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1 The Formation of Early-Type Galaxies

Mass in the Universe is not uniformly distributed at small scales, but instead bound in
different structures. Galaxies are among the biggest building blocks of the Universe, con-
taining up to 1014 solar masses.

Galaxies exist in a big variety, from small, irregular ones with 107 solar masses to bright
ellipticals in the centers of galaxy clusters with up to 1014 solar masses. The galaxies we
see today have first been classified by Hubble (Hubble, 1936). In the ’Hubble turning-fork’
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the terms "massive" and "filamentary," denoting spi-
ralg with broad, bulky arms (M33), and with thin, stringy
arms (M101). The distinction may depend upon total
mass or some other inherent characteristic of the nebulae
and if such an interpretation can be established, the terms
will be highly significant as well as descriptive.

Sequence of Regular Nebula.
SINCE early-type spirals, Sa and SBa, resemble lenticular
nebulae (E7) in many respects, the complete sequence of
regular nebulae may be represented by a diagram shaped
like the letter Y, or, since the spiral series are roughly
parallel, like a tuning fork (Fig. 1). Elliptical nebulae

EO E3

FIG. 1. The Sequence of Nebular Types.
The diagram is a schematic representation of the sequences of classification.
A few nebulae of mixed types are found between the two sequences of spirals.
The transition stage, SO, is more or less hypothetical. The transition between
E7i and 8Ba is smooth and continuous. Between E7 and Sa, no nebulae are

definitely recognized.

form the stem, with globular objects (EO) at the base and
lenticular forms (E7) just below the junction. Normal
and barred spirals lie along the two arms, and between
the arms a few spirals of mixed types are found. The
latter usually exhibit barred characteristics in small re-

Figure 1.1: The Hubble turning fork diagram, a first classification of galaxies into spiral,
S0 and elliptical galaxies. Figure taken from Hubble (1936), Figure 1.

shown in Figure 1.1, galaxies are distinguished in ’early-type’ (left side of the diagram)
and ’late-type’ (right side of the diagram) galaxies. ’Early-types’ contain elliptical galaxies
with ellipticity ε = 1 − b/a defined via the semimajor axis a and the semiminor axis b as
well as S0 galaxies, round flat galaxies with a bulge and no spiral structure. ’Late-types’
are spiral galaxies, either normal ones or with a bar. Early-type galaxies have smooth
surface brightnesses, are old and therefore host a red star population, whereas spiral and
spiral-barred galaxies show structures like spiral arms, sometimes a bar and host a young,
blue stellar population. Irregular galaxies do not have a well defined structure and include
all other galaxies. Although late-type galaxies are more numerous, early-type galaxies
contain more mass, see e.g. Figure 1.2.

The formation of early-type galaxies is subject of an ongoing debate in the literature.
Possible formation scenarios are collisions of two spiral galaxies of similar mass (major
merger scenario) or accretion of many satellite galaxies (minor merger scenario). Both
types of mergers do indeed occur, for example Lambas et al. (2012) show in a galaxy-pair
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Figure 2: The contributions to the total stellar mass and to the number of galaxies by early-type

(red) and late-type (blue) galaxies in the various mass bins, as derived from the best-fit mass functions

of Baldry et al. (2004) shown in Figure 1. The relative areas are proportional to the contributions of

the early- and late-type galaxies to the total stellar mass and to the number of galaxies. (Courtesy of

D. Thomas).

nario. This review will not attempt to trace an history of theoretical efforts to
understand the formation and evolution of ellipticals and spheroids. It will rather
concentrate on reviewing the accumulating observational evidences coming from
the stellar component of these galaxies. Other extremely interesting properties of
ellipticals, such as their structural and dynamical properties, their hot gas con-
tent, central supermassive black holes, etc., will not be touched in this review,
even if they are certainly needed to complete the picture and likely play an im-
portant role in the evolution of these galaxies. Also untouched are the internal
properties of ETGs, such as color and line-strength gradients indicative of spatial
inhomogeneities of the stellar populations across the body of ETGs. A comple-
mentary view of ETG formation based on the globular cluster populations of
these galaxies is presented in the article by J. Brodie & J. Strader (this volume).

The “concordance cosmology” (ΩM = 0.3, ΩΛ = 0.7, H◦ = 70) is adopted if
not explicitly stated otherwise.

2 SYNTHETIC STELLAR POPULATIONS

The ETGs treated in this review can only be studied in integrated light, hence
the interpretation of their photometric and spectroscopic properties needs popu-
lation synthesis tools. Pioneering unconstrained synthesis using “quadratic pro-
gramming” (e.g., Faber 1972), was soon abandoned in favor of evolutionary pop-
ulation synthesis, whose foundations were laid down by Beatrice Tinsley in the

Figure 1.2: Mass and number distribution for early- and late-type galaxies. Figure taken
from Renzini (2006), Figure 2.

survey that 10% of their galaxy pairs are undergoing a merger, 30% show tidal features and
only 60% are undisturbed. In Figure 1.3 one can see a small gallery of currently merging
galaxies.

The idea of ellipticals being formed by major mergers was first tested with numerical
simulations by Toomre & Toomre (1972). In their paper, ’Galactic bridged and tails’, they
investigate mergers of testparticles disks on parabolic orbits and compare them to observed
merging galaxies.

A famous example of merging galaxies are the antennae galaxies, shown in Figure 1.4. In
this image, one can see the long tails of the merging galaxies, the starburst in the center.
Toomre & Toomre (1972) were among the first to run computer simulations of galaxy
collisions and to compare their major merger simulations to this observation. Figure 1.5
shows that these simulations can indeed reproduce the observed merger by a 1:1 merger
with inclination angles of 60◦ and pericenter arguments of 30◦. This is a further example
how two spiral galaxies can merge into one early-type galaxy. From observations, one
can see only a snapshot in the middle of the merging process, with simulations, one can
reproduce the conditions and determine the final stage, an elliptical galaxy.

Other stages of merging galaxies are e.g. studied by Lambas et al. (2012). From the
Slone Digital Sky Survey, they choose galaxy pairs and attribute them to be merging,
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STScI-PRC08-16aNASA, ESA, the Hubble Heritage (AURA/STScI)-ESA/Hubble Collaboration, and
A. Evans (University of Virginia, Charlottesville/NRAO/Stony Brook University)

Figure 1.3: Gallery of merging galaxies. Credit: NASA, ESA, the Hubble Heritage
(STScI/AURA)-ESA/Hubble Collaboration, and A. Evans (University of Vir-
ginia, Charlottesville/NRAO/Stony Brook University).

having a tidal feature or being not disturbed. In Figure 1.6, one can see these three stages.
Recent observations have shown that there exists a large variety of elliptical galaxies with

a similar shape, but different kinematics (see e.g. Emsellem et al. 2011; Krajnović et al.
2011). Therefore, the classification of elliptical and S0 galaxies is currently being replaced
by distinguishing fast and slow rotating early-type galaxies, partly with kinematically
distinct cores.

The distinction between slow and fast rotating galaxies can be obtained by an ε-λR
diagram. λR (Emsellem et al., 2007) is a measure of the angular momentum in the galaxy,
defined via:

λR =
< R|V | >
R
√
V 2 + σ2

(1.1)

where < |V | > indicates the mean of the absolute value of the velocity V , R the radius and
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Figure 1.4: The Antennae, two colliding galaxies. Credit & Copyright: Star Shadows
Remote Observatory and PROMPT/CTIO (Jack Harvey, Steve Mazlin, Rick
Gilbert, and Daniel Verschatse). Image rotated by 180◦.

19
72
Ap
J.
..
17
8.
.6
23
T

Figure 1.5: Numeric model of the Antennae galaxies, obtained from the collision of two
testparticle disks. Figure taken from Toomre & Toomre (1972), Figure 23.
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Figure 1.6: Three observed galaxy pairs representing three observed merging states, from
merging (left panel) to tidal interactions (middle panel) to not disturbed (right
panel). Figure taken from Lambas et al. (2012), Figure 1.

σ the velocity dispersion. λR can take values between 0 for a purely pressure supported
system and 1 for a cold, rotating disk. Galaxies with λR larger (smaller) than 0.31×

√
ε

are fast (slow) rotators measured at one effective radius (Emsellem et al., 2011).

The Atlas3D survey (Cappellari et al., 2011) investigates the complete sample of early-
type galaxies in the local volume, in a cube of 1.16·105 Mpc3. Figure 1.7 shows the complete
Atlas3D sample of 260 early-type galaxies in the ε-λR diagram. One can see that the E/S0
distinction is unphysical, as there are lot of fast rotating E galaxies and some slow rotating
S0 galaxies.

898 E. Emsellem et al.

galaxies). The three non-rotators (red circles in Fig. 6) which are
close to the defined relation are all very probably nearly face-on
rapidly rotating galaxies which would be significantly above the
line were they viewed edge-on. For a FR to be consistent with
no rotation requires very low inclination and therefore extremely
round isophotes (see e.g. Jesseit et al. 2009). The new relation
works significantly better at disentangling such cases from the truly
low-angular-momentum galaxies. This partly comes from the fact
that the dependency on the ellipticity (criterion ∝

√
ε) somewhat

mimics the variation in λR and ε due to inclination effects.
The new criterion defined should minimize the contamination and

misclassification, but as for any empirically designed classification,
we expect some ambiguous cases or systems for which it is hard to
conclude. There are, for example, two galaxies, namely NGC 5173
and 3757, which coincidentally have the same λRe/2 and εe/2, and
lie at the very limit between SRs and FRs (NGC 3757 is in fact
a galaxy with a bar which perturbs the ellipticity measurement).
Three non-regular rotators are significantly above the curve (to be
compared with the total of 224 FRs), namely NGC 770, 5485 and
7465: NGC 770 is a galaxy with a known counter-rotating disc
(Geha, Guhathakurta & van der Marel 2005), NGC 5485 is one
of the rare galaxies with prolate kinematics (as NGC 4621) and
NGC 7465, which is the non-regular rotator with the highest λRe

value, is an interacting system forming a pair with NGC 7464 (Li
& Seaquist 1994) and shows a complex stellar velocity field with a
misaligned central disc-like component.

The probability of a galaxy to be misclassified as a slow (or fast)
rotator is hard to assess. We can at least estimate the uncertainty
on the number of SRs in our sample by using the uncertainty on
the measurements themselves (λR and ε), the observed distribution
of points and the intrinsic uncertainty in defining the threshold for
λN

R = λR/
√

ε. Using Re as the reference aperture, we estimate the
potential contamination of SRs by FRs by running Monte Carlo
simulations on our sample (assuming Gaussian distribution for the
uncertainty on ε and λR of 0.05) to be ±6 galaxies (2σ ). We obtain
a relative fraction of ∼14 ± 2 per cent of SRs in the full ATLAS3D

sample of ETGs, which represents 4 per cent of the full parent
sample of 871 galaxies (Paper I). This is much lower than the
25 per cent quoted in E+07, but as mentioned above, this is due to
the flatness of the luminosity distribution of the original SAURON
sample.

