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Abstract

Galaxy mergers play a fundamental role in the hierarchical model of galaxy evolution.
They are also thought to be an important process in fueling the growth of supermassive
black holes (SMBH) and thus powering active galactic nuclei (AGN) activity. NGC6240
is a local merger and luminous infrared galaxy (LIRG). It has two AGNs in its center,
and it shows massive molecular outflows extending by > 10 kpc. The aim of this work
is to study the cold dust emission in NGC6240 both in the nuclear region (affected by
vigorous starburst and AGN activity) and in an extended region (affected by outflows
and tidal tails). This is done by exploiting high sensitivity archival ALMA datasets at
observed frequencies ranging from 84 GHz (λ ∼ 3 mm) to 680 GHz (λ ∼ 0.4 mm).

The first result of my work is the detection of a significant amount of emission
beyond the central 1.5 kpc region, which was the portion of the galaxy on which most
previous interferometric studies have focused. This extended component represents 32%
of the total emission measured within the frequency range 336.6-352.2 GHz. Since these
single-pointing interferometric observations have a limited field of view (FoV 63” in band
3, but only 22” in band 9) and therefore are not sensitive to larger scales, the extended
emission contribution could be considered a lower limit. The shape of the extended
emission I detect is spatially correlated with the blueshifted and redshifted components
of the molecular outflow studied in [CI] and CO by previous works.

I have also identified three new point sources. Two of them are found in between
the two AGNs which i have labelled C-4 and C-3. C-4 is at the midpoint between the
two AGNs, while C-3 is closer to the southern nucleus. The position of C-4 coincides
with the peak of the redshifted [CI] outflow, and the position of C-3 is close to the
peak of the blueshifted [CI] outflow. This suggests that the outflow is closely related to
the source that heats the dust in this region. The third source, labelled C-11, is found
in the north-east ∼ 4.3 kpc from the northern AGN at Ra = 16:52:59.256 and Dec =
02.24.11.458.

I have compared my (sub)mm continuum flux measurements from the nuclear and
extended region and from the five point sources (the two AGNs and three new sources
detected in this work) with a model for the spectral energy distribution (SED) and
previous observations of this galaxy. Unfortunately, the new data are insifficient to
perform a detailed SED fitting, but I have robustly detected some differences in the
low-frequency part of the SED (at 1-3 mm). In particular, for the box probing the
extended continuum emission I find a flux increase from the datapoints at 130 GHz to
97 GHz. This long wavelength part of the SED is often associated with AGN activity,



iv

but it has been suggested that this emission may also be attributed to synchrotron
emission from outflows. The rising trend and the cospatiality between the molecular
outflow and these extended continuum features support this hypothesis. From the SED
of C-3 and C-4, I find that both point sources have a SED that resembles that of the
two known AGNs. C-3 also has a counterpart in the radio (VLBI observations at 5
GHz), which suggests that this might be an additional obscured AGN. However, with
the current data, I cannot rule out that C-3 and C-4 are starburst regions. The source
C-11 does not follow the same rising slope at low frequencies in its SED, and does not
have a counterpart in the X-ray, which suggests that it is unlikely an AGN. It may rather
be a supernova or another nucleus. Since tidal dwarf galaxies (TDGs) have previously
been observed in the tidal tails of gas rich mergers, and this work suggests that there
are additional continuum sources outside the nuclear region, it is also possible that this
source is a TDG.

The detection of extended emission spatially correlated with outflows in addition to
three new point sources in NGC6240 gives greater insight into the origin of the (sub)-
mm continuum emission, and may explain the extreme ISM of this galaxy. The possible
detection of multiple nuclei in a local merger is of great importance both observationally,
as the potential for observing obscured AGNs with (sub)-mm continuum emission is very
promising, and also from a cosmological point of view, as this helps understanding the
hierarchical model of galaxy evolution.

Future studies targeting line-free frequency ranges and with a higher sensitivity to
larger scales will help us understand the origin of the sub-mm continuum emission in
NGC6240. As there are few observations contributing to the long wavelength part of the
SED of NGC6240, studies in the far-IR to radio would also contribute to constraining the
SED further and give insight into the components that dominate at these wavelengths.
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Chapter 1

Introduction

Galaxy mergers play an important role in the hierarchical model of galaxy evolution.
The largest galaxies in the Universe have likely experienced several merging processes
during their lifetime, and there are strong indications that elliptical galaxies are the
end products of major mergers. During a merging process, redistribution of baryonic
matter in the interstellar medium (ISM) is possible, and gravitational torques funnel
gas towards the central region, triggering active galactic nuclei (AGNs) and starbursts.
Many local (ultra) luminous infrared galaxies (ULIRGs) are interacting galaxies, and I
will in this work study the local LIRG NGC6240. I will do this by analyzing the (sub)mm
continuum emission using data from the Atacama Large Millimeter/submillimeter Array
(ALMA). Previous interferometric studies have focused on the nuclear region of this
merger, which hosts two AGNs, and so they might have missed important information
from the extra-nuclear regions, where a prominent molecular outflow has been detected
and other processes such as tidal tails or offset star formation activity can be at work.
The aim of this work is to investigate these properties by studying both the nuclear
and an extended region of this galaxy. In this chapter I will present the theoretical
background for this work.

1.1 Galaxy Formation and Evolution

Cosmology defines the space-time frame and sets the initial conditions for galaxy form-
ation and evolution. The modern cosmological paradigm is based on Einstein’s theory
of General Relativity (GR) and the cosmological principle (Mo et al. (2010)). GR
describes the geometry of space-time in the presence of matter and energy, and the
cosmological principle states that the Universe is homogeneous and isotropic on large
enough scales, supported by observational evidence, such as the large scale distribution
of galaxies (Colless et al. (2001)) and the cosmic microwave background (CMB) radi-
ation (de Bernardis et al. (2000)). In addition, the cosmic expansion is a fundamental
ingredient to cosmological models. It was first observed by Hubble (Hubble (1929)). He
found that the redshift (the shift of light to longer wavelengths) of galaxies was directly
proportional with the distance from us. The Hubble law can be written as
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v = H0D = cz, (1.1)

where H0 is the Hubble constant, D is the distance from us, and the redshift z is defined
as

z ≡ λobs
λem

− 1 =
v

c
. (1.2)

The evolution of the Universe is fully determined by its geometrical curvature and
its mass and energy content (Mo et al. (2010)). The mass-energy density has three com-
ponents: the non-relativistic matter energy density (mainly cold dark matter (CDM)),
the radiation energy density, and the dark energy (an energy connected to the cosmolo-
gical constant Λ). Each of these corresponds to a density parameter Ωi which together
with the Hubble constant make up the cosmological parameters in the first Friedman
equation:

H(t)2 = H0(
Ωr,0

a4
+

Ωm,0

a3
+ ΩΛ,0 −

Ωtot − 1

a2
), (1.3)

which provides the Hubble parameter (the expansion rate of the Universe) as a func-
tion of the density parameters at the present time and the scaling factor a(t) = 1

1+z(t) .
These are all measurable parameters. The Planck satellite, launched in 2009, provided
a detailed map of the CMB across the whole sky (apart from the region that is contam-
inated by our own Galactic plane), and allowed for a high precision measurement of the
cosmological parameters (Ade et al. (2016)). These results revealed that the present
Universe is dominated by Λ, constituting about 70% of the mass-energy, and that mat-
ter represents the remaining 30%, mainly in the form of CDM. This has motivated the
reference to the commonly accepted cosmological model as the ΛCDM model.

1.1.1 Structure Formation

The Universe expands adiabatically,

TV γ−1 = constant, (1.4)

where T is the temperature in a volume V and γ is the adiabatic index (Peacock (1999)).
The cosmological volume expands under the effect of the scaling factor a as V ∝ a3

which gives T ∝ 1
a for relativistic particles (γrel = 4

3). This tells us that the Universe
cools down during the expansion, and that the younger the Universe, the higher its
temperature. In fact, this predicts an infinitely hot and dense Universe at a(0) = 0,
known as the Big Bang singularity, occurring 13.7 Gyrs ago.

The first instants after Big Bang are known as the Planck era. No current theory
is able to describe the Universe at this time, up to the Planck time tp ∼ 5x1044 s.
After this comes the Great Unification Theory epoch, where gravity separated from the
unified force of the Standard Model (Witten (1981)). This epoch was succeeded by the
Inflation (Guth (1981)). During the Inflation, the Universe experienced a sudden and
instantaneous exponential expansion, where it increased its linear size by a factor of at
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least 1026. The time is now t ∼ 10−32. Nucleosynthesis, the formation of new atomic
nuclei, started around 3 minutes after the Big Bang (Boesgaard and Steigman (1985)).
Only the simplest reactions occurred, however, as the Universe cooled enough to halt the
process after less than an hour. The Universe was left with about 75% hydrogen, 24%
helium and some other elements such as lithium. For several hundred thousand years,
the atoms were completely ionized due to the high temperature. At about 370 thousand
years after the Big Bang, the temperature had decreased enough to bound electrons and
protons, and photons decoupled from matter (Gott and Rees (1975)). This epoch is
called the Recombination period and the photons from this time can be observed today
as the CMB. The era after the Recombination is known as the Dark Ages (Barkana and
Loeb (2001)), where there were no sources of light. During this time, small DM density
perturbations started to grow. The era ended when baryons collapsed to form the first
stars and galaxies. Then, at z ∼ 0.5 the dark energy dominated era began, which led to
the accelerated expansion of the Universe we observe today (Perlmutter et al. (1999)).

Dark matter settles in gravitationally bound structures called DM halos. The stand-
ard theory of galaxy formation predicts that baryons are accreted into their potential
wells (Barkana and Loeb (2001)). The infalling gas experiences a thermal shock during
the accretion and is heated to the temperature in the DM halo. The baryon halo, em-
bedded in the DM halo, is balanced against gravitational collapse by pressure support.
Due to radiative processes, the gas halos cool, lose their pressure, and the gas falls to-
wards the center of the halo, creating the galaxy disks (White and Rees (1978)). Then,
gravitational instabilities of cold, dense gas clouds trigger collapse and eventually the
formation of stars (Schmidt (1959)).

