 19th century and it was clear that other physical
concepts were needed to understand atomic and subatomic scaled structures. But it was
not until 1913, when Bohr postulated, that emission of radiation occurs only when an
electron changes from a higher energy orbit E5 to an orbit of lower energy E;. He found

that the emitted photon energy hr, can be written as:
hy = E2 — E1 (21)

This equation is known as the Bohr frequency condition. The reverse process, a transition
from E; to Es, requires the absorption of a photon with energy hv. The wavelength of

the emitted photon, A, is related to the frequency v by the simple expression:

v=— (2.2)
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Figure 2.1: Energy-level diagram for ideal vibrator-rotator.

2.3.1 Diatomic Energy Levels and Transitions

A diatomic molecule model (e.g. CO) as described in |Atkins and de Paula (2006) chapter
13 suggests that both, vibration along the bond between the atoms and rotation about
that bond have to be considered. Excitation of any of the electrons to higher states are
neglected for a first approximation. Then, we expect the possible energy levels to be the

sum of a vibrational and a rotational part:

E = Epo + By (23)
ﬁ2
Erot - ZJ(J "‘ ].) (24.)

ko1 1
Evib = ﬁ\/;(v + 5) = hC(JJe('U + 5) (25)

where I is the moment of inertia about an axis through the center of mass and perpendic-
ular to the bond, and J is an integer quantum number. I = p r? with the reduced mass
1, T is the distance between the two atoms, k is the effective spring constant and v is the
vibrational quantum number. On the right hand side, the equality is expressed in terms

of the wavenumber w,.

The actual observed spectrum of a diatomic molecule like CO has to rely on certain
selection rules, which are defined within the concept of quantum mechanics, see e.g.
Atkins and de Paula (2006). Transitions between energy levels have to obey these rules.
For vibrational states it is required that v changes by +1, while for the rotational states
J have to change by +1, which can be seen in figure 2.1l Following formulae (2.4 and
(23]), estimations of the transition energies for CO can be derived. For the vibrational

transitions, the quantities k and p have to be found. In the given approximation, the
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inter-atomic potential energy U can be expressed as:

r—r)

U= it (2.6)
2
It is known that about 11 eV is needed to dissociate CO, see e.g. Visser et al) (2009), which
is quite high, meaning that, once CO is created, it is hard to be destroyed! We assume
that the dissociation occurs when the bond is stretched to twice its equilibrium length of
about 0.1nm, so that U is equal to the dissociation energy when r = 2 r.. The quantity
of k can now be derived and p is known from the atomic masses. Hence, a vibrational
level spacing of about 0.1¢eV is found. Using the values of table [Il a wavelength of about
10pm is found. Thus, vibrational transitions of CO are found in the far infrared region
of the spectrum. Now, the rotational energy levels can be easily derived from r. and the
atomic masses, giving that AE = 0.7meV for the J = 1 — 0 transition. Since this is
much smaller than the vibrational energy, the rotational energy levels of CO are found in
the sub-millimeter spectral domain indicating that the rotational transitions show up as

a fine structure on the vibrational transitions.

The above considerations were based on a simple molecule model, a more detailed
view on the topic can be found in [Brown and Carrington (2003), where the energy levels

of a diatomic molecule are derived:

1 1 1
Bug = e+ 5)were(v + 5) + B (] + DD + Doaclv +5)I(T +1) (27)

The first two terms of equation (2.7)) describe the vibrational energy, the next two the
rotational energy, and the final term describes the vibration-rotation interaction. Thus,
it can be seen that level spacings and the frequencies of transitions between rotational
levels, depend on the values of the rotational constant, B,, and the rotational quantum

number J as already outlined before.

Using equation (7)), the transition frequencies for the molecule of interest, CO, can
be calculated. For this purpose the values of B,, a, and D, were assumed to be 57897.5
MHz, 524.0 MHz and 0.1834 MHz respectively. The results are given in table 2.2

J v [MHz] | £« [K]
1 =01 115.271 9.5

2—=11] 230538 | 16.6
3—=2 | 345.795 | 32.2

Table 2.2: CO rotational transition frequencies
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2.3.2 Critical Density and Line Visibility

Knowing about the physical background of CO energy levels, this section is about the
conditions needed for CO emission lines to occur. Basically the most important criteria
is the density of the medium. The forthcoming equations and methods are mainly based
on chapter 6 and 7 of the textbook of IDraine (2011). Considering a simple system with
only two levels, upper and lower state, which are separated by the energy F,; with the
statistical weights g, (upper) and g; (lower) and populations of n, and n,, that define the
number of a given species in upper or lower state respectively, the levels are connected
to each other by three radiative processes — namely: absorption, stimulated emission and

spontaneous emission. The rates of these processes are given by:

absorption rate = By, I, (2.8)
stimulated emission rate = By 1, (2.9)
spontaneous emission rate = Ay (2.10)

where A and B are called the Einstein coefficients and [, is the specific Intensity. The

following relationships hold between the given Einstein coefficients:

nglu = guBul (211)
C2

By = A, 2.12

= A 212)

Another important quantity is the excitation temperature, which can be understood in

terms of the population density in two states:

Um g'u, )

— = —e kTex 213
ny gi ( )

It is important to note, that T,, is not equal to the kinetic temperature, although in some

cases it will be a good approximation, which will be shown at the end of this section.

In addition to the discussed radiative processes, also collisions play an important
role in the ISM. Both, collisional excitation and de-excitation is possible. It can be
easily understood, that in the case of collisions, the kinetic temperature T must be the
dominating quantity, since temperature is related to the movements of the particles within

a medium. Similar to equation (2.13)), the collisional rate coefficient C is defined:

Gu ~ By

Ch, = —e*x (2.14)
gi

11



The actual rate of collisional excitation or de-excitation is:
collisional excitation rate = nCy, (2.15)

collisional de — excitation rate = nCly (2.16)

Collisional processes are very important in the theory of the ISM, since they are able
to excite atoms and molecules, which leads to detectable emissions and furthermore to
cooling of the ISM, which plays a major role during the process of star formation and the
matter circle of the ISM.

Putting all together, and assuming statistical equilibrium, the rates in and out of a
energy level must be equal: dn,/dt = dn;/dt = 0 and the rate per unit volume in and

out of a lower level state can be noted as:
n; B, I, + n;Crun = ny Ay + nyBul, + n,Cun (2.17)

Equation (2.I7)) can be solved for the ratio of interest:

u Bu[z/ u
M _ __ Buly + Cun (2.18)
ny Aul + Bul[V + Culn

Using the definition of the collisional rate coefficient (2.14) and the relation between
the Einstein coefficients ([2.12]), as well as the excitation temperature as indicated in
(213), and furthermore representing the underlying radiation field (e.g. cosmic microwave
background (CMB)) with a Planck function of temperature Tg, then equation (ZI8]) can

be rewritten as: .
—hv

hv
o A[e’T® — 1)L + Cyne™
o _ Aule™Tr ,],w + Cunetk (2.19)

Aul[l — GWR]_I + C’uln

and a critical density can be defined:

Aui

Nerit = . (2.20)
Now, two distinct cases can be considered — n >>n..;; and n <<ng.;; — which leads
to the interesting circumstance, that in a medium of density n much below n..;, no
emission line will be visible, because the excitation temperature 7,, then will approach
the (background) radiation temperature Txk. In the other case, when the density n of
the medium is much higher than n..;, an emission line will be visible and the excitation
temperature 7., will approach the kinetic temperature Tx. Under such conditions — when
collision are dominant compared to radiation — the medium is said to be in “local thermal
equilibrium” (LTE), due to high collision rates the particles can thermalize and will follow

a Boltzmann distribution, which actually is given by equation (ZI4]), compare [Krumholz
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(2011).
Since, the value of n.,.; differs from one species to another, observations of multiple
molecules and transitions, can be used to derive the actual volume density of the emitting

region. Furthermore, the temperature of the medium can be estimated.

As a precaution, I note, that the preceding considerations are strictly valid only for the
optical thin case, because the CMB radiation field as solely initiator of stimulated emission
and absorption processes was introduced, but CO is optical thick and self-absorption has
be taken into account too! The effect of optical thickness is that the critical density is
reduced. This is, because trapping of photons within the cloud means that not every
spontaneously-emitted photon escapes the cloud. This effect is the same like lowering the
Einstein A coefficient (Krumholz, 2011).

2.3.3 Radiative Trapping, Optical Thick Case

There exist several methods to calculate the effects of radiative trapping, the most com-
mon is probably the “escape probability treatment” of [Scoville and Solomon (1974). In

this section, I will provide the basic idea, see the given literature for details.

Radiative trapping causes photons to scatter many times about the cloud, enhancing
the resulting observed line flux due to stimulated emission. Each emission-line photon
emitted by normal downward radiative transitions can effectively multiply itself by stim-
ulated emission before escaping the cloud. The result is that, a larger excitation temper-
ature is achieved at a lower density than in an optically thin region. Thus, the density at

which the line appears to thermalize gets lower.

Since CO J=1-0 line is always extremely optically thick in molecular clouds, some
kind of radiative trapping treatment must be performed. For most of the giant molecular
clouds, the observed optical depths in the J=1-0 line are >10, lowering the effective

density at which T,, ~ Tk from 3000 cm~ to as low as 300 cm 3.

2.3.4 Total Column Density in LTE Approximation

Applying the theoretical aspects of the previous sections, one could compute column
densities for molecules only in that particular rotational state. To convert this into the
total column density, the fact that the CO line is only visible when the medium is in or
near LTE conditions, can be exploited. The advantage then is, that the particle states
follow the Boltzmann statistcs, and the fraction of the population of a given rotational
state J, is given by:

gJje kT

QT)

13
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where Q(T) is called the “partition function”, which is defined as the sum over all rota-

tional states:
E

QT) = _giek. (2.22)

Another simplification can be introduced for linear molecules like CO or CS. For those,

the statistical weights and energies of the Jth rotational state can be calculated easily:
g =(2J+1), (2.23)

Ey = J(J + 1)hB(v). (2.24)

B(v) is a function of the moment of inertia I, which itself depends on the vibrational

quantum number v:

h
B(v) = 8772—1(1)) (2.25)
The summation in equation (2Z.22) can be truncated at a high value of J, because tran-
sition probabilities increase with increasing J. Transitions at higher levels occur so fast,
that they will be mostly depopulated and therefore won’t contribute much to the par-
tition function (Mangum and Shirley, 2013). At low densities, the sum of Q(T) can be

approximated by the following integral:
Q(T) ~ / (2] + De#rdJ, (2.26)

and when assuming LTE conditions, the partition function is approximately:

kT
T : 2.2
For example, the LTE partition function for the CO J=1-0 transition is:
T
T~ ——— 2.2
QT) 2.T6 K (2:28)

Again, it is important to mention that LTE is not always a valid assumption! Explicit
non-LTE calculations have to solve the equations of statistical equilibrium to evaluate
the partition functions, which is much more complex than the procedure above. A more

detailed insight into the topic can be found in [Mangum and Shirley (2013).
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2.4 Molecular Gas in Galaxies of Different Hubble
Type

The predominant model of galaxy evolution, which is widely accepted, is the so called
“bottom-up” hierarchical principle. Collapsing dark matter halos form small structures
first, and only subsequent merging processes lead to high mass galaxy formation. Within
this model, the early type galaxies (ETGs) are thought to build up the end of the time-line.

Since molecular gas content is intimately linked to the process of star formation, see
e.g. Bigiel et all (2008), Leroy et all (2008) and (Gao and Solomon (2004), which mostly
occurs in late type spirals (Kennicutt, 1998; Bigiel et al., 2008; [Leroy et all, 2008), it
seems clear that in most of the early type galaxies molecular gas traced by CO is not
observable.

However, some early types galaxies, do have detectable molecular gas content, which
was first discoverd by Wiklind and Rydbeck (1986). Since then, dozens of molecular gas
studies were performed by various groups. The most comprehensive and largest of these
studies so far, is based on the ATLAS3P (Cappellari et al., 2011) sample of early type
galaxies. They found that 22 percent of early type galaxies of their volume-limited galaxy
sample have a detectable molecular gas reservoir (Davis et al., 2013a).

Based on the 41 galaxies ATLAS3P sample, Davis et al. (2013b) surprisingly found,
that the extent of the molecular gas in ETGs is comparable to spirals. As a comparison
sample they used the BIMA-SONG (Helfer et all, 2003) 44 galaxies sample, which is also
volume limited. Although on an absolute, linear scale, the molecular gas in spirals is
more extended — when normalized to the galaxy scale length — this “relative CO-extent”
between spirals and ellipticals is similar. See also figure which was taken from Davis
et al. (2013h).

2.5 Scale Length of Molecular (as

The scale length is defined to be the radius r. — also the “effective radius” — of a galaxy’s
isophote at which the surface brightness I(r), which is distributed following an exponential
law, has declined to a value of 1/e of the central value Iy. Based on the THINGS survey,
Leroy et all (2008) found that the CO distribution’s scale length r. co can be described
by re.co = 0.2 795, with ro5, the radius of the galaxy, where the surface brightness has
reached a value of 25 mag/arcsec? in the B band. Hereafter, this quantity is simply refered
to as the (optical) “blue radius”. Similary, in a more recent publication of [Lisenfeld et al.
(2011), the mean CO scale length was found to be:

Te,cO = 0.25T25. (229)
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Figure 2.2: CO distribution in early type galaxies (ATLAS3D) and late type galaxies
(BIMA-SONG). The figure is taken from Davis et all (2013b).
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The most comprehensive study on that topic was performed by [Young et al. (1995). From
a sample of more than 300 late type galaxies, they derived, that the diameter, within 70
percent of the total CO luminosity is found, D7y co, extends to half the size of the optical

blue diameter, Dsys. Summarizing, what is stated above, the following equations can be

noted:
I(r) = Ipe e (2.30)
Do co
. =05 2.31
Dy (2.31)

To be able to compare these two different findings of (2.37) and (2:31]), some calculations

have to be performed.

Te,CO __r
05 :/ _[06 "e,CO 27Td1“ (232>
0
T70,CO _ T
07 — / [Oe Te,CO 27Td7' (233)
0
_ T Te,CO
0.5 = —1Iy27 |:7’67006 TEvCO:| = [0277{[_7'6,00671] + re,CO} (2'34)
0
__r _qm0,cO — 119,00
0.7 = ~I2|recoe =c0| " = Iar{[-rocoe” 0]+ 100} (2.35)
0

Building the ratio of the last two equations, a simple relation between r7o co and reco

can be found:
1000 _ 9 16. (2.36)

Te,CO
Using formula (231), this transforms into:
Teco = 0.237“25, (237)

which indeed is similar to the results in [Leroy et al. (2008) or [Lisenfeld et al! (2011). and
also holds for the molecular gas in ETGs, compare Davis et all (2013a).
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Chapter 3

Observing CO at Millimeter
Wavelengths

After the physical background given in chapter 2] observing strategies and methods used
in sub-millimeter astronomy are briefly discussed. First, the concept of signal process-
ing is explained in section B.Jl Then common flux units, various beam-efficiencies and
brightness temperature scales found in section are quoted and recommendations for
the appropriate usage are given. A presentation of observatories available for the submm
wavelength range follows in section .4l The selection is based on data used within this
work. Then, typical observing modes in radio and submm astronomy are described in[3.5
Within my thesis, I also substantially contributed to CO observing proposals, therefore a

discussion on the calculation of integration time is given in

3.1 Heterodyne Receivers

It exists one principal difference between typical signal detection in the optical or near-
infrared wavelength regime and radio receivers. In the optical, e.g. when using CCDs,
single electrons corresponding to photons are collected and subsequently counted. Thus,
the corpuscular nature of light is exploited. In contrary, radio and sub-millimeter detectors
make use of the wave-nature of light. Similar to an ordinary radio device, astronomical sig-
nals within a certain frequency range, defined by the channel-number and channel-width,
are processed. This is of course a highly sensitive and challenging task, because astronom-
ical signals are weak and the noise produced through atmospheric turbulence, reflections
and environment are relatively strong. Calibration is a serious and time-consuming pro-
cedure which typically lasts as long as the on-source observation. Moreover, the submm
domain corresponds to frequencies of several hundreds of GHz, which makes it technically
even more challenging than e.g. 21cm observations, because electronic state-of-the-art

devices cannot handle these kind of signals due to their high frequencies. For comparison
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one can recall actual CPUs used in personal computing, which are limited to frequencies
of approximately 3 GHz (per core) today. This limit results from two effects: transmission
delays and heat build-up. The transistors on the chip behave like “On-Off” switches. In
order to distinguish between these two states, electrons have to charge up or drain the wire
that connects the transistors. The faster the state changes (the higher the frequency),
the more power is needed, but power leads to heating and thus, cooling is needed. These
considerations lead to a speed limit on the chip.

The solution to this problem is the use of “heterodyne” receivers. They consist of
a “Local Oscillator” (LO), that mixes the high frequency (HF) signal of the astronom-
ical source with a local and much lower frequency (LF). All further processing is then
performed on LF basis. A detailed description on that topic is found in [Wilson et al.
(2009).

Another matter of fact to be considered is the spatial resolution available to single
dish telescopes. The well known proportionality 6 o %, limits the beamsize 6 due to
diffraction to values of 10 to 60 arcsecs for single dish telescopes with diameters (D) of
50 to 10m at a wavelength A\ corresponding to the CO J=1-0 transition. An overview of
some single-dish telescopes and their beamsizes is given in table [3.21

On the other hand, with radio telescopes, one measures not only the source flux, but
also a spectrum of the source is obtained. Thereby, the spectral range is given by the
channel-width and the number of channels provided by the radio telescope’s backend.
Interestingly, the effective spectral resolution is variable and can be enhanced by longer
exposure times, which in fact leads to a better signal-to-noise (S/N) ratio within each
channel. Thus, 3D kinematic information, similar to integral field spectroscopy in the

optical, is easily available when observing in the radio or sub-millimeter domain.

3.2 Flux and Brightness Temperature Scales

The flux of an astronomical source attenuated through the distance d following the 1/d?
law, can be given in various units. Most common to optical astronomy is the scale of
“magnitudes”. Its history goes back to a time, when the most important astronomical
instrument was the human eye. Thus, magnitudes scale non-linearly with the brightness
of a source, as does the human eye.

Although “magnitudes” are still widely used in optical astronomy (mostly broadband
filter systems), with the extension of photon detectors to the X-ray, infrared and radio
domain, more physically motivated brightness scales gained importance.

In radio and infrared astronomy for example, the unit of “Janksy” corresponding to
10725 W Hz"1m~2 is widely used. In fact it does not measure a flux, but rather the flux

density, meaning that it is normalized to the frequency.
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Another way of measuring a source’s flux, probably the most widely used in radio
astronomy, is to compute its corresponding black-body temperature. Although black-body
radiation relies on thermal equilibrium, it is principally possible to convert a given flux
density into a corresponding black-body temperature anyway. Exactly this is, what radio
astronomers do. When using Planck’s law, see equation (B.I]), the resulting temperature

is the so called source brightness temperature Tpg.

Another simplification is often made and instead of Planck’s law, its Rayleigh-Jeans
(RJ) approximation is used for temperature derivations. This seems reasonable for sub-
millimeter astronomy applications, since the RJ approximation is appropriate for low
frequencies below = 10 GHz (see figure B.2)). The so derived temperature is referred to

as the radiation temperature Tg.

It is important to keep in mind that brightness temperatures are only a kind of bright-
ness measure and not necessarily a real physical temperature. Planck’s law and its RJ

approximation are shown in equation (3.]]) and (3.2).

2h3 1
B/(T) = - — Wm 2 Hz Y] (3.1)
c err — 1
2k -2 —1
B/T) = 55 T (Wm™ He'] (3.2)

Hence, the brightness of a source with an angular size expressed as solid angle  is
given by the surface integral over either the brightness temperature Tp or the radiation
temperature Txr. The latter is commonly used in radio astronomy. But what is effectively
observed is neither Tz, nor Tk, because other effects have to be taken into account leading
to other brightness scales. At first, the scale for the purely (instrumental) brightness of a
source is indicated by T, the antenna temperature. This antenna temperature has to be
corrected for atmospheric attenuation during the observing run by means of the calibration
procedures. There are two common methods available: position and frequency switching.
Both will be briefly explained in section The resulting, atmospheric attenuation
corrected brightness scale is then identified by 7%. In the next step, 7% has to be corrected
for the so called rearward spillover and scattering. This accounts for instrumental effects,
especially for the sensitivity of the detector not only to signals coming from the front side,
but also to surrounding noise. The amount of this correction is quantified by 7., the
efficiency of the antenna in forward direction in comparison to its rearward scattering and
spillover. The resulting scale is identified by T, see figure 3] for better understanding.
In analogy, also the sensitivity in forward direction is not uniform and signals from other
sources and reflections from the ground can influence the measurement. The forward-
efficiency nyss (or Feyyr) is a measure of the main beam lobe size and sensitivity compared

to the side-lobes in forward direction. The so gained quantity, which is corrected for
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atmospheric attenuation, radiative loss, rearward and forward scattering and spillover is
then given in the T} scale. This scale is often found in literature, but depending on the
source’s extent it may differ from the source’s real radiation temperature or brightness
temperature. Hence, another scale is commonly used, the so called main beam brightness
temperature scale, Ty p. It takes into account the shape (most often described as a
Gaussian) of the beam and its changing sensitivity described by its power pattern. For
example, in a perfect world, when the source and the beam power pattern exactly match
each other, the main beam brightness temperature scale gives exactly the real source
brightness temperature. The efficiency that translates T to Thp is nyp (or also Besy).
The conversions from and to T, T}, and Typ are given in equations (B3) and (3.4]).
A combination of (B3] and (B4]) leads furthermore to a relation between Th/p and T7,
which is shown in (3.5]). Thereby the product of 0y and nyp is often referred to as the
beam efficiency Mpeam- One really has to take care about denotations and meanings of
efficiencies indicated in the literature. Within this thesis, all mentioned scales and their
meanings follow the suggestions of [Kutner and Ulich (1981), who for the first time, tried
to unify and define the denotations. Thus, one cannot generally recommend the use of a
certain brightness temperature scale, but rather give an advise, for which objects, which
scale might be closest to the source’s real brightness temperature. Table [3.1] summarizes

the available scales and gives some hints to their use in dependence of the source’s angular

size. -
T = —A4 (3.3)
Tfss
T*
Tyg = —=& (3.4)
nvmB
T T
Tup = A = A4 (3.5)
nfss X NvmB Nbeam

3.3 Solid Angle of a Radio Telescope Beam

The beam can be approximated as Gaussian. Thus, the following equation for the solid
angle €) of the beam, is valid:
B T2
~ 4In(2)
The beam’s half-power-beam-width (HPBW) is indicated by ©y and must be given in

rad. When incorporating all constants of the above equation into one single factor, and

(3.6)

transforming rad to arcsec, one finds the solid angle from O in arcsec:

Q = 1.13309 x O3, (3.7)
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Source Size Temperature Scale

QS = 27 TR = TE
QS = QMB TR = TMB
2 < Qg T < TZ

Qup < Q¢ < 27 TZ < Tr < Tyn

Qup > Qs Tur < Tr

Table 3.1: Temperature Scales used in Radio Astronomy. Tj is the so called radiation
temperature based on the RJ approximation which is not accessible to observations directly
due to atmospheric and instrumental effects. Therefore, the T scale is commonly used
which is corrected for atmospheric attenuation, radiative loss, rearward spillover and
scattering. When additionally correcting for forward spillover and scattering, the scale
is referred to as the 77} scale. In a last step, one can account for the shape of the main
beam lobe when observing extended sources. Such a correction considering a Gaussian
beam and source is referred to as the main beam brightness temperature scale Th;p.

r]fss
r] rss

Figure 3.1: Antenna Efficiencies in rearward and forward direction indicated by 7,,s and
N¢ss, respectively. The beam’s sensitivity is displayed as lobes.

3.4 Facilities

The presented compiled catalog (see chapter 2]) of CO observations relies on data gained
at various sites. The following table summarizes facilities through which the presented
data was obtained. The indicated beamsizes and main beam efficiencies at 115 GHz were
taken from the references as noted. Since these properties are not fixed, but rather change

throughout the years, the actual values might differ from the given ones.

22



1
1014 1016

102

Frequency [HZz]

108 1010

Figure 3.2: Planck’s radiation law for black-body radiation of various temperatures. In
the radio domain below 10'2 the mostly linear Rayleigh-Jeans limit can be identified.
Image Credit: [Thompson et all (2001).

Telescope & Location Organization Beamsize Beam Efficiency
Diam. [m] CO,1-0 Nbeam
NRAO 12m Kitt Peak National Radio 55" 0.84%*
Arizona, US Astronomy Observatory
FCRAO 14m New Salem Univ. of Massachusetts & Amherst 45" 0.73 (Young et al. 1995)
Massachusetts, US College & Hampshire College & Mount
Holyoke College & Smith College
SEST 15m La Silla, Chile ESO & Onsala Space Obs. 43" 0.72 (Johansson et al. 1998)
OSO 20m Onsala, Sweden Onsala Space Observatory 33" 0.50 (Curran et al. 2000)
IRAM 30m Pico Veleta, Spanish Institut de Radio Astronomie 24" 0.65 (IRAM Web 09/2013)
Sierra Nevada Millimétrique
NRO 45m Nobeyama National Astronomical Obs. 15" 0.38 (Komugi et al. 2008)
Minamimaki, Japan of Japan

Table 3.2: Typical beamsize and beam efficiencies at 115 GHz of various single dish sub-
millimeter telescopes. (*) At the NRAO 12m telescope the commonly used scale is T7;.
Therefore, for NRAO the main beam efficiency is indicated, rather than the beam effi-
ciency. Hence forward spillover is already taken into account.

3.5 Observing Modes

Similar to observations in the optical domain, calibrations are also needed when observing
at radio wavelengths. In order to obtain scientifically useful data, various measurement
schemes allow for the successful elimination or characterization of systematic effects, like
the variable emission and absorption due to Earth’s atmosphere. Basically, the system

temperatur has to be measured in order to allow for calibration. Roughly speaking, two

lreceiver + atmosphere
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procedures are available for that purpose: position and frequency switching.

Position switching is quite time consuming, because the telescope moves between an
offset (OFF) position and the target (ON). Ideally, one specifies the OFF position to be
at a fixed azimuth and the same elevation as the target to ensure that the ON and OFF
positions are measured through the same airmass. At OFF position the atmosphere’s
temperature T,;,, is measured. On top of that, in order to correct for atmospheric at-
tenuation, “tipping” — measuring T,;,, at elevations ranging from the horizon up to the
zenith — has to be performed regularly for the derivation of the atmosphere’s opacity 7.
Moreover, the receiver noise T, is needed for further calibrations. Its average value is
usually available from the telescope’s manual, but since T,, is not constant, especially
for mm/submm receivers, the best one can do is to measure it regularly by means of
calibrators (hot/cold load). The overall system temperature is then the sum of Ty, and
T,.. The described procedure — the direct calibration of the atmosphere by tipping scans

— is quite time consuming, but leads to best calibration results.

Another way, which is a combination of position and beam switching is referred to as
the “chopper wheel method”. Thereby the process of measuring receiver and atmospheric
temperature separately is simplified and the system temperature can be measured directly
at one single OFF position. Details on that can be found in Mangum (2013). This

method’s advantage is that the observing overhead can be reduced.

In the frequency switching observing mode, the local oscillator (LO) is shifted by
several MHz at a rate of several Hz. The spectrum is recorded as a ratio of (SIGNAL —
REF)/REF. This leads to two advantages compared to the position switching mode.
First, the on-source integration time is increased substantially and second, the problem of
finding an emission-free OFF position when observing in a (spatially) complex emission

region can be avoided.

If the frequency shift is small enough, the spectral line will appear in both, the signal
and the reference spectra. Hence, when the resultant spectrum is formed, the line will
appear twice, once in emission and once in absorption. Then the spectrum can be “folded”
to obtain a v/2 improvement in signal-to-noise. With this technique, which is called “in-
band” or “overlapped” frequency switching, one is effectively observing on-source all the

time.

However, the main caveat of frequency switching is, that the spectral baselines are
generally not as good/flat as with beam switching. This is because the two frequency
positions each have their own spectral bandpass shapes which do not cancel in the com-

putation of the final spectrum.

Another method is the so called “On-the-Fly” (OTF) mapping. Thereby, total power
data is acquired at a high rate (typically less than 0.1 seconds) while the telescope is

moving/scanning continuously over the target. This is especially useful for the mapping
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of extended objects.

3.6 Integration Time Calculations

During my master studies, I was given the possibility of working actively together with
my supervisors on proposing CO observations at various facilities, namely IRAM, APEX
(ESO, MPG and Swedish time) and PdBI, the “Plateau de Bure Interferometer”. A

summary of the proposals is shown in table 3.3
In order to make accurate estimates of the proposed observing time, the ezpected CO

luminosities expressed as Lj, were calculated for most of the CALIFA sources. The
estimates rely thereby on the Ly, vs. SFR relation as shown in figure B.3] which was
found by help of the homogenized archival CO data.

After extracting infrared fluxes based on WISE data and using data from the IRAS
cataloﬁ%, SFR calculations were made applicable for all CALIFA targets. Likewise, the CO
luminosities were estimated through the correlation as described before for all CALIFA
galaxies.

In order to translate the intrinsic value of L, to an exposure time, some further
constraints on the observing strategy were defined: For the sake of simplicity, the CO
emission line was treated as it was of Gaussian shape. Its full-width-at-zero-intensity
(FWZI) was estimated to be 300km/s corresponding to the average value found from
archival CO data for CALIFA galaxies.

For the following calculations, the channel width was fixed to 200 km/s. Hence, short
integration times should be made possible. On top of that, for a clear detection, the inte-
grated signal-to-noise ratio should be at least 3 within the 200 km /s channel. Summarizing

what is stated above, the following can be noted:

dv?

d]co = Tpeak X 672 X o2 (38)

b
o = / dlco (3.9)

Equation 3.8 indicates the CO line’s brightness temperature element d/-o in dependence
of the velocity dv. A relation between the Gaussian o and the line’s FWHM is shown in
equation (5.26]). The total received flux Ico (see equation [3.9]) within a channel is then
defined as the integral over dl-o within the limits of a and b corresponding to -150 and
+150km/s for the prior constrained FWZI line-width. Furthermore, a 3 sigma detection
is aspired within the limits of -100 km/s and +100 km /s for the given channel width. After

defining these constraints, the computations were performed in four steps:

2Details on the used methods and formula can be found in the next chapter.
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Facility

Period

Comment

Status

IRAM PdBI

IRAM 30m

IRAM PdBI

ESO APEX

OSSO APEX

*MPG APEX

WS2012/2013

2013A

552013

552013

P92

P92

We requested PdBI observations for
four CALIFA galaxies drawn from the
observed sample. We proposed PdBI
CO(1-0) observations of the cold molec-
ular gas reservoir, matching the spatial
resolution of 2 arcsec of the optical IFU
data.

We requested APEX SHeFI CO(2-1)
observations of 8 CALIFA galaxies in
order to confirm the presence of molec-
ular gas and thus prepare PdBI and

ALMA follow-up.

We requested EMIR CO(1-0) observa-
tions of 25 CALIFA galaxies in order
to confirm the presence of molecular
gas and thus prepare PdBI and ALMA

follow-up on them.

We requested PdBI observations for
two CALIFA galaxies drawn from the
observed sample. We proposed PdBI
CO(1-0) observations of the cold molec-
ular gas reservoir, matching the spatial
resolution of 2 arcsec of the optical IFU
data.

We requested APEX SHeFI CO(2-1)
observations of 10 CALIFA galaxies in
order to confirm the presence of molec-

ular gas and thus prepare PdBI and
ALMA follow-up.

We requested APEX SHeFI CO(2-1)
observations of 10 CALIFA galaxies in
order to confirm the presence of molec-

ular gas and thus prepare PdBI and
ALMA follow-up.

REJECTED

ACCEPTED
& DATA
OBTAINED.

ACCEPTED
& DATA
OBTAINED.

REJECTED

ACCEPTED
& DATA
OBTAINED.

ACCEPTED
& DATA
OBTAINED.

Table 3.3: Submitted proposals for CO follow-up observations of CALIFA galaxies. Hel-
mut Dannerbauer is the PI of all proposals except for the MPG (Max Planck Gesellschaft)
observing time, for which Glenn van de Ven is the PI.
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1. Calculation of /o can be easily found from L, by inversion of formula (5.33)).

2. The peak brightness temperature in the main beam brightness temperature scale —
on which the Ly, vs. SFR relation relies — can be derived from the constrained
FWZI line-width and the total integrated flux of the Gaussian line, because Ico
actually corresponds to the solution of the Gaussian CO line integral within the ve-
locity range of -150 km /s—150 km/s. Luckily Gaussian integrals can be numerically
solved by means of the Gaussian Errorfunction (erf). Hence, the peak brightness
temperature in the main beam temperature scale can be derived from equation
(B.10), when inserting b = +150 km/s and a = —150 km/s.

Ieo = \/ngeaka (erf(\/_g) . erf(\/_a)> (3.10)

Note that, in the situation of a narrow line-width which is comparable to
the desired channel-width, e.g. when resolving galaxies, there is no need
for calculating the peak brightness temperature, no Gaussian Errorfunc-
tion has to be solved; instead the maximum allowed noise (RMS) can
be directly inferred from the initially calculated /oo (step 1) by simply
dividing by the desired SNR, e.g. <2 for a 30 detection. From that, one

3
can directly make an exposure time estimate (step 4).

3. Once knowing the peak height, the Gaussian Integral can be solved for any other
velocity range too. Hence, equation (3.I0) directly leads to the source’s flux found
within a channel when inserting b = +100 km/s and a = —100 km/s for the desired
channel-width of 200km/s. The maximum allowed noise within the channel - de-
fined by the root-mean-square (RMS) level — is then 1/3 of the calculated flux in

order to assure a 3 sigma detection.

4. Finally, the Exposure Time Calculator (ETC) of the desired telescope can be used
for an integration time derivation through the found RMS values. For some ETCs
it might be necessary to convert the found RMS value to another brightness tem-
perature scale. For example, the ETC for the IRAM 30m telescope needs T as

input scale. A conversion can be easily performed through equation (31).

A list of inferred RMS values assuming a Gaussian CO line and a beamsize of 24 arcsec
is given for the interferometric CO subsample in the following table 3.4l Also CALIFA’s
observing status as of September 2013 is shown. Thereby, empty fields indicate that the
galaxy was not observed so far. Moreover it is stated, if an object is part of one of the
submitted proposals. Empty fields indicate that observations were not proposed, because

single dish data is already available through the archive.
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Figure 3.3: Fit to the Ly, vs. SFR correlation. Both quantities were calculated as
described in chapter [l The best fit to the data is indicated and was used for L,
estimation based on the star formation rates.

ID Name Proposal Observing L/CO Ico Peak RMS

Status [K km s pcfz] [K km S71] [mK] [mK]
2 UGC00005 V5004V1200 1.21E+09 7.54 44.31 2.68
4 UGC00029 IRAM Mar 2013 V5004V1200 5.13E+08 2.22 13.04 0.79
9 NGC0023 V5004-V1200 2.27E409 35.71 209.86 12.68
14 UGC00312 V5004V1200 4.97E4-08 8.60 50.57 3.05
17 UGC00335NED02 APEX Feb 2013 V5004V1200 3.80E+08 4.17 24.52 1.48
26 NGC0192 V5004-V1200 1.89E4-09 34.85 204.80 12.37
47 NGCO0517 IRAM Mar 2013 V5004V1200 1.32E4-07 0.25 1.44 0.09
100 NGC1056 V5004-V1200 8.48E+07 11.41 67.03 4.05
113 UGC02367 1.10E4-09 6.68 39.23 2.37
114 NGC1142 7.64E409 34.09 200.37 12.10
119 NGC1167 IRAM Mar 2013 V5004-V1200 1.72E4-08 2.33 13.67 0.83
131 NGC1542 V5004-V1200 2.95E+08 6.91 40.61 2.45
134 NGC1645 IRAM Mar 2013 V5004-V1200 4.98E4-07 0.69 4.04 0.24
141 1C2095 APEX Feb 2013 V5004-V1200 2.31E+09 91.75 539.22 32.57
152 UGC03944 V500+V1200 7.27TE+08 15.58 91.54 5.53
186 1C2247 V5004-V1200 6.50E+08 11.38 66.88 4.04
201 NGC2592 3.98E+06 0.33 1.92 0.12
213 NGC2623 IRAM Mar 2013 V500+V1200 6.25E+09 67.04 394.00 23.80
232 NGC2730 V500 2.27TE408 5.02 29.49 1.78
306 UGCO05358 APEX Feb 2013 V5004-V1200 6.45E+07 2.47 14.54 0.88
310 SDSSJ100141.024-371447.4 IRAM Mar 2013 V500 3.53E+06 0.46 2.72 0.16
409 UGC06433 9.45E407 6.89 40.47 2.45
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ID Name Proposal Observing LICO Ico Peak RMS
Status [K km s~ pc™?] [K kms™1] [mK] [mK]
417 NGC3712 1.32E4-08 15.68 92.17 5.57
478 NGC3995 3.03E+08 8.90 52.30 3.16
487 UGCo07017 4.60E4-08 15.37 90.35 5.46
492 SDSSJ120353.514252556.6 5.47TE+07 1.69 9.95 0.60
520 NGC4211NEDO02 IRAM Mar 2013 V500 8.46E+08 6.25 36.76 2.22
537 NGC4306 1.31E4-06 0.18 1.07 0.06
541 1C3305 1.17E4-06 0.07 0.39 0.02
542 NGC4383 7.98E+07 8.96 52.68 3.18
554 1C3453 9.46E+06 0.47 2.77 0.17
566 NGC4598 3.93E+06 0.33 1.93 0.12
577 NGC4676A V500+V1200 2.89E+09 21.63 127.14 7.68
588 NGC4816 IRAM Mar 2013 V5004-V1200 2.79E407 0.19 1.13 0.07
593 UGC08107 IRAM Mar 2013 V5004V1200 1.00E4-09 4.84 28.47 1.72
634 NGC5218 V500+V1200 1.25E4-09 48.39 284.41 17.18
655 UGC08726 8.61E4+06 0.51 3.02 0.18
748 NGC5633 V5004V1200 3.82E+08 22.87 134.44 8.12
749 NGC5630 IRAM Mar 2013 V500+V1200 1.43E4-08 6.55 38.50 2.33
767 NGC5731 IRAM Mar 2013 V500 4.65E4-07 2.37 13.91 0.84
780 NGC5797 IRAM Mar 2013 V5004-V1200 2.09E+07 0.43 2.52 0.15
784 NGC5829 V500 4.81E4-08 4.92 28.93 1.75
794 NGC5928 IRAM Mar 2013 & V500 2.39E4+07 0.39 2.31 0.14
APEX Mar 2013
795 NGC5930 V500 1.74E4-08 8.19 48.13 2.91
801 NGC5953 V500 2.09E+08 17.30 101.66 6.14
802 ARP220 V5004+V1200 4.45E4-09 49.46 290.72 17.56
803 NGC5957 V500 1.21E4-08 11.67 68.58 4.14
827 UGC10297 IRAM Mar 2013 & V5004+V1200 2.29E+07 1.40 8.23 0.50
APEX Mar 2013
828 UGC10331 IRAM Mar 2013 V5004V1200 5.49E+08 8.67 50.94 3.08
843 UGC10650 IRAM Mar 2013 V5004V1200 5.47E+07 2.03 11.93 0.72
845 UGC10693 IRAM Mar 2013 V5004V1200 6.76E+07 0.32 1.88 0.11
846 UGC10695 IRAM Mar 2013 V5004V1200 4.97E4-07 0.24 1.38 0.08
858 UGC10905 IRAM Mar 2013 V5004V1200 2.21E+08 1.17 6.85 0.41
870 NGC6945 IRAM Mar 2013 V500+V1200 1.16E4-07 0.27 1.56 0.09
878 MCG-01-54-016 IRAM Mar 2013 V5004V1200 7.71E406 0.29 1.70 0.10
882 NGCT7236 V5004-V1200 1.81E4-07 0.10 0.57 0.03
885 UGC12054 IRAM Mar 2013 & V500+V1200 2.92E+06 0.22 1.27 0.08
APEX Mar 2013
895 UGC12308 IRAM Mar 2013 & V500+V1200 5.03E+06 0.32 1.87 0.11
APEX Mar 2013
904 NGC7591 V500+V1200 2.63E+09 35.18 206.76 12.49
913 NGC7625 V5004-V1200 3.25E408 39.69 233.28 14.09
914 NGC7631 V500 2.62E+08 6.07 35.66 2.15
917 NGC7683 IRAM Mar 2013 & V500 2.62E+07 0.62 3.64 0.22
APEX Mar 2013
927 NGC7738 IRAM Mar 2013 & V500+V1200 3.55E+09 25.06 147.29 8.90

APEX Mar 2013
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ID Name Proposal Observing LICO Ico Peak RMS

Status [K km s~ pe2] [K kms™1] [mK] [mK]
937 NGC7800 APEX Feb 2013 V500+V1200 6.87TE+07 7.33 43.10 2.60
939 NGC4676B V5004-V1200 1.28E4-09 9.94 58.44 3.53

Table: 3.4: CALIFA CO-interferometric subsample.
ID (1), other catalog ID (2), facility at which observations were proposed (3), CALIFA
observing status (4), estimated L, in [K km s~ pc™?] based on the L, vs. SF R relation
(5), derived velocity integrated flux Ico in [K km s™!] (6), peak brightness temperature
in mK and Typ scale (7), maximum allowed RMS within a 200 km/s channel assuming

a beamsize of 24 arcsec and a Gaussian CO line-with of 300 km/s FWZI (8).
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Chapter 4

CO Luminosities for CALIFA

(Galaxies

Legacy surveys, such as GALEX, SDSS and WISE, nowadays provide the community
with an enormous amount of high quality data from the UV to the infrared. The resulting
catalogs encompass several tens to hundreds of thousands of objects. Nevertheless, an
important domain, the submm and radio, is missing. The reason? At long wavelengths,
interferometers are needed in order to get spatially resolved data of extragalactic objects
such as CALIFA galaxies, and interferometric observations are time and cost-intensive.
Although surveys enfolding up to several hundred of objects like THINGS, BIMA-SONG
and ATLAS?*? | were already carried out, a CO survey based on a statistical sample of
nearby galaxies is still missing. Therefore, in the present work, a subsample of CALIFA
(section [4.]]) galaxies is defined in order to undertake such an interferometric survey in
the future. Thereby, detailed studies of the cold, molecular gas on a statistical basis will
be possible for the very first time. In order to define such a subsample, an extended
search on available CO data in the literature (section A.2]) was performed, because a
compulsive prerequisite for proposing observations at an interferometer, is the target’s
detection by means of a single dish telescope. This is, because detection can be a tricky
task. For example, |Davis et al. (2013h) found that only one out of four early type
galaxies is detectable at all with typical CO line-sensitivities around 20mJy. Late types
are generally more likely to detect, but depending on their stellar mass, it can be difficult
anyhow (Helmut Dannerbauer, personal communication). Thus, not before a galaxy is
detected by means of a single dish telescope, the derived flux in combination with a typical

flux distribution is used in order to estimate the needed observing time.