4.6 Slow rotators, fast rotators and Hubble types

We now examine the Hubble-type classification in light of our new
scheme to separate FRs and SRs. In Fig. 8, we show the distribution
of galaxies in the λR–ε diagram using the two main classes of Es
(T < −3.5) and S0s (T ≥ −3.5, as defined in Paturel et al. 2003).

The ATLAS3D sample of 260 ETGs includes 192 S0s and 68 Es.
As expected, Es in the ATLAS3D sample tend on average to be more
massive and rounder than S0s. We therefore naturally retrieve the
trend that Es tend to populate the left-hand part of the diagram and
within the SR class, there is a clear correlation between the apparent
ellipticity and being classified as an E or S0, the latter being all more
flattened than ε = 0.2. Es also tend to be in the lower part of the
diagram (low value of λR), while the highest λR values correspond
to S0 galaxies. Most SRs which are not 2σ galaxies are classified
as Es (23/32).

As expected, the vast majority of galaxies with ellipticities εe >

0.5 are S0s. However, 20 per cent of all FRs (45/224) are Es and
66 per cent of all Es in the ATLAS3D sample are FRs. Also the fact
that all 2σ galaxies except one (NGC 4473) are classified as S0s

Figure 8. λR versus the ellipticity ε within an aperture of Re. The lines
are as in Fig. 7. The filled ellipses and open symbols are galaxies with a
morphological type T < −3.5 (Es) and T ≥ −3.5 (S0s), respectively. Note
the Es which are FRs (above the green line).

demonstrates that the global morphology alone is not sufficient to
reveal the dynamical state of ETGs. The E/S0 classification alone
is obviously not a robust way to assess the dynamical state of a
galaxy. There is in fact no clear correlation between λR/

√
ε and

the morphological type T , besides the trends mentioned here. From
Fig. 8, we expect a significant fraction of galaxies classified as Es
to be inclined versions of systems which would be classified as S0s
when edge-on, and just separating ETGs into Es and S0s is therefore
misleading.

4.7 Properties of slow and fast rotators

The detailed distribution of galaxies in groups a, b, c, d and e as
defined in Paper II is shown in Fig. 9 using histograms of λN

R =
λR/

√
ε values both for Re and Re/2. The group e galaxies, and

consequently the FRs, peak at a value of around 0.75 within Re/2
and 0.85 for Re. SRs are defined as galaxies with λN

R < kFS, mostly
associated with galaxies from groups a to d, which represent the
lower tail of that distribution with some small overlap with group
e. We provide the SAURON stellar velocity and velocity dispersion
maps of all 36 SRs in Figs A1 and A2 of Appendix A. We refer the
reader to Paper II for all other SAURON stellar velocity maps.

We re-emphasize in Figs 10 and 11 the trend for SRs to be on the
high-mass end of our sample. SRs span the full range of dynamical
masses present in the ATLAS3D sample. However, most non-rotators
and galaxies with KDCs have masses above 1010.75 M&. If we ex-
clude the three potential face-on FRs (see Section 3), all non-rotators
have masses above 1011.25 M&. These non-rotators and KDC galax-
ies clearly have a different mass distribution from 2σ galaxies which
are all, except NGC 4473, below 1010.75 M&. The normalized λN

Re
value for SRs tends to decrease with increasing mass (Fig. 10): the
mean λN

Re values for SRs below and above a mass of 1011.25 M& are
about 0.22 and 0.13, respectively. FRs overall seem to be spread
over all λN

Re values up to a dynamical mass 1011.25 M& where we
observe the most extreme instances of SRs (e.g. non-rotators). In
Fig. 11, we show εe with respect to the dynamical mass Mdyn where
we have coloured each symbol following the fast (blue) and slow
(red) rotator classes. Fig. 11 also shows the fraction of SRs with
respect to the total number of galaxies within certain mass bins: SRs
represent between 5 and 15 per cent of all galaxies between 1010 and

C© 2011 The Authors, MNRAS 414, 888–912
Monthly Notices of the Royal Astronomical Society C© 2011 RAS
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Figure 1.7: λ-ε diagram of the complete sample for the Atlas3D-survey. Distinction in
elliptical (filled ellipses) and S0 (open symbols) galaxies, the green line marks
the λ = 0.31×

√
ε relation, the magenta line an elliptical with anisotropy β =

0.65× ε. Figure taken from Emsellem et al. (2011), Figure 8.



6 1. The Formation of Early-Type Galaxies

A current challenge in extragalactic astronomy is to explain all types of early-type galax-
ies. As shown above, major mergers can in principle produce elliptical galaxies. A closer
look reveals that these major mergers currently fail to reproduce slowly rotating ellipti-
cals with low anisotropy (Burkert et al., 2008) and very round slowly rotating ellipticals
(Bois et al., 2011). Other scenarios, like multiple minor mergers or mixed minor and major
mergers are needed to explain the full range of elliptical galaxies from fast to slow rotating.

Observations agree with the picture that ellipticals can not only be formed by major
merger interactions. Lambas et al. (2012) show that in a sample of 1959 galaxy pairs, 1082
are major and 877 are minor pairs in terms of the luminosity quotient. Imprints of the
progenitor galaxy in kinematics and morphology can be found by analyzing the resulting
early-type galaxy, such as shells or distinct sub populations (compare e.g. Paudel et al.
2014; Kim & Im 2013).

Looking at an observed early-type galaxy, it would be great to find a tracer hinting at
the formation history, not only for information about the individual galaxy, but also as a
census study to increase our knowledge about structure formation in the Universe. In this
thesis, I will present the ’σ-bump’, a signature in the velocity dispersion hinting at a major
merger formation scenario.

This thesis is ordered as follows: In the next chapter, I will present kinematic studies
in galaxies, both with direct observations and with kinematic tracers for the outskirts of
galaxies, such as globular clusters and planetary nebulae. I will then show the simulation
technique used in this thesis for forming the elliptical galaxies. In Chapter four, a first
analysis of these objects will be given. Afterwards, I will present the σ-bump, a possible
signature for major mergers, which I published as Schauer et al. (2014). A more detailed
analysis for the physical reasons of the σ-bump will be given in Chapter 6. The thesis will
be summarized and equipped with an outlook in the last Chapter.



2 Stellar Kinematics in Galaxies

In this chapter, I will give an overview of the kinematics of galaxies. The kinematics
of galaxies are an important tool to study the properties of the individual galaxies and
especially to determine their mass.

Velocities can be measured in the line-of-sight direction, as they induce a Doppler shift.
Nearby galaxies can be spatially resolved, their dark matter halos can be modelled. With
accumulated information from many galaxies, insight in the total mass distribution of
galaxies can be obtained.

2.1 Direct Observations

In spiral galaxies, direct observations of the circular velocity were one of the first indicators
for dark matter. In an exponential, rotating disk consisting of visible matter, one would
expect a Keplerian decline vc = (GM(R)/R)1/2 as a function of radius. Observations of
spiral galaxies show that the circular velocity increases and stays constant at larger radii.
This can only be explained by a dark matter component, which adds a larger mass to the
galaxy. Figure 2.1 shows as an example the circular velocity curve for the spiral galaxy
NGC 3198. At 6 kpc, the velocity reaches its peak value and stays approximately constant
afterwards, requiring not only a disk, but also a dark matter halo to explain the rotation
curve (van Albada et al., 1985).

In early-type galaxies, one uses not only the first momentum of the velocity, the mean
velocity, but also the second momentum, the velocity dispersion.

A general distribution, the fundamental plane, connects three basic properties of elliptical
and S0 galaxies: The effective radius Re, the average surface brightness Ie and the observed
central velocity dispersion σ|| (Jorgensen et al., 1996).

log10Re = 1.24 log10 σ|| − 0.82 log10 Ie + const. (2.1)

with a scatter of only 0.07 in log10 σ|| and 0.02 in log10 Ie. The existence of this fundamental
plane ’implies a strong dependence of the stellar population on the structural parameters’
(Jorgensen et al., 1996, section 8). One can also determine the distance to a galaxy with
its kinematic (σ||) and morphology (Re).

2.2 Tracers

The outer parts of elliptical galaxies change on very large timescales, comparably to the
age of the Universe, therefore there might be fingerprints in the outskirts which could give
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Figure 2.1: Circular velocity curve of NGC 3198, observed data points and best fit model
for a disk and the dark matter halo. Figure taken from van Albada et al. (1985),
Figure 4.

insight into the formation of the galaxy (Coccato et al., 2012). A huge fraction of the total
mass and the total angular momentum lies outside the effective radius (90% for elliptical
galaxies and 40% for spiral galaxies) (Romanowsky & Fall, 2012). Therefore, the outer
parts of galaxies reveal important information.

Unfortunately, the stellar light of elliptical galaxies is very faint in the outskirts. The
surface brightness of elliptical galaxies follows the empirical relation by de Vauouleurs (de
Vaucouleurs, 1953)

Σ(r) = Σe exp−7.67[(r/Reff ])1/4 − 1] (2.2)

which drops off very fast. In addition it is not possible to study the kinematics of the outer
stellar halo using gas, beacause elliptical galaxies are very gas poor (Coccato et al., 2012).

The disks of spiral galaxies can be well observed out to large radii. Other stellar com-
ponents in late-type galaxies like a thick disk or a stellar halo are very faint and therefore
difficult to observe as well.

If the stellar light is too faint to be observed directly, tracers are needed. Two examples
are planetary nebulae and globular clusters, which will be presented in the two consecutive
subsections.

2.2.1 Planetary Nebulae

A possible tracer for the kinematics of galaxies are planetary nebulae. Planetary nebulae
are stars in a late evolutionary state, namely white dwarfs which have blown away their
outer shells. They are well observable, as they emit up to 15% of their light in the OIII
emission line at λ = 5007 Å (Dopita et al., 1992). Therefore, planetary nebulae can be
detected as single objects in galaxies at a distance of several Mpc. Instruments like the
planetary nebulae spectrograph (PNS) exist (Douglas et al., 2002) to measure the kine-
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matics in early-type galaxies. With the PNS, position and radial velocity can be obtained
with one image.

1258 L. Coccato et al.

Figure 3 – continued

For each galaxy, we built 100 data sets of PNe with simulated ra-
dial velocities at the same positions as in the observed (folded) data
set, to mimic the observations. The radial velocity for each simulated
object was calculated from the observed two-dimensional smoothed
velocity field by the addition of a random value. The random value
must resemble the observed velocity dispersions and associated
measurement errors, and therefore it was chosen randomly from a
Gaussian distribution centred at 0 and with dispersion equal to

σ =
√

σ̃ 2 + "V 2, (7)

where σ̃ is the velocity dispersion measured at that position and "V
is the velocity error.

