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Abstract

Throughout the last years there were many detections of galactic winds, both in ionized
and molecular state, suggesting them an active field in the astronomical community. One
of the first questions one needs to answer is what is the mechanism triggering these winds.
The two suggested mechanisms are the quasar mode, according to which the AGN’s radi-
ation pressure is the driving source, and the radio mode where the radio jet is responsible
for the wind. In order to shed light on which one of the two mechanisms is more possible
I follow two steps. Firstly I re-evaluate the driving mechanism of a sample of 45 galaxies,
already published, and secondly a new sample of radio galaxies selected by our team. In
the later case, in order to test whether the radio jet is capable of driving an outflow I per-
form SED fitting. In this way I estimate the radio jet’s power and the binding energy of
the galaxy, and by combining this information I obtain a timescale that can show whether

the scenario of the radio mode is possible.
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[epidin

Ta teheutaio ypdvia Eyouv mapatnendel todhol palixol dvepol oe yarolieg, eite o LovioUEvn
elte oe poploxn) xatdotaoy, xahoTwvIag Toug €val TOAD onuavTixd Véua UEAETNG oTnV a-
otpovouxy xowotnta. ‘Eva amd ta mpmto cpwtpata mou Y€tel xavelg efvar molog etvar o
UMY OVIoPOS oL TUEOBOTEL auToUE Toug avépous. O dvo mavég anavtroelg, o TeplnTwoT
oL ot dvepol oyetilovtal pe yadpn TedTa Xt Oyt UE A0 TEOYEVVEDT, elvan 1) tieon axtivofollag
and tov AGN (quasar mode) xou 1 evanddeon evépyelac ond tov padlonidaxa (radio mode),
UE TNV TeKTN Vo yenowonoleiton oty Bihoypoapion we mo ouyvy e€hynon. H enoaveéta-
o1 Mo plog opddog 45 yohaluwy, Non dnuocteLuévwy, €deile 6Tl To radio mode umopel va
elvor TeAxd o mdovog unyoviopos. I'V autév tov Adyo To emduevo PBriua HTov 1) UEAETN
HLaS xouvoUptag ouddag padloyohalidy, otny onola YeAoouE Vo EQEUVACOUUE OE TOGOUS O-
T6 autolg eviomiloupe avéuoug xou av efvar Tdavo o dvepog auTdC Vo TEOXOAE(TOL amd TOV
poodtonidoxa. Emouévng, 1o mpdBinua avdyeton oTov utohoyloud tng Loy bog Tou padlomiduxa
xa TNS duvoxnc evépyetag xon udlag twv yoraliwy. o to oxond autéd mpayuatonowy SED
fitting, SnAad”r) TEOGEYYION TWV TOEATNENCLIXWY BESOUEVLY TOU EXACTOTE Yohallo, omd To
XATOAANAGTERO UovTéNO pe yerion Bayesian otatiotinic. Kdde yovtého xatooxeudleton e
TETOLO TPOTIO WOTE VoL TEPLYPAPEL TNV axTvoPBoAio Tne x&le cuvioThoog Tou Yoholio (o tépta,
oxévn, AGN, padonidaxac). Eneita unohoyilw v oyl tou padtonidaxa, amd Ty ToAUyew-
Hotix| eot| Tou, g xon TNV duvoxr evépyela Tou Yool and TNy pdla TwWV aC TERLOV.
Anuopynoo évay véo xmhdxa, Tov omofo egpdpuoca ot 3 yoholiec (PKS 1005+007, NGC
3100, J1109-3732). Tehxdc oxonde g epyaoiog pou etvan vor oxohoudnidel auth n dadicacia

7 e 7. 7 4 Z
xan o toug 70 padoyahadie mTou UEAETAUE, OOTE VoL TEOXOPOLY GTATIOTIXE ATOTEAECUATAL.

AéCeic xaewdid: T'akabrakol dvepor, Padonidakes, Evepyol I'aka&axol Ivprves, SED-fitting,
AGN feedback
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Chapter 1

Introduction

Recently, detections of molecular outflows are systematically being discovered and have
occasionally been attributed to radio jets. The regularly-moving gas in galaxies tends to
rotate with a velocity defined by angular momentum in a gravitational potential that stars
and dark matter form. Galactic winds are identified as gas flows whose velocity exceeds
the rotational and dispersion velocity of the corresponding galaxy. Through the last 40
years there have been plenty of observations of galactic winds (Sakamoto et al. 2006, 2009,
Leon et al. 2007, Feruglio et al. 2010, Fischer et al. 2010, Alatalo et al. 2011, Rangwala
et al. 2011, 7, Krips et al. 2011, Dasyra, Combes 2011, Aalto et al. 2012a, Tsai et al. 2012,
Morganti et al. 2013, Combes et al. 2013, Spoon et al. 2013, Veilleux et al. 2013, Cicone
et al. 2014, Garcia-Burillo et al. 2014; 7, George et al. 2014, Sakamoto et al. 2014, Alatalo
et al. 2013, Tombesi et al. 2015, Aalto et al. 2016, Stone et al. 2016, Gonzalez-Alfonso
et al. 2017, Pereira-Santaella et al. 2018, Fluetsch et al. 2018) making their study a key

area of research.

Multiwavelength observations show that galactic winds appear in different phases, which
can be generally divided into three categories: ionized (hot or warm, ~ 104K), neutral
atomic (cool, ~ 103K), and molecular (cold < 100K’) (Heckman, Thompson, 2019). Their
basic properties, like velocity, mass outfow rate, spatial extent, depend on the type of the
galaxy and the phase of the outflow. Their velocities can range from a few hundred km/s
to thousand km/s, their mass outflow rates ~ 1071 — 103 Mgyr—! and their extent from

a few parsecs up to ~ 20kpc.
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The source of energy of galactic winds can be either the starburst regions or the active
nucleus of the host galaxy. In both cases energy exceeding the binding energy of the gas

is deposited to the surrounding ISM creating the outflow.

High luminosity AGNs are close to their Eddington limit so the radiation pressure coming
from the central engine can stop the inflow of the accreting material. This leads to
the ejection of the surrounding ionized gas creating an initial ionized wind moving with
velocity v;,. However, neither the radiation pressure that created the ionized outflow
nor the ram pressure exerted by it on the molecular gas is enough to explain the more
massive molecular outflows that have been observed. So momentum boosting was included

to explain the wind.

Starburst winds are driven by the mechanical energy and momentum from stellar winds
and supernova explosions. In the case of AGNs the wind is driven either by the AGN’s

radiation pressure (quasar mode) or the radio jet (radio mode).

\shu{ked
ambient

shocked \"“!di“'“
wind A
=
QSO ¥ i
iﬁ:
RSW /

Rs

FIGURE 1.1: Scheme of the wind structure. An initial ionized wind is ejected by the

AGN, with velocity v;,,. The ionized wind shocks the ISM at radius R.., the forward shock

front exists at radius R, and the reverse one at radius R, (taken from Faucher-Giguere,
Quataert, 2012)

The ionized outflow shocks against the ambient material creating two shock fronts, in
the same way that studies of fast stellar winds have shown (Weaver et al., 1977). The
outer shock propagates towards the ISM and the reverse one towards the initial wind

(Fig.1.1). When the ionized medium between the two shocks (between R, and R;) is
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tenuous enough to not be able to cool in the timescale of the shock front propagation
thermal energy is conserved. Part of this energy transforms into kinetic energy leading to
an adiabatic expansion and the rest of it transforms into thermal pressure of the shocked
material. Now, the thermal pressure exerted on the surrounding molecular gas can create

a molecular outflow like those observed, as it performs PdV work.

An alternative mechanism to radiation is radio jets driven by black holes. The same phys-
ical procedures happen for the cavity of a relativistic jet propagating through the ISM,
which happens to galaxies with low AGN luminosity (Wagner, Bicknell, 2011). The ther-
mal pressure exerted by the expanding cavity on the molecular clouds creates a massive
molecular outflow, in the same way mentioned before. However, in this case, the adiabatic
expansion happens instantaneously and lasts throughout the whole jet propagation time

and with greater efficiency, due to local deposition of energy.

Until recently the quasar mode was the most common explanation of the observed molec-
ular outflows because for most sources there was little or no excess of radio emission
compared to the infrared emission of these galaxies. Radio excess is the ratio of infrared
luminosity over luminosity at 1.4GHz (g;,) (e.g. Ivison et al., 2010). Typical values of ¢;,
for radio loud galaxies are ¢; < 1.8, so if the ratio of the galaxy one studied was much
higher than 1.8 it was assumed to not host a radio jet hence automatically the explanation
of the observed outflow would be the quasar mode. However, this is not a safe criterion

and the following examples can prove it.

NGC1377 is a nearby elliptical galaxy (Fig. 1.2) with a small disk in its center, discovered
in CO with ALMA. In the dispersion map of the molecular gas a jet-like outflow along the
minor axis is revealed (Aalto et al., 2016). Therefore, the jet-shaped wind in this galaxy
indicates the passage of a jet from the ISM, even though no radio emission was observed
before. So, according to the radio excess criterion radio mode is immediately ruled out.
Although, this is untrue since the jet is too faint to be observed via its synchrotron

emission.

Another example proving the inadequacy of radio excess as the only criterion used for
the understanding of a galactic outflow’s driving mechanism is the spiral galaxy ESO420-
G13 (Fernandez-Ontiveros et al., 77?7). In the velocity dispersion map (Fig. 1.3 (A))
there is a region of unexpectedly high dispersion along the galaxy minor axis. This is an

outflow, which clearly does not follow the rotation velocity of the galaxy: it has higher
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FIGURE 1.2: (A) Velocity map of galaxy NGC1377 (Aalto et al., 2016). A jet-like outflow
can be distinguished. (B) Optical image of NGC1377 (HST)

velocities than even the gas along the major axis. Additionally, there is ionized gas linearly
connecting the nucleus to the outflowing region: the contours in the center represent the
[Nell] emission (Fig. 1.3 (B)). The molecular outflow has a linear component along the
same direction with [Nell], at the end of which starts a funnel-shaped structure, which is
shown in the velocity range of 130km/s, at the right panel of Fig. 1.3. This is known to
happen when a jet propagates through the ISM and then bifurcates when it encounters
a dense cloud, as in the case of IC5063 (Morganti et al., 2015; Dasyra et al., 2016). As
before, the shape of this outflow is indicative of the existence of a jet. This was previously

unknown, as the radio emission in this galaxy was unresolved in galaxy scales.

Velocity map Sigma map w 000 T
ESO 420-G13 100 ES0420-G13 S+
4 veog-1, + [Nelizgm D] 41 oo + [NellT 2 [ o g +130km/s
s L
. 0 f
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»n - 3 B s0 = impact
S 4 2 /-y @ £ > S point
‘ - £ Q
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g . K a
E -9 3 v
: el || : . g
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39 pe . 100 ]
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FIGURE 1.3: (A) Velocity map of galaxy ESO420-G13(B) Dispersion map (C) CO(2-1)
channel map at 130kms'. The green-solid contours correspond to the integrated [Ne;;]
12.8um emission from VISIR.
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Searching for jet-driven outflows

Having examples like the two galaxies above, it is foreseeable that the radio mode could
be an equally possible mechanism as the so far used quasar mode. To test this theory a
sample of galaxies with already detected molecular outflows is re examined in the following

section.

2.1 Literature-based sample

Starting by the sample presented in Cicone et al. (2014) and expanded by Fluetsch et al.
(2018) and some more recent outflow detections in the literature (Runnoe et al., 2017;
Audibert et al., 2019; Fernandez-Ontiveros et al., 7777), I evaluated how many outflows
in these galaxies could be jet-driven. I applied several more criteria to that of Fluetsch
et al. (2018), who simply considered the radio excess. To determine the upper and lower
fraction of jet-driven winds in our sample I defined three categories after having rejected

starburst from the Fluetsch et al. (2018) sample.

