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Abstract

Observations indicate that the majority of star-forming galaxies (SFGs) across
cosmic time follow a remarkably tight relation between the star formation rate
(SFR) and stellar mass (M∗) forming a ”main-sequence” (MS) of galaxies. Outliers
located above the MS for a given M∗ are classified as starbursts (SBs) and are
present at all redshift. In our local universe these rare systems are represented by
ULIRGs, where star formation is triggered by major mergers. The star formation
efficiency is defined as the ratio of SFR and the amount of molecular gas, which
is the fuel for star formation (SFE=SFR/Mgas). The gas reservoir is often traced
by CO emission lines. In SB galaxies the SFEs are significantly higher compared
to MS galaxies. Due to the increasing normalization in the SFR-M∗ plane with
increasing z, ULIRGs make up the MS population at higher redshifts. Because
these galaxies have higher SFRs and gas reservoir, stars formed in a MS galaxy in
the early universe might differ from those formed during a smooth secular evolution
at low-z. This suggests two distinct modes of SF are responsible for the buildup
of stellar mass across cosmic time. However, the distinction between MS and
SB galaxies might be enhanced by the gas estimates, which heavily rely on the
uncertain bimodal conversion factor αCO.

To examine the two possible modes of SF, a statistically representative sample
are collected. The catalog consists of 801 CO detected SFGs from the literature
covering a broad range of redshifts. Only the direct observables are considered
(LIR and L′CO), in order to obtain direct evidence for SFE variations in both SB
and MS galaxies at various redshifts.

In order to investigate the dispersion in the L′CO−LIR relation, the galaxies are
classified as either MS or SB galaxies. This was done by determining the off-set
from the MS (∆SFR = SFR/SFRMS), where a total of 322 SFGs were included.
The majority of MS galaxies from the SFR-M∗ relation follow a unique sequence in
the LCO−LIR relation, whereas the SB galaxies systematically lie above following
a different sequence. The results support two distinct modes of SF for SB and MS
galaxies, respectively.
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1 Introduction and motivation

1.1 Galaxy evolution

Galaxy evolution is one of the most challenging and mysterious topics in Astro-
physics that is still not well-understood, despite several decades of extra-galactic
research [Mo et al., 2010]. Understanding the evolution and assembly of stellar
populations within these large dynamically bound systems will help us understand
how gas clouds are turned into stars through powerful and complex processes
that enrich the interstellar medium1 (ISM) with chemical elements [Sparke & Gal-
lagher III, 2000]. Galaxy formation is essential for enhancing our knowledge of
our origins, as the majority of stars eventually form solar systems with habitable
planets similar to our own. But how do galaxies, which are the building blocks
of the Universe, form and evolve? What factors affect the properties of galaxies
and what drives star formation in these systems? How were the majority of stars
formed in the Universe? Could all galaxies be correlated even though they span
a wide range in both morphology and sizes? How does the intergalactic medium2

(IGM) affect galaxy growth and evolution? How do stars form and evolve in var-
ious galaxy populations? Understanding these questions provides insight to how
structures are formed, and how the Universe as a whole has evolved.

In terms of galaxy evolution, the time scales are significantly larger than the
lifetime of a human being. Observations of the evolution of individual galaxies
are therefore impossible. However, due to the expansion of the Universe, a dis-
tant galaxy will have a larger receding velocity that results in a larger redshift
compared to a nearby galaxy. In addition, since light travels at a finite speed, it
takes time for the photons to cover large distances. The light from the earliest
galaxies has traveled for more than 13 billion years before reaching us on Earth.
By taking advantage of this unique property, we are able to observe galaxies at
various redshifts, such as when the Universe was younger than its present age and
galaxies were less evolved. Since high-redshift galaxies are the progenitors of the
present day galaxies, they are important tracers of the evolution of the Universe.

Large galaxy surveys covering a broad range of redshift have been an important
tool for understanding how various galaxy populations are forming stars. It has
been discovered that the early universe was more active in terms of star formation,

1The space between stars within a galaxy.
2The space between galaxies.
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as galaxies formed the bulk of their stellar mass at redshifts between z = 1 − 3,
where the cosmic star formation rate density peaked (Figure 1.1). This era is
known as the epoch of galaxy assembly, where approximately half of the stars in
our present Universe were formed [Carilli & Walter, 2013; Madau & Dickinson,
2014]. The comoving SFR density since this epoch has decreased exponentially,
suggesting that the star formation activity was significantly higher in the past,
where galaxies on average formed more stars compared to in our present Universe.
The cause of this overall decrease in star formation is unknown, although a possible
explanation is a higher rate of gas infall from the intergalactic medium onto galaxies
hat leads to larger amounts of gas and higher star formation rates in galaxies at
high redshift. In addition, several physical processes such as transforming gas
into stars, the enrichment of material in galaxies and the intergalactic medium,
and feedback and cooling are all poorly understood processes that affect the star
formation in galaxies. By comparing galaxies at different epochs, the ultimate
goal is to understand how galaxies form and evolve with the diversity of sizes,
structures, colors, and luminosities that we observe.

Figure 1.1: The cosmic star formation history in the rest-frame FUV (a), IR (b), and FUV+IR
(c). Based on these measurements it is clear that the SFH peaked when the Universe was
approximately 3.5 Gyr (between z = 2 and z = 1.5).
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1.2 The connection between molecular gas and star

formation

Stars are formed through complex processes in cold, dense clouds of gas that are
often concentrated in galactic discs, as is the case in our own Milky Way [Solomon
& Bout, 2005]. The gas reservoir within galaxies provides the raw material from
which stars are formed and is therefore linked to the star formation rate. They are
mainly dominated by neutral and molecular hydrogen, where the latter is thought
to precede star formation [Mo et al., 2010]. For the Milky Way and nearby galaxies,
the atomic gas (HI) is organized in clumps with masses of 105 − 106 M� and
tens of parsec in size that dominate the diffuse neutral ISM and can be relatively
easily observed [Gao & Solomon, 2004b]. In the densest part of the ISM, such
as towards the galactic center or in the spiral arms where stars are formed, the
molecular form of hydrogen tends to dominate. For galaxies at higher redshifts the
atomic gas mass MHI

only accounts for a fraction of the total gas mass meaning
Mgas = MHI

+ MH2 ≈ MH2 , where MH2 is the molecular gas mass [Obreschkow &
Rawlings, 2009; Popping et al., 2012].

Schmidt [1959] was the first to observe a power-law relation between the rate
of star formation and the volume density of interstellar gas in galaxies. The trend
was later confirmed by R. C. Kennicutt Jr. [1989], who observed a correlation
between the star formation rate density and the molecular gas density, where star
formation is thought to occur. This empirical relation has since been referred to
as the Kennicutt-Schmidt (KS) Law, which has proven to be consistent for a large
dynamical range of star-forming galaxies [R. C. Kennicutt & Evans, 2012].

1.3 The main-sequence of galaxies

An important insight into galaxy evolution was gained when it was observed that
the majority of star-forming disk galaxies tend to obey a well-defined correlation
between the rate at which they are forming stars (SFR) and their stellar mass
(M∗). This relatively narrow trend defines the ”main-sequence” of galaxies. It has
been observed to exist both in our local universe [Brinchmann et al., 2004; Peng
et al., 2010; Salim et al., 2007] and at higher redshift [Daddi et al., 2007; Noeske
et al., 2007], where the normalization factor in the SFR-M∗ relation increases with
redshift. The tightness of this correlation suggests that the majority of stars in
galaxies are formed during a secular evolution, where the star formation is fueled
by smooth gas accretion [Bouché et al., 2010].

More recent studies have observed outliers with elevated SFRs from this well-
defined SFR-M∗ correlation, which are classified as starburst galaxies. For a given
M∗ they contain much larger SFRs and are therefore located above the main-
sequence of galaxies. Starbursts are relatively rare systems as they only make
up a few percent of the total population [Rodighiero et al., 2011]. The physical
explanation of a galaxy’s position along the SFR-M∗ plane is not fully understood
and might be related to how efficiently the gas in the ISM is being converted into
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stars.

Figure 1.2: Star formation rate density (
∑

SFR) versus gas surface density
∑

Gas. Two dis-
tinct sequences are shown. On the main-sequence most spiral and normal star-forming galaxies
are located, whereas ULIRGs and high-z SMGs are systematically located above on a separate
sequence. Figure from Daddi et al. [2010].

1.4 Star Formation Efficiency

The star formation efficiency is defined as SFE ≡ SFR/Mgas, which is the ratio
between the rate at which stars are formed and the available amount of gas. The
gas depletion timescale, τdep ≡Mgas/SFR, is the time it would take a galaxy to use
up it’s entire gas reservoir assuming a constant SFR. For a starburst galaxy, its
evolutionary stage is thought to be short-lived, due to the high SFRs resulting in
a rapid depletion of its gas supply. In our local universe, a main-sequence galaxy
typically has a timescale on the order of ∼ 109 yr, whereas a starburst burns
up its gas supply much faster resulting in a gas depletion timescale 10-20 times
shorter. The significant contrast between a main-sequence galaxy and a starburst
suggests they might undergo two distinct modes of star formation. This claim
highly depends on observations of the molecular gas, where direct observations of
the gas have proven to be challenging.
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Molecular gas clouds within galaxies are mainly dominated by molecular hy-
drogen, which unfortunately does not radiate in the dense regions of the ISM.
Molecular CO lines can instead be used to trace the molecular gas. Recent studies
of the CO-inferred molecular gas mass suggest that starbursts and main sequence
galaxies really do have significantly different SFE [Figure 1.2; Daddi et al., 2010].
However, the difference between starburst and main-sequence galaxies might be
enhanced by the bimodal conversion factor, αCO, which is often used to convert
CO line emission into the molecular gas mass of a given galaxy. The conversion
factor has been found to differ for normal disk galaxies and those that fall above
the main-sequence.

In addition, even though the CO line can be observed from the ground, these
observations are time intensive. Unfortunately this issue is amplified when study-
ing galaxies in the early universe, where a single galaxy might require several
hours of integration. The limitations related to observing the molecular gas there-
fore means that existing studies of CO detected galaxies are limited to relatively
small sample sizes.

1.5 Infrared Galaxies

In our local Universe, starburst galaxies are known as Ultra-Luminous InfraRed
Galaxies (ULIRGs) dominating in the infrared regions with luminosities exceeding
1012 L�. They are dust-obscured gas-rich mergers, where major galaxy merger
has compressed the gas enhancing the star formation activity [Sanders & Mirabel,
1996; Veilleux et al., 2009]. Stars formed in local ULIRGs are thought to undergo
a more violent and stochastic star formation, triggered by a merger-event.

Large surveys and observations of the cosmic background radiation have re-
vealed that a large fraction of light emitted by galaxies are produced at far-infrared
and submillimeter wavelengths, suggesting that infrared bright galaxies might be
an important piece in the evolution of galaxies at higher redshift. Even though
ULIRGs are uncommon in our local Universe, previous studies have shown that
these extreme IR bright galaxies were the dominant population at z = 2, where
the SFRs in galaxies on average were higher. These galaxies were responsible for
the majority of the energy density at this epoch influencing the build-up of stellar
mass and dominating the star formation activity [Le Floc’h et al., 2005]. Figure
1.3 shows the dominant galaxy populations as a function of redshift in terms of
comoving infrared energy density. At z ∼ 0 the LIRGs and ULIRGs do not con-
tribute significantly to the total comoving IR energy density (left axis), which is
instead dominated by normal star-forming galaxies. However, at higher redshift
the fraction of IR galaxies increase steadily and at z ∼ 2 becomes the dominant
population.

