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Abstract

This work is a part of the Close AGN Reference Survey (CARS, https://www.cars-survey.org/) that is
intended to provide the most detailed view of the AGN — host galaxy connection and establish a reference for
high-redshifts. The survey consists of 40 nearby Seyfert 1 galaxies with optical integral field unit datacubes
and a multi-wavelength observational dataset. The first part of the thesis presents the star-formation-
related analysis of the CARS first data release. The panchromatic spectral energy distribution is modeled
with additional AGN constraints to infer stellar masses and infrared star formation rates. I also present the
novel method of calculating the recent star formation rate from the Ha emission in the conditions of AGN
contamination using spectral and spatial datacube information. Then I compare the resulting infrared and
Ha star formation rates with CO(1 —0) data to analyze the star formation history and the trends between
AGN and host galaxies. The second part of the thesis explores the data from SOFIA airborne observatory.
The [C11] far-infrared line is a bright coolant in the interstellar medium accessible with ALMA and often used
as a star formation rate indicator. The discovery of one of the few known [C11] excess galaxies HE 1353—1917
is introduced together with the discussion of its mechanisms and the meaning for the high-redshift objects.
This is complemented by the follow-up SOFIA observations of HE 0412—0803 that allowed to confirm the
proposed [C11] excess mechanism and intrigued us with its puzzling VLA radio continuum data. Overall,
in this thesis, I accurately infer, analyze, and compare star formation rate tracers for the CARS objects

emphasizing the power of the multi-wavelength approach.

Zusammenfassung

Diese Arbeit ist Teil der Close AGN Reference Survey (CARS, https://www.cars-survey.org/), die den
detailliertesten Uberblick iiber die Verbindung zwischen AGN und Wirtsgalaxie liefern und eine Referenz fiir
hohe Rotverschiebungen schaffen soll. Die Durchmusterung besteht aus 40 nahe gelegenen Seyfert-1-Galaxien
mit optischen Integral Field Unit Datenwirfeln und einem Multi-Wellenldngen-Beobachtungsdatensatz. Im
ersten Teil der Arbeit wird die Analyse der ersten CARS-Daten in Bezug auf die Sternentstehung vorge-
stellt. Die panchromatische spektrale Energieverteilung wird mit zusétzlichen AGN-Beschrénkungen model-
liert, um Sternmassen und Infrarot-Sternentstehungsraten zu ermitteln. Auflerdem stelle ich eine neuartige
Methode zur Berechnung der jiingsten Sternentstehungsrate aus der Ha-Emission unter den Bedingungen
der AGN-Kontamination vor, die spektrale und rdumliche Datenwiirfelinformationen verwendet. Anschlie-
Bend vergleiche ich die resultierenden Infrarot- und Ha-Sternentstehungsraten mit CO(1 —0)-Daten, um die
Sternentstehungsgeschichte und die Trends zwischen AGN und Wirtsgalaxien zu analysieren. Der zweite
Teil der Arbeit befasst sich mit den Daten des SOFIA-Observatoriums. Die [C11]-Linie im fernen Infra-
rot ist ein Kithlmittel im interstellaren Medium, das mit ALMA zugénglich ist und oft als Indikator fiir die
Sternentstehungsrate verwendet wird. Die Entdeckung einer der wenigen bekannten [C 11]-Uberschussgalaxien
HE 1353—1917 wird zusammen mit der Diskussion ihrer Mechanismen und der Bedeutung fiir die hochrotver-
schobenen Objekte vorgestellt. Erganzt wird dies durch die SOFIA-Nachbeobachtungen von HE 0412—0803,
die den vermuteten Mechanismus des [C11]-Uberschusses bestiitigen konnten und uns mit ihren ritselhaf-
ten VLA-Radiokontinuumsdaten verbliifft haben. Insgesamt konnte ich in dieser Arbeit die Sternentste-
hungsraten der CARS-Objekte genau ableiten, analysieren und vergleichen, was die Leistungsfahigkeit des

Multi-Wellenlangenansatzes unterstreicht.


https://www.cars-survey.org/
https://www.cars-survey.org/
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Introduction

In the night sky, even without any telescope, men observed stars, planets of our Solar
System, our galaxy the Milky Way, and other structures they called "nebulae". Throughout
the history of astronomy, different types of those structures revealed their nature, such as
comets, star clusters, supernovae remnants, etc. German philosopher Immanuel Kant in the
18th century, in his work "General History of Nature and Theory of the Heavens', suggested
that some of those structures are other milky ways, and our galaxy is just one of many
"Welteninseln" or "island universes'. The Great Debate in 1920 questioned the nature of
the "spiral nebulae" in detail, with Harlow Shapley and Heber Curtis discussing pieces of
evidence for scales and distances toward the known objects. Later in 1924, observations
made by Edwin Hubble proved that these nebulae were highly distant, residing outside of
the Milky Way. This was the beginning of extragalactic astronomy.

Galaxies are indeed islands of gravitationally bound stars, gas, and dust, soaking in pools
of dark matter haloes. Hubble (1926) sorted the shapes of the observed galaxies from the
simplest forms he called early-type galaxies to complex structures or late-type galaxies,

ELLIPTICAL NEBULAE

0—«-——.-—-—-./\
SBa sBb

Sp“eALS

Figure 1.1: The Hubble tuning fork diagram for morphological classification of galaxies. The
figure is taken from the book "The Realm of the Nebulae', Hubble (1936).



presenting the famous tuning fork diagram. In Fig. 1.1 the Hubble sequence starts with
the spherical EQ galaxies, continued with more and more flattened elliptical galaxies E1-E7,
then the lenticulars S0 at the center of the tuning fork continued with the spirals S sorted
from tight Sa to loose Sc compositions and the parallel barred spiral SB branch. The fork is
often continued by galaxies with the irregular shape Irr that do not fit into the sequence. As
confusing as it may sound, early- and late-type galaxies have nothing to do with the early
and late stages of the galaxy’s lifetime.

Redshift z is characterized by the relative difference between the observed \,,s and
emitted Aoy wavelength, defined by the following formula:

>\obs . R (tobs)
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where R(t) is the scale factor that describes the time evolution of homogeneous and
isotropic Universe metrics. The distance between any two given gravitationally un-
bound parts of the observable universe increases with time; that is why the distant ob-
jects are redshifted according to the Hubble’s law, with Hubble parameter H(t) = a/a,
where a(t) = R(t)/Rnow is the scale factor. This expansion of the Universe is described
by the Friedmann (1922) equations:
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where G and ¢ are universal constants, the gravitational constant and the speed of
light, p and p are the matter and radiation energy density and the pressure, and k
describes the spatial curvature of the Universe (-1 for open, 0 for flat, or +1 for closed).
The cosmological constant A represents the energy density of space, or vacuum en-
ergy, or the so-called dark energy. The current standard cosmological model ACDM
includes the notion of dark energy and the cold (interacting weakly, if at all) dark
matter.

The earliest electromagnetic radiation in the Universe decoupled from the matter at a
redshift z ~ 1100 (epoch of recombination), when the neutral atoms formed, releasing
photons that are now visible as the Cosmic Microwave Background (CMB). With the
CMB observations Planck Collaboration et al. (2020) infer the current cosmological
parameters, that are Hubble constant Hy = H(ty) = (67.4+0.5) kms~! Mpc~!, mat-
ter density parameter Qy = pa/peric = 0.315£0.007, dark matter density parameter
Qpx =A/Acrit = 0.6791+0.013, the age of the Universe of 13.830+0.037 Gyr, and the
curvature k that corresponds to the flat Universe. For simplicity and better compati-
bility with the literature I assume the following values throughout the thesis:

Hy =70 kms~Mpc~!, Oy =0.3, and Q, =0.7.
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Figure 1.2: Equal density contours for u — r color versus r-band absolute magnitude
diagram using MPA JHU SDSS DR7 (Brinchmann et al. 2004; Abazajian et al. 2009, ,
https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/) and GalaxyZoo2 (Willett et al. 2013;
Hart et al. 2016, , https://data.galaxyzoo.org/) data for all morphologies, early-, and
late-type galaxies (left three panels). Corresponding sSFR versus stellar mass diagram (right
panel).

1.1 Galaxy evolution

Hundreds of million years after the Big Bang, galaxies started to form in the potential wells
of dark matter that already represented the Universe’s cosmic web. When the Universe was
around a third of its nowadays age, which is observed at redshift ~ 1.5 (see COSMOLOGI-
CAL MODEL box on page 8), the majority of galaxies had peculiar morphologies, but then
they started to populate the Hubble fork (see, for example, Abraham & van den Bergh
2001; Mortlock et al. 2013).

An image of a galaxy allows us to judge its morphology. But, of course, an optical
image also reveals quantities that provide essential characteristics of an object. The color-
magnitude diagram (illustrated in Fig. 1.2) is a parametric space of high importance for
understanding the behavior of galaxies through time or galaxy evolution. This diagram
shows a clear bimodality (Bell et al. 2004; Strateva et al. 2001; Baldry et al. 2004; Wyder
et al. 2007; Brammer et al. 2009) in a population of galaxies that are grouped in a so-called
red sequence and a blue cloud. The less populated area in between them is called the green
valley.

Absolute magnitude is a measure of luminosity and is proportionate to the stellar mass of
a galaxy, while its color gives us an estimate of how many young blue stars are present, or, in
other terms, the star formation rate (see STAR-FORMING GALAXY box on page 10). The
specific star formation rate - stellar mass (sSFR-M,) diagram as a physical representation of
the color-magnitude diagram also shows a bimodality with the Star Forming Main Sequence
(SEMS) and the red cloud. The late-type galaxies, or spirals, tend to locate in the blue cloud,
which means that they are at the young stage of their evolution, following the tight SFMS
relation. In contrast, the early-type bulge-dominated galaxies are mostly red-and-dead.

A star-forming galaxy should encounter critical events to end up in the red cloud, and this
transition should be dramatic — at the timescales of only around 1 Gyr according to the
under-population of the green valley (Schawinski et al. 2007; Salim 2014). This phenomenon
is called quenching, which stops star formation much faster than natural gas exhaustion.
Such vigorous processes include galactic interactions, like merging or high-speed fly-bys,


https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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that are able to heat the gas in an entire galaxy. Those environmental outside-in quenching
mechanisms are more effective for the small satellite galaxies. The large galaxies cannot be
disturbed enough by the satellites to stop star formation completely, but still, they quench.
The reason for their quenching seems to come from the insides of the galaxy, and there is
one phenomenon powerful enough to do so.

In the previous box on the COSMOLOGICAL MODEL (page 8), we stated that
the neutral atoms formed in the epoch of recombination. Those atoms are mostly
hydrogen and helium; thus, all other elements of the periodic table are considered
heavy elements or metals in astronomy. The gas transforms into stars that produce
metals during their burning, enriching the gas or the interstellar medium (ISM).
Galaxies are the main environments in which those processes thrive, and thereby
galaxies are characterized by the star-formation, the quantity and quality of the stars,
the level of this enrichment or metallicity, e.t.c.

To quantify star formation, astronomers use the total mass of stars formed per
year, or star formation rate (SFR). SFR can be measured directly, counting the
stars and modeling their masses and ages, or indirectly, which is more common for
extra-galactic astronomy via observations of gas that acts both as the raw material for
star formation and as a medium influenced by stellar radiation and supernova shocks.
The Kennicutt (1989) — Schmidt (1959) law was the first empirical relation between
the gas and star-formation. Star formation rate density scales as some positive power
law with the local gas surface density: Ygpr o< Xg,q, where n ~ 1.4. All gas emission
(whether it is a cold gas that has the potential to be converted into stars or the hot
shock escaping from the supernova explosion), from the X-ray, through the ultraviolet
(UV), via the optical and infrared (IR), all the way to the radio, both continuum and
line emission, can be used as SFR indicators. The global SFR indicators (or tracers)
involved in this thesis are calibrated with the He, [C11], and CO(1—0) emission lines
and the total IR luminosity and radio continuum at 1.4 GHz. As stars form in cold
clouds of molecular gas (traced by CO(1—0) or H1 21 cm line emission), the estimate
of the total molecular gas mass also characterises star formation with star formation
efficiency (SFE = SFR/Myy01) and the depletion time (7gep = 1/SFE ~ 1Gyr for
typical star-forming galaxy). The Ha Balmer emission line originated in a cloud of
ionized gas where star formation has recently taken place (the H1I region) provides
the most accurate indirect estimate of the recent star formation rate.

The specific star formation rate (sSFR = SFR/M,) is another star formation char-
acteristic that accounts for the total stellar mass of a galaxy. To weigh the stellar
mass, astronomers use the light that is produced by them. The mass-luminosity rela-
tion (Kuiper 1938) of individual stars L/Lg o< (M/Mg)®, where Lg and Mg, are the
luminosity and mass of the Sun and 1 < a < 6, and an assumption of star formation
history and a function that describes the initial distribution of masses for a popula-
tion of stars in a galaxy (the initial mass function, IMF) allow to model the observed
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galaxy and infer it’s stellar mass. In this thesis, I use spectral energy distribution
(SED, or a number of observed luminosities across the electromagnetic spectrum, see
section 2.3.1) to infer the total stellar mass and other parameters.

1.2 Active galactic nuclei

Carl Seyfert (1943) discussed the observations of bright nuclei in nearby spiral nebulae, re-
porting spectra with unusually broad emission lines. This mystery of Activity of Nuclei
of Galaxies captivated Victor Ambartsumian in the 1950s, who suggested that these nuclei
must contain bodies of enormous mass and unknown non-stellar nature. Black holes (see
BLACK HOLE ACCRETION box on page 13) were known in those years only as mathemat-
ical by-products of general relativity, so the scientific society did not consider such objects to
exist in reality (though the discovery of neutron stars, made by Jocelyn Bell in 1967, showed
the presence of gravitationally collapsed objects, the black hole existence has been confirmed
only recently through the detection of gravitational waves by Abbott et al. (2016)). Simul-
taneously, quasars, or quasi-stellar radio sources, observed in the 3C survey' also needed
an explanation for their enormous luminosities. Accretion onto a supermassive black hole
was suggested as the solution by Edwin Salpeter (1964) and Yakov Zel'dovich (1964); while
Donald Lynden-Bell (1969) added that the "dead quasars' reside at the centers of the nearby
Seyfert galaxies resulting in the non-stellar emission. In the 1960s and 1970s, with new ca-
pacities of astronomy, the observed UV excess objects (observed by Ambartsmian’s student
Benjamin Markarian) and the bright X-ray objects contained both Seyferts and quasars,
confirming the similarities in their nature.

The Unification model (proposed by Antonucci 1993 and Urry & Padovani 1995) explains a
number of observational phenomena with an accreting supermassive black hole. At the very
center of an active galactic nucleus (AGN), there is an accretion disk, its main engine, that
provides optical and UV illumination; the electron plasma around produces inverse Compton
hard X-ray emission; the high-speed gas clouds surrounding it are responsible for the broad,
highly ionized emission lines (the broad-line region, BLR); the dusty torus emits the IR
continuum; the gas clouds located further emit highly ionized narrow lines (the narrow-line
region, NLR); and the radio emission of synchrotron and inverse Compton nature arises from
relativistic plasma jets launched close to the SMBH and other extended structures such as
lobes, rings, etc. Depending on the presence and development of these structures, and the
spatial orientation of the nucleus and the host galaxy in relation to us, astronomers observe
the variety of AGN types (see Fig. 1.3). The two large groups are radio-loud and radio-quiet
AGN (Fanaroff & Riley 1974) with and without a prominent jet emission correspondingly.
If the nucleus is bright enough to outshine the host galaxy and the object looks like a point-
source, then it is called a quasar or a quasi-stellar object, QSO. Type 1 Seyferts or QSOs
(depending on their radio-loudness) show broad emission lines together with highly ionized
narrow lines, while type 2 AGN have the BLR obscured by the dust torus showing only the
narrow emission lines. Low-ionization nuclear emission-line region galaxies (LINERs) also
show only narrow lines but with lower ionization compared to Seyferts.

!The Third Cambridge Catalogue of Radio Sources, Edge et al. (1959)
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Figure 1.3: Schematic representation of the inner structure of an AGN in the context of the
unified model. The type of the observed object depends on the viewing angle. Depending
on the presence of a significant jet emission, the AGN type is divided into two large groups
of radio-quiet and -loud AGN. The radio-quiet AGN are separated by two sub-groups

of unobscured Seyfert 1 and obscured Seyfert 2 AGN. Radio-loud AGN include blazars:

BL Lacertae objects and flat-spectrum radio quasars (FSRQs), depending on the optical
spectrum; broad line- and narrow line-region galaxies (BLRG and NLRG) with FR-I type
of the jet and lower power of the central engine or FR-II jet and higher power (Fanaroff &
Riley 1974). The figure is taken from Beckmann & Shrader (2012).

One of the intriguing topics is the changing-look AGN that demonstrate transitions from
type 1 to type 2 or/and vice versa (e.g., Denney et al. 2014; McElroy et al. 2016) and
changing their X-ray properties (e.g., LaMassa et al. 2015; Ricci et al. 2016) on very short
timescales. The mechanisms of this transformation are still a challenge for theoretical as-
tronomy, and the agreement of the unification model with this observational phenomenon is
questionable.

We observe AGN as objects, but from a perspective of a galaxy lifetime, the activity of
its nucleus is a stage or even an event. SMBHs are found only in the centers of galaxies
and tight correlations, such as famous BH mass — bulge velocity dispersion (Mpy-0) relation
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BLACK HOLE ACCRETION

A stellar black hole (BH) formed by the gravitational collapse of a star has typical
masses of My ~ 3 ——100 M), while a supermassive black hole (SMBH) mass is more
than a million solar masses. The black hole growth occurs through material accretion
and black hole merging, hence catching the rarely observed intermediate-mass black
holes (IMBHs, Mgy = 102 — —10° M) may help us to find out more about the history
of this intriguing growth. Black hole mass is the main characteristic that defines the
gravitational radius together with the event horizon radius (or Schwarzschild radius if
the BH is non-rotating), that light cannot escape from:

2 GMBH

TSch = 2 Torav = 2

where the universal constants G and c are the gravitational constant and the speed of
light. The accreting black hole is characterized also by the accretion rate M and the
bolometric luminosity Lyo = Mnc?, where radiative efficiency 7 is around 10—20 %
and even up to 40 % (Thorne 1974; Shankar et al. 2020), that makes the accretion
onto BHs the most efficient radiative source in the Universe. While spherical accretion
has a limit justified by the balance between the force of radiation and the gravitational
force, called the Eddington limit:

- Lgaq
Mgpaa = E27
nc
47 G M,
Liqq = % ~ 3.2 x 104M—B§L@,

where o7 and m,, are the Thomson cross section and the mass of a proton; in non-
spherical accretion this limit can be exceeded, resulting in super-Eddington accretion
and Eddington ratios Agqq = Lbol/Lrad = M/ Mggq more than unity.

(e.g., Ferrarese & Merritt 2000; Kormendy & Ho 2013), indicate for the co-evolution of
nuclei and their hosts. Indeed, AGN seems to be one of the key events in galaxy evolution,
as there is evidence that most of the SMBH growth occurs in the green valley. SMBH masses
in star-forming galaxies follow one scaling law, while the ones in quenched galaxies follow
another scaling law (see, for example, Chen et al. 2020). AGN promotes rapid growth of
SMBH, or vice-versa; the rapid growth of SMBH result in AGN, while galactic gas heats
up, quenching the star formation inside-out. This rough picture is, of course, more complex
and peculiar in reality with, for example, the effects of rejuvenation and its connection to
AGN (e.g., Mathur 2000; Martin-Navarro et al. 2022) or an idea of independent BH — bulge
growth in Jahnke & Maccio (2011). Overall, the co-evolution of SMBH and host galaxy
consists of a balance between SMBH feeding and, as a result, AGN feedback.

In numerical simulations of galaxy evolution (e.g., Vogelsberger et al. 2014a; Schaye et al.
2015; Pillepich et al. 2018) AGN feedback such as radiatively-driven winds, mechanical en-
ergy, and thermal pressure released from the AGN are routinely incorporated to solve the
overcooling problem described by Benson et al. (2003) and to reproduce the characteristics
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Table 1.1: Some works report negative, positive, or no AGN feedback effect on the SFR,
which emphasizes ambiguity on the observational side.

Negative feedback Positive feedback No effect

Ho (2005) Kim et al. (2006) Elbaz et al. (2011)
Nandra et al. (2007) Cresci et al. (2015a) Bongiorno et al. (2012)
Schawinski et al. (2009) Cresci et al. (2015b) Harrison et al. (2012)
Farrah et al. (2012) Bernhard et al. (2016) Husemann et al. (2014)
Page et al. (2012) Santoro et al. (2016)  Balmaverde et al. (2016)
Mullaney et al. (2015) Maiolino et al. (2017)  Leung et al. (2017)
Shimizu et al. (2015) Koss et al. (2021) Woo et al. (2017)
Wylezalek & Zakamska (2016) Shangguan et al. (2018)
Kakkad et al. (2017) Scholtz et al. (2020)

Catalan-Torrecilla et al. (2017)
Bing et al. (2019)

Bluck et al. (2020)

Ramos Padilla et al. (2020)
Brownson et al. (2020)

Smith et al. (2020)

of the observed galaxy population such as the galaxy color bimodality (e.g., Vogelsberger
et al. 2014b; Nelson et al. 2018). Often two types of the AGN feedback mode are being
distinguished, which are called the quasar mode or radiative mode (e.g., Di Matteo et al.
2005; Hopkins et al. 2008; Hopkins & Elvis 2010) and the radio mode, also known as kinetic
or maintenance mode (e.g., Bower et al. 2006; Croton et al. 2006; Fabian 2012; Gaspari et al.
2020). The quasar mode is thought to initially quench star formation through powerful
radiatively driven winds that remove the gas from the galaxy (e.g., Nesvadba et al. 2008;
Feruglio et al. 2010; Maiolino et al. 2012) and thereby suppress star formation. The radio
mode is a heating mechanism affecting the gaseous halo that prevents continuous conden-
sation of cold and warm gas, thereby quenching star formation over long timescales and
maintaining a low level of star formation in red sequence galaxies (e.g., Briiggen & Kaiser
2002; McNamara et al. 2005; Gaspari et al. 2019; McDonald et al. 2021).

