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In the beginning the Universe was created. This has made a lot of people very
angry and been widely regarded as a bad move.

—- Douglas Adamst

1(Adams 1986)



‘| Intfroduction

1.1 The study of galaxy formation

1.1.1 Galaxies

Galaxies are enormous conglomerations of worlds, housing trillions of stars and
planets, and possibly even more sentient beings that call their planet, their solar
system or their galaxy “home'. But to us, astrophysicists, galaxies are mere test
particles that outline the large scale structure of the Universe. They are vague blobs
of light in the night sky of which we try to take a beautiful picture. After staring
at many of these pictures, over time, these galaxies come to life. We envisage them
as living creatures, breathing gas and forming new tissue in the form of stars and
planets.

These creatures grow up in a harsh world of eat or be eaten. If their envi-
ronment does not devour them whole, it will still shape them in a multitude of
non-lethal ways. Yet, even more important for their development are internal pro-
cesses. These processes take place inside the stellar birth clouds, the individual stars
or even inside the individual atoms that make up a galaxy. We try to learn about
these processes by creating virtual galaxies that live as a sort of lab rats inside our
largest supercomputers.

Despite the fact that our conception of galaxies becomes ever more sophisti-
cated, in many of our scientific graphs they are reduced to single data points in a
vast point cloud, which you could say is somewhat of a simplification. Surely, our
own Milky Way will appear in many similar graphs across the Universe, without
anyone giving two thoughts about us living here on planet earth. For the purpose of
this thesis galaxies will be these sophisticated, yet highly simplified mental pictures
we make of them, devoid of emotional attachment and a real sense of place, time
and belonging. This is partly due to a lack of our imagination, but more importantly



2 Introduction
due to a lack of information.

1.1.2 The building blocks of galaxies

The precision with which we observe all but the closest galaxies does not allow us
to count the individual stars that produce the light of a galaxy, nor does our short
lifespan allow us to see these galaxies evolve and interact. We rely on a myriad of
techniques and models to distill this information from what is given to us by the
night sky. Here I will give a short overview of the accomplishments of the scientific
community in resolving the basic building blocks of galaxies both in space and in
time. This is not meant to be a balanced account of all the factors that contribute
to galaxy evolution, but rather focuses on the main concepts needed to understand
the subsequent chapters.

Stars

We believe that galaxies consist of many components, a hot gaseous halo, cool
clumps of molecular gas, a dark matter halo and massive (central) black holes, but
there is really only one component that is crucial for a stand-alone bound structure
of matter to be classified as a galaxy: it must contain many stars. Observations
indicate that many can mean anything from roughly 103 to 1012 stars. There are
many more galaxies with small or modest masses than there are massive ones, but
still most stars reside in galaxies at the massive end. Our sun is no exception in
that regard, since the Milky Way is estimated to house ~ 2.5 x 10! stars.

Not all stars are born equal. They have a variety of intrinsic properties such
as mass, angular momentum, metallicity!! and age and secondary properties that
depend on those such as size, luminosity and temperature. The most important
property by far is the mass of a star. Stars are born with a large range of masses
(0.08My < M < 120Mg )R which determine their appearance and fate.

Stars with small masses lead a quiet and long life, whereas massive stars shine
brightly, burn up their fuel quickly and die in massive explosions that inject large
amounts of hot metal-enriched gas into the interstellar matter. The difference in
energy output between low- and high-mass galaxies is quite dramatic. The lumi-
nosity of a star scales roughly with the 3.5% power of its mass, meaning that the
luminosity per unit of mass scales roughly with the 2.5 power of the mass. There
is only a finite amount of energy that can be released from any unit of stellar mass,

"The metallicity of a star, gas cloud or other astronomical object is the fraction of elements heavier
than helium. Oxygen is thus considered to be a metal for astronomy's sake. The exact definition of
metallicity can differ widely, depending on the way in which it is observed.

*The commonly used unit of mass in astronomy is the solar mass, Mg = 1.99 x 10°kg.
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after which a star enters its final stages. The faster a star burns its energy, the faster
this end will come. The lifetime of a star is thus roughly proportional to the -2.5™
power of the mass. This means that a star that is 10 times more massive will appear
~ 3000 times brighter (with a hotter blue colour), but will have a lifetime reduced
by a factor ~ 300. In practice this means that the light of a galaxy is dominated
by young massive stars, as long as they are around, after which the galaxy will turn
red and less luminous. Even for galaxies that are no longer actively forming stars,
most of the light will come from the most massive, still present stars. These stars
may constitute only a small fraction of the mass, since a significant fraction of the
stellar mass could be locked up in dwarf stars and in the remnants of the deceased
massive stars such as neutron stars and black holes.

The rate at which stars return energy and metals to the gas clouds from which
they are born thus depends strongly on the mass of those stars. We call this pro-
cess “stellar feedback'. Stars are born from very cold (= 30 K) and dense clouds
of molecular gas. This feedback, which can come in the form of radiation, stellar
winds, cosmic rays or supernovae explosions, is thought to either heat up or blow
away those stellar birth clouds, thereby regulating the rate at which stars form.
Without stellar feedback, hydrodynamical simulations are unable to prevent run-
away star formation, but this feedback can also locally enhance star formation by
compressing the interstellar matter in shock waves and it can enhance star forma-
tion at later times by injecting the interstellar matter with lots of metals, which are
effective coolants.

Observations of the stellar content in the local region of the Universe for which
we can count stars (e.g. the Milky Way, its globular clusters, young clusters in
Andromeda) indicate that the distribution of stellar masses at birth is the same in
different environments. We call this distribution of the masses with which stars
are born the initial mass function (IMF). See section for a precise definition
and Fig. B.1| for the shape of the IMF in our local region, as derived by Chabrier
(2003). For most of the time since the introduction of the IMF by Salpeter (1959),
the observationally driven consensus has been that the IMF is universal, meaning
that it is the same across the Universe and thus does not depend on the specifics
of the stellar birth clouds.

A universal IMF is convenient for the modelling of stellar populations and
galaxies as a whole. Generally the assumption is that the stellar content of a galaxy
is a superposition of multiple simple stellar populations (SSPs): populations with
a single metallicity and age, evolved from a universal IMF. Observational mod-
els for matching galaxy spectra generally assume a single metallicity and a simple
tunctional form for the superposition of different stellar ages. In hydrodynamic
simulations typically each virtual stellar particle represents a simple stellar pop-
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ulation. The galactic stellar content is then given by a superposition over many
particles, which can each have a different age and metallicity.

However, in the last decade, the universality of the IMF has been questioned as
a result of a variety of observations. Many teams have made an effort to constrain
the IMF either on galactic scales or in extreme environments by using creative
methods that do not involve the counting of stars. There are now many claims of
observed IMF variations, which are both exciting but also hard to reconcile with
each other. The most influential works are by yan Dokkum and Conroy (2012) &
Conroy and van Dokkumn (2012) and by Cappellari et al] (2012).

Van Dokkum and Conroy (2012), Conroy and van Dokkum (2012) estimate
the IMF of early-type galaxies by fitting very precise models of absorption lines,
including lines that appear differently in dwarf stars than in giant stars, to the
integrated spectra of these galaxies.

Cappellari et al] (2012) use a completely different method to estimate the IMF.
They try to weigh the central regions of nearby early-type galaxies by modelling the
stellar motions. They then ascribe any gravitational mass, above what is expected
from the stars, central black hole and dark matter, to a surplus of “invisible' stars.

Both groups conclude, loosely speaking, that galaxies with high velocity dis-
persions (indicative of high masses) tend to have an IMF with a surplus of “invis-
ible' stellar mass with respect to the Chabrier IMF. For van Dokkum and Conroy
(2012); Conroy and van Dokkum (2012) this surplus is due to dwarf stars, whereas
tor Cappellari et al] (2012) it could be due to either dwarf stars or stellar remnants.
Both works seem to be in rough agreement. However, they do not agree on the
specifics. Sections 2.1] and B.]] provide a more in-depth discussion of the current
state of affairs regarding observations that can be interpreted as evidence for IMF
variations.

Mergers

It takes a long time to grow a galaxy. In fact, for most galaxies it takes the age of the
Universe to grow them to their current size and mass. In part, this growth occurs
in isolation from other galaxies. Gas cools and falls onto a galaxy. It then generally
forms a rotating cold gas disk from which stars are born. This star formation can
either take place gradually or in episodes of enhanced star formation alternated
with episodes during which feedback temporarily reduces the star formation. Ob-
servations of the star-formation rate as a function of galaxy mass indicate that star
formation is well regulated. Galaxies form new stars at a rate roughly proportional

3The term “early-type' is used roughly interchangeably with “elliptical' or “spherical'’. *Late-type'
is used interchangeably with “disk' or “spiral'. See the *morphological components' subsection for a
short introduction on galaxy classification based on morphology and/or colour.
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to their mass. That is, unless they stop forming new stars altogether. This tight
relation between the mass of a galaxy and its star formation rate is called the star
forming main sequence (Brinchmann et al] 2004; Salim et al] 2007). It is not only
in place at the present time, but also in the early Universe (albeit with a different
normalisation). There is a completely different way in which galaxies can grow,
however. They can grow by colliding into each other. This process, whereby typ-
ically a less massive galaxy is trapped in the gravitational field of a more massive
one, after which both galaxies melt together, is called a merger.

Mergers can have an effect on the shape of a galaxy. It is thought that mergers
of a mass ratio close to unity can deform an ordered, rotating stellar disk into a
more random spheroidal shape. Figure [[.] shows an image of two galaxies that are
in the process of merging. Mergers also have a direct effect on the gas in between
the stars, the interstellar matter, because this gas actually collides (in contrast to
the stars that just fly past each other). This can lead to a compression of the gas,
followed by cooling and a phase of enhanced star formation. During a merger
a galaxy can thus grow in mass both by accreting old stars and by forming new
stars. This last mode, which would appear as irregular star formation triggered by
mergers, is subject to the same observational constraint set by the star forming
main sequence that also applies to star formation in isolation, which sets an upper
limit to the fluctuations in the star-formation rate allowed by observations.

A typical galaxy will undergo many minor and major mergers over its lifetime.
Tracing a galaxy backward in time is only possible in a literal sense for galaxies
in a cosmological simulation, for which we have access to the whole history. A
typical galaxy, when followed backward in time, will branch out into many smaller
progenitor galaxies, the building blocks out of which the galaxy has assembled.
'The “family tree' of a galaxy, thus obtained, is called a merger tree. In this merger
tree we define the most massive branch as the “main branch' consisting of the
main progenitor galaxies (at any one time only one progenitor galaxy is deemed
the main progenitor). In most cases this main progenitor is clearly the core galaxy
that acted as the seed for the present-day galaxy. However, in the rare cases where
two equally massive galaxies merge, the choice of which progenitor is the main
progenitor is somewhat arbitrary. Galaxy evolution is generally understood to mean
the evolution of the properties of the main progenitor. All other progenitors "die'
at some point in time.

Within the ACDMBE cosmology the rate at which galaxies merge is relatively

“This is the current cosmological model, which is assumed for all *observables' such as intrinsic
luminosities of galaxies, sizes, ages, masses and star formation rates, with the exception of raw data
such as apparent luminosities and spectral line ratios. A stands for the *dark energy' component or the
cosmological constant introduced by Einstein. It represents an accelerated expansion of the current
Universe. CDM stands for cold dark matter, the dominant component of gravitational matter in the
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Figure 1.1: The interacting galaxy pair NGC 6621 (bottom) and NGC 6622 (top). Released
by the Hubble Space Telescope in April 2008. Credits: NASA, ESA, Hubble Heritage Team
(STScl/AURA).
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well understood. Galaxies are believed to be dominated in mass by a cold dark
matter component. This component is less concentrated than the ordinary matter,
since it can not radiate away its energy, cool and contract, because, as far as we
know, it only interacts through gravity. Each galaxy is believed to reside in a dark
matter halo. Precisely because dark matter only reacts to gravity, it is much easier
to simulate. Simulations (e.g. Genel et all 2009) indicate that dark matter halos
assemble partly through smooth accretion and partly through mergers in a bottom-
up fashion, with smaller halos merging earlier on average than larger halos. The
important point here is that the assembly of dark matter halos does not care much
about the ordinary matter that resides within these halos. Within the ACDM
cosmology the merger rates are thus derivable from first principles and do not
share many of the uncertainties that plague our understanding of the much more
complex “ordinary' matter. The main uncertainty in deriving galaxy merger rates
within the ACDM cosmology lies in the translation from dark matter halo masses
to the stellar masses of the galaxies that reside within them. Not all dark matter
halos contain the same fraction of stellar mass, thus a dark matter merger mass
ratio cannot be directly translated into a galaxy merger mass ratio. One way to
circumvent this problem is to assume that, at any time, the stellar masses of the
observed galaxy population can be mapped monotonically onto the theorised dark-
matter halo population, with the most massive galaxy in a given volume residing in
the most massive dark-matter halo, etc. At the massive end this would mean that
a relatively wide range of halo masses is populated with a relatively narrow range
of galaxy masses. Mergers between those galaxies will thus have a merger ratio
closer to unity when defined as a stellar mass ratio rather than a dark matter mass
ratio. Merger rates and ratios can also be determined observationally by counting
interacting galaxy pairs and galaxies that show signs of morphological disturbances
which could have been caused by a recent merger, but this is not a very exact science
as it depends on assumptions about the involved merger time scales and the extent
to which mergers of varying mass ratios cause morphological disturbances.

Morphological components

Galaxies come in various shapes and sizes. Some show a very organised structure,
a flat rotating stellar disk, while others appear irregular, may be in the process
of merging or have a spheroidal morphology with stars moving on highly radial
orbits. Most of the stellar mass in the Universe can, however, be attributed to
two morphological components: disks and spheroids. Most present-day galaxies
classify either as a pure disk, see Fig. [[.7, as a disk with a central spheroid (a bulge),
see Fig. [.3, or as a pure spheroid (an elliptical galaxy), see Fig. [.4.

Universe.



8 Introduction

Figure 1.2: The disk galaxies NGC 4302 (left, seen edge-on) and NGC 4298 (right, seen at
an angle). The image is taken by the Wide Field Camera 3 (WFC3) on the Hubble Space
Telescope in between January 2 and January 22, 2017. The image is comprised of observations
in three visible light bands. Credits: NASA, ESA, STScl.
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Figure 1.3: Disk galaxy NGC 4565 which has a prominent central stellar bulge. This image
was taken by the FORS1 and FORS2 instruments on the very large telescope (VLT) in Chile
and has been released in April 2005. The image is comprised of observations in visible and
near-infrared bands. Credit: ESO.
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Figure 1.4: The elliptical galaxy M87, the most massive galaxy in the nearby Virgo Cluster.
This image was taken with the Advanced Camera for Surveys on the Hubble Space Telescope
in 2003 and 2006. The image is comprised of observations in visible and infrared bands.
Credits: NASA, ESA, Hubble Heritage Team (STScl/AURA).
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Galaxy morphology is linked to colour. The colour distribution of galaxies is
roughly bimodal. Galaxies can be classified, based on their colour, into “blue cloud'
galaxies and “red sequence' galaxies (Strateva et all 200T; Bell et al] 2004). Blue
cloud galaxies are actively forming stars and have predominantly a disk-like mor-
phology. Their light is dominated by massive young stars. Red-sequence galax-
ies have stopped forming stars and have predominantly a spheroidal morphology.
Their light is dominated by older intermediate-mass stars. The central spheroids
of disk galaxies (bulges) also tend to be red. They consist mainly of old stars and
show no or very little ongoing star formation.

There are only few galaxies that fall in between the “blue cloud' and “red se-
quence' categories in the so-called “green valley'. This means that the transition
from the blue cloud to the red sequence must happen relatively fast. One of the
main challenges of galaxy formation is to recreate a representative population of
galaxies that shares this bimodality, in the controlled environment of a cosmolog-
ical simulation.

Section p. gives a more detailed overview of the observed morphological com-
ponents of galaxies, the way in which they are determined and their potential for-
mation mechanisms.

1.2 This thesis

1.2.1 Chcp’rer@: An assessment of the evidence from ATLAS3H
for a variable initial mass function

Cappellari et al] (2012) determine IMF variations by weighing the centres of 260
nearby early-type galaxies. These galaxies have been observed with the SAURON
integral field spectrograph on the William Herschel Telescope. This provides us,
after some data reduction, with a two-dimensional image in which each pixel con-
tains a distribution of the stellar velocities in the line-of-sight direction. Cappellari
et all (2012) then model these stellar motions under the assumption that they are
in dynamical equilibrium and trace the underlying mass distribution. They sub-
tract the expected dark matter mass to obtain an estimate of the gravitational mass
of the stars in these galaxy centres. An independent *photometric' estimate of the
stellar mass is given by fitting models of galaxy spectra to the integrated light from
these galaxy centres. These models build up the spectrum of a galaxy as a sum over
the spectra of individual stars, for which they assume a universal IMF. Difterences
between the gravitational stellar mass and the photometric stellar mass are then
attributed to variations in the IMF.

'This is a risky procedure, because differences in the two mass estimates can
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also be due to a variety of measurement and modelling errors. An underestimate
of those errors would lead to an overestimate of the intrinsic IMF variations.

This chapter investigates these errors. We show that the results of Cappellari
et al] (2012) can be replicated to a large degree by assuming a universal IMF in
combination with larger modelling errors. Furthermore, we investigate complete-
ness effects and selection effects. We report an unexpected trend of the inferred
IMF variations with the distance to earth and we estimate how the proposed IMF
variations, if real, would alter the mass distribution of the observed galaxy popula-
tion in the Universef.

1.2.2 Chapter B: Implications of a variable IMF for the inter]
bretation of observations of galaxy populationg

Martin-Navarro et all (2015d) determine the IMF in galaxy regions based on the
analysis of IMF-sensitive spectral features in the CALIFA survey. Their sample
covers a large range of metallicities and they report a strong dependence of the
inferred IMF on metallicity.

In this chapter we investigate what the proposed metallicity-dependent IMF
would mean for the interpretation of observed galaxy properties. We apply their
IMF on a galaxy-by-galaxy basis to a sample of 186,886 galaxies from the Sloan
Digital Sky Survey. We show that the implications for the star formation main se-
quence, the galaxy stellar mass function, and the mass-metallicity relation, depend
strongly on assumptions about the functional form of the IMF and range from
mild, but significant, to absolutely dramatic.

Furthermore, we investigate a scenario wherein star formation in the late, metal-
rich, phase of galaxy evolution is dominated by dwarf stars. This could help to
explain the bimodality in the observed galaxy population by, on the one hand, in-
creasing the inferred star formation rates of these “dead' galaxies (thereby softening
the intrinsic bimodality in star formation rates) and, on the other hand, decreas-
ing the gas consumption time scale, resulting in a faster transition from the “blue
cloud' to the “red sequence'.

1.2.3 Chapter B]: A large difference in the progenitor masseq
of active and passive galaxies in the EAGLE simulation

An important question in the field of galaxy formation is how to distill, from the
observed evolving galaxy population, the typical evolution of individual galaxies.

5The number density of galaxies as a function of stellar mass, corrected for completeness ef-
fects, is called the galaxy stellar mass function (GSMF). It is characterised by a steep drop-off above
~ 10" Mg . Most stellar mass in the Universe resides just below this drop-off.
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If we had a precise method to do this, it would help us tremendously to trace and
understand the buildup of galaxies and the associated evolution of their proper-
ties such as size, metallicity, morphology and star formation activity. Regrettably,
such a precise method is not at hand. We have to rely on simplifying assumptions.
Generally we use a method called *cumulative number density matching' which
assumes that main progenitor galaxies can be identified based on their cumulativel
number density.

'The performance of this method can only be checked within a cosmological
simulation, for which we have access to the full galaxy merger tree from the begin-
ning of time. I was fortunate that during my years as a PhD student, the EAGLE
cosmological simulation came to life (Schaye et al] 2015), which, in my view, is
the first cosmological simulation that has a sufficient resemblance to the observed
Universe that it can be confidently applied to this problem.

We find that, in the EAGLE simulation, the median stellar mass of main
progenitors at early times depends strongly on the present-day star formation ac-
tivity of the descendant galaxies (selected in a fixed mass bin). This is the case for
present-day descendant galaxies with a stellar mass up to 101%7° M.

If the same is true for the real Universe then this severely constrains the appli-
cability of the *cumulative number density matching' method, at least in its cur-
rent form. Moreover, it is hard to envision an extension to the method that solves
this problem without relying on input from a cosmological hydrodynamic simu-
lation/model (which would take away the main appeal of the method: that it only
depends on observations and on robust dark-matter-only simulations).

1.2.4 Chapter B: The average structural evolution of massivel
galaxies can be reliably estimated using cumulative galaxyl
number densitieq

In the previous chapter we have seen that the *cumulative number density match-
ing' method is expected to be unreliable below 101%7° M, due to a large difference
in the progenitor masses of active and passive galaxies. For more massive galaxies
this problem does not occur and we can expect the method to perform well.
However, for these massive galaxies there still is a large scatter in main progen-
itor masses. This makes it necessary to check the method applied to each galaxy
property separately. The median/average property of the true main progenitor sam-
ple (with a broad mass distribution) might not be the same as the median/average

¢Cumulative here refers to stellar mass, although other variables such as velocity dispersion are
also used. The cumulative number density of any galaxy at any time is then defined as the number
density of galaxies at the same time within a comoving volume (Mpcfs) that have a stellar mass

larger than the given galaxy.
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property of a sample of galaxies selected at the median cumulative number density
(with a narrow mass distribution).

We show that, despite this complication, cumulative number density match-
ing works reasonably well when applied to the evolution of the density profile of
massive galaxies in EAGLE. An improvement can be made by modelling also the
expected scatter in main progenitor masses, based on dark-matter simulations only.

Furthermore, we apply the method to observations from UltraVISTA and
CANDELS up tofl z = 5. We infer that massive galaxies have grown in an inside-
out manner since z = 5. Since z = 2 this inside-out trend is modest. Here the
evolution of the observed galaxy profiles is more self-similar than it is in the EA-
GLE simulation.

1.2.5 Chapter E: The three phases of galaxy formation

Although the morphology of galaxies has been studied extensively and we can cat-
egorise observed galaxies into very specific morphological types, the processes that
determine galaxy morphology are not well understood. Stellar disks form from cold
gas disks, but cosmological simulations show that their extent depends critically
on the implementation of various feedback processes and can not, for the moment,
be derived from first principles. For spheroids there is no shortage of hypotheti-
cal formation mechanisms, but at the moment it is not clear which mechanisms
dominate where and when.

In this chapter we study the morphology transformations of galaxies in the
EAGLE simulation, with an emphasis on the formation of spheroids. Feedback
processes in EAGLE have been calibrated to reproduce the observed low-redshift
mass-size relation, thus roughly reproducing the observed disk sizes (Schaye et al:
2015). Moreover the simulation contains a representative population of massive,
red, elliptical galaxies (Correa, Schaye, Clauwens et al. 2017). It is thus a useful
test bed to study the emergence of galaxy morphology.

By tracing the morphological buildup of the main progenitors of 101%-5M, <
M, < 10'2M, galaxies, we find that galaxy formation in EAGLE is a three
phase process. At low masses (M, < 109°My) galaxies grow in a messy, dis-
organised way, mainly in merger-induced star formation episodes that result in
spheroidal morphologies. In the mass range 10°Mg < M, < 10195M; galax-
ies enter quieter waters and build up a prominent stellar disk through in-situ star
formation. During this phase bulges continue to grow. They consist mostly of
stars formed in-situ, but their formation is largely triggered by merger activity. For
M, 2 10'05M, galaxies enter their last phase. The in-situ star formation slows

72 stands for the redshift of the observed light. Redshift z = 5 refers to observations of galaxies
seen at a time when the Universe was a factor z + 1 = 6 smaller (or a factor 6 = 216 in volume).
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down considerably while disk-dominated galaxies are transformed into spheroid-
dominated galaxies under the influence of mergers.



All creation presupposes at its origin a sort of appetite that is broug/.n‘ on by the
foretaste of discovery. This foretaste of the creative act accompanies the intuitive
grasp of an unknown entity already possessed but not yet intelligible, an entity

that will not take definite shape except by the action of a constantly vigilant
technique.

- Igor Sz‘mvins,éya

8 (Stravinsky 1942)
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The ATLAS®P Survey has reported evidence for a non-universal stellar initial mass func-
tion (IMF) for early type galaxies (ET'Gs) (Cappellari et all 2012, R0T3H,4). The IMF was
constrained by comparing stellar mass measurements from kinematic data with those from
spectral energy distribution (SED) fitting. Here we investigate possible effects of scatter
in the reported stellar mass measurements and their potential impact on the IMF deter-
mination. We find that a trend of the IMF mismatch parameter with the kinematic mass
to light ratio, comparable to the trend observed by Cappellari et al] (2012), could arise if
the Gaussian errors of the kinematic mass determination are typically 30%. Without addi-
tional data, it is hard to separate between the option that the IMF has a true large intrinsic
variation or the option that the errors in the determination are larger than anticipated. A
correlation of the IMF with other properties would help to make this distinction, but no
strong correlation has been found yet. The strongest correlation is with velocity dispersion.
However, it has a large scatter and the correlation depends on sample selection and dis-
tance measurements. The correlation with velocity dispersion could be partly caused by the
colour-dependent calibration of the surface brightness fluctuation distances of [Tonry et al!
(2001). We find that the K-band luminosity limited ATLAS®P Survey is incomplete for
the highest M/L galaxies below 10'-3M,. There is a significant IMF - velocity dispersion
trend for galaxies with SED masses above this limit, but no trend for galaxies with kine-
matic masses above this limit. We also find an IMF trend with distance, but no correlation
between nearest neighbour ET'Gs, which excludes a large environmental dependence. Our
findings do not rule out the reported IMF variations, but they suggest that further study
is needed.
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2.1 Introduction

The stellar initial mass function (IMF) has historically been assumed to be univer-
sal, in the sense that it does not depend on environment. The IMF was assumed
to be independent of galaxy age, galaxy type, metallicity or any other astrophysi-
cal variable, with the possible exception of population III stars and stars forming
near the galactic center e.g. (Kroupa et al] 2013). Since the exact mechanisms that
cause the formation of stars of varying masses from an initial cloud of gas and dust
are not well understood, the assumption of the universality of the IMF is partially
motivated by a desire for simplicity, but it is also supported by direct measure-
ments of stellar mass distributions in our immediate vicinity e.g. (Chabrief 2003;
Kroupa et al] 2013; Bastian et al] 2017; Kirk and Myers 2011). It is reasonable to
assume that the IMF does differ in more extreme environments, but this is hard
to measure directly.

On a galactic scale, evidence has recently been found in favour of a non-
universal IMF for early type galaxies (ETGs), typically depending on the velocity
dispersion of the galaxy. The evidence comes partly from differing spectral features
of low- and high-mass stars (La Barbera et all 2013; yan Dokkum and Conroyi
2012; Conroy and van Dokkum 2012; Pastorello et al] 2014) and partly from mass
measurements of stellar systems via strong gravitational lensing ([Ireu et al] 2010;
Brewer et al] 2012; Oguri et al! 2014; Barnabé et al] 2013) or the modeling of stellar
kinematics (Conroy et al] 2013; [Tortora et al! 2013; Dutton et al] 2013; Cappellari
et al] 2012, P0T3H,d). However, the nearest known strong lens provides conflict-
ing evidence (Smith and Lucey 2013) and a recent study of the low mass X-ray
binary population in eight ETGs also points towards a universal IMF (Peacock
et all 2014). Conroy et all (2013) find good agreement between IMF variations
from spectral features and from kinematics for stacks of galaxies. On the other
hand, a recent comparison between dynamical and spectroscopic results by Smith
(2014) shows that the IMF measurements of Conroy and van Dokkumn (2012)
and those of Cappellari et al] (20134) agree only superficially and not on a galaxy
by galaxy basis. Also, a recent detailed spectral analysis of three nearby ETGs by
Martin-Navarro et al] (20152) found at least one massive galaxy (NGC4552) for
which the IMF varies strongly with radius from the centre.

Estimating the IMF via a mass measurement independent of the spectral fea-
tures has the obvious disadvantage that it is only sensitive to the overall missing
mass, which could be a superposition of low-mass stars, stellar remnants and dark
matter. The advantage is, however, that the measurement is independent of broad-
band SED fitting or the fitting of specific gravity sensitive spectral lines and there-
fore it can either confirm or refute IMF trends that might be deduced from the
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intricacies of integrated spectra of galaxies. Gravitational lensing has the disad-
vantage that it is a mass measurement along a cylinder and therefore is relatively
sensitive to dark matter or any other matter along the line of sight. A potentially
cleaner way to obtain a mass estimate of only the baryonic matter, is to analyze the
kinematics of the central parts of ET'Gs, whose mass is believed to be dominated
by baryons.

An attempt to observe and explain the stellar kinematics in the central re-
gions of ETGs has been undertaken by the ATLASP Survey (Cappellari et al]
20174). The aim of this survey has been to obtain integral field spectroscopy with
SAURON (Bacon et al] 2007)) of all 260 ETGs with mass approximately greater
than 6 x 109M, that are within 42 Mpc distance from us in the northern hemi-
sphere. This volume-limited sample yields a large collection of kinematic data,
which has been used, among other things, to estimate the stellar masses of these
galaxies. Comparing these kinematic measurements with the stellar masses mea-
sured by fitting the SEDs with stellar population synthesis models, provides a direct
probe of the IMF normalization in these galaxies. A clear trend of IMF normal-
ization with velocity dispersion or with mass-to-light ratio has been reported by
Cappellari et al] (2012, 2013b,4), resulting in: (I) A Chabrier-like normalization at
low mass-to-light ratios, which agrees with the one inferred for spiral galaxies, (II)
A Salpeter normalization at larger (M /L) consistent, on average, with some re-
sults from strong lensing and (III) a normalization more massive than Salpeter for
some of the galaxies with high (M /L) broadly consistent with measurements of
spectral features in massive galaxies that indicate a substantial population of dwarf
stars (Cappellari et al] 2012).

'This article consists of a critical review of some of the methods and results from
the ATLASP Survey. Section .7 introduces the ATLAS3P Survey and the JAM
method used to fit the kinematical data. In section .3 the evidence from Cappel]
[ari et al] (2012) for a non-universal IMF is investigated. Specifically it is shown
that the large reported trend between the kinematic mass to light ratio and the
IMF mismatch parameter, interpreted as an effect of IMF variations, could also
be caused by measurement errors in the kinematic mass of the order 30%. Sec-
tion [.4 presents correlations of the IMF normalization with astrophysical vari-
ables. Section P.5 shows that the effect of the non-universal IMF implied by the
original ATLAS3P analysis on observations of the Galaxy Stellar Mass Function
(GSMEF) at higher redshift is small. Also the stellar mass completeness limit of
the ATLASP Survey is shown to be 1013 Mg, In section £.§ we demonstrate
that the inferred systematic IMF trend with velocity dispersion is dependent on
the precise selection cut that is made at the low mass end. In particular we show
that this trend is virtually absent for the mass complete sample of galaxies with
kinematic stellar masses larger than 101%3Mg,. In section .7 we show that the



20 MNRAS, Volume 449, Issue 4, p.4091-4104

systematic variation of the IMF with velocity dispersion is accompanied by a sys-
tematic variation with distance. This could be interpreted as a genuine effect of the
cosmic environment on the IMF, but more probably it points towards biases in the
used distance catalog which, as a side-effect, show up as a dependence of the IMF
on the velocity dispersion of an ETG. Part of the IMF trend can be attributed
to colour-dependent calibration issues of the surface brightness fluctuation (SBF)
distance measurements and we show that the IMF trend is absent for galaxies at
a distance larger than 25 Mpc. Finally, we summarize our conclusions in section

o)

2.2 The ATLAS®P Survey

The ATLAS3P project improves on previous studies in two ways. On the one
hand the number of observed objects, 260, is much larger than before. On the
other hand, progress has been made in modeling the observed stellar dynamics.
The ATLAS3P team's Jeans Anisotropic Multi-Gaussian Expansion (JAM) mod-
eling method is introduced in Cappellarj (2008, 2012). The JAM method uses the
minimum number of free parameters that are needed to fit the integral field ob-
servations. It assumes axisymmetry for all galaxies, with the inclination ¢ as a free
parameter. The mass-to-light ratio T is assumed to be the same throughout the
whole observed region, but it can vary from galaxy to galaxy. The conversion of the
observed luminosity density to a matter density depends on ¢ and Y and is done
with the multi Gaussian Expansion (MGE) parameterization of Emsellem et all
(1994).

'The JAM method consists of solving the Jeans equations, with the extension
(with respect to the isotropic case) of an orbital anisotropy parameter (3. The ve-
locity ellipsoid is assumed to be aligned at every position in the galaxy with the
cylindrical coordinates (R, z) and the ratio between the two axes of this ellipsoid
is assumed to be the same within the central part of the galaxy, leaving one extra
free parameter, 3, = 1 — v,2/vg2. Although the velocity ellipsoid will in real-
ity be more complicated, this simple 3, parameter suffices to connect the model
to the observations. Apart from the three parameters ¢, T and /3, six different
parameterizations of the dark matter halo are used, but the main conclusions are
tound to be insensitive to dark matter, because for all six halo parameterizations
the kinematics of the central part of the ETGs are dominated by baryonic matter.

As shown in Cappellari et al] (2012), this model not only suffices to fit the
integral field spectroscopic observations, it also puts very tight constraints on the
T parameter. It is this feature that makes it possible to measure the IMF normal-
ization, but let us first take a quick look at the other two free parameters.
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'The main argument in favour of the model is the fact that it is able to repro-
duce the integral field spectroscopy of a complete and very diverse set of galaxies
using only a small number of free parameters. However this same argument also
works against it, because Cappellari (2008) note that for galaxies observed at low
inclination, the lowest x-squared fit is often obtained for an unrealistic set of pa-
rameter values, because of a degeneracy between ¢ and 3.. The model prefers too
high values for 7 and too low values for 3. Restricting the anisotropy to a flat el-
lipsoid, 3, > 0.05 as observed for edge-on galaxies, does remove the degeneracy,
but this example shows that a good fit does not necessarily prove that the model
corresponds to physical reality.

Because of the large size of the survey we can look at the distribution of in-
clinations. Figure .1 compares the observed distribution of inclinations with that
expected for randomly oriented galaxies. The Kolmogorov-Smirnov statistic for
this comparison is 0.22 with a corresponding probability p < 107!, With respect
to the isotropic case there is a shortage of ~ 20% of galaxies with inclinations
smaller than 45° and an excess of ~ 20% of galaxies with inclinations larger than
85°. This either indicates that the model still has a tendency to overestimate the
inclination or that the ETGs in our local neighborhood are preferably aligned with
our line of sight. In principle a measurement error in the inclination could result
in an error in the determined IMF mismatch parameter. A priori there is no clear
reason to assume that this would not bias the determination of the IMF. How-
ever there is no significant correlation (Pearson R? = 0.01) between inclination
and the IMF mismatch parameter, lending an a posteriori credibility to the re-
trieved IMF normalizationP. In the following section we will take a detailed look
at the predictions for the mass-to-light ratio Y and the implications for the IMF
normalization.