Thus, it is vital to determine how star formation progresses in IR galaxies at
higher redshift. Do they resemble local starburst galaxies, where the star formation
is driven my major mergers, or are they forming stars in steady processes similar to
local disk galaxies on the main sequence? If the majority of galaxies at high-z are
related to local ULIRGs, it suggests that starburst galaxies were responsible for the
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buildup of stellar mass in the early universe with high star formation efficiencies
and short gas depletion timescales. This would imply that stars within galaxies are
formed during two modes of star formation: a long, secular evolution with smooth
gas accretion, and one rapid, violent with high SFEs. On the contrary, if high-z
galaxies reveal similar properties as main-sequence galaxies, the majority of stars
in the early universe were formed during a single mode of star formation.

Figure 1.3: The total comoving IR energy density is indicated as the black regions, whereas the
blue show the faint galaxies. LIRGs and ULIRGs are represented in orange and red, respectively.
The right axis shows the comoving infrared energy density, whereas the right axis represent the
obscured SFR density from dust emission. The green line shows the detection limit of PACS,
which is a one of the instruments on the Herschel Space Telescope operating at far-IR and
submillimeter regions. Figure from Magnelli et al. [2013]

1.6 Summary

The main goal of this work is to determine if two distinct modes of star forma-
tion exist. In our local universe the majority of stars are formed during smooth
and steady processes in normal disk galaxies. ULIRGs with elevated SFRs and
enhanced SFEs are rare systems and only contribute with a small fraction to the
buildup of stellar mass. However, this is less clear at higher redshifts, where IR
bright galaxies tend to dominate. Since the normalization factor in the SFR−M∗
increases with redshift, it means these IR bright galaxies at high-z are located
on the main-sequence. If these high-z main-sequence galaxies resemble local star-
bursts with merger-driven star formation, it supports the existence of two distinct
star formation modes.

In this thesis, the distinction between main-sequence and starburst galaxies
will be examined, and how the star formation efficiency of galaxies changes with
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redshift. This will be done by studying the SFR (through dust grains) and gas
content (CO line emission) in galaxies over a broad range of redshifts.

To overcome the issues related to the small sample sizes of previous studies, all
CO detected galaxies from the literature will be collected to create a statistically
representative sample that spans a wide dynamical range.





2 Methods

2.1 Measuring molecular gas mass

The molecular gas in galaxies is mainly dominated by molecular hydrogen (H2)
in its lowest two rotational states. However, due to symmetry, H2 lacks a perma-
nent dipole moment meaning its radiative transitions are forbidden and require
extremely high temperatures in order to be excited. Since stars are formed in the
cold, dense parts of molecular clouds, emission from molecular hydrogen is rarely
detected. Therefore, a more preferable gas tracer is often used to observe the
diffuse gas. A proper candidate is the rotational lines of carbon monoxide (CO),
which is the most abundant molecule within galaxies after H2. It has been observed
to overlap in the same regions as molecular hydrogen in nearby galaxies, and it is
often assumed that the H2 column density is proportional to the CO(1−0) surface
brightness [Draine et al., 2007]. In addition, the CO molecule has low excitation
requirements and can easily be observed from the ground [Carilli & Walter, 2013].

2.1.1 Estimating the molecular gas mass

From Solomon & Bout [2005] the CO line luminosity can be converted into an H2

mass using

M(H2) = αCOL
′
CO (2.1)

where αCO is the highly-debated CO-Mgas conversion factor. For the Milky Way
αCO ≡ 4.6 M� (K km s−1 pc2)−1. However, the conversion factor seems to differ for
various environments and galaxy populations influencing the resulting estimated
gas mass [Bolatto et al., 2013; Casey et al., 2014; Downes & Solomon, 1998]. For
ULIRGs and EMGs a value of αCO = 4.6 M� (K km s−1 pc2)−1 results in gas
masses greater than the dynamical mass (Bryant & Scoville 1999). Derivations
of the conversion factor have instead suggested αCO ∼ 0.8 M� (K km s−1pc2)
for ”starbursty” galaxies such as SMGs and QSO hosts, whereas for disk galaxies
αCO ∼ 4 M� (K km s−1pc2) is recommended [Bolatto et al., 2013]. In addition, it
appears that the conversion factor rises in low-metallicity environments at high-z,
which could be due to CO photodissociation [Casey et al., 2014; Genzel et al.,
2012; Tan et al., 2013]. This indicates that the conversion factor highly depends
on environmental parameters including gas density and temperature.
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2.1.2 Higher CO excitation levels

Observations of the molecular gas at high redshifts are often based on emission
from CO lines with rotational quantum numbers higher than J = 1 [Carilli &
Walter, 2013]. Table 2.1 lists the rest frequency of common excitation levels of
the CO molecule observed in galaxies. The listed values are from Carilli & Walter
[2013].

J-transition 1− 0 2− 1 3− 2 4− 3 5− 4 6− 5 7− 6
νCO [GHz] 115.27 230.54 345.80 461.04 576.27 691.47 806.65

Table 2.1: Rest frequencies for various J transitions of the CO molecule.

CO can be excited to higher states through collisions with other molecules in the
gas and through radiative absorptions. The CO excitation ladder is known as
the CO Spectral Line Energy Distribution (CO SLED) [Carilli & Walter, 2013].
These thermal excitations can be described by the Boltzmann distribution. Since
the total molecular gas mass is determined using a conversion factor based on
emission from the J = 1 − 0 transition, higher CO line transitions have to be
converted. The assumed conversion scheme listed in Table 2.2 is from Bothwell et
al. [2013], where rJ,J−1/10 is the ratio of CO luminosities L′CO(J,J−1)/L

′
CO(1−0).

Rotational transition Value
r21/10 0.84± 0.13
r32/10 0.52± 0.09
r43/10 0.41± 0.07
r54/10 0.32± 0.05
r65/10 0.21± 0.04
r76/10 0.18± 0.04

Table 2.2: Conversion factors for higher CO rotational states.

2.1.3 Measuring Dense Gas

A commonly used proxy for denser molecular gas within galaxies is HCN , which
traces gas at densities n(H2) & 3 × 104 cm−3 [Gao & Solomon, 2004a]. It has a
higher dipole moment than CO and is thought to be more closely associated with
the star-forming regions within giant molecular clouds [Gao & Solomon, 2004b].
One disadvantage of using HCN is that the line emission is often 10 − 20 times
weaker than CO [Gao & Solomon, 2004a].

2.1.4 Line luminosities

The spectral line emission is often expressed either as Lline or L′line, where the
former is given in units of L� and the latter is expressed via the areal integrated
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source brightness temperature and is given in units of K km s−1 pc2. The Lline is
the power that is being emitted through a given line which therefore can be used
to calculate the cooling capability (in relation to the FIR luminosity Lline/LFIR).
Solomon & Bout [2005] find that the CO line luminosity in units of L� (the power
that is being emitted through a CO line) can be estimated from:

LCO = 1.04× 10−3SCO∆vνrest(1 + z)−1D2
L (2.2)

where SCO∆v is the velocity integrated flux in Jy km s−1, νobs = νrest/(1+z) is the
observed frequency of the line in GHz, DL = DA(1 + z)2 is the luminosity distance
in Mpc where DA is the angular size diameter and z is the redshift of the source.
The CO line luminosity in units of K km s−1 pc2 is given as

L′CO = 3.25× 107SCO∆vν−2
obsD

2
L(1 + z)−3 (2.3)

or

L′CO = 23.5Ωs?bD
2
LICO(1 + z)−3 (2.4)

where Ωs?b is the solid angle of the source convolved with the telescope beam, and
ICO is the observed integrated line intensity measuring the beam diluted brightness
temperature ICO =

∫
Tmbdv. The main-beam brightness temperature is Tmb =

T ∗A(Feff/Beff) where T ∗A is the antenna temperature and Feff , Beff are the forward
and effective beam efficiencies, respectively.

An alternative way to determine L′CO is

L′CO =
ΩbD

2
LICO

(1 + z)3
(2.5)

where Ωb is the beam solid angle Ωb = πθ2
B/(4× ln2) and θB is the main beam size

[Morokuma-Matsui et al., 2015].

2.2 Measuring SFR (LIR and Dust properties)

2.2.1 Dust emission

Thermal dust emission peaks at rest-frame wavelengths λ ∼ 40 − 200 µm and
dominates the FIR SED in dusty star forming galaxies. Therefore, in order to
probe the bulk of the infrared emission, it is necessary to select galaxies with
sufficient photometric FIR observations. By fitting the IR and FIR part of a
galaxy’s SED, it is possible to obtain several physical parameters including the
total IR luminosity, LIR, and the total dust mass within the galaxy Mdust. In the
following I will describe a dust model, which can be used to model the thermal
region of a galaxy’s SED. All calculations are determined assuming a cosmology
of Ωm = 0.3, ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1.
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2.2.2 Draine & Li (2007) dust models

The FIR part of a galaxy’s SED can be fitted using Draine & Li [2007] (DL07)
dust models, assuming the interstellar dust is a mixture of carbonaceous and amor-
phous silicate grains with the same properties as polycyclic aromatic carbonaceous
molecules (PAHs) and size distributions similar to the extinction law in the Milky
Way, Large Magellanic Cloud, or Small Magellanic Cloud. The dust distribution
can be found in two different regions: the diffuse ISM and enclosed in photo-
dissociation regions (PDRs) [Draine & Li, 2007]. In the diffuse ISM, which contains
the dominant amount of dust, the dust is heated by a radiation field of constant
intensity noted as Umin. Only a fraction of the dust (γ) is trapped within the
PDRs, and is therefore exposed to starlight with an intensity range between Umin

to Umax. However, dust that is enclosed in the PDR regions can contribute the
majority of dust emission at mid-IR wavelengths. The sum of the diffuse ISM
model and the PDR model then gives:

dMdust

dU
= (1− γ)Mdustδ(U − Umin) + γMdust ×

α− 1

Uα−1
min − Uα−1

max

× U−α (2.6)

where dMdust is the dust mass heated by starlight intensities in the range [U,U +
dU ], (1 − γ) is the fraction of dust exposed to a starlight intensity of Umin, δ is
the delta function representing the diffuse interstellar radiation field of intensity
U = Umin = Umax, α is a power-law index, and Mdust is the total dust mass. A
range of dust to gas ratios from Draine & Li [2007] are used for each model and
the radiation intensities range from 0.80 < U < 25.0.
The emission spectrum of the two models at a distance D is then a linear combi-
nation

fmodel
ν =

Mdust

4πD2

[
(1− γ)p(0)

ν + γpν
]

(2.7)

where p
(0)
ν = p

(0)
ν (qPAH, Umin) and pν = pν(qPAH, Umin, Umax, α) are the emitted

power per unit frequency per unit dust mass for dust heated by starlight intensity
Umin, and dust heated by a power-law distribution of starlight intensities dM/dU ∝
U−α in the range from Umin to Umax, respectively. The DL07 model includes a total
of 6 free parameters; qPAH, Umin, Umax, α, γ, and Mdust. In Draine et al. [2007] they
discovered after studying 65 SINGS galaxies that a fixed value of α = 2 and
Umax = 106 would not change the individual galaxy SED significantly. I have
therefore chosen to set these two parameters to the above values. The total model
returns the remaining parameters, where the goodness of the fit is determined by
performing a reduced χ2 given by

χ2
ν =

χ2

ν
=

1

ν

∑ (O − E)2

σ2
(2.8)

where χ2 = is the weighted sum of squared errors, O is the observed quantify, E
is the expected values, and ν is the number of degrees of freedom.
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The LIR is then estimated as the integrated emission in the wavelength range of
8µm to 1000µm

LIR =

∫ 1000µm

8µm

Lν(λ)
c

λ2
dλ (2.9)

with the rest-frame luminosity, Lν(λ) = 4πD2
LSν(λ), where DL is the luminosity

distance of the galaxy and Sν(λ) is the flux density.

The infrared luminosity is a measure of the energy, mainly from star formation,
that was absorbed by dust. An LIR measurements is therefore directly proportional
to the absorbed fraction of energy arising from star formation. The obscured
star formation rate, SFRIR (hereafter SFR) can be estimated using the following
conversion listed in R. C. Kennicutt Jr. [1998]

SFRIR = 1.72× 10−10 × LIR (2.10)

in units of M� yr−1 and where a Chabrier [2003] IMF is assumed.