1.1.2 Star Formation Activity

The star formation history is one of the most fundamental observables in astronomy,
and measurements of the star formation rate (SFR) can give insight to the evolution of
baryonic structures in the Universe. Numerous studies of the star formation rate density
(SFRD) have been conducted, and have established the SFRD evolution from z = 0 to
the early Universe up to z ∼ 10 (Madau et al. (1996), Hopkins (2004), Steidel et al.
(2004), Giavalisco et al. (2004), Hopkins et al. (2008), Bouwens et al. (2015), Drake
et al. (2017)). From these observations we see that the SFR rises to a peak at z ∼ 2
and then rapidly drops by almost an order of magnitude until today (as shown in figure
1.1), showing that the Universe was a much more active place in the past. The SFR can
be connected to other physical properties of galaxies, e.g. the stellar mass (M?), where
a tight correlation between the SFR and M? has been observed for star forming galaxies
(Brinchmann et al. (2004), Peng et al. (2010)). The log(M?) - log(SFR) plane exhibit
a clear star forming sequence called the Main Sequence (MS), at which the majority of
star forming galaxies lie (see figure 1.2).

Only a few percent of galaxies have a higher specific SFR (SSFR=SFR/M?) com-
pared to the local main sequence and so lie above it in the SFR-M? plane (Rodighiero
et al. (2011)). These are called starburst galaxies. The evolution of the MS suggests
that for the dominant population of star forming galaxies, the star formation histories
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Figure 1.1: Cosmic star formation history from FUV and IR measurements. Figure
from Whitaker et al. (2014).

Figure 1.2: SFR as a function of stellar mass, with a redshift evolution. Figure from
Whitaker et al. (2014).
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are on average regular and continuous, and that the SFR increases by almost an order
of magnitude at fixed M? from z ∼ 0 to z ∼ 2.

To try to understand how galaxies grow with time, Schmidt (1959) looked at the
relation between the SFR and the mass of the gas (Mgas) in the galaxy. This relation
between the gas density (including both HI and H2) and SFR is now called the Schmidt-
Kennicutt law (Kennicutt (1998)). Later observations (Leroy et al. (2008), Bigiel et al.
(2008)) demonstrated that the actual correlation is with only H2. As stars form when
gas cools and collapses, this relation indicates that what drives the MS evolution with
redshift is the fuel available for SF, and that galaxies at high z were more gas rich
than the local galaxies. However, without any external gas supply, the gas reservoir
in normal galaxies would be consumed at a much shorter time scale than the age of
the Universe (Daddi et al. (2010)), which has put forward the need for gas accretion
by the intergalactic medium (IGM). Inflow from the IGM has therefore become a key
ingredient of modern theoretical models of galaxy formation.

Starburst galaxies lie above the MS having a higher SFR per unit M? (a higher
SSFR), and are associated with different growth mechanisms than normal galaxies.
While the SFR of MS galaxies is mainly driven by gas content which is in turn supplied
by accretion from the IGM, starbursts are boosted by mergers of large galaxies, a theory
supported by observations of local starburst galaxies (Sanders and Mirabel (1996)).
Supporting this argument, the fraction of interacting galaxies has been found to increase
systematically with distance from the MS (Hung et al. (2013)). Dynamical interactions
can remove angular momentum and drive gas inflows towards the central region, and
induce star formation. Galaxy mergers are also thought to play a fundamental role
in fueling the growth of supermassive black holes (SMBH) and thus powering active
galactic nuclei (AGN) activity.

1.1.3 Galaxy Merging

According to the ΛCDM model, DM halos form through mergers of smaller halos hier-
archically, with the merger of the baryonic counterparts as a result (Somerville and
Davé (2015)). It is suggested that merging is the dominant process in forming the
most massive galaxies in the Universe, and Conselice (2007) estimated that massive
galaxies likely have experienced 4-5 major mergers since z ∼ 3. In the classical merger
sequence, proposed by Sanders et al. (1988), quasars are the result of mergers of gas
rich spirals. First, the merger leads to the formation of ultraluminous infrared galaxies
(ULIRGs). The molecular gas flows into the nuclear region and provides fuel for the
active galactic nuclei (AGN). The combined forces of supernova explosions and radi-
ation pressure sweep the dust clear of the nuclear region, and the resulting object is an
optical quasar. It has also been suggested that ULIRGs are the primary stage in the
formation of elliptical galaxies (Hernquist (1992), Barnes (1988), Cattaneo (2001)).
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As SMBHs are present in the center of most large galaxies (Ferrarese and Ford
(2005)), and mergers are one of the main processes for driving the gas towards the
nuclear region and thus triggering AGN activity, the formation of dual AGNs is expected
in many of the merging or merged galaxies (Severgnini et al. (2021)). The dual AGN
stage in a major merger is of great importance for galaxy evolution, as it is directly
linked with rapid SMBH accretion and strong feedback effects (Veilleux et al. (2013)).
The incidence of confirmed dual AGNs from observations is however very low compared
with the merger rate (Springel et al. (2005), Capelo et al. (2017)). This may be due to
observational biases such as wavelength coverage, incompleteness of the samples, and
the resolution needed for the identification of pairs at small separations (Severgnini
et al. (2021)). For example, a method for selecting dual AGN candidates is searching
for double-peaked narrow optical emission line sources (McGurk et al. (2015)). This
method does not however discern whether this emission comes from a double nucleus
or kinematical effects occurring in a single AGN (Severgnini et al. (2021)). To further
constrain this, searches for double peaks at different wavelengths and high resolution
observations are needed.

Mergers shape the kinematic and physical properties of galaxies through gravita-
tional torques and disruptions (Hopkins et al. (2008)). Tidal features that are gen-
erated in a merger strongly depend on both the mass ratio (minor or major merger)
and gas fraction (gas rich or gas poor), in addition to internal structures and orbital
parameters. They are therefore good tools to characterize a merger. Tidal streams are
often detected in a minor merger where a satellite galaxy falls into a massive galaxy
(Martínez-Delgado et al. (2010)), while tidal tails can be generated in major mergers
between disks of equal size (Barnes and Hernquist (1992)).

Mergers between spheroidal galaxies, which are mostly gas poor and hot, are not
accompanied by tidal features (or starbursts). Mergers between gas rich spiral galaxies,
on the other hand, show features such as starbursts, AGN activity, and long tidal arms
with stellar and gaseous material which can extend hundreds of kiloparsecs away from
the parent galaxy. Tidal arms are formed during the encounter of the galaxies when
strong tidal forces expel the material from their parent galaxies’ disks. The resulting
distribution of gas and stars in tidal tails can be very different, with some tails showing
clear gaps - possibly a consequence of a local collapse or feedback (Hibbard and van
Gorkom (1996)), and others showing an offset between the stellar and gaseous material
(Hibbard and Yun (1999)). The amount of gas and stellar mass in tidal tails can be
of several 109M�. It was suggested early that new stellar systems could form in these
tails (Zwicky (1956)), and such tidal dwarf galaxies (TDGs) have later been observed
in several mergers (Ren et al. (2020)). Ren et al. (2020) estimated the production rate
of these TDGs per major merger to be 0.36

In figure 1.4 I show snapshots from a simulation of the time evolution of a gas rich
merger with SMBH by Di Matteo et al. (2005). Here we can see the characteristic tails
at large distances. In this simulation, the gas eventually cools in the central region and
reassembles in a disk component. See also figure 1.3 for a beautiful optical image of
the local merger NGC6240, which is known for its butterfly shape and prominent tidal
tails.
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Figure 1.3: Hubble image of NGC6240. Field of view: ∼ 3 arcminutes. Credit: NASA,
ESA, the Hubble Heritage (STScI/AURA)-ESA/Hubble Collaboration, and A. Evans
(University of Virginia, Charlottesville/NRAO/Stony Brook University).
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Figure 1.4: Snapshots of the time evolution of a simulated merger of two gas rich disk
galaxies with SMGHs. A small disk component is reassembled in the remnant of this
gas rich merger. Figure from Di Matteo et al. (2005).
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1.1.4 AGN

Active galactic nuclei (AGN) are the most powerful, steady sourced objects in the
Universe (Hickox and Alexander (2018)), with luminosities ranging from 106 - 1013Lo
(Fabian (1999)). AGNs are the observational signature of gas accretion onto super-
massive black holes (SMBHs). This accretion produces an optically thick disk called
the accretion disk. Due to the viscosity within the disk, it emits thermally at a wide
range of temperatures. The emission is therefore spread across the electromagnetic
spectrum, often peaking in the UV, but with significant luminosity in the infrared (IR)
and X-ray bands. The disks are small and unresolved even for local AGNs.

For some AGNs, however, the emission from the accretion disk cannot be directly
detected due to obscuration (Netzer (2015)). This occurs when gas or dust absorb or
scatter the radiated emission. The source of obscuration is dominated by dust for the
UV to IR wavelengths, and by gas for the X-ray wavelengths. The level of obscuration
is also dependent on the wavelength, and regions with a high optical depth will absorb
more emission.

According to the Unified Model of AGN (Urry and Padovani (1995)), see figure
1.5), the accretion disk is surrounded by an axisymmetric dusty and molecular struc-
ture, often called a dusty torus. The torus is optically thick and in some directions
it completely obscures the central source. The peak of this component appears to be
around λ ∼ 20− 50µm with a steep fall off at longer wavelengths (Harrison (2014)).

Figure 1.6 shows a spectral energy distribution (SED) of an unobscured AGN.
The observed power-law spectrum of high energy X-rays (cyan dotted line in figure
1.6) is thought to be due to an optically thin corona around the accretion disk (Har-
rison (2014)), where photons produced in the accretion disk experience Compton up-
scattering. This emission may also reflect off the torus or accretion disk to create a
reflecting component in the X-ray (green line). In the soft X-ray region, the emission
observed is higher than expected from accretion disk models, referred to as the soft
excess component (magenta). An omnipresent component in the X-ray emission from
AGNs is also a prominent Iron Kα emission line, peaking at 6.4 eV (Ricci et al. (2014)).

