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Abstract

In the cold interstellar medium of galaxies, the universe’s most abundant molecule
remains elusive. The homonuclear diatomic nature of molecular hydrogen prompts
no dipole moment, merely a quadrupole, ill-excitable under conditions prevalent
in cold molecular clouds. Hence, quantifying the abundance of H2 in such environ-
ments relies on more luminous proxies, such as CO. Determining the conversion
factor between CO and H2 abundances in the local universe has been done ro-
bustly by virtue of accurate observations and proximity, while the situation in the
early universe remains obscure. Hitherto, precariously extending locally derived
relationships over cosmological scales has constituted the best attempts to deter-
mine the conversion factor at high redshifts. In this thesis, a direct approach using
absorption systems is presented.

In section 1 , the general characteristics of absorption systems are discussed, and
the conversion factor is defined. In section 2 , the sample of gamma-ray burst and
C i selected quasar Lyman-alpha absorbers, in the redshift range of 1.8 . z . 3.9

and metallicity range of −1.6 . [X/H] . 0.5 , is introduced. After which, the sample
is dust-corrected and a mathematical model for determining the conversion factor
from CO and H2 column densities is presented. In section 3 , a method for fitting
the upper limits of the CO column densities by maximizing a likelihood function, is
introduced, and in section 4 , the observed CO-to-H2 ratios and resulting conversion
factors are presented as functions of metallicity. The ratios are found to be much
smaller than what has been inferred by emission-based observations, eliciting a
conversion factor of an order of magnitude higher than what is generally quoted
for solar metallicities.

In section 5 , the robustness of the fitting process is discussed, and previously
deployed methods for inferring the conversion factor at high redshifts: emission-
based CO observations coupled with dust and star formation rates as tracers of H2

abundances, are reviewed. After which, the nature and origin of the conversion fac-
tor’s metallicity dependence are discussed from both theoretical and observational
perspectives, and the results are compared with those found in the literature.

In section 6 , a summary is given, along with conclusions and outlook. The
main conclusions are that the abundance of CO, compared to H2 , is generally
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smaller in damped Lyman-alpha absorption systems than what is found in the
local universe or elsewhere, as inferred through emission-based observations. If this
is found not to be a strict property of absorption systems or caused by a selection
bias, it implies that cosmic ray and X-ray ionisation rates are higher in the early
universe, establishing that a locally derived conversion factor is not applicable to
high redshift galaxies and demonstrating the advantage of using absorption-based
observations to directly measure abundances in the early universe.
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Útdráttur

Í köldu miðgeimsefni vetrarbrauta, lætur algengasta sameind alheims lítið fyrir sér
fara. Án tvípólsvægis reynist vetnisgasi erfitt að örvast undir þeim kringumstæð-
um sem fyrirfinnast í sameindaskýjum. Þar af leiðandi þarf að treysta á bjartari
sporefni, líkt og CO, til að ákvarða magn vetnisgass í vetrarbrautum. Ákvörðun
umreiknistuðuls milli CO og H2 magns í grenndinni hefur reynst árangursrík sökum
nákvæmra mælinga og nándar, en aðstæður í hinum unga alheimi reynast óskýrar.
Hingað til hafa vafasamar framreiknanir sambanda, leidd út í nærumhverfi, yfir
heimsfræðilegar fjarlægðir, staðið fyrir bestu tilraunum til að ákvarða umreikn-
istuðulinn við há rauðvik. Í þessari ritgerð er kynnt aðferð sem byggir á beinum
mælingum eðlismassa út frá gleypilínum gleypikerfa.

Í kafla 1 er að finna almenna umfjöllun um gleypikerfi og skilgreiningu um-
reiknistuðulsins. Í kafla 2 er sýni gammablossa og C i valdra dulstirnis Lyman-alfa
gleypikerfa, í rauðviksbili 1.8 . z . 3.9 og þungefnabili −1.6 . [X/H] . 0.5 , kynnt
til sögunnar. Sýnið er svo leiðrétt af áhrifum ryktæmingar (e. dust depletion) og
stærðfræðilíkan umreiknistuðulsins sem byggir á eðlismassa CO og H2 er kynnt. Í
kafla 3 er kynnt aðferð við mátun efri greinimarka CO með bestun sennileikafalls
og í kafla 4 er umreiknistuðullinn og hlutfall CO og H2 gefin sem föll af þungefnum.
Hlutföllin sem hér finnast eru mun minni en það sem hefur fundist með útgeisl-
unarathugunum og þar af leiðandi reynist umreiknistuðullinn mun hærri eða sem
nemur heilu tugaþrepi. Í kafla 5 er áræðanleiki mátunarinnar ræddur ásamt öðr-
um aðferðum við ákvörðun umreiknistuðulsins. Þar á eftir eru eðli og uppruni
þungefnahæðis umreiknistuðulsins skoðuð frá bæði fræðilegu og rannsóknarlegu
sjónarhorni og niðurstöðurnar bornar saman við niðurstöður annarra.

Í kafla 6 eru niðurstöðurnar teknar saman. Þær eru að magn CO, miðað við H2 ,
reynist almennt minna í deyfðum Lyman-alfa gleypikerfum en það sem fyrirfinnst
í nærumhverfi okkar og annars staðar sem notast hefur verið við athugun útgeisl-
unar. Ef þetta reynist ekki vera einskorðað við gleypikerfi eða komið til vegna
hlutdrægni sýnisins, þá gefur það í skyn að jónun vegna geim- og röntgengeisla sé
hærri í hinum unga alheimi sem bendir til að sambönd sem hafa verið leidd út í
nærumhverfi okkar eru ekki viðráðandi við há rauðvik og sýnir fram á yfirburði
athugana byggðra á gleypilínum við ákvörðun efnismagns í hinum unga alheimi.
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1 Introduction

1.1 Gamma-ray bursts

Following proper procedure, the description of gamma-ray bursts necessarily begins
in the midst of the Cold War: The Vela satellites were flown into orbit by the United
States to ensure the Nuclear Test Ban Treaty, signed in 1963, was being upheld
[65]. Although no atomic bomb signatures were detected, the Vela satellites felt a
blast of cosmic proportions. Up to 1033 times more energetic than any man-made
weapon [42, 135], the nature and origins of gamma-ray bursts (GRBs) remained
a mystery for more than a quarter of a century after their discovery in the early
1970s [68, 65]. Now, 50 years later, through successful theoretical and observational
collaborations, the complete theory is emerging.

In the 1990s, NASA’s Compton Gamma Ray Observatory (CGRO) observed
almost 3000 GRBs, appearing uniformly on the sky, hinting at an extragalactic
origin. Of CGRO’s sample, 30% lasted shorter than two seconds, while the rest
lasted longer [145]. This dichotomy of long and short GRBs is more than just a
duration indicator, as their formation channels are believed to be fundamentally
different. That same decade, the Italian-Dutch satellite BeppoSAX managed to
localize a GRB well enough for optical telescopes to be able to point at the GRB’s
optical counterpart, the afterglow [65, 62]. Spectroscopic analysis of the afterglow
revealed that its light had passed through intervening material containing iron
and magnesium, whose absorption lines were redshifted by 0.835 , confirming that
GRBs were not confined to the galactic neighbourhood [65].

The current consensus is that short GRBs are formed by a merger of two
compact objects, such as black holes and neutron stars. This has been directly
observed in the exceptional event in which observations of GRB 170817A coincided
with the gravitational waves GW 170817, radiated away from a pair of neutron
stars spiralling towards one another before coalescing [86, 1]. Long GRBs differ
from short GRBs by being generally more energetic, occurring farther away and
having brighter afterglows. Furthermore, they are usually found in regions of active
star formation and are associated with the death of massive stars, while short GRBs
prefer the company of older stars in regions of low star formation rates [29, 62].
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Due to their association with star forming regions, it is natural to assume that
the progenitors of long GRBs lead to some kind of supernova. Getting confirmation
of this has been difficult, as long GRBs generally occur far away, however, they
have on few occasions been observed to coincide with supernovae [45, 57, 146]. A
massive rotating low metallicity star, whose upper layers get blown away before
going nova, is now believed to be the progenitor of long GRBs [121].

Whether it be a compact object merger or a supernova, the result is a highly
magnetized neutron star (magnetar) or black hole, which accrete and eject ma-
terial, accelerating it towards relativistic speeds in the form of jets. The ejected
blobs of matter then collide with each other causing internal shocks and subse-
quent gamma ray emission, via synchrotron radiation; where radiation is emitted
by relativistic charged particles accelerated around magnetic fields, and inverse
Compton scattering; where photons gain energy by scattering off charged particles
[62, 121, 117].

What is of particular interest to us is what happens after the initial burst of
gamma rays. As the ejecta crashes into and accumulates the surrounding inter-
stellar medium (ISM), it gradually slows down, and so too does the frequency of
the emitted electromagnetic (EM) radiation. This leads to the phenomena called
the afterglow, in which the GRB’s emission goes from gamma rays to radio waves,
covering the whole spectrum in between [86, 121].

1.2 Quasars

In the center of galaxies resides a supermassive black hole (SMBH), enveloped
by an accretion disk and a dusty torus. Such a system is said to be active when
the millions of solar masses’ worth of gas in the accretion disk becomes hot and
glowing and in some, if not all, the SMBH launches relativistic jets of matter [10,
127]. An active galactic nuclei (AGN), as described here, emits radiation over the
whole range of the EM spectrum, whose observed peak and characteristics depend
on the geometric orientation of the AGN relative to an observer. For example,
a blazar is what we call an AGN whose jets are pointed directly towards us [9,
127, 98]. Such an appearance is the AGN equivalent of a GRB, although differing
greatly in terms of timescales and energetics; GRBs are transient and momentarily
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more energetic [118].
In powerful AGNs, and moving the sightline slightly to the side of the jet, we

can observe quasars [10, 127]. These objects are the brightest sources of radiation
in the sky and outshine their galaxies by many orders of magnitude. Due to their
distance, they appear as star-like point sources, earning them the name of quasi-
stellar objects (QSOs) [127]. Going even farther away from the jet, towards the
accretion disk, the UV and optical emissions from the disk gets absorbed by the
surrounding dusty torus, which reflects or re-emits it in the infrared regime [92].

For our purpose, the relevant radiation comes not from the high energy jets
or low energy torus, but from the intermediate continuum emission from the gas
disk, accompanied by line emission from atoms, de-exciting and recombining with
electrons in clouds above the AGN. Close to the SMBH, the lines are broadened
substantially by the motion of the system. When such lines are dominant in the
AGN’s spectrum, it is designated as a type 1 quasar, as opposed to a type 2 quasar,
whose broad line region is obscured by the dusty torus, keeping only the narrower
emission from the clouds farther above [127, 73].

1.3 Cosmic probes

Due to their extreme brightness and extragalactic origins, GRBs and QSOs can
be used to probe the early universe, each with their strengths and weaknesses, in
the epoch of re-ionization, where radiation from stars and accreting black holes
ionized the gas in the universe [140]. Since QSOs continually light up the celestial
sphere, they are optimal for observational revisions, however, since they outshine
their galaxy, host examination can prove difficult [121]. In this light, the transient
nature of GRBs seems beneficial, especially after the emergence of NASA’s Swift
observatory which rapidly localizes GRBs [86]. Furthermore, the spectra of QSOs
can seem muddled due to the intrinsic emission and absorption lines from various
parts of the AGN, compared to the relatively featureless power law spectrum of
GRB afterglows, which provides a clear canvas for the ensuing absorption [121, 84,
20].

Long duration GRBs are particularly useful when it comes to probing the birth-
place of their progenitors, the inner star forming regions of their host galaxy [34,
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121, 50]. Short GRBs, on the other hand, are harder to associate with their hosts
for a couple of reasons: Firstly, as they are a product of compact object mergers
whose participants formed after powerful explosions, coupled with the enormous
amount of time it takes for mergers to transpire, they can hurtle through the
galaxy, away from the center and towards the outskirts, fuelled by the kinetic en-
ergy acquired from the original supernova [34, 29]. Secondly, and consequently, the
circumburst medium becomes very thin compared to the initial natal medium of
the compact objects. This leads to a much weaker afterglow with a lower detection
rate, as the GRB’s relativistic fireball crashes into, comparably, less material than
in the long duration GRB scenario [34]. For these reasons, and since short GRBs
are rarer [70], they are not as useful as cosmic probes, especially of their hosts.
We will, therefore, limit our subsequent discussion to long duration GRBs (GRBs
from now on).

The proposed core collapse supernova, collapsar, which leads to the formation
of GRBs, is highly dependent on metallicity. This is because high metallicity stars
have stronger stellar winds, resulting in a more drastic loss of angular momentum,
and therefore, a diminished probability of GRB emission [116, 96]. This would
explain why so many GRBs are associated with subsolar metallicity galaxies and
indicates that GRB selected galaxies may be biased towards lower metallicities.
Recently, however, there has been a rise in observations of GRB afterglows in solar
and supersolar metallicity environments [51, 122], well above what is demanded
of the collapsar model. This suggests that either the metallicity observations are
inaccurate, the collapsar model is flawed, or that GRBs have multiple formation
channels, such as a binary star merger, as the angular momentum from the merging
stars’ decaying orbits would be transported to the newly formed object, regardless
of metallicity [96, 121].

As will be made clear in sections 1.4.3 and 5.3.1 : high metallicity implies more
dust. An increase in dust along the line of sight of a probe, can lead to obscuration
and reddening of the observed light. This can explain why GRB afterglows in high
metallicity systems haven’t been observed up until relatively recently and not as
often, as they are more difficult to detect. When drawing conclusions from GRB
and QSO observations, one must therefore be wary of any underlying bias caused
by these effects and choose a sample which either represents the general population
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of the object of interest or a well defined subsection of it.
Representing the general population can be problematic and even impossible,

considering the impracticality of including something that cannot be observed. In
the case of QSOs, refining the selection criteria from using only the optical band
to include near-infrared frequencies, is found to be successful when combating the
dust bias and including dustier QSOs [43, 74]. For GRBs, this can be done by
including GRBs that have lower optical fluxes than what is inferred from the X-
ray fluxes; as X-rays penetrate dust more easily than optical photons [60, 131],
or GRBs observed in regions known to host high metallicities. The latter method
relies on information which can be unattainable, especially at high redshifts [134].
When data is scarce, such that the general population is not represented, the
conclusions drawn must have well defined caveats.

1.3.1 Damped Lyman-alpha absorbers

Hydrogen is by far the most abundant element in the Universe, and it is ubiquitous.
Accordingly, the light emitted by cosmic probes will encounter hydrogen on its way
to an observer, leading to absorption lines in the spectrum. A neutral hydrogen
atom in the ground state has one orbiting electron with a principal quantum num-
ber n = 1 . If this electron were to get an energy boost by, e.g., a passing photon,
it would jump up to a higher energy configuration of integer n > 1 . The ensem-
ble of photons passing through this hydrogen atom’s territory would, therefore,
be missing a photon containing the energy needed to excite the hydrogen atom
to its current configuration. Consequently, and for a large amount of hydrogen,
the light observed would have an indentation in its spectrum at the correspond-
ing absorber’s rest frame photon energy given to the electron. The wavelength, λ ,
corresponding to this energy, is given by the empirically derived Rydberg formula,
later theoretically derived and improved upon by Bohr and Schrödinger, which
states

1

λ
= RH

(
1

n2
i

− 1

n2
f

)
, (1)

where ni and nf are the initial and final principal quantum numbers, respectively,
and RH = 1.0968 × 107 m−1 is the Rydberg constant for hydrogen [72]. Emission
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lines generated by electronic transition from some ni > nf , to nf = 1 ; belong to
the Lyman series and lie in the ultraviolet regime, to nf = 2 ; belong to the Balmer
series and lie the optical regime, and to nf = 3 ; belong to the Paschen series and
lie in the infrared regime [130].

As light from QSOs and GRB afterglows travel through clouds and galaxies
at various redshifts, the observed spectrum becomes increasingly populated with
Lyman absorption lines. This feature is called the Lyman-α (Lyα) forest, observ-
able just “blueward” of the Lyα emission, n = 2 → 1 , in the spectra of QSOs
[143, 139]. The characteristics of the Lyα absorption lines can change depending
on the column density of hydrogen, N(H i) , measured in atoms per cm2 , along
the entire length of the intervening material. Lines in the Lyα forest are created,
appropriately, by Lyα forest absorbers, who have N(H i) < 1017.2 cm−2 . Such sys-
tems are highly ionized [143]. Systems with densities between 1017.2 < N(H i) <

2× 1020 cm−2 , are called a Lyman limit systems, as they remove most of the light
that passes through them and is capable of ionizing hydrogen, i.e., exciting the elec-
tron to the limit of the Lyman series and off the atom. This creates a sharp break in
the spectrum at the absorber’s rest frame wavelength λ = 912Å , corresponding to
the ionization energy of 13.6 eV . Such systems are heavily ionized and show signs
of broadened and damped absorption lines [143, 20]. For N(H i) ≥ 2× 1020 cm−2 ,
gas is so abundant that ionization can be neglected and the absorption lines are
heavily saturated, showing prominent damping wings. Such systems are called
damped Lyman-α absorbers (DLAs) [143, 20].

Due to the neutrality of gas in DLAs, they can provide valuable information
about cosmic gas reservoirs that may fuel star formation, as stars form from cold
neutral gas rather than hot ionized gas [143, 49]. Therefore, as we look back in
time, as it were, to high redshifts and analyse these gas reservoirs, we are looking
at the building blocks of stars akin to those we see today in our local universe.

The only criterion an absorption system must fulfill to be designated a DLA,
is that it must have the seemingly arbitrary column density of N(H i) ≥ 2 ×
1020 cm−2 . Apart from indicating that the system is mainly composed of neutral
gas, this criterion can be regionally fulfilled by galaxies of varying shapes, sizes, and
star formation rates ([49], and references therein). GRB and QSO DLAs, i.e., DLAs
observed against a GRB afterglow or QSO in the background, are each believed
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to probe different environments. Since GRBs form in star forming regions, they
cannot help but go through the dense gas enveloping the area. GRB DLAs are,
therefore, believed to probe the natal grounds and neighbourhood of the GRBs
themselves. In contrast, QSO DLAs probe random parts of intervening galaxies,
most likely their outskirts, see Figure 1 , as the central area of a disk is smaller
than its outskirts [111, 21, 113].

Figure 1: The illustration, based on [52] and [111], depicts an absorption spectrum made
by either a quasar, whose light passes through a cloud in the outskirts of an intervening
galaxy, or a GRB, whose light travels through the GRB’s natal medium in the central
region of its host galaxy.

1.3.2 Absorption spectroscopy

Absorption lines in the spectra of QSOs and GRB afterglows, left by various
molecules and atoms in the intervening material, are not perfectly discrete, i.e.,
they have some width. The main contributions to the line widths are natural broad-
ening and Doppler effects [143]. The former is attributed to the limited lifetime of
a particle’s excited state and Heisenberg’s uncertainty principle: The uncertainty
of a particle’s excited state’s lifetime, ∆t , is related to the uncertainty of the en-
ergy absorbed or emitted, ∆E , as ∆E∆t ≥ ~/2 , where ~ is the reduced Planck

7



constant [19]. Consequently, two particles excited to the same state can do so by
absorbing photons of slightly differing energies, resulting in a broadening of the
observed and combined absorption line. Similarly, the Doppler effect can lead to
broadening, but through the thermal and bulk motions of the medium. These mo-
tions cause a shift in the observed wavelength of each individual absorption line,
as some particles, in the center of momentum frame of the medium and observer,
move towards us while others move away [130].