From the observational point of view, as we see only a snapshot of the ongoing evolutional
stage, it is often impossible to identify which feedback type and mechanism is dominant,
leading to even more ambiguity (see Fig. 1.4). Strong evidence for radio mode feedback has
been collected from galaxy clusters hosting powerful radio galaxies (e.g., Fabian et al. 2006;
McNamara & Nulsen 2007). But the role of quasar mode feedback is much more controversial
from an observational perspective, as, for example, various studies have reported negative,
positive, or no effect from feedback on the sSFRs of the observed AGN host galaxies (see
Table 1.1). The reasons for this confusion are not only physical but also technical challenges
that arise from the fact that AGN contaminates SFR indicators in every wavelength. A
representative observational sample of galaxies, novel methods of "AGN decontamination"
to infer SFRs, and usage of different SFR tracers are the required ingredients to get the
complete picture of the AGN — SFR connection, and these are the elements this thesis is
built from.
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(AGN)
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Nuclear scale Galaxy scale Negative feedback Positive feedback Ejective feedback Preventive feedback
g
Star-forming/passive * Active galactic Radio jet 74 7" Enhanced star-
galaxy regions nucleus (AGN) with hot spots * ﬁ* formation activity

Outflow . Clouds of Diffuse

4@ boundaries *. various gas phases hot gas
Figure 1.4: Cartoon representation of the possible AGN feedback types taken from
Husemann & Harrison (2018). Left panel a: ambiguity in AGN outflow size (extended or
compact) and geometry (spherical or bi-conical). Middle panel b: differences in powering
source (radiatively-driven or mechanically-driven by a jet) and the type (negative or positive)
of feedback. Right panel c: possible behavior of multi-phase gas (cold molecular gas Ho;
warm-ionized gas H11; atomic gas H1). Whether Hy and H11 are swept out of the galaxies
in a confined shock-front or are entrained in the hot plasma outflow. Another aspect is if
accompanying negative feedback is ejective, where gas is rapidly pushed out of the galaxy or
is preventive, where halo gas is kept hot and prevents cooling and condensation of H1 back
to the galaxy and thereby stalling the formation of stars on longer timescales.

1.3 Close AGN Reference Survey

Extra-galactic IFU surveys such as the Calar Alto Legacy Integral Field Area (CALIFA,
Sanchez et al. 2012) survey and the SDSS Mapping Nearby Galaxies at APO (MaNGA,
Bundy et al. 2015) survey study the nearby galaxies in detail, attempting to shed lite on
galaxy evolution. As AGN may be a key phenomenon in the evolutionary processes, a
number of AGN surveys, for example, the KMOS AGN Survey at High redshift (KASHz,
Harrison et al. 2016), the SINFONI Survey for Unveiling the Physics and the Effect of
Radiative feedback (SUPER, Circosta et al. 2018), and the WISE/SDSS-selected Hyper-
luminous quasar (WISSH, Bischetti et al. 2017) survey, are focused on luminous AGN at
redshifts between 1 and 3 where the peak of star formation resides. However, the downside
is a large physical scale of > 7 kpc per arcsecond, significantly limiting the achievable spatial
resolution. Our team brings a reference data set that examines AGN with substantial power
of the central engine (which means the nucleus should not be obscured, type 1) between
low-luminosity (because such AGN do not affect the hosts distinctly (for example, Laha
et al. 2018)) and the ultra-luminous AGN (because they are rare, especially in the nearby
universe); distance-wise close enough to dissect their host galaxies easily at sub-kpc scales
and measure host galaxy characteristics accurately.
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The largest catalog of luminous type 1 AGN in the southern hemisphere is the Hamburg-
ESO Survey (HES, Wisotzki et al. 2000), where objects were selected through B-band
imaging and slitless spectroscopy. A HES sub-sample of 99 type 1 AGN with z < 0.06 has
been intensively studied by the group of Andreas Eckart in Cologne (for example, Busch
et al. 2014). From this sample, 41 galaxies have already been targeted with single-dish
submillimetre telescopes to obtain cold molecular gas masses via the CO(1—0) emission line
(Bertram et al. 2007). The sub-sample of Bertram et al. (2007), since molecular gas content
is the prime fuel for star formation in galaxies and a vital quantity to study the feedback
process in galaxies, is serving as the parent sample for the resulting Close AGN Reference
Survey, or CARS (P.I.: Dr. Bernd Husemann, www.cars-survey.org). Therefore, the AGN
targeted by CARS correspond to the most luminous unobscured AGN in the nearby Universe,
allowing a detailed investigation of AGN — host galaxy connection at relatively high spatial
resolution.

The CARS project obtains, collects, and analyses spatially resolved multiwavelength data
of all essential gas phases of the ISM, i.e., atomic, molecular, warm-ionized, and hot gas, using
state-of-the-art facilities (see Fig. 1.5) and methods. The core of the CARS observations is
an optical IFU snapshot survey with the Multi-Unit Spectroscopic Explorer (MUSE) on
the Very Large Telescope (VLT) taken in 2014-2015 for nearly the entire sample. The
MUSE characteristics are essential for separating the AGN and host galaxy emission and
studying the stellar and ionized gas components, their respective kinematic fields, ionization
conditions, and the distribution of star-forming H 11 region complexes. The cold gas phases
are traced by deep Karl G. Jansky Very Large Array (VLA) observations of H1 at ~ 15-
arcsecond resolution and Atacama Large Millimeter Array (ALMA) observations of CO(1—0)
at ~ 0.8-arcsecond resolution. Radio continuum images at C (4—8 GHz) and X (8 —12 GHz)
bands with ~ 1-arcsecond resolution were also obtained for nearly the entire sample with the
VLA to detect extended radio jets and characterize their luminosity, size, and orientation if
present. The [C11] 158um line IFU observations with the Far-Infrared Field-Imaging Line
Spectrometer (FIFI-LS) onboard the Stratospheric Observatory For Infrared Astronomy
(SOFIA) for several galaxies were aimed to provide a reference for the high-redshift studies
that use the [C11] line as a SFR tracer.

With these and many more data collected by our team, we were able to introduce the
results valuable for the entire extra-galactic community. CARS’ success started with several
publications on the unique changing look AGN Mrk 1018 (or HE 0203—0031, McElroy
et al. 2016; Husemann et al. 2016b; Krumpe et al. 2017), that captured our attention for
many years, making CARS a "survey of one object" in the beginning. Proceeding with a
number of papers that also focused on a few objects (the deep Chandra observations of
the two galaxies by Powell et al. 2018, the [C11] SOFIA observations in Busch et al. 2018;
Smirnova-Pinchukova et al. 2019; Smirnova-Pinchukova et al. in prep., and the very detailed
study of HE 1353—1917 in Husemann et al. 2019) the CARS team at last presented the
analysis of the entire sample (study of the star formation in bars by Neumann et al. 2019,
study of the [O111] wings by Singha et al. 2022, the main MUSE analysis presented in
Husemann et al. 2022, and the work that is presented in this thesis Chapter 2, Smirnova-
Pinchukova et al. 2022) leading to the CARS data release available at http://cars.aip.de.

The CARS project is not only the 41 galaxies (see Table 1.2) but also around 30 team
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members from all around the world that provide excellent work and a warm atmosphere. At
one of the annual CARS meetings, we visually classified CARS galaxy morphologies based on
the optical broad-band images. The team members were independently answering questions
about whether a galaxy is bulge-dominated E, disk-dominated S or irregular Irr; barred B,
unbarred or uncertain; shows the presence of tidal tails, nearby companions and interactions
with them int or if the galaxy appears isolated. I provide the result classification according to
the majority of the votes in Table 1.2 (note that the classification differs from the discussed
Hubble tuning fork). For more details and the voting results, see Husemann et al. (2022,
Table 4).

17

(=
.
i)
O
=
L ®)
(@)
—
4+
C




"ASN/INV/OVHN HPoid 030UJ "Uisndy ueg jo sure[q oy} uo
OOTXOTA MAN] [RIJUID UT PIIRIO] AI0IRAIISCO AUIOUOIIS® OIPRI YI1SUI[OARM-TI)OUWITIUID © ¢ AI07RAIOS
XD MON [ [ Payedo] q IPeI )3 U] . (OVaN) 40

Awouo1)sy orpey [euoljeN a4} 18 (YTA) Arily o8Ie Alop Aysuer r) [1ey ‘wo1og "YSYN/Sewoy], D
:1paId 090y J (Y1) 0ue)) eordsoloy UeuULdr) o) pue YSYN Aq pojerodo £109eAlasqo ouIoqIre UR
“(VIAOS) Awouo1isy palelju] 10j A10jeAlasq() oueydsoyenng a)ppijy "OSH/[qedopny "5 :31paid 0307 J
"9[IY)) UISYIIOU JO }I9S9(] BUIBIRYY O} UI [BURIRJ OIId)) UO AIojeAlesq() ureyinog ueadoiny oy} £q pajyerodo
(I'TA) odooso[a], o31er] A10A :dof, "Apnjys SISoy) SIY) Ul POAJOAUL PuR QYY) Aq posn soror] :¢'T oam3i

18



.NI

‘NOV Ou Yym Axees )sIngIe)s poyIsse[dsiy g
"Jued 1ad ()T 9q 0 pawnsse

ST UOIYM UOIIRIqI[ED XN 9IM[OSqe o} JO AJUIRII00UN J[jewo)sAs o) £q pojeurmuop ore SI0Lry “(S[Iejop 10§ 401 00s) Ajsourwum| ¢f oY} WOy POjRUIse A)sourmun| dLjewoog

*309(qo o[3uls ®© I0J 9)ewI)se SSeuw g

yooda-a[8urs jo uorsaid a1 10] pauunsse A[estdA} s Xep ¢°() JO 10118 d19eUWISAS Y *(B‘(G00G) OH 23 2Uealr) Sutmoioj INHM.J pue Aysourwun] gy H1g oY) WOIJ pajewil)se ssew Hy ,
098018 BBW Gg JO SSoUYSLIQ 90eINs pueq ¢ olsuLjul ue je ojoydost [eondife oyj Jo O1jel SIXY |

‘s[rejep 10J 2T o8ed oY) U0 1X19) 99s ‘S910A WR) SV oYl Jo Ajurolew oYy 01 SUIpiodoe uoresyisse[o [eordojoydiopn ,
'8 98ed 10 x0q 99s ‘OPOUL [EILSO[OMWSOD B} 03 SUIPIOIDR PAIR[NOLD IURISI(T

WNNUIjuod IR[[E3S 9} U0 paseq m@ﬂﬁwﬁﬁw S0y 9y} JO Pryspalr QWEQQw\Am 9RINIIY

C00FL00  ¥8FT¥8  0CIFLT6 800FF60 S P0°80¢  OLPO'0  60:T¥80-  FEFF0:€T 976 N LS80—30£E HH
000F200  O€FI08  6CIFL66 I00FIGO ds  9¢'7ee  L9S0°0  €€:6€:10  0°THISETE ve10+€8ee A1
€00FS8I'0  9CFLS  LIFTIT  F00FSS0 wrogs  €8F9% 18900 POIT00-  £'SEFEITE 9200—2¢62e A1
10'0F S0°0 TTFITIEC  LSFLIE T00FS80 g8 SE'GLT  L6£0°0  €T8F8E- 0TI 91-F¢ OSH  £068—115¢ HH
900FTE0  OTFSOL 7OF9C  100F09°0 g L6'€ET  LZG0°0  GT:80:GO-  6°6Vi0E:1T 1220—821¢ IH
€00FIT'0  LTFFLT TCF6ET 10°0F68°0 WL qS  €6F6T  LEP0°0  FIET60- T 90:0T T 6060—LTF1 HH
100F€00  €TIF9CI LYFVee  100F 620 S 60FST  SVE00  GVIE6I-  L'98:9GET 6-8LG OSA  LI61—€SET H
STOFIS0  9LFTIL OTFSL  TO0FLSO g8 €8F8T  §IF0°0  IF8EHI- 0 EL:THEl €0eT SAY  €GPT—8EeT |H
60°0F 0£°0 90F9°¢ VOFST  €00FT60 ur gs 0996 G2g0°0  €9'8T0T-  T'6SGEET  T00-GE-G0-DOIN  €TOT—0ET TH
C0'0FST0 TEFITE 9TFIT  T00FFL0 g TL0ST V€00 TFLOTI-  8'GOETIET 60T-0TET DA 1S0T—01I€T HH
20'0F S0°0 T0F80 VOFVI  100F89°0 S 9F'€9  GYI00  LTETHI-  Foeilel vese DI 9SeT1—8Vel dH
T0°0F 90°0 VOFTY OTF¥S  €00F¥90 dS 1886 €800°0 60760  F6£:6£:TT €657 ODN  $0S0—2€3T H

MOPINO jsefRIYM  9T'0FEL'0  9TEFECCE  TVFFIC  S00FL90 g 8T'8LT 0900  80FTTHO-  9'9T6GTT 709611 Dd  2070—921T IH
0£0°0F S0  TTIFLTIL TTF09  F00F680 ds  9LF0T 07200 $0:0£:8%-  0'8F:0L:TT 6-8¢7 OSA  €18¢—S80TT dH
G0'0F95°0 6TIFI8I  9LFE6E T00FI60 g $9°69c  G8G0°0  ST0€:80-  C'STI60TT £180—L0TT HH
Y0'0F S0  0CFO00C 80F¥9  FO0F660 wrogs  98°LLT  S0F0'0  FEOWRI- FLGTE0T 1€81—6201 IH
T00F 110 TSFCTIe TP Fa8 S00F690 W gs  9v'eee I6V0°0  FT0%:E0-  6°EE6T:0T £GCT MUN  G0S0—LTOT HH
IT0F 260 S89F€89 TIFC6 T00FcL0 wrogs 60192 L4850°0  OF8TFHO-  9°08:FT:0T 070-110T Dd  £0¥0—110T HH
LTOF 190  S¢0F€g TOF L0 TO0FE80 d 8998  L6I00  SF9ET0-  E'61:¢Si60 6€C1 YN 2c10—6760 HH
ET0F L80 LV FELY  90F €V  100F890 dS  80F6E  L0S0°0  €FCO:T0 0'TO:LE60 LOL SN 6TTO+P€60 TH
uoyBurppy-todns  gg'0 F T 70 F 8¢ 00FT0 FOOFLIO ds  01'892 96500  S0:8E:T0-  8'L1:9G:80 9210—€280 AH
010 ¥F800 OTFS86 €Y FT6 TO0FVI0 S QLTIEE  L2S0°0  TTIS00  ©PSiGSi80 g0T0+£580 IH
900 F2e0 8SFV8S LTIFO¥PI T00F080 ds  67'9ST  G9E0°0  PETE0I-  ¢TT98T0 8T9 SN 820T—€£70 HH
STOFGL0 TTFEE FOFEE TOOFFLO 108 €868  €TF00  VTIFT0-  T'LETTIEFO0 0se SdY  LFG0—6570 HH
STOFCSI'0  99FT99  691F6¢e I100FI60 d 1€'89T 0800 O0FSSL0-  LTGHIFO £080—21¥0 HH
G00F050  LTIF6IT TTF99  TO0F¥90 ] ge'8Sl SO0  IE6FT0  G60F7SE0 687 SAY  0F0+1S€0 IH
1€0F2ece  T6FST6 Z0FET  T00F860 d 6696l 0T€0°0  PL:GOT0  G'OFiLFiE0 9500+57€0 IH
Mmogmo  8UOF6F0  GTFGVI €0FEe  C00FT60 dS  F9'8¢T 6100 ST:6T:9T-  9°70:95:20 T791—€520 TH
COOFIT0 TTIIFTIIL  86FI6L T100FS60 Jur 1 66°06T  LZFO'0  STLF'S0-  8'LETETO ¢86 DON  0060—¢£20 TH
LTOFCTT VIFCTI ZOFOT  TO0F980 S GETL 99100  €S:6Gi80-  G'G0:08:G0 YPOL N €160—L220 HH
T00F800  SEF9PE  LEF8SE 8TOFFE0 jur 1 90'89¢ 0900  TO'TT8T-  6°GEi9G:T0 €8¢-7270 INV  $£8¢—320 TH
NDV Yoo[-3uiSueyp 000 F20°0 TeFEIe  GLIFS9S T00FSS0 S I€SIT  ¥920°0  00:9%:00-  9'€€FT:T0 06¢ N 6800—21g0 HH
NDV Yoo[-Sursueyo — — — LOOFTILO jur 1 6LL8T  SEF00  6GiLT00-  0°9T:90:T0 8TOT MU T£00—€00 HH
sNDV ou — — — £0°0F 16°0 Jur 1] 60706 08F0°0  €363:€0-  S§T0'ESTO PPE0—0ST0 HH
Moo FOOFFE0  8FFOSF  FTF6ST  TO0FS60 dS  09TPe  8¥S0°0  ¥Tie0i10-  8'6SiTET0 €0CT AN 8TT0—6110 HH
€0°0FET0 VOFTY 90F8C  G00F690 W g8 9206 8SP0'0  LZ00:00  9'€0:LTTO GLT Sdd  ST00—VI10 HH
ST'0F69°0 VOFET T0OFS0  TOOF¥60 dS  9¢F0T 66200 LELTLF-  L'60:TIITO 29T Sdd  €FL¥—8010 HH
sNDV ou = = = g0'0F 260 dS  99%6  ¥I00  8T6T1e-  GTFILFI00  PIO-S0FO-DOIN  SFIT—SF00 HH
YOO F 610 ESTFVel  80FSS 2T0O0FSS0 d 09°68T  6IF00  TT:6F0I-  6'98:5H:00 10T S99 SOTI—0¥00 HH
200 F800 90F V9 ECTFT9  TO0F960 wrogs  TELEE €8S0°0  T1SG08T-  F'SS'€T:00 6T81—1200 HH
I00FF00  L0F99  TEFETl  T00FL60 d 88'98%  LES0'0  VSIESLI-  T'6816EI00 0181—1200 HH
[{ 381,01 [©mg01] [>d ] [/ /7ol [stur:y]
SjuLWIwIoN PPey 1191 SHAN p®/d JASojoydioly  qeoueisiq o2 (0oo0er) ¢ (ooozr) © owreN 10710 100lqO

(9 pue ‘§ ‘T SO[qRT, 908 ‘Zg(g) T8 10 UURWOSIE Ul PajIodal sk SOIISLIoRIRYD 19T} PUR $1031e) SYV) :g'T S[qRL

19



1.4 Thesis Outline

The thesis consists of two main chapters except for the introduction and the conclusions.
Chapter 2 corresponds to one of the most recent papers published by the CARS team with me
as a leading author. Smirnova-Pinchukova et al. (2022), as one out of the three CARS data
release papers, is a work that characterizes properties of the entire CARS sample, introducing
the new methods as well as discussing the CARS objects as a whole, comparing to other
samples, and individually, noting the peculiarities of the galaxies one-by-one. Chapter 3
corresponds to the first paper published by the CARS team with me as a leading author,
where the SOFIA observations of 5 CARS galaxies are analyzed. Smirnova-Pinchukova et al.
(2019) is a short paper; nevertheless, it was awarded the Ernst Patzer Prize” for one of the
best publications by young MPIA /ZAH scientists in 2019. In section 3.5 of this chapter, I add
the unpublished study of the follow-up SOFIA observations, as it completes the conclusions
of Smirnova-Pinchukova et al. (2019). After the PhD defense, a more careful and detailed
analysis is planned to be published as a separate paper.

For better readability of this manuscript, as the main papers of this thesis depend on
several other CARS studies, I add necessary parts of publications that belong to other
leading authors (some of them include my contribution only as a co-author, some of them
do not have my contribution at all) in separate boxes (see, for example, QDEBLEND?P box
on page 30). All work that is published by my collaborators is therefore emphasized to avoid
confusion.

2w .mpia.de/5012887/2019_11_29_Patzer_e
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No obvious signature of AGN feedback
on star formation, but subtle trends

Active galactic nuclei (AGN) are thought to be responsible for the suppression of star
formation in massive ~ 10'°M. galaxies. While this process is a key feature in
numerical simulations of galaxy formation, it has not been unambiguously confirmed
in observational studies yet. The characterization of the star formation rate (SFR)
in AGN host galaxies is challenging as AGN light contaminates most SFR tracers.
Furthermore, the various SFR tracers are sensitive to different timescales of star
formation from approximately a few to 100 Myr. We aim to obtain and compare SFR
estimates from different tracers for AGN host galaxies in the Close AGN Reference
Survey (CARS) to provide new observational insights into the recent SFR history
of those systems. We constructed integrated panchromatic spectral energy distribu-
tions (SEDs) to measure the far infrared (FIR) luminosity as a tracer for the recent
(<100 Myr) SFR. In addition we used the integral-field unit (IFU) observation of the
CARS targets to employ the Ha luminosity decontaminated by AGN excitation as a
proxy for the current (<5 Myr) SFR. We find that significant differences in specific SFR,
of the AGN host galaxies as compared with the larger galaxy population disappear
once cold gas mass, in addition to stellar mass, is used to predict the SFR for a specific
AGN host. Only a tentative trend with the inclination of the host galaxy remains, such
that SFR appears slightly lower than expected when the galaxies of unobscured AGN
appear more edge-on along our line-of-sight, particular for dust-insensitive FIR-based
SFRs. We identify individual galaxies with a significant difference in their SFR which
can be related to a recent enhancement or decline in their SFR history that might
be related to various processes including interactions, gas consumption, outflows, and
AGN feedback. AGN can be present in various stages of galaxy evolution which makes
it difficult to relate the SFR solely to the impact of the AGN. Our study shows that
stellar mass alone is an insufficient parameter to estimate the expected SFR of an
AGN host galaxy compared to the underlying non-AGN galaxy population. We do
not find any strong evidence for a global positive or negative AGN feedback in the
CARS sample. However, there is tentative evidence that 1) the relative orientation of
the AGN engine with respect to the host galaxies might alter the efficiency of AGN
feedback and that 2) the recent SFH is an additional tool to identify rapid changes in
galaxy growth driven by the AGN or other processes.
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2.1 Introduction

One common difficulty in observational studies is the measurement of the basic AGN host
galaxy parameters such as SFR and stellar mass, because the AGN light can dominate the
total emission of the host galaxy across nearly the entire electro-magnetic spectrum from
radio to X-rays. Hence, it can be challenging to measure the SFR or stellar mass from
commonly used proxies and various strategies have been used in the literature to mitigate
the issue. The stellar mass can be easily determined from optical spectra or NIR-optical
photometry in obscured AGN (e.g., Kauffmann et al. 2003; Silverman et al. 2009; Aird et al.
2012; Mignoli et al. 2013) as the light from the central AGN is blocked by dust along our
line of sight. However, the drawback is that AGN parameters such as black hole mass can
usually not be directly inferred for obscured AGN, except for few very nearby systems using
the narrow-line region kinematics (e.g., Barth et al. 2001; Walsh et al. 2013).