The luminosities at radio frequencies differ by several orders of magnitude from
radio-loud to radio-quiet AGNs (Harrison (2014), Kellermann et al. (2004)). The radio
emission in the radio-loud sources originates from oppositely directed, relativistic jets
(Ghisellini (2013)), with the direction likely traced by the axis of a spinning black hole.
Associated with the jets are radio lobes. These are very large structures (observations of
the galaxy Centaurus A revealed lobes extending ∼ 600 kpc (Stawarz et al. (2013))) that
produce synchrotron radiation, created by particles at relativistic speeds that spiral in
a magnetic field. In radio-quiet sources, the origin of the radio radiation is less certain,
but likely related to compact radio jets, supernovae and a corona (Harrison (2014),
Smith et al. (1998), Laor and Behar (2008)).
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Figure 1.5: Schematic representation of the unified AGN model. Figure from Beckmann
and Shrader (2013).
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Figure 1.6: Schematic representation of the spectral energy distribution (SED) of an
unobscured AGN. The black solid line represent the total SED, and the colored lines
represent the different physical components. The light gray curve is the SED of a star
forming galaxy for comparison. Figure from Harrison (2014).

1.1.5 Feedback

Feedback mechanisms are a critical component of galaxy evolution (Hopkins et al.
(2014)). With feedback we generally refer to the combination of the effects of an input
of energy from AGNs and star formation on the surrounding gas. This in turn can affect
negatively (or positively) the ability of this gas to feed the new star formation and AGN
activity. For this reason we call this mechanism "feedback". Feedback processes are
needed to explain the discrepancy between theory and observations both for low-mass
galaxies, and the observed exponential suppression of massive galaxies (Bower et al.
(2012)). Simulations tend to form many more massive star forming galaxies at z ∼ 0
than we observe, and observations indicate that most massive galaxies at z ∼ 0 have
had their star formation suppressed very rapidly. In the absence of feedback, we would
also expect a larger number of small galaxies.

Outflows are one of the most evident manifestations of feedback (Cazzoli (2017)).
They regulate star formation (SF) and AGN activity, and redistribute gas and dust
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over large scales into the interstellar medium (ISM) and even the IGM (Aguirre et al.
(2001)). It has also been proposed that outflows themselves can undergo vigorous SF
(Zubovas et al. (2013)). In observation, the main driving force behind the outflows,
whether it is AGN-driven or starburst-driven, is however difficult to distinguish, since
several processes are often occurring at the same time.

Stellar Feedback

Star formation activity transports energy and momentum to its surroundings, which can
impact the entire galaxy and affect its star forming capability (Hopkins et al. (2012)).
This is observed by e.g. outflows of ionized, neutral and molecular gas, shocks and
metal enrichment in the IGM. The two main scenarios for stellar driven feedback are
the energy-driven and the momentum-driven scenario. In the energy-driven scenario, it
is the kinetic energy released by supernovae and stellar winds that play the dominant
role of counteracting and self-regulating star formation (Veilleux et al. (2005)). If the
coupling between the energy injected and the surrounding ISM is efficient enough, it
can drive strong and large scale outflows. This scenario is more important in low
mass galaxies with a small dark matter halo, as gas can easier escape from a shallow
gravitational well (Davé et al. (2011)). In the momentum-driven scenario, it is the
momentum transferred by UV-radiation of young and massive stars to dust and the
momentum from supernovae that are the dominating factors. This mechanism requires
large optical depths to IR radiation (Davé et al. (2011)) and coupling of gas and dust
in the outflow, and are therefore most effective in dusty star-forming galaxies (Murray
et al. (2005)).

AGN Feedback

Stellar feedback can account for many galaxy properties, but it is not sufficient to
account for the quenching of star formation in massive galaxies (Hopkins et al. (2014)).
AGNs, however, can generate large and powerful outflows that can explain this. We
differ between two types of AGN feedback mechanisms: the radio-mode and the quasar-
mode.

The radio-mode feedback is associated with a low accretion rate to the SMBH,
and radio jets injecting energy to the ISM and intracluster medium (for massive radio
galaxies at the center of clusters) (Fabian (2012)). This in return keeps the surrounding
gas hot, which suppresses the star formation. This mechanism dominates at late times
and in massive objects in rich environments, and can explain the suppression of star
formation in the central galaxies of clusters and in very massive objects (Croton et al.
(2006)). The quasar mode results from short and efficient episodes of gas accretion
onto the SMBH (Menci et al. (2008)). The energy released during such episodes can
generate powerful outflows and expel gas from the host galaxy. This process requires
large amounts of gas and can be triggered by mergers or disk instabilities.

Studying the interplay between gas involved in galactic winds in different phases can
provide key information about the AGN feedback mechanism (Cicone et al. (2018a)).
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Figure 1.7: Simulation of galactic winds in a starburst system. Shown is the velocity
structure of a simulated galaxy outflow. The rotating disk is shown in green. The color
bar shows the logarithmic intensity of the velocity field of the gas, normalized to the
total z-velocity. Figure from Schneider et al. (2018).
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Galactic outflows are observed to entrain gas in multiple phases, the same phases that
we observe in the normal (non-outflowing) ISM. We therefore need multiphase tracers
to fully understand outflows.

One way to trace the molecular (H2) gas, which may constitute a large fraction of the
gas content in outflows, is through observations of the CO or OH emission lines (as H2

is very challenging to detect). There are however some possibly large uncertainties on
the mass estimates based only on CO or OH, so utilizing additional multiphase tracers
(such as atomic neutral carbon [CI](1-0)) to measure the H2 mass is a recommended
approach (Cicone et al. (2018a)).

Recent studies combining the CO and CI line emissions in outflows (e.g Feruglio et al.
(2013a), Feruglio et al. (2013b) and Cicone et al. (2018b)) have given greater insight
to the mechanisms that drive feedback in nearby galaxies. A particularly interesting
class of galaxies to study in this regard ULIRGs, as they show the most conspicuous
cases for outflows in the nearby Universe (Arribas et al. (2014)). They also share some
structural and kinematic properties with these distant galaxies. ULIRGs are therefore
ideal to study outflows in environments similar to those at high redshift, but with high
signal to noise and spatial resolution.

1.2 Ultra Luminous Infrared Galaxies

The first observations of galaxies in the infrared were conducted in the sixties and early
seventies (Low and Kleinmann (1968), Kleinmann and Low (1970)). The new galaxy
class Ultra Luminous Infrared Galaxies was however first introduced in 1984 with the
all-sky survey in the mid- and far-infrared (IR) with IRAS (Soifer et al. (1984)). ULIRGs
are some of the most luminous objects in the local Universe, and emit the bulk of their
energy in the IR (LIR ≥ 1012Lo) (Sanders et al. (2003)). The strong IR emission is
due to the absorption of optical and UV radiation by dust grains which reradiate in
the IR. The dust grains are heated by either extreme starburst activity, AGNs, or a
combination of both (Yuan et al. (2010)).

Following IRAS in 1984, several surveys were carried out in various portions of the
sky and at wavelengths covering the IR, mm, and radio bands (e.g with the Infrared
Space Observatory ISO (Dole et al. (1999), Rowan-Robinson et al. (1999)), the Sub-
millimeter Common-User Bolometer Array SCUBA (Smail et al. (1997)), the space
telescope Spitzer (Lonsdale et al. (2004)), AKARI (Murakami et al. (2007)), Herschel
Space Observatory(Eales et al. (2010)) and the Wide-field Infrared Survey Explorer
WISE (Wright et al. (2010))). These have contributed to understand the physics of
ULIRGs and led to the discovery of ULIRGs at high z.

ULIRGs correspond to exceptionally star forming galaxies in the local Universe,
and lie above the MS of star forming galaxies as starburst galaxies. But as the MS is
shifted to higher SFR at higher redshifts (see section 1.1.2), the regime of IR-luminous
galaxies starts to coincide with the normal MS galaxies at high z. Hence, ULIRGs are
more common at higher redshifts (early times) and more representative of the high-z
SF galaxy population (Kilerci Eser et al. (2014)).
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The intense IR luminosity in local ULIRGs is mainly triggered by major mergers
(Pereira-Santaella et al. (2015)). The contribution of AGNs to the IR luminosity is de-
bated, but studies of ULIRG samples indicate that the power source for the lower lumin-
osity ones is extended starbursts, while AGNs contribute more to the bolometric lumin-
osity in more luminous sources. Even with numerous studies at multiple wavelengths,
it is still difficult to determine the relative contribution of starburst and AGN activity
in individual galaxies.

Each region of the electromagnetic spectrum provides information about the com-
ponents that constitute a galaxy and their physical properties. Stars, dust, and gas
are constantly interacting with each other and modifying the stellar content and inter-
stellar medium. This process is imprinted on the galaxy’s spectral energy distribution
(SED). Observations at multiple wavelengths and the study of the SEDs of galaxies are
therefore necessary to understand galaxy formation and evolution.

1.2.1 The Spectral Energy Distribution (SED) of ULIRGs

One way to understand and extract information from the SEDs of ULIRGs is to use
fitting codes, such as MAGPHYS (Cunha et al. (2015)), LePhare (Ilbert et al. (2006)),
CIGALE (Boquien et al. (2019)) and MICHI2 (Liu et al. (2021)). Such codes combine
multiple SED components to make a best fit to observations. A basic principle in
these codes is energy conservation between the absorption of UV emission and the
emission emitted in the IR by dust. With the MICHI2 code, Liu et al. (2021) attempted
to decompose the SED from optical to far-IR/mm wavelengths of a sample of local
ULIRGs. Figure 1.8 shows an SED fit of NGC6240 and figure 1.9 shows the galaxy
properties used in this fit. In this model, they used five main components: a stellar
component, a mid-IR AGN, warm and cold dust, and a radio component.

The submm/mm part of the SED is a combination of dust emission, free-free emis-
sion, and synchrotron emission (Bot et al. (2010)). Thermal free-free emission originates
from the hot ionized gas in HII regions, while synchrotron radiation is emitted by relativ-
istic particles accelerated by a magnetic field, which takes place in supernova remnants
or AGNs (Klein, U. et al. (2018), Harrison (2014)). The dust emission is produced by
dust grains heated by star formation and AGNs in thermal equilibrium that emit as a
modified black body. Dust plays a very important role in ULIRGs.

Dust Emission

In normal disk galaxies, dust re-radiates 30% of the stellar power. In ULIRGs however,
this number is up to 99% (Galliano et al. (2018)). Dust is also responsible for heating
of the gas in photodissociation regions (PDR) (Draine (1978)) and acts as a catalyst for
numerous chemical reactions, including the formation of the most abundant molecule
in the Universe, H2 (Gould and Salpeter (1963)).