In deriving column densities from the observed absorption lines, the Voigt
profile is often used for fitting. This profile is a convolution of the Gaussian and
Lorentzian profiles, which are the characteristic broadening shapes attributed to
natural and Doppler effects, respectively [143], see Figure 2 . The free parameters
of such a fit are usually the line center, column density and a broadening parameter
[44]. Fitting absorption lines in this manner can only give reliable results if the
lines are well behaved, i.e., lines corresponding to different elements, transitions
and redshifts are not mixed or saturated. However, even though the signature Hα
line is heavily saturated in DLAs, the shape of the damping wings themselves can
be fitted [30, 142]. A noteworthy benefit of observing DLAs, instead of less dense
absorbers, is that the best fit column densities of dominant ionization states of
metals; which for zinc, silicone and iron is the singly ionized state, can be taken
as the whole column density of the corresponding metal. Therefore, metallicities
derived from DLA absorption measurements generally do not have to be corrected
for different levels of ionization [97, 33]. However, highly ionized species exist as
well, such as nitrogen and carbon, which, possibly, reside closer to the light source
[54, 41]. Furthermore, those metals that have frozen onto dust grains will not
contribute absorption lines in the DLA spectrum and must, therefore, be corrected
for. This will be discussed in section 2.2 .
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Figure 2: The figure illustrates the characteristic profiles, given by [56], attributed to
natural broadening: Lorentzian profile, and Doppler effects: Gaussian profile. The convo-
lution of the two results in the Voigt profile, a common profile for fitting absorption lines.
Notice that the Lorentzian profile dies down slower than the Gaussian profile, dampening
the edges of the absorption line.

1.4 Intervening material

Light traveling from one end of the universe to the other, will inevitably pass
through the matter in its host galaxy as well as in other galaxies. This matter
includes cold gas and dust in self gravitating clouds, which may collapse to form
stars, as well as warmer gas and dust heated by and ejected from supernovae. The
latter can be expelled out of galaxies, contributing to the extremely hot and diffuse
extragalactic medium. In the following discussion, we will restrict ourselves to the
cold interstellar medium, as it pertains directly to our discussion on DLAs.

9



1.4.1 Molecular hydrogen

Star formation relies on a great abundance of cool gas, inferred from observations
of prestellar cores embedded deep within molecular clouds. Right before the first
stars formed, the universe was still very hot and the atomic hydrogen and helium
gas along with it. Nevertheless, at a temperature of ∼ 1000 K , it was too cool to
radiate away the heat through H and He emission lines. Here it is believed that
trace amounts of molecular hydrogen, H2 , formed through gas phase reactions,
such as

H + e− −→ H− + γ (2)

H− + H −→ H2 + e− , (3)

where H− is ionized hydrogen, γ is a photon and e− is a free electron, left over
from the recombination era; when the majority of electrons combined with the
elements formed in the big bang nucleosynthesis, unleashing the cosmic microwave
background [15, 79, 130]. The newly formed H2 , excited by the heat, radiated
away from its lowest rotational level J = 2 , cooling down the gas until it started
clumping, compressing and forming stars [15, 79].

As the universe cooled down further and metals, formed by stellar nucleosyn-
thesis, condensed to form dust grains [16], a new formation path became dominant
for molecular hydrogen: dust grain chemistry. This process is best described by the
equation of the H2 formation rate,

RH2 =
1

2
γH nd t

−1
coll , (4)

where nd is the dust grain number density, and γH is the sticking probability, i.e.,
the probability of an H atom sticking to the surface of a dust grain after colliding
with it. The average time that passes between each collision is described by the
collision time, tcoll , which is a function of the cross section of the dust grain struck
by the atom, the hydrogen density, and its thermal velocity [130, 79]. In short, the
formation of H2 on dust grains depends on the probability of two H atoms striking
and sticking to the surface of a dust grain, where they diffuse until they encounter
each other and form a covalent bond.
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The majority of H2 in the universe is found in cold, shielded interiors of molec-
ular clouds where they are protected from photodissociating radiation [138], dis-
cussed in section 5.3.1 . While these cold environments provide protection, they
bring about observational challenges. This is due to the symmetric nature the
homonuclear H2 molecule, which does not give a rise to a permanent dipole mo-
ment. Therefore, the transitions of H2 are only possible through increments of
∆J = ± 2 . On top of that, H2 is the lightest possible molecule with a correspond-
ingly low moment of inertia, leading to widely spaced energy levels. The lowest
possible transition, J = 2→ 0 , is initiated 510 K above the ground state, over an
order of magnitude higher than the kinetic temperature of gas in typical molecular
cloud conditions, while the next available transition, J = 3 → 1 , has an associ-
ated energy change of 1015 K [138, 130, 79, 133]. Consequently, the probability of
detecting H2 in emission in such environments is low. To circumvent this prob-
lem, other molecules, atoms, dust grains and even star formation rates are used as
proxies to infer H2 gas masses of clouds and galaxies.

1.4.2 Carbon monoxide

The second most abundant molecule after H2 , although beaten by 4 orders of mag-
nitude, is almost its exact opposite. CO is easily excited, has shortly spaced lower
energy levels, and has a permanent electric dipole moment [130, 37]. Its formation
rate is dominated by gas phase reactions rather than dust grain chemistry, and
its main formation pathways require the presence of, among other species, H2 and
ionized carbon [79, 130], written interchangeably as C+ and C ii . Accordingly, we
can expect CO to be found amongst H2 where it is both protected from ioniz-
ing radiation, at least partly, and has access to its formation components. This
association signifies that CO can be used to trace H2 .

With the energy of the first 3 lowest rotational levels less than 35 K above
the ground state [148], CO is easily excited under molecular cloud conditions.
These levels are mainly excited through collision with H2 and de-excite through the
emission of photons in the mm and sub-mm regimes, which can be absorbed again
by other CO molecules. De-excitation can also be achieved through collision, in
which no photon is emitted. Increasing the cloud density enhances the CO emission
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up until a critical density, ncrit , is reached, where de-excitation rate by collision is
equalled by emission [130]. If the density becomes much greater than the critical
density, frequent collisions ensure that no net energy is transferred away through
emission, engendering local thermodynamic equilibrium (LTE). CO has a very low
critical density, implying that it reaches the peak of its emission intensity at very
low densities, again emphasizing its usefulness as a tracer.

However, due to its dependency on metallicity, CO is not a perfect tracer of H2 .
As will be discussed in section 5.3.1 , CO photodissociates more than H2 in low
metallicity environments, leaving regions of CO-dark H2 , which go untraced. In
these regions other tracers, such as the neutral and ionized components of CO: C i

and C ii , are found to be more useful in emission observations [37, 89]. Absorption
measurements are not affected by this as they simply trace what is along the line
of sight, however, if the CO abundances are too low, e.g., due to photodissociation,
its absorption lines are not prominent enough to determine the abundances accu-
rately. In such circumstances, only upper limits can be prescribed [107]. No matter
which tracer is used, the expansion of space disperses the emitted light and lowers
its frequency, thereby lowering the observed intensity and energy, decreasing the
detectability of cold and dark molecular gas reservoirs at high redshifts.

1.4.3 Dust grains and metallicities

Expanding ejecta of core collapse supernova are believed to be formation sites of
little metallic specks we call interstellar dust grains [94]. Although each grain is
the size of a few microns at most, their combined influence is enough to affect
galactic scale molecular formation and how we observe the most powerful light
sources in the universe. The way they affect light is simply by being in the way.
When ultraviolet and optical photons are blocked by dust grains, they impart
their energy to electrons on the grains’ surface, which, in turn, whiz around on
the grains, heating them up. This does not contribute to the temperature of the
surrounding gas, except at high densities through collisions, instead the grains
cool down by emitting infrared and sub-mm radiation. For dark clouds, dense and
abundant in dust, light from background stars is not just reddened, but completely
blocked [130].
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After the big bang nucleosynthesis, only trace amounts of metals, i.e., elements
heavier than hydrogen and helium, were present in the universe. As stars formed
and enriched the world with heavier elements, the metallicity, defined as the ratio
of metal abundances to the very high hydrogen abundance, started to increase, en-
tailing more material for dust formation. Therefore, it is natural to assume that as
we look towards higher redshifts, the metallicity and dust content decreases. This
agrees with observations over cosmic scales but is highly dependent on the prop-
erties of each system being observed, such as their stellar mass and star formation
rate [128, 93].

When representing metallicities, the abundance of one metal is usually taken
and compared to the hydrogen content of the system. This can be further compared
to a reference point, such as the same relative abundance ratio found in our galaxy.
Currently, there is no universally agreed upon reference point or metal which are
chosen to represent the metallicity, and this can lead to inconsistent comparisons
between studies [63]. For a consistent reference point, the metal chosen should
not matter by much, as chemical abundance ratios are generally comparable due
to the universal initial mass function (IMF): the frequency distribution of stellar
masses is roughly constant for all star forming regions, although this assertion is
not as certain in high redshift galaxies and might itself be subject to a metallicity
dependency [22]. If the IMF is inconsistent, it can lead to an apparent α-element
enhancement, in which elements with mass number 4n , for an integer n , are more
abundant compared to Fe than a general IMF would imply and would have to be
corrected for before making comparisons with other systems [143, 32, 142]. This
effect, along with dust depletion, will be corrected for using a method discussed in
section 2.2 .

1.5 The CO-to-H2 conversion factor

When a tracer of H2 has been chosen, its observed properties are converted to give
information about the H2 present in the system. When using CO as a tracer, the
observed properties are luminosity or intensity and the relationship used to relate
these properties to H2 , is called the CO-to-H2 conversion factor. It can be written
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as
XCO =

N(H2)

W (CO)
, (5)

conventionally given in the units cm−2 (K km s−1)
−1 . Here N(H2) is the column

density of H2 in units of cm−2 , and W (CO) is the integrated CO line intensity,
further described in section 2.3 .

Another common way of representing the conversion factor comes from inte-
grating the X-factor above, over the emitting area of interest. This gives

αCO =
MH2

LCO

, (6)

in the conventional units of M� (K km s−1 pc2)
−1 . Here MH2 is the total H2 gas

mass and LCO is the CO luminosity. Often, this factor is defined to include, not
only the mass of H2 , but also of helium and other less abundant elements. This is
done by assuming that the system has a standard gas composition of 63% hydrogen,
36% helium and 1% dust, and that the gas mass, traced by CO, is predominantly
molecular, giving

α̂CO =
Mmol

LCO

= 1.36αCO , (7)

where Mmol = 1.36MH2 is the total molecular gas mass. Converting between the
X-factor and αCO can be done through [18]

XCO

[cm−2/K km s−1]
=

6.3× 1019 αCO[
M� (K km s−1 pc2)−1

] =
4.65× 1019 α̂CO[

M� (K km s−1 pc2)−1
] . (8)

The commonly used values for the conversion factor have been derived from
local observations and are given, by Bolatto et al. [12], as XMW

CO = 2 × 1020 and
α̂MW
CO = 4.3 , omitting the units. These values do not apply directly to every system

being observed, especially at smaller scales, but may provide reasonable estimates
over galactic scales, at least in the local universe. A better way to represent the
conversion factor is as a function of metallicity, due to an observed dependency
between the two, and whose nature will be discussed in section 5.3.1 .

To derive the conversion factor, one must know the abundances of CO and
H2 . This means that other tracers and techniques must be deployed to infer the
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elusive H2 abundance. This has been done using a variety of methods in the local
universe. One method is to measure γ-rays that originate from the interactions
between cosmic-rays and the ISM [12]. This creates neutral pions which decay into
γ-rays with energies over 200 MeV. The intensity of these γ-rays is proportional to
the matter it interacts with, and possessing sufficient knowledge of the distribution
of cosmic rays, CO, and dust, the hydrogen abundance can be inferred [12, 2]. This
method produces conventional results in our galaxy but cannot be extended beyond
the Magellanic clouds due to limited sensitivity and understanding of extragalactic
cosmic-ray distribution.

Another popular method used in the local universe, is virial analysis. This
method considers a single molecular cloud and assumes that it is in virial equilib-
rium; its internal forces sustain it against gravitational collapse. This commonly
used, but debatable approximation, is believed to hold true for most clouds, partly
due to the timescales involved; the rate at which the cloud can respond to dy-
namical deviations is larger than the rate at which the cloud dissipates [132, 12,
130]. For a simple uniform non-magnetised spherical cloud in virial equilibrium,
the virial mass of the cloud is given by Mvir ∝ σ4 , where σ is the velocity dis-
persion of the cloud, inferred from its line width [12]. The virial mass is then
assumed to represent the total molecular gas mass. While this method produces
conforming results in the galaxy, it relies heavily on a high resolution to discern
between each individual clouds. Moreover, if the line width is traced by CO, it will
not account for the CO-dark H2 . Due to the resolution requirements, this method
cannot, presently, be utilized at high redshifts [12].

Estimating the total molecular mass can be done by using dust emission, as
dust mixes well with molecular gas. This has been done both locally and at high
redshifts and will be discussed in section 5.2.1 . Another way is by relating the
amount of molecular gas to the star formation rate of its system, which will be
discussed in section 5.2.2 . However, these methods share two flaws: (i) They both
rely on locally derived relations. The former method assumes a Galactic gas-to-
dust ratio to infer the gas mass, while the latter relies on a local relation between
gas surface density and star formation rate. (ii) Even if the molecular gas mass
is perfectly constrained, detecting CO in emission at high redshifts is difficult,
except for systems with a large CO abundance. This introduces a bias towards
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massive, high metallicity galaxies, leaving the smaller, lower metallicity galaxies
unaccounted for [37]. To circumvent these flaws, I present a more direct way to infer
the conversion factor at high redshifts, using abundances derived from absorption
measurements.

2 Methods

Before discussing the method for deriving the X-factor from column densities ac-
quired from absorption systems, I will briefly introduce the data set which will be
discussed throughout this thesis. Then I will discuss the nature of dust depletion,
how it affects observed metallicities and how to correct for such effects.

2.1 Data compilation

The sample consists of all GRB and QSO DLAs found in the literature which have
known H2 column densities and metallicities and known or constrained CO column
densities. In most DLAs in the sample, the CO column densities are too low for
accurate determination, therefore, 3σ upper limits are reported. These limits are
defined, for example, as the value obtained at some predetermined maximum χ2

of the Voigt fit [107]. Most of the GRB sample comes from [13], who compiled all
GRB afterglow data acquired by the X-shooter instrument of the ground-based
Very Large Telescope, which show the presence of molecular gas. The QSO DLA
column densities come mainly from [107], who used observations from the Sloan
Digital Sky Survey, selecting only those quasars with strong C i absorption lines in
their spectra. They find that such a selection criterion is efficient in targeting high
metallicity absorption systems, rich in molecular gas, as C i requires the shielding
of H2 to remain neutral. In addition, they find that the CO column densities follow
those of C i as N(CO)/N (C i) ∼ 1/10 . The full sample, along with references, can
be seen in table 1 .
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Table 1: Properties of all GRB and QSO DLAs found in the literature with known or constrained
H2 and CO column densities and metallicities. The column densities are reported in molecules per
cm2 .

Source zabs log N(H2) log N(CO) [X/H] X Ref

GRB DLAs

120327A 2.8143 17.39± 0.13 < 15.3 -1.49± 0.03 Zn [13]

120815A 2.3582 20.42± 0.08 < 15.0 -1.45± 0.03 Zn [13]

120909A 3.9290 17.25± 0.23 < 14.2 -1.06± 0.12 S [13]

121024A 2.3005 19.90± 0.17 < 14.4 -0.76± 0.06 Zn [13]

141109A 2.9940 18.02± 0.12 < 15.9 -1.63± 0.06 Zn [13]

150403A 2.0571 19.90± 0.14 < 14.9 -1.04± 0.04 Zn [13]

181020A 2.9379 20.40± 0.04 < 13.3 -1.57± 0.06 Zn [54]

190114A 3.3764 19.44± 0.04 < 13.3 -1.23± 0.07 Zn [54]

080607 3.0363 21.20± 0.20 16.5± 0.3 > -0.2 Zn [110, 54]

QSO DLAs

J0917+0154 2.107 20.11± 0.06 < 14.07 0.17± 0.07 Zn [107, 150]

J1237+0647 2.691 19.21+0.13
−0.12 14.17± 0.09 0.34± 0.12 Zn [103]

J1311+2225 3.092 19.69± 0.01 < 13.43 -0.34+0.13
−0.14 Zn [107, 71]

J1439+1117 2.418 19.38± 0.10 13.89± 0.02 0.16± 0.11 Zn [129]

J1646+2329 1.998 18.02± 0.11 < 13.40 0.13± 0.18(a) Zn [107, 76]

J2123-0050 2.059 17.94± 0.01 < 13.07 -0.19± 0.15 S [69, 107, 97]

J2257-1001 1.836 19.5± 0.1 < 13.09 0.03± 0.18(a) Zn [107, 76]

J2331-0908 2.143 20.57± 0.05 13.65± 0.03 -0.54± 0.15(a) Zn [107, 76]

J2336-1058 1.829 19.00± 0.12 < 12.93 0.25± 0.15 Zn [107, 150]

J2340-0053 2.055 18.62+0.02
−0.01 < 12.58 -0.21± 0.14 Zn [71, 107, 150]

J2350-0052 2.426 18.52+0.29
−0.49 < 12.94 -0.13± 0.08 Zn [106, 107, 150]

J0000+0048 2.5255 20.43± 0.02 14.95± 0.05 0.46± 0.45 Zn [104]

J2140-0321 2.479 20.13± 0.07 < 13.73 -1.52± 0.08 Zn [102, 112]

J0843+0221 2.786 21.21± 0.02 < 13.35 -1.59± 0.10 Zn [7, 112]

J1513+0352 2.4636 21.31± 0.01 < 13.60 -0.84± 0.23 Zn [113]

Notes. When two references are listed, they correspond to molecular measurements and metallic-
ities, in that order. When three references are listed, they correspond to H2, CO and metallicities,
in that order. (a)Metallicites from [76] who cite "Ledoux et al. (in prep.)".
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2.2 Dust-correction

As mentioned in 1.3.2 : the inferred gas-phase abundances, from metal absorption
lines, do not account for metals locked onto dust grains. This leads to a difference
between the observed gas phase metal abundance, i.e., standard metallicity, of
element X, denoted [X/H] , and the true, total abundance of X, denoted [X/H]tot .
This is referred to as the depletion,

δX = [X/H]− [X/H]tot , (9)

which is a larger negative number if more of element X is depleted onto the
dust grains. Here I have used the standard relative abundance notation [X/Y]=
log N(X)

N(Y)
− log N(X)�

N(Y)�
, where I will adopt the solar abundances from [5], following

the recommendations of [85], as seen in [32].
Elements deplete at different rates depending on their sticking probability, i.e.,

the probability of an atom sticking to the surface of a dust grain after hitting it, as
well as their condensation temperatures [63]. Such temperatures of refractory ele-
ments, such as Fe, Mg and Si, are high compared to non-refractory elements, such
as Zn and S [32]. Refractory elements are, in turn, more prone to condensing onto
dust grains and are generally heavily depleted while non-refractory elements are
not. Consequently, the difference between the relative abundances of a marginally
depleted, volatile element; such as Zn, and a more depleted, refractory element; Fe,
denoted [Zn/Fe] , can be used to quantify the depletion and is called the depletion
factor [141, 13]. The comparison between Zn and Fe is especially advantageous as
they share similar nucleosynthesis histories [33]. Other forms of depletion are also
possible, such as through the formation of stable molecules: phosphorus has a high
condensation temperature, but eludes being condensed onto dust grains, perhaps
due to the formation of PN [32, 64].

To correct the measured metallicity of a sample for the effects of dust-depletion,
one must know the value of δX . This is simple if the total abundance is known, as
is the case for our galaxy [32]. The sample, however, is comprised of high-redshift
galaxies where the total abundances cannot be assumed to be solar. Instead we
must infer the depletion through the use of relationships, found both in our galaxy
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and in DLAs, on relative abundances of refractory and non-refractory elements in
the sample.