2.2.3 Estimating the dust mass

The dust mass is determined using

Mdust =

(
Mdust

MH

)
mH

Lν
4πjν

(2.11)

where Mdust/MH is the dust-hydrogen ratio of the dust models from Draine & Li
[2007]. The dust mass absorption coefficient is set to κ0 = 5.1 m2 kg−1. The ratio
LIR/Mdust is proportional to the mean radiation field 〈U〉 and is a proxy for the
gas temperature.

2.3 Measuring the Distance to the Main-Sequence and

SFE

Several SFR indicators can be used to determine the star formation rate, such as
the infrared luminosity, which provides a measure of the energy from stars that
has been absorbed by dust grains. It therefore traces the obscured star formation
within galaxies. The interstellar dust grains absorb the UV light from newly formed
O and B stars and re-radiates it thermally at far-infrared wavelengths, meaning
the FIR emission of a dusty galaxy can be used as a tracer for its current SFR.
The SFR of main-sequence galaxies varies with redshift and stellar mass [Noeske
et al., 2007; Speagle et al., 2014]. It can be determined by using the following
expression from Schreiber et al. [2015]:

log SFRMS [M� yr−1] = m−m0 + a0r − a1[max(0,m−m1 − a2r)]
2, (2.12)

where r ≡ log(1 + z), m ≡ log(M∗/109 M�), m0 = 0.50 ± 0.07, a0 = 1.50 ± 0.15,
a1 = 0.30± 0.08, m1 = 0.36± 0.30, and a2 = 2.50± 0.60. The distance of a galaxy
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with respect to the main-sequence is expressed as the ratio ∆SFR ≡ SFR/SFRMS,
and a galaxy is considered to be located on the main-sequence if 1/3 < ∆SFR < 3,
whereas galaxies with ∆SFR < 1/3 and ∆SFR > 3 are classified as quiescent and
starburst galaxies, respectively. Eq. 2.12 is based on a sample of galaxies with
mass bins with widths of 0.3 dex.

The star formation efficiency is defined as the ratio between a galaxy’s current
SFR and the available amount of gas

SFE =
SFR

Mgas

∝ LIR

L′CO

(2.13)

where LIR/LCO is in units of L�/(K km s−1 pc2). The gas consumption timescale
is given as τgas = 1/SFE, which is the time it takes for a galaxy to use up its entire
gas reservoir with the current SFR [Carilli & Walter, 2013].



3 Collecting and

processing data

3.1 Data overview

To obtain a broad dynamical range of star-forming galaxies at both high and low
redshift, all CO detected galaxies from the literature with direct measurements of
the molecular gas mass are collected. For this purpose I built a MySQL database
to store the data. Addition emission lines measurements are saved including CO,
HCN, and [CII] from a variety of large galaxy surveys such as the COLDGASS,
GOALS, EGNOC, among others.

The LCO values for the full data sample are drawn from Bauermeister et al.
[2013], Bothwell et al. [2013], Bothwell et al. [2014], Carilli & Walter [2013] (and
references therein), Evans et al. [2006], Gao & Solomon [2004a,b], Garćıa-Burillo
et al. [2012], Graciá-Carpio et al. [2006], Graciá-Carpio et al. [2008], Juneau et al.
[2009] (HCN data are from Bussmann et al. [2008]), Magdis et al. [2012], Magdis
et al. [2014], Morokuma-Matsui et al. [2015], Saintonge, Kauffmann, Kramer, et al.
[2011], Sharon et al. [2016], Silverman et al. [2015], Solomon et al. [1997], Tacconi
et al. [2013], and Zavala et al. [2015] (see the following section for details about
each data set).

Figure 3.1 illustrates how each data sample was collected and cross-matched with
the NASA/IPAC Extragalactic database3. The additional databases were used
to search for specific published galaxy properties including flux measurements,
spectroscopic redshifts, stellar mass measurements, and infrared luminosities. In
the following sections, I describe the most important tools developed in Python
and MySQL in order to create the final catalog

• MySQL database collecting data from NED, ViZieR, Simbad, and IRSA

• Python scripts extracting, converting, and correcting data

The most important scripts are described in Appendix ??.

3The NASA/IPAC Extragalactic Database is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautics and Space
Administration.
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Figure 3.1: A schematic overview of the data collection and combining measurements from
the NED, ViZieR, and IRSA database. Each CO detected galaxy and flux measurements was
cross-matched with the NED database and stored in the MySQL database.

3.1.1 MySQL database containing the gas measurements

The database contains the raw data measurements (in various units) extracted
directly from the published papers or online data tables. The individual data
samples are stored in a MySQL views. To obtain a fairly consistent catalog, a
range of important parameters was required for each sample before being included
in the final data set. For every data set or measurement used the galaxy’s ID name
(ref_name), coordinates (ra,dec), reference (src), line and transition (line), and
redshift or distance are listed (z,dist). In addition, the telescope which was used
during the observation to measure the line luminosity. This was in particular
important if the line measurement was given in units of antenna temperature and
therefore needed to be converted into a line luminosity. Furthermore, each CO
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detected galaxy in the MySQL database was also matched with the NED database
using either the coordinates of the galaxy or by its given ID name listed in the
paper. I decided to use the official NED name for the source in order to avoid
adding a galaxy to the database multiple times (which could occur if a given
galaxy has multiple official ID names). If the galaxy is identified in the NED
database and contains numerous names, these would be stored and linked to the
official NED name along with information about the galaxy’s redshift, distance,
coordinates, and photometry measurements (See Section 3.2 for further details).

Local galaxies

Among the nearby galaxies, there was a possibility that the physical size of a given
galaxy was larger than the beam-size of the telescope. Some of the observed line
measurements would then only cover a particular region of a galaxy, if no mapping
was completed. Since the scientific goal addresses global star formation laws and
processes in galaxies, only LIR measurements based on the galaxy’s entire disc was
considered. In addition, complications would arise during the following analysis
such as determining star formation efficiencies. If a line measurement for a giving
galaxy only covers the central regions of its galactic disk, a comparison between
the SFR and the molecular gas mass would be insufficient. Therefore, in order
to avoid this issue, each line and infrared measurements was listed with a g_flag

note are listed with values ranging from 0 to 3:

• 0: the line measurement covers the entire galaxy

• 1: the emission is measured from a region of the galactic disc

• 2: the line measurement has been aperture corrected

• 3: the line measurement traces the emission from the entire galaxy obtained
through mappings

If m_flag 6= null then the line measurement is a combination of several obser-
vations, where the mapped line measurements are linked together by the same
m_flag value. (For example the CO reservoir of a nearby galaxy can be obtained
through several mappings, where the total line emission then is the integrated
CO flux density). Upper and lower limits are marked as g_limit = 0 and 1,
respectively. Galaxies listed with g_limit = 1 indicate galaxies where additional
mapping of the galaxy is needed to determine the total line emission of the entire
galactic disc. These galaxies are excluded from the final catalog but are stored in
the database.

Distant galaxies

For the high-z galaxies, there was a possibility that some sources might be affected
by gravitational lensing due to a massive foreground object. This effect distorts
the emitted light from the galaxy, which can influence the data analysis (especially
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if the magnification factor was not well-determined). magn lists the magnification
factor as provided in the reference paper. See Section 3.3.4 for further details.

Line measurements

During the process of combining all line measurements of the CO detected galaxies,
it was found that the detected line emission typically was listed as one of the
following

• l_line, l_line_err: The line luminosity (and error) in [L
′

line] = K km s−1 pc2

• i_line, i_line_err: The line intensity (and error) given in [Iline] = K km s−1

• sdv, sdv_err: The velocity integrated flux density (and error) in [S∆v] =
Jy km s−1

Line measurements listed as either a line intensity or a velocity integrated flux
density were converted to a line luminosity using eq. 2.4 or eq. 2.3, respectively.
For galaxies with line emission in units of antenna temperature, the measurement
was converted to a line luminosity if a continuum sensitivity on the Tmb scale was
provided in the paper. These were then converted from a temperature-dependent
value to a flux measurement for a point source ([S/Tmb] = Jy K−1.)

3.2 Python scripts

In order to estimate LIR and Mdust measurements using the Draine et al. [2007]
dust models (Section 2.2.2), sufficient flux measurements covering a wide range of
wavelengths are crucial. Figure 3.2 shows template of a galaxy SED at various
redshift. A galaxy at high redshift is shifted towards longer wavelengths, where
far-IR and submillimeter flux measurements are essential in order to cover the
thermal region, where the dust emission dominates.
Flux measurements (and stellar masses if they were listed) were used from selected
papers including Dale et al. [2012], Mazzarella et al. (in prep.), Melbourne et al.
[2012], Magdis et al. [2012], U et al. [2012], and Zavala et al. [2015]. In addition,
both PACS and SPIRE flux catalogs have been cross-matched with the CO de-
tected galaxies stored in MySQL. Furthermore, several online databases were used
to extract additional flux values. The following telescopes and instruments were
included: 2MASS, APEX (LABOCA), Herschel Space Observatory (SPIRE and
PACS), IRAS, Planck, Spitzer Space Telescope (IRAC and MIPS), JCMT (SCUBA
1 and 2), and WISE (W1-W4). Table B.1 in Appendix lists the telescope with
their instruments and relevant wavebands. Figure 3.3 illustrates the flux coverage.
Flux measurements and stellar masses were extracted from several databases in-
cluding NED, ViZieR, and IRSA. The ViZieR consists of a more than 13.000
published catalogues and data tables4, whereas IRSA contains science products

4For additional information: http://vizier.cfa.harvard.edu/index.gml

http://vizier.cfa.harvard.edu/index.gml
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Figure 3.2: SED template of a galaxy at various redshift.

of NASAs infrared and submillimeter missions including archives with data from
2MASS, Spitzer, WISE, Herschel, and the COSMO sample5.
In order to extract these data measurements, I wrote several Python scripts to store
each result and cross match them with the catalog stored in MySQL. These scripts
use Astroquery6 to obtain the relevant information including diameter, coordi-
nates, alternative names and photometry values which are inserted into MySQL
tables and views. For a given data set with listed galaxies and their respective
coordinates, the try_ned_from_query_name function in Python uses the reference
name from a given list to search in the NED database. If the input name gives a
match, the official NED name of the object is saved along with redshift, diameter,
photometry, position, references, and notes. These are all saved in different views
in MySQL (for example ned_diameters_v and ned_photometry_v for the diame-
ter and photometry measurements, respectively). The NED name or coordinates
is then used to search in the additional databases; Simbad, ViZieR, and IRSA.
For example all Simbad outputs are saved in a MySQL view as simbad_table_v

similiar for the ViZieR outputs, which are saved as vizier_tablename_v.
For the IRSA database the script is written to complete a cone search within a
radius of 2 arcsec for nearby galaxies, and 10 arcsec for galaxies at higher red-
shift. This is done using the function full_name_search_on_query in Python.
If a galaxy was found in one or several IRSA catalogs, the extracted results from
the IRSA database will be saved into MySQL view(s) with the following structure:
IRSA_catalogue_v where catalogue is the catalogue code (the most relevant
modules are explained in Appendix A). For every completed galaxy search, a log
will automatically be saved. This procedure is performed regardless of the search

5More information about IRSA: http://irsa.ipac.caltech.edu/frontpage/
6http://astroquery.readthedocs.org/

http://irsa.ipac.caltech.edu/frontpage/
http://astroquery.readthedocs.org/


22
3. Collecting and

processing data

was successful in order to avoid searching for a galaxy within a given database
more than once.

3.3 Data processing

3.3.1 Combining measurements from various sources

Flux measurements

In order to obtain a consistent data sample, all flux measurements in the final
catalog is stored in units of Jy. Since several catalogs in IRSA were listed in units
of mag, those were converted using the following conversion

Fν = F0 × 10
−
(
fmag
2.5

)
(3.1)

where fmag is the flux magnitude in a specific band, and F0 is the corresponding
zero magnitude flux density in Jy.

