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Summary

My research has focused on locating and measuring star formation and AGN activity in

different environments with interferometric and single-dish radio observations. As my

first PhD project, I studied the complex interaction between an intermediate redshift (z ∼
0.3) starburst galaxy and a nearby (∼ 7 kpc separation) QSO using sub-arcsecond VLA

observations. I found new evidence for jet-induced star formation activity in the

companion galaxy, making the system a strong candidate for this rare, and potentially

important process in the early Universe. In my second paper, I investigated the

infrared-radio correlation (IRRC) of spheroid- and disc-dominated galaxies in the

COSMOS field out to z ∼ 1.5. With 1.4 GHz data and Herschel photometry I found that

the redshift evolution reported in recent works is due to an increasing radio excess

emission associated with spheroid-dominated galaxies, compared to disc-dominated

ones, i.e. the ‘purest’ star-forming systems in our sample. I theorize that the extra radio

power in spheroid-dominated systems is due to low-level AGN activity, even though

these sources were not identified by most commonly-used diagnostics as AGN hosts.

This finding will significantly increase the accuracy of future high-redshift radio surveys

measuring star formation. In my third project I assembled and analysed the

largest-to-date low-z IRRC sample of galaxies. I demonstrated the importance of

selection effects influencing IRRC statistics, and carried out an improved IRRC analysis

that yielded more accurate measures of the correlation’s properties. With rich ancillary

data it will provide insight into the physical processes that give rise to the IRRC. Finally,

I adopted an MCMC-based model optimization to fit a radiative transfer model to

ammonia line spectra of a binary molecular cloud core. I determined the physical

structures and the masses of the cores and found they are gravitationally unbound.
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Chapter 1

Introduction

Astronomy embodies the ancient quest of humanity to learn the nature of celestial objects. Thus,

by design, it poses challenging questions to answer. Even in the age of space travel most subjects

of our investigation are impossible to visit and directly study. And when we looked, we have

been restricted to observe with unaided eyes throughout the most of our history. These obstacles,

however, only inspired innovation – for example Galileo Galilei, in order to enhance his vision,

turned a telescope towards the sky, and could describe new details of Solar system bodies and

discovered that the Milky Way consists of many stars closely packed together; William Herschel

found invisible, infrared radiation and thus was the first to expand our view on the Universe beyond

visible light; Joseph von Fraunhofer built the spectroscope and paved the way of describing the

chemical composition of stars and planets. With these new inventions our overall understanding

of nature grew rapidly, which in turn aided the development of new technologies, resulting in a

sudden growth of astrophysical knowledge in the 19th century and turn of the 20th century. Stars

were classified based on their colours and composition, subsequently their evolutionary tracks

were broadly drawn on the colour – absolute magnitude plane (the so-called Hertzsprung–Russell

diagram; HRD), and it was established that our Solar system is part of a larger conglomerate of

stars, the Milky Way. Absorption of stellar light in the interstellar space lead to the discovery of

interstellar medium (ISM), gas and dust inhabiting the interstellar space.

In the early 20th century, astronomical debate revolved around nebulae, mysterious, fuzzy

looking objects. Some of them appeared blurred patches of light even with the largest telescopes

of the time, and hence divided the scientific community; some believed they are all part of the

MilkyWay, which spans the entire Universe, others argued that the unresolved ones are much more

distant collections of stars and ISM, so-called “island Universes” (a term coined by the philosopher

Immanuel Kant) similar to our own Galaxy. This argument was settled mainly when Edwin Hubble

could resolve some of the stars in the Andromeda galaxy. Among these he identified Cepheid-type



2

variable stars, whose absolute brightness is related to their pulsation periods (Leavitt and Pickering,

1912), thus provided a distance estimate that placed M31 outside of our Galaxy (Hubble, 1929b).

Measuring the distances of several more nebulae with this technique, Hubble also found a relation

between distance and spectral line shift (Hubble, 1929a). This shift, z, is defined as

z ≡ λobs − λ0
λ0

, (1.1)

where λobs is the observed wavelength of a given spectral line, and λ0 is its rest-frame wavelength

at which the radiation was originally emitted by the source. It is non-zero if the relative velocity

of the observer and the source is non-zero. Hubble’s data showed that the further galaxies are,

the more their lines are shifted towards longer wavelengths, (i.e. red in the optical regime, hence

z in astronomy is called redshift) and became known as Hubble’s Law. This result implies that

almost all other galaxies are moving away from ours, which lead to the discovery of the expanding

Universe. Hubble’s initial calibration of redshift as a measure for distance has been superseded

since then by more sophisticated models (most recently e.g. Planck Collaboration et al., 2016),

nevertheless modern cosmology can relate observed redshifts to cosmological distances.

Since Hubble’s observations, nearly a century ago, extragalactic astronomy, the branch of

astrophysics that studies the properties, formation and evolution of galaxies, became one of the

most important fields of modern astronomy.

1.1 Galaxies

Galaxies are gravitationally bound systems that consist of stars, ISM and dark matter. The observed

variety of their shapes and colours naturally raise questions, such as e.g. what physical processes

form the different types of galaxies, how does their stellar content change with time, how do they

interact, etc. In order to form a framework in which these questions can be understood, Edwin

Hubble grouped galaxies into different types according to their apparent optical morphologies.

This so-called Hubble tuning fork or Hubble sequence, with some more recent extensions, is a

tool used even today to study galaxies. Fig. 1.1. presents a schematic illustration of the Hubble

morphological classes.

The main types are: ellipticals (E), normal and barred spirals (S and SB, respectively) and

irregular galaxies (Irr). Ellipticals are relaxed, generally featureless systems with smooth light

distributions that appear as ellipses on optical images. According to how elongated they look, they

are further split into E0 – E7 classes, where the integer is the measured, rounded ellipticity of a

given source. By this definition, E0’s are round and E7’s are very elongated. This classification

however, is not directly linked to their true 3D physical structures, but rather their projected shape,
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Figure 1.1: The Hubble tuning fork diagram illustrating galaxy morphology types. From: Hubble

(1936).

which depends on our viewing angle, e.g. an E0 can be a face-on system while an E7 edge-on, and

still have similar intrinsic shapes. Spirals show more complex structures – a central concentration

of light, called the bulge, and a flattened disk. SB sources have a linear structure crossing the bulge,

called a bar. Spiral arms are local maxima of stellar distribution with many young stars, and they

originate from the bulge in S galaxies and from the endpoints of the bar in SB’s. Subcategories

for both S and SB objects are denoted by latters a, ab, b, bc, c, cd and d, where Sa and SBa

galaxies have tightly wound up spiral arms and a dominant bulge, and Sd and SBd sources have

patchy, fragmented arms with wide opening angles, and relatively faint bulges. There is a further

transition class between ellipticals and spirals, the lenticulars (S0). These are also disk galaxies

with a central bulge, similar to spirals, but do not have spiral arms. Finally, irregulars are galaxies

that do not fit into any of these previous classes due to their disturbed, amorphous shapes. These

are often interacting systems. It is common practice to call ellipticals and lenticulars “early-types”,

and spirals and irregulars “late-types”. It should be emphasized, that this nomenclature is not

indicative of any time evolution whereby e.g. early-types transform into late-types, it is rather just

a historical artefact.

Observations show that these different classes of galaxies have on average different physical

properties. For example, elliptical sources on average have older stellar populations, their stellar

kinematics are dominated by random motions, on the other hand, spirals are younger objects

that actively form stars, and their stellar orbits are more regular. However, these types fail to

capture some differences in other fundamental properties, such as masses and sizes. As a result,
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nowadays the Hubble scheme is mainly used as a classification tool, while the main questions of

extragalactic astronomy focus on understanding the physical processes that regulate various galaxy

characteristics (e.g. stellar and gas masses, star formation properties, etc.) and investigate how

different scaling relations came to be (e.g. between stellar mass and star formation rate – see Sect.

1.1.1; central black hole mass and bulge mass – see Sect. 1.1.4, etc.). These correlations suggest,

that similar galaxies in the multi-dimensional space of morphologies and other physical parameters

have fairly similar formative and evolutionary histories, i.e. the way their baryons were assembled

is similar – we ultimately wish to link these to observable quantities. My work has mainly focussed

on galaxy evolution, thus in order to give my thesis results a broader context, I will now describe

some important process that influence galaxy formation.

1.1.1 Star formation

The Universe’s dark matter distribution provides the framework for galaxy evolution. It produces

a large scale gravitational potential, which pulls baryons towards large assemblies, haloes of dark

matter. This in-falling gas is initially heated via shocks. Once it reaches thermal equilibrium in the

halo (104 − −108 K) it cools via bremsstrahlung and collisions followed by photon emission and

decay to ground state. If the gas has some heavy elements or molecules, emission line radiation

adds another cooling channel. Since these processes require two particles, they are typically more

efficient at higher densities. Eventually gas cools and migrates to the centre of the dark matter halo

forming a protogalaxy.

A small fraction of cold gas condensates into clusters of stars across the galaxy (more on this

process in Sect. 1.1.3). The mass distribution of a newly formed stellar population is called the

initial mass function (IMF). There are different formulae that give its precise functional form (e.g.

Salpeter, 1955; Kroupa, 2001; Chabrier, 2003, are commonly used). The most massive stars (≥

8 M�) among these use up their hydrogen reservoirs rapidly (in ∼ 107 – 108 years), and return

heavier elements, that were produced during their life, into the surrounding ISM via supernova

explosions. This enriches the ISM with metals, which will subsequently form new generations of

stars. Less massive stars on the other hand spend several Gyrs on the stellar main sequence, and

hence effectively lock material away from this galactic gas circulation. Galaxies can replenish their

gas supplies and continue forming new stars by accreting gas from the inter galactic medium (IGM),

or by merging with other galaxies, and thus gradually, or in bursts, undergo stellar mass growth.

These processes give off a number of detectable signatures – young stars emit photons at ultraviolet

wavelengths, which are then absorbed by interstellar dust, and re-processed into infrared radiation.

They also ionize the ISM in their vicinity, which gives rise to nebular line emission. Once they
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Figure 1.2: The star forming main sequence in the 0 < z < 2.5 regime. The normalization and

slope of the relation changes with some evidence of a flattening high-mass end. From: Whitaker

et al. (2012).

turn into supernovae, they produce relativistic electrons that give rise to radio frequency emission.

Radio is not affected by dust extinction unlike shorter wavelength emission, which requires some

additional measure of dust reddening, and thus provides a direct view of star forming regions. For

a more detailed description of star formation tracers see Sect. 1.2.1.

Star formation is commonly quantified through the star-formation rate (SFR), ψ,

ψ ≡ M∗
t
, (1.2)

where M∗ is the total stellar mass of stars formed in t time. During the past decade, it was found that

most galaxies, both in the local and the distant Universe, show a linear correlation in the log(M∗)

– log(SFR) plane, known as the star forming main sequence (SF MS, see e.g. Brinchmann et al.,

2004; Noeske et al., 2007; Elbaz et al., 2007, 2011; Speagle et al., 2014; Schreiber et al., 2015;

Tomczak et al., 2016), as seen in Fig. 1.2. The mass and redshift independence of its scatter (∼

0.3 dex) suggests quasi-static, secular growth is the dominant mode of star formation. MS galaxies

are thought to fluctuate about the ridge of the MS (Tacchella et al., 2016). In this picture, gas

compaction (triggered by e.g. merger events or disc instabilities), and subsequent star formation

moves galaxies upwards and right in the log(M∗) – log(SFR) plane, then once the gas is depleted,

they migrate downward, and finally upturn occurs when fresh gas falls onto the disc. In a smaller

fraction of galaxies, more violent, chaotic process, e.g. major mergers, lead to strong bursts of star
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formation, and elevate them above the SF MS (e.g. Sargent et al., 2012, 2014). If gas supplies are

not replenished, galaxies migrate below the SF MS and become quenched.

Over the past two decades, surveys probing the cosmic star formation rate density (i.e. the total

star formation rate per comoving volume) found that it peaked around z ≈ 2 (when the Universe

was ∼ 3.5 Gyrs old; an epoch that is now known as the “cosmic noon”), and shortly after it begun

an exponential decline until the present day (for a review, see Madau and Dickinson, 2014). This

implies that half of the stellar mass in the local Universe was formed before z ≈ 1.3. Interestingly,

the rise and fall of cosmic star formation is coincident with the same trend in the accretion rate

of central galactic black holes, hinting at a coevolution of galaxies and their super massive black

holes. In the following section I will describe active galaxies, that came to be as a consequence

of central black hole accretion, and by triggering energetic processes, significantly impact galaxy

evolution.

1.1.2 Active galaxies

Besides star formation, another important process that regulates the growth of galaxies is the

mass accretion onto their central super massive black hole (SMBH). This episodically produces

electromagnetic (EM) radiation at all wavelengths from X-ray to radio, and launches energetic

particles in all directions, providing heat input into its host galaxy’s ISM and the surrounding IGM.

Galaxies, whose spectra show significant excess non-stellar radiation at some (or all) EM

wavelengths linked to SMBH activity, are called active galaxies. Their compact, central regions

around the SMBH are the Active Galactic Nuclei (AGN). Since all galaxies harbour a central

SMBH, and AGN activity is tied to SMBH accretion, most galaxies experience AGN episodes at

some point during their history. The AGN fraction is ∼ 10 – 20 % of the total galaxy population at

a given epoch, suggesting that their lifespans are relatively short (eg. Gu et al., 2018). Historically

AGN are generally split into three main classes:

• Quasi-stellar objects Matthews and Sandage (1963) found “starlike” objects spatially co-

incident with three radio sources (3C 48, 3C 196, and 3C 286). Using lunar occultation,

Hazard et al. (1963) determined the accurate position of another radio source 3C 273, which

in turn allowed Schmidt (1963) to associate it with a point-like optical source, whose spectra

showed strong and broad emission lines. By identifying these lines as hydrogen Balmer

series emission, he put the source at redshift of 0.158, which was unusually high at the

time. This suggested it is ∼ 100 times brighter than an average spiral galaxy, yet due to

its point-like appearance, it is very compact as well. Later, as a result of increasing radio

source position accuracies, many more of these quasi-stellar radio-sources (quasars) were
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found. The unusually blue colour of quasar optical spectra prompted searches at optical

wavelengths as well, revealing a roughly ten times larger population of radio quiet quasars,

also known as quasi-stellar objects (QSOs). These also have strong emission lines, generally

high redshifts, and higher than average, time varying luminosities that outshine their host

galaxies. Since later faint radio emission associated with them was detected, the previous

distinction of quasars and QSOs are not valid any more, nowadays they are typically used

interchangeably.

• Seyfert galaxies The earliest detected AGN type (Seyfert, 1943). They are spiral galaxies

with extremely bright cores, whose spectra exhibits strong, broad emission lines. There are

twomain subclasses – Type 1 and 2. Seyfert 1 galaxies have both narrow (i.e. several hundred

km/s – already larger than typical galactic rational velocities) and broad (up to 104 km/s)

lines, while Seyfert 2 only has narrow lines. Osterbrock (1981) introduced intermediate

classes (e.g. Seyfert 1.5 or 1.9), where broad-line emission is present, but less prominent

than in Seyfert 1 objects. Seyfert galaxies in general are fainter in optical than QSOs, but

show very similar spectral properties.

• Radio galaxies These AGN reside in elliptical galaxies. Similar to Seyferts, they can also be

classified into broad-line and narrow-line radio galaxies (BLRGs and NLRGs, respectively).

In fact, they can be considered as radio-loud Seyfert 1 and 2 sources with a different optical

morphology.

Extended radio emission associated with AGN often observed to have a double structure – two

radio lobes roughly symmetrically around a central core. The lobes usually can be connected to the

centre via linear emission structures, jets. These extended radio sources can be typically divided

into Fanaroff-Riley Type I and II (FR I and FR II, respectively; Fanaroff and Riley, 1974). FR I

sources are brighter near the core and gradually become fainter with increasing angular distance

from it, and thus sometimes are referred to as core-brightened objects. They tend to be fainter

than L1.4GHz 6 1024 W Hz−1. Meanwhile, FR II sources’ surface brightness increases outwards

(i.e. are edge-brightened), and have L1.4GHz > 1024 W Hz−1. Fig. 1.3 shows examples for both

types. FR I and II sources are also distinct in host optical luminosity – radio luminosity plane (e.g.

Ledlow and Owen, 1996), suggesting that radio morphologies are linked to host properties.

The broadly accepted unification scheme attempts to link these various types of AGN together

from a theoretical perspective (see e.g. Rowan-Robinson, 1977; Urry and Padovani, 1995). Ac-

cording to this, the AGN classes are a consequence of varying viewing angles of the AGN host

galaxy.
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Figure 1.3: Examples of an FR I (left) and FR II (right) radio source at 4.9 GHz. From: Laing

and Bridle (1987) and Bridle et al. (1994).

In this unification picture, the central engine of the AGN is the SMBH. It accretes material,

which due to its finite angular momentum, assembles into a disk, whose plane is perpendicular

to the rotation’s angular momentum vector. Through internal friction, gas in the disk slowly

decelerates, moves towards the centre, and as a result converts its potential energy into kinetic

energy and heat, which then powers AGN processes. Due to the temperature gradient in the disk,

its spectrum is a stretched black body radiation curve that peaks at UV and optical wavelengths.

Gas clouds outside of the accretion disks’ plane, but close to the SMBH have high velocities due

to the SMBH’s high gravitational potential, while clouds further from it move slower, thus giving

rise to the observed broad and narrow lines, respectively. Jet material is pushed out towards the

poles, likely due to complex magneto-hydrodynamic processes. In the jet, synchrotron radiation

and inverse Compton scattering result in emission at radio and X-ray wavelengths, respectively.

A dust torus surrounds the accretion disk further away from the SMBH. At large viewing angles,

it obscures emission from the broad line region and the disk. Then subsequently re-emits them

usually at mid-IR (MIR) wavelengths. The brightest QSOs can heat dust even further out, and thus

produce significant far-IR (FIR) emission (Symeonidis et al., 2016). Fig. 1.4 presents a sketch

that summarises the main ideas. It has been mentioned, that all of these processes are powered by

material accretion onto the SMBH. Thus, in Sect. 1.1.3 I will inspect in more detail the ISM of

galaxies.
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Figure 1.4: Illustration of the AGN unification scheme. Whether a source is classified as one of the

various of types of AGN discussed in Sect. 1.1.2 mainly depends on the viewing angle, represented

by arrows in this figure. Dashed line shows the divide between radio-loud and -quiet sources –

similar inclinations can result in a galaxy being Seyfert or a radio galaxy depending on its radio

luminosity. Credit: Fermi andNASA:https://fermi.gsfc.nasa.gov/science/eteu/agn/.

https://fermi.gsfc.nasa.gov/science/eteu/agn/
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Table 1.1: Main physical properties of the various ISM phases, as measured in the Milky Way.

Adopted from Table I of Ferrière (2001).
Gas phase Temperature [K] Density [cm−3] Ionization rate

Molecular 10 – 20 102 – 106 <10−6

Cold atomic 50 – 100 20 – 50 ∼ 10−4

Warm atomic 6,000 – 10,000 0.2 – 0.5 ∼ 0.1

Warm ionized ∼ 8,000 0.2 – 0.5 1

Hot ionized ∼ 106 ∼ 10−2 1

1.1.3 Cosmic gas and dust

The fuel for star formation and black hole accretion is interstellar gas. Its main component at low

densities is neutral hydrogen (Kalberla and Kerp, 2009). It has a multi-phase structure coupled

to the stellar content of the galaxy – stars form in the coldest, densest regions, then through their

ultraviolet (UV) radiation they ionize large volumes of the ISM. Table 1.1 shows a summary of

the main physical parameters of the different ISM phases (for more details see Ferrière, 2001, and

references therein). The outermost layer is the hot ionized phase. It is mainly heated by supernovae,

and thus forms structures resembling bubbles and fountains. Its scale height is of order ∼ kpc,

hence it is also referred to as coronal gas. The warm ionized medium is mainly ionized by photons,

and occasionally through collisions. In disk galaxies it is more confined to the disk, than the

coronal gas. The bulk of the galactic ionized hydrogen is in this phase, a smaller fraction in HII

regions near hot stars. Warm neutral medium gives around one third of the ISM volume in the

Milky Way. It mainly appears in photodissociation regions, in the interface of HII regions and

molecular clouds, thus it is sometimes called the warm intercloud region as well. The cold atomic

or neutral phase is structured into sheets and filaments. It is spatially more concentrated than the

previously described phases, as it gives only ∼ 1 – 5 % of the ISM volume. It is roughly in pressure

equilibrium with its environment.

Individual stars are almost exclusively formed in giantmolecular clouds (GMCs), loosely bound

assemblies of gas and dust in the ISM, that are nestled into the previously discussed warmer gas

phases. Typically GMCs have masses of 103 – 107M�, densities of 102 – 106cm3, temperatures of

10 – 20 K and linear sizes up to a ∼ 100 pc. They give ∼ 30 % of the total ISMmass but only ≤ 1 %

of its volume. These conditions ensure that the inner regions of GMCs are effectively self-shielded

from the ionizing radiation of massive stars in their host galaxy, and as a result molecules can form

and survive in them. This in turn allows efficient cooling through molecular line emission, and thus
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the densest parts of the cloud, the so-called cloud cores, can reach densities where gravitational

collapse can form stars. The lifespan of a typical Milky Way GMC is ∼ 107 years and converts ∼ 2

% of its mass into stars (Murray, 2011). Their most common molecule is H2. At low temperatures,

due to its lack of electromagnetic dipole, H2 cannot be observed, hence GMCs are usually mapped

using their second most abundant molecule, carbon dioxide (CO). Especially dense regions, such

as GMC cloud cores are traced well by e.g. hydrogen-cyanide (HCN) and ammonia emission

(NH3). The work presented in Chapter 5, investigating the physical properties of two GMC cores,

was thus based on ammonia spectral line measurements.

Mixed with gas, the ISM also contains solid particles, dust. It plays a crucial role in in-

terstellar molecule formation, because it accelerates atomic hydrogen combination to H2 on its

surface, and shields dense regions of ISM from ionizing radiation, which protects molecules from

photodissociation.

A traditional way to estimate the critical mass of a cloud core, above which the gas becomes

unstable and gravitational collapse begins, is to calculate its thermal Jeans mass, MJ , as

MJ = 4.79M�

(
T

10K

)3/2 ( n
104cm−3

)−1/2
, (1.3)

where T is the kinetic temperature and n is the gas volume density (Jeans, 1902). This formula

neglects any additional terms for e.g. magnetic fields, external pressure and rotation, some of

which stabilises against the collapse. These forces generally keep the core in equilibrium, while

it accretes material from its vicinity. In Chapter 5 I used another equation from MacLaren et al.

(1988) to calculate the virial mass, Mvir, of the core as

Mvir = k2R∆v2, (1.4)

where R is the radius of the clump, ∆v is the total velocity dispersion and k2 is a factor that depends

on assumptions such as the shape of the velocity distribution and the density profile of the clump.

The total velocity dispersion contains the turbulent and thermal velocity components, hence it is

more sophisticated than Eq. 1.3.

Once the cloud core’s mass has exceeded its Jeans or virial mass, either by accretion driven

growth or due to an external trigger, e.g. a supernova induced shock, gravitational collapse begins.

It starts to contract and often breaks into smaller fragments. Central densities and temperatures rise

until deuterium fusion starts in the centre, and thus a protostar is born. Having briefly established

star formation and AGN characteristics in previous sections, as well as the ISM that feeds both,

I will now combine these and outline main feedback processes, a channel through which these

components interact.
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1.1.4 Feedback processes

From the naive picture of star formation briefly discussed in Sect. 1.1.1, one could expect that

galaxy masses are roughly proportional to the masses of their host dark matter haloes, since more

massive haloes can simply accrete larger amounts of baryons. However, comparing observed galaxy

luminosity distributions, best fitted by a Schechter (1976) function, to theoretical predictions from

numerically simulated halo mass functions (such as the Millennium simulation; Springel et al.,

2005) rescaled using a mass-to-light ratio that creates an overlap in between them at L∗1, shows

a shortage of galaxies at high and low masses (see Fig. 1.5 that illustrates this tension). This

suggests that a key ingredient is missing from the so far discussed, simplistic star formation and

galaxy evolution model – energy input from stellar and AGN feedback, and other processes that

remove or heat the gas content of galaxies, and as a result slow down or quench star formation.

In dwarf galaxies it is typically in the form of supernova driven winds and shocks, that can

expel their gas. This is only effective in these low mass systems, since their gravitational potential

is lower than in more massive galaxies, and thus it requires less energy to remove their gas content.

It is worth noting, however, that supernova driven gas shells can sweepmaterial together and trigger

new star formation events as well in all types of galaxies. Small galaxies are also more likely to be

influenced by environmental effects. During tidal stripping, more massive, nearby galaxies acquire

gas and stars from them. Ram pressure stripping is a process, whereby galaxies moving through

intra-cluster medium (ICM), the hot, X-ray emitting gas that permeates galaxy clusters, experience

“headwind” from the ICM moving relative to them, which can removes their cold gas reservoirs.

Yet another process that quenches cluster galaxies is strangulation. When galaxies first fall into a

cluster, the cluster’s potential can create tidal effects that move the their gas into the ICM.

High mass galaxies strongly hold on to their gas reservoirs, hence are more resilient against

the effects discussed above. However, they are also more likely to harbour AGN that inject vast

amounts of energy into their ISM and the surrounding IGM/ICM, thus AGN driven feedback is

the dominant process that quenches star formation in these systems. This so-called negative AGN

feedback has two flavours. The radiative mode (also known as ‘quasar’, ‘wind’ or ‘cold’ mode)

occurs in luminous QSOs when their SMBH is close to the Eddington limit. It produces such a

high flux of radiation that it pushes gas out of the host galaxy, terminating on-going star formation.

The other mode is the kinetic mode (or ‘radio’, ‘jet’, ‘maintenance’ or ‘hot’ mode), where the

accreting SMBH drives jets, which transport energy into the surrounding IGM, and by keeping it

hot, it inhibits the gas cooling and falling onto its host galaxy. Eventually the host uses up its cold

gas reservoir and without replenishment, star formation ceases. This process more likely to occur

1Where L∗ is the characteristic luminosity of the Schechter (1976) function, the “knee" of the distribution.
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Figure 1.5: Sketch showing the impact feedback globally has on galaxy evolution. Red curve

shows a galaxy luminosity function directly rescaled from simulated halo mass distribution, blue

observed galaxy luminosity distribution following a Schechter (1976) function. From: Silk and

Mamon (2012).

at low Eddington ratios. For more details see Fabian (2012).

There is evidence, that AGN driven winds and jets can act as triggers for star formation

activity, as on-going star formation or molecular gas has been observed in the presence of powerful

radio jets (Salomé et al., 2015) as well as in QSO companion galaxies (e.g. Papadopoulos et al.,

2008; Decarli et al., 2017). There are only a handful sources in which a radio jet-molecular

gas interaction is observationally confirmed (such as Minkowski’s Object, Croft et al. 2006, and

Centaurus A Schiminovich et al. 1994; Charmandaris et al. 2000), which might suggest that it is a

rare phenomenon. However, most likely we do not have a complete census of these objects due to

observational difficulties. At high redshifts there are hints that they could play a more prominent

role in star formation (e.g. Silk, 2013).

It was found in hydrodynamic simulations that an assembly of mainly atomic gas can be

converted into warm, molecular matter on ∼ 106 year time scales via turbulent compression

(Glover and Mac Low, 2007). Nesvadba et al. (2011) reports the detection of a highly turbulent

molecular disk in the radio galaxy 3C 326, whose short dissipation time scale suggests once kinetic

energy input from the jet subsides, the gas will rapidly cool, collapse and form stars. The paper

presented in Chapter 2 examines a system in which this phenomenon might occur.

Another clue that AGN activity might affect host galaxy properties is the observed correlation



14

betweenmass of the central SMBH and the luminosity, velocity dispersion or stellar mass of its host

galaxy in the local Universe (e.g. Magorrian et al., 1998; Ferrarese and Merritt, 2000; Ferrarese

et al., 2006, respectively). Some argue that it is merely the outcome of similar stochastic effects due

to hierarchical merging (Jahnke and Macciò, 2011), or the result of similar gas consumption rates

for both star formation and SMBH growth (Mullaney et al., 2012). Others claim that it is feedback,

that links them together (Silk and Mamon, 2012). Nevertheless, cosmic star formation rate and

SMBH accretion rate appear to follow very similar trends across cosmic time, suggesting an AGN

activity – star formation connection (Madau and Dickinson, 2014). With the basic concepts of

galaxy formation and growth discussed, in the next section I am going to outline some theoretical

approaches that are crucial in understanding the detailed physics behind it, and work in tandem

with the data-driven research I have conducted.

1.1.5 Modelling approaches

This previously discussed complexity of galaxy evolution, and the interaction of physical processes

on vast spatial and temporal scales mean that in order to provide a consistent physical model of

galaxies, one ultimately needs to turn to numerical methods, rather than analytical techniques.

These numerical simulations have two families – semi-analytical models (SAMs) and hydro-

dynamical simulations. Present day computing limitations do not allow sub-pc resolution required

by star formation and SMBH growth physics in large, cosmological volumes. SAMs were invented

to circumvent this constraint and provide a tool to statistically study large galaxy populations.