Therefore, CO luminosities were calculated for all CALIFA galaxies with archival
data available. The used method is described in section .3l The specifications which
were used to find the subsample, and the algorithm developed to apply these constraints,

are presented in the last section, 4.4l of this chapter.
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4.1 Introducing CALIFA

CALIFA, the “Calar Alto Legacy Integral Field Area survey”, see also Sanchez et al.
(2012), is obtaining integral-field spectroscopic (IFS) data in the optical ranging from
370 to 700nm of a diameter selected sample of approximately 600 galaxies of all Hub-
ble types (see Fig. , from elliptical to spiral galaxies, in the local universe
(0.005 < z < 0.03).

This ongoing survey has been granted 250 nights with the 3.5 m telescope at the Calar
Alto observatory, using the PMAS/PPAK integral field unit (IFU) as described in Roth
et al. (2005) and [Kelz et al. (2006). The hexagonal field-of-view (FOV) of 64”7 x 72" covers

the full optical extent of the selected galaxies down to a 3¢ depth of 23 mag arcsec™2

, at
a spatial resolution of about 2 arcsec.

Based on these constraints, a so called “mothersample” of 937 galaxies was defined.
The mothersample was initially selected from the SDSS DR7 survey, but with additional
restrictions for avoiding lines of sight to targets along the galactic plane, see figure 4.1(c)}
No explicit cut in apparent magnitude was involved, but the adopted criteria implicitly
ensures that only relatively bright galaxies enter the sample. No CALIFA galaxy is fainter
than M, = 16. The distribution of the mothersample in the color magnitude diagram is
given in figure[4.1(a)] More details on the sample definition can be found in|Sanchez et al.
(2012).

From the mothersample, the galaxies are drawn as actual targets according to their
visibility, in a random fashion, so that the final catalog of CALIFA galaxies will be a
subset of approximately 2/3 of the galaxies of the mother sample. This will not influence
the statistical nature of the resulting sample, but will simplify the process (schedule) of
observations. Whenever a time slot at the 3.5m telescope is available, it can likely be
used for CALIFA, because the visibility of its targets is so diverse.

Up to now (Oct. 2013), 384 galaxies were already observed, more than half of the final

sample.

4.2 Archival CO Data

In order to look for CO emission line data in the literature, NASA’s Extragalactic
Database (NE), was used. Unfortunately, one cannot achieve such specific data as
simply as e.g. SDSS photometry data, because NED’s search result page does not include
information on any kind of molecular line data. Thus, for every single target, it would be
necessary to check all publication’s abstracts and titles for keywords indicating that CO

observational data is provided. Since for CALIFA’s mothersample of 937 galaxies, more

!The NASA /IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, Cal-
ifornia Institute of Technology, under contract with the National Aeronautics and Space Administration.
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Figure 4.1: The color magnitude diagram (top) unambiguously reveals the red sequence
of galaxies. The distribution of Hubble types in the CALIFA galaxies (bottom left) shows
a widespread distribution. The mothersample is distributed over the whole hemisphere
(bottom right). Regions without targets indicate the milky way plane, which is avoided
due to dust extinction.
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than 46350 publications exist, it was clear, that an automatisation was needed to perform
this task. Hence, I have developed a set of Linux scripts (see appendix). A description of

their functionality follows in the next section.

4.2.1 Linux Scripts for NED Special Data Download

All shell scripts and needed input files can be found online at www.sonnensystem.at/
master/scripts/NED/. The source codes use NED query result pages partl.htm and
part2.htm as input (also downloadable). Since, the order and number of columns must
be of a specific format, a preformatted NED formular NED-Query.html is also provided
to create query result pages of the needed shape. Equipped with these tabular data, the

functions of each shell script are:

1. getNEDReferences.sh: Script to download a html file for every single target con-
taining a short version of titles, links to the abstracts and the bibliography codes of

all references. This script will create a subfolder REF for data storage.

2. getNEDPhotometry.sh: Script to download a html file for every single target con-
taining basic photometry from SDSS, 2MASS, IRAS and other surveys. This script

will create a subfolder PHOT for data storage.

3. getNEDAbstracts.sh: Script to download a html file for every single title and
abstract. Execution can take a long time depending on the number of references

available. This script will create a subfolder ABS for data storage.

4. tablebuild.sh: This script will actually perform a query on the keywords given
in the file ref _keywords-C0. In the case of CO, I have chosen the keywords: CO,
carbonous oxide and carbon monoxid. Moreover, the script downloads SDSS post-
stamp images for all targets, which will be stored in a subfolder IMG. After execution
(which can last long), a html file is created summarizing all information and ab-
stracts. The result of the CALIFA CO query, can be seen at: www.sonnensystem.
at/master/scripts/NED/califa tbl-CO.htm.

Based on the resulting html file, for every single target, the found publications were

manually examined and all data of interest was collected for subsequent investigations.

4.2.2 Calibration to a Homogeneous Brightness Temperature

Scale

Unfortunately, published CO data is not always given in the same brightness temperature
scale (see section [B.2)). Thus, for the purpose of comparing observations at different

facilities, I have chosen to convert all data into the “main beam brightness temperature”
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scale, T,,,. The reason for choosing T,,, is, that only this scale does take into account
different_ beam efficiencies, antenna imperfections and feed coupling efficiencies (Wilson
et al., 2009), which can vary strongly from one telescope to another (compare 3.4)).

Due to CALIFA’s diameter selection covering the Dys diameter in most cases, all
galaxies in question extensively do fill the typical single dish beam ranging from 24 arcsec
for the IRAM 30m telescope to 55 arcsec for the NRAO 12m telescope in the CO J=1-0
transition, even when assuming an exponential CO distribution as described in section
2.4 Thus, beam dilution can be neglected in most cases and T,,, should approach the
source brightness temperature.

Nevertheless, for molecular mass calculations, an aperture correction will be applied
to the data, which is described in section (.6.3]

4.3 Calculating CO Luminosities

4.3.1 CO Line Luminosity

The conversion from an observed brightness temperature given in Kelvin to a flux density
given in Jansky is a strongly telescope- and frequency dependent task. For example, an
observed point source’s flux of 1Jansky, initiates a brightness temperature of approxi-
mately 33mK at the NRAO 12m telescope, whereas at the IRAM 30m telescope the
measured main beam brightness temperature would be around 200 mK!

The statement above silently was assuming a monochromatic, infinitesimal narrow
line, which, of course, does not exist in reality. Several line broadening mechanisms (pres-
sure, redshift, kinematics, etc.) must be taken into account. Thus, Gaussians integrals
are widely used for line fitting leading to the so called “velocity integrated” brightness
temperature and flux density measured in K km s~! and Jy km s~!, respectively.

Therefore, different approaches as seen in equation (L)) and (A2]) are available for

computing molecular line luminosities.
Loo =1.04 x 107%Sco Av Vyess (14 2)7" D3 (4.1)

Lo =23.5 Qe Ico (14 2)7% D3 (4.2)

Both equations are taken from |Solomon and Vanden Bout (2005). Leo and Li,, are mea-
sured in L, and K km s~! pc?, respectively, Sco Av and Ico in Jykm s™t and K km s™1
respectively, v, the frequency, in GHz and Dy, the luminosity distance in Mpc. €l is
the solid angle of the source convolved with the telescope beam in arcsec?.

It is convenient to apply K1l on point sources, because then the observed brightness
temperature can be converted to a flux density through a simple factor, which normally

can be found in the radio telescope’s manual. But for extended sources, the conversion
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is much more complicated and in that case, equation ({2) seems to be more convenient.
Then, €2, which is the convolution of the source with the beam, has to be computed.
See section B3] for a description of the solid angle of a beam and section (E.6.3] for a
convolution of a Gaussian beam with an exponential source. However, it is convenient to
assume both, source and beam Gaussian shaped in order to get a analytical convolution

integral.

4.3.2 Table of CO Literature Data

The following table [A.1] lists all CO J=1-0 detections and non-detections of CALIFA
galaxies found in the literature. In the case of non-detections, upper limits are given.

Column descriptions are as follows:

Tabelle: 4.1: CO J=1-0 detections and upper limits for CALIFA galaxies. Column spec-
ifications: Sequence number (1), CALIFA ID (2), Other catalog ID (3), Morphology (4),
Ico homogenized to main beam brightness temperature scale in K km s~! (5), flux den-
sity Sco in Jykm s™! assuming Gaussian beam (6), half-power beam-width in arcsec
(7), telescope (8), short code of the publication (9), calculated CO luminosity Lj,, using
equation (£2) and the cosmology defined in table [ (10).

(*) The original temperature scale of the published I value is T, which is commonly
used at the IRAM 30 m. The value was converted to Ty by a multiplication with 1.628.
(**) The original temperature scale of the published I¢o value is T}, which is commonly
used at the NRAO 12m. The value was converted to Ty,g by a multiplication with 1.22
in all cases, but for BIMA-SONG, for which a factor of 1.16 was applied.

Nr. ID Name Morph Ico Sco Obeam Tel PUBL Lyo
Kkms ! Jykm571 " I(km,sflpc2

1) (2 (3 (4) (5) (6) (7) (8) (9) (10)

1 2 UGC00005 Sbc 1.9940.55 43.7+12.1 45 SEST Sauty2003 1.210E+09
2 9 NGC0023 Sb 184+1.3 212.5+15.4 33 0sO Elfhag1996 2.272E+409
3 11 UGC00139 Scd <0.51 <11.2 45 SEST Sauty2003 8.930E+407
4 26 NGC0192 Sab 9.48 208.1 45 SEST Bosellil996 1.888E+09
5 30 NGC0237 Sc 3.53+0.56 77.5+12.3 45 SEST Sauty2003 6.874E+08
6 68 NGCO0741 El <0.39 <12.8 55 NRAO Evans2005 2.042E+408
7 74 NGC0781 Sa <0.77 <4.8 24 IRAM AMIGA 2.983E407
8 78 NGC0833 Sa 5.6+£1.09% 35+6.8 24 IRAM Leon1998 2.641E+408
9 100 NGC1056 Sa 11.2 69.9 24 IRAM Albrecht2007 8.479E407
10 114 NGC1142 Sd 8.88+0.4 19548.8 45 SEST Strong2004 7.635E409
11 125  UGC02690 Scd 4.1740.33* 26+2.1 24 IRAM Leon1998 5.324E4-08
12 131  NGC1542 Sab 6.64+0.46 41.542.9 24 IRAM AMIGA 2.954E+08
13 138 NGC1665 S0 <0.51 <3.2 24 IRAM ATLAS3D 1.210E+07
14 140  NGC1667 Sbc 1541 177.14+11.8 33 0SSO Curran2000 1.888E+09
15 143  NGC1677 Scd 0.8140.27 5.14+1.7 24 IRAM ATLAS3D 1.977E+07
16 150  UGC03899 Sd <0.9 <5.6 24 IRAM AMIGA 4.335E407
17 152  UGC03944 Sbc 4.25+0.24 93.3+5.3 45 FCRAO AMIGA 7.275E408
18 158  UGC04054 Scd <1 <22 45 FCRAO AMIGA 5.124E407
19 162  NGC2481 S0 <0.03 <0.2 24 IRAM ATLAS3D 4.546E+05
20 186 102247 Sab 2.0740.17 67.945.6 55 NRAO Lavezzil998 6.502E+4-08
21 189  NGC2554 Soa 2.1740.17 71.245.6 55 NRAO Lavezzil998 6.218E+08

Continued on next page
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Table continued from previous page

Nr. 1D Name Morph Ico Sco Obeam Tel PUBL L/CO
Kkms™ ! Jykm571 ” I{Imns*lpc2

1 @ 3 (4) (5) (6) (7) (8) (9) (10)

22 192 NGC2565 Sb <0.48** <15.7 55 NRAO Bosellil997 1.045E+08
23 195 NGC2577 E7 <-0.11 <-0.7 24 IRAM ATLAS3D 4.162E+06
24 198 UGC04386 Sbc 2.3£0.18 75.4+5.9 55 NRAO Lavezzil998 8.367E4-08
25 201 NGC2592 E4 0.3240.31 24+1.9 24 IRAM ATLAS3D 3.983E+406
26 204 NGC2595 Sc 2.2840.19 74.84+6.2 55 NRAO Lavezzil998 7.193E4-08
27 221 UGC04551 S0 <-0.06 <-0.4 24 IRAM ATLAS3D 2.785E4-06
28 226 UGC04659 Sdm <1.28 <28.1 45 FCRAO AMIGA 4.693E4+07
29 230 NGC2719 Sd <0.34 <2.1 24 IRAM Albrecht2004 1.090E4-07
30 231 UGC04722 Sdm 1.19£0.25 26.1+5.5 45 FCRAO AMIGA 3.930E+407
31 232 NGC2730 Scd 1.37£0.24 30.1+5.3 45 SEST Albrecht2004 2.272E4-08
32 238 NGC2764 Sab 16.2+0.58 101.24+3.6 24 IRAM ATLAS3D 3.798E+408
33 243 NGC2778 E4 <0.18 <1l.1 24 IRAM ATLAS3D 2.418E4-06
34 244 UGC04845 Scd <0.79 <17.3 45 FCRAO AMIGA 3.939E4-07
35 258 NGC2832 E4 3.3 20.6 24 IRAM Wiklind1995 4.979E+08
36 260 NGC2805 Sc 2.344+0.1 14.6+0.6 24 IRAM Boeker2003 2.450E4-07
37 272 NGC2880 E7 <-0.09 <-0.6 24 IRAM ATLAS3D 2.507E+406
38 273 102487 Sc 3.9440.41 86.51+9 45 FCRAO AMIGA 8.406E4-08
39 299 NGC3021 Sbc 5.1 112.0 45 SEST Albrecht2007 1.342E+08
40 312 NGC3057 Sdm <0.45 <2.8 24 IRAM Albrecht2004 3.298E4-06
41 316 1C0598 SOa <-0.01 <-0.1 24 IRAM ATLAS3D 7.391E4-06
42 323 NGC3182 E7 3.0140.35 18.8+2.2 24 IRAM ATLAS3D 4.260E+07
43 328 NGC3230 S0a <-0.37 <-2.3 24 IRAM ATLAS3D 8.272E4-06
44 346 UGC05820 Sbc 3.584+0.26 78.6+5.7 45 FCRAO AMIGA 5.621E408
45 355 NGC3395 Scd 1.454+0.21** 47.6+£6.9 55 NRAO Smith2001 5.911E+07
46 366 UGC06062 SOa <-0.04 <-0.2 24 IRAM ATLAS3D 6.870E+4-06
47 368 NGC3471 Sb 14.9+4.8 175.9+56.7 33 OSO Elfhag1996 4.011E+08
48 374 UGC06176 Sa 3.9240.38 24.5+2.4 24 IRAM ATLAS3D 8.959E4-07
49 382 NGC3561 E5 2.59+0.26™* 85+8.5 55 NRAO Smith2001 3.241E+4+09
50 389 NGC3610 E6 <-0.1 <-0.6 24 IRAM ATLAS3D 3.167E4-06
51 391 NGC3619 SOa 4.32+0.51 27+3.2 24 IRAM ATLAS3D 3.363E+407
52 402 NGC3648 E7 <-0.14 <-0.9 24 IRAM ATLAS3D 4.241E406
53 406 NGC3656 Sa 23.4 146.1 24 IRAM Wiklind1995 6.118E4-08
54 410 NGC3674 SO 0.134+0.3 0.8+1.9 24 IRAM ATLAS3D 1.610E4-06
55 413 NGC3682 Sa 4.33£0.39 95.11+8.6 45 FCRAO AMIGA 1.108E+08
56 418 NGC3752 Scd 1.15£0.26 25.3+5.7 45 FCRAO AMIGA 4.702E+07
57 426 NGC3753 Sa <2.82 <17.6 24 IRAM Casolil996 7.031E4-08
58 430 NGC3800 Sbc 7.9 173.5 45 SEST Albrecht2007 9.700E+08
59 431 NGC3798 Sab 1.544+0.3 50.51+9.8 55 NRAO Casolil996 3.336E+08
60 432 NGC3801 SOa 3.82+1.14 23.94+7.1 24 IRAM Ocana-Flaquer2010 1.485E+08
61 438 UGC06653 Sab 1.594+0.3 52.249.8 55 NRAO Casolil996 2.751E408
62 443 NGC3832 Sbc 2.95+0.39 96.8+12.8 55 NRAO Casolil996 2.407E+09
63 444 UGC06697 Scd 9.5£0.6 59.31+3.7 24 IRAM Bosellil994 1.359E+09
64 447 NGC3862 E1 0.7£0.15 4.440.9 24 IRAM Ocana-Flaquer2010 9.517E+407
65 451 NGC3884 SOa 1.0940.22** 35.8+7.2 55 NRAO Bosellil997 9.053E4-08
66 452 NGC3883 Sbc 0.67+£0.17** 22+45.6 55 NRAO Bosellil997 5.617TE408
67 455 NGC3888 Sc 22.8 142.4 24 IRAM Albrecht2007 4.135E408
68 468 NGC3947 Sbc 2.06+0.3 67.61+9.8 55 NRAO Casolil996 1.340E+09
69 474 NGC3987 Sab 17.4 382.0 45 SEST Albrecht2007 4.000E+09
70 475 NGC3991 Sm 0.82+0.25 26.918.2 55 NRAO Casolil996 1.448E+08
71 476 NGC3994 Sbc 21.24+6.3 49+14.6 14.6 NRO Ya02003 2.381E+408
72 478 NGC3995 Sm 23.2+5.1 53.6+11.8 14.6 NRO Yao02003 3.026E4-08
73 485 NGC4017 Sc 2.06+0.29 67.6+9.5 55 NRAO Casolil996 4.124E+08
74 487 UGCo7017 Sb 2.83+0.7 92.84+23 55 NRAO Casolil996 4.596E+08
75 494 NGC4078 S0 <-0.09 <-0.6 24 IRAM ATLAS3D 7.215E4-06
76 498 NGC4134 Sbc 1.35£0.29 44.3+9.5 55 NRAO Casolil996 3.329E+408
7 506 NGC4158 Sb 1.95+0.31 64+10.2 55 NRAO Casolil996 1.969E+08
78 508 NGC4162 Sbc 4.2440.45 139.1+14.8 55 NRAO Casolil996 4.643E+08
79 509 NGC4168 E2 <0.22 <1.4 24 IRAM ATLAS3D 3.569E4-06
80 511 NGC4175 Sab 7.0240.51 230.3£16.7 55 NRAO Casolil996 1.985E+09

Continued on next page
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Table continued from previous page

Nr. 1D Name Morph Ico Sco Obeam Tel PUBL L/CO
Kkms™ ! Jykm571 ” I{Imns*lpc2

OGN (4) (5) (6) (7) (8) (9) (10)

81 512 1C0769 Sbc <0.54** <17.7 55 NRAO Boselli2002 4.332E+07
82 516 NGC4191 SO <0.49 <3.1 24 IRAM ATLAS3D 1.094E4-07
83 522 UGC07286 Sb <1.21 <39.7 55 NRAO Casoli1l996 1.215E+09
84 525 NGC4233 E7 <0.11 <0.7 24 IRAM ATLAS3D 1.808E+06
85 528 1C0776 Sdm <0.45™* <14.8 55 NRAO Boselli2002 4.463E407
86 539 NGC4352 E7 <0.05 <0.3 24 IRAM ATLAS3D 6.668E+4-05
87 542 NGC4383 Sbc 2.5 54.9 45 SEST Albrecht2007 7.982E4-07
88 543 NGC4405 Sab 3.0840.49** 101+£16.1 55 NRAO Boselli2002 1.552E4-08
89 545 NGC4450 Sa 4.84+0.53** 158.7+17.4 55 NRAO BIMASONG 2.999E4-08
90 548  NGC4470 Sc 2.1+0.28"* 68.9+9.2 55 NRAO Boselli2002 1.943E+08
91 549 NGC4475 Sbe 1.2340.27** 40.3+8.9 55 NRAO Bosellil997 1.150E+09
92 550 NGC4474 SO <0.36 <2.2 24 IRAM ATLAS3D 2.849E4-06
93 551 NGC4476 E6 5.4 33.7 24 IRAM Wiklind1995 6.634E4-07
94 561 NGC4570 SO <0.01 <0.1 24 IRAM Combes2007 4.894E+04
95 562 1C3598 SO <0.34** <11.2 55 NRAO Bosellil997 3.423E4-08
96 563 NGC4578 E5 <0.38 <2.4 24 IRAM ATLAS3D 6.322E4-06
97 568 NGC4612 SO <-0.44 <-2.7 24 IRAM ATLAS3D 3.426E+06
98 572 1C3704 Sb 1.79£0.36 39.3+7.9 45 SEST Strong2004 1.553E+09
99 576 UGC07941 Scd <0.85 <18.7 45 FCRAO AMIGA 5.082E4-07
100 577 NGC4676A Sdm 20.2 126.2 24 IRAM Casolil991 2.891E+09
101 581 UGC08004 Scd <0.32** <10.5 55 NRAO Bosellil997 2.084E+-08
102 582 NGC4746 Sb 4.6 101.0 45 SEST Albrecht2007 1.571E+08
103 584 UGC08025 Sab <0.39** <12.8 55 NRAO Bosellil997 2.648E4-08
104 590 NGC4846 Sb <2.09 <45.9 45 FCRAO AMIGA 4.846E+08
105 594 NGC4892 SOa <0.27*%* <8.9 55 NRAO Bosellil997 1.609E+08
106 598 1C4088 Sbc 0.65+£0.24™* 21.3+7.9 55 NRAO Bosellil997 5.546E4-08
107 603 NGC4961 Scd <1.04 <34.1 55 NRAO Casolil996 1.138E+08
108 608 NGC5000 Sbe 1.524+0.12 49.943.9 55 NRAO Casolil996 8.050E+-08
109 611 NGC5016 Sbc 3.17+0.3 104+9.8 55 NRAO Casolil996 3.610E4-08
110 614 NGC5056 Sc 0.85+0.3 27.9149.8 55 NRAO Casolil996 4.436E+08
111 617 NGC5081 Sb 2+0.33** 65.61+10.8 55 NRAO Bosellil997 1.493E+09
112 620 NGC5127 E2 0.28+0.02 1.740.1 24 IRAM Ocana-Flaquer2010 2.121E407
113 631 NGC5198 E1l <0 <0 24 IRAM Combes2007 5.107E+404
114 632 UGC08498 Sb 1.7340.29** 56.71+9.5 55 NRAO Bosellil997 1.568E+09
115 634 NGC5218 Sab 24.8+2.9 292.8+34.2 33 OSO Elfhagl1996 1.250E+09
116 654 NGC5308 SO <0 <0 24 IRAM Combes2007 4.929E+04
117 658 UGC08739 Sab 44.24+9 102.2+20.8 14.6 NRO Yao02003 1.350E+09
118 669 NGC5347 Sb 1.3+0.5 15.445.9 33 OSO Curran2000 4.386E+07
119 670 NGC5350 Sbhc 11.43+0.68* 71.44+4.2 24 IRAM Leon1998 1.955E+08
120 671 NGC5353 SO 1.36+0.58 8.5+3.6 24 IRAM ATLAS3D 2.077TE+407
121 673 NGC5379 Sab 3.9140.35 24.44+2.2 24 IRAM ATLAS3D 3.991E4-07
122 680 NGC5394 Sbc 101.5+21.1 234.6£48.8 14.6 NRO Ya02003 1.390E+09
123 688 NGC5439 Sb 3.4240.32 21.4+2 24 IRAM AMIGA 3.851E4-07
124 692 NGC5433 Sc 20.31+0.54 126.84+3.4 24 IRAM Albrecht2004 1.246E+09
125 699 NGC5434B Sc 1.62£0.12 53.14+3.9 55 NRAO Lavezzil998 8.703E+08
126 703 NGC5473 SO 0.06+0.35 0.442.2 24 IRAM ATLAS3D 7.578E405
127 705 NGC5475 SOa <0.44 <2.7 24 IRAM ATLAS3D 4.117E+06
128 708 NGC5485 E5 <0.12 <0.7 24 IRAM ATLAS3D 1.399E+06
129 710 NGC5490 E3 <1.92 <12 24 IRAM Ocana-Flaquer2010 1.453E4-08
130 729 NGC5557 E4 <-0.57 <-3.6 24 IRAM ATLAS3D 9.942E4-06
131 731 UGC09165 Sa 4.49+0.16 147.31+5.2 55 NRAO Lavezzil998 2.102E4-09
132 732 NGC5559 Sb 3.1540.16 103.3+5.2 55 NRAO Lavezzil998 1.416E+09
133 739 NGC5611 SO <0.68 <4.2 24 IRAM ATLAS3D 7.620E4-06
134 742 NGC5610 Sb 3.1940.15 104.61+4.9 55 NRAO Lavezzil998 1.380E+09
135 743 NGC5622 Sbc 0.91+0.28 20+6.1 45 FCRAO AMIGA 1.542E+08
136 744 NGC5631 SO 0.17£0.36 1.1+2.2 24 IRAM ATLAS3D 2.060E4-06
137 748 NGC5633 Sbc 6.344+0.39 139.24+8.6 45 FCRAO AMIGA 3.819E+-08
138 756 NGC5665 Sc 78+16.6 180.3+38.4 14.6 NRO Ya02003 4.509E4+08
139 759 NGC5687 E4 0.45+0.32 2.8+2 24 IRAM ATLAS3D 6.747TE+06

Continued on next page
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Table continued from previous page

Nr. 1D Name Morph Ico Sco Obeam Tel PUBL L/CO
Kkms™ ! Jykm571 " I{Imns*lpc2

1 @ 3 (4) (5) (6) (7) (8) (9) (10)

140 T NGC5772 Sab 0.83+0.33 18.247.2 45 SEST Sauty2003 2.230E4-08
141 784 NGC5829 Sc 4.64+0.73% 29+4.6 24 IRAM Leon1998 4.812E+08
142 795 NGC5930 Sab 21.5+5.7 49.7+13.2 14.6 NRO Ya02003 1.737TE+08
143 801 NGC5953 Sa 45.74+9.8 105.6+22.7 14.6 NRO Ya02003 2.094E+-08
144 802 ARP220 Sd 126.34+26.2 291.9+60.6 14.6 NRO Ya02003 4.448E+09
145 803 NGC5957 Sb 3.2540.36 71.44+7.9 45 SEST Strong2004 1.211E+08
146 844 NGC6278 SOa <-0.23 <-1.4 24 IRAM ATLAS3D 7.130E4-06
147 856 1C1256 Sb 4.49+0.18 28+1.1 24 IRAM AMIGA 3.274E4-08
148 861 UGC10972 Sbc 1.36+£0.49 29.94+10.8 45 FCRAO AMIGA 3.317E+08
149 871 NGC6978 Sb 9.7+1.3* 60.61+8.1 24 IRAM Leon1998 1.118E+09
150 874 NGC7025 SOa <0.42 <13.8 55 NRAO Sauty2003 1.748E+08
151 882 NGC7236 SO 0.09+0.02 0.6+0.1 24 IRAM Ocana-Flaquer2010 1.808E4-07
152 901 NGC7549 Sbc 16.2+0.85* 101.245.3 24 IRAM Leon1998 1.155E+09
153 904 NGC7591 Sbc 6.364+0.26 208.6+8.5 55 NRAO Lavezzil998 2.632E4-09
154 906 1C5309 Sc 1.19£0.16 39+5.2 55 NRAO Lavezzil998 3.524E4-08
155 913 NGC7625 Sa 20.6+4.3 243.2+50.8 33 OSsO Elfhag1996 3.246E4-08
156 914 NGC7631 Sb 1.11+0.14 36.44+4.6 55 NRAO Lavezzi1998 2.621E+408
157 922 UGC12688 Scd <0.86 <18.9 45 SEST Sauty2003 2.652E4-08
158 934 UGC12857 Sbc <0.63 <13.8 45 SEST Sauty2003 4.245E407
159 939 NGC4676B SO 1.77£0.28 58.1+9.2 55 NRAO Casolil996 1.282E+09

Concluded

4.4 CALIFA Subsample for
Follow-Up Observations

Interferometric CO

4.4.1 Defining Constraints for the Subsample

In order to find a sample of CALIFA galaxies for future interferometric, CO follow-up
observations, a reasonable selection criteria has to be applied. Without limitations to
specific science cases, it seems reasonable to define the subsample such that all mor-
phological types are covered homogeneously with the hugest possible variety of physical
parameters available. Thus, for the resulting subsample, the stellar mass and star forma-
tion rate are selected to be as widespread as possible. In the end, the galaxy distribution
along the three “parameter bins” (morphology, stellar mass and star formation) should
be as homogeneous as possible. The morphology is separated into seven types/bins: E,
S0, Sa, Sh, Sc, Sd, Irr. Likewise, for the sake of simplicity, also the other two parameters
were divided in this manner. The galaxy number within each bin, the bin-height, should
count ten galaxies for a theoretically perfect distribution. Hence, the resulting subsample
would consist of exactly 70 galaxies, if every bin could be filled totally. In CALIFA’s case,
this is not possible due to the limited number of only five irregular galaxies available in
the full sample. Hence, the resulting subsample consists only of 65 galaxies as seen in
figure 4.2
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Figure 4.2: SDSS Cutouts of the Subsample

Homogeneity in all bins cannot be achieved perfectly, of course, because without previ-
ously limiting the range of the parameters, the extreme bins at the borders of a distribution
— similarly to a Gaussian bell curve — are naturally less populated. This was also noticed
when performing a subsample selection based on the MPA-JHU DRY release with 13432
galaxies. A description on that is found in the appendix.

The resulting parameter distribution of the found subsample is given in figure [4.3] As
explained before, only five irregular galaxies are available in CALIFA’s mothersample and
the seventh bin cannot be fully populated, so that the subsample only counts 65 galaxies

in total.

4.4.2 Algorithm for Subsample-Selection

Since the parameters morphology, stellar mass and star formation rate, are coupled to
each other, a selection following the above stated criteria, is not a simple task. Therefore,
an algorithm was developed based on the so called SIMPLEX method (Dvorak, 2012) to
automatically select in an iterative way a subsample of galaxies that fulfills the criteria
best. Figure .4 shows the flowchart of the developed algorithm. The script performing
the selection can be found online at www.sonnensystem.at/master/scripts/subsample/
samplebuilder_v3.pl. Whenever, more than one galaxy would comply with the criterion

of the desired bin, a galaxy with the highest priority was selected. The priority system
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Figure 4.3: Homogeneity of the subsample for future interferometric CO observations.
The best possible distribution of morphology (top), stellar mass (bottom left) and star
formation rate (bottom right) is indicated.
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included in the provided input file Grandmother2.txt prefers, at first, galaxies with CO
observations already found in the literature and secondly it favors galaxies which were
already observed within the CALIFA survey.

4.4.3 The CO Interferometric Subsample Table

Table 4.2: Subsample for Future Interferometric CO Observations. Column specifications:
Sequence number (1), CALIFA ID (2), other catalog ID (2), Morphology code: E=0,
S0=1, Sa=2, Sb=3, Sc=4, Sd=5, Irr=6 (4), SFR in M, yr~! (5), stellar mass in M
derived by S. Bekeraite through stellar population synthesis (6), CO J=1-0 luminosity
(7), CALIFA survey observational status as of July 2013 (8), CALIFA survey date of
observation (9)

Nr. ID Name Morph SFR M, Lo Status Date
Mg yr71 Me K'k'm571pC2

a = 3 (4) (5) (6) (7) (8) (9)

1 2 UGC00005 3 9.36 7.647E+10 1.088E+09 V500+V1200 Completed  2012-09-16

2 4 UGC00029 0 4.32 1.063E+11 - V500+V1200 Completed ~ 2011-10-25

3 9 NGC0023 3 30.68 8.887E+10 2.113E+09 V5004+V1200 Completed  2012-10-17

4 14 UGC00312 5 4.18 3.360E+09 3.581E+08 V500+V1200 Completed  2011-07-30

5 17 UGC00335NED02 0 3.16 3.268E+10 - V5004+V1200 Completed  2012-09-15

6 26 NGC0192 2 8.60 5.921E+10 1.699E+09 V5004+V1200 Completed  2012-10-15

7 47 NGC0517 1 0.10 4.059E+10 - V500+V1200 Completed ~ 2012-10-16

8 100  NGC1056 2 1.52 9.644E+09 8.076E+07 V5004+V1200 Completed ~ 2012-01-20

9 113 UGC02367 2 9.53 1.218E+11 - - -

10 114  NGC1142 5 72.07 9.479E+10 6.824E+09 - -

11 119  NGC1167 1 1.39 1.346E+11 - V500+V1200 Completed  2011-09-30

12 131  NGC1542 2 0.96 2.367E+10 2.739E+08 V500+V1200 Completed ~ 2013-01-07

13 134  NGC1645 1 0.38 6.032E+10 - V500+V1200 Completed — 2013-02-05

14 141 1C2095 4 20.73 2.562E+08 V500+V1200 Completed ~ 2013-01-07

15 152 UGC03944 3 0.73 7.160E+09 6.771E+08 V5004+V1200 Completed — 2012-01-21

16 186 102247 2 3.25 2.020E+10 5.944E+08 V500+V1200 Completed ~ 2013-01-09

17 201 NGC2592 0 0.02 1.728E+10 - - -

18 213 NGC2623 4 58.41 2.537E+10 - V5004+V1200 Completed ~ 2012-01-20

19 232 NGC2730 4 2.23 2.358E+09 2.114E+08 V500 Completed 2013-01-07

20 306  UGCO05358 5 0.50 6.147TE+08 - V5004+V1200 Completed — 2011-04-04

21 310  SDSSJ100141.02+371447.4 6 0.02 4.958E+08 - V500 Completed 2013-01-07

22 409  UGCO06433 5 0.74 2.658E+08 - - -

23 417  NGC3712 5 1.05 9.397E+07 - - -

24 478  NGC3995 6 5.46 3.790E+09 2.725E+408 - -

25 487  UGCO07017 3 4.55 7.984E+09 4.408E+08 - -

26 492 SDSSJ120353.51+252556.6 6 0.42 6.422E+08

27 520 NGC4211NEDO02 1 7.27 1.054E+10 - V500 Completed 2013-01-07

28 537  NGC4306 0 0.01 3.124E+09 - - -

29 541  IC3305 0 0.01 1.781E+09 - - -

30 542  NGC4383 3 4.20 7.787TE+09 - - -

31 554 103453 6 0.07 5.062E+08 - - -

32 566 NGC4598 1 0.03 7.959E+09 - - -

33 577  NGC4676A 5 15.76 3.282E+10 2.604E+09 V500+V1200 Completed  2011-06-29

34 588 NGC4816 0 0.21 1.020E+11 - V5004+V1200 Completed ~ 2013-03-08

35 593  UGC08107 2 8.67 9.225E+10 - V5004+V1200 Completed  2013-06-12

36 634 NGC5218 2 9.80 2.944E+10 1.210E+09 V500+V1200 Completed  2013-03-15

37 655 UGC08726 5 0.06 2.394E+08 - - -

38 748  NGC5633 3 2.45 1.251E+10 3.655E+08 V500+V1200 Completed ~ 2012-07-19

Continued on next page
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Table continued from previous page

Nr. ID Name Morph SFR M, Leo Status Date
Mg y'r71 Me Kkmsflpc2
a @ 3 (4) (5) (6) (7) (8) (9)
39 749 NGC5630 5 1.14 2.245E4-09 - V500+V1200 Completed 2013-03-18
40 767 NGC5731 5 0.35 1.395E4+09 V500 Completed 2012-07-26
41 780 NGC5797 0 0.15 4.537E+10 - V5004V1200 Completed 2013-03-20
42 784 NGC5829 4 3.48 1.249E+10 4.367TE+08 V500 Completed 2012-02-26
43 794 NGC5928 0 0.18 6.406E+410 - V500 Completed 2012-05-15
44 795 NGC5930 2 15.45 2.246E+10 1.637E4-08 V500 Completed 2012-05-15
45 801 NGC5953 2 5.06 1.087E+10 1.969E+408 V500 Completed 2012-06-16
46 802 ARP220 5 277.89 5.399E410 4.095E+4-09 V5004V1200 Completed 2011-07-02
47 803 NGC5957 3 0.06 8.213E+4-09 1.151E4+08 V500 Completed 2012-04-25
48 827 UGC10297 4 0.17 1.799E4-09 - V5004V1200 Completed 2012-07-21
49 828 UGC10331 4 4.63 5.840E+09 — V5004+V1200 Completed 2011-07-30
50 843 UGC10650 4 0.42 1.857E4+09 - V5004V1200 Completed 2011-07-31
51 845 UGC10693 0 0.52 1.813E+11 - V500+V1200 Completed 2010-07-18
52 846 UGC10695 0 0.38 1.108E+11 V5004+-V1200 Completed 2012-06-17
53 858 UGC10905 1 1.80 1.414E+11 - V5004-V1200 Completed 2011-08-31
54 870 NGC6945 1 0.08 5.231E+10 — V5004+V1200 Completed 2012-07-22
55 878 MCG-01-54-016 4 0.05 5.535E4-08 - V5004V1200 Completed 2011-07-30
56 882 NGC7236 1 0.33 6.110E+410 1.641E4-07 V500+V1200 Completed 2011-08-29
57 885 UGC12054 4 0.02 9.617TE408 - V5004-V1200 Completed 2011-07-22
58 895 UGC12308 4 0.03 5.930E4-08 - V5004V1200 Completed 2012-08-21
59 904 NGC7591 3 27.94 5.861E+410 2.439E+409 V5004-V1200 Completed 2011-09-27
60 913 NGC7625 2 3.44 1.095E+4+10 3.136E+4-08 V5004-V1200 Completed 2012-10-13
61 914 NGC7631 3 1.21 3.239E+10 2.456E408 V500 Completed 2012-09-13
62 917 NGC7683 1 0.19 5.670E+410 - V500 Completed 2012-07-23
63 927 NGC7738 3 32.42 9.586E+410 - V5004+V1200 Completed 2012-12-11
64 937 NGCT7800 6 0.53 7.145E408 V5004+V1200 Completed 2012-08-22
65 939 NGC4676B 1 3.56 5.019E4-09 1.197E409 V5004V1200 Completed 2011-06-29
Concluded
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Figure 4.4: Flowchart of the Subsample Selection Algorithm
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Chapter 5

Star Formation Rates and Gas
Masses of CALIFA (Galaxies

This chapter contains the scientific analysis of the archival single dish data as well as a
detailed description of the methods used for deriving gas masses and star formation rates.
In the first section, 5.1l three SFR indicators are introduced which build the basis for
understanding the physical processes behind the SFR calculations of B.3l Beside using
cataloged IR data, SExtractor was used on the WISE Atlas Images in order to get accurate
photometric quantities. A summary on that is found in (.4l Subsequently, atomic and
molecular gas mass calculations were performed for a substantial fraction of CALIFA
galaxies. Sections[(.5.3 and explain the most important issues on that topic, with a
clear focus on the difficulties of deriving molecular gas masses. The metallicity-dependence
of X¢o, the conversion factor, and the need of a sophisticated aperture correction are
illuminated in sections 0.7 and (.63l respectively. A tabular summary of the derived
quantities is given in B.8 The data analysis, with emphasis on the Kennicutt-Schmidt
law, is presented in section 5. 10l Gas density thresholds and star formation efficiencies get
examined as well as the existence of correlations of the molecular gas masses with other
parameters such as metallicity. Furthermore, an attempt on deriving ISM properties

within a small subset of CALIFA galaxies, is presented in this chapter’s final section G111

5.1 Tracers of Star Formation

5.1.1 Ultraviolet (UV)

From stellar evolution theory, it is known that UV-luminous stars, must be quite young,
less than 10° years for early A stars. This is called the “mass-lifetime” relation. Thus,
observations in the UV can reveal information about the currently ongoing star formation

within a galaxy. Thereby UV flux is mainly produced by the stars that are not massive
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or hot enough to ionize the surrounding ISM. This fraction of photons that are producing
HIT regions, indeed is missed by UV, but can be traced by recombination line emission of
Balmer lines, e.g. Ha. See the next section for details on that.

