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Abstract

Star formation and galaxy evolution are intimately linked together. A detailed un-
derstanding of the physics of star formation can help us explain how galaxies evolve
into, for example, our present Milky Way. Using Very Long Baseline Interferometry
(VLBI) techniques it is possible to achieve high enough angular resolution to study
radio emission from other galaxies in great detail. This thesis presents observations
of three nearby Luminous Infrared Galaxies (LIRGs): NGC 4418, M 82 and Arp 220.
While the centres of these galaxies are all heavily obscured in optical wavelengths, ra-
dio observations can be used to probe star formation properties in the centres of these
galaxies.
The galaxy NGC 4418 is radio weak with respect to the far infrared (FIR)-radio correla-
tion for star forming galaxies. We present evidence for a young starburst in the centre,
likely fuelled by gas falling in from a recent interaction with the nearby galaxy VV 655.
We argue that this scenario can explain the low radio luminosity of this galaxy, and
possibly also of other galaxies which appear to be radio weak.
M 82 and Arp 220 follow the FIR-radio correlation and are excellent laboratories to
study the physics of star formation in extreme environments. In this thesis we report on
new groundbreaking subarcsecond resolution observations of M 82 and Arp 220 with
the international LOFAR telescope, where we for the first time spatially resolve the ra-
dio emission from their nuclei at metre wavelengths. We report on previously unknown
steep-spectrum radio structures and study effects of free-free absorption. We conclude
that high angular resolution is essential for a correct interpretation of the radio emis-
sion from these complex objects. Furthermore, this work demonstrates that LOFAR can
be used to obtain subarcsecond resolution images at metre wavelengths, a capability
which can be used in multiple areas of astronomy in the future.
Finally, we present results from new and archival global VLBI observations of Arp 220
spanning 17 years. We show that a self-consistent approach is essential to understand
the nature of the radio emission. We find the data rich in details: we detect more than
80 compact objects, many with luminosities and sizes measured at multiple times and
frequencies. We present a first analysis of the data where we discuss the general prop-
erties of the source population.

Keywords: galaxies: starburst - galaxies: individual: Arp 220, M 82, NGC 4418 - tech-
niques: high angular resolution - stars: supernovae - radio continuum: galaxies
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S. Aalto, R. Beck, P. Best, R.-J. Dettmar, W. van Driel, G. Brunetti, M. Brüggen,
M. Haverkorn, G. Heald, C. Horellou, M. J. Jarvis, L. K. Morabito, G. K. Miley,
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Chapter 1

Introduction

Observations of distant stars and galaxies provide an important way to learn
more about ourselves and the world around us. In the past century we have,
for example, learned that iron, which is important for oxygen transport in our
blood, is created in massive stars and released into space in supernova explo-
sions. We have also learned that although there are planets around many other
stars, the Earth is a unique place which we should care about if we want future
generations to be able to enjoy it as much as we do.
Although many useful discoveries and inventions arise from knowledge driven
research1, there is great value in pursuing knowledge simply because one is cu-
rious. In this thesis we have been curious about radio emission from star form-
ing galaxies, and tried to learn more about its origins. This work touches upon
many areas, from supernova explosion physics to data management and mod-
elling. We have, for example, figured out how to make very sharp images of
the sky at very long radio waves using the international Low Frequency ARray
(LOFAR; van Haarlem et al. 2013).
A new telescope such as LOFAR opens up a new window towards the universe.
Already today astronomers have access to vast amounts of data (e.g. images) of
stars, galaxies and other things visible in the sky. LOFAR has ambitious goals
for surveying the sky, as has the next generation radio telescope, the Square
Kilometre Array (SKA). Because of the large number of sources in surveys of the
sky (e.g. ∼ 200 000 in the LOFAR Multifrequency Snapshot Sky Survey (MSSS);
Heald et al. 2015), statistical methods studying populations of e.g. galaxies will
likely dominate future analysis work, compared to efforts focusing on single
interesting objects. These methods often make use of empirical (or theoretical)
relations between e.g. the measured luminosity of a galaxy in radio waves and
the number of stars formed (on average) by this galaxy every year.
While such relations have been observationally established at GHz frequen-

1For example, MRI and CT cameras, today routinely used in hospitals around the world, build on the
Projection-slice theorem first presented by Bracewell (1956) in the context of Radio Astronomy.
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cies, the validity at lower frequencies probed by LOFAR (and the SKA) remains
to be checked observationally. For example, a FIR-radio correlation (see Sect.
1.3) may exist at other frequencies than 1.4 GHz although with increased non-
linearity (e.g. Fig. 10 by Lacki et al. 2010). The reliability of star formation rate
estimates based on observations of galaxies at MHz frequencies can likely be
improved by detailed studies of a few objects which are relatively well under-
stood throughout the electromagnetic spectrum, such as the galaxies Arp 220
and M 82 which are described in this thesis.
The field of star formation covers many scales, from the formation and evolu-
tion of single stars to the feedback by the stellar population on galaxy evolution
(Kennicutt & Evans 2012). In this work we study radio emission from star for-
mation on scales from a tenth of a parsec up to several kiloparsec using radio as-
tronomical interferometry at metre and centimetre wavelengths. The main aim
is to improve our understanding of the origin of the observed radio emission.
The work presented on metre wavelengths makes use of the new international
LOFAR telescope, and a significant part of this thesis work has been to develop
strategies for how to make images of the sky at metre wavelengths using the
full resolution power of LOFAR.
In this work, we have mainly studied radio continuum emission. In addition to
the continuum, there are many spectral lines present at radio frequencies which
carry a wealth of interesting information. While this thesis focuses on radio
continuum, a brief introduction to the 21 cm hydrogen line is included as part
of the introduction to paper V.

1.1 Outline of this thesis

This thesis is structured as follows. The rest of this introductory chapter pro-
vides a brief summary of a few key aspects of radio emission from star forming
galaxies. Chapter 2 summarises the calibration strategies used in this work, in
particular regarding how to analyse data from the international LOFAR tele-
scope. Chapter 3 introduces the five appended papers, and finally chapter 4
summarises the main conclusions of this thesis.

1.2 Radio emission from star forming galaxies

General reference: Condon (1992)
The observed radio continuum of a star forming galaxy is a combination of
emission and absorption of photons by charged particles moving in electro-
magnetic fields. Two very important processes give rise to what is usually re-
ferred to as respectively free-free emission (Sect. 1.2.1) and synchrotron emis-
sion (Sect. 1.2.2). A simple model combining free-free emission, absorption and
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synchrotron emission from was used in paper I, to estimate the star formation
rate of compact features in the nucleus of the galaxy NGC 4418, and in paper
III to model the radio emission from the nuclei of Arp 220. For shorter wave-
lengths, i.e. at submillimetre wavelengths and the far-infrared, emission from
dust grains dominate the spectrum. The different contributions from free-free,
synchrotron and dust can be seen as a function of frequency in Fig. 1.1 for the
starburst galaxy M 82.

Figure 1.1: The observed spectrum of M 82 from radio to FIR wavelengths, is the sum
(solid line) of synchrotron (dot-dash line), free-free (dashed line) and dust (dotted line)
components. The HII regions in this bright starburst galaxy start to become opaque
below ν ∼ 1GHz, reducing both the free-free and synchrotron flux densities. Thermal
re-radiation from dust swamps the radio emission at higher frequencies. Figure from
Condon (1992).
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1.2.1 Free-free emission and absorption

Free-free emission is produced in electromagnetic interactions between charged
particles such as electrons or protons. The term free-free refers to that the parti-
cles are not bound in atoms before and after the interaction. Free-free emission
is sometimes also referred to as Brehmsstrahlung because deceleration means “to
brake”, or as thermal emission, because the distribution of kinetic energies of the
charged particles can be described by a Boltzmann distribution with some tem-
perature. The frequency dependence of the free-free emission at optically thin
frequencies can be described by a power-law Sν ∝ ν−0.1 (see the dashed line in
Fig. 1.1).
The free particles involved in producing the emission are usually created from
ionisation of atoms or molecules close to a strong radiation source, such as
a massive star or an accreting black hole. If the free-free emission is due to
star formation, it is a direct measure of the current number of the most mas-
sive (and short-lived) stars. These stars emit many photons energetic enough
(hν > 13.6eV ) to ionise a large volume of the atomic hydrogen present in the cir-
cumstellar medium (CSM). Such an ionised region is called an HII-region and
may be observable at radio wavelengths.
The inverse mechanism, called free-free absorption, means that instead of emit-
ting a photon as a result of the interaction, a photon is absorbed and the en-
ergy transferred to the charged particles involved. This effect is very significant
at low frequencies and can attenuate any background radio emission, thereby
flattening the radio spectra (below 1 GHz in Fig. 1.1). An optically thick HII re-
gion can be described as a black body with some temperature, i.e. the spectrum
is described by the power-law Sν ∝ ν2 at frequencies where the Rayleigh-Jeans
approximation is valid.

