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Abstract

Abstract

In this thesis we utilize resolved stellar populations to improve our understanding of
galaxy formation and evolution. In the first part we improve a method for metallicity
determination of faint old stellar systems, in the second and third part we analyze
the individual history of six nearby disk galaxies outside the Local Group.

A New Calibration of the Color Metallicity Relation of Red Giants for
HST data: It is well known, that the color distribution of stars on the the Red
Giant Branch (RGB) can be used to determine metallicities of old stellar populations
that have only shallow photometry. Based on the largest sample of globular clusters
ever used for such studies, we quantify the relation between metallicity and color in
the widely used HST ACS filters F606W and F814W.

We use a sample of globular clusters from the ACS Globular Cluster Survey and
measure their RGB color at given absolute magnitudes to derive the color-metallicity
relation. We find a clear relation between metallicity and RGB color; we investi-
gate the scatter and the uncertainties in this relation and show its limitations. A
comparison with isochrones shows reasonably good agreement with BaSTI models,
a small offset to Dartmouth models, and a larger offset to Padua models.

Even for the best globular cluster data available, the metallicity of a simple stellar
population can be determined from the RGB alone only with an accuracy of 0.3 dex
for [M/H]. −1, and 0.15 dex for [M/H]& −1. For mixed populations, as they are
observed in external galaxies, the uncertainties will be even larger due to uncer-
tainties in extinction, age, etc. Therefore caution is necessary when interpreting
photometric metallicities.

The Structural History of Nearby Low Mass Disk Galaxies: We study the
individual evolution histories of three nearby, low-mass, edge-on galaxies (IC 5052,
NGC 4244, NGC 5023).

Using the color magnitude diagrams of resolved stellar populations, we construct
star count density maps for populations of different ages and analyze the change of
structural parameters with stellar age within each galaxy.

The three galaxies show low vertical heating rates, which are much lower than
the heating rate of the Milky Way. This indicates that heating agents, as giant
molecular clouds and spiral structure are weak in low mass galaxies.

We do not detect a separate thick disk in any of the three galaxies, even though
our observations cover a larger range in equivalent surface brightness than any inte-
grated light study. While scaleheights increase with age, each population can be well
described by a single disk. Only two of the galaxies contain a very weak additional
component, which we identify as the faint halo. The mass of these faint halos is less
than 1% of the mass of the disk.

All populations in the three galaxies exhibit no or only little flaring. While this
finding is consistent with previous integrated light studies, it poses strong constraints
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Abstract

on galaxy formation models, because most theoretical simulations often find strong
flaring due to interactions or radial migration.

Furthermore, we find breaks in the radial profiles of all three galaxies. The radii
of these breaks are independent of age, and the break strength is decreasing with
age in two of the galaxies (NGC 4244 and NGC 5023). This is consistent with break
formation models, that combine a star formation cutoff with radial migration. The
differing behavior of IC 5052 can be explained by a recent interaction or minor
merger.

The Structural History of Massive Disk Galaxies: We extend the structural
analysis of stellar populations with distinct ages to three massive galaxies, NGC 891,
NGC 4565 and NGC 7814. While confusion effects due to the high stellar number
densities in their central region, and the prominent dust lanes inhibit an detailed
analysis of the radial profiles, we can study their vertical structure.

These massive galaxies also have a slower heating than the Milky Way, comparable
to the low mass galaxies. This can be traced back to their already thick young
populations and thick layers of their interstellar medium.

We do not find a clear separate thick disk in any of these three galaxies; all
populations can be described by a single disk plus a Sérsic bulge/halo component.
In contrast to the low mass galaxies, we cannot rule out the presence of thick disks
in the massive galaxies, because of the strong influence of the halo, that might
hide the possible contribution of the thick disk to the vertical star count profiles.
However, the faintness of the possible thick disks still points to problems in the
earlier ubiquitous findings of thick disks in external galaxies.
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Zusammenfassung

Zusammenfassung

Es ist noch nicht einmal einhundert Jahre her, dass sich in der “Großen Debatte”
die beiden Astronomen Harlow Shapley und Heber Curtis über die Frage stritten,
wie groß unsere Milchstraße sei und ob die Spiralnebel innerhalb dieser lägen oder
eigene, von dieser getrennte Objekte seien. Seitdem diese Fragen in den darauffol-
genden Jahren, insbesondere durch die Arbeiten Hubbles, gelöst werden konnten,
hat das Forschungsfeld der Galaxienentstehung und -entwicklung bis heute enorme
Fortschritte gemacht, und lässt doch noch so viele Frage offen.

Das Schwierige, aber eben auch das Interessante an der Physik der Galaxien be-
steht darin, dass sich hier so viele Teilbereiche der (Astro-)physik treffen: von der
allgemeinen Relativitätstheorie und der Kosmologie, die die Anfangs- und Rand-
bedingungen geben, über die Dynamik kollisionsfreier Systeme für die Bewegung
von Sternen und die Hydrodynamik zum Verständnis der Sternentstehung, bis zur
Kernphysik zur Entstehung der Elemente in Sternen und Supernovae. All diese ver-
schiedenen Prozesse (und viele mehr) beeinflussen das Bild der Galaxien, das wir
heute sehen.

In dieser Arbeit benutzen wir aufgelöste Sternenpopulationen, d.h. photometrische
Messungen einer großen Zahl einzelner Sterne, um die Entstehungseschichte von Ga-
laxien zu erforschen. Das Hauptwerkzeug dabei ist das Farben-Helligkeits-Diagramm
der Sterne. Seit den frühen Arbeiten Ejnar Hertzsprungs und Henry Russels zu Be-
ginn des zwanzigsten Jahrhunderts ist bekannt, dass Sterne in einem Diagramm, in
dem die absolute Helligkeit (oder analog die Leuchtkraft) über der Spektralklasse
(oder analog der Effektivtemperatur oder der Farbe) der Sterne aufgetragen ist, nur
bestimmte Bereiche belegen. Die genaue Verteilung der Sterne in einem solchen Dia-
gramm wird vor allem durch das Alter und die chemische Zusammensetzung, d.h.
die Metallizität, bestimmt. Dies bedeutet, dass man aus der verteilung der Sterne
im Farben-Helligkeits-Diagramm Rückschlüsse auf deren Alter und Metallizität, und
daraus Rückschüsse auf die Entwicklund einer Galaxie ziehen kann.

Im ersten Teil der Arbeit widmen wir uns der Farb-Metallizitäts-Beziehung von
Roten Riesensternen, die genutzt weden kann, um die Metallizität alter Sternenpo-
pulation aus rein photometrischen Messungen zu bestimmen. Wir verbessern diese
Beziehung, die im Grundsatz schon lange bekannt ist, für die Filtersysteme des
Hubble-Weltraumteleskopes. Ausgehend von einer Probe von 71 Kugelsternhaufen,
für die sowohl spektroskopische Metallizitätsbestimmungen als auch Photometrie
mit den Hubble Filtern F606W und F814W verfügbar sind, haben wir die Farben-
Helligkeitsbeziehung neu bestimmt und die Streuung um diese Beziehung sowie
die Unsicherheiten untersucht. Im Vergleich mit theoretischen Sternentwicklungs-
modellen zeigt sich, dass die beobachtete Beziehung gut mit den BaSTI-Modellen
übereinstimmt, während die Dartmouth-Modelle eine kleine, und die Padua-Modelle
eine größere Abweichung aufzeigen.

Desweiteren zeigen wir, dass selbst für die derzeit besten Daten von einfachen,
eindeutig alten Populationen, wie die Kugelsternhaufen sie darstellen, eine Metal-
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lizitätsbestimmung anhand des Roten-Riesenastes nur mit einer Genauigkeit von
0.3 dex für niedrige Metallizitäten ([M/H]. −1), und mit einer Genauigkeit von
0.15 dex für höhere Metallizitäten durchgeführt werden kann. In komplizierteren
Fällen mit gemischten Populationen, wie sie in externen Galaxies häufig zu finden
sind, sind die Unsicherheiten noch größer.

Im weiteren Teil der Arbeit erforschen wir die Entstehungsgeschichte von sechs na-
hen edge-on Scheibengalaxien, von denen drei eine Rotationsgeschwindigkeit ähnlich
der Milchstraße haben, während drei weitere deutlich kleiner sind. Mit Hilfe der
Farben-Helligkeits-Diagramme unterteilen wir deren Sterne in Populationen unter-
schiedlichen Alters und erstellen Karten der Anzahldichte einer jeden Population.
Damit untersuchen wir dann die Abhängigheit der strukturellen Parameter, wie z.B.
Skalenhöhe und -länge, vom Alter der Sterne.

In allen Galaxien finden wir einen Anstieg der Skalenhöhe mit dem Alter, dessen
Stärke jedoch deutlich unterhalb dem der Milchstraße liegt. In den drei massearmen
Galaxien kann dies durch eine geringere Häufigkeit und Stärke der die Heizung
verursachenden Streuzentren (z.B. Riesenmolekülwolken oder Spiralarme) erklärt
werden. In den drei massereichen Galaxien hängt dies wahrschinlch mit der bereits
intrinsisch dickeren Verteilung des interstellaren Mediums und der jungen Sterne
zusammen.

Weiterhin untersuchen wir die Veränderung der Skalenhöhe mit zunehmenden
Radius in den Galaxien und finden nur eine geringen Anstieg der Skalenhöhe zu
den Außenbereichen der Galaxien hin. Dies ist in Übereinstimmung mit vorherigen
Beobachten, stellt jedoch eine bedeutsamen Einschränkung für Galaxiensimulatio-
nen dar, in denen oftmals eine starke Aufweitung der Scheiben zu ihrem Rand hin
stattfindet.

In keiner der Galaxien entdecken wir eine separate dicke Scheibe. In den massear-
men Galaxien kann jede der Population gut durch eine einfache Scheibe beschrieben
werden. Darüberhinaus finden wir in zwei Galaxien lediglich eine sehr schwache
Halo-Komponente, die mit einer maximalen Masse von nur 1% der Masse der Schei-
be aber deutlich schwächer ist als es für eine dicke Scheibe erwartet würde. In den
massereicheren Galaxien können die Populationen jeweils mit einer Kombination
aus einer Scheibe und einer gemeinsamen Sérsic-Komponente für Halo und Bulge
beschrieben werden. Hier können wir die Existenz einer dicken Scheiben nicht mit
Sicherheit ausschließen, da die Präsenz einer massiven Halo/Bulge-Komponente ei-
ne mögliche Messung der dicken Scheibe verhindern könnte. Allerdings deutet das
Fehlen der dicken Scheiben in unseren Beobachtungen darauf hin, dass eventuelle di-
cke Scheiben deutlich schwächer sein müssen als sie andere Studien bisher gefunden
haben.
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1. Introduction

The knowledge about the formation and evolution of galaxies has made tremendous
progress during the last century. Less than a hundred years ago, it was still un-
known, what galaxies are and how large the Milky Way is [see the ”Great Debate”:
Shapley and Curtis, 1921]. About fifty years ago, the canonical model of the forma-
tion of the Milky Way through the contraction of a gas cloud was published Eggen
et al. [1962]. Later, this smooth formation model was challenged by signs of more
irregular structures [starting with Searle and Zinn, 1978], which have their theoreti-
cal counterpart in the hierarchical structure formation of cosmology [e.g. Press and
Schechter, 1974]. Today, we can form (more or less) realistic galaxies in simulations
within a fully cosmological context and observationally study structure, chemistry,
and kinematics of galaxies in great detail. But still many aspects of the formation
and evolution of galaxies are not understood.

What makes the field of galaxy evolution so intricate – but also interesting – is
the variety of physical processes involved on all scales, from general relativity and
structure formation in cosmology, over the dynamics of collisionless systems in galaxy
dynamics and hydrodynamics of gas clouds for star formation, to nuclear physics
for the element synthesis in stars and supernova explosions. All these (and many
more) aspects can change the evolution of a galaxy, which makes the simulations
very complicated and the interpretations of observations often difficult.

A further difficulty in galaxy evolution is, that we can never see it directly. The
timescales involved are much larger than a human life. There are two ways to deal
with this problem. By looking at galaxies at different redshifts, we can observe
different times in the evolution of the universe and analyze how the properties of
galaxy populations change with time. Or we can try to determine the history of
individual galaxies. This second approach is often called near-field cosmology or, for
the Milky Way, Galactic archeology.

There are many tracers that can reveal the past of a galaxy: Kinematic informa-
tion are valuable, because structures in phase space can persist much longer than
in 3D space, especially in the outskirts of galaxies, where dynamical time scales are
long. The metallicity and the abundances of individual elements in stars also allow a
look into the past, because its values in the stellar atmosphere hardly change during
the life time of a star and, hence, they contain information about the gas cloud from
which a star was born many millions or billions of years ago. Also the morphological
structure of a galaxy alone can give us hints on its past; e.g. a thin disk is a sign for
a quiescent phase of gas accretion, while a dominant bulge hints to an active merger
history.

A key tool for studying the history of galaxies and determining ages of their
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1. Introduction

stellar populations is the color-magnitude diagram (CMD). Since the early work
of Hertzsprung [1905] and Russell [1914] it is known that stars cover only certain
regions in a plot of luminosity versus spectral type, or analogically magnitude versus
color. The position of stars in such a diagram depends on their age and metallicity.
Thus, it is possible to extract the age and metallicity of stars from their CMD. For
a single star, this is a highly degenerate problem, but for a large number of stars
with a common age and metallicity their population parameters can be derived from
their distribution in the CMD.

A good age indicator in the CMD is the main sequence, because there is a mass
luminosity relation, which also leads to a mass lifetime relation due to the fact the
the fuel for nuclear fusion in a star is limited by its mass. From this follows that
a star at a given magnitude along the main sequence has a maximum age. This
mechanism also makes the evolutionary phases that follow directly after the main
sequence stage, namely the helium burning branches for the massive supergiants and
the subgiant branch for lower mass stars good age indicators, because they have a
clear age luminosity relation. But these evolutionary phases are so short, that in
most cases only very few stars can be found there.

In contrast, the red giant branch (RGB) cannot serve as an age indicator, because
all low and intermediate mass stars go through a red giant phase. The presence of
an RGB can thus only indicate a minimum age of about 2 Gyr. Actually, the RGB
does also depend on age, with an older population having a redder RGB, but this
age dependance is dwarfed by the metallicity dependance, with a higher metallicity
also leading to a redder RGB. This metallicity dependance is often used to estimate
the metallicity of resolved old populations.

In this thesis we use the color magnitude diagrams of resolved stellar populations
to improve the understanding of the formation and evolution of galaxies. In Chap-
ter 2 we provide a new calibration of the color metallicity relation of old RGB stars
in the most commonly used HST filters, using the largest sample of homogeneous
globular clusters observations available, and discuss its possibilities and limitations.
In Chapter 3 we study the age dependance of the structure of three nearby low mass
disk galaxies. This includes the first determination of age–scaleheight relations and
age–scalelength relations for galaxies beyond the local group. This study is extended
to three massive galaxies in Chapter 4. We conclude with a summary and an outlook
in Chapter 5.
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2. On the relation between metallicity
and RGB color in HST/ACS data1

2.1. Introduction

Measuring the metallicity and its gradients in galaxies is a key issue for understand-
ing galaxy formation and evolution.

Outside the Local Group, spectroscopic metallicity determination of (resolved)
stars is not feasible at the moment, except for the few very bright supergiants [Ku-
dritzki et al., 2012]. At the same time, the number of available color magnitude
diagrams (CMDs) of nearby galaxies is increasing rapidly, e.g. from the GHOSTS
[Radburn-Smith et al., 2011] and ANGST [Dalcanton et al., 2009] surveys. These
CMDs can be used to derive metallicities.

The color of the red giant branch (RGB) has long been known to depend on
the metallicity [Hoyle and Schwarzschild, 1955, Sandage and Smith, 1966, Demar-
que et al., 1982]. This has been extensively used to measure metallicities of old
populations.

There are many ways to convert the color to a metallicity: some authors define
indices of an observed population, e.g. the color of the RGB at a given magnitude
or the slope of the RGB, [as defined for example in Da Costa and Armandroff, 1990,
Lee et al., 1993, Saviane et al., 2000, Valenti et al., 2004], while others measured
metallicities on a star by star basis by interpolating between either globular cluster
fiducial lines [e.g. Tanaka et al., 2010, Tiede et al., 2004] or analytic RGB functions
[calibrated with globular cluster data, e.g. Zoccali et al., 2003, Gullieuszik et al.,
2007, Held et al., 2010] or stellar evolution models [e.g. Richardson et al., 2009,
Babusiaux et al., 2005], and therefore generating metallicity distribution functions
for a population.

Uncertainties that arise from a specific calibration or a given isochrone or cluster
template set are typically not well studied. Furthermore, an observational relation
for the widely used HST ACS filters F606W-F814W is still missing in the literature2.
Here we aim to address these shortcomings.

This paper is organized as follows: After an introduction to the data and iso-
chrones we use in chapter 2.2, an observational color metallicity relation is derived
in chapter 2.3. A discussion and summary follow in chapters 2.4 and 2.5.

1This chapter is already published in Streich et al. [2014]. We reproduce here the wording of the
published manuscript.

2Momany et al. [2005] actually have found such a relation, but they used only three clusters and
did not publish the details.
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2. On the relation between metallicity and RGB color in HST/ACS data

2.2. Data and Isochrones

In this work we use the data of 71 globular clusters observed as part of the ACS
Globular Cluster Survey [ACSGCS; Sarajedini et al., 2007] and its extension [Dotter
et al., 2011]. These data contain photometry in the F606W and F814W filters and
is publicly available at the homepage of the ACSGCS team3. For the determination
of photometric uncertainties and completeness, the results from artificial star tests
are also available. A detailed description of the data reduction is given in Anderson
et al. [2008].

To compare the different clusters, it is necessary to transform the apparent mag-
nitudes into absolute, reddening-free magnitudes. For this purpose, we use the
distance modulus and color excess from the GC database of W. Harris [Harris, 1996,
2010] and the extinction ratios for the ACS filters given by Sirianni et al. [2005,
Table 14]. Metallicities, metallicity uncertainties and α-abundances are taken from
Carretta et al. [2009, 2010], if not stated otherwise.

In order to measure the color of the clusters RGBs they must have a sufficient
number of stars in the RGB region. We selected therefore only those clusters for our
study, which have more than five stars brighter than MF814W = −2 and least one
star brighter than MF814W = −3. A list of the clusters used is given in Appendix A.2
(Table A.1).

For comparison with theoretical models, we use four sets of isochrones: the new
PARSEC isochrones [Bressan et al., 2012] and their predecessors, the (old) Padua
isochrones4 [Girardi et al., 2010, Marigo et al., 2008, and references therein], the
BaSTI isochrones5 [Pietrinferni et al., 2006, 2004] and the Dartmouth isochrones6

[Dotter et al., 2007].

2.3. Results

2.3.1. Color measurement

We use two indices to define the color of the RGB: C−3.0 = (F606W−F814W )M=−3.0

and C−3.5 = (F606W − F814W )M=−3.5, i.e. the color of the RGB at an abso-
lute F814W magnitude of -3.0 and -3.5, respectively (see Fig. A.1 for some typical
CMDs). Equivalent indices for the Johnson-Cousins filter system were already used
by Da Costa and Armandroff [1990], Lee et al. [1993] and also by Saviane et al.
[2000]. These indices have the advantage of only depending on relatively bright
stars and can therefore be measured in distant galaxies, as well. We use also a third
index, the S-index, which is the slope of the RGB [Saviane et al., 2000, Hartwick,
1968]. This slope is measured between two points of the RGB, one at the level of the
horizontal branch and the other two magnitudes brighter. While this index needs

3http://www.astro.ufl.edu/~ata/public_hstgc/
4http://stev.oapd.inaf.it/cgi-bin/cmd
5http://albione.oa-teramo.inaf.it/
6http://stellar.dartmouth.edu/~models/index.html
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2.3. Results

deeper data, and therefore its usage in extragalactic systems is limited, it has the
advantage of being independent of extinction and distance errors.

In order to provide a robust measurement of the color at a given magnitude we
interpolated the RGB with a hyperbola of the form:

M = a+ b · color + c/(color + d) (2.1)

Such a function was already used by Saviane et al. [2000] to find a one-parameter
representation of the RGB; they defined the parameters a, b, c, and d as a quadratic
function of metallicity. Here, we are only interested in a good interpolation in sparse
parts of the RGB and can therefore use a, b, c, and d as free parameters for each
cluster. In order to reduce problems due to contamination, we define a region of
probable RGB stars, which also excludes the horizontal branch/red clump part of
the CMD. Note that we fit the curve directly to the color/magnitude points of the
stars and not to the ridge line of the RGB [in contrast to Saviane et al., 2000]. More
details of the fitting process and some example plots with the exclusion region are
shown in the Appendix.

To calculate the S-index, we first determined the horizontal branch magnitude
of each system by visual inspection of the associated CMDs. This was typically
F606W≈0.40 mag, with a 1-sigma variation of 0.10 mag. We measured the color at
this magnitude (and at 2 magnitudes brighter) from the fitted RGB used previously,
and calculated the S-index as the slope between these points

2.3.2. Metallicity determination

The iron abundance [Fe/H] is often used synonymously with metallicity. However,
from the theoretical point of view of stellar evolution, all elements are important
in determining the properties of stellar atmospheres. Therefore the color of red
giants is expected to depend on the overall metallicity [M/H] rather than on [Fe/H].
Unfortunately, there are very few measurements of the abundances of other elements
in globular clusters.

We use here the abundances given in Carretta et al. [2010], who have measured
[Fe/H] for all GCs in our sample and have compiled [α/Fe] values for many of them.
According to Salaris et al. [1993], these two measurements can be combined to get
the overall metallicity with the formula

[M/H] = [Fe/H] + log10(0.638 ∗ 10[α/Fe] + 0.362). (2.2)

For clusters that have no individual α measurement, we had to estimate its α abun-
dance. Since the spread of [α/Fe] among globular clusters is rather small, such
an estimate will only introduce small errors. In Fig. 2.1, [α/Fe] is plotted against
[Fe/H], where we have assumed an uncertainty of 0.05 in the α abundance. The
straight line is a linear regression, which we use for the estimation of [α/Fe], where
it is not available. The scatter around this regression line is 0.1 dex, which we adopt
as the individual uncertainty in the estimated [α/Fe].
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2. On the relation between metallicity and RGB color in HST/ACS data

2.3.3. Uncertainties

To determine the uncertainties of our color measurements, we performed a bootstrap
analysis. The uncertainty in the fit is derived by fitting the RGB of 500 samples that
are drawn randomly from the original data. Each re-sample has the same number of
stars as the original sample, but may contain some stars multiple times while others
are absent.

We also incorporated in the bootstraps a shift due to the uncertainties in extinction
and distance. According to Harris [2010], the uncertainty in extinction is of the order
10% in E(B-V), but is at least 0.01 mag, while the uncertainty in distance modulus
is 0.1 mag.

The uncertainty in distance is important because we measure the color at a given
absolute magnitude. This is particularly significant for the metal-rich clusters where
the color of the RGB is strongly dependent on magnitude, as opposed to metal-poor
clusters where the RGB is nearly vertical on a CMD. The resulting uncertainty in
C−3.5 ranges from approximately 0.01 mag at [M/H]=-2 to approximately 0.1 mag
at [M/H]=-0.2.

The uncertainties in the metallicity are the sum of the uncertainties in [Fe/H]
Carretta et al. [as given by 2009], and in [α/Fe], which we adopt as 0.05 dex for
clusters with individual alpha-abundance measurements and 0.1 dex for clusters with
estimated values.

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5
[Fe/H]

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

[α
/F

e
]

[α/Fe]=0.27-0.049[Fe/H]
   σ=0.105

Figure 2.1.: Alpha abundance as a function of [Fe/H] for all clusters in Carretta
et al. [2010]. The text in the lower left corner gives the formula of the regression
line and the scatter around this line. We used these for estimating the [α/Fe] and
its uncertainty for clusters without individual alpha measurement.
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2.3. Results

Table 2.1.: Fit parameters of the color–metallicity relations.

a0 a1 a2

C−3.5 0.95± 0.11 0.602± 0.069 0.920± 0.015

C−3.0 0.567± 0.056 0.75± 0.12 0.845± 0.018

S-index 3.67± 0.76 −9.3± 1.2 −2.08± 0.44

Notes. For C−3.5 and C−3.0 the color–metallicity relation is exponential: Ci =
a0 exp([M/H]/a1) + a2, for the S-index it is linear S = a0 + a1[M/H].