A remarkable difference to optical measurements is that the luminosity in the UV
domain is typically given in energy units rather than photon units. Furthermore, the
photospheric light of a star is seen directly. However, one really has to take care of
the effect of extinction. Radiative transfer calculations and resonant scattering has to
be taken into account, because UV photons escape easier when the dust abundance is
low, likewise large velocity gradients can help UV photons to escape. Thus, at these
wavelengths, dust is a crucial factor which must be taken into account. The range in dust
column density between no significant extinction and no significant transmission is very
narrow! See Kennicutt (1998) and [Hirashita et al. (2003) for further reading.

5.1.2 Recombination Lines (Ha)

Balmer line emission is one of the characteristics of a HII region. OB stars with lifetimes
of only several million years (spectral types B0.5 and hotter) embedded in star forming
clusters are hot enough to emit fluxes of strongly ionizing radiation, shortward of the
Lyman limit. Thereby, hydrogen is ionized by absorption of Lyman continuum photons
A < 912 A, corresponding to an energy of 13.6 V. Balmer line radiation arises from the
subsequent recombination of the electrons so released with another proton, and a cascade
toward the ground state. Further explanations can be found in [Kennicutt (1998) and
Hirashita et al) (2003). Measurements of Ha with a rest wavelength of 656.28 nm works
out to be a very accurate tracer of star formation as long as internal extinction through

dust is not too dominant.

5.1.3 Infrared

Far-IR (FIR) emission is ubiquitous in spiral and irregular galaxies, even when the op-
tical data suggests only a very moderate dust content. Dust grains, as a by-product of
star formation, get heated by the UV flux around young stars to temperatures above
~ 30 K. Subsequently, the grains cool by approximately black-body emission, modified by
a wavelength-dependent emissivity which is mainly caused due to the fact that the grains
are typically smaller than the blackbody peak wavelength and therefore, cannot radiate
such wavelengths as efficiently as perfect radiators (Draine, 2011).

In most cases, the peak emission is found around 70-140 um which corresponds to a
blackbody temperature of 40-20 K, respectively. But sometimes several discrete compo-
nents are fit, including very cool dust measured in the sub-mm window. These components

are sometimes attributed to different regimes of heating: environments of OB stars, re-
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gions near cooler stars, and so-called infrared cirrus emission from a widely distributed
grain population heated only by the average ambient stellar radiation field. Sometimes
it is important to disentangle these components in order to get an accurate SFR estima-
tion. For example, Melo et al) (2002) found five different dust temperatures within several
morphological components (nucleus, disk, bar) of NGC253.

Beside that, It is important to note, that the interpretation of mid-IR (10 pm) emission
is very complex, because for such small grain sizes, single UV photons can heat those
grains well above the equilibrium temperature of the radiation field. Then, the emitting

radiation does not correspond to the temperature appropriate for the emitting region.

5.2 All-Sky Infrared Surveys

All-sky surveys in the infrared have not been possible for a long time due to technical
difficulties. In fact, such a task can only be performed from Earth’s orbit with special de-
tectors that must be cooled to temperatures right above the absolute zero point. The first
survey in the infrared, called “The Infrared Astronomical Satellite” (IRAS) was launched
in 1983 and it was not until 2006, when a successor was commenced, namely “AKARI”.
AKARI, the Japanese word for light, operated until 2007 and took measurements of
the whole sky at wavelengths similar to IRAS (12-100 um), but with a sensitivity never
reached before.

After IRAS and AKARI, WISE, the “Wide Infrared Survey Explorer” was launched
by end of 2009. Its major advantage in comparison to the preceding missions, is the
much higher angular resolution which could be achieved, because for the first time also at
higher wavelengths CCD detectors were used. On the other hand, thereby, the observing
wavelength of WISE was limited to only 22 micrometers. WISE ended its operations in
February, 2011.

A detailed summary (only in German) of all (not only survey mode) infrared satellites,

can be found online in [Leitenberger (2013).

5.2.1 The Infrared Astronomical Satellite (IRAS)

IRAS was a satellite project executed mainly by NASA, the Netherlands, and the United
Kingdom. The aim of the mission was to obtain an all-sky survey over a wavelength
range of 8 to 120 micrometers covered by four broadband photometric channels. TRAS
detected about 350000 infrared sources and leaded to numerous discoveries including the
revelation of our Milky Way’s core for the first time. The survey design was optimized
for maximally reliable detection of point sources.

IRAS contained a 0.6 m Ritchey-Chretien telescope cooled by helium to a temperature

of approximately 10 K. An array of 62 detectors was used to detect the infrared flux in
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bands centered at 12, 25, 60, and 100 micrometers. The noise equivalent flux densities
were, 0.1, 0.1, 0.1, and 0.3 Jansky in the four survey bands, respectively. The positions
of galactic and extragalactic sources were determined to an accuracy of 0.5 arcmin. IRAS
ceased operations on November 21, 1983. A further discussion on the IRAS mission can
be found in [Neugebauer et all (1984b) and Neugebauer et al| (1984a).

5.2.2 Wide Infrared Survey Explorer (WISE)

WISE (Wright et all, 2010) is a satellite mission funded by NASA. It has observed the
entire sky in four infrared bands: 3.4, 4.6, 12, and 22um (W1 to W4, respectively). Raw
and calibrated data as well as catalogs are publicly available through the NASA /TPAC In-
frared Science Archive at: http://irsa.ipac.caltech.edu/Missions/wise.html. Each
field of 47 arcmin was scanned at least eight times with single exposures of 8.8 s.

The gained individual frames were combined automatically by the pipeline for scientific
use. The corresponding images, for which also cosmic rays and other transient features
were removed, are called “WISE Atlas” images. The pixel scale is 1.375 arcsec per pixel
in all bands, the angular resolution in the filters W1,W2, W3 and W4 is 6.1, 6.4, 6.5 and
12.0 arcsec, respectively. WISE achieved 50 point source sensitivities better than 0.08,

0.11, 1 and 6 mJy. In comparison, IRAS reached only 100 mJy at its best!

5.3 Formula for SFR Calculations

5.3.1 SFR from CALIFA’s Ha Flux

From the majority of CALIFA galaxies observed and reduced by CALIFA’s pipeline up to
August 2013, star formation rates were derived by |Sdnchez et al. (2013) from Ha fluxes

applying the relation found by [Kennicutt (1998):
SFRps = 7.9 x 107* Ly, (5.1)

where the SFR is given in My yr~! and Ly, in erg s~'. The conversion factor between
ionizing flux and the SFR was computed using an evolutionary synthesis model. Only stars
with masses > 10 Mg and lifetimes < 20 Myr contribute significantly to the integrated
ionizing flux, so the emission lines provide a nearly instantaneous measure of the SFR,

independent of the previous star formation history.

5.3.2 SFR from IRAS 4-Channel Data

In order to calculate the SFR from IRAS data, total IR luminosity L;z has to be com-
puted first. L;g from IRAS 4-channel data is often also denoted as the luminosity in the
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wavelength range of 8-1000 um, which [Sanders and Mirabel (1996) defined to be:
L[R = LS—lOOO/Lm = 5.6 X 105 (1348f12 + 516f25 + 258f60 + fl()()) D% (52)

The resulting L;g is given in Lg, the fluxes at 12 (fi2), 25 (fa5), 60 (fgo) and 100 (fi00) pm
are measured in Jansky and the luminosity distance Dy in Mpc.

In the next step, the SFR is calculated from L;g, for which a calibration was found by
Kennicutt (1998). It is important to note, that probably no single calibration applies to
all galaxy types. However, the far infrared emission should provide an excellent measure
of the SFR in dusty circumnuclear starbursts, as explained by [Kennicutt (1998). After
converting to typically used units, by the help of the parameters in table [T, the SFR can
be computed to:

SFRs 1000um = 1.72755 x 107" Lg_1000 um; (5.3)

where the SFR is given in Mg yr™' and Lg_1000 um in L.

5.3.3 SFR from WISE 22 m Data

SFRs and total infrared luminosities, Ly, are determined from the WISE 22 pym photom-
etry, using the relations presented in [Rieke et al. (2009). Although they are calibrated
for the Spitzer Space Telescope’s MIPS 24 um band, they also apply to the WISE 22 ym
band, because of the similarity of their bandpasses.

Rieke et al. (2009) constructed model spectral energy distribution (SED) templates
from a sample of local LIRGs and ULIRGs and derived correlations between 24 ym flux,
SFR, and L;g. The flux-SFR relation given in their equation (14) can be used for both,
MIPS 24 ym and WISE 22um data following [Rieke et all (2009). Furthermore, the simi-
larity of the two bandpasses is confirmed by |Goto et al/ (2011)), who quantified the correla-
tion between L;r and the inferred MIPS 24 ym and WISE 22 ym luminosities: MIPS and
WISE luminosities are derived by applying a color correction to the 18 um AKARI flux,
and Lyg is derived from fitting the IR SED templates of [Chary and Elbaz (2001) to all
six AKARI bandpasses (9, 18, 65, 90, 140, and 160 pm) for approximately 600 galaxies at
z < 0.1. The resulting correlations between the L;g-Lysrpsos and Ljg-Lyyrspoe are nearly
identical, with only a ~4% offset which is demonstrated by figure [5.1] taken from Goto
et al. (2011). Therefore, within this thesis the SFR calibrations determined by [Rieke et al.
(2009) which were originally found for MIPS 24 um data, were used for calculating L;r
and SFR based on WISE data.

It is worth to note, that for calculating SFRs as seen in equation (5.4), the IMF
adopted by Rieke et all (2009) is similar to the [Kroupa (2002) and |Chabrier (2003)
IMFs, which have relatively fewer low-mass stars compared to a Salpeter IMF, and is

more applicable for extragalactic star-forming regions (Rieke et all, [1993). Therefore a
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Figure 5.1: LIR—LMIP524 (a) and L[R—LW[SEQQ (b) from |Goto et al. (2011)

systematic difference to the calibrations found by [Kennicutt (1998) would exist. Since,
within this thesis, I combine SFRs computed by various methods, a further calibration
which is described in [Rieke et al! (2009) too, was applied, which is given in equation (5.5).

Thus, all SFRs calculations are probably systematically overestimated.

log1o(SF Rpicke) = A(z) + B(z) (logo(4n D% foaons) — 53) (5.4)
SFRpricke
logl()(SFRKennicutt) = T}Ek (55)

The computed SFRs in equations (5.4)) and (5.5]) are given in Mg yr~'. The fit values
A(z) and B(z) are taken from table 1 in [Rieke et all (2009) for a redshift z = 0. The
luminosity distance Dy has to be inserted in cm and the flux at 24 or rather 22 ym in

Jansky.

WISE fluxes, either derived from the Atlas images by SExtractor — see Bertin and
Arnouts (1996) for details — or taken from the WISE data release catalogue, are normally
given in Vega magnitudes. Therefore, before applying one of the formulas above, the
WISE magnitudes have to be converted into a flux density. This task is performed as
described in chapter 4.4 of the WISE mission’s explanatory supplement, which can be
found online at http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/secsd._
4h.html. The conversion from a WISE W4 magnitude my, into a flux density in Jansky;,
fyo, is given by:

faz = 8363 x 107™m22/25, (5.6)

For inferring infrared luminosities from WISE data, the Lo, luminosity has to be calculated
first by finding the inverse of equation (9) or (11) of Rieke et all (2009), depending on the
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resulting luminosity range. For 6 x 108 < Ly, < 1.3 x 10'%:

0.66 X SFRKennicutt X 109
Loy = .
24 0.7788 ’ (5.7)

and otherwhise when Loy > 1.3 x 10'0:

<125>
Loy = 9.58558 x 108 x SFRy131

Kennicutt®

(5.8)

Based on the value of Loy, for the infrared luminosity can be solved by applying equation
(A6) of Ricke et al. (2009):

loglOL[R = 1.445 + 0.945 x 10g10L24 (59)

5.4 Performing a Growth Curve Analysis on WISE
Atlas Images

Within the first, official WISE data release (DR1), for one single band (e.g. W4 for
22um), several magnitudes are available. For example, the quantity w4mag corresponds
to the aperture-corrected intensity measured within an instrumental standard aperture.
Unfortunately, the standard aperture used for wdmag is only 33 arcsec in diameter. Thus,
even for a point source, more than 40 percent of the total flux are lost due to the complex
shape of WISE’s PSF. Hence, for extended sources — as in the case of CALIFA galaxies —
another magnitude indicated by w4gmag should be used, because w4dgmag is based on an
automatic elliptical aperture growth curve analysis. But again, due to the difficult shape
of the PSF, still some flux is lost, see |Cutri et al. (2012) for further details.

Therefore, I have decided to perform a growth curve analysis with SExtractor (Bertin
and Arnouts, [1996) on all WISE Atlas images, that were available for the CALIFA galaxy
sample. The following table b1l summarizes the most important SExtractor configuration
parameters, which I found to work best on the WISE Atlas images. It is important
to use the WISE uncertainty images which are also available for download through the
NASA/IPAC Infrared Archive as weight images for source extraction. In order to check the
photometric accuracy of the magnitudes derived with SExtractor, the intensity within a
33 arcsec aperture was measured and compared to the WISE DR1 value wdmag. As can be
seen in figure , the zeropoint and aperture correction were applied correctly. Thus,
SExtractor with the configuration of table [5.1lindeed can be used for further photometric
analysis. In the end, SExtractor’s MAG_BEST values were used for all calculations. A

comparison between MAG_BEST and w4gmag and the star formation rates computed relying

on them, SFRooum sex,pest and SFRoum prprst is given in figures |5.2(b)| and [5.2(c)]
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DETECT_-MINAREA 30 minimum number of pixels above threshold
DETECT_THRESH 5.0

ANALYSIS_.THRESH 4.0

THRESH_TYPE RELATIVE

FILTER Y apply filter for detection (Y or N)?

FILTER-NAME

gauss_5.0_9x9_conv.txt

name of the file containing the filter

DEBLEND_NTHRESH

32

Number of deblending sub-thresholds

DEBLEND_MINCONT 0.0001 Minimum contrast parameter for deblending
CLEAN Y Clean spurious detections? (Y or N)?
CLEAN_PARAM 1.0 Cleaning efficiency
MASK_TYPE CORRECT type of detection MASKing
Photometry

SATUR_LEVEL 350 level (in ADUs) at which arises saturation
MAG_ZEROPOINT 13 magnitude zero-point
MAG_GAMMA 4.0 gamma of emulsion (for photographic scans)
GAIN 1.0e+20 detector gain in e-/ADU
PIXEL_SCALE 0 size of pixel in arcsec (O=use FITS WCS info)

Star,Galaxy Separation
SEEING_FWHM 8.3 stellar FWHM in arcsec

STARNNW_NAME

default.nnw.txt

Neural-Network_Weight table filename

Background

BACK_SIZE 500 Background mesh: size or width,height
BACK_FILTERSIZE 7 Background filter: size or width,height
BACK_FILTTHRESH 0.0 Threshold for background-map filter
BACKPHOTO_TYPE LOCAL Either GLOBAL or LOCAL
BACKPHOTO.THICK 100 Thickness of the background LOCAL annulus
BACK_.TYPE AUTO Subtract internal, automatically inter...

Check Image

CHECKIMAGE-TYPE

-OBJECTS,BACKGROUND,SEGMENTATION,APERTURES

Weighting

WEIGHT_GAIN

N,N

WEIGHT_TYPE

MAP_RMS,MAP_RMS

WEIGHT_IMAGE /PATH/TO/Uncertainty-map-image.fit

Table 5.1: Important SExtractor configuration parameters for WISE W4 band Atlas
images. Note, that the huge gain is artificial, intended to fool SExtractor. This has
the effect of nulling out the (additional) internal Poisson noise estimated by SExtrac-
tor so all the contribution can come from the explicit MAP_RMS image specified by
-WEIGHT _IMAGE. This trick is mentioned at http://wise2.ipac.caltech.edu/staff/
fmasci/SEx WPhot.html.

It can be seen, that on average, also the w4gmag found in the WISE DR1 underestimates
the values found by SExtractor, which, according to ICutri et al) (2012), is expected.

5.4.1 Comparison and Analysis of SFR Indicators

After calculating the star formation rates and infrared luminosities by means of various
indicators, a comparison between the resulting quantities was performed. As can be seen
in figure 5.3l a 1:1 relation can be found between all computed values. In general, one
can expect that for dusty galaxies like (U)LIRGs, the extinction through dust grains
substantially lowers the observed Ha flux, whereas in the infrared then the luminosity

increases. This might be the case for data points above the blue, dashed line indicating a

o2


http://wise2.ipac.caltech.edu/staff/fmasci/SEx_WPhot.html
http://wise2.ipac.caltech.edu/staff/fmasci/SEx_WPhot.html

10 1 1 1 1 1 1 1 1 P 4
® circ. AP, 33" -
9k e .
8F J
K3
E '
% 6F . J
5
YoSF J
s
N 4+ J
(QV
3k J
2F N 4 J
1 - ~ 1 1 1 1 1 1 1 1
1 2 3 4 5) 6 7 8 9 10
22/1mpR, AP [Mag]
12_ o WiSEuw ' ' ' ' ' . B WiSEser ‘ﬁ/&?'/

22/imsex, BEST [Mag]

L I = = T

SFRo2umsexpest (Mo yrgl]

1 ) 3 1 5 5 7 8 10 = I
22pmpR, emac [mag] SFRo2monesr Mo yr 1]

Figure 5.2: In the top panel it is shown that the photometric zeropoint as well as the
aperture correction was set correctly when using SExtractor for photometric analysis. The
panels in the bottom left and bottom right indicate that the “sextracted” magnitudes
are, on average lower, hence the intensities higher, than that found in the WISE data
release. According to|Cutri et all (2012) this result is expected, because even the wigmag
underestimates the true intensities due to the complex shape of the WISE PSF.
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Figure 5.3: SFR inferred from Ha versus SFR calculated from IRAS (top left) and WISE
(top right) infrared data. In both cases, as expected, a 1:1 relation marked by the blue,
dashed line, was found. The SFR and L;g as computed from IRAS data following formula
(53) and (5.2)) versus the SFR and L,z based on WISE data using equations (5.5) and
(59) are shown in bottom left and right panel, respectively. Whenever in one of the four
IRAS channels, an upper limit is indicated, the resulting SFR or L;z is marked by a
red-colored data point.

1:1 relation between the SFR inferred from Ha and infrared data in figure |5.3(b)l Thus,
having SFRs computed from various indicators, can tell something about the intrinsic

composition of a galaxy.

5.5 Atomic HI masses from Previous Studies

5.5.1 Digital Archive of HI 21 cm Line Spectra

Similar to the compilation and the subsequent homogenization of CO data, which was
performed as part of this thesis, |[Springob et al. (2005) have compiled and homogenized a
huge set of HI data from various sources in the archive. Their resulting catalog contains
line fluxes and line widths of 9000 galaxies in the local universe. For the observed 21 cm
flux, they have performed a correction for the source extent (double Gaussian with a
central hole), the pointing error and self-absorption (which is a function of inclination).
Furthermore, all published line widths were corrected for redshift stretching, instrumental

effects and smoothing.
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A cross match between the CALIFA mother sample and the Springob et all (2005)
data, reveals that for 374 out of 939 CALIFA galaxies, HI data is available. Although this
is a big fraction already, more data is needed for performing various analysis. Therefore,
also the homogenized HYPERLEDA data, see [Paturel et all (2003) for details, was used

for atomic mass calculations.

5.5.2 HYPERLEDA

In order to compute atomic gas masses for a substantial fraction of CALIFA galaxies,
homogenized HI data from HYPERLEDAH was also used. [Paturel et all (2003) compiled
a catalog based on 611 references and observations made in Nancay for 16781 galaxies.
All data was converted to a standard velocity and magnitude system, which is described
in Mathewson and Ford (1996) and [Theureau et all (1998), respectively. The result is a
catalog containing the logarithm of twice the maximum rotation velocity, a HI magnitude
and the HI velocity expressed with the optical definition (i.e., using wavelengths instead

1 respectively.

frequencies). The typical uncertainties are: 0.04, 0.25 mag and 9km s~

For the data in the catalog, no correction for self-absorption is applied. Hence, that is
left as task for this thesis (see next section) in order to get accurate values of the atomic
masses for CALIFA galaxies which are comparable to the quantities found by Springob

et al. (2005).

5.5.3 Calculating Atomic Gas Masses from HI Observations

Once the observed 21 cm fluxes, S, are corrected for source-extent, self-absorption and

other (instrumental) effects, the atomic gas mass can be calculated following formula
(5.I0), which is taken from [Roberts (1962).

My = 236 x 10° x D7 x Sy (5.10)

My then is given in My, So, the velocity integrated source flux density, in Jykms™! and
Dy, the luminosity distance, in Mpc. Thus, HI mass calculations is easily done for the
Springob et al) (2005) data for which no preceding process is necessary.

Though, for the quantities taken from HYPERLEDA, a twofold procedure has to be
deployed. First, the cataloged 21 cm magnitudes, ma; have to be transformed to a flux

density Sy; in Jykms™! following equation (5.11)):

mo1 — 15.84
= x 10 2.5 (5.11)

http://leda.univ-1lyoni.fr
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Figure 5.4: Comparison of major/minor axes ratios found in RC3 and derived through a
isophotal analysis based on SDSS images.

In the second step, self-absorption within the galaxy, which is a function of inclination, is
taken into account in the same way as described in [Lang et al. (2003) on page 756. The
inclination was calculated by a relation, which was even used by [Hubble (1926) as seen
in equation (B.12).

Cos*(i) = @ - (5.12)

1 — g2 '

The values for the major (a) and minor axes (b) as well as the blue diameters (Das),
were — in a first approach — downloaded automatically through a self-developed script
(getdiameter.sh) from the Third Reference Catalog of Bright Galaxies (RC3) for all
CALIFA galaxies. Finding an accurate parametrization for the major and minor axes is
a complex problem, therefore the values in the RC3 suffer of large error bars and more
accurate data would be of benefit. Luckily, Nadine Backsmann and Bernd Husemann
have performed isophotal and growth curve analysis based on SDSS r band images for
all CALIFA galaxies. Thus, they also derived the major and minor axes. A comparison
between the RC3 values and the more reliable values derived by Nadine Backsmann and
Bernd Husemann is shown in figure 5.4l Above b/a > 0.5 the scatter gets huge, hence in
general the values for edge-on galaxies are more reliable than those for face-on galaxies.
The parameter q in equation (5I2)) is the minimum axial ratio, that is considered to be
valid for edge-on galaxies with an inclination of 90 degree. The commonly accepted value
for q is 0.2 and was also used within this thesis. If a galaxy’s disk appears more than five

times longer than it is wide, the galaxy’s inclination is 90 degree (Tully and Fisher, [1977).

Now, after computing the inclination ¢, for spiral galaxies from types Sa to Sc, a factor
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Figure 5.5: HI masses computed from data of [Springob et all (2005) versus HI masses
based on [Paturel et all (2003), HYPERLEDA.

f can be found, that enhances the 21 cm flux, So, in order to account for self-absorption.
The empirical formula found by [Lang et al. (2003), distinguishes between early and late
type spirals by introducing an exponent [, which is 0 for E and SO galaxies and 0.04,
0.16 and 0.14 for Sa, Sb and Sc, respectively. The factor f and the corrected 21 cm flux,
So1,corr, then are given as seen in equations (B.13]) and (5.14)).

f=i? (5.13)

521,007“7‘ = f X So (514)

As can be seen in figure 5.5 when applying a correction for self-absorption to the HY-
PERLEDA data, the atomic gas massed derived, are indeed of comparable quality to
those quantities found in ISpringob et al. (2003).

5.6 Calculation of the Molecular Gas Mass

5.6.1 Difficulties of Deriving Molecular Gas Masses from CO

Observations
Molecular gas is an important indicator for star formation and star formation timescales.
Thus, accurate derivations of the molecular gas mass is a crucial topic for understanding

internal processes and the evolution of galaxies. A caveat worth mentioning, is that when

looking for published molecular gas masses in the literature, numerous authors quite often
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only publish the so called “indicative mass” (Boselli et al.,[1994; |[Lavezzi and Dickey, [1998;
Boker et al., 2003; |Albrecht et al., 2004). Thereby, they refer to the amount of molecular
gas mass located only within the beam of the appropriate telescope. Though, probably
a substantial fraction of flux is lost and the masses can only be taken as lower limits.
Therefore, within this work, a sophisticated aperture correction (see 5.6.3]) was applied in
order to calculate the total molecular gas masses for the CALIFA galaxies. The method
used is similar to the one presented by [Lisenfeld et all (2011) and [Stark et al) (2013).

Another important issue when computing molecular masses in extragalactic sources, is
the conversion factor, X¢oo (also acp), which, in fact, corresponds to a mass-to-light ratio
and transforms the measured CO flux into a Hy mass under the assumption of a certain
count ratio between the CO and Hy column density which can be observationally derived
when assuming that CO is mainly found in wvirialized molecular clouds (see section [B.7]).
But hereby, another large uncertainty comes into play, the value of Xsp is not constant
throughout the whole galaxy disk and can vary up to a factor of five at least for different
galaxies (see figure[5.14]), depending on the ISM’s chemical composition. In most cases, the
galactic standard conversion factor as found in [Strong et all (1988) is used in calculations.
Its value is Xoo=2.3 X 10?° and numerous publications, e.g. |Casoli et al. (1991)), Casoli
et al. (1996), Boselli et al. (1996), Lavezzi et all (1999) and [Leon et al. (1998) make use
of it.

The above mentioned value may be appropriate for “normal” spirals, where the molec-
ular mass is believed to persist within dense molecular clouds only. Whereas within
ULIRGs (Ultra Luminous Infrared Galaxies), for example, [Solomon et all (1997) and
Downes and Solomon (1998) found that CO is distributed more diffuse leading to a much
lower conversion factor. Hence, for (U)LIRGs a conversion of Xco = 0.8 x 10%° is widely
used nowadays, e.g. [Strong et all (2004) and [Evans et _al. (2005).

Summarizing what is stated above, probably the best one can do is to apply an aperture
correction to all CO fluxes and use a metallicity-dependent X value as it was done
within this thesis, at least, for the 26 galaxies, where the metallicity (ratio of [O/H])
was available. A comparison of the molecular masses for CALIFA galaxies computed
homogeneously within this work to the masses taken from other publications, shows quite
a large scatter, as seen in figure B.6l The scatter originates from the various strategies
(e.g. extrapolation) and underlying assumptions (X¢p). It can be seen that, on average,
molecular masses taken from the literature, are lower than those from the presented thesis.
The reason is that, as explained before, most authors only publish indicative masses,
whereas I have performed an extrapolation in order to make a reasonable estimation of
the total molecular gas mass content. When investigating figure 5.6, some green points
are found remarkable far from the other data. These masses were published in [Yao et al.
(2003), who used the NRO 45m telescope with a beam size of only 15arcsec and thus,
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Figure 5.6: Extrapolated, molecular masses computed from 160 literature CO fluxes com-
pared to published values. The scatter arises from different methods used (blue: constant
Milky Way X¢co — green: constant LIRG X¢o; pink: dynamic (e.g. metallicity-dependent)
Xco — red: constant Milky Way X oo with extrapolation — gray: unknown method). Be-
side that, also the applied cosmological parameters and the decision whether including
the mass of Helium or not, introduce scatter.

they only measured the very central part of the galaxies.

Unfortunately, another parameter can cause variations when calculating molecular
masses, namely Helium. For example, when comparing extrapolated, total molecular
masses from [Lisenfeld et al) (2011) with the ones found in this thesis, it has to be consid-
ered that their values do not include the mass of Helium, which results to a 36 percent
decrease.

However, I have decided to include Helium into the calculations following the sug-
gestions found in the review of Bolatto et al. (2013) and in [Solomon and Vanden Bout
(2005). They state, that the mass of Helium — per definition — should be included in the
conversion factor X¢p, so that the calculated molecular gas masses, in fact, indicate the
total mass of the molecular clouds within a galaxy. But, unfortunately, it seems that no
consensus exists on that topic.

Beside all those already mentioned caveats, pointing errors can lead to substantial flux
loss, even when the pointing is checked regularly. Some uncertainty is left leading to non-
systematic errors. Lastly, the shape of the beam is only known up to a certain degree.
In most cases it can be approximated by a Gaussian. Note that, for example Casoli
et al. (1996) calculate the gas masses assuming a homogeneous beam, which leads to a
dramatically underestimation of the gas masses compared to a Gaussian beam (which

is more appropriate). Likewise, the real flux distribution of an extended source is not
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known, of course, and often assumed as exponential or Gaussian distribution, which in
some cases, probably leads to spurious results.

Most of these issues can only be resolved by combining single dish data with highly
resolved interferometric observations, which is specified as a long-term goal of the currently
ongoing molecular gas study based on CALIFA.

On top of that, the underlying cosmological parameters play a role when comput-
ing luminosity distances, which leads to difficulties when comparing literature data from
various publications. Within this thesis, the cosmological parameters as suggested by J.
Walcher at the 5th CALIFA Busy Week are used for all calculations. Their quantities are
found in table [

5.6.2 Formula for Molecular Gas Mass Calculations

The concept for molecular mass calculations is quite simple as can be seen in equation 5. 15,
but one has to be cautious, because the conversion factor Xso relies on assumptions, that
need not be valid for all galaxies. See section [£.7] for details. Moreover, when observing
extended objects such as nearby galaxies, the measured brightness temperature should be
extrapolated to a value corresponding to the total brightness temperature as described in

the next section.
M(Hg) = ]CO,extra x A X Xco X 2 X mpyg (515)

Once the conversion factor X given in [(K kms™')™' ¢m™?] is known and the source

lis extrapolated, the product of these quan-

brightness temperature Ico ezrq in K km s~
tities with the galaxy surface area A in cm? and the mass of two hydrogen atoms in M
(see table [I) will lead to the total molecular mass M(Hs) in M. It is important to note,
that even in the case of a homogeneously beam-filling source, the area A is not simply
a circular area of the telescope beam, because the Gaussian sensitivity of the beam has
to be taken into account. That can be done by introducing the solid angle of the beam.

Thus, for a Gaussian beam with the half power beam width Oy, in arcsec, the effective

2

beam- See section 3.3 for a derivation.

angular size is then given by 1.13 x ©
When applying a standard conversion factor of X = 2.3 x 10 (K km s71)~! em™2
as found by [Strong et al. (1988), which also includes the mass of Helium as suggested by

Bolatto et all (2013) and [Solomon and Vanden Bout (2005), and rewriting the area A

in terms of the luminosity distance Dz, in Mpc and the beamsize Opeqp, in arcsec?, and
inserting the mass of two hydrogen atoms as found in table[I] one can find:
M(Hy) = C x X X Icocstra X Oy X D7 (5.16)

The constant C can be divided into several parts according to the desired units. The
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transformations are given below:

1. Beam (Opeam): arcsec® = rad?

T 2
O, = 1.13 (—) — 2656 x 107! 5.17
! * \3600 x 180 8 (5.17)
2. Distance (Dr): Mpc? = cm?
Cy = (10° x 3.0857 x 10'° x 10*? = 9.5215 x 10* (5.18)

3. Mass (mp,): 2 X myg = Mg

Cy =

(2 x 1.6735344 x 10727

= 1.6827 x 107°7 5.19
1.9891 x 1030

The resulting constant C is then:
C =0 x Cy x C3 = 42554 x 107Y (5.20)

When applying the standard milky way value of X = 2.3 x 10% (K km s71)~t em™2,
one can find a resulting equation for the molecular gas mass (including Helium):

M(Hy) = 97.9 X Ico.eatra X O

beam

x D} (5.21)

Note that equation [.21] is widely used in the literature, e.g. [Lavezzi et all (1999) and
Boker et all (2003).

5.6.3 Aperture Correction

As already outlined, an aperture correction is needed when computing fotal molecular gas
masses from single dish observations of nearby galaxies, because even when observing the
CO J=1-0 transition with a relatively small telescope (e.g. NRAO 12m) the half power
beam width (HPBW) of 55 arcsec is not necessarily covering the total flux of a CALIFA
galaxy with optical blue diameters Dy5; of more than 100 arcsec. When observing with
e.g. the IRAM 30 m telescope, the amount of flux-loss is even higher, because of the much
smaller HPBW of only 24 arcsec.

In order to extrapolate the measured flux to the total flux of a galaxy, one has to make
assumptions about the source brightness distribution and the shape of the beam. In fact,
the measured quantity is the result of a convolution of the source with the beam. As
described in section 2.5 the CO distribution can be assumed to follow an exponential law

in all Hubble types. And the beam can be approximated as a Gaussian. Hence, another
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way of describing the applied method, which can be also found in [Lisenfeld et al. (2011) or
Stark et al/ (2013), is to think of the beam as a weighting function which is applied to the
exponential source distribution. For finding a value C4p which transforms the observed
quantity Ico s into the extrapolated total source brightness temperature Ico eqtrq, the
total molecular mass of a galaxy has to be defined first. Assuming an exponential CO
source brightness distribution, the total CO flux of a circular (§ = 0 .. 27) galaxy can

be written in polar coordinates as:

2m
ICO extra / / 27T r drdf (5.22)

Assuming Ioo(r) exponentially distributed with a central peak Iy and a scale length of

re.co, the above equation can be re-written as:

ICO ertra — IO / / 7’6 CO 27 v dr df (523)
This integral can be easily solved by partial integration and Ico eqtrq is found to be:
ICO,ewtra = Iy 27 rg,CO (524)

The shape of the main beam can be typically estimated as a Gaussian. In fact, it represents
a weighting function, which attenuates the source flux. Its 2D Cartesian formula for a

unity peak height is:

o
Glryy) =e 7= (5.25)

The standard deviation o is related to the full width at half maximum or rather the half

power beam width (Opeam) by:
Obeam = 21/2In(2) & (5.26)

Since the measured flux is the result of a convolution of the source brightness distribution

with a Gaussian, the observed flux within the beam can be expressed as:

\/W)

]COpbs = ]C'O,extra * G(:E y =4 [ / / Te,CO X (5 27)
(y cos(i))? |
—4In(2) (@2 + o? )
X e beam beam dx dy

The inclination ¢ of the galaxy is also accounted for in equation (B.27). It may be not
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clear at first sight that the effect of ¢ can be written within the Gaussian term, because in
principle it should be taken into account in the source and not in the beam. This can be
understood, when bringing to mind that the integration interval dy on the sky corresponds
to a larger space interval on the source. This means that in the case of accounting for
inclination in the source term of equation (5.27), also the integration interval had to
be changed to dy’ = dy/cos(i), where dy' is the interval on the source. If one takes
into account this effect, the result is the same as in the given formula. A different way

to see it is that the formula (5.27) can be derived by a variable substitution from y to

/

y = y cos(i).

Unfortunately, the expression [(£.27 cannot be solved analytically. Therefore a numer-
ical integration was carried out for all galaxies with CO single dish data available in the

literature. The aperture correction factor C4p is defined to be:

Cup = Ico catra (5.28)
Ico,obs

When calculating C4p, luckily, the peak brightness temperature Iy, cancels out and no
unknown quantity is left. The scale length of the CO distribution, 7. co, can be estimated
from the blue diameters of the galaxies as described in equation ([2.37). A distribution
of the computed values of C4p is shown in figure 5.7l It can be clearly seen, that due to
diffraction the smaller sized apertures (e.g. NRAO, FCRAO) cover much higher molecular
mass fractions on average than the big dishes like IRAM or NRO, as expected. However,
luckily for more than half of the galaxies, C 4p is lower than 1.75, as can be seen in the right
panel (b) of figure 5.7, which indicates the cumulative frequency of the applied aperture
correction factor. As a sanity test, for all CALIFA galaxies which are also part of the
AMIGA (Lisenfeld et all, 2011) sample, the aperture correction factors were calculated
following the above described procedure. In order to get comparable re-calculations of
the published molecular masses, only for this purpose, AMIGA’s luminosity distances,
inclinations and CO scale lengths were used. Furthermore, AMIGA’s published values
were multiplied by a factor of 1.155 in order to account for the same conversion factor
Xco. The result is shown in figure 5.8 It can be seen, that the newly calculated values
and AMIGA’s published values are indeed comparable. However, a small scatter exists.
After carefully checking all steps of the computing formalism, especially the numerical
integration, and a discussion with U. Lisenfeld, it came out, that the performed procedure
is correct and the offsets originate from a rounding error of the published data in Lisenfeld
et al. (2011). A comparison of the extrapolated masses in log-space, shows their equality
up to two digits as can be seen in table (.2 which is expected when taking the rounding

issue into account.

63



1.0

o o o
e D oo

Cumulative Number

<
N

&)

NRAO 12m
FCRAO 14m
SEST 15m
0SO 20m
IRAM 30m
NRO 45m
Other

AUACONN

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Aperture Correction Factor C

(a) Frequency of Cp

1 Il_l 1 1 1 1 1

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Aperture Correction Factor C

(b) Cumulative Frequency of C4p

Figure 5.7: Aperture correction factors C4p applied to CO luminosities for calculating
total molecular gas masses. In the left panel (a), the frequency of the calculated Cap
values is shown. The right panel (b) indicates the cumulative frequency of the computed
aperture correction factors.
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Figure 5.8: As a sanity test, a comparison of the newly calculated molecular masses
following the described procedure with AMIGA’s published data was performed. The
scatter originates from a rounding issue in the AMIGA data (see text for details).

ID | Name % ID | Name %
131 | NGC1542 0.9977 | 413 | NGC3682 1.0006
150 | UGC03899 0.9960 | 418 | NGC3752 0.9969
152 | UGC03944 0.9913 | 590 | NGC4846 0.9973
158 | UGC04054 0.9961 | 688 | NGC5439 0.9945
244 | UGC04845 0.9974 | 743 | NGC5622 0.9961
273 | 102487 0.9979 | 748 | NGC5633 0.9967
346 | UGC05820 0.9954 | 856 | 1C1256 0.9961

Table 5.2: A comparison of the extrapolated masses following the described method
with AMIGA’s published values shows a scatter (see figure B.8) which originates from a
rounding error in AMIGA’s published values. However, in log-space the molecular masses

equal each other up to two digits as the ratio between the calculated values (C) and
AMIGA'’s published values (A) shows.
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5.7 The Conversion Factor Xco

One of the greatest challenges when calculating molecular gas masses, is the conversion
factor Xco. Within this section, theoretical aspects are given that explain why it is
assumed that such a conversion factor should exist at all. Why is the CO J=1-0 luminosity
related to the column density at all? This is the main question of interest and it cannot
be answered in a short, but basically four assumptions have to be adopted in order to be
able to derive the column density from CO observations. The problem is, that CO J=1-0
is optically thick and thus, in principal its luminosity is related to the temperature of
the surface (at 7 = 1) and not to the column density. The most important reason, why
column densities can be derived anyway, is that the linewidth which represents the velocity
dispersion of a molecular cloud is related to its mass. Following Solomon et al. (1987),

the virial mass of a giant molecular cloud (GMC) in M, is given by equation (5.29]).

3(5 — 2k)

Mvir = 4 N
GB—h)

R o? (5.29)
R is the projected radius in pc, o is the 1-dimensional velocity dispersion in km s~!, G is
the gravitational constant and k is the power law index of the spherical volume density
distribution, which defines the density gradient within the cloud by: p oc r7%. In all
further explanations, for the sake of simplicity, & is considered to be unity. As long as the
molecular gas is dominating the mass enclosed by the sphere of radius R and the cloud is

virialized, M,;. will be a good measure of the Hy mass.

Now, another empirical relation comes into play, which gives rise to the “magic” behind
the conversion factor — the linewidth-size correlation — as expressed in equation (5.30).
Molecular clouds are observed to follow this relation and it is thought to apply under very

general conditions (Bolatto et all, 2013).
o =C x R (5.30)

Following |Solomon et all (1987) the constant C' is approximately 0.7 km s~ pc=%°. This
relation is also approximately followed by extragalactic GMCs. When combining equation
(529) and (5.30), one finds that M,; oc o?, and, most important, that molecular clouds
that fulfill both relations — virialized and following the linewidth-size relation — have a

characteristic mean surface density Xgac.

Since the CO luminosity of a cloud, is the product of its area and its integrated surface
brightness, a relation between M,;,. and Lco can be obtained. Unfortunately, Loo also
depends on temperature. Thus, the additional assumption of constant temperature have

to be introduced. Then, the following relation between molecular mass and CO luminosity
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can be found: Iy
aco = L”’“ ~ 6.1L%2 T5%% u%8 (5.31)
co

Summarizing what is stated above, the mass-to-light ratio as indicated by equation (5.37])
relies on the following assumptions: 1) GMCs are virialized, 2) their masses are dominated
by Hs, 3) they follow the linewidth-size relation and 4) their temperature is approximately
constant.

In some cases and environments all these conditions might be fulfilled, but certainly not
within all galaxies. X in general will be a function of the physical conditions in GMCs.
For example, in starburst environments the situation is much more complex. There, the
possibility of “overlapping” clouds cause spurious results and cloud-cloud collisions or
other violent mechanisms will lead to GMCs far off from virialization. Further details on
that topic can be found in Bolatto et all (2013).