The SFR of a galaxy is usually determined either from the UV radiation of young stars
(e.g., Salim et al. 2007), the ionizing photons from H1I regions using Ha or [O11] (e.g., Ken-
nicutt & Kent 1983; Kewley et al. 2004), the reheated warm and cold dust at MIR and FIR
wavelengths (e.g., Kennicutt 1998), or the radio emission produced in supernova explosions
(e.g., Condon 1992). All those tracers can be significantly contaminated by AGN emission
even in obscured AGN. The UV or radio emission can be spatially separated through high-
angular observations (Fernandez-Ontiveros et al. 2018; Rosario et al. 2021). Alternatively,
the overall spectral energy distribution is decomposed into various emitting components of a
galaxy including AGN, star-formation heated dust and stars. Examples of such SED fitting
codes are (X-)CIGALE (Noll et al. 2009; Yang et al. 2020), MAGPHYS (da Cunha et al. 2008),
AGNFITTER (Calistro Rivera et al. 2016) or FORTESFIT (Rosario 2019), which can be used
to infer stellar mass, IR-based SFR and AGN luminosity simultaneously even for unobscured
type 1 AGN. One potential drawback of IR-based SFR tracers for AGN feedback studies is
that it traces the SFR on relatively long timescales of ~100 Myr and therefore the SFR can
be significantly over or underestimated for a strongly declining or rising SFR within that
timescale (Hayward et al. 2014).

Considering that the quasar-mode feedback is expected to be a fast process, the Ha line
may be a more viable tracer for the feedback, considering that it probes the current SFR on
< 5 Myr timescales. Unfortunately, the Ha line can be strongly boosted by AGN ionization.
In order to use Ha as a SFR tracer, optical emission lines diagnostic diagrams such as the
Baldwin-Phillips-Terlevich diagrams (Baldwin et al. 1981) have been extensively used to
distinguish between AGN and H 11 region excitation. A comprehensive classification scheme
with such diagnostic diagrams has been developed Kewley et al. (2006). In particular with
integral-field unit spectroscopy, the usage of BPT diagrams has been extended to map the
ionization conditions across galaxies to exclude regions from the SFR estimation dominated
by AGN ionization using such BPT demarcation lines (e.g., Husemann et al. 2014; Nasci-
mento et al. 2019). However, the superposition of different ionization conditions along the
line-of-sight is a common scenario. The observed AGN mixing sequence (MS) arises from
such a superposition, and an analytic approach to separate the relative contribution was
presented in Davies et al. (2014b,a), Davies et al. (2016), and Davies et al. (2017).

In this chapter we use panchromatic SEDs to estimate stellar masses and FIR-based
SFRs; and analyze the CARS IFU data to infer Ha based SFRs adopting a new algorithm
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to separate the contribution to the Ha-line from other excitation mechanisms. In addition,
we explore the use of different prescriptions to predict the expected SFR from the non-
AGN galaxy population as control samples. This allows us to investigate links with AGN
parameters depending on the actual SFR tracers and control sample properties being used
as well as to distinguish between potentially declining and increasing star formation histories
amongst the AGN host galaxies.

2.2 Observational data set

2.2.1 Archival broad-band photometry

We collect publicly available broad-band photometry from archival sources combined with
dedicated observations for CARS targets to construct their panchromatic spectral energy
distributions. Where catalogs are not available or do not properly handle extended sources,
we extract consistent aperture photometry from the public survey images. All photometric
measurements are listed in Table 2.1 and their origin is described below.

2.2.1.1 Catalog data

We directly took data from the Herschel/SPIRE point source catalog (250pm, 350um, and
500pm bands, Schulz et al. 2017), the Akari/FIS bright source catalog (N60, N160, WIDE-L,
and WIDE-S bands, Yamamura et al. 2009), and the 2MASS extended source catalog (J, H,
and Kg bands, Jarrett et al. 2000) without further processing. The GALEX source catalog
(FUV and NUV bands, Bianchi et al. 2017) were used only to compare the fluxes to our own
aperture photometry measurements.

2.2.1.2 Aperture photometry

For the following data sets we performed customized aperture measurements on the survey
images: Herschel/PACS 70, 100, and 160um images from the Herschel science archive?,
WISE atlas images (Cutri et al. 2011), 2MASS J, H and Kg images from the interactive
image service*, VISTA /Paranal J, H, and Kg band images from the Cambridge astronomical
survey unit®, optical grizy photometric images® from the Pan-STARRS DR1 (Chambers
et al. 2016) and ugriz images’ from the SDSS-III DR12 (Alam et al. 2015), and GALEX and
Swift /UVOT ultraviolet images from the Barbara A. Mikulski Archive for Space Telescopes®.
The elliptical apertures are defined for each instrument to cover the entire galaxy in the
sequence of the bands. The aperture fluxes are computed using the AstroPy Python package
PHOTUTILS (Bradley et al. 2020, photutils.readthedocs.io). Since the images of CARS
targets are extended at these wavelengths the apertures are not affected by beam smearing
and PSF matching as done for higher redshift targets is not a concern for our sample.

3HSA, http://archives.esac.esa.int/hsa/whsa/
4https://irsa.ipac.caltech.edu/applications/2MASS/IM/interactive.html
SCASU, http://casu.ast.cam.ac.uk

Savailable at http://pslimages.stsci.edu

Tavailable at https://dri2.sdss.org/

8MAST, http://archive.stsci.edu/
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Figure 2.1: Photometric broad bands from a number of surveys and instruments used for
the SED modeling. The y-axis is normalized roughly by the year of observational campaign
to visually compare bands with similar coverage. When more than one option was available
for certain bands, the preference was given to the band sets, which are temporally closer to
each other (especially in near infrared and optical ranges) to minimize the impact of AGN
variability.

2.2.2 Galactic extinction and AGN broad-line correction

The observed photometry for external galaxies is attenuated by the dust in the Milky Way
depending on the specific line-of-sight. We apply an extinction correction to the NIR, optical,
and UV photometry of the SED using the Fitzpatrick (1999) Milky Way attenuation curve.
The normalization of the attenuation curve is anchored to the measured V' band extinction
(Ay) along our line-of-sight toward the target is taken from Schlafly & Finkbeiner (2011) and
retrieved from the NASA /IPAC Extragalactic Database’. All corresponding photometric
data in Table 2.1 are provided after extinction correction.

The broad emission lines of unobscured AGN can significantly contribute to broad-band
photometry. Because the SED model library used for the fitting assumes smooth power-law
for the optical-UV accretion disk component we need to subtract the broad emission line
contribution from the photometry. We used the available IFU spectroscopy of the CARS
sample to measure HS and Ha fluxes, and subtract them from the optical bands (mainly
g and r). The values presented in Table 2.1 are presented after correction for the BLR
contribution.

2.2.3 Dedicated broad-band imaging

Given the lack of available data in some bands for some of the CARS targets, we obtained
dedicated observations to fill the missing gaps in our photometry. Optical observations were
mainly missing in the v band which Pan-STARRS does not cover and HE 0108—4743 and

9NED, https://ned.ipac.caltech.edu/
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HE 2211—-3903 are not covered by SDSS or Pan-STARRS, given their low declination. There-
fore, we obtained deep wide-field optical imaging with the Dark Energy Camera (DECam,
DePoy et al. 2008) mounted to the 4m Blanco telescope of the Cerro Tololo Inter-American
Observatory (CTIO) and with the Wide-Field Imager (WFI, Baade et al. 1999) mounted
to the 2.2m telescope of the La Silla observatory. Missing NIR imaging were obtained with
the PAnoramic Near-Infrared Camera (PANIC, Cardenas Vazquez et al. 2018) mounted to
the 2.2m telescope at the Calar Alto Observatory. Finally, deeper FIR observations were
obtained for most of the CARS targets undetected with Akari using the High-resolution
Airborne Wideband Camera Plus (HAWC+H, Harper et al. 2018) aboard the Stratospheric
Observatory for Infrared Astronomy and the Submillimetre Common-User Bolometer Array
2 (SCUBA-2, Holland et al. 2013) camera mounted to the James Clark Maxwell Telescope
(JCMT). The data characteristics and data reduction of all those new observations are de-
scribed in more detail below.

2.2.3.1 DECam optical observations

DECam imaging in the u band was obtained for 14 CARS targets during the nights of 1-3
April 2017 as part of the program 2017A-0914 (PI: Grant Tremblay). DECam covers almost
3sq. degree using a mosaic of 62 2kx4k CCDs with a pixel size of 0.27”. The total exposure
times for each target ranged from 1200s to 4800s. The data were automatically reduced by
the DECam community pipeline (Valdes et al. 2014) and retrieved from the NOAO archive.
Absolute flux calibration for individual images was achieved by comparing detected stars
in the field with the photometrically-calibrated SkyMapper DR1 (Wolf et al. 2018) catalog
magnitudes.

2.2.3.2 WFI optical observations

WFI imaging in the UBV bands was obtained for HE 0108—4743 and HE 2211-3903 to
provide optical photometry given the missing Pan-STARRS and SDSS coverage. The ob-
servations were taken during a larger observing run from 18-28 October under program
0100.A-9003 (PI: Bernd Husemann). WFI covers a 34’ x33’ FoV using a mosaic of 8 2kx4k
CCDs. At the time of observations 2 of the CCDs were broken so that a two-pointing offset
scheme plus dithering was used to cover the same field. A total exposure time of 3600s was
obtained for the U band.

The images were fully reduced and combined with the latest version of the theli pipeline'”
(version 3) (Schirmer 2013). The absolute magnitude zero-point for each combined image
was obtained by comparing stellar counts with catalog values from the SkyMapper DR1 and
APASS DR1 (Henden et al. 2009) for the UBV bands.

2.2.3.3 PANIC NIR observations

Additional NIR imaging was also obtained with the Panoramic Near-Infrared Camera
(PANIC, Cardenas Vazquez et al. 2018) mounted to the 2.2m telescope at the Calar Alto
observatory. Although PANIC consists of 4 Hawaii-2RG detectors only 2 were operational
at the time of observations of which only one had nominal performance. 20 CARS targets

Ohttps://github.com/schirmermischa/ THELI
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were observed as part of programmes F17-2.2-014 and H17-2.2-008 (PI: Bernd Husemann).
For the first program only the best performing chip was used covering a FoV of 15'x15’. For
the second program a mosaic strategy was used to cover the nominal 30'x30'with the two
operational detectors. The sampling of PANIC is 0”745 per pixel. For the analysis in this
chapter we only use a small part of the images covering the AGN host galaxies so that the
full FoV is not relevant.

Total exposure times ranged from 1- 2 hours for the J, H, and Ks bands, but not all NIR
bands could be obtained for all the targets. A spiral dither pattern was used along all ob-
servations for background subtraction, excluding satellite tracks and image cosmetics. The
PANIC exposures were reduced and combined with the dedicated PANIC pipeline''. The
astrometric registration and absolute photometry was further optimized with the Photome-
tryPipline (PP, Mommert 2017) software package using 2MASS as photometric reference.

2.2.3.4 SCUBA-2 FIR observations

SCUBA-2 is a 10 000 pixel bolometer camera simultaneously operating at 450 um and 850 pm
and covering an area of 41 arcmin? on the sky (Holland et al. 2013). Effective beam sizes
are 10” and 15" at 450 um and 850 pum, respectively.

Given the angular size of our AGN hosts on the sky, we observe using the 'constant
velocity (CV) Daisy" mapping mode which provides uniform sensitivity in the central 3" of
the observation. The "CV Daisy" is a circular scanning pattern designed so that the target
is always within the field-of-view of the array throughout the integration while moving at
a constant 155" /s. The observation provides usable coverage out to ~6.0" in radius, but
beyond a radius of 1.5" the map sensitivity decreases rapidly.

The observations were performed in service mode between February and December 2019
during grade 3 weather conditions (0.08 < 7995 < 0.12) as part of project M19AP019 (PI:
Timothy Davis). On-source exposure times ranged from 1h to 7.5h. The resulting maps
were reduced using the Dynamic Iterative Map Maker (DIMM) within the sub-mm user
reduction facility (SMURF, Chapin et al. 2013). For a full overview of the procedure see
Chapin et al. (2013).

The data were reduced using the blank field reduction in order to detect point sources
within the map. The maps were then calibrated using the standard flux calibration factors
of FCF50= 491 Jy beam ™ 'pW~! and FCFg50= 537 Jy beam~lpW~! (Dempsey et al. 2013).
To improve the point source detection, a matched filter was applied to the maps. This
matched filtering caused a ~10% loss in flux (determined by inserting artificial sources into
the map and comparing the flux before and after), so an additional 10% was applied to the
FCFs to account for this.

2.2.3.5 SOFTIA HAWC+ FIR observations

The HAWC+ FIR camera (Harper et al. 2018) aboard SOFIA was used to obtain FIR
photometry for CARS targets that could not be detected with all-sky Akari FIR survey and
that were not targeted with Herschel. Observations were taken for 8 out of 11 proposed
targets as part of a SOFIA survey program (Plan ID: 07_193, PI: Bernd Husemann) with

Hhttps://github.com /ppmim/PAPI
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exposure times ranging from 15min to 60 min. HE 0227—0913 was observed in the E band
(214 pm) while all other targets were observed in the D band (154 ym). The FWHM of the
HAWC+ beam is 18”2 and 13”5 for the E and D band, respectively. All data were reduced
by the HAWC+ SOFIA team using a dedicated instrument pipeline. The pipeline was run
specifically with the faint object flag to account for the faint signal in our targets.

QDEBLEND?P

The IFU data analysis in this thesis is dependant on the two extra pre-analysis steps
after the standard data reduction: deblending the unobscured AGN emission from the
host galaxy with the QDEBLEND?P tool; and the following step of fitting the spectra
with the PYPARADISE tool, described in the next box on page 34.
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An example of QDEBLENDSP analysis steps for the VIMOS observations of
HE 0952—1552. The figure is taken from Husemann et al. (2014).

Studying the properties of QSO host galaxies, and type 1 AGN hosts in general,
requires an accurate decomposition of the AGN and host galaxy light. The three-
dimensional nature of the IFU data allows this deblending to be done in the spatial
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and spectral dimensions. Husemann et al. (2013, 2014) presents a dedicated software
tool QDEBLEND?P for this task. The algorithm uses the fact that the broad-line
region of an AGN is appearing as a point-like source given its compact size < 1pc.
Thus, a point-spread function (PSF) can be easily computed and used to deblend
point-like and extended emission. The basic concept is that the spectrum in each
spaxel is a superposition of the host galaxy spectrum at this position and of the
AGN spectrum modulated in absolute flux according to the PSF of the observation.
However, significant over-subtraction will occur when the nuclear QSO spectrum is
contaminated by host galaxy light. In QDEBLEND3P this host galaxy contamination
is minimized by iterative estimation of a mean host galaxy spectrum from the residual
datacube that is subsequently subtracted from the QSO spectrum. The example of
the algorithm steps is shown on the figure above. The material of this box is taken
from Husemann et al. (2013, 2014); the QDEBLEND3P tool is available at https:
//git.io/qdeblend3d/.

2.2.4 Integral-field spectroscopy observations

IFU observations for the CARS sample were mainly obtained with the MUSE instrument at
the Very Large Telescope (VLT) (Bacon et al. 2010) for 37 targets under programs 094.B-
0345(A), 095.B-0015(A), 099.B-0242(A), and 099.B-0249(B), with the VIMOS instrument
at the VLT (Le Févre et al. 2003) for 2 targets under program 083.B-0801(A), and with the
PMAS instrument at the 3.5m Calar Alto telescope (Roth et al. 2005) for 2 targets under
program H18-3.5-010. MUSE covers a 1’ x 1’ FoV at a sampling of 072, VIMOS covers a
27" x 27" FoV at a sampling of 0767 and PMAS covers a 16" x 16” FoV with a sampling of
1”7. All details of the IFU observations and their data reduction are presented in Husemann
et al. (2022).

For the present chapter, we are working with emission line maps that were created af-
ter the AGN point-like emission was removed from the reconstructed IFU datacube (see
QDEBLEND?P box on page 30). Emission-line fluxes are extracted by fitting Gaussian
profiles after modeling and subtracting the stellar continuum (see PYPARADISE box on
page 34) from the AGN-subtracted data. All the details of this process and its application
to the CARS IFU data are presented in Husemann et al. (2022). For the analysis pre-
sented in this chapter we use the 2D emission line maps of [O111]A5007, HS, [N 11]A\6583,
Hey, [S1JAN6T16,6731 and their associated errors. All those data are also accessible from the
CARS data release 1 at http://cars.aip.de.

2.3 Analysis

2.3.1 Modeling the panchromatic SED

In order to infer primary physical parameters such as the stellar mass M, or the SFR,
we need to model the panchromatic SED constructed for all the sources. We decided to
perform the SED fitting with the publicly available AGNFITTER package (Calistro Rivera
et al. 2016). AGNFITTER models the observed photometry as a super-position of various
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Figure 2.2: SED for HE 0114—0015 and the best-fit model determined by AGNFITTER
(Calistro Rivera et al. 2016). 20 MCMC realizations of the SED model are shown for the
broadband photometric data (black points with error bars) where the red points are the
corresponding predictions from the model. The red lines represent the total model, which
consists of four components: the cold and warm dust in star-forming regions (green lines),
the torus of AGN-heated dust (purple lines), the stellar continuum (yellow lines), and

the AGN accretion disk (blue lines). On the right panel is an additional constraint to the
accretion disk model (e.g., g and ¢ AGN photometry is included).

template libraries for the stellar continuum, the AGN accretion disk emission, AGN-heated
dust emission from the torus and the cold dust emission excited by star formation.

The stellar library is taken from Bruzual & Charlot (2003) and parametrized by a stellar
age of the galaxy and an exponential decay time of the starburst 7 which can be further
modified by reddening and normalized in absolute flux. The accretion disk emission is repre-
sented by an empirical composite spectrum generated from 259 type-1 AGN from the Sloan
Digital Sky Survey (SDSS, York et al. 2000), which can be de-reddened using the Small
Magellanic Cloud reddening law of Prevot et al. (1984). This leaves the flux normalization
and the reddening as the only two free parameters for this component. The hot dust com-
ponent of the AGN is reconstructed from the empirical SED library collected by Silva et al.
(2004) based on photometric observations of AGN that were modeled with the radiative
transfer code GRASIL Silva et al. (1998) to obtain the full NIR SEDs. The library is divided
in a range of absorbing neutral hydrogen column densities Ny through the torus along our
line-of-sight as the main free parameter in addition to the normalization. Semi-empirical
starburst template spectra from Chary & Elbaz (2001) and Dale & Helou (2002) are used
to model the cold dust component from star formation which are denoted by a luminosity
parameter and can be normalized.

AGNFITTER uses the emcee package (Foreman-Mackey et al. 2013) for an affine-invariant
Markov-Chain Monte Carlo (MCMC) ensemble sampling to explore the 10-dimensional pa-
rameter space associated with the underlying template library of spectra. The advantage
of AGNFITTER is that it natively accepts upper limits in the photometry, allows to set
priors on parameters and additional constraints can be incorporated easily to break degen-
eracies. Particularly, one big issue in the SED modeling of luminous type 1 AGN is that
the accretion disk model is competing with the stellar population model in the UV—optical
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Table 2.2: AGN host galaxy properties inferred from SED modeling

. M, \b Lior Ly2.5-122.5um \d Lg—1000 um f L
Object 72 log ( Mo ) log ([ergsfl] ) ¢ log (W) log (ﬁ)c SFRg log (m)g
HE0021-1810  0.054  10.6470°5¢ 43.0270%7 <43.67 <43.98 <3.7 <6.8

+0.04 +0.16 +0.05 +0.05 +0.6
HE0021-1819  0.053 1050705  42.82%0:18 43.76700% 44.04739° 4.2708 7.6+2.1
HE0040-1105  0.042  10.167513 43.507052 <43.82 <44.03 <41 TTE1.7
HE0045-2145  0.021  9.361503 44.1815-07 44.4515°07 10.9102 8.1+0.4
HE0108-4743  0.024  9.771018 43.1215-07 43.6715:02 44.0415°02 4.3702 7.640.6

+0.13 +0.10 +0.03 +0.03 +0.3
HEO0114-0015  0.046 104710713 43.267009 43.7415:03 44.0215-03 4.0793 7.8+2.9
HE0119-0118  0.055 10917352 43.761019 44.657957 44.8970-01 30.4719 8.4+0.8

+0.12 +0.02 +0.02 +0.4
HE0150-0344  0.048  9.5710:12 44.1015-92 44.3619-02 9.0M04 7.8+3.4
HE0203-0031  0.043  10.88790°2 43.907052 43.0079 5% 43.347006 0.8192 <7.0
HE0212-0059  0.026  10.597051 43.54795% 43.8770:01 2.9701 7.940.6
HE0224-2834  0.060  10.13%912 44.277054 <44.06 <44.38 <9.3 7.9+3.2
HE0227-0913  0.016  9.92%0:17 43.4410°05 42.851010 43.1615:09 0.6701 7.2+1.9
HE0232-0900  0.043  10.887033 44.4515:00 44.3110:00 44.5910°01 14.9%02 8.6+ 1.0
HE0253-1641  0.032  10.28703% 42.7619-52 44171502 44.4115:02 10.07%:9 8.0+1.1
HE0345+0056  0.031  8.85%052 44.4270 5% <43.84 <44.13 <5.2 <6.7
HE0351+0240 0.035  9.857037 43.7510:04 43.287004 43.5610:02 1.4792 <6.9
HE0412-0803  0.038  10.087919 44.571092 43.787992 44.047052 4.2192 <6.8
HE0429-0247  0.042  9.18%031 43.5570-03 <44.10 <44.43 <10.5 <73

+0.08 +0.03 +0.00 +0.00 +0.2
HE0433-1028  0.036  10.80705%  44.55750% 44.4370:00 44.7079:90 19.415-2 8.6+0.6
HE0853-0126  0.060  10.3215:06  43.5470-97 <44.05 <44.42 <10.1 8.2+2.4
HE0853+0102  0.053  10.547007 43311508 43.167099 43.51709% 131903 <72
HE0934+0119  0.051  10.1370:2° 43.7519:05 43.7119-00 43.9810-00 3.7790 <7.0
HE0949-0122  0.020  10.0213:59 44547092 43.457097 43.7479 00 21707 72423
HE1011-0403  0.059  10.74%097  44.167002 43.6910:07 43.981001 3.7 8.2+1.8
HE1017-0305  0.049  10.937019 44.0670:0 <44.10 <44.45 <11.0 8.0£16
HE1029-1831  0.041  10.49709% 43.8910-0% 44.571500 44.8410°00 27.1798 84£1.0
HE1107-0813  0.059  11.1770-29 43.787927 <44.46 <44.87 <28.6 8.0£2.5
HE1108-2813  0.024 10297071 43.747057 44.24700% 44.5079-92 12.4794 8.240.7
HE1126-0407  0.060  10.59753% 44.7315:0% 44.1515:00 44.4210°00 10.279-2 8.242.0
HE1237-0504  0.008 10927001  43.12%000 43.267003 43.5870 02 1510 72415
HE1248-1356  0.015  10.3170:0} 42.6570 10 43.227095 43.49709° 127903 73+1.1
HE1310-1051  0.034  10.35739% 43.9019-02 42.871952 43177902 0.670°0 <6.8
HE1330-1013  0.022  10.69709% 42.93%09 <43.69 <43.89 <3.0 7.5+£1.8

+0.06 +0.03 +0.06 +0.05 +0.2
HE1338-1423  0.041  11.02%595  44.247003 43.1815:06 43.5210:05 13102 <6.9
HE1353-1917  0.035  10.9970%2 43.371007 43.50709% 43.867001 2.8101 81414
HE1417-0909  0.044  10.23%910 43.5410:02 <43.39 <43.67 <1.8 <6.7
HE2128-0221  0.053  9.9370:2 43.5870-0 <43.75 <44.02 <4.0 <6.9

0.67 0.05

+0.22 +0.02 +0.06 +0.07 +0.9
HE2211-3903  0.040  9.8370:27 44.6415:02 43.8410-09 44.1615-07 56795 8.0£1.2
HE2222-0026  0.058  10.2070:9 43.8110:02 <44.11 <44.46 <11.2 7.4+3.9

0.15 0.04

+0.10 +0.71 +0.03 +0.03 +0.4
HE2233+0124 0.057 10711509 41.55T071 43.8415:03 44.2210:03 6.470% 8.0+1.8
HE2302-0857  0.047  11.207093 44.3115:00 43.9610:07 44.2475°00 6.7701 82414

@ Redshift directly measured from the CARS IFU data as reported in Husemann et al. (2022).

b Stellar masses and 1o uncertainties from stellar template fitting reported by AGNFITTER.