Figure 3.3: Included telescopes and instruments and their individual wavebands shown on a
galaxy SED template at z = 0.

Figure 3.3 shows the wavelength coverage of the selected instruments for a typi-
cal star-forming dusty galaxy SED at low redshift. Photometric observations are
often detected in different wavebands, where the observed flux will be affected
by the transmission of the waveband filter, the atmospheric transmission, and
the telescope and instrument efficiency [Mo et al., 2010]. Transmission curves
for each flux value is used to calibrate the measurements during the SED fitting
procedure (The majority is available on: http://svo2.cab.inta-csic.es/svo/

http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel
http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel
http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel


3.3 Data processing 23

theory/fps3/index.php?mode=browse&gname=Herschel). A weighted mean is
calculated if a galaxy contains multiple flux densities and error estimates from
the same telescope or instrument in a given waveband. The weighted mean is
determined using

µ =
Σxi/σ

2
i

Σ1/σ2
i

(3.2)

where the error of the weighted mean is defined as

σ2(µ) =
1

Σ1/σ2
i

(3.3)

3.3.2 Stellar masses

Since the stellar mass values were collected from various sources and databases,
only those with an IMF of either a Chabrier [2003], Kroupa [2001] or Salpeter [1955]
IMF are included. The stellar masses are corrected to a Chabrier [2003] IMF using
the conversion given in Speagle et al. [2014]: M∗,C = M∗,S/1.7 = M∗,K/1.06, where
M∗,S and M∗,K are stellar masses obtained using a Kroupa [2001] or Salpeter [1955]
IMF, respectively.

3.3.3 Higher J-transitions

To obtain a consistent sample all CO line measurements are stored as CO(1− 0).
Galaxies detected with a higher CO rotational excitations are therefore converted
to an estimated ground state CO(1 − 0) measurement (Section 2.1.2). Table 2.2
from [Bothwell et al., 2013] is used to correct the higher CO line luminosities.

3.3.4 Gravitationally lensed galaxies

If the galaxy is gravitationally lensed the emitted light has been distorted meaning
the given L′CO and LIR will be the apparent luminosity. For a lensed galaxy, the
intrinsic luminosity can be obtained using L′int = L′app/µ, where µ is the magni-
fication factor of the gravitational lens [Solomon & Bout, 2005]. For the lensed
galaxies in the final catalog both the line luminosity and the infrared/far-infrared
luminosity are corrected (the magnification factors used are listed in the database
along with a link to the original paper).

3.3.5 Determining SFR/SFRMS

Galaxies listed with either LIR or FIR are converted into SFR in order to calculate
the off-set from the main-sequence. FIR luminosities obtained from the literature
is converted assuming the following relation LFIR: LIR = 1.3×LFIR [Garćıa-Burillo
et al., 2012]. The infrared luminosities is converted to SFR using eq. 2.10 in Section
2.2.2. The SFRMS is determined using eq. 2.12 from Schreiber et al. [2015].

http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel
http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel
http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php?mode=browse&gname=Herschel
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3.4 Galaxy surveys

Large galaxy surveys such as the Sloan Digital Sky Survey (SDSS), All-Wavelength
Extended Groth Strip International Survey (AEGIS), and the COLD GASS survey
have covered large areas of the sky in order to obtain a representative sample of
galaxies at both high and low redshifts. In the following section each sub-sample
is described including dynamical ranges and selection criteria (color-selection, flux
limitations etc.)

3.4.1 COLD GASS

For nearby galaxies COLDGASS (CO Legacy Data base) has been used which
is a subsample of the GASS survey (GALEX Arecibo SDSS Survey); designed
to measure neutral hydrogen in a large, unbiased sample of approximately 1000
massive galaxies (with M? > 1010M� [Saintonge, Kauffmann, Kramer, et al., 2011].
The survey contains CO(1-0) line measurements for∼ 360 nearby galaxies (0.025 <
z < 0.05) with stellar masses in the range 1010 − 1011.5M�. Huang & Kauffmann
[2014].

Saintonge, Kauffmann, Kramer, et al. [2011]; Saintonge, Kauffmann,
Wang, et al. [2011] The data sample consists of 164 CO(1-0) detected galaxies
with optical redshifts (0.002 < zopt < 0.09), stellar masses (log(M?)), observed
flux in the central pointing (Sdvobs), extrapolated total flux (Sdvcor), and the
coordinates (RA and DEC in degrees). Observations are from the IRAM 30m
and all galaxies are classified as ULIRGs or LIRGs. Upper limits were given as
log MHII with αCO = 3.2. The line luminosities were then calculated using the
relation L′CO = MHII/αCO.

3.4.2 GOALS

The Great Observatories All-Sky LIRG Survey (GOALS) combines several ob-
servatories including NASA’s Spitzer Space Telescope, Chandra X-Ray Observa-
tory, Hubble Space Telescope (HST), Galaxy Evolution Explorer (GALEX), and
ground-based data Armus et al. [2009]. The survey consists of imaging and spec-
troscopic data of more than 200 low-redshift (z < 0.088) LIRGs from IRAS Revised
Bright Galaxy Sample (RBGS).

3.4.3 ALLSMOG

The ALLSMOG survey traces the cold molecular gas reservoir by detecting the
CO(2 − 1) in local galaxies (0.01 < z < 0.03) with stellar masses 108 < M∗ <
1010 M�. The data set contains selected galaxies from the MPA-JHU catalogs
(from SDSS DR7) [Bothwell et al., 2014].
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Bothwell et al. [2014] The data sample contains 42 galaxies. As the APEX
beam at 230 GHz has a size of ∼ 27 arcsec, only galaxies with a physical size
smaller than the beam size was considered. However, a few galaxies have slightly
larger optical extents where most of the CO emitting regions are covered by the
telescope beam. These are corrected with an aperture correction factor. Beam
coverage in percentage are listed in the table. Non-detected CO galaxies are listed
with a CO flux density 3σ upper limit SCO < 3σ

√
∆VCOdv.

3.4.4 EGNoG Survey

The EGNoG survey (Gas in Normal Galaxies) at the Combined Array for Re-
search in Millimeter-wave Astronomy (CARMA) traces the molecular gas in 31
galaxies from z = 0.05 to z = 0.5 by observing rotational lines of the CO molecule
[Bauermeister et al., 2013]. The full sample is split into four redshift bins; A:
z = 0.05 − 0.1, B: z = 0.16 − 0.20, C: z = 0.28 − 0.32, and D: z = 0.47 − 0.53.
The galaxies were selected from the parent samples, SDSS and COSMOS, to be as
representative as possible of the main-sequence of SFGs. The stellar mass range
for these galaxies is (4− 30)× 1010M�.

Bauermeister et al. [2013] use the EGNoG C sample with CO(1-0) and CO(3-
2) detection of 24 galaxies. The galaxies are selected from 0.05 < z < 0.5 with
stellar masses in the range (4 − 30) × 1010 M� and SFRs of 4 − 100 M� yr−1.
In Bauermeister et al. [2013] some galaxies are 3σ upper limits on the velocity
integrated flux.

3.4.5 ULIRGs and LIRGs

Gao & Solomon [2004a,b] contains 53 infrared galaxies; 7 ULIRGs, approx-
imately 20 LIRGs, and more than a dozen normal main-sequence spiral galaxies,
which all have bright detected CO emission. All galaxies are listed with FWHM
(and error estimates), integrated line fluxes, and coordinates in degrees. In addi-
tion, Graciá-Carpio et al. [2008, 2006] have collected CO redshift and luminosities
for 17 local LIRGs and ULIRGs. The data sample from Garćıa-Burillo et al.
[2012] also contains CO measurements of selected LIRGs and ULIRGs. Juneau et
al. [2009] have follow-up HCN(3 − 2) observations with the 10 m Heinrich Hertz
Submillimeter Telescope of 22 galaxies in the Gao & Solomon [2004a,b] data sam-
ple.

Combes et al. [2013] use their data set from 2011, containing 30 galaxies with
redshifts z ∼ 0.2− 0.6 and detected CO emission using the IRAM 30 m telescope
[Combes et al., 2011]. All sources are selected to be classified as ULIRGs. In
addition, in Combes et al. [2013] they add a total of 39 galaxies at z ∼ 0.6− 1.0,
where they detect CO emission by using the IRAM 30 m telescope. They list
their full CO detected data set with coordinates, optical redshifts, frequencies,
flux densities (Jy km s−1 and error, fluxes (from NED), central velocities, FWHM,
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line luminosities, FIR luminosities, and stellar mass. They select ULIRGs with
LFIR > 1012.45 between 0.6 < z < 1, which have spectroscopic redshifts, and are
detected at 60 µm with IRAS or at 70 µm with Spitzer.

Evans et al. [2006] collects a data sample consisting of 9 CO(1−0) detected host
galaxies of infra-red excess Palomar-Green (PG) QSOs. They measure CO(1− 0)
emission lines and either HCN(1− 0) or HCN(2− 1).

Garćıa-Burillo et al. [2012] obtained HCN(1 − 0) observations of 19 LIRGs,
where the majority are extracted from the sample studied by Alonso-Herrero et al.
[2006] originally drawn from the IRAS Revised Bright Galaxy Sample (RBGS). All
galaxies have LIR > 1011.05 L�. The estimated sizes are < 10”, which is equivalent
to 1.7−3.6 kpc meaning the total emission is contained within the telescope beam
of ∼ 28” [Garćıa-Burillo et al., 2012]. In addition, they also include galaxies from
Gao & Solomon [2004a,b], QSOs from Evans et al. [2006], and high-z galaxies from
Gao et al. [2007].

González-Alfonso et al. [2015] collects 29 local galaxies with z < 0.1 included
in the Herschel SHINING program and three OT programs. All CO measurements
are unpublished data from previous studies including Garćıa-Burillo et al. [2012],
Weiß et al. [2005] (M82), Houghton et al. [1997] (NGC 253), Scoville et al. [1983]
(NGC 1068), Papadopoulos et al. [2012], Solomon et al. [1997], Casoli et al. [1999]
(Arp 299), Mirabel et al. [1990], Chung et al. [2009], and Henkel et al. [1994] (NGC
4945). The sample is biased toward ULIRGs, where the most luminous sources
are from IRAS RBGS. In addition, it also contains Seyfert and HII galaxies. Some
galaxies are corrected for extended emission.

Graciá-Carpio et al. [2008, 2006] observe HCN(1−0), HCN(3−2), HCO+(1−
0), HCO+(3 − 2) in 17 LIRGs and ULIRGs in the infrared luminosity range
1011.3 L� < LIR < 1012.5 L�. All galaxies have distances larger than 50 kpc
in order to measure the total emission of the molecular gas.

3.4.6 SMGs

Bothwell et al. [2013] have selected 40 galaxies with redshifts z ∼ 1−4 drawn
from the optical spectroscopic survey of SMGs by C05, the SCUBA Cluster Lens
Survey [Smail et al., 2002], and the SCUBA Half Degree Extragalactic Survey
(SHADES) of the Subaru/XMM-Newton Deep Field [Coppin et al., 2006]. In
addition, they also included spectroscopically identified galaxies from the MAMBO
imaging survey described in Bertoldi et al. [2002] and Greve et al. [2004]. All
galaxies have been detected by either measuring the Lyman α emission, the Hα
emission and/or PAH emission from mid-IR spectroscopy with Spitzer.
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Sharon et al. [2016] have selected 14 z ∼ 2− 3 SMGs and AGN host galaxies
with existing CO(3 − 2) measurements. The data set consists of 11 AGN hosts,
where 6 of these are lensed galaxies, and 3 SMGs, where one is unlensed. All
galaxies are considered U/LIRGs and hyper-luminous infrared galaxies (HyLIRGs)
with 1011.2 L� ≤ LFIR ≤ 1013.3 L�.