The first category includes galaxies that have diffuse radio emission associated with a
radio jet which drives the detected molecular outflow, as claimed in the studies presenting
the detection. One of the most known in the category of galaxies that hold a jet-driven
outflow is IC5063 galaxy (Morganti et al. 2015, Dasyra et al. 2016) where the molecular
outflows are observed at the regions that the jet interacts with the ISM. Another very
well known case is, the above mentioned, LINER, galaxy NGC 1377 where there has been

detected a jet-like molecular outflow that led us to the conclusion that there is a faint radio

5
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jet (Aalto et al. 2012b). In Seyfert 2 galaxy NGC 1068 there is a collimated molecular
outflow in the central region, along the NE-SW direction (?). As one can obtain from the
radio emission map of this galaxy there is a small radio jet along the same direction that
spatially coincides with the molecular outflow (Garcia-Burillo et al. 2014). NGC 3256 is a
merging system and although it is classified as a HII galaxy the southern nucleus presents
strong evidence for a jet-driven outflow (Sakamoto et al. 2014). Another case is the Seyfert
2 galaxy, M51, where the molecular outflows are detected at regions that outline the radio
jet. An apparent relation between the radio jet and the molecular outflow was done by
Querejeta et al. (2016). Except for the galaxies in Fluetsch et al. (2018) sample we include
two extra galaxies that fall into this category. NGC 613 is a Seyfert type galaxy with a
radio jet detected at its central area and a molecular outflow originating from the same
spot. The only possible driving mechanism, as indicated by the authors (Audibert et al.
2019), is the radio jet. Additionally, Seyfert 2 galaxy ESO 420-613 is a similar case to
NGC 1377 where the detected collimated molecular outflow revealed the existence of a

radio jet which is responsible for the outflowing gas (Fernandez-Ontiveros et al. 7777).

The second category has to do with galaxies hosting jet-driven ionized outflows so there
is also molecular content in the wind. 4C 12.50, which falls into this category, is a
Seyfert 2 galaxy with a circumnuclear molecular outflow at the same region where there
is radio emission from a jet. It is also important that an outflow of atomic gas has been
observed at the nucleus of the galaxy (Fotopoulou et al., 2019). In Mrk 1014 there is an
ionized outflow that is tightly associated with the radio jet (Husemann et al. 2013) and
a molecular outflow (Fluetsch et al. 2018) that seems to be along the same direction as
the jet. Also in NGC 5643 galaxy an ionized outflow has been detected which coincides
with the radio jet’s axis (Cresci et al. 2015). There are indications for a molecular outflow
(Alonso-Herrero et al. 2018, Fluetsch et al. 2018 presents an upper limit for the outflow’s
mass rate) which could be the result of the interaction between the ionized outflow and
the radio jet . Finally, NGC 1386 appears to have an ionized outflow supported by the
galaxy’s radio jet (Rodriguez-Ardila et al. 2017) while the distribution of the molecular
gas seems to be along the jet’s axis (Mezcua et al. 2015). NGC 1266, a LINER galaxy,
according to Alatalo et al. (2011) has an AGN-driven molecular outflow perpendicular to
the stellar disk of the galaxy. Along this direction there is an extended radio emission most
likely coming from a radio jet. Davis et al. (2012) has also observed an ionized outflow

at the same direction as the extended radio emission, making us confidently assume that
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this galaxy holds a jet-driven molecular outflow.

Finally, the third category consists of galaxies with molecular outflows at the same direc-
tion and extent as their radio jet. More specifically, in the following galaxies there is a
most likely jet-driven ionized outflow so it is highly anticipated that they have a jet-driven
molecular outflow as well, since galactic winds appear to be multiphase in general. In the
Circinus, which is a Seyfert 2 type galaxy, Zschaechner et al. (2016) has pointed out a
molecular outflow at the northwestern region of the nucleus. In this galaxy there is a
prominent radio jet perpendicular to the galactic disk (Elmouttie et al. 1995) that can
be spatially correlated with the outflow region. Another case is that of NGC 1433 galaxy
where a molecular outflow is detected along the galaxy’s minor axis (Combes et al. 2013).
According to radio observations presented in Harnett (1987) there is extended radio emis-
sion along the same direction that the outflow is observed. Mrk 231 is a Seyfert 1 galaxy
with unambiguous molecular outflow at the circumnuclear region (Feruglio et al. 2015)
where there is also extended radio emission indicating the existence of a radio jet (Taylor
et al. 1999). NGC 6764 is a LINER galaxy with the radio emission of the jet perpendicular
to the disk. It also has a molecular outflow located to the north of the nucleus coinciding
with the jet’s axis (Leon et al. 2007). Finally, a mainly nuclear molecular outflow has
been detected in Mrk 273 galaxy with an extension to the north of the nucleus (Cicone
et al. 2014). ? have observed radio emission at the very center of Mrk 273 hinting an

association between the outflow and the potential radio jet (Gonzélez-Alfonso et al. 2017).

So, after re-evaluating the Fluetsch et al. (2018) sample of 45 galaxies, which includes
30 AGNs and 15 starburst galaxies, it appeared that 15 out of the 30 AGNs and the
extra two galaxies (NGC 613 and ESO 420-613) are possible candidates for hosting a
jet-driven molecular outflow while 9 out of 30 are AGNs with radio emission probably
emanating from starburst regions. The rest are galaxies that we didn’t have enough
information about, for a conclusion to be reached. These indications are summarized in
Fig.2.1. In this plot one can see that galaxies with a radio jet can efficiently explain the
outflows, instead of momentum boosting due to radiation, since they appear on or over

the UM ~ QOLAGN/C line.
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FIGURE 2.1: Outflow’s momentum rate relation with the total photon momentum output
of the galaxy. The dashed lines denote the different values of the ratio of outflow’s
momentum rate over AGN luminosity. The arrows denote upper limit values.

The first category refers to galaxies with jet-driven molecular outflows, the second one
to galaxies with ionized jet-driven outflows and the third category refers to galaxies with
potentially jet-driven molecular outflows (adapted from Fluetsch et al., 2018)

2.2 ARC sample

Having strong evidence for the viability of the radio mode in galaxies with molecular
outflows, motivated the design of a new survey for the detection of molecular winds in radio
galaxies, called the ALMA Radio-Source Catalogue project. This project was benefited
from the wealth of the archival data of the Atacama Large Millimeter Array (ALMA).
Out of all the radio galaxies with CO spectral coverage included in our team and ALMA’s
archive we selected only 70 in order for them to be representative of the NVSS catalog
with a flux limitation at 0.4Jy. The purpose of this survey is to perform molecular gas
content statistics at different redshifts, to derive the occurrence frequency and properties
of winds in radio galaxies, to derive the properties of radio galaxies (luminosity and mass
functions) and finally to evaluate the role of radio activity in the evolution of the host
galaxy. The latter is going to be achieved by fitting the SED of the galaxies, in order to

obtain the needed physical parameter, which is what my thesis is focused on.
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For the ARC project we use our own data and data from the ALMA archive which includes
both target sources as well as calibrator sources. To get access to the observational
data we used the python astroquery package to mine through ALMA archive for every
observation made for each object in ARC. Mining was conducted using the astroquery
package, which searched from a list of alternative names for each object given by ARC.
For the mining through the ALMA archive the Alma.query object function was used.
For unregistered sources we searched in a radius of 2 arcsec around its registered sky

coordinates (M.Papachristou PhD thesis).

When performing interferometry one needs to use a calibration method to convert the raw
data to the correct flux of the targeted source. So the technical staff of the telescope selects
a group of sources called calibrators that, as their name denotes, alleviate the problem of
calibration and correction of raw data. Therefore, for the purposes of our project we get
advantage of the ALMA source calibrators catalogue, which is openly accessed after two
years of the observations of each source. This catalogue includes galactic populations like
dusty galaxies, blazers, and many other that are bright in the mm/sub-mm regime. Since
our goal is to study the impact of radio jets on the gas, we need galaxies that are bright

in the radio and representative of a radio catalogue.

Managing a sample of galaxies representative of a radio catalogue requires the selection
of the most appropriate radio catalogue as well as the most appropriate sample. In order
to do the former we compare the galaxies included in the CO-ARC (sample of galaxies
from the ALMA archive that also have CO spectral coverage) with each radio catalogue
(6C at 151MHz, NVSS at 1.4 GHz, Parkes Radio Sources Catalogue at 2.7GHz and at 4.8
GHz, MIT-Green Bank 5GHz Survey). Eventually, we select the radio catalogue with the
smallest D-statistic according to the Kolmogorov and Smirnov test, which is the NVSS
catalogue (Fig. 2.2). After choosing the most suitable radio catalogue as the parent
sample, the next step is to select a subsample of the CO-ARC that would be as small as
possible and representative of the selected radio catalogue at the same time. To do so, we
apply a specific criterion (thoroughly explained in M.Papachristou PhD thesis) denoting
that D distance should be lower than 0.2. By taking into consideration this criterion the
resulting sample is of size 70 with D-statistic value 0.15 (Fig. 2.3). So in this way we
managed to generate a sample representative of the NVSS catalogue from a huge sample

of galaxies bright at the mm/sub-mm regime.
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Chapter 3

Modeling the SEDs of galaxies

When having information about the spectral energy distribution (SED) of a galaxy one of
the most used techniques to extract physical information about the galaxy is performing
SED-fitting. In order to do that one needs to describe and implement correctly in the
code all the components that create the galaxy’s total SED. Significant prerequisite is
firstly knowing the components creating the SED, secondarily the physics behind each
one of the them and finally simulating each component in the most accurate and physical

model possible.

Normal galaxies are composed of a central supermassive black hole and around it stars,
gas and dust orbit. Active galaxies, additionally to these components, hold a radio jet
emanating from somewhere close to the central black hole and extending up to pc or kpc
scales. Each galactic component radiates in different wavelengths, because of different
physical processes, composing the SED of the galaxy (Fig. 3.1). The SED of each galaxy
depicts almost every physical property of the system so by studying it we can obtain

significant information about the physics of the galaxies.

3.1 Stars

In order to create a set of stellar templates that will represent the stellar component in a
galactic SED, we need to add a set of SSPs, an IMF, a SFH and a dust attenuation law
(see Section 3.2). Afterwards we run it with a special software (there are several codes for

this purpose, here CIGALE is used Boquien et al. (2019)) and the final step is to convert

11
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Ficure 3.1: SED of a quasar

the model flux into rest-frame luminosity. The model generated by the codes is given in
observed-frame flux. So, because of the Doppler effect we need to correct the observed

flux and frequency using the redshift (z) of the galaxy.

Vrest = (1 + Z)Vobs

FV(ObS) (3 1)

F(rest)
Y 142

Knowing the redshift of the galaxy we can obtain the luminosity distance Dj. The next

and final step is to transform the flux to luminosity using eq. 3.2

VrestLV,rest = 47TD%(VT68tFV,T‘ESt) (32)

The shape of the spectrum of a single star is determined by the star’s temperature, age
and metallicity while the evolution of the stellar spectrum is defined by the star’s mass
(Fig. 3.2). More specifically, Wien’s displacement law (T A\jqz = 2.9-10%  [umK]) shows
that the surface temperature of the star defines the wavelength at which the spectrum
peaks, the shorter the peak-wavelength the higher the temperature. The temperature
factor is affected by both the age and metallicity of the star. Young and metal poor stars
tend to be bluer hence warmer while old and metal rich stars tend to be redder hence
cooler. Additionally, the stellar mass determines the initial placement of the star in the

HR diagram and eventually the rate of its evolution (Fig. 3.3).

In a galaxy, although, there are many stars of different temperatures, metallicities, ages

and masses so we need to classify them in groups according to their properties. A group of
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FIGURE 3.3: Each track shows the different timescale that stars of different masses need
to evolve (source).

coeval stars at a single metallicity and abundance pattern comprises the so called Single
Stellar Population (SSP) which describes the evolution in time of its SED. To construct
an SSP three input parameters are needed. Firstly, an Initial Mass Function (IMF') which
defines the number of stars and their masses, isochrones which are curves that describe
the evolution of the stars and a set of stellar spectra which define the shape of spectrum

of each star according to its metallicity (Fig. 3.4).