¢ Integrated luminosity of the torus template reported by AGNFITTER.

d Luminosity of the matched star-forming IR template reported by AGNFITTER integrated over the 42.5-122.5um wavelength range.
¢ Same as (d) but integrated over the full 8-1000um wavelength range.

f Estimated SFR based on Lg—_1000 um using calibration of Murphy et al. (2011), see Eq. 2.1.

€ CO(1-0) line luminosity based on the flux measurements from Bertram et al. (2007) and listed in Husemann et al. (2022).
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rest-frame wavelength regime. This leads to a degeneracy between the accretion disk and
stellar continuum model when fitting the observed integrated broad-band photometry as
shown in Fig. 2.2 (left panel).

This degeneracy could be solved by linking the UV radiation field with the corresponding
re-emission in the IR as an additional constraint implemented for example in the CIGALE or
MAGPHYS SED fitting codes. However, this method requires an assumption of the UV escape
fractions and dust content of the galaxies, which can be very different for starburst galaxies
and AGN-dominated galaxies. Due to the low redshift of the CARS sample, it is possible to
spatially separate the AGN and host galaxy light using 2D image synthesis modeling even in
ground-based images. This allows us to obtain direct measurements for the AGN brightness
in the optical bands. The AGN magnitudes in the g and 7 bands are obtained by modeling
the ground-based images as a super-position of two Sersic profiles and a point source for
the AGN with the galfit package (Peng et al. 2002, 2010) as described in Husemann
et al. (2022). Hence, we adjusted the likelihood function within the AGNFITTER code to
consider these additional photometric data as constraints solely for the AGN accretion disk
component model. The effectiveness of this approach is shown in Fig. 2.2 in comparison to
the modeling without those additional AGN constraints.

With the additional photometric constraints we reduced the uncertainties of the various
physical quantities that are directly computed by AGNFITTER from the posterior parameter
distribution. For our work we are most interested in the stellar mass M, that are based on the
stellar population model and its associated luminosity normalization. In addition we report
the integrated luminosity of the torus model (Lt ), and the luminosities of the cold dust
component integrated between entire IR 8-1000 pm (Lg—1000,m) wavelength range and a
restricted range of 42.5-122.5 um (Lg2.5-122.5 um) for literature comparisons. AGNFITTER
estimates a SFR from the integrated IR luminosity using the calibration established by
Murphy et al. (2011):

SFRir '\ _a4 [ L8-1000um
([Mer—1]> =388 x 1074 SR ). (2.1)

In cases where the cold dust SED is not well constrained due to upper limits in the FIR
photometry, we determine 50 upper limits from the posterior distribution function of the
integrated luminosities and SFR. We list all the inferred parameters from SED fitting as
described above in Table 2.2 and all the corresponding SED models with AGNFITTER are
shown in Fig. A.2 of the Appendix A.1.

Before the analysis of the Ha emission line is described further in the thesis it is neces-
sary to provide the information box of the second pre-analysis step for the CARS IFU
data. PYPARADISE is the tool that performs stellar population synthesis modelling of
the stellar continuum and subsequent emission lines fitting for galaxy spectra.
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Example of the full spectral modeling using PYPARADISE for one binned spectrum of
HE 0433—1028. The figure is taken from Husemann et al. (2022)

After the QSO subtraction, the CARS team infers maps of the stellar and ionized gas
properties across the host galaxies with the PYPARADISE tool (described in Husemann
et al. 2016a; Weaver et al. 2018; Husemann et al. 2022), an extended Python version
of the PARADISE code (Walcher et al. 2015). The SNR of individual spaxels in the
IFU data can be too low to properly model the stellar continuum and low surface
brightness emission line regions. With PYPARADISE two different binning strategies
are applied. For bright emission line regions it is best to retain the native MUSE spatial
sampling of 0”2 for which the SNR in the stellar continuum may not be sufficient for
the continuum modeling. An initial Voronoi binning is therefore performed to achieve
a minimum continuum SNR of 20 per Voronoi cell. Then the binned stellar continuum
spectra are modelled with PYPARADISE using stellar spectra from the Indo-US spectra
library (Valdes et al. 2004) and the inferred stellar kinematics are remapped back
to the native MUSE sampling grid. Afterwards, the stellar continuum in the full
cube is modelled while keeping the stellar kinematics fixed, so that the emission lines
can be fitted to the residual continuum spectra for each individual MUSE spectra.
Additionally, we bin the QSO-subtracted datacube by 8 x 8 pixels for MUSE, 2 x 2
pixels for PMAS, and 4 x 4 pixels for VIMOS corresponding to a binned sampling of
176, 2”70, and 2764, respectively. The analysis of the binned data allows us to trace the
emission lines nearly an order of magnitude fainter in surface brightness than in the
unbinned data. Errors on the stellar kinematics are inferred using an MCMC approach
as part of PYPARADISE iterative continuum modeling. The errors on all emission-line
parameters are inferred combining a bootstrapping and Monte-Carlo approach. The
material of this box is taken from Husemann et al. (2022); PYPARADISE is available
at https://git.io/pyparadise.
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2.3.2 Measuring Ha-based SFR

The IFU observations for the CARS sample as presented in Husemann et al. (2022) are
well suited to measure the current star formation rate of the host galaxies in comparison to
the FIR-based SFR. Various calibrations have been determined to convert the extinction-
corrected Ha luminosity into a SFR from which we use the calibration of Calzetti et al.

(2007)
({J\Sé%) —5.3x 10742 <[erLgHSa1]> (2.2)

to estimate the integrated SFR based on the integrated Ha. However, not all of the Ha
emission is associated with star-forming H1I regions in AGN host galaxies. A detailed
spatially resolved emission line diagnostic analysis is therefore essential for AGN host galaxies
to separate the contribution from AGN photoionization and star-forming H 11 regions to the
excitation of Ha.

In order to provide reliable Ha-based SFR estimates, we use a combination of line maps
from pixel-by-pixel and binned IFU cubes after subtracting the AGN point-source emission
as described in Husemann et al. (2022) in more detail. While the pixel-by-pixel maps provide
high-spatial resolution information for bright emission line regions, the binned maps provide
higher signal-to-noise ratio (SNR) information on the more extended ionized gas. We only
consider the diagnostic lines Ha, HB, [N11] and [O111] as detected above a 3o level. For the
maps we also include the weaker spaxels where only Ha SNR is required to be more than 3.

Here, we consider several ways to correct the Ha flux by the AGN contribution as de-
scribed in more detail in the following subsections. All those methods leverage the potential
of the IFU data to perform flexible spatially resolved emission-line diagnostics that open
possibilities for de-contamination compared to traditional narrow-band imaging or long-slit
spectroscopy.

2.3.2.1 Demarcation lines

The simplest approach to correct for the AGN affected Ha emission is to ignore those spaxels
displaying AGN ionization and integrate only the Ha flux from regions clearly associated
with H11 regions. Specific BPT demarcation lines are often used as hard boundaries to
distinguish between different ISM ionization processes in galaxies even though physically
(due to line-of-sight blending and other physical processes) those demarcations cannot be
hard boundaries.

The theoretical "maximum starburst" demarcation line proposed by Kewley et al. (2001)
divides the region where ionization could still be explained by pure star-formation from
the region where AGN ionization is required to contribute to the emission. Similarly, the
empirical ‘pure star-forming’ BPT demarcation line proposed by Kauffmann et al. (2003)
defines a part in the BPT assumed to be powered purely by HI1I regions whereas other
mechanisms can play a role in the remaining part. The gap in between the stricter "pure
star-forming" and the "maximum starburst' demarcation lines is often referred to as the
mixed or composite BPT region.

The AGN contamination to Ha across the BPT and, in particular, through the compos-
ite region can be tackled in different ways. Nascimento et al. (2019) considers the pure
star-forming region and the composite region to be entirely associated with star formation
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Figure 2.3: BPT diagram of HE 085340102 as an example for a mixing sequence between H 11
regions and AGN photoionization across the host galaxy. We highlight three ways of determining
the SF fraction from the BPT diagram. Left panel: A simple demarcation line approach where
everything above the Kewley et al. (2001) line is classified as pure AGN and below as pure star
formation. Middle panel: Simple linear combination with a y? fit using a fixed line vector as a
reference point for the characteristic AGN and H1I line ratios. The colored halos around the points
represent the difference between the calculated SF fraction adopting two different different reference
pairs (triangle and square symbols) to highlight the systematic uncertainties introduced by a certain
choice. Right panel: MCMC fitting results of the star formation fraction adopting a large cloud of
potential reference points for the AGN (red points) and H1I region (purple points) which are explored
during the MCMC sampling.

assuming that the AGN contribution in the composite region compensates for the ‘hidden’
star formation. Wylezalek et al. (2018) assigns a fixed fraction of 80% of AGN ionization
contribution to Ha in the BPT region above the "maximum starburst” demarcation line and
only a 20% contribution to the composite region. We use the former approach (illustrated in
Fig. 2.3, left panel) to be able to consistently compare our results (Table 2.4) with previous
works and the more sophisticated methods as described below.

2.3.2.2 BPT mixing sequence

In contrast to the fixed contribution assumed before, there is likely a smooth transition of
ionization contributions across galaxies. AGN host galaxies therefore often show a mixing
sequence which appears as an elongated structure in the BPT diagram. This mixing sequence
(MS) usually exhibits a prominent dependency on the distance from the AGN. As proposed
by Davies et al. (2014a,b, 2016, 2017), one can pick basis vectors of emission line ratios to
characterize pure AGN and star-forming ionization and treat the composite data points of
the MS as a linear combination of the basis vectors:

[O 11| /HP [O 11| /HP [O 11| /HP
[N1]/Ha = fagn X | [N11]/Ha + fsp x | [N11]/Hao : (2.3)
[Stu]/Ha MS [Stu]/Ha AGN [Stu]/Ha SF
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Here, the parameters fagn and fgp represent the non-negative linear coefficient for the
AGN and star-forming ionization fractions, correspondingly. An important additional basic
constraint of faan + fsp = 1 ensures that flux is preserved. In principle more excitation
mechanisms could be added to this equation, but this will lead to degeneracies in the basis
vector as they are not fully orthogonal.

The emission line columns are normalized to either Ha or HS, which minimizes the impact
of internal extinction within the host on the results. Here, we include the [S11]/Ha line ratio
from the other classical BPT diagram and more line ratios could in principle be considered
if SNR are high enough to be informative.

The idea behind the method is to pick emission-line basis vectors at the extreme ends of
the mixing sequence, which should best reflect the assumption of two completely independent
excitation mechanisms. The process of picking such emission-line ratio basis vectors allows
considerable freedom and uncertainty. For example, the selected pair of basis vectors may
not fully capture the different ISM conditions across the galaxies such as metallicity or
ionization parameter. In the Fig. 2.3, middle panel, the example of two different bases pairs
- triangle and square symbols - leads to a 10% difference in the resulting SF fraction.

For more meaningful results, the uncertainties caused by the choice of the basis vector
need to be estimated and included into the final SFR uncertainty. With Monte Carlo Markov
Chain (MCMC) algorithms it is possible to use the Bayesian approach and also take into
account the uncertainty of the underlying model. So, our solution to the basis-picking
problem is to define a large number of basis ratio sets and let the MCMC sampling to choose
basis vectors for a certain spaxel and, more importantly, take the uncertainty of this choice
into account. We use the MCMC python package EMCEE to develop a python package called
RAINBOW'? designed to handle the mixing sequence fitting. For each given spaxel it tries
various combinations of basis vectors and determines the posterior probability distribution
of the parameters through maximizing the likelihood function:

1 gl T T 5 Z) = _1 (ﬁ_gmodel)z In(2 =2
np(yleGN7$SF7fSF70'y7f) 22 72 + Il( To ) ,
(2.4)

=2 22 A2 a2.
0" = y_'_ymodelx’f )

where 7 represents the vector of emission line ratios of the fitted spaxel, &, is the
corresponding error vector, Tagn and Zsp represent basis vectors, and the model is
Umodel (TAGN, TS, fsF) = (1 — fsp)ZagN + fsp@sp such as the vector equation 2.3. The like-
lihood function here is a Gaussian where the variance is underestimated by the fractional
amount parameter .7, that represents an uncertainty of the model. The star-forming ioniza-
tion fraction fgp and its uncertainty then is inferred from the probability distribution. An
example of the MCMC fitting result from RAINBOW is shown in the right panel of Fig. 2.3.

Our criteria of picking SF emission-line ratio basis vectors from the mixing sequence are:
first, SF bases should be below the "pure star-forming line" (Kauffmann et al. 2003); second,
the signal-to-noise ratio of all the involved lines should be 3¢ or more (> 3¢ threshold is
used to reduce the number of the basis vectors which speeds-up the fitting process); third, a
certain radius may be specified to bound the basis vectors closer to the center and represent
a narrower range of metallicities and ionization parameters. The criteria of picking AGN

12Publicly available open-source at https://gitlab.com/SPIrina/rainbow
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Figure 2.4: Schematic sketch of the BPT morphology populations. Upper row: On the right
there is a representation of a galaxy with a central region in green, the rest of the galactic
body in blue, and an AGN ionization cone in yellow. These regions populate specific areas
on the BPT diagram: left diagram: star-forming cloud with two different sizes; middle
diagram: AGN-ionized cloud with two sizes; right diagram: mixing sequence elongated
toward the AGN area and a mixing sequence elongated toward the LINER area. Middle
row: BPT diagram schematic examples for the SF cloud, AGN cloud, mixing sequence and
LINER mixing sequence dominated galaxies. Lower row: BPT diagram and spatial map
examples for SF cloud and AGN cloud combined with a mixing sequence in one galaxy.

(or shock/evolved star, as described in section 2.3.2.3) photoionization basis vector from
the mixing sequence are the following: first, [O111]/HS is above a certain threshold, this
threshold cannot be same for all galaxies, as it depends on the strength of the AGN, and,
therefore, is set to a value between 0.5 — 0.8 (0.25 — 0.5 for LINERs) depending on a
galaxy, so that only the top spaxels are selected; second, a certain distance from the AGN
may be specified to separate the AGN basis in the central spatial region and extended AGN
cloud. The adopted selection is shown on a galaxy-by-galaxy case in Fig. A.4 for the entire
sample in the Appendix A.1.

2.3.2.3 BPT morphology

The idea of treating the mixing sequence as a signature of physical mixing of HII regions
and AGN ionized regions suggests that different populations of spaxels on a BPT diagram
can be differentiated based on their properties. We name this approach BPT morphology,
as the idea is to distinguish different shapes on the diagram (see Fig. 2.4):
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Table 2.3: Separation radii Object SF radius AGN radius

for galaxies with star-forming [arcse] [arcsec]
cloud and/or AGN-ionised HE 0021-1810 15.0 7
cloud. SF and AGN cloud HE 0351+0240 — 7.0
spaxels are located outside of the HE 0433—-1028 9.0 —
corresponding spatial radii. HE 1107-0813 7.0 4.0

HE 1108—-2813 13.0
HE 1237—-0504 7.0 —

HE 1353-1917 15.0 2.0
HE 2211-3903 13.0 —
HE 223340124 — 3.0

1) The star-forming cloud is an extended structure located under the "maximum starburst
line" of Kewley et al. (2001) on a BPT diagram. This emission arises from across the
star forming body of a galaxy and, therefore, contains emission from regions with different
metallicities, densities, and ionization parameters. The variance of these ISM parameters
results in the extensive shape that covers large area in the BPT diagram. Although it spreads
out to the composite area between the "pure star-forming" and the "maximum starburst"
demarcation lines on the BPT diagram, we assume that there is no need to clean this group
of spaxels from the AGN contamination. See HE 0150—0344 (Fig. 2.4 middle row, left) as
an example of a galaxy without AGN but with the spaxels spreading to the composite BPT
area.

2) The AGN-ionized cloud is a structure which spans the upper region of a BPT diagram
and spreads to the left side toward lower [N1]/Ha line ratios. This corresponds to the
extended narrow-line region or AGN-illuminated gas. Spatially, this region can reach from
the AGN across the entire galaxy and even outside of the galaxy’s main body. This group
of spaxels does not contribute to the galaxy’s SFR, although we can infer the upper limits
considering hidden star formation as highlighted below.

3) The mixing sequence is already described in the section above; it is an elongated
structure on a BPT diagram which tends to be located in the central region of a galaxy.
However, not all mixing sequences end in the AGN ionized area of the BPT diagram, where
some are extending from the H1I regions area to the LINER area likely due to different
excitation mechanisms for the LINER emission. Nevertheless, the LINER mixing sequence
can be treated in the same way as the AGN mixing sequence, following the same assumption
of the two main excitation sources — star formation and LINER excitation. The model
(Eq. 2.3) will then have fringr instead of fagn with the same flux preservation constrain
JLINER + fsF = 1.

An AGN host galaxy can have one of the described populations or even a combination of
those (see the galaxy-by-galaxy cases in Appendix A.1, Fig. A.4). We separate star-forming
clouds and AGN-ionized clouds with a simple yet efficient method: manually introducing
fixed spatial radii for each individual galaxy (listed on the Table 2.3) and separating the
regions with the circles as on the bottom examples of Fig. 2.4 and Fig. A.4. After separating
different populations we assume that the SF cloud and AGN-ionized cloud have 100% and 0%
contribution to the star-formation rate, correspondingly. The mixing sequence is modeled,
out to a certain radius, with RAINBOW as described in the previous section to compute SF
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fractions along the sequence.

However, we attempt to correct all populations for the AGN contribution (similarly as
with the mixing sequence). Given that some small contribution to the Ha emission from
star formation may be hidden in galaxies which display only an AGN cloud morphology, we
estimate an upper limit for the SF contribution adopting AGN bases or SF bases from the
other galaxies with a prominent mixing sequence and apply our RAINBOW analysis.

2.3.3 Gas-phase metallicity

Another important characteristic of the ionized gas is the metallicity. The gas-phase metal-
licity tracks the immediate enrichment history of the ISM due to the evolution of stars
and their metal yields across the galaxy. Undisturbed disk galaxies typically have negative
metallicity gradients (Sdnchez et al. 2014) and their central metallicity correlates with the
stellar mass of a galaxy (Tremonti et al. 2004; Kewley & Ellison 2008). As stellar evolution
is a long-term process, outflows and inflows of gas on short timescales can significantly af-
fect the observed metallicity distribution and therefore can be used as a key diagnostic to
understand the origin and motions of gas on galactic scales. For example a flattening and
dilution of gas-phase metallicity have been observed during galaxy mergers and interactions
(e.g., Ellison et al. 2008; Kewley et al. 2010; Thorp et al. 2019), and in barred galaxies
(Martin & Roy 1994; Sanchez et al. 2014) where low-metallicity gas from the outskirts is
efficiently transported toward the center. On the other hand, gas outflows can enrich the
circum-galactic medium with metals from the galaxy center which has been observationally
confirmed from absorption line studies (e.g., Bordoloi et al. 2011; Tumlinson et al. 2011;
Bouché et al. 2012; Nielsen et al. 2015; Schroetter et al. 2019).

