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Chapter 1

Introduction

Galaxies come in different shapes and sizes. Some have impressive spiral arms
and dustlanes and are classified as spiral or late-type galaxies. Others have a
simpler appearance, looking very smooth without any apparent structure. These
systems are the elliptical and lenticular galaxies, or early-type galaxies (see Fig-
ure 1.1). How did these galaxies form, and how have they developed into such
different shapes and sizes? These are some of the big questions that astronomers
are attempting to solve.

1.1 Dark matter

In 1933 Swiss astronomer Fritz Zwicky made an important discovery. While
studying galaxies in the Coma cluster, he found that the dynamical mass, mea-

Figure 1.1 — Two images of different types of galaxies. Left: spiral galaxy M83, captured by the
Wide Field Imager of La Silla Observatory, Chile (Credit: ESO). Right: elliptical galaxy NGC 3379,
imaged by the 1.3m McGraw-Hill Telescope of MDM Observatory, Kitt Peak, US.
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sured by means of kinematics of the galaxies, far exceeded the luminous mass,
formed by stars and gas in the cluster (Zwicky 1933). The implication of this dis-
covery was that there had to be some kind of invisible mass, dark matter, to keep
the galaxies in the cluster gravitationally bound. Later, more evidence was found
for dark matter in the Universe. Rotation curves of neutral gas (H I) around spiral
galaxies obtained with radio telescopes revealed that these systems are embedded
in haloes of dark matter (e.g. Rubin et al. 1985; van Albada et al. 1985). Large
clusters of galaxies acting as gravitational lenses also point to the existence of
large amounts of dark matter (e.g. Soucail et al. 1988), and from observations of
the cosmological background radiation, we know that the amount of dark matter
in the Universe exceeds the amount of normal, baryonic matter by a factor five
(Komatsu et al. 2009).

Dark matter is ubiquitous, and plays an important role in the formation and
evolution of galaxies. In the current galaxy formation paradigm (e.g. Springel et
al. 2005), the early Universe had a much smoother dark matter distribution than it
has today. Through gravitational instabilities, dark matter started to form clumps
and provided a framework for structure formation. Within these structures, gas
cooled and formed stars. In order to understand galaxy formation and evolution,
we therefore also need to study the structure and evolution of the dark matter
haloes that surround them. That is the main topic of this thesis.

1.2 Dark matter in early-type galaxies

Dark haloes around late-type spiral galaxies have been observationally confirmed,
using rotation curves of cold neutral gas. For early-type galaxies, observational
proof of dark matter haloes is however much more difficult to obtain. Because the
dark matter halo only starts to dominate over the luminous matter in the outskirts
of the galaxy (beyond ∼3 effective radii Re

1) we need to trace the gravitational
potential at large radii to map the dark halo. Large cold neutral gas discs (or
rings), that extend far beyond the stellar disc, are ideal tracers of the gravitational
potential, as the cold gas moves on circular orbits. But since these gas discs are
only rarely found around early-type galaxies (though see Morganti et al. 2006 for
recent discoveries of H I gas in these systems), we need to resort to other tracers
of the gravitational potential in order to study dark haloes in these galaxies.

Instead of gas kinematics, stellar kinematics can in principle also be used to
infer the dark matter distribution. However, galaxies fade relatively quickly with

1An effective radius or Re is defined as the radius within which half the total light of the galaxy
is contained, and is therefore also sometimes called a half-light radius.
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radius, so that with traditional long-slit spectrography it is almost impossible to
obtain spectra with sufficient signal-to-noise (S/N) outside ∼2 Re. Mass models
based on spectra out to this radius are not always conclusive, though many studies
with long-slit spectra hint at the existence of dark matter haloes around early-type
galaxies (e.g. Carollo et al. 1995; Rix et al. 1997).

X-ray observations of the hot interstellar medium can also be used to constrain
the dark matter content of galaxies. Assuming hydrostatic equilibrium, the total
mass profile can be recovered from density and temperature measurements (e.g.
Humphrey et al. 2006; Pellegrini & Ciotti 2006). However, not all early-type
galaxies contain a large enough amount of hot gas to be detected in X-ray, and the
assumption of hydrostatical equilibrium has to be validated.

Weak gravitational lensing (e.g. Gavazzi et al. 2007) is another technique to
study the mass and shapes of dark haloes around galaxies that are lensed by mas-
sive clusters. This technique is however not applicable to galaxies in the nearby
Universe, as there are no nearby massive galaxy clusters that could act as gravita-
tional lenses for these nearby systems. Strong gravitational lensing in combination
with stellar dynamics has been used to determine the dark matter content of early-
type galaxies that act as lenses themselves (e.g. van de Ven et al. 2008b; Barnabe
et al. 2009).

Another approach to probe the gravitational potential in galaxies at large radii
is by measuring the radial velocities of discrete tracers, such as globular clusters
(e.g. Côté et al. 2003; Pierce et al. 2006) and planetary nebulae (e.g. Douglas et
al. 2006; Napolitano et al. 2009). Both these tracers are visible in nearby (within
∼ 50 Mpc) galaxies: globular clusters because of their concentration of starlight
emitted by hunderd thousands of stars, and planetary nebulae because of their
strong emission of the [O III] line.

With the Planetary Nebulae Spectrograph (Douglas et al. 2002) over one hun-
dred planetary nebulae can be observed in a galaxy, allowing the construction of
smoothed velocity and velocity dispersion maps (Coccato et al. 2009). How-
ever, obtaining higher order moments of the line-of-sight velocity distribution
(LOSVD), such as the Gauss-Hermite moments h3 and h4, requires an even larger
number of measurements. These higher order moments, most importantly h4, are
needed to constrain the orbital structure of the galaxy, in order to break the mass-
anisotropy relation (e.g. Gerhard 1993). Briefly, by replacing tangential orbits by
radial ones (i.e. increasing the radial anisotropy over the tangential anisotropy) it
is possible to increase the total mass of a spherical or axisymmetric system, for
a decreasing or constant velocity dispersion profile (e.g. Richstone & Tremaine
1984; Dekel et al. 2005; de Lorenzi et al. 2009). However, h4 provides constraints
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for the anisotropy, with positive h4 corresponding to more tangential anisoptry,
while negative h4 indicates more radially anisotropic systems.

We therefore developed in this thesis a new technique to use integral-field
spectrography to measure the LOSVD of the integrated stellar light at large radii.
This way, we can measure also the higher order moments of the LOSVD and
by not limiting ourselves to a discrete representation of the stellar population we
are confident that indeed we are tracing the gravitational potential (e.g. Sambhus,
Gerhard & Méndez 2006).

1.3 Integral-field spectrography

With integral-field spectrography we can simultaneously obtain spectra at each
position in the field-of-view, resulting in a three dimensional datacube (x,y,λ ).
From the spectra not only the kinematics of stars and gas, but also absorption line
strengths of the stars can be obtained, providing means to determine metallicity
and age of the system. All these quantities can be displayed in two dimensional
maps. This is an enormous advantage over traditional long-slit spectrography,
where in order to get the same spatial coverage, multiple slits need to be observed.

In this thesis we use the integral-field spectrograph SAURON (Spectrographic
Aerial Unit for Research on Optical Nebulae, see also Bacon et al. 2001). This
spectrograph has an optical system of lenslets to map the galaxy (see Figure 1.2),
and is a visitor instrument at the William Herschel Telescope of the Isaac Newton
Group at La Palma, Canary Islands, Spain. We develop a new observing tech-
nique to obtain stellar kinematics in early-type galaxies out to large radii, using
SAURON as a ’photon-collector’. Even though the light collected by one lenslet
is too faint to yield a spectrum with sufficient S/N to measure the LOSVD in the
faint outskirts of galaxies, by combining the light of all 1400 lenslets we obtain a
spectrum from which we can reliably extract the kinematics.

In one chapter we also use the integral-field spectrograph PPAK (Kelz et al.
2006), which is mounted at the 3.5m Telescope at Calar Alto, Spain. This spectro-
graph works with fibers instead of lenslets, and has a lower spatial resolution than
SAURON: the diameter of one fiber is 2.7 arcsec, while SAURON has lenslets
that measure 0.94 × 0.94 arcsec. However, the field-of-view of PPAK is four
times as large as that of SAURON and its spectral range is also longer, allowing
us to measure a larger number of line strength indices.
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Figure 1.2 — Optical lay-out of the integral-field spectrograph SAURON. Light within the desired
wavelength interval (4810 - 5350 Å) is selected by a filter, after which it hits the central part of the
instrument, which consists of a matrix of lenslets. Each lenslet maps its infalling light beam on a
pinhole, after which a grism breaks up the light in a spectrum. The spectra are imaged on a CCD
under a small angle (about 6◦) to prevent overlap between adjacent spectra. See Bacon et al. (2001)
for a detailed description of the instrument and data processing.

1.4 Dynamical models

In this thesis we mostly make use of Schwarzschild orbital superposition models
(Schwarzschild 1979), to find the properties of the dark haloes around our ob-
served galaxies. In an a priori specified potential we calculate stellar orbits, which
are stored in a library. From this library a superposition of orbits is calculated, that
best fits the observed LOSVD (including higher order Gauss-Hermite moments),
as well as the observed surface brightness. These models are fully general, and
yield best-fit parameters such as viewing angles, mass-to-light ratio and halo mass.
They also allow a study of the intrinsic orbital structure, to identify different orbit
families and the presence of separate components.

1.5 Stellar halo populations

Stellar absorption line strengths trace the properties of the stellar population.
Based on these measurements, stellar population models (e.g. Bruzual & Char-
lot 2003; Thomas, Maraston & Bender 2003; Schiavon et al. 2007) can pro-
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vide several quantities, such as age, metallicity and stellar mass-to-light ratios.
With integral-field spectrography we can now for the first time measure these line
strengths outside 2 Re, to study the stellar halo population. In this thesis we study
line strength gradients and investigate the connection between stellar populations
and halo mass at large radii.

The behaviour of line strengths as a function of radius provides strong con-
straints for the starformation and merging history of a galaxy. Briefly, if galaxies
form in a monolithic collapse, the line strengths are expected to follow a steep gra-
dient (Carlberg 1984). Mergers however can dilute these gradients (White 1980),
but subsequent starformation triggered by the merger can steepen the gradients
again in the central part of the galaxy (Hopkins et al. 2009b).

There exists a tight relation between local line strength index (most notably the
magnesium absorption line Mg b) and the local escape velocity Vesc (e.g. Davies,
Sadler & Peletier 1993; Scott et al. 2009). This relation was also observed for
colours and Vesc (Franx & Illingworth 1990), reflecting the fact that colours trace
metallicity in a galaxy. By including a dark halo into the gravitational potential
of the galaxy, Vesc becomes larger. This effect is relatively larger at large radii: a
test-particle at larger radii would perhaps have escaped relatively easy from the
potential well of the luminous matter in the galaxy, but now also has to overcome
the halo potential. The result is that at large radii the shift in Vesc is larger than at
smaller radii, close to the centre of the galaxy. This introduces a change in slope
of the Mg b - Vesc relation, when taking the halo into account (see also Franx &
Illingworth 1990).

1.6 This thesis

In this thesis we explore new techniques to study the dark and luminous matter in
the outskirts of galaxies.

In Chapter 2 we use the Very Large Array (VLA) to map the H I ring around
the early-type NGC 2974. This gas ring extends out to 5 Re (24 kpc) and displays
regular rotation. We compare the kinematics of the H I with the ionised gas and
stellar kinematics in the central Re of the galaxy, as observed by SAURON. Both
neutral and ionised gas share the same kinematics, which supports the view that
they form one coherent gas structure. To combine the kinematics of the cold and
warm gas, we apply an asymmetric drift correction (see e.g. Binney & Tremaine
2008, section 4.8.2) to the observed rotation curve of the latter. This is needed
because the ionised gas has a high velocity dispersion, which is a measure of ran-
dom motions. The cold gas does not have this high dispersion and is on circular
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Figure 1.3 — Illustration of the usage of SAURON as a ’photon-collector’. The underlying image is
a V -band image of early-typa galaxy NGC 3379. In the central part of the galaxy, S/N in individual
spectra is high, and we can construct kinematic maps, where binning of spectra is only needed
along the edges of the field-of-view (FoV), where the galaxy is fainter. At large radii (3 and 4 Re)
we bin the light of all spectra within the SAURON FoV together, in order to obtain a spectrum with
sufficient S/N to measure the stellar kinematics. See colour supplement for a colour version of this
figure.

orbits, and therefore its observed rotation curve agrees with its ciruclar velocity,
which traces the gravitational potential. After this correction is done, we combine
the rotation curves of the central warm gas with the cold gas in the outskirts, and
construct mass models of this galaxy. We find that NGC 2974 is surrounded by an
axisymmetric dark halo, and that within 5 Re at least 55% of the total mass is dark.

Chapter 3 deals with two other early-type galaxies: NGC 3379 and NGC 821.
These galaxies are not detected in H I and therefore we need to obtain stellar kine-
matics in order to model the haloes of these systems. We use SAURON as a
’photon-colllector’ to measure the LOSVD at 3 and 4 Re. Combining these mea-
surements at large radii with the SAURON kinematics maps covering the inner Re

of these galaxies (see Figure 1.3), we construct triaxial Schwarzschild models and
add a dark halo to the potential. We find that both galaxies contain dark matter
haloes: for NGC 3379, at least 34% of the total mass within 4 Re is dark, while
for NGC 821 this percentage is even higher, at least 49%. We also find that the
orbital structure of our best-fitting models becomes radially anisotropic at larger
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radii, but that an increase of halo mass does not translate into an increase of radial
anisotropy, as observed in spherical models (e.g. Richstone & Tremaine 1984).
More studies of the orbital structure in triaxial models are needed to understand
this trend. We also obtained line strengths from the spectra at large radii, and for
the first time confirm that line strength gradients observed within 1 Re extend out
to at least 4 Re. Constructing the Mg b - Vesc relation, we find that the slope of this
relation steepens by including the dark halo in our model, as was previously found
by Franx & Illingworth (1990) using colours instead of line strength indices.

In Chapter 4 we observe the early-type galaxy NGC 2549 with the integral-
field spectrograph PPAK. We compose a mosaic of four pointings, mapping the
galaxy out to almost 5 Re. The stellar kinematic maps show that this galaxy has a
disc-like rotation out to the edge of the observed field. Also there are indications
of a disc component, embedded in a larger disc or bulge. From the line strengths
we construct age and metallicity maps, and these also provide some evidence for
a younger, metal-enriched central component. The line strength gradients remain
stable from 0.1 to at least 4 Re.

The line strength maps allow us to construct a map of the stellar mass-to-light
ratio, and we find only small variations over the observed galaxy field. While
constructing a mass model based on the PPAK spectra, complemented with higher
spatial resolution SAURON kinematics for the inner Re, we find that dark matter is
necessary to explain the observations, and that therefore like the galaxies studied
in Chapters 2 and 3, NGC 2549 is embedded in a dark matter halo, with at least
63 per cent of the total mass being dark within 5 Re. We find however that our
models cannot reproduce the observed rise in velocity dispersion at larger radii.
Most likely this is caused by the limitations on the shape of the dark halo in our
models, which we have kept fixed to spherical. This could imply that kinematics
over the full field-of-view (in contrast to discrete measurepoints as we obtained in
Chapter 3) can be used to constrain the shape of the dark halo. This is currently
under investigation.

Finally, we turn our attention in Chapter 5 to the high-redshift Universe. With
SAURON we study the structure and kinematics of a Lyα emitting gas cloud at
z = 3.1. This object, Lyman Alpha Blob 1 (LAB1), is situated in a dense proto-
cluster environment, and is the largest LAB discovered to date, with diameter
> 100 kpc. LABs are still mysterious objects, as it is not clear what powers
the ionisation of these gas clouds. Proposed scenarios include photo-ionisation
(possibly by massive starbursts and/or AGN, obscured along our line-of-sight),
cooling flows, and superwinds caused by overlapping supernova remants. With
our deep (23.5 hrs) SAURON observations we find that LAB1 is not one large
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coherent structure, but instead consists of five separate blobs. Two of these blobs
are identified with Lyman Break Galaxies and a third is most likely associated
with a dust-obscured submillimeter galaxy. The remaining two blobs cannot be
connected with any source in the optical or infra-red, and could be genuine gas
clouds trapped in the proto-cluster potential.

1.7 Conclusions and outlook

By using integral-field spectrography it has now become possible to measure the
LOSVD and absorption line strengths of integrated stellar light out to large radii
in early-type galaxies. We explore the behaviour of line strength gradients and
subsequently investigate differences in age, metallicity and stellar mass-to-light
ratio (M∗/L). These studies provide important constraints for the starformation
and merger histories of early-type galaxies. By constructing dynamical models
based on the observed LOSVD we can map the dark haloes around early-type
galaxies, similar to what was done for spiral galaxies with H I kinematics, and
build statistical sample of halo properties, as a function of galaxy type and envi-
ronment.

Our dynamical models however have still room for improvement. One of
the main uncertainties in our models is M∗/L. Most models in this thesis have
used a maximal spheroid (or equivalently: minimal halo) assumption, with M∗/L

fixed to its maximal value, as allowed by the observed kinematics. Therefore
the dark matter fractions we found for these galaxies are lower limits: the actual
halo could very well be heavier. In Chapter 4 we explored the determination
of M∗/L from stellar population models. This requires accurate measurements of
multiple line strength indices. With spectra over long wavelength ranges, possibly
complemented with colour measurements (e.g. Zibetti, Charlot & Rix 2009), we
can start to remove this uncertainty from our dynamical models.

Another assumption in our models concerns the shape and profile of the dark
halo. Most galaxy formation theories predict triaxial haloes (e.g. Frenk et al.
1988; Hayashi, Navarro & Springel 2007), while we so far modeled our galaxies
with spherical haloes. Also, although structure formation simulations find cuspy
haloes (such as the NFW profile that we utilized in this thesis, see Navarro, Frenk
& White 1996), observations of nearby low-surface brightness and dwarf galaxies
point to haloes with central cores (e.g. de Blok et al. 2008). We need to investigate
whether with kinematics over a large field-of-view (Chapter 4) we can distinguish
between different halo shapes and profiles.

In order to understand the evolution of dark haloes, we should also explore
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the dynamics of galaxies at higher redshift. Obtaining kinematic maps of galax-
ies at high redshift is not straightforward: these systems are faint and small, so
that we need long integrations times and high spatial resolution (Chapter 5). Still,
integral-field spectrographs with high spatial resolution have already been em-
ployed to obtain the gas kinematics of disc galaxies at z ∼ 2 (e.g. Shapiro et al.
2008; van Starkenburg et al. 2008). Also, by using gravitational lenses, some
lensed galaxies residing at z = 1 have been mapped with a resolution compara-
ble to z = 0.1 galaxies (e.g. Swinbank et al. 2006). Observationally there has
been a lot of progress in the study of high-redshift kinematics, and now modeling
techniques should be developed to analyse these systems in more detail.

Our ultimate goal is to understand the formation and evolution of galaxies.
Observations of galaxies nearby and at high redshift show us how galaxies change
in time, due to starformation and interactions with other galaxies. If we want to
understand these observations, we need to develop a theoretical framework to ex-
plain them. Simulations of galaxy formation are not always in agreement with ob-
servations, predicting haloes that are too massive or too concentrated (e.g. Napoli-
tano et al. 2009). We therefore need to bring theory and observations together, to
solve the mysteries that still surround the formation and evolution of galaxies.



Chapter 2

The shape of the dark matter halo
in the early-type galaxy NGC 2974

We present H I observations of the elliptical galaxy NGC 2974, obtained
with the Very Large Array. These observations reveal that the previously
detected H I disc in this galaxy (Kim et al.
1988) is in fact a ring. By studying the harmonic expansion of the velocity
field along the ring, we constrain the elongation of the halo and find that the
underlying gravitational potential is consistent with an axisymmetric shape.

We construct mass models of NGC 2974 by combining the H I rotation
curve with the central kinematics of the ionised gas, obtained with the
integral-field spectrograph SAURON. We introduce a new way of correcting
the observed velocities of the ionised gas for asymmetric drift, and hereby
disentangle the random motions of the gas caused by gravitational interac-
tion from those caused by turbulence. To reproduce the observed flat rota-
tion curve of the H I gas, we need to include a dark halo in our mass mod-
els. A pseudo-isothermal sphere provides the best model to fit our data, but
we also tested an NFW halo and Modified Newtonian Dynamics (MOND),
which fit the data marginally worse.

The mass-to-light ratio M/LI increases in NGC 2974 from 4.3 M⊙/L⊙,I at
one effective radius to 8.5 M⊙/L⊙,I at 5 Re. This increase of M/L already
suggests the presence of dark matter: we find that within 5 Re at least 55 per
cent of the total mass is dark.

Anne-Marie Weijmans, Davor Krajnović, Glenn van de Ven, Tom A. Oosterloo,
Raffaella Morganti & P. Tim de Zeeuw

Monthly Notices of the Royal Astronomical Society, 383, 1343–1358 (2008)
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2.1 Introduction

Although the presence of dark matter dominated haloes around spiral galaxies is
well established (e.g. van Albada et al. 1985), there is still some controversy about
their presence around early-type galaxies. Spiral galaxies often contain large reg-
ular H I discs, which allow us to obtain rotation curves out to large radii, and
therefore we can constrain the properties of their dark haloes. But these discs are
much rarer in elliptical galaxies (e.g. Bregman, Hogg & Roberts 1992), so that for
this class of galaxies we are often required to use other tracers to obtain velocity
measurements, such as stellar kinematics, planetary nebulae or globular clusters.
These tracers however are not available for all early-type galaxies, and give mixed
results (e.g. Rix et al. 1997; Romanowsky et al. 2003; Bridges et al. 2006).

With the increase in sensitivity of radio telescopes, it has been discovered
that many early-type galaxies in the field do contain H I gas, though with smaller
surface densities than in spiral galaxies (e.g. Morganti et al. 2006). The average
H I surface density in the Morganti et al. sample is around 1M⊙ pc−2, which is far
below the typical value for spiral galaxies (4 - 8M⊙ pc−2, e.g. Cayatte et al. 1994).
This would explain why previously only the most gas-rich early-type galaxies
were detected in H I. Morganti et al. find that H I can be present in different
morphologies: H I discs seem to be as common as off-set clouds and tails, though
they occur mostly in the relatively gas-rich systems.

Recently rotation curves of H I discs in low surface brightness galaxies and
dwarf galaxies, complemented with Hα observations, have been used not only to
confirm the existence of dark matter haloes, but also to obtain estimates on the
inner slope of the density profiles of the haloes (e.g. van den Bosch et al. 2000;
Weldrake, de Blok & Walter 2003). Simulations within a cold dark matter (CDM)
cosmology yield haloes with cusps in their centres (NFW profiles, see Navarro,
Frenk & White 1996), but observations suggest core-dominated profiles (e.g. de
Blok & Bosma 2002; de Blok 2005).

Detailed studies of rotation curves of early-type galaxies that contain H I discs
are sparser, due to lack of spatial resolution: to detect low H I surface densities,
larger beams are needed. Also, only few early-type galaxies have H I discs that are
extended and regular enough to allow for detailed studies. Comparing M/L values
at large radii, derived from H I velocities, to M/L at smaller radii measured from
ionised gas kinematics, the conclusion is that early-type galaxies also have dark
matter dominated haloes (e.g. Bertola et al. 1993; Morganti et al. 1997; Sadler et
al. 2000). Franx, van Gorkom & de Zeeuw (1994) used the H I ring of the elliptical
galaxy IC 2006 to determine not only the mass, but also the shape of the dark halo.
They concluded that IC 2006 is surrounded by an axisymmetric dark halo, using
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Parameter Value
Morphological Type E4
MB (mag) -20.07
Effective B−V (mag) 0.93
PA (◦) 41
Distance modulus (mag) 31.60
Distance (Mpc) 20.89
Distance scale (pc arcsec−1) 101.3
Effective radius (arcsec) 24

Table 2.1 — Properties of NGC 2974. The values are taken from the Lyon/Meudon Extragalactic
Database (LEDA) and corrected for the distance modulus, which is taken from the surface bright-
ness fluctuation measurements by Tonry et al. (2001). Note that 0.06 mag is subtracted to adjust to
the Cepheid zeropoint of Freedman et al. (2001); see Mei et al. (2005), section 3.3, for a discussion.
The effective radius is taken from Cappellari et al. (2006).

the geometry of the ring and an harmonic expansion of its velocity map.
In this paper, we present a similar analysis of the regularly rotating H I ring

around the elliptical (E4) field galaxy NGC 2974. Kim et al. (1988) observed this
galaxy before in H I but their data had lower spatial resolution than ours, and they
found a filled disc instead of a ring. Cinzano & van der Marel (1994) found an
embedded stellar disc in their dynamical model of this galaxy, based upon long-
slit spectroscopic data, but Emsellem, Goudfrooij & Ferruit (2003) constructed
a dynamical model of NGC 2974 based on TIGER integral-field spectrography
and long-slit stellar kinematics, that does not require a hidden disc structure.
They did report the detection of a two-arm gaseous spiral in the inner 200 pc
of NGC 2974 from high resolution WFPC2 imaging. Krajnović et al. (2005)
constructed axisymmetric dynamical models of both the stars and ionised gas
based upon SAURON integral-field data. These models require a component with
high angular momentum, consisting of a somewhat flattened distribution of stars,
though not a thin stellar disc. Emsellem et al. (2007) classify NGC 2974 as a
fast rotator, which means that it possesses large-scale rotation and that its angular
momentum is well defined. Some of the characteristics of NGC 2974 are given in
Table 2.1.

For our analysis of NGC 2974 we combine kinematics of neutral gas, obtained
from our observations with the Very Large Array (VLA), with that of ionised gas,
obtained with the integral-field spectrograph SAURON (Bacon et al. 2001). This
combination of a small scale two-dimensional gas velocity map in the centre of
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Figure 2.1 — Total H I intensity con-
tours superimposed onto the Digital Sky
Survey optical image of NGC 2974.
Contour levels are 1, 3, 5 and 7×1020

cm−2. The beamsize is 19.9 × 17.0 arc-
seconds.

the galaxy, and a H I velocity map at the outskirts, allows measurements of a
rotation curve ranging from 100 pc within the centre of the galaxy to 10 kpc at the
edges of the H I ring. We use this rotation curve, together with ground- and space
based optical imaging, to determine the dark matter content in NGC 2974, and to
constrain the shape of the dark halo.

In section 2.2, we discuss the two datasets and their reduction, and describe
the H I ring. We concentrate on the analysis of the velocity maps in section 2.3.
Section 2.4 is devoted to the rotation curve that we extract from the velocity maps,
and in section 2.5 we show mass models with various halo models, and find the
best fit to the rotation curve. Section 2.6 summarizes our results.

2.2 Observations and data reduction

2.2.1 VLA observations

Earlier VLA observations (Kim et al. 1988) of NGC 2974 showed that this galaxy
contains a significant amount of H I that, in their observations, appears to be dis-
tributed in a regularly rotating disc. Given the modest spatial and velocity res-
olution of those observations, we re-observed NGC 2974 with the VLA C-array
while also using a different frequency setup that allows us to study this galaxy
at both higher spatial and higher velocity resolution. The observations were per-
formed on 11 and 19 September 2005 with a total on-source integration time of
15 hours. In each observation, two partially overlapping bands of 3.15 MHz and
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64 channels were used. The two bands were offset by 500 kms−1 in central ve-
locity. This frequency setup allows us to obtain good velocity resolution over a
wide range of velocities (about 1080 kms−1).

The data were calibrated following standard procedures using the MIRIAD
software package (Sault, Teuben & Wright 1995). A spectral-line data cube was
made using robust weighting (robustness = 1.0) giving a spatial resolution of
19.9′′ × 17.0′′ and a velocity resolution of 20.0 kms−1 (after Hanning smooth-
ing). The noise in the final datacube is 0.23 mJy beam−1.

To construct the total H I image, a mask was created using a datacube that was
smoothed to about twice the spatial resolution and that was clipped at twice the
noise of that smoothed datacube. The resulting total H I is shown in Figure 2.1,
and our observations show that the H I is distributed in a regular rotating ring
instead of a filled disc. The inner radius of the ring is approximately 50′′ (∼ 5 kpc)
and extends to 120′′, which corresponds to 12 kpc, or 5 effective radii (1 Re = 24′′).

The H I velocity field was derived by fitting Gaussians to the spectra at those
positions where signal is detected in the total H I image. The resulting velocity
map is shown in Figure 2.2. Typical errors on this map are 5 - 10 kms−1.

We find a total mass of 5.5×108M⊙ for the H I gas content of the ring, which
is in agreement with Kim et al. (1988), if we correct for the difference in as-
sumed distance modulus. The amount and morphology of the H I observed in
NGC 2974 are not unusual for early-type galaxies. Oosterloo et al. (2007) have
found that between 5 and 10 per cent of early-type galaxies show H I masses
well above 109M⊙, while the fraction of detections increases further for lower
H I masses (Morganti et al. 2006). The majority of the H I-rich systems have the
neutral hydrogen distributed in disc/ring like structures (often warped) with low
surface brightness density and no or little ongoing star formation, as observed in
NGC 2974. However, there is a region in the North-East of the H I ring where the
surface density is higher, and the gas could be forming stars. Jeong et al. (2007)
published UV imaging of NGC 2974, obtained with GALEX. Their images reveal
indeed a region of increased starformation in the North-East of the galaxy, as well
as a starforming ring at the inner edges of the H I ring.

At least some of the most H I rich structures are the results of major mergers
(see e.g. Serra et al. 2006). For the systems with less extreme H I masses, like
NGC 2974, the origin of the gas is less clear. Accretion of small companions is a
possibility, but smooth, cold accretion from the intergalactic medium (IGM) is an
alternative scenario.
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Figure 2.2 — Velocity maps of the neutral hydrogen (VLA) and ionised gas and stars (SAURON) in
NGC 2974. Both the stars and the neutral and ionised gas are well aligned. The maps are orientated
so that North is up and East is to the left. The grey box in the VLA map encloses the SAURON
fields shown at the right. See colour supplement for a colour version of this figure.

2.2.2 SAURON observations

Maps of the stellar and ionised gas kinematics of NGC 2974, obtained with the
integral-field spectrograph SAURON, were presented in Emsellem et al. (2004)
and Sarzi et al. (2006), respectively, and we refer the reader to these papers for
the methods of data reduction and extraction of the kinematics.

