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We analyze the gas kinematics of massive, early-type galaxies, in sim-

ulations and observations, with respect to the effect of AGN feedback

on certain quantitative irregularity parameters. Our observational data

sample is drawn from the integral-field survey CALIFA, and our simu-

lated data sample is based upon galaxies produced via the code SPHGal.

We select objects (observed and simulated) which are currently affected

by AGN feedback by means of WHAN analysis in order to compare

them. With our simulated data, we have access to two separate simula-

tion runs, the only difference between the two being the implementation

of AGN feedback in one, but not the other, which allows us to cleanly

isolate AGN feedback’s effects. This separation, along with the ability

to explore a galaxy’s development over time, is not possible with our

observational data, and so we use the simulations as a guide to the ob-

servations. We find that AGN feedback does increase the value of the

irregularity parameters in our simulations, but that other phenomena,

such as galactic mergers, can increase them as well. Furthermore, a

galaxy which was affected by AGN feedback at some point in its past

does not necessarily indicate this in the present. In all, high values for

irregularity parameters may be but are not necessarily caused by AGN

feedback.

Wir analysieren die Gaskinematik massereicher Galaxien frühen Typs

in Simulationen und Beobachtungen in Bezug auf die Auswirkung von

AGN-Feedback auf gewisse, quantitative Irregularitätsparameter. Wir

beziehen unsere Beobachtungsdaten von der CALIFA-Survey und un-

sere simulierten Daten wurden anhand des Codes SPHGal produziert.

Wir selektieren die Objekte, die momentan durch AGN-Feedback bee-

influsst werden, indem wir WHAN-Analyse durchführen, damit wir sie

vergleichen können. Mit unseren Simulationsdaten haben wir Zugang

zu zwei unterschiedlichen Datensätzen, wobei der einzige Unterschied

zwischen den beiden die vorhandene oder nichtvorhandene Implementa-

tion von AGN-Feedback ist. Dies erlaubt es uns, die Auswirkungen von

AGN-Feedback klar zu isolieren und diese strikte Trennung, gemeinsam

mit der Möglichkeit, die zeitliche Entwickling der simulierten Galaxien zu

erforschen, ist mit den Beobachtungsdaten nicht möglich. Deswegen ver-

wenden wir die Simulationsdaten als Orientierungshilfe für die Beobach-

tungsdaten. Wir stellen fest, dass AGN-Feedback tatsächlich die Werte

der Irregularitätsparameter in den Simulationen erhöht, aber dass andere

Phänomene wie z.B. Merger dies auch bewirken können. Desweiteren

gibt eine Galaxie, die irgendwann in ihrer Vergangenheit AGN-Feedback

ausgesetzt wurde, in der Gegenwart nicht unbedingt Anzeichen darauf.

Insgesamt können hohe Werte der Irregularitätsparameter Anzeichen für

AGN-Feedback sein, sind dies aber nicht notwendigermaßen.
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1 Introduction, Methods, and Motivation

1.1 Introduction

Extragalactic astronomy has existed as a separate specialization for less than a hun-

dred years, only since it could be conclusively proven that objects exist beyond the

edge of the Milky Way. Starting from the discovery that there are more galaxies than

just the one we inhabit, we have learned much about these other “island universes”

(Kant, 1755).

The late-type galaxies (spirals, including the Milky Way) seem, at first glance, to

be the most interesting, with their distinct spiral arms, apparent ongoing star forma-

tion, and other clear features. In contrast, at the other end of Hubble’s (1926) tuning

fork, early-type galaxies (ETGs, ellipticals and lenticulars) are generally defined as

such by their lack of such features (specifically, spiral arms). This impression was

first formed based on the limited amount of detail discernible in the photographic

plates with which the galaxies were first studied. New techniques, developed over

the following decades, revealed that ETGs are more interesting than they might

seem at first glance. Low-brightness features such as shells and ripples (e.g. Struck,

1999) hint at past merger events, which can provide fuel for ongoing low-level star

formation (e.g. Kaviraj et al., 2008). This contrasts with the standard image of

ETGs as “red and dead” objects with simple histories, old stellar populations, and

little to no gas. Furthermore, not all ETGs are alike. More massive ETGs tend to

rotate more slowly than their less massive counterparts (Bender, 1988). As tech-

nology improved, the dichotomy between two separate classes of ETG became ever

clearer (see Cappellari 2016 for a review).

In addition to these insights from photometry and stellar kinematics, the recently

discovered presence of nebular emission in many ETGs provides evidence of a per-

vasive warm interstellar medium (WIM, T ∼ 104 K). The ubiquity of this emission

and, thus, of the WIM, was first demonstrated by Kehrig et al. (2012), with confir-

mation from follow-up studies by Papaderos et al. (2013) and Singh et al. (2013).

The WIM’s kinematics can differ greatly from that of the stars, and it can be ionized

by several different sources, including young, massive stars, old, evolved stars, and

active galactic nuclei. These excitation mechanisms leave spectral traces via the flux

ratios and equivalent widths of certain characteristic emission lines.

As these improvements in observational equipment and techniques increased our

understanding of the nature of ETGs, and the 20th century gave way to the 21st,

the field of numerical galaxy simulations came into being and became an important

part of attempting to understand how galaxies form and develop. Being able to

simulate a galaxy’s life cycle requires deep knowledge of the underlying processes at

work. Thus, there is interplay between the two fields: observations deliver empirical

knowledge that shapes the simulations, which in turn provide possible outcomes that

can be checked for plausibility (see Naab and Ostriker 2016 as well as Somerville

and Davé 2015 for reviews of the current state of galaxy simulations).
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In this thesis, we examine sets of simulated and observed data, derived with

modern techniques, with respect to the kinematics, nebular emission characteristics,

and (for the simulated data) the relative mass fractions and surface density profiles

of the WIM, comparing and contrasting where possible. The kinematics of simulated

ETGs are often compared to their observed counterparts for accuracy (see e.g. Serra

et al., 2014; Wu et al., 2014), but not as much work has been done regarding nebular

emission (Hirschmann et al. 2017 is one example, and provides the methods used in

this thesis).

One specific aspect we will be investigating is the effect of feedback from an active

galactic nucleus (AGN). Many ETGs host supermassive black holes (SMBH) at their

centers, and a host of observational and theoretical work has painted the following

picture of the way galaxies and the black holes they host influence one another:

when SMBHs accrete matter, they produce large amounts of energy. This energy

is transferred to the gas within the galaxy, which disturbs the gas’s kinematics and

causes it to heat up and expand, to the point that it is driven out of the galaxy into

the surrounding halo. In simulations, this process is necessary in order to quench

star formation and produce realistic massive galaxies, as the cold gas from which

stars form is ejected and prevented from re-accreting. Observationally, however, the

picture is far less clear. The degree to which the gas kinematics become irregular,

and the extent to which the emission characteristics of the gas are affected, are the

focus of this thesis.

When comparing and contrasting simulations and observations, care must be

taken to ensure that one is examining both sets of data under similar circumstances

and comparing the most similar aspects of each (e.g. the kinematics of only the

stars or only the warm gas, or the fluxes of certain specific emission lines). This

is generally accomplished by attempting to make the simulated data resemble the

observations as much as possible, instead of vice versa, for the reason that one has

much more flexibility in manipulating simulated data. One can orient a simulated

galaxy any way one chooses, at any single spatial scale or range thereof, isolating

parts of the galaxy based on any desired criteria, e.g. density, temperature, mass,

age, etc. A real galaxy is observed at a single inclination, at a fixed spatial scale,

and attempting to isolate specific parts for further study is somewhat more difficult.

Furthermore, observations (at least in theory) capture nature objectively, whereas

simulations will always be influenced by the assumptions of those who create them.

It is important to remain aware of and understand these assumptions. Thus, an

attempt has been made to treat the simulated and observed data analyzed in this

thesis in similar ways. For details, see the following sections. We will first describe

some of the theory of stellar and gas kinematics and the analysis of nebular emission

in galaxies, before describing numerical galaxy simulations in general and our simu-

lated data sample in particular, along with the results of its analysis, followed by a

description of integral-field observations of galaxies, our observed data sample, and

our analysis thereof, followed by a comparison of these analyses and a conclusion.
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1.2 Kinematics

In this section, we will provide an overview of the kinematic data that can be

gained via integral field spectroscopy (IFS) as well as the methods used to analyze

the data. We begin by describing the beginnings of kinematic analysis of ETGs

based on photometry and long-slit spectrography, to provide context.

1.2.1 Photometry

As stated previously, for many decades, the main source of information about galax-

ies (including ETGs) was photometry. One can use a photo of a galaxy to, for

example, derive a radial surface brightness profile. Since brightness correlates with

mass, this provides information about a galaxy’s mass distribution. The surface

brightness of most ETGs is well described by the Sérsic (1968) profile:

I(r) = Ie exp

{
−b(n)

[(
r

re

)1/n

− 1

]}
, (1)

where Ie is the brightness at the half-light radius re, n is the so-called Sérsic

index, and b(n) ≈ 1.9992n − 0.3271 for 0.5 < n < 10 (Capaccioli, 1989). Higher

Sérsic indices correspond to steeper central brightness profiles and shallower slopes

at higher radii.

Radial surface brightness profiles are generally produced after fitting shapes to

an ETG’s isophotes. ETG isophotes are best described by ellipses. In the standard

approach (e.g. Peletier et al., 1990), the best-fitting ellipse is determined as a first

approximation, then the deviation from this ellipse is measured, as follows. First,

the surface brightness is approximated by a Fourier series, truncated after the first

two terms:

Σ(ψ) = Σ0 + A1sin(ψ) +B1cos(ψ) + A2sin(2ψ) +B2cos(2ψ), (2)

where ψ is the eccentric anomaly. The ellipse parameters are adjusted so that the

Fourier coefficients A1, B1, A2, and B2 are minimized. Then, the deviations from

this best-fitting ellipse are described by the next two terms of the Fourier series:

Σ(ψ) = Σ0 + A3sin(ψ) +B3cos(ψ) + A4sin(2ψ) +B4cos(2ψ), (3)

A first indication of the difference between two classes of ETG arises from the

magnitude of this deviation from perfect ellipticity, as measured by the amplitude

of the term a4, defined as a4 =
√
A2

4 +B2
4 . Positive values of a4 indicate “boxy”

isophotes while negative values indicate “disky” isophotes (see Fig. 1 for a com-

parison). Beyond these photometric differences, boxy and disky ETGs were found

to differ in other respects as well. Disky ETGs tend to rotate more quickly than

non-disky ETGs (Bender, 1988), for example.
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Overall, the differences between the two classes of ETGs that were discerned

before the advent of IFS can be summarized as follows:

Giant ellipticals (MV . -21.5 mag):

� Are best fitted with Sérsic indices n & 4 (Caon et al., 1993),

� Rotate slowly (Illingworth, 1977),

� Are, on average, rounder (Tremblay and Merritt, 1996),

� Are anisotropic and triaxial (Binney, 1978),

� Can, but must not have, boxy isophotes (Bender, 1988).

In contrast, smaller ellipticals (MV & -21.5 mag):

� Are best fitted with Sérsic indices n . 3 (Graham and Guzmán, 2003),

� Rotate quickly (Davies et al., 1983),

� Can, but must not be, rather flat,

� Are close to isotropic and oblate (Kormendy and Bender, 1996),

� Can, but must not have, disky isophotes.

Disky: NGC4660 Boxy: NGC5322

Figure 1 The difference between “disky” and “boxy” isophotes. NGC 4660, on the left, has

“disky” isophotes (a4 ≈ 3 %). NGC 5322, on the right, has “boxy” isophotes (a4 ≈ -1 %). The

choice of these two galaxies to represent the two types come from Bender (1988). The photometry

is from the Sloan Digital Sky Survey (SDSS) (Cappellari, 2016).
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With photometry, one can derive spatial information about quantities such as the

surface brightness distribution and thus derive a brightness profile that contains in-

formation regarding a galaxy’s shape and some details regarding mass distribution.

Kinematic information, particularly two-dimensional kinematic information, how-

ever, is also important (e.g. Franx et al., 1991) but harder to derive. This is based

on spectroscopy, as the deviation of the observed wavelength of a spectral line from

the rest wavelength determines the radial velocity of the emitting material. This

technique is used, for example, with the 21cm line emitted by neutral hydrogen to

determine galactic rotation curves (e.g. Bosma, 1978). However, to derive a rota-

tion curve in this manner, one derives only one spectrum for the galaxy in question.

There is no spatial information.

Ideally, one would derive a spectrum for each pixel in an image, and this is the

principle of integral field spectroscopy (IFS). The earliest IFS observations accom-

plished this by simply moving the spectrograph’s slit, recording several spectra,

and thus capturing 2D information about an object. This approach works well

for nearby, well-resolved objects such as Centaurus A, the nearest elliptical galaxy

(Wilkinson et al., 1986), but is not feasible for most objects. Later, more modern

integral field units (IFUs) would split an image into sub-images by means of lenslets

or fibers and then produce a spectrum based on each sub-image, a concept first

theorized by G. Courtes (1982). Early IFUs such as TIGER (Bacon et al., 1995)

and the MPFS (Sil’chenko et al., 1997) proved the efficacy of the technique, but the

SAURON survey (de Zeeuw et al., 2002) conducted using the IFU of the same name

(Bacon et al., 2001) was the first to provide kinematic information for a significant

sample of nearby ETGs.

The quality of the resulting kinematic data is not the same for every pixel (or

“spaxel” with the addition of spectral information), and the signal-to-noise ratio

between spaxels often varies across orders of magnitude. For this reason, IFS data

is often locally averaged before analysis. This has the benefit of increasing the

signal-to-noise ratio, at the cost of some spatial resolution. One common averaging

technique is Voronoi binning (Cappellari and Copin, 2003). In this adaptive binning

scheme, many spaxels with low signal-to-noise are combined into large bins while

spaxels with high signal-to-noise remain separate, with the goal of achieving roughly

the same signal-to-noise ratio in each bin. Since signal-to-noise generally decreases

as the radial distance from the center of a galaxy increases, this generally results

in small bins with high spatial resolution near the center of a galaxy, with bin size

increasing and spatial resolution decreasing further outward (for an application of

this technique to data from the SAURON survey, see Fig. 2).

From a visual inspection of this kinematic data, it became clear that there were

indeed two separate types of ETG: one with and one without a degree of ordered

rotation. From this insight, a quantitative measure of a galaxy’s angular momentum

distribution was developed.
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(a) = (b) = (c) = (d) =                     (e) =

Non-Regular Rotator Regular Rotator

No Rotation     Complex Velocity           KDC           Counter-rotation

No Disk Stellar Disk

Figure 2 The five classes of stellar kinematics, as introduced by Krajnović et al. (2011). From

left to right: (a) No detectable rotation, (b) detectable but irregular rotation, (c) a kinematically

decoupled core (KDC), (d) two counterrotating disks, and (e) regular disk-like rotation. Types

(a)-(d) represent one class of ETG, with non-ordered rotation, and (e) represents the other, with

ordered rotation. The example Voronoi-binned velocity maps are from Emsellem et al. (2004).
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1.2.2 From V/σ to λR

First attempts at quantifying the degree of ordered rotation present in an ETG’s

kinematics predate IFS. It was discovered, for example, that observed stellar kine-

matics in ETGs showed much lower velocities than theoretical models with isotropic

velocity dispersion tensors had predicted (Illingworth, 1977). Motivated by this dis-

covery, Binney (1978) proposed the (V/σ, ε) diagram (see the left side of Fig. 3),

which plots the ratio between the ordered (V) and random (σ) motion in a galaxy

as a function of the galaxy’s apparent ellipticity ε. Ideally, these quantities would be

measured in such a way that they describe the entire galaxy. For decades, however,

V/σ could only be measured through long-slit spectrography, with only one value

each for the maximum rotational velocity Vmax and the central velocity dispersion σ0

for each galaxy. The advent of IFS would bring about the same level of improvement

as to the other areas of research discussed previously.

IFS allowed, first, for luminosity-weighted measures of V and σ integrated over a

characteristic length scale, e.g. an ellipse containing half a galaxy’s projected total

light (Cappellari et al., 2007):

〈V 2〉
〈σ2〉

≈
(
V

σ

)2

e

≡
∑N

n=1 FnV
2
n∑N

n=1 Fnσ
2
n

, (4)

where Fn is the flux enclosed within bin n, Vn and σn are, respectively, the mean

stellar velocity and velocity dispersion within bin n, and N is the number of bins that

fall within the half-light ellipse. One half-light radius has proven to be an effective

length over which to bin, resulting in values only slight lower (δ(V/σ) . 0.1) than

theoretical models in which the binning extended to infinity (e.g. Emsellem et al.,

2011).

When this approach was applied to SAURON IFS data, it was discovered that

galaxies with kinematic morphologies suggesting non-regular rotation (Fig. 2a-d) are

generally located significantly below the (V/σ,ε) diagram’s isotropic line (Cappellari

et al., 2007). For the most part, these galaxies corresponded closely to the giant

ellipticals described previously in that they are generally bright (Emsellem et al.,

2007) and triaxial, with the exception of type (d), the counter-rotating disks. The

regular rotators (e) occupied a larger area in the plot, corresponding to a larger

range of anisotropies.

The V/σ approach, however, still does not incorporate the spatial information that

IFS brought with it that previous long-slit spectrographic methods did not. This

means, for example, that a galaxy with a feature such as a kinematically decoupled

core (KDC, Fig. 2c) occupies the same region of the (V/σ, ε) diagram as an inclined

regular rotator, despite these objects having very different kinematics (Emsellem

et al., 2007).

For this reason, a new parameter was developed that adds spatial information to

the quotient of ordered and random motion. A measure of the projected average
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angular momentum, 〈L〉 = 〈R×V〉, takes the place of V . Determining these vec-

tors’ directions from observations is no easy task, however, and thus the definition is

altered to the more easily observable 〈R|V |〉, where R is the apparent distance to the

galaxy’s center, and the brackets meaning a flux-weighted average, as before. This

quantity can then be made dimensionless and, to aid in comparisons, normalized

with a quantity that is proportional to mass, such as Vrms ≡
√
V 2 + σ2 (Binney and

Tremaine, 2008). The final parameter, λR, is then defined as follows (from Emsellem

et al. 2007, in the continuous definition just explained as well as the two-dimensional

discretized formulation applicable to two-dimensional IFS data):

λR ≡
〈R|V |〉〈

R
√
V 2 + σ2

〉 =

∑N
n=1 FnRn|Vn|∑N

n=1 FnRn

√
V 2
n + σ2

n

(5)

One can plot a (λR,ε) diagram, which contains similar information to the (V/σ, ε)

diagram (see the right side of Fig. 3). A point on the latter can be projected onto

the former using the following empirical relation (Emsellem et al., 2007, 2011):

λR ≈
k(V/σ)√

1 + k2(V/σ)2
with k = 1.1. (6)

Different ETGs with different kinematic properties have different values of (V/σ)

and λR. But which values separate the ETGs with ordered rotation from those

without?

A relation derived with respect to V/σ to distinguish between the two classes

of ETG is the so-called “anisotropy parameter” (V/σ)∗ (e.g. Kormendy and Illing-

worth, 1982). It is defined as (V/σ)∗ ≡ (V/σ)/(V/σ)iso, where (V/σ) is the actual

observed ratio and (V/σ)iso is the theoretical ratio for an isotropic galaxy of the

same ellipticity. Cappellari et al. (2007) found that (V/σ)∗ . 0.4 roughly sepa-

rates non-regular, or “slow” rotators, from regular (“fast”) rotators. Results from

the ATLAS3D survey (Cappellari et al., 2011a) confirmed these findings, and found

a better value for the separating line between fast and slow rotators at (V/σ)∗ ≈
1/3 (Emsellem et al., 2011). Furthermore, all of the discovered slow rotators were

rounder than ε < 0.4.

The equivalent separating line, derived for the λR parameter described in the

previous section, was first placed at λR < 0.1 in Emsellem et al. (2007). Taking into

account data from the CALIFA and SAMI surveys as well as the inherent roundness

of slow rotators, the current definition of a slow rotator is (from Cappellari, 2016):

λR < 0.08 + ε/4 with ε < 0.4. (7)

λR is useful as a first descriptor of a galaxy’s kinematics, based on the stellar

component, for a first separation into one of the two classes, and we calculate it for

every galaxy in our sample. For a more detailed description, however, a new method

is necessary.
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Figure 3 An overview of the (V/σ,ε) and (λR,ε) diagrams, from Fálcon-Barroso et al. (in prep).

Re is the effective (half-light) radius. Left: The (V/σ,ε) diagram for 300 galaxies from the CAL-

IFA survey (Sánchez et al., 2012), the data for which come from Falcón-Barroso et al. (2017).

The symbols are color-coded by Hubble type. Values for early-type galaxies from the ATLAS3D

survey (Emsellem et al., 2011) are plotted as gray crosses. The theoretical values of an edge-on

isotropic rotator are plotted as a dotted line. The solid line represents the (V/σ)∗ = 1/3 limit that

approximately separates fast from slow rotators. Right: The (λR,ε) diagram for the same galaxies

as on the left, with the same lines as well. Equation 6 is used to find the λR equivalent to the

(V/σ)∗ = 1/3 separating line between fast and slow rotators, which are better separated on the

(λR,ε) diagram than on the (V/σ,ε) diagram (Emsellem et al., 2011).
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1.2.3 Generalizing Photometry to Describe Features of Velocity Maps

This new method, called “kinemetry” and developed by Krajnović et al. (2006),

works as follows.

For a collisionless stellar system such as an ETG, the distribution function f =

f(x,v, t) (e.g. Binney and Tremaine, 1987) fully specifies the dynamics of the system.

However, this information is not directly observable. In general, when we observe

an ETG, the properties we measure are integrated along our line of sight (LOS). In

addition, the angle at which we view the object introduces projection effects.

The information that can be gained through observation are the surface brightness

of a galaxy, given by

µ(x, y) =

∫
LOS

dz

∫ ∫ ∫
d~v f(~r,~v), (8)

and the velocity profile, or line-of-sight velocity distribution (LOSVD), given by

L(v;x, y) =

∫
LOS

dz

∫ ∫
dvxdvy f(~r,~v). (9)

Here, x, y, and z are the three spatial coordinates and the line of sight is defined

as the projection along the z axis. From these equations, it follows that photome-

try provides the zeroth moment of the LOSVD and it is possible to derive higher

moments. Commonly derived higher moments include the mean velocity V and the

velocity dispersion σ.

These higher moments can be derived in a similar way as in photometry (hence

the name “kinemetry”). First, a grid of possible ellipse parameters spanning the

range of possible position angles and axis ratios is generated, and the best-fitting

ellipse is determined by minimizing the coefficients of a truncated Fourier series,

as before (Eq. 2). It was discovered that a simple cosine law of the form V (ψ) =

V0+B1cos(ψ) approximates the velocity field of an ETG along the best-fitting ellipse

quite accurately, so the number of necessary harmonic terms is comparatively low:

V (ψ) = V0 +A1sin(ψ)+B1cos(ψ)+A2sin(2ψ)+B2cos(2ψ)+A3sin(3ψ)+B3cos(3ψ),

(10)

A1, A2, B2, A3, and B3 are minimized. Then, the velocity along this best-fitting

ellipse is given by the next Fourier terms:

V (ψ) = V0 + A4sin(4ψ) +B4cos(4ψ) + A5sin(5ψ) +B5cos(5ψ). (11)

The series can also be defined in the following, more compact way:

K(a, ψ) = A0(a) +
N∑
n=1

kn(a)cos[n(ψ − φn(a))], (12)

16



and the amplitude coefficients kn and phase coefficients φn are the following func-

tions of the An and Bn coefficients:

kn =
√
A2
n +B2

n and φn = arctan

(
An
Bn

)
. (13)

Generally, An and Bn coefficients describe different properties of a map, but this

does not apply to triaxial systems such as ETGs. It thus makes sense to combine

the same-order coefficients in the manner described.

Two of these kn coefficients deserve special mention: k1 =
√
A2

1 +B2
1 describes

the bulk motion, or the rotation curve, of the kinematics in question, and k3,5 =√
A2

3 +B2
3 + A2

5 +B2
5 represents higher-order deviations from the simple rotation

model, similar to the a4 parameter in the photometric approach described previously.

Another common definition of this deviation from simple rotation is simply k5 =√
A2

5 +B2
5 . The position angles (defined as the angle from North to the receding

component of the velocity) and flattenings (defined as the axis ratio b/a) of the

best-fitting ellipses can change from radius to radius, or they can be held constant.

They can also be given as output parameters and can be used to further describe

the kinematics.