2.3.4. Color metallicity relation

Using the colors and metallicities described above, we can now look at the color-
metallicity relations.

The results are shown in Fig. 2.2. There is a clear relation between RGB color
and spectroscopic metallicity. This relation can be parametrized with the function
F606W−F814W = a0 exp([M/H]/a1)+a2. Using the orthogonal distance regression
(ODR) algorithm [Boggs et al., 1987, 1992]7, we determined the three parameters,
that are shown in Table 2.1. The ODR uses the uncertainties on both variables to
determine the best fit. Hence, both the uncertainties in color and metallicity, as
described above, are considered during the fit and their effects are included in the
final uncertainties of the resulting fit parameters. The residual varinaces for both
relations are σ2

res < 1, so the adopted uncertainties can explain the observed scatter
in the relations.

2.3.5. The S-index

The slope of the RGB as a function of metallicity can be seen in Fig. 2.3. The
reported uncertainties of the S-index are a combination of the uncertainties of the
RGB fit (determined through a bootstrap analysis as described above) and the
uncertainty in the determination of the HB level, which we set here to σHBmag =
0.1 mag.

As expected, the slope of the RGB gets smaller with increasing metallicity, while
at the low-metallicity end the RGB slope is insensitive to metallicity. We have
fitted a quadratic function to the data, which is shown in Fig. 2.3 together with the
associated best-fit parameters. The choice of a quadratic function for the fit proves
to be appropriate as no trends are seen in the residuals. Moreover, the variance of the
residuals is only σ2

res = 1.17, i.e. the residuals are only slightly larger than expected
from the individual measurement uncertainties. The maximum of the parabola is at
[M/H]=-2.14, which is beyond the metallicity range of the observed clusters.

7We used the Python implementation of this algorithm that is part of the Scipy library: http:

//docs.scipy.org/doc/scipy/reference/odr.html
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Figure 2.2.: Color of the RGB as function of metallicity, based on the fitted RGBs.
Black circles are for the color at MF814W = −3.5, orange diamonds for MF814W =
−3.0. Small points are for clusters without individual alpha measurements. The
solid lines are the best-fitting functions as given in the upper left corner and the
lighter contours show the 1σ, 2σ and 3σ regions of the fit.

2.4. Discussion

2.4.1. Analyzing residuals

We examine the residuals to look for a possible second parameter that influences
the color or slope of the RGB and could produce some scatter in a simple color-
metallicity relation. Figures 2.4 and 2.5 show the residuals of the fit of the color-
metallicity relation, that is shown in Fig. 2.2, and Figures 2.6 and 2.7 the residuals
of the fit to the slope metallicity relation, that is shown in Fig. 2.3.

The residuals as a function of metallicity, [Fe/H] and [α/Fe], are shown in Fig. 2.4
and Fig. 2.6. There is no trend with any of these parameters, neither in the color-
nor slope-metallicity relations.

From theoretical studies, the age is known to have an effect on the color of the
RGB. In fact, a weak trend of the residuals with age can be seen in Figure 2.5 (upper
panel), with older clusters being slightly redder than younger clusters. The slope of
the regression lines shown there is 1.94 ± 2.13 for C−3.5 and 3.00 ± 1.85 for C−3.0,
which makes the trend significant for the C−3.0 index. In order to quantify the effects
of age on the CMD, we analyse the residuals in color space8 in Figure 2.8. Assuming

8i.e. we ignore uncertainties in metallicity and only look at the color offset between the data and
the best fit relation
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Figure 2.3.: top panel: The RGB slope as a function of metallicity. The solid black
line is the best-fit quadratic function, as given in the equation in the bottom left.
Grey lines give the 1σ, 2σ and 3σ confidence ranges of the the best fit relation.
Bottom panel: weighted orthogonal residuals, i.e. the orthogonal distances to the
best fit line divided by the respective uncertainties.

a typical age for globular clusters of 12.8 Gyr (as Maŕın-Franch et al. [2009] do using
the isochrones of Dotter et al. [2007]) we can transform the slopes of the regression
lines in Figure 2.8 to actual color changes. These are 0.0062 ± 0.0041 mag/Gyr for
C−3.5 and 0.0078 ± 0.0026 mag/Gyr for C−3.0. While this is a very small effect for
the age range observed in our globular clusters (10 Gyr to 14 Gyr), it can make
significant differences when extrapolated to younger populations; e.g. an 8 Gyr old
population would be bluer than predicted by our relation by about 0.03 mag. Note
also that the S index does not show any systematic trends with age.

To test for problems with the extinction values, we looked for trends with E(B-V)
and galactic latitude (Fig. 2.5 and Fig. 2.7, middle and lower panel). We do not find
any systematics here.

2.4.2. Comparison

We can compare our relations to those derived from stellar evolution models, and
to relations from ground-based data transformed to the HST/ACS filter systems.

For comparison with theoretical relations, we use the isochrone set from the Padua,
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Figure 2.4.: Residuals of the fit of the
color-metallicity relation as function of
metallicity (upper panel), iron abun-
dance (middle panel) and alpha en-
hancement (lower panel). Symbols and
colors are as in Fig. 2.2.
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Figure 2.5.: Residuals of the fit of the
color-metallicity relation as function of
age [upper panel, Maŕın-Franch et al.,
2009], extinction (middle panel) and
galactic latitude (lower panel). Sym-
bols and colors are as in Fig. 2.2.

Dartmouth and BaSTI groups. For all isochrone sets we used ages of 8 Gyr, 10 Gyr
and 13 Gyr. For Dartmouth, we use α-enhancements of [α/Fe] = {0.0, 0.2, 0.4} and
for BaSTI models [α/Fe] = {0.0, 0.4}. The PARSEC9 and Padua isochrones are
available only with solar scaled abundances.

All these isochrone sets show a qualitatively similar behavior. The RGB gets
redder (Fig. 2.9) and shallower (Fig. 2.10) with increasing metallicity. A higher age
also leads to a redder RGB, but this effect is relatively small. An age difference of
5 Gyr causes the same color difference as a metallicity difference of only 0.1 dex (see
Fig. 2.9, top row). At a given total metallicity [M/H], the α-abundance has almost
no effect on the RGB color (Fig. 2.9, middle row). This supports the assumption
that the color of the RGB is mainly influenced by [M/H] and not [Fe/H].

The increasing curvature of the RGB with increasing metallicity prevents the
RGB of some metal rich clusters from reaching F814W= −3.5 mag, but bend down
at fainter magnitudes. In the Dartmouth models this applies for isochrones with
[M/H]> −0.4, in Padua models isochrones with [M/H]> −0.3. However, the BaSTI

9Actually, Bressan et al. [2012] write about α-enhanced PARSEC isochrones, but these are not
(yet) publicly available.
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Figure 2.6.: Residuals of the fit of the
slope-metallicity relation as function of
metallicity (upper panel), iron abun-
dance (middle panel) and alpha en-
hancement (lower panel).
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Figure 2.7.: Residuals of the fit of the
slope-metallicity relation as function of
age [upper panel, Maŕın-Franch et al.,
2009], extinction (middle panel) and
galactic latitude (lower panel).

RGB isochrones all reach F814W= −3.5 mag, even at super-solar metallicities.
Among our clusters, NGC 6838 ([M/H]= −0.53; it also has very few stars in the
RGB) and NGC 6441 ([M/H]= −0.29) are affected by this.

In order to quantify the agreement between our relations and other relations,
we have performed a Monte Carlo resampling of our relations by drawing random
parameter sets ai from a multivariate Gaussian distribution with the mean and
covariance matrix as given by the best fit. The 68.3%, 95.5%, and 99.7% confidence
interval are shown as contours in Figures 2.2, 2.3, 2.9, and 2.10.

As can be seen in Figures 2.9 and 2.10, BaSTI isochrones show good agree-
ment with our observational result. At most metallicities the α-enhanced BaSTI
isochrone falls within the the 1σ confidence range of our observational relation; only
for [M/H]>-0.4 are the isochrones significantly redder (> 3σ) and shallower than our
relation. The Dartmouth isochrones agree well at very low metallicities, but tend
to predict slightly redder colors and shallower slopes at intermediate and higher
metallicities. In contrast, results from the Padua isochrones are bluer by almost
0.15 mag and much steeper at lower metallicities, and redder and shallower at the
high metallicity end. Determining the reason for this offset is beyond the scope of
this paper, but this problem has been known to lead to higher metallicity estimates,
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Figure 2.8.: Color residuals of the fit of the color-metallicity relation as function of
age. The text gives the regression line formulas for both indices.

when Padua isochrones are used [Lejeune and Buser, 1999].

Existing color-metallicity relations are given in the standard Johnson-Cousin fil-
ters. Thus to compare these with our analysis we use the transformations to the
HST/ACS filter set described in Sirianni et al. [2005]. Two such transformations
are provided, one observationally based and the other synthetic. The former uses
observations of horizontal branch and RGB stars in the metal-poor ([Fe/H]=−2.15)
globular cluster NGC 2419. This cluster does not contain stars with (V − I) > 1.3,
hence the transformation at these redder colors are extrapolated and should be used
with caution. The transformation is:

F606W − F814W = −0.055 + 0.762(V − I) (2.3)

For the synthetic transformation, stellar models with (V − I) < 1.8 were used.
Hence, for redder colors, the extrapolation should again be treated with caution.
The transformation is given as:

F606W − F814W = 0.062 + 0.646(V − I) + 0.053(V − I)2 (2.4)

We use both these transformations on the color-metallicity relations of Saviane et al.
[2000], who determined relations for the indices (V − I)−3.0 and (V − I)−3.5, and for
Da Costa and Armandroff [1990, for (V −I)−3.0] and Lee et al. [1993, for (V −I)−3.5].
To shift these transformations, which are defined for [Fe/H], to the [M/H] scale, we
used the same [Fe/H]-[α/Fe] relation as for the data.
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Figure 2.9.: Comparison of color-metallicity relations with theoretical isochrones of
different age (top), different α-enhancement (middle), and transformed (V-I) rela-
tions (bottom). Left panels compare the relations at MF814W = −3.5, right panels
at MF814W = −3.0. The (V-I) relations are taken from Saviane et al. [2000, S+00],
Lee et al. [1993, L+93] and Da Costa and Armandroff [1990, DA90]. The S+00
relations are given on two metallicity scales: the ZW scale [Zinn and West, 1984]
and the CG scale [Carretta and Gratton, 1997]. Gray contours show the 1σ, 2σ,
and 3σ confidence levels of the fit. The two lines for the observational relations
are due to differences between the observational and synthetic transformations
from Sirianni et al. [2005].
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Figure 2.10.: Comparison of the observed S-index metallicity relation with
isochrones of varying age. The gray contours show the 1σ, 2σ, and 3σ confidence
levels of the fit.

Note that these two transformations have a relative offset of of about 0.05 mag,
which can be seen in Fig. 2.9 as the two almost parallel lines in the lower panel.10

From Fig. 2.9 it can be seen that these transformed relations are always bluer at
the low metallicity end and have a steeper slope than our relations.11

Part of this discrepancy can be explained by the different metallicity scales used
for the various relations. While we use the metallicity scale of Carretta et al. [2009,
C+09], earlier relations were determined either in the Zinn & West scale [Zinn and
West, 1984, ZW84] or the Carretta & Gratton scale [Carretta and Gratton, 1997,
CG97]. The adopted C+09 scale is comparable to the ZW84 scale; however, the
CG97 scale yields higher metallicities for [Fe/H]. −1 and lower metallicities for
[Fe/H]& −1 (see 2.11).

Hence, using the CG97 scale will lead to a steeper color-metallicty relation than
found from our measurements (see the bottom panel of Fig. 2.9).

10The offset can already be seen in Sirianni et al. [2005, Fig. 21] as an offset in plot of (V-I) versus
V-F606W.

11Strictly speaking, we compare slightly different things here: The transformed relations measure
the color at constant I-band magnitude, while in this work we have measured the color at
constant F814W magnitude. We can ignore this difference here because the difference between
I-band and F814W is small. According to the transformations given above, the differences
between F814W and I are always smaller than 0.05 mag and the resulting error in the color
measurement of the RGB is always smaller than 0.01 mag (except for the two reddest clusters,
for which it can reach 0.06 mag). Therefore the effect on the total color-metallicity relation is
negligible.
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Figure 2.11.: Comparison of different metallicity scales. On the x-axis the C+09
scale, that is adopted in this paper, is shown. Blue crosses show the clusters from
Carretta and Gratton [1997], red crosses from Zinn and West [1984]. The plus
symbols show the metallicities determined in Rutledge et al. [1997, RHS] based
on the Ca triplet, calibrated to both scales.

2.4.3. Inverting the relation

The main purpose of the color metallicity relation is to estimate metallicities of old
stellar population. The uncertainties arising from the inverted relation are highly
nonlinear. In Fig. 2.12 we plot the difference between the spectroscopic metallicities
and the metallicities derived with our relation. It is apparent that for bluer colors
(i.e. lower metallicities) the difference can be very large. If the color is near the pole
of the metallicity-color function, the formal uncertainties can be infinite. Then only
an upper limit on the metallicity can be derived. For all clusters with C−3.5 < 1.2 (or
C−3.0 < 1.0) the scatter in the metallicity differences is about 0.3 dex. We suggest
using this as a minimum uncertainty for metallicities derived from our relation in
that color range. For redder colors, the uncertainty drops in half.

2.5. Conclusions and summary

In this paper, we derived relations between the colors and the slope of the RGB
and metallicity using data from globular clusters. The details of the relations are
summarized in Table 2.1. When using these relations for determining metallicities
of old resolved stellar populations, the following points should be kept in mind:

• The color changes very little with metallicity for [M/H] . −1.0, the slope
changes little below [M/H] . −1.5. Therefore, inverting the relation in this

19



2. On the relation between metallicity and RGB color in HST/ACS data

0.8 1.0 1.2 1.4 1.6 1.8 2.0
C−3.5

−0.5

0.0

0.5

1.0

[M
/H

] s
p
ek
tr
−[

M
/H

] p
h
ot

from the MF814W=−3.5 relation

from the MF814W=−3.0 relation

0.8 0.9 1.0 1.1 1.2 1.3 1.4
C−3.0

Figure 2.12.: Error distribution of the metallicity determination using the inverted
color metallicity relations. Lines with errorbars are the running mean and stan-
dard deviation which are computed using a bin width of 0.3 mag for C−3.5 and
0.15 mag for C−3.0. Symbols and colors are as in Fig. 2.2. Note the different scales
on the x-axis for the two distributions.

regime introduces large uncertainties. This makes a photometric metallicity
determination rather inaccurate in this metallicity range.

• Our relation agrees well with the prediction from BaSTI isochrones. Dart-
mouth isochrones are slightly redder, Padua isochrones bluer than our data.
Thus, for the purpose of determining metallicities of old populations we rec-
ommend the use of BaSTI isochrones.

• A comparison with other color-metallicity-relations from the literature, both
empirical and theoretical, shows some scatter between these relations. There-
fore a comparison of metallicities derived from different methods/relations will
introduce systematic offsets. This should be kept in mind whenever the use of
a homogenous method is not possible.
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3. The age-resolved disk structure of
nearby low mass galaxies1

3.1. Introduction

Studies of galaxy evolution have always faced the problem of the very large timescales
involved: Galaxies only change very slowly over millions and billions of years. The
study of galaxy evolution must therefore rely on indirect methods and measurements.

Fortunately, the finite speed of light opens a way to look into the past. By
observing galaxies far away we automatically look at galaxies in the past. This
allows us to study the evolution of galaxy properties from the early universe to
the present time. This leads to a good knowledge of the evolution of the overall
galaxy populations, but it does not help with the study of evolution of individual
galaxies. The question, how the predecessor of the Milky Way, or any present galaxy
in general, has looked like, cannot be answered through such studies.

A different approach to study galaxy evolution is the detailed analysis of present
galaxies in order to disentangle their individual histories. The detailed knowledge
of the kinematics, ages and chemistry of all stellar populations of a galaxy today
would allow inference on its formation and evolution. This approach is often called
“Galactic Archeology” or “near-field cosmology”. But even without the full knowl-
edge of the kinematical and chemical distribution of the stars, galaxies contain a
lot of information about their past. Integrated colors (and their gradients) con-
tain information about the ages and metallicities of the underlying stellar distribu-
tion, integrated spectra give valuable information about the ages, kinematics and
metallicities and even the temporal evolution of them [e.g. Ocvirk et al., 2008], and
deep color-magnitude-diagrams allow the determination of the star formation history
(SFR) and metal enrichment function.

Most processes in the evolution of galaxies also leave their signature in the struc-
ture of galaxies; e.g. an active merger history will lead to a strong bulge, while the
quiescent accretion of gas forms a thin galactic disk. In this paper we will aim for
a better understanding of galaxy evolution through the analysis of the vertical and
radial structure of stellar populations in nearby galaxy disks.

1This chapter is submitted to Astronomy and Astrophysics and is currently in the first round of
the refereeing process.
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3. The age-resolved disk structure of nearby low mass galaxies

3.1.1. Vertical structure of disks:

From simple modeling the vertical structure of galactic disks is expected to follow
a sech2 density profile, when an isothermal disk is assumed [van der Kruit and
Searle, 1981a], but observationally a centrally more peaked profile, e.g. a sech or
exponential profile2, was found to be more appropriate for the stellar distribution
[van der Kruit, 1988, de Grijs et al., 1997]. Such a deviation from the isothermal
model can be explained by a mixture of stellar populations with different velocity
dispersions, as they are observed in the Milky Way, where the velocity dispersion
increases with the age of the stars [Wielen, 1977, Carlberg et al., 1985].

Observations show that a single disk profile is often not sufficient to describe the
disk, but a second component with a larger scaleheight is necessary. These so called
thick disks were first discovered in S0 galaxies [Burstein, 1979, Tsikoudi, 1979], then
in many other galaxies and in our own Milky Way [Gilmore and Reid, 1983]. Later
they were found to be ubiquitous [Pohlen et al., 2004, Yoachim and Dalcanton, 2006,
Comerón et al., 2011a].

Thick disks were usually seen as a distinct component. In the Milky Way many
properties of the thick disk could be determined: It is kinematically hot [e.g. Nissen,
1995, Girard et al., 2006], old, metal-poor and alpha-enhanced [e.g. Fuhrmann, 2008].
Recently, the picture of a clear distinct thick disk has been challenged by Bovy et al.
[2012a,b]. They propose the disk to be a superposition of many “mono-abundance
population disks”, which can be each described by a single disk model.

In many studies it was found that thick disks do not only have larger scaleheights,
but also larger scalelengths [Robin et al., 1996, Yoachim and Dalcanton, 2006, Jurić
et al., 2008, and others], but this is also questioned for the MW by Bensby et al.
[2011] and Bovy et al. [2012b] and recent simulations [Stinson et al., 2013, Bird
et al., 2013, Minchev et al., 2014].

The possible formation processes of the thick disk are still unclear. Thick disks
could

- already formed thick, e.g. in very massive star formation aggregates [Kroupa,
2002] or turbulent clumpy disks [Bournaud et al., 2009] as they would appear
after gas rich mergers [Brook et al., 2004];

- be created from a pre-existing thin disk, which is thickened through internal
heating/ scattering by giant molecular clouds or spiral arms3;

- be created from a pre-existing disk by redistributing stars through outward
radial migration [Schönrich and Binney, 2009, Loebman et al., 2011]4;

- result from external heating of an earlier disk by minor mergers [Quinn et al.,
1993] or dark matter halo bombardment [Kazantzidis et al., 2008];

2Often the more general sech2/n(nz/z0) is used, which also includes an exponential for n → ∞.
Those functions differ only in the midplane, for large z they are all asymptotically exponential.

3but this effect was shown to be too weak to form the observed thick disks [Villumsen, 1985].
4Note that various more recent simulations [Minchev et al., 2012a, Martig et al., 2014b, Vera-Ciro

et al., 2014] question the heating effect of radial migration.
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3.1. Introduction

- be made of accreted material from satellite galaxies [Statler, 1988, Abadi et al.,
2003].

Obviously, also a combination of these processes could play a role, with different
ratios in different types of galaxies.

3.1.2. Radial structure of disks:

Disks are thin, rotational supported structures. They show a radial light profile that
is (close to) exponential [Patterson, 1940, de Vaucouleurs, 1959, Freeman, 1970].
However, some disks are truncated in the outer parts [van der Kruit, 1979], which
means that outside the break radius (at 1.5-6.0 scalelengths) a different exponential
is needed to describe the surface brightness profile. In most cases (60%) the outer
exponential is steeper than than the inner one, but in 30% of the cases it becomes
shallower. Only the minority of 10% do not show a break in their radial light profile
at all [Pohlen and Trujillo, 2006].

Disks form through the dissipational collapse of a cooling gas cloud, that forms
stars after collapsing. How this leads to an exponential light profile is a still unsolved
problem. The two prevailing ideas are: (1) the exponential profile reflects the initial
angular momentum distribution of the gas cloud [Freeman, 1970, Larson, 1976] and
(2) the viscosity of the gas leads to a redistribution of angular momentum that
results in an exponential profile [Lin and Pringle, 1987]. More recently Elmegreen
and Struck [2013] suggested that stellar scattering off of transient mass clumps in
the disk naturally results in an exponential profile.

A widely accepted idea is that disks form from inside out: at first, gas with
low angular momentum gathers in the center and forms stars, and later gas with
higher angular momentum gathers around that and forms stars. This behavior is
seen in many different models [e.g. Larson, 1976, White and Frenk, 1991, Burkert
et al., 1992, Mo et al., 1998, Naab and Ostriker, 2006, Brook et al., 2006] and
leads to negative age and metallicity gradients [e.g. Matteucci and Francois, 1989,
Chiappini et al., 1997, Boissier and Prantzos, 1999, Prantzos and Boissier, 2000].
Observational evidence for the inside out formation of disks can be found in age
gradients directly [Muñoz-Mateos et al., 2007, MacArthur et al., 2009, Williams
et al., 2009], in metallicity gradients [MacArthur et al., 2009], color gradients [de
Jong, 1996] and directly in the change in galaxy sizes with redshift [Patel et al.,
2013, van der Wel et al., 2014] .

The interpretation of radial gradients has to take into account that stars can
change their radial position in the galaxy with time. It has long been known that
scattering effects can blur and heat galactic disks. But only relatively recently it
has been found that stars can also change their radial position and still keep the
circular nature of their orbits [Sellwood and Binney, 2002]. This radial migration
process dramatically changes the chemical evolution and the metallicity gradients
[Schönrich and Binney, 2009] and leads to a radial extension of disks [Roškar et al.,
2008, Sánchez-Blázquez et al., 2009]. It might also cause the formation of a thick
disk component [Loebman et al., 2011].
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3. The age-resolved disk structure of nearby low mass galaxies

While the physical reason for the exponential disk profiles is still unclear, the
reasons for a break in the radial profiles are even less understood. The breaks occur
at a similar surface brightness in all galaxies [Kregel et al., 2004], at the same radius
for all heights above the plane and for all populations [Pohlen et al., 2007, de Jong
et al., 2007]. They can be observed even at redshifts of z ≈ 1 [Pérez, 2004, Trujillo
and Pohlen, 2005]. Truncated disks have a color minimum at the break radius,
while anti-truncated, i.e. disks with a larger scalelength beyond the break, and
unbroken disks only show a flattening of their color profile at large radii, both in
the local universe and at higher redshifts (z ≈ 1) [Bakos et al., 2008, Azzollini et al.,
2008a,b].