3.5 Herschel-detected data sample

The galaxies selected for the SED fitted procedure using the DL07 dust models were
all detected by the Herschel Space Telescope. The sample contains 122 galaxies at
both high and low redshift (69 at z < 0.1 and 53 at redshift above). A few examples
are presented in with the estimated parameters listed in Table 3.1. Figure 3.4
shows SEDs of two dusty low-z galaxy, where flux density is shown as a function of
wavelength (Arp 220 on Figure 3.4(a) and IC 0883 on 3.4(b)). The black diamonds
represent the flux densities obtained from the database as described in Section 3.2.
The best fit is determined by the procedure explained in Section 2.2.2 is shown as
the green, solid line. The estimated IR luminosity and dust mass were found to
be LIR = 1012.00 L�, and Mdust = 108.78 M�, respectively. Another local galaxy
is shown on Figure 3.4(b), where the estimated values were LIR = 1011.58 L� and
Mdust = 108.25 M�.

Galaxy z χ2
ν

log LIR

[L�]
log Mdust

[M�]
Umin 〈U〉 γ

%

ARP 220 0.02 3.67 12.02 8.78 12.00 13.12 0.00
IC 0883 0.02 4.89 11.58 8.25 15.00 16.52 0.00
SDSS J095900.61+022833.0 0.48 4.42 11.43 8.13 15.00 15.76 0.00
SDSS J141914.95+524929.5 1.20 7.18 12.71 9.43 12.00 15.72 0.03
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Table 3.1: SED fitted parameters for selected Herschel -selected galaxies in the catalog. Columns
are (from left) galaxy reference name, redshift, reduced χ2 value, logarithmic infrared luminosity,
logarithmic dust mass, intensity field, dust weighted mean starlight intensity, and the fraction of
dust enclosed in PDR regions. All galaxies in the sample are listed in Appendix B.2.

Similarly, the SEDs of two galaxies in the high-z regime are represented in Figure
3.5. The solid, purple line shows the combined SED model, with LIR = 1011.43 L�
and Mdust = 108.13 M� for SDSS J095900.61+022833.0 (Figure 3.5(a)), and LIR =
1012.71 L� and Mdust = 109.43 M� for SDSS J141914.95+524929.5 (Figure 3.5(b)).
All results and parameters determined for these two galaxies are shown in Table
3.1. All the SED fits are presented in Appendix C.1, whereas the parameters are
listed in Appendix B.2.
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Figure 3.4: Spectral energy distribution (SED) of two low-z CO detected galaxies from the
database. The solid dark green line represents the optimal fit using Draine & Li [2007] dust
models described in Section 2.2.2. The model is a linear combination of two components; one
describing the diffuse ISM (red dashed line) and the other describing dust in PDR regions (blue
dotted line). Fitted parameters are listed in Table 3.1. (a): Arp 220 at z = 0.0181. (b): IC 0883
at z = 0.0233.
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Figure 3.5: Spectral energy distribution (SED) of two high-z CO detected galaxies from the
database. The solid dark green line represents the optimal fit using Draine & Li [2007] dust
models described in Section 2.2.2. The model is a linear combination of two components; one
describing the diffuse ISM (red dashed line) and the other describing dust in PDR regions (blue
dotted line). Fitted parameters are listed in Table 3.1. (a): SDSS J095900.61+022833.0 at
z = 0.4778. (b): SDSS J141914.95+524929.5 at z = 1.1970.



4 Results and discussion

As mentioned in Section 2.1.1, a galaxy’s molecular gas mass can be estimated
from measurements of the CO line luminosity by using the αCO conversion factor.
However, the exact value of αCO is very uncertain, as previous studies have shown
it can vary up to a factor of ∼ 5. Since Mgas = αCO × L′CO, variations in αCO can
greatly impact the derived gas mass. Therefore, in order to examine the KS law
without making assumptions on αCO, only the direct observables are considered
throughout the analysis.

4.1 All CO detected galaxies

Figure 4.1 presents the observed quantities used to derive the physical param-
eters in the KS Law, with LIR ∼ SFR and L′CO ∼ Mgas. 801 galaxies are in-
cluded in the data sample with CO luminosities spanning a range of 1.5 × 107 <
L′CO [K km s−1 pc2] < 4.3× 1012 and infrared luminosities 7.6× 107 < LIR [L�] <
4.6 × 1013. The color map on the vertical axis shows the redshift distribution.
Galaxies with upper limit CO measurements are marked as arrows. A prominent
trend between the two parameters is observed at all redshifts. The large scatter
in the LIR − L′CO relation could be caused by galaxies where the CO luminos-
ity arises from higher CO rotational states, and the different techniques used to
estimate L′CO from the literature. Similarly, the infrared luminosity have been ob-
tained through a variety of different methods and/or SFR indicators, which might
influence where the star-forming galaxies are located in the LIR − L′CO relation.
Each measurement from the literature has been corrected to be as consistent as
possible including excitation corrections and IMF adjustments; CO line emissions
above J = 1−0, independent of galaxy types, have been converted using the same
excitation correction from Bothwell et al. [2013]. Stellar mass measurements were
corrected for IMF variations.

In order to determine whether the scatter can be affected by the different deter-
minations of LIR in the literature, I selected Herschel -detected CO galaxies from
the catalog with sufficient photometric coverage in the rest-frame FIR region of
the SED. The LIR values for the subsample have been obtained in a consistent way
using the DL07 dust models described in Section 2.2.2. The LIR−L′CO relation for
the Herschel -detected sample is shown in Figure 4.2, where the color bar illustrates
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Figure 4.1: Correlation between LIR and L′CO(1−0) for the full data sample consisting of 801
galaxies. The color bar on the right side show the redshift distribution of the sample, and upper
limit CO measurements are marked as arrows.

the redshift distribution. A total of 122 galaxies are included at both high and
low redshift, and a clear correlation between the two observables is visible. The
Herschel -selected sample shows no systematic difference from the sources gathered
in the literature, suggesting that the different methods used to estimate infrared
luminosity are not significantly affecting the final results.

In Figure 4.3, I investigate how these direct observables match the expected
trends for main-sequence and starburst galaxies, by comparing the data to the
best-fit regression lines from Sargent et al. [2014], which are based on both high
and low-z galaxies. Sargent et al. [2014] find that main sequence galaxies in the
SFR−M∗ relation follow the relationship:

log

(
L′CO(J=1→0)

K km s−1 pc2

)
= 0.54 + 0.81× log

(
LIR

L�

)
(4.1)

with a dispersion of 0.21 dex (red line). The blue line represents the offset from
the MS with an intercept of 0.08. Galaxies with higher CO transitions in the Sar-
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Figure 4.2: Correlation between LIR and L′CO(1−0) for the Herschel -detected data sample
consisting of 122 galaxies. The color bar on the right side shows the redshift distribution of the
sample.

gent et al. [2014] sample were converted to CO(1-0) using excitation corrections
in Dannerbauer et al. [2009] and Leroy et al. [2009]. As seen in Figure 4.3, the
majority of star-forming galaxies in our sample follow the disk sequence, whereas
local ULIRGs and high-z SMGs systematically lie above. For a fixed L′CO(1−0),
galaxies with larger LIR have higher SFRs. Since the star formation efficiency de-
pends on the current SFR and the available amount of gas as SFE ∼ LIR/L

′
CO(1−0),

it suggests that galaxies above the Sargent et al. [2014] disk sequence are systems
undergoing more efficient star formation. This phase is thought to be short-lived
due to the high SFE resulting in a rapid depletion of the gas supply, which serves
as the fuel for star formation. Galaxies well above the disk sequence therefore have
short gas depletion timescales, and are not expected to continue their current rate
of star formation for a long period of time.

While the two sequences from Sargent et al. [2014] overlap with our data, a
simple fit to the full sample would suggest a single linear relationship with a steeper
slope would fit the data better. However, this full sample contains a mix of both
main-sequence and starburst galaxies. In the following section, the galaxies will
be classified by their off-set to the main-sequence in order to determine if separate
trends really do exist for these populations.
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Figure 4.3: Correlation between LIR and L′CO(1−0) for the full data sample consisting of 641
galaxies, where upper limits have been excluded. The color bar on the right side shows the
redshift distribution of the sample. The red and blue lines represent the MS and SB sequences
from Sargent et al. [2014], respectively.

4.2 Distance to the main-sequence

The existence of a relatively tight main-sequence of star formation in the SFR-M∗
plane suggests that the bulk of the galaxy population forms stars gradually, with
long duty cycles. The off-set from the main-sequence (∆SFR) can be obtained
by comparing a given galaxy’s SFR to the SFRMS, which is the average SFR of
a galaxy located on the main-sequence with the same redshift and stellar mass.
Galaxies within 1/3 < SFR/SFRMS < 3 are generally deemed main-sequence
galaxies, while galaxies above or below this range are assumed starbursts or qui-
escents, respectively (Section 2.3).

Since the full catalog contains galaxies below, on, and above the main-sequence,
it is necessary to distinguish between the different galaxy populations. Each
galaxy’s position with respect to the main-sequence was derived according to its
SFR, redshift, and stellar mass is sufficient published measurements were available.
The L′CO(1−0) and LIR correlation for the classified galaxies is plotted in Figure 4.4.
A total of 322 galaxies spanning a wide range of redshift were included. The col-
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ors indicate the various galaxy types: grey, red and blue data points represent
quiescent, main-sequence, and starburst galaxies, respectively.
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Figure 4.4: LIR vs. L′CO(1−0) for the data sample including 322 galaxies, where upper limits

have been excluded. The colors indicate the offset from the main sequence ∆SFR ≡ SFR/SFRMS

as described in Schreiber et al. [2015]. The quiescent, main sequence, and starburst galaxies are
classified as having ∆SFR < 1/3, 1/3 ≤ ∆SFR ≤ 3 and ∆SFR > 3, respectively.

The result indicates that the majority of main-sequence galaxies in the catalog
follow the Sargent et al. [2014] disk trend, while starburst galaxies systematically
lie above this sequence. However, at 9 < log L′CO(1−0) < 11, the distinction between
these two galaxy populations is less clear, as a fraction of the starburst galaxies lie
on the disk sequence. In order to test if the trend is redshift dependent, I divided
the galaxies into two redshift regimes: one containing local galaxies with z < 0.1
and another sample at 1 < z < 3.. Since only galaxies with accurately measured
stellar mass measurements were included, a broader redshift range was selected in
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the high-z regime, in order to obtain a decent sample.
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Figure 4.5: LIR − L′CO relation for the data sample with stellar mass values. Main-sequence
and starburst galaxies are included. Galaxies at z < 0.1 are shown in (a), whereas those at larger
redshift are presented in (b).

Figure 4.5(a) represents the LIR − L′CO correlation for local MS galaxies and
starbursts, where a clear distinction between the two populations is visible. The
main-sequence galaxies are all located below the starbursts, which appear to follow
a steeper slope than main-sequence galaxies. At larger redshift (Figure 4.5(b)),
the tendency is less clear as the two populations blend together at an infrared
luminosity of LIR ∼ 1012 L�. Nonetheless, they are located in the same regions
as the galaxies in the low-z sample with no noticeable deviations present. From
the results both at high and low-z, it is clear that two different populations are
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present. Above each figure, the redshift distribution of the given sample is shown.

4.3 Two modes of star formation

As shown in Figure 4.3 the majority of star-forming galaxies in the catalog fol-
low the Sargent et al. [2014] disk sequence, while a minor population lies above.
However, the full catalog can also be described by one sequence with a steeper
slope. To examine if these galaxies are located within the expected regimes in the
LIR − L′CO correlation, they were classified as either main-sequence or starburst
galaxies. The result is presented in Figure 4.4, where the two galaxy populations
follow two distinct sequences. This trend remains after separating the sample in
redshift bins. These results suggest that main-sequence and starburst galaxies un-
dergo different modes of star formation. Since only the observed quantities have
been considered, the final result is not affected by the assumption of a bimodal
αCO conversion factor.
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4.4 Linking SFE with the off-set from the MS

Previous studies claim a galaxy’s SFE is directly related to its distance from the
main-sequence. The star formation efficiency SFE ∼ LIR/L

′
CO is here defined as

the ratio between the current SFR and the amount of available molecular gas.
In starburst systems the SFE is significantly enhanced, with the star formation
activity possibly triggered by a major merger event.