Figure 4 Applying kinemetry to a velocity map. From left to right: (a) The velocity map with the

best-fitting ellipses. (b) The reconstructed velocity field on the basis of cosine-law rotation along

each ellipse. (c) Residuals between the reconstructed and observed map. The five-fold symmetry

suggests the presence of a significant k5 term, the result of a separate kinematic component from

the ordered rotation (from Krajnović et al., 2006).
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1.2.4 Analysis Methods

Kinemetry can be applied to any available kinematic information (e.g. gas or stellar

kinematics). As the WIM is the focus of this thesis, the results of applying kinemetry

to it will be emphasized. Specifically, we calculated the values of the following

irregularity parameters, first defined as such in Kutdemir (2010):

� k3,5/k1 (the deviation from simple rotation normalized to the amplitude of

the simple rotation of the gas kinematics) at the galaxy’s effective radius,

� ∆φ (the smallest difference between the position angles of the stellar and gas

kinematics) at the effective radius, and

� σPA (the standard deviation of the position angles of the gas kinematics mea-

sured at different radii) between 0.1 and 2 effective radii.

Kinemetry was run first on the stellar kinematics at the effective radius to de-

termine the stellar position angle, then on the gas kinematics at radii between 0.1

and 2 re at steps of 0.1 re, with the position angle and flattening of the ellipses

allowed to vary between radii, to determine the range of gas position angles in order

to calculate σPA, with the “global” (median) gas position angle subtracted from the

stellar position angle to calculate ∆φ. If the value for ∆φ calculated in this manner

exceeded 180°, we subtracted it from 360° in order to obtain the smallest angle.

Finally, kinemetry was run again on the gas kinematics with the position angle and

flattening fixed at their global values to calculate k3,5/k1 at the effective radius. We

define a galaxy’s kinematics as “regular” if the calculated value for k3,5/k1 does not

exceed 0.15, the value for ∆φ does not exceed 25, and the value for σPA does not

exceed 20. These values are taken from Kutdemir (2010), who determined them by

examining the parameter space occupied by non-peculiar, non-cluster galaxies with

mostly regular kinematics from the SINGS survey (Daigle et al., 2006).

In order to calculate error estimates for these quantities, it is necessary to provide

measurement errors for the velocities to kinemetry. Measurement errors for the

velocities of both gas and stars in each pixel of the velocity maps were provided for

the observational data. The spurious, saturated error pixels were replaced with the

median of the non-zero errors for each galaxy. For the simulated data, however, no

measurement errors were available (as the data were not “measured” per se) and

we had to provide velocity errors for the simulated velocities by other means. We

accomplished this by compiling a list each of all the corrected stellar and gas velocity

errors from the observational data, then randomly choosing errors from the relevant

list and assigning them to each pixel of the simulated stellar and gas velocity maps.

This means that the chosen measurement errors are based on empirical results, but

has the disadvantage that the distribution of errors is different every time they are

randomly assigned, leading to slightly different values for the irregularity parameters

and their errors. This variation does not significantly impact our results, but we

plan on assigning measurement errors differently in future work.
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The estimated errors for k3,5/k1 and ∆φ were calculated by means of the formulae

err(k3,5/k1) =

√
(k3,5/k1 ∗ err(k1))2 + err(k3,5)2

k1

(14)

and

err∆φ =
√
err(φstars)2 + err(φgas)2 (15)

respectively, where

err(k1) =

√
A2

1 ∗ err(A1)2 +B2
1 ∗ err(B1)2

k1

, (16)

err(k3,5) =

√
A2

3 ∗ err(A3)2 +B2
3 ∗ err(B3)2 + A2

5 ∗ err(A5)2 +B2
5 ∗ err(B5)2

k1

,

(17)

φstars and φgas are the stellar and gas position angle, respectively, and the indi-

vidual errors (e.g. err(A1)) are the 1-sigma errors output by kinemetry.

We also analyzed the residuals between the measured velocity fields and the rota-

tion models generated by a further set of kinemetry runs (see Fig. 4 for an example

of this approach from the literature), allowing the position angle and flattening of

the ellipses to vary along the full radial extent. In order to quantify how “ordered”

the residuals are, we calculate a version of the asymmetry index defined in Conselice

et al. (2000), which involves taking an image, rotating it by 180°, and subtracting

it from the original, as

A =
Σ|I0 − Iφ|

2Σ|I0|
(18)

where I0 is the original data value in a pixel and Iφ is the data value in the pixel

rotated by an angle φ. A can take on any value from 0 (fully symmetric) to 1

(fully asymmetric). This approach was originally used to describe the photometric

asymmetry of galaxies as a further means of classification, but a similar approach

has been applied to kinematics by e.g. Dumas et al. (2007). For the results of these

kinematic analyses, see subsections 2.6 and 3.4.

In order to run kinemetry on a kinematic map, the center of the map must be

defined. This was not a problem for the simulated data, in which the map is designed

so that its center coincides with the center of the galaxy, but this is not the case for

the observational data. Determining the kinematic center of a galaxy is not trivial,

and there are several different approaches, including finding the point with the

steepest velocity gradient (Arribas et al., 1997) or the highest velocity dispersion.

Certain harmonic coefficients (A0, A2, and B2) are also sensitive to miscentering

(Krajnović et al., 2006). These methods require regular kinematics, however, which

cannot always be expected of our data. For this reason, we assumed that the center
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of each of our observed galaxies was the point with the highest continuum flux

(within a certain distance of the center of the map determined by half the length of

each side, to avoid centering on neighboring objects).

Kinemetry automatically stops its fitting when it encounters the edge of the map.

It was found, however, that the fitting continued to larger radii than it should

in the case of the observational data, resulting in artificial drop-offs of measured

parameters, and so we constrained the fit to points within the convex hulls containing

all the pixels with non-zero velocities.
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1.3 Nebular Emission

Nebular emission is a valuable source of information about the kinematics of the

interstellar medium (ISM), as just described, and also of its composition and the

sources of ionizing radiation, as follows.

1.3.1 BPT Theory

The ISM in a galaxy is generally mainly ionized by one of the following sources:

young, massive stars, an AGN, or post-asymptotic giant branch (pAGB) stars.

Baldwin, Phillips, and Terlevich (hereafter BPT), in their landmark 1981 paper,

described a method to use the ratios of the intensities of certain optical emission lines

to determine which of these objects is the dominant ionization source for a given

galaxy. Their reasoning was as follows: Each of these ionization sources results in a

different spectrum. Therefore, one could use the relative strength of emission lines

as a basis for quantitative analysis. This method had been applied to Hii regions,

in the form of the I([O iii]λ5007)/I(Hβ) or I([O ii]λ3727)/I([O iii]λ5007) ratios (e.g.

Searle, 1971). It was found, for example, that Hii regions in a galaxy’s bulge had

different values of these ratios than Hii regions in the spiral arms. Single-parameter

schemes that result from examining only one line ration, however, do not offer an

ideal separation between the different mechanisms described previously, and thus

one should compare two different line ratios to each other. The examined lines

should fulfill the following criteria:

� They should be prominent and easily measurable,

� They should be insensitive to instrumental effects such as reddening, and

� Different line ratios should indicate high ionization and low ionization.

BPT identified the following lines as fulfilling these criteria: [NeV]λ3246, [O ii]λ3727,

[He ii]λ4686, Hβ, [O iii]λ5007, [O i]λ6300, Hα, and [N ii]λ6584. BPT, and later

Veilleux and Osterbrock (1987), then identified the three most useful two-dimensional

combinations of these lines: [O iii]/Hβ vs. [N ii]/Hα(the “classic” BPT diagram),

[S ii]/Hα, and [O i]/Hα. [O iii]/Hβ is sensitive to high ionization, while the other

three ratios are sensitive to low ionization. For an example diagram, see Fig. 5.

Using these line ratios, it was possible to separate star-forming galaxies from

those hosting AGN (Seyfert galaxies). AGN produce very “hard” ionizing spectra,

i.e. the fraction of high-energy photons they produce is very high (Kewley et al.,

2001), which results in high values of [O iii]/Hβ and [N ii]/Hα. For this reason, they

generally occupy the region in the upper right of the BPT diagram. In contrast, stars

produce comparatively “soft” spectra, and thus purely star-forming galaxies tend to

occupy the bottom left of a BPT diagram. These are only general trends, however,

and do not hold under all circumstances. Galaxies with high star-formation rates

(and thus high ionization parameters) and low metallicities (and thus high electron
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Figure 5 A sample BPT diagram (Fig. 1 from Kauffmann et al. 2003) with data for 55,575

objects from the SDSS for which all four lines were detected with a signal-to-noise ratio of at least

3. Kewley et al. (2001)’s theoretical demarcation line is the dotted curve, and the dashed curve

is Kauffmann et al. (2003)’s empirical separation line. The solid, straight lines are the traditional

separation lines for Seyfert galaxies ([O iii]/Hβ > 3, [N ii]/Hα > 0.6) and LINERs ([O iii]/Hβ <

3, [N ii]/Hα > 0.6) from e.g. Ho et al. (1997). Note: BPT diagrams such as this one are often also

referred to as “seagull” diagrams due to their bird-like shapes.

temperatures and collisional [O iii] excitation probabilities in ionized gas, see e.g.

Gutkin et al. 2016) can exhibit very high values of [O iii]/Hβ, pushing them high up

the BPT diagram into regions normally only occupied by AGN (Hirschmann et al.,

2017). These conditions are particularly prevalent at high redshift.

Thus, it is possible to separate star-forming galaxies (and regions in galaxies, with

IFS) from galaxies and galactic regions dominated by emission from AGN and young,

massive stars. As with the kinematics described previously, before the introduction

of IFS, it was only possible to measure one or, at most, a few spectra for a single

galaxy using long-slit or single-aperture spectrography. Being able to measure a

spectrum for every pixel in an image of a galaxy, for the entire galaxy, opens many

new avenues of inquiry into the excitation mechanisms for this ionizing radiation.

The precise location of the demarcation line between star-forming and active

galaxies, however, is difficult to define without further information. Kewley et al.

(2001), using stellar population synthesis and photoionization models, placed a first

theoretical separating line (the dotted line in Fig. 5). Kauffmann et al. (2003)
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introduced a new line (the dashed line in Fig. 5), based on empirical data from the

SDSS. The area between the two lines is traditionally thought to be occupied by

intermediate objects.

The bottom right of BPT diagrams is typically occupied by a class of objects

referred to as LINERs (Low-Ionization Nuclear Emission Regions,1 Heckman 1980).

As their name suggests, these objects exhibit strong low-ionization lines such as

[N ii] while their high-ionization lines (such as [O iii]) and their overall luminosities

are comparatively low. The precise nature of LINERs, in contrast to star-forming or

clearly active galaxies, was long considered a mystery. Their spectra resemble those

of Seyfert galaxies, and so they were long considered to simply be low-luminosity

Seyfert galaxies (e.g. Ho, 1999), but their spectra can also be replicated through

combinations of other processes, such as fast shocks (e.g. Dopita and Sutherland,

1995) or emission from evolved, post-AGB (pAGB) stars (e.g. Binette et al., 1994;

Stasińska et al., 2008). Of these possible causes, pAGB stars are assumed to play

an important role.

This idea is supported by the finding (from modern IFS studies) that LINER

emission in galaxies is not confined to the center, as the name would suggest, but

is in fact found all throughout galaxies, tracing old stellar populations (e.g. Belfiore

et al., 2016). Shocks were found only to play a major role in specialized merger and

interaction scenarios. The matter has not yet been conclusively settled, however,

and it can be difficult to disentangle the contributions of evolved stars and central

AGN in observations. In light of this finding that LINERs are not necessarily simply

low-luminosity Seyfert galaxies, and could represent the work of a different ionization

mechanism, the fact that the two classes of objects are not more clearly separated

in BPT diagrams has been a recent point of criticism.

1The objects hosting these regions are also referred to as LINERs.
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1.3.2 WHAN Theory

Since their introduction, BPT diagrams have been the standard approach to describ-

ing the source of a galaxy’s ionizing radiation. Recently, however, several possible

problems have been pointed out. Placing a galaxy on a BPT diagram requires the

detection of all four required emission lines ([O iii], Hβ, [N ii], Hα) at reasonable

quality. As shown by Cid Fernandes et al. (2010), this requirement excludes about

one third of the emission-line galaxies in the SDSS. Furthermore, as just described,

there is no clear delineation between Seyfert galaxies with active AGN and LINERs,

which are thought to be ionized at least partially by their old, evolved stars. In the

BPT diagram, these objects are all located in the right “wing.”

Several alternative emission-line diagnostic diagrams have been proposed, but we

will focus here on the WHα vs. [N ii]/Hα (WHAN) diagram proposed by Cid Fer-

nandes et al. (2010). In their paper, Cid Fernandes et al. argue that using only

two lines, [N ii] and Hα, is much more economical than using four. The [N ii]/Hα

ratio, the existing x-axis of the BPT diagram, can be used to separate star-forming

from active galaxies. In order to further separate LINERs from Seyfert galaxies, Cid

Fernandes et al. write, it makes sense to change the paradigm somewhat: instead

of working only with ratios of line fluxes, as before, one can also use the equivalent

width of Hα (WHα), which describes the relative power of the ionization source com-

pared to the stellar component. WHα tends to be higher in Seyfert galaxies than in

LINERs, with a local minimum separating the two populations to some degree, and

so it seems to provide a better criterion for their separation than the [O iii]/Hβ ratio

used previously. This empirical separation has not yet been theoretically examined,

however.

Nevertheless, the ability of the diagram to use the [N ii]/Hα ratio to separate

star-forming from active galaxies is preserved, and one need only measure two lines.

Based on empirical studies, Cid Fernandes et al. were able to define five classes of

galaxies based on their location on the WHAN diagram (see Fig 6):

� “Classic” star-forming galaxies (log[N ii]/Hα < -0.4, WHα > 3 Å),

� Seyfert galaxies (or “strong” AGN, log[N ii]/Hα > -0.4, WHα > 6 Å),

� Weak AGN (log[N ii]/Hα > -0.4, 3 Å< WHα < 6 Å),

� “Retired” galaxies (LINERs, WHα < 3 Å),

� Passive (lineless) galaxies (WHα < 0.5 Å, W[NII] < 0.5 Å).

The purpose of this thesis is to examine the effect of AGN feedback on a galaxy’s

kinematics. With our simulations, we have the luxury of being able to “switch”

AGN activity on or off at will, and we can examine a galaxy’s entire history, from

the present through high redshift. We do not have these abilities regarding observed

galaxies, and so we must determine whether or not they are affected by AGN by
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Figure 6 A sample WHAN diagram (Fig. 6 from Cid Fernandes et al. 2011). Included are the

names of the five categories of galaxies introduced by Cid Fernandes et al. based on their positions

in the diagram: star-forming (SF), strong AGN (sAGN), weak AGN (wAGN), retired galaxies

(RG), and passive galaxies (PG).

other means. We use the WHAN diagram to do so, with the caveat that a galaxy

that is not currently classified as hosting an AGN may have been affected by one at

some point during its past, and may still feel its effects (a point confirmed by our

analysis of our simulated data in the next section). In our analysis of the simulated

data on its own (Section 2), we rely on the distinction between sets of simulations

run with and without AGN feedback to separate the two groups. In our comparison

to the observational data (Section 4), however, we will also perform WHAN analysis

on the simulated data in order to compare the two samples in as similar a manner

as possible.

We will also briefly compare the emission data in its own right. Simulated and

observed galaxies are not yet often compared regarding their emission characteristics,

and this work represents a proof of concept.
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1.4 Thesis Structure

In this thesis, we will examine a sample of recent data from simulations and ob-

servations of early-type galaxies. First, for the simulation data (Section 2), we will

describe numerical galaxy simulations in general to provide context, followed by the

specific simulated galaxies in our data sample. We follow this with the results from

kinematic (Subsubsections 1.2.2 and 1.2.4) analysis in Subsection 2.6, and the re-

sults from emission (Subsubsection 1.3.2) analysis in Subsection 2.7. We will then

do the same for the observational data (Section 3). A comparison and discussion

of the results will be given in Section 4. Finally, we will summarize and conclude

in Section 5. In the appendix (Section 6), we will give an overview of all studied

galaxies, simulated (Subsection 6.1) and observed (Subsection 6.2).
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2 Simulations

From the huge amounts of observational data that have been gathered during the

last few decades and the theoretical framework that has been developed to explain

what we observe, certain questions have arisen. How do the initially small density

fluctuations that emerged shortly after the Big Bang develop into the structures at

large and small scales present in today’s universe? How do galaxies come to exhibit

their wide ranges of shapes, sizes, scaling relations, and other properties? Which

processes play which roles in galaxy formation and development? The main force

driving structure formation at these scales is gravity, which follows certain known

rules. By applying these rules to simulated massive particles, it is possible to model

their interactions. Gravity is not the only force at work, however. Attempting

to model the full picture analytically is impossible, and thus an important tool in

attempting to answer the questions raised by observation and theory is numerical

simulation.

A full treatment of numerical galaxy simulations is beyond the scope of this thesis,

and the reader is urged to read e.g. the reviews on the subject by Somerville and

Davé (2015) and Naab and Ostriker (2016). Instead, in this section we will provide

an overview of simulations, drawing on the aforementioned reviews as well as a

lecture on the topic given by Michaela Hirschmann at the University of Vienna in

the winter semester of 2016/17.

2.1 Introduction to Numerical Galaxy Simulations

Numerical galaxy simulations simultaneously face the luxury of having decades of

observational data to draw on and the challenge of having to reproduce a wide variety

of physical processes across huge ranges of temporal and spatial scales. Modern

simulations have been largely successful at reproducing the formation of structures as

described by current Lambda-Cold Dark Matter (ΛCDM) based cosmological models

on large scales, as shown in Fig. 7. The general approach to galaxy simulations is

as follows:

1. Initial conditions are specified,

2. Rules defining key physical processes (gravity, hydrodynamics, and various

complex baryonic processes) are defined,

3. The system is evolved in time,

4. The results are analyzed and compared to observations.
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Initial conditions are generally specified in the same manner for all simulations.

First, a volume is defined, and the isotropic and homogeneous density field within

this volume is discretized into particles with periodic boundary conditions. Then,

perturbations are introduced into the density field. These perturbations are de-

scribed by a power spectrum P (k). P (k) is derived by means of the Harrison-

Zel’dovich approximation, as Pi(k) = Akn. Because the power spectrum changes

over time, a transfer function is introduced to describe the power spectrum at any

point in time: P (k) = T 2(k)Pi(k) (e.g. Eisenstein and Hu, 1999). The effect of

the perturbations on the positions and velocities of the particles in the simulation

volume is described via the Zel’dovich approximation (e.g. Bertschinger, 1998). At

the end of this process, one has a simulated volume full of massive particles with a

distribution of positions and velocities at high redshift, before nonlinear structure

formation has begun to occur. The free parameters of the initial conditions gener-

ated in this way are the chosen cosmology, the size of the volume, the number of

particles, and the initial redshift (Bertschinger, 1998; Hahn and Abel, 2011).

In contrast to the mostly universal approach to initial conditions, there are many

different approaches to describing physical processes. There are three main ap-

proaches to modelling galaxies, roughly in order from least to most explicit: semi-

empirical models, semi-analytical models, and hydrodynamic models.

Semi-empirical models, such as sub-halo abundance matching (SHAM) models

(e.g. Behroozi et al., 2010), attempt to derive relations between theoretical proper-

ties of dark matter halos on the one hand and observed properties of galaxies on

the other. These models do not involve explicit descriptions of physical processes,

however, and will not be further described in this thesis.

A more explicit family of methods are the so-called “semi-analytical models”

(SAM, see e.g. Benson 2010 for a review). These models do describe physical

processes, but the focus here is on each of the bulk components in a system and the

rates of conversion between them rather than on individual elements and processes.

A SAM can track, for example, the rate at which cold gas forms stars, or how quickly

dark-matter halos accrete gas. This approach has many advantages, including the

ability to explore a wide range of physical parameters with a reasonable amount of

computational resources, as well as an avoidance of the numerical issues that arise

with more in-depth methods.

However, there are approaches that enable even more extensive examinations of

galaxy formation and evolution, and they are the focus of this thesis. With hydro-

dynamic techniques, mass is discretized into particles and/or space is discretized

into grid cells, and the equations describing gravity and hydrodynamics are simul-

taneously solved for all components (stars, gas, black holes, and dark matter) as

the system evolves in time. This means that one can obtain information about gas

temperatures, or stellar velocities, or dark matter densities, or a number of other

quantities, depending on one’s scientific goals. As the complexity rises, however,

so does the computational cost, and it becomes difficult to represent a large range
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of physical scales in the same simulation. A simulated cluster of massive galaxies

cannot resolve individual stars. The details of certain baryonic processes, such as

the feedback from black hole accretion, are also currently poorly understood and

thus even more difficult to implement accurately in simulations, especially when the

affected areas cannot be spatially resolved. As a result, these processes are often

included in the form of physically motivated, empirical sub-resolution or “sub-grid”

models, which represent their larger-scale effects, rather than modelling them ex-

plicitly.

Ideally, one would be able to analyze a huge volume in order to take into account

environmental effects and consider large-scale structures containing many objects,

but simultaneously be able to resolve tiny spatial scales in order examine contri-

butions from e.g. individuals stars. In practice, one must choose a spatial scale to

analyze. For an example of the range in spatial scales that a single modern simu-

lation can describe, see Fig. 8. As simulations become able to encompass higher

dynamic ranges, progress will be made from both “ends”: large-scale simulations

will be better able to resolve small-scale processes, while more detailed simulations

will be able to grow and describe larger and larger volumes. However, there is still

much work to be done.

One common way to increase the resolution in areas of interest is the so-called

“zoom-in” technique. In zoom-in simulations, the simulation is run once with the

same resolution for all particles and, often, only dark matter particles. After sim-

ulated time has passed and structures have formed, the particles comprising the

structures are identified and the simulation is reset to its initial conditions. Then,

the particles of interest are replaced with a higher number of smaller particles,

increasing the resolution, and the simulation is run again, this time with hydro-

dynamics and sub-resolution baryonic processes being described in addition to the

interactions of the dark matter. This technique is especially useful in examining

single galaxies and their environments.
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Figure 7 The evolution of certain key physical parameters (left to right: density of dark matter,

density of gas, temperature of gas, metallicity of gas) over the course of cosmic time (bottom to

top: z=4, z=2, z=1, z=0), as modelled by the Illustris simulation (from Vogelsberger et al., 2014).

Each box has a side length of 106.5 cMpc and a projected “depth” of 21.3 cMpc. One can see

in the first column on the left that structures arise in the form of dark matter filaments and the

formation of halos where filaments meet. In the second column, the distribution of gas on large

scales closely mirrors that of dark matter. The gas around massive halos increases in heat over

time due to feedback processes from the galaxies they host as well as shock heating as the halos

collapse, as can be seen in the third column. Finally, in the fourth column, metals spread from

halos and fill ever larger regions of comoving space.
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Figure 8 The dynamic range possible in current hydrodynamic simulations, and the small size

of galaxies compared to large-scale structures. The largest box is 100 x 100 x 20 cMpc, the first

zoomed-in box is 10 x 10 cMpc, and the second zoomed-in box, showing an individual galaxy, is

60 ckpc x 60 ckpc. The color describes the gas temperature (blue to green to red representing cold

to warm to hot) and the brightness describes the gas density. The simulation shown is EAGLE,

and the image with insets is reproduced from Schaye et al. (2015).
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2.2 Physical Processes

Certain physical processes have been determined to play important roles in galaxy

formation and evolution and are commonly included in simulations. Their gen-

eral implementation will be described in the following subsections, followed by the

specific details of SPHGal, the code used to generate the simulations in our data

sample.

2.2.1 Gravity

The gravitational force exerted on each mass element in a simulation by all others

is calculated by numerically solving Poisson’s equation. This is carried out by codes

referred to as gravity solvers.

First, a volume is defined to contain the simulation, as described previously. The

forces on each massive particle within the volume are calculated, and the system

develops forward in time, taking discrete time-steps. To reflect the expansion of

space over cosmic time, the volume is assumed to be co-moving, with the expansion

rate calculated from the Friedmann equation, but the actual equations solved by

the codes do not include relativistic corrections, which are generally assumed to be

negligible.

The most straightforward approach to calculating the force on each mass element

is to directly sum up the contribution of every other mass element. The computa-

tional effort involved with this approach, however, scales with the number of parti-

cles N as N2, which is quite high. Other, more efficient methods are mesh-based,

particle-based, or a combination of the two.

A popular mesh-based method is the particle-mesh (PM) approach (Hockney and

Eastwood, 1988) in which particle mass is transformed to a density, then the fast

Fourier transform of the density contrast in a cell is computed, the Poisson equation

is solved in Fourier space, and the potential is transformed back into real space

through an inverse fast Fourier transform. This approach is faster than direct sum-

mation (t ∝ NlogN), but the resolution is limited by the simulation’s cell size.