These simulated data sets were processed with the same reduction
script and parameters as the observed ones. The statistics of the
simulated velocity and velocity dispersion fields give us the error
associated with any position in the observed fields. Average values
are given in Table 4.

Two-dimensional error fields are not shown, but errors derived
from them will be shown in the plots of the kinematics extracted
along the kinematic major axis (Section 4.3.1) and along the pho-
tometric major and minor axes (Section 4.5.2).

These simulations are used also to investigate two main aspects:
(i) if the measured rotation is significant and (ii) if the misalignment
between kinematic (PAKIN) and photometric (PAPHOT) major axes
or the twisting of the velocity fields are significant.

4.3.1 Testing the rotation

We extracted the velocity curve Vmajor along the kinematic major
axis of the PNe system from the smoothed two-dimensional velocity
field. To find its direction, we fitted the PNe velocities with a simple
rotation model:

VPN(φPN) = Vmax cos(φPN − PAKIN), (8)

where φPN is the position angle of the PN on the sky, the constant
Vmax measures the amplitude of rotation and PAKIN is the position
of the kinematic major axis. Angles are measured on the sky plane,
starting from north going counterclockwise.

Then, we created 100 simulated data sets of PNe at the same
positions as the observed ones, with velocity equal to zero plus a
random error. The random value was generated as in Section 4.3,

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 1249–1283
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Figure 2.2: Distribution of planetary nebulae in NGC 4373. The smoothed velocity (left
panel) and velocity dispersion (right panel) maps are shown with color coding.
The dashed ellipse marks 2Reff . Figure taken from (Coccato et al., 2009),
Figure 3, forth row.

An example of the use of the PNS is shown in Figure 2.2 for galaxy NGC 4374. The
distribution of planetary nebulae in galaxy is displayed as well as their velocity and velocity
dispersion, indicated by a color bar. Similar studies for planetary nebulae exist e.g by
Méndez et al. (2001, 2008, 2009); Napolitano et al. (2009, 2011); Romanowsky et al. (2003).

Not only early-type galaxies can be studied with planetary nebulae, spiral galaxies reveal
interesting structures as well. E.g. Merrett et al. (2006) study over 2600 PNe in the
Andromeda Galaxy and are even able to resolve satellite galaxies. Shih & Méndez (2010)
study planetary nebulae in NGC 891, and reveal rotation patterns above and below the
galactic plane.

2.2.2 Globular Clusters

Another possibility to trace the kinematics of elliptical galaxies at large radii or to inves-
tigate stellar halos are globular clusters. In some galaxies, there exists a color bimodality,
distinguishing globular clusters in a metal rich (red) and a metal poor (blue) subpopulation.
It is suggested that red globular clusters trace the kinematics of the stellar population and
blue globular clusters may have accreted later (Schuberth et al., 2010; Pota et al., 2013).
Figure 2.3 displays stellar data as well as the two sub populations of globular clusters in
NGC 2768. This is a very nice example which shows that in this galaxy, red globular
clusters trace the stellar population.
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Figure 11. GC system kinematics compared to stellar data. For each galaxy (labelled on the top-right of each panel), the plots represent the set of parameters
(PAkin, Vrot, σ ) that minimize equation (3) as a function of the radius. Data points are joined for clarity, with the error bars representing the 68 per cent
confidence intervals. The dashed horizontal lines in top and middle panels represent the photometric PA ±180◦ from Table 1 and Vrot = 0, respectively. All the
PN data (green stars) are from Coccato et al. (2009). Integrated stellar light data are shown as small black points (if from long slit) and large black points (if
from Proctor et al. 2009). References for long-slit data are Forestell & Gebhardt (2010) for NGC 821, Proctor et al. (2009) for NGC 1400 and NGC 1407, Fried
& Illingworth (1994) for NGC 2768, Coccato et al. (2009) for NGC 3377, van der Marel & Franx (1993) for NGC 4278, Bender, Saglia & Gerhard (1994) for
NGC 4365, Kronawitter et al. (2000) for NGC 5846 and Simien & Prugniel (2000) for NGC 7457. Black triangles in NGC 821 are SAURON-IFU data from
Weijmans et al. (2009). For NGC 7457, because of the low number statistics, we only show the total GC kinematic profile in black.

5.4 NGC 2768

NGC 2768 is classified as E6 in de Vaucouleurs (1991) and as
S01/2 in Sandage & Bedke (1994). Spectroscopic studies of the very
central regions (McDermid et al. 2006) have also suggested a young
(2.5 Gyr) stellar population associated with the disc, as supported
by the recent supernova SN2000ds (Filippenko & Chornock 2000).
Kundu & Whitmore (2001) studied the HST/WFPC2 photometry for
113 GC candidates in this galaxy, finding a statistically significant
probability of it having a bimodal colour distribution.

In this work, NGC 2768 was imaged with RCiz filters, in good
seeing conditions but with the lowest exposure time among our

sample of galaxies. Using KMM, we found the colour distribu-
tion to be bimodal, with the blue and red peaks at (RC − z) =
0.41 ± 0.01 and 0.70 ± 0.02, respectively. Bimodality was also
found in the HST/ACS west pointing used to design the DEIMOS
masks in the central region. The colour peaks occur at (F435W −
F814W) =1.77 ± 0.03 and 2.17 ± 0.01, respectively.

We find 109 spectroscopically confirmed GCs over five DEIMOS
masks observed in subarcsec seeing conditions. Using a colour split
at (RC − z) = 0.57 and excluding the marginal GCs, we investigate
the kinematics of the resulting 60 blue and 42 red GCs, respectively.

We find significant rotation only for the red GCs, which rotate
roughly along the photometric major axis in agreement with the
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Figure 2.3: Globular clusters of NGC 2768. Kinematic position angle (top panel), rota-
tional velocity (middle panel) and velocity dispersion (bottom panel) are shown
for the red (red points) and blue (blue points) globular cluster subpopulations
and additional stellar data (black points) from Fried & Illingworth (1994). Fig-
ure taken from Pota et al. (2013), Figure 11.

Similar studies on the kinematics of early-type galaxies have been performed, e.g. by
Foster et al. (2011); Strader et al. (2011). The sample sizes vary from few tens of globular
clusters to several hundreds (compare Pota et al. 2013). Some of these data are publicly
available and are used in Schauer et al. (2014), which is part of this thesis.



3 Setup of the Simulations

In this chapter, I will describe the sets of simulations I use for my analysis. To study the
kinematics of galaxies, simulations need to be sufficiently large in both size and resolution,
especially for slow rotating ellipticals (Bois et al., 2010). A first possibility is given by
studying isolated galaxies. My first sample of elliptical galaxies is made of major mergers,
namely two isolated galaxies colliding with each other on a parabolic orbit. With this
technique, one can focus on the intrinsic properties of the galaxies and can be sure not
to be dominated by other features. The calculation in an isolated environment without
the potential of a central galaxy cluster or infall and disturbance by satellite galaxies or
gasous streams leads to an artificial, somehow unphysical setup. One big advantage is that
all simulated particles can be used for the analysis, unlike in other simulations, where the
region of interest is cut out of a larger volume.

The second simulation technique is by resimulated or zoomed-in galaxies. Here, a full
cosmological simulation with comparably low resolution has been performed. At z=0,
regions which might host galaxies are cut out and simulated again with a higher resolution
at high redshift, keeping the environment physical but increasing the resolution.

All simulated galaxies which I will analyse in the course of this work are performed by
N-body simulations. In the next subsection, I describe the major merger simulation setup
for two samples used in this Master thesis. Subsequently, I will describe the cosmological
simulation used for a comparison study in this thesis.

3.1 Major Mergers

In total, we have two sets of elliptical galaxies formed by major mergers, one produced by
Peter Johansson (compare Johansson et al. (2009a) and Johansson et al. (2009b)) which
we will call sample P from now on, the other one by the author herself, called sample A.

3.1.1 The Progenitor Galaxies

For setting up a merger, we first need to create the progenitor spiral galaxies. The pro-
genitor galaxies from both sample P and sample A are constructed in a way described by
Johansson et al. (2009a) and Johansson et al. (2009b).

The mass of the halo Mvir can be defined via the virial velocity vvir where vvir corresponds
to an overdensity of ∆vir = 200:

Mvir =
v3
vir

10GH0

. (3.1)
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The virial velocity vvir is related to the virial radius Rvir

Rvir =
vvir

10H0

. (3.2)

The Hubble parameter of H0 = 71 km s−1 Mpc−1 is chosen according to the WMAP1 results
by combining the WMAP1 measurements with other available data from that time (Spergel
et al., 2003). It sometimes is expressed as h = 0.71, such that H0 = 100×h km s−1 Mpc−1.
Except for merger 31 OBH 09 320 in sample P, the virial velocity is set to vvir = 160 km s−1,
corresponding to Mvir = 9.53·1011 h−1M�, a Milky Way like mass. The exceptional merger
31 OBH 09 320 has a virial velocity vvir = 320 km s−1 and therefore the eight times higher
mass Mvir = 7.62·1012 h−1M�. There a different sizes of the progenitors: major progenitors
with a mass described above, minor progenitors and mini progenitors. Major progenitors
are used for 1:1 mergers. Minor progenitors include 1/3, mini progenitors 1/10 of the mass
of a major progenitor.

The galaxy is build up by the following components according to Springel et al. (2005):

1. A dark matter halo with a concentration parameter c = Rvir/rs = 9 according to
the NFW-halo model (Navarro et al., 1997)

ρdm,NFW(r) =
ρ0

r
rs

(1 + r
rs

)2
. (3.3)

The halo itself is build by a Hernquist-model by (Hernquist, 1990)

ρdm,Hernquist(r) =
Mdm

2π

a

r(r + a)3
. (3.4)

The Hernquist profile is chosen as a fast drop-of in the outer parts is wanted to study
isolated halos. In the inner part, the Hernquist and the NFW halo behave similarly,
therefore this choice seems reasonable in terms of balancing the physical properties
and the numerical requirements. The scale parameters a for the Hernquist-profile
and c for the NFW-profile are related by setting the virial mass Mvir constant and
therefore

a = rs
√

2[ln(1 + c)− c/(1 + c)] = rs
√

2[ln(1 + 9)− 9/(1 + 9)] ≈ 1.67rs (3.5)

2. A baryonic disk containing a mass fraction md = 0.041 of the total virial mass,
Md = mdMvir. The disk follows a simple exponential law with a disk scale length rd,
constructed after Mo et al. (1998). Thereby it is assumed that the specific angular
momentum is conserved. Therefore, fraction of the disk angular momentum, jd, is
assumed to be equal the fraction of the disk mass md. In addition, the halo spin
λ = 0.033 is constant for all models. The disk scale length is calculated by

rd =
1√
2

jd
md

λRvirf
−1/2
c fr(λ, c, jd,md). (3.6)
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fc and fr are dimensionless parameters, fc corresponds to a deviation from a NFW-
halo to an isothermal sphere and can be approximated as fc ≈ 2/3 + (c/21.5)0.7. fr
is an integral over the rotation curve and a measure for the NFW-halo as well as for
gravitational effects of the disk. With λ′ = (jd/md)λ, a good approximation of fr is
fr ≈ (λ′/0.1)−0.06+2.71md+0.0047/λ′(1− 3md + 5.2m2

d)(1− 0.019c+ 0.00025c2 + 0.52/c).