In Figure 2.2 we compare both the SAURON velocity maps of stars and [O III]
with the velocity map of the H I ring. Stars and gas are well aligned, and the
transition between the ionised and the neutral gas seems to be smooth, suggesting
that they form one single disc. The twist in the velocity map of the ionised gas in
the inner 4′′ is likely caused by the inner bar of this galaxy (Emsellem et al. 2003;
Krajnović et al. 2005).
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2.3 Analysis of velocity fields

We used kinemetry (Krajnović et al. 2006) to analyse the SAURON and VLA
velocity maps. In our application to a gas disc, kinemetry reduces to the tilted-
ring method (Begeman 1978). The velocity along each elliptical ring is expanded
in Fourier components (e.g. Franx et al. 1994; Schoenmakers, Franx & de Zeeuw
1997):

Vlos(R,φ) = Vsys(R)+
N

∑
n=1

cn(R)cosnφ + sn(R)sinnφ , (2.1)

where Vlos is the observed velocity, R is the length of the semimajor axis of the
elliptical ring, φ the azimuthal angle, measured from the projected major axis of
the galaxy, Vsys the systemic velocity of the ring and cn and sn are the coefficients
of the harmonic expansion. The c1 term relates to the circular velocity Vc in the
disc, so that c1 = Vc sin i, where i is the inclination of the gas disc. Assuming that
motions in the ring are intrinsically circular and that the ring is infinitely thin, the
inclination can be inferred from the flattening q of the fitted ellipse: cos i = q.

If a gas disc only displays pure circular motions, all harmonic terms other than
c1 in Equation (2.1) are zero. Noncircular motions, originating from e.g. inflows
caused by spiral arms or bars, or a triaxial potential, will cause these terms to
deviate from zero. Alternatively, also wrong input parameters of the ring (which
are flattening q, position angle Γ and the coordinates of the centre of the ellipse)
will result in specific patterns in these terms, see e.g. van der Kruit & Allen (1978);
Schoenmakers et al. (1997) and also Krajnović et al. (2006) for details. Therefore,
the flattening and position angle of each ring are determined by minimising s1,s3

and c3 along that ring. The centre is kept constant and is chosen to coincide with
the position of maximal flux in the galaxy.

2.3.1 Noncircular motions

Figure 2.3 shows the properties of the elliptic rings that were fitted to the SAURON
and VLA velocity fields, and Figure 2.4 shows the resulting harmonic terms. The
datapoints of the VLA data are separated by approximately one beamsize. Error
bars were calculated by constructing 100 Monte Carlo realisations of the velocity
fields, where the measurement errors of the maps were taken into account.

Both the position angles and the inclinations of the rings show some variation
in the SAURON field, but are very stable in the VLA field. The dashed line in
the top two panels of Figure 2.3 indicates the mean value of the position angle
and inclination of the H I data, which are Γ = 47± 1◦ and i = 60± 2◦. Here, Γ
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Figure 2.3 — From top to bottom: position angle Γ, inclination i and systemic velocity of the rings
that are fitted to the SAURON and VLA velocity fields of NGC 2974. The position angle indicates
the receding side of the galaxy and is measured North through East. The dashed lines in the top
two panels indicate the mean value of Γ and i generated by the H I rings. The bottom panel has two
dashed lines, indicating the mean systemic velocity of the SAURON and VLA rings separately.

is the position angle of the receding side of the galaxy, measured North through
East. The systemic velocities (lower panel of Figure 2.3) have been corrected for
barycentric motion and are in good agreement. For the SAURON field we find a
systemic velocity of 1891± 3 kms−1, while for the VLA field we find 1888± 2
kms−1. The dashed lines give both these mean velocities. Both the inclination and
the systemic velocity that we find are in agreement with previous studies (Cinzano
& Van der Marel 1994; Emsellem et al. 2003; Krajnović et al. 2005).

The harmonic terms are shown in Figure 2.4. All terms are normalised with
respect to c1. From c1 we see that the velocity curve of the gas rises steeply in
the centre, but flattens out at larger radii. This already suggests that a dark halo is
present around this galaxy. In §2.4 we will analyse the rotation curve in more de-
tail. The other terms have small amplitudes, and are small compared to c1 (< 4 per
cent). We do not observe signatures that could indicate incorrect ring parameters,
as described in Schoenmakers et al. (1997) and Krajnović et al. (2006).
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Figure 2.4 — Coefficients of the harmonic expansion on the SAURON and VLA velocity fields.
All except c1 are normalized with respect to c1.

2.3.2 Shape of the gravitational potential

Following Schoenmakers et al. (1997), we calculate the elongation of the potential
from the harmonic terms. Using epicycle theory these authors showed that an
cosmφ -term perturbation of the potential results in signal in the m−1 and m + 1
coefficients of the harmonic expansion in Equation (2.1).

We assume that the potential of NGC 2974 is affected by an m = 2 pertur-
bation, which could correspond to a perturbation by a bar. We assume that the
galaxy is not affected by lopsidedness, warps or spiral arms. To first order, the
potential of the galaxy in the plane of the gas ring can then be written as:

Φ(R,φ) = Φ0(R)+Φ2(R)cos2φ , (2.2)
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with Φ2(R)≪ Φ0(R). As explained in Schoenmakers et al. (1997), the elongation
of the potential εpot in the plane of the gas is in this case given by:

εpot sin2ϕ =
(s3 − s1)

c1

(1+2q2 +5q4)

1−q4 , (2.3)

where ϕ is one of the viewing angles of the galaxy, namely the angle between
the minor axis of the galaxy and the observer, measured in the plane of the disc.
This viewing angle is in general unknown, so that from this formula only a lower
limit on the elongation can be derived. Schoenmakers (1998) used this method in
a statistical way and found an average elongation εpot = 0.044 for a sample of 8
spiral galaxies.

We calculated the elongation at different radii in NGC 2974, and the result
is plotted in Figure 2.5. As in Schoenmakers et al, we did not fix Γ and q when
determining the harmonic terms, because an offset in Γ or q introduces extra signal
in c1,s1 and s3, that would then be attributed to the elongation of the potential.

Although the ionised gas has high random motions (see also § 2.4) and there-
fore the calculated elongation is probably only approximate, it is striking that the
elongation changes sign around 10′′. The potential in the inner 10 arcseconds has
a rather high elongation εpot sin2ϕ = 0.10± 0.08, while outside this region the
elongation as measured from the ionised gas is εpot sin2ϕ =−0.047±0.020. The
change of sign could be the result of the bar system in NGC 2974, with the direc-
tion along which the potential is elongated changing perpendiculary. It is worth
mentioning here that Krajnović et al. (2005) find a ring in the [O III] equivalent
width map, with a radius of 9′′. Their data suggest also the presence of a (pseudo-
)ring around 28′′, and Jeong et al. (2007) find a ring with a radius of ∼ 60′′ in their
GALEX UV map, which is where our H I starts. Assuming that these three rings
are resonances of a single bar, Jeong et al. (2007) deduce a pattern speed of 78±6
kms−1 kpc−1. In addition to the large scale bar, Emsellem et al. (2003) postulate
a small nuclear bar (∼ 3′′).

The H I gas is more suitable for measuring the elongation of the potential,
since the cold gas has a small velocity dispersion (typical values < 10 kms−1) and
is on nearly circular orbits. Taking the mean value of the elongation as obtained
from the H I field, we find εpot sin2ϕ = 0.016 ± 0.022. We conclude that the
potential of NGC 2974 is well approximated by an axisymmetric one.
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Figure 2.5 — Elongation of the potential (εpot sin2ϕ) of NGC 2974 as a function of radius. Open
dots denote measurements from the ionised gas, filled dots represent the H I gas. The elongation
as measured from the ionised gas is varying, due to the bar and high random motions of the gas.
The cold neutral gas yields a more reliable value for the elongation, and shows that the potential is
consistent with axisymmetry.

2.4 Rotation curve

To find the rotation curve of NGC 2974, we subtract the systemic velocities from
the ionised and neutral gas velocity fields separately. Next, we fix Γ = 47◦ and
q = 0.50 (or equivalently i = 60◦) of the ellipses to the mean values obtained from
the neutral gas, and rerun kinemetry on both the velocity maps, now forcing the
position angle and flattening to be the same everywhere in the gas disc. Also,
because velocity is an odd moment, the even terms in the harmonic expansion
should be zero, and are not taken into account during the fit (see Krajnović et
al. 2006). The rotation curve of the ionised gas is shown in Figure 2.6 (open
diamonds).

The ionised gas has a high observed velocity dispersion σobs, exceeding 250
kms−1 in the centre of the galaxy. Three phenomena can contribute to the ob-
served velocity dispersion of a gas: thermal motions, turbulence and gravitational
interactions:

σ2
obs = σ 2

thermal +σ 2
turb +σ 2

grav. (2.4)

The thermal velocity dispersion is always present, and caused by the thermal en-
ergy of the gas molecules:

σ2
thermal =

kT

m
, (2.5)
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where k is Boltzmann’s constant, T the temperature of the gas and m the typical
mass of a gas particle. The contribution of σthermal to the total velocity distribution
in ionised gas is small: a typical temperature for ionised gas is 104 K, which
implies σthermal ∼ 10 km/s.

Turbulence can be caused by e.g. internal motions within the gas clouds or-
shocks induced by a non-axisymmetric perturbation to the potential, such as a bar.
This increases the dispersion, but has a negligible effect on the circular velocity
of the gas. In contrast, gravitational interactions of individual gas clouds not only
increase random motions of the clouds and therefore their dispersion, but also
lower the observed velocity. To correct for this last effect, we need to apply an
asymmetric drift correction to recover the true circular velocity.

Unfortunately, it is not possible a priori to determine which fraction of the
high velocity dispersion in the ionised gas is caused by turbulence and which by
gravitational interactions. We therefore now first investigate the effect of asym-
metric drift on the rotation curve of the ionised gas.

2.4.1 Asymmetric drift correction

Due to gravitational interactions of gas clouds on circular orbits, the observed
velocity is lower than the circular velocity connected to the gravitational potential.
Since we are interested in the mass distribution of NGC 2974, we need to trace
the potential, and therefore we have to increase our observed velocity with an
asymmetric drift correction, to obtain the true circular velocity. We follow the
formalism described in Appendix 2.7, which is based on the Jeans equations and
the higher order velocity moments of the collisionless Boltzmann equation.

We assume that the galaxy is axisymmetric, which is a valid approach given
the low elongation of the potential that we derived in section 2.3.2. Further we
assume that the gas lies in a thin disc.

We fit the prescription that Evans & de Zeeuw (1994) used for their power-law
models to the rotation curve extracted from the ionised gas,

vmod =
V∞R

Rmod
, (2.6)

where V∞ is the rotation velocity at large radii, and we introduce

R2
mod = R2 +R2

c , (2.7)

with Rc the core radius of the model. This is Equation (2.36) (Appendix 2.7)
evaluated in the plane of the disc (z = 0), with a flat rotation curve at large radii
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Figure 2.6 — Rotation curves of the ionised gas (open diamonds) and stars (stars), together with
their best fit power-law models (red curves). The rotation curves have been extracted from the
SAURON velocity fields.

(β = 0). Since we observe the gas only in the equatorial plane of the galaxy,
we cannot constrain the flattening of the potential qΦ. We therefore assumed a
spherical potential qΦ = 1, which is not a bad approximation even if the density
distribution is flattened, since the dependence on qΦ is weak. Moreover, even
though the density distribution of most galaxies is clearly flattened, the potential
is in general significantly rounder than the density. For example, an axisymmetric
logarithmic potential is only about a third as flattened as the corresponding density
distribution (e.g. §2.3.2 of Binney & Tremaine 2008).

To be able to fit the observed velocity we need to convolve our model with the
point-spread function (PSF) of the observations, and take the binning into account
that results from the finite pixelsize of the CCD. We therefore constructed a two-
dimensional velocity field of the extracted rotation curve, such that

V (R,φ) = vmod cosφ sin i, (2.8)

and we convolved this field with a kernel as described in the appendix of Qian et al.
(1995). This kernel takes into account the blurring caused by the atmosphere and
the instrument (FWHM = 1.4′′, for the SAURON observations of NGC 2974, see
Emsellem et al. 2004) and the spatial resolution of the reduced observations (0.8′′

for SAURON). We extracted the velocity along the major axis of the convolved
velocity model and used the resulting rotation curve to fit our observations. The
best fit is shown in Figure 2.6, and has a core radius Rc = 2.1′′ (∼ 0.2 kpc).

Under the assumptions of Equation (2.6), the asymmetric drift correction of
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Equation (2.39) reduces to

V 2
c = vφ

2 −σ 2
R

[∂ lnΣ

∂ lnR
+

∂ lnσ 2
R

∂ lnR
+

R2

2R2
mod

+

κR2

κ(2R2
mod−R2)+R2

]

, (2.9)

where vφ is the observed velocity, Σ is the surface brightness of the ionised gas
and σR the radial dispersion of the gas. The last two terms in the equation are
connected to the shape of the velocity ellipsoid, with κ indicating the alignment
of the ellipsoid, see Appendix 2.7.

To determine the slope of the surface brightness profile, we run kinemetry on
the [O III] flux map, extracting the surface brightness along ellipses with the same
position angle and flattening as the ones used to describe the velocity field. To
decrease the noise we fit a double exponential function to the profile,

Σ(R) = Σ0e−R/R0 +Σ1e−R/R1 , (2.10)

and determine the slope needed for the asymmetric drift correction from this
parametrisation. The observed surface brightness profile and its fit are shown
in Figure 2.7. As with the velocity profile, we convolved our model of the surface
brightness during the fit with the kernel of Qian et al. (1995) to take seeing and
sampling into account.

σR can be obtained from the observed velocity dispersion σ using Equa-
tion (2.35) of Appendix 2.7. Along the major axis, and under the assumptions
made above, this expression simplifies to

σ2
obs = σ 2

R

[

1− R2 sin2 i

2R2
mod

− R2 cos2 i

κR2
mod(2−R2/R2

mod)+R2

]

, (2.11)

with Rmod defined in Equation (2.7), and adopting Rc = 2.1′′ from the velocity
profile .

We choose κ = 0.5, which is a typical value for a disc galaxy (e.g. Kent &
de Zeeuw 1991), but we also experimented with other values for this parame-
ter. Varying κ between 0 and 1 resulted in differences in Vc of approximately 10
kms−1, and we adopt this value into the error bars of our final rotation curve.

To obtain the slope of σR we follow the same procedure as for the surface
brightness, extracting the profile of σobs from the velocity dispersion map with
kinemetry. We assume for the moment that turbulence is negligible in the galaxy
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Figure 2.7 — Profile and fit to the surface brightness of the ionised gas (diamonds) and to the stars
(stars). Both profiles have been normalized, and the profile of the stellar surface brightness has been
offset by a factor of 10, to distinguish it from the gaseous one.

(σturb = 0) and subtract quadratically σthermal = 10 kms−1 from σobs. We con-
vert the resulting σobs = σgrav into σR using the relation in Equation (2.11). We
parametrise this profile by

σR(R) = σ0 +σ1e−Rmod/R1 . (2.12)

This profile has a core in the centre (introduced by Rmod), so that we can better
reproduce the flattening of the profile towards the centre. Again, we convolved
our model to take seeing and sampling into account during the fit. The top panel
of Figure 2.8 shows the resulting profile and fit, as well as the observed velocity
dispersion.

We first assume that turbulence plays no role in this galaxy, and we use σR as
computed above to calculate the asymmetric drift correction (Equation 2.9). The
resulting rotation curve, as well as the observed rotation curve of the ionised gas,
is shown in the top panel of Figure 2.9.

To check our asymmetric drift corrected rotation curve of the ionised gas,
we compare it with the asymmetric drift corrected stellar rotation curve. Stars
do not feel turbulence and are not influenced by thermal motions like the gas,
and therefore their observed velocity dispersion contains only contributions of
gravitational interactions: σobs = σgrav. If we are correct with our assumption
that turbulence does not play a role in the ionised gas, then the stellar corrected
rotation curve should overlap with the corrected curve of the gas. If it does not,
then we know that we should not have neglected the turbulence.
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Figure 2.8 — Top panel: observed velocity dispersion σobs of the ionised gas (black diamond) with
its best fit (black line). The grey line denotes the radial dispersion σR, calculated from the fit to σobs.
Bottom panel: same as above, but now for the stellar observed velocity dispersion (black stars). The
dotted lines represent σR and σobs as extracted from the Schwarzschild model of Krajnović et al.
(2005).

To derive the asymmetric drift correction of the stars, we obtain the observed
rotation curve, surface density and velocity dispersion of the stars from our SAURON
observations with kinemetry, and parametrise them in the same way as we did for
the ionised gas (see Figures 2.6 - 2.8 for the observed profiles and their models).
The models were convolved during the fitting as described for the ionised gas.
Because for the stars σobs = σgrav we do not need to subtract σthermal as we did for
the ionised gas and hence can calculate σR directly from Equation (2.11), where
we inserted a core radius Rc = 3.0′′ from the stellar velocity model.

In the above, we assumed that the stars lie in a thin disc, which is not the case
in NGC 2974. To check the validity of our thin disc approximation for our model
of σR, we extract this quantity from the Schwarzschild model of Krajnović et al.
(2005), for θ = 84◦, close to the z = 0 plane. The resulting profile is smoothed
and shown as the upper dotted blue line in Figure 2.8. It is not a fit to the data, but
derived independently from the Schwarzschild model, and agrees very well with
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Figure 2.9 — Top panel: observed rotation curve of the ionised gas (black diamonds) and stars
(black stars) with their asymmetric drift corrected curve (grey diamonds and stars, the lower two
curves). The correction to the ionised gas seems too high in the central part of the galaxy, when com-
pared to the corrected stellar rotation curve. Bottom panel: asymmetric drift correction (V 2

c −v2
φ )1/2

of the ionised gas (diamonds) and the stars (stars). The dashed line denotes the mean asymmetric
drift correction of the ionised gas outside 15 arcseconds.

the stellar σR we got from kinemetry. Also, σobs derived from the Schwarzschild
model (lower dotted blue line) agrees with the results from kinemetry, giving us
confidence that our stellar σR is reliable.

When we compare the asymmetric drift corrected rotation curves of the ionised
gas and of the stars in Figure 2.9, then it is clear that although for R > 15′′ the
agreement between the curves is very good, the correction for the gas is too high
in the central part of the galaxy. This is an indication that turbulence cannot be
neglected here, and needs to be taken into account.

2.4.2 Turbulence

For radii larger than 15′′, the corrected velocity curve of the ionised gas is in
agreement with the stellar corrected velocity curve, and since stellar motions are
not influenced by turbulence, we can conclude that in this region turbulence is
negligible. The bottom panel of Figure 2.9 shows the asymmetric drift correction
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Figure 2.10 — Asymmetric drift corrected rotation curve of the gas (grey diamonds), removing
turbulence as described in the text. The grey stars denote the asymmetric drift corrected rotation
curve of the stars. The two curves agree very well, suggesting that our turbulence model is adequate
for our purposes. For comparison, also the observed rotation curves of the gas and stars are plotted
(dotted lines with black diamonds and stars, respectively).

(V 2
c − v2

φ )1/2 itself, and we see that outside 15′′, the correction is more or less
constant at approximately 120 kms−1(dashed line). In order to remove the turbu-
lence from the central region in NGC 2974, we now assume that the asymmetric
drift correction has the same value everywhere in the galaxy, namely 120 kms−1.
We add this value quadratically to the observed rotation curve of the ionised gas,
and obtain the rotation curve shown in Figure 2.10. This corrected rotation curve
agrees strikingly well with the corrected rotation curve of the stars, and this is a
strong indication that our model for turbulence is reasonable, and at least good
enough to get a reliable rotation curve for the ionised gas.

We now investigate the random motions resulting from turbulence and gravi-
tational interaction in some more detail. Since we assumed a constant asymmetric
drift correction (V 2

c − v2
φ )1/2 of ∼ 120 kms−1, we can at each radius calculate

the corresponding σR with Equation (2.9). Using Equation (2.11) we obtain the
observed velocity dispersion, which in this case consists only of σgrav. Since we
know σobs, we can subtract quadratically σgrav and σthermal = 10 kms−1 to obtain
σturb.

Figure 2.11 shows σobs (deconvolved model) and its components σthermal, σgrav

and σturb. We fitted a single exponential function (Equation 2.10) with Rc = 2.1′′

to the inner 15 arcseconds of σturb and find that with this parametrisation we can
get a decent fit. We find a lengthscale of 5.0′′ for the turbulence. The fit is also
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Figure 2.11 — Observed deconvolved velocity dispersion (solid black line), with its components
σthermal (horizontal line), σgrav (open triangles) and σturb (filled dots). An exponential fit to σturb is
overplotted.

shown in Figure 2.11.

2.5 Mass model and dark matter content

In this section we combine the corrected rotation curve of the ionised gas with the
rotation curve of the neutral gas. The rotation curve of NGC 2974 rises quickly to
a maximal velocity and then declines to a somewhat lower velocity, after which
it flattens out (see e.g. Figure 2.15). Unfortunately, we lack the data to study this
decline in more detail, because our H I ring is not filled. The behaviour of our ro-
tation curve is similar to what is seen in other bright galaxies with a concentrated
light distribution (Casertano & van Gorkom 1991; Noordermeer et al. 2007). The
decline of the rotation curve in such systems could indicate that the mass distribu-
tion in the centre is dominated by the visible mass and that the dark halo only takes
over at larger radii. In contrast, in galaxies where the light distribution is less con-
centrated, such as low-luminosity later-type galaxies, the rotation curves does not
decline (e.g. Spekkens & Giovanelli 2006; Catinella, Giovanelli & Haynes 2006).

We separately model the contribution of the stars, neutral gas and dark halo to
the gravitational potential. Also we derive the total mass-to-light ratio as a func-
tion of radius, and obtain a lower limit on the dark matter fraction in NGC 2974.

In our model, we do not take the weak bar system of NGC 2974 into account.
Emsellem et al. (2003) find that the perturbation of the gravitational potential
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HST/WFPC2 MDM
Filter Band F814W I

Exposure Time (s) 250 1500
Field of View 32′′×32′′ 17.4′×17.4′

Pixel scale (arcsec) 0.0455 0.508
Date of Observation 16 April 1997 26 March 2003

Table 2.2 — Properties of the space- and ground-based imaging of NGC 2974, used to model the
stellar contribution to the potential. The MDM image was constructed of 3 separate exposures,
resulting in a total integration time of 1500 s.

caused by the inner bar in their model of this galaxy is less than 2 per cent. Also,
we find that the harmonic coefficients that could be influenced by a large scale
bar (s1, s3 and c3) are small compared to the dominant term c1 (< 4 per cent).
We therefore conclude that although the rotation curve probably is affected by the
presence of the bar system, this effect is small, and negligible compared to the
systematic uncertainties introduced by the asymmetric drift correction. Further-
more, the largest constraints in our models come from the rotation curve at large
radii, where we showed that the elongation of the potential is consistent with ax-
isymmetry.

2.5.1 Stellar contribution

The contribution of the stellar mass to the gravitational potential and the cor-
responding circular velocity can be obtained by deprojecting and modelling the
surface photometry of the galaxy. We use the Multi-Gaussian Expansion (MGE)
method for this purpose, as described in Cappellari (2002).

Krajnović et al. (2005) presented an MGE model of NGC 2974, based upon
the PC part of a dust-corrected WFPC2/F814W image and a ground-based I-band
image obtained at the 1.0m Jacobus Kapteyn Telescope (JKT). This image was
however not deep enough to yield an MGE model that is reliable out to 5 Re or
120′′, which is the extent of our rotation curve. We therefore construct another
MGE model, replacing the JKT I-band image with a deeper one obtained with
the 1.3-m McGraw-Hill Telescope at the MDM Observatory (see Table 2.2). This
image is badly contaminated by a bright foreground star, so we do not include
the upper half of the image in the fit. Since our model is axisymmetric, enough
signal remained to get a reliable fit. We also exclude other foreground stars and
bleeding from the image. The parameters of the point spread function (PSF) for
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the WFPC2 image were taken from Krajnović et al. (2005).
We match the ground-based MDM image to the higher resolution WFPC2

image, and use it to constrain the MGE-fit outside 15′′. Outside 200′′, the signal
of the galaxy dissolves into the background and we stop the fit there. We are
therefore confident of our MGE model out to a radius of at least 120′′, which is
the extent of the observed H I rotation curve. The goodness of fit can be examined
as a function of radius in Figure 2.12.

We forced the axial ratios q j of the Gaussians to lie in the interval [0.58,
0.80] (which is the same range as Krajnović et al. (2005) used in their paper),
maximising the number of allowed inclinations and staying as close as possible to
a model with constant ellipticity, without significantly increasing the χ2 of the fit.
This resulted in an MGE model consisting of twelve Gaussians, whose parameters
can be found in Table 2.3. The parameters of the inner Gaussians agree very well
with the ones in Krajnović et al.ś model, which is not surprising as we used the
same dust-corrected WFPC image. The outer Gaussians deviate, where their JKT
image is replaced by our MDM image.

Figure 2.13 shows the WFPC2 and MDM photometry and the overlaid con-
tours of the MGE model. Also shown is the masked MDM image. The devia-
tions in the WFPC plot between the isophotes and the MGE model around 10′′

are point-symmetric and therefore probably reminiscent of a spiral structure (e.g.
Emsellem et al. 2003). The deviations are however small, and we conclude that
the MGE model is a good representation of the galaxy surface brightness.

2.5.2 Gas contribution

The contribution of the H I ring to the gravitational potential is small compared
to the stars and halo (5.5× 108M⊙, three orders of magntiude smaller than the
stellar mass) but still included in our mass models. We include a factor 1.3 in
mass to account for the helium content of the ring. The mass of the ionised gas is
estimated at only 2.2×105M⊙ (Sarzi et al. 2006), and therefore can be neglected
in our models.

2.5.3 Mass-to-light ratio

By comparing the observed rotation curve and the light distribution from the MGE
model, we can already calculate the mass-to-light ratio in NGC 2974. The en-
closed mass within a certain radius r in a spherical system follows directly from
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j I j(L⊙ pc−2) σ j (arcsec) q j L j(×109L⊙)

1 187628. 0.0376306 0.580000 0.0099
2 44798.9 0.0923231 0.800000 0.0197
3 25362.4 0.184352 0.800000 0.0445
4 28102.0 0.343100 0.586357 0.1251
5 23066.0 0.607222 0.722855 0.3964
6 9694.88 1.20984 0.774836 0.7089
7 5019.87 3.56754 0.659952 2.7186
8 1743.48 9.23267 0.580000 5.5578
9 329.832 16.9511 0.770081 4.7057
10 111.091 30.5721 0.580000 3.8829
11 96.2559 44.0573 0.717554 8.6440
12 16.7257 103.085 0.800000 9.1678

Table 2.3 — Parameters of the Gaussians of the MGE model of NGC 2974. From left to right:
number of the Gaussian, central intensity, width (standard deviation), axial ratio and total intensity.

the circular velocity:

M(< r) =
V 2

c r

G
, (2.13)

with G the gravitational constant. Here we assume that the gravitational potential
of the total galaxy is spherical symmetric. This is clearly not the case for the
neutral gas, which resides in a thin disc. However, the total mass of the gas is three
orders of magnitudes smaller than the total mass, and therefore can be neglected.
Also, the stars reside in a flattened potential, as can be shown from their MGE
model. But since we cannot disentangle the contributions of the stars and the dark
matter to the observed rotation velocity a priori, we will for the moment assume
that also the stellar mass density can be approximated by a spherical distribution.

Since we know the mass within a sphere of radius r, we also need to calculate
the enclosed I-band luminosity within a sphere. We first obtain the gravitational
potential of our MGE model as a function of radius (see appendix A of Cappellari
et al. 2002). Here, we take the flattening of the separate Gaussians into account.
We subsequently calculate the corresponding circular velocity, with an arbitrary
M∗/L. To find the luminosity enclosed in a sphere we calculate the spherical
mass needed to produce this circular velocity with Equation (2.13), and convert
this mass back to a luminosity using the same M∗/L that we used to calculate
the velocity curve. This way we have replaced the luminosity within a flattened
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Figure 2.12 — Left panels: comparison between the WFPC2 and MDM photometry (open squares)
and the convolved gaussians composing the MGE model of NGC 2974 (solid line), as a function
of radius. Different panels show different angular sectors. Right panels: relative error of the MGE
model compared to the data, as a function of radius.

axisymmetric ellipsoid (oblate sphere) by a sphere with radius equal to the long
axis of the ellipsoid.

With this method we arrive at a mass-to-light ratio M/LI = 8.5 M⊙/L⊙,I at 5
effective radii (1Re = 24′′). In the literature, this value is usually expressed in B-
band luminosities. Using an absolute magnitude of MB = −20.07 for NGC 2974
(see Table 2.1), we find that M/LB = 14 M⊙/L⊙,B. We checked that MB is con-
sistent with our MGE model, adopting a colour B− I = 2.13 for NGC 2974 (see
Tonry et al. 2001 and Table 2.1). H I studies of other early-type galaxies yield sim-
ilar numbers (Morganti et al. 1997 and references therein). For example, Franx et
al. (1994) find M/LB =16 M⊙/L⊙,B at 6.5 Re using the H I ring around IC 2006,
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Figure 2.13 — Contour maps of the I-band photometry of NGC 2974. From top to bottom: dust-
corrected PC of WFPC2/F814W image and MDM image. The grey area in the MDM image indi-
cates the area that has been excluded from the fit, because of contamination by the bright foreground
star. Apart from this area, other foreground star were also masked during the fit. Overplotted are
the contours of the MGE surface brightness model, convolved with the PSF of WFPC2.
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Figure 2.14 — M/LI as a function of radius. The increase of M/LI is a strong indication for a dark
matter halo around NGC 2974.

and Oosterloo et al. (2002) report M/LB = 18 M⊙/L⊙,B for NGC 3108 at 6 Re.
Figure 2.14 shows the increase of M/LI with radius. We find that within

1 Re, M/LI = 4.3 M⊙/L⊙,I , which agrees with the results from Schwarzschild
modeling of Krajnović et al. (2005) and Cappellari et al. (2006). The increase of
M/L indicates that the fraction of dark matter grows towards larger radii.