Popular particle-based methods include tree codes (Barnes and Hut, 1986), which

operate by grouping distant particles together and approximating the force they

exert through their multipole expansions. The computational effort involved with

tree codes also scales with NlogN , as with PM codes, but PM codes are more

efficient and accurate at larger scales.

In order to combine tree codes’ superior resolution with PM codes’ speed and

efficiency, hybrid methods were developed. These include, for example, TreePM

approaches, in which forces at short ranges are calculated using the tree approach,

and forces at longer ranges are calculated with particle meshes (see e.g. Dolag et al.

2008 and references therein for details regarding these and other gravity solving

schemes).
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2.2.2 Hydrodynamics

All massive matter in simulations is subject to gravity. In addition, gas is subject to

the laws of hydrodynamics. At each time-step of the simulation, the effects of grav-

ity and hydrodynamics must both be determined, which significantly increases the

complexity of the required calculations. In most cases, hydrodynamics are handled

by numerically solving the Euler equations, which describe conservation of mass,

momentum, and energy. The equation of state is generally assumed to be that of

an ideal, non-relativistic gas. Depending on whether the equations are solved in the

fixed or the fluid frame, the approaches to solving the Euler equations are either

Eulerian or Lagrangian, respectively.

In Eulerian methods, gas is discretized onto grid cells. Then, the advection of gas

properties is computed across the cells’ boundaries. The details of this approach

are many and varied, but most implementations have a few things in common. In

most codes, the pressure at each cell face is determined by solving the Riemann

problem. The pressure results in force exerted on the gas in the cell, and the gas

is advected, along with all its properties, according to this force. In most modern

codes, cell properties are calculated by interpolating the properties in neighboring

cells, with the interpolation functions generally being parabolic. This is referred to

as the Piecewise Parabolic Method (PPM, e.g. Colella and Woodward 1984).

The spatial resolution of a simulation using Eulerian methods is determined by

the grid size, which can in principle be set to any arbitrary value according to one’s

needs. Dynamic range, however, is still a problem. A similar technique to the zoom-

in technique (used with Lagrangian simulations) described previously to increase

dynamic range in Eulerian simulations is Adaptive Mesh Refinement (AMR). With

AMR, cells that fulfill certain (usually mass-based) criteria are split into smaller

cells, increasing the spatial resolution in that area. Modern Eulerian codes include

RAMSES (Teyssier, 2010), Enzo (Bryan et al., 2014), and H-ART (Kravtsov et al.,

1997).

With Lagrangian methods, the Euler equations are instead solved for gas that has

been discretized into particles. As with Eulerian methods, there are many ways of

accomplishing this, but the most popular approach is referred to as Smooth Particle

Hydrodynamics (SPH, described e.g. in reviews by Monaghan 1992 or Springel

2010b). Information, such as density or temperature, is carried directly by the

particles and calculated by means of a sum over particles which are closer than a

certain smoothing length h, and weighted by a spherical kernel function W of the

distance separating particles, as follows:

Xi = Σjmj(Xj/ρj)W (|ri − rj|, hi, hj), (19)

where Xi is the desired information, and m and ρ are mass and density, respec-

tively. In the classic implementation, the first information calculated is the density,

then the thermal energy, then the pressure, then the acceleration.
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This method has several advantages, including simple implementation in three

spatial dimensions and good spatial adaptivity, and a variant of it is used in the

code GASOLINE (Wadsley et al., 2004). On the downside, however, energy and

entropy are not explicitly conserved with variable smoothing lengths in adiabatic

flows. To solve this problem, entropy-conserving (EC-)SPH (Springel, 2005) was

developed, and it is used e.g. in the code GADGET-2 (Springel, 2005). EC-SPH

brought with it new problems, however. It was discovered, for example, that it

creates artificial pressure and thus an artificial surface tension between hot and cold

gas phases. This means that cold gas clumps moving through hotter gas are able to

resist disruption more effectively than they should (Agertz et al., 2007).

Several approaches have been defined to deal with these problems. Saitoh and

Makino (2013), basing their work on Ritchie and Thomas (2001), argued that the

density distribution is non-differentiable at contact discontinuities and that classic

and EC-SPH fails to account for this. Instead, a density-independent (DI-)SPH for-

mulation, in which the internal energy and energy density are separately calculated

and then used to calculate density, should describe contact discontinuities more

accurately. This turned out to be the case. In order to incorporate the conserva-

tion properties of EC-SPH, Hopkins (2013) adapted DI-SPH into pressure-entropy

(PE-)SPH and this, along with other improvements including new artificial viscosity

descriptions (e.g. Hu et al., 2014), means that modern SPH methods can accurately

describe surface instabilities and a range of other phenomena. However, an SPH

simulation’s resolution is still determined by the masses of its simulated particles,

in contrast to grid-based methods.

Eulerian methods accurately model hydrodynamics, including shocks and contact

discontinuities (which Lagrangian methods can have trouble with, as described), but

they do not conserve angular momentum as well as Lagrangian methods. Addition-

ally, numerical diffusion can lead to artifacts. Lagrangian methods conserve angular

momentum and entropy more exactly, and are more adaptive spatially, as described,

but they converge more slowly than Eulerian methods (Dolag et al., 2008).

Ideally, one would combine Eulerian methods’ accurate representations of difficult

scenarios with Lagrangian methods’ automatic density refinement. This can be done

e.g. by using a grid, as in standard Eulerian methods, but allowing the grid to change

its shape and follow the movements of the gas instead of remaining fixed. This is the

principle on which the AREPO code (Springel, 2010a) operates. In AREPO, the grid

is generated by means of a Voronoi tesselation around the particles so that each grid

cell contains the space that is closer to its particle than any other (see Subsubsection

1.2.1 for information regarding the application of a similar technique to photometric

data). The force on each particle is calculated by solving the Riemann problem

across the cell faces, as before, and then the grid is re-formed when the particles

move. At the cost of some additional computational resources to re-generate the

grid at each timestep, this approach neatly combines the advantages of Lagrangian

and Eulerian methods.
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In the last few sections, we have discussed several different approaches to mod-

elling gravity and hydrodynamics in numerical simulations, each with its own ad-

vantages and disadvantages. It is important to note, however, that there is not one

method that is clearly superior to all others. Furthermore, the modern versions of

all the methods discussed produce fairly similar, broadly accurate results (see Fig. 9

for a comparison of modern simulations). The major differences between the results

of different models arise not necessarily from the choice of large-scale gravity or hy-

drodynamics solvers, but rather from the details of the sub-grid physical processes

discussed in the next few sections (Scannapieco et al., 2012).

Figure 9 Results from recent numerical galaxy simulations modelling late-type galaxies. Each

image shows an edge-on and a face-on view of the stellar light of the simulated galaxy. Top row, left

to right: Lagrangian (SPH, GASOLINE) simulation by Stinson et al. (2013), Lagrangian-Eulerian

(AREPO) simulation by Marinacci, Pakmor and Springel (2014), Lagrangian (SPH, GASOLINE)

simulation by Guedes et al. (2011). Bottom row, left to right: Lagrangian (SPH, GASOLINE)

simulation by Hopkins et al. (2014), Lagrangian (SPH, GADGET) simulation by Aumer et al.

(2013a), Eulerian (AMR, RAMSES) simulation by Agertz and Kravtsov (2015). This overview is

reproduced from Naab and Ostriker (2016).
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2.2.3 Thermal and Chemical Evolution

Baryons in simulations are subject to radiative processes. They can radiate away

portions of their potential energy and thus decrease their temperature, but they

can also experience heating when they themselves receive radiation from stars and

AGN. These mechanisms are included in some form in most modern simulations.

Radiation can heat gas directly, and it can also photo-ionize the gas, changing its

characteristics further. Stellar radiation, in particular, is typically mainly produced

by young, massive stars (e.g. Leitherer et al., 1999), which can release up to ∼ 1053

erg of energy as radiation by the time they explode as supernovae (which themselves

release on the order of 1051 erg). Modelling radiative transfer fully and accurately

is difficult to accomplish, and so stellar feedback is usually implemented in one of

several phenomenological ways, described in the next subsubsection.

In terms of cooling, gas at temperatures higher than T & 107 K is fully ionized and

mainly cools via free-free emission (bremsstrahlung). At slightly lower temperatures,

between ∼ 104 and ∼ 107 K, ionized atoms in the gas can release energy by decaying

to their ground states or through recombination with electrons. At even lower

temperatures, below 104 K, cooling takes place when heavy elements experience

collisional excitation/de-excitation. This is also referred to as metal-line cooling.

Metal-line cooling is generally included in simulations, often by tracking emission

from individual elements (Scannapieco et al., 2005, 2006). In order to properly de-

scribe the effect metals have on the temperature of the gas, their production and

transport must be accurately described, and most modern simulations also describe

the chemical enrichment of the ISM by supernovae and old, evolved stars, e.g. by

tracking the production of oxygen by Type II supernovae, the production of iron

by Type Ia supernovae, and the production of carbon by asymptotic giant branch

(AGB) stars. As with other processes, the details of metal production models, espe-

cially at extremely high masses and low metallicities, have not yet been completely

determined, and so absolute predictions are not as reliable as relative trends with

respect to other galaxy properties (e.g. stellar mass). Properly describing chemical

enrichment is also important because it affects the color and luminosity of stellar

populations.

Furthermore, heavy elements are important to the production of dust, which

further changes a galaxy’s spectral energy distribution by absorbing energy in the

optical and UV wavelength ranges and re-radiating it in the infrared. This scattering

and re-radiation also results in pressure exerted on the dust, which can be transferred

to the gas, proportional to the dust’s optical depth τIR to the infrared radiation, in

the form Ṗrad ∼ (1 + τIR)L/c. However, the extent to which this pressure drives

the gas, e.g. resulting in outflows, has not yet been settled. Recent studies (e.g.

Rosdahl et al., 2015) suggest that radiation pressure has less of an effect than is

often currently assumed.
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2.2.4 Star Formation, Evolution, and Feedback

An important aspect of galaxy simulations is the conversion of gas into stars. This

process is difficult to model in simulations for several reasons. On the one hand,

the physical processes involved in star formation are complex, with the interstellar

medium (ISM) out of which stars form consisting of several different co-existing gas

phases, each exhibiting different temperatures and densities (McKee and Ostriker,

1977). Turbulence, magnetic fields, and other processes are generally assumed to

affect star formation (McKee and Ostriker, 2007), but are not generally included

well, or in some cases at all, in simulations. On the other hand, the spatial scales at

which star formation takes place are very small compared to entire galaxies (see the

discussion on dynamic range in previous sections). One approach to modelling star

formation and similar phenomena in simulations is not to attempt to resolve and

explicitly model the processes in question, but to make use of empirical findings to

describe them instead. One such empirical finding is that roughly 1% of the dense,

cold molecular gas in galaxies per free-fall time becomes stars (e.g. Leroy et al., 2013).

This rate applies to the majority of current observations. The implementation of this

finding in galaxy simulations generally takes a straightforward form (first described

by Katz 1992) that relates the star formation rate to the local gas density divided

by the free-fall time, in the form of a Schmidt (1959) law, as follows:

ρ̇∗ =
ε∗ρgas

tff
. (20)

ε∗ is a free parameter, the value of which is calculated from the Kennicutt (1998)

relation in isolated, idealized simulated galaxy disks. Another free parameter is the

threshold at which gas is deemed dense enough to form stars. This can be related,

for example, to the Jeans mass (Springel and Hernquist, 2003): as soon as the

Jeans mass falls below the mass of one gas particle, star formation can occur. From

the gas particle masses possible at the time, this resulted in a density threshold of

≈ 0.1 atoms cm−3.

This approach is fine for a first approximation, but it has several problems in

practice. The Kennicutt relation describes the ISM well at spatial scales of roughly

1 kpc, but not much smaller, and so it does not make sense to calibrate the star-

formation rate based on it if one can resolve smaller scales. A density threshold of

≈ 0.1 atoms cm−3 is also unrealistic. More realistic treatments incorporate higher

thresholds (e.g. Governato et al., 2007) or calculate the star-formation rate directly

from the density of the molecular gas instead of all the gas, eliminating the need

for abritrary thresholds altogether (e.g. Kuhlen et al., 2012). However, this requires

modelling the molecular gas separately, which in turn requires a new set of empirical

assumptions, as the temperatures and densities typical of molecular gas are not

generally resolved in current simulations.
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Only including star formation in simulations, however, is not enough. Applying

only these methods, with nothing to stop the gas from collapsing, results in dense,

clumpy disks that do not resemble local galaxies, as all the available gas is converted

into stars. Clearly, whole stellar lifetimes after formation must be taken into account.

Stars, especially massive stars, begin to influence their surroundings from the

beginning of their existence and distribute momentum and energy throughout the

ISM as long as they exist and after they die. The low (1%) star formation rate

described earlier is generally explained as a consequence of turbulence caused by

newly-formed stars and supernovae from massive, short-lived stars (e.g. Krumholz

et al., 2012). Another somewhat unexpected observational finding has been that the

relative fraction of stars and baryons in halos of galactic size is substantially lower

than elsewhere. Something is either preventing the accretion onto the galaxy of gas

out of which stars could form, or removing the gas from the galaxy before stars

can form. The explanation for this low baryon fraction came from the observation

of galactic-scale outflows supposedly driven by supernovae and massive stars, with

mass-loss rates comparable to the star-formation rate, in many star-forming galaxies

(Veilleux et al., 2005).

There are many different ways this stellar feedback is implemented in simulations.

The first attempts (e.g. Katz et al., 1996) consisted of calculating the thermal energy

produced by supernovae, then injecting it into the surrounding medium in an at-

tempt to overpressurize the ISM. This was, however, ineffective: because the cooling

times in the medium surrounding the supernovae are so low, the energy is radiated

away almost immediately, long before it has the chance to drive an outflow. To get

around this, simulators have devised several tactics: they either “turn off” cooling

for a certain time to allow the outflow to develop (e.g. Stinson et al., 2006) or they

super-heat the gas by only selecting certain particles to heat up (Dalla Vecchia and

Schaye, 2012).

Another way to incorporate stellar feedback is through kinetic energy instead of

thermal energy. This approach was first developed by Navarro and White (1993) and

is used in the GADGET-2 (Springel and Hernquist, 2003) code. Instead of receiving

thermal energy, gas particles receive “kicks.” The wind velocity vwind and a mass

loading factor η ≡ Ṁout/Ṁ∗ determine the strength and distribution of the kicks. In

Springel and Hernquist’s original formulation, the wind velocity and mass loading

factor are held constant. According to Oppenheimer and Davé (2006), however, a

different approach, derived from “momentum-driven” wind models (Murray et al.

2005, based on the assumption that the majority of the thermal energy dissipates

away quickly), produces results that correspond more closely to many observed

galaxy characteristics (e.g. Davé et al., 2013). In this approach, vwind ∝ σ and

η ∝ σ−1 (σ is the galaxy’s velocity dispersion).

38



These are only some of the ways stellar feedback is implemented, however. The

aforementioned methods either only include the effects of supernovae, or they include

pre-supernova effects in very simple ways, and they do not explicitly model each of

the individual phases a supernova goes through as it develops (e.g. Governato et al.,

2010; Agertz et al., 2013). Protostellar objects, before they truly become stars, can

produce powerful jets. Massive stars, in addition to exploding as Type II supernovae,

drive powerful winds of their own. Less massive stars drive less powerful winds as

they evolve, and may also explode as Type I supernovae under the right conditions.

All of these effects result in a transfer of mass, momentum, metals, and energy to

the surrounding ISM and can be included in simulations individually or in various

combinations. One attempt to include all these aspects in a self-consistent way can

be found in the FIRE simulations (Hopkins et al., 2014), which explicitly derive

their feedback parameters from stellar evolution models. Another approach is taken

in the simulations used to generate our data, and will be described shortly.
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2.2.5 Black Hole Growth and Feedback

After dark matter (which only interacts gravitationally), gas particles (which also

follow the laws of hydrodynamics), and stars (which interact gravitationally but

influence their surroundings as mentioned), black holes remain to be described.

The standard explanation for the existence of supermassive black holes at the

centers of galaxies is that they came into being as the end result of the evolution

of the first massive stars to form in the universe. These first black holes would be

roughly as massive as their progenitor stars (∼ 100 M�) and then, over billions

of years, accrete material and grow to supermassive size. However, the presence of

luminous quasars at high redshift (z ∼ 6-7) powered by black holes with ∼ 109M�
means that either the initial mass was higher (104−106M�), or the growth rate was

substantially higher than the theoretical ceiling at the Eddington limit, at which the

outward force produced by feedback balances the inward gravitational force. This

issue is not yet resolved (see e.g. Volonteri 2010 for a discussion of mechanisms for

producing more massive early black holes), but is not the focus of this thesis. In

simulations, the general approach is to place massive (∼ 105M�) black holes by

hand into massive (MH & 1010− 1011M�) dark-matter halos. Sometimes the black

holes all have the same, fixed mass, sometimes their masses correspond to their

host halo’s MBH − σ relation, but the details do not generally greatly influence the

outcomes.

Once the black holes are in place, the rate at which they grow in mass is generally

described through a variation on the Bondi-Hoyle-Littleton (Bondi, 1952; Hoyle and

Lyttleton, 1939) formula for accretion, as follows:

ṀBondi = α
4πG2M2

BHρ

(c2
s + v2)3/2

. (21)

MBH is the black hole’s mass, ρ is the gas density, cs is the gas sound speed, v

is the relative velocity between the gas and the black hole, and α is a parameter

introduced to compensate for the fact that the Bondi sphere of influence is generally

too small to be spatially resolved, and to reflect the higher temperatures and lower

densities in the vicinities of black holes. Simulations are getting to the point where

this is no longer a problem, however, and in these situations α = 1. Otherwise, in

the first implementations of this model α was mostly held constant (at ∼ 100), but

in more recent cases (e.g. Booth and Schaye, 2009) its value is dependent on the gas

density.

The Bondi model provides a physically motivated estimate of the accretion rate,

but it assumes very idealized conditions. The gas being accreted is expected to be

unaffected by feedback, self-gravity, or magnetic fields, and the accretion flow is

expected to be steady, unperturbed, adiabatic, and spherically symmetrical. Sim-

ulations of more realistic conditions, involving local heating and cooling as well as

turbulence, have shown that thermal instabilities develop in the accreting gas and

grow in a nonlinear manner, leading to the development of cold gas filaments and
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clouds, which decouple from the surrounding hot gas and boost the accretion rate

by several orders of magnitude compared to the Bondi model (e.g. Gaspari et al.,

2013). Thus, the Bondi model is unlikely to accurately describe cold, turbulent gas.

Nevertheless, variations of it are commonly used to describe the mass growth rate

of black holes through gas accretion.

When the accretion rate is low, the accretion is efficient, meaning that very little

of the energy contained in the infalling matter is radiated away (“jet mode” or

“radio mode” feedback). At higher accretion rates, however, much more energy

and momentum is distributed amongst the black hole’s surroundings, producing the

outflows and radiation associated with observations of strongly accreting black holes

(Krolik, 1999). This is referred to as “radiative mode” feedback. Observationally,

these outflows exhibit excess energy at IR, UV, and X-ray wavelengths as well as

highly ionized emission lines. By heating up the surrounding gas (thermal feedback),

or by ionizing and photo-dissociating the gas (radiative feedback), or by imparting

momentum to the gas and physically driving it (kinetic feedback), strongly accreting

black holes can eject gas from galaxies or prevent it from cooling and forming stars as

well as regulating their own growth by limiting the amount of gas they can accrete.

There is also the possibility that the produced outflows simply escape their host

galaxies without much interaction with the surrounding gas, however.

Springel et al. (2005b) and Di Matteo et al. (2005) were some of the first to

implement radiative-mode black hole feedback in simulations. Their approach was

to calculate black hole accretion rates using the previously described Bondi model,

then to calculate a bolometric luminosity proportional to the accretion rate:

Lbol = εr
dMBH

dt
c2, (22)

where εr is the radiative efficiency, equal to 0.1, and c is the speed of light. They

then converted a fixed fraction of the luminosity to thermal energy and distributed

it amongst nearby gas particles. This process did not take place in a cosmological

context (the galaxies in question were not modeled with hot gas halos, for example),

but the feedback resulting from this implementation was able, by converting about

5% of the luminosity into energy, to remove most of the galaxies’ cold gas, regulating

the black holes’ growth and the galaxies’ star formation (Springel et al., 2005a).

Radio-mode feedback is associated with jets containing relativistic particles, de-

tected at radio wavelengths coming from massive early-type galaxies. Instead of

interacting with the matter in their host galaxies, as just described, these highly

collimated beams generally deposit their energy in the intra-cluster medium (ICM)

in which their host galaxies reside. Observationally, these jets are associated in

many cases with large bubbles in the ICM, heated to X-ray-emitting temperatures.

It is unclear, however, how such narrow, bipolar jets can heat the ICM seemingly

isotropically, resulting in bubbles (Vernaleo and Reynolds, 2006).

The first simulations combining both radiative mode and jet mode feedback were

carried out by Sijacki et al. (2007). Below a certain accretion rate threshold (∼ 1%
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of the Eddington limit), jet mode feedback is implemented by including the bubbles

caused by jets (the bubbles were not directly caused by the jets, but were instead

placed by hand, with radii and energies proportional to the black hole masses).

Above the critical threshold, radiative mode feedback is implemented by depositing

a fraction of the accreting black hole’s luminosity into the surrounding medium

as thermal energy, as before. Other groups implement black hole feedback with

similar methods used with stellar feedback, described previously, with cooling either

“switched off” for a duration of time or the thermal energy stochastically distributed

to nearby gas particles.

In addition to implementations based mainly on thermal energy, as just described,

there are other implementations also based on radiation and mechanical energy.

AGN produce characteristic spectra, with peaks at infrared, UV, and X-ray wave-

lengths (e.g. Sazonov et al., 2004), which describe the way the energy from elec-

tromagnetic radiation is distributed. The overall strength of the radiation as a

function of the accretion rate can be calculated by means of the Soltan (1982) argu-

ment. AGN are also seen to produce winds from their broad-absorption-line regions

(Yuan and Narayan, 2014) which are capable of transporting significant amounts

of momentum. The strength of these winds can also be empirically related to the

accretion rate (Arav et al., 2013). Thus, by calculating the thermal, mechanical,

and radiative energy produced by a black hole as a function of its accretion rate, one

should be able to accurately model AGN feedback in a physically motivated way,

without having to resort to the “tricks” mentioned previously. The implementation

of mechanical and radiative feedback in a cosmological context is described by Choi

et al. (2016) and is shown to produce X-ray luminosities and black hole mass rela-

tions that better correspond to observations as well as more realistically quenched

star formation than the results of purely thermal, isotropic feedback.

AGN feedback has several effects on simulated galaxy properties. By preventing

cooling flows in group and cluster environments, AGN feedback prevents star forma-

tion in simulated group and cluster galaxies (e.g. McCarthy et al., 2010). Because

the rate of in-situ star formation thus decreases, but the ratio of accreted stars is not

significantly affected, these simulated galaxies grow in size, but the overall veloc-

ity dispersion increases (Martizzi et al., 2014). In this way, AGN feedback tends to

turn simulated fast rotators into slow rotators and late-type galaxies into early types

(Dubois et al. 2013, Frigo et al. in prep.). The work to confirm these predictions

with observational results is ongoing.
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Galaxies with different masses and in different environments will feel the effects of

stellar and AGN feedback to different degrees. Low-mass, more isolated (typically

late-type) galaxies tend to grow by accreting gas from their surroundings and form-

ing stars in-situ. They are more affected by stellar feedback than AGN feedback.

In contrast, more massive early-type galaxies (the focus of this thesis) in denser

environments feel the effects of AGN feedback more strongly. Certain observational

trends, e.g. the increasing relative fraction of slow rotators compared to fast rotators

among ETGs as environmental density increases (Cappellari et al., 2011b) have not

yet been confirmed by statistically meaningful simulated studies, but this work is

also ongoing.
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2.3 SPHGal

Following the general description of simulation codes from the last few sections, we

will describe the details of the code used to generate our simulations: SPHGal.

SPHGal (Hu et al., 2014) is based on the SPH code GADGET3 (Springel, 2005).

SPHGal computes gravitational forces via a TreePM approach, in which short-range

forces are calculated based on a “tree” algorithm and long-range forces are calculated

by particle-mesh algorithms, as described previously. One significant difference be-

tween GADGET3 and SPHGal is its treatment of gas hydrodynamics. GADGET3

suffers from the problems described previously when describing fluid mixing. SPH-

Gal offers several improvements:

� A density-independent pressure-entropy (PE) formulation of SPH,

� A Wendland C4 kernel that takes into account 200 neighboring particles,

� Improved artificial viscosity,

� Artificial thermal viscosity, and

� A limit on the degree to which neighboring particles can experience different

time-steps.