5.7.1 Transformation from Xco to aco and Vice Versa

In the previous section, it was explained that aco principally corresponds to a mass-

to-light ratio. But when calculating molecular gas masses as described in section [5.6.2]

another conversion factor, namely X¢o given in [(K km s™)~! em™2] has to be used. aco

is defined to be:
My,

/
LCO

Qoo = 5 (532)

1

where My, is given in M and L, is usually expressed in K km s~' pc. Solomon and

Vanden Bout (2005) define L[, as seen in equation (5.33)):

o = 235 X Qup x D? x Ico (5.33)

Q. thereby is the solid angle of the source convolved with the beam given in arcsec?.

2
beam

This property can be approximated by 1.13 x © when assuming a Gaussian beam and
source. See section 3.3 for a derivation. D7, the luminosity distance has to be inserted in
Mpc and Ico in K km s~
By means of the molecular gas mass calculations from section (5.6.2] the definition of
aco from equation (5.32) and the definition of the CO luminosity from equation (5.33), a
conversion from Xcp to aco can be easily found. The result is shown in equation (5.34]).
a x 10%

X, = & x U 34
co 1.60247 (5.34)

Note that, Xco per definition also includes a factor of 1.36 for accounting for the mass
of Helium. Thus, the resulting mass corresponds to the total observed giant molecular

clouds mass.
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5.7.2 Constant Conversion for Normal Spirals and LIRGs

In normal star-forming galaxies a conversion factor similar to the one found in the milky
way by [Strong et all (1988) seems to be appropriate, whereas in infrared-luminous galaxies,
where the physical ISM structure is different and CO might be (partly) de-coupled from
virialized molecular clouds, a different conversion factor should be more reasonable. For
molecular gas mass calculations of CALIFA galaxies, based on a static conversion factor,
the following values for normal and infrared-luminous galaxies are used:

* Xoo=0.8x10% for L;z > 10" Lg (Downes and Solomon, [1998)

* Xoo=2.3x10% for Lz < 10" Ly (Strong et all, [198])

These values are widely used and accepted in the community. For example the given
(U)LIRG value is also used in |Strong et al/ (2004) and [Evans et al) (2005). The milky way
value found by [Strong et al. (1988) is frequently used, e.g. |Boker et al. (2003), Lavezzi
and Dickey (1998) and [Leon et al! (1998).

5.7.3 Variable Conversion Factor Depending on [O/H]

So far, in section B.7 it was explained, that four general assumptions are needed in order
to derive column densities from CO luminosities. However, beside that, the conversion
factor also depends on the spatial distribution and mass fraction of the molecular gas
(relative to stars) in the cloud, and even on other parameters, such as turbulence in
giant molecular clouds (Downes and Solomon), [1998). Since the penetration depth of UV
radiation which is able to dissociate CO molecules, depends on the extinction through the
cloud, and thus on its metallicity, the optical depth and the effective conversion factor in
CO transitions are predicted to depend on metallicity (Genzel et all, 2012), especially in
low metallicity, diffuse gas which was investigated by e.g. [Pelupessy and Papadopoulos
(2009), IShetty et al. (2011) and |Glover and Mac Low (2011).

One possible approach to derive the value of ago observationally, takes advantage of
the quite tight correlation between the gas-to-dust ratio and the metallicity of a galaxy.
The typical scatter of this relation is only about 0.15dex (Magdis et al), 2011). The
physics of this relation can be understood when assuming that the abundances of all
heavy elements were proportional to the oxygen abundance and that all heavy elements
condensed to form dust in the same way as in the milky way. In that case, the dust-to-gas
ratio should also scale proportionally to the oxygen abundance (Mufioz-Mateos et all,
2009).

If both, metallicity and the dust-mass are known, then the total gas (HI + Hs) mass
can be derived. With knowledge of the atomic mass My, from HI observations, the pure
molecular mass fraction can be easily calculated and subsequently, by means of the CO

luminosity, L, the conversion factor aco can be extracted, since it is practically the
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conversion factor from CO-light to Hy-mass.

However, within this thesis, the conversion factor aco was not derived directly through
this method, for the most part, because calculating the total (cold and warm) dust mass
is not a simple task. Far-infrared (FIR) data, would be needed for SED fitting, which,
so far, is available for almost none of the CALIFA galaxies. Far-infrared observations
with SAFARI, an instrument on-board of SPICA would be of benefit for future prospects
concerning the spatially-resolved derivation of acp in CALIFA galaxies. The dust-mass
calculations performed in this thesis based on IRAS data unfortunately only covers the
warm component due to the 12 to 100 um wavelength range covered by IRAS which
corresponds to a blackbody temperature above ~30 K. The performed calculations are
described in [Devereux and Young (1990) and shown in equations (5.35]) and (5.36]). The
temperature and mass of the warm dust within CALIFA are shown in figures and
(.10 It can be seen, that IRAS, indeed, did not pick up the coldest dust that contains
most of the mass (Xu and Helou, 1996), because the mean temperature along the Hubble
sequence lies above 30 K. Thus, the traced dust, is heated by UV flux associated with star
formation as described in section [5.11

The cold dust component, which for the first time was uncovered by the ISO satellite,
shows typical temperatures of approximately 10-20 K. This cold dust component has a
larger radial extent than the stars and may be partially associated with extended HI
disks. Details on that can be found in |Genzel and Cesarsky (2000). The temperature
of the cold dust component is consistent with theoretical predictions from the balance of
heating and cooling processes in the ISM for dust grains in the diffuse, stellar radiation
field. Moreover, the gas-to-dust ratio inferred for this cold dust component is very close

to the galactic value of approximately 100 in the milky way:.

95.94
Twarm dust — 7100 (535)
Mwarm dust — 4.58 x flOO X D% X 6Tz;:;7 (536>

The resulting Ty, and Mg, are given in K and M, respectively. The IRAS fluxes fgo
and f190 must be given in Jy and the luminosity distance, Dy, in Mpc.

As can be seen in figure[5.11], the gas-to-warm-dust ratio found for the CALIFA sample,
is around 1000 for the early type galaxies and reaches a value of approximately 3000 in
late type galaxies. This finding is consistent with similar studies, e.g. Devereux and
Young (1990). The reason for the slightly higher gas-to-dust ratios found within this
thesis compared to the average values of Devereux and Young (1990) is due to the applied
aperture correction for the CO data which leads to an enhanced molecular mass by a
factor of 2-5. The increase along the Hubble sequence, can be explained by the increase

of the atomic gas fraction solely, because when comparing the molecular gas to the warm
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dust as seen in figure 6.12] one finds a nearly constant ratio of ~1000 in all type of
galaxies. This can be interpreted as an intrinsic connection between molecular gas from
which star form and the dust heating mechanism introduced by the newly formed stars.

After this excursion, we can now come back to the conversion factor aco. As we
have seen, unfortunately, without an estimate of the dust mass, we cannot make use
of the gas-to-dust ratio vs. metallicity relation in order to derive the conversion factor
directly. Therefore, the findings of [Magdis et al. (2011)) are used for deriving aco through
an empirical relation. Fitting data of a local spiral galaxies sample taken from Leroy
et al. (2011), a local ULIRGS sample taken from |Solomon et al. (1997) and some data
from [Magdis et al. (2011), reveals the relation (5.37), from which aco can be estimated
immediately based on the metallicity [O/H].

aco = 6.14974 x 10 x ¢ 402088 x (12 + log(f7)) (5.37)

The data and fit is shown in figure and the derived acp values are given in table [£.3]
The metallicity for CALIFA galaxies was taken from [Sanchez et all (2013). A comparison
of the molecular masses derived by means of a static conversion factor and through the
metallicity-dependent conversion factor is found in figure 5.14l As expected, the scatter
is quite large, up to a factor of nearly four. However, it can be seen that in most cases, a
standard conversion factor, leads to good estimates.

Thus, metallicity indeed is an important quantity when calculating molecular masses
and should be taken into account whenever possible. Moreover, for deriving aco directly,

also far-infrared data should be exploited in the future.

5.8 Table of Combined SFRs, Atomic and Molecular

Masses

Following the formula of the preceding sections, infrared luminosities, star formation rates,
atomic and molecular gas masses were calculated. In order to get as many quantities as
possible for the following data analysis, the results from several computations were com-
bined. I have performed a growth curve analysis with SExtractor (Bertin and Arnouts,
1996) as described in section [5.4] on all WISE Atlas images, that were available for the
CALIFA galaxy sample. The star formation rate and infrared luminosity were then cal-
culated following the equations (5.H) and (B.9)), respectively. But whenever, SExtractor’s
MAG_BEST value did not converge for any reason, WISE catalogue’s wdgmag value was taken
as a basis for the computations. And in the case, that no WISE data was available at
all for an object, the IRAS Faint Source Catalogue (FSC) was looked for available fluxes.

In the last step, when no data was available even in the FSC, the IRAS point source
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ID | Name 12+ 1log($) | aco | ID | Name 12+ log($) | aco
2 UGC00005 8.752 | 3.22 | 777 | NGC5772 8.753 | 3.21
9 NGC0023 8.727 | 3.56 | 784 | NGC5829 8.613 | 5.63
26 | NGC0192 8.607 | 5.76 | 795 | NGC5930 8.696 | 4.03
152 | UGC03944 8.585 | 6.30 | 803 | NGC5957 8.77 | 2.99
273 | 102487 8.604 | 5.83 | 856 | IC1256 8.787 | 2.80
312 | NGC3057 8.356 | 15.81 | 871 | NGC6978 8.731 | 3.50
528 | ICOT76 8.355 | 15.88 | 901 | NGC7549 8.773 | 2.96
548 | NGC4470 8.589 | 6.20 | 904 | NGC7591 8.735 | 3.45
603 | NGC4961 8.581 | 6.40 | 906 | IC5309 8.695 | 4.05
608 | NGC5000 8.788 | 2.78 | 913 | NGC7625 8.763 | 3.08
611 | NGC5016 8.803 | 2.62 | 914 | NGC7631 8.768 | 3.02
634 | NGC5218 8.677 | 4.35 | 922 | UGC12688 8.666 | 4.55
748 | NGC5633 8.813 | 2.52 | 939 | NGC4676B 8.638 | 5.09
Table 5.3: aco for CALIFA galaxies with [O/H] ratios available.
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Figure 5.9: Tyarm dust along the Hubble sequence found for CALIFA galaxies.
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Figure 5.10: Warm dust along the Hubble sequence derived from IRAS data for the

CALIFA sample.

105 F 1 1 1 1 1 ]
[ —— CALIFA (this work) ]
— — Devereux & Young (1990) 1
10"k S 3
ik o .
& £
=5
=
103 — -
o
102 1 1 1 1 1
SO Sa-Sab Sb-Sbc Sc-Scd Sd-Sdm
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Figure 5.12: Molecular-Gas-to-Warm-Dust ratio along the Hubble sequence derived from
IRAS data for the CALIFA sample.

catalogue (PSC) was looked for fluxes for further L;z and SFR calculations following
equations (5.2) and (B.3]). In this way, for all galaxies of CALIFA’s mother sample, star
formation rates could be computed. With the HI data, the procedure was similar. Data
found in [Springob et al. (2005) was preferred and whenever no data was found, atomic
masses were calculated through HI magnitudes found in HYPERLEDA. Thus, for 599 out
of 939 galaxies, nearly 2/3, of the mother sample, atomic gas masses could be calculated.
As can be seen in table 4], only for 159 galaxies of the mother sample, CO data including
upper limits was available in the literature. Therefore, future CO single dish observations
would be of benefit in order to make statistically significant statements about the molec-
ular gas content of CALIFA galaxies. The following table [5.4] is a compendium of the
computed values for those galaxies with CO data available. See appendix [Al for all the
data.
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Figure 5.13: aco — Z relation from [Magdis et all (2011) used for estimating aco for
the CALIFA galaxies with published [O/H] ratios from [Sdnchez et al. (2013). The two
extreme outliers (NGC3057 and IC0776) with much higher extrapolated values are found
to be galaxies with very low-metallicities (8.356 and 8.355) which results to high aco
values of 15.81 and 15.88 respectively.
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Figure 5.14: Molecular masses calculated with static and Z-dependent X¢o for the CAL-
[FA galaxies with [O/H] data available.

Table 5.4: Calculated L;z, SFRs, atomic and molecular gas masses (see appendix for full
dataset). Column specifications: CALIFA ID (1), other catalog ID (2), combined L;g in
10° Le, (3), combined SFR in Mg yr~! (4), combined Mg in 10° Mg, (5), Cap used for
molecular mass extrapolation (6), extrapolated My, in 10° M with combined X¢o (7),
ratio of My, derived through Z-dependent and static X¢o (8)

Mpy,Zz—dep

ID  name Lrr SFR Mgy Cap My, M stat
10° L Mg yr—! 10° Mg, 10° Mg,
1 @) (3) (4) (5) (6) (7) (8)
2 UGC00005  63.08+2.41  9.440.38 13.36+1.62 1.6 6.194£2.11* 0.9
9 NGC0023 193.744+0.87  30.740.15 9.53+1.2 2.1 17.12:44.2% 4.4
11 UGC00139  7.81%+0.73 1.0£0.1 13.814£2.27 1.7 <0.57£0.16 -
26 NGC0192 58.23+0.78  8.6:+0.12 1.44:£0.23 1.5 16.61+16799.63* 1.6
30  NGC0237 31.51+£0.92  4.5+0.14 10.34+1.27 1.5 3.8+1.05 -
68  NGCO0741 5.99+1.03 0.8£0.14 - 2.3 <1.740.46 -
74 NGCO781 0.2940.13 0.0£0.02 2.0 <0.2240.07
78  NGC0833 3.9140.92 0.5+0.12 - 2.1 2.0540.66 -
100 NGC1056 11.3240.13  1.540.02 3.0740.41 3.7 1.16+1015.74 -
114 NGC1142 434.194£1.95  72.14+0.34 - 1.3 7.66£1.31 -
125 UGC02690  29.54+1.66  4.240.25 16.8242.2 1.9 3.73£1.02 -
131 NGC1542 7.3740.54 1.040.08 1.03+0.16 1.8 1.95+0.53 -
138 NGC1665 59.72£1.07  8.8+0.17 - 2.6 <0.1140.08 -
140 NGC1667 133.72+1.2  20.7+0.2 9.97+1.08 2.1 3.1740.59 -
143 NGC1677 6.89:£0.26 0.94+0.04 - 1.6 0.11£0.05 -
150  UGC03899  1.3540.38 0.2:£0.05 3.9440.87 1.7 <0.2740.09 -

Continued on next page
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Table continued from previous page

Mpy,Z—dep

ID  name Lrr SFR Mprr Cap My, M stat
10° L Mg yr—! 10° Mg, 10° Mg,
1) @) (3) (4) (5) (6) (7) (8)
152 UGC03944  5.6340.58 0.740.08 6.73:£0.88 1.6 7.154+1.66* 1.7
158  UGC04054  1.2140.19 0.1£0.02 1.27+0.23 2.0 <0.37+0.1 -
162  NGC2481 0.63+0.15 0.140.02 0.39:£0.15 1.9 <0.0+£0.03 -
186 102247 23.2240.83  3.3:+0.12 4.3740.76 1.3 3.240.77 -
189  NGC2554 7.35+0.61 1.0£0.08 1.4740.36 2.4 5.4241.26 -
192 NGO2565 7.02+0.61 0.940.08 10.61£1.35 1.4 <0.5540.55 -
195  NGC2577 0.5£0.12 0.1£0.01 0.0540.01 2.7 <0.0440.01
198 UGC04386  22.4441.16  3.1£0.17 4.05£0.59 1.3 4.1240.98 -
201  NGC2592 0.1740.06 0.0:£0.01 - 3.0 0.0440.04 -
204  NGC2595 25.1+1.35 3.5£0.2 18.9843.11 2.3 6.1£1.42 -
221 UGC04551  0.0240.02 0.0+0.0 0.1140.04 3.8 <0.04:0.01 -
226 UGC04659  7.93+1.2 1.040.17 1.04:0.14 1.5 <0.2740.08 -
230  NGC2719 2.84+0.24 0.3+0.03 9.88:£3.82 1.7 <0.0740.02 -
231 UGC04722  1.13+0.26 0.2:£0.04 1.71+0.57 1.3 0.1940.06 -
232 NGC2730 16.27£0.77  2.240.11 6.4£1.72 1.6 1.34:£0.38 -
238 NGC2764 27.54+0.31  3.940.05 2.1940.62 2.1 2.9540.79 -
243 NGC2778 0.24:0.07 0.040.01 - 2.5 <0.0240.04 -
244  UGC04845  1.22:+0.21 0.1£0.03 3.2140.53 1.4 <0.2+0.06 -
258  NGC2832 3.08+1.89 0.4:£0.25 4.4 8.08+22898.02
260  NGC2805 4.0640.52 0.5+0.07 11.43+£2.43  19.4 1.75+£0.46 -
272 NGC2880 0.21£0.05 0.0:£0.01 - 3.5 <0.0340.01 -
273 1C2487 12.97+0.93 1.8£0.13 9.89+2.1 1.5 7.13+£1.77* 1.6
299 NGC3021 9.61+0.11 1.3+0.02 1.440.16 1.4 0.71£1379.17 -
312 NGC3057 1.04£0.1 0.1£0.01 0.9940.16 3.5 <0.18+0.06* 4.3
316 1C0598 0.39+0.11 0.040.01 - 2.0 <0.0540.02 -
323  NGC3182 1.68+0.13 0.2:£0.02 0.3740.03 3.3 0.5240.15 -
328  NGC3230 0.76:£0.21 0.1+0.03 - 3.4 <0.1£0.03 -
346 UGC05820  2.2840.37 0.3+0.05 - 1.3 2.7240.66 -
355  NGC3395 8.1142.08 1.140.29 2.8140.33 1.5 0.3440.09 -
366  UGC06062  0.4540.1 0.1:£0.01 - 2.0 <0.0540.02 -
368  NGC3471 45.940.21 6.7+0.03 0.9140.1 2.0 2.9941.19 -
374  UGC06176  18.540.33 2.64+0.05 - 2.3 0.74£0.21 -
382  NGC3561 11.814+4.04  1.640.58 - 1.1 12.99:+3.22 -
389  NGC3610 0.91+0.1 0.140.01 - 4.6 <0.0540.02 -
391 NGC3619 1.4240.11 0.240.01 0.81:£0.09 5.6 0.690.2 -
402  NGC3648 0.2140.06 0.0£0.01 2.0 <0.0340.01
406 NGC3656 13.89+0.28  1.9+0.04 2.12+0.33 3.0 6.86::2850.03 -
410  NGC3674 0.16£0.06 0.0:£0.01 - 2.9 0.0240.04 -
413 NGC3682 6.66:£0.07 0.940.01 0.28£0.04 1.5 0.63+£0.16 -
418 NGC3752 3.13+0.13 0.440.02 0.59:0.05 1.5 0.26:£0.08 -
426 NGC3753 30.02+1.45  4.3+0.22 - 2.3 <5.96+1.79 -
430 NGC3800 46.6940.52  6.840.08 2.72:£0.47 1.6 5.87£7186.27 -
431  NGC3798 12.86£0.49  1.740.07 1.63+0.37 1.8 2.2440.65 -
432 NGC3801 4.4740.45 0.6+0.06 2.05:£0.32 6.0 3.29+1.28 -
438 UGC06653  19.67+0.44  2.740.06 0.7240.11 1.3 1.29:0.38 -
443  NGC3832 60.91+2.59  9.0+0.41 29.26+7.11 1.7 14.88+3.78 -
444  UGC06697  63.84+2.29  9.5:+0.36 8.8+1.34 2.1 10.41£2.78 -
447 NGC3862 5.36£0.92 0.7+0.13 2.8 0.9840.32
451  NGC3884 24.16£2.06  3.440.31 6.57+£0.85 1.6 5.48+1.59 -
452  NGC3883 5.6440.93 0.7£0.13 27.02+8.81 2.4 4.97+1.6 -
455  NGC3888 26.75+£0.24  3.8+0.04 3.6640.53 2.7 4.13+1768.88 -
468 NGC3947 45.7241.74  6.740.27 11.842.4 1.3 6.2441.66 -
474 NGC3987 68.23+1.07  10.240.17 8.3441.16 1.6 24.25+13327.85
475  NGC3991 28.39+£0.45  4.0£0.07 8.62:£2.22 1.2 0.6540.24 -
476 NGC3994 36.89+0.41  5.3+0.06 - 2.4 2.1540.95 -
478 NGC3995 37.8840.6 5.5+0.09 15.73+2.43 7.5 8.41+3.33 -
485  NGC4017 29.8240.6 4.240.09 12.1+3.86 1.4 2.1540.57 -
487  UGCO07017  31.940.43 4.5+0.06 4.554+1.4 1.3 2.2540.74 -
494  NGC4078 0.36:£0.12 0.040.01 - 1.8 <0.0540.02 -

Continued on next page
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ID  name Lrr SFR Mprr Cap My, M stat
10° L Mg yr—! 10° Mg, 10° Mg,
1) @) (3) (4) (5) (6) (7) (8)
498  NGC4134 12.83£0.72  1.7£0.1 11.514£2.26 1.6 1.92:+0.58 -
506  NGC4158 4.9940.27 0.6:£0.04 2.4240.27 1.6 1.14:+0.31 -
508 NGC4162 16.98+0.38  2.3+0.06 6.37£0.88 1.7 2.98+0.73 -
509  NGC4168 0.2840.09 0.0:£0.01 - 6.0 <0.0840.11 -
511  NGC4175 65.75£0.59  9.8£0.09 3.5940.82 1.3 9.84+2.33 -
512 IC0769 3.13+0.27 0.4+0.04 2.8140.24 1.8 <0.29+0.08 -
516  NGC4191 0.3940.12 0.0£0.01 1.9 <0.08+0.05
522 UGC07286  42.23+1.99  6.140.31 4.841.68 1.3 <5.61£1.54 -
525  NGC4233 0.86£0.14 0.1:£0.02 - 4.4 <0.03+0.1 -
528  1C0776 1.0140.2 0.1+0.03 3.7240.47 1.4 <1.0240.28* 4.3
539  NGC4352 0.25+0.1 0.040.01 - 3.0 <0.01£0.05 -
542  NGC4383 29.57+0.13  4.2+0.02 4.1941.31 1.7 0.514+1986.56 -
543  NGC4405 4.4+0.13 0.640.02 0.17:£0.02 1.5 0.85:0.23 -
545  NGC4450 7.9740.29 1.0:£0.04 0.8340.31 3.5 3.9+0.95 -
548  NGC4470 8.88:£0.24 1.2:£0.03 2.0140.22 1.3 1.53£0.4% 1.7
549  NGC4475 17.194£1.92  2.440.28 12.8741.62 1.4 6.0241.82 -
550 NGC4474 0.19+0.05 0.040.01 - 3.4 <0.04:£0.03 -
551  NGC4476 1.44£0.12 0.2:£0.01 - 2.8 0.674+1224.35 -
561  NGC4570 0.77£0.12 0.1£0.01 5.4 <0.0£0.0
562 1C3598 7.94+1.38 1.040.19 2.63£0.38 1.3 <1.741.62 -
563  NGC4578 1.42:+0.34 0.2:£0.04 - 6.8 <0.16+0.14 -
568  NGC4612 0.39£0.09 0.040.01 - 4.8 <0.06£0.02 -
572 IC3704 87.61+£2.95  13.320.47  31.12+3.68 1.2 7.09£2.1 -
576  UGC07941  0.15+0.04 0.0£0.0 4.6440.82 1.9 <0.36+0.1
577 NGC4676A  103.23£1.62  15.8+0.26 - 2.8 6.38::2956.07 -
581  UGC08004  3.51+0.91 0.4:£0.12 11.0941.55 1.4 <1.07+1.03 -
582  NGC4746 15.13£0.17  2.140.02 2.6740.42 2.4 1.38+2954.35 -
584  UGC08025  10.76+1.2 1.4+0.17 14.6442.75 1.4 <1.33+1.28 -
590 NGC4846 14.03+0.66 1.940.1 8.5642.06 1.9 0.8940.27 -
594  NGC4892 1.0440.41 0.14+0.05 - 1.2 <0.72:+0.69 -
598  1C4088 20.89+1.59  2.9+0.23 11.1741.6 1.3 2.56£1.06 -
603  NGC4961 6.53£0.23 0.84+0.03 5.14£0.57 1.4 <1.0240.28* 1.7
608  NGC5000 34.93+1.02  5.0+0.15 8.1141.79 1.4 3.16£0.74% 0.8
611  NGC5016 10.6940.34 1.4£0.05 3.5640.41 1.5 1.39+0.33% 0.7
614  NGC5056 38.86+£1.05  5.6+0.16 15.32+1.91 1.4 2.3340.94 -
617  NGC5081 20.61+2.12  2.9+0.31 20.68+2.93 1.5 8.4:+2.28
620 NGC5127 1.340.4 0.240.05 - 5.4 0.4240.11 -
631 NGC5198 0.61£0.14 0.1:£0.02 - 4.0 <0.0£0.0 -
632 UGC08498  23.49+1.95  3.3+0.29 36.12+£11.74 1.7 9.9+2.68 -
634 NGC5218 65.87+0.15  9.8:+0.02 1.71£0.2 2.0 11.1342.92* 1.2
654  NGC5308 0.5440.09 0.1£0.01 0.1840.06 4.7 <0.0£0.0 -
658 UGC08739  95.95+1.08  14.6£0.17 13.05+1.6 4.0 19.94£7.66 -
669  NGC5347 50.1£0.22 7.3£0.03 3.5241.14 1.9 0.31£0.14 -
670  NGC5350 25.66£0.29  3.6£0.04 6.57£0.29 6.6 4.7441.27 -
671  NGC5353 1.75£0.15 0.2:£0.02 3.2611.02 3.2 0.2440.12 -
673  NGC5379 1.72+0.08 0.240.01 1.21+0.1 2.9 0.4240.12 -
680 NGC5394 118.55+£1.06  18.2+£0.17  11.6640.92 5.6 6.18+2.2 -
688  NGC5439 1.49+0.08 0.2:£0.01 1.8 0.2540.07
692  NGC5433 115.174£0.52  17.7+£0.08 6.8541.47 2.0 2.0240.42 -
699 NGC5434B  39.05+£1.05  5.6+0.16 17.2242.69 1.3 4.2741.01 -
703 NGC5473 0.77+£0.1 0.140.01 0.18£0.06 4.9 0.01:£0.07 -
705  NGC5475 0.35:£0.06 0.040.01 - 2.5 <0.04:0.03 -
708  NGC5485 0.9440.11 0.1£0.01 0.9+0.32 4.5 <0.0240.06
710 NGC5490 2.07+0.48 0.3+0.06 - 4.6 <2.4540.74 -
729  NGC5557 2.3240.29 0.3£0.04 - 4.5 <0.16+0.05 -
731 UGC09165  73.77+0.83 11.040.13 3.77+0.6 1.2 9.154+2.12 -
732 NGC5559 27.7240.81  3.9+0.12 6.57+0.87 1.2 6.39+1.49 -
739 NGC5611 0.1£0.04 0.0£0.0 - 1.9 <0.0540.03 -
742 NGC5610 157.184£0.71  24.6+0.12 4.69:+0.68 1.4 1.554+0.25 -
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743  NGC5622 8.36£0.45 1.140.06 4.99:0.63 1.5 0.88£0.33 -
744  NGC5631 1.1540.12 0.1£0.02 0.8540.26 3.2 0.0240.05 -
748  NGC5633 17.840.2 2.540.03 2.85£0.35 1.8 1.724£0.4% 0.7
756 NGC5665 38.05+£0.17  5.5+0.03 1.84:£0.24 6.9 11.46£4.54 -
759  NGC5687 0.3+0.08 0.040.01 - 3.9 0.1£0.07 -
777 NGC5772 15.64+0.7 2.14+0.1 6.77+0.55 1.8 1.28+0.56* 0.9
784  NGC5829 24.77+1.11 3.5+0.17 19.3442.28 3.1 8.4142.49% 1.5
795  NGC5930 101.3+0.23 15.540.04 1.0640.33 5.7 3.97+1.67* 5.0
801  NGC5953 35.28+0.16  5.1:0.02 1.23+0.3 5.6 4.3£1.71 -
802  ARP220 1554.3£0.0  277.94£0.0  27.01£7.71 5.2 18.59£6.49 -
803  NGC5957 0.54:+0.1 0.14+0.01 3.15:0.86 2.6 0.9340.23* 0.8
844  NGC6278 1.02+0.2 0.1£0.02 0.4740.16 3.1 <0.0840.03 -
856  1C1256 12.76£0.63 1.7:£0.09 11.16£1.25 2.5 2.25:£0.59% 0.8
861 UGC10972  6.62+0.78 0.9:£0.11 12.1141.92 1.7 2.1340.88 -
871  NGC6978 19.57+1.8 2.7£0.26 - 2.0 7.96£2.29% 1.0
874  NGC7025 12.8741.15 1.740.17 3.0£0.4 1.6 <1.0140.28 -
882  NGC7236 2.6540.94 0.3+0.12 - 1.4 0.09+0.03 -
901  NGC7549 38.99+1.05  5.6+0.16 4.82+0.81 5.5 18.78£4.9% 0.8
904  NGC7591 177.2941.19  27.940.2 23.9943.04 1.5 13.7543.08* 4.3
906  IC5309 11.650.7 1.6£0.1 2.07£0.26 1.2 1.78+0.46* 1.1
913  NGC7625 24.48+0.16  3.4:0.02 2.1540.22 2.0 2.04:£0.64% 0.8
914  NGC7631 9.14:0.68 1.240.1 2.8940.37 1.4 1.0940.28* 0.8
922  UGC12688  18.82+1.05  2.61+0.15 11.08£1.55 1.4 <1.7140.47* 1.2
934  UGC12857  3.84:+0.28 0.5+£0.04 4.0540.61 1.5 <0.234+0.06

939 NGC4676B  25.3240.74  3.6£0.11 11.2943.74 1.8 11.66£3.07* 1.4

Concluded

5.9 The Kennicutt-Schmidt Law

The Kennicutt-Schmidt (KS) law was initially formulated by |Schmidt (1959), who for
the first time, assumed that star formation should be proportional to gas density. Since,
SFR itself is proportional to the derivative of gas density with respect to time, by means
of the above assumption, [Schmidti (1959) was able to find a general correlation which is
given by: SFR o pj,. Subsequently, Kennicutt observationally confirmed the existence
of such a relation and constrained the value of the exponent n. Expressed in terms of
observable quantities (surface densities), the Kennicutt-Schmidt relation reads as shown
in equation (B.38)).

Ysrr = A X Xl (5.38)

Kennicuttl (1998) found an average exponent of n = 1.4 for normal disks. It is important
to note that, Kennicutt has used the total gas density, the sum of atomic and molecular
gas, whereas nowadays based on subkpc-resolved CO observations performed by Bigiel
et al. (2008), it is known that the correlation is much tighter with the molecular gas

component only. In that case, the relation is close to linearity with an exponent n ~ 1.
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Furthermore, the correlation is even stronger when using dense-gas tracers like e.g. HCN,

which was shown by |Gao and Solomon (2004).

5.9.1 Understanding Kennicutt-Schmidt’s Law Analytically

The empirical Kennicutt-Schmidt law seems to be universal, as it holds over a range of
eight magnitudes in star formation — from normal galaxies to starburst galaxies. In order
to explain its existence, especially Kennicutt’s exponent in equation (5.38]), one possible
approach is to argue that stars form on a typical timescale equal to the free-fall time in the
gas disk. Since the free-fall time 74 is related to the gas density through: 74, o Z;QOS'E’
(Madore, 11977), and the star formation timescale is the inverse of the star formation
efficiency which is given by: SFE = % = %, one finds that Ygpp o X% X Ygas,

which is approximately equation (5.38]).

5.9.2 Kennicutt-Schmidt Law for CALIFA Galaxies

After calculating molecular masses and star formation rates, the Kennicutt-Schmidt re-
lation can be established. For that purpose, as can be seen in formula (5.38), the star
formation rate as well as the gas masses, have to be normalized to the “area” of the
galaxy. This is not trivial, because how to tell where molecular gas or star formation
extinguishes? Based on unresolved data, this question cannot be answered and this is
another task for detailed interferometric studies. In order to get at least reasonable aver-
aged surface densities, Dys the 25 mag arcsec™2 isophotal (blue) diameter, can be used as a
spatial limit to star formation and molecular gas content. Hence, the star formation rates
and molecular masses were divided by the area which is given by 7 D2; /4, in order to find
Ysrr and Xy, . Unfortunately, D5 which was taken from the Third Reference Catalog
(RC3), suffers from large uncertainties — on average around eight percent. Therefore the
error bars in the diagram are increased. But at least, D5 from RC3 is available for almost
all CALIFA galaxies.

In the case of the atomic gas, the situation is much different, because the HI disk is
more extended than the optical one. Thus, another limit has to be defined. One possibility
is to calculate the isophotal diameter at which the HI mass drops down to 1 Mg, pc=2. This
can be done by means of D5, because a very tight correlation between D, and the HI
diameter, Dy, exists. Broeils and Rhee (1997) published such a relation, which is shown

in equation (5.39) and was used for further calculations.
log(Dpr) = log(Dss) + 0.23 (5.39)

Finally, for 116 out of 160 galaxies with CO data, also HI masses could be calculated
and the so gained Kennicutt-Schmidt relation for the CALIFA sample based on literature
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data is presented in figure It is expected that the slope in the KS law based on
molecular surface gas density solely (fig. top), is near unity (Bigiel et all, 2008),
whereas in the “classical” KS relation (fig. bottom) which is based on the total gas
surface density, a slope between 1.29 and 2.47 (Kennicutt, 1998) — depending on the fitting

method (conventional least square (LLSQ) vs. bivariate regression) — would be reasonable.

It was found that the presented data’s linear regression (in log-space) fit slopes of
0.89 for the molecular gas and 1.22 for the total gas mass surface density, lie within
the uncertainty limits of Bigiel’s subkpc study, who published slopes of 0.96 £0.07 and

1.8540.70 for the molecular- and total-gas surface densities, respectively.

Comparing the LSQ regression slope of 1.22 in the “classical” KS law as seen in the
bottom panel of figure (.15 with the [Kennicutt (1998) conventional LSQ slope of 1.4, also
shows that the derived result is reasonable and star formation laws indeed hold over a

huge range of densities.

The result is also in good agreement with the one found by the AMIGA collaboration
(Lisenfeld et al., [2011), which is not surprising due to the similarity of CALIFA’s and
AMIGA’s redshift coverage and galaxy properties. The AMIGA sample consists of 173
galaxies, the presented CALIFA sample of 160 galaxies and both are dominated by galaxies
of Hubble type Sb and Sc, mostly due to the higher detection rate for late type galaxies.
AMIGA'’s velocity range reaches from 1500 to 5000 km /s, whereas the presented sample
ranges from 1500 to 8700 km/s. The reason for the offset to higher gas surface densities
as can be seen in figure is due to the inclusion of Helium into the total molecular
mass for the CALIFA sample.

Furthermore, once the metallicity-dependent conversion factor is used instead of the
constant one, the presented KS law is getting slightly tighter. This might indicate the
importance of a more sophisticated X¢o derivation (e.g. through far-infrared data) for
future purposes. Beside that, what is the physical origin of the large scatter? A disper-
sion of approximately 0.1 dex is real when investigating star formation laws by means of
averaged quantities, which is not surprising when recalling that the local SFRs and gas
densities span orders of magnitude within typical disks. Averaging over the entire galaxy

(disk) will not necessarily preserve the form of the KS relation.

However, figure (top) provides useful information on the average global star for-
mation efficiency (SFE) in CALIFA galaxies. The dashed and dotted lines correspond to
constant SFRs per unit gas mass (efficiency), in units of 1%, 10%, and 100% per 10% yr.
The choice of 108 yr thereby is arbitrary, but it does correspond roughly to a typical orbital
time in spiral galaxies (Kennicutt, 1998). Note that, various definitions for the SFE are
commonly used, depending on considerations of total, molecular or atomic gas. Within
this thesis in analogy to [Leroy et all (2008), without further notice, the SFE is calculated
by means of the total gas mass. The SFE (in percent per 10® yr) for the presented sample
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of CALIFA galaxies ranges from 0.03 to 61 % with a median (not average) value of 2.9 %.
Alternatively, the efficiencies can also be expressed in terms of a gas consumption or gas
depletion time, 7445. Thereby, 74, is the inverse of the recent star formation rate per unit
gas mass. Hence, the dashed and dotted lines shown in figure correspond to 10, 1,
and 0.1 Gyr (bottom to top). For the CALIFA sample a median gas depletion time of
3.5 Gyr is found with a range of 321 to 0.2 Gyr.

It is important to note that these considerations do not incorporate the recycling of
interstellar matter, which typically extends the actual consumption timescale by factors
of 2-3 above the simple calculation (Kennicutt, [1998).

When studying figure 5.15], one can immediately conclude that the total gas does not
scale uniformly with the star formation rate, whereas the SFR scales nearly linearly with
H, even where most gas is atomic.

Although only averaged (integrated) quantities are used in this analysis, for the average
atomic gas density, a threshold similar to the one found by Bigiel et all (2008) can be
identified in figure (middle). Thus, the threshold is ubiquitous and independent on
the scale! The findings of [Bigiel et all (2008) who used high-resolution (=~1kpc) HI data
from the HI Nearby Galaxy Survey in seven spiral galaxies and 11 late-type galaxies, can
be confirmed even on a much larger scale of up to several tens of kpc. Of course, the cut
is not as sharp as seen in Bigiel’s resolved data. Nevertheless, it is also existent in the
presented unresolved data and indicates that in the densest regions, above approximately
9 My pc=2 on average the ISM is dominated by molecular gas instead of atomic hydrogen.
In other words, star formation is most effective above a certain density threshold and
the threshold is a product of the changing molecular gas fraction. Hence, the second
conclusion which can be drawn from the data is that the star formation threshold coincides
with a atomic-to-molecular gas transition and is valid even for large scales.

Similar to |Schruba et all (2011), a study of the recent star formation rate per unit
total gas mas@ was performed. In both figures, and B.17 the datapoints are plotted
by color-weighting in dependence of the molecular gas fraction My, /Mpy;. Bright colors
(white to yellow) and dark colors (brown to black) indicate a high and low molecular frac-
tion, respectively. The dependence of the SFE on the molecular mass fraction, My, /My,
is shown in the bottom panel of fig[5.T6. It can be seen, that at a fixed ratioH of SFR/H,,
which is indicated by the three solid lines for different molecular gas depletion times, in
galaxies with low molecular gas fractions, the SFE is most sensitive to the molecular-to-
atomic gas mass ratio, hence environment, whereas in Hs dominated galaxies with ratios
My, /My; > 1, the SFE approximates a value corresponding to the constant molecular
depletion time.

What does this mean? First, star formation within giant molecular clouds (high

2SFE is equal to the inverse of the total gas depletion time
3this is reasonable as can be seen in figure F.17
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density) is mostly independent of environment, but the formation of Hs from HI sensitively
depends on local conditions (Leroy et all, [2008). Thus, another conclusion can be drawn.
The SFE can be separated in two parts so that the SFE is a product of a constant
molecular SF'Ey, and the molecular-to-atomic gas fraction which is a function of local
conditions.

This means that the molecular gas depletion time (74, ), accordingly the corresponding
star formation efficiency is expected to be constant. Following this motivation, a molecular
gas depletion time (accordingly SF FEp,) analysis was performed which can be seen in
figure B.I7l After allowing only for high quality datapoints, which have CO aperture
correction factors C'ap < 2, one could reckon that the molecular gas depletion time,
hence efficiency, indeed is constant over a huge range of parameters. The presented data
suffers from large errors. Thus, more accurate derivations of the CO conversion factor by
means of far-infrared, cold dust SED fits, could help to resolve this issue in the future.

For the presented sample, a mean molecular gas depletion time of 0.94 Gyr is found.
After adopting the mean SFﬁ%, published in Leroy et al. (2008) to Xco = 2.3 x 10?° and
a IMF-based star formation rate, the mean molecular gas depletion time of [Leroy et al.
(2008) is 1.4 Gyr. Hence, its value is increased by ~ 67 % in comparison to the value found
for the presented CALIFA sample. The reason is probably that [Leroy et al. (2008) did
not only use infrared data as a SFR tracer, but also included far-UV observations. Thus
their SFR calculations differ from the one found in the present thesis systematically. And
an enhanced SFR would lower the depletion time of [Leroy et all (2008).

Beside that, a constant molecular gas depletion time likely also implies or confirms
that, although the local process of star formation may be ineffective, which is stated by
Alves et all (2007) in the context of a comparison between the Dense Core Mass Function
(DCMF) and the Initial Mass Function (IMF), it is uniformly ineffective meaning that
indeed a characteristic CMF similar to the IMF exists, which was found by |Alves et _al.
(2007).

5.10 Relation of My, to Other Parameters

In this section, some of the found correlations between molecular gas content and other
parameters are presented. An overview of the tested correlations with the corresponding
Spearman r-value is found in the following “correlation matrix” (see table B.5]). For a
smaller sample of objects consisting of already observed and reduced CALIFA galaxies,
correlations with CALIFA-based quantities, especially metallicity taken from Sénchez
et al. (2013) were checked (see table (.6). The distribution of Hubble types for both

analysis samples is shown in figure (.18 One can see that the sample is biased to late

4accordingly molecular gas depletion time
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type galaxies with a clear majority of Sh-types.
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Figure 5.18: Hubble type distribution in the two available analysis samples. The fraction
of galaxies with CALIFA data available is indicated by the green, filled area.