1.2.2 Synchrotron emission and absorption

Synchrotron emission comes from relativistic charged particles moving in a
magnetic field, see Fig. 1.2. In star forming galaxies, synchrotron emission from
electrons and positrons accelerated in supernova remnants dominates the radio
spectrum at GHz frequencies, although it is attenuated by free-free absorption
at the lowest frequencies. The spectrum of (unabsorbed) synchrotron emission
can be described by the power-law Sν ∝ να (see Fig. 1.1). The power-law index
α depends on the distribution of energies in the ensemble of emitting particles
and is usually observed to be close to −0.8. Since the particles lose energy as
radiation, they will eventually stop emitting if new energy (or new particles)
is not injected. More energetic particles lose their energy quicker, leading to a
steepening of the radio spectrum at higher frequencies. This effect is called syn-
chrotron ageing and may be used to estimate the age of an ensemble of emitting
particles.
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Figure 1.2: Charged particles spinning around magnetic field lines produce synchrotron
radiation. Synchrotron radiation observed at radio wavelengths allow us to study as-
trophysical phenomena such as supernovae in detail. Image credit: High-resolution
version by Simon Farsi, original at http://nrumiano.free.fr/PagesU/Elexique.html.

The inverse process is also possible, i.e. that a charged particle in a magnetic
field absorbs a photon. This is called synchrotron absorption, but is only sig-
nificant in extremely bright objects, where the major part of the radio emission
is usually synchrotron radiation. Therefore, the absorption process is usually
referred to as synchrotron self-absorption (SSA).

1.3 The FIR-radio correlation

There is a strong observed relation between the luminosity of a galaxy at radio
and at infrared wavelengths, see Fig. 1.3, and this is often referred to as the
FIR-radio correlation. The correlation between the two wavebands is usually
explained by star formation being the ultimate source of emission in both wave-
bands. The infrared emission is thought to come from dust grains which absorb
UV-light from stars and re-emit the energy in the infrared where it then escapes
the galaxy. The radio emission is thought to be dominated by synchrotron radi-
ation from relativistic electrons accelerated in supernova remnants.
It has been proposed that the FIR-radio correlation can be used to separate star
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forming galaxies from active galaxies (AGNs, hosts of highly-accreting super-
massive black holes), and could therefore be used as a tool to find galaxies pow-
ered by AGN emission. However, the correlation is also interesting to study in
itself because of the tight connection to the physics of star formation in a wide
range of environments.
The correlation is usually described in terms of a logarithmic ratio , q, between
flux densities at FIR and radio wavelengths:

q ≡ log
(

FIR
3.75× 1012Wm−2

)
− log

(
S1.4GHz

Wm−2Hz−1

)
(1.1)

where S1.4GHz is the observed 1.4 GHz flux density in units of Wm−2Hz−1 and

FIR ≡ 1.26× 10−14(2.58S60µm + S100µm) (1.2)

where S60µm and S100µm are the flux densities (in Jy) measured in the 60 and
100µm bands with the Infrared Astronomical Satellite (IRAS) (Yun et al. 2001).
A large value of q means little radio emission in relation to FIR. The relation is
remarkably tight over several orders of magnitude in luminosity, see Fig. 1.3,
with an average value of q = 2.34. Very few galaxies differ significantly from
the observed correlation. Yun et al. (2001) find only nine objects of 1809 with
q ≥ 3, i.e. showing significantly less radio emission than expected given their
FIR luminosity. One of these galaxies is NGC 4418 which is discussed in papers
I and V in this thesis.

1.3.1 A more elaborate model of the FIR-radio correlation

The wide range of properties of galaxies following the FIR-radio correlation has
inspired studies trying to explain the physics behind this relation in detail. A
simple calorimeter model where all UV light is re-radiated as infra-red and all
relativistic electrons radiate their energy as synchrotron emission, is probably
not true. For example, Lacki et al. (2010) argue that since most normal galax-
ies show a significant UV luminosity, not all UV is absorbed by dust. Also, if
the electrons lost all their energy before leaving the galaxy the spectral index
α would be around −1, but instead it is ∼ −0.8 as mentioned above. There-
fore, a fraction of charged particles must leave the galaxies before radiating all
their energy. These effects may be said to conspire to give rise to the observed
correlation for normal galaxies.
For low surface density galaxies, Lacki et al. (2010) argue that a significant frac-
tion of charged particles escape the galaxy before loosing their energy as syn-
chrotron radiation, and these galaxies would therefore appear relatively weak
at radio wavelengths. However, these galaxies are also less dusty, thereby de-
creasing the UV-opacity which decreases the FIR luminosity. Once again, the
effects conspire to produce the correlation also for low density environments.
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Figure 1.3: 1.4 GHz radio luminosity vs infrared 60µm luminosity using data from Yun
et al. (2001), i.e. a remake of their Fig. 5a. The three galaxies studied in this thesis are
marked in red: NGC 4418 as a star, M 82 as a circle and Arp 220 as a square.

In dense starburst galaxies, high-energy protons (and atomic nuclei) acceler-
ated by SNe are important for the energy balance, in addition to the e± which
emit the observed synchrotron radiation. Collisions between relativistic protons
from SNe and protons in the interstellar medium (ISM) produce pions, which
decay into gamma rays, neutrinos and secondary e±, in addition to the primary
e± injected directly by SNe. Lacki et al. (2010) argue that secondary electrons
and positrons likely are comparable to, or dominate, primary electrons in dense
star bursts. However, the increased number of relativistic particles that could
produce more synchrotron radiation is compensated for by more significant in-
verse Compton scattering and ionisation losses in regions with strong radiation
from massive stars and dense atomic and molecular gas. Again, although for
different reasons than in lower density environments, one expects the FIR-radio
correlation to hold also for very dense starbursts.
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To learn more about the physics of star formation, and to test models of the
FIR-radio correlation, such as presented by Lacki et al. (2010), we can study
nearby starburst galaxies where the main sources of particle acceleration, i.e.
the SNe/SNRs (and possibly AGNs) can be studied in detail. Two starburst
galaxies on the FIR-radio correlation are M82 and Arp 220.
M 82 is relatively nearby (3.6 Mpc) and has been well studied across the electro-
magnetic spectrum, although observations with high-angular resolution have
been lacking at metre wavelengths where e.g. free-free absorption is most promi-
nent. Arp 220 is more distant (77 Mpc) but has a star formation rate (SFR) of
more than 100 M� yr−1 (Bressan et al. 2002), i.e. two orders of magnitude higher
than the ∼ 1 M� yr−1 of the present Milky Way (Robitaille & Whitney 2010) and
among the highest in the nearby (z < 0.1) universe (Salim et al. 2007). With a
large number of SNe/SNRs evolving in a very high density environment (Bate-
jat et al. 2011), it is a good laboratory for studies of star formation in extreme
environments.
Important clues about the physics of the FIR-radio correlation may also be found
from studying the few galaxies not following the correlation, such as the galaxy
NGC 4418. In this thesis we study these three, quite different, galaxies: NGC
4418, M 82, and Arp 220 using multiple radio telescopes observing at metre and
centimetre wavelengths.

1.4 Telescopes used in this work

In this thesis we use data from multiple radio interferometers, i.e. arrays of con-
nected radio telescopes. Interferometers are widely used because of their ability
to produce images of the sky with high angular resolution. The angular resolu-
tion θ in radians of an interferometer can be approximately described (similarly
to a single dish telescope) as θ ≈ λ/D, where λ is the observing wavelength and
D is the largest separation possible between the telescopes included in the array.
This section provides a brief overview of the interferometers used in this work.