Star formation, evolution, and the resulting chemical enrichment are implemented

as described by Aumer et al. (2013b) and Núñez et al. (2017). Gas particles above

a certain density threshold, set by nth = n0(Tgas/T0)3(M0/Mgas)
2, where T0 = 30000

K, n0 = 2cm−3, are Jeans unstable. For these gas particles, the star formation

rate is given by dρ∗/dt = ηρgas/tdyn, where tdyn = 1/
√

4πGρgas is the gas dynam-

ical timescale and η is the star-formation efficiency, set to 0.025 to reproduce the

Schmidt-Kennicutt relation. Each formed stellar particle represents a stellar pop-

ulation, with its own age and metallicity, and the mass distribution described by

a Kroupa (2001) IMF and upper and lower mass limits of 100 M� and 0.1 M�,

respectively. Feedback is implemented in the form of ultraviolet radiative heating

and energy input from winds produced by young, massive stars, which then ex-

plode as Type Ia and II supernovae, further releasing metals, mass, and momentum

into their surroundings, and less massive, evolved stars driving weaker winds. More

specifically, young stars transfer momentum to neighboring gas particles for the first

few Myr of their existence, and gas particles within the Strömgren spheres of young

stars are heated. Thermal and mechanical energy from supernovae is transferred to

neighboring gas particles, with the relative fraction of each depending on how close

the receiving gas particle is to the star particles when the supernova takes place (the

full amount of energy being given by E = 1
2
mejectedv

2
out, with vout,SN = 4500 km/s),

with the free expansion, Sedov-Taylor, and snowplow phases each treated separately.

AGB stars are treated similarly, with significantly slower winds (vout,AGB = 10 km/s).

Supernovae of types Ia and II and AGB stars produce metals via yields described
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by Iwamoto et al. (1999), Woosley and Weaver (1995), and Karakas (2010), respec-

tively. The abundances of eleven elements (H, He, C, N, O, Ne, Mg, Si, S, Ca,

and Fe) in star and gas particles are tracked explicitly and used to calculate cooling

rates, with diffusion calculated for gas particles to model metal mixing.

AGN feedback, the most important physical process for this thesis, is implemented

as follows (based on Choi et al. 2015, 2016). Black holes with masses of 105M�
are seeded in dark-matter halos with masses of at least 1011M�. These black hole

particles grow according to a statistical form of Bondi accretion (Eq. 21), with

the probability of a gas particle being accreted onto the black hole proportional

to the fractional part of its volume that lies within the Bondi radius. With a

probability based on the accretion efficiency, gas particles in the vicinity of the black

hole are randomly selected to receive kinetic energy in the form of velocity “kicks”

of 10,000 km/s in a direction perpendicular to the gas disk, to replicate broad-

absorption-line (BAL) winds. The resulting momentum is shared with the two gas

particles closest to the kicked particle. To include the effects of the X-ray radiation

produced by the AGN, each gas particle is affected by Compton and photoionization

heating via formulae described in Sazonov et al. (2005), with the magnitude of the

heating determined by the amount of radiation the gas particle receives (i.e. the

luminosity flux at the gas particle’s position). In addition, each fluid element which

absorbs radiation in this manner is also subject to radiation pressure, in the form of

additional momentum proportional to the amount of absorbed energy and directed

away from the black hole.

45



2.4 Simulation Sample and Methods

The initial conditions of the simulations are taken from dark-matter-only simulations

in Oser et al. (2010, 2012), based on a WMAP3 cosmology (Spergel et al., 2007).

Specifically, h = 0.72, ΩΛ = 0.74, σ8 = 0.77, and ns = 0.95. These simulations

included (29)3 dark-matter particles, each with a mass mDM = 2 × 108M � h−1,

within a volume of (72 Mpc h−1)3, and were run from z=43 to z=0, with a total

of 95 snapshots taken at different redshifts. The previously discussed “zoom-in”

technique was then applied to these simulations, with a total of 39 halos with masses

between 7 × 1011 and 2.7 × 1013M � h−1 selected for re-simulation. All particles

within 2× r200, or two times the radius at which the mean density equals 200 times

the universe’s critical density, were flagged, and their positions were traced back to

the simulations’ initial conditions. These particles were then replaced with higher-

resolution dark-matter particles (mDM = 2.5×107M�h−1, or 1/8 the original value)

as well as gas particles (mgas = 4.2 × 106M � h−1) and the simulations were run

again. For each halo, one simulation run was performed with AGN feedback and

one without. Of these re-simulated halos, twenty of the most massive, with virial

masses at z=0 between 3 x 1012 M� and 3 x 1013 M�, corresponding to galaxy

masses (stellar masses within 1/10 of the virial radius) of 3 x 1012 M�-3 x 1011

M�, were selected for further study. It was found that, at z=0, AGN feedback had

removed a substantial portion of the warm gas from many of the galaxies (see the

next section), making it impossible to compare them with the observations. For this

reason, we decided to examine the same halos at slightly higher redshift (z=0.5).

The ten halos found to host galaxies with significant warm gas components with and

without AGN feedback comprise our sample (see Subsection 6.1 for an overview of

each halo). In addition, for six of these halos, we performed our analysis on snapshots

representing a range of redshifts from z = 3 to z ∼ 0.5 in order to examine these

galaxies’ histories.

In order to compare the snapshots’ kinematic properties to those from observa-

tions, we generated mock two-dimensional velocity maps using the Python code

voronoimaps described in Frigo et al. (in prep.), based on previous codes by Jes-

seit et al. (2007), Jesseit et al. (2009), and Naab et al. (2014), in order to generate

data similar to that produced by IFS. With this code, a snapshot is loaded and

centered on the most massive galaxy. The galaxy is oriented such that the veloc-

ity at its center of mass is zero, and its inclination with respect to the observer is

user-defined and can be anything from completely edge-on to completely face-on. In

this thesis, all snapshots were oriented at an inclination of 52°, chosen to represent

the possible range of observed inclinations. To reproduce the observational effects

of “seeing,” each particle (star or gas, depending on the kinematics being analyzed)

is replaced with 60 “pseudoparticles.” Each pseudoparticle retains the original par-

ticle’s properties, but its position is randomly distributed according to a Gaussian

function centered on the original particle’s position. The resulting 3D distribution

of pseudoparticles is then mapped onto a 2D grid. The purpose of the code is then
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to produce Voronoi-binned maps of quantities, e.g. age, metallicity, or line-of-sight

velocity (hence the name), and so an initial, regular grid is produced and its cells are

then joined together, with the resulting grid having a similar signal-to-noise ratio

(defined here as the number of particles) in each cell (see Subsubsection 1.2.1 for a

review of the application of this technique to IFS data). For the purposes of this

thesis, however, regular grids were generated in order to facilitate comparison with

the observed data, which is also provided in the form of regular, non-Voronoi-binned

grids. The value of the relevant quantity (in this case, the line-of-sight velocity) in

each grid cell is calculated by means of a weighted sample average. The resolution

of the resulting grids was 1 kpc x 1 kpc per pixel, corresponding to the typical

spatial resolution of the observational data, for the snapshots at z=0.5. For the six

snapshots of which we examine the histories since z = 3, we generated grids with

pixel sizes of 0.4 kpc x 0.4 kpc, corresponding to the simulation’s smoothing length.

Specifically, our analysis consisted of generating maps of the line-of-sight velocities

of the star particles and the warm (defined here as 103 < K < 4 x 104) gas particles.

With the resulting kinematic maps, values for the irregularity parameters k3,5/k1,

∆φ, and σPA as well as the angular momentum parameter λR (see Subsubsections

1.2.4 and 1.2.2 for details) were calculated for each halo.

In this section, we distinguish between galaxies with and without AGN feedback

simply based on whether or not the simulations were run with AGN feedback in-

cluded. When we compare the simulations to the observed data (Section 4), we will

classify both simulated and observed data as being affected by an AGN by means

of the WHAN analysis described previously.

In order to do so, we require information as to each simulated galaxy’s nebular

emission. The kinematic information can be extracted directly from the simulation

snapshots, as described. Nebular emission, however, is not included explicitly and

must be added through post-processing. The details of this process are explained in

Hirschmann et al. (2017), which is the first work to include contributions from each

of the three ionization sources discussed in Section 1.3 in simulated galaxies in a self-

consistent way. Nebular emission from young, massive stars as well as AGN narrow-

line regions are described using methods described by Gutkin et al. (2016) and Feltre

et al. (2016), while contributions from pAGB stars are calculated based on methods

originally described by Hirschmann et al. (2017), all based on the photoionization

code CLOUDY (Ferland et al., 2013). For each of the three ionization sources, a

grid of models covering a representative range of key parameters such as interstellar

metallicity, dust/metal mass ratio, or ionized gas density is generated (see Table 1

from Hirschmann et al. 2017, their Table 1), and the model with the parameters

that resemble those of the galaxy being post-processed the most closely is applied.
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Parameter space SF models

(Gutkin et al. 2016)

AGN models

(Feltre et al. 2016)

PAGB models

(this work)

Ionizing

spectrum

(matched/fixed)

10 Myr-old stellar

population with

const SFR (fixed),

stellar metallicity

same as that of gas

(matched)

UV slope α = −1.2,

−1.4, −1.7, −2.0

(fixed)

3, 5, 7, 9 Gyr-old

stellar populations

(matched)

Z�,stars = 0.008, 0.014,

0.017, 0.02 (matched)

Interstellar

metallicity

Z (matched)

Z? =

0.0001, 0.0002,

0.0005, 0.001, 0.002,

0.004, 0.006, 0.008,

0.014, 0.017, 0.02,

0.03

Z• =

0.0001, 0.0002,

0.0005, 0.001, 0.002,

0.004, 0.006, 0.008,

0.014, 0.017, 0.02,

0.03, 0.04, 0.05, 0.06,

0.07

Z� =

0.0001, 0.0002,

0.0005, 0.001, 0.002,

0.004, 0.006, 0.008,

0.014, 0.017, 0.02,

0.03, 0.04, 0.05, 0.06,

0.07

Ionization

parameter logU ,

function of the

average gas density

(matched)

logU? =

−0.65,−1.15,−1.65,

−2.15,−2.65,−3.15,

−3.65

logU• =

−0.65,−1.15,−1.65,

−2.15,−2.65,−3.15,

−3.65,−4.65

logU� =

−2.15,−2.65,−3.15,

−3.65,−4.15,−4.65

Dust/metal

mass ratio

ξd (fixed)

0.1, 0.3, 0.5 0.1, 0.3, 0.5 0.1, 0.3, 0.5

Ionized-gas

density

log(nH/cm3)

(fixed)

log(nH,?)=2.0, 3.0,

4.0

log(nH,•)= 2.0, 3.0,

4.0

log(nH,�)= 1.0, 2.0,

3.0

C/O abundance

ratio in solar units

(matched)

(C/O)?/(C/O)� =

0.1, 0.2, 0.27, 0.38,

0.52, 0.72, 1.0

(C/O)•/(C/O)� =

0.1, 0.2, 0.27, 0.38,

0.52, 0.72, 1.0

(C/O)�/(C/O)� =

1.0

Model

normalization

(matched)

Star formation rate

SFR

AGN luminosity

LAGN

Mass of evolved stars

M�,stellar

Table 1 Overview of the parameter space of the nebular-emission models for young stars, AGN

and post-AGB stars. To select the SF, AGN and PAGB models appropriate for each galaxy at

each simulation time step, we adopt a fixed spectral slope of AGN ionizing radiation (α = −1.7),

fixed dust-to-metal mass ratio (ξd = 0.3), and fixed ionized-gas density (nH,? = 102 cm−3, nH,• =

103 cm−3 and nH,� = 10 cm−3). We further match the AGN, SF and PAGB ionization parameters,

interstellar (i.e. gas + dust-phase) metallicity, C/O abundance ratio and age and metallicity of

post-AGB stars to those of the simulated galaxy. The emission-line luminosities are scaled to the

SFR, AGN luminosity and mass of post-AGB stellar population of the galaxy (from Hirschmann

et al. 2017, their Table 1).
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2.5 Warm Gas Mass Fraction and Surface Density Profiles

Figures 10 and 11 show the relative mass fractions of the cold, warm, and hot gas

components as a function of total stellar mass within 1/10 of each simulated galaxy’s

virial radius with and without AGN feedback at z=0.0 and z=0.5, respectively.

By z=0.0, AGN feedback has removed the majority of the warm and cold gas in

each galaxy. Only one galaxy retains any cold gas, and only two manage to keep

warm gas. Almost all of the galaxies (9/10) manage to retain hot gas, however.

In contrast, of the galaxies without AGN feedback, all but one manage to retain

some amount of cold and warm gas, and all galaxies hold some amount of hot gas.

The mean stellar mass is also higher without AGN feedback compared to with AGN

feedback, by a factor of about 3 (3.07 x 1011 M� vs. 1.16 x 1011 M�, respectively).

The picture is somewhat different at z=0.5. Here, eight galaxies with AGN feed-

back have cold gas, and all ten have warm and hot gas. Without AGN feedback,

nine galaxies have cold gas, and all ten galaxies have warm and hot gas. The mean

cold, warm, and hot gas fractions are 0.007, 0.066, and 0.049 with AGN feedback ,

and 0.024, 0.131, and 0.069 without, respectively. Each of the three fractions is, on

average, reduced for galaxies with AGN feedback compared to those without, with

the cold fraction reduced to roughly a third of its value, the warm fraction reduced

to roughly half, and the hot fraction reduced to roughly five sevenths. The cold

fraction is seemingly affected the most, with the warm fraction feeling the effects of

feedback slightly less strongly, but more strongly than the hot fraction, as the gas

is heated up and ejected by the released energy and momentum.

Furthermore, with AGN feedback, the mean stellar mass is 1.10 x 1011 M�. This

is not markedly different from the stellar mass at z=0.0. Without AGN feedback,

the stellar mass is 1.92 x 1011 M� at z=0.5, or roughly two thirds its value at z=0.0.

From these numbers, we conclude that AGN feedback efficiently removes gas from

its host galaxy between z=0.5 and z=0.0, inhibiting star formation during this time

period. Without AGN feedback, the reservoir of cold gas remains, and stars continue

to form. We take a closer look at these diverging histories in the following sections.

Figure 12 shows the surface density profiles of the warm gas within 0.1 rvir of

our simulated galaxies with and without AGN feedback. Without AGN feedback,

surface densities seem to be higher overall and profiles seem to be smoother and more

continuous, whereas with AGN feedback there are several cases in which the profile

cuts off or features gaps along its radial extent (Halos 0175, 0215, 0259) and one only

begins at roughly 0.025 rvir, suggesting a central gap (Halo 0305). Without AGN

feedback, only Halo 0259 shows gaps, and the rest of the profiles feature generally

smooth declines, with some (e.g. Halos 0094, 0175, 0215) exhibiting local minima

between 0.05 and 0.1 rvir. Higher stellar masses also generally seem to correlate with

higher surface densities.
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Figure 10 Cold, warm, and hot mass fractions (cold/warm/hot gas mass divided by the sum of

the total gas mass and the total stellar mass) vs. total stellar mass within 1/10 of the virial radius

for simulated galaxies with AGN feedback (left) and without AGN feedback (right) at z=0.0. AGN

feedback has succeeded in removing much of the gas from the galaxies in which it is included, and

the gas that remains is generally hot.

Figure 11 Cold, warm, and hot mass fractions (cold/warm/hot gas mass divided by the sum of

the total gas mass and the total stellar mass) vs. total stellar mass within 1/10 of the virial radius

for simulated galaxies with AGN feedback (left) and without AGN feedback (right) at z=0.5. AGN

feedback results in lower overall stellar masses as well as reduced gas masses, but the gas has not

yet been completely removed.

Figure 12 Surface density profiles of the warm gas within 1/10 of the virial radius in galaxies

with (left) and without (right) AGN feedback. AGN feedback results in lower surface densities

overall, as well as less regular profiles, with several cutting off or only beginning at higher radii.

Higher total stellar masses tend to correlate with higher warm gas surface densities.
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2.6 Results from Kinematic Analysis

2.6.1 Irregularity Parameters and λR

Figure 14 shows histograms for the values of λR as well as the irregularity parameters

k3,5/k1, ∆φ, and σPA for our simulated galaxies with and without AGN feedback.

Figure 15 shows scatter plots in which galaxies’ λR values are plotted against the

values of each irregularity parameter, while Figure 16 shows each of the irregularity

parameters plotted against each other, color-coded with the value of the respective

third parameter. In Figures 15 and 16, for galaxies with AGN feedback, each point

is annotated with the accretion rate of that galaxy’s black hole. Finally, Tables 5

and 6 list the values of each of these parameters for each simulated galaxy. We will

briefly discuss these results here, then discuss them in more detail in Section 4.

In this thesis, we calculated σPA by examining the development of the position

angle of the gas kinematics across a galaxy’s radial range, but we analyzed ∆φ and

k3,5/k1 only at each galaxy’s effective radius. A preliminary examination of the

values of k3,5/k1 and ∆φ across the full examined radial range (Fig. 13) shows that,

in general, the values at the effective radius are representative of the full range, but

that there can be differences at different radii, with trends toward lower values at

lower radii. Values for k1 across the full radial extent of each galaxy are given in

the Appendix, and a more detailed examination will be the focus of planned future

work.

Table 2 lists the average values and standard deviations of λR and the irregularity

parameters for simulated galaxies with and without AGN feedback. In general, we

would expect the values for the irregularity parameters to be lower without AGN

feedback than with it, and this does seem to be the case. The scatter is lower

as well, further strengthening the conclusion that AGN feedback disrupts the gas

kinematics to a significant degree. Somewhat surprisingly, however, the mean value

for λR is lower for galaxies without AGN feedback. The difference is lower than the

standard deviation, suggesting the difference is not necessarily significant, but all of

the galaxies with AGN feedback are fast rotators and one of the galaxies without it

is a slow rotator, suggesting that there may indeed be a difference. It is important

to mention, however, that λR is sensitive to a number of parameters, including

the inclination angle under which a galaxy is viewed and the radius at which the

measurements are taken. Frigo et al. (in prep.) carried out a similar analysis

using the same simulations, and found that AGN feedback does result, overall, in a

significant decline in a galaxy’s λR value. Their analysis was carried out based on

Voronoi-binned velocity maps with the galaxies oriented edge-on, using a different

method to calculate the effective radius (manual calculation of the half-mass radius

instead of relying on the values given in the simulation snapshots’ trace-files, as we

used), which might at least partially explain the differences to our results.

Table 3 lists the correlation coefficients of λR vs. each of the irregularity pa-

rameters. We would expect λR to correlate negatively with each of the irregularity
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parameters, as a high degree of ordered vs. chaotic rotation implies orderly kine-

matics. For the most part, we found this to be the case as well.

Table 4 lists the correlation coefficients of each of the irregularity parameters vs.

each other. The values of the irregularity parameters do not necessarily correlate

with one another. For example, a galaxy could have stellar and gas disks that

exhibit high degrees of ordered rotation and thus low values of k3,5/k1, but the two

disks could be oriented at an angle to each other, or be located in the same plane

but rotate in opposite directions, resulting in a high value of ∆φ. This conclusion

is borne out by the data. On the other hand, a high value of σPA could suggest

inherent irregularities in the gas disk, which k3,5/k1 should be sensitive to and which

could result in a higher value for ∆φ as well. Indeed, this seems to be the case. The

correlations are never particularly strong, however. This is visible both in the values

of the correlation coefficients and in the distribution of the color-coded points. Also,

neither λR nor the irregularity parameters seem to correlate with the current black

hole accretion rate. Their values may be more closely related to the black hole’s

recent accretion history, which we explore in the next subsubsection.

Judging by the σPA vs. k3,5/k1 plot, 7/10 galaxies with AGN feedback fall within

the “ordered” parameter range, as opposed to 10/10 without AGN feedback. For

σPA vs. ∆φ, the numbers are 6/10 with AGN feedback and 8/10 without, and for

k3,5/k1 vs. ∆φ the numbers are 5/10 with AGN feedback and 8/10 without. On

the whole, galaxies without AGN feedback are more ordered than those with it.

The “regular” parameter ranges given in Kutdemir (2010) are somewhat arbitrarily

chosen, however, and could be refined with new data.

With AGN feedback, Halo 0094 lies just barely within the regular parameter space

with respect to k3,5/k1 and σPA, and its ∆φ value (∼ 180°) indicates that its gas and

stellar kinematics are in almost exact counter-rotation. Halo 0204 is irregular in all

three parameters. Halo 0290 is regular with respect to ∆φ and σPA, and this fact

(in combination with an irregular k3,5/k1 value) suggests gas kinematics which are

orderly on the whole and correspond closely to the stellar kinematics, but which may

harbor additional kinematic components. Halo 0300 is only regular with respect to

σPA, and there only barely, suggesting quite turbulent kinematics. Finally, Halo 0305

is only irregular in ∆φ. Its gas kinematics seem to be quite ordered, but happen

to rotate almost perpendicular to the stellar disk. The other five halos (0175, 0215,

0224, 0227, and 0259) are regular in all three parameters. All in all, there are an

average of 2.2 regular parameters per galaxy.

Without AGN feedback, almost all ten galaxies are regular in all three param-

eters. The two exceptions are Halo 0215, whose value for ∆φ near 180° suggests

counter-rotation between the gas and the stars, and Halo 0300, which also exhibits

a heightened value for ∆φ, though not high enough to imply full counter-rotation.

These two galaxies are regular in their remaining two parameters. On average, each

galaxy is regular in 2.8 parameters.
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AGN No AGN

Figure 13 The values of the stellar position angle, the gas position angle, ∆φ, and k3,5/k1, at

increments of 0.1*re between 0.1 and 2 re, for Halos 0094 (top) and 0215 (bottom), with (left

column) and without (right column) AGN feedback. In most cases, the values of the irregularity

parameters do not vary significantly as a function of radius.
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AGN No AGN

Figure 14 Histograms of λR (top row), k3,5/k1 (second row), ∆φ (third row), and σPA (bottom

row), for simulated galaxies with AGN feedback (left column) and without AGN feedback (right

column). Values to the left of the dashed black lines fall within the respective “regular” ranges of

each irregularity parameter.

µ(λR) σ(λR) µ(k3,5/k1) σ(k3,5/k1) µ(∆φ) σ(∆φ) µ(σPA) σ(σPA)

AGN 0.293 0.097 0.18 0.15 44 56 15 16

NoAGN 0.276 0.134 0.06 0.03 27 53 6 5

Table 2 Means and standard deviations of λR and irregularity parameters for simulated galaxies

with and without AGN feedback.
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AGN No AGN

Figure 15 λR vs each of the irregularity parameters k3,5/k1 (top row), ∆φ (middle row), and σPA
(bottom row), for simulated galaxies with AGN feedback (left column) and without AGN feedback

(right column). The numbers by the points in the left column are the black hole accretion rates

for each galaxy, in log(M�/year).

λR vs. k3,5/k1 λR vs. ∆φ λR vs. σPA

AGN -0.218 -0.478 -0.446

NoAGN 0.518 -0.311 -0.585

Table 3 The values of the Pearson correlation coefficient for λR vs. each of our irregularity

parameters.
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AGN

No AGN

Figure 16 σPA vs. k3,5/k1 (top row), σPA vs. ∆φ (middle row), and k3,5/k1 vs. ∆φ (bottom

row), for simulated galaxies with AGN feedback (left column) and without AGN feedback (right

column). The numbers by the points in the left column are the black hole accretion rates for each

galaxy, in log(M�/year).

σPA vs. k3,5/k1 σPA vs. ∆φ k3,5/k1 vs. ∆φ

AGN 0.666 0.385 0.109

NoAGN 0.128 0.494 -0.142

Table 4 The values of the Pearson correlation coefficient for each combination of irregularity

parameters.
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Name re (kpc) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

0094 2.906 0.242 Fast 2.0 0.15* ± 0.01 168 ± 0 18* 2

0175 5.362 0.464 Fast 1.9 0.12* ± 0.05 3* ± 0 5* 3

0204 2.229 0.208 Fast 2.0 0.46 ± 0.30 83 ± 13 61 0

0215 2.871 0.411 Fast 2.0 0.04* ± 0.00 3* ± 1 2* 3

0224 1.997 0.302 Fast 2.0 0.03* ± 0.01 2* ± 0 4* 3

0227 2.218 0.364 Fast 2.0 0.13* ± 0.01 12* ± 1 14* 3

0259 2.781 0.168 Fast 2.0 0.09* ± 0.00 1* ± 1 11* 3

0290 4.554 0.344 Fast 2.0 0.47 ± 0.01 3* ± 0 9* 2

0300 4.440 0.164 Fast 2.0 0.25 ± 0.01 59 ± 0 16* 1

0305 1.360 0.252 Fast 2.0 0.07* ± 0.10 108 ± 4 6* 2

Mean 3.072 0.293 1.99 0.18 ± 0.05 44 ± 2 15 2.2

Table 5 The values of λRe and the irregularity parameters for simulated galaxies with AGN

feedback. Starred values for irregularity parameters indicate that these values lie within their

respective ranges signifying “regular” kinematics. The last column indicates the number of irreg-

ularity parameters that exhibit values within the regular range for each galaxy.