86



L8

All CO data sample

M. | Mg | Lc | Mu, | Mu | 52 | 52 | T2 | Eu,, | Zoee | sSFR | SFR | SFE | 3 | Dy | D.
M, 0.5 | 0.9 | 057 | 0.39 | 0.18 | -0.36 | -0.11 | -0.1 | -0.23 | -0.5 | 0.44 | 0.34 | 0.18 | 0.72 | 0.62
Mgss | 0.5 0.71 | 0.84 | 0.89 | -0.04 | 0.4 | 0.47 | 0.01 [-0.18 | 0.07 | 0.62 | 04 | 0.23 | 0.81 | 0.8
L« | 09 | 0.71 0.76 | 0.55 | 0.22 | -0.08 | 0.08 | -0.03 | -0.21 | -0.27 | 0.61 | 0.41 | 0.2 | 0.86 | 0.78
My, | 0.57 | 0.84 | 0.76 0.56 | 0.46 | 0.46 | 0.66 | 0.35 | -0.12 | -0.02 | 0.6 | 0.28 | 0.04 | 0.72 | 0.69
My | 0.39 | 0.89 | 0.55 | 0.56 04 | 0.22 | 021 |-0.28 | -0.26 | 0.06 | 0.48 | 0.46 | 0.36 | 0.76 | 0.76
M2 | 018 | -0.04 | 0.22 | 0.46 | -0.4 0.19 | 0.5 | 0.67 | 0.09 | -0.19 | 0.07 | -0.13 | -0.31 | 0.0 |-0.05
T2 1036 | 0.4 |-0.08| 046 | 0.22 | 0.19 0.82 | 0.45 | 0.14 | 0.6 |0.23|-0.11|-0.16 | 0.02 | 0.16
T2 011 | 047 | 0.08 | 0.66 | 0.21 | 05 | 0.82 0.63 | 0.13 | 0.3 |0.28|-0.02|-0.21 | 0.12 | 0.2
Yy, | -0.1 | 0.01 | -0.03 | 0.35 | -0.28 | 0.67 | 0.45 | 0.63 0.47 | 0.19 | 0.18 | -0.1 | -0.27 | -0.3 | -0.16
Tsrr | -0.23 | -0.18 | -0.21 | -0.12 | -0.26 | 0.09 | 0.14 | 0.13 | 0.47 0.66 | 0.49 | -0.06 | -0.07 | -0.47 | -0.4
SSFR | -0.5 | 0.07 | -0.27 | -0.02 | 0.06 | -0.19 | 0.6 | 0.3 | 0.19 | 0.66 0.49 | -0.08 | 0.0 |-0.23 | -0.13
SFR | 0.44 | 0.62 | 0.61 | 0.6 | 0.48 | 0.07 | 0.23 | 0.28 | 0.18 | 0.49 | 0.49 0.34 | 0.21 | 0.48 | 0.49
SFE | 0.34 | 0.4 | 041 | 0.28 | 046 | -0.13 | -0.11 [ 0.02 | -0.1 | -0.06 | -0.08 | 0.34 0.88 | 0.4 | 0.42
v 108 0.23 | 0.2 | 0.04 | 036 | -0.31 | -0.16 | 021 | -0.27 | -0.07 | 0.0 | 0.21 | 0.88 0.26 | 0.31
Dys | 0.72 | 0.81 | 0.86 | 0.72 | 0.76 | 0.0 | 0.02 | 0.12 | -0.3 | -0.47 | -0.23 | 0.48 | 0.4 | 0.26 0.88
D. |0.62| 0.8 | 0.78 | 0.69 | 0.76 | -0.05 | 0.16 | 0.2 | -0.16 | -0.4 |-0.13 | 0.49 | 0.42 | 0.31 | 0.88

Table 5.5: Correlation matrix for the CO data sample with C'4p < 2 and excluding upper limits.
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CO data sample with CALIFA analysis available

My | Mg | My, | Mu | 32 | 52 | Sy, | Tsrr | SFR | SFR | SFE R | 12+ log3] | AB-V)
M. 041 | 0.33 | 0.18 | 0.02 | -0.34 | -0.23 | 0.26 | -0.04 | 0.63 | 0.07 | 0.49 0.17 -0.49
Mgas 0.41 0.85 | 0.68 | 0.26 | 0.53 | -0.23 | 0.01 | 0.41 | 0.64 | 0.11 | -0.05 |  -0.22 0.41
M, 0.33 | 0.85 0.28 | 0.69 | 0.71 | 0.07 | 026 | 0.6 | 0.72 | 0.12 | -0.07 |  -0.39 0.57
M 0.18 | 0.68 | 0.28 0.43 | 0.07 | 04 | 0.4 | -0.01 | 0.15 | 0.06 | -0.07 |  0.06 -0.08
e 0.02 | 0.26 | 0.69 | -0.43 0.67 | 0.41 | 0.48 | 0.61 | 0.48 | 0.12 | -0.05|  -0.5 10.39
R 0.34 | 0.53 | 0.71 | 0.07 | 0.67 0.25 | 0.05 | 0.54 | 0.21 | 0.05| 047 |  -0.6 0.17
Tw,, | -023[-0.23| 0.07 | 0.4 | 041 | 0.25 0.34 | 0.11 | -0.11 | 0.01 | -0.13 |  -0.16 0.33
PR 0.26 | 0.01 | 0.26 | -0.4 | 0.48 | 0.05 | 0.34 0.66 | 0.63 | 0.26 | 0.68 0.01 0.34
sSFR | -0.04| 041 | 0.6 |-0.01| 0.61 | 0.54 | 0.11 | 0.66 0.71 | 042 039 |  -0.21 0.14
SFR 0.63 | 0.64 | 0.72 | 0.15 | 0.48 | 0.21 |-0.11 | 0.63 | 0.71 0.38 | 0.54 |  -0.03 0.41
SFE 0.07 | 0.11 | 0.12 | 0.06 | 0.12 | 0.05 | 0.01 | 0.26 | 0.42 | 0.38 0.38 0.18 0.01
o 0.49 | -0.05 | -0.07 | -0.07 | -0.05 | -0.47 | -0.13 | 0.68 | 0.39 | 0.54 | 0.38 0.32 0.14
12 +log[9] | 0.17 | -0.22 | -0.39 | 0.06 | -0.5 | -0.6 | -0.16 | 0.01 | -0.21 | -0.03 | 0.18 | 0.32 0.03
AB—V) | -0.49 | -0.41 | -0.57 | -0.08 | -0.39 | -0.17 | -0.33 | -0.34 | -0.14 | -0.41 | 0.01 | -0.14 |  -0.03

Table 5.6: Correlation matrix for the CO data sample with CALIFA analysis available and excluding upper limits.




5.10.1 Optical Diameters and the K-band Luminosity

As can be seen in the correlation matrix and in figure 519 (top), a very strong correlation
(r=0.9) exists between the luminosity in the K-band, L, and the total stellar mass. Thus,
the K-band luminosity can be even used as a tracer for the stellar mass. The relation is
due to the K-band’s sensitivity to the old stellar component. Therefore the mass-to-light
ratio varies only slightly with the age or star formation history of a galaxy. On the other
side, that is why the K-band is less sensitive to the SFR (r=0.61).

Furthermore in figure (middle) one can see that also a good correlation between
the molecular gas mass and the K-band luminosity (r=0.76) exists. That may result from
the dominant role played by the stellar disk in setting the midplane-pressure or, equiva-
lently, the local density of the atomic gas (Leroy et all, 2005), from which subsequently
H, is formed. On the other side, no good correlation exists between Lx and the atomic
gas. This is, because the gas pressure gradient — accordingly the corresponding pressure
force — and not the stellar content sets mostly the atomic gas extent.

The correlation of the molecular gas mass to the total stellar mass is only poor
(r=0.57). This might be, because the recently formed, short-living, young, massive stars,
do not play a major role in setting a stabilized long-lasting midplane-pressure, although
due to other effects, e.g. feedback, they certainly influence the local process of Hy forma-
tion.

The optical blue 25magarcsec™? isophotal diameter, Dys, and the diameter D, at
which the luminosity in the SDSS r-band falls down to 1/e compared to the central peak
brightness, show a tight correlation (r=0.88). This is not surprising as both trace the
stellar disk extent. Hence, the correlation parameters between the various gas masses and
either Dos or D, are similar, although slightly tighter with Ds;. Among the gas masses,
the best correlation (r=0.81) to Das is found with the total (H I+ Hj) mass, in comparison
to HI and Hs with r=0.76 and r=0.72, respectively. See figure top to bottom panel.
The origin of the found relation is that the presented sample mostly consists of spirals of
the same Hubble type. Thus, all galaxies have similar light profiles. The findings are in
agreement with [Lisenfeld et al. (2011).

5.10.2 Infrared Luminosity

Due to the direct relation of both, the molecular gas and the infrared luminosity to star
formation, a relatively tight correlation between L;r and Lo is expected. Thereby, Lco
is the tracer for the molecular gas needed as fuel for star formation, and L;g is the tracer
of the recently formed stars due to heating of the dust as explained in section B.1l In
principal, this relation forms the basis of the Kennicutt-Schmidt star formation law, but

without taking into account surface densities and CO-to-Hy conversions. Hence, it is a tool
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mostly used in high redshift studies (Greve et al. 2005, Iono et al. 2009, Genzel et al. 2010,
Bothwell et al. 2013), when galaxies cannot be resolved and derivation of the conversion
factor is dubious. Therefore, the underlying molecular transition’s energy level (e.g. CO
J=1-0) is important and one must care about the transition when comparing CO-IR
relations. |Gao and Solomon (2004) reported a unity slope for their unresolved galaxy
sample and the CO J=1-0 transition. Consistent with that finding and the predicted
scatter (Narayanan et all, [2008) of the relation, Iono et al. (2009), Genzel et al. (2010),
Bothwell et al. 2013 and Daddi et al. (2010) found slopes of 1.10, 1.15, 1.20 and 1.31 for
the relation using low-energy CO transitions. Narayanan et al/ (2008) derived a physical
model for the observed relation by combining 3D non-LTE radiative transfer calculations
with hydrodynamic simulations of isolated disk galaxies and was able to confirm the

observed quantities.

The relation found for the presented sample of CALIFA galaxies, is shown in figure
(.21l The slope of the presented sample of 0.71 is low compared to the model predictions,
but lies within the expected scatter of ~0.3 (Narayanan et all, 2008) for the CO J=1-0
transition. Also values and the unity slope fit from (Gao and Solomon (2004) are indicated.

As can be seen, the findings are in good agreement with the former study.
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5.10.3 Metallicity

As noted by various authors (Bothwell et all, 2013), a fundamental relation between the
molecular gas or star formation and stellar mass and metallicity (Z) should exist. Due to
the currently limited size of the galaxy sample with metallicity measurements available,
a deeper look into the topic cannot be performed. Nevertheless, the data was checked
for some basic relations between the molecular mass and metallicity anyway. Table
already indicates that none of the given parameters correlates well with metallicity. The
best correlations found are with the ratios of My,/M, and Mpy,/Mpy;. In the top and
middle panel of figure the corresponding data is shown. The correlation parameters
are r=—0.6 and r=-0.5. The datapoints are color-coded by means of the logarithmic star
formation rate. Bright colors (white to yellow) and dark colors (brown to black) indicate
a high and low SFR, respectively. In the bottom panel, which shows hardly any (r=—
0.39) correlation between the molecular gas mass and the metallicity, at least the positive
relation between the SFR and the molecular mass can be identified by the color gradient
from low molecular mass to high molecular mass.

The origin of the tentative negative correlation between metallicity and My, /M, is
basically the fundamental mass-metallicty relation. Since 7 increases with the stellar
mass, and on the other hand My, does not show any dependence of the heavy metal
content, the ratio of My, /M, is expected to decrease with Z, which is exactly what can
be seen in the top panel of figure [5.22

Table shows a very weak and negative correlation of the molecular gas fraction
with metallicity. When looking onto the data in the mid panel of figure £.22] one can
already suspect that this might be spurious due to “low-number-statistics”. A negative
correlation seems not feasible in the context of galaxy evolution, because Z actually is
an age indicator. Metal-poor galaxies typically have huge amounts of HI gas and lower
molecular gas fractions. Later on, due to evolution, the atomic gas is consumed by the
process of star formation, but the molecular gas fraction even increases. Thus, I expect

the correlation parameter approaching zero, once having more data available.

5.11 ISM Pressure Analysis Based on Gas and Stellar

Dynamics

Beside the CO luminosities, also CO line-widths were found in the archive. Although
they depend on inclination and turbulences in the ISM (e.g. cloud-cloud collisions), at
least in edge-on galaxies, the reported line-widths should be — to first order — a measure
of the galaxy’s molecular gas rotation, if the ISM is not dominated by perturbance. A

subsample of CALIFA galaxies was defined for such an analysis. Details on the target
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selection are found in table [B.7]

For a set of a few CALIFA galaxies, for which rotation curve analysis were already
performed by Mariya Lyubenova and Glenn van de Ven (see figure £.23), the maximum
circular rotation velocity of the stars and the CO line-widths at the zero level (FWZI)
were compared in order to derive a first quantization of the pressure in the ISM. In
fact, a correlation between such a pressure quantization and the star formation rate is
expected, when assuming that star formation is more efficient in regions of higher density,
accordingly pressure.

What is the physical principle of such a quantization of the ISM pressure? Basically
it’s due to the pressure gradient, accordingly the pressure force, that only acts onto the gas
component and not onto the stars. Hence, the gas exhibits a higher equilibrium velocity
than the stellar component.

The rotational, equilibrium velocity of the stars, can be easily found when equalizing
the gravitational force F; and the centrifugal force F;. Then the star’s velocity at the
galactical radius r is found to be:

P G M(r) (5.40)

stars
r

On the contrary, the gas component within a galaxy also perceives a pressure force Fp,
originating from the pressure gradient due to the density profile p(r) within the disk.
Thus the force equilibrium is given by: Fg = Fy + Fg, which can be written as:

G M(r) Voo

1
= — —-VP 5.41
e (5.41)

r

Note the minus sign, which is needed, because the pressure gradient V P is negative along
the radius r with the origin in the galaxy’s center. The pressure force itself acts against
the gradient, outwards from the galactic center. After re-writing equation (5.41]), one can
find:

p
(U_(?as - Uztars) ; = VP (542)
dpP = (Ugas - U?tars) B dr (543)
T
P, Re 1
/ dpP = / (Ugas - U?tars) P~ dr (544>
0 0 r

For the sake of simplicity, now I am assuming a flat rotation curve (RC) and a homoge-

neous gas distribution with p = 1 to find:

P = (Usas - Ugtars) pln<R€) (545)
P x (vgas - v?tars) ln(Re) (546)
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ID | Name YSFR RC AVeoi-o note on
(1072 Mg yr—! pc?] [km/s| (FW ZI) | spectrum
152 | UGC03944 1.1 * 567 not published
186 | 1C2247 3.6 * AT7 3 peaks
611 | NGC5016
742 | NGC5610
748 | NGC5633 8.3 * 290 Horn profile+3rd bump
904 | NGC7591 21.5 * 438 4 peaks
906 | IC5309
914 | NGC7631

Table 5.7: Definition of the kinematic analysis sample. An asterisk (*) in column (RC)
marks the galaxies for which Mariya Lyubenova already derived rotation curves.

Thus, one can see that the difference in velocity between the stars and the gas, indeed
should lead to a quantization of the ISM pressure. Furthermore a correlation to the star

formation rate could be expected.

5.11.1 ISM Pressure Analysis for a Set of CALIFA Galaxies

In order to allow for an ISM pressure analysis as described before, some CALIFA galaxies

were selected by means of the following constraints:
e Observed within CALIFA until July, 11th 2013
e Observed in CO with a S/N ratio better than 5
e Inclination i<0.6

e The half-power beam-diameter of the CO observation is at least as big as the galaxy’s
half light diameter

The resulting set of CALIFA galaxies contains only eight galaxies, from which four were
already analyzed by Mariya Lyubenova, who kindly provided the rotation curves shown
in figure B.23] The four galaxies used for further analysis are indicated by an asterisk
(*) in the (RC) column of table 5.7l As can be already noticed from table (.7 and figure
(.23 no relation between the star-gas velocity difference and the SFR — indicated as
average surface density — can be found. In fact, the CO line-widths (FWZI) indicate
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much higher gas velocities compared to the stellar rotation. Thus, I assume that the
presented sample of only four galaxies, has a highly disturbed molecular gas component,
which seems feasible considering the CO line shapes. As given in table 5.7, three of the
CO spectra already show multiple kinematic components. Only in one case, NGC5633,
the profile is similar to a “Horn” which is a good indication for more relaxed gas and a
flat rotation curve. Interestingly, in that case, the derived gas velocity is much closer to
the stellar one, which seems to be reasonable.

Thus, for future studies, a bigger sample of edge-on galaxies with “Horn” shaped CO

profiles would be needed, in order to derive and quantify ISM pressure.
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Chapter 6

Molecular and Ionized Gas in
NGC2623

The number of interferometers capable of observing in the sub-millimeter domain is still
limited. But the need for such facilities is high, because only with interferometers like
ALMA, PdBI or the Submillimeter Array (SMA) resolutions in the one arcsecond range
can be achieved. Thus, in order to compare cold, molecular gas data to the optical
I[FU data from CALIFA with a spacial resolution of two arcsec, interferometry becomes
inevitable.

In principle, an interferometer measures the interference pattern produced by two
or more apertures. Due to the van Clttert Zernike theorem, the measured interference
pattern itself is related to the source brightness! It is said that the so called “visbility”
V(u,v) (also: uv-plane) is the 2D Fourier transform of the brightness on the sky (xy- or
image-plane). Hence, in principle, the inverse Fourier transform has to be applied to the
measured signal in order to get spacial information of the source’s brightness.

Unfortunately due to the limited (infinite) coverage of the uv-plane and the fact that
the measured quantities are “dirty” due to beam effects, beside inversion, also cleaning
has to be performed on the data. In the following, the used software, the data and the

major calibration and imaging steps are described.

6.1 Interferometric Data Reduction with MIRIAD

MIRIAD (Multichannel Image Reconstruction, Image Analysis and Display) is mainly writ-
ten in Fortran 77 and was originally developed by Bob Sault in 1987 on Sun workstations
(SUN OS 3.2), but since then it has been ported to a large number of UNIX flavors
(Teuben (2008)). It is a utility box including an environment for interferometric data
reduction. The original release of MIRIAD is used for the reduction of BIMA and CARMA

data, but there is also an own MIRIAD release for SMA available which was used within this
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thesis. The software can be downloaded at http://www.cfa.harvard.edu/sma/miriad/.

There are two ways in handling MIRIAD. The first method makes use of the included
MIRIAD shell which is started simply by typing "miriad“ on any Linux terminal. When
using the shell, one has to select the task to run, inspect and set its parameters, and run
the task. The process is similar to IRAF.

The second method is to execute any MIRIAD task directly from any Linux shell. In
that case, all MIRIAD programs need a supply of "keyword=value“ pairs on the command
line. The advantage is that shell scripts can be used in the future for an automatic analysis
of similar data. This is what I have made use of. The whole data reduction script, can be
found in the appendix. In the following, the main steps of interferometric data reduction,
namely: bandpass correction, phase calibration, amplitude calibration, data inspection

and bad data flagging, as well as the imaging process will be discussed.

6.1.1 SMA Data of NGC2623

For the target of interest, NGC2623, there is archival SMA (Submillimeter Array) data
available, which was downloaded through the official SMA website at http://www.cfa.
harvard.edu/cgi-bin/sma/smaarch.pl. The observations were led by Christine Wilson
and executed in the years 2006 and 2007 for the CO J=2-1 and the CO J=3-2 transition
respectively. Hence, the CO data is already published by Wilson et al. (2008), but this
thesis’ aim is to compare the molecular gas to the ionized gas component (Ha) which was
derived from CALIFA data. To do so, the raw CO J=3-2 data was reduced again. Note
that the CO J=3-2 images are of better quality and resolution compared to the CO J=2-1
transition due to better weather conditions during observations.

The resulting spatial resolution of approximately 1 arcsec is even better than CALIFA’s
resolution and corresponds to a linear size of ~400pc. Thus, the beam corresponds to
the size of 2-3 giant molecular clouds. The SMA’s primary beam at this frequency is

~ 40 x40 arcsec.

6.1.2 Calibration

The whole process of calibration and data reduction was executed as described in the
“MIRIAD Users Guide for SMA” which was written by [Zhao (2012). For the calibration,
also a very helpful script which was kindly provided by Wei-Hao Wang was used as a start-
ing point. The block diagram shown in figure was taken from [Zhad (2005) and
gives an extended overview of all available tasks of the SMA MIRIAD package. Note that,
depending on the needs and aims, not all of these tasks are essential. The initial band-
pass and gain calibration were performed through the standard SMA calibration script
for handling single 340GHz Rx DB data. The script can be downloaded from http://

100


http://www.cfa.harvard.edu/sma/miriad/
http://www.cfa.harvard.edu/cgi-bin/sma/smaarch.pl
http://www.cfa.harvard.edu/cgi-bin/sma/smaarch.pl
http://www.cfa.harvard.edu/sma/miriad/spec/SMAscripts/

\The MIR DataM 050911_04:21:35 ‘

w
[1. Read MIR Data H smalod H 050911H30a_rx0.usb ‘

Y

smacheck
smavar plt

[3. Correct Amplitude j 050911H30a_rx0.usb.tsys
v

smablflag
\

[2. Inspect Data

-/

Smauvspec

septllbp_1
septllbp_2
septllbp_3

smamfcal i
smagpplt 4>‘ creates bandpass tables ‘

v
smatbpass 4" 050911H30a_rx0.usb.tsys.bp ‘
Y
Smauvspec

(][
Y
blcal — ‘050911H30a_rx0.usb.tsys.bp.bl
4 smauvspec

Y

[4. Calibrate Bandpass]

for
bandpass

ripples

for
baseline-
based
errors

smablflag flag bad visibilities
— uvflag »| flag edge channels
Smauvspec plot overall spectrum
plot H30a spectrum
¢ plot CO(2-1) spectrum

Figure 6.1: Overview of tasks available in the SMA MIRIAD package (Zhao, 2005)

101



Continue from previous page

y
[5. Gain Calibration } smablflag

| uvsplit/mv | 2202+422.tsys.bp.bl
(renamefile) 0102+584.tsys.bp.bl
v 1
smamfcal
smagpplt " ‘ creates gain tables
smagpplt —»‘ creates gain tables ‘

‘ 0102+584.tsys.bp.bl ‘
Y

ng(E|—> copies over the merged

gain table
‘ '

i - smaflux
[6' Flux Density Scale ] ‘ 050911H30a_rx0.ush.tsys.bp.bl ‘

uvaver —| applies the gain to the
the visibility data

: 1

smauvspec

‘ 050911H30a_rx0.usb.tsys.bp.bl.av

— ™| n7538.230409
prthd/mv | — = check the rest frequency

rename the file

A

‘ n7538.h30a.uv
7

Figure 6.2: Overview of tasks available in the SMA MIRIAD package (Zhao, 2005)

102



Continue from fully calibrated
uvdata set

[7. Continuum Image }—‘ invért n7538con.map

n7538con.beam

display the dirty map ‘

7‘ clean Hn7583con.icmp ‘
7‘ restor Hn753800n.icln ‘

—‘ cgdisp ‘;%display the cleaned map ‘

[8. Continuum SubtractionH uvaver ‘—% n7538.h30a.vel ‘

Smauvspec 4% find line-free channels ‘
uvlin ‘—% n7538.h30a.vel.lin ‘

Smauvspec ‘—% plot h30a line spectrum ‘

n7538.h30alin.map
n7538.h30alin.beam

clean —{ n7538.h30alin.icmp ‘
ﬂ restor Hn7538.h30alin.icln ‘

; plot the contours of
the line maps
4{ imstat ‘—% on source/off source ‘
— cdi®s |~ TheLinelmage Cube

[9. Construct Line Cube}ﬂ invert ‘—»

Figure 6.3: Overview of tasks available in the SMA MIRIAD package (Zhao, 2005)

103



www.cfa.harvard.edu/sma/miriad/spec/SMAscripts/. It includes the calibration of the
bandpass, phase and the amplitude.

The bandpass calibration thereby compensates for the change of gain with frequency.
A strong source, the quasar 3C273, with a flat spectrum is observed once during the track,
which is sufficient, because bandpass calibration is generally stable across the track.

The subsequent phase calibration compensates for relative temporal variation of the
phase of the correlated signal on different antennas (or baselines). This is done by means
of a strong source with known shape which is observed every few minutes. If the gain
calibrator is a point source, than the gain is derived assuming that the intrinsic phase 0.

The amplitude calibration corrects for atmospheric opacity and loss of signal within
the interferometer (e.g., pointing errors). To do so, a source with known flux is observed.
This can be a planet (e.g. Saturn) for which accurate models exists, or a radio source,
which has been independently calibrated using, e.g., a planet. Typical accuracies are

around 15 percent.

6.1.3 Data Reduction and Imaging

After performing the initial calibration, the data reduction and imaging was performed
as suggested in the “MIRIAD Users Guide for SMA” (Zhao, 2012). The full script which

was created by me can be found in the appendix.

Conversion from MIR to MIRIAD format

The task smalod converts the uv data file from the SMA archival format into MIRIAD
format. The original single receiver (rxif=1) SMA data file will be loaded into MIRIAD in
two separated files: rx1.lsb and rx1.usb for the lower and upper side bands, respectively.
In calibration, the Isb and usb data sets are treated separately. Hence, if building a
continuum map, both calibrated sidebands can subsequently used for imaging. But within
this thesis, only the CO J=3-2 transition is studied which is included in the lower sideband

of the available data. For example, the execution of:
smalod in=070116_06:01:13 out=ngc2623 sideband=2 rxif=1

will create the directory ngc2623_1sb, which is used for all further processing of the lower
side band. Similarly, the first or upper sideband data could be converted into MIRIAD
format.

Data Inspection and Flagging

Once having created the MIRIAD compatible directory, the task uvflag can be used to

change flags corresponding to the visibility data. Using the keywords “select”, “line” and
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“edge”, one can select a part of the uv-data that have been identified with problems. For
all selected correlations, the flags are then set to the value specified with the keyword
“flagval”. It is generally recommended to flag the edges of the channels which can be

done by:
uvflag vis=n2623_1.uv edge=6 flagval=flag

In order to check for outliers and inspection of the data, the task uvplt is used. For

example, the following command:

uvplt vis=n2623_1.uv device=/xs options=nobase
line=channel,1,100,1,1

will plot all baselines in one single diagram which is shown in figure in order to check
for outliers and bad data. The “line” parameter indicates that the amplitude should be
plotted for each channel from 1 to 100 (600 channels are available in total) with a unity
step-size and unity channel-width. When performing that on the NGC2623 lower side
band data, it is found that values above an amplitude of 60 Jy/beam should be flagged,
which can be done by:

uvflag vis=n2623_1.uv flagval=flag select="amp(60)"

The “Dirty” Beam and Image

The MIRIAD task invert forms images from visibilities by means of an inverse Fourier
transform. The program creates a “dirty image” and a “dirty beam”. The resolution
of the resulting frame is controlled by the option “cell=0.2" corresponding to 0.2 arcsec
per pixel. Furthermore the signal-to-noise and sensitivity is controlled by binning the
signal in frequency space, hence velocity space. With the following code the binning in
the uv-plane is set to 40 km/s by the keyword “map=NGC2623c032.im40”. The same is

valid for the resulting extracted beam:

invert vis=n2623_1.uv map=NGC2623co032.1im40
beam=NGC2623co32.beam40 options=systemp robust=0.5
imsize=513,513 cell=0.2 line=velocity,31,-600,40,40

The so gained dirty beam and dirty image can be inspected as pixel map with overlayed
contours with the MIRIAD task cgdisp:

cgdisp in=NGC2623c032.beam40,NGC2623c032.beam40
type=pixel,contour device=/xs slev=p,10 levs1=1,2,3,4,5,6,7,8,9
region="relpix,box(-20,-20,20,20)" labtyp=arcsec

The result is shown in figure and for the dirty beam and image respectively.
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Figure 6.4: MIRIAD task uvplt for data inspection. All baselines in channels 1-100 out of
600 in total are shown. The values above an amplitude of 60 Jy/beam are flagged.
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Cleaning

Since the produced dirty map is intrinsically the result of a convolution between the dirty
beam and the true or “clean” map, the so called Convolution theorem can be used to
disentangle these components and create a “clean” visibility. Thereby it has to be taken
into account, that the measured visibility differs from the true visibility due to finite uv-
coverage. The better the uv-coverage (sampling), the better will be the solution to the
problem. Hence, after applying the MIRIAD task clean, the so gained sampled visibility
has to be interpolated and extrapolated by means of a model. Thus, the output of clean
is used for restoring the sampled data. The used MIRIAD task is restor. An example of

usage is shown below:
clean map=NGC2623co032.im40 beam=NGC2623c032.beam40

out=NGC2623c032.cleand40 region=quarter niters=2000 cutoff=0.018

restor map=NGC2623c032.1im40 beam=NGC2623co32.beam40
model=NGC2623c032.clean40 out=NGC2623co32.map40
The cutoff is derived by inspection of the histogram which can be done with the task
hist.

Creating Moment Maps

The process of creating smooth moment maps is quite complex and time-consuming.
Several parameters (e.g. clipping, cutoff), have to be inspected and experimented with in
order to get good results. The best method found can be reproduced by means of the shell
script in the appendix. The first and easiest approach is to simply perform the MIRIAD
task moment. The following code creates a moment 0 map (intensity) of the central region
of the image with a clipping parameter corresponding to the 20 RMS level:
moment in=NGC2623co032.map40 region="quarter(9,23)"
out=NGC2623c032.mom0_40 mom=-1 clip=0.018
The result is shown in figure 6.8

6.1.4 Basic Properties of the Reduced Images

RA DEC Z DL ‘/sys /CO MH2
08:38:24.00 | +25:45:16.31 | 0.01847300 | 80.241 | 5469" | 1.04 £ 0.06 | 1.66 + 0.01

Table 6.1: Basic data for NGC2623 taken from Wilson et al! (2008). The luminosity
distance Dy, is given in Mpc, the systemic velocity Viys in km/s, the CO luminosity L.
in 10° K km s~ ! pc™2 and My, in 10° M.
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Figure 6.8: CO 3-2 Intensity map of the central region after execution of the MIRIAD task
moment.
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The derived moment maps of the SMA data are shown in figure 6.9 All derived maps
were cleaned down to a 3 o level. The following CALIFA and SMA maps cover the central
20x 20 arcsec of NGC2623 with a pixel-scale 1arcsec corresponding to a linear scale of
400pc. The CO sensitivity limit (30) is found to be 4 Jy/beam km/s which translates
to a molecular mass (column density) limit of approximately 2 x 10° M, per pixel. The
total molecular mass was found to be 1.58 x 10° M, in accordance to the findings of
Wilson et all (2008).

The molecular gas velocity and the velocity dispersion ranges from -180 to +160 km/s
and 0 to 130 km/s.

The Ha fluxes were corrected for extinction by means of the Whitford reddening curve
parameterized by Miller and Mathews (1972) and using the Ha fluxes provided by the
CALIFA survey. A description of the applied method can be found in [Saglia (1997).

6.2 Studies on NGC2623

NGC2623 is a well studied object which is classified as LIRG due to its infrared luminosity
of ~ 35 x 10! Ly (Joy & Harvey 1987). It is a late-stage major merger in prograde
orbit (Toomre (1977)). Its stellar population is separated into two components: a young
and an intermediate age population (Evans et al. 2009 and Joy & Harvey 1987). In
the central region it exhibits a cone-shaped outflow due to a dusty starburst which was
found by Lipari et al. (2003) and recently confirmed by Cortijo et al. (in prep.) who
furthermore were able to trace the outflow farther. Cortijo et al. (in prep.) also performed
a detailed stellar population synthesis and derived the star formation history (SFH) using
HST multi-wavelength data, CALIFA datacubes and OSIRIS narrow-band images. The
galaxy is “currently” evolving into an elliptical galaxy (Wright 1990, Scoville 2000 and
Rothberg 2004) which can be seen in figure [6.10

It was first classified as LINER (Low Ionization Nuclear Emission Line Region) by
Heckman et al. (1983). Later, Condon et al. (1991) and Maiolino (2003) classified it as
an obscured AGN using CHANDRA X-ray observations.

Recently [Singh et all (2013) were able to show that the phenomenon of LINERs is not
solely connected to an AGN. They used CALIFA’s IFU data of 48 galaxies and found
that the radial emission-line surface brightness profiles are inconsistent with ionization
by a central point-source and hence cannot be due to an AGN alone. Furthermore, they
assume that LINERs are connected to the very short, but very hot and energetic phase
of post-AGB stars. Thus, the whole picture of AGNs have to be revised as LINERs were
believed to form the largest AGN sub-population.

Beside that, NGC2623 is also a LIRG, for which the LINER phenomenon can be also
explained by star forming activity (Lutz et al. 1999).
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Figure 6.9: Moment maps of NGC2623 created with MIRIAD. The top left panel shows
the intensity in Jy/beam km/s of the central 20 x 20 arcsec. The logarithmic contours
are set to: 58, 116, 174, 232, 290, 348, 406 and 464 Jy/beam km/s. The top right panel
gives the velocity in km/s of the central 20 x 20 arcsec with linear contours set to : -260,
-227.5, -195, -162.5, -130, -97.5, -65, -32.5, 32.5, 65, 97.5, 130, 162.5, 195, 227.5 and 260
km/s. The bottom panel indicates the velocity dispersion in km/s of the central 20 x 20
arcsec with linear contours of 12.5, 37.5, 62.5, 87.5, 112.5, 137.5, 162.5, 187.5, 212.5 and
237.5 km/s.
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Figure 6.10: NGC2623 as seen with Hubble@, processing by [Pugh (2012)

The LINERs far off the central region can be seen in figure [6.11l In the bottom right
panel of figure [6.11] which is indicating the velocity dispersion of the ionized gas, the
outflow can be clearly identified as the region of high velocity dispersion located slightly

north to the galaxy’s center.

6.3 Molecular and Ionized Gas Distribution

The molecular gas traced by CO is strongly concentrated to the central region of
NGC2623, which is seen in figure[6.91and consistent with the picture of a central starburst.
Its size is around 3 kpc in diameter. The averaged radial distribution can be described by
an exponential law with a relative error below 25 percent, which confirms the aperture

correction method used within this thesis for total molecular mass calculations.

The intensity peaks in Ha and CO (see figure 6.13) match each other within the

uncertainty of approximately one arcsec.

Beside the central peak, a huge molecular clump with a dimension of ~1kpc can be
identified south-west to the center in the CO map. Although the signal is relatively weak,
with a level of 4 sigma, it is significant and not a remnant of the data reduction process
(e.g. sidelobe). Furthermore its location matches up — although slightly offset — with a

peak in Ha (see figure[6.13]). The Har peak is connected to a huge star forming cluster seen
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Figure 6.11: BPT diagrams of NGC2623 (top panels) extracted from Clara Cortijo and
presented during the 5th CALIFA Busy week. The different classifications within the BPT
diagram (SF, Seyfert and LINER) are color-coded. A comparison with the spatial location
of the data-points (bottom left) identifies LINERs offset from the center confirming the
findings of [Singh et al. @Dﬁ) Furthermore, the cone-shaped central outflow connected
to a large velocity dispersion (bottom right) can be seen.

115



g i .
i/ /Y7 bt s AR 1

RELATINN

)N
Ji N

0.091

0

Figure 6.12: The HST ACS/WFC image in the blue filter (F435W) is shown as a pixelmap.
The CO intensity is indicated by the contours. The level spacing is logarithmic and covers
the range from 4 to 220 Jy/beam km/h.

in the blue F435W filter of Hubble’s ACS wide field cameraH (see figure [6.12)). Thus, the
offset is likely an extinction effect and Ha can only penetrate around the newly formed
stars where stellar winds dilute the ISM. Within the clump star formation is likely to

occur invisible to the optical region.

6.4 Molecular and Ionized Gas Velocities

The molecular gas component shows a smooth rotation in the central region with pertur-
bations at the western outskirts. The velocities are comparable to those derived from Ha.
A rotating component (disk) can be likewise identified in Ha and CO. However, in the
outskirts, the overall velocity distribution does not show any systematic rotation which
is a sign for the ongoing merging process.

A comparison between the molecular and ionized gas velocities is shown in figure
The colors are a representation of the given pixel’s radial distance to the Ha peak. An
outstanding (dark) clump can be identified in the diagram. After marking the pixel’s
location in the velocity field of figure [6.16, it turns out that a closed region can be clearly

3The pipeline-reduced optical HST image was downloaded through http://archive.stsci.edu/.
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Figure 6.14: The HST ACS/WFC image in the blue filter (F435W) is shown as a pixelmap.
The molecular gas velocity is indicated by the contours with level spacings of 40 km/h
going from -160 km/h to 240 km/h.

associated with the molecular clump described previously.

Thus, the clump — which is marked with blue crosses in figure [6.16] — and the ionized

gas fulfill different radial movements with velocities of -33 and +77 km /s, respectively.

This can be explained by cold neutral gas falling into the center, whereas the hot gas is
moving outwards, as a result of the major merger event. The complex movements between
ionized and the molecular gas furthermore disturb the ISM such that star formation is
likely to be triggered which is confirmed by the presence of a young star cluster seen in

figure [6.141 Such a scenario is, for example, described in lono et al. (IQJ)DA|) and it also

explains the highly concentrated molecular gas in the center which then indicates that the

merger event is in a late stage already, where most of the cold gas is settled (in the center).
However, the final merger stage is not reached yet, as there is still more than 10° solar
masses of molecular gas available and star formation is actively going on in the central
region, which can be seen from the Ha maps and the associated velocity dispersion, which

will be discussed in the next section.
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Figure 6.15: NGC2623 - Comparsion of the velocity in Hoa and CO. The color-coding indi-
cates the radial distance in pixels of individual data-points from the central Ha intensity
peak. A clump can be identified which corresponds to a closed region located 7-9 pixels
— corresponding to 4-5kpc — from the center. There, the molecular gas is approaching
along the line-of-sight and the ionized gas is departing.

6.5 Molecular Gas Velocity Dispersion

The cone shaped outflow found by Lipari et al. (2003) can be identified best in the Ha
velocity dispersion map in figure [B.I9 It is connected to the regions of highest (molecular
and ionized) gas velocity dispersion. Thus, it can be seen directly that star formation is
tightly correlated to turbulences within the molecular ISM, which is quantitatively shown
in figure
The existence of such a relation can be understood on basis of Toomre’s criterion
of stability of a differential rotating stellar disk. Combining that with the stellar-to-gas
surface density relation of Rafikov (2001) and the Kennicutt-Schmidt law, the following
proportionality is found:
o = S§rg (6.1)

Thereby, the velocity dispersion is given in km /s and the star formation rate in Mg yr—".

A derivation can be found in [Swinbank et al! (2012).
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Figure 6.16: NGC2623 - Comparsion of the velocity in Ha and CO in the central region.
The velocity Vp, is shown as a pixelmap with a linear coding in units of km/s. The
molecular gas velocity is indicated by the contours. The unit is km/s with a linear
scaling reaching from -160 to 240 km/h and a level spacing of 40 km/h. Blue crosses mark
the (dark) outliers of figure which are associated with a molecular clump.
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Figure 6.17: NGC2623 - Comparsion of Ha intensity to CO velocity dispersion. Ha is
shown as a pixelmap. The colors are log-coded and the scale’s unit is 107'¢ erg/s/cm?.
The molecular gas velocity dispersion is indicated by the contours. The unit is km/s with
linear scaling levels of: 0, 16, 32, 48, 64, 80, 96, 112 km/s.

120 T T T T T T
® ® ®
o o O
100 - ° % 1
o0
L o ]
— 80 “.
\m ® o
£ oo} o o ® ]
=, . °
S °
© 40t oy © i
o
o [ J
20 ®e o° .
@

000 001 002 003 004 005 006 007
LsRu. (Mo yrtkpc?

Figure 6.18: Relation between the SFR and the Molecular Gas Velocity Dispersion. The
Ha intensity, which transforms into a star formation rate through formula B.1], is tightly
correlated with the velocity dispersion in CO. Thus, molecular gas turbulences are essen-
tial for the process of star formation.
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Figure 6.19: NGC2623 - Comparsion Ha—CO velocity dispersion. The Ha velocity dis-

persion is shown as a pixelmap. The color scale’s unit is A. The molecular gas velocity
dispersion is indicated by the contours. The unit is km/s with linear scaling levels of: 0,

16, 32, 48, 64, 80, 96, 112 km/s.
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Chapter 7
Conclusion

After performing a detailed literature study on CO data available through several archives,

the following can be concluded:

e Comparing the results from [Young et al! ( 1995), Lisenfeld et al. (2011) and Leroy
et al. (2008), the CO distribution of spiral galaxies is found to be well described
by an exponential law with an “effective” radius of r.co = A X 195 with 7y, the

2 isophotal radius with a value of A ranging from 0.20

optical blue 25 mag arcsec™
to 0.25. The same relation also holds for early type galaxies as found by [Davis et al.

(2013H).

e The main beam brightness temperature scale is found to be the appropriate scale
for homogenizing CO single-dish data of CALIFA galaxies, because it is a diameter-
selected sample and typical single dish beams for the CO J=1-0 transition cover
at least a substantial fraction of the total CO flux leading to a median value for
the aperture correction factor of Cyp = 1.9. However, in some cases, with higher
values of C4p, the derived molecular masses are probably overestimated and the
use of the 7T} scale, which takes into account atmospheric attenuation, radiative

loss and rearward spillover and scattering would be more appropriate.

e The importance of a metallicity-dependent X derivation was demonstrated, as
variations up to a factor of 4 can occur otherwise. It was shown that a compilation
of molecular masses taken from the literature, is not suitable, due to the variety of
the underlying parameters. Thus, the homogeneously derived total molecular masses
of CALIFA galaxies will provide the community with a unique dataset which will
be used for future scientific studies based on CALIFA galaxies.

e Several infrared satellite data were used in order to derive star formation rates for
all CALIFA galaxies. Based on a relatively tight relation between the SFR and

“Young et al. published radii within which 70 percent of the total CO luminosity is found. Thus, the
comparison is not straightforward!
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the CO luminosity, the latter could be estimated for all CALIFA galaxies. These
results were used for integration time calculations (also described within this thesis)
and proposing observations at several facilities such as IRAM, PdBI, APEX and
OSO. The ultimate goal of the proposed observations is to build-up a well-studied
reference sample of galaxies for which not only CALIFA’s optical IFU data, but also
highly-resolved CO data is available. Within the presented thesis, such a sample
was defined based on the physical properties of stellar mass, star formation rate and
morphology. For the sample-selection, a program based on the SIMPLEX algorithm
was developed leading to a final interferometric sample of 65 galaxies which is as
homogeneous as possible in all of the mentioned coupled parameters. That sample

will serve as a local representative sample for future studies of the cold, molecular
ISM.