Correlations between element abundances set in place by dust-depletion, rather
than solely by star formation and nucleosynthesis effects, such as an overabun-
dance of α-elements, have been observed both in our galaxy [120, 63] as well as
in DLAs [95, 32, 141]. When deriving methods to correct for dust depletion of a
sample containing various galaxies at different redshifts, it is important to con-
sider other effects which may alter the abundances, as their strengths may vary
for each galaxy [32]. De Cia et al. [32] studied metal abundances of 70 QSO-DLAs
of varying dust masses, metallicites and redshifts along with metal rich Galactic
clouds, and found a strong correlation between [Zn/Fe] and the observed rela-
tive abundances of [X/Fe] , for multiple elements. The tightness and continuity of
their linear relationship, over a range of different factors, may indicate that the
dust-depletion mechanism works the same way in all environments [141], and they
concluded that nucleosynthesis effects on observed elemental abundances are much
smaller than the effects of dust depletion, nevertheless, such effects are subtracted
from the dust depletion sequences mentioned below.

The single-reference method derived by De Cia et al. [33, 32] is based on the
tight linear relation mentioned above, where only the depletion factor is needed to
estimate the depletion and dust-correct the observed abundances. It expresses the
dust-corrected metallicity as

[M/H] = [X/H]− δX , (10)

for some element X, where the depletion is

δX = A2X +B2X × [Zn/Fe] , (11)

and the coefficients A2X and B2X are given by the dust depletion sequences re-
ported in Table 3 of [32].

Using this simple method, I correct the metallicities given in Table 1 and as-
sume, to first order, the same uncertainties as from the standard metallicites. In a
couple of cases where the depletion factor is not based on Zn, but rather S, the ex-
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pected Zn-based depletion factor, [Zn/Fe]exp , must be inferred from the measured
S-based one, as

[Zn/Fe]exp = ([S/Fe]− A1S)/(B1S + 1) , (12)

where the empirically determined coefficients A1S and B1S are reported in Table 2
of [32]. This is, again, based on the strong correlation found between relative abun-
dances. Using the expected depletion factor we can easily calculate the depletion
with equation (11) and correct the metallicites with equation (10).

In the handful of cases where no depletion factor can be found or calculated,
we must improvise: adding average correction values of similarly metallic GRB or
QSO DLAs to the observed gas phase metal abundances. As an example of how this
is done, consider the QSO J1646+2329. Its depletion factor has not been measured
and, therefore, we must rely on other QSO DLAs which have been corrected and
have similar metallicity. Defining the qualification of similar to be a difference of
0.6 , which is quite arbitrarily chosen but serves the purpose of not correcting by a
dubiously large amount. Once these similar QSOs have been found, we can compute
the average difference between their standard and dust-corrected metallicites. This
average is then used to correct the metallicity of J1646+2329, by simply adding
the two together. This process is then repeated for each of the QSO and GRB
DLAs that have not been corrected. The full dust-corrected sample can be seen in
Table 2 .
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Table 2: Dust-corrected metallicities, [M/H], along with depletion factor, [X/Fe], and
already quoted metallicities from Table 1 for comparison.

Source [X/H] [X/Fe] X [M/H] Ref

GRB DLAs

120327A -1.49± 0.03 0.27± 0.07 Zn -1.42± 0.03 [13]

120815A -1.45± 0.03 1.01± 0.05 Zn -1.18± 0.03 [13]

120909A -1.06± 0.12 0.50± 0.15 S -0.93± 0.12 [13]

121024A -0.76± 0.06 0.77± 0.08 Zn -0.55± 0.06 [13]

141109A -1.63± 0.06 0.49± 0.07 Zn -1.5± 0.06 [13]

150403A -1.04± 0.04 0.63± 0.08 Zn -0.87± 0.04 [13]

181020A -1.57± 0.06 0.67± 0.03 Zn -1.39± 0.06 [54]

190114A -1.23± 0.07 1.06± 0.08 Zn -0.94± 0.07 [54]

080607 > -0.2 - Zn > 0.01(b) [110, 54]

QSO DLAs

J0917+0154 0.17± 0.07 1.14± 0.12 Zn 0.48± 0.07 [150]

J1237+0647 0.34± 0.12 1.39(b) Zn 0.72± 0.12 [103]

J1311+2225 -0.34+0.13
−0.14 - Zn -0.04+0.13 (b)

−0.14 [71]

J1439+1117 0.16± 0.11 1.50± 0.06(c) Zn 0.56± 0.11 [105]

J1646+2329 0.13± 0.18(a) - Zn 0.46± 0.18(b) [76]

J2123-0050 -0.19± 0.15 0.96± 0.21 S 0.11± 0.15 [97]

J2257-1001 0.03± 0.18(a) - Zn 0.36± 0.18(b) [76]

J2331-0908 -0.54± 0.15(a) - Zn -0.27± 0.15(b) [76]

J2336-1058 0.25± 0.15 1.11± 0.14 Zn 0.55± 0.15 [150]

J2340-0053 -0.21± 0.14 0.60± 0.10 Zn -0.05± 0.14 [150]

J2350-0052 -0.13± 0.08 1.04± 0.07 Zn 0.15± 0.08 [150]

J0000+0048 0.46± 0.45 1.80± 0.45(c) Zn 0.94± 0.45 [104]

J2140-0321 -1.52± 0.08 0.70± 0.10 Zn -1.33± 0.08 [112]

J0843+0221 -1.59± 0.10 0.91± 0.13 Zn -1.34± 0.1 [7, 112]

J1513+0352 -0.84± 0.23 1.22± 0.23 Zn -0.51± 0.23 [113]

Notes. References listed are for the metallicities and depletion factor. (a)Metallicites
from [76] who cite "Ledoux et al. (in prep.)". (b)No uncertainties reported by [103].
(c)Calculated from Zn and Fe column densities reported in the references, with un-
certainties added in quadrature. (d)Corrected using average correction values.
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2.3 Determining XCO

To calculate the conversion factor for each DLA in the sample, we must first derive
an expression for the integrated CO line intensity, W (CO), which is a measure of
the observed intensity of light emitted by CO molecules along the line of sight,
integrated over frequency, and is usually given in units of K km s−1 . The intensity
measured by the antenna is related to the antenna temperature, TA , which is a
fraction of the brightness temperature, TB , of the source, which, for a blackbody,
is the temperature needed to give the source’s observed blackbody spectrum [26,
130]. Integrating the antenna temperature over the radial velocity, v , of the object
of interest, yields

W (CO) =

∫
TA dv = TA∆v , (13)

where ∆v is the velocity width of the observed emission line [79, 130, 12]. The
job at hand is to infer intensity of light emitted by the amount of CO molecules
contained in the column densities of the sample.

Within molecular clouds, the rotational levels of CO are easily populated
through collisional excitation. In particular, the lowest rotational level, J = 1 ,
which has the excitation energy of only 5.5 K [130]. When excited, the CO molecule
de-excites through either: spontaneous emission, in which a photon is emitted, or
through collisional de-excitation, in which the excited molecule transfers its ex-
cess energy to another particle in the cloud. The former is more likely if the total
number density of the cloud, ntot , is lower than the critical density, ncrit , and vice
versa [130].

A photon emitted through spontaneous emission will either leave the cloud or
be absorbed by other particles within it. In the latter case, the photon may be
absorbed by another CO molecule, which gets excited in a process called radiative
trapping [130]. Whether the photon escapes the cloud depends on its optical depth,
τ , which, loosely speaking, is a measure of the amount of mean free paths taken by
the photon before leaving the cloud. For τ � 1 , the medium is optically thick and
the photon has a high probability of extinction, while for τ � 1 , it is optically thin
and the photon can propagate freely. This quantity depends on both the cloud’s
physical properties, as well as the frequency of the photon [130]. For a photon
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originating from the J → J − 1 rotational transition of CO the optical depth is
given by [12]

τJ =
8π3

3h
µ2 J

gJ

(
eEJ/kTex − 1

) NJ

∆v
, (14)

where J , NJ and EJ are the upper level rotational quantum number, column
density and energy, respectively, µ ≈ 0.11 D is the permanent dipole moment of
CO, gJ = 2J + 1 is the upper level degeneracy, and h and k are the Planck
and Boltzmann constants respectively. The excitation temperature, Tex , is defined
through Boltzmann’s law as n1/n0 = (g1/g0) exp(−T10/Tex) , where n1 and n0 are
the number densities of the upper and lower levels, respectively, and T10 is the
associated change in energy caused by the transition [130].

Generally, with the exception of very diffuse environments, the J = 1 → 0

emission line of CO, from now on CO[1-0] , is optically thick. This means that
within molecular clouds or other moderately dense structures, that the emitted
photon gets absorbed and re-emitted multiple times before it reaches the surface
and escapes. Consequently, the CO[1-0] line is often used to trace the surface layers
of clouds, while the analogous line, and others, from other isotopologues, such as
13C16O, are used to probe the inner parts, as they are optically thinner, and as
a result, can originate from farther inside the cloud [130, 12]. Paradoxically, we
will assume that the light from the CO[1-0] line, which contributes to W (CO), is
optically thin. This is motivated by the fact that the intensity we observe is from
an ensemble of light, emitted from the surfaces of a collection of optically thick
clouds, which, from afar, radiate as an optically thin entity. This is an important
assumption, as optically thick signals do not convey mass density information, but
rather size and surface temperature of the cloud, which, for our purpose, is less
useful [130, 12].

Introducing the definition of optically thin emission of specific intensity IJ :

IJ = τJ [BJ(Tex)−BJ(Tcmb)] , (15)

where Tcmb is the temperature of the cosmic microwave background at the redshift
of emission, and BJ(T ) is the Planck function at the frequency νJ = EJ/h of the
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J → J − 1 transition, defined as

BJ(T ) =
2E3

J

h2c2
1

eEJ/kT − 1
, (16)

as well as introducing the definition of antenna temperature

IJ =
2kE2

J

h2c2
TA . (17)

Combining these expressions with equations 13 and 14 , we obtain

W (CO) =
8π3EJ

3hk
µ2 J

gJ
fcmbNJ , (18)

where fcmb = 1−
(
eEJ/kTex − 1

)
/
(
eEJ/kTcmb − 1

)
accounts for the effect of the CMB

on the measured intensity [12].
Since the critical density of CO is relatively low, it is reasonable to assume that

the CO molecules inside each emitting cloud are in LTE with their environment.
Such a system can be described by a Boltzmann distribution with a single exci-
tation temperature, as it now equals the more physical, kinetic temperature [130,
12]. Under this assumption we can express the CO column density as

N(CO) = Q(Tex) e
EJ/kTex

NJ

gJ
, (19)

where Q(Tex) is the partition function of the CO rotational levels at temperature
Tex , which can, with good precision, be approximated as

Q(Tex) =
∞∑
J=0

gJ e
−EJ/kTex ≈

∫ ∞
0

gJ e
−EJ/kTexdJ =

kTex
EJ

J(J + 1) , (20)

for Tex � 5.5 K [12]. Finally, we can write

XCO =
N (H2)

W (CO)
=
N (H2)

N(CO)

N (CO)

W (CO)
≈ N (H2)

N(CO)

3h(J + 1)

8π3µ2fcmbE1/k

(
Tex
E1/k

)
e

E1/k
Tex .

(21)
For J = 1 and using E1/k ≈ 5.53 K and µ ≈ 0.11 D = 0.11× 10−18 cm5/2 g1/2 s−1 ,
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we obtain

XCO ≈ 4.33× 1013

(
N (H2)

N(CO)

)(
1

fcmb

)(
Tex
K

)
e

5.53K
Tex cm−2

(
K km s−1

)−1
. (22)

3 Data analysis

Having compiled all available DLA data with known or constrained H2 and CO
number densities and metallicities, then having dust-corrected the metallicites and
calculated the X-factors for all DLAs in the sample, see the Appendix , the analysis
can begin. The main objective is to examine how the CO-to-H2 ratio and conversion
factor act and evolve in high redshift GRB/QSO sightlines, specifically as functions
of metallicity.

3.1 The likelihood function

When fitting the data, it must considered that it is mainly composed of upper
limits. To do so, a likelihood function which includes both the left censored ob-
servations: the upper CO limits, and the uncensored observations: measurements,
must first be computed. Such a function can be written as [81, 55, 136]

L =
∏

p (ei)
δi F (ei)

1−δi , (23)

where ei is the residual of data point i ; difference between the measurement or
upper limit and the fitted model, linear in our case, and δi is a dummy variable,
equal to 0 for an upper limit and 1 for a measurement. The probability density
function of the residuals, p (ei) , describes the frequency of observing individual
values of ei , and F (ei) is their cumulative distribution function, i.e., the probability
of having a residual which is less than or equal to ei [81, 55]. For only a few data
points the likelihood function can become too large to handle and so, for practical
purposes, it is simpler to compute the log-likelihood instead, given by

ln(L) =
∑

δi ln p (ei) +
∑

(1− δi) lnF (ei) . (24)

25



When dealing with right censored data, i.e., the lower XCO limits, the process is
the same, but we replace F (ei) with the survival function, S(ei) = 1−F (ei) , which
is the probability of having a residual larger than ei [55].

Assuming the data points are randomly distributed around the fitted line, i.e.,
that the residuals follow a normal distribution, we can write

p (ei) =
1√

2πσi
e−e

2
i /2σ

2
i , (25)

where σi are the measurement uncertainties. Similarly, the cumulative distribution
becomes

F (ei) =
1

2

[
1 + erf

(
ei√
2σi

)]
, (26)

where erf(x) is the error function [81, 55]. Since some of the data points have both
x- and y-uncertainties, σx and σy , respectively, σi must be expressed in such a way
that it includes both dimensions. To do so, we can write [87]

σ2
i = σ2

yi
+ g′(xi)

2 σ2
xi
, (27)

where g′(xi) is the derivative of the linear model, g(x) , evaluated at xi .

3.2 Maximizing the likelihood function

The likelihood function, L , increases as the fit approaches a better representation
of the distribution of data points. The goal is, therefore, to maximize the likelihood.
To do so, Iminimize the negative log-likelihood, utilizing Python’s SciPy minimizer
with the Broyden – Fletcher – Goldfarb – Shanno (BFGS) method. The choice of
this method is somewhat arbitrary, as other minimizing methods, which produced
results, produced the same fit. However, the BFGS method is one of the few which
returns the inverse Hessian matrix of the objective function, which can be used as
an estimate of the parameter uncertainties and was, therefore, the best choice.

Like other quasi-Newton algorithms, the BFGS method aims to approximate
the Hessian matrix in place of the true Hessian matrix needed in Newton’s method.
In the simplest cases of optimization, the gradient descent method can be used to
find a local minimum of a real-valued, differentiable function f(x) . It does so by
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finding the search direction, pk = −∇f(xk) , which is direction of the steepest
descent. The optimization then proceeds by iterating over

xk+1 = xk − αpk , (28)

where α > 0 is the step length, until xk+1 gives a minimal value of f(x) [101, 48].
This method depends heavily on the chosen step length and can be either very
inefficient for a small step length, or inaccurate for a large step length, and is often
only used as an approximate minimizer of the function f [48, 80].

Newton’s method for optimization follows a slightly different approach as it
includes information from the second derivative, i.e., the curvature of the objective
function. It is derived by minimizing the Taylor approximation of the function f ,
at a point xk + p , where p is a free parameter, by setting its derivative to zero. In
one-dimension, this leads to the following iteration scheme [48, 80]

xk+1 = xk −
f ′(xk)

f ′′(xk)
. (29)

Generalizing this to n dimensions, we replace the derivative of f with its gradient,
and its second derivative with the Hessian matrix, H ; which is the square matrix
of second-order partial derivatives of the objective function, or better yet: it is a
matrix with entries (H)ij = ∂2f(xk)

∂xi∂xj
. This yields [48, 80]

xk+1 = xk −H(xk)
−1∇f(xk) . (30)

The advantage of Newton’s method is that it converges rapidly, if the initial
guess is close to the solution, due to the inclusion of the second order derivative.
However, it can be computationally costly to calculate the Hessian matrix and
then invert it in each iteration. This can be problematic in higher dimensions
[48, 80]. Quasi-Newton methods bypass this problem by simply approximating
the Hessian matrix with some other matrix, B , which is updated through each
iteration, following conditions set by the employed quasi-Newton method, until a
minimum is achieved [48, 80]. By approximating the Hessian matrix, computational
power is not spent on calculating second-order derivatives.
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In theory, Newton’s method would have been an adequate optimizer in this
thesis, but SciPy’s optimization package requires the derivative of the likelihood
function for that method to be initiated. On top of that, it does not return the in-
verse Hessian which can be used in place of the covariance matrix, whose diagonal
elements equal the variance of the fitted parameters. There are two quasi-Newton
minimizers available from SciPy: L-BFGS-B and BFGS. The former, limited mem-
ory BFGS method, is essentially an approximation of the latter, and can be useful
for very large and computationally expensive data sets. Since fitting a line only
requires solving for two variables: the slope and intercept, BFGS is appropriate.

4 Results

Using equation (22), I calculate the conversion factor for each DLA in the sample,
assuming a typical excitation temperature of 30 K and using Python’s Astropy
package to calculate the CMB temperature each corresponding redshift. The nu-
merical results of the conversion factor can be found in the Appendix. In Figures
3 and 4 , the CO-to-H2 ratios and X-factors are plotted as functions of metallic-
ity. The reason for showing the standard metallicity results as well as the dust-
corrected ones, is to ease comparison between my results and the results of others
who have done similar work but have not taken dust-correction into consideration.

For convenience, in the lower right corner of each subfigure, I have added the
best fit results as power laws. To do so, the metallicity notation is changed such that
[X/H] ≡ log(Z/Z�) , which applies to the dust-corrected metallicity as well. Then,
for the acquired linear relationship between the metallicity and log(γ) , where γ
is either N(CO)/N(H2) or XCO , with a fitted slope, α , and intercept, β , we can
write

log(γ) = α log(Z/Z�) + β

= log((Z/Z�)α) + log(10β)

= log((Z/Z�)α · 10β)

⇔ γ = a× (Z/Z�)b , (31)
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where a ≡ 10β and b ≡ α . The uncertainties are then derived from the usual error
propagation: σa = ln(10)σβ a and σb = σα , where σx is the uncertainty of x .

Before fitting, the y-uncertainty contributed by the H2 to the censored data
points, is incorporated into the limits by nudging them by the amount added by
the uncertainties. Consequently for the censored data points, the y-uncertainties
inserted into equation (27) is simply zero, while the x-uncertainties come from the
metallicity. For the couple of data points whose uncertainty is asymmetrical and is
not incorporated into limits, QSO DLAs: J1311+2225 and J1237+0647, I only use
the larger of the two uncertainties, to be all inclusive. This does not result in a loss
of precision as the difference between the uncertainties is insignificant. Due to its
great uncertainty, the highest metallicity DLA, QSO J0000+0048, is omitted from
the fits. Furthermore, the fitting process does not treat the lower metallicity limit
of GRB 080607 any different than an uncensored data point. This should not affect
the results as its y-value is much greater than other data points in its vicinity and
it could even, at its current position, be neglected from the fits without altering
the results.

The residuals used in the fitting process are calculated in the usual manner:
ei = yi − g(xi) , where yi is the y-value of data point i and g(xi) is the linear
model evaluated at the data point’s x-value. I do not weigh down the residuals
with uncertainty as it is built into the likelihood function: see equations (25) and
(26).

For the CO-to-H2 ratio as a function of metallicity, Figure 3 , the uncertain-
ties on the y-axis are simply those of CO and H2 , as seen in Table 1 , added in
quadrature. The best fit relation, with dust-corrected metallicites, is found to be:

log
N(CO)

N(H2)
= (1.65± 0.22)× [M/H]− (6.63± 0.10) , (32)

and without dust-correction:

log
N(CO)

N(H2)
= (1.88± 0.29)× [X/H]− (6.10± 0.09) . (33)

The trend shows that the CO-to-H2 ratio increases with metallicity. This can
partly be explained by a larger CO abundance caused by an increase in its atomic
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components: carbon and oxygen, which are by definition, metals. This could also
indicate that it is harder for CO to photodissociate at higher metallicities due to the
shielding effects of dust, as discussed later in section 5.3.1 . For solar metallicities,
[X/H] ∼ 0 , the fits give CO-to-H2 ratios of about 2 − 8 × 10−7 , which is much
lower than the often quoted average Milky Way abundance ratio, which ranges
from 5 × 10−5 to 1 × 10−4 [147, 82, 9] and is displayed on the figure. In fact, the
majority of the data points lie below this range. The fits also give insight into how
the CO-to-H2 ratio evolves with metallicity through the fitted slopes which lie in
the range of 1.6− 1.9 . The nature of this trend will be discussed in section 5.3 .