Deducing the dust properties in a galaxy is however not straightforward (Draine and
Li (2007)). One has to build a model with assumptions about the mixture constitution
such as chemical composition, grain structure, shape, size, and abundance, and physical
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Figure 1.8: SED fit of NGC6240 obtained with the MICHI2 code. The best fit is
represented with a black line, and the SED components are stellar (cyan dashed line),
mid-IR AGN (yellow dashed line), warm dust (red dashed line) and cold dust (blue
dashed line). The blue points are flux observations from the literature (e.g Clements
et al. (2018), Chu et al. (2017), Lisenfeld et al. (2000), Iono et al. (2007)). Figure from
Liu et al. (2021).
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Figure 1.9: 1/χ2 distributions describing the SED-fit to NGC6240. A higher 1/χ2 means
a better fit, and the 68% confidence level is indicated by the yellow shading. Figure
from Liu et al. (2021).
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conditions such as thermal excitation due to radiative or collisional heating, charging,
magnetic field and grain rotation (Galliano et al. (2018)) - a virtually limitless number of
ways to combine elements. This is then constrained by comparing the model predictions
with observations (extinction, scattering, polarization, IR emission, and interstellar
depletions).

The approach by Liu et al. (2021) in MICHI2 with warm and cold dust is based on
the work by Draine and Li (2007). They calculated physical models based on probability
distribution functions (PDFs) in the interstellar radiation field (ISRF). In these models,
most of the dust is exposed to a minimum ambient ISRF with intensity Umin (cold dust),
while the rest is located in a photodissociation region (PDR) ISRF with intensities from
Umin to Umax (warm dust).

1.3 NGC6240

The target of this work is the merger NGC6240. NGC6240 is a local (z = 0.0245)
LIRG and the result of a merger between two gas rich spiral galaxies (Feruglio et al.
(2013a)). The two nuclei are located in the central region of the galaxy, separated by
∼ 1 kpc. Both of them host AGNs with SMBH masses exceeding 108M� (Engel, H.
et al. (2010)). Due to the intense star-formation activity (Sanders and Mirabel (1996))
and the presence of tidal arms (Engel, H. et al. (2010)), it is assumed to be in the early
stage of merging, between the first encounter and the final coalescence. From Hubble
Space Telescope (HST) Hα images of NGC6240 (see figure 1.3), we can see a strongly
disturbed butterfly-shaped morphology interpreted as evidence for a super-wind shock
heating the ISM (Gerssen et al. (2004)). The Hα emission has been hypothesized to
trace an outflow pattern, extending up to 10 kpc from the central region, and likely
powered by both the nuclear star-formation and AGN-activity. Indeed, a molecular
outflow was confirmed by Feruglio et al. (2013b), and later by Cicone et al. (2018b).

1.3.1 Extended Outflows

Feruglio et al. (2013a) presented deep observations of the CO(1-0) transition in NGC6240
obtained with the IRAM Plateau de Bure Interferometer. They found that the CO emis-
sion shows very broad and asymmetric wings detected out to velocities of -600 km/s and
+ 800 km/s, respectively blueshifted and redshifted of the systemic redshift. Two prom-
inent blueshifted structures were detected in the eastward and southwestward direction,
extending ∼ 7 kpc from the nuclear region (see figure 1.10).

The CO emission in the southwestward direction overlaps with the dust lanes in-
terpreted as tidal tails in HST images (figure 1.3), which indicates that the gas is
highly affected by galaxy interactions. The eastward emission is in the same region as
the Hα filament, and supports a scenario with molecular gas compressed into a shock
wave propagating eastward from the nuclei, with the AGN as the most likely driving
force. High resolution observations of the CO(1-0) transition (Feruglio et al. (2013b))
strengthens this interpretation of the blueshifted emission as massive outflow, origin-
ating from the southern nucleus likely driven by both SNa winds and radiation by the
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Figure 1.10: Hα map of NGC6240 with CO(1-0) emission at different velocities. -350
km/s (green contours) and -100 km/s (magneta contours). White contours are from
1.6-2 keV emission in the X-rays which traces very well the underlying Hα emission
shown by the color scale. Figure from Feruglio et al. (2013a).
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southern AGN. These authors found, however, that the CO emission does not peak
on the southern nucleus, but rather in the midpoint between the two nuclei, a scen-
ario not predicted by hydrodynamical simulations of mergers between gas rich galaxies
(Bournaud et al. (2011)).

Cicone et al. (2018b) studied the physical properties of the massive molecular
(H2) outflows in NGC6240 with [CI](1-0) line observations from ALMA combined with
ALMA CO(2-1) data and CO(1-0) data from IRAM Plateau de Bure Interferometer. As
pointed out in Feruglio et al. (2013b), they found that the bulk of the outflow extends
in the eastward direction. But in these observations, they also found a western outflow,
aligned in the same east-west axis as the eastern component. They also concluded that
both the redshifted and the blueshifted velocity components trace the same molecular
outflow, based on their close spatial correspondence, as can be seen in figure 1.11.

Figure 1.11: CO(2-1) blue and red wing emission in NGC6240, with positive contours
starting from 5 σ. Figure from Cicone et al. (2018b).

The high resolution [CI](1-0) observations show that the redshifted emission peaks
at the midpoint between the two AGNs, while the blueshifted component peaks closer to
the southern nucleus, but none of them at either AGN (see figure 1.12). This separation,
also detected with CO(2-1) data (Tacconi et al. (1999)), has previously been interpreted
as a rotating molecular disk. This is however debated, and Cicone et al. (2018b) argues
that the high CO velocity dispersion, σ > 300 km/s, suggests otherwise. The velocity
field does not present the characteristic butterfly pattern of a rotating disk, and the
features in the nuclear region are correlated with the high velocity wings. The high σv
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Figure 1.12: Outflow in NGC6240 observed with CO(1-0), CO(2-1) and [CI](1-0) emis-
sion. Image a-c are maps with blue and red wing combined, while d and e show the
maps of the [C I](1â0) blue and red wings. Figure from Cicone et al. (2018b).

regions might rather represent places where the opening angles of the outflow widen.
Therefore, Cicone et al. (2018b) concludes that the region in between the two AGNs is
dominated by nuclear outflows extending in the east-west direction. The total outflow
mass rate calculated is 2500 ± 1200 M� yr−1. Cicone et al. (2018b) found that 60 ±
20 % of the molecular ISM belongs to the outflow, which may explain the extreme ISM
of NGC6240. The CO-to-H2 conversion factor, αCO, was estimated to be higher than
the optically thin value, which suggests that not all of the outflowing gas is diffuse and
warm, but some may be dense. This would make star formation within this outflow
more likely. Star formation in galactic outflows has also been suggested by Maiolino
et al. (2017).

When galaxies collide, high velocity gas can be concentrated in the nuclear region
due to gravitational torques, which causes some of the gas to lose angular momentum
and flow towards the center. Gravitational torques and tidal forces can also play a
part in driving gas outwards and creating tidal tails and bridges (see also section 1.1.3).
According to Cicone et al. (2018b) however, the kinematics and morphology of the
central region studied in that work (central 6 kpc x 3 kpc rectangular region, excluding
the northern and southern parts of the galaxy, see panel a of fig 1.12) in this galaxy
can hardly be explained by gravity induced mechanisms. The structures observed in
the central region are correlated with features on much larger scales, and can therefore
not be due to nuclear inflow. Tidal tails are not expected to be dominant in this
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central 6x3 kpc2 rectangular region studied by Cicone et al. (2018b), because of the
large velocity dispersion components detected in the spectra and the overlap between
highly blueshifted and highly redshifted emission which strongly suggest outflows, seen
in figure 1.11. In addition, this east-west structure is consistent with the structure
seen on smaller nuclear scale which points to an outflow propagating from the nuclear
region out to a few kpc east-west of the two AGNs. However, tidal features may still
be relevant outside this east-west outflow-dominated region.

1.3.2 Possible Driving Mechanisms of the Outflows in NGC6240

NGC6240 is one of the few sources observed hosting H2 outflow on ≥ 10 kpc scales
(Cicone et al. (2018b)). Based on its energetics, a purely stellar feedback mechanism
can be ruled out. Instead, AGN feedback models can fully accommodate the observed
outflow energetics (Faucher-Giguére and Quataert (2012), Zubovas and King (2014),
Costa et al. (2014)). Several multiwavelength observations of NGC6240 also point to-
wards a radiative-mode AGN feedback mechanism (Nims et al. (2015)). In the optical
wavelengths, an ionized wind with large scale superbubbles extending tens of kpc has
been observed (Yoshida et al. (2016)). This wind is in close spatial correspondence with
the soft X-ray continuum, which suggests the presence of gas cooling out of a shocked
medium (Nardini et al. (2013)). A diffuse component in hard X-ray continuum has been
detected both in between the two AGNs (Wang et al. (2014)), located north-west of the
southern nucleus - similar to the blue wing in figure 1.12 d, and in the large scale struc-
ture coinciding with both the strong NIR H2 emission and the Hα filaments (Max et al.
(2005)). Non-thermal continuum emission extending several kpc west of the AGN has
been detected in radio (Colbert et al. (1994)) in an arc-like structure, with a possible
eastern component (Baan et al. (2007)). There is no clear corresponding optical or NIR
starlight in this region, excluding a starburst origin, and the complex morphology indic-
ates a connection with the Hα outflow. The western component aligns with the outflow
detected by Cicone et al. (2018b), and supports the theoretical association between an
AGN-driven wind and extended non-thermal radiation (Nims et al. (2015)). The total
radio power of these features compares to the extended radio structures observed in
radio-quiet AGNs with prominent outflows (Morganti et al. (2016)).

All these observations suggest a radiative-mode AGN feedback mechanism. The
launching point of the molecular outflow is however at odds with this scenario, as we
would expect the multi-phase outflow to be generated in the central engine (Costa
et al. (2015)). The direction of the outflow, perpendicular to the axis between the two
nuclei, is also puzzling (Cicone et al. (2018b)). A complex interplay of stellar and AGN
feedback processes must therefore be at work.