Also the nature of breaks is still discussed. Bakos et al. [2008] claim that a break is
only due to a change in stellar populations and that the mass profile is unbroken, but
this is contrary to results from the GHOSTS survey [de Jong et al., 2007, Radburn-
Smith et al., 2012], which show breaks in star counts of different populations. Also in
simulations the break is connected to a steepening of the stellar mass profile [Roškar
et al., 2008, Sánchez-Blázquez et al., 2009]. These simulations predict a minimum
of the age distribution at the break radius and a smooth metallicity profile.

The numerous models of break formation can be roughly divided into two groups.
The first connects the break to a break in star formation, either due to a limited
gas distribution [van der Kruit, 1987] or to a star formation threshold [Fall and Ef-
stathiou, 1980, Kennicutt, 1989, Dopita and Ryder, 1994, Schaye, 2004, Elmegreen
and Hunter, 2006]. The second group contains models which dynamically redis-
tribute stars after their formation, either due to secular angular momentum redis-
tribution [Debattista et al., 2006, Foyle et al., 2008, Minchev et al., 2012b] or tidal
interactions [Gnedin, 2003, Kazantzidis et al., 2008].

In this paper we examine the structure of different stellar populations with distinct
ages to study the temporal evolution of galaxy disks. In Section 3.2 we explain the
data and methods, in Section 3.3 we present our results, discuss them in Section 3.4
and conclude with a summary in Section 3.5.

3.2. Data and Methods

3.2.1. The GHOSTS Survey

GHOSTS is an extensive, multi-cycle HST survey to image the resolved stellar pop-
ulations in the halos and outer disks of 17 nearby disk galaxies. The galaxies in the
GHOSTS sample span a wide range of morphologies, from Sab to Sd, and masses
(with Vrot ranging from 80 km/s to 230 km/s).

The survey was performed using the cameras ACS and WFC3 and filters F814W
and F606W. These filters were chosen because they have a high throughput and
because red giants, which are supposed to be the majority of (bright) stars in the
assumed old halos, have the flux maximum in this wavelength range.
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3.2. Data and Methods

The observations were designed so that red giant branch stars could be well re-
solved; usually the observations reach at least a S/N=10 at 1 mag below the tip of
the red giant branch. For the nearer galaxies (D < 5 Mpc this requirement could be
obtained with in the limits for HST SNAP programs, while for farther galaxies GO
programs were done. The dedicated GHOSTS observations were complemented with
all archived observations fulfilling the same requirements. The current GHOSTS
database contains data from cycles 12 to 21.

3.2.1.1. GHOSTS Data Reduction

All details of the observations and the data reduction can be found in Radburn-
Smith et al. [2011, for the ACS data] and Monachesi et al. (in prep., for the WFC3
data). Here, we only summarize the main points of the data reduction.

After basic data reduction (bias subtraction, flat-fielding, cosmic ray and bad
pixel identification, drizzling), the program DOLPHOT, which is a modified ver-
sion of HSTphot [Dolphin, 2000], is used for the identification and photometric
measurements of the stars. We performed PSF photometry using the tiny tim
point-spread functions (PSF). Together with the positions and magnitudes of the
stars, DOLPHOT reports many photometric parameters for diagnostic purposes, i.e.
sharpness, roundness, crowding, signal-to-noise etc. These parameters can be used
to discriminate between stars and other objects.

We defined a set of culls on the diagnostic parameters that ensure that a maximal
number of stars and a minimal number of contaminants is detected. To estimate the
number of contaminants that are expected for a given set of culls, observations from
the Hubble archived are chosen which are aimed at high-redshift objects at high
galactic latitudes. These observations are expected to be free of any detectable stars
and thus the culls should minimize the detections in these fields. At the same time,
the culls are requested to maximize the recovery fraction of artificial stars that are
put into the same images. We call the culls we choose with those two requirements
sparse field culls, because they are optimized for fields with low star cont numbers.

A second set of culls was optimized for a high recovery fraction of artificial stars in
very crowded regions. This is called the crowded field cull. Compared to the sparse
field cull it has a higher number of contaminants by about 60%, but at the same time
the recovery fraction of stars in crowded regions is more than twice as high as for
the sparse field culls. Since the typical number of contaminants is very small (about
a few dozens per ACS field) compared to the number of stars in crowded regions
(a few thousands per ACS field), the larger number of real detections outweighs
the increased number of contaminants. For more details on the determination of
optimal culls we refer the reader to the appendix of Radburn-Smith et al. [2011]. In
the following we will always use the crowded field culls, if not stated otherwise.

To further increase the reliability of our star catalogs, we use SExtractor [Bertin
and Arnouts, 1996] to create a segmentation mask which masks out all extended
sources, i.e. background galaxies or nearby bright stars.

25



3. The age-resolved disk structure of nearby low mass galaxies

Table 3.1.: Details of the galaxy sample.

name RA1 DEC1 z0
1 PA2 Incl.2 a t2 Vmax

2 (m−M)0
3 dist3

[◦] [◦] [′′] [◦] [◦] [km/s] [mag] [Mpc]

IC 5052 313.0068 -69.1933 13.35 -38.0 90.0 7.1 79.8 28.76 5.6
NGC 5023 198.0525 44.0412 9.29 27.9 90.0 6.0 80.3 29.06 6.5
NGC 4244 184.3736 37.8071 22.14 42.2 88.0 6.1 89.1 28.21 4.4
NGC 4631 190.5334 32.5415 13.74 82.6 85.0 6.5 138.9 29.34 7.4
NGC 891 35.6392 42.3491 11.86 22.8 88.0 3.0 212.2 29.80 9.1
NGC 7814 0.8120 16.1454 - 134.4 70.6a 2.0 230.9 30.80 14.4
NGC 4565 189.0866 25.9877 13.67 -44.8 90.0 3.2 244.9 30.38 11.9

Notes. (1) Right ascension, declination and scaleheights from K-Band fits by Seth et al.
[2005a];(2) position angle, inclination, morphology index t and rotational velocity from Hy-
perLEDA [Paturel et al., 2003]; (3) distance modulus and distance from Radburn-Smith
et al. [2011].
(a) Note that while we list the inclination value from HyperLEDA here, our selection of
edge-on galaxies was made based on a visual inspection of the images. Therefore we have
included NGC 7814 due to its thin and straight dust lane, but excluded NGC 253 due to its
visible spiral structure.

3.2.1.2. Sample of edge-on Galaxies

The GHOSTS sample contains seven edge-on galaxies that have data on their disks5,
which we included in our analysis (see Table 3.1). In this first paper we examine the
three low mass galaxies (75 km/s< Vrot < 100 km/s). The three massive galaxies
(Vrot > 200 km/s will be covered in a subsequent paper. The intermediate mass
galaxy NGC 4631 will be analyzed in an additional paper, because it needs a special
treatment due to the strong effects of the interaction with its neighbor NGC 4627.

3.2.2. Age Selection in the CMD

Color-magnitude diagrams (CMD) allow us to dissect the stars into populations of
different ages. The CMDs of the GHOSTS galaxies show clear distinguishable struc-
tures, which belong to different stellar populations (see Fig. 3.1). These populations
are:

Main Sequence: Main sequence stars burn hydrogen to helium in their cores.
Since the GHOSTS data covers only the luminous part of the CMD (MF814W >
−2), we can only observe the upper main sequence with massive (M > 6M�)
stars.

5An eighth galaxy, NGC 5907, turned out to be farther away (D= 16.8 Mpc) than previously
measured. Therefore its CMD is not deep enough for our analysis, and it was excluded from
further observations due to the long exposure times that would have been needed.
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3.2. Data and Methods

Figure 3.1.: left : Typical CMD of the GHOSTS survey (taken from NGC 4244) over-
plotted with stellar isochrones from the Padova models [Girardi et al., 2010].
The legend shows the log(age) of the isochrones. right : Sketch of the different
populations in the CMD.

Blue and Red Helium Burning Branch: When massive stars have depleted their
central hydrogen, they start hydrogen shell burning until helium ignites in the
center. When this happens, they are then more luminous and cooler than the
main sequence and reside on the Helium Burning Branches. Similar to the
main sequence more massive stars are more luminous. Within the GHOSTS
limits we can detect helium burning branch stars with M > 3M� .

Red Giant Branch: When a low mass star M < 1.5M� has depleted its central
hydrogen, it starts burning hydrogen in a shell around a degenerate helium
core. While the mass of the helium core grows with time, the stars moves
upward in the CMD along the Hayashi line and form the Red Giant Branch.
When the degenerate core reaches a mass of about 0.45M� , helium burn-
ing sets in and the star leaves the RGB. Since, for metal-poor populations
([Fe/H]<-0.7) this onset mass is almost independent of the initial mass or the
age of the star, the tip of the RGB is well defined at MF814W ≈ −4.

Asymptotic Giant Branch: After low to intermediate mass stars have depleted
their central helium, they start ascending from the horizontal branch/red
clump region towards higher magnitudes parallel to the RGB, while burn-
ing helium in a shell. Large parts of the AGB do overlap with the RGB in the
CMD, but the relatively massive stars ascend beyond the tip of the RGB and
can be seen separately above the RGB.

In order to define age separated stellar populations, we have defined five CMD bins
(see Fig. 3.2, left). These CMD bins were designed to cover different ages with as
little overlap in age as possible (see Fig. 3.2, right). To define the bins and determine
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3. The age-resolved disk structure of nearby low mass galaxies

Table 3.2.: Properties of the age distribution of the defined stellar populations, de-
rived from models assuming a constant SFR and a flat metallicity distribution.

MS upHeB lowHeB AGB RGB

mean(age) [Gyr] 0.028 0.089 0.21 1.36 5.07
std(age) [Gyr] 0.041 0.066 0.19 0.94 3.96

median(age) [Gyr] 0.010 0.082 0.18 1.16 4.41
10-percentile 0.005 0.037 0.12 0.52 0.81
90-percentile 0.037 0.146 0.27 2.52 11.5

their age distributions, we have used a synthetic CMD created with MATCH [Dol-
phin, 1997, 2002] and using the Padova isochrone set [Girardi et al., 2010, Marigo
et al., 2008]. A constant star formation rate (from log(t)=10.15 to log(t)=6.6) and
a flat metallicity distribution function (between [Z]=-2.2 and [Z]=0.2) were used.

The populations defined by these CMD bins are:

main sequence (MS, blue): contains mainly stars younger than 40 Myr, but stars
up to 300 Myr can contribute to this population.

upper helium burning branches (upHeB, cyan): contains mainly stars between
40 Myr and 150 Myr, with smaller contribution from stars between 25 Myr and
300 Myr.

lower helium burning branches (lowHeB, green): contains mainly stars between
100 Myr and 400 Myr, with only little contamination by different ages.

asymptotic giant branch (AGB, yellow): contains mainly stars between 0.5 Gyr
and 2 Gyr, but it might also contain a few stars as young as 350 Myr or as old
as 6.5 Gyr

red giant branch (RGB, red): contains mainly stars older than 3.0 Gyr, but also
younger AGB stars and even lower HeB stars may contribute here.

Throughout this paper, we use the median ages of these populations (see Table 3.2)
for all plots showing the ages of the populations, and their errorbars give the range
between the 10-percentile and the 90-percentile of the age distributions.

3.2.3. Creating Stellar Density Maps

We used the star catalogs of the GHOSTS survey (see Sect. 3.2.1) to create star count
density maps for each of the populations defined in Sect. 3.2.2. The raw star count
maps are simple two-dimensional histograms of the stars in each CMD selection box.
The bin size of the maps is (7.2′′)2. These raw star count maps are then corrected for
incompleteness effects, using completeness maps created from the artificial star tests,
and for masked regions in the original images. In overlapping regions of different
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3.2. Data and Methods

Figure 3.2.: left : An artificial CMD generated with a constant star formation rate
and a flat metallicity distribution function (−2.2 < [Z] < 0.2). The colored boxes
are the population boxes as described in the text. Stars are colored according to
their age (see color-bar). right : The age distribution of stars in the five population
boxes in the left figure.

fields the average of all fields is used. Finally bins with a completeness lower than
0.5 and bins which contain more than 40% masked area in the original image are
masked out.

Completeness correction Not all stars that are in our field can be reliably mea-
sured. Stars near the detection limit might be missed due to statistical variations
in the photon flux, stars in crowded or bright sky regions might also be missed. We
quantify the completeness of our observations through the recovery fraction from the
artificial star tests. For each population the fraction of recovered artificial stars is
calculated in each spatial bin, i.e. for each population we create a completeness map.
Note that this is different from the approach in the GHOSTS DR1 [Radburn-Smith
et al., 2011], where the completeness was presented as a function of magnitude,
color and sky brightness, but not as a function of position. The change in the ap-
proach is necessary, because we found that the completeness can vary within a field
independent of sky brightness, e.g. due to CTE effects.

3.2.4. Fitting Methods

In order to quantify the structural parameters of the disks, we fit different galaxy
models to the star count maps. Because the star count maps often contain very
low numbers of stars per pixel, the quality of the fit has to be calculated with a
Poissonian likelihood estimator, instead of the often used χ2. Such a Poissonian
likelihood estimator was first proposed by Cash [1979] and is strongly argued for by
Dolphin [2002]. It can be derived in the same way as the χ2 statistics, but starting
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3. The age-resolved disk structure of nearby low mass galaxies

from the Poissonian probability function

Pi =
mni
i

ni!
e−mi , (3.1)

with mi denoting the expected counts in pixel i in the model and ni the observed
counts in that pixel. Then the maximum likelihood model can be obtained by
minimizing the Poissonian likelihood ratio (PLR)6

PLR = −2 lnP = −2
∑
i

(ni lnmi −mi + ni(1− lnni)) . (3.2)

Determining Scaleheights: To analyze the vertical structure of the population
at different radii from the galaxy center, we fit an isothermal sheet model [van der
Kruit and Searle, 1981a] to the stellar surface density profiles. The model reads:

n(z) = n0 sech2

(
z + zc
z0

)
+ nbg, (3.3)

where n0 is the star count density in the midplane, zc the center of the stellar
distribution relative to the galaxy’s midplane (defined through the center coordinates
and the position angle of the galaxy), z0 the scaleheight and nbg the surface density
of contaminants.

We use an isothermal model despite the fact that many observations found a
more peaked function to better fit the vertical light profile of galaxies. We do this,
because we fit our model to distinct stellar population of well defined ages, for which
the isothermal assumption is more justified than for the overall stellar content of a
galaxy.

2D fits: In order to measure scalelengths, scaleheights and break radii we fit a
simple model of an edge-on disk with a broken exponential as radial profile to the
2D maps of star count density:

n(x, z) = nbg + n0sech2

(
z − zc
z0

)
n(x) (3.4)

with

n(x) = |x− xc |

K1

(
|x−xc|
hr,i

)
for |x− xc| < rb

K1(rb/hr,i)
K1(rb/hr,o)K1

(
|x−xc|
hr,o

)
for |x− xc| > rb

, (3.5)

6Note that the last term in the sum only depends on the data which of course does not change
during the fit. Therefore it could be omitted without effecting the best fit model, but including
this term gives the advantage that each term under the sum is greater than zero (which is
important for some numerical minimization routines) and that for large ni the PLR converges
to the same value as a χ2.
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3.2. Data and Methods

where xc is the x-coordinate of the galaxy’s center, hr,i the inner and hr,o the outer
scalelength, and rb the break radius. K1(x) is the modified Bessel function of the
second kind and xK1(x) is the projected surface density of an exponential disk seen
edge-on, i.e.7

I(x) =

∞∫
−∞

exp

(
−
√
x2 + y2

hr

)
dy = 2

∞∫
x

r exp(− r
hr

)
√
r2 − x2

dr = 2xK1

(
x

hr

)
. (3.6)

This model assumes a constant scaleheight along the disk. As we will see in
Sect. 3.3, this assumption is justified. Note also that the model in Equation 3.4 is a
single disk model, i.e. it does not contain any thick disk or bulge or halo components.
This will of course limit its applicability; but for the low mass galaxies in our sample,
this model is sufficient to describe the distribution of stars in each population.

For performing the actual 2D fits we use the program IMFIT8 [Erwin, 2014], which
permits the use the Poisson likelihood ratio statistics for the minimization process.
IMFIT is also designed to make the inclusion of additional image functions simple
and we have extended it with the broken edge-on disk model of equation 3.4.

3.2.5. Spitzer Data

For a comparison of the star count maps from GHOSTS with integrated light obser-
vations we use data from the InfraRed Array Camera [IRAC; Fazio et al., 2004] of
the Spitzer Space Telescope. The data was reduced within the Spitzer Edge-On Disk
Galaxies Survey project [Holwerda et al., 2006]. We give here a short description of
the data and the reduction process.

The data contains mosaics of 32 edge-on disk galaxies in all four IRAC channels. It
was taken in a dedicated GO program (GO 20268: The Formation of Dust Lanes in
Nearby Edge-on Disk Galaxies; PI: R. S. de Jong) and complemented with archival
data. The observing strategy and data reduction was set up in such a way that the
final data products are equivalent in quality to the data products from the Spitzer
Infrared Nearby Galaxy Survey [SINGS; Kennicutt et al., 2003].

The IRAC Basic Calibrated Data (BCD), together with the corresponding un-
certainty (BUNC) and individual bad pixel mask (BDMSK), were retrieved with
Leopard [Spitzer Software Team, 2008]. The data reduction was performed with the
standard Spitzer Science Center’s pipeline for raw IRAC data ; the mosaics were
created with the MOPEX software [Spitzer Post-BCD Tools Team and Science User
Support Team, 2012]. The reduction process includes bias and flatfield corrections,
conversion from engineering to scientific units, addition of WCS coordinates, com-
bination of single exposures into a mosaic and a removal of cosmic rays. The final
images are aligned with the galaxy’s major axes and have a pixel size of 0.75 arcsec.
In addition to the images, noise maps and mask files were created.

7Note that this derivation assumes an infinite exponential disk, while we actually model a truncated
disk. Therefore the model is not fully self-consistent.

8http://www.mpe.mpg.de/~erwin/code/imfit
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3. The age-resolved disk structure of nearby low mass galaxies

The IRAC channels 1 and 2, with effective wavelengths of λ ≈ 3.6µm and λ ≈
4.5µm, respectively, trace mainly stellar emission and have the advantage of being
nearly unaffected by dust. We use channel 1 to determine the structural parameters
of the overall stellar population in our galaxies, by fitting the edge-on disk model
(Equation 3.4) to the [3.6] data.

The IRAC channels 3 and 4, with effective wavelengths of λ ≈ 5.7µm and
λ ≈ 8.0µm, respectively, trace the emission of hot dust and polycyclic aromatic
hydrocarbon molecules, but have also contributions from stellar emission. We use
the data from channel 1 and 2 to estimate the stellar contribution to the light in
channel 4 [as described in Pahre et al., 2004], and subtract it from the channel 4
data to create images of the nonstellar emission in the galaxies. We fitted the same
edge-on disk model of Equation 3.4 to these nonstellar images to get estimates of
the scaleheight and -length of the dust in our galaxies.

3.3. Results

In this section first the vertical stellar density profiles are studied at different galac-
tocentric distances, followed by the radial distributions at different heights above
the midplane. The sections concludes with a discussion of the observations and a
comparison with integrated light observations.

3.3.1. Vertical Profiles

We have split the observed stars into the five age groups described in Sect. 3.2.2.
The stellar density maps for all of these populations can be seen in Fig. 3.3. It is
obvious that older populations are more extended than young ones. While this can
be seen to some extent also in the radial direction, it is clearly evident in the vertical
direction.

The thickness of the disks can be well examined in Fig. 3.4. There, vertical star
count profiles are shown at different radial positions within the galaxies. The RGB
stars (show in red) are the dominant population in all our galaxies at all radii; they
have the highest star count density and the largest vertical extend. In order to
quantify the thickness of each population, we have fitted a sech2 model each radial
bin (see equation 3.3), the fits are shown as dotted line in Fig. 3.4. Remarkably,
each profile can be fitted well by a single sech2 profile (plus background). There
is no need to add a second component, i.e. a thick disk (for more details on this,
see Sect. 3.3.3.2). It is also noteworthy that most profiles show a clear peak in the
center and only the RGB profiles near the galaxy centers have a central dip. Such
dips are often observed in vertical profile studies [e.g. Seth et al., 2005b] and usually
attributed to the extincting effects of dust. We will discuss this issue further in
Sect. 3.4.1.

The radially averaged scaleheights as a function of age are plotted in Fig. 3.5. In
general an increase of scaleheights with age can be seen: While the three youngest
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Figure 3.5.: Change of the average scaleheight with stellar age. The blue dashed
line show the results of fits of IC 5052 with an additional spheroidal component
included. The dotted lines are power-law z0 ∝ tβ fits to the data, excluding the
youngest population, with the power-law indices β given given on the right.

populations (MS, upper HeB and lower HeB) have approximately the same scale-
height, this scaleheight is smaller than the AGB scaleheight, which is even smaller
than the scaleheight of the RGB stars. The relative amount of this increase differs
from galaxy to galaxy; in IC 5052 the scaleheight increases by 100% (from young to
AGB) and 50% (from AGB to RGB), in NGC 5023 by 50% and 33%, in NGC 4244
by only 20% respectively from young to AGB and from AGB to RGB.

We have measured the scaleheights at different radial positions within the galaxies,
as can also be seen in Figs. 3.4 and 3.6. Figure 3.6 nicely shows that for most pop-
ulations the scaleheights change very little with radial position within each galaxy.
While for the three young population, the scaleheight are constant along the disk,
the older populations show a some mild flaring. We have quantified the strength of
the flaring by fitting a straight line to the scaleheights as a function of projected
radius. The slopes of these regression lines are given in Table 3.3.

The slopes the young populations (MS, upHeB and lowHeB) are are consistent
with zero flaring. The intermediate and old populations in all three galaxies have
very similar slopes of ≈ 10 parsec per kiloparsec, except for the RGB in IC 5052,
which has almost 30 pc/kpc.

3.3.2. Radial Profiles and 2D Fits

We have also extracted the radial profiles from our data. The profiles at different
heights from the midplane are plotted in Fig. 3.7. While the profiles do have some
irregularities, they can in general be described as broken exponentials, with steeper
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3. The age-resolved disk structure of nearby low mass galaxies
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Figure 3.6.: Disk scaleheights at differ-
ent radial position in three low mass
edge-on galaxies: IC 5052, NGC 4244,
NGC 5023 (left to right). Colors are as
in Fig. 3.4.
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Table 3.3.: Increase of scaleheights with projected radius.

galaxy population slope rel. flaring Rmax
[pc/kpc] [%] [kpc]

IC 5052 RGB 28±6 37±10 7.1
AGB 11±4 19± 8 7.1

NGC 4244 RGB 9±3 19± 6 11.9
AGB 11±3 27± 9 11.9

NGC 5023 RGB 9±7 14±12 6.8
AGB 12±2 28± 5 6.8

Notes. This table gives the amount of flaring in the older populations of the three galaxies
(younger populations do not flare). The column ”slope” gives the absolute flaring dz0/dR,
the column ”rel. flaring” the relative increase of scaleheight (z0(Rmax)−z0(R=0))/z0(R=0)
over the full observed range in radii, and the column Rmax the maximum galactocentric
radius, to which a scaleheight was measured.

slopes outside the break.