Atomic gas masses were compiled from two different catalogs and homogenized.
As a result, for approximately 2/3rd of the CALIFA galaxy sample, atomic gas
masses were calculated in a uniform way. Subsequently, the Kennicutt-Schmidt
relation was set-up based on single dish data. From that, three conclusions could be
drawn. First, the SFR scales nearly linearly with Hs, even where most gas is atomic.
Second, the star formation threshold is independent on the scale and coincides with
an atomic-to-molecular transition. And finally, to first order, the SFR/MH2 ratio is
fixed in “normal” spiral galaxies. These findings are not totally new, but were not
exhibited from wntegrated, hence averaged quantities before. Thus, to first order,
even from integrated values, basic properties of the ISM can be derived which can

be an asset for high-redshift investigations.

In addition, a case study showing the capabilities of comparing CALIFA’s IFU data
to highly resolved CO data, was also undertaken as part of this thesis. It was found
that within NGC2623 — a late-stage merger evolving into an elliptical galaxy — beside
the previously discovered (see Wilson et all (2008)) rotating molecular gas disk in
the central region, a huge clump with a dimension of =1 kpc is present. Its location
is consistent with a counterpart in CALIFA’s Ha map and optical HST data shows
a huge star cluster associated with it. The finding can be explained by the late-stage
merger model described in [ono et al. (2004), where molecular gas is falling into the
center whereas hot gas is moving outwards. During that process, gas compressions

lead to triggered star formation. The presented observations imply such a scenario.
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Appendix A

Star Formation Rates and Gas
masses in CALIFA Galaxies

Table A.1: Calculated L;r, SFRs and gas masses (table (.4 continued)

My, Zz—dep

1D name Lir SFR Mpgr Cap MH2 Mty stat
10° Lg Mg yr~1! 10° Mg 10° Mg,
1) (2 (3) (4) (5) (6) (7) (8)
1 IC5376 7.09:£0.93 0.9+0.13 8.431+1.45 - - -
2 UGC00005 63.08+2.41 9.4:+0.38 13.3641.62 1.6 6.19+£2.11* 0.9
3 NGC7819 30.36+0.95 4.3£0.14 14.86£1.75 - - -
4 UGC00029 30.36£0.95 4.3+0.14 - - - -
5 1C1528 16.18£0.69 2.240.1 11.8442.3 - - -
6 NGC7824 6.3241.3 0.8:£0.18 4.76£0.6 - - -
7 UGC00036 15.51£1.42 2.1£0.21 5.3£0.75 - - -
8 NGC0001 45.254+0.81 6.6£0.13 14.7841.78 - - -
9 NGC0023 193.7440.87  30.740.15 9.53+1.2 2.1 17.12:44.2% 4.4
10 NGC0036 20.25+1.97  4.240.3 20.81+2.97 - - -
11 UGC00139 7.81:£0.73 1.040.1 13.814£2.27 1.7 <0.5740.16 -
12 UGC00148 35.35+0.95 5.1:+0.14 7.46£1.01
13 MCG-02-02-030 10.31£0.58 1.440.08 3.7440.26 - - -
14 UGC00312 29.44+1.45 4.2:0.22 19.89+2.4 - - -
15 ES0539-G014 4.1+£1.14 0.5£0.15 17.56£1.0 - - -
16 MCG-02-02-040 22.62+0.51 3.2:£0.08 13.7241.63 - - -
17 UGC00335NED02 22.62+0.51 3.2:0.08 - - - -
18 NGC0155 1.59:£0.84 0.2£0.11 - - - -
19 ES0540-G003 4.0440.47 0.5:£0.06 13.16£0.96 - - -
20 NGC0160 7.96£0.79 1.040.11 7.1841.11 - - -
21 NGC0165 35.78+1.6 5.1:£0.24 7.94:£2.76 - - -
22 NGC0169 30.89+1.04 4.4+0.16 9.69+1.72 - - -
23 NGC0171 8.2441.82 1.14+0.26 3.5540.94 - - -
24 NGC0177 3.0£0.45 0.4:£0.06 5.2140.41
25 NGC0180 35.87+2.73 5.1£0.42 21.78+3.19 - - -
26 NGC0192 58.23+0.78 8.6£0.12 1.44:£0.23 1.5 16.61£16799.63% 1.6
27 NGC0216 2.06£0.11 0.3£0.01 2.03£0.67 - - -
28 NGC0214 52.170.82 7.740.13 13.2841.68 - - -
29 NGC0217 8.61+0.87 1.140.12 4.2240.33
30 NGC0237 31.51+0.92 4.5+0.14 10.3+1.27 1.5 3.8£1.05 -
31 NGC0234 73.254+1.15 11.0+0.18 7.56£0.84 - - -
32 MCG-02-03-015 11.71£1.26 1.64+0.18 7.77£0.62 - - -
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Table continued from previous page

My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
33 NGC0257 68.17+1.68 10.240.27 18.4242.3 - - -
34 NGC0309 97.21+2.62 14.840.42  39.91+1.59 - - -
35 NGC0364 1.3940.47 0.240.06 - - - -
36 NGC0429 0.96£0.4 0.1£0.05 - - - -
37 1C1652 0.660.29 0.1+0.04 - - - -
38 NGC0447 21.04£1.04  2.9+0.15 6.07+0.95 - - -
39 NGC0444 4.7240.6 0.6:£0.08 7.33£1.17
40 UGC00809 6.83:£0.47 0.94+0.07 5.58+1.03 - - -
41 UGC00841 7.37+£0.76 1.040.11 4.3740.65 - - -
42 NGC0477 20.55+£1.19  4.2£0.18 25.8+2.88 - - -
43 1C1683 57.47+0.65  8.5+0.1 1.0540.16 - - -
44 NGC0499 2.1240.44 0.3+0.06 - - - -
45 NGC0496 31.62+1.13  4.5£0.17 12.2141.47 - - -
46 NGC0504 0.2940.16 0.0£0.02 - - - -
47 NGC0517 0.83£0.25 0.1+0.03 - - - -
48 NGC0523 47.440.47 6.9:+£0.07 19.3243.41 - - -
49 UGC00987 14.67£0.66  2.040.1 7.35+£1.12 - - -
50  NGC0528 5.33+1.38 0.7+0.19 - - - -
51  NGCO0529 3.36£0.64 0.4:+0.08
52 NGCO0551 20.86+£0.89  2.9+0.13 4.2440.74 - - -
53  UGC01057 16.7241.27  2.310.19 12.814£1.72 - - -
54  NGC0570 5.78£0.99 0.740.14 - - - -
55  UGC01062 0.81:£0.36 0.1+0.04 - - - -
56 2MASXJ01331766+1319567  0.56:£0.14 0.1£0.02 2.1840.31
57  UGCO1123 1.5640.46 0.240.06 5.67+0.79 - - -
58  IC0159 9.4840.53 1.340.07 4.0940.94 - - -
59  UGC01271 0.78+0.33 0.1+0.04 - - - -
60  UGCA021 2.2340.17 0.3£0.02 3.5140.55 - - -
61 NGC0681 9.4540.15 1.340.02 3.3640.36 - - -
62  UGC01274 1.474+0.69 0.2+0.09 - - - -
63  NGC0677 2.5540.6 0.3+0.08 - - - -
64  NGC0693 13.0540.09 1.8£0.01 1.64:£0.26 - - -
65  NGC0716 125.83+0.85  19.4:0.14 8.3941.11 - - -
66  UGC01368 15.96+1.78  2.2+0.26 - - - -
67  NGC0731 1.24:£0.28 0.1:£0.04 - - - -
68  NGCO0741 5.9941.03 0.8+0.14 2.3 <1.740.46
69  NGCO755 3.37+0.14 0.440.02 4.0840.29 - - -
70 IC1755 4.76+1.22 0.6+£0.17 7.3941.1 - - -
71 NGCO768 41.83£1.69  6.1£0.26 24.574+3.15 - - -
72 NGCO0774 2.68£0.49 0.3+0.06 - - - -
73 NGCO776 40.03+£0.99  5.8+0.15 8.1740.93 - - -
74 NGCO781 0.29+0.13 0.040.02 - 2.0 <0.2240.07 -
75  NGCO787 8.0940.83 1.140.12 - - - -
76  NGC0810 6.47+1.43 0.8£0.2 - - - -
77 NGCO0825 1.59+0.31 0.2:£0.04 3.9940.58 - - -
78 NGCO0833 3.9140.92 0.5+0.12 - 2.1 2.0540.66 -
79 1C0210 16.85+£0.15  2.3+0.02 3.24:40.39 - - -
80  NGCO0842 1.22:+0.28 0.1£0.04
81 UGC01659 23.41£2.15  3.3+0.32 10.4541.39 - - -
82  KUG0210-078 4.6440.74 0.6£0.1 2.91£0.22 - - -
83  UGC01749 5.71£1.07 0.7+0.15 7.83£1.17 - - -
84  NGC0873 101.1940.45  15.440.07 7.28£0.73 - - -
85  NGC0924 3.1£0.59 0.4+0.08 8.8941.21
86  UGC01918 37.94£0.94  5.5+0.14 1.18+0.17 - - -
87  NGC0932 8.7940.75 1.240.1 1.42:+0.18 - - -
88 UGC01938 17.4241.17  2.440.17 9.6311.38 - - -
89 NGC0941 2.67+0.12 0.3£0.02 3.47£0.6 - - -
90  NGC0938 0.6340.22 0.1£0.03 - - - -
91 NGC0955 1.5940.1 0.240.01 0.9£0.12 - - -
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My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
92 NGC0962 0.88:£0.49 0.140.06 - - - -
93 UGC02018 0.66+0.38 0.1£0.05 - - - -
94  NGC0976 64.68£0.87  9.6£0.14 11.2841.23 - - -
95  NGC0991 1.96:£0.23 0.3:£0.04 1.67+0.21 - - -
96  UGC02099 2.52+1.07 0.3+0.14 8.4+1.09 - - -
97  UGC02134 24.69+1.11  3.5+0.16 10.5+1.31 - - -
98  NGC1026 0.9640.31 0.1£0.04
99  NGC1041 1.2140.6 0.1+0.08 - - - -
100 NGC1056 11.32:£0.13 1.540.02 3.074£0.41 3.7 1.16£1015.74 -
101 NGC1060 4.17+0.87 0.5+0.12 - - - -
102 NGC1070 34.15+£0.84  4.9+0.13 25.8949.7 - - -
103 UGC02222 1.19+40.34 0.1£0.04 - - - -
104 UGC02229 9.85+1.37 1.3£0.19 - - - -
105 UGC02239 10.140.84 1.34+0.12 2.74£0.47 - - -
106  MCG-01-08-008 13.3441.34 1.840.19 - - - -
107 NGC1094 53.742.05 7.940.32 9.214+1.2 - - -
108 NGC1093 15.87£1.14  2.240.17 17.6542.23 - - -
109  UGC02311 31.141.81 4.4+0.27 14.5+1.68 - - -
110 UGC02319 10.64:£1.62 1.440.23 5.66£0.91
111 MCG-02-08-014 30.724£0.62  4.4:£0.09 - - - -
112 NGC1132 10.3£1.47 1.440.21 - - - -
113 UGC02367 64.16+£3.02  9.5+0.48 25.95£3.43 - - -
114  NGC1142 434.19£1.95  72.140.34 - 1.3 7.66+1.31 -
115 UGC02403 119.674+0.54  18.440.09 2.4340.31
116 UGC02405 23.55+£2.37  3.3£0.35 17.1842.11 - - -
117 UGC02443 2.2840.17 0.3£0.02 0.5340.07 - - -
118 UGC02465 1.9440.47 0.2£0.06 2.6440.4 - - -
119 NGC1167 10.3941.16 1.440.16 10.8441.8 - - -
120 NGC1194 87.86+0.59 13.3+0.09 - 1.6 - -
121 NGC1211 1.67£0.34 0.2:£0.04 7.61+1.15 - - -
122 MCG-01-09-006 36.84+2.39  5.3+0.36 - - - -
123 1C0307 27.57+£2.53  3.9£0.38 8.12:£0.64 - - -
124 UGC02628 14.2541.63 1.940.23 13.5541.67 - - -
125 UGC02690 20.54+1.66  4.2+0.25 16.8242.2 1.9 3.7341.02 -
126 NGC1324 48.65+1.75  7.1£0.27 29.73+3.46 - - -
127 NGC1349 16.0242.15  2.240.31 5.4141.3
128 NGC1361 1.26:£0.34 0.1£0.04 - - - -
129  MCG-01-10-015 6.05+0.73 0.8£0.1 - - - -
130  MCG-01-10-019 9.21£1.09 1.2£0.15 9.04:£0.69 - - -
131 NGC1542 7.374+0.54 1.040.08 1.0340.16 1.8 1.954+0.53 -
132 UGC03038 25.88+3.07  3.6+0.46 5.3340.82 - - -
133 UGC03107 53.924£2.66  7.9+0.41 12.76£1.7 - - -
134 NGC1645 3.06£0.68 0.4:£0.09 5.58£0.46 - - -
135 UGC03151 9.71:£0.89 1.3£0.13 1.6640.6 - - -
136 NGC1656 0.3+0.23 0.0:£0.03 - - - -
137  NGC1659 59.72£1.07  8.8+0.17 5.79+0.68 - - -
138 NGC1665 59.7241.07  8.8+0.17 - 2.6 <0.1140.08 -
139 NGC1666 1.740.33 0.2:£0.04
140 NGC1667 133.724£1.2  20.7£0.2 9.97+1.08 2.1 3.17+£0.59 -
141 1C2095 133.72+£1.2  20.7+0.2 1.23+0.07 - - -
142 1C2098 7.120.34 0.94+0.05 3.93£0.49 - - -
143 NGC1677 6.89:£0.26 0.94+0.04 - 1.6 0.11:£0.05 -
144 1C2101 47.08+£0.85  6.9+0.13 7.45£0.53
145  ARP180 1.1840.38 0.140.05 - - - -
146 UGC03253 12.94:£0.55 1.840.08 6.761+0.77 - - -
147 NGC2253 50.22£0.56  7.4:£0.09 8.54:0.9 - - -
148 UGC03539 10.88+0.37  1.5+0.05 4.61£0.73 - - -
149 NGC2347 36.77+£0.83  5.3+0.13 14.11+1.45 - - -
150  UGC03899 1.35+0.38 0.24+0.05 3.94:£0.87 1.7 <0.27+0.09 -
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My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
151 NGC2410 78.6+1.06 11.840.17 17.945.73 - - -
152 UGC03944 5.6310.58 0.7:£0.08 6.731+0.88 1.6 7.15+£1.66* 1.7
153 UGC03969 42.87£2.79  6.2£0.43 18.82+5.38 - - -
154 UGC03973 345.34£1.55  56.610.27 8.5621.0 - - -
155  UGC03995 75.87+1.02 11.440.16 9.1441.26 - - -
156 NGC2449 12.014£0.97  1.640.14 2.8£1.05 - - -
157 UGC04029 27.38+0.86  3.9+0.13 15.734+2.77
158 UGC04054 1.21£0.19 0.1£0.02 1.27+0.23 2.0 <0.37£0.1 -
159 1C0480 33.240.89 4.7+0.14 6.2940.99 - - -
160 NGC2476 0.87£0.26 0.1+0.03 - - - -
161 NGC2480 4.28+0.23 0.5+0.03 0.51+0.2 - - -
162 NGC2481 0.63£0.15 0.1£0.02 0.3940.15 1.9 <0.040.03 -
163  NGC2486 3.58+0.7 0.440.09 3.66:0.46 - - -
164  NGC2487 8.1842.83 1.14+0.4 8.2542.64 - - -
165  UGC04132 93.01+1.46 14.1£0.23 15.2+£2.28 - - -
166 UGC04140 2.9440.68 0.4:£0.09 5.37£0.79 - - -
167  UGC04145 139.664£0.94  21.740.15 2.53+0.95 - - -
168 UGC04136 8.1841.31 1.140.18 - - - -
169 1C0485 36.29+2.52  5.2+0.38 10.8744.05
170 NGC2507 5.0+0.73 0.60.1 - - - -
171 NGC2513 1.5+0.5 0.2:£0.06 - - - -
172 UGC04176 0.49:£0.14 0.140.02 2.91+0.46 - - -
173 UGC04190 0.52+0.33 0.14+0.04 - - - -
174 UGC04197 8.83+1.05 1.240.15 1.85:+0.34
175 UGC04210 6.32:0.83 0.84+0.11 6.13+1.54 - - -
176 UGC04195 15.72£0.81  2.240.12 7.99:40.97 - - -
177 NGC2522 1.3240.43 0.240.05 - - - -
178 UGC04233 15.674£2.31  2.140.34 10.6941.72 - - -
179 NGC2530 21.32+1.29  3.0+0.19 9.2241.0 - - -
180 UGC04240 24.78+2.55  3.5+0.38 15.542.25 - - -
181 UGC04245 18.73£1.26  2.640.18 15.0943.52 - - -
182 UGC04258 18.73+£1.26  2.6+0.18 2.53+0.33 - - -
183 NGC2540 54.23+1.7 8.0£0.27 7.0440.8 - - -
184  NGO2543 17.21+£0.35  2.440.05 6.01£1.73 - - -
185 UGC04280 8.1+0.44 1.10.06 4.0240.28 - - -
186 102247 23.22+0.83  3.3+0.12 4.3740.76 1.3 3.2+0.77
187 UGC04308 19.21£0.82  2.740.12 12.2141.52 - - -
188  NGC2553 0.2540.2 0.0£0.02 - - - -
189  NGO2554 7.35£0.61 1.0£0.08 1.47+0.36 2.4 5.4241.26 -
190 UGC04262 17.95£1.01  2.540.15 21.36+2.67 - - -
191  NGC2558 8.6241.27 1.14+0.18 15.83+1.99 - - -
192 NGO2565 7.0240.61 0.940.08 10.61£1.35 1.4 <0.550.55 -
193 UGC04323 2.5640.45 0.3£0.06 1.62:+0.79 - - -
194  NGC2572 11.6£2.38 1.640.34 16.81£2.32 - - -
195  NGOC2577 0.5:£0.12 0.1£0.01 0.0540.01 2.7 <0.0440.01 -
196  UGC04375 4.1540.31 0.5+0.04 3.24:0.47 - - -
197 102341 1.65+0.44 0.2+0.06 - - - -
198  UGC04386 22.44+1.16  3.1£0.17 4.0540.59 1.3 4.1240.98
199 102361 2.29+40.17 0.3+0.02 0.260.05 - - -
200 UGC04405 8.45+1.32 1.140.19 10.5441.44 - - -
201  NGC2592 0.17:£0.06 0.040.01 - 3.0 0.04:£0.04 -
202 UGC04416 61.841.66 9.2:£0.26 22.314+3.24 - - -
203 NGC2596 34.13+1.76  4.9+0.27 13.8541.69
204  NGC2595 25.1£1.35 3.5£0.2 18.9843.11 2.3 6.1:£1.42 -
205  UGC04425 28.55+1.28  4.0+0.19 6.08+1.44 - - -
206  NGC2598 15.13£0.85  2.1£0.12 0.4240.16 - - -
207 UGC04464 5.66£0.97 0.7+0.13 6.01£0.93 - - -
208  UGC04461 24.75+£0.89  3.5+0.13 10.1:£0.69 - - -
209  NGC2604 5.23:0.23 0.74+0.03 3.36+1.36 - - -
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My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
210 UGC04468 1.1140.58 0.140.07 - - - -
211 UGC04505 2.6140.32 0.3£0.04 - - - -
212 NGC2620 14.34£2.47  2.0£0.36 23.41£8.55 - - -
213 NGC2623 355.96+£1.6  58.440.28 2.84:£1.05 - - -
214 UGC04515 7.96£1.0 1.0£0.14 5.53+0.81 - - -
215 UGC04532 0.54:0.25 0.1:£0.03 7.32:£1.42 - - -
216  NGC2638 3.3940.41 0.40.05
217 UGC04548 18.54+1.99  2.6+0.29 12.49+3.73 - - -
218 UGC04550 3.56£0.21 0.4:+0.03 6.431+2.26 - - -
219 NGC2639 18.08+£0.45  2.5+0.07 - - - -
220 UGC04546 1.340.43 0.24+0.05 - - - -
221 UGCO04551 0.0240.02 0.0£0.0 0.1140.04 3.8 <0.0440.01 -
222 UGC04559 1.5540.15 0.240.02 3.36£0.6 - - -
223 1C2393 1.940.64 0.2:£0.08 - - - -
224 UGC04587 0.56£0.2 0.140.02 - - - -
225  1C2407 7.93£1.2 1.040.17 4.734£0.76 - - -
226 UGC04659 7.93+1.2 1.0£0.17 1.0440.14 1.5 <0.2740.08 -
227 NGC2692 0.3+0.19 0.040.02 4.0+0.6 - - -
228  NGC2693 5.1840.81 0.7£0.11
229  NGC2710 3.75:0.25 0.5+0.03 3.41:0.27 - - -
230  NGC2719 2.840.24 0.3+0.03 9.8843.82 1.7 <0.0740.02 -
231 UGC04722 1.13£0.26 0.2+0.04 1.71+0.57 1.3 0.19:£0.06 -
232 NGC2730 16.274£0.77  2.240.11 6.4£1.72 1.6 1.34:£0.38 -
233 NGC2735 4.56£0.51 0.6£0.07 3.334+0.5
234 NGC2738 27.66+£0.43  3.9+0.07 4.07£0.67 - - -
235  2MASXJ09043394+4517323  0.05:0.04 0.0£0.0 - - - -
236 UGC04773 7.53£0.49 1.0£0.07 3.0+0.94 - - -
237 1C2434 91.24:+2.46 13.840.39 - - - -
238  NGC2764 27.54+0.31  3.9+0.05 2.19+0.62 2.1 2.9540.79 -
239 UGC04800 0.99+0.2 0.1+0.03 2.43+0.3 - - -
240  NGC2742A 94.82+2.13 14.4:+0.34 - - - -
241  NGC2769 4.33+0.73 0.5+0.1 2.7440.77 - - -
242 NGC2776 26.93+0.42  3.8+0.06 13.2941.28 - - -
243 NGC2778 0.24:£0.07 0.040.01 - 2.5 <0.0240.04 -
244  UGC04845 1.2240.21 0.1+0.03 3.21£0.53 1.4 <0.2+0.06 -
245  UGC04851 1.68+0.76 0.2+0.1
246 NGC2783 1.6540.86 0.240.11 - 3.3 - -
247  UGCO04869 31.141.81 4.4+0.27 - - - -
248  NGC2794 18.66+2.75  2.6+0.4 - - - -
249  NGC2795 2.3241.6 0.3£0.21 - - - -
250  NGC2796 7.88+1.58 1.040.22 - - - -
251 1C2450 4.0240.11 0.540.01 - - - -
252 UGC04906 3.96£0.21 0.5+0.03 1.560.2 - - -
253  NGC2800 1.6640.79 0.2+0.1 - - - -
254  UGC04926 24.73+£1.83  3.540.27 14.8842.27 - - -
255  CGCG151-054 24.73£1.83  3.5£0.27 - - - -
256 UGC04938 15.96+£2.57  2.2+0.37 4.45:+0.77 - - -
257  NGC2826 3.9740.98 0.5+0.13
258  NGC2832 3.08+1.89 0.44+0.25 - 4.4 8.08:£22898.02 -
259 1C2461 7.6240.22 1.040.03 3.8840.72 - - -
260 NGC2805 4.06£0.52 0.5+0.07 11.43+£2.43  19.4 1.7540.46 -
261 UGC04958 40.46£2.09  5.8+0.32 - - - -
262 UGC04970 0.5240.14 0.1£0.02 1.09+0.17
263 UGC04982 4.6£0.29 0.60.04 1.02+0.2 - - -
264  NGC2854 15.3140.24  2.140.03 3.6:£0.44 - - -
265  NGC2860 44.57£0.7 6.54+0.11 - - - -
266  NGC2872 2.02:+0.37 0.24+0.05 - - - -
267  NGC2874 27.1242.35  4.740.41 3.5140.52 - - -
268  UGC05020 27.1242.35  4.7+0.41 0.7740.13 - - -
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269  NGC2882 5.94:£0.24 0.840.03 1.1340.27 - - -
270  2MASXJ09283754+3832213  1.95:+0.39 0.2£0.05 - - - -
271 NGC2894 3.51:£0.24 0.440.03 3.68£0.41 - - -
272 NGC2880 0.2140.05 0.0£0.01 - 3.5 <0.0340.01 -
273 1C2487 12.9740.93 1.8£0.13 9.8942.1 1.5 7.13+£1.77* 1.6
274 1C0540 1.11:£0.14 0.1£0.02 - - - -
275 NGC2906 7.240.24 0.9+0.03 0.9140.11
276 NGC2919 6.42:£0.29 0.8+0.04 2.06+0.28 - - -
277 NGC2916 22.57+£0.96  3.240.14 6.8242.42 - - -
278  UGC05108 76.85+£2.41 11.5+0.38 - - - -
279 NGC2918 4.2240.81 0.5£0.11 - - - -
280 UGCO05111 41.841.69 6.1£0.26 - - - -
281  UGC05113 1.1640.6 0.140.08 - - - -
282  NGC2927 20.91+2.48  2.940.37 21.93+7.87 - - -
283  NGC2929 88.01£2.76 13.3+£0.44  25.511+5.32 - - -
284  NGC2939 23.2940.52  3.3:+0.08 12.7141.86 - - -
285  NGC2943 1.1741.04 0.1+0.13 - - - -
286  NGC2942 14.2:£1.02 1.940.15 14.8641.83 - - -
287  UGCO05145 72.36+£2.27  10.840.36
288  NGC2954 0.94+0.25 0.1+0.03 - - - -
289  UGCO05164 25.12+1.69  3.5+0.25 - - - -
290  UGC05157 23.68+£0.85  3.3£0.13 8.69+1.14 - - -
291 NGC2955 84.33+£2.08  12.740.33 28.0+3.3 - - -
292 NGC2968 0.1540.05 0.0£0.01 0.3340.08
293 NGC2965 5.08+1.18 0.7+0.16 - - - -
294  NGC2959 14.16:£0.89 1.940.13 1.68:£0.26 - - -
295  UGCO05215 19.91£1.43  2.840.21 15.1741.91 - - -
296 IC0565 16.28+1.42  2.240.21 20.88+3.52 - - -
297  UGC05244 1.61+0.29 0.2:£0.04 2.7+0.49 - - -
298  UGC05267 20.41+1.42  2.8+0.21 1.5140.27 - - -
209  NGC3021 9.6140.11 1.340.02 1.440.16 1.4 0.71£1379.17 -
300  UGCO05315 0.98£0.33 0.140.04 - - - -
301  UGC05320 7.11:+0.78 0.9£0.11 7.41£1.03 - - -
302 NGC3053 15.7940.6 2.240.09 3.13£0.42 - - -
303 NGC3043 12.07+£0.24  1.6+0.03 1.9440.33 - - -
304  NGC3060 15.9440.57  2.240.08 5.27+1.07
305  NGC3070 15.94+0.57  2.240.08 - - - -
306  UGCO05358 2.8840.63 0.5£0.11 2.1£0.81 - - -
307 UGC05359 21.56£2.56  3.0£0.38 23.77£3.0 - - -
308  NGC3075 16.4240.66  2.3+0.1 10.73+3.65 - - -
309  UGC05396 6.59+1.07 0.9£0.15 8.7241.24 - - -
310  SDSSJ100141.02+371447.4  0.23:£0.06 0.040.01 - - - -
311  NGC3106 11.48+£1.67  1.540.24 9.68+2.67 - - -
312 NGC3057 1.04£0.1 0.1£0.01 0.99+0.16 3.5 <0.1840.06* 4.3
313 UGC05481 31.11+1.81  4.4:40.27 12.0343.68 - - -
314  UGC05498NEDO1 15.31+£1.71  2.14+0.25 - - - -
315 UGC05499 16.95+1.1 2.3+0.16 13.7+1.44 - - -
316 I1C0598 0.3940.11 0.0£0.01 2.0 <0.05+0.02
317 NGC3153 5.08:£0.4 0.74+0.05 8.49+1.15 - - -
318  NGC3158 10.0£1.4 1.3+0.2 - - - -
319  NGC3160 33.74+£1.29  4.8+0.19 - - - -
320  UGC05520 4.61+0.37 0.6+0.05 9.86+1.01 - - -
321  UGC05529 7.334+1.23 1.040.17 9.9942.59
322 NGC3179 0.58£0.42 0.140.05 - - - -
323  NGC3182 1.68+0.13 0.2:£0.02 0.3740.03 3.3 0.5240.15 -
324 NGC3209 3.29:0.79 0.4%0.1 - - - -
325 UGC05597 8.61+1.15 1.140.16 9.36+3.39 - - -
326 UGC05598 15.06+£1.32  2.140.19 8.8841.74 - - -
327 UGC05604 5.96:£0.87 0.84+0.12 7.06+0.83 - - -
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328  NGC3230 0.76:0.21 0.140.03 - 3.4 <0.1£0.03 -
329  UGC05642 2.1740.21 0.3+0.03 1.76+0.3 - - -
330  NGC3237 9.16£1.7 1.240.24 - - - -
331 UGCO05657 32.39+1.82  4.6+0.27 - - - -
332 NGC3251 21.1241.14  2.940.17 6.92:0.69 - - -
333 UGC05680 4.76+1.21 0.6:£0.16 - - - -
334 UGCO05695 1.64:+0.34 0.2:£0.04 2.59+0.87
335  UGC05693 39.71£2.23  5.7+0.34 - - - -
336 UGCO05713 76.744+1.72 11.5+0.27 7.71£0.76 - - -
337  UGC05727 2.17+0.26 0.3+0.03 - - - -
338  UGC05760 10.48+0.49  1.4+0.07 2.06£0.17 - - -
339 NGC3300 1.54+0.23 0.2:0.03 - - - -
340  NGC3303 4.84:+1.07 0.6£0.15 5.12:£0.42 - - -
341  UGCO05771 5.8611.34 0.8+0.18 - - - -
342 NGC3304 15.06£1.65  2.140.24 - - - -
343 NGC3320 11.6140.26 1.640.04 4.2340.46 - - -
344  NGC3332 2.37+£0.69 0.3£0.09 - - - -
345  NGC3334 12.2341.56 1.64+0.22 - - - -
346 UGC05820 2.2840.37 0.3£0.05 1.3 2.7240.66
347  NGC3352 1.8740.68 0.240.09 - - - -
348 UGCO05855 43.17+£1.65  6.3+0.25 8.1941.12 - - -
349 UGC05859 2.21£0.77 0.3+0.1 - - - -
350 NGC3363 36.27+1.22  5.240.19 8.83+3.3 - - -
351  UGC05894 29.06+1.56  4.1+0.23 17.0945.8
352 1C0642 3.35:1.03 0.4:+£0.14 - - - -
353  NGC3381 4.2540.13 0.5:£0.02 2.08+0.27 - - -
354  UGC05924 8.11£2.08 1.140.29 11.2+3.38 - - -
355  NGC3395 8.11£2.08 1.1£0.29 2.81+0.33 1.5 0.3440.09 -
356 UGC05957 13.32:0.93 1.840.13 3.4740.21 - - -
357  NGC3419A 4.87+0.37 0.6+0.05 5.24+0.95 - - -
358  NGC3426 7.234+1.26 0.9+0.18 - - - -
359  NGC3415 10.8540.41 1.54+0.06 1.01+0.14 - - -
360 NGC3406NEDO1 10.8540.41 1.540.06 - - - -
361  UGC05990 0.56£0.06 0.140.01 0.67+0.22 - - -
362  NGC3440 1.4740.12 0.2:£0.01 3.8240.49 - - -
363  NGC3462 1.7240.97 0.2+0.13
364  UGC06036 5.86:£1.08 0.8+0.15 - - - -
365  NGC3468 2.8840.8 0.4£0.11 - - - -
366  UGC06062 0.45+0.1 0.140.01 - 2.0 <0.0540.02 -
367  UGC06063 15.89+1.64  2.2+0.24 7.99£1.13 - - -
368  NGC3471 45.940.21 6.7+0.03 0.9140.1 2.0 2.9941.19 -
369  NGC3488 6.28:£0.42 0.840.06 3.8240.44 - - -
370 UGC06104 0.4740.13 0.1£0.02 3.4540.46 - - -
371 UGC06106 20.17+£1.57  4.1£0.24 6.0240.88 - - -
372 UGCO06136 54.42+1.95  8.0+0.3 13.9641.01 - - -
373 UGC06148 23.21£1.56  3.2£0.23 - - - -
374 UGC06176 18.5+0.33 2.6+0.05 - 2.3 0.7440.21 -
375  NGC3540 18.5:40.33 2.6£0.05
376 UGC06199 13.8940.75 1.9:40.11 9.3441.17 - - -
377 UGC06207 73.69+2.81 11.0+0.45 - - - -
378  NGC3547 4.1440.13 0.54+0.02 1.3640.18 - - -
379  NGC3543 0.85:0.08 0.140.01 - - - -
380  UGC06219 36.45+1.72  5.2+0.26
381  1C0674 6.06:1.28 0.8+0.18 11.09+0.9 - - -
382  NGC3561 11.81:£4.04 1.64+0.58 - 1.1 12.99:43.22 -
383  UGC06256 1.2240.24 0.1£0.03 - - - -
384 1C0677 10.244+0.46  1.440.06 3.7£0.46 - - -
385  UGC06273 7.8141.34 1.040.19 - - - -
386 UGC06312 8.62+1.23 1.140.17 - - - -
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387  NGC3615 3.18+0.87 0.4£0.12 - - - -
388  NGC3614 6.7440.35 0.9£0.05 9.2340.47 - - -
389  NGC3610 0.91+£0.1 0.1£0.01 - 4.6 <0.05£0.02 -
390  UGC06332 8.751+1.47 1.240.21 - - - -
391  NGC3619 1.4240.11 0.240.01 0.8140.09 5.6 0.69+0.2 -
392 UGC06336 1.1940.71 0.1+0.09 - - - -
393  NGC3625 1.63+0.12 0.20.01 2.650.34
394  NGC3629 1.740.11 0.240.01 3.150.38 - - -
395  UGCO06355 1.740.11 0.2£0.01 2.3240.4 - - -
396  CGCG126-035 2.0440.94 0.2£0.12 - - - -
397 UGC06380 17.38+1.44  2.440.21 - - - -
398  UGC06383 0.4240.15 0.0£0.02 2.1440.3 - - -
399  NGC3649 21.67+£0.78  3.0£0.11 4.1141.16 - - -
400  NGC3642 2.8440.11 0.4:£0.01 10.4941.17 - - -
401 1C2763 0.44:£0.07 0.040.01 0.33£0.07 - - -
402 NGC3648 0.2140.06 0.0£0.01 - 2.0 <0.0340.01 -
403 NGC3650 3.2+0.56 0.4+0.07 - - - -
404  NGC3652 8.87+0.18 1.240.03 2.87+0.35 - - -
405  UGC06397 22.65+1.22  3.2+0.18 2.82+0.66
406 NGC3656 13.8940.28 1.9:4£0.04 2.1240.33 3.0 6.86::2850.03 -
407 UGC06414 10.2441.99 1.440.28 9.861+1.91 - - -
408  NGC3668 18.294£0.45  2.540.07 2.1+0.28 - - -
409 UGC06433 5.75:0.18 0.74+0.02 1.21£0.1 - - -
410  NGC3674 0.16£0.06 0.0£0.01 2.9 0.0240.04
411 UGC06455 0.10.03 0.040.0 - - - -
412 NGC3683 38.52+0.09  5.6:0.01 1.240.15 - - -
413 NGC3682 6.66£0.07 0.940.01 0.28:£0.04 1.5 0.63£0.16 -
414  NGC3687 4.4+0.31 0.6+0.04 2.63+0.45 - - -
415 NGC3697 21.64+1.89  3.0+0.28 24.71+3.56 - - -
416 NGC3683A 7.994+0.29 1.1£0.04 5.37+0.56 - - -
417 NGC3712 7.9940.29 1.140.04 1.02:£0.08 - - -
418 NGC3752 3.13+0.13 0.440.02 0.59:£0.05 1.5 0.26:£0.08 -
419 UGC06526 2.5740.14 0.3£0.02 0.5140.13 - - -
420 NGC3728 6.8+1.29 0.9+0.18 8.17+0.63 - - -
421 NGC3725 17.614£0.43  2.440.06 2.34+0.29 - - -
422 UGC06545 12.45:0.28 1.740.04 0.4140.09
423 UGC06588 2.51+0.55 0.3+0.07 3.240.46 - - -
424  NGC3762 1.38+0.23 0.2:£0.03 - - - -
425  NGC3772 1.3840.23 0.24+0.03 - - - -
426 NGC3753 30.02+1.45  4.3:+0.22 - 2.3 <5.96£1.79 -
427 UGC06617 1.54:40.49 0.2:£0.06 - - - -
428  NGC3780 17.2240.32  2.4+0.05 5.374+0.55 - - -
429  NGC3786 17.224£0.32  2.440.05 5.04:£0.66 - - -
430 NGC3800 46.69+£0.52  6.8+£0.08 2.7240.47 1.6 5.87£7186.27 -
431 NGC3798 12.8640.49 1.740.07 1.63+0.37 1.8 2.2440.65 -
432 NGC3801 4.4740.45 0.6:£0.06 2.05+0.32 6.0 3.2941.28 -
433 NGC3805 8.1241.14 1.140.16 - - - -
434 NGC3812 1.64:+0.33 0.2:£0.04
435  NGC3809 1.6£0.24 0.24+0.03 3.75+1.17 - - -
436 NGC3811 23.78+0.48  3.3+0.07 7.88£0.46 - - -
437  NGC3815 11.03£0.57  1.520.08 6.0642.03 - - -
438 UGC06653 19.67+£0.44  2.7+0.06 0.7240.11 1.3 1.29:0.38 -
439  NGC3816 0.1240.12 0.0£0.01
440  NGC3825 10.914+1.75 1.5£0.25 2.79+0.77 - - -
441 UGC06677 5.73+1.52 0.7£0.21 - - - -
442 1C2951 1.88+0.85 0.240.11 - - - -
443 NGC3832 60.91+£2.59  9.0+0.41 29.26+7.11 1.7 14.88+3.78 -
444  UGC06697 63.84+2.29  9.5+0.36 8.8+1.34 2.1 10.41£2.78 -
445  NGC3842 2.78+1.0 0.3+0.13 - 2.5 - -
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446 NGC3853 0.88::0.26 0.140.03 - - - -
447 NGC3862 5.3610.92 0.7+0.13 - 2.8 0.9840.32 -
448 NGC3867 0.88£0.65 0.140.08 - - - -
449  NGC3869 1.67:£0.26 0.2:£0.03 - - - -
450  NGC3872 1.1£0.27 0.1+0.03 - - - -
451  NGC3884 24.16£2.06  3.4+0.31 6.57+0.85 1.6 5.48:+1.59 -
452 NGC3883 5.6440.93 0.7+0.13 27.02+8.81 2.4 4.97+1.6
453  NGC3886 0.46£0.36 0.14+0.04 - - - -
454  UGC06758 5.0940.42 0.7:£0.06 2.93+0.23 - - -
455  NGC3888 26.75+£0.24  3.8£0.04 3.66£0.53 2.7 4.13+£1768.88 -
456 NGC3891 58.88+1.85  8.7+0.29 29.02+3.71 - - -
457  UGCO06774 1.28+0.16 0.20.02 1.94:+0.31 - - -
458  NGC3897 35.2:1.82 5.0+0.28 58.99419.19 - - -
459  UGC06791 0.63+0.13 0.1£0.02 0.86£0.2 - - -
460  UGC06794 3.89:0.41 0.54+0.05 3.04£0.59 - - -
461 NGC3910 2.8341.0 0.4:+0.13 - - - -
462  NGC3899 9.63+£0.13 1.3£0.02 0.98+0.22 - - -
463  NGC3916 25.64+1.15  3.6£0.17 - - - -
464  NGC3921 37.441.09 5.4+0.17 9.1243.21
465  UGC06845 27.38+£1.47  3.9+0.22 4.85£0.75 - - -
466  NGC3937 3.5740.94 0.4+0.13 - - - -
467  NGC3944 0.11:£0.09 0.040.01 - - - -
468 NGC3947 45.72+1.74  6.7+£0.27 11.842.4 1.3 6.2441.66 -
469  1C2973 4.1740.38 0.50.05 3.7940.44
470 NGC3958 1.3440.28 0.2:£0.04 2.26£0.29 - - -
471 UGC06891 19.3+1.51 2.740.22 14.6742.1 - - -
472 NGC3968 62.67+£2.81  9.3+0.44 45.5£6.91 - - -
473 UGC06905 9.95+1.31 1.34+0.19 8.1842.34 - - -
474  NGC3987 68.23+1.07  10.240.17 8.3441.16 1.6 24.25+13327.85 -
475 NGC3991 28.39+0.45  4.0£0.07 8.624+2.22 1.2 0.65+0.24 -
476 NGC3994 36.89+0.41  5.3+0.06 - 2.4 2.1540.95 -
477 NGC3993 10.3940.86 1.4:£0.12 5.6£1.02 - - -
478 NGC3995 37.88+0.6 5.5:£0.09 15.734+2.43 7.5 8.4143.33 -
479 NGC4003 15.63+1.36  2.140.2 - - - -
480  NGC4002 3.35:0.59 0.4+0.08 - - - -
481  NGC4008 0.9740.34 0.1:£0.04
482  NGC4012 5.12:0.61 0.74+0.08 6.62:0.98 - - -
483  NGC4018 38.78+0.78  5.6:+0.12 8.67+1.85 - - -
484  NGC4015NEDO1 3.5+0.29 0.4+0.04 - - - -
485  NGC4017 29.8240.6 4.2:£0.09 12.1:£3.86 1.4 2.1540.57 -
486  UGCO07012 3.7+0.33 0.5:£0.04 5.96+£0.76 - - -
487  UGC07017 31.9:0.43 4.5+0.06 4.5541.4 1.3 2.2540.74 -
488  UGC07016 72.79+2.12 10.9+0.34 - - - -
489  NGC4047 41.41£0.46  6.0£0.07 3.6240.45 - - -
490  UGC07031 3.1940.49 0.4:£0.07 4.06£0.65 - - -
491 UGCO07041 0.4140.11 0.0£0.01 3.64:£0.64 - - -
492 SDSSJ120353.51+252556.6  3.36+0.36 0.440.05 - - - -
493 NGC4070 5.06+1.32 0.6+0.18
494  NGC4078 0.36:0.12 0.040.01 - 1.8 <0.05:£0.02 -
495  UGCO07082 13.4641.66 1.840.24 - - - -
496 UGC07100 10.3440.74 1.440.11 7.78+1.24 - - -
497  NGC4131 0.22:+£0.14 0.040.02 0.95:£0.37 - - -
498  NGC4134 12.83+0.72 1.740.1 11.5142.26 1.6 1.92:+0.58
499 UGCO07141 8.97+1.26 1.24£0.18 27.8948.71 - - -
500 UGCO07145 9.45+1.52 1.34+0.21 - - - -
501  NGC4148 14.05£1.35 1.940.2 - - - -
502 NGC4149 10.05+0.29  1.3+0.04 - - - -
503  NGC4155 1.09+0.65 0.1+£0.08 - - - -
504  UGC07180 11.754£1.24  1.64+0.18 - - - -
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505  UGC07179 17.59+0.2 2.4:£0.03 - - - -
506  NGC4158 4.9940.27 0.6:£0.04 2.4240.27 1.6 1.14+0.31 -
507 1C0768 2.42+0.5 0.3+0.06 6.3+0.75 - - -
508 NGC4162 16.984+0.38  2.310.06 6.3740.88 1.7 2.9840.73 -
509 NGC4168 0.28£0.09 0.040.01 - 6.0 <0.08+0.11 -
510  NGC4169 3.65:£0.51 0.5+0.07 3.01£0.86 - - -
511  NGC4175 65.75+£0.59  9.8+0.09 3.5940.82 1.3 9.8442.33
512 1C0769 3.13+0.27 0.4:£0.04 2.81£0.24 1.8 <0.29:0.08 -
513  NGC4180 15.0240.2 2.0£0.03 0.76£0.22 - - -
514 1C3046 13.0£1.92 1.840.28 27.4443.8 - - -
515  NGC4185 13.1740.83  1.8+0.12 9.71£3.58 - - -
516  NGC4191 0.3940.12 0.0£0.01 - 1.9 <0.08+0.05 -
517 NGC4200 0.26£0.09 0.040.01 - - - -
518  NGC4210 6.7440.3 0.9:£0.04 1.48+0.12 - - -
519  UGC07270 48.84£1.64  7.1£0.25 11.6942.27 - - -
520 NGC4211NEDO2 49.71+£1.67  7.3+0.26 - - - -
521  NGC4213 0.54:£0.46 0.1+0.06 - - - -
522 UGC07286 42.23+1.99  6.1£0.31 4.8+1.68 1.3 <5.61+1.54 -
523  NGC4227 2.8440.83 0.4£0.11
524  NGC4238 4.1+0.27 0.5£0.04 3.1640.41 - - -
525 ~ NGC4233 0.86£0.14 0.1£0.02 - 4.4 <0.03+0.1 -
526  2MASXJ12170922+1227142  0.95+0.18 0.1+0.02 - - - -
527  NGC4256 5.43:0.28 0.74+0.04 1.7940.11 - - -
528  ICO776 1.01+0.2 0.1£0.03 3.7240.47 1.4 <1.02:+0.28* 4.3
529  UGC07358 8.57£0.54 1.1£0.08 4.2840.6 - - -
530  UGCO07367 1.3+0.26 0.2:£0.03 - - - -
531  NGC4272 0.23:£0.22 0.0+0.03 - - - -
532  NGC4284 7.56:£0.63 1.040.09 10.3441.17 - - -
533  NGC4290 44.4740.3 6.50.05 3.5940.27 - - -
534  UGC07416 43.26+£1.94  6.3+0.3 15.4142.32 - - -
535  1C3203 6.85+1.36 0.9+0.19 11.414£1.72 - - -
536 NGC4305 6.85::1.36 0.94+0.19 - - - -
537  NGC4306 0.0940.04 0.0£0.0 - - - -
538  NGC4351 3.17+£0.25 0.4+0.03 1.1140.13 - - -
539  NGC4352 0.25+0.1 0.0£0.01 - 3.0 <0.01£0.05 -
540  IC3300 15.62+1.43  2.140.21 5.67+£1.73
541 IC3305 0.08:£0.04 0.040.0 - - - -
542  NGC4383 20.57+0.13  4.2:40.02 4.1941.31 1.7 0.514+1986.56 -
543  NGC4405 4.4+0.13 0.640.02 0.17£0.02 1.5 0.85:£0.23 -
544 IC3376 23.86+£1.66  3.3+0.25 7.04+2.68 - - -
545  NGC4450 7.9740.29 1.040.04 0.8340.31 3.5 3.9+0.95 -
546 1C3392 4.13+0.13 0.540.02 0.19:0.03 - - -
547  IC0796 1.63+0.08 0.2:£0.01 0.0440.01 - - -
548  NGC4470 8.88:£0.24 1.240.03 2.01£0.22 1.3 1.53£0.4% 1.7
549  NGC4475 17.194£1.92  2.440.28 12.8741.62 1.4 6.021.82 -
550 NGC4474 0.1940.05 0.040.01 - 3.4 <0.04+0.03 -
551  NGC4476 1.44:0.12 0.2£0.01 - 2.8 0.674+1224.35 -
552  NGC4500 50.47+0.34  7.4:£0.05 4.2340.5
553  NGC4495 62.1:£0.84 9.2+0.13 16.47+3.88 - - -
554  1C3453 0.6:+£0.16 0.1£0.02 0.6740.17 - - -
555  1C0797 2.9140.19 0.410.02 0.84:£0.13 - - -
556 1C0800 3.03£0.22 0.4+0.03 0.36£0.04 - - -
557  NGC4545 9.4140.3 1.240.04 5.1740.3
558  UGC07740 20.83£2.24  2.9+0.33 - - - -
559  NGC4555 3.7540.96 0.5+0.13 - - - -
560 NGC4556 1.4140.68 0.240.09 - - - -
561  NGC4570 0.77£0.12 0.1£0.01 - 5.4 <0.0+0.0 -
562  IC3598 7.9+1.38 1.040.19 2.63+0.38 1.3 <1.741.62 -
563  NGC4578 1.42:+0.34 0.2:£0.04 - 6.8 <0.16+0.14 -
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564  UGC07799 46.53+£1.88  6.8£0.29 - - - -
565 NGC4584 0.8340.09 0.1£0.01 - - - -
566  NGC4598 0.25::0.12 0.0£0.01 - - - -
567  UGC07848 1.08:£0.19 0.1:£0.02 2.36£0.27 - - -
568  NGC4612 0.39:£0.09 0.040.01 - 4.8 <0.06+0.02 -
569  NGC4644 9.77+0.77 1.340.11 5.84:£0.94 - - -
570  NGC4644B 8.4540.62 1.140.09
571  NGC4641 1.3240.13 0.240.02 0.160.06 - - -
572 I1C3704 87.61+2.95 13.34£0.47  31.124+3.68 1.2 7.0942.1 -
573 UGC07904 4.71£0.64 0.60.09 - - - -
574  UGC07922 13.88+0.59  1.9+0.09 13.31+1.94 - - -
575 ~ NGC4675 47.03+£0.63  6.9+0.1 5.08+0.74 - - -
576 UGC07941 0.15:£0.04 0.040.0 4.64:0.82 1.9 <0.36£0.1 -
577  NGC4676A 103.23+1.62  15.84+0.26 - 2.8 6.3842956.07 -
578  NGC4686 15.994£0.79  2.240.11 - - - -
579  UGC07959 0.3540.32 0.0:£0.04 - - - -
580 NGC4711 13.59+0.64 1.8£0.09 5.3£1.66 - - -
581  UGC08004 3.5140.91 0.4£0.12 11.09£1.55 1.4 <1.07+1.03 -
582  NGC4746 15.134£0.17  2.140.02 2.67+£0.42 2.4 1.38+2954.35
583  NGC4779 20.39+£0.37  2.8+0.05 3.74+0.65 - - -
584  UGC08025 10.76£1.2 1.440.17 14.6442.75 1.4 <1.33+1.28 -
585  UGC08040 12.41£0.17  1.740.02 3.03£0.45 - - -
586  NGC4795 0.71£0.19 0.1£0.02 0.8440.11 - - -
587  1C0836 18.814£0.21  2.640.03
588  NGC4816 1.7340.72 0.240.09 - - - -
589  NGC4841A 3.88+1.18 0.5+0.16 - - - -
590  NGC4846 14.0340.66 1.940.1 8.56£2.06 1.9 0.89+0.27 -
591  NGC4859 3.39+1.12 0.4£0.15 - - - -
592  NGC4874 2.3341.49 0.3£0.2 - - - -
593  UGC08107 58.69+2.24  8.7+0.35 - - - -
594  NGC4892 1.04:+0.41 0.1£0.05 - 1.2 <0.724+0.69 -
595  NGC4895 5.46:£1.42 0.7£0.19 - - - -
596  UGCO08119 12.9:+1.99 1.740.29 - - - -
597 1C0843 5.92+1.25 0.840.17 - - - -
598  1C4088 20.89+1.59  2.9+0.23 11.1741.6 1.3 2.56£1.06 -
599  NGC4931 1.14:+0.38 0.1£0.05
600  NGC4944 1.8540.66 0.240.09 - - - -
601  NGC4952 2.8340.66 0.4:£0.09 - - - -
602  NGC4956 2.81+0.51 0.3+0.07 - - - -
603  NGC4961 6.53£0.23 0.8+0.03 5.14+0.57 1.4 <1.0240.28* 1.7
604  NGC4978 1.44+0.56 0.2:0.07 - - - -
605  1C4202 22.79+1.89  3.240.28 10.57+1.88 - - -
606  UGC08231 1.62+0.17 0.2:0.02 - - - -
607  UGC08234 6.39+1.31 0.8+0.18 - - - -
608  NGC5000 34.93+1.02  5.0+0.15 8.114£1.79 1.4 3.1640.74% 0.8
609  UGC08250 8.7540.8 1.240.11 5.95+0.98 - - -
610  UGC08267 36.04+1.54  5.240.23 - - - -
611  NGC5016 10.69:£0.34 1.440.05 3.5610.41 1.5 1.39+0.33*% 0.7
612 NGC5029 3.1241.15 0.4£0.15 - - - -
613  UGC08322 9.75+1.59 1.34+0.22 2.06£0.41 - - -
614  NGC5056 38.86£1.05  5.6£0.16 15.3241.91 1.4 2.33+0.94 -
615  1C4215 7.7840.51 1.040.07 0.4+0.07 - - -
616  NGC5057 0.4840.25 0.1£0.03
617  NGC5081 20.61£2.12  2.9+0.31 20.68+2.93 1.5 8.4:£2.28 -
618  ICO0881 1.93+0.61 0.2:£0.08 - - - -
619  1C4225 3.71£0.64 0.5+0.09 - - - -
620 NGC5127 1.3+0.4 0.2:£0.05 - 5.4 0.4240.11 -
621  NGC5125 47.35+£2.02  6.9+0.31 11.03+1.76 - - -
622 NGC5129 4.4241.03 0.6:£0.14 - - - -
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623  UGC08451 8.0+1.04 1.140.14 8.3441.01 - - -
624  NGC5157 3.3840.86 0.4£0.11 4.53+1.23 - - -
625 UGC08457 30.84£1.18  4.4:£0.18 7.01£1.15 - - -
626 NGC5169 2.3240.19 0.3£0.02 3.6940.55 - - -
627 NGC5166 18.64+£0.79  2.6+0.12 2.46+0.75 - - -
628  2MASXJ13283353+4655382  0.63+0.15 0.140.02 2.0540.29 - - -
629 NGC5165 5.95+1.14 0.8+0.16
630 NGC5205 2.14:+0.1 0.3+0.01 2.9540.31 - - -
631  NGC5198 0.6140.14 0.1£0.02 - 4.0 <0.0£0.0 -
632  UGC08498 23.49£1.95  3.3£0.29 36.12+11.74 1.7 9.9+2.68 -
633  NGC5216 0.68+0.13 0.1£0.02 1.940.24 - - -
634  NGC5218 65.87+0.15  9.8+0.02 1.71+0.2 2.0 11.13£2.92% 1.2
635 NGC5207 20.8442.21  4.240.33 23.2943.01 - - -
636  NGC5208 16.19+1.34  2.240.2 - - - -
637  NGC5210 16.39£1.54  2.240.22 2.29+0.76 - - -
638  UGC08539 20.22+2.03  4.1+0.31 17.3746.09 - - -
639 NGC5223 2.8+0.88 0.3£0.12 - - - -
640  1C0900 64.0142.3 9.5+0.36 19.514£2.17 - - -
641  NGC5222NEDO1 4.8740.69 0.6:£0.09 8.1740.89
642  UGC08564 3.02:0.69 0.440.09 - - - -
643  NGC5233 6.59+1.38 0.9+0.19 - - - -
644  NGC5240 2.05:£0.19 0.24+0.02 1.2440.16 - - -
645  1C0902 2.84:£0.09 0.440.01 0.8£0.11 - - -
646  NGC5250 0.7540.29 0.1£0.04
647  UGC08600 1.5840.69 0.240.09 - - - -
648  NGC5249 10.53£1.72 1.440.24 - - - -
649  UGC08633 16.07+£1.94  2.24+0.28 10.2941.81 - - -
650 NGC5263 78.72+0.88 11.840.14  10.33+3.35 - - -
651  NGC5267 13.92+1.15 1.940.17 1.38+0.25 - - -
652  UGC08662 0.2+0.06 0.040.01 0.57+0.1 - - -
653  NGC5289 2.9340.19 0.4:+0.03 2.4540.3 - - -
654  NGC5308 0.54:£0.09 0.140.01 0.180.06 4.7 <0.0+£0.0 -
655 UGC08726 0.5440.09 0.1£0.01 2.1540.31 - - -
656  NGC5305 6.93+1.1 0.9+0.15 4.61£0.34 - - -
657  UGC08733 1.36+0.16 0.240.02 5.24:£0.25 - - -
658  UGCO08739 95.95+1.08 14.6+0.17 13.05+1.6 4.0 19.9447.66
659  NGC5320 9.95:£0.33 1.3£0.05 8.09£0.89 - - -
660 NGC5318NEDO1 4.4£0.5 0.6:£0.07 - - - -
661  1C4336 5.68£0.22 0.74+0.03 - - - -
662 NGC5326 1.9940.21 0.24+0.03 0.63+0.05 - - -
663  1C0944 39.38+1.68  5.7+0.26 7.2440.98 - - -
664  UGC08778 2.21+0.27 0.3£0.04 1.4240.2 - - -
665 UGC08781 11.65£2.0 1.640.29 4.4440.96 - - -
666  UGC08794 46.85+£2.42  6.8+0.37 13.6242.11 - - -
667  NGC5349 39.2240.97  5.7+0.15 - - - -
668  UGC08806 11.240.4 1.540.06 8.5441.04 - - -
669  NGC5347 50.1:£0.22 7.340.03 3.5241.14 1.9 0.3140.14 -
670  NGC5350 25.66+£0.29  3.6:£0.04 6.574+0.29 6.6 4.7441.27
671  NGC5353 1.7540.15 0.240.02 3.26£1.02 3.2 0.2440.12 -
672  NGC5376 6.5940.16 0.9:£0.02 0.5440.04 - - -
673  NGC5379 1.7240.08 0.240.01 1.2140.1 2.9 0.4240.12 -
674  1C0959 8.32:+1.32 1.1+0.18 9.9+1.27 - - -
675  UGC08858 31.31+£0.98  4.5+0.15
676  NGC5378 1.2540.24 0.1:£0.03 2.53£1.04 - - -
677  UGCO8873 13.25:£1.95 1.840.28 15.2542.35 - - -
678  UGC08881 28.78+1.42  4.1+0.21 - - - -
679  NGC5402 9.45:+0.25 1.340.04 1.9940.29 - - -
680 NGC5394 118.554+1.06  18.240.17  11.6640.92 5.6 6.1842.2 -
681  UGC08896 9.27+£0.54 1.240.08 7.72£2.34 - - -
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682  UGC08902 77.69+1.74  11.7+0.28 - - - -
683  NGC5401 77.69+1.74 11.740.28 - - - -
684  NGC5406 30.88+1.32  4.4+0.2 20.8+£4.32 - - -
685 NGC5425 2.1140.16 0.3£0.02 2.2340.3 - - -
686 NGC5421NED02 2.1140.16 0.3£0.02 - - - -
687  NGC5409 13.254+1.54  1.840.22 12.7+3.74 - - -
688  NGC5439 1.49+0.08 0.240.01 1.8 0.2540.07
689  NGC5411 1.8640.42 0.240.05 - - - -
690 NGC5443 2.6740.13 0.3£0.02 0.8240.08 - - -
691  NGC5417 7.24:0.83 0.9£0.11 1.01+0.14 - - -
692  NGC5433 115.1740.52  17.7+0.08 6.854+1.47 2.0 2.0240.42 -
693  UGC08955 2.1940.39 0.3£0.05 3.3940.68 - - -
694  UGC08960 19.82+£1.07  2.7+0.16 - - - -
695 NGC5423 0.3940.28 0.0:£0.03 - - - -
696  NGC5448 7.42+40.2 1.0£0.03 5.18+0.27 - - -
697  UGC08988 0.2:£0.04 0.0£0.01 0.66£0.17 - - -
698  NGC5444 1.2440.31 0.1+0.04 - - - -
699  NGC5434B 39.05+£1.05  5.6+0.16 17.2242.69 1.3 4.2741.01 -
700  NGC5445 0.8140.25 0.1£0.03
701 NGC5436 2.39+0.67 0.3+0.09 - - - -
702 UGC08984 0.2:£0.14 0.0£0.02 - - - -
703 NGC5473 0.77+£0.1 0.140.01 0.18£0.06 4.9 0.01£0.07 -
704  NGC5454 1.374+0.68 0.24+0.09 - - - -
705  NGC5475 0.3540.06 0.0£0.01 2.5 <0.04+0.03
706 UGC09014 9.57£0.43 1.3£0.06 1.0340.13 - - -
707 NGC5480 15.76£0.14  2.240.02 1.59:+0.18 - - -
708  NGC5485 0.94+0.11 0.1£0.01 0.940.32 4.5 <0.02:+0.06 -
709 NGC5482 2.22+0.63 0.3+0.08 - - - -
710 NGC5490 2.0740.48 0.3+0.06 - 4.6 <2.454+0.74 -
711 UGC09071 0.68+0.11 0.140.01 0.8240.11 - - -
712 NGC5492 5.0440.17 0.6:£0.02 3.8340.8 - - -
713 UGC09080 1.1940.21 0.1:£0.03 - - - -
714 UGC09067 41.58+1.77  6.0£0.27 9.6:£1.23 - - -
715 NGC5520 8.26£0.13 1.1£0.02 1.3540.1 - - -
716  NGC5513 1.88+0.47 0.2+0.06 - - - -
717 UGC09110 15.154£0.68  2.140.1 8.3142.82
718 UGC09113 8.67£0.29 1.1£0.04 7.9942.1 - - -
719  NGC5519 38.19+1.63  5.5+0.25 14.754+2.46 - - -
720 NGC5522 35.46£0.64  5.1£0.1 9.15£2.89 - - -
721 UGC09117 10.5640.71 1.440.1 16.16£2.01 - - -
722 UGC09121 6.6240.71 0.9£0.1 8.7+1.13 - - -
723 NGC5525 6.06:£0.68 0.840.09 - - - -
724  NGC5533 25.79+0.64  3.6:£0.09 19.53+1.53 - - -
725 1C0995 2.46£0.26 0.3+0.03 2.82+0.52 - - -
726 NGC5532 9.05+1.27 1.240.18 - - - -
727 NGC5546 1.92+1.07 0.2+0.14 - - - -
728 1C0994 4.02+0.92 0.5£0.12 - - - -
729  NGC5557 2.3240.29 0.3£0.04 4.5 <0.16+0.05
730 NGC5549 4.28+0.94 0.5+0.13 - - - -
731 UGC09165 73.77+£0.83  11.0£0.13 3.77£0.6 1.2 9.154+2.12 -
732 NGC5559 27.724£0.81  3.9+0.12 6.5740.87 1.2 6.3941.49 -
733 UGC09182 17.9740.77  2.540.11 17.2842.98 - - -
734 NGC5580 0.3340.12 0.0£0.01
735 UGC09199 20.84£1.49  2.9:+0.22 8.7+1.43 - - -
736 NGC5587 2.0240.16 0.2:£0.02 3.06+1.13 - - -
737 NGC5602 0.16:£0.05 0.040.01 - - - -
738  NGC5598 1.374+0.26 0.2+0.03 - - - -
739 NGC5611 0.1£0.04 0.0£0.0 - 1.9 <0.05+0.03 -
740  NGC5614 23.3240.63  3.3£0.09 3.0240.45 - - -
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741 NGC5616 117.8742.64  18.1£0.43  35.5246.13 - - -
742 NGC5610 157.184+0.71  24.6+0.12 4.6940.68 1.4 1.55:+0.25 -
743 NGC5622 8.36:£0.45 1.1£0.06 4.99+0.63 1.5 0.880.33 -
744  NGC5631 1.15:0.12 0.1:£0.02 0.8540.26 3.2 0.0240.05 -
745  UGC09253 5.85:£0.43 0.8+0.06 4.31£0.66 - - -
746 NGC5623 1.0540.22 0.1+0.03 - - - -
747 UGC09262 108.974+1.96  16.7+0.32
748  NGC5633 17.840.2 2.5+0.03 2.85+0.35 1.8 1.72:4£0.4% 0.7
749  NGC5630 8.6140.21 1.140.03 3.4:+0.47 - - -
750  NGC5635 9.88+0.6 1.3£0.08 11.17+3.37 - - -
751 UGC09291 4.12+0.31 0.5+0.04 3.71£0.23 - - -
752 NGC5642 0.6340.2 0.1£0.02 - - - -
753  NGC5656 27.88+£0.31  3.9+0.05 3.43£0.35 - - -
754  NGC5657 26.36+£0.41  3.7+0.06 5.77+1.29 - - -
755  NGC5659 10.98+0.57  1.54+0.08 3.7+0.54 - - -
756 NGC5665 38.05+£0.17  5.5:0.03 1.84:+0.24 6.9 11.4644.54 -
757  NGC5675 11.8840.45 1.640.06 - - - -
758  NGC5682 1.974+0.15 0.2:£0.02 1.21:+0.18 - - -
759  NGC5687 0.3+0.08 0.0£0.01 3.9 0.1£0.07
760  NGC5689 1.6640.13 0.240.02 0.57+0.1 - - -
761  NGC5684 1.29:0.26 0.2:£0.03 - - - -
762 UGC09401 14.0440.94 1.940.14 4.46£0.63 - - -
763  NGC5714 6.5+0.19 0.8+0.03 5.6+0.61 - - -
764  NGC5720 15.96+£1.68  2.240.24 33.26+4.01
765  UGC09448 0.99+0.11 0.1£0.01 1.84:£0.12 - - -
766  NGC5730 5.7610.22 0.7:£0.03 6.1240.77 - - -
767  NGC5731 2.86£0.19 0.440.02 3.06£0.82 - - -
768 NGC5732 7.27+0.34 1.0£0.05 - - - -
769  UGC09476 10.87+0.37  1.540.05 4.5140.48 - - -
770 NGC5739 7.0140.69 0.9+0.1 - - - -
771 NGC5735 12.55:£0.48 1.740.07 9.3443.51 - - -
772 UGC09492 1.2540.7 0.140.09 - - - -
773 UGC09518 1.78+0.62 0.2:£0.08 - - - -
774 UGC09537 38.92+1.44  5.6+0.22 57.71£9.58 - - -
775 UGC09542 14.594£0.75  2.040.11 10.3141.43 - - -
776 UGC09539 1.33+0.35 0.2:£0.04
777 NGC5772 15.640.7 2.140.1 6.77+0.55 1.8 1.2840.56* 0.9
778  NGC5784 19.134£0.69  2.640.1 - - - -
779 UGC09598 8.28£0.74 1.1£0.1 5.17+£0.76 - - -
780  NGC5797 1.340.18 0.2:£0.02 - - - -
781  IC1079 1.05+0.76 0.1£0.1 - - - -
782 UGC09629 4.9441.02 0.6:£0.14 - - - -
783 UGC09665 11.2440.2 1.540.03 6.031+0.83 - - -
784  NGC5829 24.77+£1.11  3.5£0.17 19.3442.28 3.1 8.4142.49% 1.5
785  UGC09711 44.98+1.72  6.5+0.26 - - - -
786 1C4534 44.98£1.72  6.5£0.26 - - - -
787  NGC5876 2.86+£0.31 0.4:£0.04 1.7140.14 - - -
788  UGC09759 8.2840.3 1.140.04 6.6540.91
789 NGC5888 29.06£1.95  4.1£0.29 - - - -
790  UGC09777 16.994£0.57  2.310.08 9.3241.09 - - -
791 NGC5908 55.7£0.38 8.20.06 21.84+1.19 - - -
792 UGC09842 109.2+1.96  16.7+0.32 - - - -
793 UGC09849 0.8740.19 0.1£0.02 4.7840.62
794 NGC5928 1.4940.3 0.2:£0.04 - - - -
795  NGC5930 101.3:£0.23 15.5:£0.04 1.06:£0.33 5.7 3.97+1.67* 5.0
796  NGC5934 32.35+£0.58  4.6£0.09 - - - -
797 UGC09873 11.39£0.54  1.540.08 7.4441.1 - - -
798  UGC09892 8.0£0.66 1.140.09 - - - -
799 NGC5951 2.93+0.11 0.4£0.01 2.74:£0.26 - - -
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My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
800  UGC09901 0.91£0.21 0.140.03 3.1140.51 - - -
801  NGC5953 35.2840.16  5.1:£0.02 1.2340.3 5.6 4.3£1.71 -
802  ARP220 1554.3+£0.0  277.94£0.0  27.01£7.71 5.2 18.59+6.49 -
803  NGC5957 0.5440.1 0.1£0.01 3.1540.86 2.6 0.9340.23* 0.8
804  NGC5971 1.240.16 0.1+0.02 - - - -
805  UGC09919 4.44+0.27 0.6+0.04 2.7240.5 - - -
806  NGC5966 1.56+£0.32 0.2:£0.04
807  1C4566 15.9740.68  2.240.1 2.5240.2 - - -
808  UGC09937 1.63+0.27 0.2:£0.03 - - - -
809  NGC5987 3.6+0.27 0.5+0.04 6.85:£0.49 - - -
810  NGC5980 63.0+£0.57 9.3+0.09 6.46£2.09 - - -
811  UGC10043 5.1240.14 0.7+0.02 5.11£0.93 - - -
812 UGC10042 10.58+0.69 1.440.1 5.060.82 - - -
813  NGC6004 22.2440.65  3.1+0.1 2.4:+0.29 - - -
814  UGC10097 3.51:£0.48 0.440.06 - - - -
815  NGC6020 0.8740.24 0.1:£0.03 - - - -
816  NGC6021 1.6240.44 0.2+0.06 - - - -
817  IC1151 4.53+0.21 0.6+0.03 3.46+0.53 - - -
818  UGC10123 24.23+0.27  3.4+0.04 3.9540.85
819  NGC6027 12.56£1.49 1.740.21 - - - -
820 NGC6032 14.774£0.7 2.0£0.1 7.1441.4 - - -
821  NGC6060 49.65%1.0 7.3£0.16 25.75£3.25 - - -
822  UGC10205 19.38+1.35  2.7+0.2 9.66+:1.16 - - -
823  NGC6063 3.9940.38 0.50.05 3.4140.43
824  IC1199 17.23£0.89  2.440.13 - - - -
825  UGC10257 5.6740.32 0.7:£0.04 5.3540.8 - - -
826  NGC6081 7.38£0.79 1.0£0.11 - - - -
827  UGC10297 1.42:+0.17 0.2:£0.02 1.78:£0.49 - - -
828  UGC10331 32.47+0.36  4.6+0.06 5.4240.37 - - -
829  NGC6125 2.05+0.3 0.2+0.04 - - - -
830  UGC10337 21.92+2.5 3.1£0.37 12.55+1.7 - - -
831  NGC6132 14.940.93 2.0£0.14 10.23£1.36 - - -
832  NGC6146 7.3+1.59 1.040.22 - - - -
833  NGC6154 1.4£0.74 0.2+0.09 8.9441.01 - - -
834  UGC10380 20.68+£2.27  2.9+0.33 18.3943.17 - - -
835  NGC6150 1.85+1.02 0.2+0.13
836  NGC6155 13.240.15 1.8£0.02 1.13:£0.09 - - -
837  UGC10384 49.94+1.01 7.3+0.16 8.07+1.26 - - -
838  UGC10388 0.29+0.21 0.040.02 2.76£0.43 - - -
839  NGC6166NEDO1 6.68+1.44 0.9:£0.2 - - - -
840 NGC6173 2.7440.95 0.3+0.13 - - - -
841  NGC6168 8.35:£0.74 1.4£0.13 2.66+0.38 - - -
842  NGC6186 25.79+0.35  3.6+0.05 0.96£0.11 - - -
843  UGC10650 3.36£0.29 0.40.04 1.88+0.24 - - -
844  NGC6278 1.02:£0.2 0.1:£0.02 0.4740.16 3.1 <0.08+0.03 -
845  UGC10693 4.13+1.01 0.5+0.14 - - - -
846  UGC10695 3.05+0.91 0.4£0.12 - - - -
847  UGC10710 28.14+1.83  4.0+0.27 15.96+2.68
848  NGC6310 3.66:£0.14 0.5£0.02 2.26£0.14 - - -
849  NGC6301 55.88+2.76  8.2:+0.43 33.841+4.02 - - -
850 NGC6314 23.39+1.42  3.3+0.21 4.24+0.52 - - -
851  NGC6338 4.54+1.15 0.6:£0.16 - - - -
852  UGC10796 1.66+£0.12 0.20.01 1.77+0.13
853  NGC6361 66.8440.3 10.040.05  14.52+0.97 - - -
854  UGC10811 13.26:£1.66 1.840.24 - - - -
855  UGC10799 10.28+1.61 1.440.23 7.95+2.81 - - -
856  1C1256 12.76+£0.63  1.7+0.09 11.16+1.25 2.5 2.250.59* 0.8
857  NGC6394 80.48+1.63 12.1+0.26 - - - -
858  UGC10905 13.274+1.84  1.84+0.26 - - - -
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My, Zz—dep