1.4.1 The Karl G. Jansky Very Large Array (VLA)

The VLA is an interferometer in New Mexico (U.S.A) which can observe radio
emission at MHz and GHz frequencies. The antennas are movable and are used
in four different configurations to sample the sky at different spatial scales2,
covering a range of antenna separations from 35 m to 36.4 km. For example:
at 6 GHz in its most extended configuration, the array can sample emission on
scales smaller than 8.9′′ with a maximum resolution of 0.33′′. In this work, the
VLA is used in paper III to study the radio emission from the centre of the

2For all capabilities see https://science.nrao.edu/facilities/vla.
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galaxy Arp 220 at 1.4 GHz, 6 GHz and 33 GHz, and in paper V to study radio
continuum and HI-line emission from NGC 4418 at 1.4 GHz.

1.4.2 The Multi-Element Radio Linked Interferometer Network (e-MERLIN)

The e-MERLIN array (or MERLIN as it was called before the last major up-
grade) is an interferometer in the United Kingdom. It consists of seven tele-
scopes with a maximum separation of 217 km, giving an angular resolution of
about 40 milliarcseconds at 5 GHz, i.e. comparable to the Hubble Space Tele-
scope. e-MERLIN samples a range of spatial scales between those sampled by
the VLA (Sect. 1.4.1) and global VLBI (Sect. 1.4.3). Papers I and III in this thesis
make use of data from the MERLIN and paper II from the new e-MERLIN.

1.4.3 Global Very Long Baseline Interferometry (VLBI)

Global VLBI offers the highest possible angular resolution by combining data
from telescopes spread all over the Earth. In this work we have used data from
the European VLBI Network (EVN) and the Very Long Baseline Array (VLBA)
in the U.S.A. to probe angular scales of less than 1 milliarcsecond. Data from
the EVN is used in paper I to probe the structure of radio emission in the centre
of the galaxy NGC 4418, and in paper IV multiple observing epochs, of both
the VLBA and the EVN, are used to study the origins of radio emission in the
galaxy Arp 220. While global VLBI offers unique capabilities in terms of e.g.
image resolution, there are also challenges such as optimal scheduling of tele-
scopes which do not see the same part of the sky, correcting for differences in
telescope clocks, or being able to combine the data from telescopes with very
different specifications (such as sensitivity) to make deep images. Still, global
VLBI makes it possible to make very detailed studies of relatively compact ce-
lestial objects, such as supernovae, at GHz frequencies.

1.4.4 The LOw Frequency ARray (LOFAR)

The international LOFAR telescope is a fairly new telescope built to observe
radio waves of MHz frequencies (van Haarlem et al. 2013). The Swedish LOFAR
station in Onsala was inaugurated in September 2011, just a few days after I
started my PhD education. Today LOFAR consists of 50 stations in six countries,
and another station is currently being constructed in Ireland, see Fig. 1.4.
The LOFAR telescope has many aims and science goals, from studies of pulsars
and high-energy particle physics to studies of galaxy evolution and the epoch
of reionization. It is in many ways a software-defined telescope, constructed
without moving parts, in contrast to the mechanically tracking dishes which
make up the VLA. This new software based telescope provides exciting new
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Figure 1.4: The international LOFAR Telescope is a network of stations spread over
Europe. Currently there are 38 stations in the Netherlands, six in Germany, three in
Poland, and one each in France, Sweden, and the United Kingdom. Another station
is currently under construction at Birr Castle in Ireland which will further extend the
capabilities of the array.

capabilities, such as being able to observe in many directions simultaneously.
However, new technology also provides new challenges, such as very large data
volumes and unusual antenna reception patterns. In papers II and III in this
thesis we use the part of LOFAR called the High-Band Antenna (HBA) arrays,
which can observe in the range 110-240 MHz, to obtain subarcsecond resolution
images of the sky. Further details on the calibration and imaging strategies used
in this work can be found in Chapter 2 and papers II and III.



Chapter 2

Calibration of interferometric data

This thesis rests on interferometry as an observational technique. In this chapter
I summarise a few concepts important for this thesis work, especially for the
efforts to calibrate and image data from the international LOFAR telescope. The
subject of interferometry is vast and is challenging to convey in a brief and clear
way. For questions beyond the scope of this chapter I refer the interested reader
to one of the excellent textbooks available on the subject, for example Taylor
et al. (1999) and Thompson et al. (2001).

2.1 Long baseline interferometry

The words long baseline are frequently used when discussion interferometric
observations. There is, however, no easy way to define how long a baseline
between two antennas has to be considered long and therefore confusion some-
times arise. For example, some people refer to the remote Dutch LOFAR stations
as having long baselines to the LOFAR core, while others working with inter-
national LOFAR stations consider all baselines within the Netherlands to be
relatively short. Sometimes one tries to clarify this by using international or in-
tercontinental to emphasise the really long baselines. However, we note that the
longest (national) baseline in the Very Long Baseline Array (VLBA) in the U.S.A.
exceeds 8 000 km (Mauna Kea, Hawaii to St. Croix, Virgin Islands), i.e. much
longer than the longest (international) LOFAR baseline. The use of short, long
and sometimes Very Long (as in the acronym VLBA) is not always obvious, so
one has to pay attention to the context to avoid confusion. What is often meant
with the phrase long baselines is that they may be used to obtain information of
celestial objects at relatively high angular resolution.
Other things common to long baseline observations can be the following items:

11
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• Because of the Earth’s curvature, all antennas in the array may not see the
source at the same time. This requires careful planning of the observations
to maximise efficiency.

• The antennas rely on separate time keeping devices, usually atomic clocks.
Although stable by everyday standards, the relative drifts of the clocks
may introduce significant non-geometric time-variable delays between the
antennas which affects the observations. This has to be corrected for in
software before e.g. making images of the sky.

• The movement of the antennas, e.g. due to continental drift or land rise,
will change the baseline length and orientation. This can to some degree
be modelled and corrected for when correlating the measured signals from
the antennas, but significant residuals may remain depending on the ac-
curacy of the correlator model. This model also takes into account effects
such as time dilation described by the general theory of relativity.

• The sight lines from the antennas may go through very different atmo-
spheric conditions, which affect the propagation of celestial radio waves.
This is particularly significant at low (MHz) frequencies where the charged
particles in the ionosphere delays the propagating waves in a frequency
dependent (dispersive) way.

• Many celestial sources are weaker and have a more complex morphology
when observed with long baselines, because of the sensitivity to small an-
gular scales. This can make it challenging to correct for some of the above
effects due to the detailed source models needed in some calibration strate-
gies.

All these effects has to be accounted for in some way to extract celestial infor-
mation from long baseline observations. Fortunately this is possible for many
observations, often using calibration schemes which rely on the triple product (or
closure phase) observable as described by Jennison (1958). However, significant
efforts are often required to make images of weak and complex sources.

2.2 The small field-of-view approximation

When the field of view is small enough to ignore the curvature of the celes-
tial sphere, the relation between the measured visibility V (u, v), the true sky
brightness I(l,m), and the antenna reception pattern A(l,m) (often called pri-
mary beam) can, in the absence of e.g. atmospheric disturbances, be written as a
two dimensional Fourier transform

V (u, v) =

∫ ∞
−∞

∫ ∞
−∞

A(l,m)I(l,m)e−2πi(ul+vm) (2.1)
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where l,m are the sines of the angular separations of the pixels in the image with
respect to the phase centre (Taylor et al. 1999, Chap. 2). The parameters u and v
are the projected east-west and North-South components of antenna baselines
measured in wavelengths, defining a uv-plane also referred to as Fourier space.
The visibilities V (u, v) are samples of the Fourier transform of the image, mea-
sured by correlating the signals between pairs of stations separated by u and
v wavelengths in directions North-South and East-West respectively. Remem-
bering that for small angles sin(θ) ≈ θ we see that a point source (Dirac delta
function) in the image at angular distance l radians from the phase centre will
transform to a plane wave in Fourier space with wavelength 1/l. The larger off-
set l in the image, the shorter wavelength in Fourier space. Because of rotational
invariance of the Fourier transform, the plane wave will have the same direc-
tion as a vector pointing from the phase centre to the displaced point source in
the image.