Measuring gas-phase metallicities across AGN host galaxies is more complicated because
all strong-line metallicity diagnostics are calibrated for H1r regions. Their application to
regions photoionized by the AGN is invalid in the majority of cases, but specific calibrations
have been developed (e.g., Storchi-Bergmann et al. 1998). The metallicity measurements
can in principle be restricted to H1I regions ionized by star formation (as identified from
BPT diagnostics) in AGN host galaxies (e.g., Husemann et al. 2014), but this approach
greatly limits suitable targets and radial coverage. The [N11]/Ha (N2 index) line ratio is
one of the prominent strong-line metallicity calibrators (Pettini & Pagel 2004; Marino et al.
2013) for H11 regions. Photoionization models show that the N2 index should also trace the
metallicity in AGN photoionized regions (e.g., Groves et al. 2006) with a different scale. That
the situation is more complex was shown by Stern & Laor (2013) as they found a secondary
dependence of the N2 index with AGN luminosity. At the same time they diskovered that
the [N11]/[S11](N2S2 index) is well recovering the mass-metallicity relation of galaxies for
AGN hosts independent of AGN luminosity. Indeed, the N2S2 index is generally a good
metallicity calibrator (Dopita et al. 2016) also for SF ionized H1I regions, but not as widely
used given that the diagnostic lines are significantly fainter.

In Husemann et al. (2019), we established a N2S2 index calibration based on the SDSS
galaxy sample, and used it to map the gas-phase metallicity across the CARS AGN galaxy
HE 1353-1917. The metallicity pattern revealed that the ENLR of the edge-on galaxy follows
a very similar radial metallicity than the star forming disk. This let us conclude that the
diffuse extra-planar gas was expelled by SN-driven winds rather than an outflow from the
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Table 2.4: Ha-based SFRs and metallicity estimated from the IFU emission lines

demarcation line approach BPT rainbow method
Object fro® SFRy, P class® Sra® SFRu® 124 log(O/H)4 oo/u°
[10~6ergs—tem™2]  [Mgyr ! [10~6ergstem™2]  [Mgyr ! [r;fl [r;ﬁl]

HE0021-1819 359+ 36 1.3+0.1 MS 342+34 1.240.1 8.89+0.02 —0.031+£0.010
HE0040-1105 16+2 0.03+£0.00 AGN <41 <0.1 8.85+0.02 0.040+0.016
HE0045-2145 5672+ 567 3.14+0.3 LMS 4687 +£477 2.54+0.3 9.16 +0.02 —0.018 £0.003
HE0108-4743 8594 £+ 859 5.94+0.6 MS 8251 +825 5.7+0.6 9.05+0.01 —0.055+0.009
HEO0114-0015 978 +98 2.5+0.3 LMS 901 +90 2.3+0.2 9.06 +0.02 —0.007+£0.011
HE0119-0118 1107+ 111 4.1+0.4 MS 1006 + 101 3.8+0.4 8.99+0.01 0.026 £+ 0.020
HE0150-0344 3961 4+ 396 10.5+1.0 8.88+0.02 —0.029+0.005
HE0203-0031 7147 0.16 £0.02 AGN+SF <202 <0.5 9.08 +0.02 —0.006 £+ 0.003
HE0212-0059 4163 +416 3.5+04 MS 3978 4+ 398 3.440.3 8.99+0.00 —0.050+£0.013
HE0224-2834 368 £37 1.7+£0.2 MS+AGN 397+40 1.8+0.2 8.88+0.01 —0.006 £ 0.007
HE0227-0913 2970 £ 297 1.0+0.1 MS 2933 £293 0.94+0.1 8.96+0.01 —0.017+£0.007
HE0232-0900 8226 + 823 19.0£1.9 MS 8197 £+ 820 19.0£1.9 9.00+0.01 —0.017+0.004
HE0253-1641 197420 0.24+0.02 MS 232+23 0.28£0.03 8.97+£0.02 —0.025+£0.023
HE0345+0056 3474 4+ 348 41404 SF 3477 + 348 41404 8.81+0.09 0.066 +0.073
HE0351+0240 143+ 14 0.23+0.02 AGN <240 <04 8.80+0.03 —0.010+£0.013
HE0412-0803 93+9 0.17+0.02 AGN <192 <0.3 8.85+0.02 0.009 £+0.007
HE0429-0247 262+ 26 0.6+0.1 AGN <338 <0.7 8.80+0.02 0.016 £0.015
HE0433-1028 5997 £ 600 9.31+0.9 MS+SF 6700+ 671 104+1.0 8.97+0.01 —0.049+0.009
HE0853+0102 407+41 1.4+0.1 MS 381+38 1.3+0.1 8.89+0.02 —0.005+0.021
HE0853-0126 142414 0.6+0.1 SF 130+13 0.6+0.1 8.60+0.16 0.130+0.154
HE0934+0119 650+ 65 2.14+0.2 MS+SF 599+ 60 1.9+0.2 8.92+0.02 —0.098+£0.011
HE0949-0122 26+3 0.01+£0.00 AGN <214 <nan 8.90+0.04 0.049 £+ 0.039
HE1011-0403 328 +33 1.44+0.1 LMS 294429 1.34+0.1 9.03+0.01 —0.022+0.014
HE1017-0305 353+ 35 1.1+0.1 LMS 340+ 34 1.1+0.1 9.00+0.02 —0.007+0.021
HE1029-1831 4689 £+ 469 9.44+0.9 SF 37324377 7.5+0.8 9.124+0.01 —0.099 +0.006
HE1107-0813 1214+12 0.54+0.1 MS+AGN 1154+12 0.49+0.05 9.08 +0.02 —0.003 £ 0.006
HE1108-2813 6094 £+ 609 42404 MS+SF 5840+ 587 4.1+04 9.01+0.01 —0.110+£0.008
HE1126-0407 195420 1.0+0.1 MS 217422 1.1+0.1 9.08 +0.03 —0.048 £0.022
HE1237-0504 1501+ 150 0.14+0.01 LMS 3249 +425 0.31+0.04 9.10+0.00 —0.144+0.025
HE1248-1356 2766 277 0.74+0.1 MS 3034+ 303 0.84+0.1 9.05+£0.01 —0.128 £0.012
HE1310-1051 1294 +£129 1.9+0.2 SF 1258 £127 1.8+0.2 8.84£0.07 0.010+0.049
HE1330-1013 763+ 76 0.45+0.05 MS 716+ 72 0.42+0.04 9.13+0.04 —0.146 £0.053
HE1338-1423 742+ 74 1.6+0.2 AGN 1319+ 135 2.94+0.3 9.04+0.06 —0.019+£0.075
HE1353-1917 609+61 0.94+0.1 MS+A+S 594 + 59 0.94+0.1 8.96 +0.02 —0.119+£0.013
HE1417-0909 61 0.01+0.00 AGN <23 <0.1 8.73+0.08 0.106 £ 0.066
HE2128-0221 154415 0.54+0.1 MS 140+ 14 0.49+0.05 8.93+0.04 —0.047+0.020
HE2211-3903 2419+ 242 4.7+£0.5 MS+SF 2534 £ 253 4.9+0.5 9.08+0.01 —0.145+0.010
HE2222-0026 43+4 0.19+£0.02 SF 34+3 0.15+0.02 8.80+0.05 0.088 £ 0.050
HE2233+0124 355+ 36 1.4+0.1 MS+AGN 339+34 1.4+0.1 9.05+0.02 —0.057+0.018
HE2302-0857 1339+£134 3.7+0.4 MS 1618 £162 44+04 8.92+0.01 —0.074+£0.013

@ Integrated extinction-corrected Ha flux decontaminated by AGN contribution either using a demarcation line cut or the rainbow method
presented here. Given the high S/N of the data the error is dominated by the systematics in the absolute photometric zero-point which is
assumed to be 10%.

b Ha-based SFR determined from the asscoicated Ha luminosity following the calibration of Calzetti et al. (2007), see Eq. 2.2.

¢ Classification of the BPT in a (LINER) mixing sequence (L)MS, AGN cloud, SF cloud and any combination of the four.

d Central oxygen abdundance on the Tremonti et al. (2004) metallicity scale determined through the N2S2 index following Eq. 2.5. A linear
fit to the radial distribution is used to determine the central abdunance as the spatial coverages varies through the sample.

¢ Slope of the linear metallicity gradient normalized to the effective radius of the respective galaxy as reported in Husemann et al. (2022).
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Figure 2.5: Example of the 2D and radial metallicity distribution for HE2211—-3903. The
oxygen abundance was measured using the N2S2 index which is almost insensitive to the
excitation. On the left panel the full 2D distribution is shown and on the right panel a radial
projection in units of the effective radius taken from the single Sersic model. A linear fit is
performed and shown as the red line.

central AGN. Here, we apply the N252 index calibration established in Husemann et al.
(2019) for all CARS targets to infer the metallicity gradient and absolute scale of the central
metallicity. In order to directly use the metallicity determined for SDSS based on Tremonti
et al. (2004) we determined an N2S2 =log ([N 11]A6583/[S 1]]AN6716,6731) calibration for this
SDSS metallicity scale in the similar way as described in Husemann et al. (2019):

12 +1og(O/H) = 8.875 4 0.827 x N2S2 — 0.288 x N252? (2.5)

Based on this calibration we estimated the oxygen abundance across the galaxies and re-
construct the radial metallicity gradient, as shown for the face-on disk galaxy HE2211—-3903
in Fig. 2.5. For this galaxy a negative radial metallicity gradient is clearly recovered with a
slope of ag /i = —0.055 dex re_ﬁl with a zero-point central metallicity of 12+1log(O/H) = 8.732.
As expected from the work of Stern & Laor (2013), the N2S2 index indeed recovers a match-
ing absolute metallicites even in the case of strong AGN ionization without significant offset
in metallicity as shown in Fig. 2.5. Hence, the 2D map of the estimated oxygen abun-
dance does not show any features related to the varying ionization conditions throughout
its disk. While the [N11] and [S11] emission lines may not exactly originate from the same
location within H11 region, due to the ionization structure of the nebulae on 100 pc scales
(e.g., Sanders et al. 2020; Mannucci et al. 2021), our calibration based on SDSS spectra (3"
apertures) consistently include also part of the surrounding diffuse gas similar to our MUSE
observation with typical resolutions of 077-1”70 covering 300-1000 pc depending on redshift.
Because we are unable to isolate individual H11 regions with CARS, any calibration based
on isolated H 11 would be invalid.

This methodology therefore allows us an initial characterization of the metallicity for the
entire sample, as listed in Table 2.4 and maps shown in Fig. A.5. Notably, we exclude a close
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star-forming companion in case of HE 0203—0031 and HE 1017—0305 from the radial fitting
and fixed the center to the AGN position in all cases. As the absolute metallicity scale is
strongly dependent on the underlying calibration we also transform our oxygen abundance
estimate from the original O3N2 calibration scale as used in (Husemann et al. 2019) to the
one of Tremonti et al. (2004) so that we can more easily apply calibrations from the non-AGN
SDSS sample as discussed below. Uncertainties are determined by bootstrapping; re-fitting
the linear relation after randomly sub-selecting 80% of the data points.

2.4 Results and discussions

2.4.1 Finding SFR dependencies on AGN parameters

In order to investigate the potential impact of AGN on the total SFR of their host galaxies
we collect the derived CARS host galaxies parameters such as AGN-corrected integrated
Ha and IR luminosity and associated SFRs together with the stellar mass from our analysis
presented above. From the SFRs we compute the specific SFR (sSFR) by dividing with the
stellar mass, that is sSFR = SFR/M, and compare it against the stellar mass as shown in
the Fig. 2.6 for the Ha and IR-based SFRs, respectively.

We compare the CARS host galaxies with the non-AGN galaxy population at low redshifts
using the data from SDSS (Brinchmann et al. 2004; Abazajian et al. 2009), xCOLD GASS
(Saintonge et al. 2017), KINGFISH (Skibba et al. 2011), and the Herschel Reference Survey
(HRS, Smith et al. 2012; Boselli et al. 2015). Those reference samples highlight the position
of the so-called star-forming main-sequence (SFMS) as determined by various authors and
is indicated on Fig. 2.6, with blue dashed lines. These were derived from SDSS galaxies in
the Ha diagram by Renzini & Peng (2015) and Shimizu et al. (2015) for the IR diagram.

Those SFMS relations are derived from different data sets, and as our goal is to achieve
consistency between the two diagrams, we consistently determine the SFMS from the xCOLD
GASS (xCG) sample. The xCG is a subsample from the SDSS sample, therefore Ha, IR,
stellar mass, and also CO(1—0) and metallicity data are available from the literature sources
listed above. As there is also a BPT classification of the objects, we exclude AGN and
LINER galaxies to define a clean star-forming subsample of galaxies (hereafter training
sample) resulting in 197 objects for the Ha diagram and 86 objects for the IR diagram. The
linear SFMS fits to the training sample data and the corresponding R? scores (defined below
in equation 2.7) are:

10g Lita = (0.69 4 0.03)log M, + (34.3+0.3); R2 = 0.50
(2.6)
log Lig, = (0.8140.03)log M, + (35.7+0.3); R2 = 0.62

Our SFMS linear relations are consistent with the literature determinations shown in Fig. 2.6
within the reported scatter.

In order to assess the differences between the CARS hosts and the training sample we
compute the residuals along the SFMS relation (Fig. 2.6 bottom panel). The CARS objects
exhibit a scatter around the SFMS of 0.69 dex based on Ha and 0.60 dex based on IR
SFR, respectively, ignoring the upper limits. Moreover, the residuals reveal a clear negative
correlation with a Pearson correlation coefficient of r = —0.69 and r = —0.61 for the Ha
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and IR SFR, respectively. This negative trend might be naively interpreted as a result of
star-formation quenching where higher mass galaxies appear to be more passive potentially
due to the effects of the AGN (e.g., Cicone et al. 2014; Saintonge et al. 2017; Lacerda et al.
2020) considering our AGN selection.

However, the stellar mass is not the only parameter which controls the SFR of a galaxy.
The cold gas content was shown to be another fundamental parameter linked to the SFR
and explaining part of the scatter in SFR perpendicular to the SFMS (Tacconi et al. 2018;
Colombo et al. 2020; Piotrowska et al. 2020; Ellison et al. 2020). Furthermore, the gas-
phase metallicity is being discussed to be linked to the SFR and stellar mass, the so-called
fundamental mass-metallicity relation (Lequeux et al. 1979; Mannucci et al. 2010; Yates
et al. 2012; Curti et al. 2020), but see also Sanchez et al. (2017, 2019). In particular, the
metallicity could be related to the metallicity-dependent conversion of Lcg to the total cold
gas mass (e.g., Genzel et al. 2012; Bolatto et al. 2013; Carleton et al. 2017; Utomo et al.
2017) or the general ability of the gas to cool to form star-forming gas clouds.

In order to quantitatively compare the previous model with the ones introduced further we
use the coefficient of determination or the R? score (Draper 1998). It provides an indication
of how well the fit is for the given dataset with the best possible score of 1.0. Unsuitable
models can result in negative R? scores and an R? score of 0.0 would result from a constant
model that always predicts the expected value. For a dataset y...y, with fitted values
Y1 model---Yn model @nd a mean value jj = %2?21 y; the R? score is calculated as follows:

_ Zz(yz —Yi model)2
iy —7)?

R?*=1 (2.7)

As our model above does not take into account the cold gas content nor the gas-phase
metallicity of the host galaxy, we expand our one-dimensional linear model into a multidi-
mensional linear model for the SFR (hereafter SEMS+gas model) with stellar mass (M),
CO(1-0) luminosity (Lco) and metallicity (12 +log(O/H)) as the independent parameters.
Here, we use the CO(1—0) luminosity from Saintonge et al. (2017) as the main cold gas mass
proxy and the oxygen abundance 12+ log(O/H) determined from the ionized gas emission
lines in the SDSS spectra as determined by Tremonti et al. (2004) as the main gas-phase
metallicity parameter. This leads to the following formulas for the linear multidimensional
model:

log(Lia/lergs 1) =(—0.0140.06)log(M,/[Ms])
+(0.6240.04)log(Lco/[K kms ' pc?])
+(—0.01£0.07)(12 + log(O/H))
+(36.20.5) (2.8)
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Figure 2.6: Comparison of the sSFR against stellar mass for Ha- and IR-based SFR tracers. The
CARS objects are shown as red points with error bars, while xCOLD GASS (xCG) are in small

gray dots, KINGFISH are in blue and Herschel Reference Survey (HRS) in green. Specific SFR is
calculated from Ha luminosity (left panel) derived after BPT morphology analysis and RAINBOW
fitting using the SFR formula SFRy, = 5.3- 10742 x Ly, (Calzetti et al. 2007). IR specific SFR
(right panel) derived from the AGNFITTER modeling using the Murphy et al. (2011) SFR, formula.
The stellar mass is taken from the AGNFITTER modeling parameters. The background on the left
plot is the density map of SDSS galaxies (Brinchmann et al. 2004). Linear models to the star-forming
main sequence are shown as black solid lines from Renzini & Peng (2015) and Shimizu et al. (2015),
respectively. The best-fit linear relation from the xCG sample is shown as the blue dashed line in
both cases. In the lower panel we show the residuals around the adopted star-forming main sequence
where the colored bands (red, blue, and purple) emphasize three bins used further in Fig. 2.8

log(Lir/[ergs™1]) =(—0.1340.06)log( M, /[Ms])
+(0.9840.04)log(Lco/[K kms™'pc?])
+(—1.1340.09)(12 +log(O/H))
+(47.0£0.7) (2.9)

with R? scores of R =0.64 and R? = 0.89, respectively.

As gas content is by far the most dominant driver compared to metallicity and metallicity
may not be always measurable, we also determine relations that only rely on stellar mass
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Figure 2.7: Difference between measured and expected Ha (upper panels) and FIR
luminosity (lower panels) as a function of stellar mass, CO(1-0) luminosity and 12+log(O/H)
ionized gas metallicity. Here we used our more complex model (Eq. 2.1 and Eq. 2.2) to
predict the SFR-sensitive luminosities. The black dots are the data from our xCG training
sample and the red symbols are the CARS data with triangles indicating upper limits. The
colored bands (red, blue and purple) define three bins in residual luminosity as discussed in
the text and used for Fig. 2.8.

and gas content:

log L1 =(—0.01£0.06) log (M., /[Mg)])

+(0.6240.04)log(Lco/[K kms™ ' pc?])

+(36.2£0.3) (2.10)
log Lig =(—0.19+0.05) log(M.,/[Ms])

+(0.8240.04)log(Lco/[K kms™'pc?])

+(38.740.3) (2.11)

The quality of these models can be represented by R? scores of R? = 0.64 and R? = 0.84,
respectively. As expected the quality of the model does not become significantly worse and
can be securely used for all samples where metallicity is not available. Here, we use the full
model including metallicity because this parameter is available to us and so we can use it in
our analysis. In any case the choice of the models does not alter our final results given the
similarity of both models and low impact of metallicity.

After building the new model to predict SFR using the xCG training sample, we apply
it to the CARS objects with the additional information of Lgg(1—¢) taken from Bertram
et al. (2007) and 12+ log(O/H) inferred from the CARS IFU observations as described
above. With the new SFMS+gas model we obtain new predictions for the expected SFR of
individual CARS objects and present the corresponding residuals in Fig. 2.7. In comparison
with the previous residuals (Fig. 2.6 bottom panel), the residuals are significantly smaller.
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The scatter is reduced by a factor of two as the trend with the gas content is taken into
account. The initially observed correlation with stellar mass is significantly flattened, with
a correlation coefficient consistent with no remaining mass dependence. One potential issue
may arise for AGN hosts as the abundance of cold gas has been suspected to be linked with
the AGN either by expelling or heating the cold gas (e.g., Carniani et al. 2017; Kakkad et al.
2017; Perna et al. 2018; Bischetti et al. 2021; Circosta et al. 2021). Considering that the
residual sSFR scatter is significantly reduced when incorporating cold gas mass in the SFR
prediction indicates that this potential effect is negligible for our sample.

In order to understand if there are any remaining link between the residuals in sSFR and
various AGN parameters we divide the residual space into three bins (negative, central, and
positive residual bins) and compare the mean values of the AGN parameters for each bin.
The bins are created such, that the number of objects in the bins is approximately equal
(with a small excess of objects in the central bin). Objects with upper limits are treated
separately as we cannot necessarily associate them to a specific bin. The central residual
bin for IR luminosity is shifted slightly toward higher values because of the larger number
of upper limits that are too high to be informative. Those objects with upper limits are
missing to populate the central and negative residuals bins, but are mostly included in the
case of Ha. As we are only interested in the relative changes along the residuals we focussed
to have sufficient objects in each bin for statistical reasons. In Fig. 2.8, we compare bins in
residual SFR for the SFMS and the new SFMS+gas models for both Ha and IR SFR tracers
allowing us to explore trends with BH mass, AGN luminosity, Eddington ratio and b/a host
galaxy axis ratio as reported by Husemann et al. (2022) and Singha et al. (2022) for both
proxies.

We find no trends of the residuals to systematically change with the log Mgy and logLaan
given the uncertainties. While a putative correlation is seen with the fraction of objects con-
taining extended outflows in the SFMS+gas model using the Ha proxy, it is not reflected in
the IR tracer and therefore not robust. While the logarithm of the Eddington ratio (logAgqq)
has a slight increasing trend (e.g. higher AGN Eddington ratio in SFR excess systems) for
the SFMS model, such a trend vanishes for the SFMS+gas model. It is important to note
that most of the previous studies that investigated the impact of AGN on the SFR only
used stellar mass as a proxy for the expected SFR (e.g., Page et al. 2012; Husemann et al.
2014; Shimizu et al. 2015; Balmaverde et al. 2016; Bernhard et al. 2016; Catalan-Torrecilla
et al. 2017; Circosta et al. 2018; Scholtz et al. 2020). The inclusion of the cold gas mass to
predict the expected SFR in addition to the stellar mass can significantly alter the derived
conclusions about potential positive, negative or no AGN feedback on their host galaxies. It
is therefore crucial for future studies to take more parameters into account than just stellar
mass to properly characterize the parent population of non-AGN galaxies.