ID  name Lrr SFR Mgy Cap My, M tat
10° L Mg yr—! 10° Mg 10° Mg,
1) (@ (3) (4) (5) (6) (7) (8)
859  NGC6411 1.0540.22 0.140.03 - - - -
860  NGC6427 0.4340.17 0.0£0.02 - - - -
861  UGC10972 6.62:£0.78 0.940.11 12.1141.92 1.7 2.1340.88 -
862  NGC6478 64.23+3.46 11.1+0.6 17.3442.21 - - -
863  NGC6497 4.13£0.25 0.5+0.03 - - - -
864 NGC6515 1.0440.38 0.14+0.05 - - - -
865 UGC11228 3.66+0.7 0.5£0.09
866  UGC11262 2.5+0.54 0.3+0.07 10.0241.25 - - -
867  NGC6762 0.5240.1 0.1£0.01 - - - -
868  MCG-02-51-004 29.67+£1.66  4.2+0.25 5.3£1.03 - - -
869  NGC6941 30.21+2.71  4.3+0.41 15.5841.23 - - -
870  NGC6945 0.7340.25 0.1£0.03 - - - -
871  NGC6978 19.57+1.8 2.740.26 - 2.0 7.96£2.29% 1.0
872  UGC11649 3.3740.48 0.4:£0.06 6.0540.69 - - -
873  UGC11680NEDO1 152.114+4.44  23.840.73  11.19£1.61 - - -
874  NGCT7025 12.8741.15 1.740.17 3.0£0.4 1.6 <1.01+0.28 -
875  UGC11694 5.63£0.86 0.74+0.12 2.89+0.39 - - -
876  NGC7047 22.62+1.37  3.240.2 3.65+0.5 - - -
877  UGC11717 66.64+1.5 9.9+0.24
878  MCG-01-54-016 0.49+0.11 0.1£0.01 - - - -
879  UGC11740 12.6£1.61 1.740.23 11.8441.57 - - -
880  UGC11792 10.7140.79 1.440.11 5.05:£0.9 - - -
881  NGC7194 2.65::0.94 0.3+0.12 - - - -
882  NGC7236 2.6540.94 0.3£0.12 1.4 0.0940.03
883  UGC11958 2.65:£0.94 0.3£0.12 - - - -
884  UGC11982 1.47:40.44 0.2:£0.06 7.19+1.22 - - -
885  UGC12054 0.19+0.1 0.040.01 1.6740.28 - - -
886  NGC7311 26.92+1.33  3.8+0.2 4.5340.55 - - -
887  NGC7321 45.49+2.04  6.6+0.31 17.9442.2 - - -
888  UGC12127 45.49+2.04  6.6+0.31 - - - -
889  NGC7364 52.44+1.18  7.7+0.18 11.95+1.4 - - -
890  UGC12185 8.57+1.51 1.1£0.21 7.33+0.95 - - -
891  UGC12224 7.61£0.73 1.040.1 7.74:£0.95 - - -
892  VV488NEDO2 19.73+£2.03  2.740.3 17.3542.33 - - -
893  NGCT436B 3.18+0.88 0.4:£0.12 - - - -
894  UGC12274 4.68+1.31 0.6:+£0.18 1.75:0.26
895  UGC12308 0.32+0.07 0.040.01 5.41£0.9 - - -
896  NGCT7466 56.74+2.04  8.4:+0.32 15.7:+£2.29 - - -
897  UGC12348 162.99+2.56  25.6+0.43 6.55:£0.96 - - -
898  NGCT489 47.99+2.04  7.0£0.32 31.114+4.06 - - -
899  NGCT7536 30.92+0.97  4.4+0.15 13.39+1.89 - - -
900  NGC7550 3.07+0.67 0.440.09 - - - -
901  NGC7549 38.99+1.05  5.6+0.16 4.8240.81 5.5 18.78£4.9% 0.8
902  NGCT7563 1.7640.34 0.24+0.04 1.62+0.13 - - -
903  NGC7562 1.55:£0.35 0.2:£0.04 2.62+£0.77 - - -
904  NGCT7591 177.294+1.19  27.94+0.2 23.99+3.04 1.5 13.75+3.08* 4.3
905  UGC12494 2.49+0.51 0.3+0.07 5.65+0.72 - - -
906  IC5309 11.6540.7 1.640.1 2.07+£0.26 1.2 1.78+0.46% 1.1
907 NGCT7608 7.6+0.56 1.0£0.08 1.460.21 - - -
908  NGC7611 0.9340.27 0.1£0.03 - - - -
909  UGC12519 17.15£1.65  2.440.24 5.49+0.76 - - -
910  UGC12518 2.25:0.34 0.3+0.04 0.150.03 - - -
911  NGCT7619 1.86+0.45 0.2:£0.06
912 NGC7623 0.74:£0.24 0.140.03 - - - -
913 NGCT7625 24.48+0.16  3.4:0.02 2.15:£0.22 2.0 2.040.64* 0.8
914  NGC7631 9.14:£0.68 1.240.1 2.89+0.37 1.4 1.0940.28* 0.8
915  NGC7653 27.65+£0.99  3.9+0.15 6.01£0.67 - - -
916  NGC7671 0.7240.3 0.1£0.04 - - - -
917 NGCT7683 1.63+0.43 0.24+0.05 - - - -
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ID  name Lir SFR Mgy Cap Mg, My stat
10° L Mg yr—! 10° Mg 10° Mg,

1) (@ (3) (4) (5) (6) (7) (8)
918  UGC12633 60.08+0.81 8.9+0.13 5.98£0.64 - - -
919  NGC7684 1.62:£0.46 0.2:£0.06 2.19+0.36 - - -
920 NGC7691 12.85:£0.89 1.740.13 8.71£1.15 - - -
921  UGC12653 3.4240.67 0.4:£0.09 5.64:£0.79 - - -
922  UGC12688 18.82£1.05 2.6£0.15 11.08+1.55 1.4 <1.7140.47* 1.2
923  NGC7711 1.01:£0.46 0.1:£0.06 - - - -
924  NGCT7716 4.5740.38 0.60.05 6.4440.83

925  NGCT7722 13.64£0.7 1.940.1 3.7340.49 - - -
926  UGC12723 14.9241.37  2.040.2 2.85:£0.47 - - -
927  NGC7738 204.07£2.29  32.440.39 6.2241.12 - - -
928  UGC12767 24.58+1.76 3.5:£0.26 9.63+1.17 - - -
929  UGC12810 70.25+3.31 10.5+£0.52  22.27+2.85 - - -
930 UGC12816 4.2240.3 0.5:£0.04 16.6:£2.08 - - -
931  NGC7782 38.44+1.9 5.5:£0.29 18.6442.3 - - -
932  NGC7783NEDO1 2.63£1.15 0.3£0.15 - - - -
933  NGC7787 27.21+1.59 3.8:40.24 6.1:£1.08 - - -
934  UGC12857 3.8440.28 0.5+0.04 4.0540.61 1.5 <0.23+0.06 -
935  UGC12864 9.7840.64 1.34+0.09 14.1741.74 - - -
936 MCG-01-01-012 8.5941.19 1.140.17 6.4611.04

937  NGC7800 3.08+0.55 0.540.09 3.89:+0.93 - - -
938  NGC5947 25.32:+0.74 3.6£0.11 - - - -
939  NGC4676B 25.3240.74 3.6£0.11 11.2943.74 1.8 11.66+£3.07* 1.4
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Appendix B

C/C++, PHP and Shell Script

Development

B.1 Overview of developed Programs and Scripts

Script Name Description Lines
) Basic CALIFA data (id, name, coordinates, redshift, ...) down-
getcalifadata.sh load from www.caha.es. Output is stored in ASCII file. 16

Download of tables of references available through NED for
getNEDReferences.sh CALIFA galaxies. The output is stored in HTML files in a 37
subfolder.
Download of photometric data available in NED (SDSS, IRAS,
getNEDPhotometry. sh 2MASS, ...). The output is stored in HTML files in a subfolder. 37
Abstract retrieval from NED for all objects. Execution takes
getNEDAbstracts.sh a long time due to huge amount of abstracts. The output is 18
stored in HTML files in a subfolder.
All information downloaded so far is used to create a single
tablebuild.sh HTML file summarizing all information and keyword search 557
for reference selection.
checkstat.sh Checks the current observing status of CALIFA galaxies. 58
buildobssample.sh  Builds a HTML table only for the observed galaxy sample. 163
paperloader.sh Retrieve abstracts of interest from NED. 103
altnames. califa.sh Check for' alternative names for all CALIFA galaxies. Output 155
is stored in an ASCII file.
getdiameter.sh Retrieve all blue Dys diameters from RC3. 10
Total code lines w/o white-space and comment lines: 1154

Table B.1: Scripts developed for archival data inspection.
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www.caha.es

Script Name Description Lines
index v4.php Data a@ess and data filtering at http://galaxy.univie.ac. 1977
at/califa/db/.
style.css CSS Style sheet for data access website. 165
javascript.js Javascript routines for data access website. 37
Total code lines w/o white-space and comment lines: 1479
Table B.2: Scripts developed for data access and data inspection.
Script Name Description Lines
cosmic.cc Main program for transforming redshifts into distances. 253
cosmo.cc Definitions of function used in cosmic.cc. 220
Total code lines w/o white-space and comment lines: 473
Table B.3: C Program for Luminosity Distance Calculations.
Script Name Description Lines
Reads 3 parameters from ASCII file (morphol-
samplebuilder v3.pl  ogy,mass,SFR) and selects a homogeneous sample from 685
it.
alternativ targets.pl L'ooks f(?l" alnlternz.xtive targets — targets with same proper- 9269
ties — within a given sample.
h 1 li f al i fi
chortenaltlist.sh Shortens ' ong lists of alternative targets found by 37
alternativ_targets.pl.
Total code lines w/o white-space and comment lines: 991

Table B.4: PERL Subsample Builder
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http://galaxy.univie.ac.at/califa/db/
http://galaxy.univie.ac.at/califa/db/

Script Name Description Lines

Copies WCS information from one FITS file to another

WCShalpha.sh (needed for CALIFA’s Ha maps). 22
nametrafo.sh Unifies several naming variations in order to get matchable 33
names for all CALIFA targets.
Total code lines w/o white-space and comment lines: 95
Table B.5: Other Scripts
Script Name Description Lines
reduction_12co032.cshData reduction script used for archival SMA data of NGC2623. 80
imaging 12co032.csh Imaging and moment map creation script. 376
Total code lines w/o white-space and comment lines: 456

Table B.6: MIRIAD Data Reduction and Imaging Scripts

B.2 Testing the Subsample Selection with a Huge
SDSS Sample

In order to check the functionality of the developed “Subsample Builder”, a larger galaxy
sample was needed for which morphologies, stellar masses and star formation rates are
available. Such a sample was created from data derived by the “MPA-JHU” group
in combination with the Bayesian automated classification of [Huertas-Company et al.
(2011). After cross-matching both datasets, the 20.000 nearest galaxies were selected and
used as input for the “Subsample Builder”.