3.1.1 IMF

The initial mass function shows the initial distribution of stellar masses. This informa-
tion is important because it defines the starting point of the evolution of a single stellar

population as well as the timescale needed for the stellar population to evolve. Mass is


https://courses.lumenlearning.com/astronomy/chapter/the-h-r-diagram-and-the-study-of-stellar-evolution/
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FIGURE 3.4: Construction of an SSP model (taken from Conroy, 2013)

not a directly observed quantity, like flux for example. Therefore, the mass function is
obtained by observing the integrated light of the stars and using theoretical relations of
mass with age and light. In this way the light information is converted to mass informa-
tion and evenutally the mass function is structured. The first extensive study over the
establishment of a global IMF was made by Salpeter (1955). This IMF is described by a
function of the following form

(3.3)

Throughout the years telescopes with better resolution were developed, both ground-based
and space-based, making them more effective in observing smaller and fainter objects.
Dwarf stars live close to Hubble time or longer, since the smaller the radius of a star
the longer its life duration. They provide the majority of the galactic stellar content so
it is vital to include them while modeling a mass function. That is why the buildout
of more effective telescopes revealed a different IMF shape than the so far known one.
Specifically, observations near the solar neighborhood resulted in an IMF that deviated
from the Salpeter IMF, for masses below 1M (Reid et al., 1999). So, by exploiting the
potential of the new and strong telescopes as well as the improved theoretical models,

several IMFs were developed.

Kroupa (2001) implemented all the contemporary observations of dwarf stars and broke

the mass function down into two components, the galactic-field stars and the globular
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cluster stars. The result showed that above 1M, the slope of the power law agrees with
the Salpeter IMF while for mass belowe 1M there are variations in the slope of the

power-law (eq. 3.4).

M~93 M < 0.08Mg
§(M)oc S M3 0.08My < M < 0.5Mg (3.4)

M~=235 05My < M

Furthermore, Chabrier (2003) added a correction for the unresolved binary systems and
divided the study of the mass function into the galactic field stars, the galactic spheroid
stars and the stars in the globular clusters. The result was a smoother IMF than the one

Kroupa presented, with a continuously changing slope below 1Mg (eq. 3.5).

2
3.6 10~ deqp(— [lLgM 109022y yr 0 701
£(logM) o 20.55° (3.5)
M—2:35 M > 0.7Mg

It is important to pick the most suitable IMF because it determines the mass-to-light
(M/L) normalization, hence the stellar masses, and the rate of luminosity evolution for a
passively evolving population. In Fig. 3.5 we can see the differences between the three

IMF models.

In this work we selected the Chabrier IMF since it is the most recent one and includes

more up to date corrections and theoretical evolutionary models.
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FI1GURE 3.5: The initial mass functions of Salpeter, Kroupa and Chabrier
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3.1.2 SSPs

As it was mentioned above, an SSP is constructed by adding an IMF, a set of isochrones,
and stellar spectral libraries. There are several studies dedicated to the construction of
SSP models (Leitherer et al., 1999; Bruzual, Charlot, 2003; Maraston, 2005; Vazdekis
et al., 2010). In this work the set of SSPs that is used is the one presented by Bruzual,
Charlot (2003) (Fig. 3.6) because they are the most used in the literature so it was easier

to test the accuracy of my results by comparing them with similar studies in the literature.
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FIGURE 3.6: Bruzual, Charlot (2003) templates

While galaxies evolve secularly they accrete and expel gas. This leads to increasing
or decreasing star formation leaving eventually the galaxy with stellar populations of
different ages. In young galaxies there are still young, massive and short-lived stars. These
stars are very luminous and hot and according to Wien’s law they mainly radiate in UV
wavelengths. So the spectrum of a young stellar population (¢ < 10%yr) appears brighter
in UV and less brighter in IR wavelengths. While the time passes (10%yr < t < 107yr) the
massive stars evolve to red supergiants which are less hot hence their radiation peaks at
NIR. At the same time the UV luminosity gets dimmer since there are less massive young
stars. As the galaxy gets older (10° < t < 10%r) AGB stars appear increasing the NIR
luminosity. UV luminosity keeps dropping since the turnoff mass keeps decreasing. Finally
at ages t > 10%yr red giants account for the most of the NIR light, while accumulated
white dwarfs and AGB stars increase the FUV light. At 40004 we can observe a spectral
break which becomes prominent after a few 107 years. It is caused by a strongly changing
opacity of stellar atmospheres at this wavelength. The evolution of the SED of a single
stellar population is depicted in Fig. 3.7. Age is one of the most defining factor for the

shape of the stellar population spectrum. Therefore, since it is imprinted in the final
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stellar component, it is important to have the age information of each stellar population
comprising the galaxy. This information is given by the star formation history (SFH) of

a galaxy.
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FIGURE 3.7: Spectral energy distribution of a simple stellar population with mass
10* M and sollar metallicity evolving from an age of 0.01 Gyrs to 17 Gyrs (Kneiske,
Mannheim, 1999)

Since SSPs include stars of specific ages in order to represent the whole stellar population
of a galaxy we need to combine the existing SSPs with a given SFH. In this way we get
the final stellar population of the galaxy that can simulate the stellar component in the

SED of the galaxy.

Constraining the SFH of a galaxy is not a trivial task, in the contrary it is a highly
degenerate problem. That is why most studies have adopted simple formulas to reproduce

the variations of star formation rate (SFR). Some of these formulas are the following:

e Decaying exponential: in this model we assume that there was an episode of star
formation in the beginning and since then the SFR started being reduced exponen-
tially (Fig. 3.8) (e.g. Boquien et al., 2019; Lower et al., 2020). The corresponding
formula is

SFR(t) x e”/™ if t,<t<t

where 7, is the e-folding time.

e Delayed SFH: in this module we assume that the onset of the star formation was

delayed and didn’t happen suddenly like the previous case (Fig. 3.9) (Sandage 1986,
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FIGURE 3.8: Exponentially decreasing SFH
e.g. Boquien et al. 2019; Lower et al. 2020). The formula for this module is
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where 7 is the e-folding time. Early-type galaxies can be described by small values

of 7 while late-type galaxies by large values.
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FIGURE 3.9: [A]: Delayed SFH with only one star formation episode, [B]: Delayed SFH
with two episodes of star formation

e Periodic: In this module it is presumed that star formation episodes are repeated in
a periodic way. The formation episodes can be of three different forms, exponential,

delayed or rectangular (Fig. 3.10) (e.g. Boquien et al., 2019).
However many numerical simulations have been made in order to improve the existing

formulas and approach more realistically the star formation episodes of different types of

galaxies (Pacifici et al., 2012; Boquien et al., 2014).
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FIGURE 3.10: Periodic SFH

Among the above formulas used in the literature, in this work we selected the ”delayed”
SFH module (Fig. 3.9 (A)) or the ”delayed” module with a second episode of star forma-
tion (Fig. 3.9 (B)). We chose the "delayed” module in order to avoid extra parameters

that would make our model even more complicated with no apparent reason.

3.2 Dust

The interstellar dust exists in galactic disks, spiral arms and tidal tails. In its dense
regions there is immense star formation, in particular in HII and photo-dissociation regions
(PDRs) or molecular clouds. The dust has a dual role in defining the shape of the galactic
SED. On the one hand dust absorbs starlight, from UV through NIR wavelengths, and
on the other hand it re-emits it in MIR-FIR. In order to construct a model simulating the
dust attenuation or emission we need to make some determinant assumptions about the

nature of the dust. That is its composition, geometry and size distribution.

3.2.1 Dust Attenuation

The fact that starlight is attenuated by dust should not be confused with the extinction.
These two processes are slightly different. Extinction occurs when the observed source
is behind the dust, in the background. In this case the reduced light reaching in the
observer’s eye has been both absorbed and scattered off the line of sight. But when the
dust is in between the observed sources the light can be either scattered off or towards
the line of the observer’s sight (Fig. 3.11). The way that the starlight is attenuated can
be described by many different laws, depending on the kind of galaxy we are studying. In

this section I am going to refer to the two most common ones in the literature.
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FIGURE 3.11: Left: Dust extinction, Right: Dust attenuation (Salim, Narayanan, 2020)

The first one is the law presented in Calzetti et al. (2000). This law was obtained after the
examination of eight low-redshift starburst galaxies (z < 0.03), with bright UV radiation,
intrinsic color excess in the range E(B — V) = 0 — 0.7mag, and SFRs in the range
0.2—0.55Myr~'. By observing the UV part of the galactic SED one knows the attenuated
stellar emission, while by observing the FIR part of the SED one can estimate the dust
emission. There are relations that convert the FIR flux to dust mass, so using them can
lead to the calculation of the total dust emission. Since the dust emission is equal to the
total stellar emission attenuated by the dust, knowing both the dust emission and the
stellar attenuated emission one can yield the total stellar energy absorbed by the dust.

Following this logic path Calzetti proposed that the observed flux is given by the formula:

Fops(A) = Fyne(\)10704 (3.6)
with
Ax=k(NE(B-V)
and
") = 2.659(—2.156 + 1302 — 098 4 00y 44,05, 0.12pm < A < 0.63um

2.659(—1.857 + L%40) 4 4.05, 0.63um < A < 2.20um

The other most usual attenuation law is the one presented by Charlot, Fall (2000). This
law can describe starburst galaxies, hence galaxies with strong star formation, but with
suitable adjustments of its parameters it can describe more quiescent galaxies as well. The
different approach of this law, compared to Calzetti’s law, is that light from young and
old stars is attenuated differently. This is because the light from old stars while traveling

towards the observer encounters only ISM dust but younger stars are still embedded in
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FIGURE 3.12: The curve of the Calzetti attenuation law

their birth cloud so their light gets attenuated by both their birth cloud and ISM dust
(Fig. 3.13). This is modelled by the use of two different power-law attenuation curves,

one for younger stars (tqge < 107 Myr) and one for the older stars (tq4 > 107 Myr) (3.7).

A(N) o XNTSM - A(N) o NOBC (3.7)

FIGURE 3.13: Schematic representation of the dust geometry in birth clouds and ISM
(Charlot, Fall, 2000)

There is a range of values to pick for the two slopes depending on the type and age of
galaxy that one aims to model. The most simple recipe recommended, though, is to set
both slopes at drspr = dpc = —0.7 and just change their normalization (recommended
in Charlot, Fall, 2000). For younger stars the normalization will be lower while for older
stars it will be higher, solving in this way the problem of different dust attenuation for

different ages.
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3.2.2 Dust Emission

All the energy absorbed by the dust is re-emitted in MIR-FIR wavelengths. Generally,
dust emission can be classified into three broad components. In mid-IR (around 8um) the
emission is dominated by polycyclic aromatic hydrocarbon (PAH) bands. In wavelengths
longer than 8um but shorter than 100pum the emission is dominated by the small and
warm dust grains emission while over 100um emission from cold and big dust grains

becomes prominent.

In order to model the dust emission we need to deduce the intensity of the starlight heating

the dust as well as the composition, size distribution and geometry of the dust.

The modeling of the dust emission is still an active field of research. Although, there have
been developed several models that can adequately explain the observations. Here I am

going to present two of the most important ones.

Dale, Helou (2002) created empirical IR templates based on nearby star-forming galaxies.
Their model includes three dust components: large grains that are in thermal equilibrium,
semi-stochastically heated small grains, and PAHs stochastically heated by individual
ultraviolet or optical photons. The way of parameterizing the dust models is by correlating
the heated dust mass (dMy) with the intensity of the radiation field (U) heating it (eq.
3.8).

dMy(U) cc U™*dU (3.8)

These models are semi-empirical because they were constructed based on observations of
the dust emission in the Milky Way. The resulting SEDs were normalized so that U=1
correspond to the local interstellar radiation field, while the range of the radiation field
is 0.3 < U < 10°. So the final emission is the superposition of different radiation fields.
The relative contributions of the different radiation fields are defined by the parameter
«. This model is one of the most used in the literature since it is simple and uses one

easy-to-interpret parameter.