The figures clearly display that the GRBs of the sample occupy a lower metal-
licity regime than the general population of QSOs in the sample. This is most
likely due to GRBs residing in star forming regions, which generally have lower
metallicites [119]. As discussed later, in section 5.3.1 , this implies that they should
have large conversion factors, which is hard to infer from the censored points on
the figures. If they are in fact larger, then it indicates that the GRB data points
are less constrained than those of the QSOs.

In fitting XCO as a function of metallicity, the cumulative distribution function
must be replaced by the survival function, as suggested in Section 3.1 . This is
done because the upper CO limits now serve as lower XCO limits due to their
inverse in equation (22). This causes the residuals of the fitted line to become
largely negative as the line aims to be within the limits: above the lower limits and
below the upper limits. If the survival function is not used and the residuals are
too negative, the cumulative distribution function becomes 0 , thereby ruining the
log likelihood function. Additionally, since the limits changed to lower limits, it
necessitates moving them down to incorporate the value of the lower uncertainties
as opposed to up to incorporate the upper uncertainties, as done for the CO-to-H2

ratio - metallicity plot.
For XCO as a function of metallicity, Figure 4 , the best fit relation with dust-

corrected metallicites, is given by:

logXCO = (−1.63± 0.21)× [M/H] + (21.94± 0.10) , (34)
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and without dust-correction:

logXCO = (−1.86± 0.28)× [X/H] + (21.41± 0.09) . (35)

Perhaps unsurprisingly, the trend observed resembles the opposite of the one ob-
served for the CO-to-H2 ratio. This is simply due to the X-factor, equation (22),
being the inverse of the CO-to-H2 ratio times a variable which changes as a function
of Tcmb , which varies only slightly at the redshifts covered. For solar metallicities,
the fit gives X-factors in the range of 2.5− 9× 1021 cm−2 (K km s−1)

−1 . This is an
order of magnitude greater than the X-factor observed in the Milky Way disk [12].
A higher-than-Galactic conversion factor, along with the generally lower CO-to-H2

ratios, may imply that there is less CO in high redshift galaxies than there is in
our neighbourhood, compared to H2 , which entails that CO might not be as good
a tracer of H2 in high redshift galaxies due to the amount of CO-dark H2 . This
will be discussed further in section 5.3 . From the perspective of metallicities, they
would have to be lowered by a factor of 3.3 , i.e., log(0.3) would have to be added
to [X/H], for the fit to yield the Milky Way conversion factor at solar metallicities.
Overestimating the metallicites by such an amount is unlikely as they are derived
directly from absorption measurements.

In addition, I find that increasing the temperature by 100 K , increases the X-
factor by a whole order of magnitude, while lowering it has negligible effects, as it
is quite low (30 K) already. Note that the model being used, assumes that the radi-
ation is optically thin and, therefore, does not consider that a higher temperature
in an optically thick cloud, can decrease the opacity and let out more radiation,
increasing the observed CO, thereby decreasing the observed X-factor. Increasing
the temperature in the model does the opposite, as it is reflecting the fact that a
higher excitation temperature means less J = 1 → 0 emission, because CO is ex-
cited to higher rotational levels and the X-factor is only derived for the J = 1→ 0

emission. An increased temperature due to cosmic ray and X-ray ionization may
impact the results and is further discussed in sections 5.3.1 and 5.3.2 .
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Figure 3: CO-to-H2 ratios as functions of dust-corrected metallicity (upper) and metal-
licity (lower). The triangles symbolize censored data points, and the points symbolize
measurements. The gray shaded region indicates the uncertainty of the fitted line. The
blue ribbon indicates the average Milky Way abundance ratio, as mentioned in the text.
The right-most point, QSO J0000+0048, is omitted from the fit. The bottom-right corner
of each subfigure displays the best fit result expressed as a power law.
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Figure 4: XCO as a function of dust-corrected metallicity (upper) and metallicity (lower).
The triangles symbolize censored data points and the points symbolize measurements. The
gray shaded region indicates the uncertainty of the fitted line. The dashed line indicates
the “typical” Milky Way X-factor, XMW

CO , as mentioned in the text. The right-most point,
QSO J0000+0048, is omitted from the fit. The bottom-right corner of each subfigure
displays the best fit result expressed as a power law.
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5 Discussion

The results are in and now we turn to the discussion. After a brief word on the
robustness of the fitting process, I discuss other people’s solution to calculating the
high redshift conversion factor, after which I discuss the metallicity evolution of
both the conversion factor and CO-to-H2 ratio, from a theoretical and observational
perspective.

5.1 Fit robustness

Before fitting the data, a likelihood function which assumes normally distributed
residuals, was constructed. One would think, simply by looking at Figures 3-4 , that
this does not appear to be the case for the sample, especially in the low metallicity
range. It is hard to assess which distribution the residuals truly have, as the data
are mainly censored, however, considering that the X-factor has long been shown
to follow a linear relationship with metallicity (e.g., [52, 46, 91]), although some
observations indicate superlinear behaviour for subsolar metallicities [12, 124, 89], I
assume a linear relationship. Under this assumption, for a large enough set of both
censored and uncensored data, the residuals should tend to a normal distribution.

Maximum likelihood estimations, such as the one deployed here for the fitting,
can be very accurate for data sets which contain at least 50 data points, of which
80% or less are censored. For fewer data points and a greater proportion of censor-
ing, this method can produce unreliable results which are highly dependent on the
assumed data distribution [55]. Here, the data set only contains 24 data points,
one of which is omitted, and has a censoring of almost 90% . Even though I am
moderately confident in the assumed residual distribution, it is a lot of pressure to
put on only three uncensored data points. That aside, the minimization process
converges for a variety of initial guesses, giving the same best fit parameters, even
using different minimizers, and the same can be said of the approximated inverse
Hessian matrix. I, therefore, ascribe any shortcomings of the fit to the scarcity of
data, particularly uncensored data, and am confident that this method of fitting
can be used to produce more reliable results when more data has been acquired,
under the assumption that a linear relationship is an appropriate model.
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5.2 XCO at high redshift

5.2.1 Dust as a tracer

Instead of relying on atomic and molecular lines to trace molecular gas masses,
we can use dust emission. Fluffy little grains of silicates and carbon, dust is an
excellent absorber and re-emitter of radiation. They easily absorb UV and optical
photons, heating them up to radiate away the acquired energy in the far-infrared
(FIR) and sub-mm regime [77, 12]. Since dust has been observed to mix well with
gas, its emission can be used to infer the total gas mass of galaxies, assuming a
certain gas-to-dust ratio (GDR), and can be used to probe CO-dark regions, i.e.,
molecular gas which contains H2 but no CO to trace it with. To determine the
conversion factor with this method, one must first infer the total dust mass from
its IR emission, obtain measurements of atomic hydrogen (Hi) and CO, and then
assume that the total gas mass (H2 + Hi) is related to the dust mass through a
fixed GDR [83].

This method has been applied multiple times in various ways, over a span of
decades, to quantify and trace the distribution of H2 and CO in our galaxy and
neighbours [83, 12, 59]. However, since it is based on a set of assumptions which
have not even be verified to apply in our vicinity, such as the Galactic gas-to-dust
ratio, one should be cautious when extending it to higher redshifts [12].

Magdis et al. [90, 91] were the first to apply this method to high redshift galaxies
in 2011 and again in 2012, going as far as z = 4.05 . Their sample includes 9 main-
sequence galaxies, which are galaxies that conform to a “normal” star formation
rate compared to stellar mass, and 3 sub-mm galaxies, which are very dusty and
IR-luminous galaxies, all at redshifts z & 0.5 . Having acquired accurate data for the
of their galaxy sample, they fit a sophisticated model, the Draine & Li model [36],
to their SEDs, along with a more simplistic single-temperature modified blackbody
(MBB) model for comparison. The fits return the first piece of the puzzle: the dust
masses.

The next step involves relating the dust masses to the gas masses, in which
Magdis et al. rely on a method which considers the relationship between the GDR
of each system to its metallicity: the δGDR − Z relation, and had been applied
successfully in the local universe by Leroy et al. in 2011 [83]. Magdis et al. calculate
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this relation from the local sample of Leroy et al., and assume that their sample
follows the same relationship. The total gas mass is then obtainable via

δGDRMdust ≡Mgas . (36)

where Mdust and Mgas are the dust mass and total gas mass, including helium
and atomic hydrogen, respectively. In estimating the metallicity, Z , of their sam-
ple, Magdis et al. rely on yet another set of relationships: two different mass-to-
metallicity relationships for galaxies at z ∼ 1.5 [39] and z > 2.5 [17], and the
fundamental metallicity relationship for the galaxies at z ∼ 0.5 , which relates the
star formation rate and stellar mass to metallicity [93]. Metallicities at hand, and
subsequently δGDR , the total gas mass pops out of equation (36).

The final step is to calculate the conversion factors through α̂CO = Mgas/LCO ,
which is quite feasible, having approximated the gas mass and having access to CO
line emission data, used to calculate the CO luminosity, LCO . Their results can be
seen in Table 3 of [91], where α̂CO ranges from 1.0 to 13.4 M� (K km s−1 pc2)

−1 ,
which translates, through equation (8), to an XCO range of 4.65 × 1019 to 6.2 ×
1020 cm−2 (K km s−1)

−1 (units omitted from now on).
The metallicities they quote are in terms of gas phase oxygen abundances,

compared to my zinc and sulfur based metallicities, calibrated by the PP04 scale
[109], which is based on the use of emission line ratios, such as [O iii] to [N ii]
or [N ii] to Hα . The metallicities are then given as Z = 12 + log(O/H) . I will
instead, in an attempt to compare with my results, quote the relative abundances
[X/H]= Z−Z� , where Z� = 8.69 is the solar oxygen abundance [5]. The metallicity
range Magdis et al. cover, is from−0.2 to 0.3 , compared to my range of−1.6 to 0.3 ,
omitting J0000+0048. Note that these ranges are only presented to give an idea of
the metallicities covered, but are not directly comparable for several reasons, such
as being based on different elements, calibration methods, and assumptions related
to the derivation of the dust masses. This aside, the lower end of the metallicities
I cover is considerably lower than what is possible through emission-based CO
measurements at high redshifts, as done by Magdis et al.

The linear fit they derive for α̂CO as a function of metallicity, include both the
high redshift galaxies from their sample, as well as the local sample compiled by
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Leroy [83], and yields

log α̂CO = −(1.39± 0.3)× (12 + log[O/H])PP04 + (12.8± 2.2) . (37)

Converting α̂CO to XCO and replacing the oxygen abundances with metallicities,
as shown above, returns

logXCO = −(1.39± 0.3)× [X/H] + (20.4± 3.4) , (38)

which can, with a grain of salt, be compared with my results, see Figure 6 . The
intercept, i.e., the conversion factor at solar metallicities, is in line with the often
quoted XMW

CO = 2×1020 value of the Milky way’s disk and is an order of magnitude
lower than the value I derive. If Magdis et al. were to exclude the local sample, it
would not change this fact by much as they already omit the main outliers from the
fit. However, they stress that high redshifted MS galaxies of their sample, exhibit
on average a factor of ∼ 5 times larger conversion factor than that of the local
ultra-luminous infrared galaxies (ULIRGs). The reported slope is not as steep as
mine but is within the uncertainty range.

While this method produces results comparable to what is found locally, the
confirmation of some of the assumptions made may not be forthcoming. Moreover,
some of the derived values are strongly dependent on, somewhat, arbitrarily chosen
general assumptions, such as the grain-size distribution, which, according to the
authors themselves, can alter the derived dust masses by a factor of 3 . This means
that the absolute values derived may be unreliable, while general trends may be
more robust, that is, assuming all the galaxies in the sample have similar dust
grain properties.

The use of the δGDR−Z relation for high-redshift galaxies is also questionable
as it still relies on locally derived properties whose nature we do not yet understand
[12]. Deriving δGDR for each galaxy in the sample would have been optimal, but
infeasible, as it requires high resolution data for both dust emission and atomic
hydrogen, the latter being challenging to detect at redshifts past z ∼ 0.3 [61].
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5.2.2 Star formation as a tracer

In a paper by Genzel et al. [46] from 2012, they analyze data of 44 star forming,
massive (M? ∼ 109−1011M�) galaxies in the redshift range of z = 1−3 . Of those,
39 have galaxy-integrated CO line measurements, five have three-sigma upper CO
limits, three are strongly lensed, and one is possibly undergoing a merger. For the
whole sample, they derive the metallicities by either using the estimator [N ii/H] as
a proxy for the oxygen abundance, as done in [109], or, for the galaxies with no such
information available, using the appropriate mass-to-metallicity relation for each
redshift regime. Having metallicities derived from different metallicity indicators
and calibrations can lead to a large scatter due to systemic uncertainties. To correct
for this, Genzel et al. convert all metallicities to the Denicoló et al. [35] calibration
system. Converting them to relative abundances, following the same procedure and
caveats mentioned above, the resulting range of metallicities is similar to Magdis
et al., from −0.3 to 0.2 .

As Magdis et al. derive the molecular masses from dust, Genzel et al. derive
them from star formation, via the Kennicutt–Schmidt (KS) relation. This empirical
relationship between star formation rate (SFR) surface density, ΣSFR , and total
(atomic + molecular) gas surface density, Σgas , was first proposed by Schmidt in
1959 [123] as

ΣSFR ∝ Σn
gas , (39)

where the power law index, n , was inferred from observations in the solar neigh-
bourhood to be approximately 2 . Kennicutt improved upon this relationship in
1989 [66] and again in 1998 [115], leading to one of the most cited papers in astro-
physics today, by examining the correlation between disc-averaged star formation
rates and gas densities of a large number of disk and starburst galaxies in the local
universe. Kennicutt’s findings give an index of n ≈ 1.4 . This index has, since then,
been found to vary between systems and observations from n ≈ 1 to n ≈ 2 [11, 6,
149].

Genzel et al. calculate the molecular gas mass (including helium), Mmol , using
the KS relation in the following form

Mmol (M�) = ξ SFR1/nR
(2n−2)/n
1/2 , (40)
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where ξ and the slope, n , are fitting parameters, the SFR is given inM� yr−1 , and
the half-light radius of the star-forming disk, R1/2 , is given in kpc . Using a fixed
n = 1 , which indicates a constant gas depletion rate, and n = 1.37 , as suggested
by Kennicutt himself [67], Genzel et al. calculate a 5% larger and 20% smaller gas
mass, respectively, compared to using the fitted value of n = 1.1 . However, these
differences are within the scatter of their fit.

Before calculating the conversion factor, they find the CO luminosity through

LCO[1−0] = 3.66× 108

(
FCO, J

Jy kms−1

)
(R1J) (1 + z)−3

(
λobs, J

mm

)2 (
DL

Gpc

)2

(M�) ,

(41)
where FCO, J and λobs, J are the velocity-integrated line flux and observed wave-
length in the J → J−1 transition, respectively, and DL is the luminosity distance
to the source. Since many of the CO line measurements come from different low-
level transitions, the excitation dependent intensity ratio between the CO lines,
R1J , is needed to convert higher-order CO transitions to CO[1-0]. For J ≤ 3 , Gen-
zel et al. assume that this ratio is invariant between galaxies, with the exception
of the most compact galaxy of the sample.

For the fitted KS-slope of n = 1.1 , they calculate the conversion factors for
each galaxy, and compare them to their corresponding metallicity. This yields a
linear fit of

log α̂CO = −(1.83± 0.6)× (12 + log[O/H])Denicoló + (16.8± 6) . (42)

Following the same procedure as in Section 5.2.1 , this loosely translates to

logXCO = −(1.83± 0.6)× [X/H] + (20.6± 8) , (43)

which can be seen in Figure 6 . Again, for solar metallicities, this yields the typical
Milky Way conversion factor. The slope on the other hand is much steeper than
what Magdis et al. found, and is more in line with my findings, but effectively,
as much as it is in line with Magdis et al., considering the immense uncertainty.
The cause of this large uncertainty lies in the derivation of the masses, SFRs and
metallicities at high redshift, without mentioning the hidden uncertainty of treat-
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ing the upper CO limits as measurements. According to the authors, the resulting
conversion factor-to-metallicity relation ends up being no better constrained than
up to ± 50% .

The main weakness of this method is shared by the one employed by Magdis
et al., as they both attempt to explain the situation at high redshifts by extending
relationships derived locally. In the method of Genzel et al., it is particularly
apparent as they infer the molecular gas masses using a fitted KS slope obtained
from the depletion rate, tdep = SFR/M ′

mol , where M ′
mol is calculated using the

conversion factor found in the Milky Way. However, in addition to using their
fitted slope, they also calculate the relation using a fixed n = 1.3 , as favored by
their contemporaries, Daddi et al. [31], who had followed similar procedures for
high redshift galaxies 2 years earlier. This results in

logXCO = −(1.55± 0.7)× [X/H] + (20.4± 9) , (44)

indicating a somewhat flatter slope, but also increasing the uncertainty. Daddi et
al. found that increasing the KS index even further, to n = 1.7 , fits starburst
galaxies better at both low and high redshifts, which had already been observed
locally by Kennicutt and others before him ([115], and references therein). A higher
KS index implies that starburst galaxies have higher surface densities. This results
in thermal coupling between gas and dust through collisions, in turn, increasing the
gas temperature towards the dust temperature, which is even higher in starburst
environments due to an increased interstellar radiation field. This may cause an
increase in the brightness temperature, which is directly related to the antenna
temperature, TA , therefore, an increase in the velocity-integrated line intensity,
W (CO) , given by equation (13), that can increase even further if the galaxy is
undergoing a merger, as such events broaden the observed line width through a
larger velocity dispersion [99, 100]. The end result, due to the conversion factor’s
inverse dependence on W (CO) , is a lower conversion factor.

This compelling argument explains the consistency of both real and simulated
observations of a lower conversion factor in starbursts and mergers, both locally
and at high redshifts ([100], and references therein). However, whether the methods
employed by Genzel et al. and Magdis et al., can truly produce factual results
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at high redshifts will have to be answered when more direct measurements of
extragalactic molecular gas masses can be made.

5.3 Metallicity evolution

So far, various methods whose common goal is to give a simple mathematical de-
scription of the metallicity evolution of the conversion factor, have been presented.
Although these methods produce slightly different results with a varying degree
of accuracy, their overall trend is the same: the conversion factor decreases with
metallicity, implying the opposite for the CO-to-H2 ratio. In this section, I dis-
cuss the nature and origin of this relationship from a theoretical and observational
perspective, and what it implies for my results.

5.3.1 Theoretical perspective

The importance of dust in astrophysics cannot be overstated. I have already dis-
cussed its general characteristics, section 1.4.3 , its responsibility for distorting
inferred gas-phase abundances, section 2.2 , its importance as a gas mass tracer,
section 5.2.1 , its role in regulating gas temperature at high densities, section 5.2.2 ,
and now we explore its part in setting the CO-to-H2 ratio.

Since dust grains form through condensation of metals, and grow by accretion,
it is natural to assume a dust-to-metallicity relationship. That is, a galaxy with
high metallicity can be assumed to have a large and growing dust mass. This is
also reflected in the mass-to-metallicity relation combined with the gas-to-dust
relation: a high metallicity galaxy will have a large mass and, in turn, a large dust
mass. This picture is a simplification of the real situation, but describes the general
trend observed in galaxies [4, 114, 47].

The ratio between the CO and H2 abundances is incontrovertibly determined
by the formation and destruction of the two. The formation of CO and H2 , as
discussed in section 1.4 , occurs mainly through gas-phase and grain-surface chem-
istry, respectively, whereas their destruction can occur directly through photodis-
sociation or indirectly through the photoelectric effect and cosmic ray and X-ray
ionization.