For the major progenitor galaxies, rd,1 = 3.5 kpc and for the minor progenitors,
rd,2 = 2.4 kpc. The vertical scale length z0 = 0.2rd is set constant.

3. Part of the baryonic disk is made of gas, the rest of the baryonic mass are stars. For
different simulations in sample P, the gas fraction, fgas, varies from 0% to 80%. The
simulations of sample A all have a gas fraction of fgas = 20%.

4. A stellar bulge with a mass fraction mb = 0.01367 = md/3 is created following a
profile from Hernquist (1990). Its bulge scale length is treated like the vertical scale
length, it is also set to b = 0.2rd. Some of the galaxies in sample P do not contain a
bulge.

5. In the center of the galaxy, a black hole (BH) is included as a sink particle. Its mass
is set to 1 · 105M� for a all simulations except simulation ’ASF’ with 1.59 · 107M�,
which follows the black hole mass – velocity dispersion relation from Tremaine et al.
(2002):

log(MBH/M�) = α + β · log(σ/σ0) (3.7)

with reference σ0 = 200 km s−1. Tremaine et al. (2002) measured values of β =
4.02 ± 0.32 and α = 8.13 ± 0.06. Regarding the nomenclature of Johansson et al.
(2009a), the simulations described here with ’O’ in their name correspond to the
’B2’ simulations, the simulation with ’A’ in its name here corresponds to the ’O2’
simulation.

The progenitor galaxy is shown from three major directions in Figure 3.1. Different
colors indicate different components: dark matter is shown in black, the stellar part of the
disk in blue, the gaseous part in green and the bulge in red. One recognizes a disk galaxy
without a spiral structure.

In addition, I show in Figure 3.2, the density profiles for the different components of the
same progenitor galaxy. The color scheme is the same like in Figure 3.1. One can see that
in the inner radii, the density is dominated by the stellar components, at larger radii, by
the dark matter component.

The mass resolution for baryonic particles is Mgas = Mstars = 1.30 ·105 h−1M�. For dark
matter particles, MDM = 2.25 · 106 h−1M�. For the one galaxy with initial virial velocity
320 km s−1, the galaxy is less resolved, with Mgas,320 = Mstars,320 = 1.04 · 106 h−1M� and
MDM,320 = 1.80 · 107 h−1M�. The number of particles is listed in Table 3.1. For the
major progenitors, each galaxy hosts in total 800 000 particles, for the minor progenitors,
800000/3.
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Figure 3.1: Appearance of a major progenitor galaxy in three projections. The components
are plotted in different colors: dark matter (black), stellar disk (blue), gaseous
disk (green) and bulge (red). For a better view, every 8th particle is shown in
this figure.

3.1.2 Merger Setup

As in Johansson et al. (2009b), we denote the primary galaxy with ’p’ and the secondary
galaxy with ’s’. The progenitor galaxies are set on parabolic orbits according to Naab &
Burkert (2003). They are initially separated by Rinit = 0.5(Rvir,p + Rvir,s). The orbits are
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Figure 3.2: Density profile of a major progenitor galaxy for all components of the galaxy.
For the color scheme see Figure 3.1.

constructed in a way that the pericentric distance equals rperi = rd,p + rd,s.

In both samples, we study major merger collisions, in addition to two minor merger
collisions in sample A. In sample P, for five simulations, the mass ratios of the progenitor
galaxies are 1:1 (major progenitor merging with major progenitor), for four simulations,
they are 3:1 (major progenitor merging with minor progenitor), and the last simulation is
a remerger of a 3:1 simulation with a major progenitor (elliptical progenitor merging with
major progenitor). In sample A, there are four 1:1 mergers (major progenitor merging with
major progenitor), three 3:1 mergers (major progenitor merging with minor progenitor) and
two 10:1 minor mergers (major progenitor merging with mini progenitor).

We choose different orbital parameters, varying the inclination angles i1 and i2 of the
progenitors with respect to the orbit plane and the pericenter arguments ω1 and ω2, i.e.
the angles with respect to the pericenter. Figure 3.3 schematically shows these two angles.
For i1, i2, ω1 and ω2, we choose orbits from Naab & Burkert (2003) for sample P and in
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Progenitor Ngas Ndisk Nbulge NDM

major progenitor 60 000 240 000 100 000 400 000
minor progenitor 20 000 80 000 33 333 133 333
elliptical progenitor 80 000 320 000 133 333 533 333

Table 3.1: Particle numbers of the progenitor galaxies.

addition extreme orbits for sample A. In table 3.2, the orbit geometries are listed.
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Figure 3.3: Orbital geometry: Sketch of inclination angle and pericenter argument. Figure
taken from Toomre & Toomre (1972), Figure 6 (a).

In all but two cases, the simulations in sample P and the minor mergers in sample A are
run for 3 Gyrs. The simulations 11 OBH 13 and 31 OBH 13 in sample P are run for 10
Gyrs and all major mergers in sample A are run for 6 Gyrs. The galaxies first encounter
after 0.5 Gyrs and are finally merged at about 1.5 Gyrs. A snapshot of the simulation is
taken every 20 Myrs, so that for the 3 Gyrs simulation, we have 150 snapshots. Tables 3.3
and 3.4 show the initial properties of samples A and P, respectively.

Figure 3.4 shows some snapshots of the 3:1 merger in sample A on an A02 orbit, where
the progenitors have a 90◦ inclination angle to each other. Stars of the disk are shown
in red, stars of the bulge in green and stars which formed during the simulation in blue.
Other colors indicate that there are more than one type of stars, e.g. yellow is a mixture
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Orbit name i1 i2 ω1 ω2

G01 0 0 180 0
G09 -109 0 180 0
G13 -109 60 180 0
A01 -109 -60 0 0
A02 90 0 180 0
A03 0 0 0 0
A04 -90 0 180 0

Table 3.2: Orbit geometries: inclination angles and pericenter arguments. The first three
orbits are from Naab & Burkert (2003).

Model Ratio(a) Orbit(b) f
(c)
gas bulge(d) BH(e) v

(f)
vir t

11 NB NG 13 1:1 G13 0.0 no yes 160 3
11 NB OBH 13 1:1 G13 0.2 no yes 160 3
11 NG 13 1:1 G13 0.0 yes yes 160 3
11 OBH 09 1:1 G09 0.2 yes yes 160 3
11 OBH 13 1:1 G13 0.2 yes yes 160 10
31 ASF 01 3:1 G01 0.2 yes no 160 3
31 O8BH 13 3:1 G13 0.8 yes yes 160 3
31 OBH 09 320 3:1 G09 0.2 yes yes 320 3
31 OBH 13 3:1 G13 0.2 yes yes 160 10
mix 11 OBH 13 1:1 G13 0.2 yes yes 160 3

Table 3.3: Binary merger simulation sample P, (a) initial mass ratio of the two galaxies; (b)
Orbit type according to Naab & Burkert (2003); (c) Initial gas fraction of the
disks of the progenitor galaxies; (d) Do the progenitor galaxies contain a bulge?
(e) Do the progenitor galaxies contain black holes? (f) Initial virial velocity in
km s−1; (g) Total duration of the simulation in Gyrs; compare Table 1 of Schauer
et al. (2014).
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Model Ratio(a) Orbit(b) f
(c)
gas bulge(d) BH(e) v

(f)
vir t(g)

11 OBH 01 20 160 1:1 G01 0.2 yes yes 160 6
11 OBH A02 20 160 1:1 A02 0.2 yes yes 160 6
11 OBH A03 20 160 1:1 A03 0.2 yes yes 160 6
11 OBH A04 20 160 1:1 A04 0.2 yes yes 160 6
31 OBH 01 20 160 3:1 G01 0.2 yes yes 160 6
31 OBH 13 20 160 3:1 G13 0.2 yes yes 160 6
31 OBH A02 20 160 3:1 A02 0.2 yes yes 160 6
101 OBH 13 20 160 10:1 G13 0.2 yes yes 160 3
101 OBH 09 20 160 10:1 G09 0.2 yes yes 160 3

Table 3.4: Binary merger simulation sample A, (a) initial mass ratio of the two galaxies;
(b) Orbit type according to Naab & Burkert (2003) and Table 3.2; (c) Initial gas
fraction of the disks of the progenitor galaxies; (d) Do the progenitor galaxies
contain a bulge? (e) Do the progenitor galaxies contain black holes? (f) Initial
virial velocity in km s−1; (g) Total duration of the simulation in Gyrs;

of red and green and therefore indicates that disk and bulge stars are present or white is
a mixture of red, green and blue and therefore stars of all kinds can be seen.

The field of view for Figure 3.4 is chosen to be 120 kpc × 120 kpc. The first panel
(snapshot 14) shows the two progenitor galaxies before the collision. The second panel
(snapshot 24) displays the first bypass of the galaxies, which already disrupts the structure
of the progenitors. The effect on the disks of the progenitors can be best seen in panel three
(snapshot 32), where the disk gets disrupted and previously discussed tidal features show
up. The next panel (snapshot 58) shows the two progenitors shortly before their second
encounter. New tails have formed, gravity is about to mix the two galaxies together.
Panel five (snapshot 70) shows the galaxies after the second encounter, where the internal
structure gets destroyed. One galaxy is formed out of two, while the outer parts are
violently disturbed and partly ejected. The inner parts start to relax in panel six (snapshot
87). A shell is moving outwards, best seen in the upper right and lower left of the panel.
In the next panel (snapshot 104), one can see that the outer parts are still not relaxed.
Most of the simulations run for 3 Gyrs, therefore I show in panel seven the fully formed
elliptical after 3 Gyrs (snapshot 149). Except for the outer parts and some movement and
rotation, which are unfortunately present in the simulation setup, panel eight shows the
same elliptical after 6 Gyrs (snapshot 299), the end of this simulation.

3.1.3 Further Properties of the Simulation Setup

Other physical parameters are included in the simulation, which do not have a substantial
effect on the kinematics in the outer regions. For completeness, I list them in this section.