In Figure 4.6, we directly compare the SFE and distance to the main sequence
for all galaxies with stellar mass measurements. A total of 376 galaxies were
included, and the color bar represents the redshift distribution of the sample,
which covers a broad range of redshift.
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Figure 4.6: Correlation between SFR/SFRMS and SFE = LIR/L
′
CO for the full data sample

with published M∗ values, where upper limits have been excluded (consisting of 376 galaxies).
The color scheme represents the redshift distribution.

In order to distinguish between local and distant galaxies, the sample have
been divided using the same redshift cut as in the previous section. Figure 4.7(a)
represents galaxies below z < 0.1 whereas Figure 4.7(b) includes galaxies within
the range 1 < z < 3. For the entire sample, there is a relatively tight correla-
tion between SFE and distance to the main-sequence. However, the SFE of the
main-sequence galaxies (0.3 < SFR/SFRMS < 3) in the local sample have a large
scatter (Figure 4.7(a)), which could be explained by variations in their gas frac-
tions [Magdis et al., 2012]. The correlation is less prominent at larger redshift, but
this may be due to selection effects, as only a few galaxies have LIR/LCO < 10
and SFR/SFRMS < 0.6. Together, these results indicate that the star formation
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efficiency in galaxies is responsible for the distance to the main-sequence.
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Figure 4.7: Correlation between SFE and SFR/SFRMS. Galaxies at z < 0.1 are shown in (a),
whereas those in the redshift range 1 < z < 3 are shown in (b).

4.5 Dust temperature and dense gas fractions

As discussed in Section 2.1, CO is primarily a tracer of more diffuse molecular gas,
while other lines such as HCN trace the denser molecular gas where star formation
takes place [Gao & Solomon, 2004a]. Figure 4.8 displays the correlation between
the fraction of dense to diffuse gas (L′HCN(1−0)/L

′
CO(1−0)) and LIR/Mdust for galaxies

with observations of both L′HCN(1−0) and L′CO(1−0). A total of 64 galaxies are
included. Since the ratio of infrared luminosity to dust mass is directly proportional
to the mean radiation field (Section 2.2.2), a higher LIR/Mdust indicates warmer
dust temperatures. From the results it is shown that galaxies with higher fraction
of dense molecular gas are observed to have warmer dust temperatures. This may
reflect the expectation that galaxies with a higher dense molecular gas fraction will
have more ongoing star formation that can heat the surrounding dust to warmer
temperatures.

Figure 4.9 presents the relationship between SFE and LIR/Mdust for the 122
galaxies with the required observations at both high and low redshift. An increase
in LIR/Mdust for higher SFE is observed, suggesting that galaxies that are very
efficient in turning their gas into stars tend to have higher gas temperatures (since
the LIR/Mdust is directly related to the mean intensity of the radiation field).
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Figure 4.8: Correlation between LIR/Mdust and L′HCN(1−0)/L
′
CO(1−0) for the Herschel -detected

data sample consisting of 64 galaxies. The color bar on the right side shows the redshift distri-
bution of the data set.
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Figure 4.9: Correlation between LIR/Mdust and SFE = LIR/L
′
CO(1−0) for the Herschel -detected

data sample consisting of 64 galaxies. The color bar on the right side show the redshift distribu-
tion of the data set.
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4.5.1 Future perspective

The final data sample have been corrected in a coherent way, where each CO
excitation measurement has been converted using the same CO SLED. However,
it has been suggested that the CO excitation conversions are different for MS and
SB galaxies, and that they can vary by up to a factor of ∼ 5 [Bolatto et al., 2013].
It would be interesting to investigate how different CO excitation conversions can
affect the observed trends.

As previously mentioned, the final sample is a compilation of various studies
where the line measurements, infrared luminosities, and stellar masses have been
estimated using different methods and models. Since these variations might influ-
ence the results significantly, it would be optimal to avoid this issue by determining
all parameters in a consistent way.

In addition, more observations of CO detected SFGs with ALMA or IRAM at
various distances from the main-sequence will result in a statistically representative
sample. This is needed in order to explore the different modes of star formation.

Furthermore, the dust and gas content in galaxies are linked together through
metallicity [Berta et al., 2016]. The dust masses estimated using the Draine &
Li [2007] dust models can be used to determine the total gas mass as Mgas =
Mdust × δGDR, where δGDR is the gas-to-dust ratio of the galaxy, which depends
on the metallicity [Magdis et al., 2012]. Since Mgas = αCO × L′CO, the dust and
metallicity estimates can be used to determine and constrain the αCO conversion
factor.





5 Conclusion

To examine the possible two modes of star formation for main-sequence galaxies
and starbursts, I collected a large sample by combining all published CO detected
galaxies from the literature. This was done by studying the SFR and gas reservoir
traced by molecular CO lines in star forming galaxies. The final catalog contains
801 galaxies and is a compilation of several studies, where the individual measure-
ment have been estimated using various methods and techniques. l corrected each
measurement to obtain a consistent sample as possible. Only the direct observ-
ables have been considered (LIR and L′CO), in order to obtain direct evidence for
SFE variations in both main-sequence galaxies and starburst galaxies at various
redshifts.

A significant scatter was observed in the LCO−LIR relation. In order to examine
if it was caused by the various LIR estimates from previous studies, I determined
infrared luminosities for a subsample of galaxies in the final catalog. I selected 122
Herschel -detected galaxies with sufficient photometric coverage, where LIR values
were estimated in a consistent way using DL07 dust models. The results showed
no significant difference. The majority of star-forming galaxies in the full sample
follow the disk sequence described in Sargent et al. [2014], whereas a fraction lie on
the parallel starburst line above the sequence. In order to investigate the dispersion
in the L′CO − LIR relation, each galaxy was classified as either main-sequence or
starburst galaxies. This was done by determining the off-set from the MS (∆SFR =
SFR/SFRMS). A total of 322 SFGs with sufficient measurements were included.
The majority of main-sequence galaxies from the SFR-M∗ relation follow a unique
sequence in the LCO − LIR relation, whereas starburst galaxies systematically lie
above. This trend remains after the sample was divided in redshift bins. The
results support the existence of two distinct modes of star formation.

Furthermore, an increase in star formation efficiency was observed with increas-
ing offset from the main-sequence. These results indicate that the SFE in galaxies
drives the offset from the main-sequence. Star forming galaxies with enhanced
SFE showed revealed higher dust temperatures, indicating ongoing star formation
in galaxies heat the surrounding dust in the ISM.

With the current analysis, statistical analyses are necessary to observe any
possible statistical significance to determine the possible modes of star formation in
main-sequence and starburst galaxies. However, examining the observed properties
clearly reveal general trends, where the results are not affected by αCO.
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A The program

A.1 Used software

For this project I decided to use python (version 2.7) as the programming language
and saving data using a MySql database. Both technologies was new to me, so time
was spent on learning the language and syntax and studying the astropy package
7 and the astroquery package Ginsburg et al. [2013].

A.1.1 The challenges

The major challenge was handling the different format of data. The overall princi-
pal was to read the data with astroquery and save it in a common format in order
to search the data across different sources. Most of the data would be retrieved
as astropy.table, but with very different column definitions. The solution to this
was saving all table rows in a single database table catalogue_reads consisting
of 4 key columns and 300 columns of text (named from col1 to col300). The
key columns was an unique row id (auto value), the catalogue name (for example
NED, ViZier etc.), the table name (within the catalogue) and a reference name
for the object (by default the NED reference name). The number of columns was
found by experimenting with the maximum of retrieved columns using astroquery.
Every time a new table was read within a catalogue, the column definition was
saved in another table catalogue_cols. This information was then used to create
a database view for that table as a subset of the rows in catalogue_reads and
with a translation of the text columns to the actual read table definition. Using
this approach all read astropy.table could be saved in the same database table
event though they had different column definitions.

A.1.2 The building blocks

The resulting program consists of different modules written to perform subtasks
in order to read and handle the data retrieved using astroquery or imported into
the database otherwise (for example loaded from excel) or work with the actual
created data. Overall the following modules has been created:

7This research made use of Astropy, a community-developed core Python package for Astron-
omy (Astropy Collaboration, 2013) http://www.astropy.org/

http://www.astropy.org/
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• cat_reader: the main module performing querying, saving data and build-
ing the database, extracting data to idl and creating some of the plots.

• cat_mappings: extracting data columns from different data tables to be used
in calculations and new columns in resulting data tables.

• cat_load_data: loading data into the database with excel as primary source,
mostly used to load data from articles.

• cat_fits: module used to load fits data.

Using these modules additional python scripts was written in order to handle data
for specific surveys.

A.2 Selected function declarations

This section contains the declarations for some of the used functions from the
created modules. The modules contains far more functions (and sub functions).

A.2.1 cat reader.try ned from query name

def try_ned_from_query_name(queryname , namecol , fromname = ’’):

"""

Perform NED search based on result of query in mySql.

Parameters

----------

queryname: str

The mySQL query returning a list of names

namecol: str

The column name in query containing then object name to search on

Returns

-------

None

"""

A.2.2 cat reader.full name search on query

def full_name_search_on_query(queryname , namecol , r):

"""

Perform search in all used catalogues based on name query in mySql.

Parameters

----------

queryname: str

The mySQL query returning a list of names

namecol: str

The column name in query containing then object name to search on

r: unit

The radius to be used if searching in IRSA.

Returns
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-------

None

"""

A.2.3 cat reader.load excel

Used by the cat_load_data module to load different Excel files.

def load_excel(filename , namecol , racol=None , deccol=None , unit=’deg ’, r=10*u.

arcsec):

"""

Loads an Excel file of data to the catalogue "Manual"

Parameters

----------

filename: str

The Excel file name to load

namecol: str

The column name containing the object name to check against NED db

racol: str

The column name containing the object RA coordinate - if no name match is

found , the coordinate is used to find the actual object.

deccol: str

The column name containing the object DEC coordinate - if no name match is

found , the coordinate is used to find the actual object.

unit: str

The unit of the given coordinates

r: radius

The radius used when searching on the coordinate

Returns

-------

tablename: str

The given tablename containing the Excel data.

"""

A.2.4 cat reader.add calc column

This function is used to map existing datacolumns to new calculated columns.

def add_calc_column(toview , tocolumn , fromview , fromcolumn=None , calc=None , where=

None):

"""

This function adds a calculated column to a view.

(if the value of the "fromcolumn" in the source view "fromview" is null

then the calculation is replaced by a null value)

Parameters:

-----------

toview : str

The receiving view

tocolumn : str

The new column name.

fromview : str

The name of the source mysql view.

fromcolumn : str

The source column name in the mysql source view.

If None , the calculation is performed without ref. to a specific column (

error i ? is used)
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calc : str

A calculation made on the fromcolumn.

Use ? to refer to the from column name.

where : str

A where clause to be used when fetching data

Default None

"""

A.3 Selected python scripts

A.3.1 result builder.py

The script is an example of how to build a table of results, combining different
sources and creating the output files needed to further work.

__author__ = ’isabellacortzen ’

import cat_reader as cat

import cat_mappings as map

import cat_fits as cfits

# Build results:

def buildresult(resultname):

# Clear previous data

cat.clearview(resultname)

# Add auto column mapping from NED photometry (some of them)

cat.add_ned_photometry(resultname)

# Add auto column mapping from Vizier photometry (some of them)

cat.add_vizier_photometry(resultname)

# Add all manual data

map.add_all_manuel(resultname)

map.add_man_vizier(resultname)

cfits.add_calc_fits_all(resultname)

# Now build mySql table named resultname ...

if cat.buildtable(resultname):

# Finally insert data ...

cat.inserttable(resultname)

return

def plotsubset(sourceresult , targetresult , targetdir , requirementsql=None):

# Where do we want output?

workdir = cat.initdir(targetdir , True) # Last parameter: if True old files

are deleted first ...