It is worth noting that for this source it is also difficult to determine the source of the
high IR luminosity. Previous observations of the total flux in NGC6240 at IR/submm
wavelengths have been conducted with telescopes with large fields of view, measuring
the flux in the entire galaxy (e.g observations used in the SED fit in figure 1.8. See Liu
et al. (2021) and references therein), while high resolution observations have focused
mainly on the central region (e.g Tecza et al. (2008), Scoville et al. (2014), Treister
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et al. (2020)). Due to the amount of gas residing in between the two nuclei, Tecza
et al. (2008) and Scoville et al. (2014) suggested that most of the IR emission should
be attributed to star formation processes in this region rather than the AGNs. Later
higher resolution observations (0.03” with ALMA) (Treister et al. (2020)) on the other
hand, concluded that most of the continuum emission detected is directly associated
with the two nuclei. However, as I will show in this work, the large extent of the optical
source and the dust lanes seen in figure 1.3 suggest that dust continuum may extend
far beyond the nuclear region. In addition, the presence of dense gas in the outflow,
making it more likely to form stars within the outflows, also gives reason to expect IR
emission outside the nuclear region.

1.3.3 This Work

The focus of this thesis will be to investigate the properties of the submillimetre and mil-
limetre continuum emission of NGC6240. I will do this by exploiting sensitive datasets
acquired with ALMA. In particular, I will study the emission in regions corresponding
to AGN activity (nuclear region), and outflows and tidal tails (extended region), and
interpret them in the contexts of the physical mechanisms acting on such scales.

In Chapter 2 I will first describe the datasets I use in this work. I will then describe
the cleaning procedure of the datasets and how I create continuum maps, before I
discuss the regions where I measure the flux. In chapter 3 I will present the results
and comment on the findings. In chapter 4 I will discuss the results, make hypotheses
on the origins of the observed emission, and how this relates to previous observations.
Finally, in chapter 5, I will present my conclusions and suggestions for future work.



Chapter 2

Observations

With the aim of investigating the cold dust emission of NGC6240, I produced sev-
eral maps of the submm and mm continuum emission to inspect different regions of
NGC6240. I created low resolution maps to enhance the sensitivity to extended emis-
sion and high resolution maps to look at detailed features and measure the flux from
point sources. The regions used to extract the flux values are discussed later and shown
in figure 2.5.

2.1 Datasets

The Atacama Large Millimeter/submillimeter Array (ALMA) is an interferometer loc-
ated at 5000 m altitude in the Atacama desert in Chile. It consists of fifty-four 12m
antennas with baselines up to 16 km, and twelve 7m antennas. All observations used
in this work were carried out with the 12m antennas of ALMA, and cover a frequency
range from 84 to 680 GHz. I used archival data, publicly available in the ALMA Science
Archive. The different datasets used here are described in table 2.1. As the datasets
are from different programs with different science goals, it is worth mentioning that
these were not designed for measuring the continuum emission. This is important both
for the data processing (as I had to look for and exclude line emission) and for the
interpretation of the results, which I will come back to in section 4.2.
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Figure 2.1: A setup of four spectral windows in band 3 covering a frequency range from
93.27-108.80 GHz. See table 2.2 for the ranges included in each of the continuum maps.

2.2 Data Processing with CASA

The datasets were processed and analyzed using the Casa software (Common Astro-
nomy Software Application) (McMullin et al. (2007)). Casa is a suite of tools for
calibration and analysis of radio astronomy data, and is the primary data processing
software for ALMA. I requested calibration of the data from ALMA helpdesk, as the
archival data exploited older versions of the CASA pipeline not compatible with my
installation.

2.2.1 Excluding Line Emission

The focus of my analysis is continuum emission. The datasets I used were however
archival data with different science goals, so in order to avoid line contamination of the
continuum maps, I had to inspect all the spectral windows to look for line emission.
I selected the frequency ranges with line emission at each dataset, and excluded these
from the ranges I used to produce the continuum maps.

Figure 2.1 shows the setup of four spectral windows from a band 3 dataset covering
the frequency range 93.27-108.80 GHz. In this dataset, the first window was line-free,
the second window had emission from the CS(2-1) transition (see figure 2.2), the third
window had a low number of channels (low spectral resolution) so I could not study the
presence of spectral lines, and the fourth window contained line emission from CO(1-
0). To avoid line contamination and get line-free datacubes, I therefore selected the
frequency ranges spanned by the CS(2-1) and CO(1-0) line emissions, and excluded
these from the second and fourth spectral windows. This was done with the split
command in CASA with the continuum frequency ranges as input. For my continuum
map at band 3, I used the first spectral window entirely, and the second and the fourth
windows after excluding the line emission. I discarded the third spectral window (with
low resolution) to be on the safe side. This process of inspecting spectral windows,
selecting frequency ranges with line emission to exclude, and creating continuum maps
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Figure 2.2: Spectral information of the second spectral window in band 3 (marked in
green in figure 2.1) with 240 channels. There is a clear line at 95.6 GHz, corresponding
to CS(2-1) line emission.

was repeated for all the datasets (see table 2.2 for the frequency ranges included in each
spectral window). Then, to create one single collapsed continuum map for each band,
I merged together the data for each of the bands.
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Figure 2.3: Uv coverage of band 8 data. 40 antennas were used in this observation, and
the observation time was 7 minutes.

2.2.2 Cleaning Procedure

I cleaned the visibility files with the task tclean in Casa . Tclean is based on the
CLEAN algorithm (Högbom (2003)), and is used to extract the sky brightness distribu-
tion of the source. As these are interferometric data, the uv (observation plane) coverage
is never complete. The uv-plane therefore has to be filled in order to perform a Fourier
transformation (see figure 2.3 for a visualization of the uv-plane in band 8). This can
be done by interpolating between nearby measurements. What we then get after the
Fourier transformation is a "dirty image". A dirty image is the true image convolved
with the dirty beam. What the CLEAN algorithm does is reconstructing/deconvolving
this image by iteratively finding the highest peak in the image, fitting the peak of the
dirty beam to this peak, and subtracting the normalized dirty beam until hitting the
noise level - an approach proposed by Högbom in 1974 (Högbom (1974)). Because of
the high number of antennas in ALMA, the sidelobes present in the dirty image and
need to be cleaned in the deconvolution operation are generally not a huge issue, unless
the source has a very bright central peak.

I performed the clean algorithm with multi-frequency synthesis (’mfs’ in tclean) to
create a collapsed map, and used Briggs weighting, with the robust parameter set to 0.5.
I used the standard gridding option that uses a prolate spheroidal function. The dishes
that make up the telescope array are not uniformly sensitive to incoming radiation
from all directions, which results in a primary beam pattern on the image, where the
size of the primary beam is determined by the diameter (12m) of the antennas. The
effects of this can be corrected for by dividing the deconvolved image with an average
primary beam pattern. In Casa this is done with the command pbcor. To enhance
the sensitivity to extended emission, I also created low resolution (2") maps with uv-
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tapering. The effect of the tapering can be seen in figure 2.4, where the left is a high
resolution continuum map of band 3, and the right image is a low resolution map with
details "smoothed" out. I created one high resolution and one low resolution map of
each of the bands used in this work (band 3, 4, 6, 7, 8, and 9).

Figure 2.4: A visualization of the tapering effect on the continuum maps. Left: High
resolution image of the continuum emission observed in band 3. Right: The continuum
map with uv-tapering applied, which lowers the resolution (see the bigger synthesized
beam size in the bottom left) and so enhances the sensitivity to extended areas. The two
AGNs in NGC6240 are marked in the uv-tapered image as black crosses, with locations
from Hagiwara et al. (2011).

2.2.3 Flux Measurements

Figure (2.5) shows the two regions in which I measured the fluxes. The small box
covers the nuclear region with the two AGNs (1.5 kpc x 1.5 kpc) and the large box
encompasses an extended region not including the small box (4.1 kpc x 3.3 kpc), both
centered around RA = 16:52:58.892 and Dec = +02.04.03.858. In the high resolution
maps, I used five boxes in total with the same size as the beam size (0.26 kpc x 0.26
kpc), covering the southern and northern nucleus, in addition to three additional point
sources detected in this work (see coordinates in table 3.1).

Before settling on the final choice of boxes shown in figure 2.5, several attempts were
made to identify the optimal boxes that allowed me to sample the nuclear region and
maximize the coverage of extra-nuclear emission. A larger box would in theory include
more extended emission, and multiple boxes in different areas could provide information
about the continuum emission related to different processes. The attempts of using more
than two boxes resulted however in very low signal to noise ratios (S/N) in many of the
boxes at higher frequency bands (where the sensitivity to extended emission decreases).
Increasing the box size also resulted in a low S/N. The resulting two boxes are therefore
a compromise between achieving a high S/N in most of the bands and trying to capture
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the extended emission. I therefore decided that the boxes shown in figure 2.5 were the
optimal ones with the available data.
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Figure 2.5: Cleaned map of band 3 emission, with uv-tapering applied. The two boxes
are the collecting areas, where the flux in the small box is subtracted from the total
flux in the large box. Size of large box: 8” x 6.5” (4.1 kpc x 3.3 kpc). Size of small box:
3” x 3” (1.5 x 1.5 kpc). Here I see a clear extended band 3 emission outside the large
box, but as no significant counterpart is detected in the other bands, I decided to use
this box in order to attain a high S/N in most of the bands.



32 Observations



Chapter 3

Results

I have divided this chapter into two subsections. In the first section, I present the results
from the low resolution maps, with comments on the shape of the emission and the flux
measurements. In the second section, I present results from the high resolution maps,
with focus on the new point sources detected in this work.

3.1 Nuclear and Extended Emission

The flux measurements in the central and extended region are listed in table 3.2, and
the low resolution continuum maps are shown in figures 3.3 (band 3 and band 4), 3.4
(band 6 and band 7) and 3.5 (band 8 and band 9). A high signal to noise ratio (S/N ≥
9) is achieved in the central box for all bands. The S/N in the extended box is ≥ 2.8
for band 3 to 7. The noise level of the outer box in band 8 and 9 is however very high,
and I will use upper limits when referring to these datapoints in the discussion.