2.3 The ATLASSP evidence for a non universal IMF

'The precision with which deviations from universality in the IMF can be measured,
depends on the errors in the two independent measurements of (M /L)B from re-
spectively SED fitting and the stellar kinematics via the JAM method. (M /L)sgp?
is obtained by using the spectral fitting models of [Vazdekis et al] (2012), with stan-

"However the fact that the five galaxies with the lowest IMF mismatch parameter all have an
inclination larger than 85° suggests that at least for these galaxies the true inclination might be
smaller, or the IMF mismatch parameter dependent on the assumed inclination.

*The (M /L) and luminosity measurements in this paper refer to the r-band, as is the case for
the ATLAS®® papers.

¥The ATLAS® papers denote this variable as (M /L)sup. We will refer to it as (M /L)sgp in
this paper.
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Figure 2.1: Distribution of the JAM model inclinations of all the ATLAS®® ETGs compared to
an isotropic distribution of inclinations. The Kolmogorov-Smirnov statistic for this comparison
is 0.22 with a corresponding probability p < 107,
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dard lower and upper mass cut-ofts for the Salpeter IMF of 0.1 Mg and 100 M. A
comparison has been made with the (M /L) values from Conroy and van Dokkum
(2012), who use an independent set of spectra spanning a longer wavelength range
and a different stellar population synthesis model. For the set of 35 galaxies that
are present in both studies, the differences between the two (M /L) measurements
are consistent with an error per galaxy per measurement of 6%, which suggests that
(M /L)sgp is quite robust (Cappellari et al] 2013a).

By comparing predictions from models with different dark matter halos, Cap-
pellari et al] (2013D) estimate the JAIM modeling errors in (M /L), to be 6%. We
will use (M /L)inf to denote the stellar mass-to-light ratio of the best fit JAM
model with a NFW dark matter halo with a fitted virial mass Mo, also referred
to as model B by Cappellari et al] (2012), where Mg denotes the mass of a 200
times overdensity dark matter halo. Galaxies with a clear bar structure give lower
quality fits than galaxies with no bars. Apart from this there may be errors from
distance measurements and from photometry.

*The ATLAS®® papers denote this variable as (M / L) sars. We will refer to it as (M /L), in this
paper.
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Figure 2.2: Top left panel: comparison of the JAM model stellar mass-to-light ratio, (M /L)y,
with the ratio inferred from Stellar Population Synthesis SED fits assuming a Salpeter IMF,
(M /L)sgp, for the ATLAS®P dataset. Open diamonds indicate galaxies with a young stellar
population, selected by having H3 absorption with an equivalent width larger than 2.3 A.
These galaxies tend to have strong radial gradients in their population which makes both
(M /L) determinations uncertain (Cappellari et al| 2012). This selection is almost identical
to selecting all galaxies with (M /L)sgp < 3 (horizontal solid line). Grey squares indicate the
remaining galaxies with a (quality = 0) label, meaning: “either inferior data quality (low S/N)
or a problematic model (e.g. due to the presence of a strong bar or dust, or genuine kinematic
twists).” Black circles are the remaining high-quality galaxies. The horizontal dashed line at
(M/L)sgp ~ T denotes the theoretical maximum for a simple stellar population of the age
of the universe with a Salpeter IMF; Top right panel: the “IMF mismatch parameter”, i.e.
the ratio (M /L)n/(M/L)sgn. as a function of (M /L),. This plot is similar to the upper
middle panel of Figure 2 from Cappellari et al) (2012) apart from the selection of galaxies and
a logarithmic axis; The bottom panels show the same plots for simulated data for which it is
assumed that there are no intrinsic IMF variations (within the black and grey data points), but
for which the perceived variations are caused by a random Gaussian errors of 6% in (M /L)sgp
and 29.9% in (M /L),. The black and grey data points are also renormalised by a factor
of 0.785, see Table ﬁ The error of 29.9% is chosen such that the standard deviation in
the mismatch parameter in the error simulation is exactly the same as in the ATLAS®P data.
Both the qualitative as the quantitative behaviour are reproduced pretty well. The Pearson
R? for the black and grey points of the right panels is 0.674 for the data and 0.605 & 0.040
for 10.000 runs of the Gaussian error simulation (for the specific run that is shown here it is
0.630). The white diamonds require a larger normalisation of 1.192 and error of 51.2%.

Figure P.2 (top panels) compares the two types of (M /L) determinations from
the ATLAS3P Survey. Clearly, (M /L)sgp and (M /L)i4, do not agree within the
6% error associated with the (M /L)sgp determination and the 6% JAM model
error. The difference could be due to a systematic IMF trend, random variations in
the IME, distance measurement errors and photometry errors. Our aim is to better
understand these effects.

Cappellari et al] (2012) present the ATLASP results in a way analogous to
Figure 2.2 (top right panel), without the open diamond symbols. One should be
cautious drawing conclusions about the IMF from the correlation in this graph be-
tween (M /L), and the " IMF mismatch parameter” o = [(M /L) s,]/[(M /L)sgD]
for three reasons. Firstly, galaxies with still ongoing star formation (selected by hav-
ing Hp absorption with an equivalent width larger than 2.3 A) generally have a
strong radial gradient in their stellar population. This makes both (A /L) deter-
minations uncertain, which is the reason why they are excluded from the analysis
by Cappellari et al] (2012). This does, however, induce an unavoidable bias. Figure
(top left panel) shows that this H/ selection is almost equivalent to removing
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Figure 2.3: For the same data as Figure @ this shows the dependency of the IMF mismatch
parameter on (M /L)sep. Both the ATLAS®® data and the error simulation show a negligible
correlation for the black and grey data points, with a Pearson R? of 0.02 for the data and

0.00 for the simulation.
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galaxy selection a o(a) o(a)/@ number of
galaxies

Hp + quality selection (black circles) 0.808 0.226 28.0% 171

Hp removed (white diamonds) 1.192 0.615 51.6% 35

remainder quality removed (grey squares) 0.710 0.265 37.3% 52

(black circles + grey squares) 0.785 0.239 30.5% 223

Table 2.1: Average IMF mismatch parameter @, the standard deviation o(a), the relative
standard deviation o(a)/@ and the number of galaxies in the selection for the galaxy sam-
ples corresponding to different selection methods as used in Figure and other Figures
throughout this article.

all galaxies with (M /L)sgp < 3. Figure £.7 (top right panel) shows that this cre-
ates an “‘upper zone of avoidance" which strengthens the correlation between
and (M /L)4,.

Secondly, (M /L)sgp is not a pure measurement. It is a fit of measurements
to a Salpeter stellar synthesis model and hence it does not have Gaussian random
error behaviour. More specifically, there is a clear theoretical maximum value of
(M/L)sgp =~ 7 which corresponds to a simple stellar population of the age of
the universe with a Salpeter IMF. Regardless of any errors in SED-fitting, JAM-
modeling, distance measurements and photometry, this maximum will always be
respected. As can be seen in Figure 2.7 (top right panel), this constitutes a **lower
zone of avoidance" which is actually responsible for most of the correlation.

Thirdly, and not completely independent of the previous two points: any er-
ror in the kinematic (M /L) determination will show up as a radial scatter which
emanates from the origin in Figure 2.2 (top right panel) and may thus induce a
spurious correlation.

In order to assess to what extent the upper right panel of Figure P.2 alone, or
equivalently the upper middle panel of Figure 2 from Cappellari et al] (2012), con-
stitutes convincing evidence for IMF variations, we simulate the eftect of Gaussian
random errors in both the determination of (M /L)sgp and (M /L)y, on this fig-
ure. Assuming no intrinsic IMF variations, these errors will lead to an expected
scatter in the perceived IMFE mismatch parameter. We fix the Gaussian errors in
(M/L)sgp to the reported value of 6%, but use a Gaussian error of 29.9% in
(M /L)kin, which represents the total error in the kinematic mass-to-light deter-
mination, including a JAM modelling error (reported at 6%), errors from photom-
etry and errors from the distance determination, which will be discussed at length
in section .7. The value of 29.9% is chosen such that the kinematic and SED er-
rors together combine to give the 30.5% scatter found in the data for all galaxies
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that have not been rejected because of H/3 absorption, see Table P.1l. The ques-
tion now is whether these random errors can produce at the same time a relation

between (M /L)y, and « similar to that in Figure . upper right panel.

Figure P2 (lower panels) shows the results of the error simulation for data with
no intrinsic IMF variations. For all the galaxies that have not been rejected on basis
of Hj absorption we simulate a random value for (M /L)y, based on the observed
value of (M /L)sgp from ATLAS3P multipled by the average normalisation of
0.785 (see Table .T)) and we add a random Gaussian error of 29.9%. Hereafter we
add a 6% random Gaussian error to (M /L)sgp. For the Hf removed galaxies we
use a normalisation of 1.192 and respective errors of 51.2% and 6%. As can be seen
in the lower panels of Figure .2 the data from simulated errors looks very similar
to that from the real ATLAS®P measurements. Especially we retrieve the strong
trend of the IMF mismatch parameter with (M /L)y,. However the correlation
of this trend in the real data (Pearson R? = 0.674 for the combined black circles
and grey squares) is higher than that in most of the error simulations (Pearson
R? = 0.605 + 0.040). This 1.70 deviation could indicate that Gaussian errors
alone are not enough to explain the observed trend between (M /L)y, and «,
although the significance of this is limited and non-Gaussianities in the errors are
likely to increase this correlation. Figure P.3 shows that also the relation between
(M /L)sgp and « is well reproduced by the error simulation. The data has a Pearson
R? of 0.02 versus 0.00 in the simulation. A negative correlation could have been
the result of hypothetical large measurement errors in (M /L)sgp.

'These issues do not definitely imply that the observed trend is caused by errors.
For the sake of the argument, true Gaussian IMF variations would look exactly the
same as Gaussian measurement errors in (M /L)y;,. It does show however that it is
hard to draw conclusions based solely on the correlation between v and (M /L) .
Itis important to look for accompanying correlations of the IMF mismatch param-
eter o« with different variables, not only to find the physical processes that might
explain the trend, but also to rule out that the trend is a result of the complicated
interplay between the selection effects and the different measurement and model
errors.

Even in the extreme case when the variations of the IMF mismatch parameter
o within the the ATLAS®P Survey would be completely due to errors, the average
value of « from Table 7] can still be compared with determinations of the IMF
by different studies, as alluded to in the introduction. This average normalization
for the ATLAS®P ETGs is different from the Chabrier IMF which holds for our
galaxy. However when comparing to other studies one has to take into account the
unknown systematics of comparing different IMF determination methods. This

is beyond the scope of this work. We will focus solely on the evidence for IMF



2.4 Correlations with the IMF mismatch parameter 29

variations present within the ATLAS3P Survey.

2.4 Correlations with the IMF mismatch parameter

In the previous section we confirmed that at face value the ATLAS®P data suggests
a non-universal IMF. The robustness of this outcome however critically depends
on the size of the assumed modelling and measurement errors in the kinematic
mass determination. For this reason, it would be good to find some independent
correlation of the IMF mismatch parameter with some other observable in order
to convince ourselves of the robustness of this result. Moreover, correlations are
to be expected within any theoretical model for IMF variations. The IMF could
for example correlate with the age of the galaxy through a dependence on redshift,
it could be related to the mass of the galaxy via gas recycling, the pressure of the
interstellar matter or the intensity of star formation, it could depend on the galaxy
metallicity or it could be influenced by the cosmic environment etc. Any corre-
lation could also point the way to an understanding of the underlying physical
mechanisms.

The data show a clear correlation of the mismatch parameter with the ef-
fective velocity dispersion o (Cappellari et al] 2013B). Surprisingly, it does not
show a correlation with (M /L)sgp, SDSS colour, luminosity, or even Mggp (even
though o, and Mgsgp, and o, and (M /L)sgp are tightly correlated). Figure 2.4
(top panel) shows the clear trend between the IMF mismatch parameter and the
effective velocity dispersion for the high-quality data points (with a Pearson R? of
0.11). The variables o, and Mggp are tightly correlated (Pearson R? of 0.63) so
naively one would expect to find a correlation between the IMF mismatch parame-
ter and Msgp as well, but Figure P-4 (bottom panel) shows that this is not the case
(Pearson R? of 0.001). We also see from Figure P-4 (top panel) that the trend with
o, is affected by the exclusion of galaxies with strong H/3 absorption. The excluded
galaxies on average have a small o, and a large o. Including all galaxies in the fit
of a versus . would reduce the best-fit slope from 1.6 x 1072 t0 0.4 x 1073 and
the Pearson R? from 0.112 to 0.003.

Although the trend of o with o is very clear, it is much smaller than the scatter.
Accounting for the trend for all galaxies that have not been rejected on basis of H/3
absorption only reduces the scatter in o from 30.6% to 28.7%. We note that since
velocity dispersion is the main input of the JAM model, we expect it to be more
prone to systematics. A very recent analysis of the ATLAS3P results by McDermid
et all (2014) has found no significant dependence of the IMF on single stellar
population equivalent ages or abundance ratios. In the following we will investigate
turther the IMF mismatch parameter dependence on velocity dispersion, especially
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Figure 2.4: ATLAS® data for the IMF mismatch parameter o = (M /L)in/(M/L)sgp as
a function of the effective velocity dispersion (top panel) and the mass measured from SED
fitting assuming a Salpeter IMF (bottom panel). The three different data selections are the
same as in Figure . Three open diamond data points with a mismatch parameter greater
than 2 are not visible. For each selection the average is indicated in blue. The Pearson R>
coefficients for the fits to the black filled circles are 0.11 for the left panel and 0.001 for the
right panel (on a logarithmic mass scale).
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in relation to the survey mass completeness and distance measurement effects, but
first we take a short look at the implications of the IMF trend on the measurement
of galaxy stellar mass functions.

2.5 Galaxy Stellar Mass Function and mass com-
pleteness

A non-universal IMF could affect the shape of the galaxy stellar mass function
(GSMF) inferred from fitting stellar population synthesis models to the SEDs
measured in galaxy surveys.

A recent attempt to quantify this effect is reported by [McGee et all (2014),
who take different model assumptions for the dependence of the slope of the IMF
on galaxy velocity dispersion and show that the implications for the high-mass end
of the GSMF can be quite significant. For such an analysis it makes a difference
what observations are taken as the starting point. Also, Figure .4 suggests that
translating an IMF trend with o, into a trend with Mggp can be quite tricky.
Here we want to address what would be the effect based solely on the ATLASP
Survey. The advantage of this approach is that we know that the galaxy sample is
representative, because it is aimed to be complete down to approximately 6 x 10”
M, within the given volume (Cappellari et al] 2011a).

As can be verified from Figure .4 (right panel) correcting the observed Msgp
from any GSMF study to a M, value, results in the same correction by a factor 0.8
independent of the mass. This just shifts the GSMF of quiescent galaxies to lower
masses without changing its shape. Accounting for the scatter in the mismatch
parameter (assuming that the scatter is intrinsic and not caused by the observa-
tional analysis) would correspond to smoothing the GSMF with a kernel of about
0.2 dex. At the steep high mass end this smoothing kernel effectively shifts the
GSMEF to lower masses by an additional 0.05 dex. Hence, apart from a possible
slight shift of the quiescent GSMF with respect to the star forming GSME, the
ATLAS?3P results do not imply any changes in the shape of the GSMF.

We can also look directly at the GSMF for the 260 ETGs in the ATLASP
Survey. For this number of galaxies the statistical and cosmic variation will be quite
large, but it is the most direct approach. Figure 2.5 shows the GSMF separately for
Mggp and My, and compares these with the GSMF for quiescent galaxies from
Moustakas et all (2013). Apart from the overall shift in mass by a factor 0.81,
the two ATLAS3P mass determinations give very similar GSMFs. The high-mass
fall off from ATLAS?P is the same as that from Moustakas et all (2013). The
overall normalization is approximately 30% lower, which could be due to cosmic
variance or a difference in selection criteria for quiescence. At the low-mass end
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Figure 2.5: The galaxy stellar mass function (GSMF) for all ATLAS®® ETGs as a function
of respectively Msgp from SED fitting (solid curve) or M, from JAM model fitting (dashed
curve). The JAM model GSMF is shifted to lower masses by a factor of about 0.8, but apart
from that there are no_major differences. The ATLAS®® sample can be compared with the
quiescent GSMF from Moustakas et al| (2013) (which has been shifted by 0.22 dex in order
to correct to a Salpeter IMF). One difference is the overall normalization. On top of that the
ATLAS®P sample seems to become incomplete already for M < 2x10*°Mg ~ 10'%*Mg (see
Figure @ blue dash-dotted line). The high-mass fall off is similar. The red dashed vertical
line represents the approximate mass completeness limit of 6 x 10°M, reported by Cappellari
et al) (2011a).
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the ATLAS’P GSMEF falls off rapidly, which most likely indicates that the galaxy
sample is incompletef,

In order to assess the mass completeness of the survey, Figure L. (top row)
shows the mass to light ratio in the K-band as a function of Mggp (left) and My,
(right). The galaxy selection is based on K-band luminosity (My < —21.5 mag).
'The selection is made in the K-band because (M /L) variations in the K-band are
smaller than in the r-band. For masses smaller than 2 x 101M, the survey is not
mass complete. Galaxies with masses below this limit are bound by a progressively
smaller upper limit on the K-band (M /L). Figure £.§ (bottom row) shows that the
r-band (M /L) follows the same mass completeness trend. The mass-completeness
limit of 2 x 10'1°M, that we estimate is higher than the survey limit of M =~
6 x 10°M, reported by Cappellari et al] (2011a).

One should be cautious about the biases that these completeness effects might
introduce. For instance, the Mass Plane projection of o versus M of Cappellari
et al] (20134) has selected against red, high M /L galaxies with masses below 2 x
101°M,. Inclusion of such galaxies might change the M /L dependence on M
and o significantly at the low mass end.

2.6 Mass completeness effects on the IMF disper-
sion trend

In the previous section we showed that the ATLAS®P Survey is probably incom-
plete for galaxy masses below 10193Mg,. This introduces a complex bias. Most
of the problematic galaxies, especially those with non-homogenous (M /L) ratios
caused by recent star formation, also have masses below this limit. It therefore
makes sense to look at the mass-complete sample of galaxies with masses higher
than 10193M,,. There are two possible ways to implement this. We can either
impose a cut in Mggp or in Mi,. Figure P.7 shows the IMF trends obtained by
imposing either of these constraints. Using a Mggp cut gives a very clear IMF
trend with 0., whereas using a My, cut gives no trend at all. It is straightfor-
ward to understand what is the cause of this difference. Around galaxy masses of
10193M, the first selection will favour high (M /L)sgp galaxies and hence low
«, while the second selection will favour high (M /L)y, galaxies and hence high
. The region where this selection effect shows up in a (o, ) plot is at low o,
because of the tight correlation between velocity dispersion and mass.

5 Alternatively this could be caused by a divergence of the selection criteria on quiescence from
Moustakas et all (2013) with respect to the ETG sample of ATLAS®®, which occurs abruptly at
masses M < 10193M,.
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Figure 2.6: (M /L) versus M for both mass determinations. The data sets are the same
as in previous figures. The left panels indicate the mass from SED fitting, the right panels
indicate the kinetic mass determination by ATLAS®P. The top row corresponds to K-band
luminosities, with the solid red line indicating the selection limit of Mg = —21.5 mag. The
bottom row corresponds to the r-band luminosities used throughout the rest of this article and
in the definition of the IMF mismatch parameter .. The upper row clearly demonstrates that
the selection is not complete for masses (either Msgp or Mig,) below 2 x 10'°Mg . Under this
limit galaxies with high K-band (M/L) are not selected. The blue dash-dotted line represents
this conservative mass limit. The red dashed vertical lines denotes the approximate ATLAS®P
survey limit of 6 x 10°Mg, reported by Cappellari et al) (2011a). The lower row shows the
same completeness behavior in the r-band. For reference the red solid curve in the bottom
panels indicates a constant luminosity of 6 x 10°Lq. Also in the r-band the selection edge
runs roughly parallel to this constant luminosity curve.
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Figure 2.7: Trend of the IMF mismatch parameter oo = (M /L), /(M /L)sep with velocity
dispersion for all ETGs with Mgsgp > 10'°*Mg, (top panel), or My, > 10'*Mg (bottom
panel). the top sample gives a slope of 0.0020, Pearson R* = 0.12, Spearman R? = 0.13.
The bottom sample gives a slope of 0.0001, Pearson R? = 0.0003, Spearman R? = 0.02.
Data points in blue indicate galaxies that are only present in one of the two panels.
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It seems that the IMF trend with velocity dispersion depends on the mass se-
lection criterion. For a mass complete sample of galaxies with My, > 2 x 101°M,
one would conclude that there is no IMF trend with velocity dispersion over a large
range of velocities. At the moment, the conclusions that we draw about the IMF
dependency on velocity dispersion are dominated by the precise selection crite-
rion at the low mass or low luminosity end of the galaxy sample. Therefore in the
tuture it would be very useful to push this limit towards lower masses and lower
luminosities.

2.7 Distance effects and SBF calibration

A source of error or bias in the determination of the IMF mismatch parameter
lies in the distance determination. ATLAS3P looks at nearby galaxies. For these
galaxies the relative error in redshift-distances can be large. The distances used
in the JAM method come from various sources: SBF distances from [Lonry et all
(2001) and [Mei et al] (2007), distances from the NED-D Catalogue and distances
from the redshift, via the local flow field model of [Mould et al] (2000) (using only
the Virgo attractor).

'The inferred value of (M /L)sgp is independent of the distance determination,
but (M /L), does depend on the distance. Suppose that the distance is overesti-
mated by a factor 7). This would mean that the luminosity of the galaxy is overes-
timated by a factor % and that the size of the galaxy is overestimated by a factor
n. Since the JAM fitting method is in effect a sophisticated way of determining
a dynamical mass, the mass will follow M oc o?r and will be overestimated by a
factor 7. This means that (M /L)y, and hence the IMF mismatch parameter, will
be a factor 1) too small. Thus, if a galaxy in reality is closer than determined, it will
have a higher (M /L), than determined and vice versa. Any errors and biases in
the distance determination will therefore show up as errors and biases in the IMF
determinationf.

Figure I8 (top panel) shows the dependence of the IMF mismatch parame-
ter on distance. For the high-quality galaxies there is a trend of increasing IMF
mismatch parameter with distance. One possibility is that this reflects a genuine
systematic variation in the IMF on Mpc scales. If this were due to a dependence
of the IMF on environment, then one would expect a stronger correlation between
the IMF mismatch parameter of neighbouring galaxies. For example, Cappellari

" For galaxies around the completeness limit of sections 2.5, P-§ the selection on K-band intrinsic
luminosity will contain some galaxies that should fail the selection criterium, but are included due
to an overestimate of the distance. This distance error propagates quadratically into the intrinsic
luminosity. For these galaxies the perceived IMF mismatch parameter will be too small. Vice versa
some galaxies with underestimated distances will be missed.
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et al. (2011H) have used the ATLAS3P data to show that the morphology of the
galaxies depends on their immediate environment (the galaxy density defined by
the closest three galaxies). However, we find no appreciable correlation between
the IMF mismatch parameter of nearest neighbours (Pearson R? =0.02, Spear-

man R? = 0.03).

Another possibility would be that the distance trend of the IMF mismatch
parameter is related to the mass completeness issues from the previous section.
This could be the case if the survey would have missed galaxies with low masses at
larger distances. This is however not the case. There is no trend with distance for
either velocity dispersion, kinematic mass or SED fitting mass (respective Pearson

R? 0f 0.0008, 0.0005 and 0.0005).

'This leaves the possibility that the IMF trend with distance is possibly caused
by a bias in the distance determination. Figure P.§ (bottom panel) shows the dif-
terent sources for the distances that are used as input in the JAM fitting method.
A relative distance error eventually translates into a relative error in the IMF mis-
match parameter. Table P2 gives the mean and standard deviation of the IMF
mismatch parameter for each set of distances. The ratio o (a) /@ is smallest for the
samples using the SBF distances from [Mlei et al] (2007) and the distances from the
redshift via the local flow field model of Mould et al] (2000), suggesting that these
methods give the highest relative accuracy. The other three sets are considerably
worse.

There is no clear cut way to unambiguously prove which distance method is
causing the bias. Part of the overall correlation between « and distance is caused
by the offset of the SBF distance determinations at small distances with the redshift
distance determination at larger distances and part of it is caused by correlations
within each data set. These correlations within each data set are biased by the se-
lection effect of which galaxy belongs to which data set. Especially in the region
around 25 Mpc, the choice between “Tonry" and **Vy " can itself cause a cor-
relation between the IMF mismatch parameter and distance of the corresponding
subsets of galaxies. It is therefore better to look at a selection criterion based on
distance (D < 25 Mpc versus D > 25 Mpc), which overlaps with the regions
where both distance methods are used. Table P.3 shows that the trend of the IMF
mismatch parameter with distance originates from the galaxies closer than 25 Mpc
that are not a member of the Virgo Cluster. This might point towards a bias in the
SBF distance determination from [Tonry et al] (2001)).

'The question arises whether this possible bias with distance is in any way re-
lated to a possible bias with velocity dispersion, since these appear to be the only
two variables that show a systematic trend with the IMF mismatch parameter.

Table .3 and Figure 2.9 show that this indeed seems to be the case. Exactly the
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Figure 2.8: The IMF mismatch parameter o = (M /L),/(M/L)sgp versus distance. Top
panel: for the high-quality galaxies there is a clear trend with distance (Pearson R* = 0.08,
Spearman R? = 0.12). Three open diamonds with a mismatch parameter larger than 2 are
situated beyond the plotted range in the upper right. Bottom panel: only the galaxies selected
on quality and HB absorption. The different symbols indicate the source of the distance
measure that is_used as input in the JAM fitting procedure. Blue open circles correspond to
distances from [Tonry et al| (2001), blue filled circles correspond to distances from Mei et al|
(R007), black triangles are from the NED-D catalogue, black crosses indicate galaxies for
which the distance is set at the distance of the Virgo cluster, red open diamonds correspond
to distances via the heliocentric redshift velocity. The solid line in both panels is the same fit
to the high quality galaxies.
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distance method @ ola) ola)/a
SBF Mei 0.69 0.14 0.20
SBF Tonry 0.79 0.26 0.33
NED-D 0.96 0.30 0.31
Virgo 0.89 032 0.36
Vig 0.85 017 0.20

Table 2.2: Average IMF mismatch parameter @ and the standard deviation o(«) for the
galaxy samples corresponding to different methods to measure their distances: “SBF Mei"
refers to galaxies with a distance determination by Mei et al| (2007), “SBF Tonry" refers to
distances by [Tonry et al| (2001), “NED-D" are galaxies for which the distance is taken as the
average of NED-D catalogue values, “Virgo" are galaxies whose distance is set equal to the
distance of the Virgo cluster, “Vyq" are galaxies for which the distance is determined from
their heliocentric redshift velocity.

same data set is responsible for most of the correlation of the IMF mismatch pa-
rameter o with velocity dispersion as was responsible for most of the correlation
between « and distance. For galaxies at distances larger than 25 Mpc there is no
clear indication of a systematic IMF variation, nor is there for Virgo galaxies. The
systematic trend with velocity dispersion is almost entirely due to the non-Virgo
galaxies closer than 25 Mpc. The same trends appear if we select on the three cor-
responding main distance methods.
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Figure 2.9: The trend of the IMF mismatch parameter « = (M/L)wn/(M/L)sep with
effective velocity dispersion for different sub-samples of galaxies. The left and right column
show samples selected based on distance and distance measurement method, respectively.
The distance selection criterion of 25 Mpc corresponds approximately to the transition from
SBF distances to Vi, distances, avoiding the bias that is introduced by the availability of SBF
distance measurements at this distance. The two panels in each row correspond to roughly
the same galaxy selections. Top row: most galaxies at D > 25 Mpc have a_redshift distance
determination; middle row: most Virgo galaxies have an SBF distance from Mei et al/ (2007);
bottom row: most non-Virgo galaxies closer than 25 Mpc have an SBF distance from [Tonry
et al} (2001)). Most of the IMF trend with velocity dispersion comes from the set of non-Virgo
galaxies at D < 25 Mpc or, equivalently, from the set of galaxies with Tonry SBF distances.
This is the same set that shows a distance dependence of the IMF mismatch parameter.
Solid lines represent the best fit linear relation for all panels with a Pearson R? correlation
of at least 0.12. The remaining two panels have a Pearson R? of 0.05. See Table Q for all
corresponding statistics.

There is a striking difference in the IMF trends with velocity dispersion be-
tween the two SBF distance sources that are used as input, [Lonry et al] (2001)) and
Met et al] (2007). The SBF method is believed to be the most accurate distance
measure for close-by ETGs. The method is based on the assumption that in the ob-
served region the stars sample a homogeneous distribution in space. Fluctuations
in brightness are then caused by shot noise. The relative size of these fluctuations
contains information about the average number of stars per point spread function.
For ETGs that are further away this number of stars will be larger and the relative
fluctuations in brightness will be smaller. Although the SBF method can be quite
precise, it is an indirect way of measuring distance and may therefore be prone to
unknown biases. If all stars would be equally bright then the method would be the-
oretically simple, but in reality different galaxies consist of different populations
of stars, be it because of differences in age, metallicity or possibly the IMF of the
galaxy. For this reason the SBF method is calibrated observationally as a function
of colour.

'The Tonry distance scale is calibrated as a function of (V-I) colour, by compar-
ing with different distance estimates for groups. The Mei distance scale is calibrated
as a function of (ga75 — 2850) colour. Since the Mei sample consists of galaxies
that belong to the Virgo Cluster, the SBF distance is calibrated as a function of
colour requiring that different colour galaxies are homogeneously distributed in
distance. Table 2.4 shows the R? correlation coefficients for the correlations be-
tween the spatial distribution of galaxies (in distance, right ascension, declination)
and ga75 — 2850 colour as well as between spatial distribution and the ATLAS3P
velocity dispersion. The colour-distance correlation was made to disappear by cal-
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(avs. D) (avs. o¢)
Galaxy Selection number of Pearson 2 p-value  slope Pearson R? p-value slope
galaxies Spearman R?  p-value Spearman R?  p-value
Hp + quality selection 171 0.08 0.0002 0.0075 0.11 0.000008  0.0016
0.12 0.000003 0.12 0.000005
D > 25 Mpc 70 0.006 0.54 0.0031  0.05 0.05 0.0009
0.008 0.46 0.08 0.02
Virgo 47 0.0005 0.88 -0.0062  0.05 0.13 0.0009
0.001 0.82 0.06 0.10
D < 25 Mpc, non-Virgo 52 0.11 0.01 0.0185 0.29 0.00003  0.0033
0.12 0.01 0.30 0.00003
Vhel 59 0.07 0.04 0.0080 0.12 0.006 0.0014
0.06 0.06 0.14 0.004
SBF Mei 34 0.04 0.28 -0.0145 0.17 0.01 0.0010
0.01 0.57 0.16 0.02
SBF Tonry 54 0.08 0.04 0.0112 0.21 0.0004 0.0027
0.11 0.02 0.27 0.00007

Table 2.3: Trend of the IMF mismatch parameter with both distance D (columns 3-5) and
effective velocity dispersion o (columns 6-8). Both trends are quantified by the Pearson R?
coefficient, by the corresponding 2-tailed p-value for the null-hypothesis of no correlation and
by the slope of the best linear fit. The Spearman R? and corresponding 2-tailed p-value are
also given. Note that at a fixed slope, R? increases if the scatter decreases, thus “SBF Mei”
and “Vyq" naturally have a higher R? coefficient. The first row corresponds to all high-quality
galaxies, selected by having a non-zero “quality” label in Cappellari et al| (R013b) and an
Hp absorption with an equivalent width smaller than 2.3 A. The next three rows are subsets
of these high quality galaxies based on distance, where the galaxies with distances smaller
than 25 Mpc have been split into Virgo galaxies and non-Virgo galaxies. The last three
rows correspond to subsets defined by different distance determination methods: “Vy," are
galaxies for which the distance is determined from their_heliocentric redshift velocity, “SBF
Mei"” refers to galaxies with a distance determination by Mei et al] (2007)), “SBF Tonry” refers
to distances by [Tonry et al| (2001). The other two distance methods from Table @are not
included, because both contain only 12 galaxies, too few to give meaningful statistics. Both
the trend with D and the trend with o. are mostly due to the non-Virgo, D < 25 Mpc set or,
equivalently, the sample of galaxies with a distance determination from [Tonry et al} (2001).
The trends with o, are also plotted in Figure .
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Distance RA DEC
g(475)-2(850) colour 0.008 0.00007 0.03
oe (ATLAS3D) 0.01 0.0009  0.003

Table 2.4: Pearson R? correlation coefficients between 3D spatial variables of the Virgo
galaxies and colour as given by Mei et al| (2007) or velocity dispersion as given by Cappellari
et al| (R013b). Galaxy colours do not correlate significantly with right ascension or declination.
The colour - SBF magnitude relation is calibrated by requiring that the same holds in the
radial direction. Because colour and o, are highly correlated, this removes the o, trend with
distance as well.

ibrating the colour-dependent SBF distance, such that the distribution in this di-
rection is as uniform as it is in the transverse directions. Colour and velocity dis-
persion are highly correlated. Table P-4 shows that removing the colour-distance
dependence for the Virgo galaxies has also automatically removed the o.-distance
dependence.

'This SBF distance calibration with colour is different for the Tonry dataset.
Figure P.10 shows the difference in distance modulus for the 26 galaxies that are
part of both the [Tonry et all (2001) SBF catalog and the Meti et all (2007) SBF
catalog. Although one should be cautious in overinterpreting this data due to small
number statistics, there are clear trends in the distance difference between the
two data sets with both colour and effective velocity dispersion (as determined
by ATLAS3P). For high velocity dispersion the Tonry distance is systematically
smaller than the Mei distance and vice versa. This means that for high o, the JAM
method will systematically give a higher IMF mismatch parameter for the Tonry
distance than for the Mei distance. This effect is about half of what is needed to
fully explain the difference in (o¢,c) slope in the middle-right and bottom-right
panels of Figure P.9, assuming the same correlation holds for the non-Virgo galax-
ies that do not have a Mei distance determination.