They take merger trees from dark matter only simulations, and populate them with baryons, whose

physical properties are computed following analytical recipes, ‘sub-grid physics’ applied to small

scales and by tracing them through a branch of the merger tree. Thus galaxies’ secular growth

follows the input physics, and undergo merger events according to the cosmology used to create

the merger trees. A major advantage of SAMs is their flexibility – they are relatively fast to run,

and therefore one can tune parameters in the sub-grid recipes to match observed scaling relations,

abundances, redshift evolution, etc. It is also common practice to use SAMs to gauge the impact

of a specific physical process (e.g. a given type of feedback) on galaxy evolution by comparing

results between simulations done with and without a particular element of the sub-grid model.

With increasingly good observational constraints the complexity of these models have also grown

rapidly. Some widely used modern SAMs are the Munich galaxy formation model (Henriques

et al., 2015), galform (Lacey et al., 2016) and sage (Croton et al., 2016).

On the other hand, hydrodynamical simulations attempt to provide a more self-consistent

framework tomodel baryonic physics by tracing hydrodynamical processes and gravity individually
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for all particles in their model box. Their main advantage is that they provide spatial and temporal

information about the distribution of gas and stars as opposed to SAMs, which assume e.g.

a given analytic radial profile. As a result, hydrodynamic simulations are significantly more

computationally expensive than SAMs. However, they still cannot resolve the smallest scales, such

as individual stars, and thus also rely on sub-grid recipes to some degree. Depending on their

resolution they either contain large number of galaxies and model their interactions or focus on

the detailed processes in one galaxy (targets for these so-called ‘zoom-in’ simulations are often

selected from larger, lower resolution runs). Due to the computational limitations, large scale

hydrodynamical simulations are less common compared to SAMs, but current state-of-the-art

hydrodynamic codes, such as the Illustris Project (Vogelsberger et al., 2014) and EAGLE (Schaye

et al., 2015), have made significant progress in producing galaxy populations that match various

observed statistical galaxy properties.

Mock observations from hydrodynamic models and population statistics from SAMs are com-

pared to measured data to check model validity, and to make observational predictions. In the

following section I will discuss various observing approaches that provide input for these theoretical

studies, in particular the ones I used during my PhD work.

1.2 Observational signatures

The physical processes discussed in Sect. 1.1 give rise to EM emission at various wavelengths. In

this section I will briefly describe observational signatures of star formation and AGN activity, and

outline the main concepts of radio interferometry, which I used to study both.

1.2.1 Tracing star formation

Most pre-main sequence stars are deeply embedded in the gas and dust cloud in which they were

formed, thus directly detecting their radiation is observationally difficult. Hot main sequence stars,

on the other hand, are bright and less obscured, since they have cleared their immediate vicinity,

and due to their short ∼ 10–100 Myr lifespans they are also good proxies of recent star formation

activity (see Sect. 3.1 of Madau and Dickinson, 2014, and references therein for more details).

UV radiation

In a given stellar population with the same age, low mass stars dominate the total stellar mass, but

hot, massive (M > 8 M�) ones produce the bulk of the UV radiation. As a result, the measured

UV emission is proportional to the number of young stars and hence the recent massive SFR.
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The scaling factor depends on the rest-frame UV wavelength observed, and to some extent the

metallicity of the stellar population. With a given IMF the total SFR can be determined. Even

though UV flux is a relatively straightforward indicator of SFR, it comes with some difficulties.

The most reliable, rest-frame far-UV emission, which has the smallest contribution from old low

mass stars, is only observable by space telescopes (such as GALEX or the Hubble Space telescope)

due to Earth’s atmospheric absorption, or at z > 1.4 with ground-based facilities. However, the

biggest issue is the substantial dust attenuation at short wavelengths. Additional measurements, at

optical, infrared (IR) or other UV wavelengths are required to measure reddening, and calculate

corrections allowing an estimate of the intrinsic UV luminosity. This dust-correction is correlated

with galaxy properties, e.g. Fig. 1.6 illustrates its dependency on galaxy position in the SFR – M∗

plane.

IR emission

UV radiation absorbed by dust is re-emitted at IR wavelengths. Therefore, the total IR emis-

sion (typically taken as the integrated luminosity between 8 – 1000 µm) is a measure of the

energy (primarily from UV radiation) dust absorbed. As discussed above, most of the UV flux is

from young stars, thus IR luminosity is proportional to the attenuated fraction of star formation.

Combined with UV fluxes, it provides a good measure of the total SFR.

IR based SFR estimates have their caveats as well. Firstly, there are other processes than star

formation that deposit energy into dust – dust toruses around AGN absorb non-stellar radiation,

and old stellar populations are also capable of heating it. The latter, so-called cirrus component is

non-negligible in e.g. nearby galaxies with very little on-going star formation. Secondly, observing

IR is also difficult. Emission at submillimetre, millimetre, and certain wavelengths in near- and

mid-IR are possible to detect from the ground, but far-IR is only observable from space. Lastly,

the most reliable estimate of the IR luminosity requires spectral energy distribution (SED) fitting.

Since the total IR SED of a galaxy is a mix of dust components of different temperatures (warm

grains near young stars, colder ambient ISM dust, and possibly AGN heated dust), and spectral

features such as polycyclic aromatic hydrocarbons (PAHs, which can be star formation indicators

themselves) and silicate absorption bands, a well constrained fit needs some sampling the IR

emission, thus, like UV emission, IR is not a single band proxy for SFR. Furthermore, since image

resolution is decreasing with increasing wavelength, IR observations are more often confused, than

their optical-UV counterparts. This an especially major challenge at far-IR wavelengths.
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Figure 1.6: Ratio of IR and UV luminosities in the star formation rate – stellar mass plane. IR

traces the bulk of the star formation towards the tip of the star forming main sequence, while its

contribution to the total SFR below ∼ 9.5 log(M/M�) drops to ∼ 50 %. From: Whitaker et al.

(2012).

Figure 1.7: A typical star-forming galaxy’s SED. The unattenuated stellar light is traced by the

blue line, the emission by dust in warm stellar birth clouds is showed as a green line, the emission

by dust in the ambient cold ISM is the red line. The total emission from the galaxy (black curve)

is taken as the sum of the attenuated stellar spectrum and the total IR emission. This SED is

computed by magphys, the SED-fitter used to derive LTIR values in Chapter 3. From: da Cunha

et al. (2008).
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Nebular lines and X-ray

Nebular lines, emitted by gas mainly ionized by young, hot stars in HII zones, can also be used

as proxies to UV radiation. However, these emission lines are heavily dust attenuated as well.

Hydrogen recombination lines, specifically the Balmer-lines Hα and Hβ are commonly observed

to estimate SFR. Their ratio, i.e. the Balmer-decrement, is sensitive to the amount of absorbing

dust, and hence can provide a measure of dust correction. A drawback of nebular line emission

is the difficulty of detecting them, especially at high redshifts. In galaxies without an AGN X-ray

emission arises from a combination of supernovae and stellar wind heated ISM gas and X-ray

binaries, indicative of recent star formation activity. X-ray derived SFRs are highly sensitive to

stellar population ages that affect the ratio of high- and low-mass binaries, moreover most of the

cosmic X-ray flux is associated with AGN. Symeonidis et al. (2014) compared the IR and X-ray

luminosities of AGN-free IR sources, and provided a new X-ray – SFR calibration.

Radio

In star-forming galaxies with no on-going AGN activity radio emission comes from two sources

(see e.g. Condon, 1992). Electrons in HII regions around massive stars experience bremsstrahlung

as they decelerate in the ionized medium’s electric fields, which results in radio emission. The

magnitude of this free-free (also called thermal) radiation is proportional to the number of young

massive stars. Supernova remnants, the evolutionary endpoints of the samemassive stars, accelerate

cosmic ray (CR) electrons. CR electrons emit synchrotron (non-thermal) radiation as they move

through galactic magnetic fields (for more details about the characteristics of synchrotron emission

see Sect. 1.3.1). The total energy deposited into CR electrons by supernova events is proportional

to the supernova rate, and as a result, the galactic SFR. Fig. 1.8 shows a typical radio spectrum

with the free-free and synchrotron components. Synchrotron dominates the total radio flux up to

∼ 10 GHz, whereas free-free is more important at higher frequencies, ∼ 30 – 100 GHz.

In practice, it is very difficult to isolate free-free component in the observed radio flux density at

any frequency due to its flat spectral distribution. One way to do it, is to measure radio luminosity

at lower frequencies, where synchrotron is thought to be the sole contributor, then extrapolate this

non-thermal emission to a higher frequency assuming a typical radio spectral slope2 of ∼ − 0.7

– 0.8 (e.g. Kimball and Ivezić, 2008). A more sophisticated approach is to infer the number of

ionizing photons from an independent tracer, such as Hα emission, and derive a thermal fraction

(i.e. the ratio of thermal free-free to total radio flux) from that (Tabatabaei et al., 2007). Since

2The radio spectral slope or index is defined as Sν ∝ να, where Sν is the flux density at frequency ν. For details on

the origins of this power law, see Sect. 1.3.1.
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Figure 1.8: The radio, far-IR spectrum of M82. Black dots are measurements from Klein et al.

(1988) and Carlstrom and Kronberg (1991). The solid line shows the total SED of the galaxy,

while the synchrotron and free-free components are represented by the dot-dash and dashed lines,

respectively. From: Condon (1992).
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neither of these techniques are highly robust and feasible to carry out in most observations, instead

of separating the two components, they are typically used together to calculate SFRs.

Historically, non-AGN related radio emission was generally possible to observe in dusty, high-

mass galaxies due to relatively shallow radio (and IR) data. Thus, the observed infrared-radio

correlation (IRRC; see e.g. van der Kruit, 1971, 1973; de Jong et al., 1985; Helou et al., 1985;

Condon, 1992; Yun et al., 2001) provides the most commonly used radio flux – SFR calibration.

The IRRC is thought to emerge due to IR and radio emission being linked to star formation, as

outlined above (also known as the calorimeter theory first proposed by Voelk, 1989). However, its

unity slope across several orders of magnitudes in luminosity is at odds with this naive model. For

example, in low stellar mass galaxies it is expected that not all CR electrons lose their initial energy

in galactic magnetic fields, a non-negligible fraction of them should escape to the IGM.Meanwhile,

the fraction of UV radiation re-emitted at IR wavelengths is decreasing towards lower masses as

well (see Fig. 1.6). These could lead to a deviation from the unity slope at low luminosities, but

there is no strong evidence for this behaviour yet. Lacki et al. (2010) suggested that the effects

cancel each other out, i.e. radio and IR fluxes underestimate star formation the same way towards

lower masses.

Other techniques exist as well, that relate radio emission to star formation without the use of

IR emission. High-resolution radio images can reveal radiation from supernova remnants directly,

allowing supernova rate counts to be made visually (e.g. in Pérez-Torres et al., 2009). These

are linked to SFR through a choice of IMF. Tabatabaei et al. (2017) calibrated the 1 – 10 GHz

integrated radio luminosity as a SFR tracer. A comparison to other star formation proxies is also

possible (e.g. Davies et al., 2017).

The main advantage of radio over other star formation proxies is that it is unaffected by dust

attenuation, and therefore capable of consistently measuring SFRs in a wide range of different

star-forming galaxies. The relative simplicity of the radio spectrum allows observationally less

expensive, single band measurements to be SFR estimators. Moreover, with radio interferometry,

radio observations can achieve high, sub-arcsecond resolutions routinely, matching e.g. optical

data. Its drawback that it is, like many other SFR tracers, can be highly contaminated by AGN

radiation, and until recently it has not been able to probe a large redshift range due to lacking depth.

However, with a new generation of radio telescopes, such as the Square Kilometre Array and its

precursors, MeerKAT and ASKAP, (Johnston et al., 2008), we will be able to push redshifts limits

of radio surveys significantly further.
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1.2.2 Tracing AGN activity

As discussed in Sect. 1.1.2, AGN produce significant amounts of non-stellar radiation at all

wavelengths. In this section I will describe some approaches I used in my projects to identify AGN

host galaxies.

One of the most reliable methods of finding AGN activity in a galaxy is investigating ionizing

radiation properties using Baldwin–Phillips–Terlevich (BPT) diagrams (Baldwin et al., 1981). This

diagnostic diagram compares certain emission line ratios (typically [N II]/Hα versus [O III]/Hβ) to

find the main ionizing mechanism. With better data and progress in theory, there have been new,

more refined calibrations since the original work that offer a more varied classification of AGN,

such as Seyferts, composite objects, etc. (such as Kewley et al., 2006, using SDSS spectra). The

drawback of this technique is that it is observationally costly to detect all lines with sufficiently

high signal-to-noise ratios (and indeed it can be even impossible in dust obscured AGN), and thus

it is also harder to obtain at higher redshifts than some other diagnostics.

Hot gas in the accretion disk around a SMBH emits X-ray photons. In fact, most of the X-ray

flux associated with galaxies is due to AGN activity, and the bulk of the individually detected X-ray

galaxies harbour AGN. Therefore an X-ray luminosity selection can robustly identify AGN (e.g.

Szokoly et al., 2004).

As mentioned in Sect. 1.1.2, dust torus around the SMBH can absorb large amounts of AGN-

related radiation. This gas is warmer, than the galactic dust content associated with GMCs and

star formation. Such radiation can be identified via SED modelling, when a good fit can only be

obtained after adding a warm AGN-heated dust component. A simpler approach, which traces

the same process, is selecting AGN based on mid-IR colours (Donley et al., 2012). In the most

luminous QSOs significant far-IR emission can also arise due to AGN heating in more distant dust

(Symeonidis et al., 2016).

Finally, synchrotron radiation at radio frequencies is produced by electrons accelerated in

AGN-related magnetic fields. These radio loud AGN can be found as outlier sources with radio

excess relative to the IRRC (e.g. Donley et al., 2005; Norris et al., 2006; Del Moro et al., 2013).

Radio jets can extend to Mpc scales and often are visually very distinct (see e.g. Fig. 1.3), thus

their morphological identification is also possible. This requires high-resolution imaging, which

at radio wavelengths is only possible via interferometry, as discussed in Sect. 1.3.2.
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Figure 1.9: A typical AGN host galaxy’s SED. Green curve shows the cold, host galaxy dust

component, purple line is the warm AGN dust torus emission, yellow the stellar radiation, blue is

the energetic thermal radiation from the material being accreted onto the central SMBH, while red

represents the total SED. AGN-related components clearly outshines the stellar and cold dust ones

below 100 µm. From: Calistro Rivera et al. (2016).
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1.3 Radio astronomy

The research presented in this thesis has been underpinned by ∼ 1 – 6 GHz radio continuum data.

Non-thermal radio emission is the dominant radio component at this frequency range (Condon,

1992), thus, in this section, I will discuss its emission mechanism; the basics of interferometric

imaging, a technique that can produce high-resolution images at these wavelengths; and finally

relevant survey data. Sects. 1.3.1 and 1.3.2 are based on Wilson et al. (2009).

1.3.1 Synchrotron radiation

As mentioned in Sect. 1.2.1, the bulk of radio emission at ≤ 10 GHz originates from relativistic

CR electrons. These are usually accelerated in supernova explosions or in AGN-driven jets. A

relativistic electron with a velocity of ®v passing through a volume of space with magnetic field, ®B,

experiences the ®v× ®B Lorentz force. As a result, it will move in a helical orbit around the field lines

and consequently emit EM radiation. It can be shown, that the spectral power of this emission,

P(ν), from a single relativistic electron at the frequency of ν is

P(ν) =
√

3
e3 | ®B| sin(θ)

mc2
ν

νc

∫ ∞

ν/νc
K5/3(η)dη, (1.5)

where e is the elementary charge, θ is the electron’s pitch angle, i.e. the angle between the particle’s

velocity vector and the local magnetic field, m is the electron’s mass, c the speed of light, K5/3 is

the modified Bessel of 5/3 order. It is apparent that virtually no power is emitted above νc, given

by

νc =
3

4π
γ2ωG sin(θ), (1.6)

where γ =
√

1 − v/c−1
is the Lorentz factor and ωG is the non-relativistic gyro-frequency. In

a galaxy, synchrotron radiation arises from an ensemble of electrons with different energies. In

general the resulting spectral emissivity, ε(ν), is

ε(ν) =
∫
E

P(ν, E)N(E)dE, (1.7)

where P(ν, E) is the total power emitted by a single electron with energy E at ν frequency (as

in Eq. 1.5) and N(E)dE is the number of electrons per unit volume and unit solid angle moving

towards the observer with energies between E and E + dE . We can assume that their pitch angle

distribution is homogeneous and isotropic. Empirically N(E) is then well approximated by a power

law of spectral index δ and normalization K , between energies E1 and E2:
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N(E)dE = KE−δdE for E1 < E < E2 (1.8)

Let us substitute Eqs. 1.5 and 1.8 into Eq. 1.7 and integrate from E1 to E2. If we define

α ≡ 1
2
(δ − 1), µ ≡ 3

4π
e | ®B | sin(θ)

m3c5 , x ≡ ν

µE2 (1.9)

the solution can be written as

ε(ν) ∝ ν−n[Q(n, ν/ν1) −Q(n, ν/ν2)], (1.10)

where

Q(n, ν/νc) =
∫ ∞

ν/νc
xα−1F(x)dx. and F(x) = x

∫ ∞

x

K5/3(t)dt (1.11)

For ν/ν2 � x � ν/ν1 (where ν1,2 = µE1,2) Q is frequency independent, thus

ε ∝ ν−α. (1.12)

Themost important result here, is that a power lawdistribution of synchrotron emitting electrons

gives rise to photon spectrum described by another power law, whose spectral slope is linked to

the slope of electron population’s energy distribution, as given in Eq. 1.9. Since more energetic

electrons lose energy faster, δ, and as a consequence α steepens, thus a relatively flatter slope

is the result of a younger underlying electron population. This observation will be important in

interpreting synchrotron spectral slope changes in my work presented in Chapter 2.

1.3.2 Radio interferometry

The angular resolution of a telescope, θ, in units of radian is

θ ≈ λ

D
, (1.13)

where λ is the observed wavelength and D the telescope’s diameter. This means, that in order to

achieve a ∼ 1 arcsecond resolution at centimetre wavelengths that matches typical optical images,

we would need an order of kilometre sized dish, which is technically infeasible. To circumvent this

problem, interferometry was invented (first used by Ryle and Vonberg, 1946). The basic idea of

these interferometric observations is to combine signals from multiple telescopes and by doing so,

mimic a larger aperture. The resulting image will have an angular resolution similar to a telescope
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Figure 1.10: Schematics of a two-element radio interferometer. From: Wilson et al. (2009).

with a diameter that equals the distance between the two most distant elements in the telescope

array. In the this section I will discuss the basic concepts of interferometric imaging.

The simplest configuration for an interferometric measurement uses two telescopes, as Fig.

1.10 schematically shows. The two antennas at a distance of ®B to each other (also referred to as

the ‘baseline’) observe a source in the sky towards ®s. Due to the geometry of the set-up, the left

side receiver detects the incident EM wave from the source later than the right by a time delay, τ:

τ =
®B · ®s
c

(1.14)

where c is the speed of light. The two signals measured at the right and left antennas thus induce

voltages proportional of the observed EM wave’s amplitude

U1 ∝ Eeiωt (1.15)

and

U2 ∝ Eeiω(t−τ), (1.16)

respectively. These outputs are then amplified and correlated – the correlator device multiplies

and integrates the signals over a given T time period. If T � 2π/ω, the result of the integration
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approximately equals an integration over one wave oscillation period. The R(τ) response is then:

R(τ) ∝ 1
2

E2eiωτ . (1.17)

If the radio brightness distribution in the sky at frequency ν is Iν(®s) from source element dΩ in a

small bandwidth dν, and both antennas have the same power pattern A(®s), the total response, R( ®B),

is calculated by integrating over the source:

R( ®B) =
∬
Ω

A(®s)Iν(®s) exp

[
i2πν

(
®B · ®s
c

)]
dΩdν. (1.18)

R( ®B) is called the visibility function. To solve Eq. 1.18 for Iν(®s), and thus reconstruct the intensity

distribution from the observed visibility, it is useful to find a convenient coordinate system for ®B

and ®s. It can be shown that Eq. 1.18 can be transformed into

V(u, v) =
∫ ∞

−∞

∫ ∞

−∞
A(x, y)I(x, y)ei2π(ux+vy)dxdy, (1.19)

where x and y are coordinates in a plane tangential to the celestial sphere and u and v are coordinates

in wavelength units. Eq. 1.19 closely resembles a 2D Fourier-transform, and indeed, if V were

known at every u and v points, the measured visibility could be easily used to calculate I(x, y) by

an inverse Fourier transform of V(u, v). In general, methods seeking to restore I(x, y) from V(u, v)

measurements are called aperture synthesis.

However, since realistically we have a finite number of antennas, at a fixed source elevation the

number of observable baselines (i.e. V(u, v) samples) are limited by our telescope array. Thanks

to Earth’s rotation, the orientation of the baselines with respect to the source change with time,

allowing a better visibility coverage. Nevertheless, the (u, v) plane is not fully known. If we neglect

A(x, y) antenna response, and carry out the inverse Fourier-transform, this can be expressed as

ID(x, y) =
∬

S(u, v)V(u, v)ei2π(ux+vy)dudv, (1.20)

where ID(x, y) is the “dirty image” and S(u, v) is the sampling function. S(u, v) is 1 in the points of

the (u, v) plane where we have measurements, and 0 everywhere else. The dirty image has several

shortcomings: it often contains large negative features and other imaging artefacts, and is unstable

in the sense that it can change significantly with new V(u, v) data added. These are results of

the obviously wrong assumption that V(u, v) = 0 where it is not measured. With the convolution

theorem we can re-write Eq. 1.20 as:

ID(x, y) = I(x, y) ~ B, (1.21)
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where B is the “dirty beam”:

B(x, y) =
∬

S(u, v)e2πi(ux+vy)dudv. (1.22)

Thus finding the “true” image I(x, y) became a deconvolution problem. It is important to note,

that due to our finite number of sampling points in the (u, v) plane, emission on large spatial scales

(dependent on the length of the shortest baseline, dmin as λ/dmin) are inherently not in the visibility

data, and cannot be detected in any way regardless of the imaging approach used. In interferometric

jargon these flux components are “out-resolved”.

In practice, ID from Eq. 1.20 is calculated using a discrete Fourier transform:

ID(x, y) =
∑
k

g(uk, vk)V(uk, vk)e−i2π(uk x+vky), (1.23)

where g(u, v) is an arbitrary weighting function. The choice of g(u, v) influences the resulting im-

age’s sensitivity and resolution. Two extreme weighting functions are the natural and the uniform.

Natural weighting means inverse weighting with noise variance, which increases sensitivity. How-

ever, as a result of (u, v) plane gridding, this typically favours short baselines, and thus degrades

angular resolution. On the other hand, uniform weighting sets g(uk, vk) = 1, leading to a better

resolution but poorer signal-to-noise. The most common weighting scheme is the robust weighting

(Briggs, 1995). It uses a manually set threshold value, thus allows the user to find the desired

balance of resolution and sensitivity best suited for the problem at hand.

To improve the dirty image, we have to model V(u, v) outside the sampling function S(u, v).

The most common deconvolution technique is clean, which assumes that sky intensity is built

from the sum of point sources with positive amplitude (method first suggested by Högbom, 1974).

It is an iterative method, that gradually builds an intensity distribution model in order to deconvolve

the dirty beam from the true image. As the first step, it finds the maximum on the dirty image,

subtracts a small fraction of it (typically ∼ 10 %) at the position of the peak as a point source

convolved with the dirty beam. This point source is added to a model image. In the next step

it finds the maximum on the residual of the dirty image, and moves a fraction of that flux to

the model, until the residual is below a certain threshold (usually set to be the a priori expected

noise level) or the cycle reaches a given number of steps. The cleaned image is then taken as the

model image convolved with the synthesised or clean beam (a Gaussian with ∼ the full width half

power of the dirty beam), plus the residual image from clean. Since its first implementation, Clark

(1980) and Schwab (1984) further optimised the process by shifting some computations to the (u, v)

plane. Multi-scale multi-frequency clean relaxes the point source assumption by allowing models

spatially smoothed, larger scales and combines it with wideband modelling (Rau and Cornwell,
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2011).

An alternative way ofmodellingV(u, v) is called theMaximumEntropyDeconvolutionMethod

(MEM; e.g. Cornwell and Evans, 1985). It assumes that the smoothest map consistent with the

data is the most likely solution, and finds it by maximizing a quantity called entropy. MEM is

considered to perform better with mosaics, and images with low surface brightness, extended

features, while clean is better at recovering point sources, and is generally the more widely used

technique. I produced the images shown in Chapter 2 with clean, and the survey data in Chapters

3 and 4 (described in more detail in the following section) were also imaged with it.

1.3.3 Current and future radio interferometric surveys

In this section I will first describe the radio survey data used in this thesis, then give an overview

on upcoming radio wavelength data.

A major undertaking of the 90s at radio frequencies was the NRAO VLA Sky Survey (NVSS;

Condon et al., 1998). It mapped the entire northern sky (δ ≥ −40deg) between 1993 and 1997 at

1.4 GHz. It detected ∼ 2 million sources across 82 % of the celestial sphere with a lower flux limit

of ∼ 2.5 mJy. It was carried out using a compact array configuration to minimize the likelihood

of resolving out extended flux components, however, at the cost of a low, 45 arcsecond angular

resolution. Faint Images of the Radio Sky at Twenty-centimeters (FIRST; Helfand et al., 2015)

was also observed with VLA. It surveyed an area roughly coincident with the Sloan Digital Sky

Survey’s (SDSS) coverage between 1993 and 2011, also at 1.4 GHz. It used a more extended

array configuration, hence its lower, 5 arcsecond beam size. FIRST achieved, on average, a 1

mJy detection sensitivity, and found ∼ 1 million radio sources. These data were used for the

work presented in Chapter 4. Finally, the project described in Chapter 3 was, in part, based

on observations from the VLA-COSMOS 3 GHz Large Project (Smolčić et al., 2017b). It is a

so-called pencil beam survey, which unlike the large NVSS and FIRST, only targeted the small, 2

square degree Cosmic Evolution Survey (COSMOS) field (Scoville et al., 2007), but with a very

high sensitivity of ∼ 2.3 µ Jy beam−1 and significantly better, 0.75 arcsecond resolution. Several

future radio surveys discussed below aim to do both type of observations together in order to create

multi-tiered, “wedding-cake” style datasets.

Radio interferometry is on the brink of a new era. The recently upgraded Very Large Array

(VLA) is currently mapping the northern sky at 2–4 GHz (VLA Sky Survey, VLASS) ∼ 10 times

deeper than the previously deepest northern radio sky survey, FIRST. There are already plans

to expand the Karl G. Jansky Very Large Array (JVLA) into the next-generation VLA (ngVLA;

Murphy et al., 2017) that would rival SKA on the northern hemisphere. Such an instrument
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e.g. could revolutionize our understanding of AGN feedback (Nyland et al., 2018). Meanwhile,

the LOw-Frequency ARray (LOFAR; van Haarlem et al., 2013) has been increasingly successful

probing the 10–240 MHz frequency regime. It provided data to measure the low frequency

curvature of galactic radio SEDs (Calistro Rivera et al., 2017), gave a new SFR calibration at long

wavelengths (Gürkan et al., 2018), put constraints on the early Universe HI intensity mapping

signal (Patil et al., 2017), etc. With an ever expanding array across Europe, it will continue

charting the low frequency radio regime for years to come. MeerKAT, a pathfinder instrument to

SKA, will come on-line later this year. Its unprecedented survey speed and sensitivity will enable

large volumes of the Universe to be probed both in wide fields, such as the MeerKAT Large Area

Synoptic Survey (MeerKLASS; Santos et al., 2017), and deep fields with smaller area (MeerKAT

International GHz Tiered Extragalactic Exploration – MIGHTEE; Jarvis et al., 2017) down to µJy

levels. These will find millions of radio sources, providing a more complete census of star forming

and AGN sources than ever, detect 21cm HI emission at higher redshifts than it has been possible

so far, and attempt to put new constraints of cosmology. With these newmulti-frequency datasets it

will be possible to probe the radio SED from low frequencies to wavelengths where dust radiation

suppresses the thermal and non-thermal signals. Combined with shorter wavelength ancillary data

it will be possible to separate these two components more robustly, study radio SED shapes as

function of galaxy properties, investigate variations within galaxies, and overall better understand

the physical process that regulate radio emission in both star-forming galaxies and AGN.

1.4 Summary

This chapter briefly introduced the basic concepts of galaxy evolution – ISM properties and star

formation on small and large scales, AGN activity, and their possible connections via feedback.

Sincemy thesis work has been observationally driven, I then presented some commonmeasurement

techniques that trace these processes. In particular, I focussed on radio frequency signatures of

both star formation and AGN activity, since radio observations were at the centre of all my PhD

work. I finally gave an overview of radio interferometric imaging.

The paper presented in Chapter 2 studies new radio interferometric observations of a QSO –

starburst galaxy pair. The nature of this system had been a topic of debate in the past, and various

exotic scenarios had been proposed to describe the observations. With the use of new radio data I

tested whether QSO driven jets could have triggered the starburst in the companion galaxy.

My second paper shown in Chapter 3 investigates the IRRC’s redshift evolution in spheroid-

and disc-dominated star forming galaxies. Their different redshift trends gave an insight into the

possible causes of the declining IR-radio ratio towards high redshift found in recent works and gave
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important clues towards a more accurate radio – SFR calibration.