The model presented by Draine, Li (2007) also uses a dust mixture of amorphous silicate
and graphite grains, and PAH. Although the main difference arise in the modeling of
the radiation field. They separate the dust emission in two components. The first one
describes how the dust is heated by the general stellar population hence by a single
radiation field (Upipn). The second one describes how the dust is tightly linked to the
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star-forming regions. In this case the illuminating radiation field varies within the range
Upin < U < Upqaz and is regulated by a power-law with slope «. The factor 1 — - defines
the fraction of the dust mass exposed to starlight of intensity Upin, while v defines the

rest of the radiation heating the dust. The modeling formula is denoted by eq.3.9.

dM g, a—1
= (= DMausid(U = Upin) + 1 Masst =g = 01 (39)
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FIGURE 3.14: [A]: Dale, Helou (2002) templates, [B]: Draine, Li (2007) templates

The models generate templates in units of flux as if the galaxy is observed from a distance

of 10pc. So I need to convert the model flux into rest-frame luminosity (eq. 3.10).

Lyrest = ATD3 Fy poger With D = 10pc = 3 - 10%em (3.10)

3.3 Supernovae

Starburst galaxies have strong star formation which means big amount of supernovae
events. Supernova explosions result in the creation of supernova remnants (SNR). Their
role is very important for the understanding of the galaxies. First of all, they release
a great deal of energy in the ISM heating it up, they also distribute heavy elements
throughout the galaxy, and finally they accelerate electrons, protons, and ions via Fermi

acceleration process.

The accelerated electrons reach relativistic velocities so when they enter the SNR magnetic
field in the appropriate angle (pitch angle) the radiate through synchrotron radiation (see
sec. 3.4).

Some evolved SNRs that are embedded in a dense ISM environment produce thermal

bremsstrahlung radiation, other than synchrotron radiation. Bremmstrahlung radiation
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is the radiation produced when a charged particle (electron) passes by an ion causing
its trajectory to bend, hence its velocity to accelerate and energy is radiated away. By
thermal bremsstrahlung we mean the case where there is a distribution of energies of the
charged particles and a range of approaching distances b (see Fig. 3.15). This mechanism
is also the reason why the there is an observed radio-L;g relation in starburst galaxies

(Helou et al., 1985).

Synchrotron and bremsstrahlung radiation from SNRs are significant in the radio regime
(Urosevié¢, Pannuti, 2005; Onic et al., 2012). Especially, when bremsstrahlung is combined
with synchrotron the spectrum appears flatter, as it is shown in the SED of a typical

starburst galaxy, M82 (Fig. 3.16).
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FIGURE 3.15: Bremsstrahlung radiation scheme

1000

1000 £

FIGURE 3.16: The radio and far-infrared spectrum of the nearby starburst galaxy M82

The SNRs is more possible to appear in starburst regions where there are also great
amounts of dust. That is why the contribution of the SNRs in the radio regime of the
galactic SED is added as en extension to the dust models (Dale, Helou, 2002). These

extended templates are presented in Dale et al. (2014) and are shown in Fig. 3.17. So, by
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using them we can disentangle the radio emission coming from the SNRs and the radio

jet (see sec. 3.4).
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Ficure 3.17: FIR-mm templates, including dust emission and synchrotron and
bremsstrahlung emission from SNRs (Dale et al., 2014)

3.4 AGN

3.4.1 Big Blue Bump

Active galaxies host a supermassive black hole in their centre, which accretes the sur-
rounding material. Because of angular momentum conservation this process leads to the
formation of an accretion disk. If the gas in the disk is optically thin it emits energy
depending on the disk’s temperature which in turn depends on the radial distance from
the galactic center. So eventually, the radiation from the accretion disk is the sum of
many black bodies of different temperatures (eq.3.11). The resulting spectrum stands out
in the galactic SED and peaks mainly in the blue band that is why the accretion disk

emission is also called big blue bump emission (hereafter BBB).

2h? 1
Fy o —3 Shv[KT(r) _ | (3.11)
3GMM A

r is the distance from the center of the galaxy, ri, is the closest to the AGN radius, M

is the accretion mass rate and ogp the Stefan-Boltzmann constant. The above formula is
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for the simplest case of an accretion disk that is optically thin and that radiates all the

energy created by the accreting mass.

However, in the case of optically thick disks, there are extra procedures that should be
taken into account like non-LTE effects (Local Thermal Equilibrium), Comptonization,
and interaction between the disk and X-ray producing regions. Many studies, throughout
the years, have been dedicated to model the emission of a geometrically thin and optically
thick accretion disk (Hubeny et al., 2000; Lodato, Bertin, 2001; Slone, Netzer, 2012). In
this work the accretion disk model used is the one presented in Richards et al. (2006). It
is an empirical template which is obtained by averaging the SEDs of 259 type 1 quasars.
We selected this one because it is a simple model and easily parameterized (as explained
in the next paragraph). However, there is room for improvement by adding more recent

models, like the one presented in Slone, Netzer (2012).

The BBB emission can be extincted by the dust along the line of sight or be totally ob-
scured by the AGN torus. For the case of type 1 AGNs we can use one of the existing
extinction laws: Allen (1976) for the Milky Way (MW), Seaton (1979) for the MW, Fitz-
patrick (1986) for the Large Magellanic Cloud (LMC), Prevot et al. (1984) and Bouchet
et al. (1985) for the Small Magellanic Cloud (SMC). In this work, out of all the above
laws Prevot et al. (1984) is selected since previous studies showed that it is the most
appropriate law for type 1 AGNs (Hopkins et al., 2004). The reddening law is described
by equation 3.13. So, starting by a single empirical template we parameterize the BBB

model by the reddening factor.

Fosb()‘) = Ent()\) . 10—0.4A)\
Ay =kN)E(DB = V) (313)

E(\) = 1.39(107%\) "2 —0.38

3.4.2 AGN torus

In some AGNs there were observations of both narrow and broad emission lines while
in other only narrow emission lines. The solution to this dichotomy was given by the

existence of a toroidal region around the AGN. This region is assumed to consist of dust
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FI1GURE 3.18: Big blue bump templates as they appear after applying the extinction law

and molecular clouds. So depending on the angle of observation the broad lines are

obscured by the dusty torus (Fig.3.20).

Part of the torus consists of dust, so the dust gets heated by the absorbed accretion disk
radiation and thermally radiates it back. This is the same as the re-radiation of the
absorbed starlight by ISM dust mentioned in sesction 3.2. The dusty torus emission dom-
inates the NIR and MIR wavelengths, while around 10 — 18um emission and absorption
features are prominent because of the silicate composition of the dust. The torus emission

is abruptly cut off at around 1um where the bbb bump emission starts being significant.
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FIGURE 3.19: AGN unification scheme

Since the dust thermally radiates, temperature is one main factor defining the shape of the
SED and the position of the peak, especially the higher temperatures. Torus temperatures
can vary from ISM-like temperatures up to 1500K. Lower temperatures come from the
outer parts of the torus, while higher temperatures are succeeded at the smallest radius.
The smallest radius where dust can survive is called sublimation radius (7s,;) and can
vary depending on the size and composition of the dust as well as on the AGN luminosity

(Lagn). The higher the AGN luminosity the higher the temperature close to it, so
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the sublimation radius increases. The sublimation radius of the dust can be estimated by
reverberation mapping (Peterson, 1993; Netzer, 2015). Torus dust is composed of graphite

and silicate grains, which have different temperature resistance. Graphite grains can exist

(graph) < T(sil)

in higher temperatures than silicate grains so r,, sub -

Also the size of the grains
can affect the sublimation radius because larger grains are more resilient than smaller

grains, so they can survive higher temperatures hence smaller radii.

Since first proposed, our view of the torus has evolved enormously and so have the models.
Initially the models used uniformly distributed dust in the torus (e.g. Fritz et al. 2006)
but it was later understood that a clumpy distribution is more appropriate (Hoenig,
Kishimoto, 2010). Even newer models (Garcia-Gonzdlez et al., 2017) implemented a more
physical approach for the dust sublimation radius as well as anisotropic AGN emission

(Fig. ...), bringing the torus emission closer to reality.
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F1GURE 3.20: At different angles with respect to the accretion disk the UV radiation
intensity varies. The adopted formula is o< §cos(i)(1+2cos(i)) (taken from Netzer, 1987)

CAT3D is the model presented and used in this work, initially presented by Hoenig,
Kishimoto (2010) and improved by Garcia-Gonzalez et al. (2017). This model generates
AGN torus templates by solving the radiative transfer equation for a ray of radiation
propagating through a torus consisting of dust clouds. There are seven input parameters

defining the shape of the final torus templates. These are:

— power-law index a: defines the radial distribution of dust clouds along the line of
sight

a
Neiouds X T
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N,: number of clouds along the line of sight

— 6,: the half-covering angle of the torus

— 7, optical depth of each cloud

— Roui: the outer radius of the torus

— Rg: the radius of each cloud

— 1: inclination

The scheme in Fig. 3.21 shows the physical quantities corresponding to some of the above

parameters.

A Observer

FIGURE 3.21: AGN torus scheme: explanation of 4 of the CAT3D parameters (Garcia-
Gonzélez et al., 2017)

Flatter cloud distributions (meaning a value closer to zero) produce redder SEDs while
steeper distributions result in bluer SEDs. This is because when the cloud distribution is
flatter it means that there are many clouds in the outer torus radii. So the majority of
the dust is cool hence radiates in longer wavelengths (redder wavelengths). On the other
hand steeper cloud distribution means more clouds at small radii where the temperature
is higher hence the dust emission peaks at smaller wavelengths (bluer wavelengths). The
power-law index, a, also affects the strength of the silicate feature, as well as the number
of clouds does. When a=-1.5 silicate emission is always prominent, although for the rest
of power-law index values the silicate emission depends on the number of clouds (V)

along the line of sight. The inclination is also a parameter that can cause deep silicate
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absorption features together with N,.Summing up, the value of a parameter has a strong

effect on the shape of the SED while N, and i values affect the silicate features strength.

The different templates generated by different set of parameters are shown in Fig. 3.22.
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FIGURE 3.22: Set of torus templates generated using the CAT3D model, the sil-
icate feature at 9.7um is depicted with the grey dashed line. Parameters values:
i =0°,45°,90°, N, = 2.5,0, = 45°, « = —0.5, —1.5,—-1.75

In order to use the CAT3D templates for SED-fitting purposes we need to convert the flux
given by the model into real flux, since the model creates the flux as if it is observed at dis-

tance equal to the sublimation radius (eq.3.14) and eventually into rest-frame luminosity

(eq.3.15).

2
r
(VFV)obs :(VFu)model <5ub>
L

2
T sub,o L
/2 = (VFu)obs = (VFV)model ( b ) ( ACGN )

B Lacy \* Dy, 10%erg/s
Tsub =T sub,o0 m
(3.14)
vL, = 41D (VF,)model (3.15)

with 7, the dust sublimation radius and Dy, the luminosity distance of the galaxy. The

Tsub,o Value depends on the dust which is used in the models and provided in the model

description.

3.4.3 Radio jet

Last but equally important component of the AGN is the emission emanating from the
jet. The jet radiation can span the full range of the electromagnetic spectrum, but for

each band a different physical process is responsible. Specifically, the jet radiation from
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the radio though the X-rays band accounts for synchrotron radiation (Westfold, 1959)
and in some cases bremmstrahlung radiation as well, while the gamma rays spectrum is

dominated by the Inverse Compton radiation.

When an electron travels with relativistic velocity (5 = v/c) in a magnetic field it radiates
energy according to Larmor formula. The total emitted radiation, which is equal to the
total energy losses of the electrons, is given by equation 3.16. One basic condition, though,
for the relativistic electron to radiate is the pitch angle to not be zero. Pitch angle is the

angle between the particle velocity and the magnetic field.
4
P= g(;Tcﬁ%?UB (3.16)

where or is the Thomson cross section, S the velocity of the electrons, v the Lorentz

factor and Up = %f the magnetic energy density.

FIGURE 3.23: Schematic repserantation of the synchrotron process (Rybicki, Lightman,
2004)

The spectrum of a monochromatic electron moving with a Lorentz factor v in a magnetic

field B is proportional to the synchrotron emissivity (jsyn) given by equation 3.17.