If we adjust the IMF mismatch parameter with simple scaling relations from
Mei to Tonry for the set of galaxies that have a distance determination by both,
the best-fit slope of this subset for the (o,,c) relation increases from 0.00090 to
0.00140, while the value of R? increases from 0.221 to 0.338. If we do the op-
posite for the high quality Tonry galaxies, Figure 2.9 (bottom right panel), using
Qnew = Qo+ (1.156 — 7.591 - 1074 - 0., the best-fit slope decreases from 0.0027
to 0.0022, while the value of R? decreases from 0.215 to 0.148. The calibration ef-
fect is significant, but not sufficient to completely explain the difference in (o,c)
trend between the two sets. Qualitatively the conclusion that there is an IMF trend
seems to hold. However, one should keep in mind that this conclusion also de-



44 MNRAS, Volume 449, Issue 4, p.4091-4104

LA B L B L B LR B L L B
L . |
L . |
0.4 o o .
T I ]
= L |
S o2f i
E | ]
. L |
c 00r .
SO ]
= I ]
E -02F .
~ L ° i
L L] 4
L [ _
—04}+ .
-. FURUR SN YT T S T T Y S [N S T T AN YO T S T N S ]

100 105 110 115 120 125 1.30

(V-1) colour Tonry
T T L T T
I . ]
[ ]

0.4 -
T I ]
= L |
S o2f i
E ]
o L |
c 0.0 4
S :
= I ]
E -02 4
0.4} -
-. PRI IR S SR TN [N ST SR T SO SN TN SO ST S NN ST S S S S N S .-

0 50 100 150 200 250 300

oe (km/s)

Figure 2.10: For the galaxies that have an SBF distance determination from both [Tonry et al.
(R001) and Mei et al) (2007), the difference in distance modulus is plotted as a function of
V-1 color from Tonry (top panel) and the effective velocity dispersion from ATLAS®® (bottom
panel). A trend in distance calibration is visible in both panels, with respective R? correlations
of 0.14 and 0.20. The dashed line in the right panel represents the systematic bias that would
be needed to completely explain the difference in (0., ) trend between Tonry and Mei. The
observed bias is roughly half of what is needed.
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Figure 2.11: Trend of the IMF mismatch parameter oo = (M /L)in/(M /L)sep with effective
velocity dispersion for all galaxies that have a [Tonry et al| (2001) SBF distance in ATLAS®C.
Data points have been recalibrated to account for the o. dependent difference with Mei et al.
(2007) SBF distances. The fit to all data points has an R? of 0.00002 and slope of 0.00003.
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pends on the Hf selection eftects discussed earlier. For example, the strongest
trend of Figure .9 (bottom right panel) can be made to completely disappear by
both recalibrating the Tonry SBF distance and including the **lower quality JAM
fit" galaxies, see Figure P.11. Moreover, in section [.§ we showed that the effect
of mass completeness of the galaxy sample on the inferred (o,,) relation can be

large.

2.8 Conclusions

We have asserted the evidence for a non-universal IMF by the ATLAS®P Sur-
vey and the systematic trend of these IMF variations with the effective velocity
dispersion of the Early Type Galaxies.

* We analysed the correlation between the kinematic mass to light ratio and
the IMF mismatch parameter from Cappellari et al! (2012). We show that
a similar correlation could arise from Gaussian measurement errors on the
kinematic mass to light ratio of the order 30%, i.e. larger than anticipated
(Figures 2.7, £.3). However, the observed correlation is somewhat larger
than expected from this Gaussian error simulation. The inferred IMF varia-
tion hence depends crucially on the precise understanding of the modelling
and measurement errors. For this reason, secondary evidence in the form of a
large trend of the inferred IMF with another astrophysical variable would be
very helpful. The largest trend (at Pearson R? = 0.11) is found for velocity

dispersion within an effective radius.

* Part of the trend of the IMF with velocity dispersion depends on a galaxy
selection on H 3 absorption, meant to exclude galaxies with a strong radial
gradient in stellar populations (Figures .2, £.4). Although this selection
might be unavoidable due to the larger errors in the determinations of Msgp
and My, one should keep in mind the bias that it produces, especially since
these are mostly low velocity galaxies with a high IMF mismatch parameter,
opposing the trend of the other galaxies.

* 'The IMF trend with velocity dispersion is not accompanied by an IMF trend
with mass inferred from SED fitting (Figure £.4). Thus, contrary to what one
might expect (McGee et al] 2014), taken at face value, the ATLAS?P results
imply no significant changes in the shape of the observed galaxy stellar mass
function (Figure P.5).

* The ATLAS3P Survey is selected to an absolute K-band magnitude M

of —21.5. We estimate that this results in incompleteness for masses below
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2 x 10'°M, (Figure 2.6) (higher than the low-end mass of ~ 6 x 109Mg,
(Cappellari et al] 20114)). Below this completeness limit the mass plane
(MP) as defined by Cappellari et all (20I3B,4) is expected to be affected
by completeness effects. The inferred trend between IMF and velocity dis-
persion is dependent on the precise selection cut-off at the low mass end
used in the fit. Specifically, restricting the galaxy sample to the domain
Mg, > 2 x 10'®Mg, removes the IMF trend with velocity dispersion,
whereas the trend is relatively unaftected for a similar sample selection on

MSED (Figure @) .

* Apart from a trend of the IMF mismatch parameter « = (M /L), /(M /L)sgp
with velocity dispersion, we also find a trend with distance (Figure 2.8). If
the correlation between IMF and distance were genuine, then it would pre-
sumably be due to environment. However, we find no correlation between

the IMF of nearest neighbours.

* Selecting galaxies based on the method that was used to measure their dis-
tance (distance is used as input in the kinematical fitting procedure) shows
that both the IMF trend with distance and the IMF trend with velocity
dispersion are concentrated in the subset of galaxies that have a distance de-
termination from [Tonry et al] (2001) (Figure £.9). Equivalently, both trends
are concentrated in the subset of galaxies that are closer than 25 Mpc and
that do not belong to the Virgo Clusterfl. Most galaxies in the Virgo Cluster
have a distance determination from [Mei et al! (2007). The subset of galaxies
more distant than 25 Mpc shows no IMF trend with velocity dispersionfl.

* Part of the difference in the IMF trend with velocity dispersion between the
ETGs with a distance determination from [Tonry et al] (2007) and those with
a distance determination from [Mei et al] (2007) can be traced back to cali-
bration differences of the SBF distance scale with colour (Figure .10). The
empirical colour-calibration from Mei et al] (2007) automatically removes
any correlation between distance and velocity dispersion for Virgo galaxies
(Table B-4). It also reduces the kinematically deduced IMF trend with ve-
locity dispersion with respect to [Tonry et all (2007)). Since this conclusion is
reached by comparing the 26 galaxies that have a distance measurement by
both [Tonry et al] (2001) and [Mei et all (2007) it might be affected by small
number statistics.

"The probability of an IMF-velocity dispersion correlation at least as large as that observed for the
(non-Virgo, closer than 25 Mpc) galaxy subsample, from a random subsample of galaxies is 1.5%.

8The probability of an IMF-velocity dispersion correlation at least as small as that observed for
the subsample of galaxies further than 25 Mpc, from a random subsample of galaxies is 12%.
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'The dependence of the IMF - ¢ relation on the mass cutoft suggests that it
would be valuable to extend the dataset to a lower mass completeness limit (cur-
rently at 2 x 10'°M,). This can rule out the possibility that selection effects con-
tribute to the IMF dependence on velocity dispersion.

'This study does not rule out the existence of IMF variations or the correlation
of these with velocity dispersion, but it does point out several independent effects
that can mimic IMF variations within the framework of the ATLAS3P analysis.
We need a better understanding and control over random- and systematic errors
in ATLAS3P-like analyses and ultimately we need precision agreement between
the different experimental probes of the galactic scale IMF.
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There are 10™ stars in the galaxy. That used to be a huge number. But it's only a
hundred billion. It's less than the national deficit! We used to call them
astronomical numbers. Now we should call them economical numbers.

—- Richard Feynmanﬂ

®(Goodsteid 1989)
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We investigate the effect of a metallicity-dependent stellar initial mass function (IMF), as
deduced observationally by [Martin-Navarro et all (2015d), on the inferred stellar masses
and star formation rates (SFRs) of a representative sample of 186,886 SDSS galaxies.
Relative to a Chabrier IMEF, for which we show the implied masses to be close to minimal,
the inferred masses increase in both the low- and high-metallicity regimes due to the
addition of stellar remnants and dwarf stars, respectively. The resulting galaxy stellar mass
function (GSMF) shifts toward higher masses by 0.5 dex, without affecting the high-mass
slope (and thus the need for effective quenching). The implied low-redshift SFR density
increases by an order of magnitude. However, these results depend strongly on the assumed
IMF parametrisation, which is not directly constrained by the observations. Varying the
low-end IMF slope instead of the high-end IMF slope, while maintaining the same dwarf-
to-giant ratio, results in a much more modest GSMEF shift of 0.2 dex and a 10 per cent
increase in the SFR density relative to the Chabrier IMF. A bottom-heavy IMF during the
late, metal-rich evolutionary stage of a galaxy would help explain the rapid quenching and
the bimodality in the galaxy population by on the one hand making galaxies less quenched
(due to the continued formation of dwarf stars) and on the other hand reducing the gas
consumption timescale. We conclude that the implications of the observational evidence
for a variable IMF could vary from absolutely dramatic to mild but significant.
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3.1 Introduction

'The stellar initial mass function (IMF) describes the number distribution of stars
as a function of stellar mass at the zero age main sequence. The IMF can not
only help us understand physical processes inside molecular clouds, it is also a
key ingredient for understanding astrophysical processes on larger scales. A top-
heavy IMF will lead to more energetic stellar feedback, a higher metal production
and more ionizing radiation, which could have an impact on the nature of the
tormed galaxies, the total star formation history, metal enrichment and on the re-
ionization history of our Universe.

Although IMF studies have a rich history going back to the seminal work of
Salpetet (1955), both in nearby galaxies through direct star counts and in more dis-
tant galaxies by more indirect methods, a consensus on the functional form of the
IMF and its possible dependencies has not been reached. Observations aiming to
measure galaxy stellar masses and star formation rates typically assume a Chabrier
(2003) IMF (e.g. Moustakas et al] 2013; Bauer et al] 2013; Chang et all 2015) or a
similar Kroupd (2001) IMF (e.g. Kauffmann et all 2003; Muzzin et al] 20134). The
same holds true for hydrodynamic simulations of galaxy formation (e.g. Hopking
et al] 2014; Schaye et al] 2015; Snyder et al] 2015). A different IMEF, specifically
an IMF that depends on one or more local astrophysical conditions, could have a
dramatic impact on the interpretation of observations and the results of simula-
tions.

Most nearby IMF measurements tend to support a universal Kroupa- or Chabrier-
like IME, see Kroupa (2002); Chabrier (2003); Kroupa et al] (2013); Kirk and My
ers (2011)); Bastian et al] (2011) and references therein, but there are many com-
plications in determining the IMF from direct star counts, see e.g. Scald (2005)
and Weisz et al] (2013). Recently, Weisz et all (2015) found a very small intrinsic
scatter in the power-law slope of the high-end mass function for young resolved
star clusters in M31, albeit at a higher value (1.4540.05) than the Kroupa slope
(1.30) or the slope they infer for the Milky Way (1.15+0.1), although this offset
might be explained by dynamical depletion (Oh and Kroupd 2016). Conversely, a
recent dynamical study of 29 Local Group Clusters by Zaritsky et al] (2014) con-
cludes that there are clear variations in the cluster IMF. Indications for a nearby
metallicity-dependent IMF come from stellar counts of two nearby metal-poor,
old, ultra-faint dwarf galaxies by Geha et al] (2013), which are found to have a
very top-heavy IMF, and from a study of galactic globular clusters by [Marks et al!
(2012), who report an increasingly top-heavy IMF with decreasing cluster metal-
licity and increasing cloud-core density.

IMEF studies based on observations of more distant galaxies can be roughly di-
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vided into two classes. The first class consists of dynamical methods that weigh
the stellar content of a galaxy and compare this to the stellar mass obtained from
spectral energy density (SED) fitting. Studies of the dynamical masses of SDSS
galaxies by [Dutton et all (2013); Conroy and van Dokkum (2012); [Iortora et all
(2013) report IMF trends with velocity dispersion or galaxy mass. However, a simi-
lar study of low-mass (around 10°M,) early-type galaxies (ETGs) by [Lortora et all
(2016) reports the same average IMF normalisation for these low-mass ETGs as
for the more massive ET'Gs. All these studies report relatively large variations in
the IMF mass normalisation at fixed stellar mass, but it is not exactly clear to what
extent these variations could be caused by assumptions on the dark matter profile,
the anisotropy of stellar motions or the inclination of the observed galaxies. A ma-
jor risk is confusion of dark matter and stellar matter. For this reason the centres
of ETGs are the best targets as they are believed to be relatively devoid of dark
matter.

'The most ambitious attempt at measuring dynamical stellar masses of ETG
centres has been undertaken by the ATLAS®P team, who use integral field spec-
troscopy of 260 nearby ETGs. Cappellari et al! (2012, 2013b,4) report IMF vari-
ations that correlate with the stellar mass-to-light ratio inferred from SED mod-
elling under the assumption of a universal IMF and also with the effective velocity
dispersion of the ET'Gs, but not with age, metallicity or alpha-enhancement ([VIc
Dermid et al] 2014). However, Clauwens et al] (2015) show that the inferred IMF
variations could be caused by a slight underestimation of the modeling- and mea-
surement errors. Random Gaussian errors in the total kinematic mass determina-
tion of the order 30% would give a trend that is very similar to the one reported
in Cappellari et al] (2012). Recently, [Li et al! (2016) tested the accuracy of stellar
mass measurements with the JAIM method used by Cappellari et all (2012), by
applying it to mock galaxies from the Illustris simulation and they report random
modeling errors of 40% and biases that grow with diminishing resolutionl.

Strong gravitational lensing provides an independent way to measure dynam-
ical stellar masses. In general such studies find a Kroupa-like IMF normalization
for spiral galaxies (Brewer et al] 2012) and a normalization heavier than Kroupa
for massive ETGs ([[reu et al] 2010; Oguri et al] 2014; Barnab¢ et al] 2013), but
the analysis of the nearest strong-lensing galaxy by Smith and Lucey (2013) does

This 40% error is for the high-resolution test, which still has a lower resolution than is typical for
ATLAS®P observations. A similar analysis of mock galaxies at a higher resolution would be needed
to disentangle the contributions of IMF variations and modelling- and measurement-errors to the
observed variations in Myxin / M. sa1p found by the ATLASP Survey. A resolution-dependent bias
could also possibly cause a trend of M kin / M« saip with distance, like the one reported in [Clauwens
et all (2015).
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not support thisg,

'The second class of independent methods to determine the galaxy scale IMF
relies on the observation of specific spectral features that discriminate between low-
and high-mass stars. A comparison of the X-ray binary count studies of [Dabring-
hausen et al] (2012) and Peacock et al] (2014) suggests a top-heavy IMF for ul-
tracompact dwarf galaxies. Several spectral studies point at an enhanced fraction
of low-mass stars in ET'Gs with respect to a standard Kroupa IMF. yan Dokkum
and Conroy (2012) and Conroy and van Dokkum (2012) find an IMF trend with
alpha-enhancement, velocity dispersion and metallicity (in decreasing order of sig-
nificance), compatible with results from Pastorello et all (2014). Other studies (La
Barbera et al] 2013; Martin-Navarro et al] 201546,b) suggest a trend that is driven by
velocity dispersion or stellar mass. Smith (2014) and Smith et al] (2015) show that
there is disagreement between IMF results from spectral features and respectively
kinematic- and strong lensing studies of the same galaxies.

Opverall, IMF observations have not yet converged to a single view. The primary
candidates for variables that correlate with IMF variations are metallicity and ve-
locity dispersion. Some other candidates suggested by observations are dynamically
determined density(Spiniello etal]2015), star formation rate (Gunawardhana et all
2017), luminosity (Hoversten and Glazebrook 2008), surface brightness ([Meurer
et al] 2009 and [Lee et all 2009, but see Boselli et al] 2009) and cosmic time (Davé
2008; [Ferreras et al] 2015). Of course all these variables are also correlated with
each other in a complicated way. An ambitious attempt at resolving these interde-
pendencies is the IGIMF theory (Weidner et al] 2013; Recchi and Kroupa 2015)
which builds an effective galactic scale IMF in a bottom-up manner from the IMFs
of individual star clusters, that depend on metallicity, SFR and cloud core density.
In this paper we will take a more agnostic top-down approach and consider IMF
variations on a galactic scale.

Distilling a consistent view from the reported constraints on the IMF is diffi-
cult, since the observations are performed on different types of galaxies with dif-
ferent diagnostics, different systematics, different model dependencies, different
assumptions, a sensitivity to different mass ranges of the IMF and even different
IMF parametrisations. For example, some spectroscopic studies use the so-called
bimodal IMF parametrisation from [Vazdekis et al] (1996)), for which the free pa-
rameter is the IMF slope above 0.6 M, whereas others use a parametrisation for
which the IMF slope above 0.5 Mg or 1.0 Mg, is kept fixed (Conroy and van

Dokkum| 2012). In addition, sometimes the low-mass cut-off is allowed to vary

2The strong-lensing measurement of this particular galaxy is expected to be less sensitive to dark
matter, since the Einstein radius is roughly 25% of the effective radius, probing a region that is
believed to be dominated by stars.
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(Spiniello et al] 2015).

Still, the implications of IMF variations on derived galaxy properties could be
large and are worth investigating. Previous work on the eftect of IMF variations on
inferred galaxy masses has focused specifically on the implications of an IMF trend
with velocity dispersion. McGee et al] (2014) report a significantly shallower galaxy
stellar mass function (GSMF) high-mass drop-off based on IMF-velocity disper-
sion trends observed by [La Barbera et al] (2013); Ferreras et al] (2013); Spiniello
et all (2014). Conversely, Clauwens et al] (2015) report a nearly unchanged GSMF
high-mass drop-off, based on the IMF observations by Cappellari et al] (2012).

In this paper we investigate the effects of the IMF trend with metallicity ob-
served by Martin-Navarro et al] (2015d), although many of the main conclusions
also hold in a broader context. We will not only focus on the effects on inferred
galaxy masses, but also on the inferred star formation rates, which turn out to be
very sensitive to the assumed IMEF.

Martin-Navarro et al] (2015d) find a strong IMF dependency on metallicity,
with high-metallicity regions containing more low-mass stars. They analyse inte-
gral field spectroscopic data from the CALIFA survey (Sinchez et all 2012) for
24 ETGs in order to obtain radial IMF profiles, using the spectral indices Hgo
, [MgFe] , Mg2Fe, NaD, TiO,car1ra and TiO;. A consistent IMF-metallicity
trend is obtained for SDSS galaxy spectra that include near-IR IMF-sensitive fea-
tures. Their sample shows a weaker IMF dependence on respectively age, velocity
dispersion and [Mg/Fe]. The reported stronger trend with metallicity (Spearman
rank correlation 0.82) rather than with [Mg/Fe] (Spearman rank correlation 0.21)
is not necessarily in conflict with the results from Conroy and van Dokkur (2012)
who find Spearman rank correlations of respectively 0.33 with metallicity and 0.81
with [Mg/Fe], because the sample of [Martin-Navarro et al] (2015d) has a much
wider range of metallicities, going as low as [M/H]~ —0.4.

In this paper we investigate the implications that this strong metallicity de-
pendence of the IME, concretely equation 2 from [Martin-Navarro et al] (2015d),
would have on several galaxy diagnostics. Specifically, we concentrate on the im-
plications for galaxy stellar masses, star formation rates and derived relations like
the galaxy stellar mass function, the main sequence of star formation and the mass-
metallicity relation. We do this by re-interpreting the observations of a represen-
tative sample of 186,886 SDSS redshift z ~ 0.1 galaxies. Although the presented
results will be fully quantitative, our results should be viewed in a more qualita-
tive way, due to the many uncertainties in measuring the IMF and the resulting
diversity of the reported IMF measurements that have been discussed.

Although the physical mechanisms responsible for the formation of the IMF

are not yet understood, metallicity, being a local property of the interstellar medium
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with a strong influence on the cooling rate of the gas, is likely to have an influence
on the mass function of stars. On the other hand, a locally metallicity-dependent
IMF could have a large influence on galaxies as a whole. A reduction in the forma-
tion of high-mass stars with respect to low-mass stars in the late, high-metallicity,
stage of a galaxy's evolution could have an accelerating effect on the quenching
of star formation in the galaxy, due to less energetic stellar feedback. This could
trigger a last burst of low-mass star formation that empties the cool gas reservoir
more rapidly. The true star formation rate of the galaxy would be larger than the
typically inferred SFR, which is only sensitive to high-mass star formation.

'The remainder of this paper is organised as follows. Section 3.7 describes the
method used to translate the metallicity-dependent IMF variations into stellar
mass and SFR changes for a large sample of SDSS galaxies. The implications for
the star formation main sequence, GSMF and the mass-metallicity relation are
presented in sections B.3, B.4 and B.5, respectively. Section [.§ discusses the pos-
sible implications of a IMF-metallicity trend on the quenching of galaxies. For an
overview of the main takeaways of this work, see section .7. Some limitations of
our analysis are discussed in the Appendix. Throughout this work we adopt a solar

abundance of Z¢ = 0.019.

3.2 Method

3.2.1 The Vazdekis IMF

The IMF can be uniquely defined by its slope as a function of stellar mass. The
IMF slope is defined as the slope in the plane of (log number of stars per log initial
stellar mass) versus (log initial stellar mass), see Figure B.1]. It is customary to define
this IMF slope to be positive for a descending curve.

Martin-Navarro et al] (2015d) report a strong trend of the IMF slope with
metallicity, expressed in their equation 2:

Ty = 2.2(£0.1) 4 3.1(£0.5) x [M/H], (3.1)

where [M /H] is the logarithm of the metallicity with respect to solard and T is
the IMF slope above a stellar mass of 0.6 M, in the bimodal IMF parametrisation
of Vazdekis et all (1996)8. In this work we will refer to this IMF parametrisation

3Note that the inferred high-end IMF slope is quite high for solar metallicity (I'y = 2.2 for
Z = 0.019) which is possibly in tension with local IMF measurements, although adopting a solar
metallicity of Z = 0.012 lowers the inferred IMF slope to I'y, = 1.58. I'y = 1.3 is reached for
Z = 0.010.

*This high-end IMF slope is defined such that the Salpeter value is 1.35 (and not 2.35).
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as the Vazdekis IMF. We show some examples of this IMF for different values of
I'y in Figure B.1. This Vazdekis IMF has a slope of zero below a stellar mass of
0.2 and a spline from 0.2 M, to 0.6 Mg, The spline is normalized such that the
endpoints would be the same if the IMF of the two outer parts would be inter-
polated and matched at 0.4 M. The IMF is defined between 0.1 Mg and 100
Mg . Equation B is a fit to spectroscopic IMF determinations from local CAL-
IFA measurements, SDSS measurements and radial profile measurements of three
ETGs by Martin-Navarro et al] (2015d). These three data sets use a similar spec-
troscopic IMF analysis on different sources and give consistent results, as can be
seen from fig. 2 of [Martin-Navarro et al] (2015d).

'The aim of this paper is to apply this relation on a galaxy-by-galaxy basis to a
large sample of SDSS galaxies and to investigate the potential consequences of such
a metallicity-dependent IMF. We use the stellar metallicity measurements of (Gal-
lazzi et al] (2005) as input for the metallicity-dependent IMF. In doing so we im-
plicitly assume that these metallicity measurements themselves are not dependent
on the IMF. 'This will not be completely accurate, but it is a valid approximation,
since the typically IMF-dependent metal line indices TiO and NaD are excluded
from the metallicity measurement of Gallazzi et al] (2003)). They concentrate on
those indices that are best reproduced by the Bruzual and Charlot (2003) models
with a fixed IMFB. A recent mass-metallicity relation measurement by Gonzalez
Delgado et al] (2014) with the CALIFA integral field spectrograph for a sample
of 300 galaxies, ranging from ellipticals to late-type spirals, agrees well with the
SDSS measurements by Gallazzi et all (2003)). At a given mass, the scatter in the
metallicity is expected to be mostly intrinsic, rather than due to measurement un-
certainties (see fig. 8 of Gallazzi et al] 2005).

'The spectroscopic IMF determination of Martin-Navarro et al] (2015d) relies
on the light being dominated by old stars. Therefore these measurements are done
exclusively for ETGs. We will assume that the same relation holds also for star
forming galaxies. Of course there is a possibility that a metallicity-IMF relation
will manifest itself differently in star forming galaxies, but large differences are not
expected, since the IMF is literally a property of the galaxy during star formation.
Hence, for any given ETG, the measured IMF corresponds to the time when most
of its stellar mass was build up, at which time it would be classified as a star forming
galaxy. There is a possibility of a redshift dependence of equation .1], which could
mean that it would be different for ET'Gs and star forming galaxies observed at
redshift zero, but here we will assume that the IMF is solely determined by the local

>The metallicities measured by Martin-Navarro et al] (2015d) are expected to deviate slightly
from those of Gallazzi et al] (2003)). Generally the age-sensitive features (e.g. Hf3) have a slight
sensitivity to the IMF (La Barbera et al] 2013), which results in slightly younger ages and thus
slightly higher metallicities for a bottom-heavy IMF with respect to a Chabrier IMF.
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Figure 3.1: The IMF for the two parametrisations used throughout this work. The yellow solid
line depicts the Chabrier IMF. The other solid lines are for the Vazdekis IMF (Vazdekis et al.
1996), which is parametrised by its high-end slope. The indicated IMF slopes for the blue-,
black- and red curves correspond to a [M/H] value in equation of respectively -0.55,
-0.29 and 0.26. Dashed lines show our corresponding low-end IMF, for which the slope below
0.5 Mg is the free parameter. Lines with the same colour are matched on the dwarf-to-giant
ratio, equation B.3, defined as the ratio of the mass in stars below 0.5 M, with respect to the
mass in stars below 1.0 M. These mass regimes are indicated with the vertical dotted lines.
The same dwarf-to-giant ratio, as measured from IMF sensitive spectral lines (Martin-Navarrg
et al] 2015d), can be accommodated by vastly different IMFs.
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gas metallicity during star formation and does not depend directly on redshift. The
measured stellar metallicity reflects this local gas metallicity during star formation.

Another simplifying assumption of our analysis is that we neglect metallicity
gradients and characterise each galaxy by a single metallicity. This is justified by
the fact that the IMF determinations of galaxy regions by Martin-Navarro et al!
(2015d) lie on the same metallicity-dependent trend as that of complete SDSS
galaxies. Another caveat is that the CALIFA ETG sample consists mostly of high-
velocity dispersion galaxies. We assume that the reported IMF-metallicity trend
for this sample is representative for all galaxies. We will see that the implications
of this IMF trend for inferred galaxy properties are most prominent at high masses
and therefore are not expected to be affected much by this assumption.

'The two main galaxy properties that we want to adjust to a metallicity-dependent
IMF are galaxy stellar mass and star formation rate. We use the SDSS masses and
star formation rates from Chang et al! (2015) and the r-band weighted ages from
Gallazzi et al] (2005) . We match on Plate ID, Fiber ID and modified julian date
and select the galaxies with a well-defined metallicity and age in Gallazzi et al.
(2005). This leaves a sample of 186,886 SDSS galaxies.

To recompute the galaxy masses, for each galaxy we compare the Cousins R-
band mass-to-light ratio of a simple stellar population (SSP) with the given metal-
licity and age and a Chabrier IMFH to the mass-to-light ratio of a SSP with the
same metallicity and age, but with the IMF implied by equation B.1. We verified
that the results are almost the same if we use the Johnson V-band or the SDSS
r-band.

All results in this paper are obtained with the flexible stellar population syn-
thesis (FSPS) code of Conroy and Gunn (2010), but where possible we verified
that very similar results are obtained by using the tables from the MILES web-
site. Metallicities are restricted to the range for which there are BaSTT isochrones
(Pietrinterni et all 2013), —1.80 < log10(Z/Ze) < 0.32, for a solar metallicity of
Ze = 0.019 (which is used throughout this paper). The FSPS spectra are gener-
ated for IMF slope values binned with a separation of 6I' = 0.1. Then the M /Lpg
values are interpolated in the 3-dimensional space of (log age, metallicity, IMF
slope).

We apply equation .1 slightly outside the metallicity regime of the observa-

®The Chabrier IMF (Chabried [P003) is defined as

N
) dlog10(M/Mg)
Ay exp[— (loglo(1»1/1\/;2)()‘—53510(0‘079)) ] for M < 1.0Mg and WJJ&/M@) = Ay (M /Mg)™ 3

for M > 1.0 Mg, with N the number of stars and M the initial stellar mass. The normalisation
constants A1 and Aj are fixed by the requirement that the IMF is continuous at M = 1.0 M and
that the total integral of initial mass in stars from 0.1 Mg to 100 Mg equals 1 M. This IMF is
very similar to the (Kroupd 2001)) IMF and the "Canonical IMF" (Kroupa et al] 2013).
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tions by Martin-Navarro et al] (2015d) (—0.40 < logi10(Z/Zs) < 0.25). The
highest metallicity in Gallazzi et al] (2009) is log10(Z/Zs) = 0.417. At the
low-metallicity-end we extrapolate to log10(Z/Zs) = —0.60 or equivalently a
Vazdekis IMF slope of 0.34, and keep the IMF constant for lower metallicities.
'This extrapolation, necessitated by a lack of measurements for galaxies in the metal-
licity range —1.80 < logi9(Z/Ze) < —0.40, introduces a large uncertainty in
the predictions for these low-metallicity galaxies. Equation [.]] gives very shallow
high-end IMF slopes for very metal-poor galaxies, thus much depends on the ex-
act choice of the low-metallicity cut-off. Also, for shallow high-end IMF slopes,
the results become quite sensitive to the precise high-mass cut-off that is used. For
an IMF defined in between 0.1 M and 100 Mg, half of the initial mass is created
in stars heavier than 50 Mg, for a high-end IMF slope of zero. In equation 3.1]
this happens at log19(Z/Z) = —0.71. At our adopted low-metallicity cut-off of
logi0(Z/Zs) = —0.6, 37% of the stellar mass is created in stars heavier than 50
Mg. It is good to keep in mind that the IMF measurements of [Martin-Navarro
et al] (2015d) are still marginally consistent with a minimal high-end slope of 1.3
(Kroupa) for galaxies with log19(Z/Zs) < —0.29, in which case there would be a
bottom-heavy IMF for metal-rich galaxies, but no top-heavy IMF for metal-poor
galaxies.

We may expect a top-heavy IMF for extremely low metallicities in theorised
Population III stars, but the IMF in the intermediate metallicity regime is not well
constrained. This metallicity regime is however probed by the IMF determination
of Marks et all (2012). They report an IMF dependence on metallicity for globular
clusters that is qualitatively similar to [Martin-Navarro et al] (2015d). Their fit of the
metallicity-dependent high-end IMF slope reaches 0.05 for the lowest metallicities
(Z =~ —2.5Z), so even lower than our adopted minimum value of 0.34. Figure
shows the fraction of galaxies in our sample that fall below our adopted cut-
oft of the IMF-metallicity relation as a function of stellar mass for a Chabrier
IMF. Below a mass of 10°2M, (from SED fitting with a Chabrier IMF) 50%
of the galaxies have a metallicity lower than the cut-off. A simple extrapolation
of equation [.J] would therefore enhance the effect of a top-heavy IMF at low

metallicities with respect to the results reported in this work for low masses.

3.2.2 The matched low-end IMF

Another implicit extrapolation of the IMF determination from spectral indices
by Martin-Navarro et al] (2015d) is contained in the parametrisation used for the
IMF. Although the free parameter of the Vazdekis et all (1996) IMF parametri-
sation is the high-end IMF slope, this high-end slope is not directly measured.
Martin-Navarro et al] (2015d) state that the IMF sensitive features more closely
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Figure 3.2: The dashed line shows the fraction of galaxies below our adopted low-metallicity
cut-off of the IMF-metallicity relation, equation @ at log10(Z/Zs) = —0.6. For masses
below 10°2Mg,, more than 50% of the galaxies have a metallicity below this cut-off. The
solid line shows the same fraction for the lowest metallicity in the sample of Martin-Navarrg
et al| (R015d).
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trace the dwarf-to-giant ratio Fp 5, as defined in [La Barbera et al! (2013):
0.5Mg
fo Mo MO(M)dM

Joae M®(M)dM

Fys = (3.2)

which denotes the initial mass fraction in stars below 0.5 M. In fact, since most
ETGs contain very few stars more massive than 1.0 Mg, beyond this mass the in-
terred IMF is more sensitive to the parametrisation than to the direct observations.
It would be interesting to see whether the use of an IMF parametrisation for which
the low-mass end varies in the analysis of [Martin-Navarro et al] (2015d), would
indeed give similar results in terms of the trend between metallicity and Fp 5.

In this work, apart from the Vazdekis IMF parametrisation, we will also use an
alternative ‘low-end' IMF parametrisation in which the IMF slope below 0.5Mg,
is varied and the slope above 0.5M, is fixed at the standard Kroupa value of 1.3.
Instead of matching the Vazdekis IMF slope to the low-end slope that yields the
same F{ 5, we match the two IMF parametrisations by requiring the same value
of Fo5/F1.0:

Fos/Fro = . (3.3)

10M
%mgMéMmM

Matching directly on Fjy 5 would not eliminate the implicit extrapolation of the
Vazdekis IMF to high masses.

For a shallow Vazdekis IMF slope, Fj 5 can become very small, but this does
not mean that the stars below 0.5 M do not give a significant contribution to
the current mass- or light-budget of the galaxy, since all the high-mass stars have
turned into stellar remnants. Matching the two IMF parametrisations on Fpy 5/ F1 ¢
more closely preserves the actually measured signal related to the dwarf-to-giant
ratio. In principle one could choose to tune the mass parameter in F; separately
for each galaxy, depending on its age, but we chose to fix this value at 1.0 M.
The fact that the TiO, and TiO; indices in [Ca Barbera et al] (2013) do not de-
pend much on the SSP age below 10 Gyr (see their figure 4) shows that even for
ETGs that have some stars with masses above 1.0 M, these will not dominate
the measured IMF signal.

Throughout this paper we will present results for the two IMF parametrisa-
tions described above, but one should keep in mind that any normalised linear
combination of the two, distributing the metallicity-dependent dwarf-to-giant ra-
tio variations over the low- and high-end IMF slopes, would also be in agreement
with the data from [Martin-Navarro et all (2015d). Figure .1 shows some examples
of IMFs for the two different parametrisations that are matched on Fy 5/F1 o.
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3.2.3 Star formation rates

In order to estimate the changes to the inferred star formation rates due to a vari-
able IMF, we compare the magnitudes in several ultraviolet bands for a 100 Myr
old constant star formation rate population, implemented with the help of the
FSPS code. We do this for each galaxy in the sample, interpolating the metal-
licity between the discrete BaSTI values and the IMF slope on a 0.1 width grid.
As SFR tracers we use the SDSS u-band, the GALEX FUYV band and the total
intensity of ionising radiation obtained from integrating the FSPS spectra up to
912.0 AB. These three different bands are sensitive to star formation on different
time scales. The FUV-band magnitude of a galaxy with a constant star forming
rate levels off after about 100 Myr (although this is an IMF dependent statement),
with H-alpha (which tracks the ionising luminosity) being sensitive to shorter time
scales and the u-band to much longer time scales. Part of the high energy photons
that are emitted by the young massive stars will be absorbed by dust and re-emitted
in the infrared. For our purposes this is a second order effect. Assuming that the
infrared output from dust is in equilibrium with the input in energetic radiation
from massive young stars, it scales in a similar way with IMF changes as the UV
emission.