• Star formation and supernova feedback are included as described in Springel & Hern-
quist (2003), where the interstellar medium ’is treated as a two-phase medium (Mc-
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Figure 3.4: Snapshots of a 3:1 simulation on a 90◦ inclined orbit. Panels run from left to
right and from top to bottom, showing the timesteps after 300, 500, 660, 1180,
1420, 1760, 2100, 3000 and 6000 Myrs (snapshots 14, 24, 32, 58, 70, 87, 104,
149 and 299).

Kee & Ostriker, 1977; Johansson & Efstathiou, 2006) in which cold clouds are em-
bedded in a tenuous hot gas at pressure equilibrium’ (Johansson et al., 2009a).

• Black hole merging is kept efficient. If the black holes are within the smoothing
length of each other and their velocities are below the local sound speed, they merge
instantaneously (Johansson et al., 2009a).
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• The black hole accretion follows the Bondi-Hoyle-Lyttleton parametrization

ṀB =
4παG2M2

BHρ

(c2
s + v2)3/2

(3.8)

where the efficiency parameter α is set to 25 (compare Johansson et al. (2009b)).
The accretion depends on the density ρ, the sound speed cs of the surrounding gas
and the black hole velocity v.

• The gravitational softening lengths for baryonic particles and the black holes are set
to εstars = εgas = εBH = 0.02h−1kpc and to εDM = 0.083h−1 kpc for dark matter
particles.

All simulations of sample P are performed using the GADGET-2 code from Springel (2005).
It is a N–body gravity and smoothed particle hydrodynamics code on a tree structure. For
the simulations in sample A, its successor GADGET-3 is used.

3.2 Cosmological Resimulated Galaxies

The second method used in this thesis to construct elliptical galaxies are cosmological
zoom galaxies. These are resimulations of halos in a dark matter simulation. The sample
presented in this section was published by Oser et al. (2010) and also used by Remus et al.
(2013).

3.2.1 The Cosmological Simulation

The ’parent’ simulation is a dark matter only cosmological simulation in a cubic box
with a comoving side length of 72h−1 Mpc. It hosts 5123 · 108 particles with a mass of
MDM = 2 · 108 h−1M� each. The WMAP–3 parameters (Spergel et al., 2007) are used for
the cosmological setup: the Hubble parameter h = 0.72, the baryonic and dark matter
mass fractions Ωm = 0.26 and ΩΛ = 0.74, σ8 = 0.77 and the power spectrum’s initial
slope ns = 0.95. The comoving gravitational softening length is set to the constant value
2.52h−1 kpc.

The simulation starts at redshift z ∼ 43 and evolves to z = 0 with the initial conditions
from GRAFICI and LINGERS (Bertschinger, 1995). A total of 95 snapshots is created,
separated by ∆a = 0.01. The first snapshot is taken at a = 0.06, the last at a = 1.

3.2.2 Resimulation Technique

At z = 0, halos are found in the parent dark matter simulation with a friend-of-friend
algorithm and their centers are located via a shrinking sphere method (compare Power
et al. 2003). All dark matter particles within a radius of 2Rvir (defined as in the major
merger simulation) of the halo center at any snapshot are followed back in time to the
first snapshot. There, they are replaced by higher resolved gas and dark matter particles
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with Ωgas = Ωstars = 0.044 and ΩDM = 0.216. This is ’an efficient mechanism to reduce
contamination with massive boundary particles’ (Oser et al., 2010, section 2.2).

34 Numerical Methods

Figure 4.3: Central region of the initial conditions for halo #0408 at z=43. The
innermost region consists of the high-resolution gas and dark matter particles (red
and blue). The green particles are dark matter particles taken from the original dark-
matter-only run. The outermost dark matter particles have increasing mass depending
on the distance, with sufficient resolution to represent the long range tidal forces.

Figure 3.5: Halo 0408 at the first snapshot, filled up with gas (red) and dark matter (blue)
particles in high resolution and original dark matter particles (green) in low
resolution. Figure taken from Oser et al. (2010), Figure 3.

Figure 3.5 shows one of the halos of Oser et al. (2010)’s simulation traced back to
the starting point at z ∼ 43. The resolution is then increased by a factor of two in
every direction, corresponding to eight times the mass resolution. To this end, every dark
matter particle of mass 2 · 108 h−1M� is replaced by eight dark matter particles of mass
MDM = 2.1·107 h−1M� (blue) and eight gas particles of mass Mgas = 4.2·106 h−1M� (red).
In the course of the simulation, star particles with the same mass form out of some of the
gas particles. To account for gravitational effects from the surrounding features, a safety
region of 1h−1 Mpc (green) is installed around the high resolution region and particles
further away are merged with increasing mass. The softening lengths for the new particles
are decreased to εDM = 890h−1 pc for the highly resolved dark matter particles and to
εstars,gas = 400h−1 pc for the baryonic matter.
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For smaller halos, resimulations with higher resolution are run as well. In the ’4x’
simulation, the spacial resolution is doubled again. In the ’8x’ simulation, the spacial
resolution is doubled with respect to the ’4x’ simulation. Some of the halos are counted
twice as they have been resimulated with different resolutions. In total, 15 halos are
resimulated with ’normal 2x’ high resolution, 14 halos with ’4x’ resolution and one halo with
’8x’ resolution. The names, resolutions and the number of particles from the resimulations
associated with the halos are listed in Table 3.5.

3.2.3 Further Properties of the Simulation Setup

Several physical and numerical properties of the simulation can be found in Oser et al.
(2010). The code used is again the GADGET-2 code (Springel, 2005). The star formation
and feedback is treated in the same way as in the major merger simulations (compare
section 3.1).
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Halo name Resolution Ngas Nstars Ndm

M0004 2x 2 142 925 1 334 456 3 567 556
M0040 2x 579 930 440 626 1 076 354
M0053 2x 331 005 275 805 680 658
M0069 2x 354 378 306 742 717 207
M0089 2x 214 528 182 465 429 880
M0094 2x 210 596 164 402 405 392
M0125 2x 200 865 146 889 369 078
M0162 2x 134 454 106 554 253 307
M0163 2x 139 297 119 486 277 721
M0175 2x 127 745 117 170 285 358
M0189 2x 136 060 117 763 266 984
M0190 2x 103 075 98 844 203 975
M0204 2x 102 722 99 548 216 731
M0204 4x 603 631 777 397 1 512 450
M0209 2x 118 459 97 601 241 518
M0215 2x 100 251 87 072 204 062
M0227 4x 711 665 868 103 1 606 982
M0408 4x 335 836 386 642 745 517
M0501 4x 263 577 368 654 721 885
M0616 4x 209 311 342 380 585 698
M0664 4x 189 308 286 648 561 902
M0858 4x 59 962 129 730 305 801
M0959 4x 162 463 207 309 413 629
M0977 4x 70 772 98 295 163 174
M1196 4x 105 537 156 942 287 199
M1646 4x 80 585 128 528 223 547
M2283 4x 39 768 77 710 109 101
M4323 4x 28 262 60 717 80 315
M6782 4x 22 323 49 171 46 862
M6782 8x 53 675 187 280 206 982

Table 3.5: Basic properties of the resimulated galaxies: Halo name, resolution factor and
total number of particles in the extracted resimulated halo. Compare also Oser
et al. (2010), Table 1.





4 Basic Properties of the Resulting
Ellipticals

In this chapter, I will present the resulting ellipticals and give a first overview of them.
Basic properties like the resulting virial radius, the effective radius, the morphology and
the density will be presented.

4.1 Ellipticals from Major Mergers

For the letter Schauer et al. (2014), one example galaxy, namely ’11 OBH 13’, has been
chosen. Therefore, I will present some properties mainly for galaxy 11 OBH 13.

At first, the resulting elliptical galaxy needs to be centered in the reference frame. This
is done by calculating the center of mass r0 for all stellar particles. A first inspection by
eye gives an estimate of the position of the galaxy within a cube with side length 20 kpc.
The center of mass is calculated by:

r0 =
1

M

N∑

i=1

miri (4.1)

with N the number of particles in the cube, M the total stellar mass in the cube and
mi and ri the masses and positions of the particles in the cube. After that, all particles
are recentered with respect to the center of mass. To increase the precision, this process is
repeated iteratively. Therefore, the side lengths of the cube are iteratively shrunk by 20%,
the new center of mass is calculated and the galaxy is recentered with respect to the new
origin. This runs until the number of particles in the final cube leads to a Poisson error of
1%: 1/

√
N < 1% or equivalently N > 10000.

In a next step, the resulting galaxy is oriented. This is archived by aligning the angular
momentum of all stars along to the z-axis. The angular momentum I can be calculated by

I =
N∑

i=1

miri × vi (4.2)

or written for each coordinate
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Ix =
N∑

i=1

mi · (ry,i · vz,i − rz,i · vy,i) (4.3)

Iy =
N∑

i=1

mi · (rz,i · vx,i − rx,i · vz,i) (4.4)

Iz =
N∑

i=1

mi · (rx,i · vy,i − ry,i · vx,i). (4.5)

The angular momentum is then normalized to a vector of length 1, I0 = I/I. The angles
used to transform I0 along the z-axis can be calculated:

α = arctan
I0,y

I0,z

(4.6)

β = − arctan

√
I2

0,x + I2
0,y

I2
0,y

(4.7)

Here, α is the angle between the projection of I0 in the xy-plane and β the angle between
I0 and the z-axis. To perform the alignment, I0 first needs to be rotated by −α around the
z-axis and then by β around the y-axis. This can be archived by applying the following
two rotation matrices

Rz =




cosα sinα 0
− sinα cosα 0

0 0 1


 (4.8)

Ry =




cos β 0 sin β
0 1 0

− sin β 0 cos β


 (4.9)

on all positions ri. As the whole galaxy has to be aligned, the rotations are performed
on the dark matter and gas particles as well: rrot,i = RyRzri.

One example for a rotated galaxy can be seen in Figure 4.1. In contrast to Figure 3.1,
all stars are shown in blue, not only stars belonging to the disk. In black and in green,
dark matter and gas particles are shown. One can see that the galaxy is indeed aligned to
the z-axis in the stellar component, but slightly twisted in the gas component.

For comparison, a 10:1 merger is shown in Figure 4.2. The galaxy is still a disk, but
disturbed, especially in the gas component, with a twisted and puffed-up disk.
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Figure 4.1: Appearance of the resulting elliptical galaxy 11 OBH 13. The components are
plotted in different colors: dark matter (black), stars (blue) and gas (green).
For a better view, every 20th particle is shown in this figure.
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Figure 4.2: Appearance of the resulting elliptical galaxy 101 OBH 13 20 160. The compo-
nents are plotted in different colors as in Figure 4.1.
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4.1.1 Density Profiles

One important basic property of a galaxy is its density. Elliptical galaxies are gas poor,
therefore the density is dominated by stars in the inner and dark matter in the outer
regions. In the simulations, we calculate the density in terms of equal-number-bins as a
function of radius. With ρ(r) = M(r)/V (r) one gets for spherical shells

ρ(r) =
N ·mi

4π
3

(r3
max − r3

min)
. (4.10)

Each spherical shell contains N = 2000 particles. The volume is calculated as the
difference of two spheres, the bigger one with radius rmax, the radius of the Nth particle in
the bin, the smaller one with radius rmin, the radius of the Nth particle in the shell of the
previous bin. mi is the mass of one particle.