In Chapter 4 I present my current work on the z < 0.2 IRRC. I measure the IR-radio ratio in the

largest-to-date sample in the low-z Universe, demonstrate selection effects and attempt to provide

a new reference sample for radio – SFR calibrations and for future IRRC studies.

Chapter 5 is based on a project which I contributed to mainly by implementing the Bayesian

model fitting approach I used for my work in Chapter 4. I modelled the physical properties of a

double cloud core in the Auriga–California molecular cloud in the Milky Way using observations

of ammonia spectra.

Finally, in Chapter 6 I summarize the main findings of the research I presented in this thesis

and discuss future plans.
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Chapter 2

Further evidence for a quasar-driven jet

impacting its neighbour galaxy: the

saga of HE0450–2958 continues

This paper was published in Molnár et al., 2017, Monthly Notices of the Royal Astronomical

Society, Volume 467, Issue 1, p.586-596.

Co-authors are:

M. T. Sargent, D. Elbaz, P. P. Papadopoulos, J. Silk

Abstract

HE0450–2958, an interacting quasar–starburst galaxy pair at z = 0.285, is one of the

best-known examples of strong star formation activity in the presence of a quasar-driven jet.

We present new multiband Karl G. Jansky Very Large Array-imaging covering 1–6 GHz and

reaching an angular resolution of up to 0.6 arcsec (a sixfold improvement over existing radio

data). We confirm the previous detection of a spatially extended radio component around

the quasar, indicating that there is ongoing star formation activity in the quasar host galaxy.

For the first time, we directly detect a jet-like bipolar outflow from the quasar aligned with

its companion star-forming galaxy (SFG) and several blobs of ionized gas in its vicinity

identified in previous studies. Within the companion SFG, we find evidence for a flattening

of the synchrotron spectral index towards the point of intersection with the jet axis, further

suggesting that the outflow may actually be impacting its interstellar medium. We discuss

two possible mechanisms that could have triggered the starburst in the companion SFG: a

wet–dry merger with the quasar and jet-induced star formation. While triggering through

interaction-driven gas dynamics cannot be excluded with current data, our new observations

make HE0450–2958 a strong candidate for jet-induced star formation, and one of the rare links

between local systems (like Minkowski’s Object or Centaurus A) and the high-z regime where
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radio-optical alignments suggest that this phenomenon could be more common.

2.1 Introduction

Observations show that the mass of the central supermassive black hole of local galaxies

correlates with their bulge luminosity (Kormendy and Richstone, 1995; Magorrian et al.,

1998), bulge mass (Kormendy and Gebhardt, 2001; McLure and Dunlop, 2001, 2002;Marconi

and Hunt, 2003; Ferrarese et al., 2006) and velocity dispersion (Ferrarese and Merritt, 2000;

Gebhardt et al., 2000). How these scaling relations are established is not well understood. It

could simply be the outcome of stochastic growth through merging in a hierarchical universe

(Peng, 2007; Jahnke and Macciò, 2011, e.g.), or the joint outcome of gas consumption by

similar relative proportions for star formation (SF) and black hole growth (e.g. Mullaney

et al., 2012). A further possibility is a causal connection, e.g. through feedback processes:

current models describing galaxy formation and evolution tend to use various prescriptions

for feedback from active galactic nuclei (AGNs) to match their predictions to observations

(Silk and Mamon, 2012, and references therein), especially for high-mass galaxies. Therefore,

studying the effects of AGN activity on its surroundings is one of the keys to understanding

galaxy formation and evolution.

2.1.1 Negative and positive feedback

Feedback due to AGN activity is often used to explain quenching of SF in galaxies via radiation

and mechanical feedback interacting with the interstellar medium (ISM) of the host galaxy

and the intracluster gas surrounding it. Two modes of negative AGN feedback are commonly

discussed in the literature: a radiative mode (‘quasar’ or ‘cold’ mode) for very luminous,

fast-accreting AGN generating a radiation pressure that is capable of expelling gas from the

host galaxy, and a kinetic mode (‘radio’ or ‘hot’ mode) whereby slowly accreting AGN drive

jets and cocoons that heat intracluster gas and inhibit cooling and accretion on to the host

galaxy from the circumgalactic medium. For a more in-depth review of the subject, see Fabian

(2012) and references therein. Negative feedback is invoked to explain the origin of red and

dead galaxies in the local Universe. However, even if quasars ultimately stop SF in galaxies,

they may also act as a trigger at an earlier stage of their evolution, through positive feedback

due to radio jets and turbulent pressure (Begelman and Cioffi, 1989; Silk, 2005, 2013; Silk and

Norman, 2009; Nesvadba et al., 2011). Elbaz et al. (2009) have proposed that quasar-driven

jets can play an active role in galaxy formation through positive feedback. The compact nature

of nuclear starbursts, simulated in Gaibler et al. (2012), is comparable to that now being

observed with ALMA, e.g. in Oteo et al. (2016) via extreme, Arp 220-like, SF densities.

While there is no direct evidence for an AGN, and associated triggering of a circumnuclear

disc (Oteo et al., 2017), the case for an AGN being required in the analogous case of Arp 220

was presented by Tunnard et al. (2015) from chemical evidence.
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A promising candidate for observing both positive and negative feedback in action is

HE0450–2958.

2.1.2 HE0450–2958 – a peculiar object with a history

HE0450–2958 is an optically bright quasar (MV = −25.8) originally classified as a Seyfert I

galaxy due to its far-infrared (FIR) colours (de Grijp et al., 1987) and its optical spectra (Merritt

et al., 2006) at the redshift of z=0.285. Optical images with Hubble Space Telescope (HST)

revealed a double system with the quasar and a companion star-forming galaxy (companion

SFG) ∼7 kpc projected separation (Magain et al., 2005, M05 henceforth), which is located

at the same redshift as the quasar (within the observational uncertainties of the spectroscopy

presented, e.g. in Letawe et al., 2008). After deconvolving the HST image, M05 also found

an emission line ‘blob’ at the redshift of the quasar with small projected separation. M05

proposed that it is an AGN-ionized gas cloud; however, more recently, Letawe and Magain

(2010) found near-IR continuum emission towards the source, suggesting that it is an off-centre,

bright and very compact host galaxy.

HE0450–2958 spurred significant interest whenM05 estimated the black hole mass for the

quasar and reported an upper limit for the host galaxy luminosity that was five times fainter than

that expected based on the Magorrian relation between black hole mass and bulge luminosity

(Magorrian et al., 1998). The finding triggered a debate about the existence of so-called naked

quasars, i.e. quasars without a host galaxy. This hypothesis is no longer strongly favoured

in the case of HE0450–2958 following (a) publication of a revised black hole mass estimate

by Merritt et al. (2006), which is 10 times lower than the one in M05, and (b) evidence of

extended radio continuum emission from SF activity in the quasar host galaxy (Feain et al.,

2007). However, the quasar is still not placed firmly on the Magorrian relation and the quasar

host galaxy properties remain poorly known.

The second main component of the HE0450–2958 system, the companion SFG, has

attracted attention in its own right. It was initially thought to be a ring galaxy (Boyce et al.,

1996), but laterM05 discovered that it hosts a highly dust-obscured central region that produces

the ring-like appearance at optical wavelengths. Based on low-resolution radio continuum

imaging, Feain et al. (2007) proposed that the quasar and the companion SFG are bridged

together by a radio jet (as seen in Fig. 2.1) that was suggested to induce the intense SF (∼340

M� yr−1; Elbaz et al., 2009) in the companion SFG and turn it into an ultraluminous infrared

galaxy (ULIRG; Elbaz et al., 2009). However, due to the poor angular resolution (∼ 3 arcsec

or 13 kpc at the distance of HE0450–2958, see Table 2.1) of the Australia Telescope Compact

Array (ATCA) imaging, they could provide only indirect evidence with the detection of the

opposite lobe. The presumed interacting outflow component remained undetected, since it

was blended with emission from the companion SFG. Following this study, Elbaz et al. (2009)

suggested that HE0450–2958 may represent an early phase in a scenario of ‘quasar-induced

galaxy formation’. While it has been debated whether the active SF in the companion is due
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Figure 2.1: PSF-deconvolved HST optical image of HE0450–2958 from M05. The red star and

the blue cross show the positions of the companion SFG (CSFG) and quasar (QSO), respectively.

An emission line ’Blob’ is visible directly to the west of the quasar. The black contours show

the triple-component 6.2 GHz radio flux distribution measured with the ATCA (Feain et al. 2007;

contour levels are 5, 7, 10, 20 and 35 σ , where σ = 0.04 mJy beam−1). The synthesised beam

size of these 6.2 GHz ATCA continuum observations is 5.68 arcsec × 1.95 arcsec. Grey dashed

contours represent the CO J = 1-0 line detection averaged over 570 km s−1, obtained with ATCA

by Papadopoulos et al. (2008, contour levels are 7, 9, 11 and 13 σ, where σ = 0.45 mJy beam−1).

The synthesised beam size of this observation is 3.21 arcsec × 2.14 arcsec. See text of Sect. 2.1.2

for further discussion.
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to a merger event between the two objects or actual jet-induced SF – as found in other systems

such as Minkowski’s Object (Croft et al., 2006) – high excitation optical lines have been found

in the companion with hints of shock-induced origins, suggesting that its gas was undergoing

collision (Letawe et al., 2008). Meanwhile, Papadopoulos et al. (2008) found molecular gas

associated mainly with the companion SFG, not the quasar, suggesting that the AGN could

provide negative feedback for its own host galaxy. This makes HE0450–2958 an example

highlighting the full diversity of AGN feedback-related phenomena in one system (similar to

e.g. Cresci et al., 2015).

In these papers, various scenarios were proposed to explain the observations, e.g. a merger

of themassive companion SFG and a dwarf elliptical with an AGN (Papadopoulos et al., 2008),

quasar-jet-induced SF in the companion SFG (Elbaz et al., 2009) or a highly asymmetric host

with an offset active nucleus (Letawe and Magain, 2010). Our new radio observations mainly

aim to test the quasar-induced large-scale SF hypothesis.

Throughout this chapter, we use a flatΛCDMcosmologywithΩM = 0.31 andH0 = 67.77 km Mpc−1 s−1

(Planck Collaboration et al., 2014). Star formation rates and stellar mass values reported as-

sume a Salpeter initial mass function (IMF).

2.2 Observations and data reduction

2.2.1 Observations

We observed HE0450–2958 on 2011 September 3 and 2012 September 11 (project codes

10C-123 and 12B-192, respectively; PI: Sargent) with the Karl G. Jansky Very Large Array

(JVLA) in the L and C bands using 26 antennas. Three setups were chosen to achieve distinct

science goals.

1. Simultaneous A-array observations in two C-band spectral windows centred at 4 and

6 GHz produced high-resolution images probing the small-scale structure of the GHz

radio emission from the HE0450–2958 system. With an average angular resolution of

0.37 arcsec × 0.93 arcsec, these images allow us (a) to identify the eastern lobe of a

potentially bipolar outflow from the quasar by spatially separating it from the emission

from the companion SFG (see Section 2.3.2) and (b) to study variations of the radio

spectral index within the companion SFG (see Section 2.3.3).

2. A-array imaging at 1.8 GHz (angular resolution 0.84 arcsec × 2.64 arcsec) can, for

the first time, resolve the three main radio components of the HE0450–2958 system

and determine their spectral properties using our higher frequency observations. When

combined with the ATCA X-band data from Feain et al. (2007), our L- and C-band data

sample the radio spectral index of HE0450–2958 in approximately every 2 GHz between

1.8 and 8.6 GHz (i.e. a total frequency baseline of 6.8 GHz).

3. Using the full 1-GHz frequency coverage of the L-band receivers in the more compact
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BnA configuration and a long integration time, we obtained lower resolution (3.52 arcsec

× 2.71 arcsec) but high-sensitivity images to search for faint synchrotron emission from,

e.g. ionized region produced by quasar jet wobbling or displaying SF activity triggered

by the quasar jet (see discussion in Elbaz et al., 2009).

Integration times (see Table 1 2.1) were based on the total fluxes of the currently known

radio components associated with HE0450–2958, as measured by Feain et al. (2007) with

ATCA. Feain et al. (2007) achieved detections at an 8σ (C-band, 6.2 GHz) and 6σ (X-band,

8.6 GHz) significance level with ATCA. The targeted sensitivity and angular resolution of

our observations were chosen to significantly improve the imaging quality by achieving S/N

∼ 10 in each resolution element on the faintest of the previously observed radio components

associated with HE0450–2958, i.e. the western lobe (the opposite lobe of a putative bipolar

outflow that has been suggested to have triggered SF in the companion SFG).

Our BnA-configuration L-band follow-up involved 72 min of on-source observations with

1 s integrations. 16 spectral windows with 64 channels each were used to cover the entire L

band from 1 to 2 GHz. All data from antenna 10 had to be flagged during these wideband ob-

servations due to its L-band receiver being removed for repairs. The total available bandwidth

during the L- and C-band observations in configuration A was limited due to the JVLA being

in the VLA to EVLA transition phase at the time of observation. The L-band observations in

configuration A used a total bandwidth of 256 MHz with 2-MHz frequency resolution centred

at 1.8 GHz to avoid the regions most affected by strong radio frequency interference (RFI)

and to maximize the angular resolution achievable in the L-band. The total integration time

of these observations was 21 min with 1 s integration intervals. For our C-band observations,

the correlator was configured to deliver two spectral windows centred at 4036 and 5936 MHz,

each providing 64 × 2 MHz channels for a total bandwidth of 256 MHz. In this setup, we

observed the source for 108 min also with 1 s integration intervals.

During each scheduling block (SB), we followed the same

2.2.2 Calibration

Flagging of bad data and calibration were done using standard procedures as implemented in

the VLA Calibration pipeline1 in casa2. Hanning smoothing3 was applied to all data to ensure

a more effective detection and removal of RFI. For the more strongly affected L-band data, the

reliability of the pipeline’s automatic RFI flagging with the rflag task was tested in several

spectral windows on phase/bandpass and flux calibrator data by comparison to manually

flagged data. Thirty-eight per cent of the visibilities at 1.5 GHz, ∼ 22 per cent of those at 1.8

1https://science.nrao.edu/facilities/vla/data-processing/pipeline

2Common Astronomy Software Applications: http://casa.nrao.edu
3Hanning smoothing is a running mean across the spectral axis with a triangle smoothing kernel. It significantly

reduces the effects of ringing arising from strong spectral line sources (such as RFI), while it reduces spectral resolution

by a factor of two.

https://science.nrao.edu/facilities/vla/data-processing/pipeline
http://casa.nrao.edu
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Observation Frequency resolution PA σrms on-source time

(GHz) (arcsec×arcsec) (deg) (µJy beam−1) (min)

JVLA BnA array 1.5 GHz 3.52 × 2.71 −54 16 72

JVLA A array 1.8 GHz 0.84 × 2.64 16 32 21

JVLA A array 5 GHz 0.93 × 0.37 −3 11 108

ATCA 6.2 GHz 5.68 × 1.95 16.1 40 -

ATCA 8.6 GHz 4.07 × 1.25 14.9 50 -

Table 2.1: Summary of JVLA observations and image properties (lines 1–3), and of HE0450–2958

ATCA data obtained by Feain et al. 2007. Image noise was measured in emission-free regions near

the phase centre. The resolution column provides the FWHM of the semi-major and semi-minor

axis of the restoring beam. Restoring beam position angles (PA) are measured counter-clockwise

from the positive y-axis.

GHz and ∼ 17 per cent of the visibilities in the C-band, were flagged. After calibration, all

antenna-based amplitude and phase solutions were inspected and found to be satisfactory. The

flux calibrator (3C 48) was imaged in each band and its flux density measured to be within 6

per cent (1.5 GHz), 6 per cent (1.8 GHz), and 10 per cent (5 GHz) of the accepted values.

2.2.3 Imaging

Imaging was carried out in casa using the clean task in multiscale multifrequency synthesis

mode (MS-MFS; Rau and Cornwell, 2011) and Briggs weighting with a robust parameter

of 0.5. When combining the two spectral windows centred at 4 and 6 GHz in the C band,

we were able to model the frequency dependence of visibilities (nterms = 2 in the MS-

MFS mode), resulting in a spatially resolved spectral index map additional to the standard

full Stokes intensity map at 5 GHz. The rms noise was measured using clean’s imstat

task in multiple regions close to the image centre covering several independent beams. We

reach 1σ sensitivities of 32 µJy beam−1 on the 1.8 GHz narrow-band image (expected4: 32

µJy beam−1), 16 µJy beam−1 on the 1.5-GHz wideband image (expected: 10 µJy beam−1) and

11 µJy beam−1 on the 5-GHz image (expected: 10 µJy beam−1). Image noise and synthesized

beam properties are summarized for all three of our observational setups in Table 2.1, while

Fig. 2.2 shows the final images.

4estimated by the online VLA Exposure Calculator (https://obs.vla.nrao.edu/ect/). Note that for the low-

resolution L-band image, where noise deviates most from the targeted values, phase-only self-calibration did not lead

to any improvement of noise and image quality.

https://obs.vla.nrao.edu/ect/
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2.3 Results

Previous centimetre continuum observations by Feain et al. (2007) at 6.2 and 8.6 GHz found

evidence of a triple radio structure around HE0450–2958. The most westerly component,

called ‘C3’ by Feain et al. (2007), could not be matched with any known extragalactic source

(down to an optical limit of ∼ 26.5 mV in M05). It is believed to be the synchrotron lobe

of an outflow emanating from the quasar, which coincides with the central of the three

radio components. The easternmost is associated with the companion SFG and, based on

its elongation, is thought to include a contribution from a second, quasar-driven outflow

facing in the opposite direction from C3. Our observations extend the ATCA observations

by Feain et al. (2007) to longer wavelengths and significantly improve them, both in terms

of sensitivity (fourfold) and angular resolution (sixfold) in the C-band (see Table 2.1). Due

to their higher angular resolution, our data permit us to map the total extent of the jet and

determine the distribution of the synchrotron emission inside the companion SFG and the

quasar. With increased sensitivity, we can detect faint substructure in the vicinity of the

quasar and companion SFG and identify faint outflow components. Our multiband and higher

sensitivity data probe the synchrotron spectrum of the components over a larger range of

frequencies, leading to an improved characterization of their spectral shape/index.

Fluxes for the three main emission components were measured interactively with the 2D

elliptical Gaussian fitting algorithm included in the casa Viewer Tool.We also used the casa

task uvmodelfit with initial estimates based on image plane fit results to fit these data with

single-component 2D Gaussian model in uv space. Both methods yielded highly consistent

fluxes and shapes for the quasar, which was later checked by visually inspecting residual

images as well. The companion SFG could not be fitted in the uv plane due to the relative

strength of the surrounding, blended emission, so we used only the central, uncontaminated

part of the emission to fit it in the image plane. At 5 GHz (1.8 GHz), we detected the quasar

with S/N = 158 (173), the SFG companion with S/N = 93 (86) and the western lobe with

S/N = 41 (42). Throughout the paper, we consider sources resolved if their intrinsic source

sizes after deconvolution with the restoring beam are not consistent with zero based on source

size errors returned by the CASA tasks imfit and uvmodelfit. Using this criterion, both the

quasar and the SFG companion were resolved on both C-band images along both principle

axes of the synthesized beam (for derived physical sizes, fluxes and spectral indices, see Table

2.2).

Subtracting these high-S/N sources from the 5-GHz5 image reveals several weaker, but still

significant patches of emission around the quasar and the SFG companion. The morphology

is not well described by 2D elliptical Gaussians; hence, their fluxes were measured using

elliptical apertures and casa’s imstat task. Errors for these more irregular emission features

were estimated by sampling several emission-free regions with the equally sized apertures and

5The overall C-band flux measurements arising from the combination of the two spectral windows at 4 & 6 GHz.
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calculating the standard deviation of the fluxes measured in these empty apertures. Their S/N

values range from 4 to 10.

2.3.1 Single power-law synchrotron spectra

With our imaging at 1.8, 4 and 6 GHz, we are able to characterize individually the synchrotron

spectrum of the quasar and its star-forming companion SFG over a frequency baseline of 4.2

GHz (6.8 GHz including the ATCA X-band flux measurements by Feain et al. (2007) at 8.6

GHz). The JVLA images at these three frequencies have a different angular resolution (2.6

arcsec × 0.8 arcsec at 1.8 GHz, 1.2 arcsec × 0.4 arcsec at 4 GHz and 0.7 arcsec × 0.3 arcsec

at 6 GHz). For a consistent measurement of the spectral index, we have re-imaged the higher

frequency data with the restoring beam of the lowest resolution image at 1.8 GHz. We then

remeasured integrated fluxes for the three main components of the HE0450–2958 system and

calculated the spectral index α defined as

Sν ∝ να, (2.1)

where Sν is the flux density at frequency ν.

Fig. 2.3. shows the synchrotron spectrum of the three main radio components of HE0450–

2958 (see Fig. 2.4) and their fitted spectral slopes. These are highly consistent with the

ones derived by Feain et al. (2007, see Table 2.2); −1.0 ± 0.1 for the quasar, −0.8 ± 0.1 for

the companion SFG and −0.9 ± 0.1 for the western lobe (B1). Calculating spectral indices

between L- and X-bands from Feain et al. (2007), −1.0 ± 0.1 for the quasar, −0.8 ± 0.1 for the

companion SFG and −1.0 ± 0.1 for the western lobe. The quoted uncertainties are the errors

returned by a linear regression fit to the individual flux measurements when these are inversely

weighted by their own measurement errors. The observed steep radio spectral index is typical

for Seyfert galaxies (e.g. de Bruyn and Wilson, 1978; Rush et al., 1996). The spectral index

of the companion SFG exactly matches the canonical value of an SFG Condon (1992). The

synchrotron spectra of all three main radio sources show no signs of curvature, i.e. spectral

indices calculated between 1.8 and 4 GHz, and 4 and 6 GHz are highly consistent, as is the

spectral slope between the ATCA 8.6 GHz flux and our lower frequency data. This enables us

to reliably extrapolate fluxes measured on the C-band image to 1.4 GHz to derive SFRs and to

try to constrain AGN contribution to the quasar’s radio emission as discussed in Section 2.4.1.

2.3.2 First evidence for a bipolar outflow in HE0450–2958

The combined, deep 5-GHz intensity map shows substantial residual emission around the two

strong single-component sources (see Fig. 2.2 right). To examine these residual features in

more detail, we subtracted the fitted 2D elliptical Gaussian flux model of both the quasar and

the companion SFG (see introductory paragraphs of Section 2.3) from the C-band image. The
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Figure 2.2: Overview of HE0450–2958 multi-frequency data described in this paper. Black flux

density contours measured with the JVLA start at 3σ (where σ is 16, 32 and 11 µJy beam−1 at

1.5, 1.8 and 5 GHz, respectively, see Table 4.1), all other contours are
√

2
n
of these. a) JVLA

1.5 GHz (L-band) wideband image obtained in BnA configuration. The total cut-out size is 43.3

arcsec ×43.2 arcsec(188×188 kpc2). Down to a rms noise level of 16 µJy beam−1 (corresponding

to a 3σ upper limit on the SFR of 36 M� yr−1) we find no evidence for synchrotron emission

from extended emission line regions in the vicinity of HE0450–2958. The red square shows the

region plotted in the central, b) panel of the figure. b) JVLA 1.8 GHz image obtained with A

array configuration (cut-out size: 10.8 arcsec ×10.8 arcsec or 47×47 kpc2). The cut-out spans

the −29:53:46.32 – −29:53:24.72 declination range. The same triple structure as observed at

higher frequencies is visible. The red square shows the region plotted in the right-hand figure

panel. c) JVLA 5 GHz (C-band) image obtained in A array configuration (cut-out size: 5.4 arcsec

×5.4 arcsec or 23.5×23.5 kpc2). Contours overlaid in light blue are from the lower resolution 6.2

GHz ATCA image in Feain et al. (2007). ATCA contour levels are 0.2 µJy beam−1 (5σ), 0.28

µJy beam−1 (7σ), 0.4 µJy beam−1 (10σ), 0.8 µJy beam−1 (20σ) and 1.4 µJy beam−1 (35σ). The

cut-out spans the −29: 53:40.92 – −29:53:30.12 declination range. At the highest resolution the

triple structure in the central panel is resolved into a more complex radio flux distribution. Red

ellipses in all panels denote the FWHM of the JVLA restoring beam at the respective frequencies.

The red star and the blue cross show the HST optical image positions of the companion SFG and

quasar, respectively (see Fig. 2.1).
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Figure 2.3: Observed radio fluxes of each object as a function of frequency with fitted radio

syncrotron spectra. Fluxes were measured on resolution matched images (see Sect. 2.3.1). Dots

are fluxes from this work, diamonds are measurements from Feain et al. (2007). Gray areas show

1 σ confidence intervals. All spectra are consistent with a single power law and match up with the

previous flux measurements at > 6 GHz from Feain et al. (2007).
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residual image contours superimposed on the HST optical image from M05 are shown in Fig.

2.4. To correct for the small astrometric inaccuracy of the optical image, we have shifted the

HST positions by ∼ 0.2 arcsec to the south to match quasar’s peak position on the JVLA image.

The emission line blob found by M05 at optical wavelengths is now detected in radio emission

for the first time (‘B2’), and is paired with a second radio source (‘B3’) on the opposite side

of the quasar (see Fig. 2.4). We note that ‘B2’ was also resolved in the mid-infrared (MIR) by

Elbaz et al. (2009); see their Fig. 4(a). An imaginary line drawn through these two blobs of

emission ends in an extended western radio lobe (‘B1’; referred to as ‘C3’ in Feain et al. 2007)

∼ 10 kpc to the west of the quasar and intersects the northern quadrant of the companion SFG

to the east, as well as a smaller patch of emission,‘B4’, on the far side of the companion SFG

(∼ 8 kpc east of the quasar). They are most likely physical sources and not imaging artefacts;

dirty beam pattern centred on the quasar’s and companion SFG’s peak positions shows that

these residual emission blobs are spatially not correlated with any sidelobes.

This is the first evidence for a bipolar outflow from the HE0450–2958 quasar extending

over nearly 10 kpc both westward and in the direction of the companion SFG to the east.

Previous observations achieved only a tentative detection of the western lobe but not the

eastern component due to blending with the companion SFG’s flux in the much more poorly

resolved ATCA images.

The 5-GHz radio flux density of the outflow components decreases from west to east (i.e.

from B1 to B4, for the spatial distribution of these residual features see Fig. 2.4b). B4 on the

eastern end of the outflow has a flux density of 59±14 µJy (S/N = 4.2), ∼13 % of the flux

of 450±46 µJy (S/N = 9.8) measured for B1 on the opposite side of the outflow. Nearer the

quasar B2 and B3 have very similar flux densities (220±24µJy for B2 and 220±32 µJy for B3;

S/N = 9.2 and S/N = 6.9 respectively and roughly half of B1’s flux).

In the individual C-band spectral windows, the noise is too high to determine the 4–6-GHz

spectral slopes of the outflow components B2–B4 individually. However, it is possible to

measure their summed flux at both 4 and 6 GHz with an aperture covering all three objects.

The average 4–6-GHz spectral index of the outflow-related emission components B2–B4 is

−0.7 ± 0.3.

Using VLT/FORS and VLT/VIMOS data, Letawe et al. (2008) found several clouds of

highly ionized gas along the radio axis defined by Feain et al. (2007). With our sub-arcsecond

5-GHz imaging, we can determine a more precise angle for the radio axis, that remains aligned

with these clouds. The B1–B4 patches of radio emission spatially coincide with these emission

line regions. B1, ∼ 10 kpc from the quasar, is associated spatially with Em3/Em4 and R3 from

Letawe et al. (2008). B2, the blob detected 1 kpc to the west of the quasar by HST, was found

to have AGN-ionized gas according to line diagnostic diagrams. B3 lies too close to the quasar

emission, so it was not observed by VLT. B4 (Gal2/Gal3 in Letawe et al., 2008) shows a mix
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Figure 2.4: C-band emission associated with HE0450–2958, superimposed on the PSF-

deconvolved, HST optical image from M05. Left: JVLA 5 GHz (C-band) image. Black contours

range from 33 µJy beam−1 (3σ) to 77 µJy beam−1 (7σ) by 1σ steps (same as contours on the

right-hand panel for direct comparison). Coloured contours start at 99 µJy beam−1, all other levels

are
√

2.5
n
multiples of the 9σ contour. To correct for a small astrometric inaccuracy we have

shifted the positions of the radio maps by ∼ 0.2 arcsec to the south to match quasar’s peak position

on both images. The centroid of the radio emission from the companion SFG coincides with its

dust obscured central region. Red arrow across the SFG points towards the flatter spectral index

area, towards the projected jet axis (dashed line in panel b). Right: Residual 5 GHz emission after

subtraction of the 2-D elliptical Gaussian flux models for the companion SFG and quasar from the

overall C-band flux distribution shown in Fig. 2.2c. Emission features in the residual map (labeled

B1 to B4 from west to east) follow a linear alignment reminiscent of a quasar-driven outflow.

Contour levels range from 33 µJy beam−1 (3σ) to 77 µJy beam−1 (7σ) in 1σ steps. Component

B2 is spatially associated with an emission line blob detected at optical wavelengths. Component

B1 is the western lobe identified by Feain et al. (2007) in lower resolution imaging (see also Fig.

2.2b/c).
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of stars and ionized gas. They have also observed two other emission line regions (Em1 and

Em2) ∼ 10 kpc north and south of the quasar that were not detected by the JVLA at radio

frequencies.