2.5.4 Dark matter fraction

To calculate the dark matter fraction, we need to know the stellar mass-to-light ra-
tio M∗/L. An upper limit on M∗/LI can be derived by constructing a maximal disc
model. From the MGE model we calculate a rotation curve (taking the flattening
of the potential into account, as in Cappellari et al. 2002), and we increase M∗/LI

until the calculated curve exceeds the observed rotation curve. This way, we find
that M∗/LI cannot be larger than 3.8 M⊙/L⊙,I . We plotted the rotation curve of
the maximal disc model, together with the observed rotation curve in Figure 2.15.
The rotation curve of the model has been convolved to take seeing and the resolu-
tion of the observations into account, as described in § 2.4.1. The contribution of
the neutral gas to the gravitational potential has been included in the model, but
has only a negligible effect on the fit.

It is clear that even in the maximal disc model, a dark matter halo is needed
to explain the flat rotation curve of the H I gas at large radii. From this model, we
can calculate a lower limit to the dark matter fraction in NGC 2974. We then find
that within one Re, 12 per cent of the total mass is dark, while within 5 Re, this
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Figure 2.15 — Best fit of a maximal disc model to the observed rotation curve. Grey points indicate
the observations and the thick black curve is the fit to these datapoints. This curve is calculated from
the combined stellar and gaseous mass, and convolved with a kernel that takes seeing and sampling
into account. The stellar mass-to-light ratio in this model is 3.8 M⊙/L⊙,I .

fraction has grown to 55 per cent.
There is however no reason to assume that the stellar mass-to-light ratio is well

represented by its maximal allowed value. Cappellari et al. (2006) find M∗/LI =
2.34 M⊙/L⊙,I for NGC 2974, measured from line-strength values using single
stellar population models. The formal error that they report on this mass-to-light
ratio is ∼ 10 per cent, but they warn that this value is strongly assumption de-
pendent. Secondary star formation in a galaxy can result in an underestimation of
M∗/L, and the GALEX observations of Jeong et al. (2007) indeed show evidence
for recent star formation in NGC 2974. The population models of Cappellari et al.
(2006) are based on a Kroupa initial mass function (IMF), but if instead a Salpeter
IMF is used, their M∗/LI values increase by ∼ 40 per cent, which for NGC 2974
would result in M∗/LI = 3.3 M⊙/L⊙,I . Cappellari et al. (2006) discard the Salpeter
IMF based models, because for a large part of their sample their models then have
M∗/LI > Mtot/LI , which is unphysical.

If we adopt M∗/LI = 2.34 M⊙/L⊙,I from the stellar population models, then
46 per cent of the total mass within 1 Re is dark. The dark matter fraction increases
to 72 per cent within 5 Re. See Figure 2.16 for the change in dark matter fraction
as a function of radius, and the comparison with the lower limits derived above.

Gerhard et al. (2001) and Cappellari et al. (2006) find an average dark matter
fraction of ∼ 30 per cent within one effective radius in early-type galaxies, but
we note that NGC 2974 is an outlier in the sample of Cappellari et al. The value
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Figure 2.16 — Dark matter fraction (filled dots) and stellar mass fraction (stars). The black solid
lines assume a stellar M/LI of 2.34 M⊙/L⊙,I as predicted by single stellar population models of
NGC 2974. The grey dashed lines provide lower and upper limits for the dark matter and stellar
mass fraction, respectively, and are based on M∗/LI = 3.8 M⊙/L⊙,I , from the maximal disc model.

of 47 per cent that we find is a bit high compared to this average, though the
minimal fraction of dark matter is 14 per cent in our galaxy. Without an accurate
determination of M∗/L we can not give a more precise estimate on the dark matter
fraction in NGC 2974.

2.5.5 Halo models

We now include a dark halo in our model, to explain the flat rotation curve that we
extracted from the H I ring. We explore two different halo models: the pseudo-
isothermal sphere and the NFW profile.

The pseudo-isothermal sphere has a density profile given by:

ρ(r) =
ρ0

1+(r/rc)2 , (2.14)

where ρ0 is the central density of the sphere, and rc is the core radius.
The velocity curve resulting from the density profile of the pseudo-isothermal

sphere is straightforward to derive analytically, and given by

V 2
c (r) = 4πGρ0r2

c

(

1− rc

r
arctan

r

rc

)

. (2.15)

The NFW profile was introduced by Navarro et al. (1996) to describe the
haloes resulting from simulations, taking a cold dark matter cosmology into ac-
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count. This profile has a central cusp, in contrast to the pseudo-isothermal sphere
which is core-dominated. Its density profile is given by

ρ(r) =
ρs

r/rs

(

1+ r/rs

)2 , (2.16)

with ρs the characteristic density of the halo and rs a characteristic radius. The
velocity curve of the NFW halo is given by

V 2
c (r) = V 2

200
ln(1+ cx)− cx/(1+ cx)

x[ln(1+ cx)− c/(1+ c)]
, (2.17)

where x = r/r200 and c the concentration parameter defined by c = r200/rs. r200

is defined such that within this radius the mean density is 200 times the cricital
density ρcrit, and V200 is the circular velocity at that radius. These parameters
depend on the assumed cosmology.

We construct mass models of NGC 2974 including a dark matter halo with
the observed stellar and gaseous mass. We then calculate the circular velocity
resulting from our models, by adding the circular velocities resulting from the
separate components:

V 2
c (r) = V 2

c,halo +V 2
c,stars +V 2

c,gas, (2.18)

and fit these to our observed rotation curve. The inner 25′′ of our model rotation
curve, which are based on the SAURON ionised gas measurements, are convolved
with a kernel to take seeing and sampling into account, as described in § 2.4.1.

For both profiles, we found that we could not constrain the stellar mass-to-
light ratio in our models because of degeneracies: for each M∗/LI below the max-
imal disc value of 3.8 M⊙/L⊙,I we could get a decent fit. We therefore show two
fits for each model, with M∗/L values that are justified by either linestrength mea-
surements and single stellar population models (M∗/LI = 2.34 M⊙/L⊙,I) or the
observed rotation curve itself (M∗/LI = 3.8 M⊙/L⊙,I). This last case would be a
model requiring a minimal halo.

The best fit models for a dark halo described by a pseudo-isothermal sphere
is shown in Figure 2.17. The model in the top panel has a fixed M∗/LI = 2.34
M⊙/L⊙,I , while the bottom panel shows the model with M∗/LI = 3.8 M⊙/L⊙,I .
The first model fits the SAURON measurement of the rotation curve well, but
has a small slope at the outer part, where the observations show a flat rotation
curve. Nevertheless, this model provides a good fit, with a minimal χ2 = 27 for
27− 2 = 25 degrees of freedom. We find for this model ρ0 = 19 M⊙ pc−3 and
core radius rc = 2.3′′ = 0.23 kpc. The second model with M∗/LI = 3.8 M⊙/L⊙,I
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Figure 2.17 — Best fit models of a dark halo represented by a pseudo-isothermal sphere. The top
panel has a stellar M∗/LI of 2.34 M⊙/L⊙,I from stellar population models, and the bottom panel
has M∗/LI = 3.8 M⊙/L⊙,I from the maximal disc model. The grey dots are our observations from
the ionised gas (asymmetric drift corrected) and H I gas. The rotation curves resulting from the
potentials of the halo, stars and gas are plotted separately, where the first two are unconvolved. The
bold line denotes the fit to the data, and is the convolved rotation curve resulting from the combined
potential of halo, stars and gas.

provides a better fit to the H I measurements, but has problems fitting the central
part of the rotation curve. The model has a lower central density ρ0 = 0.06 M⊙
pc−3 and larger core radius rc = 54′′ = 5.4 kpc. The fit is worse than for the
previous model, with χ2 = 133.

Figure 2.18 shows the best fitting-models with an NFW dark halo. This model
fits the data less well than the pseudo-isothermal sphere: for the model with
M∗/LI = 2.34 M⊙/L⊙,I (top panel) we find a minimal χ2 = 44 for 27− 2 de-
grees of freedom. The corresponding parameters of the density function are ρs =
1.1 M⊙ pc−3 and rs = 21′′ = 2.1 kpc. For M∗/LI = 3.8 M⊙/L⊙,I the fit is worse
(χ2 = 144) but the outer part of the rotation curve is better fitted. We find ρs = 1.1
×10−3 M⊙ pc−3 and rs ≈ 1300′′, which corresponds to approximately 130 kpc.

Adopting H0 = 73 km s−1 Mpc−1, the critical density is given by ρcrit =
3H2

0 /8πG = 1.5× 10−7 M⊙ pc−3. We calculate the concentration parameter c,
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Figure 2.18 — Same as Figure 2.17, but now with a dark halo contribution given by an NFW
profile. The top panel has the stellar M∗/LI value from population models (2.34 M⊙/L⊙,I), and the
bottom panel from the maximal disc model (3.8 M⊙/L⊙,I).

given that

ρs

ρcrit
=

200
3

c3

ln(1+ c)− c/(1+ c)
, (2.19)

and find c = 71 and c = 4.7 for the NFW profiles in the M∗/LI = 2.34 M⊙/L⊙,I

and M∗/LI = 3.8 M⊙/L⊙,I models, respectively. These values are quite deviant
from the value that is expected from cosmological simulations (c ∼ 10, Bullock et
al. 2001). When fixing c = 10 and fitting again an NFW halo to our observations
with M∗/LI and the scale radius as free parameters, we arrive at the model shown
in Figure 2.19. We find M∗/LI = 3.3 M⊙/L⊙,I and rs ≈ 380′′ ≈ 38 kpc, with a
minimal χ2 value of 87 for 27− 2 degrees of freedom. We regard this model as
more realistic than the two other NFW profiles mentioned above, but since also
here the fit is not perfect, we cannot conclude that therefore M∗/LI = 3.3 M⊙/L⊙,I

is a better estimate for the stellar mass-to-light ratio in NGC 2974, than the value
from the stellar population models.

The results of the halo models discussed above are summarized in Table 2.4.
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Figure 2.19 — Best fit model of a dark halo with an NFW profile, with a concentration parameter
c = 10 as indicated by cosmological simulation. This model has a stellar M/L of 3.3 M⊙/L⊙,I . The
red dots are the observations, and the black bold line the fit to these observations. The contributions
of halo, stars and gas are plotted separately, where the first two curves are unconvolved.

2.5.6 MOND

An alternative to including a dark matter halo in a galaxy to explain its rotation
curve at large radii, is provided by Modified Newtonian Dynamics (MOND, Mil-
grom 1983). In this theory, Newtonian dynamics is no longer valid for small
accelerations (a ≪ a0), but instead the acceleration a in a gravitational field is
given by

aµ(a/a0) = aN , (2.20)

where aN is the Newtonian acceleration and µ is an interpolation function, such
that µ(x) = 1 for x ≫ 1 and µ(x) = x for x ≪ 1. Given the stellar mass-to-light
ratio of a galaxy, MOND predicts its rotation curve. An overview of properties
and predictions of MOND is offered by Sanders & McGaugh (2002).

We fitted our rotation curve of NGC 2974 with M∗/LI as a free parameter. For
a0 we adopted the value of 1.2× 10−8 cm/s2, which was derived by Begeman,
Broeils & Sanders (1991) from a sample of spiral galaxies. The contribution of
the neutral gas is included in our model in the same way as described before, as
well as a convolution to take seeing and sampling into account.

NGC 2974 is an ideal candidate to study the transition between the Newto-
nian and MOND regime, since the Newtonian acceleration reaches a0 at a radius
of approximately 95′′ if we adopt a stellar mass-to-light ratio of 2.34 M⊙/L⊙,I .
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Halo profile M∗/LI ρ0,ρs rc,rs c χ2

(M⊙/L⊙,I) (M⊙ pc−3) (kpc)
Pseudo- 2.34 19 0.23 - 27

isothermal 3.8 0.06 5.4 - 133
2.34 1.1 2.1 71 44

NFW 3.8 0.0011 130 4.7 144
3.3 0.0067 38 10 87

Table 2.4 — Comparison of the best fit models with a dark matter halo, as described in the text.

For larger M∗/LI , this radius increases, and for the maximum disc value of 3.8
M⊙/L⊙,I , a0 is reached around 120′′. This means that a large part of the observed
rotation curve lies in the transition region, and we could therefore use NGC 2974
to discriminate between interpolation function.

We first constructed a model with the standard interpolation function of MOND,

µ(x) =
x√

1+ x2
. (2.21)

The resulting fit is shown as model I in Figure 2.20. This model has the same
M∗/LI value as the maximal disc model, 3.8 M⊙/L⊙,I , but does clearly not provide
a good fit to the data.

We constructed a second model, with an alternative interpolation function ex-
plored by Famaey & Binney (2005),

µ(x) =
x

1+ x
. (2.22)

This function makes the transition between the Newtonian and the MOND region
less abrupt than the standard interpolation function and requires a lower M∗/LI .
The fit provided by this model to the data is much better (Model II in Figure 2.20),
but formally less good than a model with a dark matter halo. This model requires
M∗/LI =3.6 M⊙/L⊙,I , and the fit yields χ2 = 98, for 27-1 degrees of freedom.

Famaey & Binney (2005) find that their simple interpolation function provides
better constraints to the terminal velocity of the Milky Way than the standard
function. Famaey et al. (2007) fitted the rotation curves of a sample of galaxies
with Hubble types ranging from small irregular dwarf galaxies to large early-
type spirals, and report that both interpolating functions fit the data equally well.
However, Sanders & Noordermeer (2007) find that for their sample of early-type
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Figure 2.20 — Observed rotation curve (grey datapoints) and best fitting models with a MOND
rotation curve. The dashed line (Model I) is constructed with the standard interpolation function,
while the thick line (Model II) uses an alternative simple interpolation function (see text).

disc galaxies the simple interpolation function yields more sensible values for
M∗/L than the standard one.

It would be interesting to see whether there is a preference for the simple in-
terpolation function over the standard one in early-type galaxies. In this scenario,
the challenge for MOND would be to provide a universal interpolation function
that would fit rotation curves of all galaxy types along the Hubble sequence. So
far, mostly spirals and dwarf galaxies have been confronted with MOND, but with
more early-type galaxies getting detected in H I and more rotation curves becom-
ing available, the sampling in morphology should become less biased to late-type
galaxies.

2.6 Summary

We obtained H I observations of the early-type galaxy NGC 2974 and found that
the neutral gas resides in a ring. The ring starts around 50′′, and extends to 120′′,
which corresponds to 12 kpc or 5 effective radii. The total mass of the neutral gas
is 5.5×108M⊙.

We compared the velocity field of the H I ring with the kinematics of the
ionised gas. We found that both velocity fields are very regular and nicely aligned,
indicating that they could form a single disc. A harmonic decomposition of the
velocity field showed that at large radii the gravitational potential is consistent
with an axisymmetric shape.



44 CHAPTER 2. THE DARK MATTER HALO IN NGC 2974

We introduced a new way to correct the rotation curve of the ionised gas for
asymmetric drift. We found that the correction approaches a constant value and
this enabled us to remove the effect of turbulence on the rotation curve, assuming
a constant asymmetric drift correction throughout the galaxy. We confirmed that
this assumption is valid in NGC 2974, by comparing with the asymmetric drift
corrected rotation curve of the stars (which was not affected by turbulence). An
interesting question is whether other galaxies show the same behaviour. If this is
the case, then with our method we would be able to investigate rotation curves
of ionised gas and the effects of turbulence in more detail in other galaxies, and
search for connections with e.g. spiral structure and bars. Although in principle
we could for NGC 2974 also have used the stellar rotation curve together with the
H I to constrain the mass models, this will not be the case for all galaxies. For in-
stance, in low surface brightness galaxies stellar kinematics are not easy to obtain,
and even in high surface brightness galaxies, the absorption line kinematics need
to be binned to higher signal-to-noise than the emission line kinematics, provided
that ionised gas is present.

It is clear from the rotation curve of NGC 2974 that dark matter is required
to explain the observed velocities.We found that the total mass-to-light ratio in-
creases from 4.3 M⊙/L⊙,I at 1 Re to 8.5 M⊙/L⊙,I at 5 Re. This last value would
correspond to 14 M⊙/L⊙,B in B-band. Even in the maximal disc model, 55 per
cent of the total mass is dark, and an additional dark halo needs to be included.

We constructed mass models of NGC 2974, where we modeled both the stellar
and gaseous contribution to the gravitational potential. The latter is negligible
compared to the stars (Mgas ∼ 0.001M∗), but still included in our models. For the
dark halo, we tested two different profiles: the core-dominated pseudo-isothermal
sphere and the cuspy NFW profile. We experimented with different values for the
stellar mass-to-light ratio, but found that we cannot constrain this value with just
the rotation curve: for most M∗/L smaller than the maximal disc value, we could
obtain a decent fit for both the pseudo-isothermal sphere and the NFW profile.
If we compare models with M∗/LI from single stellar population models (2.34
M⊙/L⊙,I) with maximal disc model (M∗/LI = 3.8 M⊙/L⊙,I), then the first provide
better fits to the data. Especially the inner datapoints are better reproduced with
M∗/LI = 2.34 M⊙/L⊙,I , but we note that the H I data points are better fitted in the
models with the larger M∗/LI value. The pseudo-isothermal sphere fits our data
marginally better than the NFW profile, but the difference is not significant. With
MOND we can also reproduce the observed rotation curve, but not as well as with
models that include a dark matter halo.

The largest uncertainty in our analysis is the stellar mass-to-light ratio. We can
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only derive an upper limit on this ratio from the maximal disc model or e.g. from
Schwarzschild modeling, since M∗/L should always be equal to or smaller than
the dynamical M/L. Values for M∗/L from stellar population synthesis models
depend significantly on the model assumptions: we mentioned already that going
from a Kroupa to a Salpeter IMF can increase M∗/L by as much as 40 per cent.
Also, even low-level secondary star formation can affect M∗/L severely. Further-
more, there is no reason why the M∗/L should remain constant over 5 effective
radii, which we assumed when modeling the stellar mass. If the stellar mass-to-
light ratio were known, we would be able to determine the dark matter fraction in
the galaxy with more accuracy, and either rule out or confirm the maximal disc
hypothesis. Also, since M∗/L is the only free parameter when fitting a rotation
curve in MOND, knowing this value would provide us with a rotation curve that
can be compared to the data directly, providing a clear test for MOND.

We have shown in this paper that it is possible to combine rotation curves
of neutral and ionised gas, correcting the latter one for asymmetric drift using
the Jeans equations and the higher order velocity moments of the collisionless
Boltzmann equations. Our method to correct for the asymmetric drift therefore
does not require a cold disc assumption (σ ≪Vc). With more early-type galaxies
getting detected in H I, and more high quality rotation curves becoming available,
we can now study the shape of their dark matter haloes.
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2.7 Appendix: Asymmetric drift correction in a thin disc

In this appendix we derive expressions for the asymmetric drift correction in a
stationary axisymmetric system, using the velocity moments of the collisionless
Boltzmann equation. We then evaluate this expression in a thin disc approxima-
tion. Our method does not require that the velocity dispersion should be small
compared to the circular velocity (σ/Vc ≪ 1) and is comparable to the “hot disc
model”, (see e.g. Häring-Neumayer et al. 2006).

2.7.1 The velocity ellipsoid

To derive the asymmetric drift correction we start from the collisionless Boltzman
equation for a stationary axisymmetric galaxy and using cylindrical coordinates
~r = (R,φ ,z),

vR

∂ f

∂R
+ vz

∂ f

∂ z
+

(v2
φ

R
− ∂Φ

∂R

) ∂ f

∂vR

− vRvφ

R

∂ f

∂vφ
− ∂Φ

∂ z

∂ f

∂vz

= 0, (2.23)

with f (R,z;vR,vφ ,vz) the distribution function, Φ(R,z) the underlying potential
and ν(~r) the (luminosity) density given by

∫

f (~r;~v)d~v. We multiply the above
equation by vR and subsequently integrate over all velocities. We then obtain the
Jeans equation:

∂ (νv2
R)

∂R
+

∂ (νvRvz)

∂ z
+

ν

R

(

v2
R − v2

φ +R
∂Φ

∂R

)

= 0. (2.24)

Since our system is axisymmetric, we set ∂ν/∂ z = 0 by symmetry. Substituting
the circular velocity V 2

c = R(∂Φ/∂R), we arrive at Equation (4-227) of Binney &
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Tremaine (2008):

V 2
c = vφ

2 −σ 2
R

[∂ lnν

∂ lnR
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∂ lnσ 2
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∂ lnR
+1−

σ2
φ

σ2
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]

, (2.25)

with σ 2
φ = v2

φ − vφ
2, σ2

R = v2
R and σ 2

z = v2
z . The observed velocity field gives vφ ,

and the remaining terms in Equation (2.25) form the asymmetric drift correction.
The last term in the asymmetric drift correction depends on the alignment of

the velocity ellipsoid. In case of alignment with the cylindrical coordinate system
(R,φ ,z) we have vRvz = 0, while in case of alignment with the spherical coordinate
system (r,θ ,φ) we have vRvz = (σ 2

R − σ 2
z )(z/R)/[1 − (z/R)2], which becomes

proportional to z/R close to the disc plane. These are two extreme situations, and
we introduce the parameter κ to find a compromise:

vRvz = κ(σ 2
R −σ 2

z )
z/R

1− (z/R)2 , 0 ≤ κ ≤ 1, (2.26)

where a typical value for κ is 0.5 for disc galaxies (e.g. Kent & de Zeeuw 1991).
To evaluate the asymmetric drift correction, we need expressions for σφ/σR

and σz/σR. We use higher order velocity moments of the collisionless Boltzmann
equation to derive these expressions.

Starting again from Equation (2.23), we multiply by vRvφ and integrate over
all velocities:

∂ (νv2
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= 0. (2.27)

Aligning the velocity ellipsoid in the azimuthal direction we have v2
R(vφ − vφ ) = 0

and vRvz(vφ − vφ ) = 0, so that v2
Rvφ = σ 2

Rvφ and vRvzvφ = vRvz vφ . We substitute
these relations in Equation (2.27), and subtract vφ times the Jeans equation (2.24):

νσ 2
R

∂vφ

∂R
+νvrvz

∂vφ

∂ z
+

ν

R

[

σ2
Rvφ −

(

v3
φ − v2

φ vφ

)

]

= 0. (2.28)

We substitute v3
φ − v2

φ vφ = 2σ 2
φ vφ + (vφ − vφ

3) and vRvz from Equation(2.26) to
arrive at
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, (2.29)
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where we have introduced the logarithmic slopes

αR =
∂ lnvφ

∂ lnR
, and αz =

∂ lnvφ

∂ lnz
. (2.30)

To obtain an expression for σz/σR we again start with the collisionless Boltz-
mann equation, but now multiply with vz(vφ − vφ ) before integrating over all ve-
locities:
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1+
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+νσ 2
z

∂ lnvφ
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= 0. (2.31)

Substituting Equation (2.26) we find

σ2
z

σ2
R

=
κz2(1+αR)

κz2(1+αR)− (R2 − z2)αz

, (2.32)

The above expressions can be inserted into Equation (2.25) to obtain the asym-
metric drift correction and therefore the true circular velocity. In practice, we of-
ten apply the asymmetric drift correction in the thin disc approximation, because
from observations the z-dependence is not straigthforward to derive.

In the thin disc approximation, we have z ≪ R, and therefore we can write
Equation (2.26) as

vRvz = κ(σ 2
R −σ 2

z )
z

R
. (2.33)

and following the same reasoning as before, we see that the expressions in Equa-
tions (2.29) and (2.32) simplify slightly: in the first expression the one-to-last term
disappears, and for the second one, (R2− z2) gets replaced by R2 in the nominator
of the expression. Furthermore, the derivative of vRvz simplifies considerably.

We find the following expression for the asymmetric drift correction in the
thin disc approximation, after substitution in Equation (2.25):
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− κR2αz

κz2(1+αR)−R2αz

]

. (2.34)

The one-to-last term vanishes in the case of a velocity ellipsoid symmetric around
vφ = vφ . This need not necessarily be the case, and the exact form of (vφ − vφ )3

depends on the underlying distribution function, which in general cannot be con-
strained easily (e.g. Kuijken & Tremaine 1991). However, since this term is a
factor σ2

R smaller than the other terms, it can be safely ignored for most purposes.
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2.7.2 Observables

Here we investigate how in the thin disc approximation we can correct our ob-
served velocity field for asymmetric drift, to obtain the true circular velocity Vc.
This quantity traces the potential and therefore the mass of the galaxy.

In a thin disc, we can replace ∂ lnν/∂ lnR by the slope of the surface bright-
ness ∂ lnΣ/∂ lnR. This slope can be obtained directly from observations.

The observed velocity and velocity dispersion of an axisymmetric thin disc
seen under an inclination i is given by:

V = vsys + vφ cosφ sin i,

σ2 = σ 2
R sin2 φ sin2 i+σ 2

φ cos2 φ sin2 i+σ 2
z cos2 i

−vRvz sinφ sin2i. (2.35)

It is straightforward to obtain vφ from the observed velocity field, and though αR

can be estimated rather well, αz is less easy to constrain. Therefore, we fit to vφ

the prescription of Evans & de Zeeuw (1994) for power-law models:

vmod ∝
R

(R2
c +R2 + z2/q2

Φ)1/2+β/4
, (2.36)

where Rc is the core radius, qΦ the flattening of the potential and β the logarithmic
slope of the rotation curve at large radii (such that β = 0 implies a flat rotation
curve).

For the slopes of vφ we find that:

αR = 1− (1+β/2)R2

R2
c +R2 + z2/q2

Φ

αz = − (1+β/2)z2/q2
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= − z2

q2
ΦR2

(1−αR), (2.37)

so that with vRvz = 0 in the disc plane, we obtain:
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2
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]

. (2.38)

When evaluated along the major axis, cos2 φ = 1.
Assuming that the velocity ellipsoid is symmetric around vφ = vφ the corre-

sponding term in Equation (2.34) vanishes. Inserting the relations obtained from
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the power-law model, we arrive at the following expression for the circular veloc-
ity:

V 2
c = vφ
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R
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∂ lnR
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∂ lnσ 2
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∂ lnR
+

1
2
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Chapter 3

Stellar velocity profiles and line
strengths out to four effective radii

in the early-type galaxies
NGC 3379 and NGC 821

We use the integral-field spectrograph SAURON to measure the stellar line-
of-sight velocity distribution and absorption line strengths out to four effec-
tive radii (Re) in the early-type galaxies NGC 3379 and NGC 821. With
our newly developed observing technique we can now probe these faint re-
gions in galaxies that were previously not accessible with traditional long-
slit spectroscopy. We make optimal use of the large field-of-view and high
throughput of the spectrograph: by adding the signal of all ∼1400 lenslets
into one spectrum, we obtain sufficient signal-to-noise in a few hours of
observing time to reliably measure the absorption line kinematics and line
strengths out to large radius.

We find that the line strength gradients observed within 1 Re remain constant
out to at least 4 Re, which puts constraints on the merger histories of these
galaxies. The stellar halo populations are old and metal-poor. By construct-
ing orbit-based Schwarzschild dynamical models we find that dark matter is
needed to explain the observed kinematics in NGC 3379 and NGC 821, with
30 - 50% of the total matter being dark within 4 Re. The radial anisotropy
in our best-fit halo models is less than in our models without halo, due to
differences in orbital structure. The halo also has an effect on the Mg b -Vesc

relation: its slope is steeper when a dark halo is added to the model.

Anne-Marie Weijmans, Michele Cappellari, Roland Bacon, P. Tim de Zeeuw,
Eric Emsellem, Jesús Falcón-Barroso, Harald Kuntschner, Richard M. McDermid,

Remco C. E. van den Bosch & Glenn van de Ven
Monthly Notices of the Royal Astronomical Society, in press (2009)
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3.1 Introduction

According to the current galaxy formation paradigm, galaxies should be em-
bedded in massive dark matter haloes (e.g. Kauffmann & van den Bosch 2002;
Springel et al. 2005). For spiral galaxies, these haloes have indeed been ob-
servationally confirmed, by determining their influence on the kinematics of the
H I discs that surround most of these galaxies (see e.g. van Albada et al. 1985).
Early-type galaxies often lack these large gas discs, and therefore their dark matter
haloes are more difficult to probe. Although some early-type galaxies do have reg-
ular H I structures that have been used to identify a dark matter halo (e.g. Bertola
et al. 1993; Franx, van Gorkom & de Zeeuw 1994; Oosterloo et al. 2002; Wei-
jmans et al. 2008) and recent sensitive radio observations have shown that H I

in these galaxies is more common than previously thought (e.g. Morganti et al.
2006), for the majority of early-type galaxies we need to employ other tracers to
determine the dark matter content.

Stellar kinematics are a reliable tracer of the gravitational potential in galaxies.
Unfortunately, traditional long-slit spectroscopy seldom reaches beyond two half-
light or effective radii (Re), because the necessary signal-to-noise ratio (S/N) is
difficult to achieve in this regime. In the central parts of galaxies this is not an
issue, and it has been shown by various studies that in early-type galaxies within
one Re the luminous matter still dominates over the dark matter: only 10 - 50 per
cent of the total mass is dark (Gerhard et al. 2001; Cappellari et al. 2006; Thomas
et al. 2007). These data however do not cover the outer regions of galaxies, where
the dark matter is supposed to dominate. Models of early-type galaxies based on
long-slit stellar kinematics extending to larger radii are not always conclusive, but
indicate that a dark halo is required in some individual cases (e.g. Carollo et al.
1995; Rix et al. 1997).

To probe the gravitational potential at larger radii (outside one Re), we can
resort to gravitational lensing (e.g. Koopmans et al. 2006; Gavazzi et al. 2007),
X-ray emission (e.g. O’Sullivan & Ponman 2004; Humphrey et al. 2006) or dis-
crete tracers such as globular clusters (e.g. Côté et al. 2003; Bridges et al. 2006)
or planetary nebulae (e.g. Romanowsky et al. 2003; Douglas et al. 2007; Napoli-
tano et al. 2009). Interestingly, Romanowsky et al. (2003) found that models
of their sample of three intermediate luminosity early-type galaxies only required
a small amount of dark matter, if any at all. Dekel et al. (2005) subsequently
argued that the observed kinematics of the planetary nebulae (PNe) could also
be explained by invoking radial anisotropy, and therefore do not exclude a dark
halo (see also Binney & Mamon 1982). Douglas et al. (2007) presented newly
reduced PNe kinematics for one of the galaxies of the Romanowksy et al. sample
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Parameter NGC 821 NGC 3379
Morphological Type E6? E1
MB (mag) -20.74 -20.57
Effective B−V (mag) 0.87 0.93
Photometric PA (◦) 32 68
Distance modulus (mag) 31.85 30.06
Distance (Mpc) 23.4 10.3
Distance scale (pc arcsec−1) 114 50
Effective radius (arcsec) 39 42
Systemic velocity (km/s) 1726 930

Table 3.1 — Properties of NGC 821 and NGC 3379. Magnitude and colour are taken from the
Lyon/Meudon Extra galactic Database (LEDA). The distance modulus was derived from surface
brightness fluctuation measurements by Tonry et al. (2001). Note that 0.06 mag is subtracted to
adjust to the Cepheid zeropoint of Freedman et al. (2001); see Mei et al. (2005), section 3.3, for a
discussion. The effective radius and position angle are taken from Cappellari et al. (2007).