Jsyn(v) = V3e*Bsin(a) o <V> (3.17)

MeC? Ve

where B is the magnetic field, o the pitch angle, v, the critical frequency which is defined

3eB

4ﬂm6725inoz and is the frequency at which an electron would radiate its entire

as v, =

energy via synchrotron radiation, and F is a special function defined as the integral of the
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modified Bessel function

F(z) =1 / " K a()de (3.18)

which can be approximated by

F(z) o (3.19)

in the synchrotron formula z = -

The asymptotic behaviour of F(x) function is the one that eventually defines the shape

of the spectrum (Fig.3.24).
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FIGURE 3.24: Left: how the special function F depends on parameter x, Right: the
shape of the spectrum that a single electron produces (in logarithmic scale)

But in nature the electrons hold a range of energies. The distribution of electrons is

supposed to be a power-law with the slope being an input parameter

=k EP
dE

where k. is a normalization farctor.

In order to calculate the spectrum generated by a distribution of electrons with different

energies one needs to integrate the emissivity of a single electron (eq. 3.17) over the
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electron energies.

y1/3 VLY

syn

Emaac
17 (v) = /E AEN(E)jsyn(v) = Ifglm(’/) xSyt intermediate frequencies

Vl/Ze—z//z/c V> v,
(3.20)

So the produced spectrum is the sum of the peaks of each electron’s spectrum, as shown

in Fig. 3.25
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FI1GURE 3.25: The synchrotron spectrum of a distribution of electrons



Chapter 4

Fitting statistics

SED-fitting is the procedure followed in order to fit a model to a set of data. The model is
constructed by all the components referred in chapter 3 and the data are the observational
data obtained by both online catalogues (NED, Vizier) and ALMA archive. The statistical
method used has a significant role in the accuracy of the fitting and eventually the physical
parameters obtained. In this chapter two of the most used test of goodness of fit are going

to be presented and compared to finally explain which one of them is optimal to use.

4.1 Reduced chi-squared statistic

Assume that (z;,y;,0;) are the data, with x;,y; being the coordinates of each data point
and o; its error and that they follow a Gaussian distribution with mean value the value of
each point (y;) and standard deviation its error. Additionally assuming that the function
f(x;,0;) represents the model we aim to fit to our points, 6; which are the model. We can
think of the model as a parameterized description of a statistical procedure that could
reasonably have generated our data set. So we reverse the question and given the model
we check whether and how possible it is to generate the observed data. The chi-square
quantity is defined as

Xzziw (4.1)

2
i=1 i

and the best model is the one that minimizes the chi-square quantity (eq. 4.1).

34
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However, the leastsquare method introduces degeneracies, which means that two different
parameters of the model could give the same final curve. But the chi-square method
cannot distinguish between those two. In problems of best fit there is not a correct
answer. What we are aiming for is the curve with the highest possibility among the other

ones. This can be achieved and visualised by using the Bayesian method.

The same thing can be described using the likelihood notation. The likelihood function
is measurement of the goodness of fit of a statistical model to a sample of data for given
values of the unknown parameters. For the same data and model as described above, its

definition is

n

L(data|model) = Hﬁ(datai\modeli) = (4.2)
i=1
“~ (data; — model;)?
L(datalmodel) x exp —; (data 207;0 el (4.3)
L(data|model) x exp(—x?) (4.4)

So in this case we seek for the model that maximizes the total likelihood. As shown in
equation 4.4 this is equal to searching for the model that minimizes the chi-square (Hogg

et al., 2010).

4.2 Bayesian inference

Before getting into using Bayesian statistics to fit a model to given data points we need
to refer to the two basic rules that Bayesian theory derives from. Suppose that M and D
stand for two propositions that are true, while M stand for the proposition M not being

true. Then the two basic rules are
P(M,I)+P(M,I)=1 (4.5)

P(M,D,I)= P(M|D,I)P(D,I)= P(D|M,I)P(M,I) (4.6)

Equation 4.5 is the sum rule and states that the sum of the probability of a proposition
being true plus the probability of it being untrue is one. Equation 4.6 is the product rule

and states that the probability of two propositions being true is equal to the conditional
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possibility of one being true given the other is true. I denotes relevant background

information that is used to construct the probabilities and it can be ignored.

So from eq. 4.6 we can obtain the Bayes’ theorem, assuming M is the model and D the

data
P(D|M)P(M)

(4.7)

P(M|D) is called posterior probability and expresses the probability of a model M given
the data D. P(D|M) is the likelihood that the data be observed given the model M.
P(M) is called prior and contains prior knowledge of M model being true. Finally, P(D)
is called evidence and serves the purpose of normalizing the posterior possibility to unity

but in the calculations it can be ignored.

In order to use this method for fitting a model one needs to compute the likelihood and
implement the appropriate priors. Priors are one of the most important ingredients of
the Bayesian framework and selecting the right ones is decisive for each problem. Priors
can be classified into two categories, the uninformative and informative ones. The former
are used in the case we have very little knowledge about the parameters of our model
and they do not have adequate restricting power. On the other hand, informative priors
confine the useful parameter space, since we use them in the case of having information

for the model parameters from previous analysis for example.

When using more than one model to fit your dataset it is needed to pick the ”best” model.
In order to do this we need to compare all the models with each other. Let’s assume we
have two models M; and Ms. Calculating the ratio of their posteriors, yields the so called

Bayes factor (eq. 4.9).

P(D|Ma)P(Ms>)

P(My|D) = P(D) P(M,|D) _ P(D|M,)P(My) s
p<M1|D>:P(D‘f(11>j;’<M1> P(ML|D) ~ P(DINM,)P(M))

The main information through which two models can be compared is the likelihood of
each model (P(D|M;)). More specifically, in our case the prior distributions are the same

so, the Bayes factor is defined as

 POMLID)  P(D|My)
= P(LID) ~ P(D]M) (4.9)

Bay
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The Bayes factor can show what is the most preferable model, depending on its values.
If it is bigger than one then the My model is the most suitable, otherwise the M; model
is the one. Nonetheless, calculating the Bayes factor can be computationally challenging,
that is why another approximation is used. This is the BIC factor (Bayesian Information

Criterion). It is defined as
BIC = d[in(n)] — 2in(P(D|M)) (4.10)

where d is the number of parameters describing the model, n the number of data points
and P(D|M) the possibility of observing the data given the model M, or in other words
the likelihood. The lower the BIC value the better the model (Sharma, 2017).

After having structured the problem in the Bayesian framework one needs to follow a
method to estimate the probability density function (PDF) of the parameters given the
data. The PDF represents the probability of a random variable existing within a particular
range of values. This probability is obtained by integrating variable’s PDF over that
particular range. The PDF has no negative values and the integral over its full range is 1.
The most popular method used is called Markov Chain Monte Carlo (MCMC) (Goodman,
Weare, 2010).This method uses a Markov chain to sample a PDF and eventually to create
a sample distributed with the preferable distribution. After that it is possible to compute

expectation values and integrals of the parameters embedded in the model.

Python provides us with a package with all the above information and procedures about
Bayesian inference implemented. It is called ”emcee” and it is an MIT licensed pure-

Python implementation of Goodman, Weare (2010).

4.3 Chi-square vs Bayesian method

In this section I present an example fit that shows the different results of the two methods
described above. Specifically, I perform a fit in the frequency range 10'% — 10'® Hz of the
SED of the galaxy HE1353 using both methods. In order to perform the fit I use four

components, stars, dust, AGN torus and BBB.

Fig. 4.1 shows the resulting fit as it was obtained using the least chi-square method. The

curve seems to adequately approach almost all the data points so one would say that it
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FIGURE 4.1: The best fit as was obtained by the least chi-square method

is reliable to use this method. However, when following the least chi-square method it
is not feasible to test whether there are degeneracies and whether this result is the only
acceptable one. Since we initially know that the SED-fitting is a degenerate problem
automatically we know that we need a better method that will help us visualize our

results.

What is different in the Bayesian method is that the results are given in a way that we can
test whether there are groups of parameters that give the same results. The possibilities
of the whole range of the parameter space are shown in the so called corner plots (Fig 4.2).
In these plots we can see a histogram above each parameter of our model that represents
the possibility of each value of the parameter combined with all the rest of the parameters
of our model. Another important difference is that in the Bayesian method we have the
advantage of the priors. As it was mentioned above, the priors are functions that we can
use when having some prior knowledge about the galaxy we are studying. In this way we

can brake some of the degeneracies that arise in this kind of problems.

In this case we can see that the majority of the parameters are clearly selected by the
fitter with insignificant variance, since the PDF histograms appear to be delta function-
like. The resulting Bayesian fit is shown in Fig. 4.3. So there are cases where the difference

between the least chi-square and Bayesian method are interchangeable.

However there are more complicated cases where we can distinguish the difference between
the results of the two methods. A case like this is the following example which concerns
the existing degeneracy between the BBB and stellar emission. As it was mentioned in

section 3.4.1 the BBB emission peaks at optical wavelengths. Young and massive stars,
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although, radiate at the same wavelengths (sec.3.1), leading to a degeneracy between the

two components.

The result of the least chi-square fit is shown in Fig. 4.4. The best fit appears to be the

combination of the BBB and stellar emission.

On the other hand, by using the Bayesian method we obtain the following corner plots
(Fig. 4.2). We can observe that the parameter corresponding to the stellar template
normalization (second plot from the left) appears to have more than one possible values.
This is where the degeneracy of the problem becomes evident. In particular, the Bayesian

method can give two solutions, one where the data points can be fitted only by the stellar
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FIGURE 4.3: Best fit of the SED of the galaxy HE1353 using the Bayesian method

component (Fig. ...) and another one where the fit is managed by both BBB and stellar

component.
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Degeneracies like the one mentioned above could break by using prior functions. For

the specific example, if we knew that the galaxy under consideration is a young, type 2

AGN someone would expect to observe only young stellar emission and no BBB emission.

Inserting this information in the form of a prior will give eventually the right and more

physical result.

Hence, for problems like SED-fitting using Bayesian statistics is the optimal method

because it manages to visualize the parameter space of our problem and also yields results

that are physically accurate as long as we implement the appropriate priors.
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FIGURE 4.6: [A]: in the top panel we can see the values selected from the corner plot

and in the bottom panel the resulting fit including only the stellar component, [B]:in the

top panel we can see the values selected from the corner plot and in the bottom panel
the resulting fit including both the BBB and stellar component



Chapter 5

SED fitting

In the previous chapters I explained the composition of a galactic SED, the physical
processes behind each component, how they are modeled and the preferred statistical
method for the SED-fitting. In the first section of this chapter I present the flow of the
code that, I have developed to perform the fitting of my model to the observational data
points. In the second section I explain how I obtain the physical parameters needed for

the scientific interpretation from the best fit given by the code.

5.1 Code description

The code is divided into three parts. The first one is the input, where the observational
data and each component’s templates are inserted. The second one is the fitter, where
the Bayesian code performing the fitting is developed. And the third one is the output,

where the results are presented.

5.1.1 Input

In this part of the code we insert the observational data of the galaxy, which we have
obtained from online catalogues and the ALMA archive, as well as the corresponding

templates that are going to construct the model.

For the observational data we used the python astroquery package to mine through ALMA

archive for every observation made for each object in ARC. Mining was conducted using

42
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the astroquery package, which searched from a list of alternative names for each object
given by ARC. For the mining through the ALMA archive the Alma.query object function
was used. For unregistered sources we searched in a radius of 2 arcsec around its registered
sky coordinates (M.Papachristou PhD thesis). This resulted in the SED of each galaxy

in our sample, substantially a flux-frequency plot (Fig. 5.1).

S

FIGURE 5.1: Some of the SEDs of the galaxies in our sample as they were downloaded
after the mining procedure

However, the procedure followed to gather all the data points is an automatic one, so
there are cases where the data points need to be excluded. The most important and usual
reason that this needs to be done is aperture problems. Some galaxies are too extended
to fit in the aperture of the telescope, hence the observed flux is lower than the real one.
That is why in some SEDs in Figure 5.1 we can see that for a specific frequency there are

more than one data points, since different telescopes use different apertures.