In Figure 4.3, the densities of stars (blue), gas (green) and dark matter (black) are shown
for the elliptical 11 OBH 13. The density profile is indeed dominated by stars in the inner
few kpc, moving out to larger radii, the dark matter becomes the dominant. The gas
component drops after the inner few kpc to a tiny contribution.

The densities of all spheroids in Sample P are shown in Figure 4.4 with the same color-
coding. Except for 31 O8BH 13, whose progenitors have a gas fraction of 80%, the density
is dominated by stars in inner and dark matter in the outer parts of the elliptical and the
gas content is negligible. In addition, I show the density profile of one of the galaxies from
sample A, 11 OBH A02 20 160, in Figure 4.5. The remaining density profiles are shown in
the Attachments.
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Figure 4.3: Density of 11 OBH 13 as a function of radius. Different components are shown
in different colors: stars (blue), gas (green) and dark matter (black). The
density is shown 3 Gyrs after the start of the simulation.
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Figure 4.4: Density of all other spheroids in Sample P with the same color coding as in
Figure 4.3. The densities are shown at 3 Gyrs after the simulation start as well.
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Figure 4.5: Density plot of 11 OBH A02 20 160 of Sample A with the same color coding
as in Figure 4.3. The density is shown at 3 Gyrs after the simulation start as
well.



4.1 Ellipticals from Major Mergers 33

4.1.2 Mass Profiles

Similar to the density profiles, the mass profiles of the ellipticals can be calculated. There-
fore, the mass M(< r) contained in radius r is added up and shown as a function of radius
by integrating the density over the volume element:

M(< r) =

∫ r

0

ρ(r)d3r. (4.11)

As we have discrete values, the integral is replaced by a sum. Figure 4.6 shows the mass
profile for 11 OBH 13.

Figure 4.6: Mass plot for 11 OBH 13 with the same color coding as in Figure 4.3. The
mass profile is shown at 3Gyrs after the simulation start.
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Figure 4.7: Density plot of 11 OBH 13 out to large radii. At the intersection of the black
line (dark matter) and the red dotted line (200 · ρcrit), we find the virial radius.

4.1.3 Virial Radius and Effective Radius

With the density profiles, the virial radius can be determined. Here, we define the virial
radius to be the radius at which the density drops below 200 · ρcrit, where ρcrit = 1.375 ·
102M� kpc−3 is the critical density of the universe.

In Figure 4.7, the density profile is shown out to large radii, where the dark matter is
the only component contributing to the density. At the intersection of 200 · ρcrit and the
density, at about 128 kpc, the virial radius is found.

Like Remus et al. (2013) and Oser et al. (2010), the inner elliptical is defined in the inner
10% of the virial radius. Therefore, the stellar mass Mstars is calculated by adding up the
stellar particle masses out to the radius 0.1 ·Rvir.

The effective radius usually is defined as the half-light-radius from observations. In the
simulation, there is no measurable light, but matter. Assuming a constant mass to light
ratio, the effective radius is defined as the radius enclosing half of the stellar mass inside
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Elliptical Rvir [kpc] M?
vir [1010M�] M?

10% [1010M�] Reff [kpc]
11 NB NG 13 132.5 10.80 7.25 8.48
11 NB OBH 13 129.5 10.28 7.40 6.15
11 NG 13 129.4 14.32 10.09 6.76
11 OBH 09 129.1 13.71 10.26 5.02
11 OBH 13 128.3 13.63 10.10 5.20
31 ASF 01 111.9 9.17 6.83 4.59
31 O8BH 13 114.3 7.76 6.76 2.56
31 OBH 09 320 227.1 73.55 56.12 10.42
31 OBH 13 116 8.94 6.89 5.22
mix 11 OBH 13 134 15.99 11.24 6.32
11 OBH 01 20 160 125.9 13.82 10.00 5.28
11 OBH A02 20 160 124.2 13.30 9.48 5.92
11 OBH A03 20 160 124.0 13.87 9.83 5.62
11 OBH A04 20 160 125.1 13.24 9.37 6.15
31 OBH 01 20 160 108.6 9.04 6.54 4.65
31 OBH 13 20 160 86.6 8.78 5.98 5.19
31 OBH A02 20 160 110.2 8.88 6.72 4.94
101 OBH 09 20 160 105.2 7.15 5.55 4.62
101 OBH 13 20 160 104.9 7.17 5.46 4.76

Table 4.1: Basis properties of the resulting ellipticals formed by major mergers.

the virial radius.
In Table 4.2, I list these properties for all Major Merger simulations from sample P and

A. In addition, I also give the stellar mass within the virial radius.
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4.2 Ellipticals from Cosmological Resimulated Galaxies

The elliptical galaxies formed by a cosmological zoom resimulation are treated as the ones
formed in a major merger simulation. The center of mass is calculated and the galaxy is
also aligned to the angular momentum.

Figure 4.8: Appearance of the resulting elliptical galaxy M0162. The components are plot-
ted in different colors as in Figure 4.1.

Here, I show one example of a galaxy, M0162 in Figure 4.8. One can immediately see
the main problem with the ellipticals produced by the Cosmological Simulation: there are
a lot of satellites in the halo which disturb the kinematics. In this example, there is at
least one big and two smaller satellites within the central 30 kpc.
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4.2.1 Density Profiles

Similarly to the Major Merger case, density profiles can be created for the Cosmological
Zoom galaxies as well. Here, the density is also dominated by the dark matter in the outer
parts and by the stellar component in the inner region. In Figure 4.9, the density profile
for M0162, one can see that the big satellite causes a increased stellar density at about 27
kpc. The gas component is very small.

Figure 4.9: Density profile of the resulting elliptical galaxy M0162. The components are
plotted in different colors as in Figure 4.1.
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4.2.2 Mass Profiles

In Figure 4.10, I show the mass profile for the galaxy M0162. Due to satellites, the stellar
mass increases even in the outer parts and does not reach a constant value quickly.

Figure 4.10: Mass profile of the resulting elliptical galaxy M0162. The components are
plotted in different colors as in Figure 4.1.
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4.2.3 Virial Radius and Effective Radius

Similar to the Major Merger simulation, one can determine the virial radius, the mass
enclosed in 10% of the virial radius and the effective radius. But due to the satellite
problem, the total stellar mass is estimated to high and therefore, the effective radius is
too big. To get a slightly better approximation, I introduce a second effective radius. This
second effective radius Reff,2 is defined as the radius which encloses half of the mass inside
10% of Rvir, M

?
10%. I list these properties for all ellipticals produced by Cosmological Zoom

Simulations in Table ??
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Elliptical Resolution Rvir [kpc] M?
vir [1010M�] M?

10% [1010M�] Reff [kpc] Reff,2 [kpc]
M0004 2x 522.1 659.79 203.34 135.30 15.06
M0040 2x 385.2 183.59 41.10 201.29 8.51
M0053 2x 296.0 134.91 51.14 54.11 7.14
M0069 2x 316.7 100.86 40.46 64.13 5.66
M0089 2x 267.7 90.69 37.84 39.00 6.15
M0094 2x 253.4 82.40 37.96 30.27 4.63
M0125 2x 254.7 71.92 34.54 28.40 6.06
M0162 2x 219.6 54.50 25.33 25.32 4.65
M0163 2x 235.6 60.56 27.26 30.48 6.38
M0175 2x 232.8 58.72 30.42 21.37 5.07
M0189 2x 242.4 41.36 22.58 16.99 2.92
M0190 2x 210.6 47.76 25.58 17.36 4.58
M0204 2x 209.2 47.18 21.10 27.87 3.98
M0209 2x 242.0 44.02 17.84 55.45 3.20
M0215 2x 197.9 44.46 22.51 18.95 3.69
M0204 4x 196.7 50.04 22.90 24.90 3.77
M0227 4x 204.4 60.01 26.03 28.94 3.12
M0408 4x 154.7 24.44 12.48 14.52 2.02
M0501 4x 159.3 25.00 14.55 9.01 2.50
M0616 4x 145.5 23.41 15.16 7.56 4.11
M0664 4x 149.4 19.86 10.79 10.66 2.23
M0858 4x 131.9 8.70 3.15 25.20 3.40
M0959 4x 135.8 11.49 7.28 6.82 2.13
M0977 4x 96.0 7.19 5.24 3.68 2.11
M1196 4x 113.7 11.27 8.55 2.98 2.08
M1646 4x 112.5 9.22 6.21 3.50 1.90
M2283 4x 44.7 5.10 3.01 2.57 1.29
M4323 4x 38.5 3.93 2.64 1.97 1.36
M6782 4x 31.4 3.31 2.30 1.54 1.13
M6782 8x 46.1 1.56 1.39 1.23 1.02

Table 4.2: Basis properties of the resulting ellipticals formed by major mergers.



5 The Mystery of the σ-bump

In this chapter, I will present a possible tracer for major mergers, the σ-bump. It has first
been found in simulations, but some observations seem to show a feature like the σ-bump
as well. These findings have been published as Schauer et al. (2014). The study is based
on simulations by Johansson et al. (2009a,b) described as sample P in the prior chapter.

5.1 The Velocity Dispersion

The velocity dispersion σ is the second momentum of the velocity after the mean velocity.
Here, we are interested in the intrinsic (or total) velocity dispersion of all three coordinates,
calculated separately for stars, gas and dark matter.

In a first step, the velocity dispersion is calculated for each Cartesian component i
separately as a function of the radius σi(r) (i = x, y, z). For this, we sort the particles into
equal radius bins with a binwidth of 0.1 kpc. The number of particles is a bin is denoted
by N :

σi(r) =

√∑
vi(r)2

N
−
(∑

vi(r)

N

)2

. (5.1)

The intrinsic velocity dispersion σ is the Euclidean norm of the x, y and z component:

σ =
√
σ2

1 + σ2
2 + σ2

3. (5.2)

‘Observations have shown that the projected velocity dispersion (= root mean squared
velocity) of the stellar component can in general be well-fitted by a power-law (Douglas
et al., 2007; Napolitano et al., 2009)’ (Schauer et al., 2014, section 3). Therefore, a power
law is fitted to the velocity dispersion with exponent β

σ ∝ rβ (5.3)

out to a radius of 50 kpc.