When far-ultraviolet (FUV) photons from, e.g., nearby stellar activity, impinge
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on a molecular cloud, they can destroy the bond between atoms via photodisso-
ciation. For molecules such as CO and H2 , the photon either directly dissociates
them or is absorbed, and consequently, excites them to higher electronic states,
from which they either de-excite into a bound state or dissociate, with a varying
probability determined by their quantum structure [130, 12, 27]. These photons
can also strike an electron from inside a dust grain, which either heats up the grain
or, less likely, gets shot off via the photoelectric effect into the surrounding gas.
The emitted electron is energetic enough to dissociate molecules in the cloud [130].

After the impinging FUV photons have been absorbed by particles in the cloud,
they are re-emitted at lower energies. Consequently, the photons capable of disso-
ciating, or ionizing, certain molecules and atoms, cannot do so farther inside the
cloud as the upper layers have robbed them of their power. This process is known
as shielding [79, 130]. How deep the photons can burrow, depends on a variety of
factors such as the strength of the radiation field, from which the FUV photons
originate, and the density and abundance of the dust and molecules and how fast
they can be replenished. H2 has the advantage over CO of being the most abundant
molecule in the universe, therefore, the photons capable of dissociating it cannot
get far into the cloud, compared to those that can dissociate CO [79, 130].

The different levels of dissociation and ionization of molecules and atoms through-
out the cloud, lead to an onion-like structure called a photodissociation region
(PDR). In a textbook example of this, assuming a molecular cloud of CO, H2 ,
and dust, the outermost layers contain dust and ionized carbon, atomic oxygen
and hydrogen. Below these layers, molecular hydrogen and neutral carbon can be
found and, even farther inside the cloud, resides CO, intact [12, 58], see Figure
5 . A more realistic model of PDRs includes intermediate transition zones of, e.g.,
H and H2 or C, C+ and CO. This is important because a major pathway to CO
production relies on C+ , H2 and O or OH, existing in the same region. Without
this, the balance between formation and destruction of CO could be tilted further
in radiation’s favor [79, 130].

The reason dissociated and ionized molecular components, such as C+ , can
be found inside the cloud, beneath the shielding layers above, is mainly due to
the fact that photodissociation of CO and H2 , occurs predominantly through the
two-step process mentioned above, of excitation and de-excitation. This process
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can only lead to dissociation if the frequency of the incoming photon falls into a
certain discrete interval which depends on properties of each individual molecule.
Some of these intervals can be partly shared between molecules, such as those of
CO and H2 , which means they can partially shield each other [12, 130]. Photons of
frequencies above or below these intervals can travel deeper into the cloud. If these
photons fall into the frequency continuum above carbons first ionization potential,
11.2 eV, they can ionize it from within the cloud [130].

Due to the high energy of cosmic rays and X-rays, their interaction cross-
sections are greatly reduced, therefore, they can easily breach the cloud’s defenses
and dissociate CO from within. Once inside, they ionize various species, such as
helium, which destroys CO via [88, 8]

CO + He+ −→ C+ + O + He , (45)

after which an electron combines with C+ , increasing the C i abundance at the
expense of CO. For high enough ionization rates, the CO-dark region becomes rich
in C+ . The electron emitted by the ionized species can also collide with H2 or
H, exciting them to emit an FUV photon which dissociates CO. The H2 molecule
is not exempt from the harmful effects of cosmic rays and X-rays, but due to the
different destruction channels, CO can be destroyed almost 100 times more rapidly
than H2 [88].

From the discussion above, it is evident that the weak link in the CO-to-H2

ratio is CO, and that dust’s capacity to absorb and neutralize incoming radiation
can prove valuable to CO, shielding it from photodissociation. A simple expression
for the dissociation rate of CO can be written as

k = χk0 exp (−γAV ) Θ s−1 , (46)

where k0 is the dissociation rate in free space for a radiation field with a particular
shape and strength scaling factor, χ . The exponential factor represents shielding
by dust, which slows down the dissociation rate for a larger line of sight extinction,
AV , in the cloud, scaled by the extinction coefficient, γ , which depends on the dust
properties and cloud geometry. The parameter Θ accounts for shielding provided
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to CO by the Hi and H2 gas as well as from CO itself, and it depends on their
column densities, varying between 1 for no shielding and 0 for full shielding. Under
typically quoted, unshielded conditions in interstellar space, the dissociation rate is
given by k = k0 = 2.6× 10−10 s−1 but strongly decreases for high column densities
of CO [137, 12].

By balancing the formation and destruction rates of CO for typical grain prop-
erties and radiation fields present in the local ISM, an expression for the extinction
at the surface of a CO core inside a cloud, i.e. where the optical depth for the CO
J = 1→ 0 transition is τ = 1 , is found to be [144]

AV (RCO) ' 0.102 ln

[
1 + 3.3× 107

(
G0

Z ′n

)2
]
. (47)

Here G0 is the radiation field strength, Z ′ = Z/Z� is the metallicity, and n is the
gas density. The function AV (RCO) can also be thought of as the depth in units
of magnitude of visual extinction due to gas and dust, towards the surface of the
spherical CO core, whose radius is RCO [144, 12], see Figure 5 .

For the radius of the H2 core, RH2 > RCO , we define it to extend the distance
from the cloud center to where the mass density of H2 equals the mass density of
H. The depth at this surface is given by

AV (RH2) ' 0.142 ln

[
1 + 5.2× 103 Z ′

(
G0

Z ′n

)1.75
]
. (48)

The difference between AV (RCO) and AV (RH2) is given by

∆AV ≈ 0.53− 0.045 ln

(
G0

n

)
− 0.097 ln (Z ′) , (49)

under the general assumption that G0/n > 0.0075Z ′ 0.43 , so that the unity term
in equations (47) and (48) can be neglected [144]. What this difference describes
is the thickness, in units of extinction due to dust, of the shell above the CO
surface, which includes H2 but no CO, i.e., the shell of the CO-dark H2 . Since this
thickness depends only logarithmically on its variables, it can be approximated as
a constant. If we, for a fixed cloud size, lower the metallicity and, subsequently,
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the ratio of dust to gas, the dust opacity drops. This means that the CO surface
must retreat farther into the cloud, increasing the physical distance between the
CO and H2 surfaces, to keep the extinction difference, ∆AV , the same [12].

The repercussion of a shrinking CO core at decreasing metallicities, is a lower
observed CO intensity. This means a lower W (CO) and, therefore, a larger XCO .
The main result of this section is that, from a theoretical point of view, we should
expect a larger conversion factor at lower metallicites due to, not only an implied
smaller abundance of C and O, but the low self-shielding capabilities of CO and, as
a result, its dependence on dust. A ramification of this is the diminished reliability
of CO as a tracer of H2 mass at low metallicities.

Figure 5: The effects of increasing metallicity on a photodissociation region of a spherical
molecular clump in a uniform radiation field, as seen in [12] and [144]. The colored regions
indicate the outer limits of where each specified species can be found. Additionally, the
radii of the CO and H2 cores are displayed, along with the optical depths towards their
surfaces.

5.3.2 Observational perspective

Now, armed with a theoretical model, we can better understand the results ob-
tained and mentioned in the previous sections. For high metallicities we have both
more gas and more dust. This allows for increased self-shielding of the CO gas as
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well as shielding by dust grains and H2 . Better shielded, the abundance of CO gas
can be relatively larger, leading to a higher CO-to-H2 ratio and, consequently, a
smaller conversion factor. For lower metallicities, the abundance of dust and gas
is reduced. In this case, CO, being much less abundant than H2 , gets the worst of
the FUV radiation, which can now easily penetrate the areas containing CO, as
less gas and dust are in the way. This leads to a relative decrease in CO abundance
as well as a lower CO intensity. Therefore, in this regime, we would expect to see
a lower CO-to-H2 ratio and a higher conversion factor.

This model elucidates the general trend of my results, as well as the others I
have discussed, of a rising CO-to-H2 ratio with metallicity, indicating the opposite
for the metallicity evolution of XCO . However, there are a few unanswered ques-
tions remaining, such as regarding the steepness of this evolution and whether it
is the same for local galaxies as well as those at high redshift.

A comparison between my results and others derived from observations of the
local universe, high redshifts, and from simulations, can be seen in In Figure 6 .
Madden et al. [89] use [C ii] and CO data, obtained by the Herschel Dwarf Galaxy
Survey, on local, low metallicity galaxies, to derive a very steep metallicity de-
pendence for the X-factor, which includes the CO-dark H2 gas mass. An increased
steepness has been observed before in low metallicity galaxies [124, 12] and is likely
caused by decreasing levels of shielding as well as decreased C and O abundances.
This indicates that a strictly linear relationship may not provide the best fit for
conversion factors whose range covers both sub- and supersolar metallicities. In
addition, Madden et al. find a discrepancy between the gas mass traced by [C ii]
and CO, confirming the importance of using other tracers than CO to trace H2 in
low metallicity environments.

Amorín et al. [3] use CO measurements from local low metallicity star forming
dwarfs and derive conversion factors based on an empirical correlation of star
formation rate, CO depletion timescale, and metallicity, given by

log
(
α̂CO/α̂

MW
CO

)
= log (2.4 τH2)− 1.91× [X/H] , (50)

where α̂MW
CO = 4.3 is the local conversion factor, including helium, and τH2 is

the expected galaxy-averaged H2 depletion timescale. They find a slightly steeper
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metallicity dependence than normally found in the galaxy, which they ascribe to
photodissociation, akin to Madden et al.

Bispas et al. [8] use three-dimensional astrochemical simulations and synthetic
observations of self-gravitating molecular clouds, to derive conversion factors in a
variety of environments. In Figure 6 , their result for diffuse clouds are plotted,
as they better compare with the other relationships. For denser clouds, they find
a much weaker dependence on metallicity. This indicates that, as the gas column
densities increase, gas can more effectively shield CO from photodissociation, re-
ducing its dependency on dust. Similarly, they find a much weaker dependency on
metallicity for conversion factors derived from [C i], emphasizing the reliability of
[C i], compared to CO, as a molecular mass tracer at low metallicities: An X-factor
that varies substantially as a function of metallicity, increasing at low metallicity,
implies that the abundance of the tracer being used is decreasing due to photodis-
sociation. Such a tracer retreats farther into the cloud, leaving behind it H2 gas
which goes untraced.

Looking at Figure 6 , we see that most relationships behave in a similar manner,
reaching the “typical” local conversion factor, near solar metallicities. The main
outliers: Madden et al., Genzel et al., and my results, all show a noticeably steeper
trend. The steepness of Madden et al. has been ascribed to low metallicity, while
the steepness of Genzel et al. is likely due to a fallacious Kennicutt-Schmidt index.
Had I shown their results using n = 1.3 , equation (44), instead of their fitted value
of n = 1.1 , they would have appeared more conforming. The steepness of my fit
may not be as conclusive, due to the large proportion of censored data points, or
comparable, due to the large metallicity range it covers.

In addition to my slope being amongst the steepest, the relationship is shifted
towards much higher conversion factor values. As a sanity check, I consult Balashev
et al. [7], who follows the same procedure in deriving the X-factor for a DLA
included in my sample: J0843+0221. They find a lower limit of XCO & 2 × 1023

which is comparable to my value of XCO > 1.6× 1023 , as seen in the Appendix. I,
therefore, conclude that the large conversion factors are not due to computational
error on my part.

Balashev et al., understandably, attribute their large conversion factor to the
low metallicity of the DLA. I cannot use this rationale to explain my acquired
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high values as they are larger than what is generally found, both in the Galaxy
and at high redshift, regardless of metallicity. This is due to the small CO column
densities of my sample, which are far too small to be seen in emission, even if
they were at z ∼ 0 [104], and all of them can be said to be too small to trace
the entirety of their system’s H2 reservoir, compared to the threshold value of
logN(CO) ∼ 16.5 cm−2 , found in the Galaxy [7]. Looking at Figure 3 we see that
most, if not all, DLAs have CO-to-H2 ratios lower than observed in the Milky
Way. As more CO and H2 measurements are being made in absorption systems,
the question about this trend is being raised [129, 7, 113, 107].

One possible answer is that cosmic rays and X-rays are to blame, as they can
more easily penetrate deep into the cloud and destroy CO, while affecting the H2

abundance to a lesser extent [113, 8, 88]. This can also heat up the gas which
lowers its optical depth, allowing more radiation to escape, thereby, increasing
the observed brightness temperature of the CO emission. Due to the X-factors
inverse dependence on W (CO) , which depends on the brightness temperature,
this results in a lower X-factor, assuming it is inferred from emission observations
[8, 23]. Possible formation sites of cosmic rays and X-rays include stellar activity,
supernova remnants and relativistic jets [8] and, since star formation rates were
generally higher in the early universe, the formation rates of cosmic rays and X-
rays may have been higher as well. This is yet to be observed [125, 71], as detecting
their effects can be difficult at high redshifts. On the other hand, since the majority
of my sample’s QSO DLAs are selected solely due to the presence of strong C i

absorption lines, it may be biased towards environments of higher cosmic ray and
X-ray ionization rates.

Furthermore, QSOs and GRBs are both sources of high energy radiation, such
as X-rays, and evidently affect the intervening absorption systems with lower en-
ergy radiation, which excites various species in the system, leading to absorption
lines. Due to their distance from the absorption systems, GRBs and DLAs are
generally not believed to be able to photodissociate H2 or ionize material in the
absorption systems by a considerable amount ([78, 13], and references therein).
Although, the literature on this is conflicting, as highly ionized species can also be
found in DLAs [38]. This will have to be investigated further, before any conclu-
sions can be made regarding the effects of the energy injected into DLAs by the
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underlying QSO or GRB.
A higher interstellar radiation field (ISRF) is an unlikely culprit, as simulations

consistently show only slightly affected X-factors, at FUV strengths up to 103 times
larger than the Galactic ISRF [8, 40, 12]. This is in part due to the increased
dissociation of H2 , which counter-acts the decrease in the CO-to-H2 , but also
because FUV radiation attenuates rapidly at high column densities. Although,
this should not be dismissed too easily as this can result in a factor of 3 times
lower CO-to-H2 ratios [40, 8].

Another possible reason for these higher values could simply be dust bias, as
discussed in section 1.3 . Dust’s ability to shield molecules and atoms from radiation
means that it can also obscure the light from the background QSO or GRB as it
shines through the DLA. This makes it harder to identify dusty DLAs and their
reddening makes them unlikely to be optically selected [53, 43, 150]. This leads to a
bias towards less dusty DLAs and, therefore, less shielded CO, and consequently,
lower CO-to-H2 ratios. Since metal rich systems are generally thought to have
comparably high dust masses [75, 53], I would expect many of the DLAs in my
sample to be quite dusty and, therefore, not influenced by this bias. In fact, some
of the QSO DLAs have been through more rigorous reddening and extinction
analysis, showing that they contain more dust than generally observed in DLAs
at high redshifts [150]. Additionally, for the fits to hit the Milky Way value at
solar metallicities, the metallicities would have to be shifted downwards, implying
an overestimate of metals. This is unlikely, as the metallicities come directly from
absorption measurements where a more probable error would be to underestimate
them due to depletion effects, but this does not seem to be the case.

Yet another possible reason involves overlapping clouds. When observing clouds
and clumps of molecular gas in our local universe, we can assume that they are
rather evenly space and do not cross. This way the CO emission can be assumed
to be optically thin, as done in section 2.3 when deriving the conversion factor. As
we move farther out into space, the line of sight can become more compact and
this assumption becomes questionable, as clouds and clumps can start to overlap.
This leads to a decreased observable surface area of the clumps and increases the
effective optical depth of CO. The end result is that CO appears under-luminous
[12, 108, 126, 25]. Between redshifts z = 0 and z = 1 , Obreschkow et al. [108],
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using a simulation, find no change in CO luminosity due to overlapping, however,
at z = 5 , the luminosity is decreased by a factor of 2 − 3 . I find that increasing
the CO abundances by a factor of 15, i.e., adding log(15) to the logarithmic abun-
dances, produces more conventional conversion factor results. However, since my
abundances are derived from absorption, cloud overlapping should have no effect
on the observed CO-to-H2 ratios, nor the conversion factors as they are mathemat-
ically derived from the same abundances. Results from others, who have inferred
high redshift conversion factors from CO emission measurements, should suffer
from this effect, resulting in a higher conversion factor. This does not seem to be
the case for Magdis et al. and Genzel et al., possibly indicating that their inferred
molecular gas masses are equally under-predicted. A likelier explanation is that
CO emission in high redshift galaxies can only be detected in CO bright sources
[14], implying an emission-based observation bias towards higher CO abundances
and lower conversion factors. In contrast, the method used here can probe lower
CO abundances along with, and implying, more CO-dark H2 , which lowers the
observed ratio.

Lastly, I entertain the possibility of an increased CMB temperature having
negative effects on the observed CO-to-H2 ratios. Since CO forms mainly through
ion-neutral reactions, its formation rate is approximately independent of tempera-
ture [79]. However, the CMB temperature can be an important source of excitation
for CO molecules and can increase the floor of the excitation temperature, which
takes a value between the CMB temperature and the kinetic temperature of the gas
[12]. This could lead to increased CO emission and possibly an increased detection
probability [24].

Another way the CMB temperature can have an effect is by becoming louder
than the emitted CO signal. CO emission lines are only detected in excess to
the CMB [24], it can, therefore, block out any emitted CO signal at high enough
redshifts, where the CMB becomes increasingly louder. This effect has been shown,
through simulations, to become noticeable at z ' 1 , and reducing the CO[1-0]
luminosity by a whole order of magnitude at z ' 5 [108], while affecting higher
level transitions, under LTE conditions, less [28]. Similarly, the noise from the CMB
can obscure dust emission, skewing the inferred dust masses and other dust-derived
properties such as star formation rates, however, this only becomes non-negligible
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at z & 4 [28]. Both the increased excitation and obfuscating effect of the CMB
should not affect my results as the abundances are derived from absorption.

Figure 6: XCO as a function of metallicity, derived by several authors: Madden et al.
2020 [89] and Amorín et al. 2016 [3] using data from the local universe, Bisbas et al.
2020 [8] using simulated data, Magdis et al. [91] using data from both the local universe
and high redshifts, and Genzel et al. 2012 [46] using data from high redshifts and a
Kennicutt-Schmidt index of n = 1.1 . The gray shaded region indicates the uncertainty of
the fitted line. The dashed black line indicates the “typical” Milky Way X-factor, XMW

CO ,
as mentioned in the text. Note: Some of these relationships are derived using a different
metallicity scaling or reported as αCO , with or without the inclusion of helium. These have
been converted to XCO as a function of [X/H] for comparison. See discussion in section
5.2.1 . Moreover, the relationships shown are derived from data spanning a much smaller
metallicity range than shown here. A larger range is shown to ease visual comparison.
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6 Summary and conclusions

To circumvent the problems associated with high redshift emission-based conver-
sion factor determinations, such as relating to low CO luminosity and uncertainties
in quantifying molecular gas masses, I have inferred the conversion factor using
direct molecular abundance and metallicity measurements from GRB and QSO
absorption systems. I have compiled and presented all the available DLA data
containing H2 and CO column densities, and metallicities. I have dust-corrected
the metallicities and calculated the X-factor for each system using a theoretical
model and utilized a convenient method for fitting censored data. I derived re-
lationships which reach vastly lower metallicities than what is possible through
emission observations and cover the widest range ever presented for the XCO con-
version factor.

After comparing my results with other studies of the high redshift X-factor, it
is clear that emission-based measurements are currently not sophisticated enough
for accurate assessment of the conversion factor due to the low intensity of light
emitted by CO, or any other tracer, at high redshifts. This is made worse by
the increasing CMB noise which can completely obscure any CO signal at high
enough redshifts, and the uncertainty added by the overlapping of clouds, which
removes the reliability of approximating the CO signal as being optically thin.
Moreover, inferring the H2 mass using a different tracer, such as dust or star
formation rates, introduces considerable uncertainty as it relies on the questionable
assumption that local properties are prevalent in the early universe. Moreover,
present emission-based observations can only include galaxies which are abundant
in CO, introducing a bias towards higher metallicities and more massive galaxies,
leaving out galaxies with lower CO-to-H2 ratios, such as the ones in my sample.