In two of the galaxies, NGC 4244 and NGC 5023, the scalelengths (inside the
break) decrease with age, i.e. older populations are more centrally concentrated
than younger populations. IC 5052 shows the opposite trend and the older popula-

36



3.3. Results

5 0 5

10-2

10-1

100

st
a
r 

co
u
n
t 

d
e
n
si

ty

z=-1.6kpc

5 0 5

z=-0.8kpcz=-0.8kpc

5 0 5

10-2

10-1

100

z=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpc

5 0 5

10-2

10-1

100

z=0.8kpcz=0.8kpc

5 0 5
major axis coordinate x [kpc]

z=1.6kpc IC 5052

RGB
AGB
lowHeB
upHeB
MS

25 20 15 10 5 0 5 10

10-3

10-2

10-1

100

101

st
a
r 

co
u
n
t 

d
e
n
si

ty

z=-1.8kpc

25 20 15 10 5 0 5 10

z=-0.9kpcz=-0.9kpcz=-0.9kpc

25 20 15 10 5 0 5 10

10-3

10-2

10-1

100

101

z=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpc

25 20 15 10 5 0 5 10
10-3

10-2

10-1

100

101

z=0.9kpcz=0.9kpcz=0.9kpcz=0.9kpcz=0.9kpc

25 20 15 10 5 0 5 10
major axis coordinate x [kpc]

z=1.8kpc NGC 4244

RGB
AGB
lowHeB
upHeB
MS

15 10 5 0 5 10

10-2

10-1

100

st
a
r 

co
u
n
t 

d
e
n
si

ty

z=-0.9kpc

15 10 5 0 5 10

z=-0.5kpcz=-0.5kpcz=-0.5kpcz=-0.5kpc

15 10 5 0 5 10

10-2

10-1

100

z=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpcz=0.0kpc

15 10 5 0 5 10

10-2

10-1

100

z=0.5kpcz=0.5kpcz=0.5kpc

15 10 5 0 5 10
major axis coordinate x [kpc]

z=0.9kpcz=0.9kpc NGC 5023

RGB
AGB
lowHeB
upHeB
MS

Figure 3.7.: Radial density profiles of the five populations at different heights above
the plane in three low mass edge-on galaxies: IC 5052, NGC 4244, NGC 5023 (top
to bottom). Solid lines are the data, dashed lines are the best fits.
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Figure 3.8.: Disk scalelengths at differ-
ent position above/below the plane
in three low mass edge-on galaxies:
IC 5052, NGC 4244, NGC 5023 (left to
right). Colors are as in Fig. 3.4.
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Figure 3.9.: Change of the average scalelength (inside the break) with stellar age.
The blue dashed line show the results of fits of IC 5052 with an additional
spheroidal component included.
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Figure 3.10.: Scaleheights vs. scalelengths (Note the different scales on the x-axes)
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Figure 3.11.: Change of the compactness, i.e. the ratio of scaleheight to scalelength
with stellar age. The blue dashed line show the results of fits of IC 5052 with an
additional spheroidal component included.

tions have flatter profiles than the young populations (see Fig. 3.8 and Table 3.4).
Combining the results for scalelength and heights we get that younger populations
are in general thin and radially extended, while older populations are thicker and
radially more compact, as can be seen in Fig. 3.11. This is what is seen in the MW
for mono abundance populations, [e.g. Bovy et al., 2012b]

Breaks in Radial Profiles: The break radii for all populations within a galaxy
are approximately the same (within a kpc, see Fig. 3.12) and there is no trend with
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Figure 3.12.: Change of the break radius with stellar age. The blue dashed line show
the results of fits of IC 5052 with an additional spheroidal component included.

age.
Outside the break the younger populations have steeper profiles than older popu-

lations. This leads directly to a stronger break for younger populations; their profiles
are rather flat inside the break and very steep outside, while for older populations
the scalelength changes only little (by about a factor 2-3) across the break (see
Fig. 3.14).

3.3.3. Discussion of observed profiles

3.3.3.1. Irregularities in the profiles:

IC 5052 appears to be lopsided. In Fig. 3.7 all disk fits for IC 5052 have the center
about 1-2 kpc away from the literature value9 of the galaxy’s center, which is given
as the zeropoint of the x-axis in the figure. The AGB and RGB profiles have their
maximum actually near the literature value of the center, but the center of the fit
is dominated by the central position between the breaks. In Fig. 3.15, the contours
of young stars and RGB stars of IC 5052 can be seen on a R-band image [Meurer
et al., 2006]. The innermost RGB contours coincide well with the brightest region
of the R-band image and with the HyperLEDA position of IC 5052. In contrast the
center of the outer RGB and the young star contours is further to the south east and
coincide better with the dynamical center of the galaxy, taken from HI observation
[Peters et al., 2013].

In the residuals images from our two-dimensional fitted models (see Fig B.2) the
overdensity appears approximately circular. So we repeated the fits of the RGB

9from HyperLEDA, http://leda.univ-lyon1.fr/
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Figure 3.13.: Break radii at different po-
sition above/below the plane in three
low mass edge-on galaxies: IC 5052,
NGC 4244, NGC 5023 (left to right).
Colors are as in Fig. 3.4.
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Figure 3.14.: Change of the break strength, i.e. the ratio of inner to outer scalelength
with stellar age. The blue dashed line show the results of fits of IC 5052 with an
additional spheroidal component included.
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3. The age-resolved disk structure of nearby low mass galaxies

Table 3.4.: Scaleheights and scalelengths (inside the break) from the 2D fits of the
different populations.

population IC 5052 NGC 4244 NGC 5023
hr z0 hr z0 hr z0

MS 1.55+0.45
−0.22 0.225+0.018

−0.019 75.36+1.44
−1.19 0.426+0.015

−0.015 8.46+1.02
−1.62 0.210+0.012

−0.013

upHeB 1.99+0.22
−0.13 0.185+0.007

−0.006 5.63+2.25
−0.35 0.416+0.006

−0.008 23.42+10.60
−18.57 0.200+0.006

−0.006

lowHeB 2.50+1.23
−0.26 0.207+0.007

−0.009 6.50+1.03
−0.65 0.439+0.006

−0.006 19.15+1.51
−1.09 0.205+0.008

−0.009

AGB 2.89+0.37
−0.29 0.412+0.006

−0.006 2.29+0.04
−0.05 0.487+0.004

−0.004 1.66+0.12
−0.07 0.313+0.005

−0.005

RGB 3.86+2.27
−0.77 0.612+0.006

−0.007 2.19+0.02
−0.02 0.596+0.003

−0.003 1.84+0.11
−0.08 0.424+0.005

−0.005

halo RGB - 2.30+0.69
−0.69 - 3.0+2.1

−1.8 - -

[3.6µm] 2.145+0.018
−0.056 0.433+0.037

−0.025 1.845+0.077
−0.114 0.468+0.043

−0.078 1.248+0.038
−0.018 0.301+0.043

−0.091

PAH [8µm] 1.112+0.034
−0.067 0.381+0.021

−0.036 1.769+0.098
−0.171 0.574+0.059

−0.068 1.08+0.084
−0.056 0.356+0.036

−0.076

Notes. All values in kpc.

Figure 3.15.: R-band image of IC 5052 [Meurer et al., 2006]. The density of RGB
stars is shown as red contours, the density of young stars as blue contours. The
yellow reticle gives the dynamic center of the H I gas [Peters et al., 2013], the
green cross the central position of the galaxy from HyperLEDA. The black boxes
show the (approximate) coverage of our GHOSTS fields.

and AGB populations in IC 5052 with the overdensity described by an additional
Sersic-component and evaluated the structural parameters of the disk again. While
the scaleheights and the break radii of the two component fits are approximately
the same as in the one component fit, the scalelengths are significantly larger. The
results of the two component fits can be seen in Figs. 3.5, 3.9, 3.11, 3.12 and 3.14
as the dashed line.
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3.3. Results

NGC 4244 also has an asymmetric radial profile (see Fig. 3.7). At the north-
eastern end of the disk, there is a break in all populations at about 9 kpc [see also
de Jong et al., 2007]. On the south-western side there is break at about 7 kpc,
followed by a plateau between 8 kpc and 12 kpc, where the profile again breaks.
These structures cannot be modeled by our simple edge-on galaxy models and thus
we only used the north-eastern part for our fit (up to x < 4 kpc).

3.3.3.2. Additional thick disk or halo component?

It is now widely accepted that galaxies contain multiple (disk) components. In con-
trast, as evident in Fig. 3.4, the vertical profiles of our low-mass galaxies could be
fitted well by single disk models. This is remarkable, because more than three orders
of magnitudes in surface density is covered between the central and the outermost
parts of the galaxies; this corresponds to about eight magnitudes in surface bright-
ness. This is significantly deeper than most of the integrated light observations that
have been used to detect the thick disks.

However, the profiles presented so far were not optimized for low density regions.
As written in Sect. 3.2.1, GHOSTS has two sets of culls for optimal star selection, one
optimized for crowded regions, the other optimized for sparse regions. In previous
sections we used the crowded field culls, to optimally sample the inner regions of
the galactic disks. We will now use the sparse field culls, which are optimized for
low density regions.

Additionally, the fine binning of the data we used before made it impossible to
detect structures below a surface density of 0.019 arcsec−2 (which equals 1 star per
bin). By using broader bins we can further extend the analysis to fainter regions.
In the following we use the whole central region of each galaxy to create vertical
profiles and look for additional structural components.

The result of this can be seen in Fig. 3.16. Compared to Fig. 3.4 we reach about one
order of magnitude deeper now. A faint second component can now be detected in
IC 5052 and NGC 4244. Since we are using star count data, this second component
cannot be an effect of scattered light and extended PSFs, which might lead to
similar detection in integrated light studies, if not modeled carefully [de Jong, 2008,
Sandin, 2014]. We have fitted the whole profile with two sech2 components. In both
galaxies the second components are very faint, their central surface brightnesses
are only 0.6% (IC 5052) and 0.08% (NGC 4244) of the main disk’s central surface
brightness. Due to their larger scaleheights (z0,thick = 2.30 ± 0.69 kpc for IC 5052
and z0,thick = 3.04 ± 2.29 kpc for NGC 4244), the second components dominate at
|z| > 2.2 kpc and |z| > 2.8 kpc, respectively.

Note, that the choice of sech2 for the fitting of the second component is a mere
choice of convenience. It is not meant to imply that these components are really
disk components. It is possible to fit these components equally well with other
functions (e.g. exponential, Sersic, power law), but the sech2 allows for the most
direct comparison between the main disk and the second component. The possible
nature of the second components will be discussed in Sect. 3.4.
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Figure 3.16.: Surface number density
profiles of RGB stars in the central
regions of the three galaxies (shown
in red), the dashed lines are the best
fit models, the dashed-dotted lines
showing the different components, two
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the Spitzer data.
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3.3.3.3. Comparison with Spitzer data

For all the galaxies in our sample we also have Spitzer imaging data in all four chan-
nels (Holwerda, priv. comm.). We use here the images from channel 1 (at 3.6µm)
for comparison with the RGB count profiles. For the transformation from RGB
counts to surface brightness we used the the same artificial CMDs as in Sect. 3.2.2
with a constant SFR and a flat MDF. By equating the number of RGB stars in the
artificial CMDs with the expected flux of the underlying population, we calculated
the counts-to-flux conversion factor. This factor can of course only be a rough esti-
mate of the true conversion, because the exact transformation depends on the star
formation history, which is unknown for the real galaxies. But as one can see in
Fig. 3.16, where the Spitzer profiles are shown as light blue and the RGB counts
as red lines, the transformation gives quite a good match between the profiles. At
larger heights RGB stars are apparently the dominant contributor to the channel 1
light.
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While the Spitzer and RGB profiles match well in a large part of their overlap
regions there are two main differences:

First, the RGB profiles go much deeper than the Spitzer profiles. The Spitzer
profiles are limited by a relatively bright background. To determine the sky bright-
ness we measured the mean brightness of a large empty region far away from the
galactic disk. The corresponding standard deviation in this region was used as an
estimate for the noise and is shown as a horizontal gray line in Fig. 3.16.10 Star
counts are not affected by sky brightness, but they are limited by the number of
contaminants, i.e. faint foreground stars and unresolved background galaxies. The
density of these contaminants is so low, that our star counts can reach an equivalent
surface brightness below 30 [3.6µm]-mag/arcsec2.

Secondly, the Spitzer profiles have a sharper peak in the midplane regions than
the star count profiles. The reason for this could be that the Spitzer data contains
a mixture of all stellar populations, as well as dust and PAH emission [Meidt et al.,
2012]. The younger populations, which have a much smaller scaleheight than the
RGB stars (see Sect. 3.3.1), will add extra light to the central regions of the profile.
It could also be that we miss some of the RGB stars in the central regions due to
crowding effects or dust. While we do correct for a decreasing completeness with
higher star count densities, we have not corrected for dust effects that will influence
our optical data (where the star counts are done) more than the infrared Spitzer
data.

In Table 3.4 the scaleheights and -lengths of the five populations and the Spitzer
data are listed. The Spitzer scaleheight lies within the range of scaleheights of the
resolved populations, supporting a interpretation as a combination of these different
populations, but the Spitzer scalelengths (of NGC 4244 and NGC 5023) are shorter
than those of any population, which precludes an interpretation of the Spitzer data
as a simple combination of the stellar populations. From the two possible reasons for
this mismatch, incompleteness and/or dust, we asses the former as unlikely. Through
the extensive artificial star test we have a good estimate of the completeness and
we have corrected for it. Furthermore, all regions with a completeness below 50%
are excluded from the analysis, which leads to small uncertainties in the final star
counts. On the other hand we do see signs of dust. Its effects are discussed in
Sect. 3.4.1.

3.3.4. Summarizing results

Before we move on to the discussion, let us summarize all our results from this sec-
tion: All three of the analyzed galaxies show the following trends in their structural
parameters:

• The scaleheight of stellar populations increases with age, but only on timescales
larger than about 300 Myr.

10The Spitzer images alos contain systematic deviations from a constant background level, e.g. large
round areas of increased brightness in the image of NGC 5023. One of these bright spots lies
near the center of NGC 5023 and can be seen in the vertical profile as the bump at z ≈ −2 kpc.
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3. The age-resolved disk structure of nearby low mass galaxies

• The scaleheight of the young stellar populations is essentially constant along
the disk, while AGB and RGB stars exhibit a mild flaring.

• The scalelength of stellar populations is essentially independent of the height
above the plane.

• The break radius is independent of stellar population age.

Two out of three galaxies (NGC 4244 and NGC 5023) have similar trends in their
radial profiles:

• The scalelength of stellar populations decreases with age.

• The break strength, i.e. the ratio of inner to outer scalelength, decreases with
age.

A third galaxy (IC 5052) has an increasing scalelength with age, which leads to a
constant break strength. This galaxy also has an additional overdensity of old stars,
which lies off the center of the disk.

3.4. Discussion

3.4.1. The possible effects of extinction by gas and dust

In the previous section we have used a sech2 profile for the vertical and a Bessel K1

function for the radial profile of the star count surface density distribution of our
galaxies. By doing this, we have implicitly assumed that the galaxies are transparent,
i.e. that surface density is the result of the density integrated along the line of sight
through the whole galaxy. The presence of dust will lead to a deviation from this
idealized assumption.

The determination of the real distribution of dust in external galaxies is very
difficult and beyond the scope of this paper; so we cannot correct for extinction
effects directly, but we can model the effects of different dust distributions on star
count maps of an idealized galaxy model.

We model the density of both the stars and the dust as exponential disks with
a sech2 distribution in the vertical direction. We calculate the “observed” surface
brightness by solving the standard differential equation for the 1D radiative transfer
along the line of sight:

dI

dx
= −κI + ε, (3.7)

with κ ∝ ρdust(x, y, z) and ε ∝ ρstar(x, y, z).
It could be questioned whether a radiative transfer equation is appropriate for

treating star counts. But in fact, the effects of absorption are similar: It will at-
tenuate and redden the light of a star until it falls below the detection limit of our
observations (or out of our CMD selection boxes); and the higher the absorption,
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the larger the fraction of stars that are removed from the CMD. Furthermore, star
counts have the advantage that they are not affected by scattered or reflected light:
the light of a star, that is absorbed, will not be re-emitted to become part of our
star counts; thus the emissivity ε is proportional only to the local stellar density and
has no scattered light term. The details of the effects of absorption on star counts
do, of course, depend on the distribution of stars in the CMD, i.e. on the luminosity
function and, thus, the star formation history. In this sense our approach is very
simplified, but a full extinction modeling is beyond the scope of this paper.

We use three parameters for each, dust and stars, to model the 3D distribution:
central density ρ0, scaleheight z0 and scalelength hr. The density is then given by:

ρ(x, y, z) = ρ0 exp(−
√
x2 + y2/hr)sech2(z/z0) (3.8)

The parameters of the stellar disk are kept fixed, with hr = 1 and z0 = 0.2. The
scales of the dust are varied to be either larger or smaller than the stellar ones.
We have analyzed four models with all possible combinations of hr ∈ {0.5, 2.} and
z0 ∈ {0.1, 0.4}. The resulting vertical and radial profiles are shown in Fig. 3.17.

The qualitative effect of the dust on the vertical and radial profiles is similar: If
the scaleheight (scalelength) of the dust is smaller than that of the stars, there is
a dip in the vertical (radial) profile. If the scaleheight (scalelength) of the dust is
larger than that of the stars, the vertical (radial) profile is flattened in the center,
but no dip can be seen. The depth of the dip or the flattening depends on the dust
mass [see also Seth et al., 2005b, for a similar analysis].11

We can compare the results of our simple dust models (Fig. 3.17) with the observed
vertical profiles (Figs. 3.4, and also Figs. B.2 to B.4). The observed profiles have
small dips only in the RGB profiles, while the profiles of the AGB and young stars
still have peaks in the midplane. This suggests that the dust scaleheight is smaller
then the RGB scaleheight, but larger than the AGB scaleheight. This is consistent
with our measurements of the scaleheights of the PAH emission, which is near or
above the AGB scaleheight (see Table 3.4).

Such large dust scaleheights agree well with the results of Seth et al. [2005b], who
came to the same conclusion for a sample of low mass galaxies (including NGC 4244),
and with the results of Dalcanton et al. [2004], who found the ISM of low mass
galaxies (Vrot < 120 km/s) to be more diffuse and vertically extended than in massive
galaxies.

The dust also affects the radial profiles and can lead to a dip or a flattening (see
Fig. 3.17). In the data we do not see any central dip in our radial profiles (Fig. 3.4),
but a flattening cannot be ruled out. Taking into account the smaller scalelength
of the Spitzer 3.6µm data, it appears even very likely that the scalelength of the
star count data is affected by dust. Thus, the true scalelength of the underlying
populations might be smaller than given here.

11Note that all four dust models have the same central density. Therefore models with larger
scaleheights/scalelengths have larger total dust masses.
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3. The age-resolved disk structure of nearby low mass galaxies

Figure 3.17.: Effects of dust on ideal galaxy models; Each row shows a model of
different dust properties, from top to bottom they are defined by (hz,dust, hr,dust) =
(0.1,0.5) (0.4,0.5), (0.1,2.), (0.4,2.). left column: vertical profiles at different radial
positions (as given in the legend in terms of stellar scalelength); middle column:
radial profile at different heights above the plane (see legend, given in stellar
scaleheights); right column: face-on view of the position where the optical depth
reaches one (τ = 1), for different heights above the plane (see legend, given in
stellar scaleheights); the dashed lines are circles of one, two and three scalelengths
of the stellar component.
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3.4.2. Direct comparison to other structural measurements in
these galaxies

Star count measurements: Seth et al. [2005b] analyzed resolved stellar popu-
lations in the same three galaxies and divided them into three age groups (young,
intermediate=AGB, old=RGB). At that time, they did not have enough data to
study scalelengths or flaring, but they could measure scaleheights. Their results are
given in Table 3.5; they are in agreement with our measurements.

In a series of papers Tikhonov and Galazutdinova studied the resolved stellar
populations of a number of galaxies. In Tikhonov and Galazutdinova [2005] they
analyzed, among other galaxies, NGC 4244. They used one central ACS field (which
is in our field list Field01) and two WFPC2 fields. In agreement with our results
they find an increasing thickness of the stellar populations from blue to AGB and
RGB stars, but they do not quantify this. In one of the WFPC2 fields, they claim
to detect the transition from a thick disk to a halo in form of a flattening of the
vertical gradient of RGB star density at a height of z= 2.7 kpc. This is a similar
height as we found for the transition to a weak halo in Sect. 3.3.3.2, but a detailed
comparison is not possible, because their paper lacks a description of the selection of
the stars, completeness correction and treatment of unresolved background galaxies.

Tikhonov et al. [2006] have analyzed the stellar populations of IC 5052 and NGC 5023.
They also find an increase of thickness with increasing stellar age and a break in
the vertical density gradient of RGB stars at z= 1.9 kpc and z= 1.6 kpc for IC 5052
and NGC 5023, respectively. While for IC 5052 this could be the same transition
we found in Sect. 3.3.3.2, we do not see such a break in NGC 5023. A more de-
tailed comparison is not possible due to the only rough description of their data and
missing figures in their manuscript.

Infrared measurements: The galaxies are also in the S4G survey [Sheth et al.,
2010, Regan, 2013] who have also done structure decompositions [Salo et al., 2013].
They find somewhat larger scaleheights (IC 5052; 270/740 pc, NGC 4244 600 pc,
NGC 5023 380 pc) than we did for the 3.6µm images, ranging near our RGB scale-
heights.

IC 5052 is included in the sample of Comerón et al. [2011a], who use also S4G data.
They fit a thin (indexed with t) and a thick (indexed with T) disk with z0,t = 250 pc
and z0,T = 730 pc in the outer part, and z0,t = 190 pc and z0,T = 650 pc in the inner
part of the galaxy12; they obtain a ratio of column mass densities ΣT /Σt = 2.1 in
the outer part and ΣT /Σt = 2.5 in the inner part. They state that their data is also
compatible with a single disk structure.

NGC 4244 was separately analyzed in Comerón et al. [2011b]. They claim to detect
a very subtle thick disk in NGC 4244, but only on one side of the galaxy, while on

12The original values in their paper are different (180 pc, 530 pc, 140 pc, 470 pc); we have converted
them to our scale: While they use exponential scaleheights, we use sech2, which differ by a factor
of 2. Furthermore, Comerón et al. assumed a larger distance (8.1 Mpc). We have corrected for
this.
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3. The age-resolved disk structure of nearby low mass galaxies

Table 3.5.: Scaleheights from the literature.

IC 5052 NGC 4244 NGC 5023 Ref.

counts z0

- young 0.26 0.33 0.20 1
- AGB 0.47 0.44 0.29 1
- RGB 0.66 0.55 0.39 1

NIR z0 0.27/0.47 0.60 0.38 2
0.25/0.73 3
0.19/0.65 3

0.60/0.74 4

optical z0 0.58 0.46 5

dust z0 0.6 6

Notes. All values in kpc. All scaleheights are scaled to our assumed distances.

References. (1) Seth et al. [2005b];(2) Salo et al. [2013]; (3) Comerón et al. [2011a];
(4) Comerón et al. [2011b]; (5) van der Kruit and Searle [1981a, 1982a]; (6) Holwerda
et al. [2012]

the other side a single exponential is sufficient to describe the vertical profile. They
get hz = 350 pc on the northern side and hz,t = 300 pc and hz,T = 370 pc on the
southern side, which corresponds to z0 = 700 pc z0,t = 600 pc and z0,t = 740 pc
for a sech2 fit. This is significantly larger than our results. A possible reason for
this discrepancy is the use of different fit function. While an exponential and a
sech2 do coincide for z & 4hz = 2z0, they do differ for lower values. The fact, that
both Comerón et al. and we fit also regions nearer to the plane, results in larger
scaleheights for the exponential fit than for the sech2 fit.

Visual measurements: van der Kruit and Searle [1981a, 1982a] have measured
g-band13 scaleheights as a function of position in NGC 4244 and NGC 5023. They
find constant scaleheights along the plane with values of z0 = 0.58 kpc for NGC 4244
and z0 = 0.46 kpc for NGC 5023. This is in agreement with our RGB scaleheights.

3.4.3. Disk heating timescales and mechanisms

The heating of galaxy disks has mostly been studied in the Milky Way, mostly due to
the lack of good age indicators in external galaxies. In the Milky Way the heating
is usually examined through the age–velocity dispersion relation (AVR), which is

13The authors denote their band ”J”, but with an effective bandpass from 400 nm to 540 nm [van
der Kruit, 1979] it lies between the B and V band and covers a wavelength range similar to the
SDSS g-band.
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equivalent to an age–scaleheight relation, because scaleheight hz and vertical velocity
dispersion σz are connected by

σ2
z = cπGΣhz, (3.9)

where G is the gravitational constant, Σ the surface mass density and c a constant
that depends on the form of the vertical mass profile14.