To correct this effect the first step is to calculate the aperture that would be enough for
each galaxy to be observed. This demands the calculation of the angle 6 (Fig. 5.2) within
which an observer can observe the galaxy. Because of the expansion of the universe,
the proper transverse distance corresponding to a specific opening angle depends on the
redshift. So, in order to estimate the opening angle 6, that corresponds to the assumed

galaxy’s diameter (d), I use the scaling factor (arcmin/kpc) (Padmanabhan, 2017) that
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transforms the distance to angle depending on the redshift of the observed source (eq.

5.1). For my calculations I assume that the galaxy’s diameter is 30kpc.

@

FIGURE 5.2: Scheme of the opening angle 6 of an observed galaxy with diameter d, at
luminosity distance D.

0 = <m>‘zd (5.1)

Since we have calculated the aperture of the galaxy, under consideration, the next step is
to check each point in the galactic SED and read the report of the telescope that published
the observation to make sure that the used aperture was close to the right one. A smaller
aperture is not acceptable as it misses flux but a much bigger one is not desirable either,
since in such a case there is high risk of including light coming from the vicinity of the
galaxy-target. In Figure 5.3 we see the SED of the same galaxy before and after examining

each data point.

The other input information is the templates representing each component. As it was
mentioned in chapter 3 the only way to model each component of the galactic SED is to
use templates that are the results of dedicated studies in the literature. This does not ap-
ply to the case of synchrotron radiation since there is a mathematical formula to describe
this physical process. The ”emcee” python package demands the input parameters to be
continuous and not discrete, as the number of the templates are. So, we need to trans-
form the discrete number of templates to analytic representation of them. Interpolation

between the existing templates takes care of this.
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FIGURE 5.3: top panel: SED of galaxy J1356-3421 as it appears right after the mining,
bottom panel: SED of the galaxy J1356-3421 after examining each data point for aperture
errors

The interpolation between the templates is two-dimensional. Each template consists of
a finite number of points (A,F) and corresponds to an indexing parameter (ind) that
encapsulates a series of physical parameters. Two-dimensional interpolation means that
the input is a 2D-array (A,ind) in contras to the usual 1D interpolation. The output is a
function that can give the corresponding F value depending on the input indexing value.

For thorough comprehension of the interpolation procedure see the example in A.

Before starting the interpolation procedure it is important to decide what is the most
appropriate interpolation method and what set of parameters are going to be used to
index the existing templates. Each component of the SED is a different case, so we need

to explain each one of them in detail.

The set of templates for the stellar component are created by using the CIGALE software
(Boquien et al., 2019). In order to produce the templates there are six input parameters

that need to be defined.

— tmain: the age of the galaxy; is defined by the redshift of the galaxy we aim to fit;

values range [0, galaxy’s z] Gyr
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— Tmain: the e-folding time of the main star formation episode; values range [0, 0.6] in

units of tyqin (values suggested by software’s author Boquien et al. 2019)

— tpurst: the age (look back time) of the second star formation episode (if existing);
values range [0, 0.25] in units of ¢4 (values suggested by software’s author Boquien

et al. 2019)

— Tpurst: the e-folding time of the second star formation episode; values range [0, 20]

in units of tp,s (values suggested by software’s author Boquien et al. 2019)

— f: the ratio of mass that is created by the second star formation episode; values

range [0, 1]

— E(B-V): the reddening that defines the amount of attenuation that the stellar light
has undergone; values range [0,0.9] (typical values from other works Vacca, Torres-

Dodgen 1990; Pandey et al. 2003)

The parameter t,,q4, is set to a constant value since it is defined by the galaxy’s redshift.
For the rest of the parameters, tpyurst, Toursts fs Tmain, (B — V'), T insert a grid of values.
Even though there are strong degeneracies between these parameters, which means that
the resulting templates have similar forms, I set a rich grid of values to all the parameters

in order to get all physically plausible results.

Since there are more than one parameters defining each stellar template the indexing
parameters cannot be physical. Contrarily, they are selected in a way that they simply
enumerate the existing templates. They are put in ascending order, starting from 1 and
reaching up to the number of the templates. But each index corresponds to a specific com-
bination of values of the parameters tpy,st, Toursts fs Tmain, (B — V') that have constructed
the template. Some of the index values are shown in Table 5.1, in order for the reader
to understand how the indexing is constructed. Additionally, the most appropriate in-
terpolation method for the stellar templates is the "nearest”, since they are defined by
more than one physical parameters which we cannot be sure whether they are linearly
correlated with each other. So, by using the "nearest” interpolation method the fitter

picks a pre-existing template.

The set of galactic dust templates are the ones presented in Dale et al. (2014) (see sec. 3.2).

In this case the indexing parameters correspond to physical parameters. More specifically,
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TABLE 5.1: How the interpolating parameters for the stellar templates are constructed

Tmain ‘ tourst ‘ Thurst ‘ f ‘ E(B-V) ‘ Interpolation parameter
10 500 50 0.001 0.0 1

10 500 50 | 0.001 0.1 2

10 500 50 0.001 0.2 3

10 500 50 0.001 0.9 19

100 | 1000 | 50 0.01 0.0 40

100 1000 50 0.01 0.1 41

100 1000 50 0.01 0.2 42

100 1000 50 0.01 0.9 49

each index corresponds to the integral of each template. The integral of a dust template
refers to the total IR luminosity. So, since only one physical parameter determines the
dust templates it is optimal to use the linear interpolation method. The interpolation
parameters are presented in Table 5.2.

TABLE 5.2: How the interpolating parameters for the galactic dust templates are con-
structed

Lir (erg/s) ‘ Interpolation parameter

1025356 25.356
1025-756 25.756
1026.146 26.146
1028512 28.512

For the BBB component, as mentioned in sec. 3.4.1, I use the templates developed by
Hubeny et al. (2000). The parameter used to interpolate between the existing templates
is the reddening factor E(B-V). The selected grid of values is [0, 0.9] in a step of 0.1.
There is only one physical parameter defining the templates so the selected interpolation

method is "linear”. The interpolation parameters are shown in Table 5.3.

TABLE 5.3: How the interpolating parameters for the BBB templates are constructed

E(B-YV) ‘ Interpolation parameter

0 0
0.1 0.1
0.9 0.9

For the AGN torus component 1 use the CAT3D model templates (see sec. 3.4.2). The

input parameters that construct the templates are six.
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power-law index a: defines the radial distribution of dust clouds along the line of

sight (N, o< r*) - [0 or 1]

N,: number of clouds along the line of sight - [5 or 10]
— 0,: the half-covering angle of the torus - [30°,60°]

— 7,: optical depth of each cloud - [50]

— Ryt the outer radius of the torus - [4507 )

— i: inclination - [0°,15°,30°, 45,607, 75°, 90°]

The parameters, 7, R, and R,,: are set to a constant value in the model, by default.
Specifically, 7, = 50, Ry = 0.03575,p7, and Ry = 45074, (cloud and outer radius are in
units of sublimation radius, which I set at the part of conversion from model flux to real
flux - sec. 3.4.2). For the rest of the parameters I set a grid of values, according to the
ranges allowed by the model. These four parameters are the ones that should be included
in the construction of the interpolation parameters (see Table 5.4), in similar way as in

stellar templates.

TABLE 5.4: How the interpolating parameters for the AGN torus templates are con-
structed

1 \ « \ N, \ 0, \ Interpolation parameter

0° 10| 5 |30° 1
0° | 1] 5 |30° 2
1521 0] 5 |30° 9
151 1] 5 |30° 10
30° 1 0 | 10 | 60° 20
30° 1 1| 10 | 60° 21
90° | 1 | 10 | 30° 55
90° | 1 | 10 | 60° 56

The last part of the code that needs to be filled is the model (eq. 5.2), so the fitter knows
what is the model we aim to fit to the inserted observational data. This is where we
include all the components that construct the galactic SED, either they are described by

a mathematical formula or a set of templates. The SED model is defined as

Model = 10%*Ts; + 10%¢T; 4+ 109 Ty, + 10907 T 4 10%svm y e e (5.2)
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where

— Ty the best stellar template out of the inserted set of templates

— ag: the normalization parameter for the stellar template

— Ty: the best dust template out of the inserted set of templates

— ag: the normalization parameter for the dust template

— Typp: the best bbb template out of the inserted set of templates

— appp: the normalization parameter for the bbb template

— Tior: the best AGN torus template out of the inserted set of templates

— ayor: the normalization parameter for the AGN torus template

—Q

v
— v~ % ve: synchrotron formula

5.1.2 Fitter

After having defined the input section of the code the next part that needs to be developed
is the fitter which, as it was mention in chapter 4, follows a Bayesian inference. The goal
of a Bayesian fitter is to calculate the posterior probability, which can be managed after

calculating the likelihood and the prior (see eq. 4.7).

In the code there is a function defined to calculate the likelihood. Since we have prescribed
the model and have inserted the data, this function calculates the product of likelihoods

of each data point (eq. 4.4).

Moreover, in the code there is the ”prior” function. This is the most important part
of the code because this is where it is differentiated from the others (e.g. AGNfitter,
Rivera et al. 2016). In this section is where we can include any kind of prior function,
depending on the prior knowledge we have for each galaxy. We use the mass function
as a prior distribution for all the galaxies we fit, and in particular its higher mass end.
We, particularly, implement the mass function (Ilbert et al., 2013) and its evolution with
respect to the redshift of the galaxy we aim to fit. In this way the probability of each

stellar template, which eventually is going to yield the stellar mass of the galaxy (see
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sec. 5.2.2), is modified accordingly. Before inserting the mass functions we cut them at
M = 10'9M,, since all the galaxies in our sample are more massive than this threshold.
The mass function for each redshift bin is shown in Fig. 5.4, where we can see that the
y-axis units are number of galaxies per mass. The prior functions inserted in the code
need to be probability distributions, so we convert the number of sources per mass to
probability. We manage it by dividing each mass function bin by the integral of the mass

function. In this way the integral of the new distribution adds to unity (Fig. 5.4).

oM (#/Ms)

100 100 100 10n 100 1000 1025 1050 1075 100 125 150 n7s 1200
Mass (M) log (Mass) (1og(M))

(a) (B)

FIGURE 5.4: [A]: Mass functions for different redshift bins, [B]: Probability distribution
for different redshift bins (for masses M > 101°M) (Ilbert et al., 2013)

Except for the global prior function referred above, we can include specific prior functions
for each parameter separately. The default setting is the uniform prior, which essentially
is no different than the least chi-square method besides any reasonable limits. In order to
take advantage of the Bayesian method we have to add a prior distribution other than the
uniform, like a Gaussian, a step function, a beta or gamma distribution (Fig. 5.5). When
having information for a specific parameter of the galaxy, e.g. from other studies in the
literature, we can implement them in the code by using the most appropriate distribution

with the right parameters.

After having defined the likelihood and prior calculator, the ”emcee” package utilizes them
to perform the MCMC, which was mentioned in section 4.2. Before the final run, the user
needs to set the sampler. It includes the determination of the number of parameters to be
fitted, the number of walkers that the MCMC sampler is going to use and the number of
steps that each walker is going to make. When the sampler is ready the ”emcee” function

runs the input parameters and gives the results in the from of corner plots.
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(A) Uniform distribution (B) Gaussian distribution

(c) Beta distribution (D) Gamma distribution

FIGURE 5.5: Different types of probability distributions

5.1.3 Output

The output of a Bayesian method is a group of corner plots, as the ones presented in section
4.3. The information presented in these plots is the PDFs of the fitting parameters, which
are the posterior probabilities presented in eq. 4.7. Specifically, the histograms on the
top of each column represent the PDF of each parameter (1D PDF), while the interior
contour plots represent the PDF of the combination of two parameters (2D PDF). E.g.
in Fig. 5.6 the red outlined contour plot shows the PDF of the combination of ”st_par”
and ”sb_par” parameter, while the blue outlined histogram shows the PDF of ”sb_par”

parameter and the green outlined histogram the PDF of ”st_par” parameter.