# Copy result table

cat.copytable(sourceresult , targetresult)

# Remove unwanted ref_names based on sql query

if requirementsql is not None:

cat.refnamerequired(targetresult , requirementsql)

# Write resulting data:

cat.flush_all(targetresult , workdir)

# Create pro files

cat.plot_all(’csv’, workdir)

cat.profile_all(’csv’, workdir)

cat.plot_all_idl(workdir , ’png’ , workdir)

# ==============================================================



A.3 Selected python scripts 59

# MAIN PART

# ==============================================================

# Build the complete dataset and call it "result"

buildresult(’result ’)

# > OBS !!!! <

# Once the above table has been build , you can comment out the call , som that it

is faster - you only need to rebuild if new data has been added !!!

# Create subset table of table "result" called " my_ref_names_result ", placed in

folder /my_ref_names , containing all ref_names from galaxdb. my_ref_names_v :

plotsubset(’result ’, ’my_ref_names_result ’,’my_ref_names ’, "select ref_name from

galaxdb.my_ref_names_v")

A.3.2 add cols.py

This script is an example of how to extract column values from data views by
searching for columns based on search patterns. The script results in a new python
script (named the selected resultname and the extension py) containing all the
found columns matching the search criteria written as a commented call to the
function cat_reader.add_calc_column. The script also contains the complete
dataview definition in order to understand if the column is correct to add. The
task is to read the file, look at the dataview definition and evaluate if the found
columns is a candidate to be added to the resulting view; if this is the case the
line is to be uncommented and at the columns are then added by actually running
the script.

__author__ = ’isabellacortzen ’

import cat_reader as cat

import sys

"""

Set the resultname - the result will be saved in a python file called the same

.

"""

resultname = ’stellarmass ’

# Redirect output to new python file

orig_stdout = sys.stdout

fname = resultname + ’.py’

f = file(fname , ’w’)

print ("Output is written to file " + fname)

sys.stdout = f

# Write already existing column mapping to begin with

cat.print_mappings(resultname , False)

# Output possible column mapping based on search criterias :

#

# cat. print_unused_columns (unit , name , formula , where , cat)

#

# Retrieve all columns not mapped based on unit or name filter

# and print them to screen to use it for further editing.

# The outcome is a series of add_calc_column calls to be edited.

#

# Parameters

# ----------

# unit: str

# Filter query on unit , use % as wildcard.
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# Ex: "%Hz%" will match GHz , MHz etc.

# name: str

# Filter query on field name , use % as wildcard.

# Ex: "% allwise" will match w4mpro_allwise , w4sigmpro_allwise , AllWISE etc

.

#

# formula: str or ’None ’

# Contains a mySql calculation , where the char ’?’ will be replaced

# at runtime with the table field name and added as a parameter to cat.

add_calc_column .

# Ex: "abs(convert(replace(replace (?,’+’,’’) ,’/’,’’), decimal (20 ,10)))" on

field F10

# produces "abs(convert(replace(replace(F10 ,’+’,’’) ,’/’,’’), decimal

(20 ,10)))"

# If ‘None ‘ then only field value will be used as value.

# where: str or None

# Contains a mySql where clause , where the char ’?’ will be replaced

# at runtime with the table field name and added as a parameter to cat.

add_calc_column .

# cat: str or None

# Contains a filter of catalogue in order to only look at table results from

one catalogue.

# constants: array of str or ’None ’

# Contains array of constants column names to be added each view at runtime a

cat. add_const_column

# will be added for each column name in the array.

#

# Example: searching for unit af stellarmasses on columns:

cat.print_unused_columns(’%MSUN%’, ’%’, ’’, ’ifnull (?,0) >0’, ’%’, [’IMF’,’imf_link

’])

sys.stdout = orig_stdout

print "Finished with creating the python file."

print

print "Please edit the file (determine if add_calc_columns call should be in

commented), "

print "and run the edited file in order to create the mappings."

print

print "Then edit add_cols.py with a new filter setting and repeat the process ,"

print "until all column mapping is finished."

Running the script results in the following stellarmass.py:

import cat_reader as cat

# Autogenerated from print_mappings with parameter newviewname = ’stellarmass ’

# ------------------------------------------------------------------------------

# stellarmass

# ------------------------------------------------------------------------------

# Now build results:

newviewname = ’stellarmass ’

# Clear previous data

cat.clearview(newviewname)

# Add column mappings:

# --- Catalogue IRSA , table cosmos_xgal --- select * from readerdb.

IRSA_cosmos_xgal_v

# 1. gal_id gal_id None object None

# 2. mag_auto mag_auto mag float64 %r

# 3. ra ra deg float64 %7.3f

# 4. dec dec deg float64 %7.3f

# 5. clon clon None object None

# 6. clat clat None object None

# 7. sm sm log(M / Msun) float64 %r
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# 8. sm_err sm_err log(M / Msun) float64 %r

# 9. zphot zphot None float64 %r

# 10. zphot_errlo zphot_errlo None float64 %r

# 11. zphot_errhi zphot_errhi None float64 %r

# 12. mmggs mmggs None int32 None

# 13. p_mem p_mem None float64 %r

# 14. group_id group_id None int32 None

# 15. group_flag group_flag None int32 None

# 16. dist_mmggs dist_mmggs 1 / R199 float64 %r

# 17. mmggs_zbest mmggs_zbest None int32 None

# 18. p_mem_zbest p_mem_zbest None float64 %r

# 19. group_id_zbest group_id_zbest None int32 None

# 20. group_flag_zbest group_flag_zbest None int32 None

# 21. dist_mmggs_zbest dist_mmggs_zbest 1 / R199 float64 %r

# 22. mnuv_mr mnuv_mr mag float64 %r

# 23. dist dist arcs float64 %r

# 24. angle angle deg float64 %r

# 25. id id None object None

cat.add_calc_column(newviewname , ’sm_err ’, ’readerdb.IRSA_cosmos_xgal_v ’, ’sm_err ’

, ’’, ’ifnull(sm_err ,0) >0’) # Column [sm_err] (Unit=’log(M / Msun) ’) :

cat.add_const_column(newviewname , ’IMF’, ’readerdb.IRSA_cosmos_xgal_v ’, ’’, ’

ifnull(sm_err ,0) >0’) # Constant column IMF

cat.add_const_column(newviewname , ’imf_link ’, ’readerdb.IRSA_cosmos_xgal_v ’, ’’, ’

ifnull(sm_err ,0) >0’) # Constant column imf_link

---------------------------

Skipping over 7000 lines ...

---------------------------

# --- Catalogue VIZIER , table J/PAZh /38/571/ catalog --- select * from readerdb.

VIZIER_J_PAZh_38_571_catalog_v

# 1. _RAJ2000 _RAJ2000 deg float64 %8.4f Right ascension (FK5 ,

Equinox=J2000 .0) (computed by VizieR , not part of the original data)

# 2. _DEJ2000 _DEJ2000 deg float64 %8.4f Declination (FK5 , Equinox=

J2000 .0) (computed by VizieR , not part of the original data)

# 3. _r _r arcm float64 %5.3f Distance from center

(009.8936+02.8342) [Galactic]

# 4. Cluster Cluster None |S17 None Cluster name

# 5. n_Cluster n_Cluster None |S1 None [*] far Cluster (1)

# 6. GLON GLON deg float64 %8.4f Galactic longitude

# 7. GLAT GLAT deg float64 %8.4f Galactic latitude

# 8. d d pc int32 None ? Heliocentric distance [

NULL integer written as an empty string]

# 9. x x pc int32 None ? Heliocentric distance

towards Gal. center [NULL integer written as an empty string]

# 10. y y pc int32 None ? Heliocentric distance

towards Gal. rotation [NULL integer written as an empty string]

# 11. z z pc int32 None ? Heliocentric distance

towards N. Gal. Pole [NULL integer written as an empty string]

# 12. RG RG kpc float32 %5.2f ? Galactocentric radius

# 13. VR VR km / s float32 %5.1f ? Galactocentric cylindrical

velocity component towards Gal. anticenter

# 14. VH VH km / s float32 %5.1f ? Galactocentric cylindrical

velocity component towards Gal. rotation

# 15. VZ VZ km / s float32 %6.1f ? Galactocentric cylindrical

velocity component towards N. Gal. Pole

# 16. e e None float32 %5.2f ? Orbital eccentricity

# 17. Zmax Zmax kpc float32 %5.2f ? Maximun distance above the

Galactic plane

# 18. Ra Ra kpc float32 %5.2f ? Apogalactic distance

# 19. Rp Rp kpc float32 %5.2f ? Perigalactic distance

# 20. Age Age Gyr float32 %6.3f ? Cluster age

# 21. logM logM [Msun] float32 %5.2f ? Cluster mass

# 22. CC CC [-] float32 %5.2f ? Central concentration , log

(rcl/rco)

# 23. ell ell None float32 %5.2f ? Cluster ellipticity
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# 24. __Fe_H_ __Fe_H_ [Sun] float32 %5.2f ? Cluster metallicity

# 25. r__Fe_H_ r__Fe_H_ None |S5 None Reference for [Fe/He], in

refs.dat file

# 26. __Mg_Fe_ __Mg_Fe_ [Sun] float32 %5.2f ? Mg/Fe abundance ratio

# 27. r__Mg_Fe_ r__Mg_Fe_ None |S29 None Reference for [Mg/Fe], in

refs.dat file

# 28. Sub Sub None uint8 None [1/3]? Subsystem: 1= thin

disk , 2= thick disk , 3= halo [NULL integer written as an empty string]

# 29. SimbadName SimbadName None |S20 None Designation understandable

by the FireBrick Simbad data -base

# 30. _RA.icrs _RA.icrs deg float64 %8.4f Right ascension (ICRS) (

computed by VizieR , not part of the original data)

# 31. _DE.icrs _DE.icrs deg float64 %8.4f Declination (ICRS) (computed

by VizieR , not part of the original data)

cat.add_calc_column(newviewname , ’logM’, ’readerdb.VIZIER_J_PAZh_38_571_catalog_v ’

, ’logM’, ’’, ’ifnull(logM ,0) >0’) # Column [logM] (Unit =’[ Msun]’) : ? Cluster

mass

#cat. add_const_column (newviewname , ’IMF ’, ’readerdb. VIZIER_J_PAZh_38_571_catalog_v

’, ’’, ’ifnull(logM ,0) >0’) # Constant column IMF

#cat. add_const_column (newviewname , ’imf_link ’, ’readerdb.

VIZIER_J_PAZh_38_571_catalog_v ’, ’’, ’ifnull(logM ,0) >0’) # Constant column

imf_link

# Total : 549 lines.



B Tables

B.1 Included telescopes and instruments
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Telescope Instrument Wavebands Reference

2MASS
2MASS J
2MASS H
2MASS Ks

J (1.235 µm)
H (1.662 µm)
Ks (2.159 µm)

Ref 2MASS

APEX LABOCA 870 µm Ref APEX

Herschel

PACS1
PACS2
PACS3
SPIRE1
SPIRE2
SPIRE3

70 µm
100 µm
160 µm
250 µm
350 µm
500 µm

Ref Herschel

IRAS

Survey Array 1
Survey Array 2
Survey Array 3
Survey Array 4

12 µm
25 µm
60 µm
100 µm

Ref IRAC

Planck

LFI-3
HFI-2
HFI-3
HFI-4
HFI-5
HFI-6

70 GHz (4260 µm)
143 GHz (2098 µm)
217 GHz (1382 µm)
353 GHz (850 µm)
545 GHz (550 µm)
857 GHz (350 µm)

Ref Planck

Spitzer

IRAC1
IRAC2
IRAC3
IRAC4
MIPS1
MIPS2
MIPS3

3.6 µm
4.5 µm
5.8 µm
8.0 µm
24 µm
70 µm
160 µm

Ref Spitzer

JCMT
SCUBA 1
SCUBA 2

450 µm
850 µm

Ref JCMT

WISE/NEOWISE

WISE/NEOWISE 1
WISE/NEOWISE 2
WISE 3
WISE 4

3.4 µm
4.6 µm
12 µm
24 µm

WISE ref

Table B.1: Overview of each telescope, instrument, wavebands, and references used to create
the database.