Figure B.3 shows how the luminosity in different bands of a 100 Myr old con-
stant star formation rate population changes with respect to a Chabrier IMF as a
function of the assumed Vazdekis slope. There is a slight dependence on the metal-
licity of the stellar population (the metallicity-IMF relation has not yet been im-
plemented here). The SDSS-u, GALEX-FUYV and total ionising luminosity show
similar offsets. For a shallow Vazdekis IMF slope (i.e. a low metallicity) most star
formation goes into massive stars and the different tracers can indicate, if inter-
preted using a Chabrier IMF, a SFR up to an order of magnitude too high. For
a steep Vazdekis IMF slope (i.e. a high metallicity) mostly dwarf stars are formed
and the luminosity in the given bands drops dramatically by up to three orders
of magnitude. The difference between the FUV luminosity and the luminosity
in ionising radiation also implies a calibration offset between the FUV-SFR and
Ha-SFR that can exceed an order of magnitudef.

For our sample of observed galaxies we adjust the SFR on a galaxy-by-galaxy
basis by the inverse of the luminosity ratio of Figure B.3. For each galaxy we use
the Vazdekis IMF slope implied by the IMF-metallicity relation, equation B.1. As
a conservative estimate of the implied SFR change, we use the ratio of luminosities

"Using the number of ionising photons instead of the total energy in ionising photons gives
indistinguishable results.

8A similar offset in the Ha-UV flux ratio appears in the IGIMF theory for low-SFR galaxies
(PHamm-Altenburg et al] 2009).
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Figure 3.3: The luminosity ratio of a 100 Myr old constant star formation rate stellar popula-
tion with a Vazdekis IMF with the given high-end slope and that of the same stellar population
with a Chabrier IMF_The top horizontal axis gives the metallicities corresponding to the IMF
slopes via equation @ Different colours depict different bands: black for for the total lu-
minosity in ionising radiation, blue for the GALEX-FUV band and red for the SDSS-u band.
Different line styles depict different metallicities. The black dashed horizontal and vertical
lines depict the Chabrier values and the black dotted vertical lines show the minimum and
maximum values of the Vazdekis IMF slope that are used in this work. The implied correc-
tion to the star formation rate when switching from the Chabrier to the Vazdekis IMF is the
inverse of this luminosity ratio. These implied SFR changes span orders of magnitude. The
much smaller luminosity ratio between the low-end IMF and the Chabrier IMF is indicated by
the solid grey curve. It does not depend on the choice of UV-band.
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in the GALEX-FUV band.
For the "low-end' IMF parametrisation, shown in grey in Figure B.3, the SFR

changes are much smaller than for the *Vazdekis' case. Moreover, the implied
changes are in this case nearly identical for the different bands and metallicities.
'This is because the ‘low-end' IMF changes the reservoir of stars that are formed
below 0.5 M), while keeping the IMF slope above 0.5 M, fixed. Because dwarf
stars with M < 0.5Mg give a negligible contribution to the luminosity in these
bands, the only effect is that of a change in the overall normalization of the high-
mass end of the IMF.

3.2.4 Stellar masses

Figure B.4 shows the galaxy mass changes caused by a switch from a Chabrier
IMF, depending on metallicity and r-band weighted age. The mass change is de-
termined by the change in mass-to-light ratio in the Cousins R-band. Galaxies
are represented by a simple stellar population. This is a much better approximation
for the ETGs used in the IMF determination of [Martin-Navarro et al] (2015d)
than for actively star forming galaxies. This simplification of the star formation
history is justified in the Appendix by comparing results from a SSP with those
from a constant star formation history. Qualitative differences only show up for
low-metallicity galaxies in the Vazdekis IMF parametrisation.

Figure .4 shows that for steep Vazdekis IMF slopes, or equivalently high
metallicities, switching from a Chabrier IMF to a Vazdekis IMF can increase the
inferred stellar mass by more than an order of magnitude due to an increase in the
fraction of dwarf stars. Most of these metal-rich galaxies are old though, which
results in a mass change of approximately 0.6 dex. For metal-poor galaxies, the in-
creased fraction of stellar remnants can induce a mass increase of 0.2 — 0.65 dex.
For the low-end IMF the expected stellar mass changes are much smaller, ranging
from -0.06 dex at low metallicities due to a shortage of dwarf stars to 0.29 dex at
high metallicities due to an excess of dwarf stars. Mass changes for the low-end
IMF are almost independent of age.

It is worth noting that for old galaxies a high-end IMF slope around 1.3,
or equivalently a Chabrier-like IMF, minimizes the inferred stellar mass of the
galaxy. This means that any variations in the high-end slope of the IMF away
from Chabrier are bound to increase the inferred mass of the galaxy. A Chabrier
IMF (or a similar Kroupa/Canonical IMF) balances the amount of mass locked
up in dwarf stars on the one side and stellar remnants on the other side in such a
way that the total of this invisible stellar mass is close to minimal at late times.
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Figure 3.4: The implied stellar mass changes of galaxies resulting from switching from a
Chabrier IMF to a metallicity-dependent IMF, equation , for a fixed observed luminosity.
The double horizontal axis reflects this equation. The mass changes are based on the change
in mass-to-light ratio in the Cousins R-band for a galaxy with a fixed age and metallicity.
Different line colours represent different SSP ages. The dashed lines represent the low-end
IMF parametrisations matched to the Vazdekis IMF on Fy.5/F1.0, equation @ The black
dashed lines depict the Chabrier values and the black dotted vertical lines show the minimum
and maximum values of the Vazdekis IMF slope used in this work. The stellar mass increase
at high metallicities is due to dwarf stars. The slight stellar mass decrease for low metallicity
and a low-end IMF is due to a shortage of dwarf stars. The Vazdekis IMF shows an increase
in mass in this region due to stellar remnants. A similar plot for a constant star formation
rate instead of a simple stellar population is shown in the Appendix, Figure .
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3.3 Star Formation Main Sequence

Figure B.5 shows the mass and SFR changes relative to a Chabrier IMF implied
by the metallicity-dependent IMF from Martin-Navarro et al] (2015d), equation
B.1], for 186,886 SDSS galaxies. The top panel shows the results for the Vazdekis
IMF parametrisation and the right panel shows the results for the low-end IMF
parametrisation. The large difference between both panels clearly shows that the
effects of the IMF change is more sensitive to the IMF parametrisation, rather
than to the direct measurements of [Martin-Navarro et al! (2015d).

'The “Vazdekis IMF' panel shows two tails emanating from the (zero SFR
change, zero mass change) point. The lower tail consists of low-metallicity galaxies,
which have a shallow high-end IMF slope. This results in a negative SFR correc-
tion, since there are fewer dwarf stars formed than for a Chabrier IMF. The stellar
mass correction for most of these galaxies is positive though, because of invisible
mass locked up in stellar remnants. The maximum extent of this effect depends
in part on the assumed cut-off in equation B.] below log10(Z/Zs) = —0.6. The
upper tail consists of high-metallicity galaxies, which have a steep high-end IMF
slope. These have more star formation in dwarf stars than for a Chabrier IME,
which results in an increase of the inferred star formation rate of up to two orders
of magnitude. The increase in stellar mass is smaller, which means that the specific
star formation rate (SSFR) is increased as well.

'The effect for the "low-end' IMF parametrisation is much smaller (especially
for the SFR) but still significant. In this case the whole effect can be understood
in terms of how much mass is locked up in dwarf stars, since the IMF slope above
0.5 Mg, is kept fixed. Naively one might think that the specific star formation rate
should remain unchanged in this case, since the percentage of extra dwarf stars
formed in current star formation is the same as the percentage of extra dwarf stars
locked up from older generations. This would be true if the SSFR were defined as
the SFR divided by the total initial stellar mass formed, but it is instead defined
with respect to the current stellar mass (Hopkins and Beacorm 2008). The current
total stellar mass is lower than the initial stellar mass, because of mass loss by
intermediate-mass and massive stars. This means that for an IMF with relatively
more dwarf stars, there is an extra relative “increase' of stellar mass with respect to
the Chabrier case, caused by a diminished stellar mass loss (and thus a diminished
difference between the initial stellar mass and the current stellar mass). This means
that the change in stellar mass is larger than the change in SFR and thus that the
SSFR decreases. The opposite happens in the case where the ‘low-end' IMF has
fewer dwarf stars than the Chabrier IMF. This causes the pattern in the second
panel of Figure B.5, which shows the displacement of the galaxies in the mass-
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SFR plane. The change in SFR is roughly two thirds of the change in mass.

Figure 3.5: The implied stellar mass change and star formation rate change with respect to
observations that assume a Chabrier IMF for a sample of SDSS galaxies that obey the IMF-
metallicity relation of Martin-Navarro et al. (2015d), equation , with metallicities from
Gallazzi et al) (2005). The colour scale indicates the average log stellar mass of the galaxies
in each pixel. Some typical metallicity values are indicated with arrows. The black dotted
line depicts a constant specific star formation rate. The top panel assumes the Vazdekis
IMF parametrisation for which the free parameter is the high-end IMF slope. The bottom
panel assumes our low-end IMF parametrisation, for which the free parameter is the low-end
IMF slope. Both panels show large changes, but the ‘Vazdekis' case has much more drastic
consequences, with star formation rate changes of over two orders of magnitude. At a given
metallicity, any normalised linear combination of these two IMFs would be in agreement with
the IMF measurements from line indices by Martin-Navarro et al| (2015d).
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Figure 3.6: The inferred star formation rate as a function of inferred stellar mass for different
IMFs. The top panel shows the matched sample of SDSS galaxies with metallicities from
Gallazzi et al| (R005) and masses and star formation rates from Chang et al| (R015), assuming
a Chabrier IMF. The middle_panel shows the results for the metallicity-dependent Vazdekis
IMF, as described in Figure B.5. The bottom panel shows the effect of a low-end metallicity-
dependent IMF. For ease of comparison, the medians of the matched sample with the Chabrier
IMF have been plotted in black in all panels: dashed lines denote the median for all galaxies
and solid lines denote the median for all star-forming galaxies (defined as those galaxies with
a SSFR larger than 107" /yr, indicated with a red dashed line). White lines in the top
panel show the medians for the complete sample from Chang et al) (2015). In the middle
and bottom panels the white lines show the medians of the underlying distributions. The
excellent agreement between the white and black solid lines in the top panel shows that our
selection on galaxies for which stellar metallicities are available, does not introduce a bias.
The red solid line in the top panel demarcates the boundary below which the star formation
rates should be regarded as upper bounds. The region below the red solid line in the middle
panel is contaminated by these upper bounds. The middle panel shows that the metallicity-
dependent Vazdekis IMF has a large influence on the mass-SFR relation, while the low-end
metallicity-dependent IMF in the bottom panel has only a small effect. Any normalised linear
combination of these two cases would be in agreement with the IMF measurements from line
indices by Martin-Navarro et al| (2015d).
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Figure B.§ shows the effect of the metallicity-dependent IMF on the star for-
mation main sequence. The top panel shows the mass-SFR relation for the selec-
tion of 186,886 galaxies out of the 858,365 SDSS galaxies of Chang et al] (2013)
that have a well-defined metallicity and age determination by Gallazzi et al] (2005).
The running median SFR of star-forming galaxies with SSFR > 10715 /yr,
black solid line, coincides with that for the complete Chang et al] (2013) sam-
ple (solid white line). Therefore, we expect no significant selection effects for the
main sequence. The running median for the complete sample (black and white
dashed lines) shows a slight underrepresentation of quiescent galaxies in our sam-
ple with respect to the complete Chang et al] (2015) sample. The colour scale in
Figure B.§ represents the number of galaxies per Mpc?, per dex stellar mass, per
dex SFR. Individual galaxies have been weighted by 1/V,,,4, from Chang et al:
(2015), correcting for the maximum volume in which the given galaxy would be
selected. The whole sample has been rescaled by 858,365/186,886, neglecting the

aforementioned slight underrepresentation of quiescent galaxies in our sample.

'The middle and bottom panels show the effect of the metallicity-dependent
dwarf-to-giant ratio for respectively a Vazdekis IMF parametrisation and a low-
end IMF parametrisation, as described in section B.2. The Vazdekis IMF has a
dramatic influence on the star formation main sequence (compare the black and
white solid lines in the middle panel). Below a mass of ~ 101%°M, the dominant
effect is from metal-poor galaxies which lower the median inferred SFR by ~ 0.5
dex relative to a Chabrier IMF. Above this mass the dominant effect is from metal-
rich galaxies which increase the median SFR, effectively extending the SSFR main
sequence up to a stellar mass of ~ 10'2M, and making it more linear. We used a
running median to represent the typical galaxy at each mass. The true average SFR
at low masses is actually increased, because of an increase in the scatter.

'The increased scatter in this plot could indicate that the underlying metallicity-
IMF relation or the Vazdekis parametrisation of the IMF is wrong, because in
general a more precise description will cause a decrease in the observed scatter.
This is not necessarily the case though. Apart from measurement or modelling
errors in the metallicity, the increased scatter could also be an intrinsic property
of the galaxy population. For a galaxy population that truly follows the assumed
Vazdekis IMF-metallicity trend, the middle panel would indicate the total star
formation, but the top panel would still indicate the effective high-mass star for-
mation. It is possible that the high-mass star formation is better behaved than the
total star formation. For a varying IMF these two quantities are no longer directly
linked to each other, but it is the high-mass star formation that determines the
stellar feedback. It could well be that this causes the high-mass star formation to
be regulated, whereas the increased dwarf star formation for metal-rich galaxies
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could create a runaway process of star formation that is less regulated and there-
fore shows a larger galaxy-by-galaxy variation at a given mass. We will discuss this
possibility in section [3.4.

'The bottom panel shows results for the low-end IMF parametrisation. For this
parametrisation there is almost no effect at low masses and at high masses the star
formation main-sequence is prolonged to slightly higher masses. The effect on the
median for star forming galaxies is especially small, since individual galaxies are
displaced almost parallel to lines of constant SSFR, along the main sequence, see
also Figure 3.5. In practice one could construct an IMF parametrisation in between
the two options described here, for which part of the observed trend of the IMF
sensitive line indices would be caused by a changing low-end IMF slope and part
would be caused by a changing high-end slope. The effects on the mass-SFR plot
would fall somewhere in between the middle and bottom panels of Figure [3.6.
Qualitatively this means an extension of the star formation main sequence together
with a possible lowering of the median SFR at low masses, but quantitatively the
magnitude of this effect is not well constrained by current observations.

Figure .7 shows the inferred low-redshift SFR densities of the Universe as
a function of galaxy mass. The effect of a low-end metallicity-dependent IMF is
quite small, shifting the star formation to higher masses by about 0.2 dex. The
implied increase of the total SFR density of galaxies more massive than 10°M is
a factor of 1.11. For the Vazdekis IMF this is a factor of 16.6. The effect is much
stronger, with a large peak of dwarf star formation around M, gsp ~ 10113M,.

3.4 Galaxy Stellar Mass Function

Figure 3.8 shows the mass change due to the change from a Chabrier IMF to a
metallicity-dependent IMF for our sample of galaxies as a function of the orig-
inal Chabrier stellar mass. The median mass increase for the Vazdekis IMF is
larger than that for a Salpeter IMF, which might be in tension with some of the
mass measurements from strong lensing and from dynamics. This suggests that at
least a fraction of the IMF-metallicity trend measured by Martin-Navarro et al
(2015d) should be provided for by a change in the low-end slope of the IMF.
For the Vazdekis IMF the mass change at low masses is due to stellar remnants
while at high masses it is due to dwarf stars. Nevertheless, the overall effect is in-
sensitive to mass, with a large scatter at all masses. Thus, metallicity-dependent
IMF changes do not necessarily create a clear trend of Mirye/ Michabrier With
M.chabrier, where the latter is obtained through SED fitting. The low-end IMF
parametrisation gives smaller mass changes, but it does produce a clear trend of
M.true/ MoChabrier With Mychabrier, With a progressively larger IMF-induced
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Figure 3.7: The inferred star formation rate density as a function of the inferred stellar mass
for the sample of SDSS galaxies with different IMFs. The black line shows the original estimate
for a Chabrier IMF. The red line corresponds to the metallicity-dependent Vazdekis IMF and
the blue line corresponds to the metallicity-dependent low-end IMF. The increased number
of dwarf stars for metal-rich galaxies causes a very large increase in the inferred SFR, which
peaks around a mass of 10'3M, for the Vazdekis IMF. For the low-end IMF the effect is
much more subtle.
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Figure 3.8: The difference in stellar mass estimates between a metallicity-dependent IMF and
a Chabrier IMF as a function of the stellar mass inferred for a Chabrier IMF for the sample of
186,886 SDSS galaxies. The red line and shaded region show the median and the 10%-90%
region for the Vazdekis IMF. Blue corresponds to the low-end IMF. The black dashed and
dotted lines depict the Chabrier and Salpeter IMFs respectively.
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Figure 3.9: The galaxy stellar mass function inferred from observations of Moustakas et al.
(R013) for several IMFs: Chabrier (black), metallicity-dependent Vazdekis IMF (red) and
metallicity-dependent low-end IMF (blue). For both metallicity-dependent IMFs the knee of
the mass function shifts to higher masses, but the steepness of the drop-off is hardly affected.

mass correction towards higher masses.

In figure B.9 we show the effect on the galaxy stellar mass function inferred
from the observations of [Moustakas et al| (2013). Galaxies are scattered as a func-
tion of mass according to the exact distribution underlying Figure B.8. For galaxies
below a mass of 10° M, we extrapolate the Moustakas mass function with a slope
of 0.41 and we apply the mass changes corresponding to the lowest 0.1 wide mass
bin at 10°M,. For both IMF parametrisations the knee of the mass function shifts
to a higher mass, but the steepness of the high-mass drop-off is not aftected much.
The abrupt nature of this drop-off is generally believed to be caused by the feed-
back of active galactic nuclei (AGN). This AGN feedback should be very effective
at quenching high-mass galaxies in order to prevent more massive galaxies from
forming. A metallicity-dependent IMF does not remove the need for such an ef-
ficient quenching mechanism at high masses, it only shifts the mass at which this

quenching occurs, which can also be seen in Figure B.6. The IMF changes also
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imply a change in the total stellar mass density of the Universe. The total stellar
mass density in galaxies above 10°My, increases by a factor 1.33 for the low-end
IMF and by a factor 2.31 for the Vazdekis IMF.

In this work we focus on low-redshift observations, but the implications of a
metallicity-IMF trend at higher redshifts could be very significant. A more top-
heavy IMF at higher redshifts, implied by lower metallicities, would affect the
relation between the total star formation rate density implied by direct SFR mea-
surements at these redshifts and that from comparing the galaxy stellar mass func-
tion at different redshifts. At high redshifts the true star formation rate would be
smaller than that inferred from SFR measurements with a Chabrier IMF. The
star formation rate density, deduced from comparing neighbouring redshift slices
of the galaxy stellar mass function, interpreted with a Chabrier IMF, would also
be too high. In the case of a “low-end' IME, the offsets in both SFR density deter-
minations are the same, since they are caused by the same overestimation of mass
locked in invisible dwarf stars with masses smaller than 0.5Mg,. The consistency
between both SFR density determinations is thus not affected. For a Vazdekis
IME, the direct SFR density measurement is more sensitive to the IMF change
than the SFR density estimate from comparing GSMFs, because it is more sen-
sitive to the highest mass stars. In this case we thus expect a smaller increase in
stellar mass in the Universe from comparing GSMFs than that implied by direct
SFR observations, if both are interpreted with a Chabrier IMF.

3.5 Metals

We used the stellar mass-metallicity measurements of Gallazzi et all (2005) as
input for the metallicity-dependent IMF. However, a metallicity-dependent IMF
will alter the stellar masses of these observed galaxies and will therefore change
the mass-metallicity relation. Figure B.1{ shows the effect that this has for both
the Vazdekis IMF and the low-end IMF. Solid white lines in both panels show
the running median metallicity for the Vazdekis (top panel) and low-end (bottom
panel) IMFs, while the black curve indicates the median metallicity for a universal
Chabrier IMF. In both cases the mass-metallicity relation is steeper at high mass
for the metallicity-dependent IMF than for the Chabrier IMF. We used the same
weighting with 1/V},,4, as in Figure B.6.

'The behaviour at low metallicity is different for the two parametrisations. In
the Vazdekis case we see a clear shift to higher masses for Z < Zg. At the low-
metallicity end this shift is caused by a progressively more top-heavy IMF for lower
metallicities and the resulting mass gain is comprised of stellar remnants. We did

not extrapolate the IMF metallicity trend, equation B.1], below log10(Z/Zs) =
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Figure 3.10: The effect of a metallicity-dependent IMF on the inferred stellar mass-metallicity
relation from Gallazzi et aI] (M) The top and bottom panels show the results for respec-
tively the Vazdekis and the low-end IMF parametrisations. White solid lines indicate the
running median and the black solid line indicates the running median for a universal Chabrier
IMF. In both panels the mass-metallicity relation shows considerably less flattening at high
masses for the variable IMF. In the ‘Vazdekis IMF' panel there is a clear feature of galaxies
shifting to the right at logi0(Z/Ze) ~ —0.6. The reason that this shift remains constant
below log10(Z/Ze) = —0.6 is that we do not extrapolate the IMF-metallicity relation, equa-
tion B.1|, below this metallicity, which is a somewhat arbitrary choice. This mass shift is due
to stellar remnants that are created by a presumably more top-heavy IMF at low metal-
licities. The ‘low-end’ panel does not have this feature. The effect of extrapolating below
logi0(Z/Zs) = —0.6 in this panel would be a slight shift to the left instead of to the right.
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—0.6, otherwise this shift to the right in the top panel of figure B.I( would get

more prominent toward lower metallicities, as can be seen in Figure 3.4.

'The mass-metallicity relation inferred from the low-end IMF is much less sen-
sitive to this extrapolation and the effect goes in the opposite direction. Since in this
case the high-end IMF slope is kept fixed, the net effect of extrapolating to lower
metallicities would be to have an IMF that is increasingly deficientin M < 0.5M,
stars. The resulting galaxies would be less massive than suggested by SED fitting
with a Chabrier IMF. This would shift the galaxies in the right panel of figure
B.10 at metallicities below log10(Z /Zs) = —0.6 slightly to the left. This effect is
much less drastic than for the Vazdekis case as it is clearly bounded from below by
having no stars below 0.5 M, whereas in the Vazdekis case the ratio of observed
stars over remnants is not bounded.

Figure B.11] shows the metal mass released over the lifetime of a simple stel-
lar population as a function of metallicity. In order to construct this we used the
metallicity-dependent yield tables for individual stars of different masses from
Portinari et al! (1998) and Marigo (2001). There are two ways in which the metal
release of a simple stellar population depends on metallicity. First, through a metal-
licity dependence of the metals released by individual stars, but the more significant
contribution comes from the metallicity dependence of the IMF, especially for the
Vazdekis IMF. In this case, a galaxy would presumably start out on the left, with a
low metallicity, a top-heavy IMF and a high metal output. During the lifetime of
a galaxy on average its metallicity will grow and as a result it will shift to the right
in this graph, towards a more bottom-heavy IMF and a lower metal output. Apart
from a boost in the metal release, the early top-heavy IMF will leave not much
evidence, because these metal producing stars will have been turned into stellar
remnants. The metal output inferred from the integrated contribution of SFR ob-
servations at higher redshifts over time would not change drastically though, since
these SFR observations effectively measure the formation rate of high-mass stars.
These are exactly the stars that produce the metals.

'The same situation applies to ionising radiation, because the bulk of the ion-
ising radiation and metals are produced by the same massive stars. In principle
reionisation would get a head start due to an early top-heavy IMF. For redshifts
where we have representative Ha-based SFR measurements, the IMF-metallicity
relation should not change the implied ionising photon production much, but for
higher redshifts the IMF effect on reionisation can potentially be large.
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Figure 3.11: The total metal mass released by a simple stellar population over its lifetime
as a function of metallicity for the metallicity-dependent Vazdekis IMF, the corresponding
low-end IMF and the Chabrier IMF. The metal release for different stellar masses and stellar
stages are taken from Portinari et al| (1998) and Marigd (2001). The trends are primarily due
to changes in the IMF with metallicity and to a lesser extent due to a metallicity-dependence
in the metal output of individual stars. Dotted vertical lines show the minimum and maximum
values of the metallicity used in this work.
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3.6 Rapid Galaxy Quenching

'The distribution of galaxies in a colour-magnitude plot is observed to follow a
bimodal pattern (e.g. Strateva et al] 2001; Bell et al] 2004), with most galaxies
being classified as either a “red sequence' or a *blue cloud' galaxy. The red sequence
is comprised of red, mostly elliptical galaxies and the blue cloud is comprised of
blue, mostly spiral galaxies. Galaxies that fall in between those categories are called
“green valley' galaxies. They are believed to be mostly galaxies that are currently
quenching, making the transition from the blue cloud to the red sequence (e.g.
Irayford et al] 2016).

A similar classification of galaxies can be made based on stellar mass and spe-
cific star formation rate, although this may depend on the type of SFR estimator
used. A short-time SFR indicator like Hov may be inherently more bursty, so a
quiescent galaxy based on the Hae SFR may not be quiescent based on the u-band
SFR. Regardless of this ambiguity in defining a green valley galaxy, in general rela-
tively few galaxies are in this “in between' state. This suggests that the quenching of
a typical galaxy is a fast process. Also, especially at high masses, quenching needs to
be very effective to explain the sharp drop-off in the number density of high-mass
galaxies beyond the knee of the galaxy mass function.

A bottom-heavy IMF at the late stages of galaxy evolution could help speed
up the last phase of the quenching process, because it produces less feedback per
unit mass of stars formed and because it shortens the gas consumption time scale
inferred from the observed galaxy properties. Figure 3.3 shows that a metallicity-
dependent IMF can cause the inferred SFR to increase by of up to 2.5 orders
of magnitude relative to a Chabrier IMF (although the implied SFR changes
are much smaller if the IMF changes apply to the low-end IMF slope rather
than the high-end IMF slope). The implied gas consumption timescalell, 7,45 =
1.33(Mp1+ Mp,)/SFR,i.e. the timescale for the galaxy to run out of its current
cold gas reserve, scales with the inverse of the SFR and will thus be significantly
shortened. On the other hand, the expected stellar feedback for a galaxy with such
a bottom-heavy IMF will not change much, because the observed SFR already
effectively represents the SFR in high-mass stars.

A late time bottom-heavy IMF for massive present-day galaxies would help
to explain the bimodal distribution of galaxies in another way. It would make the
quenched galaxies effectively less quenched, because most of their star formation is
in dwarf stars, the star formation rates implied by the observations would be higher.
'The requirements on the efficiency of the feedback process that is responsible for
preventing gas accretion and for the ejection of gas lost by evolved stars would thus

*The factor of 1.33 captures the contribution from helium.



82 MNRAS, Volume 462, Issue 3, p.2832-2846

Table 3.1: The first column gives some typical stellar mass values for a universal Chabrier IMF.
The second column gives the corresponding median stellar mass for a metallicity-dependent
Vazdekis IMF, from Figure . The third column gives the corresponding halo mass from
Behroozi et al! (2010). The fourth column gives the median total HI plus H, gas mass
from Bahé et al! (2016) and references therein. The starred measurement indicates a slight
extrapolation beyond M, ~ 11.3Mg. There is at least a 0.5 dex uncertainty in this median
gas mass value. The fifth and sixth columns give the median SFR for a Chabrier respectively
Vazdekis IMF from Figure B.6. The seventh column gives the halo gas accretion rate at
the given halo mass from Correa et al| (2015). The accretion rates in the middle two lines
are very close to the implied SFR for the Vazdekis IMF. The eighth and ninth columns
give the median gas consumption timescales for respectively a Chabrier and Vazdekis IMF,
calculated from the corresponding star formation rates and the hydrogen gas mass (column
four), including a correction for helium. The Chabrier IMF implies a nearly constant median
gas consumption timescale across 1.5 dex in mass, whereas the median gas consumption
timescale for a Vazdekis IMF decreases by a factor 32 over this mass range.

logio(M,) logio(My) logio logio SFR SFR halo gas gas consump-  gas consump-
Chabrier Vazdekis (Mpaio) (Mpr+n,) Chabrier Vazdekis accretion rate tion time tion time
Mo Mo] Me] Me] Mo/yr] Mo/yr]  [Mo/yr] Chabrier [yr] ~ Vazdekis [yr]
10.0 10.3 11.6 9.2 1.0 1.0 2.5 2.1 x 10° 2.1 x 107
10.5 10.8 12.1 9.5 1.8 7.1 8.0 2.3 x 10° 5.9 x 108
11.0 11.3 13.1 9.5 2.5 50 79 1.7 x 10° 8.4 x 107
11.5 11.8 14.9 9.4* 2.5 50 1x 10* 1.3 x 10° 6.7 x 107
be reduced.

'The higher SFRs imply shorter gas consumption timescales. Previous work
on the effect of a variable IMF on gas consumption timescales has been done by
PHlamm-Altenburg and Kroupd (2009) in the context of the IGIMF model. They
report a gas consumption timescale of 3 Gyr, that does not depend on the neutral
gas mass for dwarf irregular and large disk galaxies alike. Table 3. lists the median
values for the gas consumption timescale implied by the SFR changes and the
measurements of total HI plus Hj gas from the GASS and COLD GASS surveys
(Catinella et al] 2010; Saintonge et all 2011). For a universal Chabrier IMF the
median gas consumption timescale is almost constant over the mass range from
101°Mg, to 101" My, at a value of a2 2 x 10° yr. Over the same mass range a
metallicity-dependent Vazdekis IMF implies a progressively shorter median gas
consumption timescale for more massive galaxies, with a decrease by a factor of 32
to a value of 67 million years for the most massive galaxies. If this star formation
were to be sustained for longer periods, it would require an efficient refueling of
the cool gas reservoir of 50 Mg /yr (in which case the refueling rate equals the
star formation rate). We can compare this rate to the rate of gas accretion onto
the halo. For this we use the stellar mass-halo mass relation from Behroozi et al!
(2010) to determine the halo mass (where we always use the Chabrier IMF) and
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the corresponding halo gas accretion rate from Correa et al] (2015). At a stellar
mass of 101°M,, the accretion onto the halo is about a factor 2.5 larger than the
median SFR, both for a universal Chabrier IMF and for the Vazdekis IMF. For
the Chabrier IMF this ratio becomes progressively larger for larger masses, but
for the Vazdekis IMF it first drops, around the knee of the galaxy mass function,
where the halo gas accretion rate is just marginally larger than the SFR, before
rising again at the high-mass end.

In conclusion, the increased SFR, relative to Chabrier, for the metallicity-
dependent Vazdekis IMF may require large cooling flows onto the galaxy, of the
same order as the gas accretion rate onto the halo, and would imply very short gas
consumption timescales. The large gas accretion rates may be inconsistent with
X-ray observations of galaxy clusters (e.g. Peterson et al] 2003). Combining the
high-end metallicity-dependent IMF changes with changes to the low-end slope
would reduce the magnitude of these effects. They would imply a speedup of the
quenching process, especially around the knee of the galaxy stellar mass function.

3.7 Conclusions

In this paper we have investigated the consequences of a metallicity-dependent
IME, as measured for SDSS galaxies and elliptical annuli of CALIFA galaxies by
Martin-Navarro et al] (2015d). We use the stellar mass and SFR measurements
of Chang et al] (2015)) and the stellar metallicity measurements of Gallazzi et all
(2005). We assume that each of our 186,886 SDSS galaxies follows the exact IMF-
metallicity relation given by equation B.]] (Martin-Navarro et al] 2015d).

'The measurement of IMF-specific spectral lines in ET'Gs by [Martin-Navarrg
et al] (2015d) is effectively sensitive to the current dwarf-to-giant ratio, equation
B.3. It is insensitive to the IMF slope for stellar masses M > 1.0M, because of a
sparseness of stars in this mass range in the observed ETGs and because of the rela-
tive insensitivity of the used line indices to stars in this mass range. The implications
of this varying IMF for the masses and star formation rates of observed galaxies
are however very dependent on the high-end IMF. For this reason we investigate
two extreme cases. First, we use the IMF parametrisation of Martin-Navarro et al!
(2015d), for which the high-end IMF slope is varied and the low-end slope is held
fixed. We refer to this case as the *Vazdekis IMF'. Second, we use a “low-end' IMF
parametrisation, for which the high-end slope is fixed at the Chabrier value and
the slope below 0.5 M, is varied. Our main conclusions are as follows:

* When we match both IMF parametrisations on the current dwarf-to-giant

ratio, the same observations lead to completely different IMFs (Fig. B.1)).
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* 'The trend between the high-end IMF slope and metallicity can imply large
changes in the SFR inferred from observations, depending on the SFR tracer.
Compared to a Chabrier IMEF, the implied bottom-heavy SFR can be up to
three orders of magnitude larger for the most metal-rich galaxies, with a cali-
bration offset between the observed FUV-SFR and the Ha-SFR of up to an
order of magnitude. The top-heavy IMF for metal-poor galaxies can reduce
the inferred SFR by up to 0.8 dex. When we vary the low-end IMF slope
instead of the high-end slope, the same IMF-metallicity trend causes much
smaller SFR changes ranging from -0.02 dex to 0.20 dex and no FUV-Ha
SFR calibration offsets (Fig. B.3).

* 'The stellar mass changes implied by the IMF-metallicity trend are also much
smaller when the low-end IMF slope is varied (-0.06 dex < Alogio(M,) <
0.29 dex) than when the high-end IMF slope is varied (-0.06 dex < Alogio(M,) <
1.25 dex). A combination of a metallicity-dependent variation of the low-
end and high-end IMF slope would cause a behaviour that is in between
these two extremes (Fig. B.4).

* 'The high-end slope 0f 1.3 for a Chabrier IMF (or a similar Kroupa/Canonical
IMF) minimizes the total mass of old galaxies. Changing the high-end slope
will always increase the inferred mass of the galaxy by either locking up more
mass in dwarf stars or in stellar remnants (Fig. B-4).

* 'The implied combined mass-SFR changes for our sample of 186,886 SDSS
galaxies are shown in Figure 3.5§. When the high-end IMF slope is varied,
metal-rich galaxies will become more massive and their SSFR will increase
by up to two orders of magnitude. When changing the low-end IMF slope,

the increase in mass is combined with a slight decrease in the SSFR.

* Figure .6 shows the effect of a variable IMF on the star forming main se-
quence. The effect for the low-end IMF is mild, because most galaxies are
displaced along the sequence. When changing the high-end slope the effect
is large, especially at the high-mass end. The star-forming main sequence
is effectively prolonged up to a stellar mass of 10'2M,. In between 10°M,
and 10'°M, the median SFR becomes lower, but the same does not hold
for the average SFR, due to an increased scatter.

* Increases in the total low-redshift SFR density range from a factor of 1.11
for the low-end IMF to a factor of 16.6 for the Vazdekis IMF, with a larger
SFR contribution from galaxies around a mass of 10'13M, (Fig. B.7).
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If the metallicity-dependent IMF variations only affect the low-end slope,
then they will produce a clear trend of the IMF-dependent mass change
with SED-fitting mass (using a Chabrier IMF for the SED fit) (Fig. B-§).
For M > 10"Mg a small fraction of galaxies will be more massive than
for a Salpeter IMF. High-end IMF slope variations produce a larger mass
change, possibly in tension with dynamic mass measurements, but no clear

trend with Chabrier SED mass.