5.2 The σ-bump

Figure 5.1 shows the velocity dispersion as a function of radius of 11 OBH 13. One can
see that in the stellar component, the velocity dispersion follows the power-law σfit =
365.3 · r−0.20 nicely except for a region between one and three Reff . This deviation is
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Figure 5.1: Stellar (black) and dark matter (blue) intrinsic velocity dispersion as function
of radius for galaxy 11 OBH 13. For the stellar component, the power law fit is
included (black dashed curve). The σ-bump (red arrow) as a positive deviation
from a power-law behavior appears only in the stellar component (compare
Schauer et al. (2014), Figure 1, upper panel).
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Figure 5.2: Difference of the intrinsic stellar velocity dispersion and its power law fit as
function of radius for galaxy 11 OBH 13. The deviation resembles a triangle.

indicated with a red arrow and is referred to as the ’σ-bump’. To further emphasize the
σ-bump, one can plot the difference of the velocity dispersion and its fitted power law. The
deviation resembles a triangle, shown in Figure 5.2 for 11 OBH 13.

The σ-bump does not depend on the resolution. Figure 5.3 shows the same physical
properties as Figure 5.1, but is computed with equal number bins with more than 1500
particles per bin. One can see that the velocity dispersions are the same in both figures,
but the power-law fit is worse with the equal number bins because the inner parts with too
low velocity dispersion have a lot of bins and are thus overemphasized.

This σ-bump is different from other features like shells which vary with time or numerical
artifacts. The velocity dispersion is low in the inner two kpc, which is populated by bulge
stars of the progenitor stars of the galaxies. They are bound in the centers of the galaxies
by a deep gravitational potential. ‘Shells can form in major mergers, e.g. described by
Cooper et al. (2011), leading to an ejection of stars in density waves (Schweizer, 1986).
Therefore, the velocity dispersion varies at the radii 30 − 50 kpc where shells are present’
(Schauer et al., 2014).

Figure 5.4 shows the velocity dispersion of galaxy 11 OBH 13 for different time steps to
emphasize the difference of the σ-bump to time dependant shells. The velocity dispersion
at 1.7 Gyrs (red line) and therefore only 0.2 Gyrs after the merger, where the galaxy has
not relaxed, displays many deviations from the power law. At 2.0 Gyrs (yellow line), the
deviations outside three effective radii decrease in height and move outwards. For later
timesteps (3, 6 and 9 Gyrs in green, blue and black) the σ-bump stays unaltered, while all
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Figure 5.3: Velocity dispersion and σ-bump of 11 OBH 13 with equal number bins.

other deviations vanish.
The σ-bump is present in the whole sample P, but to different extent. 1:1 merger show

the bump more prominently than 3:1 merger. In Figure 5.5, the velocity dispersions as
well as their deviations to the corresponding power law fit are shown at 3 Gyrs. The
σ-bump is dependant on the orbit, as there is a difference in the 11 OBH 13 and the 11
OBH 09 ellipticals. The 31 ASF 01 elliptical with the retrograde G01 orbit shows a weak
double-bump.
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Figure 5.4: Upper panel: The intrinsic stellar velocity dispersion of the example galaxy
against the radius. Different colors indicate different time steps of the simula-
tion (merger encounter at 1.5 Gyrs). The intrinsic stellar velocity dispersion of
the progenitor spiral galaxy is added (blue dashed line). Lower panel: Differ-
ence of the intrinsic stellar velocity dispersion to the corresponding power-law
fit for different time steps (colors same as upper panel). Figure and description
are taken from Schauer et al. (2014), Figure 3.
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Figure 5.5: Velocity dispersion and σ-bump in the ten simulations of sample P. Left col-
umn: 1:1 mergers, right column: 3:1 mergers (all at 3 Gyrs). Upper panels:
The velocity dispersion of the different spheroids (solid lines) and their corre-
sponding power laws (dashed lines) as functions of the effective radius. For
better readability, we shift the dispersion profiles for all mergers except 11 NB
OBH 13, 31 ASF 01 and 31 O8BH 09 320 by multiples of 50 km/s. The lower
panel displays the difference between the velocity dispersion and its best fit
power-law. Figure and description taken from Schauer et al. (2014), Figure 2.
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5.3 Comparison to Observations

’To compare our results to observations it is not sufficient to just consider the intrinsic
stellar velocity dispersion, but also its projections. Figure 5.6 shows the line-of-sight ve-
locity dispersion for different projections from face-on (0◦) to edge-on (90◦) in different
colors against radius for our example galaxy, as well as the intrinsic velocity dispersion
and its power-law fit. The σ-bump can be seen in all line-of-sight velocity projections,
although with a somewhat lower relative amplitude, and should therefore be detectable by
observations.

We compare our simulations with results from radial velocity measurements of PNe and
red GCs in ETGs, as the red GCs are presumed to trace the field–star component of
ETGs. We need these tracers to detect a decline in σ after 3 Reff out to at least 4 Reff ,
as stellar data does not provide this information. We use published position and velocity
measurements to calculate the velocity dispersion as a function of radial distance. For most
of the observed galaxies currently available, the observational data sets are not sufficient:
either the total sample of tracers contains fewer than 200 objects, or the data mainly trace
radii at which we do not expect to see the σ-bump.

Pota et al. (2013) recently published the kinematics of a sample of globular clusters in 12
ETGs from a spectroscopic survey (see also Strader et al. 2011; Arnold et al. 2011; Foster
et al. 2011). The sample of PNe data from Coccato et al. (2009) is of similar size, but
here we focus on the sample of Pota et al. (2013). We find a σ-bump in four of the twelve
galaxies (NGC 821, NGC 1407, NGC 3115, NGC 4278) from this sample, while three other
galaxies (NGC 3377, NGC 4365 and NGC 4494) do not show a significant comparable
feature but a constant or decreasing velocity dispersion. For the remaining five galaxies we
cannot draw any firm conclusion as we are limited by low-number statistics (37 and 42 red
GCs in NGCs 1400 and 2768, respectively, and 21 GCs in NGC 7457), the feature varies a
lot with binsize (NGC 4486) or is observed at too large radii (NGC 5846). We include in
Figure 5.6 the observed galaxies which most prominently show a σ-bump at the location
of the σ-bump of our simulated galaxy 11 OBH 13:

For NGC 821, both PNe and red GCs trace a σ-bump behavior between 0.5 and 1.8
Reff (Reff = 5.79 kpc, PNe data from Coccato et al. 2009, GCs data from Pota et al.
2013, stellar data from Proctor et al. 2009; Forestell & Gebhardt 2010). It is an isolated
E6 galaxy, with a velocity dispersion that generally shows a rapid decrease with radius
(Romanowsky et al., 2003) and kinematic and photometric signatures of an edge-on stellar
disk (Proctor et al., 2009).

The GCs data of NGC 3115 were first presented by Arnold et al. (2011). This S0-galaxy
contains a chemically enriched and kinematically distinct stellar disk (Norris et al., 2006).
The σ-bump can be seen in the range of 0.7 to 2.2 Reff (Reff = 3.87 kpc).

For NGC 4278 (GCs data from Pota et al. 2013, stellar data from van der Marel & Franx
1993) we observe a σ-bump in a large range: from 1.5 to 3.8 Reff (Reff = 2.58 kpc). This
galaxy has a large HI disk and a dusty patch (Goudfrooij et al., 1994).

Additionally, we might have found a σ-bump feature in the galaxy NGC 4697. For this
galaxy, two dataset of are available: 218 PNe from Méndez et al. (2009) and 531 PNe from
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Figure 5.6: Upper left panel: The stellar velocity dispersion against the radius of example
galaxy 11 OBH 13. Black line: intrinsic stellar component, black dashed line: a
power law fit to the intrinsic stellar component, dark violet: face on projection,
orange: edge on projection, other colors: projections at different angles. Other
three panels: Observational data. Upper right panel: NGC 4278. Lower left
panel: NGC 821. Lower right panel: NGC 3115. GCs and PNe are shown
by large symbols, additional stellar data by small symbols of the same kind
and color (stellar data for NGC 821 from Forestell & Gebhardt (2010) (open
diamonds) and Proctor et al. (2009) (filled diamonds), for NGC 3115 from
Norris et al. (2006), for NGC 4278 from van der Marel & Franx (1993). We
include the face–on and edge–on projections of the simulated example galaxy as
dotted and dash–dotted lines. Figure and figure description taken from Schauer
et al. (2014), Figure 4.
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Méndez et al. (2001, 2008).
The kinematic information covers the central area as well as the outer regions of the

galaxy, showing a σ-bump behavior between 0.9 and 2.7 Reff (Reff = 3.36 kpc, stellar data
from Binney et al. 1990). NGC 4697 is an E4-5 galaxy with a stellar disk along the major
axis (Carter, 1987; Goudfrooij et al., 1994) and at least two PNe subpopulations (Sambhus
et al., 2006).

We thus conclude that the σ-bump is a feature that can be observed with tracers in the
outer parts of ETGs in the stellar component, given a statistically significant number of
tracers is available’ (Schauer et al., 2014).





6 Explanations for the σ-bump

With the σ-bump, we have found a possible tracer for a major merger formation scenario
of elliptical galaxies. In the chapter, I will examine the correlation of different parameters
with the σ-bump.

6.1 Comparison to Cosmological Zoom Simulations

In Chapter 3, I have described not only the major merger simulations used in Schauer
et al. (2014), but also a set of 30 ellipticals formed by cosmological zoom simulations. I
will compare this second type of simulations with the major merger simulations.

Figure 6.1: Velocity dispersion of M0162. The intrinsic stellar velocity dispersion (blue
line) is shown together with its power law fit (black dashed line) and the dark
matter velocity dispersion (black line). In addition, the Cartesian components
of the stellar velocity dispersion are shown in green, yellow and red.
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The velocity dispersion is calculated in the same way for the cosmological zoom sim-
ulations. In Figure 6.1, the stellar and dark matter component of the elliptical M0162
are displayed. In addition to the intrinsic stellar (blue line) and dark matter (black line)
velocity dispersions, the Cartesian components of the stellar velocity dispersion are shown
(green, yellow and red lines). M0162 is a typical elliptical of this simulation set and there-
fore used as a representative for the sample.

No σ-bump can be identified in this figure, the velocity dispersion is scattering a lot.
A power-law fit is not reasonable. The velocity dispersion deviations are due to accreting
satellites. This is emphasized by the Cartesian components: while the σ-bump was visible
similarly in all components, the power-law deviations shown in this figure are mostly driven
by one component, in this case primary by the σy component.

Figure 6.2: Velocity dispersion of M0501 for different redshifts.