2.3.3 Companion galaxy – dust-obscured SF and spectral index vari-

ations

Our 5-GHz imaging reveals that the radio emission from the companion SFG peaks in its

central, strongly dust-obscured region. This is shown in Fig. 2.4(a) where radio flux contours

are superimposed on the HST F606W image of M05 that, at z = 0.285, samples a restframe

wavelength of 433 nm. The 5-GHz emission associated with the companion SFG is well fit

by a single 2D elliptical Gaussian (< 30 µJy) with integrated flux SC = 0.89±0.02 mJy. The

galaxy’s apparent source size on the combined 5-GHz image is 0.99 arcsec × 0.44 arcsec. Its

emission is resolved on both beam axes with a deconvolved, physical source size (FWHM) of

(1.6±0.2) × (1.0±0.1) kpc. After conversion to a 1.4-GHz flux S1.4 with equation 2.1 (where

we are able to use our directly measured spectral index α = −0.8±0.1, see Section 2.3.1), we

can estimate the rest-frame 1.4-GHz luminosity of the companion SFG,(
L1.4

W Hz−1

)
= 9.51 × 1015 4π

(1 + z)(1+α)

(
DL

Mpc

)2 (
S1.4
mJy

)
, (2.2)

where DL is the luminosity distance and z its redshift. Following Bell 2003, the 1.4GHz

luminosity L1.4 = (6.52 ± 0.20) × 1023 W/Hz of the companion SFG translates to a SFR

of 360±11 M� yr−1. This is consistent with the SFR derived from infrared spectral energy

distribution (IRSED)fitting inElbaz et al. (2009) (∼340 M� yr−1), who resolved the companion

SFG at 11.3 µm using the VLT-VISIR camera (see their fig. 4a). This agreement, in

combination with the fact that both radio and MIR emission are resolved on physical scales

larger than expected from AGN activity, suggests that the radio synchrotron flux from the

companion SFG is dominated by centrally concentrated starburst activity. This makes the

presence of a strong AGN in the companion SFG as suggested by Letawe et al. (2009) and

Letawe and Magain (2010) unlikely. In Sect. 2.4.2 we attempt to find an upper limit to a

possibly weaker AGN activity.

In Section 2.3.2, we showed that outflow-related radio emission features are linearly aligned

along an axis that crosses the northern part of the companion SFG. We lack information on

the 3D orientation of the outflow to unambiguously tell whether it actually interacts with the

companion SFG. However, the marked flux difference between the two most distant outflow

components, B1 and B4 (which is in contrast with the very similar brightness of components

B2 and B3, that are located closer to the quasar), indicates that the density of the medium

the eastern and western lobes traverse through is not the same. This could be interpreted as

evidence that the eastern outflow does impinge on the companion SFG and interact with its

ISM. If this is the case, we might expect a different synchrotron spectral index in the northern

sector of the companion SFG due to the acceleration of charged particles in shocks in the
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jet–ISM interaction region. We will discuss the implications of this for the jet-induced SF

hypothesis in Section 2.4.2.

Given that we have spatially resolved the companion SFG in our C-band image, we made

a first attempt to search for internal, coherent spectral index variations across the galaxy. We

consider all pixels where flux is detected at S/N > 5 in both the spectral window centred at 4

and at 6 GHz, an area equivalent to 3–4 independent resolution elements (referenced to the

average synthesized beam size of the two spectral windows). It is possible to define up to three

independent, beam-sized regions on the image to sample spectral slope variations between the

resolution-matched 4- and 6-GHz images (common resolution: 1.16 arcsec × 0.41 arcsec).

The first of these beam-sized regions was centred on the peak of the 2D Gaussian model for

the companion SFG. The other two regions were offset 0.8 arcsec (3.5 kpc) from the galaxy

centre, along an axis running approximately north–south across the galaxy. (This axis links

the regions nearest and farthest in projection from the quasar outflow axis and is indicated

with a red arrow in Fig. 2.4(a). The head (tail) of the arrow coincides with the centre of the

southern (northern) resolution element used in our spectral index analysis.) The northernmost

resolution element may contain some emission from the quasar outflow component B3. We

thus also used a two-region configuration (where independently resolved regions were centred

on the southern and the northern half of the galaxy along the same axis as before, see red

arrow on Fig. 2.4a) as a second, more conservative test of spectral index variations out to

maximally 1.8 kpc from the centre. The average spectral indices measured pixel-to-pixel

in the three-beam configuration are −1.35+0.81
−0.38, −0.93

+0.10
−0.11 and −0.49+0.58

−0.95, in the two-beam

configuration −1.07+0.37
−0.14 and −0.79+0.15

−0.26 (measurements always ordered from south to north,

see in Fig. 2.4 the red arrow). These uncertainties span the 1σ confidence region and were

estimated using a resampling approach to generate a million realizations of the individual pixel

fluxes in each spectral window based on the noise measured at 4 and 6 GHz. While these

values suggest a consistent trend towards a flatter synchrotron spectrum in northern part of

the companion SFG, the associated uncertainties imply that the spectral index in the northern-

and southern-most resolution elements is still consistent within their errors. To test at which

significance level we are able to constrain the spatial spectral index gradient from north to

south, we derived the best-fitting parameters of the following linear relation between spectral

index α(r) and the distance r−rc from the central galaxy position (determined by the distances

to the central position of each of the regions used):

α(r) = α(rc) + dα/dr ∗ (r − rc) . (2.3)

Here α(r=rc ), the spectral index at rc , and dα/dr , the spatial spectral index gradient, are

the two free parameters. The results are shown in Fig. 2.5. The best-fit central spectral

index values α(r=rc ) are −0.9+0.2
−0.2 (two-beam sampling) and −1.1+0.2

−0.4 (three-beam sampling).

Offsets from the measured −0.8±0.1 (reported in Sect. 2.3.1) are the consequence of the

different resolutions used to extract the fluxes, and that these spectral indices were measured
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over a shorter frequency baseline (1.8-GHz data could not be used in the present analysis

due to its poorer resolution). We find a median value of dα/dr = 0.11+0.10
−0.08 kpc−1 (two-beam

configuration) and 0.13+0.12
−0.11 kpc−1 (three-beam configuration) for the gradient of the spatial

spectral index variations. (The 1σ errors quoted are the result of selecting one of our resampled

spectral index values in each of the three/two resolution elements and fitting equation 2.3 for

all our Monte Carlo realizations.) 91 per cent (two-beam configuration) and 85 per cent (three-

beam configuration) of the values lie above 0, i.e. imply a flattening of the spectral index in

the companion SFG’s northern sector. With the present data, we have only been able to detect

these spatial spectral index variations within the companion SFG at a low-significance level.

Taken at face value, however, the flatter spectral index in the northern part of the galaxy could

be interpreted as a younger synchrotron-emitting electron population in this region. This

observation is broadly consistent with the jet-induced SF hypothesis of (Elbaz et al., 2009,

see further discussion in Section 2.4.2) and may hence be taken as tentative evidence that the

outflow identified in Section 2.3.2 not only overlaps with the companion SFG in projection,

but is actually interacting with its ISM.

2.3.4 Quasar – evidence for a star-forming host galaxy and classification

as a compact steep spectrum source

The measured flux of the quasar at the native 5-GHz resolution is 1.74±0.08 mJy, corres-

ponding to log(L1.4[W/Hz]) = 24.23± 0.07 at the quasar redshift. The deconvolved, physical

source size of the radio emission associated with the quasar derived from the 5-GHz image is

(1.2±0.3)×(0.8±0.3) kpc. This is consistent with the 600 pc lower limit of Feain et al. 2007.

The extent of the emission suggests that not all of it is due to the central engine; it has at least

some contribution from star formation activity as well. The large-scale environment (> 20

kpc) shows no sign of extended emission line regions (see Fig. 2.2.a) down to the 3σ level of

48 µJy beam−1.

Based on its steep radio spectrum (see Sect. 2.3.1.) and compact linear projected size of

its outflow (∼ 20 kpc across, see Sect. 2.3.2.) the quasar can be classified as a compact steep

spectrum source O’Dea (1998) which may imply that it is a recently activated, nascent AGN

(see e.g. Fanti et al., 1995). The absence of far-field ionized regions support this interpretation

as well.

2.4 Discussion

2.4.1 Disentangling SF and AGN activity in the quasar

The physical extent of the emission towards the quasar suggests that the putative quasar

host contains at least some SF activity (see Section 2.3.4). To gauge its relative importance
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Figure 2.5: 2D histogram of measured central spectral indices (α(rc)) and spectral index gradients

(dα/dr) across the star-forming companion SFG using two (blue) and three (red) beam sized regions

to sample fluxes and measure spectral indices (for details see Sect. 2.3.3). Contours are at 50

per cent, 68 per cent and 98 per cent of the maxima of each distribution. Dotted lines show the

medians of the distributions. Both spatial sampling approaches yield consistent results, the two

beam sampling has lower variance. 91 per cent (two-beam configuration) and 85 per cent (three-

beam configuration) of the spectral slope gradients are consistent with a flatter spectral index in

the northern part of the galaxy (dα/dr > 0) which overlaps with the (projected) outflow axis.
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compared to the AGN component, we use archival VLBI data. We will follow a similar line

of argument as Feain et al. (2007) but can now base our statements on the more accurately

determined radio spectral indices of the quasar and surrounding emission line regions (see

Section 2.3.1). HE0450–2958 was observed in 1990 and 1991 (Roy et al., 1994) with the

decommissioned Parkes-Tidbinbilla real-time interferometer (PTI; Norris et al., 1988) at 2.3

GHz. At this frequency, the interferometer was only sensitive to emission from scales smaller

than 0.1 arcsec (∼ 400 pc at the redshift of HE0450–2958), e.g. compact emission from AGN.

HE0450–2958 was not detected down to a 3σ limit of 2 mJy.

This upper limit can be used as a constraint on the radio flux from the central AGN, and

hence to calculate a lower limit on the spatially more extended SF activity of the host galaxy.

Our best estimate of the combined flux due to AGN and SF activity in the quasar comes

from our sub-arcsecond C-band image. To derive a constraint on the host galaxy SFR, we

thus have to extrapolate from the PTI 2.3 GHz upper detection limit to a flux constraint at 5

GHz. While we do not have accurate information on the spectral index of the AGN-related

emission, the overall spectral shape of the quasar, as measured in the resolution-matched 1.8-,

4- and 6-GHz images (see Section 2.3.1), provides some clues. The total quasar flux on these

images at each frequency has contributions from AGN-related emission, SF activity and the

quasar-driven outflow components B2 and B3 with unknown proportions, but none of them

are negligible. As shown in Section 2.3.1, components B2 and B3 display a similarly steep

spectral index αB2/B3 = −0.7 ± 0.3, which is similar to that expected for the host galaxy SF

contribution. Consequently, the AGN-related emission most likely has a spectrum comparable

to all other components in order for the simple power-law shape of the overall quasar spectrum

(αquasar − 1±0.1, see Table 2.2) to be preserved. In this case, extrapolation of the PTI non-

detection at 2.3–5 GHz and subsequent subtraction from the 2D Gaussian flux distribution

centred on the quasar formally suggests that the quasar host galaxy could be undergoing SF

activity approaching the level of a ULIRG (SFR ≥ 100M� yr−1) and hence similar in intensity

to the companion SFG.

It is worth noting that, according to Papadopoulos et al. (2008), the quasar host displays

approximately fivefold weaker molecular emission than the companion SFG; for a common

velocity range and CO-to-H2 conversion factor (αCO ≈ 0.8M� [K km/spc2]−1) they estimated

a 3σ upper limit on themolecular gasmass of 3.6×109M�. The halo of ionized gas surrounding

the quasar (Letawe et al., 2008) is evidence of significant energy input from the AGN, in the

form of radiative feedback, that may also have contributed to depleting the gas reservoir of the

quasar host galaxy. At least two parallel lines of evidence (signatures of strong AGN feedback,

plus matching SFR estimates for the companion SFG from spatially resolved radio data and

unresolved FIR, see Section 2.4.2) hence suggest that ULIRG-like activity should be regarded

as an upper limit to the host galaxy SFR. We also note that the PTI constraint from a single

baseline snapshot observation might be sub-optimal due to its poor uv coverage.

In conclusion, due to our inability to robustly separate AGN and SF activity in the quasar
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host galaxy, its properties remain poorly known. To directly determine these, new high-

resolution observations are needed. A more sensitive VLBI follow-up could determine the

amount of nuclear emission in the quasar. With ALMA, one could obtain more sensitive

CO observations to place a more stringent limit on the gas content and a measurement of the

dust continuum to see if there is evidence for cool dust heated only by SF in the quasar host.

Moreover, high-resolution ALMA imaging also has the potential to clarify whether the blob

B2 contains dust-obscured SF activity as traced by our radio detection and by MIR in Elbaz

et al. (2009) or if it represents AGN-heated dust by an outflow component we have detected at

radio wavelengths, as suggested by Letawe et al. (2008).

2.4.2 The companion galaxy – type and origin of activity

In previous work on HE0450–2958, two distinct triggering mechanisms for the strong SF

activity in the companion SFG have been proposed: (a) interaction/merging between the

companion and the quasar host galaxy (Letawe et al., 2008; Papadopoulos et al., 2008; Letawe

and Magain, 2010), and (b) jet-induced SF (Feain et al., 2007; Elbaz et al., 2009). We will

now discuss whether our new JVLA observations provide evidence in favour of either of these

scenarios. In the preceding section, we showed that the quasar host, in addition to the AGN

activity, is most likely undergoing SF as well. Our spatially resolved JVLA imaging allows

us to address whether AGN and SF activity might be occurring simultaneously also in the

companion SFG.

The relative importance of SF and AGN activity in the companion SFG

Based on its 5 GHz flux, we infer an SFR of 360±11 M� yr−1 for the companion SFG. This

agrees well with the previously reported values of ∼370 M� yr−1 (Papadopoulos et al., 2008)

and ∼340 M� yr−1 (Elbaz et al., 2009), which were derived with SED fits predominantly based

on MIR and FIR flux densities measured with IRAS and VLT-VISIR. Since the companion

SFG resides squarely on the IR–radio relation (q =2.5, i.e. offset by a mere 0.02 dex from

the local IR–radio relation in Yun et al. (2001) and Bell (2003)), there is no clear evidence of

AGN activity contributing to the radio or IR flux densities of the companion SFG. However,

given our detection of spatially extended SF in the quasar host galaxy (see Section 2.4.1), it is

plausible that it could potentially contribute to the IRAS FIR photometry at levels comparable

to the contribution from the companion SFG. In the simultaneous, joint IR SED fitting of

the companion SFG and the quasar, the companion galaxy was previously assumed by both

Papadopoulos et al. (2008) and Elbaz et al. (2009) to strongly dominate the IRAS photometry6

at rest-frame wavelengths > 40 µm. With a more even split of dust-obscured SF activity

between quasar host and companion SFG (see Section 2.4.1), the SFR values reported for

6Due to the relatively poor angular resolution of IRAS the emission from the quasar and companion SFG are entirely

blended in the IRAS maps.
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the companion SFG by Papadopoulos et al. (2008) and Elbaz et al. (2009) would effectively

represent upper limits, implying that its radio-based SFR exceeds that inferred from the FIR.

While this could be interpreted as due to contamination from AGN-related radio emission, it

is not clear that the effect would be large enough to move the companion SFG significantly

beyond the scatter of the IR-radio correlation (∼0.3 dex; e.g. Yun et al., 2001; Sargent et al.,

2010) such that the companion SFG would enter the regime of radio-loud AGN. Furthermore,

we have shown in Section 2.3.3 that the radio continuum emission from the companion SFG

is distributed on a scale of ∼1.5 kpc. We note that on the 11.3-µm VLT-VISIR image, the

companion SFGwas also found to be extended (i.e. there is no evidence for a dominant near-IR

power-law AGN component; Elbaz et al., 2009), which further implies that the emission is

mostly due to SF activity in companion SFG. For the remainder of the discussion, we will

hence assume that the SFR of the companion SFG is not changed significantly by assigning

some FIR flux to the quasar host galaxy and adopt 360 M� yr−1 for its SFR.

This estimate on the SFR allows us to reassess the companion SFG’s specific SFR and

depletion time-scale.7 The stellar mass of the companion SFG is estimated at 5 – 6× 1010 M�

by Elbaz et al. (2009). Its specific SFR (∼ 6.5 Gyr−1) makes it a strong starburst galaxy with a

factor 40 offset from the main sequence (MS; using the evolutionary fit to compiled literature

data) of star-forming galaxies (Sargent et al., 2014) at z ∼ 0.3. Elbaz et al. (2009) also found

that it has a young (40–200 Myr) stellar population.

The gas mass of the companion SFG was estimated8 by Papadopoulos et al. (2008) to

be 1.3 − 2.3×1010 M�. In combination with the radio-based SFR, these gas masses translate

to a gas depletion time-scale of tdep ≡ MH2/SFR = 12-50 Myr, assuming a constant gas

consumption rate and no in- or outflows. Together with the young stellar population and the

large offset from the star-forming MS, these short depletion times indicate that the companion

SFG is currently undergoing a short-lived, high-efficiency SF phase, which might provide

further clues towards the nature of the triggering mechanisms, as discussed in the following

7We note that even for a ULIRG-like SFR for the quasar host (SFR ≥ 100M� yr−1), which would lead to a

commensurate reduction of SFR of the companion SFG, our subsequent conclusions on depletion time and excess

specific SFR remain qualitatively correct. (That is, the statement that the companion SFG lies well above the star

forming MS and has a short depletion time compared to MS galaxies is robust to such changes.)
8Papadopoulos et al. (2008) adopt a CO-to-H2 conversion factor in the range αCO = 0.55 − 1 [M� K km/s pc2]−1

where the lower limit is for optically thin CO[1-0]-emission and the upper bound reflects dynamical constraints derived

by Downes and Solomon (1998) for local starburst ULIRGs. Following the scaling relations calibrated in the 2-Star

Formation Mode (2-SFM) framework of Sargent et al. (2014), a similar value of αCO = 0.8 − 1 [M� K km/s pc2]−1

is on average expected on statistical grounds for a z ∼ 0.3 galaxy with the stellar mass and SFR measured for the

companion SFG. Note that larger αCO-values we found in two-phase modeling of local starbursts (Papadopoulos et al.,

2012) implying depletion times of ∼ 100 Myr for the companion SFG. This figure remains significantly shorter than

the depletion times of normal low-z galaxies (Leroy et al., 2008; Saintonge et al., 2011). Since both quasar and

the companion SFG are ULIRGs this alternative technique for deriving CO-to-H2 conversion factors is unlikely to

significantly change the relative amount of molecular gas in the two systems.
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section.

Starburst in the companion SFG – merger- or jet-induced origins?

In summary, the observations we have are: (i) projected outflow axis intersecting companion

SFG’s northern half (Section 2.3.2), (ii) possible spectral index variation across the star-

forming region in the companion SFG towards the point of intersection (Section 3.3 2.3.3),

(iii) a short, very intense starburst phase in companion SFG (Section 2.4.2) and (iv) a small

projected linear size for the outflow from the quasar, indicative of recently started AGN activity

(Section 2.3.4).

Merger-induced star formation Should the evidence for (ii) not be corroborated by

future, higher quality observations and (i) be purely due to projection or if the jet–ISM

interaction does not trigger SF in the companion SFG, then an interaction-induced starburst

is the most plausible mechanism for generating SF with the intensity observed in this galaxy.

Specifically, Papadopoulos et al. (2008) referred to this process in HE0450–2958 as a wet–

dry merger due to the strongly asymmetric distribution of gas between the quasar host (which

remained undetected in their CO follow-up observations) and its neighbouring galaxy. Merger-

driven accumulation and compression of the dissipative gas phase in the central region of

merger remnants is a well-established and widespread triggering mechanism in low-redshift,

dust-obscured starbursts (Sanders and Mirabel, 1996, and references therein). However, in

local (U)LIRGs, starburst activity is predominantly observed in the nuclei of fully coalesced

galaxies (Sanders et al., 2003), while in the case of HE0450–2958, the ULIRG phase already

occurs when the interacting galaxies are still separated by ∼ 7 kpc.We also note that wet–dry

interactions of 0 < z < 1.2 galaxies on average do not enhance SF activity (Hwang et al., 2011).

A possible explanation for this is the removal of gas from the late-type galaxy involved in wet–

dry mergers through stripping in the hot halo of the early-type merging partner. Leroy et al.

(2008) suggest that such a hot, ionized gas halo also surrounds HE0450–2958, probably due to

radiative feedback from the AGN. There are hence at least two atypical features of HE0450–

2958 if a wet–dry merger is indeed the main cause for the SF activity in the companion

SFG.

Jet-induced star formation hypothesis Evidence for jet-induced SF has so far been

reported for a fairly small number of galaxies: Minkowski’s Object, a peculiar star-forming

dwarf galaxy lying in the cone of the jet from the powerful radio source NGC 541 (Croft et al.,

2006); Centaurus A (Schiminovich et al., 1994; Charmandaris et al., 2000) and 3C 285 (van

Breugel and Dey, 1993), both nearby radio galaxies with complex, star-forming filamentary

structures along their radio lobes; and 4C 41.17, a radio source at z = 3.8 (?De Breuck et al.,

2005; Papadopoulos et al., 2005). Their rarity and the low redshift of most of these objects

reflects the fact that high-resolution and detailed multifrequency data are required to identify
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such systems. However, jet-induced SF may be more common, especially among high-redshift

galaxies (as suggested by, e.g. radio-optical alignments, see McCarthy et al., 1987).

In the case of HE0450–2958, the analysis of the spatial distribution of emission line

ratios in Letawe et al. (2008) revealed the presence of shocked gas in the northern half of the

companion SFG consistent with a jet–ISM interaction in the companion SFG as evidenced by

(i) and (ii). It is possible for such an interaction to accelerate the conversion of HI to H2 as

discussed by, e.g. Nesvadba et al. (2011). For this H2 reservoir to be able to actually produce

new stars, it needs to cool and reach sufficiently high densities. Cooling may only be possible

where turbulent energy input by the jet does not dominate the ISM energetics (e.g. after the

jet has subsided or at a sufficient distance from the interaction region). For high-efficiency

starburst activity as observed in the companion SFG, a significant fraction of the gas must,

furthermore, be in a dense phase (Renaud et al., 2012). It is possible that these conditions

are met in its central region, i.e. >1 kpc from the jet axis and where the gas density would

have been highest to begin with. Alternatively, the central parts of the companion SFG might

have been impacted more directly by the jet in the past due to either the relative motion of

the companion with respect to the quasar (which, for purely tangential motion of the order

of 100 km s−1, could have caused the jet axis to wander from the galaxy centre to its present

location on a time-scale of ∼107 years) or quasar jet wobbling.

With the currently available data, it is not possible to draw a definitive conclusion on

whether an interaction-induced starburst, or SF related to a jet–ISM interaction, is the primary

trigger of the activity in the companion SFG. It is even conceivable that a combination

of these two phenomena might be occurring in HE0450–2958. It should be mentioned,

however, that the probability of two extremely short-lived and rare events such as (iii) and

(iv) happening simultaneously in the same system without any causal connection seems small.

Intriguingly, the SF efficiency we have re-estimated based on our new JLVA continuum data is

also comparable to that found for Minkowski’s Object (depletion time <20Myr; Salomé et al.,

2015).

The continued ambiguity of the SF process in the companion SFG illustrates how complex

(combinations of) feedback processes are in practice and how important in-depth observations

are for their implementation in galaxy evolutionmodels. For an improved understanding of this

gas-rich and dusty system, further study of the gas kinematics and energetics is indispensable.

Specifically, a spatially resolved imaging of the CO spectral line excitation diagram would

permit a separate mapping of the excitation, density, and kinematics of both the warm and

cool molecular reservoirs. Moreover, follow-up of a dense gas tracer such as hydrogen cyanide

(HCN) could reveal whether or not the HCN/CO ratio of the companion SFG is comparable

to that of local, merger-driven starburst ULIRGs.
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2.5 Summary

We have observed HE0450–2958, a z = 0.285 galaxy pair consisting of a quasar with an

elusive host galaxy and an actively star-forming companion SFG, at 1.8, 4 and 6 GHz using

the JVLA.

We find that radio emission towards the quasar is resolved. The intrinsic physical size of

the radio-emitting region is ∼1 kpc. The presence of this extended emission suggests that the

AGN host galaxy is still forming stars and might be doing so at a rate of ≥ 100 M� yr−1.

In previous literature, both a galaxy–galaxy interaction and a jet-induced SF have been

proposed as triggering mechanisms for the starburst in the companion galaxy. We revisit the

evidence for both of these in the light of our new JVLA observations in Section 2.4.1. These

observations were designed to test the jet-induced SF hypothesis and the spatial alignment

of the quasar jet axis and the companion galaxy, combined with the tentative evidence for

radio spectral index variations within it, implies that a jet–ISM interaction remains a valid

scenario. HI to H2 conversion via turbulent compression could then have led to SF in regions

where energy input from the jet has subsided enough to allow cooling. With the currently

available data, it is not possible to exclude interaction-driven gas dynamics as the prime

trigger of the starburst. It is, however, one of the best-known examples of strong SF activity

in the presence of a quasar-driven jet. Our new observations make HE0450–2958 a strong

candidate for jet-induced SF and one of the rare links between local systems (like Minkowski’s

Object or Centaurus A) and the high-z regime where radio-optical alignments suggest that

this phenomenon could be more common. HE0450–2958 is also an excellent illustration

of the complex interplay between different astrophysical processes: simultaneous AGN and

SF activity within individual galaxies and a combination of both negative (quasar host) and

positive feedback (companion SFG). Further study of systems like this will provide important

clues for understanding all facets of AGN feedback processes.

Contributions

MTS carried out the spectral index spatial variation analysis presented in Sect. 2.3.3, and

wrote part of the text describing it. All co-authors contributed comments and advice.
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Chapter 3

The infrared-radio correlation of

spheroid- and disc-dominated

star-forming galaxies to z ∼ 1.5 in

the COSMOS field
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Abstract

Using infrared data from the Herschel Space Observatory and Karl G. Jansky

Very Large Array (VLA) 3GHz observations in the COSMOSfield, we investigate

the redshift evolution of the infrared-radio correlation (IRRC) for star-forming

galaxies (SFGs) we classify as either spheroid- or disc-dominated based on their

morphology. The sample predominantly consists of disc galaxies with stellar

mass ≥1010 M�, and residing on the star-forming main sequence (MS). After the

removal of AGN using standard approaches, we observe a significant difference

between the redshift-evolution of the median IR/radio ratio qTIR of (i) a sample of

ellipticals, plus discs with a substantial bulge component (‘spheroid-dominated’

SFGs) and, (ii) virtually pure discs and irregular systems (‘disc-dominated’ SFGs).

The spheroid-dominated population follows a declining qTIR vs. z trend similar
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to that measured in recent evolutionary studies of the IRRC. However, for disc-

dominated galaxies, where radio and IR emission should be linked to star formation

in the most straightforward way, we measure very little change in qTIR. This

suggests that low-redshift calibrations of radio emission as an SFR-tracer may

remain valid out to at least z ' 1− 1.5 for pure star-forming systems. We find

that the different redshift-evolution of qTIR for the spheroid- and disc-dominated

sample ismainly due to an increasing radio excess for spheroid-dominated galaxies

at z ≥ 0.8, hinting at some residual AGN activity in these systems. This finding

demonstrates that in the absence of AGN the IRRC is independent of redshift, and

that radio observations can therefore be used to estimate SFRs at all redshifts for

genuinely star-forming galaxies.

3.1 Introduction

Observations show that the total infrared and 1.4 GHz radio continuum luminosities of local

galaxies are tightly correlated (van der Kruit, 1971, 1973; de Jong et al., 1985; Helou et al.,

1985; Condon, 1992; Yun et al., 2001). This so-called infrared-radio correlation (IRRC) was

found to be linear over at least three order of magnitudes in luminosity since the peak epoch of

star formation (e.g. Sajina et al., 2008; Murphy, 2009). Thus it has been used to e.g. identify

radio-loud AGN (e.g. Donley et al., 2005; Norris et al., 2006; Park et al., 2008; Del Moro

et al., 2013), and to estimate the distances and temperatures of high-redshift submillimetre

galaxies (e.g. Carilli and Yun, 1999; Chapman et al., 2005). It also enables the calibration of

radio luminosities as dust-unbiased, high angular resolution star formation rate (SFR) tracers

(e.g. Condon, 1992; Bell, 2003; Murphy et al., 2011, 2012; Delhaize et al., 2017; Davies et al.,

2017). Future deep radio continuum surveys aiming to obtain a full census of dust-obscured

star formation across cosmic time, even in crowded environments such as groups and clusters,

will thus heavily rely on the measured IRRC to achieve their science goals. With the advent of

new, high-sensitivity radio instruments (such as LOFAR, MeerKAT, ASKAP and the Square

Kilometre Array) it is timely to study the redshift evolution and higher order dependencies of

the IRRC, which contribute to, e.g., the scatter of the relation, in more detail.