Name re (kpc) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

0094 2.579 0.222 Fast 2.0 0.04* ± 0.00 2* ± 1 3* 3

0175 2.546 0.420 Fast 2.0 0.06* ± 0.01 3* ± 0 5* 3

0204 2.379 0.321 Fast 2.0 0.06* ± 0.01 7* ± 0 2* 3

0215 1.865 0.222 Fast 2.0 0.04* ± 0.00 179 ± 0 9* 2

0224 1.936 0.264 Fast 2.0 0.08* ± 0.04 5* ± 1 4* 3

0227 1.864 0.396 Fast 2.0 0.06* ± 0.01 1* ± 1 6* 3

0259 2.781 0.170 Fast 2.0 0.03* ± 0.04 8* ± 5 5* 3

0290 5.043 0.513 Fast 1.9 0.15* ± 0.01 7* ± 1 4* 3

0300 1.622 0.024 Slow 2.0 0.08* ± 0.02 54 ± 10 18* 2

0305 1.429 0.207 Fast 2.0 0.02* ± 0.02 4* ± 23 3* 3

Mean 2.404 0.276 1.99 0.06 ± 0.02 27 ± 4 6 2.8

Table 6 The values of λRe and the irregularity parameters for simulated galaxies without AGN

feedback. Starred values for irregularity parameters indicate that these values lie within their

respective ranges signifying “regular” kinematics. The last column indicates the number of irreg-

ularity parameters that exhibit values within the regular range for each galaxy.
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2.6.2 Histories

In addition to cleanly separating simulated galaxies affected by AGN from those

that are not, we are able to look at the histories of certain quantities in order to

examine causes and effects.

Figure 17 shows the development in time between z ∼ 3 and z ∼ 0.5 of the

halos 0094 (chosen because of the counter-rotating gas and stellar disks with AGN

feedback), 0204 (chosen because of its central warm gas gap), 0215 (chosen because

of the counter-rotating gas and stellar disks without AGN feedback), 0227 (chosen

because of its complex kinematics with AGN feedback), 0290 (chosen because of its

orderly kinematics), and 0305 (chosen because of the 90° offset between its stellar and

gas disks with AGN feedback). Specifically, the quantities analyzed are the stellar

mass within 1/10 of the virial radius (chosen as a proxy for the galaxy’s mass), the

black hole accretion rate (for galaxies that can experience AGN feedback), the warm

gas mass fraction (as described earlier), and the irregularity parameters k3,5/k1, ∆φ,

and σPA. We broadly expect the irregularity parameters and the warm gas fraction

to react to spikes in the black hole accretion rate (which can in turn be caused

by mergers, indicated by jumps in the total stellar mass) which lead to increased

feedback. We have seen that the momentary black hole accretion rate does not

seem to have an effect on the magnitude of irregularity parameters, but perhaps the

overall history does.

A general trend can be seen among all the galaxies. In the cases with AGN feed-

back, mergers (jumps in the stellar mass) generally lead to spikes in the black hole

accretion rate and thus in the strength of the feedback from the AGN. The accretion

rate subsequently falls back down to zero as the increased feedback regulates the

amount of infalling matter. This spike and subsequent drop in the accretion rate

seems to happen quite quickly, with the peaks in the accretion rate present in single

simulation snapshots at individual redshifts (for Halo 0094, for example, the spike

occurs at z = 1.0, between a snapshot at z = 0.96 and one at z = 1.04, for a total

duration of roughly 400 Myr). As the effects of feedback spread out from the central

AGN, the values of the irregularity parameters increase after a delay (for Halo 0094,

the increase seems to begin around z ∼ 0.75, or roughly 1.4 Gyr after the spike in the

black hole accretion rate at z=1.0). For the most part, they then remain elevated

until z=0.5 (a further ∼ 2 Gyr), but there are exceptions. In Halo 0094, for example,

σPA and k3,5/k1 seem to be dropping by z=0.5, while ∆φ stays high, as the gas disk

seemingly settles into its new configuration. The warm gas fractions also initially

decrease at roughly the same time (with increases near z=0.5 in the cases of Halos

0094 and 0305), as the gas is heated and driven out of the galaxy. These effects, and

the resulting increase in the irregularity parameters compared to the case without

AGN feedback, take effect mainly at relatively low redshift (between z ∼ 1.0 and z ∼
0.5, a timespan of roughly 3 Gyr). For the galaxies without AGN feedback, mergers

seemed also to result in increases in the irregularity parameters (and the warm gas

fraction) at the time of the merger, with the gas seemingly settling down (and the
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irregularity parameters decreasing to nearly 0) again quite quickly. For Halo 0094,

the time period between a merger causing an increase in irregularity parameters and

the parameters decreasing back to nearly zero in the case without AGN feedback

was nearly the same period of time as the delay between the spike in the black hole

accretion rate and the increase in the irregularity parameters in the case with AGN

feedback (between z ∼ 1.0 and z ∼ 0.75, or roughly 1.4 Gyr).

The same trend as for Halo 0094 seems to hold for Halo 0204, but ∆φ is far

less affected. In contrast, Halo 0215 experiences a fairly quiet history with and

without AGN feedback, with no real spikes in stellar mass, black hole accretion

rate, warm gas fraction, or irregularity parameters to speak of, with the exception

of the merger just before z = 0.5 that seemingly reverses the direction of the stellar

rotation compared to the gas rotation. Halo 0227 shows a spike in the black hole

accretion rate after z = 1.0, which seems to increase the irregularity parameters, and

another one at z = 0.5, which seems to increase them further. Halo 0290 experiences

several spikes in its black hole accretion rate, with the one at z ∼ 1.0, just before the

merger, seeming to have the largest effect on the irregularity parameters. Finally,

Halo 0305 experiences a major spike earlier than the other halos, at z ∼ 1.5, which

leads to increased irregularity parameters from then on. In all six cases (except

Halo 0215), with AGN feedback, the last major merger and associated spike in the

black hole accretion rate seem to result in the total stellar mass staying the same

for the rest of the galaxy’s development (through z = 0.5, at least) as few to no

new stars form. This is not the case without AGN feedback. For each halo without

AGN feedback, the total stellar mass was higher (sometimes significantly so) and

still increasing at z = 0.5.

In these plots, we see that increased black hole activity tends to lead to increased

irregularity parameters, but that mergers in cases without AGN feedback can in-

crease them as well. Therefore, galaxies with high irregularity parameters may have

been subject to AGN feedback, but this is not necessarily the case.
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Figure 17 For each of the halos 0094 (top left, chosen because of the counter-rotating gas and stel-

lar disks with AGN feedback), 0204 (top middle, chosen because of its central warm gas gap), 0215

(top right, chosen because of the counter-rotating gas and stellar disks without AGN feedback),

0227 (bottom left, chosen because of its complex kinematics with AGN feedback), 0290 (bottom

middle, chosen because of its orderly kinematics), and 0305 (bottom right, chosen because of the

90° offset between its stellar and gas disks with AGN feedback), the values of (from top to bottom)

the stellar mass within 1/10 of the virial radius, the black hole accretion rate, the warm gas mass

fraction, and the irregularity parameters k3,5/k1, ∆φ, and σPA, with (orange) and without (blue)

AGN feedback, at redshifts between 3 and 0.5. The gray areas in the irregularity parameter plots

indicate the “regular” ranges.
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2.6.3 Residual Asymmetries

Figure 18 shows histograms of the asymmetries of the residuals generated by sub-

tracting the full rotation model generated by kinemetry from the gas velocity fields

of simulated galaxies with and without AGN feedback. The means and standard

deviations of the asymmetries are given in Table 7. We expect the asymmetries to

be higher in the case of AGN feedback, as the kinematics are subject to additional

turbulence. With AGN feedback, asymmetries range from 0.632 to 0.821, with a

mean of 0.736, whereas without AGN feedback, asymmetries range from 0.655 to

0.785, with a mean of 0.725.

The mean asymmetry is, indeed, very slightly higher for galaxies with AGN feed-

back than without, but the difference is well below the scatter, and so we assume

the actual difference to be marginal.

Figure 18 Histograms for the asymmetries of the residuals generated by subtracting the full

rotation model generated by kinemetry from the simulated gas velocity fields for galaxies with

(left) and without (right) AGN feedback.

µ (Asymmetry) σ (Asymmetry)

AGN 0.736 0.063

NoAGN 0.725 0.043

Table 7 The means and standard deviations of the asymmetries of the residuals generated by

subtracting models of the rotation of the gas velocity fields of simulated galaxies with and without

AGN feedback.
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2.7 Results from Nebular Emission Analysis

2.7.1 WHAN Analysis

In order to be observationally classified as hosting an AGN, a galaxy needs to have

both a total log([N ii]/Hα) > -0.4 and WHα > 3. Surprisingly, each of our galaxies

(with and without AGN feedback) exhibited a total log([N ii]/Hα) value lower than

-0.4, failing the first criterion (see Table 8). Thus, none of our galaxies would be

classified as hosting AGN in a WHAN diagram, irrespective of the WHα values,

despite demonstrably feeling the effects of AGN feedback. For the purposes of our

comparison to the observations, all halos will be classified as without AGN, as they

do not fulfill the criteria at the time we “observe” them. In simulations, a galaxy is

theoretically classified as black hole-dominated if the ratio of its black hole accretion

rate to its star-formation rate exceeds 0.01, which was the case for one halo: Halo

0300. Halo 0300’s total log([N ii]/Hα) value is -0.999, which puts it some distance

to the left of the dividing line between active and inactive galaxies in a WHAN

diagram.

In the last subsection, we saw that irregularity parameters can be increased by

AGN-related as well as non-AGN-related processes. This finding, that not all galax-

ies hosting AGN are recognized as such (at least not these galaxies, classified ac-

cording to this scheme) further complicates things.

Name log([N ii]/Hα) (AGN) log([N ii]/Hα) (NoAGN)

0094 -0.730 -0.880

0175 -0.506 -0.858

0204 -0.936 -0.716

0215 -0.633 -1.176

0224 -0.694 -0.948

0227 -0.987 -0.925

0259 -0.642 -0.642

0290 -1.311 -0.796

0300 -0.999 -1.068

0305 -1.897 -0.721

Table 8 The total values of log([N ii]/Hα) of simulated galaxies with and without AGN feedback.

Each value is below -0.4, which means that no galaxy would be classified as hosting an AGN on a

WHAN diagram.
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2.7.2 NII/Hα profiles

The radial [N ii]/Hα profiles do show differences between galaxies with and without

AGN feedback. Similarly to the surface density profiles shown before, galaxies with

AGN feedback tend to display more irregular profiles than those without. They

also exhibit a wider range of values. All in all, though, there is a more or less

constant [N ii]/Hα presence throughout the entire radial extent, which is in line

with the results of Kehrig et al. (2012), Papaderos et al. (2013), and others who

have detected a ubiquitous ionized medium.

Figure 19 Radial [N ii]/Hα profiles for simulated galaxies with (left) and without (right) AGN

feedback.
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3 Observations

This section is structured similarly to Section 2. We will begin with an overview of

IFS surveys before describing the specifics of CALIFA, from which the data on our

observed galaxies comes. Finally, we will discuss our data sample and the results of

our analyses.

3.1 IFS Surveys

In the 1990s, the first prototypes of integral-field units were developed, and the

first large-scale surveys using IFS began to be carried out in the early 2000s. Over

the course of the following decade, several surveys were carried out in which one

galaxy was observed at a time. These surveys include SAURON (de Zeeuw et al.,

2002), ATLAS3D (Cappellari et al., 2011a), DiskMass (Bershady et al., 2010) and

the source of the data in this thesis, CALIFA (Sánchez et al., 2012). Currently, a

new generation of surveys has begun. In these multiplexed surveys, including SAMI

(Bryant et al., 2015) and MaNGA (Bundy et al., 2015), multiple galaxies can be

observed simultaneously, which significantly increases the total number of galaxies

that can be analyzed. For a summary of the basic characteristics of these surveys,

see Table 9 (Bundy et al. from 2015, their Table 3).

The role of the SAURON and ATLAS3D surveys in recognizing and quantifying

the difference between the two different classes of ETG kinematics has been de-

scribed in the introduction and will not be repeated here. The recognition of this

difference was facilitated by the higher spatial resolution of this sample compared to

the other surveys. Compared to the other surveys, however, the sample is smaller

and restricted to ETGs within a comparatively narrow wavelength range, choices

motivated by the goal of observing mainly stellar kinematics in these galaxies.

Where ATLAS3D focused mainly on ETGs, DiskMass focused mainly on late-

type galaxies, specifically on the relative mass contributions of dark and baryonic

matter at different radii. To accomplish this, a sample of mostly face-on galaxies

was examined with an instrument setup that maximized the measurable velocity

resolution (∼ 14 km/s) in order to capture the stellar and gas velocity components

normal to the disk plane and thus parallel to the viewer. These velocity components

are difficult to measure in face-on galaxies due to most of the velocity being oriented

within the disk plane.

CALIFA aimed to be the first IFS survey not to examine specific morphological

types, as the previously described surveys had done, but instead to present data

on a representative sample of local galaxies over their full radial extents within the

full optical spectral range, albeit at the cost of somewhat lower spatial resolution

than the other surveys. CALIFA will be described in more detail in the following

subsection.

SAMI and MaNGA, the multiplexed surveys, use multiple IFUs in order to be

able to analyze multiple galaxies simultaneously. SAMI can observe 12 galaxies and
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1 standard star at the same time, while MaNGA features 17 simultaneously usable

IFUs. MaNGA analyzes galaxies within fixed radial ranges (1.5 and 2.5 effective

radii) with, on average, 5 spatial elements per radius, but the radial extents and

spatial resolutions achieved by SAMI cover wider distributions. SAMI’s spatial

resolution tends to be better in the central regions of its massive galaxies, but this

increased resolution does not always extend to all galaxies’ outer reaches. Finally,

MaNGA covers a larger wavelength range, but SAMI’s spectral resolution at ∼ 7000

Å is higher, circa double MaNGA’s.
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Specification MaNGA SAMI CALIFA DiskMass

(Hα)

DiskMass

(stellar)

ATLAS3D

Sample size 10,000 3,400 600 146 46 260

Selection M∗ >

109M�

M∗ >

108.2M�

45”< D25 <

80”

S/SAab-cd, b/a>0.75, 10”<hR <20” M∗ &
109.8M�

e

E/S0

Redshift 0.01–0.15 0.004–0.095 0.005–0.03 0.001–0.047 0.003-0.042 z . 0.01

Radial

coverage

1.5 Re(P+)

2.5 Re(S)

1.1–2.9 Re 1.8–3.7 Re 1.4–3 Re 1.1–2.3 Re 0.6–1.5 Re

S/Na at 1Re

(per spatial

sample)

14–35 12–28 10–50 6 9–16 15

λ range

(nm)

360–1030 370–570

(580V)

625–735

(1000R)

375–750

(V500)

370–475

(V1200)

648–689 498–538 480–538

σinstrument

(km s−1)

50–80 75

28

85

150

13 16 98

Angular

samplingb

(diameter)

2” 1”.6 2”.7 4”.7 2”.7 0”.8

Angular

FWHM

(reconstructed)

2”.5 2”.1c 2”.5 6” 3”.5 1”.5

Spatial

FWHM

(physical)

1.3–4.5 kpc

(P+)

2.2–5.1 kpc

(S)

1.1–2.3 kpc 0.8–1.0 kpc 0.4–4.2 kpc 0.3–3.0 kpc 0.15 kpc

Spatial

FWHM

(in Re)

0.2–0.6 (P+)

0.3–0.9 (S)

0.3–0.8 0.2 0.2–0.4 0.1–0.2 0.09

IFU fill

factor

56% 73% 53% 25% 53% 100%

With

gradients

measurabled

to

1.0 Re: 4070 720 580 128 39 112

1.5 Re: 6050 790 521 122 20 47

2.0 Re: 2570 680 462 80 5 26

2.5 Re: 2340 460 340 26 0 13

3.0 Re: 670 350 111 3 0 1

Table 9 When ranges are given (other than redshift and wavelength), we use 20th and 80th per-

centile estimates. D25 is related to the SDSS “isoA r” major-axis diameter of the 25 AB arcsec−2

r-band isophote. For MaNGA and SAMI, radii are defined in terms of Re as measured for Sérsic

fits performed in the NASA Sloan Atlas. For CALIFA, half-light radii were remeasured from the

imaging data by the CALIFA team, and for DiskMass, Re are estimated from measured disk radial

scale lengths (hR) adopting Re/hR ∼1.67 (Lackner and Gunn, 2012). For MaNGA, “P+” refers to

the Primary+ Sample which accounts for ∼2⁄3 of the survey targets. The Secondary sample (∼1⁄3)
is designated by “S.”
a S/N is given per λ resolution element, per spatial element (e.g., per fiber), in the r-band.
b The angular sampling diameter is either that of a fiber or the width of the lenslet in the case of

ATLAS3D.
c The expected SAMI FWHM averaged over the full survey is 2”.1 (S. Croom, private communi-

cation). Results from the first year indicate a value of 2”.4 (Sharp et al., 2015).
d A target galaxy is defined to have a “measurable gradient” within the specified radius if the IFU

field-of-view covers this radius with more than 2.5 spatial resolution elements with size given by

the reconstructed FWHM. In the case of MaNGA, the same galaxy may be included in multiple

bins (i.e., the total number of measurable gradients is ∼1.5 times the final sample size). For SAMI,

the bins are unique.
e This is only approximate. ATLAS3D selected visually-classified early-type galaxies with MK <

−21.5, D < 42Mpc, |Dec− 29◦| < 35◦, and |b| > 15◦. (from Bundy et al. 2015, their Table 3). 66



3.2 CALIFA

The Calar Alto Legacy Integral Field Area (CALIFA) survey was designed to char-

acterize a statistically significant portion of the galaxies in the Local Universe by

examining galaxies of all morphological types, all across the luminosity function

and exhibiting a wide range of other possible characteristics, over their full radial

extents, in terms of the emission characteristics of their ionized gas, the kinematics

of their gas and stars, and the properties of their stellar populations. According to

these specifications, an inital “mother sample” of 937 galaxies located at redshifts

between 0.005 and 0.03 was identified, from which the final sample of 667 galaxies

was drawn based on their visibilities. Most (∼ 2/3) of these galaxies ended up being

disk-dominated, including interacting and irregular galaxies, with the remaining ∼
200 galaxies being early types. The majority of the galaxies in the sample are field

galaxies, with some galaxies belonging to groups as well as the Coma cluster. There

is still some selection bias present, despite the stated goal of representing all galaxy

types, with the sample skewing toward more massive, brighter galaxies.

Once a galaxy is selected, it is observed using the PMAS/PPak (Roth et al., 2005;

Kelz et al., 2006) spectrograph, which is mounted at the Calar Alto observatory on

the 3.5m telescope and features a 74” x 62” hexagonal field of view, with 331 fibers

of 2.7” diameter each, sampling the FOV and a further 36 fibers sampling the sky

around the FOV. Observations are carried out in a low-spectral-resolution (V500,

with R ∼ 850 and a spectral coverage between 3750-7500 Å) and a medium-spectral-

resolution (V1200, with R ∼ 1700 and a spectral coverage between 3700-4200 Å)

mode, with two to three dithered exposures per mode. The resulting data are then

processed by means of the CALIFA pipeline (Husemann et al., 2013), in which cosmic

rays are removed, flux calibration is carried out, extinction effects are corrected and

the data are interpolated onto a 78” x 72” grid. The resulting data, as more and more

galaxies are observed in the course of the survey, are provided to the community in

the form of data cubes which comprise regular Data Releases, the most recent of

which is DR3 in the spring of 2016 (Sánchez et al., 2016).

In Sánchez et al. (2012), the authors of the collaboration prove that their data

meets the goals outlined in their proposal and is of lasting, legacy value to the

community. A number of publications have since made use of the data, on such

topics as the mass-metallicity relation (González Delgado et al., 2014a), stellar age

gradients (Sánchez-Blázquez et al., 2014), aperture effects (Iglesias-Páramo et al.,

2013) or investigations into the nature of the excitation mechanisms of the ionized

medium of early-type galaxies (Kehrig et al., 2012; Papaderos et al., 2013; Gomes

et al., 2016).
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3.3 Observational Sample and Methods

A portion (∼ 120) of the early-type galaxies with V500 CALIFA data available

were selected for further study. Some of these galaxies have been analyzed in the

course of the previously mentioned studies by Papaderos et al. and Gomes et al. In

order to perform the emission analyses described in these studies, the CALIFA data

were processed spaxel-by-spaxel by means of a pipeline developed by Papaderos

et al. called PORTO3D (Kehrig et al., 2012; Gomes et al., 2016), designed to

carry out post-processing and spectral fitting of IFS data. PORTO3D works in

the following way: first, after data quality assessments are carried out, individual

spectra are extracted from the data cubes. These spectra are then fitted using

the stellar population synthesis code STARLIGHT (Cid Fernandes et al., 2005)

and the resulting stellar fits are subtracted from the spectra, resulting in emission

lines as well as the properties (e.g. ages and metallicities) of the best-fitting stellar

populations. All in all, for each galaxy in the sample there is a data cube with a

two-dimensional map each for stellar velocities, median-smoothed stellar velocities,

errors to stellar velocities, stellar velocity dispersions, Hα-emitting gas velocities,

smoothed velocities, velocity errors, velocity dispersions, Hα fluxes and equivalent

widths and the [N ii]/Hα ratio in every spaxel. At the typical distances of the

galaxies, the pixel scale of 1” x 1” corresponds to a spatial resolution of roughly 1

kpc/pixel. For an overview of each galaxy, including characteristic parameters and

stellar and gas velocity maps, see Subsection 6.2.

The data were then analyzed in the manner described in Subsection 1.2, as previ-

ously done with the simulated data. Because the distinction between galaxies with

AGN and those without was not known a priori, as with the simulated galaxies,

galaxies were first placed on a WHAN diagram (Subsubsection 3.5.1) and those

meeting the criteria for either weak or strong AGN were selected as AGN-hosting

galaxies, with the rest treated as non-AGN-hosting. Values for the irregularity pa-

rameters k3,5/k1, ∆φ, and σPA as well as the specific angular momentum λR were

calculated for AGN and non-AGN galaxies, radial profiles of the Hα equivalent

width as well as [N ii]/Hα flux ratios were calculated, and models of the stellar and

gas rotation were generated and subtracted from the respective kinematic maps,

with the residuals analyzed with regard to their asymmetry. The results of these

analyses are presented in the following sections. Five galaxies (IC1079, NGC0677,

NGC0741, NGC4874, and NGC6173) were too large to allow the calculation of ir-

regularity parameters. For these galaxies, only the asymmetries of the residuals and

the emission-line profiles were generated.
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3.4 Results from Kinematic Analysis

3.4.1 Irregularity Parameters and λR

This subsubsection is structured similarly to the corresponding subsubsection in

the Simulations section (2.6.1), but there is one important difference. In the last

section, we separated galaxies into those with AGN feedback and those without.

We cannot do this for our observed galaxies, and so we separate them into those

classified as hosting AGN at the time of observation and those not hosting AGN,

by means of WHAN analysis. Figure 21 shows histograms for the values of λR as

well as the irregularity parameters k3,5/k1, ∆φ, and σPA for our observed galaxies

classified as AGN-hosting and non-AGN hosting. Figure 22 shows scatter plots in

which galaxies’ λR values are plotted against the values of each of the irregularity

parameters, while Figure 23 shows each of the irregularity parameters plotted against

each other. Finally, Tables 13 and 14 list the values of each of these parameters for

each observed galaxy. As before, we will briefly discuss our results here, then discuss

them in more detail in Section 4.

A first examination of the values of the irregularity parameters across the full

radial extent of each galaxy, not just the effective radius (Fig. 20), has revealed

that the values can change significantly depending on the radius at which they are

measured. For the most part, lower radii result in lower values for irregularity

parameters, but the variation is much higher than it is for the simulated galaxies.

Future work will take this fact into account.

Table 10 lists the average values and standard deviations of λR and the irregularity

parameters for observed galaxies with and without current AGN activity. Here,

λR is lower for galaxies currently experiencing AGN feedback, but the values of

the irregularity parameters (with the exception of ∆φ) are also lower. There is a

difference between our λR values and those in the literature (e.g. Falcón-Barroso

et al. 2015)for some of our objects. All of our objects are classified as fast rotators,

whereas this is not the case in the literature. We believe that the differences arise

due to the fact that the values in the literature were calculated within the elliptical

effective radius of radially binned data which was not post-processed by PORTO3D

as ours was.