One of the resimulated galaxies does indeed show a σ-bump: M0501. In Figure 6.2,
the stellar velocity dispersion is shown for different redshifts. At the first shown redshift,
z = 0.49, no σ-bump can be identified. This changes with a merger at z = 0.30, which
causes big variations of the velocity dispersion. After this merger, the velocity dispersion
does not change a lot in the inner 20 kpc. Depending on the method, the effective radius
is calculated as 9.01 kpc or 2.5 kpc (compare section 4.2.3). Therefore, a σ-bump between
approximately five and 18 kpc fits in the picture.

By visualizing the galaxy M0501 as shown in Figure 6.3, one immediately steps onto one
feature: a gas ring (green). This is similar to the major merger galaxy 11 OBH 13, which
also shows a gaseous disk in the center of the galaxy.



6.2 Masses 53

Figure 6.3: Elliptical galaxy M0501. Dark matter particles are shown in black, stellar
particles in blue and gaseous particles in green.

6.2 Masses

The σ-bump is a kinematic feature in the outskirts of the galaxies. In these outer parts,
the mass is not dominated by stars, but by dark matter. Therefore, I test whether there
is a correlation between the position of the σ-bump and the position of the dark matter
dominance.

In a first step, I examine the position of the σ-bump in more detail. For each galaxy I
measure three radii:

• the starting radius rstart where the velocity dispersion first deviates from the power
law fit
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• the maximum radius rmax at which the deviation is largest

• the ending radius rend where the velocity dispersion re-follows the power law .

These radii can be expressed in absolute values [kpc] or in galaxy specific values, in terms
of the effective radius Reff . In Table 6.1, I list the properties for the ellipticals.

Elliptical rstart [kpc] rmax [kpc] rend [kpc] rstart [Reff ] rmax [Reff ] rend [Reff ]
11 NB NG 13 4.5 9.8 15.5 0.53 1.16 1.82
11 NB OBH 13 6.5 12.8 19.5 1.06 2.08 3.17
11 NG 13 7.5 14.5 22 1.11 2.14 3.25
11 OBH 09 6 9.3 15 1.20 1.85 2.99
11 OBH 13 5.5 9.8 15.8 1.06 1.88 3.04
31 O8BH 13 5 8.2 17.2 1.95 3.20 6.72
31 OBH 09 320 5 10.1 15 0.48 0.97 1.44
31 OBH 13 5.5 12.5 23 1.05 2.39 4.41
mix 11 OBH 13 9 12.4 18 1.42 1.96 2.85
31 ASF 01 7 10.8 16 1.53 2.35 3.49

Table 6.1: Measured σ-bump radii: rstart, rmax and rend in kpc and in Reff .

These values can be compared to the radius where the dark matter starts to dominate
over the stellar component. Two radii will be considered: the intersection point of the
stellar density with the dark matter density rρ and the intersection point of the enclosed
stellar mass with the enclosed dark matter rmass. Both are measurements for the dark
matter dominance, the former indicates the radius at which dark matter becomes impor-
tant, the latter at which it dominates the galaxy. In Table 6.2, I list these values for all
galaxies in sample P. It can now be tested whether there is a correlation between the bump

Elliptical rρ [kpc] rmass [kpc] rρ [Reff ] rmass [Reff ]
11 NB NG 13 4.3 8.7 0.51 1.03
11 NB OBH 13 3.5 8.6 0.57 1.40
11 NG 13 6.4 14.2 0.95 2.10
11 OBH 09 5.0 13.4 1.00 2.67
11 OBH 13 5.0 13.2 0.96 2.54
31 O8BH 13 3.5 10.3 1.37 4.02
31 OBH 09 320 9.5 23.3 0.91 2.24
31 OBH 13 4.5 11.0 0.86 2.11
mix 11 OBH 13 5.3 14.6 0.84 2.31
31 ASF 01 3.8 11.1 0.83 2.42

Table 6.2: Measured radii for dark matter dominance: rρ for density dominance and rmass

for mass dominance.

and the beginning of dark matter dominance. Figure 6.5 shows all three σ-bump radii
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against the starting radius of dark matter mass dominance (left panel) and dark matter
density dominance (right panel). No correlation can be found between these quantities:
the σ-bump radii are similar for all ellipticals, but do not depend on the starting point of
dark matter dominance. It can thus be concluded that the σ-bump is not tracing the dark
matter halo.

Figure 6.4: σ-bump and dark matter dominance radii. The three σ-bump radii are indi-
cated by different symbols, the ellipticals by different colors. The left panel
shows the σ-bump radii against dark matter mass dominance, the right panel
against dark matter density dominance.

6.3 Components

To obtain additional information on the origin of the σ-bump one can split the intrinsic
stellar velocity dispersion into components. In Figure 5.6, we already showed the line-of-
sight velocity dispersion for different directions. However, this distinction does not tell
much about the origin of the σ-bump, as we concluded that the σ-bump can equally be
seen from all directions.

The positions and velocities of the particles can not only be analyzed in cartesian, but
also in spherical coordinates. One can apply the following coordinate transformation rules
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on the positions,

r =
√
x2 + y2 + z2 (6.1)

θ = arctan
x2 + y2

z
(6.2)

φ = arctan
y

x
(6.3)

and on the velocities

vr = vx sin(θ) cos(φ) + vy sin(θ) sin(φ) + vz cos(θ) (6.4)

vθ = vx cos(θ) cos(φ) + vy cos(θ) sin(φ)− vz sin(θ) (6.5)

vφ = −vx sin(φ) + vy cos(φ). (6.6)

The velocity dispersion can be calculated for the radial, tangential and azimuthal com-
ponent separately with 5.1. The spherical components of the velocity dispersion are shown
in Figure 6.5. The σ-bump is dominated by the azimuthal component and weakest in the
radial component.

Figure 6.5: Spherical components of the velocity dispersion of 11 OBH 13. Compare
Schauer et al. (2014), Figure 1, lower panel.

Besides from distinguishing the simulated particles in gas, stars and dark matter, the
simulation for sample P allows a differentiation of the stellar particles in bulge, disk and
stellar particles that formed in the cause of the simulation run. The σ-bump is dominated
by disk particles and newly formed stars, the latter decrease quickly in density. The σ-
bump might be formed through the remains of the disks of the progenitor galaxies.
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Figure 6.6: Stellar components of the velocity dispersion for 11 OBH 13: disk, bulge and
in the course of the simulation newly formed stars are shown in green, blue and
red.
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6.4 Extreme Orbits

With the four 1:1 mass ratio simulations from sample A, different orbits are tested while
keeping all other simulation parameters constant. If the σ-bump is resulting from remnants
of the progenitors’ disks, the interaction orbits of the setup should play an important role.
Out of four tested orbits, two collide the progenitor spiral galaxies in a plane, one prograde
(A03), the other retrograde (G01). The remaining two orbits align one of the galaxies
perpendicular to the other, in two different rotation senses (A02 and A04).

Figure 6.7 shows the velocity dispersion of these four simulations. A σ-bump can be seen
in all of them, but at smaller radii than one effective radius. The velocity dispersion is
steeper for orbits in a plane than for the perpendicular progenitors, as listed in Table 6.3.
In addition, the σ-bump differs: for the 90◦ inclined progenitors, it is more extended than
for the G01 and the A03 orbit. If remnants of the progenitors’ disks caused the σ-bump,

Elliptical 11 OBH 01 20 160 11 OBH A02 20 160 11 OBH A03 20 160 11 OBH A04 20 160
Slope -0.24 -0.18 -0.26 -0.18

Table 6.3: Slopes of the power law fit to the velocity dispersion of the stellar component
at 3 Gyrs for all ellipticals of sample A.

one would expect a higher velocity dispersion and maybe a more dominant σ-bump for two
counterrotating disk than for two rotating disks in equal direction. But Figure 6.7 shows
similar results for velocity dispersion of orbits G01 (retrograde) and A03 (prograde). Only
the σ-bump is more compact for the prograde orbit. It therefore cannot be the only reason
for the σ-bump.
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Figure 6.7: Velocity dispersion for all four 1:1 mergers in sample A.
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6.5 Particle Tracers

In the major merger simulations, every particle is equipped with an ID and can therefore
be traced through all snapshots. I will use this property to select particles from the 3Gyrs
snapshot 149 and retrace them to the first snapshot 000. At this first snapshot, the two
progenitor disk galaxies are fully separated.

Two criteria will be used for defining a σ-bump particle in the 3Gyrs snapshot:

• Radius criterion: all particles between one and two effective radii, 1Reff < r < 2Reff

• Velocity criterion: all particles whose velocity differs more than one standard devia-
tion from the mean velocity. Therefore, the mean velocity < v >=<

√
v2
x + v2

y + v2
z >

and the standard deviation σ′ =
√
< v2 > − < v >2 are calculated in radial bins of

0.2 kpc. For v << v > −σ′ ∨ v >< v > +σ′, the velocity criterion is fulfilled.

Figure 6.8 shows the phasespace diagram of 11 OBH 13 at 3 Gyrs, displaying velocity
against radius. It is used to outline the selection criteria: all yellow particles fulfill the
radius criterion, all yellow particles above or below both red lines fulfill both radius and
velocity criterion.

In snapshot 000, most particles are located in the centers of the progenitor galaxies.
Figure 6.9 shows stellar and σ-bump particles in the snapshot reference frame, indicated
by different colors. It seems reasonable that this feature which extends to two Reff is
produced by the inner parts of the progenitor galaxies. In this figure, particles with the
radius criterion show a similar distibution as particles with radius and velocity criteria. In
the following, I name the galaxy on the right with positive x-values ’galaxy 1’, the galaxy
on the left with negative x-values ’galaxy 2’.

In addition, Figure 6.10 shows the phasespace diagrams of the σ-bump particles of
the progenitors in snapshot 000. Galaxy memberships and the two σ-bump criteria are
displayed in different colors. One can see that galaxy 1 contributes more central particles
to the σ-bump, but the two criteria do not reveal a difference.

Histogram 6.11 strengthens this hypothesis. The σ-bump is equally produced by particles
of the two galaxies, the particles show a similar distribution around a radius of 5kpc. There
is a slight difference, the σ-bump particles lie more central in galaxy 2 than in galaxy 1.
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Figure 6.8: Phasespace diagram for 11 OBH 13 at 3 Gyrs. The σ-bump selection criteria
are shown: the radius criteron (yellow particles) and the radius and velocity
criterion (yellow particles above or below both red lines). For clarity, every 5th
stellar particle is shown.
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Figure 6.9: Stellar and σ-bump particles in snapshot 000 of 11 OBH 13. This figure shows
stellar particles (black) of the progenitor galaxies on their parabolic orbit. σ-
bump particles with radius criterion (yellow) and radius and velocity criterion
(red) are shown in color.

Figure 6.10: Phasespace diagrams forσ-bump particles in snapshot 000 of 11 OBH 13.
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Figure 6.11: Radial histograms for σ-bump particles in snapshot 000





7 Conclusion

I still have to write this chapter.
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