Observationally it has been challenging to refine existing work on the IRRC due to the

lack of sufficiently sensitive radio and infrared data. Sargent et al. (2010) showed that solely

radio or infrared selected flux-limited surveys introduce a bias that artificially produces an

evolution in the IRRC. To overcome this, they used flux limits for non-detections at either

of these wavelength, and constrained the median infrared radio ratio with double censored

survival analysis. They found no significant evolution in the IRRC out to z ∼ 1.5 using VLA

imaging of the Cosmological Evolution Survey (COSMOS; Scoville et al., 2007) field at 1.4

GHz (Schinnerer et al., 2007, 2010). Many other authors (e.g. Garrett, 2002; Appleton et al.,

2004; Ibar et al., 2008; Garn et al., 2009; Jarvis et al., 2010;Mao et al., 2011; Smith et al., 2014)



57

have also found no significant evidence for evolution of the IRRC up to z ∼ 3.5. However,

a series of recent studies relying on the full far-IR coverage provided by the Herschel Space

Observatory (Pilbratt et al., 2010), have found evidence for a changing IRRC across cosmic

times (but see also Pannella et al., 2015). Magnelli et al. (2015) performed a stacking analysis

of Herschel, VLA and Giant Metre-wave Radio Telescope (GMRT) radio continuum data to

study the variation of the IRRC out to z < 2.3. They found a moderate, but statistically-

significant evolution with (1 + z)−(0.12±0.04). Matching the depth of Herschel data with the

sensitivity of LOFAR (van Haarlem et al., 2013) Calistro Rivera et al. (2017) measured a

consistent redshift dependency of (1 + z)−(0.15±0.03) for star forming galaxies out to z ∼ 2.5.

Most recently, Delhaize et al. (2017, D17 henceforth) presented new evidence for a similar

declining trend in the infrared/radio ratio out to z < 5 using new, deep 3 GHz VLA images

and Herschel FIR fluxes in the COSMOS field.

From a theoretical perspective, star-formation (SF) is thought to be the link between

infrared and radio emission. Young, massive (>8 M�) stars produce UV photons, that are

mostly absorbed and re-emitted by the surrounding dust at far-infrared (FIR) wavelengths.

Radio emission at low rest-frame GHz frequencies predominantly represents non-thermal

synchrotron radiation emitted by relativistic cosmic ray (CR) electrons that move through

galactic magnetic fields as they are accelerated by supernovae remnants (e.g. Condon, 1992).

The IRRC thus arises if CR electrons radiate away all their energy before escaping the galaxy

and if the interstellar medium (ISM) is optically thick in UV, reprocessing all the UV starlight

into FIR emission. This so-called calorimetry theory was first proposed by Voelk (1989).

Since then several studies have pointed out its shortcomings and provided alternative, more

complex explanations (e.g. Helou and Bicay, 1993; Bell, 2003; Lacki et al., 2010; Schleicher

and Beck, 2013), however the exact physical processes driving the relation remain unclear.

Predictions for the redshift evolution of the IRRC are also often conflicting. On the one

hand, an increase of infrared/radio flux ratios is expected (e.g. Murphy, 2009, and references

therein); rather than undergoing synchrotron cooling, at higher redshift CR electrons should

lose more and more energy through inverse Compton (IC) scattering off photons of the cosmic

microwave background (CMB) as the CMB energy density increases with redshift, thereby

violating electron calorimetry. On the other hand, Lacki and Thompson (2010) argues that this

effect can be compensated by other IC loss effects (e.g. ionization, bremsstrahlung) preserving

radio luminosity, especially in starbursts, hence keeping the relation constant up to at least

z ∼ 1.5.

An approach to observationally determine which physical processes regulate the IRRC is

to identify what factors contribute to its ∼ 0.26 dex scatter (Bell, 2003). One would expect

that, e.g., a non-SF related warm cirrus component at IR wavelengths or excess radio emission

due to low level AGN activity, both phenomena more common in “red and dead” early-type

galaxies, would cause deviations from the median IR/radio ratio. Finding such differences

motivated this work, which is a direct follow-up of D17. Utilising the wealth of ancillary
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data available in the COSMOS field, here we will study the IRRC’s evolution in disc- and

spheroid-dominated SFGs.

Throughout this chapter, we use a flatΛCDMcosmologywithΩM = 0.3 andH0 = 70 km Mpc−1 s−1.

Star formation rates and stellar mass values reported assume a Chabrier initial mass function

(IMF).

3.2 Data

In order to investigate the dependence of the IRRC on galaxy morphology, we used a com-

bination of Herschel and VLA 1.4 and 3 GHz data with added structural information from

the Zurich Structure & Morphology Catalog1. Sargent et al. (2010) showed that considering

only IR- or radio-selected samples of star-forming galaxies (SFGs) tends to, respectively, over-

or underestimate average IR/radio ratios, with the typical offset between such samples being

∼0.3 dex. This is approximately the same as the intrinsic scatter of the IRRC itself (e.g. Yun

et al., 2001), hence an accurate analysis of the relation should account for flux limits in both

wavelength regimes. To overcome this bias we use a jointly-selected (i.e. both radio and IR)

sample of galaxies. The following section briefly outlines the sample construction process.

More details on all aspects of the summary provided in Sect. 3.2.1 can be found in D17.

3.2.1 Jointly-selected parent catalogue

We use the jointly-selected sample of D17 as our parent catalogue. It is the union of radio-

and IR-selected samples in the 2 deg2 COSMOS field.

The IR-selected galaxy sample was constructed from a prior-based catalogue of Herschel

flux measurements in the COSMOS field. 100 and 160 µm Herschel Photodetector Array

Camera (PACS; Poglitsch et al., 2010) data are from the PACS Evolutionary Probe (PEP;

Lutz et al., 2011). 250, 350 and 500 µm maps are provided by the Herschel Multi-tiered

Extragalactic Survey (HerMES; Oliver et al., 2012). Their prior positions from the 24 µm

Spitzer (Le Floc’h et al., 2009) MIPS catalogue were matched to the COSMOS2015 photo-

metric catalogue (Laigle et al., 2016) containing both photometric and spectroscopic redshift

information. D17 selected sources with ≥5σ detections in at least one Herschel band, in order

to obtain an IR-selected catalogue that is comparable to the radio-selected sample (see below)

in terms of SFR-sensitivity. This IR-selected catalogue contains 8,458 sources.

Our radio-selected catalogue is based on the imaging from the 3 GHz VLA-COSMOS

Large Project. The VLA-COSMOS 3GHz catalogue (Smolčić et al., 2017b) contains ∼11,000

sources down to S/N = 5 (the typical sensitivity is 2.3 µJy beam−1 overmost of the 2 deg2 area).

In order to obtain rest-frame spectral energy distributions (SEDs) and calculate luminosities,

reliable redshifts are required. Smolčić et al. (2017a) thus assigned optical/near-IR (NIR)

1Full catalogue with description is available at http://irsa.ipac.caltech.edu/data/COSMOS/tables/

morphology/cosmos_morph_zurich_colDescriptions.html.

http://irsa.ipac.caltech.edu/data/COSMOS/tables/morphology/cosmos_morph_zurich_colDescriptions.html
http://irsa.ipac.caltech.edu/data/COSMOS/tables/morphology/cosmos_morph_zurich_colDescriptions.html
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counterparts in unmasked regions (i.e. avoiding bright, saturated stars) of the COSMOS

field where high-quality photometric data were available from the COSMOS2015 photometry

catalogue (presented in Laigle et al., 2016). The sample of radio-selected sources with optical

counterparts and known photometric or spectroscopic redshifts initially contains 7,729 objects.

However, due to the 3 GHz mosaic’s high angular resolution, some low surface brightness

sources were below the 5σ detection limit of this radio catalogue. To correct for this resolution

bias, D17 searched for additional detections in 3 GHz maps convolved to lower resolutions of

up to 3 arcsec and at the positions of IR-selected sources with no 3 GHz counterparts in the

0.75 arcsec mosaic. This yielded an additional 428 sources. We also added 1.4 GHz radio

fluxes from the VLA-COSMOS catalogue (Schinnerer et al., 2007) to 27 IR-selected sources

with no 3 GHz counterpart. Thus the final radio-selected sample consists of 8,184 sources.

The resulting jointly-selected sample contains 4,309 objects that were detected at both

radio and IR wavelengths, 3,875 sources that have only radio detections and 4,149 sources

with only IR fluxes measured. In the latter two cases we used 5σ upper flux limits for the

non-detections to help constrain the median infrared radio ratio. 37 % of the galaxies have

spectroscopic redshifts in both the radio- and the IR-selected samples.

3.2.2 Morphologically-selected sub-samples

To add morphological information to the jointly-selected sample of D17, we cross-matched

it with the Zurich Structure & Morphology Catalog. This catalog provides a classification of

galaxies into different categories based on the ZEST (Zurich Estimator of Structural Types)

algorithm (Scarlata et al., 2007). ZEST uses five nonparametric structural diagnostics (asym-

metry, concentration index, Gini coefficient, second-order moment of the brightest 20 % of

galaxy pixels, and ellipticity) measured on Hubble Space Telescope (HST) Advanced Camera

for Surveys (ACS) I-band (F814W) images (Koekemoer et al., 2007) to morphologically clas-

sify sources. After carrying out a principal component (PC) analysis to reduce the number of

parameters while retaining most of their information content, ZEST uses a 3D classification

grid to define three main galaxy types: elliptical (type 1), disc (type 2) and irregular (type

3) objects. Type 2 was then further divided into four bins (i.e. 2.3, 2.2, 2.1 and 2.0), guided

by the Sérsic index n of galaxies in the ‘disc’ class (Sargent et al., 2007). These sub-classes

reflect an increasing prominence of the bulge component from type 2.3 to 2.0, i.e. type 2.3

are pure disc galaxies, type 2.0 are strongly bulge-dominated discs, while types 2.1 and 2.2

have intermediate bulge-to-disc ratios. The application of ZEST to a sample of low-redshift

galaxies from Frei et al. (1996) with RC3 classifications (de Vaucouleurs et al., 1991), showed

that type 1 objects are mostly classified as Hubble type E, type 2.0 corresponds to S0 - Sab

galaxies, type 2.1 mainly consists of Sb - Scd systems, type 2.2 sources are split between

Sb-Scd and Sd and later types, and type 2.3 maps into Sd discs or even later RC3 types (for

detailed distributions see Fig. 6 in Scarlata et al., 2007).

The Zurich Structure &Morphology Catalog was position-matched to the optical positions
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Figure 3.1: a) Spheroid- and disc-dominated SFGs and AGN in the stellar mass – SFR plane in

three redshift slices. The mean redshift z is given for each redshift bin. Black lines represent the

average locus of the star-forming main sequence (parametrised as in the appendix of Sargent et al.,

2014) at the z of each panel. b) Normalised (equal area) stellar mass distributions of spheroid-

and disc-dominated SFGs and AGN. Spheroid-dominated SFGs are systematically more massive

across the whole studied redshift range. c) Normalised distribution of sSFR-offsets from the star-

forming main sequence for spheroid- and disc-dominated SFGs. Vertical dashed lines show 0.6

dex offsets above and below the SF MS. The mean sSFR of disc-dominated (spheroid-dominated)

SFGs tends to lie above (below) the average MS locus at all redshifts. AGN mainly occupy the

quiescent regime below z ∼ 1.
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Table 3.1: Morphological distribution of galaxies before (top) and after (bottom) the exclusion of

AGN (see Sect. 3.2.3) from the radio- and infrared-selected samples. Morphological categories

are: ellipticals (ZEST type 1); bulge-dominated discs discs (ZEST type 2.0/2.1); disc-dominated

discs (ZEST type 2.2/2.3); irregulars (ZEST type 3).
Full sample

spheroid-dominated disc-dominated Total

ellipticals bulge-dominated discs disc-dominated discs irregulars

radio-selected 503 1461 1420 595 3979

IR-selected 157 1305 2098 802 4362

jointly-selected 545 2010 2544 941 6040

Star-forming sample

spheroid-dominated disc-dominated Total

ellipticals bulge-dominated discs disc-dominated discs irregulars

radio-selected 130 905 1248 514 2797

IR-selected 125 1142 1971 727 3965

jointly-selected 168 1409 2323 836 4736

of the jointly-selected sample with a search radius of 0.6 arcsec. 7,973 (65%) sources in

the jointly-selected sample (see Sect. 3.2.1) were covered by HST/ACS and satisfy the

iAB = 24mag selection limit of the Zurich Structure & Morphology Catalog. 6,723 of these

had a counterpart with morphological classification in the morphology catalogue, resulting in

an 84 % matching rate. At redshifts z > 1.5 the F814W filter starts to sample rest-frame UV

(<325 nm) emission, and image signal-to-noise and galaxy angular sizes in general become

too small to ensure a robust morphological classification. We thus apply an upper redshift

cut of z = 1.5 to our sample. Due to the small volume sampled locally by the ∼1.6 deg2

field observed with HST/ACS, we excluded sources with z < 0.2. Our final sample contains

6,072 galaxies with morphological distribution as summarized in Table 3.1. Our ‘spheroid-

dominated’ sample includes ZEST types 1 (i.e. predominantly elliptical galaxies) and types

2.0/2.1 (i.e. disc galaxies with a prominent bulge component). Our ‘disc-dominated’ galaxy

sample includes ZEST types 2.2/2.3 (i.e. disc-dominated) spiral/disc galaxies and type 3

(irregular galaxies). We note that both morphological groups contain mainly disc galaxies

(see Table 3.1). After the exclusion of AGN (see Sect. 3.2.3), the remaining star-forming

sample predominantly lies on the main sequence (MS) of star-forming galaxies (see Fig. 3.1a),

consistently with previous studies (e.g. Wuyts et al., 2011), as illustrated by the specific star

formation rate (sSFR) distributions in Fig. 3.1c. The stellar masses used here are from

multi-band SED modelling with magphys, and SFR values were derived from the fitted IR
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luminosities (see Sect. 3.3.2 for details). We will henceforth qualitatively refer to these

morphological categories as ‘disc-dominated star-forming galaxies’ and ‘spheroid-dominated

star-forming galaxies’, respectively. We also note that disc- and spheroid-dominated SFGs

have a tendency to lie slightly above and below the main sequence locus, with mean offsets

from the MS of 0.06 and −0.10, respectively. Furthermore, spheroid-dominated galaxies on

average have higher stellar masses at all redshifts considered here (see Fig. 3.1b). Assuming

that the radio and far-IR data used to select our sample are due to star formation alone, our

sample is SFR-selected, and in deriving all results reported in the following we also include

galaxies that lie below the mass-completeness threshold at 1010.4 M� (Laigle et al., 2016). We

have ascertained that all our results remain unchanged within 1σ if we restrict the analysis to

the mass-complete regime.

Fig. 3.2a shows the relative abundance of spheroid- to disc-dominated SFGs as a function

of redshift. Over the redshift range 0.2 < z < 1.5 the overall disc galaxy population transitions

from consisting mainly of disc-dominated objects at high-z to a more even split between

morphological types at low redshift (see Fig. 3.2a). Our sample is hence representative of the

COSMOS disc galaxy population as a whole for which this trend was already discussed in,

e.g., Scarlata et al. (2007) and Oesch et al. (2010).

3.2.3 AGN identification

Our aim is to test the relation between radio synchrotron emission and SFR for different galaxy

populations. Identifying and removing potential AGN host galaxies from our sample is hence

crucial as both their IR and radio fluxes could include AGN-related contributions. Sources in

the jointly-selected catalogue were flagged in D17 as likely AGN hosts if at least one of the

following criteria was met:

1. the source shows a power-law like emission in the mid-IR, i.e. its IRAC colours satisfy

the criteria of Donley et al. (2012, their eqs. (1) & (2)),

2. an X-ray detection in the combined maps of the Chandra-COSMOS and COSMOS

Legacy surveys (Elvis et al., 2009; Civano et al., 2012, 2016; Marchesi et al., 2016) with

[0.5-8] keV X-ray luminosity LX > 1042 erg s−1 (as in Smolčić et al., 2017a),

3. SED fitting reveals the presence of a statistically significant AGN component based on

a χ2 comparison between fits without and with an AGN contribution of freely variable

amplitude (Delvecchio et al., 2014),2

4. the source is not detected in any Herschel bands with a signal-to-noise ratio of at least

5, and has red optical rest-frame colours (MNUV − Mr ) > 3.5 (Smolčić et al., 2017a).

For further details see D17 and Delvecchio et al. (2017). 1,304 galaxies in our sample are

flagged as AGN (∼38% of spheroid-dominated and ∼9% of disc-dominated galaxies) based

2A multi-component SED fit was performed using SED3FIT (Berta et al., 2013), publicly available at http:

//cosmos.astro.caltech.edu/page/other-tools.

http://cosmos.astro.caltech.edu/page/other-tools
http://cosmos.astro.caltech.edu/page/other-tools
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on these criteria. The final sample of jointly IR- and radio-selected star-forming galaxies

with a morphological classification from the Zurich Structure &Morphology Catalog consists

of 4,736 sources. Table 3.1 summarizes how these star-forming galaxies split into distinct

morphological classes. We will consider only the star-forming population for the rest of our

analysis, unless stated otherwise.

3.3 Results

3.3.1 Derivation of radio luminosities

Radio luminosities were derived using(
L1.4

W Hz−1

)
= C

4π
(1 + z)(1+α)

(
DL

Mpc

)2 (
1.4
3

)α (
S3

mJy

)
, (3.1)

where L1.4 is the 1.4 GHz K-corrected radio continuum luminosity, C = 9.52 × 1015 is the

conversion factor from Mpc2 mJy to W Hz−1, α is the radio spectral index3, z is redshift, DL

is the luminosity distance and S3 is the measured 3 GHz flux. We note that for 45 % of the

sources α was directly measured since they had a 1.4 GHz counterpart in the VLA-COSMOS

joint catalogue of Schinnerer et al. (2010). For the remaining sources we adopt the average

spectral index, α = -0.7, measured for galaxies in the VLA-COSMOS 3 GHz survey (Smolčić

et al., 2017a). Choosing a steeper average spectral index (e.g. α = -0.8) would result in

slightly lower IR/radio ratios and a marginally steeper redshift evolution. It would, however,

still be consistent with the results presented below within 1σ and affects both morphological

subsamples in the same way. For a full discussion of the systematics arising from a different

choice of spectral index see Sect. 4.4.1 in D17.

For IR sources that remain undetected in the 3 GHz map we derive an upper limit on the radio

luminosity based on 5 times the local RMS noise level in the map (see D17 for details).

3.3.2 Derivation of IR luminosities, SFRs and stellar masses with SED

fitting

Stellar masses provided by the magphys code were used to physically characterise our samples

(see Fig. 3.1), together with star-formation rates based on the IR-luminosity of the best-fit

magphys SED models. In this section we discuss the derivation and robustness of our IR

luminosity constraints. When converting IR luminosity to SFR we apply the Kennicutt (1998)

scaling factor for a Chabrier (2003) IMF, which is particularly suitable for star-forming galaxies

and enables direct comparisons with the previous literature. SFRs calculated with this method

are, on average, ∼0.2 dex higher than the SFR values returned by magphys, however, this does

not impact qualitatively any of our statements based on SFRs. We further decided to adopt

3The radio spectral index is defined as Sν ∝ να, where Sν is the flux density at frequency ν.
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Figure 3.2: a) Fractions of spheroid- (red) and disc-dominated (blue) SFGs in our star-forming

sample as a function of redshift. b) Ratio of the number of IR-undetected (Nupper) and radio-

undetected (Nlower) galaxies for the spheroid- and disc-dominated SFG samples in the redshift bins

used in Sect. 3.3.3. These Nupper (Nlower) objects enter the calculation of the qTIR values with

upper (lower) limits on the IR/radio ratio, respectively. All error bars reflect 1σ uncertainties from

Poissonian counting statistics. Spheroid-dominated SFGs show an increasing upper limit ratio

trend with redshift, whereas disc-dominated systems remain constant out to z ∼ 1.5.
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LTIR derived SFR values to be consistent with the X-ray stacking analysis outlined in Sect.

3.4.2.

LTIR measurements for IR-selected galaxies

Total IR luminosities (LTIR) were derived by integrating the best-fit SEDmodel identified with

magphys (da Cunha et al., 2008) between rest-frame 8 and 1000 µm. Model SEDs were fitted

to photometry from the COSMOS2015 catalogue (for details on the data see Laigle et al.,

2016). In particular, in the MIR-FIR regime we used the combination of Spitzer MIPS 24 µm,

plus Herschel PACS (100 and 160 µm) and SPIRE (250, 350 and 500 µm) flux measurements.

For 3 (4) spheroid-dominated (disc-dominated) SFGs we were also able to use 450 and 850

µm JCMT/SCUBA-2 data (Casey et al., 2013).

As described in Sect. 3.2.1, sources with at least one ≥5σ detection in any Herschel

band are included in the IR-selected sample. In the jointly-selected sample of star-forming,

spheroid-dominated (disc-dominated) sources 85% (80%) are IR-detected (see Table 3.1).

Within this IR-selected sample 94% of the galaxies in both morphological sub-samples are

detected at 24 µm with S/N ≥ 3. 67% (69%) of the spheroid-dominated (disc-dominated)

galaxies have only one ≥5σ Herschel measurement, 18% (13%) have ≥5σ FIR detections

in three bands, and only 1% (1%) have ≥5σ fluxes across the whole FIR wavelength range.

Additionally, 3–5σ measurements were also included in the fitting process, where available.

If, in a given band, no ≥3σ photometry was available, we used nominal 3σ PACS and SPIRE

upper limits4 to constrain the SED fitting, and allowed the fitting algorithm to probe fluxes

below these limits via a modified χ2 calculation5 following Rowlands et al. (2014). While we

could in principle include ≤3σ flux measurements in the SED fitting process, we chose the

more conservative upper limit approach outlined above as low-S/N fluxes extracted from the

map are more susceptible to flux boosting due to source blending. For more details about the

fitting technique and its robustness see Sect. 3 of Delvecchio et al. (2017).

LTIR constraints for radio-selected galaxies

We also estimated the total IR luminosity of radio-detected sources with no ≥5σ counterparts

in the IR-selected sample using shorter wavelength photometry and 3–5σ measurements or

3σ upper flux limits from Herschel, as outlined above. While magphys employs an energy-

balance approach – such that one could regard its LTIR estimates as a good proxy for actual

measurements – D17 decided to allow also for significantly lower LTIR in these objects, and

treated these modelled IR luminosities as upper limits in their analysis. Alternatively, one

could consider the best-fit magphys estimate for LTIR as a direct measurement, even if in cases

4These upper limits include both instrumental and confusion noise and are set to 5.0 (100µm), 10.2 (160µm), 8.1

(250µm), 10.7 (350µm), and 15.4 mJy (500µm).
5Bands with upper limits contribute zero to the χ2 if the model SED falls below the upper limit. When the model

SED lies above the limiting flux value(s), the excess is included as an additional term in the χ2 calculation.
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with no FIR detection this value is usually quite uncertain. Regarding all these estimates as

upper limits or as direct detections are conceptually two end points of a continuum of possible

treatments. In Sect. 3.3.3 we therefore present the results from both statistical approaches. To

ease comparison with the D17 results, in Fig. 3.3 we only show data from the D17 method, but

the fits for the scenario where all LTIR values are considered direct measurements are plotted

as well. For now, we only note that this somewhat subjective choice has no qualitative, and

only a minimal quantitative impact on our results, due to the fact that generally sources which

were not selected at IR wavelengths have LTIR-values that lie below the median luminosities

in their respective redshift bins. The applied statistical approach thus does not introduce any

systematics that could give rise to the differences between disc- and spheroid-dominated SFGs

reported below.

As a final test of the robustness of our results, we assessed the impact of poorly fitting

SEDmodels by flagging low-quality fits in both the IR- and radio-selected samples. Following

the method presented in Appendix B of Smith et al. (2012), we computed the probability

of the best-fit model being consistent with our data (p), and identified sources with p< 1%.

We found that 15% (17%) of disc-dominated (spheroid-dominated) SFGs have formally poor

SED fits, possibly due to e.g. blended FIR photometry, or spurious multi-wavelength source

associations. However, excluding these objects from the analysis detailed in Sect. 3.3.3 did

not change our results compared to our findings based on the full sample. We hence decided

to retain them in order to (a) increase the overall quality of our statistics, (b) not introduce an

arbitrary threshold to “clean” our sample and (c) follow the methodology of D17 as closely

as possible, in order to enable further insight into the causes of the redshift-evolution of the

IRRC found in their study.

3.3.3 Measuring the infrared-radio correlation

The IRRC is usually characterized by the logarithmic ratio, qTIR, of the total infrared (8 - 1000

µm; LTIR) and 1.4 GHz radio (L1.4) luminosities:

qTIR ≡ log
(

LT IR

3.75×1012 W

)
− log

(
L1.4

W Hz−1

)
. (3.2)

We split both the disc- and spheroid-dominated SFG samples into nine redshift bins, each bin

containing an equal number of objects. We then carried out double-censored survival analysis

(following Schmitt et al., 1993) to calculate the median qTIR (qTIR) values (and associated 95%

confidence intervals) for our two samples in all redshift bins.

Survival analysis reconstructs the underlying distribution assuming that all measurements

(i.e. both well-defined values and upper/lower limits) are drawn from the same distribution.

If, besides direct detections, only either upper or lower limits occur (i.e. the data are singly

censored), the cumulative distribution function (CDF) can be constrained analytically with

the Kaplan–Meier product limit estimator (Kaplan and Meier, 1958). However, if both upper
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and lower limits are present (i.e. the data are doubly censored), the CDF is computed by an

iterative method (as described in Schmitt et al. 1993 and Appendix C of Sargent et al. 2010).

Our implementation of the algorithm was considered to have converged once all values of the

updated CDF changed by less than 1/1000 of their value in the previous step. The estimated

median qTIR and its error in each redshift bin was then extracted from these CDFs. We find

that propagating the errors of the individual radio and IR luminosities through the analysis

by resampling them a hundred times, and recalculating the CDFs, only results in a small

additional uncertainty (∼22%) compared to that associated with the CDF estimating method,

consistent with the assessment in D17. Thus, the errors from survival analysis dominate the

error budget of qTIR values.

The qTIR values calculated with survival analysis as a function of redshift are shown in

Fig. 3.3a. At a qualitative level, the different redshift trends of the relative fraction of upper

and lower limits observed for spheroid- and disc-dominated SFGs (see Fig. 3.2b) is already

a clear indication of systematically different evolution of these two morphologically distinct

populations. For a quantitative confirmation, we fit the following evolutionary function to the

qTIR measurements in all redshift bins:

qTIR = a(1 + z)k, (3.3)

where a and k are free parameters. Errors on a and k were estimated by resampling the

qTIR values using their uncertainties derived by survival analysis and refitting the newly

generated datasets 10,000 times, allowing a measurement of the 1σ confidence intervals. To

anchor the fit, we included a z = 0 data point based on the sample of Bell (2003) containing

structural information, which we split into spheroid- and disc-dominated SFGs following

the correspondence between morphological types in the Zurich Structure & Morphology

Catalog and Hubble type described previously in Sect. 3.2.2. Thus, 33 galaxies in the Bell,

2003 sample with RC3 classification S0, S0a, Sa, Sab and Sb were assigned to the category

‘spheroid-dominated SFGs’, and 80 RC3 types Sbc, Sc, Scd, Sd and Irr are considered disc-

dominated. Omitting the local qTIR measurements does not qualitatively change our results

(see Fig. 3.3b).

We find that the median IR/radio ratios of spheroid-dominated SFGs follow a declining

trend with a power law index of k = −0.186±0.015 (or k = −0.160±0.014when all LTIR values

are treated as direct measurements6), while for disc-dominated SFGs the redshift-evolution is

minimal out to z = 1.5 with k = − 0.037±0.012 (or k = − 0.044±0.010 for our alternative LTIR

treatment), as shown in Fig. 3.3a. The difference between these two evolutionary trends is

6In practice, considering all LTIR estimates as direct detections only increases qTIR values minimally. This is due

to the fact that the majority of the sources which are not IR-selected have IR/radio ratio constraints that lie below the

qTIR of their redshift bins. However, since these sources constitute a larger fraction of the population at higher redshifts

(see Fig. 3.2b), the consequently slightly larger qTIR values lead to a 1.3σ (0.5σ) shallower qTIR(z) relation for

spheroid-dominated (disc-dominated) SFGs.
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Figure 3.3: a) Redshift evolution of the infrared-radio correlation, parametrized by the median

IR/radio ratio qTIR, for disc- and spheroid-dominated star-forming galaxies (blue and red symbols,

respectively). The qTIR values for COSMOS galaxies at z > 0.2 (filled data points) were calculated

using double-censored survival analysis. The local z = 0 measurements (open symbols) are based

on a morphologically-selected sub-set of the Bell (2003) sample. Shaded regions bordered by

dashed lines show the upper and lower limits of the 1 σ confidence interval of the fit. Dot-dashed

lines are fits to qTIR values derived by considering all LTIR estimates as direct detections. The

black dashed line is the evolutionary trend found for SFGs with I-band magnitude < 24 in the

jointly-selected sample of D17 in the redshift range of 0.2 < z < 1.5. These cuts were imposed in

order to match the selection criteria of our morphologically-selected subsamples. The dark grey

horizontal line represents the local median IR/radio ratio measured by Bell (2003), the shaded

grey region its ∼ 0.3 scatter. b) 2D histogram of the parameters fitted for an evolutionary trend

(eq. 3.3) for star-forming late and spheroid-dominated galaxies in our sample, shown in blue and

red, respectively. Light coloured contours and histograms show the outcome of our analysis when

we treat all LTIR values as direct measurements. Hatched histograms and dashed contours are the

results of fits that were carried excluding the local qTIR values from Bell (2003). Contours enclose

the 3, 2 and 1 σ confidence intervals of each distribution. The solid black lines are the fitted

values for the whole star-forming population in the COSMOS field from D17. Dashed black lines

represent the 1 σ confidence interval of this fit.
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Figure 3.4: Median total infrared (a) and median 1.4 GHz luminosities (b) in the redshift range

where qTIR values diverge for spheroid- and disc-dominated galaxies in our sample shown in blue

and red, respectively. c) Decomposition of the measured qTIR(z) difference between spheroid-

and disc dominated SFGs. The green line represents the directly measured qTIR(z) offset between

spheroid- and disc-dominated SFGs from the fitted qTIR(z) curves in Fig. 3.3 as calculated by

Eq. 3.5. Blue and red lines are the differences in radio- and total IR-luminosities, respectively,

derived from single censored survival analyses, as seen on the top two panels and Eq. 3.6. The

purple line is the difference of these two trends, which also gives ∆qTIR(z) (see Eq. 3.7.). The

shaded 1σ confidence intervals (in appropriate colours for their corresponding lines) are calculated

by propagating the errors on the previously fitted trends. It is clear that the main contributor to

the different qTIR(z) evolution is the increasing relative radio excess of spheroid-dominated SFGs

towards high redshifts.
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significant at the 7.7σ level (5.0σ if we exclude the z = 0 measurements; 6.6σ with all LTIR

estimates as direct detections and including the local qTIR values) as shown in Fig. 3.3b). In

Fig. 3.3a we also show with a dashed line the best-fit evolution of qTIR for all star-forming

galaxies (i.e. including all morphological types) that satisfy our selection criteria iAB ≤ 24 and

0.2< z < 1.5. With an evolutionary power-law index k = − 0.12±0.02 it lies between the best

fit relations for the spheroid and disc-dominated SFGs, as expected, and is slightly shallower

than the evolutionary trend (k = − 0.19±0.01) reported by D17 for the full parent sample.