2.2.1 Time and frequency smearing

Time and frequency smearing refers to averaging of visibilities in time and fre-
quency respectively. As explained in appendix A, the amount of smearing de-
pends on the distance to the visibility phase centre. A source in the centre is
in principle not affected at all, while a source far out may be severely distorted
both in shape and flux density.
Following appendix A we estimate that a source at 80′′ distance from the phase
centre observed with a 1000 km LOFAR baseline at 150 MHz (2 m wavelength)
averaged to 1 channel per LOFAR sub-band (where one sub-band is 195 kHz
wide) would suffer a 10% reduction in visibility amplitude due to frequency
smearing. This means that sources inside this radius can be imaged with 1000 km
baselines without significant distortions, while sources far outside this radius
are significantly reduced which simplifies calibration and imaging of complex
fields.
Following appendix A we may also obtain an approximate estimate of the am-
plitude reduction due to time smearing. For a LOFAR observation with b =
1000 km and averaging time of 10 seconds, a source at 140′′ distance from the
phase centre would suffer a 10% visibility amplitude reduction due to time
smearing. We note that in reality, the projected rotational speed of the Earth
is less than the approximate value of ω given above since most objects are ob-
served far from the celestial poles, and hence the above estimate should be con-
sidered an upper limit.
We further note that in a real data set a range of baseline lengths are present.
Therefore, any averaging done using the same averaging kernel (e.g. the same
time resolution in seconds) will have a different effect on baselines of different
lengths. This means that source structure, such as sizes, may be affected, and
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point sources far from the phase centre may appear resolved. In this work, we
have assumed a conservative approach and kept the data with high enough
time and frequency resolution for smearing to be negligible over the fields im-
aged.

2.3 Phase-referencing

In principle, interferometers measure the absolute phase difference between sig-
nals received at the participating telescopes. However, in practice, the waves
are often delayed by e.g. atmospheric turbulence or non-ideal station clocks
and electronics. To correct for such effects, which are most significant in long
baseline observations, the telescopes often observe, in addition to the target
source, one or more calibrator sources with known position and structure. Such
a source is usually called a phase calibrator. To track phase variations over time
this source is usually monitored throughout the experiment. Afterwards, phase
corrections are derived based on the fluctuations observed for the phase cali-
brator, and these are also applied to the target source. This strategy is called
phase-referencing.

2.3.1 Phase-referencing in cm-VLBI

Since dish antennas, normally used in global VLBI experiments, usually can-
not see both the target and phase calibrator within the primary beam, the an-
tennas must slew between the target and calibrator sources with some cycle
time. The time needed on the calibrator sources depends on the source bright-
ness and antenna sensitivity. For the (interpolated) phase reference corrections
derived on the calibrator to be valid for the target, the cycle time should be
short and therefore the calibrator should be nearby (see e.g. Martı́-Vidal et al.
2010). However, if the calibrator is weak, or the telescopes are slow to move,
longer time is needed to determine accurate phase corrections. For cm-VLBI,
the coherence time of the atmosphere (i.e. the maximum cycle time) is usually
a few minutes, which is enough time to slew to a nearby calibrator. This kind
of phase-referencing is normally used in global VLBI, and also in observations
with the VLA and e-MERLIN arrays described in Sect. 1.4. Still, the need for
phase-reference observations significantly limits the observing time on the tar-
get source, which limits e.g. the final image sensitivity and thus the scientific
interpretation of the observations. However, at centimetre wavelengths the de-
lay is mostly non-dispersive (i.e. independent of frequency) and therefore a
wide bandwidth can be used to gain enough signal to noise for a simple linear
fit to the residual delays present in the data.
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2.3.2 Phase-referencing in metre-VLBI with LOFAR

LOFAR is different from cm-VLBI in that it offers multiple simultaneous point-
ing directions, without any need for slewing. This makes it possible to observe
both target and calibrators simultaneously with continuous tracking of phase
changes. This strategy was employed in paper II, where phase corrections
were derived for M 82 based on simultaneous observations of the two sources
J0957+6533 and M 81. This effort relied on that J0957+6533 was bright enough
to divide the observed bandwidth in small chunks of a few MHz each, wherein
the dispersive delay (non-linear phase vs frequency) could be approximated as
linear and thus solved for using standard cm-VLBI methods (e.g. FRING in
AIPS).

While good calibrators can almost always be found within a few degrees at
cm-wavelengths, at metre wavelengths the isoplanatic patch (i.e. the area with
similar effect on the celestial waves) size seems to be smaller (about 1◦). Fur-
thermore, the density of good calibrator sources (with enough flux density in
compact structure) is not known at metre wavelengths (Moldón et al. 2015).
Ongoing efforts will however greatly increase the numbers of good calibrators,
which should simplify future observations of targets all over the northern hemi-
sphere (Jackson et al. 2016). Future fringe-fitting software with capabilities for
simultaneous fitting of dispersive and non-dispersive phase errors will also im-
prove the situation since more bandwidth can be used to determine the phase
corrections, which in turn enables weaker calibrator sources to be used.

2.4 Flux density calibration

For interferometers with relatively short baselines, such as the VLA described
in Sect. 1.4.1, the absolute flux density scale is usually fixed by including a few
minutes of observations on a source with known flux density. Because of large
number of similar antennas (and the limited angular resolution compared to
e.g. VLBI), it is straightforward to determine gain corrections for all antennas
based on the observed signal strength towards the calibrator. Good flux density
calibrators have been carefully studied for many years and found to be bright
and stable over time.

Similar methods are used to calibrate e-MERLIN data, although the small spa-
tial scales sampled by the array require source models for the flux density cali-
brators to account for resolution effects (i.e. structure in the calibrator source).
Indeed, for some calibrator sources, this is important to do also for the VLA.
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2.4.1 Flux density calibration in global VLBI

For global VLBI observations it is very challenging to find good flux density
calibrator sources to calibrate the gains of all antennas. This is partly due to the
fact that the participating antennas may be very different, but also because very
detailed models of celestial sources requires an impractical amount of work
to keep up to date (e.g. the structure may change more rapidly on smaller
scales than larger scales). Instead, the telescope system temperatures (the re-
ceived power) is monitored during the experiment. Together with measured
gain curves (i.e. antenna gain as function of local orientation), a priori ampli-
tude corrections are calculated and applied to the data. Given careful monitor-
ing of the system temperatures and gain curves, this method generally provides
flux densities accurate to within 10%.

2.4.2 Flux density calibration in metre-VLBI with LOFAR

International LOFAR observations probe small angular scales where there are
few reliable models of flux density calibrators available. Furthermore, mea-
surements of system temperature are not yet performed in a way similar to
cm-VLBI. Therefore, it appears as none of the two standard methods described
above for short or long baseline interferometry can be used to calibrate flux
densities of international LOFAR stations. Accurate flux density calibration is
however essential for most scientific interpretations of the data. Fortunately
it is possible to employ a modified version of the strategy using sources with
known absolute flux density. This strategy has also been used for VLA obser-
vations and is commonly referred to as bootstrapping.
Bootstrapping for LOFAR observations makes use of two different calibrator
sources. One calibrator must have a known flux density at large angular scale
(e.g. 3C196) but no model is needed of the source structure at international
baseline resolution. Another (preferably point like) calibrator is also observed,
which may have unknown total flux density, as long as it has enough flux den-
sity on small angular scales to provide high signal-to-noise amplitude correc-
tions during the whole experiment. In paper II this source is J0957+6533, and in
paper III we use J1513+2338. Note that, in both these papers, these sources also
serve the dual purpose of being delay-calibrators to remove the major residual
phase errors towards the target.
To find the correct flux density for our target through bootstrapping, we first
assume some flux density for the compact calibrator, for example 0.5 Jy for
J0957+6533. We now derive amplitude corrections for the whole experiment
based on this assumption, using only the longest baselines (> 60 kλ in paper II).
Because of the smearing on these long baselines the small field of view approx-
imation (see Sect. 2.2) can be used and we only have to care about the single
calibrator source, and not about other bright sources several degrees away (as
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is the case if we include also shorter baselines, since LOFAR stations pick up
emission from a wide field in the sky). The key point here is that although we
are only using long baselines, we are including all stations, i.e. also LOFAR sta-
tions within the Netherlands. This means that after applying the corrections, we
can make a short-baseline image of the source with known flux density to check
our guess. If the flux density measured on the absolute flux density calibrator
(e.g. 3C196) is found to be too high or too low after applying these corrections,
we make another improved guess based on the measured error and iterate un-
til the measured flux density agrees with the (low-resolution) model. The final
corrections are then applied to the target.

The impact of primary beam models

The dipole antennas which make up the LOFAR stations have strong directional
gain variations. Various studies have shown that although it is possible to cor-
rect for these variations to some extent, the current beam models available for
LOFAR have significant limitations, as noted in paper III. Future improvements
of these models would greatly benefit not only international baseline observa-
tions, but also other projects using LOFAR. Work is ongoing to improve the
beam models in the near future.