In Fig. 2.8 the geometrical parameter b/a (tracing the galaxy inclination) shows a clear
trend for both Ha and IR SFRs for the SFR model. When comparing the b/a distribution
for the negative and positive residual bins with Kolmogorov-Smirnov and Anderson-Darling
tests we find a highly significant difference between them for the IR SFR with a p-value of
0.003, but less significant for Ha. This suggests that dust extinction or hidden star formation
is not the driver for this trend. The trend significantly flattens for the SFMS-+gas model
considering that the overall scatter in the residuals is greatly reduced, so that the difference
become insignificant for our sample size. A potential explanation for the tentative trend
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might be the orientation of the AGN. The CARS objects are unobscured AGN hosts, which
means that the ionization cone of the AGN is pointed to the observer. Hence, the cross-
section of the AGN ionization cone which can interact with the ISM is increased when the
host galaxies are closer to an edge-on geometry. Such misalignments of the galaxies rotation
axis and the central AGN engine can have an important influence on the impact of the AGN
on the host galaxy, as has already been proposed for various individual galaxies (e.g., Garcia-
Burillo et al. 2014; Gallimore et al. 2016; Cresci et al. 2015b; Alonso-Herrero et al. 2018;
Husemann et al. 2019; Smirnova-Pinchukova et al. 2019). With the CARS sample we start
to see a potential systematic trend across the population where the potential of the AGN
to suppress SFR might also dependent on the relative orientation of the central engine with
respect to the galaxy. However, our CARS sample is strongly limited by the low number of
more edge-on systems and a bigger sample in needed to gain more insight into this process.
Our results highlight that the AGN luminosity may not be the only factor determining the
ability of the AGN to impact star formation. The efficiency with which the released energy
can couple to the host galaxy adds complexity to the picture, where geometry is certainly
just one of many additional parameters to be considered.

2.4.2 Comparison of SFR tracers for AGN host galaxies

Another complexity in investigating the impact of AGN on star formation is caused by the
fact that different SFR indicators trace different timescales of star formation. Ha emission
is related to the most recent star formation (~5Myr) as excited necessarily by hot O stars,
whereas IR traces the dust heated by a wider range of stars, and, therefore traces SF over
longer timescales (~100 Myr; e.g. Kennicutt 1998, Hayward et al. 2014, Flores Veldzquez
et al. 2021). Both SFR tracers are expected to be implicitly linked to the CO luminosity as
a molecular gas mass tracer (conversion factor aco = 4.3 Mg (Kkm s71 pcfz)*l, Bolatto
et al. 2013), because the cold gas is the necessary seed reservoir of which new stars can be
formed.

By combining the SFR calibrations for the IR and Ha luminosity (Eq. 2.1 and Eq. 2.2)
we can make a prediction for their expected relation. Furthermore, we can link the SFR to
the CO luminosity given the calibration of Lin et al. (2019):

1.05
SFRco 10 Lco
————— | =4.67x10 2.12
([MQ YT_1]> feo [Kkms ' pe2] (212)
This leads to the following relation between the Ha luminosity and the IR and CO luminosity,
respectively.
L Lo
1 —— =1 —_— 2.14 2.13
o fra) = o)+ 219
L L
log | ——— 2] = 095log | —22 | ~31.05 (2.14)
[Kkms™'pc?] lergs—!]

Comparing the three luminosities with each other in Fig. 2.9 we find that the CARS sample
and the training sample from the xCG are significantly offset with respect to the predicted
relation between Ha and IR luminosity. Despite this, the relation between Lco and Ly, as
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Figure 2.9: 8-1000 ym IR luminosity Lig (left panel) and the CO (1—0) luminosity Lco (right panel) plotted
against Hoa luminosity. The training sample from the xCG (gray dots) is compared to the CARS objects (red
circles and triangles for the 50 upper limits). Galaxy mergers in the xCG sample as classified by GalaxyZoo2
are additionally marked (black crosses) on the left panel. The blue dashed line corresponds to Eq. 2.13 and
Eq. 2.14 are derived by the combination of literature calibrations as described in the main text. The black
lines represent a linear relation fitted to the xCOLD GASS reference sample, see Eq. (2.15) and Eq. (2.16).
The red dotted line is fitted to the CARS objects with the same slope as the black line, therefore highlight
the shift in the normalization.
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predicted from the combined Calzetti et al. (2007) and Lin et al. (2019) calibrations agree
well with our data. This points to the notion that either the theoretical assumption made by
Murphy et al. (2011) is inaccurate or that some of the ongoing star formation is completely
obscured in Ha which cannot be recovered with an extinction correction. Nevertheless, the
xCG non-AGN sample can be used as a reference because the impact of extinction on the
FIR/Ha ratio should be comparable to our AGN host galaxies. We therefore performed a
linear fit directly on the xCG data and obtained the following relation which are shown as
the black lines in Fig. 2.9:

LIR Lya
log [ —2 ) = 0.85log|—21%_]+855 2.15
o (g o g+ 21
L L
log | %] = 097log | — 2] —31.95 (2.16)
[Kkms™ pc? ergs™]

Even though the CARS sample scatter is close to the comparison sample scatter, the CARS
galaxies are on average located ~0.2dex above the fitted Lig to Ly, trend. The question
here is whether this offset has a physical meaning or is just caused by low-number statistics
and unknown biases of the CARS sample. Here, we claim that this offset is physical, based
on two sets of evidence: 1) the CARS data are in a good agreement with the non-AGN
reference sample on the Lo to Ly, plot; 2) the training sample also has a few galaxies,
located at similarly high Lig /Ly, ratios which drive the offset in the CARS sample. The
xCG objects in this specific area of the Lig /Ly, diagram are almost exclusively populated
with galaxy mergers according to the GalaxyZoo2 classification (Willett et al. 2013; Hart
et al. 2016). Those mergers seem to have a lower instantaneous SFRy, compared to the
slightly longer timescale IR SFR, which can be expected from the rapid star formation
history evolution and bursts of star formation on 100 Myr timescale that are observed and
predicted by detailed galaxy simulation (e.g., Mihos et al. 1992; Barnes 2004; Springel et al.
2005; Di Matteo et al. 2008; Hopkins et al. 2013). Considering that the offset for the CARS
sample is mainly caused by individual galaxies with similarly high Lig /Ly, ratio, as in the
non-AGN merger sample, some AGN host galaxies potentially had higher SFR in the past
(over a ~100 Myr timescale).

Whether the potential difference in the star formation history is caused by a recent excess
of star formation, which might actually be linked to a delayed BH growth (e.g., Wild et al.
2010), or by ongoing suppression of star formation as expected from AGN feedback remains
unclear. To shed light on these different possibilities we discuss the difference between current
and recent star formation as probed by Ha and FIR emission in the following for individual
objects where more information is available and can be interpreted.

2.4.3 Individual comparison of current and recent SFRs

In the previous subsection we compared different SFR tracers for the CARS sample with
respect to the non-AGN comparison sample. Now we look at the SFR difference derived
from the different SFR proxies for individual CARS galaxies and try to discuss the potential
origins. We visualize the SFR results together with host galaxy morphologies and an indica-
tion for the AGN variability in Fig. 2.10. The AGN variability is set here by the brightness
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difference in the NIR photometry between old 2MASS and more recent VISTA or PANIC
observations separated by a few years. The Ha-, IR- and CO-based SFR are again defined
according to Eq. (2.2) and Eq. (2.1), respectively. We plot objects with upper limits in either
of the SFR traces separately, as any difference between the SFR cannot be inferred on an
individual basis.

The sign of the relative difference of Ha- and IR-based SFR is highlighted in green and
blue color when the IR-based SFR is higher or lower compared to Ha, respectively. As-
suming that the SFR timescale is the prime physical explanation for the difference (e.g.,
Hayward et al. 2014; Davies et al. 2015), where Ha probes more recent star formation than
the IR, we can in principle differentiate between declining or enhanced star formation. In
Fig. 2.10 we order the objects from the strongest decline to the highest enhancement in SFR.
The objects HE0253—1641, HE0119—-0118, HE1126—0407, HE0045—2145, HE2233+0124
and HE1029—1831 belong to the declining SFR group and HE0150—0340, HE0212—0059,
HE0853+0102, HE0108—4743, HE0227—0913, HE1338—1423, and HE1310—1051 belong to
the galaxies with potentially enhanced star formation. Below we discuss different scenar-
ios for those individual cases that may provide physical explanations, but certainly require
further tests and observations to verify.

All of these galaxies are disk-dominated and none are bulge-dominated or strongly interact-
ing systems. Strong interactions therefore seem to play a minor role, but we still identify cases
where this might be important but not obvious. In addition, bars might suppress the star
formation dynamically due to bar quenching (e.g., Khoperskov et al. 2018; Fraser-McKelvie
et al. 2020), but we identified nonstar forming and star forming bars in the decreasing SF
group, based on the analysis of Neumann et al. (2019). While the majority of the galaxies
with declining SFR are indeed barred galaxies, most of them appear star-forming contrary to
expectation if they would suppress star formation. AGN or starburst-driven winds may play
a role in individual cases of HE 1126—0407 and HE 0045—2145, which have both declining
SFR. HE 1126—0407 (aka PG 1126—041) is known to have a powerful ultra-fast outflow
driven by the AGN (Wang et al. 1999; Giustini et al. 2011) which may couple more effi-
ciently on kpc scales (Marasco et al. 2020) as the galaxy is significantly inclined with respect
to our line-of-sight and central AGN engine orientation. Furthermore, HE 0045—2145 was
misclassified in the Hamburg/ESO survey because of the broader lines caused by a starburst-
driven outflow (Nevin et al. in prep.). In both cases the outflow might be related to the
anticipated decline in SFR. The targets HE 0253—1641 and HE 0119—0118 show high gas
dispersion in the AGN-ionized region on kpc scales (see Fig. B.1 in Husemann et al. 2022)
which also points to a past or ongoing galactic outflow event in these systems. Such outflow
signatures are much weaker in HE 22334-0124, but the galaxy is also more edge on with a
misaligned ionization cone similar to HE 1126—0407 so that the impact of the AGN may
be amplified. The cause of the potential decline in the SFR of HE 1029—1831 is less clear,
but the stellar population modeling in high-angular NIR IFU spectroscopy with SINFONI
revealed a recent circumnuclear starburst about 100 Myr ago that is rapidly declining (Busch
et al. 2015). Although the cause of this decline is hard to directly link to AGN feedback or
simple gas consumption, it clearly supports the timescale interpretation of the difference in

the Ha and FIR-based SFR.

For the objects with increased SFR, we identified HE 1310—1051 to exhibit a strong
interaction with a minor companion (Husemann et al. 2014) and HE 0150—0344 to be a
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strongly interacting non-AGN system. In those two cases, the interactions are most likely
responsible for a recent burst of star formation. We cannot pin-point any obvious reasons
why the star formation may be enhanced in HE 0212—0059, HE 0853+0102, HE 0108—4743,
HE 0227—0913 and HE 1338—1423, but we note that the bolometric luminosity is close to
the Eddington luminosity for the last three sources as reported in Husemann et al. (2022)
due to their rather low BH mass with respect to the AGN luminosity. This is consistent
with the scenario discussed in Husemann et al. (2022) that low BH mass AGN are likely
to be observed in earlier phase of the AGN cycle. In this case, the circumnuclear starburst
would be observed much closer than 100 Myr in time with respect to its peak activity.
Indeed, narrow-line Seyfert 1 galaxies as high-Eddington ratio AGN show systematically
higher SFR based on PAH emission detected with Spitzer (Sani et al. 2010) compared to the
broad-line Seyfert 1 counterparts with lower Eddington ratios. This highlights the intriguing
connection between the AGN and the circumnuclear starburst, where AGN with increasing
SFR are potentially young AGN in a fueling mode powered by the starburst.

Lastly, we obtained some information on AGN variability as a side-product of our analysis
when we compared old 2MASS NIR photometry with the more recent VISTA or PANIC
observations. Interestingly, we see that the targets with declining SFR show systematically
less variability on a few tens of years timescale. It is still speculative whether this points to a
much more stable energy output of the AGN on longer timescales and thereby enhancing the
impact as a cumulative effect of energy release over time. However, it shows that the process
of AGN feedback is complex and the time evolution of the AGN phase with respect to the
galaxy needs to be considered as well to get a comprehensive picture. Indeed, in current
self-regulated feedback models (Gaspari et al. 2020 for a review) the AGN is expected to
flicker on-off with rapid variability that increases toward low-mass systems often due to the
chaotic cold accretion feeding the SMBH (e.g., Gaspari et al. 2015; Tremblay et al. 2018;
Rose et al. 2019).

2.5 Summary and conclusions

In this chapter, we presented a complete census of the integrated SFR properties across
the entire CARS sample using the multiwavelength data set available for this local AGN
host galaxy sample. In particular, we inferred robust stellar masses and IR-based SFR from
panchromatic SED modeling with AGNFITTER and Ha-based SFR from a careful analysis
of spatially resolved optical emission-line diagnostics with our new RAINBOW algorithm.
Using the large xCG sample of local non-AGN galaxies as a control and training set we built
different models to predict the SFR for our AGN host galaxies to investigate the role of the
AGN in terms of star formation feedback. Our main conclusions from this analysis can be
summarized as follows:

o We find that stellar mass alone is an insufficient proxy for the expected SFR in AGN
host galaxies. The cold gas content and possibly the metallicity are crucial to consider
in order to avoid artificial trends with AGN parameters that could mimic expected
AGN feedback trends.

o No systematic suppression of SFR could be detected with respect to the non-AGN
galaxy reference sample and there is also no trend with AGN luminosity.
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« A potential link between lower than expected SFRs and the axis ratio b/a of the AGN
host galaxies was identified. As our sample contains only unobscured AGN, the central
engine (and thus the ionization cones) of low b/a systems must be mis-aligned with
the galaxy rotation axis for inclined disks, leading to a higher cross-section of the AGN
radiation field which can interact with the galaxy disk. This tentative trend is much
weaker and currently insignificant for the SFR+gas model given the low-number of
strongly inclined systems, but it may imply that such mis-alignments could amplify
the coupling of the released AGN energy with the cold gas disk of the galaxy and
thereby impact star formation more efficiently. This should be confirmed with bigger
AGN host galaxies samples.

o Interpreting the IR and Ha SFR tracers as proxies for the recent star formation history
on ~100 Myr and ~5 Myr timescales respectively, we identified systems with decreasing
or increasing SFR. The declining SFR cases might often be associated with galactic
outflows while the increasing SFR cases can be associated with interaction or poten-
tially with a young AGN phase.

That we cannot find any strong evidence for a global positive or negative AGN feedback on
the SFR across the entire CARS sample is in agreement with various recent studies reporting
no immediate impact of AGN on the star formation (e.g., Scholtz et al. 2020). We emphasize
that predicting the expected SFR of galaxies is difficult, and using stellar mass alone may not
be sufficient. The cold gas mass is fundamental, and its use in such relations allows one to
capture the significant scatter in the star-forming main sequence (as already demonstrated
in several works for the non-AGN population; e.g. Colombo et al. 2020; Popesso et al. 2020).
Despite the lack of a global and obvious impact of AGN on star formation, we discover subtle
effects that should be investigated in the future. Most importantly, the relative orientation
of the AGN central engine and associated ionization cones may be relevant for the cross-
section of release AGN energy and the cold gas of the galaxy. This is most prominent in disk
galaxies and previously studied in several individual cases (e.g., Cecil et al. 2001; Morganti
et al. 2015; Mahony et al. 2016; Mukherjee et al. 2018; Husemann et al. 2019), but CARS
reveals a potential systematic trend that should be explored with larger samples.

The nondetection of a relation of AGN luminosity, BH mass and Eddington ratio with the
global SFR may be related to the different time scales of the AGN phase and star formation
in galaxies. In case the AGN phase is short, there would not be enough time passed to see the
impact on the global star formation when selecting AGN samples rather than post-starburst
system as discussed in the review of Alexander & Hickox (2012) and in Hickox et al. (2014).
Indeed, the CARS sample suggests a potential correlation with the duration of a luminous
AGN phase as a function of BH mass (Husemann et al. 2022), which is further corroborated
by current models of AGN feedback self-regulated via chaotic cold accretion (e.g., Gaspari
et al. 2020). The predicted durations are on the order of 1 Myr for a single AGN phase
which would be clearly too short to suppress the star formation in the entire host galaxy
and can explain our observations. Still, the circumnuclear SFR could be affected on these
timescales. We observed interesting patterns of increasing and decreasing SFR by comparing
the IR and Ha SFR tracers among the sample that we can partially attribute to outflows,
circumnuclear star formation and galaxy interaction. This highlights the potential of this
approach, and also the complexity in the galaxy properties to be considered. We plan to

26



expand the diagnostics of the star formation history determination by inferring radio-based
SFR for the CARS sample which probe intermediate SFR timescale of a few tens of Myr,
filling the gap in the Ha and IR-based SFRs. Furthermore, we expand our SFR investigation
by zooming into the circumnuclear region of the galaxies in the CARS sample in the future.
This requires the construction of an appropriate control sample with similar resolution which
was beyond the scope of this thesis.

Overall, we identify cold gas content, relative AGN engine orientation with respect to the
host galaxy, as well as the time domain variability as potential key parameters that need to
be explored in the future to understand the impact of AGN on their galaxy on a population
wide basis. This leads to obvious challenges in the sample selection, sample size and pa-
rameter space to be measured to gain more insights into the putative AGN feedback process.
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Discovery of a global [C11] 158um line excess
in AGN HE 1353—1917

The [C11]A158um line is one of the strongest far-infrared (FIR) lines and an important
coolant in the interstellar medium of galaxies that is accessible out to high redshifts.
The excitation of [C11] is complex and can best be studied in detail at low redshifts.
Here we report the discovery of the highest global [C11] excess with respect to the
FIR luminosity in the nearby AGN host galaxy HE 1353—1917. This galaxy is excep-
tional among a sample of five targets because the AGN ionization cone and radio jet
directly intercept the cold galactic disk. As a consequence, a massive multiphase gas
outflow on kiloparsec scales is embedded in an extended narrow-line region. Because
HE 1353—1917 is distinguished by these special properties from our four bright AGN,
we propose that a global [C11] excess in AGN host galaxies could be a direct signature
of a multiphase AGN-driven outflow with a high mass-loading factor.

3.1 Introduction

The [C11] 157.74 m emission line arises from the fine-structure transition 2Py /2= ’p, /2 of
the ground state of singly ionized carbon C* (ionization potential of 11.2eV). Working as
a coolant in multiple phases of the interstellar medium (ISM), the [C11] line is one of the
brightest emission lines in the far-infrared; it contributes 0.1-0.3 % to the FIR luminosity.

The [C11] line has been calibrated as a probe for the cold gas content and associated star
formation rates (SFR) in galaxies (Stacey et al. 1991; Boselli et al. 2002; Herrera-Camus
et al. 2015). However, using the [C11] line as an SFR tracer is complex because of the
multiple mixed excitation mechanisms of the line. In local star-forming galaxies, 66-82 % of
[C11] arises from the neutral gas of photodissociation regions (PDRs), and the rest comes
from the ionized phase (Croxall et al. 2017). The mechanism of dust infrared emission, on
the other hand, is rather simple: dust preferentially absorbs UV radiation from the stellar
population and therefore is sensitive to the bright young stars. The infrared luminosity has
been well calibrated as an SFR tracer at SFR >1 Mg yr~! (Hirashita et al. 2003; Murphy
et al. 2011) so that the [C11] and FIR luminosity are expected to be correlated.

At the highest SFRs, luminous and ultra-luminous infrared galaxies ((U)LIRGs) exhibit
the so-called [C11] line deficit (Helou et al. 2001; Malhotra et al. 2001; Luhman et al. 2003),
where [C11] becomes unreliable as an SFR indicator (Diaz-Santos et al. 2013). The origin of
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the line deficit is still debated and is directly connected to physical processes that are crucial
for understanding the [C11] excitation mechanisms.

Active galactic nuclei (AGN) are able to affect the [C11]/FIR ratio in several ways: they
can increase the infrared luminosity through dust heating (Herrera-Camus et al. 2018a);
act as an additional source of the [C1I| excitation; or suppresses the [C11] line through
the overionization of C* to C?%:3%: € yith their hard radiation field (Langer & Pineda
2015). Herschel surveys of nearby galaxies such as KINGFISH (Smith et al. 2017) and
shining (Herrera-Camus et al. 2018b) found no link between the [C11] line emission and AGN
luminosity, but these AGN may be not luminous enough to outshine the star formation.

Given its brightness, the [C11] line is the most important ISM diagnostic at high redshifts
that can be observed with unprecedented spatial resolution and depth on submillimeter
interferometers. The sample of the observed high-redshift objects includes starburst and
AGN-dominated systems, with the [C11]/FIR ratios spanning a wide range from 0.02 % to
5% (e.g., Gullberg et al. 2015; Brisbin et al. 2015; Decarli et al. 2018). In order to provide
an interpretation, we need to investigate the [C11] emission in local galaxies and determine
the effect of luminous AGN.

In this chapter, we present [C11] line observations with the Stratospheric Observatory For
Infrared Astronomy (Temi et al. 2014) for five nearby (0.024 <z < 0.040) luminous Seyfert 1
AGN host galaxies from the Close AGN Reference Survey to investigate the impact of AGN
on the global [C11] luminosity.

3.2 Observations and analysis

3.2.1 SOFIA/FIFI-LS observations

We observed five CARS objects with the Far Infrared Field-Imaging Line Spectrometer
(FIFI-LS; Klein et al. (2014)) on board SOFIA. The objects were picked to cover a broad
range of SFRs (1-11 Mg yr~—!) and avoid the strong atmospheric absorption in the redshifted
[C11] line wavelength region. The SFR estimates were initially based on the predictions
calculated from the AGN-subtracted extinction-corrected Ha line from observations obtained
with the Mulit-Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010, section 3.2.2). The
properties of the observed galaxies are listed in Table 3.1.

The observations were performed during SOFTA Cycle 4 (plan ID 04__0056, PI: Husemann)
and Cycle 5 (plan ID 050077, PI: Husemann). FIFI-LS is a double-beam spectrometer that
covers 1’ x 1" in the red channel (105-200 gm) and 0.5' X 0.5’ in the blue channel (50-125 um),
split up into 5 x 5 spatial pixels. We tuned the setups to cover the [C11] line in the red channel
with spectral resolution of R~ 1200 (250 kms~!) and either [O 111] 88 um or [O1] 63 um in the
blue channel, depending on atmospheric transmission.