The main reason for difference to the measurement in D17 is that we have restricted our fit to

galaxies at 0.2< z < 1.5, while D17 consider objects across all z . 6.

3.3.4 Differential evolution of average IRand radiobrightness of spheroid-

and disc-dominated galaxies

To determine the main cause of the observed difference between spheroid- and disc-dominated

star-forming galaxies, we now attempt to express the evolution of the qTIR value for both

populations in terms of the relative evolution of their median IR and radio luminosities. To

this end, we performed single-censored survival analysis on the luminosities and luminosity

upper limits to constrain the according medians for the spheroid- and disc-dominated samples

in all redshift bins. The redshift-evolution of the luminosities is best fit by a

log(L) = bzl (3.4)

model, where L is either the median rest-frame 1.4 GHz radio luminosity, or the median IR

luminosity for a given redshift bin and sample. b and l are free parameters. The measured

luminosity evolutions and the best-fit combinations of model parameters b and l for spheroid-

and disc-dominated star-forming galaxies are shown in Fig. 3.4. Radio luminosities of

spheroid-dominated SFGs show an excess compared to disc-dominated SFGs above z∼ 0.8.

Their total IR luminosities have a smaller, but still significant deficit starting around the same

redshift.

We define the offset between the median IR/radio ratios of spheroid- and disc-dominated

SFGs as:

∆qTIR(z) ≡ qTIR,SD(z) − qTIR,DD(z), (3.5)

where qTIR,SD(z) and qTIR,DD(z) are the qTIR(z) sample median trends fitted between 0 < z < 1.5

for spheroid- and disc-dominated SFGs, respectively. We also define:

∆L {1.4,TIR}(z) ≡ log L {1.4,TIR}, SD(z) − log L {1.4,TIR}, DD(z), (3.6)

where L {1.4,TIR}, SD is either the median 1.4 GHz or IR luminosity of spheroid-dominated

SFGs and L {1.4,TIR}, DD is the corresponding median luminosity for disc-dominated SFGs.

Then from Eq. 3.2 and Eq. 3.6 we see that:

∆qTIR(z) = ∆LTIR(z) − ∆L1.4(z). (3.7)
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This decomposition of the measured qTIR(z) difference between spheroid- and disc dom-

inated SFGs is shown in Fig. 3.4. It suggests that the main cause of the different observed qTIR

trends is an increasing radio excess in spheroid-dominated SFGs compared to disc-dominated

SFGs above z ∼ 0.8, with contribution from a smaller IR deficit of spheroid-dominated SFGs

in the same redshift range. This hints at additional AGN-related radio emission, possibly from

small-scale jet-activity at higher redshifts in bulge-dominated systems. We will explore this

point further in Sect. 3.4.2.

3.4 Discussion

3.4.1 Minimal evolution of the IR-radio correlation for disc-dominated

star-forming galaxies

As shown in Fig. 3.2b, spheroid- and disc-dominated SFGs show different censoring patterns

(i.e. different balance of direct measurements and upper/lower limits) for their IR/radio ratios

above z ∼ 0.8. This in itself already points to a differential evolution of sample medians qTIR

towards higher redshifts. As found by doubly-censored survival analysis, the radio-infrared

ratios of the disc-dominated SFG sample show virtually no evolution out to z = 1.5 and are in

almost all redshift bins consistent with the locally measured median qTIR value of Bell (2003)

(Fig. 3.3). The fact that the median IR/radio ratio is nearly constant for that class of galaxies

which effectively represents the ‘proto-typical’ (i.e. disc-like) star-forming object, suggests

that – when applied to purely star-forming systems/regions – radio synchrotron emission

traces star formation in the same way over the entire redshift range 0 < z < 1.5. We note

that, above z = 1, our morphological selection may be somewhat biased towards classification

into disc-dominated SFGs as resolution effects and decreasing pixel signal-to-noise in HST

images can reduce the measured concentration index (and hence bulge-to-disc ratio) of the

more distant galaxies. As a consequence, we expect that, if anything, the disc-dominated SFG

sample presumably contains some galaxies which would be classified as spheroid-dominated

SFGs in noise-free HST images, rather than the other way around. If there is indeed a

systematic difference between the IR/radio ratios qTIR of spheroid and disc-dominated systems

as suggested by our analysis in Sect. 3.3.3, correcting for this morphological classification

bias would further flatten the evolutionary trend for the disc-dominated population. We note

that removing the 3σ radio excess outliers from the disc-dominated sample also flattens their

qTIR(z) trend further (k =−0.02±0.02). The flagging and removal of outlier qTIR values are

described in Sect. 3.4.2. Starburst objects (i.e. log(sSFR/sSFRMS) > 0.6) are more abundant

among disc-dominated systems (as seen in Fig. 3.1a). However, removing them from both

samples does not change our results. In fact, we note that there is no significant change in qTIR

as a function of MS offset across the entire redshift range (in agreement with the findings of

Magnelli et al., 2015).



72

Lacki and Thompson 2010 defined a ‘critical redshift’ (zcrit) for their models, by which

the radio luminosity is suppressed by a factor of 3 compared to z = 0 due to increasing inverse

Compton losses off the cosmic microwave background (CMB). This would lead to an increase

in qTIR of ∼0.5 dex. In their model zcrit is ultimately determined by the SFR surface density

(ΣSFR) of a galaxy. In order to compare our findings to theoretical predictions, we derived

the median ΣSFR of our SFG sample using optical half-light radii from the Zurich Structure

& Morphology Catalog and SFRs calculated from the total IR luminosities (see Sect 3.3.2

for details). We note that it is improbable that this approach should strongly overestimate

ΣSFR as, e.g., Nelson et al. (2016) and Rujopakarn et al. (2016) find approximately similar

sizes for SF activity and stellar mass in distant SFGs, and especially since HST/ACS F814W

filter samples blue rest-frame emission at z > 1. Given that the bulk of our galaxies in both

samples lie on the SF MS (see Fig. 3.1a), we convert ΣSFR into zcrit using the formula for

normal galaxies from the simplest model7 in Lacki and Thompson (2010). The median ΣSFR

of ∼0.08M� kpc−2 yr−1 derived for our disc-dominated SFGs yields zcrit ∼ 2.2, i.e. Lacki and

Thompson (2010) do not predict a significant change in qTIR for objects of this ΣSFR across

our redshift range, in agreement with our data. However, their model finds a very similar zcrit

of 2.3 for spheroid-dominated SFGs due to their similar median ΣSFR of ∼0.09M� kpc−2 yr−1,

which in this case is in discrepancy with the decreasing qTIR(z)we find. It is interesting to note

that, should the sizes of star-forming regions be significantly smaller than assumed here, as

suggested by the 10GHz imaging results in Murphy et al. (2017), the correspondingly higher

ΣSFR would push zcrit to even higher redshifts.

3.4.2 Differential redshift-evolution of qTIR depending on disc galaxy

type – possible explanations

If we omit disc galaxies with intermediate bulge-to-disc ratios (i.e. ZEST type 2.1 and 2.2)

from the spheroid- and disc-dominated SFG samples, their qTIR(z) power-law indices are in

even stronger contrast (k= −0.22±0.06 and k= 0.03±0.02, respectively). In the following

section we will investigate possible causes of this morphology-dependent change in their

evolutionary trends.

Low-level AGN contamination

The lower qTIR values of spheroid-dominated SFGs at redshifts z & 0.8 are mainly due to their

relative radio excess compared to disc-dominated SFGs at high z (Fig. 3.4). This could be

the result of a radio component related to weak AGN activity in bulgy SFGs. We note that,

as shown in Sect. 3.2.3, a four times higher fraction of systems were flagged and removed as

7Their formulae for different starburst models, SFR laws and feedback mechanisms predict higher zcrit values for

the same ΣSFR, hence the zcrit values given in text should be considered as lower limits. However, a higher zcrit would

qualitatively not change our conclusions.
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AGN hosts in the spheroid-dominated sample, compared to the disc-dominated sample. If the

measured radio excess of spheroid-dominated disc galaxies were entirely due to residual AGN

activity (i.e. if the SF-related radio and infrared emission from these objects followed the local

IRRC as is observed for the disc-dominated systems), then we would infer that at z ∼ 1.5 on

average ∼ 60% of their total observed radio emission is contributed by AGN-related processes

(see Fig. 3.4.), which escaped detection by the full set of standard AGN identification methods

described in Sect. 3.2.3.

Alternatively, the additional average radio emission could be the consequence of a relatively

small number of strong radio excess sources that appear in our data as outliers in the qTIR

distribution in each redshift bin. The CDFs in each bin derived by survival analysis allow

us to select and remove such sources from each of our sub-samples. Assuming that the qTIR

distribution is well described by aGaussian distribution, we computed theσ of the distribution,

and removed 3σ outliers below the median in all our redshift bins. We then repeated our

survival analysis on these “cleaned” samples. The resulting qTIR trends are consistent with

the ones measured on the full sample within 1σ. In fact, applying a more stringent 2σ lower

qTIR cut, where σ was derived only using qTIR values higher than the median, yielded the

same slopes for the trends. This implies that the measured evolutions of the qTIR values are

not driven by low qTIR outliers for both the spheroid- and disc-dominated SFG samples.

To further investigate potential residual AGN contamination of our SFG samples we

searched for small scale radio emission associated with our galaxies by cross-matching the

spheroid- and disc-dominated SFG samples at z > 0.8, where qTIR trends start to diverge, with

the 1.4 GHz VLBA-COSMOS catalogue (Herrera-Ruiz, submitted., l0 µJy sensitivity in the

central part of the field). We found 9 (1.6%) and 15 (0.9%) counterparts for spheroid- and

disc-dominated SFGs, respectively. This rules out any significant contamination from sources

with L1.4 > 1− 6×1023 WHz−1 radio cores (at z = 0.8 and 1.5, respectively) in both samples at

this redshift range. However, if the 0.1 – 0.2 dex excess radio luminosity is due to small-scale

AGN-related emission in spheroid-dominated galaxies at z > 1 (as seen on Fig. 3.4.), then

such components fall below the detection limit of the VLBA sample by a factor of ∼ 3. Thus

the lowmatching fraction does not rule out the possibility of a non-SF related radio component

in the bulge of spheroid-dominated galaxies.

Unobscured AGN activity could also manifest itself as centrally concentrated emission in

our high-resolution, rest-frame optical HST images. If this were preferentially the case for

SFGs classified as spheroid-dominated, we might expect a stronger evolution of average

concentration indices (CIs) for these systems at z & 0.8, compared to disc-dominated SFGs.

Using the Zurich Structure & Morphology Catalog we calculated the median CIs of the

spheroid- and disc-dominated SFG samples, but find that the median CI of spheroid-dominated

SFGs is consistently ∼20% larger than that of disc-dominated SFGs across the whole redshift

range. This lack of differential evolution between the two samples provides further evidence

against an increasing number of highly-concentrated spheroid-dominated systems, that could
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Figure 3.5: A comparison of star formation rates derived from X-ray stacking and Herschel based

IR flux averaging for both SFG samples. Dashed line represents the 1:1 relation.

be linked to higher AGN contamination.

As mentioned in Sect. 3.2.3., none of our SFGs have X-ray luminosities (LX) > 1042 erg

s−1. As a final test to gauge AGN contamination at high-redshifts, we carried out X-ray flux

stacking in both the spheroid- and disc-dominated SFG samples for comparison. We used

cstack8, a publicly-available tool for stacking, to stack soft ([0.5 – 2] keV) and hard band ([2 –

8] keV) Chandra images of our sources in each redshift bin. The resulting stacked count rates

were converted to X-ray luminosities with a 1.4 slope power law spectrum, as found for the

X-ray background (e.g. Gilli et al., 2007). We then converted the X-ray luminosities to SFRs

with the calibration given by Symeonidis et al. (2014). In the same redshift bins we calculated

average SFRs from IR luminosities, using the simple conversion of Kennicutt (1998) with a

Chabrier (2003) IMF in order to facilitate the comparison with other SFR estimates adopted in

the literature (see Sect. 3.3.2). These are less sensitive to AGN related emission, thus provide

a reference for finding X-ray excess in our samples. Fig. 3.5. shows the comparison between

X-ray and IR-derived SFRs for both spheroid- and disc-dominated SFGs. We found a small

systematic X-ray deficit in the disc-dominated SFG sample, most likely due to the fact that they

are not representative of the galaxy population used for the calibration of the SFRX - SFRIR

relation in Symeonidis et al. (2014). If we were to rescale it to better fit our disc-dominated

SFGs, the spheroid-dominated sample above z = 0.8 would end up having a ∼0.2 dex X-ray

8Written by Takamitsu Miyaji, and available at http://lambic.astrosen.unam.mx/cstack

http://lambic.astrosen.unam.mx/cstack
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excess. Considering that the SFRX - SFRIR calibration also has a ∼0.2 dex scatter, it would

still not suggest a strong X-ray excess in this redshift range.

In summary, we have found no conclusive signs of a higher AGN contamination in our

spheroid-dominated SFG sample above redshift ∼ 1, however, with available data we cannot

exclude this scenario. Should the excess radio emission of spheroid-dominated SFGs be at

least partly AGN-related, it could be viewed as the indirect signature of the build-up of black

hole-bulge mass correlation at small growth rates (see also Mullaney et al., 2012).

Other contributing factors

If the radio excess observed for z > 0.8 spheroid-dominated SFGs is not due to a significant

AGN contamination, another possibility is a flattening radio spectral slope trend with redshift.

A constant α= − 0.7, would overestimate the rest-frame 1.4 GHz luminosity derived from 3

GHz fluxes (see Eq. 3.1). Using the radio excess curve for spheroid-dominated systems in

Fig. 3.4 we calculate that the median radio spectral index of spheroid-dominated SFGs would

have to increase from α= − 0.7 at z = 0.8 to α= − 0.45 at z = 1.5 in order to cancel the radio

excess and produce qTIR values consistent with the locally measured one at all redshifts. This

is inconsistent both with the trend for decreasing 1–3GHz spectral index values reported by

D17, as well as with the median radio spectral slopes of disc- and spheroid-dominated systems

we actually measure, and which are consistent with each other across the entire redshift range.

On the other hand, Murphy et al. (2017) find evidence for a flatter (α > − 0.6) average radio

spectral index over the wider frequency baseline 1–10GHz. Given the large spectral index

dispersion of 0.35 dex found by Murphy et al. (2017) it is thus possible that, at least for

some galaxies, spectral indices may approach values required for reducing the measured radio

excess. However, we also note that, while restricted to low-redshift samples (e.g. Niklas et al.,

1997 and Marvil et al., 2015), previous studies do not find evidence for differently shaped

radio spectra for star-forming galaxies with different optical morphologies.

While the overall differential evolution implied by the fitted best fit relations (Eq. 3.3.) is

significant at the 7.5σ level, the actual data underpinning this trend does not display as smooth

an evolution as the best-fit power law. This could be interpreted as a signature of multiple

different factors being at play. At low redshifts (z < 0.3), using local qTIR estimates from Bell

(2003), we find that spheroid-dominated systems have higher qTIR values than disc-dominated

galaxies, in qualitative agreement with the findings of, e.g., Nyland et al. (2017). This could

arise from an IR-excess related to enhanced cirrus emission in spheroid-dominated systems

linked to old stellar populations rather than SF activity. As a test, we calculated median cold

and warm dust component temperatures fitted with magphys in each redshift bin. During the

SED fitting magphys decomposes the FIR part of the SED into a warm component, related to

birth cloudswhere SF activity occurs, and a cold component, representing the ISMheated by an

on average older stellar population. We found that the cold component of spheroid-dominated

systems is marginally warmer (by 1 K or ∼ 4%) than in disc-dominated SFGs below z = 0.7.
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However, calculating median infrared/radio ratios using the cold or the warm component

yields redshift evolution slopes consistent within 1σ with qTIR slopes, further suggesting that

the difference is mainly driven by radio emission rather than a changing balance between the

cold and warm (i.e. star-formation related) dust emission in spheroid- and disc-dominated

SFGs. We caution that, due to low detection rates 350 and 500 µm, detecting a cold (dust

temperature 20 K as found by e.g. Bianchi et al., 2017) cirrus component is challenging with

our data, in particular at z > 1. While it is thus possible that such a component could be missed

(and IR-luminosities thus underestimated), widespread occurrence of cirrus emission strong

enough to flatten the qTIR(z) trend for spheroid-dominated SFGs would presumably result in

larger SPIRE detection fractions for this population. This is, however, not what we observe,

such that it is unlikely that missed cirrus emission is responsible for the observed difference

between the evolutionary trends measured for spheroid- and disc-dominated SFGs in Sect.

3.3.3.

In conclusion, one could envisage a scenario where a combination of excess IR due to

cirrus emission at low redshifts and an AGN contribution at high redshifts (with a transition

around z ∼ 0.8) jointly drive the qTIR trend for the spheroid-dominated SFGs. Regardless of

the physical processes regulating the qTIR evolution, from an empirical point of view, the

observed differential trends found in this study highlight the importance of ancillary data, such

as morphological information, for the process of converting observed radio fluxes into SFR

measurements, especially for galaxies at redshifts above 1. While radio emission apparently

traces SFRmuch in the same way at z ∼ 1 as it does at z ∼ 0 (as suggested by the near constancy

of the median IR/radio ratios of massive, disc-dominated SFGs across this redshift range), it

may nevertheless bemore appropriate to adopt a recipe involving a redshift-dependent IR/radio

ratio qTIR(z) (see, e.g., eq. 4 in D17)

SFR ∝ 10qTIR(z) L1.4 (3.8)

when dealing with a purely SF-selected sample, since this kind of prescription can statistically

account for the average fraction of radio emission unrelated to ongoing SF activity. However,

we find that this correction is preferentially needed in spheroid-dominated systems, implying

that combining morphological indicators with radio data can increase the accuracy of radio-

based SFR estimates when this additional information is available.

3.5 Summary

With the combination of infrared data from Herschel Space Observatory and new, high sensit-

ivity JVLA 3 GHz observations in the COSMOS field, and morphological classification from

the Zurich Structure & Morphology Catalog, we studied the redshift dependence of the in-

frared/radio ratio of spheroid- and disc-dominated SFGs on the star-formingmain sequence out

to a redshift of 1.5. We found that the median IR/radio flux ratio qTIR of disc-dominated galax-
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ies shows virtually no evolution, in agreement with e.g. the model of Lacki and Thompson

(2010). This suggests, that calibrations of radio luminosity as a SFR tracer based on local

galaxies remain valid out to z ∼ 1.5 for ‘pure’ star-forming systems. It also implies that

disc-dominated galaxies may be the most suitable laboratories for studying the evolution and

physics of the infrared-radio correlation, as in these systems radio and IR emission are linked

to star formation in the most straightforward way. Spheroid-dominated SFGs, on the other

hand display a decreasing trend with a slope of −0.19±0.02, consistent with most recent liter-

ature on the evolution of the IRRC for star-forming galaxies in general. A comparison of total

infrared and radio luminosities between these two morphologically distinct sub-samples of

SFGs revealed that the low qTIR values above z ∼ 0.8 for spheroid-dominated SFGs are mainly

the result of their ∼10–60% radio luminosity excess relative to disc-dominated systems. This

could hint at AGN activity at radio frequencies that did not reveal itself clearly in standard

AGN diagnostics, which were initially used to identify and remove AGNs from both samples.

The fact that morphologically distinct samples of galaxies follow different redshift trends

implies that future high-resolution and high-sensitivity surveys aiming to use radio continuum

observations as a star formation tracer will strongly benefit from ancillary morphological data

for the final analysis step of converting radio luminosities into accurate SFR estimates. Using a

more nuanced calibration of this kind will be possible for high-redshift studies building on the

synergies between radio surveys with, e.g., the Square Kilometre Array and high-resolution

optical information obtained with Euclid (Ciliegi and Bardelli, 2015). From a theoretical

perspective it highlights the complex interplay of physical processes contributing to galaxy-

integrated measurements and the need to disentangle these for a more thorough understanding

of the IRRC.
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Abstract

The infrared-radio correlation (IRRC) forms themost commonly used basis for

the radio flux – star formation rate (SFR) calibration. Its dependencies on various

galaxy properties (such as luminosity, dust temperature, metallicity, environment,

and morphology) have been investigated in order to improve the calibration and

gain insights into the physical processes regulating it. The redshift dependence

of the IRRC is also crucial for increasing the accuracy of SFRs from future deep

radio surveys with e.g. the SKA and its precursors. However, recent studies have

difficulties reconciling high-z infrared-radio ratios with locally measured values.

Since the IRRC’s canonical local studies by Yun et al. (2001) and Bell (2003), new,

more sensitive data became available with better photometric coverage, thus it is

timely to revisit local studies which future IRRC measurements use as reference

points. We compiled a catalogue of local galaxies with total infrared and 1.4 GHz

radio luminosities, that is five times larger and four times deeper than the previously

largest one by Yun et al. (2001). We demonstrate the effect of “asymmetric" IR-
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and radio flux sensitivities on the measured median IR-radio ratio. Based on this,

we apply flux cuts to create an unbiased set of galaxies and measure the main

IRRC properties on this sample. We find a median infrared-radio ratio, qTIR, of

2.64 (2.61) for star-forming galaxies (AGN) with a scatter of 0.21 (0.26). We show

that qTIR correlates with radio power in both star-forming galaxies and AGN.With

further ancillary data, this publicly available catalogue provides a database for

more detailed follow-up analyses of the IRRC.

4.1 Introduction

Total infrared and radio luminosities are observed to be closely related in galaxies (van der

Kruit, 1971, 1973; de Jong et al., 1985; Helou et al., 1985; Condon, 1992; Yun et al., 2001).

Since infrared (IR) emission dominantly arises from star formation (SF) activity, this so-called

infrared-radio correlation (IRRC) implies that radio power in most galaxies is also related to

SF. Due to sensitivity limitations both radio and IR surveys traditionally could only detect

the same bright sources, therefore the IRRC was primarily used to set up a radio-based star

formation rate (SFR) calibration instead of comparing radio fluxes to other SFR tracers.

The largest infrared–radio ratio measurement in the local Universe was carried out by Yun

et al. (2001). They used Infrared Astronomical Satellite (IRAS; Neugebauer et al., 1984) data

to constrain IR luminosities with two photometric points at 60 and 100 µm, and radio fluxes

observed by the NRAO VLA Sky Survey (NVSS; Condon et al., 1998) at 20 cm for 1,809

60 µm selected galaxies, to derive a mean infrared–radio ratio, determine the scatter of the

relation, and provide a robust radio – SFR recipe. They found some evidence for non-linearity

in the low luminosity (L60µm ≤ 109L�) regime. Bell (2003) studied a diverse sample of

169 local galaxies with far-ultraviolet (FUV), optical, IR and radio luminosities to explore

the physical processes regulating the IRRC. The overall IRRC properties proved to be broadly

consistent with the findings of Yun et al. (2001). With new evidence for non-linearity at low IR

luminosities, Bell (2003) provided a new, luminosity dependent radio – SFR calibration. Since

then studies typically focus on the IRRC in specific types of galaxies (e.g. Qiu et al., 2017),

the IR-radio ratio’s redshift (e.g. Sargent et al., 2010; Ivison et al., 2010; Mao et al., 2011;

Delhaize et al., 2017; Calistro Rivera et al., 2017) or stellar mass – SFR plane dependence

(Magnelli et al., 2015), etc.

With the upcoming new generation of radio telescopes (such as the Low Frequency Array;

Square Kilometre Array and its precursors, ASKAP andMeerKAT; the recently upgradedVery

Large Array, etc.), deeper and wider than before radio surveys will provide a more complete

census of star-forming radio galaxies both in the local and more distant Universe. To make

full of use of the unprecedented high-quality data, a more refined understanding of the radio –

SFR calibration is needed. Since the Yun et al. (2001) and Bell (2003) works were published,

more sensitive radio and IR data, and better overall IR photometric coverage have become
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Figure 4.1: Total infrared and 1.4 GHz radio luminosity distributions of the Yun et al. (2001)

and Bell (2003) samples in comparison to our catalogue presented here (for details about the

calculations of radio and IR luminosities, see Sect. 4.2.2). FIR luminosities in the Yun et al.

(2001) catalogue were rescaled to TIR with the average ∼0.33 dex offset between FIR and TIR

luminosities measured in our sample. Solid (dashed) lines show the various luminosity limits at z =

0.01 (z = 0.1) derived from Fig. 4.2. Number counts are on a logarithmic scale to ease comparison

between the samples.

available. Furthermore, as discussed in Sargent et al. (2010), IR- and radio-selection effects

can bias median IR-radio ratio measurements, which warrants a more careful approach than

traditionally done.

This work presents a ∼5 times larger and ∼4 times deeper dataset than the one used in

Yun et al. (2001), aiming to provide a more precise measurement of the IRRC than previously

possible. Fig. 4.1 shows a comparison of infrared and radio luminosities in the catalogues of

Bell (2003), Yun et al. (2001) and our work. It is apparent, that we have substantially more

> 21 log(W/Hz) (> 9.5 log(M�)) radio detected (IR detected) sources, however we could not

increase low luminosity number counts. The primary reason for this, is the ∼ 2.6 times larger

area covered by Yun et al. (2001). Our catalogue with IR and radio luminosity measurements

is going to be publicly available to support follow-up studies investigating the local IRRC’s

dependence on various galaxy parameters and thus gaining insights into the physics regulating

the correlation. In Sect. 4.2 we describe the archival data products we used, and the catalogue
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construction process, Sect. 4.3 presents a discussion of selection effects, our measured IRRC

properties, while in Sect. 4.4 we discuss the impact of our findings on the radio – SFR

calibration.

Throughout this chapter, we use a flatΛCDMcosmologywithΩM = 0.3 andH0 = 70 km Mpc−1 s−1.

Star formation rates and stellar mass values reported assume a Chabrier (2003) initial mass

function (IMF).

4.2 Data

As Sargent et al. (2010) found, purely radio- or IR-selected samples introduce a systematic bias

to measured IRRC metrics. To account for this selection effect, we created a jointly-selected

sample from the union of IR- and a radio-selected samples. This section provides details on

this process.

We based our catalogue on the Sloan Digital Sky Survey (SDSS) Data Release 12 (Alam

et al., 2015), which provides accurate positions and redshifts to which we anchored our radio

and infrared measurements. We used unWISE ((Lang et al., 2014) 22 µm, IRAS 60 and

100 µm, and Herschel Space Observatory (Pilbratt et al. 2010 hereafter, Herschel) 70, 100,

160, 250, 350 and 500 µm fluxes for our IR catalogue, and FIRST and NVSS detections for the

radio catalogue. Since they have a variety of depths and survey areas, as presented in Table 4.1,

this results in a multi-tiered dataset, which can potentially introduce selection biases (Sargent

et al., 2010). Fig. 4.2 shows a comparison of the different radio and total IR luminosity1 limits

of these surveys. This section provides a detailed overview of the data, and the methods used

to derive radio and IR luminosities in order to measure the IRRC.

4.2.1 Catalogue construction

Weselected SDSS galaxieswith spectroscopic (58%), or if no suchmeasurementwas available,

photometric (42%) redshifts below 0.2 to identify low-redshift objects. Fig. 4.3 shows the

redshift distributions of our total catalogue and its different subsets. We note that applying a

more stringent z = 0.1 redshift cut does not change qualitatively our results.