The total flux observed in the nuclear area is lowest in band 3 and 4, Fν = 8.8±0.14
mJy and Fν = 7.8 ± 0.15 mJy respectively. It increases for higher frequencies, and is
almost two orders of magnitude larger in band 9, with Fν = 170 ± 13 mJy. This is
in accordance with the modeled SED of NGC6250 (figure 1.8) in section 1.2.1. An
interesting observation is that the peak of the continuum emission is closer to the
southern AGN than the northern in all bands. I will look more into this when inspecting
the high resolution maps.

The main result from the low resolution maps is the detection of a significant ex-
tended emission, observed at all bands. In band 3 to 7, the extended region accounts
for up to 32 percent of the total measured flux. The implications from this result will
be discussed in section 4.2.

When studying the shape of the emission in each of the low resolution maps, I see
several notable features. Starting with band 3 (figure 3.3, left panel), I detect two wing-
like features extending in the northeast and the southeast direction. These features are
however not visible in band 4 or higher frequencies, so the origin could be synchrotron
or free free emission which rise at lower frequencies - although with only one data point,
it is hard to constrain. There is also a significant amount of emission detected ∼6.5
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Source RA Dec
AGN-N 16:52:58.9240 02.24.04.776
AGN-S 16:52:58.8902 02.24.03.350
C-11 16:52:59.256 02.24.11.458
C-4 16:52:58.9224 02.24.04.0158
C-3 16:52:58.895 02.24.03.664
R1 16:52:58.8885 02.24.03.326
R2 16:52:58.8993 02.24.03.602

Blue wing 16:52:58.8946 02.24.03.52
Red wing 16:52:58.9224 02.24.04.0158

Table 3.1: Position of sources referred to in this work. AGN positions and radio sources
R1 and R2 are based on VLBI radio observations Hagiwara et al. (2011). Blue wing
and red wing are from Cicone et al. (2018b).

.

kpc west of the nuclear region. In band 4 (figure 3.3, right panel), there is a significant
amount of emission detected northeast of the nuclear region, at ∼ 4.3 kpc from the
northern nucleus. This emission is even more apparent in band 6 (figure 3.4, left panel).
I will refer to this source as C-11 (where 11 indicates the approximate declination). In
band 6 there is also emission extending northwards, in a pattern turning east towards
C-11. C-11 is also evident in band 7 (figure 3.4, right panel). Here there are also
two wings in the same southeast direction as in band 3. C-11 is outside the field of
view in band 8 and 9 (figure 3.5). The emission northwards in band 8 follows the same
pattern as in band 6. In band 9 there is some extended emission aligned in the east-west
direction. These features will be discussed in section 4.1.

3.2 High Resolution Maps

Figure 3.6 to 3.11 are high resolution images of the continuum emission with the two
AGNs (from now referred to as AGN-N and AGN-S) marked as black crosses. The
fluxes from these in addition to C-11 are listed in table 3.3, and their positions in table
3.1.

For band 3, 4, and 6, most of the emission is centered around each nucleus. This is
expected from previous studies of the continuum emission (Treister et al. (2020)). Band
7 has a surprisingly faint emission around the northern AGN, and most of the flux is
centered in the southern part of the nuclear region. The emission in band 8 and 9 is
even more conspicuous, with a clear offset between the peaks of the continuum and the
two AGNs.

There are two peaks that stand out in band 9. One is located northeast of the
southern nucleus and will be referred to as C-4. The other is closer to the southern
nucleus, and has a clear counterpart in band 8. I will refer to this point as C-3 (positions
of C-3 and C-4 are listed in table 3.1 and in map 3.2). In figure 3.12 I have added
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Figure 3.1: Position of C-11 marked as a magenta cross in addition to the two AGNs
marked as white crosses (positions from Hagiwara et al. (2011)).
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Figure 3.2: Positions of the central sources referenced in this work in band 6. AGNs are
marked as black crosses (positions from Hagiwara et al. (2011)), red and blue wing peaks
from [CI] observations marked as red and blue crosses (from Cicone et al. (2018b)), and
VLBI radio sources as gray diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked
as black circles, where C-3 is closest to the southern AGN.
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Figure 3.3: Low resolution images of the continuum emission observed at submm/mm
wavelengths. Contours correspond to: (-4σ, -2σ, 2σ, 4σ, 6σ, 8σ, 10σ). The synthesized
beams are shown at the bottom-left of each map. The two AGNs are marked as black
crosses, with positions based on VLBI radio observations Hagiwara et al. (2011). Left:
Emission band 3 (average frequency∼ 97 GHz. There is a clear extension of the emission
in the north-west and east/southeast, in addition to a significant amount of emission
offset by a few arcsec to the west. Right: Emission from band 4 (average frequency ∼
130 GHz). A peculiar point source, which I denote C-11, emerges in the northeast and
will be studied in greater detail in section 3.2 in the high resolution maps.
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Figure 3.4: Low resolution images of the continuum emission observed at submm/mm
wavelengths. Contours correspond to: (-4σ, -2σ, 2σ, 4σ, 6σ, 8σ, 10σ). The synthesized
beams are shown at the bottom-left of each map. The two AGNs are marked as black
crosses, with positions based on VLBI radio observations Hagiwara et al. (2011). Left:
Emission from band 6 (average frequency ∼ 240 GHz). C-11 is even more apparent
here, associated with a pattern stretching northwards from the nuclear region. Right:
Emission from band 7 (average frequency ∼ 355 GHz). The emission from C-11 is also
apparent in this band. Here I also detect some emission in the southeast direction.

Figure 3.5: Low resolution images of the continuum emission observed at submm/mm
wavelengths. Contours correspond to: (-4σ, -2σ, 2σ, 4σ, 6σ, 8σ, 10σ). The synthes-
ized beams are shown at the bottom-left of each map. The two AGNs are marked as
black crosses, with positions based on VLBI radio observations Hagiwara et al. (2011).
Left: Emission from band 8 (average frequency ∼ 474 GHz). An extension of the emis-
sion northwards is spatially correlated with the northward emission in band 6. Right:
Emission from band 9 (average frequency ∼ 676 GHz), with extensions aligned in the
east-west direction.
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Box Large Box Small Box
BAND3 ν = 97 GHz + ∆ν1

Fν [mJy/beam] 0.34± 0.059 3.6± 0.059
Fν [mJy] 3.8± 0.68 8.8± 0.14
S/N 5.7 60

BAND4 ν = 130 GHz + ∆ν2

Fν [mJy/beam] 0.23± 0.057 3.0± 0.057
Fν [mJy] 2.8± 0.70 7.8± 0.15
S/N 4.0 52

BAND6 ν = 240 GHz + ∆ν3

Fν [mJy/beam] 0.48± 0.10 4.9± 0.10
Fν [mJy] 5.2± 1.1 11.6± 0.23
S/N 4.7 48

BAND7 ν = 355 GHz + ∆ν4

Fν [mJy/beam] 1.2± 0.44 11.4± 0.44
Fν [mJy] 14.4± 5.2 30± 1.1
S/N 2.8 26
BAND8 (12m)ν = 474 GHz + ∆ν5

Fν [mJy/beam] 0.77± 3.2 29± 3.2
Fν [mJy] 12± 48 96± 10
S/N 0.25 9.3

BAND9 ν = 676 GHz + ∆ν6

Fν [mJy/beam] 0.068± 3.8 47± 3.8
Fν [mJy] 1.5± 83 170± 13
S/N 0.018 12

Table 3.2: Flux measured in the central area (1.5 kpc x 1.5 kpc) and extended area(4.1
kpc x 3.3 kpc). ∆ν-values are as follows: ∆ν1 = 12 GHz, ∆ν2 = 9.1 GHz, ∆ν3 = 21
GHz, ∆ν4 = 7.8 GHz, ∆ν5 = 7.9 GHz and ∆ν6 = 3.6 GHz.
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Box AGN-S AGN-N C-11 C-4 C-3
BAND3 ν = 97 GHz + ∆ν1

Fν [mJy/beam] 3.0± 0.026 0.94± 0.026 0.0063± 0.026 0.25±0.026 0.30±0.026
Fν [mJy] 4.0± 0.029 1.3± 0.029 0.0084± 0.029 0.33±0.029 0.41±0.029
S/N 116 36 0.24 9.6 12

BAND4 ν = 130 GHz + ∆ν2

Fν [mJy/beam] 2.8± 0.021 0.81± 0.021 0.096± 0.021 0.18±0.021 0.27±0.021
Fν [mJy] 3.3± 0.020 0.94± 0.020 0.11± 0.020 0.21±0.020 0.32±0.020
S/N 137 39 4.7 9 13

BAND6 ν = 240 GHz + ∆ν3

Fν [mJy/beam] 0.87± 0.020 0.29± 0.020 0.15± 0.020 0.17±0.020 0.15±0.020
Fν [mJy] 5.5± 0.11 1.9± 0.11 0.97± 0.11 1.1±0.11 0.96±0.11
S/N 43 14 7.5 8.5 7.5

BAND7 ν = 344 GHz + ∆ν4

Fν [mJy/beam] 8.8± 0.22 3.3± 0.22 2.9± 0.22 4.4±0.22 5.2±0.22
Fν [mJy] 5.1± 0.11 1.9± 0.11 1.7± 0.11 2.5±0.11 3.0±0.11
S/N 40 15 13 20 24

BAND8 ν = 474 GHz + ∆ν5

Fν [mJy/beam] 6.3± 0.83 3.0± 0.83 N/A 3.5±0.83 2.9±0.83
Fν [mJy] 22± 2.4 11± 2.4 N/A 13±2.4 10±2.4
S/N 7.5 3.6 N/A 4.2 3.5

BAND9 ν = 676 GHz + ∆ν6

Fν [mJy/beam] 7.7± 1.1 1.7± 1.1 N/A 7.3±1.1 9.5±1.1
Fν [mJy] 30± 3.7 6.5± 3.7 N/A 28±3.7 37±3.7
S/N 7.0 1.5 N/A 6.6 8.6

Table 3.3: Flux measured around point sources in high resolution images. Size of
measurement areas is 0.26 kpc x 0.26 kpc. S/N calculated with average flux and rms
values. ∆ν-values are as follows: ∆ν1 = 12 GHz, ∆ν2 = 9.1 GHz, ∆ν3 = 21 GHz,
∆ν4 = 7.8 GHz, ∆ν5 = 7.9 GHz and ∆ν6 = 3.6 GHz.

contours to the high resolution image of band 9 for a more visual representation of the
increasing emission around the two new sources that are found in the region between
the two known AGNs. I also added contours from band 3 and 6 in figure 3.13. This
comparison allows me to show that the emission from the two new sources is clearly
larger in the higher frequency bands. We see however already in band 6 some additional
emission around C-4.
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Figure 3.6: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 3 in a region including the position of C-11. Right: Nuclear region
in band 3, with the two AGNs marked as black crosses, with positions based on VLBI
radio observations Hagiwara et al. (2011).