Independent of the IMF parametrisation, the IMF-metallicity trend will
produce a shift of the galaxy stellar mass function to higher masses, without
changing the steepness of the high-mass dropoft much, see Figure B.9. This
means that these IMF variations do not remove the need for an efficient
quenching mechanism for high-mass galaxies, but they shift the mass at
which this happens upwards by 0.2 to 0.5 dex. The implied total stellar mass
density of the Universe increases by a factor of 1.3 to 2.3.

‘The IMF-metallicity trend implies a steeper stellar mass-metallicity relation
for M ~ 101'M, (Fig. B-10).

If the high-end IMF slope is more shallow for metal-poor galaxies, then this
would produce a large change in the metal mass released per unit mass of
stars formed over the lifetime of a galaxy. Figure 3.1 shows that this metal
production could be three orders of magnitude higher in the early metal-
poor stage of a galaxy than in the late metal-rich stage. This strong evolution
makes it impossible to give a good estimate of the total metal production
of any galaxy as this might be dominated by the early stages and depends
crucially on the exact mass and metallicity evolution of the galaxy. The total
metal production deduced from the Ha-SFR evolution of the Universe is
not expected to change much though, since Ho directly traces the massive
metal-producing stars.

If the high-end IMF slope is shallower for metal-poor galaxies, then this
will increase the production of ionising photons for metal-poor galaxies in
the early Universe. This would imply an increased production of ionising
photons for high redshifts that are not probed directly by Ho observations,
which would have an effect on models for the reionisation of the Universe.

A bottom-heavy IMF during the late, metal-rich stage of galaxy evolution
could help to explain the observed bimodality in galaxy properties: the ob-
servation that most galaxies can be classified as “blue cloud' or red sequence'
galaxies and only very few galaxies are observed in the intermediate “green
valley' stage. On the one hand, *quenched' galaxies would be less quenched,
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because their true star formation rate would be higher than for a Chabrier
IME, due to the “invisible' formation of dwarf stars. On the other hand, the
quenching time of these galaxies would be lower, due to the much shorter
implied gas consumption timescale. If gas cooling onto the galaxy is regu-
lated in part by stellar feedback, then a more bottom-heavy IMF at higher
metallicity could initiate a runaway process of low-mass star formation, be-
cause these low-mass stars do not provide feedback.

* Metallicity-dependent changes to the high-end IMF slope imply gas con-
sumption timescales that become progressively shorter for more massive
galaxies, down to 67 million years at 10''*Mg), whereas for a universal
Chabrier IMF this gas consumption timescale is approximately constant at
~ 2 x 10%r. Around the knee of the GSMF these IMF changes require
a cooling flow onto the galaxy of about 7 to 50 M, /yr in order to sustain

the SFR. These values are only slightly below the expected gas accretion rate
onto the halo, see Table B-1.

In conclusion, the implications of the observational evidence for a variable
IMF for the low-redshift Universe could vary from absolutely dramatic to mild
but significant, depending on the assumed IMF parametrisation.
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3.8 Appendix

In section .2 we described the method by which we calculate new masses and star
formation rates for galaxies with an IMF difterent than the one used in the orig-
inal mass and SFR determination. The most precise way to do this would be by
redoing the whole SED fitting procedure for every galaxy, assuming a metallicity-
dependent IMF. In this work we have used a simpler method to recalibrate the stel-
lar masses and star formation rates, because at the moment we believe the errors to
be dominated by uncertainties in the IMF measurements and in the stellar metal-
licity measurements and by a large dependency on the assumed IMF parametrisa-
tion. As a first order correction to the masses we compare mass-to-light ratios in
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Figure 3.12: Dustless SDSS g-r colour of the varying IMF versus the colour of a Chabrier
IMF for the complete sample of galaxies used in this work. The left panel show the Vazdekis
IMF and the right panel shows the low-end IMF. The black dotted line indicates a one-to-one
relation. A large deviation from this would mean a breakdown of our method to recalibrate
stellar masses to a changed IMF. In the ‘low-end’ case the colours are almost unchanged,
because the dwarf stars do not contribute much to the overall light. Also in the ‘Vazdekis’
case the colour changes are quite small.
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the Cousins R-band for a simple stellar population with an r-band weighted age
and metallicity given by Gallazzi et al] (2003) and a varying IMF to the mass-to-
light ratio of a SSP with the same age and metallicity, but a Chabrier IMF. An
alternative method would be to match on colour and some combination of age and
metallicity. The problem with matching on colour is that it is very susceptible to
dust. Still, we expect our method to break down once the dustless colour of the
varied IMF SSP is very different from that of the Chabrier SSP, because a large
change in dustless colour would also imply a large change in the true observed
colour.

For this reason we plot the dustless SDSS g-r colours of our complete galaxy
sample in figure B.17. For the low-end IMF parametrisation there is almost no
change in colour. This parametrisation only changes the IMF below 0.5 M. These
stars do not contribute much to the overall light and as a consequence changing the
low-end IMF has a negligeable effect on the dustless colour. Also for the Vazdekis
IMF parametrisation the changes in dustless colours are quite small.

Another simplification lies in the fact that we use a simple stellar population,
which is a good approximation for ET'Gs but not for star forming galaxies. For a
star forming galaxy the used SSP is a simplification with respect to a constant star
formation history or an exponential one, but the used r-band luminosity weighted
age is skewed towards more recent star formation, as opposed to a mass-weighted
age, through a large dependency of luminosity on mass. Typically the r-band lu-
minosity weighted age is about half of the true average stellar age for a Chabrier
constant star formation rate older than 10%yr. In order to estimate the error in the
IMF dependent mass change introduced by our simplification of the star formation
history we plot the expected mass changes for a constant star formation history in
Figure B.13. This should be compared with Figure 3.4. The labeled ages are r-band
luminosity weighted ages. As a function of IMF slope also the ratio between the
r-band weighted age and the age of the start of star formation changes. This ratio
becomes increasingly larger for an increasingly top-heavy IMEFE, which causes the
cut-oft of the Vazdekis IMF lines at the left. Here the implied age to the start of the
constant star formation would be more than the age of the universe. The assump-
tion of a SSP has no drastic consequences. For a low-end IMF parametrisation
the results are almost indistinguishable. For a Vazdekis IMF parametrisation with
a super-Chabrier slope, a constant star formation rate increases the expected dex
mass shifts by 15%-25%. For a sub-Chabrier IMF slope the effect is more com-
plicated. Here, a constant star formation history is only possible for low r-band
weighted ages. The implied mass changes will be up to 0.15 dex lower than for
a SSP. In some cases this may make the galaxy lighter than Chabrier instead of
heavier, with a lightest mass change of -0.17 dex.

We conclude that our method is a good first order approximation of the ex-
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Figure 3.13: Same as figure @ but for a constant star formation history instead of a simple
stellar population. This plot is meant to estimate the error made in using a SSP for all
galaxies. The different colours denote different r-band weighted ages. The solid lines stop at
the left when the implied start of constant star formation would be the same as the age of
the Universe.

pected mass differences implied by a metallicity-dependent IMF. A more precise
treatment, using a varying IMF in SED fitting could be beneficial, but at the mo-
ment this is not expected to be the main source of systematic or random errors.
Moreover SED fitting itself also suffers from an age-metallicity degeneracy and a
degeneracy in the fitted star formation history. For example [[orrey et al] (2015a)
find that SED fitting mock galaxies from the Illustris simulation with the FAST
code delivers more accurate stellar masses when the metallicity for all galaxies is

kept fixed.



Opinionis enim commenta delet dies, naturae iudicia confirmat.
Time destroys the figments of the imagination, while confirming the judgments
of nature.

— Marcus Tullius Cicerd<

19((Cicerd 5 B.C))
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Cumulative number density matching of galaxies is a method to observationally connect
descendent galaxies to their typical main progenitors at higher redshifts and thereby to as-
sess the evolution of galaxy properties. The accuracy of this method is limited due to galaxy
merging and scatter in the stellar mass growth history of individual galaxies. Behroozi et al
(2013) have introduced a refinement of the method, based on abundance matching of ob-
served galaxies to the Bolshoi dark-matter-only simulation. The EAGLE cosmological
hydro-simulation is well suited to test this method, because it reproduces the observed
evolution of the galaxy stellar mass function and the passive fraction. We find agreement
with the Behroozi et all (2013) method for the complete sample of main progenitors of
z = 0 galaxies, but we also find a strong dependence on the current star formation rate.
Passive galaxies with a stellar mass up to 101%7°M, have a completely different median
mass history than active galaxies of the same mass. This difference persists if we only select
central galaxies. This means that the cumulative number density method should be applied
separately to active and passive galaxies. Even then, the typical main progenitor ofa z = 0
galaxy already spans two orders of magnitude in stellar mass at z = 2.

4.1 Infroduction

Observations provide properties of samples of galaxies at different redshifts. In-
terring the typical evolution of individual galaxies from these observations is non-
trivial, since it involves linking representative progenitor- and descendant-galaxies.
'This link is not directly observable, since every galaxy is normally only observed at
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one instance in time.

Once we have the ideal cosmological simulation that reproduces the evolu-
tion of all properties of galaxy samples across cosmic time, we can retrieve typical
galaxy evolution tracks from this. However, at the moment, the space of possible
simulations is many-dimensional and not well constrained by physics from first
principles. Changes in one of the modelling assumptions can affect many predic-
tions in a complicated way. Vice versa, the comparison of simulation predictions
and observations does not easily translate into a required change in the model in-
gredients. For that reason, apart from comparing galaxy samples in observations
and simulations, it is important to attempt to infer the typical evolution of indi-
vidual galaxy properties as much as possible directly from observations.

Cumulative number density matching of galaxies across redshift is a promising
method to achieve this. In its original form it does not need any simulation input.
The cumulative number density at a given redshift and mass is defined as the co-
moving number density of galaxies with a stellar mass larger than or equal to the
given mass. Main progenitors are then selected at a constant cumulative number
density. The underlying assumption is that galaxies evolve conjointly, building up
stellar mass in a similar way, without changing rank order (based on stellar mass
or velocity dispersion).

'This method, originating from the work of Loeb and Peebleg (2003), has been
employed by Papovich et al] (2011) and Lundgren et al] (2014) to study stellar
mass and star formation rate (SFR) evolution out to z &~ 8, by an Dokkum et al
(2010) and PPatel et al! (2013) to study the evolution of the structural parameters
of massive galaxies out to z ~ 3, by van Dokkum et al] (2013) and Morishita et al
(2015) to study the stellar density profile evolution of Milky-Way-like and massive
galaxies since z ~ 3 and by [Finkelstein et al! (2015) to predict the abundance of
bright z ~ 9 galaxies.

Cumulative number density matching is not expected to be a perfect method
for inferring the evolution of galaxies, because it neglects galaxy mergers and be-
cause rank order may not be conserved. The viability of the method has therefore
been investigated by Leja et all (2013), applied forward in time to the descen-
dants of z ~ 3 galaxies, based on the Guo et al] (2011) semi-analytic model of
galaxy formation. They find that a constant cumulative number density is a good
first order approximation for these descendants. Behroozi et al]| (2013) apply the
method backwards in time to the main progenitors of z = 0 galaxies. They use by
construction a representative history of the galaxy stellar mass function (GSMF),
based on the abundance matching of observed galaxies to the Bolshoi dark-matter-
only simulation. They find that a constant cumulative density is a poor prescription
for matching main progenitors and they give a recipe to account for the increase in
the running median cumulative number density towards higher redshifts that re-
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sults from merging: (0.16Az) dex. This equation applies to a large range of galaxy
masses and redshifts up to 8. Other recent studies have been undertaken by [Lorreyi
et al] (2015b) based on the Illustris hydrodynamic simulation as well as by [Mundy,
et al] (2015), Henriques et al] (2015) and [Terrazas et al] (2016) for different semi-
analytic methods.

In this work we investigate the accuracy of the cumulative number density
matching technique by comparing to results of the EAGLE hydrodynamic simu-
lation (Schaye et al] 2015}; Crain et al] 2015). EAGLE is arguably the first hydro-
dynamic simulation that has an accurate enough evolution of the GSMF (Furlong
et al] 2015) and a representative enough passive/active galaxy population (Schaye
et al] 2015}, [Irayford et al] 2016) to address this question in some detail.

4.2 Simulation

We follow the main progenitors of redshift zero galaxies in the (100 Mpc)? sized
EAGLE simulation ReflL100N1504. This simulation has been calibrated to the

z = 0 GSMF and mass-size relation. It has an initial gas particle mass of 1.8 x 10® M,
and a maximum gravitational force softening of 700 pc. We use the public data re-
lease described in [McAlpine et al] (2016). Following [De Lucia and Blaizot (2007),

the main progenitor is defined as the progenitor with the most massive integrated
history.
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Figure 4.1: The history of the median main progenitor stellar mass in the EAGLE simulation
for three 0.25 dex wide mass bins, selected at z = 0. The solid black curve denotes the
true median main progenitor mass. The dotted black curve shows the stellar mass at a
constant cumulative number density. The dashed black curve follows the stellar mass at an
exponentially evolving cumulative number density as suggested by Behroozi et al (2013).
Solid blue and red curves denote the true median main progenitor masses for the subsets
of z = 0 active respectively passive galaxies. The shaded regions denote the corresponding
10" — 90™ percentiles.

4.3 Results

Fig. B.1 shows the median mass history of main progenitors in three 0.25 dex wide
mass bins at z = 0. For all mass bins (also those not shown at lower and higher
masses) a constant cumulative number density (dotted black curve) significantly
overestimates the true median main progenitor mass (solid black curve) in the sim-
ulation. Typically there is already an 0.5 dex difference in mass at z = 2. We con-
firm that this offset is adequately captured by the prescription of Behroozi et al!
(2013) of increasing the cumulative number density by (0.16Az) dex (compare
solid and dashed black curves). The fact that the EAGLE hydrodynamic simula-
tion gives the same median main progenitor mass history as the abundance match-
ing technique of Behroozi et al] (2013), shows that this is mainly a property of the
dark matter halo merger tree, provided that the history of the GSMF is accurately
captured by the simulation.

However, hydrodynamic processes do determine what kind of galaxy can be
expected to be found in what kind of halo. The technique of finding representative
main progenitors via cumulative number density matching assumes that galaxies
of a certain mass share a common history. We know from observations that the
redshift zero galaxy population is bimodal, with clear active (star forming) and
passive galaxy populations (e.g. Strateva et al] 2001)). We expect that the history of
a typical passive galaxy differs from that of a typical active galaxy, remaining closer

to its current stellar mass.
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Figure 4.2: The cumulative number density of main progenitors. All selections are the same
as in Fig. . The median main progenitor mass of the z = 0 passive galaxies (solid red lines)
tends to follow a constant cumulative number density at low redshift and an exponential
increase in the cumulative number density parallel to the Behroozi et al| (2013) prescription
at higher redshifts.

Indeed, in the EAGLE simulation the current active/passive status of a galaxy
(defined using a sSFR cut at 107! /yr), is highly predictive for its median main
progenitor mass history. The blue and red curves in Fig. B.1] show the median main
progenitor mass of the z = 0 active, respectively passive, galaxy populations. The
three mass bins cover the interesting region that goes from no difference between
active/passive at 10.75 < log1o(M /Mg) < 11 and higher, via a significant differ-
ence at Milky Way-like masses 10.5 < logi0(M /Mg) < 10.75, towards a large
difference at 10.25 < logio(M /Mg) < 10.5 and lower. These differences can be
of the same order as those between a constant cumulative number density and the
Behroozi et al! (2013) prescription, roughly 0.5 dex at z = 2. The 10t — 9qth per-
centile blue and red shaded regions show that there is also a large variation in main
progenitor masses. A recent study by [Ierrazas et all (2016) reports a comparable
0.35 dex difference at z = 2 between the median main progenitor masses of active
and passive 10.7 < logi0(M /Mg) < 10.9 galaxies in the semi-analytic model of
Henriques et al] (2015).

Fig. B2 shows the median cumulative number density for the same galaxy sam-
ples as in Fig. B.1. At a given redshift, the comoving cumulative density refers to
the number density of galaxies with a stellar mass larger than or equal to the median
main progenitor mass of the indicated galaxy sample, which is selected at z = 0.
We see that the median main progenitor of the active galaxies follows the exponen-
tial cumulative number density increase of Behroozi et al] (2013), but the median
main progenitor of the passive galaxies first evolves along a track of constant cumu-
lative number density up to z ~ 1.5, after which it follows the same exponential
trend as the main progenitors of active galaxies, albeit at an offset which would
correspond to a more massive active galaxy at redshift zero.

'This behaviour can be explained by comparing the evolution of the sSFR of the
main progenitors of the active versus passive z = 0 galaxy selections. Fig. ff.3 shows
the ratio of the average sSFRs of the passive and active galaxy selections in different
z = 0 mass bins. We see that the main progenitors of passive galaxies have a
reduced sSFR with respect to the main progenitors of active galaxies up to z ~ 1.25
for the highest-mass bin and up to z ~ 2.5 for the lowest-mass bin. Higher-mass
passive galaxies have on average quenched later. Although not all the stellar mass
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Figure 4.3: The average specific star formation rate of the main progenitors of the passive
z = 0 galaxy sample divided by that of the active galaxy sample, as a function of redshift.
The three curves are for three different, 0.25 dex wide, stellar mass bins.
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growth can be attributed to the sSFR of the main progenitor, since dry mergers
also contribute, the integrated effect of this sSFR difference between the active
and passive samples plays a large part in driving the difference in median main
progenitor mass and the corresponding difference in cumulative number density.
'The redshift range over which the passive main progenitors in Fig. follow a
constant cumulative number density roughly agrees with the redshift range in Fig.
B.3 for which the sSFR is reduced. In this same redshift range EAGLE matches
the observed passive fraction as a function of galaxy stellar mass quite well (see Fig.
6, [Furlong et al] 2015).

In order to get a better insight into the difference between the true main pro-
genitor galaxy sample and that obtained with different cumulative number density
matching techniques, Fig. f.4 shows a snapshot at redshift 2 of the two most rel-
evant galaxy properties: the stellar mass and the sSFR, for the main progenitors
of galaxies with Milky Way-like masses at redshift zero. The top panel shows the
significant difference between the constant cumulative number density technique
and that obtained by using the real median cumulative number density, which gives
results that are very similar to the Behroozi et al] (2013) prescription. The bottom
panel shows the difference when using the real median cumulative number density
for active and passive galaxies separately. At z = 2 the stellar mass range of the
main progenitors, which was 0.25 dex at redshift zero, already spans several or-
ders of magnitude. Since the EAGLE galaxies follow a relatively tight stellar mass
versus dark matter mass relation, the same applies to the halo mass. Hence, any
technique that does not sample a representative spread in stellar mass, will select
a rather unrepresentative sample of main progenitors. Moreover, for such a wide
distribution, the median and the mean stellar mass will difter substantially.

Depending on which galaxy property is studied, one might need a different
cumulative number density matching technique. For example, a study like that
of van Dokkum et al] (2013), which uses a cumulative number density matching
technique to observationally assess the radial stellar mass buildup of Milky Way-
like galaxies, would benefit from using a cumulative number density based on the
average stellar mass, or even better, including a representative variation in mass.

Apart from discriminating between the progenitors of active and passive galax-
ies, an obvious other selection criterion is on satellite- versus central galaxies. Fig.
B3 (top panel) shows that selecting only the main progenitors of central galax-
ies gives a similar dependence on the active/passive state as for all galaxies in Fig.
B.2, so the difference in mass between the main progenitors of active and passive
galaxies is not mainly caused by the quenching of satellite galaxies. Fig. B.5 (bot-
tom panel) shows however that the main progenitors of passive satellites tend to
be more massive than those of passive centrals. This difference could be due to
earlier quenching of satellite galaxies and/or the stripping of stars from satellite
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Figure 4.4: The specific star formation rate versus stellar mass of the main progenitors
at a redshift of 2 of the galaxy sample selected at redshift zero to have a stellar mass of
10.5 < logio(M /M) < 10.75 (indicated by the grey band). In the top panel, black dots
denote the true main progenitors, magenta dots denote the galaxy sample that would be
selected at z = 2 based on a constant median cumulative number density and green dots
denote the galaxy sample that would be selected using the true median main progenitor stellar
mass, which gives similar results as the prescription of Behroozi et al] (2013). In the bottom
panel a redshift zero selection is made on active/passive galaxies, denoted by the blue/red
bands. Blue and red dots denote the true main progenitors of the active respectively passive
galaxies. Black and grey dots denote the galaxy sample that would be selected at z = 2 using
the correct median main progenitor mass separately for the active and passive sample.
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Figure 4.5: The median cumulative number density of the main progenitors of z = 0 galaxies
in different mass bins (indicated by different colours), separately for passive and active centrals
(top panel) and for passive centrals and satellites (bottom panel). The top panel shows a
similar difference between active and passive cumulative number densities for central galaxies
as Fig. showed for all galaxies. The bottom panel shows that the main progenitors of
passive satellites tend to be more massive than those of passive centrals of the same mass.
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galaxies. There is no similar difference in mass between the main progenitors of
active centrals and satellites (not shown).

Our results indicate that the progenitor masses are systematically offset for
passive galaxies by an amount similar to the correction calculated by Behroozi et al!
(2013). In addition, the properties of the progenitors are systematically correlated
over time (e.g. SFR and hence central density, Sersic profile, etc.). This means that,
in the absence of a procedure to correct for these correlations, the method has only
limited applicability. At the highest masses (n < 5 x 1074 x 10%162 Mpc=3) the

method works best.

4.4 Conclusions

We use the EAGLE hydrodynamical simulation to study the accuracy of the cu-
mulative number density matching technique in creating a representative sample of
main progenitor galaxies as a function of redshift. The EAGLE simulation is well
suited to study this question, because it reproduces the evolution of the galaxy stel-
lar mass function and has a representative population of passive and active galaxies.
Our main findings are as follows:

* Using a constant cumulative number density prescription to find typical
main progenitors of redshift zero galaxies neglects mergers and significantly
overestimates the median progenitor mass. The error is ~ 0.5 dex at z = 2
for galaxies in the stellar mass range 10'°Mg, < M < 101'M, and ~ 0.25
dex for M > 101 M, (Fig. B1)).

* 'The prescription of Behroozi et all (2013) to increase the cumulative number
density by 0.16 dex per Az accurately captures the evolution of the median
main progenitor stellar mass. As Behroozi et all (2013) used a dark mater
only simulation, this shows that the evolution of the median main progenitor

mass is mainly set by the properties of the halo merger tree (Fig. f.2).

* The main progenitor masses of z = 0 galaxies that are less massive than
101075My, critically depend on the current star formation rate. At z = 2
the median main progenitor mass of passive galaxies (sSFR < 107! /yr at
z = 0) is & 0.5 dex higher than that of active galaxies (Figs. .1,#.7).

* 'The difference between the median main progenitor mass of active and pas-
sive galaxies (or equivalently the difference in median cumulative number
density) increases gradually up to z ~ 2. Out to this same redshift we see a
reduced average sSFR for the main progenitors of passive galaxies compared

to those of active galaxies (Fig. B.3).
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* The mass difference between the main progenitors of passive and active
galaxies persists if we only select central galaxies (Fig. f.5).

* 'The large difference between main progenitor masses of passive and active
galaxies calls for an inclusion of an sSFR distinction in the cumulative num-
ber density matching technique.

* 'The spread in main progenitor masses already spans several orders of mag-
nitude at z = 2 (Fig. f4). Therefore, it is imperative to include the varia-
tion in the main progenitor stellar masses (or cumulative number densities)
in observational studies that use the cumulative number density matching
technique. For such a wide distribution the average (e.g. main progenitor
density profile) is expected to be different from the median.

* 'The main progenitors of passive satellites tend to be more massive than those
of passive centrals in the same z = 0 mass range (Fig. {.3). A similar dis-
tinction between the main progenitor masses of active centrals and active
satellites does not exist.

Hence, the cumulative number density matching technique should discrimi-
nate between the main progenitors of active and passive galaxies in order to obtain
a reasonable accuracy. Exactly how to implement this is not clear. One could base
such a method on a simulation like EAGLE and device a main progenitor selec-
tion scheme based on both stellar mass and sSFR. This would however negate the
initial appeal of the method: that it only depends on observations (and on the dark
matter merger tree in the case of the Behroozi et al] 2013 method).
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Yet Am-Tep was still troubled by the question “why?2" What deep forces control
the behaviour of the world, and why do they sometimes burst forth in violent
and seemingly incomprehensible ways? He shared his questions with his
grandson, but there were no answers.

A century passed by, and then a millennium, and there still were no answers.

-- Roger Penrosd

!(Penrosd 2004)
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Galaxy evolution can be studied observationally by linking progenitor and descendant
galaxies through an evolving cumulative number density selection. This procedure can re-
produce the expected evolution of the median stellar mass from abundance matching.
However, models predict an increasing scatter in main progenitor masses at higher red-
shifts, which makes galaxy selection at the median mass unrepresentative. Consequently,
there is no guarantee that the evolution of other galaxy properties deduced from this se-
lection are reliable. Despite this concern, we show that this procedure approximately re-
produces the evolution of the average stellar density profile of main progenitors of M =
1011-5M, galaxies, when applied to the EAGLE hydrodynamical simulation. At z > 3.5
the aperture masses disagree by about a factor two, but this discrepancy disappears when we
include the expected scatter in cumulative number densities. The evolution of the average
density profile in EAGLE broadly agrees with observations from UltraVISTA and CAN-
DELS, suggesting an inside-out growth history for these massive galaxies over 0 < z < 5.
However, for z < 2 the inside-out growth trend is stronger in EAGLE. We conclude that
cumulative number density matching gives reasonably accurate results when applied to the
evolution of the mean density profile of massive galaxies.

5.1 Introduction

An interesting challenge for the study of galaxy evolution is to find a method to
distill the evolution of a typical galaxy from that of the total observed galaxy pop-

ulation. One way to do this, is to rank the observed galaxies at each redshift ac-
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cording to their stellar mass and then assign a unique cumulative number density
(hereafter CND) to each galaxy, defined as the comoving number density (Mpc—3)
of galaxies at that redshift that are more massive than the given galaxy. The sim-
plest assumption is then that galaxies evolve along a constant CND. This method
has been used to study, among other things, the evolution of stellar masses, star
formation rates and stellar density profiles of Milky Way-like and massive galax-
ies (Loeb and Peebles 2003; van Dokkum et al] 2010; Papovich et al] 2017}; yan
Dokkum et all 2013; Patel et al] 2013; Lundgren et al] 2014; Morishita et al] 2015)).

However, the assumption of a constant CND is a very crude approximation to
the expected evolution in a ACDM cosmology, which is inherently stochastic in
nature and cannot conserve galaxy numbers due to merging. Behroozi et al] (2013,
hereafter B13) give a more accurate prediction for the expected evolution of the
CND, which accounts for mergers. This prediction has been applied to observa-
tions by [Marchesini et al] (2014) and Vulcani et al] (2016) to study, among other
properties, the stellar mass, star formation rate and environments of the main pro-
genitors of massive galaxies. [Papovich et al] (2015) use a similar method to study
the evolution of the stellar density profiles of main progenitors of both massive and
Milky Way-mass galaxies.

B13 base their prediction for the evolution of the median CND on abundance
matching of observed galaxies to halos in the Bolshoi dark matter simulation. The
median is taken at each redshift and represents the typical main progenitor. They
find a significant increase of the median CND of ~ 0.16 dex per Az when tracing
main progenitors? and a much smaller redshift dependence when tracing descen-
dants?. They also find a large scatter (= 0.7 dex) around this median CND that
increases with Az.

'The expected evolution of the median number density of the progenitors/descendants
can be accounted for when applied to observations (Marchesini et all 2014; [Pa-
povich et al] 2015; Vulcani et al] 2016). The large scatter is more problematic,
because it potentially defeats the purpose of the method to reliably identify pro-
genitors/descendants. It would be more accurate to also sample the scatter in the
CND. However, when sampling such a wide distribution of galaxy masses, there
are many galaxies to choose from and thus also many ways in which to choose
galaxies with the wrong properties. This would not matter if there were no addi-
tional independent correlations between the properties of descendants and pro-
genitors. It is however possible that, for example, progenitors of similar stellar
mass with more/less centrally concentrated density profiles tend to form more/less

'B13 have made their exact results available at http://code.google.com/p/nd-redshift/.

20ne should keep in mind that, for descendants, the median CND is defined only with respect
to the surviving galaxies and might evolve more steeply when the merged galaxies are included in
the median.
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massive descendants. The assumption that the evolution of galaxy properties can
be reliably estimated from a stellar mass-selected galaxy sample, might hold to a
differing degree for difterent galaxy properties.

For this reason it is important to test the CND matching technique on semi-
analytic models and hydrodynamical simulations of galaxy formation in a context
where these additional independent correlations might appear. In a previous paper
(Clauwens et all 2016) we reported such a correlation between the z = 0 star for-
mation rate of Milky way-mass galaxies and the stellar mass of their main progen-
itors in the EAGLE hydrodynamical simulation (Schaye et al] 2015; Crain et all
2015): main progenitors of passive galaxies tend to be a factor 2.5 more massive at
z = 2 than main progenitors of active galaxies with the same stellar mass.

In this paper we investigate the extent to which CND matching can retrieve
the stellar density profiles of the main progenitors of massive galaxies out to z = 5
in the EAGLE simulation. We base our galaxy selection on the observational work
of Hill et al] (2017) and we conclude with a direct comparison of simulation and
observations.

Other works that analyse the performance of CND matching in semi-analytic
models and hydrodynamic simulations include Leja et all (2013); [Torrey et all
(2015B, 2017); Mundy et all (2015); Henriques et all (2015); [Lerrazas et al] (2016);
Jaacks et al! (2016); yvan de Voort (2016); Wellons and Torrey (2017). One ad-
vantage of using the EAGLE simulation for our analysis, is that it matches the
observed evolution of the galaxy stellar mass function (GSMF) quite well (Fur]
long et al] 2015). Therefore, the B13 prescription, which is based on the observed
GSMF through abundance matching, is expected to work for the EAGLE simu-

lation, at least in retrieving the median stellar mass evolution.

5.2 Method

For this work we use the (100 Mpc)3 sized reference run of the EAGLE hy-
drodynamical simulation: Ref-LL100N1504. All the used data is publicly available
(McAlpine et all 2016). The simulation includes radiative cooling and heating, and
stochastic feedback from active galactic nuclei and stars (the latter depending on
the local density and metallicity). The simulation has been calibrated to reproduce
the current GSMF and galaxy sizes. The effective resolution is set by an initial gas
particle mass of 1.6 x 10°M, a maximal gravitational force softening of 700 pc
and an effective temperature pressure floor of 8000 K for the interstellar medium
(Schaye and Dalla Vecchid 2008). This means that by design the simulation does
not give cold thin disks. The minimal disk height is roughly 1 proper kpc (pkpc).

In some cases we will give results on a 1 pkpc scale, but keep in mind that this
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is stretching the domain of applicability of the simulation. Certainly these results
will be much less robust then those on scales of 3 pkpc and larger.

We base the galaxy selection in EAGLE on the observational work of Hill et al
(2017), who use stacked observations from UltraVISTA and CANDELS out to
z = 5 to study the structural evolution of the progenitors of massive galaxies. Their
descendants are selected at 0.2 < z < 0.5 to have a stellar mass of 10'1°M,. Main
progenitor stacks are made in redshift intervals out to z = 5 along the evolving
CND prescribed by B13.

In EAGLE we select all the galaxies at z = 0.37 that have a stellar mass of
11.4 < Log(M /Mg) < 11.6 within a 70 pkpc 3D aperture, comparable with
the 75 pkpc 3D aperture aimed for in the observations. This gives a sample of
24 descendant galaxies. Throughout this paper we will use the 3D stellar aperture
masses within 1, 3, 5, 20 and 70 pkpc as a coarse sampling of the stellar density
profiles.

We follow the main progenitor evolution of the aperture masses for both the
true main progenitors of these 24 galaxies and for the 24 galaxies closest to the me-
dian CND from B13. Lastly, we make a *fiducial' selection of 24 galaxies for which
the expected variance in the main progenitor CNDs is taken into account. For this
we fit an evolving lognormal distribution of CNDs, based on the 68™ percentile
range given by B13. We sample the lognormal distribution at regular cumulative
probabilities (multiples of 1/25). Recently [Torrey et al] (2017) and Wellons and
[Torrey (2017) also advocated the use of a lognormal distribution of CNDs.

Figure 5.1: The evolving average stellar mass within a fixed 3D proper aperture. The apertures
for the red curves in the top, middle and bottom panels are 1,3 and 5 pkpc, respectively. Black
curves denote the aperture masses within 70 pkpc, which are the same in all panels. Blue
curves denote the difference between inner and outer apertures (black and red). Different line
styles denote different evolving galaxy selections within the EAGLE simulation. The true main
progenitor evolution is depicted by solid curves. Dashed curves represent a selection based
on the expected B13 median CND, whereas dotted curves represent the ‘fiducial’ selection,
which also includes the scatter in the CND evolution from B13. In all panels the ‘B13’ curves
agree remarkably well with the ‘main progenitors’, with an increasing discrepancy towards
higher redshifts. The agreement for the ‘fiducial’ curves is even better.
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5.3 Results

Figure 5.1 compares the evolution of the average aperture masses for the true main
progenitors in EAGLE to the evolution obtained with the "B13' selection and
the *fiducial' selection. We use average masses rather than median masses because
this is equivalent to what one gets from stacking observations. Remarkably, the
"B13' aperture mass evolution (dashed curves) agrees well with the main progen-
itor aperture mass evolution (solid curves) for all apertures. The agreement is es-
pecially good below z /= 3.5. Above this redshift the difference between the main
progenitor and the *B13' mass within a 70 pkpc aperture increases to ~ 0.3 dex.
A similar divergence appears for the smaller apertures.

Atz 2 2.5 the “fiducial' aperture masses (dotted curves) are more accurate than
the "B13" aperture masses (dashed curves). Qualitatively we can understand this
because the higher the redshift, the larger the scatter in the true main progenitor
masses, and the more important it becomes to model this scatter accurately.

The average density profile of the main progenitors of M, = 10'1°M, galaxies
is thus well approximated in EAGLE by using the *B13' method. Assuming that
the real Universe resembles the EAGLE simulation in this regard, this means that
stacking galaxy images along the B13 CND is a reliable way to estimate the average
growth of the density profile of galaxies with this mass. An important question is
whether the average density profile is representative of the individual galaxies that
compose the stack.

Figure shows the 10%-90% range of the main progenitor stellar masses
in the 3 pkpc aperture (blue shaded area). The "B13' method (red shaded area),
by construction, does not try to match this and indeed does not. The *fiducial'
method (green shaded area) reproduces the scatter in the 3 pkpc aperture mass at
higher redshifts. The scatter in the 1,5 and 70 pkpc apertures is also reproduced
(not shown).