Despite the fact that work on the AVR has been going on for decades, there is
still no consensus on the form of the AVR. Some authors find a smooth power-law
increase of the velocity dispersion with time [Wielen, 1977, Nordström et al., 2004,
Koval’ et al., 2009], while others find a flattening for stars older than a few Gyr
[Carlberg et al., 1985, Soubiran et al., 2008], with a possible increase for very old
stars (> 9 Gyr) in the thick disk [Edvardsson et al., 1993, Quillen and Garnett,
2001, Anguiano et al., 2012, Anguiano, 2012]. Possible reasons for the discrepancies
could be difficulties in age dating stars15 or selection effects (dwarf stars vs. giants;
including all stars vs. excluding moving groups and thick disk stars). But also the
authors choice of model can influence their conclusions. For example, Seabroke and
Gilmore [2007] showed that, though the data of Nordström et al. [2004] is indeed
consistent with a power-law increase of σz, it also cannot reject a saturation of σz
at ages older than 4.5 Gyr.

As possible mechanisms for heating the disk, scattering by giant molecular clouds
(GMC) were the first to be proposed by Spitzer and Schwarzschild [1951], followed
by spiral structure [Barbanis and Woltjer, 1967] and massive compact halo objects
[MACHOS, e.g. black holes Lacey and Ostriker, 1985]. None of these alone were
found to be supported by the observations [see e.g. Binney and Tremaine, 2008, and
references therein]. Other proposed mechanism include minor mergers [Toth and
Ostriker, 1992], which can lead to a sudden increase of velocity dispersion, when
the satellite is relatively massive [Quinn et al., 1993], or to a smooth heating, when
many small galaxies are accreted over a long time span [Velazquez and White, 1999],
resonances from the bar [Kalnajs, 1991] and dissipating star clusters [Kroupa, 2002].
Another idea is that the increase of scaleheight and velocity dispersion is not due to
a heating of a thin disk, but that it reflects the decreasing thickness of the gas disk,
that slowly settles from a turbulent phase at high redshift to a more ordered rotation
later on [Kassin et al., 2012, Bird et al., 2013].16 Note that the two most accepted
models, namely scattering by GMC and spiral arms would lead to a saturation.
This is especially comprehensible for the vertical motion σz, since GMC and spiral
arms act on stars in the very midplane of the disk and any star with a large vertical
velocity will spend most of its orbital time far away from the plane. Thus, it would
not be affected by GMCs or spiral arms any more.

14e.g. for a sech2 it is c=2 and for an exponential c=3/2.
15For example, an age uncertainty of only 30% for the oldest stars, which is much lower than the

uncertainties in current data, can erase a sharp increase in velocity dispersion at 9 Gyr [Martig
et al., 2014a]

16We will still use the term ”heating” for the increase of scaleheight or velocity dispersion with age.
This does not reflect a preference for some of the models, but it is chosen merely for convenience.
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3. The age-resolved disk structure of nearby low mass galaxies

Our data do not have the necessary age resolution to answer the question of a
possible saturation of the heating, but we can constrain heating efficiencies. We have
fitted a power law z0 ∝ tβ to our data (see Fig. 3.5, excluding the data point of the
youngest stars) and find indices β in the range 0.09-0.32. According to Equation 3.9
this corresponds to a power law for the velocity dispersion σz ∝ tα with α = β/2.
This is significantly lower than the Milky Way value αMW > 0.3 [e.g. Hänninen and
Flynn, 2002, Nordström et al., 2004]17, but consistent with the values for low mass
galaxies found by Seth et al. [2005b]. A probable explanation for the lower disk
heating in low mass galaxy is that the two main heating mechanisms, scattering
by GMCs and by spiral structure, are less efficient, because low mass galaxy are
gravitational more stable, i.e. have less spiral structure, and a more extended, but
less dense interstellar medium, i.e. fewer GMCs [Dalcanton et al., 2004].

3.4.4. Structural evolution of stellar populations

Martig et al. [2014a,b] have analyzed seven simulations of disk galaxies repre-
senting a variety of merger histories. They have sliced each galaxy in so called
“mono-age populations”, each representing an age range of 500 Myr, and analyzed
how their structural parameters (scalelength and -height, velocity dispersion) change
as a function of age (at z=0).

In galaxies with a quiescent merger history they find a smooth decrease of scale-
length with age, and a smooth increase of scaleheight (and vertical velocity disper-
sion). Only for very old star (age> 8.5 Gyr), a jump in vertical velocity dispersion
can be seen. These very old stars are centrally more concentrated and show strong
flaring; they are more likely associated with a bulge or inner halo component. The
physical reason for the smooth evolution of scalelengths is seen in radial migration.
Stars are born in an irregular, but relatively flat profile with a break. With time
stars migrate and populate the outer disk, thus erasing the break. At the same
time the central parts contract (due to conservation of angular momentum), which
leads to a steepening of the radial profile. The vertical heating in their simulation
is caused by spiral arms, overdensities in the disk, the bar and bending waves, but
not by radial migration.

As expected, mergers have a significant effect on the evolution of scaleheight: A
merger leads to a sharp increase in the AVR by increasing the velocity dispersion/
scaleheights of all populations born before the merger. But it also has an interesting
effect on the scalelength evolution: Near the time of a merger the normal trend of
scalelengths with age is reversed. For a certain age range (usually about 2 Gyr) the
scalelength increases with age. This leads to V-shaped structures in a scalelength
vs. age plot. During this period, scaleheight and scalelength are correlated.

The increase (decrease) of scaleheight (scalelength) with age and the correspond-
ing anti-correlation in a hz–hr plot, that Martig et al. see in quiescent galaxies, is

17There is no clear consensus on the value of α for the MW, but almost all authors find values in
the range 0.3 < α < 0.6, with the exception of Anguiano [2012], who find α = 0.12 for the MW
thin disk.
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very similar to what we see in NGC 4244 and NGC 5023 (see Fig. 3.10).

The exceptional behavior of IC 5052 can also be explained in the light of the results
of Martig et al., if we assume that IC 5052 had a merger recently. This assumption
is strongly supported by the irregular radial profile of IC 5052 (see Sect. 3.3.3.1); the
overdensity of old stars, that is found with an offset from the dynamical center of the
galaxy, could be the remnant of a merging satellite. Furthermore the residual map
from the fit (Fig. B.2) reveals a stream like feature, that connects the overdensity
on the north-western side of the disk with a smaller overdensity at the south-eastern
side. Martig et al. [2014a] have also shown that a merger will lead to a strong flaring
of the pre-existing disk. That fits well the fact that the old population of IC 5052
has the strongest hints on flaring (see Table 3.3) and the highest heating efficiency
(see Fig. 3.5) of all our galaxies.

Bird et al. [2013] have analyzed a high-resolution cosmological simulation of a
Milky-Way-mass galaxy. They also dissect their simulated galaxy into different age
groups and find an increasing scaleheight and a decreasing scalelength with age.
These trends are similar to Martig et al. [2014a,b] and our observations, but in
contrast to Martig et al. [2014a,b] these trends are imprinted on the populations
during their formation and change only little during the evolution of the galaxy. In
their model the age evolution of the structural parameters is a direct consequence
of the time evolution of the properties of the gas from which the stars are formed.
While the gas at high redshift has a large vertical extent and is mainly dispersion
supported, it gets thinner and radially more extended with time; and the stars follow
this behavior.

There is another feature in the galaxy of Bird et al. [2013], that we can compare
our observations with. Their galaxy has a strong flaring in all age groups and
velocity dispersion profiles that are almost constant with radius for each age group.
This is in strong disagreement with our observations, and with integrated light [van
der Kruit and Searle, 1981a,b, 1982a,b, Shaw and Gilmore, 1990, de Grijs and van
der Kruit, 1996]18 and kinematical observations [van der Kruit and Freeman, 1984,
1986, Bottema, 1993, Martinsson et al., 2013], which all find constant scaleheights
and exponentially decreasing velocity dispersions. Note that the strong flaring of
Bird et al. [2013] is not a consequence of the evolution or interactions, but it is also
already imprinted in the gas at all times.

Stinson et al. [2013] compare a cosmological simulation of a Milky Way-like
galaxy including detailed chemical modeling with the results of Bovy et al. [2012b].
They also dissect their model galaxy into mono-abundance populations and find a
anti-correlation between scaleheight and scalelength. They show that the mono-
abundance populations are good approximations of mono-age populations (usually

18Note, that some galaxies in these papers do show a hint of an increase of scaleheight at the very
edges of the disks. See also de Grijs and Peletier [1997] for a sample of flaring galaxies.
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with 1σ age spreads of less than 1 Gyr) and that the anti-correlation is indeed caused
by an increase of scaleheight and a decrease of scalelength with age. This is therefore
in full agreement with our observations of NGC 4244 and NGC 5023. Stinson et al.
[2013] have neither looked at the radial variations of scaleheights nor at the physical
origins of these relations.

3.4.5. Thin and thick disk dichotomy?

Studies of the age evolution of galactic disks beyond the MW (or even the Local
Group), similar to the theoretical work in Sect. 3.4.4 were very difficult until re-
cently and only a few authors have tried it [e.g. Seth et al., 2005b, Tikhonov and
Galazutdinova, 2012b,a]. Thus, most observational data on disk evolution comes
form thin and thick disk decompositions19.

Thick disks are usually found to be thicker by a factor of at least zT /zt > 1.6
[Yoachim and Dalcanton, 2006], in most cases it is even zT /zt > 2.6 [Comerón et al.,
2011a, Pohlen et al., 2004, and references therein]. The scalelengths of the thick
components are, with only a few exceptions, also larger than those of the thin disk
[Pohlen et al., 2004, Yoachim and Dalcanton, 2006, Comerón et al., 2011a]. On
average, no flaring was found, neither in the thin nor the thick disk [Comerón et al.,
2011a].

So, how do would our disks fit into these samples? Are our old disks comparable
to thick disks?

Figure 3.18 shows the scaleheights compared to thin and thick disk scaleheights by
Comerón et al. [2011a] and Yoachim and Dalcanton [2006]. While all our measured
disk scaleheights are consistent with thin disk scaleheights, the scaleheights of the
faint extended components in IC 5053 and NGC 4244 are larger than typical thick
disk scaleheights.

We found old-to-young scaleheight ratios of about 3, 1.5, and 2 (for IC 5052,
NGC 4244 and NGC 5023, respectively). While for IC 5052 and NGC 5023 this
agrees well with earlier thick disk studies, it would make the disk of NGC 4244
the “thinnest” thick disk (relative to the thin disk) seen so far. Those thickness
ratios are also in good agreement with the velocity dispersion measurement within
the thin disk of the Milky Way (see Sect. 3.4.3): The velocity dispersion of stars
increases from less than 10 km/s at an age of 1 Gyr to more than 20 km/s at ages
of about 6 Gyr. According to Equation 3.9, such a doubling of velocity dispersion
would result in an increase of scaleheight by a factor of four, which is already more
than we observe. Furthermore, in two of three galaxies (namely NGC 4244 and
NGC 5023) the old and thicker component has a much shorter scalelength than the
young populations, in contrast to earlier thick disk observations in external galaxies.

Therefore, we conclude that the old disks observed here are really the old thin
disks of those galaxies. More extended components are much fainter and cannot
contain more than 1% of the stellar mass (see Sect. 3.3.3.2).

19or from color gradients, but degeneracies between age, metallicity and extinction effects make an
interpretation of these gradients ambiguous.
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Figure 3.18.: Comparison of our measured scaleheights with data from Yoachim and
Dalcanton [2006] and Comerón et al. [2011a]. The colored circles show our results
for the different populations (color code as before); squares show the faint extended
component (Sect. 3.3.3.2).

3.4.6. Breaks

In each galaxy we find the break radius to be the same for all populations. The
breaks are sharper, i.e. the ratio hr,i/hr,o is larger, for younger populations. This
is in agreement with earlier observations by de Jong et al. [2007] and Radburn-
Smith et al. [2012]. The conclusion that a constant break radius favors a dynamical
origin of the break [de Jong et al., 2007] was already questioned by Roškar et al.
[2008]. In their simulation, the break is caused by a decrease in the gas density
and the break radius is moving outward with time while gas with higher angular
momentum is accreted. Despite this change of break radius with time, at the end
of the simulation the break radius is the same for populations of all ages. This is
due to the radial migration of stars: The oldest stars, that have the most time to
migrate, move furthest outwards, shifting their break to larger radii and weakening
its strength.

A similar behavior is seen in the test particle simulations of Elmegreen and Struck
[2013]. They start with a flat radial density profile of stars with a sharp cutoff at
a given radius. This initial disk is perturbed by transient mass clumps in the disk,
which leads to a double exponential profile with decreasing break strength, until at
the end, after a couple of Gyr, the break has been erased and a single exponential
has formed. During this process the break radius is also moving outwards.20

20The authors actually state that the break radius of the double exponential profile is comparable
to the initial cutoff, but a detailed look at their Fig. 2 shows an increase of break radius with
time.
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3. The age-resolved disk structure of nearby low mass galaxies

Our findings are in contrast with Bakos et al. [2008], who argued that the break
is only a change of stellar populations, but not a change in the mass density profile.
While we also see a change in stellar populations, namely a change in the ratio of
young to old stars, that has a maximum near the break, it is also clear from the
existence of the break in all populations, that the mass profile is also broken.

3.5. Conclusions and Summary

In this paper we have mapped the stellar populations of three low mass, edge-on disk
galaxies: IC 5052, NGC 4244 and NGC 5023. Through the analysis of their CMDs
we could dissect the stellar content of the galaxies in five population of distinct
ages. We have measured the structural parameters (scaleheights, inner and outer
scalelengths, break radii, flaring) for each population and analyzed their dependence
on stellar age.

Each component of each galaxy can be well fitted with a single disk model with
constant scaleheight and a broken exponential radial profile. None of the populations
shows a need for second (e.g. thick) disk component. Along the minor axes of
IC 5052 and NGC 4244 we have detected very faint additional components in the old
population, which contain at most 1% of the main disks mass and are thus much
fainter than a typical thick disk. These extended components are probably the faint
halos of their galaxies.

We have estimated the amount of flaring in all the populations. While the younger
populations do not flare, the intermediate and old populations show a small increase
of scaleheight by about 10 pc per kpc in radius. This adds up to a relative flaring of
not more than 30% over the whole observed radial range, which reaches well beyond
the break in the radial profiles. While such a low amount of flaring is consistent with
most earlier observations, it poses severe constraints on simulations, where usually
a stronger flaring is found due to interactions and merging processes.

All galaxies have an increase of scaleheight with age, but the disk heating effi-
ciency, expressed through the index α in the power law of the form σz ∝

√
z0 ∝ tα is

lower than in the Milky Way. This can be well understood through the weaker spiral
structure (i.e. larger gravitational stability) and more diffuse interstellar medium of
low mass galaxy disks.

The break in the radial profiles appear at the same radius for all ages in each
galaxy. In two of the galaxies (NGC 4244 and NGC 5023), the break strength de-
creases with age, which supports break formation models that induce a sharp cutoff
of star formation (either through star formation thresholds or limited gas supply),
that are then softened by scattering and migration of stars over time.

In IC 5052 we detect an additional overdensity of old stars, which lies off the
center of the disk, and a stream like feature in the residuals of the fit. These are
interpreted as indication of a recent merger. The effects of this merger can be seen
in the increasing scalelength with age, the larger amount of flaring and the higher
heating efficiency in IC 5052 compared to the other two galaxies.
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4. The age-resolved disk structure of
nearby massive galaxies

4.1. Introduction

In the previous chapter we have demonstrated the capabilities of resolved stellar
populations for the analysis of galactic disks. In this chapter we will expand this
analysis to three, more massive galaxies, that have maximum rotational velocities
similar to the Milky Way. These massive galaxies are more complex than the low
mass ones. They show clear dust lanes, they have prominent bulge and halo com-
ponents, and they are more strongly affected by crowding issues due to their higher
star count densities.

This chapter is organized as follows: In section 4.2 we describe the changes and
additions in our method compared to the chapter 3, in section 4.3 we present the
results for the massive galaxies, followed by their discussion in section 4.4 and the
conclusions in section 4.5.

4.2. Data and Methods

For the analysis of the massive galaxies we use the same methods as for the low
mass galaxies in Chapter 3; data and methods are described in Section 3.2. Here we
only describe changes and additions that are specific to the analysis of the massive
galaxies.

4.2.1. Age Selection in the CMD

For the massive galaxies we define a new age group, called ”allyoung”, that was
not introduced for the low mass galaxies in Section 3.2.2 and that replaces the three
populations MS, upHeB and lowHeB. The reason for this is that most young stars in
the massive galaxies are in regions of high crowding and large dust densities, where
we cannot detect them. Therefore the number of young stars that we can detect is
often too low for a structural analysis. Especially the MS and upHeB populations do
not contain enough stars. By combining the three young populations into a single
population, we increase the number of stars and the signal-to-noise of the data.

That is why we define a larger selection box that encompasses the MS, upHeB
and lowHeB boxes. The selection box and the age distribution of stars in this box
can be seen in Fig. 4.1 and its main parameters in Table 4.1.
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4. The age-resolved disk structure of nearby massive galaxies

Figure 4.1.: left : An artificial CMD generated with a constant star formation rate
and a flat metallicity distribution function (−2.2 < [Z] < 0.2). The colored boxes
are the population boxes as described in the text. Stars are colored according to
their age (see color-bar). The errorbars denote typical photometric uncertainties
determined from artificial star tests. right : The age distribution of stars in the
three population boxes in the left figure.

Table 4.1.: Properties of the age distribution of the defined stellar populations, de-
rived from models assuming a constant SFR and a flat metallicity distribution.

allyoung AGB RGB

mean(age) [Gyr] 0.15 1.36 5.07
std(age) [Gyr] 0.39 0.94 3.96
median(age) [Gyr] 0.12 1.15 4.41
10-percentile 0.011 0.49 1.36
90-percentile 0.25 2.50 11.2

4.2.2. Creating Stellar Density Maps

We use here the same method for creating stellar density maps as in Section 3.2.3.
We create 2D-histograms of the star counts of each population, and correct them
for incompleteness and masked regions. The bin size is again (7.2′′)2 and bins with
a completeness below 50% are masked out.

Additionally we mask out regions that are heavily affected by dust. We use the
nonstellar 8µm images, which we obtained from the Spitzer data (see Section 3.2.5),
to create dust masks. While polycyclic aromatic hydrocarbonates (PAH), which
dominate the emission in Spitzer’s 8µm band, make up for only a small fraction
of the total ISM, their emission correlates well with the emission of cold dust at
longer wavelengths [Haas et al., 2002, Bendo et al., 2008, Calapa et al., 2014, Jones
et al., 2015]. Thus we can use the 8µm images to identify the regions that are most
strongly affected by dust and extinction.
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4.2. Data and Methods

We mask out regions that have a nonstellar 8µm emission of more than 1 MJy/sr2.1

The dusk masks are shown in Fig. 4.2 as black contours.

4.2.3. Fitting Methods

In contrast to the low mass galaxies, where a single disk per population gives an
acceptable fit to the data, the massive galaxies are clearly composed of more than one
component. We use a combination of a broken edge-on disk and a Sérsic component
for the description of each component. So the total model reads

n(x, z) = nbg + nD(x, z) + nS(r), (4.1)

where nbg is the surface density of contaminants and the model of the disk is given
by

nD(x, z) = n0sech2

(
z − zc
z0

)
n(x) (4.2)

with

n(x) = |x− xc |

K1

(
|x−xc|
hr,i

)
for |x− xc| < rb

K1(rb/hr,i)
K1(rb/hr,o)K1

(
|x−xc|
hr,o

)
for |x− xc| > rb.

(4.3)

The free parameter of the disk are its central coordinates xc and zc, the central
density n0, the inner and outer scalelength hr,i and hr,o, the breakradius rb and the
scaleheight z0. The Sérsic component is defined by

nS(r) = neff exp

{
−bm

[(
r

reff

)1/m

− 1

]}
(4.4)

with

r =

√
(x− xc)2 +

(z − zc)2

(1− ε)2
. (4.5)

The free parameters here are the effective radius reff, surface density at the effective
radius neff, the Sérsic index m and the ellipticity ε. Using this model, we implicitly
assume, that the central coordinates and the position angle of disk and spheroidal
component are the same. Thus, the model has in total 11 free parameters.

The restriction to only two components is a priori not obvious, and it could be
argued for more (e.g. thin and thick disk, bulge and halo), but we show in the
following sections, that these two component give already acceptable fits and there
is no need to introduce more components.

1except for NGC 891, where we raised this limit to 5 MJy/sr2, because the emission in NGC 891
is so bright, that the extended wings of the PSF of Spitzer’s channel 4 raise the flux density in
large parts of the image to values above 1 MJy/sr2.
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4. The age-resolved disk structure of nearby massive galaxies

When fitting our model to the Spitzer data, we convolve the model with the Point
Spread Function (PSF) of the respective channel of the Spitzer telescope. Since the
Spitzer PSFs are defined within a radius of 2.6′, we restrict the Spitzer fits to a
region within |z| = ±2.6′ in each galaxy. Note that with the truncated PSF we still
underestimate the amount of scattered light, because the galaxies are radially more
extended than 2.6′. This means that we cannot account for light that is scattered
from the other side of the galaxy; for this, a PSF with a diameter twice that of the
galaxy would be needed. Unfortunately, such an extended PSF is not available. For
star count data, no PSF convolution is needed.

4.3. Results

4.3.1. Two-dimensional fits

4.3.1.1. NGC 891

NGC 891 is an Sb galaxy of approximately the same mass as the Milky Way (Vrot =
212 km/s). The star count maps (Fig. 4.2) show a clear disk in each population and
an additional bulge/halo component for the RGB and AGB population. Its radial
profile (right panel of Fig. 4.3) can be divided into the following regions:

|x| < 5 kpc: Bulge dominated region

5 kpc< |x| < 13 kpc: Inner disk region; There is a disk break at ≈ 12 kpc.

13 kpc< |x| < 19 kpc: Outer disk region

19 kpc< |x|: Halo region

The two-dimensional fits are done with two components, disk plus bulge, for the
RGB and AGB populations. The residual maps do not show any large structures,
that would hint to a third component (e.g. a thick disk or a separate halo). That
means that a single Sérsic component can well fit the bulge in the central region and
the halo beyond the end of the disk (out to 30 kpc); but note that the inner bulge
is completely masked out due to crowding effects. This results in the situation that
we actually measure the bulge only outside its effective radius. For the population
of young stars we also use a two-component model consisting of an edge-on disk
and a Sérsic spheroid. The Sérsic component is very weak, and it is consistent with
being caused by the scattering of old stars into the ”allyoung” selection box due to
photometric errors. Using the model CMDs from Sec. 4.2.1 we estimate that, for
a population of stars older than 1 Gyr, the ratio of allyoung-to-RGB stars is about
0.5% and for an population older than 0.5 Gyr the ratio is 1.6%, while the measured
ratio in the Sérsic component is 0.7%. Omitting this Sérsic component in the fit
would result in a much larger scaleheight of the disk, which clearly fails to describe
the outer parts of the disk.
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4. The age-resolved disk structure of nearby massive galaxies
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Figure 4.3.: left : stellar surface density profile along the minor axis of NGC 891.
right : stellar surface density profile along major axis. Data is shown as solid
line, total model as dashed line, and the individual components of the model as
dotted lines. Sudden jumps that appear in the data and model profiles, are due
to masked pixels.

The scaleheights of the disk components increase from 320 pc for the young, over
640 pc for the AGB to 780 pc for the RGB population. The break radius is for all
populations at about 13 kpc.

4.3.1.2. NGC 4565

NGC 4565 is an Sb galaxy that has a rotational velocity of Vrot = 245 km/s, the
highest in our sample. Similarly to NGC 891 we fit all its populations with a two
component model, containing a broken edge-on disk and a Sersic component. For
the young population, the Sérsic component is again consistent with being solely
due to RGB stars scattered into the “allyoung” selection box due to crowding and
measurement errors. These fits describe well the structure of the populations, except
for the warp that is seen at the north-western end of the disk in the AGB and young
populations [Radburn-Smith et al., 2014]. This warp, which has no counterpart in
our models, is masked out prior to the modeling.