(NGC 3379) and found the dark matter fraction within 5 Re to be less than 40
per cent, which is significantly lower than what is predicted by ΛCDM models.
Napolitano et al. (2009) reached similar conclusions modeling PNe kinematics in
the elliptical galaxy NGC 4494 and suggested that intermediate-luminosity galax-
ies are surrounded by low concentration haloes, while some high-mass ellipticals
could have more strongly concentrated haloes. De Lorenzi et al. (2009) pre-
sented mass models of NGC 3379 based on the PNe kinematics of Douglas et
al. (2007), combined with long-slit and central SAURON integral-field data, and
concluded that they can fit the data with a range of mass distributions, depending
on the anisotropy. They did not exclude a dark matter halo with a strong radially
anisotropic outer envelope, that is still consistent with merger models within the
ΛCDM paradigm.

We observed two of the galaxies of the Romanowsky et al. (2003) sample,
NGC 3379 and NGC 821, with the SAURON integral-field unit (IFU), to measure
the line-of-sight velocity distribution (LOSVD) at large radii (3-4 Re). We took
advantage of the high throughput and large field-of-view of SAURON (41 × 33
arcsec2) and used the IFU as a “photon collector”: for each observation we co-
added all spectra within one field to acquire enough S/N to measure the LOSVD
up to the fourth Gauss-Hermite moment h4. These higher order moments are key
to breaking the mass-anisotropy degeneracy when constructing mass models and
determining the dark matter content of galaxies (e.g. Gerhard 1993). Apart from
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Figure 3.1 — Positions of our observed fields in NGC 3379 (left) and NGC 821 (right). The red
boxes denote each SAURON field of view. The skylenslets (red short thick lines) are aligned with
the long side of the SAURON field, at a distance of two arcminutes. SAURON was orientated
such that the skylenslets pointed away from the galaxy nucleus. The fields are not exactly aligned
with the major axis of the galaxy (denoted by the dashed line) to minimize the contamination of
foreground stars and neighbouring galaxies. The underlying images were obtained with the 1.3-m
McGraw-Hill Telescope at MDM Observatory.

the LOSVD, we also obtained line strengths from our spectra, allowing us to study
line strength gradients out to large radii and constraining the properties of the
stellar halo populations. Both NGC 3379 and NGC 821 are well studied galaxies,
and some of their properties are summarized in Table 3.1. Their central regions
have been observed as part of the SAURON survey (de Zeeuw et al. 2002). They
are classified as fast rotators (Emsellem et al. 2007) and display regular stellar
kinematics.

In section 3.2, we describe our observations and data reduction. We present
our spectra and discuss the resulting LOSVD in section 3.3. Section 3.4 is devoted
to measuring line strengths and we investigate gradients and the properties of the
stellar populations at large radii. In section 3.5 we present our mass models of
NGC 3379 and NGC 821 (including a dark matter halo) and connect the dynam-
ical properties with stellar populations by constructing the Mg b - Vesc relation.
Section 3.6 summarizes and discusses our results.
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3.2 Observations and data reduction

We observed four fields in NGC 3379 with SAURON at the William Herschel
Telescope at La Palma, Spain, in March 2005. The fields were centred at 2.6 and
3.5 Re, on opposite sides of the nucleus to allow for an evaluation of the systemic
velocity of the system. They were not placed on the major axis of the galaxy but
instead on an axis that deviates by 23◦. This was done to avoid contamination
in our outer field by the neighbouring galaxy NGC 3384. The positions of the
fields were chosen such that most of them did not contain foreground stars, and
they were oriented such that the skylenslets of SAURON pointed away from the
galaxy nucleus, obtaining skyspectra 2 arcminutes away from the SAURON field.

We used a similar strategy to observe six fields in NGC 821 in September
2006. One field was situated on the minor axis, one field at 1 Re, two fields at
opposite sides of the galaxy nucleus at 2 Re and the last two fields on opposite
sides of the nucleus at 3 Re. Figure 3.1 shows the observed fields in NGC 3379
and NGC 821, and Table 3.2 summarizes their exposure times and exact positions.

The data were reduced using the dedicated XSAURON software (Bacon et al.
2001). The shutter of SAURON malfunctioned during the observing run of NGC
821, and did not close during read-out of the CCD. This did not affect our science
frames, whose exposure times of 1800 seconds are long compared to the typical
read-out time of the CCD (∼ 30 seconds). However, our calibration frames have
shorter exposure times (15 - 60 seconds) and were badly contaminated by light
hitting the CCD during read-out. We could therefore not rely on these calibration
frames. Instead, we took the calibration frames obtained during the observing
run of NGC 3379 and rotated and translated them so that they coincided with the
contaminated frames that they would replace. The spectra of NGC 821 were then
extracted and flat-fielded using these frames.

We checked that the extraction of the spectra was done accurately, but we
found residuals in the frames after flat-fielding. This was to be expected: although
the extraction mask is rather stable between observing runs, the flat-field is not.
We therefore constructed a superflat by combining our six empty frames with 30
frames of a Lyman α emitting halo, taken during the same run (see Weijmans et
al. 2009b for details). Since these 36 frames contain (mostly) empty sky and are
offset with respect to each other, their median, smoothed in the spectral direction,
proved to be a suitable superflat (see also Bower et al. 2004). Dividing our already
flat-fielded spectra by this superflat removed most of the residuals. Coincidently,
we could also construct a superflat for our NGC 3379 dataset: immediately af-
ter our observing run SAURON was used in the same setup to observe Lyman α

emission around high redshift submillimeter galaxies. These frames also consist
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Galaxy Field R/Re Texp µV S/N galaxy contr. Comments
(hr) (mag/arcsec2) (per cent)

NGC 3379 3N 2.6 2.0 23.0 - - cloudy conditions, no signal
3S 2.6 2.5 23.0 29 15
4N 3.5 7.5 23.7 16 5 cloudy conditions
4S 3.5 2.0 23.7 21 13

NGC 821 minor 1.0 1.5 23.0 58 28
1N 0.9 1.5 21.7 57 24
2N 1.9 1.5 23.3 12 7 cloudy conditions
2S 1.9 0.5 23.3 - - cloudy conditions, no signal
3N 2.9 4.0 24.5 - - cloudy conditions, no signal
3S 2.9 4.0 24.5 9 4

Table 3.2 — Properties of our observed fields in NGC 3379 and NGC 821. The fields are named according to their distance and orientation with
respect to the galaxy centre, see Figure 3.1. The surface brightness µV is calculated from the MDM images, and can be compared to the sky surface
brightness, which in V -band is about 21.7 mag/arcsec2 in optimal conditions at our observed fields (Benn & Ellison 1998).
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mostly of empty sky, and 19 of them were used to create a superflat for NGC 3379.
After superflat-fielding, both datasets were reduced in the standard manner,

except that we did not subtract the sky from the spectra. We will take the contri-
bution of the sky into account when fitting the spectra to extract the stellar kine-
matics (see Section 3.3).

3.3 Stellar kinematics

To extract the stellar kinematics from our spectra, we used the penalized pixel fit-
ting method (pPXF)1 of Cappellari & Emsellem (2004). This method fits a stellar
template spectrum, convolved with a line-of-sight velocity distribution (LOSVD),
to the observed galaxy spectrum in pixel space (i.e. logaritmically binned in wave-
length). If apart from the mean velocity V and velocity dispersion σ also the
Gauss-Hermite moments h3 and h4 are fitted, then the solution is biased towards
a Gaussian. The amount of biasing can be controlled, and following the recipe
described in Cappellari & Emsellem (2004) we found that a penalization factor of
λ = 0.5 gives the best results for our dataset and signal-to-noise.

3.3.1 Method

To find a suitable stellar template to fit our spectra, we co-added all the spectra of
the central SAURON fields of NGC 821 and NGC 3379, presented in Emsellem et
al. (2004). We then determined the optimal template for these high signal-to-noise
spectra as a linear superposition from the full MILES library, containing 945 stars
(Sánchez-Blázquez et al. 2006). For NGC 3379, a template consisting of 19 stars
was created, and for NGC 821 a template of 21 stars. Template mismatch is negli-
gible, as can be seen in Figure 3.2. We used these templates to measure the stellar
kinematics in our spectra at large radii in NGC 3379 and NGC 821. Additive
polynomials were included in our fit to compensate for changes in line strengths,
which are to be expected over the radial range that we cover. We found that vary-
ing the stellar templates gave similar results for the kinematics within the errors.

Since our spectra are very skydominated (see Table 3.2), we did not subtract
the sky from our spectra, but instead included the skyspectra obtained by co-
adding the spectra observed with the ∼170 skylenslets of SAURON (pointing ∼
2 arcminutes away from the field of view) for each exposure as separate templates
into pPXF. While the stellar template was broadened with the LOSVD, at the

1available from www-astro.physics.ox.ac.uk/∼mxc/idl/#ppxf
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Figure 3.2 — Co-added spectra of NGC 821 and NGC 3379 (black line) and overplotted their
optimal stellar templates broadened with the best-fitting LOSVD (grey line). Residuals (grey small
dots, shown with offset for presentation purposes) are small, and due to template mismatch.

same time the sky spectra were scaled to minimize the χ2. The modeled spectrum
Gmod, with x in pixelspace, is then described by:

Gmod(x) = [B⊗T ](x)+
L

∑
l=0

blPl(x)+
N

∑
n=1

wnSn(x), (3.1)

with B(x) the broadening function, T (x) the optimal stellar template, Pl(x) the
L + 1 additive polynomials of degree l with coefficients bl , and Sn(x) the N sky
templates, with weight wn ≥ 0 (see also Eq. 3 in Cappellari & Emsellem 2004). By
fitting the contribution of the sky in this way instead of subtracting the skyspectra
directly, we allow the inclusion of subtle sky variations. We found that especially
for the spectra with a low galaxy contribution (see Table 3.2) this improved the
fits significantly.

We subtracted the resulting composite skytemplate ∑N
n=1 wnSn(x) from the ob-

served spectrum, and ran pPXF again. Errors are estimated by a Monte Carlo
method, where we measured the kinematics from many realisations of the in-
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put spectrum, on which we added noise. The noise spectrum was obtained from
the difference between our observed spectrum and the best-fit modeled spectrum
(Gmod). We found that varying the amount of subtracted sky by up to 10 per cent
does not affect our measured LOSVD. This shows that our LOSVD parameters
are robust to errors in our sky subtraction. We also checked that the measured
LOSVD is indeed the LOSVD of the galaxy and not an imprint of the solar spec-
trum from e.g. zodiacal light: when measuring the LOSVD of the sky templates
themselves we measured a velocity offset with respect to the galaxy comparable
to the systemic velocity of the system, and a much smaller broadening.

We found that the best fits were obtained by including the skyspectra from the
skylenslets, taken simultaneously with our galaxy spectra. Providing the sky spec-
tra of our blank skyfields as templates gave worse results, even though these fields
covered a larger sky area than the skylenslets and therefore had higher S/N. This
indicates the importance of obtaining simultaneous skyspectra over high S/N, to
avoid mismatch due to the variability of the night sky.

Finally, we tested the influence of subtracting residual galaxy light that could
be present in our sky spectra, since the skylenslets were pointing at 6 - 7 Re in
the galaxy. The galaxy light at these distances of the nucleus is however very
faint, approximately 3-4 mag/arcsec2 fainter than in the regions where we measure
our kinematics. We simulated the effect of subtracting such a weak Gaussian
absorption line from our observed line and found that the maximal error we can
introduce in this way is 8 km/s in our measured velocity dispersions. This is well
within our error bars, and we conclude that this effect is negligible.

3.3.2 NGC 3379

It turned out that one of our fields in NGC 3379, 3N, did not have sufficient signal
to measure the LOSVD. The results for the other fields can be found in Figure 3.3
and Table 3.3. The last four columns for Table 3.3 show the results for the LOSVD
if we restrict our fit to the first two moments, instead of fitting up to h4. The results
for both fits agree within the errors.

Correcting for barycentric motion, we find that the systemic velocity Vsys of
the galaxy measured from the central field (presented by Emsellem et al. 2004) is
930 ± 2 km/s. This agrees with Vsys as determined from the 3S and 3N field pair:
although we could not measure the velocity dispersion from the spectrum in 3N,
we were able to determine the positions of the absorption lines in the spectrum
and therefore the velocity offset with respect to the 3S field, opposite the nucleus.
By averaging the two velocities from these field we find Vsys = 938 ± 16 km/s.
However, repeating this exercise for the field pair at 3.5 Re, which are 4S and 4N,
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Figure 3.3 — Spectra of our fields in NGC 3379. The left panels show the observed spectra (not
skysubtracted) in black, with overplotted in grey the best fit from pPXF (combination of stellar
template broadened with LOSVD and scaled sky templates). The residuals (diamonds) are offset
for presentation purposes. Right: skysubtracted spectra (black) with the same broadened LOSVD
(grey) as in the left panels. Residuals are again shown as diamonds.

we find Vsys = 892 ± 23 km/s, which seems marginally deviant from our other two
measurements, although this is just outside the 1-σ interval. We therefore decided
to subtract for each field pair their own corresponding systemic velocity.

In Figure 3.4 we compare our results with the long-slit data of Statler &
Smecker-Hane (1999). The radial extent of the absorption line kinematics has
been increased by a factor two compared to the long-slit data, and our data show
a smooth continuation of kinematics out to larger radii. We see little rotation at
large radii, and the dispersion profile remains flat out to 3.5 Re, although there
is a hint that the profile is slightly dropping. We also plot the kinematic profiles
of the planetary nebulae, as presented in Coccato et al. (2009). We folded these
profiles to negative radii, to allow comparison with our data at large radii also in
these ranges. We find a good agreement between the several datasets, although
the rotational velocities found by the planetary nebulae seem to be a bit higher
(∼30 km/s) than our findings.
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Figure 3.4 — Kinematic pro-
files along the major axis
of NGC 3379. The small
grey dots denote the central
SAURON data from the orig-
inal survey and the big red
dots are our data at large radii.
For comparison, we also plot
the long-slit data of Statler
& Smecker-Hane (1999) with
black stars and the planetary
nebulae profiles as presented
by Coccato et al. (2009) with
open diamonds. The horizon-
tal error bars for the SAURON
data at large radii indicate the
width of the SAURON field-
of-view (30 arcsec), while the
horizontal error bars of the
PNe data indicate the radial
range containing 68 per cent
of the PNe used to calculate
the kinematics.

3.3.3 NGC 821

The spectra and results for our fields in NGC 821 can be found in Figure 3.5 and
Table 3.4. Unfortunately, weather conditions did not allow us to obtain enough
signal to measure the LOSVD in all our observed fields, but at each radius one
suitable spectrum could be obtained. The systemic velocity from the central kine-
matics (Emsellem et al. 2004) is 1726 ± 2 km/s (barycentric corrected). This is
in agreement with Vsys measured from our two field pairs at 1.9 Re (2S and 2N),
where we find a value of 1704 ± 25 km/s. Unfortunately, we could not measure
Vsys from our field pair at 2.9 Re due to lack of signal in field 3N. However, our
field at the minor axis of NGC 821 gives an independent determination of Vsys,
assuming axisymmetry so that here the rotational velocity should be zero. We
then find Vsys = 1710 ± 7 km/s and Vsys = 1716 ± 7 km/s, depending on whether
we fit up the LOSVD up to h4 or only the first two moments, respectively. Since
all these measurements of Vsys agree within the errors, we fixed Vsys such that the
velocity measured on the minor axis is zero.
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Figure 3.5 — Same as Figure 3.3, but now for our fields in NGC 821.

Figure 3.6 compares our result with the long-slit data of Forestell & Gebhardt
(2008). We note that especially in the centre there seem to be some deviations
between this dataset and the SAURON data. Differences in sampling between
the two datasets (nearly-round bins for the SAURON data versus long, elongated
bins for the long slit data) could in principle result in differently-weighted values,
but we expect that this effect is small. The most likely cause for the observed
deviations are differences in fitted wavelength interval and stellar templates. Also
shown are the results from Coccato et al. (2009), who re-analysed the planetary
nebulae data that were previously presented by Romanowsky et al. (2003). These
data are in good agreement with our stellar kinematics at large radii.

3.4 Line strengths

To measure the absorption line strengths in our spectra, we follow the procedure
outlined in Kuntschner et al. (2006). Briefly, we can measure three Lick indices
in the SAURON wavelength range: Hβ , Fe5015 and Mg b, defined in Table 2
of Kuntschner et al. (2006). We do not need to remove emission lines from our
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Field ∆x ∆y V δV σ δσ h3 δh3 h4 δh4 Vmean δVmean σmean δσmean
(arcsec) (arcsec) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s)

3S -77 -77 8 14 155 14 -0.04 0.07 -0.06 0.06 5 11 147 12
4N 104 104 -19 19 126 34 0.02 0.07 0.05 0.05 -16 19 134 35
4S -104 -104 22 14 124 25 0.02 0.07 0.02 0.06 23 14 127 19

Table 3.3 — Stellar kinematics at large radii for NGC 3379. ∆x and ∆y denote the offsets (East and North, respectively) from the nucleus of the
galaxy to the centre of our observed fields. The quoted errors are 1-σ errors, determined from Monte Carlo simulations. Vmean and σmean are
derived by fitting only the first two moments of the LOSVD.

Field ∆x ∆y V δV σ δσ h3 δh3 h4 δh4 Vmean δVmean σmean δσmean
(arcsec) (arcsec) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (km/s) (kms/)

minor 33 -21 0 7 171 8 0.07 0.04 0.00 0.04 0 7 168 7
1N 19 30 119 10 174 8 0.00 0.03 -0.04 0.04 112 9 170 7
2N 39 63 72 20 131 22 -0.02 0.07 0.02 0.06 64 18 135 19
3S -60 -96 -1 28 163 43 -0.02 0.06 0.04 0.06 -8 27 162 38

Table 3.4 — Stellar kinematics at large radii for NGC 821, similar to Table 3.3.
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Figure 3.6 — Kinematic profiles along the major (left) and minor (right) axis of NGC 821. As
in Figure 3.4, small grey dots are the central SAURON data of the original survey, big grey dots
are our data at large radii and open diamonds denote planetary nebulae kinematics from Coccato
et al. (2009). The black stars are long-slit stellar kinematics from Forestell & Gebhardt (2008).
Horizontal error bars are as described in Figure 3.4.

spectra, since our galaxies show no sign of ionised gas outside the central regions
(Sarzi et al. 2006). To calibrate to the Lick/IDS system, we broaden our spectra
to an instrumental resolution of σ = 212 km s−1. We correct our measured line
strengths for the broadening caused by the LOSVD and we apply the offsets from
Table 3 in Kuntschner et al. (2006) to correct for differences in the shape of the
continuum, since the Lick/IDS spectra have not been flux calibrated.

We noticed that the continuum shape blue-ward of the Hβ feature in our spec-
tra was affected by bad flatfielding or wrong sky subtraction. We therefore applied
the same continuum correction as was done in Kuntschner et al. (2006) and fitted
an 11th order multiplicative polynomial together with an optimal stellar template
to our spectra. The template had been broadened with the observed LOSVD. We
then divided our observed spectrum by this polynomial, before determining the
Hβ index.
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Field Hβ error Fe5015 error Mg b error
(Å) (Å) (Å) (Å) (Å) (Å)

NGC 821
minor 1.61 0.22 3.80 0.28 3.13 0.16
1N 1.30 0.20 4.11 0.24 3.45 0.17
2N 1.19 0.81 5.16 1.37 5.47 0.64
3S 0.00 1.19 12.0 1.71 6.43 0.76
NGC 3379
3S 1.49 0.45 2.45 0.58 3.42 0.26
4N 2.13 0.92 2.66 0.86 3.05 0.45
4S 1.17 0.51 2.46 0.66 3.61 0.43

Table 3.5 — Line strengths indices in our observed fields in NGC 821 and NGC 3379.

3.4.1 Results

We present our results for NGC 3379 and NGC 821 in Table 3.5. Errors are esti-
mated with Monte Carlo simulations, where we add noise to our spectra (defined
by the difference between our observed and fitted spectra, see Figures 3.3 and 3.5)
and vary the bandpasses of the index and the continuum to take the uncertainty in
radial velocity into account.

A possible source of contamination for our line strength measurements is the
[O III] emission of planetary nebulae. From the catalog of Douglas et al. (2007),
each of our fields in NGC 3379 contains one to two planetary nebulae. Following
Sarzi et al. (2005), their Equation 1, we should be sensitive to emission lines with
EW > 0.7 Å. We carefully checked the individual spectra in each cube, prior to
co-adding, and found no evidence for such emission.

We also investigated the effect of sky subtraction on the determinations of
line strength. By varying the amount of sky that we subtracted from our spectra,
we found that our measurements of Hβ and Fe5015 are quite robust against an
error in sky subtraction, even if the skylevels are varied by 10 per cent. Mg b is
however already severely affected by a sky subtraction error of only two per cent
(see Figure 3.7). This may be due to the proximity of the solar Mg b absorption
feature present in the sky spectrum. Our Fe5015 and Mg b indices at 2 and 3 Re

in NGC 821 are unrealistically high, and therefore could be suffering from this
problem, although variations in the continuum shape of the spectrum also play
a role (see next section). The indices at 1 Re in this galaxy are less affected,
and are in agreement with Proctor et al. (2005). They determined line strengths
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Figure 3.7 — The effect of sky subtraction on our line strength measurements, for the field 3S
in NGC 3379 (left) and the 1N field in NGC 821 (right). The x-axis denotes the fraction of sky
subtracted. The dashed line indicates the line index when the sky is totally removed, while the grey
box denotes the 1-σ interval. Hβ and Fe5015 are robust against an error in sky subtraction up to 5
per cent, though oversubtracting is more severe than undersubtracting. Mg b is very sensitive to sky
subtraction errors.

from long-slit data in this galaxy out to 1 Re. We are not aware of studies in
the literature where line strengths have been determined outside 1 Re for these
galaxies, to compare our results with.

3.4.2 Line strength gradients

Line strength gradients are key instruments to study the formation history of
galaxies, since different formation models predict different gradients. Monolithic
collapse models (Carlberg 1984) produce steep metallicity gradients and a metal-
rich nucleus, while hierarchical models show shallower gradients, as mergers di-
lute existing line strength gradients (White 1980). However, subsequent starfor-
mation induced by gas-rich mergers can steepen the gradients again, at least in the
central regions (Hopkins et al. 2009a).

Our measurements allow us to study line strength gradients out to large radii.
Many previous studies of galaxy samples (e.g. Davies, Sadler & Peletier 1993;
Kuntschner et al. 2006; Sánchez-Blázquez et al. 2007) have been limited to ∼ 1
Re, but showed that typically for galaxies without contributions from young stellar
populations, Hβ remains flat or increases slightly with radius, while the metal line
strengths have negative gradients.
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Figure 3.8 — Line strength indices Hβ , Fe5015 and Mg b (in magnitudes) as a function of radius.
Left panel: NGC 3379, right panel: NGC 821. Black triangles show indices measured on the
SAURON central field, taken from a slit positioned on the major axis of the galaxy, with a width
of 2 arcsec. Grey filled dots show our large radii results, and the horizontal error bars denote the
size of the SAURON field of view. The points at 2 and 3 Re in NGC 821 cannot be considered
reliable, probably because of continuum shape problems, and therefore are not shown here. The
open squares denote our measurements directly from templates of single stellar population models,
see text for details. Overplotted is the best fitting linear relation between index and log(radius),
determined within Re/4.

To calculate the line strength gradients in our two galaxies, we follow Kuntschner
et al. (2006) and first convert our indices from Å to magnitudes:

index′ = −2.5log(1− index
∆λ

), (3.2)

with ∆λ the width of the index bandpass in Å. Indices expressed in magnitudes
will from now on be indicated by a prime sign [′]. Line strength gradients are then
defined as:

∆index′ =
δ index′

δ log(R/Re)
. (3.3)

We show in Figure 3.8 our line strength indices in magnitudes as a function of
radius, with red dots. Also plotted are the values for the central SAURON fields
(Kuntschner et al. 2006), which fall within a 2 arcsec wide slit positioned along
the major axis of the galaxy. We fitted a linear relation between each index and
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log(radius) within Re/4, to determine the gradient. These gradients are overplot-
ted in the figure, and are compared to our measurements at large radii.

With our new data, we confirm in NGC 3379 the trends mentioned above, that
Hβ mildly increases and Fe5015 and Mg b decrease with radius. This indicates
that the metallicity in the galaxy keeps decreasing linearly with log(radius) when
going from the centre out to larger radii. The gradients for Hβ and Mg b seem
to remain constant out to 4 Re, but Fe5015 falls off more steeply. This would
imply an unrealistically high α-enhancement at large radii. To check whether
our Fe5015 measurements are affected by continuum shape problems, we did
the following test. We remeasured the kinematics in our spectra with pPXF, but
this time used the stellar model library of Vazdekis et al. (2007) based on the
MILES library (-1.68 < Z/H < 0.0; 1 Gyr < age < 17.78 Gyr) and multiplicative
instead of additive polynomials, to allow for a varying continuum shape. The
resulting kinematics were consistent with our previous finding. The line strengths
were then measured on the composite best-fitting stellar template, without the
multiplicative polynomials. The results are also shown in Figure 3.8, as blue
squares. For Hβ and Mg b both the direct measurements and the measurements
on the stellar templates give similar results, but the values for Fe5015 are higher
and consistent with the observed gradient in the central part of the galaxy. We
therefore conclude that indeed our measurements for Fe5015 suffer from changes
in continuum shape, but that our values for Hβ and Mg b are robust. For NGC
821 we see a similar effect.

Our observation that the line strength gradients are constant out to large radii
provides constraints for the merger and star formation history of the galaxy. Af-
ter a gas-rich merger, star formation in the central regions of the remnant is ex-
pected to steepen the gradients, while at larger radii violent relaxation flattens
them, though over time (∼ 3 Gyr) the steep gradients in the central part get weaker
(Hopkins et al. 2009a; Hopkins et al. 2009b).

3.4.3 Stellar population models

Using the stellar population models of Thomas, Maraston & Bender (2003) and
Schiavon (2007), we explore the single stellar population (SSP) equivalent age and
metallicity in NGC 3379 and NGC 821 at large radii. Following the aproach of
Thomas et al. (2003) we define an abundance ratio insensitive metallicity index
similar to their [MgFe]’ index by using the Mg b and Fe5015 indices available
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Figure 3.9 — Hβ index against [MgFe50]′ (both in Å) in NGC 3379 (top) and NGC 821 (bottom).
Left panels show the Thomas et al. (2003) stellar population models (solid and dashed lines) and
right panels the Schiavon (2007) models. Black dots indicate measurements from the SAURON
central field, while the grey dots are averaged along isophotes (see inset for grey-scale coding). The
black filled squares show the data at large radii, revealing an old (12 Gyr) and metal-poor (below
20 per cent solar metallicity) population for both models, though the uncertainties in these values
are large. See colour supplement for a colour version of this figure.
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from SAURON. [MgFe50]’ is defined as:

[MgFe50]′ =
0.69×Mgb+Fe5015

2
. (3.4)

The scaling factor for the Mg b index was optimized such that the mean difference
between solar and non-solar ratio model predictions from Thomas et al. (2003) is
zero. In Figure 3.9 we plot this index versus Hβ and compare with the models.
Even though the models of Thomas et al. (2003) and Schiavon (2007) are con-
structed independently, using different stellar libraries and fitting functions, they
give the same results for our data at large radii. For NGC 3379 we find that at 3
- 4 Re, the stellar population is consistent with an old (12 Gyr) population, and
metal-poor, with [Z/H] slightly below 20 per cent of the solar metallicity. We note
however that the uncertainty in these values is rather large. For NGC 821, we
find that at 1 Re the stellar population is of the same age and metallicity range as
obtained from the outer bins of the SAURON central field (∼ 0.6 Re).

Stellar population models predict a decrease in stellar mass-to-light ratio M∗/L

if the metallicity of the stellar population decreases, since the stars then become
bluer and therefore brighter in the optical. For instance, for a change in metallicity
from 0.0 to -0.84 at a constant age of 10 Gyr (consistent with our observervations),
M∗/L decreases by about 23 per cent in the models of Maraston (2005). However,
for increasing stellar age at constant metallicity, M∗/L also increases. Given this
degeneracy and uncertainties, we adopt a constant stellar M/L while construct-
ing the dynamical mass models that we present in the next section. Furthermore,
M∗/L depends strongly on Hβ (see e.g. Cappellari et al. 2006). Since the Hβ pro-
files in our galaxies are nearly flat out to large radii, variations in M∗/L are most
likely small.

3.5 Dynamical models

To explore whether our data of NGC 3379 and NGC 821 are consistent with a
dark matter halo, we model these galaxies with the triaxial Schwarzschild code
presented by van den Bosch et al. (2008). Orbits are calculated within an a pri-
ori specified triaxial potential, and a superposition of orbits is determined that
best fits the observed kinematics, using the observed surface brightness and self-
consistency as constraints. This way, the viewing directions, stellar mass-to-light
ratio M∗/L, central black hole mass M• as well as the internal orbital structure
can be determined (see also van de Ven, de Zeeuw & van den Bosch 2008; van
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den Bosch & van de Ven 2009). Within the limits of the observed photometry and
LOSVD, the velocity anisotropy of the galaxy can vary freely.