What we can also obtain from the corner plots is the median value of each parameter
(the middle dashed line in each histogram) and 16th and 84th percentiles of the PDF (the
other two dashed lines). I choose eventually the value of each paramter by eye, zooming
as much as needed in order to find the peak of the histogram. Furthermore, I use the
reported percentiles to define the error of each parameter. When the parameter shown

in the corner plot is a physical one the error of the estimation is the one reported by the
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FIGURE 5.6: Example of corner plots. The histograms show the PDF of each parameter,
while the contour plots show the PDF of the combination of two parameters

dashed lines. But in the case of the physical parameters that are calculated by using some

of the fitting parameters (sec. 5.2), we need to calculate the propagated error.

The blue line that extends vertically and horizontally denotes the mode value, so basically

the peak in the 1D PDF histogram.

5.2 Physical parameters estimation

The main reason of using SED-fitting methods is to eventually obtain as many physical
quantities as possible for a galaxy and to decompose the whole SED into its individual
components. Some of the physical parameters that our code allows us to yield is the IR

luminosity, the stellar mass, the SFR, the jet power and the AGN luminosity. Other than
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those we can also calculate the luminosity of each component, Lyyy, Laust, Ltorus, in order

to distinguish the contribution of the host galaxy and the AGN.

5.2.1 IR Luminosity (L;g)

The IR luminosity information is obtained by the dust templates, since the dust emission
dominates the IR wavelengths. In the NIR-MIR range there is also contribution from
the AGN torus, depending on the AGN type. Type 2 AGNs are expected to have more
luminous torus emission than the type 1 AGNs. But in all cases the MIR-FIR range is

prominently dominated by the galactic dust.

So, the Lp is calculated by integrating over the wavelengths 8 —1000um, after subtracting
the AGN torus contribution. As it was mentioned in section 5.1.1, the dust templates
are indexed using the total integral of each one of them. So the T,; parameter of eq. 5.2
corresponds to the integral of the template. But because the template is multiplied with
a normalization parameter (a4) in order to fit the observational data, the Lig is given by
the following equation

Lig = 10% . Ligywete (5.3)

Both a4 and Lﬁinp late parameters are directly obtained by the fitter. So, as it was ex-
plained in sec. 5.1.3 the dashed lines show the errors of the fitted parameters. Hence, we
obtain from the corner plots the errors da, and 6 L5 late e error propagation formula

(eq. 5.4) yields the IR luminosity error.

OL1R 2 OL1R ?
Lin = 100 _OPIR (L e
OLin \/<8(10ad)5( 0 ”) * <8L137temp6( IRemp) | =

5L]R = \/(LIR,temp(s(load))2 + (10ad6(LIR,temp)>2

d(logz) = léx = dag = ! 5(10%) -
= 4= Tog
2 2
5LIR - \/(LIR,tempload(Sad) + (10ad5(L1R,temp)) (5'4)

5.2.2 Stellar mass (M,)

Another physical quantity that can be obtained is the stellar mass of the galaxy. In order

to calculate it we need to know the stellar mass of each SSP included in the galaxy and the
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total amount of SSPs. The first piece of information is embedded in each stellar template.
We mentioned in sec. 3.1 that a stellar template is structured after adding a set of SSPs
and SFH. The selected SFH defines the mass-to-light ratio, which is calculated as shown
in eq. 5.5. The stellar mass of the SSP is then estimated by multiplying the mass-to-light
ratio by the luminosity of the referred template. The total amount of SSPs is a piece of

information hidden in the normalization factor as, as defined in (eq. 5.2).

M, [y @ (t)at
L [TL(t)(1 - T(t)dt)

(5.5)

where U(t) is the SFH function and 7'(¢) is a function that defines the fraction of mass
returned to the ISM.

So, having both the information of the stellar mass of each SSP and the amount of the
SSPs leads to the stellar mass of the galaxy. This is expressed by equation 5.6.

M, = 10%t . piemrlate (5.6)

)

For the purpose of the stellar mass error calculation we need the normalization factor error
and the stellar mass of the template error. The former is obtained from the corner plot,
while the latter is indirectly calculated. The parameter in the corner plot corresponding
to the stellar template is a structured parameter, for indexing purposes, and not a physical
one. That is why the calculation of the error is managed as explained in the following

example.

Assume that the indexing for the stellar templates is 1,2,3,...,10 and the fitter gives the
value 5 with error +1. Template 5 corresponds to stellar mass 0.6, while template 4 and
6 correspond to stellar mass 0.55M¢ and 0.65Mg, respectively. So, the error in the stellar

mass of the template is (5M§fmp = £0.05Mg.

The calculation of the galactic stellar mass error is given by equation 5.7.

2
OM, 2 OM, ;
SM, = sag) + | —2or__s(artemry) =
<8ast d) (a(Mjfmp)( ' )>

SM, = \/ (Mgfmpmastaast)z + (10“st6(M§fmp)>2 (5.7)
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After having obtained the stellar mass of a galaxy and assuming that the mass of the gas
that is affected is the 1/10 of the stellar mass of the galaxy, one can calculate the binding
energy at a specific distance. The mathematical formula is given by equation 5.8 and
refers to the energy the gas should gain in order to escape from a distance R. There is a

minus sign because we need to add energy to an object to unbind it.

G(MMgyqs)
R

G -0.1M?

= (5.8)

Upind = —(cosnt.) = —(cosnt.)
The error appears because of the error in the stellar mass calculation. So the error
propagation formula yields the error of the binding energy calculation, as is shown in

equation 5.9.

. 2 .

M,
0Uping = 0.2(cosnt.) GR M., (5.9)

5.2.3 Star Formation Rate (SFR)

The next important quantity that can be obtained by using the fitter’s results is SFR.
There are several studies dedicated to the discovery of the optimal tracer of SFR (Ken-
nicutt, 1998; Calzetti et al., 2007; Madau, Dickinson, 2014). In this work we use the

correlation relation derived by Murphy et al. (2011).

In order to calculate the SFR of a galaxy we need to know the amount of young stars, so
that we can have an estimation of the mass created per unit time. The best indicator of
young stars is the UV part of the galactic SED, since the young massive stars radiate in
the UV-optical band, as referred in section 3.1. However, the UV starlight gets attenuated
by the galactic dust which re-radiates the absorbed light. So, we can get a more accurate
estimation of the SFR if we also take into account the IR part of the galactic SED. Warm
dust, which peaks in the MIR, encloses the most important information about SFR that
should be included, while cold dust which peaks in the FIR is reported as negligible. That
is because the cold dust is mainly heated by older stellar population, hence it delivers no

information about the SFR. So, the proposed correlation formula by Murphy et al. (2011)
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adds the UV and IR contribution up (eq. 5.12).

(SFRIR) =3.88.10%4 < Lir ) (5.10)

Meoyr—1 ergs—!
SFR L

(FU‘lf> - 4.42.1044< FUV1> (5.11)
Moyr— ergs—

SFRt = SFRig + SFRpyy =

SFRit \ _ 4. g-it (O88Lir + Livy 5.12)
Meoyr—1 ergs—1

where Lpyy is the integral of luminosity over 0.14-0.17 um wavelengths and Lig is the
integral of luminosity over 8-1000 um wavelengths. Note that for the calculation of the
L;r we integrate only over the dust template, excluding in this way any AGN torus

contribution.

The error in this physical quantity emerges partially from the error in L;g, which in turn
comes from the error in the dust template selection by the fitter and the error in Lpyy
which is propagated by the stellar template selection. The formula for the SFR error

calculation is given by equation 5.13.

O(SFR 2 /O(SFR 2
6(SFR) = \/<6(LFUV)5LFUV) + <(8LIR)6LIR> =

§(SFR) = 4.42 -107*"\/(6 Lryv)? + (0.880 L2 (5.13)

5.2.4 Jet power (Pje)

The galaxies included in our sample are radio galaxies hosting a radio jet. So, it is of
great significance for the scientific interpretation of this work to estimate the jet power. I
use two methods to calculate the jet power, so that I can compare and check the viability

of the resulting values.

The first one is integrating over the radio frequencies. In sec.3.3 I referred to the contribu-

tion of the starburst regions to the radio frequencies, due to synchrotron and bremsstrahlung
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radiation. So, I simultaneously subtract the starburst contribution and fit the radio fre-
quencies. In this way I can get only the contribution of the radio jet. After having done
so, I integrate over the radio luminosity. The obtained value is considered to be the lower
possible value of the radio jet. That is because only the radio band is taken into consider-
ation.However, the radio jet’s electrons could radiate to other frequencies except for the
radio band (X-rays, gamma rays) while not all relativistic electrons radiate in order to be

observed.

The second method is using the formula derived by Punsly (2005). According to this work
X-ray observations from the lobes’ hot spots, which were attributed to inverse Comp-
ton,and the surrounding extragalactic material led to a more accurate calculation of the
particle energy in the lobe and eventually the energy transported by the jet. The real-
ization that the material in the lobe is far from the equipartition led to the construction
of a more realistic formula than the one presented in Willott et al. (1999). So the jet

kinematic luminosity is calculated by the equation 5.14.

Pjer = 5.7- 10" (1 + 2)* 22 Fy5y (5.14)

7 =331 —3.65 [(1+2)* = 0.203(1 + 2)? + 0.749(1 + 2)® + 0.444(1 + 2) + 0.205] %

where z is the galaxy’s redshift and Fi5; is the flux at 151MHz, given in Jy in order for

the formula to obtain the jet power in erg/s.

In the case of calculating the jet power using the Punsly (2005) formula, the error occurs
due to the Fi51 value. This error emerges from the error in slope « and critical frequency
V., which are obtained by the fitter. Hence, the error propagation follows the relation

shown in eq. 5.15.

vL, = 10%svny =% V/ve = L,= 10%syny—a—Llg=v/ve

F, 10%suny =0~ le=¥/ve

= 4 D2

OF, = \/<E)(%€ZM(5(10%W>>2 + <<9(612/)5a>2 n (8;‘:)5%)2 N

o [10ase—V/ve V_a(;a 2+ (_a_1>26a 2+ Q v Loy 2
v 47 D? v o V2 v Ve N

(5.15)
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5.2.5 AGN luminosity (Lagn)

Another physical parameter estimated after obtaining the best-fit is the AGN luminosity
(Lagn). This one is easier and most straight forward to calculate, in comparison with the
other mentioned quantities. The AGN emission constitutes of the BBB and AGN torus
emission. So, before calculating the L gy, I integrate over the wavelengths of the bbb
and torus template, in order to get the Ly, and Lioqys respectively. Eventually, the AGN

luminosity is calculated by merely adding the BBB to torus luminosity.

LAG’N - Lbbb + Ltorus (516)

The error in this case comes from the two integrals, which in turn emerges from the
parameters appp, Thbbs Atorus, Liorus (See eq. 5.2) corresponding to the bbb normalization

factor and template as well as the torus normalization factor and template, respectively.



Chapter 6

Results

In this chapter I present the resulting SED fitting and the obtained physical parameters
for three of the galaxies in our sample, PKS 10054007, NGC 3100, and NGC 3557.

6.1 PKS 10054007

The PKS 10054007 galaxy is a BL Lac object at redshift z=0.0977, which eventually
yields a luminosity distance of Dy, = 449Mpc and age of the galaxy at 13.347 Gyr.

In Fig. 6.1 one can see the resulting SED fitting for the PKS 1005+007 galaxy. In the
grey box, some of the obtained physical parameters are shown. As explained in Chapter 5,
the physical parameters are obtained by following specific formulas and the corresponding
errors are calculated by the error propagation. All the physical parameters calculated for

the galaxy PKS 10054-007 are shown in the Table 6.1.

TABLE 6.1: Physical parameters of galaxy PKS 10054007

Lir (Lo) | Lagn (erg/s) | Mu Mg [ SFR Mg /yr | Pje (erg/s)
6-101° | 3.108® | 3-10" | 48+06 | 8-10%

The binding energy is estimated using equations 5.8 and 5.9 after assuming that the gas
gets unbind from the effective radius. A typical average value for the effective radius is
R=15kpc. Another assumption is that the gas mass is about one order of magnitude lower

than the L;r value Sanders et al. (1991). The result appears in equation 6.1.