As it can be seen from the slightly curved dustlane, NGC 4565 is not perfectly
edge-on. We estimate the inclination of this galaxy from a ring like structure, that
is seen near the center in the PAH maps. Assuming that this ring is circular and
lies in the plane of the galaxy, we can infer an inclination i = 85.5◦ from the axis
ratio of this ring. This value is consistent with inclination values from the literature
[i ≈ 85◦ − 87.5◦, i.e. Neininger et al., 1996, de Looze et al., 2012].

Assuming an edge-on configuration, the measured scaleheights increase from 640 pc
for the young, to 900 pc for the AGB and to 1.2 kpc for the RGB stars; accounting
for the inclination, the scaleheights are much lower: They increase from only 270 pc
for the young stars to 500 pc for AGB , to 820 pc for RGB stars.2 The break radii

2In the following sections we will always refer to the inclined measurement, if not stated otherwise.
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Figure 4.4.: left : stellar surface density profile along the minor axis of NGC 4565.
right : stellar surface density profile along major axis
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Figure 4.5.: left : stellar surface density profile along the minor axis of NGC 7814.
right : stellar surface density profile along major axis

of all populations lie between 25 kpc and 27 kpc.

4.3.1.3. NGC 7814

In the Sa galaxy NGC 7814 the RGB population can be described by a single Sérsic
component, while the AGB and the young population show clear signs of both a
disk and a Sérsic component.

The scaleheight of the disk increases from 740 pc for the young to 950 pc for the
AGB population. Both populations break around 16 kpc.

The Sérsic component of young stars is relatively stronger than in NGC 4565 or
NGC 891, but it is probably still caused by scattered RGB and AGB stars. NGC 7814
has the shallowest photometry of all three galaxies (reaching only 0.5 mag below the
TRGB) and the photometric uncertainty of the color of stars at the magnitude of the
TRGB is about 0.3 mag. This uncertainty leads to a broad color spread of AGB and
RGB stars and can scatter stars into the ”allyoung” bin in the CMD. And indeed,
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4. The age-resolved disk structure of nearby massive galaxies

Figure 4.6.: CMDs of Field 1 and 2 in NGC 7814, with selection boxes for the three
populations. The red, green and blue line shows the 80%, 50% and 20% com-
pleteness limit, respectively. Stars marked with red circles in the CMD of field 1
(left) are ”allyoung” stars at large distances above the plane (|z| > 2.5 kpc), stars
marked with green circles in the CMD of field 2 (right) are ”allyoung” stars near
the disk plane (|z| < 1 kpc).

examining the CMD of the extra-planar (|z| > 2.5 kpc) stars in the ”allyoung” bin,
we find that they cluster at the red and faint end of the allyoung selection box (see
Fig. 4.6). In contrast the ”allyoung” stars near the disk plane in field 2 are spread
out to bluer colors and brighter magnitudes and, thus, are likely real young stars.

We can quantify the scattering of old stars into the the allyoung selection box
using our model CMD (see Sec. 4.2.1): a star formation history that dropped from
a constant value to zero 2 Gyr ago would result in a allyoung/RGB ratio of 2.8%.
If star formation stopped 1 Gyr ago, the ratio would be 5.4%. In the offdisk region
of NGC 7814 the ratio is 4.3%. This favors strongly an explanation of those stars
as scattered RGB or AGB stars and against the interpretation of a really young
spheroidal component.

The absence of a disk component in the RGB stars is also intriguing and can
constrain the maximum age of the disk. Our RGB selection box contains mainly
stars older than 2 Gyr (see Fig. 4.1) and the absence of RGB stars would indicate a
maximum age smaller than this. We try to estimate the significance of the possible
absence of the old disk by fitting the RGB map also with a combination of disk and
Sérsic components. The resulting best fit has a disk with a scaleheight z0 = 1.93 kpc
and a break at rb = 17.3 kpc. The disk surface density on the sky is below the density
of the Sérsic component everywhere, and the disk to total mass ratio is D/T = 0.22.
This is D/T ratio is low even compared to typical D/T values of S0 galaxies [e.g.
Schulz et al., 2003].

Of course, a comparison to D/T values derived from the total light distribution is
biased, because we have selected only old stars. Furthermore, due to the selection
limit in color, we also impose a bias in metallicity. In NGC 7814 the lower limit of
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Figure 4.7.: Age-Metallicity distribution of stars in the population bins for
NGC 7814, determined from the model CMDs with constant SFR and flat MDF
(see Sec. 4.2.1. Colors are as in Fig. 4.1. The thin (thick) contours show the
regions containing 95% (68%) of all stars in the selection boxes for RGB (red),
AGB (yellow) and young (light blue) stars. Note that none of our populations
contains old metalrich stars.

our selection in F606W (mF606W < 28.3) limits the observation of the RGB to colors
redder than F606W-F814W. 1.2. We have shown in Chapter 2 that such a color
corresponds to a metallicity of [M/H]≈ −0.7 for a globular-cluster-like population.
For younger populations this limit is at higher metallicities.

In Figure 4.7 we show the age and metallicity distribution of the selected stars from
our artificial CMD (generated with a constant SFR and a flat MDF, see Sec. 4.2.1).
While the young and AGB selection covers the whole range of metallicities, the RGB
selection is limited in metallicity. The maximum detectable metallicity evolves from
[M/H]≈ −0.5 for an age of 10 Gyr to [M/H]≈ −0.1 for an age of 2 Gyr. This is a
severe restriction of our observation. For comparison, the age metallicity relation of
the Milky Way’s thin disk evolves from [Fe/H]≈ −0.4 at an age of 10 Gyr to about
solar metallicity at an age of 3 Gyr [e.g. Bergemann et al., 2014, Anguiano, 2012,
Marsakov et al., 2011, Rocha-Pinto et al., 2000]. That means that the main part of
a MW-like disk would not have been observed in our observational setting, which
could be an explanation for the relative weakness of the observed RGB disk.

4.3.2. Scaleheights along the disk

We also examine the scaleheights as a function of the position along the galaxy
disk. For the massive galaxies measuring the scaleheights is more complex than for
the single component low mass galaxies of chapter 3. The bright Sérsic component
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Figure 4.8.: Vertical density profiles of the three populations at different radii in
NGC 891. Solid lines are the data, dotted lines are the background, i.e. con-
tamination plus Sersic component, the dashed line the best model, consisting of
background and sech2 fits. The boundaries of the regions, where the profiles are
extracted from, are shown in Fig. 4.2 as vertical gray lines.
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Figure 4.9.: Vertical density profiles of the three populations at different radii in
NGC 4565. Line styles as in Fig. 4.8.
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Figure 4.10.: Vertical density profiles of the three populations at different radii in
NGC 7814. Line styles as in Fig. 4.8.
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Figure 4.11.: Disk scaleheights at different radial positions along the disk of
NGC 891. Near the center of the galaxy, where the bulge dominates and the
masked out region is large, the scaleheight measurements are unreliable, as can
be seen in the large errorbars. Values with formal errors above 60% are omitted
from the plot.

affects the vertical profiles at all radii. To eliminate the influence of this bulge/halo
component on our measurements, we use the Sersic component from the 2D fits as
a background in our model.3 The remaining light is then fitted with a single sech2

profile.

Figures 4.8–4.10 show the vertical star count profiles, together with the adopted
background and the best fit model. The resulting scaleheights can be seen in
Figs. 4.11–4.13. Near the center of the galaxies, where the Sersic component dom-
inates and large parts near the midplane are masked out due to crowding and/or
dust, a robust measurement of the scaleheights is often impossible.

In NGC 891 we obtain reliable scaleheights for RGB and AGB stars in the galac-
tocentric distance range of ≈ 10-17 kpc4, which covers also the break radius. In
this limited range the scaleheights do not change significantly, but some increase
beyond the break radius is possible. The scaleheight of the young stars can only be
measured near the break radius, because most of the young thin disk is covered by
the dust mask.

In NGC 4565 only scaleheights beyond 10 kpc are reliable, inner regions are dom-

3We do not simply subtract the bulge/halo, because we have to keep the total number counts
of stars as fit variable, in order to use the Poisson statistic for the fitting process. Would we
have subtracted the Sérsic component, the remaining error distribution would have become too
complex.

4The large scaleheight measured at x ≈ −7 kpc is probably still strongly influenced by the Sérsic
component, the peanut bulge, and the dust mask.
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Figure 4.12.: Disk scaleheights at different radial positions along the disk of
NGC 4565. Near the center of the galaxy, where the bulge dominates and the
masked out region is large, the scaleheight measurements are unreliable, as can
be seen in the large errorbars. Values with formal errors above 60% are omitted
from the plot.

inated by a boxy bulge. At the north-western end of the disk, the two measure-
ments inside the break radius give constant scaleheights, but beyond the break the
scaleheights increase. The increase is seen both in the two strongly warped popu-
lations (young and AGB) and in the only slightly warped RGB population. At the
south-eastern side, there is an increase of scaleheight in both the AGB and RGB
population.

In NGC 7814 only the scaleheights of the young stars could be measured at dif-
ferent radii. The RGB and AGB disks are too weak. The scaleheight of young stars
appears to be constant in the observed range of radii, but the uncertainties of these
scaleheights are large.

4.3.3. Dependance of disk structure on age

In this section we will study the change of the structural parameters with age of the
population.

All three galaxies show a clear increase of scaleheight with age (see Fig. 4.14),
but the relative amount of the increase varies strongly. The increase from young
to AGB populations are about 90%, 85% and 60% in NGC 891, NGC 4565 and
NGC 6714, respectively. The increase for older populations also varies. In NGC 891
the scaleheight increase from AGB to RGB populations is only 20%, in NGC 4565
about 65%. In NGC 7814 the scaleheight increase from the AGB to the dubious
RGB disk is about 60%.
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Figure 4.13.: Disk scaleheights at different radial positions along the disk of
NGC 7814. The possible disk of the RGB component of NGC 7814 could not be
measured due to its low density. Near the center of the galaxy, where the bulge
dominates and the masked out region is large, the scaleheight measurements are
often unreliable, as can be seen in the large errorbars. Values with formal errors
above 60% are omitted from the plot.

We have quantified these disk thickenings by fitting a power law z0 ∝ tβ to our
data, Here t denotes the median age of each population (see Table 4.1). The resulting
power law indices are 0.22, 0.32 and 0.21 for NGC 891, NGC 4565 and NGC 7818,
respectively. Including the faint old disk in NGC 7814 results in β = 0.29 for this
galaxy.

From the 2D fits we also obtain values for scalelengths of the different populations;
but as we have already seen in the previous section, the area masked out due to dust
is so large, that only a small radial range of the disk between the break radius and
the dust mask can be observed. This range is too small for a reliable determination
of the scalelengths and the uncertainties are huge. Thus we do not report the
scalelengths here.

In all three galaxies the break radius is nearly independent of age: in NGC 891 it
is about 21 kpc, in NGC 4565 it is about 25 kpc and in NGC 7814 it is about 16 kpc.

4.4. Discussion

4.4.1. The effects of dust

In order to reduce the influence of dust, we have created maps of PAH emission (from
Spitzers channel 4 at 8µm) and used them as masks for the star count data. Thus,
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old disk for NGC 7814.

0.01 0.1 1. 10.
age [Gyr]

0

5

10

15

20

25

b
re

a
kr

a
d
iu

s 
r B

 [
kp

c]

ngc0891
ngc4565
ngc7814

Figure 4.15.: Break radii as function of age.

the regions of highest dust extinction are excluded from the fit. We collect here
information from the literature to independently check for the spatial distribution
of dust and its possible effects on the star count profiles.
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Table 4.2.: Scaleheights of the disks in all three galaxies.

population NGC 891 NGC 4565 NGC 4565 NGC 7814
(i = 90◦) (i = 85.5◦)

RGB 0.788+0.037
−0.035 1.194+0.035

−0.052 0.816+0.055
−0.059 1.936+0.147

−0.194

AGB 0.658+0.028
−0.030 0.897+0.037

−0.037 0.500+0.059
−0.108 1.202+0.274

−0.23

young 0.336+0.034
−0.027 0.641+0.040

−0.037 0.271+0.040
−0.037 0.734+0.047

−0.143

[3.6µm] 0.633+0.002
−0.003 0.910+0.002

−0.003 0.174+0.014
−0.059 0.513+0.017

−0.003

PAH 0.309+0.001
−0.003 0.438+0.001

−0.001 0.163+0.001
−0.076 0.282+0.012

−0.072

Notes. All values in kpc.

NGC 891: Bianchi and Xilouris [2011] have analyzed the dust content of NGC 891
using sub-mm observation with the Herschel Space Observatory. They report radial
scalelengths between 4.4 kpc and 5.0 kpc, but could not resolve the vertical struc-
ture, because the disk is thinner than the beamwidth (FWHM= 18.′′1); for their
modeling they adopted a dust scaleheight of 0.2 kpc. Schechtman-Rook et al. [2012]
determined structural parameters of the dust disk from an extinction modeling of
optical HST data and find a scaleheight of z0 = 0.46 kpc.

Seon et al. [2014] measured the dust structure from scattered UV-light. They
need a two disk model to describe the UV light and find dust scaleheights of zthin0 ≈
0.43 kpc and zthick0 ≈ 3.1 kpc.

NGC 4565: de Looze et al. [2012] have modeled the dust distribution in NGC 4565
using observations at multiple wavelengths and fitting the spectral energy distribu-
tion (SED). They find a dust disk with a scaleheight of z0,dust = 0.29 kpc plus a inner
dust ring with a thickness of z0 = 0.48 kpc. Neininger et al. [1996] determined dust
distribution with a vertical HWHM=0.43 kpc from mm observations5, Rice et al.
[1996] found z0,dust = 0.57 kpc from an extinction analysis in the near infrared.

These scaleheights are all similar or smaller than the PAH scaleheight measured
by us (z0,PAH = 0.53 kpc); this affirms the idea that we can use the PAH images to
mask out regions significantly affected by dust.

NGC 7814: The only measurement of dust thickness in NGC 7814 was done by
Peletier and Knapen [1992], who determined the region of extinction from optical
and NIR images. They measure for the vertical dust distribution a FWHM of 4′′

(≈ 0.23 kpc), which is a little thinner than our PAH thickness (FWHM=5.5′′).

5For a sech2 distribution the half-width at half maximum (HWHM) relates to the scaleheight as
HWHM= 0.88z0. Thus, the equivalent scaleheight of Neininger et al. is z0 = 0.49 kpc.
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4. The age-resolved disk structure of nearby massive galaxies

4.4.2. Comparison to literature values

There is a rich literature on structural measurement for the galaxies of our sample.
We cannot give a full listing of all previous measurements, but we report some of
them here for the comparison with our scaleheights of the resolved population. All
literature measurements mentioned here are summarized in Table 4.3.

NGC 4565 and NGC 7814 are in the sample of the Spitzer Survey for Stellar Struc-
ture in Galaxies (S4G) [Sheth et al., 2010]. For all their galaxies, the S4G team
provides structural parameters from simple 2D decompositions [Hinz et al., 2013].
A more detailed analysis of a subsample of some edge-on galaxies in the S4G survey
is presented by Comerón et al. [2011a], who performed a thin / thick disk decompo-
sition.

All three galaxies were analyzed in a series of papers by van der Kruit and Searle
[1981a,b, 1982b]. They model the disk with an sech2 profile. After subtraction of
the main disk, they find a thick disk like excess of light in NGC 891 and NGC 4565,
which they attribute to a flattened halo that reacts to the gravitational field of the
disk.

A decomposition in thin and thick disk, and halo for NGC 4565 can also be found
in Wu et al. [2002], who also list a number of further older measurements, which are
generally in good agreement with their results.

Morrison et al. [1997] give a thin/thick disk decomposition of NGC 891. They also
describe the large degeneracies of the disk parameters when 1D vertical profiles are
used for the fits. Hence they report only wide ranges of scaleheights, that give good
fits to the data.

4.4.3. Age scaleheight relation

We can use the scaleheight measurements to study the heating of the galaxy disks.6

As it is shown in Figure 4.14, we have modeled the increase of scaleheights with age
as a power law z0 ∝ tβ with values of β = 0.22, β = 0.32 and β = 0.21 (β = 0.29) for
NGC 891, NGC 4565 and NGC 7814, respectively (where the values in parentheses
refer to the value obtained when including the faint old disk). Transforming these
values to the corresponding power law index for an increase of the vertical velocity
dispersion σz ∝ tα gives α = 0.11, 0.16, 0.11 (0.15) for the three galaxies.

This puts the heating timescales of all three massive galaxies in the same regime
as the low mass galaxies (see Section 3.4.3) and well below the canonical value of
the Milky Way of αMW ≈ 0.3 [e.g. Hänninen and Flynn, 2002]. We should note
here, that the heating index α for the MW is not well constraint. Hänninen and
Flynn [2002] have collected data from literature and found values between α = 0.26
and α = 0.61. More recent determinations by Nordström et al. [2004, α = 0.47] and
Koval’ et al. [2009, α = 0.27] fall also in this wide range. Other authors discard the

6It is possible that the increase of scaleheight (or equivalently increase of velocity dispersion) with
age is caused by the decreasing thickness of gas with time (sometimes called ”settling”). For
the sake of simplicity, we will only write ”heating”, whenever we mean ”heating or settling”.
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Table 4.3.: A (not complete) collection of scaleheight measurements from the
literature.

NGC 891 NGC 4565 NGC 7814 Ref.

counts z0 - / 2.88 0

NIR z0 0.77 0.50 1
0.34 / 1.58 2

1.2 3

optical z0 0.95 0.94 1.9 4
1.17 / 2.55 5

0.8–1.3 / 3.0–5.0 6
0.90 7

dust z0 0.46 0.28 0.3 7, 8, 3
0.43 / 3.1 0.49 9, 10

Notes. All values in kpc. All scaleheights are scaled to our assumed distances. If two values
are given (divided by a ”/”), they refer to a thin / thick disk decomposition.

References. (0) Ibata et al. [2009]; (1) Hinz et al. [2013]; (2) Comerón et al. [2011a];
(3) Peletier and Knapen [1992]; (4) van der Kruit and Searle [1981a,b, 1982b]; (5) Wu et al.
[2002]; (6) Morrison et al. [1997]; (7) Schechtman-Rook et al. [2012]; (8) de Looze et al.
[2012]; (9) Seon et al. [2014], (10) Neininger et al. [1996].

idea of a continuous heating, and find a saturation in velocity dispersion for stars
older than a few Gyr [e.g. Carlberg et al., 1985, Edvardsson et al., 1993, Quillen and
Garnett, 2001, Soubiran et al., 2008, Anguiano, 2012]. These authors usually do not
determine heating indices, except for Anguiano [2012], who reports that his flattened
age-velocity-relation could also be described with a power law with α = 0.12.

Figure 4.16 illustrates the difficulties in reaching a consensus on the AVR of the
MW. We show there the data from Nordström et al. [2004] and from Soubiran et al.
[2008], which differ enormously, together with power law fits. For the Soubiran et al.
data, we show two fits, using either all data or only data of young and intermediate
age stars (< 5 Gyr). The fit for the full age range results in α = 0.12, but the fit
does not describe the data very well. The power law for the younger stars (before
saturation sets in) fits the data well and results in α = 0.17.

Even taking into account all the difficulties in the determination of the disk heating
in the MW, we have to notice that the heating in the three external galaxies (α .
0.16) is at the very lower end of the range of MW values (αMW & 0.12).

To better understand the discrepancy between the MW and the three galaxies,
we may also compare the scaleheights directly. The thickness of the Milky Way’s
thin disk is usually found to range between exponential scaleheights of hz ≈ 0.1 kpc
for the young to hz ≈ 0.3 kpc for old stars [e.g. Oort, 1932, Bok and Macrae, 1941,
Schmidt, 1963, Bahcall and Soneira, 1980, Gilmore and Reid, 1983, Larsen and
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Figure 4.16.: Comparison of the AVR of Soubiran et al. [2008] and Nordström et al.
[2004]. We also plot here our own power law fits to their data. For the data of
Soubiran et al. we show two fits; one using the full range of ages, and one using
only data up to 5 Gyr, where the saturation sets in.

Humphreys, 2003]. Transformed in the system of sech2 scaleheights, this gives values
between z0 ≈ 0.2 kpc and z0 ≈ 0.6 kpc. The MW’s thick disk scaleheight is usually
given in the range hz ∈ [0.75, 1.35] kpc [e.g. Gilmore and Reid, 1983, Larsen and
Humphreys, 2003, Jurić et al., 2008, de Jong et al., 2010], which correspond to
z0 ∈ [1.5, 2.7] kpc. Thus, the young disks of NGC 891 and NGC 4565 are slightly,
and that of NGC 7814 is significantly thicker than the Milky Way’s young thin disk
and all three old disks are also thicker than the MW’s old thin disk, but much
thinner than the MW’s thick disk.

These thicker stellar disks could be a consequence of the differences of ISM struc-
ture between the MW and our three external galaxies. The dust disk of the Milky
Way has a typical scale height of z0 . 0.2 kpc [e.g. Misiriotis et al., 2006, Drimmel
and Spergel, 2001], with some possible flaring to z0 = 0.37 kpc at R = 15 kpc [Drim-
mel and Spergel, 2001]. Similarly, the thickness of the distribution of molecular gas
is very small in the MW: Misiriotis et al. [2006] find a value of z0 = 0.16 kpc for H2,
Binney and Merrifield [1998] report HWHM thickness for CO of about 0.05 kpc (in-
side the solar circle), which flares to about 0.4 kpc in the outer disk. All these values
show that the MW’s cool ISM disk is thinner than both the PAH (see Table 4.2)
and the dust (Sec. 4.4.1) distributions of the three external galaxies.

So we conclude here that the small heating efficiencies observed in the three
galaxies of our sample might be connected to the large thickness of their origi-
nal disks, which is caused by a thicker ISM distribution. In principle the finding
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of a larger thickness of all galaxy components (stars and ISM) could be influenced
by observational effects like a deviation from a perfect edge-on view of these galax-
ies. In NGC 4565 we have already accounted for the inclination, and NGC 891 and
NGC 7814 have perfectly straight dust lanes, which make a smaller inclination un-
likely.

4.4.4. Occurrence of thick disks

In Sec. 4.3 we report that we do not find thick disks in any of the three galaxies. This
is surprising, because thick disks are now thought to be ubiquitous [Dalcanton and
Bernstein, 2002] and are found in practically every galaxy, where they are looked
for [e.g., Yoachim and Dalcanton, 2006, Comerón et al., 2011a]. Before we discuss
the consequences of our findings, we will first check, whether our observations are
actually consistent with having a thick disk.

For this purpose we have fitted the RGB density maps of NGC 891 and NGC 4565
(in NGC 7814 the possible RGB disk is too faint for including yet another disk,
see Sec. 4.3.1.3) with a three component model containing a thin disk, a thick disk
and a Sérsic component. The results of this can be see in Figs. C.1 to C.4 (for
NGC 891) and Figs. C.7 to C.10 (for NGC 4565) in the appendix. Formally, the
three component fits are much better7, but from the residual map and the profile
comparison their advantage over the two component fits is not obvious.

In NGC 891 the scaleheights from the two-disks fit are z0,thin = 0.60 kpc and
z0,thick = 1.80 kpc, which would make the RGB thin disk scaleheight smaller than
the AGB scaleheight. Such an decrease of scaleheight with age is also in contrast
with earlier observations and simulations, and would complicate the interpretation
of the low heating rates (see previous section) even more.

In NGC 4565 the two scaleheights are z0,thin = 1.16 kpc and z0,thick = 8.3 kpc8.
Here the thin disk scaleheight is almost the same as in the single disk fit and the
thick disk essentially fits, what was the extended Sérsic component in the single disk
fit. This improves the fit mainly in the region beyond the break radius, where the
disk is warped.