I have presented a few possible reasons for lower CO-to-H2 ratios at high red-
shifts and conclude that an increased cosmic ray and X-ray ionisation rates can, at
least partly, explain the discrepancy between my results and other, emission-based
observations, at these redshifts. An increase in these rates decreases the CO abun-
dances observed through absorption measurements, while simultaneously heating
up the gas, increasing the observed brightness temperature and, thereby, lowering
the observed conversion factor inferred by emission observations. However, studies
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of these rates are inconclusive due to scarcity of data and observational compli-
cations at high redshifts, therefore, my conclusion cannot presently be confirmed.
An increased FUV strength is another logical cause but seems unlikely as an ISRF
of 3 orders of magnitude is needed to decrease the CO-to-H2 ratio by only a factor
of 3, which similarly, has not been confirmed observationally. In addition, a bias
towards less dusty galaxies can affect DLA samples, such that redder and fainter
DLAs are overlooked. This can lead to a lower observed CO-to-H2 ratio. I believe,
since my sample covers an astounding range of metallicities, and has been shown
to include dusty galaxies, that this bias is not to blame for the larger conversion
factors. However, since most of the QSO DLAs are selected for their strong C i

absorption lines, they may be biased towards higher levels of CO dissociation.
My results, and others I have presented, are all in agreement that the conversion

factor is metallicity dependent. It is, therefore, ill-advised to assume a constant
conversion factor between CO and H2 when inferring molecular gas masses. The
increasing number of observations showing a superlinear dependency at low metal-
licities, indicate that a strictly linear relationship, derived for a range spanning low
and high metallicities, is unrealistic. Furthermore, it suggests that CO becomes an
increasingly unreliable tracer for low metallicity systems due to lower levels of self-
shielding and shielding by dust. An additional tracer, such as C i or C ii should
be deployed to trace the CO-dark H2 at these metallicities. This is especially true
for my sample, where the low CO abundances of every DLA, indicate that CO-
dark H2 is ubiquitous in DLAs, regardless of metallicity. Whether this extends to
all high redshift galaxies will have to be answered when further non-DLA-based
observations have been made, to avoid a possible bias.

As the relationships presented in this thesis are derived from heavily censored
data, it is advised to use them with caution. Their absolute values should only
be taken as indicative, especially at lower metallicities where the limits are less
constraining, and the relationship could be superlinear. This will have to be im-
proved on in future studies and observations which will increase the abundance of
accurate absorption and emission data and confirm whether cosmic ray and X-ray
ionisation rates are higher in the early universe. Additionally, it would be interest-
ing to follow-up on the host galaxies in my sample, to analyse whether the location
of the DLAs have any bearing on my results. Until then, my results indicate that
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locally derived relationships should not be used to infer molecular gas masses in
high redshift galaxies, as they vastly overestimate the CO-to-H2 ratio. This is fur-
ther complicated by the possibility of CO emission observations inferring higher
CO abundances due to warmer gas, implying that a directly measured conversion
factor, such as the one I have presented, is not applicable either, unless the inferred
CO abundances are corrected for the increased temperature.

Lastly, the energy injected into the absorption system by the underlying GRB
or QSO, cannot be disregarded without further studies. This could be the source
of the ionization which leads to dissociation of CO, thereby, lowering the CO-to-
H2 ratios. This would need to be corrected for, otherwise, any assumptions drawn
from DLAs about the conversion factor at high redshifts might only apply to
the absorption systems themselves. The possibility that C i selected QSO DLAs
are biased towards increased CO photodissociation will also have to be analysed
further, using data from different selections.
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Appendix: Extended data table

Table 3: Properties of all GRB and QSO DLAs found in the literature with known or constrained H2 and CO column densities and metallicities. The column densities are reported
in molecules per cm2 and the conversion factors in the conventional units quoted in the text. For convenience, the X-factor, αCO and α̂CO are presented, as defined by equation
(8).

Source zabs log N(H2) log N(CO) [X/H] [X/Fe] X [M/H] XCO αCO α̂CO

GRB DLAs

120327A 2.8143 17.39± 0.13 < 15.3 -1.49± 0.03 0.27± 0.07 Zn -1.42± 0.03 (2.70± 0.81)× 1017 (4.29± 1.28)× 10−3 (5.81± 1.74)× 10−3

120815A 2.3582 20.42± 0.08 < 15.0 -1.45± 0.03 1.01± 0.05 Zn -1.18± 0.03 (5.44± 1.00)× 1020 (8.63± 1.59)× 100 (1.17± 0.22)× 101

120909A 3.929 17.25± 0.23 < 14.2 -1.06± 0.12 0.50± 0.15 S -0.93± 0.12 (2.91± 1.54)× 1018 (4.62± 2.45)× 10−2 (6.26± 3.31)× 10−2

121024A 2.3005 19.90± 0.17 < 14.4 -0.76± 0.06 0.77± 0.08 Zn -0.55± 0.06 (6.49± 2.54)× 1020 (1.03± 0.40)× 101 (1.40± 0.55)× 101

141109A 2.994 18.02± 0.12 < 15.9 -1.63± 0.06 0.49± 0.07 Zn -1.5± 0.06 (2.97± 0.82)× 1017 (4.71± 1.30)× 10−3 (6.38± 1.76)× 10−3

150403A 2.0571 19.90± 0.14 < 14.9 -1.04± 0.04 0.63± 0.08 Zn -0.87± 0.04 (1.99± 0.64)× 1020 (3.16± 1.02)× 100 (4.28± 1.38)× 100

181020A 2.9379 20.40± 0.04 < 13.3 -1.57± 0.06 0.67± 0.03 Zn -1.39± 0.06 (2.81± 0.26)× 1022 (4.46± 0.41)× 102 (6.05± 0.56)× 102

190114A 3.3764 19.44± 0.04 < 13.3 -1.23± 0.07 1.06± 0.08 Zn -0.94± 0.07 (3.28± 0.30)× 1021 (5.21± 0.48)× 101 (7.06± 0.65)× 101

080607 3.0363 21.20± 0.20 16.5± 0.3 > -0.2 - Zn > 0.01 (1.13± 0.94)× 1020 (1.80± 1.50)× 100 (2.44± 2.03)× 100

QSO DLAs

J0917+0154 2.107 20.11± 0.06 < 14.07 0.17± 0.07 1.14± 0.12 Zn 0.48± 0.07 (2.20± 0.30)× 1021 (3.49± 0.48)× 101 (4.72± 0.65)× 101

J1237+0647 2.691 19.21+0.13
−0.12 14.17± 0.09 0.34± 0.12 1.39 Zn 0.72± 0.12

(
2.37+0.86

−0.82
)
× 1020

(
3.76+1.37

−1.30
)
× 100

(
5.09+1.85

−1.76
)
× 100

J1311+2225 3.092 19.69± 0.01 < 13.43 -0.34+0.13
−0.14 - Zn -0.04+0.13

−0.14 (4.15± 0.10)× 1021 (6.59± 0.15)× 101 (8.93± 0.21)× 101

J1439+1117 2.418 19.38± 0.10 13.89± 0.02 0.16± 0.11 1.50± 0.06 Zn 0.56± 0.11 (6.44± 1.51)× 1020 (1.02± 0.24)× 101 (1.38± 0.33)× 101

J1646+2329 1.998 18.02± 0.11 < 13.40 0.13± 0.18 - Zn 0.46± 0.18 (8.24± 2.09)× 1019 (1.31± 0.33)× 100 (1.77± 0.45)× 100

J2123-0050 2.059 17.94± 0.01 < 13.07 -0.19± 0.15 0.96± 0.21 S 0.11± 0.15 (1.48± 0.03)× 1020 (2.34± 0.05)× 100 (3.17± 0.07)× 100

J2257-1001 1.836 19.5± 0.1 < 13.09 0.03± 0.18 - Zn 0.36± 0.18 (4.98± 1.15)× 1021 (7.91± 1.82)× 101 (1.07± 0.25)× 102

J2331-0908 2.143 20.57± 0.05 13.65± 0.03 -0.54± 0.15 - Zn -0.27± 0.15 (1.67± 0.22)× 1022 (2.66± 0.36)× 102 (3.60± 0.48)× 102

J2336-1058 1.829 19.00± 0.12 < 12.93 0.25± 0.15 1.11± 0.14 Zn 0.55± 0.15 (2.28± 0.63)× 1021 (3.61± 1.00)× 101 (4.89± 1.35)× 101

J2340-0053 2.055 18.62+0.02
−0.01 < 12.58 -0.21± 0.14 0.60± 0.10 Zn -0.05± 0.14

(
2.18+0.10

−0.05
)
× 1021

(
3.46+0.16

−0.08
)
× 101

(
4.69+0.22

−0.11
)
× 101

J2350-0052 2.426 18.52+0.29
−0.49 < 12.94 -0.13± 0.08 1.04± 0.07 Zn 0.15± 0.08

(
7.93+5.29

−8.94
)
× 1020

(
1.26+0.84

−1.42
)
× 101

(
1.70+1.14

−1.92
)
× 101

J0000+0048 2.5255 20.43± 0.02 14.95± 0.05 0.46± 0.45 1.80± 0.45 Zn 0.94± 0.45 (6.38± 0.79)× 1020 (1.01± 0.13)× 101 (1.37± 0.17)× 101

J2140-0321 2.479 20.13± 0.07 < 13.73 -1.52± 0.08 0.70± 0.10 Zn -1.33± 0.08 (5.27± 0.85)× 1021 (8.37± 1.35)× 101 (1.13± 0.18)× 102

J0843+0221 2.786 21.21± 0.02 < 13.35 -1.59± 0.10 0.91± 0.13 Zn -1.34± 0.1 (1.58± 0.07)× 1023 (2.51± 0.12)× 103 (3.41± 0.16)× 103

J1513+0352 2.4636 21.31± 0.01 < 13.60 -0.84± 0.23 1.22± 0.23 Zn -0.51± 0.23 (1.07± 0.02)× 1023 (1.71± 0.04)× 103 (2.31± 0.05)× 103

Notes. The references for the column densities and metallicities can be found in Table 1 , and for the depletion factors in Table 2 . The conversion factors and dust-corrected
metallicities were derived in this thesis.



References

[1] Abbott, B. P. et al. “GW170817: Observation of Gravitational Waves from
a Binary Neutron Star Inspiral”. In: Phys. Rev. Lett. 119 (16 Oct. 2017),
p. 161101. doi: 10.1103/PhysRevLett.119.161101.

[2] Abdo, A.A., Ackermann, M., and Ajello. “Fermi Observations of Cassiopeia
and Cepheus: Diffuse Gamma-ray Emission in the Outer Galaxy”. In: ApJ
710.1 (Feb. 2010), pp. 133–149. doi: 10.1088/0004-637X/710/1/133.

[3] Amorín, R. et al. “Molecular gas in low-metallicity starburst galaxies: -
Scaling relations and the CO-to-H2 conversion factor”. In: A&A 588 (2016),
A23. doi: 10.1051/0004-6361/201526397.

[4] Asano, Ryosuke et al. “Dust formation history of galaxies: A critical role
of metallicity* for the dust mass growth by accreting materials in the in-
terstellar medium”. In: Earth, Planets, and Space 65 (June 2012). doi:
10.5047/eps.2012.04.014.

[5] Asplund, Martin et al. “The Chemical Composition of the Sun”. In: Annual
Review of Astronomy and Astrophysics 47.1 (2009), pp. 481–522. doi: 10.
1146/annurev.astro.46.060407.145222.

[6] Bacchini, Cecilia et al. “Volumetric star formation laws of disc galaxies”. In:
AAP 622, A64 (Feb. 2019), A64. doi: 10.1051/0004-6361/201834382.

[7] Balashev, S. A. et al. “CO-dark molecular gas at high redshift: very large
H2 content and high pressure in a low-metallicity damped Lyman alpha
system”. In: Monthly Notices of the Royal Astronomical Society 470.3 (May
2017), pp. 2890–2910. issn: 0035-8711. doi: 10.1093/mnras/stx1339.

[8] Bisbas, Thomas, Tan, Jonathan, and Tanaka, Kei. “Photodissociation re-
gion diagnostics across galactic environments”. In: Monthly Notices of the
Royal Astronomical Society 502 (Feb. 2021), pp. 2701–2732. doi: 10.1093/
mnras/stab121.

[9] Blake, Geoffrey A. et al. “Molecular Abundances in OMC-1: The Chemical
Composition of Interstellar Molecular Clouds and the Influence of Massive
Star Formation”. In: ApJ 315 (Aug. 1987), p. 621. doi: 10.1086/165165.

56

https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1088/0004-637X/710/1/133
https://doi.org/10.1051/0004-6361/201526397
https://doi.org/10.5047/eps.2012.04.014
https://doi.org/10.1146/annurev.astro.46.060407.145222
https://doi.org/10.1146/annurev.astro.46.060407.145222
https://doi.org/10.1051/0004-6361/201834382
https://doi.org/10.1093/mnras/stx1339
https://doi.org/10.1093/mnras/stab121
https://doi.org/10.1093/mnras/stab121
https://doi.org/10.1086/165165


[10] Blandford, Roger, Meier, David, and Readhead, Anthony. “Relativistic Jets
from Active Galactic Nuclei”. In: ARAA 57 (Aug. 2019), pp. 467–509. doi:
10.1146/annurev-astro-081817-051948.

[11] Boissier, Samuel et al. “Radial Variation of Attenuation and Star Formation
in the Largest Late-Type Disks Observed with GALEX”. In: ApJS 173.2
(Dec. 2007), pp. 524–537. doi: 10.1086/516642.

[12] Bolatto, Alberto D., Wolfire, Mark, and Leroy, Adam K. “The CO-to-H2

Conversion Factor”. In: Annual Review of Astronomy and Astrophysics 51.1
(2013), pp. 207–268. doi: 10.1146/annurev-astro-082812-140944.

[13] Bolmer, J. et al. “Evidence for diffuse molecular gas and dust in the hearts
of gamma-ray burst host galaxies - Unveiling the nature of high-redshift
damped Lyman-α systems”. In: A&A 623 (2019), A43. doi: 10.1051/0004-
6361/201834422.

[14] Breysse, Patrick C. and Rahman, Mubdi. “Feeding cosmic star forma-
tion: exploring high-redshift molecular gas with CO intensity mapping”.
In: Monthly Notices of the Royal Astronomical Society 468.1 (Feb. 2017),
pp. 741–750. issn: 0035-8711. doi: 10.1093/mnras/stx451.

[15] Bromm, Volker. “Formation of the first stars”. In: Reports on Progress in
Physics 76.11 (Oct. 2013), p. 112901. issn: 1361-6633. doi: 10.1088/0034-
4885/76/11/112901.

[16] Burgarella, D. et al. “Observational and theoretical constraints on the for-
mation and early evolution of the first dust grains in galaxies at 5 < z <
10”. In: Astronomy & Astrophysics 637 (May 2020), A32. issn: 1432-0746.
doi: 10.1051/0004-6361/201937143.

[17] Calura, F. et al. “The evolution of the mass-metallicity relation in galaxies
of different morphological types”. In: AAP 504.2 (Sept. 2009), pp. 373–388.
doi: 10.1051/0004-6361/200911756.

[18] Casey, Caitlin M., Narayanan, Desika, and Cooray, Asantha. “Dusty star-
forming galaxies at high redshift”. In: Physics Reports 541.2 (Aug. 2014),
pp. 45–161. issn: 0370-1573. doi: 10.1016/j.physrep.2014.02.009.

57

https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1086/516642
https://doi.org/10.1146/annurev-astro-082812-140944
https://doi.org/10.1051/0004-6361/201834422
https://doi.org/10.1051/0004-6361/201834422
https://doi.org/10.1093/mnras/stx451
https://doi.org/10.1088/0034-4885/76/11/112901
https://doi.org/10.1088/0034-4885/76/11/112901
https://doi.org/10.1051/0004-6361/201937143
https://doi.org/10.1051/0004-6361/200911756
https://doi.org/10.1016/j.physrep.2014.02.009


[19] Catling, David C. and Kasting, James F. “Energy and Radiation in Plane-
tary Atmospheres”. In: Atmospheric Evolution on Inhabited and Lifeless
Worlds. Cambridge University Press, 2017, pp. 27–72. doi: 10 . 1017 /

9781139020558.003.

[20] Charlton, Jane and Churchill, Christopher. “Quasistellar Objects: Interven-
ing Absorption Lines”. In: (May 2000). doi: 10.1888/0333750888/2366.

[21] Chen, Hsiao-Wen. “Outskirts of Distant Galaxies in Absorption”. In: Out-
skirts of Galaxies (2017), pp. 291–331. issn: 2214-7985. doi: 10.1007/978-
3-319-56570-5_9.

[22] Chruślińska et al. “The effect of the environment-dependent IMF on the
formation and metallicities of stars over the cosmic history”. In: A&A 636
(2020), A10. doi: 10.1051/0004-6361/202037688.

[23] Clark, Paul C. and Glover, Simon C. O. “Does the CO-to-H2 conversion
factor depend on the star formation rate?” In: Monthly Notices of the Royal
Astronomical Society 452.2 (July 2015), pp. 2057–2070. issn: 0035-8711.
doi: 10.1093/mnras/stv1369.

[24] Combes, Francoise. “Molecular gas in distant galaxies from ALMA studies”.
In: The Astronomy and Astrophysics Review 26 (Aug. 2018). doi: 10.1007/
s00159-018-0110-4.

[25] Combes, Françoise et al. “CO lines in high redshift galaxies: perspective
for future mm instruments”. In: Astronomy and Astrophysics 345 (1999),
pp. 369–379.

[26] Condon, James J. and Ransom, Scott M. Essential Radio Astronomy. 2016.

[27] Coppola, Carla M. et al. “H2 AND HD DIRECT PHOTODISSOCIATION
IN THE CHEMISTRY OF THE PRIMORDIAL UNIVERSE”. In: 727.1
(Dec. 2010), p. 37. doi: 10.1088/0004-637x/727/1/37.

[28] Cunha, Elisabete da et al. “ON THE EFFECT OF THE COSMIC MI-
CROWAVE BACKGROUND IN HIGH-REDSHIFT (SUB-)MILLIMETER
OBSERVATIONS”. In: 766.1 (Mar. 2013), p. 13. doi: 10.1088/0004-
637x/766/1/13.

58

https://doi.org/10.1017/9781139020558.003
https://doi.org/10.1017/9781139020558.003
https://doi.org/10.1888/0333750888/2366
https://doi.org/10.1007/978-3-319-56570-5_9
https://doi.org/10.1007/978-3-319-56570-5_9
https://doi.org/10.1051/0004-6361/202037688
https://doi.org/10.1093/mnras/stv1369
https://doi.org/10.1007/s00159-018-0110-4
https://doi.org/10.1007/s00159-018-0110-4
https://doi.org/10.1088/0004-637x/727/1/37
https://doi.org/10.1088/0004-637x/766/1/13
https://doi.org/10.1088/0004-637x/766/1/13


[29] D’Avanzo, P. “Short gamma-ray bursts: A review”. In: Journal of High En-
ergy Astrophysics 7 (2015). Swift 10 Years of Discovery, a novel approach
to Time Domain Astronomy, pp. 73–80. issn: 2214-4048. doi: https://
doi.org/10.1016/j.jheap.2015.07.002.

[30] D’Elia, V. et al. “VLT/X-shooter spectroscopy of the GRB327A afterglow”.
In: A&A 564 (2014), A38. doi: 10.1051/0004-6361/201323057.