The result shows that in comparison to the CALIFA based subsample, all morphology
bins were totally filled, which is not surprising considering the huge number of galaxies
available. However, even when using such a large sample size, homogeneity cannot be
reached perfectly in all parameters, because whenever selecting galaxies without consid-
ering parameter constraints a priori, a growing galaxy number will also lead to a growing
number of “exotic” objects, which then increase the parameter space, e.g. the stellar mass

range, such that these extreme bins cannot be populated homogeneously.

IMPA-JHU is collaboration of researchers from the MPA (Max-Planck-Institut fiir Astrophysik) and
the JHU (Johns Hopkins University)
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Figure B.1: The result of a SDSS-based subsample selection, shows that even in the case
of a huge sample of 20.000 galaxies, homogeneity in all parameters cannot be achieved
perfectly (see text for details).

The resulting subsample’s homogeneity is shown in figure [B.Il It can be seen that the
morphology bins are all equally filled (red line), whereas the bins of the SFR parameter
(blue) and the stellar mass parameter (green) — as explained before — show inequally
distributed bin-heights.

This result also explains the fact, that the CALIFA sample can only be statistically
representative over a limited range of luminosities (-18.6 > M, >-23.1) or stellar masses
(9.4 <log(M * /M) < 11.4). However, these ranges are wide and the selection function
is almost independent of intrinsic galaxy properties. Thus, a volume-correction can be
applied to the CALIFA sample.

B.3 MIRIAD Data Reduction Script

B.3.1 Part 1, Analysis

# SMA extended configuration data reduction script
# by Johannes Puschnig, 2013

HEFHAH R RS H R R
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# FLAGGING

s S

# Edges

uvflag vis=n2623_1.uv edge=6 flagval=flag options=noapply
uvflag vis=n2623_1.uv edge=6 flagval=flag

# Check for unreasonable amplitudes

uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,100,1,1
uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,200,1,1
uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,300,1,1
uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,400,1,1
uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,500,1,1
uvplt vis=n2623_1.uv device=/xs options=nobase line=channel,1,600,1,1
# FLAG

uvflag vis=n2623_1.uv flagval=flag options=noapply select="amp(60)"
uvflag vis=n2623_1.uv flagval=flag select="amp(60)"

HHHHHHHHH R RS R H B SRR HH SRR HH SRR 1S

# INVERT

HHHHHHHHSHHHHH R HH SRR RS R H TS

# create 40 km/s slices

invert vis=n2623_1.uv map=NGC2623co032.im40 beam=NGC2623co032.beam40
options=systemp robust=0.5 imsize=513,513 cell=0.2 line=velocity,31,-600,40,40
# Theoretical rms noise: 1.633E-02

# create 10 km/s slices

invert vis=n2623_1.uv map=NGC2623c032.im10 beam=NGC2623co032.beaml0
options=systemp robust=0.5 imsize=513,513 cell=0.2 line=velocity,121,-600,10,10
# Theoretical rms noise: 3.266E-02

# create 20 km/s slices

invert vis=n2623_1.uv map=NGC2623co032.im20 beam=NGC2623co32.beam20
options=systemp robust=0.5 imsize=513,513 cell=0.2 line=velocity,61,-600,20,20
# Theoretical rms noise: 2.310E-02

s s s s T s

# INSPECT DIRTY IMAGE

i

# SHOW and CHECK the BEAM

cgdisp in=NGC2623c032.beam40,NGC2623c032.beam40 type=pixel,contour device=/xs
region=quarter slev=p,10 levsl=1,2,3,4,5,6,7,8,9

cgdisp in=Arp193co032.beam40,Arp193co032.beamd0 type=pixel,contour device=/xs
region=quarter slev=p,10 levsl=1,2,3,4,5,6,7,8,9,-1,-2,-3,-4,-5,-6,-7,-8,-9
cgdisp in=NGC2623c032.beam40,NGC2623c032.beam40 type=pixel,contour device=/xs
slev=p,10 levs1=1,2,3,4,5,6,7,8,9 region="relpix,box(-20,-20,20,20)"

cgdisp in=NGC2623c032.beam40,NGC2623c032.beam40 type=pixel,contour device=/xs
slev=p,10 levs1=1,2,3,4,5,6,7,8,9 region="relpix,box(-20,-20,20,20)"
labtyp=arcsec

# CHECK the RMS
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# 10 km/s channels

histo in=NGC2623c032.im10 region="quarter(1,18)"
histo in=NGC2623c032.im10 region="quarter(104,121)"
# Rms 1.66336E-02 Rms 1.77743E-02

# 20 km/s channels

histo in=NGC2623c032.im20 region="quarter(1,9)"
histo in=NGC2623c032.im20 region="quarter(53,61)"
# Rms 1.20756E-02 Rms 1.27820E-02

# 40 km/s channels

histo in=NGC2623c032.im40 region="quarter(1,5)"
histo in=NGC2623c032.im40 region="quarter(27,31)"
# Rms 8.68721E-03 Rms 9.21316E-03

HHHHHHHE R R R

# CLEANING

HHHHHHHH R R

# Clean down to 2 sigma for each velocity binning

clean map=NGC2623c032.im10 beam=NGC2623co032.beaml0 out=NGC2623co032.cleanl0
region=quarter niters=2000 cutoff=0.034

restor map=NGC2623c032.im10 beam=NGC2623co032.beaml10 model=NGC2623co32.cleanl0
out=NGC2623c032.mapl0

clean map=NGC2623c032.1im20 beam=NGC2623c032.beam20 out=NGC2623co032.clean20
region=quarter niters=2000 cutoff=0.025

restor map=NGC2623c032.im20 beam=NGC2623co032.beam20 model=NGC2623co32.clean20
out=NGC2623c032.map20

clean map=NGC2623co032.1im40 beam=NGC2623co032.beam40 out=NGC2623co032.clean40
region=quarter niters=2000 cutoff=0.018

restor map=NGC2623c032.im40 beam=NGC2623c032.beam40 model=NGC2623co032.clean40
out=NGC2623c032.map40

# RESULT of restor:
# Gaussian beam fwhm: 2.225 x 2.022 arcsec
# Position angle: 35.8 degrees

R

# MOMENT MAPS

HHHHHHHEE R R R

# Clip to 2 sigma for each velocity binning

moment in=NGC2623c032.mapl0 region="quarter(31,91)" out=NGC2623c032.mom0_10
mom=-1 clip=0.034

moment in=NGC2623c032.map20 region="quarter(16,46)" out=NGC2623c032.mom0_20
mom=-1 clip=0.025

moment in=NGC2623co032.map40 region="quarter(9,23)" out=NGC2623c032.mom0_40
mom=-1 clip=0.018

# Contour levels correspond to 2 sigma in the moment maps
# 0.034 / sqrt(60) = 0.004; this is roughly 2 sigma in all the moment maps
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# use this for fixed contouring

cgdisp in=NGC2623co032.mom0_10,NGC2623c032.mom0_10 type=pixel,contour
device=1/xs levsl1=1,2,3,4,5,6,7,8,9 slev=a,0.004

cgdisp in=NGC2623co032.mom0_10,NGC2623c032.mom0_10 type=pixel,contour
device=1/xs levs1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.004
cgdisp in=NGC2623co032.mom0_20,NGC2623c032.mom0_20 type=pixel,contour
device=1/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.004
cgdisp in=NGC2623co032.mom0_40,NGC2623c032.mom0_40 type=pixel,contour
device=1/xs levs1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.004

histo in=NGC2623c032.mom0_10

#Maximum value 7.497535E-01 at (124,127,1)

histo in=NGC2623c032.mom0_20

#Maximum value 7.430678E-01 at (124,127,1)

histo in=NGC2623c032.mom0_40

# maximum value fluctuates through the maps until at 40 km/s it is
#Maximum value 7.661203E-01 at (124,127,1)

HEHSHEHGHEHSHEHEHEHGHEHEH GRS HEHEHEH

# INSPECT SPECTRA

HEHSHEHGHEHSHEHEHEHGHEHEHEHGHEH G HEH

# Correct pixel coordinates

imspect in=NGC2623c032.mapl0 device=/xs region="box(252,255,252,255)"
# range -260 to 260

imspect in=NGC2623c032.map20 device=/xs region="box(252,255,252,255)"
# range -260 to 260

imspect in=NGC2623co032.map40 device=/xs region="box(252,255,252,255)"
# range -260 to 260

HHHHHH AR R R

# ENHANCE MOMENT MAPS

HHHHHHHHE R R R

#

moment in=NGC2623co032.mapl0 out=NGC2623c032.mom0_10t mom=-1
region="kms,quarter(-260,260)" clip=0.034

moment in=NGC2623co032.map20 out=NGC2623co032.mom0_20t mom=-1
region="kms,quarter(-260,260)" clip=0.025

moment in=NGC2623co032.map40 out=NGC2623co32.mom0_40t mom=-1
region="kms,quarter(-260,260)" clip=0.018

# 0.034 / sqrt(52) = 0.005; this is approx. 2 sigma in all the moment maps

# best for fixed contours

cgdisp in=NGC2623c032.mom0_10t,NGC2623c032.mom0_10t type=pixel,contour
device=1/xs levs1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005
cgdisp in=NGC2623co032.mom0_20t,NGC2623c032.mom0_20t type=pixel,contour
device=1/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005
cgdisp in=NGC2623co032.mom0_40t,NGC2623c032.mom0_40t type=pixel,contour
device=1/xs levs1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005

histo in=NGC2623c032.mom0_10t
histo in=NGC2623c032.mom0_20t
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histo in=NGC2623c032.mom0_40t
# maximum value *decreases* through the maps until at 40 km/s it is
#Maximum value 8.161935E-01 at (124,127,1)

# Moment O maps with 1 sigma cutoff

moment in=NGC2623co032.mapl0 out=NGC2623co032.mom0_10t1 mom=-1
region="kms,quarter (-260,260)" clip=0.017

moment in=NGC2623co032.map20 out=NGC2623co032.mom0_20t1 mom=-1
region="kms,quarter(-260,260)" clip=0.012

moment in=NGC2623co32.map40 out=NGC2623co32.mom0_40t1 mom=-1
region="kms,quarter(-260,260)" clip=0.009

histo in=NGC2623c032.mom0_10t1

histo in=NGC2623c032.mom0_20t1

histo in=NGC2623c032.mom0_40t1

# maximum value *decreases* through the maps until at 40 km/s it is
#Maximum value 8.161935E-01 at (124,127,1)

cgdisp in=NGC2623co032.mom0_10t1,NGC2623c032.mom0_10t1 type=pixel,contour
device=2/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005
cgdisp in=NGC2623c032.mom0_20t1,NGC2623c032.mom0_20t1 type=pixel,contour
device=2/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005
cgdisp in=NGC2623co032.mom0_40t1,NGC2623c032.mom0_40t1 type=pixel,contour
device=2/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005

s S

# CORRECT FOR PRIMARY BEAM

HHHHHE R

#

mossen in=NGC2623co032.map40 gain=NGC2623.map.gain

imbin in=NGC2623.map.gain region="quarter(1,1)" bin=1,1,1,1,1,1
out=NGC2623.mom0.gain

maths exp="NGC2623c032.mom0_40t1/NGC2623.mom0.gain" mask=NGC2623.mom0.gain.gt.0.5
out=NGC2623c032.mom0_40t1g

cgdisp in=NGC2623co032.mom0_40t1g,NGC2623c032.mom0_40tlg type=pixel,contour
device=1/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005

maths exp="NGC2623c032.mom0_40/NGC2623.mom0.gain" mask=NGC2623.mom0.gain.gt.0.5
out=NGC2623c032.mom0_40g

cgdisp in=NGC2623co032.mom0_40g,NGC2623c032.mom0_40g type=pixel,contour
device=2/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005
# BEST IMAGE --> USED FOR FURTHER ANALYSIS

maths exp="NGC2623c032.mom0_40t/NGC2623.mom0.gain" mask=NGC2623.mom0.gain.gt.0.5
out=NGC2623c032.mom0_40tg

cgdisp in=NGC2623co032.mom0_40tg,NGC2623c032.mom0_40tg type=pixel,contour
device=3/xs levsl1=1,2,3,4,5,6,7,8,9 labtyp=arcsec region=quarter slev=a,0.005

maths exp="NGC2623c032.map40/NGC2623.map.gain" mask=NGC2623.map.gain.gt.0.5
out=NGC2623c032.map40g
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HUHFHHBHHHHAFH BB HH R FHHASHHBRHHRAS
# FLUX ANALYSIS
HUHFHHBHHHHAFH R RS H R FHHASHHBRFHRRS

imspect in=NGC2623co032.map40g device=/xs region="box(252,255,252,255)"
cgdisp in=NGC2623co032.mom0_40g,NGC2623c032.mom0_40g type=pixel,contour
device=2/xs levs1=1,2,3,4,5,6,7,8,9 region=quarter slev=a,0.005

cgdisp in=NGC2623co032.mom0_40g,NGC2623c032.mom0_40g type=pixel,contour
device=2/xs levs1=1,2,3,4,5,6,7,8,9 region="relpix,box(-21,-18,17,20)"
slev=a,0.005

imlist in=NGC2623c032.map40g options=stat region="relpix,kms,box(-21,-18,17,20) (-260,260)"
log=NGC2623c032.flux.txt

# DATA of analysis stored in file: NGC2623co32.flux.txt

# SUM is 15.8975 and average is 1.13553

# FLUX is 15.8975 Jy * 40 km/s = 635.9 Jy km/s

# K/Jy = 2.3606

# --> 1501.3416 K km/s

HHHHHHHH R R

# IMAGING MOMENT MAPS

S S

#

cgdisp in=NGC2623co032.mom0_40g,NGC2623c032.mom0_40g type=pixel,contour
device=2/xs levs1=1,2,3,4,5,6,7,8,9 region="relpix,box(-17,-17,17,17)"
labtyp=arcsec slev=p,50

cgdisp in=NGC2623c032.beam40,NGC2623c032.beam40 type=pixel,contour device=1/xs
slev=p,50 levs1=1,2,3,4,5,6,7,8,9 region="relpix,box(-17,-17,17,17)"
labtyp=arcsec

# moment maps

./imaging.csh file=NGC2623c032.map20 rms=0.012 vmin=-260 vmax=260 start=clip
xyreg="arcsec,box(-5,-5,5,5)"

./imaging.csh file=NGC2623c032.map40 rms=0.009 vmin=-260 vmax=260 start=clip
xyreg="arcsec,box(-5,-5,5,5)"

HEHFHAHHHH R HBHHBHH AR B H B H B H AR H

# INTEGRATED LINE WIDTH

HEHHAHHRH B H B H AR AH B H RS H B H RS

#

imspect in=NGC2623c032.map40 device=/xs region="box(255,257,255,257)"
# -260 to 260 km/s FWZI --> total FWZI = 520 km/s

B.3.2 Part 2, Imaging of Moment Maps

#!/bin/csh -xf

# imaging.csh - for moment maps

# based on BIMA SONG file moment.csh
# modified by Johannes Puschnig, 2013
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# Usage: imaging.csh file=[_name_] rms=#

# start=[straight/clip/]

# interact=[y/n] [vmin=] [vmax=] [xyreg=]

# EXAMPLE:

# ./imaging.csh file=NGC2623c032.map40 rms=0.013 vmin=-260 vmax=260 start=clip
xyreg="arcsec,box(-5,-5,5,5)"

echo " started program"

### REQUIRED PARAMETERS:

set file= # root of filename (omit .map40, .map20)
set rms= # rms noise per channel

### OPTIONAL PARAMETERS:

set interact=y

set mosaic=n

set fwhm=1 # resolution of smoothed cube for masking

set vest= # Name of input velocity image, which overrides
# default VEL for gaufit when unblanked

set fluxclip=3 # min allowed flux (Jy/bm km/s) for gaufits
set velclip=30 # max allowed velocity error (km/s) for gaufits
set log=imaging.log

# velocity range of emission (defaults to all):

set vmin=

set vmax=

set delv=

# spatial extent of emission (defaults to all):

set xyreg=

# Override above parameters if given on command line
foreach a ( $* )

set check=‘echo $a | awk -F= ’print NF’°

if ( "$check" == 2 ) set $a

end

# Check parameters

if ($file == "") then

echo "### FATAL ERROR: file= must be specified"

exit O

endif

if ($rms == "") echo "### Warning: rms= not specified"

# ________________________________________________________________________

# convert ($vmin,$vmax) to pixel range
set delv=‘gethd in=$file/cdelt3‘

set vi=‘gethd in=$file/crval3‘

set nmaps=‘gethd in=$file/naxis3‘

if ($vmin == "" && $vmax == "") then

set vmin=$vi

set vmax=‘calc -i "$vi+($nmaps-1)*$delv"®
echo "Setting vmin=$vmin and vmax=$vmax"
endif
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set vminpix=‘calc -i "1+$vmin-($vi)/$delv"®

set vmaxpix=‘calc -i "1+$vmax-($vi)/$delv" "

set vrange="image ($vminpix, $vmaxpix)"

# Generate normalized sensitivity cube (used in all methods):
if ($mosaic == "y") && !(-e $file.sen) then

rm -rf $file.tmp

mossen in=$file sen=$file.tmp

set minval=‘histo in=$file.tmp region=’image(1)’|grep Min|awk ’print $3’¢
echo "Normalizing rms by $minval"

maths exp="$file.tmp/$minval" out=$file.sen

rm -rf $file.tmp

endif

if ($interact == "n") then

set device=/xs

else

set device=/xw

endif

if !'(-e $log) then

echo "========== imaging.csh ==========" gt $log

if ($7start) goto $start

goto continue
continue:

# Method 0. Straight moment map with no clipping. Useful for comparison.

straight:

rm -rf $file.dmomO

moment in=$file out=$file.dmom0 mom=0 region=$vrange

cgdisp in=$file.dmom0 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=$xyreg

echo "" | tee -a $log

echo "Making moment-0 map for $file with no clipping" | tee -a $log
set sum=‘histo in=$file.dmom0 | grep Flux | awk ’print $6’°

echo -n "### Total flux, no clipping (Jy km/s):" | tee -a $log

calc -f £7.1 $sum | tee -a $log

goto end

# _________________________________________________________________________

# Method 1. Reduce noise by clipping.
# This is the quickest method but can screen out low-level emission.
# The clipping level rises as the sensitivity declines at edge of map.

### SET CLIPPING LEVELS:

set clip2=‘calc -f £7.5 "$rms*2"¢
set clip3=‘calc -f £7.5 "$rms*3"¢
set clip4=‘calc -f £7.5 "$rms*4"¢
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# MOMENT O:

echo "" | tee -a $log

echo "Making moment maps for $file using clipping" | tee -a $log
echo "Clipping at $clip2 for Moment 0" | tee -a $log

if ($mosaic == "y") then

rm -rf $file.senmskO
maths exp=$file mask="abs($file/$file.sen).gt.$clip2"

out=$file.senmskO

rm -rf $file.mom0

moment in=$file.senmskO out=$file.mom0 region=$vrange

else

rm -rf $file.momO

moment in=$file out=$file.mom0 region=$vrange clip=$clip2
endif

mv $file.momO/mask $file.momO0/maskl

cgdisp in=$file.mom0 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=3$xyreg

rm -rf $file.senmskO

# Flux calculation

set sum=‘histo in=$file.mom0 region=$xyreg | grep Flux | awk ’print $6°°

echo -n "### Total flux, clip method (Jy km/s):" | tee -a $log
calc -f £7.1 $sum | tee -a $log
# MOMENT 1:

# doing clips at 2 sigma, 3sigma, 4 sigma

echo "Clipping at $clip2, $clip3, $clip4 for Moment 1 (3 files)" | tee -a $log
if ($mosaic == "y") then

rm -rf $file.senmsk2

rm -rf $file.senmsk3

rm -rf $file.senmskd

maths exp=$file mask="$file/$file.sen.gt.$clip2"

out=$file.senmsk2
maths exp=$file mask="$file/$file.sen.gt.$clip3"

out=$file.senmsk3
maths exp=$file mask="$file/$file.sen.gt.$clip4"

out=$file.senmsk4

rm -rf $file.momltmp2

moment in=$file.senmsk2 out=$file.momltmp2 region=$vrange mom=1
rm -rf $file.momltmp3

moment in=$file.senmsk3 out=$file.momltmp3 region=$vrange mom=1
rm -rf $file.momltmp4d

moment in=$file.senmsk4d out=$file.momltmp4 region=$vrange mom=1
else

rm -rf $file.senmsk2

rm -rf $file.senmsk3

rm -rf $file.senmsk4d

maths exp=$file mask="$file.gt.$clip2"
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out=$file.senmsk2
maths exp=$file mask="$file.gt.$clip3"

out=$file.senmsk3
maths exp=$file mask="$file.gt.$clip4"

out=$file.senmsk4

rm -rf $file.momltmp2

moment in=$file.senmsk2 out=$file.momltmp2 region=$vrange mom=1
rm -rf $file.momltmp3

moment in=$file.senmsk3 out=$file.momitmp3 region=$vrange mom=1
rm -rf $file.momitmp4d

moment in=$file.senmsk4 out=$file.momltmp4 region=$vrange mom=1
endif

rm -rf $file.2s.moml

maths mask="$file.momltmp2.ge.$vmin.and.$file.momlitmp2.le.$vmax"

exp=$file.momltmp2 out=$file.2s.moml
mv $file.2s.moml/mask $file.2s.moml/maskl

cgdisp in=$file.2s.moml device=$device nxy=1 options=full,beambl

range=$vmin,$vmax,lin,3 labtyp=arcsec region=$xyreg
rm -rf $file.3s.moml
maths mask="$file.momltmp3.ge.$vmin.and.$file.momltmp3.le.$vmax"

exp=$file.momltmp3 out=$file.3s.moml
mv $file.3s.moml/mask $file.3s.moml/maskl
cgdisp in=$file.3s.moml device=$device nxy=1 options=full,beambl

range=$vmin,$vmax,lin,3 labtyp=arcsec region=$xyreg
rm -rf $file.4s.moml
maths mask="$file.momltmp4.ge.$vmin.and.$file.momltmp4.le.$vmax"

exp=$file.momlitmp4 out=$file.4s.moml
mv $file.4s.moml/mask $file.4s.moml/maskl
cgdisp in=$file.4s.moml device=$device nxy=1 options=full,beambl

range=$vmin, $vmax,lin,3 labtyp=arcsec region=$xyreg
rm -rf $file.momltmp2

rm -rf $file.momltmp3

rm -rf $file.momltmp4d

rm -rf $file.senmsk?2

rm -rf $file.senmsk3

rm -rf $file.senmsk4d

# MOMENT 2:

# doing clips at 2 sigma, 3sigma, 4 sigma

echo "Clipping at $clip2, $clip3, $clip4 for Moment 2 (3 files)" | tee -a $log
if ($mosaic == "y") then

rm -rf $file.senmsk2

rm -rf $file.senmsk3
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rm -rf $file.senmsk4d
maths exp=$file mask="$file/$file.sen.gt.$clip2"

out=$file.senmsk2
maths exp=$file mask="$file/$file.sen.gt.$clip3"

out=$file.senmsk3
maths exp=$file mask="$file/$file.sen.gt.$clip4"

out=$file.senmskd

rm -rf $file.2s.mom2

moment in=$file.senmsk2 out=$file.2s.mom2 region=$vrange mom=2
rm -rf $file.2s.mom3

moment in=$file.senmsk3 out=$file.3s.mom2 region=$vrange mom=2
rm -rf $file.2s.momd

moment in=$file.senmsk4d out=$file.4s.mom2 region=%vrange mom=2
else

rm -rf $file.senmsk2

rm -rf $file.senmsk3

rm -rf $file.senmskd

maths exp=$file mask="$file.gt.$clip2"

out=$file.senmsk2
maths exp=$file mask="$file.gt.$clip3"

out=$file.senmsk3
maths exp=$file mask="$file.gt.$clip4"

out=$file.senmsk4d

rm -rf $file.2s.mom2

moment in=$file.senmsk2 out=$file.2s.mom2 region=$vrange mom=2
rm -rf $file.2s.mom3

moment in=$file.senmsk3 out=$file.3s.mom2 region=$vrange mom=2
rm -rf $file.2s.momd

moment in=$file.senmsk4d out=$file.4s.mom2 region=$vrange mom=2
endif

mv $file.2s.mom2/mask $file.2s.mom2/maskl

cgdisp in=$file.2s.mom2 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=3$xyreg
mv $file.3s.mom2/mask $file.3s.mom2/maskl
cgdisp in=$file.3s.mom2 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=$xyreg
mv $file.4s.mom2/mask $file.4s.mom2/maskl
cgdisp in=$file.4s.mom2 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=$xyreg
rm -rf $file.senmsk2
rm -rf $file.senmsk3
rm -rf $file.senmsk4d
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goto end

# Method 2. Reduce noise by masking with a smoothed dataset.
# This eliminates most of the noise but not residual sidelobes.

mask:

# Mask using 3 sigma level in smoothed dataset:
if ($mosaic == "y") then

rm -rf $file.sencm

maths exp=$file.cm/$file.sen out=$file.sencm
set incube=sencm

else

set incube=cm

endif

rm -rf $file.smo

convol map=$file.$incube fwhm=$fwhm pa=0 out=$file.smo

echo "" | tee -a $log

echo "Making moment-0 map for $file using masking" | tee -a $log
echo "Smoothed $file.cm by fwhm=$fwhm" | tee -a $log

if ($mosaic == "y") rm -rf $file.sencm

set srms=‘histo in=$file.smo region=’image(1,3)’|grep Rms|awk ’print $4°¢
set clip=‘calc -f f7.5 "$srms*3"°¢

echo "Masking at value: $clip" | tee -a $log

rm -rf $file.msk

rm -rf $file.msk.res

maths exp=$file.cm out=$file.msk mask=$file.smo.gt.$clip

maths exp=$file.cm out=$file.msk.res mask=$file.smo.lt.$clip

if ($interact == "y") then

cgdisp in=$file.msk device=$device region=$xyreg type=p

options=full,3value labtyp=arcsec nxy=4,3 range=0,0,1lin,3
cgdisp in=$file.msk.res device=$device region=$xyreg type=p

options=full,3value labtyp=arcsec nxy=4,3 range=0,0,lin,3

endif

### OPTIONAL: Require real emission to be in 2 or more consecutive
### channels. (Note this may still leave sidelobes in).

if ($interact == "y") then

echo ""

echo -n "Use vblank to mask pixels isolated in velocity [n]? "
set resp = "$it"

if ($resp == "y") then

echo "Used vblank to mask pixels isolated in velocity" gtgt $log
rm -rf $file.mskr

reorder in=$file.msk out=$file.mskr mode=312

vblank in=$file.mskr tol=1

rm -rf $file.msk

reorder in=$file.mskr out=$file.msk mode=231

cgdisp in=$file.msk device=$device region=$xyreg type=p
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options=full,3value labtyp=arcsec nxy=3,2 range=0,0,1lin,3

endif

endif

# MOMENT O: wuse 1 sigma clipping

rm -rf $file.mmom0 $file.mmoml

moment in=$file.msk out=$file.mmom0 clip=$rms region=$vrange

moment in=$file.msk out=$file.mmoml mom=1 clip=-99999,$rms region=$vrange
mv $file.mmomO/mask $file.mmomO/maskl

cgdisp in=$file.mmom0 device=$device nxy=1 options=full,beambl

range=0,0,1in,3 labtyp=arcsec region=$xyreg

set sum=‘histo in=$file.mmom0 region=$xyreg | grep Flux | awk ’print $6°°
echo -n "### Total masked flux (Jy km/s):" | tee -a $log

calc -f £7.1 $sum | tee -a $log

goto end

# Method 3, Part I. Fit Gaussians to all profiles.
# This is the most time consuming but often gives good results.

gaufit:

# Since a single run of gaufit often leaves bad pixels, in this

# implementation there are two runs, with different initial estimates

# for the profile fwhm (30 and 60 km/s). You can change the estimates

# by editing the script, or hash out the following line to just run once.
set step=1

# SET PARAMETERS:

set cutoff=‘calc -f £7.5 "$rms*1.5"‘ # Min. allowed amplitude (gt=1.5 sigma)
set wrange=5 # Min. allowed fwhm, in km/s

set rmsest=$rms # Estimated rms noise

set estim=0,0,30 # Default values for AMP,VEL,DISP. Use O for AMP and

# VEL to put initial estimate at peak of profile.

# Best to give an estimate for DISP (fwhm in km/s).

set options=relax # options=relax often gives better results,

# options=supbad only writes actual fits to log

dogaufit:

rm -rf $file.gaupar $file.gaures $file.gaumod $file.gaulog

gaufit in=$file.cm velest=$vest estim=$estim params=$file.gaupar

log=$file.gaulog rmsest=$rmsest cutoff=$cutoff

wrange=$wrange region=$xyreg options=$options

# model=$file.gaumod residual=$file.gaures

echo "" | tee -a $log

echo "gaufit on $file with estim=$estim cutoff=$cutoff vest=$vest"

| tee -a $log
# AMPLITUDES (Jy/bm)
split:

rm -rf $file.gauamp
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imsub in=$file.gaupar out=$file.gavamp region=’image(1)’
cgdisp in=$file.gauamp device=$device nxy=1 options=full,beambl,wedge

range=0,0,1in,3 labtyp=arcsec region=$xyreg

# VELOCITY CENTROIDS (km/s)

rm -rf $file.gauvel

imsub in=$file.gaupar out=$file.gauvel region=’image(2)’

puthd in=$file.gauvel/bunit value=’KM/S’ type=ascii

puthd in=$file.gauvel/btype value=’velocity’ type=ascii

cgdisp in=$file.gauvel device=$device nxy=1 options=full,beambl,wedge

range=$vmin, $vmax,1lin,3 labtyp=arcsec region=$xyreg

# DISPERSIONS (FWHM, km/s)

rm -rf $file.gaudis

imsub in=$file.gaupar out=$file.gaudis region=’image(3)’
cgdisp in=$file.gaudis device=$device nxy=1 options=full,wedge

range=0,0,1in,3 labtyp=arcsec region=3xyreg

# VELOCITY ERROR (km/s)

rm -rf $file.gauverr

imsub in=$file.gaupar out=$file.gauverr region=’image(5)’

# INTEGRATED INTENSITY (Jy/bm km/s)

rm -rf $file.gauint

maths exp="1.064*$file.gauamp*$file.gaudis" out=$file.gauint

puthd in=$file.gauint/bunit value=’JY/BEAM.KM/S’ type=ascii

mv $file.gauint/mask $file.gauint/maskl

cgdisp in=$file.gauint device=$device nxy=1 options=full,beambl,wedge

range=0,0,1in,3 labtyp=arcsec region=3$xyreg

set sum=‘histo in=$file.gauint region=$xyreg | grep Flux | awk ’print $6°°¢
echo -n "### Flux prior to clipping (Jy km/s):" | tee -a $log
calc -f f7.1 $sum | tee -a $log

# Planes 4-6 of $file.gaupar are formal errors in amp, centroid, width.
# Plane 7 of $file.gaupar is rms of residual cube.

# REPEAT WITH DIFFERENT PARAMETERS OR MERGE:

if ($7step) then

set step = ‘expr $step + 1°¢

if ($step == 2) then

rm -rf $file.gauparl

mv $file.gaupar $file.gauparl

set estim=0,0,60

goto dogaufit

else if ($step == 3) then

rm -rf $file.gaupar?

nv $file.gaupar $file.gaupar2

goto merge

else

goto end

endif

else

goto end
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endif

merge:
echo "" | tee -a $log
echo "Consolidated two runs of gaufit" | tee -a $log

delhd in=$file.gauparl/mask

delhd in=$file.gaupar2/mask

rm -rf $file.gaupar3

maths exp=$file.gaupar2 mask="$file.gauparl.eq.0" out=$file.gaupar3
delhd in=$file.gaupar3/mask

rm -rf $file.gaupar

maths exp="$file.gauparl+$file.gaupar3d" out=$file.gaupar

goto split

# Method 3, Part II. Clip out Gaussians which were fitted to noise.

# _________________________________________________________________________
# Clip out Gaussian fits with integrated fluxes less than fluxclip.

# This reduces positive noise bias resulting from all Gaussians being

# positive, and is preferable to using a large amplitude cutoff in
# GAUFIT which would preferentially remove broad emission lines.
# Also clip out Gaussians with large velocity errors.

gauclip:

# Define mask:

if ($mosaic == "y") then

if !'(-e $file.senmom0) moment in=$file.sen mom=-1 out=$file.senmomO
set mask = $file.gauint/$file.senmom0.gt.$fluxclip.and.$file.gaverr.lt.$velclip
else

set mask = $file.gauint.gt.$fluxclip.and.$file.gauverr.lt.$velclip
endif

rm -rf $file.gamp

maths exp=$file.gauvamp out=$file.gamp mask=$mask

cgdisp in=$file.gamp device=$device nxy=1 options=full,beambl,wedge

range=0,0,1in,3 labtyp=arcsec region=$xyreg

mv $file.gamp/mask $file.gamp/maskl

rm -rf $file.gmomO

maths exp=$file.gauint out=$file.gmom0 mask=$mask

cgdisp in=$file.gmom0 device=$device nxy=1 options=full,beambl,wedge

range=0,0,1in,3 labtyp=arcsec region=3$xyreg

mv $file.gmomO/mask $file.gmomO/maskl

rm -rf $file.gmoml

maths exp=$file.gauvel out=$file.gmoml mask=$mask

cgdisp in=$file.gmoml device=$device nxy=1 options=full,beambl,wedge

range=$vmin, $vmax,lin,3 labtyp=arcsec region=$xyreg

mv $file.gmoml/mask $file.gmoml/maskl

rm -rf $file.gmom2

maths exp=$file.gaudis out=$file.gmom2 mask=$mask

cgdisp in=$file.gmom2 device=$device nxy=1 options=full,wedge
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range=0,0,1in,3 labtyp=arcsec region=$xyreg

rm -rf $file.gmomlerr

maths exp=$file.gauerr out=$file.gmomlerr mask=$mask

cgdisp in=$file.gmomlerr device=$device nxy=1 options=full,wedge

range=0,0,1in,3 labtyp=arcsec region=3$xyreg

# to get the .gmom-1 file for determining the rotation curve
rm -rf $file.gmom-1

maths exp=$file.gmom0/$file.gauvel out=$file.gmom-1 mask=%mask
cgdisp in=$file.gmom-1 device=$device nxy=1 options=full,wedge

range=0,0,1in,3 labtyp=arcsec region=$xyreg

# Flux calculation

set sum=‘histo in=$file.gmom0 region=$xyreg | grep Flux | awk ’print $6°°
echo "" | tee -a $log

echo "Clipped pixels with flux [t $fluxclip and vel. error gt $velclip"

| tee -a $log

echo -n "***x Flux after clipping (Jy km/s):" | tee -a $log
calc -f £f7.1 $sum | tee -a $log

#goto end

#

echo "reached plotting"

# Fancy plotting (contour levels must be set manually)
set plotfile=gmomO

cgdisp in=$file.$plotfile,$file.$plotfile type=c,p

slev=a,2 levsl=1,2,3,4,5,6,7,9,11,13,15
range=0,40,1in labtyp=arcsec options=beambl,full

device=/vps nxy=1 region=$xyreg

mv pgplot.ps $file.$plotfile.ps

ghostview $file.$plotfile.ps &

#goto end

set plotfile=gmoml

cgdisp in=$file.$plotfile,$file.$plotfile type=p,c slev=a,10

levs1=32,34,36,38,40,42,44,46,48,50,52,54,56,58,60,62,64,66,68,70,72
range=$vmin, $vmax,lin,3 labtyp=arcsec options=beambl,wedge,full
region=$xyreg colsl=1 device=/vcps

mv pgplot.ps $file.$plotfile.ps

ghostview $file.$plotfile.ps &
goto end

H
1
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Appendix C
Deutsche Zusammenfassung

Die vorliegende Arbeit basiert auf CALIFA, dem “Calar Alto Legacy Integral Field Area
survey”. Dabei handelt es sich um eine Auswahl von 600 Galaxien mit Rotverschiebun-
gen zwischen z=0.005 und z=0.03. Innerhalb dieses Bereichs, ist das Sample statis-
tisch reprasentativ. CALIFAs Aufgabe besteht darin, Sternpopulationen, Alter, Metal-
lizitaten, Gasverteilungen, Mechanismen zur Gasanregung, chemische Zusammensetzun-
gen sowie kinematische Eigenschaften der Sterne und des ionisierten Gases genauestens
zu analysieren. FEine Schliisselkomponente zum Verstandnis der Sternentstehung entzog
sich bisher allerdings der Untersuchung: das kalte, molekulare Gas — Treibstoff der Ster-
nentstehung. Das ist Gegenstand dieser Arbeit, welche als vorbereitende Studie dient,
um in Zukunft interferometrische Karten mit ALMA, PdBI und CARMA zu gewinnen.
Ziel ist dabei, dass die raumliche Auflosung von 2” von CALIFAs optischen Integralfeld-
spektrographen (IFS), entsprechend 200-760 pc, auch im submm Bereich erreicht wird.
Im Rahmen dieser Arbeit, wurde eine ausfiihrliche Recherche verfiigharer Datenarchive
durchgefithrt und es konnte festgestellt werden, dass fir 159 Galaxien aus CALIFAs
mothersample (bestehend aus 939 Galaxien) bereits Beobachtungsdaten und Analysen
publiziert wurden. Weiters konnten Infrarot-Daten, aufgenommen mit dem IRAS und
WISE Satelliten fiir 497 beziehungsweise 924 Galaxien, aus Archiven entnommen werden.
Die Datensétze wurden zusammengefiihrt, sodass letztendlich fiir alle Galaxien des CAL-
IFA mothersamples, Sternentstehungsraten abgeleitet werden konnten. Dariiberhinaus
wurden zwei verschiedenen Quellen (Springob et al. 2005 und HYPERLEDA) Beobach-
tungen des atomaren Wasserstoffs entnommen, um atomare Gasmassen fiir zumindest
2/3 des CALIFA Samples ableiten zu konnen. C'O Daten aus mehr als hundert unter-
schiedlichen Publikationen und Katalogen wurden homogenisiert, um daraus die gesamte
Masse der in den Galaxien befindlichen Molekiilwolken zu berechnen. Dies geschah unter
Beriicksichtigung einer aufwéndigen Apertur — Korrektur. Zusatzlich war es moglich
fir 26 Galaxien, fiir welche Sénchez et al. (2013) Metallizitdten verdffentlichten, den

CO Konversionsfaktor, X¢p, abzuschéatzen, um fiir jene Galaxien, ebenfalls eine metal-
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lizitdts-abhangige molekulare Masse bestimmen zu konnen. Alle erwahnten Werte wurden
in einer MySQL Datenbank zusammengefasst und der CALIFA-Kollaboration iiber ein
Web-Interface zur Verfiigung gestellt. Fiir eine spétere, interferometrische Analyse, wurde
ein Sub-Sample von 65 Galaxien definiert. Die Galaxienauswahl geschah dabei mit einem
eigens programmierten Algorithmus basierend auf den folgenden Parametern: stellare
Masse, Sternentstehungsrate und Morphologie. Weiters wurden Beobachtungen an ver-
schiedenen Sub-Millimeter Teleskopen beantragt, darunter: APEX, IRAM und PdBI. In
der vorliegenden Arbeit, werden alle Methoden und Berechnungen beschrieben und disku-
tiert, wie etwa die Kennicutt-Schmidt Beziehung, Sternentstehungs-Effizienzen oder Zeit-
skalen der Gas-Erschopfung fiir molekulare und gesamte galaktische Gasreseven. Daraus
konnten vor allem drei Schliisse gezogen werden: 1) Die galaktische Sternentstehungsrate
steht in linearer Beziehung zur molekularen Masse, sogar wenn das meiste Gas in atomarer
Form vorliegt. 2) Es gibt ein Gas-Dichte-Limit, welches unabhéngig von der beobachteten
Skala besteht und mit dem Ubergang vom atomaren in den molekularen Zustand des
Gases einhergeht. 3) In erster Ndherung ist das Verhéltnis der Sternentstehungsrate zur
molekularen Masse in normalen Spiralgalaxien gleichbleibend. Diese Ergebnisse wurden
aus unaufgelosten Daten gewonnen, was also vergleichbar ist mit Beobachtungen von
Galaxien im frithen Universum und somit in Zunkunft hilfreich sein wird, wenn Daten
hochrotverschobener Galaxien interpretiert werden sollen. Neben, dieser globalen Anal-
yse, wurde ein einzelnes Objekt im Detail studiert, NGC2623. Dabei handelt es sich um
einen merger, der sich zu einer elliptischen Galaxie entwickeln wird. Hervorzuheben ist
dabei die Entdeckung eines molekularen Gasklumpens und die Ableitung seiner Kine-
matik. Die Beobachtung bestatigt das Modell ausstromenden, heissen Gases, bei gle-

ichzeitigem Einfall von kaltem, molekularem Gas.
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