Table 11 lists the correlation coefficients of λR vs. each of the irregularity param-

eters. For the most part, there seems to be no significant correlation between λR
and any of the parameters in either case, except for a negative correlation between

λR and ∆φ and a slight positive correlation between λR and σPA.

Table 12 lists the correlation coefficients of each of the irregularity parameters

vs. each other. Parameters seem to be more strongly anti-correlated in the cases

without ongoing AGN activity.

Judging by the σPA vs. k3,5/k1 plot, 0/6 galaxies with current AGN activity fall

within the “ordered” parameter range, as opposed to 2/106 without. For σPA vs.

∆φ, the numbers are 0/6 with and 2/106 without current AGN activity, and for
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k3,5/k1 vs. ∆φ the numbers are 0/6 with current activity and 4/106 without.

Of the galaxies with current AGN activity, NGC0160 is regular with respect to

∆φ, as both the stellar and gas components seem to rotate in more or less the

same plane. NGC0932 is regular with respect to k3,5/k1, and its gas kinematics do

seem to be more or less orderly. Each of these galaxies’ other irregularity parameters,

however, and all three of the other four galaxies’ parameters, fall within the irregular

range. On average, there are 0.33 regular parameters per galaxy.

There are more regular galaxies among those without current AGN activity, but a

greater amount of irregular galaxies as well. 15 galaxies are regular with respect to

one parameter (most commonly ∆φ), 4 were regular with respect to 2 parameters,

and one (NGC7722) was regular with respect to all three. The greater number of

galaxies irregular in all parameters, however, means that the average number of

regular parameters per galaxy is 0.27, slightly lower than for galaxies with ongoing

AGN activity.
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Figure 20 The values of the stellar position angle, the gas position angle, ∆φ, and k3,5/k1, at

increments of 0.1*re between 0.1 and 2 re, for NGC 3619 (top left), NGC 1056 (top right), NGC

3106 (bottom left), and NGC 1060 (bottom right). The value of the irregularity parameters can

vary significantly as a function of radius.
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Current AGN No Current AGN

Figure 21 Histograms of k3,5/k1 (top row), ∆φ (middle row), and σPA (bottom row), for observed

galaxies with (left column) and without (right column) current AGN activity.

µ(λR) σ(λR) µ(k3,5/k1) σ(k3,5/k1) µ(∆φ) σ(∆φ) µ(σPA) σ(σPA)

AGN 0.351 0.127 0.78 0.53 125 67 79 17

NoAGN 0.434 0.125 1.66 1.49 85 57 94 26

Table 10 Means and standard deviations of λR and irregularity parameters for observed galaxies

with and without current AGN activity.
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Current AGN No Current AGN

Figure 22 λR vs each of the irregularity parameters k3,5/k1 (top row), ∆φ (middle row), and σPA
(bottom row), for observed galaxies with (left column) and without (right column) current AGN

activity.

λR vs. k3,5/k1 λR vs. ∆φ λR vs. σPA

AGN 0.110 -0.376 0.298

NoAGN -0.103 0.161 0.116

Table 11 The values of the Pearson correlation coefficient for λR vs. each of the irregularity

parameters.
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Current AGN No Current AGN

Figure 23 σPA vs. k3,5/k1 (top row), σPA vs. ∆φ (middle row), and k3,5/k1 vs. ∆φ (bottom

row), for observed galaxies with (left column) and without (right column) current AGN activity.

σPA vs. k3,5/k1 σPA vs. ∆φ k3,5/k1 vs. ∆φ

AGN -0.343 -0.781 0.101

NoAGN 0.250 0.194 0.120

Table 12 The values of the Pearson correlation coefficient for each combination of irregularity

parameters.
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Name re(”) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

NGC0160 22.176 0.545 Fast 1.6 1.01 ± 0.0 18* ± 0 91 1

NGC0932 18.612 0.462 Fast 1.8 0.14* ± 0.0 179 ± 1 73 1

NGC1349 17.028 0.251 Fast 1.3 1.41 ± 0.0 179 ± 5 50 0

NGC3106 21.384 0.200 Fast 1.2 0.52 ± 0.0 180 ± 1 71 0

NGC3619 28.116 0.403 Fast 1.2 1.41 ± 0.0 146 ± 0 87 0

UGC10205 19.404 0.248 Fast 1.1 0.18 ± 0.0 45 ± 0 102 0

Mean 0.351 1.4 0.78 ± 0.00 125 ± 1 79 0.33

Table 13 The values of λRe and the irregularity parameters for observed galaxies with current

AGN activity. Starred values for irregularity parameters indicate that these values lie within

their respective ranges signifying “regular” kinematics. The last column indicates the number of

irregularity parameters that exhibit values within the regular range for each galaxy.

Name re(”) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

IC2341 11.088 0.498 Fast 1.8 0.18 ± 0.0 151 ± 0 97 0

IC4534 13.464 0.603 Fast 2.0 1.99 ± 0.0 44 ± 0 98 0

LSBCF560 8.370 0.464 Fast 2.0 1.04 ± 0.0 25* ± 0 96 1

NGC0155 15.84 0.513 Fast 2.0 1.03 ± 0.0 127 ± 0 90 0

NGC0364 15.84 0.609 Fast 2.0 1.44 ± 0.0 171 ± 0 98 0

NGC0472 4.620 0.661 Fast 2.0 0.22 ± 0.0 41 ± 1 89 0

NGC0499 21.384 0.378 Fast 1.6 1.08 ± 0.0 139 ± 0.0 107 0

NGC0517 10.296 0.573 Fast 2.0 2.68 ± 0.0 165 ± 1 141 0

NGC0528 12.276 0.520 Fast 2.0 1.04 ± 0.0 180 ± 0 110 0

NGC0529 12.672 0.541 Fast 2.0 0.89 ± 0.0 16* ± 0 108 1

NGC0731 11.484 0.558 Fast 2.0 0.64 ± 0.0 47 ± 1 114 0

NGC0774 12.276 0.562 Fast 2.0 0.04* ± 0.0 1* ± 1 69 2

NGC0810 17.424 0.324 Fast 2.0 0.86 ± 0.0 54 ± 0 108 0

NGC0842 11.484 0.534 Fast 2.0 0.20 ± 0.0 90 ± 0.0 100 0

NGC0924 12.672 0.638 Fast 2.0 0.36 ± 0.0 157 ± 0.0 118 0

NGC0938 13.86 0.526 Fast 2.0 0.19 ± 0.0 73 ± 1 93 0

NGC0962 13.86 0.472 Fast 2.0 5.12 ± 0.0 31 ± 2 104 0

NGC1026 17.424 0.454 Fast 1.9 1.41 ± 0.0 161 ± 0 97 0

NGC1041 17.028 0.269 Fast 2.0 6.17 ± 0.0 52 ± 0 89 0

NGC1056 14.256 0.308 Fast 2.0 0.06* ± 0.0 128 ± 1 5* 2

NGC1060 27.324 0.415 Fast 1.5 0.97 ± 0.0 43 ± 0 59 0

NGC1132 32.868 0.369 Fast 1.0 5.11 ± 0.0 9* ± 0 108 1

NGC1167 24.948 0.339 Fast 1.1 0.41 ± 0.0 168 ± 0 18* 1

NGC1270 5.048 0.467 Fast 2.0 1.17 ± 0.0 82 ± 0 99 0

NGC1361 16.236 0.340 Fast 2.0 3.55 ± 0.0 34 ± 0 106 0

NGC1656 17.424 0.679 Fast 2.0 1.48 ± 0.0 51 ± 0 104 0

NGC1665 23.76 0.631 Fast 1.4 2.93 ± 0.0 117 ± 0 107 0

Continued on next page
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Table 14 – Continued from previous page

Name re(”) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

NGC1666 12.276 0.621 Fast 2.0 0.56 ± 0.0 0* ± 0 91 0

NGC2476 9.504 0.564 Fast 2.0 0.36 ± 0.0 173 ± 0 102 0

NGC2507 19.8 0.472 Fast 1.6 0.62 ± 0.0 19 ± 0 105 0

NGC2513 26.532 0.298 Fast 1.5 0.15* ± 0.0 70 ± 0 73 1

NGC2577 17.424 0.573 Fast 1.5 1.87 ± 0.0 27 ± 0 107 0

NGC2592 9.9 0.563 Fast 2.0 1.19 ± 0.0 72 ± 0 110 0

NGC2767 5.716 0.568 Fast 2.0 4.92 ± 0.0 83 ± 3 54 0

NGC2918 12.276 0.269 Fast 2.0 2.52 ± 0.24 125 ± 0 113 0

NGC3158 32.473 0.388 Fast 1.2 3.36 ± 0.0 162 ± 0 115 0

NGC3182 17.424 0.454 Fast 2.0 6.29 ± 0.0 24* ± 0 100 1

NGC3300 13.86 0.391 Fast 1.7 0.85 ± 0.02 107 ± 1 80 0

NGC3610 13.86 0.512 Fast 2.0 0.65 ± 0.0 135 ± 0 118 0

NGC3615 15.444 0.317 Fast 1.8 0.39 ± 0.02 63 ± 0 76 0

NGC3990 5.918 0.647 Fast 2.0 0.25 ± 0.0 171 ± 3 85 0

NGC4003 14.256 0.416 Fast 1.7 0.38 ± 0.01 12* ± 1 164 1

NGC4841a 20.592 0.242 Fast 1.8 3.12 ± 0.0 8* ± 0 103 1

NGC4956 9.504 0.491 Fast 2.0 0.18 ± 0.01 36 ± 1 62 0

NGC5029 25.344 0.417 Fast 1.4 0.41 ± 0.0 100 ± 0 87 0

NGC5198 16.236 0.391 Fast 2.0 2.01 ± 0.0 3* ± 0 91 1

NGC5216 20.196 0.483 Fast 1.7 0.53 ± 0.0 98 ± 0 29 0

NGC5423 15.444 0.393 Fast 2.0 1.78 ± 0.0 44 ± 0 113 0

NGC5473 17.82 0.418 Fast 1.9 2.10 ± 0.0 134 ± 0 108 0

NGC5481 5.918 0.291 Fast 2.0 3.18 ± 0.0 97 ± 0 78 0

NGC5485 31.68 0.391 Fast 1.2 1.65 ± 0.0 18* ± 0 62 1

NGC5513 15.84 0.535 Fast 2.0 1.37 ± 0.0 64 ± 0 90 0

NGC5532 24.552 0.341 Fast 1.6 0.59 ± 0.0 9* ± 0 120 1

NGC5546 17.424 0.327 Fast 2.0 1.45 ± 0.0 149 ± 0 105 0

NGC5549 14.652 0.454 Fast 2.0 2.01 ± 0.0 49 ± 0 87 0

NGC5557 24.552 0.363 Fast 1.4 2.18 ± 0.0 172 ± 0 87 0

NGC5580 15.048 0.625 Fast 2.0 4.94 ± 0.0 135 ± 0 96 0

NGC5598 9.108 0.442 Fast 2.0 1.84 ± 0.0 51 ± 4 79 0

NGC5611 7.92 0.461 Fast 2.0 1.95 ± 0 79 ± 1 141 0

NGC5623 15.444 0.277 Fast 2.0 4.29 ± 0.0 117 ± 0 82 0

NGC5631 19.008 0.566 Fast 1.8 0.18 ± 0.0 45 ± 0 69 0

NGC5642 18.612 0.267 Fast 1.9 1.28 ± 0.0 100 ± 0 89 0

NGC5684 17.82 0.260 Fast 2.0 2.94 ± 0.0 117 ± 0 109 0

NGC5687 25.344 0.297 Fast 1.5 1.60 ± 0.0 57 ± 0 124 0

NGC5784 13.464 0.369 Fast 2.0 0.03* ± 0.0 14* ± 0 81 2

NGC5797 18.612 0.539 Fast 1.8 2.14 ± 0.0 154 ± 0 101 0

Continued on next page
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Table 14 – Continued from previous page

Name re(”) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

NGC5928 15.84 0.399 Fast 2.0 1.93 ± 0.0 108 ± 0 109 0

NGC5966 18.612 0.436 Fast 1.7 2.37 ± 0.0 82 ± 0 99 0

NGC6020 19.008 0.195 Fast 1.9 2.24 ± 0.0 36 ± 0 87 0

NGC6021 9.504 0.420 Fast 2.0 0.07* ± 0.0 0* ± 1 94 2

NGC6023 8.940 0.180 Fast 2.0 0.85 ± 0.0 80 ± 0 99 0

NGC6081 12.276 0.357 Fast 1.5 0.26 ± 0.01 1* ± 1 42 1

NGC6125 21.78 0.267 Fast 1.7 1.68 ± 0.00 99 ± 0 99 0

NGC6146 15.048 0.211 Fast 1.4 0.49 ± 0.00 32 ± 1 57 0

NGC6150 11.88 0.535 Fast 2.0 2.74 ± 0.00 153 ± 0 107 0

NGC6278 11.088 0.487 Fast 2.0 0.87 ± 0.00 88 ± 0 93 0

NGC6146 15.048 0.211 Fast 1.4 0.49 ± 0.00 32 ± 1 57 0

NGC6338 28.116 0.311 Fast 1.2 1.66 ± 0.00 144 ± 0 54 0

NGC6411 34.056 0.223 Fast 1.1 1.18 ± 0.00 135 ± 0 95 0

NGC6427 8.316 0.466 Fast 2.0 0.80 ± 0.00 117 ± 2 98 0

NGC6515 19.008 0.478 Fast 1.8 4.38 ± 0.00 73 ± 1 78 0

NGC6762 9.504 0.376 Fast 2.0 0.43 ± 0.00 3* ± 0 85 1

NGC7025 13.464 0.314 Fast 2.0 0.25 ± 0.00 9* ± 0 9* 2

NGC7194 17.82 0.509 Fast 1.8 1.25 ± 0.00 106 ± 0 110 0

NGC7236 14.652 0.259 Fast 1.6 1.61 ± 0.08 31 ± 0 91 0

NGC7436B 27.72 0.193 Fast 1.1 0.94 ± 0.00 143 ± 0 101 0

NGC7550 24.552 0.268 Fast 1.4 1.04 ± 0.00 81 ± 0 87 0

NGC6146 15.048 0.211 Fast 1.4 0.49 ± 0.00 32 ± 1 57 0

NGC7559b 9.957 0.666 Fast 2.0 0.85 ± 0.00 151 ± 0 92 0

NGC7562 20.988 0.383 Fast 1.8 0.88 ± 0.00 30 ± 0 121 0

NGC7611 11.088 0.633 Fast 2.0 0.99 ± 0.00 129 ± 1 104 0

NGC7619 35.64 0.389 Fast 1.1 2.00 ± 0.00 9* ± 0 114 1

NGC6146 15.048 0.211 Fast 1.4 0.49 ± 0.00 32 ± 1 57 0

NGC7671 11.088 0.356 Fast 2.0 0.46 ± 0.00 35 ± 0 112 0

NGC7683 14.256 0.586 Fast 2.0 5.65 ± 0.00 153 ± 0 120 0

NGC7711 15.048 0.472 Fast 1.6 1.70 ± 0.00 122 ± 0 116 0

NGC7722 21.384 0.499 Fast 1.5 0.05* ± 0.00 13* ± 0 3* 3

NGC6146 15.048 0.211 Fast 1.4 0.49 ± 0.00 32 ± 1 57 0

UGC0029 17.028 0.294 Fast 1.6 1.61 ± 0.00 75 ± 0 107 0

UGC3960 8.879 0.638 Fast 2.0 1.25 ± 0.00 176 ± 1 112 0

UGC5771 12.672 0.355 Fast 2.0 0.07* ± 0.00 0* ± 0 71 2

UGC8234 8.316 0.353 Fast 2.0 1.80 ± 0.18 121 ± 0 131 0

UGC9518 11.484 0.438 Fast 2.0 2.69 ± 0.00 121 ± 0 125 0

UGC10097 14.652 0.454 Fast 2.0 0.54 ± 0.00 170 ± 0 97 0

UGC10693 22.968 0.452 Fast 1.6 1.29 ± 0.00 9* ± 0 95 1

Continued on next page
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Table 14 – Continued from previous page

Name re(”) λRe Fast/Slow rmax/re k3,5/k1 ∆φ σPA # Reg.

UGC10695 24.552 0.667 Fast 1.3 0.60 ± 0.00 144 ± 1 91 0

UGC10905 15.444 0.367 Fast 2.0 1.50 ± 0.00 169 ± 0 134 0

UGC11228 12.276 0.486 Fast 2.0 4.81 ± 0.00 171 ± 0 120 0

UGC11958 13.464 0.268 Fast 1.9 4.93 ± 0.00 100 ± 0 97 0

UGC12127 36.432 0.272 Fast 1.0 4.37 ± 0.00 173 ± 0 123 0

Mean 0.434 1.8 1.66 ± 0.01 85 ± 0 94 0.27

Table 14: The values of λRe and the irregularity parameters for observed galaxies without current

AGN activity. Starred values for irregularity parameters indicate that these values

lie within their respective ranges signifying “regular” kinematics. The last column

indicates the number of irregularity parameters that exhibit values within the regular

range for each galaxy.
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3.4.2 Residual Asymmetries

Figure 24 shows histograms of the asymmetries of the residuals generated by sub-

tracting the full rotation model generated by kinemetry from the gas velocity fields

of observed galaxies with and without current AGN activity. The means and stan-

dard deviations of the asymmetries are given in Table 15. As before, we expect the

asymmetries to be higher in the case of current AGN activity, as the kinematics

are subject to additional turbulence. With current AGN activity, the asymmetries

range from 0.769 to 0.982, with a mean of 0.875. Without current AGN activity,

the asymmetries range from 0.705 to 1.000, with a mean of 0.848.

Also as before, the mean asymmetry for galaxies with AGN feedback is very

slightly higher than those without, but the difference is not significant.

Figure 24 Histograms for the asymmetries of the residuals generated by subtracting the full

rotation model generated by kinemetry from the observed gas velocity fields for galaxies with (left)

and without (right) current AGN activity.

µ (Asymmetry) σ (Asymmetry)

AGN 0.875 0.075

NoAGN 0.848 0.075

Table 15 The means and standard deviations of the asymmetries of the residuals generated by

subtracting models of the rotation of the gas velocity fields of observed galaxies with and without

current AGN activity.
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Figure 25 A WHAN diagram for our observational data sample. Galaxies characterized as either

strong or weak AGN, and thus currently subject to AGN activity, are plotted in orange, and the

rest are plotted in blue.

3.5 Results from Nebular Emission Analysis

3.5.1 WHAN Analysis

Figure 25 shows the WHAN diagram based on our observational data. Only six

galaxies (NGC0160, NGC0932, NGC1349, NGC3106, NGC3619, and UGC10205)

meet the criteria for current AGN activity, and all six fall within the “weak AGN”

parameter range, with no “strong AGN” objects. We consider these six objects to

be currently affected by AGN activity and the rest to be currently unaffected, but

stress our previous point that a galaxy may have been affected by AGN feedback at

points in its past, even if it does not currently indicate this. Furthermore, an AGN

can be currently active to the point that it drives outflows, but it may still avoid

detection due to fluctuations in activity that take place over small time-scales.

3.5.2 EW(Hα) and NII/Hα profiles

The ubiquitous ionized component described by Kehrig et al. (2012), Papaderos

et al. (2013), and others is also on display here. Galaxies with and without current

AGN activity feature mostly constant [N ii]/Hα and EW(Hα) values across their

radial extents. Values for EW(Hα) tend to start low and rise toward a galaxy’s

outer edge, while [N ii]/Hα values tend to stay mostly constant. EW(Hα) traces a

galaxy’s specific star formation rate (sSFR), or star formation rate per unit mass,

and so a rising profile toward a galaxy’s edge also implies a radial increase in the

sSFR. This is consistent with the negative radial age gradient in most CALIFA

galaxies (e.g. González Delgado et al. 2014b), suggesting inside-out galaxy growth

which may be continuing at the galaxies’ current edges. Galaxies currently affected

by AGN tend to have higher EW(Hα) values, but this is unsurprising, as this is one
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of the criteria by which they were selected.

More details can be found in examinations of galaxies’ nebular emission, but the

focus of this thesis is on the kinematics of the ionized gas. The reader is urged to

consult Kehrig et al. (2012), Papaderos et al. (2013), Gomes et al. (2016), and other

works for more in-depth explorations of nebular emission in early-type galaxies.

Figure 26 EW(Hα) profiles for observed galaxies with (left) and without (right) current AGN

activity.

Figure 27 NII/Hα profiles for observed galaxies with (left) and without (right) current AGN

activity.
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4 Comparison and Discussion

4.1 Comparison and Discussion of Kinematics Results

4.1.1 Irregularity Parameters and λR

This subsubsection is structured similarly to the corresponding subsubsections in the

Simulations (2.6.1) and Observations (3.4.1) sections as we summarize and compare

our results. As mentioned in Section 3, we separated the observed galaxies into those

currently affected and unaffected by AGN feedback by means of WHAN analysis

and presented the results of our analyses for both of these groups. We summarize

these results again here. When we performed our analyses on the simulated data

in Section 2, our separation into galaxies affected and unaffected by AGN feedback

was carried out on the basis of whether or not AGN feedback was included in the

simulations, and we summarize those results here as well. At the end of Section 2,

however, we also separated the simulated galaxies into those currently affected and

unaffected by AGN feedback by means of WHAN analysis, and it is this separation

we will primarily use to compare the results of our simulated data analyses to those

from observations, in order to most closely compare galaxies affected by an AGN at

the time of observation.

Figure 28 combines the histograms for the values of λR as well as the irregularity

parameters k3,5/k1, ∆φ, and σPA for our simulated galaxies with and without AGN

feedback and our observed galaxies currently affected and unaffected by an AGN

from the previous sections. In Figure 29, the same histograms are presented for

current AGN and non-AGN galaxies. Figure 30 shows scatter plots in which galaxies’

λR values are plotted against the values of each of the irregularity parameters, while

Figure 31 shows each of the irregularity parameters plotted against each other. In

these two plots, the simulated galaxies with AGN feedback included are plotted with

reduced opacity on both the current AGN and non-current AGN plots, in order to

represent both methods of classification. Under each set of histograms is a table

summarizing the means and standard deviations of the quantities plotted (Tables

16 and 17), and under each set of plots comparing two quantities, the relevant

correlation coefficients are presented as well (Tables 18 and 19).

In the absence of any other factors, we expect λR to be lower for galaxies affected

by AGN feedback as opposed to those unaffected. Dubois et al. (2016) showed that

AGN feedback is necessary for galaxies to exhibit the typical features of ETGs, e.g.

a lack of clear, orderly, disk-like rotation, and thus lower values of λR. Frigo et

al. (in prep.), using the same simulations as we did, find a similar trend. Indeed,

the overall mean λR value for simulated and observed galaxies with AGN feedback

is lower than that without, with both means of separation. The difference is not

large, however, and the scatter is significant. We expect that the difference would

be larger if not for one simulated galaxy without AGN feedback with a much lower

λR value than the rest (Halo 0300).
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Frigo et al. find a strong time dependence on the difference between simulations

with and without AGN feedback, with the two populations quite similar at z=1 and

then very different at z=0, with AGN feedback presumably working to decrease λR
along the way (around z=0.25 for Halo 0227, for example). We presume that the

small difference in λR values for our simulated galaxies arises partially due to the

fact that, at z=0.5, this process has not yet been completed, and partially due to

the fact that λR is sensitive to the inclination of the galaxy in question and the

radius at which it is measured. Inasmuch as we can separate all our galaxies into

those currently affected and unaffected by AGN feedback, we find that (current)

AGN feedback does seem to result in a reduced value for λR, which is in line with

the previously discussed works. However, the relatively small magnitude of this

reduction, along with the less consistent apparent impact of AGN feedback on the

values of irregularity parameters, serve to underscore an important point: we can

only clearly discern whether or not a galaxy is affected by an AGN at the moment we

observe it. AGN activity sometimes leaves traces in the form of “ionization echoes,”

such as the famous object Hanny’s Voorwerp (Keel et al., 2012), but these objects

are not necessarily captured by diagnostic analysis of the type carried out in this

thesis.

For the simulated galaxies, which we are able to clearly separate into those which

may have been affected by AGN feedback at some point in their histories from

those who remain completely unaffected, we see that the value of each of the three

irregularity parameters is, on average, higher for galaxies with AGN feedback than

without. Taking all of our simulated and observed galaxies and the WHAN-based

separation between current AGN activity and lack thereof into account, however,

the picture changes. The average value of ∆φ is indeed higher for currently AGN-

affected galaxies, but the average value of k3,5/k1 is lower, and there is no clear

difference in the average σPA values. AGN activity may have raised the values of

the irregularity parameters before the AGN itself switched off (as we have seen,

there is a delay between increases in AGN activity and the corresponding spikes in

irregularity parameters), but we have also seen that phenomena such as mergers,

completely independent of AGN feedback, can raise the irregularity parameters as

well. To summarize: AGN feedback seems to increase the values of irregularity

parameters, but it is not the only mechanism able to do so, and a galaxy may have

felt the effects of an AGN during its past without indicating so when we observe it

in the present.