59
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FIGURE 6.1: The resulting SED-fitting of galaxy PKS 10054-007. The different compo-
nents of the SED are denoted with different colors, as appears in the legend where one
can also see the integral of each component. The physical parameters obtained after the
best fit was managed and specific formulas were followed, are shown in the grey box on

the right.
G- M.M,
Ubind = —(cosnt.)% =
o 1.3-10%[em3 M s72]2.1 - 101 [Mp)6 - 109[ M) N
bind = 15 - 3 - 1021 [em)]
58
Upina = 10°°erg (6.1)

The timescale during which the radio jet can expel gas away from a 15kpc radius is

obtained by dividing the binding energy by the jet power, as appears in equation 6.2.

~ Ubina
tscale = P
jet

= toeate =~ 4-107yrs (6.2)

6.2 NGC 3100

NGC 3100 is classified as a LINER galaxy, at redshift z=0.0086 which means that the

galaxy exists at luminosity distance Dy = 37 Mpc and its calculated age is 13.35 Gyr.

In Fig. 6.2 one can see the resulting SED fitting for the NGC 3100 galaxy. In the grey box,

some of the obtained physical parameters are shown while the integral of each component
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FIGURE 6.2: The resulting SED-fitting of galaxy NGC 3100. The different components
of the SED are denoted with different colors, as appears in the legend where one can also
see the integral of each component. The physical parameters obtained after the best fit
was managed and specific formulas were followed, are shown in the grey box on the right.

appears in the legend. The obtained physical parameters of NGC 3100 are shown in the
Table 6.2.

TABLE 6.2: Physical parameters of galaxy NGC 3100

Lir (Lo) | Lagn (erg/s) | Mi Mg [ SFR Mg /yr | Pje (erg/s)
8-10° | 3-10® [ 14-10" ] 0594008 [ 7-10%

The binding energy of galaxy NGC 3100 is estimated as appears in equation 6.3, again
assuming a distance R=15 kpc and that the gas mass is one order of magnitude lower

than the L;r value Sanders et al. (1991).

G - MyMgqs
—_— =
R
1.3-10%[em® M s 101 [M)]8 - 108[M )]
15-3-102%[cm)]

Upina = —(cosnt.)

Ubind ~ 0.1

Uping ~ 5 - 10°%erg (6.3)

The timescale during which the radio jet can expel gas away from a 15kpc radius is

obtained by dividing the binding energy by the jet power, as appears in equation 6.4.
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Ubind
tscale - Pzn = tscale ~2- 108y7’8 (64)
jet

6.3 NGC 3557

NGC 3557 is a radio galaxy at redshift z=0.01 so at luminosity distance Dy = 43.6 Mpc
and age 13.33 Gyr. The fitted SED of this galaxy is show in Fig. 6.3.

102 10 10t 1002 1ot 10 100 10°

AGN torus (1042 .4 erg/s)
Dust {1042 4 erg/s)
BEBB (10742.2 erg/s)
Stars (10" 44.5 ergfs)
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= Total model
@ Observational Data

L= 10°77L,
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Lasy = 10993 ergfs
P =10%" ergjs
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tow=13326 Myr

Ul fergls)
g

10°2

FI1GURE 6.3: The resulting SED-fitting of galaxy NGC 3557. The different components
of the SED are denoted with different colors, as appears in the legend where one can also
see the integral of each component. The physical parameters obtained after the best fit
was managed and specific formulas were followed, are shown in the grey box on the right.

The physical parameters appear in the Table 6.3.

TABLE 6.3: Physical parameters of galaxy NGC 3557

Lir (Lo) | Lagy (erg/s) | M. Mo [ SFR_ Mo /yr | Pie (erg/s)
2-10° | 4-10® [15-10" [ 05+£002 | 8-10%

The binding energy of galaxy NGC 3557 is estimated in equation 6.5, assuming a distance
R=15 kpc and gas mass Myqs ~ 2 - 108]\/[@ Sanders et al. (1991).

G- M. Myas _
R
1.3-10%[em3 M7 s72]1.5 - 101 [Mg)2 - 108[ M) N
153102 em)]

Upina = —(cosnt.)

Upind ~
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Upina =~ 2 - 10%%erg (6.5)

The timescale during which the radio jet can expel gas away from a 15kpc radius is

obtained by dividing the binding energy by the jet power, as appears in equation 6.6.

Ubind
tscale = Pm = lscale =~ 7 1073/7"8 (66)
jet




Chapter 7

Conclusion

The purpose of my thesis is to test whether the radio jet of a galaxy is energetically cable of
unbinding part of its gas. In order to answer the imposed question, I need to calculate the
radio jet power and the host galaxy’s binding energy. The former is calculated directly by
the SED fitting (see sec. 5.2.4), and the binding energy of the galaxy which is calculated

using the obtained stellar mass (see sec. 5.2.2).

Having this information, I estimate the timescale during which the radio jet can expel
gas from a minimum distance of 15 kpc. But in order to judge whether this is a credible
value, I need to compare it with a physical timescale. The first timescale I should compare
my results with, is the age of the galaxy and furthermore the jet duty cycle timescale.

According to the literature, typical values of the jet duty cycle is of the order of 107 years.

The calculation of the radio jet is a lower limit for two main reasons. Firstly, the radio jet
radiates except for the radio frequencies, in X-rays and gamma rays. However, we have
information only about the radio band so we are missing some information. The second
reason is that not all relativistic electrons radiate in order to be observable either in the
radio band or the gamma rays. Since the power of the radio jet is inversely proportional

to the timescale, the timescale calculation is an upper limit.

So, in PKS10054-007 since the maximum timescale needed for the radio jet to unbind the
gas (~ 107 yrs) is comparable with the jet’s duty cycle, we deduce that energywise this
could be a possible environment for a jet-driven outflow. Further information about this
galaxy, like its gas content, will yield an even more accurate result. However, a missing
but important information is the inclination of the jet with respect to the galactic disk.

64
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Without knowing the orientation of the jet one can not be sure about how possible and
efficient the radio mode can be. So studying this problem using energy arguments is a
primary test needed to be made, before getting into deeper details. In addition, from the
fitted SED of PKS1005+007 we can observe that there is low UV radiation leading to
the presumption that there are not many young stars in this galaxy. Furthermore, the
radiation of the dust seems to be low. These are typical characteristics of an elliptical

galaxy, as the optical image of the galaxy can verify.

In galaxy NGC3100 the obtained timescale, under the same assumptions made above, is
~ 108 yrs. It appears to be higher than the typical jet duty cycle, but comparing it with
the galaxy’s age, the scenario of the jet depriving the galaxy of its gas does not seem far
fetched. The fitted SED of the galaxy reveals, high enough UV radiation and low enough
dust radiation to make us believe that this is a disk galaxy. This deduction can be verified

by the galaxy’s optical image.

Finally, in galaxy NGC3557 the time needed for the jet to expel gas is estimated ~ 108
yrs. This is a similar case as the galaxy NGC3100, where the obtained timescale is higher
than the typical jet duty cycle but comparing it with the galaxy’s age this timescale could
be physically accepted. Finally, when it comes to the fitted SED of the galaxy, we can

deduce that this is an elliptical galaxy because of the low UV and high dust radiation.

I aim to follow the method presented in my thesis, for all the 70 galaxies of our sample. So
along with the results, provided by the rest of the team, on gas detections in the galaxies
of the sample, I will be able to obtain statistical results. They are going to concern the

percentage of radio galaxies that hold a radio jet capable of driving a molecular outflow.
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Two-dimensional interpolation

The interpolation function used for the purposes of SED-fitting is the ” RegularGridInter-
polator” from Python’s scipy package. This function manages interpolation on a regular
grid in arbitrary dimensions and uneven spacing between the grid points. Its syntax is

presented below.
scipy.interpolate.RegularGridInterpolator(points, values, method=’linear’,
bounds_error=True, fill_value=nan)
— points: the points defining the regular grid in two dimensions [2d-array, axes of
index and wavelength (um)]

— values: the data on the regular grid in n dimensions [1d-array, flux (erg/scm?)]

— method: the method of interpolation to perform [str, ”linear” or "nearest”]

bounds_error: If True, when interpolated values are requested outside of the do-
main of the input data, a ValueError is raised, while if False, then fill_value is used

[True or False]

fill_value: if provided, it is the value to use for points outside of the interpolation

domain, while if None, values outside the domain are extrapolated [number]

This interpolator is based on the Lagrange polynomials. Lagrange is called the polynomial

of degree < (n — 1), where n is the number of data points we aim to interpolate (Fig.
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A.1). They are defined as appears in equation A.1.

P@=>rw=3| I (%) (A1)

X
j=1 j=1 |k=1k#j 77

E.g. the Lagrange polynomial in the case we have three points is defined as

r — T2 T — I3 r — X Tr — I3 r — T Xr — T
P3($)=y1< : >+yz( : >+y3< : )
1 — T2 X1 — XT3 T2 —T1 X2 — X3 T3 —T1 X3 — X2

Palx)

P3(x)

FIGURE A.1: The Lagrange polynomial for each different case of having different number
of data points (source)

So, as input information I insert a grid of points, which is the concatenation of a 1D-array
as the wavelength and a tuple of 1D-arrays as the index. Specifically, the grid in Fig. A.2
(A) is constructed by the 1D-array A = [0,0.33,...,5.95,6.28] and a tuple of 1D-arrays
with same shape as A, index = [[-0.5,..,—0.5], ..., [0.5, .., 0.5].

As it was mentioned above, after defining the 2D grid we need to insert the values of each
point of the grid. The values for this example are set as z = anormsin(z), where anorm
is a normalization factor that varies for each point. For better visualization I present
the projection of the values on the x axis, in Fig. A.2 (B). Each curve corresponds to a
different y coordinate value. The combination of the two planes of Fig. A.2, which is the

way that the interpolator ”sees” the input data, is presented in Fig. A.3.

As it is noted in this figure the interpolation of the values takes place at the direction

from the lowest index value to the highest one, for constant A at a time. The interpolation
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FIGURE A.2: [A]:The 2D grid constructed by inserting a 1D-array as the x coordinate
and multiple 1D-array as the y coordinate, [B]:The values given at each point of the
xy-grid. For better visualization I present the values with respect to the x coordinate
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F1GURE A.3: 3D grid of points, as they appear in the interpolator

direction can be better seen in Fig. A.4.

The interpolator uses the Lagrange polynomials, along the noted direction, in order to
create a function that will connect the points as accurately as possible. So, when the user
requests for the curve that corresponds to a specific parameter y, the interpolator is able

to generate the values in z axis that will shape the requested curve.

The quantities I use in my SED-fitting, correlate with the ones referred to the above exam-
ple. More specifically, the x coordinate corresponds to the frequencies of each template,

the z values the fluxes of each template and the y coordinates to the indexing parameters.

Ezxample for comprehension
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FIGURE A.4: Same image as the one in Fig. A.3 with the only difference that the
interpolation direction becomes more prominent)

Assume that we have three templates, which we correspond to three parameters (1, 2, 3).
There are two interpolation options, the ”linear” and ”nearest”. The linear interpolation,
when giving a parameter inside the appropriate range, e.g. 1.8, returns a template in-
between the existing ones. This procedure is depicted in Fig. A.5 [A], where the existing
templates are denoted with black and correspond to parameters 1 and 2, respectively and
the linearly interpolated template, corresponding to the parameter 1.8 is depicted with
red. The nearest interpolation, on the other hand, when giving a parameter returns the
template whose parameter is closest to the given one. In Fig. A.5 [B], the given parameter
is 1.8 so the nearest interpolation returns the template corresponding to param=2. This is
the method used to interpolate all the existing templates of each component before adding

them in the code. More details about the way the 2D interpolator works are presented in

Appendix A.
Lo 10°
—— param=1.8 (interp) —— param=1.8 (interp)
— param=1 — param=1
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1o 10¢
z z
g 10 7 10
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FIGURE A.5: [A]: Linear interpolation between two templates, [B]: Nearest interpolation
between the same two templates
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