Chapter 3

Summary of appended papers

In this chapter I provide a brief introduction to the questions studied in each of
the five appended papers. I also provide brief summaries of the detailed content
in each paper, and describe ongoing and future efforts planned to follow up the
work presented in this thesis.

3.1 Introduction to paper I: What is powering NGC 4418?

NGC 4418 (at 34 Mpc) is, despite its relatively dull optical appearance compared
to the other two galaxies in Fig. 3.1, a very interesting galaxy to study. Although
very bright in the infrared (LIR > 1011L�; i.e. a LIRG), NGC 4418 has signifi-
cantly less radio emission than expected from the FIR-radio correlation given
its IR luminosity (Yun et al. (2001), see Fig. 1.3 in this thesis). Two main sce-
narios have been proposed to explain this. Either the galaxy hosts a radio-weak
active galactic nucleus (AGN) powering the IR emission, or a very young and
compact starburst. A mix between the two is also possible (Roche et al. 1986).
Unfortunately, NGC 4418 is extremely obscured by dust and it is therefore very
hard to study the nucleus at optical wavelengths. Optical spectroscopy could
otherwise prove the existence of a young starburst by for example detecting
spectral signatures of young massive Wolf-Rayet stars, as described by Armus
et al. (1988).
X-ray observations would also be useful to probe the nucleus of NGC 4418.
However, such measurements are inconclusive (Maiolino et al. 2003) since the
nucleus is Compton thick. Indeed, the column density towards the nucleus is
estimated to be NH > 1025cm−2 (González-Alfonso et al. 2012).
Although the centre of the galaxy is obscured from optical and X-ray observa-
tions, it is possible to map the centre at radio and mm wavelengths. Using mm
continuum observations, Sakamoto et al. (2013) found that the central IR power
source has an angular size of less than 0.1′′. Therefore, to make sharp enough
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(a)

(b)

(c)

Figure 3.1: Optical images of the three galaxies studied in this thesis: NGC 4418 (Fig.
(a), Credit: Sakamoto et al. 2013), M 82 (Fig. (b), Credit: Mutchler et al. 2007), and
Arp 220 (Fig. (c), Credit: R. Thompson (U. Arizona) et al., NICMOS, HST, NASA). Note
that Fig. (b) is rotated 50◦ with north approximately towards the top left corner. These
are beautiful images, but to see the very smallest details like the supernovae and to see
through the obscured central regions with high resolution, we need to use radio or mm
wave interferometry.
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images of NGC 4418 at cm wavelengths, we need to use very long baseline in-
terferometry.

3.1.1 Summary of paper I

NGC 4418 was observed as a joint EVN and MERLIN project in 2001, but only
the (low-resolution) MERLIN part of those data had been previously published
(Costagliola et al. 2013). To investigate the structure of the compact radio emis-
sion in centre of NGC 4418, we decided to calibrate and image also the EVN
data. In paper I we present a combined EVN+MERLIN image of the centre of
NGC 4418 with angular resolution 20.6 mas×14.8 mas at 5 GHz (Fig. 2 in paper
I). This image for the first time reveals a complex structure in the form of eight
compact components. The complexity of this structure is a strong argument
against only an AGN being present; there must also be a significant contribution
from some other emission source, such as intense star formation in the form of
massive star clusters.
Sakamoto et al. (2013) estimate that any star formation component must be
younger than 30 Myr to explain the faint radio emission. However, we expect
even a young starburst to have a steep spectrum typical for synchrotron emis-
sion from supernovae (Sν ∝ ν−0.8, see Sect. 1.2.2). But, when we compare the
flux densities measured in compact structure at 1.4 GHz and 5 GHz we see the
opposite, i.e. more emission at 5 GHz. To explain this, we model the emission
as a well-mixed thermal/non-thermal plasma as suggested by Condon et al.
(1991). In this model the synchrotron spectrum is modified at low frequencies
by thermal (free-free) absorption.
We obtain a relation between the observed radio surface brightness and star for-
mation rate surface density, by coupling the turnover frequency in the model of
Condon et al. (1991) to the SFR via the luminosity-SFR relation of Bell (2003),
see Fig. 5 in paper I. For rates of star formation per unit area below 103M�
yr−1kpc−2 free-free absorption is not significant at 5 GHz. But, from the mea-
sured surface brightness of NGC 4418, we find that free-free absorption should
be significant also at 5 GHz. This would naturally explain the shape of the spec-
trum and also the lack of radio emission at 1.4 GHz.
Correcting for the possible absorption we estimate a star formation rate surface
density of 7-70M� yr−1kpc−2, in good agreement with the 30-100M� yr−1kpc−2

estimated by Sakamoto et al. (2013). We conclude that although we do not find
strong evidence for or against an AGN, a significant fraction of the radio emis-
sion likely comes from a compact starburst in the centre of the galaxy. Some of
the compact features we see are likely evidence for intense star formation in the
form of massive 107M� super star clusters.
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3.1.2 Follow-up work

To find out which (if any) of the compact features we see is associated with
an AGN we need better image fidelity and more spectral information. There-
fore we applied for new observations with the EVN and e-MERLIN telescopes,
which were granted and carried out in February and March 2014. One aim of
these observations is to get higher sensitivity and better overall image quality at
5 GHz using the improved capabilities of the EVN and e-MERLIN compared to
the data from 2001. Another aim was to obtain a high-resolution image also at
1.4 GHz to constrain the spectral index of the compact features. Unfortunately
we have not yet had time to look at these data in detail. A preliminary analysis
however indicates that we clearly detect NGC 4418 at 5 GHz and that there is a
weak signal also at 1.4 GHz with the EVN. This is promising, and will hopefully
make it possible to obtain spectral indices for the compact features imaged in
paper I.
Given the young age of the starburst in the centre of NGC 4418 one may ask
what triggered this activity. In some galaxies, intense star formation is thought
to be triggered by interactions with other nearby galaxies, possibly resulting in
a merger such as in Arp 220. If NGC 4418 is in an early merger stage, it could be
possible to find evidence for this interaction by observations of atomic hydro-
gen line emission and absorption on arcminute scales. This is the topic of paper
V as described in Sect. 3.5.

3.2 Introduction to paper II: Subarcsecond imaging of M 82 with
LOFAR

M 82, Fig. 3.1(b), is a nearby (3.6 Mpc) starburst galaxy which has been exten-
sively studied across the electromagnetic spectrum. This galaxy follows the
FIR-radio correlation as expected for star forming galaxies (see Fig. 1.3). Its
relatively small distance allows detailed studies of star formation physics, e.g.
through monitoring of the evolution of supernovae as they interact with their
surrounding CSM and ISM. Indeed, monitoring of M 82 since the 1980s has re-
vealed more than 50 compact objects thought to be either synchrotron emitting
supernova shocks or free-free emitting HII-regions (Gendre et al. 2013). There
is also bright extended emission surrounding the compact sources, visible for
example in the natural weighted image of Wills et al. (1997).
One way to study the evolution of the compact objects and their interaction with
the surrounding medium is to observe the galaxy at metre wavelengths. At
these long wavelengths, the effects of internal (within the compact sources) and
external (from the surrounding medium, or foreground) free-free absorption
are much more significant than at shorter wavelengths. Also, measurements
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of the brightness of supernovae at metre wavelengths help to constrain their
evolution, and thereby e.g. the mass-loss histories of the progenitor stars.
To study in detail the compact sources in M 82 at metre wavelengths we re-
quire subarcsecond resolution images. Although M 82 has been studied at metre
wavelengths before, no instrument was available that could obtain images with
sufficient angular resolution to resolve the compact sources. Early commission-
ing results with the international baselines of LOFAR were however promising
(Wucknitz 2010a,b), although no subarcsecond image had been published using
the full capabilities of the array.
Combining our interest in technical development with our interest in the physics
of star formation, we applied for international LOFAR observations of M 82.
The purpose was hence twofold: first to demonstrate that subarcsecond imag-
ing was possible at MHz frequencies using international LOFAR baselines, and
second to study the central starburst in M 82 using the new images.