In Figure 4.17 we compare the scaleheight measurements with thin–thick disk de-
compositions of Yoachim and Dalcanton [2006] and Comerón et al. [2011a], together
with the scaleheights of the low mass disks from Chapter 3. We see here that the
main disk scaleheights of the different population all fall in the regime of typical
thin disk scaleheights, similar to what we found for the low-mass galaxies. Only the
dubious, but possible, measurement of a second disk scaleheight of NGC 891, and
the very faint RGB disk of NGC 7814 could be interpreted as typical thick disks.
But as mentioned before, this second disk does not improve the agreement of the

7The relative goodness of the fits with a different number of free parameters can be evaluated e.g.
through the Bayesian information criterion (BIC). The BIC for the three component fits is lower
by 500 in NGC 891, and by 600 in NGC 4565. In statistics, a decrease of the BIC by 10 already
indicates a superior model.

8For the comparison in this section, we have used the edge-on configuration in the fit.
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Figure 4.17.: Comparison of our measured scaleheights, now including the massive
galaxies, with data from Yoachim and Dalcanton [2006] and Comerón et al.
[2011a]. The colored circles show our results for the different populations; squares
show the faint extended component for the low mass galaxies (Sect. 3.3.3.2) and
possible, but not necessary measurements of additional disks for the massive
galaxies.

model with the data.

In summary, we have presented here, including the results from chapter 3, the
vertical star count profiles of six galaxies, of which all can be described without a
separate thick disk. Even though we cannot rule out the presence of thick disks in
the massive galaxies, our lack of their detection is astonishing, because lately thick
disks were found to be ubiquitous [e.g. Dalcanton and Bernstein, 2002, Comerón
et al., 2011a].

Why do other authors find thick disks, while we do not, notwithstanding that star
count profiles allow us to reach fainter levels, where thick disks should dominate?
Possible sources of errors, that could lead to a spurious detection or an overesti-
mation of a thick disk, include: a) problems with flat fielding and sky subtraction;
b) unaccounted effects of extended point spread functions (PSF); or c) insufficient
halo/bulge modeling.

The importance of good sky subtraction: Thick disks are intrinsically faint
objects. Their surface brightness usually lies below that of the sky, which makes
a careful analysis and subtraction of the sky crucial for the detection and charac-
terization of thick disk. A slightly underestimated or variable sky brightness can
lead to misinterpretations of the data. Data from the Spitzer Space Telescope is
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Figure 4.18.: Artifacts in an Spitzer IRAC (channel 1) image of NGC 5023. Regions
of increased sky surface brightness are highlighted with green circles. The effect
of the bright region near the center of NGC 5023 can also be seen in the vertical
profile in Fig. 3.16: The bump at z=-2 kpc with m3.6 ≈ 24.5 mag/arcsec2 is caused
by this artifact.

especially known to have problems with spatially varying sky brightness and image
artifact as persistent images, scattered light or optical ghosts [see the Spitzer IRAC
manual for details: Spitzer IRAC Instrument and Instrument Support Teams, 2013].
An example of such artifacts is shown in Fig. 4.18.

The effect of extended PSFs: Even more crucial for the characterization of
faint galaxy components is the correct modeling of the PSF. As de Jong [2008]
pointed out, extended tails of the PSF can account for most of the light that is
observed in a faint galactic halo. More recently, Sandin [2014, 2015] showed that
the treatment of extended PSFs is also crucial for observations of thick disks and
”anti-truncated” radial profiles in edge-on galaxies. The important fact, that has
often been underestimated, is that at any given point the extended PSF light from
the whole disk is integrated. That means that for a vertical surface brightness profile
at some distance from the center of the galaxy, one has to take into account also the
light from the galaxy’s center (and actually the whole disk), which gets scattered
into the relevant radial bin.

We illustrate this effect in Fig. 4.19, where we show a vertical profile through a
model galaxy image, which resembles NGC 4565 in size, brightness, and morphology.
This model profile was taken at a distance of 8.5 kpc from the galaxy’s center, where
the bulge has an only small (but still significant) effect. The comparison between
the model convolved with the PSF and the unconvolved model reveals a clear excess
of light in the model with the PSF, which could be misclassified as a thick disk.
This excess is significant, though the inner part of the PSF drops by more than
10 magnitudes within a few arcseconds.

Looking at the two papers with the largest samples of thick disk measurements,
namely Comerón et al. [2011a] and Yoachim and Dalcanton [2006], we have to realize
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Figure 4.19.: Vertical surface brightness profile for a galaxy model resembling
NGC 4565. The model consist of an sech2 disk (red dashed line) and a Sérsic
bulge (cyan dashed line). The green solid line shows the total model before con-
volving with the PSF of Spitzer’s channel 1, the blue line the convolved model.
The profile is extracted at a distance of 8.5 kpc from the center of the galaxy.
Note: Spitzer’s PSF is truncated at r = 160′′, which scales to about 9.2 kpc here;
this means that we still underestimate the effect of scattered light in this example
(and it causes the steepening of the profile for |z| > 9 kpc).

that neither of them has included the (extended) PSF in their models. Comerón
et al. [2011a] only convolve their vertical profiles with a Gaussian with a width of
2.2′′, which is the FWHM of Spitzer’s PSF; Yoachim and Dalcanton [2006] consider
the PSF of no importance, because a convolution with a Gaussian PSF template
does not change their results. Dalcanton and Bernstein [2002], who found thick
disks through vertical color gradients (in the same data as Yoachim and Dalcanton
[2006]), also consider PSF effects unimportant, because their PSF decreases faster
than the light in their vertical profiles. This is exactly the kind of assumption that
was proven wrong by Sandin [2015].

The effect of additional (spheroidal) components: While the integrated light
data of thick disk discoveries might be hampered by PSF effects, star count data
is not. Using ACS on HST, Ibata et al. [2009] find a thick disk in star count data
of NGC 891 and measure its exponential scaleheight to be hz = 1.4 kpc. Actually,
they even use the same field that is also part of our data. How could it happen,
that they measure a thick disk, while we do not detect it? The main difference
between their analysis and ours is the way we model thin disk and spheroid. Ibata
et al. measure the scaleheight by fitting an exponential function to some part of
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their 1D vertical profile. For this measurement, they mask out the inner regions
of the disk (mainly because of incompleteness and crowding) and ignore the halo9.
With the same method, we can also find a region in our vertical profile of NGC 891
that can be approximated with an exponential of scaleheight similar to a thick
disk; but the more advanced 2D analysis shows, that this apparent thick disk slope
can also be reproduced by the transition between the steeper slope of the thin
disk and the shallower slope of the Sérsic, when these two components are added
together. This renders a separate thick disk unnecessary and shows the importance
of a (preferentially two dimensional) multi-component fit.

Note that also Comerón et al. [2011a] and Yoachim and Dalcanton [2006] have
not included a bulge or halo component in their fits. In their case of using a sample
of low-mass and almost bulge-less galaxies that might be justified. In principle, one
has to carefully check, whether such an assumption is justified, because the outer
regions of a Sérsic component can also mimic an additional disk component in one
dimensional vertical profiles (see Fig. 4.19).

While we have here described some of the problems that most thick disk studies
in external galaxies might have encountered, it is still possible that all galaxies have
thick disks. Our finding that our star count maps can be well described without
thick disks only means, that they are fainter than expected. Between the massive
thin disks and the extended bulge/halo component there is just no region, where a
thick disk would clearly dominate the star count numbers. This makes the detection
of thick disks ambiguous and any small density variation could mimic a thick disk.

4.5. Conclusions and Summary

In this chapter we have analyzed the star count maps of three massive edge-on
galaxies. We have determined the structures of their different stellar populations
and measured their scaleheights as a function of stellar age.

For all three galaxies we find very low heating rates, which resemble more the
heating of low-mass galaxies, and are lower than the heating rate of the Milky Way.
Especially their young disks are much thicker than the Milky Way young disk, which
can be explained as a consequence of their different structure of the ISM.

In none of the galaxies we can detect a clear separate thick disk in their old
population. While the early type galaxy NGC 7814 does only have a very subtle old
disk at all, the old populations of the other two galaxies, NGC 891 and NGC 4565,
can be well described with a single disk plus Sérsic model. This finding, together with
the single disk nature of the low mass galaxies from chapter 3, is in contrast to the
ubiquitous finding of thick disks in external galaxies by integrated light studies. At
the same time, these thick disk observations are also questioned by Sandin [2015],

9In their paper they actually do also analyze the halo, but for this measurement of the thick disk
scaleheight, they simple cut the fit region at a height |z| = 5 to avoid the halo.
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who found that the observed low surface brightness components could mainly be
explained by scattered light.

Thus, thick disks might be either less ubiquitous or at least less massive than
it was thought the last years, and their detection is more difficult and subtle than
anticipated.
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5.1. Summary

In this thesis we have presented the analysis of resolved stellar populations for the
study of galaxy formation and evolution.

In chapter 2 we presented a new calibration of the color metallicity relation of
RGB stars in the Hubble filter system. This allows a metallicity determination of
old populations that does not rely on stellar evolution models, and that directly
compares to the globular cluster metallicity scale, without the need of filter trans-
formations, that usually introduce additional uncertainties.

In chapters 3 and 4 we have analyzed the structure of stellar populations as a
function of their age in six edge-on disk galaxies. Our two main results in these
chapters are:

1.) All galaxies have a slow increase of scaleheight with age. When expressed as
a power law z0 ∝ tα, the power law index α of all galaxies is lower than that of the
Milky Way. For the low mass galaxies, a lower heating rate can be explained by
their more diffuse interstellar medium and the higher stability of their disk, which
leads to fewer and weaker scattering entities (e.g. GMC or spiral arms). For the
massive galaxies such a slow vertical heating of the stars (or equivalent slow settling
of the gas) is more difficult to explain. But we notice that already the scaleheights
of their young populations and of their dust are larger than those in the Milky Way.

2.) None of the galaxies shows a clear signature of a separate thick disk. In
the low mass galaxies the vertical star count profiles of old stars can be described
with a single disk over a range of more than three orders of magnitudes in star
count density, which is equivalent to about eight magnitudes in surface brightness.
At even lower densities, a faint halo with a mass below 1% of the disk’s mass is
detected in two of the low mass galaxies. In the massive galaxies, the star count
density of each population can be modeled with a disk plus Sérsic model. The Sérsic
component contributes significantly to the vertical profiles even at large distances
from the galactic center, and could hide a fainter thick disk. Thus, we cannot exclude
the presence of thick disks in the massive galaxies.

5.2. Outlook

Our findings of low heating rates and weak thick disks are interesting and surprising,
and it would be helpful to verify these results either through a study of a larger
sample of galaxies, a deeper analysis of these galaxies, or some other methods.

83



5. Concluding Remarks

Studies of resolved stellar population in galaxy disk beyond the local group can
only be done with HST at the moment. No other telescope has the spatial resolution
to resolve individual stars in the crowded regions of galaxy disks at these distances.
And even HST comes to its limits in the current study; large parts of the inner disk
and the bulge could not be resolved due to a high crowding. Furthermore, observa-
tions of galaxies with distances larger than 10 Mpc are very expensive: NGC 4565
and NGC 7814 needed 6 and 7 orbits per pointing, respectively, to get the relatively
shallow CMDs used in this study. This means, that extending the survey to other
galaxies in that distance or beyond is practically unfeasible. On the other hand,
all massive edge-on galaxies within that distance range have been observed already.
Table 5.1 list all spiral galaxies with D < 10 Mpc and inclination i > 70◦ from
the HyperLEDA database, together with our assessment of their edge-on status1

and a note on available HST data. It is evident that all massive (Vrot > 150 km/s)
edge-on galaxies have been included in this study, and we could only extend this
work to a small sample of intermediate mass galaxies (namely NGC 4437, NGC 4631,
NGC 7090) or to low mass galaxies.

Future Observatories: The next big step for the study of extragalactic resolved
stellar populations will be the launch of the James Webb Space Telescope (JWST),
which is planned for fall 2018. JWST is a near infrared telescope with an aperture
of about six meter. Its Near Infrared Camera (NIRCam) will be able to observe
in wavelengths of 0.6µm to 5µm. At 2µm, its spatial resolution will be similar to
HST in the optical, for smaller wavelength the PSF will be even narrower, but highly
undersampled. Its much larger mirror will enable it to map nearby galaxies much
faster than HST and to resolve RGB stars to a much larger distance (up to 40 Mpc),
which includes e.g. the Virgo cluster and enlarges the number of resolvable galaxies.
Furthermore, its wavelength range in the near infrared will decrease the effects of
dust extinction. This will make it the ideal tool for the study of resolved stars
in galaxies [for more details see Brown et al., 2008, or the JWST webpages http:

//www.stsci.edu/jwst/]. A comparison of relevant parameters of both telescopes
is given in Table 5.2.

With the improvement of adaptive optics (AO) systems and larger telescopes,
the spatial resolution of ground based telescopes will also increase, which will make
studies of resolved stars possible from the ground. Deep et al. [2011] and Greggio
et al. [2012] studied the expected possibilities of the Multi-AO Imaging Camera
for Deep Observations (MICADO) at the European Extremely Large Telescope (E-
ELT) for the study of resolved populations. They find that E-ELT/MICADO is
well suited for resolving stars in very crowded regions (e.g. elliptical galaxies in
the Virgo cluster). For very crowded regions (µV < 22 mag/arcsec2) the E-ELT
will be superior to JWST, because its large aperture will lead to a narrower PSF,
when the telescope is used at the diffraction limit. On the hand JWST will be

1The inclination parameter of HyperLeda is not very reliable. In many galaxies with i = 90◦ we
can actually see clear signs of a lower inclination, e.g. spiral arms or a curved dust lane.
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Table 5.1.: Overview of nearby (D < 10 Mpc) possibly edge-on disk galaxies (plus
the two galaxies from this study with D > 10 Mpc and NGC 4244).

name type incl (m−M)0 Vrot HST data comment

NGC 4565 Sb 90.0 30.41 244.29 GHOSTS this work
NGC 7814 Sab 70.6 30.80 230.27 GHOSTS this work
NGC 0891 Sb 90.0 29.96 212.09 GHOSTS this work
NGC 2683 Sb 82.8 29.88 202.57 TRGB not edge-on
NGC 0253 SABc 90.0 27.84 189.80 GHOSTS not edge-on
NGC 4945 SBc 90.0 27.70 166.96 GHOSTS not edge-on
NGC 4437 Sc 90.0 29.69 139.57 TRGB
NGC 4631 SBcd 90.0 29.33 138.37 GHOSTS interacting
NGC 7640 Sc 85.7 29.97 107.91 TRGB not edge-on
NGC 7090 Sc 90.0 28.99 101.96 TRGB

NGC 4244 Sc 65.4 28.20 97.83 GHOSTS this work
ESO 373-008 Sc 78.6 29.93 96.52 -
NGC 4312 Sab 90.0 29.84 94.63 -
NGC 4490 SBcd 79.0 29.82 89.75 - interacting
NGC 0247 SABc 76.4 27.85 84.53 GHOSTS not edge-on
NGC 5023 Sc 90.0 29.09 80.29 GHOSTS this work
IC 5052 SBcd 90.0 28.90 80.16 GHOSTS this work
NGC 7462 SBbc 90.0 29.95 79.69 -
ESO 274-001 Scd 90.0 27.23 73.99 TRGB

Notes. Morphological type, inclination, distance modulus, and rotational velocity are taken
from HyperLeda. Since the inclination parameter provided by HyperLeda is rather uncer-
tain, we set a low limit (i > 70◦) in the preselection for this table. Galaxies, that show up as
less inclined in an optical inspection, are marked in the comment column. The column ”HST
data” gives information about available HST data, that could be used for a resolved stellar
population study; the entry ”TRGB” means that there is (at least) one field that resolves
the tip of the red giant branch, ”GHOSTS” galaxies have multiple fields that usually reach
2 mag below the tip.

superior in mapping less crowded regions, due to its larger field of view and lower
sky background. So E-ELT and JWST will be highly complimentary, with JWST
having the advantage of being on sky about six years earlier than the E-ELT.
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Table 5.2.: Comparison of spatial resolution and Field-of-View (FOV) of different
observatories

HST/ACS JWST/NIRCAM E-ELT/MICADO

pixel scale [′′] 0.05 0.034 0.003
R0.5 [′′] 0.07 0.05 0.013
R0.9 [′′] 0.4 0.4 0.29

FOV [′′] 202x202 130x130 53x53
aperture [m] 2.4 6 39

Notes. R0.5 and R0.9 are the radii that include 50% and 90% of the total energy of the
PSF.
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B. W. Holwerda, S. Bianchi, T. Böker, D. Radburn-Smith, R. S. de Jong, M. Baes, P. C. van
der Kruit, M. Xilouris, K. D. Gordon, and J. J. Dalcanton. Herschel/SPIRE observations
of the dusty disk of NGC 4244. A&A, 541:L5, May 2012. doi: 10.1051/0004-6361/
201118615.

F. Hoyle and M. Schwarzschild. On the Evolution of Type II Stars. ApJS, 2:1–+, June 1955.
doi: 10.1086/190015.

93



Bibliography

R. Ibata, M. Mouhcine, and M. Rejkuba. An HST/ACS investigation of the spatial and
chemical structure and sub-structure of NGC 891, a Milky Way analogue. MNRAS, 395:
126–143, May 2009. doi: 10.1111/j.1365-2966.2009.14536.x.

A. G. Jones, G. J. Bendo, M. Baes, M. Boquien, A. Boselli, I. De Looze, J. Fritz, F. Gal-
liano, T. M. Hughes, V. Lebouteiller, N. Lu, S. C. Madden, A. Rémy-Ruyer, M. W. L.
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I. Pérez. Truncation of stellar disks in galaxies at z ≈ 1. A&A, 427:L17–L20, December
2004. doi: 10.1051/0004-6361:200400090.

S. P. C. Peters, P. C. van der Kruit, R. J. Allen, and K. C. Freeman. The Shape of Dark
Matter Halos in Edge-on Galaxies: I. Overview of HI observations. ArXiv e-prints, March
2013.

A. Pietrinferni, S. Cassisi, M. Salaris, and F. Castelli. A Large Stellar Evolution Database for
Population Synthesis Studies. I. Scaled Solar Models and Isochrones. ApJ, 612:168–190,
September 2004. doi: 10.1086/422498.

A. Pietrinferni, S. Cassisi, M. Salaris, and F. Castelli. A Large Stellar Evolution Database
for Population Synthesis Studies. II. Stellar Models and Isochrones for an α-enhanced
Metal Distribution. ApJ, 642:797–812, May 2006. doi: 10.1086/501344.

97



Bibliography

M. Pohlen and I. Trujillo. The structure of galactic disks. Studying late-type spiral galaxies
using SDSS. A&A, 454:759–772, August 2006. doi: 10.1051/0004-6361:20064883.
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M. Seibert, T. Kim, E. Laurikainen, H. Salo, D. A. Gadotti, J. Laine, T. Mizusawa,
L. Armus, E. Athanassoula, A. Bosma, R. J. Buta, P. Capak, T. H. Jarrett, D. M.
Elmegreen, B. G. Elmegreen, J. H. Knapen, J. Koda, G. Helou, L. C. Ho, B. F. Madore,
K. L. Masters, B. Mobasher, P. Ogle, C. Y. Peng, E. Schinnerer, J. A. Surace, D. Zaritsky,
S. Comerón, B. de Swardt, S. E. Meidt, M. Kasliwal, and M. Aravena. The Spitzer Survey
of Stellar Structure in Galaxies ( S4G ). PASP, 122:1397–1414, December 2010. doi:
10.1086/657638.
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Wake, S. G. Patel, I. Labbé, S. M. Faber, N. A. Grogin, and D. D. Kocevski. 3D-
HST+CANDELS: The Evolution of the Galaxy Size-Mass Distribution since z = 3. ApJ,
788:28, June 2014. doi: 10.1088/0004-637X/788/1/28.

102



Bibliography

H. Velazquez and S. D. M. White. Sinking satellites and the heating of galaxy discs. MNRAS,
304:254–270, April 1999. doi: 10.1046/j.1365-8711.1999.02354.x.

C. Vera-Ciro, E. D’Onghia, J. Navarro, and M. Abadi. The Effect of Radial Migration on
Galactic Disks. ApJ, 794:173, October 2014. doi: 10.1088/0004-637X/794/2/173.

J. V. Villumsen. Evolution of the velocity distribution in galactic disks. ApJ, 290:75–85,
March 1985. doi: 10.1086/162960.

S. D. M. White and C. S. Frenk. Galaxy formation through hierarchical clustering. ApJ,
379:52–79, September 1991. doi: 10.1086/170483.

R. Wielen. The diffusion of stellar orbits derived from the observed age-dependence of the
velocity dispersion. A&A, 60:263–275, September 1977.

B. F. Williams, J. J. Dalcanton, A. E. Dolphin, J. Holtzman, and A. Sarajedini. The
Detection of Inside-Out Disk Growth in M33. ApJ, 695:L15–L19, April 2009. doi: 10.
1088/0004-637X/695/1/L15.

H. Wu, D. Burstein, Z. Deng, X. Zhou, Z. Shang, Z. Zheng, J. Chen, H. Su, R. A. Windhorst,
W.-p. Chen, Z. Zou, X. Xia, Z. Jiang, J. Ma, S. Xue, J. Zhu, F. Cheng, Y.-I. Byun,
R. Chen, L. Deng, X. Fan, L.-Z. Fang, X. Kong, Y. Li, W. Lin, P. Lu, W.-h. Sun, W.-s.
Tsay, W. Xu, H. Yan, B. Zhao, and Z. Zheng. Intermediate-Band Surface Photometry of
the Edge-on Galaxy NGC 4565. AJ, 123:1364–1380, March 2002. doi: 10.1086/338849.

P. Yoachim and J. J. Dalcanton. Structural Parameters of Thin and Thick Disks in Edge-on
Disk Galaxies. AJ, 131:226–249, January 2006. doi: 10.1086/497970.

R. Zinn and M. J. West. The globular cluster system of the galaxy. III - Measurements of
radial velocity and metallicity for 60 clusters and a compilation of metallicities for 121
clusters. ApJS, 55:45–66, May 1984. doi: 10.1086/190947.

M. Zoccali, A. Renzini, S. Ortolani, L. Greggio, I. Saviane, S. Cassisi, M. Rejkuba, B. Bar-
buy, R. M. Rich, and E. Bica. Age and metallicity distribution of the Galactic bulge from
extensive optical and near-IR stellar photometry. A&A, 399:931–956, March 2003. doi:
10.1051/0004-6361:20021604.

103





A. Additional Notes to the Color
Metallicity relation

A.1. Description of the fit of the RGB

We parametrized the RGB with the function

M = a+ b · color + c/(color + d), (A.1)

as given in Saviane et al. [2000]. Since the data do not only contain RGB stars, but
also the horizontal branch, blue stragglers and foreground stars, we have defined a
region to guarantee a high fraction of RGB stars in our fit sample. The extent of
this region can be seen as the red frame in Fig. A.1. Note that this region excludes
also the red clump.

In some clusters, there is a distinct asymptotic giant branch (AGB) visible, which
lies on the blue side of the RGB (it is mostly seen at F814W magnitudes between -1
and -2). As in Saviane et al. [2000], we have removed these AGB stars by excluding
all detections that lie blue wards of a reference line with the same slope for all
clusters (denoted in Figures A.1 through A.9 by a dashed red line). The horizontal
position of the reference line was set to be 0.05 mag blue wards (at F814W=-0.5) of
a first fit of all stars in the RGB region and then excluding. The fit including all
stars is shown in the CMDs as black dashed line, while the final fit after the AGB
removal is shown as black solid line.

For the actual fit we used the python package scipy.odr. This routine performs
an orthogonal distance regression, i.e. it minimizes the orthogonal distance between
the curve and the data points. The distance of each data point is weighted with its
measurement uncertainty. This method is a variation of the typical χ2 minimization,
now generalized for data with uncertainties on both variables.