Figures 26 through 29 show the inherent differences between the simulated and

observed galaxies. The simulated galaxies, though they exhibited similar ranges

of λR values, occupied a much smaller range of values for the irregularity parame-

ters. The simulated galaxies are clustered mainly around the “regular” areas in the

bottom left corner of the figures in which two irregularity parameters are plotted

against each other, whereas the observed galaxies’ values are far more scattered. A

much higher number of simulated galaxies is regular than observed galaxies.
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The fact that the simulated gas kinematics are, overall, so well-behaved is sur-

prising, as most of the galaxies lie above the mass threshold (log(M) ∼ 11.5) that

roughly separates fast from slow rotators. We have seen in our examination of the

time development of the halos (and the literature points to a similar conclusion) that

the differences between galaxies affected by AGN feedback and those unaffected be-

gins to be felt at low redshift, however, and so our simulated galaxies may simply

not be old enough.

On the whole, we expected a negative correlation between λR and the irregularity

parameters, as a higher degree of ordered rotation should correspond to more orderly

kinematics on the whole. For the simulated galaxies, this was the case for every

combination, AGN and no AGN feedback (except for a surprisingly high positive

correlation between λR and k3,5/k1 in the cases without AGN feedback). Observed

galaxies seemed to cancel out this trend somewhat, however, and the only negative

correlation for all WHAN-separated galaxies was between λR and ∆φ. In principle,

we would expect AGN feedback to strengthen the negative correlation, as it tends

to lower λR while increasing the irregularity parameters. Indeed, the correlations

seem to be somewhat more strongly negative in the presence of AGN feedback.

The strongest correlation between irregularity parameters was the anti-correlation

found between σPA and ∆φ for all WHAN-separated galaxies currently affected by

an AGN, and a weaker positive correlation between those same two parameters for

those unaffected by an AGN. Kutdemir (2010) found a correlation between σPA and

k3,5/k1, and we are able to reproduce it to some degree for all WHAN-separated

galaxies currently unaffected by an AGN, but this is also cancelled out by an anti-

correlation for AGN-affected galaxies.
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AGN No AGN

Figure 28 Histograms of λR (top row), k3,5/k1 (second row), ∆φ (third row), and σPA (bottom

row), for simulated galaxies with AGN feedback and observed galaxies with current AGN activity

(left column) and simulated galaxies without AGN feedback and observed galaxies without current

AGN activity (right column).

µ(λR) σ(λR) µ(k3,5/k1) σ(k3,5/k1) µ(∆φ) σ(∆φ) µ(σPA) σ(σPA)

AGN (Sim.) 0.293 0.097 0.18 0.15 44 56 15 16

NoAGN (Sim.) 0.276 0.134 0.06 0.03 27 53 6 5

AGN (Obs.) 0.351 0.127 0.78 0.53 125 67 79 17

NoAGN (Obs.) 0.434 0.125 1.66 1.49 85 57 94 26

AGN (Mean) 0.322 0.112 0.48 0.34 85 62 47 17

NoAGN (Mean) 0.355 0.130 0.86 0.76 56 55 50 16

Table 16 Means and standard deviations of λR and irregularity parameters for both simulated and

observed galaxies for simulated galaxies with AGN feedback and observed galaxies with current

AGN activity on the one hand, and simulated galaxies without AGN feedback and observed galaxies

without current AGN activity on the other hand.
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Current AGN No Current AGN

Figure 29 Histograms of λR (top row), k3,5/k1 (second row), ∆φ (third row), and σPA (bottom

row), for both simulated and observed galaxies classified through WHAN analysis as currently

experiencing AGN activity (left column) and those for which that is not the case (right column).

µ(λR) σ(λR) µ(k3,5/k1) σ(k3,5/k1) µ(∆φ) σ(∆φ) µ(σPA) σ(σPA)

AGN (Mean) 0.351 0.127 0.78 0.53 125 67 79 17

NoAGN (Mean) 0.411 0.135 1.411 1.48 77 59 81 39

Table 17 Means and standard deviations of λR and irregularity parameters for both simulated

and observed galaxies for both simulated and observed galaxies classified through WHAN analysis

as currently experiencing AGN activity and those for which that is not the case.
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(Current) AGN No (Current) AGN

Figure 30 λR vs each of the irregularity parameters k3,5/k1 (top row), ∆φ (middle row), and

σPA (bottom row), for galaxies currently experiencing AGN feedback (left column) and not (right

column). Note: The values for simulated galaxies which have experienced AGN feedback in the

past, but are not doing so currently, are plotted with semi-transparent points.

λR vs. k3,5/k1 λR vs. ∆φ λR vs. σPA

AGN (Sim.) -0.218 -0.478 -0.446

NoAGN (Sim.) 0.518 -0.311 -0.585

AGN (Obs.) 0.110 -0.376 0.298

NoAGN (Obs.) -0.103 0.161 0.116

AGN (Mean, non-separated sims.) -0.054 -0.427 -0.074

NoAGN (Mean, non-separated sims.) 0.208 -0.075 -0.235

AGN (Mean, separated sims.) 0.110 -0.376 0.298

NoAGN (Mean, separated sims.) 0.073 0.198 0.361

Table 18 The values of the Pearson correlation coefficient for λR vs. each of our irregularity

parameters for simulated and observed galaxies.
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(Current) AGN No (Current) AGN

Figure 31 σPA vs. k3,5/k1 (top row), σPA vs. ∆φ (middle row), and k3,5/k1 vs. ∆φ (bottom row),

for galaxies currently experiencing AGN feedback (left column) and not (right column). Note: The

values for simulated galaxies which have experienced AGN feedback in the past, but are not doing

so currently, are plotted with semi-transparent points.

σPA vs. k3,5/k1 σPA vs. ∆φ k3,5/k1 vs. ∆φ

AGN (Sim.) 0.666 0.385 0.109

NoAGN (Sim.) 0.128 0.494 -0.142

AGN (Obs.) -0.343 -0.781 0.101

NoAGN (Obs.) 0.250 0.194 0.120

AGN (Mean, non-separated sims.) 0.162 -0.198 0.105

NoAGN (Mean, non-separated sims.) 0.189 0.344 -0.011

AGN (Mean, separated sims.) -0.343 -0.781 0.101

NoAGN (Mean, separated sims.) 0.440 0.362 0.215

Table 19 The values of the Pearson correlation coefficient for each combination of irregularity

parameters for both simulated and observed galaxies.
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4.1.2 Residual Asymmetries

The residual asymmetries were very slightly higher for simulated galaxies with AGN

feedback and for observed galaxies with current AGN activity. When the asymme-

tries are average for all WHAN-separated galaxies, the difference is somewhat larger,

although we believe that this is primarily due to the inherently lower asymmetries

of the simulated galaxies. The difference is, overall, not significant, which is in line

with similar findings by (e.g. Dumas et al., 2007), who used tilted-ring analysis (sim-

ilar to kinemetry) with SAURON data and found no significant difference between

active and inactive galaxies.

Figure 32 Histograms for the asymmetries of the residuals generated by subtracting the full

rotation model generated by kinemetry from the simulated and observed gas velocity fields for

simulated galaxies with AGN feedback and observed galaxies with current AGN activity (left) and

simulated galaxies without AGN feedback and observed galaxies without current AGN activity

(right).

Figure 33 Histograms for the asymmetries of the residuals generated by subtracting the full

rotation model generated by kinemetry from the simulated and observed gas velocity fields for

both simulated and observed galaxies classified through WHAN analysis as currently experiencing

AGN activity (left column) and those for which that is not the case (right column).
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µ (Asymmetry) σ (Asymmetry)

AGN (Sim.) 0.735 0.063

NoAGN (Sim.) 0.725 0.043

AGN (Obs.) 0.875 0.075

NoAGN (Obs.) 0.848 0.075

AGN (Mean, non-separated sims.) 0.805 0.069

NoAGN (Mean, non-separated sims.) 0.787 0.059

AGN (Mean, separated sims.) 0.875 0.075

NoAGN (Mean, separated sims.) 0.829 0.084

Table 20 The means and standard deviations of the asymmetries of the residuals generated by

subtracting models of the rotation of the gas velocity fields of simulated and observed galaxies.
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4.2 Comparison and Discussion of Nebular Emission Results

4.2.1 EW(Hα) and NII/Hα profiles

We plotted radial [N ii]/Hα profiles for our simulated galaxies in Fig. 19, and radial

[N ii]/Hα and EW(Hα) profiles for our observed galaxies in Figs. 27 and 26, respec-

tively. All galaxies, simulated and observed, seemed to have fairly constant [N ii]/Hα

for their full radial extents. In simulated galaxies with AGN feedback, there was a

wider range of values, and the profiles were less smooth and regular. In this respect,

they are similar to the surface density profiles of the warm gas. As our analysis

uncovered, none of the ten galaxies with AGN feedback would be classified as cur-

rently experiencing AGN activity through WHAN analysis, and only one would be

classified as AGN-dominated based on the ratio of its black hole accretion rate to

its star-formation rate: Halo 0300. For the other nine halos, the total [N ii]/Hα

values were comparable to those for the observed galaxies, but for Halo 0300, it

was a bit lower than expected. This can be explained at least partially by the fact

that Halo 0300’s central galaxy lies somewhat below the empirical stellar mass/gas

metallicity relation at the redshift at which we observe it (Michaela Hirschmann,

personal communication, June 5, 2018).
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5 Summary and Conclusion

5.1 Summary

In this thesis, we examine a sample of massive early-type galaxies comprised of ob-

served galaxies from the CALIFA survey and simulated galaxies produced by the

code SPHGal. By means of WHAN analysis, we separate each of these sub-samples

into galaxies subject to and not subject to AGN feedback at the moment of obser-

vation. We examine (primarily) the gas kinematics of these galaxies, quantifying

the degree of “order” by means of the parameter λR and the three irregularity pa-

rameters k3,5/k1 (the deviation from simple rotation normalized to the amplitude of

the simple rotation), ∆φ (the smallest difference between the position angles of the

stellar and gas kinematics), and σPA (the standard deviation of the position angles

of the gas kinematics measured at different radii). We examine the effect of AGN

feedback on each of these parameters, and on their correlations amongst each other.

We find that:

� AGN feedback is very (perhaps too) effective at heating and removing gas from

simulated galaxies, with most of the warm and cold gas removed by z=0.0,

� None of our ten galaxies that were simulated with AGN feedback were clas-

sified as either strong or weak AGNs by WHAN analysis at z=0.5, and only

one would be considered AGN-dominated based on the ratio of its black hole

accretion rate to its star-formation rate,

� AGN feedback, when considered on its own, results in lower overall values of

λR and higher values of the irregularity parameters, but

� Other phenomena, such as mergers, can also increase the values of irregularity

parameters, which means that

� High irregularity parameters can be caused by, but are not neces-

sarily a sign of, AGN feedback.

� Overall, galaxies separated into those currently affected by AGN activity and

those unaffected by means of WHAN analysis do not show significant differ-

ences in their irregularity parameters.

� λR anti-correlates with the irregularity parameters to some degree,

� The irregularity parameters do not correlate particularly strongly with one

another, and

� The residuals of the subtraction of a model of the rotation of the gas kinematics

from the actual kinematics are not significantly less symmetric for galaxies

affected by AGN feedback than those not affected.
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In this thesis, we measured k3,5/k1 and ∆φ at each galaxy’s effective radius. A

preliminary examination of the values of these parameters across a galaxy’s full

radial extent has revealed that they do not vary significantly as a function of radius

for simulated galaxies, but that the variation as a function of radius can be quite

significant for the observed galaxies. This suggests that the values of the irregularity

parameters at the effective radius do not tell the whole story, and will be taken into

account in future work.

An examination of the development histories of six of the simulated galaxies

showed that, generally, the increased values of the irregularity parameters we mea-

sure at z=0.5 in the cases with AGN feedback were caused by roughly concurrent

mergers and spikes in the black hole accretion rate at z ∼ 1.0, after which the irreg-

ularity parameters begin to increase by about z ∼ 0.75 and stay elevated until z=0.5

(time spans of roughly 1.4 and 2 Gyr, respectively). In contrast, in cases without

AGN feedback, the mergers that take place around z=1.0 result in increased irreg-

ularity parameters with little to no delay in time, but the irregularity parameters

fall back down again to nearly zero quite quickly.

We also examined the emission characteristics of our sample by plotting radial

[N ii]/Hα and EW(Hα) profiles, finding that all galaxies had fairly constant radial

profiles, suggesting a ubiquitous WIM, but that the profiles are less regular for

simulated galaxies with AGN feedback and that the values of [N ii]/Hα for one

simulated, theoretically (but not observationally) AGN-dominated galaxy lie below

those of the observed galaxies by roughly an order of magnitude.

5.2 Conclusion

Part of the purpose of this work is to demonstrate the broad range of possible science

topics currently being examined in the field of extragalactics. In the century in which

we have been learning about other galaxies, we have gathered mountains of data,

which we have used in order to shape our own models of galaxies. We have largely

been successful in recreating the galaxies we observe, but so many questions remain.

With the rapidly increasing computational power at our disposal, our models grow

more and more intricate, with ever larger dynamic ranges and ever more cunningly

modelled physics. As instrumentation grows in sophistication, the data with which

to compare and refine our models grows more and more useful in its own right.

There are many aspects of this work that could be explored in further study.

The emission characteristics of galaxies in simulations are now only starting to be

analyzed, and there is much work that can be done here as well. We calculated

the values of two of our three irregularity parameters at each studied galaxy’s ef-

fective radius, in order to determine a representative value for the galaxy, but more

information lies in the radial variations of these quantities. Our velocity maps were

also analyzed without radial binning, which is something we would do differently in

future work.

93



5.3 Acknowledgements

Thank you to my supervisors, Bodo and Michaela, for giving me the opportunity to

work on this project, for pulling strings, for answers, for patience, for time. Thank

you to the other members of the Extragalactic Astrophysics group: Asmus Böhm,
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6 Appendix

6.1 2D info on all studied simulated galaxy snapshots

The following values were either produced in the course of the work described in

this thesis (λR, residual asymmetry) or were taken from the trace files provided

along with the simulation snapshots. Note: the radial k1 profiles, along with the

position angles of the gas and stellar kinematics, are the result of a separate set

of kinemetry runs from the analysis described in the thesis and are meant to give

general impressions of each simulated galaxy. This means e.g. that the position

angles may vary slightly between the values presented here and in the thesis itself.
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Snapshot 0094 (AGN)
log(Stellar Mass): 12.372
Redshift: 0.515
re: 2.906 kpc
AGN activity: No
λR value at re: 0.242
Residual asymmetry: 0.710

Snapshot 0094 (No AGN)
log(Stellar Mass): 12.635
Redshift: 0.515
re: 2.579 kpc
λR value at re: 0.222
Residual Asymmetry: 0.785

Figure 34 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0175 (AGN)
log(Stellar Mass): 12.007
Redshift: 0.515
re: 5.362 kpc
AGN activity: No
λR value at re: 0.464
Residual asymmetry: 0.789

Snapshot 0175 (No AGN)
log(Stellar Mass): 12.462
Redshift: 0.515
re: 2.546 kpc
λR value at re: 0.420
Residual Asymmetry: 0.774

Figure 35 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0204 (AGN)
log(Stellar Mass): 11.887
Redshift: 0.515
re: 2.229 kpc
AGN activity: No
λR value at re: 0.208
Residual asymmetry: 0.677

Snapshot 0204 (No AGN)
log(Stellar Mass): 12.123
Redshift: 0.515
re: 2.379 kpc
λR value at re: 0.321
Residual Asymmetry: 0.720

Figure 36 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0215 (AGN)
log(Stellar Mass): 12.070
Redshift: 0.515
re: 2.871 kpc
AGN activity: No
λR value at re: 0.411
Residual asymmetry: 0.798

Snapshot 0215 (No AGN)
log(Stellar Mass): 12.291
Redshift: 0.515
re: 1.865 kpc
λR value at re: 0.222
Residual Asymmetry: 0.680

Figure 37 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0224 (AGN)
log(Stellar Mass): 11.655
Redshift: 0.515
re: 1.997 kpc
AGN activity: No
λR value at re: 0.302
Residual asymmetry: 0.746

Snapshot 0224 (No AGN)
log(Stellar Mass): 11.621
Redshift: 0.515
re: 1.936 kpc
λR value at re: 0.264
Residual Asymmetry: 0.655

Figure 38 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0227 (AGN)
log(Stellar Mass): 11.800
Redshift: 0.515
re: 2.218 kpc
AGN activity: No
λR value at re: 0.364
Residual asymmetry: 0.821

Snapshot 0227 (No AGN)
log(Stellar Mass): 11.882
Redshift: 0.515
re: 1.864 kpc
λR value at re: 0.396
Residual Asymmetry: 0.721

Figure 39 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0259 (AGN)
log(Stellar Mass): 11.699
Redshift: 0.515
re: 2.781 kpc
AGN activity: No
λR value at re: 0.168
Residual asymmetry: 0.794

Snapshot 0259 (No AGN)
log(Stellar Mass): 11.699
Redshift: 0.515
re: 2.781 kpc
λR value at re: 0.170
Residual Asymmetry: 0.703

Figure 40 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0290 (AGN)
log(Stellar Mass): 11.701
Redshift: 0.515
re: 4.554 kpc
AGN activity: No
λR value at re: 0.344
Residual asymmetry: 0.697

Snapshot 0290 (No AGN)
log(Stellar Mass): 11.899
Redshift: 0.515
re: 5.043 kpc
λR value at re: 0.513
Residual Asymmetry: 0.758

Figure 41 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0300 (AGN)
log(Stellar Mass): 11.218
Redshift: 0.515
re: 4.440 kpc
AGN activity: No
λR value at re: 0.364
Residual asymmetry: 0.697

Snapshot 0300 (No AGN)
log(Stellar Mass): 11.286
Redshift: 0.515
re: 1.622 kpc
λR value at re: 0.024
Residual Asymmetry: 0.664

Figure 42 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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Snapshot 0305 (AGN)
log(Stellar Mass): 11.553
Redshift: 0.515
re: 1.360 kpc
AGN activity: No
λR value at re: 0.252
Residual asymmetry: 0.800

Snapshot 0305 (No AGN)
log(Stellar Mass): 11.835
Redshift: 0.515
re: 1.429 kpc
λR value at re: 0.207
Residual Asymmetry: 0.773

Figure 43 Top row, left to right: Name and characteristic parameters, stellar distribution, and warm gas distribu-

tion, respectively. Bottom row, left to right: radial k1 profiles for stars (solid) and gas (dashed), stellar kinematics,

and gas kinematics, respectively. The solid and dashed line in the stellar and gas velocity map, respectively, is the

median position angle along which kinemetry coefficients were determined. The number value of this position angle

given at the top right of the plot.
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6.2 2D info on all studied CALIFA galaxies

The following values were either produced in the course of the work described in

this thesis (λR, residual asymmetry) or were taken from our reduced data cubes

(distance) or from the third data release (DR3) of CALIFA (stellar mass, R-band

absolute magnitude, redshift, effective radius) described in Sánchez et al. (2016),

unless noted otherwise. Data for one galaxy was taken from the 2MASS survey

(Crook et al., 2007). Note: the galaxy referred to in this appendix (and the rest

of the thesis) as UGC11958 is actually the galaxy NGC7237, but we retain this

nomenclature for consistency.
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IC 1079
log(Stellar Mass): 11.327
D = 127.9 Mpc
Mr = -23.211 mag
Redshift: 0.029
re: 37.62 arcsec
AGN activity: No
λR value at re: N/A
Residual asymmetry: 0.830

IC 2341
log(Stellar Mass): 10.806
D = 73.6 Mpc
Mr = -21.451 mag
Redshift: 0.017
re: 11.088 arcsec
AGN activity: No
λR value at re: 0.498
Residual asymmetry: 0.921

Figure 44 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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IC 4534
log(Stellar Mass): 10.925
D = 76.2 Mpc
Mr = -21.63 mag
Redshift: 0.016
re: 13.464 arcsec
AGN activity: No
λR value at re: 0.603
Residual asymmetry: 0.814

LSBCF 560
log(Stellar Mass): 11.89
D = 217.4 Mpc
Mr = -23.36 mag
Redshift: 0.053
re: 8.370 arcsec
AGN activity: No
λR value at re: 0.464
Residual asymmetry: 0.882

Figure 45 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0155
log(Stellar Mass): 11.176
D = 83.4 Mpc
Mr = -22.412 mag
Redshift: 0.021
re: 15.84 arcsec
AGN activity: No
λR value at re: 0.513
Residual asymmetry: 0.856

NGC 0160
log(Stellar Mass): 11.030
D = 70.5 Mpc
Mr = -22.18 mag
Redshift: 0.018
re: 22.176 arcsec
AGN activity: Yes
λR value at re: 0.545
Residual asymmetry: 0.944

Figure 46 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0364
log(Stellar Mass): 10.962
D = 68.3 Mpc
Mr = -21.561 mag
Redshift: 0.017
re: 15.84 arcsec
AGN activity: No
λR value at re: 0.609
Residual asymmetry: 0.827

NGC 0472
log(Stellar Mass): 10.965
D = 71.2 Mpc
Mr = -21.104 mag
Redshift: 0.000
re: 4.620 arcsec
AGN activity: No
λR value at re: 0.661
Residual asymmetry: 0.778

Figure 47 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0499
log(Stellar Mass): 11.401
D = 59.1 Mpc
Mr = -22.482 mag
Redshift: 0.015
re: 21.384 arcsec
AGN activity: No
λR value at re: 0.378
Residual asymmetry: 0.719

NGC 0517
log(Stellar Mass): 10.822
D = 56.5 Mpc
Mr = -21.352 mag
Redshift: 0.014
re: 10.296 arcsec
AGN activity: No
λR value at re: 0.572
Residual asymmetry: 0.822

Figure 48 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0528
log(Stellar Mass): 10.874
D = 64.5 Mpc
Mr = -21.697 mag
Redshift: 0.016
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.520
Residual asymmetry: 0.820

NGC 0529
log(Stellar Mass): 11.088
D = 64.7 Mpc
Mr = -22.271 mag
Redshift: 0.016
re: 12.672 arcsec
AGN activity: No
λR value at re: 0.541
Residual asymmetry: 0.784

Figure 49 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0677
log(Stellar Mass): 11.291
D = 67.6 Mpc
Mr = -22.574 mag
Redshift: 0.017
re: 34.056 arcsec
AGN activity: No
λR value at re: N/A
Residual asymmetry: 0.978

NGC 0731
log(Stellar Mass): 10.903
D = 50.8 Mpc
Mr = -21.776 mag
Redshift: 0.013
re: 11.484 arcsec
AGN activity: No
λR value at re: 0.558
Residual asymmetry: 0.834

Figure 50 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0741
log(Stellar Mass): 11.517
D = 73.7 Mpc
Mr = -23.465 mag
Redshift: 0.019
re: 35.244 arcsec
AGN activity: No
λR value at re: N/A
Residual asymmetry: 0.804

NGC 0774
log(Stellar Mass): 10.924
D = 61.2 Mpc
Mr = -21.554 mag
Redshift: 0.015
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.562
Residual asymmetry: 0.885

Figure 51 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0810
log(Stellar Mass): 11.552
D = 102.0 Mpc
Mr = -22.839 mag
Redshift: 0.026
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.324
Residual asymmetry: 0.846

NGC 0842
log(Stellar Mass): 10.74
D = 51.1 Mpc
Mr = -21.392 mag
Redshift: 0.013
re: 11.484 arcsec
AGN activity: No
λR value at re: 0.534
Residual asymmetry: 0.960

Figure 52 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0924
log(Stellar Mass): 10.856
D = 59.2 Mpc
Mr = -21.896 mag
Redshift: 0.015
re: 12.672 arcsec
AGN activity: No
λR value at re: 0.638
Residual asymmetry: 0.995

NGC 0932
log(Stellar Mass): 10.964
D = 54.1 Mpc
Mr = -22.099 mag
Redshift: 0.014
re: 18.612 arcsec
AGN activity: Yes
λR value at re: 0.462
Residual asymmetry: 0.769

Figure 53 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 0938
log(Stellar Mass): 10.965
D = 54.6 Mpc
Mr = -21.721 mag
Redshift: 0.014
re: 13.86 arcsec
AGN activity: No
λR value at re: 0.526
Residual asymmetry: 0.796