3.2.1 Summary of paper II

Using the international LOFAR telescope we obtained subarcsecond resolution
images of M 82 at 118 MHz and 154 MHz (Fig 2. in paper II). The 154 MHz im-
age obtained using international LOFAR baselines is a new record in terms of
combined image resolution (0.3′′) and sensitivity (0.15 mJy/beam) at low fre-
quencies (< 327 MHz).
We detect 16 objects at 154 MHz with six detected also at 118 MHz. Of the ob-
jects seen also at higher frequencies, some show a straight power-law spectrum
without clear free-free absorption (Fig. 5 in paper II) while others show a clear
low-frequency turnover, indicating significant absorption of the intrinsic syn-
chrotron emission (Fig. 6 in paper II). Seven objects have not previously been
reported at higher frequencies, which most likely indicates they have very steep
radio spectra. We do not detect any emission from the supernova SN2008iz,
which indicate significant absorption effects in this object, see also Kimani et al.
(2016).
Most compact sources are located in the star forming disk, although we see
no clear spatial correlation of the sources with and without a low-frequency
turnover (Fig. 3 in paper II). This can be explained by the sources being ran-
domly situated at different depth along the line of sight within the free-free
absorbing disk.
In addition to compact sources we also detect bright extended emission which
is most intense immediately above and below the star forming disk in M 82 (Fig.
3 in paper II). We interpret this as the base of the large scale outflow seen e.g.
with the HST in Fig. 3.1(b).
Because of the novelty of these data, a lot of effort was required to develop
and test a calibration and imaging strategy for data from international LOFAR
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baselines, and indeed the description of these efforts is a major part of paper
II. We show how a multi-beam approach can be used to obtain noise-limited
phase-referenced subarcsecond resolution images with LOFAR by using VLBI
techniques in the small-field regime. Our success with M 82 is very promising
for future studies of other objects which require similar resolution and sensitiv-
ity.

3.2.2 Follow-up work

Building upon the experience from our M 82 observations, we have been in-
volved in multiple other projects using international LOFAR baselines. The
most mature project is our observations of Arp 220, which are described in pa-
per III, but we are also involved in ongoing international LOFAR studies of e.g.
the galaxy Arp 299. However, although we did a brief analysis of M 82 in paper
II, there are still many interesting questions which could be investigated using
the M 82 images. For example, we could compare the large-scale radio emis-
sion detected with the shorter baselines, see Fig. 3.2 (not discussed in the pa-
per), with observations at 327 MHz with VLA-PT and 408 MHz with MERLIN
to study the spectra and absorption of the diffuse emission. Another possibil-
ity is to model the spectra of the 50 compact sources, taking into account the
measurements or upper limits reported in paper II at 118 MHz and 154 MHz.

3.3 Introduction to paper III: Subarcsecond imaging of Arp 220
with LOFAR

Arp 220, Fig. 3.1(c), is the closest (77 Mpc) ULIRG and has been extensively
studied across the electromagnetic spectrum. It is a late-stage merger, which ex-
plains the peculiar morphology noted by Arp (1966). The centre is heavily ob-
scured in optical wavelenghts, but radio observations reveal two bright sources
about 1′′ (370 pc) apart, thought to be the nuclei of two merging galaxies (Nor-
ris 1988). Dozens of supernovae and supernova remnants have been detected
in the nuclei using cm-VLBI (e.g. Smith et al. 1998; Batejat et al. 2011), consis-
tent with a high SFR (150-300M�; Bressan et al. 2002). This makes Arp 220 an
excellent laboratory for studies of star formation in extreme environments.
Yun et al. (2001) find Arp 220 marginally fainter at 1.4 GHz than expected from
the FIR-radio correlation for star forming galaxies, but within the typical scat-
ter of the correlation, see Fig. 1.3. In the case of Arp 220, the slight deficit in
radio emission could be explained if the synchrotron emission from the nuclei
is significantly reduced by thermal (free-free) absorption at GHz frequencies.
Since this effect is most prominent at lower frequencies (see e.g. Condon 1992),
observations at MHz frequencies may constrain the properties and structure of



3.3 Introduction to paper III: Subarcsecond imaging of Arp 220 with LOFAR 25

the absorbing medium.
Although Arp 220 has been observed at MHz frequencies before (Sopp & Alexan-
der 1991; Waldram et al. 1996; Douglas et al. 1996), none of those studies re-
solved the galaxy. Building upon our successful M 82 observations we decided
to observe also Arp 220 using similar techniques to investigate its radio mor-
phology at metre wavelengths. Two main goals were to study the free-free ab-
sorption in the two nuclei, and to look for steep spectrum emission undetected
at higher frequencies.

3.3.1 Summary of paper III

In paper III we present an image of Arp 220 at 150 MHz with resolution 0.65′′ ×
0.35′′ and sensitivity 0.15 mJy/beam, i.e. similar to what we obtained for M 82.
We see two emission peaks associated with the two nuclei, embedded in ex-
tended radio emission with lower surface brightness. The extended emission
was not previously known in the literature. To investigate the nature of the de-
tected radio emission we use archival data from VLA and MERLIN at 1.4 GHz
as well as previously published VLA images at 6 and 33 GHz to model the re-
solved radio spectrum from 150 MHz to 33 GHz.
We find that the two nuclei are significantly affected by free-free absorption, as
expected, although the thermal fractions in both nuclei are lower (< 1%) than in
many other galaxies. We also find evidence for outflows in both nuclei, consis-
tent with other studies.
We find that the extended emission has a steep spectrum typical for optically
thin synchrotron emission, and that it traces the molecular disk surrounding
the two nuclei known from e.g. CO(1-0) observations. We argue that the ex-
tended radio emission may come from star formation in this disk, and that it is
connected to the base of the superwind seen at kpc-scales in the optical.
We find that a simple three component model can explain the observed spec-
trum of the galaxy. In this model, the nuclei follow the model of Condon
et al. (1991) for a well mixed synchrotron free-free plasma (as was the case
for NGC 4418 in paper I, but now with lower thermal fractions) while the sur-
rounding extended emission is represented by a sphere of synchrotron emis-
sion, where the surface brightness is so low that free-free absorption effects are
not significant.
Similar to our study of M 82, this paper shows that LOFAR has great poten-
tial to study new components of steep-spectrum emission, such as synchrotron
emission from outflows. We note that future studies of LIRGs at MHz frequen-
cies with LOFAR would benefit from using the international LOFAR baselines
to resolve the star forming structure.
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3.3.2 Follow-up work

Building on this work we want to observe other similar galaxies, i.e. nearby
(U)LIRGS, to study free-free absorption and trace steep-spectrum outflows. Ob-
servations of the interacting galaxy Arp 299 were carried out during spring 2016
and are presently being analysed by our collaborators. Our experience obtained
during the Arp 220 observations have been useful to optimise the observing and
data reduction strategy for multiple future international LOFAR observations.
The work in this paper is also useful for other studies of Arp 220, such as VLBI-
observations trying to connect the population of compact supernova remnants
to the smooth radio emission observed from the nuclei. Indeed, this is one aim
of the work presented in paper IV.

3.4 Introduction to paper IV: 17 years of VLBI monitoring of
Arp 220

As described in Sect. 3.3, Arp 220 is an excellent laboratory in which to study
star formation in extreme environments by looking at stellar related radio emis-
sion. Radio observations provide the only way to see through the gas and
dust obscuring the nuclei at other wavelengths. In paper III we study the syn-
chrotron emission coming from the nuclei of Arp 220 and the effects of thermal
absorption on angular scales of 0.3′′. To understand in detail the origin of the
radio emission, it is interesting to study the main sources of the accelerated par-
ticles which emit the observed synchrotron radiation, i.e. the supernovae and
supernova remnants within the two nuclei.
Studies of individual SNe and SNRs in Arp 220 require milliarcsecond resolu-
tion, and therefore Arp 220 has been monitored with cm-VLBI since the first de-
tection of the compact sources by Smith et al. (1998). Although previous studies
(e.g. Rovilos et al. (2005); Lonsdale et al. (2006); Parra et al. (2007); Batejat et al.
(2011)) have gained much insight on the nature of the compact sources, there is
still much to be learned from continued monitoring. However, although new
single observations may results in higher-quality images than previous stud-
ies, there is a lot to be learned also from combining all available data into a
self-consistent interpretation. For example, a robust estimate of the rate of very
luminous SNe requires multi-frequency observations spanning many years. A
robust analysis of the available data requires re-calibration of the archival data,
taking into account refinements in e.g. source position since the first observa-
tions were made. This is the purpose of paper IV: to analyse, in a self-consistent
way, a large amount of cm-VLBI data of Arp 220.
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3.4.1 Summary of paper IV