3.5.1 Including a dark halo

We extended the triaxial Schwarzschild code by adding a dark matter halo to the
gravitational potential, which already consisted of a stellar contribution inferred
from the observed photometry and a Plummer potential for the contribution of the
central black hole (see van den Bosch et al. 2008 for more details). We parametrise
the dark halo with a spherical NFW profile (Navarro, Frenk & White 1996):

ρ(r) =
ρs

r/rs(1+ r/rs)2 , (3.5)

with ρs the characteristic density of the halo and rs a characteristic radius. The
potential generated by this density distribution is then given by:

Φ(r) = −4πGρsr
2
s

rs

r
ln(1+

r

rs

), (3.6)

where G is the gravitational constant.
We are interested in the presence and acceptable mass range of the halo; mod-

eling the shape of the halo in detail is beyond the scope of this paper. We therefore
fix the concentration c = r200/rs of the halo to 10, as indicated by cosmological
simulations (Bullock et al. 2001). Here r200 is the radius of the halo within which
the mean density has dropped to 200 times the critical density ρcrit. It can be
shown that

ρs

ρcrit
=

200
3

c3

ln(1+ c)− c/(1+ c)
, (3.7)

such that c determines ρs in the potential of Equation 3.6. We vary the halo mass,

M200 = 4πρsr
3
s

[

ln(1+ c)− c

1+ c

]

, (3.8)

which is the enclosed mass within r200, yielding rs. We only fit for M200 and keep
M∗/L fixed to the maximum value allowed by the data, therefore fitting a minimal
halo or maximal spheroid2. The influence of the black hole is negligible at large
radii and therefore we also do not fit for M• but keep its value fixed.

2Comparable to the maximal disc model that is often invoked when modeling dark haloes of
spiral galaxies.
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Figure 3.10 — Overview of the datasets included in our dynamical model of NGC 3379. The dotted
lines denote isophotes of the galaxy at 1, 2, 3 and 4 Re. The box in the centre denotes the central
SAURON field (Emsellem et al. 2004), while the other boxes show the positions of our data at large
radii. The solid lines show the orientation and extent of the long-slit data (Statler & Smecker-Hane
1999).

Figure 3.11 — ∆χ2 levels for
the Schwarzschild models we
ran for NGC 3379. The only
free parameter in these mod-
els was M200 (total halo mass).
The model without dark halo
is relocated at 3× 1010M⊙, to
place it within the plot.

3.5.2 Modelling NGC 3379 and NGC 821

NGC 3379 has a small kinematic misalignment of 5±3◦ (e.g. Statler & Smecker-
Hane 1999) and shows signs of a kinematic twist (Krajnović et al. 2008), which
indicate that the galaxy is not perfectly axisymmetric (see also Capaccioli et al.
1991; Statler 2001). Van den Bosch & de Zeeuw (2009) therefore constructed
triaxial Schwarzschild models of this galaxy. Their best-fitting triaxial model (axis
ratios p = 0.95, q = 0.81) is nearly face-on, with an inclination of ∼ 40◦. This
model is nearly spherical in the centre and becomes close to oblate at large radii,
which is in agreement with Statler (2001) and De Lorenzi et al. (2009).
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We adopt the best-fit model of van den Bosch & de Zeeuw (2009) for our halo
modeling. The model has a black hole mass of M• = 4.0×108M⊙ and a dynam-
ical mass-to-light ratio M/LI = 2.9 M⊙/LI,⊙, which we adopt as the maximally
allowed stellar mass-to-light ratio M∗/L. The stellar potential is represented by a
Multi-Gaussian Expansion (MGE, Emsellem, Monnet & Bacon 1994; Cappellari
2002) model based upon I-band imaging3, presented by Cappellari et al. (2006).
We use the same central SAURON kinematics (up to h6) extracted with the MILES
library (see Shapiro et al. 2006; Cappellari et al. 2007; van den Bosch & de Zeeuw
2009) to cover the inner Re of NGC 3379 and add our measure points at large radii.
For extra spatial coverage, we also include the symmetrized data of the four long-
slit observations of Statler & Smecker-Hane (1999) (see Figure 3.10). The large
mosaic of central SAURON data provides many more kinematic constraints in the
central region than the four slits. We therefore exclude the inner 20 arcsec of each
slit from the fit. The planetary nebulae measurements are not based on integrated
stellar light, as our SAURON and long-slit data, and therefore for consistency not
included.

We use a similar procedure to construct mass models of NGC 821. This galaxy
is a very flattened system (E6) and shows no signs of non-axisymmetry in its cen-
tral part, even though planetary nebulae kinematics suggest twists at larger radii
(Coccato et al. 2009). Our dataset however provides no constraints on the be-
haviour of the velocity field at these scales. We therefore deproject this galaxy
axisymmetrically, assuming an edge-on view and use the triaxial code in the ax-
isymmetric limit. We adopt the edge-on MGE model of NGC 821 based upon
ground-based R-band photometry4 and space-based imaging with HST/WFPC2
in F814W-band, as in McDermid (2002) and Cappellari et al. (2006). We first
construct a model without a dark halo, based only on kinematics (up to h6) of
the central SAURON dataset, extracted with the MILES library (Cappellari et al.
2007). Our best fit has a stellar mass-to-light ratio of 2.5 M⊙/LI,⊙ with a black
hole mass of M• = 2.1× 108M⊙ from the M•-σ relation. We then add a dark
NFW halo to this model, with a fixed concentration of c = 10. The SAURON
central dataset is used to cover the central part of the galaxy, while our four mea-
surepoints at large radii are included to cover the outerparts. To avoid a possible
conflict between the central SAURON data and the long-slit data of Forestell &
Gebhardt (2008), we decided to not include the latter in our model, as there seem
to be some deviations between the two datasets (see Figure 3.6).

3Obtained with the 1.3-m McGraw-Gill Telescope of the MDM Observatory, Kitt Peak, US.
4Obtained with the 0.9-m telescope at the Cerro Tololo Inter-American Observatory (CTIO),

Chile.
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Figure 3.12 — Best-fit model for NGC 3379 (bold line, M200 = 1.0× 1012M⊙) compared to our
datapoints at large radii (grey filled circles) and long-slit data on the major axis (black stars). Also
indicated are a model without halo (dashed line) and a model with a heavy halo (dashed-dotted
line, M200 = 5.2×1012M⊙). These models respectively underpredict and overpredict the observed
velocity dispersion.

Our best fitting model for NGC 3379 requires a halo mass of M200 = 1.0×
1012M⊙, as compared to a total stellar mass of 1.0× 1011M⊙. In Figure 3.12 we
show the kinematics of our best-fit model compared to our data at large radii and
the long-slit kinematics on the major axis. The fit is excellent, even for the higher
order moments h3 and h4. A model without dark halo clearly underpredicts the
observed velocity dispersion and h4 outside 1 Re. For comparison also a model
with a halo heavier than our best fit model is shown: here the velocity dispersion
is overestimated. In Figure 3.11 we show the χ2 values of our best fitting model.
We see that with 3-σ confidence, M200 = 1.0+0.4

−0.3×1012M⊙ under the assumptions
mentioned above, while a model without dark halo is strongly excluded.

We obtain similar results for NGC 821, where we also exclude the absence
of a dark halo (see Figure 3.13). The halo mass in our best-fit model is M200 =
6.5+1.0

−4.3×1011M⊙, while the total stellar mass is 1.1×1011M⊙. The kinematics of
the fit compared to the observed kinematics are shown in Figure 3.14, where for
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Figure 3.13 — Same as
Figure 3.11, but now for
NGC 821.

comparison also a model without a dark halo and a model with a too massive halo
are shown.

We conclude that dark matter is present both in NGC 3379 and NGC 821.
Even within 1 Re in NGC 3379, 8 per cent of the total mass is dark, while at 4
Re this fraction has increased to 34 per cent. NGC 821 is more dark matter dom-
inated, with a dark matter fraction of already 18 per cent within 1 Re, increasing
to 49 per cent within 4 Re. Note however that these values are based on minimal
halo assumptions, and therefore should be seen as lower limits. Also, varying
halo shape and profile can cause these fractions to change, they therefore should
be strictly seen as indicative.

3.5.3 Orbital structure

In the top panels of Figure 3.15 we show the orbital anisotropy in our dynamical
models of NGC 3379 and NGC 821. We characterize the orbital anisotropy as

βr = 1−
σ2

φ +σ 2
θ

2σ2
r

, (3.9)

with (r,θ ,φ ) standard spherical coordinates. Our best-fit model of NGC 3379 is
nearly isotropic within 2 Re, and at larger radii the radial anisotropy increases.
Our best-fit model of NGC 821 is already mildly radially anisotropic in the cen-
tral regions, but also shows a small increase with radius. Cappellari et al. (2007)
presented orbital anisotropy values for both NGC 3379 and NGC 821 from ax-
isymmetric models, based on the same central SAURON data and MGE models
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Figure 3.14 — Best-fit model for NGC 821 (bold line, M200 = 6.5× 1011M⊙) compared to our
datapoints at large radii (grey filled circles) and the central SAURON data (open triangles). The
dashed line indicates a model without halo and the dashed-dotted line a model with a too heavy
halo (M200 = 5.5×1012M⊙).

as we use in this paper. Our central anisotropy values are consistent with theirs for
both galaxies. Since Cappellari et al. (2007) used a different, independent mod-
eling code, this agreement gives confidence in the robustness of the anisotropy
parameters presented here.

Within 1 Re, the orbital anisotropy changes only marginally between our mod-
els with and without halo, consistent with the findings of Thomas et al. (2009). At
larger radii the radial anisotropy increases, and the increase is smaller for mod-
els with heavier haloes. This is contrary to what is seen in spherical models. In
order to fit the observed mildly declining or constant velocity dispersion profile
without invoking extra dark matter at large radii, the orbits have to be tangentially
anisotropic, while adding a dark halo results in more radially anisotropic orbits
(e.g. Richstone & Tremaine 1984; Dekel et al. 2005; de Lorenzi et al. 2009).

The detailed kinematics in the inner part of the galaxy together with our ob-
served positive h4 in the outer parts already tightly constrain the fraction of box
and tube orbits in our triaxial potential, and therefore the anisotropy. Box orbits
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Figure 3.15 — Orbital structure in NGC 3379 (left) and NGC 821 (right). Top panel: velocity
anisotropy βr as a function of radius (see Equation 3.9). The lines are as in Figures 3.12 and 3.14,
with the solid line for our best-fit model, the dashed line for the model without halo and the dashed-
dotted line for the model with the too heavy halo. Bottom panel: fraction of orbit types as a function
of radius for the models of the top panel. Blue lines denote the fractions of short axis tubes, red the
fractions of long axis tubes and black the fractions of box orbits. See the colour supplement for a
colour version of this figure.

have no net rotation, and contribute to the radial anisotropy of the system, requir-
ing h4 > 0. For tube orbits to reproduce the observed nearly zero mean rotation
at large radii, they have to be counter-rotating, increasing the velocity disper-
sion. However, they would at the same time increase the tangential anisotropy
and therefore yield h4 < 0. Since we observe a positive h4 at large radii, box or-
bits are expected to contribute significantly to the orbital structure in our models
without dark matter, as confirmed in Figure 3.15. As a result, the models without
dark halo are strongly radial anisotropic at large radii. Adding a spherical dark
matter halo to the system makes the gravitational potential less triaxial. This will
decrease the phase space volume of box orbits and naturally results in a larger
population of tube orbits (Hunter & de Zeeuw 1992). The radial anisotropy of
the system will decrease, as is illustrated in Figure 3.15. This decrease is more
pronounced in NGC 821 than in NGC 3379, since our best-fit model of NGC 821
is more dark matter dominated than our NGC 3379 model.

3.5.4 Mg b - Vesc relation

We here investigate the connection between the stellar populations and the mass
distribution of the galaxy. Franx & Illingworth (1990) showed that there is a tight
relation between the local colour (tracing metallicity) and the local escape velocity
Vesc (tracing the gravitational potential Φ) in early-type galaxies, with Vesc given
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by:

Vesc =
√

2|Φ|. (3.10)

This relation was confirmed by Davies et al. (1993), who used Mg 2 as a tracer for
metallicity. Scott et al. (2009) find correlations between line strength indices and
Vesc for the early-type galaxies in the SAURON sample, based on measurements
within ∼1 Re. They also show that for Mg b this relation does not only hold locally
in one galaxy, but is also a global relation between different galaxies.

With our data at large radii we can now investigate the behaviour of this rela-
tion out to 4 Re. We determine for our best-fit model of NGC 3379 the contribution
to the gravitational potential of the dark halo using Equation 3.6. The contribution
of the stellar mass is inferred from the MGE model, following the formularium
in the appendix of Cappellari et al. (2002) and the black hole is included as a
Plummer potential. We plot our result in Figure 3.16, and find that the observed
relation within 1 Re continues out to at least 4 Re. The influence of the dark halo
on the Mg b - Vesc relation becomes clear when comparing our results to a model
without a dark halo, where the only contribution to the potential comes from the
MGE model and the black hole (open symbols in Figure 3.16). Not only is there
an offset in Vesc with respect to the model with the dark halo, but also the slope
changes, an effect which was also noted by Franx & Illingworth (1990). The ad-
dition of extra mass at larger radii by the dark halo deepens the potential well,
which means that even particles in the centre of the galaxy will need a larger Vesc

to climb out of this well, causing a shift in Vesc at all radii. However, particles in
the outskirts of the galaxy are relatively more affected by the addition of the dark
halo than particles in the more central regions: if the halo had not been present,
escaping from the potential well at large radii would have been relatively easy.
Therefore, the shift in Vesc is larger at larger radii, something that is also illus-
trated by Figure 3.16. The net result is a change in slope. We find that the slope
of the Mg b - Vesc relation in NGC 3379 changes in logscale from 0.31 to 0.46,
when taking the dark halo into account. If instead of considering the infinite halo
mass of the NFW profile we only take the contribution of the halo within r200 into
account when calculating the gravitational potential, the slope becomes 0.43 in
logscale.

We note that in both the models with and without halo, there is a local relation
between Mg b and Vesc. However, when looking at a larger sample of galaxies and
studying the global Mg b - Vesc relation the contribution of the halo to the potential
should be taken into account to interpret the slopes, since the relative contribution
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Figure 3.16 — Mg b (in Å) versus local escape velocity Vesc (km/s) in NGC 3379. Black filled
triangles denote points from the central SAURON data, while the black filled dots are our large
radii data. Overplotted is the gradient fitted to the central dataset. With open symbols (in grey) we
show the Mg b - Vesc relation calculated from our model without a halo. This relation is offset from
our best-fit model and also has a different slope, illustrating the influence of the dark matter.

of the dark matter to the potential compared to the luminous one may vary from
galaxy to galaxy, e.g. depending on galaxy mass or environment.

3.6 Summary and conclusion

We used the SAURON IFU as a “photon collector” to obtain stellar absorption line
kinematics and line strengths out to four effective radii in the early-type galaxies
NGC 3379 and NGC 821. By co-adding the individual spectra of each lenslet into
one spectrum for each observed field, we were able to obtain sufficient signal-to-
noise in the outskirts of these galaxies, which are too faint to observe with tradi-
tional long-slit spectroscopy. The stellar velocity profiles are measured up to the
fourth Gauss-Hermite moment (h4), which allows us to break the mass-anisotropy
degeneracy when constructing dynamical models of our galaxies. The kinematics
show a smooth continuation of the profiles measured within 1-2 Re with SAURON
and long-slit spectroscopy, and are consistent with planetary nebulae kinematics.
The line strengths also show a continuation of the gradients observed within 1 Re,
although our Fe5015 measurements probably suffer from variations in the contin-
uum shape. The stellar halo population is old and metal-poor. The continuation of
the line strength gradients and the Mg b - Vesc relation out to at least 4 Re provides
constraints for the star formation and merger history of early-type galaxies (e.g.
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Hopkins et al. 2009a; Hopkins et al. 2009b; Spolaor et al. 2009).
Constructing dynamical orbit-based models, we show that even assuming a

maximal stellar contribution, both NGC 3379 and NGC 821 require a dark halo to
fit the observed kinematics. We parametrised the halo contribution with a spher-
ical NFW profile, fixing the concentration to c = 10. We therefore cannot give
a definite number for the precise mass content, shape and anisotropy of the halo.
Varying c in our halo profile does not have a large effect on the fitted dark matter
content, as an increase of c will be accompanied by a decrease in M200, as the dy-
namical models constrain the density inside the region for which kinematics are
available. Only with data at even larger radii (preferably out to ∼ 100 Re, acces-
sible with e.g. weak gravitational lensing or satellites) we would be able to break
the degeneracy between c and M200. In that sense, our results should be viewed
as an estimate of the minimal contribution of the dark halo to the total mass bud-
get in the galaxy, and we then see that even at small radii (within 1 Re), the dark
matter is already responsible for 10 - 20 per cent of the total mass. These per-
centages will increase if we relax the minimal halo assumption, but we then need
reliable measurements of the stellar mass-to-light ratio and its potential variation
with radius. With better spatial coverage of the galaxy, either by mosaicing or
by employing larger IFUs (such as VIRUS-P and in the future MUSE) and com-
bining the so-obtained stellar kinematics with other datasets tracing dark matter
at different regimes (e.g. H I discs or rings, hot gas, gravitational lensing and/or
discrete tracers such as planetary nebulae) we will be able to build more sophisti-
cated dynamical models, to explore the shape and mass of the dark haloes around
early-type galaxies.
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Chapter 4

Spectroscopic mapping of the
stellar and dark halo of the

early-type galaxy NGC 2549

We obtain the stellar line-of-sight velocity distribution and absorption line
strengths in the early-type edge-on galaxy NGC 2549 with the integral-field
spectrograph PPAK. Combining four observed fields, we obtain a map out
to more than four effective radii, probing the faint outskirts of this galaxy.

We find that NGC 2549 continues to rotate in a disc-like structure out to the
edge of our observed field. From the kinematics and dynamical modeling,
we infer that a second disc-like component is present, embedded in a larger,
thicker disc. We use stellar population models to obtain age, metallicity and
stellar mass-to-light ratios, based on stellar absorption line strength mea-
surements. For the first time we map all these three quantities over the total
field-of-view, finding again evidence for a flattened, young metal-rich com-
ponent in the central part of the galaxy. The stellar halo population has an
age of ∼9 Gyr, and we observe a change in metallicity from [Z/H] = 0.2 to
[Z/H] = -0.4 from the centre to the edge of the observed field.

Schwarzschild dynamical models indicate that NGC 2549 is surrounded by
a dark matter halo. Within one Re, at least 16 per cent of the total mass
is dark. At 5 Re, this fraction has increased to 63 per cent. Applying
anisotropic Jeans modeling to the observed kinematics supports this con-
clusion. We note however that these fractions are lower limits. If we in-
corporate in our models the stellar mass-to-light ratio resulting from stellar
population modeling, the dark matter fraction within 1 Re is already 65 per
cent, and increases to 95 per cent at 5 Re.

Anne-Marie Weijmans, Joris Gerssen, Michele Cappellari, P. Tim de Zeeuw,
Jesús Falcón-Barroso, Harald Kuntschner & Remco C.E. van den Bosch
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4.1 Introduction

The outskirts of galaxies are still mostly unexplored territory, yet they harbour im-
portant clues for the formation history of these objects. Outside a few half-light or
effective radii (Re), dark matter starts to dominate over the luminous content of the
galaxy. Dark haloes formed the gravitational potential wells in which gas could
cool and form stars (e.g. Springel et al. 2005). Their mass and shape, together
with stellar populations and their change in e.g. age and metallicity over large
radii, constrain the starformation and assembly history of galaxies (e.g. Hopkins
et al. 2009b). In addition, outer stellar substructures, such as tails, are tracers of
past merger events (e.g. Schweizer 1986), and numerical simulations needed to
interpret these features are generally more robust and less resolution dependent
for large scale outer structures, than for central, smaller components.

It was recently shown by Weijmans et al. (2009a) that using integral-field units
(IFUs) as photon collectors, it is possible to observe the stellar light in the faint
outskirts of galaxies. The authors used the SAURON IFU (Bacon et al. 2001) to
obtain stellar velocity profiles and absorption line strengths out to 3-4 Re in two
early-type galaxies. Because of the large collecting area of the IFU compared to
traditional long-slit spectrography, and the relatively high throughput, the line-
of-sight velocity dispersion (LOSVD) could be measured up to the fourth Gauss-
Hermite moment h4. This allowed breaking the mass-anisotropy degeneracy by
means of constructing mass models. These models showed that dark matter haloes
surround their observed galaxies, which out to 4 Re make up 30 - 50 per cent of
the total mass. In addition, they found that the line strength gradients observed in
the central Re of the galaxy (e.g. Kuntschner et al. 2006), continue out to at least
4 Re. The same behaviour was seen for the well-studied Mg b-Vesc relation (e.g.
Davies, Sadler & Peletier 1993; Scott et al. 2009). The stellar halo population was
found to be old and metal-poor.

Because Weijmans et al. (2009a) could only sample the major axis of their
targets, they did not construct fully general mass models, but assumed spherical
dark haloes and maximal spheroids1. To allow modeling of more general halo
profiles, more spatial coverage would be needed, while to relax the assumption
of a maximal spheroid, a better handle of the stellar mass-to-light ratio (M∗/L)
is required. We therefore turned to the PPAK integral-field unit (Kelz et al.
2006), which has a three times larger field-of-view and a longer wavelength cov-
erage than SAURON. This last property allows for the measurement of more line

1Comparable to the maximal disc model that is often invoked for spiral galaxies, adopting the
maximal M∗/L allowed by the data.
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Morphological Type S0
MB (mag) -19.44
Effective B−V (mag) 0.95
Photometric PA (◦) 1
Distance modulus (mag) 30.45
Distance (Mpc) 12.3
Distance scale (pc arcsec−1) 60
Effective radius (arcsec) 20
Systemic velocity (km/s) 1070

Table 4.1 — Properties of NGC 2549. Magnitude and colour are taken from the Lyon/Meudon Extra
galactic Database (LEDA). The distance modulus was derived from surface brightness fluctuation
measurements by Tonry et al. (2001). Note that 0.06 mag is subtracted to adjust to the Cepheid
zeropoint of Freedman et al. (2001); see Mei et al. (2005), section 3.3, for a discussion. The
effective radius and position angle are taken from Cappellari et al. (2007).

strength indices, needed for an accurate determination of M∗/L as a function of
radius. Although the spaxel size of PPAK is larger than that of SAURON (2.7
arcsec versus 0.94 arcsec), this loss in spatial resolution is not important when
observing the outer parts of galaxies, where binning of spaxels is needed to ob-
tain sufficient signal-to-noise (S/N) to measure kinematics and line strengths. For
these faint observations it even helps to have large apertures, as the readnoise per
collecting area is smaller.

We chose to observe the early-type field galaxy NGC 2549 out to 5 Re with
the PPAK IFU, to obtain the properties of its halo and stellar halo population.
This isolated galaxy shows no signs of interactions and has an edge-on orienta-
tion, which simplifies mass modeling. NGC 2549 was also observed out to ∼ 1
Re as part of the SAURON survey (de Zeeuw et al. 2002), so that in the central
part of our mass models, the PPAK data can be replaced by the higher resolution
SAURON data. SAURON maps of the stellar kinematics, ionised gas, as well
as line strengths were presented by Emsellem et al. (2004), Sarzi et al. (2006)
and Kuntschner et al. (2006), respectively. Based on its stellar kinematic maps,
NGC 2549 was classified as a fast rotator (Emsellem et al. 2007). Recently, Kra-
jnović et al. (2009) modeled this galaxy combining SAURON and K-band NIFS
integral-field kinematics, to measure the mass of the supermassive black hole re-
siding in the centre of NGC 2549. This galaxy was not detected in atomic gas
(MHI < 2.0× 106M⊙, Morganti et al. 2006) and kinematics of globular clusters
or planetary nebulae have not been observed. This makes our observations of the
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Field-of-view (arcsec × arcsec) 74 × 64
Fiber diameter (arcsec) 2.7
Number of science fibers 331
Number of sky fibers 36
Number of calibration fibers 15
Filling factor (per cent) 60

Table 4.2 — Properties of the PMASS PPAK spectrograph at the 3.5-m telescope at Calar Alto (see
also Kelz et al. 2006).

stellar kinematics at large radii even more crucial, as no other tracer is available
to constrain the dark halo. Some basic properties of NGC 2549 are summarized
in Table 4.1.

We present our observations and datareduction in section 4.2. In section 4.3
we describe the extraction of the stellar and ionised gas kinematics, as well as the
line strength measurements. Section 4.4 is devoted to interpretation of the line
strength gradients and modeling of the stellar halo population. In section 4.5 we
construct mass models of NGC 2549 and determine the properties of its dark halo.
Finally, in section 4.6 we summarize and discuss our results.

4.2 Observations and data reduction

We observed the early-type galaxy NGC 2549 with the wide integral-field unit
PPAK at the 3.5-m telescope at Calar Alto (Kelz et al. 2006, see also Table 4.2) in
service mode. We used the V600 grating with a rotation of +144.4 degrees, so that
it was centred on the Mg b absorption feature around 5200 Å. The hexagonal field-
of-view (FoV) of PPAK was centred at 1.0 and at 3.2 Re on the major axis of the
galaxy, on opposite sides of the nucleus (see Figure 4.1). The FoV however has
dimensions of 74 arcsec × 64 arcsec, and therefore the outer observations reach
out to 5 Re, probing the presumably dark matter dominated outskirts of the galaxy.

The observations were split in 1800 second individual exposures. Each ex-
posure was bracketed by a calibration arc (HeHg + ThAr) and a trace continuum
exposure (cont+cont). In addition we took a total of 28 blank sky exposures of
900 seconds, before or after each galaxy exposure2. These sky fields were used for
sky subtraction, which is a critical aspect in our analysis: because we observe at

2In practice, this resulted in in an observing sequence of sky - galaxy -galaxy -sky etc., such that
each galaxy exposure borders at least one sky exposure.
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Figure 4.1 — Positions of our observed fields in NGC 2549 (red hexagonals), placed on the major
axis of the galaxy (black line). The underlying V -band image was obtained with the 1.3-m McGraw-
Hill Telescope at MDM Observatory.

very low surface brightness, our spectra are skydominated (see also Figure 4.2).
PPAKs skyfibers are placed around the main fields at a distance of 1.2 arcmin
from the central fiber and consequently they still observe faint galaxy light, and
therefore do not provide an accurate enough sky subtraction for our observations.
Also, the skyfields can be combined in a so-called superflat, to allow accurate
flatfielding. A summary of our observations can be found in Table 4.3.

The data were reduced in IDL using the reduction package P3D (Sandin et
al. 2009). This package performs the following steps. It creates and subtracts a
master bias frame. It traces the location of each spectrum on the detector using the
trace continuum exposures. The spectra in all science exposures are extracted by
collapsing cross-dispersion profiles, centred on each trace position, to 1D spectra.
As the spectra are fairly well separated on the detector (Kelz et al. 2006), the
level of cross-talk between adjacent spectra is a few percent only. Hence we make
no attempt to correct for cross-talk and simply apply a tophat weighting scheme
when collapsing the spectra to 1D. Stacking of spectra to increase the S/N level
in our subsequent analysis renders painstaking cross-talk correction unnecessary.

The continuum trace exposures and arclamp exposure are extracted similarly
to the science exposures. The summed fluxes along each extracted trace spectrum
are used to make a correction for the relative fiber-to-fiber throughput. In the
extracted arclamp spectra the measured centroids of seven or eight He and Hg
lines are fitted with a low order polynomial as a function of intrinsic wavelength
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Field R/Re Texp µV

(hr) (mag/arcsec2)
A 3.2 5.5 22.8
B 1.0 4.0 20.2
C 1.0 3.5 20.2
D 3.2 4.0 22.8

Table 4.3 — Properties of our observed fields
in NGC 2549 (see Figure 4.1). The surface
brightness µV in the centre of the pointing is
calculated from the MDM images, and can
be compared to the sky surface brightness,
which at Calar Alto in V -band is about 22.0
mag/arcsec2 in optimal conditions (Sánchez et
al. 2007).

to derive the dispersion solution. All science spectra are rebinned onto the same
wavelength scale using their individual, best-fit dispersion solutions.

We correct the different sky levels between exposures by normalising them
using a ’superflat’ field. The superflat is created by first median combining our 27
blank sky exposures into a single frame. A median sky spectrum is generated from
the combined frame and smoothed by fitting it with a 4th order polynomial. The
combined frame is divided by the smoothed sky spectrum to create the superflat.

After superflat fielding, the datacubes were imported in the XSAURON datare-
duction package, that was developed for the SAURON project (Bacon et al. 2001).
We used this software to remove cosmic rays and to flux calibrate the spectra. For
this last step, we used nightly observed spectra of the standard fluxstar G191-
B2B. The spectra of the individual cubes were then resampled and interpolated on
a rectangular grid and merged in a final datacube. We set the spatial resolution to
3 arcsec, which roughly corresponds to the distance between fiber centra. During
the datareduction, the sky was not subtracted from the galaxy spectra, but was re-
moved in a later stage, when extracting the stellar kinematics (see Section 4.3.1).

4.3 Extraction of kinematics and line strengths

To study the dark and stellar content of the halo of NGC 2549, we need to extract
the stellar kinematics and line strengths from the spectra. To ensure that we have
sufficient signal in each spectrum to reliably measure the LOSVD up to at least the
fourth Gauss-Hermite moment h4, we binned the PPAK spectra, using a Voronoi
tesselation method (Cappellari & Copin 2003). We aimed for a minimal S/N of
50 for each bin. However, since the sky was not subtracted from our spectra,
estimating a priori the S/N in the galaxy for each spectrum was not possible.
We therefore prepared a second cube of PPAK spectra, extracted and reduced in
exactly the same way as the original cube, except that we subtracted the sky based
on the skyfibers that were positioned east and west of the main FoV, avoiding
the skyfibers that fell directly in the galaxy. We binned the spectra based on the
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Figure 4.2 — Surface brightness in V -band as a function of radius in NGC 2549. The profile is
obtained from MDM V -band imaging. The two solid horizontal lines indicate the extent of the
PPAK FoV for our pointings (see also Figure 4.1), with the inner one centred at 1 Re (fields B+C)
and the outer one at 3.2 Re (fields A+D). The dashed line indicates the surface brightness of the sky.

flux in this skysubtracted datacube, and continued our analysis with the original
cube that still contained the sky. After extracting the kinematics, we checked that
indeed the required minimal S/N was reached.