Infrared-selected sample

We carried out spectral energy distribution (SED) modelling of infrared data in order to

estimate the total IR luminosity of our sources. Since we optimized two parameters during

our fitting procedure (SED normalisation and shape parameter; for details see Sect. 4.2.2), we

required at least two significant (signal-to-noise ratio S/N > 5) IR photometric measurements

for a source to enter our IR-selected sample. More specifically, due to the depth and coverage

1Survey sensitivities in flux units have been converted to IR luminosities LTIR by finding the best fit Chary and Elbaz

(2001) SED template to the 5σ flux limit (details in Table 4.1) of a given survey in the 0 < z < 0.2 redshift range.
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Figure 4.2: Total infrared luminosity limits derived for the surveys used in this work. Radio

luminosity limits were rescaled to LTIR with the canonical qTIR = 2.64 of Bell (2003). Infrared

limits were derived using best fit templates from the SED library of Chary and Elbaz (2001). H-

ATLAS SPIRE and PACS and HerS SPIRE curves are averaged across their bands. The coloured

HPSC region is derived from the 16th and 84th percentiles of the overall error distribution in order

to represent the different depths of the Herschel fields present in the HPSC catalogue.
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Table 4.1: Survey sensitivities and areas used to construct our catalogue.
5σ [mJy] area

FIRST 1.0 10,575 deg2

NVSS 2.5 37,216 deg2

IRAS 60 µm 0.2 full sky

IRAS 100 µm 1 full sky

H-ATLAS PACS 232.5 161 deg2

H-ATLAS SPIRE 45.0 161 deg2

HerS SPIRE 67.8 79 deg2

PPPSC 43.0 –

HPSC 24.5 –

WISE 22µm full sky

Figure 4.3: Reshift distributions of a) the radio-, IR-selected and joint catalogues, b) sources with

photometric and spectroscopic redshifts, c) IR-selected sources with 2, 3 – 4 and more than 5 high

signal-to-noise IR detections, and d) AGN and star-forming galaxies.
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of the 22 µm data used, the selection criteria were (i) a high S/N > 5 flux measurement at

22 µm, and (ii) at least one high-S/N far-infrared (FIR) detection in any other of the FIR

bands. We note that an advantage of anchoring our IR-catalogue to one band is that it gives us

a simplified way to control selection effects in the IR data (for more details see Sect. 4.3.3).

In the following we give a brief description of the archival catalogues that form the basis of

our IR-selected sample.

WISE data: The Wide-field Infrared Survey (WISE) satellite carried out all-sky obser-

vations at 3.4, 4.6, 12 and 22 µm (Wright et al., 2010) with resolutions of 6.1, 6.4, 6.5 and

12.0 arcsec, respectively. Exploiting high-resolution optical data available, Lang et al. (2014)

performed flux extraction with a forced photometry approach on un-blurred co-added WISE

images at over 400 million SDSS source positions. Since the bulk of the total IR luminosity is

emitted at FIR wavelengths, and the mid-IR regime is susceptible to AGN contamination, we

only considered 22 µmfluxes. UnWISE photometry was obtained for our parent SDSS sample

and we select galaxies with signal-to-noise (S/N) > 5 unWISE flux 22 µm measurements to

be included in our analysis; 307,443 low-z galaxies meet this requirement.

IRAS data: The Infrared Astronomical Satellite (IRAS; Neugebauer et al., 1984) mission

covered the full sky at a wavelength of 12, 25, 60 and 100 µm. We draw FIR fluxes from the

Revised IRAS Faint Source Redshift Catalog (RIFSCz) of Wang et al. (2014a) which contains

60,303 galaxies selected at 60 µm covering 60% of the sky and redshifts out to z ∼ 1. Wang

et al. (2014a) matched the IRAS Faint Source Catalog (FSC) to the WISE 3.46 µm All-Sky

Catalog using the likelihood ratio technique. This catalogue was then matched with SDSS DR

10 by taking the closest matching SDSS counterpart, resulting in a sample of 20,277 unique

galaxies. We use RIFSCz SDSSDR10 coordinates to match the FSC fluxmeasurements to our

parent sample (z < 0.2). 17,829 sources in our parent sample have 60 µm fluxes with S/N>5.

At 100 µm, 7,261 sources have 100 µm fluxes with S/N>5. Requiring these IRAS sources to

also have good (S/N> 5) W4 unWISE detections reduces the number of IRAS 60µm sources

to 15,506.

Herschel data: We draw Herschel data from two of the largest wide-area programs; the

Herschel-ATLAS survey (Eales et al., 2010; Valiante et al., 2016, HATLAS) and the Herschel

Stripe 82 survey (Viero et al., 2014, HerS), which we will describe below. Herschel has

two cameras PACS (Photoconductor Array Camera and Spectrometer; Poglitsch et al. 2010)

and SPIRE (Spectral and Photometric Imaging REceiver; Griffin et al. 2010), operating at

60-210µm and 200-670µm, respectively.

Herschel-ATLAS (H-ATLAS) Data Release 1 (Valiante et al., 2016), covers the three

equatorial fields surveyed by the GAMA (Galaxy and Mass Assembly; Driver et al., 2011)

spectroscopic survey. The three fields have a combined area of 161 square degrees and are

located around 09h, 12h, and 14h in RA. The catalogue, described in Valiante et al. (2016),
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consists of 120,230 sources in 5 photometric bands – 100, 160, 250, 350, 500 µm. It includes

SPIRE sources which have a 4σ (with confusion noise) detection in any of the 250, 350 or

500 µmmaps and also provides a robust optical identification from the SDSS DR7/8 catalogue

and spectroscopic redshifts from GAMA and SDSS (Bourne et al., 2016).

Our match of the H-ATLAS sources with our SDSS DR12 photometric parent catalogue,

using a search radius of 5 arcseconds, resulted in 8,752 sources, mainly due to our redshift

limit of z = 0.2. There are 7,001 sources that have 250µm S/N> 5, but only 1,920 of them

have also good (S/N>5) unWISE 22µm fluxes.

The Herschel Stripe 82 Catalog (HerS; Viero et al., 2014, 2) is made with DESPHOT

(Roseboom et al., 2012; Wang et al., 2014b) and includes 27,885 band-merged sources with

significance greater than 5σ. Using a 5-arcsecond matching radius for HeRS gives 4,145 local

galaxies, 2,512 with S/N>5 in at least one band and 1,118 that are also detected at S/N>5 in

unWISE.

Recently the SPIRE Point Source Catalogue (SPSC) 3 and Herschel/PACS Point Source

Catalogue (PPSC) have been released. Each Herschel band had sources extracted independ-

ently of the other.

From the SPSC catalogues, we use the timelinefitter (TML) fluxes as they are the most

accurate for point sources. Source matching was performed initially with a large search radius

before selecting the final search radius for the catalog selection; the radius at which random

associations become the main contribution to the matches. From the SPSC catalogues, a

search radius of 5 arcsec was used to match 48,115 sources at 250 µm (48,041 with S/N>5).

Matching the SPSC 350 µm catalogue with 7 arcsec radius gives 19,578 sources (19,524 with

S/N>5). We use a 9 arcsec matching radius for 500 µm catalogue and recover 4,957 sources

(4,894 with S/N>5). Combined, there are 50,133 galaxies that have a > 5σ detection in at

least one of the SPSC bands. Requiring a good W4 flux brings the number of SPSC sources

down to 18,038.

Similarly, we also draw data from the recent PPSC (PACS Point Source Catalogue). Fluxes

have been measured using the AnnularSkyAperturePhotometry task and apertures out to

a radius of 18 arcsec for the 70 and 100 µm bands and 22 arcsec for the 160 µm band. Fluxes

were aperture corrected based on Lutz (2015). We have removed flagged (edge-flag, blend-

flag, warm altitude or solar system map flag) sources keeping 78%, 64% and 69% of sources

at 70, 100, and 160 µm, respectively. For the 60 µm and 100 µm catalogues, we determined

4 arcsec to be a good matching radius, finding 1,134 and 6,970 sources the respective bands.

At 160 µm, we used a matching radius of 5 arcsec and found 6,413 matches. There are 6,302

sources with S/N>5 in at least one of 70 or 100 or 160 µm bands and 3,421 additionally have

good W4 unWISE fluxes.

Many sources in H-ATLAS and HeRS are also in the SPSC and PPSC catalogue. When

2http://www.astro.caltech.edu/hers/HerS_Home.html
3https://www.cosmos.esa.int/web/herschel/spire-point-source-catalogue
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sources are present in both catalogues, we prefer to use the H-ATLAS or HeRS fluxes over the

SPSC or PPSC values.

Our final IR-selected sample contains a total of 32,644 galaxies with an S/N>5 detection

in unWISE W4 and at least one FIR wavelengths.

Radio-selected sample

Radio measurements were taken from the Unified Radio Catalog (Kimball and Ivezić, 2008,

2014). It is primarily based on Faint Images of the Radio Sky at Twenty centimeters (FIRST;

Becker et al., 1995) andNRAOVLASkySurvey (NVSS;Condon et al., 1998) radio data, paired

up with other lower frequency radio measurements and SDSS. Both the FIRST and NVSS

surveys were conducted with VLA. FIRST focused on the SDSS footprint as established in

Helfand et al. (2015), with higher resolution and sensitivity than NVSS, while NVSS surveyed

the entire Northern sky. Due to its lower angular resolution, NVSS is less prone to resolving

out radio flux components.

From the Unified Radio Catalog we extracted the FIRST primary sources and NVSS

detections with no FIRST counterparts4. The latter selection adds extended objects that were

not found by FIRST due to its high resolution, as well as radio sources outside of FIRST’s

footprint, but potentially with more recent SDSS coverage. We then cross-matched this sample

with our local SDSS-based optical sample. This final radio-selected sample consists of 55,494

objects. After a comparison of FIRST and NVSS fluxes for sources where both are available

in our sample, we decided to use FIRST fluxes when possible, and take NVSS where it is the

only 1.4 GHz measurement. Our final radio-selected sample consists of 55,398 sources.

Joint catalogue

Combining the infrared- and radio-selected catalogues resulted in a jointly-selected catalogue

of 77,039 objects. In this, 11,099 have detections at both radio and IR waveleghts, 21,545

have only IR and 44,395 only radio data.

Fig. 4.2 shows total IR and radio luminosity limits as a function of redshift estimated for

the various photometric bands in the joint catalogue. For the infrared surveys, we plot the LTIR

value of the Chary and Elbaz (2001) SED template that reproduces the respective catalogue’s

5σ flux limit at a given redshift between z = 0 to 0.2. Radio fluxes were converted into 1.4

GHz luminosities using Eq. 4.1, then subsequently rescaled to LTIR with the local qTIR =

2.64 of Bell (2003), in order to facilitate a direct comparison between all available data. The

unWISE4 fluxes represent the deepest tier with PPSC photometry. The other Herschel data

(H-ATLAS, HerS and HPSC) are well-matched with FIRST, forming the middle tier of our

catalogue. Lastly, NVSS and IRAS provide a shallow but wide layer. The 2 Jy IRAS 60 µm

flux cut of Yun et al. (2001) is mismatched with NVSS. To avoid selection effects biasing our

4We used the selection flag of ((matchflag_first = -1) or ((matchflag_nvss = -1) and (matchflag_first = 0))).
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Figure 4.4: Radio (FIRST or NVSS) versus infrared fluxes from unWISE (22 µm), IRAS (60 and

100 µm) and Herschel (100, 160, 250, 350 and 500 µm). IR and radio flux distributions are shown

on the sides. Dashed line in the top left panel illustrates the 1.7 mJy flux cut we applied in order

to select our radio-IR sensitivity matched sample, as descried in Sect. 4.3.3.
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IRRC measurement, as discussed in Sargent et al. (2010), we applied a flux cut of 1.7 mJy to

unWISE 4 data. To further homogenize our selection, we require our sources to have FIRST

survey coverage. This resulted in a final, sensitivity matched joint sample of 9,236 galaxies.

The effects of asymmetric luminosity limits are further investigated in Sect. 4.3.3.

Fig. 4.4. shows the infrared fluxes in various bands against the 1.4 GHz radio fluxes of

all the sources with both radio and respective IR measurements. The correlation is apparent

before the conversion to luminosity.

4.2.2 Measuring 1.4 GHz radio and the total infrared luminosity

Radio luminosity

Radio luminosities were derived using the standard equation(
L1.4

W Hz−1

)
= C

4π
(1 + z)(1+α)

(
DL

Mpc

)2 (
S1.4
mJy

)
, (4.1)

where L1.4 is the 1.4 GHz rest-frame radio continuum luminosity, C = 9.52 × 1015 is the

conversion factor from Mpc2 mJy to W Hz−1, α is the radio spectral index5, z is redshift, DL

is the luminosity distance and S1.4 is the measured 1.4 GHz flux. Since our catalogue only

has 1.4 GHz fluxes, and thus the radio spectral slopes are not measured, we used the typical

α = −0.7 assumption (e.g. Kimball and Ivezić, 2008).

Total infrared luminosity

In order to estimate the total infrared luminosity of our IR-selected sources, we fitted their fluxes

with the SED templates of Chary and Elbaz (2001). This luminosity-dependent SED library

contains 105 IR spectra of different shapes, each with a different total infrared luminosity.

With a cubic spline interpolation between the normalised spectra, we obtained a continuous

shape parameter, γ, we can freely tune. To relax the assumption of Chary and Elbaz (2001)

that the SED shape is intrinsically tied to the IR luminosity of the sources, we fitted the SED

shape parameter and luminosity independently of each other.

To find the best fit SED model with realistic error estimates on the free parameters, we

used an affine invariant Markov chain Monte Carlo (MCMC) sampler called emcee. It is a

free, open-source code implemented in python. We used 100 walkers, and found that the

typical MCMC chain’s burn-in period is ∼ 200 steps, so to achieve sufficient sampling, we

ran each chain for 2000 more steps and produced marginalised distributions and statistics

from these. A median acceptance fraction of 0.4 with a 0.1 standard deviation indicates

that the majority of our fits are sufficiently converged. Fig. 4.5 shows typical SEDs with

best-fit model and additional randomly drawn models from the MCMC chains representing

the 1σ confidence interval of our fit alongside the marginalised LTIR distribution from the

posterior sampling, which was used to derive LTIR uncertainties. We note that monochromatic

5The radio spectral index is defined as Sν ∝ να, where Sν is the flux density at frequency ν.
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Figure 4.5: Examples of fitted spectral energy distributions with varying photometric coverages,

using the templates of Chary and Elbaz (2001). Red lines are the best-fit curves, grey ones are 100

other randomly selected models from MCMC chains, representing the 1σ confidence intervals

of each fit. The insets show the marginalized LTIR parameter distributions. Since the Chary and

Elbaz (2001) library is not completely smooth due to some discontinuities , sharp cut-offs occur in

the distribution of the shape parameter, γ, at certain values, as this example demonstrates.
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luminosities in some wavelength regimes do not change smoothly as a function of γ, i.e. there

are some abrupt changes in SED shape between certain γ values. This occasionally leads to

multi-modal marginalized LTIR distributions (see bottom panel of Fig. 4.5), because there are

different best-fit normalizations for template shapes, that are significantly different than the

neighbouring templates in the library. This is a notably bigger issue with less photometric

points, when the intrinsic SED shape is less well constrained by our data. Thus, typical LTIR

errors in our flux-matched catalogue are 0.12, 0.05 and 0.02 dex for sources with 2, 3 – 4, and

> 4 measured photometric bands, respectively.

The fitted SEDs were used to derive an empirical K-correction at various wavelengths by

taking the ratio of the observed and rest-frame fluxes for each source. These corrections were

applied to measured fluxes to compute the monochromatic IR luminosities presented in Fig.

4.6.

4.2.3 Identifying AGN and star-forming galaxies

It is broadly accepted, that the IRRC emerges from the correlation of IR and radio fluxes

with star formation activity. Since our primary aim is to study this relation, we aim to select

sources in our sample identified as dominantly star-forming. On the other hand, since the

IRRC can also be used to detect excess radio emission presumably linked to AGN activity, we

also investigated AGN in our sample. The parent SDSS catalogue contains such classification

based on optical emission line ratios of galaxies. We used these BPT-derived classes to create

star-forming and AGN subsamples. We note that we excluded “broadline” sources from the

star-forming sample in order to create the purest selection of SFGs. The total jointly-selected

sample contains 6,270 SFGs, 722 AGN, while the flux-selected subsample contains 4,772

SFGs and 535 AGN.

4.3 Results

4.3.1 Monochromatic infrared-radio correlations

As Fig. 4.6 shows, all observed monochromatic IR luminosities correlate with radio power.

Scatter was measured as the σ of the Gaussian function fitted to the data’s offset distribution

relative to the linear relation. Table 4.2. contains the slopes, mall, mfluxlimited and mSFG and

scatters (σall, σfluxlimited and σSFG) of each individual single-band correlations for our entire

joint catalogue, the flux limited sample (see Sect. 4.3.3) and its SFG subset, respectively. Both

the flux limited sample and the SFGs produce similar near-linear relations with ∼ 0.2–0.25

dex scatters, while the jointly-selected sources with unmatched survey sensitivities lead to

systematically shallower L1.4GHz – νLν fits and larger scatter. As expected, the sensitivity

matched star forming galaxy subsets are closest to a linear relation with systematically smaller

scatters than the other two samples. IRAS 100 µm luminosities yield the tightest correlation,
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Figure 4.6: Radio luminosity at 1.4 GHz as a function of various monochromatic IR luminosities.

Data are from the sensitivity matched sample (coloured hexagonal bins), while the linear relations

shown (black lines) are fitted only to the SFGs in each panel. Table 4.2 presents the slope and

scatter of these for all sources, the flux limited sample and its SFG subset.
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and are the most robust against selection effects, i.e. the measured correlations are consistent

between all three studied samples. It is likely due to the combination of highest source counts

among all the samples, and the fact that typically the peak of the IR SED in our redshift regime

falls closest to 100 µm in all the bands used. We note that rest-frame luminosities were derived

from SED fits using at least two photometric bands, thus monochromatic IR–radio correlations

measured with single band data are likely less accurate.

Fig. 4.7 presents the correlation between LTIR and L1.4GHz. The slope and scatter meas-

urements of the IRRC using the joint catalogue, flux-selected and flux-selected SFG samples

are also presented in Table 4.2. With exception of 100 µm IRAS fluxes, this correlation proves

to be the tightest compared to single band relations.

4.3.2 Measuring the infrared-radio correlation

The IRRC is quantified by the logarithmic ratio, qTIR, of the total infrared (8 - 1000 µm; LTIR)

and 1.4 GHz radio (L1.4) luminosities:

qTIR ≡ log
(

LT IR

3.75×1012 W

)
− log

(
L1.4

W Hz−1

)
. (4.2)

For a more direct comparison with Yun et al. (2001), we also calculated qFIR, which is

computed using the FIR luminosity (42 - 122 µm; LFIR).

4.3.3 The effect of flux limits on IRRC statistics

Sargent et al. (2010) found that a mismatch in the sensitivities of IR and radio data can bias the

median qTIR value (qTIR) of a sample. In order to demonstrate the impact of such a difference

in the flux limits, we computed the qTIR values of various flux-limited subsamples in our

jointly-selected catalogue. We quantified the mismatch between different IR and radio flux

cuts as the mean difference of the LT IR curves calculated for any given flux limit (see e.g. Fig.

4.2). Fig. 4.8 shows the difference between the qTIR of each flux selection and qTIR = 2.64 of

Bell (2003) as a function of the relative depth of the IR and 1.4GHz radio data.

In line with the analysis of Sargent et al. (2010), we find that IR-limited (i.e. when radio

data are more sensitive than IR) qTIR measurements are positively biased, whereas radio-

limited samples lead to lower qTIR values. The magnitude of this bias is proportional to the

mismatch between the radio and IR data. We note that this bias can be negated with either a

selection based on a third, uncorrelated selection criterion, e.g. by studying a mass-matched

sample, or techniques that allow probing IR and radio fluxes below their nominal limits, such

as stacking or survival analysis.

Fig. 4.8 predicts that due to its asymmetric selection criteria, the median qFIR of Yun et al.

(2001) is positively biased. In order to find evidence for this in our catalogue, we compared

the qFIR values for both the S60 > 2 Jy selection of Yun et al. (2001) (qFIR,Yun = 2.42) and our

sensitivity matched (qFIR, flux lim = 2.31) samples. The difference between average sensitivities
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Figure 4.7: Radio luminosity at 1.4 GHz as a function of the total infrared luminosity. Data are

from the sensitivity matched sample (coloured hexagonal bins), while the linear relations shown

(red line) is fitted only to the SFGs in the sample. Table 4.2 presents the slope and scatter of the

relation for both the flux limited, unbiased sample and its SFG subset. Star formation rate axes

were calculated using the canonical qTIR = 2.64 of Bell (2003).
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Figure 4.8: Median qTIR difference to the local qTIR = 2.64 of Bell (2003) as a function of offset

between the sensitivity of IR and radio data. The black point represents the measured difference

between the qFIR value for IRAS 60 µm > 2 Jy sources (i.e. the selection used in Yun et al., 2001)

and qFIR for our unbiased, sensitivity-matched sample. It is consistent with the bias predicted from

our analysis.

in the Yun et al. (2001) catalogue was computed from the 2 Jy IRAS 60 µm and NVSS

curves in Fig. 4.2, its uncertainty was taken as the standard deviation of the differences in the

plotted redshift range. The observed qFIR difference falls on our prediction, suggesting that the

measured qFIR = 2.42±0.01 using the selection criteria of Yun et al. (2001) is slightly biased

by ∼ 0.1 dex, and thus local qFIR value is 2.307±0.002.

4.3.4 Infrared-radio ratio of star-forming galaxies

In our total sample, we measure a qTIR = 2.583 ± 0.0036, broadly consistent with predictions

from Fig. 4.8 considering the ∼ 0.6 dex sensitivity offset between unWISE 22 µm fluxes, our

6The error was taken as the error on the mean. However, we note that this is likely much smaller than most

of the systematic uncertainties. Therefore a further exploration of other sources of error, such as error propagation

from individual luminosity measurements, uncertainty stemming from a model template library choice, error when

determining the flux cut to match survey sensitivities, etc., is needed.
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Figure 4.9: Distribution of qTIR values for SFGs (left) and AGN (right) in the luminosity matched,

unbiased samples. AGN show lower qTIR on average, and larger scatter.

deepest and widest IR photometry and the FIRST flux limit, as seen in Fig. 4.2. Scatter is

measured to be 0.23 dex. In our sensitivity matched sample we find qTIR = 2.613 ± 0.003,

more in line with the measured median value of 2.64 ± 0.02 in Bell (2003). If we select only

SFGs in the sensitivity matched sample, and thus remove most radio loud objects, we find

qTIR = 2.637 ± 0.003 and a scatter of 0.205 dex, ∼ 0.5 dex smaller than in Bell (2003) and

Yun et al. (2001), likely due to our better IR photometric coverage. The qTIR distribution of

SFGs in our sensitivity matched sample is shown in Fig. 4.9.

4.3.5 Infrared-radio ratio of AGN host galaxies

AGN activity in radio loud galaxies is expected to contaminate star-formation related emission

at radio frequencies, thus the infrared-radio ratio of AGN on average is usually found to be

lower than for pure SFG samples (e.g. Morić et al., 2010). Indeed, the AGN fraction on the

LTIR – L1.4GHz plane, shown in Fig. 4.10, is found to be higher in the radio excess regime, than

on the main locus of the IRRC, with some excess AGN content among radio quiet galaxies.

We measure a qTIR = 2.60 ± 0.02 for AGNs in our sensitivity matched sample, with a

scatter of 0.26 dex. The enhanced scatter compared to SFGs is also seen in Fig. 4.10, and is in

qualitative agreement with the findings of e.g. Morić et al. (2010). qTIR distribution of AGN

host galaxies in our luminosity matched sample is shown in Fig. 4.9.
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Figure 4.10: Fraction of AGN host galaxies on the LTIR) – L1.4 plane. AGN preferentially occur

above the main locus of the IRRC, and have higher than average fractions below. Black line in the

colour bar indicates the average, 11 %, AGN fraction of the sample.
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4.4 Discussion

4.4.1 Quantifying asymmetric flux selection effects

As we demonstrated in Sect. 4.3.3, IR- or radio-selected samples can lead to systematic errors

in measured IRRC statistics. Using our fit to the trend in Fig. 4.8 it is now possible to quant-

itatively estimate this selection bias, which is highly valuable when comparing various works

in the literature (similar to the compilation in Table 2 of Sargent et al., 2010). However, we

note that the relation derived here is likely not universal, but has some luminosity dependence

due to different relative IR and radio number counts. Nevertheless, it is a useful tool that can

reconcile inconsistent results, or point out tensions unrelated to this selection effect.

4.4.2 Anchoring high-z IRRC studies

Some recent studies have found declining qTIR(z) trends with a power law index of 0.12 – 0.19.

The fact that some of these works predicted higher than 2.64 qTIR values at z = 0 (Sargent

et al., 2010; Delhaize et al., 2017), while redshift evolution from other data underestimated it

(Calistro Rivera et al., 2017), raised concerns regarding the robustness of local the qTIR. We

find a value consistent with the canonical Bell (2003) result in a significantly larger, jointly-

selected galaxy sample, suggesting that so far hidden systematics are at play in some high-z

measurements. E.g. as a result of the well-known z ≈ 0.3 overdensity in the COSMOS field

(Scoville et al., 2013), or the loss of some extended radio flux components in nearby galaxies

due to insufficient uv-sampling in high-resolution radio surveys, affecting the the analysis of

Sargent et al. (2010), Delhaize et al. (2017) and Molnár et al. (2018). Inconsistency with local

measurements can also arise from flux-selections, as mentioned before, explaining e.g. lower

than expected qTIR in radio-selected samples, such as the catalogue used by Calistro Rivera

et al. (2017). We emphasize the need for reliable low-z qTIR values in anchoring redshift

evolution fits to high-z data.

4.4.3 The infrared-radio correlation’s luminosity dependence

We investigated the average IR-radio ratio’s luminosity dependence. Fig. 4.11 presents qTIR

values for SFGs and AGN host galaxies as a function of their radio and total IR luminosities.

We find that LTIR has very minimal impact on qTIR for both SFGs and AGN, with a fitted

linear slope of −0.02 and −0.04, respectively. However, radio bright (L1.4GHz ≥ 22.5 W Hz−1)

sources tend to have lower than average qTIR values, and conversely, galaxies that are faint in

radio have higher qTIR. Best-fit slopes for SFG and AGN are −0.15 and −0.23, respectively.

This result is in qualitative agreement with the findings of Morić et al. (2010). We note that

despite the fact that AGN hosts and SFGs show similar behaviour in both cases, AGN have

marginally, but systematically steeper relations.

In Fig. 4.12 and 4.13 we present the qTIR histograms in each IR and radio luminosity
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Figure 4.11: Median qTIR of SFGs (middle) and AGN (bottom) as a function of IR (left) and

radio (right) luminosity in the sensitivity matched, unbiased samples. Blue and red points are

median qTIR values of luminosity bins, errorbars represent the measured scatter of these binned

qTIR distributions (for details see Figs. 4.12, 4.13 and 4.14). Dashed horizontal lines in these

panels show the median qTIR value found in our SFG sample, as well as in Bell (2003). Top panels

show the AGN fractions in each IR and radio bin of the middle figures. Dashed lines represent the

∼ 11 % average AGN fraction of the flux-matched sample.
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bin shown in the top, SFG panels of Fig. 4.11, respectively. Fig. 4.14 shows the same for

AGN hosts (bottom panels of Fig. 4.11). We measure systematically decreasing scatters for

SFGs both with increasing LTIR and L1.4GHz. This is seemingly at odds with the findings

of e.g. Yun et al. (2001), who measure a higher scatter at high radio and IR luminosities.

However, the sharply increasing AGN fraction towards this luminosity range both at IR and

radio wavelengths (see Fig. 4.11 and 4.10) suggest that studies that do not separate these

populations will add to the measured IRRC scatter especially at the high luminosity regime,

due to the slightly lower TIR and higher spread of AGN.

It is also interesting, that the TIR of both star-forming galaxies and AGN follow similar

type trends (i.e. flat evolution as a function of LTIR, and a decrease with increasing L1.4GHz).

This could suggest that the process that gives rise to this behaviour is present in both types of

galaxies, hence it is linked to star formation rather than AGN activity. If this is the case, it has

an impact on IRRC models, and as a consequence, the radio – SFR calibration at z ≈ 0.

Since this is still an on-going project, I will summarize its main findings, outline current

efforts to finalize the results, and finally discuss future plans in Chapter 6.

Contributions

SL assembled the optical and IR photometry and wrote the relevant parts of Sect. 4.2.1. All

co-authors contributed comments and advice.
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Figure 4.12: Distribution of qTIR values for SFGs of the luminosity matched, unbiased sample in

various LTIR bins. Median IR luminosity values (LTIR), fitted median qTIR (qTIR) and scatter (σ)

are displayed in each panel.
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Figure 4.13: Same as Fig. 4.12, but with L1.4GHz.
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Figure 4.14: Same as Fig. 4.12 and 4.13, but with AGN host galaxies.
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Chapter 5

Double core of G163.82–8.44

This paper is being prepared for publication in Zahorecz et al., 2018, Monthly Notices of

Royal Astronomical Society. This chapter is based on sections of the paper to which I most

significantly contributed.

Co-authors:

D. Cs. Molnár, M. Juvela, K. Dobashi, O. Fehér, J. Harju, A. Kraus, T. Onishi, S. Pintér,

L. V. Tóth

Chapters 2, 3 and 4 examined star formation in various low- and high-redshift extragalactic

environments with and without the presence of an AGN on large, ∼ kpc size galactic scales.

However, our understanding of star formation in small, ∼ pc scales and individual cases is still

limited. This Chapter investigates the physical properties of the dense ISM in a GMC with

on-going star formation, in order to connect the state of the ISM to the in situ star foramtion. I

participated in the observations and reduction of the ammonia spectra analysed in this chapter

during my MSc.