B.2 Herschel-detected sample

Galaxy z χ2
ν

log LIR

[L�]
log Mdust

[M�]
Umin 〈U〉 γ

%
2MASS J10323767+5808446 0.25 16.53 11.97 8.67 15 15 0
2MASX J05210136-2521450 0.04 0.14 12.1 8.34 15 45.32 0.2
2MASX J10200023+0813342 0.05 12.53 11.66 8.22 20 20.79 0
2MASX J10522356+4408474 0.09 8.1 12.19 8.63 25 27.4 0.01

Continued on next page
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Table B.2 Continued from previous page

Galaxy z χ2
ν

log LIR

[L�]
log Mdust

[M�]
Umin 〈U〉 γ

%
2MASX J10591815+2432343 0.04 15.98 12.05 8.39 25 34.6 0.04
2MASX J11531422+1314276 0.13 62.95 12.39 8.65 25 41.79 0.07
2MASX J13463926+2306181 0.14 0.2 12.28 8.69 25 32.20 0.03
2MASX J14284971+3432397 0.22 0.5 11.87 9.01 5 5.39 0.01
2MASX J17232194-0017009 0.04 8.20 12.36 8.82 25 26.2 0
2MASX J18113342+0131427 0.03 0.55 11.6 8.33 12 14.48 0.02
2MASX J19322229-0400010 0.09 0.36 12.4 8.77 25 32.20 0.03
2MASX J23390127+3621087 0.06 8.78 12.13 8.54 25 29.8 0.02
ARP 220 0.02 3.67 12.02 8.78 12 13.12 0.01
ARP 299 0.01 8.85 11.87 7.9 25 72.98 0.2
AzGN 01.2 4.05 17.48 13.17 9.61 25 27.16 0.01
BLAST J032904-284759 0.29 0.62 11.84 9.11 4 4.02 0
BzK 04171 1.47 11.38 11.9 8.63 15 15 0
BzK 12591 1.6 12.85 12.35 8.82 25 27.4 0.01
BzK 16000 1.52 11.45 11.73 9.13 3 3.35 0.01
BzK 17999 1.41 11.5 11.99 8.61 20 20 0
BzK 21000 1.52 9.52 12.32 9.23 7 10.04 0.04
COSBO 11 1.83 12.21 13.02 9.5 25 26.2 0
Cosmic Eyelash 2.32 0.98 12.36 10.72 12 12 0
DEEP2 13011148 1.17 15.01 11.64 8.06 25 32.20 0.03
DEEP2 13017614 1.18 11.1 11.84 8.86 8 8 0
FFN 228 1.22 13.52 12.54 9.12 20 20 0
GALEX J032818.0-274307 0.25 0.19 11.84 8.82 8 8 0
GALEXASC J004014.61-432008.6 0.27 0.14 11.57 8.96 3 3.28 0.01
GALEXMSC J042604.91+144340.8 0.08 0.16 12.02 8.44 25 29.8 0.02
GALEXMSC J090302.89-014125.5 2.31 0.21 12.64 10.35 4 26.86 0.5
GOODS J123632.56+620800.2 1.99 14.24 12.16 9.63 0.8 2.89 0.2
GOODS J123750.89+621601.1 1.17 13.4 11.53 8.59 7 7 0
GOODS J123759.47+621733.2 1.08 14.79 11.48 8.22 15 15 0
HERMES J105751.1+573027 2.96 2.02 13.11 10.48 25 37 0.05
IC 0342 0 2.53 10.15 7.98 1.2 1.2 0
IC 0860 0.01 14.3 10.89 7.46 20 20 0
IC 0883 0.02 4.89 11.58 8.25 15 16.52 0.01
IC 1623 0.02 2.34 11.71 8.01 25 39.4 0.06
II Zw 096 0.04 5.38 11.9 8.12 25 46.59 0.09
III Zw 035 0.03 4.19 11.51 7.98 25 25.72 0
IRAC J123618.33+621550.8 2 10 12.72 9.43 15 15 0
IRAC J123711.34+621331.4 2 13.21 12.73 9.54 12 12 0
IRAS 02483+4302 0.05 0.09 11.73 8.5 12 12.74 0.01
IRAS 03158+4227 0.13 1.91 12.56 8.9 25 34.6 0.04
IRAS 08572+3915 0.06 5.73 12.1 8.16 25 72.98 0.2
IRAS 12112+0305 0.07 7.27 12.25 8.74 25 25.24 0
IRAS 17138-1017 0.02 15.22 11.33 7.67 25 37 0.05
Lock 850.16 1.6 10.41 12.59 9.52 7 9.28 0.03
MCG +12-02-001 0.02 9.57 11.42 8.14 10 15.26 0.05
MESSIER 063 0 10.62 10.12 7.56 3 3 0
MESSIER 064 0 6.31 9.65 6.85 5 5.11 0
MESSIER 066 0 13.16 10.48 6.99 25 25 0
MESSIER 077 0 3.73 11.34 7.81 7 29.83 0.3
MESSIER 082 0 4.06 10.46 6.8 25 37 0.05
MESSIER 083 0 16.03 10.73 7.17 25 29.8 0.02
MIPS J123644.0+621450.5 2.1 15.44 12.27 8.64 25 32.20 0.03
MIPS J142824.0+352619 1.33 12.12 12.3 9.99 12 12.25 0
MM J100020.54+023509.3 5.3 25.21 13.41 9.36 8 85.3 0.9
MRK 0231 0.04 13.42 12.49 8.71 25 48.99 0.1
MRK 0273 0.04 4.02 12.12 8.49 25 32.20 0.03
MRK 0331 0.02 5.33 11.49 7.77 25 39.4 0.06
NGC 0023 0.02 0.77 11.06 7.93 8 11.44 0.04
NGC 0253 0 53.95 10.64 6.9 25 41.79 0.07
NGC 0660 0 0.8 10.45 7.39 7 9.28 0.03
NGC 0695 0.03 0.09 11.66 8.66 7 8.52 0.02
NGC 0891 0 16.11 10.26 7.15 10 10.32 0

Continued on next page
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Table B.2 Continued from previous page

Galaxy z χ2
ν

log LIR

[L�]
log Mdust

[M�]
Umin 〈U〉 γ

%
NGC 1144 0.03 4.57 11.47 7.91 25 29.8 0.02
NGC 1365 0.01 5.21 11.31 8.14 10 12.1 0.02
NGC 1614 0.02 6.63 11.71 7.73 25 72.98 0.2
NGC 2146 0 2.44 10.81 7.54 15 15.45 0
NGC 2276 0.01 25.83 10.95 7.43 25 26.44 0.01
NGC 2388 0.01 0.87 11.2 8.45 3 4.41 0.04
NGC 2623 0.02 11.51 11.52 7.96 25 27.4 0.01
NGC 2903 0 12.86 10.15 6.64 25 26.68 0.01
NGC 3079 0 1.79 10.6 7.11 25 25.12 0
NGC 3110 0.02 4.18 11.28 7.85 20 21.96 0.01
NGC 3628 0 6.6 10.48 7.53 7 7.15 0
NGC 3893 0 0.42 10.06 7.64 2 2.24 0.01
NGC 4030 0 5.97 10.56 8.18 2 2.05 0
NGC 4041 0 0.12 10.20 7.48 4 4.46 0.01
NGC 4414 0 2 10.06 6.67 20 21.18 0.01
NGC 4631 0 5.51 10.4 7.58 5 5.34 0.01
NGC 5005 0 0.19 10.20 7.63 3 3.11 0
NGC 5135 0.01 2.98 11.28 7.88 15 19.55 0.03
NGC 5653 0.01 0.72 10.99 7.74 12 14.48 0.02
NGC 5713 0.01 1.37 10.73 7.72 7 8.52 0.02
NGC 5775 0.01 9.17 10.68 7.21 25 25 0
NGC 5936 0.01 0.32 11 7.91 7 10.04 0.04
NGC 6240 0.02 0.1 11.82 8.32 15 24.1 0.06
NGC 6946 0 15.71 10.34 6.93 20 20 0
NGC 7469 0.02 4.37 11.64 7.85 25 48.99 0.1
NGC 7479 0.01 0.09 10.82 7.92 3 6.52 0.1
NGC 7591 0.02 0.51 11.07 8.14 5 6.68 0.03
NGC 7771 0.01 0.62 11.37 8.23 10 11.05 0.01
RG J105209.31+572202.8 2.11 14.36 12.27 8.69 20 29.82 0.05
SDSS J095900.61+022833.0 0.48 4.42 11.43 8.13 15 15.76 0
SDSS J095939.07+022249.6 0.47 14.13 10.99 8.82 1.2 1.2 0
SDSS J103557.85+585846.6 0.37 0.61 11.45 8.83 3 3.35 0.01
SDSS J105141.39+571951.7 1.21 12.1 12.68 9.25 20 20 0
SDSS J123548.03+621034.9 0.64 0.09 11.46 8.07 20 20 0
SDSS J123554.09+621043.5 0.51 1.10 11.4 9.12 0.8 1.63 0.08
SDSS J123642.56+620934.0 0.53 0.11 11.21 8.12 10 10 0
SDSS J123645.73+620754.4 1.43 11.3 12.31 8.66 25 37 0.05
SDSS J123646.20+621142.4 1.02 12.18 11.55 8.87 4 4 0
SDSS J140931.25+051131.2 0.27 inf 12.99 10.81 25 240.93 0.9
SDSS J141914.95+524929.5 1.2 7.18 12.71 9.43 12 15.72 0.03
SDSS J142005.35+530115.4 1.12 8.85 12.13 9.17 5 7.8 0.05
SDSS J143234.90+332832.2 0.25 1.54 11.9 8.6 15 15 0
SDSS J143631.95+343829.2 0.35 0.45 12.66 9.17 15 25.61 0.07
SDSS J171331.51+585804.4 0.44 1.13 12.39 8.93 20 21.96 0.01
SHADES J105307+572431 1.52 8.86 12.01 8.5 25 27.4 0.01
SMM J163541.2+661144 3.18 11.16 12.77 10.77 0.8 0.8 0
SSTXFLS J171411.5+601109 1.56 9.85 12.72 8.96 25 48.99 0.1
SSTXFLS J171822.6+590154 2.77 23.32 13.17 9.67 25 25.96 0
SSTXFLS J172109.1+601501 2.12 20.48 12.94 8.89 25 96.98 0.3
SSTXFLS J172422.0+593150 2.13 17.56 12.87 9.89 8 8 0
SSTXFLS J172428.4+601533 2.33 5.87 12.95 9.43 3 27.61 0.7
UGC 01845 0.02 0.43 11.09 7.87 10 13.15 0.03
UGC 03351 0.01 1.91 11.27 7.77 25 25.48 0
UGC 04881 0.04 1.37 11.72 8.31 15 19.55 0.03
UGC 05101 0.04 3.3 12.02 8.42 25 29.8 0.02
VII Zw 031 0.05 11.55 11.96 8.84 8 10.58 0.03

Table B.2: SED fitted parameters for all Herschel -selected galaxies in the catalog. Columns
are (from left) galaxy reference name, redshift, reduced χ2 value, logarithmic infrared luminosity,
logarithmic dust mass, intensity field, dust weighted mean starlight intensity, and the fraction of
dust enclosed in PDR regions.

Concluded
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