Figure p.3 shows the evolution of the median galaxy stellar mass fraction within
a 3 pkpc radius (blue curve). This fraction evolves from ~ 0.74 at z = 5 to ~ 0.22
at z = 0.37, clearly indicative of an inside-out growth history. Similar inside-out
behaviour is observed for the other apertures (not shown). The fraction for the
1 pkpc and 5 pkpc apertures evolves from ~ 0.36 to ~ 0.05 and from ~ 0.81
to ~ 0.33 respectively. The *B13" method (red curve) slightly overestimates this
inside-out growth trend for individual galaxies, as does the “fiducial' method (green
curve). However the “fiducial' method succeeds better in reproducing the scatter
at high redshifts (indicated by the 10%-90% shaded regions).

The evolution of the average stellar density profile is dominated by the most
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Figure 5.2: The evolving median stellar mass within a 3 pkpc 3D radius. Solid lines show the
evolving medians and shaded regions show the 10%-90% percentiles. The main progenitor
selection is shown in blue, the ‘B13’ selection in red and the ‘fiducial’ selection is shown in
green. Plots for 1 or 5 pkpc apertures look qualitatively similar (not shown) with a more
extended 10%-90% range for the 1 pkpc aperture. The ‘fiducial’ selection reproduces the true
spread in progenitor aperture masses at high redshifts.
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Figure 5.3: The fraction of stellar mass that resides in the central 3 pkpc as a function of
redshift. Solid lines denote the medjan and shaded regions denote the 10%-90% range for the
same galaxy selections as in Figs. and . Both methods reproduce the general trend,
but slightly overestimate the fraction at all redshifts. The ‘fiducial’ method reproduces the
scatter at high redshift better than the ‘B13’' method.
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massive main progenitors at each redshift. This evolution is estimated well by the
"B13' method, despite the fact that the galaxies in the "B13' selection are neither
representative of the true main progenitors' mass (Fig. p.2) nor of their evolution
(Fig. B.3). The “fiducial' method improves on all these points, but might be difficult
to implement observationally, because it requires deeper observations (typically an
order of magnitude fainter at z = 5). However, when the objective is to retrieve
the average growth of the stellar profile density, we expect the sampling of scatter
in mass at the high-mass end to be of much greater importance than that at the
low-mass end. Thus, a galaxy selection similar to our “fiducial' model, but with a
low mass cut could be a viable alternative.

5.4 Comparison with observations

Up to this point we have used the EAGLE simulation to validate the use of a
CND matching technique based on B13 to retrieve the history of the stellar density
profile of massive galaxies. In this section we will directly compare EAGLE to
observations obtained with this technique.

Figure p.4 compares the evolution of aperture masses in EAGLE with those
obtained by Hill et al] (2017). The observations comprise stacks of UltraVISTA
(Data Release 3, not yet public) (McCracken et all 2012; Muzzin et al] 2013b)
and CANDELS (Brammer et al] 2012; Skelton et al] 2014) images. These stacks
are fitted with a Sérsic profile and then de-projected, in order to compare them
to the 3D aperture masses in EAGLE. For details see Hill et al] (2017). We have
tried to keep the analysis of the simulation and observations as similar as possible.

Both the simulation and observations are evaluated along the evolving median
CND of B13 that corresponds to a stellar mass of 1011-°Mg, at z = 0.35. The ob-
servational errors take into account the uncertainty in the Sérsic parameters, in the
SED-fitted masses from photometry, in the photometric redshifts, and cosmic
variance. Both the SED-fitting and the EAGLE simulation assume a Chabrier
IMF. The stellar mass in EAGLE does not include stars that reside in other sub-
halos (e.g. satellite galaxies). Similarly, in the observations, satellite galaxies and
interlopers are masked. The total stellar mass in EAGLE is measured within a 3D
aperture of 70 pkpc. In the observations the total stellar mass of the stack is taken
to be the sum of the individual catalogue galaxy masses from SED-fitting. A single
M /L ratio is assumed for the stack such that the total stellar mass resides within
a 75 pkpc 3D deprojected aperture. This might induce an error in cases where the
catalogue mass includes stellar light from outside 75 pkpc or in cases where stellar
light within 75 pkpc is lost in the noise. M /L gradients, which could contribute
at the &~ 0.2 dex level, are not taken into account, whereas in EAGLE these are
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Figure 5.4: A comparison of the evolution of the aperture masses in the EAGLE simulation
(curves) to the observations from Hill et al| (2017) (data points). Galaxies are selected both in
the simulation and in the observations at the median CND from B13. This CND corresponds
to a total stellar mass of 10"-°*Mg, at z = 0.35 in the observations (black data points) and
to a slightly lower mass in EAGLE (black curve). Different colours denote the stellar mass
within different 3D apertures. The red dashed curves and open data points should be treated
with caution because they are probing a regime that is unresolved. In the bottom panel the
masses are normalised to the total stellar mass at each redshift in order to show the inside-out
growth trend. The error bars in the bottom panel are from Sérsic fitting. In the top panel the
error bars also include uncertainties in the SED-fitted masses from photometry, uncertainties
in photometric redshifts and cosmic variance. Overall there is good agreement between the
simulation and observations. Both indicate an inside-out growth history over 0 < z < 5.
However, at z < 2 the inside-out growth trend in EAGLE is more prominent than observed.
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included intrinsically, as the simulation directly traces stellar mass.

Finally, caution should be taken in interpreting the results for the stellar mass
within the 1 pkpc aperture (red dashed lines and open data points). In EAGLE
this is close to the resolution limit of the simulation. In the observations, for most
galaxies the central pkpc is below the resolution limit and hence the mass within
this aperture is mostly driven by the Sérsic fit.

Figure p.4 shows overall agreement between observations and simulation. The
difference between EAGLE and observations in the total stellar mass at the B13
CNDs (black curve and data points) diverges to approximately a factor of 2 at
high redshifts, albeit at 1o level at z = 5. For the 1 pkpc aperture (red dashed
curve and open data points) the trend over the entire redshift range is similar, but
EAGLE shows a declining 1 pkpc aperture mass for 0 < 2z < 2. A comparison
with Figure p.]] (top panel) shows that this is mainly a feature of the B13 selection
and not of the true main progenitors. Both simulation and observations show an
inside-out growth history over 0 < z < 5, indicated by the declining stellar mass
fraction within the smaller apertures towards lower redshifts in the bottom panel.
For 0 < z < 2 the observations hint at a less pronounced inside-out growth trend

than the EAGLE simulation.

In future an improvement on the comparison of the stellar density profile
growth in observations and simulation can be made by taking into account M /L
gradients in the observations or by making virtual observations of the simulation
and comparing light profiles directly. If the growth is aimed to be representative
of main progenitor growth then improvements can be made by also sampling the
scatter in stellar mass at high redshifts (our fiducial method).

5.5 Conclusions

We used the EAGLE hydrodynamical simulation to determine whether the growth
of the stellar density profile of the main progenitors of M, = 1011-5M, galaxies
can be reliably estimated with the cumulative number density (CND) matching
technique. Our conclusions are as follows.

* 'The average stellar mass growth within 1, 3 and 5 pkpc 3D apertures is well
approximated by selecting galaxies that follow the evolving CND of B13
(Fig. p.1). 'This suggests that using the *B13' method to account for merging
is a reasonable way to study the radially dependent build-up of stellar mass
for these massive galaxies. The expected errors in the aperture masses grow
to a factor of ~ 2 at z = b.
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* 'The CND method can be improved by also sampling the expected scatter
in the main progenitor stellar masses. We assume a lognormal form for this
scatter, fitted to the 68" -percentile range of B13. This “fiducial' method
reduces the error in the retrieved aperture masses by a factor of ~ 2, espe-
cially at high redshifts, where the expected scatter in main progenitor stellar
masses is large (Fig. p.1)).

* Although the "B13' method succeeds in reproducing the average stellar mass
growth within different apertures, it reproduces neither the scatter in these
aperture masses (Fig. p.7) nor the scatter in the central concentration of stel-
lar mass (Fig. p.3). The fact that the average aperture masses are reproduced
is somewhat of a coincidence, since it is the average for a selection of galaxies
that is neither representative in mass nor in the evolution of the true main
progenitor sample.

* Sampling the scatter in stellar mass with the “fiducial' method yields results
that are more representative of the true main progenitors' aperture masses

(Fig. £.7) and central stellar concentrations (Fig. 5.3).

Finally, we compared the evolution of 1, 3, 5 and 20 pkpc 3D mean aperture
masses in EAGLE to the stacked UltraVISTA and CANDELS observations from
Hill et al! (2017) (Fig. 5.4). Both in the simulation and in the observations we
sample the galaxies along the evolving B13 median CND. Overall the simulation
and observations agree remarkably well. Both indicate an inside-out stellar growth
history over 0 < 2z < 5. However, in EAGLE most of the relative inside-out
growth happens for z < 2.5, whereas in the observations the inside-out aspect of
the growth is more prominent at z 2 2.5.
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When you struggle to reach for something you don't know, that's where most of
the interesting stuff is.

- Herbie Hancoc’B

3(Hancock 2004)
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We investigate the origin of the Hubble sequence by analysing the evolution of the kine-
matic morphologies of central galaxies in the EAGLE cosmological simulation. By sep-
arating each galaxy into disk and spheroidal stellar components and tracing their evolu-
tion along the merger tree, we find that the morphology of galaxies follows a common
evolutionary trend. We distinguish three phases of galaxy formation. These phases are de-
termined primarily by mass, rather than redshift. For M, < 10%°M, galaxies grow in a
disorganised way, resulting in a morphology that is dominated by random stellar motions.
This phase is dominated by in-situ star formation, partly triggered by mergers. In the mass
range 10%°Mg < M, < 10'9°M, galaxies evolve towards a disk-dominated morphol-
ogy, driven by in-situ star formation. The central spheroid (i.e. the bulge) at z = 0 consists
mostly of stars that formed in-situ, yet the formation of the bulge is to a large degree as-
sociated with mergers. Finally, at M, > 10'%°M, growth through in-situ star formation
slows down considerably and galaxies transform towards a more spheroidal morphology.
This transformation is driven more by the buildup of spheroids than by the destruction of
disks. Spheroid formation in these galaxies happens mostly by accretion at large radii of
stars formed ex-situ (i.e. the halo rather than the bulge).

6.1 Introduction

Low-redshift galaxies have a wide range of morphologies, ranging from pure stellar
disks, to disks with increasingly massive central stellar bulges, to elliptical galaxies.
'This morphological diversity is traditionally classified according to the Hubble se-

quence. We can decompose most galaxies into a rotationally supported stellar disk
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and a spheroid, which is supported to a large degree by random, mostly radial,
stellar orbits. This decomposition is motivated by the fact that classical bulges are
very similar to elliptical galaxies without an accompanying disk, suggesting a sim-
ilar formation mechanism. The main difference is that there is an offset between
their mass-size relations (e.g. Gadotti 2009).

Galaxy morphology is tightly linked to other galaxy properties. More massive
galaxies are generally less disky and, at a fixed mass, star forming galaxies tend
to be disk dominated while quiescent galaxies are typically bulge dominated (e.g.
Gadotti 2009; Bluck et al] 2014; Whitaker et al| 2015). Above 10'°M; the stellar
mass in the low-redshift Universe is roughly equally divided between ellipticals,
classical bulges and disks (Gadottj 2009). There is good evidence that high-redshift
galaxies are built from these same morphological components with a qualitatively
similar dependency on star formation and mass. [[acchella et al] (2015) find that
most massive galaxies at 2 ~ 2 have fully grown and quenched bulges in their
cores and yan Dokkum et all (2014) state that: “the presence of a dense core is a
non-negotiable requirement for stopping star formation in massive galaxies'.

Observationally a distinction is made between classical bulges and pseudob-
ulges (Kormendy 1993; Wyse et al] 1997). Classical bulges are dispersion dom-
inated while pseudobulges (which can be disky, boxy/peanut shaped or nuclear
bars) are rotationally dominated. Our focus will be on the dispersion dominated
classical bulges, which account for a factor > 4 more in mass (Gadotti 2009).

There are many possible scenarios for bulge formation. Here we will briefly
summarise the main ideas. Pseudobulges can form through secular processes (e.g.
Kormendy and Kennicutf 2004) such as bar formation, followed by a buckling in-
stability that transforms the bar into a peanut shaped pseudobulge (e.g. Raha et al:
1991; Pohlen et all 2003; Guedes et all 2013; Pérez et all 2017). Classical bulges can
form from diverse processes such as the collapse of primordial gas clouds (Eggen
et al] 1962), disk instabilities (e.g. De Lucia et al] 2011)), clump migration to the
galaxy centre in violently unstable gas rich disks at high redshift (e.g. Noguchi
1999; Bournaud et al] 2007; Elmegreen et all 2009; Perez et all 2013), gas fun-
neling to the centre in marginally unstable disks at high redshift (Krumholz et al
2017), misallligned accretion (Sales et all 2012; Aumer et al] 2013) and mergers
(e.g. Aguerri et al] 2001; Aumer et al] 2013; Hopkins et all 2010; De Lucia et al:
2017).

Mergers can influence bulge growth and overall morphological changes in di-
verse ways. Hernquist (1989) finds that tidal effects during mergers may induce in-
stabilities that can funnel a large amount of gas into the central region of a galaxy,
thereby inducing a starburst which creates a spheroidal component. In order to
prevent too much bulge formation, stellar feedback is needed to remove low an-
gular momentum gas, also during merger induced starbursts (e.g. Governato et all
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2009, 2010; Brook et al! 2011, 2012; Christensen and Brooks 2015}; Zjupa and
Springe] 2017). This may not be sufficient and AGN feedback might be needed
for a further supression. Disks can be destroyed by a major merger, but they can
also regrow afterwards (e.g. Governato et al] 2009; De Lucia et all 2011; Sparre and
Springel 2017). For massive galaxies AGN feedback may be needed to prevent disk
regrowth in order to form realistic ellipticals (e.g. Genel et al] 2015}; [Dubois et all
2016; Sparre and Springel 2017). Generally, gas-poor (dry) mergers are thought
to spin down galaxies, while gas rich (wet) mergers spin them up (e.g. Naab et all
2014; Lagos et al] 20174), although Penoyre et al] (2017) find that in the Illus-
tris simulation this distinction has little influence. Finally, the time at which the

merger takes place also matters. Late mergers are thought to give rise to a diffuse
halo (Brook et al] 2017}; Pillepich et al] 2015)).

Mergers are the prime suspect for transforming disk galaxies into galaxies with
large bulges and elliptical galaxies. However, this is not a settled matter. [Loft]
house et al] (2017) conclude from observations at z ~ 2 that major mergers are
not the dominant mechanism for spheroid creation, because only one in five blue
spheroids at this redshift shows morphological disturbances. Sales et al] (2012) ar-
gue that in the GIMIC simulation (Crain et al] 2009), speroid formation does not
rely on mergers, because it takes place even when most stars form in-situ, as op-
posed to having been accreted after forming ex-situ (i.e. in a galaxy other than the
main progenitor). Furthermore, Rodriguez-Gomez et al] (2017) state that in the
Ilustris simulation mergers play no role in morphology below 101! M), because
accreted stellar fractions and mean merger gas fractions are indistinguishable be-
tween spheroidal and disk-dominated galaxies.

There are different ways to determine the morphology or bulge-to-total ratio
(B/T) of a galaxy from observations. Usually the B /T ratio is determined pho-
tometrically, based on a decomposition of the light profile into a disk and a bulge
component. The disk and bulge components are then generally assumed to have
fixed SMrsic indices of n = 1 and n = 4 respectively (e.g. Bluck et al] 2014), but
sometimes these indices are allowed to vary (e.g. Gadotti 2009; Sachdeva et al!
2017). The bulge can also be determined kinematically as a non-rotationally sup-
ported component. When similar methods are applied to galaxy simulations, in
general photometric bulge determination leads to lower B/T ratios than kine-
matic bulge determination (Scannapieco et all 2010) and these differences can be
large. In the Illustris cosmological simulation the median B/T difference between
both methods becomes larger than 0.5 for galaxy masses below 101%M, (Bottrell
et al] 2017), thus classifying galaxies as disky based on their light profile even when
the kinematics show no ordered rotation.

In this work we investigate the evolution of kinematic morphologies (thus de-
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rived from stellar motions) of galaxies in the EAGLE cosmological simulation
(Schaye et al] 2015; Crain et all 2015)), with emphasis on the central bulge com-
ponent. Oser et all (2010) emphasized the two-phase nature of the formation of
massive galaxies, whose inner regions are formed first and in-situ, while the stars in
the outer parts are mainly formed ex-situ and were accreted later. Here, we inves-
tigate the provenance of in-situ/ex-situ stars in different kinematic galaxy compo-
nents and we try to determine to what extent mergers are responsible for the mor-
phological transformations of EAGLE galaxies. This will lead to a three-phase
picture of galaxy formation, where low-mass galaxies are kinematically hot (i.e.
spheroidal/pufly) even though most of their stars are formed in-situ, intermediate-
mass galaxies also grow mostly through in-situ star formation but are kinematically
cold (i.e. disky), and the growth of massive galaxies is dominated by accretion of
stars formed ex-situ, making them more spheroidal.

Although EAGLE lacks the resolution to confidently reproduce the small-
est observed bulges, it has overcome the largest hurdle: the overcooling problem.
Overcooling would produce too massive and dense central stellar concentrations
at high redshift, akin to bulges. EAGLE does well in this regard. It approximately
reproduces the observed evolution of the galaxy stellar mass function (Furlong et all
20715)) and galaxy sizes, with passive galaxies being smaller at fixed mass (Furlong
et al] 2017). Conclusions about the origin of galaxy morphology drawn from sim-
ulations that do not match the evolution of the mass function and the size-mass
relation could be misleading, since the physical processes that determine a galaxy's
stellar mass and size are also thought to determine its morphology. The galaxies in
EAGLE also agree relatively well with the observed passive fraction as a function
of mass (Schaye et al] 2015 [Irayford et al] 2017). Furthermore, the galaxies have
representative rotation curves (Schaller et all 2015). It is thus a useful cosmological
simulation to study the origin of morphology changes and bulge formation.

We build on earlier work related to the angular momentum of EAGLE galax-
ies. Zavala et al] (2016) find that z = 0 galaxy morphology is correlated with a loss
of angular momentum at late times, both in the stellar component and in the in-
ner dark matter component, due to mergers. [Lagos et al] (20175) find that galaxies
with low angular momentum can be either the result of merger activity or of early
star formation quenching in the absence of mergers. [Lagos et all (2017a) find that
dry mergers tend to reduce the total stellar angular momentum while wet merg-
ers tend to increase it, with a dependency on the alignment of the spin vectors of
the merger pair. Finally, Correa et al| (2017) show that the kinematic morphology
of EAGLE galaxies is closely related to mass and colour, with blue cloud galax-
ies having predominantly a disky structure and red sequence galaxies a spheroidal

morphology.
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We will shortly introduce the EAGLE simulation in section ??. Section
describes our method for determining the kinematic morphology of a galaxy. We
apply this to determine the morphological evolution of EAGLE galaxies in section
6.4. Section .5 focuses on the origin of stars in the stellar bulge and halo. Sec-
tion .6 investigates the effects of mergers and in-situ star formation on the overall
morphology of galaxies, while section .7 isolates the contribution of mergers on
bulge and spheroid formation. For a summary of our main conclusions and a dis-
cussion of the three phases of galaxy formation, see section p.8.

6.2 The EAGLE simulation

Our results are based on the (100 Mpc)® sized reference run (Ref-L.100N1504)
of the EAGLE hydrodynamical simulation (Schaye et al] 2015; [McAlpine et all
2016). The simulation includes radiative cooling and heating (Wiersma et al] 20094),
star formation (Schaye and Dalla Vecchid 2008), stellar mass loss (Wiersma et al’
2009H), stochastic stellar feedback (Dalla Vecchia and Schayd 2012) (which de-
pends on the local density and metallicity in order to prevent the overproduction
of bulge-like dense stellar cores at high redshift due to numerical radiative losses)
and stochastic feedback from active galactic nuclei. The simulation parameters are
calibrated to the z = 0 galaxy stellar mass function and mass-size relation. The
effect of the various parameters and the calibration choices are described in detail
in Crain et all (2015)). The initial gas particle mass is 1.6 x 10°M,. The maximal
gravitational force softening is 700 pc and a pressure floor is implemented for the
interstellar medium in order to prevent spurious fragmentation (Schaye and Dalld
Vecchid 2003).

'The simulation relies on subgrid physics for unresolved processes at small scales
and low temperatures in the interstellar medium. This means that the simulation
by design does not give cold thin disks. The minimum resolved scale is about 1
kpc, which means that the simulation is best suited to study bulges at the larger
end of the mass-size spectrum and the transformation of disk galaxies to elliptical
galaxies. However, in appendix p.9 we show that a comparison of the (25 Mpc)?
sized reference run (RefLO025N376) and the recalibrated run at a factor 8 higher
mass resolution (RecalL0025N0752) suggests a good convergence of our results
for M, > 10°M.

In this work we adopt a kinematic definition for a classical bulge as the spheroidal,
dispersion dominated component within 5 proper kpc (pkpc). We will study cen-
tral galaxies at z = 0 and their main progenitors at higher redshifts (which are
expected, but not required to be central galaxies). For satellites additional processes
such as ram pressure stripping and strong tidal forces might induce morphological
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changes, complications that we aim to avoid in this work.

6.3 Kinematic morphology

In this work we use a kinematic morphology indicator, rather than a photomet-
ric one. The kinematic morphology of a galaxy is generally condensed into a single
indicator such as a bulge-to-total ratio (B/T"), disk-to-total ratio (D /T") or a kine-
matic morphology parameter £, (e.g. Scannapieco et al] 2010; Sales et al] 2010,
2012; [Zavala et al] 2016}; Bottrell et al| 2017; Correa et al! 2017), with varying pre-
scriptions for each indicator. In this work we use a simple prescription similar to
the one applied to the GIMIC simulation by Crain et al] (2010) and to the Illustris
simulation by Bottrell et al] (2017).

First we determine for each galaxy the direction of total stellar angular mo-
mentum of all stellar particles within the stellar half-mass radius, denoted as Z.
'Then we project the angular momentum of individual stellar particles 7 onto the
Z-direction and normalise it by the total angular momentum |5] of the given par-
ticle. The resulting variable jz/|/j| denotes the amount of corotation for each
stellar particle with the central half of the galaxy. Stellar particles that corotate
with the stellar disk have jz/|/j| = 1, stellar particles that counter-rotate have
jz/|/7| = —1 and stellar particles with random directions of angular momentum
(a pure non-rotating spheroid) are distributed uniformly between -1 and 1 (which
is the reason why we chose this definition).

Fig. p.1 shows the distribution of this “angular momentum alignment' pa-
rameter versus radius for three typical galaxies, a disk galaxy (top left panel), a
disk+bulge galaxy (top middle panel) and an elliptical galaxy (top right panel).
Each point corresponds to a stellar particle and its colour indicates its formation
redshift. There is a clear visual distinction between the stellar disk component (stars
with jz/|/7| ~ 1), which tends to be younger, and the spheroidal component
(uniformly distributed 5z /|/7|) which consists of older stars. In order to disentan-
gle both components in a robust way, we define the “spheroidal component' with
mass S to be twice the mass of counter-rotating stars (with jz/|/j| < 0) (Crain
et al] 2010). The stellar disk mass, D, is defined as the total mass, T, minus the
spheroidal component S. In rare cases where more than half of the stellar mass is
counter-rotating we set S = T, D = 0.

We use the ratio S/T to quantify the stellar morphology of each galaxy. It
varies from low to high (specific values are included in the top panels of Fig. 6.1])
ranging from disk galaxies, via disk+bulge galaxies to elliptical galaxies. We specif-
ically denote this as S/T instead of the more common B/T ratio, because there
is no distinction based on radius and the spheroidal component includes both the
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Figure 6.1: The kinematic structure of three typical EAGLE galaxies with different kine-
matic morphologies ranging from a disk structure (top left panel) to a disk+bulge struc-
ture (top middle) and an elliptical structure (top right). All three galaxies (f.l.t.r. GalaxylD
8772511, 8960069, 10645724) are at z = 0 and have similar stellar masses, log,,(T/Mg) =
10.56,10.60, 10.70 respectively. Each dot denotes a stellar particle, colour coded by the red-
shift at which it was formed. The horizontal axis denotes the 3D distance from the centre.
The stellar half-mass radius is denoted by the vertical black dashed line. The vertical axis
shows the alignment of the angular momentum of a given stellar particle (;) with the angular
momentum direction of the galaxy (Z) where Z denotes the direction of the total angular
momentum of all star particles within the stellar half-mass radius. With this definition purely
corotating particles have jz/m =1 and purely counterrotating particles have jz/|;| =—1.
In this graph, a random distribution of angular momenta would have a constant point den-
sity in the vertical direction. We decompose each galaxy into two components, a ‘spheroidal’
component with mass (S) equal to twice the mass of all particles jz/|j| < 0 and a ‘disk
component’ (D) which comprises the rest of the total stellar mass (7). In this way the kine-
matic structure of each galaxy is characterised by a single ratio S/T", which is 0.18, 0.51 and
0.86 respectively for these galaxies. The solid black curve in each panel denotes the running
average of jz/|;| as a function of radius. In the top middle panel this goes from 0 at small
radii, corresponding to a truly random angular momentum distribution to a value of close to
1 at large radi, corresponding to a pure disk. The bottom panels show the same diagnostics
for the star-forming gas particles in the same three galaxies, but using the same direction for
Z as in the top row. The right galaxy has no star-forming gas.
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Figure 6.2: The same diagnostics as in Fig. @ for GalaxylD 18281742 at z = 0 which has a
stellar mass of log, ,(T'/Mg) = 10.71. This galaxy has a more exotic kinematic structure. The
right panel shows a star-forming gas disk which is counterrotating with respect to the stars. In
the left panel we see a counterrotating young stellar disk together with an extended corotating
disk that consists of stars of varying ages and there is a hint of a bulge. The S/T ratio does
not discriminate between a classical bulge, a counterrotating disk or a counterrotating bar,
but it does capture the kinematic content of the majority of galaxies that are more akin to
the ones in Fig. .

bulge and halo, although in many cases the spheroidal component is more cen-
trally concentrated than the disk component. The difference with the B/T-ratio
from Bottrell et all (2017) lies in the calculation of the Z direction. Bottrell et all
(2017) use all stellar particles within ten half-mass radii. We use all stellar particles
within one half-mass radius. We do this because the total stellar angular momen-
tum can be dominated by structures at large radii (for example due to recent merg-
ers) which could lead to a misclassification of the direction of rotation of the stellar
disk. For a significant fraction of galaxies, the direction of the total stellar angular
momentum varies with radius. The results thus depend on the choice of radius. The
advantage of our prescription with respect to prescriptions based on kinetic energy
(e.g. Sales et al] 2010, 2012; Correa et al] 2017) is that the decomposition into a
disk component and a spheroidal component is not sensitive to small variations
in this Z-direction. In fact for a hypothetical galaxy with a pure disk component
and a purely random spheroidal component, the S/T" ratio will remain the same
as long as the Z-direction points to within 90° of the disk direction, because all
disk stars will have a positive jz/|/;| and all spheroid stars will remain uniformly
distributed.

Of course a good portion of galaxies have more complicated structures than
just a disk and a spheroid. When plotting the total angular momenta (instead of
just the Z-component), they show signs of for example bars or misaligned accre-
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Figure 6.3: Mock gri-images for the four galaxies from Figs. @ and @ The images are
60 by 60 pkpc large. See [Trayford et al] (2015) and McAlpine et al| (2016) for details. The
top row shows the face-on views for GalaxylD 8772511, 8960069,10645724 and 18281742
respectively. The bottom row shows the corresponding edge-on views. The images for the first
three galaxies agree by eye with the morphology that we deduced from the angular momenta
of the stellar particles, representing a disk, disk-+bulge and an elliptical galaxy respectively.

The fourth galaxy would be classied by eye as a simple disk galaxy. lts counterrotating star-
forming gas-disk is not apparent in the image.

tion (Sales et al] 2012), but our simple decomposition catches the essence of the
major kinematic morphology transformations that occur in the EAGLE simula-
tion. Fig. shows an example of a galaxy with a more complicated structure.
The left panel shows that the youngest stars form a disk of 20 kpc diameter that is
counter-rotating with respect to main disk, which is composed of older stars. The
right panel shows that the star forming gas corresponds to this young counter-
rotating disk. This galaxy has an S /7 ratio of 0.39, where in reality there is almost
no hot spheroidal component, but instead two disks. This shows that in some cases
the interpretation is not as simple as suggested by Fig. p.1l.

'The bottom row of Fig. b.1 also shows the distribution of the cold star forming
gas for our three example galaxies. Typically the angular momenta of star forming
gas particles are very well aligned, starting at small radii (as in the left and middle
bottom panels) yielding *star forming gas S/T" ratios of = 1. Note that for the gas
we still use the same Z-direction defined by the stars within the half-mass radius.

'The elliptical galaxy (right bottom panel) has no star forming gas left.
Fig. b.3 shows mock gri-images for the four galaxies from Figs. p.1, p.2. The

visual morphology corresponds well with our classification based on the S/T ra-
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tio. Keep in mind that our S/7 ratio is mass weighted. Disk stars are typically
younger than spheroid stars, see Fig. b.1. A luminosity-weighted S/T" ratio for
these galaxies would thus be smaller and the visual impression will thus be diskier
than suggested by the mass-weighted S/7T". We understand that for comparison
with observations our definition of S/ is not ideal as it would be hard to ex-
tract this ratio from observations, for which less detailed kinematic information is
available. A direct comparison with observations is not the purpose of this work
though. Our aim is to gain physical insight into the formation of speroid and disk
components in the simulation. For this, the S/T ratio, which is based on detailed
kinematic information, is well suited.

We do not retrieve pure stellar disks with S/T" ~ 0.0 (although this ratio
is common for the star forming gas), whereas galaxies with very small bulge-to-
disk ratios are thought to be fairly common (e.g. Kormendy et al] 2010). At the
other end we interpret the elliptical galaxy from Figs. .1, as having a 14%
disk component (S/T = 0.86), whereas this galaxy would probably be classified
photometrically as a pure elliptical galaxy. However, observations of ETG's that
include stellar kinematics (e.g. Emsellem et al] 2017)) point towards varying degrees
of rotational support for these galaxies. The 14% surplus of stars over a uniform
distribution in Fig. B.1 is concentrated at jz/|/j| ~ 1.

In addition to the S/T ratio for the entire galaxy, we will use the S /T ratio for
stars within 5 pkpc of the galaxy's centre and for stars outside 5 pkpc. This splits
the “spheroidal' component into a “stellar bulge' and a “stellar halo' respectively
and the disk component into an “inner disk' and an “outer disk'.

6.4 Morphology evolution

Fig. b.4 shows the relation between the stellar S /7 ratio and stellar mass for central
galaxies in the RefL0100N1504 simulation at different redshifts. At all redshifts
this relation follows a similar trend. Low-mass galaxies (T' < 10°°M) are mostly
spheroidal. Around the mass of the Milky Way most galaxies are disky and massive
galaxies (T’ > 10''M,) tend to be elliptical. The kinematic morphology of galaxies
in EAGLE is primarily a function of stellar mass rather than redshift, although
there are minor additional trends with redshift. At low redshifts (z < 1) the mass-
morphology relation is a bit less pronounced and there is more scatter towards
disky (low S/T') galaxies at low masses.

A convergence test of these results is included in appendix .9, Fig. p.10. In
short, these results are well converged in a “weak convergence' sense (Schaye et al
2015)), meaning that the results are consistent at higher resolution when the subgrid
model is recalibrated to the present-day galaxy stellar mass function and mass-
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Figure 6.4: The kinematic morphology of central galaxies, specifically the spheroid-to-total
stellar mass ratio, as a function of stellar mass for different redshifts (colours). Solid curves
denote running medians and dashed curves denote 10%-90% ranges. For mass bins with fewer
than 10 galaxies, individual galaxies are shown as coloured dots. Although there are minor
differences between the different redshifts, the overall picture is very similar. At low and high
masses galaxies are mostly spheroidal (high S/T'). In between, at T' ~ 10'-*M,, galaxies are
mostly disky (low S/T'). This trend is slightly stronger at high redshift than at low redshift.
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Figure 6.5: The left panel shows the evolution of the stellar kinematics for the main progen-
itors of central galaxies with a total stellar mass 10.5 < log,,(T'/Mg) < 11 at z = 0. The
vertical axis denotes the mass ratio of the ‘spheroidal’ component with respect to the ‘total’
stellar mass for these progenitors. The horizontal axis denotes the stellar mass of the main pro-
genitors. The median redshift of these progenitors at different masses is indicated by the top
horizontal axis. The solid black curve indicates the median of the distribution and the colours
represent percentiles in 10% increments. Most of these galaxies share a common kinematic
evolution, starting out at high S/T ratios at T 3 x 10°M, subsequently becoming diskier
towards T' =~ 3 x 10'°My, after which the trend reverses and galaxies become increasingly
less disky. The right panel shows the same diagnostics for central galaxies selected to have
11 < log,,(T/Mg) < 11.5 at z = 0. The solid curve from the left panel is repeated as a
dash-dotted curve for reference. The trend for these galaxies is remarkably similar, although
the cosmic timing is very different (compare the top horizontal axes).

size relation. This recalibration is needed to obtain the same effective efficiency of
teedback processes at large scales when the transition between sub- and super-grid
physics changes.

Instead of considering galaxy morphology for the whole population, we will
now focus on the evolution of galaxy morphology along the merger tree, thus fol-
lowing the main progenitorsll of massive galaxies backwards in time. Ultimately our
goal is to understand when and why morphological transformations take place. A
question best answered by following the evolution of these galaxies directly.

Fig. .3 shows the evolution of the S/T ratio for the main progenitors of
galaxies in the z = 0 mass range 10.5 < log;,(T//My) < 11 (left panel) and
11 < log,,(T'/Mg) < 11.5 (right panel). The median redshift as a function of

"Main progenitors are loosely speaking the most massive progenitors, although in the case of a
merger with a mass ratio close to unity, the choice of main progenitor is somewhat arbitrary. We
use the prescription of [De Lucia and Blaizo{ (2007) to select the progenitor with the *most massive
integrated history', see Qu et al] (2017).
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mass is shown using the top axis. Although these galaxies span an order of mag-
nitude in mass at z = 0, they follow a very similar trend (compare the black solid
and dash dotted curves in the right panel), as expected from the lack of significant
evolution found in Fig. p.4. Galaxies start out with a spheroidal kinematic struc-
ture at low masses. In between 10%°M, and 10°-° M, they build up a prominent
disk, resulting in a decrease of the S/T ratio. At T > 10'0-5M, the S/T ratio
increases again, indicating a conversion from disky galaxies to spheroidal galaxies.