The pipeline-processed data are provided by the FIFI-LS team. We used LEVEL_ 3
science-ready data, which consist of a number of ~30 second exposures, to apply an additional
selection (see Appendix A.2 for details) and background subtraction, and constructed data
cubes with 6” sampling using the DRIZZLE algorithm (Fruchter & Hook 1997). To derive
total [C11] line fluxes from the FIFI-LS cubes, we summed the spectra within an aperture
with 36” diameter and fit the line shape with Gaussian profiles. The HE 1108—2813 and
HE 2211—-3903 spectra are well modeled by a single-Gaussian component, while the spectra
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Figure 3.1: SOFIA/FIFI-LS [C11] spectra (black lines) for each object integrated within
36" diameter apertures. The CO(1-0) and best-fit Gaussian or double-Gaussian profiles are
shown as red dashed and solid green lines, respectively. The CO(1-0) and [O 111] 5007A line
profiles of the HE 1353—1917 outflow are shown as orange dashed and dotted lines. The
comparison line profiles are degraded to the spectral resolution of SOFTIA. The atmospheric
transmission curves are shown in blue, and the shaded regions of low transmission are

excluded from the analysis.

of HE 0433—1028, HE 1029—1831 and HE 1353—1917 require two Gaussian components.
The spectra and the fitting results together with the excluded wavelength ranges due to
the strong atmospheric absorption regions'® are shown in Fig. 3.1. In addition, we have
analyzed the blue channel FIFI-LS data for HE 1353—1917 to estimate the upper limit
of the [O111] 88 ym emission line flux < 4.8 x 1073, The [C11] best-fit shape was used in
the [O 11| upper limit estimation, taking into account the spectral resolution of R~ 670
(450 kms~1) for the observed wavelengths.

HE 0433—1028 [C11] MAP

The FIFI-LS data of HE 0433—1028 is reported in Busch et al. (2018) as the first
spatially-resolved SOFIA FIR observations of a nearby AGN. The [C11] line map is
compared with the extinction-corrected and AGN-decontaminated Ha line emission
from MUSE and is found to be mainly matching the extended star formation with

some additional flux present.
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The three models (left) are compared: a point source, an extended star formation
emission predicted with He, and their linear combination. Each model is fitted to
the observed [C11]line map from FIFI-LS obtained by integrating over the wavelength
interval from 163.2 ym to 163.43 um. It becomes apparent that the line distribution is
extended. In the fourth panel, the observed [C 11]emission line map is shown with the
overlayed red contours of Ha from the MUSE cube.

Previous studies (e.g. Sargsyan et al. 2014) already suggested that [C11] can serve as a
star formation estimator also in AGN but noted an increased scatter and a systematic
overestimate of SFR in AGN by a median factor of 1.4. However, since the integrated
measurements were compared, it was unclear whether the increased scatter comes from
an additional component associated with the AGN or globally different scaling factors
between [C11] and SFR. With FIFI-LS spatially-resolved [C11] observations and Ha
comparison data, we see that in HE 0433—1028, the extended emission of [C11] and
Ha are statistically matching, and yield scaling factors are consistent with inactive
galaxies, with an additional flux excess North and South of the bar.

The material and the figure are taken from Busch et al. (2018).

3.2.2 VLT/MUSE observations

All five CARS targets were observed with MUSE at the Very Large Telescope (VLT) under
ESO programs 094.B-0345(A) and 095.B-0015(A). The MUSE data cover 1’ x 1 FoV at a 072
spatial sampling and a wavelength coverage of 46509300 A with R ~ 2500. Integration times
range from 400s-900s split up into two or three exposures, which are rotated by 90° against
each other for cosmic-ray rejection and better image cosmetics. The data were reduced with
the standard MUSE pipeline (version 1.6.0, Weilbacher et al. 2012, 2014).

As a first step of the post-processing, we subtract the bright point-like AGN emission from
the reconstructed datacube using QDEBLEND3P (page 30). Afterward we model the stel-
lar continuum and ISM emission lines in the AGN-subtracted datacube with PYPARADISE
(page 34).

In Fig. 3.2 we show the classical Baldwin-Philips-Terlevich (BPT, Baldwin et al. 1981)
diagrams and corresponding spatial maps for the targeted galaxies after binning 8 x8 pixels.
Essentially, the BPT diagnostic diagrams highlight different dominating ionization mecha-
nisms. The face-on galaxies display line ratios that are mainly consistent with star formation
or intermediate line ratios between star formation and AGN excitation. The edge-on galaxy
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Figure 3.2: Upper panel: MUSE BPT diagnostic diagrams with empirical dividing lines. The
solid line shows data from Kauffmann et al. (2003) and the dashed line from Kewley et al.
(2001). The colors represent AGN ionization (red), ionization by H 11 regions (blue), and
mixed regime (green). Lower panel: MUSE emission line 1.6” x 1.6” binned maps color-coded
according to the BPT diagram regions; white-light contours are overplotted in black.

HE 1353—1917 is instead dominated by AGN photoionization. The fraction of AGN excita-
tion to the extinction-corrected Ha for HE 1353—1917 is >80%, whereas a fraction of <40%
is found for all face-on galaxies.

3.2.3 SED fitting and FIR luminosities

We constructed spectral energy distributions (SEDs) for all targets using publicly avail-
able broad-band photometry from the following catalogs: the Herschel/SPIRE Point Source
Catalogue (Schulz et al. 2017), the AKARI/FIS Bright Source Catalogue (Yamamura et al.
2009), the 2MASS Extended Source Catalog (Jarrett et al. 2000), and the GALEX Source
Catalog (Bianchi et al. 2017). For the following datasets we applied aperture measurements
on the survey images: Herschel/PACS images from the Herschel Science Archive!*, WISE
Image Atlas (Cutri et al. 2011), optical grizy photometric images'® from the Pan-STARRS
DR1 (Chambers et al. 2016), and Swift/UVOT images from the Barbara A. Mikulski Archive
for Space Telescopes'©.

We obtained the FIR (42.5-122.5 um) luminosities through SED fitting with AGNFITTER
(Calistro Rivera et al. 2016). AGNFITTER uses an MCMC approach and various template
libraries to model the SED as a super-position of emission from an AGN accretion disk,
a torus of AGN-heated dust, stellar light from the galaxies, and cold dust in star-forming
regions. The AGNFITTER output SED models are shown in Appendix A.1 Fig. A.3 (the
models used in this chapter do not take into account AGN constraints and differ from the

14HSA, http://archives.esac.esa.int/hsa/whsa/
5available at http://psiimages.stsci.edu
I6MAST, http://archive.stsci.edu/
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Table 3.1: Measured galaxy properties

Object DL F[C 11] FFIR<42.5—122.5 um)
[Mpc] 10713 [erg/s/ecm?] 107 [erg/s/cm?]
HE 0433—1028 156.4 6.13+0.45 9.41£0.05
HE 1029-1831 177.7 2.32£0.83 9.82£0.33
HE 1108—2813 104.7 2.65+0.24 11.86 £0.32
HE 1353—1917 154.0 5.07+0.32 1.11£0.04
HE 2211-3903 175.2 1.17+£0.41 1.944+0.25

models shown in Fig. A.2; but the FIR part does not depend on this change much) and the
FIR (42.5-122.5 pm) luminosities are listed in the Table 3.1.

3.3 Results and discussion

The [C11] and FIR luminosities of our five targets are shown in Fig. 3.3 in comparison to
a large literature compilation of low-redshift galaxies from Herrera-Camus et al. (2018a).
Four of the CARS targets lie within the 3¢ region of the mean relation (apparently, the
[C11] emission is matching the star formation traced by Hey, for example, see HE 0433—1028
[C11] MAP box on page 61), while HE 1353—1917 lies above the relation with more than
7o significance. The outlier has the strongest deviation from the mean trend (observed to
the date of Smirnova-Pinchukova et al. 2019 publication, later LARS 5 with [C11]/FIR~ 9%
was observed also with SOFIA/FIFI-LS, Puschnig et al. 2020) at low redshift, with an
unprecedented global [C11] line excess of an order of magnitude. AGN hosts and LINERs
tend to be below the relation in the (U)LIRG regime Lpr > 101 Le and more likely show
[C11] line deficits.

Based on the FIR and AGN-subtracted extinction-corrected Ha luminosity, we expected
HE 1353—1917 to be the faintest target in [C11], but it turned out to be the brightest source of
our sample. While all galaxies have similar metallicities, stellar masses, and AGN bolometric
luminosities, the obvious dissimilarity is the edge-on orientation of HE 1353—1917. When
we consider the unobscured nature of this AGN, this means that the AGN ionization cone
directly pierces the gas-rich disk of the galaxy. This leads to a large biconical extended
narrow-line region (ENLR) that is oriented almost along the disk axis on kiloparsec scales,
as clearly shown in Fig. 3.2. In addition, a massive multiphase outflow on kiloparsec scales
with a mass outflow rate of Mgy ~10-100 Mg yr~! is detected in this galaxy, as discussed
in detail by Husemann et al. (2019), while less prominent outflows are detected in the other
four galaxies (Singha et al. 2022). The global SFR of ~2Mgyr~! implies an integrated
mass-loading factor of ~10 or more that has a similar scale as the observed [C11] excess.

Several powering sources may contribute to the [C 11] line excess in HE 1353—1917, but the
challenge is to distinguish the dominant [C11] line excitation mechanism. As highlighted in
Fig. 3.3, the [C11] line luminosity of HE 1353—1917 cannot be powered by the star formation
alone. The SFRs calculated from the extinction-corrected Hae (SFRyzq = 1.2340.03 Moyr—!)
and 42.5-122.5 ym luminosity (SFRpr = 2.34£0.1 Moyr—!) can account for only about 25%
of the observed [C11] line luminosity (SFRc = 2.286 - 10743 x L[lcoﬁf, Herrera-Camus et al.
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2015). X-ray dominated regions (XDRs) produced by the hard X-ray photons from an
AGN may contribute and even dominate the PDR [C11] emission. From the scaling relation
Licu), XprR = 2 ¥ 1073 La_1gKev by Stacey et al. (2010), we estimate an XDR. contribution
of only 10% given an X-ray luminosity of Lo_jgxey = 1.69 x 10%3erg s=! (Husemann et al.
2019).

[C11] emission can originate in any gas phase that is illuminated by UV photons. Using
other line and continuum diagnostics, we can obtain some idea of which phases contribute
to the [C11] emission, for example, 66-82 % for the neutral phase and the rest for the ionized
phase in local star-forming galaxies (Croxall et al. 2017). However, these fractions do not
necessarily remain the same in the ENLR of an AGN. How much of the [C1I] emission
originates from an ENLR has not been systematically explored so far. If the ionized gas
phase produces more than 20-40% of [C11] as in PDR paradigm, then it can explain the
observed [C11] excess. In HE 1353—1917 only ~20% of Ha originates from star-forming
regions and ~80 % comes from the AGN-ionized regions. If we naively assume that 20 % of
the [C11] flux originates from star formation, the [C1l]sp of HE 1353—1917 falls within 3¢
of the [C11]-FIR relation.

In Husemann et al. (2019) HE 1353—1917 is analysed in detail with the observations
from VLT /MUSE, Gemini-NIFS, ALMA, and VLA. Our understanding of the galaxy’s
configuration is such, that the AGN ionization cones which are observed as a large
biconical ENLR and a radio jet are nearly parallel to the galaxy disk (or perpendicular
to the rotation axis of the disk).

AGN ionization cone

C___ Duoalaxydisc 3¢ AGNnucleus e radio jet D bow shock ==, outifow | cloud AGN ionization cone

& disruption
HIl -> young stars )
C) HIl -> AGN ionized g\ and sts Igss o Hl atomic O H, molecular @ multi-phase clouds

The AGN ionization is then able to illuminate extra-planar material above the disk
plane. The jet directly intercepts the cold gas disk of this galaxy, hitting the inner
wall of a molecular gas ring which significantly enhances the cloud turbulence and
disrupts the clouds in the vertical direction. The fast outflow in the ionized gas is
then accelerated, either by the radiation pressure or the hot outflow from the jet, and
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moving around the dense material at the inner edge of the dense gas ring in the disk
plane.
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The two well-defined regions highlighted in red circles on both sides of the nucleus in
the cold-gas kinematics exhibit high velocity dispersion. On the multi-phase position-
velocity diagram (PVD) along the major axis of the galaxy based on the CO(1-0),
H>[1—0S(1)] and [O 11] ionized gas kinematic maps the LOS velocity and, in particular,
the velocity dispersion most strongly deviates from the kinematical model in all gas
phases about 175-2”70 away from the center on both sides. The warm molecular gas,
which typically arises in strong shocks, is only detected at the location of those two
“hot spots” supporting the notion that it is indeed a special region within the galaxy.
Most importantly, we detect an extra-ordinary high velocity dispersion in the ionized
gas phase at the same location, but only on one side of the galaxy centre. Given the
high inclination and dust content of the disk, the assumption is that we cannot see
the optical emission lines of the ionized gas on the other side of the nucleus due to the
high obscuration.

A fast multi-phase outflow about ~1kpc away from the nucleus is detected in the
ionized gas (vmax ~ 1000km/s) and molecular gas (vmax ~ 300km/s). This region of
the outflow appears as a distinct feature in the PVD and is coincident with jet-like
radio emission at 10 GHz represented by light blue contours as detected with the VLA.
Warm molecular emission is also directly associated with the radio jet location. This
co-location implies that the ISM is heated directly through a fast moving shock, which
is hitting the dense, cold gas disk of the galaxy.

The material and the figures are taken from Husemann et al. (2019).
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Figure 3.4: SOFIA/FIFI-LS [C11] line flux
map of HE 1353 — 1917. The contours
represent Herschel PACS 70 (solid green
lines) and 160 pm (blue dashed line)
photometric observations.
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Dissipation of the kinetic energy of shocks and outflows can also have important conse-
quences on the [C1I| emission, as theoretically explored by Lesaffre et al. (2013). [C11]/FIR
ratios of 3-7% are detected in between merging galaxies (Appleton et al. 2013; Peterson
et al. 2018) and locally within galaxies (Appleton et al. 2018). On the global scale, the
radio galaxy 3C 326 emits around 3% of FIR in [C11] line for which jet-driven turbulence is
likely responsible (Guillard et al. 2015). Nesvadba et al. (2010) estimated an outflow rate in
3C 326 of Moyt ~35Mqyr—!, compared to the SFR~0.1 Mg yr—! (Ogle et al. 2007), brings
a mass-loading factor of >10 similar to that found in HE 1353—1917. HE 1353—1917 has
a global [C11]/FIR ratio of 4.3+0.4% and a radio-jet powering the multiphase gas outflow
(Husemann et al. 2019). The [C11] line width of 760460 km s~! is broader than the CO(1-0)
line for cold molecular gas outflow ~210kms~!, but narrower than the ionized gas outflow
~1020 km s~ (see Fig. 3.1). [C11] therefore likely traces the interface between the warm and
cold gas phase within the outflow. We can relate the region where the [C11] excess occurs to
the center of the galaxy (Fig. 3.4) where the brightest region of the ENLR and the kpc-scale
multi-phase outflow are indeed located. The [O111] upper limit implies a line ratio limit of
[Om1]/[C1] < 0.96, which suggests that the pure AGN ionization in the ENLR is not the
primary cause for the [C11] excess. Hence, the observations are firm evidence that the [C11]
line excess in HE 1353—1917 is related to the multiphase outflow initiated by the jet.

High-redshift galaxies span an entire range between [C11| deficient and normal regimes
with [C11]/FIR ratios from 0.02 % to 5 %. The large scatter in the ratios may be caused by
the order-of-magnitude difference in spatial resolutions, for instance, 18” for CSO, Brisbin
et al. (2015) with average ratio of 1.8 % and 1” for ALMA, Decarli et al. (2018) with average
ratio of 0.08 %, as low-resolution observations can include a larger fraction of intergalactic
[C11] emission. Several high-redshift QSO have shown a [C11] enhancement (Maiolino et al.
2009; Wagg et al. 2010), which was interpreted as due to a low metallicity given the high
[C11]/FIR and [C11]/CO(1—0) ratios in local dwarf galaxies. We measured [C11|/FIR ~ 4%
and [C11]/CO(1—0) ~ 10* for HE 1353—1917, which can neither be explained by intergalactic
[C11] emission nor by a low metallicity.
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3.4 Conclusion

We presented the discovery of a global [C11] line excess in one out of five AGN host galaxies.
Based on ancillary information from an extensive multiwavelength analysis of this galaxy
as part of the CARS survey, we can directly connect the [C11] line excess in HE 1353—1917
to the impact of the AGN that drives a massive multiphase outflow on kiloparsec scales
embedded in an ENLR (Husemann et al. 2019). The detection of such a global [C11] excess
in AGN host galaxies is of crucial importance for the interpretation of [C11] line observations
and the detection of massive gas outflows in luminous high-redshift AGN host galaxies.
Given the evidence of HE 1353—1917 and the similar outflow seen in 3C 326, we propose
that a significant [C11] line excess in luminous AGN, if detected, can be used as an in-
ference for a multiphase AGN outflow with a high mass-loading factor even at high redshifts.
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3.5 Follow-up observations

I proposed a follow-up SOFIA/FIFI-LS observation for another CARS AGN host galaxy to
test if the discovered [C11] line excess in HE 1353—1917 is primarily linked to the ENLR or
a multi-phase outflow. For this purpose, we chose HE 0412—0803, an elliptical galaxy with a
low molecular gas content (< 0.5x 10? My, Bertram et al. 2007) but an extraordinary promi-
nent ENLR and an AGN-driven ionized gas outflow. The two galaxies HE 1353—1917 and
HE 0412—0803 are similar in terms of AGN luminosity and dominance of the ENLR, while
the molecular gas content differs dramatically. The AGN ionized Ha flux of HE 0412—0803
is nine times brighter than in HE 1353—1917 while the low molecular gas content limits the
amount of shocked cold gas, which means that if the [C11] excess is caused by the ionized gas
in the ENLR, SOFIA will detect an AGN-driven [C11] line excess. This observation helps us
confirm or exclude our proposed [C11] excitation mechanism.
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Figure 3.5: Results of the continuum and emission-line modeling (see PYPARADISE box on
page 34) for HE 0412—0803. The radial velocity and the velocity dispersion of the stars and
gas are shown in the first two columns, and the surface brightness maps of the Ha and [O111]
are shown in the right column. The figure is taken from Husemann et al. (2022).

3.5.1 No [C II] excess

The observations took place during SOFIA Cycle 7 (plan ID 07_0117, PI: Smirnova-
Pinchukova) with the [C11] 158um line in the red channel and [O111] 88um line in the blue
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Figure 3.6: SOFIA/FIFI-LS [C11] and [O111] spectra (black lines) for HE 0412—0803
integrated within 36” diameter apertures. The best-fit Gaussian profiles are shown as solid
green lines. The atmospheric transmission curves are shown in blue, and the shaded regions
of low transmission are excluded from the fit.

channel. Observational characteristics and the modified data reduction are similar to the de-
scribed before in section 3.2.1. HE 0412—0803 did not require any additional LEVEL_ 3 file
selection (as described in Appendix A.2 for the previous observations), and a single Gaussian
component was enough to fit the spectra within 36” diameter aperture (Fig. 3.6).

The [C11] flux of 1.01240.216 x 10713 [erg/s/cm?] and the global [C 11]/FIR ratio of 0.54%
for HE 0412—0803 is in agreement with the low-redshift galaxies compilation from Herrera-
Camus et al. (2018a), so no [C11] line excess is detected for the proposed galaxy. This means
that the dominant ENLR alone cannot cause the [C11] excess, and the multiphase outflow in
HE 1353—1917 is most likely responsible for the high [C11]/FIR ratio. Unlike in the previous
observations, the [O111] 88.36m emission line (*P; — 3P transition) that originates in the
narrow-line region of AGN or H1I regions with photon energies higher than ~ 35 eV, was
also detected in the blue channel. The detected [O 111] flux of 5.6641.18 x 10™13 [erg/s/cm?]
results in [O11]/FIR = 0.032 and [O111]/[C11]~ 5.6. These ratios are among the highest
values in the mentioned low-redshift sample (Herrera-Camus et al. 2018a), with the mean
[O111]/FIR around 1073,

3.5.2 VLA puzzle

HE 0412—0803 was also observed on the Karl G. Jansky Very Large Array (16B-084, PI:
Pérez-Torres) as part of the CARS survey. The observations took place on 5 January
2017 at C-band (centered at 6 GHz with a bandwidth of 4 GHz) and on 27 November
2016 at X-band (centered at 10 GHz with a bandwidth of 4 GHz) in the A configuration.
The data reduction was performed with the standard CASA 6.2.1.7 procedure. The
images have spatial resolutions of about 0733 and 072 with RMS of 7.02uJy/beam and
8.39uJy/beam for C-band and X-band respectively. They reveal the spatially resolved
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Figure 3.7: VLA C- and X-band continuum images of HE 0412—0803 with green contours
representing no levels, the red cross indicating the optical center, and the beam size shown
in grey. Note that the flux density is in [Jy/pixel] (not in [Jy/beam]) to allow comparison
while beam sizes are different. The two elliptical Gaussian components model is shown as red
dashed contours with similar contour levels.

structure of two misaligned sources we call the primary and the secondary source (see
Fig.3.7). The optical Seyfert 1 AGN source resides in the center of the primary radio
source with robust accuracy of 13 mas for C-band and 4 mas for X-band. The parameters
of the two elliptical Gaussian components model fitted with CASA tool are listed in Table 3.2.

The origin of the observed radio structure most certainly cannot be star formation. The
MUSE Ha total SFRy, < 0.3 (Table 2.4), the CO(1—0) SFRco < 0.7 (according to the
CO(1 —0) flux from Bertram et al. 2007 and equation 2.12), and the infrared SFRig is
4.2%92 (Table 2.2). The NRAO VLA Sky Survey (NVSS, Condon et al. 1998) flux density

Table 3.2: Parameters of the two elliptical Gaussian component model.

C-band X-band
Fpeak8L Fintegratedb PA¢ ]:—"peak:aL Fintegratedb PA¢ ad
[wJy [ beam]  [udy] [deg]  [pJy / beam]  [uJy] [deg]

Primary 289.8£9.5 611+28 28.5+4.2 157.0£9.8 273+25 point source —1.2
Secondary  172.84£9.4 436+32 118+16 45.1+£8.0 16337  100.8£6.8 —2.6

& Peak flux density.
b Integrated flux density.
¢ Beam deconvolved position angle.

d Spectral index calculated as a = log(FCPand jpX-bandy /156 (; C-band /) X-band),

peak peak
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is measured to be 8240 puJy/beam'”, which is the total flux of the galaxy considering 15"
size of the beam. The corresponding total radio continuum SFRpc/[Meyr~!] = 0.75 x
1072 Ly 4qus/[WHz 1] (Heesen et al. 2014) would be ~ 19 Mg, /yr, that is much higher than
the other estimates.