[31] Daddi, E. et al. “DIFFERENT STAR FORMATION LAWS FOR DISKS
VERSUS STARBURSTS AT LOW AND HIGH REDSHIFTS”. In: 714.1
(Apr. 2010), pp. L118–L122. doi: 10.1088/2041-8205/714/1/l118.

[32] De Cia, A. et al. “Dust-depletion sequences in damped Lyman-orbers - A
unified picture from low-metallicity systems to the Galaxy”. In: A&A 596
(2016), A97. doi: 10.1051/0004-6361/201527895.

[33] De Cia, Annalisa et al. “The cosmic evolution of dust-corrected metallicity
in the neutral gas”. In: A&A 611 (2018), A76. doi: 10.1051/0004-6361/
201731970.

[34] De Pasquale, Massimiliano. “The Host Galaxies of Short GRBs as Probes
of Their Progenitor Properties”. In: Galaxies 7.1 (2019). issn: 2075-4434.
doi: 10.3390/galaxies7010030.

[35] Denicoló, Glenda, Terlevich, Roberto, and Terlevich, Elena. “New light on
the search for low-metallicity galaxies - I. The N2 calibrator”. In: MNRAS
330.1 (Feb. 2002), pp. 69–74. doi: 10.1046/j.1365-8711.2002.05041.x.

[36] Draine, B. T. and Li, Aigen. “Infrared Emission from Interstellar Dust. IV.
The Silicate-Graphite-PAH Model in the Post-SpitzerEra”. In: 657.2 (Mar.
2007), pp. 810–837. doi: 10.1086/511055.

[37] Dunne, L et al. “Dust continuum, CO, and [C i] 1 - 0 lines: self-consistent
H2 mass estimates and the possibility of globally CO-“dark” galaxies at z
= 0.35”. In: Monthly Notices of the Royal Astronomical Society 501.2 (Nov.
2020), pp. 2573–2607. issn: 1365-2966. doi: 10.1093/mnras/staa3526.

59

https://doi.org/https://doi.org/10.1016/j.jheap.2015.07.002
https://doi.org/https://doi.org/10.1016/j.jheap.2015.07.002
https://doi.org/10.1051/0004-6361/201323057
https://doi.org/10.1088/2041-8205/714/1/l118
https://doi.org/10.1051/0004-6361/201527895
https://doi.org/10.1051/0004-6361/201731970
https://doi.org/10.1051/0004-6361/201731970
https://doi.org/10.3390/galaxies7010030
https://doi.org/10.1046/j.1365-8711.2002.05041.x
https://doi.org/10.1086/511055
https://doi.org/10.1093/mnras/staa3526


[38] Ellison, Sara L. et al. “The nature of proximate damped Lyman α systems*”.
In: Monthly Notices of the Royal Astronomical Society 406.3 (Aug. 2010),
pp. 1435–1459. issn: 0035-8711. doi: 10.1111/j.1365-2966.2010.16780.
x.

[39] Erb, Dawn K. et al. “The Mass-Metallicity Relation at z & 2”. In: ApJ 644.2
(June 2006), pp. 813–828. doi: 10.1086/503623.

[40] Feldmann, Robert, Gnedin, Nickolay Y., and Kravtsov, Andrey V. “THE X-
FACTOR IN GALAXIES. I. DEPENDENCE ON ENVIRONMENT AND
SCALE”. In: 747.2 (Feb. 2012), p. 124. doi: 10.1088/0004-637x/747/2/
124.

[41] Fox, A. J. et al. “C IV absorption in damped and sub-damped Lyman-α
systems****** - Correlations with metallicity and implications for galactic
winds at z ≈ 2-3”. In: A&A 473.3 (2007), pp. 791–803. doi: 10.1051/0004-
6361:20077640.

[42] Frederiks, Dmitry et al. “The ultraluminous GRB 110918a”. In: The Astro-
physical Journal 779 (Dec. 2013), p. 151. doi: 10.1088/0004-637X/779/
2/151.

[43] Fynbo, J. P. U. et al. “The High AV Quasar Survey: A z=2.027 metal-rich
damped Lyman-orber towards a red quasar at z=3.21”. In: A&A 606 (2017),
A13. doi: 10.1051/0004-6361/201730726.

[44] Gaikwad, Prakash et al. “VoIgt profile Parameter Estimation Routine (VIPER):
H I photoionization rate at z<0.5”. In: Monthly Notices of the Royal Astro-
nomical Society 467 (Oct. 2017), p. 3172. url: http://dx.doi.org/10.
1093/mnras/stx248.

[45] Galama, T. J. et al. “An unusual supernova in the error box of the γ-ray
burst of 25 April 1998”. In: nature 395.6703 (Oct. 1998), pp. 670–672. doi:
10.1038/27150.

[46] Genzel, R. et al. “The Metallicity Dependence of the CO → H2 Conversion
Factor in z ≥ 1 Star-forming Galaxies”. In: ApJ 746.1, 69 (Feb. 2012), p. 69.
doi: 10.1088/0004-637X/746/1/69.

60

https://doi.org/10.1111/j.1365-2966.2010.16780.x
https://doi.org/10.1111/j.1365-2966.2010.16780.x
https://doi.org/10.1086/503623
https://doi.org/10.1088/0004-637x/747/2/124
https://doi.org/10.1088/0004-637x/747/2/124
https://doi.org/10.1051/0004-6361:20077640
https://doi.org/10.1051/0004-6361:20077640
https://doi.org/10.1088/0004-637X/779/2/151
https://doi.org/10.1088/0004-637X/779/2/151
https://doi.org/10.1051/0004-6361/201730726
http://dx.doi.org/10.1093/mnras/stx248
http://dx.doi.org/10.1093/mnras/stx248
https://doi.org/10.1038/27150
https://doi.org/10.1088/0004-637X/746/1/69


[47] Ginolfi, Michele et al. “Where does galactic dust come from?” In: Monthly
Notices of the Royal Astronomical Society 473 (July 2017). doi: 10.1093/
mnras/stx2572.

[48] Griva, Igor, Nash, S, and Sofer, Ariela. Linear and Nonlinear Optimization:
Second Edition. Jan. 2009, p. 742. isbn: 9780898717730.

[49] Hassan, Sultan et al. “Testing galaxy formation simulations with damped
Lyman-α abundance and metallicity evolution”. In: Monthly Notices of the
Royal Astronomical Society 492.2 (Jan. 2020), pp. 2835–2846. issn: 0035-
8711. doi: 10.1093/mnras/staa056.

[50] Heintz, K E et al. “GRB host galaxies with strong H2 absorption: CO-dark
molecular gas at the peak of cosmic star formation”. In: Monthly Notices
of the Royal Astronomical Society 507.1 (July 2021), pp. 1434–1440. issn:
0035-8711. doi: 10.1093/mnras/stab2123.

[51] Heintz, K E et al. “The luminous, massive and solar metallicity galaxy
hosting the Swift γ-ray burst GRB 160804A at z = 0.737”. In: Monthly
Notices of the Royal Astronomical Society 474.2 (Nov. 2017), pp. 2738–
2749. issn: 0035-8711. doi: 10.1093/mnras/stx2895.

[52] Heintz, Kasper E. and Watson, Darach. “Direct Measurement of the [C
i] Luminosity to Molecular Gas Mass Conversion Factor in High-redshift
Star-forming Galaxies”. In: 889.1 (Jan. 2020), p. L7. doi: 10.3847/2041-
8213/ab6733.

[53] Heintz, K. E. et al. “A quasar hiding behind two dusty absorbers - Quanti-
fying the selection bias of metal-rich, damped Lyα absorption systems”. In:
A&A 615 (2018), A43. doi: 10.1051/0004-6361/201731964.

[54] Heintz, K. E. et al. “New constraints on the physical conditions in H2-
bearing GRB-host damped Lyman-α absorbers”. In: A&A 629 (2019), A131.
doi: 10.1051/0004-6361/201936250.

[55] Helsel, D.R. Statistics for Censored Environmental Data Using Minitab and
R. CourseSmart. Wiley, 2011. isbn: 9781118162767.

61

https://doi.org/10.1093/mnras/stx2572
https://doi.org/10.1093/mnras/stx2572
https://doi.org/10.1093/mnras/staa056
https://doi.org/10.1093/mnras/stab2123
https://doi.org/10.1093/mnras/stx2895
https://doi.org/10.3847/2041-8213/ab6733
https://doi.org/10.3847/2041-8213/ab6733
https://doi.org/10.1051/0004-6361/201731964
https://doi.org/10.1051/0004-6361/201936250


[56] Hill, Christian. “SciPy”. In: Learning Scientific Programming with Python.
2nd ed. Cambridge University Press, 2020, pp. 358–437. doi: 10.1017/
9781108778039.009.

[57] Hjorth, Jens et al. “A very energetic supernova associated with the γ-ray
burst of 29 March 2003”. In: nature 423.6942 (June 2003), pp. 847–850. doi:
10.1038/nature01750.

[58] Hollenbach, D. J. and Tielens, A. G. G. M. “DENSE PHOTODISSOCI-
ATION REGIONS (PDRs)”. In: Annual Review of Astronomy and Astro-
physics 35.1 (1997), pp. 179–215. doi: 10.1146/annurev.astro.35.1.179.

[59] Israel, F. P. “H2 and its relation to CO in the LMC and other magellanic
irregular galaxies”. In: AAP 328 (Dec. 1997), pp. 471–482.

[60] Jakobsson, P. et al. “Swift Identification of Dark Gamma-Ray Bursts”. In:
ApJL 617.1 (Dec. 2004), pp. L21–L24. doi: 10.1086/427089.

[61] Jameson, Katherine E. et al. “THE RELATIONSHIP BETWEENMOLEC-
ULAR GAS, H I, AND STAR FORMATION IN THE LOW-MASS, LOW-
METALLICITY MAGELLANIC CLOUDS”. In: 825.1 (June 2016), p. 12.
doi: 10.3847/0004-637x/825/1/12.

[62] Janiuk, Agnieszka and Sapountzis, Konstantinos. “Gamma Ray Bursts:
Progenitors, Accretion in the Central Engine, Jet Acceleration Mechanisms”.
In: Aug. 2018. isbn: 978-1-78923-592-0. doi: 10.5772/intechopen.76283.

[63] Jenkins, Edward B. “A Unified Representation of Gas-Phase Element De-
pletions in the Interstellar Medium”. In: ApJ 700.2 (Aug. 2009), pp. 1299–
1348. doi: 10.1088/0004-637X/700/2/1299.

[64] Joseph, Charles L. “Are Relative Depletions Altered inside Diffuse Clouds?”
In: ApJ 335 (Dec. 1988), p. 157. doi: 10.1086/166916.

[65] Katz, Jonathan I. The Biggest Bangs. New York: Oxford University Press,
Inc., 2002.

[66] Kennicutt Robert C., Jr. “The Star Formation Law in Galactic Disks”. In:
ApJ 344 (Sept. 1989), p. 685. doi: 10.1086/167834.

62

https://doi.org/10.1017/9781108778039.009
https://doi.org/10.1017/9781108778039.009
https://doi.org/10.1038/nature01750
https://doi.org/10.1146/annurev.astro.35.1.179
https://doi.org/10.1086/427089
https://doi.org/10.3847/0004-637x/825/1/12
https://doi.org/10.5772/intechopen.76283
https://doi.org/10.1088/0004-637X/700/2/1299
https://doi.org/10.1086/166916
https://doi.org/10.1086/167834


[67] Kennicutt Robert C., Jr. et al. “Star Formation in NGC 5194 (M51a). II.
The Spatially Resolved Star Formation Law”. In: ApJ 671.1 (Dec. 2007),
pp. 333–348. doi: 10.1086/522300.

[68] Klebesadel, Ray W., Strong, Ian B., and Olson, Roy A. “Observations of
Gamma-Ray Bursts of Cosmic Origin”. In: ApJ 182 (June 1973), p. L85.
doi: 10.1086/181225.

[69] Klimenko, V. V. et al. “Estimation of physical conditions in the cold phase of
the interstellar medium in the sub-DLA system at z = 2.06 in the spectrum
of the quasar J 2123-0050”. In: Astronomy Letters 42.3 (Mar. 2016), pp. 137–
162. doi: 10.1134/S1063773716030038.

[70] Knust, F. et al. “Long optical plateau in the afterglow of the short GRB
150424A with extended emission - Evidence for energy injection by a mag-
netar?” In: A&A 607 (2017), A84. doi: 10.1051/0004-6361/201730578.

[71] Kosenko, D N et al. “HD molecules at high redshift: cosmic ray ionization
rate in the diffuse interstellar medium”. In: Monthly Notices of the Royal
Astronomical Society 505.3 (May 2021), pp. 3810–3822. issn: 0035-8711.
doi: 10.1093/mnras/stab1535.

[72] Kragh, Helge. The many faces of the Bohr atom. 2013. arXiv: 1309.4200
[physics.hist-ph].

[73] Krawczyk, Coleman M. et al. “MINING FORDUST IN TYPE 1 QUASARS”.
In: The Astronomical Journal 149.6 (May 2015), p. 203. doi: 10.1088/
0004-6256/149/6/203.

[74] Krogager, J. -K. et al. “The High AV Quasar Survey: Reddened Quasi-
Stellar Objects Selected from Optical/Near-Infrared Photometry—II”. In:
ApJS 217.1, 5 (Mar. 2015), p. 5. doi: 10.1088/0067-0049/217/1/5.

[75] Krogager, J.-K. et al. “THE EXTENDED HIGH A(V) QUASAR SURVEY:
SEARCHING FOR DUSTY ABSORBERS TOWARD MID-INFRARED-
SELECTED QUASARS”. In: 832.1 (Nov. 2016), p. 49. doi: 10.3847/0004-
637x/832/1/49.

63

https://doi.org/10.1086/522300
https://doi.org/10.1086/181225
https://doi.org/10.1134/S1063773716030038
https://doi.org/10.1051/0004-6361/201730578
https://doi.org/10.1093/mnras/stab1535
https://arxiv.org/abs/1309.4200
https://arxiv.org/abs/1309.4200
https://doi.org/10.1088/0004-6256/149/6/203
https://doi.org/10.1088/0004-6256/149/6/203
https://doi.org/10.1088/0067-0049/217/1/5
https://doi.org/10.3847/0004-637x/832/1/49
https://doi.org/10.3847/0004-637x/832/1/49


[76] Krogager, Jens-Kristian and Noterdaeme, Pasquier. “Modeling the statistics
of the cold neutral medium in absorption-selected high-redshift galaxies”.
In: A&A 644 (2020), p. L6. doi: 10.1051/0004-6361/202039843.

[77] Kruegel, E. and Siebenmorgen, R. “Dust in protostellar cores and stellar
disks”. In: AAP 288 (Aug. 1994), pp. 929–941. url: https://ui.adsabs.
harvard.edu/abs/1994A&A...288..929K.

[78] Krühler, T. et al. “Molecular hydrogen in the damped Lyman system to-
wards GRB 120815A at z = 2.36”. In: A&A 557 (2013), A18. doi: 10.1051/
0004-6361/201321772.

[79] Krumholz, Mark R. Notes on Star Formation. The Open Astrophysics
Bookshelf, Nov. 2015.

[80] Lam, Adrian. An introduction to quasi-newton methods. Accessed: 2021-
10-13. Oct. 2020. url: https://towardsdatascience.com/bfgs-in-a-
nutshell-an-introduction-to-quasi-newton-methods-21b0e13ee504.

[81] Laskar, Tanmoy et al. “GRB 120521C AT z∼6 AND THE PROPERTIES
OF HIGH-REDSHIFT γ-RAY BURSTS”. In: The Astrophysical Journal
781.1 (Dec. 2013), p. 1. doi: 10.1088/0004-637x/781/1/1.

[82] Lazendic, J. S. et al. “Shocked molecular hydrogen towards the Tornado
nebula”. In: Monthly Notices of the Royal Astronomical Society 354.2 (Oct.
2004), pp. 393–400. issn: 0035-8711. doi: 10.1111/j.1365-2966.2004.
08199.x.

[83] Leroy, Adam K. et al. “THE CO-TO-H2 CONVERSION FACTOR FROM
INFRARED DUST EMISSION ACROSS THE LOCAL GROUP”. In: 737.1
(July 2011), p. 12. doi: 10.1088/0004-637x/737/1/12.

[84] Lidz, Adam et al. “Future Constraints on the Reionization History and the
Ionizing Sources from Gamma-Ray Burst Afterglows”. In: The Astrophysical
Journal 917 (Aug. 2021), p. 58. doi: 10.3847/1538-4357/ac0af0.

[85] Lodders, K, Palme, H, and Gail, HP. “Landolt-Börnstein-Group VI As-
tronomy and Astrophysics Numerical Data and Functional Relationships
in Science and Technology Volume 4B: Solar System”. In: JE Trümper 4
(2009), p. 44.

64

https://doi.org/10.1051/0004-6361/202039843
https://ui.adsabs.harvard.edu/abs/1994A&A...288..929K
https://ui.adsabs.harvard.edu/abs/1994A&A...288..929K
https://doi.org/10.1051/0004-6361/201321772
https://doi.org/10.1051/0004-6361/201321772
https://towardsdatascience.com/bfgs-in-a-nutshell-an-introduction-to-quasi-newton-methods-21b0e13ee504
https://towardsdatascience.com/bfgs-in-a-nutshell-an-introduction-to-quasi-newton-methods-21b0e13ee504
https://doi.org/10.1088/0004-637x/781/1/1
https://doi.org/10.1111/j.1365-2966.2004.08199.x
https://doi.org/10.1111/j.1365-2966.2004.08199.x
https://doi.org/10.1088/0004-637x/737/1/12
https://doi.org/10.3847/1538-4357/ac0af0


[86] Luongo, Orlando and Muccino, Marco. “A Roadmap to Gamma-Ray Bursts:
New Developments and Applications to Cosmology”. In:Galaxies 9.4 (2021).
issn: 2075-4434. doi: 10.3390/galaxies9040077.

[87] Ma, Yin-Zhe, Hinshaw, Gary, and Scott, Douglas. “WMAP OBSERVA-
TIONS OF PLANCK ESZ CLUSTERS”. In: 771.2 (June 2013), p. 137.
doi: 10.1088/0004-637x/771/2/137.

[88] Mackey, Jonathan et al. “Non-equilibrium chemistry and destruction of CO
by X-ray flares”. In: Monthly Notices of the Royal Astronomical Society
486.1 (2019), pp. 1094–1122. issn: 0035-8711. doi: 10.1093/mnras/stz902.

[89] Madden, S. C. et al. “Tracing the total molecular gas in galaxies: [CII]
and the CO-dark gas”. In: A&A 643 (2020), A141. doi: 10.1051/0004-
6361/202038860.

[90] Magdis, Georgios E. et al. “GOODS- HERSCHEL : GAS-TO-DUST MASS
RATIOS AND CO-TO-H2 CONVERSION FACTORS IN NORMAL AND
STARBURSTING GALAXIES AT HIGH- z”. In: 740.1 (Sept. 2011), p. L15.
doi: 10.1088/2041-8205/740/1/l15.

[91] Magdis, Georgios E. et al. “THE EVOLVING INTERSTELLAR MEDIUM
OF STAR-FORMING GALAXIES SINCE z = 2 AS PROBED BY THEIR
INFRARED SPECTRAL ENERGY DISTRIBUTIONS”. In: 760.1 (Oct.
2012), p. 6. doi: 10.1088/0004-637x/760/1/6.

[92] Mandal, Amit Kumar et al. “REMAP: Determination of the inner edge
of the dust torus in AGN by measuring time delays”. In: arXiv: Astro-
physics of Galaxies (2019). url: https://ui.adsabs.harvard.edu/abs/
2019BSRSL..88..158M.

[93] Mannucci, F. et al. “A fundamental relation between mass, star formation
rate and metallicity in local and high-redshift galaxies”. In: MNRAS 408.4
(Nov. 2010), pp. 2115–2127. doi: 10.1111/j.1365-2966.2010.17291.x.

[94] Marassi, Stefania et al. “Supernova dust yields: the role of metallicity, ro-
tation, and fallback”. In: (Nov. 2018). url: https://ui.adsabs.harvard.
edu/abs/2019MNRAS.484.2587M.