Perhaps surprisingly, we thus find that that low-mass (T' < 109°My,) central
galaxies (Fig. p.4) and the low-mass main progenitors of massive z = 0 central
galaxies (Fig. p.J)) tend to have a spheroidal (or otherwise non-disky) morphology.
One might think that this could be due to the artificial pressure floor which inhibits
the formation of cold, thin (i.e. scale height < 1 kpc) disks. However, we find no
direct relation to the galaxy sizes, as would be expected if a puffy gas disk would
be the root cause. In fact the median half-mass radius of the main progenitors
remains constant over the mass range 10°M; < T < 101%3Mg, (not shown),
whereas the transformation from elliptical to disk galaxies is practically complete
over this mass range. Similarly, the overall mass-size relation in EAGLE is very
flat at these masses, see Fig. 9 of Schaye et all (2015)). Also, we find that the star
forming gas particles tend to have a disky distribution also at small radii (as is the
case for the example galaxies in Fig. .| but also for many lower mass galaxies),
indicating that the cause for the spheroidal morphology is likely not the pressure-
floor induced puffiness of the cool gas disk.

Recently [EI-Badry et al] (2017) have found similar results for z = 0 galaxies
in the FIRE-2 simulation. The FIRE-2 simulation has a much higher resolution
than EAGLE for low mass galaxies and it includes cooling of the interstellar matter
down to 10 K. They found that the HI gas shows much more corotation than the
stars for galaxies in the wide stellar mass range 1093Mg < T < 10''M,. They
also found that the gas fails to form a disk below 108M, and they furthermore
found no signs of stellar disks for 15 out of their 17 galaxies with 7' < 10%5M,.

Simons et al] (2015) observe a similar transition based on the kinematics deter-
mined from nebular emission lines for a morphological blind selection of emission
line galaxies at 2 < 0.375. They define 10°-°M, as the “mass of disk formation',
because above this mass most galaxies are rotation dominated disks, while below
this mass a large fraction of galaxies show no kinematic signs of disk rotation.
However, [Fisher and Drory (2011) find the opposite trend based on a photometric
B/T decomposition of the light profiles of galaxies in the local (11 Mpc) Universe.

'They find an increasing fraction of bulgeless galaxies with decreasing mass.

El-Badry et al] (2017) argue that the reduced rotational support in their low-
mass galaxies is due to stellar feedback driving non-circular motions in the gas, in
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Figure 6.6: The left panel shows the evolution of the 'disk’ mass component (blue) and
the ‘spheriodal’ mass component (red) for the main progenitors of central galaxies. Solid and
dash-dotted curves represent the same z = 0 mass ranges as in the right panel of Fig. @ The
curves show running medians. We have indicated percentile ranges in 10% shade increments
only for the solid curve selection, but the ranges for the dash-dotted selection are very similar.
The sum of the ‘disk’ and ‘spheroid’ components by definition equals the total mass (dotted
black line). The two selections give very similar results. Galaxies start out witha spheroidal
morphology, but the disk component grows fast, overtaking the spheroidal component just
above 10'®Mg. At large mass scales the spheroidal component catches up and it dominates
at 10"°Mg. The right panel splits the ‘spheroid’ component (repeated in red) into two radial
bins. We define the stellar bulge (in green) as the hot component within 5 pkpc of the galaxy
centre and we define the stellar halo (in cyan) as the hot component outside 5 pkcp. This
distinction demonstrates that the rise in the hot component at large masses is mostly due to
the growth of a hot stellar halo at large radii. However, the bulge component keeps increasing
over the whole mass range.

combination with heating by the UV background which supresses the acretion of
high angular momentum gas.

We found that the fraction of low-mass galaxies that have a disky morphol-
ogy decreases somewhat with redshift (see Fig. p.4). At high redshifts we expect
effects from the possibly more violent, disorganised growth of galaxies which we
discussed in the introduction: the collapse of primordial gas clouds (Eggen et al:
1962), clump migration in violently unstable disks (e.g. Noguchi 1999; Bournaud
et al] 2007; Elmegreen et al] 2009; Perez et all 2013), strong gas flows to the centre
in marginally unstable disks (e.g. Krumholz et all 2017) and misaligned accretion
(e.g. Sales et all 2012; Aumer et al] 2013). Moreover, the merger rates are much
higher at these redshifts (e.g. Genel et al] 2009; Qu et al] 2017).

Fig. p.g (left panel) shows the evolution of the masses of the disk and spheroid
components of the main progenitors. We see that during the period of rapid disk
growth (10%°Mg < T < 10'0°My), the spheroidal component does grow in
mass, albeit at a reduced rate. At the high-mass end the growth of the disk com-
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ponent flattens out, but the average disk mass still increases slightly. Although on
average we do not see a destruction of disk mass, there will certainly be individual
massive galaxies for which this is the case. For massive (= 1011°M,)) galaxies the
spheroidal component clearly dominates, with the 10™ percentile of the spheroidal
component being more massive than the 90™ percentile of the disk component.
'The relative scatter in disk masses is larger than the relative scatter in the spheroid
masses.

In the right panel of Fig. b.g we split the spheroidal component into a bulge
and halo, i.e. inside and outside 5 pkpc respectively. This shows that the low-mass
progenitors are dominated by a bulge, while bulge growth slows down considerably
at T~ 10° "My, and makes place for a fast growth of the halo component at
T > 10'%3Mg. However, the mean bulge mass continues to grow during the
period of rapid disk growth and subsequent halo growth. Roughly 24% of the bulge
mass of a 10'0-°M, galaxy was on average in place at 10%°M, before the epoch
of rapid disk growth. At 101*Mg, this percentage has dropped to 7%, although
a good portion of the bulge growth above 101%-5M, takes place in galaxies with
extensive halos, for which the bulge may not be perceived as a separate component.
This is certainly the case for the ellipticals at the massive end.

6.5 The origin of bulge stars

The stars that make up a present-day galaxy have either been formed in its main
progenitor (in-situ) or have been formed in another progenitor (ex-situ) and have
subsequently been accreted during a merger. Disk stars are expected to have mainly
formed in-situ. For the bulge and the halo components it is less obvious where their
stars formed. These components could be the result of:

1. various secular processes in the absence of mergers (in-situ),
2. the disruption of stellar disks by mergers (in-situ)
3. merger induced gas flows and subsequent star formation (in-situ),

4. accretion of stars during mergers (ex-situ).

In this section we aim to estimate the contribution of process (iv) in the EA-
GLE simulation: direct bulge/halo formation from accreted stars. In section .7
we will focus on the total merger contribution to bulge/halo formation, processes
(ii), (iii) and (iv). Any remaining non-merger related bulge/halo formation will be
attributed by definition to process (i) which includes the potential disruption of
stellar disks by non-merger induced mechanisms as well as the non-merger in-
duced direct formation of stars in a spheroidal component.
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Figure 6.7: The left panel shows the median stellar mass fractions of four kinematic stellar
components of central galaxies at z = 0. The spheroidal component is split into a bulge’ (solid
green curve) and a ‘halo’ (dashed green curve) as in the right panel of Fig. p.6. The disk is
similarly split at a radius of 5 kpc, giving an ‘inner disk’ component (solid blue curve) and an
‘outer disk’ component (dashed blue curve). Note that the horizontal axes in Figs. @and
corresponded to the mass of the main progenitors, which corresponded to high redshifts for
low masses, whereas in this figure the horizontal axis corresponds to z = 0 only. The picture
is however qualitatively similar. At low masses the bulge dominates, at high masses the halo
dominates and in between the disk has its largest contribution. The right panel shows, for
each component separately, the median mass fraction of stars belonging to that component
that has been accreted (rather than formed in-situ). The black solid curve gives the median
ex-situ mass fraction for the total galaxy. For T < 10'%°M, the disk, as well as the bulge,
are almost entirely made up of in-situ formed stars, whereas the halo has a large contribution
from ex-situ formed stars. At larger masses also the bulge and disk components contain more
ex-situ formed stars.
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'The left panel of fig. p.7 shows the makeup of z = 0 galaxies as a function
of mass in terms of bulge, halo and disk components. The disk components are
most prominent around and below the knee of the galaxy stellar mass function,
T < 10197 M,, (where most of the stellar mass in the universe resides). At higher
masses the halo component dominates while at 7 < 101°M, the bulge component
dominates the mass budget. This is all in qualitative agreement with the trend we
saw for the main progenitors at high redshift in Fig. p.6.

We now aim to calculate the fraction of stars for all of those morphological
components that have an ex-situ origin. Remember that our decomposition into a
hot/disk component is statistical in the sense that stellar particles with jz /|| > 0
are not uniquely assigned to be in either component. It is therefore not possible
to trace the provenance of the stars in each component directly. We can, however,
circumvent this problem by first doing an S/T" decomposition for the in-situ and
ex-situ formed stars separately (both inside and outside 5 pkpc). We then obtain
masses for eight components (combinations of in-situ/ex-situ, spheroid/disk, in-
side/outside 5 kpc) from which we can calculate the ex-situ fractions. The right
panel of Fig. .7 shows the medians of these mass fractions for all central z = 0
galaxies.

For T < 10'%° My, the contribution from ex-situ formed stars to the bulge is
very small (< 10%) (as it is for the disk). This means that these bulges were not
formed directly from stars that were accreted during mergers, process (iv). The halo
does have a prominent contribution from ex-situ stars, even for low-mass systems.
At the massive end (T' > 10'! M) where the overall ex-situ content of galaxies
rises (solid black curve), all components contain a larger fraction of ex-situ formed
stars. For the disk components we should not overinterpret this finding though,
because these are ex-situ fractions for components that themselves constitute only
a minor fraction of the total stellar mass budget of these massive galaxies, as is

evident from the left panel of Fig. p.7.

6.6 The effects of star formation and mergers on
morphology

In the previous section we investigated the importance of the direct formation of
bulges and halos from stars accreted during mergers. This does not include the
indirect effect that mergers might have in triggering morphological changes. In
this section we first investigate the effect of mergers and in-situ star formation on
the overall kinematic morphology S /T, before isolating the effect on the buildup
of the individual morphological components in section p.7.

We investigate the changes in kinematic morphology between consecutive snap-
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shots along the merger tree and relate those to the merger activity and in-situ
star formation. We use all main progenitors of central galaxies in the mass range
1019 Mg < T < 1012M, at z = 0. The time resolution of this analysis is roughly
0.7 Gyr, although the time between consecutive snapshots is not completely con-
stant. This is a convenient time step, because it is small compared to the ages of the
galaxies, but long enough to capture the main effect of a merger on the morphol-
ogy of a galaxy (except for cases where the merger happens close to the snapshot
time). In principle we use all snapshots, although at very high redshifts few main
progenitors will be in the mass range under consideration.

Fig. p.8 shows how the rates of kinematic morphology changes, A(S/T)/At,
relate to the stellar mass growth rates of galaxies (top row), to the mass growth
rates through in-situ star formation (A Mipsiry /(T'At) middle row) and to the mass
growth rate through accretion of ex-situ formed stars (AMeysiew /(T At)) which
we use as a proxy for merger activity (bottom row). For each time step we de-
fine AMeysie /T as the fraction of stellar mass at the later snapshot that has been
accreted after the earlier snapshot. We normalise this by the time difference, At,
between the two snapshots to obtain a rate per Gyr. In this calculation, the mass of
the star particles, which is not constant due to stellar mass loss, is evaluated at the
later snapshot (both for AM and for T'). The in-situ mass fraction is calculated in
a similar way. It includes all stars that have been formed since the earlier snapshot,
thus also the stars that formed during a merger?. We have split the sample into
mass bins (columns) that represent the main progenitor stellar mass at the earliest
of the two consecutive snapshots. This gives a much clearer picture than splitting
by redshift (not shown).

Below 10'9-5M, galaxies tend to become more disky when they experience fast
mass growth (downward trend in the first two panels of the top row), which is con-
sistent with Fig. b.5. This push towards a disky kinematic structure is clearly caused
by the in-situ star formation, as is evident from the strong downward trend in the
first two panels of the middle row of Fig. b.§, although mergers try to push the
galaxies in the opposite direction towards a spheroidal kinematic structure (mostly
the second panel of the bottom row).

Above 10195M, the trend is reversed. Galaxies tend to become more spheroidal
as they grow in mass (upward trend in the last two panels of the top row). The trend
weakens at the highest masses because these galaxies are already mostly spheroidal.
This transformation is driven by merger activity (upward trend in the last two pan-
els of the bottom row) with a negligible contribution to the morphology changes by

2Technically it also includes stars that formed in a merger companion after the earlier snapshot
and just before accretion. These should ideally be classified as ex-situ stars. This happens due to the
finite time resolution but constitutes an insignificant fraction of the total A My budget.
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Figure 6.8: The change in kinematic structure between consecutive snapshots, denoted by
the change in the S/T ratio per Gyr, as a function of respectively the relative stellar mass
growth per Gyr (top row), the mass growth through in-situ star formation (middle row) and
the mass growth through accretion of stars (bottom row). Each column corresponds to a
different main progenitor mass range (evaluated at the earliest snapshot) as indicated above
each panel. This figure contains all main progenitors of central galaxies at z = 0 in the mass
range 10'°°My < T < 10'2Mg. Each main progenitor appears multiple times over multiple
panels (once for each snapshot for which it falls in the assigned mass range). The galaxies
are colour-coded by the S/T ratio at the earliest snapshot. In each panel the running average
is denoted by a solid curve and the 10%-90% range by dashed curves. The horizontal axis
is linear below 10™! and logarithmic above that. The top row shows that in the mass range
1095Mg < T < 10'%-5Mg mass growth leads on average to a more disky kinematic structure
(decreasing S/T), while in the range 10'%°Mg < T < 10M° Mg mass growth leads to a
more spheroidal kinematic structure (increasing S/T"). The middle row shows that the strong
trend for growing galaxies to become more disky below ~ 10'°°M, is a direct result of the
in-situ star formation activity. The bottom row shows that merger activity on average leads
to a more spheroidal kinematic structure.
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in-situ star formation (negligible trend in the last two panels of the middle row).
The lack of a pronounced trend with the in-situ mass growth above 1010-5M,
could be due in part to the fact that the relative growth rate through in-situ star
formation at these masses does not reach the high values that are responsible for
most of the trend at lower masses. The importance of in-situ and ex-situ growth
for morphology change thus shows a strong dependence on the mass of the main
progenitort,

'The reason that morphological changes can be decomposed into changes in-
duced by mergers and by in-situ star formation, is that the in-situ and ex-situ mass
growth of galaxies is mostly unrelated. They are positively correlated, meaning that
galaxies of a given mass with a higher merger activity tend to have a higher in-situ
star formation rate, but this is a small effect. The Spearman R? coefficient between
A(Mipsita /(T At)) and A(Mexsita/ (T'At) varies from 0.13 to 0.17 for the different
0.5 dex wide mass bins, which means, loosely speaking, that they are for 85% un-
aware of each other's existence and peak at different (= 0.7 Gyr) time steps. This is
in qualitative agreement with observations from CANDELS at z ~ 2 which indi-
cate that only 3% of the star formation budgetin 7' > 10'9M, galaxies is triggered
by major mergers (Lofthouse et al] 2017) and with observations from GAMA that
only show enhanced star formation in primary merger galaxies for short duration
(< 0.1 Gyr) star formation indicators and find a reduced star formation rate in
secondary galaxies (Davies et al] 2015).

We show a figure analogous to Fig. .8 in Appendix b.10 (Fig. f.17)), but for
S /T changes within 5 pkpc, thus relating to bulge formation. The trends are the
same as for Fig. p.8. Below 10'%5M, in-situ star formation builds up a central
disk, above this mass mergers dominate and push the central region towards a
bulge structure.

6.7 The merger conftribution to spheroid and disk
formation rates

In this section we look at the total effect that mergers have on spheroid formation.
Fig. 6.9 (top row) shows the dependence of the spheroid growth rate, AS/(T'At),
on merger activityﬂ, AMexsiva/ (T At). This measure for merger activity includes

3The same probably holds for central galaxies that are not main progenitors of z = 0 galaxies. We
have specifically investigated main progenitors, because we are interested in long-lasting changes in
morphology that are not wiped out by the disappearance of galaxies during mergers.

*In the calculation of AS/T, we take for T the average T' of both snapshots. This is done because
in rare cases during a merger 1" can be artificially low, due to a misidentification of which stellar
particle belongs to which subhalo. If T" is very small, AS/T blows up. Furthermore we reject time
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Figure 6.9: The dependence of spheroid growth (top row) and disk growth (bottom row)
on merger activity. The top row is the same as the bottom row of Fig. , but now the
vertical axis denotes AS/(TAt) instead of A(S/T)/At. This isolates the growth rate of the
spheroid component instead of the morphological change rate. Note that the horizontal axes
are linear up to 0.1 and logarithmic beyond that. The solid curves denote running averages,
dashed curves denote the 10%-90% range and the dash-dotted curves denote the running
averages for the bulge growth rate (AS/T) <sipe/ At (the underlying distribution inside 5 kpc
is not shown, but is very similar). In all top panels the relative growth rate of the spheroid
depends strongly on merger activity. Time steps with little to no accretion of stars, on average
show little to no growth of the spheroid (solid curve) or the bulge (dash-dotted curve). The
bottom row shows the same diagnostics, but then for the growth rate of the disk (solid curves
denote the running averages of the underlying distribution, dashed curves denote the 10%-
90% range and the dash-dotted curves denote the running averages for the disk within 5 kpc).
Disk growth shows a small dependency on merger activity. The curves are rising in the left
part of the panels, where the accreted stellar mass rates are very small. It could well be that
these 'tiny’ mergers trace the smooth accretion of gas. On average we do not see evidence for
the destruction of disks by mergers (the solid and dash-dotted curves in the bottom panels
are not declining towards the right).
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mergers of all resolved mass ratios. For all mass ranges (columns) the average
growth rate of the spheroid (solid black curve) increases strongly with merger ac-
tivity and approaches zero during periods of low merger activity. This means that
most of the spheroid formation is triggered by mergers.

We use the total ex-situ mass accretion rate as our proxy for merger activ-
ity instead of the more commonly used merger ratio and classification into mi-
nor and major mergers, because we expect the growth rate of the spheroid to
not only depend on the merger ratio of the most prominent merger, but also
on the number of mergers that occur during a =~ 0.7 Gyr time step. Neverthe-
less, the horizontal axis in Fig. p.9 can be roughly translated into a merger ratio.
AMeira/(TAL) = 0.1 Gyr~! is equivalent to a single merger with a mass ratio
1:13 within 0.7 Gyr. Similarly a rate of 0.3 Gyr—! corresponds to a single merger
with a mass ratio 1:3.7 within 0.7 Gyr. The contribution at A Meygiry/(T'At) >
0.3 Gyr! can thus roughly be attributed to major mergers. The contribution at
0.1 Gyr*1 < AMegsia/ (TAL) < 0.3 Gylr’1 can roughly be attributed to minor
mergers and the contribution at A Meiry/(T'At) < 0.1 Gyr~! can be attributed
to “tiny' mergers, which in some works is referred to as the “smooth accretion' of
stars. The average spheroid growth rates (solid curves in the top row) mostly rise
in response to stellar accretion rates in the “minor and major' merger regime, es-
pecially above 101°M,. The same is true for the bulge growth rates (dash-dotted
curves in the top row).

From the trends in the top row of Fig. b.9 we can estimate the percentages
of the spheroid- and bulge formation rates that are associated with mergers. This
represents the combined effect of items (ii), (iii) and (iv) from section p.3. First
we estimate the secular contribution to spheroid formation, item (i) from section
.5, by dividing the spheroid growth rate in the absence of mergers by the av-
erage growth rate: (AS/(TAL)) A py /(T At <0.025 Gyr_1/<AS/(TAt)>. The de-

exsieu/
nominator of this fraction is given by the 2"¢ column of Table .1 and the nu-
merator is given by the left-most points of the solid curves in the top row of Fig.
6.9 The merger contribution to spheroid formation is then simply defined as 1
minus the secular contribution and is listed in the 3™ column of Table B.1. This
merger contribution includes growth due to ex-situ formed (i.e. accreted) stars,
stars formed in-situ during merger events and stars displaced from the disk to
the spheroid component. It includes “tiny' mergers with very small mass ratios.
We also estimate the approximate contribution of “minor plus major' and “ma-
jor' mergers (3" column, in parentheses). For these estimates we use a cut at

AMegsina/ (TAE) < 0.1 Gyr_1 and AMeiea /(T AL) < 0.3 Gyr_1 respectively in

steps for which T" drops by more than two-thirds. This only alters the percentages in Table p.1 by at
most 2%.
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Table 6.1: The estimated contribution of mergers (of any mass ratio) to the rate of spheroid
formation (3™ column) and bulge formation (5" column) in different main progenitor mass
bins (1% column). We include a mass bin 0.5 dex smaller than in Figs. and .9. The 2™
column gives the average rate of relative spheroid mass growth in the different mass bins. See
the main text for an explanation of how we use this, together with the solid curves in the top
row of Fig. .9, to estimate the total merger contribution to spheroid formation (3 column)
and the approximate contribution of ‘minor 4+ major’ and ‘major’ mergers (3™ column, in
parentheses). The 4™ and 5" columns repeat the same procedure for the bulge (i.e._the
spheroid inside 5 kpc; corresponding to the dash-dotted curves in the top row of Fig. @)
Overall we see that the merger contributions to spheroid and bulge growth are very large,
especially above 10'®Mg,. Major, minor and tiny mergers all contribute to a similar degree.

log,o(T/Mg) (AS/(TAt)) merger contribution to (AS/(TAt)) 5. merger contribution to

spheroid formation rate bulge formation rate
Gyr! all (minor+major, major) Gyr™! all (minor+major, major)
9-9.5 1.39 >51% (~39%, ~25%) 1.43 >47% (~33%, ~19%)
9.5-10 0.57 >67% (~46%, ~28%)  0.55 >57% (~36%, ~21%)
10-10.5 0.16 >91% (~76%, ~46%) 0.10 >95% (~82%, ~55%)
10.5-11 0.08 5829 (~65%, ~33%)  0.05 58296 (~74%, ~41%)
11-11.5 0.08 >92% (~64%, ~21%) 0.04 >76% (~64%, ~20%)

the numerator. The listed merger contributions are rough estimates. On the one
hand they could be biased low, because in cases where the merger happens close
to the snapshot time, the merger-triggered growth might be spread out over three
consecutive snapshots, in which case we would miss part of it. On the other hand
the estimates for the contributions of *minor+major' and *major' mergers could be
biased high if multiple mergers occur between consecutive snapshots. We use the
same procedure in an aperture of 5 pkpc to estimate the merger contribution to
bulge formation (using the 4™ column of Table .1 and the dash-dotted curves in
Fig. B.9, resulting in the percentages listed in the 5 column of Table B.1)).

'The lower limits on the merger contribution to bulge and spheroid (i.e. bulge+halo)
formation are quite similar. Above 10!°M,, > 80% of the bulge- or spheroid for-
mation rate is associated with mergers (of any mass ratio). Major mergers con-
tribute ~ 20% — 55%, minor mergers 25% — 45% and “tiny' mergers 5% — 30%.
Below 10'°My, the total merger contribution drops, but it is still in the 50% range.
Comparing this to the fraction of bulge stars that have an ex-situ origin (right panel
of Fig. b.7), we find that a large part of the bulge forms from either (iii) messy,
merger induced episodes of central star formation or from (ii) the disruption of
stellar disks by mergers. We thus see that mergers, although not responsible for
the direct supply of bulge stars, do trigger the formation of bulges and dominate
the transition to elliptical morphologies at high masses in the EAGLE simulation.
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Table 6.2: The estimated contribution of mergers (of any mass ratio) to the rate of disk
formation (3™ column) and inner disk formation within 5 kpc (5™ column) in_different main
progenitor mass bins (1% column). The diagnostics are the same as for Table p.1, but for the
disk component, D, instead of the spheroidal component, S (thus using the bottom row of Fig.

). For the three mass bins with negligible disk growth/destruction no merger contribution
percentage is given. During the main period of disk growth (10°°Mg > T > 10'%°Mg) the
disk grows mostly independently from merger activity, but on average mergers (mostly tiny
mergers) do have a slight positive effect on the disk growth rate. For 7' < 10°-°M, the disk
grows preferentially during mergers. The same is true for T' > 10'°5Mg, although in this
case there is almost no disk growth. The inner disk behaves similarly to the total disk. The
main difference is the slight destruction on average of the inner disk for T > 10 Mg

log,,(T'/Me) (AD/(T'At)) merger contributionto  (AD/(TAt)) 5y, merger contribution to

disk formation rate inner disk formation rate
Gyr! all (minor+major, major) Gyr—! all (minor+major, major)
9-9.5 0.66 >65% (~43%, ~22%) 0.68 >69% (~46%, ~25%)
9.5-10 0.66 >35% (~18%, ~11%) 0.69 >41% (~22%, ~12%)
10-10.5 0.24 >30% (~15%, ~5%) 0.23 >42% (~22%, ~6%)
10.5-11 0.04 >53% (~29%, ~10%) 0.008 -
11-11.5 0.005 - -0.02 -

'The bottom row of Fig. p.9 shows the effect that mergers have on the disk for-
mation rate. Overall the trend is upward, but small, indicating that disk formation
is on average slightly enhanced during periods of merger activity. The bottom-left
panel shows the largest upward trend, hinting that in the lower mass range (corre-
sponding to higher redshifts) the rate of disk formation is enhanced during periods
of merger activity. Table p.7 gives the merger contributions to the disk formation
rate (calculated in the same way as the merger contributions to spheroid forma-
tion). We see that for 10°My < T < 10%5M, (which does not have a panel
in Fig. p.9) the disk growth rate rises strongly during merger activity (as does the
spheroid growth rate from Table b.1], which is much larger in this mass bin). This
indicates that galaxy growth in this main progenitor mass range does not occur in
an orderly fashion, but is a rather messy affair. Roughly half of the mass growth
is associated with mergers and most of it ends up in the spheroidal component.
Note that in our definition of S, the spheroid is not necessarily a smooth elliptical
structure, but can also be a more complex clumpy structure, as long as it does not
have a very well-defined sense of rotation.

In the mass range 10%5Mg < T < 10'%5M,, the mass range in which disks
come to dominate (see Figs. b.5and p.g), the disks grows in a more orderly fashion,
mostly independently from mergers. From the 3" and 5™ columns of Table B we
see that 2 35% of the disk growth in this mass range can be attributed to mergers,
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of which half is due to “tiny' mergers or the associated smooth accretion of gas.

For T > 10'%5M, the disk formation rate drops dramatically (see the 2°¢ and
4% column of Table p.2). The sporadic disk formation occurs on large radii and
becomes more correlated with merger activity. Perhaps surprisingly, the average
effect of mergers on disk growth is positive, indicating that on average mergers do
not result in the net destruction of stellar disks. In fact, if we look at the right parts
of the solid curves in the bottom row of Fig. p.9, major mergers on average do not
result in negative values of AD in any mass bin. For T > 10 M, the inner disks
are on average slightly destroyed, but this does not seem to be connected to merger
activity. The morphological transformation of massive galaxies in EAGLE is thus
more driven by the buildup of spheroids than by the destruction of disks.

'The strong trend of morphology with mass at the massive end, which is present
in the overall galaxy population at z < 2 (Fig. b.4) and in the evolution of the
progenitors of today's massive galaxies (Fig. f.J), is thus caused by the strong re-
duction of in-situ star formation rates around the knee of the galaxy stellar mass
function (i.e. T~ 10'%"M,). In the absence of significant in-situ star formation,
galaxies mainly grow through mergers, causing a transformation towards ellipti-
cal morphologies. This morphological transformation is thus a direct result of the
quenching of star formation in massive galaxies. Bower et all (2017) find that in
EAGLE the strong quenching around the knee of the galaxy stellar mass func-
tion is caused by feedback from the central black hole. For T' < 1010-5M,, stellar
feedback causes bouyant outflows of hot gas. However, for T > 10'0-°M, the
hydrostatic gas corona becomes so hot that the gas heated by stellar feedback is no
longer buoyant. The subsequent buildup of gas in the centre triggers rapid growth
of the central black hole, which eventually, disrupts the supply of cold gas and
quenches the star formation. Any other quenching mechanism that kicks in at
these masses (as is required by the observed galaxy stellar mass function) would
presumably have a similar effect on galaxy morphologies, when combined with
the effect of mergers, unless the quenching mechanism itself has a strong direct
effect on stellar orbits.

6.8 Conclusions

We have investigated the kinematic morphological evolution of the stellar com-
ponent of central galaxies in the EAGLE cosmological simulation. We use a sim-
ple prescription based on the angular momenta of the stellar particles to separate
each galaxy into a “spheroidal' and a “disk' component (see Figs. p.1] and p.3),
where the mass of the former is taken to be twice the mass of counterrotating
stars. The morphology of each galaxy is characterised by the ratio of the mass in
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the “spheroidal' component (S) and the total stellar mass (I" = M,). Note that
this mass-weighted S/T ratio is generally higher than a luminosity-weighted ra-
tio (which corresponds to the visual appearance), since stars in the “disk' compo-
nent tend to be younger than stars in the “spheroidal' component. We separate the
“spheroidal' component into a stellar bulge' (within 5 pkpc) and a “stellar halo'
(outside 5 pkpc). We study the evolution of these components for the overall pop-
ulation of central galaxies with M, > 109M@ and we follow the evolution along
the merger tree, for the main progenitors of central galaxies in the z = 0 mass
range 1010°My, < M, < 1012M,. We draw the following conclusions:

* 'The kinematic morphologies of central galaxies depend strongly on stellar
mass, with little additional dependence on redshift (Fig. p.4). This mass de-
pendence is the same for the main progenitors of z = 0 central galaxies
(Fig. p.5). These galaxies follow a similar kinematic evolution, quite inde-

pendently from their z = 0 descendant mass. Galaxies tend to start out
with a high S /T ratio at M, < 10%° Mg, build up a stellar disk an display a

decreasing S/T ratio towards M, = 10'0-5 M, after which the S/T ratio
starts to rise again. The redshift at which galaxies go through these phases
depends strongly on their z = 0 mass.

* Throughout the whole evolution, the average stellar bulge component keeps
growing in mass. Approximately a quarter of the bulge mass of a 1019°M,
galaxy was in place at M, = 10%5Mg, before the epoch of rapid disk growth

(Fig. p.6).

* The mass growth at high masses (M, > 10'°M) is dominated by the
growth of the stellar halo (Fig. p.6).

» The stellar bulges of 2 = 0 galaxies with mass M, < 10'%5M, consist

almost entirely of stars that were formed in-situ. The stellar halo, on the
other hand, has a large contribution from stars that were accreted during

mergers (Fig. 6.7).

* Morphological changes are mainly caused by in-situ star formation for galax-
ies in the mass range 10%°My < M, < 1010-°M,, (at the time of star for-
mation) and are mainly associated with merger activity for M, > 1019M,

(Fig. 6.9).

* For M, > 10'°M, mergers (including all mass ratios) contribute > 80%
to the formation rate of bulges (Table p.J|, top row of Fig. p.9). This per-
centage represents the combined effect of the accretion of stars formed ex-
situ, the disruption of stellar disks and merger-triggered star formation in a
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spheroidal component. We estimate that 20% — 55% is due to major merg-
ers, 25% — 45% is due to minor mergers and 5% — 15% is due to tiny'
mergers with very small merger ratios. The merger contribution to bulge
formation, especially the contribution from major mergers, is largest in the
101°°M < M, < 10'5Mg mass bin and becomes a bit smaller towards
higher masses.

* For M, > 10'°M, mergers of all mass ratios contribute > 80% to the
formation of spheroids (i.e. bulges+halos), of which 20% — 50% is due to
major mergers, 30% — 45% due to minor mergers and 15% — 30% due to

'tiny' mergers (Table p.1], top row of Fig. p.9).

* Most of the mass of the disk component is formed independently from
mergers, but mergers do have a slight net positive effect on the disk growth
rate (Table .2, bottom row of Fig. 6.9). On average mergers thus do not de-
stroy disks. The morphological transformation of massive galaxies is mainly
due to the formation of spheroids. Note, however, that our definition of a
disk is purely kinematic: a spheroidal galaxy with net rotation could have a
substantial *disk' component.

* For M, < 10%°Mg, the main progenitor galaxies grow preferentially via
in-situ star formation during episodes of enhanced merger activity and form
mainly a spheroidal, or more complex non-rotationally supported, structure

(Tables p.1 and p.2, Fig. p.6).

In conclusion, we find that galaxy formation in EAGLE can be classified into
three phases, based on galaxy stellar mass. First, an early phase (M, < 10%5Mg) of
disorganised in-situ star formation associated with merger activity, which results in
a spheroidal (or more complex, non-rotationally supported) morphology. Second, a
phase (10°°Mg, < M, < 10%°My) of organised in-situ star formation, resulting

~

in a disky morphology. Third, a late phase (M, > 101%-5M) in which mergers
trigger the transformation from disk-dominated galaxies to bulge-dominated or
elliptical galaxies. The last phase is increasingly driven by the accretion of stars

formed ex-situ.

Testing this three phase picture observationally is beyond the scope of this
work. In order to investigate whether real galaxies go through similar phases as
EAGLE galaxies, one could compare to slit-spectroscopy or IFU surveys, applying
the same selection criteria and using virtual observations.
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6.9 Appendix A

Figure p.10 shows the convergence with the numerical resolution of the S /7 ratio
for the population of central galaxies as a function of stellar mass, Fig. b.4. We com-
pare results from the (25 Mpc)? sized reference run (RefLL0025N0376), which has
the same resolution as the (100 Mpc)? sized main simulation run (RefLLO100N1504),
with the (25 Mpc)? sized recalibrated run (RecalL0O025N0376), which has an 8
times higher mass resolution (or 2 times higher spatial resolution). This is a test
of weak-convergence (Schaye et all 2015) as the parameters of the subgrid physics
have been recalibrated to the present-day galaxy stellar mass function and mass-size
relation. A recalibration is needed because a change in the resolution also affects
the division between sub- and super-grid physics. The purpose of recalibrating is
to make the large-scale effects of feedback processes the same at the higher resolu-
tion. The convergence in Fig. .10 is good. Results for the morphology evolution
of the main progenitors of massive galaxies can not be tested for convergence in the
same way, because the (25 Mpc)? sized simulation box does not contain enough
massive galaxies. However, the good convergence of our morphology measure for
the overall population suggests that results can also be trusted for these main pro-
genitors.