4.3.1 Stellar kinematics

We used the penalized Pixel Fitting3 (pPXF) routine of Cappellari & Emsellem
(2004) to extract the stellar kinematics from our spectra. pPXF convolves an opti-
mal stellar template with the LOSVD, to find the best fit to the observed spectrum.
During this fit, emission and sky lines are masked and therefore not included in
the fit. The optimal stellar template is composed by pPXF for each bin as a lin-
ear combination of stellar spectra from a representative library. For this, we used
the MILES library of 945 stars from Sánchez-Blázquez et al. (2006). We first
co-added all the PPAK spectra of NGC 2549 together and then fitted this spec-
trum with pPXF, using the full MILES library to supply templates. The optimal
template consisted of 51 MILES stars, and these stars were subsequently fed to
pPXF as template library when fitting the binned spectra. We included additive
polynomials to allow for changes in line strengths. Errors are obtained by a Monte
Carlo simulation, by measuring the kinematics from many realisations of the input
spectra, on which we added noise.

3available from http://www-astro.physics.ox.ac.uk/∼mxc/idl/#ppxf
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Figure 4.3 — Stellar kinematics
extracted from the PPAK spectra of
NGC 2549. From top to bottom:
total flux, velocity, velocity disper-
sion, h3 and h4. The maps are ori-
entated such that North is to the left
and East is down. For a colour ver-
sion of this plot, see the colour sup-
plement.

By coadding the spectra of each blank sky exposure, we obtained sky spec-
tra that we included as templates in pPXF. Since our spectra in the outer parts
of the galaxy are very sky dominated, this way we obtain a more accurate sky
subtraction, allowing for subtle sky variations. This procedure was introduced in
Weijmans et al. (2009a) to fit sky dominated spectra, and we refer the reader to
this paper for more details.

The LOSVD, parametrized by mean velocity V , velocity dispersion σ and the
Gauss-Hermite moments h3 and h4 is shown in Figure 4.3. The spectra on the
minor axis at the edge of the observed field had a somewhat deviant continuum
shape around the Hβ absorption line, and we therefore removed these bins from
the maps and forthcoming analysis. We fitted the LOSVD up to the 6th moment,
but since h5 and h6 consisted mostly of noise, we did not include them in the
subsequent analysis and modeling of the stellar kinematics, and therefore they are
not shown here. NGC 2549 displays regular, disc-like rotation out to at least 4 Re,
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Figure 4.4 — Comparison between the PPAK (solid black dots) and SAURON (open grey circles)
kinematics, along the major axis of NGC 2549. Observed errors in the PPAK data decrease at larger
radii, as here more spectra are combined in single bins, to increase the total S/N.

while the velocity dispersion shows a drop of approximately 30 km s−1 around 20
arcsec accompagnied by a rise around 30 arcsec on the major axis, which could
point to a cold disc embedded in a larger disc or bulge. Krajnović et al. (2008)
also found two disc-like rotating components in this galaxy based on harmonic
decomposition of its SAURON velocity map. They place the second component
at 13 arcsec.

In Figure 4.4 we compare the stellar kinematics obtained with PPAK with
the higher resolution SAURON kinematics in the central part of the galaxy. The
SAURON kinematics of NGC 2549 were originally presented by Emsellem et
al. (2004), but re-extracted with the MILES library (see Cappellari et al. 2007;
Krajnović et al. 2009). Although the observed velocity, h3 and h4 agree between
the two datasets, the PPAK data show a slightly higher velocity dispersion than
the SAURON data. However, due to differences in sampling and spaxel size it is
not straightforward to compare these values directly.
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Figure 4.5 — Gas kinematics of NGC 2549, measured from [O III]. From top to bottom: flux,
velocity and velocity dispersion. Only bins with amplitude-to-noise A/N > 4 are shown. Maps are
orientated as in Figure 4.3. See the colour supplement for a colour version of this figure.

4.3.2 Ionised gas

There is some ionised gas present in NGC 2549, and emission line regions (He II,
Hβ , [O III], [N I]) were masked during the extraction of the stellar kinematics. To
determine the gas content and kinematics, we use the Gas AND Absorption Line
Fitting4 (GANDALF) routine described by Sarzi et al. (2006). GANDALF treats
the emission lines as additional Gaussian templates and solves for their velocities
and dispersion in combination with a stellar template convolved with the best fit-
ting LOSVD found by pPXF. Multiplicative polynomials were included to fit the
shape of the continuum. Since [O III] is the strongest emission line, we first fitted
this doublet line, while keeping the other lines masked. We subsequently fitted all
emission lines simultaneously, but kept their kinematics fixed to the [O III] kine-
matics. The skylines were masked during this procedure. We found no evidence
for He II and [N I] emission, and only a few spurious detections of Hβ . [O III]
was clearly detected in the inner part of the galaxy, and the [O III] gas maps are
presented in Figure 4.5. The morphology and kinematics of the [O III] gas agree

4available from http://star-www.herts.ac.uk/∼sarzi/PaperV_nutshell
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Index Central bandpass Blue continuum Red continuum Applied offsets
(Å) (Å) (Å) (Å)

Fe4383 4369.125 - 4420.375 4359.125 - 4370.375 4442.875 - 4455.375 0.46 ± 0.05
Ca4455 4452.125 - 4474.625 4445.875 - 4454.625 4477.175 - 4492.125 0.36 ± 0.02
Fe4531 4514.125 - 4559.250 4504.250 - 4514.250 4560.500 - 4579.250 0.07 ± 0.03
C24668 4634.000 - 4720.250 4611.500 - 4630.250 4742.750 - 4756.500 -0.23 ± 0.05
Hβ 4847.875 - 4876.625 4827.875 - 4847.875 4876.625 - 4891.625 -0.09 ± 0.02
Fe5015 4977.750 - 5054.000 4946.500 - 4977.750 5054.000 - 5065.250 0.40 ± 0.04
Mg b 5160.125 - 5192.625 5142.625 - 5161.375 5191.375 - 5206.375 0.03 ± 0.02
Fe5270 5245.650 - 5285.650 5233.150 - 5248.150 5285.650 - 5318.150 0.07 ± 0.02
Fe5335 5312.125 - 5352.125 5304.625 - 5315.875 5353.375 - 5363.375 -0.04 ± 0.02
Fe5406 5387.500 - 5415.000 5376.250 - 5387.500 5415.000 - 5425.000 -0.07 ± 0.02
Fe5709 5696.625 - 5720.375 5672.875 - 5696.625 5722.875 - 5736.625 0.05 ± 0.01

Table 4.4 — Bandpass definitions of line strength indices (Trager et al. 1998), and offsets to the
Lick/IDS spectrum from the MILES library.

with the SAURON results from Sarzi et al. (2006). The gas lies in a wide filament
stretching from the Northwest to the Southeast in the galaxy, and is kinematically
misaligned from the stellar rotation axis.

4.3.3 Line strength measurements

The relatively long wavelength coverage of PPAK (4300 - 5800 Å) allows us
to measure a variety of absorption line strengths, such as Hβ , Mg b and var-
ious Fe indices. These indices are summarized in Table 4.4, with definitions
taken from Trager et al. (1998). We adopt the procedure of Kuntschner et al.
(2006) to measure the indices. We first removed the observed [O III] gas emission
with an amplitude-to-noise ratio A/N > 4 from our spectra, and calibrated to the
Lick/IDS system by broadening the spectra to the wavelength-dependent instru-
mental resolution of the Lick spectra (Worthey & Ottaviani 1997). The observed
line strengths were corrected for broadening caused by the LOSVD.

Since the Lick spectra are not flux-calibrated, we need to apply offsets to our
measured indices to conform to the Lick/IDS system. To determine these offsets,
we had observed 11 different standard stars from the MILES library with PPAK
during the same run. Each star was observed 2-3 times. In Figure 4.6, we show
the line strength measurements of these stars, compared to the line strengths as
measured directly on the spectra from the MILES library. Since both our PPAK
spectra and the spectra from the MILES library are flux-calibrated, these offsets
should be zero. We find that for most indices this is indeed the case, except for
the most blue and most red indices. We therefore suspect that the flux-calibration
on these parts of the spectra have not been perfect. We also see large deviations
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Figure 4.6 — Offsets in line strength indices as measured from our observed stars and as measured
directly from the MILES library. The offsets are defined as MILES - PPAK, and are printed in the
upper right corner of each panel. Errors are standard deviations divided by

√
N, with N the number

of observed stars (which in this case means N = 11). Dashed lines correspond to the mean offset,
dotted lines indicate an offset of zero. See text for more details.

for the Fe5335 index, but these are most likely caused by features resulting from
a bad column on the CCD around this wavelength range.

Since for most indices our line strength measurements agree with those from
the MILES library, we determined offsets to the Lick/IDS system using all the
235 stars in common between the Lick and MILES libraries. These offsets can be
found in Table 4.4, and were applied to our data.

We present maps of the measured indices in Figure 4.7. Errors were deter-
mined with Monte Carlo simulations, where we took the noise of our observed
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Figure 4.7 — Line strength maps of NGC 2549. Maps are orientated such that North is to the left
and East down. The Fe5335 line strength map has been omitted, as this index was affected by a bad
column on the CCD and could therefore not be reliably measured. See the colour supplement for a
colour version of this figure.

spectrum and the uncertainty in radial velocity into account.

We compared our line strength measurements of NGC 2549 with those ob-
served with SAURON and presented by Kuntschner et al. (2006) for those line
strengths that we have in common (i.e. Hβ , Fe5015 and Mg b). For Hβ and
Mg b these values agree within the errors introduced by applying different Lick
offsets, but for Fe5015 the offset between the two datasets is larger, up to 0.9Å.
This difference could be caused by a different removal of the [O III] lines from the
spectra, as the measurement of this index critically depends on the treatment of
this emission line. However, also in literature offsets between different datasets
are mentioned (e.g. McDermid et al. 2006), and different values for offsets from
flux-calibrated spectra to the Lick system are reported for different instruments
(e.g. Kuntschner 2000; Norris, Sharples & Kuntschner 2006; Sánchez-Blázquez
et al. 2009).
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4.4 Stellar population models

We now turn our attention to the properties of the stellar population in NGC 2549.
For our analysis we use the Hβ , Fe5015, Mg b and Fe5270 indices, as these in-
dices can be well measured and show the most stable maps and offsets (see Fig-
ures 4.6 and 4.7). In order to avoid dependence on α-enhancement [α /Fe], we
couple the iron and Mg b indices into the following abundance ratio insensitive
indices (Kuntschner et al. in prep):

[MgFe50]′ =
0.69×Mgb+Fe5015

2
, (4.1)

[MgFe52]′ =
0.64×Mgb+Fe5270

2
. (4.2)

Our main goal in this section is to estimate the stellar mass-to-light ratio M∗/L,
as this value is currently one of the main uncertainties when constructing mass
models including dark matter. For the first time we are now able to use IFU data
to generate M∗/L maps, based on line strength measurements.

4.4.1 Single stellar population modeling

We employ the stellar population models based on the MILES library (Sánchez-
Blázquez et al. 2006; Vazdekis et al. in prep.) for our analysis. These models
predict line strength indices, colours and stellar mass-to-light ratios (M∗/L) for
different combinations of age, metallicity and initial mass function (IMF). We fix
the IMF to the Kroupa IMF (Kroupa 2001) and find the predicted line strength
indices and M∗/L for a grid uniformly sampled in metallicity and log(age). Since
the original models are sparsely sampled in metallicity ([Z/H]= -0.71, -0.40, 0.00
and 0.22) and not uniformly sampled in log(age), we interpolated the tables gen-
erated by the models to construct this uniform grid. Next, we used a maximum
likelihood estimator to find the most likely value for M∗/L, given the observed
line strength indices. Errors were determined by 68 per cent confidence intervals
in the probability distributions.

We repeated the above analysis for each bin in our PPAK data cube, and thus
were able to generate maps of M∗/L, as well as age and metallicity. These maps
are shown in Figure 4.8. We find that both the stellar M/L and age are reasonably
constant over the total FoV, out to 4 Re. For M∗/L in R-band we find a value of
2.6 ± 0.6 M⊙/L⊙,R, while the age of the stellar population is about 9 ± 5 Gyr,
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Figure 4.8 — From top to bottom: stellar mass-to-light ratio (M∗/L) in R-band, age and metallicity
([Z/H]) in NGC 2549. Maps are again orientated with North to the left and East down. See the
colour supplement for a colour version of this figure.

though younger in the central part of the galaxy. The metallicity is enhanced in
the centre, and it drops from [Z/H] = 0.2 in the centre to -0.4 at large radii.

It would be interesting to see how our maps of M∗/L, age and metallicity com-
pare to maps obtained using colours instead of line indices (see Zibetti, Charlot &
Rix 2009 for a demonstration of this method). Since this would require very accu-
rate colours out to large radii and a well-understood calibration between different
photometry bands, as well as a correction for galactic extinction, we do not make
this comparison here. For future projects it will be fruitful to obtain deep imag-
ing in different optical and near-infrared bands, in addition to deep integral-field
spectrography.

4.4.2 Two components in NGC 2549?

In the stellar kinematic maps we see hints for a cold disc, embedded in a thicker
disc or bulge. To look for evidence for an embedded disc in the line strengths, we
start by plotting the indices as a function of radius, to determine the line strength
gradients. The slopes of these gradients provide clues on the formation scenario
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of the galaxy, with steep gradients resulting from monolithic collapse (Carlberg
1984), while mergers dilute existent gradients (White 1980). More recent simula-
tions however have shown that depending on the gradients in the parent galaxies,
the merger remnant can have either a steeper or a shallower gradient than its pro-
genitors (Di Matteo et al. 2009) and that a combination of monolithic collapse
and hierarchical galaxy formation is required to reproduce the gradients that are
observed in early-type galaxies (Kobayashi 2004).

Before plotting the gradients, we first transform our observed indices into
magnitudes:

index′ = −2.5log(1− index
∆λ

), (4.3)

where ∆λ is the width of the central bandpass (see Table 4.4), and the index in
magnitudes is denoted by a prime [′]. Next, we average the indices along the
isophotes of the galaxy, taking the flattening of the galaxy into account. We plot
our results in Figure 4.9. We find no change in the line strength gradients, in
fact: the slopes remain constant from 0.1 Re out to at least 4 Re. Hopkins et al.
(2009b) sketch a scenario in which a secondary starburst following a major merger
steepens the line strength gradients in the inner part of the galaxy, while violent
relaxation flattens these gradients at larger radii. We find no support for this sce-
nario, which would be an indication of a second component, although it remains
possible that the merger happened sufficiently long ago (more than several Gyr)
and that therefore the expected change in line strength slope between the young
disc and older bulge has dissappeared. We note that the slope of the metallicity
gradient seems to flatten in the inner 5 arcseconds of the galaxy, however data
with higher spatial resolution is needed to investigate this further.

Norris et al. (2006) used line strength profiles along the major and minor
axis to identify a young disc embedded in an old bulge in the lenticular galaxy
NGC 3115. Since the disc in this galaxy is more flattened than the bulge, they
found a difference in gradient between the major and minor axis. To investigate
whether NGC 2549 shows similar behaviour, we select the bins that are located
within 3 arcsec from the major and minor axis, and plot their radial profiles (see
Figure 4.9). We correct the distance along the minor axis by taking the flatten-
ing into account. We find no distinction in line strength behaviour between the
major and minor axis on the galaxy. In the metallicity profile however we see a
small difference in slope between the minor and major axis, which could indicate
that indeed a thin metal-rich disc is present, embedded in a thicker, metal-poorer
disc. This view is strengthened by the metallicity map (Figure 4.8), where the
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Figure 4.9 — Line strength indices (from top to bottom Hβ , Fe5015, Mg b and Fe5270) in mag-
nitudes, and metallicity [Z/H], as a function of radius. Black dots denote averaged line strengths
along the isophotes of the galaxy, while the crosses and open triangles denote measurements along
the major and minor axis, respectively. The minor axis radii have been corrected for the flattening
of the galaxy. Errorbars are comparable to the size of the plotting symbols.

iso-metallicity contours appear more flattened than the isophotes. This effect has
been observed in several other fast-rotators (e.g. Kuntschner et al. in prep.).

4.5 Dynamical models

In this section we investigate whether a dark matter halo is needed to fit the ob-
served stellar kinematics of NGC 2549, and constrain the amount of dark matter.
We use the triaxial Schwarzschild modeling code of van den Bosch et al. (2008),
which was extended to allow for the inclusion of a dark matter halo by Weijmans
et al. (2009a). Briefly, a mass distribution is constructed by combining a dark halo,
black hole and a deprojection of the observed stellar surface brightness. Orbits are
then calculated in the potential constructed from the mass distribution. These or-
bits are then combined into a superposition, that best fits the observed kinematics,
while constraining the fit such that it reproduces the stellar mass distribution.
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4.5.1 Schwarzschild models

NGC 2549 is an edge-on fast rotator (c.q. discy elliptical) that shows no signs of a
strong bar and can therefore be reasonably modeled with an oblate axisymmetric
mass distribution. Krajnović et al. (2009) presented axisymmetric Schwarzschild
models of NGC 549 and we use their best-fitting model as a starting point. We
adopt their inclination of 88◦, and (a close to) oblate geometry. We fix the black
hole mass to their best-fit value M• = 1.4 × 107 M⊙. We adopt their dynami-
cal M/L = 4.7 M⊙/L⊙,R for the stellar M/L (constructing a maximal spheroid
model), as well as their Multi-Gaussian Expansion (MGE, see Emsellem, Mon-
net & Bacon 1994; Cappellari 2002) mass model. This MGE model is based on
HST/WFPC 2 imaging in R-band, complemented with wide-field MDM imaging
in V-band, that was scaled to match the WFPC 2 image. We added a spherical
halo with a NFW profile to the total potential :

Ψhalo(r) = −4πGρsr
2
s

rs

r
ln(1+

r

rs

), (4.4)

with G the gravitational constant, ρs a characteristic density and rs a characteristic
radius. These last two quantities are coupled to the concentration parameter c of
the halo and the halo mass M200, which is the total mass of the halo within r200:

ρs

ρcrit
=

200
3

c3

ln(1+ c)− c/(1+ c)
, (4.5)

M200 = 4πρsr
3
s [ln(1+ c)− c

1+ c
]. (4.6)

Here r200 is the radius within which the mean density of the halo has dropped to
200 times the critical density ρcrit.

For now, we fix the concentration of the halo to c = 10, to be consistent with
predictions from cosmological simulations (Bullock et al. 2001) and to reduce
the parameter space that needs to be searched. We then optimized the models by
varying the halo mass M200, while fitting the PPAK kinematics up to the fourth
Gauss-Hermite moment h4, as well as the SAURON kinematics (Emsellem et al
2004; Krajnovic et al. 2009) up to h6, which cover the central Re of the galaxy
with higher spatial resolution.

The PPAK data shows a somewhat higher velocity dispersion than the SAURON
data (see Figure 4.4). Since we combine the two datasets here in one dynamical
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Figure 4.10 — ∆χ2 levels for the
Schwarzschild models of NGC 2549.
The only free parameter in these mod-
els is M200 (total halo mass). The
model without dark halo is relocated at
3 ×1010, to place it within the plot.

model, a pragmatic solution is to scale the PPAK velocity dispersions to agree
with the SAURON ones. After some experimentation we found that a quadratic
correction worked best:

σmodel =
√

σ2
PPAK +σ 2

instr −σ 2
corr, (4.7)

with σinstr the instrumental resolution (103 km s−1) and σcorr a correction term.
We found a correction of 110.5 km s−1 to minimize the differences between the
SAURON and the PPAK observations, while taking the different seeing into ac-
count. We then applied this correction term to the PPAK dispersion.

In Figure 4.10 we show the χ2 for the different halo masses. The amount of
dark matter is constrained well, due to the flat rotation curve and the rising disper-
sion at large radii. The halo has a mass of M200 = 7×1012 M⊙. The kinematics of
the best-fitting model are shown in Figure 4.11. The model reproduces the mean
stellar velocity very well. The dispersion out to 30 arcsecond is also reproduced
nicely, but the dispersion rise at larger radii along the major axis can not be repro-
duced by the spherical NFW halo. Therefore the models also fail to reproduce the
higher moments, as they have relatively larger errors. Hopefully, dark haloes with
a large central core and a lower stellar M/L will be able to reproduce the data.
Given the large spatial extent of the PPAK data we should be able to constrain the
mass distribution of the halo, and this is currently under investigation.

In Figure 4.12 we show the anisotropy of our best-fitting model, compared
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Figure 4.11 — Point-symmetrized kinematics of the SAURON and PPAK data and the best-fitting
model with a spherical NFW halo. The model reproduces the flat rotation curve well, but has
trouble reproducing the rising dispersion at radii larger than 40 arcseconds. Consequently, the
higher moment at those radii cannot be reproduced either. The model without a dark halo cannot
reproduce the observed rotation field, and is overall a poor fit to the data. A larger colour version of
this figure can be found in the colour supplement.

to a model without halo and a model with a too heavy halo. We parametrize the
anisotropy with

βr = 1−
σ2

φ +σ 2
θ

2σ2
r

, (4.8)

where (r,θ ,φ) are the standard spherical coordinates. For all models βr is low,
which means that the stellar orbits are strongly tangentially anisotropic. This is
a clear signature of a disc-like structure. In contrast to what is seen in spherical
or axisymmetric models (e.g. Richstone & Tremaine 1984; Dekel et al. 2005),
we do not see an increase of radial anisotropy with increasing halo mass. This
behaviour should be investigated in more detail. However, the higher moments are
currently not well produced in the model and they typically constrain the amount
of anisotropy.

After inspecting the distribution of the orbits in the Schwarzschild model we
found that the system is made up out of three distinct components: a compact
bulge, a small (inner) thin disc and a large thick disc, similar to what was found
by Krajnović et al. (2008). As the this disc is (perhaps) also seen in the metallicity
map, it would be interesting to look into these separate phase space components
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Figure 4.12 — Orbital structure of NGC 2549. Top panel: velocity anisotropy βr as a function of
radius (see Equation 4.8). The solid line indicates our best-fitting model (M200 = 7 × 1012 M⊙), the
dashed and dashed-dotted line denote the model without halo and the model with a too heavy halo
(M200 = 3 × 1013 M⊙), respectively. Bottom panel: fraction of orbit types as function of radius for
the models of the top panel. Blue lines denote fractions of short axis tubes, red lines long axis tubes
and black lines the fractions of box orbits. See the colour supplement for a colour version of this
figure.

in more detail, at it might allow us to measure the metallicities of the three com-
ponents individually.

4.5.2 Jeans anisotropic models

In addition to Schwarschild models, we also constructed Jeans anisotropic mod-
els of our dataset. These axisymmetric models are based on the second velocity
moments, given by:

Vrms =
√

V 2 +σ 2, (4.9)
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Figure 4.13 — Jeans
anisotropic models of
NGC 2549, based on the
second velocity moments
of the PPAK kinematics.
From top to bottom: bi-
symmetrized observations,
model without dark halo and
βz = 0.17, model without
dark halo withβz = 0.17 for
R < 20 arcsec and βz = -10 for
R > 20 arcsec, and the finally
the best-fitting model with an
NFW halo and βz = 0.17. See
the colour supplement for a
colour version of this figure.

and are characterized by the anisotropy parameter βz, which is defined as:

βz = 1− v2
z/v2

R. (4.10)

This modeling method is explained in detail by Cappellari (2008), who also
presented a mass model of NGC 2549 based on the SAURON observations. His
best-fitting model is edge-on (i = 90◦) and has βz = 0.17. Adopting these values
we try to construct a Jeans model to reconstruct the observed PPAK kinematics,
but we find that we cannot construct a mass model without extra dark matter,
even if we allow for an extreme anisotropy in the outer parts of the galaxy (see
Figure 4.13). We therefore add a spherical NFW halo to the model, with c = 10
to be consistent with the Schwarzschild models. The dark halo is included in the
fit as a one-dimensional MGE model and we fit for M200 and M∗/L. We find a
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Figure 4.14 — Enclosed dark matter fraction as a function of radius. The solid line denotes the
best-fitting maximum spheroid model with M∗/L = 4.7M⊙/L⊙,R, while the dashed line follows the
model with M∗/L = 2.6M⊙/L⊙,R, consistent with stellar population models.

good fit to the data (see Figure 4.13), with a best-fitting halo mass of M200 = 1.3
× 1013 M⊙, which is within a factor of two with the best-fitting halo mass found
by the Schwarzschild model. This agreement is very encouraging and provides
confidence for our results, as these two modeling methods work from different
principles. The Jeans models can also reproduce the increase of Vrms at larger
radii. This quantity is mostly dominated by the rotation of the system, which is
large compared to the velocity dispersion.

The best-fitting stellar M/L is 5.5 M⊙/L⊙,R which deviates from the value
found by Schwarzschild modeling. However, the Jeans models were fitted to the
PPAK data only, which were not corrected for the offset between the PPAK and
SAURON velocity dispersions. Scott et al. (2009) present anisotropic models
of NGC 2549 based on SAURON kinematics and find a best-fitting M/L of 4.8
M⊙/L⊙,R, in agreement the Schwarzschild models of Krajnović et al. (2009).

4.5.3 Dark matter fractions

In Figure 4.14 we show the enclosed dark matter fraction as a function of radius
for our best-fitting Schwarzschild model. The total stellar mass in this model is
2.8 × 1010 M⊙, which is a factor ∼ 250 smaller than the total halo mass M200 = 7
× 1012 M⊙. Within 1 Re, 16 per cent of the total mass is dark, while within 5 Re,
this percentage has grown to 63 per cent. Note however that this model assumes
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a maximal spheroid, and that therefore these percentages are lower limits.
Since we also have an estimate of the stellar M/L based on stellar population

modeling, we scaled our Schwarzschild models to this value. This resulted in
a decrease of almost 50 per cent in stellar mass, as now M∗/L was fixed to 2.6
M⊙/L⊙,R, instead of the maximal allowed value of 4.7 M⊙/L⊙,R. Consequently,
the mass of the best-fitting dark halo increased, to compensate for the loss in
stellar mass. The best-fitting halo for this model has M200 = 1 × 1015 M⊙, again
assuming an NFW profile with a concentration c = 10. The dark mass inside 1 Re

for this model corresponds to 65 per cent of the total mass, increasing to 95 per
cent at 5 Re (see also Figure 4.14). However, this model overpredicts the velocity
dispersion at larger radii, and therefore M∗/L is most likely underestimated. This
implies however that the dark matter fractions in NGC 2549 are bracketed by the
values quoted here for these two extreme models.

The difference in M∗/L as determined by the maximal spheroid model and the
stellar population models seems rather large, but a comparable difference between
these two values was observed by Weijmans et al. (2008) for the early-type galaxy
NGC 2974. They determined dark matter fractions in this galaxy, using the kine-
matics of a large H I ring surrounding this system. For the two early-type galaxies
NGC 3379 and NGC 821, studied by Weijmans et al. (2009a), the difference be-
tween dynamical and stellar M/L was much smaller (see also Cappellari et al.
2006), and these systems seem to be less dark matter dominated than NGC 2549.
It is interesting to note that both NGC 2549 and NGC 2974 are disc-like galaxies
that show rotation out to at least 5 Re, while NGC 3379 and NGC 821 are both
rounder and show little rotation at large radii. However, a comparison between
the different models for these galaxies is not straightforward because of the max-
imal spheroid assumption. A more thorough analysis is needed to make a fair
comparion between these models, but this is currently beyond the scope of this
text.

4.6 Discussion and summary

We observed the early-type galaxy NGC 2549 with the integral-field spectograph
PPAK out to at least 4 Re. We obtained integrations of several hours and in the
outer part of the galaxy binned individual spectra together, to obtain sufficient
signal-to-noise to measure both stellar kinematics and absorption line strengths.
The velocity map displays regular rotation out to the edge of the observed field,
while the velocity dispersion has a declining profile, followed by a slight increase
outside 30 arcsec. Using stellar population models and the observed line strengths
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as constraints, we constructed maps of age, metallicity and stellar M/L. The
metallicity map shows evidence for a younger, metal-rich disc-like component,
embedded in a larger disc or bulge. Further hints for an embedded disc were
presented by Krajnović et al. (2009), who reported the presence of two disc-like
components based on the SAURON stellar kinematics. Our Schwarzschild model,
based on the new PPAK spectra, complemented with SAURON kinematics for
the central part of the galaxy, also show evidence for embedded components: we
identify from the orbital structure a compact bulge, a thin inner disc and a large
thick disc. These observations provide hints for the merger and starformation
history of NGC 2549. One would expect to find an inner disc as we described
here, as a result from secondary starformation after a major merger (e.g. Hopkins
et al. 2009b).

From our Schwarzschild model we find that a dark halo is required to recon-
struct the observed kinematics. We explored possible halo masses of a spherical
NFW halo, with a concentration c = 10, whithin the maximum spheroid (or min-
imal halo) assumption. The best-fitting halo mass agrees with the one obtained
from anisotropic Jeans modeling of the PPAK kinematics. Since the two model-
ing methods arise from different principles, the agreement in halo mass is very
encouraging. We find that within 1 Re at least 16 per cent of the total mass is dark,
while within 5 Re this percentage has grown to 63 per cent. However, if we adopt
the stellar M/L found by stellar population modeling, NGC 2549 becomes much
more dark matter dominated: already within 1 Re more than half (65 per cent) of
the total mass lies within the dark halo. However, even within the same stellar
population model, differences in initial-mass function, treatment of stellar winds
and lower-mass cuts can introduce large uncertainties (up to 40 per cent) in M∗/L.

Our Schwarzschild model cannot exactly reproduce the observed behaviour
of the velocity dispersion at larger radii. This could be caused by the restrictions
that we have emposed on our halo model. To limit the parameter phase, we only
explored spherical haloes with a (cuspy) NFW profile. However, simulations have
shown that haloes are most likely flattened or triaxial (e.g. Hayashi, Navarro &
Springel 2007), while observations of low-surface brightness and dwarf galaxies
have found evidence for cored halo profiles (e.g. Weldrake, de Blok & Walter
2003; de Blok et al. 2008) Now that we have obtained stellar kinematics over
the complete galaxy field out to 4 Re instead of only major axis measurements
(Weijmans et al. 2009a), we should start to explore whether we can constrain the
shape and profile of the dark halo. If indeed it becomes possible to model the dark
halo in such detail, this will provide important tests for galaxy formation theories.
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Chapter 5

Dissecting the Lyman Alpha
emission halo of LAB1

We report observations of Lyman Alpha Blob 1 (LAB1) in the SSA 22 pro-
tocluster region (z = 3.09) with the integral-field spectrograph SAURON.
We increased the signal-to-noise in the spectra by more than a factor three
compared to our previous observations. This allows us to probe the struc-
ture of the LAB system in detail, examining its structure in the spatial and
wavelength dimensions. We find that the emission from the system comes
largely from five distinct blobs. Two of the emission regions are associated
with Lyman Break Galaxies, while a third appears to be associated with a
heavily obscured submillimeter galaxy. The fourth and fifth components do
not appear to be associated with any galaxy despite the deep imaging that is
available in this field. If we interpret wavelength shifts in the line centroid
as velocity structure in the underlying gas, many of these emission systems
show evidence of velocity shear. It remains difficult to distinguish between
an underlying rotation of the gas and an outflow driven by the central object.
We have examined all of the line profiles for evidence of strong absorption
features. While several systems are better fitted by the inclusion of a weak
absorption component, we do not see evidence for a large-scale coherent
absorption feature such as that seen in LAB2.