Figure 3.7: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 4 in a region including the position of C-11. Right: Nuclear region
in band 4.
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Figure 3.8: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 6 in a region including the position of C-11. Right: Nuclear region
in band 6.

Figure 3.9: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 7 in a region including the position of C-11. Right: Nuclear region
in band 7.
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Figure 3.10: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 8 at full size, C-11 outside the field of view. Right: Nuclear region
in band 8, with the two AGNs marked as black crosses, with positions based on VLBI
radio observations Hagiwara et al. (2011).

Figure 3.11: High resolution images of continuum emission observed at submm/mm
wavelengths. The synthesized beams are shown at the bottom-left of each map. Left:
Emission from band 9 at full size, C-11 outside the field of view. Right: Nuclear region
in band 9, with the two AGNs marked as black crosses, with positions based on VLBI
radio observations Hagiwara et al. (2011).
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Figure 3.12: High resolution image of band 9 data with contours at (-3σ,-2σ,-
1σ,1σ,2σ,3σ,4σ,5σ,6σ,7σ,8σ,9σ) and southern and northern AGN marked as black
crosses (Hagiwara et al. (2011)). Position of central source is RA = 16:52:58.925, Dec
= 02.24.04.018.
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Figure 3.13: High resolution image of band 9 data with contours from band 3 (magenta)
and band 6 (green) at (1σ, 5σ, 10σ, 20σ, 60σ, 100σ, 140σ). Southern and northern AGN
are marked as black crosses (Hagiwara et al. (2011)). Position of central source is RA
= 16:52:58.925, Dec = 02.24.04.018.
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Chapter 4

Discussion

NGC6240 is a complex source with a very disturbed morphology (Treister et al. (2020)).
It is therefore not straightforward to accurately describe the processes behind what we
observe. The sources behind the submm/mm continuum emission might be young stars,
which form in dusty molecular clouds. Molecular clouds are located primarily in the
disk of spiral galaxies, but the distribution of gas and dust in the ISM during a merger is
highly disturbed, and star formation might occur far away from the nuclear region, such
as in outflows or tidal tails. AGN activity in the nuclear region is another possible source
of submm/mm emission, and it can be more significant in highly obscured quasars, and
NGC6240 hosts two of such quasars in its nucleus (Nardini et al. (2013)). As discussed
in section 1.3.2, AGN feedback is probably the driving mechanism of the multi-phase
outflows observed in NGC6240, which in turn may indirectly trigger star formation
(Maiolino et al. (2017), Zubovas and King (2014)). Studying the dust emission in
NGC6240 may therefore give insight into the interplay between AGN and star formation
in major galaxy mergers.

Previous single-aperture studies have focused on the total submm/mm emission of
NGC6240 (without spatial information) (e.g Wright et al. (1984), Clements et al. (2018),
Chu et al. (2017), Lisenfeld et al. (2000), Iono et al. (2007)), while more recent high
resolution studies have focused on emission in the nuclear region (i.e mainly the central
kpc hosting the two AGNs, Scoville et al. (2014), Treister et al. (2020)). In this work, I
have used sensitive interferometric observations to bridge between previous works and
try to identify additional sources of continuum outside the nuclear region which may be
related to outflows or tidal tails.

In the next sections I will first discuss how the continuum emission detected in
this work might be related to the outflow observed by Cicone et al. (2018b). Then
I will discuss my results compared with the modeled SED of NGC6240 and previous
observations (figure 1.8). Lastly, I will discuss the new point sources detected in this
work, and their possible origin.
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4.1 Continuum Emission Associated With Outflows

By comparing the observations in this work with the CO and [CI] maps from Cicone
et al. (2018b), I find that the dust emission is strongly correlated with the molecular
outflow. Among the extended components, the north-west wing detected in band 3 in
the low resolution map (figure 3.3) follows the outflow observed in the CO(1-0) map
(figure 1.12 a). The southeast component detected both in band 3 and in band 7 is in
the same region as a strong outflow detected in the CO(1-0), C(2-1), and CI(1-0) maps.
The emission in band 6 in the north-east direction is also spatially correlated to the
redshifted CO(2-1) emission (figure 1.11).

The detection of dust emission in the central region in between the two AGNs is how-
ever particularly interesting. In figures 4.1 and 4.2 I have plotted the band 9 continuum
emission with the contours of the blueshifted and redshifted outflow components from
the 0.24” resolution ALMA [CI] map (Cicone et al. (2018b)) overlaid. In figures 4.3 and
4.4 I have plotted the [CI] red and blue wings with contours from band 9 overplotted
(i.e. the inverse of figures 4.1 and 4.2). I have also plotted band 8 with contours from
the [CI] bluewing overplotted, see figure 4.5. The position of the peak of the red wing
and the peak of the blue wing in addition to the two AGNs are marked as red, blue and
black crosses respectively.

The first thing to notice is the position of the peak of the [CI] red wing. It is exactly
at the peak of the continuum emission in band 9, source C-4. This may indicate that the
source that heats the dust in this region, is the same source that launches the redshifted
outflow (an AGN or a starburst). Alternatively, star formation occurring in the outflow
(redshifted side) is powering the source C-4. This close relation between C-4 and the
[CI] redwing is also supported by the shape of the red wing contours around C-4 in
the band 9 map (figure 4.2), and also the reverse with band 9 contours overlapping the
redshifted emission map (figure 4.3). The peak of the blueshifted outflow, on the other
hand, is very close to the C-3 peak observed north of AGN-S in band 9 (figure 4.1), with
the contours of the bluewing following the emission in band 8 very well (figure 4.5).

The spatial correlation between the dust and the outflows supports the idea of star
formation occurring within the outflows (Maiolino et al. (2017)). The large amount
of extended continuum emission in NGC6240 (32% of total emission in band 7) sug-
gests that star formation in outflows actually constitutes a significant part of the total
submm/mm emission. This is in contrast with previous assumptions that the source
of the continuum emission is mainly star formation within the gas in the central re-
gion (Engel, H. et al. (2010)) or directly associated with the two AGNs (Treister et al.
(2020)). It may rather be an even more intricate explanation, involving large amounts
of outflowing, dusty molecular gas. I will further discuss the contribution of extended
dust emission to the total flux in section 4.2, and come back to the two point sources
C-3 and C-4 in addition to C-11 in section 4.3.
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Figure 4.1: Band 9 continuum emission with white contours at [-3, 3, 6, 12, 24, 48]
σ. CI(1-0) blueshifted contours (cyan) are overlapped. The two AGNs are marked as
black crosses (positions from Hagiwara et al. (2011)), the red and blue wing peaks as
red and blue crosses (positions from Cicone et al. (2018b)), and the VLBI radio sources
as gray diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked as black circles,
where C-3 is closest to the southern AGN. This figure shows that the [CI] blue wing
peak coincides with a peak in band 9 continuum (source C-3) as well as with a radio
VLBI source (gray diamond).
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Figure 4.2: Band 9 continuum emission with white contours at [-3, 3, 6, 12, 24, 48] σ.
CI(1-0) redshifted contours (red) are overlapped. The two AGNs are marked as black
crosses (positions from Hagiwara et al. (2011)), the red and blue wing peaks as red and
blue crosses (positions from Cicone et al. (2018b)), and the VLBI radio sources as gray
diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked as black circles, where C-3
is closest to the southern AGN. This figure shows that the [CI] red wing peak coincides
with a peak in band 9 continuum source (C-4).



4.1 Continuum Emission Associated With Outflows 51

Figure 4.3: CI(1-0) red wing map with band 9 contours (white) overlapping. The AGNs
are marked as black crosses (positions from Hagiwara et al. (2011)), the red and blue
wing peaks as red and cyan crosses (positions from Cicone et al. (2018b)), and the VLBI
radio sources as gray diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked as
black circles, where C-3 is closest to the southern AGN. This map is the inverse of figure
4.2 and shows the coincidence between the [CI] red wing peak and the central peak in
the band 9 continuum emission (C-4).
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Figure 4.4: CI(1-0) blue wing map with band 9 contours (white) overlapping. The
AGNs are marked as black crosses (positions from Hagiwara et al. (2011)), the red and
blue wing peaks as red and blue crosses (positions from Cicone et al. (2018b)), and the
VLBI radio sources as gray diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked
as black circles, where C-3 is closest to the southern AGN. This map is the inverse of
figure 4.1 and shows the coincidence between the [CI] blue wing peak and the source
C-3.
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Figure 4.5: Band 8 data with CI(1-0) blue wing contours (cyan) overplotted. The AGNs
are marked as black crosses (positions from Hagiwara et al. (2011)), the red and blue
wing peaks as red and blue crosses (positions from Cicone et al. (2018b)), and the VLBI
radio sources as gray diamonds (Hagiwara et al. (2011)). C-3 and C-4 are marked as
black circles, where C-3 is closest to the southern AGN. This map shows the coincidence
between the [CI] blue wing peak and the continuum peak in band 8.
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4.2 SED in the (Sub)-mm Regime and Extended Emission

In figures 4.6, 4.7, and 4.8, I show the total SED fitted with the MICHI2 model (Liu
et al. (2021)) in comparison with my own datapoints. Figure 4.6 shows the total flux,
figure 4.7 shows the fluxes in the large and small boxes and figure 4.8 shows the point
sources.