6.10 Appendix B

Fig. .17 shows the same diagnostics as Fig. p.§ for the inner 5 pkpc. We include
it here instead of in the main text, because these figures turn out to be very similar.
'This means that the effects of mergers and in-situ star formation on the evolution
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Figure 6.10: Weak convergence test of the mass dependence of the S/T ratio for the pop-
ulation of central galaxies at different redshifts. Different panels show different redshifts. In
each panel the running median (solid curve) and 10%-90% range (dashed curves) is shown
for three different simulation runs (colours). Blue corresponds to the original (100 Mpc)?
reference run, as shown in Fig. p.4. Purple and red correspond respectively to the (25 Mpc)®
reference run and the (25 Mpc)® recalibrated run at 8 times higher mass resolution and 2
times higher spatial resolution. individual galaxies are shown as coloured dots for mass bins
that contain fewer than 10 galaxies. A comparison of the blue and purple curves mainly tests
cosmic variance. These boxes differ by a factor 64 in volume, but use the same resolution. A
comparison of the red and purple curves is a test of ‘weak convergence' with the numerical
resolution (see Schaye et al| 2015, for a discussion). For all redshifts the convergence is ex-
cellent, although at the lowest masses and lowest redshifts there is a tendency for galaxies in
the higher-resolution RecalL0025N0752 (red) to be slightly more disky.
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Figure 6.11: As Fig. @ for the kinematic changes in the inner 5 pkpc (which separates bulge
formation from bulge+halo formation). The running averages from Fig,. are repeated as
solid grey curves. In all panels there is a good agreement between the kinematic changes
within 5 kpc (solid black curves) and those for the whole galaxy (solid grey curves). This
means that the dependence of the inner kinematic changes on merger activity are very similar
to that for the whole galaxy.

of the kinematic morphology in the centres of galaxies (< 5 pkpc) are very similar
to the effects they have on the galaxies as a whole.
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7 Samenvatting in het Neder-
lands

7.1  De vorming van sterrenstelsels

7.1.1 Sterrenstelsels

Sterrenstelsels zijn enorme conglomeraties van werelden, die bestaan uit biljoenen
sterren en planeten en zo mogelijk nog meer levende wezens die hun planeet, hun
zonnestelsel of hun sterrenstelsel *thuis' noemen. Voor ons, sterrenkundigen, zijn
sterrenstelsels echter slechts testdeeltjes die de structuur van het Heelal uitlichten
op de grootste schalen. Het zijn vage lichtvlekken in de nachtelijke hemel waarvan
we een mooie foto proberen te nemen. Nadat we veel van deze foto's hebben bestu-
deerd, komen deze sterrenstelsels langzaam tot leven. In onze verbeelding worden
sterrenstelsels levende wezens, die gas in- en uitademen en nieuw weefsel vormen
in de vorm van sterren en planeten.

Deze wezens groeien op in een harde wereld van eten of gegeten worden. Zelfs
als hun omgeving hen niet verslindt dan nog speelt het een belangrijke rol in hun
ontwikkeling. Echter, nog belangrijker voor de ontwikkeling van een sterrenstel-
sel zijn interne processen. Deze processen spelen zich af in de stellaire geboor-
te wolken, in individuele sterren of zelfs in de individuele atomen waaruit een
sterrenstelsel bestaat. We proberen deze processen beter te begrijpen door virtuele
sterrenstelsels te creéren die als een soort van laboratorium ratten in onze grootste
supercomputers leven.

Ondanks het feit dat onze perceptie van sterrenstelsel steeds verfijnder wordst,
worden zij in veel van onze wetenschappelijke figuren gereduceerd tot datapunten
in een enorme puntenwolk, wat je zou kunnen beschouwen als een versimpeling.
Ongetwijfeld komt onze eigen Melkweg in vele vergelijkbare figuren voor in vele
uithoeken van het Heelal, zonder dat iemand zich daar druk maakt over ons le-
ven hier op aarde. Voor dit proefschrift zullen sterrenstelsels deze verfijnde, doch
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hoogst versimpelde, mentale plaatjes zijn, los van emotionele lading of een echt
gevoel van plaats, tijd of verbondenheid. Dit komt deels door een gebrek aan ver-
beeldingskracht, maar voornamelijk door een gebrek aan informatie.

7.1.2 De bouwstenen van sterrenstelsels

De precisie waarmee we alles behalve de meest dichtstbijzijnde sterrenstelsels waar-
nemen stelt ons niet in staat om de individuele sterren, die het licht van een ster-
renstelsel produceren, te tellen, noch laat onze korte levensduur ons toe om deze
sterrenstelsels te zien evolueren. We moeten vertrouwen op een scala aan technie-
ken en modellen om deze informatie te distilleren uit wat ons gegeven is door de
nachtelijke hemel. Hieronder zal ik een korte samenvatting geven van de succes-
sen van de wetenschappelijke gemeenschap in het ontrafelen van de bouwstenen
van sterrenstelsels zowel in de ruimte als in de tijd. Dit is geen gebalanceerde be-
schrijving van alle factoren die bijdragen aan de evolutie van sterrenstelsels. Ik zal
vooral ingaan op de belangrijkste concepten die nodig zijn voor een begrip van

hoofdstukken 2 t/m 6 van dit proefschrift.

Sterren

We denken dat sterrenstelsels bestaan uit vele componenten, te weten een halo van
heet gas, koude wolken van moleculair gas, een donkere-materie halo en massieve
(centrale) zwarte gaten, maar er is slechts één component die cruciaal is voor een
alleenstaande, door zwaartekracht gebonden structuur om te classificeren als een
sterrenstelsel: het moet vele sterren bevatten. Waarnemingen laten zien dat “veel'
alles kan betekenen van ongeveer 103 tot 10'2 sterren. Er zijn veel meer lichtge-
wicht of middelzware sterrenstelsels dan dat er massieve sterrenstelsels zijn, maar
alsnog bevinden de meeste sterren zich in massieve sterrenstelsels. Onze zon is
hierop geen uitzondering, aangezien de Melkweg ongeveer 2.5 x 10*! sterren be-
vat.

Niet alle sterren worden gelijk geboren. Ze hebben een verscheidenheid aan
intrinsieke eigenschappen zoals massa, hoekmoment, metalliciteit! en leeftijd en
afgeleide eigenschappen zoals, grootte, lichtkracht en temperatuur. Veruit de be-
langrijkste eigenschap is de massa van een ster. Sterren worden geboren met een
grote range aan massa's (0.08Mg < M < 120Mg)? welke hun uiterlijk en hun
lot bepaalt.

'De metalliciteit van een ster, gaswolk of ander astronomisch object is de fractie van elementen
zwaarder dan helium. Zuurstof wordt, binnen de astronomie, dus gezien als een metaal. De exacte
definitie van metalliciteit loopt uiteen, athankelijk van de manier waarop deze waargenomen wordt.

De gebruikelijke eenheid voor massa in de astronomie is zonsmassa's, Mo, = 1.99 x 10%kg.



152 Samenwvatting in het Nederlands

Lichte sterren leiden een rustig en lang leven, terwijl zware sterren fel schijnen,
hun brandstof snel opbranden en sterven in massieve explosies die grote hoeveel-
heden aan heet, metaal-rijk gas injecteren in de interstellaire ruimte. Het verschil
in energie uitstoting tussen lage- en hoge massa sterren is enorm. De lichtkracht
van een ster schaalt ruwweg met de 3.5¢ macht van zijn massa, wat betekent dat de
lichtkracht per massa eenheid schaalt met de 2.5 macht van de massa. Er is slechts
een eindige hoeveelheid energie die vrij kan komen uit een eenheid aan stellaire
massa, voordat een ster begint aan zijn laatste fase. Hoe sneller een ster zijn energie
opbrandt des te sneller zal dit einde komen. De levensduur van een ster is dus grof-
weg proportioneel met de -2.5¢ macht van de massa. Dit betekent dat een ster die
10 keer zwaarder is, ongeveer 3000 keer feller zal schijnen (met een hetere blau-
we kleur), maar een levensduur zal hebben die ongeveer 300 keer korter is. In de
praktijk betekent dit dat het licht van een sterrenstelsel gedomineerd wordt door
jonge, massieve sterren, zolang deze aanwezig zijn. Wanneer deze massieve sterren
verdwijnen zal een sterrenstelsel rood worden en minder fel schijnen. Zelfs voor
sterrenstelsels die niet langer actief sterren vormen, zal het meeste licht komen van
de zwaarste, nog aanwezige sterren. Deze sterren kunnen slechts een klein deel
van de massa van een sterrenstelsel uitmaken, aangezien een aanzienlijk deel van
de stellaire massa opgesloten kan zijn in dwergsterren en in de overblijfsels van de
overleden massieve sterren zoals neutronen sterren en zwarte gaten.

Het tempo waarmee sterren energie en metalen terug geven aan de gaswolken
waaruit zij geboren zijn hangt dus sterk af van de massa van deze sterren. We noe-
men dit proces “stellaire feedback'. Sterren worden geboren in zeer koude (= 30
K) en dichte wolken van moleculair gas. Deze feedback, die kan bestaan uit licht,
stellaire winden, kosmische straling of supernova explosies, kan deze stellaire ge-
boorte wolken opwarmen of wegblazen en daarmee het tempo waarmee nieuwe
sterren vormen reguleren. Zonder stellaire feedback kunnen hydrodynamische si-
mulaties niet voorkomen dat ster-vorming escaleert, maar deze feedback kan ook
lokaal ster-vorming stimuleren door de interstellaire materie samen te drukken in
schokgolven en het kan ster-vorming op latere tijdstippen stimuleren door de in-
terstellaire materie te verrijken met metalen, die zorgdragen voor een effectieve
koeling van het interstellaire gas.

Waarnemingen van het lokale deel van het Heelal, het deel waarin we de ster-
ren kunnen tellen (e.g. de Melkweg, haar globulaire clusters, jonge clusters in An-
dromeda) laten zien dat de verdeling van ster massa's bij geboorte hetzelfde is in
verschillende omgevingen. We noemen deze verdeling van de massa's waarmee
sterren geboren worden de initi€le massa functie (IMF). Zie paragraaf B.2 voor
een precieze definitie en Fig. B.1] voor de vorm van de IMF in het lokale Heelal,
zoals deze bepaald is door Chabrier (2003). Voor lange tijd sinds de introductie
van de IMF door Salpeter (1955), is de consensus, gedreven door waarnemingen,
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dat de IMF universeel is. Dit betekent dat hij hetzelfde is in het hele Heelal en
dus niet athangt van de eigenschappen van de stellaire geboorte wolken.

Een universeel IMF is handig voor het modelleren van ster populaties en ster-
renstelsels. Over het algemeen is de aanname dat de stellaire opbouw van een ster-
renstelsel een superpositie is van meerdere simpele stellaire populaties (SSPs): po-
pulaties met een enkele metalliciteit en leeftijd, geévolueerd vanuit een universeel
IME. Observationele methodes voor het matchen van spectra van sterrenstelsels
gaan over het algemeen uit van een enkele metalliciteit en een simpele functionele
vorm voor de superpositie van verschillende stellaire leeftijden. In hydrodynami-
sche simulaties stelt typisch elk virtueel ster-deeltje een simpele stellaire populatie
voor. De stellaire opbouw van een sterrenstelsel wordt dan gegeven door een su-
perpositie van vele ster-deeltjes, die elk een andere leeftijd en metalliciteit kunnen
hebben.

Echter, in het laatste decennium wordt de universaliteit van het IMF in twijfel
getrokken door interpretaties van een scala aan waarnemingen. Vele teams hebben
geprobeerd het IMF op galactische schalen of in extreme omgevingen te bepalen.
Hierbij gebruiken zij diverse creatieve methodes, anders dan het direct tellen van
sterren. Er zijn nu vele claims van waargenomen IMF variaties, wat bijdraagt aan
een interessant en levendig vakgebied. Echter de diverse claims zijn vaak moeilijk
met elkaar te verenigen. De meest invloedrijke bijdragen zijn van yan Dokkum and
Conroy (2012) & Conroy and van Dokkum (2012) en van Cappellari et al] (2012).

Van Dokkum and Conroy (2012) , Conroy and van Dokkum (2012) schatten
het IMF van vroeg-typel sterrenstelsels door precieze modellen van absorptie lij-
nen te fitten aan het geintegreerde licht van deze sterrenstelsels, inclusief lijnen die
een andere sterkte hebben in dwerg sterren dan in reuzen sterren.

Cappellari et al] (2012) gebruiken een compleet andere methode om het IMF
te bepalen. Zij proberen het centrale deel van nabije, vroeg-type sterrenstelsels te
wegen door de bewegingen van de sterren te modelleren. Vervolgens schrijven zij
het surplus aan gravitationele massa, bovenop wat verwacht wordt van sterren, een
centraal zwart gat en donkere materie, toe aan “onzichtbare' sterren.

Beide groepen concluderen, losjes gezegd, dat sterrenstelsels met hoge snel-
heid dispersies (wat overeenkomt met hoge massa's) neigen naar een IMF met
een surplus aan “onzichtbare' sterren ten opzichte van een Chabrier IMF. Bjj yan
Dokkum and Conroy (2012); Conroy and van Dokkuml (2012) is dit surplus toe
te schrijven aan dwerg sterren. Bij Cappellari et al] (2012) is het toe te schrijven
aan dwerg sterren of aan de overblijfsels van massieve sterren. Beide studies lijken

3De term “vroeg-type' wordt grofweg inwisselbaar gebruikt met “elliptisch' of “sferisch'. *Laat-
type' is vergelijkbaar met “schijf' or “spiraal'. Zie de subsectie “morfologische componenten' voor
een korte introductie in de classificatie van sterrenstelsels gebaseerd op morfologie en/of kleur.
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op de oppervlakte overeen te komen. Echter, deze overeenkomst verdwijnt bij een
vergelijk in detail. Secties .| en B.]] geven een meer gedetaillieerde discussie van
de huidige staat aangaande waarnemingen die geinterpreteerd kunnen worden als
bewijs voor IMF variaties.

De botsing van sterrenstelsels

Het kost veel tijd om een sterrenstelsel te groeien. Voor de meeste sterrenstelsels
kost het de leeftijd van het Heelal om hen te groeien tot aan hun huidige grootte
en massa. Deze groei neemt deels plaats in isolatie van andere sterrenstelsels. Gas
koelt af en wordt gevangen door de zwaartekracht van een sterrenstelsel. Over het
algemeen vormt het daar een draaiende schijf van koud gas waaruit sterren geboren
worden. Deze ster-vorming kan geleidelijk plaats vinden of het kan plaats vinden
in episodes van verhoogde ster-vorming afgelost met episodes waarin feedback tij-
delijk de ster-vorming reduceert. Waarnemingen van de mate van ster-vorming als
een functie van de massa van een sterrenstelsel laten zien dat ster-vorming goed ge-
reguleerd is. Dat wil zeggen, het is gereguleerd tot het moment dat een sterrenstel-
sel stopt met het vormen van nieuwe sterren. Deze nauwe relatie tussen de massa
en ster-vorming snelheid van een sterrenstelsel wordt genoemd de “ster-vorming
hoofdreeks' (Brinchmann et al] 2004; Salim et al] 2007). Deze relatie geld niet al-
leen nu, maar ook in het vroege Heelal (zij het met een andere normalisatie). Er is
echter ook een compleet andere manier waarop sterrenstelsels kunnen groeien. Ze
kunnen groeien door op elkaar te botsen. Dit proces, waarbij typisch een minder
massief sterrenstelsel gevangen wordt in het zwaartekrachtsveld van een massiever
stelsel, waarna beide sterrenstelsels samensmelten, wordt een “merger' genoemd.

Mergers kunnen een effect hebben op de vorm van een sterrenstelsel. Mergers
van twee sterrenstelsels met een vergelijkbare massa kunnen een geordende, draai-
ende stellaire schijf veranderen in een meer willekeurige sferische vorm. Fig. [[.1]
laat twee sterrenstelsels zien die aan het mergen zijn. Mergers kunnen ook een di-
rect effect hebben op het gas tussen de sterren, de interstellaire materie, aangezien
dit gas daadwerkelijk botst (in tegenstelling tot de sterren die gewoon langs elkaar
vliegen). Dit kan zorgen voor een compressie van het gas, gevolgd door afkoeling
en een fase van verhoogde ster-vorming. Een sterrenstelsel kan dus tijdens een
merger in massa toenemen door oude sterren in te vangen of door nieuwe sterren
te vormen. Dit laatste, verhoogde ster-vorming als gevolg van een merger, moet
voldoen aan dezelfde waargenomen beperking op de fluctuaties in de ster-vorming
snelheid die ook geldt voor sterrenstelsels in isolatie, te weten de ster-vorming
hoofdreeks.

Een typisch sterrenstelsel maakt veel mergers mee tijdens zijn leven. Het vol-
gen van een sterrenstelsel terug in de tijd is alleen mogelijk op een letterlijke manier
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voor sterrenstelsels in een kosmologische simulatie, waarvoor we toegang hebben
tot de gehele historie. Als we een typisch sterrenstelsel terug in de tijd volgen, ver-
takt het zich in vele kleinere “progenitor' sterrenstelsels, de bouwstenen waaruit
het uiteindelijke sterrenstelsel is opgebouwd. De stamboom van een sterrenstelsel,
aldus verkregen, heet ook wel de “merger tree'. In deze stamboom definiéren we de
meest massieve aftakking als de hoofdtak, die bestaat uit *main progenitor' sterren-
stelsels (op elk tijdstip is slechts één progenitor de main progenitor). In de mees-
te gevallen is deze main progenitor duidelijk het meest prominente sterrenstelsel
die de basis vormde voor het huidige sterrenstelsel. Echter, in het zeldzame geval
dat twee sterrenstelsels van gelijke massa mergen, is de keuze welk sterrenstelsel
de main progenitor is enigszins willekeurig. Onder de evolutie van sterrenstelsels
wordt over het algemeen verstaan de evolutie van de eigenschappen van de main
progenitor. Alle andere progenitors verdwijnen op een gegeven moment, doordat
ze opgeslokt worden door de main progenitor.

Het tempo waarmee sterrenstelsels van uiteenlopende massa's mergen, ofwel
de “merger rate', wordt relatief goed begrepen binnen de ACDMBH kosmologie.
Sterrenstelsels worden gedomineerd in massa door een koude donkere-materie
component. Deze component is minder geconcentreerd dan de gewone mate-
rie, aangezien het zijn energie niet kan uitstralen en dus niet kan afkoelen en
samenklonteren, omdat donkere materie, zover we weten, alleen interactie heeft
via zwaartekracht. We denken dat elk sterrenstelsel zich bevindt in een donkere
materie halo. Precies om de reden dat donkere materie alleen op zwaartekracht
reageert, is het veel makkelijker te simuleren. Simulaties (e.g. Genel et all 2009)
laten zien dat donkere-materie halos deels vormen door continue accretie en deels
door mergers in een “bottom-up' manier. Lichte halos mergen gemiddeld eerder
dan zware halos. Het belangrijke punt hier is dat de vorming van donkere-materie
halos zich weinig aantrekt van de normale materie die zich in deze halos bevindst.
Binnen de ACDM kosmologie zijn de merger rates dus direct af te leiden uit sim-
pele principes. Ze zijn niet onderhevig aan de vele onzekerheden die ons begrip
van de veel complexere “normale' materie plagen. De grootste onzekerheid in de
afleiding van de merger rates van sterrenstelsels binnen de ACDM kosmologie
komt van de vertaling van de massa van donkere-materie halo's naar de stellaire
massa van de sterrenstelsels die zich hierin bevinden. Niet alle donkere materie
halo's bevatten dezelfde fractie aan stellaire massa. Een donkere-materie merger

“Dit s het huidige kosmologische model, welke aangenomen wordt voor alle *observabelen' zoals
intrinsieke helderheden van sterrenstelsels, groottes, leeftijden, massa's en ster-vorming snelheden,
met de uitzondering van ruwe data zoals schijnbare helderheden en spectraal-lijn ratios. A represen-
teert “donkere energie' of de kosmologische constante geintroduceerd door Einstein. Het zorgt voor
een versnelde expansie van het huidige Heelal. CDM staat voor “cold dark matter' oftewel “koude
donkere materie', de dominante vorm van gravitationele massa in het Heelal.
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massa-ratio kan dus niet direct vertaald worden in een sterrenstelsel merger massa-
ratio. Een manier om dit probleem te omzeilen is door aan te nemen dat, op elk
moment in de tijd, de stellaire massa van de waargenomen sterrenstelsels mono-
toon geprojecteerd kan worden op de theoretische donkere materie halo populatie,
zodat het meest massieve sterrenstelsel in een gegeven volume zich bevindt in de
meest massieve donkere materie halo, etc. Voor massieve sterrenstelsels betekent
dit dat een relatief breed interval van halo massa's correspondeert met een relatief
smal interval van stellaire massa's. Mergers tussen deze sterrenstelsels hebben dus
een massa-ratio dichter bij één als deze massa-ratio gedefinieerd wordt met betrek-
king tot stellaire massa in plaats van donkere-materie massa. Merger rates en ratios
kunnen ook waargenomen worden, door botsende sterrenstelsels en sterrenstelsels
die tekenen van recente mergers vertonen, te tellen, maar dit is vrij inexact, omdat
het athangt van aannames aangaande de tijd die een merger in beslag neemt en de
mate waarin mergers leiden tot waarneembare morfologische afwijkingen.

Morfologische componenten

Sterrenstelsels komen in verschillende vormen en maten. Sommige sterrenstelsels
hebben een zeer georganiseerde structuur, een platte ronddraaiende schijf, terwijl
andere sterremstelsels een chaotisch uiterlijk hebben, wellicht midden in een mer-
ger episode zitten, of een sferische morfologie hebben waarbij de sterren op zeer
radiéle, in plaats van circulaire, banen bewegen. De meeste stellaire massa in het
Universum kan echter toegeschreven worden aan twee morfologische componen-
ten: schijven en sferoiden. Het merendeel van de huidige sterrenstelsels classifice-
ren 6f als een pure schijf, zie Fig. [.2, 6f als een schijf met een centrale sferoide
(een bulge), zie Fig. [.3, 6f als een pure sferoide (een elliptisch sterrenstelsel), zie
Fig. [.4.

Waarnemingen laten zien dat de morfologie van een sterrenstelsel nauw ver-
bonden is aan zijn kleur. De kleur-distributie van sterrenstelsels is ruwweg bi-
modaal. Sterrenstelsels worden, op basis van hun kleur, geclassificeerd in *blauwe
wolk' sterrenstelsels en “rode reeks' sterrenstelsels (Strateva et al] 2001, Bell et al]
2004). Blauwe-wolk sterrenstelsels vormen actief sterren en hebben overwegend
een schijf-achtige morfologie. Hun licht wordt gedomineerd door massieve jon-
ge sterren. Rode-reeks sterrenstelsels vormen niet of nauwelijks sterren meer en
hebben overwegend een sferische morfologie. Hun licht wordt gedomineerd door
oudere sterren van middelmatige massa. De centrale sferoiden van schijf stelsels
(bulges) zijn over het algemeen ook rood. Zij bestaan voornamelijk uit oude ster-
ren en laten weinig tekenen van ster-vorming zien.

Er zijn slechts weinig sterrenstelsels die tussen de “blauwe wolk' en de “rode
recks' vallen in de zogenaamde *groene vallei'. Dit betekent dat de overgang van
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de blauwe wolk naar de rode reeks relatief snel moet verlopen. Eén van de belang-
rijkste uitdagingen in het onderzoek naar de vorming van sterrenstelsels is om een
representatieve populatie van sterrenstelsels te creéren, binnen de gecontroleerde
omgeving van een kosmologische simulatie, die deze bimodaliteit deelt.

Sectie p.] geeft een meer gedetailleerd overzicht van de morfologische com-
ponenten van sterrenstelsels, van de manier waarop deze bepaald worden en van
hun potenti€le vormings-mechanismen.

7.2 Dit proefschrift

7.2.1 Hoofdstuk B Een analyse van het bewijs van ATLAS3P
voor een variabele initiéle massa functie

Cappellari et al] (2012) bepalen IMF variaties door het centrale deel van 260 nabije
vroeg-type sterrenstelsels te wegen. Deze sterrenstelsels zijn waargenomen met de
SAURON integral field spectograph op de William Herschel Telescope. Dit geeft
ons, na het verwerken van de ruwe data, een twee-dimensionale afbeelding, waarin
elke pixel een verdeling van de stellaire snelheden in de kijkrichting bevat. Cap-
pellari et al! (2012) modelleren deze stellaire bewegingen onder de aanname dat
ze in dynamisch evenwicht zijn en de onderliggende massa verdeling traceren. Van
deze, kinematisch bepaalde, massa trekken ze de verwachte donkere materie massa
af. Zodoende bepalen zij de gravitationele stellaire massa in het centrale deel van
deze sterrenstelsels. Onathankelijk hiervan bepalen ze een “fotometrische' stellaire
massa, door modellen van galactische spectra te fitten aan het geintegreerde licht
van deze galactische centra. Deze modellen bouwen een galactisch spectrum op als
een som over de spectra van individuele sterren, waarvoor zij een universeel IMF
aannemen. Verschillen tussen de gravitationele stellaire massa en de fotometrische
stellaire massa worden vervolgens toegeschreven aan IMF variaties.

Dit is een riskante procedure, omdat verschillen in de twee massa bepalingen
ook het gevolg kunnen zijn van een scala aan waarneem- en model-onzekerheden.
Een onderschatting van deze onzekerheden zal leiden tot een overschatting van de
intrinsieke IMF variaties.

Dit hoofdstuk onderzoekt deze onzekerheden. We laten zien dat de resulta-
ten van Cappellari et al] (2012) grotendeels gerepliceerd kunnen worden door een
universeel IMF aan te nemen in combinatie met grotere model-onzekerheden.
Verder onderzoeken we compleetheid effecten en selectie effecten. We rapporte-
ren een onverwachte trend van de afgeleide IMF variaties met de afstand tot de
aarde en we leiden af hoe de voorgestelde IMF variaties, indien echt, de massa
verdeling van de waargenomen populatie aan sterrenstelsels in het Heelal zouden
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veranderenf.

7.2.2 Hoofds’ruk@: Implicaties van een variabel IMF voor de in-
terpretatie van waarnemingen van populaties van ster-
renstelsels

Martin-Navarro et al] (2015d) bepalen de IMF in galactische deelgebieden, ge-
baseerd op de analyse van IMF-gevoelige spectraal-lijnen in de CALIFA survey.
Hun sample bevat een grote diversiteit aan metalliciteiten en zij rapporteren een
sterke metalliciteits-athankelijkheid van het door hun bepaalde IMF.

In dit hoofdstuk onderzoeken we wat de voorgestelde metalliciteits-athanke-
lijkheid van de IMF zou betekenen voor de interpretatie van waargenomen eigen-
schappen van sterrenstelsels. We passen de voorgestelde IMF toe op een sterrenstel-
sel-voor-sterrenstelsel basis op een sample van 186,886 sterrenstelsels uit de Sloan
Digital Sky Survey. We laten zien dat de implicaties voor de ster-vorming hoofd-
reeks, de galactische stellaire massa functie en de massa-metalliciteit relatie sterk
athangen van aannames over de functionele vorm van de IMF en uiteenlopen van
mild, doch significant, tot zeer omvangrijk.

Bovendien onderzoeken we een scenario waarin ster-vorming in de late, metaal-
rijke, fase van de evolutie van een sterrenstelsel, gedomineerd wordt door dwerg
sterren. Dit kan helpen de bimodaliteit in de waargenomen populatie van ster-
renstelsels te verklaren door, aan de ene kant, de ster-vorming snelheid van deze
“dode' sterrenstelsels te vergroten (en dus tevens de intrinsieke bimodaliteit in ster-
vorming snelheden te verminderen) en, aan de andere kant, de gas consumptie tijd
te verlagen, resulterend in een snellere overgang van de *blauwe wolk' naar de “rode
reeks'.

7.2.3 Hoofdstuk d: Een groot verschil in de progenitor massa's
van actieve en passieve sterrenstelsels in de EAGLE si-
mulatie

Een belangrijke vraag aangaande de vorming van sterrenstelsels is hoe, uit de waar-
genomen evolutie van de populatie van sterrenstelsels, de typische evolutie van in-
dividuele sterrenstelsels te distilleren. Als we hiervoor een precieze methode had-
den, zou het ons enorm helpen om de opbouw van sterrenstelsels te traceren en de
hieraan gerelateerde evolutie van hun eigenschappen zoals grootte, metalliciteit,

*De getalsmatige dichtheid van sterrenstelsels als een functie van stellaire massa, gecorrigeerd
voor compleetheid effecten, wordt ook wel de " galactische stellaire massa functie' (GSMF) genoemd.
Deze wordt gekarakteriseerd door een steile daling boven ~ 107 Mg . De meeste stellaire massa
in het Heelal bevindt zich net hieronder.
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morfologie en ster-vorming activiteit te begrijpen. Helaas bestaat zo een precieze
methode niet. We moeten vertrouwen op versimpelde aannames. Over het alge-
meen gebruiken we een methode genaamd " cumulative number density matching’,
welke aanneemt dat main progenitors geidentificeert kunnen worden op basis van
hun cumulatievell getals-dichtheid.

De prestatie van deze methode kan alleen gecontroleerd worden binnen een
kosmologische simulatie, waarvoor we toegang hebben tot de gehele merger tree
vanaf het begin der tijden. Ik had het geluk dat tijdens mijn tijd als promotie stu-
dent, de EAGLE kosmologische simulatie het licht zag (Schaye et al] 2015)). Dit
is, naar mijn mening, de eerste kosmologische simulatie die voldoende overeen-
stemt met het waargenomen Heelal om hem met vertrouwen toe te passen op dit
probleem.

We vinden dat, in de EAGLE simulatie, de mediaan van de stellaire massa
van de main progenitors in het vroege heelal sterk athangt van de ster-vorming
activiteit van de huidige sterrenstelsels (geselecteerd in een vast massa interval).
Dit is het geval voor huidige sterrenstelsels met een massa tot aan 101%7° M,

Als het zelfde geldt voor het echte Heelal dan beperkt dit drastisch de toe-
pasbaarheid van de *cumulative number density matching' methode, in ieder geval
in zijn huidige vorm. Bovendien is het moeilijk een extensie van het model voor
te stellen dat dit probleem vermijdt zonder uit te gaan van input uit een kosmo-
logische simulatie/model (wat het belangrijkste pluspunt van de methode teniet
zou doen: dat het alleen athangt van waarnemingen en robuuste donkere-materie
simulaties).

7.2.4 Hoofdstuk B: De gemiddelde structurele evolutie van
massieve sterrenstelsels kan op een betrouwbare ma-
nier bepaald worden op basis van cumulatieve getals-
dichtheden van sterrenstelsels.

In het vorige hoofdstuk hebben we gezien dat de “cumulative number density
matching' methode verwacht wordt onbetrouwbaar te zijn voor massa's lager dan
101075 M, vanwege een groot verschil in de progenitor massa's van actieve- en pas-
sieve sterrenstelsels. Voor massievere sterrenstelsels komt dit probleem niet voor en
kunnen we verwachten dat de methode goed werkt.

Echter, voor deze massieve sterrenstelsels is er nog steeds een grote variatie

®Cumulatief refereert hier aan de stellaire massa, hoewel andere variabelen zoals snelheids-
dispersie ook gebruikt worden. De cumulatieve getals-dichtheid van een gegeven sterrenstelsel op
een gegeven kosmische tijdstip is gedefinieerd als de getals-dichtheid van sterrenstelsels die een stel-
laire massa hebben groter dan het gegeven sterrenstelsel, op hetzelfde tijdstip, binnen een, met de
kosmische uitdijing meebewegend, volume (Mpc ™).
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in main progenitor massa's. Dit maakt het noodzakelijk om de methode apart te
toetsen voor iedere eigenschap van een sterrenstelsel. De mediaan/gemiddelde ei-
genschap van de echte main progenitor sample (met een brede massa distributie) is
niet noodzakelijkerwijs hetzelfde als de mediaan/gemiddelde eigenschap van een
sample van sterrenstelsels die geselecteerd zijn op de “median cumulative number
density' (met een smalle massa distributie).

We laten zien dat, ondanks deze complicatie, de cumulative number density
matching techniek redelijk goed werkt als deze toegepast wordt op de evolutie van
de dichtheids-profielen van massieve sterrenstelsels in EAGLE. Dit kan verbeterd
worden door ook de verwachte spreiding in main progenitor massa's te modelleren,
gebaseerd op donkere-materie simulaties.

Verder passen we de methode toe op waarnemingen van UltraVISTA en CAN-
DELS tot aanfl 2 = 5. We leiden af dat massieve sterrenstelsels van binnen uit
gegroeid zijn sinds z = 5. Sinds z = 2 is deze trend bescheiden. Hier is de evo-
lutie van de waargenomen dichtheids-profielen gelijkvormiger dan in de EAGLE
simulatie, met een vergelijkbare relatieve groei op alle afstanden van het galactische
centrum.

7.2.5 Hoofdstuk |d: De drie fases in de vorming van sterrenstel-
sels

Alhoewel de morfologie van sterrenstelsels uitgebreid bestudeerd is en we waarge-
nomen sterrenstelsels in zeer specifieke morfologische types kunnen indelen, zijn
de processen die de morfologie van een sterrenstelsel bepalen niet goed begrepen.
Stellaire schijven vormen uit koude gas schijven, maar kosmologische simulaties
laten zien dat hun grootte sterk athangt van de implementatie van verscheidene
feedback processen en dus, op het moment, niet vanuit simpele principes afge-
leid kan worden. Voor sferoiden is er geen tekort aan hypothetische vormings-
mechanismen, maar op het moment is het niet duidelijk welke mechanismen waar
en wanneer dominant zijn.

In dit hoofdstuk bestuderen we de veranderingen in morfologie van sterrenstel-
sels in de EAGLE simulatie, met de nadruk op de vorming van sferoiden. Feed-
back processen in EAGLE zijn gekalibreerd om de lage-roodverschuiving massa-
grootte relatie te reproduceren. De waargenomen groottes van stellaire schijven
worden dus in goede benadering gereproduceerd (Schaye et al] 2015). Bovendien
bevat de simulatie een representatieve populatie van massieve, rode, elliptische ster-

renstelsels (Correa, Schaye, Clauwens et al. 2017). EAGLE is dus een bruikbare

72 staat voor de roodverschuiving van het waargenomen licht. Roodverschuiving z = 5 verwijst
naar waarnemingen van sterrenstelsels gezien op een tijd dat het Heelal een factor 2 + 1 = 6 kleiner
was (of een factor 63 = 216 in volume).
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test-omgeving om de morfologie van sterrenstelsels te bestuderen.

We traceren de morfologische opbouw van de main progenitors van sterren-
stelsels met een stellaire massa van 101°°My, < M, < 10'2Mg,. Hieruit conclu-
deren we dat de vorming van sterrenstelsels in EAGLE een proces is dat drie fases
kent. Op lage massa's (M, <
manier, voornamelijk in, door mergers veroorzaakte, ster-vorming episodes die re-
sulteren in sferische morfologién. In de massa range 10%°Mg, < M, < 10195M,
evolueren de sterrenstelsels op een meer geordende manier en bouwen zij een pro-
minente stellaire schijf op door in-situ ster-vorming. Tijdens deze fase blijven de
centrale bulges groeien. Zij bestaan voornamelijk uit sterren die in-situ gevormd
zijn, maar alhoewel de bulges dus maar voor een insignificant deel bestaan uit ster-
ren die tijdens mergers ingevangen zijn, is de groei van deze bulges wel degelijk
toe te schrijven aan merger activiteit. Voor M, > 101%5M, gaan sterrenstelsels
hun laatste fase in. De in-situ ster-vorming wordt sterk gereduceerd, terwijl schijf-
gedomineerde sterrenstelsels veranderen in sferoide-gedomineerde sterrenstelsels,
onder de invloed van mergers.

10%°M,) groeien sterrenstelsels op een chaotische
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