Anne-Marie Weijmans, Richard G. Bower, James E. Geach, A. Mark Swinbank,
Richard J. Wilman, P. Tim de Zeeuw & Simon L. Morris
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5.1 Introduction

By allowing us to probe the gaseous haloes around z ∼ 3 galaxies, large scale Ly-
man α nebulae provide a fascinating insight into the formation of high-redshift
galaxies. The first and brightest of these haloes were discovered by Steidel et al.
(2000) in the SSA 22 protocluster region at z = 3.09. Subsequently a population
of fainter Lyman Alpha Blobs (LABs) was detected in deep narrow-band imaging
surveys (e.g. Matsuda et al. 2004; Nilsson et al. 2006, Smith & Jarvis 2007),
revealing that LABs have a large spread in properties such as surface bright-
ness and morphology, and it has been suggested that their presence is linked to
dense environments (Matsuda et al. 2004). Follow-up observations in the optical,
near-infrared and particularly the far-infrared suggest that LABs are sites of mas-
sive galaxy formation, enhanced by the cluster environment (e.g. Chapman et al.
2004). This view is supported by the discovery of luminous submillimeter sources
in several LABs (e.g. Geach et al. 2005). LAB systems like those discovered by
Steidel et al. (2000) are also found around high-redshift radio galaxies (e.g. Cham-
bers, Miley & van Breugel 1990; Villar-Martín et al. 2002). However, the study of
such radio loud systems is complicated by the presence of radio jets and lobes. It
is unclear whether these systems are directly comparable to the radio quiet LABs
that we discuss in this paper, or that they have a different power source, such as
the injection of cosmic rays by the radio source (e.g. Ferland et al. 2009).

The origin of radio quiet LABs is still unclear, and three different scenarios
have been proposed to explain their existence. One is that the gas in LABs is
heated by photo-ionisation, caused by massive stars and/or active galactic nuclei
(AGN) (Geach et al. 2009). However, for one third of the LABs in the sample
of Matsuda et al. (2004), the observed UV luminosities are too low to produce
the observed Lyα radiation, although putative ionising sources could be obscured
along our line of sight. For example, Geach et al. (2009) argue that in a large
fraction of LABs there is sufficient UV flux from an obscured AGN component
to power the extended line emission, despite large dust covering fractions. While
photo-ionisation is likely to play a role in powering LABs, it is nonetheless in-
structive to consider alternative or additional power sources for the Lyα emission
in LABs, since it is not clear that a single mechanism (such as photo-ionisation)
is responsible for all of the observed properties of these objects.

An alternative scenario is that the gas in LABs is excited by cooling flows
(e.g. Haiman, Spaans & Quataert 2000; Fardal et al. 2001; Dijkstra & Loeb
2009). Nilsson et al. (2006) argue that the emission in the LAB they detected
in the GOODS South field originates from cold accretion onto a dark matter halo.
This view is supported by the lack of continuum counterparts, which could photo-
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ionise the gas, and the absence of a massive starburst in the infrared, that could
point to a superwind outflow (see below). Instead, they find a good match between
their observed surface brightness profile and the profiles derived from theoretical
models for collapsing clouds from Dijkstra, Haiman & Spaans (2006). A similar
analysis is given by Smith et al. (2008) for the LAB presented in Smith & Jarvis
(2007).

The third proposed origin for extended Lyα emission haloes is provided by
the so-called superwind model (e.g. Taniguchi & Shioya 2000; Ohyama et al.
2003). After an initial starburst, massive stars die in supernovae. If the resulting
supernova remnants overlap, they could form a superbubble (e.g. Heckman, Ar-
mus & Miley 1990), from which a superwind can blow gas into the intergalactic
medium if the kinetic energy in the gas is large enough to overcome the gravita-
tional potential. Taniguchi & Ohyama (2000) suggest an evolutionary sequence
for elliptical galaxies that includes LABs. During the initial starburst, a galaxy
can be enshrouded by gas and dust grains, and is therefore observable as a (dusty)
submillimeter source. The LABs represent the subsequent superwind phase, ex-
pelling the gas and dust, and therefore rendering the galaxy fainter in the submil-
limeter regime. After this phase, the galaxy continues to develop into a normal
elliptical galaxy.

The brightest and most extended LAB observed to date is LAB1 (SSA22a-
C11), one of the two LABs described by Steidel et al. (2000). This LAB has
a Lyα luminosity of 1.1× 1044 ergs s−1 at z = 3.1 (Matsuda et al. 2004), and
a spatial extent of ∼ 100 kpc. Matsuda et al. (2004) find bubble-like structures
in narrowband images of LAB1, in support of the superwind model for this LAB.
Bower et al. (2004) observed LAB1 with the integral-field spectrograph SAURON
(Bacon et al. 2001). They found extensive emission, and a large velocity disper-
sion for the Lyα emission line (∼ 500 km s−1). Although interpretation of the
spectra of LAB1 is not straightforward, since Lyα is a resonant line and therefore
emission can easily get scattered, they find similarities between LAB1 and the lo-
cal emission-line halo of NGC 1275 in the Perseus cluster. Longer observations of
LAB2 with the same spectrograph suggested the existence of a dense outflowing
shell of material around this system (Wilman et al. 2005). However, spectra of
higher signal-to-noise are needed to find evidence for outflows in LAB1.

We therefore reobserved LAB1 with SAURON, adding signal to the data al-
ready published by Bower et al. (2004). By increasing the observing time from 9
hours in the original dataset to 23.5 hours in our new datacube, we increased the
signal-to-noise in the spectra, and therefore were able to obtain line profiles and
kinematic maps of the Lyα emission in this region. We describe the new observa-
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tions and data reduction of LAB1 in Section 5.2 and analyse the spectra in Section
5.3. In Section 5.4 we discuss our results and speculate on the structure and origin
of LAB1. Throughout this paper, we assume a flat cosmology with H0 = 70 km
s−1 Mpc−1, Ω=0.3 and Λ = 0.7. In this scenario, 1 arcsec at z = 3.1 corresponds
to 7.5 kpc.

5.2 Observations and data reduction

LAB1 was previously observed for 9 hours with SAURON at the William Her-
schel Telescope at La Palma, Spain, in July 2002. The relatively large field-of-
view (41 × 33 arcsec2) and high throughput (20 per cent) make this spectrograph
a very suitable instrument for deep Lyα observations, even though it was orig-
inally built to study the dynamics and stellar populations of nearby early-type
galaxies (de Zeeuw et al. 2002). The relatively high spectral resolution of 4.2 Å
(FWHM) of the instrument, in combination with the wide field, was obtained by
compromising on the total wavelength coverage (4810 to 5350 Å). As a result,
SAURON can observe Lyα systems at redshifts 2.96 < z < 3.40, and fortunately,
LAB1 resides within this redshift range (z = 3.1). A description of the earlier
observations of LAB1 and their reduction can be found in Bower et al. (2004).

In these previous observations, we lacked the signal-to-noise (S/N) to search
for asymmetries in the line profiles and signs for possible neutral absorption, as
found in SAURON spectra of LAB2 by Wilman et al. (2005). We therefore re-
observed LAB1 for an additional 15 hours with SAURON, between 15 and 21
September 2006. The observations were split into individual exposures of 1800
seconds and dithered by a few arcseconds. The data were reduced using the
dedicated XSAURON software (Bacon et al. 2001). We replaced our calibration
frames, to correct for a malfunctioning shutter (see Weijmans et al. 2009a for
more details). We had also observed six blank sky fields, and created a so-called
superflat by taking the smoothed median of these blank frames and the dithered
object frames in the spectral direction. Dividing our already flat-fielded data by
this superflat removed most of the remaining flat-field residuals. The spectra were
degraded to a resolution of 4.9 Å (FWHM) to be consistent with the LAB1 ob-
servations of Bower et al. (2004), and sky subtracted with the signal from the
SAURON skylenslets, that obtain simultaneous sky spectra pointing 2 arcminutes
away from the main field-of-view.

Before merging this new dataset with the cubes of Bower et al. (2004), we first
re-reduced these spectra in the same way as described above to make sure that both
datasets were treated identically. One of the frames had to be discarded because of



5.2. OBSERVATIONS AND DATA REDUCTION 113

Figure 5.1 — Lyα emission in the LAB1 region. Left panel: continuum subtracted Lyα emission,
obtained from collapsing the SAURON spectra over a narrow wavelength range centred on the
emission line. Interesting regions are indicated by boxes (see text). Middle panel: HST/STIS
optical image overlaid with Lyα contours from the left panel. Black asterisks indicate the IRAC
sources from Geach et al. (2007). Right panel: same as middle panel, but now a Spitzer/IRAC
3.6 µm image is displayed. Sources identified in Geach et al. (2007) are indicated with identical
nomenclature (a-e). In all plots, the blue dot denotes the position of the radio source (Chapman et
al. 2004). All images are plotted on the same scale and are orientated such that North is up and East
to the left. See colour supplement for a colour version of this plot.

bad sky subtraction. The remaining 17 frames of the old dataset were then merged
with the 30 frames of the new dataset, using a faint star in the south-east corner of
the field-of-view to align the cubes. In the merged cube, this star has a FWHM of
1.3 arcsec. We set the spatial resolution of the cube to 0.4 arcsec per pixel, while
the spectral resolution is 1.15 Å per pixel. This final cube represents 23.5 hours
of observing time, and is the deepest SAURON observation to date. The increase
in S/N is a factor of 3.7 compared to the dataset of Bower et al. (2004), which is
more than would be expected based on the factor 2.6 increase in exposure time.
The higher than expected S/N results from improved observing and data reduction
techniques, developed over the past few years within the SAURON team.

Unfortunately due to the malfunctioning shutter of the spectrograph we could
not observe flux stars during the 2006 observing run. We therefore flux calibrated
our data using flux values for C15 from the literature. We added the flux in a
wavelength interval centred around the Lyα line (4960 Å < λ < 5000 Å) in a 4
× 4 arcsec2 box around C15, and scaled the number of counts to the flux given by



114 CHAPTER 5. THE EMISSION HALO OF LAB1

Field α δ L (Lyα) STIS m3.6µm

erg s−1 mag mag
C15 22h 17m 26.1s 00◦ 12′ 54.1′′ 1.7 × 1043 26.13 ± 0.02 >23.7
R1 22h 17m 26.0s 00◦ 12′ 42.5′′ 8.4 × 1042 >27.42 >23.7
R2 22h 17m 25.8s 00◦ 12′ 40.9′′ 2.3 × 1043 >27.42 >23.7
R3 22h 17m 26.0s 00◦ 12′ 36.9′′ 2.7 × 1043 >27.42 22.6 ± 0.1
C11 22h 17m 25.6s 00◦ 12′ 34.9′′ 2.3 × 1043 24.21 ± 0.01 23.6 ± 0.1

Table 5.1 — Lyα blobs indicated in Figure 5.1. Coordinates are provided in J2000 notation. The
uncertainties in the observed Lyα luminosity are around 50 per cent (see §2). The last two columns
give the optical (HST/STIS) and infrared (Spitzer/IRAC 3.6µm) fluxes in AB magnitudes. The
IRAC fluxes have been measured in circular apertures of 4 arcsec diameter, and corrected for a
small aperture loss. Lower magnitude limits for non-detections are 3σ limits.

Matsuda et al. (2004). We checked our conversion factor with Bower et al. (2004),
and found a deviation of 50 per cent. As the flux calibration is the main source of
uncertainty, we adopt this deviation to estimate the errors on our obtained fluxes
(see Table 5.1).

5.3 Analysis

5.3.1 The halo structure of LAB1

In Figure 5.1 we show a continuum subtracted Lyα image of LAB1, obtained by
integrating the spectra in our SAURON datacube over a small wavelength range
(4960 - 5040 Å) containing the redshifted emission line. The most striking result
is that LAB1 is not one coherent structure, but that the emission is concentrated
in five distinct emission regions (labeled R1-R3, C11, C15), embedded in a Lyα

emission halo (see also Matsuda et al. 2004). We estimate that about 55 per cent of
the total Lyα emission can be associated with one of these regions. Thus it appears
that the giant emission halo results from a combination of smaller emission blobs
more typical LABs identified by Matsuda et al. (2004).

In order to attempt to identify each of the Lyα blobs (R1-R3, C11 and C15)
with underlying galaxies, we overlay the Lyα emission line contours of our cube
with an HST/STIS image and a Spitzer/IRAC 3.6 µm image (see Figure 5.1).
Geach et al. (2007) used the same images as well as MIPS 24 µm imaging to
identify IRAC counterparts in the LAB1 region. They found five sources, labeled
a-e in Figure 5.1, of which two (c and d) have mid-infrared colours inconsistent
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with galaxies at z = 3.1, and therefore are most likely not part of the proto-cluster.
The IRAC source b is located at the southern extreme of LAB1, and the new
SAURON observations reveal that it is not coincident with a peak in the Lyα

emission (although there is some low-surface brightness emission extending from
the north). The two remaining IRAC sources, a and e, seem to be related to the
Lyα emission. We discuss the Lyα emission blobs in more detail below.

Two of the brightest Lyα emitting regions (C11 and C15) were identified with
Lyman Break Galaxies (LBGs) by Steidel et al. (2000). These can be clearly
seen in the STIS continuum image. The positional uncertainty between the Lyα

emission and continuum detection in the STIS image is less than 1.5 arcsec. C11
is also weakly detected in the IRAC bands (source e), with a 3.6 µm flux of 1.5
µJy. C15 was labeled by Matsuda et al. (2004) as LAB8, as this blob is clearly
separated from the main emission halo. Neither C15 nor C11 is detected in X-ray
(LX < 2.0×1043 ergs s−1, 2-43 keV band) in the deep Chandra exposures of this
region (Geach et al. 2009).

The bright Lyα blob R3 is associated with an extremely red galaxy (source a

in Geach et al. 2007) and thought to be the counterpart to a bright submillimeter
source detected by Chapman et al. (2001; 2004). This source has an unresolved
submillimeter flux of S850µm = 16.8 ± 2.9 mJy and S450µm = 45.1 ± 15.5 mJy,
measured with the Submillimeter Common-User Bolometer Array (SCUBA). The
peak of the Lyα emission of R3 lies within 1.3 arcsec of the submillimeter cen-
troid, and 0.7 arcsec of the IRAC counterpart a. Higher resolution submillimeter
observations with the Submillimeter Array (SMA) (Matsuda et al. 2007) yielded
no detection, and hinted that the submillimeter emission could originate from an
extended starburst component on scales of >4 arcseconds (>30 kpc), and indeed
this source is co-incident with several low-surface brightness UV components in
the STIS imaging.

Nearby tentative radio and CO detections (Chapman et al. 2004) further re-
inforce the view that the submillimeter source is associated with the IRAC source
a, and therefore most likely with Lyα blob R3. Because of the large positional
uncertainties on the radio detection, which could be consistent with either the sub-
millimeter source or the cavity in the Lyα emission that separates R3 from R2, we
prefer to associate the radio source with the submillimeter source, given the strong
association between those identifications in other submillimeter studies (e.g. Ivi-
son et al. 2007). Assuming a modified blackbody spectrum with characteristic
temperature Td = 35 K (Blain, Barnard & Chapman 2003), the observed 850 µm
flux corresponds to a bolometric luminosity of Lbol = 1.5 × 1013 L⊙. If this lumi-
nosity arises from starformation alone with a standard IMF (Kennicutt 1998), then
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Figure 5.2 — Single Gaussian (left), double Gaussian (middle) and combined Gaussian emission
and Voigt absorption profiles (right) fitted to the spectra in indicated regions of Figure 5.1. Rows
show the spectra and fits for different blobs, as indicated in the upper left corner of the left panel.
The observed spectra are shown in black, while the fit is overplotted in red. Dashed red lines show
Gaussian profiles, and in the right hand panels the green dotted-dashed line indicates the absorber.
The green dots show the residuals of the fit. All fits have been convolved with the instrumental
dispersion profile of 108 km s−1. See Table 5.2 for the fitted parameters.

the implied star formation rate (SFR) is ∼ 2500 M⊙ yr−1. We note that an AGN
contribution in LAB1 is not likely to significantly affect this result: LAB 1 is not
detected in a 400 ks Chandra exposure, with a luminosity limit LX < 2.4× 1043

ergs s−1 in the 2–32 keV band (Geach et al. 2009). The radio source has a flux of
44.4 µJy (Chapman et al. 2004), which is too weak to contribute significantly. The
most likely scenario is that source a is dominated by a dusty, potentially extended,
starburst.



5.3. ANALYSIS 117

In contrast to C11, C15 and R3, the Lyα emission regions R1 and R2 do not
appear to have either an optical or a mid-infra red counterpart (down to a 3.6
µm flux of < 1µJy). Given the depth of the IRAC imaging of this field it seems
unlikely that these sources are identified with a dust obscured galaxay. Although
offsets of several arcseconds are also seen in the field Lyα emission survey of
Matsuda et al. (2004), analysis of the optical to mid-IR colours suggests that the
nearest IRAC source d is not part of the proto-cluster system. An appealling
possibility is therefore that components R1 and R2 are genuinely associated with
gas trapped in the proto-cluster potential, as they reside at the same velocity as the
other components and show no clear signs of outflow (see § 5.3.3).

5.3.2 Emission line profiles

One of the principle goals of our deeper observations was to analyse the structure
of LAB1 as a function of wavelength in search of outflows and coherent absorp-
tion line systems, such as seen in LAB2 (Wilman et al. 2005). To analyse the line
profiles, we bin the spectra of each blob in a square region centred on the emission
peak. Each square has sides of 4 arcsec, except for the smaller blob R1, where we
used a square with sides of 2.4 arcsec (Figure 5.1). We initially fit the resulting
spectra with a single Gaussian emission line, but with the exception of C15 and
R2 this provides a poor fit to the data. Better fits are obtained by instead modeling
the line shape with a double Gaussian or a Gaussian emission profile combined
with a Voigt absorption profile (for details of the fitting procedure see Wilman et
al. 2005). In the case of absorption, the wavelength of the underlying Gaussian
profile and Voigt profile are allowed to vary freely, but we found that if we al-
lowed both the column density and equivalent width of the absorption to vary, the
solutions were too degenerate because of their position on the curve of growth.
We therefore fixed the column density at 3×1014 cm−2, typical of the range of the
fits when this parameter was left free.

As Figure 5.2 shows, a clear improvement (a change in χ2 larger than 3σ ) for
R1, R3 and C11 is obtained by including the absorber, or by allowing multiple
Gaussian components. For R2, the fit improves, but the improvement in χ2 is not
significant. These fits cannot, however, discern between a situation with multiple
emission sources or an absorbing medium.

In Table 5.2 we show the parameters of the best fits. It is remarkable that
the redshift of the underlying Gaussian emission lines between the various com-
ponents is z = 3.099 ± 0.001 and varies in the restframe by less than 150 km
s−1 over the whole region. This supports the interpretation of the LAB1 system
as a high-redshift virialised group. The Gaussian line-widths are σ ∼400 km s−1,
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Field z σ χ2 z1 σ1 z2 σ2 χ2 zG σG zA EWA χ2

km s−1 km s−1 km s−1 km s−1 km s−1

C15 3.098 280 22 3.098 270 3.089 109 21 3.099 294 3.109 379 22
R1 3.100 356 37 3.096 137 3.103 251 20 3.100 385 3.090 100 29
R2 3.099 409 23 3.093 216 3.101 302 17 3.099 386 3.098 20 18
R3 3.100 464 56 3.092 236 3.102 292 21 3.099 399 3.097 275 22
C11 3.099 476 56 3.101 108 3.098 545 33 3.098 422 3.095 280 38

Table 5.2 — Parameters of the fitted profiles (see Figure 5.2) to the Lyα emission lines in selected regions in LAB1. For the Gaussian profiles we
show redshift z and velocity dispersion σ , and for the Voigt absorber redshift z, and effective width EW. The column density n was fixed to 3×1014

cm−2 for each region. The instrumental dispersion (σ = 108 km s−1) has been taken into account.
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measured in the restframe of the cluster, which is a typical value for LABs. In con-
trast to the case in LAB2 (Wilman et al. 2005) we do not find that the absorption is
particularly strong, nor is the redshift of the absorber constant across the system.
In LAB2 we used this to argue for the existence of a large-scale absorbing shell of
outflowing material. In LAB1 we find no evidence for such a feature: indeed the
strength of these putative absorption systems is such that they might well arise in
the Lyman-alpha forest surounding the LAB1 system (Wilman et al. 2004).

5.3.3 Kinematic signatures of outflow or rotation

Given that the line profiles are generally better matched by a more complex pro-
file, we investigated the three-dimensional structure of the emission in each of the
emission regions. Since we find no strong evidence for absorption, it is likely that
the line profiles arise from velocity shear in the emission surrounding each of the
systems. In the discussion that follows we will implicitly assume that the shift
occurs as a response to the bulk velocity of the emitting gas. The reader should
be aware, however, that the line profile has a complex interaction with the gas
velocity field as a result of radiative transfer effects (Neufeld 1991; Hansen & Oh
2006; Verhamme, Schaerer & Maselli 2006).

In Figure 5.3 we show kinematic maps of each of the blobs. At each pixel,
we fit a single Gaussian emission line to each SAURON spectrum. We show only
those lines which have an amplitude-to-noise1 A/N > 3. The median velocity of
the observed field has been subtracted, in order to reveal any velocity shear that
may be indicative of outflow or rotation. We also show the velocity dispersion,
corrected for the instrumental dispersion. One spatial sampling element is 0.4 ×
0.4 arcsec2.

Bower et al. (2004) identified a velocity shear in the C15 system, and this is
confirmed in the deeper data. The flow has a peak to peak shear of ∼ 250 km s−1.
The velocity field does not have sufficient spatial resolution to distinguish rotation
from outflow (or even inflow). However, the orientation of the shear, perpendicu-
lar to the axis of the underlying galaxy, is strongly suggestive of outflows such as
those seen in the local starburst galaxy M82 (Shopbell & Bland-Hawthorn 1998;
Walter, Weiss & Scoville 2002).

A similar velocity field (but with a substantially higher peak-to-peak shear of
550 km s−1) is revealed for LBG C11, although in this case the optical source has
no clearly identified axis which can help distinguish between rotation and outflow

1We define amplitude-to-noise as the ratio between the amplitude of the fitted Gaussian emission
peak and the noise level of the emission free part of the spectrum.
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Figure 5.3 — Kinematic maps of the Lyα gas in LAB1. Top figure shows the total LAB1 region,
with from left to right: flux (in arbritary units), velocity (km s−1) and velocity dispersion (km s−1),
obtained by fitting a single Gaussian line to each separate SAURON spectrum. The colour scale is
indicated in the upper right corner of each plot, and only lines with amplitude-to-noise A/N > 3 are
shown. In the remaining figures we show blow-ups of C11 and C15 (middle row, from left to right)
and R1, R2 and R3 (bottom row, from left to right). Top figures of each panel show the kinematic
maps (flux, velocity and velocity dispersion), while the bottom figures show on the same colour
scale the corresponding error (1σ ) maps, obtained by Monte Carlo simulations. See the colour
supplement for a colour version of this figure.
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Figure 5.4 — Rotation signatures in the Lyα regions identified in LAB1. With black dots we show
the observed velocities, and the black solid line represents the best cosine fit to the data (see text
and Equation 5.1). The regions C11, C15 and R1-R3 are indicated in the lower-left corner for each
plot. C11, C15 and possibly R1 show velocity shear signatures, while R2 and R3 do not.

(or inflow). Weaker evidence for velocity shear is also appearent in R1 (peak-to-
peak velocity shear of ∼ 300 km s−1), while R2 and R3 show no detectable shear.
This is also illustrated in Figure 5.4, where we show fits of the observed velocity
field (Vobs) with a simple rotation description given by

Vobs = Vrot cos(φ −PA). (5.1)

Here Vrot is the amplitude of the rotation and PA the kinematic position angle. The
azimuthal angle φ was defined in the standard way with respect to a central pixel
(xc,yc). For C11 and C15 we were able to fit for this central pixel, but for R1-R3
the fit was noisier, and instead we fixed xc and yc to the geometrical centre of the
field. These fits show more quantatively than the velocity maps the absence of
a shear pattern in R2 and R3, while C11 and C15 (and to a smaller extent also
R1) have clear signatures of velocity shears. Although it is difficult to discern
trends on the basis of so few objects (C11 and C15), it seems that outflows are
common in the systems where an unobscured galaxy is associated with the source
of emission. However, the possibility of inflows also remains (e.g. Villar-Martín
et al. 2006). A much larger sample is needed to draw any quantitative conclusions.

It is interesting to note that Shapiro et al. (2008) analysed velocity and disper-
sion maps of starforming galaxies around z ∼ 2, using the Hα emission line. They
found that several of their galaxies could be described by rotating discs. Lyα ve-
locity maps are more difficult to interpret, as Lyα is a resonant line and traces the
surface of last scattering. While the Hα emission line traces the ionised gas in the
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galaxy disc, Lyα lines can also probe the large-scale diffuse gas structure. Thus
it is likely that the two emission lines probe different gas regimes, and are highly
complementary for studying the formation of young galaxies.

5.4 Discussion and conclusion

We have presented very deep integral-field spectrograph observations of the LAB1
Lyα emission halo. The deep data allow us to study the spatial and velocity
structure of this system in unprecedented detail.

We find that the giant halo is made up from a superposition of four or five
distinct blobs, with the emission from these regions accounting for at least 55 per
cent of the total diffuse flux. Most of the emission regions are associated with
individual galaxies. The regions C15 and C11 are associated with optical Lyman
Break Galaxies and region R3 is associated with a bright submillimeter source.
While this source is faint in the optical, it is bright at 3.6 µm, suggesting that it is
a strongly dust-obscured starforming galaxy. None of these sources are detected at
X-ray wavelengths, suggesting that it is unlikely that the emission is powered by
an AGN. The regions R1 and R2 are not associated with any optical or IR source,
and the emission from these blobs could plausibly come from gas associated with
the proto-cluster potential.

The integral-field spectra allow us to examine the emission line profiles and
velocity structure in each of the blobs. In R1, R3 and C11, we find that the in-
tegrated emission line profiles are not adequately fitted by a single component
Gaussian, and that a better fit is obtained with either a two component Gaussian
or the combination of a Gaussian emission and Voigt absorption line profile. We
find that the underlying emission has a velocity centroid that is extremely similar
from region to region, reinforcing the idea that the LAB1 system is a virialised
group with velocity dispersion ∼ 100 km s−1. However, in contrast to the LAB2
system, we find no evidence for a coherent shell of absorption that covers the
entire system. Any absorption features are significantly weaker than those seen
in LAB2, so that they might arise in the large-scale structure foreground to the
proto-cluster.

C15, C11 and possibly R1 show evidence of coherent velocity shear arising
from an outflow or rotation. In C15 the velocity gradient is perpendicular to the
morphology of the underlying galaxy, consistent with the pattern expected for an
outflowing galactic wind. In the other systems the relation between the velocity
field and the underlying galaxy is unclear. The velocity shear is largest in C11
where it is ∼ 550 km s−1 over approximately 25 kpc. The implied outflow velocity
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is comparable with that seen in many other Lyman break systems, and does not
suggest that the sources seen in LAB1 are undergoing unusually strong feedback.

The primary motivation for these observations was to discover whether the
coherent absorption systems such as seen by Wilman et al. (2005) in LAB2 are
a ubiquitous feature. These observations have shown that they are not. The data
for LAB2 are best interpreted as a large-scale super-bubble of material that has
been expelled by a high power, perhaps explosive feedback event. The two LAB
system both seem to be made up of smaller emission clouds. So why does the ab-
sorption pattern in LAB1 and LAB2 differ? One possible answer is that a similar
event has occured in LAB1 in the past, but that the shell has now broken up, or is
sufficiently blue shifted that it cannot be seen in absorption against the system’s
Lyα emission. Another explanation might be that LAB1 is a younger system in
which the large scale outflow is yet to develop. This seems unlikely, however,
since we see no signs of spectacular outflows associated with the individual emis-
sion systems. Now that we have dissected the giant emission halo into a number
of smaller systems, these seem quite comparable to the many radio quiet LAB
systems identified by Matsuda et al. (2004). In many ways, the composite system
represents a microcosm of diffuse Lyα emission in general, with the systems re-
flecting a diversity of power sources. Geach et al. (2009) favour photo-ionisation
as the principle power source for LABs. This fits in well with C11, C15 and R3
(if we allow for the possibility that it is only so strongly obscured along our line
of sight). However, this appears to describe the R1/R2 emission less well. Possi-
bly the emission from this part of the system is much more closely related to the
emission seen around radio galaxies (Chambers et al. 1990; Villar-Martín et al.
2002) and (perhaps) in local cooling flow clusters (Johnstone & Fabian 1988).
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Colour figures

Figure 1.3 — Illustration of the usage of SAURON as a ’photon-collector’. The underlying red
image is a V -band image of early-typa galaxy NGC 3379. In the central part of the galaxy, S/N in
individual spectra is high, and we can construct kinematic maps, where binning of spectra is only
needed along the edges of the field-of-view (FoV), where the galaxy is fainter. At large radii (3 and
4 Re) we bin the light of all spectra within the SAURON FoV together, in order to obtain a spectrum
with sufficient S/N to measure the stellar kinematics.
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Figure 2.2 — Velocity maps of the neutral hydrogen (VLA) and ionised gas and stars (SAURON) in
NGC 2974. Both the stars and the neutral and ionised gas are well aligned. The maps are orientated
so that North is up and East is to the left. The grey box in the VLA map encloses the SAURON
fields shown at the right.
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Figure 3.9 — Hβ index against [MgFe50]′ (both in Å) in NGC 3379 (top) and NGC 821 (bottom).
Left panels show the Thomas et al. (2003) stellar population models (solid and dashed lines) and
right panels the Schiavon (2007) models. Black dots indicate measurements from the SAURON
central field, while the coloured dots are averaged along isophotes (see inset for colour coding).
The black filled squares show the data at large radii, revealing an old (12 Gyr) and metal-poor
(below 20 per cent solar metallicity) population for both models, though the uncertainties in these
values are large.
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Figure 3.15 — Orbital structure in NGC 3379 (left) and NGC 821 (right). Top panel: velocity
anisotropy βr as a function of radius (see Equation 3.9). The lines are as in Figures 3.12 and 3.14,
with the solid line for our best-fit model, the dashed line for the model without halo and the dashed-
dotted line for the model with the too heavy halo. Bottom panel: fraction of orbit types as a function
of radius for the models of the top panel. Blue lines denote the fractions of short axis tubes, red the
fractions of long axis tubes and black the fractions of box orbits.