In paper IV we present a self-consistent analysis of new and previously pub-
lished global VLBI data on Arp 220. We analyse 22 VLBI data sets spanning
17 years and detect 82 compact sources. The spatial distribution of sources
trace the star forming disks of the two nuclei seen at lower resolution by e.g.
Barcos-Munoz et al. (2015). Most sources are thought to be supernova rem-
nants interacting with the ISM, but about a dozen sources are likely very lu-
minous supernovae interacting with the CSM. We find this consistent with the
numbers expected for the rare type IIn, given the total SFR of the galaxy. The
sources above our detection threshold follow a luminosity function n(L) ∝ Lβ

with β = −2.17± 0.16, similar to normal galaxies.
We also find evidence for a Luminosity-Diameter relation within Arp 220. The
observed distribution of source luminosities and sizes is consistent with two
underlying populations. One group consists of very luminous SNe where the
emitting blast wave is still inside the dense, ionised CSM. The other group con-
sists of less luminous, larger, sources which are thought to be SNRs interacting
with the surrounding ISM. The observed number of very luminous SNe is con-
sistent with expectations given a standard initial mass function and the total
integrated star formation rate of the galaxy.
Furthermore, we show that the apparent rapid structural variability reported
by Batejat et al. (2012) can be explained in terms of beam convolution effects in
regions with low surface brightness, rather than intrinsic source structure vari-
abiliy. We also identify the source 0.2227+0.482 as a possible AGN candidate,
based on its observed lightcurves, measured size, and centered position in the
western nucleus.
When extrapolating the observed luminosity function of compact sources below
our detection threshold we find that the population make up at most 25% of the
total radio emission from Arp 220 at GHz frequencies. However, secondary CR
produced when protons accelerated in the SNRs interact with the dense ISM,
and/or re-acceleration of cooled CRs by overlapping SNR shocks, may increase
radio emission from the sources below our detection threshold, compared to
the extrapolated value. This mechanism may provide enough radio emission to
explain the remaining fraction of the radio emission, and could potentially be
constrained by future high-sensitivity observations.

3.4.2 Follow-up work

The present paper describes the data and describes the general properties of
the population of compact objects. While we only model the multifrequency
lightcurves of the brightest object in paper IV, multiple objects are bright enough
for similar or more advanced modeling. In a future paper we plan to model,
in detail, the evolution of the compact sources. From e.g. lightcurve-fitting
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to observed SNe we aim to derive e.g. deceleration parameters and explosion
dates. We also aim to constrain the evolution of the progenitor stars through
e.g. estimates of mass-loss rates.

We also plan to apply for future multi-frequency monitoring of Arp 220 using
global centimetre VLBI observations. Together with the data presented in pa-
per IV, we aim to detect multiple new SNe and to constrain the evolution of the
present source population, such as the AGN candidate 0.2227+0.482. We may
also detect (through e.g. stacking of new and current sensitive epochs) many
more faint sources, which may explain the remaining part of the smooth ra-
dio continuum emission in Arp 220. A large low-luminoisity population may
further improve our understanding of the physics of the FIR-radio correlation,
and quantify the importance of secondary electrons and positrons in dense star-
bursts.

Finally we note that results from similar ongoing studies of other galaxies, such
as the closer LIRG Arp 299 (Perez-Torres et al. in prep.) will be interesting for
comparison to the results presented in this work.

3.5 Introduction to paper V: An atomic hydrogen bridge fuel-
ing NGC 4418

In this paper we return to the galaxy NGC 4418 which was studied at high
spatial resolution in paper I. Redshifted absorption lines has been found to-
wards the nucleus of NGC 4418, including in the mid infrared, OI and OH
lines by González-Alfonso et al. (2012) with Herschel, and in 21 cm absorption
by Costagliola et al. (2013) with MERLIN. These observations indicate infall of
molecular and atomic gas. Costagliola et al. (2013) argue that if a central star-
burst is responsible for all the energy output, it must be 3-10 Myrs old and have
a star formation rate > 10 M� yr−1. The complex radio morphology reported
in paper I indeed argues in favour of a significant starburst component. If this
is the case, an important question is: what triggered this recent starburst in the
centre of NGC 4418?

Roche et al. (1986) note that NGC 4418 may be interacting with a nearby galaxy
about 3′ South-East of NGC 4418, i.e. the galaxy VV 655 (also known as MCG+00-
32-013). Although the possible companion galaxy is shown by Kawara et al.
(1990), their Fig. 1, and mentioned by Evans et al. (2003) and Costagliola et al.
(2013), no clear evidence has been presented for any interaction between NGC
4418 and VV 655.
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3.5.1 Neutral hydrogen (HI) emission and absorption

One way to find evidence of an interaction scenario is to look for neutral hy-
drogen tails and debris surrounding NGC 4418. Neutral hydrogen (HI) is the
most abundant element in the universe, and can be observed via its hyperfine
transition at a wavelength of about 21 cm. HI can be observed both in emis-
sion and in absorption (towards a bright background source). In addition to
information about the amount of gas present, such observations also probe the
velocity structure of the gas through the Doppler shift of the observed spectral
lines with respect to the respective rest frequency of HI. In this way, one may get
information of how the gas is moving, which may be used to trace e.g. proper
motions of interacting galaxies.

3.5.2 Summary of paper V

In paper V we present archival observations of HI taken with the VLA which
clearly shows NGC 4418 interacting with the nearby galaxy VV 655. We present
spectra and moment maps which indicate that some gas is falling towards the
centre of NGC 4418. We conclude that the interaction with VV 655 may very
well be what triggered the relatively recent inflow of atomic and molecular gas,
and thus the young starburst in NGC 4418.

3.5.3 Follow-up work

The data presented in paper V was taken with the old VLA in its most compact
(D) configuration. It would be interesting to re-observe this field with the cur-
rent (upgraded) VLA, preferably with multiple array configurations, to achieve
higher spectral and spatial resolution. With such data it may be possible to
study in more detail the velocity structure of HI. In particular it may be possi-
ble to get a better understanding of the dynamics and velocity structure of the
region closest to NGC 4418.
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Figure 3.2: Optical SDSS (filters IRG) image of M 82 with 154 MHz LOFAR con-
tours overlayed in red. LOFAR contours at [−3,3,5,10,20,40,80,160,320,500] ×
0.4mJy beam−1 with resolution 5.7′′ × 4.5′′. Obtained using multiscale CLEAN with
baselines in the range 0.1-60 kλ from the data presented in paper II.



Chapter 4

Summary and outlook

In thesis we have studied star formation induced radio emission at metre and
centimetre wavelengths on multiple spatial scales. Our groundbreaking im-
ages at metre wavelengths have allowed us to study regions tens or hundreds
of parsecs in size in the disks of M 82 and Arp 220, where free-free absorption
attenuate the synchrotron emission at metre and centimetre wavelengths. We
have also studied emission from compact objects in NGC 4418 (of size a few
parsec) and in Arp 220 (at subparsec resolution) via centimetre-VLBI observa-
tions. These images allow us to study in detail the evolution of supernovae and
supernova remnants, which are the sites where the relativistic particles which
emit the synchrotron radiation are accelerated, in extreme environments. The
sharp images also allow us to search for signatures of AGN activity, although
we did not find any clear evidence for this in the three galaxies observed in this
thesis. Our observations at metre wavelengths find new steep-spectrum radio
components both on pc-scales, i.e. the new compact objects in M 82, and on
kpc-scales, i.e. the extended outflows surrounding M 82 and Arp 220.
We find that the observed effects of free-free absorption and steep-spectrum
emission may cause significant scatter in the FIR-radio correlation at metre wave-
lengths, thus reducing its ability to act as a tool for estimates of e.g. star forma-
tion rates at these wavelengths. However, on the positive side, metre-wave
observations open a new window for studies of topical issues such as galaxy
outflows, especially using the high angular resolution provided by international
LOFAR baselines. Future studies of other galaxies with subarcsecond resolution
at metre wavelengths will likely be very useful to further improve our under-
standing of the origin of radio emission in star forming galaxies.
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González-Alfonso, E., Fischer, J., Graciá-Carpio, J., et al. 2012, A&A, 541, A4
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Nebulae and Star Clusters), Tech. rep.