The ACSGCS team reports photometric uncertainties for each individual star,
which are typically quite small; the median uncertainty in F814W is only 0.003 mag.
This is much smaller than both the observed scatter in the RGB and the errors that
are found in the artificial star test at a level of F814W≈ 0. (There are no artificial
star tests at brighter magnitudes.) The mean measurement error estimated from
the difference of the input and recovered magnitudes in the artificial star test are
0.06 mag in F814W and 0.03 mag in color. These estimated are added in quadrature
to the reported uncertainties of each star. The smaller error in color is due to the
fact that errors in both bands are correlated. Thus the uncertainty of the difference
of both bands is smaller than the uncertainty in each band.
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A. Additional Notes to the Color Metallicity relation

Finally, we visually inspected each CMD with its fit, to check for any residual
problems of our clusters. After this inspection we excluded four more clusters from
the sample: NGC 6838 and NGC 6441, because their RGB fits do not reach the
MI = −3.5 level; NGC 6388 (and again NGC 6441), because their red clumps seem
to be to faint [Bellini et al., 2013, also found problems with differential reddening
and multiple populations in these two clusters]; and NGC 6715, because it has a
clear and strong second RGB.

A.2. Properties of the Globular clusters

The properties of the globular clusters, from the literature and determined in this
work, are summarized in Table A.1 and Table A.2 respectively.
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Figure A.1.: CMDs of the 53 clusters in our sample, with fitted RGB curves. The two
horizontal gray lines indicate the magnitudes at which the colors are measured.
The red frame gives the region where stars are used for the fit. The reference line
to separate AGB from RGB stars is shown as red dashed line. The solid black
line shows the best-fit RGB function after the rejection of the AGB. Note, that
all stars in the CMD are actually drawn with errorbars, but for many stars the
reported errors are too small to be visible in these plots.
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Figure A.2.: as Fig. A.1.
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Figure A.3.: as Fig. A.1.
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Figure A.4.: as Fig. A.1.
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Figure A.5.: as Fig. A.1.
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Figure A.6.: as Fig. A.1.
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Figure A.7.: as Fig. A.1.
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Figure A.8.: as Fig. A.1.
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Figure A.9.: as Fig. A.1.

115



A. Additional Notes to the Color Metallicity relation

Table A.1.: Literature data for the clusters used in this work

name RA DEC (m−M)V E(B − V ) [Fe/H]H10 [Fe/H]C+10 σ[Fe/H] [α/Fe] Age
[◦] [◦] [mag] [mag] [dex] [dex] [dex] [dex]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Arp 2 292.1838 -29.6444 17.59 0.10 -1.75 -1.74 0.08 0.34 0.85
IC 4499 225.0769 -81.7863 17.08 0.23 -1.53 -1.62 0.09 ... ...
Lynga 7 242.7652 -54.6822 16.78 0.73 -1.01 -0.68 0.06 ... 1.13
NGC 104 6.0236 -71.9187 13.37 0.04 -0.72 -0.76 0.02 0.42 1.02
NGC 362 15.8094 -69.1512 14.83 0.05 -1.26 -1.30 0.04 0.30 0.81
NGC 1261 48.0675 -54.7838 16.09 0.01 -1.27 -1.27 0.08 ... 0.80
NGC 1851 78.5282 -39.9534 15.47 0.02 -1.18 -1.18 0.08 0.38 0.78
NGC 2298 102.2475 -35.9947 15.60 0.14 -1.92 -1.96 0.04 0.50 0.99
NGC 2808 138.0129 -63.1365 15.59 0.22 -1.14 -1.18 0.04 0.33 0.85
NGC 3201 154.4034 -45.5875 14.20 0.24 -1.59 -1.51 0.02 0.33 0.80
NGC 4590 189.8666 -25.2559 15.21 0.05 -2.23 -2.27 0.04 0.35 0.90
NGC 4833 194.8913 -69.1235 15.08 0.32 -1.85 -1.89 0.05 ... 0.98
NGC 5024 198.2302 18.1682 16.32 0.02 -2.10 -2.06 0.09 ... 0.99
NGC 5139 201.6968 -46.5204 13.94 0.12 -1.53 -1.64 0.09 ... 0.90
NGC 5272 205.5484 28.3773 15.07 0.01 -1.50 -1.50 0.05 0.34 0.89
NGC 5286 206.6117 -50.6257 16.08 0.24 -1.69 -1.70 0.07 ... 0.98
NGC 5904 229.6384 2.0810 14.46 0.03 -1.29 -1.33 0.02 0.38 0.83
NGC 5927 232.0029 -49.3270 15.82 0.45 -0.49 -0.29 0.07 ... 0.99
NGC 5986 236.5125 -36.2136 15.96 0.28 -1.59 -1.63 0.08 ... 0.95
NGC 6093 244.2600 -21.0239 15.56 0.18 -1.75 -1.75 0.08 0.24 0.98
NGC 6101 246.4505 -71.7978 16.10 0.05 -1.98 -1.98 0.07 ... 0.98
NGC 6121 245.8968 -25.4743 12.82 0.35 -1.16 -1.18 0.02 0.51 0.98
NGC 6144 246.8077 -25.9765 15.86 0.36 -1.76 -1.82 0.05 ... 1.08
NGC 6171 248.1328 -12.9462 15.05 0.33 -1.02 -1.03 0.02 0.49 1.09
NGC 6205 250.4218 36.4599 14.33 0.02 -1.53 -1.58 0.04 0.31 0.91
NGC 6218 251.8091 -0.0515 14.01 0.19 -1.37 -1.43 0.02 0.41 0.99
NGC 6254 254.2877 -3.8997 14.08 0.28 -1.56 -1.57 0.02 0.37 0.89
NGC 6304 258.6344 -28.5380 15.52 0.54 -0.45 -0.37 0.07 ... 1.06
NGC 6341 259.2808 43.1359 14.65 0.02 -2.31 -2.35 0.05 0.46 1.03
NGC 6362 262.9791 -66.9517 14.68 0.09 -0.99 -1.07 0.05 ... 1.06
NGC 6426 266.2277 3.1701 17.68 0.36 -2.15 -2.36 0.06 ... ...
NGC 6496 269.7653 -43.7341 15.74 0.15 -0.46 -0.46 0.07 ... 0.97
NGC 6541 272.0098 -42.2851 14.82 0.14 -1.81 -1.82 0.08 0.43 1.01
NGC 6584 274.6567 -51.7842 15.96 0.10 -1.50 -1.50 0.09 ... 0.88
NGC 6624 275.9188 -29.6390 15.36 0.28 -0.44 -0.42 0.07 ... 0.98
NGC 6637 277.8462 -31.6519 15.28 0.18 -0.64 -0.59 0.07 0.31 1.02
NGC 6652 278.9401 -31.0093 15.28 0.09 -0.81 -0.76 0.14 ... 1.01
NGC 6656 279.0998 -22.0953 13.60 0.34 -1.70 -1.70 0.08 0.38 0.99
NGC 6681 280.8032 -31.7079 14.99 0.07 -1.62 -1.62 0.08 ... 1.00
NGC 6717 283.7752 -21.2985 14.94 0.22 -1.26 -1.26 0.07 ... 1.03
NGC 6723 284.8881 -35.3678 14.84 0.05 -1.10 -1.10 0.07 0.50 1.02
NGC 6752 287.7171 -58.0154 13.13 0.04 -1.54 -1.55 0.01 0.43 0.92
NGC 6779 289.1482 30.1835 15.68 0.26 -1.98 -2.00 0.09 ... 1.07
NGC 6809 294.9988 -29.0353 13.89 0.08 -1.94 -1.93 0.02 0.42 0.96
NGC 6934 308.5474 7.4045 16.28 0.10 -1.47 -1.56 0.09 ... 0.87
NGC 6981 313.3654 -11.4627 16.31 0.05 -1.42 -1.48 0.07 ... 0.85
NGC 7006 315.3724 16.1873 18.23 0.05 -1.52 -1.46 0.06 0.28 ...
NGC 7078 322.4930 12.1670 15.39 0.10 -2.37 -2.33 0.02 0.40 1.01
NGC 7089 323.3626 0.8233 15.50 0.06 -1.65 -1.66 0.07 0.41 0.92
NGC 7099 325.0922 -22.8201 14.64 0.03 -2.27 -2.33 0.02 0.37 1.01
Pal 2 71.5246 31.3815 21.01 1.24 -1.42 -1.29 0.09 ... ...
Rup 106 189.6675 -50.8497 17.25 0.20 -1.68 -1.78 0.08 -0.03 ...
Terzan 8 295.4350 -32.0005 17.47 0.12 -2.16 -2.02 0.06 0.45 0.95

Notes. Keys to columns: (1)-(6) name, right ascension, declination, visual distance modulus,
color excess and metallicity from Harris [2010]; (7-9) metallicity, its uncertainty and alpha
enhancement from Carretta et al. [2010]; (10) relative age from Maŕın-Franch et al. [2009].
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Table A.2.: Results for all clusters used in this work.

name (V − I)−3.5 σ−3.5 (V − I)−3.0 σ−3.0 S σS MV (HB)
[mag] [mag] [mag] [mag] [mag]

(1) (2) (3) (4) (5) (6) (7) (8)

Arp 2 0.999 0.027 0.920 0.011 13.415 0.826 0.45
IC 4499 0.976 0.016 0.902 0.007 13.460 0.620 0.30
Lynga 7 1.321 0.042 1.158 0.016 7.829 0.587 0.40
NGC 104 1.397 0.017 1.162 0.006 6.860 0.540 0.44
NGC 362 1.069 0.009 0.953 0.005 11.578 0.568 0.52
NGC 1261 1.092 0.024 0.977 0.007 11.190 0.622 0.53
NGC 1851 1.110 0.007 0.999 0.005 11.059 0.545 0.53
NGC 2298 1.054 0.019 0.969 0.010 13.736 0.762 0.35
NGC 2808 1.077 0.008 0.967 0.004 11.215 0.461 0.56
NGC 3201 1.048 0.012 0.973 0.005 11.307 0.512 0.30
NGC 4590 0.950 0.012 0.896 0.006 13.559 0.505 0.30
NGC 4833 0.976 0.004 0.916 0.003 13.888 0.476 0.30
NGC 5024 0.975 0.002 0.897 0.002 12.324 0.525 0.20
NGC 5139 1.044 0.011 0.960 0.006 11.553 0.521 0.40
NGC 5272 1.018 0.003 0.929 0.002 12.281 0.528 0.40
NGC 5286 0.985 0.005 0.913 0.003 14.017 0.554 0.40
NGC 5904 1.057 0.005 0.962 0.003 11.818 0.523 0.50
NGC 5927 1.883 0.091 1.353 0.025 4.849 0.680 0.51
NGC 5986 1.019 0.006 0.939 0.004 12.747 0.553 0.40
NGC 6093 1.053 0.006 0.968 0.006 12.131 0.589 0.40
NGC 6101 1.024 0.018 0.956 0.007 13.104 0.698 0.30
NGC 6121 1.179 0.028 1.068 0.015 10.401 0.849 0.30
NGC 6144 1.028 0.014 0.961 0.009 14.346 0.962 0.25
NGC 6171 1.231 0.017 1.108 0.017 9.498 0.622 0.42
NGC 6205 1.038 0.008 0.948 0.003 11.467 0.509 0.40
NGC 6218 1.119 0.015 1.003 0.007 9.887 0.583 0.30
NGC 6254 1.061 0.021 0.972 0.009 11.391 0.524 0.50
NGC 6304 2.051 0.176 1.392 0.043 4.257 0.848 0.49
NGC 6341 0.956 0.003 0.889 0.003 13.381 0.491 0.30
NGC 6362 1.186 0.023 1.034 0.009 9.554 0.571 0.54
NGC 6426 1.008 0.027 0.946 0.026 13.152 1.967 0.40
NGC 6496 1.587 0.078 1.308 0.036 5.976 0.772 0.53
NGC 6541 0.954 0.004 0.883 0.003 12.937 0.523 0.30
NGC 6584 1.015 0.005 0.925 0.003 12.120 0.557 0.40
NGC 6624 1.514 0.096 1.215 0.040 6.412 0.742 0.47
NGC 6637 1.427 0.023 1.159 0.009 7.243 0.675 0.46
NGC 6652 1.321 0.021 1.147 0.014 7.829 0.564 0.47
NGC 6656 1.014 0.012 0.949 0.005 13.284 0.523 0.50
NGC 6681 1.087 0.010 0.983 0.005 12.476 0.579 0.60
NGC 6717 1.091 0.062 0.995 0.041 11.462 1.647 0.60
NGC 6723 1.149 0.022 1.033 0.010 10.487 0.574 0.49
NGC 6752 1.075 0.025 0.980 0.010 10.063 0.564 0.25
NGC 6779 0.960 0.005 0.888 0.002 13.579 0.519 0.40
NGC 6809 1.011 0.007 0.938 0.006 13.041 0.638 0.40
NGC 6934 1.050 0.018 0.962 0.015 10.874 1.048 0.40
NGC 6981 1.015 0.009 0.933 0.004 12.173 0.559 0.40
NGC 7006 1.035 0.014 0.955 0.006 12.705 0.575 0.40
NGC 7078 0.927 0.002 0.861 0.002 13.877 0.520 0.30
NGC 7089 0.996 0.005 0.909 0.006 12.324 0.615 0.30
NGC 7099 0.978 0.005 0.908 0.003 13.211 0.475 0.40
Pal 2 1.019 0.015 0.962 0.010 11.582 0.558 0.30
Rup 106 0.965 0.014 0.890 0.009 13.509 0.873 0.30
Terzan 8 0.990 0.023 0.905 0.011 13.440 0.872 0.30

Notes. Keys to columns: (1) name; (2)-(3) RGB color at MI=-3.5 and its uncertainty;
(4)-(5) RGB color at MI=-3.0 and its uncertainty; (6)-(7) S-index and its uncertainty (8)
absolute magnitude of the horizontal branch used for the determination of the S-index. Note
that we use V and I as shorthand for F606W and F814W respectively here.

117





B. Additional Notes to the Structure
of Low Mass Galaxies

B.1. Scaleheights in Spitzer’s [3.6µm]

We show here the measurements of scaleheights along the major axis of the galaxies
for the Spitzer data. We have fitted both a simple sech2 and generalized sech2/n.
The Spitzer profiles are usually more peaked than a sech2 (see also Sect. 3.3.3.3)
and we find n > 1. The scaleheights of the sech2/n fits are in good agreement with
the RGB scaleheights and there is no or very little flaring.

The parameter n of the sech2/n increases towards the center of the galaxies, i.e.
the profiles in the inner disks are more peaked than in the outer disks.
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Figure B.1.: upper panels: Scaleheights in Spitzer IRAC channel 1 as a function of
position along the major axis (from left to right: IC 5052, NGC 4244, NGC 5023).
lower panels: parameter n of the generalized sech2/n fits.

B.2. 2D Fits

We present here the details of the two-dimensional fits to the star count maps. For
each galaxy we show for each population the data and the model image. We also
show the weighted residuals. We have defined the residual wdevi of each pixel in the
context of Poisson noise dominated data to be

wdevi = sign(ni −mi)
√
−2(ni lnmi −mi + ni(1− lnni)) (B.1)
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B. Additional Notes to the Structure of Low Mass Galaxies

with ni the pixel value of the data and mi the pixel value of the model. It is
analogue to the normal weighted residual (ni−mi)/σi in the sense that it is positive
for ni > mi and negative for ni < mi, and it is PLR =

∑
i(wdev

2
i ).
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C. Additional Notes to the Structure
of Massive Galaxies

C.1. Details of 2D fits

Table C.1.: Overview of all best fit parameters

population disk parameters Sersic parameters
Isky n0 hin hout rb z0 ε n Ie re

arcsec−2 arcsec−2 kpc kpc kpc kpc arcsec−2 kpc

NGC 891
RGB 0.0083 3.27 32.34 1.30 13.29 0.79 0.47 2.53 4.47 2.78
RGB – thin

0.0067
3.21 63.53 1.13 13.19 0.60

0.30 8.00 29.79 0.76
RGB – thick 33.13 4.60 1.64 15.08 1.80
AGB 0.0021 1.97 14.04 1.55 12.97 0.66 0.44 6.62 1543.2 0.15
allyoung 0.0006 2.70 4.87 1.04 13.17 0.33 0.60 1.00 0.01 5.65

NGC 4565
RGB 0.0047 7.11 21.33 1.82 24.70 1.18 0.47 8.00 23.24 1.97
RGB – thin

0.0063
1.65 11.41 1.14 25.99 1.16

0.37 4.41 225.06 0.75
RGB – thick 0.25 14.74 4.23 32.63 8.30
AGB 0.0074 9.27 9.57 1.11 25.45 0.88 0.39 2.84 1929.0 0.39
allyoung 0.0020 2.47 166.15 0.83 27.18 0.64 0.60 5.87 1543.2 0.14

NGC 7814
RGB 0.0021 - - - - - 0.40 10.20 192.90 0.53
RGB-disk 0.0007 7.04 1.88 0.05 17.33 0.97 0.34 10.00 10.03 1.58
AGB 0.0033 0.08 201.06 0.49 16.96 0.92 0.44 3.79 925.97 0.53
allyoung 0.0017 0.12 54.33 1.05 15.74 0.72 0.23 1.91 1.66 1.32
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C. Additional Notes to the Structure of Massive Galaxies

NGC 891
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Figure C.1.: stellar density map (in logarithmic scale) of RGB stars in NGC 891:
upper panel - data; middle panel - model; lower panel - residuals. Grey lines show
the edges of the bins from where the radial and vertical profiles are extracted.
Left : model with a single disk; right : model with two (thin and thick) disks.
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Figure C.2.: Radial profiles at two different heights. Blue shows is the data, green
the model: solid – total model, dotted – disk component(s), dash-dotted – Sersic
component, dashed – background. Left : model with a single disk; right :model
with two (thin and thick) disks.
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C.1. Details of 2D fits
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Figure C.3.: Vertical profiles of RGB density at three different positions in the
galaxy, with the single disk 2D-models. Blue lines show the data, green the model:
solid – total model, dotted – disk component(s), dash-dotted – Sersic component,
dashed – background. The small panels below the profiles show the data to model
ratios.

127



C. Additional Notes to the Structure of Massive Galaxies

201510505

101

102

103

st
a
r 

co
u
n
ts

 [
kp

c−
2
]

x=-0.6 kpc

201510505
height z

101

102

103 x=-9.2 kpc

ngc0891 - RGB

201510505

101

102

103 x=-17.2 kpc

201510505
0.5

0.66

1.

1.5

2.

d
a
ta

/m
o
d
e
l

201510505
height z

0.5

0.66

1.

1.5

2.

201510505
0.5

0.66

1.

1.5

2.

Figure C.4.: Vertical profiles of RGB density at three different positions in the
galaxy, with the two disks 2D-models. Blue lines show the data, green the model:
solid – total model, dotted – disk component(s), dash-dotted – Sersic component,
dashed – background. The small panels below the profiles show the data to model
ratios.
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C.1. Details of 2D fits
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Figure C.5.: upper left : stellar density map of AGB stars in NGC 891: upper panel
- data; middle panel - model; lower panel - residuals. upper right : radial profiles.
bottom: vertical profiles.
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Figure C.6.: upper left : stellar density map of young stars in NGC 891: upper panel
- data; middle panel - model; lower panel - residuals. upper right : radial profiles.
bottom: vertical profiles.
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NGC 4565
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Figure C.7.: stellar density map (in logarithmic scale) of RGB stars in NGC 4565:
upper panel - data; middle panel - model; lower panel - residuals. Grey lines show
the edges of the bins from where the radial and vertical profiles are extracted.
Left : model with a single disk; right : model with two (thin and thick) disks.
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Figure C.8.: Radial profiles at two different heights. Blue shows is the data, green
the model: solid – total model, dotted – disk component(s), dash-dotted – Sersic
component, dashed – background. Left : model with a single disk; right :model
with two (thin and thick) disks.
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Figure C.9.: Vertical profiles of RGB density at three different positions in the
galaxy, with the single disk 2D-models. Blue lines show the data, green the model:
solid – total model, dotted – disk component(s), dash-dotted – Sersic component,
dashed – background. The small panels below the profiles show the data to model
ratios.
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Figure C.10.: Vertical profiles of RGB density at three different positions in the
galaxy, with the two disks 2D-models. Blue lines show the data, green the model:
solid – total model, dotted – disk component(s), dash-dotted – Sersic component,
dashed – background. The small panels below the profiles show the data to model
ratios.
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Figure C.11.: upper left : stellar density map of AGB stars in NGC 4565: upper panel
- data; middle panel - model; lower panel - residuals. upper right : radial profiles.
bottom: vertical profiles.
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Figure C.12.: upper left : stellar density map of young stars in NGC 4565: upper
panel - data; middle panel - model; lower panel - residuals. upper right : radial
profiles. bottom: vertical profiles.
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NGC 7814
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Figure C.13.: left : stellar density map of RGB stars in NGC 7814: upper panel -
data; middle panel - model; lower panel - residuals. upper right : radial profile.
lower right : vertical profile.
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Figure C.14.: left : stellar density map of AGB stars in NGC 7814: upper panel -
data; middle panel - model; lower panel - residuals. upper right : radial profile.
lower right : vertical profile.
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Figure C.15.: left : stellar density map of young stars in NGC 7814: upper panel -
data; middle panel - model; lower panel - residuals. upper right : radial profile.
lower right : vertical profile.
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keine anderen als die im Literaturverzeichnis angegebenen Quellen und Hilfsmittel
benutzt habe. Die Arbeit wurde an keiner weiteren Universität eingereicht.

Potsdam, den 20. März 2015

David Streich

140


	Title
	Imprint

	Contents
	List of Figures
	List of Tables
	Abstract
	Zusammenfassung
	1 Introduction
	2 On the relation between metallicity and RGB color in HST/ACS data
	2.1 Introduction
	2.2 Data and Isochrones
	2.3 Results
	2.3.1 Color measurement
	2.3.2 Metallicity determination
	2.3.3 Uncertainties
	2.3.4 Color metallicity relation
	2.3.5 The S-index

	2.4 Discussion
	2.4.1 Analyzing residuals
	2.4.2 Comparison
	2.4.3 Inverting the relation

	2.5 Conclusions and summary

	3 The age-resolved disk structure of nearby low mass galaxies
	3.1 Introduction
	3.1.1 Vertical structure of disks:
	3.1.2 Radial structure of disks:

	3.2 Data and Methods
	3.2.1 The GHOSTS Survey
	3.2.1.1. GHOSTS Data Reduction
	3.2.1.2. Sample of edge-on Galaxies

	3.2.2 Age Selection in the CMD
	3.2.3 Creating Stellar Density Maps
	3.2.4 Fitting Methods
	3.2.5 Spitzer Data

	3.3 Results
	3.3.1 Vertical Profiles
	3.3.2 Radial Profiles and 2D Fits
	3.3.3 Discussion of observed profiles
	3.3.3.1. Irregularities in the profiles
	3.3.3.2. Additional thick disk or halo component?
	3.3.3.3. Comparison with Spitzer data

	3.3.4 Summarizing results

	3.4 Discussion
	3.4.1 The possible effects of extinction by gas and dust
	3.4.2 Direct comparison to other structural measurements in these galaxies
	3.4.3 Disk heating timescales and mechanisms
	3.4.4 Structural evolution of stellar populations
	3.4.5 Thin and thick disk dichotomy?
	3.4.6 Breaks

	3.5 Conclusions and Summary

	4 The age-resolved disk structure of nearby massive galaxies
	4.1 Introduction
	4.2 Data and Methods
	4.2.1 Age Selection in the CMD
	4.2.2 Creating Stellar Density Maps
	4.2.3 Fitting Methods

	4.3 Results
	4.3.1 Two-dimensional fits
	4.3.1.1. NGC891
	4.3.1.2. NGC4565
	4.3.1.3. NGC7814

	4.3.2 Scaleheights along the disk
	4.3.3 Dependance of disk structure on age

	4.4 Discussion
	4.4.1 The effects of dust
	4.4.2 Comparison to literature values
	4.4.3 Age scaleheight relation
	4.4.4 Occurrence of thick disks

	4.5 Conclusions and Summary

	5 Concluding Remarks
	5.1 Summary
	5.2 Outlook

	Bibliography
	A Additional Notes to the Color Metallicity relation
	A.1 Description of the fit of the RGB
	A.2 Properties of the Globular clusters

	B Additional Notes to the Structure of Low Mass Galaxies
	B.1 Scaleheights in Spitzer's [3.6m]
	B.2 2D Fits

	C Additional Notes to the Structure of Massive Galaxies
	C.1 Details of 2D fits