NGC 0962
log(Stellar Mass): 11.043
D = 61.4 Mpc
Mr = -21.982 mag
Redshift: 0.016
re: 13.86 arcsec
AGN activity: No
λR value at re: 0.472
Residual asymmetry: 0.782

Figure 54 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1026
log(Stellar Mass): 11.053
D = 55.2 Mpc
Mr = -21.904 mag
Redshift: 0.014
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.454
Residual asymmetry: 0.800

NGC 1041
log(Stellar Mass): 11.188
D = 94.2 Mpc
Mr = -22.473 mag
Redshift: 0.024
re: 17.028 arcsec
AGN activity: No
λR value at re: 0.269
Residual asymmetry: 0.771

Figure 55 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1056
log(Stellar Mass): 10.020
D = 21.4 Mpc
Mr = -19.942 mag
Redshift: 0.017
re: 14.256 arcsec
AGN activity: No
λR value at re: 0.308
Residual asymmetry: 0.861

NGC 1060
log(Stellar Mass): 11.846
D = 69.3 Mpc
Mr = -23.617 mag
Redshift: 0.017
re: 27.324 arcsec
AGN activity: No
λR value at re: 0.415
Residual asymmetry: 0.778

Figure 56 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1132
log(Stellar Mass): 11.713
D = 92.2 Mpc
Mr = -23.151 mag
Redshift: 0.023
re: 32.868 arcsec
AGN activity: No
λR value at re: 0.369
Residual asymmetry: 0.883

NGC 1167
log(Stellar Mass): 11.692
D = 70.4 (DR3) Mpc
Mr = -22.980 mag
Redshift: 0.016
re: 24.948 arcsec
AGN activity: No
λR value at re: 0.339
Residual asymmetry: 0.782

Figure 57 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1270
log(Stellar Mass): 11.151
D = 66.9 Mpc
Mr = -21.705 mag
Redshift: 0.000
re: 5.048 arcsec
AGN activity: No
λR value at re: 0.466
Residual asymmetry: 0.758

NGC 1349
log(Stellar Mass): 10.928
D = 94.2 (DR3) Mpc
Mr = -22.442 mag
Redshift: 0.022
re: 17.028 arcsec
AGN activity: Yes
λR value at re: 0.251
Residual asymmetry: 0.818

Figure 58 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1361
log(Stellar Mass): 10.95
D = 70.2 Mpc
Mr = -21.583 mag
Redshift: 0.018
re: 16.236 arcsec
AGN activity: No
λR value at re: 0.340
Residual asymmetry: 0.933

NGC 1656
log(Stellar Mass): 10.623
D = 50.7 Mpc
Mr = -21.453 mag
Redshift: 0.013
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.679
Residual asymmetry: 0.826

Figure 59 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 1665
log(Stellar Mass): 10.577
D = 37.0 Mpc
Mr = -20.927 mag
Redshift: 0.009
re: 23.76 arcsec
AGN activity: No
λR value at re: 0.631
Residual asymmetry: 0.787

NGC 1666
log(Stellar Mass): 10.471
D = 37.1 Mpc
Mr = -20.869 mag
Redshift: 0.009
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.621
Residual asymmetry: 0.993

Figure 60 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 2476
log(Stellar Mass): 10.801
D = 54.0 Mpc
Mr = -21.581 mag
Redshift: 0.012
re: 9.504 arcsec
AGN activity: No
λR value at re: 0.564
Residual asymmetry: 1.000

NGC 2507
log(Stellar Mass): 11.277
D = 65.3 Mpc
Mr = -22.556 mag
Redshift: 0.015
re: 19.8 arcsec
AGN activity: No
λR value at re: 0.472
Residual asymmetry: 0.922

Figure 61 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 2513
log(Stellar Mass): 11.539
D = 67.1 Mpc
Mr = -22.860 mag
Redshift: 0.016
re: 26.532 arcsec
AGN activity: No
λR value at re: 0.298
Residual asymmetry: 0.762

NGC 2577
log(Stellar Mass): 10.606
D = 31.7 Mpc
Mr = -20.854 mag
Redshift: 0.007
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.573
Residual asymmetry: 0.835

Figure 62 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 2592
log(Stellar Mass): 10.618
D = 30.8 Mpc
Mr = -20.719 mag
Redshift: 0.007
re: 9.9 arcsec
AGN activity: No
λR value at re: 0.563
Residual asymmetry: 0.824

NGC 2767
log(Stellar Mass): 10.75
D = 71.2 Mpc
Mr = -20.874 mag
Redshift: 0.016
re: 5.716 arcsec
AGN activity: No
λR value at re: 0.568
Residual asymmetry: 0.907

Figure 63 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 2918
log(Stellar Mass): 11.443
D = 96.6 (DR3) Mpc
Mr = -22.776 mag
Redshift: 0.023
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.269
Residual asymmetry: 0.919

NGC 3106
log(Stellar Mass): 11.212
D = 88.7 (DR3) Mpc
Mr = -22.794 mag
Redshift: 0.021
re: 21.384 arcsec
AGN activity: Yes
λR value at re: 0.200
Residual asymmetry: 0.834

Figure 64 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 3158
log(Stellar Mass): 11.738
D = 100.6 Mpc
Mr = -23.704 mag
Redshift: 0.023
re: 32.472 arcsec
AGN activity: No
λR value at re: 0.388
Residual asymmetry: 0.800

NGC 3182
log(Stellar Mass): 10.399
D = 34.5 Mpc
Mr = -20.833 mag
Redshift: 0.007
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.454
Residual asymmetry: 0.988

Figure 65 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 3300
log(Stellar Mass): 10.762
D = 43.2 (DR3) Mpc
Mr = -21.410 mag
Redshift: 0.010
re: 13.86 arcsec
AGN activity: No
λR value at re: 0.391
Residual asymmetry: 0.945

NGC 3610
log(Stellar Mass): 10.9
D = 29.6 Mpc
Mr = -21.918 mag
Redshift: 0.006
re: 13.86 arcsec
AGN activity: No
λR value at re: 0.512
Residual asymmetry: 0.793

Figure 66 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 3615
log(Stellar Mass): 11.383
D = 94.6 (DR3) Mpc
Mr = -22.977 mag
Redshift: 0.022
re: 15.444 arcsec
AGN activity: No
λR value at re: 0.317
Residual asymmetry: 0.835

NGC 3619
log(Stellar Mass): 10.583
D = 27.7 Mpc
Mr = -21.165 mag
Redshift: 0.005
re: 28.116 arcsec
AGN activity: Yes
λR value at re: 0.403
Residual asymmetry: 0.982

Figure 67 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 3990
log(Stellar Mass): 9.942
D = 14.37 Mpc
Mr = -19.373 mag
Redshift: 0.000
re: 5.918 arcsec
AGN activity: No
λR value at re: 0.647
Residual asymmetry: 0.764

NGC 4003
log(Stellar Mass): 11.073
D = 93.8 (DR3) Mpc
Mr = -22.000 mag
Redshift: 0.022
re: 14.256 arcsec
AGN activity: No
λR value at re: 0.416
Residual asymmetry: 0.943

Figure 68 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 4816
log(Stellar Mass): 11.506
D = 98.9 (DR3) Mpc
Mr = -23.030 mag
Redshift: 0.023
re: N/A arcsec
AGN activity: No
λR value at re: 0.1
Residual asymmetry: 0.857

NGC 4841a
log(Stellar Mass): 11.546
D = 100.7 Mpc
Mr = -22.825 mag
Redshift: 0.023
re: 20.592 arcsec
AGN activity: No
λR value at re: 0.242
Residual asymmetry: 0.779

Figure 69 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 4874
log(Stellar Mass): 11.695
D = 106.2 Mpc
Mr = -24.113 mag
Redshift: 0.024
re: 55.044 arcsec
AGN activity: No
λR value at re: N/A
Residual asymmetry: 0.800

NGC 4956
log(Stellar Mass): 10.986
D = 72.8 Mpc
Mr = -22.381 mag
Redshift: 0.016
re: 9.504 arcsec
AGN activity: No
λR value at re: 0.491
Residual asymmetry: 0.971

Figure 70 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5029
log(Stellar Mass): 11.502
D = 126.2 Mpc
Mr = -23.229 mag
Redshift: 0.029
re: 25.344 arcsec
AGN activity: No
λR value at re: 0.417
Residual asymmetry: 0.757

NGC 5198
log(Stellar Mass): 10.994
D = 41.9 Mpc
Mr = -21.695 mag
Redshift: 0.009
re: 16.236 arcsec
AGN activity: No
λR value at re: 0.391
Residual asymmetry: 0.854

Figure 71 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5216
log(Stellar Mass): 10.505
D = 46.4 Mpc
Mr = -21.065 mag
Redshift: 0.010
re: 20.196 arcsec
AGN activity: No
λR value at re: 0.483
Residual asymmetry: 0.840

NGC 5423
log(Stellar Mass): 11.437
D = 90.2 Mpc
Mr = -22.643 mag
Redshift: 0.020
re: 15.444 arcsec
AGN activity: No
λR value at re: 0.393
Residual asymmetry: 0.898

Figure 72 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5473
log(Stellar Mass): 10.871
D = 34.9 Mpc
Mr = -21.717 mag
Redshift: 0.007
re: 17.82 arcsec
AGN activity: No
λR value at re: 0.418
Residual asymmetry: 0.822

NGC 5481
log(Stellar Mass): 10.281
D = 34.7 Mpc
Mr = -19.799 mag
Redshift: 0.000
re: 5.918 arcsec
AGN activity: No
λR value at re: 0.291
Residual asymmetry: 0.956

Figure 73 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5485
log(Stellar Mass): 11.024
D = 33.6 Mpc
Mr = -21.950 mag
Redshift: 0.006
re: 31.68 arcsec
AGN activity: No
λR value at re: 0.391
Residual asymmetry: 0.815

NGC 5513
log(Stellar Mass): 11.231
D = 77.2 Mpc
Mr = -22.498 mag
Redshift: 0.017
re: 15.84 arcsec
AGN activity: No
λR value at re: 0.535
Residual asymmetry: 0.766

Figure 74 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5532
log(Stellar Mass): 11.851
D = 110.5 Mpc
Mr = -23.938 mag
Redshift: 0.025
re: 24.552 arcsec
AGN activity: No
λR value at re: 0.341
Residual asymmetry: 0.811

NGC 5546
log(Stellar Mass): 11.59
D = 109.5 Mpc
Mr = -23.307 mag
Redshift: 0.025
re: 17.424 arcsec
AGN activity: No
λR value at re: 0.327
Residual asymmetry: 0.864

Figure 75 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5549
log(Stellar Mass): 11.629
D = 114.7 Mpc
Mr = -23.169 mag
Redshift: 0.026
re: 14.652 arcsec
AGN activity: No
λR value at re: 0.454
Residual asymmetry: 0.917

NGC 5557
log(Stellar Mass): 11.282
D = 52.1 Mpc
Mr = -22.886 mag
Redshift: 0.011
re: 24.552 arcsec
AGN activity: No
λR value at re: 0.363
Residual asymmetry: 0.758

Figure 76 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5580
log(Stellar Mass): 10.798
D = 52.0 Mpc
Mr = -21.58 mag
Redshift: 0.011
re: 15.048 arcsec
AGN activity: No
λR value at re: 0.625
Residual asymmetry: 0.785

NGC 5598
log(Stellar Mass): 11.126
D = 82.6 Mpc
Mr = -21.957 mag
Redshift: 0.018
re: 9.108 arcsec
AGN activity: No
λR value at re: 0.442
Residual asymmetry: 0.809

Figure 77 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5611
log(Stellar Mass): 10.347
D = 35.0 Mpc
Mr = -20.444 mag
Redshift: 0.006
re: 7.92 arcsec
AGN activity: No
λR value at re: 0.464
Residual asymmetry: 0.965

NGC 5623
log(Stellar Mass): 10.849
D = 54.1 Mpc
Mr = -21.681 mag
Redshift: 0.011
re: 15.444 arcsec
AGN activity: No
λR value at re: 0.277
Residual asymmetry: 0.866

Figure 78 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5631
log(Stellar Mass): 10.928
D = 33.8 Mpc
Mr = -21.739 mag
Redshift: 0.007
re: 19.008 arcsec
AGN activity: No
λR value at re: 0.566
Residual asymmetry: 0.975

NGC 5642
log(Stellar Mass): 11.294
D = 67.3 Mpc
Mr = -22.358 mag
Redshift: 0.014
re: 18.612 arcsec
AGN activity: No
λR value at re: 0.267
Residual asymmetry: 0.799

Figure 79 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.

142



NGC 5684
log(Stellar Mass): 10.955
D = 63.9 Mpc
Mr = -21.802 mag
Redshift: 0.014
re: 17.82 arcsec
AGN activity: No
λR value at re: 0.260
Residual asymmetry: 0.943

NGC 5687
log(Stellar Mass): 10.913
D = 36.6 Mpc
Mr = -21.421 mag
Redshift: 0.007
re: 25.344 arcsec
AGN activity: No
λR value at re: 0.297
Residual asymmetry: 0.760

Figure 80 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.

143



NGC 5784
log(Stellar Mass): 11.216
D = 81.1 Mpc
Mr = -22.615 mag
Redshift: 0.018
re: 13.464 arcsec
AGN activity: No
λR value at re: 0.369
Residual asymmetry: 0.954

NGC 5797
log(Stellar Mass): 10.846
D = 61.7 Mpc
Mr = -22.129 mag
Redshift: 0.013
re: 18.612 arcsec
AGN activity: No
λR value at re: 0.539
Residual asymmetry: 0.784

Figure 81 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 5928
log(Stellar Mass): 11.045
D = 70.6 Mpc
Mr = -22.234 mag
Redshift: 0.015
re: 15.84 arcsec
AGN activity: No
λR value at re: 0.399
Residual asymmetry: 0.794

NGC 5966
log(Stellar Mass): 11.009
D = 69.0 Mpc
Mr = -22.076 mag
Redshift: 0.015
re: 18.612 arcsec
AGN activity: No
λR value at re: 0.436
Residual asymmetry: 0.919

Figure 82 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6020
log(Stellar Mass): 11.001
D = 67.4 Mpc
Mr = -22.081 mag
Redshift: 0.014
re: 19.008 arcsec
AGN activity: No
λR value at re: 0.195
Residual asymmetry: 0.800

NGC 6021
log(Stellar Mass): 11.006
D = 73.6 Mpc
Mr = -21.883 mag
Redshift: 0.016
re: 9.504 arcsec
AGN activity: No
λR value at re: 0.420
Residual asymmetry: 0.920

Figure 83 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6023
log(Stellar Mass): 11.864
D = 160.2 Mpc
Mr = -22.899 mag
Redshift: 0.037
re: 8.940 arcsec
AGN activity: No
λR value at re: 0.180
Residual asymmetry: 0.834

NGC 6081
log(Stellar Mass): 11.118
D = 73.1 (DR3) Mpc
Mr = -21.949 mag
Redshift: 0.017
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.357
Residual asymmetry: 0.705

Figure 84 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6125
log(Stellar Mass): 11.384
D = 72.2 Mpc
Mr = -22.858 mag
Redshift: 0.015
re: 21.78 arcsec
AGN activity: No
λR value at re: 0.267
Residual asymmetry: 0.772

NGC 6146
log(Stellar Mass): 11.629
D = 125.1 (DR3) Mpc
Mr = -23.482 mag
Redshift: 0.029
re: 15.048 arcsec
AGN activity: No
λR value at re: 0.211
Residual asymmetry: 0.991

Figure 85 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6150
log(Stellar Mass): 11.426
D = 126.0 Mpc
Mr = -22.645 mag
Redshift: 0.029
re: 11.88 arcsec
AGN activity: No
λR value at re: 0.535
Residual asymmetry: 0.825

NGC 6173
log(Stellar Mass): 11.725
D = 126.9 Mpc
Mr = -23.846 mag
Redshift: 0.029
re: 38.016 arcsec
AGN activity: No
λR value at re: N/A
Residual asymmetry: 0.809

Figure 86 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6278
log(Stellar Mass): 10.919
D = 46.4 Mpc
Mr = -21.486 mag
Redshift: 0.009
re: 11.088 arcsec
AGN activity: No
λR value at re: 0.487
Residual asymmetry: 0.925

NGC 6338
log(Stellar Mass): 11.691
D = 117.0 Mpc
Mr = -23.477 mag
Redshift: 0.027
re: 28.116 arcsec
AGN activity: No
λR value at re: 0.311
Residual asymmetry: 0.855

Figure 87 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6411
log(Stellar Mass): 11.082
D = 57.6 Mpc
Mr = -22.417 mag
Redshift: 0.012
re: 34.056 arcsec
AGN activity: No
λR value at re: 0.223
Residual asymmetry: 0.774

NGC 6427
log(Stellar Mass): 10.751
D = 51.3 Mpc
Mr = -21.370 mag
Redshift: 0.011
re: 8.316 arcsec
AGN activity: No
λR value at re: 0.466
Residual asymmetry: 0.818

Figure 88 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 6515
log(Stellar Mass): 11.193
D = 99.0 Mpc
Mr = -22.725 mag
Redshift: 0.023
re: 19.008 arcsec
AGN activity: No
λR value at re: 0.478
Residual asymmetry: 0.965

NGC 6762
log(Stellar Mass): 10.383
D = 41.8 (DR3) Mpc
Mr = -20.464 mag
Redshift: 0.010
re: 9.504 arcsec
AGN activity: No
λR value at re: 0.376
Residual asymmetry: 0.992

Figure 89 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7025
log(Stellar Mass): 11.527
D = 71.0 (DR3) Mpc
Mr = -22.734 mag
Redshift: 0.017
re: 13.464 arcsec
AGN activity: No
λR value at re: 0.314
Residual asymmetry: 0.735

NGC 7194
log(Stellar Mass): 11.445
D = 110.7 Mpc
Mr = -23.049 mag
Redshift: 0.027
re: 17.82 arcsec
AGN activity: No
λR value at re: 0.509
Residual asymmetry: 0.800

Figure 90 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7236
log(Stellar Mass): 11.347
D = 107.6 (2MASS) Mpc
Mr = -22.745 mag
Redshift: 0.026
re: 14.652 arcsec
AGN activity: No
λR value at re: 0.259
Residual asymmetry: 0.997

NGC 7436b
log(Stellar Mass): 11.914
D = 105.4 (DR3) Mpc
Mr = -23.495 mag
Redshift: 0.025
re: 27.72 arcsec
AGN activity: No
λR value at re: 0.193
Residual asymmetry: 0.966

Figure 91 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7550
log(Stellar Mass): 11.432
D = 69.2 Mpc
Mr = -22.890 mag
Redshift: 0.017
re: 24.552 arcsec
AGN activity: No
λR value at re: 0.468
Residual asymmetry: 0.831

NGC 7559b
log(Stellar Mass): 10.842
D = 62.8 Mpc
Mr = -21.145 mag
Redshift: 0.015
re: 9.957 arcsec
AGN activity: No
λR value at re: 0.666
Residual asymmetry: 0.775

Figure 92 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7562
log(Stellar Mass): 11.247
D = 49.6 Mpc
Mr = -22.542 mag
Redshift: 0.012
re: 20.988 arcsec
AGN activity: No
λR value at re: 0.383
Residual asymmetry: 0.826

NGC 7611
log(Stellar Mass): 10.899
D = 44.9 Mpc
Mr = -21.324 mag
Redshift: 0.011
re: 11.088 arcsec
AGN activity: No
λR value at re: 0.633
Residual asymmetry: 0.828

Figure 93 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7619
log(Stellar Mass): 10.944
D = 51.6 Mpc
Mr = -22.694 mag
Redshift: 0.013
re: 35.64 arcsec
AGN activity: No
λR value at re: 0.389
Residual asymmetry: 0.772

NGC 7671
log(Stellar Mass): 10.956
D = 56.4 Mpc
Mr = -21.764 mag
Redshift: 0.014
re: 11.088 arcsec
AGN activity: No
λR value at re: 0.356
Residual asymmetry: 0.722

Figure 94 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7683
log(Stellar Mass): 11.019
D = 51.0 Mpc
Mr = -21.741 mag
Redshift: 0.012
re: 14.256 arcsec
AGN activity: No
λR value at re: 0.586
Residual asymmetry: 0.807

NGC 7711
log(Stellar Mass): 11.053
D = 55.3 Mpc
Mr = -22.019 mag
Redshift: 0.014
re: 15.048 arcsec
AGN activity: No
λR value at re: 0.472
Residual asymmetry: 0.904

Figure 95 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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NGC 7722
log(Stellar Mass): 11.245
D = 54.9 Mpc
Mr = -22.053 mag
Redshift: 0.013
re: 21.384 arcsec
AGN activity: No
λR value at re: 0.499
Residual asymmetry: 0.806

UGC 0029
log(Stellar Mass): 11.036
D = 118.5 Mpc
Mr = -22.661 mag
Redshift: 0.029
re: 17.028 arcsec
AGN activity: No
λR value at re: 0.294
Residual asymmetry: 0.825

Figure 96 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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UGC 3960
log(Stellar Mass): 9.849
D = 33.6 Mpc
Mr = -19.096 mag
Redshift: 0.008
re: 8.879 arcsec
AGN activity: No
λR value at re: 0.638
Residual asymmetry: 0.825

UGC 5771
log(Stellar Mass): 11.317
D = 106.6 (DR3) Mpc
Mr = -22.351 mag
Redshift: 0.025
re: 12.672 arcsec
AGN activity: No
λR value at re: 0.355
Residual asymmetry: 0.852

Figure 97 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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UGC 8234
log(Stellar Mass): 11.135
D = 115.8 (DR3) Mpc
Mr = -22.763 mag
Redshift: 0.027
re: 8.316 arcsec
AGN activity: No
λR value at re: 0.353
Residual asymmetry: 0.957

UGC 9518
log(Stellar Mass): 11.524
D = 127.2 Mpc
Mr = -22.947 mag
Redshift: 0.029
re: 11.484 arcsec
AGN activity: No
λR value at re: 0.438
Residual asymmetry: 0.817

Figure 98 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.

161



UGC 10097
log(Stellar Mass): 11.458
D = 88.4 Mpc
Mr = -22.725 mag
Redshift: 0.020
re: 14.652 arcsec
AGN activity: No
λR value at re: 0.454
Residual asymmetry: 0.842

UGC 10205
log(Stellar Mass): 10.997
D = 93.9 (DR3) Mpc
Mr = -22.317 mag
Redshift: 0.022
re: 19.404 arcsec
AGN activity: Yes
λR value at re: 0.248
Residual asymmetry: 0.906

Figure 99 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles for

stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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UGC 10693
log(Stellar Mass): 11.507
D = 120.5 Mpc
Mr = -23.385 mag
Redshift: 0.028
re: 22.968 arcsec
AGN activity: No
λR value at re: 0.452
Residual asymmetry: 0.780

UGC 10695
log(Stellar Mass): 11.300
D = 120.1 Mpc
Mr = -22.703 mag
Redshift: 0.028
re: 24.552 arcsec
AGN activity: No
λR value at re: 0.667
Residual asymmetry: 0.795

Figure 100 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles

for stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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UGC 10905
log(Stellar Mass): 11.607
D = 114.1 Mpc
Mr = -22.915 mag
Redshift: 0.027
re: 15.444 arcsec
AGN activity: No
λR value at re: 0.367
Residual asymmetry: 0.834

UGC 11228
log(Stellar Mass): 11.093
D = 84.5 Mpc
Mr = -22.096 mag
Redshift: 0.019
re: 12.276 arcsec
AGN activity: No
λR value at re: 0.486
Residual asymmetry: 0.810

Figure 101 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles

for stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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UGC 11958
log(Stellar Mass): 11.306
D = 81.5 Mpc
Mr = -21.893 mag
Redshift: 0.026
re: 13.464 arcsec
AGN activity: No
λR value at re: 0.268
Residual asymmetry: 0.998

UGC 12127
log(Stellar Mass): 11.369
D = 113.2 Mpc
Mr = -23.468 mag
Redshift: 0.027
re: 36.432 arcsec
AGN activity: No
λR value at re: 0.272
Residual asymmetry: 0.780

Figure 102 Top row, left to right: Name and characteristic parameters, continuum flux, and radial k1 profiles

for stars (solid) and gas (dashed), respectively. Bottom row, left to right: stellar kinematics, gas kinematics, and the

difference between stellar and gas kinematics, respectively. The curves containing the data points are the convex

hulls used to define the ’edge’ of the map. The brightest continuum pixel (used as the center for kinemetry) is

marked by a white star. The solid and dashed line in the stellar and gas velocity map, respectively, is the median

position angle along which kinemetry coefficients were determined. The number value of this position angle is given

at the top right of the plot. A scale bar is given along the bottom of each velocity map.
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Ortega, D. Mast, R. Garćıa-Benito, B. Husemann, J. A. L. Aguerri, J. Alves,
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