Moldón, J., Deller, A. T., Wucknitz, O., et al. 2015, A&A, 574, A73

Mutchler, M., Bond, H. E., Christian, C. A., et al. 2007, PASP, 119, 1

Norris, R. P. 1988, MNRAS, 230, 345

Parra, R., Conway, J. E., Diamond, P. J., et al. 2007, ApJ, 659, 314

Robitaille, T. P. & Whitney, B. A. 2010, ApJ, 710, L11

Roche, P. F., Aitken, D. K., Smith, C. H., & James, S. D. 1986, MNRAS, 218, 19P

Rovilos, E., Diamond, P. J., Lonsdale, C. J., Smith, H. E., & Lonsdale, C. J. 2005,
MNRAS, 359, 827

Sakamoto, K., Aalto, S., Costagliola, F., et al. 2013, APJ, 764, 42

Salim, S., Rich, R. M., Charlot, S., et al. 2007, ApJS, 173, 267

Smith, H. E., Lonsdale, C. J., Lonsdale, C. J., & Diamond, P. J. 1998, ApJ, 493, L17

Sopp, H. M. & Alexander, P. 1991, MNRAS, 251, 112

Taylor, G. B., Carilli, C. L., & Perley, R. A., eds. 1999, Astronomical Society of the
Pacific Conference Series, Vol. 180, Synthesis Imaging in Radio Astronomy II

Thompson, A. R., Moran, J. M., & Swenson, G. W. 2001, Interferometry and
Synthesis in Radio Astronomy; 2nd ed. (Weinheim: Wiley-VCH)

van Haarlem, M. P., Wise, M. W., Gunst, A. W., et al. 2013, A&A, 556, A2



BIBLIOGRAPHY 35

Waldram, E. M., Yates, J. A., Riley, J. M., & Warner, P. J. 1996, MNRAS, 282, 779

Wills, K. A., Pedlar, A., Muxlow, T. W. B., & Wilkinson, P. N. 1997, MNRAS, 291,
517

Wucknitz, O. 2010a, in 10th European VLBI Network Symposium and EVN
Users Meeting: VLBI and the New Generation of Radio Arrays

Wucknitz, O. 2010b, in ISKAF2010 Science Meeting

Yun, M. S., Reddy, N. A., & Condon, J. J. 2001, ApJ, 554, 803





Acronyms

AGN Active Galactic Nucleus.

ALMA The Atacama Large Millimeter/submillimeter Array.

Arp 220 Galaxy number 220 in the Atlas of peculiar galaxies by Arp (1966).

CSM Circumstellar material.

EVN The European VLBI Network.

FIR Far infrared.

GHz Gigahertz.

HBA High Band Antenna.

HI Neutral atomic hydrogen.

HII Ionised atomic hydrogen.

HST Hubble Space Telescope.

IRAS The Infrared Astronomical Satellite.

ISM Interstellar medium.

LIRG Luminous Infrared Galaxy.

LOFAR The LOw Frequency ARray.

M 82 Galaxy number 82 in the Catalog of Nebulae and Star Clusters by Messier
(1781).

MERLIN The Multi-Element Radio Linked Interferometer Network.

MHz Megahertz.
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38 Acronyms

MSSS The LOFAR Multifrequency Snapshot Sky Survey.

NGC 4418 Galaxy number 4418 in the New General Catalogue of Nebulae and Clus-
ters of Stars by Dreyer (1888).

NICMOS The Near Infrared Camera and Multi-Object Spectrometer.

SFR Star formation rate.

SKA The Square Kilometre Array.

SNe Supernovae.

SNRs Supernova remnants.

SSA Synchrotron self-absorption.

ULIRG Ultra Luminous Infrared Galaxy.

UV Ultra violet.

VLA The Karl G. Jansky Very Large Array.

VLBA The Very Long Baseline Array.

VLBI Very Long Baseline Interferometry.
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Appendix A

Time and frequency smearing

Since correlators output a discrete set of visibilities (i.e. samples in time and fre-
quency), averaging is to some extent always done on interferometric data. We
may also average the data further after correlation to reduce the computational
resources needed for calibration and imaging. Any averaging must however be
done with care. Averaging a range of samples in time and frequency together
corresponds to averaging over a small parallelogram in Fourier space. This
means some information is lost, and one has to take care to not lose informa-
tion that could affect the scientific results. Smearing occurs when the visibilities
change significantly in the region (in Fourier space) over which the averaging
is done.

A.1 Averaging of plane waves in Fourier space

One way to estimate the effects of averaging is to imagine we have a single point
source in our image. If this source is at the phase tracking center, (l,m) = (0,0),
it is not affected by averaging. If however the source is at some offset from the
phase center, then its Fourier transform will be a plane wave. If averaging in
Fourier space while there is a plane wave present, the amplitude of the plane
wave will be reduced. This is called coherence loss or smearing.
A linear slice in any direction through Fourier space containing a plane wave
can be described as a sequence of complex numbers. If we assume a linear phase
dependence within this sequence (i.e. an ideal wave) we can represent the se-
quence of numbers as phasors. When averaging along any direction, for exam-
ple in frequency, the maximum coherence loss will occur if we average in the
direction of the plane wave. In the following derivation, we assume maximum
coherence loss to estimate the maximum possible effect on the final images.
If we average over a length ∆u in Fourier space, we will average all phasors
within this length. The phasor angles of the plane wave will cover uniformly
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an angle of ∆φ = 2πl∆u (i.e. the fraction of a full period of the plane wave).
Since we are only interested in the fractional loss, we can without loss of gen-
erality represent the phasors as a set of unit vectors with angles in the range
±∆φ/2.If we average these vectors together, we get one single vector with the
average phase 0 (because of our chosen reference) and an amplitude being the
normalized sum of all projected amplitudes. The resulting average reduction in
amplitude can be written as

I

I0

=

∫ ∆φ/2

−∆φ/2
cos(θ)dθ∫ ∆φ/2

−∆φ/2
dθ

=
sin(∆φ/2)

∆φ/2
(A.1)

where θ is the phasor angle and cosine is the projection effect when averaging
unit vectors. For small changes in phase we can approximate this expression
using the first two terms in the Taylor series for the sine function, and we obtain
the loss equation

I

I0

≈ 1− (πl∆u)2

6
(A.2)

valid for l∆u� 1, where l is the distance from the phase center (in the image
plane) in radians and ∆u is the radial length (in the Fourier plane) in units of
observing wavelength.

A.2 Frequency smearing

If we average over a frequency range ∆ν for a baseline b (in units of observing
wavelength), we are summing phasors along a path

∆uF = b∆ν/ν (A.3)

where ν is the observing frequency, i.e. the fractional bandwidth times the base-
line length. Using ∆u = ∆uF in Eq. A.2 gives an estimate of the frequency
smearing on a single baseline of length b.

A.3 Time smearing

An accurate description of time smearing is challenging because the projected
baseline length changes with the Earth’s rotation. An approximative estimate
can however be obtained by approximating the path length in the Fourier plane
as the arc

∆uT ≈ b∆tω (A.4)

where b is the baseline length in units of observing wavelength, ∆t is the av-
eraging time, and ω ≈ 2π/(23h56m) is the angular rotation speed of the Earth



A.4 Coherence loss due to residual delays and rates 43

around its axis in radians per unit time. Using ∆u = ∆uT in Eq. A.2 gives an
estimate of the time smearing on a single baseline of length b.

A.4 Coherence loss due to residual delays and rates

We note that in addition to the purely geometrical effects discussed above, resid-
ual phase and delays may be present in the data due to e.g. the ionosphere and
imperfect station clocks. These errors may cause visibility amplitudes to be re-
duced similarly to the above effects for sources far from the phase center.
Residual delays for one antenna means that all baselines related to that antenna
have the phase center slightly offset with respect to the desired position. The
offset lτ in radians due to a delay error τ is

lτ = arcsin(τν/u) (A.5)

where u is baseline length (in units of observing wavelength) and ν observing
frequency (see Chap. 2 in Taylor et al. 1999). Given a certain time and frequency
resolution of the data, this offset lτ may cause significant reduction of visibility
amplitudes.
Residual rates will cause the visibility phases to change within the averaging
time or frequency interval, even if the source is at the phase center. A resid-
ual rate of rmHz (cycles per second) will result in a change of phase within
t seconds of ∆φ = r · 10−3 · 2π · t radians.
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M. Brüggen, M. Haverkorn, G. Heald, C. Horellou, M. J. Jarvis, L. K. Morabito,
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