5.1 Introduction

The full-sky survey performed by the Planck satellite (Tauber et al., 2010) has provided an

inventory of the cold condensations of interstellar matter in the Galaxy. It covered the submm-

to-mm range with unprecedented sensitivity. The first all sky catalogue of cold objects, (Cold

Clump Catalogue of Planck Objects, C3PO) contains more than 10,000 objects with measured

physical properties (Planck Collaboration et al., 2011). Although this is a perfect database

to identify the coldest structures in the Galaxy, the lack of sufficient angular resolution of

Planck (from 5 to 33 arcmin) prevents to sufficiently characterize the these clouds. The C3PO

catalogue is not dominated by cores (pre-stellar or only starless cores at sub-parsec scales)

but by ∼1 pc sized clumps and even larger cloud structures extending to even tens of pc in

size. These objects are likely to contain one or several cores, many of which will be pre-stellar

or in the early stages of protostellar evolution. In addition, source confusion on the Galactic
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Plane leads to significant incompleteness of the C3PO catalogue on the plane. The European

Infrared Space Observatory Herschel opened a unique opportunity to establish in great detail

the density and temperature structure of these objects through direct measurements of their

thermal dust emission in the far infrared at high angular resolution (from 9” to 30”).

The Herschel open time key programme Galactic cold cores project (PI: Mika Juvela,

Isabelle Ristorcelli, Juvela et al., 2012, , hereafter Paper III) mapped selected Planck C3PO

objects with the Herschel PACS and SPIRE instruments (100-500 µm). The higher spatial

resolution of Herschel makes it possible to examine the structure of the sources which gave rise

to the Planck detections, often resolving the individual cores. The target selection for Herschel

observations was based on a binning of the C3PO objects. The parameter boundaries were the

following: l = 0, 60, 120, and 180 degrees, |b| = 1, 5, 10, and 90 degrees, Tdust = 6, 9, 11, and

14 K, and M = 0, 0.01, 2.0, 500, 106 M�. The binning was used to ensure a full coverage of

the respective parameter ranges. The final selection of 116 fields covers some 390 cold clumps

from the C3PO catalogue. The general properties of a subset of 71 fields were presented by

Juvela et al. (2012). This dataset is ideal for statistical analyses – Montillaud et al. (2015,

herafter Paper IV) extracted ∼4,000 compact sources and published their basic parameters in a

catalogue; Rivera-Ingraham et al. (2016, 2017) studied the properties of filaments in a range of

environments and star forming conditions; Juvela et al. (2015) analysed the dust properties and

Juvela et al. (2018) investigated the column density structures. Fehér et al. (2017) performed

a CO follow-up survey and Tóth et al. (in prep) observed a subset of these cores in ammonia

with the Effelsberg-100m telescope. In conclusion, there has been considerable effort to chart

the physical characteristics of this representative sample of cold clumps, in order to uncover

the link between the properties of inter-stellar medium (ISM) and in-situ star-formation.

5.1.1 Selected source – G163.82-8.44

G163.82-8.44 is part of the Auriga-California Molecular Cloud (AMC). Juvela et al. (2012)

observed G163.82-8.44 with Herschel PACS and SPIRE instruments within the Herschel open

time key programme Galactic Cold Cores. The field contains 17 C3PO objects – see in Panel

(a) of Fig. 5.1.

In Paper III G163.82-8.44 was categorized as a filamentary cloud. Most observed fields

in the Galactic Cold Core project contain some filamentary structure, but only half of them

are dominated by one or a few filaments. G163.82-8.44 is one of the longest (hence likely

perpendicular to the line-of-sight) and most striking filaments in this sample. Very clear

striations are visible on the Herschel images. Recent studies (e.g. André et al., 2014) suggest

that it could be a possible sign of continued accretion.

Rivera-Ingraham et al. (2016) performed a detailed analysis of the filaments of the GCC

objects. Linear structures were extracted with the getfilaments algorithm and characterized

according to their radial column density profiles and intrinsic properties (such as NH2 distri-

bution, linear masses, width, stability, local environment and compact source associations).
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Figure 5.1: a) Planck 857GHz intensity map of the G163.82-8.44 region. ECC objects are

represented by white ellipses. Position angles were determined on this map. Black and red

rectangles indicate the Herschel satellite and Osaka-1.85 m observations, respectively. Yellow

lines show the MST structures. b) Point source subtracted SPIRE 350µm image of G163.82-8.44.

YSO candidates are shown as circles, plus signs, x’s and stars for Class 0-I/0, Class I, Class II-flat

and Class III sources, respectively. White symbols with black edges indicate the sources from

Harvey et al. (2013). Panels c), and d), present the calculated temperature and column density

maps, respectively. e) Zoomed in column density map of the densest region. White pluses and

green crosses show the positions of the NH3 measurements from 2012 and 2013, respectively. The

resolution of (b)-(e) maps is 40".
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They found 8 filaments in this field with Nscale > 10 (priv. comm with A. Rivera-Inghram).

Based on Paper IV, we adopted a distance of 450±23 pc, based on the extinction method.

The extinction distance estimate has good quality (i.e. reasonable match between model and

observations with a probability of 0.48, due to large number of stars present in the area, and

a high significance of 13). It is also in good agreement with kinematic measures from Dame

et al. (2001)’s CO survey and Wu et al. (2012)’s pointed observations in CO isotopologues.

We note, that Lada et al. (2009) proposed another estimate of ∼150 pc based on the presence

of small cloud fragments that are associated with the nearby Taurus-Auriga complex, close to

the line of sight to the California nebula. In this paper, we adopt the more widely supported

450±23 pc.

Montillaud et al. (2015) found 208 point sources in Herschel images with the use of the

getsources algorithm. 190 of their objects are galactic, 18 are of extragalactic origin. 106

sources are categorised as starless, while 25 are protostellar. These are considered to be cold

structures that host young stellar objects (YSOs). The YSOs were selected from the WISE

catalogue based on the colour criteria of Koenig et al. (2012). 77 sources have “undetermined"

flag in the catalogue. This “undetermined" class contains starless cores with chance alignment

with some galactic infrared (IR) sources as well as more evolved prestellar objects.

Zahorecz et al. (in prep) investigated the small scale clustering properties of the ECC cores

in Taurus, Auriga, California and Perseus star-forming regions with the use of the Minimal

Spanning Tree (Cartwright and Whitworth, 2004, MST,) method. 35 ECC clumps are located

in the California region, 5 groups were found: four of them contain only 2-5 clumps and there

is a larger, filamentary group with 13 clumps. Fig. 5.1 shows the large, filamentary group and

one of the small groups.

5.2 Observations and data analysis

5.2.1 NH3 observations

We observed the NH3 emission of a small region with NH2 > 2×1022 cm−2. The observa-

tions were carried out with the Effelsberg 100-m telescope of the Max-Planck-Institut für

Radioastronomie, Bonn, during December 12-20, 2012 and December 14-16, 2013. The total

on-source integration time was∼4 hours. We used the 13mm primary receiver of the telescope

with frequency switch mode (100MHz bandwidth and centred on 23710MHz) to observe the

NH3(1,1) and (2,2) inversion transition lines (at 23694.495MHz and 23722.633MHz, re-

spectively), with both linear polarizations simultaneously. The half-power beamwidth at this

frequency is 40 arcsec, which corresponds to 0.08 pc at the distance of 450 pc. The point-

ing errors were within ≈9 arcsec, the velocity resolution obtained was 0.038 km/s. During

our first observational run, with an integration time of 15min, we achieved an rms noise of

0.25K. In the central region, with additional observations of 10min and 20min integrations,
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Figure 5.2: a) NH3 (1,1) and b) (2,2) spectrum at the maximum position. Red lines show the

observed spectra, while blue and green lines are the two fitted hyperfine lines with different

velocities. Black curve represents the total fitted spectra.

we obtained an rms noise of 0.10K and 0.06K, respectively. We calibrated the initial spectra

using continuum scans of the sources NGC7027 and W3OH (Ott et al., 1994). Data from

later epochs were scaled to match our first measurements. Pointing checks were made at least

2-3 hour intervals on nearby continuum sources.

We observed the NH3 (1,1) and (2,2) transitions in 56 positions (see Fig. 5.1e for pointing

positions). Data reduction was performed with the gildas packages class and greg 1

following standard procedures. Fig. 5.2 presents the NH3 (1,1) and (2,2) spectra in the

maximum position with hyperfine structure fits. We clearly identified two velocity components

in several positions, suggesting two cloud cores partially overlapped along the line of sight.

5.2.2 3D model of the clump

In order to determine their physical properties, radiative transfermodeling ofNH3 line emission

was performed, using a non-LTE Monte-Carlo radiative transfer simulation, called cppsimu2

(Juvela, 1997). The input for cppsimu is a model box, whose cells contain physical parameters

such as gas volume density, kinetic temperature, line of sight and turbulent velocity components

and the observed molecular species’ abundance relative to H2. cppsimu propagates a large

1http://www.iram.fr/IRAMFR/GILDAS
2https://wiki.helsinki.fi/display/∼mjuvela@helsinki.fi/Cppsimu
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number of photon packages through thismodel box calculating absorption, scatter and emission

in each cell. Mock spectra are produced after convolving the resulting molecular line emission

towards the observer with a pre-selected primary beam to simulate the telescope’s point spread

function. We simulated spectra in spatial grid that matches our observations to facilitate a

straightforward model comparison to our data. For the sake of simplicity, our model box

was constructed as the sum of two spherically symmetric gas density distributions, aiming to

reproduce the observed double line profile. Due to the small number of high signal-to-noise

NH3 (2,2) detections, and consequently not well-resolved kinetic temperature distribution, we

assumed that these model spheres are isothermal. We used a Plummer-like profile to describe

each spheres’ density distributions3 in the form of

ρ(r) = ρc
(
1 +

r
rc

)−1
, (5.1)

where ρ is the density in a given cell, r the cell’s distance from the centre of the core, ρc
is the critical density, and rc is the critical radius. The latter two parameters determine the

normalization and cut-off distance of the model, and were used as free parameters in our fit.

These model spectra were compared to our NH3 (1,1) and (2,2) data in 34 positions

simultaneously. We optimized the model by tuning nine parameters: each cores’ kinetic gas

temperature (Tkin,1, Tkin,1), cloud core radii (R1, R2 – rc in the Plummer model, see Eq.

5.1), central gas densities (ρ1, ρ2 – ρc in the Plummer model), both cloud cores’ line of

sight velocities (v1, v2), their turbulent velocities (σ1, σ2) and the distance between the cores’

centres perpendicular to the line of sight (distz). All of these parameters were fitted in both

cores simultaneously (denoted by indices 1 and 2). The initial parameter values were based

on measured ones derived from observations (see Fig. 5.2).

The model optimization was performed with a Bayesian approach, i.e. by maximizing the

posterior distribution, P(Θ|D), defined as:

P(Θ|D) ∝ P(D |Θ) · P(Θ), (5.2)

where Θ represents the set of parameters in our model, D the measured data we wish to fit,

P(Θ|D) is the probability that the model corresponding to Θ is correct given the dataset,

P(D |Θ) is the likelihood function, i.e. the probability of observing the data if the model is true

and finally, P(Θ) is the prior function, i.e. the probability we assign to a given set of model

parameters before carrying out the fit. In order to obtain the parameters for a given model that

describe the data the best, one needs to find Θ that maximizes the posterior function. In this

case, we defined the likelihood as the inverse of chi2, computed as:

χ2 =

Nspec∑
i=1

Nchan, j∑
j=1

(Si, j,obs − Si, j,mod)/σ
Nchan, j

, (5.3)

3We note that a Bonnor-Ebert profile based fit yields mass estimates consistent with a Plummer one within 1σ, hence

it qualitatively does not change our results.
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Figure 5.3: A comparison of observed and modelled NH3 (1,1) and (2,2) spectra at (OFFSET 13).

Measurements are shown in red, best fitting model in black, while grey lines are randomly selected

models from the Markov chains representing the 1σ confidence intervals. a) shows the NH3 (1,1),

b) is the residual after subtracting the best fit. Panels c) and d) are the same with NH3 (2,2) lines.

We note that the relatively large uncertainties arise when we consider several spectra at the same

time for our fit.
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where Nspec is the total number of observed spectra, Nchan, j is the total number of frequency

channels in the ith spectra, Si, j,obs (Si, j,mod) is the observed (modelled) flux in the j th channel

of the ith spectra, and σ is a weighting factor which equals 1 for (1,1) and 2 for (2,2) spectra.

We chose uniform priors, i.e. it is 1 for any possible combination of parameters. Using emcee

(Foreman-Mackey et al., 2013), a free, open-source Markov chain Monte Carlo (MCMC)

sampler implemented in python, we mapped the posterior distribution to find its maximum.

See Fig. 5.3 for an example of the NH3 (1,1) and (2,2) best-fit lines. Upper and lower

errors on each parameter were derived from the 16th and 84th percentiles of their marginalized

distributions, respectively (see Fig. 5.4).

We used the posterior distribution to randomly sample gasmasses for each cloud separately,

obtaining best-fit masses with uncertainties of M1 = 68+8
−13M� and M2 = 4+1

−1M� (see Fig

5.5). In order to estimate the error from the a) adopted distance uncertainty and b) ∼ 10 %

flux calibration error, we carried out two further MCMC model optimizations with a source

distance of 473 pc (i.e. the distance with maximum 1σ uncertainty) and 10 % increased

ammonia antenna temperatures, respectively. These yielded gas masses consistent with the

initial measurements, thus we conclude they are not the dominant components of the total

error, σtot, on the modelled gas mass. We calculated σtot using

σtot =
√
σ2

MCMC + σ
2
dist + σ

2
flux, (5.4)

where σMCMC is the initial MCMC error estimate from the posterior distribution (see Fig. 5.5),

and σdist and σflux were taken as the difference between the original best-fit masses and mass

estimates from 473 pc and 10 % increased fluxes, respectively. For this two cloud core system

we thus obtained mass estimates with total uncertainties of M1 = 68+11
−15M� and M2 = 4+2

−1M�.

5.3 Conclusion

The Galactic cold cores Herschel open time key programme seeks to investigate the link

between the state of ISM and star formation within GMCs. They derived the dust properties

of a representative sample of cold interstellar clumps detected by Planck. We obtained NH3

(1,1) and (2,2) spectra towards the densest cloud cores observed by this programme. This

Chapter provided a more detailed study of one particular source in this sample, G163.82-8.44.

Our ammonia spectra revealed a double line structure, suggesting that the core is fragmented

into two main components. In order to better constrain the physical properties of this double

core, we carried out radiative transfer modelling with cppsimu. We assumed that the cores

are spherical, both are isothermal with a Plummer density profile, and fitted their individual

kinetic temperatures, line-of-sight and turbulent velocities, radial sizes, central gas densities

and the distance between their centres perpendicular to the line of sight. With a Bayesian

approach we obtained realistic errors on each of these parameters. The modelled central

gas densities (ρ1 = 7.0+1.5
−0.6 · 106cm−3 and ρ2 = 8.0+3.2

−2.5 · 106cm−3) and kinetic temperatures
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Figure 5.4: Triangle plot with marginalized distributions and cross-correlations of the nine model

parameters. Median values and associated errors derived from the 16th and 84th percentiles are

indicated by dashed lines.
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Figure 5.5: Cross-correlation andmarginalized distributions of themodelled cloud cores’molecular

gas masses. Median values and associated errors derived from the 16th and 84th percentiles are

indicated by dashed lines.

(Tkin,1 = 10.8+0.6
−0.7 K and Tkin,2 = 11.0+0.7

−0.7 K) are consistent between the two core components

within 1 σ, suggesting overall similar ISM conditions within the cores. From the best-fit

model we derived gas masses of M1 = 68+11
−15M� and M2 = 4+2

−1M�. Since the densities are

well-matched, this observed mass difference is due to the significantly different core sizes

(R1 = 3.0+2.5
−1.2 pc and R2 = 0.7+0.1

−0.1 pc). Using the MacLaren et al. (1988) formula (Eq. 1.4),

we find virial masses of Mvir,1 = 254+218
−114M� and Mvir,2 = 70+18

−18M�. These are significantly

higher than the measured values, suggesting that the cores are both gravitationally unbound.

However, this virialmass estimate neglects the effect of thewarmer, enveloping gas component.

Thus, the result so far highlights the importance of external pressure in compressing cloud

cores and facilitating star formation. Recently observed CO data will be used to extend our

stability analysis.

Contribution

My main contributions to this work are implementing the Bayesian modelling approach and

calculating gas masses with errors. I wrote the text of Sect. 5.2.2, produced the figures,

participated in the observations in 2012, contributed to calibrating and reducing the data. I

also provided comments and feedback for the rest of the paper.
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Chapter 6

Summary and future work

This thesis has investigated star formation and AGN activity on various spatial scales. In

the final chapter, I will give a short summary of the main findings of my works, followed by

remarks on some related future research directions I plan to pursue.

6.1 Jet-induced starburst in HE0450–2958?

In my first paper (presented in Chapter 2), I studied feedback processes in an interacting QSO

– starburst galaxy pair at z ≈ 0.3 using 1 – 6 GHz radio observations.

On sub-arcsecond 5 GHz images I mapped, for the first time, a bipolar outflow centred

on the QSO. Its eastern lobe intersects the companion galaxy just north of the concentrated

starburst activity at its centre (with gas depletion time-scale of order 10 Myr and a star

formation rate of ≈ 310 M�). This star formation related radio component is marginally

resolved, thus with spectral bands positioned at 4 and 6 GHz I could probe the radio spectral

index’s spatial distribution. This revealed tentative evidence for a flattening spectral slope

towards the projected point of interaction between the QSO-driven jet and the companion

galaxy’s interstellar medium (ISM), hinting at on-going physical interaction between them. If

this scenario proves favourable, it is possible, that the jet played a crucial role in triggering the

starburst – turbulent compression is capable of compressing the gas and thus accelerating HI

conversion to H2, the fuel of star formation. However, current data is not sufficient to firmly

rule out a merger-driven star formation with the jet-galaxy alignment being purely a projection

effect. Another curious result is the evidence for extended radio flux around the QSO, and

radio emission coincident with the optical emission line ‘blob’, adjacent to the QSO. The

former suggests some on-going star formation activity with very little gas and in the presence

of a luminous QSO, while the latter raises questions about previous theories regarding the

nature of this ‘blob’.
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Outlook

There are currently two immediate major questions regarding the physical processes in the

system: (i) is there any jet-ISM interaction in the companion galaxy, and (ii) what are the

main properties of the QSO host galaxy, e.g. in terms of stellar mass and SFR. To answer

(i), ALMA observations of e.g. CO and HCN, tracers of warmer, less dense, and cold, high

density ISM, respectively, could help. An increasing dense gas ratio towards the jet would

provide strong evidence for turbulent compression present in the ISM. Issue (ii) could be

resolved by VLBI observations that are only sensitive to < 100 pc scale radio emission near

the AGN. A comparison between fluxes obtained this way and our VLA data from an extended

array configuration would allow a more robust SFR estimation in the QSO host.

A more general question is the relative importance of systems with positive feedback,

especially in the high redshift Universe, where there are some hints that it can be a more

common phenomenon (e.g. Decarli et al., 2017). Thanks to the exceptional sensitivity and

high resolution (∼ 0.5 arcsec at 1 GHz) of SKA, it will provide powerful databases to search

for QSO – starburst pairs. These can then be followed up with resolution-matched ALMA

observations to probe their ISM. Detailed studies on systems like HE0450-2958 will pave the

way to these investigations.

6.2 Radio continuum emission as a star formation tracer

My two other main projects focussed on the details of the radio flux – SFR calibration via

the IR-radio correlation. This endeavour is topical, because a new generation of large area,

deep radio surveys are on the horizon, aiming to provide a new, more complete census of

star forming galaxies at radio frequencies, and their results hinge on the precision of the radio

luminosity – SFR conversion. As SKA and its precursors will routinely probe higher than

before redshifts, a particularly pressing problem is the redshift evolution of the infrared-radio

correlation, a cornerstone of the radio – SFR calibration.

In recent years, a group of studies proposed that the IR-radio ratio (qTIR) is decreasing as

(1 + z)−(0.14−0.19). Chapter 3 presents my second paper, which investigates the causes of this

redshift trend. I combined the jointly-selected catalogue of Delhaize et al. (2017) (constructed

using IR data from Herschel and 3 GHz radio measurements with VLA in the COSMOS field),

with optical morphologies from the Zurich Structure and Morphology Catalog. This allowed

me to identify disc- and spheroid-dominated star-forming galaxies out to z = 1.5. In order to

account for selection effects that arise from a pure radio- or IR-selection criterion, I carried out

survival analysis, and thus made use of detection limits as well, to measure median IR-radio

ratios in redshift bins. I found that while the IR-radio ratio of spheroid-dominated sources

displays a decline proportional to (1 + z)−0.19, the disc-dominated galaxies show qTIR values

consistent with the locally measured qTIR = 2.64 at all z < 1.5. Furthermore, I was able to

demonstrate that the decrease observed for spheroid-dominated galaxies is due to an increasing
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radio excess with redshift, hinting at some low level AGN activity associated with their bulge

components, even though according to various diagnostics they harbour no prominent AGN.

This result provides important clues for understanding the redshift evolution of the IRRC,

and reconciles observations with theoretical models that have predicted opposite (e.g. Lacki

and Thompson, 2010). It also demonstrated that radio traces star formation in the absence of

AGN contamination in the redshift range covered by our study. Finally, it suggests that a more

sophisticated radio – SFR calibration at high-redshifts, that can leverage synergies between

upcoming radio and optical surveys, is possible, and will significantly increase the accuracy

of SFRs derived from, e.g., SKA data.

Extrapolations to z∼0 in deep extragalactic IR-radio correlation (IRRC) studies (Sargent

et al., 2010; Delhaize et al., 2017) over predicted the local qTIR value, and thus raised concerns,

that the more than a decade old local measurements (Yun et al., 2001; Bell, 2003) are not

sufficiently reliable. Since then new surveys have provided better data, allowing a revisited,

more robust low-redshift measurement of the IRRC. Thus, my following thesis project (de-

scribed in Chapter 4), attempts to compile the largest and deepest low-z IRRC dataset to date.

I used 1.4 GHz radio data from the FIRST and NVSS surveys, and IR fluxes from WISE,

IRAS and Herschel. I first measured monochromatic IR-radio relations at many different IR

wavelengths (22 – 500 µm), and found that besides the total IRRC, 100 µm luminosities have

the tightest correlation with 1.4 GHz radio data in the low-z Universe. Having quantified the

selection effects related to the different relative depth of IR and radio measurements, I then

carefully re-measured the IR/radio ratios. For the median IR/radio ratio I find a value of qTIR

= 2.637±0.0031 for star-forming galaxies, consistent with the result of Bell (2003), however,

with a smaller, ∼0.2 dex scatter (compared to their 0.26 dex value). This confirms the findings

of Bell (2003), and suggests that studies with high qTIR values extrapolated to z ∼ 0 have some

hidden systematics, that need to be corrected for. Interestingly, AGN not only have a lower

(by 0.4 dex) median qTIR = 2.60±0.02, but also a larger (by 0.7 dex), 0.27 dex scatter. I find

evidence for a decreasing qTIR towards high radio luminosities for both star-forming galaxies

and AGN. Once the catalogue is finalised and the paper is published, it will be released to the

public. With rich ancillary data, it is designed to form the basis of more multi-variate studies

of the IR-radio relation.

Outlook

We plan to inspect the IRRC in the multi-dimensional parameter space of various physical

properties, such as stellar and gas masses (from e.g. the COLDGASS survey; Saintonge et al.,

2011), or metallicities (using SDSS spectra). Adding a more nuanced AGN classification

is also possible using SDSS optical line measurements, similar to the work by Morić et al.

(2010). This opens up several avenues of follow-up research that are capable of dissecting the

1The error estimates are only formal errors on the mean, and do not contain the possibly larger systematics yet.
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Figure 6.1: Median IR-radio ratios of early- and late-type star-forming galaxies in our low-z sample

as a function of the selection criteria. On the left hand panel, ∆n is the gap between Sérsic-indices

used to separate early- and late-type galaxies. At ∆n = 0 early-types are galaxies with n > 1.5

and late-types have n < 1.5. Similarly, in the right figure, bulge-to-disc ratio is used to separate

early- and late-types, where ∆BDR = 0 corresponds to early-types being sources with > 0.5 and

late-types < 0.5 bulge-to-disc ratios.

IRRC in order to learn more about its underlying physics. As a first effort in this direction,

and to check the low-z fits in my work shown in Chapter 3 (anchored to z = 0 data from

Bell 2003), I cross-matched the low-z galaxies with the morphological catalogue of Simard

et al. (2011). They carried out Sérsic-index fitting and measured bulge-to-disk ratios in SDSS

images of isolated sources. My first results find systematically higher qTIR values for early-

type galaxies, possibly due to their relatively stronger cirrus emission (in agreement with the

results of e.g. Nyland et al., 2017). In fact, the qTIR difference between early- and late-type

sources seem to increase by using more ‘extreme’ selections for these morphological classes,

as shown in Fig. 6.1. However, the specific values depend on the precise criteria used to

selecting morphological samples (e.g. whether it is based on Sérsic-indices or bulge-to-disc

ratios), hence it requires more investigation to chose the most appropriate definition of early-

and late-type galaxies in our sample. Nevertheless, this preliminary result is in line with my

predictions at low redshifts in Chapter 4, and thus it is planned to form the basis of a letter that

ties together my papers in Chapter 3 and 4.

There are some further tasks to be done before the results of Chapter 4 can be published.

Calculating errors on all IRRC statistics from individual luminosity uncertainties is possible,

since my SED fitting code extracts 16th and 84th percentiles (i.e. ± 1σ uncertainty) of the

marginalized LTIR distributions, and errors on radio fluxes are available in the Unified Radio

Catalog. However, these errors are often significantly smaller than the scatter of the IRRC,
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Figure 6.2: Top: comparison of LTIR values obtained by using SED template libraries from Chary

and Elbaz (2001) (x-axis) and Dale and Helou (2002) (y-axis). Black line represents the 1:1

relation. Bottom: difference of the two fits as a function of luminosity from Chary and Elbaz

(2001) templates. Red points are the mean differences in LT IR,CE bins (same as the bins in Fig.

4.11), while errorbars represent the standard deviation in each bin. Dale and Helou (2002) fits on

average return 0.17 dex lower LTIR estimates, with a ∼ 0.5 dex increase towards high luminosities.

There is a smaller locus of sources around 0.4 dex difference.
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thus add very little to the uncertainty of the measured statistics, suggesting that the total error

budget is dominated by systematics (such as the choice of IR template library used for SED

fitting, choice of adopted radio spectral index, uncertainty of the flux cut used to create the

sensitivity-matched sample, etc.), that need to be carefully taken into account. As a step

in this direction, I have carried out IR fits with the SED library of Dale and Helou (2002).

A comparison between LTIR values obtained from Dale and Helou (2002) and Chary and

Elbaz (2001) templates reveal systematic differences, as Fig. 6.2 shows. On average, LTIR

measured by Dale and Helou (2002) are ∼ 0.17±0.06 dex lower than by the Chary and Elbaz

(2001) fits, with a slight luminosity dependence in the 10 ≤ log(LTIR/L�) ≤ 12 range. This

systematic difference warrants further investigation. A possible solution could be to merge the

two template libraries and carry out a joint SED fit, similar to the approach of e.g. Calistro

Rivera et al. (2016).

Currently, I do notmake use of the limits at radio and IRwavelengths in the low-z catalogue.

A logical improvement of the study will be to try to obtain qTIR values from survival analysis,

which would ideally negate the need for a flux-selection. Alternatively, stacking could be used

to explore sources with low radio and IR fluxes.

6.3 Modelling ammonia lines in Galactic cloud cores

Finally, I collaborated on analysing ammonia spectra from a Galactic GMC core observed by

the Effelsberg-100m telescope. The data are from the Auriga-California Molecular Cloud, at

∼ 450 pc. We found double line emission, suggesting two close cloud cores along the line

of sight, possible progenitors of a future binary star. I applied the Bayesian model fitting

technique with MCMC, that I also used for IR SED fits in Chapter 4, to optimise the physical

parameters of a model cloud. Mock observations from our model cloud cores were calculated

by a radiative transfer code called cppsimu. This allowed me to carefully explore the nine

dimensional parameter space of the model, and thus lead to reliable error estimates for the two

cores’ gas masses. We found a a mass ratio of 17:1.

Outlook

The modelled physical characteristics will be used to examine the cores’ gravitational stability.

First calculations using the MacLaren et al. (1988) formula (Eq. 1.4) find virial masses of

Mvir,1 = 254+218
−114M� and Mvir,2 = 70+18

−18M�. This are significantly higher than the measured

M1 = 68+11
−15M� and M2 = 4+2

−1M� values, suggesting that the cores need to accrete more

material before they become gravitationally bound and collapse. An investigation of the

velocity field in their vicinity can provide clues about accretion rates and support or disprove

this picture. Molecular hydrogen column densities obtained from FIR-based dust column

density estimates (assuming a given gas-to-dust ratio) will be compared to H2 column densities

inferred from our ammonia data. This will be a test whether typical 10−8 ammonia abundances
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with respect to H2 are accurate in these cores, and will contribute to analysing their chemical

evolutionary status (in conjunction with other molecular species). Finally, the mass ratios will

be compared to typical young binary star mass ratios.
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