65

https://doi.org/10.3390/galaxies9040077
https://doi.org/10.1088/0004-637x/771/2/137
https://doi.org/10.1093/mnras/stz902
https://doi.org/10.1051/0004-6361/202038860
https://doi.org/10.1051/0004-6361/202038860
https://doi.org/10.1088/2041-8205/740/1/l15
https://doi.org/10.1088/0004-637x/760/1/6
https://ui.adsabs.harvard.edu/abs/2019BSRSL..88..158M
https://ui.adsabs.harvard.edu/abs/2019BSRSL..88..158M
https://doi.org/10.1111/j.1365-2966.2010.17291.x
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.2587M
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.2587M


[95] Meiring, Joseph D. et al. “Elemental abundance measurements in low-
redshift damped Lyman α absorbers”. In:MNRAS 370.1 (July 2006), pp. 43–
62. doi: 10.1111/j.1365-2966.2006.10500.x.

[96] Metha, Benjamin and Trenti, Michele. “One star, two stars, or both? In-
vestigating metallicity-dependent models for gamma-ray burst progenitors
with the IllustrisTNG simulation”. In: Monthly Notices of the Royal As-
tronomical Society 495.1 (Apr. 2020), pp. 266–277. issn: 0035-8711. doi:
10.1093/mnras/staa1114.

[97] Milutinovic, Nikola et al. “Ionization corrections in a multiphase interstellar
medium: lessons from a zabs ∼ 2 sub-DLA”. In: Monthly Notices of the Royal
Astronomical Society 408.4 (Oct. 2010), pp. 2071–2082. doi: 10.1111/j.
1365-2966.2010.17280.x.

[98] Mortlock, Daniel. “Quasars as Probes of Cosmological Reionization”. In:
(Nov. 2015). doi: 10.1007/978-3-319-21957-8_7.

[99] Narayanan, Desika. Star Formation in High-Redshift Starburst Galaxies.
2013. arXiv: 1304.6429 [astro-ph.CO].

[100] Narayanan, Desika et al. “A general model for the CO–H2 conversion factor
in galaxies with applications to the star formation law”. In: Monthly Notices
of the Royal Astronomical Society 421.4 (Apr. 2012), pp. 3127–3146. issn:
0035-8711. doi: 10.1111/j.1365-2966.2012.20536.x.

[101] Nocedal, Jorge and Wright, Stephen J. Numerical Optimization. second.
New York, NY, USA: Springer, 2006.

[102] Noterdaeme, P. and Srianand, R. “VLT/UVES observations of extremely
strong intervening damped Lyman-α systems - Molecular hydrogen and
excited carbon, oxygen, and silicon at log N(H= 22.4)”. In: A&A 577 (2015),
A24. doi: 10.1051/0004-6361/201425376.

[103] Noterdaeme, P. et al. “A translucent interstellar cloud at z=2.69 - CO,
H2, and HD in the line-of-sight to SDSS3714.60 + 064759.5”. In: A&A 523
(2010), A80. doi: 10.1051/0004-6361/201015147.

66

https://doi.org/10.1111/j.1365-2966.2006.10500.x
https://doi.org/10.1093/mnras/staa1114
https://doi.org/10.1111/j.1365-2966.2010.17280.x
https://doi.org/10.1111/j.1365-2966.2010.17280.x
https://doi.org/10.1007/978-3-319-21957-8_7
https://arxiv.org/abs/1304.6429
https://doi.org/10.1111/j.1365-2966.2012.20536.x
https://doi.org/10.1051/0004-6361/201425376
https://doi.org/10.1051/0004-6361/201015147


[104] Noterdaeme, P. et al. “Discovery of a Perseus-like cloud in the early Universe
- HI-H2 transition, carbon monoxide and small dust grains at zabs ≈ 2.53
towards the quasar J0000+0048”. In: A&A 597 (2017), A82. doi: 10.1051/
0004-6361/201629173.

[105] Noterdaeme, P. et al. “HD molecules at high redshift* - A low astration
factor of deuterium in a solar-metallicity DLA system at z = 2.418”. In:
A&A 491.2 (2008), pp. 397–400. doi: 10.1051/0004-6361:200810414.

[106] Noterdaeme, P. et al. “Physical conditions in the neutral interstellar medium
at z=2.43 toward Q2348-011*”. In: A&A 469.2 (2007), pp. 425–436. doi:
10.1051/0004-6361:20066897.

[107] Noterdaeme, P. et al. “Spotting high-z molecular absorbers using neutral
carbon - Results from a complete spectroscopic survey with the VLT”. In:
A&A 612 (2018), A58. doi: 10.1051/0004-6361/201732266.

[108] Obreschkow, Danail et al. “A HEURISTIC PREDICTION OF THE COS-
MIC EVOLUTION OF THE CO-LUMINOSITY FUNCTIONS”. In: The
Astrophysical Journal 702 (2009), pp. 1321–1335. doi: 10.1088/0004-
637x/702/2/1321.

[109] Pettini, Max and Pagel, Bernard E. J. “[O iii]/[N ii] as an abundance indica-
tor at high redshift”. In: Monthly Notices of the Royal Astronomical Society
348.3 (Mar. 2004), pp. L59–L63. issn: 0035-8711. doi: 10.1111/j.1365-
2966.2004.07591.x.

[110] Prochaska, J. X. et al. “THE FIRST POSITIVE DETECTIONOFMOLEC-
ULAR GAS IN A GRB HOST GALAXY”. In: The Astrophysical Journal
691.1 (Dec. 2008), pp. L27–L32. doi: 10.1088/0004-637x/691/1/l27.

[111] Prochaska, Jason X. et al. “Probing the Interstellar Medium near Star-
forming Regions with Gamma-Ray Burst Afterglow Spectroscopy: Gas,
Metals, and Dust”. In: The Astrophysical Journal 666.1 (Sept. 2007), pp. 267–
280. doi: 10.1086/520042.

67

https://doi.org/10.1051/0004-6361/201629173
https://doi.org/10.1051/0004-6361/201629173
https://doi.org/10.1051/0004-6361:200810414
https://doi.org/10.1051/0004-6361:20066897
https://doi.org/10.1051/0004-6361/201732266
https://doi.org/10.1088/0004-637x/702/2/1321
https://doi.org/10.1088/0004-637x/702/2/1321
https://doi.org/10.1111/j.1365-2966.2004.07591.x
https://doi.org/10.1111/j.1365-2966.2004.07591.x
https://doi.org/10.1088/0004-637x/691/1/l27
https://doi.org/10.1086/520042


[112] Ranjan, A. et al. “Chemical enrichment and host galaxies of extremely
strong intervening DLAs towards quasars - Do they probe the same galactic
environments as DLAs associated with burst afterglows?” In: A&A 633
(2020), A125. doi: 10.1051/0004-6361/201936078.

[113] Ranjan, A. et al. “Molecular gas and star formation in an absorption-
selected galaxy: Hitting the bull’s eye at z ' 2.46”. In: A&A 618 (2018),
A184. doi: 10.1051/0004-6361/201833446.

[114] Rémy-Ruyer, A. et al. “Linking dust emission to fundamental properties
in galaxies: the low-metallicity picture”. In: AAP 582, A121 (Oct. 2015),
A121. doi: 10.1051/0004-6361/201526067.

[115] Robert C. Kennicutt, Jr. “The Global Schmidt Law in Star-forming Galax-
ies”. In: 498.2 (May 1998), pp. 541–552. doi: 10.1086/305588.

[116] Roy, Arpita. “Progenitors of Long-Duration Gamma-ray Bursts”. In: Galax-
ies 9.4 (2021). issn: 2075-4434. doi: 10.3390/galaxies9040079.

[117] Rybicki, George B. and Lightman, Alan P. Radiative Processes in Astro-
physics. 1986.

[118] Sahu, Sarira and Fortín, Carlos E. López. “Origin of Sub-TeV Afterglow
Emission from Gamma-Ray Bursts GRB 190114C and GRB 180720B”. In:
895.2 (June 2020), p. L41. doi: 10.3847/2041-8213/ab93da.

[119] Sánchez Almeida, J. and Sánchez-Menguiano, L. “The Fundamental Metal-
licity Relation Emerges from the Local Anti-correlation between Star For-
mation Rate and Gas-phase Metallicity that Exists in Disk Galaxies”. In:
The Astrophysical Journal 878.1 (June 2019), p. L6. issn: 2041-8213. doi:
10.3847/2041-8213/ab218d.

[120] Savage, Blair D. and Sembach, Kenneth R. “Interstellar Abundances from
Absorption-Line Observations with the Hubble Space Telescope”. In: ARAA
34 (Jan. 1996), pp. 279–330. doi: 10.1146/annurev.astro.34.1.279.

[121] Schady, Patricia. “Gamma-ray bursts and their use as cosmic probes”. In:
Royal Society Open Science 4.7 (2017), p. 170304. doi: 10.1098/rsos.
170304.

68

https://doi.org/10.1051/0004-6361/201936078
https://doi.org/10.1051/0004-6361/201833446
https://doi.org/10.1051/0004-6361/201526067
https://doi.org/10.1086/305588
https://doi.org/10.3390/galaxies9040079
https://doi.org/10.3847/2041-8213/ab93da
https://doi.org/10.3847/2041-8213/ab218d
https://doi.org/10.1146/annurev.astro.34.1.279
https://doi.org/10.1098/rsos.170304
https://doi.org/10.1098/rsos.170304


[122] Schady, P. et al. “Super-solar metallicity at the position of the ultra-long
GRB 130925A”. In: A&A 579 (2015), A126. doi: 10.1051/0004-6361/
201526060.

[123] Schmidt, Maarten. “The Rate of Star Formation.” In: ApJ 129 (Mar. 1959),
p. 243. doi: 10.1086/146614.

[124] Schruba, Andreas et al. “Low CO Luminosities in Dwarf Galaxies”. In: AJ
143.6, 138 (June 2012), p. 138. doi: 10.1088/0004-6256/143/6/138.

[125] Shaw, Gargi and Ferland, G J. “Physical conditions in two high-redshift
H2-bearing GRB-DLAs, 120815A and 121024A”. In: Monthly Notices of the
Royal Astronomical Society 493.4 (Mar. 2020), pp. 5153–5161. issn: 0035-
8711. doi: 10.1093/mnras/staa638.

[126] Shetty, Rahul et al. “Modelling CO emission – II. The physical characteris-
tics that determine the X factor in Galactic molecular clouds”. In: Monthly
Notices of the Royal Astronomical Society 415.4 (Aug. 2011), pp. 3253–
3274. issn: 0035-8711. doi: 10.1111/j.1365-2966.2011.18937.x.

[127] Singh, K P. “An X-ray view of quasars”. In: Bulletin of the Astronomi-
cal Society of India 41 (June 2013), p. 137. url: https://ui.adsabs.
harvard.edu/abs/2013BASI...41..137S.

[128] Sommariva, Veronica et al. “Stellar metallicity of star-forming galaxies at z
∼ 3”. In: Astronomy and Astrophysics 539 (Dec. 2011). doi: 10.1051/0004-
6361/201118134.

[129] Srianand, R. et al. “First detection of CO in a high-redshift damped Lyman-
α system*”. In: A&A 482.3 (2008), pp. L39–L42. doi: 10.1051/0004-6361:
200809727.

[130] Stahler, Steven W. and Palla, Francesco. The Formation of Stars. Oxford
University Press, 2004.

[131] Svensson, K. M. et al. “The dark GRB 080207 in an extremely red host and
the implications for gamma-ray bursts in highly obscured environments”.
In: Monthly Notices of the Royal Astronomical Society 421.1 (Mar. 2012),
pp. 25–35. issn: 0035-8711. doi: 10.1111/j.1365-2966.2011.19811.x.

69

https://doi.org/10.1051/0004-6361/201526060
https://doi.org/10.1051/0004-6361/201526060
https://doi.org/10.1086/146614
https://doi.org/10.1088/0004-6256/143/6/138
https://doi.org/10.1093/mnras/staa638
https://doi.org/10.1111/j.1365-2966.2011.18937.x
https://ui.adsabs.harvard.edu/abs/2013BASI...41..137S
https://ui.adsabs.harvard.edu/abs/2013BASI...41..137S
https://doi.org/10.1051/0004-6361/201118134
https://doi.org/10.1051/0004-6361/201118134
https://doi.org/10.1051/0004-6361:200809727
https://doi.org/10.1051/0004-6361:200809727
https://doi.org/10.1111/j.1365-2966.2011.19811.x


[132] Tan, Jonathan C., Krumholz, Mark R., and McKee, Christopher F. “Equi-
librium Star Cluster Formation”. In: ApJL 641.2 (Apr. 2006), pp. L121–
L124. doi: 10.1086/504150.

[133] Togi, Aditya and Smith, J. D. T. “LIGHTING THE DARK MOLECULAR
GAS: H2 AS A DIRECT TRACER”. In: The Astrophysical Journal 830.1
(Oct. 2016), p. 18. doi: 10.3847/0004-637x/830/1/18.

[134] Trenti, Michele, Perna, Rosalba, and Jimenez, Raul. “THE LUMINOSITY
AND STELLAR MASS FUNCTIONS OF GRB HOST GALAXIES: IN-
SIGHT INTO THE METALLICITY BIAS”. In: The Astrophysical Journal
802.2 (Mar. 2015), p. 103. doi: 10.1088/0004-637x/802/2/103.

[135] Tsar Bomba. Accessed: 2021-11-13. Aug. 2017. url: https://academic.
eb.com/levels/collegiate/article/Tsar-Bomba/630058.

[136] Turkson, Anthony, Ayiah-Mensah, Francis, and Nimoh, Vivian. “Handling
Censoring and Censored Data in Survival Analysis: A Standalone Sys-
tematic Literature Review”. In: International Journal of Mathematics and
Mathematical Sciences 2021 (Sept. 2021), pp. 1–16. doi: 10.1155/2021/
9307475.

[137] Visser, R., van Dishoeck, E. F., and Black, J. H. “The photodissociation
and chemistry of CO isotopologues: applications to interstellar clouds and
circumstellar disks*”. In: A&A 503.2 (2009), pp. 323–343. doi: 10.1051/
0004-6361/200912129.

[138] Wakelam, Valentine, Bron, Emeric, and Cazaux, Stephanie. “H2 formation
on interstellar dust grains: The viewpoints of theory, experiments, mod-
els and observations”. In: Molecular Astrophysics 9 (2017), pp. 1–36. issn:
2405-6758. doi: https://doi.org/10.1016/j.molap.2017.11.001.

[139] Weymann, R. J., Carswell, R. F., and Smith, M. G. “Absorption lines in
the spectra of Quasi-Stellar Objects.” In: ARAA 19 (Jan. 1981), pp. 41–76.
doi: 10.1146/annurev.aa.19.090181.000353.

[140] Wise, John H. “Cosmic reionization”. In: Contemporary Physics 60.2 (Apr.
2019), pp. 145–163. issn: 1366-5812. doi: 10 . 1080 / 00107514 . 2019 .

1631548.

70

https://doi.org/10.1086/504150
https://doi.org/10.3847/0004-637x/830/1/18
https://doi.org/10.1088/0004-637x/802/2/103
https://academic.eb.com/levels/collegiate/article/Tsar-Bomba/630058
https://academic.eb.com/levels/collegiate/article/Tsar-Bomba/630058
https://doi.org/10.1155/2021/9307475
https://doi.org/10.1155/2021/9307475
https://doi.org/10.1051/0004-6361/200912129
https://doi.org/10.1051/0004-6361/200912129
https://doi.org/https://doi.org/10.1016/j.molap.2017.11.001
https://doi.org/10.1146/annurev.aa.19.090181.000353
https://doi.org/10.1080/00107514.2019.1631548
https://doi.org/10.1080/00107514.2019.1631548


[141] Wiseman, P. et al. “Evolution of the dust-to-metals ratio in high-redshift
galaxies probed by GRB-DLAs”. In: A&A 599 (2017), A24. doi: 10.1051/
0004-6361/201629228.

[142] Wiseman, P. et al. “Gas inflow and outflow in an interacting high-redshift
galaxy - The remarkable host environment of GRB810 at z = 3.35”. In:
A&A 607 (2017), A107. doi: 10.1051/0004-6361/201731065.

[143] Wolfe, Arthur M., Gawiser, Eric, and Prochaska, Jason X. “Damped Lyman
alpha Systems”. In: Ann. Rev. Astron. Astrophys. 43 (2005), pp. 861–918.
doi: 10.1146/annurev.astro.42.053102.133950.

[144] Wolfire, Mark G., Hollenbach, David, and McKee, Christopher F. “THE
DARK MOLECULAR GAS”. In: 716.2 (May 2010), pp. 1191–1207. doi:
10.1088/0004-637x/716/2/1191.

[145] Woosley, S.E. and Bloom, J.S. “The Supernova–Gamma-Ray Burst Con-
nection”. In: Annual Review of Astronomy and Astrophysics 44.1 (2006),
pp. 507–556. doi: 10.1146/annurev.astro.43.072103.150558.

[146] Xu, D. et al. “DISCOVERY OF THE BROAD-LINED TYPE Ic SN 2013cq
ASSOCIATEDWITH THE VERY ENERGETIC GRB 130427A”. In: 776.2
(Oct. 2013), p. 98. doi: 10.1088/0004-637x/776/2/98.

[147] Yajima, Yoshiyuki et al. “CO Multi-line Imaging of Nearby Galaxies (COM-
ING). III. Dynamical effect on molecular gas density and star formation in
the barred spiral galaxy NGC 4303”. In: Publications of the Astronomical
Society of Japan 71 (Mar. 2019). S13. issn: 0004-6264. doi: 10.1093/pasj/
psz022.

[148] Yang, Benhui et al. “Rotational Quenching of CO due to H2 Collisions”. In:
ApJ 718.2 (July 2010), pp. 1062–1069. doi: 10.1088/0004-637X/718/2/
1062.

[149] Zonoozi, Akram Hasani et al. “The Kennicutt–Schmidt law and the main
sequence of galaxies in Newtonian and milgromian dynamics”. In: Monthly
Notices of the Royal Astronomical Society (2021). doi: 10.1093/mnras/
stab2068.

71

https://doi.org/10.1051/0004-6361/201629228
https://doi.org/10.1051/0004-6361/201629228
https://doi.org/10.1051/0004-6361/201731065
https://doi.org/10.1146/annurev.astro.42.053102.133950
https://doi.org/10.1088/0004-637x/716/2/1191
https://doi.org/10.1146/annurev.astro.43.072103.150558
https://doi.org/10.1088/0004-637x/776/2/98
https://doi.org/10.1093/pasj/psz022
https://doi.org/10.1093/pasj/psz022
https://doi.org/10.1088/0004-637X/718/2/1062
https://doi.org/10.1088/0004-637X/718/2/1062
https://doi.org/10.1093/mnras/stab2068
https://doi.org/10.1093/mnras/stab2068


[150] Zou, S. et al. “Near-infrared spectroscopic observations of high redshift
CI absorbers ”. In: A&A 616 (2018), A158. doi: 10.1051/0004-6361/
201732033.

72

https://doi.org/10.1051/0004-6361/201732033
https://doi.org/10.1051/0004-6361/201732033

	Abstract
	Útdráttur
	Introduction
	Gamma-ray bursts
	Quasars
	Cosmic probes
	Damped Lyman-alpha absorbers
	Absorption spectroscopy

	Intervening material
	Molecular hydrogen
	Carbon monoxide
	Dust grains and metallicities

	The CO-to-H2 conversion factor

	Methods
	Data compilation
	Dust-correction
	Determining XCO

	Data analysis
	The likelihood function
	Maximizing the likelihood function

	Results
	Discussion
	Fit robustness
	XCO at high redshift
	Dust as a tracer
	Star formation as a tracer

	Metallicity evolution
	Theoretical perspective
	Observational perspective


	Summary and conclusions
	Appendix: Extended data table
	References