My ALMA measurements follow the slope of the modeled SED. The datapoints are
however lower than the MICHI2 fit, and also lower than the previous observations at the
same wavelengths (figure 4.6). Here I return to the point I made in section 2.1 about the
datasets. These are archival data and the observations were not designed for measuring
the continuum emission or the total flux of this source. The source is very extended, so
in fact any interferometric observation would miss some flux, especially single-pointing
observations. When looking at the field of view (FoV) of the observations listed in table
2.1, we see that even in our best case at band 3, with a FoV of 63 arcseconds and
the largest maximum recoverable scale (MRS) of all the datasets, it is not covering the
full continuum source, which is extended by ∼ 1 arcminute (see figure 1.3). This is in
contrast with the data in the IR/submm bands used in the SED fit, which are mostly
satellite data whose FoV covers the entire galaxy (see Liu et al. (2021) and references
therein).

Even though my analysis is missing some flux compared to satellite IR data, I am
still more sensitive to extended flux than most previous interferometric works who only
focused on the central two AGNs. This analysis confirms that there are indeed some
extra-nuclear components that likely contribute to the total flux measured by satellites
but were missed (or ignored) by previous high resolution interferometric analysis (e.g
Scoville et al. (2014)), as we can see that a fraction of the total continuum flux (probed
by satellite data) is not in the central region or the FoV probed by ALMA. Some of
this extended emission is detected in this work, as visualized in the SED plot of the two
boxes (figure 4.7) and seen from the continuum maps, but the difference in the total
flux tells us that we are still missing additional continuum components. This is to be
expected as we are using archival data with limited sensitivity, FoV, and MRS.

An interesting observation to note is the slope of the datapoints from the large box
at longer (millimeter) wavelenghts. Here we clearly see that the flux increases from band
4 to band 3. This wavelength region is usually associated with non thermal emission
from AGNs (synchrotron emission). The flux increase detected here shows however that
this is not always the case. Remember that the large box does not include emission
from either of the two AGNs, neither the new point sources detected in this work. It has
however been suggested that synchrotron emission is associated with shocks in outflows
(Cicone et al. (2018b)). This observation tells us therefore that one should be careful
to use this property of the SED as a direct tracer for AGN activity.

The SED of the point sources (figure 4.8) includes the two known AGNs and the
three point sources detected in this work. C-11 does not show the same SED rise at
low frequencies as the two known AGNs, which is due to non-thermal components. We
can therefore rule out the possibility of this being an AGN, which is also confirmed by
Chandra X-ray observations where no X-ray counterpart is detected (Valentina Braito,
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Figure 4.6: The SED of the total flux measured in band 3 to 9 in this work, together
with previous observations and the Michi2 fit (Liu et al. (2021)).

private communication). If this was indeed an AGN, we should see X-ray emission
originating from the hot corona or the soft X-ray excess.

C-4 and C-3, however, follow the same rising SED at lower frequencies as observed
for the two AGNs. They are also clearly associated with the peaks of the molecular
outflow. A point source in the radio has also been detected by the Very Large Baseline
Interferometer (VLBI) (Hagiwara et al. (2011)) close to C-3 (see figure 4.2), which might
be indicative of AGN activity or a very compact radio jet.

4.3 Additional Point Sources

As described above, two of the new point sources detected in this work (C-4 and C-3
in the region between the two AGNs) show characteristics related to AGN activity. If
these are indeed two additional AGNs, it would explain the launching base of the outflow
(puzzlingly found to be between the two AGNs, see Cicone et al. (2018b), Treister et al.
(2020)), and strengthen the theory that this galaxy is dominated by AGN feedback. It
would also help explaining the chaotic nature of this galaxy, as two additional galaxies
involved in this merger would lead to an enhanced rate of tidal disruptions, increase the
redistribution of gas and dust in the ISM, and trigger more star formation and AGN
activity, which again would explain why we see so much extended continuum emission.

We cannot, however, rule out the possibility of these being starbursts instead. A
massive outflow could drive dust outwards, and the presence of cold and dense gas in
the outflow (as suggested by Cicone et al. (2018b)), could make star formation within
the outflow possible. As mentioned in section 4.2, one should also be careful using the
slope of the SED as a tracer for AGN activity.
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Figure 4.7: The SED of the flux measured in the nuclear region (small box) and an
extended region (large box) in band 3 to 9, together with previous observations and the
Michi2 fit (Liu et al. (2021)). The datapoints at band 8 and 9 (the two leftmost points)
for the large box are upper limits.

The faintness of the mm emission (band 3) is however a good indication of the
opposite (no AGN activity) and is what we observe for the north-eastern point source,
C-11. In combination with the absence of an X-ray counterpart, we can safely conclude
that this is not an AGN. Instead, this source could possibly be the inactive nucleus
of another galaxy involved in the merger, or the compact SF nucleus of an obscured
tidal dwarf. We know that NGC6240 has prominent tidal features, and the extended
continuum emission in this galaxy suggests that there should be several continuum
components outside the nuclear region. This means that there is enough cold and dense
gas in these regions to trigger star formation, and possibly new stellar systems. This
is certainly more likely if the other two point sources are AGNs or nuclei of additional
galaxies, as this would create more extreme environments with gas and dust distributed
at large distances.

The detection of point sources associated with multiple hidden AGNs in galaxies
is interesting from an observational point of view. As dual/binary AGNs are challen-
ging to detect (see section 1.1.3), the potential for these multiwavelength submm/mm
continuum analyses to discover obscured AGNs is very promising.

The possible detection of multiple nuclei in a local merger is of great importance from
a cosmological point of view as well. Multiple mergers lead to faster growth of galaxies,
and could therefore help understanding the hierarchical galaxy formation model. Such
galaxies are considered rare in the local universe (Kulkarni and Loeb (2012)), but might
actually be of fundamental importance at higher redshifts. NGC6240 is one of the most
studied ULIRGs in the local Universe, but still unveils new features.
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Figure 4.8: The SED of the flux measured at 5 point sources in band 3 to 9, together
with previous observations and the Michi2 fit (Liu et al. (2021)).
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Chapter 5

Conclusion

In this work I have analyzed the (sub)-mm continuum emission in the local merger
NGC6240 to look for extended emission related to processes outside the nuclear region,
such as tidal tails and outflows. I did this by exploiting high sensitivity ALMA observa-
tions. These archival datasets were not designed for observing the continuum emission,
so in order to avoid line contamination, I inspected each spectral window and excluded
ranges that contained line emissions. I created high resolution line-free continuum maps
in the frequency range from 84 GHz to 680 GHz. I also created low resolution continuum
maps that are more sensitive to extended emission. From these maps I measured the
fluxes in a nuclear box (1.5 kpc x 1.5 kpc) and an extended box (4.2 kpc x 3.3 kpc,
excluding the central 1.5 x 1.5 kpc2).

This analysis revealed a clearly extended emission beyond the central 1.5 kpc region.
From the measurements in the frequency range 336.6-352.2 GHz, the extended emission
represents 32 % of the total flux I measure. The shape of the continuum emission is
spatially correlated with the redshifted and blueshifted components of the molecular
outflow studied in [CI] and CO by previous works (Cicone et al. (2018b)). This can be
seen in figures 4.1 and 4.2 where I show a high frequency continuum map with contours
from the blueshifted and redshifted emission overplotted. This supports the suggestion
that star formation is occurring in these outflows.

I compared my results with a spectral energy distribution (SED) model exploiting
previous ground-based and satellite observations (Liu et al. (2021)) of NGC6240. I de-
tected an offset between my ALMA observations of the total flux and the data from the
literature. As the archival datasets I used are single-pointing interferometric observa-
tions, they have a limited field of view (FoV 63” in band 3, but only 22” in band 9), and
are therefore not sensitive to continuum components on larger scales. This suggests that
I am still missing some flux compared to satellite data, which means that the fraction
of extended emission I calculated is only a lower limit.

From the SED of the extra-nuclear region (with no AGN activity), I detected a flux
increase from the datapoints at 130 GHz to 97 GHz. This long wavelength part of the
SED is often associated with AGN activity, but it is suggested that this emission may
also be attributed to synchrotron emission from outflows. The flux increase I detected
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supports this theory.
Three point sources were detected in this work, denoted C-3, C-4 and C-11. C-3 and

C-4 are found in between the two known AGNs, and their positions strongly correlate
with the peaks of the redshifted and blueshifted components of the molecular outflow as
imaged in [CI] (Cicone et al. (2018b)). From the SED plot with data from the two central
sources, I found that they follow a similar SED trend as the two known AGNs, with
an increase at longer wavelengths associated with AGN activity. C-3 also has a point
source counterpart in VLBI readio images, which may indicate synchrotron emission in
the radio jets from an AGN. The SED and the radio counterpart of source C-3 indicate
this could be an additional obscured AGN. It is possible, however, that these sources
are clusters of supernovae (starburst nuclei) instead, which might also be responsible
for driving outflows. Additional high resolution observations at multiple wavelengths
are needed to constrain this. The third source detected in this work (C-11) does not
follow the same slope of the AGNs in the SED, and does not have a counterpart in the
X-ray. This suggests that this is probably not an AGN, but possibly another starburst,
either associated with a tidal dwarf or with another galaxy participating to the merger.
These hypotheses need to be investigated with additional dedicated observations.

NGC6240 is a chaotic galaxy, which this analysis also confirms. In this work I have
however proved that there is a significant continuum emission beyond the nuclei, which
means that the widespread cold gas detected in previous works both in outflows and
in tidal tails has a continuum counterpart outside the nuclear region. The close spatial
relation between the extended continuum emission and the outflows also supports this.
The detection of the two point sources in the central region might even explain the
launching position of the outflows. In any case, it contributes to explain the chaotic
nature of the galaxy, especially if these are nuclei of two additional galaxies in this
system. A possible third nucleus in the northeast or a tidal tail galaxy might also help
explain the intricate morphology of this source.

Future studies targeting spectral ranges without line emission would achieve a higher
signal to noise, and further constrain the flux measurements in this work. As there are
possibly several continuum components outside the field of view in these observations,
I also put forward the need for high resolution observations sensitive to larger fields of
the galaxy. This would help estimating the fraction of extended emission contributing
to the total emission. As there are very few observations contributing to the long
wavelength part of the SED of NGC6240, studies in the far-IR to radio would contribute
in constraining the SED further, and give greater insight into the components that
dominate at these wavelengths. The launch of James Webb Space Telescope (Gardner
et al. (2006)) in October 2021 is especially interesting in this regard.
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