Negative spectral indexes (also listed in Table 3.2) indicate synchrotron and inverse Comp-
ton emission, and therefore jet nature of the sources. NVSS total flux comparison with the
estimations of 1.4 GHz flux (F1.4GHz estimated ~ (%)QFGGHZ > F14aqn,) show that the
spectrum is likely not a simple power-law. We also do not resolve a core of the jet that is
characterised by flat (o ~ 0) or inverted (o > 0) spectral indices.

There are two remaining scenarios capable of explaining the observed structure, with the
two jet sources originating in one SMBH, the center of the Seyfert 1 AGN, or with the jets
independently belonging to the two separate SMBHs. If this is one jet that comes from the
Seyfert 1 AGN (the AGN resides in the brighter primary radio source), then what we see
is a bent geometry where the jet changed the initial direction. This could happen due to
interactions with the ISM (e.g., Wang et al. 2000; Lanz et al. 2015; Kukreti et al. 2022)
or environmental interactions resulting in ram pressure and gas stripping (e.g., McBride &
McCourt 2014; Gendron-Marsolais et al. 2021). We do not observe dense ISM that could
heavily impact the jet direction, as there is not much CO(1 —0) detected and no [C11] excess
related to the shocked multiphase outflow. Nevertheless, the explanation with the ISM — jet
interaction cannot be excluded because it could heat the gas leading to the observed lack of
CO(1-0) flux. The MUSE gas kinematics map excludes gas stripping, HE 0412—0803 rather
demonstrates signs of a major merger remnant with its elliptical morphology and mismatch
of stellar versus gas kinematics (Fig. 3.5). This leads to another possible explanation, where
both radio continuum sources are associated with two unresolved cores with their jets. In
this dual AGN scenario, the primary radio source corresponds to the bright Seyfert 1 AGN
that outshines its optically faint AGN companion visible as the secondary radio source.

While the existing data is not enough to distinguish the preferred scenario, future obser-
vations of HE 0412—0803 are needed to give a comprehensive answer. Singha et al. (2022)
finds an extended structure in the center of HE 0412—0803, but MUSE Wide Field Mode
(WFEM) spatial resolution is not enough to resolve the central region of interest. Narrow
Field Mode (NFM) observations with their resolution of 07025 per pixel are, on the other
hand, able to track the stellar kinematics within the central kiloparsec area and solve this
VLA puzzle. Radio observations that track smaller spatial scales can also resolve the jet
structure better and give us an idea of where the jet core (or cores) is.

17 Available at https://www.cv.nrao.edu/nvss/.
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Conclusions

Since the times when Edwin Hubble confirmed the extragalactic nature of the spiral nebulae,
many things in our understanding of the Universe have changed. It is the galaxies that put
the dark matter in the perspective of our world-built. Studies of stellar motions in galaxies
and galactic motions in galaxy clusters show significant amounts of unseen matter. It is the
galaxies that introduced the necessity of dark energy and led to such knowledge of space-
time behavior. Standard candle supernova in distant galaxies show the expansion of the
Universe to vary with redshift. This expansion is now described with a well-established
ACDM cosmology as a framework of extragalactic astrophysics. What else the humanity
finds out thoroughly investigating galaxies and their evolution?

In the current scientific paradigm, the picture of galaxy evolution is relatively complete
but blurred. We know that galaxies and galaxy clusters form in the knots of the dark
matter web, we know that the stars form in the cold molecular clouds; that star-formation
in galaxies is affected by supernova and AGN feedback, morphological and environmental
factors; the BHs accrete material, merge, and grow up to enormous weights of SMBHs;
that galaxies are going through many stages during their life, evolving, merging with other
galaxies, shining with AGN, quenching star formation and rejuvenating it again... But the
details of every process open hundreds of questions. Digging into the elements of the galaxy
evolution sharpens the picture, and the clearer we see, the more we understand the physics
of the world we are living in.

Summary and outlook

In this thesis, I applied the best methods and approaches I could use; some of them were
novel. Here, I summarize the results of my work and convey my hopes that the seeds I
planted will grow valuable for "sharpening the picture of galaxy evolution".

My task in the CARS data release preparation was handling the star formation analysis
described in Chapter 2. T accurately gathered and prepared all available photometry from the
catalogs and image archives (section 2.2.1, 3.2.3) complimented by broad-band observations
the CARS team performed (section 2.2.3), including the WFT observations I participated
at La Silla observatory, to model the SEDs. As we deal with AGN, I tried to match the
photometry with the observation dates closer to each other to avoid AGN variability impacts;
as a by-product of this attempt, I list the NIR variability later in section 2.4.3. For the
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modelling I modified the AGNFITTER package by Calistro Rivera et al. (2016), adding the
constrains to the accretion disk model with direct AGN ¢ and ¢ magnitudes, obtained from
the 2D image synthesis with GALFIT, as described in section 2.3.1 and the QDEBLEND3P box
on page 30. This modification allowed to reduce the uncertainty of the calculated parameters,
especially the stellar mass. The option of providing the AGN constraints for the SED fitting
of AGN host galaxies is being implemented in newer codes such as FORTESFIT by David
Rosario (2019) therefore, the AGNFITTER results for the CARS sample are useful for the
comparison and verification of the codes.

I utilized MUSE IFU cubes, the core dataset of CARS, rich with both spatial and spectral
information, to obtain the recent SFRs (section 2.3.2). The new approach to handling BPT
mixing sequences (section 2.3.2.2) led to the development of the RAINBOW code, which has
a clear idea (inspired as a consequent increase of basis spectra by Davies et al. 2017) and
simple usage. Combined with, again, a novel BPT morphologies approach (section 2.3.2.3),
it allowed me to handle the diverse BPT variations of predominantly star-forming, AGN-
dominated, or merging AGN hosts. I understand that new methods are not necessarily the
best or optimal ones. Of course, the BPT morphology approach plus mixing sequence model-
ing with RAINBOW is more complicated than the demarcation line approach (section 2.3.2.1);
it has some ambiguities in defining the spatial boundaries of the BPT morphology popula-
tions and in picking the basis spectra. Nevertheless, with some machine learning solutions,
this novel approach will be applicable for much larger IFU surveys such as MaNGA, SAMI
galaxy survey (Croom et al. 2021), and the future Hector galaxy survey (PI: Julia Bryant)
to leverage the complete information content of the data.

With the obtained stellar masses and Ha- and IR-based SFRs, I re-calibrated the SFMS
for the CARS AGN hosts. The statistical characteristics and the equations in section 2.4.1
allow us to predict SFRs for the AGN host galaxies using stellar masses, cold gas contents,
and metallicities (section 2.3.3). As finding any trends between AGN parameters and star
formation is a challenge for observational astronomy, we propose the mutual orientation of
AGN ionization cones and galactic disk, which is quantified as galaxy inclination in our
research, given that we have only type 1 AGN, for further investigations. The idea is that if
such AGN orientation allows the radiation to affect the host galaxy in a more efficient way, we
observe AGN feedback effects more likely (see, for example, HE 1353—1917 STRUCTURE
box on page 66).

As the title of the thesis is "Comparison of different star formation tracers in nearby
AGN host galaxies", the comparison is made in section 2.4.2. Such matching can unveil
the star formation history and help draw statistical connections between star formation and
galactic events like AGN or merging. This is indeed a promising approach for understanding
AGN feedback, as with Ha the recent star formation on the timescales of 5 Myr is traced,
with IR longer timescales of 100 Myr, allowing to indicate whether the SFR is increasing
or decreasing. There is also a potential to add radio-based SFR that traces intermediate
timescales of 15-20 Myr.

I analyzed CARS as a statistical sample, but it is also a collection of individual galaxies
with their peculiar features. In section 2.4.3 the possible physical reasons for the decreasing
and increasing star formation history traits are discussed. I thereby propose more of the
subtle trends that we cannot clearly explain for future studies, observations, statistical
checks, and modeling. Why do we see star-forming bars in the galaxies with declining SFR?
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Don’t bars dynamically support SFR suppression? Are early stages of AGN associated with
the increasing SFR because of the circumnuclear starbursts that fuel AGN, and therefore
are a reason AGN started to shine? Do less variable AGN have a more stable energy output
and suppress star formation better?

Some individual cases are worth looking into with great detail, as they may represent
an entire group of galaxies and provide statistical explanations. HE 1353—1917, the main
character of Chapter 3, is an excellent example of the [C11] excess galaxies. Another example
is LARS 5, the galaxy from Lyman-«a Reference Survey, which I helped to analyze in Puschnig
et al. (2020). Those discoveries would be impossible without a modified data reduction.
Extragalactic sources are fainter than what SOFTA with FIFI-LS used to observe, so I took
the intermediate data reduction step and applied the DRIZZLE algorithm to avoid over-
smoothing of the low SNR data, together with some additional background subtraction and
frame selection (section 3.2.1); only then the [C11] flux was possible to extract correctly. The
data reduction modifications were not implemented in the official FIFI-LS data reduction, as
extragalactic observations are not so common for the instrument, and the future possibilities
are closed now together with SOFTA. Still, I was figuring as a contact person to check if there
is any signal possible to infer from the low SNR data. The description in section 3.2.1 and
Appendix A.2 and the availability of the DRIZZLE code at https://gitlab.com/SPIrina/
drizzle fifi are sufficient if any FIFI-LS archival data is required to be analyzed.

The high-redshift galaxies exhibit a large scatter in the [C11] /FIR, and the detailed analysis
of nearby [C11] excess cases is key to interpreting this scatter. The [C11] line is often used as
a SFR tracer detectable with ALMA for the high-z galaxies, right when they have a peak of
star formation at redshifts 1 — 3. With this work and the support of other literature cases,
I claim that in AGN galaxies, the high [C1]/FIR is an indication of a multiphase AGN
outflow, and the [C11] line alone is not informative of the SFR.

The follow-up SOFIA observations of HE 0412—0803 (section 3.5) were dedicated to
confirming the scenario of multiphase outflow being responsible for the [C11] excess (or
adding more points to the alternative ENLR scenario). While no [C11] excess is detected
in HE 0412—0803 as there are likely no significant amounts of cold gas, this galaxy turned
out to be intriguing on its own. In section 3.5.2 I discuss the origins of the double-sourced
radio continuum structure of HE 0412—0803 observed with VLA. Whether HE 0412—0803
has a jet that changed its direction for an unknown reason or this galaxy hosts a dual AGN
as a result of major merging — only the observations of the inner kiloparsec area will be
able to give us an answer. While the CARS team already proposed this source for the
upcoming ALMA cycle, other high-resolution observations with, for example, optical MUSE
NFM or radio VLBA can reveal the nature of the two radio sources we see on the VLA images.

Overall, this thesis gives the perspective of handling SFR accessed by multiple tracers in
the conditions of AGN contamination. AGN studies are still at the peak of their relevance
for a decade, with more projects coming up. Bigger ground-based and space telescopes,
bigger bases of radio interferometers, and better data analysis capabilities with machine
learning, not to mention better experience in handling big data. Recent surveys, including
CARS, show the power of the multiwavelength approach; soon, with the new observational
windows such as gravitational waves and high-energy particles joining the "spectrum', the
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Figure 4.1: An illustration of AGN multi-messenger emission taken from Rani et al. (2019).
The background spectral energy distribution of 3C 273 and its variations spanning from 4 to
44 years of observations depending on the wavelength is taken from Soldi et al. (2008).

multi-messenger era comes. This will lead to a fuller population of black hole demographics,
a better understanding of black hole growth and jet physics, more cases of dual AGN and
connections with galaxy mergers, direct imaging of the inner AGN structures, and a better
understanding of AGN fueling and feedback.
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Figure A.2: Overview of the AGNFITTER SED modeling results for the entire CARS sample.
Black data points represent the measured panchromatic photometry collected for each object.
Upper limits are highlighted as black arrows. The red dots are the predicted photometry for
MCMC relations from the superposition of individual SED components. The red, yellow,
blue, purple and green lines correspond to the total SED, the stellar component, the AGN
component, the hot dust component and the cold dust component, respectively.

80



vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

10%

108

108

10"

108

1045

100

108

10

100

104

108

108

102

100

1045

10%

10

102

10%

10%

104

10

1042

100

A [um]
100.0 10.0 1.0 0.1

HE0253-1641

11/
12 13 14 15 16
rest-frame log v [Hz]

A [um]
100.0 10.0 10 0.1

T T T T
HE0412-0803

rest-frame log v [Hz]

A [um]
100.0 10.0 10 0.1
T T

T T
HE0853+0102

rest-frame log v [Hz]

A [um]

100.0 10.0 L0 01
T T T T

HE0949-0122

rest-frame log v [Hz]

A [um]
100.0 100 10 01
T

T T T
HE1029-1831

rest-frame log v [Hz]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

10%

100

100

100

10

10%

10%

10M

100

1012

1085

10

101

102

101

10%

100

109

10%

10m

A [um]
10.0

100.0

B B e L

T T
HE0345+0056

13 14
rest-frame log v [

A [um’
100.0 1™

Hz]

T T
HE0429-0247

rest-frame log v [

A [um]
100.0 100
T T

Hz]

R e e e

HE0853-0126

rest-frame log v [

A [pm]

Hz]

10 01

L B L e

100.0 10.0
T T

HE1011-0403

3
rest-frame log v [

A [um]
100.0 100
T

Hz]

10 01

HE1107-0813

rest-frame log v [Hz]

Figure A.2: continued.

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

vL(v) [erg s71]

10%

10%

g

-
2

100

10%

g

100

100

100

1005

10

108

102

100

100

10%

100

107

100

100.0

A [um]
10.0

T T
HE0351+0240

13 14
rest-frame log v [Hz]

A [um]
10.0 1.0

HE0433-1028

HE1017-0305

£ L L
12 13 14 15 16
rest-frame /og v [Hz]
A [um]
100.0 100 10 01
T T T T
E HE0934+0119
E
rest-frame log v [Hz]
A [um]
100.0 100 10 01
T T T T

100.0
T

3
rest-frame log v [Hz]

A [um]
100 10

T T
HE1108-2813

1
rest-frame log v [Hz]

81



A [um]
100.0 10.0 1 01
E T T T T
HE1126-0407
08
T E
o F
2
L f
B
3
" |
10 12 13 14 16
rest-frame log v [Hz]
A [um]
100.0 10.0 10 01
10% T T T T
HE1310-1051
104
T
n 104
e
2
B
H
101
rest-frame log v [Hz]
A [um]
100.0 10.0 Lo 01
T T T T
HE1353-1917
T, 109 E
< E
2 r
Rt
Bl
100 |
12 13 14 15 16
rest-frame log v [Hz]
A [um]
100.0 100 Lo 01
r T T T T
10% HE2211-3903
T
©
o
3
=
3
3
1
3
rest-frame log v [Hz]
A [um]
100.0 100 10 01
T T T T
HE2302-0857
104
T
©
2
)
= 109
B
3
3
102
100

/A
12 13 14 15 16
rest-frame log v [Hz]

82

100

vL(v) [erg s71] vL(v) [erg s71]
5

vL(v) [erg s71]

vL(v) [erg s71]

2

-
2

10%

A [um] A [um]
100.0 10.0 L0 0.1 100.0 10.0 L0 0.1

HE1237-0504 r HE1248-1356
104

10%

108

100

1012

E o100
b
o
g
£ 2 100
2
= f
104
r 100
12 13 14 15 16 12 13 14 15 16
rest-frame log v [Hz] rest-frame log v [Hz]
A [um] A [um]
100.0 10.0 10 0.1 100.0 100 10 0.1
T T T T F T T T T
HE1330-1013 10% L HE1338-1423

g

vL(v) [erg s71]
g

g

10"
7
rest-frame log v [Hz] rest-frame log v [Hz]
A [um] A [um]
100.0 10.0 10 0.1 100.0 10.0 10 0.1
T T T T T T T T
HE1417-0909 r HE2128-0221
104
T
“
2
2
z
3
104
10% 1 B |
12 13 14 15 16
rest-frame /og v [Hz] rest-frame /og v [Hz]
A [um] A [um]
100.0 100 L0 0.1 100.0 100 10 0.1
T T T T T T T T
E HE2222-0026 HE2233+0124
T
“
>
2
B
3
3
3
E
3 5 1
rest-frame log v [Hz] rest-frame log v [Hz]

Figure A.2: continued.



HE 0433—1028:

Alpm]
10.0

1
rest-frame log v[Hz]

HE 1029-1831:

Alpm]
100.0 10.0 10 0.1
L L L L
10% o
A
E 104 o
5
10% o
T
16
rest-frame log v[Hz]
HE 1108—2813:
Alpm]
100.0 10.0 10 0.1
! ! ! !
e
A
£ 10
B
3
10 =3
)
T T T T T
12 13 4 15 16
rest-frame log v[Hz]
HE 1353—-1917:
Alpm]
100.0 10.0 0.1
L L L L
104 o
= 104 =
@
£
S
S 00 4]
10% o
T
1 13 4 16
rest-frame log v[Hz]
HE 2211-3903:
Alpm)]
100.0 10.0 0.1
1 1 1 1
10% o
A
£

10%

Figure A.3: Reconstructed SED for the
five CARS objects observed with FIFI-LS
and best-fit SED model determined by
AGNFITTER (Calistro Rivera et al. 2016).
50 MCMC realizations fit to the broadband
photometric data (black points with error
bars) are shown. The model description

is similar to the one in Fig. A.2; the AGN
constraints are not introduced.

83



SF fraction
0.4 0.6

. HE0021-1819 MS . HE0021-1819 0.0 0.2 0.8 0
1.25 T T T T T T T T T 20 125 T T T T T T 20
15 415
40 10
i TPo o
5 a a
2 Joz oz
= 3 3
S 8 g
= q- 4
E;
4-10 4-10
415 415
oo L A Y . L L 0 oo L R VA L L =R
S0 08 06 04 02 00 0220 10 0 ~10 —20 S0 08 06 04 02 00 0220 10 0 ~10 0
log([NI1]6583/Ha) RA [arcsec] log([NI1]6583/Ha) RA [arcsec]
HE0040-1105 AGN HE0040-1105
175 T T T T T T T T T 20 175 T T T T T T T T T 20
Ls0f 1k 15 15
LBE 1F Huw0 Hw0
= 1oof 1
= P 1o 1o
5 0T m~an K A A
2 RN Joz Joz
5 050 § §
B 415 4-5
< 025
000 -0 4-w0
—0.25 o . 45 15
0.50 ! . L ! . . . ! . 20 0.50 ! ! ! . LN . ! L 2
S0 08 06 04 02 00 0220 10 0 ~10 ~20 U0 08 06 04 02 00 0220 10 0 ~10 —20
log([NI1]6583/Ha) RA [arcsec] log([NI1]6583/Ha) RA [arcsec]
HE0045-2145 LMS
0.75 per=ee - - - - - 20 0.75 e 20
Se— [} ~-ao
0.50 = 1t 115 050 F 115
& L =
0.25F 1L kM 0.25 =+ EM
= oo} 1
£ 1 s 1z
5 -0k E a 3
53 A F oz Jow
S osof N\ 1 g g
3 050 \ § 3
¥ \ L {5 15
° —omsf \ 1
\ F -0 4-10
~100F 1 - ~1L00F B
~125F iF 1» ~125F + v
150 b ! ! ! ! ! ! ! a0 Ty ! ! ! ! ! a0
PTI0RT 06 o4 02 00 20 10 0 ~10 —20 PTT08T 06 04 02 00 02 20 10 0 ~10 —20
log([NI1]6583/Ha) RA [arcsec] log([NI1]6583/Ha) RA [arcsec]
HE0108-4743 MS HE0108-4743
T T T T T T T T T 20 T T T T T T T T T 20
075 ;
050 e —— i 1°
~
0.25 qu 10
T 000 Jro 15
5 a 3
8 -025 Jow Jow
= 2 2
) 5 8 k3
< 050 1% 4=
E;
—0.75
4-10 4-10
~1.00 \ —1.00
\ 415 415
—125F Ce Y —125F
n n " n n 1\ " n " 90 n n 90
~10 08 06 04 02 00 0220 10 0 ~10 —20 ~10 08 06 04 02 00 0220 10 0 —10 —20

log([NI1]6583/Ha)
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Figure A.5: continued.
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A.2 FIFI-LS time window selection

Although SOFTA reduces the water vapor absorption to 99% of the ground level, the at-
mospheric variations still play a perceptible role and affect the quality of the FIFI-LS data.
To probe this effect, we used the science-ready LEVEL_ 3 pipeline output files. Each file
corresponds to only ~ 30 seconds of exposure time and cannot be examined independently
due to the high levels of noise. Calculating [C11] line flux signal-to-noise ratio (SNR) of
cumulatively summed files allows us to trace the trends of the SNR and therefore judge
the atmospheric conditions. Ideally, the trend should rise as the square root function. If
the SNR remains the same or even decreases when exposure time is added, we assume that
an atmospheric variation degrades the quality and exclude those time windows from the
analysis, as shown with the shaded areas in Fig. A.6.

To calculate the SNR as a function of the exposure time, we fit a fixed Gaussian shape
taken from the fitting result before the additional selection to the spectra, summed within the
36" diameter aperture. In the case of HE 1353—1917, when the line shape is not Gaussian,
the procedure still works similarly because only relative trends are important in this analysis.
Masking the spectral regions with strong atmospheric absorption lines is, conversely, very
important for the flux estimations. The first few values of the SNR as a function of the
coadded files are unreliable, but the overall trends remained when we performed the reverse-
order coadding test.

The rapid altitude shifts also affect the SNR trends as seen in the case of HE 1353—1917
and HE 2211—3903. In the last 15 files for HE 2211—3903 the altitude is higher and of much
better quality, but we decided not to exclude the majority of the files from the analysis and
kept all of them.

Even though the selection due to atmospheric conditions is performed in the reduction
pipeline, our additional selection technique helps to increase SNR of the detection by ex-
cluding the poor quality artifact-rich files.
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