Figure 4.3 — Stellar kinematics ex-
tracted from the PPAK spectra of NGC
2549. From top to bottom: total flux,
velocity, velocity dispersion, h3 and h4.
The maps are orientated such that North
is to the left and East is down.



Colour figures 129

Figure 4.5 — Gas kinematics of NGC
2549, measured from [O III]. From top
to bottom: flux, velocity and velocity
dispersion. Only bins with amplitude-
to-noise A/N > 4 are shown. Maps are
orientated as in Figure 4.3.

Figure 4.7 — Line strength maps of NGC 2549. Maps are orientated such that North is to the left
and East down. The Fe5335 line strength map has been omitted, as this index was affected by a bad
column on the CCD and could therefore not be reliably measured.
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Figure 4.8 — From top to bottom:
stellar mass-to-light ratio (M∗/L) in
R-band, age and metallicity ([Z/H])
in NGC 2549. Maps are again ori-
entated with North to the left and
East down.
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Figure 4.12 — Orbital structure of
NGC 2549. Top panel: velocity
anisotropy βr as a function of ra-
dius (see Equation 3.9). The solid
line indicates our best-fitting model
(M200 = 7 × 1012 M⊙), the dashed
and dashed-dotted line denote the
model without halo and the model
with a too heavy halo (M200 = 3
× 1013 M⊙), respectively. Bot-
tom panel: fraction of orbit types
as function of radius for the mod-
els of the top panel. Blue lines de-
note fractions of short axis tubes,
red lines long axis tubes and black
lines the fractions of box orbits.
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Figure 4.11 — Point-symmetrized kinematics of the SAURON and PPAK data and the best-fitting model with a spherical NFW halo. The model
reproduces the flat rotation curve well, but has trouble reproducing the rising dispersion at radii larger than 40 arcseconds. Consequently, the higher
moment at those radii cannot be reproduced either. The model without a dark halo cannot reproduce the observed rotation field, and is overall a
poor fit to the data.
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Figure 4.13 — Jeans anisotropic models of
NGC 2549, based on the second velocity mo-
ments of the PPAK kinematics. From top to
bottom: bi-symmetrized observations, model
without dark halo and βz = 0.17, model with-
out dark halo withβz = 0.17 for R < 20 arcsec
and βz = -10 for R > 20 arcsec, and the finally
the best-fitting model with an NFW halo and βz

= 0.17.

Figure 5.1 — Lyα emission in the LAB1 region. Left panel: continuum subtracted Lyα emission,
obtained from collapsing the SAURON spectra over a narrow wavelength range centred on the
emission line. Interesting regions are indicated by boxes (see text). Middle panel: HST/STIS
optical image overlaid with Lyα contours from the left panel. Black asterisks indicate the IRAC
sources from Geach et al. (2007). Right panel: same as middle panel, but now a Spitzer/IRAC
3.6 µm image is displayed. Sources identified in Geach et al. (2007) are indicated with identical
nomenclature (a-e). In all plots, the blue dot denotes the position of the radio source (Chapman et
al. 2004). All images are plotted on the same scale and are orientated such that North is up and East
to the left.
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Figure 5.3 — Kinematic maps of the Lyα gas in LAB1. Top figure shows the total LAB1 region,
with from left to right: flux (in arbritary units), velocity (km s−1) and velocity dispersion (km s−1),
obtained by fitting a single Gaussian line to each separate SAURON spectrum. The colour scale is
indicated in the upper right corner of each plot, and only lines with amplitude-to-noise A/N > 3 are
shown. In the remaining figures we show blow-ups of C11 and C15 (middle row, from left to right)
and R1, R2 and R3 (bottom row, from left to right). Top figures of each panel show the kinematic
maps (flux, velocity and velocity dispersion), while the bottom figures show on the same colour
scale the corresponding error (1σ ) maps, obtained by Monte Carlo simulations.
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Sterrenstelsels komen in alle maten en soorten aan de hemel voor. Som-
mige hebben indrukwekkende spiraalarmen en stofschijven, andere zijn
elliptisch en zien er wat eenvoudiger uit, zo op het eerste gezicht zonder
duidelijke structuur (Figuur 1). Hoe zijn deze sterrenstelsels ontstaan en
hoe hebben zij zich tot zo veel verschillende vormen kunnen ontwikkelen?
Dit zijn enkele van de grote vragen waarop sterrenkundigen een antwoord
proberen te vinden.

Donkere materie in sterrenstelsels

Wanneer we sterrenstelsels bestuderen, doen we dat in de eerste plaats
door te kijken naar hun sterren, stof en gas. Deze zijn relatief eenvoudig
vast te leggen met CCD-camera’s. Daarnaast kunnen we met spectrografen
de spectra van stelsels opnemen en hieruit zowel de bewegingen van ster-

Figuur 1 — Afbeeldingen van twee type sterrenstelsels. Links: spiraal stelsel M83, vastgelegd
door de Wide Field Imager van La Silla Observatory, Chili (Credit: ESO), rechts elliptisch stelsel
NGC 3379, vastgelegd door de 1,3m McGraw-Hill Telescoop van het MDM Observatory, Kitt Peak,
Verenigde Staten.
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Figuur 2 — Links: de Westerbork Radio Synthesis Telescope (Bron: ASTRON). Rechts: een
rotatiekromme van een sterrenstelsel, waargenomen door de WRST (van Albada et al. 1985). De
horizontale as geeft de afstand in het stelsel weer, de verticale as de gemeten snelheid. De snelheid
blijft hoog, zelfs op grote afstand van het centrum van het sterrenstelsel, wat duidt op een grote
hoeveelheid donkere materie.

ren en gas, als de chemische samenstelling van een sterrenstelsel bepalen.
Maar de belangrijkste component van een sterrenstelsel is letterlijk on-
zichtbaar: de zogenaamde donkere materie. Donkere materie is anders dan
de normale (baryonische) materie waar we op aarde aan gewend zijn. We
weten niet precies wat donkere materie is, maar we weten wel dat er onge-
veer vijf keer zoveel donkere materie als normale materie in het heelal is.
Donkere materie heeft een grote rol gespeeld in de vorming van structuur
in het heelal en dus bij het ontstaan en de ontwikkeling van sterrenstelsels.
Daarom zullen we, als we de evolutie van sterrenstelsels willen begrijpen,
ook moeten kijken naar de donkere materie. Dat is het onderwerp van dit
proefschrift.

Maar hoe bestudeer je iets dat onzichtbaar is? Donkere materie heeft
geen enkele interactie met de elektromagnetische kracht, wat wil zeggen
dat het geen licht uitzendt en ook geen licht absorbeert. Maar donkere
materie heeft wel interactie met de zwaartekracht. Door naar de bewegin-
gen van sterren en gas binnen sterrenstelsels te kijken, kunnen we bepalen
waar de donkere materie zit en hoeveel ervan in het stelsel zit. Met ra-
diotelescopen, zoals de Westerbork Radio Synthesis Telescope (WRST) in
Drenthe (Figuur 2, links), zijn veel gasschijven van neutraal waterstof rond
spiraalstelsels bestudeerd. Aan de hand van de rotatiekrommen die hieruit
volgden (Figuur 2, rechts) is gevonden dat deze stelsels in een zogenaamde
halo van donkere materie liggen. In het centrum van zo’n halo is ooit gas
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samengeklonterd dat sterren is gaan vormen. Vandaar dat in het centrum
van een sterrenstelsel sterren en gas domineren en pas op grotere afstand
de invloed van de donkere halo merkbaar wordt.

In tegenstelling tot spiraalstelsels hebben elliptische stelsels vaak geen
grote gasschijf of ring, waarmee de donkere materie getraceerd kan wor-
den. Om toch de zwaartekrachtspotentiaal, en daarmee de massaverdeling
van een stelsel in kaart te brengen, moeten we dus een andere component
gebruiken. Door het meten van de bewegingen van de sterren (hun kine-
matica) kunnen we in principe ook in elliptische stelsels de eigenschappen
van de donkere halo bepalen. Het probleem is echter, dat in tegenstelling
tot het gas in gasschijven, de hoeveelheid sterren en daarmee de sterkte
van het sterlicht snel afneemt op grote afstand van het centrum. De donke-
re halo is pas op grotere afstand merkbaar, voorbij zo’n 3 tot 4 effectieve
stralen1. Met traditionele spectrografie kunnen we hier vaak niet genoeg
sterlicht waarnemen. Vandaar dat voor elliptische stelsels verschillende an-
dere technieken zijn ontwikkeld om de halo te bestuderen, waarbij gebruik
wordt gemaakt van andere componenten in het stelsel.

Sommige elliptische stelsels bevatten heet gas, met temperaturen boven
de 10 miljoen graden. Met speciale ruimtetelescopen kan de röntgenstra-
ling worden opgevangen die dit hete gas uitzendt en kunnen de temperatuur
en dichtheid van het gas worden bepaald. Met behulp van thermodynami-
sche wetten kan dan vervolgens de massa worden uitgerekend die nodig is
om het gas in de waargenomen toestand te behouden. Door de lichtgeven-
de massa (sterren en gas) met deze totale massa te vergelijken is dan de
massa van de donkere materie bekend.

Een andere methode is te kijken naar de kinematica van bepaalde ster-
populaties. Het vaakst worden hiervoor planetaire nevels gebruikt. Dit zijn
sterren met een massa kleiner dan acht zonsmassa’s (1 zonsmassa = M⊙ =
2 × 1030 kg), die aan het einde van hun leven zijn gekomen en hun buiten-
ste sterlagen afstoten. Deze sterren zullen hun laatste levensdagen slijten
als witte dwergen en langzaam afkoelen en uitdoven. Onze zon staat over
zo’n 4,5 miljard jaar dit lot te wachten.

Planetaire nevels in onze eigen Melkweg leveren prachtige plaatjes op
(Figuur 3, links), maar ook in andere sterrenstelsels kunnen we straling van
deze sterren oppikken, omdat ze sterk stralen in een bepaalde emissielijn

1Afstanden binnen sterrenstelsels worden vaak uitgedrukt in effectieve straal. Eén effectieve
straal omringt de helft van het totale sterlicht in het sterrenstelsel.
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Figuur 3 — Twee objecten waarvan de radiële snelheden gebruikt kunnen worden om donkere
materie in elliptische sterrenstelsels te traceren. Links: een planetaire nevel (Helix nevel). Rechts:
een bolvormige sterhoop (47 Tuc). Credits: ESO.

(de [O III] lijn, veroorzaakt door geïoniseerd zuurstof in de afgestoten ster-
lagen). Met behulp van deze emissielijn kan van iedere planetaire nevel de
radiële snelheidscomponent2 worden bepaald. Door van een groot aantal
planetaire nevels deze snelheden te meten, kan een massamodel worden
opgesteld dat deze snelheden kan verklaren. Dit massamodel kan vergele-
ken worden met de massa aanwezig in sterren en gas om de massa van de
donkere halo te bepalen.

Behalve planetaire nevels kunnen ook bolvormige sterhopen voor deze
techniek worden gebruikt. Dit zijn verzamelingen van honderdduizenden
sterren, die gravitationeel aan elkaar gebonden zijn (Figuur 3, rechts). Bol-
vormige sterhopen zijn door het licht van hun vele sterren erg helder en
kunnen daarom ook in andere stelsels dan de Melkweg worden waargeno-
men.

Helaas kunnen deze methodes niet voor alle elliptische stelsels gebruikt
worden. Niet alle stelsels hebben heet gas en bovendien moet de aanna-
me gemaakt worden dat het gas in evenwicht is, wat niet altijd het geval
hoeft te zijn. Om een massamodel op te stellen aan de hand van planetaire
nevels of bolvormige sterhopen moet de snelheid van een groot aantal van
deze objecten gemeten worden, wat niet altijd mogelijk is. Daarbij moet
aangetoond worden dat de planetaire nevels of bolhopen een representatie-
ve afspiegeling zijn van de totale sterpopulatie. Als we in plaats daarvan
het totale sterlicht gebruiken, vermijden we deze aannames. Bovendien

2De radiële snelheid is de snelheid waarmee een object zich van ons af beweegt.
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kunnen we door de kinematica van het sterlicht te meten ook de verdeling
van sterbanen benaderen, wat gebruikt kan worden bij het opstellen van het
massamodel. In dit proefschrift maken we daarom gebruik van een nieuwe
techniek, waarbij we integral-field spectrografie gebruiken om in de zwak-
ke buitendelen van sterrenstelsels toch voldoende licht te verzamelen voor
een bruikbaar spectrum.

Integral-field spectrografie

Integral-field spectrografie is een techniek waarmee gelijktijdig spectra ge-
nomen kunnen worden in een groot gezichtsveld. Voor iedere positie (x,y)
binnen het gezichtsveld wordt een spectrum genomen. Hiermee kunnen
we op iedere positie zowel de kinematica van sterren en gas als de che-
mische samenstelling van de sterren bepalen. Met de kinematica kunnen
we de massaverdeling van het stelsel achterhalen (en dus ook de hoeveel-
heid donkere materie), terwijl de chemische samenstelling informatie geeft
over de leeftijd en het metaalgehalte van de sterren en daarmee ook over
het verloop van de stervorming.

In dit proefschrift hebben we voornamelijk gebruik gemaakt van de
integral-field spectrograaf SAURON (Spectrographic Aerial Unit for Re-
search on Optical Nebulae). Deze spectrograaf heeft lensjes, die het licht
opvangen en naar een tralie sturen, waar het licht van ieder lensje in een
apart spectrum uiteen wordt gerafeld (zie Figuur 4). SAURON is speci-
aal ontworpen voor de William Herschel Telescope van de Isaac Newton
Group op het Canarische eiland La Palma, Spanje.

Daarnaast maken we in één hoofdstuk gebruik van de integral-field
spectrograaf PPAK. PPAK werkt in tegenstelling tot SAURON niet met
lensjes, maar met fibers die het licht opvangen. Deze spectrograaf heeft
een groter gezichtveld dan SAURON en kan spectra over een langer golf-
lengte gebied nemen, wat inhoudt dat we de leeftijd en het metaalgehalte
van de sterren beter kunnen bepalen. De spatiële resolutie is echter lager:
een fiber heeft een doorsnede van 2,7 boogseconden3, terwijl een lensje
van SAURON 0,94 bij 0,94 boogseconden meet. PPAK hoort bij het in-
strumentarium van de 3,5m telescoop op Calar Alto, nabij Almeria, Spanje.

31 boogseconde is 1/60 boogminuut, ofwel 1/3600 graad. Dit is te vergelijken met de grootte
van een euromunt op een afstand van 4,7 km. Ter vergelijking: de volle maan heeft een doorsnede
van 30 boogminuten.



148

Figuur 4 — Optische lay-out van de integral-field spectrograaf SAURON. Het filter zorgt ervoor dat
alleen licht uit een bepaald golflengtegebied wordt doorgelaten. Het gezichtsveld wordt vergroot
en het licht wordt opgevangen door de lensjes. Deze sturen het licht door naar een grisma (een
prisma met een tralie), dat het licht uiteenrafelt in een spectrum. De spectra van ieder lensje worden
afgebeeld op de CCD.

Dit proefschrift

In hoofdstuk 2 van dit proefschrift modelleren we het elliptische stelsel
NGC 2974. Dit stelsel is uitzonderlijk, omdat het één van de weinige el-
liptische stelsels is met een ring van neutraal waterstof. We hebben de ki-
nematica van de gasring in kaart gebracht met de Very Large Array (VLA),
een radiotelescoop in New Mexico, VS. De ring heeft een diameter van 12
kpc, wat voor dit stelsel overeenkomt met 5 effectieve stralen4. Met be-
hulp van deze radiodata stellen we een rotatiekromme op voor NGC 2974,
maar doordat we met een ring te maken hadden en niet met een schijf,
ontbreekt de kromme voor het binnenste gedeelte van het stelsel. Daarom
gebruiken we ook gegevens van SAURON, die al voor een ander project
het binnengebied van NGC 2974 (tot 1 effectieve straal) in kaart had ge-
bracht. We combineren de kinematica van geïoniseerd, warm gas in het
centrum en neutraal koud gas uit de ring tot één rotatiekromme en stellen
een massamodel voor het stelsel op. Hieruit blijkt dat NGC 2974 een ha-

4Een kpc of kiloparsec is een afstandsmaat binnen de sterrenkunde, en komt overeen met 3 ×
1016 kilometer, ofwel 3260 lichtjaar.
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lo van donkere materie nodig heeft om de waargenomen rotatiekromme te
kunnen verklaren: binnen een straal van 5 effectieve stralen is ten minste
55% van de totale hoeveelheid materie donker.

Hoofdstuk 3 is gewijd aan twee andere elliptische stelsels, NGC 3379
en NGC 821. Deze stelsels hebben geen neutraal waterstofgas, dus om de
halo te kunnen modelleren maken we gebruik van de sterkinematica. Hier-
voor hebben we een nieuwe techniek ontwikkeld: we gebruiken SAURON
als een “lichtvanger”. In het binnengedeelte van het sterrenstelsel is vol-
doende licht om op iedere positie een spectrum te meten, en daarmee de
sterkinematica. Op grotere afstand is het sterlicht hiervoor te zwak, maar
als we het licht van alle posities (ofwel van alle lensjes) bij elkaar optellen,
krijgen we een spectrum waaruit we wel de kinematica kunnen halen (zie
Figuur 5). Door de kinematica van het binnenveld te combineren met de
kinematica van de spectra op grotere afstand van het centrum, kunnen we
een massamodel opstellen. Voor beide stelsels is donkere materie nodig
om de sterkinematica op grote straal in het model te kunnen reproduceren,
net zoals we met gaskinematica hadden vastgesteld in NGC 2974. We vin-
den dat in NGC 3379 ten minste 34% van de massa donker is binnen 4
effectieve stralen, en voor NGC 821 is dit zelfs 49%.

Daarnaast kunnen we uit de sterspectra de chemische samenstelling van
de sterren bepalen. We kijken vooral naar de hoeveelheid magnesium in
de sterren, wat een maat is voor het metaalgehalte. Het metaalgehalte van
sterren is belangrijk om de stervormingsgeschiedenis van een sterrenstel-
sel te bepalen: als sterren metaalrijk zijn, zijn ze gevormd uit metaalrijk
gas, dat weer uitgestoten is door zware stervende sterren. Dit betekent dus
dat metaalrijke sterren pas vanaf een bepaald moment in het heelal konden
ontstaan, namelijk pas nadat eerdere sterren metalen hadden gevormd en
weer uitgestoten. Wij vinden dat het magnesiumgehalte van de sterren in
NGC 3379 afneemt met afstand tot het centrum. Het was al bekend dat dit
verschijnsel optreedt binnen één effectieve straal, en onze waarnemingen
hebben laten zien dat deze afname doorzet tot ten minste 4 effectieve stra-
len. De sterren in de halo zijn dus metaalarmer en daarmee ook ouder dan
de sterren in het centrale gedeelte van het sterrenstelsel. Dit sluit aan bij
de theorie dat elliptische stelsels ontstaan door het samensmelten van twee
spiraalstelsels. Bij zo’n botsing beweegt het gas van de spiraalstelsels naar
het centrum, waar dan stervorming optreedt. Het resultaat is een elliptisch
stelsel met een schijf jonge sterren in het centrum, omhuld door oudere
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Figuur 5 — Toelichting van het gebruik van SAURON als “lichtvanger”. Het onderliggende plaatje
is een afbeelding van het elliptische sterrenstelsel NGC 3379. In het centrum levert SAURON een
snelheidsveld. Op grotere afstand van het centrum levert het sterrenstelsel te weinig sterlicht om
een snelheidskaart samen te stellen. We tellen daarom het licht van alle lensjes bij elkaar op en
krijgen zo één spectrum, waaruit we de sterkinematica kunnen bepalen.

sterren uit de oorspronkelijke spiraalstelsels. Figuur 6 laat een aantal beel-
den zien uit een computersimulatie, waarin twee spiraalstelsels botsen en
een elliptisch stelsel ontstaat.

In hoofdstuk 4 kijken we naar een ander stelsel zonder neutraal water-
stofgas: NGC 2549. Dit stelsel is een lensstelsel en bevindt zich qua vorm
op het grensgebied van elliptische en spiraalstelsels: lensstelsels zijn struc-
tuurloos (geen spiraalarmen), maar hebben wel vaak een duidelijk zichtba-
re sterschijf. Met PPAK hebben we een mozaïek waargenomen van dit
stelsel, dat zich uitstrekt tot 5 effectieve stralen (6 kpc). We bepalen de
sterkinematica en de chemische samenstelling. In de kinematica vinden
we aanwijzingen voor een tweede sterschijf, die verstopt zou zitten in een
grotere schijf. Dit zou kunnen duiden op een jongere schijf, ontstaan bij
het samensmelting van twee stelsels bij de vorming van NGC 2549. We
vinden hiervoor aanvullende bewijzen in de chemische samenstelling van
het stelsel: het centrum is jonger en metaalrijker. Ook van dit stelsel stellen
we een massamodel op, en we gebruiken een hogere resolutie SAURON
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Colliding and merging galaxies.Springel & White (1999)Figuur 6 — Een computersimulatie van twee botsende spiraalstelsels. Door de getijdekrachten
worden de stelsels uitgerekt en verliezen ze gas en sterren. Uiteindelijk smelten de twee stelsels
samen tot een elliptisch stelsel. Figuur uit Springel & White (1999), ter beschikking gesteld door
het Max-Planck-Institut für Astrophysik.

kaart voor het centrale gedeelte. Door het grote mozaïek hebben we een
veel groter aantal onafhankelijke waarnemingen dan in hoofdstuk 3, en
heeft het model minder vrijheid. Ons model kan daarom de waarnemingen
niet precies reproduceren en moet dus nog verbeterd worden. Wel kunnen
we vaststellen dat ook NGC 2549 omringd is door een donkere halo: ten
minste 63 procent van de totale massa binnen 5 effectieve stralen is donker.

Ten slotte maken we in hoofdstuk 5 een uitstapje naar hoge roodver-
schuiving. Met SAURON bestuderen we de structuur en de kinematica van
een wolk waterstofgas op een roodverschuiving van 3,1, wat overeenkomt
met een afstand van 11,5 miljard lichtjaar. De straling die we van deze
wolk oppikken is uitgezonden toen het heelal nog maar 2 miljard jaar oud
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was, minder dan een vijfde van zijn huidige leeftijd.

De gaswolk die we in dit hoofdstuk bekijken, bevindt zich in een proto-
cluster (gebied in het heelal met een hoge dichtheid aan materie, waaruit
zich een cluster van sterrenstelsels zal ontwikkelen) en straalt voorname-
lijk in een bepaalde waterstoflijn, namelijk de Lyman α lijn. De gaswolk
staat bekend onder de naam LAB1, wat staat voor Lyman Alpha Blob 1.
Behalve deze LAB zijn nog vele andere LABs bekend, maar LAB1 is de
grootste, met een doorsnede van meer dan 100 kpc (326 000 lichtjaar).
Het is niet bekend wat deze LABs precies zijn en waar ze hun energie-
bron vandaan halen, vandaar dat deze objecten bij sterrenkundigen erg in
de belangstelling staan.

SAURON neemt alleen spectra waar over een beperkt golflengtegebied,
dat geoptimaliseerd is voor het waarnemen van spectra van sterrenstelsels
in het nabije heelal. De Lyman α lijn valt eigenlijk buiten dit gebied, maar
als deze lijn wordt uitgezonden op een roodverschuiving tussen 3,0 en 3,4,
is de lijn zover verschoven dat deze weer door SAURON kan worden op-
gepikt. We hebben dus ’geluk’ dat LAB1 op een voor SAURON gunstige
roodverschuiving staat.

Met onze diepe waarnemingen (meer dan 23,5 uur!) zien we dat LAB1
niet één grote blob is, maar uit 5 kleine blobjes bestaat. We vergelijken
vervolgens onze waarnemingen met die van de Hubble Ruimte Telescoop
(optisch licht) en de Spitzer Ruimte Telescoop (infrarood licht). Daarmee
kunnen we aantonen dat twee van de blobjes samenvallen met sterrenstel-
sels. Met de SAURON spectra bepalen we van deze twee blobjes een snel-
heidsveld en vinden dat deze twee stelsels waarschijnlijk materiaal (gas)
aan het uitstoten zijn. Een derde blobje komt overeen met een bron die wel
zichtbaar is in het infrarood, maar niet in het optisch. Deze bron is waar-
schijnlijk een sterrenstelsel dat een uitbarsting van stervorming ondergaat
van meer dan 1000 zonsmassa’s aan sterren per jaar. Dit gaat gepaard met
stofontwikkeling, waardoor het stelsel alleen in het infrarood en langere
golflengtes zichtbaar is. Voor de twee resterende blobjes kunnen we geen
onderliggende bron vinden. Dit zouden dus losse gaswolken kunnen zijn,
gevangen in het zwaartekrachtsveld van de proto-cluster. De energiebron
voor deze twee blobjes is daarmee niet helemaal duidelijk. We conclu-
deren dat de kleine blobjes waaruit LAB1 bestaat veel overeenkomsten
hebben met andere kleinere LABs, maar dat LABs onderling sterk kunnen
verschillen.
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Conclusies en vooruitblik

Door het gebruik van integral-field spectrografie is het nu mogelijk om
sterkinematica in de buitendelen van sterrenstelsels te meten. Dit houdt in
dat we nu voor elliptische stelsels massamodellen kunnen bouwen, waar-
mee we de donkere halo in kaart kunnen brengen, net zoals dat al voor
spiraalstelsels met gaskinematica is gedaan.

Er zitten echter ook wat onzekerheden in deze modellen, die we in dit
proefschrift nog niet hebben kunnen oplossen. Zo is één van de onzeker-
heden in de modellen de totale massa van de sterren. We zijn in hoofdstuk
3 uitgegaan van een maximaal toegestane stermassa, wat inhoudt dat als de
eigenlijke stermassa kleiner is, de donkere halo dus zwaarder kan zijn. In
hoofdstuk 4 hebben we de stermassa nauwkeuriger kunnen bepalen, om-
dat we spectra over een groter golflengtegebied tot onze beschikking had-
den, waardoor de eigenschappen van de sterpopulatie beter bepaald konden
worden. Met spectra over langere golflengtegebieden kunnen we deze on-
zekerheid dus uit onze modellen halen. Daarnaast zijn we steeds uitgegaan
van een bolvormige halo, terwijl de meeste theorieën op het gebied van
de vorming van sterrenstelsels juist een drie-assige halo voorspellen. Dit
zou kunnen verklaren waarom ons model in hoofdstuk 4 de waarnemingen
niet precies kan reproduceren. Wij zijn van plan hier in toekomstige arti-
kelen dieper op in te gaan en de effecten van een drie-assige halo op de
sterpopulatie te onderzoeken.

Een volgende stap is het onderzoeken van halo’s rond sterrenstelsels op
verschillende roodverschuivingen, zodat we de ontwikkeling van de don-
kere halo kunnen volgen in de tijd. In dit proefschrift hebben we alleen
gekeken naar sterrenstelsels in het nabije heelal, op een afstand minder
dan 50 Mpc (= 160 miljoen lichtjaar). Als we de kinematica van sterren en
gas op grotere afstand willen bestuderen, verliezen we spatiële resolutie,
die juist nodig is om een nauwkeurig massamodel te maken. Daarnaast
zijn deze stelsels lichtzwak doordat ze ver van ons verwijderd zijn. Daar-
om hebben we lange waarneemtijden nodig om toch voldoende signaal van
deze objecten te verzamelen. Hoofdstuk 5 is hiervan een illustratie. Toch
worden nu al snelheidskaarten gemaakt van schijfstelsels op hogere rood-
verschuiving (tot 10 miljard lichtjaar) met integral-field spectrografen op
8-meter telescopen. Ook kan handig gebruik gemaakt worden van zoge-
naamde gravitationele lenzen: als een sterrenstelsel op grote afstand ach-
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ter een zware cluster van sterrenstels staat, werkt de cluster als een soort
lens en zien we een weliswaar vervormd, maar ook uitvergroot beeld van
het verre sterrenstelsel. Zo zijn de gaskinematica al in kaart gebracht van
sterrenstelsels op afstanden van 7,8 miljard lichtjaar, terwijl de spatiële
resolutie zo goed is alsof het stelsel slechts 1,3 miljard lichtjaar van ons
verwijderd is.

Uiteindelijk willen we weten hoe sterrenstelsels ontstaan en hoe zij zich
verder ontwikkelen. Waarnemingen aan stelsels in het nabije en in het ver-
re heelal laten ons zien hoe sterrenstelsels in de loop van de tijd verande-
ren door stervorming en interacties met andere stelsels. Maar als we deze
waarnemingen goed willen begrijpen, zullen we ook theorieën moeten ont-
wikkelen over de vorming en evolutie van sterrenstelsels waarmee we de
waarnemingen kunnen verklaren. Op supercomputers worden simulaties
gedraaid waarin sterrenstelsels onstaan, groeien en kunnen samensmelten
met andere stelsels. De verdeling van donkere materie die vanuit deze si-
mulaties wordt voorspeld komt nog niet overeen met wat de waarnemingen
ons vertellen. Waarnemingen en theorie zullen dus samengebracht moeten
worden om het raadsel van de vorming en evolutie van sterrenstelsels te
kunnen doorgronden.
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